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a b s t r a c t

Purpose: Blast lung injury (BLI) is the most common damage resulted from explosion-derived shock
wave in military, terrorism and industrial accidents. However, the molecular mechanisms underlying BLI
induced by shock wave are still unclear.
Methods: In this study, a goat BLI model was established by a fuel air explosive power. The key genes
involved in were identified. The goats of the experimental group were fixed on the edge of the explosion
cloud, while the goats of the control group were 3 km far away from the explosive environment. After
successful modeling for 24 h, all the goats were sacrificed and the lung tissue was harvested for histo-
pathological observation and RNA sequencing. Gene ontology (GO) and kyoto encyclopedia of genes and
genomes (KEGG) analysis were performed to identify the main enriched biological functions of differ-
entially expressed genes (DEGs). Quantitative real-time polymerase chain reaction (qRT-PCR) was used to
verify the consistency of gene expression.
Results: Of the sampled goat lungs, 895 genes were identified to be significantly differentially expressed,
and they were involved in 52 significantly enriched GO categories. KEGG analysis revealed that DEGs
were highly enriched in 26 pathways, such as cytokine-cytokine receptor interaction, antifolate resis-
tance, arachidonic acid metabolism, amoebiasis and bile secretion, JAK-STAT, and IL-17 signaling
pathway. Furthermore, 15 key DEGs involved in the biological processes of BLI were confirmed by qRT-
PCR, and the results were consistent with RNA sequencing.
Conclusion: Gene expression profiling provide a better understanding of the molecular mechanisms of
BLI, which will help to set strategy for treating lung injury and preventing secondary lung injury induced
by shock wave.

© 2020 Chinese Medical Association. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Shock wave-induced lung injury is the most frequent damage
resulted from explosions in military, terrorism, industrial accidents,
etc.1,2 It has been estimated that one-tenth of military explosions
and six to nine out of ten civilian casualties suffered blast lung
injury (BLI) when explosive weapons were used.3 Clinical reports
show that exposure to explosions can cause BLI, resulting in severe
clinical manifestations such as acute lung injury (ALI), acute
.
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respiratory distress syndrome, and multiple organ dysfunction
syndrome, or even death.4e6 The shock waves produced by explo-
sion firstly reach up to the peak of overpressure in the form of a
positive pressure and then decline rapidly to form a negative
pressure,7 which can cause a series of injuries, including the serious
damage to lung, gastrointestinal tract, hearing organ, and other
gas-containing organs.5,8 Apnea, bradycardia and hypotension are
the three most typical characteristics of lung blast injury.9 Unfor-
tunately, it is difficult to find the possible causes of lung damage
exposed to shock waves and is likely to require novel techniques to
elucidate the underlying mechanism.

Previous studies always focus particularly on the BLI damage
effects, assessment and treatment, while research on the mecha-
nism of lung injury following exposure to shock waves are
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relatively fewer.10e12 To address the issue, some simulation or small
animalmodels on rat, mouse and rabbit were established to explore
the molecular mechanisms of BLI exposed to shock waves. For
example, Tong et al.5 built a mouse model of BLI by a simulation
device of explosive knocking, they found that the expression of
nuclear factor kappa-B (NF-kB), tumor necrosis factor-a (TNF-a),
interleukin-1b (IL-1b), interleukin-6 (IL-6), reactive oxygen species
(ROS), melanoma differentiation associated gene 5 (MDA5), Bax
and caspase 3 in the lung were increased, indicating that inflam-
mation, oxidative stress and apoptosis may associate with BLI.
Chang et al.13 used a 3D model of computational simulation to
investigate the relationships between the distribution of lung sur-
face overpressure and severity of injury. Although a large number
of studies have been carried out, the underlying mechanisms of
lung injuries induced by blast shock waves is not fully understood.

With the development of high-throughput sequencing tech-
nology, RNA sequencing (RNA-seq) has been widely applied to
investigate the mechanism of lung injury.14,15 Identification of
shock wave-induced genes from suitable genotypes can provide a
springboard to understanding the molecular mechanisms of BLI.
Numerous studies have carried out to explore themechanism of ALI
through gene expression analysis. For example, interleukin-18 (IL-
18) involved in caspase-1-dependent inflammatory responses,16

NF-kB-mediated down-regulation of SOX18,17 TLR4-regulated
inflammation and apoptosis by NF-kB and p38MAPK,18 TGF-b
signaling pathway19 may play important roles in the regulation of
inflammation and apoptosis processes of ALI. However, how these
signal pathway proteins were regulated through genes remains
unclear; there was no transcriptome analysis to explore the
genomic mechanism of BLI till now.

To obtain further insight into the mechanisms of BLI, goats were
used to establish BLI models caused by a fuel air explosive in this
study. Firstly, the blast-induced lung injury was analyzed with
anatomic and pathological methods. Furthermore, RNA-seq anal-
ysis was used to explore the differentially expressed genes in lung
tissues sampled from blast exposure goats and control group goats.
Finally, we applied quantitative real-time polymerase chain reac-
tion (qRT-PCR) technique to verify the RNA-seq results. Our work
provides copious resources for the research of the molecular
mechanisms of BLI.

Methods

Animals and ethics approval

Six healthymale goats weighing 25e30 kg were purchased from
Alxa League of the Inner Mongolia Autonomous region. Animal
experiments were conducted according to the guideline of the
National Animal Welfare Law of China. The experimental protocols
were approved by the ethics committee of the Institute for Hygiene
of Ordnance Industry (Xi'an, China). The goats were randomly
divided into two groups: experimental group and control group
with 3 goats in each.

Goats exposed to shock waves

The BLI model was completed by a fuel air explosive power. As
shown in Fig. 1A, the fuel air explosive was implemented on the top
of a bracket 3 m above the ground. The goats of the experimental
group and shock wave sensor were fixed on the arc of 35 m from
the explosive center where the edge of the explosion clouds was.
The shock wave data were obtained by the pressure sensor, then
they were transmitted and stored in a computer. The shock wave
sensor was placed in a special fixator which located on the same
level of the ground. Fig. 1B showed the fixed approach of goats. In
detail, each of the goats in the experimental group and the control
group was wearing a special vest that was fixed on the supporting
structure embedded in the ground to avoid movement. In the
experimental group, the right side of the goat body faced the
explosive center. By contrast, the goats of the control group were
fixed 3 km away from the explosive center. The relationship be-
tween the peak of overpressure and distance is shown in Fig. 1C.

Sample preparation and hematoxylin-eosin (HE) staining

After successful modelling for 24 h, all the goats were fixed on
an operating table and sacrificed by bloodletting through the cer-
vical artery. After open the thoracic cavity, the lung was obtained.
To ensure the consistency and validation of the samples, lung tissue
blocks of the same size and same location in the middle lobe of the
right lung were taken and stored in liquid nitrogen for RNA-seq
analysis. And another piece of lung tissue in the middle lobe was
fixed in 10% (v/v) formaldehyde for one week at room temperature
and dehydrated using the Fully Enclosed Tissue Processor
(ASP300S, Leica Biosystems, Germany) before embedding in
paraffin (EG1150H þ C, Leica Biosystems, Germany). The fixed
paraffin lung tissues were cut into 5 mm-thick sections using the
microtome (RM2245, Leica Biosystems, Germany) and then stained
with H&E Staining System (ST5020, Leica Biosystems, Germany)
according to the instructions. The sections were visualized with a
light microscope (DM4000B, Leica Microsystems, Germany).

RNA sequencing

The total RNA extraction and quality control were extracted
according to the protocols available in the literature.20 RNA library
construction and sequencing were conducted by Annoroad Gene
Technology Co., Ltd. (Beijing, China). Detailed methods were
described as references.21,22 Briefly, libraries were generated using
Illumina mRNA Library Prep Kit (#E7530L, NEB, USA). The con-
centration and insert size of libraries were measured by using Real-
Time PCR Detection system (CFX 96 Touch, Bio-RAD, USA) and
Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA),
respectively. Qualified libraries were sequenced on an Illumina
HiSeq Xten Sequencer and 150 bp paired-end reads were
generated.

Data analysis

After removing the reads with low-quality and high poly-N, the
clean reads were mapped to the goat reference genome using
HISAT2 software (Vison 2.1.0). Then, fragments per kilobase million
mapped reads were calculated to estimate the expression level of
each gene. The R package DESeq2 was used to identify DEGs with a
threshold of q � 0.05 and jlog2 fold change j � 1. Gene ontology
(GO) and kyoto encyclopedia of genes and genomes (KEGG) path-
ways analysis were performed to identify the main enriched bio-
logical functions of the DEGs. The q < 0.05 was considered to be
significant expressed genes.

qRT-PCR

Fifteen DEGs that enriched in the pathways were selected for
qRT-PCR to evaluate the expression data 18S from RNA-seq.
Primer sequences were showed in Appendix 1. First-strand
cDNA was synthesized using the PrimerScript™ RT Reagent Kit
with cDNA Eraser (TaKaRa, Dalian, China). qRT-PCR was per-
formed on each sample in triplicate using SYBR® Premix Ex Taq
(TaKaRa, Dalian, China) on 7500 Fast Real-Time PCR system
(Applied Biosystems). The polymerase chain reaction (PCR)



Fig. 1. (A) The explosion field (the radius of the shock wave was 90 m, the height of fuel air explosive was 3 m, the distance between the explosion center and the goat was 35 m);
(B) the fixed approach of goats; (C) the relationship between the peak of overpressure and distance. The peak of overpressure was 0.245 MPa at the point of 35 m, where the test
goats were placed.
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amplification procedure was as follows: initial denaturation at
95�C for 30 s, followed by 40 cycles at 95�C for 5 s and 60�C for
30 s. Melting curve analysis was used to check amplification
specificity. Expression analysis was performed with reference to
the 18s actin gene. The 2�DCT method was used to analyze the
relative changes in transcript expression.23 Statistical analysis was
performed using SPSS software (version 23.0, authorization code:
ed5a8d700-197e09c3a).
Results

Anatomy and histopathology analysis of the goat lung exposed to
shock waves

As shown in Fig. 2, the gross anatomy results indicated that
obvious bullae, congestion and bleeding were observed in the goat
lungs of the experimental group, compared with the control group.
In addition, there were significant hyperemia and edema of bron-
chial mucosa as well as exfoliated epithelial cells in the goat lungs
of the experimental group under microscope. Notably, reddish
edema fluid, erythrocyte, and even focal or patchy bleeding
occurred in the alveolar cavity. These results suggested that there
was serious lung injury of the goats exposed to the shock wave.
Alignment and assembly of RNA-Seq data

Six cDNA libraries of goat samples in the control group (C1, C2,
C3) and the experimental group exposed to shockwaves (T1, T2, T3)
were sequenced, and about 3 GB of data of each sample were
generated. The overall quality of the six libraries was shown in
Table 1. After trimming the low-quality sequences, 139, 157, 178
reads and 134, 260, 730 reads were obtained for all samples of the
experimental group and the control group, respectively. And the
Q30 (the percentage of bases with a phred value > 30) of each
sample was more than 93%. The clean data were obtained by
comparison to the reference genome using HISAT2 software
(version 2.1.0), the mapped read numbers for the experimental
group and the control group are 134, 943, 759 and 130, 101, 053,
respectively. The rates of all samples were more than 96%.

Fragments per kilobase of transcript per million fragments
mapped (FPKM), which can be used to describe the characteristics
of gene expression. In six samples, 65.41%e65.76% of the mRNA
transcripts were detected as FPKM > 1, and 4.68%e5.29% was
detected as FPKM > 60. The accuracy and reliability of gene
expression were assessed by Pearson's correlation coefficients (R2).
The R2 values were larger than 0.99 between three samples of each
group, which revealed a good performance of libraries in the lung of
goats (Appendix 2).



Fig. 2. Comparison of anatomy and histopathology between the control group and the experimental group. (A) and (B) were normal lung of the control group and injured lung
exposed to shock wave, respectively. (C) and (D) were microscopic observation of lung tissue for the control group and the experimental group induced by shock wave, respectively.
Hematoxylin-eosin staining, �10 amplification, scale bar: 200 mm.

Table 1
The quality of RNA-Seq data.

Sample C1a C2a C3a T1b T2b T3b

Raw reads, n 45,397,848 49,030,928 46,502,552 47,276,996 48,213,416 49,043,910
Clean reads, n 42,956,812 46,805,200 44,444,718 45,851,248 46,560,438 46,745,492
Clean bases, n 6,443,521,800 7,020,780,000 6,666,707,700 6,877,687,200 6,984,065,700 7,011,823,800
Q30 (%) 93.92 94.06 93.83 93.91 94.08 94.12
Total-mapped, n (%) 41,654,953 (96.97) 45,403,546 (97.01) 43,042,554 (96.85) 44,465,804 (96.98) 45,142,364 (96.95) 45,335,591 (96.98)
Uniquely-mapped, n (%) 40,113,769 (96.30) 43728,229 (96.31) 41,463,802 (96.33) 42,827,550 (96.32) 43,460,062 (96.27) 43,573,934 (96.11)

C1, C2 and C3 represented the sample numbers of the control group, while T1, T2 and T3 represented the sample numbers of the experimental group.
a, b indicated libraries derived from the lung of goat in three biological replicates for the control and the experimental group, respectively.

Table 2
Gene symbol and name.

Gene symbol Gene name

FASLG Fas ligand
IL10 Interleukin-10
SOCS3 Suppressor of cytokine signaling 3
OSMR Oncostatin-M-specific receptor
CDKN1A Cyclin-dependent kinase inhibitor 1
CSF3R Granulocyte colony-stimulating factor receptor
IL6 Interleukin-6
CXCL8 C-X-C motif chemokine ligand 8 (IL8)
COL1A1 Collagen Type I Alpha 1
COL3A1 Collagen Type Ш Alpha 1
COL1A2 Collagen Type I Alpha 2
CD14 Lipopolysaccharide receptor
LOC102182395 Growth-regulated alpha protein
LOC102188986 HLA class II histocompatibility antigen
LOC102176878 Mast cell protease 3
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Identification of DEGs of goat lungs exposed to shock wave

After evaluating the quality of the sequencing data, the DEGs
were identified with a threshold of q < 0.05 and jlog2 FCj> 1. A total
of 21,916 DEGs were identified, which were clustered into two
groups by hierarchical clustering according to their expression
patterns (Fig. 3). Among the DEGs, 895 genes were identified as
significantly differentially expressed between the control and the
experimental group (p < 0.05), including 516 up-regulated and 379
down-regulated genes. Furthermore, 65 genes (jlog2 FCj> 4) were
highly expressed in goat lungs exposed to shock wave, such as
LOC102170003 (8.0-log2FC), PRG4 (7.8-log2FC), LOC102175876 (7.1-
log2FC), ANKRD1 (6.7-log2FC), IL1R2 (4.5-log2FC), LOC108634205
(�8.0-log2FC), LOC102171242 (�7.4-log2FC). In addition, 196 genes
(2 < jlog2 fold changej < 4) weremildly expressed, including several
protein families, such as FOSL1 (3.9-log2FC), PAPPA2 (3.7-log2FC),
LOC102168428 (2.3-log2FC), IL6 (2.0-log2FC), IL1RL2 (�3.9-log2FC),
LOC108637258 (�3.6-log2FC), IL5RA (�2.0-log2FC). The details of
the DEGs were shown in Appendix 3.
GO and KEGG pathway analysis

GO enrichment analysis indicated that DEGs were enriched into
52 GO categories (q < 0.05), which were involved in 17 “cellular
components”, 23 “biological process” and 12 “molecular function”.



Fig. 3. (A) Volcano plot of DEGs in the test and the control group. Yellow points represent the up-regulated genes with jlog2 fold changej > 1 and adjusted q < 0.05. Blue points
represent down-regulated genes with jlog2 fold changej < �1 and q < 0.05. Grey points represent genes with no significant difference. (B) The heatmap showing the expression
levels of top 50 DEGs which we are more interested in. The color bar represents the level of expression of DEGs. DEGs: differentially expressed genes.
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The 17 enriched sub-categories of “molecular components”
included extracellular region, cell, membrane, virion, cell junction,
membrane-enclosed lumen and so on. The 23 enriched sub-
categories belonging to “biological process”, such as cell killing,
immune system process, behavior, metabolic process, cell prolif-
eration, cellular process, reproductive process, are closely associ-
ated with apoptosis, immune response and inflammation.5,24 The
12 enriched sub-categories of “molecular function” were involved
in catalytic activity, signal transducer activity, structural molecule
activity, transporter activity, binding, antioxidant activity, protein
tag, molecular transducer activity and so forth. The GO analysis
results indicated that DEGs were more likely to be involved in
apoptosis, immune response, inflammation and oxidative stress
(Fig. 4 and Appendix 4).

To further clarify the molecular and biological functions, the
DEGs were mapped into the KEGG database. KEGG pathway anal-
ysis demonstrated that they were involved in 256 pathways, of
which 26 pathways were significantly enriched (q < 0.05). The top
five significantly enriched pathways of DEGs were associated with
cytokine-cytokine receptor interaction, antifolate resistance,
arachidonic acid metabolism, amoebiasis and bile secretion
signaling pathway. Among them, cytokine-cytokine receptor
interaction pathway was related to the largest number of 28 DEGs.
Besides, they also include some inflammatory responses related
pathways such as JAK-STAT and IL-17. (Fig. 5 and Appendix 5).
Therefore, these three pathways were selected for further analysis.

The validation of DEG expression by qRT-PCR

To verify the gene expression of RNA-seq analysis, 15 DEGs
involved in cytokine-cytokine receptor interaction, amoebiasis,
JAK-STAT signaling pathway and IL-17 signaling pathway were
selected and validated by qRT-PCR. Among them,13 genes were up-
regulated (FASLG, IL-10, IL-6, SOCS3, OSMR, CDKN1A, CSF3R, CXCL8,
COL1A1, COL3A1, COL1A2, CD14, LOC102182395) and 2 genes were
down-regulated (LOC102188986 and LOC102176878). The qRT-PCR
results showed that it is very consistent with RNA-seq data (Fig. 6).

Discussion

In this study, the BLI model of goat was successfully established
by a fuel air explosive. The advantage of this work is that the model
is achieved with large animals in live-fire explosive conditions.
Goats were selected for modelling in our study. The lung of goats
with body weight 20e25 kg is similarly to that of adults, which is
essential to dynamically investigate the structure and function
changes induced by an explosion.25 A report from the US Army
Medical Research and Materiel Command revealed that they
established a log-logistic model of dose-response curves and
lethality correlation with 1200 sheep exposed to air blast in free-
field and confined enclosures, which can be used for predicting
the survivability of BLI thus understanding the underlying mech-
anisms.26 In addition, compared with large animals, small animals
(such as murine and rat) are widely used in blast injury studies,
because they are easier to handle and perform molecular mecha-
nism exploration. For instance, Mikulas et al.27 established a blast
overpressure rat lung injury model and they revealed that the
oxidant stress and inflammation play important roles in BLI. Hafner
et al.28 found chest trauma induced by blast shock wave signifi-
cantly increased parameters of local inflammation, purinergic re-
ceptor expression and nitrotyrosine formation. In summary, small
and large animals are very different in terms of body shape, organ



Fig. 4. Gene ontology annotation and classification of differentially expressed genes between the control and the experimental group.
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size, metabolic rate, breathing rate, and many other parameters. In
fact, rodents are more vulnerable to be suffered from BLI under
blast shock wave because of lower normalized lung density.29

Notably, the structure, physiological function and injury re-
sponses in the lung of large animals are more similarly to that of
human. Therefore, large animals (such as goat) are more valuable to
explore themechanisms of BLI, whichmay provide the guidance for
the clinical treatment of BLI in human.

It was reported that lung injuries were considered as severe
(31%e60% of ecchymosis) when the incident impulse exceed
0.233 MPa.10 In our study the peak value of shock wave was
0.245 MPawhere the goats of experimental groupwere exposed. In
line with the literature, the results of anatomy and histopathology
proved that the model was successfully established. And yet, the
biological characteristics of fuel air explosive power were obtained,
which could not only provide reliable technical support for the
biological damage assessment, but also offer a theoretical basis for
the treatment and protection of BLI. The study aimed to investigate
the physiological and molecular biological changes in the acute
stage (within 24 h) of BLI, which may provide guidance for the
diagnosis of blast injury. Acute effects were generally occurred in
the lungs of goats induced by blast waves, including the changes in
the respiratory and circulatory systems, pulmonary hemorrhage,
and hypoxemia caused by pulmonary edema. A large number of
neutrophils and alveolar macrophages were aggregated and acti-
vated in the lung, leading to the secretion of inflammatory cyto-
kines or oxygen radical.30 Therefore the inflammation and
oxidative stress were stimulated in the time window within 24 h
after injury, which was considered to be very important for the
diagnose of BLI.

So far, transcriptome analysis is one of the mainstreammethods
to illustrate the molecular mechanisms of lung injury induced by
physical or chemical.31,32 However, there have been no reports of
lung injury caused by blast or shock wave using transcriptomic
sequencing at present. In the study, 895 genes were identified to be
differentially expressed between blast exposure group and control
goats. GO and KEGG pathway analyses revealed that the DEGs were
highly enriched in as many as 26 signaling pathways as previous
describing, which can provide direction for mechanism research.
Among these pathways, cytokine-cytokine receptor interaction, IL-
17 and JAK-STAT were involved in inflammatory response.
Numerous studies revealed that blast could cause inflammation in
lung tissue, then impairing the structure and physiological func-
tions of lung occurred immediately.33,34 These three pathways
mentioned above would provide novel perspective for the dissec-
tion of the mechanisms of inflammatory response in blast injury
lungs. Our previous study found that fibrous tissue hyperplasia is
the other characteristic of lung tissue damaged by explosion, which
may be associated with the activation of the amoebiasis pathway.

Moreover, 15 key genes involved in those pathways were
selected and validated by qRT-PCR. The verified results were
consistent with the RNA sequencing results. In agreement with
literature reports, SOCS3,35,36 OSM,37,38 IL-6,5,36 IL-10,39 CXCL-15

and CXCL-817 increased significantly, so inflammatory factors-
mediated injury is an important factor of BLI. OSMR and CDNK1A
are the genes related to inflammatory response, cell growth and
proliferation and involved in the JAK-STAT3 signaling pathway.38 In
accordance with references40e42, we also found that the expres-
sions of FASLG and CD14 increased significantly, suggesting that it
may be involved in the immune response in BLI. This may provide a
new tool to find useful targets for monitoring, evaluating, even
weakening the overwhelming inflammatory response of patients
with blast injury. Type I collagen and type III collagen, the impor-
tant members of the collagen family are the key structural



Fig. 5. Significantly enriched KEGG pathways of differentially expressed genes between the control and the experimental group. The horizontal and vertical coordinates represent
rich ratio and KEGG pathway name. The size of black dots and the color strip represent the gene number and range of the q, respectively. KEGG: kyoto encyclopedia of genes and
genomes.

Fig. 6. Verification of gene expression between RNA-seq and qRT-PCR. The horizontal and vertical coordinates represent genes name and the relative expression values which were
normalized using 18s RNA gene. The standard deviation is shown by the error bar. Relative expression log2FC refers to the logarithmic value (base 2) for the fold change of
differentially expressed genes between the test and control group. The gene symbols and names are shown in Table 2.
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components of the extracellular matrix43 and hollow organs such
as vessels.44,45 In our study, the expression of COL1A1, COL1A2 and
COL3A1 genes were significantly increased, indicating that collagen
family was also involved in the process of BLI. The expression of
LOC102188986 and LOC102176878 genes were significantly down-
regulated, which refers to HLA class II histocompatibility antigen46

and mast cell protease 3 involving the inflammatory response of
BLI.47,48

In summary, a BLI model of goat was successfully established by
a fuel air explosive in this study. Total of 895 DEGs were identified
by RNA-seq analysis, with 516 up-regulated and 379 down-
regulated genes. Fifty-two GO categories and 26 pathways related
to BLI were analyzed, such as inflammatory and immune response-
related pathways. Moreover, 15 key genes were validated by qRT-
PCR, of which the results were excellent agreement with the
RNA-seq data. This study provided a research strategy to dissect
potential mechanisms of BLI. The data we presented are primary,
more complex mechanistic studies based on a great deal of
experimental evidences are necessary. In addition, more accurate
targets arewaiting to be clarified, whichmight be helpful to explore
the detail molecular regulation mechanism, to find some suitable
ways for the early diagnosis and treatment of BLI, even look for a
strategy to predict the prognosis of BLI.
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