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Abstract

Agricultural workers, especially those who work in swine confinement facilities, are at increased 

risk for developing pulmonary diseases including asthma, chronic obstructive pulmonary disease, 

and chronic bronchitis due to exposures to fumes, vapors, and organic dust. Repetitive exposure 

to agricultural dust leads to unresolved inflammation, a common underlying mechanism that 

worsens lung disease. Besides occupational exposure to dusts, diet also significantly contributes 

to inflammation and disease progression. Since DHA (docosahexaenoic acid), a polyunsaturated 

omega-3 fatty acid and its bioactive metabolites have key roles in inflammation resolution, 

we rationalized that individuals chronically exposed to organic dusts can benefit from dietary 

modifications. Here, we evaluated the role of DHA in modifying airway inflammation in a murine 

model of repetitive exposure to an aqueous extract of agricultural dust (three-week exposure 

to swine confinement dust extract, HDE) and after a one-week resolution/recovery period. We 

found that mice fed a high DHA diet had significantly increased bronchoalveolar lavage fluid 
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(BALF) levels of DHA-derived resolvins and lower TNFα along with altered plasma levels of 

endocannabinoids and related lipid mediators. Following the one-week recovery we identified 

significantly reduced BALF cellularity and cytokine/chemokine release along with increased 

BALF amphiregulin and resolvins in DHA diet-fed versus control diet-fed mice challenged with 

HDE. We further report observations on the effects of repetitive HDE exposure on lung Ym1+ 

and Arg-1+ macrophages. Overall, our findings support a protective role for DHA and identify 

DHA-derived resolvins and endocannabinoids among the potential mediators of DHA in altering 

airway inflammation in chronic agricultural dust exposure.

Keywords

Omega-3 polyunsaturated fatty acids; docosahexaenoic acid (DHA); agricultural dust; specialized 
pro-resolving mediators; resolvins; endocannabinoids

1. Introduction

As per the USDA, agriculture is a major and vital US industry involving about 2.05 

million operating farms (totaling about 910 million acres in 2017) [1]. Agricultural 

workers, especially livestock farmers, are at increased risk for developing pulmonary 

diseases including asthma, chronic obstructive pulmonary disease (COPD), and chronic 

bronchitis due to exposure to fumes, vapors, and agricultural dust [2-5]. Dusts from swine 

confinement facilities cause severe inflammation in swine confinement workers, which is 

mainly characterized by a large increase in lung neutrophils [3,6]. There is no cure for 

COPD or asthma, and management of disease consists of medications (i.e., bronchodilators, 

corticosteroids etc.), oxygen therapy and life-style changes; however, these treatments are 

not without side effects and they treat only the symptoms of disease rather than the cause 

[7].

An alternative approach to the management of lung disease is modification of risk factors 

such as diet. Dietary omega-3 and omega-6 polyunsaturated fatty acids (PUFAs), such as 

those found in fatty fish, EPA (eicosapentaenoic acid), DHA (docosahexaenoic acid), and 

DPA (docosapentaenoic acid) have the ability to modulate inflammation [8,9] and immune 

cells [10,11]. Because unresolved inflammation is a common underlying mechanism that 

significantly contributes to lung disease progression, beneficial effects of omega-3 PUFAs 

have been explored previously in airway inflammation including asthma, COPD, cystic 

fibrosis and ARDS [12-16]. While these studies suggest DHA over EPA or the combination 

of EPA and DHA to be the most beneficial to reduce symptoms, the benefits of a DHA-rich 

diet or mechanism of action of DHA in enhancing resolution of lung inflammation and 

improving recovery in agricultural dust-induced lung inflammation are largely unknown.

The murine model of agricultural dust exposure is well-established and it reproduces 

key pathologic outcomes observed in swine farm workers, where both a single and 

repetitive exposure to swine confinement dust extract (hog dust extract, HDE) lead to 

significantly increased neutrophil influx and elevated levels of pro-inflammatory cytokines 

in the bronchoalveolar lavage fluid (BALF) [3,17,18]. We have previously reported that 

DHA pretreatment in vitro (precision-cut murine lung slices, human bronchial epithelial 
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cells, lung fibroblasts and monocyte cell cultures) or in an acute exposure in vivo (single 

intranasal HDE exposure) leads to reduced inflammatory cytokine/chemokine production 

following inflammatory insult [17,19]. However, in these studies we did not address 

the effects of DHA in the resolution of inflammation in a repetitive exposure model, 

which is most relevant to agricultural workers who are exposed to dust daily. Given 

the duration and frequency of agricultural dust exposure are important factors defining 

the type of inflammation and disease experienced by those exposed [4,5], and beneficial 

effects attributed to DHA in suppressing airway inflammation, we hypothesized that dietary 

supplementation of DHA would be effective in reducing airway inflammation in a chronic 

HDE exposure setting. To address this hypothesis, we performed a set of experiments in 

which mice were fed a high DHA diet versus control (no DHA) diet, and changes in airway 

inflammation were determined after a 3-week repetitive HDE exposure, and after cessation 

of the exposure (resolution/recovery period, one week). We found that mice fed a high DHA 

diet exhibited significant alterations in HDE-induced lung inflammation both after 3 weeks 

and after the resolution period. We also tested additional hypotheses that DHA-derived 

bioactive metabolites that are involved in the resolution of inflammation might mediate 

the beneficial effects of DHA in airway inflammation and report further observations on 

the effects of DHA on lung Ym1+ and Arg-1+ macrophages following repetitive HDE 

exposure. Overall, our results reported here are consistent with our hypothesis that DHA 

and DHA-derived bioactive metabolites significantly contribute to the resolution of airway 

inflammation following repetitive agricultural dust exposure.

2. Materials and methods

2.1. Preparation of aqueous dust extract

Dust extracts were prepared as previously described [20]. Settled dusts in swine 

concentrated animal feeding operations were collected and kept at −20°C. To prepare the 

100% aqueous extract, 5 g dust was suspended in 50 mL Hank’s Balanced Salt Solution for 

1 hour. The solution was then centrifuged to remove all large particulates and was sterile 

filtered through a 0.22 μm filter. Extracts were frozen in aliquots until used. A 12.5% HDE 

solution was prepared for instillations by diluting the 100% HDE in saline to produce a 

12.5% solution. The HDE has been previously characterized for major components [21-23].

2.2. Animals and diet

Male 6-8-week-old C57Bl/6 mice were purchased from Jackson Laboratories. After a 1-

week acclimation period, mice were placed on a high DHA diet or a control diet lacking 

DHA, prepared as we have previously described [19,24]. Both the high DHA and standard 

modified diet were prepared by ENVIGO (Madison, WI, USA). Both diets have been 

utilized in a previous study where we showed the effectiveness of the high DHA diet in 

altering the lung inflammatory response to a single exposure to HDE [24]. Briefly, in our 

study the AIN-93G diet was modified to replace soybean oil with high oleic safflower oil. 

In the DHA diet only a portion of the high oleic safflower oil was replaced with DHASCO 

oil (DSM Nutritional Products, Kingstree, SC) containing 39.2% DHA as shown in Table 

S1. The detailed fatty acid analysis of the DHASCO oil (certificate of analysis) and the 

detailed composition of the diets prepared by Envigo are also given in the ‘Supplementary 
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Materials’. The modified high DHA diet contained approximately 5.88 g DHA/kg, or 1.4% 

of kcal from DHA. This corresponds to a person taking approximately 3.11 g/day based on a 

2000 kcal diet [25]. This dose was chosen based on the evidence that the anti–inflammatory 

and cardioprotective effects attributed to omega-3 fatty acids are within the range of 1-5 g 

omega-3 fatty acids [26]. Also, recommendations from the U.S. FDA suggests that there 

are no adverse health effects of omega-3 fatty acids up to 3 g/day [27]. Despite this 

suggested maximal dosing, others reported that 3-5 g/day dose of omega-3 fatty acids are 

routinely consumed by Eskimos and Japanese people [28]. Moreover, omega-3 fatty acid 

supplementation between 6 g/day (EPA, 3.7 g + DHA, 2.5 g) versus 3 g/day (EPA, 1.8 

g + DHA, 1.5 g) reduces exercise-induced bronchoconstriction and airway inflammation 

markers [29]. We have shown that airway inflammation induced after a single exposure to 

agricultural dust is largely inhibited by the high dose DHA supplementation for 4-weeks 

[24]. Mice had ad libitum access to food and water and were housed 5 mice/microisolator 

cage with cages changed every two weeks. Food was replenished weekly. Mice were 

initiated on the DHA/control diets for 4 weeks before the start of HDE exposure protocols. 

Animal protocols were approved by the Institutional Animal Care and Use Committee of the 

University of Nebraska Medical Center.

2.3. Murine model of dust exposure and lung histopathology

The repetitive model of HDE-induced airway inflammation was performed similarly to 

previously described methods [18,30,31]. Mice were challenged with 15 HDE instillations 

(given as 50 μl 12.5% HDE or saline intranasally under light anesthesia) over 3 weeks. 

Mice were then euthanized 5 hours following the last instillation or allowed to recover 

for 7 days following the final HDE instillation (recovery phase). Following euthanasia, 

blood was collected in K2 EDTA tubes (BD, Franklin Lakes, NJ) and frozen as whole 

(un-separated) blood. Bronchoalveolar lavage was performed 3 times with 1 mL PBS each 

time. The 3 fractions were centrifuged, and the first 1 mL fraction obtained was saved 

for cytokine/mediator analyses. The cells pelleted from all three fractions were counted, 

cytocentrifuge slides were prepared and stained with Diff-Quik (Siemens, Newark, DE), 

and differential cell counts enumerated. Lungs were then inflated with formalin at 15 cm 

pressure. Fixed lungs were paraffin embedded, sectioned, and stained with Hematoxylin 

and Eosin to visualized pathological signs of inflammation. Images were obtained from 

hematoxylin and eosin-stained (H&E) slides with 10X (for lymphoid aggregates) and 20X 

(alveolar cellularity and epithelial hyperplasia) objectives using an Echo Revolve brightfield 

microscope (San Diego, CA, USA). Stained whole-lung sections were assessed for alveolar 

cellularity, epithelial hyperplasia, and lymphoid aggregates. The observer was blinded to the 

identity of the H & E slides. To assess alveolar cellularity, objectives 4x and 10x both with 

150% optical zoom were utilized to scan entire lung sections, with the number of lymphoid 

aggregates present recorded for each lung section. A lymphoid aggregate was defined as 

greater than 20 lymphocytes closely aggregated. For epithelial hyperplasia, a total of 10 

images of bronchioles within each tissue section were obtained with 20x objective with 

150% optical zoom. Utilizing measurement and annotation software available on the Echo 

Revolve, epithelial cell nuclei were quantified, and airway areas were measured to determine 

their size (μm2). These two values produced a ratio of nuclei/ μm2 for each airway and 

this was repeated for 10 airways imaged per lung section. These ratios were then averaged 
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to obtain a single value for each tissue section. Finally, alveolar cellularity was assessed 

based on five images with 40x objective with 150% optical zoom randomly throughout each 

lung tissue section parenchyma. Cells within alveolar spaces were manually quantified for 

each image, which produced five values per section. These values were averaged to obtain 

a single value per tissue section. Column statistical analysis was performed using these 

averaged values obtained for epithelial hyperplasia and alveolar cellularity, along with the 

number of lymphoid aggregates quantified for each tissue section. Scores (0-4) for each 

parameter were assigned based on the percentile values obtained.

2.4. Whole blood fatty acid level measurements

Whole blood was collected from the inferior vena cava and stored at −80°C until fatty acid 

analysis by gas chromatography (GC). Cryopreserved whole blood samples were thawed on 

ice, and 25 microliters were added into a 2 mL glass vial for direct transesterification using 

250 microliters of 14% boron-trifluoride methanol and 250 microliters of hexane solution at 

100°C for 60 minutes as previously reported [24,32]. A quantitative internal standard,17:0 

heptadecanoic acid and a quantitative external standard, 15:0) were included. Then, phase 

separation was performed after samples were mixed with HPLC grade water. Fatty acid 

methyl-esters in the hexane phase were separated on a capillary (GC) column with Agilent 

CP7489 Capillary Column (100m length x 0.25mm internal diameter x 0.36 mm outer 

diameter, 0.20μm film thickness) using an Agilent 7890A GC equipped with flame ionized 

detector (Agilent Technologies, Santa Clara, CA). Hydrogen was used as the carrier gas. 

Medium to long chain fatty acids (C10 to C24) were identified and data acquisition was 

performed using ChemStation interface system (Agilent Technologies). Peak identification 

and relative quantification were performed using Open LAB Chromatography Data System 

and corresponding authentic standard, 37 FAME mix (Sigma Aldrich, St. Louis, MO) and 

internal standard. Fatty acid composition of whole blood is reported as wt:wt% of the 

sample.

2.5. Plasma endocannabinoid level measurements

Blood was collected as described above in K2 EDTA tubes at the end of 3-week HDE 

repetitive dust exposure, and plasma was isolated following centrifugation at 1500 g for 

10 min. Samples were kept at −80°C until analysis. Lipids were extracted from plasma 

as previously described [33]. Separation of lipids was performed using a UPLC BEH C18 

column (2.1 × 50 mm i.d.; 1.7 μm, Waters Corporation, Milford, MA, USA) with an Acquity 

guard column (UPLC BEH C18 VanGuard Pre-column; 2.1 × 5 mm, i.d., 1.7 μm, Waters 

Corporation) and detection was performed using UPLC-MS/MS (ultra-performance liquid 

chromatography tandem mass spectrometry) [33]. Data acquisition was performed using 

Acquity I Class UPLC/Xevo TQ-S Micro Mass Spectrometer (Waters Corporation). UPLC 

and MS parameters for the detection of arachidonoylethanolamide (AEA), 2-arachidonoyl-

sn-glycerol (2-AG), 2-docosahexaenoyl-sn-glycerol (2-DG), docosahexaenoylethanolamide 

(DHEA) and oleoylethanolamide (OEA) were reported previously [34,35].

2.6. Immunofluorescence staining

The M2 macrophage markers Ym1 and Arginase-1 (Arg-1) and a lectin recognizing both 

M1/M2 macrophages, GSL (Griffonia Simplicifolia Lectin-1 isolectin B4, biotinylated, 
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Vector Laboratories, # B-1205-.5), were detected using immunofluorescence staining and 

microscopy. Briefly, unstained slides from 5 μm lung tissue sections were deparaffinized 

with xylene and rehydrated with serial ethanol washes and lastly PBS. Antigen retrieval 

was performed with Diva Decloaker, (Biocare Medical, Pacheco, CA), and then sections 

were blocked for 10 min with Avidin/Biotin blocker (for GSL) with 5 min PBST washes 

in between and then with 1% BSA in PBST for half an hour. After the blocking step, 

tissues were incubated with rabbit polyclonal antibody against mouse Ym1 (Stem Cell 

Technologies, Cambridge, MA, USA, catalog #: 60130, 1:200 dilution), with rabbit antibody 

against mouse Arg-1 (Cell Signaling, MA, USA, catalog #: 93668, 1:50 dilution) and 

biotinylated GSL-1 (Vector Laboratories, Burlingame, CA, USA, catalog #: B-1205-.5, 

1:50 dilution) in 1% BSA in PBST (0.1% Tween-20 in PBS) overnight at 4°C. Sections 

were then washed with PBST for 5 min three times and incubated with the secondary 

antibodies, donkey anti–rabbit IgG (Dylight 550, ab98489, 1:500 dilution), goat anti–rabbit 

IgG (H+L), Alexa Fluor 488 (Thermo Fisher Scientific, Waltham, MA, USA, catalog #: 

A-11008, 1:500 dilution) or Streptavidin Cy 5 (Vector Laboratories, Burlingame, CA, USA, 

catalog #: SA-1500-1, 1:50 0 dilution) in 1% BSA in PBST for 2 hours at room temperature. 

After washing in PBST for 5 min three times, sections were mounted using Prolong Gold 

antifade reagent with DAPI. Tissues were visualized with Echo Revolve (San Diego, CA, 

USA). Secondary-only (no primary antibody) controls were included in Suppl. Figure 2. For 

the quantification of Ym1 images, a total of 5-7 images were obtained for each mouse 

lung, resulting in at least 20 images per treatment group. Integrated density/area was 

calculated for the whole image for each image using Fiji open-source software (Image J 

version 1.52p, imagej.nih.gov). ‘Plot Profile’ function (https://imagej.nih.gov/ij/docs/menus/

analyze.html#plot) was applied on the whole image after background subtraction which was 

applied using the same parameter (rolling ball radius, 50 pixels) for each image (Suppl. 

Fig. 1. For the quantification of Arg-1 staining, 5-7 images for airways and parenchyma 

were obtained in each mouse lung, and 5-7 images were obtained for the bone marrow 

macrophages (Suppl. Fig.3). Similar to Ym1 quantification, integrated density/ area and 

number of cells showing positive staining for Arg-1 and GSL were determined for each 

image to obtain fluorescence intensity and Arg-1/GSL+ cell counts using Fiji software.

2.7. Cytokine/mediator measurements

TNF-α, IL-6, CXCL1, MIF, MPO, and AREG were detected using Duoset enzyme-linked 

immunosorbent assay (ELISA) kits from R&D systems (Minneapolis, MN). Resolvin D1 

(RvD1) and Resolvin D2 (RvD2) were detected using ELISAs from Cayman Chemical (Ann 

Arbor, MI).

2.8. Statistical analyses

GraphPad Prism software was utilized to perform two-way ANOVA tests on data 

to determine statistical significance of results, using the Tukey method for post-hoc 

comparisons amongst groups. Differences between groups were considered significant if 

the P value ≤ 0.05. Data are shown as means ± standard error of the mean. N values for each 

experimental group are provided within the bar of each group. In the experimental design, 

we performed power calculations that estimated that 8-10 mice/ group would be necessary 
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to detect 20% difference with 85-90% power. We based these calculations on detecting 20% 

difference in cytokine levels between saline- versus. dust-exposed animals.

3. Results

3.1. Effects of a high DHA diet on blood PUFA levels

To assess the efficacy of our dietary DHA supplementation in leading to increased DHA 

plasma membrane incorporation, we analyzed the whole blood levels of medium- and long-

chain PUFAs. As anticipated, mice fed the high DHA diet exhibited significantly increased 

DHA, EPA, and DPA levels in their whole blood as compared to mice on the control 

diet (Fig. 1 A-C, left panels, P<.0001). Specifically, two-way ANOVA analysis revealed 

a significant main effect of dietary DHA supplementation on whole blood levels of DHA 

(F=53.34, P<.0001), EPA (F=21.66, P<.001) and DPA (F=25, P<.0001) levels. In contrast, 

alpha-linolenic acid (ALA) levels were decreased in HDE-challenged mice fed the high 

DHA diet when compared to saline controls, with a 2-way ANOVA analysis showing a 

significant main effect of DHA diet on whole blood ALA levels (F=9.069, P=.0047) (Fig. 

1 D, left panel). These alterations in blood omega-3 fatty acid levels were coincident with 

significantly decreased whole blood levels of the omega-6 PUFA arachidonic acid (ARA) 

in mice fed the high DHA diet compared to mice fed the control diet (Fig. 1E, left panel, 

significant main effect of DHA diet, F=98.84, P<.0001). Levels of the omega-6 fatty acid 

linoleic acid (LA) were unchanged in control diet- versus DHA diet-fed mice (Fig. 1F, left 

panel). Of note, HDE exposure did not result in any significant alterations in DHA, EPA, 

DPA, ALA, ARA, upon sacrifice at 5 hours post exposure in mice on the control diet. 

However, when mice were allowed to recover for 7 days following the final HDE exposure 

(Fig. 1A-F, right panels), we identified a significant decrease in ARA levels in control diet-

fed mice with a significant main effect of HDE (F=10.45, P=.0027), DHA diet (F=81.16, 

P<.0001) and significant interaction between exposure and diet (F=5.28, P=.027) (Fig. 2E, 

right panel), while also finding a statistically significant main effect of HDE exposure 

(F=5.05, P=.031) and DHA diet (F=7.605, P=.0091) in mediating ALA whole blood levels 

(Fig. 2D, right panel). In contrast, HDE exposure did not significantly impact DHA, EPA, 

DPA, or LA during the recovery phase (Fig. 2A-C, F, right panels). Additional measured 

PUFA are shown in Table S2. Overall, we found an approximately 6-8-fold decrease in the 

omega-6-to-omega-3 PUFA ratio with dietary DHA supplementation as detailed in the Table 

S3. These findings confirm the success of our feeding strategy to increase omega-3 fatty acid 

levels in mice fed the high DHA diet and identify alterations in whole blood ARA and ALA 

fatty acids during recovery following chronic HDE exposure.

3.2. Effects of a high DHA diet on the airway inflammatory response to repetitive HDE 
exposure and recovery

In order to determine the effects of a high DHA diet on HDE-induced lung inflammation, 

we first compared total and differential cell numbers in bronchoalveolar lavage fluid (BALF) 

from mice provided the DHA or control diet for 4 weeks then challenged with 3 weeks 

of repetitive HDE exposure (Fig. 2A-D, left panels). As compared to saline controls, we 

observed a statistically significant increase in total cell influx (P<.0001) with the largest 

increase in neutrophil counts (approximately 100-fold increase, P<.0001) in response to 
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the 3-week repetitive HDE exposure (Fig. 2A, B, left panels). We observed no significant 

difference in cellular influx in mice fed a high DHA diet versus control diet, with all effects 

driven by HDE exposure (P<.0001 by two-way ANOVA for total cells, neutrophils, and 

lymphocytes; P<.001 by two-way ANOVA for macrophages) (Fig. 2C, D, left panels).

In the recovery phase at 7 days following final HDE exposure, BALF total cells in 

control diet-fed mice challenged with HDE remained significantly elevated as compared 

to saline-exposed control-fed mice (Fig. 2A, right panel), including elevations in neutrophils, 

macrophages, and lymphocytes (Fig. 2B-D, right panels). By contrast, mice fed the 

high DHA diet no longer exhibited significant elevations in BALF total cells, including 

neutrophils, macrophages, or lymphocytes (Fig. 2). In addition, we observed a significant 

interaction between exposure and diet on BALF total cells (P<.05), macrophages (P=.05) 

and lymphocytes (P<.05).

To further evaluate the inflammatory response to HDE, we also quantified pro-inflammatory 

and anti–inflammatory/pro-repair mediators in BALF (Fig. 3). In mice challenged with 

repetitive HDE exposure, we observed significant increases in pro-inflammatory cytokines 

IL-6, TNF-α, CXCL1, and MPO (myeloperoxidase) (Fig. 3A-C, F, left panels), as well as 

the pro-repair mediator AREG (Fig. 3D, left panel). Of note, in HDE-challenged mice fed 

the high DHA diet, TNF-α levels were significantly blunted as compared to mice fed the 

control diet, with two-way ANOVA identifying a significant interaction between exposure 

and diet (P<.05) (Fig. 3B, left panel), while we also observed a trending reduction (P=.09) 

in CXCL1 release (Fig. 3C, left panel). Interestingly, MIF (macrophage migration inhibitory 

factor) levels were also significantly altered by diet, whereby DHA diet-fed mice exposed to 

HDE had elevated MIF levels compared to control diet-fed mice (Fig. 3E, left panel).

Following the recovery phase (after cessation of HDE for 7 days) we observed lower 

levels of all pro-inflammatory cytokines (Fig. 3), indicating an overall return to baseline 

conditions in terms of inflammatory mediator production. We found statistically significant 

effects for diet in altering BALF IL-6 and TNF-α levels (Fig. 3A, B, right panels) whereby 

DHA diet-fed mice had lower levels of these cytokines. In contrast, DHA diet and HDE 

exposure were also associated with significantly elevated levels of the pro-repair mediator 

AREG during the resolution phase (Fig. 3D, right panels). Interestingly, HDE exposure was 

associated with reduced MPO and MIF as compared to controls during recovery (Fig. 3F, E, 

right panels). We also identified a significant interaction between dust exposure and diet on 

CXCL1 levels (P<.05), whereby CXCL1 levels were significantly reduced in DHA diet-fed 

and HDE challenged mice as compared to HDE challenged mice (Fig. 3C, right panel). This 

decrease in CXCL-1 was a trending reduction (P=.07) in DHA diet-fed and HDE challenged 

mice as compared to DHA diet-fed saline controls.

To assess for tissue inflammation, we performed blinded scoring of lung histopathology 

for alveolar cellularity, epithelial hyperplasia, and lymphoid aggregate formation (Fig. 4). 

Consistent with the increased inflammatory cell influx and cytokine levels observed with 

repetitive HDE exposure, we identified significantly increased alveolar cellularity in mice 

receiving 3 weeks repetitive HDE exposure regardless of diet (P<.0001; Fig. 4A and 4D, 

left panels). Despite a lower score, alveolar cellularity remained increased in these mice in 
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the recovery period with a significant interaction between exposure and diet (P<.05) (Fig. 

4A and Fig. 4D, right panels). In addition, we found a significant increase in lymphoid 

aggregate formation in mice receiving 3 weeks repetitive HDE exposure regardless of diet 

(P<.0001; Fig. 4B and 4D, left panels). Even though the scores were slightly lower in the 

recovery phase, they remained elevated in mice receiving 3 weeks repetitive HDE exposure 

(Fig. 4B and 4D, right panels). Furthermore, we did not observe any changes in epithelial 

hyperplasia of small bronchiole airways and those around the alveolar ducts or terminal 

bronchioles (Fig. 4C and F).

We observed a slight elevation in total cells, macrophages, and lymphocytes in the BALF 

as well as lung histopathology scores in mice on high DHA diet (no HDE exposure) as 

compared to those on control diet. Despite an apparent slight overall increase in these 

cellular levels, none of these observations approached significance (Fig. 2A recovery period, 

total BALF cells P=.68, Fig. 2C, BALF macrophages P=.75, Fig. 2D, BALF lymphocytes 

P=.5 and Fig. 4A, alveolar cellularity at 3-week P=.89, recovery P=.95, Fig. 4B, lymphoid 

aggregates in recovery period P=.97 and Fig. 4C, hyperplasia score at 3-week P=.59).

3.3. Underlying mechanisms of DHA action in resolution of inflammation: Resolvins

We next aimed to identify the mechanisms of decreased inflammation in the lung by 

the high DHA diet. RvD1 and RvD2 are bioactive metabolites generated from DHA 

by 15-LOX/ 5-LOX enzymatic activity and they have been implicated in resolution of 

inflammation in the lung [36]. We observed a significant increase in both RvD1 (P<.001; 

Fig. 5A, top panel) and RvD2 (P<.001; Fig. 5B, top panel) in BALF of DHA-fed mice 

receiving 3 weeks repetitive HDE exposure as compared to their corresponding DHA or 

HDE counterparts. The BALF levels of these DHA metabolites remained significantly 

elevated in the recovery phase in DHA-fed mice receiving 3 weeks repetitive exposure 

(P<.001; Fig. 5A, B bottom panels).

3.4. Underlying mechanisms of DHA action: Endocannabinoids

To ascertain the impacts of DHA diet on changes in additional lipid metabolites outside 

of the specialized pro-resolving mediator (SPM) family, we next determined the circulating 

levels of major endocannabinoids and related lipid mediators derived from both ARA and 

DHA (Fig. 6). Circulating endocannabinoids are released from multiple organs and tissues 

and their levels are increased during systemic inflammation [37]. Regardless of the repetitive 

HDE exposure, we observed significant decreases in plasma endocannabinoids derived from 

ARA, namely AEA and 2-AG as well as oleoylethanolamide (OEA) in DHA-fed mice 

(P<.001; Fig. 6A-C). OEA is a non–endocannabinoid, which is a potent PPAR-alpha agonist 

and it is known for its fat sensing ability that mediates satiety[38]. OEA levels are also 

reported to be altered by inflammation and diet. In contrast, plasma levels of the DHA-

derived endocannabinoid-like molecules DHEA and 2-DG were significantly increased in 

DHA-fed mice (P<.001; Fig. 6D, E).

3.5. Effects of DHA diet and HDE exposure on lung macrophages

Given that macrophages are indispensable in promoting tissue repair and resolution of 

inflammation [39,40], we next examined tissue macrophages across all the treatment groups 
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(Fig. 7). We determined the lung immunofluorescence signal of Ym1, a marker for M2-like 

macrophages associated with an anti–inflammatory, pro-repair phenotype in lung tissue 

sections [41]. We found a significant main effect of HDE treatment (F= 16.42, P=.0007) 

with post-hoc analyses revealing a significant increase in the number of Ym1 positive 

macrophages in HDE-challenged mice regardless of the type of diet (P<.05 as compared to 

saline controls) (Fig. 7A,B).

In the recovery period following 3-week HDE exposure, we also found a significant main 

effect of HDE (F= 59.21, P<.0001) and a trend for the main effect of DHA (F=3.291, 

P=.0847) on the number of Ym1 positive macrophages (Fig. 7D, E). We also evaluated 

the expression of Ym1 by quantifying the fluorescence intensity of the Ym1 signal. While 

we did not observe any significant changes in fluorescence intensity of the Ym1+ cells 

at 3-weeks (Fig. 7C), Ym1 intensity profiles in the recovery period were higher in the 

lungs of HDE-challenged mice on high DHA diet as compared to mice on control diet 

(Fig. 7F). Based on the YM-1+ macrophage staining, we sought to confirm the M2-like 

macrophage polarization using an additional M2-associated marker, arginase-1 (Arg-1). We 

performed an IF co-staining of Arg-1 together with a lectin that can identify both M1 

and M2 macrophages, GSL (Fig. 8). Secondary-only (no primary antibody) controls are 

shown in Suppl. Fig. 2. When we assessed the number of cells with positive Arg-1/GSL 

co-staining, we found a significant main effect of HDE at 3 weeks (F=62.32, P<.0001, 

Fig. 8A, and 8B-D, left panel) and at the recovery period (F=46.75, P=.0014, Fig. 8E and 

8F-H, left panel). Multiple comparisons showed that the number of cells with positive Arg-1 

staining significantly increased with HDE at 3 weeks (P=.0015, control vs. HDE) while 

this increase missed significance at the recovery period (P=.0872, control vs. HDE). In 

additional analyses, we found that in the HDE-challenged mouse lungs there were more 

Arg-1 positive macrophages in the parenchyma (Fig. 8D and H) than in the airways (Fig. 

8C and G). Although, the total number of Arg-1+ macrophages around the airways of DHA 

diet-fed mice was significantly elevated during the recovery phase (Fig. 8G, *P=.03 for 

DHA diet vs. DHA diet + HDE), this was not the case for airway-associated macrophages 

in control diet-fed mice (Fig. 8G, P=.24 for control diet vs. control diet + HDE). In 

considering overall Arg-1 staining intensity, we observed a significant main effect of HDE 

on fluorescence intensity of Arg-1 at 3 weeks (F=48.53, P=.0008, Fig. 8A, and 8B-D, right 

panel), and at the recovery period (F=47.91, P=.0002, with a significant interaction F=12.92, 

P=.0182, Fig. 8E and 8F-H, right panel). This was also reflected in multiple comparisons, 

a significant increase in Arg-1 immunofluorescence intensity in mouse lungs receiving the 

repetitive HDE exposure both at 3-weeks (P=.014 control vs. HDE, Fig. 8B, right panel) and 

after the recovery period (P=.0004, Fig. 8F, right panel) regardless of the diet.

To further determine whether DHA diet impacted macrophage polarization, we used 

bone marrow-derived macrophages (BMDM) isolated from C57BL/6J male mice. After 

differentiating the cells for 7 days in the presence of L929 medium, cells were stimulated 

with M1/ M2 activators in the presence or absence of DHA at 1 μM and/or 0.5% HDE for 24 

and 72 hours. We observed an increase in Arg-1 immunofluorescence signal in the presence 

of DHA (1 μM) with M1 activators (IFNγ and LPS) at 24 hours, which was reflected in a 

two-way ANOVA analysis of immunofluorescence data showing a significant main effect of 

DHA (F=30.57, P=.01) (Suppl. Fig. 3A and 3C). In addition, we found a significant main 
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effect of both DHA (F=17.43, P=.0098) and HDE (F= 37.28, P=.0005) on the Arg-1 signal 

in the presence of the M2 activator IL-4 at 24 hours (Suppl. Fig.3A and 3D). At 72 hours, 

we similarly observed no changes in Arg-1 signal in the presence of 0.5% HDE and M1 

activators (F=6.7, P=.26; Suppl. Fig. 3B and 3E), while DHA still trended toward increasing 

Arg-1 expression in the presence of M1 activators at 72 hours (Suppl. Fig. 3E); however, this 

missed significance (P=.07). In the presence of M2 activators, HDE had a significant effect 

on Arg-1 expression (P<.0001) with a trend toward an interaction between DHA & HDE at 

72 hours (Suppl. Fig. 3F; P=.068). Comparing 24- vs. 72-hour timepoints, presence of DHA 

appears to change the kinetics and response to HDE exposure in the M1-environment.

4. Discussion

The primary goal of these studies was to elucidate the role of DHA in a murine model of 

repetitive agricultural dust-induced lung inflammation. While there are prevention options 

such as use of N95 mask respirators for individuals working in high-risk occupational 

environments (e.g., swine confinement facilities), compliance with requirements to wear 

safety masks is low among agriculture workers [3]. Therefore, we rationalized that 

individuals chronically exposed to agricultural dust can benefit from dietary modifications 

to reduce the lung inflammatory consequences of occupational dust exposure [3]. The main 

findings of our study are that mice fed a high DHA diet exhibit improved recovery of 

airway-related inflammatory markers, including significantly lower levels of inflammatory 

mediator TNFα at five hours following HDE exposure, as well as prevented increased 

levels of immune cell infiltrates at one week post-HDE exposure, a sustained increase in 

BALF AREG at one week post-HDE exposure, and significantly elevated SPM RvD1 and 

RvD2 that are elevated at both five hours following HDE exposure as well as following 

the recovery phase. Our results also identify significant alterations in whole blood PUFA 

levels that correspond with changes in PUFA-derived peripheral endocannabinoids that may 

be partially responsible for the beneficial effects of DHA. In addition, we identified the 

accumulation of Ym1+/Arg-1+ macrophages after repetitive HDE exposure, which might 

contribute to resolution of inflammation, where mice fed a high DHA diet also exhibit 

increased YM1 fluorescence intensity specifically during recovery from HDE.

Unresolved chronic lung inflammation is a common mechanism seen in respiratory diseases 

including asthma, COPD, chronic bronchitis and cystic fibrosis, and management of airway 

inflammation is critical for disease resolution [42]. Omega-3 PUFAs and their bioactive 

metabolites have critical roles in regulating the mitigation of inflammation and have been 

considered as a therapeutic approach to respiratory diseases [8,12,13,43-45]. A National 

Health and Nutrition Examination Survey (NHANES) study found associations of low 

omega-3 fatty acid intake with symptoms of COPD and found that consumption of both 

EPA and DHA is associated with reduced symptoms of lung disease among smokers [16]. 

In addition, asthma prevalence has been reported to be on the rise in Western countries, 

which is partly attributed to the high omega-6 fatty acid to omega-3 fatty acid ratio of 
~20:1 in the Western diet [46,47]. As expected in our in vivo model, following consumption 

of a high DHA diet for 4 weeks, we observed significant increases in whole blood levels 

of the precursor omega-3 fatty acids (DHA, EPA, DPA) at the expense of omega-6 fatty 

acids (i.e., ARA) both at the end of the 3-week exposure and in the recovery period (Fig. 
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1), which corresponded to a 6-8-fold decrease in the omega-6-to-omega-3 ratio (Table S3). 

Indeed, DHA is efficiently incorporated into plasma phospholipids and peripheral blood 

mononuclear cells after a 4-week supplementation at approximately 700 mg/day dose in 

older healthy human subjects [48] and in mice at 45 mg DHA/kg body weight after a month 

of feeding [49]. Consistent with our previous results and as shown by others [17,18,23,50], 

repetitive HDE exposure resulted in increased total cell influx with neutrophils accounting 

for the bulk of the detrimental infiltration and persisting throughout the recovery period 

(Fig. 2). As reported by Warren et al. [50] in assessing recovery following the repetitive 

HDE exposure model, among the BALF immune cells, neutrophils are cleared after 1 week 

and lymphocytes and macrophages remain the same between 2-4 weeks post exposure. 

Tissue pathology was also assessed in that study, which showed persistence of lymphoid 

aggregates, bronchiolar and alveolar inflammation up until at least 4-weeks post exposure. 

The only significant difference observed between the 1-week versus 4-week time point 

was the pathology score for lymphoid aggregates, but even at the 4-week time point the 

inflammatory score for lymphoid aggregates was still significantly different than saline 

controls. Since HDE-induced inflammation is mostly driven by neutrophil infiltration, we 

focused on 1 week after 3-week HDE exposure as our ‘recovery period’.

Our results are in line with these reported findings, and in addition we found that high 

DHA diet is effective in decreasing BALF infiltrating cells without affecting repetitive 

HDE-induced changes in the lung (alveolar cellularity and lymphoid aggregate formation) 

(Fig. 4). Changes at the tissue level are to some extent consistent with changes in MPO (Fig. 

3), which contributes to modulation of tissue damage and microbial killing by neutrophils 

[51]. Like MPO, increased MIF levels in HDE-challenged mice fed the high DHA diet are 

consistent with the recognized role of MIF in tissue repair [52]. MIF is secreted in response 

to tissue injury (i.e., bleomycin inducing lung fibrosis), oxidative stress, endotoxin and as a 

result of aging and in aging-related lung disease including COPD, bacterial infections, and 

pulmonary fibrosis [52-54]. Moreover, MIF has been shown to promote cell proliferation 

and angiogenesis and protect cells from apoptosis [55,56], all of which are also mechanisms 

supporting tissue repair and return to homeostasis. With regards to the lymphoid aggregates, 

it was reported that DHA supplementation at a minimum of 10 g DHA/kg diet delays B- and 

T-cell lymphoid aggregate formation at 5 weeks after silica exposure [57], suggesting that 

tissue level changes require a longer and higher dietary DHA dose. However, it is plausible 

that the persistent lymphoid aggregates identified following repetitive HDE exposure are 

protective, as has been shown in other models that develop induced bronchus-associated 

lymphoid tissue (iBALT) [58,59]. Characterized by the accumulation and persistence of 

leukocytes under the airway epithelium into organized tertiary lymphoid structures, iBALT 

formation occurs in the lungs following certain infections or inflammatory challenges and 

could be a protective response that leads to more effective responses during pathogen 

challenge [60]. Thus, additional work is warranted to explore the role of these structures 

following HDE exposure.

Omega-3 and omega-6 PUFAs are metabolized into different classes of bioactive lipids. 

There is accumulating evidence that DHA-derived active metabolites are in part responsible 

for their beneficial effects in suppressing airway inflammation [13,18,61,62]. DHA is mainly 

metabolized by cytochrome P450, COX and LOX enzymes, which generate many active 
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eicosanoids including epoxides and prostaglandins, as well as specialized pro-resolving 

mediators (SPMs, leukotrienes, lipoxins, resolvins and maresins) [8]. SPMs are produced in 

response to a “temporal lipid mediator class switch”, which initiates the resolution phase 

of acute inflammation [63,64]. While dietary consumption of omega-3 PUFAs has been 

shown to increase SPMs in plasma, synovial fluids and lungs of patients with rheumatoid 

arthritis and acute respiratory distress syndrome [65-67], patients with lung disease have 

been reported to have decreased SPM levels [13] and reduced levels of SPM and DHA 

in respiratory secretions have been associated with disease severity in asthma and cystic 

fibrosis [68-70]. DHA-derived SPMs also exhibit beneficial effects in pre-clinical mouse 

models [68,71]. In particular, resolvins exhibit both anti–inflammatory and pro-resolving 

effects, which include interrupting PMN infiltration, promoting macrophage uptake of 

debris and apoptotic PMNs, enhancing bacterial killing and promoting resolution [36]. 

Among the resolvins, RvD1 and RvD2 are metabolites synthesized from DHA via 15-

LOX/5-LOX activity on 17S-hydroperoxy-DHA[13], and both can limit pro-inflammatory 

cytokine release and neutrophilic inflammation in sepsis [71], and RvD1 has been shown 

to decrease airway hyperresponsiveness and maintain epithelial barrier integrity in acute 

lung injury [72,73]. Consistent with these observations, we found that a high DHA diet 

significantly alters the BALF levels of both RvD1 and RvD2 while reducing inflammatory 

cell influx into the lungs and decreasing pro-inflammatory cytokine TNFα levels in BALF 

during the 3-week repetitive exposure or in the resolution period (Fig. 2,3 and 5). A recent 

study reported that HDE-induced TNF-α release is regulated by IL-10 through an SRA 

(scavenger receptor A)/ Protein kinase C- ζ dependent mechanism [74]. Repetitive HDE 

exposure has been linked to Th1 and Th17 response in mice and both RvD1 and RvD2 

have the ability to modulate Th1 and Th17 response by decreasing production of IFN-γ 
and IL-17 and transcription factors RORc and T-bet [61], a likely mechanism of action of 

resolvins that remains to be determined in our model. Strikingly, both resolvin BALF levels 

increased specifically in response to repetitive HDE exposure in DHA-fed mice (Fig. 5), 

suggesting these mediators are released primarily in response to an inflammatory insult and 

has a modulatory role in resolution of inflammation. Therefore, RvD1 and RvD2 might 

be contributing in part to the beneficial effects of DHA supplementation in repetitive HDE-

induced lung inflammation; however, establishing the role of resolvins warrants further 

studies.

Endocannabinoids are another class of metabolites generated by various enzymatic and 

non–enzymatic pathways in relation to omega-6 and omega-3 PUFAs [75]. We observed 

significant increases in DHA-derived endocannabinoid-like lipids, DHEA and 2-DG, after 

dietary DHA supplementation (Fig. 6). Like SPMs, the levels of these mediators are 

reportedly altered by inflammation and diet [18,35,76-79]. While their specific mechanism 

of action and associated receptor systems are not entirely known, evidence suggests they act 

via cannabinoid receptors [80,81]. AEA and 2-AG are the most well-studied ligands acting 

on CB1 and CB2 G-protein coupled receptors and significant levels of these mediators 

are detected in the circulation and other organs [82-84]. The anti–inflammatory effects 

of peripheral endocannabinoids include regulating pro-inflammatory cytokine production, 

inflammatory cell recruitment, macrophage phagocytosis, T and B cell proliferation [85]. 

The endocannabinoid AEA reduces IL-6, IL-8 production at nanomolar concentrations 
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and inhibits TNFα, IFN-γ, and IL-4 at higher concentrations in human peripheral blood 

mononuclear cells after LPS exposure [85]. The DHA-derivative DHEA has been linked 

directly to dietary intake [86], and in low nanomolar ranges DHEA regioisomers have been 

shown to alter human PMN shape and chemotaxis in response to IL-8 in microfluidic 

chambers, and to protect mice from second organ reperfusion injury through reducing PMN 

infiltration to the lung [87]. Pre-clinical studies report that plasma DHEA levels increase 

2 to 6-fold in mice fed a high DHA diet [88]. Similarly, we found that the plasma DHEA 

levels increase approximately 3-fold in mouse fed the high DHA diet (Fig. 6D). Like DHEA, 

the DHA-derived 2-DG also increases with high omega-3 intake and increased levels have 

been associated with mature human milk as compared to transitional milk [89]. In mice, its 

plasma levels have been reported to increase slightly in response to a high DHA diet [79]. 

Unlike this study, we observed >10 times increase in plasma 2-DG in mice on high DHA 

diet (Fig. 6E). At low micromolar concentrations (1-3 μM), 2-DG has been shown to reduce 

vasoconstriction of pulmonary arteries, whereas at high micromolar concentrations (30 μM) 

it inhibits RhoA activity [90]. In human lung adenocarcinoma epithelial cells (Calu-3), 2-DG 

reduces pro-inflammatory cytokines IL-6 and IL-8 at 3 μM concentration after P. aeruginosa 
LPS stimulation of Calu-3 cells, a model used to address inflammation in cystic fibrosis 

[91]. The high plasma levels of DHEA and 2-DG we observed in HDE-challenged mice fed 

the high DHA diet suggest a potentially important role of the peripheral endocannabinoid 

system in controlling immunity; however, this needs further investigation.

Besides our findings with DHA, we report an increase in lung Ym1+ macrophages both at 

3 weeks and after the recovery period following repetitive HDE exposure (Fig. 7). It has 

been reported that repetitive dust exposure alters in vitro differentiation of monocytes to 

macrophages [92]. Generally, M1 macrophages are associated with pro-inflammatory or Th1 

immune response, whereas M2 macrophages are associated with anti–inflammatory, tissue 

repair and pro-resolving activities characterized by increased phagocytotic activity, increased 

anti–inflammatory cytokine and chemokine secretion or Th2 immune response; however, 

their roles in different disease settings are complex. Recent findings on Ym1+ macrophages 

have been conflicting. In a murine model of allergic airway inflammation (house dust mite), 

Ym1+ M2 macrophages have been reported to be the critical regulators of tipping the 

balance between development of eosinophilic versus neutrophilic inflammation [93], which 

in this case YM1+ M2 macrophages were associated with higher eosinophilia and worse 

outcomes. Also, chitinase like proteins such as Ym1 and Ym2 have been shown to recruit 

neutrophils through increasing the number of IL-17 producing γδT cells [94]. Pertinent to 

this point, airway inflammation in swine confinement workers differs from naïve subjects 

even after repetitive exposures; patients displaying neutrophilic airway inflammation in the 

former case, and neutrophilic & eosinophilic inflammation in the latter [95]. While the 

role of Ym1+ macrophages remain to be investigated in HDE-driven inflammation, M2 

type macrophages are associated with resolution of inflammation and better outcomes in 

human asthma as compared to asthma models in mice [96]. We have previously found that 

M2-polarization following HDE treatment in peritoneal macrophages results in increased 

AREG levels and reduced inflammation [31]. In our efforts to understand whether the Ym1+ 

macrophages in HDE-induced inflammation are M1 or M2-like, this study did not place 

Ym1+ macrophages in the alternatively activated M2a category, which is in contrast to 
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previous reports [41]. Nonetheless, we found increased Arg-1 immunofluorescence signal 

in mouse lungs receiving the repetitive HDE exposure (Fig. 8), suggesting a compensatory 

mechanism in response to HDE. This parallel increase in Ym1+ and Arg1+ macrophages, 

suggest an increase in the M2-like macrophage populations. The finding that Ym1+ 

macrophages at the end of the 3-week period is comparable to the 1-week recovery period 

adds further evidence that this is a compensatory mechanism that may be a response to 

chronic exposure or attempted resolution of inflammation across these time periods. While 

this increase in M2-type macrophages was independent of DHA diet supplementation in 
vivo, DHA appears to change the kinetics of macrophage polarization in the bone marrow-

derived macrophages toward an M2-like stage in the presence of M1 activators (Suppl. Fig. 

3). Furthermore, differences in Arg-1+ and/or Ym1+ staining intensity were observed based 

on lung location (airway- vs. parenchyma-associated) and time point following exposure 

(3-week vs. Recovery) that appeared to be diet-dependent based on post-hoc analyses (Fig. 

7F and Fig. 8G). These results are consistent with previous reports supporting the effect of 

DHA on macrophage polarization [97,98].

Our study is not without limitations. We are not using a whole dust inhalation exposure 

model; however, swine farm workers chronically exposed to dust have been reported to have 

increased BALF neutrophils, macrophages and pro-inflammatory cytokines IL-6, IL-8, and 

TNFα, all of which is consistently observed in mice exposed to repetitive dust exposure 

for 15 days [3,20,30]. As mentioned above, naïve subjects exposed to swine barn dust 

once do exhibit a heightened response as compared to chronically exposed individuals. A 

similar pattern is also observed in mouse studies between the repetitive and single dust 

exposures [30,50]. Therefore, the murine model using 12.5% HDE is a well-established 

model replicating the inflammatory and pathological changes seen in swine farmers inhaling 

the dust daily, and administration of the dust extract via intranasal instillation is an 

appropriate and standardized model for studying the effects of agricultural dust on the lung. 

It is also an excellent model to understand how DHA might affect overall lung function 

parameters as well as lung injury during repetitive dust exposure, which are currently largely 

unknown. A significant correlation between dust exposure and increased BALF albumin 

and α2-macroglobulin levels were shown in healthy individuals exposed to swine barn 

environment for 3 hours [99].

In our studies we chose to use male mice, primarily because among the swine barn workers 

in confinement facilities there are more male workers than female workers and previously 

published studies using swine barn dust have routinely been performed using male mice 

[17,18,24,50,74,100,101]. Thus, employing male mice makes our outcomes comparable to 

those studies. That said, Gao et al. previously reported sex specific differences in TLR2 

gene polymorphisms [102], which is a toll like receptor activated by swine barn dust [103], 

and lung function among swine barn workers. They found that female workers with the 

rs4696480 polymorphism in TLR2 gene show better lung function, while male worker 

gender with the rs187084 polymorphism in the TLR9 gene have a lower lung function. 

Similarly, another study evaluated the association between TLR4 gene polymorphisms and 

sex in non–smoking healthy individuals exposed swine barn environment for 5 hours [104]. 

While they did not observe any differences in lung function parameters (FEV1, FVC, FEV1/

FVC, and FEF25-75), they found sex-specific differences in inflammatory outcomes among 
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those exposed to swine dust, specifically males with no polymorphism and females with the 

TLR4 polymorphism have enhanced levels of serum TNFα. These studies provide evidence 

that sex-specific differences in response to HDE need further investigation.

To the best of our knowledge, this is the first study evaluating the effects of high DHA 

diet on inflammatory outcomes in a murine model of repetitive dust exposure, both during 

the active period and in the recovery phase. Repetitive exposure is most relevant to swine 

farm workers since they are exposed to dust daily while working in confined areas for many 

hours during the day [3]. We also performed an extensive assessment of the inflammatory 

cytokines both in the active phase of the exposure and in the recovery period. One of the 

major strengths of our study is that we found an association between elevated DHA-derived 

pro-resolving mediators (i.e., resolvins) and peripheral endocannabinoids in exposed mice 

receiving the high DHA diet, which should be further studied along with a larger oxylipin 

analysis of ARA and DHA-derived lipid mediators in the lung to further explore other 

oxylipin classes/metabolites [69,105].

In conclusion, our findings reported here support a role for DHA and identify novel 

DHA-derived bioactive metabolites as potential mediators of DHA in resolving airway 

inflammation following repetitive exposure to an aqueous extract of agricultural dust. 

Increased DHA bioavailability can be achieved by frequent dietary intake of fish or 

supplements; given that omega-3 PUFA intake is low in the United States based on our 

recent NHANES study 2003-2014 [106], increasing omega-3 PUFA intake in vulnerable 

populations could improve lung health outcomes. Our results also suggest that DHA-derived 

RvD1 and RvD2, as well as DHA-derived peripheral endocannabinoid-like lipids might be 

among the mediators of DHA in recovering from HDE-induced lung inflammation. Future 

studies are warranted to test whether DHA and its mediators can act as either stand-alone 

or added compounds, or as dietary supplementation to anti–inflammatory therapies (such 

as aspirin-triggered SPMs [107]), which would allow personalized therapies with dose 

adjustment and thereby lowering the likelihood of side effects.
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Fig. 1. 
Changes in whole blood levels of omega-3 and omega-6 polyunsaturated fatty acids after 

high DHA diet and three-week repetitive HDE exposure at three weeks and after the 

recovery period. Mice were fed DHA or control diets for four weeks before commencing 

three-week repetitive 12.5% HDE exposure. At the end of three-week exposure, blood was 

collected, and fatty acid levels of (A) DHA, (B) EPA, (C) DPA, (D) ALA, (E) ARA and (F) 

LA were determined by GC-FID as described in Methods. Left and right panels show data 

for 3-week and recovery periods, respectively. Data are mean ± standard error of the mean, 

n=7-8 for saline control and DHA alone groups (no HDE exposure) and n=11-13 mice for 

HDE and DHA+HDE groups. * P<.05, ** P<.01, *** P<.001, **** P<.0001.

ALA=alpha-linolenic acid, ARA=arachidonic acid, DHA=docosahexaenoic acid, 

DPA=docosapentaenoic acid, EPA=eicosapentaenoic acid, GC-FID=gas chromatography-

flame ionization detector, HDE=hog dust extract, LA=linoleic acid.
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Fig. 2. 
Total and differential cell counts following high DHA diet and three-week repetitive HDE 

exposure at three weeks and after the recovery period. Mice were fed DHA or control diets 

for four weeks before commencing three-week repetitive 12.5% HDE exposure. BALF was 

collected at the end of the three-week exposure, and cells were enumerated, (A) total cells, 

(B) neutrophils, (C) macrophages and (D) lymphocytes. Left and right panels show data 

for 3-week and recovery periods, respectively. Data are mean ± standard error of the mean, 

n=6-8 for saline control and DHA alone groups (no HDE exposure) and n=11-13 mice for 

HDE and DHA+HDE groups. * P<.05, ** P<.01, *** P<.001, **** P<.0001.
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Fig. 3. 
Effect of high DHA diet and three-week repetitive HDE exposure on BALF cytokine levels 

at three weeks and after the recovery period. Mice were fed DHA or control diets for four 

weeks before commencing three-week repetitive 12.5% HDE exposure. BALF was collected 

at the end of the three-week exposure, and BALF cytokine levels were determined as 

described in Methods. Left and right panels show data for three-week and recovery periods, 

respectively. Data are mean ± standard error of the mean. For IL-6(A), TNF-α (B), CXCL-1 

(C) and AREG (D); n=6-8 for saline control and DHA alone groups (no HDE exposure) and 

n=11-13 mice for HDE and DHA+HDE groups. For MIF (E) and MPO (F); n=3 for control 

diet groups (saline control and HDE groups) and n=7 for DHA diet groups (DHA alone and 

DHA+HDE groups). * P<.05, ** P<.01, *** P<.001, ****P<.0001.
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Fig. 4. 
Representative images and scoring of lung histopathology in mice receiving DHA diet 

supplementation and repetitive HDE exposure at three weeks and after the recovery period. 

Mice were fed DHA or control diets for four weeks before commencing three-week 

repetitive 12.5% HDE exposure. Lung was fixed with formalin, and paraffin embedded 

sections were obtained for H & E staining as described in Methods. Lung histopathology 

was evaluated for alveolar cellularity, lymphoid aggregates, and epithelial hyperplasia both 

at the end of the three-week HDE exposure (A, B and C, left panels) and recovery period 

(A, B and C, right panels). H & E-stained lungs were visualized at 200X and 100X, lung 

pathology scoring was performed based on alveolar cellularity (D), lymphoid aggregates (E) 

and epithelial hyperplasia (F) as described in Methods. Left and right panels show data for 

three-week and recovery periods, respectively. Data are mean ± standard error of the mean, 

n=6 for saline control and DHA alone groups (no HDE exposure) and n=9-10 mice for HDE 

and DHA+HDE groups. * P<.05, ** P<.01, *** P<.001, **** P<.0001.
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Fig. 5. 
Elevated BALF levels of DHA-derived resolvin after high DHA diet and repetitive HDE 

exposure at three weeks and after the recovery period. Mice were fed DHA or control 

diets for four weeks before commencing three-week repetitive 12.5% HDE exposure. BALF 

was collected either at the end of the three-week exposure (top panels) or recovery period 

(bottom panels), and RvD1 and RvD2 were measured by ELISA as described in Methods. 

Data are mean ± standard error of the mean, n=6-8 for saline control and DHA alone groups 

(no HDE exposure) and n=12 mice for HDE and DHA+HDE groups. * P<.05, ** P<.01, *** 

P<.001, **** P<.0001.
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Fig. 6. 
Changes in ARA and DHA-derived peripheral endocannabinoids after high DHA diet 

and three-week repetitive HDE exposure. Mice were fed DHA or control diets for four 

weeks before commencing three-week repetitive 12.5% HDE exposure. Plasma was isolated 

from whole bloods collected at the end of the three-week exposure and plasma levels of 

ARA-derived endocannabinoid AEA (A), non–endocannabinoid OEA (B), ARA-derived 

endocannabinoid 2-AG (C), DHA-derived endocannabinoid-like molecules DHEA (D) and 

2DG (E) were determined by LC/MS as described in Methods. Data are mean ± standard 

error of the mean, n=5-8 for saline control and DHA alone groups (no HDE exposure) and 

n=12 mice for HDE and DHA+HDE groups except for 2DG (E) in the HDE alone group. * 

P<.05, ** P<.01, *** P<.001, **** P<.0001.
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Fig. 7. 
Effect of high DHA diet and repetitive HDE exposure on the number of Ym1-positive 

cells in the lung at three weeks (A-C) and after the recovery period (D-F). Mice were 

fed high DHA or control diets for four weeks before commencing three-week repetitive 

12.5% HDE exposure. Lung was fixed in formalin, and paraffin embedded sections 

were obtained for immunofluorescence staining of Ym1 and images were obtained on 

Echo Revolve epifluorescence microscope with 20X objective as described in Methods. 

Lung representative images of Ym1+ immunofluorescence staining, number of Ym1+ 

macrophages and quantification of fluorescence intensity are shown on A, B and C for mice 

at three weeks after saline or HDE exposure, and on D, E and F for mice after the recovery 

period following 3-week repetitive HDE exposure. Number of Ym1+ cells were counted 

on ImageJ; n=5-7 for three weeks (B), and n=6 for the recovery period (E). Fluorescence 

intensity of the whole image was obtained by quantifying integrated density/area in Image J; 

n=4-6 for three weeks (C), and n=5-6 for the recovery period (F). Data are mean ± standard 

error of the mean. * P<.05, ** P<.01, *** P<.001, **** P<.0001.
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Fig. 8. 
Changes in the Arg-1 positive macrophages after repetitive HDE exposure and DHA diet 

supplementation in the lung at three weeks (A-D) and after the recovery period (E-H). 

Formalin fixed and paraffin embedded lung sections were stained for Arg-1 and GSL, M2 

and M1/M2 macrophage marker in tissues from mice receiving control or DHA diet for 

four weeks prior to three-week HDE exposure. Images were obtained by epifluorescence 

microscope Echo Revolve with 20X objective in FITC (Arg-1) and Cy5 (GSL) channels. 

Between 5-7 images for airways and lung parenchyma were obtained. The fluorescence 

intensity of the whole image was determined by quantifying integrated density/area in Image 

J. Quantification of Arg-1 immunofluorescence signal around the airways and parenchyma 

at three-weeks (C, D) and at the recovery period (G, H) are shown as number of Arg-1/ 

GSL positive cells and fluorescence intensity. Data are mean ± standard error of the mean. * 

P<.05, ** P<.01, *** P<.001.
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