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Abstract

Concentrated animal feeding operations (CAFOs) are responsible for the production of global greenhouse gases and harmful
environmental pollutants including hydrogen sulfide, ammonia, and particulate matter. Swine farmers are frequently exposed to
organic dust that is proinflammatory in the lung and are thus at greater risk of developing pneumonia, asthma, and other respira-
tory conditions. In addition to respiratory disease, air pollutants are directly associated with altered gastrointestinal (Gl) physiol-
ogy and the development of Gl diseases, thereby highlighting the gut-lung axis in disease progression. Instillation of hog dust
extract (HDE) for 3 wk has been reported to promote the development of chronic airway inflammation in mice, however, the
impact of HDE exposure on intestinal homeostasis is poorly understood. We report that 3-wk intranasal exposure of HDE is asso-
ciated with increased intestinal macromolecule permeability and elevated serum endotoxin concentrations in C57BL/6J mice. In
vivo studies also indicated mislocalization of the epithelial cell adhesion protein, E-cadherin, in the colon as well as an increase
in the proinflammatory cytokine, Tnfa, in the proximal colon. Moreover, mMRNA expression of the Paneth cell-associated marker,
Lyz1, was increased the proximal colon, whereas the expression of the goblet cell marker, Muc2, was unchanged in the epithelial
cells of the ileum, cecum, and distal colon. These results demonstrate that airway exposure to CAFOs dusts promote airway
inflammation and modify the gastrointestinal tract to increase intestinal permeability, induce systemic endotoxemia, and promote
intestinal inflammation. Therefore, this study identifies complex physiological consequences of chronic exposure to organic dusts
derived from CAFOs on the gut-lung axis.

NEW & NOTEWORTHY Agricultural workers have a higher prevalence of occupational respiratory symptoms and are at greater
risk of developing respiratory diseases. However, gastrointestinal complications have also been reported, yet the intestinal
pathophysiology is understudied. This work is novel because it emphasizes the role of an inhaled environmental pollutant on the
development of intestinal pathophysiological outcomes. This work will provide foundation for other studies evaluating how agri-
cultural dusts disrupts host physiology and promotes debilitating gastrointestinal and systemic disorders.

agricultural pollution; gut-lung axis; intestinal barrier function; LPS

INTRODUCTION

Concentrated animal feeding operations (CAFOs) are a
major contributor to air pollution, reduced air quality, and
increased mortality in the United States (1). Recent studies
suggest more than 17,900 deaths have been instigated by the
inhalation of emissions produced from livestock waste and
dusts containing particulate matter (PM, e.g., NH3), fungi,
bacteria, and bacterial byproducts (1, 2). More specifically,
agricultural work is associated with occupational respiratory
disorders (e.g., chronic obstructive pulmonary disease and
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asthma) and nonpulmonary diseases (e.g., cancer and cardi-
ovascular disease) seemingly from prolonged exposure to
CAFO dust (3-6). Indeed, studies have identified the patho-
physiological consequences of prolonged agricultural dust
and PM exposure on the development of chronic airway
inflammation in animal models (7-10). However, studies
also suggest that environmental pollution and particulate
matter inhalation can promote adverse effects in the gastro-
intestinal tract (11, 12), thereby highlighting the potential for
communication between the lungs and the gastrointestinal
tract (gut-lung axis). Inhaled particulates deposited in the
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nasopharyngeal compartment and airways can be removed
via mucociliary clearance, swallowed, and further cleared
via the gastrointestinal tract (5, 12). An epidemiological study
found that nonspecific abdominal pain was associated with
short-term exposure to air pollution among young adults (5).
In addition, in vivo work demonstrated that male Swiss
albino mice exhibited abdominal pain following acute ga-
vage of urban particulates and a delay in colonic transit fol-
lowing chronic exposure (5). Moreover, following acute
gavage of urban particulate matter (200 pg/mL), male C57BL/
6 mice displayed intestinal epithelial cell death, inflamma-
tion, and increased intestinal permeability (11). Furthermore,
environmental particulate matter exposure has been reported
to increase proinflammatory cytokine secretion, intestinal
permeability, and alter short-chain fatty acid and microbial
composition in interleukin (IL)-10~/~ mice (12). Interestingly,
farmers and farmworkers used in swine confinement facilities
exhibit a higher prevalence of airway diseases including
chronic bronchitis (8) and acute symptoms such as headache,
fever, and chest tightness (2) than other animal farmers (e.g.,
cattle, poultry, and sheep; 13). Furthermore, epidemiological
studies have demonstrated that swine confinement facility
workers show enhanced decline in lung function (14) and
report a variety of symptoms including dyspnea, fever and
chills, and nausea (15-17). Prior studies have compared the
composition of dusts collected from different CAFO facilities
and found that the pathogenicity of swine farm dusts is
derived from the presence of endotoxins in combination with
higher proportions of gram-positive bacteria and peptidogly-
cans (2). Moreover, repetitive exposure models demonstrate
that intranasally exposing mice to hog dust extract (HDE) for
3 wk results in significant lung inflammatory and pathological
responses (8, 9, 18). Given the evidence of chronic airway
inflammation following HDE instillation and the impact of
inhaled environmental particulate matter on intestinal barrier
function, the aim of the current study was to examine the
effects of repetitive HDE exposure on intestinal homeostasis
and further elucidate the role of the gut-lung axis in intestinal
disease manifestations identified in swine farm workers.

METHODS

Preparation of Aqueous Hog Dust Extract

Dust extracts were prepared as previously described (19).
Briefly, settled dusts were collected from swine confinement
facilities and stored at —20°C. To prepare 100% aqueous hog
dust extract, 5 g dust was suspended in 50 mL of Hanks’ bal-
anced salt solution for 1 h then filtered and sterilized through
a 0.22-mm filter (20). The 100% aqueous dust solution was
aliquoted and stored at —20°C until used. For instillation, a
12.5% HDE solution was prepared by diluting 100% HDE in
sterile phosphate-buffered saline (PBS).

Animals

Eight-week-old male (n = 6; 26.2 = 1.2 g body mass) and
female (n = 6; 20.3 = 1.2 g body mass) C57BL/6J mice were
purchased from Jackson Laboratories (Bar Harbor, ME) and
were group housed in microisolator cages with free access to
food (standard chow) and water. Mice were acclimatized for

1 wk upon arrival before experimentation. Body weight was
measured daily, and fecal samples were collected weekly.

Murine Model of Dust Exposure

C57BL/6J mice were intranasally treated with HDE [12.5%,
22.1-91.1 EU (endotoxin unit)/mL; 3 females and 3 males, n =
6] or sterile phosphate-buffered saline (PBS; 50 uL; 3 females
and 3 males, n = 6) control, daily for 3 wk (5 consecutive days/
wk) under light sedation (repetitive exposure), as previously
described (8). The 12.5% HDE concentration has been shown
to promote maximal immune response with negligible toxic-
ity in mice (8, 21). On day 14, an HDE-treated male succumbed
to treatment complications and was excluded from the study.
Remaining study animals were terminally anesthetized
with isoflurane (Cat. No. NDC-11695-6776-2, Henry Schein,
Melville, NY) on day 15. Five hours postexposure, bronchoal-
veolar lavage fluid (BALF) was collected three times with 1 mL
of sterile saline each time. BALF was centrifuged, and pelleted
cells were stained and counted with Diff-Quik (Siemens,
Newark, DE). All procedures were approved by the University
of California, Riverside Institutional Animal Care and Use
Committee (McCole 20190032; Nordgren; 20200014).

Quantification of Lung Immune Cell Infiltration

At the end of the 15-day instillations, mice were eutha-
nized, and trachea was cannulated to collect bronchoal-
veolar lavage fluid (BALF) from each mouse. BALF
collection incorporated three separate washes with 1 mL
of phosphate-buffered saline (PBS). Washes were centri-
fuged at 1,200 rpm for 5 min. Pelleted cells from all
washes were combined and counted. Cytospin slides were
prepared using 100,000 cells and stained with Diff-Quik
kit (Siemens, Newark, DE), and differential cell counts
were obtained as previously described (9). In addition,
lung inflammation was evaluated by quantification of al-
veolar inflammation (18). Peribronchial regions were
evaluated by scanning the entire lung section with x20
and x40 objectives and then enumerating the number of
cells in the alveolar sacs in a total of five images at x40
objective, which resulted in five values of each mouse
(18). An average of these values represented one mouse in
statistical analysis (18).

Examination of Intestinal Permeability In Vivo

To examine the effects of 12.5% HDE exposure on intesti-
nal permeability, study animals were given two probes: 80
mg/mL FITC-dextran (4 kDa; Cat. No. 46944-500MG-F,
Sigma-Aldrich, Darmstadt, DE) and 20 mg/mL rhodamine B-
dextran (70 kDa; Cat. No. R9379-250M, Sigma-Aldrich,
Darmstadt, DE) diluted in ultrapure water. Before the final
instillation on day 15, mice were fasted overnight with access
to water. The next morning, study animals were challenged
with the final dose of PBS or HDE and then given 100 puL of 4
kDa FITC-dextran (FD4) and Rhodamine B dextran-70 kDa
(RD70) (FD4/RD70) solution via oral gavage into the stom-
ach. Administration of these different-sized probes allows us
to discriminate between tight junction-mediated versus
unrestricted intestinal permeability (22, 23). Five hours post-
exposure and gavage, blood from the inferior vena cava was
collected using an insulin syringe. Blood samples were
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immediately centrifuged, and serum was collected and
stored at —80°C until use. Standards were generated from
diluted gavage solution, and serum samples were diluted 1:5
in duplicates in a black 96-well plate (Cat. No. 13701, Thermo
Fisher Scientific). FD4 and RD70 fluorescence were meas-
ured with the Promega GloMax Multi-Detection system
(Promega, Madison, WI) at 490 nm excitation/530 nm emis-
sion and 555 nm excitation/595 nm emission, respectively.

Tissue Collection

After BALF collection, lungs were inflated with formalin,
fixed, and paraffin-embedded for sectioning and staining.
The small and large intestines were removed, separated, and
placed in PBS. Whole tissue sections of the small intestine
(duodenum, jejunum, and ileum) were collected from histol-
ogy, RNA, and protein analyses. The length of the large
intestine (cecum, proximal, and distal colon) was measured.
Whole tissue sections were then washed with sterile saline
and sectioned for histology, RNA, and protein analyses. To
examine morphological changes, intestinal sections were
fixed with 10% formalin (Cat. No. HT501128-4L, Sigma-
Aldrich, Darmstadt, DE) paraffin-embedded, and sectioned
at 5 um. To isolate intestinal epithelial cells, tissue sections
were flushed with PBS and placed in 500 mL of cell recovery
solution (Cat. No. CB40253, Corning, Bedford, MA) for 2 h.
After a 2-h incubation, tissue sections were shaken and cen-
trifuged at 630 g for 10 min (Cat. No. 75002446, Thermo
Scientific Sorvall Legend Micro 21 R Centrifuge). Pelleted
cells were resuspended and washed with PBS three times.
After the final PBS wash, intestinal epithelial cells were ali-
quoted for future RNA and protein analyses. PBS was aspi-
rated and intestinal epithelial cell aliquots were stored in
RLT buffer (Cat. No. 74106, Qiagen, Venlo, NL) or radioim-
munoprecipitation assay lysis buffer at —80°C.

Hematoxylin and Eosin, Immunofluorescence, Terminal
Deoxynucleotide Transferase dUTP Nick End Labeling,
and Periodic Acid Schiff Staining

Paraffin-embedded tissue sections were cut into 5-pm sec-
tions, deparaffinized using xylene, and rehydrated in de-
scending alcohol series. For hematoxylin and eosin (H&E),
slides were incubated for 1 min in hematoxylin solution (Cat.
No. 3530-16, Ricca Chemical Company, Arlington, TX), rinsed
in tap water for 30 s, stained with eosin Y solution (Cat. No.
HT110132-1L, Sigma-Aldrich, Darmstadt, DE), briefly rinsed in
H,0, dehydrated in ascending alcohol series, and mounted
using Permount mounting solution (Cat. No. SP15-500, Fisher
Scientific, Hampton, NH). Images were acquired using a
Leica microscope model DM5500B coupled with DFC450C
camera and LAS AF3.2.0 software for image acquisition
(Leica, Nussloch, Germany). Final images were prepared
in PowerPoint. Assessment of H&E intestinal sections was
conducted at The University of Chicago by a gastrointestinal
pathologist. For immunofluorescence, heat-induced antigen
retrieval with 10 mM sodium citrate (pH 6.0) was performed
for 20 min at 96°C then rinsed with phosphate-buffered sa-
line with Tween (PBST) to remove excess retrieval buffer.
Briefly, sections were blocked (2% normal donkey serum, 1%
bovine serum albumin, 0.1% Triton-X, 0.05% Tween-20, and
0.05% sodium azide in PBS) for 30 min, incubated with an E-

cadherin primary antibody (overnight, 1:800; Cat. No. A748,
R&D Systems) and Cy3 secondary antibody (1:1,000; Cat. No.
705-166-147, Jackson ImmunoResearch Laboratories) for 30
min at room temperature. Finally, Prolong Gold with DAPI
(Cat. No. P36936) was applied to the slides per the manufac-
turer’s guidelines. Confocal images were acquired on an
inverted Zeiss 880. Mean fluorescent intensity (MFI) was cal-
culated for each sample by identifying a region of interest and
examining five individual crypts. The mean of each individual
crypt was subtracted from the image background, averaged,
and used for statistical analyses. Quantification of E-cadherin
MFI was done with ImageJ software. To examine the presence
of apoptotic cells, following deparaffinization, sections were
treated with proteinase k (20 pg/mL; Cat. No. 21627, Millipore
Sigma, Darmstadt, DE). Sections were then stained with
ApopTag Fluorescein In Situ Apoptosis Detection Kit (Cat. No.
S7110; Millipore Sigma, Burlington, MA) per the manufac-
turer’s protocol. A separate set of tissue sections were stained
with the Periodic Acid-Schiff (PAS) staining system (Cat. No.
395B, Sigma-Aldrich, Darmstadt, DE) to visualize goblet cells.
In the proximal and distal colon, 20 individual crypts were
examined from each sample. A ratio was calculated from the
nuclei and goblet cell pair then all 20 crypt ratios were aver-
aged and used for statistical analyses. All images were
acquired with a Leica microscope model DM5500B coupled
with DFC450C camera and LAS AF3.2.0 software (Leica,
Nussloch, Germany).

Endotoxin Quantification

Serum and HDE endotoxin concentrations were quantified
with a commercially available kit (Cat. No. A39552S, Thermo
Fisher Scientific, Rockford, IL) per the manufacturer’s protocol.

RNA Extraction, cDNA Synthesis, and qPCR

RNA from intestinal epithelial cells and whole tissue lysates
was extracted using the RNeasy Mini Kit (Cat. No. 74106,
Qiagen, Venlo, NL), according to manufacturer’s protocol.
complementary DNA (cDNA) was synthesized from RNA
using the qScript cDNA synthesis kit from Quantabio (Cat. No.
95049-500, Beverly, MA) per manufacturer’s protocol. iQ
SYBR Green Supermix (Bio-Rad, Hercules, CA) was used for
real-time quantitative PCR on a C1000 Thermal cycler
equipped with a CFX96 real-time PCR system and the Bio-Rad
CFX Manager 3.1 Software. The real-time PCR included an ini-
tial enzyme activation step (3 min, 95°C) followed by 45 cycles
consisting of a denaturing (95°C, 10 s), an annealing (53°-
60°C, 10 s), and an extending (72°C, 10 s) step. The PCR
included the following steps for each primer: Ii1b (forward: 5'-
TGCCACCTTTTGACAGTGATG-3' and reverse 5'-GAAGGTC-
CACGGGAAAGACA-3'), Tnfa (forward 5'-ACTCCAGGCGGT-
GCCTATGT-3' and reverse 5'-AGTGTGAGGGTCTGGGCCAT-
3’), Il6 (forward 5-CAACGATGATGCACTTGCAGA-3' and
reverse 5-TGTGACTCCAGCTTATCTCTTGG-3'), 1110 (forward
5-TAGAGCTGCGGACTGCCTTC-3' and reverse 5'-CTTCACC-
TGCTCCACTGCCT-3'), Lyzl (forward 5'-TGGCTGACTGGG-
TGTGTTTA-3' and reverse 5'-TTGATCCCACAGGCATTCTT-
3’), Muc2 (forward 5'-TCCTGACCAAGAGCGAACAC-3’' and
reverse 5-GGGTAGGGTCACCTCCATCT-3'), and Cdh1 (forward
5'-GCTGGACCGAGAGAGTTACC-3' and reverse 5'-CCGGGCA-
TTGACCTCATTCT-3'). Measurements were performed in
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triplicate and mouse tata box binding protein (Tbp; forward 5'-
CACCCCCTTGTACCCTTCAC-3' and reverse 5'-TGATGACT-
GCAGCAAATCGC-3’) served as a reference. Data were analyzed
by averaging the Ct values and then calculating the ACt for
each sample. Next, the “Average Ct” values of the control sam-
ples were averaged to create a “Control average.” Finally, the
AACt and fold gene expression [2"—(AACt)] values were calcu-
lated for each sample.

STATISTICAL ANALYSES

Data were analyzed by paired, unpaired, and Mann-
Whitney U test. Body weight was analyzed by two-way
repeated measures ANOVA with treatment (PBS or HDE)

Figure 1. Effects of HDE-treatment on lung
morphology. A: HDE-treated mice have
elevated alveolar cellularity in comparison
with saline controls (unpaired t test, *P <
0.05, P = 0.018, n = 5-6/group). Red
boxes show infiltration of immune cells in
alveolar spaces. B: H&E-stained paraffin-
embedded lung sections of HDE-treated
mice show evidence of immune cell infil-
tration (yellow boxes). The sex of each
mouse is depicted by the data point color
[light/pink (female) or light/blue (male)].
H&E, hematoxylin and eosin; HDE, hog
dust extract.
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and time (0 or 15 days) as factors. Statistical significance was
considered as P < 0.05 for all analyses. Data were analyzed
using GraphPad Prism 9 software (San Diego, CA).

RESULTS

HDE Exposure Induces Chronic Airway Inflammation

To confirm prior observations with HDE administration,
we examined the effects of repetitive HDE exposure on the
development of chronic airway inflammation. Lung H&E
staining identified immune cell infiltration in alveolar
spaces (Fig. 1A; P = 0.018) and lung tissue (Fig. 1B). BALF col-
lected from PBS-treated mice was primarily composed of
macrophages (Fig. 2, A and D), but total BALF macrophages
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were not significantly altered (Fig. 2D; P = 0.2993). However,
BALF total cell (Fig. 2C; P = 0.0061) and neutrophil (Fig. 2E;
P = 0.0027) counts increased significantly following 15-day
HDE exposure in comparison with PBS controls. This is con-
sistent with previous reports (8, 9).

Body Weight and Colon Length Were Unaffected by
HDE

To further assess the impact of repetitive intranasal HDE
exposure in mice, we measured body weight for 15 days and
colon length after euthanasia. Previous studies have shown
that weight loss and colon shortening are macroscopic indi-
cators of intestinal inflammation in mouse models of colitis
(23, 24). Interestingly, repetitive intranasal HDE exposure for
15 days did not significantly alter body weight (Fig. 3A; week
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Figure 2. Effects of repetitive HDE expo-
sure on immune cell populations in BALF.
A and B: representative images of BALF
collected from PBS- and HDE-treated
mice. Orange boxes highlight macro-
phages found in the BALF whereas the
red arrows emphasize neutrophil infiltra-
tion. HDE-treated mice exhibited elevated
total cell (C) and neutrophil levels (E)
(unpaired t test, **P < 0.01, P = 0.0027
and P = 0.0061) in comparison with saline
controls. D: no changes in macrophage cell
count was observed (unpaired t test, P =
0.2993, n = 5-6/group). The sex of each
mouse is depicted by the data point color
[light/pink (female) or light/blue (male)].
BALF, bronchoalveolar lavage fluid; HDE,
hog dust extract; PBS, phosphate-buffered

saline.
150
100 —
50— —L
0 T T
PBS HDE
p=0.0027

1, P = 0.4404; week 2, P = 0.8685; week 3, P = 0.9684), or co-
lon length (Fig. 3B; P = 0.2727).

Repetitive Intranasal HDE Exposure Increased Intestinal
Permeability

Given the development of chronic airway inflammation due
to repetitive HDE exposure, we hypothesized that HDE or
HDE byproducts may have an indirect effect on intestinal bar-
rier function. To address this hypothesis, we tested how in vivo
4 kDa FITC-dextran (FD4) and rhodamine B dextran 70 kDa
(RD70) permeability, markers of tight junction-dependent and
independent macromolecule permeability, respectively, were
affected following HDE exposure. Repetitive HDE exposure
significantly increased FD4 (Fig. 4; P < 0.0001) and RD70 (Fig.
4; P < 0.0001) permeability in comparison with PBS controls.
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HDE Exposure Induced Serum Endotoxemia

Previous reports have shown that 12.5% HDE has endo-
toxin levels ranging from 22.9 to 91.1 EU/mL (10). In addition,
in vivo models show that physiologically relevant concentra-
tions of bacterial-derived LPS (0.1 mg/kg) can increase intes-
tinal permeability without inducing intestinal mucosal
damage (25). In the current study, we found that repetitive
HDE-exposure increased levels of serum endotoxins in com-
parison with saline (Fig. 4C; P < 0.0001), thereby indicating
systemic inflammation.

Alterations in Epithelial Barrier Integrity following HDE
Exposure

Although functional data showed evidence of increased FD4
and RD-70 permeability in HDE-treated mice, intestinal mor-
phology remained unchanged as evidenced by H&E staining
of the cecum, proximal, and distal colon (Fig. 5). In addition, a
terminal deoxynucleotide transferase dUTP nick end labeling
(TUNEL) assay was performed to assess the presence of apo-
ptotic cells in the small and large intestine. After HDE-treat-
ment, apoptotic cells were more abundant in the duodenum,
jejunum, and ileum (Supplemental Fig. S1, A-C). Howevet, the
presence of TUNEL-positive cells decreased in the distal colon
(Supplemental Fig. S1, D and E; proximal and distal colon).
This titration effect may be indicative of a diluted luminal

exposure to HDE and HDE-byproducts moving distally down
the length of the intestine that predominantly promote apo-
ptosis in the small intestine rather than the colon. To further
examine epithelial barrier integrity, IF staining of a key compo-
nent of adherens junctions, E-cadherin, was performed on in-
testinal tissue sections. Upon inspection, staining revealed
mislocalization and disruption of E-cadherin in the proximal
and distal colon of HDE-treated mice (Fig. 6, A and B).
Measurement of E-cadherin fluorescence intensity (MFI)
showed a significant decrease in the proximal colon and a
decreasing trend in the distal colon of HDE-treated mice (prox-
imal colon, P = 0.0337; distal colon, P = 0.1975; Fig. 6C).

HDE Treatment Increased lleal Expression of the
Proinflammatory Cytokine, Tnfa

To further identify intestinal responses initiated by HDE,
inflammatory genes were examined in intestinal whole tis-
sue lysates by qPCR. Interestingly, Ilib, 1l6, and 1110 mRNA
expressions were not significantly different between the il-
eum or colon of saline and HDE-treated mice (P > 0.05, Fig.
7). However, Tnfa expression was increased in the proximal
colon (P = 0.0173) but not in the ileum (P = 0.1143), cecum
(P = 0.7875), and distal colon (P = 0.6219) of HDE-treated
mice (Fig. 7). Together, these findings suggest that airway ex-
posure to CAFOs dusts promotes airway inflammation and
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Figure 5. H&E examination of cecum, proximal, and distal colon following repetitive HDE exposure. Representative images show no histological
changes observed by hematoxylin and eosin staining in the cecum (A), proximal colon (B), and distal colon (C) of HDE-treated mice (n = 5-6/group) in
comparison with saline controls (n = 6/group). The sex of each mouse is depicted by the data point color [light/pink (female) or light/blue (male)]. H&E,
hematoxylin and eosin; HDE, hog dust extract.

can access the gastrointestinal tract to increase regulated
and/or unrestricted intestinal permeability.

HDE Treatment Increases Colonic Lyz1 Expression

We next investigated the effects of HDE on other aspects of
intestinal barrier defense. After HDE treatment, the Paneth cell-
associated antimicrobial marker, Lyz1 (lysozyme), was increased
in proximal colon epithelial cells (Fig. 8, P = 0.0034). However,
mRNA expression of the goblet cell marker Muc2 was
unchanged in small and large intestinal epithelial cells of
HDE-treated mice (ileum, P = 0.6354; cecum, P = 0.2468; prox-
imal colon, P = 0.6406; distal colon, P = 0.1676). Moreovet, the
number of goblet cells measured in the colon was unchanged
following HDE treatment (Fig. 9, A-C, P < 0.05).

DISCUSSION

Epidemiological data suggest that airborne pollutants are
a major contributor to the development and progression of
airway diseases including chronic obstructive pulmonary
disease and asthma (26-28). However, animal studies have

demonstrated that environmental factors may play a role in
modulating the pathogenesis of gastrointestinal disorders
(i.e., appendicitis; 5, 29). Based on past observations showing
altered gut physiology from exposure to environmental pol-
lutants (2, 12), the goal of the present study was to examine
the effects of HDE exposure on intestinal homeostasis. The
results from the current study show that HDE (12.5%) intra-
nasal instillations over 3 wk increased intestinal permeabil-
ity, promoted systemic endotoxemia, induced inflammation
in the proximal colon, and disrupted E-cadherin expression
in the proximal and distal colon. In addition, HDE exposure
elevated mRNA expression of Lyzl in the proximal colon.
Moreover, Tnfa mRNA expression was elevated in the proxi-
mal colon, but HDE did not increase the expression of other
proinflammatory cytokines in the intestine. Collectively,
these findings emphasize the extrapulmonary manifesta-
tions of agricultural dust inhalation. More specifically, these
data highlight the connection between an intranasally
administered environmental trigger causing permeability in
the gut and elevating the presence of inflammatory bio-
markers (e.g., Tnfa, serum endotoxins). This is particularly
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DAPI/E-cadherin

A

Figure 6. Examination of intestinal epithelial bar-
rier integrity following repetitive HDE exposure.
Immunostaining of E-cadherin in colon sections
revealed mislocalization and disruption (indicated
by yellow arrows) of E-cadherin in the proximal
and distal colon of HDE-treated mice (A and B).
Quantification of E-cadherin mean fluorescence in-
tensity (MFI; C) showed a significant decrease in
the proximal colon (*P < 0.05, paired t test, P =
0.0332, n = 4/group) of HDE-treated mice. In addi-
tion, the distal colon of HDE-treated mice showed
a decreasing trend in E-cadherin fluorescence
(P = 0.1651, n = 4/group). The sex of each mouse
is depicted by the data point color [light/pink
(female) or light/blue (male)]. DC, distal colon; HDE,
hog dust extract; PC, proximal colon.

important for agricultural and CAFO workers who are at
greater risk of developing severe respiratory disorders and
gastrointestinal diseases (30, 31).

The capability of the airways to respond to agricultural dust
and other stimuli has been extensively investigated along
with the examination of potential treatments (18). The results
of the current study demonstrate that repetitive HDE expo-
sure promotes alveolar inflammation (Fig. 14). This was also
corroborated by elevated numbers of infiltrating immune cells
(e.g., neutrophils) in the bronchoalveolar lavage fluid of HDE-
treated mice (Fig. 2). In addition, HDE exposure increased in-
testinal permeability as evidenced by elevated serum FD4 and
RD70 concentrations, increased intestinal Tnfa expression
and increased serum LPS. These data indicate involvement of
the gut-lung axis as an essential feature in the response to
HDE exposure.

Gut injury is characterized by increased intestinal perme-
ability involving the unrestricted pathway coupled with dysre-
gulated intestinal epithelial cell death (32, 33). Particulate
matter (PM) air pollution has been shown to compromise
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intestinal barrier function. PM exposure, intranasally or by
oral gavage, has been shown to disrupt tight junctions and
increase permeability in colorectal adenocarcinoma (Caco-2)
epithelial monolayers in vitro, whereas in vivo studies in mice
given 200 mg of PM via gastric gavage, exhibited increased in-
testinal permeability, elevated IL-6 mRNA expression, and
altered localization of zona occludens (ZO)-1 (11). Moreover, co-
lonic sections from mice exposed to PM for 48 h showed
increased TUNEL-positive cells (11), thus further marking
increased barrier dysfunction. Similarly, our data show a sig-
nificant increase in TUNEL-positive cells in the small intestine
and proximal colon of HDE-treated mice (Supplemental Fig.
S1). Although our findings show increased FD4 and RD70 per-
meability, an increase in TUNEL-positive cells as well as endo-
toxemia following HDE exposure, there was no further
evidence of altered intestinal morphology. Of note, in vitro
and in vivo studies suggest that physiologically relevant con-
centrations of LPS can increase intestinal permeability with-
out inducing epithelial cell death or damage to the intestinal
mucosal barrier (25). This is due to an increase in intestinal
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Figure 7. Intestinal epithelial responses initiated by HDE. Inflammatory genes were examined in intestinal whole tissue lysates by gPCR. Tnfa expression
was increased in the proximal colon (*P < 0.05, unpaired t test, P = 0.0173; n = 5-6/group) but not in the ileum, cecum, or distal colon of HDE-treated
mice. Conversely, /l1b (unpaired t test, P < 0.05; n = 3—4 group), /6 (unpaired t test, P < 0.05; n = 4—6/group), and //10 (unpaired t test, P < 0.05; n = 4—
6/group) were not significantly altered along the intestinal tract. The sex of each mouse is depicted by the data point color [light/pink (female) or light/
blue (male)]. HDE, hog dust extract.
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epithelial cell expression and membrane localization of toll-
like receptor (TLR)-4 (25), emphasizing the role of TLR-4 sig-
nal transduction in intestinal barrier regulation. Examination
of the LPS/TLR-4 signaling cascade in this study showed a sig-
nificant increase in TLR-4 protein expression in the proximal
colon of HDE-exposed mice (Supplemental Fig. S4). When LPS
binds to TLR-4 located on the basolateral membrane of enter-
ocytes (34) this activation of TLR-4 initiates an array of intra-
cellular signaling pathways and a subsequent inflammatory
response (34) which is thought to have a role in the progres-
sion of inflammatory bowel diseases (IBD).

We also demonstrated that repetitive HDE exposure upregu-
lates Tnfa mRNA expression in the proximal colon. Previous
studies have reported increases in intestinal Trnfa expression
following exposure to environmental pollutants (12, 35). In
addition, elevated TNF-o exposure of the intestinal epithelium
can downregulate cell adhesion molecules and alter intestinal
barrier integrity (36, 37). We theorize that LPS found in 12.5%
HDE may bind to TLR-4 on intestinal epithelial cells, thereby
promoting an increase in Tnfa expression.

We further show that repetitive HDE exposure causes intes-
tinal E-cadherin disruption in the proximal and distal colon.
E-cadherin is required for tight junction and tissue barrier for-
mation and is the main cadherin expressed in the colonic
crypt epithelium (38). Under inflammatory conditions such as
IBD, E-cadherin is dysregulated and its loss in intestinal epi-
thelial cells promotes barrier disruption and impairs the local-
ization and function of goblet and Paneth cells (39). Typically,
Paneth cells are located in the small intestinal crypts of
Lieberkiihn and produce antimicrobial proteins, including ly-
sozyme (40). Prior studies suggest that increased expression
of lysozyme in the colon is a hallmark of colonic inflamma-
tion (41, 42). In our investigation, we found that HDE expo-
sure significantly elevated mRNA expression of Lyzl in the

G12

proximal colon of mice, further demonstrating evidence of co-
lonic inflammation following agricultural dust exposure.
However, HDE-treated mice also exhibited a trend toward ele-
vated mRNA expression of Muc2 in the distal colon. In rodent
models of DSS-induced colitis, the number of goblet cells is
significantly reduced in the distal colon but there is an
increase in Muc2 precursor biosynthesis (43). This may imply
that individual goblet cells in the distal colon synthesize
more Muc2, possibly in an attempt to compensate for
reduced goblet cell number and offer some residual pro-
tection to the colonic epithelium during disease progres-
sion (43). In HDE-treated mice, we observed evidence of
low-grade inflammation (e.g., endotoxemia), but there
were no significant alterations in goblet cell numbers in
the colon, reflecting the overall milder histological pheno-
type compared with active colitis.

Although the respiratory effects of air pollution and agricul-
tural dust have been well characterized, there are a lack of
studies investigating the consequences of inhaled agricultural
pollutants on intestinal barrier function. We recognize that
there are limitations in the current study. This study has yet
to identify the primary site of inflammation following HDE
exposure. In addition, we did not examine immune cell
markers and the response of the remaining secretory cells
(e.g., Tuft and enteroendocrine cells) in response to HDE ex-
posure. In the present study, we demonstrated that repetitive
exposure to agricultural pollutants from swine farms has a
profound impact on gastrointestinal physiology and induces
phenotypic differentiation along the intestinal tract. More
specifically, our data indicate that agricultural pollutants,
including LPS, induce inflammation and alter gene expres-
sion of secretory epithelial cells in the proximal colon, and
increase intestinal permeability by altering the expression of
cell adhesion molecules (e.g., E-cadherin) in the proximal and
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distal colon. Agricultural workers are regularly exposed to and interventions to limit the consequences of workplace envi-
CAFO dusts, and in addition to pulmonary consequences, it is ronmental exposures.
unclear if the exposure affects intestinal barrier function.

Therefore, ongoing investigation of the physiological conse- DATA AVAILABILITY

quences of inhaled agricultural dusts is important for the pre-

vention of mucosal diseases and the development of treatments Data will be made available upon reasonable request.
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