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Simple Summary: Ammonia is a major environmental pollutant. Previous estimates of ammonia
emissions have focused on livestock sources in agricultural systems. Livestock continues to be the
main source of ammonia emissions. Exposure to high concentrations of ammonia can cause varying
degrees of damage to tissues and organs. However, the damage of ammonia exposure to the spleen of
pigs in the fattening pigs is unknown. Therefore, the aim of this study was to explore the mechanism
at the gene level of exogenous ammonia-induced spleen toxicity by enzyme-linked immunosorbent
assay (ELISA), spleen histomorphological observation, and transcriptome technology. The results
showed that ammonia exposure led to oxidative stress, activation of inflammatory pathways, and
splenic injury. In addition, the genes that encode histone methyltransferase were found to be
significantly upregulated. Therefore, histone methylation may be the epigenetic mechanism of
splenic poisoning induced by ammonia. Our findings provide a novel direction for exploring the
underlying molecular mechanisms of ammonia toxicity.

Abstract: Ammonia is one of the major environmental pollutants that seriously threaten human
health. Although many studies have shown that ammonia causes oxidative stress and inflammation
in spleen tissue, the mechanism of action is still unclear. In this study, the ammonia poisoning
model of fattening pigs was successfully established. We examined the morphological changes and
antioxidant functions of fattening pig spleen after 30-day exposure to ammonia. Effects of ammonia
in the fattening pig spleen were analyzed from the perspective of oxidative stress, inflammation, and
histone methylation via transcriptome sequencing technology (RNA-seq) and real-time quantitative
PCR validation (qRT-PCR). We obtained 340 differential expression genes (DEGs) by RNA-seq.
Compared with the control group, 244 genes were significantly upregulated, and 96 genes were
significantly downregulated in the ammonia gas group. Some genes in Gene Ontology (GO) terms
were verified and showed significant differences by qRT-PCR. The KEGG pathway revealed significant
changes in the MAPK signaling pathway, which is strongly associated with inflammatory injury.
To sum up, the results indicated that ammonia induces oxidative stress in pig spleen, activates the
MAPK signaling pathway, and causes spleen necrosis and injury. In addition, some differential genes
encoding epigenetic factors were found, which may be involved in the response mechanism of spleen
tissue oxidative damage. The present study provides a transcriptome database of ammonia-induced
spleen poisoning, providing a reference for risk assessment and comparative medicine of ammonia.
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1. Introduction

Ammonia is a toxic, colorless, and corrosive alkaline gas, which is recognized as an
atmospheric pollutant [1]. Sources of ammonia include industrial production, automotive
exhaust, agriculture, livestock, construction, and soil and marine volatilization [2]. It is
noteworthy that the ammonia emission from husbandry accounts for an important share
of global ammonia emissions [3]. The excessive ammonia in livestock and poultry houses
has an adverse effect on the health of workers and the welfare of animals, causing air
pollution through the ventilation system. Therefore, the harm of ammonia emission from
the livestock and poultry industry to humans and animals has become a hot issue in the
world [4].

Inhalation is the primary route of exposure to ammonia. Ammonia below 25 ppm is
harmless to both humans and animals [5]. However, exposure to high concentrations of
ammonia in humans can cause the destruction of respiratory tissues, cilia, and the mucosal
barrier, leading to inflammation and an increased risk of secondary infections [6]. The
spleen is the largest peripheral immune organ, more complex than other lymphoid tissues,
and it is crucial to the maintenance of innate immunity and acquired immune function [7].
A recent study shows that ammonia can stimulate an immune response in pufferfish and
promote the production of various inflammatory cytokines [8]. However, the mechanism
of ammonia-induced splenic injury remains unclear.

Epigenetic modifications are responses to changes in the environment after envi-
ronmental stimuli (nutrients, toxins, infections, hypoxia) [9]. Histone modification is an
important epigenetic modification. Post-translational methylation of histones has been
extensively studied in the past few years. Mitogen-activated protein kinase (MAPKs) regu-
late multiple life processes [10]. P38 MAPK and JNK/SAPK are mainly induced by various
environmental stresses. PM2.5 exposure was found to activate MAPK signaling pathways,
and phosphorylated expressions of JNK, P38, and ERK were significantly increased [11].
The nuclear factor kappa-B (NF-κ B) signaling network is one of the histone modification
pathways that regulate the expression of inflammatory factors. It has been shown to be a
downstream consequence of MAPK signaling [12].

Transcriptomes are essential for explaining the function of the genome, the molecular
makeup of cells and tissues, and the onset and development of disease [13]. In recent years,
pigs have been widely studied in the field of toxicology as a traditional animal model [14]
because the life and metabolic system of pigs is similar to that of humans, and pigs allow
for repeated sampling [15]. Ammonia is the major noxious gas in pig farms. The impacts of
ammonia on livestock and health have been studied relatively well in chickens. However,
less research has been conducted on the mechanism of ammonia toxicity to pig spleen.

To study how exogenous ammonia causes spleen damage, we established an ammonia
poisoning model of fattening pigs to conduct spleen ultrastructural examination. Simul-
taneously, we used RNA-seq to analyze the impact of ammonia on spleen tissue and to
quantify the variation of expression levels of transcripts under different conditions. We
investigated the oxidative stress and inflammatory injury induced by ammonia in the
spleen. These research results may provide new ideas and insights for understanding the
specific mechanisms of ammonia toxicity.

2. Materials and Methods
2.1. Experimental Animal Management and Experimental Design

Twelve 125-day-old crossbred pigs with similar body conditions were randomly
chosen and indiscriminately distributed into control group (n = 6) and ammonia group
(n = 6). All experimental animals were housed in an ambient temperature-controlled room.
All environmental parameters were in accordance with the national standard for fattening
pig breeding (GB17824.3-2008). All pigs made use of feed and water freely.
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2.2. Ammonia Exposure

For the purpose of simulating the pig houses and ensuring that the ammonia concentra-
tion of the control group was maintained below 5 mg/m3 and the ammonia concentration
of the ammonia group was maintained between 75.4 and 76.5 mg/m3, the exogenous
ammonia was supplied to the ambient temperature-controlled room for a time of 8 h/d.
The pigs were adapted to the feeding environment 14 d before the formal experiment,
and the ammonia concentration was adjusted 3 d prior to the experiment. The test period
lasted for 30 d. After the experiment, the pigs were euthanized, and spleen tissues were
taken immediately after blood collection and homogenized under ice conditions. The
spleen tissues were taken, washed with sterile saline, and fixed in 10% formalin. Tissue
homogenates were carried out for the detection of antioxidant indices, and the rest of the
spleen tissues were transferred into DNase/RNase-free cryopreservation tubes and stored
at −80 ◦C for transcriptome and qRT-PCR analysis.

2.3. Histological Observation

The spleen tissues were fixed in 10% formalin for at least 24 h and then pruned, cleaned
with tap water, dehydrated at different concentrations of alcohol, and embedded in paraffin.
The samples were cut into 6 µm thin sections and stained with hematoxylin and eosin (H&E).
Finally, the stained slices were sealed with neutral resin. The changes in microstructure
were recorded with a multifunctional digital light mirror DMS-651 observation.

2.4. Determination of Antioxidant Indexes by ELISA

The spleen tissues were homogenized in 0.9% NaCl solution and centrifuged at
3500 rpm for 10 min at 4 ◦C. The supernatant was taken, and its antioxidant activity
was determined with a specialized assay kit. The contents of glutathione (GSH) (Kit Num-
ber: A006-2-1) and malondialdehyde (MDA) (Kit Number: A003-1) and the activity of
glutathione peroxidase (GSH-px) (Kit Number: A005) and superoxide dismutase (SOD)
(Kit Number: A001-1) in spleen tissue were tested by a spectrophotometric microplate
reader (SpectraMax® ABS00254, Molecular Devices, San Jose, CA, USA). Optical density
(OD) values at 405 nm, 532 nm, 412 nm, and 550 nm were measured correspondingly. The
quantitative analysis of total protein in the spleen tissue was performed by the Coomassie
blue method. All kits were purchased from Nanjing Jiancheng Institute of Biological
Engineering (Nanjing Construction Bioengineering Research, Nanjing, China).

2.5. RNA-seq and Interpretation of Results

The total RNA was extracted with TRIzol reagent. We purified the total RNA to
obtain the mRNA and then decomposed it into small fragments 200–300 bp long. The
first-strand cDNA was synthesized as a random hexamer, and then the second-strand
cDNA was synthesized by adding buffer, dNTP, RNase H, and DNA polymerase I. Finally,
PCR amplification was performed to obtain the final sequencing library. Sequencing data
were screened and sorted by the Illumina HiseqTM 6000 sequencer, and the sequencing
read length was double-ended 2 * 150 bp (PE150). The entire transcriptome analysis
procedure was performed by Lianchuan Biotechnology Co., Ltd. (Hangzhou, China).
The study of DEGs was carried out based on the final sequencing library (threshold:
|log2foldchange| ≥1, p < 0.05). EdgeR was used for differential expression analysis. The
GO database was downloaded for DEG ontology analysis. The KEGG database was
used for gene function annotation. The R language was used for a graphical display of
the differential expression results, including a heat map, scatter map, and volcano map
of DEGs.

2.6. Verification of Differentially Expressed Genes

A 0.1 g amount of cryopreserved spleen tissue was weighed. Trizol (Invitrogen,
Shanghai, China) was applied to extract total RNA. Firstly, 1 mL of TRIzol was added to the
tissue, the homogenate of the tissue was taken out, and 200 µL of chloroform was added for
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shaking and standing centrifugation. Then, 400 µL of isopropyl alcohol was added to the
supernatant. The precipitation was washed with 1 mL of 75% ethanol, and the dried RNA
was gently blown with 30 µL of double-distilled water to dissolve. The complementary
DNA (cDNA) was synthesized using oligo dT primers and reverse transcriptase II. The
cDNA was diluted 5 times in double-distilled water and stored at −80 ◦C for later use.

Primer Premier 5.0 was used to design specific primers. qRT-PCR was performed
using LightCycler®96 (Roche, Switzerland). The reaction conditions were as follows: three
replicates were performed for each PCR product. The relative mRNA expression levels of
each gene were calculated by 2−∆∆Ct. To corroborate the reliability of the DEGs data, we
selected 13 genes associated with oxidative stress, inflammation, histone methylation, and
the MAPK signal pathway and used qRT-PCR for investigation. Primers used for qRT-PCR
were displayed in Table 1. β-actin was used as a reference gene to analyze the expression
trend of the screened genes.

Table 1. Primers used for qRT-PCR.

Gene Accession No. Primer Sequence (5′-3′)

KMT2A XM_021062911.1
F: CCTCTCGCTGCTTCACTTCA

R: TGAGTTTCGGTCAGAGCCAC

KMT2B XM_003127067.5
F: GAGCAAGATGATGCAGTGCG
R: CACGGACTTGTAGTGGCCTT

KMT2C XM_021079123.1
F: TTCGGATATAACTGCCCCGC

R: GAGCAGAGAGAGCTGCTGTT

KMT2D XM_021091593.1
F: CGATAGCTCTCCCAGCAAGG
R: GTACGGGGCGTGACAGATAG

IL1RL1 XM_013995915.2
F: CAGGGAAGAAGCCACATCGT
R: CAAAGCAAGCAGAGCACGTT

IL17RB XM_005669645.3
F: ATCTGTGTGACGGGCAAGAG
R: TTCTTTCATGCCTCCGGGTC

IL23R NM_001137621.1
F: GGAAATCATCGGCCTTGCAG
R: TTTGTGCTTTGCAATGAGGGA

UPF1 XM_021083471.1
F: GCCAGTTGTTGGCTGAGTTG

R: GAGTCGCATGTCAGAGTCAGT

TRPM6 XM_021064975.1
F: CCAGCCACATAGGGCTTTGA
R: GGATGACTGACCTCCCCTCT

AOC2 XM_003131393.4
F: AATGTTGGGGGTAGTGCCTG
R: CACATCTGGGCGGACTCATT

PRKCG XM_021094903.1
F: CCATTGGATCCCAGCACGAAT
R: CTGCAGTTGTCAGCATCAGC

CACNA2D2 XM_021068821.1
F: ATGGACCAACGTGTACGAGG

R: AGCAGGAACTCAAAATACTTGACC

HGF XM_005667687.3
F: GCTGCTTCCCCTTCCTCTTT

R: GCAAGAATTTGTGCCGGTGT

2.7. Statistical Analysis

IBM SPSS statistical software (version 25.0, SPSS Inc., Chicago, IL, USA) was used
to analyze the experimental data. The data are expressed as mean ± standard deviation.
One-way analysis of variance confirmed a significant difference between the ammonia and
control groups. p < 0.05 was considered statistically significant.

3. Results
3.1. Splenic Ultrastructural Damage due to Ammonia Exposure

To more intuitively demonstrate the effect of ammonia on the spleen, we evaluated the
spleen pathology in the control group and ammonia group of fattening pigs. The changes
in the microstructure of pig spleen caused by inhaling ammonia are shown in Figure 1. In
the normal spleen, the division of red pulp and white pulp was clear, the shape of splenic
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nodules was regular, and the number of lymphocytes was abundant. Histopathologically,
the size of splenic nodules and the number of lymphocytes were decreased in the ammonia
group. Pathological results indicated that ammonia exposure caused structural changes
in spleen tissue. The changes in the number of lymphocytes suggested the inflammatory
injury in spleen tissue.
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Figure 1. Histological structure of the spleens stained by hematoxylin and eosin (×20) (n = 3/group):
(A) control group; (B) ammonia group. The histopathological lesions included the volume of splenic
nodules decreased. Lymphocyte count (black arrow) was reduced.

3.2. Effect of Excessive Ammonia on Oxidative Stress Indexes

Oxidative stress could induce the activation of inflammatory signaling cascades. In
order to investigate the mechanism of splenic pathological injury caused by excessive
ammonia, we detected the activity of GSH-Px and SOD and the content of MDA and GSH.
As shown in Figure 2, the GSH content of the ammonia group and the activity of GSH-Px
and SOD were significantly reduced (p < 0.05) compared to the control group. Conversely,
the MDA content of the ammonia group increased significantly (p < 0.05). Collectively,
these data indicated that spleen injury may be induced by the oxidative stress pathway in
ammonia groups.
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3.3. Differentially Expressed Gene Screening Analysis

Our preliminary results suggested that ammonia exposure causes pathological damage
and oxidative stress in the spleen. To further explore the molecular mechanism of spleen
injury, we compared gene expression levels between the two groups via transcriptome
sequencing. Ammonia-induced gene expression changes are shown in Figure 3. A total of
340 differential genes were screened according to log2 FC ≥1 or ≤−1 and p < 0.05, of which
244 genes were significantly increased, and 96 genes were significantly decreased. These
results suggested that ammonia poisoning has a complex molecular regulation mechanism,
which requires further analysis and clarification.
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Figure 3. (A) Heat map of DEGs. The abscissa represents the sample, and the ordinate represents the
gene. Different colors indicate different levels of gene expression. Red represents highly expressed
genes, and dark blue represents low expressed genes. (B) Volcano plots of DEGs. The x-coordinate is
log2 (fold-change), and the y-coordinate is−log10 (p-value). Red and blue dots represent upregulated
and downregulated DEGs, respectively. (C) Column diagram of DEGs. The red column represents the
number of upregulated genes, and the blue column represents the number of downregulated genes.

3.4. Ammonia Exposure Activated MAPK Signaling Pathway by KEGG Enrichment Analysis

The MAPK signaling pathway is a classic inflammatory signaling pathway. Excitedly,
we obtained significant changes in the MAPK signaling pathway by KEGG enrichment
analysis. The enrichment analysis results were represented by scatter plots (Figure 4).
A total of 20 KEGG pathways were obtained, and these pathways pertained to five branches.
As shown in Figure 4, DEGs were concentrated in the MAPK signaling pathway. A total
of 12 DEGs were enriched in this pathway. It was noteworthy that this pathway was
connected with oxidative stress and inflammation.
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3.5. GO Enrichment of DEGs

GO contains three ontologies, which can be described as the biological process, cellular
component, and molecular function of genes. The histogram of GO enrichment analysis
results reflected the number distribution of differential genes on the three ontologies. DEGs
were enriched in 307, 44, and 106 items in biological processes, cell components, and
molecular functions, respectively. Among them, the biological process with the highest
enrichment degree of differential genes was regulation of transcription and DNA templates,
cell components were membrane, and molecular functions were protein binding. We
selected the top 20 GO terms for display. A rich factor indicates the degree of GO enrichment.
The results of the enrichment bubble diagram are shown in Figure 5B. Among them, histone
H3-K4 methylation was the most affected.
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Figure 5. (A) GO enrichment analysis of DEGs. (B) Top 20 GO terms in GO enrichment analysis. Rich
factor represents the number of DEGs enriched in the GO terms.
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3.6. qRT-PCR Confirmed the Availability of Transcriptome Data

Histone methylation is an epigenetic mechanism by which cells respond to environ-
mental stimuli. Combined with our previous research results, we speculated that the
mechanism of ammonia poisoning might be related to histone methylation. To confirm the
reliability of transcriptomic results, we performed qRT-PCR on 13 genes associated with
histone methylation (KMT2A, KMT2B, KMT2C, KMT2D), inflammation (IL1RL1, IL17RB,
IL23R), oxidative stress (UPF1, TRPM6, AOC2), and the MAPK signaling pathway (PRKCG,
CACNA2D2, HGF). As shown in Figure 6, with the exception of CACNA2D2, mRNA levels
were significantly higher. Transcriptome results showed that KMT2A, KMT2B, KMT2C,
KMT2D, IL1RL1, IL17RB, IL23R, UPF1, TRPM6, AOC2, PRKCG, and HGF were upregu-
lated DEGs. CACNA2D2 was downregulated DEGs. Changes in these genes detected by
qRT-PCR confirmed the credibility of the transcriptome sequencing results.
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Figure 6. Forecast tendency of histone methyltransferase genes, oxidative stress, inflammatory, and
MAPK signaling pathways in the pig spleen (n = 6/group): (A) histone methyltransferase genes;
(B) oxidative stress; (C) inflammatory; (D) MAPK signaling pathways. (E) Comparison and analysis
of RNA-Seq and qRT-PCR results.

4. Discussion

The spleen is an important immune lymphoid organ in animals with a variety of
immune functions [16]. Many studies have shown that exogenous ammonia exposure
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causes damage to a variety of tissues and organs, including the spleen [17,18]. In the
current study, we analyzed the morphological damage and oxidative damage levels of the
spleen in fattening pigs exposed to ammonia. Moreover, we used RNA-seq and qRT-PCR
(KMT2A, KTM2B, KMT2C, KMT2D, IL1RL1, IL17RB, IL23R, UPF1, TRPM6, AOC2, PRKCG,
CACNA2D2, HGF) to construct the database of DEGs. Transcriptome profiling revealed
that the inflammation and oxidative stress caused by ammonia exposure may be related to
histone methylation modification.

An imbalance between reactive oxygen species (ROS) and antioxidant mechanisms
leads to oxidative stress [19]. However, exposure to harmful exogenous factors will generate
ROS. High concentrations of ROS can adversely modify cellular components such as lipids,
proteins, and DNA [20]. Mammalian plasma contains quite active AOC, namely plasma or
SAO. As a byproduct of amine oxidation, AOC3 could directly increase reactive oxygen
species levels [21]. In this study, AOC2 expression levels increased remarkably. Therefore,
we hypothesized that the upregulation of the AOC2 gene in ammonia-induced spleen
suggests that its function may be related to oxidative stress. This may provide an important
reference for studying the function of the AOC2 gene. UPF1 has been initially identified
as a central component of the NMD pathway [22]. It could regulate the expression of
related genes through hnRNP E2 to affect ROS production and further induce oxidative
stress [23]. The intracellular redox states can significantly alter the gated properties of ion
channels. In oxidative stress, TRPM6 could restore its activity by methionine sulfoxide
reductase [24]. MDA is the principal and most studied product of polyunsaturated fatty
acid peroxidation as a marker of ROS. The measurements of GSH, SOD, and GSH-px could
indicate antioxidant responses [25]. In this study, ammonia exposure significantly affected
the activities of GSH, GSH-px, SOD, and MDA in spleen tissues. The results demonstrated
that ammonia damaged the antioxidant defense system of pigs.

Excessive production of ROS in the mitochondria causes oxidative damage and ac-
tivates inflammatory signaling cascades [26]. Ammonia exposure has been shown to
trigger inflammatory responses and oxidative stress [27]. The current findings were in
agreement with many studies. The KEGG pathways obtained by RNA-seq were related
to inflammation, such as inflammatory mediator regulation of TRP channels, the MAPK
signaling pathway, and the IL−17 signaling pathway. MAPK signaling has been confirmed
to mediate inflammatory responses [28]. Previous reports have shown that ROS accumula-
tion activates the NF-κ B/MAPK signaling pathway and increases downstream levels of
associated inflammatory cytokines. The increase in ROS in cells activates ERKs, JNKs, or
P38 MAPKs, but the mechanism by which ROS activates these kinases is unclear [29]. The
PRKCG gene encodes PKC γ. PKC γ directly activates members of the MAPKs family in-
volved in pain and multiple-injury-activated pathways [30]. The CACNA2D2 gene encodes
a functionally auxiliary subunit of voltage-gated Ca2+ channels. Previous studies have
found the reduced activation of MAPK cascade signaling in CACNA1C deficient mice [31].
HGF is a cytokine with strong angiogenic activity, which can activate the MAPK signaling
pathway and upregulate the expression of iNOS [32]. The results of this study showed that
the gene expression levels of PRKCG, CACNA2D2, and HGF were significantly changed
in the spleen of pigs exposed to ammonia, suggesting that ammonia exposure activated
the MAPK signaling pathway. Consistent with our results, Wang et al. reported that Pb
exposure induces necrotic apoptosis of the chicken spleen by activating the MAPK/NF-κ
B pathway [33]. The MAPK signaling pathway activates and produces a large number
of cytokines that are essential for the functioning of the inflammatory response [34]. Our
transcriptome results suggest that IL1RL1, IL17RB, and IL23R pertained to the active reg-
ulation of inflammatory responses. IL1RL1, a receptor for interleukin-33 (IL-33), plays a
crucial part in type 2 inflammation [35]. Il-17 is an inflammation-promoting cytokine that is
produced primarily by activated T cells. It enhances the activation of T cells and stimulates
a variety of cells to produce inflammatory mediators, leading to the induction of inflam-
mation [36]. IL23R is expressed in multiple cell types. It has been found to play a key role
in cytokine signal transduction and amplification mediated by human macrophages [37].
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Histopathological analysis further demonstrated that ammonia could cause inflammatory
injury of the spleen in fat pigs.

Histone methylation is a crucial type of epigenetic modification in cells [38]. The effects
of oxidative stress on chromatin modification mediate many cellular changes, including
regulation of gene expression, apoptosis, and mutations [39]. Histone methylation and
acetylation changed significantly after ROS exposure in human bladder tissues [40], which
then lead to aberrant gene expression, and may contribute to the process of carcinogenesis.
In the present study, GO analysis emphasized that some genes were gathered in “histone
methyltransferase activity”. KMT2A, KMT2B, KMT2C, and KTM2D are members of the
mammalian H3-K4 methyltransferases family, which regulate gene expression by catalyzing
methylation on lysine 4 of histone H3 (H3K4) [41]. Transient receptor potential melastatin
IDH2 is the major NADPH-producing enzyme in mitochondria. CDH1 ubiquitinates
IDH2 and promotes the increased ROS in mitochondria [42]. Transcriptome results showed
that the histone lysine methyltransferase 2 (KMT2) gene family changed significantly. Our
qRT-PCR results showed that oxidative stress and inflammatory response induced by
ammonia exposure were related to histone methylation modification.

5. Conclusions

In conclusion, the transcriptome map of differential gene expression in the spleen
induced by ammonia was established in the present study. Our results suggest that
exposure to exogenous ammonia can induce oxidative stress and inflammatory response
in spleen tissues. In addition, our study found differences in histone methylase gene
expression caused by ammonia exposure for the first time, which may be the epigenetic
mechanism of ammonia poisoning of the spleen. The results of this paper provide a new
perspective for exploring the mechanism of spleen poisoning induced by ammonia.

Author Contributions: Conceptualization, Y.C., X.L. and J.B.; methodology, Y.C., R.Z. and S.D.;
formal analysis, X.Z. and H.N.; investigation, H.X., H.L. and R.Z.; resources, J.B.; writing—original
draft preparation, Y.C.; writing—review and editing, Y.C. and J.B.; visualization, J.L. and X.L.;
supervision, J.B.; project administration, X.L.; funding acquisition, J.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Earmarked Fund for China Agriculture Research System
(No. CARS 35).

Institutional Review Board Statement: All experimental protocols and the use of animals were
approved by and conducted according to the guidelines of the Institutional Animal Care and Use
Committee of Northeast Agriculture University (NEAU-[2011]-9).

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding authors.

Acknowledgments: The authors thank the members of the animal behavior and welfare laboratory
at the College of Animal Science and Technology in Northeast Agricultural University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shah, S.W.A.; Ishfaq, M.; Nasrullah, M.; Qayum, A.; Akhtar, M.U.; Jo, H.; Hussain, M.; Teng, X. Ammonia inhala-tion-induced

inflammation and structural impairment in the bursa of fabricius and thymus of broilers through NF-κB signaling pathway.
Environ. Sci. Pollut. Res. 2020, 27, 596–607. [CrossRef] [PubMed]

2. Behera, S.N.; Sharma, M.; Aneja, V.P.; Balasubramanian, R. Ammonia in the atmosphere: A review on emission sources,
atmospheric chemistry and deposition on terrestrial bodies. Environ. Sci. Pollut. Res. 2013, 20, 8092–8131. [CrossRef] [PubMed]

3. Jdrejek, A. Regional differentiation and possibilities of reducing ammonia emissions from agriculture in poland. Rocz. Nauk.
Stowarzyszenia Ekon. Rol. I Agrobiz. 2019, 21, 145–151. [CrossRef]

4. Saeed, M.; Arain, M.A.; Naveed, M.; Alagawany, M.; Abd El-Hack, M.E.; Bhutto, Z.A.; Bednarczyk, M.; Kakar, M.U.; Abdel-Latif,
M.; Chao, S. Yucca schidigera can mitigate ammonia emissions from manure and promote poultry health and production. Environ.
Sci. Pollut. Res. 2018, 25, 027–033. [CrossRef]

http://doi.org/10.1007/s11356-020-07743-2
http://www.ncbi.nlm.nih.gov/pubmed/31970641
http://doi.org/10.1007/s11356-013-2051-9
http://www.ncbi.nlm.nih.gov/pubmed/23982822
http://doi.org/10.5604/01.3001.0013.5958
http://doi.org/10.1007/s11356-018-3546-1


Animals 2022, 12, 1204 12 of 13

5. Li, Y.; Zhang, R.; Li, X.; Li, J.; Ji, W.; Zeng, X.; Bao, J. Exposure to the environmental pollutant ammonia causes changes in gut
microbiota and inflammatory markers in fattening pigs. Ecotoxicol. Environ. Saf. 2021, 62, 431–435. [CrossRef]

6. Mahdinia, M.; Adeli, S.H.; Mohammadbeigi, A.; Heidari, H.; Ghamari, F.; Soltanzadeh, A. Respiratory disorders resulting
from exposure to low concentrations of ammonia: A 5-Year Historical Cohort Study. J. Occup. Environ. Med. 2020, 62, 431–435.
[CrossRef]

7. Lewis, S.M.; Williams, A.; Eisenbarth, S.C. Structure and function of the immune system in the spleen. Sci. Immunol. 2019,
4, eaau6085. [CrossRef]

8. Cheng, C.H.; Guo, Z.X.; Wang, A.L. Growth performance and protective effect of vitamin E on oxidative stress pufferfish
(Takifugu obscurus) following by ammonia stress. Fish Physiol. Biochem. 2018, 44, 735–745. [CrossRef]

9. Bonasio, R.; Tu, S.; Reinberg, D. Molecular signals of epigenetic states. Science 2010, 330, 612–616. [CrossRef]
10. Lawrence, M.C.; Jivan, A.; Shao, C.; Duan, L.; Goad, D.; Zaganjor, E.; Osborne, J.; McGlynn, K.; Stippec, S.; Earnest, S.; et al. The

roles of MAPKs in disease. Cell Res. 2008, 18, 36–42. [CrossRef]
11. Liu, B.; Wu, S.D.; Shen, L.J.; Zhao, T.X.; Wei, Y.; Tang, X.L.; Long, C.L.; Zhou, Y.; He, D.W.; Lin, T.; et al. Spermatogenesis

dysfunction induced by PM2.5 from automobile exhaust via the ROS-mediated MAPK signaling pathway. Ecotoxicol. Environ. Saf.
2019, 167, 161–168. [CrossRef]

12. Lecoeur, H.; Prina, E.; Rosazza, T.; Kokou, K.; N’Diaye, P.; Aulner, N.; Varet, H.; Bussotti, G.; Xing, Y.; Milon, G.; et al. Targeting
macrophage histone H3 modification as a leishmania strategy to dampen the NF-κB/NLRP3-mediated inflammatory response.
Cell Rep. 2020, 11, 1870–1882.e4. [CrossRef]

13. Chowdhury, H.A.; Bhattacharyya, D.K.; Kalita, J.K. Differential expression analysis of RNA-seq reads: Overview, Taxonomy, and
Tools. IEEE/ACM Trans. Comput. Biol. Bioinform. 2020, 17, 566–586. [CrossRef]

14. Dhondt, L.; Croubels, S.; De, P.P.; Wallis, S.C.; Pandey, S.; Roberts, J.A.; Lipman, J.; De, C.P.; Devreese, M. Conventional pig as
animal model for human renal drug excretion processes: Unravelling the porcine renal function by use of a cocktail of exogenous
markers. Front. Pharmacol. 2020, 12, 883. [CrossRef]

15. Vodicka, P. The miniature pig as an animal model in biomedical research. Ann. N. Y. Acad. Sci. 2010, 1049, 161–171. [CrossRef]
16. Mebius, R.E.; Kraal, G. Structure and function of the spleen. Nat. Rev. Immunol. 2005, 5, 606–616. [CrossRef]
17. Wang, Q.; Wang, M.; Liu, C.; Huang, L.; Gao, Y.; Yu, M.; Zhao, S.; Li, X. Ammonia exposure induced cilia dysfunction of nasal

mucosa in the piglets. Biomed. Res. Int. 2020, 25, 387. [CrossRef]
18. Xia, C.; Zhang, X.; Zhang, Y.; Li, J.; Xing, H. Ammonia exposure causes the disruption of the solute carrier family gene network in

pigs. Ecotoxicol. Environ. Saf. 2021, 210, 111870. [CrossRef]
19. Schieber, M.; Chandel, N.S. ROS function in redox signaling and oxidative stress. Curr. Biol. 2014, 24, 453–462. [CrossRef]
20. Valko, M.; Rhodes, C.J.; Moncol, J.; Izakovic, M.; Mazur, M. Free radicals, metals and antioxidants in oxidative stress-induced

cancer. Chem. Biol. Interact. 2006, 160, 1–40. [CrossRef]
21. Thézénas, M.L.; De, L.B.; Laux-Biehlmann, A.; Bafligil, C.; Elger, B.; Tapmeier, T.; Morten, K.; Rahmioglu, N.; Dakin, S.G.; Charles,

P.; et al. Amine oxidase 3 is a novel pro-inflammatory marker of oxidative stress in peritoneal endometriosis lesions. Sci. Rep.
2020, 10, 1495. [CrossRef]

22. Nazarenus, T.; Cedarberg, R.; Bell, R.; Cheatle, J.; Forch, A.; Haifley, A.; Hou, A.; Wanja, K.B.; Shields, C.; Stoysich, K.; et al. Upf1p,
a highly conserved protein required for nonsense-mediated mRNA decay, interacts with the nuclear pore proteins Nup100p and
Nup116p. Gene 2005, 345, 199–212. [CrossRef]

23. Saul, M.J.; Stein, S.; Grez, M.; Jakobsson, P.J.; Steinhilber, D.; Suess, B. UPF1 regulates myeloid cell functions and S100A9
expression by the hnRNP E2/miRNA-328 balance. Sci. Rep. 2016, 6, 31995. [CrossRef]

24. Cao, G.; Lee, K.P.; van der Wijst, J.; de Graaf, M.; van der Kemp, A.; Bindels, R.J.; Hoenderop, J.G. Methionine sulfoxide reductase
B1 (MsrB1) recovers TRPM6 channel activity during oxidative stress. J. Biol. Chem. 2010, 285, 26081–26087. [CrossRef]

25. Sisinta, T.; Wispriyono, B.; Kusnoputranto, H. Malondialdehyde (mda) as biomarkers of oxidative stress to pm_(2.5) exposure at
junior high school students in bandung city, west java, indonesia. Pollut. Res. 2018, 37, 287–294.

26. Fokam, D.; Hoskin, D. Instrumental role for reactive oxygen species in the inflammatory response. Front. Biosci. 2020, 25,
1110–1119. [CrossRef]

27. Wang, H.; Zeng, X.; Zhang, X.; Liu, H.; Xing, H. Ammonia exposure induces oxidative stress and inflammation by destroying
the microtubule structures and the balance of solute carriers in the trachea of pigs. Ecotoxicol. Environ. Saf. 2021, 212, 111974.
[CrossRef]

28. Wang, K.S.; Li, J.; Wang, Z.; Mi, C.; Ma, J.; Piao, L.X.; Xu, G.H.; Li, X.; Jin, X. Artemisinin inhibits inflammatory response via
regulating NF-κB and MAPK signaling pathways. Immunopharmacol. Immunotoxicol. 2017, 39, 28–36. [CrossRef] [PubMed]

29. Li, Z.Y.; Chi, H.Q.; Zhu, W.; Yang, G.Y.; Song, J.; Mo, L.J.; Zhang, Y.T.; Deng, Y.D.; Xu, F.F.; Yang, J.N.; et al. Cadmium induces
renal inflammation by activating the NLRP3 inflammasome through ROS/MAPK/NF-κB pathway in vitro and in vivo. Arch.
Toxicol. 2021, 95, 3497–3513. [CrossRef] [PubMed]

30. Karalis, D.T.; Karalis, T.; Karalis, S.; Kleisiari, A.S. L-Carnitine as a diet supplement in patients with type II diabetes. Cureus 2020,
12, e7982. [CrossRef] [PubMed]

31. Moosmang, S.; Haider, N.; Klugbauer, N.; Adelsberger, H.; Langwieser, N.; Müller, J.; Stiess, M.; Marais, E.; Schulla, V.;
Lacinova, L.; et al. Role of hippocampal Cav1.2 Ca2+ channels in NMDA receptor-independent synaptic plasticity and spatial
memory. J. Neurosci. 2005, 25, 9883–9892. [CrossRef]

http://doi.org/10.1016/j.ecoenv.2020.111564
http://doi.org/10.1097/JOM.0000000000001932
http://doi.org/10.1126/sciimmunol.aau6085
http://doi.org/10.1007/s10695-018-0468-2
http://doi.org/10.1126/science.1191078
http://doi.org/10.1038/cr.2008.37
http://doi.org/10.1016/j.ecoenv.2018.09.118
http://doi.org/10.1016/j.celrep.2020.01.030
http://doi.org/10.1109/TCBB.2018.2873010
http://doi.org/10.3389/fphar.2020.00883
http://doi.org/10.1196/annals.1334.015
http://doi.org/10.1038/nri1669
http://doi.org/10.1155/2020/1705387
http://doi.org/10.1016/j.ecoenv.2020.111870
http://doi.org/10.1016/j.cub.2014.03.034
http://doi.org/10.1016/j.cbi.2005.12.009
http://doi.org/10.1038/s41598-020-58362-3
http://doi.org/10.1016/j.gene.2004.10.005
http://doi.org/10.1038/srep31995
http://doi.org/10.1074/jbc.M110.103655
http://doi.org/10.2741/4848
http://doi.org/10.1016/j.ecoenv.2021.111974
http://doi.org/10.1080/08923973.2016.1267744
http://www.ncbi.nlm.nih.gov/pubmed/28000518
http://doi.org/10.1007/s00204-021-03157-2
http://www.ncbi.nlm.nih.gov/pubmed/34510229
http://doi.org/10.7759/cureus.7982
http://www.ncbi.nlm.nih.gov/pubmed/32523839
http://doi.org/10.1523/JNEUROSCI.1531-05.2005


Animals 2022, 12, 1204 13 of 13

32. Piyush, C.; Saryu, M.S.; Sunil, B.G.; Chander, S.R.; Kumar, G.S. Hgf promotes htr-8/svneo cell migration through activation
of mapk/pka signaling leading to up-regulation of wnt ligands and integrins that target β-catenin. Mol. Cell Biochem. 2018,
453, 11–32.

33. Jiayong, Z.; Shengchen, W.; Xiaofang, H.; Gang, S.; Shiwen, X. The antagonistic effect of selenium on lead-induced necroptosis via
MAPK/NF-κB pathway and HSPs activation in the chicken spleen. Ecotoxicol. Environ. Saf. 2020, 204, 111049. [CrossRef]

34. Han, Y.H.; Chen, D.Q.; Jin, M.H.; Jin, Y.H.; Sun, H.N. Anti-inflammatory effect of hispidin on lps induced macrophage
inflammation through mapk and jak1/stat3 signaling pathways. Appl. Biol. Chem. 2020, 63, 21. [CrossRef]

35. Schaunaman, N.; Sanchez, A.; Dimasuay, K.G.; Pavelka, N.; Numata, M.; Alam, R.; Martin, R.J.; Chu, H.W. Interleukin 1 Receptor-
Like 1 (IL1RL1) Promotes Airway Bacterial and Viral Infection and Inflammation. Infect. Immun. 2019, 87, e00340-19. [CrossRef]

36. Iwakura, Y.; Ishigame, H. The IL-23/IL-17 axis in inflammation. J. Clin. Investig. 2006, 116, 1218–1222. [CrossRef]
37. Sun, R.; Hedl, M.; Abraham, C. IL23 induces IL23R recycling and amplifies innate receptor-induced signalling and cytokines in

human macrophages, and the IBD-protective IL23R R381Q variant modulates these outcomes. Gut 2020, 69, 264–273. [CrossRef]
38. Greer, E.L.; Shi, Y. Histone methylation: A dynamic mark in health, disease and inheritance. Nat. Rev. Genet. 2012, 13, 343–357.

[CrossRef]
39. Suganuma, T.; Workman, J.L. MAP kinases and histone modification. J. Mol. Cell Biol. 2012, 4, 348–350. [CrossRef]
40. Whongsiri, P.; Pimratana, C.; Wijitsettakul, U.; Sanpavat, A.; Jindatip, D.; Hoffmann, M.J.; Goering, W.; Schulz, W.A.; Boonla, C.

Oxidative stress and LINE-1 reactivation in bladder cancer are epigenetically linked through active chromatin formation. Free.
Radic. Biol. Med. 2019, 134, 419–428. [CrossRef]

41. Husmann, D.; Gozani, O. Histone lysine methyltransferases in biology and disease. Nat. Struct. Mol. Biol. 2019, 26, 880–889.
[CrossRef]

42. Lambhate, S.; tacharjee, D.; Jain, N. APC/C CDH1 ubiquitinates IDH2 contributing to ROS increase in mitosis. Cell. Signal. 2021,
86, 110087. [CrossRef]

http://doi.org/10.1016/j.ecoenv.2020.111049
http://doi.org/10.1186/s13765-020-00504-2
http://doi.org/10.1128/IAI.00340-19
http://doi.org/10.1172/JCI28508
http://doi.org/10.1136/gutjnl-2018-316830
http://doi.org/10.1038/nrg3173
http://doi.org/10.1093/jmcb/mjs043
http://doi.org/10.1016/j.freeradbiomed.2019.01.031
http://doi.org/10.1038/s41594-019-0298-7
http://doi.org/10.1016/j.cellsig.2021.110087

	Introduction 
	Materials and Methods 
	Experimental Animal Management and Experimental Design 
	Ammonia Exposure 
	Histological Observation 
	Determination of Antioxidant Indexes by ELISA 
	RNA-seq and Interpretation of Results 
	Verification of Differentially Expressed Genes 
	Statistical Analysis 

	Results 
	Splenic Ultrastructural Damage due to Ammonia Exposure 
	Effect of Excessive Ammonia on Oxidative Stress Indexes 
	Differentially Expressed Gene Screening Analysis 
	Ammonia Exposure Activated MAPK Signaling Pathway by KEGG Enrichment Analysis 
	GO Enrichment of DEGs 
	qRT-PCR Confirmed the Availability of Transcriptome Data 

	Discussion 
	Conclusions 
	References

