
HMGB1-RAGE Signaling Plays a Role in Organic

Dust-Induced Microglial Activation and

Neuroinflammation
Nyzil Massey,* Sreekanth Puttachary,† Sanjana Mahadev Bhat,*
Anumantha G. Kanthasamy,* and Chandrashekhar Charavaryamath*,1

*Biomedical Sciences, Iowa State University, Ames, Iowa 50011; and †Biomedical Sciences, Oregon State
University, Corvallis, Oregon 97331
1To whom correspondence should be addressed at Biomedical Sciences, Iowa State University, 2008 Veterinary Medicine Building, Ames, IA 50011.
Fax: (515) 294-2315; E-mail: chandru@iastate.edu.

ABSTRACT

Occupational exposure to contaminants in agriculture and other industries is known to cause significant respiratory
ailments. The effect of organic dust on lung inflammation and tissue remodeling has been actively investigated over many
years but the adverse effect of organic dust-exposure on the central vital organ brain is beginning to emerge. Brain
microglial cells are a major driver of neuroinflammation upon exposure to danger signals. Therefore, we tested a
hypothesis that organic dust-exposure of microglial cells induces microglial cell activation and inflammation through
HMGB1-RAGE signaling. Mouse microglial cells were exposed to organic dust extract showed a time-dependent increase in
cytoplasmic translocation of high-mobility group box 1 (HMGB1) from the nucleus, increased expression of receptor for
advanced glycation end products (RAGE) and activation of Iba1 as compared to control cells. Organic dust also induced
reactive oxygen species generation, NF-jB activation, and proinflammatory cytokine release. To establish a functional
relevance of HMGB1-RAGE activation in microglia-mediated neuroinflammation, we used both pharmacological and genetic
approaches involving HMGB1 translocation inhibitor ethyl pyruvate (EP), anti-HMGB1 siRNA, and NOX-inhibitor
mitoapocynin. Interestingly, EP effectively reduced HMGB1 nucleocytoplasmic translocation and RAGE expression along
with reactive oxygen species (ROS) generation and TNF-a and IL-6 production but not NF-jB activation. HMGB1 knockdown
by siRNA also reduced both ROS and reactive nitrogen species (RNS) and IL-6 levels but not TNF-a. NOX2 inhibitor
mitoapocynin significantly reduced RNS levels. Collectively, our results demonstrate that organic dust activates HMGB1-
RAGE signaling axis to induce a neuroinflammatory response in microglia and that attenuation of HMGB1-RAGE activation
by EP and mitoapocynin treatments or genetic knockdown can dampen the neuroinflammation.
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Worldwide, agriculture employs about 1.3 billion people
(International Labor Organization, 2018) and with significant
mortalities, work-related injuries and negative health effects, it
is considered as a dangerous profession (reviewed in Sethi et al.,
2017). However, when compared to mining and other industries,
occupational dangers in agriculture have received far less atten-
tion. In the USA alone, about 3.2 million farmers operate farms

(United States Department of Agriculture, 2018) and are exposed
to many on-site occupational contaminants. Among the agri-
culture production systems, people who work in concentrated
animal feeding operations (CAFOs) working with pigs, dairy,
poultry, duck hatcheries, and other large animal production fa-
cilities are exposed to the airborne organic dust (OD) and gases
such methane, ammonia, and hydrogen sulfide (Iowa State
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University and University of Iowa, 2002). Exposed workers suffer
from many respiratory and other symptoms and loss of lung
function (reviewed in Sethi et al., 2017).

OD is a mixture of particulate matter of varying sizes,
microbes, and microbial products such as lipopolysaccharide
(LPS), peptidoglycan (PGN), and microbial DNA (Iowa State
University and University of Iowa, 2002). Persistent exposure to
OD is central to the respiratory symptoms and an annual de-
cline in lung function in exposed farm workers. Several research
groups have examined the mechanisms of respiratory inflam-
mation using in vitro and in vivo (rat, mice, and human volun-
teers) models (Charavaryamath et al., 2005, 2008; Dosman et al.,
2000). However, OD exposure effects on vital organs such as
brain largely remain unknown.

Increased incidences of neurodegenerative diseases in the
mid-western and north-eastern regions of the USA are docu-
mented (Wright Willis et al., 2010). Exposure to pesticides is a
known risk factor for neuroinflammation driven neurodegener-
ative diseases. Further, intensive agriculture and animal pro-
duction in the mid-western region of the USA prompted us to
examine whether exposure to agriculture contaminants will
cause neuroinflammation (Braun et al., 2017; Chin-Chan et al.,
2015; Wright Willis et al., 2010). Among the contaminants
from agriculture, OD contains significant levels of LPS
(Charavaryamath et al., 2008) and PGN (Dusad et al., 2013) and
LPS is known to cause neuroinflammation (Fu et al., 2014).
However, the effects of inhalational exposure to OD on induc-
tion of neuroinflammation are largely unknown. OD contains
multiple pathogen associated molecular patterns (PAMPs) (Iowa
State University and University of Iowa, 2002) and published
work shows involvement of multiple pattern recognition recep-
tors and activation of overlapping signaling pathways in medi-
ating OD-induced respiratory and systemic inflammatory
effects (Charavaryamath et al., 2008; Nath Neerukonda et al.,
2018; Poole et al., 2010; Schneberger et al., 2016; Staab et al., 2016).
Thus, the complexity of host-response to OD makes therapeutic
targeting of OD-induced inflammation challenging.

Damage associate molecular patterns (DAMPs) such as high-
mobility group box 1 (HMGB1) are increasingly becoming impor-
tant in many inflammatory conditions (Kang et al., 2014).
HMGB1 (nucleosome protein) is a prototype DAMP, ubiquitously
present in all nucleated cells. HMGB1 is known to undergo
nucleocytoplasmic translocation and secretion into extra-
cellular milieu under the influence of inflammagens. Extra-
cellular HMGB1 behaves as a proinflammatory stimulus and
potentiates inflammation along with other inflammatory stim-
uli. Although about 14 receptors have been identified so far, re-
ceptor for advanced glycation end products (RAGE) appears to
be the main receptors for HMGB1 (Ugrinova and Pasheva, 2017).
HMGB1 has been shown to be important in several inflamma-
tory conditions such as asthma (Di Candia et al., 2017),
ischemia-reperfusion injury (Liu et al., 2017), and neuroinflam-
mation. Blocking HMGB1 with various approaches have been
shown to be beneficial (Fonken et al., 2016; Musumeci et al.,
2014). Ethyl pyruvate (EP), an aliphatic ester of pyruvic acid
blocks phosphorylation of HMGB1 and chelates calcium ions
resulting in the blockade of HMGB1 translocation and secretion
(Shin et al., 2015). EP treatment has shown promising results in
various models of inflammation (Ouyang et al., 2016). Delivery
of anti-HMGB1 short interfering RNA (siRNA) is protective in
brain infarct (Kim et al., 2012) and glucose induced retinal dam-
age model (Jiang and Chen, 2017). Mitoapocynin (MA) is mito-
chondria targeted NOX2 inhibitor and an anti-oxidant. MA has
been derived as an analog of neuroprotective molecule

apocynin (4-hydroxy-3-methoxyacetophenone). Details of the
preparation of MA and its neuroprotective properties are
reviewed (Langley et al., 2017). Microglial cells of the brain are
myeloid cells in lineage and are known for their central role in
mounting an innate inflammatory response to danger signals
(Saijo and Glass, 2011). In vitro models of microglial cells have
been used to unravel mechanisms of neuroinflammation
(Sarkar et al., 2017). Therefore, we tested a hypothesis that OD-
exposure of microglial cells induces cell activation and inflam-
mation through HMGB1-RAGE signaling.

In the current manuscript, we show that OD-exposure of
microglia induces microglial activation, production of reactive
species and inflammatory cytokines. OD exposure leads to
nucleocytoplasmic translocation of HMGB1, contributing to in-
creased cell activation and inflammation. Using EP or anti-
HMGB1 siRNA treatment, we demonstrate that OD-induced
microglial activation and inflammation could be abrogated via
HMGB1-RAGE signaling. Using MA treatment, we evaluated if
mitochondria could be targeted to reduce OD exposure-induced
neuroinflammation.

MATERIALS AND METHODS
Chemicals and reagents

Dulbecco’s minimum essential medium (DMEM), fetal bovine
serum (FBS), penicillin and streptomycin (PenStrep), L-gluta-
mine, and trypsin-EDTA were purchased from Life Technologies
(Carlsbad, California). LPS (Escherichia coli-O127: B8, Sigma; cata-
log No. L3129, 5 mg/ml stock) and PGN (from Staphylococcus au-
reus, Sigma; catalog No. 77140, 1 mg/ml stock) were purchased
from (Sigma-Aldrich, St Louis, Missouri) and stored at �80�C.
Poly-D-Lysine (Sigma, P6407) was prepared and stored as
0.5 mg/ml stock at �20�C. Mitoapocynin (MA) was procured
from Dr Balaraman Kalyanaraman (Medical College of
Wisconsin, Milwaukee, Wisconsin), stock solution (10 mM/l in
DMSO) prepared by shaking vigorously and stored at �20�C. MA
was used (10 mM/l) as one of the co-treatments (Table 1). EP
working dilution (2.5 mM) was prepared in Ringer’s solution
(Sigma). LPS and PGN were used as control PAMPs as outlined in
Table 1.

Preparation of organic dust extract

All experiments were conducted in accordance with an ap-
proved protocol from the Institutional Biosafety Committee of
the Iowa State University. Settled swine barn dust (representing
OD) was collected from various swine production units into
sealed bags with a desiccant and transported on ice to the labo-
ratory. Organic dust extract (ODE) was prepared as per a pub-
lished protocol (Romberger et al., 2002). Briefly, dust samples

Table 1. Microglial Cell Treatments

Treatment Groups Pre-treatment Co-treatment

Controla None Medium
ODE None ODE 1% v/v
ODEþEP EP (2.5 mM for 35 min) ODE 1% v/vþEP 2.5 mM
ODEþMA None ODE 1% v/vþMA 10 mM
LPS None 1 mg/ml
PGN None 10 mg/ml

aControl group samples were harvested at 0 h only. All other group samples

were harvested at 6, 24, and 48 h.
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were weighed and for every gram of dust, 10 ml of Hanks’ bal-
anced salt solution without calcium (Gibco) was added, stirred
and allowed to stand at room temperature for 60 min. The mix-
ture was centrifuged (1365� g, 4�C) for 20 min, supernatant col-
lected, and the pellet was discarded. The supernatant was
centrifuged again with same conditions, pellet discarded and
recovered supernatant was filtered using a 0.22 lm filter
and stored at �80�C until used. This stock was considered 100%
and diluted in cell culture medium to prepare a 1% v/v solution
to use in our experiments (Table 1). LPS content of the ODE sam-
ples was analyzed using a commercial kit as per the instruc-
tions and results are included in another manuscript from our
group (Bhat et al., 2019).

Cell culture and treatments

Mouse microglial cell line, derived from wild-type C57BL/6 mice
(Halle et al., 2008) was a kind gift from Dr D. T. Golenbock
(University of Massachusetts Medical School, Worcester,
Massachusetts) to Dr A.G.K. Microglial cells were grown in T-75
flasks (1� 106 cells/flask), 12-well (75� 103 cells/well), or 24-well
(50� 103 cells/well) tissue culture plates. The cells were on cover-
slips coated with 0.1 mg/ml Poly-D-Lysine for 12- or 24-well plates.
Cells were grown in 96 well tissue culture plates (10� 103 cells/
well) for reactive oxygen species (ROS) and reactive nitrogen spe-
cies (RNS) assays. Cells were maintained in DMEM supplemented
with 10% heat inactivated FBS, 50 U/ml penicillin, 50mg/ml strepto-
mycin, and 2 mM L-glutamine and incubated overnight. All the
treatment groups with pre-treatment and co-treatment details are
outlined in Table 1. Control group samples were collected at 0 h
because the control group samples from 6, 24, and 48 h time points
did not show any differences in our pilot studies. In order to ad-
dress the specific role of HMGB1, in separate experiments, cells
were treated either with anti-HMGB1 or negative control (NC)
siRNAs followed by either saline or ODE-exposure.

siRNA-mediated knockdown of HMGB1

Three (R1, R2, and R3) custom designed Dicer-substrate anti-
HMGB1 siRNAs (DsiRNA), scrambled RNA (negative control, NC),
HPRT1 DsiRNA (positive control), and a fluorescent transfection
control (TYE563) were purchased from Integrated DNA
Technologies Inc. (Coralville, Iowa) to maximize the probability of
achieving successful HMGB1 knockdown. Lipofectamine 2000
(ThermoFisher) was employed to transfect DsiRNA into the micro-
glia. Sequences of siRNAs and NC siRNA are listed in Table 2.

To perform transfection with various siRNAs, microglia were
cultured a day before in DMEM without antibiotics and FBS. For
each transfection, 20 mM of (DsiRNA) for HMGB1, scrambled RNA
(negative control), HPRT1 DsiRNA (positive control) ,and a fluo-
rescent transfection control (TYE563) were diluted in Opti-MEM
media without antibiotics and FBS to 10 nM and gently mixed
with Lipofectamine 2000 according to the manufacturer’s proto-
col. Following incubation for 20 min at room temperature, the
transfection mixture was added to the cells, transfected cells

were further incubated at 37�C for 24 and 48 h and knockdown
was confirmed by qRT-PCR and Western blot analysis of the tar-
get gene and protein respectively. Transfection was confirmed
by performing immunocytochemistry (ICC) for TYE563 (fluores-
cent transfection control).

qRT-PCR

RNA was isolated using TRIzol (Thermo Fisher Scientific) extraction
methods as per manufacturer’s guidelines. Following cell treat-
ments (Table 1), RNA concentration was measured using NanoDrop.
One microgram of RNA was used to synthesize cDNA using the su-
perscript IV VILO Kit (ThermoFisher Scientific, Waltham,
Massachusetts) as per the manufacturer’s protocol. For qRT-PCR, 5ml
of SYBR Green Mastermix (Qiagen Cat No.208056), 0.5ml of forward
and reverse primers each, 3ml of nuclease free-water, and 1ml of
cDNA were used. The following genes were used for qRT-PCR:
HMGB1 (primer sequences: forward-TGG CAAAGGCTGACAAGGCTC,
and reverse-GGATGCTCGCCTTTGATTTTGG and HPRT1 (primer
sequences: forward-GCCTAAGATGAGCGCAAGTTG, and reverse-
TACTAGGCAGATGGCCACAGG). All primer sequences were synthe-
sized at Iowa State University’s DNA Facility. The housekeeping
gene 18S rRNA (Thermo Fisher Scientific) was used in all qRT-PCR
experiments. No-template controls and dissociation curves were
run for all experiments to exclude cross-contamination.

Immunocytochemistry

Cells were grown in 12 well tissue culture plates (75� 105 cells/
well) on 18 mm coverslips coated with 0.1mg/ml Poly-D-Lysine.
Cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM, Thermo Fisher Scientific) supplemented with 10% heat
inactivated FBS, 50 U/ml of penicillin, 50 mg/ml of streptomycin,
and 2 mM L-glutamine and incubated overnight. Cells were
treated as outlined in Table 1 and processed for immunofluores-
cence at 0, 6, 24, and 48 h following fixation with 4% paraformal-
dehyde in PBS (20 min at room temperature). Next, cells were
blocked for an hour in blocking solution containing 10% normal
donkey serum (EMD Millipore, Burlington, Massachusetts), 0.2%
trition X 100 and PBS. Cells on cover slips were incubated with
anti- HMGB1(1:1000, mouse monoclonal; Abcam, ab190377),
anti-RAGE (1:250, rabbit polyclonal; Abcam, ab3611), anti-gp91
phox (indirect marker and a source of ROS, 1:500, Abcam;
ab80508), anti Iba1(1:250, Abcam; ab5076) anti-3NT (marker for
RNS, 1:500, Abcam; ab61392), Anti-NF-jB p65 (1:1000, Abcam;
ab16502), and anti-CD14 (1:500, rabbit polyclonal, Abcam;
ab182032) antibodies in antibody diluent solution (2.5% normal
donkey serum, 0.25% sodium azide, 0.2% trition X 100 and PBS,
Abcam, Cambridge, Massachusetts) overnight at 4�C. Next, cov-
erslips were stained with secondary antibodies (Table 3, Jackson
Immunoresearch, West Grove, Pennsylvania) for an hour at
room temperature followed by mounting with VECTASHIELD
antifade mounting medium containing 4’, 6-Diamidino-2-
Phenylindole, Dihydrochloride (DAPI, Vector Labs, Burlingame,
California) on glass sides.

Table 2. Anti HMGB1 and Control DsiRNAs Sequences

Gene siRNA Sequences

HMGB1 DsiRNA-1(R1) Sense 5’-CCUUUAUGAAUCAGAUACAAGAGGA-3’Antisense 5’-UCCUCUUGUAUCUGAUUCAUAAAGGGA -3’
DsiRNA-2(R2) Sense 5’-GAUGCAGCUUAUACGAAGAUAAUTG-3’Antisense 5’-CAAUUAUCUUCGUAUAAGCUGCAUCAG -3’
DsiRNA-3(R3) Sense 5’-GGAAAAUCAACUAAACAUGGGCAAA-3’Antisense 5’-UUUGCCCAUGUUUAGUUGAUUUUCCUC -3’

Negative control DsiRNA(NC) Sense 5’-CGUUAAUCGCGUAUAAUACGCGUATAntisense 5’-AUACGCGUAUUAUACGCGAUUAACGAC-’3
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Quantification of HMGB1 and NF-jB translocation

ICC stained slides were viewed and photographed (Nikon
Eclipse TE2000-U, Photometrics Cool Snap cf, HCImage). Five
randomly selected fields were chosen and all the cells were
counted using ImageJ (National Institutes of Health). Within
these fields, the number of cells showing nucleocytoplasmic
translocation (HMGB1) or cytoplasm to the nucleus (NF-jB p65)
were counted manually using DAPI stained nuclei as a refer-
ence. The fraction of total cells showing translocation and the
percentage was calculated, analyzed, and plotted.

Quantification of ICC staining intensity of RAGE, gp91
phox, 3-NT, and Iba1

Five fields per slide were chosen randomly and total stained
cells were counted (ImageJ). Then, total staining intensity per

field (cy3 or FITC) was measured using a software (HC Image,
Hamamatsu Corp, Sewickley, Pennsylvania). Total field’s inten-
sity (cy3 or FITC) was divided by the number of cells per field to
obtain mean intensity (cy3 or FITC) per cell.

Western blot analysis

Cells were grown in T-75 flasks (1� 106 cells per flask), incu-
bated overnight at 37�C with 5% CO2. Following pre- and co-
treatments as outlined in Table 1, cells were treated with 0.5%
trypsin for 15 min at 37�C and then re-suspended in equal vol-
umes of DMEM and 10% FBS. Nuclear and cytoplasmic fractions
were separated using NE-PER kit (Thermo Fisher Scientific). The
supernatant media was collected, and total protein was precipi-
tated with chloroform and ethanol. Equal amounts of protein
(20 lg/well) or total protein were loaded for nuclear/cytoplasmic
or supernatant fraction respectively and separated on 10% SDS-

Table 3. Secondary Antibodies Used in ICC

Primary Target Secondary Antibody Source and Catalog Number

HMGB1 (Mouse Maba) Anti-mouse (cy3 conjugated) raised in donkey Jackson Immunoresearch 711-165-150
RAGE (Rabbit Pabb) Anti-rabbit (FITC conjugated) raised in donkey Jackson Immunoresearch 711-095-152
Iba1 (Goat Pab) Anti-Goat (FITC conjugated) raised donkey Jackson Immunoresearch 705-095-147
Gp91 phox (ROS) (Rabbit Pab) Anti-rabbit (cy3 conjugated) raised in donkey Jackson Immunoresearch 711-165-152
3-NT (RNS) (Mouse Mab) Anti-mouse (cy3 conjugated) raised in donkey Jackson Immunoresearch 711-165-150
CD-14 anti-rabbit Anti-rabbit (cy3 conjugated) raised in donkey Jackson Immunoresearch 016-160-084

aMab: monoclonal antibody; bPab: polyclonal antibody.

Figure 1. Ethyl pyruvate (EP) and mitoapocynin (MA) reduce organic dust extract (ODE)-exposure induced Iba1 expression. Cells exposed to media (control) or lipopoly-

saccharide (LPS) or peptidoglycan (PGN) or ODE followed by either vehicle or EP or MA were stained for Iba1 (microglial activation marker). A, Compared to controls,

ODE-exposed cells showed higher amounts of Iba1 staining at 6, 24, and 48 h (upper panel, A). Compared to vehicle, both EP- and MA-treatment reduced the ODE-in-

duced increase in Iba1 staining at 6, 24, and 48 h (B, middle and C, lower panel respectively). Immunocytochemistry data for LPS and PGN are not shown and microme-

ter bar¼ 20mm. B and C, Mean intensity of Iba1 staining was measured using HCImage software. B, Compared to control, LPS or PGN or ODE-exposure resulted in

increased staining intensity for Iba1 at 6 (LPS alone), 24, and 48 h (LPS, PGN, and ODE). Compared to controls, EP treatment significantly reduced the staining intensity

for Iba1 at 6 (LPS), 24, and 48 h for LPS, PGN and ODE. C, Compared to control, LPS or PGN or ODE-exposure resulted in increased staining intensity for Iba1 at 6, 24, and

48 h. Compared to controls, MA treatment significantly reduced the staining intensity for Iba1 at 6 and 24 (LPS, PGN and ODE) and 48 h (PGN and ODE respectively).
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PAGE gels (Bio-Rad). Next, proteins were transferred to a nitro-
cellulose membrane and the nonspecific binding sites were
blocked for an hour with a blocking buffer specifically
formulated for fluorescent western blotting (Rockland
Immunochemicals, Pottstown, Pennsylvania). Membranes incu-
bated overnight at 4�C with the respective primary antibodies
namely, HMGB1 (1:1000, mouse monoclonal; Abcam; ab79823),
RAGE (1: 250, rabbit polyclonal; Abcam), Anti-NF-jB p65 (1:1000,
Abcam; ab16502), Lamin-B1 (1:1000, Abcam; 16048), and b-actin
(1:5000, Abcam; ab6276 or ab8227). Next, membranes were incu-
bated with secondary donkey anti-rabbit IgG highly cross-
adsorbed (A10043) or anti-mouse 680 Alexa Fluor antibodies
(A21058, Thermo Fisher Scientific). Then membranes were
washed 3 times with PBS containing 0.05% Tween-20 and visu-
alized on the Odyssey infrared imaging system. Using Lamin-B1
(nuclear) or b-actin (cytoplasmic and whole cell lysate) as a
loading control, band densities were normalized and densitom-
etry was performed (ImageJ).

Intracellular ROS detection

Reactive oxygen species production was quantified by the ROS-
sensitive dye chloromethyl derivative of dichlorodihydrofluor

escein diacetate (DCFDA, Thermo Fisher Scientific). Cells were in-
cubated with 25mM (CM-H2DCFDA) in HBSS containing 2% FBS
and incubated at 37�C and 5% CO2 for 45 min before further treat-
ment with either media or ODE. Cells were washed with PBS and
fluorescence intensity of the oxidized form of H2DCFDA was
measured using excitation/emission wavelengths of 488/535 nm
using a microplate reader (SpectraMax M2 Gemini Molecular
Device). The fluorescence value from the control groups was sub-
tracted as background and the results were expressed as percent-
age fluorescence relative to control to indicate intracellular ROS
values.

Reactive nitrogen species detection in the supernatants

We employed colorimetric quantification of nitrite production
by microglial cells using Griess reagent (Sigma-Adrich). Nitrite
production was measured as a readout of RNS production by
microglia. The supernatant was collected from each treatment
after 0, 6, 24, and 36 h and Griess reagent was added to 50 ml of
supernatant samples in a 98-well plate (1:1) and incubated at
room temperature for 10 min until color development. A stan-
dard nitrite curve was made from sodium nitrite to determine
nitrite concentrations. Change in color was analyzed by

Figure 2. Mitoapocynin (MA) treatment reduces organic dust extract (ODE)-exposure induced reactive nitrogen specie (RNS) production. Cells exposed to media (con-

trol) or ODE were stained for 3-NT (RNS). A, Compared to controls, ODE-exposed cells showed higher amounts of 3-NT staining (RNS) at 6, 24, and 48 h (upper panel).

Compared to vehicle, MA treatment reduced ODE-induced increase in 3-NT (RNS) staining at 6, 24, and 48 h (lower panel). Immunocytochemistry data for LPS and PGN

are not shown and micrometer bar¼20mm. B, Mean intensity of 3-NT staining was measured and compared to control, LPS (6, 24, and 48 h) or PGN (6, 24, and 48 h) or

ODE (6 and 24 h) exposure increased the staining intensity for 3-NT. Compared to controls, MA treatment significantly reduced the staining intensity for 3-NT at 6, 24,

and 48 h for LPS and PGN but not ODE at 48 h. C, Griess assay was performed to measure nitrite levels as a readout of secreted RNS levels at 12 h. Compared to controls,

LPS and ODE-exposure increased the secretion of RNS. Compared to vehicle, MA treatment significantly decreased nitrite levels at 12 h.
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measuring absorbance at 540 nm using Spectramax M2

(Molecular devices) microplate reader. The values were
expressed in mM and data were analyzed by using GraphPad
Prism software.

Cytokine analysis by ELISA

Cells (5� 104/well) were seeded in a 24-well plate and allowed to
attach overnight. Next, pre-treatments and co-treatments
(Table 1) or siRNA-mediated knockdown of HMGB1 gene was
performed and cell culture supernatants were collected and
stored in �80�C. Later, TNF-a, IL-6, IL-10, and TGF-b1 levels were
determined using ELISA kits (Invitrogen) by employing manu-
facturer’s recommended protocols. For siRNA experiments, only
TNF-a and IL-6 were measured in the supernatants.

Statistical analysis

Data were expressed as mean 6 SEM and analyzed by one-way
or two-way ANOVA followed by Bonferroni’s post hoc compari-
son tests (GraphPad Prism 5.0, La Jolla, California). A p-value of
< .05 was considered statistically significant. An asterisk (*)
indicates a significant difference between controls and ODE-
treated cells whereas hashtag (#) indicates either EP or MA treat-
ment or siRNA-mediated HMGB1 knockdown effect. The

p-values (Figs. 1–11 and legends) corresponding to asterisk/s or
hashtag/s are listed in Table 4.

RESULTS
ODE-Exposure and Microglial Activation

Immunohistochemical expression of Iba1 marker (representing
microglial activation) in control (medium treated) and ODE
treated cells is shown in Figure 1A and ICC data for LPS and PGN
are not shown. Quantification of ICC data showed that, compared
to controls, LPS, PGN, and ODE increased the expression of Iba1 at
6, 24, and 48 h (Figs. 1B and 1C). EP treatment significantly de-
creased the LPS (6, 24, and 48 h), PGN and ODE (24 and 48 h) in-
duced increases in Iba1 expression (Figure 1B). MA treatment also
significantly decreased the LPS (6 and 24 h), PGN and ODE (6, 24,
and 48 h) induced increases in Iba1 expression (Figure 1C).

ODE, LPS and PGN Exposure of Microglial Cells and
Production of RNS

Immunohistochemical expression of 3-NT (indirect marker for
RNS) in control (medium treated) and ODE treated cells is shown
(Figure 2A) and ICC data for LPS and PGN are not shown.
Quantification of ICC data showed that, compared to controls,

Figure 3. Ethyl pyruvate (EP) reduces organic dust extract (ODE)-exposure induced reactive oxygen species (ROS) production. Cells exposed to media (control) or ODE

were stained for gp91 phox (source of ROS). A, Compared to controls, ODE-exposed cells appear to contain higher amounts of gp91 phox (source of ROS) at 6 and 24 h

(upper panel, A). Compared to vehicle, EP treatment reduced ODE-induced increase in gp91 phox (ROS) staining at 6 and 24 h (lower panel, B). Immunocytochemistry

data for LPS and PGN are not shown and micrometer bar¼20 mm. B, Mean intensity of gp91 phox staining was measured using HCImage software. Compared to control,

LPS (24 and 48 h) or PGN (24 and 48 h) or ODE (6 and 24 h) exposure resulted in increased staining intensity for gp91 phox. Compared to controls, EP treatment signifi-

cantly reduced the staining intensity for gp91 phox at 6 h (#, p< .05, ODE), 24 h (LPS, PGN, and ODE), and 48 h (LPS). C, Dichlorodihydrofluorescein diacetate (DCFDA) as-

say was performed to measure DCF fluorescence as a readout of secreted ROS levels at 6, 24, and 48 h. Compared to controls, LPS, PGN, and ODE-exposure increased

the secretion of ROS. Compared to vehicle, EP treatment significantly decreased ROS levels at 24 and 48 h for LPS, PGN, and ODE.
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LPS, PGN increased the expression of 3-NT (RNS) at 6, 24, and
48 h whereas ODE increased the expression of 3-NT (RNS) at 6
and 24 h only. MA treatment significantly decreased 3-NT (RNS)
levels at 6, 24, and 48 h (LPS and PGN induced) and at 6 and 24 h
(ODE-induced 3-NT, Figure 2B). Griess assay performed on cell
culture supernatants showed that, compared to controls, LPS
and ODE increased the secretion of nitrite (RNS) levels at 12 h
whereas MA treatment significantly decreased the nitrite pro-
duction (Figure 2C).

ODE, LPS, and PGN Exposure of Microglial Cells and
Expression of ROS

Immunohistochemical expression of gp91 phox (representing
ROS) in control (medium treated) and ODE treated cells is shown
(Figure 3A) and ICC data for LPS and PGN are not shown.

Quantification of ICC data showed that, compared to controls,
LPS (24 and 48 h), PGN (24 and 48 h), and ODE (6 and 24 h) in-
creased the expression of gp91 phox (ROS) whereas EP treatment
significantly decreased the LPS (24 and 48 h), PGN (24 h), and ODE
(6 and 24 h) induced increases in gp91 phox (representing ROS)
(Figure 3B). DCF assay performed using cultured cells showed
that, compared to controls, LPS (24 and 48 h), PGN (24 and 48 h),
and ODE (6, 24, and 48 h) treatment increased the expression of
intracellular ROS whereas EP treatment significantly decreased
the ROS production at 24 and 48 h (LPS, PGN, and ODE, Figure 3C).

Nucleocytoplasmic Translocation, Secretion of HMGB1
and Expression of RAGE

Our ICC data authenticated that mouse microglial cells
expressed CD-14 marker and morphologically appeared to be

Figure 4. Ethyl pyruvate (EP) reduces organic dust extract (ODE)-induced high-mobility group box 1 (HMGB1) nucleocytoplasmic translocation. Cells treated medium

(control) or lipopolysaccharide (LPS), peptidoglycan (PGN), and ODE followed by either vehicle (Ringer’s solution) or EP were stained with anti-HMGB1 (Cy3, red) and

anti-RAGE (receptor for advanced glycation end products; FITC, green) antibodies and nuclei were identified with DAPI (blue). Data for LPS and PGN treated cells are not

shown here. A, Compared to media treated control cells (0 h), ODE (1%) treated cells at early time point showed HMGB1 expression (cy3, red) restricted to the nucleus

(6 h, arrow, upper panel). Compared to control and ODE (6 h) treated cells, ODE-treated cells at later time points (24 and 48 h) show nucleocytoplasmic translocation

(double arrows) and secretion into extra-cellular space (48 h, arrow head). EP treatment (lower panel, A) reduces ODE-induced nucleocytoplasmic translocation and se-

cretion of HMGB1 into extra-cellular space. With EP treatment HMGB1 expression mostly remains in the nucleus (arrows, lower panel, A). Micrometer bar¼20mm. B,

Compared to controls, LPS, PGN, and ODE-treated cells showed significantly higher HMGB1 translocation (24 and 48 h). Compared to medium, EP treatment significantly

reduced HMGB1 translocation (24 and 48 h). C–H, Cell culture supernatants, cytoplasmic, and nuclear fractions from control and ODE-treated cells were processed for

western blotting analysis to quantify HMGB1 and loading control proteins. b-Actin served as a loading control for cell culture supernatant and cytoplasmic fractions

whereas Lamin-B1 served as a control for nuclear fraction. Densitometry and statistical data analysis were performed on normalized bands (n¼4). C–D, Compared to

controls, nuclear fractions from ODE treated cells contained higher levels of HMGB1 protein. Following EP treatments, the amount of HMGB1 protein in the nuclear frac-

tions increased at 24 and 48 h. E–F, Compared to controls, ODE treated cells showed higher levels of HMGB1 in the cytoplasmic fractions. Compared to Ringer’s solution

(vehicle), EP treatment significantly reduced the HMGB1 levels at 48 h. G–H, Compared to controls, ODE-exposure significantly increased the secretion of HMGB1 into

cell culture supernatant at 24 and 48 h. Compared to Ringer’s solution, EP treatment significantly reduced the HMGB1 levels (below detection limit) at 6, 24, and 48 h.
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typical microglial cells (images not shown). Next, we performed
ICC to stain for HMGB1, RAGE, and DAPI staining to identify the
nucleus. Individual and merged images were used to identify
nucleocytoplasmic translocation of HMGB1.

Compared to controls, ODE-treated cells showed a nucleocy-
toplasmic translocation and extra-cellular secretion of HMGB1.
Co-treatment with EP reduced the ODE-induced nucleocytoplas-
mic translocation and secretion into the supernatant (Figure 4A,
data not shown for LPS or PGN). Compared to media exposed
control cells, ODE or LPS or PGN treated cells showed a signifi-
cantly higher percentage of cells showing HMGB1 translocation
per �20 microscopic field (Figure 4B) whereas co-treatment with
EP abrogated the same at 24 and 48 h.

Next, we performed western blotting on nuclear, cytoplasmic
and cell culture supernatant fractions of control, and ODE-treated
cells. Compared to medium, ODE treatment increased the levels
of HMGB1 protein in the nucleus at 48 h whereas EP treatment in-
creased the HMGB1 levels in the nucleus at 24 and 48 h (Figs. 4C
and 4D). In cytoplasmic fractions, compared to controls, ODE
treatment significantly increased the HMGB1 levels at 24 and
48 h. EP treatment significantly decreased the HMGB1 levels at
48 h (Figs. 4E and 4F). Next, compared to medium, ODE treated
cells secreted increased amounts of HMGB1 at 24 and 48 h.
Amount of HMGB1 secreted by EP treated cells was below the de-
tection limit of western blotting (Figs. 4G and 4H).

ODE, LPS, and PGN Exposure of Microglial Cells and
Expression of RAGE

Immunohistochemical expression of RAGE in control (medium
treated) and ODE-treated cells is shown (Figure 5A) and ICC data

for LPS and PGN are not shown. Quantification of ICC data
showed that, compared to controls, LPS (6, 24, and 48 h), PGN (6
and 48 h), and ODE (6 and 24 h) increased the expression of
RAGE. EP treatment significantly decreased the LPS (24 and
48 h), PGN (6 and 48 h), and ODE (6, 24, and 48 h) induced
increases in RAGE expression (Figure 5B). Western blotting on
cell lysates showed that, compared to controls, ODE increased
the expression of RAGE at 24 and 48 h whereas EP treatment sig-
nificantly decreased the same (Figure 5C).

ODE-Exposure of Microglia Results in Nuclear
Translocation of NF-jB p65

Immunohistochemical staining for anti-NF-jB p65 and DAPI
revealed that, compared to controls, ODE-exposed cells
showed nuclear translocation of NF-jB p65 (Figure 6A).
Quantification of ICC data reveled that, compared to controls,
ODE-exposed cells showed significantly higher nuclear trans-
location of NF-jB p65 and EP treatment did not have any im-
pact on NF-jB p65 translocation (Figure 6B). Western blotting
data on whole cell lysates indicated that, compared to con-
trols, ODE-exposed cells contained higher amounts of NF-jB
p65 at 48 h and EP treatment had no effect on NF-jB p65 levels
(Figs. 6C and 6D).

ODE-Exposure of Microglia and Cytokine Secretion

Culture supernatants from control and ODE-exposed cells
showed an increase in TNF-a levels (6, 24, and 48 h) and EP treat-
ment significantly decreased the ODE-induced TNF-a secretion
(6 and 24 h, Figure 7A). Similarly, ODE-exposed cells secreted

Figure 5. Ethyl pyruvate (EP) treatment reduces organic dust extract (ODE)-exposure induced increase in receptor for advanced glycation end products (RAGE) expres-

sion. Cells treated with medium (control) or LPS, PGN, and ODE followed by either vehicle (medium) or EP were stained with anti-RAGE (FITC, green) antibody. A,

Compared to medium, ODE-exposed cells showed an increase in RAGE expression at 6, 24, and 48 h (A, upper panel). Compared vehicle (medium), treatment with EP re-

duced the expression of RAGE at 6, 24, and 48 h (A, lower panel). Immunocytochemistry data for LPS and PGN are not shown and micrometer bar¼20mm. B, The mean

intensity of staining for RAGE was measured using (HCImage software). Compared to controls, LPS or PGN or ODE-exposed cells showed an increase in RAGE staining

intensity at 6, 24, and 48 h. Compared to vehicle, EP treatment reduced the RAGE staining intensity. C–D, Western blotting was performed on cell lysates using anti-

RAGE and anti-b-actin (loading control) antibodies. Densitometry and statistical analysis of normalized bands was conducted. Compared to controls ODE-exposed cells

showed an increase in the expression of RAGE at 24 and 48 h. Compared to the vehicle (medium), EP treatment significantly reduced the expression of RAGE at 24 and

48 h (n¼4, A–D).
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higher amounts of IL-6 at 6 and 24 h and EP treatment signifi-
cantly decreased the same (Figure 7B). IL-10 levels did not
change between control and ODE-exposed cells (Figure 7C) but
compared to controls, ODE treated cells secreted more TGF-b1
at 48 h (Figure 7D). EP treatment did not change IL-10 and TGF-
b1 levels (Figs. 7C and 7D) respectively.

siRNA-Mediated Knockdown of HMGB1 and Expression
of HMGB1 and RAGE

ICC performed (fluorescent TYE 563 and DAPI) confirmed the
transfection of cells (Figure 8D). Compared to negative controls,
anti-HMGB1 siRNA transfection (10 nM) resulted in the decrease
in the amount of HMGB1 mRNA expression at 24 h (R2 and R3)
and 48 h (R1 and R2) indicating that a combination of 3 siRNA will
yield a successful decrease in the HMGB1 mRNA (Figure 8A).
Semi-quantified Western blot analysis showed that, compared to
negative control siRNA (NC), anti-HMGB1 siRNA transfection
resulted in the decrease in the amount of HMGB1 protein at 24
(R2 and R3) and 48 h (R1, R2 and R3), indicating that a combination
of R1, R2, and R3 will yield successful reduction in HMGB1 protein
(Figs. 8B and 8C). Next, compared to negative control siRNA (NC),
anti-HMGB1 siRNA treatment reduced the amount of RAGE pro-
tein at 24 (R1, R2, and R3) and 48 (R3) h (R3, Figure 9).

siRNA-Mediated Knockdown of HMGB1 mRNA and
Production of ROS, RNS and Cytokines

Compared to control (medium treated), ODE-treated cells
without any siRNA treatment or those treated with negative
control siRNA showed significantly higher amounts of ROS
whereas anti-HMGB1 (R3, Figure 10A) reduced the ROS levels
significantly. Although ROS levels significantly increased in

anti-HMGB1 (R1 and R2) siRNA groups, they were also signifi-
cantly lower than ODE-treated cells without any siRNA treat-
ment or those treated with negative control (NC) siRNA.
Similarly, compared to controls, ODE-treated cells without any
siRNA treatment or those treated with negative control siRNA
showed significantly higher amounts of RNS whereas anti-
HMGB1 (R1, R2, and R3, Figure 10B) reduced the RNS levels sig-
nificantly. siRNA-mediated knockdown of HMGB1 did not re-
duce ODE-induced TNF-a levels whereas R3 (anti-HMGB1
siRNA) reduced the ODE-induced IL-6 levels significantly
(Figs. 11A and 11B respectively).

DISCUSSION

Higher incidences of neurodegenerative diseases in the mid-
western and north-eastern part of the USA are known

Figure 6. Organic dust extract (ODE)-exposure results in nuclear translocation of NF-jB p65. Cells exposed to media (control) or lipopolysaccharide (LPS) or peptidogly-

can (PGN) or ODE were stained with anti-NF-jB p65 antibody (cy3) and DAPI staining to identify nuclei. A, Compared to controls (cytoplasmic NF-jB, white arrows),

ODE-exposed cells showed nuclear translocation of NF-jB p65 at 6, 24, and 48 h (white arrowheads, lower panel in A (i)). Neither vehicle or nor EP had any significant ef-

fect on nuclear translocation of NF-jB p65 (lower panel of A (ii)). Immunocytochemistry data for LPS and PGN are not shown and micrometer bar¼20 mm. C and D,

Western blot analysis on whole cell lysate using anti-jB p65 and anti-b-actin (loading control) was performed. Densitometry and statistical analysis of normalized

band intensities indicated that, compared to controls, ODE-exposed cells showed an increase in NF-jB levels at 48 h. Neither vehicle nor EP treatment had any signifi-

cant effect on NF-jB levels.
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Figure 7. Ethyl pyruvate (EP) reduces organic dust extract (ODE)-exposure induced proinflammatory cytokines. Culture supernatants from cells treated media (control)

or ODE were processed for various cytokine ELISA. A, Compared to medium, ODE-exposed cell culture supernatants secreted increased amounts of TNF-a. Compared

to vehicle, EP treatment decreased the levels of TNF-a at 6 and 24 h. B, Compared to medium, ODE-exposed cell culture supernatants secreted increased amounts of IL-

6 at 6 and 24 h. Compared to vehicle, EP treatment decreased the levels of IL-6 at 6 and 24 h. C, IL-10 levels did not change between control and ODE-treated groups at

any time points and EP treatment did change IL-10 levels. D, Compared to medium, ODE-exposed cells secreted increased amounts of TGF-b1 at 48 h and EP treatment

did not change ODE-induced TGF-b1 production.

Figure 8. Transfection of microglia with anti-HMGB1 siRNAs reduces high-mobility group box 1 (HMGB1) mRNA and protein levels. Cells treated with DsiRNAs (R1, R2,

R3, NC) or TYE 563 (transfection control) were processed for whole cell lysate preparation or fixed with paraformaldehyde respectively. A, Following qRT-PCR R2

(10 nm) or R3 (10 nm) and R1 (10 nm) or R2 (10 nm) significantly reduced mRNA expression of HMGB1 at 24 and 48 h respectively. B–C, Following Western blot analysis

R2 (10 nm) or R3 (10 nm) and R1 (10 nm), R2 (10 nm) or R3 (10 nm) reduced HMGB1 expression at 24 and 48 h respectively. D, After 48 h, immunofluoroscence shows suc-

cessful transfection with TYE563 DsiRNA (white arrows) in the cytoplasm of microglia and the nucleus is stained in blue with DAPI (n¼ 3, A–D).
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(Wright Willis et al., 2010). High intensity crop and food animal
production through CAFOs in the mid-western USA as well as
known dangers of pesticides in causing neuroinflammation and
neurodegenerative diseases formed the basis for our study.
Among the many contaminants, OD-exposure induced respira-
tory disease symptoms and long-term lung function decline are
under intense investigation. However, the impact of OD-
exposure on the brain is largely unknown. Due to the emerging
role of DAMPs in inflammation, we tested a hypothesis that OD-
exposure of microglial cells induces cell activation and inflam-
mation through HMGB1-RAGE signaling.

Our current results indicate that OD-exposure of microglial
cells induces nucleocytoplasmic translocation of HMGB1 at 24
and 48 h as well as secretion into the cell culture medium. To
our knowledge, this is possibly the first report of translocation
and secretion of HMGB1 in a microglial cell model of OD expo-
sure. These observations hold significance because HMGB1 is a

normal nuclear protein that undergoes translocation and secre-
tion under necrosis and immune activation but not during apo-
ptosis (reviewed in Ugrinova and Pasheva, 2017). Therefore,
ODE-induced nucleocytoplasmic translocation and secretion of
HMGB1 indicate immunological activation of microglia. This
conclusion is further confirmed by ODE-induced upregulation
of microglial Iba1 expression.

HMGB1 is known to bind to multiple receptors (Paudel et al.,
2018) and among them RAGE appears to be the major receptor
(Ugrinova and Pasheva, 2017). Interestingly, ODE-induced
microglial activation also increases the expression of RAGE in
these cells. Because OD is a mixture of multiple PAMPs, it is pos-
sible that complex overlapping signaling may lead to an in-
crease in both HMGB1 and RAGE expressions. Recently, our
kinome analysis of human airway epithelial (BEAS-2B) and
monocytic cell line (THP-1) after exposure to OD has shown
multiple overlapping signaling events (Nath Neerukonda et al.,
2018). ODE-exposure induced increase in RAGE expression is in-
triguing and both EP treatment and siRNA-mediated knock-
down of HMGB1 mRNA reduced the expression of RAGE. We did
not investigate the possible mechanisms that regulate RAGE ex-
pression via HMGB1. However, these results suggest that
HMGB1 could be a potential therapeutic target to reduce neuro-
inflammation because it also reduces the expression of RAGE.

We found that ODE-exposure stimulated microglia to pro-
duce both ROS and RNS starting at 6 h post exposure. These
results suggest that reactive species produced by microglia
could also be a source of stimulation for microglia to drive them
into a proinflammatory M1-like phenotype (reviewed in
Thompson and Tsirka, 2017). Further ODE-induced production
of TNF-a and IL-6 supports this conclusion. Interestingly, EP
treatment could only reduce ROS production whereas MA (mito-
chondrial targeted anti-oxidant and NOX-inhibitor) could re-
duce ODE-induced RNS production but not ROS (Ghosh et al.,

Figure 9. Transfection of microglia with anti-HMGB1 siRNAs reduces RAGE pro-

tein levels. Following the siRNA-mediated reduction in high-mobility group box

1 (HMGB1) mRNA, receptor for advanced glycation end products (RAGE) (42 kD)

and housekeeping protein a-tubulin (50 Kd) bands (n¼3) are shown (A).

Normalized densitometry values show that, compared to negative control (NC)

siRNA, anti-HMGB1 siRNA treatment (R1, R2, and R3) reduced the expression of

RAGE protein levels at 24 and 48 h (#, anti HMGB1 siRNA effect, n¼3, B).

Table 4. Symbols (Asterisk or Hashtag) and Corresponding p-Values

Symbol p-value

* or # �.05
** or ## �.01
*** or ### �.001
**** or #### �.0001

Figure 10. Transfection of microglia with anti-HMGB1 (high-mobility group box 1) siRNAs reduces organic dust extract (ODE)-induced reactive oxygen species (ROS)

and reactive nitrogen species (RNS) production. Compared to medium treated control cells, cells treated with ODE (with media or negative control [NC] siRNA) pro-

duced significantly increased amounts of ROS (A) and RNS (B). Following anti-HMGB1 siRNA treatment, ODE-induced ROS and secreted nitrite (representing RNS) pro-

duction significantly decreased (n¼4, A and B).
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2016; Langley et al., 2017). These results suggest that ODE-
induced RNS production could be primarily mitochondrial in or-
igin and may lead to mitochondrial damage. EP is known to sup-
press Ca2þ-mediated activations of PKCa, calcium/calmodulin-
dependent protein kinase IV (CaMKIV) and the phosphorylation
of HMGB1 (Shin et al., 2015). EP treatment could only reduce
ODE-induced ROS production but not RNS. However, when we
specifically down-regulated HMGB1 mRNA using siRNAs, it ab-
rogated both ODE-induced ROS and RNS production. Overall, it
appears that HMGB1 could be targeted to reduce ODE-induced
neuroinflammation.

Next, ODE-exposure induced microglia activation. This
activation was characterized by an increase in Iba1 surface

marker expression along with increased production of TNF-a,
IL-6 and TGF-b1 but not IL-10. ODE-exposure also increased
the nuclear translocation of NF-jB p65 and increase in NF-jB
p65 total protein levels by 48 h. These results suggest that
ODE-exposure mainly turns microglia into a proinflamma-
tory M1-like phenotype that drives the neuroinflammation
via NF-jB activation (Thompson and Tsirka, 2017). Both EP
and MA treatment reduced the Iba1 expression indicating
that both HMGB1 and mitochondria could be potential down-
stream targets to curtail ODE-exposure induced -inflamma-
tion. EP treatment reduced ODE-induced production of
TNF-a and IL-6 whereas siRNA-mediated knockdown of
HMGB1 could only reduce IL-6. Surprisingly, EP did not alter

Figure 11. Transfection of microglia with anti-HMGB1 (high-mobility group box 1) siRNAs and effect on organic dust extract (ODE)-induced cytokine production.

Compared to medium treated control cells, cells treated with ODE (with saline or negative control [NC] siRNA) produced significantly increased amounts of TNF-a (B)

and IL-6 (A). Following anti-HMGB1 siRNA treatment, ODE-induced TNF-a (B) did not change whereas IL-6 production significantly decreased (A, n¼4, both A and B).

Figure 12. Organic dust extract (ODE)-exposure of microglia leads to sustained inflammation via nucleocytoplasmic translocation of high-mobility group box 1

(HMGB1) and HMGB1-RAGE signaling whereas ethyl pyruvate (EP) or anti-HMGB1 siRNA treatment abrogates ODE-induced inflammation. ODE-exposure of microglial

cells (1) leads to the production of reactive species (reactive oxygen species (ROS) and reactive nitrogen species (RNS) 2), nucleocytoplasmic translocation of HMGB1 (3)

as well as HMGB1-RAGE (4) signaling leading to sustained levels of nuclear NF-jB p65 (5) to feed the inflammation (left side of the figure). EP or anti-HMGB1 siRNA or

mitoapocynin (MA) treatment leads to a reduction in reactive species and inflammatory mediators promoting resolution of inflammation (right side of the figure).
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NF-jB p65 nuclear translocation or protein levels at 6, 24, and
48 h.

The current work is a preliminary investigation into the neu-
roinflammatory potential of inhaled OD in a mouse microglial
cell model. However, our manuscript did not address the neuro-
inflammatory mechanism of ODE in a relevant animal model
such as a mouse. Because global deletion of HMGB1 has shown
to be fatal, development of conditional knock-out mouse mod-
els would be ideal to address the cell specific role of HMGB1 in
neuroinflammation. Further, it will be interesting to investigate
if ODE-exposure induces mitochondrial dysfunction and drive
persistent neuroinflammation in chronic exposure models.

CONCLUSIONS

Our results demonstrate that ODE-exposure activates microglia,
induces production of reactive species and proinflammatory
cytokines as well as nucleocytoplasmic translocation and secre-
tion of HMGB1. Targeting HMGB1 signaling in ODE-induced
microglial activation has the potential to reduce neuroinflam-
mation and promote resolution (Figure 12).
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