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Increased incidences of neuro-inflammatory diseases in the mid-western United States
of America (USA) have been linked to exposure to agriculture contaminants. Organic
dust (OD) is a major contaminant in the animal production industry and is central
to the respiratory symptoms in the exposed individuals. However, the exposure
effects on the brain remain largely unknown. OD exposure is known to induce a
pro-inflammatory phenotype in microglial cells. Further, blocking cytoplasmic NOX-2
using mitoapocynin (MA) partially curtail the OD exposure effects. Therefore, using a
mouse model, we tested a hypothesis that inhaled OD induces neuroinflammation
and sensory-motor deficits. Mice were administered with either saline, fluorescent
lipopolysaccharides (LPSs), or OD extract intranasally daily for 5 days a week for 5
weeks. The saline or OD extract-exposed mice received either a vehicle or MA (3
mg/kg) orally for 3 days/week for 5 weeks. We quantified inflammatory changes in
the upper respiratory tract and brain, assessed sensory-motor changes using rotarod,
open-field, and olfactory test, and quantified neurochemicals in the brain. Inhaled
fluorescent LPS (FL-LPS) was detected in the nasal turbinates and olfactory bulbs.
OD extract exposure induced atrophy of the olfactory epithelium with reduction in
the number of nerve bundles in the nasopharyngeal meatus, loss of cilia in the
upper respiratory epithelium with an increase in the number of goblet cells, and
increase in the thickness of the nasal epithelium. Interestingly, OD exposure increased
the expression of HMGB1, 3- nitrotyrosine (NT), IBA1, dlial fibrillary acidic protein
(GFAP), hyperphosphorylated Tau (p-Tau), and terminal deoxynucleotidyl transferase
deoxyuridine triphosphate (dUTP) nick end labeling (TUNEL)-positive cells in the brain.
Further, OD exposure decreased time to fall (rotarod), total distance traveled (open-field
test), and olfactory ability (novel scent test). Oral MA partially rescued olfactory epithelial
changes and gross congestion of the brain tissue. MA treatment also decreased the
expression of HMGB1, 3-NT, IBA1, GFAP, and p-Tau, and significantly reversed exposure
induced sensory-motor deficits. Neurochemical analysis provided an early indication of
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depressive behavior. Collectively, our results demonstrate that inhalation exposure to OD
can cause sustained neuroinflammation and behavior deficits through lung-brain axis and
that MA treatment can dampen the OD-induced inflammatory response at the level of

lung and brain.

Keywords: organic dust, inflammation, microglia, neurodegeneration, mitoapocynin

INTRODUCTION

Agriculture is one of the biggest drivers of the economy
in the United States of America (USA) and worldwide. The
agriculture sector employs around 1.3 billion people worldwide
(International Labor Organization, 2018), underscoring the
importance to the world economy. Growing demand for cheaper
source of protein has transformed the animal production into
large-scale industrial operations referred to as concentrated
animal feeding operations (CAFOs) (reviewed in Sethi et al,
2017; Nordgren and Charavaryamath, 2018). People working in
CAFOs are exposed to many onsite air contaminants and suffer
from respiratory symptoms and decline in lung function (Sethi
et al., 2017). Organic dust (OD) is one of the major airborne
contaminants found in the agriculture industry. Extensive
research efforts on the effects of OD exposure on the lungs is
already underway (Charavaryamath and Singh, 2006; Bhat et al.,
2019), but inadequate data is available for the OD exposure
effects on the brain. OD is a mixture of gases (methane,
ammonia, and hydrogen sulfide), particulate matter (0.01-
1,000 pm), and microbial products such as lipopolysaccharide,
peptidoglycan, fungal spores, and many other contaminants
(Iowa State University and University of Iowa, 2002).

Exposure to previously known air contaminants, such as
particulate matter, pesticides, and diesel exhaust, have been
associated with a decrease in neurocognitive function, mainly
affecting brain regions involved in memory and complex
cognition (Liu et al., 2003; Chen et al.,, 2017; Ehsanifar et al.,
2019). For example, a recent study has indicated a link between
an exposure to above-normal levels of polluted air and an
increased risk of dementia (Cacciottolo et al., 2017). Further,
proteinopathies usually associated with Parkinson’s disease (PD)
and Alzheimer’s disease [AD; hyperphosphorylated Tau (p-Tau)
and amyloid-beta plaques] have been found in the brains of
children and young adults exposed to the chronic air pollution
(Calderdon-Garciduenas et al., 2012; Cacciottolo et al.,, 2017;
Kilian and Kitazawa, 2018). Also, a variety of behavioral and
cognitive changes indicative of neurodegenerative disorders
(Trojsi et al., 2018) have been associated following chronic
inhalation of air contaminants (Salvi and Salim, 2019).

Interestingly, despite a very low diesel exhaust levels found in
rural communities and a regulated approach to safer pesticides
in modern agricultural practices (United states Environmental
protection Agency), the incidences of PD are 2-10 times greater
in the agricultural belt of the American Midwest and northeast
regions than the rest of the country (Wright Willis et al,
2010). It is possible that exposure to OD within and near to
agriculture production facilities could be one of the etiologies.

Recent data from U.S. Geological Survey (USGA) confirms the
presence of contaminants in the farming (mid-western) area
of the USA (U.S. Geological Survey, 2021). When compared
to the other air contaminants, it is possible that OD can be
far more potent in evoking similar inflammatory response and
neurobehavioral changes in the brain due to the presence of
multiple pathogen-associated molecular patterns (PAMPs) in
addition to the particulate matter commonly present in other air
pollutants. Mechanistically, air contaminants have the potential
to reach the brain directly via olfactory nerve axons following
inhalation. On the other hand, air contaminants have been shown
to indirectly affect the brain through systemic route as well
(Peters et al., 2006; Oberdorster et al., 2009).

Microglia are the endogenous resident immune cells of
the brain and have been shown to acquire an inflammatory
phenotype upon exposure to air contaminants (Levesque et al.,
2011). Microglia, like other innate cells, recognize various
danger signals through pattern recognition receptors (PRRs)
(Saijo et al., 2013) and sensory channels (Sarkar et al., 2020).
Activated microglia have been shown to release peroxynitrite
through voltage gated potassium channels (KCNA3) which are
neurotoxic in nature (Fordyce et al, 2005). In our previous
novel approach, we demonstrated that OD exposure induces
inflammatory phenotypes in microglia (in vitro) and resultant
inflammation involved HMGB1 and RAGE signaling (Massey
et al, 2019). HMGBI, a nucleosome protein, is a damage-
associated molecular pattern (DAMP) that is ubiquitously
present in all the nucleated cells. HMGB1 is known to
undergo nucleocytoplasmic translocation and secretion into
extracellular milieu under the influence of inflammagens.
Secreted HMGBI1 acts as a proinflammatory stimulus and
exacerbates the inflammatory process. Out of 14 identified
receptors of the HMGBI, receptor for advanced glycation end
products (RAGE) appears to be the main receptor for HMGB1
(Ugrinova and Pasheva, 2017). Ethyl pyruvate (EP) inhibits the
post-translational modification of HMGBI and thus renders it
unable to translocate from nucleus into the cytosol (Shin et al,,
2015). EP prevented OD-exposure-induced nucleocytoplasmic
translocation of HMGBI1 in microglia and, overall, curtailed
the inflammatory responses. Further, EP treatment significantly
prevented the microglia from changing to an M1 phenotype from
their resting MO phenotype.

Mitochondria are emerging to be essential organelles for
cellular respiration and their role in neuroinflammation due
to exposure to toxicants (Prakash et al, 2017; Sarkar et al.,
2017). Next, we demonstrated how OD exposure induces
mitochondrial damage in exposed microglia and secretion of
mitochondrial DNA (mtDNA). Subsequently, we demonstrated
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that cyclic GMP-AMP synthase-stimulator of interferon genes
(cGAS-STING) pathway could be targeted to reduce mtDNA
driven and OD-exposure-induced inflammation.

We employed in vitro and ex vivo models (Massey et al.,
2021a) to understand how OD-exposure induces mitochondrial
dysfunction. Mitoapocynin (MA) is a mitochondrion targeting
cytoplasmic NOX-2 inhibitor with proven effectiveness in
reducing toxicant exposure-induced mitochondrial damage
(Langley et al, 2017). MA is a highly effective synthetic
analog of apocynin that is synthesized by conjugating a
triphenylphosphonium cation moiety via an alkyl chain with
differing chain lengths (C2-Cl11). Neuroprotective effects of
MA(C2) have been demonstrated using in vitro models (Ghosh
et al,, 2016), and the long-acting MA(C11) has been used
in in vivo models (Dranka et al, 2014; Langley et al,
2017). MA treatment of exposed microglia significantly reduced
mitochondrial stress responses and prevented secretion of mt-
DNA into the cytosol, thereby reducing exposure induced
inflammation and mitochondrial damage (Massey et al., 2021a).

Despite our recent published data on the OD-exposure
effects on microglial cells, whether inhaled OD would induce
inflammation in the brain remains largely unknown. To fully
understand the pathophysiology of the inhaled OD exposure
effects, the use of an in vivo model is required.

In the current manuscript, we tested a hypothesis in that
inhaled OD would induce inflammation in the brain with sensory
motor deficits and orally administered MA will be protective. To
test this hypothesis, we used a mouse model of OD exposure
and investigated neuroinflammatory and neurodegenerative
potential. We explored how the inhaled dust would travel
to the brain and other organs by using fluorescently labeled
lipopolysaccharide (LPS) as a tool. Next, we examined the various
areas of the brain that are affected due to OD exposure. To
understand the impact of inflammation in the brain on sensory-
motor abilities, we subjected mice to a battery of behavioral
tests. Using cytoplasmic NOX-2 inhibitory agent MA(C11), we
demonstrated a reduction in OD-induced neuroinflammation
and neurodegeneration with improvement in neuro-motor and
neuro-sensory deficits.

MATERIALS AND METHODS

Preparation of Organic Dust Extract

All the experiments were conducted in accordance with an
approved protocol from the Institutional Biosafety Committee
(IBC, protocol# 19-004) of the Iowa State University. Settled
swine barn dust (representing OD) samples were collected
from various swine production facilities, placed in sealed bags
with a desiccant, and transported on ice to the laboratory
and prepared as previously described (Massey et al., 2021b).
The prepared stock (100%) was diluted in cell culture medium
to prepare a 1% (v/v) solution to use in our experiments
(Supplementary Table 1). We have been quantifying the LPS
content of our organic dust extract (ODE) samples using
Pyrochrome® Kinetic Chromogenic Endotoxin (CAPE COD,
catalog # CG-1500-5) as per the instructions. Previously, we
have published the LPS content of several of our ODE samples
(Bhat et al., 2019).

Chemicals and Reagents

Dulbecco’s minimum essential medium (DMEM), penicillin,
streptomycin  (PenStrep), L-glutamine, and trypsin-EDTA
were purchased from Life Technologies (Carlsbad, CA). Fetal
bovine serum (FBS) was purchased from Atlanta Biologicals
(Flowery Branch, GA, catalog # S11150H and lot # A17002).
DNA purification kit (Thermo Fisher Scientific, catalog
# KO0512) were purchased from Thermo Fisher Scientific
(Waltham, MA). MA was procured from Dr. Balaraman
Kalyanaraman (Medical College of Wisconsin, Milwaukee, WI)
and was dissolved (3 mg/kg) in 10% ethanol in normal saline
(Supplementary Table 1). Fluorescent LPS was purchased from
Thermo Fisher Scientific (catalog # L23351).

MA Dosage for Intranasal Exposure of

Mouse

The dose rate of MA for our current work was carefully chosen
based on the factors such as severity of the model and the
therapeutic efficacy reported in other previous in vivo model
systems. MA, when given orally for 3 mg/kg/day for shorter
duration studies (1-6 days) (Ghosh et al., 2016) and 3 mg/kg
for 3 days a week for longer duration (3-4 weeks) (Dranka
et al.,, 2014), has been shown to rapidly cross the blood brain
barrier and persist in the central nervous system (CNS) to
prevent the hyposmia and loss of motor function in mice.
Whereas, in more severe models, such as MitoPark mice, a
higher dose of 10 mg/kg has been proven to be more effective.
Since we employed wild type C57BL/6 mice for a 5-week ODE
exposure model, we administered MA at 3 mg/kg for 3 days
a week.

Mouse Model of ODE Exposure

All the animal experiments were conducted as per approval of
the Institutional Animal Care and Use Committee (IACUC)
protocols at the Iowa State University. These protocols were
designed in accordance with federal guidelines on the use
of animals in the biomedical research. Eight-week-old male
C57BL/6N mice (11-12 animals per group), obtained from
Charles River, were housed under the following standard
conditions: constant temperature (22 & 1°C), humidity (relative,
30%), and a 12-h light/dark cycle. From the preliminary data,
we estimated that a minimum of 10 animals per group was
required to achieve a statistical power of 80% with o set at
<0.05. All the mice were pre-screened for normal baseline
performance during behavioral assessments conducted prior to
randomly assigning animals to the experimental groups. The
animals were randomly assigned to the treatment groups using
the mean weight of the group as the criteria. Individual animals
were assigned numbers and were distributed such that the mean
weight of each group was not significantly different from the
other groups. Investigators involved with collection of the data
and analysis were blinded to group allocation of mice. After
allowing an acclimatization period of seven days (0 week),
mice were given either normal saline, fluorescent LPS, or 12.5%
ODE intranasally (25 pl/nostril, 50 wl/mice) for 5 days a week
(Monday-Friday) for a total of 5 weeks (Supplementary Table 1).
Mice were also orally gavaged with 3 mg/kg of MA every other
day (Monday/Wednesday/Friday) during the 5-week treatment
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regimen. Final behavioral performance was recorded on the
last weekend of the 5-week treatment regimen, after which
the mice were euthanized by administering CO, using a
pressurized chamber. Half of the animals in each treatment group
were perfused with 4% paraformaldehyde, and perfused tissues
were trimmed, processed, and embedded in paraffin. Upper
respiratory tract tissues were decalcified and processed before
embedding. Five-micron thick paraffin sections were prepared
and mounted on glass slides and used in various staining
and imaging.

Quantification of Mucus Producing Goblet
Cells

Mucus-producing goblet cells were quantified in the decalcified
nasal epithelial sections stained with Hematoxylin and Eosin
(H&E). Images were captured with the 20x objective lens
and were manually analyzed by an investigator blinded to
the treatment groups. Mucus positive goblet cells appear as
clear/empty when compared to other cells whose cytoplasm
takes up the classical eosin stain. The goblet cells were
identified, counted, and expressed as number of cells per mm of
basement membrane.

Quantification of Loss of Ciliated
Epithelium

Ciliated epithelium was quantified in the nasal epithelial sections
stained with H&E. Images were captured with the 20x objective
lens and were analyzed manually by an investigator blinded to
treatment groups. Total length of ciliated nasal epithelium was
measured in 5 randomly chosen fields per mouse (3 mouse/per
treatment). Ciliated epithelium was plotted as a fraction of the
total epithelium lining and all treatment groups were normalized
to the control group.

Western Blot

Sample preparation from fresh tissues, gel running, and transfer
of the gel were performed as per established techniques (Massey
et al., 2019). Briefly, fresh tissue samples were harvested from
the animals after dissection, cut into small pieces with a scalpel,
and placed in radioimmunoprecipitation assay (RIPA) buffer.
Tissues were further triturated into a suspension and sonicated to
obtain a whole cell lysate, and total protein content was quantified
using Bradford assay. Equal amounts of proteins (20 pg/well)
were resolved on 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels (Bio-Rad). Next, proteins were
transferred to a nitrocellulose membrane, and the non-specific
binding sites were blocked for an hour with a blocking buffer
specially formulated for fluorescent western blotting (Rockland
Immunochemicals, Pottstown, PA). Membranes were incubated
overnight at 4°C with the respective primary antibodies (listed in
Supplementary Table 2). Next, membranes were incubated with
the respective secondary donkey anti-rabbit IgG highly cross-
adsorbed (A10043) or anti-mouse 680 Alexa Fluor antibodies
(A21058, Thermo Fisher Scientific). Membranes were washed
three times with phosphate buffer solution (PBS) containing
0.05% Tween-20 and visualized on the Odyssey infrared imaging
system. Using PB-actin (1:5,000, Abcam; ab6276 or ab8227)

as a loading control, band densities were normalized and
densitometry was performed (Image], NIH).

TUNEL Assay

We  performed terminal deoxynucleotidyl transferase
deoxyuridine triphosphate (dUTP) nick end labeling (TUNEL)
assay as per our published protocol (Massey et al, 2021b).
Using formaldehyde perfused brain tissues, we prepared
paraffin embedded tissue sections (10 wm). TUNEL assay was
performed using a DeadEnd™ Fluorometric TUNEL System
as per the manufacturer’s instructions (Promega Corporation,
Madison, WI, USA). Briefly, tissue sections were rinsed in
PBS and incubated in 20 pug/ml proteinase K for 10 min. After
rinsing in PBS (0.05M phosphate buffer containing 0.145M
sodium chloride, pH 7.4), tissue sections were incubated with
equilibration buffer and then with TdT enzyme in a humidified
chamber at 37°C for 60min. Next, tissue sections were
transferred into pre-warmed working strength stop wash buffer
for 15min. Following rinsing with PBS, tissue sections were
mounted with VECTASHIELD® antifade mounting medium
containing 4, 6-Diamidino-2-Phenylindole, Dihydrochloride
(DAPI, Vector Labs, Burlingame, California). Tissue sections
on the slides were covered with a cover-glass. Nuclei were
stained blue with DAPI, and localized green fluorescence
of apoptotic cells was detected by fluorescence microscopy
and photographed (Nikon Eclipse TE2000-U, Photometrics
Cool Snap cf, HCImage). TUNEL positive cells were counted
manually using Image] (NIH) software in five randomly selected
microscopic fields viewed under 20X objective lens. Percent
of TUNEL positive cells were quantified, statistically analyzed,
and plotted.

Immunohistochemistry (IHC)

Paraffin embedded tissue sections (10 um) were deparaffinized
with xylene and rehydrated using a decreasing gradient of
ethanol. Heat-induced antigen retrieval was performed using
citrate buffer (10 mM Citric acid, 0.05% Tween-20, pH 6.0) for
20 min at 90-95°C. To reduce non-specific binding, blocking was
carried out with 10% Normal donkey serum (EMD Millipore,
Burlington, Massachusetts) and 0.2% Triton-X100 in PBS for 1h
at room temperature. A list of all the primary and secondary
antibodies used are listed in Supplementary Table 3. Primary
antibodies were prepared in antibody diluent solution (2.5%
normal donkey serum, 0.25% sodium azide, 0.2% trition X 100,
and PBS, Abcam, Cambridge, Massachusetts), and sections were
covered with primary antibodies overnight at 4°C. Next, each
well was washed with PBS five times and then incubated with the
respective secondary antibodies for 1h, followed by mounting
with VECTASHIELD® antifade mounting medium containing
DAPI (Vector Labs, Burlingame, California) on glass sides. Slides
were dried overnight and then imaged using a Nikon Eclipse
C1 microscope.

Quantification of IHC Staining

Five fields per slide were randomly chosen and total positively
stained cells were counted (Image]). Then, total staining intensity
per field (cy3 or Fluorescein isothiocyanate, FITC) was measured
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using a software (HC Image, Hamamatsu Corp, Sewickley,
Pennsylvania). Total fields intensity (cy3 or FITC) was divided
by the number of cells per field to obtain mean intensity (cy3 or
FITC) per cell.

Behavioral Measurements

An automated open field test for locomotor activity and the
rotarod experiment for testing motor activity was performed
as part of the behavioral measurements (Ghosh et al., 2010,
2013). Spontaneous movements of mice were automatically
measured (AccuScan, model RXYZCM-16, Columbus, OH). A
clear Plexiglas chamber (40 x 40 x 30.5cm) with ventilation
holes was used for measuring locomotor activity. Infrared sensors
were placed every 2.54 cm along the perimeter with 16 infrared
beams on each side and 2.5 cm above the floor. Two extra pair of
16 sensors were also placed 8 cm high from the floor on opposite
sides. VersaMax Analyzer (AccuScan, model CDA-8, Columbus,
OH) was used to collect the data and Versaplot software was
used to analyze the data. Animals were acclimatized and trained
for three consecutive days by placing them inside the chamber
for 10 min daily before starting any treatments. In the open-field
experiment, mice were monitored for horizontal activity, vertical
activity, total distance traveled (cm), total movement time (s),
and total rest time (s) over a 10-min test session. Before any
treatments, mice were also trained for rotarod experiment for
three consecutive days by letting them run on an accelerating
profile for 3 min. Three trials for each mouse were conducted on
an accelerating profile for 3 min. Each mouse was given a 5-7 min
rest interval to eliminate stress and fatigue. Three rotations on the
rotarod were considered as a fall. A baseline reading a day before
starting of any treatment regimen was performed, and a final read
data after 5 weeks was collected.

Olfaction Test

Novel scent test (NST) was performed to evaluate the olfactory
ability of the mouse. This test utilizes oblong plexiglass cage
with video monitoring from above. NST quantifies the ability
to discriminate between neutral water and an unfamiliar odor.
Time spent sniffing, latency to enter sniffing region, and number
of entries are determined using ANY-maze software and were
defined as the animal’s head coming within 1 cm of contact with
the scented object. Trials each lasted for 3 min and the scents used
included cotton-balls infused with oils of lemon, peppermint, or
vanilla. Scented material was placed inside a cap from a 50 ml
tube, and the cap was placed in a petri dish. In the NST, the
scented side of the cotton swab was placed scent-side down. At
the other end of the arena, cotton infused with plain, unscented
water was placed and a mouse was placed in the middle of arena
facing the water sample. Criteria, such as total distance traveled,
total number of head entries to sniff zones, or total time spent
immobile, were measured. A 3-day acclimatization followed by a
baseline read was performed before any treatment.

Quantification of Neurochemicals With
HPLC

Brain tissue regions were micro-dissected and processed using
an antioxidant buffer (30 pl/mg of tissue) containing 0.2 M

perchloric acid, 0.5 mg/ml Na,$,05,0.5 mg/ml EDTA, and
Isoproterenol was used as an internal standard as previously
described (Langley et al, 2017, 2018). The tissue samples
were homogenized, sonicated for 2.5 min, and centrifuged for
10 min before filtering in a.2-micron nylon filter. Before high-
performance liquid chromatography-electrochemical detection
(HPLC-ECD) analysis, samples were diluted and loaded into
auto-sampler vials.

Chromatographic Conditions

The assay was validated in a previous method for HPLC-ECD
detection of tyrosine and tryptophan-based metabolites (Langley
et al., 2017). The brain tissue lysates were loaded in the auto-
sampler (Thermo Scientific WPS-3000TSL). The analytes were
separated isocratically with mobile phase (MDTM, Thermo-
Scientific) by reversed-phase C-18 Column (ZORBAX Eclipse
Plus 4.6 x 100 mm, Agilent) at 0.6 ml/min for 21 min (pump,
ISO-3100 SD, Thermo Scientific). Detection of metabolites DA,
NE, DOPAC, HVA, 5-HIAA, and 5-HT were performed by ECD
(CoulArray 5600A) using the following potentials: Channel 1:
350 mV (ESA Guard cell, 5020) Channel 3: —150 mV and CH4:
+220mV (ESA Microdialysis cell, 5014B). Method development
and Data integration and analysis were performed using
Chromeleon (v. 7.1.3) and ESA CoulArray Software (v. 3.10).

Statistical Analysis

All in vivo data were determined from 11 to 12 biological
replicates (n = 11-12 mice/group), with three technical
replicates/mouse. Data were expressed as mean + SEM
and analyzed by T-test or one-way or two-way ANOVA
followed by Bonferroni’s post hoc comparison tests (GraphPad
Prism 5.0, La Jolla, California). A p < 0.05 was considered
statistically significant. An asterisk (*) indicates a significant
difference between controls and ODE-treated cells, whereas
hashtag (#) indicates MA treatment. The p-values (Figures 1-
8) corresponding to asterisk/s or hashtag/s are listed in
Supplementary Table 4.

RESULTS

ODE Exposure Induces Microscopic and
Gross Changes in the Nasal Epithelium and

Brain, Respectively

Using bright field and fluorescent microscopy, we assessed
histological changes in the nasal epithelium and brain
tissue, respectively. Compared to control, 5-weeks of
intranasal administration of ODE and FL-LPS induced
inflammatory changes. Upon examination under a fluorescent
microscope (FITC lens), we observed FL-LPS (tagged with
FITC) particles in the nasal epithelium and the olfactory
bulb of the brain (Figures1Ai-iv). Light microscopic
examination of the upper respiratory tract sections from
the mice treated with ODE revealed atrophic changes in
the olfactory epithelium with significant loss of olfactory
nerve bundles. Mice exposed to ODE with MA treatment
showed a partial protection indicated by a reduction in the
atrophic changes and loss of nerve bundles in the olfactory
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FIGURE 1 | Organic dust extract (ODE) induces gross and histological inflammatory changes in nasal passage and fluorescent lipopolysaccharide (LPS) travel to the
olfactory bulb after inhalation. Mice were exposed to various treatments outlined in the Supplementary Table 1. Paraffin embedded sections from perfused (4%
(Continued)
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FIGURE 1 | paraformaldehyde) mice brain and decalcified upper respiratory tract are shown (A-C). Compared to control, Fluorescent LPS (white arrowhead) was
observed in nasal turbinate and the olfactory bulb of the brain (A: i—iv, micrometer bar = 100 um, 20x). When compared to control, mice exposed to ODE showed
atrophic changes in the olfactory epithelium (double sided arrow) and fewer nerve bundles (black arrowhead) in nasopharyngeal meatus. Mitoapocynin (MA) treatment
partially rescued olfactory epithelium atrophy and nerve bundle loss (B: i—iii, micrometer bar = 100 wm, 20x). Immunofluorescent staining of the nasopharyngeal
meatus (coronal sections) with acetylated a-tubulin showed a significant loss of cilia (white arrow) in mice treated with ODE (C: i-iii, micrometer bar = 100 wm, 20x),
and MA treatment had no effect on cilia loss (C: vii). Goblet cell numbers and nasal epithelium thickness (two-sided arrow) were analyzed by a blinded investigator (C:
iv—vi, micrometer bar = 50 wm, 40x). Compared to control, ODE exposure induced goblet cell hyperplasia and thickening of the nasal epithelium, and MA treatment
had no effect (C: viii, ix). Upon visual gross examination of freshly dissected non-perfused brains, ODE-exposed mice showed signs of congestion when compared to
mice administered with normal saline and MA (C11), which appears to reduce congestion in brain (D: iiii).
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FIGURE 2 | ODE induces HMGB1 expression in various regions of mice brain. Paraffin embedded sections from perfused mice brain were stained with anti-HMGB1
(Cy83, red) antibody and nuclei were identified with 4°, 6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI, blue) (A). HMGB1 expression in immunohistochemistry
(IHC) was quantified by a blinded investigator. Compared to control, ODE-exposed mice showed higher amounts of HMGB1 staining in the corpus callosum,
cerebellum, frontal cortex, and olfactory bulb of the brain. MA (C11) treatment significantly reduced HMGB1 expression (B). Whole cell lysate from freshly dissected
mice brain were processed for western blot analysis. HMGB1 and B-actin antibodies (house-keeping protein) detected 25 and 42 kD bands, respectively.
Densitometry of normalized bands showed that, compared to controls, ODE exposure increased the HMIGB1 protein level in mice brain and that MA treatment
significantly reduced HMGB1 protein levels (C,D) (n = 5, *exposure effect, ** indicates a significant change with respect to control, # MA treatment effect, ## indicates
significant change with respect to MA (mitoapocynin). p < 0.05, micrometer bar = 50 um).

epithelium. Atrophic changes in the olfactory epithelium  compared to mice exposed to normal saline (control). MA
and reduction in the number of olfactory nerve bundles are  (Cl1)-administered mice appeared to have less congestion in the
suggestive of hyposmia (Figure 1Bi-iii). Immunostaining  brain (Figure 1Di-iii).

of nasopharyngeal meatus of mice exposed to ODE also

indicated a progressive loss of cilia lining. MA treatment ODE Exposure of Mice and HMGB1

of mice did not prevent the loss of cilia (Figure 1Ci-iii,vi). ~ Expression in Brain

Significant goblet cell hyperplasia and thickening of nasal
epithelium was observed in mice exposed to ODE for 5-
weeks, indicative of chronic inflammation of the nasal mucosa

(Figure 1Civ-viviii,ix). MA treatment did not show any  ODE increased the expression of HMGBI in the corpus
significant effect on ODE-induced nasal epithelium changes  callosum, cerebellum, frontal cortex, and olfactory bulb regions
(Figure 1Cviii,ix). Upon gross visual examination, ODE-  of the brain. MA(C11) treatment significantly decreased ODE-
exposed mice brain showed signs of significant congestion when  jnduced increases in HMGBI expression (Figure 2B). Western

Immunohistochemical expression of HMGBI in control (saline
treated) and ODE-treated mice is shown in Figure 2A.
Quantification of IHC data showed that, compared to controls,
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FIGURE 3 | ODE induces 3-Nitrotyrosine generation in various regions of mice brain. Paraffin-embedded sections from perfused mice brain were stained with
anti-3-nitrotyrosine (NT; white arrow; Fluorescein isothiocyanate, FITC; green) antibody and nuclei were identified with DAPI (blue) (A). 3-NT generation in IHC was
quantified by a blinded investigator. Compared to control, ODE-exposed mice showed higher amounts of 3-NT staining in the cerebellum, frontal cortex, and olfactory
bulb of the brain. MA (C11) treatment significantly reduced 3-NT generation only in olfactory bulb area of the brain (B) (n = 5, *exposure effect, “*indicates a significant
change with respect to control, # MA treatment effect, ## indicates significant change with respect to MA (mitoapocynin), p < 0.05, micrometer bar = 50 um).
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blotting on whole tissue lysates showed that, compared to
controls, ODE increased the expression of HMGBI after 5-week
exposure, whereas MA(C11) treatment significantly decreased
the same (Figures 2C,D).

ODE Exposure of Mice and 3-Nitrotyrosine
(3-NT) Generation in the Brain

Immunohistochemical expression of 3-nitrotyrosine (NT) in
control (saline-treated) and ODE-treated mice is shown in
Figure 3A. Quantification of intraclass correlation coefficient
(ICC) data showed that, compared to controls, ODE exposure
increased the generation of 3-NT in the cerebellum, frontal
cortex, and olfactory bulb regions of the brain. MA(CII)

treatment significantly decreased 3-NT generation in olfactory
bulb region of the ODE-exposed mice (Figure 3B).

ODE Exposure of Mice and Microglial
Activation in Brain

Immunohistochemical expression of IBA1 in control (saline-
treated) and ODE-treated mice is shown in Figure4A.
Quantification of ICC data showed that, compared to controls,
ODE increased the expression of IBA1 in the corpus callosum,
cerebellum, frontal cortex, hippocampus, and olfactory bulb
regions of the brain. MA(C11) treatment significantly decreased
ODE-induced increases in IBAl expression in the corpus
callosum, cerebellum, frontal cortex, and olfactory bulb
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FIGURE 4 | ODE induces IBA1 expression in various regions of mice brain. Paraffin-embedded sections from perfused mice brain were stained with anti-IBA1 (white
arrow, Cy3, red) antibody, and nuclei were identified with DAPI (blue). (A) IBA1 expression in IHC was quantified by a blinded investigator. Compared to control,
ODE-exposed mice showed higher amounts of IBA1 staining in the corpus callosum, cerebellum, frontal cortex, hippocampus, and olfactory bulb of the brain. MA
(C11) treatment significantly reduced IBA1 expression in the corpus callosum, cerebellum frontal cortex, and olfactory bulb regions of brain (B). Whole cell lysate from
freshly dissected mice brain were processed for western blot analysis. IBA1 and p-actin antibodies (house-keeping protein) detected 13 and 42 kD bands,
respectively. Densitometry of normalized bands showed that, compared to controls, ODE exposure increased the IBA1 protein level in mice brain, and that MA
treatment significantly reduced IBA1 protein level (C,D) (n = 5, *exposure effect, # MA treatment effect, p < 0.05, micrometer bar = 50 um).

(Figure 4B). Western blotting on whole tissue lysates showed
that, compared to controls, ODE increased the expression
of IBA1 after 5-week exposure, whereas MA(C11) treatment
significantly decreased the same (Figures 4C,D).

ODE Exposure of Mice and Astroglial

Activation in the Brain

Immunohistochemical expression of GFAP in control (saline-
treated) and ODE-treated mice is shown in Figure5A.
Quantification of ICC data showed that, compared to controls,
ODE increased the expression of GFAP in the corpus callosum,
frontal cortex, and olfactory bulb regions of the brain. MA(C11)
treatment significantly decreased GFAP expression in the corpus
callosum, frontal cortex, and olfactory bulb region of the ODE-
exposed mice (Figure 5B).

ODE Exposure of Mice and p-Tau

Expression in Brain

Immunohistochemical expression of p-Tau in control (saline
treated) and ODE-treated mice is shown in Figure 6A.
Quantification of ICC data showed that, compared to controls,
ODE increased the expression of p-Tau in the cerebellum

and olfactory bulb regions of the brain. MA(C11) treatment
significantly decreased ODE-induced increases in IBA1l
expression in cerebellum (Figure 6B). Western blotting on whole
tissue lysates showed that, compared to controls, ODE increased
the expression of p-Tau after 5-week exposure, whereas MA(C11)
treatment significantly decreased the same (Figures 6C,D).

ODE Exposure Induced Apoptosis in Mice

Brain

Fluorescent TUNEL staining revealed that, compared to
control, ODE-exposed mice showed a significantly higher
number of degenerating or dead cells in the corpus callosum,
cerebellum, frontal cortex, and olfactory bulb regions of the
mice brain. MA(C11) significantly reduced the number of
TUNEL positive cells in the corpus callosum, cerebellum, frontal
cortex, and olfactory bulb when compared to ODE treated
mice (Figures 7A,B).

ODE Exposure and Neurobehavior

Changes in Mice
After mice were exposed to either normal saline or ODE with
or without oral MA(C11), behavioral and olfactory experiments
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FIGURE 5 | ODE induces glial fibrillary acidic protein (GFAP) expression in various regions of mice brain. Paraffin-embedded sections from perfused mice brain were
stained with anti-GFAP (white arrow, FITC, green) antibody and nuclei were identified with DAPI (blue) (A). GFAP expression in IHC was quantified by a blinded
investigator. Compared to control, ODE-exposed mice showed higher amounts of GFAP staining in the corpus callosum, frontal cortex, and olfactory bulb of the brain.
MA (C11) treatment significantly reduced GFAP expression in the corpus callosum, frontal cortex, and olfactory bulb regions of brain (B) (1 = 5, *exposure effect, # MA
treatment effect, p < 0.05, micrometer bar = 50 um).

were performed. Five weeks of ODE treatment induced a  inflammatory process (Molot et al., 2021). Higher prevalence
locomotor deficit in mice, indicated by deficits in rotarod  of neurodegenerative disorders, such as PD and AD in people
and open field test. MA(C11) oral administration significantly ~ living in the Midwestern and northeastern parts of the USA,
restored the locomotor activity after 5-weeks when compared to  is concerning due to a possible link to persistent exposure
ODE-treated mice (Figures 8A,B). Following a 5-week exposure  to agriculture contaminants (Wright Willis et al., 2010; U.S.
to ODE, sense of olfaction was significantly reduced, and oral ~ Geological Survey, 2021). Overall, data contained in this
administration of MA(C11) significantly restored the olfactory =~ manuscript confirm that inhaled OD induces neuroinflammation
ability of mice after 5-weeks when compared to ODE treated  which results in neurodegeneration and sensory-motor deficits.
mice (Figure 8C). Further, mitochondria-targeting NOX-2 inhibition using MA is
a promising therapy.
In animal production units, workers are exposed to
DISCUSSION contaminants including OD via inhalation route (Nordgren
and Charavaryamath, 2018). However, our current study uses
Exposure to contaminants have been shown to be a major an intra-nasal instillation of ODE into mouse nostrils (Poole
etiology of neurodegenerative diseases with an underlying et al, 2009; Shrestha et al., 2021). However, this model is
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FIGURE 6 | ODE induces hyperphosphorylated Tau (p-Tau) expression in various regions of mice brain. Paraffin-embedded sections from perfused mice brain were
stained with anti p-Tau (white arrow, FITC, green) and anti-NeuN (neuronal marker; Cy3, red) antibodies. Also, nuclei were identified with DAPI (blue) (A). p-Tau
expression in IHC was quantified by a blinded investigator. Compared to control, ODE-exposed mice showed higher amounts of p-Tau staining in the cerebellum and
olfactory bulb of the brain. MA (C11) treatment significantly reduced p-Tau expression in the cerebellum region of brain (B). Whole cell lysate from freshly dissected
mice brain were processed for western blot analysis. p-Tau and g-actin antibodies (house-keeping protein) detected 79 and 42 kD bands, respectively. Densitometry
of normalized bands showed that, compared to controls, ODE exposure increased the p-Tau protein level in mice brain and MA treatment significantly reduced p-Tau

protein level (C,D) (n = 5, *exposure effect, # MA treatment effect, p < 0.05, micrometer bar = 50 um).

well-established and is known to recapitulate many features
of inhalational exposure to the animal production units
(Charavaryamath et al., 2008; Poole et al, 2009). We have
previously used inhalational models of rat (Charavaryamath
et al., 2005) and mouse (Charavaryamath et al., 2008) models
that mimicked human occupational exposure to organic dust
exposure. Others have reviewed the use of farm animals
(McClendon et al., 2015), rabbits, and guinea pigs (Donham and
Leininger, 1984) to study ODE.

We followed a published protocol (Hanson et al., 2013) of
intranasal administration to preferentially target delivery to the
brain. Our data showed that inhaled FL-LPS is localized in the
nasal turbinate and olfactory bulb, indicating that inhaled ODE
may possibly take a similar route. This assumption is made
because ODE contains significant amount of LPS. However,
commercial FL-LPS and ODE may not have similar dosimetry
as the particle size and surface charges, and other properties
could be different. Regardless, in general, majority of the changes
due to inhaled ODE were localized to the olfactory bulb, and
exposed mice showed a compromise in their olfaction ability.
Hence, inhaled ODE may be using olfactory axons as the Trojan
horses to reach and accumulate in the olfactory bulbs (Lucchini
et al.,, 2012). Our intra-nasal administration volume exceeds that

of the nasal cavity of an 8-week-old C57BL6 mouse. Hence, the
volume may be swallowed and/or inhaled, leading to the uptake
via olfactory and/or trigeminal pathways (Maigler et al., 2021).
We also do not rule out the possibility of systemic route of
ODE-exposure-induced neuroinflammation via lung-gut-brain
axis (Crawford et al., 2021).

Liposaccharide is one of major PAMP present in the ODE,
and our data confirms that inhaled ODE induced atrophic
changes in the olfactory epithelium with loss of olfactory nerve
bundles. Further, a 5-week exposure induced loss of cilia and
increase in goblet cell numbers to indicate a compromise in
innate immunity in the local upper respiratory tract. Orally
administered MA was partially protective to underscore the
importance of mitochondrial targeting therapy. Interestingly,
behavioral studies in mice showed that exposed mice had a
decreased ability of olfaction, and that MA therapy significantly
restored the ability to smell. Therefore, despite a partial protective
effect at the histological levels, mice showed full recovery as per
the results of the functional assays. Several of these changes seen
in our model are typical findings in cigarette smokers (Leopold
et al., 2009; Cao et al., 2018).

Our visual examination of brains confirmed that ODE
exposure induced a congestion, indicating an inflammatory
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FIGURE 7 | ODE exposure induces neurodegenerative changes in various regions of mice brain. Paraffin-embedded sections from perfused mice brain were labeled
with deoxyuridine triphosphate (dUTP)-FITC (white arrow; apoptosis marker, FITC, green), and nucleus was stained with DAPI (blue) (A). The total number of cells
(DAPI, blue) and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) positive cells (FITC, green) per field (20X) were counted in a total of five random
fields by a blinded investigator. Compared to control, ODE-exposed mice showed a higher number of TUNEL positive cells in the corpus callosum, cerebellum, frontal
cortex, and olfactory bulb of the brain. MA (C11) significantly reduced the number of TUNEL positive cells in the corpus callosum, cerebellum, frontal cortex, and
olfactory bulb regions of the mice brain (B) [n = 5, *exposure effect, # MA (C11) treatment effect, p < 0.05, micrometer bar = 50 um].

process and that MA treatment reduced these lesions to indicate ~ 1992; Dong and Benveniste, 2001), and 3-NT production (marker
a general anti-inflammatory effect. Next, our data showed a  of neuroinflammation), and also the significant increase in the
general increase in the levels of HMGBI in the brains of the  expression of phosphorylated-Tau protein (ser202, thr205) in the
exposed animals. In addition, MA therapy decreased the levels  cerebellum and olfactory bulbs to highlight neuroinflammatory
of HMGBI1. This data highlight a possible role for HMGB1,  process primarily driven by microglia and astrocytes with
namely, a DAMP (Ugrinova and Pasheva, 2017) in ODE-induced =~ overwhelming oxidative stress. In general, oral MA treatment
neuroinflammation. Further, we demonstrated that cytoplasmic ~ decreased exposure-induced HMGBI, IBA1, and GFAP without
NOX-2 inhibition is effective in reducing the levels of HMGB1  any effect on phosphorylated Tau expression levels.
and in further reducing a vicious cycle of inflammation. These 3-nitrotyrosine is a product of tyrosine following nitration,
observations are in line with our previous work wherein we  with peroxynitrite and peroxynitrite formed from nitric oxide
demonstrated how HMGBI1 could be targeted to reduce ODE-  and superoxide (Ohmori and Kanayama, 2005; Sarkar et al.,
induced respiratory (Bhat et al., 2019) and neuroinflammation  2020). Following ODE exposure, the 3-NT generation in
(Massey et al., 2019). different regions of the brain was found to be significantly
In our 5-week OD exposure model, we observed that exposure  increased, indicating active neuroinflammation. MA(CI11) is a
induced the activation of microglia (increase in IBA1) (Hovens  cytoplasmic NOX-2 inhibitor and can result in the inhibition
et al., 2014), glial cell activation (increase in GFAP) (Eng et al.,  of superoxide generation. As expected, the oral treatment of
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FIGURE 8 | ODE exposure induces neuro-motor and neuro-sensory changes in mice. As compared to control, ODE-exposed mice displayed a significant decrease in
the time to fall from the rotarod in an accelerated profile, whereas mice administered with oral dosages of MA (C11) showed a significant higher time to fall from the
rotarod when compared to ODE-exposed group (A). As compared to control, ODE-exposed mice showed significantly lower exploratory locomotor activity. Whereas,
mice administered with oral dosages of MA(C11) showed a significant higher exploratory locomotor activity when compared to ODE-exposed (B). As compared to
control, ODE exposed mice showed a significantly lower ability of olfactory sensation and mice administered with MA (C11) showed a significant higher sense of
olfactory ability when compared to mice exposed to only ODE (C).

MA(C11) decreased 3-NT expression in different regions of mice ~ 1992; Dong and Benveniste, 2001). However, activated astrocytes
brain exposed to OD treatment. secrete various neurotrophic factors for neuron survival. A
IBAL1 is a protein specifically expressed in microglia and is  rapid and large-scale astroglia activation has also been known
upregulated during microglial activation (Hovens et al.,, 2014).  to exacerbate neuroinflammation (Tani et al, 1996). GFAP
IBA1 expression was found to be elevated in different regions of  expression was found to be significantly upregulated in mice
the brains of mice after 5-weeks of ODE exposure. Mice given  brain upon 5-week ODE exposure. MA(C11) significantly
oral treatment of MA(CI11) in conjunction with ODE exposure  reduced GFAP expression in various regions of brain upon
showed significantly less IBA1 in mice brains. This finding is  oral treatment. This wide scale GFAP expression in the mice
crucial in the sense that intranasal ODE exposure, in an in vivo  brain is in response to an ongoing neurodegenerative process in
setting, is able to induce immune cell activation that is very  the brain.
similar to in vitro and ex vivo models (Massey et al., 2019). Tau proteins are a group of six highly soluble proteins
Glial fibrillary acidic protein in the CNS is expressed in  isoforms that help in maintaining the microtubules in axons of
astrocyte cells. Astrocytes are involved in cell communication  neurons in the CNS. p-Tau is an insoluble aggregates of Tau
and in repair after injury to the brain. Astrocytes are also  and is associated with neurocognitive disorders like PD and
immunocompetent in nature and can react to neurodegenerative ~ AD (Igbal et al,, 2010). After 5-week intranasal exposure with
insults, rapidly leading to vigorous astrogliosis (Eng et al,  ODE, mice brains showed aggregates of p-Tau in the axons of
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neurons. This clearly indicates that continued ODE exposure can
predispose the brain to neurocognitive disorders. MA(C11) oral
treatment was able to reduce overall p-Tau expression only in the
cerebellum, indicating a partial protection against ODE-induced
cognitive deficit.

Neuroinflammation is almost always accompanied by
neurodegeneration (Ransohoff, 2016), and is possibly due to
the activation of microglia and astroglia, which can lead to
neuronal death (Tani et al., 1996; Sarkar et al., 2020). In this
study, we employed TUNEL assay to label apoptotic cell in the
brain following a 5-week ODE exposure. TUNEL positive cells
were found in the brain after ODE administration, and oral
administration of MA(C11) alleviated neurodegeneration by
reducing the number of TUNEL positive cells. These results are
in agreement with our previous findings from our in vitro and ex
vivo models (Massey et al., 2021a).

Motor and neurosensory deficits are generally associated
with neurocognitive disorders (Nuber et al, 2008; Seo
et al,, 2018). Recent evidence have shown that the olfactory
dysfunction (hyposmia) is the first sign of neurodegeneration,
thus making it a key marker of an early of neurological
disorders (Emanuele and Lavinia, 2018; Seo et al., 2018).
Mice, after 5-weeks of ODE exposure, developed signs of
neuro-motor deficit that were indicated by decrease in fall
time (time taken to fall) on the rotarod. Mice also showed
a significant decrease in the overall locomotor activity after
exposure to ODE. A significant hyposmia was also observed
in mice upon ODE exposure. Mice that were administered
with MA(C11) together with ODE showed significant
improvement in neuro-motor deficit, locomotor activity,
and olfactory ability.

Despite the above findings, we observed a reduction
in locomotor activity of mice upon OD exposure. In
addition, we did not perform any behavioral analysis
for depression. A very limited neurochemical analysis
(Supplementary Figure 1) was performed, which was indicative
of signs of depression, but a thorough investigation is highly
desired to explore the role of OD in inducing depression.
A complete RNA sequencing of isolated microglia from
the brain of mice may provide genomic insights into how
the ODE exposure drives neuroinflammation. Analyzing
changes at the gene level could very well lead to a good
understanding of microglial activation and further help in
developing a robust therapeutic strategy to abrogate OD
exposure-induced neuroinflammation.

CONCLUSION

In conclusion, based on the detection of inhaled fluorescent
LPS in the olfactory bulb, it is likely that even inhaled OD
has the potential to reach the brain directly via the olfactory
nerve axons and invoke an inflammatory response. Following
a five exposure to ODE, atrophy of the olfactory epithelium,
pathologies in the olfactory bulb, p-Tau aggregation, and neuro-
motor deficits were documented, indicating an early onset of
neurocognitive disorders. MA therapy appears to be partially

protective against the ODE induced changes, thus leaving
opportunities for developing new therapeutic strategies.
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