
 

 

 

 

 

 

 

LIPIDOME MODULATION IN ENVIRONMENTALLY-TRIGGERED AUTOIMMUNITY 

 

 

 

 

 

 

 

By 

 

Olivia Kristen Favor 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 

 

A DISSERTATION 

 

 

Submitted to 

Michigan State University 

in partial fulfillment of the requirements 

for the degree of 

 

Pharmacology and Toxicology – Environmental Toxicology – Doctor of Philosophy 

 

2023



 

ABSTRACT 

 Autoimmune diseases are chronic, uncured, life-altering illnesses caused by immune cells 

mistakenly attacking and damaging host tissues. While genetic predispositions play a vital role in 

the onset and development of autoimmune disease, exposure to environmental toxicants such as 

bacterial lipopolysaccharide (LPS) and respirable crystalline silica (cSiO2) has also been 

etiologically implicated in autoimmune pathogenesis and progression. Current mainstay drugs for 

managing autoimmune disease symptoms (e.g., glucocorticoids, monoclonal antibodies) 

effectively reduce inflammation and associated tissue damage but also burden patients with 

adverse side effects and steep financial costs from long-term use. Intriguingly, preclinical and 

clinical studies suggest that two lipidome-modifying agents, dietary ω-3 polyunsaturated fatty 

acids (PUFAs) and small molecule inhibitors of soluble epoxide hydrolase (sEH), may improve 

disease status in systemic autoimmune diseases, including lupus. Previous studies conducted in 

our laboratory suggest that the ω-3 PUFA docosahexaenoic acid (DHA) abrogates cSiO2-triggered 

autoimmune responses when given at realistic human equivalent doses to female lupus-prone 

NZBWF1 mice and suppresses LPS-induced expression of proinflammatory mediators at 

physiologically relevant concentrations in several macrophage models. In addition, the sEH 

inhibitor 1-trifluoromethoxyphenul-3-(1-propionylpiperidin-4-yl)urea (TPPU) delays the onset of 

genetically driven glomerulonephritis (GN) and prolongs lifespan in NZBWF1 mice with excellent 

pharmacokinetic properties. In this dissertation, I sought to build upon these findings by testing 

the overarching hypothesis that modulating the cellular lipidome delays initiation and progression 

of environmentally-triggered autoimmunity.  

 Three research aims were pursued to test my hypothesis. In the first aim, we utilized a 

previously reported in vivo model of LPS-accelerated (GN) in NZBWF1 mice to compare the 



 

impacts of rough and smooth LPS chemotypes on GN onset and to subsequently evaluate the 

effects of DHA and/or sEH inhibition on disease development. Rough LPS elicited severe GN 

while smooth LPS did not. Additionally, DHA and sEH inhibition separately ameliorated LPS-

accelerated GN, but therapeutic effects were diminished upon combining the treatments. In the 

second aim, we employed a novel in vitro alveolar macrophage surrogate model—the fetal liver-

derived alveolar macrophage (FLAM)—to query the impacts of LPS, cSiO2, and DHA on a broad 

oxylipin panel consisting of 156 metabolites, as well as proinflammatory cytokine release, 

lysosomal membrane permeabilization (LMP), mitochondrial toxicity, and cell death. cSiO2 

evoked marked biosynthesis of ω-6 PUFA metabolites in vehicle-treated cells, while DHA 

significantly skewed the cellular lipidome toward ω-3 PUFA metabolites following cSiO2 

exposure. DHA also suppressed cSiO2-induced proinflammatory cytokine release but did not 

affect LMP, mitochondrial toxicity, or cell death. In the third aim, we used a novel in vivo model 

of acute cSiO2-triggered lupus flaring in NZBWF1 mice to assess the impacts of sEH inhibition 

on lung inflammation and early autoimmunity. sEH inhibition reduced neutrophil and monocyte 

numbers in lung lavage fluid but did not improve cSiO2-induced centriacinar inflammation and 

fibrosis, perivascular ectopic lymphoid tissue neogenesis, T and B lymphocyte infiltration into the 

lung, secretion of antinuclear antibodies into lavage fluid and plasma, or gene expression and 

production of proinflammatory mediators in the lung. 

 Taken together, the studies presented in this dissertation provide valuable insight into how 

lipidome-modulating interventions (e.g., ω-3 PUFAs and sEH inhibitors) may impact the initiation 

and development of environmentally-triggered autoimmune diseases such as lupus. Furthermore, 

this dissertation highlights several novel preclinical models that can be used in future in vitro and 

in vivo screening of lipidome-modulating agents against environmentally-triggered autoimmunity. 
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CHAPTER 1: INTRODUCTION  
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INTRODUCTION 

Autoimmune diseases comprise a distinct category of more than 100 chronic illnesses 

characterized by the immune system afflicting irreversible damage to host cells, tissues, and 

organs. Although genetic predisposition significantly contributes to the initiation and progression 

of autoimmunity, preclinical and epidemiological studies suggest that the exposome (i.e., lifetime 

exposure to environmental factors) plays an equally important role [1-3]. Environmental factors 

that have been etiologically linked to autoimmune pathogenesis include bacterial infections, 

exposure to toxicants, and lifestyle choices [4].  

Roughly 5-9% of the world population and 50 million Americans live with one or more 

autoimmune diseases [5, 6]. However, the number of afflicted individuals may be higher than 

reported numbers because autoimmune diseases are often difficult to diagnose accurately, due to 

symptoms shared with non-autoimmune illnesses and heterogeneous clinical presentation between 

autoimmune patients [7, 8]. Signs and symptoms associated with many autoimmune diseases 

include but are not limited to increased plasma titers of autoantibodies (AAb), systemic 

inflammation, fatigue, pain, weight change, and fever [9].  

To date, no autoimmune diseases have been cured, but a variety of drugs are currently used 

to manage symptoms and prolong lifespan including corticosteroids (e.g., prednisone), disease-

modifying antirheumatic drugs (DMARDs) (e.g., methotrexate), non-steroidal anti-inflammatory 

drugs (NSAIDs) (e.g., ibuprofen), and monoclonal antibodies (e.g., etanercept) [10-12]. While 

these medications are highly efficacious at reducing inflammation and resultant tissue damage, 

they can lead to adverse side effects such as infection, bleeding, ulcers, and bone damage [13]. In 

addition, steep financial costs connected to long-term medical care and loss of work productivity 

can further burden patients and consequently decrease quality of life [14-17]. Taken together, there 
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is a critical need for safer, less expensive interventions to prevent both the initiation and 

progression of autoimmune disease.  

One potential solution involves modifying the endogenous lipidome to reduce systemic 

inflammation, autoimmune responses, and subsequent tissue damage. The National Institute of 

Health (NIH) announced a ten-year strategic plan in 2020 for nutrition research, which involves 

using precision nutrition to “reduce the burden of disease in clinical settings” [18]. In line with this 

premise, previous investigations demonstrate that dietary ω-3 polyunsaturated fatty acids (PUFAs) 

and small molecule inhibitors of soluble epoxide hydrolase (sEH) attenuate toxic responses in 

mouse models of toxicant-triggered inflammation and autoimmunity [19-23]. Furthermore, 

clinical data suggest that dietary ω-3 PUFAs and sEH inhibition may improve disease outcomes 

in individuals afflicted with lupus [24], rheumatoid arthritis [25], diabetic neuropathic pain [26], 

and other inflammatory conditions [27].  

The objective of this dissertation is to test the guiding hypothesis that modulation of the 

cellular lipidome delays initiation and progression of environmentally-triggered autoimmunity. 

Herein, two known environmental triggers of the prototypical autoimmune disease lupus—

bacterial lipopolysaccharide (LPS) and respirable crystalline silica (cSiO2)—were employed in a 

novel alveolar macrophage (AM) model in vitro and in female lupus-prone NZBWF1 mice in vivo 

to assess the efficacy of two lipidome-modulating treatments: 1) the ω-3 PUFA docosahexaenoic 

acid (DHA), which has been previously studied in Dr. Pestka’s lab, and 2) the sEH inhibitor 1-(4-

trifluoro-methoxy-phenyl)-3-(1-propionylpiperidin-4-yl) urea (TPPU), which has previously been 

studied in Dr. Lee’s lab. 

CHAPTER SUMMARIES 

The current chapter, Chapter 1, addresses the scope of the research presented in this 
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dissertation, including pertinent background information, unanswered research questions in the 

field, and the overall guiding hypothesis and research aims for this dissertation. This chapter also 

provides succinct summaries of each chapter found herein. 

Chapter 2 provides a comprehensive literature review of critical molecular mechanisms 

by which exogenous (i.e., silica, asbestos, carbon nanotubes, titanium dioxide, aluminum-

containing salts) and endogenous (i.e., monosodium urate, cholesterol crystals, calcium-containing 

salts) particles promote unresolved inflammation and autoimmunity by inducing toxic responses 

in myeloid-lineage phagocytes, with emphases on inflammasome activation and necrotic and 

programmed cell death pathways. This chapter was published as a first-author manuscript in 

Frontiers in Toxicology in 2021 and can be accessed online (doi: 10.3389/ftox.2021.777768). 

In Chapter 3, we conducted two studies in a previously described preclinical model of 

LPS-accelerated severe lupus nephritis (ASLN) [28-33] in female lupus-prone NZBWF1 mice. In 

Study 1, we compared the effects of rough LPS (R-LPS) and smooth LPS (S-LPS) on 

glomerulonephritis (GN) induction to clarify how the presence or absence of O antigen 

polysaccharide impacts this widely used preclinical model. The results indicated that repeated 

injection with R-LPS accelerated severe GN whereas repeated injection with S-LPS did not. In 

Study 2, we evaluated how dietary DHA supplementation and/or pharmacologic inhibition of sEH 

influence R-LPS-accelerated GN. We found that DHA consumption and sEH inhibition alone 

suppressed GN, but the ameliorative effects of these interventions were lessened upon combining 

the treatments. Additionally, we demonstrated for the first time that administration of TPPU in 

AIN-93G mouse diet is an effective method for reaching drug steady-state levels in the plasma, as 

well as stabilizing epoxy fatty acid metabolite levels in the plasma. This chapter was published as 
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a co-first author manuscript with my colleague Dr. Preeti Chauhan in Frontiers in Immunology in 

2023 and can be accessed online (doi: 10.3389/fimmu.2023.1124910). 

In Chapter 4, we investigated the effects of DHA on proinflammatory cytokine release, 

lysosomal membrane permeabilization, mitochondrial toxicity, cell death, and oxylipin production 

in fetal liver-derived alveolar macrophages (FLAMs), a novel self-renewing alveolar macrophage 

model previously published by Dr. Pestka’s lab [34]. FLAMs derived from C57BL/6 mice were 

employed to test this hypothesis. Herein, we demonstrate for the first time in FLAMs that cSiO2 

induces production of ω-6 PUFA metabolites and that pre-treatment with DHA contributes to 

increased production of ω-3 PUFA metabolites at the expense of ω-6 PUFA metabolites. 

Contrastingly, we found that DHA does not delay the onset of LMP, mitochondrial depolarization, 

and subsequent cell death in cSiO2-exposed FLAMs. Taken together, our results indicate that 

lipidomic modulation of AMs is a key mechanism of DHA in preventing initial onset and 

progression of cSiO2-induced proinflammatory cytokine release, which can perpetuate local lung 

inflammation and systemic autoimmunity. This chapter is in preparation to be submitted to 

Frontiers in Immunology for publication. 

In Chapter 5, we evaluated the effects of the sEH inhibitor TPPU on early cSiO2-induced 

lung inflammation and autoimmunity in female lupus-prone NZBWF1 mice. Cohorts of mice were 

placed on either control diet or experimental diet supplemented with the sEH inhibitor TPPU (22.5 

mg/kg diet) at 6 wk of age, given one intranasal instillation of 2.5 mg cSiO2 or PBS vehicle at 8 

wk of age, then sacrificed at either 7 d PI or 28 d PI. We found that TPPU significantly dampened 

cSiO2-induced elevation of total and differential immune cell counts in the bronchoalveolar lavage 

fluid (BALF) at both 7 d PI and 28 d PI. On the other hand, TPPU did not significantly improve 

cSiO2-triggered centriacinar histopathology in the lung; recruitment of CD206+ monocytes, 
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Ly6B.2+ neutrophils, CD3+ T lymphocytes, and CD45R+ B lymphocytes to the lung, expression 

of proinflammatory cytokines, chemokines, and type I IFN-regulated genes in the lung; production 

of proinflammatory mediator proteins in the lung; or secretion of antinuclear autoantibodies into 

the BALF and plasma. This chapter is in preparation to be submitted to Scientific Reports for 

publication. 

The final chapter, Chapter 6, summarizes and discusses the conclusions drawn from the 

research presented in Chapters 3-5, and proposes future research directions to build upon the 

findings of this dissertation. Proposed research directions include 1) comparing cSiO2-induced 

oxylipin profiles in NZBWF1 FLAMs treated with DHA, ARA, TPPU, or vehicle, 2) evaluating 

paracrine effects of DHA-, ARA-, and TPPU-derived oxylipins on cSiO2-induced 

proinflammatory cytokine release in NZBWF1 FLAMs, 3) identifying fatty acid receptors that 

mediate lipid metabolite protective effects against cSiO2-induced proinflammatory cytokine 

release in NZBWF1 FLAMs, 4) comparing effects of control, DHA-supplemented, and TPPU-

enriched diets on the kinetics of LPS- and cSiO2-induced changes in pulmonary, renal, and plasma 

oxylipin profiles, and 5) investigating the impacts of direct lipid metabolite administration on LPS- 

and cSiO2-triggered autoimmunity in female lupus-prone NZBWF1 mice.  
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CHAPTER 2: CENTRALITY OF MYELOID-LINEAGE PHAGOCYTES IN PARTICLE-

TRIGGERED INFLAMMATION AND AUTOIMMUNITY 

PUBLICATION NOTICE 

 The following chapter has been published by Frontiers in Toxicology and is available 

through the Frontiers of Toxicology website at “Favor OK, Pestka JJ, Bates MA, Lee KSS. 

Centrality of Myeloid-Lineage Phagocytes in Particle-Triggered Inflammation and Autoimmunity. 

Front Toxicol. 2021 Nov 4;3:777768. doi: 10.3389/ftox.2021.777768. PMID: 35295146; PMCID: 

PMC8915915.”   
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ABSTRACT 

Exposure to exogenous particles found as airborne contaminants or endogenous particles 

that form by crystallization of certain nutrients can activate inflammatory pathways and potentially 

accelerate autoimmunity onset and progression in genetically predisposed individuals. The first 

line of innate immunological defense against particles are myeloid-lineage phagocytes, namely 

macrophages and neutrophils, which recognize/internalize the particle, release inflammatory 

mediators, undergo programmed/unprogrammed death, and recruit/activate other leukocytes to 

clear the particles and resolve inflammation. However, immunogenic cell death and release of 

damage-associated molecules, collectively referred to as “danger signals”, coupled with failure to 

efficiently clear dead/dying cells, can elicit unresolved inflammation, accumulation of self-

antigens, and adaptive leukocyte recruitment/activation. Collectively, these events can promote 

loss of immunological self-tolerance and onset/progression of autoimmunity. This review 

discusses critical molecular mechanisms by which exogenous (i.e., silica, asbestos, carbon 

nanotubes, titanium dioxide, aluminum-containing salts) and endogenous (i.e., monosodium urate, 

cholesterol crystals, calcium-containing salts) particles may promote unresolved inflammation and 

autoimmunity by inducing toxic responses in myeloid-lineage phagocytes with emphases on 

inflammasome activation and necrotic and programmed cell death pathways. A prototypical 

example is occupational exposure to respirable crystalline silica, which is etiologically linked to 

systemic lupus erythematosus (SLE) and other human autoimmune diseases. Importantly, airway 

instillation of SLE-prone mice with crystalline silica elicits severe pulmonary pathology involving 

accumulation of particle-laden alveolar macrophages, dying and dead cells, nuclear and 

cytoplasmic debris, and neutrophilic inflammation that drive cytokine, chemokine, and interferon-

regulated gene expression. Silica-induced immunogenic cell death and danger signal release 
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triggers accumulation T and B cells, along with IgG-secreting plasma cells, indicative of ectopic 

lymphoid tissue (ELT) neogenesis, and broad-spectrum autoantibody production in the lung. These 

events drive early autoimmunity onset and accelerate end-stage autoimmune glomerulonephritis. 

Intriguingly, dietary supplementation with ω-3 fatty acids has been demonstrated to be an 

intervention against silica-triggered murine autoimmunity. Taken together, further insight into 

how particles drive immunogenic cell death and danger signaling in myeloid-lineage phagocytes 

and how these responses are influenced by the genome will be essential for identification of novel 

interventions for preventing and treating inflammatory and autoimmune diseases associated with 

these agents. 

INTRODUCTION 

Exogenous and endogenous particles have profound effects on human health. The concept 

of particle toxicology was first introduced in the 15th century when occupational exposure to dust 

was etiologically linked to lung disease (reviewed in Donaldson and Seaton [35]). Paracelsus, the 

toxicologist who famously quoted “The dose makes the poison”, documented in a 1567 book his 

observations of lung disease symptoms in smelters and miners. In 1700, these observations were 

expanded upon by Bernardino Ramazzini, also known as the father of occupational medicine, who 

recognized that human disease could be triggered by environmental factors in his work Diseases 

of Workers. Industrialization in the 19th century elicited a rise in occupationally related diseases 

such as silicosis, asbestosis, lung cancer, and pulmonary fibrosis, leading to a significant increase 

in both in vitro and in vivo particle toxicology studies in the 20th century [36].  

Over the past 50 years, the field of particle toxicology has expanded to encompass not only 

pathological impacts of environmental particles but also of endogenously formed crystals, 

hereafter referred to as endogenous particles [35]. Growing interest in endogenous particles is 
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largely attributed to increased worldwide prevalence of genetic hyperuricemia and familial 

hypercholesterolemia, which are predispositions for crystallization of monosodium urate (MSU) 

and cholesterol, respectively [37, 38]. Hyperuricemia is a risk factor for gout, coronary heart 

disease, and neurodegenerative disorders [39, 40], and hypercholesterolemia is a risk factor for 

coronary heart disease [41], atherosclerosis [42], non-alcoholic steatohepatitis (NASH) [43], and 

cholesterol gallstone disease [44]. The observed pathological outcomes associated with MSU and 

cholesterol crystals have spurred ongoing in vitro and in vivo studies to determine the mechanisms 

by which these endogenous particles, as well as other types of endogenous particles (e.g., calcium-

containing salts) elicit toxicity.  

In parallel with the growing interest in particle toxicology, immunologist Polly Matzinger 

and her colleagues introduced the ‘danger model’ to explain the development of autoimmune 

disease, which contrasts the classic ‘self/non-self model’ [45-47]. While the self/non-self model 

posits that autoreactivity occurs when the adaptive immunity mistakenly recognizes host ‘self’ 

tissues as foreign ‘non-self’ tissues, the danger model suggests that accumulation of dead cell 

corpses and released danger signals (e.g. cytokines, chemokines, alarmins, nucleic acids) 

contribute to heightened proinflammatory responses in innate immune cells, activation of antigen-

presenting cells, and differentiation of autoreactive T and B cells, leading to loss of immunological 

self-tolerance and autoimmunity [48]. In the context of particle toxicology, Matzinger’s danger 

model provides a useful framework for understanding the mechanisms by which exogenous and 

endogenous particles induce inflammation and autoimmunity. 

The purpose of this literature review is to provide an overview of critical molecular 

mechanisms by which exogenous (i.e., silica, asbestos, carbon nanotubes, titanium dioxide, 

aluminum-containing salts) and endogenous (i.e., MSU, cholesterol crystals, calcium-containing 
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salts) particles promote unresolved inflammation and autoimmunity by inducing toxic responses 

in myeloid-lineage phagocytes with emphases on inflammasome activation and necrotic and 

programmed cell death pathways. Autoimmune diseases are defined by uncontrolled innate 

immunity leading to hyperactivation of adaptive immunity, the latter of which drives tissue 

damage and disease pathogenesis [49]. The review will focus specifically on myeloid-lineage 

phagocytes (i.e., macrophages, neutrophils), as these cells comprise the first line of immunological 

defense against particles [50]. 

Exogenous and endogenous particles and their sources 

Exogenous particles are defined here as any particles originating from environmental or 

synthetic sources. These include silicon dioxide (SiO2), asbestos, carbon nanotubes (CNTs), 

titanium dioxide (TiO2), and aluminum-containing salts (alum). SiO2 is one of the most abundant 

compounds in the Earth’s crust [51] and is classified based on its level of crystallinity, with 

crystalline SiO2 (cSiO2) demonstrating a periodic order of atoms and amorphous SiO2 (aSiO2) 

having either an anarchic order of atoms or crystalline structures [52]. Asbestos refers to a broad 

group of fibrous, chain-like silicate minerals that have high tensile strength, large surface area, and 

resistance to abrasion and chemical corrosion—all characteristics that made it ideal for 

construction, mining, and other industrial applications such as pipefitting, shipyard work, 

insulation manufacturing, and textile production in the 20th century [53, 54]. Like asbestos, CNTs 

are fibrous, carbon-containing materials that have high tensile strength and large surface area [55], 

rendering them useful in construction and electronics [56, 57]. TiO2 can exist as either nanospheres 

or nanobelts [58], giving them versatile use in construction, agriculture, food additives, cosmetics, 

and biomedicine [59-61]. Alum was serendipitously discovered as a vaccine adjuvant nearly 100 

years ago [62] and is now the most utilized adjuvant in the world [63]. Another highly relevant 
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exogenous particle is particulate matter (PM), which may consist of carbon, sulfate, nitrate, silicon, 

ammonium, and sodium emissions from both manmade and organic sources [64]. Due to the 

complex and heterogenous composition of PM, its toxic mechanisms are much more difficult to 

characterize than the previously mentioned particles. A detailed discussion of PM toxicity falls 

outside the scope of this review, but the reader is referred to several excellent reviews on this topic 

[65-70].  

Exposure to exogenous particles can occur by inhalation, ingestion, or injection. SiO2 was 

first identified as an inhalation hazard in the 1920s when it was etiologically linked to silicosis in 

miners [71, 72]. Today, SiO2 remains an occupational inhalation hazard in construction, mining, 

ceramic manufacturing, dental mold production, and jewelry production [73-75]. Asbestos 

exposure primarily occurs by inhalation [76], and despite decreased industrial use in the United 

States and Europe, industrial asbestos use is being deferred to Asian and Latin-American countries 

[77]. CNTs can either pose as respirable toxicants similar to asbestos fibers in industrial settings 

[78] or function as carrier systems in targeted drug, vaccine, cancer, and gene therapies [79, 80]. 

TiO2 exposure can occur by inhalation in industrial environments or ingestion of commercial 

products, and it exhibits toxicity in the lungs, digestive tract, brain, and cardiovascular system [61]. 

Exposure to alum occurs primarily by injection as a vaccine adjuvant [81] but can also occur by 

inhalation in foundry work and related occupations [82, 83]. While the National Institute for 

Occupational Safety and Health (NIOSH) recommends using respirators in occupations with high, 

prolonged particle exposure [84], low compliance with such guidelines is associated with 

respirator discomfort, lack of training on health hazards, self-employment, and breathing problems 

that would be aggravated by respirator use [85].  
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Endogenous particles are defined as any particle that forms within biological systems. 

From an environmental perspective, many of these are formed by crystallization of nutrients, 

typically in individuals with corresponding genetic predispositions. Endogenous particles include 

MSU, cholesterol crystals (CCs), and calcium salts such as calcium phosphate (CaP) and calcium 

oxalate (CaOx). MSU originates from crystallized uric acid, a byproduct of purine nucleic acid 

catabolism released by dying cells [86]. Cholesterol is derived from dietary sources and 

biosynthesis in the liver [87]. Dysregulated cholesterol metabolism can contribute to deposition of 

low-density lipoproteins (LDLs) and high-density lipoproteins (HDLs) in tissues, engulfment of 

LDLs and HDLs by recruited macrophages and DCs, and intracellular CC formation [88-90]. Like 

cholesterol, calcium occurs both in dietary and body sources, and it can crystallize as CaP and 

CaOx salts within renal tubules and blood vessels [91, 92]. While biomolecules and minerals found 

in endogenous particles can originate from diet and/or metabolism, crystal formation itself occurs 

in myeloid phagocytes and along tubular structures within the body. 

Endogenous particles are thought to form by crystallization resulting from supersaturation 

of biological molecules (e.g., cholesterol, uric acid) and minerals (e.g., calcium) in the joints, 

arteries, and urinary tract [52]. Although the precise mechanisms for crystal formation have yet to 

be elucidated, genome-wide associated studies have identified loci that contribute to 

overproduction and insufficient metabolism of uric acid, LDL, HDL, and calcium-containing salts 

[93-97]. Overabundance of these biomolecules in synovial fluid, serum, or urine creates conditions 

for supersaturation, increasing the likelihood of crystallization and disease development (Table 

2.1). 
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Recognition of exogenous and endogenous particles by myeloid-lineage phagocytes 

Particles can stimulate multiple types of surface receptors to promote incorporation into 

phagosomes, an intracellular vesicle that transports phagocytosed particles. Macrophages, 

neutrophils, DCs can recognize particles through a diverse repertoire of surface receptors (Figure 

2.1). For instance, SiO2 and TiO2 both bind to members of the class A scavenger receptor family 

including SR-A1 and macrophage receptor with collagenous structure (MARCO). However, SiO2 

also binds the class B scavenger receptors SR-B1 and CD36/SR-B2, whereas TiO2 does not [98-

100]. In macrophages, stimulation of class A and class B scavenger receptors by their respective 

ligands has been associated with p38 MAPK and JNK activation and enhanced particle endocytosis 

[101]. Alternatively, CNTs, which are more fibrous than SiO2 and TiO2 particles, are recognized 

by the phosphatidylserine receptor T cell immunoglobulin mucin 4 (Tim4) [102]. 

Contrary to exogenous particles, endogenous particles are recognized by a more diverse 

set of surface receptors and elicit different intracellular signaling pathways. For example, MSU 

crystals interact with C-type lectin (Clec)-12a on macrophages and DCs [103, 104] and 

FcγRIII/CD16 on neutrophils [105]. FcγRIII is also expressed in murine macrophages and DCs 

[106]. On human macrophages, neutrophils, and DCs, CCs can bind to Clec4e to potentiate 

proinflammatory immune responses [107]. FcγRIII stimulation by MSU and Clec4e stimulation 

by CCs trigger downstream spleen tyrosine kinase (Syk) signaling [108, 109]. Alternatively, both 

MSU and alum can directly interact with membrane cholesterol moieties and induce Syk signaling 

in DCs, potentially by lipid membrane sorting [110, 111].  

Surface receptors for asbestos, CaP, and CaOx have not yet been identified, but it is 

possible that phagocytes recognize these particles directly by membrane lipid binding or indirectly 

through complement receptor signaling. Accordingly, complement C5 binding to the C5a receptor 
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(C5aR) can amplify MSU-driven toxicity [112]. In addition, activation of C5aR by C5 and 

complement receptor 3 (CR3) by complement factor iC3b can augment CC-induced toxic 

responses [113].  

Differential expression of particle-sensing receptors in myeloid-lineage phagocytes 

Not only is it important to consider the types of surface receptors that can be stimulated by 

particles, but it is also crucial to further emphasize which myeloid-lineage phagocytes express 

which receptors, because different particles might activate different subsets of myeloid cells. For 

instance, SR-A1 is expressed by macrophages, monocytes, and DCs, while MARCO is primarily 

expressed by macrophages and DCs [114, 115]. CD36 is expressed by many cell types including 

macrophages, monocytes, DCs, and non-hematopoietic cells, whereas SR-B1 is predominantly 

expressed by macrophages and hepatocytes [116, 117]. Macrophages and DCs have been shown 

to express Tim4, but data pertaining to Tim4 expression in neutrophils is currently lacking [118, 

119]. On the other hand, macrophages, neutrophils, and DCs express Clec12a [103, 104, 120], 

FcγRIII [105, 106], and Clec4e (in humans only) [107]. Collectively, these observations suggest 

that myeloid-lineage phagocytes might be better prepared to respond to endogenous particles 

compared to exogenous particles. Nevertheless, additional research is required to confirm or reject 

such a hypothesis. 

Several studies published over the past decade have shed additional light on differential 

expression patterns of particle-sensing receptors in tissue-resident macrophages that commonly 

interact with particles, including bone marrow-derived macrophages (BMDMs), alveolar 

macrophages (AMs), and hepatic Kupffer cells (KCs). A comprehensive gene expression review 

across different tissue-resident macrophage types found that SR-A1 expression is high in BMDMs 

and low in both AMs and KCs, whereas MARCO expression is low in BMDMs and high in both 
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AMs and KCs [121]. In the same analysis, notable observations were made in relation to the other 

receptors mentioned in the present review: 1) SR-B1 expression is higher in AMs and KCs 

compared to BMDMs; 2) CD36 expression is high in BMDMs but lower in AMs and KCs; 3) 

Tim4 expression is low in BMDMs and AMs but high in KCs; 4) Clec12a is highly expressed in 

BMDMs but not in AMs or KCs; 5) Clec4e expression is high in BMDMs and AMs but low in 

KCs; 6) FcγRIII is highly expressed in BMDMs, AMs, and KCs; and 7) C5aR expression is high 

only in BMDMs [121]. In two different studies, MARCO and Tim4 expression were found to be 

lower in BMDMs compared to KCs [122, 123]. Two other studies also showed that Clec4e 

expression increases in macrophages localized to the kidneys during acute renal inflammation, 

suggesting Clec4e perpetuates proinflammatory cytokine signaling and cell death in the kidney 

[124, 125].  

Not only do tissue-resident macrophages demonstrate differential expression patterns for 

many particle-sensing surface receptors, but similar patterns can be detected in blood-derived 

monocytes. A single-cell gene expression analysis with human monocytes found that expression 

levels for SR-A1, MARCO, CD36, and Clec4e significantly differed between classical monocytes 

(CD14++CD16–), intermediate monocytes (CD14++CD16+), and non-classical monocytes 

(CD14+CD16++) [126]. A different study comparing FcγRIII expression in classical and non-

classical monocytes found that expression was higher in classical monocytes than non-classical 

monocytes in mice, but expression was lower in classical monocytes than non-classical monocytes 

in humans [127]. Furthermore, FcγRIII expression in murine classical monocytes was similar to 

that in neutrophils, while expression in human neutrophils was remarkably higher than both 

classical and non-classical monocytes [127]. Although surface receptor expression patterns were 

not compared between monocytes and macrophages in either of these studies, such distinctions 
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might require a case-by-case basis approach. For instance, monocytes and BMDMs express similar 

levels of Clec12a [128], but CD36 expression increases in monocytes differentiating into BMDMs 

[129]. Accordingly, future research in this area would provide valuable insight into specific 

myeloid-lineage phagocyte subsets that respond to different types of exogenous and endogenous 

particles. Future therapies for particle-induced inflammatory and autoimmune disease may 

potentially include antagonists that prevent particle-receptor interactions and downstream toxicity. 

Inflammasome activation: a central mechanism of particle-induced toxicity and proinflammatory 

immune responses 

Following phagocytosis, one central mechanism of toxicity initiated by exogenous and 

endogenous particles alike is inflammasome activation [130-136]. Inflammasomes are cytosolic 

multiprotein complexes that assemble upon sensing diverse stimuli—including microbial moieties, 

endogenous danger signals, and particles—to promote proinflammatory signaling [137, 138]. 

Because of their importance in orchestrating innate immune responses, inflammasomes are 

primarily studied in innate immune cells, most notably macrophages; however, other investigators 

are beginning to investigate their roles in adaptive immune cells and nonhematopoietic cells [139]. 

Pattern recognition receptors (PRRs) from the nucleotide-binding oligomerization domain (NOD) 

leucine-rich region-containing receptor (NLR) family, including NLRP1, NLRP3, and NLRC4, as 

well as absent-in-melanoma 2 (AIM2) and pyrin, form well-defined inflammasome complexes 

[140-144]. In addition, the NLRs NLRP2, NLRP6, NLRP7, NLRP12, and NLRC5, as well as 

interferon-inducible protein 16 (IFI16), also form inflammasome complexes, albeit less well-

characterized or atypical complexes [145-149].  

The NLRP3 inflammasome is the most studied inflammasome due to its putative roles in 

various pathologies including rheumatic disease [150], Alzheimer’s disease [151], acute 
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myocardial infarction [152], kidney disease [153], type 2 diabetes [154], obesity [155], cancer 

[156], and COVID-19, which is caused by severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) infection [157]. This inflammasome also plays a pertinent role in particle-driven 

diseases such as pulmonary fibrosis, asthma, chronic obstructive pulmonary disease (COPD), 

malignant mesothelioma, and other lung cancers [138]. NLRP3 inflammasome oligomers consist 

of the NOD-like receptor NLRP3, the adapter protein apoptosis-associated speck-like protein 

containing a caspase recruitment domain (ASC), and pro-caspase-1 as an effector [158]. Three 

distinct pathways are implicated for NLRP3 inflammasome activation: 1) the canonical pathway, 

2) the alternative pathway, and 3) the noncanonical pathway [159]. The alternative and 

noncanonical pathways fall beyond the scope of this review, though readers are directed to other 

excellent discussions of these topics for further information [160, 161].  

Step 1: Priming 

Canonical inflammasome activation occurs in a two-step process that first requires a 

priming signal to promote transcriptional upregulation of inflammasome-related proteins and a 

subsequent activating signal to trigger inflammasome oligomerization and caspase-1 activation 

[162]. Priming can be accomplished upon recognition of damage-associated molecular patterns 

(DAMPs), pathogen-associated molecular patterns (PAMPs), or cytokines by specific surface 

receptors. For example, the bacterial PAMP lipopolysaccharide (LPS) activates toll-like receptor 

(TLR)-4, the endogenous DAMP high group mobility group box 1 (HMGB1) activates TLR2/4/9, 

and tumor necrosis factor (TNF)-α and interleukin (IL)-1α activate the TNF and IL-1 receptors, 

respectively [163-165]. These binding events contribute to phosphorylation of the inhibitor of 

nuclear factor kappa-B kinase (IKK)-β subunit within the cytosolic IKK2 complex. IKKβ then 

phosphorylates IκBα and targets it for K48-ubiquitination and proteasomal degradation. 
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Degradation of IκBα liberates the dimeric transcription factor nuclear factor-kappa B (NF-κB), 

allowing its translocation into the nucleus where it upregulates the inflammasome subunits 

NLRP3, ASC, and pro-caspase-1 as well as pro-IL-1β and pro-IL-18 [166] (Figure 2.2). Under 

homeostatic conditions, DAMPs and proinflammatory cytokines are typically contained inside 

phagocytes; however, these danger signals can be released into the extracellular environment 

following particle-induced cell death [167, 168]. If clearance of extracellular particles, DAMPs, 

and cytokines is hindered, perpetual stimulation of DAMP/cytokine receptors and particle-sensing 

receptors may ensue, leading to aberrant inflammasome priming and activation. 

Step 2: Activation 

Following the priming signal, a separate activating signal triggers inflammasome assembly 

and caspase-1 maturation. Contrary to the priming step, which is initiated by a select set of ligands, 

the activating step can be triggered by many different stimuli including ATP [169], mitochondrial 

reactive oxygen species (mtROS) [170], mitochondrial DNA (mtDNA) [171], ceramide [172], 

bacterial toxins [173], and particles [138]. The diverse nature of these stimuli suggests they do not 

directly act upon inflammasome subunits but rather induce a few common intracellular events that 

lead to inflammasome oligomerization. Lawlor and Vince propose that these signals may converge 

on lysosomal rupture, mitochondrial dysfunction, and endoplasmic reticulum (ER) stress [174] 

(Figure 2.3). 

Lysosomal membrane permeabilization 

Once particles or other stimuli are incorporated into a phagosome, the phagosome fuses 

with a lysosome to form an intracellular phagolysosome [175]. The role of the phagolysosome is 

to digest internalized materials; however, many crystalline particles such as cSiO2, cholesterol, 

alum, and MSU disrupt the phagolysosomal membrane in a process called lysosomal membrane 
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permeabilization (LMP) [131, 176]. LMP describes any process by which the lysosomal 

membrane is disrupted and lysosomal enzymes (such as cathepsins) are released into the cytosol 

[177]. Although the precise mechanisms by which particles induce LMP remain unknown, one 

critical study recently found that a subfamily of silanols, termed “nearly free silanols,” on the 

surface of cSiO2 and aSiO2 particles promote membranolysis by direct membrane interaction 

[178]. Once cathepsins are released from ruptured phagolysosomes, some cathepsins may directly 

activate the inflammasome [179-181] or elicit dysfunction of other intracellular organelles, 

including the mitochondria and ER, that can indirectly activate the inflammasome. Accordingly, 

exogenous and endogenous particles that are engulfed by phagocytes can directly elicit LMP and 

indirectly promote mitochondrial and ER stress. 

Mitochondrial dysfunction 

As mentioned in the previous section, cathepsins released by particle-triggered LMP may 

promote downstream mitochondrial dysfunction [182, 183]. Mitochondrial dysfunction has been 

linked to inflammasome activation specifically by the release of mitochondrial DAMPs 

(mtDAMPs) such as ATP, oxidized mtDNA, and mtROS [170, 184]. A large body of evidence 

suggests ATP can trigger inflammasome assembly and caspase-1 activation in macrophages, 

specifically by promoting K+ ion efflux through either the P2X7 surface receptor or the TWIK2 

K+ channel [169, 185, 186]. In phagocytes, particle exposure also can trigger apoptosis, a process 

that can begin in the mitochondria [187-192]. It is possible that opening of the mitochondrial 

permeability transition pore (MPTP) during apoptosis allows oxidized mtDNA and mtROS to exit 

depolarized mitochondria and activate the inflammasome, but this requires additional 

investigation. Once in the cytosol, oxidized mtDNA can directly bind NLRP3 to promote caspase-

1 activation and resultant IL-1β maturation [171, 193].  
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Conversely, the requirement of mtROS in inflammasome activation is debatable, with 

some investigators arguing that mtROS are indispensable for inflammasome activation and others 

suggesting that mtROS only partially contribute to inflammasome activity [173, 194, 195]. Of 

interest, activation of the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2), 

which mediates transcription of antioxidant genes, has been shown to inhibit inflammasome-

driven IL-1β maturation, supporting a clear role for total cellular ROS in promoting inflammasome 

assembly [28, 29, 196]. It is currently unclear how much of this response is driven by mtROS 

specifically; however, it is reasonable to expect mtROS play a fairly large role because 

mitochondria are major drivers of ROS production [197]. Evidence suggests mtROS can further 

disrupt lysosomal compartments [198]. On the other hand, lysosomal leakage has been previously 

shown to occur upstream from perturbations in mitochondrial membrane potential following cSiO2 

exposure in AMs [182, 183]. Taken together, these findings suggest that lysosomal and 

mitochondrial dysfunction might reciprocally influence one another in the context of particle-

induced toxicity. Such a notion requires additional study, as the mechanisms driving cyclical 

lysosomal and mitochondrial dysfunction remain unclear. 

Endoplasmic reticulum stress 

Similar to mitochondrial dysfunction, ER stress has also been linked to inflammasome 

activation. Extracellular ATP, a mtDAMP released from dying cells, stimulates the transcription 

factor CCAAT enhancer binding protein homologous protein (CHOP) in LPS-primed BMDMs to 

induce Ca2+ signaling, which promotes Ca2+ efflux from the ER, downstream mitochondrial 

damage, and resultant caspase-1 activation [199]. Additionally, ER stress promotes NF-κB-

dependent transcription of pro-IL-1β and activation of the oxidative protein folding pathway to 

induce ROS production [200]. Elevated ROS levels initiate the dissociation of thioredoxin-
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interacting protein (TXNIP) from thioredoxin (TXN) and its subsequent association with the LRR 

of NLRP3, which promotes inflammasome oligomerization and caspase-1 activation [200]. 

Furthermore, ER stress can activate inositol-requiring enzyme 1 alpha (IRE1α), which promotes 

translocation of TXNIP to the mitochondria and the release of mtDAMPs including mtROS and 

mtDNA [201]. In previous studies, it has been demonstrated in macrophages that SiO2 upregulates 

CHOP [202], asbestos increases CHOP expression and cytosolic Ca2+ [203], and MWCNTs 

promotes intracellular lipid accumulation, CHOP phosphorylation, and CD36 expression [204]. 

Additional research is needed to determine the specific steps that occur between particle 

phagocytosis and downstream ER stress. 

Taken together, inflammasome-activating exogenous (Table 2.2) and endogenous (Table 

2.3) particles have multifaceted impacts on intracellular lysosomal, mitochondrial, and ER-related 

functionality, and these pathways can feed into each other to mount robust inflammatory responses 

that drive rheumatic and autoimmune disease. 

Particle-induced cell death pathways that contribute to innate and adaptive immune responses 

Consistent with Matzinger’s danger model [47], exposure to exogenous (Table 2.2) and 

endogenous (Table 2.3) particles can trigger inflammasome-dependent and -independent cell 

death pathways in phagocytes, resulting in the release of DAMPs and autoantigens that can activate 

innate and adaptive immunity. Of note for the present review are necrosis, pyroptosis, apoptosis, 

necroptosis, and NETosis. In addition, we provide a brief perspective on PANoptosis, a recently 

proposed unified cell death pathway involving pyroptosis, apoptosis, and necroptosis. 

Necrosis 

Necrosis is an unprogrammed cell death pathway characterized by organellar 

disorganization, cellular swelling, plasma membrane rupture, and DAMP release [205]. No 
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specific signaling pathway is associated with necrosis, but it is usually preceded by lysosomal 

rupture, mitochondrial swelling, and ROS production [206, 207]. Necrosis in generally considered 

a proinflammatory mode of cell death, as DAMPs released from dying cells provoke inflammatory 

gene expression and signaling in neighboring innate and adaptive immune cells [208] (Figure 

2.4A). Both exogenous and endogenous particles have been shown to provoke necrotic cell death 

in a variety of cell types including AMs, fibroblasts, mesothelial cells, and kidney epithelial cells. 

Primary mechanisms by which particles induce necrosis include upstream LMP, mitochondrial 

depolarization, and ROS production [183, 209, 210], though it might also be possible that particles 

directly disrupt the plasma membrane [178, 211] or promote necrosis through other unelucidated 

mechanisms. Infectious agents, mechanical stress, hypoxia, and chemical and radiation exposure 

can also compromise the integrity of the cell membrane, leading to necrosis [212]. When particles 

induce necrosis, the dying cell releases particles and DAMPs, which can perpetuate unresolved 

inflammation if not efficiently cleared. 

Pyroptosis 

Pyroptosis is a programmed lytic cell death pathway that is dependent on inflammasome 

activation [213, 214]. As previously discussed, many different types of exogenous and endogenous 

particles can activate the inflammasome [130-136]. When the NLRP3 inflammasome assembles 

and activates caspase-1 following particle exposure, caspase-1 not only converts pro-IL-1β and 

pro-IL-18 to their mature forms but also cleaves the N-terminal pore-forming domain (PFD) of 

gasdermin D (GSDMD). PFD monomers oligomerize and insert into the plasma membrane, which 

destabilizes plasma membrane potential and leads to an osmotic movement of water into the cell 

that mediates cellular swelling and lysis [215] (Figure 2.4B). Like necrosis, pyroptosis is 

considered a proinflammatory cell death pathway because the GSDMD pore and resultant lysis 
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caused by its insertion into the plasma membrane allows passage of DAMPs from intracellular to 

extracellular environments [208].  

Apoptosis 

Exposure to exogenous and exogenous particles such as SiO2, asbestos, CCs, MSU, and 

CaP can induce apoptosis in macrophages [183, 192, 216-218]. Unlike necrosis, apoptosis is 

morphologically defined by nuclear DNA cleavage, cytoskeletal rearrangement, cellular 

shrinkage, and plasma membrane blebbing [205] (Figure 2.4C). In apoptosis, the plasma 

membrane does not rupture but rather invaginates organelles and DAMPs in apoptotic bodies that 

are engulfed by phagocytes [219]. Accordingly, apoptosis is a quiescent mode of cell death; 

however, if apoptotic bodies are insufficiently removed, they undergo secondary necrosis, which 

releases DAMPs into the extracellular space [220]. Apoptosis can be induced by death receptor 

(DR) signaling (extrinsic pathway), mitochondrial signaling (intrinsic pathway), or 

perforin/granzyme signaling [212, 221]. The perforin/granzyme pathway falls outside the scope of 

the present review, but readers are encouraged to consult other excellent reviews on this topic 

[222-224]. While particles have not been shown to bind DRs and particle-sensing receptors are not 

known to activate signaling components downstream from DRs [187, 188], an overview of 

extrinsic apoptosis is warranted because particle exposure can induce expression and secretion of 

DR ligands such as TNF-α [134, 225-229]. In the context of particle-triggered apoptosis, however, 

the intrinsic pathway is most relevant because particles can indirectly elicit mitochondrial stress 

[183, 187, 188]. 

In the extrinsic pathway, the initiation phase is triggered by activation of a DR in the TNF 

receptor superfamily (e.g., TNF receptor [TNFR]-1 or Fas receptor [FasR]) by its corresponding 

ligand (e.g., TNF-α or Fas ligand [FasL]), which triggers association of an adapter protein to the 
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intracellular domain of the DR [212]. The recruited adapter protein differs depending on the DR 

activated: FasL recruits Fas-associated protein with death domain (FADD) to FasR, and TNF-α 

recruits TNFR1-associated death domain protein (TRADD) to TNFR1 [221]. Specific to TNFR1, 

TNF receptor associated factor (TRAF)-2/5, receptor-interacting serine/threonine-protein kinase 

(RIPK)-1, and cellular inhibitor of apoptosis protein (cIAP)-1/2 are subsequently recruited to the 

intracellular receptor domain of TNFR1 and associate with TRADD (i.e., Complex I). 

Cylindromatosis tumor suppressor protein (CYLD) then deubiquitylates RIPK1 which allows this 

protein to leave Complex I and leads to association of FADD and RIPK3 (i.e., Complex II). 

Following these events, FADD associates with multiple pro-caspase-8 proteins to form a death-

inducing signaling complex (DISC) that cleaves pro-caspase-8 to caspase-8 [230]. Caspase-8 then 

proteolytically activates caspase-3 and -7 and triggers the execution phase of apoptosis [221]. 

During the execution phase, mature caspases-3 and -7 cleave nuclear DNA and intracellular 

proteins, which are encapsulated in apoptotic bodies [231]. Apoptotic cells express 

phosphatidylserine (PS) in the outer leaflet of the plasma membrane, which serves as an “eat me” 

signal for phagocytes to engulf the dying cells, a process termed efferocytosis that functions to 

remove apoptotic bodies, thus preventing secondary necrosis and DAMP release [232].  

In the intrinsic pathway, particle-driven organellar dysfunction leads to MPTP opening, as 

described in the previous section. This releases cytochrome c (cyt c) into the cytosol, where it 

binds with apoptotic protease activating factor 1 (Apaf-1) and pro-caspase-9 to form a multiprotein 

apoptosome complex that is structurally and functionally analogous to the inflammasome. During 

this process, mitochondrial second mitochondria-derived activator of caspases (SMAC) and high 

temperature requirement protein A2 (HtrA2) block the activity of inhibitors of apoptosis proteins 

(IAPs) to promote apoptosis [233]. Pro-caspase-9 molecules proteolytically activate each other 
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within the apoptosome in a manner that resembles caspase-1 activation in the inflammasome. 

Activated caspase-9 then activates caspase-3, which activates caspase-activated DNase (CAD). 

Subsequently, caspase-3 cleaves nuclear DNA, triggers cytoskeletal rearrangement, and induces 

formation of apoptotic bodies, which are cleared by phagocytes under normal conditions [221]. 

However, phagocytotic capacity might be exhausted under conditions of persistent particle 

exposure, which raises the likelihood of secondary necrosis, DAMP release, and ongoing 

inflammatory signaling. 

Necroptosis 

Exogenous particles (e.g., SiO2, TiO2) and endogenous particles (e.g., CCs, MSU, CaP, 

CaOx) have been demonstrated to induce necroptosis in neutrophils, with less well-defined effects 

in macrophages [234, 235]. Necroptosis is a programmed cell death pathway that morphologically 

resembles necrosis but shares cellular machinery with the extrinsic apoptotic pathway. 

Accordingly, the early steps of necroptosis involve DR activation and recruitment of signaling 

proteins to the intracellular domain of the DR (e.g., TNFR1) to form Complex I as previously 

described [236]. TNFR1 endocytosis, cIAP1/2 inhibition, and RIPK1 deubiquitylation by CYLD 

triggers formation of cytosolic Complex II, which involves dissociation of TRAF2/5 and cIAP1/2 

and association of FADD and pro-caspase-8 as previously described [237, 238]. Under normal 

conditions, Complex II can induce extrinsic apoptosis. However, impairment of pro-caspase-8 

activity allows formation of a RIPK1 and RIPK3-containing complex called the necrosome [239]. 

The necrosome facilitates activation of the pseudokinase mixed lineage kinase domain-like 

(MLKL) via phosphorylation, and MLKL monomers forms oligomers at phosphatidylinositol 3-

phosphate sites on the inner leaflet of the plasma membrane. Consequently, the MLKL oligomers 

elicit plasma membrane permeabilization by currently undefined mechanisms, leading to 
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destabilization of membrane potential and cell lysis (Figure 2.4D). As with necrosis and 

pyroptosis, necroptosis allows DAMP release from the cell, and these DAMPs can induce 

downstream inflammatory responses [237]. While the exact mechanisms of particle-induced 

necroptosis have yet to be fully elucidated, it is possible that cathepsins released from disrupted 

phagolysosomes promote assembly of the RIPK1-RIPK3 necrosome, which promotes MLKL 

polymerization [235]. Another possibility is that TNF-α released from dying cells interacts with 

TNFR1 on viable nearby cells, promoting either extrinsic apoptosis or necroptosis depending on 

pro-caspase-8 activity. 

PANoptosis 

PANoptosis is a recently coined term that unifies inflammatory cell death involving 

simultaneous activation of pyroptosis, apoptosis, and necroptosis [240]. Currently, two hypotheses 

have been proposed for PANoptosis-induced cell death. In the first scenario, an inflammatory 

stimulus simultaneously activates the inflammasome, apoptosome, and necrosome, which execute 

their respective forms of cell death. In the second model, PANoptosis is induced through 

inflammatory stimuli that trigger formation of a multiprotein complex called the PANoptosome, 

which triggers pyroptosis, apoptosis, and necroptosis at the same time. In myeloid-lineage 

phagocytes (e.g., neutrophils and macrophages exposed to LPS, caspase-8 (apoptosis), FADD 

(apoptosis and necroptosis), RIPK1 (necroptosis), NLRP3 (pyroptosis), ASC (pyroptosis), and 

caspase-1 (pyroptosis) can assemble into the PANoptosome. Accordingly, the PANoptosome can 

trigger apoptosis by caspase-8-dependent activation of caspase-3/7, pyroptosis by caspase-1-

dependent cleavage of GSDMD, and necroptosis by RIPK3-dependent phosphorylation of MLKL 

[241] (Figure 2.5). The result is a detrimental cell death pathway that permits release of 

inflammatory DAMPs into the extracellular space. While it is still unclear which factors dictate 
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execution of PANoptosis versus individual activation of pyroptosis, apoptosis, or necroptosis, 

inhibition of TGF-β-activated kinase 1 (TAK1) has previously been associated with PANoptosome 

formation in macrophages [242]. 

Currently, there is no evidence linking particle exposure to PANoptosis in myeloid-lineage 

phagocytes, yet the current evidence supports such a possibility. Multiple particles have been 

previously reported to induce pyroptosis, apoptosis, and necroptosis in phagocytes (summarized 

by Mulay, Herrmann [243]), but whether these multiple forms of cell death occur simultaneously 

in the same model is yet to be determined. Intriguingly, components of these three pathways can 

regulate one another. Not only can caspase-8 promote pyroptosis by cleaving GSDMD, but it can 

also prevent necroptosis by degrading RIPK. Necroptotic MLKL pore formation also can trigger 

NLRP3 inflammasome activity by K+ efflux [244]. 

NETosis 

In addition to pyroptosis, apoptosis, and necroptosis, exogenous particles (e.g., SiO2, alum) 

and endogenous particles (e.g., MSU, CCs, CaP) can induce NETosis (reviewed by [245] and 

[246]). NETosis describes the process by which neutrophil extracellular traps (NETs) are formed 

within and released from neutrophils [247]. NETs are web-like structures composed of 

decondensed chromatin decorated with cytosolic myeloperoxidase (MPO) and neutrophil elastase 

(NE) [248]. NETs can be released from neutrophils by two mutually exclusive pathways: 1) 

suicidal NETosis and 2) vital NETosis [249] (Figure 2.6).  

In suicidal NETosis, phagocytosis of particles elicits Ca2+ efflux from ER, which triggers 

activation of protein kinase C (PKC). PKC activates the MEK/ERK pathway, ERK phosphorylates 

the gp91phox subunit of NADPH oxidase to induce ROS production, and increased cytosolic ROS 

activate peptidyl arginine deiminase 4 (PAD4). Together with MPO and NE, which translocate to 
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the nucleus, PAD4 promotes chromatin decondensation and nuclear membrane disruption. 

Consequently, NETs are released from the nucleus into the cytosol, where they are further 

decorated with cytosolic proteins, and ultimately released into the extracellular environment upon 

cell lysis [250, 251]. Unlike suicidal NETosis, in vital NETosis, NETs are packaged into vesicles 

and released by exocytosis, and thus, the neutrophil remains viable. Stimulation of TLR2/4 or CR3 

by Gram-positive bacteria (e.g., S. aureus) or Gram-negative bacteria (e.g., E. coli) activates 

PAD4, which partners with nuclear MPO and NE to induce nuclear membrane disruption and 

chromatin decondensation. [250, 251]. While released NETs can immobilize bacteria and viruses, 

they can also potentiate inflammation [248]. This raises a few questions pertaining to NETosis and 

particle toxicology. First, can released NETs capture extracellular particles and prevent their 

interactions with other phagocytes? Second, can NETs in particle-exposed neutrophils be 

decorated with particles prior to their release? Answering these questions could provide further 

insight into the protective and/or pathologic roles of NETs in particle-driven diseases. 

Physicochemical attributes that influence particle-induced toxicity and proinflammatory 

responses 

Although many published studies suggest that different particles elicit similar toxic 

mechanisms in myeloid-lineage phagocytes, these responses depend greatly on the 

physicochemical attributes of the particle. Such attributes may include, but are not limited to, 

particle length [252-254], size [255-257], shape [258-260], surface area [261, 262], and surface 

charge [178, 263-265]. An in-depth discussion of these attributes goes beyond the scope of this 

review, but the reader is encouraged to consult other previously published reviews on this topic 

[168, 266-268]. While current research has focused on characterizing relationships between 
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particle attributes and toxic responses exhibited by exogenous particles, these relationships have 

not yet been characterized in relation to endogenous particles.  

From particle exposure to loss of immunological self-tolerance 

As discussed in previous sections, inflammasome activity and cell death induced by 

exogenous particles (Table 2.2) and endogenous particles (Table 2.3) permit DAMP release into 

the extracellular environment, where they can stimulate innate and adaptive immune cells. 

Released DAMPs include proinflammatory cytokines, nucleic acids, uric acid, cholesterol, heat 

shock proteins, HMGB1, type I interferons (IFNs), NETs, and mtDAMPs including mtDNA, ATP, 

cardiolipin, and cyt c (reviewed by Gallo and Gallucci [86] and Grazioli and Pugin [269]). DCs, 

which are commonly referenced as bridges between innate and adaptive immunity [270], may also 

be bridges between particle exposure and loss of immunological self-tolerance because they 

interact with both particles and released DAMPs [86]. For example, DCs secrete cytokines 

involved in Th1 and Th17 differentiation (i.e., IL-1α, IL-1β, IL-2, IL-6, IL-17, IL-23) in response 

to MSU [271], CCs [272], or alum [273]. SiO2 and TiO2 induce caspase-1-dependent IL-1β 

maturation and apoptotic cell death in DCs [274], and extracellular IL-1β plays critical roles in 

promoting Th17 polarization [275]. In addition, HMGB1, ATP, TNF-α, and NETs can stimulate 

DC maturation, proinflammatory cytokine production (i.e., IL-6, CXCL8, IL-12, TNF-α), and 

subsequent T cell activation [276-278]. Furthermore, specific DC subsets secrete type I IFN and 

B-cell activating factor (BAFF), which regulate B cell differentiation into antibody-secreting 

plasma cells [279]. Intriguingly, DCs also can promote and maintain immunological tolerance by 

inducing regulatory T cell (Treg) differentiation through cell-to-cell contact or secreted cytokines 

such as TGF-β and IL-10 [280, 281]. Consequently, activated Tregs can suppress differentiation 

of naïve T cells into effector T cells, as well as the functions of activated CD4+ and CD8+ T cells, 
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B cells, macrophages, and DCs. Treg depletion has been associated with exacerbated immune 

responses to self- and non-self antigens and development of autoimmunity [282, 283]. 

Nonetheless, the impacts of Treg function on particle-driven inflammation remain unclear. For 

instance, imbalances in the Treg/Th17 ratio significantly aggravate SiO2- and MSU-induced 

inflammation in the lungs and joints of mice, respectively [284, 285], but inhaled SiO2 and asbestos 

elicit recruitment of Tregs to the lungs, which secrete TGF-β and IL-10 and contribute to resultant 

development of pulmonary fibrosis [286-288]. Accordingly, DCs play crucial roles in regulating 

T cell differentiation, interacting with proximal particles and DAMPs, and maintaining 

immunological self-tolerance. Dysregulated DC activation by particles and DAMPs, on the other 

hand, represents one major bridge connecting particle-induced innate immunity to irregular 

adaptive immunity. 

Cells undergoing particle-induced death not only release DAMPs into the extracellular 

space, but also autoantigens that can be recognized by T and B cells and consequently trigger 

autoimmunity. Autoantigens are self-proteins that are erroneously recognized as foreign proteins 

by the host’s immune system [289]. When presented by DCs or other APCs, autoantigens promote 

activation of autoreactive T cells, which evade elimination in individuals with genetic 

predispositions to autoimmune disease and specifically target the presented self-proteins [290]. In 

addition, autoreactive T cells promote differentiation of autoreactive B cells into plasma cells, 

which secrete autoantibodies specific to the presented self-proteins [291]. Autoantigens involved 

in systemic autoimmune diseases such as systemic lupus erythematosus (SLE) include dsDNA, 

small nuclear ribonucleoprotein (snRNP), cardiolipin, and histone proteins (i.e., H2B, H3, H4) 

[292, 293]. In some cases, autoantigens with post-translational modifications (PTMs), but not 

native self-proteins, are recognized by autoreactive T and B cells [293]. These PTMs include 
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phosphorylation/dephosphorylation [294, 295], methylation [296], acetylation [297], citrullination 

[298], oxidation [299], and isomerization [300]. Since cytotoxic processes can contribute to 

modification of autoantigen structure and immunogenicity, it is tempting to speculate that 

intracellular mechanisms involved in inflammasome activation may also contribute to formation 

of PTM autoantigens and novel autoantigens. For example, cathepsins released from particle-

containing phagolysosomes may non-specifically cleave mitochondrial and cytosolic proteins to 

create novel self-proteins that elicit immunological autoreactivity when released from dying cells. 

Caspase-1 may cleave mitochondrial and cytosolic proteins other than its identified substrates (i.e., 

pro-IL-1β, pro-IL-18, GSDMD) at specific sites, though this possibility seems less likely.  

In addition to the roles that released DAMPs, autoantigens, and other danger signals play 

in aberrant activation of the immune system, genetics constitute a major determinant in the loss of 

immunological self-tolerance and resultant development of autoimmunity. Although some 

autoimmune diseases are monogenic, the majority are polygenic by nature [49]. Genetic 

polymorphisms leading to increased expression and activation of inflammasome proteins (e.g., 

NLRP3), TLRs (e.g., TLR7, TLR9), transcription factors (e.g., STAT4), and IFN signaling 

proteins (e.g., IRF5) have been associated with increased susceptibility and severity of several 

autoimmune diseases including SLE, rheumatoid arthritis (RA), and multiple sclerosis [301, 302]. 

In addition, loss-of-function mutations in efferocytosis receptors (e.g., MerTK), which leads to 

decreased engulfment of cytotoxic cell debris, have been associated with systemic autoimmunity 

[303]. Unique to autoimmune diseases are genetic polymorphisms in the major histocompatibility 

complex (MHC), or human leukocyte antigen (HLA) region in humans [304], which is crucial for 

presenting antigens to CD4+ helper T cells [305]. Taken together, these genetic aberrations set the 

stage for increased inflammasome priming and activation, elevated proinflammatory cytokine and 
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IFN production, and hindered cell debris clearance contributing to inflammatory tissue damage. In 

individuals susceptible to autoimmunity, these genetic variants may also contribute to enhanced 

autoantigen presentation to T and B cells, tissue damage by autoreactive T cells, and autoantibody 

production by autoreactive plasma cells, leading to development of autoimmunity. 

Particle-triggered autoinflammatory and autoimmune diseases 

Consistent with evoking inflammatory responses and cell death in phagocytes, exogenous 

and endogenous particles can trigger development of both chronic inflammatory and autoimmune 

diseases [52, 306]. Workplace inhalation of asbestos fibers has a long-recorded history of 

potentiating asbestosis and malignant mesothelioma [307-309]. In rodents, CNT inhalation has 

been associated with proinflammatory AM polarization and pulmonary fibrosis [310], [311]. TiO2 

exposure has been connected to malabsorption, neuroinflammation, and cardiopulmonary 

inflammation in rodents and humans [61, 312, 313]. MSU deposition in joints and blood vessels 

can promote gouty arthritis [39], coronary heart disease, and neurodegeneration [40]. CCs can 

contribute to coronary heart disease [41], atherosclerosis [42], non-alcoholic steatohepatitis 

(NASH) [43], and cholesterol gallstone disease [44] if deposited in blood vessels, liver, or 

gallbladder, respectively. Furthermore, CaP and CaOx deposition can lead to pseudogout, 

nephropathy, and atherosclerosis [314-316]. Although different particles share similar 

mechanisms of promoting persistent inflammation, they elicit different pathologies depending on 

their routes of exposure and distribution in the body.  

In addition to genetic predispositions, other factors that may modulate autoimmune 

susceptibility include particle exposure level, aging, and biological sex. Dose-response impacts of 

particle exposure on autoimmune pathogenesis remain largely uninvestigated. However, according 

to Paracelsus’s paradigm statement “The dose makes the poison,” it can be assumed that chronic 
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exposures to many particles are more likely to induce aberrant inflammation and autoimmunity 

compared to acute exposures to few particles [317]. This trend has been noted with respirable 

cSiO2 exposure in both mice [318, 319] and humans [320, 321]. Conversely, aging seems to have 

unclear impacts on the development of autoimmune disease. Older adults (>60 years) have higher 

prevalence of non-organ-specific autoantibodies than younger adults (20-60 years), but older 

adults are less likely than younger adults to develop autoimmune disease [322]. Accordingly, aging 

contributes to restructuring of the immune system, leading to impaired immune responses, 

increased inflammation and oxidative stress, and increased autoantibody production [323]. This 

suggests that the immune system is much more sensitive and reactive to autoantigens in younger 

adults compared to older adults, as many systemic autoimmune diseases manifest between 30-50 

years of age [324]. A third factor that influences autoimmunity yet remains an enigma is biological 

sex. In general, autoimmune disease is more prevalent in women compared to men [325]. 

Postulated reasons for this observation include pregnancy and hormonal changes during puberty 

and menopause [326]. While particle-induced inflammation and autoimmunity might be more 

biased toward men working in dusty occupations, more women are beginning to enter similar 

occupations, with emphases on making dental molds and using scouring powders in custodial work 

[327, 328]. 

While exposure to exogenous and endogenous particles has been linked to inflammatory 

and autoimmune diseases, much less is known about their roles in initiating and exacerbating 

autoinflammatory disease. Briefly, autoinflammatory diseases are defined by uncontrolled innate 

immunity contributing to direct tissue damage and disease pathogenesis, whereas autoimmune 

diseases are potentiated by unresolved innate immunity leading to hyperactivation of adaptive 

immunity, the latter of which primarily drives tissue damage and disease pathogenesis [49]. Most 
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autoinflammatory diseases are caused by genetic mutations contributing to aberrant inflammasome 

activity, IL-1β activation, protein folding, IFN signaling, complement activation, and 

proinflammatory cytokine signaling [329]. Considering these mechanisms, it is not unreasonable 

to speculate that particles can worsen, or even trigger, autoinflammatory disease, beginning with 

myeloid-lineage phagocytes. Research in this area is crucial for verifying an etiological link 

between particle exposure and autoinflammatory disease and would provide additional rationale 

for regulating workplace particle exposure and fine-tuning dietary constituents for individuals 

predisposed to either autoinflammatory or autoimmune disease. 

Linking particle-induced inflammation to autoimmune diseases—crystalline silica as a 

prototypical example 

Both preclinical and clinical studies have established that exposure to respirable cSiO2 

contributes to SLE and other human autoimmune diseases [330-332]. Patients with SLE typically 

have recurrent cycles of flaring and remission that eventually can over time cause cumulative 

damage to kidney, lung, heart, skin, and/or brain [333]. Intriguingly, both autoimmune flaring and 

disease progression can be induced by instilling SiO2 to airways of mouse models of SLE [20, 318, 

334-338]. This is perhaps best exemplified in SLE-prone female New Zealand Black White (F1) 

(NZBWF1) mice which show autoantibody-driven glomerulonephritis with proteinuria by age 34 

weeks resulting in death by age 52 weeks [339]. Our laboratory has demonstrated in this model 

that four weekly intranasal cSiO2 instillations of 1 mg triggers glomerulonephritis 12 wk earlier 

than the conventional genome-driven model [20, 318]. Before glomerulonephritis onset in these 

mice, cSiO2 elicits severe pulmonary pathology involving continual accumulation of particle-laden 

AMs, dying and dead cells resulting from PANoptosis, nuclear and cytoplasmic debris, and 

neutrophilic inflammation. Furthermore, there is buildup of large numbers of T and B cells, along 
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with IgG-secreting plasma cells, suggestive of ectopic lymphoid tissue (ELT). Consistent with 

prolonged particle-induced pulmonary inflammation and ELT formation, lung fluid and blood 

from cSiO2-instilled mice have elevated proinflammatory cytokines, chemokines, and 

autoantibodies. As illustrated in Figure 2.7, these observations support the lung playing an 

essential role as the nexus for cSiO2-induced systemic autoimmune flaring and glomerulonephritis 

in the NZBWF1 mouse.  

A potential promising intervention against cSiO2-induced chronic lung inflammation and 

resultant autoimmunity is increasing dietary intake of the marine polyunsaturated fatty acids 

(PUFAs) docosahexaenoic acid (C22:6 ω-3; DHA) and eicosapentaenoic acid (C20:5 ω-3; EPA) 

[340]. Modes of action for ω-3 PUFAs’ ameliorative effects include 1) moderating membrane and 

lipid raft function, 2) up- and down-regulating gene expression, 3) competition with ω-6 PUFAs 

and their downstream proinflammatory eicosanoids, and 4) pro-resolving actions of their 

downstream metabolites (reviewed by Akbar, Yang [341], Calder [342], Ferreira, Pereira [343], 

and Wierenga, Strakovsky [344]). Preclinical [345-347] and clinical investigations [341, 348-350] 

indicate that ꞷ-3 PUFAs can counter onset and progression of lupus symptoms, including 

nephritis. We have found that dietary DHA supplementation reflecting realistic human 

consumption (i.e., 2 and 5 g/d) can be employed as a prophylactic approach against cSiO2-triggered 

autoimmune flaring in NZBWF1 mice [20]. DHA consumption specifically inhibited cSiO2-

triggered pulmonary accumulation of B and T cells, follicular dendritic cells, and IgG+ plasma 

cells. Importantly, DHA dose-dependently inhibited cSiO2-triggered lung mRNA signatures 

indicative of inflammation-, chemokine-, and interferon (IFN)-related gene pathways [351]. 

Additionally, DHA supplementation suppresses both cSiO2-induced autoantibody responses 

against a large number of SLE-associated autoantigens [352] and cSiO2-triggered 
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glomerulonephritis [20]. Lastly, we have recently demonstrated that DHA supplementation has 

value as a therapeutic intervention in this model [353]. The demonstration that DHA acts at many 

stages of cSiO2-induced autoimmunity (Figure 2.7) raises the possibility that ω-3 PUFA 

supplementation could be used as an intervention against other diseases associated with particle-

triggered inflammation and autoimmunity. 

CONCLUSIONS AND FUTURE DIRECTIONS 

Particle toxicology is a longstanding research field with origins in the 16th century. While 

this field primarily focused on toxic impacts of inhaled particles in the lung and their connections 

to occupational disease, it now encompasses a much broader arena that includes seeking to 

understand how exogenous and endogenous particles influence development of inflammatory and 

autoimmune diseases in diverse organs. Interestingly, the mechanisms by which particles trigger 

autoimmunity align with Polly Matzinger’s danger model, which argues that ongoing production 

and insufficient clearance of danger signals contributes to autoreactivity. Some outstanding 

knowledge gaps in the field of particle toxicology include understanding how genetics influence 

the immunotoxic potential of particles, how particles impact other immune cell populations (e.g., 

innate lymphoid cells, natural killer cells), and how particle toxicology studies can be performed 

in silico to assess risks associated an individual’s environment and lifestyle. Answering these 

questions will lead to new understanding of the mechanisms by which particles elicit toxicity in 

the context of the genome and will provide valuable insight into new interventions that can be used 

to prevent or treat particle-associated inflammatory and autoimmune diseases.  
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FIGURES 

 

 

Figure 2.1. Surface receptors involved in detecting exogenous and endogenous particles. 

Phagocytes employ a diverse assortment of membrane receptors to recognize and ultimately 

phagocytose particles, some of which are depicted in this illustration. SiO2 is recognized by 

scavenger receptors SR-A1, MARCO, SR-B1, CD36. TiO2 is recognized only by SR-A1 and 

MARCO. CNTs are recognized by phosphatidylserine receptor Tim4. Alum and MSU interact 

directly with membrane cholesterol moieties to stimulate Syk signaling. MSU and CCs activate 

complement components C5 and iC3b, which stimulate C5aR and CR3, respectively. MSU also 

binds to FcγRIII/CD16 and C-type lectin (Clec)-12a. On human phagocytes only, CCs are 

recognized by Clec4e. Surface receptors for asbestos fibers and calcium-containing salts (e.g., 

CaP, CaOx) have not yet been identified. Figure created with BioRender.com.  
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Figure 2.2. Mechanisms of Signal 1 inflammasome priming. Inflammasome priming can be 

triggered by diverse stimuli including bacterial molecules (e.g., LPS), alarmins (e.g., IL-1α), or 

proinflammatory cytokines (e.g., IL-1β, TNF-α). LPS binds to TLR4, activates the MyD88-IRAK-

TRAF6 pathway, and induces IKKβ activity within the IKK2 complex. Likewise, by binding IL-

1R, IL-1α and IL-1β promote IKKβ activity through the MyD88-IRAK-TRAF6 pathway. 

Conversely, when TNF-α binds TNFR, the TRADD-TRAF2/5-RIP pathway induces IKKβ 

activity. Once activated, IKKβ phosphorylates IκB within the NF-κB complex, targeting IκB for 

K48 polyubiquitination and proteasomal degradation. IκB degradation liberates the NF-κB 

complex (i.e., P50 and p65/c-Rel) and enables its translocation to the nucleus, where it upregulates 

proinflammatory cytokines, chemokines, and other immune response genes. Figure created with 

BioRender.com.  
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Figure 2.3. Mechanisms of Signal 2 inflammasome activation. (A) Summary of Signal 1 

inflammasome priming. Translocation of NF-κB into the nucleus leads to upregulation of 

proinflammatory cytokines such as pro-IL-1β and inflammasome subunits (i.e., NLRP3, ASC, pro-

caspase-1; not shown). (B) The NLRP3 inflammasome is a cytosolic multiprotein complex that 

promotes proinflammatory cytokine production in response to extracellular stimuli and 

intracellular stress. Many extracellular and intracellular components can be involved in particle-

driven inflammasome oligomerization and activity. Some particles (e.g., SiO2, TiO2, CCs) bind 

transmembrane receptors prior to phagocytosis, whereas other particles (e.g., MSU, alum) interact 

directly with the plasma membrane. Following phagocytosis, the particle-containing phagosomes 

fuse with a lysosome to form a phagolysosome. Through undefined mechanisms, the particles 

aggravate the phagolysosomal membrane and induce lysosomal membrane permeabilization 

(LMP), which causes release of lysosomal proteases called cathepsins into the cytosol. Some 

cathepsins such as cathepsin B can directly trigger inflammasome oligomerization. Cathepsins can 

cause mitochondrial dysfunction and release of mtDAMPs (e.g., ATP, mtROS, mtDNA) into the 

cytosol. ATP released from dying phagocytes can interact with P2X7 receptors and trigger K+ 

efflux, which can contribute to inflammasome activation. mtROS and mtDNA can also contribute 

significantly to inflammasome oligomerization. Mitochondrial dysfunction can alternatively be 

elicited by CHOP-mediated Ca2+ release and ROS production from the ER. Cytosolic ROS 

contributes to dissociation of TXN from TXNIP, the latter of which can promote inflammasome 

activation. Once the inflammasome is assembled, pro-caspase-1 proteolytically activates adjacent 

pro-caspase-1 moieties. Activated caspase-1 then proteolytically processes pro-IL-1β to IL-1β,  
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Figure 2.3 (cont’d)  

 

which is ultimately released from the cell to interact with IL-1R on neighboring phagocytes. Figure 

created with BioRender.com.  
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Figure 2.4. Major cell death pathways induced by particles. (A) Overview of necrosis. Necrosis 

can be triggered by various stimuli that provoke cellular stress. Common hallmarks of necrosis 

include Ca2+ efflux from the ER, Ca2+-induced LMP and cathepsin release, ROS-driven 

mitochondrial dysfunction, cellular swelling, plasma membrane rupture, and DAMP release. (B) 

Overview of pyroptosis. Following NLRP3 inflammasome oligomerization and activation, 

caspase-1 proteolytically processes GSDMD to expose its N-terminal pore-forming domain 

(PFD). GSDMD-PFD polymerizes into a pore in the plasma membrane, which allows Na+ to move 

along its electrochemical gradient into the cell. By osmosis, water enters the cell, causes cellular 

swelling, and cell lysis. (C) Overview of apoptosis (extrinsic and intrinsic). Extrinsic apoptosis is 

triggered by activation of a death receptor (e.g., TNFR), which promotes assembly of Complex I. 

Complex I consists of TRADD, TRAF2/5, cIAP1/2, and ubiquitinated RIPK1. Inhibition of 

cIAP1/2 and/or deubiquitylation of RIPK1 by CYLD (not shown) induces formation of cytosolic 

Complex II, which consists of RIPK1, RIPK3, FADD, and pro-caspase-8 oligomers that 

proteolytically activate themselves. Intrinsic apoptosis is defined by release of cytochrome c (cyt 

c) from perturbed mitochondria, formation of a multiprotein apoptosome, and activation of 

caspase-9. In certain cases, LMP-driven cathepsin release may contribute to mitochondrial 

dysfunction. Caspase-8/9 proteolytically activates caspase-3/7, which promotes nuclear DNA 

cleavage, cytoskeletal rearrangement, and apoptotic body formation. (D) Overview of necroptosis. 

Necroptosis is characterized by activation of a death receptor (e.g., TNFR), Complex I formation, 

and Complex II formation as in extrinsic apoptosis. Inhibition of pro-caspase-8 activation allows 

formation of the RIPK1-RIPK3 necrosome, which phosphorylates MLKL. Phospho-MLKL 

monomers polymerize into a pore-shaped complex at phosphatidylinositol 3-phosphate sites in the  
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Figure 2.4 (cont’d)  

 

inner leaflet of the plasma membrane. Consequently, cell lysis occurs, and DAMPs are released 

from the cell. Some steps in the depicted cell death pathways are omitted for clarity. Figure created 

with BioRender.com.  
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Figure 2.5. PANoptosome components and functionality. The PANoptosome is a multiprotein 

complex consisting of molecules from the apoptotic, pyroptotic, and necroptotic cell death 

pathways. Exposure to a proinflammatory stimulus such as LPS causes upregulation and activation 

of apoptotic proteins (i.e., caspase-8, FADD), pyroptotic proteins (i.e., NLRP3, ASC, caspase-1), 

and necroptotic proteins (i.e., RIPK1, RIPK3). These proteins associate with one another to form 

the PANoptosome. Following assembly, the PANoptosome can execute apoptosis, pyroptosis, and 

necroptosis simultaneously by driving caspase-3/7 activation by caspase-8, GSDMD processing 

by caspase-1, and MLKL phosphorylation and pore formation by RIPK1 and RIPK3. Cell death 

by concurrent apoptosis, pyroptosis, and necroptosis is termed PANoptosis. Figure created with 

BioRender.com.  
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Figure 2.6. Mechanisms that contribute to NETosis. NETosis is the process by which neutrophil 

extracellular traps (NETs) are formed and released from neutrophils. Two primary forms of 

NETosis exist: suicidal and vital NETosis. (A) Overview of suicidal NETosis. Neutrophils 

phagocytose exogenous particles (e.g., SiO2) and endogenous particles (e.g., CCs), which trigger 

Ca2+ efflux from the ER. Intracellular Ca2+ efflux activates protein kinase C (PKC), PKC activates 

MEK, and MEK activates ERK. ERK stimulates NADPH oxidase via gp91phox phosphorylation, 

and NADPH oxidase produces ROS. ROS activates peptidyl arginine deiminase 4 (PAD4), which 

contributes to chromatin decondensation. Translocation of myeloperoxidase (MPO) and neutrophil 

elastase (NE) into the nucleus leads to nuclear membrane disruption and additional chromatin 

decondensation. Resultant NETs are directly released into the cytosol, and rupture of the plasma 

membrane contributes to extracellular NET release and neutrophil death. Suicidal NETosis occurs 

within a 2–4 h timeframe. (B) Overview of vital NETosis. Activation of TLR4 by LPS or Gram-

negative bacteria (e.g., E. coli) contributes to ROS production, which is required for PAD4 

activity. Alternatively, activation of TLR2 or CR3 by Gram-positive bacteria (e.g., S. aureus) leads 

to downstream PAD4 activation. As with suicidal NETosis, PAD4 triggers chromatin 

decondensation, and nuclear translocation of MPO and NE contributes to disruptions in the nuclear 

membrane. NETs are encased in nuclear vesicles, and NETs are released from viable neutrophils 

via exocytosis. Vital NETosis occurs within a 5–60 min timeframe, and released NETs can ensnare 

bacteria in the extracellular environment. Figure created with BioRender.com.  
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Figure 2.7. Respirable cSiO2 triggers autoimmune flaring and progression in the SLE-prone 

female NZBWF1 mouse. Chronic exposure to respirable cSiO2 particles contributes to 

irresolvable lung inflammation and systemic autoimmunity, resulting in end-stage 

glomerulonephritis and shortened lifespan in female NZBWF1 mice. Alveolar macrophages 

(AMΦs), which serve as one of the first lines of immunological defense in the lung, detect and 

phagocytose inhaled cSiO2. Resultantly, cSiO2 particles engulfed by AMΦs induce immunogenic 

cell death (i.e., pyroptosis, apoptosis, necrosis), proinflammatory cytokine and chemokine release, 

and NETosis in neighboring neutrophils. Aberrant accumulation of dead cell corpses,  
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Figure 2.7 (cont’d)  

 

proinflammatory mediators, and host nucleic acids promotes recruitment of autoreactive T and B 

cells into the lung and type I interferon (IFN) release from plasmacytoid dendritic cells, leading to 

formation of ectopic lymphoid tissue (ELT). Type I IFN triggers maturation of B cells into plasma 

cells, which secrete IgG autoantibodies (AAb) that target local and systemic autoantigens (AAg). 

Binding of AAbs to their corresponding AAgs can lead to formation of immune complexes (ICs) 

that circulate in the body via blood vessels and deposit in other organs such as the kidneys. Once 

deposited, ICs recruit additional proinflammatory cells to the tissue, ultimately resulting in 

irreversible kidney damage and failure. Steps at which DHA has been shown to interfere with these 

pathways are indicated by red ┴ symbols. Figure created with BioRender.com.  
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TABLES 

Table 2.1. Sources and common exposure routes of exogenous and endogenous particles. 

Name Sources Route References 

SiO2 
Construction, mining, ceramic manufacturing, 

dental mold production, jewelry production 
Inhalation 

[75] 

[73] 

[74] 

Asbestos 
Construction, mining, pipefitting, shipyard work, 

insulation manufacturing, textile production 
Inhalation 

[76] 

[53] 

[54] 

CNTs Construction, electronics, biomedicine 
Inhalation, 

Injection 

[78] 

[79] 

[57] 

[80] 

TiO2 
Manufacturing, agriculture, food additives, 

cosmetics, biomedicine 

Inhalation, 

Ingestion 

[60] 

[61] 

[59] 

Alum Foundry work, vaccine adjuvants 
Inhalation, 

Injection 

[82] 

[63] 

[81] 

MSU 
Dietary uric acid, dysregulated purine 

metabolism, hyperuricemia 
N/A 

[96] 

[97] 

CCs 
Dietary cholesterol, dysregulated cholesterol 

metabolism, hypercholesterolemia 
N/A 

[89] 

[88] 

[95] 

[87] 

CaP 
Dietary calcium and phosphate, hypercalcituria, 

hyperphosphatemia 
N/A 

[91] 

[92] 

[93] 

CaOx 
Dietary calcium and oxalate, hypercalcituria, 

hyperoxaluria 
N/A 

[91] 

[92] 

[93] 

 

Alum, aluminum-containing salts; CaOx, calcium oxalate; CaP, calcium phosphate; CCs, 

cholesterol crystals; CNTs, carbon nanotubes; SiO2, silicon dioxide; TiO2, titanium dioxide. 
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Table 2.2. Examples of studies demonstrating toxic responses of exogenous particles. 

Reference 
Particle 

Type(s) 

Experimental 

Model(s) 
Dose(s) 

Time-

point(s) 
Results 

[130] 
SiO2 

Asbestos 

THP-1 cells 

(human MΦs) 

SiO2: 0.2 

mg/ml 

Asbestos: 0.2 

mg/ml 

6 h 
Caspase-1 activation, 

IL-1β release 

[131] 
SiO2 

Alum 

Primary murine 

BMDMΦs, 

primary human 

PBMCs 

SiO2: 125-

1000 µg/ml 

Alum: 100-500 

µg/ml 

3 h 

LMP, cathepsin B 

release, caspase-1 

activation, IL-1β 

release 

[354] Alum 
Primary murine 

peritoneal MΦs 
40-240 µg/ml 6 h 

Caspase-1 activation, 

IL-1β maturation 

[254] TiO2 
Primary murine 

AMΦs 
50-200 µg/ml 1 h, 4 h 

LMP, cathepsin B 

release, ROS 

production, IL-1β 

release 

[274] 
SiO2 

TiO2 

Primary murine 

BMDCs 

SiO2: 5-50 

µg/cm2 

TiO2: 5-50 

µg/cm2 

18 h 

SiO2: apoptosis, 

TiO2: ROS 

production; IL-1β 

release 

[355] 
Asbestos 

CNTs 

Primary human 

MΦs 

Asbestos: 100 

µg/ml 

CNTs: 100 

µg/ml 

6 h 

Cathepsin B activity, 

Syk activity, ROS 

production, IL-1β 

release 

[356] Alum 

Primary murine 

peritoneal MΦs, 

primary murine 

BMDMΦs 

400 µg/ml 2 h, 6 h 

LMP, IL-1β 

synthesis, PGE2 

synthesis 

[183] SiO2 
MH-S AMΦs 

(murine AMΦs) 
50 µg/cm2 

30-120 

min, 3-6 

h 

30-120 min: LMP, 3-

6 h: caspase-3/9 

activation, apoptosis, 

necrosis 

[273] 
SiO2 

Alum 

Primary murine 

BMDCs 

SiO2: 62.5-250 

µg/ml 

Alum: 62.5-

250 µg/ml 

24 h 

Syk activity, IL-2 

release, CD4+ T cell  

expansion 

[234] 
SiO2 

Asbestos 

Primary murine 

neutrophils, 

primary human 

neutrophils 

SiO2: 0.2 

mg/ml 

Asbestos: 0.2 

mg/ml 

2 h 

NET formation, 

primary necrosis and 

necroptosis, NET 

release 

 

Alum, aluminum-containing salts; AMΦ, alveolar macrophage; BMDC, bone marrow-derived 

dendritic cell; BMDMΦ, bone marrow-derived macrophage; CNT, carbon nanotube; h, hour(s); 

LMP, lysosomal membrane permeabilization; min, minute(s); MΦ, macrophage; NET, neutrophil  
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Table 2.2 (cont’d)  

 

extracellular trap; PBMC, peripheral blood mononuclear cell; PGE2: prostaglandin E2; ROS, 

reactive oxygen species; SiO2, silicon dioxide; Syk, spleen tyrosine kinase; TiO2, titanium dioxide.  
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Table 2.3. Examples of studies demonstrating toxic responses of endogenous particles. 

Reference 
Particle 

Type(s) 

Experimental 

Model(s) 
Dose(s) 

Time-

point(s) 
Results 

[133] 
MSU 

CaP 

THP-1 cells 

(human MΦs), 

primary human 

monocytes, 

primary murine 

peritoneal MΦs 

MSU: 1-100 

µg/ml 

CaP: 1-100 

µg/ml 

6 h 

Caspase-1 activation, 

IL-1β maturation and 

release 

[357] CCs 
Primary human 

PBMCs 

15.6-125 

µg/ml 
6 h 

LMP, caspase-1 

activation, IL-1β 

release 

[358] CCs 

THP-1 cells 

(human MΦs), 

primary human 

monocytes, 

primary human 

BMDMΦs 

0.1-2 mg/ml 4-24 h 

LMP, cathepsin B 

release, K+ efflux, IL-

1β release 

[271] MSU 
Primary murine 

BMDCs 
250 µg/ml 5 d 

Inflammasome 

activity and Th17-

associated cytokine 

release from BMDCs 

[218] CaP 

THP-1 cells 

(human MΦs), 

primary human 

monocytes, 

primary human 

MΦs, primary 

murine 

BMDMΦs 

500 µg/ml 6 h 

ROS production, 

caspase-1 activation, 

IL-1β release, 

apoptosis 

[359] CaOx 
Primary murine 

BMDCs 
30-1000 µg/ml 6 h 

CaOx phagocytosis, 

K+ efflux, IL-1β 

maturation and 

release 

[234] 

MSU 

CCs 

CaP 

CaOx 

Primary murine 

neutrophils, 

primary human 

neutrophils 

MSU: 0.2 

mg/ml 

CCs: 0.2 

mg/ml 

CaP: 0.2 

mg/ml 

CaOx: 0.2 

mg/ml 

2 h 

NET formation, 

primary necrosis and 

necroptosis, NET 

release 

 

BMDMΦ, bone marrow-derived macrophage; CaOx, calcium oxalate; CaP, calcium phosphate; 

CC, cholesterol crystal; d, day(s); h, hour(s); LMP, lysosomal membrane permeabilization; MSU,  
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Table 2.3 (cont’d)  

 

monosodium urate; MΦ, macrophage; NET, neutrophil extracellular trap; PBMC, peripheral blood 

mononuclear cell; ROS, reactive oxygen species; TNF, tumor necrosis factor.  
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CHAPTER 3: LIPIDOME MODULATION BY DIETARY OMEGA-3 

POLYUNSATURATED FATTY ACID SUPPLEMENTATION OR SELECTIVE 

SOLUBLE EPOXIDE HYDROLASE INHIBITION SUPPRESSES ROUGH LPS-

ACCELERATED GLOMERULONEPHRITIS IN LUPUS-PRONE MICE 
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ABSTRACT 

Introduction: Lipopolysaccharide (LPS)-accelerated autoimmune glomerulonephritis 

(GN) in NZBWF1 mice is a preclinical model potentially applicable for investigating lipidome-

modulating interventions against lupus. LPS can be expressed as one of two chemotypes: smooth 

LPS (S-LPS) or rough LPS (R-LPS) which is devoid of O-antigen polysaccharide sidechain. Since 

these chemotypes differentially affect toll-like receptor 4 (TLR4)-mediated immune cell 

responses, these differences may influence GN induction. 

Methods: We initially compared the effects of subchronic intraperitoneal (i.p.) injection 

for 5 wk with 1) Salmonella S-LPS, 2) Salmonella R-LPS, or 3) saline vehicle (VEH) (Study 1) in 

female NZBWF1 mice. Based on the efficacy of R-LPS in inducing GN, we next used it to 

compare the impact of two lipidome-modulating interventions, ω-3 polyunsaturated fatty acid 

(PUFA) supplementation and soluble epoxide hydrolase (sEH) inhibition, on GN (Study 2). 

Specifically, effects of consuming w-3 docosahexaenoic acid (DHA) (10 g/kg diet) and/or the sEH 

inhibitor 1-(4-trifluoro-methoxy-phenyl)-3-(1-propionylpiperidin-4-yl) urea (TPPU) (22.5 mg/kg 

diet ≈ 3 mg/kg/day) on R-LPS triggering were compared. 

Results: In Study 1, R-LPS induced robust elevations in blood urea nitrogen, proteinuria, 

and hematuria that were not evident in VEH- or S-LPS-treated mice. RLPS-treated mice further 

exhibited kidney histopathology including robust hypertrophy, hyperplasia, thickened membranes, 

lymphocytic accumulation containing B and T cells, and glomerular IgG deposition consistent 

with GN that was not evident in VEH- or SLPS-treated groups. R-LPS but not S-LPS induced 

spleen enlargement with lymphoid hyperplasia and inflammatory cell recruitment in the liver. In 

Study 2, resultant blood fatty acid profiles and epoxy fatty acid concentrations reflected the 

anticipated DHA- and TPPU-mediated lipidome changes, respectively. The relative rank order of 
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R-LPS-induced GN severity among groups fed experimental diets based on proteinuria, hematuria, 

histopathologic scoring, and glomerular IgG deposition was: VEH/CON< R-LPS/DHA ≈ R-

LPS/TPPU<<< R-LPS/TPPU+DHA ≈ RLPS/CON. In contrast, these interventions had modest-

to- negligible effects on RLPS-induced splenomegaly, plasma antibody responses, liver 

inflammation, and inflammation-associated kidney gene expression. 

Discussion: We show for the first time that absence of O-antigenic polysaccharide in R-

LPS is critical to accelerated GN in lupus-prone mice. Furthermore, intervention by lipidome 

modulation through DHA feeding or sEH inhibition suppressed R-LPS-induced GN; however, 

these ameliorative effects were greatly diminished upon combining the treatments. 

INTRODUCTION 

 Systemic lupus erythematosus (lupus) is a complex, debilitating autoimmune disease that 

affects primarily women of childbearing age, attacks multiple organ systems, and features repeated 

cycles of remission and relapse [360]. Lupus development and progression are associated with 

chronic inflammation, aberrant accumulation of dead/dying cells, release of autoantigens (AAgs) 

that promote T and B cell hyperactivation, and aberrant autoantibody (AAb) production [361, 362]. 

Resultant AAb:AAg immune complex formation and peripheral tissue deposition activate the 

complement system and trigger infiltration of innate immune cells that subsequently secrete 

cytokines and chemokines. Collectively, these events promote a perpetual cycle of immune cell 

infiltration, proinflammatory mediator release, and cell death evoking unresolvable inflammation, 

further activation of autoreactive lymphocytes, and irreversible tissue damage [363, 364]. Immune 

complex deposition in the kidneys of patients with lupus can lead to glomerulonephritis (GN) that 

progresses over time to end-stage kidney disease.  
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While genetic predilection is a primary contributor to lupus, its onset and progression can 

be potentiated or attenuated by environmental influences [365, 366]. There is increasing 

recognition that exposure of individuals with lupus to infectious bacteria can trigger inflammation 

and activation of autoreactive lymphocytes via pathogen-associated molecular patterns (PAMPs), 

leading to exacerbation of lupus symptoms [367]. In particular, exposure to Gram-negative 

bacteria through infection or gut leakage is common and could contribute to lupus flaring [365, 

368-370]. Lipopolysaccharide (LPS) is an important structural component of the Gram-negative 

bacterial cell wall that binds toll-like receptor 4 (TLR4) on innate and adaptive immune cells to 

promote nuclear translocation of NF-κB, which upregulates expression of genes that contribute to 

autoimmune disease progression [371-374]. Consistent with this premise, earlier preclinical 

investigations have reported that repeated LPS exposure elicits autoimmune responses in non-

autoimmune BALB/c and C57BL/6 (C57) mice [375-378], and, furthermore, accelerates 

spontaneous autoimmunity in lupus-prone New Zealand Black/White F1 (NZBWF1), MRL/lpr 

(MRL) and BXSB mice [379-384]. Key mechanisms that have been proposed for LPS-accelerated 

autoimmune disease include induction of polyclonal B-cell activation, decreased immune complex 

uptake by mononuclear phagocytes, delayed clearance of circulating immune complexes, and 

increased immune complex deposition in the kidney [375-384].  

Since there is no cure for lupus, it is managed in the clinic through a variety of prescribed 

pharmaceuticals, such as glucocorticoids, immunosuppressants, and monoclonal antibodies [385, 

386]. Despite the efficacy of these therapeutics against chronic inflammation and autoreactive 

immunity, patients still incur drug-related adverse side effects and steep financial costs [387]. In 

addition, these therapeutics might need to be taken indefinitely because lupus symptoms can flare 
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spontaneously over a lifetime. Therefore, there is a critical need for safer, more cost-effective 

interventions against lupus onset and progression.  

One intervention of potential high relevance to lupus is modulation of the lipidome by 

dietary supplementation with marine ω-3 polyunsaturated fatty acids (PUFAs). Numerous clinical 

and preclinical studies have demonstrated that increasing consumption the ω-3 PUFAs 

docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) at the expense of terrestrial ω-6 

PUFAs like linoleic acid (LA) and arachidonic acid (ARA) has potential benefits for reducing 

severity of chronic inflammatory diseases (reviewed in [388]), including autoimmune diseases like 

lupus [341, 350, 389, 390]. Beneficial effects of ω-3 PUFAs are linked to: 1) reduced production 

of proinflammatory ω-6 metabolites, 2) generation of specialized pro-resolving mediators, 3) 

changes in membrane structure/function, and 4) modulation of gene expression by altering G-

protein-couple receptor signaling and transcription factor activity [388].  

Another possible lipidome-mediated intervention for lupus is to modulate the lipidome by 

pharmacological inhibition of soluble epoxide hydrolase (sEH). Among the sEH inhibitors 

employed in preclinical studies, 1-(4-trifluoro-methoxy-phenyl)-3-(1-propionylpiperidin-4-yl) 

urea (TPPU) is highly preferred because it is safe and exhibits impressive potency, biological 

activity, and pharmacokinetic distribution [391-393] without evident non-specific binding [394]. 

TPPU has been shown to be efficacious in preclinical studies at reducing chronic inflammatory 

diseases [395] and more recently, autoimmune diseases including lupus GN [23], autoimmune 

encephalitis [396], and rheumatoid arthritis [397]. One mode of action for TPPU and other sEH 

inhibitors is believed to involve skewing of the cytochrome P450 (CYP) ω-6 metabolite profile to 

favor anti-inflammatory/pro-resolving epoxy fatty acids (EpFAs) over the proinflammatory or less 

active dihydroxy fatty acids (DiHFAs; vicinal diols) generated because of sEH activity. 
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Furthermore, there is intriguing but limited evidence in preclinical models that suggests there is 

enhanced efficacy in anti-inflammatory effects when ω-3s are combined with pharmacologic 

inhibition of sEH [21, 398-401]. 

Preclinical animal models are an integral tool for investigating new therapies for managing 

lupus progression and resultant GN [402]. Over the past decade, LPS-accelerated severe lupus GN 

in NZBWF1 mice has been extensively used to explore efficacy of a wide spectrum of novel 

interventions including Tris dipalladium [32], epigallocatechin-3-gallate [28], traditional Chinese 

medicinal herbs [403], citral [29], ginsenoside [404], honokial [31], antroquinonol [28], and xenon 

[30], suggesting that this model might be similarly amenable to for addressing effects of lipidome 

modulation through dietary supplementation or pharmacotherapy. However, one caveat to the use 

of the LPS-accelerated GN as a preclinical model is the lack of clarity on how different LPS 

chemotypes influence the GN response. LPS is comprised of three moieties linked by covalent 

bonds: i) lipid A, ii) rough core oligosaccharide, and iii) O-antigenic polysaccharide side chain 

which determines serotype [405]. Importantly, environmental stimuli and genetic mutations can 

cause Gram-negative bacteria to synthesize LPS with variable polysaccharide lengths via outer 

membrane remodeling [406]. While smooth LPS (S-LPS) includes the O-antigenic side chain, 

rough LPS (R-LPS) lacks the side chain completely or, in some cases, contains portions of the 

rough core oligosaccharide. Clinically relevant Gram-negative bacteria typically express S-LPS; 

however, some heterogeneously co-express R-LPS of varying lengths [407, 408]. Significantly, 

the mechanisms by which these two chemotypes activate TLR4 are very different. It has been 

demonstrated that R-LPS can efficiently activate TLR4 on both CD14+ and CD14- cells as 

compared to S-LPS which acts primarily on CD14+ cells [407, 409]. These differences in TLR4 

activation between the two chemotypes may influence their capacity to accelerate GN in NZBWF1 
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mice. However, while some investigations of LPS-accelerated murine GN explicitly specify using 

R-LPS, typically from Salmonella [375-377, 379-384], many others do not report the LPS 

chemotype used [28-31, 32 , 382, 403, 404, 410]. Importantly, there has never been a head-to-head 

comparison of S-LPS and R-LPS accelerating GN in lupus-prone mice.  

To address the research questions described above, we conducted two studies in lupus-

prone female NZBWF1 mice. In Study 1, we compared the effects of R-LPS and S-LPS on GN 

induction to clarify how the presence or absence of O antigen polysaccharide impacts this widely 

used preclinical model. The results indicated that repeated injection with R-LPS accelerated severe 

GN whereas repeated injection with S-LPS did not. In Study 2, we evaluated how dietary DHA 

supplementation and/or pharmacologic inhibition of sEH influence R-LPS-accelerated GN. We 

found that DHA consumption and sEH inhibition alone suppressed GN, but the ameliorative 

effects of these interventions were lessened upon combining the treatments. 

MATERIALS AND METHODS 

Animals 

The Institutional Animal Care and Use Committee at Michigan State University (MSU) 

approved all experimental protocols (AUF #201800113) in accordance with guidelines established 

by the National Institutes of Health. Six-week-old female lupus-prone NZBWF1 mice were 

procured from the Jackson Laboratory (Bar Harbor, ME) and randomized into experimental groups 

for each study (Tables S3.1, S3.2). Only female NZBWF1 mice were used in this study because 

female mice of this strain exhibit greater severity and prevalence of lupus-related symptoms (e.g., 

elevated antinuclear antibody titers, formation of immune complexes, glomerulonephritis) 

compared to male NZBWF1 mice [339, 411]. Mice were housed two or four per cage in Study 1 

and four per cage in Study 2, and all mice were given free access to food and water. Consistent 
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lighting (12 h light/dark cycle), temperature (21-24 °C), and humidity (40-55%) were maintained 

in animal housing facilities. 

Diets 

Four defined diet formulations were prepared as described in Table S3.3. All formulations 

used purified American Institute of Nutrition (AIN)-93G diet (70 g/kg fat) as a base to provide 

optimal nutrition to experimental rodents [412]. All diets contained 10 g/kg corn oil as a source of 

essential ω-6 fatty acids. The basal diet for Study 1 and control (CON) diet for Study 2 contained 

60 g/kg high-oleic safflower oil (Hain Pure Food, Boulder, CO). For DHA-enriched diets, caloric 

human equivalent consumption of 5 g DHA per day was achieved by adding 25 g/kg microalgal 

oil containing 40% DHA (DHASCO; DSM Nutritional Products, Columbia, MD) in place of high-

oleic safflower oil, resulting in 10 g DHA/kg diet [19]. For TPPU-amended diets, 22.5 mg TPPU 

(95% purity based on H-NMR analysis), synthesized and purified as described previously [391], 

was added to 1 kg of CON or DHA diet, resulting in the TPPU and TPPU+DHA diets. Fatty acid 

(Table 3.1) and TPPU (Table S3.4) concentrations in each diet were confirmed as described 

below. 

Dietary fatty acid analyses 

Fatty acid composition in each experimental diet was determined by modifying a 

previously described protocol [413]. Briefly, 400 mg of each diet sample was reconstituted in a 

4:1 (v/v) ethanol/methanol solution + 0.1% (v/v) butylated hydroxytoluene (BHT) and heated 15 

min at 55 °C in a CEM Mars 6 Xpress microwave digestion system (CEM Corporation, Matthews, 

NC). Then, 2 mg of extracted fatty acids from each diet sample were converted to fatty acid methyl 

esters (FAMEs) by treating with 500 µl of toluene and 20 µg of internal standard (methyl-12-

tridecenoate), incubating with 2 ml of KOH (0.5 N) at 50 °C for 10 min, then subsequently 
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incubating with 3 ml of methanolic HCl (5% [v/v] at 80 °C for 10 min to allow base-catalyzed 

methylation and acid-catalyzed methylation, respectively. Following methylation, 2 ml of HPLC-

grade water was added to the samples, and FAMEs were extracted by adding 2 ml of hexane to 

the samples twice. Extracted FAMEs were dried under nitrogen with an Organomation Multivap 

Nitrogen Evaporator (Organomation Associates, Berlin, MA). Dried FAMEs were then 

resuspended in 1 ml of isooctane and kept at -20 °C until further analysis. 

FAMEs were analyzed by GC-MS as previously described [413]. Briefly, FAMEs in each 

sample were separated on a Perkin Elmer 680/600 GC-MS (Waltham, MA) outfitted with a HP-

88 capillary column (100 m × 0.25 mm inner diameter × 0.2 µm film thickness; Agilent 

Technologies, Santa Clara, CA). MassLynx (4.1 SCN 714; Waters Corporation, Milford, MA) was 

used to compare analyte retention time and electron ionization (EI) mass fragmentation to those in 

the reference standard, which consisted of Supelco 37 Component FAME Mix (Sigma-Aldrich, 

St. Louis, MO), mead acid, docosatetraenoic acid, ω-3 docosapentaenoic acid (DPA), ω-6 DPA, 

and palmitelaidic acid (Cayman Chemical, Ann Arbor, MI). FAME analyte peak areas were 

converted to individual FAME concentrations using a standard curve based on the reference 

standard and internal standard. For fatty acids with a detected chain length of 10 to 24 carbon 

atoms, fatty acid content in the diet is reported as percentage (w/w) of total fatty acids quantified 

(Table 3.1). 

LPS preparation 

S-LPS from Salmonella enterica serotype minnesota (cat. #L6261) and R-LPS from 

Salmonella enterica serotype minnesota Re 595 (cat. #L9724) were purchased from Sigma Aldrich 

(St. Louis, MO). Immediately prior to all intraperitoneal (i.p.) injections, stock suspensions of LPS 
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were prepared in sterile phosphate buffered saline (PBS), sonicated for 15 min, and vortexed for 1 

min. 

Experimental design 

Experimental designs for Study 1 and Study 2 are shown in Figure 3.1A and Figure 3.1B, 

respectively. In both studies, female lupus-prone mice were administered experimental diets 

beginning at age 6 wk and maintained on the same diets throughout the entire experiment. To 

prevent lipid oxidation, all experimental diets were prepared every other week and stored at -20 

°C until administered to mice. Mice received fresh diet every day. Starting at age 8 wk, all groups 

of mice were injected intraperitoneally with S-LPS, S-LPS, or PBS vehicle twice per wk for 5 wk, 

for 10 total injections. On a weekly basis, body weights were measured and urine sampled for 

development of proteinuria and hematuria using clinical protein dipsticks (Cortez Diagnostics, 

Calabasas, CA) and blood dipsticks (Teco Diagnostics, Anaheim, CA), respectively. To compare 

the inflammatory and autoimmune responses triggered by S-LPS and R-LPS (Study 1), groups of 

female mice (n = 2-4/gp) were given control (CON) AIN-93G diet and intraperitoneally injected 

with S-LPS (0.8 µg/g body weight [BW]) or R-LPS (0.8 µg/g BW) in 500 µl of PBS or PBS 

vehicle as previously described [404]. To assess effects of separate and concurrent DHA and TPPU 

administration on lupus GN induced by R-LPS (Study 2), female mice (n = 8/gp) were fed one of 

four experimental diets: 1) CON, 2) DHA, 3) TPPU, or 4) TPPU+DHA. Mice were 

intraperitoneally injected with R-LPS (0.6 µg/g BW) in 500 µl of PBS or PBS vehicle as previously 

described [31]. After 5 R-LPS injections, blood samples were collected from the lateral saphenous 

vein to assess TPPU plasma concentration (Study 2). Mice for both Study 1 and Study 2 were 

terminated at age 13 wk (5 wk after the first LPS injection). This timepoint was selected for 
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termination because it corresponds with development of accelerated, severe lupus GN previously 

reported in female NZBWF1 mice [31, 32, 404]. 

Necropsy and tissue collection 

Primary euthanasia for all mice occurred by intraperitoneal injection of 56 mg/kg BW 

sodium pentobarbital, followed by abdominal aortic exsanguination as a means of secondary 

euthanasia. Blood was obtained with heparin-coated syringes and plasma isolated by 

centrifugation at 3500 x g for 10 min under cold conditions (4 °C). An antioxidant cocktail (0.2 

mg/ml butylated hydroxytoluene, 0.2 mg/ml triphenylphosphine, 0.6 mg/ml EDTA) [414] was 

prepared and added at a 5% (v/v) concentration to all plasma aliquots designated for LC-MS/MS 

analysis. All plasma samples were stored at -80 °C as single-use aliquots for LC-MS/MS, blood 

urea nitrogen (BUN) and creatinine quantification, and AAb microarray profiling. The left kidney 

was removed and fixed in 10% (v/v) neutral-buffered formalin (Fisher Scientific, Pittsburgh, PA) 

for 24 h. The right kidney was cut longitudinally, with one half immersed in RNAlater (Thermo 

Fisher Scientific, Waltham, MA) overnight at 4 °C then stored at –80 °C for RNA analysis. The 

spleen was transversely cut in half, with one half fixed in 10% formalin and the other half 

immersed in RNAlater as described above. The left lateral lobe of the liver was cut transversely, 

with one half of the lobe fixed in 10% formalin fixative and the other half immersed in RNAlater 

as described above. All fixed tissues were transferred to 30% (v/v) ethanol for additional routine 

processing for light microscopic examination and for long-term storage. 

Red blood cell fatty acid analysis 

Red blood cell samples were sent to OmegaQuant Inc. for determination of membrane fatty 

acid concentrations by gas-liquid chromatography (GLC) as previously described [19]. 
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LC-MS/MS quantitation of plasma TPPU and oxylipins 

Waters Oasis-HLB cartridges (part #WAT094226, lot #176A30323A) were used for 

sample preparation and clean-up purposes. Solid-phase extraction (SPE) cartridges were prepared 

for solid phase extraction by washing once with 2 ml of ethyl acetate, twice with 2 ml of methanol, 

and twice with 2 ml of 95:5 (v/v) water/methanol + 0.1% (v/v) acetic acid. Plasma was then loaded 

onto the cartridges, and samples were spiked with 10 μl of deuterated internal standard solution 

(16 nM BGB2-d4, 10 nM LTB4-d4, 16 nM 8,9-DiHETrE-d11, 16 nM 9-HODE-d4, 20 nM 15(S)-

HETE-d8, 40 nM 5(S)-HETE-d8, 40 nM 8,9-EpETrE-d11) and 10 μl of antioxidant cocktail (0.2 

mg/ml butylated hydroxytoluene, 0.2 mg/ml triphenylphosphine, 0.6 mg/ml EDTA). After loading 

samples, cartridges were washed with 1.5 ml of 95:5 (v/v) water/methanol + 0.1% (v/v) acetic acid 

then dried with a low vacuum for 20 min to remove water and other unwanted residues. For elution, 

6 µl of trap solution (30% [v/v] glycerol in methanol) was added to separate 2-ml Eppendorf tubes, 

then SPE cartridges were washed with 0.5 ml of methanol followed by 1 ml of ethyl acetate. The 

eluents were then concentrated under a high vacuum, and residues were reconstituted in 100 μl of 

75% ethanol (v/v) containing 10 nM 12-[[(cyclohexylamino)carbonyl]amino]-dodecanoic acid 

(CUDA) as an internal standard. The samples then vortexed for 5 min followed by filtration 

through a 0.45-μm filter, then the filtrates were transferred to LC-MS/MS vials for analysis. 

A XBridge BEH C18 2.1x150 mm, 5 µm, HPLC column, (ser. #01723829118314) was 

used for ultra-performance liquid chromatography (UPLC). The column was connected to a 

Waters TQ-XS tandem quadrupole UPLC/MS/MS instrument outfitted with a Waters ACQUITY 

SDS pump and Waters ACQUITY CM detector (Milford, MA). For UPLC, the chromatographic 

method was optimized to separate all analytes in 20 min using a sample volume of 10 µl and flow 

rate of 250 µl/min (Table S5). Gradient elution was performed by using 0.1% (v/v) acetic acid in 
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water for mobile phase A and 84:16 (v/v) acetonitrile/methanol + 0.1% glacial acetic acid for 

mobile phase B. During sample injection, the Waters ACQUITY FTN autosampler (Milford, MA) 

was held at a consistent temperature of 10 °C. 

The ionization source for multiple reaction monitoring (MRM) modes was electrospray. 

MRM transitions and source parameters were optimized for each standard compound by 

individually infusing each compound separately into the mass spectrometer, ultimately to achieve 

the most optimal selectivity and sensitivity. For each experimental sample, Waters MassLynx™ 

MS software v4 (Milford, MA) was used to quantify analyte area, internal standard (IS) area, raw 

concentration (in nM), and signal-to-noise (S/N) ratio based on an 8spots-calibration linear 

standard curve. Dilution factors were calculated for each sample by dividing the original sample 

volume (in µl) by 100 µl. Normalized analyte concentrations in each sample were then quantified 

by dividing raw analyte concentrations by the sample’s corresponding dilution factor. 

Plasma BUN and creatinine quantification 

Plasma levels of BUN and creatinine were quantified using a Urea Nitrogen Colorimetric 

Detection Kit (Thermo Fisher Scientific, Waltham, MA; cat. #EIABUN) and Creatinine 

Colorimetric Assay Kit (Cayman Chemical, Ann Arbor, MI; cat. #700460), respectively, according 

to the manufacturers’ instructions. 

Histopathology of kidney, spleen, and liver 

Formalin-fixed kidneys were embedded in paraffin, sectioned at a thickness of 5 µm, and 

stained with hematoxylin and eosin (H&E) or Periodic acid-Schiff (PASH). A board-certified 

veterinary pathologist semi-quantitatively scored sectioned tissues in a blinded manner (i.e., 

without knowledge of individual animal treatments) using a modification of the International 

Society of Nephrology/Renal Pathology Society (ISN/RPS) classification system for lupus GN 
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[415]. Each tissue section was assigned one of the following grades: (0) normal glomeruli and no 

tubular proteinosis; (1) multifocal segmental proliferative GN with mild tubular proteinosis and 

occasional early glomerular sclerosis and crescent formation; (2) diffuse segmental proliferative 

GN with moderate tubular proteinosis, early glomerular sclerosis, and crescent formation; or (3) 

pervasive global proliferative and sclerosing GN with marked tubular proteinosis. 

Fixed spleens and livers were processed and semi-quantitatively scored for 

histopathological development in a similar manner as the kidneys in this study. Scored liver lesions 

included (1) hepatocellular small and large vacuoles resembling lipid droplets and (2) periportal 

cellular inflammation (consisting primarily of inflammatory lymphocytes, plasma cells, and 

occasional neutrophils). Severity scores for these hepatic lesions were based on the percentage of 

the liver tissue section affected: (0) no treatment-induced lesions, (1) minimal (<10% affected); 

(2) mild (11-25% affected), (3) moderate (26-50% affected), (4) marked (51-75% affected), or (5) 

severe (76-100% affected). 

Kidney immunohistochemistry for IgG deposition and accumulation of T and B lymphocytes 

Kidney immunohistochemistry was performed as previously described [416]. Briefly, 

formalin-fixed kidney sections were stained with polyclonal goat anti-mouse IgG antibody (Bethyl 

Labs, Montgomery, TX; cat. #A-90-100A), polyclonal rabbit anti-mouse CD3 antibody (Abcam, 

Cambridge, MA; cat. #ab5690), or monoclonal rat anti-mouse CD45R antibody (Becton 

Dickinson, Franklin Lakes, NJ; cat. #550286) at the MSU Investigative Histopathology Laboratory 

to detect total IgG, CD3+ T lymphocytes, and CD45R+ B lymphocytes, respectively. Slides were 

scanned with a Slideview VS200 research slide scanner (Olympus, Hicksville, NY). Semi-

quantitative scores for IgG deposition in kidneys were assigned using the following scale: (0) no 
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changes compared to VEH/CON mice, (1) minimal (<10% affected), (2) mild (11-25% affected), 

(3) moderate (26-50% affected), (4) marked (51-75% affected), (5) severe (76-100% affected). 

High-throughput autoantibody profiling 

IgG and IgM AAbs were profiled in plasma (Study 2) by OmicsArray™ Systemic 

Autoimmune-associated Antigen Array (Genecopoiea Inc., Rockville, MD; cat. #PA001). All 

plasma samples within experimental groups were pooled prior to analysis. Briefly plasma samples 

were incubated on microscope slides with 120 purified antigens adhered to nitrocellulose filters. 

One identical OmicsArray panel was reserved for a PBS negative sample control. After incubation, 

all slides were washed and incubated with Cy3-labeled anti-mouse IgG and Cy5-labeled anti-

mouse IgM secondary antibodies. Slides were washed and fluorescent signals (532 nm for 

Cy3/IgG, 635 nm for Cy5/IgM) were detected using a GenePix® 4400B microarray scanner 

(Molecular Devices, San Jose, CA), and GenePix® 7.0 software (Molecular Devices) was used to 

determine fluorescent signal intensity values. Antibody scores (Ab-scores) for all AAbs were 

calculated using normalized signal intensity (NSI) and signal-to-noise ratio (SNR) values using 

the following formula: 

𝐴𝑏– 𝑠𝑐𝑜𝑟𝑒 = log2(NSI × SNR + 1) 

Kidney mRNA expression 

Total RNA from kidneys was extracted using TissueLyser II (Qiagen, Germantown, MD) 

and a RNeasy Mini Kit (Qiagen; cat. #74104) according to the manufacturer’s instructions. 

Isolated RNA was reconstituted in RNase-free water and quantified using a Nanodrop ND-1000 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA). cDNA was prepared from isolated 

RNA at a concentration of 100 ng/µl using a High-Capacity cDNA Reverse Transcriptase Kit 

(Thermo Fisher Scientific, Waltham, MA). Taqman assays were run with technical triplicates 
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using a Smart Chip Real-Time PCR System at the MSU Genomics Core to assess interleukin (Il1a, 

Il1b, Il2, Il6, Il17a, Il18), chemokine (Ccl2, Ccl7, Ccl12, Cxcl9, Cxcl10, Cxcl13), 

inflammation/autoimmunity (C1qa, C3, Casp1, Casp4, Icam1, Ifng, Lbp, Nfkb1, Nlrp3, Nos2, 

Pparg, Tlr4, Tlr9, Tnfa, Tnfsf13b), type I interferon (IFN)-related (Ifi44, Irf7, Isg15, Nlrc5, Oas2), 

eicosanoid-related (Alox15, Cyp2c44, Cyp2j6, Cyp2j9, Cyp2j11, Ephx1, Ephx2, Pla2g4c, Ptgs2), 

kidney injury (Ankrd1, Cd14, Havcr1, Tgfbr1), oxidative stress-related (Hmox, Ncf1, Nqo1, Sod2), 

and housekeeping (Actb, Gusb) gene expression. Raw Ct values for each gene were converted to 

ΔCt values by subtracting the average Ct of the housekeeping genes from the Ct of the specified 

gene, and ΔΔCt values for each gene were calculated relative to the VEH/CON group by 

subtracting the average VEH/CON ΔCt value from individual ΔCt values within all experimental 

groups. The ΔΔCt values for each gene were then converted to relative copy number (RCN) values 

using the following equation [417]: 

𝑅𝐶𝑁 = 2−∆∆𝐶𝑡 

Data analysis and statistics 

All statistical analyses were conducted using GraphPad Prism Version 9 (GraphPad 

Software, San Diego, CA, www.graphpad.com). Outliers were identified using Grubb’s outlier test 

(Q = 1%), and normality was assessed using the Shapiro-Wilk test (p ≤ 0.01). Quantitative data 

that failed to meet the assumption of normality and semi-quantitative data were analyzed by the 

Kruskal-Wallis nonparametric test followed by Dunn’s post-hoc test. The Brown-Forsythe test (p 

≤ 0.01) was used to test the assumption of equal variances across treatment groups. Normal data 

with unequal variances were analyzed using the Brown-Forsythe/Welch analysis of variance 

(ANOVA) followed by Dunnett’s T3 post-hoc test. Normal data that met the assumption of equal 

variance were analyzed by standard one-way ANOVA followed by Tukey’s post-hoc test. Data 



70 

are presented as mean ± standard error of the mean (SEM), with a p-value < 0.05 considered 

statistically significant. 

RESULTS 

Treatment with R-LPS but not S-LPS induces GN 

In Study 1 (Figure 3.1A), no significant differences in weight change among experimental 

groups were observed from 8 to 10 wk of age (Figure 3.2A). Beginning at age 10 wk, mice in the 

R-LPS group began losing weight while the weights of animals in the VEH and S-LPS groups 

steadily increased. The average combined kidney weight (sum of left kidney and right kidney) 

approximated to 0.45 g and 0.40 g within the VEH and S-LPS groups, respectively, at experiment 

termination (age 13 wk), whereas combined kidney weight the R-LPS group increased to 0.58 g 

(Figure 3.2B). In line with these findings, mice in the R-LPS group alone began exhibiting 

proteinuria (Figure 3.2C) and hematuria (Figure 3.2D) after age 10 wk, whereas animals in the 

VEH and S-LPS groups displayed neither proteinuria nor hematuria at any point during the study. 

At age 13 wk, trends toward increased blood urea nitrogen (BUN) (Figure 3.2E) and plasma 

creatinine (Figure 3.2F) were observed in the R-LPS group compared to the VEH and S-LPS 

groups. 

Examination of periodic acid Schiff and hematoxylin (PASH)-stained renal sections and 

subsequent semi-quantitative scoring revealed minimal to no PAS+ medullary membrane 

thickening in glomeruli of VEH- and S-LPS- treated mice (Figures 3.3A, E, G). In contrast, 

kidneys of R-LPS- treated mice contained markedly hypertrophic glomeruli with thickened 

periodic acid fast-stained medullary membranes, hyalinized proteinaceous material in renal tubular 

lumens, and mild lymphoplasmacytic infiltrate in cortical interstitial tissue, all of which were 

indicative of GN (Figures 3.3C, G). Consistent with these findings, immunohistochemical 
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staining indicated that R-LPS but not S-LPS induced glomerular deposition of IgG (Figures 3.3B, 

D, F, H). In further congruence with histopathology findings, renal tissue from VEH-injected mice 

exhibited no significant influx of CD45R+ B lymphocytes (Figure S3.1A) and minimal influx of 

CD3+ T lymphocytes (Figure S3.1B). On the other hand, R-LPS-injected mice demonstrated a 

moderate increase in renal CD45R+ lymphoid cell infiltration (Figure S3.1C) and a marked 

increase in CD3+ lymphoid cell infiltration (Figure S3.1D), while kidney tissues from S-LPS- 

injected mice resembled those from VEH-injected mice (Figures S3.1E, S3.1F). CD45R+ and 

CD3+ lymphocytes did not localize to any specific region in the kidney. Altogether, blood and 

urine analyses, histopathology, and immunohistochemistry indicated R-LPS but not S-LPS 

induced robust GN. 

R-LPS but not S-LPS elicits lymphoid cell accumulation in spleen and liver 

Spleen and liver tissue sections were also histologically evaluated after Study 1 termination 

(Figures 3.4, 3.5). No histopathology was evident in spleens of VEH-treated control mice (Figures 

3.4A, B) that was histologically similar to S-LPS-treated mice (Figures 3.4E, F). Splenic tissue 

from R-LPS mice (Figures 3.4C, D) had lymphoid cell hyperplasia in white pulp with 

correspondingly lesser red pulp. Consistent with the expansion of white pulp, the R-LPS group 

showed a marked average weight increase at 0.30 g compared to the VEH and S-LPS groups at 

0.08 g and 0.11g, respectively (Figure 3.4G). Histologic assessment of liver showed periportal 

large and small hepatocellular vacuoles resembling fatty liver (steatosis) histopathology in VEH-

treated control mice (Figure 3.5A). There was marked periportal interstitial lymphoid cell 

accumulation in R-LPS-treated mice without hepatocellular vacuolization (Figure 3.5B). 

Histology of liver tissue from S-LPS mice (Figure 3.5C) resembled that of VEH/CON mice. 

Average liver weights did not significantly change with either R-LPS (1.58 g) or S-LPS (1.41 g) 
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compared to the VEH group (1.28 g) (Figure 3.5D). Accordingly, R-LPS but not S-LPS caused 

enlargement and lymphoid cell expansion in the spleen as well as modest lymphoid cell 

recruitment in the liver. 

DHA supplementation selectively modulates red blood cell PUFA profile 

In Study 2, we compared the effects of i.p. injection of R-LPS on GN and related endpoints 

in mice fed control CON, DHA, TPPU, and TPPU+DHA diets (Figure 3.1B). When total red 

blood cell fatty acids including saturated fatty acids (SFAs), monounsaturated fatty acids 

(MUFAs), ω-6 PUFAs, and ω-3 PUFAs were determined by GLC, the seven most abundant fatty 

acids were palmitic acid (PA, C16:0), stearic acid (SA, C18:0), oleic acid (OA, C18:1ω9), linoleic 

acid (LA, C18:2ω6), arachidonic acid (ARA, C20:4ω6), EPA (C20:5ω3), and DHA (C22:6ω3) 

(Table 3.2, Figure 3.6A). LPS treatment had no effect on fatty acid profiles of CON-fed mice. 

Consistent with prior findings [19], we found that substituting high-oleic safflower oil with DHA-

rich algal oil in the AIN-93G diet increased incorporation of DHA and EPA into the red blood cell 

membrane, at the expense of ARA and OA. There was also a slight increase in membrane LA 

while SA slightly decreased with dietary DHA incorporation. The ω-3 index, or measure of EPA 

and DHA in relation to total red blood cell fatty acids [418], was elevated in mice that received 

either DHA or TPPU+DHA diet. TPPU administration alone had no significant effect on total 

membrane SFAs, MUFA, and PUFAs. Overall, feeding DHA elevated ω-3 PUFAs and decreased 

total MUFAs and ω-6 PUFAs. 

Consumption of DHA- and/or TPPU-amended diets selectively skew plasma CYP450 metabolite 

profiles 

Omega-6 and ω-3 PUFAs act as substrates for CYP450 monooxygenases, which convert 

the parent PUFA into epoxy-fatty acids (EpFAs). In turn, EpFAs act as substrates for sEH, which 
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converts EpFAs into their vicinal diols, dihydroxy fatty acids (DiHFAs). Inclusion of TPPU in 

experimental diets resulted in presence of 5 to 6 µM of the drug in plasma (Figure S3.2) which is 

consistent with the TPPU blood concentration obtained from efficacious doses (3 mg/kg/day) in 

other preclinical studies without reported side effects [419-422]. We assessed the impacts of DHA 

and TPPU on plasma levels of EpFAs, DiHFAs, and other PUFA-derived oxylipins using a 

comprehensive LC-MS/MS oxylipin panel (Table S3.6). Prominent metabolites included ones 

derived from LA (i.e., 12,13-EpOME and 12,13-DiHOME) (Figure 3.6B), ARA (i.e., 14,15-

EpETrE and 14,15-DiHETrE) (Figure 3.6C), EPA (i.e., 17,18-EpETE and 17,18-DiHETE) 

(Figure 3.6D), and DHA (i.e., 19,20-EpDPE and 19,20-DiHDPE) (Figure 3.6E). No significant 

changes were observed between VEH/CON and LPS/CON mice. Consistent with our total red 

blood cell fatty acid data (Figure 3.6A) and prior reports [423-425], we found that substituting 

high-oleic safflower oil with DHA-rich algal oil elicited decreases in plasma LA- and ARA-

derived EpFAs and DiHFAs and corresponding increases in plasma EPA- and DHA-derived 

EpFAs and DiHFAs (Figure 3.6F). Increases in DHA-derived metabolites were much more 

pronounced than those of EPA-derived metabolites. In addition, mice in the LPS/TPPU group 

exhibited modest increases in LA-, ARA-, EPA- and DHA-derived EpFAs compared to the 

LPS/CON group, whereas LPS/TPPU displayed a modest decrease in 14,15-DiHETrE and but not 

17,18-DiHETE and 19,20-DiHDPE. Furthermore, the LPS/TPPU+DHA group displayed modest 

increases in 14,15-EpETrE and 17,18-EpETE compared to the LPS/TPPU group, although these 

changes were not statistically significant with the LPS/CON and LPS/DHA groups; 19,20-EpDPE 

levels were not significantly affected by TPPU. Furthermore, TPPU+DHA co-treatment increased 

17,18-DiHETE and 19,20-DiHDPE relative to the TPPU group and caused modest, but not 

significant, decreases in 14,15-DiHETrE, 17,18-DiHETrE, and 19,20-DiHDPE compared to 
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CON- or DHA-fed mice. In summary, the LPS/TPPU group exhibited significant increases in 

epoxide/diol ratios for LA-, ARA-, EPA-, and DHA-derived metabolites compared to the 

LPS/CON group (Figure 3.7A; Table 3.3), and the LPS/TPPU+DHA group exhibited significant 

increases epoxide/diol ratios in EPA- and DHA-derived metabolites compared to the LPS/DHA 

group (Figure 3.7B; Table 3.3). 

DHA and TPPU treatment alone suppress R-LPS-induced GN 

For the duration of the study, mice in all experimental groups gained weight at similar 

rates, regardless of dietary intervention (Figure S3.3). During the 5 wk of LPS injections, mice 

were assessed weekly for development of hematuria and proteinuria as indicators of GN (Figures 

3.8A, B). Individuals in the VEH/CON group did not display proteinuria or hematuria. At 10 wk 

of age (after 6 injections), mice in the LPS/CON group began developing hematuria (Figure 3.8A). 

At age 11 wk (after 8 injections), mice in the LPS/DHA, LPS/TPPU, and LPS/TPPU+DHA 

experimental groups began developing hematuria. After the final injection, 75% of animals in the 

LPS/CON and LPS/TPPU+DHA groups displayed hematuria, 50% of animals in the LPS/TPPU 

group displayed hematuria, and 38% of animals in the LPS/DHA group displayed hematuria. In 

similar fashion, mice in the LPS/CON, LPS/DHA, and LPS/TPPU groups began developing 

proteinuria at age 10 wk (after 6 injections), and mice in the LPS/TPPU+DHA group began 

developing proteinuria at 11 wk of age (after 8 injections) (Figure 3.8B). After the final injection, 

proteinuria was evident in 87.5% of the LPS/CON group, 75% of the LPS/TPPU+DHA group, 

50% of the LPS/TPPU group, and 38% of the LPS/DHA group. Consistent with GN, the average 

combined kidney weight was significantly elevated in the LPS/CON group compared to the 

VEH/CON group (Figure 3.8C). The only group that demonstrated a significant decrease in 
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kidney weight compared to the LPS/CON group was the LPS/TPPU group, while no significant 

differences were observed for the other groups. 

Histologic evaluation and scoring of PASH-stained kidney sections showed no evidence 

GN in VEH/CON-treated mice (Figures 3.9A, F). Markedly hypertrophic and hypercellular 

glomeruli with thickened medullary membranes consistent with GN were observed in kidneys of 

LPS/CON and LPS/TPPU+DHA mice (Figures 3.9B, E, F), while less glomerular histopathology 

was evident in LPS/DHA and LPS/TPPU mice (Figures 3.9C,D,F). Consistent with 

histopathological findings, immunohistochemical evaluation of kidney sections stained with IgG-

specific antibody similarly revealed that DHA alone and TPPU alone suppressed R-LPS-induced 

IgG deposition in the kidney but are antagonistic when delivered together (Figures 3.10A-E).  

DHA and TPPU modestly affect R-LPS-induced lymphoid cell accumulation in spleen and liver 

All H&E-stained splenic tissues from R-LPS- treated groups were enlarged due to 

lymphoid hyperplasia (Figures 3.11A-E). Splenic tissue from TPPU-fed mice had slightly less 

lymphoid hyperplasia than other LPS-treated mice (Figure 3.11D). Mean spleen weights were 

significantly elevated in the LPS/CON group compared to the VEH/CON group (Figure 3.11F). 

Mice fed DHA and TPPU diet exhibited trends toward reductions in spleen weight that were not 

statistically significant. Hematoxylin and eosin-stained liver sections were evaluated for 

histopathology (Figure 3.12). Periportal hepatocellular vacuolization was prominent in 

VEH/CON group possibly reflecting steatosis previously reported in NZBWF1 mice (Figure 

3.12A). Less hepatocellular vacuolization with marked lymphoid cell infiltration in periportal 

interstitial tissue in livers of LPS/CON mouse (Figure 3.12B). R-LPS- treated mice fed DHA, 

TPPU, and TPPU+DHA diet had less periportal inflammatory cells and absence of hepatocellular 

vacuolization (Figures 3.12C-E, F). Inflammatory severity scores were suppressed in DHA-fed 
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mice with similar non-significant trends being observed in mice fed TPPU and TPPU+DHA diets 

(Figure 3.12G). 

DHA and/or TPPU do not affect R-LPS-induced autoantibody responses in plasma 

Plasma from all mice within each experimental group were pooled and subjected to high-

throughput autoantigen array for 120 IgG and IgM AAbs. While R-LPS robustly induced total and 

group-specific IgG and IgM autoantibodies in CON-fed mice, the magnitude of these responses 

was unaffected by DHA, TPPU, or TPPU+DHA treatments (Figure S3.4). 

DHA and/or TPPU have limited impact on R-LPS-induced modulation of inflammatory and fatty 

acid metabolism gene expression in the kidney 

We evaluated the impacts of DHA and TPPU on expression levels of 

inflammatory/autoimmune (i.e., Il1b, Ccl2, Ccl7, Cxcl10, Cxcl13, C1qa, C3, Casp1, Tlr9, Tnfa, 

Tnfsf13b) and fatty acid metabolism genes (i.e., Alox15, Cyp2c44, Cyp2j6, Cyp2j9, Cyp2j11, 

Ephx1, Ephx2, Pla2g4a, Ptgs2) genes in the kidney (Figure S3.5A; Table S3.7). R-LPS 

significantly induced expression of proinflammatory cytokines (i.e., Il1b, Tnfa), chemokines (i.e., 

Ccl2, Ccl7, Cxcl13), complement proteins (i.e., C1qa, C3), and other related (i.e., Casp1, Tlr9, and 

Tnfsf13b) genes relative to VEH/CON mice. Although Cxcl10 mRNA was not significantly 

elevated by R-LPS, it demonstrated a modest increase compared to VEH/CON mice. Intriguingly, 

none of the selected inflammatory/autoimmune genes were significantly downregulated with DHA 

or TPPU, though some treatment groups exhibited therapeutic trends. For instance, LPS/DHA 

mice showed modest decreases in mRNA for Ccl2, Ccl7, Cxcl13, C1qa, Casp1, Tlr9, and Tnfa 

relative to LPS/CON mice. In addition, LPS/TPPU mice exhibited modest reductions in mRNA 

for Ccl2, Ccl7, Casp1, and Tnfa. Upon combining DHA and TPPU, the individual inhibitory 
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effects of DHA and TPPU were diminished, with an exception to Tlr9 expression which might be 

influenced only by DHA. 

We found that R-LPS significantly reduced expression of several selected genes involved 

in lipid metabolite synthesis, including Cyp2c44, Cyp2j6, Cyp2j9, Cyp2j11, and Ephx2, compared 

to VEH-injected mice (Figure S3.5B; Table S3.7). In addition, R-LPS modestly downregulated 

Ephx1, Pla2g4a, and Ptgs2. In line with our observations for the inflammatory/autoimmune genes, 

we found that neither DHA nor TPPU significantly restored the expression levels of most fatty 

acid metabolism genes in our panel except for Ephx2, which was significantly upregulated in the 

LPS/DHA and LPS/TPPU+DHA groups compared to the LPS/CON group. 

Other genes measured in our panel are noted in Table S3.7. As anticipated, we observed 

significant upregulation of genes associated with kidney injury (i.e., Ankrd1, Lcn2) and oxidative 

stress (i.e., Hmox, Nqo1, Sod2) in LPS/CON mice relative to VEH/CON mice but found no 

significant expression level changes in DHA- and/or TPPU-treated mice. No significant changes 

in gene expression were noted for some type I IFN-regulated genes (i.e., Irf7, Isg15), but Ifi44 

expression was significantly reduced in all DHA-fed mice, regardless of TPPU consumption, 

relative to VEH/CON and LPS/CON mice. 

DISCUSSION 

 LPS-accelerated autoimmune GN in NZBWF1 mice is increasingly being used as a 

preclinical model for identifying interventions applicable to preventing end-stage kidney disease 

associated with lupus [28-31, 404, 410, 426]. We demonstrate here for the first time that the 

presence or absence of O-antigen polysaccharide profoundly influences the GN response and that 

R-LPS is required for optimal model performance. Compared to VEH and S-LPS, R-LPS caused 

significant weight loss associated with proteinuria, hematuria, histopathological scoring, 
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glomerular IgG deposition, and influx of CD3+ and CD45R+ lymphocytes that might be associated 

with classical LPS-induced sickness behavior [427]. When the effects of lipidome modulation by 

dietary DHA supplementation and/or sEH inhibition on R-LPS-accelerated GN were assessed, 

several novel findings were made. First, R-LPS treatment of CON-fed mice did not affect the red 

blood cell fatty acid profile but did reduce plasma concentrations of LA- and ARA-derived 

EpFAs/DiHFAs. Second, DHA supplementation skewed tissue PUFAs from ω-6 to ω-3 and 

shifted EpFAs/DiHFAs from primarily LA-/ARA-derived to EPA-/DHA-derived. Third, sEH 

inhibition with TPPU favored the accumulation of EpFAs over their respective vicinal diols. 

Fourth, based on proteinuria, hematuria, histopathologic scoring, and glomerular IgG deposition, 

the relative rank order of R-LPS-induced GN severity among groups fed experimental diets was: 

VEH/CON < R-LPS/DHA ≈ R-LPS/TPPU <<< R-LPS/ TPPU+DHA ≈ R-LPS/CON. Fifth, 

DHA’s and TPPU’s effects on R-LPS-induced lymphocytic recruitment in spleen and liver were 

modest to negligible. Lastly, these interventions did not affect LPS-induced plasma AAb responses 

or kidney gene expression. 

 This investigation is the first to directly compare the efficacies of R-LPS and S-LPS in 

accelerating GN in lupus-prone mice. This effort was initiated after several failed preliminary 

attempts by our laboratory to induce GN with S-LPS. Several mechanisms have been proposed for 

LPS-accelerated GN including polyclonal B-cell activation, decreased efficiency of the 

mononuclear phagocyte system to uptake immune complexes, and/or delayed clearance of immune 

complexes from systemic circulation, all of which can contribute to increased deposits of immune 

complexes in the kidney [375-384]. Consistent with polyclonal B cell activation, we observed that 

R-LPS but not S-LPS strongly induced germinal center expansion and splenomegaly, and 

furthermore, R-LPS elicited a wide array of AAbs of the IgM and IgG isotypes. The mechanisms 
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by which these two LPS chemotypes activate TLR4 are very different, and these differences may 

have special relevance to B cell activation. At low doses, S-LPS requires the 

glycosylphosphatidylinositol (GPI)-anchored co-receptor CD14 to trigger signal transduction 

through both MyD88-dependent and independent pathways, whereas, at low doses, R-LPS can 

initiate MyD88-dependent signaling in the absence of CD14 [407, 409]. Thus, R-LPS efficiently 

activates TLR4 on both CD14+ and CD14- cells as compared to S-LPS which acts primarily on 

CD14+ cells. Since B cells express TLR4 but lack CD14, it is tempting to speculate that they 

preferentially respond to R-LPS and not S-LPS, resulting in polyclonal activation that ultimately 

perpetuates AAb production and immune complex-driven GN in NZBWF1 mice. However, further 

studies are needed to test this and alternative hypotheses. 

 Red blood cells are commonly used as a surrogate to reflect tissue fatty acid profiles [389]. 

As in our prior studies [19, 428], we found here that substitution of high oleic safflower oil in AIN-

93G diets with DHA-containing microalgal oil increased DHA and EPA with nearly equivalent 

reductions of ARA. While some EPA might have resulted from DHA retroconversion, Metherel 

and coworkers [429] found that conversion of α-linolenic acid (ALA; C18:3ω3) to 

docosapentaenoic acid (DPA; C22:5ω3) by elongation/desaturation, mediated via feedback 

inhibition by DHA, resulted in the majority of EPA found in DHA-fed rats. Importantly, 

concurrent with elevated tissue concentrations of DHA and EPA, we observed decreases in plasma 

LA- and ARA-derived EpFAs and DiHFAs and corresponding increases in plasma EPA- and 

DHA-derived EpFAs and DiHFAs. Thus, consumption of marine ω-3 PUFAs alone can change 

blood levels of important bioactive CYP450 and sEH metabolites. 

 Preclinical [345-347] and clinical investigations [341, 348-350] generally support the 

premise that ω-3 PUFAs attenuate onset and progression of lupus-associated pathologic effects, 
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including nephritis. Consistent with reported ameliorative actions of marine ω-3 PUFAs for 

preventing/treating chronic inflammatory and autoimmune diseases, we found here that 

consumption of DHA alone suppressed R-LPS-accelerated GN. Established mechanisms by which 

dietary intake of DHA and EPA potentially ameliorate systemic inflammation and downstream 

tissue damage include 1) modulating the structure and functionality of the plasma membrane and 

lipid rafts, 2) suppressed expression of proinflammatory cytokines, 3) binding with receptors, 

transcription factors, and enzymes at the expense of ω-6 PUFA binding, and 4) serving as 

substrates for highly pro-resolving ω-3 PUFA metabolites (reviewed by [341]). We have 

previously demonstrated in several macrophage models that ω-3 DHA displaces ω-6 ARA and ω-

9 OA from the sn-2 position of membrane phospholipids, suppresses silica-induced expression of 

proinflammatory genes (e.g., Nlrp3, Il1a, Il1b) and type I IFN-regulated genes (e.g., Irf7, Isg15, 

Oas2, Ifi44), attenuates cSiO2-triggered apoptotic and pyroptotic cell death, and enhances 

efferocytosis of cell corpses [430-432]. Correspondingly, in recent studies using female NZBWF1 

mice, we have found that DHA prevents silica-induced development of pulmonary ectopic 

lymphoid tissue (ELT) and downstream lupus GN, impedes expression of chemokine-related (e.g., 

Cxcl9, Cxcl10, Ccr5) and type I IFN-related (e.g., Irf7, Isg15, Oas2, Ifi44) genes in lung and 

kidney, and inhibits secretion of anti-nuclear AAb, proinflammatory cytokines (e.g., IL-1β, TNF-

α, IL-6), chemokines, (e.g., BLC, MCP-5), enzymes (e.g., MMP-3, granzyme B), adhesion 

molecules (e.g., E-selectin, VCAM-1), co-stimulatory molecules (e.g., CD40L, CD48), and 

growth factors (e.g., IGF-1, Epiregulin) in BALF and plasma [20, 351, 352, 433]. Furthermore, 

Cheng and coworkers have reported in both lupus-prone MRL/lpr mice and lupus patients that 

resolvin D1, a pro-resolving DHA metabolite, ameliorates disease progression by increasing Treg 

differentiation and decreasing Th17 differentiation from naïve CD4+ T cells [434]. Thus, the pro-
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resolving effects of ω-3 PUFAs are multi-pronged and wide-reaching, with therapeutic importance 

in lupus and other chronic inflammatory/autoimmune pathologies. 

 Pharmacological effects of TPPU have been previously reported in many preclinical 

disease models [21, 401, 422, 435-445]. In those studies, TPPU was delivered in drinking water 

in a polyethylene glycol (PEG) suspension, by oral gavage, or via injection. This investigation is 

the first to report the delivery of the sEH inhibitor TPPU in experimental rodent diet. Using this 

approach, we did not face issues associated with the low solubility of TPPU in water (0.06 mg/ml) 

[394], which was previously reported by Schmelzer and coworkers as a study limitation when 

administering AUDA, an sEH inhibitor with the same pharmacophore as TPPU, to LPS-challenged 

C57 mice [446]. We estimate the daily dose of TPPU through diet to be 3 mg/kg/day which was 

sufficient to achieve plasma concentrations of approximately 5 µM (equivalent to 2000-fold of the 

Ki of TPPU) 4 wk after initiation of feeding. Our findings indicate that this dose was efficacious 

at significantly increasing the epoxide/diol ratio for LA. ARA, DHA, and EPA indicating robust 

inhibition of sEH. Accordingly, TPPU potently inhibits murine sEH and human sEH, with 

respective IC50 values 2.8 nM and 1.1 nM [391, 447] and respective Ki values of 2.5 nM and 0.64 

nM [448]. In addition, Liu and coworkers reported that TPPU exhibits a pharmacokinetic half-life 

(t1/2) of 37 ± 2.5 h in the blood following administration (3 mg/kg) to mice by oral gavage [449]. 

 In this study, we hypothesized that cotreatment of ω-3 PUFA and sEH inhibitor would 

stabilize highly potent ω-3 EpFAs and therefore be more efficacious than the treatment of either 

ω-3 PUFA or sEH inhibitor alone. However, our results suggested that ω-3 PUFAs and the sEH 

inhibitor antagonize each other’s effects. Similar findings have been reported by Harris and 

coworkers [450] in which co-treatment of sEH inhibitor with DHA diminished the therapeutic 

effects of TPPU alone in a murine model of liver fibrosis. Although several studies suggest that 
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ω-3 EpFAs are more potent in specific biological effects including angiotensin-II-dependent 

hypertension, nociception and autophagy, numerous studies have suggested that EpFAs generated 

from different PUFAs could play very different roles and the effects from two different subclasses 

of epoxy fatty acids could oppose each other [451-466]. For example, EpDPE derived from ω-3 

DHA is anti-angiogenic [457], but EpETrE derived from ω-6 ARA is proangiogenic [440, 467]. 

Therefore, our results suggest that EpETrE could be a key lipid mediator for the anti-inflammatory, 

pro-resolving effects resulting from the treatment of sEH inhibitor TPPU, as it has been suggested 

by previous studies [453, 454, 459, 468]. Our oxylipin analysis suggested that co-treatment of 

TPPU with DHA significantly decreases the endogenous level of EpETrE. Thus, DHA could 

potentially antagonize the effects of TPPU treatment alone. 

 While the absence of DHA and/or TPPU effects on LPS-induced inflammation-associated 

gene expression may suggest that these interventions interfere with a downstream event associated 

with GN development, such as immune complex deposition and associated kidney injury, 

transcriptomic data is were only collected at termination and may not reflect earlier timepoints. In 

support of this contention, we have found that DHA suppresses silica-induced 

inflammatory/autoimmune gene expression in NZBWF1 mice at 1, 5, and 9 wk after silica 

instillation but not at 13 wk post-instillation [469]. Nevertheless, DHA suppressed silica-induced 

ELT neogenesis and GN at 13 wk [428]. Thus, it will be important in future mechanistic studies 

of DHA and/or TPPU effects on R-LPS-induced GN to analyze blood biomarkers and tissues at 

multiple early timepoints. 

 One limitation of this study is that we focused primarily on phenotypic effects of DHA 

and/or TPPU on R-LPS-induced GN rather than underlying mechanisms. As Cavallo and 

coworkers previously reported in non-autoimmune and lupus-prone mice, R-LPS-induced GN 
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may be the result of a cascade beginning with polyclonal B cell activation, then progressing to 

increased systemic AAb secretion, impaired clearance of immune complexes from circulation, and 

elevated immune complex deposition in the kidney [375-384]. Although we found that R-LPS 

elicits toxicity in the kidney, spleen, and liver after 5 wk of i.p. injections, future studies should 

focus on elucidating the temporal mechanistic pathway by which R-LPS induces GN, with 

particular emphasis on: evaluating toxicokinetic distribution of R-LPS from the peritoneum to 

downstream tissues, measuring impacts of R-LPS on polyclonal B cell activation, and determining 

whether R-LPS-induced kidney/spleen/liver toxicity occur dependently or independently of each 

other. Another constraint of this study is that we measured TPPU plasma concentration only after 

five R-LPS injections and not at any other timepoint to assess steady-state levels. TPPU has been 

shown to reach steady-state concentrations in the blood after 1-2 wk of oral administration by 

drinking water [470]; however, it would be useful to collect plasma at multiple timepoints to 

confirm these findings in future studies involving dietary TPPU administration. A related 

limitation is that we focused only on sEH as a pharmacologic target, which is one of many epoxide 

hydrolases involved with PUFA metabolism (128). However, microsomal epoxide hydrolase is 

capable of significant EpETrE hydrolysis in sEH-knockout mice, suggesting that pharmacologic 

sEH inhibition does not completely block EpFA metabolism and therefore could affect 

experimental endpoints (129). 

CONCLUSIONS 

 Taken together, the results described herein show for the first time that absence of O-

antigenic polysaccharide in R-LPS is critical to accelerated GN in lupus-prone mice. While S-LPS 

elicited minimal toxicity in exposed mice, R-LPS triggered significant renal pathology 

characterized by proteinuria, hematuria, elevated BUN and plasma creatinine, glomerular damage, 
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IgG deposition, and influx of CD3+/CD45R+ lymphocytes. Furthermore, lipidome modulation 

through DHA supplementation or sEH inhibition suppressed R-LPS-induced GN, but these 

ameliorative effects were greatly diminished upon combining the treatments. Separately, DHA and 

sEH inhibition delayed development of proteinuria and hematuria, dampened glomerular damage, 

and reduced glomerular IgG deposition with no significant effects on plasma autoantibody 

responses and expression of inflammatory and fatty acid metabolism genes in the kidney. Since it 

is currently unknown whether the perceived antagonistic relationship between DHA and TPPU is 

relevant only to our R-LPS mouse model or to other preclinical models for lupus as well, it will be 

essential in future investigations to evaluate how cotreatment with DHA and TPPU influence 

disease endpoints in other spontaneously-driven and environmentally-triggered lupus models. 

Additionally, it will be useful to investigate how direct administration of ω-3/6 EpFAs modulates 

pathologic biomarkers of R-LPS-induced autoimmunity in female NZBWF1 mice, versus 

coadministration with ω-3/6 PUFAs and sEH inhibitor. While our approach allowed us to broadly 

assess the effects of endogenous and DHA-derived EpFAs in R-LPS-induced GN, future 

investigations involving direct EpFA administration would provide valuable insight on specific 

EpFAs that may potentiate or prevent disease progression. 
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FIGURES 

 

Figure 3.1. Experimental design for Study 1 (A) and Study 2 (B). (A) At 6 wk of age, female 

NZBWF1 mice (n = 2-4/gp) were placed on CON diet. Beginning at 8 wk of age, mice were  
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Figure 3.1 (cont’d)  

 

injected interperitoneally twice per wk for 5 wk with 500 µl of PBS vehicle, 0.8 µg/g body weight 

(BW) S-LPS, or 0.8 µg/g BW R-LPS. Mice were sacrificed at 13 wk of age, or 5 wk after the first 

LPS injection. (B) At 6 wk of age, female NZBWF1 mice (n = 8/gp) were placed on CON diet, 

DHA diet, TPPU diet, or TPPU+DHA diet. Beginning at 8 wk of age, mice were injected 

interperitoneally twice per wk for 5 wk with 500 µl of PBS vehicle or 0.6 µg/g BW R-LPS. Mice 

were sacrificed at 13 wk of age, or 5 wk after the first LPS injection.  
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Figure 3.2. R-LPS but not S-LPS suppresses body weight gain, induces kidney enlargement, 

proteinuria, hematuria, and elevates BUN and creatinine in blood. (A) Mice were weighed 

weekly, concurrently with the first LPS injection of the wk. Data are presented as mean ± SEM. 

(B) Combined weight of left and right kidneys were measured after 5 wk of i.p. LPS injections. 

Data are presented as mean ± SEM. R-LPS, but not S-LPS, elicits robust proteinuria (C) and 

hematuria (D) after 3 wk of intraperitoneal (i.p.) LPS injections. Animals were monitored weekly 

for development of proteinuria (≥300 mg/dl urinary protein) and hematuria (>0 cells/µl urine)  
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Figure 3.2 (cont’d)  

 

using clinical dipsticks. Blood urea nitrogen (E) and creatinine (F) were measured in plasma after 

5 wk of i.p. LPS injections. BUN and creatinine data are presented as mean ± SEM. For A, C, and 

D, *p<0.05 indicates statistical significance for R-LPS vs. VEH and R-LPS vs. S-LPS. For B, E, 

and F, values of p<0.25 are shown, with p<0.05 considered statistically significant.  
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Figure 3.3. R-LPS but not S-LPS induces glomerulonephritis. Light photomicrographs of 

glomeruli (g) and renal tubules (rt) in the cortex of kidneys from vehicle-treated control mice (A, 

B), rough (R) LPS-treated mice (C, D), and smooth LPS-treated mice (E, F). Renal tissues were  
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Figure 3.3 (cont’d)  

 

histochemically stained with periodic acid Schiff and hematoxylin (PASH) (A, C, E) and 

immunohistochemically stained for IgG protein and counterstained with hematoxylin (B, D, F). 

Hypertrophic glomeruli with markedly thickened periodic acid fast-stained medullary membranes 

(solid arrow), hyalinized proteinaceous material in renal tubular lumens, and mild 

lymphoplasmacytic infiltrate in cortical interstitial tissue of R-LPS-treated mice (C). 

Correspondingly, immunohistochemically stained IgG in glomeruli (stippled arrow), renal tubular 

lumens and blood vessel lumens (D). Minimal to no PAS+ medullary membrane thickening in 

glomeruli of S-LPS-treated mice (E) with minimal IgG+ medullary material (F). Semi-quantitative 

scores for (G) glomerulonephritis severity and (H) IgG deposition. Scoring was as follows: 0—no 

significant finding, 1—minimal, 2—mild, 3—moderate, 4—marked, 5—severe. See text for 

detailed criteria used in severity scoring. Data are presented as mean ± SEM (n = 2-4). Values of 

p<0.1 are shown, with p<0.05 considered statistically significant. g, glomerulus; rt, renal tubule.  
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Figure 3.4. R-LPS but not S-LPS induces lymphoid cell hyperplasia and enlargement of 

spleen. Light photomicrographs of transverse hematoxylin and eosin-stained tissues from the body  
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Figure 3.4 (cont’d)  

 

of spleens in vehicle (VEH)-treated control mice (A, B), rough (R)-LPS-treated mice (C, D), and 

smooth-(S) LPS-treated mice (E, F). A, C, and E taken at low magnification and B, D and F taken 

at higher magnification. Splenic tissue from R-LPS mice (B, D) have lymphoid cell hyperplasia in 

white pulp (wp) with correspondingly lesser red pulp (rp). No histopathology in spleens of S-LPS-

treated mice (E, F) that were histologically similar to vehicle-treated control mice (A, B). R-LPS 

but not S-LPS contributes to larger spleen weight after 5 wk of i.p. injections (G).  
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Figure 3.5. R-LPS but not S-LPS induces lymphoid cell accumulation and reduces 

vacuolization in liver. Light photomicrographs of hematoxylin and eosin-stained hepatic tissue 

from (A) vehicle (VEH)-treated control, (B) rough (R)-LPS-treated mice, and (C) smooth (S)-

LPS-treated mice. Periportal large and small hepatocellular vacuoles resembling fatty liver 

histopathology (steatosis) in vehicle control mouse (arrow) (A). Periportal interstitial lymphoid 

cell accumulation in rough-LPS-treated mouse (B) without hepatocellular vacuolization. Histology 

of liver tissue from smooth-LPS mouse (C) resembles that of vehicle control mouse (A). R-LPS 

and S-LPS effects on liver weight are negligible (D). Solid arrow, hepatocellular lipid vacuoles; 

stippled arrow, periportal cellular inflammation (predominantly mononuclear cells); open 

arrowhead, mononuclear cells in hepatic sinusoids.  
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Figure 3.6. Supplementation with DHA and/or TPPU modulates polyunsaturated fatty acid 

(PUFA) and CYP450 metabolite profiles in red blood cell membranes and plasma. (A) DHA  
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Figure 3.6 (cont’d)  

 

consumption elevates ω-3 PUFA DHA and EPA in red blood cell membrane at the expense of ω-

6 PUFA arachidonic acid and ω-9 PUFA oleic acid. Major red blood cell fatty acids were compared 

across treatment groups by GLC and expressed as percent of total fatty acids. Different letters 

indicate statistically significant differences between treatment groups for individual fatty acids 

(p<0.05). C16:0, palmitic acid; C18:0, stearic acid; C18:1n9, oleic acid; C18:2n6, linoleic acid; 

C20:4n6, arachidonic acid; C20:5n3, eicosapentaenoic acid (EPA); C22:6n3, docosahexaenoic 

acid (DHA). (B, C, D) Following sacrifice, plasma was isolated and selected (B) LA metabolites 

(i.e., 12,13-EpOME, 12,13-DiHOME), (C) ARA metabolites (i.e., 14,15-EpETrE, 14,15-

DiHETrE), (D) EPA metabolites (i.e., 17,18-EpETE, 17,18-DiHETE), and (E) DHA metabolites 

(i.e., 19,20-EpDPE, 19,20-DiHDPE) were measured by LC-MS/MS. Data are presented as mean 

± SEM (n = 6-8). Values of p<0.1 are shown, with p<0.05 considered statistically significant. 

<LOD = below limit of detection. (F) Depiction of pathways to major epoxy- and dihydroxy fatty 

acid metabolites derived from ω-6 and ω-3 PUFAs. ω-6 and ω-3 PUFA are substrates of CYP450 

monooxygenases, which produce ω-6 and ω-3 epoxy-fatty acids, respectively. The resulting 

epoxy-fatty acids then are converted to their corresponding ω-6/ω-3 dihydroxy fatty acids by 

soluble epoxide hydrolase (sEH). Red arrows indicate how fatty acid and metabolite profiles are 

affected by LA, linoleic acid; DGLA, dihomo-γ-linolenic acid; ARA, arachidonic acid; EpOME, 

epoxyoctadecenoic acid; EED, epoxyeicosadienoic acid; DHED, dihydroxyeicosadienoic acid; 

ARA, arachidonic acid; EpETrE, epoxyeicosatrienoic acid; DiHETrE, dihydroxyeicosatrienoic 

acid; ALA, alpha-linolenic acid; EpODE, epoxyoctadecadienoic acid; DiHODE, 

dihydroxyoctadecadienoic acid; EPA, eicosapentaenoic acid; EpETE, epoxyeicosatetraenoic acid; 

DiHETE, dihydroxyeicosatetraenoic acid; DHA, docosahexaenoic acid; EpDPE, 

epoxydocosapentaenoic acid; DiHDPE, dihydroxydocosapentaenoic acid.  
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Figure 3.7. Supplementation with DHA and/or TPPU modulates plasma epoxide/diol 

metabolite ratios in LPS-injected NZBWF1 mice. (A) TPPU consumption significantly shifts 

epoxide/diol ratios for metabolites derived from LA, ARA, EPA, and DHA. Ratios between sums 

of all EpFAs and sums of all DiHFAs from each PUFA precursor are shown. (B) DHA 

supplementation elevates epoxide/diol ratios for EPA-derived metabolites, and combination of 

DHA+TPPU further shifts epoxide/diol ratios for EPA- and DHA-derived metabolites. Ratios  
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Figure 3.7 (cont’d)  

 

between sums of all EpFAs and sums of all DiHFAs from each PUFA precursor are shown. Data 

are presented as mean ± SEM (n = 8). Values of p<0.1 are shown, with p<0.05 considered 

statistically significant.  
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Figure 3.8. DHA alone and TPPU alone delay onset of R-LPS-induced hematuria and 

proteinuria but are antagonistic when delivered together. Animals were monitored weekly for 

development of (A) hematuria (>0 cells/µl urine) and (B) proteinuria (≥300 mg/dl urinary protein)  
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Figure 3.8 (cont’d)  

 

using clinical dipsticks. (C) After 5 wk of biweekly i.p. LPS injections, mice were sacrificed, and 

both left and right kidneys were weighed before additional tissue processing. Data are presented 

as mean ± SEM. Statistically significant differences between VEH/CON and LPS/CON were 

assessed by Student’s t-test. LPS/DHA, LPS/TPPU, and LPS/TPPU+DHA were compared to 

LPS/CON using one-way ANOVA followed by Tukey’s post-hoc test. Values of p<0.1 are shown, 

with p<0.05 considered statistically significant.  
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Figure 3.9. DHA alone and TPPU alone suppress R-LPS-induced glomerulonephritis but are 

antagonistic when delivered together. Light photomicrographs of periodic acid Schiff and 

hematoxylin (PASH)-stained cortical kidney tissue from (A) vehicle (VEH)-treated/control diet 

(CON) mouse, (B) rough LPS-treated/CON mouse, (C) LPS/DHA mouse, (D) LPS/TPPU mouse, 

and (E) LPS/TPPU+DHA mouse. Markedly hypertrophic and hypercellular glomeruli (g) with 

thickened medullary membranes in kidneys of LPS/CON mice (B) and LPS/TPPU+DHA mice 

(E). Less glomerular histopathology in kidneys of LPS/DHA mice (C) and LPS/TPPU mice (D). 

(F) Semi-quantitative scores for glomerulonephritis severity. Scoring was as follows: 0—no 

significant finding, 1—minimal, 2—mild, 3—moderate, 4—marked, 5—severe. Data are 

presented as mean ± SEM (n = 8). Values of p<0.1 are shown, with p<0.05 considered statistically 

significant. g, glomerulus; rt, renal tubule; N.D., not determined.  
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Figure 3.10. DHA alone and TPPU alone suppress R-LPS-induced IgG deposition in the 

kidney but are antagonistic when delivered together. Light photomicrographs of glomeruli 

immunohistochemically stained for IgG (arrows; brown chromogen) in kidneys from (A) vehicle 

(VEH)-treated/control diet (CON) mouse, (B) rough LPS-treated/CON mouse, (C) LPS/DHA 

mouse, (D) LPS/TPPU mouse, and (E) LPS/TPPU+DHA. No IgG+ staining in glomeruli of 

VEH/CON mouse (A). Conspicuous IgG+ staining in medullary tissue of markedly enlarged 

glomeruli in LPS-treated mice (B), LPS/DHA mice (C), and LPS/TPPU+DHA mice (E). Less 

medullary IgG+ staining in LPS/TPPU mouse (D) compared to other LPS-treated mice (B, C, E). 

g, glomerulus; rt, renal tubule.  
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Figure 3.11. TPPU attenuates R-LPS-induced lymphoid hyperplasia in the spleen. Light 

photomicrographs of hematoxylin and eosin-stained tissue from the spleens of (A) vehicle (VEH)-

treated/control diet (CON) mouse, (B) rough LPS-treated/CON mouse, (C) LPS/DHA mouse, (D) 

LPS/TPPU mouse, and (E) LPS/TPPU+DHA mouse. Spleens from LPS-treated mice (B-E) are 

enlarged due to lymphoid hyperplasia. Spleen from LPS/TPPU mouse (D) less enlarged than other 

LPS-treated mice. Mononuclear cell infiltration of peri-splenic fat (arrows) in LPS/DHA mice (C), 

LPS/TPPU mice (D), and LPS/TPPU+DHA mice (E). (F) After 5 wk of biweekly i.p. LPS 

injections, mice were sacrificed, and spleens were weighed before additional tissue processing. 

Data are presented as mean ± SEM. wp, white pulp; rp, red pulp.  
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Figure 3.12. DHA suppresses R-LPS-induced liver inflammation and loss of vacuolization. 

Light photomicrographs of hematoxylin and eosin-stained tissue from the livers of (A) vehicle 

(VEH)-treated/control diet (CON) mouse, (B) rough LPS-treated/CON mouse, (C) LPS/DHA 

mouse, (D) LPS/TPPU mouse, and (E) LPS/TPPU+DHA mouse. Periportal hepatocellular 

vacuolization (solid arrow; characteristic of steatosis) in VEH/CON mice (A) and LPS/CON mice 

(B). Lymphoid cell infiltration in periportal interstitial tissue (stippled arrow) in liver of LPS/CON 

mouse (B) with less hepatocellular vacuolization. Remainder of LPS-treated mice (C-E) have less 

periportal inflammatory cells and absence of hepatocellular vacuolization. Semi-quantitative 

scores for hepatic vacuolization (F) and inflammation severity (G). Scoring was as follows: 0— 
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Figure 3.12 (cont’d)  

 

no significant finding, 1—minimal, 2—mild, 3—moderate, 4—marked, 5—severe. Data are 

presented as mean ± SEM (n = 8). Values of p<0.1 are shown, with p<0.05 considered statistically 

significant. pv, periportal vein; cv, central vein; solid arrow, hepatocellular lipid vacuoles; stippled 

arrow, periportal cellular inflammation (predominantly mononuclear cells).  
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TABLES 

Table 3.1. Experimental diet fatty acid concentrations. 

Common Name 
Chemical 

Formula 
CON DHA TPPU TPPU+DHA 

Capric C10:0 <LOD 0.30 ± 0.07 <LOD 0.25 ± 0.06 

Lauric C12:0 0.02 ± 0.00 1.67 ± 0.11 0.01 ± 0.00 1.60 ± 0.06 

Myristic C14:0 0.09 ± 0.00 4.97 ± 0.19 0.10 ± 0.00 4.79 ± 0.02 

Myristoleic C14:1 <LOD 0.08 ± 0.00 <LOD 0.09 ± 0.01 

Pentadecanoic C15:0 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 

Palmitic C16:0 6.29 ± 0.19 8.63 ± 0.22 6.50 ± 0.02 8.22 ± 0.05 

Palmitoleic C16:1ω7 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.00 0.01 ± 0.00 

Hygogeic C16:1ω9 0.08 ± 0.01 0.91 ± 0.08 0.08 ± 0.01 0.99 ± 0.03 

Heptadecanoic C17:0 0.02 ± 0.00 0.02 ± 0.00 0.03 ± 0.00 0.02 ± 0.00 

Stearic C18:0 1.92 ± 0.07 1.55 ± 0.02 1.96 ± 0.07 1.57 ± 0.03 

Vaccenic C18:1ω7 0.81 ± 0.01 0.54 ± 0.01 0.76 ± 0.02 0.53 ± 0.01 

Oleic C18:1ω9 
70.38 ± 

0.63 
50.85 ± 0.86 

69.60 ± 

0.90 
51.98 ± 0.16 

Linoleic C18:2ω6 
19.05 ± 

0.43 
16.16 ± 0.78 

19.62 ± 

0.93 
15.14 ± 0.24 

Alpha-Linolenic C18:3ω3 0.24 ± 0.02 0.20 ± 0.02 0.25 ± 0.02 0.19 ± 0.01 

Arachidic C20:0 0.36 ± 0.02 0.27 ± 0.01 0.35 ± 0.02 0.26 ± 0.01 

Eicosenoic C20:1ω9 0.27 ± 0.01 0.17 ± 0.02 0.27 ± 0.02 0.17 ± 0.02 

Arachidonic C20:4ω6 <LOD <LOD <LOD <LOD 

Behenic C22:0 0.24 ± 0.02 0.19 ± 0.02 0.25 ± 0.03 0.20 ± 0.02 

Eicosapentaenoic C20:5ω3 <LOD <LOD <LOD <LOD 

Docosapentaenoic ω-3 C22:5ω3 <LOD 0.22 ± 0.03 <LOD 0.24 ± 0.01 

Docosahexaenoic C22:6ω3 <LOD 13.12 ± 0.39 <LOD 13.61 ± 0.19 

Lignoceric C24:0 0.13 ± 0.01 0.10 ± 0.01 0.14 ± 0.02 0.11 ± 0.01 

Nervonic C24:1ω9 0.08 ± 0.01 0.02 ± 0.01 0.05 ± 0.02 0.03 ± 0.01 

Σ SFA 9.08 ± 0.29 17.71 ± 0.52 9.34 ± 0.11 17.02 ± 0.10 

Σ MUFA 
71.64 ± 

0.65 
52.59 ± 0.92 

70.79 ± 

0.88 
53.80 ± 0.14 

Σ PUFA 
19.29 ± 

0.42 
29.70 ± 0.68 

19.87 ± 

0.95 
29.18 ± 0.08 

Σ ω-6 PUFA  
19.05 ± 

0.43 
16.16 ± 0.78 

19.62 ± 

0.93 
15.14 ± 0.24 

Σ ω-3 PUFA 0.24 ± 0.02 13.54 ± 0.44 0.25 ± 0.02 14.04 ± 0.19 

ω6/ω3 ratio 
82.28 ± 

9.13 
1.20 ± 0.08 

78.73 ± 

3.51 
1.08 ± 0.03 

 

Data are presented as percent of total fatty acids (mean ± SEM, n = 8/gp) as measured by GC-MS. 

LOD, limit of detection.  
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Table 3.2. Red blood cell fatty acid content as determined by GLC. 

 

Common Name 
Chemical 

Formula 
VEH/CON LPS/CON LPS/DHA LPS/TPPU LPS/TPPU+DHA 

Myristic C14:0 0.18±0.00A 0.16±0.00A 0.36±0.00BC 0.18±0.00A 0.36±0.00BC 

Palmitic C16:0 24.95±0.01A 25.81±0.00A 28.43±0.01C 25.87±0.01A 28.76±0.01C 

Palmitolaidic C16:1ω7t 0.05±0.00A 0.04±0.00A 0.03±0.00B 0.04±0.00AB 0.04±0.00AB 

Palmitoleic C16:1ω7 0.89±0.00A 0.74±0.00A 0.79±0.00A 0.75±0.00A 0.76±0.00A 

Stearic C18:0 12.78±0.00A 12.56±0.01AB 11.98±0.01A 12.57±0.00A 11.35±0.00BC 

Elaidic C18:1t 0.15±0.00AB 0.15±0.00B 0.12±0.00C 0.15±0.00AB 0.12±0.00C 

Oleic C18:1ω9 19.48±0.01AB 20.78±0.02B 17.92±0.00AC 19.84±0.01AB 17.19±0.01C 

Linoelaidic C18:2ω6t 0.09±0.00A 0.10±0.00A 0.05±0.00C 0.08±0.00AB 0.05±0.00C 

Linoleic C18:2ω6 10.89±0.01AB 10.60±0.00A 11.30±0.01AB 10.67±0.01AB 10.95±0.01AB 

alpha-Linolenic C18:3ω3 0.05±0.00A 0.05±0.00A 0.06±0.00A 0.04±0.00A 0.06±0.00A 

gamma-Linolenic C18:3ω6 0.07±0.00A 0.07±0.00A 0.04±0.00B 0.07±0.00A 0.04±0.00B 

Arachidic C20:0 0.18±0.00A 0.15±0.00AB 0.13±0.00B 0.15±0.00AB 0.16±0.00A 

Eicosenoic C20:1ω9 0.38±0.00A 0.39±0.00A 0.25±0.00CD 0.40±0.00A 0.23±0.00D 

Eicosadienoic C20:2ω6 0.31±0.00A 0.32±0.00A 0.24±0.00CD 0.32±0.00A 0.23±0.00D 

Dihomo-g-

linolenic 
C20:3ω6 1.34±0.00A 1.30±0.00A 0.94±0.00CD 1.32±0.00A 0.90±0.00D 

Arachidonic C20:4ω6 18.18±0.01A 16.80±0.01AB 7.16±0.00C 17.42±0.01AC 7.04±0.01D 

Behenic C22:0 0.63±0.00A 0.45±0.00AB 0.23±0.00BC 0.48±0.00AB 0.31±0.00BC 

Eicosapentaenoic C20:5ω3 0.36±0.00A 0.37±0.00A 3.41±0.00B 0.35±0.00A 3.64±0.00B 

Docosapentaenoic 

ω-3 
C22:5ω3 0.66±0.00A 0.70±0.00A 1.04±0.00B 0.67±0.00A 1.02±0.00B 

Docosapentaenoic 

ω-6 
C22:5ω6 0.74±0.00A 0.69±0.00AB 0.20±0.00C 0.72±0.00A 0.24±0.00BC 

Docosahexaenoic C22:6ω3 5.33±0.00A 5.55±0.00AB 14.69±0.00C 5.63±0.00AB 15.11±0.01C 

Lignoceric C24:0 0.43±0.00A 0.38±0.00AB 0.30±0.00BC 0.40±0.00AC 0.49±0.00A 

Nervonic C24:1ω9 0.41±0.00AB 0.35±.000ABC 0.26±0.00C 0.39±0.00AB 0.38±0.00A 

Σ SFA 39.15±0.01A 39.51±0.01A 41.44±0.01B 39.64±0.01AB 41.42±0.01B 

Σ MUFA 21.35±0.01AB 22.46±0.02A 18.87±0.01B 21.55±0.01AB 18.72±0.01C 

Σ ω-3 PUFA  6.40±0.00A 6.67±0.00AB 19.19±0.01C 6.70±0.01AB 19.83±0.01C 

Σ ω-6 PUFA 33.10±0.01A 31.37±0.01B 20.50±0.01D 32.11±0.01AB 20.02±0.01D 

ω-3 Index 5.69±0.00A 5.92±0.00AB 18.10±0.01C 5.98±0.00AB 18.75±0.01C 

 

Data are presented as percent of total fatty acids (mean ± SEM, n = 8/gp) as measured by GLC. 

Differences between experimental groups were compared by ordinary one-way ANOVA followed 

by Tukey’s post-hoc test. Nonparametric versions of these tests were used when applicable. 

Unique letters indicate significant differences between groups (p<0.05).  



108 

Table 3.3. Plasma epoxide/diol metabolite ratios at necropsy as determined by LC-MS/MS. 

Fatty acid 

precursor 
VEH/CON LPS/CON LPS/DHA LPS/TPPU LPS/TPPU+DHA 

LA 6.84±0.67 4.92±0.69A 6.29±1.28A 20.83±2.07B 15.37±2.36B 

ARA 0.72±0.18 0.66±0.09AB 0.40±0.15A 1.50±0.18B 2.10±1.14AB 

EPA 0.00±0.00 0.00±0.00A 0.08±0.01AB 0.07±0.03A 0.23±0.02B 

DHA 1.69±0.72 1.29±0.21A 1.42±0.15A 2.39±0.30AB 3.21±0.24B 

Σ ω-6 PUFA 1.80±0.37 1.63±0.15A 1.52±0.23A 3.93±0.63B 4.84±0.89B 

Σ ω-3 PUFA 0.13±0.03 0.27±0.04*A 0.54±0.07AB 0.61±0.09AB 1.00±0.10B 

Σ PUFA 0.94±0.12 0.95±0.10AB 0.64±0.09A 2.08±0.28C 1.34±0.13BC 

 

Data are presented as ratios between plasma epoxide metabolite concentrations (Cepoxide) and 

plasma diol metabolite concentrations (Cdiol) (mean ± SEM, n = 8/gp). Epoxides and diols 

accounted for each fatty acid precursor included: LA) 9,10-EpOME, 9,10-DiHOME, 12,13-

EpOME, 12,13-DiHOME; ARA) 5,6-EpETrE, 5,6-DiHETrE, 8,9-EpETrE, 8,9-DiHETrE, 11,12-

EpETrE, 11,12-DiHETrE, 14,15-EpETrE, 14,15-DiHETrE; EPA) 5,6-EpETE, 5,6-DiHETE, 8,9-

EpETE, 8,9-DiHETE, 11,12-EpETE, 11,12-DiHETE, 14,15-EpETE, 14,15-DiHETE, 17,18-

EpETE, 17,18-DiHETE; DHA) 7,8-EpDPE, 7,8-DiHDPE, 10,11-EpDPE, 10,11-DiHDPE, 13,14-

EpDPE, 13,14-DiHDPE, 16,17-EpDPE, 16,17-DiHDPE, 19,20-EpDPE, 19,20-DiHDPE. Ratios 

for total ω-6 PUFA were calculated from the sum of the LA- and ARA-derived epoxides and diols 

specified above. Ratios for total ω-3 PUFA were calculated from the sum of the EPA- and DHA-

derived epoxides and diols specified above. Ratios for total PUFA were calculated from the sum 

of the ω-6- and ω-3-derived epoxides and diols described above. Differences between VEH/CON 

and LPS/CON groups were compared by Student’s t test. LPS/CON, LPS/DHA, LPS/TPPU, and 

LPS/TPPU+DHA groups were compared by ordinary one-way ANOVA followed by Tukey’s 

post-hoc test. Nonparametric versions of these tests were used when applicable. Asterisks (*) 

indicate significant differences between VEH/CON and LPS/CON groups (p<0.05). Unique letters 

indicate significant differences between LPS/CON, LPS/DHA, LPS/TPPU, and LPS/TPPU+DHA 

groups (p<0.05). LA, linoleic acid; ARA, arachidonic acid; EPA, eicosapentaenoic acid; DHA, 

docosahexaenoic acid; PUFA, polyunsaturated fatty acid.  
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ABSTRACT 

 Introduction: Workplace exposure to respirable crystalline silica (cSiO2) is associated 

with chronic inflammatory and autoimmune diseases. At the mechanistic level, cSiO2 particles are 

quickly phagocytosed by resident alveolar macrophages (AMs) in the lung, causing a robust cycle 

of proinflammatory cytokine release, lysosomal rupture, mitochondrial toxicity, and immunogenic 

cell death if the particle is not efficiently cleared by the lung. We and others have demonstrated in 

bone marrow-derived and transformed macrophage models that supplementation with the ω-3 

polyunsaturated fatty acid (PUFA) docosahexaenoic acid (DHA) contributes to increased 

membrane phospholipid content of DHA and subsequent suppression of cSiO2-triggered 

inflammatory responses. However, mechanistic exploration of ω-3 PUFA effects in AMs is 

challenging due to reliance on short-lived primary AMs derived from lung lavage fluid.  

Methods: To address these limitations, we have employed a recently developed novel self-

renewing AM model from C57BL/6 mice, fetal liver-derived alveolar-like macrophages (FLAMs), 

that is phenotypically representative of primary lung AM populations. We found that incubation 

of FLAMs with 25 µM DHA as ethanolic suspensions or as complexes with bovine serum albumin 

were equally effective at increasing ω-3 PUFA content of phospholipids at the expense of the ω-6 

PUFA arachidonic acid (ARA) and the ω-9 monounsaturated fatty acid oleic acid. Based on these 

findings, FLAMs were treated with 25 µM DHA in EtOH or EtOH vehicle (VEH) for 24 h, with 

or without LPS for 2 h, and with or without cSiO2 for 1.5 or 4 h then proinflammatory cytokine 

release, lysosomal membrane permeabilization, and mitochondrial depolarization assessed. In 

addition, oxylipin metabolites were measured using a targeted LC-MS lipidomics panel of 156 

metabolites. 
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Results: Regardless of whether FLAMs were LPS-primed, cSiO2-triggered lysosomal 

permeability, mitochondrial toxicity, and cell death were not impacted by DHA. LPS+cSiO2 

elicited marked IL-1α, IL-1β, and TNF-α release after 1.5 and 4 h of cSiO2 exposure, which was 

significantly inhibited by DHA. In VEH-treated cells, cSiO2 alone and LPS+cSiO2 induced 

synthesis of ARA-derived proinflammatory oxylipins including prostaglandins, leukotrienes, and 

thromboxanes that was suppressed by DHA. In addition, DHA promoted synthesis of pro-

resolving DHA-derived oxylipins at the expense of ARA-derived oxylipins. 

Discussion: FLAMs were amenable to lipidome modulation by DHA, which suppressed 

cSiO2-triggered proinflammatory cytokine responses and ARA-derived oxylipins that potentially 

contribute to the particle’s toxicity in the lung. FLAMs are a promising in vitro alternative to 

primary AMs for investigating interventions against toxicant-triggered inflammation and 

autoimmunity in the lung. 

INTRODUCTION 

 Occupational exposure to respirable crystalline silica (cSiO2) is etiologically linked to 

silicosis, pulmonary fibrosis, lung cancer, and, in some cases, initiation of autoimmune disease 

[471-474]. Approximately 2.3 million American workers are commonly exposed to cSiO2 levels 

that exceed the Occupational Health and Safety Administration’s (OSHA’s) Permissible Exposure 

Limits [475], with the highest exposure levels in construction, manufacturing, sandblasting, 

farming, ceramics, and dentistry work [328, 476]. In the lung, alveolar macrophages (AMs) serve 

as a preliminary line of defense against cSiO2 particles [477]. When inhaled, cSiO2 travels to the 

alveoli where AMs readily phagocytose the particles. Following phagocytosis, cSiO2 induces 

lysosomal membrane permeabilization (LMP), mitochondrial toxicity, reactive oxygen species 

(ROS) formation, inflammasome activation, release of proinflammatory proteins and lipid 
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mediators, and cell death [183, 478]. Resultant proinflammatory cytokines and chemokines can 

act in a paracrine-like manner to induce expression and secretion of additional proinflammatory 

mediators by neighboring AMs and other cells. If not properly cleared, cSiO2 particles released 

from dead AMs then can be taken up by viable AMs or recruited macrophages, contributing to a 

perpetual cycle of severe pulmonary inflammation and tissue damage. Accordingly, tissue-resident 

AMs play a critical role in the initiation of persistent cSiO2-triggered lung inflammation and 

development of chronic disease.  

Several previous studies have reported that exposing rat, bovine, and human AMs to 

respirable cSiO2 drives biosynthesis of oxylipins derived from the ω-6 polyunsaturated fatty acid 

(PUFA) arachidonic acid (ARA), including prostaglandin E2 (PGE2), leukotriene B4 (LTB4), 

thromboxane B2 (TXB2), and 5-hydroxyeicosatetraenoic acid (5-HETE) [229, 479-481]. These 

oxylipins have been associated with increased severity of symptoms in lung-related diseases 

including asthma, cystic fibrosis, chronic obstructive pulmonary disease (COPD), and extrinsic 

allergic alveolitis [482-484]. In response to inflammatory stimuli, phospholipase A2 (PLA2) 

activates and releases ARA, the most abundant PUFA in the sn-2 position of membrane 

phospholipids, into the cytosol where it is converted into PGE2, LTB4, TXB2, HETEs, and other 

ω-6 oxylipins that promote further immune cell infiltration and damage to lung tissue [482, 485]. 

While a few ARA-derived oxylipins have been identified as biomarkers of lung disease and are 

induced by cSiO2, it is possible that broad shifts in the cellular lipidome of AMs, rather than 

changes in individual metabolite levels, are responsible for eliciting ongoing inflammation in the 

lung. Therefore, it is important to apply a wide-scale omics approach to more fully characterize 

the impacts that cSiO2 has on oxylipin production in AMs. 
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One promising lipidome-modifying agent for preventing cSiO2-induced inflammatory lung 

disease is the ω-3 polyunsaturated fatty acid (PUFA) docosahexaenoic acid (C22:6, ω-3, DHA). 

Mechanistically, ω-3 PUFAs prevent excessive inflammatory responses and promote pro-

resolving immune responses by 1) displacing SFAs and ω-6 PUFAs from the plasma membrane, 

2) altering lipid raft structures and attenuating downstream signal transduction, 3) competing with 

ω-6 PUFAs as substrates for cyclooxygenase (COX), lipoxygenase (LOX) and cytochrome P450 

(CYP450) enzymes, 4) preventing NF-κB-driven expression of proinflammatory mediators, and 

5) enhancing efferocytosis of cell corpses by phagocytes [342, 430, 432, 486]. In both mice and 

humans, DHA consumption leads to elevated tissue and plasma levels of not only DHA but also 

highly pro-resolving DHA-derived metabolites [487-489]. [490-492]). We have also demonstrated 

in several macrophage models that DHA displaces ω-6 ARA and ω-9 oleic acid (OA) from 

membrane phospholipids [430-432]. To mechanistically understand how DHA works, it is 

imperative to discern how this intervention influences cSiO2-induced toxicity and production of 

proinflammatory cytokines and ω-6 oxylipins in AMs. 

Several barriers have hindered research efforts into primary AM function. First, only <106 

primary cells are typically recovered from one adult mouse by bronchoalveolar lavage, and 

obtaining sufficient numbers of cells for in vitro assays requires sacrificing large numbers of mice 

[493]. Second, primary AMs undergo rapid phenotypic changes upon being cultured and thus do 

not accurately reflect AM phenotypes observed in the alveolar milieu. These phenotypic changes 

also cause primary AMs to be short-lived in culture, unlike their long-living counterparts in the 

lung [494, 495]. Third, other widely used primary macrophages (e.g., bone marrow-derived 

macrophages [BMDMs], peritoneal macrophages) and transformed macrophage cell lines (e.g., 

RAW264.7 cells, THP-1 cells) do not adequately model the tissue-specific phenotype of primary 
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AMs [496]. Recently, we have overcome these barriers by developing an ex vivo fetal liver-derived 

alveolar macrophage (FLAM) model that is non-transformed and self-replicating in the presence 

of GM-CSF and TGF-β. Similar to primary AMs, FLAMs are characterized by high surface 

expression of SiglecF and CD11c, low surface expression of CD14, and stable expression of AM-

specific genes such as Marco. In addition, the kinetics of cSiO2 phagocytosis, cell death, and IL-1 

cytokine release in FLAMs mirrors that of primary AMs [34]. Accordingly, FLAMs are 

phenotypically relevant AM surrogates for conducting thorough in vitro mechanistic studies 

involving cSiO2 exposure. 

Herein, we employed FLAMs to understand how DHA incorporation influences cSiO2-

induced toxicity, proinflammatory cytokines, and production of PUFA-derived oxylipins. FLAMs 

might be a promising in vitro alternative to primary AMs for investigating how cSiO2 and other 

respirable particles induce inflammation and how these responses can be influenced by modulation 

of the cellular lipidome. 

MATERIALS AND METHODS 

Key reagents 

All key reagents used in this study and their corresponding catalog numbers are outlined 

in Table S4.1. 

Fetal liver-derived alveolar macrophage (FLAM) isolation and cell culture 

Experimental protocols were approved by the Institutional Animal Care and Use 

Committee at Michigan State University (MSU) (Animal Use Form [AUF] #202100252) in 

accordance with guidelines established by the National Institutes of Health. Six- to 8-wk-old 

C57BL/6 mice (cat. #000664) were procured from the Jackson Laboratory (Bar Harbor, ME) and 

were given freely accessible food and water. Animal facilities were maintained with a 12 h 
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light/dark cycle at consistent temperature (21-24 °C) and humidity (40-55%). Mice were bred for 

FLAM isolation as previously described [34, 497]. At 14-18 gestational days, pregnant dams (8-

10 wk of age) were euthanized by CO2 asphyxiation for 10 min to ensure death to the neonatal 

mice (14-18 gestational days), which are resistant to anoxia. As secondary measures of euthanasia, 

cervical dislocation was performed on the dam and blood supply was cut off to the fetuses. Upon 

removing the fetuses from the dam, fetal livers were carefully removed and dissociated in ice-cold 

DPBS-/- (DPBS without calcium and magnesium) by gentle pipetting. Liver cells were resuspended 

in complete FLAM medium (RPMI 1640 medium, 10% fetal bovine serum, 1% penicillin-

streptomycin [pen-strep], 30 ng/ml recombinant mouse GM-CSF, and 20 ng/ml recombinant 

human TGF-β1, seeded in 100 mm tissue-culture treated dishes, and incubated at 37 °C and 5% 

CO2. Medium was changed every 1-2 d. Cells were lifted with DPBS-/- containing 10 mM EDTA 

and gentle scraping upon reaching 70-90% confluency. After 1-2 wk of culture, the adherent cells 

developed a round morphology resemblant of AMs and were frozen for future use. Cells between 

passage 5 and 10 were used for this study. 

Study 1: Experimental design 

For phospholipid fatty acid analyses (Study 1, Figure 4.1A), FLAMs were seeded in 6-well 

plates at a density of 4.50×105 cells/well in complete FLAM medium. Cells were incubated 

overnight to achieve 70-90% confluency before beginning treatments. The next day, cells washed 

once with sterile DPBS-/-, fresh complete FLAM medium containing either 1) ethanolic DHA (25 

µM) or ethanol (EtOH) VEH, or 2) 25 µM DHA complexed to BSA at a 3:1 ratio (described in 

[430, 432]) or 8.33 µM BSA VEH, then incubated for 24 h.  
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Study 1: Measurement of phospholipid fatty acid content in FLAMs treated with ethanolic DHA 

or DHA-BSA complexes 

Comparative phospholipid fatty acid analyses were first conducted on FLAMs incubated 

for 24 h with DHA as either an ethanolic suspension or as BSA complexes. Following treatments, 

FLAMs were pelleted and stored in 100% methanol at -80 °C before total fatty acids were 

measured by OmegaQuant Inc. using gas chromatography (GC) with flame ionization detection as 

previously described [431]. Pelleted FLAMs were transferred to screw-cap glass vials and dried 

using a vacuum concentrator. Methanol containing boron trifluoride (14% [v/v]) was added to each 

vial, and then all vials were vortexed briefly and incubated at 100 °C for 10 min. After allowing 

the vials to cool, HPLC-grade water and hexane (EMD Chemicals, USA) were sequentially added, 

and phase separation was expedited by recapping, vortexing, and centrifuging the vials. Fractions 

from the hexane layer were transferred to separate GC vials for GC analysis using a GC2010 Gas 

Chromatograph (Shimadzu Corporation, Columbia, MD) outfitted with a SP2560, 100-m fused 

silica capillary column (0.25 mm internal diameter, 0.2 µm film thickness; Supelco, Bellefonte, 

PA). 

A standard mixture of fatty acids (GLC OQ-A; NuChek Prep, Elysian, MN) was used to 

generate calibration curves for individual fatty acids and identify fatty acids present in each 

sample. The following 24 fatty acids were identified (by class): i) saturated (14:0, 16:0, 18:0, 20:0, 

22:0, 24:0), ii) cis monounsaturated (16:1, 18:1, 20:1, 24:1), iii) cis ω-6 polyunsaturated (18:2ω6, 

18:3ω6, 20:2ω6, 20:3ω6, 20:4ω6, 22:4ω6, 22:5ω6), and iv) cis ω-3 polyunsaturated (18:3ω3, 

20:5ω3, 22:5ω3, 22:6ω3). Proportions of individual fatty acids in each sample were expressed as 

percent of total identified fatty acids. Percent ω-3 PUFAs and highly unsaturated fatty acid 

(HUFA) score were calculated as previously described [344] using the following equations, with 
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total fatty acids (FA) equaling the sum of all analyzed FA and total HUFA equaling the sum of 

20:3ω6, 20:4ω6, 20:5ω3, 22:5ω6, 22:5ω3, and 22:6ω3: 

Percent ω − 3 PUFAs =
𝐸𝑃𝐴 + 𝐷𝐻𝐴

𝑇𝑜𝑡𝑎𝑙 𝐹𝐴
× 100% 

ω − 3 𝐻𝑈𝐹𝐴 𝑠𝑐𝑜𝑟𝑒 =
𝐸𝑃𝐴 + 𝐷𝑃𝐴ω−3 + 𝐷𝐻𝐴

𝑇𝑜𝑡𝑎𝑙 𝐻𝑈𝐹𝐴
× 100% 

Study 2: Experimental design 

For live-cell microscopic assessment of lysosomal membrane permeabilization, 

mitochondrial depolarization, and cell death (Study 2, Figure 4.1B), FLAMs were seeded in 48-

well plates 0.625×105 cells/well in complete FLAM medium to achieve 50% confluency after 

overnight incubation. The next day, cells were washed once with sterile DPBS-/- then treated with 

either 25 µM ethanolic DHA or EtOH VEH as a control in complete FLAM medium. After 24 h, 

cells were washed once with sterile DPBS-/- and primed with 20 ng/ml LPS or PBS VEH for 1.5 

h. Following LPS priming, cells were washed with sterile DPBS+/+ then subsequently incubated 

for 30 min at 37 °C in the dark with 50 nM LysoTracker Red DND-99 in DPBS+/+ to label 

lysosomes, 25 nM MitoTracker Red CMXRos to label mitochondria, or 200 nM SYTOX Green 

to detect cell death. All fluorescent dyes were diluted in DPBS+/+ prior to addition to the cells, and 

20 ng/ml LPS was simultaneously added to appropriate wells to allow 2 h of total LPS priming 

prior to cSiO2 treatment. After 30 min of cell staining, cSiO2 was added dropwise to a final 

concentration of 0 or 12.5 µg/cm2. LPS and cSiO2 exposures were done in DPBS+/+ to maintain 

consistent experimental conditions between oxylipin analyses and other analyses conducted in this 

study. 
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Study 2: Assessment of lysosomal membrane permeabilization, mitochondrial toxicity, and cell 

death by fluorescence microscopy 

Live-cell fluorescence microscopy began immediately after adding cSiO2 to the cells. Images 

of live cells were taken at 2, 3.5, and 6 h using an EVOS FL Auto 2 Cell Imaging System 

(ThermoFisher Scientific) with an onstage, temperature-controlled incubator (Figure 4.1B). For 

each well, 2-4 images were acquired using fields of view defined before the beginning of the 

experiment. LysoTracker Red and MitoTracker Red were detected using the Texas Red light cube 

(Ex: 585/29 nm, Em: 628/32 nm), and SYTOX Green was detected using the GFP light cube (Ex: 

482/25 nm, Em: 524/24 nm).  

Acquired images were analyzed for lysosomal integrity, mitochondrial integrity, and cell 

death using CellProfiler 4.2.1 as previously described [34, 498]. Briefly, lysosomal integrity, 

mitochondrial integrity, and cell death were assessed by quantifying the number of LysoTracker 

Red+, MitoTracker Red+, and SYTOX Green+ cells, respectively. LysoTracker Red+ and 

MitoTracker Red+ puncta were omitted if fluorescent intensity fell below preset minimum 

thresholds, which were chosen to omit false positives quantified from background fluorescence. 

Raw counts of LysoTracker Red+, MitoTracker Red+, and SYTOX Green+ cells were exported as 

.csv files and further analyzed using RStudio 2022.07.1+554 (Posit, Boston, MA). 

Study 3: Experimental design 

To probe the effects of LPS, cSiO2, and DHA on release of lysosomal cathepsins, LDH, and 

proinflammatory cytokines (Study 3, Figure 4.1C), FLAMs were seeded in 24-well plates at a 

density of 1.50×105 cells/well in complete FLAM medium. For lipidomics analyses (Study 3, 

Figure 4.1C), FLAMs were seeded in 6-well plates at a density of 4.50×105 cells/well in complete 

FLAM medium. Cells were incubated overnight to achieve 70-90% confluency before beginning 
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treatments. The next day, cells washed once with sterile DPBS-/-, fresh complete FLAM medium 

containing either 25 µM ethanolic DHA or EtOH VEH added, then cells incubated for 24 h. 

Following DHA or VEH treatment, cells were washed once with sterile DPBS-/-, treated with either 

20 ng/ml LPS in DPBS-/- or DPBS-/- VEH in DPBS+/+ (DPBS containing calcium and magnesium) 

for 2 h, then exposed to 12.5 µg/cm2 cSiO2 or DPBS-/- VEH for 1.5 or 4 h. Cell culture supernatants 

were collected after cSiO2 exposure and analyzed for proinflammatory cytokine secretion by 

ELISA, cathepsin activity by fluorescent assay, and cell death by lactate dehydrogenase (LDH) 

assay. For lipidomics analyses, cell culture supernatants and cells were pooled together prior to 

analysis. LPS and cSiO2 exposures were done in DPBS+/+ to minimize interference from fatty acids 

present in cell culture medium during oxylipin analyses, and to maintain consistent experimental 

conditions between oxylipin analyses and other analyses conducted in this study. 

Study 3: Cathepsin activity assay 

Cathepsin B activity was determined as previously described [499]. Briefly, 50 µl of cell 

culture supernatant and 2 µg Z-LR-AMC were combined in 96-well plates and adjusted to a final 

volume of 150 µl/well, then all samples were incubated for 1 h at 37 °C. Sample fluorescence was 

then measured using a FilterMax F3 Multimode plate reader (Molecular Devices, San Jose, CA) 

set to 380 nm excitation and 460 nm emission. Cathepsin B activity in each well was calculated in 

units of relative fluorescence units (RFU) by the following equation: 

𝑅𝐹𝑈𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑅𝐹𝑈𝑠𝑎𝑚𝑝𝑙𝑒 𝑏𝑙𝑎𝑛𝑘 = 𝑐𝑎𝑡ℎ𝑒𝑝𝑠𝑖𝑛 𝐵 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 

Study 3: Lactate dehydrogenase assay 

Lactate dehydrogenase (LDH) activity in the supernatants of treated FLAMs was measured 

to assess the impacts of DHA, lipid metabolites, and inhibitors on cSiO2-induced cell death as 

previously described [430, 432]. Briefly, FLAMs were incubated with 25 µM DHA or EtOH VEH 
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for 24 h, followed by priming with 0 or 20 ng/ml LPS for 2 h and subsequent exposure to 0 or 12.5 

µg/cm2 cSiO2 for 1.5 or 4 h. Separate wells were designated as max-kill (MK) samples and 

incubated with 0.2% Triton-X (Millipore Sigma) for 5 min. After all treatments, supernatants were 

collected from all wells and 50 µl was transferred to non-treated, flat-bottom 96-well plates in 

duplicate. Complete medium (RPMI 1640 containing 10% FBS, 1% pen-strep, 30 ng/ml GM-CSF, 

20 ng/ml TGF-β) was used as a sample blank, and complete medium containing 0.2% Triton-X 

was used as a MK blank. 100 µl of LDH assay reagent (15 µM 1-methoxyphenazine methosulfate 

[PMS], 2 mM iodonitrotetrazolium [INT], 3.2 mM β-nicotinamide adenine dinucleotide [NAD] 

sodium salt, and 160 mM lithium lactate in 0.2 M Tris-HCl, pH 8.2) was added to each well, and 

assay plates were incubated at room temperature for 15 min in the dark. Sample absorbance was 

then measured using a FilterMax F3 Multimode plate reader (Molecular Devices, San Jose, CA) 

set to a wavelength of 492 nm. Percent cell death in each well was calculated by the following 

equation:  

𝑆𝑎𝑚𝑝𝑙𝑒𝑎𝑏𝑠 − 𝑆𝑎𝑚𝑝𝑙𝑒 𝐵𝑙𝑎𝑛𝑘𝑎𝑏𝑠

𝑀𝑎𝑥 𝐾𝑖𝑙𝑙𝑎𝑏𝑠 − 𝑀𝑎𝑥 𝐾𝑖𝑙𝑙 𝐵𝑙𝑎𝑛𝑘𝑎𝑏𝑠
× 100% = 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶𝑒𝑙𝑙 𝐷𝑒𝑎𝑡ℎ 

Study 3: Cytokine ELISAs 

Concentrations of proinflammatory cytokines (i.e., IL-1α, IL-1β, TNF-α) were quantified by 

enzyme-linked immunosorbent assay (ELISA) using corresponding mouse DuoSet kits according 

to the manufacturer’s instructions.  

Study 3: Measurement of intracellular and extracellular oxylipins  

Sample preparation 

Following treatments, ice-cold methanol was added to each well, resulting in a final sample 

volume of 3 ml (1 ml cell culture supernatant + 2 ml methanol). To each sample, 60 µl of 

antioxidant cocktail (0.2 mg/ml butylated hydroxytoluene, 0.2 mg/ml triphenylphosphine, 0.6 
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mg/ml EDTA) was added to achieve a total cocktail concentration of 5% (v/v) [414]. Cells and 

supernatants within each well were pooled together, then samples were frozen at -80 °C until liquid 

chromatography-mass spectrometry (LC-MS) analysis. 

Liquid chromatography-mass spectrometry (LC-MS) analysis 

Targeted LC-MS lipidomics for 156 lipid metabolites was conducted at the Lipidomics Core 

Facility at Wayne State University as previously described [500-502]. Briefly, 100 µl aliquots of 

cellular samples were thawed and spiked with a cocktail of deuterated internal standards (5 ng 

each of PGE1-d4, RvD2-d5, LTB4-d4, and 15[S]-HETE-d8; Cayman Chemical, Ann Arbor, MI) for 

quantification of oxylipins and recovery. Then, fatty acyl lipid metabolites were extracted by using 

C18 extraction columns that were washed with 15% (v/v) methanol and subsequently hexane, 

dried in a vacuum, eluted with methanol containing 0.1% (v/v) formic acid, dried under nitrogen 

gas, and dissolved in a 1:1 mixture of methanol:25 mM aqueous ammonium acetate. Extracted 

fatty acyl metabolites were subjected to high-performance liquid chromatography (HPLC) using a 

Luna C18 (3 µm, 2.1×150 mm) column connected to a Prominence XR system (Shimadzu, 

Somerset, NJ) then analyzed with a QTrap5500 mass spectrometer (AB Sciex, Singapore) set to 

negative ion mode. Analyst 1.6 software (AB Sciex) and MultiQuant software (AB Sciex) were 

used to collect and quantify the data in units of ng, respectively. Lipid metabolites classifications 

are provided in Table S4.2. 

Data analysis and statistics 

Oxylipin data 

For oxylipin data, MetaboAnalyst Version 5.0 (Xia Lab, Quebec, Canada, 

www.metaboanalyst.ca/) [503] was used to conduct statistical analyses. First, raw ng values were 

converted to corresponding pmol values using Microsoft Excel. Then, in MetaboAnalyst, the one 
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factor statistical analysis module was chosen, and data were uploaded as a comma separated values 

(.csv) file with samples in unpaired columns and features (i.e., metabolites) in rows. Features with 

>70% missing data were removed from the dataset, and remaining missing values were estimated 

by replacing with the corresponding limits of detection (LODs; 1/5 of the minimum positive value 

of each variable). After the data was cleaned, the data was normalized by auto scaling only, then 

the data editor option was used to select experimental groups of interest to compare. For 

comparisons between experimental groups, one-way analysis of variance (ANOVA) (FDR = 0.05) 

followed by Tukey’s honestly significant difference (HSD) post-hoc test was used, with FDR q < 

0.05 considered statistically significant.  

Other endpoints 

For all other endpoints, GraphPad Prism Version 9 (GraphPad Software, San Diego, CA, 

www.graphpad.com) was used to conduct statistical analyses. The ROUT outlier test (Q = 1%) 

and the Shapiro-Wilk test (p<0.01) were used to identify outliers and assess normality in the data, 

respectively. For comparisons between two experimental groups, non-normal and semiquantitative 

data were analyzed by the Mann-Whitney nonparametric test. The F test was (p<0.05) used to test 

the assumption of equal variances across both groups. Normal data with unequal variances were 

analyzed using an unpaired t test with Welch’s correction. Normal data that met the assumption of 

equal variance were analyzed using an unpaired t test. For comparisons between more than two 

experimental groups, non-normal and semi-quantitative data were analyzed by the Kruskal-Wallis 

nonparametric test followed by Dunn’s post-hoc test. The Brown-Forsythe test (p<0.01) was used 

to test the assumption of equal variances across treatment groups. Normal data with unequal 

variances were analyzed using the Brown-Forsythe/Welch analysis of variance (ANOVA) 

followed by Dunnett’s T3 post-hoc test. Normal data that met the assumption of equal variance 
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were analyzed by standard one-way ANOVA followed by Tukey’s post-hoc test. Data are 

presented as mean ± standard error of the mean (SEM), with a p-value ≤ 0.05 considered 

statistically significant. 

RESULTS 

Study 1: DHA displaces the ω-9 monounsaturated fatty acid oleic acid and the ω-6 

monounsaturated fatty acid arachidonic acid from membrane phospholipids in FLAMs 

Two major methods for introducing ω-3 PUFAs to cell cultures—as ethanolic suspensions 

and as BSA complexes—were compared for addition in DHA to FLAMs using GLC. Ethanolic 

DHA-treated FLAMs had significantly greater DHA content (19.3% total fatty acids) compared to 

EtOH VEH-treated FLAMs (4.4% total fatty acids) (Figure 4.2A). Corresponding with these 

findings, content of the ω-9 monounsaturated fatty acid (MUFA) oleic acid (OA) and the ω-6 

PUFA arachidonic acid (ARA) was significantly decreased in DHA-treated FLAMs (16.5% and 

7.2% total fatty acids, respectively) compared to VEH-treated FLAMs (26.5% and 10.6% total 

fatty acids, respectively) (Figure 4.2A). No notable changes were found for other saturated and 

unsaturated fatty acids that were analyzed. FLAMs incubated with DHA-BSA complexes or BSA 

VEH displayed similar DHA membrane incorporation at the expense of OA and ARA (Figure 2B) 

to that seen for ethanolic DHA (Figures 4.2A, B). Total fatty acid findings were related to percent 

ω-3 fatty acids, which is the sum of eicosapentaenoic acid (EPA) and DHA as a percentage of all 

measured FA, and the ω-3 HUFA score, which equals the sum of ω-3 HUFAs (i.e., EPA, ω-3 DPA, 

and DHA) as a percentage of all measured ω-3/6 HUFAs (i.e., 20:3ω6, 20:4ω6, 20:5ω3, 22:5ω6, 

22:5ω3, and 22:6ω3). In FLAMs treated with ethanolic DHA, percent ω-3 fatty acids was 22%, 

while VEH-treated FLAMs exhibited a score of 6% (Figure 4.2C). FLAMs treated with ethanolic 

DHA also demonstrated a comparatively higher ω-3 HUFA score (74%) compared to VEH-treated 
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FLAMs (41%) (Figure 4.2C). Similarly, FLAMs treated with DHA-BSA complexes exhibited 

significant increases in percent ω-3 fatty acids (18%) and ω-3 HUFA score (75%) compared to 

VEH-treated cells (5% and 41%, respectively) (Figure 4.2D). Because of its relative simplicity, 

ethanolic DHA delivery was used for all subsequent experiments. 

Study 2: DHA does not suppress cSiO2-induced lysosomal membrane permeabilization, 

mitochondrial toxicity, and death in FLAMs 

Live-cell imaging using LysoTracker Red (LTR), MitoTracker Red (MTR), and SYTOX 

Green (SG) was employed to further assess the impacts of DHA on cSiO2-induced lysosomal 

membrane permeabilization (LMP), mitochondrial depolarization, and cell death, respectively. In 

a preliminary experiment, we found that LPS priming slightly expedited cSiO2-induced loss of 

LTR+ cells (Figures S4.1A, S4.1D). LPS did not significantly impact cSiO2-induced development 

of SG+ cells (Figures S4.1C, S4.1F). Intriguingly, LPS priming perpetuated cSiO2-triggered loss 

of MTR+ cells (Figures S4.1B, S4.1E). At 2 h, approximately 100% of VEH- and LPS-treated 

cells were LTR+, approximately 100% were MTR+, and nearly 0% were SG+ (Figures S4.1D-F). 

For simplicity in follow-up assays, we evaluated the impacts of DHA on FLAMs exposed to cSiO2 

alone (Figure 4.3). Similar to our preliminary study, we found that the proportions of LTR+ cells 

(Figures 4.3A, D), MTR+ cells (Figures 4.3B, E), and SG+ cells (Figures 4.3C, F) at 2 h were 

nearly 100%, 100%, and 0%, respectively. LMP occurred at very similar rates from 2-6 h in VEH- 

and DHA-treated cells exposed to cSiO2 (Figures 4.3A, D). Mitochondrial depolarization 

progressed at approximately the same rate in VEH- and DHA-treated FLAMs from 2-3.5 h, and 

DHA slightly protected FLAMs from further mitochondrial depolarization from 3.5-6 h (Figures 

4.3B, E). Minimal cell death was observed from 2-3.5 h for both VEH- and DHA-treated cells, 

and DHA slightly, albeit insignificantly, suppressed cell death from 3.5-6 h (Figures 4.3C, F).  
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Study 3: DHA does not suppress cSiO2-induced cathepsin and LDH release in FLAMs 

To test the potential protective effects of DHA against cSiO2-induced toxic responses, we 

pretreated FLAMs with DHA or VEH prior to exposure with cSiO2 alone or LPS and cSiO2,
 then 

measured lysosomal cathepsin activity and LDH release in collected supernatants (Figures 4.4A, 

B). Priming FLAMs with LPS before cSiO2 exposure increased extracellular lysosomal cathepsin 

activity (Figure 4A) and LDH release (Figure 4.4B) at 3.5 h in both VEH- and DHA-treated 

FLAMs and did not significantly impact lysosomal cathepsin activity or LDH release at 6 h. 

Cathepsin activity in VEH-treated cells exposed to cSiO2 alone was higher at 3.5 h (1.1×107 MFI) 

than at 6 h (5.5×106 MFI). Interestingly, DHA caused a moderate increase in cathepsin activity in 

FLAMs exposed to cSiO2 alone or to both LPS and cSiO2 at 3.5 h but not at 6 h. LDH release in 

VEH-treated FLAMs treated with cSiO2 alone was higher at 6 h (9.9%) than at 3.5 h (0.4%). In 

line with cathepsin activity analyses, DHA caused a slight increase in LDH release in FLAMs 

exposed to cSiO2 alone at 3.5 h and did not significantly impact LDH release at 6 h. 

Study 3: DHA suppresses cSiO2-induced release of proinflammatory cytokines from FLAMs 

The impacts of DHA on cSiO2-induced cytokine release from FLAMs were evaluated at 

3.5 h and 6 h. At both timepoints, cells treated with either VEH or cSiO2 alone secreted negligible 

amounts of IL-1α, IL-1β, and TNF-α (Figures 4.5A-C). FLAMs that were primed with LPS prior 

to cSiO2 exposure secreted robust amounts of IL-1α, IL-1β, and TNF-α both timepoints, with much 

higher cytokine levels observed at 6 h compared to 3.5 h. In FLAMs that were exposed to both 

LPS and cSiO2, DHA significantly reduced release of IL-1α, IL-1β, and TNF-α release at both 

timepoints. No notable DHA effects on proinflammatory cytokine release were evident in FLAMs 

treated with VEH or cSiO2 alone. 
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Study 3: LPS, cSiO2, and DHA differentially impact production of ω-6 ARA-derived oxylipins and 

ω-3 DHA-/EPA-derived oxylipins in FLAMs 

The combined intracellular and extracellular lipidome was analyzed in VEH- and DHA-

treated FLAMs following exposure to LPS and/or cSiO2. Heat mapping showed that cSiO2 

triggered production of a broad group of ARA-derived oxylipins in VEH-treated FLAMs and 

DHA-/EPA-derived oxylipins in DHA-treated FLAMs (Figure 4.6A). These broad oxylipin shifts 

were first observed at 3.5 h with further progression observed at 6 h. The most significantly 

induced ARA-derived oxylipins included PGE2, TXB2, and several HETE regioisomers, whereas 

the most significantly induced DHA-/EPA-derived oxylipins included HDoHE and HEPE 

regioisomers, respectively. DHA supplementation broadly suppressed cSiO2-induced production 

of ARA-derived oxylipins at 3.5 h and 6 h and established a higher baseline level of DHA-/EPA-

derived oxylipins at 2 h. Oxylipins derived from linoleic acid (LA, C18:2ω6) and dihomo-γ-

linolenic acid (DGLA, C20:3ω6) were also induced by cSiO2 and suppressed by DHA, while 

DHA-derived resolvins and maresins were minimally produced during the time-course. In VEH-

treated cells, LPS modestly augmented cSiO2-induced production of ARA-derived oxylipins at 3.5 

h and 6 h while slightly dampening cSiO2-induced production of DHA-/EPA-derived oxylipins. 

No notable shifts in the lipidome were observed in VEH-treated control FLAMs (i.e., cells not 

exposed to LPS and/or cSiO2) for the entirety of the time-course. 

Study 3: DHA suppresses levels of total ARA-derived oxylipins and increases levels of total DHA- 

and EPA-derived oxylipins in FLAMs 

For follow-up analyses, summarized oxylipin quantities (Tables 4.1-4.3) and individual 

oxylipin quantities (Tables S4.3-S4.5) were compared between experimental groups at each 

designated timepoint. Because oxylipin profile shifts were more pronounced at 3.5 h and 6 h with 
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cSiO2 exposure than at 2 h with LPS priming alone (Figure 4.6A, Table 4.1), we focused our 

analysis on the 3.5 h and 6 h timepoints. In line with heat mapping, cSiO2 elevated total levels of 

ARA-derived oxylipins and DHA-/EPA-derived oxylipins produced from VEH- and DHA-treated 

FLAMs, respectively (Figure 4.6B, Table 4.2). In DHA-treated FLAMs, cSiO2-induced levels of 

ARA-derived metabolites were significantly decreased, and, correspondingly, cSiO2-induced 

levels of DHA-/EPA-derived oxylipins were significantly elevated (Figure 4.6B, Table 4.2). 

cSiO2-induced levels of EPA-derived oxylipins also increased in VEH-treated FLAMs (Figure 

4.6B, Table 4.2). LPS priming elicited a marked increase in cSiO2-triggered ARA-derived 

metabolite production in VEH-treated FLAMs and a marked decrease in cSiO2-triggered EPA-

derived metabolite levels in DHA-treated FLAMs (Figure 4.6B, Table 4.2). Findings at 6 h 

reflected those found at 3.5 h with higher overall quantities of ARA-, EPA-, and DHA-derived 

metabolites (Figure 4.6B, Table 4.3). 

Study 3: DHA suppresses cSiO2-induced production of ARA-derived prostaglandins, leukotrienes, 

and thromboxanes in FLAMs 

At 3.5 h and 6 h, cSiO2 induced robust increases in total prostaglandins (Figure 4.7A), 

leukotrienes (Figure 4.8A), and thromboxanes (Figure 4.9A) compared to VEH-treated FLAMs 

(Tables 4.2, 4.3). Levels of PGE2 (Figure 4.7B), LTB4 (Figure 4.8B), and TXB2 (Figure 4.9B), 

three representative oxylipins from each metabolite class, increased in like manner in the presence 

of cSiO2 (Tables S4.4, S4.5). Interestingly, LPS priming augmented cSiO2-triggered production 

of total prostaglandins, leukotrienes, and thromboxanes, in addition to PGE2, LTB4, and TXB2. 

DHA significantly reduced cSiO2-induced prostaglandin, leukotriene, and thromboxane 

production, yet induction of these metabolites was still significant compared to baseline levels in 
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DHA-treated FLAMs. LPS priming did not significantly impact cSiO2-induced levels of 

prostaglandins, leukotrienes, and thromboxanes in DHA-treated FLAMs. 

Study 3: DHA broadly skews cSiO2-induced hydroxy fatty acids from being ω-6 PUFA-derived to 

being ω-3 PUFA-derived 

Total hydroxy fatty acid (HFA) metabolites were significantly increased by cSiO2 exposure 

in both VEH-treated and DHA-treated FLAMs at 3.5 h and 6 h (Figure 4.10; Tables 4.2, 4.3). 

Additional analyses revealed that DHA supplementation significantly reduced levels of ω-6 HFAs 

and significantly increased levels of ω-3 HFAs at both timepoints. The suppressive effect of DHA 

on ω-6 HFA levels was more poignant at 3.5 h than at 6 h, while ω-3 HFA levels steadily increased 

in DHA-treated FLAMs over time. LPS priming further increased levels of cSiO2-induced ω-6 

HFAs at 3.5 h and decreased levels of cSiO2-induced ω-3 HFAs at 6 h. Observed changes in ARA-

derived HFAs reflected those in total ω-6 HFAs: cSiO2 triggered significant increases in ARA-

derived HFA levels in both VEH-treated and DHA-treated FLAMs, DHA significantly reduced 

metabolite levels, and LPS priming further potentiated cSiO2-induced metabolite production at 3.5 

h and 6 h (Figure 4.11A; Tables 4.2, 4.3). Likewise, DHA- and EPA-derived HFA levels reflected 

total levels of ω-3 HFAs, as DHA- and EPA-derived HFA levels significantly increased in DHA-

treated cells exposed to cSiO2 starting at 3.5 h and continuing at 6 h (Figures 4.12A, 4.13A; Tables 

4.2, 4.3). In both VEH-treated FLAMs and DHA-treated FLAMs, quantities of ARA-, EPA-, and 

DHA-derived HFAs were ranked as follows for both timepoints: ARA > DHA > EPA. 

Furthermore, ARA-derived HFAs accounted for the majority of total measured ω-6 HFAs, 

whereas EPA and DHA both accounted for the majority of total measured ω-3 HFAs. 
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Study 3: DHA suppresses cSiO2-induced production of ARA-derived HETEs and induces 

production of EPA-derived HEPEs and DHA-derived HDoHEs 

cSiO2 triggered significant production of ARA-derived 5-HETE, 8-HETE, 9-HETE, 11-

HETE, 12-HETE, and 15-HETE in VEH-treated FLAMs at 3.5 h and 6 h (Figure 4.11B; Tables 

S4.4, S4.5). HETE levels also increased in DHA-treated FLAMs exposed to cSiO2 but were found 

to be significant only for 5-HETE, 8-HETE, and 9-HETE at 6 h and 15-HETE at both timepoints. 

In line with total ARA-derived HFA levels, DHA significantly suppressed 8-HETE at 6 h and 9-

HETE at both timepoints. Levels of other cSiO2-induced HETEs (e.g., 5-HETE, 11-HETE, 12-

HETE, 15-HETE) also were reduced in DHA-treated FLAMs, but the findings were not 

statistically significant. LPS priming elicited a significant increase in cSiO2-induced 8-HETE and 

a non-significant increase in 5-HETE in VEH-treated FLAMs at both timepoints. 

In DHA-treated FLAMs, cSiO2 induced significant increases in several DHA-derived 

HDoHEs (i.e., 4-HDoHE, 7-HDoHE, 8-HDoHE, 10-HDoHE, 11-HDoHE, 14-HDoHE, 16-

HDoHE, 17-HDoHE, 20-HDoHE) and in several EPA-derived HEPEs (i.e., 5-HEPE, 8-HEPE, 9-

HEPE, 11-HEPE, 12-HEPE, 15[S]-HEPE) at both timepoints (Figures 4.12B, 4.13B; Tables S4.4, 

S4.5). While cSiO2 exposure led to significant increases in EPA-derived 5-HEPE, 11-HEPE, and 

12-HEPE in VEH-treated cells during the time-course, DHA-derived HDoHEs did not undergo 

significant increases in VEH-treated cells exposed to cSiO2. The effects of LPS priming on cSiO2-

induced HEPEs and HDoHEs were minimal, with only marked decreases in 8-HEPE and 12-HEPE 

at 3.5 h observed. 

Quantities of selected cSiO2-induced HETEs were found to be highest, followed by 

selected cSiO2-induced HDoHEs and selected cSiO2-induced HEPEs. Relative abundance of 

selected HETEs was: 5-HETE > 11-HETE > 15-HETE > 8-HETE > 12-HETE > 9-HETE. Relative 
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abundance of selected HEPEs was: 5-HEPE > 8-HEPE ≈ 11-HEPE > 15(S)-HEPE > 12-HEPE > 

9-HEPE. Relative abundance of selected HDoHEs was: 4-HDoHE ≈ 20-HDoHE > 16-HDoHE > 

7-HDoHE ≈ 8-HDoHE ≈ 10-HDoHE ≈ 11-HDoHE > 14-HDoHE > 17-HDoHE. 

Study 3: DHA modestly influences production of the specialized pro-resolving lipid mediators 

(SPMs) RvD6 (4,17-DiHDoPE) and MaR1ω-3 DPA in FLAMs 

Specialized pro-resolving mediators (SPMs) are a class of oxylipins comprised of 

resolvins, maresins, protectins, and lipoxins derived from ARA, EPA, ω-3 DPA, and DHA that 

limit proinflammatory cytokine release and promote dead cell clearance by macrophages [504]. 

Most SPMs assessed in our LC-MS oxylipin panel were not detected at any timepoint (Tables 

S4.3-S4.5). On the other hand, DHA supplementation caused a modest increase in RvD6 (4,17-

DiHDoPE) and MaR1ω-3 DPA at 3.5 h and 6 h (Figure 4.14; Tables S4.4, S4.5). In DHA-treated 

FLAMs, cSiO2 exposure did not significantly influence production of RvD6 at either timepoint 

(Figure 4.14A) but significantly increased MaR1ω-3 DPA at 3.5 h and decreased MaR1ω-3 DPA at 6 h 

(Figure 4.14B). LPS priming significantly suppressed MaR1ω-3 DPA production in DHA-treated 

FLAMs at 6 h, modestly inhibited MaR1ω-3 DPA at 3.5 h, and modestly decreased RvD6 production 

at both 3.5 h and 6 h. 

Study 3: DHA modestly influences production of EpFAs and DiHFAs in cSiO2-exposed FLAMs 

Total epoxy fatty acids (EpFAs) and CYP450-derived dihydroxy fatty acids (DiHFAs) 

were quantified from VEH-treated and DHA-treated FLAMs (Figure 4.15A; Tables 4.2, 4.3). In 

VEH-treated FLAMs, cSiO2 modestly induced production of EpFA metabolites at 3.5 h and 6 h 

and did not significantly impact production of DiHFA metabolites. Conversely, cSiO2 triggered 

significant increases in total EpFAs and DiHFAs in DHA-treated FLAMs at both timepoints. 

Interestingly, LPS priming significantly reduced total DiHFA metabolite levels in the absence of 
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cSiO2 in DHA-treated FLAMs. Separate and simultaneous LPS priming and cSiO2 exposure 

elicited modest increases in EpFA:DiHFA ratios in both VEH-treated and DHA-treated FLAMs 

during the time-course. 

Effects of cSiO2 and DHA were also analyzed for selected CYP450 oxylipin products of 

ARA (i.e., 14,15-EpETrE, 14,15-DiHETrE) and DHA (i.e., 19,20-EpDPE, 19,20-DiHDoPE) 

(Figure 4.15B; Tables S4.4, S4.5). cSiO2 evoked production of 14,15-EpETrE and 14,15-

DiHETrE starting at 3.5 h and continuing through 6 h in VEH-treated FLAMs and, to a lesser 

degree, in DHA-treated FLAMs. LPS priming also modestly increased cSiO2-triggered production 

of 14,15-EpETrE in VEH-treated FLAMs. Changes in 14,15-EpETrE levels were not significant, 

and cSiO2-induced production of 14,15-DiHETrE was significant only at 3.5 h. In contrast, DHA 

treatment promoted robust production of 19,20-EpDPE and 19,20-DiHDoPE at both timepoints. 

Exposure to cSiO2 resulted in a subtle, yet non-significant, increase in 19,20-EpDPE and 

corresponding decrease in 19,20-DiHDoPE at both timepoints. Intriguingly, LPS priming alone 

significantly decreased levels of 19,20-EpDPE and 19,20-DiHDoPE during the experiment. 

Overall, levels of 19,20-EpDPE and 19,20-DiHDoPE were found to be higher than levels of 14,15-

EpETrE and 14,15-DiHETrE. 

DISCUSSION 

 AMs comprise the first line of defense against inhaled toxicants, including cSiO2 [505]. 

Preclinical studies have demonstrated that cSiO2 elicits robust inflammatory responses in AMs, 

serving as a foundation for development of downstream autoimmunity, and DHA suppresses 

cSiO2-induced inflammatory and autoimmune responses [19, 430, 506]. However, the effects of 

cSiO2 and DHA on bioactive oxylipin production in AMs are not clearly understood. To address 

this gap in knowledge, we utilized FLAMs, a novel, self-renewing AM model, to test the 
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hypothesis that DHA dampens cSiO2-induced toxicity and broadly skews the cellular lipidome 

from ω-6 PUFA metabolites in favor of ω-3 PUFA metabolites following cSiO2 exposure. We 

made several notable findings during our investigation. First, administering DHA as either an 

ethanolic suspension or as BSA complexes were comparable in displacing the ω-9 PUFA OA and 

ω-6 PUFA ARA from cellular phospholipids in FLAMs, which resulted in increased percent ω-3 

PUFAs and ω-3 HUFA score. Second, DHA suppresses cSiO2-triggered release of IL-1α, IL-1β, 

and TNF-α without impacting cSiO2-induced LMP, mitochondrial depolarization, or death in 

FLAMs. Third, cSiO2 exposure elicits time-dependent production of proinflammatory oxylipins 

derived primarily from ARA, including PGE2, LTB4, TXB2, and HETEs. Fourth, LPS priming 

on its own does not significantly impact oxylipin production but modestly enhances the effects of 

cSiO2 on ARA-derived oxylipin production. Fifth, supplementing FLAMs with DHA suppresses 

cSiO2-induced production of ARA-derived oxylipins. Finally, pre-incubation of FLAMs with 

DHA promoted production of DHA- and EPA-derived oxylipins, including HDoHEs and HEPEs, 

from FLAMs following cSiO2 exposure.  

The pro-resolving impacts of the ω-3 PUFA DHA are multifaceted. At the cellular level, 

DHA 1) modulates membrane fluidity by displacing ω-6 PUFAs from the sn-2 position of 

membrane phospholipids, 2) suppresses expression and release of proinflammatory cytokines, 3) 

compete with ω-6 PUFAs as substrates for fatty acid metabolizing enzymes, and 4) undergoes 

conversion into several classes of highly pro-resolving oxylipins (reviewed in [490-492]). In 

previously published studies, we have found in several macrophage models that DHA is readily 

incorporated into membrane phospholipids at the expense of ω-6 ARA and ω-9 OA, suppresses 

LPS-induced expression of proinflammatory genes and IFN-regulated genes, dampens cSiO2-

induced proinflammatory cytokine release, and stimulates efferocytosis of cSiO2-killed cell 
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corpses [430-432]. We report here that DHA suppresses cSiO2-triggered release of 

proinflammatory cytokines but does not protect against cSiO2-induced LMP, mitochondrial 

toxicity, or cell death in FLAMs. The protective effects of DHA against lysosomal toxicity, 

mitochondrial toxicity, and cell death might be highly dependent on cellular phenotype [430, 432, 

507-512]. DHA’s lack of protection against cSiO2-triggered LMP, mitochondrial depolarization, 

and cell death in FLAMs suggests that these processes are not involved in DHA-mediated lung 

protection. Nevertheless, they may be the vehicles by which cSiO2 drives production of pro-

resolving DHA-derived oxylipins in FLAMs, as DHA-derived HDoHE levels rose at similar rates 

to ARA-derived HETE levels following cSiO2 exposure.  

In the present study, we report for the first time in FLAMs that supplementation with DHA 

as an ethanolic suspension and as a BSA complex results in equivalent increases in phospholipid 

DHA content, displacement of ω-9 OA and ω-6 ARA from phospholipids, and elevation of percent 

phospholipid ω-3 fatty acids and the HUFA score. Our findings correspond with previously 

published data from Wiesenfeld and coworkers, who reported that delivery of DHA as ethanolic 

suspensions and BSA complexes resulted in roughly equal displacement of ARA by DHA in two 

different macrophage cell lines [513]. From a translational perspective, preclinical and clinical 

studies suggest that increased ω-3 PUFA intake—and consequently increased ω-3 fatty acid tissue 

content—are associated with decreased symptom severity in chronic inflammatory conditions such 

as rheumatoid arthritis [514, 515], lupus [344, 348], and cardiovascular disease [516, 517]. While 

we used a physiologically relevant DHA dose in the present study [518], the cell culture conditions 

do not completely reflect other dietary components that could influence AM inflammatory 

responses. For instance, the ω-6/ω-3 ratio in the standard Western diet is approximately 20:1 [519], 

which may increase the risk of inflammatory ARA-derived oxylipin cascades [520]. It will 
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therefore be informative in future investigations to treat FLAMs with various ratios of ω-6 PUFAs 

(e.g., LA, ARA) and ω-3 PUFAs (e.g., EPA, DHA) prior to cSiO2 exposure to more closely model 

dietary patterns in rodent and human studies. 

Our investigation is the first to assess broad impacts of LPS, cSiO2, and DHA on a 

comprehensive oxylipin profile consisting of 156 unique metabolites in a novel AM surrogate 

model. Although our lipid metabolite panel may not account for all oxylipin species present in 

FLAMs, we found here that cSiO2 induced production of numerous bioactive oxylipins derived 

from ARA (e.g., PGE2, LTB4, TXB2, HETEs), EPA (e.g., HEPEs), and DHA (e.g., HDoHEs) in 

VEH-treated and DHA-treated FLAMs. Oxylipins derived from other less abundant ω-6 PUFAs 

(e.g., LA, DGLA) were also detected in our analysis, which may play roles in modulating cSiO2-

triggered toxicity in FLAMs [521]. These results suggest that cSiO2 may promote PLA2-mediated 

release of ω-6 PUFAs and ω-3 PUFAs from the sn-2 position of phospholipids in VEH-treated 

FLAMs and DHA-treated FLAMs, respectively [522], freeing these PUFAs for subsequent 

conversion into oxylipins inside the cell. A previously published study by Sager and coworkers 

suggests that cSiO2 can induce expression of various PLA2 isozymes in the rat lungs [523], but 

the impacts of cSiO2 on PLA2 expression and activity remain unresearched at large. Future studies 

involving genetic deletion or pharmacological inhibition of different PLA2 isozymes should be 

conducted to characterize the impacts of cSiO2 on PLA2 expression and activity and to assess the 

importance of PLA2 in oxylipin production within FLAMs. 

cSiO2 exposure resulted in production of ARA-derived oxylipins that increased as time 

progressed, and LPS priming elicited further cSiO2-induced production of ARA-derived PGE2, 

LTB4, and TXB2 accompanied by release of the proinflammatory cytokines IL-1α, IL-1β, and 

TNF-α. Previous studies have shown that priming macrophages with LPS contributes to 
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upregulation of fatty acid metabolizing enzymes such as COX and LOX isoforms and increased 

expression of proinflammatory cytokines [431, 524-529]. Accordingly, our observations suggest 

that LPS priming may upregulate expression of COX and LOX in FLAMs, contributing to 

heightened production of prostaglandins, leukotrienes, and thromboxanes after cSiO2
 exposure. 

Meanwhile, HFA levels were not significantly changed when FLAMs were subjected to LPS 

priming, which suggests that these oxylipins may be produced in our FLAM model as a result of 

non-enzymatic conversion following exposure to cSiO2. It remains unclear whether LPS-

stimulated proinflammatory cytokines (e.g., IL-1α, IL-1β, TNF-α) interact with their 

corresponding receptors (e.g., IL-1R, TNFR1) on neighboring FLAMs to stimulate production of 

ARA-derived oxylipins. Previous studies suggest that certain proinflammatory cytokines, 

including IL-1β and TNF-α, can induce production of PGE2 and TXB2 in various contexts [530-

532]. Therefore, it would be informative in follow-up studies to either genetically knock out or 

pharmacologically inhibit proinflammatory cytokine receptors of interest to clarify the roles that 

cytokine-receptor signaling might play in influencing the cellular lipidome. 

While numerous HFAs can be produced via the LOX or CYP450 enzymatic pathways (e.g., 

5-HETE, 12-HETE, 15-HETE, 20-HETE, 5-HEPE, 12-HEPE, 15(S)-HEPE, 4(S)-HDoHE, 14(S)-

HDoHE, 17(S)-HDoHE) [492, 533], HFAs can also be produced via non-enzymatic oxidation by 

reactive oxygen species (ROS) [534-536]. Here, cSiO2 caused steady declines in lysosomal 

integrity and mitochondrial integrity that occurred at similar rates in VEH-treated and DHA-

treated FLAMs and also corresponded with increasing HFA production. cSiO2 uptake by 

macrophages has been previously demonstrated to increase ROS levels in the cytoplasm and 

phagolysosome, resulting in LMP [537]. Furthermore, mitochondrial depolarization has been 

shown to occur after cSiO2-induced LMP [183], cSiO2 exposure has been linked to increased 
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mitochondrial ROS production [538], and increased cytosolic ROS can trigger mitochondrial ROS 

production in neighboring mitochondria [539]. Although we did not directly measure production 

of total ROS or mitochondrial ROS in the present study, it is possible that cSiO2-triggered HFA 

production in the FLAM is largely caused by non-enzymatic oxidation via ROS released from 

damaged lysosomes and mitochondria, as no subsets of HFAs were selectively produced in our 

oxylipin panel. Future follow-up studies should aim to quantify total ROS and mitochondrial ROS 

produced from cSiO2-exposed FLAMs and utilize antioxidant agents (e.g., N-acetylcyteine, 

Trolox) to elucidate the impacts of ROS on the production of HFAs and the cellular lipidome as a 

whole. 

It should be noted that we conducted our investigation using FLAMs from non-

autoimmune C57BL/6 mice, which limits the translatability of the present study to other studies 

analyzing respirable cSiO2 as an autoimmune trigger in genetically susceptible mice and humans. 

Previously, we have demonstrated in female autoimmune-prone NZBWF1 mice that dietary DHA 

administered at human caloric equivalents of 2 or 5 g/d dose-dependently reduces perivascular 

leukocyte infiltration and expression of proinflammatory proteins in the lung [19, 20, 351]. These 

changes correspond with increased levels of ω-3 PUFAs in erythrocytes and lungs; suppressed 

levels of cSiO2-induced inflammatory proteins and autoantibodies in bronchoalveolar lavage fluid 

(BALF) and plasma; and delayed onset of resultant glomerulonephritis and proteinuria [344, 352, 

433]. We chose to focus our investigation on C57BL/6-derived FLAMs first because we recently 

characterized this model from a functional perspective [34] and found that these cells are amenable 

to genetic modulation. This prompted us to assess whether this model was also amenable to 

lipidome modulation. Developing a baseline oxylipin profile for C57BL/6 FLAMs will aid us in 

future investigations comparing effects of LPS, cSiO2, and DHA on the lipidome of FLAMs 
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derived from autoimmune-prone mice (e.g., female NZBWF1 mice). Future investigations should 

focus on assessing impacts of LPS, cSiO2, and DHA not only on the lipidome of non-autoimmune 

FLAMs and autoimmune-prone FLAMs but also on the lipidome of primary AMs and whole lung 

homogenates from non-autoimmune mice and autoimmune-prone mice. Single-cell lipidomics, 

analogous to single-cell RNA sequencing [540], would especially be of interest for these follow-

up studies.  

A limitation of the present study is that although it demonstrated the broad early effects of 

LPS, cSiO2, and DHA on the lipidome of a novel AM model, it may not be predictive of early and 

late changes in the lung lipidome as a whole. Another limitation of our investigation is that 

intracellular and extracellular oxylipin content was pooled for all LC-MS analyses, making it 

difficult to discern quantities of secreted oxylipins from quantities of non-secreted oxylipins. By 

conducting LC-MS on separated cell cultures and supernatants, we would be able to better 

understand not only how cSiO2 impacts overall oxylipin production but also how cSiO2 impacts 

oxylipin release from FLAMs. Accordingly, prostanoids, leukotrienes, HFAs, and other subclasses 

of oxylipins elicit biological activity through transmembrane G protein-coupled receptors 

(GPCRs) and intracellular receptors such as PPARγ [541-545]. While receptor-mediated 

biological effects have been reported—and are still being investigated—for numerous individual 

oxylipins (Table S4.6), it remains possible that oxylipins also elicit biological activity as mixtures. 

To this end, it would be of interest to generate conditioned medium containing ARA-derived 

oxylipins and DHA-derived oxylipins from cSiO2-exposed VEH-treated FLAMs and cSiO2-

exposed DHA-treated FLAMs, respectively, and then measure paracrine effects of the oxylipin 

mixtures on cSiO2-induced toxic responses in separate FLAM cultures. Furthermore, the time 

window should be extended in follow-up analyses to better understand the extent to which cSiO2 
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and DHA impact lipid metabolite quantities, as several oxylipin classes (e.g., prostaglandins, 

leukotrienes, thromboxanes, HFAs) exhibited steady increases during the time-course while other 

oxylipin classes (e.g., resolvins, maresins) were mostly detected in negligible quantities during the 

time-course. 

CONCLUSIONS 

 To summarize, the results of the present study suggest that cSiO2 induces robust 

biosynthesis of ω-6 ARA-derived oxylipins and DHA supplementation broadly skews the cSiO2-

triggered lipidome from ARA-derived oxylipins to ω-3 DHA-/EPA-derived oxylipins. The most 

upregulated oxylipins included ARA-derived PGE2, LTB4, TXB2, and HETEs; EPA-derived 

HEPEs; and DHA-derived HDoHEs, with less prominent changes in ω-3/6 EpFAs and DiHFAs. 

Shifts in the cellular lipidome following cSiO2 exposure corresponded with release of 

proinflammatory cytokines (i.e., IL-1α, IL-1β, TNF-α), LMP, mitochondrial depolarization, and 

cell death. DHA supplementation suppressed release of proinflammatory cytokines but not LMP, 

mitochondrial toxicity, or cell death. LPS was required for proinflammatory cytokine release and 

modestly accelerated cSiO2-induced LMP, mitochondrial depolarization, and ARA-derived 

oxylipin production (Figure 4.16). Together, these findings suggest that dietary ω-3 PUFAs may 

protect against cSiO2-triggered lung inflammation by inhibiting biosynthesis of proinflammatory 

ω-6 oxylipins (e.g., PGE2, LTB4) and promoting biosynthesis of ω-3 oxylipins (e.g., HEPEs, 

HDoHEs) in lung AMs. Future investigations are necessary in order to characterize the lipidome 

in AMs and lungs from non-autoimmune and autoimmune-prone mice and relate oxylipin profiles 

to biomarkers of cSiO2-induced toxicity. 
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FIGURES 

 
 

Figure 4.1. Summary of study designs. (A) In Study 1, FLAMs were treated with i) DHA as an 

ethanolic suspension or ethanol vehicle (VEH) or ii) DHA as a BSA complex or 8.33 µM BSA  
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Figure 4.1 (cont’d)  

 

VEH. After 24 h, cells were collected for membrane phospholipid fatty acid analysis by gas-

chromatography (GC). (B) In Study 2, the impacts of DHA, LPS, and cSiO2 on lysosomal 

membrane permeabilization, mitochondrial toxicity, and cell death in FLAMs were assessed by 

live-cell fluorescence microscopy. (C) In Study 3, FLAMs were treated with either ethanolic DHA 

or ethanol VEH, primed with LPS or PBS VEH, then exposed to cSiO2 or PBS VEH. Lysosomal 

cathepsin, LDH, and proinflammatory cytokine release were analyzed in supernatants, and total 

oxylipin production was analyzed in pooled cell and supernatant samples at selected timepoints. 

Abbreviations: FLAMs, fetal liver-derived alveolar macrophages; VEH, vehicle; DHA, 

docosahexaenoic acid; LPS, lipopolysaccharide; cSiO2, crystalline silica; LTR, LysoTracker Red; 

MTR, MitoTracker Red; SG, SYTOX Green.  
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Figure 4.2. Supplementation of FLAMs with DHA significantly decreases arachidonic acid 

(ARA) and oleic acid (OA) content in FLAMs. (A) FLAMs were treated with DHA (25 µM) or  
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Figure 4.2 (cont’d)  

 

EtOH vehicle (VEH) for 24 h and then cell pellets analyzed by gas chromatography (GC). (B) 

FLAMs were treated with DHA (25 µM) complexed to BSA or BSA VEH (8.33 µM) for 24 h then 

cell pellets were analyzed by GC. (A-B) Under both treatment conditions, DHA (22:6ω3) displaces 

ω-9 OA (18:1ω9) and ω-6 ARA (20:4ω6) from FLAMs. (C-D) Percent ω-3 fatty acids (i.e., sum 

of EPA and DHA as a percentage of total fatty acids) and ω-3 highly unsaturated fatty acid (HUFA) 

score (i.e., sum of EPA, ω-3 DPA and DHA as a percentage of the sum of 20:3ω6, 20:4ω6, 20:5ω3, 

22:5ω6, 22:5ω3, and 22:6ω3) are elevated in FLAMs treated with (C) ethanolic DHA and (D) 

DHA-BSA complexes. Data are shown as mean ± SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001: 

Statistically significant differences between VEH-treated FLAMs and DHA-treated FLAMs. 
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Figure 4.3. DHA does not affect early cSiO2-induced lysosomal membrane permeabilization, 

mitochondrial toxicity, and death in FLAMs. FLAMs were treated with DHA (25 µM) or VEH 

for 24 h, primed with LPS (20 ng/ml), then exposed to cSiO2 (12.5 µg/cm2). VEH-treated and 

DHA-treated FLAMs were incubated with DPBS+/+ for 1.5 h then stained with (A) LysoTracker 

Red (LTR; 50 nM), (B) MitoTracker Red (MTR; 25 nM), or (C) SYTOX Green (SG; 200 nM) in 

DPBS+/+ for 30 min. After 30 minutes to allow fluorescent dyes to equilibrate, cSiO2 was added 

dropwise at 0 or 12.5 μg/cm2. (D) Percent LysoTracker Red+, (E) MitoTracker Red+, and (F) 

SYTOX Green+ cells from 2 h to 6 h were quantified using CellProfiler 4.2.1 and RStudio Desktop. 

Data are shown as mean ± SEM.  
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Figure 4.4. DHA does not influence cSiO2-induced cathepsin and LDH release from FLAMs. 

FLAMs were treated with DHA (25 µM) or VEH for 24 hr, primed with LPS (20 ng/ml), then 

exposed to cSiO2 (12.5 µg/cm2). Cell culture supernatants were collected at t = 3.5 h and 6 h, (A) 

cathepsin activity (expressed in units of mean fluorescence intensity [MFI]) quantified as a metric 

for lysosomal permeability, and (B) percent LDH release quantified as a metric for cell death. Data 

are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001: Statistically 

significant differences between cSiO2 and its corresponding control. #p < 0.05, ##p < 0.01, ###p < 

0.001: Statistically significant differences between DHA and its corresponding control. N.D., not 

determined.  
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Figure 4.5. DHA suppresses cSiO2-induced release of proinflammatory cytokines in LPS-

stimulated FLAMs. FLAMs were treated with DHA (25 µM) or VEH for 24 h, primed with LPS 

(20 ng/ml), then exposed to cSiO2 (12.5 µg/cm2). Cell culture supernatants were collected at t = 

3.5 h and 6 h, and (A) IL-1α, (B) IL-1β, (C) TNF-α were quantified by ELISA. *p < 0.05, **p < 

0.01: Statistically significant differences between cSiO2 and its corresponding control. #p < 0.05, 
##p < 0.01, ###p < 0.001: Statistically significant differences between DHA and its corresponding 

control. N.D., not determined.  
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Figure 4.6. LPS, cSiO2, and DHA differentially impact generation of ARA-, DHA-, and EPA-

derived oxylipins from VEH- and LPS-treated FLAMs. FLAMs were treated with DHA (25  
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Figure 4.6 (cont’d)  

 

µM) or VEH for 24 h, primed with LPS (20 ng/ml), and/or exposed to cSiO2 (12.5 µg/cm2). 

Cultured FLAMs and supernatants were pooled at t = 2 h, 3.5 h, and 6 h and 156 oxylipins profiled 

by LC-MS. (A) Heat maps depicting the concentration of scaled DHA/EPA-derived and ARA-

derived oxylipins, using unsupervised clustering with the Euclidean distance method. (B) Total 

ARA-, DHA-, and EPA-derived metabolites were quantified for all experimental groups at 3.5 h 

and 6 h. Data are shown as mean ± SEM. MetaboAnalyst Version 5.0 was used for data 

normalization and statistical analysis by one-way analysis of variance (ANOVA) (FDR = 0.05) 

followed by Tukey’s honestly significant difference (HSD) post-hoc test. Asterisks (*) indicate 

statistically significant differences (FDR q < 0.05) for cSiO2-treated groups and their 

corresponding controls. Hashes (#) indicate statistically significant differences (FDR q < 0.05) for 

DHA-treated groups and their corresponding controls. Crosses (†) indicate statistically significant 

differences (FDR q < 0.05) for LPS-treated groups and their corresponding controls.  
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Figure 4.7. DHA dampens cSiO2-induced production of prostaglandins in FLAMs. (A) Total 

prostaglandins and (B) PGE2 were quantified for all experimental groups at 3.5 h and 6 h. Data  
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Figure 4.7 (cont’d)  

 

are shown as mean ± SEM. MetaboAnalyst Version 5.0 was used for data normalization and 

statistical analysis by one-way analysis of variance (ANOVA) (FDR = 0.05) followed by Tukey’s 

honestly significant difference (HSD) post-hoc test. Asterisks (*) indicate statistically significant 

differences (FDR q < 0.05) for cSiO2-treated groups and their corresponding controls. Hashes (#) 

indicate statistically significant differences (FDR q < 0.05) for DHA-treated groups and their 

corresponding controls. Crosses (†) indicate statistically significant differences (FDR q < 0.05) for 

LPS-treated groups and their corresponding controls. 
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Figure 4.8. DHA inhibits cSiO2-induced production of leukotrienes in FLAMs. (A) Total 

leukotrienes and (B) LTB4 were quantified for all experimental groups at 3.5 h and 6 h. Data are  
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Figure 4.8 (cont’d)  

 

shown as mean ± SEM. MetaboAnalyst Version 5.0 was used for data normalization and statistical 

analysis by one-way analysis of variance (ANOVA) (FDR = 0.05) followed by Tukey’s honestly 

significant difference (HSD) post-hoc test. Asterisks (*) indicate statistically significant 

differences (FDR q < 0.05) for cSiO2-treated groups and their corresponding controls. Hashes (#) 

indicate statistically significant differences (FDR q < 0.05) for DHA-treated groups and their 

corresponding controls. Crosses (†) indicate statistically significant differences (FDR q < 0.05) for 

LPS-treated groups and their corresponding controls. N.D., not determined. 
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Figure 4.9. DHA suppresses cSiO2-induced production of thromboxanes in FLAMs. (A) Total 

thromboxanes and (B) TXB2 were quantified for all experimental groups at 3.5 h and 6 h. Data  
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Figure 4.9 (cont’d)  

 

are shown as mean ± SEM. MetaboAnalyst Version 5.0 was used for data normalization and 

statistical analysis by one-way analysis of variance (ANOVA) (FDR = 0.05) followed by Tukey’s 

honestly significant difference (HSD) post-hoc test. Asterisks (*) indicate statistically significant 

differences (FDR q < 0.05) for cSiO2-treated groups and their corresponding controls. Hashes (#) 

indicate statistically significant differences (FDR q < 0.05) for DHA-treated groups and their 

corresponding controls. Crosses (†) indicate statistically significant differences (FDR q < 0.05) for 

LPS-treated groups and their corresponding controls. N.D., not determined. 
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Figure 4.10. DHA skews cSiO2-induced hydroxy fatty acid (HFA) metabolites from being ω-

6 PUFA-derived and toward being ω-3 PUFA-derived. Total hydroxy fatty acids (HFAs), ω-6 

HFAs, and ω-3 HFAs were quantified for all experimental groups at 3.5 h and 6 h. Data are shown 

as mean ± SEM. MetaboAnalyst Version 5.0 was used for data normalization and statistical 

analysis by one-way analysis of variance (ANOVA) (FDR = 0.05) followed by Tukey’s honestly 

significant difference (HSD) post-hoc test. Asterisks (*) indicate statistically significant 

differences (FDR q < 0.05) for cSiO2-treated groups and their corresponding controls. Hashes (#) 

indicate statistically significant differences (FDR q < 0.05) for DHA-treated groups and their 

corresponding controls. Crosses (†) indicate statistically significant differences (FDR q < 0.05) for 

LPS-treated groups and their corresponding controls.  
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Figure 4.11. cSiO2-induced production of ARA-derived HFAs is diminished with DHA 

supplementation. (A) Total ARA-derived HFAs and (B) 5-HETE, 8-HETE, 9-HETE, 11-HETE,  
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Figure 4.11 (cont’d)  

 

12-HETE, and 15-HETE were quantified for all experimental groups at 3.5 h and 6 h. Data are 

shown as mean ± SEM. MetaboAnalyst Version 5.0 was used for data normalization and statistical 

analysis by one-way analysis of variance (ANOVA) (FDR = 0.05) followed by Tukey’s honestly 

significant difference (HSD) post-hoc test. Asterisks (*) indicate statistically significant 

differences (FDR q < 0.05) for cSiO2-treated groups and their corresponding controls. Hashes (#) 

indicate statistically significant differences (FDR q < 0.05) for DHA-treated groups and their 

corresponding controls. Crosses (†) indicate statistically significant differences (FDR q < 0.05) for 

LPS-treated groups and their corresponding controls.  
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Figure 4.12. cSiO2 exposure of DHA-supplemented FLAMs triggers increased production of 

DHA-derived hydroxy fatty acids (HFAs). (A) Total DHA-derived HFAs and (B) 4-HDoHE, 7- 
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Figure 4.12 (cont’d)  

 

HDoHE, 8-HDoHE, 10-HDoHE, 11-HDoHE, 14-HDoHE, 16-HDoHE, 17-HDoHE, and 20-

HDoHE were quantified for all experimental groups at 3.5 h and 6 h. Data are shown as mean ± 

SEM. MetaboAnalyst Version 5.0 was used for data normalization and statistical analysis by one-

way analysis of variance (ANOVA) (FDR = 0.05) followed by Tukey’s honestly significant 

difference (HSD) post-hoc test. Asterisks (*) indicate statistically significant differences (FDR q 

< 0.05) for cSiO2-treated groups and their corresponding controls. Hashes (#) indicate statistically 

significant differences (FDR q < 0.05) for DHA-treated groups and their corresponding controls. 

Crosses (†) indicate statistically significant differences (FDR q < 0.05) for LPS-treated groups and 

their corresponding controls.  
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Figure 4.13. cSiO2-induced production of EPA-derived hydroxy fatty acids (HFAs) is 

augmented with DHA supplementation. (A) Total EPA-derived HFAs and (B) 5-HEPE, 8- 
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Figure 4.13 (cont’d)  

 

HEPE, 9-HEPE, 11-HEPE, 12-HEPE, and 15(S)-HEPE were quantified for all experimental 

groups at 3.5 h and 6 h. Data are shown as mean ± SEM. MetaboAnalyst Version 5.0 was used for 

data normalization and statistical analysis by one-way analysis of variance (ANOVA) (FDR = 

0.05) followed by Tukey’s honestly significant difference (HSD) post-hoc test. Asterisks (*) 

indicate statistically significant differences (FDR q < 0.05) for cSiO2-treated groups and their 

corresponding controls. Hashes (#) indicate statistically significant differences (FDR q < 0.05) for 

DHA-treated groups and their corresponding controls. Crosses (†) indicate statistically significant 

differences (FDR q < 0.05) for LPS-treated groups and their corresponding controls.  
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Figure 4.14. DHA supplementation contributes to modest production of specialized pro-

resolving mediators RvD6 (4,17-DiHDoPE) and MaR1ω-3 DPA in FLAMs. (A) RvD6 (4,17-

DiHDoPE) and (B) MaR1ω-3 DPA were quantified for all experimental groups at 3.5 h and 6 h. Data 

are shown as mean ± SEM. MetaboAnalyst Version 5.0 was used for data normalization and 

statistical analysis by one-way analysis of variance (ANOVA) (FDR = 0.05) followed by Tukey’s 

honestly significant difference (HSD) post-hoc test. Asterisks (*) indicate statistically significant 

differences (FDR q < 0.05) for cSiO2-treated groups and their corresponding controls. Hashes (#) 

indicate statistically significant differences (FDR q < 0.05) for DHA-treated groups and their 

corresponding controls. Crosses (†) indicate statistically significant differences (FDR q < 0.05) for 

LPS-treated groups and their corresponding controls.  



163 

 
 

Figure 4.15. cSiO2 exposure and DHA supplementation contribute to increased production 

of epoxy fatty acids (EpFAs) and dihydroxy fatty acids (DiHFAs). (A) Total EpFAs, total  
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Figure 4.15 (cont’d)  

 

DiHFAs, and EpFA:DiHFA ratios (Cepoxide/Cdiol) were quantified for all experimental groups at 3.5 

h and 6 h. (B) 14,15-EpETrE, 14,15-DiHETrE, 19,20-EpDPE, and 19,20-DiHDoPE were 

quantified for all experimental groups at 3.5 h and 6 h. Data are shown as mean ± SEM. 

MetaboAnalyst Version 5.0 was used for data normalization and statistical analysis by one-way 

analysis of variance (ANOVA) (FDR = 0.05) followed by Tukey’s honestly significant difference 

(HSD) post-hoc test. Asterisks (*) indicate statistically significant differences (FDR q < 0.05) for 

cSiO2-treated groups and their corresponding controls. Hashes (#) indicate statistically significant 

differences (FDR q < 0.05) for DHA-treated groups and their corresponding controls. Crosses (†) 

indicate statistically significant differences (FDR q < 0.05) for LPS-treated groups and their 

corresponding controls.  
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Figure 4.16. Putative model for the effects of DHA on the cSiO2-triggered lipidome and 

proinflammatory cytokine release in the FLAM. cSiO2 binds to MARCO, a cSiO2 surface 

receptor, and is phagocytosed by the FLAM. Following phagocytosis, cSiO2 triggers lysosomal 

membrane permeabilization (LMP), causing release of lysosomal proteolytical cathepsins and 

reactive oxygen species (ROS). Lysosomal cathepsin release and ROS elicit mitochondrial 

membrane depolarization and further ROS release into the cytosol. cSiO2 also triggers 

phospholipase A2 (PLA2)-mediated release of the ω-6 polyunsaturated fatty acid (PUFA) 

arachidonic acid (ARA) from the plasma membrane, freeing it for enzymatic and non-enzymatic 

conversion to various proinflammatory ω-6 oxylipins. Pre-incubation of FLAMs with DHA causes 

displacement of ARA from the plasma membrane, thereby allowing PLA2-mediated release of 

DHA into the cytosol following cSiO2 exposure. Cytosolic DHA competes with ARA as a substrate 

of enzymatic and non-enzymatic oxylipin production, ultimately leading to generation of various 

pro-resolving ω-3 oxylipins. When cells are primed with lipopolysaccharide (LPS), toll-like 

receptor 4 (TLR) stimulates nuclear translocation of NF-κB to upregulate proinflammatory genes. 

DHA inhibits NF-κB-regulated gene expression through the G protein-coupled receptor GPR120 

and the nuclear receptor PPARγ. Created with BioRender.com.  
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TABLES 

Table 4.1. Summarized oxylipin data at t = 2 h. 

 
 VEH/VEH LPS/VEH DHA/VEH DHA/LPS 

Σ 18:2ω6 15.25 ± 4.37 11.01 ± 1.72  10.36 ± 2.39 8.64 ± 0.36 

Σ 18:3ω3 0.27 ± 0.14 0.18 ± 0.10 0.43 ± 0.23 0.16 ± 0.09 

Σ 20:2ω6 0.04 ± 0.02 0.04 ± 0.03 0.01 ± 0.01 0.03 ± 0.02 

Σ 20:3ω6 0.59 ± 0.05 0.68 ± 0.10 0.49 ± 0.11 0.53 ± 0.08 

Σ 20:4ω6 10.13 ± 0.47 13.80 ± 1.90 11.99 ± 0.63 11.61 ± 0.34 

Σ 20:5ω3 3.77 ± 0.26 3.56 ± 0.27 10.04 ± 0.14 9.51 ± 0.34 

Σ 22:5ω3 0.09 ± 0.01 0.09 ± 0.01 0.52 ± 0.01 0.54 ± 0.03 

Σ 22:6ω3 3.56 ± 0.10 3.72 ± 0.57 42.78 ± 5.23 31.79 ± 0.98 

Σ Total ω-6 26.00 ± 4.14 25.53 ± 2.47 22.84 ± 2.36 20.81 ± 20.98 

Σ Total ω-3 7.69 ± 0.42 7.55 ± 0.85 53.77 ± 4.93 42.00 ± 42.56 

Σ ω-6 EpFA 0.41 ± 0.06 0.34 ± 0.06 0.30 ± 0.03 0.29 ± 0.01 

Σ ω-3 EpFA 0.18 ± 0.01 0.22 ± 0.03 2.72 ± 0.08 1.82 ± 0.04 

Σ Total EpFA 0.59 ± 0.06 0.55 ± 0.07 3.02 ± 0.04 2.11 ± 0.04 

Σ ω-6 DiHFA 

(CYP450 origin) 
0.55 ± 0.08 0.64 ± 0.05 0.69 ± 0.05 0.66 ± 0.06 

Σ ω-3 DiHFA 

(CYP450 origin) 
0.34 ± 0.06 0.68 ± 0.07 0.83 ± 0.06 0.77 ± 0.04 

Σ Total DiHFA 

(CYP450 origin) 
0.89 ± 0.14 0.88 ± 0.02 5.49 ± 0.35 4.94 ± 0.31 

EpFA:DiHFA ratio 0.53 ± 0.08 0.48 ± 0.08 0.38 ± 0.03 0.28 ± 0.01 

Σ ω-6 

Prostaglandin 
1.33 ± 0.15 2.65 ± 0.12 1.24 ± 0.08 2.05 ± 0.09 

Σ ω-3 

Prostaglandin 
0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 

Σ Total 

Prostaglandin 
1.33 ± 0.15 2.66 ± 0.13 1.24 ± 0.08 2.05 ± 0.09 

Σ ω-6 Leukotriene 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Σ ω-3 Leukotriene 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Σ Total 

Leukotriene 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Σ ω-6 

Thromboxane 
0.31 ± 0.03 0.59 ± 0.09 0.27 ± 0.02 0.41 ± 0.03 

Σ ω-3 

Thromboxane 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Σ Total 

Thromboxane 
0.31 ± 0.03 0.59 ± 0.09 0.27 ± 0.02 0.41 ± 0.03 

Σ ω-6 HFA 18.80 ± 2.79 17.91 ± 2.43 17.35 ± 2.15 14.70 ± 0.54 

Σ ω-3 HFA 6.96 ± 0.33 6.69 ± 0.77 45.35 ± 5.16 35.01 ± 0.82 

Σ HFA (ARA 

origin) 
8.16 ± 0.33 10.31 ± 1.80 9.98 ± 0.60 8.71 ± 0.35 

Σ HFA (EPA 

origin) 
3.63 ± 0.24 3.40 ± 0.25 9.32 ± 0.15 8.94 ± 0.32 
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Table 4.1 (cont’d) 

 
Σ HFA (DHA 

origin) 
3.05 ± 0.07 3.11 ± 0.52 35.60 ± 5.44 25.91 ± 1.03 

Σ Total HFA 25.75 ± 2.99 24.60 ± 3.16 62.71 ± 4.19 49.71 ± 1.26 

Σ Total Oxo-FA 4.59 ± 1.24 3.56 ± 0.39 3.11 ± 0.23 2.81 ± 0.22 

Σ ω-6 DiHFA  

(LOX origin) 
0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.02 

Σ ω-3 DiHFA  

(LOX origin) 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Σ Total DiHFA  

(LOX origin) 
0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.02 

Σ Total Lipoxin 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Σ Resolvin  

(EPA origin) 
0.03 ± 0.01 0.04 ± 0.01 0.02 ± 0.00 0.01 ± 0.01 

Σ Resolvin  

(DHA origin) 
0.09 ± 0.03 0.11 ± 0.00 0.20 ± 0.03 0.19 ± 0.02 

Σ Total Resolvin 0.13 ± 0.03 0.15 ± 0.01 0.22 ± 0.03 0.20 ± 0.02 

Σ Maresin  

(ω-3 DPA origin) 
0.09 ± 0.01 0.09 ± 0.01 0.52 ± 0.01 0.54 ± 0.03 

Σ Maresin  

(DHA origin) 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Σ Total Maresin 0.09 ± 0.01 0.09 ± 0.01 0.52 ± 0.01 0.54 ± 0.03 

Σ Protectin  

(ω-3 DPA origin) 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Σ Protectin  

(DHA origin) 
0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.02 ± 0.02 

Σ Total Protectin 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.02 ± 0.02 

 

Data are presented in units of pmol/culture as mean ± SEM. 18:2ω6, linoleic acid; 18:3ω3, α-

linolenic acid; 20:2ω6, eicosadienoic acid; 20:3ω6, linoleic acid; dihomo-γ-linolenic acid; 20:4ω6, 

arachidonic acid; 20:5ω3, eicosapentaenoic acid; 22:5ω3, docosapentaenoic acid; 22:6ω3, 

docosahexaenoic acid; EpFA, epoxy fatty acid; DiHFA, dihydroxy fatty acid; CYP450, 

cytochrome P450 monooxygenase; HFA, hydroxy fatty acid; oxo-FA, oxo fatty acid; ARA, 

arachidonic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; DHA, 

docosahexaenoic acid.  
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Table 4.2. Summarized oxylipin data at t = 3.5 h. 

 

 VEH/VEH LPS/VEH VEH/cSiO2 LPS/cSiO2 
DHA- 

VEH/VEH 

DHA- 

LPS/VEH 

DHA- 

VEH/cSiO2 

DHA- 

LPS/cSiO2 

Σ 18:2ω6 8.52 ± 1.14 15.87 ± 6.50 27.66 ± 10.16 34.01 ± 20.09 13.82 ± 4.57 79.99 ± 48.52 14.74 ± 1.48 17.80 ± 4.06 

Σ 18:3ω3 0.06 ± 0.04 0.14 ± 0.09 1.61 ± 0.28 1.48 ± 1.12 0.20 ± 0.10 1.74 ± 1.71 0.28 ± 0.22 0.41 ± 0.21 

Σ 20:2ω6 0.00 ± 0.00 0.00 ± 0.00 0.34 ± 0.04 0.34 ± 0.03 0.07 ± 0.05 0.25 ± 0.25 0.17 ± 0.02 0.11 ± 0.05 

Σ 20:3ω6 0.38 ± 0.10 0.51 ± 0.06 4.89 ± 0.09 6.69 ± 0.07 0.56 ± 0.07 0.63 ± 0.12 2.45 ± 0.17 2.01 ± 0.53 

Σ 20:4ω6 11.58 ± 0.36 23.81 ± 1.31 299.93 ± 6.36 474.67 ± 11.98 13.47 ± 1.17 13.44 ± 0.55 162.74 ± 7.62 163.41 ± 29.20 

Σ 20:5ω3 4.49 ± 0.25 3.54 ± 0.21 11.62 ± 0.05 12.27 ± 0.32 10.73 ± 0.14 12.04 ± 0.31 21.29 ± 0.15 16.36 ± 2.37 

Σ 22:5ω3 0.15 ± 0.01 0.00 ± 0.00 0.22 ± 0.01 0.22 ± 0.02 0.55 ± 0.03 0.41 ± 0.04 0.72 ± 0.06 0.56 ± 0.07 

Σ 22:6ω3 4.07 ± 0.01 4.81 ± 0.19 15.97 ± 0.31 14.83 ± 0.74 50.00 ± 8.48 61.29 ± 16.28 95.85 ± 2.43 76.49 ± 19.17 

Σ Total ω-6 20.47 ± 1.30 40.19 ± 6.86 332.81 ± 12.70 515.71 ± 30.00 27.91 ± 5.20 94.30 ± 48.50 180.10 ± 7.55 183.32 ± 26.56 

Σ Total ω-3 8.76 ± 0.28 8.49 ± 0.48 29.43 ± 0.56 28.79 ± 1.80 61.48 ± 8.52 75.48 ± 16.52 118.13 ± 2.39 93.82 ± 21.49 

Σ ω-6 EpFA 0.33 ± 0.09 0.55 ± 0.22 0.93 ± 0.06 1.87 ± 0.12 0.37 ± 0.07 1.49 ± 0.26 0.87 ± 0.08 1.21 ± 0.22 

Σ ω-3 EpFA 0.22 ± 0.00 0.56 ± 0.03 0.66 ± 0.03 0.75 ± 0.04 3.04 ± 0.04 1.35 ± 0.08 3.70 ± 0.11 2.71 ± 0.46 

Σ Total EpFA 0.55 ± 0.09 1.11 ± 0.21 1.59 ± 0.05 2.63 ± 0.14 3.41 ± 0.03 2.85 ± 0.30 4.58 ± 0.19 3.91 ± 0.37 

Σ ω-6 DiHFA 

(CYP450 origin) 
0.94 ± 0.22 0.54 ± 0.13 1.44 ± 0.14 1.57 ± 0.18 0.80 ± 0.05 1.15 ± 0.20 1.11 ± 0.06 0.93 ± 0.13 

Σ ω-3 DiHFA 

(CYP450 origin) 
1.00 ± 0.26 0.73 ± 0.21 1.53 ± 0.11 1.72 ± 0.18 1.03 ± 0.06 1.75 ± 0.28 1.35 ± 0.05 1.17 ± 0.11 

Σ Total DiHFA 

(CYP450 origin) 
1.26 ± 0.27 1.24 ± 0.08 1.87 ± 0.08 1.92 ± 0.15 5.37 ± 0.04 1.74 ± 0.03 4.33 ± 0.39 3.12 ± 0.61 

EpFA:DiHFA ratio 0.32 ± 0.01 0.68 ± 0.16 0.63 ± 0.01 1.12 ± 0.03 0.43 ± 0.01 1.26 ± 0.14 0.79 ± 0.12 1.04 ± 0.24 

Σ ω-6 

Prostaglandin 
1.75 ± 0.15 7.69 ± 0.39 40.46 ± 1.69 89.94 ± 4.33 1.46 ± 0.03 3.13 ± 0.14 22.29 ± 1.70 27.71 ± 2.65 

Σ ω-3 

Prostaglandin 
0.00 ± 0.00 0.00 ± 0.00 0.06 ± 0.03 0.07 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 0.15 ± 0.03 0.12 ± 0.01 

Σ Total 

Prostaglandin 
1.75 ± 0.15 7.69 ± 0.39 40.52 ± 1.66 90.01 ± 4.31 1.46 ± 0.03 3.13 ± 0.14 22.44 ± 1.73 27.83 ± 2.66 

Σ ω-6 Leukotriene 0.00 ± 0.00 0.00 ± 0.00 0.43 ± 0.03 1.72 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 0.37 ± 0.04 0.46 ± 0.08 

Σ ω-3 Leukotriene 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Σ Total 

Leukotriene 
0.00 ± 0.00 0.00 ± 0.00 0.43 ± 0.03 1.72 ± 0.03 0.01 ± 0.00 0.00 ± 0.00 0.37 ± 0.04 0.46 ± 0.08 

Σ ω-6 

Thromboxane 
0.48 ± 0.09 3.94 ± 0.21 18.92 ± 1.08 33.90 ± 0.80 0.37 ± 0.03 0.89 ± 0.01 9.23 ± 0.50 10.49 ± 0.83 
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Table 4.2 (cont’d) 

Σ ω-3 

Thromboxane 
0.00 ± 0.00 0.02 ± 0.02 0.06 ± 0.00 0.14 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.11 ± 0.02 0.13 ± 0.01 

Σ Total 

Thromboxane 
0.48 ± 0.09 3.95 ± 0.20 18.98 ± 1.08 34.04 ± 0.80 0.37 ± 0.03 0.89 ± 0.01 9.35 ± 0.49 10.61 ± 0.84 

Σ ω-6 HFA 14.54 ± 0.98 21.65 ± 4.02 264.09 ± 11.95 378.47 ± 28.05 21.04 ± 3.99 68.88 ± 42.49 141.27 ± 5.64 135.84 ± 25.24 

Σ ω-3 HFA 7.75 ± 0.17 6.86 ± 0.42 27.74 ± 0.59 26.94 ± 1.66 52.88 ± 8.50 72.16 ± 16.48 109.62 ± 2.46 87.35 ± 20.55 

Σ HFA (ARA 

origin) 
8.72 ± 0.48 12.24 ± 0.83 237.31 ± 4.60 344.44 ± 13.61 10.92 ± 1.01 9.27 ± 0.53 129.16 ± 5.38 121.44 ± 26.97 

Σ HFA (EPA 

origin) 
4.33 ± 0.23 3.23 ± 0.22 11.16 ± 0.10 11.54 ± 0.28 9.88 ± 0.11 11.51 ± 0.33 20.09 ± 0.17 15.46 ± 2.20 

Σ HFA (DHA 

origin) 
3.37 ± 0.10 3.48 ± 0.13 14.96 ± 0.32 13.96 ± 0.71 42.80 ± 8.45 58.97 ± 16.26 89.25 ± 2.52 71.52 ± 18.43 

Σ Total HFA 22.28 ± 1.14 28.51 ± 3.99 291.83 ± 12.54 405.42 ± 29.71 73.91 ± 4.52 141.05 ± 48.85 250.89 ± 6.04 223.19 ± 45.42 

Σ Total Oxo-FA 2.58 ± 0.27 6.09 ± 2.54 6.53 ± 1.17 8.23 ± 1.87 3.97 ± 1.23 19.53 ± 5.90 5.18 ± 0.62 6.95 ± 1.85 

Σ ω-6 DiHFA 

(LOX origin) 
0.02 ± 0.01 0.02 ± 0.01 0.05 ± 0.01 0.07 ± 0.02 0.08 ± 0.01 0.02 ± 0.00 0.02 ± 0.00 0.03 ± 0.02 

Σ ω-3 DiHFA 

(LOX origin) 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.01 0.00 ± 0.00 

Σ Total DiHFA 

(LOX origin) 
0.02 ± 0.01 0.02 ± 0.01 0.05 ± 0.01 0.10 ± 0.02 0.08 ± 0.01 0.02 ± 0.01 0.04 ± 0.01 0.03 ± 0.02 

Σ Total Lipoxin 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.04 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.02 ± 0.02 

Σ Resolvin 

(EPA origin) 
0.03 ± 0.01 0.01 ± 0.01 0.04 ± 0.00 0.04 ± 0.00 0.03 ± 0.00 0.02 ± 0.00 0.05 ± 0.02 0.03 ± 0.02 

Σ Resolvin 

(DHA origin) 
0.11 ± 0.06 0.06 ± 0.00 0.16 ± 0.01 0.11 ± 0.02 0.23 ± 0.03 0.14 ± 0.02 0.26 ± 0.05 0.31 ± 0.05 

Σ Total Resolvin 0.14 ± 0.07 0.08 ± 0.01 0.20 ± 0.01 0.16 ± 0.01 0.26 ± 0.03 0.17 ± 0.03 0.31 ± 0.06 0.33 ± 0.06 

Σ Maresin 

(ω-3 DPA origin) 
0.15 ± 0.01 0.00 ± 0.00 0.22 ± 0.01 0.22 ± 0.02 0.55 ± 0.03 0.41 ± 0.04 0.72 ± 0.06 0.56 ± 0.07 

Σ Maresin 

(DHA origin) 
0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Σ Total Maresin 0.15 ± 0.01 0.00 ± 0.00 0.24 ± 0.02 0.22 ± 0.02 0.55 ± 0.03 0.41 ± 0.04 0.72 ± 0.06 0.56 ± 0.07 

Σ Protectin 

(ω-3 DPA origin) 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Σ Protectin 

(DHA origin) 
0.03 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.02 ± 0.02 0.00 ± 0.00 0.01 ± 0.01 0.12 ± 0.12 

Σ Total Protectin 0.03 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.02 ± 0.02 0.00 ± 0.00 0.01 ± 0.01 0.12 ± 0.12 
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Table 4.2 (cont’d) 

 

Data are presented in units of pmol/culture as mean ± SEM. 18:2ω6, linoleic acid; 18:3ω3, α-linolenic acid; 20:2ω6, eicosadienoic acid; 

20:3ω6, linoleic acid; dihomo-γ-linolenic acid; 20:4ω6, arachidonic acid; 20:5ω3, eicosapentaenoic acid; 22:5ω3, docosapentaenoic 

acid; 22:6ω3, docosahexaenoic acid; EpFA, epoxy fatty acid; DiHFA, dihydroxy fatty acid; CYP450, cytochrome P450 monooxygenase; 

HFA, hydroxy fatty acid; oxo-FA, oxo fatty acid; ARA, arachidonic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; 

DHA, docosahexaenoic acid.  
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Table 4.3. Summarized oxylipin data at t = 6 h. 

 

 VEH/VEH LPS/VEH VEH/cSiO2 LPS/cSiO2 
DHA-

VEH/VEH 

DHA- 

LPS/VEH 

DHA- 

VEH/cSiO2 

DHA- 

LPS/cSiO2 

Σ 18:2ω6 11.99 ± 1.87 177.51 ± 85.19 48.76 ± 23.73 21.65 ± 1.83 9.73 ± 2.56 25.77 ± 2.71 59.23 ± 20.61 39.37 ± 11.61 

Σ 18:3ω3 0.16 ± 0.11 1.86 ± 1.78 0.97 ± 0.17 0.99 ± 0.12 0.11 ± 0.07 0.29 ± 0.14 1.03 ± 0.36 0.35 ± 0.30 

Σ 20:2ω6 0.00 ± 0.00 0.00 ± 0.00 0.43 ± 0.04 0.50 ± 0.07 0.02 ± 0.01 0.02 ± 0.02 0.35 ± 0.03 0.30 ± 0.01 

Σ 20:3ω6 0.53 ± 0.13 0.77 ± 0.10 9.04 ± 0.46 10.70 ± 0.06 0.71 ± 0.06 0.80 ± 0.08 6.84 ± 0.32 5.25 ± 0.39 

Σ 20:4ω6 19.38 ± 4.42 30.37 ± 14.59 559.57 ± 7.73 680.84 ± 3.00 20.37 ± 0.67 29.77 ± 2.99 364.44 ± 10.83 352.40 ± 9.73 

Σ 20:5ω3 6.27 ± 0.58 10.90 ± 1.57 16.83 ± 0.32 17.36 ± 0.20 16.23 ± 0.39 12.36 ± 1.10 34.61 ± 0.61 30.24 ± 1.88 

Σ 22:5ω3 0.22 ± 0.04 0.22 ± 0.04 0.31 ± 0.01 0.28 ± 0.01 0.99 ± 0.07 0.45 ± 0.09 0.83 ± 0.03 0.89 ± 0.01 

Σ 22:6ω3 5.37 ± 0.51 25.33 ± 9.81 27.20 ± 1.06 26.42 ± 0.34 51.33 ± 5.13 45.04 ± 2.93 181.21 ± 5.82 156.41 ± 5.67 

Σ Total ω-6 31.90 ± 3.98 208.64 ± 71.33 617.79 ± 22.68 713.69 ± 1.54 30.83 ± 2.64 56.35 ± 4.94 430.86 ± 29.19 397.33 ± 16.34 

Σ Total ω-3 12.02 ± 1.07 38.31 ± 11.79 45.30 ± 1.04 45.05 ± 0.39 68.65 ± 5.26 58.14 ± 2.03 217.68 ± 5.39 187.89 ± 7.58 

Σ ω-6 EpFA 0.39 ± 0.01 1.86 ± 0.75 2.36 ± 0.41 1.86 ± 0.23 0.34 ± 0.06 0.89 ± 0.22 1.92 ± 0.46 1.89 ± 0.30 

Σ ω-3 EpFA 0.22 ± 0.03 1.20 ± 0.35 1.12 ± 0.03 1.02 ± 0.01 2.85 ± 0.24 1.56 ± 0.17 4.52 ± 0.11 4.31 ± 0.29 

Σ Total EpFA 0.61 ± 0.03 3.05 ± 1.10 3.49 ± 0.44 2.88 ± 0.23 3.18 ± 0.30 2.45 ± 0.39 6.44 ± 0.36 6.20 ± 0.57 

Σ ω-6 DiHFA 

(CYP450 origin) 
1.60 ± 0.17 2.62 ± 1.23 2.69 ± 0.25 2.57 ± 0.07 1.31 ± 0.08 1.02 ± 0.13 1.83 ± 0.22 1.66 ± 0.29 

Σ ω-3 DiHFA 

(CYP450 origin) 
1.71 ± 0.17 3.31 ± 1.43 3.07 ± 0.48 2.61 ± 0.06 1.40 ± 0.10 1.28 ± 0.27 2.54 ± 0.28 2.01 ± 0.22 

Σ Total DiHFA 

(CYP450 origin) 
2.14 ± 0.21 2.69 ± 0.86 3.50 ± 0.22 3.10 ± 0.11 7.97 ± 0.20 1.96 ± 0.13 5.26 ± 0.11 4.64 ± 0.61 

EpFA:DiHFA ratio 0.22 ± 0.02 1.55 ± 0.66 0.77 ± 0.08 0.70 ± 0.05 0.26 ± 0.02 0.86 ± 0.10 0.86 ± 0.10 0.94 ± 0.04 

Σ ω-6 

Prostaglandin 
4.43 ± 1.53 11.16 ± 5.08 79.88 ± 1.39 101.69 ± 4.34 3.16 ± 0.24 9.76 ± 0.46 43.81 ± 0.63 49.79 ± 2.11 

Σ ω-3 

Prostaglandin 
0.00 ± 0.00 0.03 ± 0.03 0.18 ± 0.02 0.19 ± 0.01 0.00 ± 0.00 0.06 ± 0.01 0.33 ± 0.00 0.28 ± 0.01 

Σ Total 

Prostaglandin 
4.43 ± 1.53 11.19 ± 5.12 80.06 ± 1.41 101.88 ± 4.35 3.16 ± 0.24 9.82 ± 0.47 44.14 ± 0.63 50.07 ± 2.12 

Σ ω-6 Leukotriene 0.02 ± 0.02 0.00 ± 0.00 0.60 ± 0.03 1.77 ± 0.14 0.00 ± 0.00 0.01 ± 0.01 0.27 ± 0.02 0.49 ± 0.07 

Σ ω-3 Leukotriene 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Σ Total Leukotriene 0.02 ± 0.02 0.00 ± 0.00 0.60 ± 0.03 1.78 ± 0.13 0.00 ± 0.00 0.01 ± 0.01 0.27 ± 0.02 0.49 ± 0.07 

Σ ω-6 

Thromboxane 
1.10 ± 0.27 3.63 ± 2.79 32.15 ± 1.95 42.75 ± 1.77 0.69 ± 0.07 3.62 ± 0.19 15.81 ± 0.79 20.50 ± 3.23 
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Table 4.3 (cont’d) 

Σ ω-3 

Thromboxane 
0.00 ± 0.00 0.03 ± 0.03 0.13 ± 0.01 0.07 ± 0.03 0.00 ± 0.00 0.05 ± 0.00 0.14 ± 0.02 0.15 ± 0.02 

Σ Total 

Thromboxane 
1.10 ± 0.27 3.66 ± 2.82 32.28 ± 1.94 42.81 ± 1.79 0.69 ± 0.07 3.66 ± 0.19 15.95 ± 0.80 20.65 ± 3.25 

Σ ω-6 HFA 21.14 ± 2.14 162.03 ± 65.44 480.29 ± 13.68 552.36 ± 3.75 22.55 ± 2.32 32.16 ± 4.16 346.54 ± 20.56 308.13 ± 16.22 

Σ ω-3 HFA 10.70 ± 0.96 33.91 ± 10.57 42.70 ± 1.15 42.76 ± 0.40 57.61 ± 5.04 54.25 ± 2.14 207.63 ± 5.55 178.59 ± 6.84 

Σ HFA (ARA 

origin) 
12.45 ± 2.40 14.16 ± 6.91 438.46 ± 7.15 525.66 ± 2.46 15.39 ± 0.76 16.30 ± 2.38 299.62 ± 9.34 275.86 ± 11.08 

Σ HFA (EPA origin) 6.08 ± 0.55 9.34 ± 0.88 15.74 ± 0.39 16.38 ± 0.21 15.31 ± 0.34 11.70 ± 1.07 32.82 ± 0.57 28.69 ± 1.72 

Σ HFA (DHA 

origin) 
4.46 ± 0.47 22.71 ± 9.26 25.99 ± 1.09 25.38 ± 0.38 42.19 ± 4.86 42.27 ± 3.03 173.78 ± 5.95 149.57 ± 5.09 

Σ Total HFA 31.84 ± 2.93 195.93 ± 75.11 522.99 ± 13.36 595.11 ± 4.09 80.16 ± 7.16 86.41 ± 2.11 554.17 ± 25.86 486.72 ± 22.94 

Σ Total Oxo-FA 3.30 ± 0.61 28.18 ± 12.24 19.42 ± 9.18 10.52 ± 0.77 2.88 ± 0.57 9.38 ± 2.32 20.92 ± 8.24 15.12 ± 3.81 

Σ ω-6 DiHFA 

(LOX origin) 
0.04 ± 0.02 1.01 ± 1.00 0.09 ± 0.02 0.06 ± 0.01 0.08 ± 0.04 0.02 ± 0.01 0.05 ± 0.01 0.03 ± 0.01 

Σ ω-3 DiHFA 

(LOX origin) 
0.01 ± 0.01 0.00 ± 0.00 0.03 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 

Σ Total DiHFA 

(LOX origin) 
0.05 ± 0.03 1.01 ± 1.00 0.12 ± 0.03 0.08 ± 0.02 0.09 ± 0.04 0.02 ± 0.01 0.05 ± 0.01 0.04 ± 0.02 

Σ Total Lipoxin 0.02 ± 0.01 0.00 ± 0.00 0.09 ± 0.01 0.08 ± 0.02 0.01 ± 0.01 0.00 ± 0.00 0.04 ± 0.00 0.04 ± 0.02 

Σ Resolvin 

(EPA origin) 
0.06 ± 0.00 0.02 ± 0.01 0.06 ± 0.00 0.05 ± 0.00 0.03 ± 0.00 0.02 ± 0.00 0.11 ± 0.01 0.05 ± 0.03 

Σ Resolvin 

(DHA origin) 
0.13 ± 0.02 1.01 ± 0.89 0.19 ± 0.02 0.17 ± 0.04 0.32 ± 0.02 0.27 ± 0.03 0.34 ± 0.02 0.26 ± 0.05 

Σ Total Resolvin 0.18 ± 0.02 1.03 ± 0.89 0.25 ± 0.02 0.22 ± 0.04 0.35 ± 0.02 0.29 ± 0.03 0.45 ± 0.01 0.31 ± 0.07 

Σ Maresin 

(ω-3 DPA origin) 
0.22 ± 0.04 0.22 ± 0.04 0.31 ± 0.01 0.28 ± 0.01 0.99 ± 0.07 0.45 ± 0.09 0.83 ± 0.03 0.89 ± 0.01 

Σ Maresin 

(DHA origin) 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Σ Total Maresin 0.22 ± 0.04 0.22 ± 0.04 0.31 ± 0.01 0.28 ± 0.01 0.99 ± 0.07 0.45 ± 0.09 0.83 ± 0.03 0.89 ± 0.01 

Σ Protectin 

(ω-3 DPA origin) 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Σ Protectin 

(DHA origin) 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.04 ± 0.01 0.01 ± 0.01 0.03 ± 0.02 

Σ Total Protectin 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.04 ± 0.01 0.01 ± 0.01 0.03 ± 0.02 
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Table 4.3 (cont’d) 

 

Data are presented in units of pmol/culture as mean ± SEM. 18:2ω6, linoleic acid; 18:3ω3, α-linolenic acid; 20:2ω6, eicosadienoic acid; 

20:3ω6, linoleic acid; dihomo-γ-linolenic acid; 20:4ω6, arachidonic acid; 20:5ω3, eicosapentaenoic acid; 22:5ω3, docosapentaenoic 

acid; 22:6ω3, docosahexaenoic acid; EpFA, epoxy fatty acid; DiHFA, dihydroxy fatty acid; CYP450, cytochrome P450 monooxygenase; 

HFA, hydroxy fatty acid; oxo-FA, oxo fatty acid; ARA, arachidonic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid; 

DHA, docosahexaenoic acid.
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CHAPTER 5: SOLUBLE EPOXIDE HYDROLASE INHIBITOR TPPU SUPPRESSES 

PULMONARY INFLAMMATORY CELL INFILTRATION BUT DOES NOT PREVENT 

LUNG PATHOLOGY OR EARLY AUTOIMMUNITY IN LUPUS-PRONE MICE 

ACUTELY EXPOSED TO CRYSTALLINE SILICA  
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ABSTRACT 

 Exposure to respirable crystalline silica (cSiO2) in the workplace is a trigger of lupus, a 

debilitating autoimmune disease hallmarked by systemic tissue damage and multiorgan 

comorbidities. cSiO2-triggered lupus flaring can be modeled in autoimmune-prone NZBWF1 

mice, where the particle induces unresolvable lung inflammation, systemic autoimmunity, and 

glomerulonephritis. One promising approach for ameliorating environmentally-triggered 

autoimmunity is employing small-molecule inhibitors of soluble epoxide hydrolase (sEH), which 

prevent degradative hydrolysis of highly pro-resolving, endogenous epoxy fatty acids. Notably, 

the sEH inhibitor (sEHI) TPPU has been shown to limit toxicant-triggered pathology and 

autoimmunity in mice and is currently in human clinical trials for several inflammatory and 

systemic metabolic diseases. In the present study, we tested the hypothesis that sEH inhibition 

impedes cSiO2-triggered inflammation and loss of immunological tolerance in the lungs of female 

lupus-prone NZBWF1 mice. Mice aged 6 wk were fed control or TPPU-amended diets, 

intranasally instilled once with 2.5 mg cSiO2 at age 8 wk, then terminated at 7d post-cSiO2 

instillation (PI) and 28d PI. At 7d PI, cSiO2 elicited robust infiltration of CD206+ monocytes and 

Ly6B.2+ neutrophils into the centriacinar region of the lung, as well as marked centriacinar 

inflammation and fibrosis. Targeted gene expression and multiplex protein analyses and multiplex 

analyses revealed that cSiO2 upregulated proinflammatory cytokines, chemokines, and type I IFN 

proteins at both timepoints. At 28d PI, cSiO2 promoted moderate development of centriacinar 

lymphoid tissue and recruitment of CD3+ T lymphocytes and CD45R+ B lymphocytes into the lung 

while monocyte numbers and neutrophil numbers in the BALF and lung tissue approached control 

levels. In accordance with lymphoid tissue development, antinuclear AAb titers were increased in 

the BALF and plasma of cSiO2-exposed mice at 28d PI. Dietary TPPU significantly decreased 



176 

infiltration of monocytes (7d PI, 28d PI), neutrophils (7d PI, 28d PI), and lymphocytes (7d PI) in 

the BALF but did not significantly impact other analyzed biomarkers of cSiO2-induced lung 

inflammation and autoimmunity in this preclinical model. Together, our results suggest that while 

sEH suppressed leukocyte infiltration into the alveolar space, it was insufficient to prevent cSiO2-

triggered inflammation in the lung and autoimmune onset. 

INTRODUCTION 

Systemic lupus erythematosus (lupus) is a debilitating autoimmune disease that afflicts 

more than 3 million people worldwide, with the highest prevalence in non-Caucasian women of 

childbearing age [360]. Common hallmarks of lupus pathogenesis include genetically-driven 

inflammatory tissue damage, accumulation of cellular corpses, release of autoantigens (AAgs) that 

hyperactivate T and B lymphocytes, and production of autoantibodies (AAbs) that form circulating 

immune complexes with their corresponding AAgs [361, 362]. Immune complex deposition in 

peripheral organs triggers complement activation, innate immune cell recruitment, and secretion 

of proinflammatory cytokines and chemokines, contributing to a positive feedback loop of cell 

death, unresolved inflammation, AAb production, and irreparable tissue damage [363, 364]. Over 

time, deposition of immune complexes in the kidney can cause development of glomerulonephritis 

and further progression to end-stage kidney disease in lupus patients. 

Currently, lupus has no known cure, but a variety of pharmaceuticals including 

corticosteroids (e.g., prednisone, methylprednisolone), immunosuppressants (e.g., mycophenolate 

mofetil, azathioprine), and biologicals (e.g., anifrolumab-fnia, belimumab) are used to reduce 

episodic disease flaring and mortality in individuals with persistent lupus [11, 569-571]. While 

these mainstay medications have efficacy against lupus flaring, they can further burden individuals 

with adverse side effects and/or steep financial costs. Long-term use of corticosteroids can lead to 
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weight gain, osteoporosis, and type 2 diabetes, whereas immunosuppressants and monoclonal 

antibodies can contribute to insomnia, increased bacterial infections, and heightened risk of 

shingles [572-575]. In addition, the direct costs of lupus (i.e., disease prevention, diagnosis, 

treatment) can reach $70,000 per year per patient while the indirect costs of lupus (i.e., loss of 

productivity at work and home, decreased quality of life) can exceed $20,000 per patient per year 

[15]. Current treatment regimens are further complicated by a high degree of genotypical and 

phenotypical heterogeneity between lupus-afflicted individuals [576, 577]. There is, therefore, a 

critical need for safer, less expensive interventions to prevent the initial onset of lupus and 

ameliorate flaring of lupus symptoms.  

Although genetic predispositions play a significant role in the initiation and progression of 

lupus, environmental factors can hasten or delay the onset of genetically-driven autoimmunity [3, 

578]. Occupational exposure to the respirable toxicant crystalline silica (cSiO2) has been 

etiologically linked to lupus, other rheumatic autoimmune diseases, silicosis, chronic obstructive 

pulmonary disease (COPD), pulmonary fibrosis, and lung cancer [331, 471, 474]. The highest 

levels of cSiO2 exposure occur in dusty trades including mining, construction, ceramics, and 

dentistry work [579-581]. In female autoimmune-prone NZBWF1 mice, a preclinical model of 

lupus, we have demonstrated that 4 weekly intranasal instillations with 1 mg cSiO2, modeling one 

half of human lifetime exposure at the exposure limit recommended by NIOSH, potentiates 

development of ectopic lymphoid tissue (ELT) in the lung, elevated AAb titers and AAgs in the 

plasma, and hastened onset of glomerulonephritis 12 wk after the final cSiO2 instillation [20, 318, 

352]. In the lung, repeated intranasal doses of cSiO2 trigger upregulation of proinflammatory 

mediators (i.e., cytokines, chemokines, interferons, adhesion molecules) and genes involved with 

innate and adaptive immune cell function in as little as 1 wk post-instillation (PI) with further 
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upregulation up to 13 wk PI, suggesting that the lung serves as a nexus for cSiO2-triggered 

autoimmunity and glomerulonephritis [582].  

To better model immediate and short-term effects of cSiO2 on inflammation and 

autoimmunity, we recently showed assessed the effects of a singular intranasal dose of 2.5 mg 

cSiO2 in female NZBWF1 mice on cellular, histopathological, transcriptomic, and protein 

biomarkers from 1 to 28 d PI. We found in this acute model of cSiO2-triggered autoimmune flaring 

that the particle evokes robust inflammation in the lung by 7 d PI, characterized by i) alveolar 

infiltration of macrophages, neutrophils, and lymphocytes, ii) cell death and release of cellular 

dsDNA, iii) upregulation of proinflammatory cytokines, chemokines, and type I interferon (IFN)-

regulated genes, and iv) secretion of proinflammatory cytokines and chemokines. Further apparent 

was the development of T and B lymphocyte-containing ELS in the lung beginning at 21 d PI, 

indicative of early development of cSiO2-induced autoimmunity [583]. Taken together, this new 

model can potentially provide valuable insight into early mechanisms by which cSiO2 triggers 

autoimmune flaring in the lung and offers the opportunity for preclinical evaluation of potential 

interventions against environmentally-driven lupus. 

While environmental toxicants such as cSiO2 can potentiate the development of 

autoimmunity, other environmental factors such as dietary polyunsaturated fatty acids (PUFAs) 

can also influence disease onset. In the United States, daily intake of ω-6 PUFAs exceeds that of 

ω-3 PUFAs at a ω-6/ω-3 ratio of 20:1 and is associated with increased risk of inflammatory and 

autoimmune diseases [584-586]. When consumed, ω-3/6 PUFAs are incorporated into cell 

membrane phospholipids and impact membrane fluidly, lipid raft formation, and downstream 

cellular signaling. In addition, cell membrane PUFAs serve as substrates for potent 

proinflammatory and pro-resolving lipid mediators. One of the most important cell membrane 
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PUFAs in inflammatory signaling is arachidonic acid (C20:4, ω-6, ARA), which is metabolized 

from dietary linoleic acid (C18:2, ω-6, LA) through a series of desaturation and elongation 

reactions [586]. Phospholipase A2 (PLA2), when activated by an inflammatory stimulus, cleaves 

ARA from the sn-2 position of phospholipids. Resultant non-esterified ARA can be shunted into 

one of three major eicosanoid biosynthesis pathways: 1) the cyclooxygenase (COX) pathway 

which converts ARA into prostaglandins and thromboxanes; 2) the lipoxygenase (LOX) pathway 

which converts ARA into leukotrienes, hydroxyeicosatetraenoic acids (HETEs), and lipoxins; and 

3) the cytochrome P450 (CYP450) pathway which converts ARA into HETEs and 

epoxyeicosatrienoic acids (EpETrEs). Generally, prostaglandins, thromboxanes, leukotrienes, and 

HETEs are considered proinflammatory, whereas lipoxins and EpETrEs are considered pro-

resolving [587]. Although little is known about the lipid metabolite profile of lupus patients, it has 

been previously reported that patients with lupus exhibit elevated erythrocyte/serum ω-6 PUFAs 

(i.e., LA and ARA), which correlated with plasma antinuclear AAb titers and dsDNA [588, 589]. 

Accordingly, the proinflammatory lipid metabolite profile that may contribute to lupus disease 

activity, as is the case with rheumatoid arthritis patients [590]. 

One possible intervention for delaying the development and progression of 

environmentally-triggered lupus flaring is pharmacological modification of the endogenous 

lipidome. Soluble epoxide hydrolase (sEH) is a promising drug target because it converts highly 

pro-resolving CYP450-derived epoxy fatty acids (EpFAs) (e.g., EpETrEs) to less pro-resolving or 

more proinflammatory dihydroxy fatty acids (DiHFAs) (e.g., DiHETrEs) [591, 592]. In preclinical 

rodent studies, the sEH inhibitor (sEHI) 1-(4-trifluoro-methoxy-phenyl)-3-(1-propionylpiperidin-

4-yl) urea (TPPU) has been reported to ameliorate ongoing inflammation and fibrosis in multiple 

organs including the lung and kidney [593, 594], autoimmune encephalitis [396], autoimmune 
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lupus nephritis [23], and rheumatoid arthritis [397]. TPPU has an excellent pharmacological 

profile characterized by high systemic distribution, affinity for sEH, and biological potency and 

minimal non-specific binding and adverse side-effects [391, 393, 394, 470]. Recently, we have 

demonstrated that oral administration of TPPU in experimental rodent diet shifts the plasma 

epoxide/diol metabolite ratio toward EpFAs at the expense of DiHFAs, and, furthermore, TPPU 

ameliorates lipopolysaccharide (LPS)-accelerated glomerulonephritis in female NZBWF1 mice 

[595] Thus, TPPU may be efficacious in ameliorating lupus symptoms and comorbidities triggered 

by environmental agents.  

The objective of this study was to test the hypothesis that sEH inhibition by TPPU prevents 

early cSiO2-induced lung inflammation and autoimmunity in lupus-prone mice. Cohorts of female 

lupus-prone NZBWF1 mice were fed either control diet or experimental diet supplemented with 

the sEH inhibitor TPPU (22.5 mg/kg diet) at 6 wk of age, given one intranasal instillation of 2.5 

mg cSiO2 at 8 wk of age, then sacrificed at either 7 d PI or 28 d PI. We found that, while TPPU 

dampened cSiO2-induced leukocyte infiltration in the lung, it did not influence pulmonary 

histopathology, expression and production of proinflammatory proteins in lung tissue, or secretion 

of autoantibodies in BALF or plasma. 

MATERIALS AND METHODS 

Key reagents 

All key reagents used in this study and their corresponding catalog numbers are 

summarized in Table S5.1. 

Animals 

All experimental protocols were approved by the Institutional Animal Care and Use 

Committee (Animal Use Form [AUF] #202100252) at Michigan State University (MSU) in 
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accordance with guidelines established by the National Institutes of Health. Female lupus-prone 

NZBWF1 mice (cat. #100008) aged 6 wk were procured from the Jackson Laboratory (Bar Harbor, 

ME) and randomized into experimental groups (Table 1). Female NZBWF1 mice were used 

because they express genetic loci that contribute to increased autoreactive T and B cell numbers, 

elevated B cell hyperactivity, and reduced T cell death [339]. These aberrations ultimately 

culminate in elevated antinuclear AAb titers, loss of immunological self-tolerance, and 

spontaneous development of systemic autoimmune disease that is strikingly similar to lupus in 

humans [339, 596]. Mice were housed 4 per cage and given free access to drinking water and either 

control (CON) American Institute of Nutrition (AIN)-93G diet (Dyets Inc., Bethlehem, PA) or 

TPPU-amended AIN-93G diet for the entirety of the study. Animal facilities were maintained 

under controlled conditions (lighting: 12 h light/dark cycle; temperature: 21-24 °C; humidity: 40-

55%). Mice were given 2 wk to acclimate before experiments began (Figure 5.1). 

Diets 

Two experimental diets were prepared using a modification of AIN-93G diet containing 

70 g/kg fat as a base to provide optimal nutrition to experimental rodents [412]. Both CON and 

TPPU diet contained 60 g/kg high-oleic safflower oil (Hain Pure Food, Boulder, CO) and 10 g/kg 

corn oil as sources of essential ω-9 and ω-6 fatty acids, respectively. For TPPU diet, 22.5 mg 

TPPU, synthesized by Dr. Kin Sing Stephen Lee at Michigan State University (East Lansing, MI) 

[391], was thoroughly mixed into 1 kg of prepared CON diet. To prevent lipid oxidation, 

experimental diets were prepared biweekly and stored at -20 °C until administered to mice. Fresh 

diet was given to mice every day. Diet formulations are recorded in Table 5.2. 
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Intranasal cSiO2 instillation 

At 8 wk of age, mice were intranasally instilled once with 2.5 mg cSiO2 as described 

previously [583]. Briefly, acid-washed, oven dried cSiO2 particles (Min-U-Sil® 5, average particle 

size: 1.5-2.0 µm, Pennsylvania Sand Glass Corporation, Pittsburgh, PA, US) were suspended in 

sterile phosphate buffered saline (PBS; Millipore Sigma) at a final concentration of 100 mg/ml 

prior to use. Before intranasal instillation, fresh stock suspensions were sonicated and vortexed 

vigorously for 1 min. Mice were anesthetized by inhalation with isoflurane (4% in O2), held in the 

supine position, and intranasally instilled once with either 2.5 mg cSiO2 suspended in 25 µl PBS 

or 25 µl PBS vehicle (VEH). This cSiO2 dose was chosen because it has been widely used in 

silicosis studies [597-600], and it allometrically reflects 30 percent of lifetime human occupational 

exposure to respirable cSiO2 at the permissible exposure limit (PEL) of 50 μg/m3/d defined by the 

U.S. Occupational Safety and Health Administration [601]. Mice were held in the same position 

for a few seconds after instillation to ensure adequate distribution throughout the respiratory tract, 

then mice were returned to their cages and monitored for signs of distress. No injury or death 

resulted from the procedure. Cohorts of VEH- and cSiO2-instilled mice (3 groups, n = 8/group) 

were terminated at 7d and 28d PI. These endpoints were selected because acute cSiO2 instillation 

was previously found to elicit robust pulmonary leukocyte recruitment, chemokine and interferon-

regulated gene expression, cell death, and AAb secretion at both 7d and 28d PI [583]. 

Tissue collection and processing 

Mice were euthanized by intraperitoneal injection of 56 mg/kg body weight sodium 

pentobarbital and subsequent abdominal aortic exsanguination. Blood was immediately collected 

with heparin-coated syringes and centrifuged at 3500 x g for 10 min at 4 °C to isolate plasma. An 

antioxidant cocktail (0.2 mg/ml butylated hydroxytoluene, 0.2 mg/m triphenylphosphine, 0.6 
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mg/ml EDTA) [414] was prepared in-house and added at a 5% (v/v) concentration to all plasma 

aliquots designated for LC-MS/MS analysis. All plasma samples were stored at -80 °C as single-

use aliquots for downstream analyses. After blood collection, the trachea was exposed and 

cannulated, and the lungs and heart were collected en bloc. Isolated lungs were flushed twice with 

0.8 ml of sterile PBS through the cannulated trachea to recover bronchoalveolar lavage fluid 

(BALF), and BALF fractions were combined for downstream analyses. The cranial, middle, and 

accessory lobes were removed, snap-frozen in liquid nitrogen, and stored at –20 °C. The caudal 

lobe was stored in RNAlater (Thermo Fisher Scientific, Waltham, MA) overnight at 4 °C then 

stored at -80 °C for RNA analysis. The left lung lobe was then intratracheally fixed with 10% (v/v) 

neutral-buffered formalin (Fisher Scientific, Pittsburgh, PA) at a constant pressure (30 cm H2O) 

for 1 h and subsequently immersed and stored in a large volume of 10% formalin for 24 h. All 

fixed tissues were transferred to 30% (v/v) ethanol for long-term storage and histological 

preparation.  

BALF inflammatory cell quantitation 

Total cells in BALF were determined by counting intact cells with a standard 

hemocytometer. Cytological slides were prepared by centrifuging 150 µl of BALF from each 

mouse onto microscopic slides at 600 x g for 10 min using a Shandon Cytospin 3 (Shandon 

Scientific, PA), drying overnight at 25 °C, and staining with Diff-Quick (Thermo Fisher Scientific, 

Waltham, MA). Differential counts of monocytes/macrophages, neutrophils, and lymphocytes 

were determined by assessing morphological criteria of 200 counted cells on each slide. 

Lung histopathology, immunofluorescence, and birefringent imaging 

Formalin-fixed left lung lobes were cut into 5 µm sections, embedded in paraffin, then 

deparaffinized and stained with hematoxylin and eosin (H&E) or Masson’s trichrome at the MSU 
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Investigative Histopathology Laboratory. Lung tissues stained with H&E were microscopically 

imaged and semi-quantitatively graded in a blinded manner by a board-certified veterinary 

pathologist for the following lung lesions: (a) presence of centriacinar inflammation, (b) presence 

of centriacinar fibrosis, and (c) presence of perivascular lymphoid cells. Each lung was assigned 

one of the following semi-quantitative scores for overall histopathology and collagen deposition: 

(0) no changes compared to control mice, (1) minimal (<10% of total area affected); (2) slight (10-

25% of total area affected), (3) moderate (26-50% change affected), (4) severe (51-75% of total 

area affected), or (5) very severe (>75% of total area affected). 

 Immunohistochemical identification of neutrophils, monocytes, B lymphocytes, and T 

lymphocytes in the lung was performed as previously described [318]. Briefly, H&E-stained lung 

sections were stained with mouse-specific anti-Ly6B.2 monoclonal antibody (BioRad, Hercules, 

CA) for neutrophil detection, anti-CD206 polyclonal antibody (Abcam, Cambridge, MA) for 

monocyte detection, anti-CD45R monoclonal antibody (Becton Dickinson, Franklin Lakes, NJ) 

for B lymphocyte detection, or anti-CD3 polyclonal antibody (Abcam) for T lymphocyte detection. 

Slides were scanned with an Olympus VS200 virtual slide scanner (Evident Scientific & Olympus 

VS200, Waltham, MA). Semi-quantitative scores for neutrophil, macrophage, and lymphocyte 

infiltration in the lung were assigned using the following scale: (0) no changes compared to 

VEH/CON mice, (1) minimal (<10% affected), (2) mild (11-25% affected), (3) moderate (26-50% 

affected), (4) marked (51-75% affected), (5) severe (76-100% affected). 

Birefringent imaging was conducted to visualize cSiO2 particle deposition in the lung. 

H&E-stained lung tissues were scanned with an Olympus Slideview VS200 virtual slide scanner 

(Olympus) equipped with a UPLXAPO 20X objective lens (Olympus) and a VS-264C RGB 

camera (IDS Imaging Development Systems Inc., Stoneham, MA). Exposure time was set to 75 
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ms, and focal points were set to extra high. A randomly selected slide from the VEH/CON group 

was used to calibrate shading correction and white balance prior to all birefringent imaging, and a 

randomly selected slide from the cSiO2/CON group was used to calibrate and re-zero the 

polarization angle before scanning each experimental group. 

Expression of inflammatory cytokine, chemokine, and type I interferon-regulated genes in the lung  

Total RNA from the lung was extracted using TissueLyser II (Qiagen, Germantown, MD) 

and a RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. Isolated RNA was 

reconstituted in RNase-free water and quantified using a Nanodrop ND-1000 spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA). RNA was reverse transcribed at a concentration of 100 

ng/µl using a High-Capacity cDNA Reverse Transcriptase Kit (Thermo Fisher Scientific, 

Waltham, MA). Taqman assays for proinflammatory cytokines (Il1a, Il1b, Il2, Il6, Tnf), 

chemokines (Ccl2, Ccl7, Ccl8, Cscl1, Cxcl5, Cxcl9, Cxcl10), type I interferon-related genes (Mx1, 

Oas1a, Oas1b, Oas2, Irf7, Isg15, Ifi44, Zbp1, Ifit1, Rsad2, Siglec1, Psmb8), and endogenous 

housekeeping genes (Actb, Gapd, Hprt) were run with technical triplicates using a Smart Chip 

Real-Time PCR System at the MSU Genomics Core. Expression levels of selected genes of interest 

were normalized to the housekeeping genes and reported as fold-change compared to the 

VEH/CON group using the 2−ΔΔCT method [602]. 

Profiling of proinflammatory cytokines and chemokines in the lung 

Lung tissues were weighed and homogenized in RIPA Lysis and Extraction Buffer 

(Thermo Fisher Scientific) using TissueLyser II (Qiagen, Germantown, MD) to yield 20% 

homogenate in buffer (w/v). Total protein in each sample was quantified using a Pierce™ BCA 

Protein Assay Kit (Thermo Fisher Scientific) and sample absorbances measured using a FilterMax 

F3 Multimode plate reader (Molecular Devices, San Jose, CA) set to a wavelength of 562 nm. 
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Samples were normalized to a total protein concentration of 1000 µg/ml by adding the appropriate 

volume of RIPA buffer. Then, 100-µl sample aliquots were shipped to Eve Technologies (Calgary, 

Alberta, Canada) for quantification of homogenate cytokines and chemokines using Mouse 

Cytokine/Chemokine 44-Plex Discovery Assay® Array. Resultant cytokine and chemokine levels 

were normalized to the original weight of lung tissue homogenized per animal and reported in 

units of pg/g lung tissue. 

Quantification of IgG AAbs in BALF and plasma 

Apoptotic cell (AC)-derived material was generated for solid-phase in an indirect enzyme-

linked immunosorbent assay (ELISA) as previously described [603]. Briefly, RAW 264.7 murine 

macrophage cells were cultured in 100 mm cell culture dishes in RPMI 1640 medium containing 

10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S). They were harvested by 

centrifugation at 500 ×g for 5 min and then resuspended to a final density of 1×107 cells/ml in 

serum-deprived RPMI 1640 medium containing 1% P/S then treated with 1 µM staurosporine 

(R&D Systems) to induce apoptosis. Cells were placed in a 37 °C incubator (5% CO2) for 24 h, 

then the supernatant was collected, centrifuged at 500 ×g for 10 min, and frozen in 2 ml aliquots 

at -20 °C. 

 In addition, cSiO2-killed cell (SKC)-derived material for ELISA solid-phase was prepared 

using a previously described protocol [432]. RAW 264.7 cells were seeded in 100 mm cell culture 

dishes at a density of 3.2×105 cells/ml in serum-reduced RPMI 1640 medium containing 0.25% 

FBS and 1% P/S. Then, cells were treated with 50 µg/ml cSiO2 to induce robust cell death. Cells 

were placed in a 37 °C incubator (5% CO2) for 20 h, then the supernatant was collected, centrifuged 

at 500 ×g for 10 min, and frozen in 2 ml aliquots at -20 °C. 
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 Total dsDNA and protein content in AC-derived material and SKC-derived material were 

quantitated by using a Quant-iT™ PicoGreen® dsDNA Assay Kit (Thermo Fisher Scientific) and a 

Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific), respectively, according to the 

manufacturer’s instructions. dsDNA was measured using a FilterMax F3 Multimode plate reader 

(Molecular Devices) set to fluorescence wavelengths of 480/520 nm. Protein was measured using 

a FilterMax F3 Multimode plate reader (Molecular Devices) set to an absorbance wavelength of 

562 nm. Total dsDNA and protein content in AC-derived and SKC-derived material are recorded 

in Table S5.2. 

 IgG AAbs to dsDNA, nucleosomes, AC-derived material, and SKC-derived material were 

measured in BALF and plasma of mice from the 28 d PI cohort as described previously [603]. 

Briefly, 96-well flat-bottom Nunc-Immuno™ Maxisorp microplates (Thermo Fisher Scientific) 

were first coated with 20 µg/ml poly-L-lysine in PBS (pH 7.4) and incubated overnight at 4 °C. 

Plates were washed three times with PBS after all incubation steps. After treating the plates with 

poly-L-lysine, plates were blocked with 300 µl/well blocking buffer (PBS, 2% [w/v] BSA, 0.05% 

[v/v] Tween 20) for 2.5 h at room temperature. Then, plates were coated with 50 µl/well of AC-

derived supernatant, SKC-derived material, 2.5 µg/ml calf thymus dsDNA (Alpha Diagnostic 

International), or 2.5 µg/ml calf thymus nucleosomes (Arotec Diagnostics) diluted in ELISA 

dilution buffer (PBS, 0.1% [w/v] BSA, 0.05% [v/v] Tween 20) and incubated for 1 h at room 

temperature. Following antigen coating, 50 µl of BALF or plasma diluted 1:20 in ELISA dilution 

buffer was added to the plates and incubated for 1 h at room temperature. Mouse anti-dsDNA 

antibody (EMD Millipore Corporation, Temecula, CA) was used to establish a standard curve 

ranging from 2000 arbitrary units (U) to 3.91 U in 2-fold increments. Plates were then incubated 

with 50 µl/well goat anti-human IgG Fc HRP-conjugated detection antibody (Southern Biotech, 
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Birmingham, AL) diluted 1:5000 in ELISA dilution buffer for 1 h at room temperature. Finally, 

plates were incubated with 50 µl/well K-Blue® Advanced Plus TMB Substrate (Neogen) for 20 

min at room temperature and sample absorbances measured using a FilterMax F3 Multimode plate 

reader (Molecular Devices, San Jose, CA) set to a wavelength of 650 nm. Using SoftMax Pro 

Software (Molecular Devices, San Jose, CA), sample absorbances were converted to IgG AAb 

concentrations (in U/ml) based on the anti-dsDNA antibody standard curve. 

Data analysis and statistics 

GraphPad Prism Version 9 (GraphPad Software, San Diego, CA, www.graphpad.com) was 

used to conduct all statistical analyses. The ROUT outlier test (Q = 1%) and the Shapiro-Wilk test 

(p<0.01) were used to identify outliers and assess normality in the data, respectively. For 

comparisons between the VEH/CON, cSiO2/CON, and cSiO2/TPPU groups in both the 7d PI and 

28d PI cohorts, non-normal and semi-quantitative data were analyzed by the Kruskal-Wallis 

nonparametric test followed by Dunn’s post-hoc test. The Brown-Forsythe test (p<0.01) was used 

to test the assumption of equal variances across treatment groups. Normal data with unequal 

variances were analyzed using the Brown-Forsythe/Welch analysis of variance (ANOVA) test 

followed by Dunnett’s T3 post-hoc test. Normal data that met the assumption of equal variance 

were analyzed by standard one-way ANOVA followed by Tukey’s post-hoc test. For timepoint 

comparisons within the VEH/CON, cSiO2/CON, and cSiO2/TPPU groups, non-normal and 

semiquantitative data were analyzed by the Mann-Whitney nonparametric test. The F test (p<0.05) 

was used to test the assumption of equal variances across the 7d PI and 28d PI groups. Normal 

data with unequal variances were analyzed using an unpaired t test with Welch’s correction. 

Normal data that met the assumption of equal variance were analyzed using an unpaired t test. 



189 

Data are presented as mean ± standard error of the mean (SEM), with a p-value ≤ 0.05 considered 

statistically significant. 

RESULTS 

cSiO2 and TPPU do not affect body or organ weights 

Body weights within the 7d PI and 28d PI cohorts were not affected by TPPU or cSiO2 

treatment (Figure 5.2A). At 7d PI and 28d PI, no significant changes in kidney, spleen, or liver 

weights were noted (Figure 5.2B); therefore, follow-up analyses focused primarily on pulmonary 

and systemic endpoints.  

Dietary TPPU supplementation suppresses cSiO2-induced inflammatory cell infiltration in the 

lung 

Total cells, monocytes, and neutrophils in the BALF of cSiO2/CON mice were significantly 

elevated compared to VEH/CON mice at both 7d PI and 28d PI (Figure 5.3). cSiO2/CON mice in 

the 7d PI cohort demonstrated markedly higher numbers of BALF cells compared to cSiO2/CON 

mice in the 28d PI cohort. Lymphocyte accumulation in the alveolar fluid was present in 

cSiO2/CON mice at 7d PI but negligible at 28d PI. Dietary TPPU supplementation significantly 

reduced accumulation of total cells and monocytes in the BALF of cSiO2-exposed mice at both 7d 

PI and 28d PI, with the most prominent effects observed in the 7d PI cohort. BALF neutrophils 

and lymphocytes were significantly decreased in TPPU-fed mice at 7d PI compared to CON-fed 

mice. 

Dietary TPPU supplementation does not influence cSiO2-triggered lung histopathology 

CON-fed mice instilled with VEH had no lung histopathology at either 7d PI or 28d PI. In 

contrast, cSiO2-instilled CON-fed mice had multifocal, fibrotic and proliferative lung lesions in 

centriacinar regions of the lung, primarily in the proximal alveolar ducts (Figures 5.4, 5.5). These 
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focal lesions were composed of intramural interstitial fibrosis, hyperplasia of alveolar epithelial 

type 2 and transitional cells, and a mixed inflammatory cell infiltration (alveolitis) composed 

primarily of Ly6B.2+ neutrophils and CD206+ macrophages/monocytes (Figure 5.6). Production 

of tissue inhibitor of metalloproteinase 1 (TIMP-1), an important cytokine in cSiO2-induced lung 

fibrosis [604, 605], increased in cSiO2-instilled CON-fed mice but did not significantly change 

with TPPU treatment (Figure 5.5C). 

Numerous widely scattered birefringent cSiO2 particles were embedded in the thickened 

centriacinar interstitial tissue and in associated alveolar airspaces that contained proteinaceous 

material and cellular debris resulting from degenerating or necrotic phagocytic macrophages 

(Figures 5.4D, 5.6A). Lesser amounts of cSiO2 particles, inflammatory cells, 

macrophages/monocytes, and cellular debris were present in airspaces of distal alveolar regions of 

the lung that were also without the hyperplasia of alveolar type 2 or transitional epithelial cells and 

septal fibrosis found in the more proximal centriacinar areas. 

Centriacinar lung lesions in cSiO2-instilled mice were less prominent after 28d PI as 

compared to 7d PI (Figure 5.4). Conspicuous accumulation of CD3+ and CD45R+ lymphoid cells 

(ectopic lymphoid tissue, ELT) in perivascular and peribronchiolar interstitial tissue were present 

in the lungs of mice after 28d PI (Figure 5.7). Histopathology of cSiO2-instilled mice fed TPPU-

supplemented diet was similar to that of cSiO2 mice fed CON diet with the exception that TPPU 

treatment had slightly less neutrophilic inflammation in centriacinar lesions (Figure 5.6). 

Dietary TPPU supplementation does not significantly affect proinflammatory gene expression and 

protein production in the lung 

At both 7d PI and 28d PI, cSiO2 significantly upregulated expression of selected 

proinflammatory cytokines (i.e., Il1a, Il1b, Tnf), chemokines (i.e., Ccl2, Cxcl5, Cxcl10), and type 
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I IFN-regulated genes (i.e., Irf7, Mx1, Oas2) in the lung (Figure 5.8). mRNA transcript levels for 

most genes were comparable between 7d PI and 28d PI; however, cSiO2-exposed mice in the 7d 

PI cohort exhibited higher expression levels of Ccl2, Cxcl10, and Oas2 while cSiO2-exposed mice 

in the 28d PI cohort displayed higher expression levels of Il1a. Dietary TPPU supplementation did 

not significantly affect expression of proinflammatory cytokines, chemokines, and type I IFN-

regulated genes in the lung. 

In accordance with observed expression levels of proinflammatory cytokines, chemokines, 

and type I IFN-regulated genes, cSiO2 triggered robust production of proinflammatory protein 

mediators in the lung at both 7d PI and 28d PI (Table S5.3). Notably, macrophage-derived 

cytokines (i.e., IL-6, TNF-α) (Figure 5.9), chemokines (i.e., CCL2, CCL3, CCL4, CCL12, 

CCL17, CCL19, CCL22, CXCL1, CXCL9, CXCL10) (Figure 5.10), and growth/inhibitory 

factors (i.e., GM-CSF, M-CSF, LIF) (Figure S5.1) were upregulated by cSiO2 exposure at both 

timepoints. The impacts of cSiO2 on T cell-derived cytokines were more limited, as the particle 

only elicited significant increases in IL-4 and IL-16 at 28d PI and in IL-17 at both timepoints 

(Figure S5.2). Interestingly, cSiO2 significantly decreased lung levels of IL-1α at 7d PI (Figure 

5.9) and VEGF at both timepoints (Figure S5.1). Similar to gene expression analyses in the lung, 

TPPU minimally impacted cSiO2-induced production of proinflammatory proteins, with an 

exception to modestly increasing CXCL5, IL-1β, and IL-13 (Figures 5.9, 5.10; Figure S5.2) and 

slightly decreasing M-CSF (Figure S5.1) at 28d PI. 

Dietary TPPU supplementation does not significantly affect cSiO2-induced secretion of IgG AAbs 

into BALF and plasma 

Mice in the VEH/CON group had higher baseline values for all tested antigens in the 

plasma compared to the BALF (Figure 5.11). Corresponding with increased numbers of 
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inflammatory leukocytes in the BALF, mice that received cSiO2 displayed significant increases in 

IgG AAb specific to dsDNA, nucleosome antigen, AC-derived material, and SKC-derived material 

in the BALF. In the plasma, cSiO2 triggered modest, yet insignificant, increases in IgG specific to 

dsDNA, nucleosome antigen, and SKC-derived material and a significant increase in IgG specific 

to AC-derived material (Figure 11C). TPPU administration did not significantly change IgG levels 

in the BALF and plasma of cSiO2-exposed mice. 

DISCUSSION 

 Acute and subchronic environmental exposure to cSiO2, an environmental trigger of 

autoimmune disease in humans, has been etiologically linked to the development of silicosis, 

restrictive pulmonary disease, and development of systemic autoimmunity in lupus-prone mice 

[334, 599, 600, 606-610]. This investigation is the first to assess the efficacy of the sEH inhibitor 

TPPU, a well-established lipidome-modifying agent, against acute cSiO2-triggered lung 

inflammation and early autoimmunity in lupus-prone mice. Here, we found that a single intranasal 

dose of cSiO2 in the lung induces i) leukocyte accumulation in the BALF, ii) centriacinar 

inflammation, centriacinar fibrosis, and perivascular ELT development, iii) monocyte and 

neutrophil recruitment, iv) accumulation of CD3+ T lymphocytes and CD45R+ B lymphocytes in 

ELT, v) expression of proinflammatory cytokines, chemokines, and type I IFN-regulated mRNAs 

and proteins, and vi) secretion of AAb targeting dsDNA, nucleosomes, apoptotic cell AAg, and 

cSiO2-killed cell AAg in alveolar fluid. Importantly, we found that while TPPU supplementation 

significantly decreased differential immune cell counts in the BALF and modestly reduced 

CD206+ monocytes and Ly6B.2+ neutrophils in the lung, this drug’s effects on other measured 

endpoints were negligible. 
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 In female lupus-prone NZBWF1 mice, we have previously demonstrated that a single 

intranasal dose of 2.5 mg cSiO2 triggers i) robust infiltration of neutrophils, monocytes, and 

lymphocytes into the lung, ii) upregulation of proinflammatory cytokines, chemokines, and type I 

IFN-regulated genes, and iii) and release of proinflammatory mediators, total cellular protein, and 

autoantigenic dsDNA in the BALF [583]. In that study, cSiO2 induced moderate pulmonary 

centriacinar inflammation at 7d PI that weakened in severity until 28d PI while stimulating 

infiltration of CD3+ T lymphocyte and CD45R+ B lymphocytes into the lung starting at 14d PI. 

Additionally, cSiO2 promoted vigorous expression of numerous chemokine genes (e.g., Ccl2, 

Ccl7, Ccl8, Cxcl1, Cxcl5, Cxcl9, Cxcl10) and IFN-regulated genes (e.g., Mx1, Oas2, Irf7) in the 

lung at 7d PI that persisted until 28d PI. Consistent with the prior study, herein we observed 

increased numbers of neutrophils and monocytes in the BALF, moderate centriacinar 

histopathology associated with cSiO2 particle deposition, and comparable fold changes in 

proinflammatory chemokine and IFN-regulated mRNA transcripts at 7d PI, accompanied by 

infiltration of CD3+ T lymphocyte and CD45R+ B lymphocytes into the lung at 28d PI. In contrast 

to the previous study [583], cSiO2-induced centriacinar histopathology persisted in severity from 

7d PI to 28d PI, while BALF neutrophil, monocyte, and lymphocyte counts decreased from 7d PI 

to 28d PI. Nevertheless, it is likely in both cases that insufficient clearance of cSiO2 from the lung 

led to a mounting cycle of neutrophilic and monocytic infiltration, cell death, release of 

proinflammatory chemokines, accumulation of dead cell corpses, further leukocyte chemotaxis, 

and inflammatory tissue damage.  

 Lipidome modulation by dietary ω-3 PUFA consumption has been previously associated 

with suppression of pulmonary leukocyte infiltration, proinflammatory gene expression, and AAb 

secretion in the lung following subchronic cSiO2 exposures [19, 351, 352]. In agreement with these 
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findings, we also found that ω-3 PUFA supplementation suppresses cSiO2-triggered cell death in 

the lung at 7d PI, total cell and lymphocyte recruitment in the BALF at 28d PI, autoimmune gene 

transcription in the lung at 28d PI, and AAb secretion in the lung at 28d PI in our acute model of 

cSiO2-induced lupus flaring ([611], data not published). We posited here that sEH inhibition by 

TPPU would also improve biomarkers of lung inflammation and early autoimmunity following 

acute cSiO2 exposure. However, TPPU only suppressed neutrophilic, monocytic, and lymphocytic 

accumulation in the alveolar fluid and recruitment to centriacinar lung tissue at 7d PI and 28d PI. 

On the other hand, both ω-3 PUFA consumption and sEH inhibition were effective in ameliorating 

LPS-accelerated glomerulonephritis in female lupus-prone NZBWF1 mice [595]. One potential 

explanation for these observations is that the lung tissue concentration of TPPU may differ from 

concentrations found in other tissues and plasma. Ostermann and coworkers found that continual 

oral administration of TPPU resulted in the highest tissue concentration in the liver, followed by 

the heart, kidney, and spleen. TPPU concentration was not reported in lung tissue, however [470]. 

In addition, we previously found that feeding NZBWF1 mice with TPPU-enriched AIN-93G diet 

resulted in a drug plasma concentration of approximately 5 µM, which is approximately 2000-fold 

greater than the Ki of TPPU [595]. Therefore, TPPU’s lack of efficacy in the present study may 

be attributed not to absorption of the drug into the systemic circulation, but rather low distribution 

of the drug in lung tissue. It will therefore be crucial to quantify TPPU concentration in the lung 

tissue to further evaluate its pharmacokinetic properties and efficacy in environmentally-triggered 

lung inflammation. 

 Pharmacological inhibition of sEH by TPPU and other analogous small-molecule 

inhibitors has shown to be effective in preventing and limiting toxicant-triggered inflammation in 

the lung and other organs [593-595]. Herein, we found that prophylactic administration of TPPU 
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via experimental AIN-93G diet modestly reduced pulmonary infiltration of Ly6B.2+ neutrophils 

and CD206+ monocytes 7d following cSiO2 instillation. However, TPPU did not significantly 

impact cSiO2-triggered upregulation of mRNA transcripts for proinflammatory cytokines, 

chemokines, and type I IFN-regulated genes and minimally impacted production of 

proinflammatory cytokines, chemokines, and growth factors in the lung at either timepoint. 

Accordingly, it is plausible in the present study that sEH inhibition suppressed neutrophilic and 

monocytic recruitment by modulating the plasma lipidome. For instance, sEH inhibition by TPPU 

was found to increase plasma 14,15-EpETrE levels and resultantly ameliorate neutrophil 

impairment induced by 14,15-DiHETrE, which downregulated expression of NADPH oxidase 

subunits, inhibited reactive oxygen species (ROS) production, and suppressed expression of 

CXCR1 and CXCR2 for chemotaxis [612]. In another study, TPPU treatment significantly 

increased plasma 14,15-EpETrE levels and decreased BALF neutrophils and macrophages in a 

murine model of lipopolysaccharide (LPS)-induced acute lung injury [401]. Future investigations 

are needed to further clarify the impacts of cSiO2 instillation on the BALF/plasma lipidome and 

impacts of BALF/plasma oxylipins on cSiO2-triggered leukocyte recruitment to the lung. 

 In the present study, we found that sEH inhibition by TPPU did not ameliorate cSiO2-

induced centriacinar fibrosis in the lung, in contrast to several previously published studies. For 

example, Zhou and coworkers reported that sEH inhibition by TPPU significantly reduced 

bleomycin-induced collagen deposition in the lung at 14d and 21d PI, levels of TGF-β1, IL-1β, 

and IL-6 in the serum at 7d and 21d PI, and TGF-β1-induced activation and differentiation of 

mouse fibroblasts in vitro without eliciting notable toxicity [21]. In addition, TPPU pretreatment 

of primary human lung fibroblasts from idiopathic pulmonary fibrosis patients significantly 

dampened TGF-β1-mediated fibroblast activation by suppressing expression of α-smooth muscle 
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actin and type I collagen as well as ROS production [613]. Other studies have reported that TPPU 

also ameliorates cardiac fibrosis induced by coronary artery ligation [614], hepatic fibrosis induced 

by carbon tetrachloride exposure [438], and renal interstitial fibrosis induced by unilateral ureteral 

obstruction [615]. It is possible that the cSiO2 dose we used in our model evoked fibrosis to a 

greater degree than the studies described above, which may explain why the therapeutic effects of 

TPPU were minimal in our model. Therefore, it would be informative to repeat the experiment 

described here with smaller cSiO2 doses to verify the effectiveness of sEH inhibition against 

cSiO2-triggered lung inflammation and early autoimmunity. 

 One limitation of our investigation is that we did not analyze the impacts of TPPU on 

cSiO2-induced toxicity before 7d PI. While we observed that TPPU did not significantly change 

expression and production of proinflammatory cytokines and chemokines in the lung at 7d PI, it 

is possible that TPPU may exhibit notable therapeutic effects on these endpoints within the first 

week after cSiO2 exposure. For instance, we previously found that a single intranasal bolus of 2.5 

mg cSiO2 elicited marked upregulation and secretion of IL-6 from the lung at 1d PI but not at 7d 

PI in female lupus-prone NZBWF1 mice [583], suggesting that some cSiO2-induced 

proinflammatory responses are transient. In addition, Bettaieb and coworkers demonstrated in a 

murine model of cerulein- and arginine-induced acute pancreatitis that sEH inhibition by TPPU 

significantly downregulated expression of Il1b, Il6, and Tnf in the pancreas up to 48 h after 

induction of acute pancreatitis, as well as protein levels of IL-1β, IL-6, and TNF-α in the plasma 

[437]. In future studies, earlier timepoints within the first week post-cSiO2 exposure (e.g., 1d, 3d, 

5d PI) should be considered to better understand the initial events underlying cSiO2-induced lung 

toxicity as well as immediate therapeutic effects of sEH inhibition in this model.  
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 Another limitation of our study is that we only analyzed the impacts of cSiO2 and TPPU 

on gene expression changes in the lung and not in the immune cell fraction of the BALF. Zhou 

and coworkers demonstrated in RAW264.7 macrophages that TPPU dose-dependently decreases 

cellular Il1b and Tnf mRNA levels and extracellular IL-1β and TNF-α protein levels following 6 

h of LPS exposure [401]. Similar findings have been capitulated by Dong and coworkers in 

primary murine peritoneal macrophages pretreated with TPPU and exposed to LPS for 6 h [616], 

which suggests that the primary effects of TPPU in our model may attributed to direct modulation 

of immune cell functionality. A related constraint of our investigation is that we did not evaluate 

the effects of TPPU on the cardiovascular system. Both rodents and humans genetically 

predisposed to lupus are more likely to develop cardiovascular complications compared to healthy 

controls [617, 618]. In addition, stabilization of epoxyeicosatrienoic acids (EpETrEs) derived from 

arachidonic acid (ARA; 20:4ω-6) has been associated with decreased NF-κB-driven expression of 

adhesion molecules on human aortic endothelial cells and corresponding vascular monocyte 

adhesion [468, 619]. In future studies using our acute model of cSiO2-triggered toxicity, it will be 

important to clarify the effects of cSiO2 and sEH inhibition on expression of adhesion molecules 

by pulmonary endothelial cells, neutrophils, and monocytes. 

CONCLUSIONS 

 This study is the first to query the impacts of the sEH inhibitor TPPU in a novel acute 

cSiO2-triggered lupus model using female NZBWF1 mice. The findings presented herein suggest 

that the therapeutic benefits of sEH inhibition on cSiO2-induced lung inflammation and early 

autoimmunity are questionable. While TPPU suppressed infiltration of proinflammatory 

neutrophils, monocytes, and lymphocytes to the lung with no perceivable drug-related toxicity, it 

did not prevent development of centriacinar inflammation and fibrosis, expression and production 
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of proinflammatory cytokines and chemokines in the lung, or secretion of diverse AAbs in the 

BALF and plasma. It will be critical in future investigations to clarify 1) the pharmacokinetic 

distribution of TPPU in lung tissue, 2) the impacts of cSiO2 on the BALF and plasma lipidome, 

and 3) the effects of BALF/plasma oxylipins on neutrophilic and monocytic inflammatory 

responses. 
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FIGURES 

 
 

Figure 5.1. Experimental design. At 6 wks of age, female lupus-prone NZBWF1 mice (n=48) 

were placed on either control (CON) diet or TPPU-enriched diet. Upon reaching 8 wks of age, 

mice were intranasally instilled with 25 µl of saline vehicle (VEH) or 2.5 mg of cSiO2 suspended 

in 25 µl of saline. Cohorts of mice were sacrificed at 9 wks of age (7 d post-instillation [PI]) and 

12 wks of age (28 d PI). Lung tissue, bronchoalveolar lavage fluid (BALF), and plasma were 

collected for downstream analyses.  
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Figure 5.2. Acute cSiO2 exposure and dietary TPPU supplementation do not significantly 

impact growth rate and post necropsy kidney, spleen, and liver weights in female lupus- 
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Figure 5.2 (cont’d)  

 

prone NZBWF1 mice. (A) In both cohorts, body weights were monitored weekly. Data from the 

7d PI and 28d PI cohorts were pooled from 6-9 wk of age. cSiO2 and TPPU did not significantly 

change total body weight during the entire study. (B) At 7d PI and 28d PI, cohorts of NZBWF1 

mice were sacrificed, and wet organ weights for both kidneys, spleen, and liver were measured 

prior to downstream tissue processing. Data are presented as mean ± SEM. Values of p<0.1 are 

shown, with p<0.05 considered statistically significant.  
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Figure 5.3. Dietary TPPU supplementation suppresses cSiO2-induced immune cell 

accumulation in BALF. At necropsy, total cells, monocytes, neutrophils, and lymphocytes were 

quantified in BALF. Data are presented as mean ± SEM. Values of p<0.1 are shown, with p<0.05 

considered statistically significant.   
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Figure 5.4. Intranasal cSiO2 instillation induces robust centriacinar histopathology in the 

lung of NZBWF1 mice. Light Photomicrographs of hematoxylin & eosin (H&E) lungs tissues at 

(A) low and (B) high magnification illustrating chronic centriacinar lesions (solid black arrows) 

composed of interstitial fibrosis, mixed inflammatory cell inflammation and alveolar epithelial 

hyperplasia from cSiO2/CON mice sacrificed at 7d PI. (C) Centriacinar lung lesion (7d PI) stained 

with Masson’s trichrome illustrating areas of interstitial fibrosis (blue stain; solid black arrows). 

(D) H&E-stained centriacinar lung lesion taken with polarized light exposing birefringent CSiO3 

particles embedded in the fibrotic lesion (solid white arrow) and associated with degenerating and 

necrotic phagocytic cells in alveolar airspaces (stippled white arrows). (E) Graphical figure of 

semi-quantitative severity scores for centriacinar histopathology. Scoring was as follows: 0—no 

significant finding, 1—minimal, 2—mild, 3—moderate, 4—marked, 5—severe. See text for  



204 

Figure 5.4 (cont’d)  

 

detailed criteria used in severity scoring. Data are presented as mean ± SEM (n = 8). Values of 

p<0.1 are shown, with p<0.05 considered statistically significant. a, alveolar parenchyma; tb, 

terminal bronchiole.   
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Figure 5.5. Dietary TPPU supplementation does not significantly impact cSiO2-induced 

centriacinar fibrosis in the lung. (A) Representative light photomicrographs of Masson’s  
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Figure 5.5 (cont’d)  

 

trichrome-stained lung tissues (centriacinar regions) from VEH/CON, cSiO2/CON, and 

cSiO2/TPPU mice sacrificed at 7d PI and 28d PI. (B) Semi-quantitative severity scores for 

centriacinar interstitial fibrosis. Scoring was as follows: 0—no significant finding, 1—minimal, 

2—mild, 3—moderate, 4—marked, 5—severe. See text for detailed criteria used in severity 

scoring. (C) Following sacrifice, middle lung lobes were isolated and homogenates analyzed for 

production of TIMP-1 using Mouse Cytokine/Chemokine 44-Plex Discovery Assay® Array from 

Eve Technologies. Protein quantity was normalized to the original weight of lung tissue 

homogenized for the analysis. For individual data points that fell below the limit of detection, 

LOD/2 was substituted for statistical analysis. Data are presented as mean ± SEM (n = 8). Values 

of p<0.1 are shown, with p<0.05 considered statistically significant. a, alveolar parenchyma; ad, 

alveolar duct; tb, terminal bronchiole.  
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Figure 5.6. Dietary TPPU supplementation modestly reduces infiltration of CD206+ alveolar 

macrophages/monocytes and Ly6C+ neutrophils in the lung. (A) Representative light  
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Figure 5.6 (cont’d)  

 

photomicrographs of lung tissues (centriacinar regions) from VEH/CON, cSiO2/CON, and 

cSiO2/TPPU mice sacrificed at 7d PI. Lung tissues were immunohistochemically stained for 

CD206+ alveolar macrophages/monocytes (brown chromagen) and Ly6B.2+ neutrophils (red 

chromagen). Semi-quantitative scores for presence of (B) CD206+ cells and (C) Ly6B.2+ cells in 

the centriacinar regions of the lung. Severity scores were as follows: 0—no significant finding, 

1—minimal, 2—mild, 3—moderate, 4—marked, 5—severe. See text for detailed criteria used in 

severity scoring. Data are presented as mean ± SEM (n = 8). Values of p<0.25 are shown, with 

p<0.05 considered statistically significant. a, alveolar parenchyma; ad, alveolar duct; tb, terminal 

bronchiole; v, pulmonary vein. Solid arrow, CD206+ cell; stippled arrow, Ly6B.2+ cell.  
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Figure 5.7. Dietary TPPU supplementation does not significantly impact cSiO2-induced peri-

vascular and – bronchiolar infiltration of CD3+ and CD45R+ lymphocytes in the lung. (A)  
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Figure 5.7 (cont’d)  

 

Representative light photomicrographs of lung tissues from VEH/CON, cSiO2/CON, and 

cSiO2/TPPU mice sacrificed at 28d PI. Lung tissues were immunohistochemically labeled for 

CD3+ T lymphocytes and CD45R+ B lymphocytes (brown chromagen). Semi-quantitative severity 

scores for presence of (B) CD3+ cells, (C) CD45R+ cells, and (D) development of ectopic lymphoid 

tissue in the perivascular and peribronchiolar interstitial tissue. Severity scores for CD3+ cells and 

CD45R+ cells were identical. Severity scores were as follows: 0—no significant finding, 1—

minimal, 2—mild, 3—moderate, 4—marked, 5—severe. See text for detailed criteria used in 

severity scoring. Data are presented as mean ± SEM (n = 8). Values of p<0.1 are shown, with 

p<0.05 considered statistically significant. a, alveolar parenchyma; v, pulmonary vein.  
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Figure 5.8. Dietary TPPU supplementation does not significantly impact proinflammatory 

cytokine, chemokine, and IFN-regulated gene expression in the lung. Following sacrifice, 

caudal lung lobes were isolated and analyzed for RNA expression of selected (A) proinflammatory 

cytokines (i.e., Il1a, Il1b, Tnf), (B) chemokines (i.e., Ccl2, Cxcl5, Cxcl10), and (C) type I 

interferon-regulated genes (i.e., Irf7, Mx1, Oas2). Data are presented as mean ± SEM (n = 8). 

Values of p<0.1 are shown, with p<0.05 considered statistically significant. 
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Figure 5.9. Dietary TPPU supplementation has limited effects on cSiO2-induced production 

of cytokines from macrophages in the lung. Following sacrifice, middle lung lobes were isolated 

and homogenates analyzed for production of selected macrophage-derived cytokines (i.e., IL-1α, 

IL-1β, IL-6, TNF-α) using Mouse Cytokine/Chemokine 44-Plex Discovery Assay® Array from 

Eve Technologies. Cytokine quantities were normalized to the original weight of lung tissue 

homogenized for the analysis. For individual data points that fell below the limit of detection, 

LOD/2 was substituted for statistical analysis. Data are presented as mean ± SEM (n = 8). Values 

of p<0.2 are shown, with p<0.05 considered statistically significant.  
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Figure 5.10. Dietary TPPU supplementation has limited effects on cSiO2-induced chemokine 

production in the lung. Following sacrifice, middle lung lobes were isolated and homogenates 

analyzed for production of selected chemokines using Mouse Cytokine/Chemokine 44-Plex 

Discovery Assay® Array from Eve Technologies. Chemokine quantities were normalized to the 

original weight of lung tissue homogenized for the analysis. Data are presented as mean ± SEM (n 

= 8). Values of p<0.2 are shown, with p<0.05 considered statistically significant.  
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Figure 5.11. Dietary TPPU supplementation does not significantly impact secretion of IgG 

autoantibodies into BALF and plasma of NZBWF1 mice. Total IgG specific to (A) dsDNA,  
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Figure 5.11 (cont’d)  

 

(B) nucleosome antigen, (C) apoptotic cell (AC)-derived material, and (D) cSiO2-killed cell 

(SKC)-derived material was measured by ELISA in the BALF and plasma of VEH/CON, 

cSiO2/CON, and cSiO2/TPPU mice sacrificed at 28d PI. Data are presented as mean ± SEM (n = 

8). Values of p<0.1 are shown, with p<0.05 considered statistically significant.  
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TABLES 

Table 5.1. Experimental groups. 

 

Experimental 

Group 

Number of 

Animals (n) 
cSiO2 (-/+) 

Necropsy 

Timepoint 
Experimental Diet 

VEH/CON 8 - 7 d PI AIN-93G 

cSiO2/CON 8 + 7 d PI AIN-93G 

cSiO2/TPPU 8 + 7 d PI AIN-93G+TPPU 

VEH/CON 8 - 28 d PI AIN-93G 

cSiO2/CON 8 + 28 d PI AIN-93G 

cSiO2/TPPU 8 + 28 d PI AIN-93G+TPPU 

 

VEH, vehicle; CON, control; cSiO2, crystalline silica; PI, post-cSiO2 instillation.  
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Table 5.2. Experimental diet formulations. 

 

Experimental Diet 

 CON TPPU 

Macronutrient 
(g/kg total 

diet) 

Carbohydrates 

Corn starch 398 398 

Maltodextrin (Dyetrose) 132 132 

Sucrose 100 100 

Cellulose 50 50 

kcal (% of total) 63.2 63.2 

Proteins 

Casein 200 200 

L-Cysteine 3 3 

kcal (% of total) 19.7 19.7 

Fatsa 

Corn oilb 10 10 

High oleic-safflower oilc 60 60 

kcal (% of total) 17.1 17.1 

Other 

AIN-93G mineral mix 35 35 

AIN-93G vitamin mix 10 10 

Choline bitartrate 3 3 

TBHQ antioxidant 0.01 0.01 

TPPU 0 0.0225 

 

All values are reported as mass (g) per kg of diet. 
a As reported by the manufacturer 
b Corn oil contained 612 g/kg linoleic acid and 26 g/kg oleic acid 
c High oleic-safflower oil contained 750 g/kg oleic acid and 140 g/kg linoleic acid  
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS  
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CONCLUSIONS 

This research demonstrates that modulating the cellular lipidome by dietary ω-3 

polyunsaturated fatty acid (PUFA) administration and by soluble epoxide hydrolase (sEH) 

inhibition delays the initial onset and development of inflammation and autoimmunity triggered 

by two environmental toxicants: bacterial lipopolysaccharide (LPS) and respirable crystalline 

silica (cSiO2). The results presented in this dissertation provide a strong scientific premise for 

conducting future investigations to better understand how lipidome modulation via ω-3/6 PUFA 

administration and pharmacological inhibition impact the progression of toxicant-triggered 

inflammatory and autoimmune responses in alveolar macrophages (AMs) in vitro and in lupus-

prone NZBWF1 mice in vivo.  

 The findings of the studies discussed herein build upon previously reported research 

indicating that ω-3 PUFAs and ω-3/6 epoxy fatty acid (EpFA) metabolites preserved by sEH 

inhibition dampen toxicant-triggered inflammatory responses and autoimmunity. In Chapter 3, 

lipidome modulation via dietary administration of the ω-3 PUFA docosahexaenoic acid (DHA) 

and pharmacological sEH inhibition with TPPU suppressed rough LPS (R-LPS)-induced 

glomerulonephritis (GN) separately but not when administered together in lupus-prone NZBFW1 

mice. Chapter 4 utilized a novel in vitro surrogate model for AMs—namely, fetal liver-derived 

alveolar macrophages (FLAMs) [34]—to establish pro-resolving impacts of DHA on cSiO2-

triggered cytokine release and proinflammatory oxylipin production. Finally, the results of 

Chapter 5 suggest that sEH inhibition protects against initial cSiO2-driven lung inflammation by 

inhibiting elevation total cells, monocytes, neutrophils, and lymphocytes in the bronchoalveolar 

lavage fluid (BALF) yet, dissimilar to DHA [351, 352], has no significant effect on centriacinar 

histopathology, recruitment of inflammatory granulocytes and lymphocytes, proinflammatory 
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gene expression, cytokine and chemokine production, or autoantibody (AAb) release from the 

lung. 

 Taken together, these results demonstrate potential roles that lipidome-modulating 

interventions may have in preventing and treating environmentally-triggered autoimmune 

diseases, including lupus. Although individuals cannot rid themselves of genetic predispositions 

to autoimmunity—and exposures to environmental toxicants in some cases—genetically 

susceptible individuals may be able to alter the exposome by consuming a ω-3 PUFA-rich diet or 

using pharmacological interventions to modify endogenous lipid metabolites, thereby decreasing 

their risk of developing autoimmune disease. Current therapeutic interventions for chronic 

inflammation and autoimmune diseases (e.g., corticosteroids, immunosuppressants, monoclonal 

antibodies) aim to alleviate disease symptoms by shutting down innate and adaptive immune 

responses. While effective at alleviating symptoms, these drugs are commonly associated with 

adverse side effects, development of comorbidities, high financial costs, and reduced quality of 

life [13-17]. Lipidome-modulating interventions, such as a ω-3 PUFA-rich diet or novel drugs that 

promote pro-resolving lipid mediator synthesis, may reduce the burden of disease and the costs of 

mainstay drug use by acting as steroid-sparing agents at minimum or as complete replacements for 

current mainstay drugs. 

In line with the National Institute of Health’s (NIH’s) ten-year strategic plan for nutrition 

research, animal and clinical studies suggest that consumption of marine ω-3 PUFAs and inhibition 

of sEH may prevent development of chronic inflammatory conditions and autoimmune disease 

[19, 21-23, 390, 397, 491, 515, 620-622]. Both ω-3 PUFA consumption and sEH inhibition have 

been previously shown to shift fatty acid and oxylipin profiles in the blood, tissues, and immune 

cells from proinflammatory to pro-resolving in preclinical and clinical contexts [27, 344, 470, 488, 
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489, 623, 624], and these lipidome shifts have been associated with improved disease outcomes. 

Future studies will focus on investigating how ω-3 PUFAs, ω-6 PUFAs, and sEH inhibition impact 

oxylipin profiles in FLAMs, lungs, kidneys, and plasma from lupus-prone mice and relating these 

findings to resultant environmentally-triggered inflammatory and autoimmune responses in vitro 

and in vivo. 

FUTURE DIRECTIONS 

Compare cSiO2-induced oxylipin profiles in DHA-, ARA-, and TPPU-treated NZBWF1 FLAM 

cultures over 24 hours 

The membrane phospholipid data presented in Chapter 4 of this dissertation suggest that 

treating FLAMs derived from non-autoimmune C57BL/6 mice with DHA causes membrane 

incorporation of DHA at the expense of the ω-9 monounsaturated fatty acid (MUFA) oleic acid 

(OA; C18:1ω9) and the ω-6 PUFA arachidonic acid (ARA; C20:4ω6). The findings of Chapter 4 

also demonstrate that exposing C57BL/6 FLAMs to cSiO2 triggers biosynthesis of ω-6 ARA-

derived lipid mediators including prostaglandin E2 (PGE2), leukotriene B4 (LTB4), thromboxane 

B2 (TXB2), and hydroxyeicosatrienoic acids (HETEs), while DHA pretreatment skews the cSiO2-

induced lipidome toward ω-3 PUFA-derived metabolites, such as hydroxyeicosapentaenoic acids 

(HEPEs) and hydroxydocosahexaenoic acids (HDoHEs). In female lupus-prone NZBWF1 mice, 

we have previously demonstrated that DHA treatment results in increased ω-3 PUFA content in 

erythrocytes, lungs, kidneys, spleen, and liver [19, 20, 344, 582, 625]. Correspondingly, the data 

presented in Chapter 3 of this dissertation further show that dietary DHA administration causes 

increased levels of ω-3 PUFA-derived lipid mediators in the plasma [595]. Other studies conducted 

in both mice and humans demonstrate that genome-driven dysregulation of lipid metabolism is 

linked to accelerated inflammation and tissue damage in lupus [626-630]. Accordingly, it would 
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be informative to compare the impacts of lipidome modulation via ω-3 supplementation with 

DHA, ω-6 supplementation with ARA, and sEH inhibition with TPPU on the cSiO2-triggered lipid 

metabolite profile of autoimmune-prone NZBWF1 FLAMs. Lipidomic profiles should be 

analyzed over a 24 h window to identify immediate lipid biomarkers associated with cSiO2 

exposure and to track transient changes in proinflammatory and pro-resolving mediators between 

treatment groups. 

Based on our results in C57BL/6 FLAMs (Chapter 4) and data in previously published 

studies focused on airway exposure to environmental toxicants [631, 632], we expect that cSiO2 

will trigger production of 1) proinflammatory lipid metabolites in ARA-treated NZBWF1 FLAMs, 

2) pro-resolving lipid metabolites in DHA-treated FLAMs, and 3) EpFAs derived from 

endogenous PUFAs at the expense of DiHFAs in TPPU-treated FLAMs. In follow-up studies, 

NZBWF1 FLAMs could be genetically modified by CRISPR/Cas9 technology or treated with 

pharmacological inhibitors of cyclooxygenase, lipoxygenases, cytochrome P450 

monooxygenases/hydroxylases, and autooxidation to investigate the impacts of these biosynthetic 

pathways on cSiO2-triggered lipid metabolite production, proinflammatory cytokine release, and 

death in ARA-, DHA-, and TPPU-treated cells. If significant effects are observed with NZBWF1 

FLAMs, these experiments could be recapitulated in primary AMs isolated from NZBWF1 mice. 

One challenge associated with the proposed lipidomic studies is that lipid metabolites have 

relatively low stability compared to their fatty acid precursors. To address this challenge, all 

samples would be pretreated with an antioxidant cocktail (0.2 mg/ml butylated hydroxytoluene, 

0.2 mg/ml triphenylphosphine, 0.6 mg/ml EDTA) [414] prior to mass spectrometry analyses. 
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Evaluate paracrine effects of DHA-, ARA-, and TPPU-derived oxylipins on cSiO2-induced 

proinflammatory cytokine release in NZBWF1 FLAMs 

Our lipidomic data in non-autoimmune C57BL/6 FLAMs (Chapter 4) suggest that cSiO2 

induces a variety of proinflammatory and pro-resolving lipid mediators in the absence and 

presence of DHA, respectively. Many studies have focused on the impacts of individual 

metabolites on macrophage inflammatory responses have been published [454, 633-640]; 

however, it is also possible that oxylipins derived from ω-3/6 PUFAs act upon nearby macrophages 

in a paracrine-like manner as heterogenous mixtures. To address this possibility, FLAMs from 

autoimmune NZBWF1 mice would be pretreated with ω-3 DHA, ω-6 ARA, or the sEH inhibitor 

TPPU then exposed to cSiO2 to generate conditioned medium that contains lipid metabolites 

released from FLAMs. Separate NZBWF1 FLAM cultures would subsequently be incubated with 

the oxylipin-containing conditioned medium, exposed to cSiO2, then analyzed for biomarkers of 

cSiO2-induced toxicity (e.g., proinflammatory cytokine expression and released).  

I predict that conditioned medium from FLAMs pretreated with DHA and TPPU would 

more effectively abrogate cSiO2-triggered toxic responses compared to conditioned medium from 

ARA-pretreated FLAMs. Non-autoimmune C57BL/6 FLAMs would be used as a positive control 

for these experiments, and the findings observed in NZBWF1 FLAMs would then be compared 

against primary NZBWF1 AMs in follow-up studies. Together, these studies would provide deeper 

mechanistic insight on how lipidome-modulating agents, including dietary PUFAs and 

pharmacological compounds, impact alveolar macrophage function following toxicant exposure. 

Treating FLAMs with oxylipin mixtures instead of individual lipid metabolites also would more 

closely represent the complex changes in mouse and human oxylipin profiles in response to 
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environmental agents, as many oxylipins are increased and decreased in the plasma, not just one 

[27, 344, 470, 488, 489, 623, 624]. 

Identify fatty acid receptors that mediate protective effects of lipid metabolites against cSiO2-

induced proinflammatory cytokine release in NZBWF1 FLAMs 

Both PUFAs and ω-3/6 PUFA-derived oxylipins mediate their biological effects in part via 

ligand-receptor interactions. For instance, DHA is believed to activate anti-inflammatory signaling 

pathways by acting as a ligand for G protein-coupled receptor 120 (GPR120) and PPARγ in 

macrophages [641, 642], whereas there is limited evidence that ARA triggers internalization of 

GPR120 [643] yet inhibits NF-κB activation through a PPARγ-dependent pathway [644]. 

Additionally, prostanoids, leukotrienes, HETEs, oxoeicosatrienoic acids (oxo-ETEs), resolvins, 

maresins, and other oxylipins derived from ω-3/6 PUFAs have been shown to enact 

proinflammatory and pro-resolving responses through a variety of transmembrane GPRs, which 

have been thoroughly reviewed [542, 543, 645-648]. Accordingly, it would be of interest to first 

evaluate the expression levels of these oxylipin receptors (e.g., EP1-4, BLT1-2, ALX4/FPR2, 

DRV1/GPR32, DRV2/GPR18) in both autoimmune NZBWF1 FLAMs and non-autoimmune 

C57BL/6 FLAMs. Such an analysis would allow us for the first time to understand how oxylipin 

receptor expression in AMs is impacted by genetic predisposition to autoimmune disease. After 

confirming the expression of these receptors, we would genetically inhibit these receptors by 

producing CRISPR/Cas9 knockout FLAMs and pharmacologically inhibit these receptors by 

treating unmodified FLAMs with corresponding antagonists, then subsequently evaluate the 

effects of inhibition on cSiO2-triggered release of proinflammatory cytokines. 

I hypothesize that genetic and/or pharmacological inhibition of receptors for 

proinflammatory oxylipins (e.g., prostanoids, leukotrienes, HETEs, oxo-ETEs, etc.) will provide 
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protection against cSiO2-induced toxicity in vehicle-treated FLAMs, whereas genetic and/or 

pharmacological inhibition of receptors for pro-resolving oxylipins (e.g., HDoHEs, E- and D-

series resolvins, maresins, etc.) would negate the protective effects of DHA in cSiO2-exposed 

FLAMs. In follow-up experiments, it would be interesting to instill CRISPR/Cas9-edited knockout 

FLAMs into the lungs of AM-deficient NZBWF1 mice (methodology described in [494]) to 

evaluate the roles that different oxylipin receptors play in DHA’s ameliorative effects on cSiO2-

triggered toxicity. Such studies could be expanded upon in the future using other inhaled particles 

(e.g., asbestos [192], carbon nanotubes [265], titanium dioxide [254], agricultural dusts [649]), 

other types of environmental toxicants (e.g., bacterial LPS [365], ultraviolet light [650]), and other 

long-chain ω-3/6 PUFAs (e.g., ARA and eicosapentaenoic acid [EPA] [651-653]). 

Compare the effects of control, DHA-supplemented, and TPPU-enriched diets on the kinetics of 

LPS- and cSiO2-induced changes in pulmonary, renal, and plasma oxylipin profiles 

Our in vivo findings in lupus-prone NZBWF1 mice (Chapter 3) demonstrate that the ω-3 

PUFA DHA and sEH inhibitor TPPU significantly skew the cellular lipidome toward pro-

resolving metabolites. Specifically, dietary DHA supplementation resulted in significant decreases 

in ARA-derived lipid metabolites and corresponding increases in DHA- and EPA-derived 

metabolites, and dietary TPPU administration preserved plasma ARA-derived EpFAs in control-

fed mice and plasma DHA-/EPA-derived EpFAs in DHA-fed mice. One limitation of this study is 

that we only focused on profiling plasma lipid metabolites at one timepoint and did not perform 

lipidomic profiling of other organs, such as the lung and kidney. While previous studies have 

demonstrated that LPS and cSiO2 increases cellular ARA availability and ARA-derived lipid 

metabolite production in the lung [480, 654-659], comprehensive lipidomic studies have not yet 

been conducted in animal models of environmentally-triggered autoimmunity. In the LPS-
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accelerated GN model [595] and the cSiO2-induced lupus models that we have developed [318, 

583], investigating changes in plasma, lung, and kidney oxylipin profiles over time in NZBWF1 

mice fed control, DHA-enriched, or TPPU-enriched diet would allow us to address this knowledge 

gap by identifying lipid biomarkers associated with LPS- and cSiO2-triggered pathology and 

elucidating the kinetic rates at which DHA and TPPU skew the lipidome in the plasma, lung, and 

kidney in the context of environmental toxicant exposure.  

I expect that LPS and cSiO2 would cause a steady increase in proinflammatory ARA-

derived lipid metabolites (i.e., prostanoids, leukotrienes, HETEs) in control-fed mice, while these 

environmental toxicants would provoke a steady increase in pro-resolving DHA-/EPA-derived 

lipid mediators (i.e., resolvins, maresins, protectins, EpFAs, HFAs) in DHA- and TPPU-fed mice. 

Based on our previous findings in our LPS-accelerated GN model and cSiO2-induced lupus 

models, we anticipate that oxylipin levels would remain elevated within the first 4 wk of toxicant 

exposure due to inefficient toxicant clearance and corresponding unresolved inflammation. 

However, it would also be informative to profile the plasma, lung, and kidney at later timepoints 

(e.g., 3 mo, 6 mo, etc.) to discern whether oxylipins remain stable, diminish, or increase over 

longer periods of time. The findings from these profiling studies would then be correlated with 

biomarkers of LPS- and cSiO2-induced autoimmunity (e.g., proinflammatory gene expression, 

proinflammatory cytokine release, AAb production, lung/kidney histopathology) in mice, which 

could provide valuable insight on how the lipidome may impact the initiation and progression of 

autoimmunity in genetically predisposed individuals. 
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Investigate impacts of direct lipid metabolite administration on LPS- and cSiO2-triggered 

autoimmunity in female lupus-prone NZBWF1 mice 

Previous studies have demonstrated that direct administration of pro-resolving lipid 

metabolites in lieu of dietary PUFAs and sEH inhibitors has ameliorated inflammatory responses 

in rodent and human studies [660-664]. This approach may more reliably impart amelioration 

against toxicant-triggered inflammation compared to coadministration of ω-3 PUFAs with 

pharmacological enzyme inhibitors, such as sEH inhibitors. While some researchers have reported 

that ω-3 PUFA and sEH inhibitor cotreatment more effectively reduces inflammatory biomarkers 

in several rodent models [450, 621, 665], these findings are limited and have been contradicted by 

others, including us [595, 666]. Accordingly, it is possible that simultaneous ω-3 PUFA 

administration and pharmacological inhibition skews the lipidome such that certain pro-resolving 

metabolites are decreased (e.g., EpETrEs) and both proinflammatory metabolites (e.g., HETEs) 

and pro-resolving DHA-derived metabolites (e.g., EpDPEs) are increased. 

By directly administering individual pro-resolving oxylipins to LPS- and cSiO2-exposed 

NZBWF1 mice, we would be able to evaluate the impacts of individual metabolites on the plasma, 

lung, and kidney lipidome and biomarkers of toxicity (e.g., proinflammatory gene expression, 

proinflammatory cytokine release, AAb production, lung/kidney histopathology), then compare 

with results generated from mice administered ω-3 PUFAs and/or pharmacological inhibitors. If 

successful, these studies also would provide compelling preclinical rationale for developing pro-

resolving oxylipin analogs for individuals at risk of developing environmentally-triggered 

autoimmunity. To this end, a stable analog of EpETrE previously has been reported to delay 

development of GN in lupus-prone NZBWF1 mice [667], which suggests similar pro-resolving 

oxylipin analogs may prove efficacious in both rodents and humans.  
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APPENDIX A: CHAPTER 3 SUPPORTING FIGURES AND TABLES 

 

Figure S3.1. R-LPS but not S-LPS induces B and T cell accumulation in kidney. Light 

photomicrographs of cortical tissues from kidneys of mice that received i.p. injections of saline 

vehicle (VEH) alone (A, B), rough (R)-LPS (C, D), and smooth (S)-LPS (E, F). Tissues were 

immunohistochemically stained for CD45R+ lymphoid B cells (stippled arrows) (A, C, E) or 

CD3+ lymphoid T cells (solid arrows) (B, D, F), and counter stained with hematoxylin. a, cortical 

artery; v, cortical vein; g, glomerulus; rt, renal tubule.  
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Figure S3.2. TPPU delivery via diet increases the drug in plasma and inhibits sEH. (A) TPPU 

delivered by dietary supplementation is efficiently transferred to plasma. Plasma concentration of 

TPPU was measured at 10 wk of age by LC-MS/MS. Data are presented as mean ± SEM. <LOD 

= below limit of detection. (B) Supplementation with DHA and/or TPPU modulates plasma 

omega-6 and omega-3 epoxide/diol metabolite ratios in LPS-injected NZBWF1 mice. 

Administration of TPPU separately and with DHA significantly increases epoxide/diol ratios of 

pooled omega-6 metabolites (i.e., LA, ARA) and pooled omega-3 metabolites (i.e., EPA, DHA). 

Data are presented as mean ± SEM (n = 8). Values of p<0.1 are shown, with p<0.05 considered 

statistically significant.  
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Figure S3.3. Dietary DHA and/or TPPU supplementation does not significantly affect body 

weight and weight gain over time. (A) Mice were weighed weekly, concurrently with the first 

LPS injection of the wk. Data are presented as mean ± SEM. (B) Weekly changes in body weight 

were calculated by taking the difference between body weight one wk and body weight the 

subsequent wk. Data are presented as mean ± SEM.  
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Figure S3.4. Broad spectrum of IgG and IgM autoantibodies (AAbs) induced by R-LPS are 

largely unaffected by DHA and/or TPPU. Plasma from all individuals within each experimental 

group (n=8/gp) were pooled and 122 IgG and IgM AAbs measured by high-throughput AAb array. 

Antibody scores (Ab-scores) were calculated for total and specified (A) IgG and (B) IgM AAbs. 

Data for total AAbs depicted as Σ IgG Ab-score and Σ IgM Ab-score, respectively. Data for 

specified AAbs depicted as individual IgM and IgM Ab-scores, respectively.  
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Figure S3.5. Representative inflammatory and fatty acid metabolism genes modulated by R-

LPS in kidney are largely unaffected by DHA and/or TPPU. Following sacrifice, kidneys were  
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Figure S3.5 (cont’d)  

 

isolated and analyzed for RNA expression of selected (A) inflammatory/autoimmune genes (i.e., 

Il1b, Ccl2, Ccl7, Cxcl10, Cxcl13, C1qa, C3, Casp1, Tlr9, Tnfa, Tnfsf13b) and (B) fatty acid 

metabolism genes (i.e., Alox15, Cyp2c44, Cyp2j6, Cyp2j9, Cyp2j11, Ephx1, Ephx2, Pla2g4a, 

Ptgs2). Data are presented as mean ± SEM (n = 6-8). Values of p<0.1 are shown, with p<0.05 

considered statistically significant.   



282 

Table S3.1. Study 1 experimental groups. 

 

Experimental 

Group 

Number of 

Animals (n) 

LPS 

(-/+) 
Experimental Diet 

VEH/CON 2 - AIN-93G 

R-LPS/CON 4 + AIN-93G 

S-LPS/CON 4 + AIN-93G 

 

VEH, vehicle; CON, control; R-LPS, rough lipopolysaccharide; S-LPS, smooth 

lipopolysaccharide. 

 

Table S3.2. Study 2 experimental groups. 
 

Experimental 

Group 

Number of 

Animals (n) 
LPS (-/+) Experimental Diet 

VEH/CON 8 - CON (AIN-93G) 

LPS/CON 8 + CON (AIN-93G) 

LPS/DHA 8 + DHA (10 g/kg CON diet) 

LPS/TPPU 8 + TPPU (22.5 mg/kg CON diet) 

LPS/TPPU+DHA 8 + 
TPPU (22.5 mg/kg CON diet)  

+ DHA (10 g/kg CON diet) 

 

VEH, vehicle; CON, control; LPS, lipopolysaccharide; DHA, docosahexaenoic acid; TPPU, 1-(4-

trifluoro-methoxy-phenyl)-3-(1-propionylpiperidin-4-yl) urea.  
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Table S3.3. Study 2 experimental diet formulations. 

 

 (g/kg total diet) 

 CON DHA TPPU TPPU+DHA 

Carbohydrates 

Corn starch 398 398 398 398 

Maltodextrin (Dyetrose) 132 132 132 132 

Sucrose 100 100 100 100 

Cellulose 50 50 50 50 

kcal (% of total) 63.2 63.2 63.2 63.2 

Proteins 

Casein 200 200 200 200 

L-Cysteine 3 3 3 3 

kcal (% of total) 19.7 19.7 19.7 19.7 

Fatsa 

Corn oilb 10 10 10 10 

High oleic-safflower oilc 60 35 60 35 

DHA-enriched algal oild 0 25e 0 25e 

kcal (% of total) 17.1 17.1 17.1 17.1 

Other 

AIN-93G mineral mix 35 35 35 35 

AIN-93G vitamin mix 10 10 10 10 

Choline bitartrate 3 3 3 3 

TBHQ antioxidant 0.01 0.01 0.01 0.01 

TPPU 0 0 0.0225 0.0225 

 

All values are reported as mass (g) per kg of diet. 
a As reported by the manufacturer 
b Corn oil contained 612 g/kg linoleic acid and 26 g/kg oleic acid 
c High oleic-safflower oil contained 750 g/kg oleic acid and 140 g/kg linoleic acid 
d Algal oil contained 395 g/kg DHA and 215 g/kg oleic acid 
e 10 g DHA/kg diet; calorically equivalent to human DHA consumption of 5 g/d 

 

Table S3.4. Study 2 experimental diet TPPU mass per kilogram of diet. 

 

 (mg TPPU / kg diet, mean ± SEM) 

 TPPU TPPU+DHA 

Expected Mass (mg/kg diet) 22.50 22.50 

Measured Mass (mg/kg 

diet) 
27.68 ± 3.85 32.80 ± 3.21 

 

Data are presented as mg TPPU per kg experimental diet (mean ± SEM, n = 3) as measured by 

LC-MS/MS. TPPU was not measured in CON or DHA diets, as the expected mass was 0 mg/kg 

diet.  
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Table S3.5. Waters TQ-XS tandem quadrupole UPLC/MS/MS linear gradient 

chromatographic method for analyte separation. 

 

Mobile phase 
A: 0.1% acetic acid in 

water 

B: 84:16 acetonitrile/methanol + 0.1% 

acetic acid 

Gradient 

(minutes) 
Percentage Percentage 

Initial 65.0 35.0 

1.00 60.0 40.0 

3.00 45.0 55.0 

8.50 35.0 65.0 

12.50 28.0 72.0 

15.00 18.0 82.0 

16.00 0.0 100.0 

18.10 65.0 35.0 

 

Injection Volume: 10 µl 

Flow Rate: 0.25 ml/min  
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Table S3.6. Plasma oxylipin levels at necropsy as determined by LC-MS/MS. 

  (concentration in nM, mean ± SEM) 

PUFA 

Precursor 
Metabolite VEH/CON LPS/CON LPS/DHA LPS/TPPU 

LPS/ 

TPPU+DHA 
LOQ LOD 

LA 
9,10-

EpOME 
12.96±4.06 6.99±1.03A 4.50±0.88A 5.75±1.47A 3.92±0.67A 0.312 0.0468 

LA 
12,13-

EpOME 
17.62±5.81 8.85±1.31AB 5.37±1.23A 12.29±2.06B 8.55±0.64AB 0.312 0.0468 

LA 
9,10-

DiHOME 
11.82±6.15 5.87±0.61A 2.91±0.61B 4.94±0.66A 2.79±0.30B 0.630 0.0945 

LA 
12,13-

DiHOME 
4.97±1.83 3.47±0.48A 2.04±0.63AB 0.82±0.09B 0.82±0.09B 0.630 0.0945 

LA 9-HODE 31.16±9.16 15.09±1.49A 9.63±1.44B 12.38±1.95A 9.15±0.66B 0.250 0.0375 

LA 13-HODE 104.90±33.75 44.05±3.75A 28.38±4.26B 34.16±5.16A 24.74±1.70B 0.500 0.075 

LA 9-oxo-ODE 8.48±4.07 2.52±0.53A 0.50±0.35B 1.21±0.53AB 1.23±0.22AB 0.500 0.075 

LA 
13-oxo-

ODE 
7.18±2.27 3.02±0.33*A 1.74±0.32AB 1.02±0.19B 1.67±0.27AB 0.312 0.0468 

LA EKODE 7.81±2.54 3.41±0.37A 2.01±0.24AB 1.47±0.28B 1.81±0.16AB 0.500 0.075 

DGLA 
15(S)-

HETrE 
1.24±0.59 0.13±0.13A <LODA 0.48±0.14B <LODA 0.125 0.0187 

ARA LTB4 1.74±0.92 0.16±0.3A 0.11±0.07A 0.06±0.06A 0.52±0.04B 0.250 0.0375 

ARA 
5,6-

EpETrE 
2.35±0.67 1.50±0.16A 0.44±0.07B 1.96±0.28A 0.39±0.02B 1.25 0.1875 

ARA 
8,9-

EpETrE 
7.35±2.02 2.99±0.96A 2.06±1.06A 3.09±0.43A 6.91±4.14A 1.25 0.1875 

ARA 
11,12-

EpETrE 
1.04±0.54 0.79±0.08A 0.17±0.01B 1.39±0.16A 0.02±0.02B 0.625 0.0937 

ARA 
14,15-

EpETrE 
2.17±0.65 1.44±0.22A 0.08±0.08B 2.59±0.27A 0.11±0.07B 0.625 0.0937 

ARA 
5,6-

DiHETrE 
1.06±0.11 1.24±0.12A 0.20±0.05B 0.48±0.02C 0.15±0.03B 0.250 0.0375 

ARA 
8,9-

DiHETrE 
16.26±1.91 8.18±0.50*A 5.57±0.36B 5.23±0.47B 2.99±0.26C 0.250 0.0375 

ARA 
11,12-

DiHETrE 
0.20±0.06 0.36±0.06*A <LODB 0.22±0.04AB <LODB 0.250 0.0375 

ARA 
14,15-

DiHETrE 
0.76±0.23 0.60±0.07A 0.06±0.03BC 0.21±0.01AB <LODC 0.630 0.0945 

ARA 5-HETE 3.68±1.19 2.05±0.21A 0.05±0.05B 2.03±0.18A 0.09±0.06B 0.500 0.075 

ARA 11-HETE 4.34±1.56 1.37±0.49A 0.19±0.10B 2.01±0.70A 0.15±0.03B 0.125 0.0187 

ARA 12-HETE 306.30±102.3 77.58±49.40A 
25.94±16.94A

B 

175.60±82.19A

B 
9.05±4.12B 0.500 0.075 

ARA 15-HETE 7.08±3.06 1.67±0.73A 0.12±0.12B 3.11±1.16A <LODB 0.312 0.0468 

ARA 19-HETE <LOD 1.66±1.66A 0.81±0.81A <LODA <LODA 0.625 0.0937 

ARA 5-oxo-ETE 1.46±0.99 0.10±0.10A 0.05±0.05A 0.29±0.15A <LODA 1.25 0.1875 
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Table S3.6 (cont’d) 

ARA 12-oxo-ETE 5.28±2.97 0.41±0.41A <LODA 0.43±0.28A <LODA 1.25 0.1875 

ARA 15-oxo-ETE 1.58±0.63 0.46±0.08A <LODB 0.18±0.06AB <LODB 0.250 0.0375 

ALA 9,10-EpODE 0.24±0.11 0.21±0.08A <LODB 0.15±0.07AB 0.02±0.02B 0.312 0.0468 

ALA 
15,16-
EpODE 

1.13±0.31 0.81±0.10A 0.27±0.12A 1.01±0.27A 0.75±0.10A 0.250 0.0375 

ALA 
9,10-

DiHODE 
0.01±0.01 0.07±0.02AB <LODA 0.13±0.02B 0.06±0.01AB 0.630 0.0945 

ALA 
12,13-

DiHODE 
0.31±0.06 0.17±0.07A 0.18±0.08A 0.17±0.06A 0.17±0.07A 1.25 0.1875 

ALA 
15,16-
DiHODE 

<LOD 0.36±0.04A 0.25±0.07AB 0.01±0.01C 0.05±0.02BC 0.630 0.0945 

ALA 9-HOTrE 1.23±0.22 0.69±0.07A 0.42±0.07B 0.37±0.08B 0.43±0.03AB 0.312 0.0468 

ALA 13-HOTrE 1.30±0.45 0.26±0.13A 0.11±0.01A 0.12±0.08A <LODA 0.625 0.0937 

EPA 
11,12-
EpETE 

<LOD <LODA 0.94±0.25B 0.01±0.01A 1.03±0.26B 0.250 0.0375 

EPA 
14,15-

EpETE 
<LOD <LODA 0.36±0.17AB <LODA 0.79±0.07B 0.500 0.075 

EPA 
17,18-

EpETE 
<LOD <LODA 2.20±0.33BC 0.45±0.19AB 5.33±0.41C 1.25 0.1875 

EPA 5,6-DiHETE 20.61±8.55 8.90±0.76A 28.37±2.94B 5.12±0.36C 23.59±2.00B 2.50 0.375 

EPA 8,9-DiHETE 0.21±0.13 0.19±0.08A 0.55±0.09B 0.02±0.01A 0.72±0.14B 0.630 0.0945 

EPA 
11,12-

DiHETE 
<LOD <LODA 0.37±0.07B <LODA 0.33±0.03B 0.630 0.0945 

EPA 
14,15-
DiHETE 

<LOD <LODA 0.46±0.07B 0.02±0.01A 0.25±0.03A 0.630 0.0945 

EPA 
17,18-

DiHETE 
2.10±0.68 1.83±0.20AB 16.25±2.52C 1.17±0.07B 6.98±0.58AC 1.25 0.1875 

EPA 5-HEPE <LOD <LODA 1.39±0.17B <LODA 1.60±0.10B 0.625 0.0937 

EPA 8-HEPE 0.10±0.10 <LODA 0.89±0.18B <LODA 0.54±0.13AB 0.625 0.0937 

EPA 12-HEPE 2.67±1.23 0.65±0.35A 26.59±12.75B 0.96±0.52A 12.75±3.80B 0.312 0.0468 

EPA 15-HEPE <LOD 0.02±0.02A 0.73±0.37A <LODA 0.28±0.11A 0.312 0.0468 

EPA 18-HEPE 0.03±0.03 0.004±0.003A 0.73±0.22B <LODA 0.74±0.04A 0.625 0.0937 

EPA 20-HEPE <LOD <LODA 1.56±0.13B <LODA 1.32±0.26B 0.625 0.0937 

DHA 7,8-EpDPE 0.43±0.30 0.10±0.07A 3.59±1.17B 0.33±0.17A 2.18±0.45B 1.25 0.1875 

DHA 
10,11-

EpDPE 
0.05±0.05 0.13±0.07A 1.17±0.23B 0.16±0.08A 0.89±0.10B 0.250 0.0375 

DHA 
13,14-
EpDPE 

0.25±0.17 0.11±0.07A 1.93±0.48B 0.29±0.12AC 1.12±0.23BC 0.625 0.0937 

DHA 
16,17-

EpDPE 
0.22±0.15 <LODA 2.49±0.85B 0.21±0.09A 2.04±0.35B 1.25 0.1875 
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Table S3.6 (cont’d) 

DHA 
19,20-
EpDPE 

2.44±0.88 3.21±0.37A 25.91±3.91A 3.73±0.46A 28.93±3.63A 0.625 0.0937 

DHA 7,8-DiHDPE 0.13±0.13 0.17±0.09A 1.11±0.34A <LODA <LODA 0.625 0.0937 

DHA 
10,11-

DiHDPE 
<LOD <LODA 0.52±0.09B <LODA 0.19±0.04AB 0.250 0.0375 

DHA 
13,14-
DiHDPE 

<LOD <LODA 0.73±0.10B 0.004±0.002A 0.52±0.06B 0.250 0.0375 

DHA 
16,17-

DiHDPE 
<LOD <LODA 1.15±0.15B 0.03±0.02AC 0.46±0.03BC 0.125 0.0187 

DHA 
19,20-

DiHDPE 
2.79±1.96 2.69±0.32A 22.32±3.97B 1.88±0.20A 9.74±0.94B 0.250 0.0375 

DHA 20-HDHA 1.43±0.82 0.45±0.23A 4.93±1.56B 1.01±0.25A 3.92±0.62B 1.25 0.1875 

DHA 22-HDHA <LOD <LODA 5.99±0.71B <LODA 4.28±0.65B 0.625 0.0937 

 

Data are presented as percent of total fatty acids (mean ± SEM, n = 8/gp) as measured by LC-

MS/MS. Differences between VEH/CON and LPS/CON groups were compared by Student’s t 

test. LPS/CON, LPS/DHA, LPS/TPPU, and LPS/TPPU+DHA groups were compared by ordinary 

one-way ANOVA followed by Tukey’s post-hoc test. Nonparametric versions of these tests were 

used when applicable. Asterisks (*) indicate significant differences between VEH/CON and 

LPS/CON groups (p<0.05). Unique letters indicate significant differences between LPS/CON, 

LPS/DHA, LPS/TPPU, and LPS/TPPU+DHA groups (p<0.05). PUFA, polyunsaturated fatty acid; 

LOQ, limit of quantitation; LOD, limit of detection; LA, linoleic acid; DGLA, dihomo-γ-linolenic 

acid; ARA, arachidonic acid; ALA, alpha-linolenic acid; EPA, eicosapentaenoic acid; DHA, 

docosahexaenoic acid.  
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Table S3.7. Study 2 renal mRNA expression as determined by RT-PCR. 

 

 (Relative copy number, mean ± SEM) 

Gene VEH/CON LPS/CON LPS/DHA LPS/TPPU LPS/TPPU+DHA 

Interleukins 

Il1a 1.00±0.07 1.52±0.33A 2.91±0.76A 1.43±0.27A 2.53±0.55A 

Il1b 1.00±0.10 6.31±0.99*A 5.24±1.73A 6.71±0.87A 7.44±1.04A 

Il6 1.00±0.48 1.32±0.25A 2.08±0.37A 1.82±0.35A 2.00±0.20A 

Il18 1.00±0.07 0.95±0.09A 0.99±0.08A 0.92±0.07A 1.03±0.06A 

Chemokines 

Ccl2 1.00±0.12 6.91±1.13*A 5.44±1.32A 4.09±0.78A 6.31±0.77A 

Ccl7 1.00±0.17 9.92±1.12*A 7.45±1.56A 5.42±1.04A 7.57±1.11A 

Ccl12 1.00±0.18 2.52±0.31*A 1.81±0.39A 1.52±0.33A 2.20±0.24A 

Cxcl9 1.00±0.15 1.19±0.17A 0.96±0.28A 0.72±0.11A 0.97±0.14A 

Cxcl10 1.00±0.13 1.36±0.16A 1.54±0.34A 1.17±0.15A 1.67±0.09A 

Cxcl13 1.00±0.14 13.68±2.35*A 10.77±1.17A 11.19±2.60A 11.06±1.57A 

Inflammation and Autoimmunity 

C1qa 1.00±0.08 4.56±0.25*A 3.44±0.30A 3.99±0.36A 4.13±0.37A 

C3 1.00±0.06 2.40±0.14*A 2.16±0.14A 2.45±0.34A 2.56±0.36A 

Casp1 1.00±0.08 2.49±0.15*A 1.89±0.12A 2.05±0.16A 2.36±0.21A 

Casp4 1.00±0.14 2.53±0.18*A 1.90±0.23A 2.23±0.20A 2.63±0.21A 

Icam1 1.00±0.04 1.66±0.08*A 1.57±0.12A 2.05±0.15A 1.86±0.11A 

Ifng 1.00±0.10 1.29±0.25A 1.05±0.16A 1.21±0.21A 1.39±0.24A 

Lbp 1.00±0.06 1.12±0.03AB 1.06±0.07A 1.40±0.10B 1.24±0.11AB 

Nfkb1 1.00±0.04 0.89±0.04A 0.91±0.03A 1.00±0.06A 0.91±0.03A 

Nlrp3 1.00±0.21 1.59±0.18*A 1.12±0.20A 1.20±0.12A 1.27±0.24A 

Nos2 1.00±0.15 1.36±0.10*A 0.78±0.17B 1.08±0.14AB 1.19±0.19AB 

Pparg 1.00±0.20 1.02±0.15A 0.71±0.07AB 0.68±0.08AB 0.60±0.03B 

Tlr4 1.00±0.03 1.40±0.11*A 1.27±0.08A 1.37±0.11A 1.38±0.10A 

Tlr9 1.00±0.12 3.16±0.17*A 2.13±0.29A 2.81±0.32A 2.32±0.18A 

Tnfa 1.00±0.17 5.45±0.88*A 4.29±1.45A 4.29±0.54A 4.79±0.96A 

Tnfsf13b 1.00±0.12 2.21±0.10*A 2.13±0.19A 2.26±0.15A 2.28±0.25A 

Type I interferon-regulated genes 

Ifi44 1.00±0.08 0.81±0.07AB 0.67±0.04B 1.01±0.08A 0.71±0.07B 

Irf7 1.00±0.09 0.80±0.06A 0.76±0.09A 0.92±0.08A 0.85±0.10A 

Isg15 1.00±0.12 0.89±0.07A 0.95±0.14A 1.10±0.09A 1.16±0.07A 
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Table S3.7 (cont’d) 

Nlrc5 1.00±0.21 1.99±0.20*A 1.33±0.17A 1.80±0.19A 1.41±0.15A 

Oas2 1.00±0.12 0.89±0.11A 1.12±0.27A 1.38±0.23A 1.24±0.19A 

Fatty Acid Metabolism 

Alox15 1.00±0.27 0.80±0.15A 0.89±0.08A 0.80±0.23A 1.34±0.21A 

Cyp2c44 1.00±0.04 0.53±0.03*A 0.67±0.07A 0.69±0.07A 0.74±0.09A 

Cyp2j6 1.00±0.05 0.59±0.03*A 0.67±0.04A 0.77±0.07A 0.74±0.08A 

Cyp2j9 1.00±0.06 0.63±0.06*A 0.68±0.07A 0.73±0.05A 0.78±0.06A 

Cyp2j11 1.00±0.04 0.63±0.03*A 0.80±0.07A 0.82±0.07A 0.72±0.07A 

Ephx1 1.00±0.05 0.77±0.07*A 0.90±0.05A 0.94±0.04A 0.95±0.07A 

Ephx2 1.00±0.03 0.59±0.03*A 0.93±0.07B 0.77±0.06AB 0.97±0.09B 

Pla2g4a 1.00±0.07 0.79±0.07*A 0.82±0.06A 0.85±0.07A 0.91±0.07A 

Ptgs2 1.00±0.20 0.77±0.23A 0.75±0.22A 0.78±0.14A 0.67±0.15A 

Kidney Injury 

Ankrd1 1.00±0.08 2.96±0.26*A 2.77±0.36A 2.48±0.25A 3.43±0.49A 

Havcr1 1.00±0.07 1.00±0.13A 1.11±0.23A 2.00±0.35A 1.11±0.21A 

Lcn2 1.00±0.13 2.78±0.48*A 2.27±0.34A 2.52±0.61A 4.68±0.95A 

Tgfb1 1.00±0.06 1.66±0.10*A 1.34±0.08A 1.58±0.18A 1.58±0.12A 

Oxidative Stress 

Hmox 1.00±0.06 1.79±0.07*A 1.76±0.13A 1.52±0.07A 2.60±0.77A 

Ncf1 1.00±0.10 4.71±0.18*A 3.47±0.29A 3.67±0.30A 4.23±0.56A 

Nqo1 1.00±0.05 0.55±0.03*A 0.75±0.04A 0.63±0.05A 0.79±0.09A 

Sod2 1.00±0.04 0.58±0.02*A 0.76±0.06A 0.76±0.08A 0.77±0.07A 

 

Gene expression data are presented as relative copy numbers (mean ± SEM, n = 8/gp) in relation 

to housekeeping genes. Differences between VEH/CON and LPS/CON groups were compared by 

Student’s t test. LPS/CON, LPS/DHA, LPS/TPPU, and LPS/TPPU+DHA groups were compared 

by ordinary one-way ANOVA followed by Tukey’s post-hoc test. Nonparametric versions of these 

tests were used when applicable. Asterisks (*) indicate significant differences between VEH/CON 

and LPS/CON groups (p<0.05). Unique letters indicate significant differences between LPS/CON, 

LPS/DHA, LPS/TPPU, and LPS/TPPU+DHA groups (p<0.05).  
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Table S3.8. List of Key Reagents, Chemicals, and Kits. 

 

Reagent Vendor Catalog Number 

AIN-93G Purified Rodent Diet without 

Vitamin Mix 
Dyets Inc. 110700 

AIN-93G VX Vitamin Mix Dyets Inc. 310025 

LouAna Safflower Oil LouAna Oils  

Mazola Corn Oil Mazola  

Microalgal Oil Containing 40% DHA DHASCO  

TPPU Synthesized in-house  

S-LPS from Salmonella enterica serotype 

minnesota 
Sigma Aldrich L6261 

R-LPS from Salmonella enterica serotype 

minnesota Re 595 
Sigma Aldrich L9724 

Urine Reagent Strip (Glucose-Protein) 

Rapid Test Kit 
Cortez Diagnostics URS-2P 

Urine Reagent Strip‐1B (URS‐1B) Blood Teco Diagnostics URS-1B 

Urea Nitrogen (BUN) Colorimetric 

Detection Kit 

Thermo Fisher 

Scientific 
EIABUN 

Creatinine (serum) Colorimetric Assay 

Kit 
Cayman Chemical 700460 

Polyclonal Goat Anti-IgG Antibody Bethyl Labs A-90-100A 

Polyclonal Rabbit Anti-Mouse CD3 

Antibody 
Abcam ab5690 

Monoclonal Rat Anti-Mouse CD45R 

Antibody 
Becton Dickinson 550286 

RNeasy Mini Kit Qiagen 74104 
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APPENDIX B: CHAPTER 4 SUPPORTING FIGURES AND TABLES 

 
 

Figure S4.1. LPS priming has modest effects on rates of cSiO2-induced lysosomal membrane 

permeabilization and mitochondrial toxicity and minimal effects on cSiO2-induced death in 

FLAMs. VEH-treated and DHA-treated FLAMs were incubated with either with LPS (20 ng/ml) 

in DPBS+/+ or DPBS+/+ for 1.5 h then stained with (A) LysoTracker Red (LTR; 50 nM), (B) 

MitoTracker Red (MTR; 25 nM), or (C) SYTOX Green (SG; 200 nM) in DPBS+/+ for 30 min. 

After 30 minutes to allow fluorescent dyes to equilibrate, cSiO2 was added dropwise at 12.5  
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Figure S4.1 (cont’d)  

 

μg/cm2. Representative images from samples, taken at 20x magnification. (D) Percent 

LysoTracker Red+, (E) MitoTracker Red+, and (F) SYTOX Green+ cells from 2 h to 6 h were 

quantified using CellProfiler 4.2.1 and RStudio Desktop. Data are shown as mean ± SEM.  
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Table S4.1. List of Key Reagents, Chemicals, and Kits. 

 

Reagent Manufacturer Catalog Number 

Costar® 6-Well Cell Culture Plate Corning 3516 

Costar® 24-Well Cell Culture Plate Corning 3524 

Falcon® 48-Well Cell Culture Plate Corning 353078 

RPMI 1640 Gibco 21875034 

Fetal Bovine Serum R&D Systems S11150H 

Penicillin-Streptomycin Invitrogen 15140122 

mGM-CSF Peprotech 315-03 

h-TGFβ Peprotech 100-21 

0.5 M EDTA Invitrogen 15575-038 

DPBS, no calcium, no magnesium Gibco 14190144 

DPBS, calcium, magnesium Gibco 14040133 

Lipopolysaccharide from Salmonella enterica Millipore Sigma L6143 

Crystalline Silica U.S. Silica Min-U-Sil-5 

Docosahexaenoic Acid NU-Chek Prep U-84-A 

Triton X-100 Millipore Sigma T8787 

CulturPlate-96, White Opaque 96-well 

Microplate 
PerkinElmer 6005680 

Z-L-R-AMC Fluorogenic Peptide Substrate 

VII 
R&D Systems ES008 

Polystyrene Microplates R&D Systems DY990 

Bovine Serum Albumin Millipore Sigma A3912 

Mouse IL-1 alpha/IL-1F1 DuoSet ELISA R&D Systems DY400 

Mouse IL-1 beta/IL-1F2 DuoSet ELISA R&D Systems DY401 

Mouse TNF-alpha DuoSet ELISA R&D Systems DY410 

K-Blue® Advanced Plus TMB Substrate Neogen 319175 

LysoTracker™ Red DND-99 
Thermo Fisher 

Scientific 
L7528 

MitoTracker™ Red CM-H2Xros 
Thermo Fisher 

Scientific 
M7513 

SYTOX™ Green Nucleic Acid Stain 
Thermo Fisher 

Scientific 
S7020 
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Table S4.2. Classification of oxylipins analyzed by the Wayne State University Lipidomics 

Core Facility. 

 

Oxylipin 
Fatty Acid 

Substrate 
Classification 

9,10-DiHOME 18:2ω6 DiHFA (CYP450) 

12,13-DiHOME 18:2ω6 DiHFA (CYP450) 

9(10)-EpOME 18:2ω6 EpFA 

12(13)-EpOME 18:2ω6 EpFA 

9-HODE 18:2ω6 HFA 

13-HODE 18:2ω6 HFA 

9-OxoODE 18:2ω6 Oxo-FA 

13-OxoODE 18:2ω6 Oxo-FA 

13(S)-HOTrE 18:3ω3 HFA 

13(S)-HOTrE(g) 18:3ω3 HFA 

9(S)-HOTrE 18:3ω3 HFA 

9-OxoOTrE 18:3ω3 Oxo-FA 

11(R)-HEDE 20:2ω6 HFA 

15(S)-HEDE 20:2ω6 HFA 

15-OxoEDE 20:2ω6 Oxo-FA 

8(S)-HETrE 20:3ω6 HFA 

5(S)-HETrE 20:3ω6 HFA 

13,14dhPGE1 20:3ω6 Prostaglandin 

13,14dh-15k-PGE1 20:3ω6 Prostaglandin 

D17-PGE1 20:3ω6 Prostaglandin 

PGE1 20:3ω6 Prostaglandin 

15(R)-PGE1 20:3ω6 Prostaglandin 

15-keto PGE1 20:3ω6 Prostaglandin 

Bicyclo PGE1 20:3ω6 Prostaglandin 

19(R)-hydroxy PGE1 20:3ω6 Prostaglandin 

2,3-dinor PGE1 20:3ω6 Prostaglandin 

PGF1α 20:3ω6 Prostaglandin 

6-keto PGE1 20:3ω6 Prostaglandin 

5,6-DiHETrE 20:4ω6 DiHFA (CYP450) 

8,9-DiHETrE 20:4ω6 DiHFA (CYP450) 

11,12-DiHETrE 20:4ω6 DiHFA (CYP450) 

14,15-DiHETrE 20:4ω6 DiHFA (CYP450) 

5(S),12(S)-DiHETE 20:4ω6 DiHFA (LOX) 

5(S),15(S)-DiHETE 20:4ω6 DiHFA (LOX) 

8(S),15(S)-DiHETE 20:4ω6 DiHFA (LOX) 

5(S),6(S)-DiHETE 20:4ω6 DiHFA (LOX) 

5(6)-EpETrE 20:4ω6 EpFA 

8(9)-EpETrE 20:4ω6 EpFA 
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Table S4.2 (cont’d) 

11(12)-EpETrE 20:4ω6 EpFA 

14(15)-EpETrE 20:4ω6 EpFA 

12-HETE 20:4ω6 HFA 

tetranor 12-HETE 20:4ω6 HFA 

15-HETE 20:4ω6 HFA 

5-HETE 20:4ω6 HFA 

8-HETE 20:4ω6 HFA 

12(S)-HHTrE 20:4ω6 HFA 

20-HETE 20:4ω6 HFA 

9-HETE 20:4ω6 HFA 

11-HETE 20:4ω6 HFA 

LTB4 20:4ω6 Leukotriene 

12-OxoLTB4 20:4ω6 Leukotriene 

20-hydroxy LTB4 20:4ω6 Leukotriene 

20-COOH LTB4 20:4ω6 Leukotriene 

18-carboxy dinor LTB4 20:4ω6 Leukotriene 

LXA4 20:4ω6 Lipoxin 

15-epi LXA4 20:4ω6 Lipoxin 

15-oxo LXA4 20:4ω6 Lipoxin 

LXA5 20:4ω6 Lipoxin 

LXB4 20:4ω6 Lipoxin 

12-OxoETE 20:4ω6 Oxo-FA 

15-OxoETE 20:4ω6 Oxo-FA 

5-oxoETE 20:4ω6 Oxo-FA 

PGE2 20:4ω6 Prostaglandin 

15-keto PGE2 20:4ω6 Prostaglandin 

13,14dh-15k-PGE2 20:4ω6 Prostaglandin 

Bicyclo PGE2 20:4ω6 Prostaglandin 

PGA2 20:4ω6 Prostaglandin 

19(R)-OH PGE2 & 20-OH PGE2 20:4ω6 Prostaglandin 

tetranor PGEM 20:4ω6 Prostaglandin 

PGD2 20:4ω6 Prostaglandin 

PGJ2 20:4ω6 Prostaglandin 

Δ12-PGJ2 20:4ω6 Prostaglandin 

15d-Δ12,14-PGJ2 20:4ω6 Prostaglandin 

13,14dh-15k-PGD2 20:4ω6 Prostaglandin 

PGF2α 20:4ω6 Prostaglandin 

15-keto PGF2α 20:4ω6 Prostaglandin 

13,14dh-15k-PGF2α 20:4ω6 Prostaglandin 

19(R)-OH PGF2α & 20-OH 

PGF2α 
20:4ω6 Prostaglandin 



296 

Table S4.2 (cont’d) 

8-isoPGF2α & 11bPGF2α 20:4ω6 Prostaglandin 

iPF-VI 20:4ω6 Prostaglandin 

6kPGF1α 20:4ω6 Prostaglandin 

6,15-diketo PGFα 20:4ω6 Prostaglandin 

TXB2 20:4ω6 Thromboxane 

11dh-TXB2 20:4ω6 Thromboxane 

2,3-dinor TXB2 20:4ω6 Thromboxane 

11dh-2,3-dinor TXB2 20:4ω6 Thromboxane 

5,6-DiHETE(EPA) 20:5ω3 DiHFA (CYP450) 

5(S),15(S)-DiHEPE 20:5ω3 DiHFA (LOX) 

8(9)-EpETE 20:5ω3 EpFA 

11(12)-EpETE 20:5ω3 EpFA 

14(15)-EpETE 20:5ω3 EpFA 

17(18)-EpETE 20:5ω3 EpFA 

12-HEPE 20:5ω3 HFA 

15(S)-HEPE 20:5ω3 HFA 

5-HEPE 20:5ω3 HFA 

8-HEPE 20:5ω3 HFA 

18-HEPE 20:5ω3 HFA 

9-HEPE 20:5ω3 HFA 

11-HEPE 20:5ω3 HFA 

LTB5 20:5ω3 Leukotriene 

PGE3 20:5ω3 Prostaglandin 

PGD3 20:5ω3 Prostaglandin 

15d-D12,14-PGJ3 20:5ω3 Prostaglandin 

PGF3α 20:5ω3 Prostaglandin 

RvE1 20:5ω3 Resolvin 

RvE2 20:5ω3 Resolvin 

RvE3 20:5ω3 Resolvin 

TXB3 20:5ω3 Thromboxane 

11dh TXB3 20:5ω3 Thromboxane 

MaR1(n-3DPA) 22:5ω3 Maresin 

PD1(n-3, DPA) 22:5ω3 Protectin 

RvD5(n-3DPA) (7,17-DiHDoPE) 22:5ω3 Resolvin 

19,20-DiHDoPE 22:6ω3 DiHFA (CYP450) 

7(8)-EpDPE 22:6ω3 EpFA 

10(11)-EpDPE 22:6ω3 EpFA 

13(14)-EpDPE 22:6ω3 EpFA 

16(17)-EpDPE 22:6ω3 EpFA 

19(20)-EpDPE 22:6ω3 EpFA 

14-HDoHE 22:6ω3 HFA 
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Table S4.2 (cont’d) 

17-HDoHE 22:6ω3 HFA 

4-HDoHE 22:6ω3 HFA 

7-HDoHE 22:6ω3 HFA 

8-HDoHE 22:6ω3 HFA 

10-HDoHE 22:6ω3 HFA 

11-HDoHE 22:6ω3 HFA 

13-HDoHE 22:6ω3 HFA 

16-HDoHE 22:6ω3 HFA 

20-HDoHE 22:6ω3 HFA 

Maresin1 22:6ω3 Maresin 

7(S)-Maresin1 22:6ω3 Maresin 

PD1 22:6ω3 Protectin 

AT-PD1 22:6ω3 Protectin 

10S,17S-DiHDoHE 22:6ω3 Protectin 

22-OH-PD1 22:6ω3 Protectin 

RvD1 & AT-RvD1 22:6ω3 Resolvin 

RvD2 22:6ω3 Resolvin 

RvD3 22:6ω3 Resolvin 

AT-RvD3 22:6ω3 Resolvin 

RvD4 22:6ω3 Resolvin 

RvD5 22:6ω3 Resolvin 

RvD6 (4,17-DiHDoHE) 22:6ω3 Resolvin 

8-oxoRvD1 22:6ω3 Resolvin 

17-oxoRvD1 22:6ω3 Resolvin 

 

18:2ω6, linoleic acid; 18:3ω3, α-linolenic acid; 20:2ω6, eicosadienoic acid; 20:3ω6, linoleic acid; 

dihomo-γ-linolenic acid; 20:4ω6, arachidonic acid; 20:5ω3, eicosapentaenoic acid; 22:5ω3, 

docosapentaenoic acid; 22:6ω3, docosahexaenoic acid; DiHFA, dihydroxy fatty acid; EpFA, 

epoxy fatty acid; HFA, hydroxy fatty acid; oxo-FA, oxo fatty acid; CYP450, cytochrome P450 

monooxygenase; LOX, lipoxygenase. 
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Table S4.3. Combined intracellular and extracellular oxylipin content at t = 2 h. 

 
Oxylipin VEH/VEH LPS/VEH DHA/VEH DHA/LPS 

9,10-DiHOME 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 

12,13-DiHOME 0.02 ± 0.01 0.00 ± 0.00 0.02 ± 0.01 0.00 ± 0.00 

9(10)-EpOME 0.19 ± 0.04 0.17 ± 0.02 0.15 ± 0.02 0.11 ± 0.01 

12(13)-EpOME 0.08 ± 0.02 0.03 ± 0.03 0.08 ± 0.01 0.05 ± 0.03 

9-HODE 2.10 ± 0.84 1.51 ± 0.35 1.22 ± 0.39 1.17 ± 0.09 

13-HODE 8.38 ± 2.36 5.90 ± 1.08 6.01 ± 1.91 4.67 ± 0.21 

9-OxoODE 1.97 ± 0.49 1.46 ± 0.18 1.31 ± 0.11 1.30 ± 0.10 

13-OxoODE 2.48 ± 0.75 1.91 ± 0.29 1.55 ± 0.14 1.32 ± 0.13 

13(S)-HOTrE 0.06 ± 0.06 0.07 ± 0.04 0.12 ± 0.06 0.10 ± 0.05 

13(S)-HOTrE(g) 0.12 ± 0.12 0.00 ± 0.00 0.20 ± 0.20 0.00 ± 0.00 

9(S)-HOTrE 0.09 ± 0.06 0.10 ± 0.06 0.11 ± 0.11 0.05 ± 0.05 

9-OxoOTrE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

11(R)-HEDE 0.03 ± 0.02 0.03 ± 0.02 0.00 ± 0.00 0.02 ± 0.01 

15(S)-HEDE 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 

15-OxoEDE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

8(S)-HETrE 0.07 ± 0.01 0.11 ± 0.01 0.11 ± 0.00 0.09 ± 0.00 

5(S)-HETrE 0.04 ± 0.01 0.04 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 

13,14dhPGE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

13,14dh-15k-PGE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

D17-PGE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PGE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

15(R)-PGE1 0.32 ± 0.03 0.34 ± 0.03 0.18 ± 0.02 0.21 ± 0.02 

15-keto PGE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Bicyclo PGE1 0.16 ± 0.08 0.19 ± 0.09 0.17 ± 0.09 0.19 ± 0.07 

19(R)-hydroxy 

PGE1 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

2,3-dinor PGE1 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.02 ± 0.01 

PGF1a 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

6-keto PGE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5,6-DiHETrE 0.00 ± 0.00 0.01 ± 0.00 0.03 ± 0.00 0.01 ± 0.01 

8,9-DiHETrE 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.01 0.01 ± 0.00 

11,12-DiHETrE 0.11 ± 0.02 0.08 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 

14,15-DiHETrE 0.39 ± 0.05 0.37 ± 0.04 0.37 ± 0.04 0.39 ± 0.04 

5(S),12(S)-DiHETE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5(S),15(S)-DiHETE 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.02 

8(S),15(S)-DiHETE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5(S),6(S)-DiHETE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5(6)-EpETrE 0.03 ± 0.01 0.04 ± 0.01 0.03 ± 0.00 0.03 ± 0.00 

8(9)-EpETrE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
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Table S4.3 (cont’d) 

11(12)-EpETrE 0.09 ± 0.00 0.09 ± 0.01 0.02 ± 0.01 0.06 ± 0.01 

14(15)-EpETrE 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.04 ± 0.01 

12-HETE 0.51 ± 0.02 0.51 ± 0.08 0.75 ± 0.06 0.60 ± 0.03 

tetranor 12-HETE 3.09 ± 0.09 2.99 ± 0.38 2.94 ± 0.18 2.96 ± 0.14 

15-HETE 1.05 ± 0.05 0.95 ± 0.10 1.53 ± 0.06 1.12 ± 0.05 

5-HETE 1.42 ± 0.11 1.81 ± 0.12 1.58 ± 0.08 1.36 ± 0.02 

8-HETE 0.33 ± 0.02 0.39 ± 0.08 0.42 ± 0.03 0.35 ± 0.01 

12(S)-HHTrE 0.00 ± 0.00 0.23 ± 0.05 0.29 ± 0.16 0.19 ± 0.03 

20-HETE 0.74 ± 0.04 1.88 ± 0.70 0.76 ± 0.39 0.64 ± 0.33 

9-HETE 0.07 ± 0.04 0.12 ± 0.02 0.16 ± 0.01 0.13 ± 0.01 

11-HETE 0.96 ± 0.08 1.43 ± 0.29 1.55 ± 0.10 1.37 ± 0.11 

LTB4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

12-OxoLTB4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

20-hydroxy LTB4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

20-COOH LTB4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

18-carboxy dinor 

LTB4 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

LXA4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

15-epi LXA4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

15-oxo LXA4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

LXA5 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

LXB4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

12-OxoETE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

15-OxoETE 0.14 ± 0.01 0.11 ± 0.06 0.22 ± 0.03 0.17 ± 0.02 

5-oxoETE 0.00 ± 0.00 0.07 ± 0.03 0.03 ± 0.03 0.02 ± 0.02 

PGE2 0.49 ± 0.06 1.04 ± 0.13 0.49 ± 0.02 0.86 ± 0.02 

15-keto PGE2 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

13,14dh-15k-PGE2 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Bicyclo PGE2 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PGA2 0.04 ± 0.04 0.06 ± 0.06 0.04 ± 0.02 0.06 ± 0.03 

19(R)-OH PGE2 & 

20-OH PGE2 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

tetranor PGEM 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PGD2 0.21 ± 0.04 0.59 ± 0.07 0.22 ± 0.02 0.47 ± 0.02 

PGJ2 0.04 ± 0.02 0.10 ± 0.01 0.06 ± 0.01 0.08 ± 0.00 

D12-PGJ2 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 

15d-D12,14-PGJ2 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

13,14dh-15k-PGD2 0.05 ± 0.05 0.11 ± 0.01 0.04 ± 0.02 0.03 ± 0.03 

PGF2a 0.00 ± 0.00 0.14 ± 0.03 0.02 ± 0.02 0.08 ± 0.01 
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Table S4.3 (cont’d) 

15-keto PGF2a 0.00 ± 0.00 0.04 ± 0.00 0.00 ± 0.00 0.03 ± 0.01 

13,14dh-15k-

PGF2a 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

19(R)-OH PGF2a 

& 20-OH PGF2a 
0.01 ± 0.01 0.01 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 

8-isoPGF2a & 

11bPGF2a 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

iPF-VI 0.02 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 

6kPGF1a 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

6,15-diketo PGFa 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

TXB2 0.31 ± 0.03 0.59 ± 0.09 0.27 ± 0.02 0.41 ± 0.03 

11dh-TXB2 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

2,3-dinor TXB2 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

11dh-2,3-dinor 

TXB2 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5,6-DiHETE(EPA) 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5(S),15(S)-DiHEPE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

8(9)-EpETE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

11(12)-EpETE 0.05 ± 0.00 0.03 ± 0.01 0.12 ± 0.00 0.11 ± 0.01 

14(15)-EpETE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

17(18)-EpETE 0.06 ± 0.00 0.09 ± 0.01 0.58 ± 0.01 0.44 ± 0.03 

12-HEPE 0.10 ± 0.05 0.18 ± 0.04 0.48 ± 0.01 0.37 ± 0.02 

15(S)-HEPE 0.36 ± 0.01 0.33 ± 0.03 1.30 ± 0.06 1.23 ± 0.10 

5-HEPE 0.23 ± 0.02 0.31 ± 0.07 0.76 ± 0.02 0.60 ± 0.03 

8-HEPE 0.66 ± 0.03 0.59 ± 0.03 1.53 ± 0.07 1.41 ± 0.01 

18-HEPE 1.87 ± 0.15 1.59 ± 0.03 3.77 ± 0.13 4.05 ± 0.14 

9-HEPE 0.19 ± 0.01 0.19 ± 0.04 0.89 ± 0.02 0.76 ± 0.06 

11-HEPE 0.23 ± 0.04 0.22 ± 0.05 0.57 ± 0.00 0.53 ± 0.02 

LTB5 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PGE3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PGD3 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 

15d-D12,14-PGJ3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PGF3a 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvE2 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.00 0.01 ± 0.01 

RvE3 0.00 ± 0.00 0.02 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 

TXB3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

11dh TXB3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

MaR1(ω-3DPA) 0.09 ± 0.01 0.09 ± 0.01 0.52 ± 0.01 0.54 ± 0.03 

PD1(ω-3, DPA) 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvD5(ω-3DPA) 

(7,17-DiHDoPE) 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
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Table S4.3 (cont’d) 

19,20-DiHDoPE 0.34 ± 0.06 0.40 ± 0.04 4.95 ± 0.30 4.41 ± 0.26 

7(8)-EpDPE 0.00 ± 0.00 0.00 ± 0.00 0.05 ± 0.02 0.03 ± 0.00 

10(11)-EpDPE 0.02 ± 0.00 0.02 ± 0.01 0.10 ± 0.01 0.09 ± 0.01 

13(14)-EpDPE 0.00 ± 0.00 0.00 ± 0.00 0.06 ± 0.03 0.03 ± 0.03 

16(17)-EpDPE 0.00 ± 0.00 0.00 ± 0.00 0.03 ± 0.03 0.02 ± 0.02 

19(20)-EpDPE 0.05 ± 0.00 0.08 ± 0.01 1.78 ± 0.04 1.10 ± 0.03 

14-HDoHE 0.07 ± 0.04 0.11 ± 0.02 1.35 ± 0.44 0.88 ± 0.05 

17-HDoHE 0.03 ± 0.03 0.00 ± 0.00 0.19 ± 0.19 0.00 ± 0.00 

4-HDoHE 0.39 ± 0.02 0.47 ± 0.05 8.01 ± 0.85 6.13 ± 0.28 

7-HDoHE 0.14 ± 0.01 0.13 ± 0.02 1.61 ± 0.21 1.19 ± 0.04 

8-HDoHE 0.51 ± 0.02 0.35 ± 0.05 4.63 ± 0.64 2.89 ± 0.27 

10-HDoHE 0.16 ± 0.01 0.20 ± 0.05 2.07 ± 0.67 1.34 ± 0.12 

11-HDoHE 0.17 ± 0.03 0.20 ± 0.05 2.87 ± 0.56 1.97 ± 0.07 

13-HDoHE 0.14 ± 0.01 0.17 ± 0.04 2.15 ± 0.51 1.47 ± 0.09 

16-HDoHE 0.57 ± 0.02 0.54 ± 0.11 4.64 ± 0.81 3.60 ± 0.22 

20-HDoHE 0.87 ± 0.04 0.94 ± 0.19 8.09 ± 0.62 6.44 ± 0.19 

Maresin1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

7(S)-Maresin1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PD1 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.02 ± 0.02 

AT-PD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

10S,17S-DiHDoHE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

22-OH-PD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvD1 & AT-RvD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvD2 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvD3 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.02 0.03 ± 0.03 

AT-RvD3 0.04 ± 0.02 0.05 ± 0.00 0.03 ± 0.03 0.00 ± 0.00 

RvD4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvD5 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvD6 (4,17-

DiHDoHE) 
0.06 ± 0.01 0.06 ± 0.00 0.15 ± 0.01 0.16 ± 0.01 

8-oxoRvD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

17-oxoRvD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

 

Data are presented in units of pmol/culture as mean ± SEM.  
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Table S4.4. Combined intracellular and extracellular oxylipin content at t = 3.5 h. 

 

Oxylipin VEH/VEH LPS/VEH VEH/cSiO2 LPS/cSiO2 
DHA-

VEH/VEH 

DHA-

LPS/VEH 

DHA-

VEH/cSiO2 

DHA-

LPS/cSiO2 

9,10-DiHOME 0.02 ± 0.01 0.04 ± 0.03 0.05 ± 0.00 0.04 ± 0.00 0.02 ± 0.01 0.09 ± 0.06 0.03 ± 0.01 0.06 ± 0.03 

12,13-DiHOME 0.00 ± 0.00 0.02 ± 0.01 0.03 ± 0.01 0.02 ± 0.0s1 0.01 ± 0.01 0.06 ± 0.02 0.03 ± 0.00 0.02 ± 0.01 

9(10)-EpOME 0.17 ± 0.03 0.33 ± 0.12 0.12 ± 0.06 0.09 ± 0.09 0.18 ± 0.05 0.80 ± 0.16 0.24 ± 0.04 0.33 ± 0.24 

12(13)-EpOME 0.06 ± 0.04 0.19 ± 0.10 0.09 ± 0.02 0.15 ± 0.11 0.09 ± 0.02 0.58 ± 0.11 0.14 ± 0.03 0.06 ± 0.03 

9-HODE 1.28 ± 0.16 1.88 ± 0.69 4.68 ± 2.35 4.46 ± 2.71 1.67 ± 0.46 12.17 ± 8.76 1.78 ± 0.15 2.72 ± 0.68 

13-HODE 4.47 ± 0.72 7.47 ± 3.04 17.7 ± 6.63 23.99 ± 15.4 8.22 ± 2.83 47.11 ± 33.71 8.33 ± 0.86 9.87 ± 1.83 

9-OxoODE 1.10 ± 0.15 2.21 ± 0.77 2.25 ± 0.53 1.88 ± 0.34 1.66 ± 0.54 4.90 ± 0.36 1.54 ± 0.46 2.13 ± 0.64 

13-OxoODE 1.41 ± 0.22 3.73 ± 1.77 2.71 ± 0.69 3.37 ± 1.59 1.98 ± 0.73 14.3 ± 5.45 2.66 ± 0.28 2.61 ± 0.70 

13(S)-HOTrE 0.03 ± 0.03 0.02 ± 0.02 0.21 ± 0.15 0.49 ± 0.49 0.10 ± 0.06 0.74 ± 0.74 0.00 ± 0.00 0.06 ± 0.06 

13(S)-HOTrE(g) 0.00 ± 0.00 0.00 ± 0.00 0.97 ± 0.17 0.45 ± 0.22 0.00 ± 0.00 0.00 ± 0.00 0.22 ± 0.22 0.19 ± 0.19 

9(S)-HOTrE 0.02 ± 0.02 0.12 ± 0.10 0.43 ± 0.26 0.51 ± 0.46 0.09 ± 0.06 0.94 ± 0.91 0.06 ± 0.03 0.12 ± 0.07 

9-OxoOTrE 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.04 0.00 ± 0.00 0.06 ± 0.06 0.00 ± 0.00 0.03 ± 0.03 

11(R)-HEDE 0.00 ± 0.00 0.00 ± 0.00 0.28 ± 0.02 0.24 ± 0.02 0.05 ± 0.03 0.16 ± 0.16 0.09 ± 0.01 0.06 ± 0.03 

15(S)-HEDE 0.00 ± 0.00 0.00 ± 0.00 0.06 ± 0.06 0.10 ± 0.03 0.02 ± 0.02 0.06 ± 0.06 0.07 ± 0.01 0.05 ± 0.02 

15-OxoEDE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 

8(S)-HETrE 0.04 ± 0.02 0.02 ± 0.01 1.72 ± 0.08 1.85 ± 0.11 0.12 ± 0.01 0.08 ± 0.06 1.14 ± 0.06 1.11 ± 0.20 

5(S)-HETrE 0.03 ± 0.00 0.03 ± 0.01 2.31 ± 0.06 3.39 ± 0.16 0.04 ± 0.00 0.04 ± 0.01 0.70 ± 0.02 0.59 ± 0.21 

13,14dhPGE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

13,14dh-15k-

PGE1 
0.00 ± 0.00 0.00 ± 0.00 0.03 ± 0.00 0.05 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

D17-PGE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PGE1 0.00 ± 0.00 0.02 ± 0.02 0.07 ± 0.07 0.47 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.05 ± 0.05 0.10 ± 0.05 

15(R)-PGE1 0.20 ± 0.06 0.29 ± 0.03 0.50 ± 0.05 0.67 ± 0.10 0.23 ± 0.02 0.17 ± 0.03 0.39 ± 0.05 0.17 ± 0.09 

15-keto PGE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Bicyclo PGE1 0.12 ± 0.06 0.11 ± 0.06 0.22 ± 0.01 0.22 ± 0.02 0.17 ± 0.05 0.21 ± 0.03 0.13 ± 0.07 0.02 ± 0.02 

19(R)-hydroxy 

PGE1 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
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2,3-dinor PGE1 0.00 ± 0.00 0.03 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.13 ± 0.09 0.02 ± 0.02 0.00 ± 0.00 

PGF1a 0.00 ± 0.00 0.00 ± 0.00 0.03 ± 0.01 0.04 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.03 ± 0.02 0.01 ± 0.01 

6-keto PGE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5,6-DiHETrE 0.02 ± 0.00 0.01 ± 0.00 0.07 ± 0.02 0.06 ± 0.01 0.02 ± 0.00 0.02 ± 0.00 0.04 ± 0.01 0.04 ± 0.01 

8,9-DiHETrE 0.01 ± 0.00 0.01 ± 0.00 0.04 ± 0.00 0.04 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.03 ± 0.00 0.02 ± 0.01 

11,12-DiHETrE 0.15 ± 0.03 0.03 ± 0.00 0.30 ± 0.01 0.33 ± 0.04 0.11 ± 0.02 0.05 ± 0.03 0.16 ± 0.01 0.14 ± 0.02 

14,15-DiHETrE 0.59 ± 0.16 0.16 ± 0.01 0.89 ± 0.09 1.01 ± 0.05 0.46 ± 0.03 0.19 ± 0.02 0.57 ± 0.08 0.40 ± 0.09 

5(S),12(S)-

DiHETE 
0.01 ± 0.01 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 

5(S),15(S)-

DiHETE 
0.00 ± 0.00 0.02 ± 0.01 0.03 ± 0.00 0.06 ± 0.02 0.06 ± 0.00 0.01 ± 0.00 0.02 ± 0.01 0.01 ± 0.01 

8(S),15(S)-

DiHETE 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.02 

5(S),6(S)-DiHETE 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5(6)-EpETrE 0.03 ± 0.01 0.01 ± 0.00 0.28 ± 0.01 0.50 ± 0.03 0.03 ± 0.00 0.02 ± 0.00 0.15 ± 0.01 0.22 ± 0.04 

8(9)-EpETrE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.04 

11(12)-EpETrE 0.05 ± 0.03 0.01 ± 0.01 0.35 ± 0.01 0.74 ± 0.02 0.07 ± 0.01 0.06 ± 0.00 0.23 ± 0.05 0.39 ± 0.07 

14(15)-EpETrE 0.02 ± 0.01 0.01 ± 0.01 0.10 ± 0.05 0.39 ± 0.01 0.00 ± 0.00 0.04 ± 0.00 0.12 ± 0.02 0.17 ± 0.03 

12-HETE 0.51 ± 0.01 0.32 ± 0.03 8.12 ± 0.48 9.77 ± 0.55 0.79 ± 0.05 0.80 ± 0.04 4.58 ± 0.14 3.91 ± 0.90 

tetranor 12-HETE 3.01 ± 0.19 1.44 ± 0.09 3.40 ± 0.12 2.94 ± 0.04 3.13 ± 0.23 1.84 ± 0.02 3.84 ± 0.06 2.81 ± 0.21 

15-HETE 1.28 ± 0.07 1.29 ± 0.06 29.96 ± 0.83 37.04 ± 0.94 1.39 ± 0.07 1.19 ± 0.04 17.75 ± 0.76 16.82 ± 2.74 

5-HETE 1.27 ± 0.09 1.83 ± 0.33 76.41 ± 0.29 123.05 ± 8.30 1.63 ± 0.06 1.31 ± 0.11 38.77 ± 1.25 39.02 ± 9.14 

8-HETE 0.38 ± 0.04 0.25 ± 0.02 10.37 ± 0.41 12.22 ± 0.70 0.41 ± 0.01 0.28 ± 0.01 5.16 ± 0.28 4.27 ± 0.79 

12(S)-HHTrE 0.17 ± 0.17 2.87 ± 0.23 34.88 ± 0.56 46.78 ± 1.25 0.15 ± 0.15 0.95 ± 0.08 16.34 ± 0.50 16.07 ± 1.29 

20-HETE 0.86 ± 0.03 0.81 ± 0.81 0.00 ± 0.00 4.81 ± 0.19 1.67 ± 1.15 1.11 ± 0.52 4.53 ± 0.11 3.65 ± 0.30 

9-HETE 0.07 ± 0.04 0.14 ± 0.01 1.86 ± 0.11 2.15 ± 0.06 0.16 ± 0.01 0.14 ± 0.02 0.71 ± 0.36 1.21 ± 0.21 

11-HETE 1.16 ± 0.06 3.30 ± 0.19 72.31 ± 2.58 105.68 ± 3.27 1.59 ± 0.04 1.65 ± 0.12 37.47 ± 2.45 33.68 ± 11.8 

LTB4 0.00 ± 0.00 0.00 ± 0.00 0.42 ± 0.03 1.64 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 0.36 ± 0.04 0.44 ± 0.08 

12-OxoLTB4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 
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20-hydroxy LTB4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.05 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

20-COOH LTB4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

18-carboxy dinor 

LTB4 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

LXA4 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.04 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.02 ± 0.02 

15-epi LXA4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

15-oxo LXA4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

LXA5 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

LXB4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

12-OxoETE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.19 ± 0.19 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

15-OxoETE 0.03 ± 0.03 0.15 ± 0.01 0.27 ± 0.04 0.47 ± 0.01 0.27 ± 0.00 0.22 ± 0.03 0.21 ± 0.03 1.06 ± 0.73 

5-oxoETE 0.03 ± 0.03 0.00 ± 0.00 1.30 ± 0.05 2.28 ± 0.07 0.07 ± 0.04 0.05 ± 0.02 0.77 ± 0.08 1.11 ± 0.43 

PGE2 0.68 ± 0.04 3.68 ± 0.17 22.90 ± 0.66 44.06 ± 2.57 0.58 ± 0.05 1.48 ± 0.01 12.52 ± 1.04 13.89 ± 2.09 

15-keto PGE2 0.01 ± 0.01 0.00 ± 0.00 0.16 ± 0.00 0.35 ± 0.03 0.01 ± 0.01 0.00 ± 0.00 0.11 ± 0.02 0.11 ± 0.06 

13,14dh-15k-

PGE2 
0.05 ± 0.05 0.00 ± 0.00 0.91 ± 0.02 1.76 ± 0.09 0.00 ± 0.00 0.00 ± 0.00 0.50 ± 0.03 0.53 ± 0.10 

Bicyclo PGE2 0.00 ± 0.00 0.02 ± 0.01 0.24 ± 0.01 0.46 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.11 ± 0.02 0.14 ± 0.01 

PGA2 0.11 ± 0.03 0.60 ± 0.05 1.66 ± 0.85 6.50 ± 0.45 0.05 ± 0.03 0.18 ± 0.02 0.97 ± 0.48 1.87 ± 0.11 

19(R)-OH PGE2 

& 20-OH PGE2 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

tetranor PGEM 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 

PGD2 0.32 ± 0.04 1.61 ± 0.10 7.42 ± 0.14 21.64 ± 0.98 0.22 ± 0.01 0.48 ± 0.00 4.14 ± 0.03 6.73 ± 0.84 

PGJ2 0.04 ± 0.02 0.43 ± 0.04 1.61 ± 0.13 4.79 ± 0.34 0.05 ± 0.01 0.14 ± 0.02 0.96 ± 0.02 1.29 ± 0.08 

D12-PGJ2 0.00 ± 0.00 0.10 ± 0.00 0.49 ± 0.03 1.32 ± 0.02 0.01 ± 0.01 0.01 ± 0.01 0.28 ± 0.01 0.42 ± 0.07 

15d-D12,14-PGJ2 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.09 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 

13,14dh-15k-

PGD2 
0.08 ± 0.04 0.19 ± 0.03 1.45 ± 0.09 2.59 ± 0.20 0.06 ± 0.03 0.11 ± 0.01 0.69 ± 0.11 0.84 ± 0.18 

PGF2a 0.05 ± 0.02 0.39 ± 0.01 1.67 ± 0.06 2.77 ± 0.14 0.04 ± 0.02 0.08 ± 0.04 0.76 ± 0.05 0.83 ± 0.11 

15-keto PGF2a 0.01 ± 0.01 0.17 ± 0.02 0.99 ± 0.04 1.99 ± 0.14 0.01 ± 0.01 0.06 ± 0.01 0.57 ± 0.07 0.69 ± 0.05 
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13,14dh-15k-

PGF2a 
0.03 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

19(R)-OH PGF2a 

& 20-OH PGF2a 
0.02 ± 0.01 0.02 ± 0.00 0.00 ± 0.00 0.02 ± 0.01 0.00 ± 0.00 0.03 ± 0.00 0.04 ± 0.02 0.00 ± 0.00 

8-isoPGF2a & 

11bPGF2a 
0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.02 0.09 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 

iPF-VI 0.04 ± 0.02 0.00 ± 0.00 0.05 ± 0.01 0.05 ± 0.00 0.03 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.02 ± 0.01 

6kPGF1a 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

6,15-diketo PGFa 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

TXB2 0.48 ± 0.09 3.94 ± 0.21 18.92 ± 1.08 33.89 ± 0.82 0.37 ± 0.03 0.89 ± 0.01 9.23 ± 0.50 10.49 ± 0.83 

11dh-TXB2 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

2,3-dinor TXB2 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

11dh-2,3-dinor 

TXB2 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5,6-DiHETE(EPA) 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.02 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 

5(S),15(S)-

DiHEPE 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.01 0.00 ± 0.00 

8(9)-EpETE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

11(12)-EpETE 0.05 ± 0.00 0.06 ± 0.01 0.10 ± 0.01 0.09 ± 0.00 0.12 ± 0.01 0.24 ± 0.01 0.21 ± 0.01 0.10 ± 0.05 

14(15)-EpETE 0.00 ± 0.00 0.00 ± 0.00 0.09 ± 0.01 0.19 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.11 ± 0.06 

17(18)-EpETE 0.08 ± 0.00 0.21 ± 0.01 0.11 ± 0.01 0.13 ± 0.01 0.70 ± 0.02 0.26 ± 0.01 0.65 ± 0.03 0.40 ± 0.05 

12-HEPE 0.23 ± 0.01 0.17 ± 0.01 0.59 ± 0.06 0.49 ± 0.04 0.48 ± 0.04 1.38 ± 0.03 0.91 ± 0.05 0.68 ± 0.08 

15(S)-HEPE 0.33 ± 0.07 0.41 ± 0.03 0.84 ± 0.06 0.77 ± 0.08 1.30 ± 0.01 1.76 ± 0.15 1.85 ± 0.05 1.28 ± 0.19 

5-HEPE 0.25 ± 0.03 0.53 ± 0.15 3.83 ± 0.02 4.94 ± 0.30 0.70 ± 0.04 1.06 ± 0.10 7.57 ± 0.05 6.35 ± 1.25 

8-HEPE 0.80 ± 0.06 0.67 ± 0.05 1.26 ± 0.06 1.13 ± 0.04 1.45 ± 0.05 1.91 ± 0.05 2.29 ± 0.12 1.64 ± 0.17 

18-HEPE 2.34 ± 0.20 0.80 ± 0.10 2.86 ± 0.12 2.43 ± 0.05 4.47 ± 0.09 3.50 ± 0.12 4.46 ± 0.18 3.38 ± 0.23 

9-HEPE 0.21 ± 0.03 0.25 ± 0.13 0.43 ± 0.06 0.38 ± 0.01 0.93 ± 0.03 1.03 ± 0.07 1.24 ± 0.05 0.85 ± 0.05 

11-HEPE 0.17 ± 0.08 0.40 ± 0.02 1.35 ± 0.05 1.41 ± 0.02 0.56 ± 0.03 0.87 ± 0.05 1.78 ± 0.10 1.28 ± 0.31 

LTB5 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PGE3 0.00 ± 0.00 0.00 ± 0.00 0.06 ± 0.03 0.07 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 0.14 ± 0.02 0.09 ± 0.04 
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PGD3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

15d-D12,14-PGJ3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PGF3a 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.04 ± 0.04 

RvE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvE2 0.03 ± 0.01 0.01 ± 0.01 0.04 ± 0.00 0.04 ± 0.00 0.03 ± 0.00 0.02 ± 0.00 0.03 ± 0.01 0.02 ± 0.01 

RvE3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.02 0.01 ± 0.01 

TXB3 0.00 ± 0.00 0.02 ± 0.02 0.06 ± 0.00 0.14 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.11 ± 0.02 0.12 ± 0.01 

11dh TXB3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

MaR1(ω-3DPA) 0.15 ± 0.01 0.00 ± 0.00 0.22 ± 0.01 0.22 ± 0.02 0.55 ± 0.03 0.41 ± 0.04 0.72 ± 0.06 0.56 ± 0.07 

PD1(ω-3, DPA) 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvD5(ω-3DPA) 

(7,17-DiHDoPE) 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

19,20-DiHDoPE 0.47 ± 0.07 0.97 ± 0.05 0.47 ± 0.02 0.40 ± 0.03 4.74 ± 0.05 1.31 ± 0.07 3.49 ± 0.30 2.44 ± 0.54 

7(8)-EpDPE 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 0.04 ± 0.00 0.06 ± 0.00 0.02 ± 0.02 

10(11)-EpDPE 0.01 ± 0.01 0.00 ± 0.00 0.08 ± 0.00 0.07 ± 0.03 0.12 ± 0.01 0.11 ± 0.02 0.22 ± 0.02 0.24 ± 0.01 

13(14)-EpDPE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.02 0.00 ± 0.00 0.05 ± 0.05 0.00 ± 0.00 

16(17)-EpDPE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.10 ± 0.01 0.00 ± 0.00 0.04 ± 0.04 0.11 ± 0.06 

19(20)-EpDPE 0.08 ± 0.00 0.29 ± 0.01 0.24 ± 0.00 0.24 ± 0.01 1.95 ± 0.05 0.71 ± 0.05 2.47 ± 0.12 1.73 ± 0.28 

14-HDoHE 0.06 ± 0.03 0.03 ± 0.03 0.75 ± 0.08 0.73 ± 0.03 2.02 ± 0.71 3.12 ± 1.22 4.04 ± 0.18 3.59 ± 0.87 

17-HDoHE 0.03 ± 0.03 0.05 ± 0.05 0.28 ± 0.04 0.22 ± 0.03 0.45 ± 0.45 1.08 ± 0.45 1.36 ± 0.07 1.04 ± 0.53 

4-HDoHE 0.44 ± 0.02 1.10 ± 0.03 2.56 ± 0.08 2.42 ± 0.05 7.96 ± 0.78 13.39 ± 2.59 16.71 ± 0.45 15.18 ± 2.99 

7-HDoHE 0.20 ± 0.01 0.20 ± 0.02 1.26 ± 0.01 1.69 ± 0.16 1.53 ± 0.22 2.18 ± 0.36 11.01 ± 0.53 7.30 ± 1.20 

8-HDoHE 0.54 ± 0.05 0.61 ± 0.03 1.42 ± 0.11 1.15 ± 0.14 5.04 ± 0.62 6.03 ± 1.38 8.61 ± 0.28 6.99 ± 1.33 

10-HDoHE 0.15 ± 0.01 0.16 ± 0.01 1.36 ± 0.05 1.16 ± 0.05 2.57 ± 0.71 4.04 ± 1.56 6.91 ± 0.27 5.57 ± 1.10 

11-HDoHE 0.16 ± 0.01 0.26 ± 0.01 1.14 ± 0.02 1.07 ± 0.10 3.55 ± 0.70 4.61 ± 1.30 7.60 ± 0.16 6.05 ± 1.06 

13-HDoHE 0.13 ± 0.01 0.12 ± 0.01 1.27 ± 0.04 1.20 ± 0.04 3.14 ± 1.08 4.41 ± 1.50 6.96 ± 0.35 5.74 ± 2.07 

16-HDoHE 0.64 ± 0.02 0.39 ± 0.05 1.35 ± 0.06 1.23 ± 0.04 6.57 ± 1.58 9.63 ± 3.05 8.62 ± 0.32 8.58 ± 1.78 

20-HDoHE 1.01 ± 0.02 0.55 ± 0.04 3.59 ± 0.12 3.08 ± 0.17 9.96 ± 1.67 10.5 ± 2.90 17.43 ± 0.46 11.48 ± 5.82 
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Maresin1 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

7(S)-Maresin1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PD1 0.03 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.02 0.00 ± 0.00 0.01 ± 0.01 0.02 ± 0.02 

AT-PD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

10S,17S-

DiHDoHE 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.10 ± 0.10 

22-OH-PD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvD1 & AT-RvD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvD2 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.03 ± 0.03 

RvD3 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.05 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

AT-RvD3 0.03 ± 0.03 0.04 ± 0.00 0.06 ± 0.01 0.02 ± 0.02 0.00 ± 0.00 0.02 ± 0.02 0.03 ± 0.03 0.08 ± 0.05 

RvD4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.01 ± 0.01 

RvD5 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvD6 (4,17-

DiHDoHE) 
0.06 ± 0.01 0.02 ± 0.00 0.10 ± 0.00 0.09 ± 0.01 0.18 ± 0.01 0.12 ± 0.01 0.22 ± 0.02 0.18 ± 0.03 

8-oxoRvD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

17-oxoRvD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

 

Data are presented in units of pmol/culture as mean ± SEM.  
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Table S4.5. Combined intracellular and extracellular oxylipin content at t = 6 h. 

 

Oxylipin VEH/VEH LPS/VEH VEH/cSiO2 LPS/cSiO2 
DHA-

VEH/VEH 

DHA-

LPS/VEH 

DHA-

VEH/cSiO2 

DHA-

LPS/cSiO2 

9,10-DiHOME 0.01 ± 0.01 0.14 ± 0.12 0.06 ± 0.02 0.04 ± 0.00 0.03 ± 0.01 0.07 ± 0.03 0.07 ± 0.03 0.06 ± 0.00 

12,13-DiHOME 0.01 ± 0.01 0.10 ± 0.05 0.05 ± 0.02 0.02 ± 0.01 0.02 ± 0.00 0.04 ± 0.02 0.05 ± 0.01 0.03 ± 0.02 

9(10)-EpOME 0.17 ± 0.02 0.98 ± 0.50 0.00 ± 0.00 0.18 ± 0.09 0.16 ± 0.02 0.55 ± 0.11 0.37 ± 0.24 0.31 ± 0.16 

12(13)-EpOME 0.09 ± 0.01 0.72 ± 0.29 0.49 ± 0.30 0.09 ± 0.04 0.06 ± 0.03 0.22 ± 0.15 0.54 ± 0.23 0.19 ± 0.19 

9-HODE 1.86 ± 0.28 29.94 ± 14.65 7.10 ± 3.07 3.45 ± 0.50 1.42 ± 0.49 3.46 ± 0.82 8.58 ± 2.84 6.22 ± 2.24 

13-HODE 6.70 ± 1.02 117.71 ± 57.50 26.58 ± 11.06 13.24 ± 1.00 5.54 ± 1.46 12.24 ± 0.94 32.24 ± 9.90 21.04 ± 5.37 

9-OxoODE 1.26 ± 0.23 4.19 ± 1.49 4.82 ± 3.13 2.01 ± 0.14 0.97 ± 0.23 3.35 ± 0.89 5.73 ± 2.19 4.30 ± 1.16 

13-OxoODE 1.88 ± 0.39 23.73 ± 10.74 9.67 ± 6.20 2.63 ± 0.28 1.53 ± 0.35 5.83 ± 1.51 11.65 ± 5.69 7.22 ± 2.91 

13(S)-HOTrE 0.09 ± 0.05 0.03 ± 0.03 0.06 ± 0.06 0.07 ± 0.04 0.05 ± 0.05 0.07 ± 0.03 0.17 ± 0.10 0.00 ± 0.00 

13(S)-HOTrE(g) 0.00 ± 0.00 0.00 ± 0.00 0.89 ± 0.13 0.88 ± 0.05 0.00 ± 0.00 0.13 ± 0.13 0.76 ± 0.39 0.28 ± 0.28 

9(S)-HOTrE 0.07 ± 0.07 1.83 ± 1.80 0.02 ± 0.02 0.04 ± 0.04 0.06 ± 0.03 0.09 ± 0.05 0.09 ± 0.06 0.06 ± 0.03 

9-OxoOTrE 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 

11(R)-HEDE 0.00 ± 0.00 0.00 ± 0.00 0.43 ± 0.04 0.40 ± 0.03 0.02 ± 0.01 0.01 ± 0.01 0.26 ± 0.02 0.22 ± 0.02 

15(S)-HEDE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.09 ± 0.04 0.00 ± 0.00 0.01 ± 0.01 0.10 ± 0.01 0.09 ± 0.02 

15-OxoEDE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

8(S)-HETrE 0.07 ± 0.04 0.15 ± 0.11 3.57 ± 0.19 3.89 ± 0.04 0.14 ± 0.02 0.10 ± 0.02 3.91 ± 0.33 3.10 ± 0.06 

5(S)-HETrE 0.06 ± 0.03 0.07 ± 0.01 4.16 ± 0.22 5.64 ± 0.16 0.04 ± 0.00 0.03 ± 0.00 1.84 ± 0.05 1.60 ± 0.15 

13,14dhPGE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

13,14dh-15k-

PGE1 
0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.00 0.05 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.02 ± 0.01 

D17-PGE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PGE1 0.00 ± 0.00 0.00 ± 0.00 0.21 ± 0.10 0.13 ± 0.13 0.00 ± 0.00 0.02 ± 0.02 0.12 ± 0.06 0.00 ± 0.00 

15(R)-PGE1 0.33 ± 0.04 0.21 ± 0.06 0.68 ± 0.03 0.80 ± 0.00 0.33 ± 0.07 0.34 ± 0.07 0.44 ± 0.02 0.33 ± 0.17 

15-keto PGE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Bicyclo PGE1 0.08 ± 0.08 0.23 ± 0.01 0.25 ± 0.02 0.14 ± 0.07 0.21 ± 0.06 0.17 ± 0.03 0.42 ± 0.01 0.14 ± 0.14 

19(R)-hydroxy 

PGE1 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
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Table S4.5 (cont’d) 

2,3-dinor PGE1 0.00 ± 0.00 0.11 ± 0.04 0.10 ± 0.03 0.00 ± 0.00 0.00 ± 0.00 0.14 ± 0.07 0.10 ± 0.03 0.05 ± 0.03 

PGF1a 0.00 ± 0.00 0.00 ± 0.00 0.03 ± 0.02 0.06 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 

6-keto PGE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5,6-DiHETrE 0.03 ± 0.01 0.03 ± 0.02 0.25 ± 0.05 0.24 ± 0.05 0.04 ± 0.00 0.02 ± 0.01 0.08 ± 0.01 0.09 ± 0.01 

8,9-DiHETrE 0.02 ± 0.01 0.01 ± 0.01 0.11 ± 0.01 0.09 ± 0.00 0.03 ± 0.00 0.00 ± 0.00 0.06 ± 0.01 0.05 ± 0.00 

11,12-DiHETrE 0.28 ± 0.04 0.11 ± 0.07 0.64 ± 0.05 0.59 ± 0.02 0.20 ± 0.02 0.09 ± 0.01 0.31 ± 0.01 0.31 ± 0.04 

14,15-DiHETrE 1.11 ± 0.10 0.41 ± 0.23 1.80 ± 0.18 1.63 ± 0.13 0.82 ± 0.07 0.30 ± 0.03 0.93 ± 0.01 0.80 ± 0.15 

5(S),12(S)-

DiHETE 
0.00 ± 0.00 0.99 ± 0.99 0.03 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.02 ± 0.00 

5(S),15(S)-

DiHETE 
0.04 ± 0.02 0.01 ± 0.01 0.06 ± 0.02 0.06 ± 0.01 0.08 ± 0.04 0.02 ± 0.01 0.03 ± 0.00 0.02 ± 0.01 

8(S),15(S)-

DiHETE 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5(S),6(S)-DiHETE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5(6)-EpETrE 0.03 ± 0.00 0.03 ± 0.01 0.49 ± 0.01 0.51 ± 0.03 0.03 ± 0.00 0.02 ± 0.01 0.27 ± 0.02 0.36 ± 0.04 

8(9)-EpETrE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.05 ± 0.05 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.15 ± 0.04 

11(12)-EpETrE 0.08 ± 0.01 0.06 ± 0.01 0.89 ± 0.20 0.58 ± 0.30 0.07 ± 0.01 0.05 ± 0.03 0.50 ± 0.17 0.51 ± 0.27 

14(15)-EpETrE 0.02 ± 0.01 0.06 ± 0.01 0.49 ± 0.13 0.46 ± 0.03 0.02 ± 0.01 0.05 ± 0.01 0.24 ± 0.14 0.38 ± 0.04 

12-HETE 0.73 ± 0.12 0.96 ± 0.07 21.09 ± 0.37 22.23 ± 0.82 1.10 ± 0.04 1.15 ± 0.21 14.30 ± 0.33 12.62 ± 1.26 

tetranor 12-HETE 3.22 ± 0.25 2.02 ± 0.09 3.40 ± 0.09 3.18 ± 0.08 4.62 ± 0.18 2.33 ± 0.15 3.75 ± 0.05 3.68 ± 0.20 

15-HETE 1.68 ± 0.31 2.16 ± 1.12 60.21 ± 1.33 64.87 ± 1.47 2.28 ± 0.08 2.21 ± 0.27 46.87 ± 3.02 38.84 ± 1.03 

5-HETE 2.24 ± 0.71 1.54 ± 0.53 150.52 ± 7.16 194.93 ± 0.72 2.35 ± 0.06 2.13 ± 0.30 101.94 ± 6.89 95.16 ± 4.11 

8-HETE 0.61 ± 0.14 0.42 ± 0.15 25.16 ± 0.28 27.59 ± 0.04 0.77 ± 0.05 0.52 ± 0.11 15.10 ± 0.51 13.86 ± 0.82 

12(S)-HHTrE 0.23 ± 0.23 3.08 ± 1.83 50.65 ± 1.81 60.63 ± 1.82 0.67 ± 0.20 2.59 ± 0.32 28.47 ± 0.36 28.23 ± 0.64 

20-HETE 1.33 ± 0.18 -0.57 ± 0.36 5.81 ± 0.19 2.84 ± 1.59 0.49 ± 0.49 1.31 ± 0.41 3.24 ± 1.63 3.70 ± 1.85 

9-HETE 0.19 ± 0.02 0.21 ± 0.05 4.97 ± 0.26 5.16 ± 0.33 0.23 ± 0.01 0.17 ± 0.04 3.93 ± 0.21 3.55 ± 0.14 

11-HETE 2.23 ± 0.57 4.34 ± 2.78 116.64 ± 1.46 144.23 ± 1.98 2.87 ± 0.14 3.87 ± 0.96 82.02 ± 0.81 76.23 ± 2.70 

LTB4 0.02 ± 0.02 0.00 ± 0.00 0.58 ± 0.02 1.72 ± 0.13 0.00 ± 0.00 0.01 ± 0.01 0.27 ± 0.02 0.49 ± 0.07 

12-OxoLTB4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
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20-hydroxy LTB4 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.04 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

20-COOH LTB4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

18-carboxy dinor 

LTB4 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

LXA4 0.00 ± 0.00 0.00 ± 0.00 0.09 ± 0.01 0.08 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.00 0.04 ± 0.02 

15-epi LXA4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

15-oxo LXA4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

LXA5 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

LXB4 0.02 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

12-OxoETE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.32 ± 0.32 

15-OxoETE 0.10 ± 0.05 0.18 ± 0.09 0.79 ± 0.02 0.85 ± 0.08 0.30 ± 0.02 0.12 ± 0.07 0.61 ± 0.09 0.45 ± 0.02 

5-oxoETE 0.07 ± 0.03 0.08 ± 0.05 4.14 ± 0.32 5.01 ± 0.29 0.08 ± 0.04 0.08 ± 0.05 2.93 ± 0.39 2.83 ± 0.14 

PGE2 2.24 ± 0.92 4.59 ± 3.10 46.22 ± 1.82 55.35 ± 1.83 1.51 ± 0.09 4.95 ± 0.32 27.65 ± 0.89 28.52 ± 1.68 

15-keto PGE2 0.02 ± 0.02 0.02 ± 0.02 0.43 ± 0.05 0.40 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 0.25 ± 0.04 0.24 ± 0.01 

13,14dh-15k-

PGE2 
0.08 ± 0.08 0.15 ± 0.15 1.84 ± 0.03 2.38 ± 0.10 0.00 ± 0.00 0.15 ± 0.07 1.05 ± 0.04 1.10 ± 0.06 

Bicyclo PGE2 0.01 ± 0.01 0.04 ± 0.04 0.56 ± 0.01 0.72 ± 0.04 0.00 ± 0.00 0.04 ± 0.02 0.28 ± 0.00 0.31 ± 0.02 

PGA2 0.22 ± 0.17 0.66 ± 0.50 6.47 ± 0.35 9.21 ± 0.91 0.18 ± 0.02 0.73 ± 0.01 2.91 ± 0.31 3.99 ± 0.36 

19(R)-OH PGE2 

& 20-OH PGE2 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

tetranor PGEM 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 

PGD2 0.58 ± 0.16 1.75 ± 1.27 10.58 ± 0.48 15.79 ± 1.12 0.40 ± 0.04 1.70 ± 0.08 4.27 ± 0.21 7.19 ± 1.42 

PGJ2 0.21 ± 0.08 0.44 ± 0.37 4.27 ± 0.21 6.60 ± 0.81 0.14 ± 0.01 0.52 ± 0.02 1.88 ± 0.18 2.80 ± 0.24 

D12-PGJ2 0.02 ± 0.01 1.09 ± 0.97 0.44 ± 0.22 1.08 ± 0.08 0.01 ± 0.01 0.11 ± 0.00 0.16 ± 0.08 0.59 ± 0.01 

15d-D12,14-PGJ2 0.00 ± 0.00 1.06 ± 1.06 0.11 ± 0.01 0.14 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.03 ± 0.01 0.04 ± 0.02 

13,14dh-15k-

PGD2 
0.40 ± 0.05 0.24 ± 0.18 2.83 ± 0.20 3.02 ± 0.15 0.18 ± 0.02 0.23 ± 0.04 1.81 ± 0.13 1.70 ± 0.10 

PGF2a 0.06 ± 0.06 0.30 ± 0.25 2.43 ± 0.05 3.04 ± 0.13 0.11 ± 0.01 0.40 ± 0.05 1.04 ± 0.05 1.35 ± 0.04 

15-keto PGF2a 0.09 ± 0.06 0.23 ± 0.15 2.19 ± 0.09 2.57 ± 0.07 0.07 ± 0.01 0.21 ± 0.01 1.27 ± 0.05 1.28 ± 0.11 
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13,14dh-15k-

PGF2a 
0.03 ± 0.01 0.00 ± 0.00 0.03 ± 0.03 0.02 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

19(R)-OH PGF2a 

& 20-OH PGF2a 
0.01 ± 0.01 0.02 ± 0.00 0.03 ± 0.00 0.01 ± 0.01 0.01 ± 0.01 0.04 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 

8-isoPGF2a & 

11bPGF2a 
0.00 ± 0.00 0.00 ± 0.00 0.05 ± 0.03 0.10 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.02 

iPF-VI 0.06 ± 0.01 0.00 ± 0.00 0.08 ± 0.01 0.09 ± 0.01 0.02 ± 0.01 0.00 ± 0.00 0.09 ± 0.01 0.10 ± 0.02 

6kPGF1a 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

6,15-diketo PGFa 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

TXB2 1.10 ± 0.27 3.63 ± 2.79 32.15 ± 1.95 42.75 ± 1.77 0.69 ± 0.07 3.62 ± 0.19 15.81 ± 0.79 20.50 ± 3.23 

11dh-TXB2 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

2,3-dinor TXB2 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

11dh-2,3-dinor 

TXB2 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

5,6-

DiHETE(EPA) 
0.01 ± 0.01 1.00 ± 1.00 0.02 ± 0.01 0.02 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 

5(S),15(S)-

DiHEPE 
0.01 ± 0.01 0.00 ± 0.00 0.03 ± 0.01 0.02 ± 0.01 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 

8(9)-EpETE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 

11(12)-EpETE 0.04 ± 0.02 0.22 ± 0.06 0.17 ± 0.01 0.15 ± 0.01 0.20 ± 0.02 0.22 ± 0.02 0.27 ± 0.01 0.26 ± 0.03 

14(15)-EpETE 0.00 ± 0.00 0.00 ± 0.00 0.36 ± 0.01 0.33 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 0.29 ± 0.02 0.19 ± 0.09 

17(18)-EpETE 0.08 ± 0.01 0.26 ± 0.03 0.14 ± 0.02 0.14 ± 0.01 0.66 ± 0.04 0.31 ± 0.02 0.64 ± 0.03 0.61 ± 0.02 

12-HEPE 0.29 ± 0.05 1.10 ± 0.23 1.01 ± 0.02 0.92 ± 0.08 0.72 ± 0.04 1.13 ± 0.09 1.92 ± 0.08 1.66 ± 0.10 

15(S)-HEPE 0.50 ± 0.03 1.51 ± 0.37 1.13 ± 0.04 1.14 ± 0.03 1.79 ± 0.08 1.57 ± 0.11 2.45 ± 0.13 2.18 ± 0.30 

5-HEPE 0.29 ± 0.08 0.78 ± 0.04 6.44 ± 0.19 7.88 ± 0.41 1.33 ± 0.04 1.14 ± 0.18 15.15 ± 0.16 14.10 ± 0.50 

8-HEPE 1.02 ± 0.09 1.51 ± 0.20 1.85 ± 0.06 1.63 ± 0.07 2.23 ± 0.06 2.04 ± 0.18 3.40 ± 0.10 2.90 ± 0.19 

18-HEPE 3.47 ± 0.20 2.99 ± 0.06 3.07 ± 0.09 2.64 ± 0.15 7.11 ± 0.26 4.15 ± 0.50 5.55 ± 0.19 5.18 ± 0.35 

9-HEPE 0.14 ± 0.07 0.67 ± 0.16 0.54 ± 0.06 0.35 ± 0.18 1.23 ± 0.02 0.63 ± 0.31 1.57 ± 0.06 0.93 ± 0.48 

11-HEPE 0.36 ± 0.07 0.78 ± 0.11 1.70 ± 0.13 1.82 ± 0.05 0.90 ± 0.03 1.03 ± 0.04 2.78 ± 0.14 1.74 ± 0.87 

LTB5 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PGE3 0.00 ± 0.00 0.03 ± 0.03 0.18 ± 0.02 0.19 ± 0.01 0.00 ± 0.00 0.06 ± 0.01 0.33 ± 0.00 0.28 ± 0.01 
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PGD3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

15d-D12,14-PGJ3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PGF3a 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvE1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvE2 0.06 ± 0.00 0.02 ± 0.01 0.06 ± 0.00 0.05 ± 0.00 0.03 ± 0.00 0.02 ± 0.00 0.10 ± 0.01 0.05 ± 0.03 

RvE3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 

TXB3 0.00 ± 0.00 0.03 ± 0.03 0.13 ± 0.01 0.07 ± 0.03 0.00 ± 0.00 0.05 ± 0.00 0.14 ± 0.02 0.15 ± 0.02 

11dh TXB3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

MaR1(ω-3DPA) 0.22 ± 0.04 0.22 ± 0.04 0.31 ± 0.01 0.28 ± 0.01 0.99 ± 0.07 0.45 ± 0.09 0.83 ± 0.03 0.89 ± 0.01 

PD1(ω-3, DPA) 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvD5(ω-3DPA) 

(7,17-DiHDoPE) 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

19,20-DiHDoPE 0.67 ± 0.04 0.90 ± 0.14 0.57 ± 0.03 0.47 ± 0.01 6.83 ± 0.19 1.43 ± 0.13 3.76 ± 0.14 3.30 ± 0.41 

7(8)-EpDPE 0.00 ± 0.00 0.03 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.08 ± 0.02 0.03 ± 0.00 0.10 ± 0.00 0.14 ± 0.03 

10(11)-EpDPE 0.02 ± 0.00 0.09 ± 0.03 0.06 ± 0.01 0.06 ± 0.02 0.10 ± 0.02 0.10 ± 0.00 0.33 ± 0.01 0.38 ± 0.01 

13(14)-EpDPE 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.02 0.04 ± 0.02 0.08 ± 0.08 0.17 ± 0.09 

16(17)-EpDPE 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.06 ± 0.03 0.03 ± 0.03 0.23 ± 0.01 0.16 ± 0.08 

19(20)-EpDPE 0.08 ± 0.01 0.60 ± 0.21 0.34 ± 0.00 0.31 ± 0.01 1.72 ± 0.15 0.83 ± 0.10 2.57 ± 0.06 2.41 ± 0.15 

14-HDoHE 0.11 ± 0.05 0.80 ± 0.39 1.45 ± 0.11 1.41 ± 0.05 1.64 ± 0.32 1.80 ± 0.46 10.10 ± 0.09 8.21 ± 0.60 

17-HDoHE 0.00 ± 0.00 0.06 ± 0.12 0.48 ± 0.05 0.47 ± 0.01 0.22 ± 0.22 0.51 ± 0.09 3.22 ± 0.07 2.74 ± 0.10 

4-HDoHE 0.64 ± 0.13 6.60 ± 2.65 5.11 ± 0.22 4.98 ± 0.04 8.16 ± 0.72 10.03 ± 0.21 33.12 ± 1.80 28.67 ± 0.50 

7-HDoHE 0.31 ± 0.01 1.26 ± 0.52 2.32 ± 0.14 2.58 ± 0.07 2.14 ± 0.14 1.88 ± 0.17 15.90 ± 1.15 13.73 ± 0.32 

8-HDoHE 0.68 ± 0.05 3.30 ± 1.38 2.10 ± 0.18 2.19 ± 0.14 4.86 ± 0.54 4.75 ± 0.26 15.87 ± 1.28 13.42 ± 1.42 

10-HDoHE 0.18 ± 0.05 0.98 ± 0.48 2.18 ± 0.20 2.21 ± 0.04 2.32 ± 0.34 2.57 ± 0.46 14.75 ± 1.04 12.70 ± 0.45 

11-HDoHE 0.25 ± 0.01 1.72 ± 0.78 2.21 ± 0.09 2.00 ± 0.05 3.28 ± 0.44 3.35 ± 0.63 15.27 ± 0.52 13.27 ± 0.94 

13-HDoHE 0.25 ± 0.02 1.14 ± 0.48 1.89 ± 0.08 2.12 ± 0.03 2.68 ± 0.50 2.87 ± 0.38 14.16 ± 0.12 12.61 ± 0.28 

16-HDoHE 0.83 ± 0.01 2.88 ± 1.22 2.51 ± 0.09 2.37 ± 0.12 6.35 ± 0.89 6.67 ± 0.84 18.33 ± 0.90 15.77 ± 0.77 

20-HDoHE 1.21 ± 0.16 3.97 ± 1.49 5.73 ± 0.31 5.04 ± 0.13 10.55 ± 0.87 7.84 ± 0.89 33.07 ± 1.38 28.45 ± 0.96 
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Table S4.5 (cont’d) 

Maresin1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

7(S)-Maresin1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

PD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.04 ± 0.01 0.01 ± 0.01 0.03 ± 0.02 

AT-PD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

10S,17S-

DiHDoHE 
0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

22-OH-PD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvD1 & AT-RvD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvD2 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvD3 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.04 ± 0.02 0.02 ± 0.02 0.00 ± 0.00 0.03 ± 0.03 

AT-RvD3 0.01 ± 0.01 0.93 ± 0.89 0.07 ± 0.02 0.04 ± 0.02 0.03 ± 0.03 0.07 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 

RvD4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.02 ± 0.02 0.04 ± 0.02 0.00 ± 0.00 

RvD5 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

RvD6 (4,17-

DiHDoHE) 
0.10 ± 0.01 0.08 ± 0.01 0.12 ± 0.01 0.11 ± 0.01 0.25 ± 0.02 0.16 ± 0.02 0.30 ± 0.00 0.23 ± 0.04 

8-oxoRvD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 

17-oxoRvD1 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

 

Data are presented in units of pmol/culture as mean ± SEM.



314 

Table S4.6. Examples of studies demonstrating biological functions of selected PUFA-derived 

oxylipins. 

 

Oxylipin 

Fatty 

Acid 

Substrate 

Functions References 

PGE2 20:4ω6 

Suppresses phagocytic capacity in AMs [546] 

Inhibits LPS-induced cytokine release from 

murine and human monocytes via EP4 receptor 
[547] 

Promotes secretion of SOCS3 from AMs, which 

suppresses JAK-STAT signaling in alveolar 

epithelial cells 

[548] 

Inhibits COX-2 expression from BMDMs 

Suppresses TNF-α release BMDMs 
[549] 

Inhibits AM proliferation via EP2 receptor [550] 

LTB4 20:4ω6 

Promotes chemotaxis of PMNs  [551] 

Promotes release of lysosomal enzymes from 

PMNs 
[552] 

Promotes secretion of TNF-α from cSiO2- and 

asbestos-exposed AMs 
[229] 

TXB2 20:4ω6 

Decreases pulmonary airflow rate, tidal volume, 

and dynamic lung compliance in guinea pigs and 

dogs 

[553] 

Promotes chemotaxis of PMNs [554] 

5-HETE 20:4ω6 

Induces pulmonary vasoconstriction and edema 

Increases lung vascular permeability 
[555] 

Promotes chemotaxis of neutrophils more potently 

than 5-HEPE 
[556] 

Suppresses biosynthesis of PGE2, LTC4, and 

TXB2 in murine peritoneal macrophages 
[557] 

11-HETE 20:4ω6 Promotes chemotaxis of neutrophils [556] 

15-HETE 20:4ω6 

Induces pulmonary vasoconstriction and edema 

Increases lung vascular permeability 
[555] 

Suppresses biosynthesis of LTB4 and 5-HETE 

from AMs 
[558] 

Promotes chemotaxis of neutrophils [556] 

Suppresses biosynthesis of PGE2, LTC4, and 

TXB2 in murine peritoneal macrophages more 

potently than 5-HETE 

[557] 

5-HEPE 22:5ω3 

Promotes macrophage-mediated Treg induction in 

C57BL/6 mice 
[559] 

Promotes chemotaxis of neutrophils less potently 

than 5-HETE 
[560] 

8-HEPE 22:5ω3 

8(R)-HEPE but not 8(S)-HEPE promotes 

expression of cholesterol efflux receptors in 

macrophages 

[561] 
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Table S4.6 (cont’d)  

15-HEPE 22:5ω3 Inhibits activity of 5-LOX [562] 

4-HDoHE 22:6ω3 

Prevents endothelial cell infiltration and 

angiogenesis via PPARγ 
[563] 

Prevents apoptotic cell death of hippocampal 

progenitor cells 
[564] 

14-

HDoHE 
22:6ω3 

Inhibits human platelet aggregation and smooth 

muscle contraction 
[565] 

17-

HDoHE 
22:6ω3 

Inhibits activity of 5-LOX [562] 

Suppresses 5-LOX expression and TNF-α in 

macrophages 
[566] 

Suppresses LPS-induced TNF-α release from 

macrophage-like RAW 264.7 cells 
[567] 

Decreases adhesion molecule expression and 

secretion of proinflammatory cytokines in murine 

colitis model 

[568] 

 

PGE2, prostaglandin E2; LTB4, leukotriene B4; LTC4, leukotriene C4; TXB2, thromboxane B2; 

HETE, hydroxyeicosatrienoic acid; HEPE, hydroxyeicosapentaenoic acid; HDoHE, 

hydroxydocosahexaenoic acid; 20:4ω6, arachidonic acid; 22:5ω3, eicosapentaenoic acid; 22:6ω3, 

docosahexaenoic acid; COX, cyclooxygenase; AM, alveolar macrophage; EP, prostaglandin E2 

receptor; BMDM, bone marrow-derived macrophage; PMN, polymorphonuclear leukocyte.  
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APPENDIX C: CHAPTER 5 SUPPORTING FIGURES AND TABLES 

 
 

Figure S5.1. Dietary TPPU supplementation has limited effects on cSiO2-induced changes in 

growth factor and inhibitory factor levels in the lung. Following sacrifice, middle lung lobes 

were isolated and homogenates analyzed for production of selected growth factors (i.e., GM-CSF, 

M-CSF, VEGF) and the inhibitory factor LIF using Mouse Cytokine/Chemokine 44-Plex 

Discovery Assay® Array from Eve Technologies. Protein quantities were normalized to the 

original weight of lung tissue homogenized for the analysis. For individual data points that fell 

below the limit of detection, LOD/2 was substituted for statistical analysis. Data are presented as 

mean ± SEM (n = 8). Values of p<0.2 are shown, with p<0.05 considered statistically significant.  
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Figure S5.2. cSiO2 instillation and dietary TPPU supplementation have limited effects on 

production of cytokines from T cells in the lung. Following sacrifice, middle lung lobes were  
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Figure S5.2 (cont’d)  

 

isolated and homogenates analyzed for production of selected T cell-derived cytokines (i.e., IL-2, 

IL-3, IL-4, IL-5, IL-9, IL-10, IL-13, IL-15, IL-17, IFNγ) using Mouse Cytokine/Chemokine 44-

Plex Discovery Assay® Array from Eve Technologies. Cytokine quantities were normalized to 

the original weight of lung tissue homogenized for the analysis. For individual data points that fell 

below the limit of detection, LOD/2 was substituted for statistical analysis. IL-3 was detected in 

only two samples within the cSiO2/TPPU group in the 7d PI cohort. Data are presented as mean ± 

SEM (n = 8). Values of p<0.2 are shown, with p<0.05 considered statistically significant.  
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Table S5.1. List of Key Reagents, Chemicals, and Kits. 

 

Reagent Vendor Catalog Number 

AIN-93G Purified Rodent Diet 

without Vitamin Mix 
Dyets Inc. 110700 

AIN-93G VX Vitamin Mix Dyets Inc. 310025 

LouAna Safflower Oil LouAna Oils  

Mazola Corn Oil Mazola  

Microalgal Oil Containing 

40% DHA 
DHASCO  

TPPU Synthesized in-house  

Crystalline Silica U.S. Silica Min-U-Sil-5 

Monoclonal Rat Anti-Mouse 

Ly6B.2 Alloantigen Antibody 
BioRad MCA771G 

Polyclonal Rabbit Anti-Mouse 

CD206 Antibody 
Abcam ab64693 

Polyclonal Rabbit Anti-Mouse 

CD3 Antibody 
Abcam ab5690 

Monoclonal Rat Anti-Mouse 

CD45R Antibody 
Becton Dickinson 550286 

RNeasy Mini Kit Qiagen 74104 

Mouse Cytokine/Chemokine 

44-Plex Discovery Assay® 

Array 

Eve Technologies MD44 

Nunc 96-Well Flat Bottom 

MaxiSorp Immuno Plates 
Thermo Fisher Scientific 442404 

Poly-L-Lysine Solution, 0.1% 

(w/v) 
Sigma Aldrich P8920 

Purified Native dsDNA, Calf 

Thymus 
Alpha Diagnostic International DNAD25-N-1 

Purified Nucleosome Antigen, 

Bovine Thymus 
Arotec Diagnostics ATN02 

Anti-DNA Antibody, double 

stranded, clone BV16-13 
Millipore Sigma MAB030 

Staurosporine R&D Systems 1285 

Goat Anti-Mouse IgG (heavy-

chain sp.)-HRP conjugate 
Alpha Diagnostic International 40120 

Quant-iT™ PicoGreen® 

dsDNA Assay Kit 
Thermo Fisher Scientific P7589 

Pierce™ BCA Protein Assay 

Kit 
Thermo Fisher Scientific 23225 

RNeasy Mini Kit Qiagen 74104 

RIPA Lysis and Extraction 

Buffer 
Thermo Fisher Scientific 89901 
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Table S5.2. Total dsDNA and protein content in AC-derived material and SKC-derived 

material generated for AAb ELISAs. 

 

 AC-derived material SKC-derived material 

Total dsDNA (ng/ml) 2390 375 

Total protein (µg/ml) 1381 737 

ng dsDNA/mg protein 1731 508 

dsDNA used in ELISAs 

(ng/ml) 
10 10 

Protein used in ELISAs 

(µg/ml) 
20 6 
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Table S5.3. Lung homogenate cytokine levels as determined by Eve Technologies Mouse 

Cytokine/Chemokine 44-Plex Discovery Assay® Array. 

 
 VEH/CON 

7d PI 

cSiO2/CON 

7d PI 

cSiO2/TPPU 

7d PI 

VEH/CON 

28d PI 

cSiO2/CON 

28d PI 

cSiO2/TPPU 

28d PI 

Cytokine (pg/g lung tissue, mean ± SEM) 

CCL2/MCP-1 121.3±13.3A 1080±191.4B 1084±210.6B 124.3±14.3a 1054±293.9b 710.6±106.5b 

CCL3/MIP-1α 85.38±9.58A 339.8±48.9B 331.0±48.1B 92.99±7.79a 446.2±65.2b 267.1±32.7b 

CCL4/MIP-1β 53.85±7.99A 247.0±44.5B 271.1±39.6B 19.85±0.00*a 295.3±47.0b 192.3±18.3ab 

CCL5/RANTES 11.93±0.68A 12.18±0.92A 12.93±0.65A 10.17±0.81a 9.76±0.60*a 11.09±0.85a 

CCL11/Eotaxin 866.9±81.5A 749.0±43.8A 774.2±27.6A 910.6±100.8*a 885.0±49.0*a 965.9±62.9a 

CCL12/MCP-5 991.5±77.6A 3415±442.8B 3083±427.3B 778.5±61.2*a 3122±327.2b 3086±365.9b 

CCL17/TARC 168.9±11.7A 340.5±13.5B 285.2±26.1C 123.7±6.62*a 395.5±34.1b 351.5±49.5b 

CCL19/MIP-3β 53.23±2.14A 75.18±3.68B 71.67±5.66B 40.02±3.52*a 73.21±2.86b 76.74±3.48b 

CCL20/MIP-3α 13.60±0.71A 12.63±0.42A 13.31±0.67A 10.47±0.78a 12.49±1.25b 14.59±0.67b 

CCL21/6Ckine 8212±7850 22399±0 106.3±0 11937±5508 N.D. 15019±0 

CCL22/MDC 14.51±0.83A 35.45±2.44B 31.23±3.71B 11.63±0.69*a 48.83±4.88*b 42.78±5.84b 

CXCL1/KC 82.23±7.40A 189.7±19.9B 205.5±22.4B 76.90±3.25a 218.0±20.3b 200.5±22.5b 

CXCL2/MIP-2 122.3±6.7A 128.2±8.3A 123.8±11.4A 145.2±29.0a 130.1±10.0a 127.0±6.5a 

CXCL5/LIX 502.4±64.3A 807.1±111.6A 862.6±162.7A 1642±120.5*a 757.7±101.0b 1773±584.7ab 

CXCL9/MIG 391.3±35.8A 1056±182.3B 1167±133.8B 442.5±47.65a 1672±380.6b 1983±532.2b 

CXCL10/IP-10 41.20±2.52A 249.1±39.0B 285.7±42.4B 47.37±2.78*a 239.3±42.9b 259.3±50.2b 

CX3CL1/Fractalkine 1810±162.6A 1226±67.9B 1132±107.5B 1532±120.1a 1757±159.4*a 1663±128.7*a 

EPO N.D. N.D. N.D. N.D. N.D. N.D. 

G-CSF 1.82±0.53A 3.96±1.02A 4.98±1.14A 2.24±0.84a 1.02±0.38*a 1.83±0.71a 

GM-CSF 14.35±0.00A 52.33±7.09B 56.61±6.48B N.D.*a 40.08±6.66b 37.71±6.86b 

IFNβ-1 173.8±4.6A 158.2±4.9A 147.5±15.4A 118.6±9.3*a 159.6±11.9b 156.7±13.1ab 

IFNγ 27.27±1.83A 22.76±2.78A 27.01±2.47A 24.79±2.35a 26.16±3.15a 36.46±11.85a 

IL-1α 532.7±84.7A 325.2±23.8B 348.9±20.5B 324.4±41.2a 359.7±16.9a 398.0±19.1a 

IL-1β 14.19±1.33A 15.70±0.80A 15.41±1.92A 12.29±1.01a 11.86±1.46*a 15.46±0.55a 

IL-2 33.47±1.86A 32.66±2.07A 36.21±1.29A 35.44±2.20a 34.03±2.01a 38.52±1.75a 

IL-3 0.91±0.26A 0.96±0.25AB 0.40±0.00B 142.0±37.9*a 130.0±28.8*a 95.0±23.9*a 

IL-4 1.57±0.07A 1.86±0.11A 2.23±0.19B 1.59±0.06a 8.76±3.94b 2.36±0.46ab 

IL-5 2.20±0.81A 1.92±0.95A 2.67±0.74A 1.77±0.38a 2.20±0.72a 2.27±0.63a 

IL-6 10.34±3.12A 15.27±1.63B 16.03±2.21B 8.21±0.74a 12.95±1.49b 10.26±0.92*ab 

IL-7 13.48±1.48A 12.38±1.16A 13.91±2.17A 10.98±1.37a 10.28±1.41a 14.59±1.09a 

IL-9 283.2±10.1A 281.2±25.4A 289.9±19.6A 239.7±22.7a 311.4±8.25b 320.3±11.0b 

IL-10 33.49±2.29A 30.68±2.39A 27.16±3.22A 31.80±2.74a 25.99±1.72a 30.37±3.86a 

IL-11 16.99±1.07A 23.97±2.44A 18.91±2.25A 11.28±0.57*a 15.53±0.97*b 16.98±0.97b 

IL-12p40 55.26±6.85A 46.92±3.82A 49.83±6.36A 55.75±3.54a 37.93±4.08b 50.16±3.43ab 

IL-12p70 9.95±2.83A 12.21±3.37A 4.17±1.96A 11.28±10.43*a 6.53±4.76a 8.42±3.77a 

IL-13 28.97±2.81A 26.14±2.55A 34.26±3.55A 26.08±0.98a 29.66±1.49ab 35.89±2.66b 

IL-15 86.33±7.13A 80.44±8.44A 74.50±5.66A 79.20±9.38a 67.25±4.50a 70.23±6.77a 

IL-16 1746±263.3A 1922±351.7A 2033±55.2A 1256±376.6a 2514±222.0b 2259±247.8ab 

IL-17 0.91±0.10A 3.50±0.63B 2.91±0.63B 0.59±0.11*a 1.72±0.27*b 1.64±0.34b 

IL-20 34.75±3.74A 31.65±3.44A 45.84±5.58A 24.83±2.43*a 34.37±2.20a 24.87±5.47*a 

LIF 5.97±0.29A 14.19±1.55B 11.14±1.08B 4.27±0.49*a 8.81±0.42*b 8.13±0.86*b 

M-CSF 15.15±1.00A 24.09±1.51B 22.94±2.45B 12.56±1.06a 27.73±3.39b 20.83±1.65b 

TIMP-1 443.1±34.6A 2427±164.8B 1868±263.2B 243.6±38.5*a 1518±167.4*b 1281±170.1b 

TNF-α 7.62±0.43A 21.24±3.44B 21.08±3.41B 7.46±1.00a 33.26±6.06b 24.78±3.85b 

VEGF 297.6±26.3A 198.5±31.4B 238.3±10.7AB 267.5±32.0a 216.9±15.6b 223.3±16.5b 
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Table S5.3 (cont’d)  

 

Data are presented as pg cytokine per g of lung tissue (mean ± SEM, n = 8/gp). Differences 

between VEH/CON, cSiO2/CON, and cSiO2/TPPU groups within the 7d PI and 28d PI cohorts 

were compared by one-way ANOVA. Differences between the 7d PI and 28d PI VEH/CON, 

cSiO2/CON, and cSiO2/TPPU groups were also compared by Student’s t test. Alternative versions 

of these tests were used when data did not meet the assumption of normality and/or equal 

variances. Asterisks indicate significant differences between the VEH/CON 7d PI and VEH/CON 

28d PI groups, cSiO2/CON 7d PI and cSiO2/CON 28d PI groups, or cSiO2/TPPU 7d PI and 

cSiO2/TPPU 28d PI groups (p<0.05). Unique uppercase letters indicate significant differences 

between the VEH/CON 7d PI, cSiO2/CON 7d PI, and cSiO2/TPPU 7d PI groups (p<0.05). Unique 

lowercase letters indicate significant differences between the VEH/CON 28d PI, cSiO2/CON 28d 

PI, and cSiO2/TPPU 28d PI groups (p<0.05). 


