
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00441-020-03333-3

REGULAR ARTICLE

Pre‑exposure to hydrogen sulfide modulates the innate inflammatory 
response to organic dust

Denusha Shrestha1 · Sanjana Mahadev Bhat1,2 · Nyzil Massey1 · Cristina Santana Maldonado3 · 
Wilson K. Rumbeiha4 · Chandrashekhar Charavaryamath1 

Received: 6 May 2020 / Accepted: 29 October 2020 
© Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Animal production units produce and store many contaminants on-site, including organic dust (OD) and hydrogen sulfide 
(H2S). Workers in these settings report various respiratory disease symptoms. Both OD and H2S have shown to induce 
lung inflammation. However, impact of co-exposure to both H2S and OD has not been investigated. Therefore, we tested a 
hypothesis that pre-exposure to H2S modulates the innate inflammatory response of the lungs to organic dust. In a mouse 
model of H2S and organic dust extract (ODE) exposure, we assessed lung inflammation quantitatively. We exposed human 
airway epithelial and monocytic cells to medium or H2S alone or H2S followed by ODE and measured cell viability, oxidative 
stress, and other markers of inflammation. Exposure to 10 ppm H2S followed by ODE increased the lavage fluid leukocytes. 
However, exposure to 10 ppm H2S alone resulted in changes in tight junction proteins, an increase in mRNA levels of tlr2 
and tlr4 as well as ncf1, ncf4, hif1α, and nrf2. H2S alone or H2S and ODE exposure decreased cell viability and increased 
reactive nitrogen species production. ODE exposure increased the transcripts of tlr2 and tlr4 in both in vitro and in vivo 
models, whereas increased nfkbp65 transcripts following exposure to ODE and H2S was seen only in in vitro model. H2S 
alone and H2S followed by ODE exposure increased the levels of IL-1β. We conclude that pre-exposure to H2S modulates 
lung innate inflammatory response to ODE.
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Introduction

The concentrated animal feeding operations (CAFOs) 
achieve great efficiency in production but not without 
consequences (Charavaryamath and Singh 2006; Sethi 
et  al.  2017). A higher density of animals and on-site 
storage of waste products (manure and urine) exposes 
animals and workers to the contaminants in the occupa-
tional settings. Ventilation in the winter is kept to a mini-
mal to prevent higher heating costs. However, this could 
result in higher dust and gaseous contaminant levels in 
the barn (Park et al. 2013). Key on-site contaminants 
include airborne organic dust (OD), gases such as meth-
ane, ammonia, hydrogen sulfide (H2S), carbon dioxide, 
carbon monoxide, and other odiferous compounds (Iowa 
State University and University of Iowa 2002). Workers 
who are persistently exposed to OD and irritant gases 
report various respiratory symptoms including mucus 
membrane irritation, bronchitis, asthma-like symptoms, 
coughing, and the annual decline in the lung function 
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(American Thoracic Society 1998; Nordgren and Chara-
varyamath 2018; Sethi et al. 2017).

Occupational exposure to OD and irritant gases is a risk 
factor for developing chronic respiratory symptoms (Chris-
tiani 1996; Vested et al. 2019). H2S gas is released as a 
byproduct of microbial degradation of the manure. While H2S 
concentrations of < 10 ppm are not known to be dangerous, 
the sudden release of H2S from stored manure pits (during 
pit agitation) resulting in higher concentration (> 500 ppm) 
inside the CAFOs is known to result in animal and human 
mortalities (Oesterhelweg and Puschel 2008). On the flip 
side, chronic exposure to concentrations < 100 ppm is known 
to cause various toxic symptoms (Costigan 2003; Iowa State 
University and University of Iowa 2002). However, there 
is a constant release of H2S at lower levels in CAFOs and 
other industrial occupational settings. Researchers have 
reported H2S levels of 221 to 1492 ppb in the swine confine-
ment facilities (Ni et al. 2000), 0.1–5.7 ppm in shallow pit 
swine nursery room, and about 4.1 ppb H2S in the ambient 
air around the swine confinements (Pavilonis et al. 2013). 
According to the American Conference of Governmental 
Industrial Hygienists (ACGIH), the new recommendations 
for the threshold limit values (TLV) for airborne H S expo-
sure (time-weighted average) TWA of 1 ppm for 8 h and a 
Short Term Exposure Limit (STEL) of 5 ppm (American 
Conference of Governmental Industrial Hygienists 2019). 
However, the levels of H2S in industrial settings can be in 
the range of 0.5–10 ppm (Richardson 1995). Occupational 
exposure to H2S has considerably increased with the devel-
opment of CAFOs owing to the size of the operations and 
the health impacts of this exposure remain to be determined.

In recent years, the physiological significance of H2S 
is beginning to emerge (Giuffre and Vicente 2018,; Zhang 
et al. 2017). H2S is endogenously produced at lower levels 
(approximately 20 nM) (Linden et al. 2010) by the enzymes 
cystathionine-ɣ-lyase, cystathionine-β-synthetase, and by 
3-mercaptopyruvate sulfur transferase from the amino acid 
cysteine (Chung 2014). Endogenous H2S gas is essential in 
many cellular processes including dietary restriction benefits 
(Hine et al. 2015; Li et al. 2011). However, the role of H2S in 
inflammation is controversial since it shows both cytoprotec-
tive and toxic properties at the cellular level in both in vivo 
and in vitro models. It has been shown to act as an anti-
inflammatory agent in acute lung injury as well as preventive 
and therapeutic agents in the treatment of airway diseases 
(Esechie et al. 2008; Zhang et al. 2015). Previous results 
have shown that sodium hydrogen sulfide (NaHS), a donor of 
H2S, inhibits airway hyperresponsiveness in ozone-induced 
airway inflammation, emphysema (Chen et al. 2011; Zhang 
et al. 2013), and reduces airway inflammation and prevents 
emphysema in a cigarette smoke-induced COPD model (Han 
et al. 2011). These effects are true when H2S is given at 
low doses. However, chronic occupational exposure to low 

doses of H2S has been associated with several respiratory 
symptoms such as wheezing, shortness of breath, persis-
tent cough, pneumonia, bronchitis, and other lung diseases 
(Legator et al. 2001; Lewis and Copley 2015). Therefore, 
mechanistic aspects of H2S exposure induced impacts on 
host innate responses warrant detailed investigation.

Endogenous H2S levels are usually decreased during an 
inflammatory process (Chen et al. 2009). Therefore, exoge-
nous supplementation of H2S at physiological concentration 
will likely work as a cytoprotective and anti-inflammatory 
agent. H2S administered exogenously reduces nitric oxide 
(NO) production by inhibiting the expression of induced 
NO synthase (iNOS) and diminishes NF-κB via haem-
oxygenase-1 expression in RAW264.7 macrophages (Hu 
et al. 2007; Oh et al. 2006). Further, exogenously adminis-
tered H2S increased the anti-inflammatory cytokine (IL-10) 
and decreased the pro-inflammatory cytokines (IL-1β) in a 
burn and smoke-induced acute lung injury murine model 
(Esechie et al. 2008). Exogenous H2S reduces the production 
of reactive oxygen species (ROS) via p13k/AKT signaling in 
a ventilator-induced lung injury model (Spassov et al. 2017). 
While other studies have shown the pro-inflammatory attrib-
utes of H2S such as increasing pro-inflammatory cytokines 
via ERK/NF-κB pathways in U937 cell lines (IL-1β, IL-6, 
TNF-α) (Zhi et  al.  2007), or substance P (SP)-neurok-
inin-1 receptor pathway in acute pancreatitis (Tamizhselvi 
et al. 2008). H2S exposure stimulates transient receptor 
potential (TRP) channels to release substance P (SP) and 
neurokinin A at sensory nerve terminals causing airway 
inflammation (Trevisani et al. 2005). Therefore, whether 
occupational exposure to 5–10 ppm of H2S would induce 
pro-inflammatory effects and if there will be any synergistic 
effect when the host is concurrently exposed to other con-
taminants such as OD remains elusive.

Based on several lines of evidence indicating the respira-
tory irritant nature of H2S gas, we hypothesize that prior 
exposure to H2S would modulate host innate inflammatory 
response to OD. Using human cells (in vitro) and mouse (in 
vivo) models of H2S and OD exposure, we show that prior 
exposure modulates host inflammatory response through 
changes in cell viability, production of reactive species, and 
inflammatory mediators.

Materials and methods

Cells, biological, and chemical reagents

Human monocytic cell line (THP-1) and immortalized human 
bronchial epithelial cells (BEAS-2B) were procured from 
ATCC (Manassas, VA). Lipopolysaccharide (LPS, Escheri-
chia coli O127:B8) and sodium hydrosulfide hydrate (NaHS) 
were procured from Sigma. The breathing air tank was 
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procured from Chemistry Store (Iowa State University), while 
5 and 10 ppm H2S gas tanks were procured from a commer-
cial vendor (Airgas, Radnor, PA). Fetal bovine serum (FBS) 
was purchased from Atlanta Biologicals, Flowery Branch, GA 
(cat# S11150H and lot # A17002).

Preparation of ODE

All experiments were performed as per the approved protocols 
from the Iowa State University’s Institution Biosafety Com-
mittee (IBC# 19-004). Settled dust samples from typical swine 
production units (representing organic dust) were collected 
into Ziploc bags and transported on ice and stored at − 80 °C 
until processed. A sterile organic dust extract was prepared 
as per a published manuscript (Romberger et al. 2002). Dust 
samples were weighed, and for every gram of dust, 10 mL 
of Hanks’ balanced salt solution without calcium (Gibco) 
was added, stirred, and allowed to stand at room temperature 
for an hour. The mixture was centrifuged (1365×g, 4 °C) for 
20 min, supernatant recovered, and the pellet was discarded. 
The supernatant was centrifuged again with the same con-
ditions, and the pellet discarded and recovered supernatant 
were filtered using 0.22 µm filter and stored at −80 °C until 
used. The filter-sterilized organic dust extract (ODE) samples 
were considered 100%. We used 1 or 5% ODE in our in vitro 
(THP-1 and BEAS-2B cells) and 12.5% (v/v) in our in vivo 
experiments, respectively. We routinely estimate lipopolysac-
charide (LPS) levels in our ODE samples (Bhat et al. 2019).

Mouse model of H2S gas and ODE exposures

All animal experiments were performed as per the approved 
protocols (#10-17-8635-M) from the Iowa State University’s 
Institutional Animal Care and Use Committee (IACUC). 
About 6–8-week-old male (C57BL/6) mice were procured 
(Jackson Laboratories, Ann Arbor, MI) and allowed to accli-
matize for up to 72 h. Mice were kept on a 12:12-h light/dark 
cycle with free access to food and water ad libitum.

A total of 60 mice were randomly divided into 6 groups 
(n = 10/group) as outlined in Table 1. Briefly, mice were sub-
jected to whole-body exposure to breathing air (0 ppm H2S) or 
breathing air with 5 or 10 ppm H2S gas from gas cylinders for 
60 min (treatment-1) by placing them in a transparent exposure 
chamber. The animal model of H2S exposure including the 
chamber, delivery of gases under pressure from tanks (H2S and 
breathing air), and safety measures used in our experiments 

have previously been described (Anantharam et al. 2017b). 
Following H2S exposure, treatment-2 was administered. 
Briefly, under isoflurane (2–3%) anesthesia, either saline or 
ODE (12.5%) were instilled intranasally (50 µL/mice) and 
mice were allowed to recover. Intra-nasal administration 
of ODE (12.5% v/v, 50 µL/mice) is known to induce lung 
inflammation, and this model has been well characterized to 
study innate inflammatory response to single or multiple day 
exposures to ODE (Poole et al. 2009). Following treatment-2, 
mice were returned to their cages. About 24 h later, mice were 
humanely euthanized by administering CO2 from a pressure 
cylinder as per the American Veterinary Medical Association 
(AVMA) Guidelines for Euthanasia of Animals.

BALF, tissue fixation, and staining

Following euthanasia, the trachea was exposed, and a 
small incision was made to cannulate a 20-gauge needle. 
Bronchoalveolar lavage fluid (BALF) was collected from 
the left lung lobe after ligating the right lung lobes. Each 
time 0.3–0.4 mL of ice-cold Hank’s balanced salt solution 
(HBSS) with 100 µM EDTA was instilled and collected 
for a total of three times. Total leukocytes in BALF were 
enumerated by counting the cells using a hemocytometer. 
About 20,000 leukocytes were spun, and a cytospin slide 
was prepared (800 rpm × 3 min) and stained with Shandon 
Kwik Diff Staining (Thermo Fisher Scientific) to enumerate 
the total and differential counts of the inflammatory cells 
recruited into the airways.

The right side non-lavaged lung lobes were snap-frozen 
by immersing in liquid nitrogen and stored at − 80 °C for 
western blotting and PCR. The left lung was fixed with 4% 
paraformaldehyde for 24 h, processed, and embedded, and 
5-µm-thick tissue sections were cut using a microtome. The 
lung sections were processed for H&E staining (supplemen-
tal data) and immunofluorescence.

Quantification of histopathological changes 
in the lungs

Hematoxylin and eosin stained tissue sections were exam-
ined (n = 10 mice/group) by an investigator blinded to the 
treatment groups. An experienced researcher semi-quantified 
the specific morphological changes in the bronchioles, blood 
vessels, and alveolar septa using predetermined scoring cri-
teria (outlined in Supplemental Table 1) and photographed 
the scored regions (Nikon Eclipse TE2000-U; SPOT 
Advanced imaging software, Michigan, USA).

Immunofluorescence

The lung sections were processed for staining with mouse 
monoclonal Claudin 1 antibody (1:1000, sc-81796, Santa Cruz 

Table 1   Mice exposure to H2S gas and ODE

Treatments Groups (C57BL/6 mice)

Treatment-1 (H2S ppm) 0 5 10
Treatment-2 Saline ODE Saline ODE Saline ODE
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Biotechnology, Dallas, TX). Lung sections were stained with 
claudin1 antibody for 12 h at 4° C followed by incubation with 
a biotinylated donkey anti-mouse biotin-conjugated second-
ary antibody (Jackson Immunoresearch, 1:300 for an hour at 
room temperature), and cy3 conjugated streptavidin (Jackson 
Immunoresearch, 1:400) for 30 min at room temperature. We 
quantified the staining intensity of the claudin 1 using a previ-
ously published method (Massey et al. 2019). Five randomly 
chosen fields per slide were processed, and a total number 
of pixels in the airways (bronchi and bronchioles) or alveolar 
septa were counted using ImageJ (NIH). Next, the total stain-
ing intensity from selected pixels (cy3) was measured using 
computer software (HC Image, Hamamatsu Corp, Sewickley, 
Pennsylvania). Total intensity (cy3) was divided by the number 
of pixels to obtain mean intensity (cy3) per pixel. The mean 
intensity (cy3) per pixel was analyzed and graphed.

In vitro models of H2S gas and ODE exposures

Human monocytic cell line (THP-1) was grown in RPMI 
media with 10% heat-inactivated fetal bovine serum (FBS), 
growth supplements, 100 U/mL of penicillin/streptomycin 
(Gibco), and 2 µg/mL of amphotericin B (Sigma) in a humidi-
fied chamber with 5% CO2 at 37 °C. The human bronchial 
epithelial cell line (BEAS-2B) was seeded onto type I bovine 
collagen (StemCell Technologies, Vancouver, BC, Canada) 
coated T-75 flasks. Cells were grown submerged in serum-free 
LHC-9 medium (Gibco) containing 100 U/mL of penicillin/
streptomycin (Gibco) and 2 µg/mL of amphotericin B (Sigma) 
in a humidified chamber with 5% CO2 at 37 °C until approxi-
mately around 80% confluence was achieved. About 2–3 × 106 
cells (THP-1 and BEAS-2B) were treated as outlined in the 
Table 2. Treatment-1 (H2S) was for a duration of 3 h fol-
lowed by treatment-2 (ODE) for a duration of 24 h. Briefly, 
in treatment-1, cells were exposed to sodium hydrosulfide 
(NaHS, Sigma), a known H2S donor (Jiang et al. 2016; Zhao 
et al. 2014). According to the prior experiments, we measured 
NaHS amounts required to release 5, 10, and 50 ppm of H2S 
gas (Hu et al. 2007). We chose these H2S concentrations based 
on the fact that the National Institutes of Occupational Safety 
and Health (NIOSH) permissible exposure limits (PEL) for 
H2S are 10 ppm with 10 min ceiling and the current Occupa-
tional Safety and Health Act (OSHA) permissible exposure 
limits (PEL) for H2S are 20 ppm ceiling and 50 ppm with 
10-min maximum peak (The National Institutes for Occupa-
tional Safety and Health (NIOSH) 2018). Three hours after 

treatment-1, cells were washed with culture medium and 
flask was flushed with medium to remove the remaining H2S 
gas traces before treatment with either media alone or with 
ODE 1% for THP-1 cells and 5% ODE for BEAS-2B cells for 
another 24 h (treatment-2). The 3-h exposure period was based 
on the fact that NaHS is suitable for shorter exposures (Jiang 
et al. 2016) due to the rapid release of H2S (Zhao et al. 2014). 
Subsequently, the cell pellets were collected to extract total 
protein or RNA. Cell culture supernatants were collected and 
immediately processed for quantification of secreted reactive 
nitrogen species (RNS) or stored at − 80 °C until used.

Quantification of cell viability

We performed MTT assay to quantify the viability of the 
cells after treatments. About 2 × 106 THP-1 cells were 
seeded/well in a 6-well plate. While BEAS-2B cells 
(5 × 104/well) were seeded in a 96-well cell culture plate 
and incubated in a 5% CO2 incubator until the cells reached 
70–80% confluence. Cell treatments were performed as 
outlined in Table 1. Next, MTT dye ((3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide) (Invitrogen) 
was loaded (5 ng/mL) into each well-containing cells and 
incubated at 37 °C for another 3–5 h. At the end of the incu-
bation period, the supernatant was discarded and 100 µL 
DMSO (Sigma) was added for BEAS-2B cells. For THP1 
cells, stained cells were collected and spun down, the pellet 
was dissolved in the required amount of DMSO, and dye 
absorbance (450 nm) was read in 96-well plates using Spec-
traMax M2 Gemini Microplate Reader (Molecular Devices, 
San Jose, CA).

Quantification of secreted RNS

Griess assay was performed as described (Gordon 
et al. 2011). Briefly, secreted RNS levels were indirectly 
quantified by measuring cell culture medium nitrite levels 
using Griess reagent (Sigma) and sodium nitrite standard 
curve, prepared using a stock solution of 200 µM. The assay 
was performed in a 96-well plate by adding 100-µL cell cul-
ture supernatants in duplicate wells (n = 5–6/group) along 
with Griess reagent (100 µL/well), and then absorbance was 
measured at 550 nm using SpectraMax M2 Gemini Micro-
plate Reader (Molecular Devices, San Jose, CA).

Table 2   Cells and treatment 
groups

Treatments Groups (BEAS-2B/THP-1)

Treatment-1 (NaHS addition to 
release H2S, ppm)

0 5 10 50

Treatment-2 Media ODE Media ODE Media ODE Media ODE
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Intracellular ROS

Intracellular reactive oxygen species (ROS) production was 
measured using chloromethyl derivative of dichlorodihy-
drofluorescein diacetate (CM-H2DCFDA) (ThermoFisher 
Scientific, USA). A working solution of 10 µM of DCFDA in 
1× HBSS was prepared. BEAS-2B cells (5 × 104/well) were 
seeded in a 96-well cell culture plate and incubated in a 5% 
CO2 incubator to reach confluence. The cells were incubated 
with H2DCFDA working solution at 37 °C for 60 min, then 
washed with PBS, and followed by treatments 1 and 2 (as 
outlined in Table 1). About 2 × 106 THP-1 cells were seeded 
in each well in 6-well plates and stained with 10 µM of CM-
H2DCFDA dye for an hour at 37 ◦C5% CO2 incubator . 
Cells were centrifuged to remove the dye and were washed 
with 1× PBS followed by treatments-1 and -2 (Table 1). 
Cells suspended in 1X PBS were loaded onto 96-well plate 
(n = 6), and the fluorescence intensity of the oxidized form 
of H2DCFDA was measured at excitation/emission wave-
lengths of 488/535 nm, respectively (SpectraMax M2 Gem-
ini Microplate Reader, Molecular Devices, San Jose, CA). 
The results were expressed as percentage fluorescence rela-
tive to control.

Western blotting

The cell pellets and lung tissue homogenates were lysed in 
RIPA buffer with a 1× protease inhibitor cocktail (Thermo 
Fisher Scientific, USA), and the resulting homogenates 
were centrifuged at 14,000 rpm for 20 min at 4 °C for 
whole-cell or tissue lysate preparation, respectively. Pro-
tein concentration was determined using a Bradford pro-
tein assay kit (Bio-Rad, USA). Equal amounts of protein 
were separated using different gel percentages: 7.5%, 
10%, and 12% SDS-PAGE gels and electro transferred 
onto nitrocellulose membranes overnight using a constant 
voltage (23 V). Next, the membranes were incubated with 
the fluorescent blocking buffer (Rockland Immunochemi-
cals, PA, USA) in PBS with 0.05% Tween-20 for an hour 
at room temperature to reduce non-specific binding fol-
lowed by incubation with primary antibodies for staining 
overnight at 4 °C. Primary antibodies included rabbit anti-
HMGB1 (1:1000, ab79823), rabbit anti-NF-κB, p-65 subu-
nit (1:1000, ab16502, Mouse monoclonal VHL (1:1000, 
sc-17780), rabbit monoclonal anti-iNOS (1:1000, ab3523, 
mouse monoclonal Claudin 1 (1:1000, sc-81796), rabbit 
anti-B-actin (1:10,000, ab8227), or rabbit anti-Lamin B1 
(1:1000, ab16048, Abcam, Cambridge, MA). The blots 
were washed in 1× PBS with 0.1% tween 20 (PBST) for 
15–20 min twice and stained with secondary antibodies 
consisting of Alexa Fluor 680 Donkey anti-Rabbit IgG 
(1:10,000, Jackson) or anti-mouse 680 Alexa Fluor anti-
bodies (1:10,000, ThermoFisher Scientific). Membranes 

were scanned using the Odyssey® CLx IR imaging system 
(LI-COR Biotechnology, Lincoln, NE). Following normal-
ization using relevant housekeeping protein, densitometry 
analysis was performed using the ImageJ program (NIH).

qRT‑PCR

The cell pellets and lung tissue homogenates were digested 
in TRIZOL (Sigma) for RNA extraction. The RNA concen-
tration was measured using SpectraMax M2 Gemini Micro-
plate Reader (Molecular Devices, San Jose, CA). Total RNA 
(0.5–2 µg) was used for the cDNA synthesis using the Super-
script III first-strand synthesis kit (ThermoFisher Scientific, 
USA) as per the manufacturer’s protocol. For the qRT-PCR, 
1 µL of cDNA per 10 µL of reaction volume including 1 µL 
of primers each, 5 µL of SYBR green and DPEC-treated 
water was used. Reactions were performed using forward 
and reverse primers. Sequences of all the primers (forward 
and reverse) listed in Supplemental Tables 2 and 3 were 
synthesized at Iowa State University’s DNA Facility. The 
housekeeping gene 18 S rRNA (ThermoFisher Scientific, 
USA) was used in all qPCR reactions. After 5 min of ini-
tial denaturation at 95 °C, reactions were carried out for 
40 cycles, followed by a final elongation step at 72 °C for 
10 min. All the reactions were run in a Bio-Rad CFX Con-
nect™ detection system with CFX manager software. The 
mean threshold cycle (Ct) values were calculated and ana-
lyzed using the 2−ΔΔCt method (Rao et al. 2013).

Cytokine assay

Cytokines were quantified using commercially available 
kits from Thermo Fisher Scientific as per the manufac-
turer’s instructions. The lower limit of detection for all the 
cytokines was 2 pg/mL. Briefly, 96-well high binding plates 
(Nunc MaxiSorp, ThermoFisher Scientific) were coated 
with a capture antibody (100 µL/well) and incubated at 
4 °C overnight. Wells were blocked with a blocking buffer 
(200 µL/well) for an hour at room temperature followed by 
washing with 1× PBST (three times) and then, incubated 
with 100 µL/well of recombinant standards or samples in 
duplicate wells (cell culture supernatants) for 2 h at room 
temperature. Next, plates were washed thrice with PBST 
and incubated with a detection antibody (100 µL/well) for an 
hour at room temperature. Finally, incubation was done with 
3,3′,5,5′-tetramethylbenzidine (TMB) solution (100 µL/well) 
for 15 min (in dark) after removal of detection antibody 
and washing 5–7 times and the color development reaction 
was stopped by adding 50 µL/well of a stop solution (2 N 
H2SO4). The absorbance was read at 450 nm using Spec-
traMax M2 Gemini Molecular Device Microplate Reader.
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Statistics

All data were expressed as mean ± SEM and analyzed by 
one-way and two-way ANOVA followed by Tukey’s post 
hoc comparison tests (GraphPad Prism, La Jolla, CA). A 
p ≤ 0.05 was considered statistically significant.

Results

LPS was used as a positive control pathogen-associated 
molecular pattern and a TLR4 agonist. Data from the LPS 
group is not included in this manuscript.

Airway inflammatory cell infiltration with H2S 
and ODE exposure

Animals exposed to 10 ppm H2S followed by ODE showed 
significantly higher total leukocyte counts in BALF com-
pared with control and ODE (Fig.  1a). This increased 

leukocyte count was characterized by an increased infiltra-
tion of the macrophages and lymphocytes (Fig. 1c, d). How-
ever, neutrophils in the BALF were not significantly different 
among any of the groups (Fig. 1b).

H2S and ODE exposure–induced histopathological 
changes in the lungs

Histopathological changes due to exposure to either H2S or 
ODE or co-exposure to H2S and ODE were not significantly 
different among any of the groups (supplemental Fig. S1, 
a-c).

H2S and ODE exposure–induced expression of TLR2 
and TLR4 mRNA transcripts

Quantification of tlr2 and tlr4 gene transcripts revealed that 
10 ppm H2S exposure significantly increased the fold change 
in the tlr2 and tlr4 transcripts when compared with 0 ppm 
control and 5 ppm H2S (Fig. 2a, b).

Fig. 1   H2S and ODE exposure induced recruitment of inflammatory 
cells into the BALF (broncho-alveolar lavage fluid). The cytospin 
preparations from BALF were enumerated for total leukocytes (a), 
neutrophils (b), macrophages (c), and lymphocytes (d). 10 ppm H2S 
followed by ODE increased the infiltration of leukocytes (a), mac-

rophages (c), and lymphocytes (d) into BALF. Data (mean ± SEM, 
n = 8–10 mice/group) analyzed with two-way ANOVA followed by 
Tukey’s post hoc analysis is presented, and p ≤ 0.05 was considered 
significant (* compared with 0 ppm control, ɸ compared with 0 ppm 
ODE)
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H2S and ODE exposure and expression of NF‑кBp65

NF-кBp65 expression was quantified using western blotting 
and qRT PCR, and there was no difference in the protein and 
mRNA levels of nfкbp65 in any of the groups (Fig. 3a–c).

H2S and ODE exposure–induced oxidative stress 
in mice

Oxidative stress was measured by quantifying oxidative 
stress (NOS2, VHL, HIF1-α, NCF1, NCF2, and NCF4) 
and anti-oxidant (NRF2) markers using western blotting 
and qRT-PCR. Compared with saline-treated control mice, 
none of the treatment groups showed any significant changes 
in NOS2 protein expression and inos mRNA fold change 
(Fig. 4 (a–a′, c)). Similarly, VHL protein and vhl1 gene 
expression did not differ significantly among any of the treat-
ment groups (Fig. 4 (b–b′, d)). However, 10 ppm H2S expo-
sure induced significantly higher expression of transcripts 
for ncf1, ncf4, hif1α, and nrf2 compared with 0 ppm control 

and 5 ppm H2S (Fig. 4 (e, g, h, and i), respectively). How-
ever, 10 ppm H2S followed by ODE exposure significantly 
decreased ncf1, ncf4, and nrf2 as compared with 10 ppm H2S 
alone (Fig. 4 (e, g, and i), respectively). Transcripts of ncf2 
did not change significantly in any of the groups (Fig. 4 (f)).

H2S and ODE exposure–induced expression 
of HMGB1

HMGB1 protein and mRNA fold changes were measured, 
and compared with control mice, no significant differences 
in the expression of HMGB1 protein were seen among any 
of the groups (Fig. 5a, b).

H2S and ODE exposure–induced expression 
of cytokine transcripts

Pro and anti-inflammatory cytokines were measured by 
quantifying fold changes in mRNA transcript using qRT-
PCR. Compared with 5 ppm H2S exposed mice, 10 ppm 

Fig. 2   H2S-induced expression of TLR gene transcripts Rt-qPCR in 
the lung homogenates of the mice showed increased expression of 
tlr2 (a) and tlr4 (b) in 10 ppm H2S treatment group as compared with 
0 ppm control and 5 ppm H2S. Data (mean ± SEM, 6–10 mice /group) 

analyzed with two-way ANOVA followed by Tukey’s post hoc analy-
sis is presented, and p ≤ 0.05 was considered significant (* compared 
with 0 ppm control, # compared with 5 ppm control)

Fig. 3   H2S induced expression NF-кBp-65 Western blotting of lung 
homogenates followed by densitometry analysis revealed no sig-
nificant changes in NF-кBp-65 expression among different treatment 
groups (a, b). Also, RT-qPCR of lung homogenates showed no sig-

nificant differences in nf-кbp-65 mRNA expression among different 
treatment groups (c). Data (mean ± SEM, n = 6–10 mice/group) ana-
lyzed with two-way ANOVA followed by Tukey’s post hoc analysis is 
presented, and p ≤ 0.05 was considered significant
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H2S exposure significantly increased the tnfα and il-1β 
transcripts (Fig. 6a, c). Compared with 0 ppm control 
and 5 ppm H2S, 10 ppm H2S exposure increased the fold 
change in the expression of il-6, cxcl2, il-10, and tgfβ 
(Fig. 6 b, d, e, and f, respectively). Whereas, 10 ppm H2S 
followed by ODE exposure significantly decreased the fold 
change in the expression of il-6, cxcl2, il-10, and tgfβ as 
compared with 10 ppm H2S exposure (Fig. 6 b, d, e, and 
f, respectively). However, 10 ppm H2S followed by ODE 

exposure significantly increased the fold change in the 
expression of tgfβ as compared with ODE alone (Fig. 6f).

Impact of H2S and ODE exposure on the tight 
junction proteins/mRNAs of airway epithelium

Claudin 1 immunofluorescence staining revealed expres-
sion in bronchioles (Fig. 7a) and alveolar septa (data not 
shown) within the lung sections. The quantification of the 

Fig. 4   H2S and OD exposure induced oxidative stress in the mouse 
lung tissue Western blotting analysis and RT-qPCR of the mice lungs 
showed no significant difference in expression of NOS2 (a-a’) and 
inos (c) and vhl (b-b’, d) among the different treatment groups. How-
ever, fold change in inos gene was higher in 10 ppm H2S and 10 ppm 
H2S followed by ODE exposure as compared with control (d). About 
10  ppm H2S induced significantly higher fold change expression of 

ncf1 (e), ncf4 (g), hif1a (h), and nrf2 (i) as compared with 0 ppm con-
trol and 5 ppm H2S. 10 ppm H2S with ODE significantly decreased 
ncf1 (e), ncf4 (g), and nrf2 (i) when compared with 10  ppm H2S. 
Data (mean ± SEM, n  =  6–10 mice/group) analyzed with two-way 
ANOVA followed by Tukey’s post hoc analysis is presented, and 
p ≤ 0.05 was considered significant (* compared with 0 ppm control, 
# compared with 5 ppm control, $ compared with 10 ppm control)

136 Cell and Tissue Research (2021) 384:129–148



1 3

staining intensity revealed that 10 ppm H2S alone (a‴) 
when compared with 0 (a′) and 5 ppm (a″) controls (H2S), 
and ODE (a″″) alone when compared with 0 ppm control 
significantly decreased the expression of claudin 1 pro-
tein in the bronchi and bronchioles (Fig. 7b). The stain-
ing intensity of claudin 1 protein in the alveolar septa did 
not differ between any of the groups (data not shown). 
Next, we used western blotting analysis and qRT-PCR to 
quantify the protein and mRNAs of claudin 1 and found 
no difference among any of the treatment groups (Fig. 7 
(c-c′, d)). However, 10 ppm H2S exposure did increase 
claudin3 mRNA fold changes compared with 5  ppm 
H2S alone (Fig. 7 (e)). Whereas, 10 ppm H2S followed 
by ODE exposure significantly decreased the fold change 
in the expression of claudin3 as compared with 10 ppm 
H2S exposure (Fig. 7 (e)). Claudin18 mRNA fold change 
was significantly higher for 5 ppm H2S with ODE as com-
pared with 5 ppm H2S alone (Fig. 7 (g)). Interestingly, for 
claudin5 mRNA, no significant differences were observed 
among any of the different treatment groups (Fig. 7 (f)).

Cell viability following exposure to H2S alone or H2S 
and ODE exposure

Cellular metabolic activity and viability were assessed 
using the MTT assay. Exposure to H2S alone or H2S and 
ODE exposure significantly decreased the cell viability 
in THP-1 cells. Compared with 0 ppm control, 5, 10, and 
50 ppm H2S exposure alone or H2S followed by ODE or 
ODE alone significantly decreased the viability of THP-1 
cells (Fig. 8a). Within the ODE + H2S exposed groups, 
compared with 0  ppm H2S exposed cells, 5, 10, and 
50 ppm H2S exposure significantly decreased the viabil-
ity of THP-1 cells (Fig. 8a). Neither H2S alone nor H2S 
and ODE exposure altered the cell viability significantly 
in BEAS-2B cells (Fig. 8b).

Quantification of oxidative stress using in vitro 
models of H2S alone or co‑exposure to H2S and ODE

Oxidative stress was measured using Griess and DCFDA 
assay by way of quantifying secreted nitrite (represent-
ing RNS) and intracellular ROS, respectively. Compared 
with 0 ppm control, 10 and 50 ppm H2S exposure alone or 
ODE alone or ODE with 5 ppm, 10 ppm, and 50 ppm H2S 
exposure significantly increased the secreted nitrite levels 
in THP-1 cells (Fig. 9a). However, ODE with 50 ppm H2S 
significantly increased the nitrite levels compared with 5, 10, 
and 50 ppm H2S exposure and ODE alone (Fig. 9a). Simi-
larly, 50 ppm H2S followed by ODE significantly increased 
the nitrite levels as compared with 50 ppm H2S and ODE 
alone (Fig. 9a). However, the nitrite levels were significantly 
decreased with 10 ppm H2S exposure alone in BEAS-2B 
cells (Fig. 9b). Next, in BEAS-2B cells, significantly higher 
secreted nitrite levels were seen in ODE groups as compared 
with respective H2S treatments in control group and 0 ppm 
control (Fig. 9b). Within ODE groups, 5 and 10 ppm H2S 
exposure significantly decreased the secreted nitrite levels 
compared with 0 ppm. Next, inos mRNA was measured as 
a source of secreted nitrite. The fold change in inos mRNA 
in H2S alone groups did not change significantly in both the 
cell lines (Fig. 9c, d). However, in THP-1 cells, ODE alone 
when compared with 0 ppm control and ODE with 50 ppm 
H2S when compared with 0 ppm control and 50 ppm H2S 
significantly induced inos mRNA (Fig. 9c). Whereas in the 
ODE group, H2S (5, 10 ppm) and ODE co-exposure sig-
nificantly decreased inos mRNA transcription as compared 
0 ppm ODE (Fig. 9c).

Compared with treatments in control group, ODE alone 
or H2S with ODE-treated THP-1 cells produced significantly 
higher amounts of intracellular ROS cells (Fig. 9e). Inter-
estingly, exposure to H2S in both control and ODE + H2S 
group significantly decreased the intracellular ROS levels 
when compared with 0 ppm and ODE, respectively (Fig. 9e). 

Fig. 5   H2S and ODE exposure induced expression of HMGB1. Cell 
homogenates processed for western blotting (a, b) and qRT-PCR (c) 
to quantify HMGB1 protein and mRNA fold changes. Densitometry 
values showed no significant difference of HMGB1 protein expres-

sion among the groups (b). Data (mean ± SEM, n  =  6–10 mice/
group) analyzed with two-way ANOVA followed by Tukey’s post hoc 
test is presented, and p ≤ 0.05 was considered significant
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However, H2S exposure followed by ODE significantly 
increased the ROS level as compared with respective treat-
ments in the control group (Fig. 9e). In BEAS-2B cells, ODE 
alone significantly increased the intracellular ROS levels 
when compared with 0 ppm controls, whereas 10 ppm H2S 
and ODE co-exposure significantly decreased the intracel-
lular ROS levels when compared with ODE alone (Fig. 9f).

Next, nrf2 mRNA was quantified as readout of the anti-
oxidant signaling. Compared with the control group in 
THP-1 cells, ODE alone or ODE with 5, 10, and 50 ppm 
H2S co-exposure significantly increased the fold change 

in the expression of nrf2 transcript as compared with 
0  ppm and respective treatments in the control group 
(Fig. 9g). Similarly, in BEAS-2B cells, ODE alone when 
compared with 0 ppm control or ODE with 50 ppm H2S 
compared with 0 ppm control and 50 ppm H2S, signifi-
cantly increased fold change expression of nrf2 transcript 
(Fig. 9h). However, 5 and 10 ppm H2S and ODE co-expo-
sure in BEAS-2B cells significantly decreased the fold 
change in the nrf2 transcript when compared with 0 ppm 
ODE, but the fold change was higher compared with con-
trol group (Fig. 9h).

Fig. 6   H2S and ODE exposure induced expression of cytokine 
mRNA transcripts Rt-qPCR of the lung homogenates from 10  ppm 
H2S exposed mice showed higher fold change in both inflamma-
tory (a–d) and anti-inflammatory (e, f) cytokines mRNA transcripts 
as compared with 0 ppm control, 5 ppm H2S, and 10 ppm H2S with 

ODE. Data (mean ± SEM, n = 6–10 mice/group) analyzed with one-
way ANOVA followed by Tukey’s post hoc test is represented, and 
p ≤ 0.05 was considered significant (* compared with 0 ppm control, 
# compared with 5 ppm control, $ compared with 10 ppm control, ɸ 
compared with 0 ppm ODE)
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Fig. 7   Impact of H2S and ODE exposure on tight junction protein and 
mRNA expression Immunofluorescence staining on five-micron thick 
lung tissue sections showed that the expression of claudin1 in bron-
chioles decreased significantly in 10 ppm H2S (a‴) and ODE (a″″) 
exposed mice (n = 6–10) as compared with control (a′) and 5 ppm 
H2S(a″) (a, b). Western blotting and Rt-qPCR showed no change in 
expression of claudin 1 among different treatment groups (c–c′, d). 
10  ppm H2S significantly increased the fold change in claudin3 as 

compared with 5  ppm H2S (e). claudin5 mRNA showed no signifi-
cant differences among the treatment groups (f). claudin18 mRNA 
expression was significantly increased in 5  ppm H2S followed by 
ODE as compared with 5 ppm H2S (g). (Micrometer bar = 100 µm). 
Data (mean ± SEM, n  =  6–10 mice/group) analyzed with two-way 
ANOVA followed by Tukey’s post hoc analysis is presented, and 
p ≤ 0.05 was considered significant (* compared with 0 ppm control, 
# compared with 5 ppm control, $ compared with 10 ppm control)
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H2S and ODE exposure and expression of tlr2 
and tlr4 genes

Fold changes in the expression of tlr2 and tlr4 genes were 
quantified to examine the impact of pre-exposure to H2S on 
host response to ODE-induced inflammation signaling. H2S 
exposure alone did not significantly alter the expression of 
tlr2 transcripts in both THP-1 and BEAS-2B cells (Fig. 10 
a and b, respectively). Compared with 0 ppm control, H2S 
(0, 5, 10, and 50 ppm) and ODE co-exposure significantly 
increased the fold change in the tlr2 transcript. Compared 
with 5, ppm controls, 5 ppm H2S and ODE co-exposure 
significantly increased the fold change in the tlr2 tran-
script (Fig. 10a). Interestingly, compared with ODE alone, 
10 and 50 ppm H2S and ODE co-exposure significantly 
decreased the fold change in the tlr2 transcript in THP-1 
cells (Fig. 10a). In BEAS-2B cells, compared with 0 ppm 
control, ODE with 10 ppm H2S significantly increased the 
fold change in the tlr2 transcript (Fig. 10b). Compared with 
0 ppm control, H2S (0, 5, and 10 ppm) and ODE co-exposure 
significantly increased the fold change in the tlr4 transcript 
(Fig. 10c). Compared with 5 ppm H2S, 5 ppm H2S and ODE 
co-exposure significantly increased the fold change in the 
tlr4 transcript (Fig. 10c). In BEAS-2B cells, 10 ppm H2S 
with ODE significantly increased the expression of the tlr4 
gene compared with 0 ppm control, 10 ppm H2S and ODE 
alone, (Fig. 10d).

H2S‑induced expression of NF‑κBp65

mRNA expression of NF-κBp65 was quantified to assess if 
H2S exposure alone or H2S and ODE co-exposure predomi-
nantly use this pathway for inflammatory cytokine signaling 
(Fig. 11a–d). When BEAS-2B cells were exposed to either 
H2S or ODE alone for 10 and 15 min, the nuclear levels 
of NF-κBp65 significantly increased when compared with 
respective cytoplasmic levels (Fig. 11 a and b). Exposure 

of BEAS-2B cells with 50 ppm H2S alone significantly 
increased the nfkbp65 mRNA fold change compared with 
0 and 5 ppm H2S controls (Fig. 11c). However, in THP-1 
cells, compared with 0 ppm H2S control, 10 and 50 ppm 
H2S exposure and different treatments in the ODE group 
significantly increased the fold change in the expression of 
nfkbp65 transcript (Fig. 11d). Within the ODE exposure 
groups, 5 ppm H2S co-exposure increased the fold change 
in the expression of nfkbp65 transcript in comparison to 
5 ppm H2S alone in THP-1 cells. Within the ODE groups, 
co-exposure to H2S (5, 10 or 50 ppm) decreased the fold 
change in the transcript of nfkbp65 (Fig. 11d).

Pro‑inflammatory and anti‑inflammatory cytokines 
with H2S and ODE exposure

H2S exposure induced the secretion of pro and anti-inflam-
matory cytokines in THP-1 and BEAS-2B cell lines. Com-
pared with 0 ppm H2S control, H2S alone or H2S followed 
by ODE exposure significantly increased IL-1β, IL-6, IL-8, 
and IL-10 levels in both the cell lines (Fig. 12a–h).

Compared with 0 ppm control, H2S alone or H2S with 
ODE co-exposure produced significantly higher amounts 
of IL-1β (Fig. 12a). Compared with H2S exposure alone 
or ODE alone, H2S with ODE further accentuated IL-1β 
secretion, in THP-1 cells (Fig. 12a). In BEAS-2B cells, 
compared with 0 ppm control and 5 ppm H2S, 50 ppm H2S 
alone significantly increased the IL-1β production. Simi-
larly, compared with different H2S treatments in the control 
group, respective H2S treatments in the ODE group signifi-
cantly increased the production of IL-1β. Within the ODE 
groups, compared with ODE alone, 50 ppm H2S and ODE 
co-exposure significantly increased the IL-1β production in 
BEAS-2B cells (Fig. 12e).

Compared with 0 ppm controls, 5 ppm H2S alone as 
well as H2S (0, 5, 10, and 50 ppm) and ODE co-exposure 
significantly increased the IL-6 production in THP-1 cells. 

Fig. 8   H2S and ODE exposure and cell viability MTT assay was 
used to access the cell viability and showed that the cell viability 
was decreased with H2S exposure alone or ODE alone or H2S with 
ODE as compared with control in THP-1 cells (a) but not in BEAS-

2B cells (b). Data (mean ± SEM, n = 6/group) analyzed with two-way 
ANOVA followed by Tukey’s post hoc test is shown, and p  ≤  0.05 
was considered significant (* compared with 0 ppm control, ɸ com-
pared with 0 ppm ODE),
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Fig. 9   Quantification of H2S and ODE exposure induced oxidative 
stress using in  vitro models Pre-exposure to H2S followed by ODE 
and ODE alone significantly increased the oxidative stress as com-
pared with control and H2S exposed groups in THP-1 cells measured 
in terms of RNS (Griess assay), inos (RT-qPCR), ROS (DCFDA 
assay), and nrf2 (RT-qPCR). In BEAS-2B cells, pre-exposure to H2S 
followed by ODE and ODE alone significantly increased RNS secre-
tion as compared with control and H2S exposed groups (b). RT-qPCR 

showed increased fold change in expression of nrf2 mRNA in both 
the cell lines treated with ODE and ODE with H2S as compared with 
control group (g, h). Data (mean ± SEM, n  =  3/group, in ROS and 
RNS, n  =  5–6/group) analyzed with two-way ANOVA followed by 
Tukey’s post hoc is represented, and p ≤ 0.05 was considered signifi-
cant (* compared with 0 ppm control, # compared with 5 ppm con-
trol, $ compared with 10 ppm control, + compared with 50 ppm con-
trol and ɸ compared with 0 ppm ODE)

141Cell and Tissue Research (2021) 384:129–148



1 3

Compared with H2S alone, pre-exposure to H2S followed by 
ODE significantly increased the IL-6 production in THP-1 
cells (Fig. 12b). Interestingly, compared with ODE alone, 
H2S and ODE co-exposure significantly increased the IL-6 
production in THP-1 cells (Fig. 12b). In BEAS-2B cells, 
compared with 0 ppm control, 5 and 50 ppm H2S exposure 
significantly decreased the IL-6 production. Different H2S 
treatments within the ODE group significantly increased the 
IL-6 production when compared with 0 ppm control and 
respective H2S treatments in control group (Fig. 12f).

In THP-1 cells, compared with 0 ppm control, H2S alone, 
as well as H2S and ODE co-exposure significantly increased 
the production of IL-8 (Fig. 12c). In BEAS-2B cells, com-
pared with 0 ppm controls, H2S and ODE co-exposure sig-
nificantly increased the IL-8 levels. Pre-exposure to H2S 
followed by ODE further exaggerated the IL-8 secretion in 
both the cell lines (Fig. 12 c and g).

In both the cell lines, no significant elevation in IL-10 
secretion was seen in H2S treatment alone as compared with 
0 ppm control (Fig. 12d, h). In THP-1 cells, IL-10 secretion 

in the ODE group was significantly elevated when compared 
with 0 ppm control and ODE alone and respective H2S treat-
ments in control group (Fig. 12d). Similarly, different treat-
ments in the ODE group significantly increased the produc-
tion of IL-10 in BEAS-2B cells when compared with 0 ppm 
control and respective H2S treatments in the control group 
except for the 50 ppm H2S (Fig. 12h).

Discussion

The physiological role of endogenously produced H2S is 
beginning to emerge (Zhang et al. 2017), while the toxic 
nature of supra-physiological concentrations of H2S on res-
piratory, nervous, and other body systems is being studied 
(Anantharam et al. 2018, 2017a, 2017b; Kim et al. 2018).

In the current manuscript, we examined the impact of 
pre-exposure to H2S on the innate inflammatory response 
of the lung to OD. Using both in vitro and in vivo models of 

Fig. 10   H2S and ODE exposure induced expression of TLR gene tran-
scripts RT-qPCR of THP-1 cells showed increased fold change of tlr2 
and tlr4 mRNA following exposure to H2S followed by ODE as com-
pared with control (a, c). In BEAS-2B cells, 10 ppm H2S followed by 
ODE significantly increased tlr2 mRNA folds as compared with con-
trol (b). Also, 10  ppm H2S followed by ODE exposure significantly 
increased tlr4 mRNA folds as compared with 0 ppm control, 10 ppm 

H2S, and ODE alone in BEAS-2B cells (d). Data (mean ± SEM, n = 3/
group) analyzed with two-way ANOVA followed by Tukey’s post hoc 
analysis is presented, and p ≤ 0.05 was considered significant (* com-
pared with 0  ppm control, # compared with 5  ppm control, ɸ com-
pared with 0 ppm ODE, $ compared to 10 ppm control)
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H2S followed by ODE exposure, we show that pre-exposure 
to H2S alters the innate inflammatory response of the lungs 
to ODE. There may be concentration dependent effects of 
exposure to H2S and OD.

In general, exposure to H2S alone or H2S followed by 
ODE exposure decreased the cell viability, increased the 
secretion of RNS and ROS suggesting the induction of 
oxidative stress whereas ODE exposure alone increased 
the expression of Pattern Recognition Receptors (PRRs) 
namely tlr2 and tlr4 as well as nfkbp65 mRNAs. H2S or 
ODE exposure increased the protein levels of IL-1β, IL-6, 
IL-8 and IL-10. Interestingly, in a mouse model of H2S and 
ODE exposure, significant changes were observed in animals 
exposed to 10 ppm H2S but ODE exposure suppressed the 
H2S-induced pro-inflammatory cytokine gene expression 
possibly due to interaction of multiple signaling pathways 
(Nath Neerukonda et al. 2018).

Exposure to H2S alone or H2S followed by ODE or ODE 
alone in human monocytic (THP-1) cells reduced the cell 
viability, whereas the viability of human bronchial epithelial 

cells (BEAS-2B) remained unaffected. This difference in 
the sensitivity of THP-1 cells in comparison to BEAS-2B is 
possibly due to the inherent sensitivity and pro-inflammatory 
nature of the monocytes (Basic et al. 2017).

Our data indicate that both H2S and ODE exert toxic 
effects on THP-1 cells and influence innate inflammatory 
responses in the lung. The decrease in the viability of THP-1 
cells could partly be explained by the fact that exposure 
to either H2S or ODE or both significantly increased the 
production of secreted nitrite levels (representing RNS). 
Exposure of THP-1 cells to 50 ppm H2S followed by ODE 
produced much higher levels of RNS than all other groups 
indicating synergistic effects of combined exposure. Sur-
prisingly in BEAS-2B cells ODE alone or H2S followed by 
ODE exposure significantly increased the RNS production 
without affecting the cell viability. These results indicate the 
fundamental differences in the cell viability between THP-1 
(monocytic) and BEAS-2B (bronchial epithelial) cells. We 
used these two (THP-1 and BEAS-2B) cell lines to model the 
exposure of alveolar macrophages and bronchial epithelial 

Fig. 11   H2S and ODE exposure induced expression NF-κBp-65 
Western blotting analysis of the BEAS-2B cells (a) followed by 
densitometry analysis (b) showed increased nuclear translocation 
of NF-κBp-65 at shorter time points following exposure to 10  ppm 
H2S and ODE. Rt-qPCR showed increased fold change expression 
of nf-кbp65 gene in BEAS-2B (n  =  3/group) following exposure 
to 50  ppm H2S as compared with control and 5  ppm H2S exposure 
(c). In THP-1 cells (n = 3/group), compared with control, 10  ppm 

H2S, 50  ppm H2S, and H2S with ODE showed significantly higher 
nf-кbp65 gene folds (d). Compared with ODE exposed THP-1 cells, 
H2S followed by ODE exposure decreased nf-кbp65 gene folds (d). 
Data (mean ± SEM, n  =  3/group) analyzed with two-way ANOVA 
followed by Tukey’s post hoc analysis is presented and p ≤ 0.05 was 
considered significant (* compared with 0 ppm control, # compared 
with 5  ppm control, ɸ compared with 0  ppm ODE, δ between the 
cytoplasmic and nuclear fraction)
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Fig. 12   H2S and ODE exposure induced secretion of cytokines and 
chemokines ELISA was done to measure the cytokines released in 
the supernatants of both THP-1 (a–d) and BEAS-2B (e–h) cells. Pre-
exposure to H2S followed by ODE further increased the secretion of 
both inflammatory and anti-inflammatory cytokines in both the cell 
lines as compared with control group. Data (mean ± SEM, n = 5–6/

group) analyzed by two-way ANOVA followed by Tukey’s post hoc 
analysis is presented, and p ≤ 0.05 was considered significant (* com-
pared with 0  ppm control, # compared with 5  ppm control, $ com-
pared with 10  ppm control, + compared with 50  ppm control and ɸ 
compared with 0 ppm ODE)
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cells in the lungs respectively. However, we are aware of the 
limitation of modeling alveolar macrophages using THP-1 
(monocytic cells) (Bosshart and Heinzelmann 2016). Upon 
exposure to ODE alone or H2S followed ODE, THP-1 cells 
significantly upregulated the expression of inos mRNA but 
not the BEAS-2B cells to indicate the inherent pro-inflam-
matory nature of the monocytic cells (Basic et al. 2017) 
when compared with the airway epithelial cells indicating 
that oxidative stress was more severe in THP-1 cells. Despite 
not using an alveolar macrophage cell line or primary alveo-
lar macrophages, we provide data to show that pre-exposure 
to H2S could increase oxidant-induced lung injury following 
exposure to OD. Our results are in line with another study 
that demonstrated that swine dust extract exposure of human 
primary airway epithelial primary cells increases the nitrite 
levels which could be abrogated using sorrel extract (Gerald 
et al. 2019).

THP-1 and BEAS-2B cells show different reactive spe-
cies production responses upon pre-exposure to H2S alone 
indicating cell-specific mechanisms of H2S impact. Further, 
THP-1 cells exhibit higher sensitivity when exposed to H2S 
followed ODE indicating that targeting lung macrophages 
with anti-inflammatory strategies could be beneficial. 
Another study has documented that swine dust exposure of 
THP-1 cells leads to a concentration-dependent increase in 
ROS production (Pender et al. 2014). Interestingly, ODE 
exposure groups in both THP-1 and BEAS-2B cells showed 
a significant increase in nrf2 gene expression indicating a 
possible role for NRF2-mediated anti-oxidant response as 
studied before (McGovern et al. 2019).

Exposure to ODE alone or H2S (5 ppm) followed by 
ODE resulted in the upregulation of both tlr2 and tlr4 
genes in THP-1 cells, whereas only tlr2 gene expression 
was increased in ODE alone groups in the BEAS-2B cells. 
Interestingly, in THP-1 cells pre-exposure to 10 or 50 ppm 
H2S followed by ODE led to a decrease in the expression 
of tlr2 and tlr4, respectively. These results are in line with 
the previous published work wherein we (Charavaryamath 
et al. 2008) and others (Poole et al. 2011) had made simi-
lar observations that both TLR2 and TLR4 play roles in 
OD-induced lung inflammation. Despite lack of TLR2 or 
4 transcriptional responses to H2S exposure, TLR2 and 4 
antagonisms may be beneficial in curtailing the effect of 
co-exposure to H2S and ODE. Our results show an upregu-
lation of nfkbp65 mRNA but not the protein levels follow-
ing H2S exposure or ODE alone or H2S followed by ODE 
in our in vitro models. In BEAS-2B cells upon exposure 
to H2S or ODE for 10 and 15 min resulted in a significant 
increase in the mRNA levels of nfkbp65 in the nuclear frac-
tions when compared with cytoplasmic fractions. These 
observations are in line with our previous published work 
(Bhat et al. 2019).

Interestingly, H2S exposure followed by ODE augmented 
the production of inflammatory cytokines to indicate the 
priming effect of pre-exposure to H2S. In order to explore 
if DAMPs such as HMGB1 could be involved in priming 
the lung innate inflammatory response, we quantified the 
HMGB1 protein in both cytoplasmic and nuclear fractions 
and found no significant changes. It might be possible that 
some of the secreted HMGB1 could have formed complexes 
with other molecules and these complexes were not detected 
by our antibody (Willis et al. 2018). Alternatively, HMGB1 
may be secreted into the cell culture supernatants. We were 
able to measure secreted free-HMGB1 in the mouse lung 
BALF (data not shown).

Results from our mouse experiments primarily indicated 
a synergistic effect of pre-exposure to H2S (10 ppm) fol-
lowed by ODE. Compared with all other groups, animals 
exposed to 10 ppm H2S followed by ODE showed a signifi-
cantly higher number of leukocytes in the BALF which was 
characterized by an increase in the macrophage numbers 
but not neutrophils and lymphocytes. However, H and E 
stained lung tissue sections showed no significant differ-
ence in the pathology scores. Our study did not explore the 
mechanistic basis of influx of macrophages in those mice 
exposed to H2S and OD. It is likely that, combined expo-
sure resulted in CCL2 (MCP1) and CCL3 (MIP1α) mediated 
recruitment and influx of monocytes into the airways (Shi 
and Pamer 2011).

Previously, we have shown that exposure to the barn 
environment containing OD could result in airway epi-
thelial damage independent of TLR4 (Charavaryamath 
et al. 2008). Therefore, we mechanistically addressed if H2S 
or ODE exposure would affect the airway epithelial tight 
junctions and showed that compared with all other groups, 
mice exposed to 10 ppm H2S significantly upregulated the 
expression of claudin3 gene but not claudin1, claudin5, and 
claudin18. However, claudin18 was significantly upregu-
lated when compared with 5 ppm H2S alone exposure. The 
upregulation of claudin18 is an indication of alveolar type 
II cell-mediated repair response (Kotton 2018), whereas an 
increase in claudin3 is known to be pro-carcinogenic (Che 
et al. 2018; de Souza et al. 2013). Interestingly, compared 
with all other groups, mice exposed to 10 ppm H2S sig-
nificantly upregulated the HMGB1 mRNA in comparison 
to ODE exposure alone but not the protein levels. Previ-
ously we have shown that ODE exposure leads to nucleo-
cytoplasmic translocation of HMGB-1 and HMGB-1 could 
be targeted to curtail ODE induced inflammation (Bhat 
et al. 2019; Massey et al. 2019). Interestingly, exposure to 
10 ppm H2S alone when compared with other groups leads 
to an increase in the transcripts of tlr2 and tlr4 without any 
significant change in the mRNA or protein levels of NF-κB 
p65.
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Next, we explored the mechanistic basis of oxida-
tive stress-induced inf lammation in H2S or ODE or 
both exposure groups by quantifying NOS2 (protein) or 
inos mRNA expression. Compared with controls, ODE 
exposed mice showed an increase in NOS2 protein with-
out any change in inos gene expression. NOS2 has been 
shown to be important in carcinogenesis and inflamma-
tion (Wang et al. 2018). Interestingly, compared with all 
other groups, mice exposed to 10 ppm H2S showed an 
upregulation of ncf1, ncf4, hif1α, and nrf2 but not ncf2. 
Further, compared with all other groups, mice exposed 
to 10 ppm H2S alone showed an upregulation of mRNA 
for tnf-α, il-6, il-1β, cxcl-2, il-10, and tgf-β to indicate 
that TLR2 and TLR4, HIF1-α, and NRF-2 mediated 
responses result in inflammatory cytokine production. 
Addition of ODE to the H2S exposed animals resulted in 
a dampened inflammatory response through downregu-
lation of mRNA for tnf-α, il-6, il-1β, cxcl-2, il-10, and 
tgf-β possibly due to complex and multiple overlapping 
signaling events (Nath Neerukonda et al. 2018).

Overall, our study explored if pre-exposure to H2S would 
modulate lung innate response to OD exposure through the 
use of in vitro and in vivo models. There was a clear discon-
nect between some of the results observed in our in vitro 
models to our mouse (in vivo) model. This could be due to 
different sensitivities of human airway epithelial (BEAS-2B) 
and monocytic (THP-1) cell lines to that of the mouse strain 
used. Another possible weakness in our study is the use of 
cell lines instead of primary human cells. Future studies 
using mouse precision cut lungs slices (PCLS) and mouse 
models may provide improved translation between in vitro 
and in vivo models.

Conclusions

Based on the results from our in vivo and in vitro experi-
ments, we conclude that H2S exposure effects appear to 
modulate the inflammatory signals induced by ODE. To 
bring relevance to the real-world exposures, future stud-
ies examining the impact of multiple exposures to H2S 
alone and H2S followed by ODE and targeting TLR2/4, 
NRF2, and oxidative stress pathways to abrogate inflam-
mation would be valuable. The scientific community 
would benefit from these studies related to agriculture-
exposure associated lung diseases since exposure to H2S, 
and organic dust may be seen in other settings.
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