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HIGHLIGHTS

Acute H,S exposure affected porcine
lung, trachea and liver tissues via
different mechanisms.

The toxic mechanisms of acute H,S
exposure in the lung and trachea are
relatively similar.

Complement and coagulation cascades,
antigen presentation and hyaluronan
metabolism were implicated in lung.
Complement and coagulation cascades,
oxidative stress, cell apoptosis and
hyaluronan metabolism were impli-
cated in trachea.

Acute H,S exposure induced liver
dysfunction via affecting protein
synthesis and lipid metabolism.
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ABSTRACT

Hydrogen sulfide (H,S) is a highly toxic gas in many environmental and occupational places. It can induce
multiple organ injuries particularly in lung, trachea and liver, but the relevant mechanisms remain poorly
understood. In this study, we used a TMT-based discovery proteomics to identify key proteins and correlated mo-
lecular pathways involved in the pathogenesis of acute H,S-induced toxicity in porcine lung, trachea and liver tis-
sues. Pigs were subjected to acute inhalation exposure of up to 250 ppm of H,S for 5 h for the first time. Changes
in hematology and biochemical indexes, serum inflammatory cytokines and histopathology demonstrated that
acute H,S exposure induced organs inflammatory injury and dysfunction in the porcine lung, trachea and liver.
The proteomic data showed 51, 99 and 84 proteins that were significantly altered in lung, trachea and liver,
respectively. Gene ontology (GO) annotation, KEGG pathway and protein-protein interaction (PPI) network anal-
ysis revealed that acute H,S exposure affected the three organs via different mechanisms that were relatively
similar between lung and trachea. Further analysis showed that acute H,S exposure caused inflammatory
damages in the porcine lung and trachea through activating complement and coagulation cascades, and
regulating the hyaluronan metabolic process. Whereas antigen presentation was found in the lung but
oxidative stress and cell apoptosis was observed exclusively in the trachea. In the liver, an induced dysfunction
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was associated with protein processing in the endoplasmic reticulum and lipid metabolism. Further validation of
some H,S responsive proteins using western blotting indicated that our proteomics data were highly reliable.
Collectively, these findings provide insight into toxic molecular mechanisms that could potentially be targeted
for therapeutic intervention for acute H,S intoxication.

© 2021 Published by Elsevier B.V.

1. Introduction

Hydrogen sulfide (H,S), as a gaseous compound in the atmosphere, is
an important air pollutant threatening human health (Ausma and De Kok,
2019; Lewis and Copley, 2015). It can be produced in a variety of human
activity places including oil and gas industry, intensive animal farming
industry, in paper mills and waste water purification facilities, and so on
(Saiyed, 2006). It is the second leading cause of acute fatal gas exposure
in the working environment, being below the carbon monoxide
(Guidotti, 2010). Besides exposures under environmental and industrial
settings, intentional H,S poisoning for suicide has recently increased in
Western and Asian societies (Morii et al., 2010; Reedy et al., 2011).
There are concerns of potential nefarious use of H,S as a chemical
weapon by terrorists, which will bring a major risk to victims and first
responders (Ng et al.,, 2019). Short-term effects of acute exposure to H,S
concentrations greater than 100 ppm include olfactory paralysis,
pulmonary edema, ataxia, dyspnea, unconsciousness (“knockdown”),
seizures, cardiac arrhythmias, and ultimately death (Kim et al., 2018;
Reiffenstein et al., 1992).

As a broad-spectrum toxicant, the exposure of H,S is known to cause
toxic effects on many organ systems including the respiratory, nervous,
cardiovascular and digestive systems in human and animals
(Anantharam et al., 2017; Chen et al., 2019; Schroeter et al., 2006; Yin
et al., 2020). In mice, inflammatory pathological damages were
observed in the lung after 1 h after injection of exogenous H,S (NaHS,
14 pmol/kg) (Li et al., 2005). In chicken, 20 ppm H,S exposure for three
weeks caused inflammatory damages in the trachea by inducing
oxidative stress (Chen et al., 2019) or induced apoptosis and necroptosis
in the trachea through IncRNA3037/miR-15a/BCL2-A20 signaling (Li
et al,, 2020). It has been reported that H,S exposure induces immune
dysregulation and cell death in the broiler thymus by activating JNK/
MST1/FOXO01 pathway (Chi et al., 2021) and exacerbates LPS-induced he-
patocyte autophagy via the PI3K/AKT/TOR pathway in the chicken (Guo
et al.,, 2021). In human, low concentration H,S exposure resulted in
headaches, nausea, and respiratory problems (Guidotti, 2015). Data
from humans undergoing mass exposure to acute H,S suggested that
about 75% of the victims suffered clinical symptoms such as breathing
difficulties and pulmonary edema, while 5% cases after the exposure
were fatal (Burnett et al., 1977; Malone Rubright et al., 2017; Snyder
et al,, 1995). Up to now, there is no suitable antidote available for
treatment of H,S-induced toxicity while study on developing the effective
antidote for H,S poisoning is limited (Hendry-Hofer et al., 2020; Kim et al.,
2018). Given the H,S's threat to public health, and its mechanisms of
resulting pathologies are unclear, more mechanistic study on the
toxicological effects of acute exposure of H,S is necessary.

Because of their similar physiological activity, anatomical structure
and metabolism, pigs are widely used in nutritional and medical research
for human (Bassols et al., 2014; Roura et al., 2016). Pigs therefore become
a good model for studying the toxicological effects of acute H,S exposure,
and such research may lead to develop therapeutic treatments for H,S
poisoning. In this study, we established an H,S poisoning model via the
acute exposure to 250 ppm H,S on pigs for the first time. Compared
with the animal model performed with anesthetized animals in a H,S
inhalation exposure or sodium hydrosulfide injection model, it is a
better mimic for existing H,S poisoning cases in humans (Jiang et al.,
2016; Sonobe et al., 2015). This study aimed to use this pig model to
investigate proteomic changes in major respiratory and metabolic
organs (lung, trachea and liver) following acute hydrogen sulfide

exposure in order to shed new light on toxic molecular mechanisms
that could be potentially targeted for therapeutic intervention or
provide valuable information for the development of novel antidotes or
therapies for acute H,S intoxication.

2. Methods
2.1. Materials and methods

2.1.1. Animal experiment and sample collection

All procedures of the animal experiments in this study were ap-
proved by the Experimental Animal Welfare and Ethical Committee of
Institutes of Animal Sciences, Chinese Academy of Agricultural Sciences
(IAS2018-25). Twelve pigs (sus scrofa) (weighing 12.09 + 0.33 kg, 6
male and 6 female) were purchased from a local Large White pig breed-
ing farm (Beijing, China) and raised in environmentally controlled
chambers. Pigs were randomly allocated into two groups labeled as
H,S group and Control group, respectively. Six pigs in the Control
group were raised in a separate chamber without H,S while 6 pigs in
the H,S group were exposed to 250 ppm H,S for 5 h based on
previously published literature indicating concentrations during
200-300 ppm can induce significant effects on the respiratory system
after extended exposure (>1 h) in human (Guidotti, 2010, 2015;
Hughes et al., 2009). During the experimental period, pigs were given
ad libitum access to feed and water. The ambient parameters of each
chamber including temperature, light time, relative humidity and any
other environmental parameters were kept consistent. At the end of
the animal experiment, blood was collected from the jugular vein
using a sterilized syringe. A total of 6 ml blood was collected into tubes
coated with EDTA-Na2 for blood routine, and into anticoagulant-free
tubes for biochemistry assays and ELISA analysis. The blood tubes with-
out anticoagulant were incubated at 37 °C for 30 min, followed by cen-
trifugation at 3000 rpm for 15 min to collect serum, and stored at
—20°C until biochemical analysis and ELISA assays. Pigs were eutha-
nized for the collection of lung, trachea and liver samples by electric
stunning at the end of this experiment. An aliquot was fixed in 4% para-
formaldehyde, while the remainder was snap frozen in liquid nitrogen
and then stored at —80 °C until further analysis.

2.1.2. Measurement of blood routine indices and serum biochemical indexes

The blood routine analysis was performed using an automatic
hematology analyzer (TEK-II mini, Tecom Science, China). The parame-
ters included white blood cell counts (WBC, 10%/1), granulocyte counts
(GRA, 10%1) and percentage (GRA%, %), red blood cell counts (RBC,
10'2/1), hemoglobin concentration (HGB, g/1), hematocrit (HCT, L/I)
and blood platelet counts (PLT, 10%/1). Serum biochemical parameters
including total protein (TP, g/1), albumin (ALB, g/I), alanine aminotrans-
ferase (ALT, U/l), aspartate aminotransferase (AST, U/I), immunoglobu-
lin A (IgA, g/l), immunoglobulin M (IgM, g/1) and immunoglobulin G
(IgG, g/1) were measured by an automatic biochemistry analyzer (DxC
600, Beckman Coulter, USA).

2.1.3. Enzyme-linked immunosorbent assay (ELISA) analysis of serum cyto-
kines

The concentrations of cytokines related to inflammatory response,
including TNF-a, IL-1PB, IL-6, and IL-10 in the serum were tested using
ELISA kits according to the instructions of the manufacturer (Sinogene
Biotech Co., Ltd., Beijing, China).
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2.1.4. Morphological examination

Lung, trachea and liver tissues were fixed in 4% paraformaldehyde
for at least 24 h. Then the tissues were dehydrated in ethanol, immersed
in paraffin, cut into slices, and stained with hematoxylin and eosin (HE)
respectively. Histological changes of these tissues were scanned with an
automatic digital slide scanner (Pannoramic MIDI, 3D HISTECH,
Hungary).

2.1.5. Proteomics analysis

2.1.5.1. Protein extraction. Approximately 100 mg of frozen tissues (lung,
trachea and liver) for each of the 6 pigs (randomly chose from the 12
pigs)were homogenized in 500 pl extraction buffer (100 mM Tris-HCl,
4% SDS, 20 mM Nacl, 50 mM DTT, pH 7.88) for 5 min. The lysates
were boiled at 95 °C for 5 min, and centrifuged at 20,000 xg for
15 min (25 °C), and the supernatants were transferred into a clean
tube. BCA assay kit (Thermo Fisher, USA) was used to measure the pro-
tein concentration for each sample.

2.1.5.2. Protein digestion. Dithiothreitol (DTT) was added into 50 pg pro-
tein extracts of each of individual sample with a final concentration of
20 mM for reduction by incubation at 50 °C for 30 min. Followed by
iodoacetamide (IAA) alkylation with a final concentration of 100 mM
and incubation in darkness for 30 min. The alkylated proteins were pre-
cipitated in seven volumes of cold acetone and incubated at —20 °C
overnight. Subsequently, the protein solutions were centrifuged at
20,000 xg for 15 min at 4 °C. The supernatants were discarded, and
the precipitated protein pellet was resuspended in 100 pl of 50 mM
triethylammonium bicarbonate (TEAB). The samples were digested
with trypsin (Promega, USA) at a ratio of 1:50 for 12 h (37 °C).

2.1.5.3. TMT labeling. The TMT-6 plex Label Reagent Kit (Thermo Scien-
tific, USA) was equilibrated to room temperature immediately before
use. The TMT 6-plex labels (126, 127, 128, 129, 130, 131) (dried pow-
der) were reconstituted with 41 pl of anhydrous acetonitrile prior to la-
beling and added to each of the 100 pl tryptic digest samples and
incubated for 1 h at room temperature. The labeling reactions were
stopped by adding 8 pl of 5% hydroxylamine and incubating for 15
mins, and the TMT labeled peptides of each sample were pooled in
equal proportion.

2.1.5.4. Reverse-phase high-performance liquid chromatography (RP-
HPLC) fractionation. RP-HPLC was carried out using an Agilent 1290 LC
System (Agilent, USA) by TechMate C18-ST (5 pm, 4.6 x 250 mm) to
separate the tagged peptides. Mobile phase A consisted of 10 mM am-
monium formate pH 10.0 in water and mobile phase B contained
10 mM ammonium formate pH 10.0 in acetonitrile. LC was carried out
at a flow rate of 1 ml/min during a 36 min gradient from 5 to 60% of
buffer B. Forty fractions were collected at 1 min intervals and pooled
into ten fractions based on UV absorbance at 214 nm. Then, each frac-
tion was dried and reconstituted for subsequent nanoLC-MS/MS analy-
sis.

2.1.5.5. NanoLC-MS/MS analysis. Each fraction was reconstituted with 2%
acetonitrile and 0.1% formic acid. A nano LC-MS/MS analysis was carried
out using an Orbitrap Fusion Tribrid MS (Thermo Scientific, San Jose,
CA) with a nanospray flex ion source coupled with a Dionex UltiMate
3000 RSLC nano system (Thermo, Sunnyvale, CA). Peptide samples
(2 wl) were injected into the PepMap C18 columns (75 um x 3 mm,
3 um) at 6 pl/min for on-line enrichment and then separated on a
PepMap C18 column (75 pm x 250 mm, 2 um) with 0.1% formic acid
as buffer A and 0.1% formic acid in 80% acetonitrile as buffer B at
300 nl/min. The peptides elution was performed under the following
gradient program: 0-5 min, 5-12% B; 5-65 min, 12%-38% B;
65-72 min, 38-95% B; 72-80 min, 95% B; 80-81 min, 95-5% B; and
81-95 min, 5% B. The mass spectrometer was operated using
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electrospray ionization (2 kV) at 275 °C. The Orbitrap resolving power
was set 120,000 (at m/z 200) for MS1, and 30,000 for MS/MS scans.
The MS/MS spectra were acquired using a quadrupole isolation width
of 1.2 m/z and HCD normalized collision energy (NCE) of 38. Dynamic
exclusion was set for 30 s using monoisotopic precursor selection.

2.1.5.6. Data analysis. The Sus scrofa database (UP000008227)
downloaded from Uniprot was used for database searches. The default
search settings used for protein identification and quantitation in
MaxQuant software (v 1.6.4) were: fixed modification of
carbamidomethyl (C) and TMT6-plex on K and N-terminus, variable
modification of oxidation (M) and deamidated (NQ), 10 ppm peptide
mass tolerance and 10 mDa fragment mass tolerance, and two missed
cleavages allowed. Maximum false discovery rates (FDRs) for peptide
and protein identification were specified as 1%. The proteins with a
fold change > 1.2 along with p-value < 0.05 were considered as differ-
entially accumulated proteins (DAPs).

2.1.5.7. Western blotting analysis. Total protein was extracted using the
RIPA Lysis Buffer (SinoGene, Beijing, China). Proteins were separated
by electrophoresis on 12% SDS-PAGE gels and transferred to PVDF mem-
branes in tris-glycine transfer buffer. Membranes were blocked with
Fast Protein-free Block Buffer (SinoGene, Beijing, China) at room tem-
perature for 5 mins, and then incubated with primary antibodies
(Abcam, China) at 4 °C overnight. Specific reaction products were incu-
bated with horseradish peroxidase (HRP)-conjugated secondary anti-
body (Abcam, China) at room temperature for 1 h. Finally, the signal
was detected on a Universal Hood III (Bio-Rad, USA) using the ECL Sub-
strate reagent (Engreen, Beijing, China). The protein levels in each sam-
ple were normalized by B-actin (Abclonal, China). Detailed antibody
information is shown in Supplemental Table 1.

2.1.5.8. Bioinformatics analysis. Gene Ontology (GO) annotation and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrich-
ment for the DAPs were analyzed by the KOBAS 3.0 database (http://
kobas.cbi.pku.edu.cn/). GO terms and pathways with a corrected
(Benjamini-Hochberg) p-value <0.05 were considered significantly
enriched. The protein-protein interaction (PPI) network analysis of the
DAPs was performed by the STRING 11.0 database (https://string-db.
org/). Visualization of volcano plot analyses, hierarchical clusters and
bioinformatic analyses in this study were performed using the
OmicStudio (https://www.omicstudio.cn/tool), OmicShare (http://
www.omicshare.com/tools) and RStudio (https://www.rstudio.com/).

2.1.6. Statistical analysis

Statistical analysis was performed by SPSS (version 23.0, IBM, USA)
using the independent t-test. All data are presented as mean + standard
error. Differences were assumed to be statistically significant when p-
value < 0.05.

3. Results

3.1. Acute H,S exposure induced systemic immune response, hypoxia, and
liver dysfunction in pig

We examined the hematological changes and specific serum bio-
chemical indexes related to immune responses, and liver functions in
blood and serum of pig (Fig. 1). The results showed that WBC, GRA,
GRA%, RBC, HGB, HCT were significantly increased while PLT was signif-
icantly decreased in the porcine blood after an acute H,S exposure
(Fig. 1A-G). Serum biochemical indexes: TP and ALB were significantly
decreased while AST, ALT, IgA and IgM were significantly increased in
the porcine serum after an acute H,S exposure (Fig. 1TH-M), whereas
the levels of IgG were similar in the two groups (Fig. 1N). Serum
concentrations of proinflammatory factors, including TNF-a, IL-133 and
IL-6 were consistently increased (Fig. 2A-C), and the concentration of
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Fig. 1. Acute H,S exposure induced systemic immune response and hypoxia, and dysfunction in liver of pig (Control group, n = 6; H,S group, n = 6). (A-G) Key blood routine indices
related to immune response and oxygen transport tested in blood of pig. (H—N) Serum biochemical indexes related to immune responses and liver functions tested in serum of pig. *

indicates p-value < 0.05, ** indicates p-value < 0.01.
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Fig. 3. Acute H,S exposure induced inflammatory injury and histopathology changes in lung, trachea and liver of pig (Control group, n = 6; H,S group, n = 6). Morphological examination
of lung (panels A, B, C, D), trachea (panels E, F, G, H) and liver tissues (panels|, ], K, L) by H.E. staining in the Control group and the H,S group. The left two pictures for each tissue (A, C,E, G, I,
K) are in the 200x, the right two (B, D, F, H, ], L) are in the 400x magnification. The blue arrows indicate inflammatory cell infiltration, the black arrows indicate hyperplasia, the red arrows
indicate disruption and desquamation and the green arrows indicate vacuolation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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anti-inflammatory cytokine IL-10 was significantly reduced (Fig. 2D) in
the H,S group compared with the control group. These results indicate
that an acute H,S exposure induces a systemic immune response,
hypoxia, and liver dysfunction in pig.

3.2. Acute H,S exposure induced tissue injury and histopathology in lung,
trachea and liver of pig

The histological changes of porcine lung, trachea and liver tissues
were examined by H.E. staining (Fig. 3). The histological structures of
lung, trachea and liver tissues in the Control group (Fig. 3A, B, E, F, |
and ]) displayed normal morphologies. However, in the H,S group we
observed a considerable inflammatory cell infiltration in the alveolar
cells and hyperplasia in the alveolar septums (Fig. 3C and D), which
indicated that acute H,S exposure induced inflammatory lesions in the
lung of pig. As shown in Fig. 3G and H, noticeable disruption and des-
quamation of ciliated epithelial cells within the trachea were observed.
There was a massive infiltration of inflammatory cells in the lesions of
the trachea after acute H,S exposure. Vacuolation of hepatocytes was
markedly observed in the liver of the H,S group (Fig. 3K and L),
indicating that liver damage was induced by acute H,S exposure.

3.3. Proteome changes in lung, trachea and liver in response to the acute
H,S exposure

A total of 2770, 3142, and 2629 proteins (Supplemental Table 2)
were identified from lung, trachea and liver by quantitative proteomics
analysis, respectively. After statistical analysis, 51 (33 increased and 18
decreased), 99 (44 increased and 55 decreased) and 84 (27 increased
and 57 decreased) proteins (Supplemental Table 3) with fold change
>1.2 and p-value <0.05 were confidently identified as DAPs for lung,
trachea and liver between the H,S group and the Control group.

The volcano plot (Supplemental Fig. S1 A-C) illustrated the proteins
changed considerably between H,S group and Control group in lung,
trachea and liver tissues respectably. The heat map results of the
hierarchical cluster analysis for the DAPs between the H,S group and
the Control group are shown in Supplemental Fig. SID-F.

3.4. Bioinformatics analyses of DAPs in lung, trachea and liver

In order to functionally classify the DAPs in response to H,S
treatment, gene ontology (GO) analysis (Supplemental Table 4) was
performed with the proteins functional categories including biological
processes (BP), cellular components (CC), and molecular functions
(MF) for lung, trachea and liver DAPs respectively (Fig. 4A-C). Fig. 4A
showed the annotated GO terms of DAPs in lung covering negative
regulation of endopeptidase activity, hyaluronan and cholesterol meta-
bolic process, and collagen fibril organization as major subcategories of
BP. Extracellular space, extracellular region, spherical high-density
lipoprotein particle, heterotrimeric G-protein complex are the key
subcategories of CC. Serine-type endopeptidase inhibitor activity,
endopeptidase inhibitor activity, hyaluronic acid binding, protein
homodimerization activity and serine-type endopeptidase activity are
the pivotal MF subcategories. As shown in Fig. 4B, the annotated GO
terms of DAPs in trachea contain hyaluronan metabolic process, plas-
minogen activation, oxidation-reduction process and cilium movement
as BP major subcategories. Meanwhile, extracellular space, extracellular
region and fibrinogen complex were primary items in CC subcategories;
structural molecule activity, serine-type endopeptidase inhibitor activ-
ity and signaling receptor binding were predominant hits in MF subcat-
egories. As shown in Fig. 4C, the annotated GO terms of DAPs in liver
include translation, oxidation-reduction process and acyl-CoA meta-
bolic process as BP major subcategories; cytoplasm, spliceosomal tri-
snRNP complex and actin cytoskeleton as CC subcategories; protein
homodimerization activity, RNA binding and structural constituent of
ribosome as MF subcategories.
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KEGG pathway analysis for the DAPs (Supplemental Table 4) from
lung, trachea and liver showed some significantly enriched KEGG path-
ways in a tissue specific manner as presented in Fig. 4D-F. Specifically,
in lung, the most enriched pathways were complement and coagulation
cascades, antigen processing and presentation and cell adhesion mole-
cules (CAMs). Similarity in trachea, the most enriched pathways were
complement and coagulation cascades, biosynthesis of amino acids
and pentose phosphate pathway. The most enriched pathways in liver
included metabolic pathways, protein processing in endoplasmic retic-
ulum and primary bile acid biosynthesis.

VENN analysis (Supplemental Table 5) was performed for DAPs,
KEGG pathways and GO terms for the three examined porcine organs.
The results of VENN analysis showed both the common and unique
DAPs and pathways among the lung, trachea and liver of pig after
acute exposure to H,S as presented in Supplemental Fig. S2.

Based on the GO and KEGG results of the DAPs, we focused on more
details of key KEGG pathways and GO terms with a significant corrected
p value of <0.05 (Table 1), which could potentially be involved in the
complex mechanisms of tissue-specific injury induced by acute H,S
exposure.

In addition, the network analysis results for PPI of DAPs were shown
in Fig. 5. In the PPI network for lung as depicted in Fig. 5A, 43 of 51 DAPs
were detected and 18 of them clustered a network with 26 edges. In the
PPI network for trachea as depicted in Fig. 5B, 80 of 99 DAPs were de-
tected and 41 of them constituted a network with 48 edges. In the PPI
network for liver as depicted in Fig. 5C, 70 of 84 DAPs were detected
and 40 of them constituted a network with 37 edges. We observed func-
tional modules related to ‘Complement and coagulation cascades’, ‘Anti-
gen processing and presentation’ and ‘Hyaluronan metabolic process’ in
the PPI network of lung. Also functional modules related to ‘Comple-
ment and coagulation cascades’, ‘Oxidation-reduction process and cell
proliferation’ were found in the PPI network of trachea, and functional
modules related to ‘Protein synthesis’, ‘Oxidation-reduction process’
and ‘Lipid metabolism’ were observed in the PPI network of liver.
These observations shed some light on the complex response processes
in these three organs after acute H,S exposure in pig.

3.5. Validation of DAPs from proteomics analysis

To validate the DAPs identified and quantified by proteomics analy-
sis, we further performed western blotting analysis as an orthogonal
technology to LC-MS-based proteomics using the same aliquots of the
proteomic samples for four selected DAPs of biological interest in this
study (Fig. 6). BBOX1, HSPA8 and HGD proteins were isolated from
liver, and PGD protein was isolated from trachea. In pigs exposed to
H,S, the abundance of BBOX1, HSPA8 and PGD proteins was decreased,
while that of HGD was increased compared to the Control group (Fig. 6A
and B). The Western blotting results are in a good agreement with the
fold changes found in proteomics data (Fig. 6C).

4. Discussion

Acute exposure to H,S is characterized as a concentration- and time-
related toxicity which predominantly affects the nervous, respiratory,
digestive and cardiovascular systems (Anantharam et al., 2017; Chen
et al., 2019; Schroeter et al., 2006; Yin et al., 2020). There are more
than one thousand annual reports related to severe H,S exposure
in the Unites States alone (ATSDR, 2016). However, the clear
mechanisms of H,S-induced multiple organs toxicity have not been elu-
cidated yet, which has delayed the development of suitable counter-
measures for treatment after an H,S intoxication (ATSDR, 2016; Kim
et al., 2018; Kim et al., 2020). Existing animal experiments such as
those performed with anesthetized mice in an H,S inhalation
exposure model or with rats that were intraperitoneally injected with
sodium hydrosulfide (NaHS) do not faithfully reflect the common
route of exposure in humans (Jiang et al., 2016; Sonobe et al., 2015).
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Moreover, pigs share high similarity to humans in organ structure and
genome than any other animal models except primates (Bassols et al.,
2014; Reczynska et al., 2018). Therefore, in this study, we used an

inhalation pig model of acute 250 ppm H,S exposure, which induced

multiple organs injuries and allowed us to focus on the lung, trachea

and liver for investigation of tissue-specific toxic mechanisms. To the
best of our knowledge, this is the first report of applying such a model
to mimic an acute H,S poisoning in human.

Initial investigation of hematological changes including RBC, HGB

and HCT levels in the porcine blood suggests a hypoxia condition
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Table 1
Key KEGG pathways, GO terms and related proteins were identified in this study.
Accession Description Gene Symbol Fold change (H,S/Control) p-Value
Lung
KEGG:ssc04610 Complement and coagulation cascades
FIRZN7 Kallikrein B1 KLKB1 1.64 2.59E-02
AO0A287BD18 Complement factor H CFH 1.36 4.49E-02
A0A287AQ20 Complement factor I CFI 1.26 4.05E-02
F1SB81 Plasminogen PLG 1.52 1.14E-02
A0A287B9B3 Alpha-2-antiplasmin isoform X2 SERPINF2 1.25 4.55E-02
F1SBS4 Complement C3 a3 1.35 4.63E-02
F1RKY2 Serpin family D member 1 SERPIND1 1.37 4.68E-02
KEGG:ssc04612 Antigen processing and presentation
AOA088CPQ8 MHC class II antigen SLA-DRB1 0.41 3.67E-02
Q8MHT8 MHC class I antigen SLA-3 132 1.18E-02
Q04967 Heat shock 70 kDa protein 6 HSPA6 0.76 2.69E-02
AOA160EBY9 MHC class Il antigen SLA-DRA 0.77 3.65E-02
G0:0030212 Hyaluronan metabolic process
F1SH96 Inter-alpha-trypsin inhibitor heavy chain H1 ITIH1 1.80 3.40E-02
002668 Inter-alpha-trypsin inhibitor heavy chain H2 ITIH2 1.50 2.13E-02
A0A287BQK2 Inter-alpha-trypsin inhibitor heavy chain H3 ITIH3 1.44 2.99E-02
Trachea
KEGG:ssc04610 Complement and coagulation cascades
F1SMJ1 Complement component C7 C7 1.20 2.32E-02
A0A287A6Q0 Vitamin K-dependent protein S PROS1 1.29 2.91E-02
P14460 Fibrinogen alpha chain (Fragment) FGA 2.07 2.06E-02
AOSEH3 Complement component C8G C8G 1.29 3.29E-03
BYW2 Fibrinogen gamma chain FGG 2.14 3.19E-02
Q9GLP2 Vitamin K-dependent protein C PROC 0.75 4.11E-02
K9J6H8 Alpha-2-macroglobulin A2M 1.67 1.01E-02
KEGG:ssc01230 Biosynthesis of amino acids
K7GL74 Ribose-phosphate diphosphokinase PRPS2 133 3.11E-02
AO0A287BKR2 Serine hydroxymethyltransferase SHMT2 1.42 3.05E-02
AOA286ZN35 Serine hydroxymethyltransferase SHMT1 247 1.39E-02
A0A287AJQ2 Phosphoglycerate mutase PGAM1 0.83 4.97E-02
KEGG:ssc00260 Glycine, serine and threonine metabolism
AO0A287BKR2 Serine hydroxymethyltransferase SHMT2 1.42 3.05E-02
AOA286ZN35 Serine hydroxymethyltransferase SHMT1 247 1.39E-02
A0A287A]Q2 Phosphoglycerate mutase PGAM1 0.83 4.97E-02
KEGG:ssc00030 Pentose phosphate pathway
F1RIF8 6-phosphogluconate dehydrogenase, decarboxylating PGD 0.76 4.88E-02
K7GL74 Ribose-phosphate diphosphokinase PRPS2 133 3.11E-02
G0:0030212 Hyaluronan metabolic process
F1SH96 Inter-alpha-trypsin inhibitor heavy chain H1 ITIH1 1.40 1.27E-02
002668 Inter-alpha-trypsin inhibitor heavy chain H2 ITIH2 1.41 2.07E-02
F1SH92 Inter-alpha-trypsin inhibitor heavy chain H4 ITIH4 1.38 2.71E-02
G0:0055114 Oxidation-reduction process
AO0A287APZ8 Superoxide dismutase SOD2 0.81 3.14E-02
F1SDB7 Flavin-containing monooxygenase FMO5 1.72 3.33E-02
K7GRO1 Dual oxidase 1 DUOX1 0.72 2.71E-02
F1SNJ5 3-0x0-5-beta-steroid 4-dehydrogenase isoform 1 AKR1D1 290 5.66E-03
A0A287AU33 NADPH--cytochrome P450 reductase POR 1.45 2.13E-02
13L769 Procollagen-proline 4-dioxygenase P4HA2 1.31 3.55E-02
K7GKW6 Pirin PIR 0.68 1.88E-02
G0:0070371 ERK1 and ERK2 cascade
B2CNZ8 Cathepsin H (Fragment) CTSH 0.69 2.11E-02
F27558 Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta YWHAZ 0.81 2.57E-02
GO0:0036159 inner dynein arm assembly/G0:0003341 cilium movement
I3LNF2 Dynein axonemal heavy chain 1 DNAH1 1.64 2.96E-02
AO0A287A8I6 Zinc finger MYND domain-containing protein 10 isoform 1 ZMYND10 0.82 1.92E-02
Liver
KEGG:ssc04141 Protein processing in endoplasmic reticulum
F1S596 Glucosidase 2 subunit beta PRKCSH 0.70 2.40E-02
F1IRW78 Signal sequence receptor subunit alpha SSR1 3.02 1.06E-02
I3LRGO Dolichyl-diphosphooligosaccharide-protein glycosyltransferase subunit 2 RPN2 1.24 3.30E-02
F159Q3 Heat shock cognate 71 kDa protein HSPA8 0.80 3.32E-02
F1SP32 UV excision repair protein RAD23 RAD23B 0.75 1.00E-02
KEGG:ssc00120 Primary bile acid biosynthesis
F1SGH9 Acyl-coenzyme A oxidase ACOX2 1.30 8.94E-03
13LA89 Acyl-CoA thioesterase 8 ACOT8 0.77 1.76E-02
G0:0055114 Oxidation-reduction process
F1SGL4 Gamma-butyrobetaine hydroxylase 1 BBOX1 0.78 1.11E-02
F1RIX8 Carbonyl reductase 4 CBR4 0.71 4.45E-02
Q28943 Dihydropyrimidine dehydrogenase [NADP(+)] DPYD 0.83 2.92E-02
I3LLUO Glycerol-3-phosphate dehydrogenase [NAD(+)] GPDIL 0.81 4.03E-02
13LTZ3 Homogentisate 1,2-dioxygenase HGD 245 1.53E-02
AO0A287AH74 Corticosteroid 11-beta-dehydrogenase isozyme 1 HSD11B1 1.89 3.61E-02
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Fig. 5. Protein-protein interaction (PPI) network analysis of DAPs identified in three organs of pig after acute exposure to HyS. PPI analysis results of DAPs identified in lung (A), trachea
(B) and liver (C) of pig after acute exposure to H,S. Medium-confidence interactions (score > 0.4) were chosen. Line thickness indicates the strength of data support.

induced by acute H,S exposure in pig (Huerta-Sanchez et al., 2014;
Simonson et al., 2010; Yan et al., 2015). That is consistent with what
have been reported in an acute H,S inhalation model in mouse (Kim
et al., 2018). Meanwhile, significantly changes in other hematological
indexes including WBC, GRA, GRA% and PLT, and serum biochemical
indexes including IgA and IgM suggests the occurrence of systemic im-
mune response in pig after an acute H,S exposure (Anaya-Loyola et al.,
2019; Imamoglu et al., 2019; Reddy et al., 2018). More interestingly, we
found that pro-inflammatory cytokines (TNF-a, IL-1p and IL-6,) were
significantly increased, whereas the level of anti-inflammatory cytokine
IL-10 was significantly decreased following acute H,S exposure in the
serum of pigs. These results support the notion that an acute H,S
exposure stimulates a systemic immune response and the occurrence
of inflammation in pig (Chi et al., 2018). To fill the mechanistic gap of
how acute H,S exposure induces multiple organs toxicity with a
systemic immune response, we sought to probe the proteome profiles
of acute H,S-induced toxicity in lung, trachea and liver using a global
proteomic approach. We aim to provide novel insights into the toxicity
mechanisms that will ultimately pave the way for the development of
antidotes/therapies for the treatment of H,S intoxication in human.
Many studies have been focusing on exogenous H,S exposure
induced pathological damages in the respiratory tract of human and
animals (Song et al., 2021). In a previous study, we reported that H,S

can cause immune suppression, inflammatory response, and cell death
in the porcine lung (Liu et al., 2020). Here, in H,S group of our
extended study on acute H,S exposure, we observed inflammatory
cell infiltration and hyperplasia in the alveolar septums in the porcine
lung, ciliated epithelial cells disruption and inflammatory cells
infiltration in the trachea. Interestingly, the results of the VENN analysis
showed that 3 common KEGG pathways (complement and coagulation
cascades, systemic lupus erythematosus, and viral carcinogenesis) and 2
common biological processes (hyaluronan metabolic process and nega-
tive regulation of endopeptidase activity) of GO analyses were enriched
in both lung and trachea (Supplemental Fig. 2). These data suggest a
high degree of similarity in response to H,S exposure between lung
and trachea.

One common signaling pathway in lung and trachea, complement
and coagulation cascades, plays an important role in host immune de-
fense (Keragala et al., 2018). Seven DAPs in the lung, including KLKBT1,
CFH, CFI, PLG, SERPINF2, C3 and SERPIND1 were enriched in this path-
way. However, seven other DAPs in this pathway, including C7,
PROS1, FGA, C8G, FGG, PROC and A2M, were enriched in the trachea.
The plasma protein alpha 2-antiplasmin («2AP), also known as
SERPINF2, is an important inhibitor of the serine protease plasmin,
which takes place in the dissolution of fibrin clots in blood (Holmes
etal., 1987). The alternative pathway of complement activation involves
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the spontaneous hydrolysis of C3 and the generation of C3b (Nesargikar
etal, 2012). Complement factor H (CFH) serves as a cofactor of Comple-
ment factor I (CFI) for regulating the activity of C3b (Alrahmani and
Willrich, 2018). The kallikrein B1 (KLKB1), a key molecule in the coagu-
lation pathway, has been reported to inhibit the proteolysis of C5 and
regulate the product of active C3 fragments (DiScipio, 1982; Hiemstra
etal,, 1985; Oikonomopoulou et al., 2012; Thoman et al., 1984). Directly
or indirectly, some coagulation proteins affect inflammatory responses
and induce lung injury by regulating the level of cytokines or the activa-
tion of immune cells (Welty-Wolf et al., 2002). As an important compo-
nent in immune response, the activation of complement anticipates
lung injury in lung disease (Pandya and Wilkes, 2014). In our study,
the increase of KLKB1, PLG, and SERPINF2 occurred under the acute
H,S exposure signals that the coagulation cascades were activated in
the lung. Furthermore, the significantly higher abundance level of C3,
CFH, and CFI suggested that the H,S exposure activated the alternative
pathway of complement activation in the lung. Therefore, acute H,S
exposure may cause the activation of complement and coagulation
cascades, which, in turn, induces an inflammatory response in the
lung. Similar to this, our previous study found that 20 ppm H,S
exposure for a period of 28 days caused immune response and
inflammation in the lung of pig through activating complement
system (Liu et al., 2020). The fibrinogen alpha (FGA) and fibrinogen
gamma (FGG) are two primary polypeptide chains of fibrinogen
(Theodoraki et al., 2010). The Protein C (PROC) is proved to participate
in the biological process of coagulation, inflammation, and cell death
(Esmon, 2003; Mosnier et al., 2006). The increased abundance of FGA
and FGG reflected that the H,S exposure activated fibrinogen
formation in the trachea. Fibrinogen is considered to play a role in
inflammation responses by activating proinflammatory pathways,
which includes the triggering of NF-xB, and this may result in the pro-
duction of inflammatory cytokines (Fan and Edgington, 1993; Perez
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et al., 1999). C7, C8G were also increased in the trachea after the H,S
exposure. C5b-6 can bind C7 and C8G in a sequential manner and
forms a terminal complement complex (Nauta et al., 2004). These
data suggests that the H,S exposure may cause inflammation
responses by promoting the level of fibrinogen and facilitating the
assembly of the complement complex in trachea.

In addition, hyaluronan metabolic processes were found to be in-
creased in both the lung and trachea (Table 1). Hyaluronan is a major
component of the extracellular matrix, which plays an important role
in regulating inflammation responses (Petrey and de la Motte, 2014).
ITIH1, ITIH2, ITIH3 and ITIH4 are important accessories of inter-alpha-
trypsin inhibitors (ITIHs), which covalently link to hyaluronan (Hamm
etal., 2008). Thus, ITIHs are crucial factors for extracellular matrix stabil-
ity. ITIH1, ITIH2 and ITIH3 were found in the top 10 list with increased
abundance of DAPs in the lung, suggesting that the anti-inflammatory
responses during H,S exposure induced inflammation in the lung. In
the trachea, ITIH1, ITIH2 and ITIH4 were increased, suggesting a
similar inflammatory response in the trachea as in the lungs.

There are six common DAPs shared between lung and trachea, how-
ever some of which not intrinsically belong to these common pathways.
Among these DAPs, Paraoxonase 1 (PONT1) is related to lipid metabolism
(Meneses et al., 2019), and ITIH1 and ITIH2 are associated with the
hyaluronan metabolic process (Hamm et al., 2008). Protein S100-A6
(S100A6) is an intracellular protein that regulates cellular proliferation,
apoptosis and cellular response to stress factors (Donato et al., 2017).
These results help to explain the inflammatory damage occurring in
the lung and trachea of pig after 5-h acute H,S exposure.

Many studies have found that air pollution can affect and modify the
antigen presentation process (Becker and Soukup, 2003; Saxon and
Diaz-Sanchez, 2005). Here, we observed a unique signaling pathway
in the lung, named antigen processing and presentation (Table 1). We
found that H,S exposure increased the abundance of MHC Class I
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(SLA-3) and decreased the abundance of MHC Class II (SLA-DRA, SLA-
DRB1) and HSPA6. Among these proteins, HSPAG is a member of the
HSP70 gene family (Banerjee et al., 2014). HSP70 is reported to activate
an anti-inflammatory response by regulating the innate immune
response through TLR2 and ERK to stimulate the production of IL-10
(Borges et al., 2012). These results imply that H,S exposure promotes
the presentation of endogenous antigens and restrains the
presentation of extracellular antigens (Hansen and Bouvier, 2009).
Moreover, the decreased abundance of HSPA6 in the H,S group
corresponds with an inflammation in the lung in the H,S group. CD58,
known as the lymphocyte function-associated antigen 3, is expressed
on APCs as a cell adhesion molecule (Clark et al., 2012; York and Rock,
1996). In our study, CD58 was found in the top 10 of decreased abun-
dance proteins, which also suggests that the H,S exposure affects the
antigen presentation in the lung. A similar condition was also found in
the previous study, which reported that antigen processing and presen-
tation was regulated in the porcine lung after H,S exposure (Liu et al.,
2020). We also noticed that the H,S exposure decreased endothelial
cell-selective adhesion molecule (ESAM) in the lung. ESAM is a member
of the immunoglobulin superfamily, and it is related to endothelial tight
junctions (Kimura et al., 2010; Wegmann et al., 2004). Inactivation of
ESAM can cause the promotion of vascular permeability in the lung
(Duong Cao et al., 2020). The lower ESAM level may be one of the key
factors causing inflammatory exudation in the lung.

In addition, some metabolic process-related pathways, such as ‘Bio-
synthesis of amino acids’ and ‘Glycine, serine and threonine metabolism’,
‘Pentose phosphate pathway’, ‘Carbon metabolism’ and ‘Glyoxylate and
dicarboxylate metabolism’ were only enriched in the trachea (Table 1),
which indicated that the amino acid metabolism and glycometabolism
were affected by H,S exposure, and this occurred specifically in the
trachea. Furthermore, the abundance of 7 DAPs (Table 1) belonging to
the biological process of oxidation-reduction altered in the trachea due
to the H,S exposure. Superoxide dismutase (SOD2) transforms
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superoxide produced in the mitochondrial electron transport chain into
hydrogen peroxide and diatomic oxygen and wipes out mitochondrial
reactive oxygen species, which is significant for protecting cells from
cell death (Pias et al., 2003). Flavin-containing monooxygenase (FMO5)
is an effective Baeyer-Villiger monooxygenase of the FMO family.
Procollagen-proline 4-dioxygenase (P4HA2) belongs to the family of 2-
oxoglutarate dependent oxygenases (Rose et al., 2011). The increased
abundance of FMO5 and P4HA2, and the decreased SOD2 indicates the
H,S exposure caused oxidative stress in the trachea. Many reports noted
that H,S exposure-induced oxidative stress play an important role in
the trachea injury in chicken (Chen et al., 2019; Song et al., 2021). Accord-
ing to the GO analysis, two DAPs from the trachea, CTSH and YWHAZ
were enriched in the ERK1 and ERK2 cascade. Increased abundance of Ca-
thepsin H (CTSH) can reduce the cytokine-induced apoptosis (Flgyel et al.,
2014). Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activa-
tion protein zeta (YWHAZ) is a major protein for negatively regulating ap-
optosis and affecting cell survival (Nishimura et al., 2013). Thus,
decreased abundance of CTSH and YWHAZ promotes cell apoptosis,
which helps to explain the damage of the trachea tissue caused by acute
H,S exposure. Similarly, it was previously shown that H,S exposure
induces apoptosis and necroptosis in broiler trachea (Li et al., 2020). In
addition, we also take notice of the fact that there are two DAPs, Dynein
axonemal heavy chain 1 (DNAH1) and Zinc finger MYND domain-
containing protein 10 (ZMYND10), that are enriched in biological pro-
cesses of cilium movement and inner dynein arm assembly. As the key
component of the outer dynein arm, DNAH1 plays an important role in
maintaining ciliary function (Milla, 2016). ZMYND10 is also known for
its function in maintaining normal cilia motility (Moore et al., 2013).
Thus, the different expression of these two proteins suggests that the
H,S exposure can affect function and motility of the airway cilia. In the
histological study regarding the trachea, we also observed an apparent
mucosal injury and cilia desquamating. All these results indicate that
the H,S exposure may cause inflammation and cilia injuries in airway
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mucosa via activating the complement and coagulation cascades,
inducing oxidative stress and cell apoptosis.

There are no shared DAPs and pathways in all three organs while fewer
DAPs and pathways shared between lung/trachea and liver, which sup-
ports the notion that the exposure of H,S affects liver via different
mechanisms over lung/trachea. For the liver, 5 DAPs were enriched in
the pathway of protein processing in the endoplasmic reticulum
(Table 1). Signal sequence receptor subunit alpha (SSR1) is one of the
signal sequence receptors, and is associated with protein translocation
across the endoplasmic reticulum (ER) membrane(Rapoport, 1991).
Dolichyl-diphosphooligosaccharide—protein glycosyltransferase (RPN2)
is one of the subunits of the oligosaccharyltransferase (OST) complex.
OST plays a part in improving the kinetics and thermodynamics of the
folding of proteins (Schwarz and Blower, 2016). Protein kinase C substrate
80 K-H (PRKCSH) normally locates in the ER lumen, and PRKCSH is known
as the noncatalytic 3 subunit of glucosidase II (GII) (Shin et al., 2019). Heat
shock cognate 71 kDa protein (HSPA8) is an important member of the
HSP70 family, and protein folding is also a major cellular function of
HSPA8 (Stricher et al, 2013). UV excision repair protein RAD23
(Rad23B) belongs to Rad23 that interacts with the proteasome and escorts
Png1p to the proteasome. In this way, Rad23 helps to efficiently deglyco-
sylate the substrate before degradation (Suzuki et al., 2001). The increased
SSR1 and decreased PRN2, PRKCSH, HSPAS8, and RAD23B suggest that
acute H,S exposure could affect protein processing and synthesis in the
endoplasmic reticulum in the liver. We also observed a significantly
decline in TP and ALB level and an increasement in serum ALT and AST
levels after H,S exposure. These results indicate that an acute H,S
exposure may cause a hepatocellular damage leading to liver
dysfunction (Chen et al.,, 2009; Heibatollah et al., 2008). H,S exposure
can also exacerbate LPS-induced hepatocyte autophagy in chicken (Guo
etal, 2021).

There are two DAPs, acyl-coenzyme A oxidase (ACOX2) and acyl-
CoA thioesterase 8 (ACOT8), that were enriched in the pathway of pri-
mary bile acid biosynthesis. The bile acid synthesis is important for
the catabolism of cholesterol to bile acids. ACOX2 is a rate limiting en-
zyme associated to the bile acid biosynthetic process (Bjerklund et al.,
2015; Ferdinandusse et al., 2018). ACOTS is involved in the regulation
of fatty acid oxidation (Hunt et al.,, 2012). These data suggested the
H,S exposure affects cholesterol metabolism in the liver via the
regulation of the primary bile acid biosynthesis. Moreover, we also
found the same biological process of GO analysis in the liver as that in
the trachea, the oxidation-reduction process, whereas the belonged
proteins were totally different (Table 1). Gamma-butyrobetaine hy-
droxylase 1 (BBOX1) participates in the carnitine biosynthesis pathway
(Paul et al,, 1992). Carnitine is important for mitochondrial beta oxida-
tion of fatty acid (Rashidi-Nezhad et al., 2014). Corticosteroid 11-beta-
dehydrogenase isozyme 1 (HSD11B1) is a member of the family of
short-chain dehydrogenases, which plays an important role in
balancing the lipid metabolism (Honma et al., 2012; Oppermann et al.,
2003). These data indicates that the H,S exposure can cause
lipometabolic disorder in liver. Similarly, another harmful gas,
ammonia, regulates lipid metabolism in the porcine skeletal muscle
(Tang et al., 2020).

In conclusion, the acute H,S exposure affects 3 organs via different
mechanisms. An overall scheme of key proteins and their tissue-
specific pathways we hypothesize to be involved in the pathogenesis
of acute H,S induced multiple organs toxicity, is summarized in Fig. 7.
The toxic mechanisms of H,S exposure in the lung and trachea are
more similar to one another. The H,S exposure causes inflammatory
damages in the lung through the activation of complement and
coagulation cascades, promoting antigen-presentation and regulating
the hyaluronan metabolic process. In the trachea, the H,S exposure
activated complement and coagulation cascades, caused oxidative
stress and cell apoptosis, and regulated the hyaluronan metabolic
process. In this way, the H,S exposure causes inflammatory injury and
cilia desquamating. In the liver, the H,S exposure induces liver
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dysfunctions via the regulation of protein synthesis and lipid
metabolism. Collectively, these findings shed new light on toxic
molecular mechanisms that could potentially be targeted for
therapeutic intervention for acute H,S intoxication.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.150365.
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