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Explosion-induced injury is the most commonly encountered wound in modern warfare and incidents. The vascular
inflammatory response and subsequent oxidative stress are considered the key causes of morbidity and mortality among those
in blast lung injury. It has been reported dimethylarginine dimethylaminohydrolase 1 (DDAH1) plays important roles in
regulating vascular endothelial injury repair and angiogenesis, but its role in explosion-induced injury remains to be explained.
To explore the mechanism of vascular injury in blast lung, 40 C57BL/6 wild type mice and 40 DDAH1 knockout mice were
randomly equally divided into control group and blast group, respectively. Body weight, lung weight, and dry weight of the
lungs were recorded. Diffuse vascular leakage was detected by Evans blue test. The serum inflammatory factors, nitric oxide
(NO) contents, and ADMA level were determined through ELISA. Hematoxylin-eosin staining and ROS detection were
performed for histopathological changes. Western blot was used to detect the proteins related to oxidative stress, cell adhesion
molecules and leukocyte transendothelial migration, vascular injury, endothelial barrier dysfunction, and the DDAH1/ADMA/
eNOS signaling pathway. We found that DDAH1 deficiency aggravated explosion-induced body weight reduction, lung weight
promotion, diffuse vascular leakage histopathological changes, and the increased levels of inflammatory-related factors.
Additionally, DDAH1 deficiency also increased ROS generation, MDA, and IRE-1α expression. Regarding vascular endothelial
barrier dysfunction, DDAH1 deficiency increased the expression of ICAM-1, Itgal, Rac2, VEGF, MMP9, vimentin, and N-
cadherin, while lowering the expression of occludin, CD31, and dystrophin. DDAH1 deficiency also exacerbated explosion-
induced increase of ADMA and decrease of eNOS activity and NO contents. Our results indicated that explosion could induce
severe lung injury and pulmonary vascular insufficiency, whereas DDAH1 could promote lung endothelial barrier repair and
reduce inflammation and oxidative stress by inhibiting ADMA signaling which in turn increased eNOS activity.

1. Introduction

Although explosion-induced injury has long been the most
commonly encountered wound in modern warfare, with
increasing terrorist incidents, gas explosions and underground

explosion events have becomemore frequent among noncom-
batants [1]. Explosion can damage tissues, and propelled shell
fragments can cause penetrating trauma that is similar to inju-
ries caused by gunshots, fallings, and motor vehicle crashes.
Nevertheless, the impacts of overpressure wave that leads to
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Figure 1: Continued.
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the major blast on the body remain poorly understood [2].
Blast injury is widely known as a high shock rate and high
mortality complex injury. It accounts for over 75% of war
casualties in the United States military forces [3]. It was also
reported that 82% of all injuries caused by terrorists were from
bomb blasts, and this number continues to rise [4]. In blast
overpressure induced-organ injuries, the lung has been viewed
as the primary site that causes morbidity and mortality [5].
Blast overpressure wave disrupts the capillary-alveolar inter-
face, which further induces hemorrhage in the lung and
destruction of the alveolar walls. Other pathological findings
include hemorrhagic infarcts in the solid abdominal and retro-
peritoneal organs [6]. Moreover, the severe blast lung will
evolve into acute respiratory distress syndrome and impact
on the quality of life or prognosis. Accordingly, to investigate,
the mechanism of explosion-induced lung injury will be of
great significance for the treatment of wounded individuals.

Inflammatory responses have been shown to be acti-
vated in explosion-induced injury [7]. In our previous
study, proteomic analysis helped confirm that blast lung
injury induced early inflammatory response through regu-

lating the expression of key proteins involved in the inflam-
matory process [8]. Additionally, expression levels of
leukocyte adhesion- (LA-) related proteins were increased
by blast exposure. This is a characteristic feature of vascular
inflammation, which is strongly associated with acute lung
injury [9]. LA in the vascular endothelium is reportedly
regulated via cell adhesion molecules (CAMs), whereas
increased plasma levels of CAMs have been documented
in ischemia-reperfusion injury [10]. In addition, endothelial
integrins such as intercellular adhesion molecule (ICAM),
soluble vascular cell adhesion molecule (sVCAM), proin-
flammatory cytokine, and monocyte chemoattractant
protein-1 (MCP-1) were significantly increased in brain
blast injury tissues compared with the control group [11].
The vascular inflammatory response and subsequent oxida-
tive stress are considered to be the key causes of morbidity
and mortality in acute lung injury. Several studies eluci-
dated that explosion-induced vascular inflammation caused
increased inflammatory cytokine production and leukocyte
infiltration and injury, whereas CAM upregulation was
reported to be controlled through inflammatory molecules,

DDAH1 KO
WT

Ctrl Blast

⁎ ⁎

Co
nc

en
tr

at
io

n 
of

 IL
-1
𝛽

 (n
g/

L)

0

10

20

30

40

(h)

DDAH1 KO
WT

Ctrl Blast

⁎

⁎#

Co
nc

en
tr

at
io

n 
of

 IL
-6

 (p
g/

m
L)

0

10

20

30

40

(i)

DDAH1 KO
WT

Ctrl Blast

⁎

⁎#

#

Co
nc

en
tr

at
io

n 
of

 T
N

F-
𝛼

 (n
g/

L)

0

50

100

150

200

(j)

Figure 1: Lung inflammation increased in the lung tissue after explosion. (a) Body weight of each group. (b) Lung weight of each group. (c)
Lung weight/body weight of each group. (d) Wet/dry weight of lung in WTmice and DDAH1-/- mice. (e) Evans blue dye of lung in WTmice
and DDAH1-/- mice. (f) Evans blue/lung weight of each group. (g) HE staining of the lung in WT mice and DDAH1−/− mice after explosion.
(h)–(j) The concentration of inflammatory factors detected in the serum by ELISA. Data aremean ± SD. ∗P < 0:05, compared with the same
kind of mice in the control group, #P < 0:05, compared with C57BL/6 wild-type mice in the same group.
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including IL-1β, TNF-α, and IFN-γ [12, 13]. However, the
specific mechanism of vascular dysfunction in blast lung
injury has not been clarified.

Dimethylarginine dimethylaminohydrolase 1 (DDAH1)
is essential in regulating vascular endothelial injury repair
and angiogenesis, and it is also important in degrading
asymmetric dimethylarginine (ADMA) to maintain nitric
oxide (NO) signaling. DDAH1 deficiency results in signifi-
cantly increased ADMA levels, accelerated cell oxidation,
and apoptosis [14]. ADMA, an endogenous nitric oxide syn-
thase (NOS) inhibitor, is related to hypertension, diabetes,
cardiac dysfunction, vessel injury, and other cardiovascular
diseases. It is reported that ADMA attenuates endothelial
nitric oxide synthase (eNOS) activity to reduce NO produc-

tion and also leads to NOS uncoupling to generate free
radicals [15]. eNOS, a homodimer, is predominantly located
within the vascular endothelium and cardiac myocytes, as
well as the renal epithelium. NO is a highly reactive signaling
molecule, with strong vasodilatory, anti-inflammatory, and
antioxidant properties. Reddy et al. found that overexpres-
sion of DDAH1 could significantly promote the prolifera-
tion of endothelial cells by reducing ADMA levels,
increasing NO production, and inducing expression of
CD31, VEGF, and HIF-1α [16]. Additionally, another study
showed that irbesartan attenuates indomethacin-induced
mucosal injury by increasing the expression of DDAH1
while decreasing matrix metalloproteinase-9 (MMP9),
TNF-α, COX-2, caspase-3, and ADMA in gastric mucosa
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Figure 2: Oxidative stress in the lung tissue after explosion. (a) ROS generation of lung tissue in WT mice and DDAH1-/- mice. (b) Western
blot of oxidant enzymes in each group. (c) Relative density of IRE-1α. (d) Relative density of MDA. Data are mean ± SD. ∗P < 0:05,
compared with the same kind of mice in the control group, #P < 0:05, compared with WT mice in the same group.
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cells [17]. However, the effects of DDAH1/ADMA/eNOS
signaling on explosion-induced lung injury have not been
studied. Therefore, we hypothesize that explosion-induced
lung injury will result in decreased DDAH1 levels and
increased ADMA levels to restrict vascular injury repair
and aggravate inflammation and oxidative stress.

2. Materials and Methods

2.1. Animal and Experimental Protocols. Forty DDAH1
knockout (DDAH1 KO) mice were provided by Jackson
Laboratory (Sacramento, CA), and the same amount of
C57BL/6 wild-type (WT) mice was purchased from the
Beijing Vital River Laboratory Animal Technology Limited
Company, P.R. China. All mice were maintained in a room
with a temperature of 20 ± 2°C, humidity of 55–65%, and
free access to food and water. After acclimation, wild type
and DDAH1 KO were exposed to explosion-induced injury,
and samples were collected at 24 hours. Animal welfare and
experimental design were approved by the Ethics Committee
of the General Hospital of Northern Theater Command.

2.2. Lung Blast Injury. Explosion-induced lung injury was
established as previously described [18]. Briefly, aluminum
foils were fixed in the middle layer. After anesthetized by
2% pentobarbital sodium (intraperitoneal injection, 1.5ml/
kg), mice were put on the protective device with their chest
exposed. The air pressure in the lower part of the device
was increased through a pressure pump until the burst of
aluminum foil. Shock waves, generated when compressed
air was rapidly diffused, were directed at the chest of the
mice and recorded by a computer through a pressure sen-
sor and data cable. The formula of pressure waveform
was as follows: pressure ðPSIÞ = voltage value ∗ 1000/50:08.
In this experiment, the instantaneous overpressure was
321 ± 24 PSI.

2.3. Sample Collection and Processing. After 12h of fasting
and 4h of water deprivation preoperatively, mice were intra-
peritoneally anesthetized as described above. Serum was col-
lected, and the lung tissue was weighed. The left lobe was
immersed in 10% formalin buffer to detect histological
changes. The upper lobe of the right lung was weighed to
get the wet weight, and the dry weight was obtained through
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Figure 3: Expression of CAMs and leukocyte transendothelial migration-related proteins in the lung tissue after explosion. (a) Western blot
of CAMs and leukocyte transendothelial migration-related proteins in each group. (b) Relative density of ICAM-1. (c) Relative density of
Itgal. (d) Relative density of Rac2. Data are mean ± SD. ∗P < 0:05, compared with the same kind of mice in the control group, #P < 0:05,
compared with WT mice in the same group.
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Figure 4: Continued.
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drying the tissue in an oven at 58°C for 8 h. Calculate the
ratio of wet weight to dry weight to evaluate edema forma-
tion. The rest of the fresh lung tissue of each mouse was
refrigerated at -80°C for protein determination.

2.4. Enzyme-Linked Immunosorbent Assay (ELISA). Accord-
ing to the manufacturers’ instruction, levels of ADMA, NO,
and inflammatory factors, such as IL-1β, IL-6, and TNF-α in
the plasma of mice were detected by ELISA kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, People’s
Republic of China). Microplate reader was used to read
OD at 450nm. A standard curve was generated, and curve
equation was calculated to determine the concentrations of
the samples.

2.5. Evan’s Blue Test. Evan’s blue test was done as previously
described [19]. Mice were injected with 2% Evans blue
(2mL/kg) through tail vein 30min prior to sacrifice. After
anesthesia, the chest was opened, the right atrium was then
cut, and intrahepatic perfusion with 100mL of heparin
saline (0.9% sodium chloride 20U/mL heparin sodium)
was carried out. The lung tissue was weighed and sheared
into smaller pieces before being placed in 1mLN,N-
dimethylformamide (DMF) at 60°C for 24 h. The tissue
block was homogenized and centrifuged at 12,000 r/min
for 20min. Microplate reader was used to detect the stan-
dard curve at 630nm absorbance, and the calculation was
subsequently performed.

2.6. Histological Analysis. The left lungs fixed in 10% formal-
dehyde were embedded in paraffin blocks by LeicaMicrosystem
tissue processor (ASP 300S, Germany). Before hematoxylin and
eosin (H&E) staining, paraffin blocks were sliced into sections
of 3μm thickness by a Leica Microsystem microtome (Model
RM 2265, Germany).

2.7. Reactive Oxygen Species (ROS) Detection. 2,3-
Dimethoxy-1,4-naphthoquinone (1 : 100; cat. no. D5439;
Sigma, USA) was used to stain lung tissue sections. After
twenty minutes of staining, sections were observed and

photographed under a fluorescence microscope (Olympus,
Japan).

2.8. Western Blotting. Western blotting was performed as
previously described [18]. Briefly, lung tissues were lysed,
and the protein concentrations of tissue were measured. Equal
amounts of samples were transferred onto a polyvinylidene
fluoride membrane after protein separation on polyacryl-
amide gels was conducted. The membranes were blocked in
5% skim milk PBST buffer and were incubated in the appro-
priate primary antibody (Supplementary Table 1) overnight
at 4°C and then in corresponding horseradish peroxidase-
labeled secondary antibody (Supplementary Table 2) for
1.5 h at room temperature. Proteins were visualized with
Western enhanced chemiluminescence substrate (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) and a Tanon 5200
full automatic chemiluminescence image analysis system
(Tanon Science and Technology Co., Ltd., Shanghai, China).

2.9. Statistical Analysis. Mean ± standard deviation was used
to express the data. Analyses were performed using SPSS
20.0 statistical software. Measurement data were analyzed
using the t-test and analysis of variance. All statistical tests
were two-tailed probability tests. A value of P < 0:05 was
regarded as significant.

3. Results

3.1. Explosion-Induced Severe Lung Injury and Leukocyte
Infiltration Are Exacerbated in DDAH1 KO Mice. After the
blast explosion, the average body weight of WT mice decreased
significantly, whereas the lung weight, ratio of lung weight to
body weight, and ratio of wet weight to dry weight significantly
increased, compared with the control group. In DDAH1 KO
mice, the degree of change in these indexes was exacerbated
after blast explosion (Figures 1(a)–1(d), P < 0:05).

The Evan’s blue test showed pulmonary vascular break-
down after explosion, and vascular rupture caused the leak-
age of Evan’s blue dye into the lung tissue after explosion.
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Figure 4: Expression of vascular injury-related proteins in the lung tissue after explosion. (a) Western blot of vascular injury-related
proteins in each group. (b) Relative density of VEGF. (c) Relative density of MMP9. (d) Relative density of Occludin. (e) Relative density
of CD31. (f) Immunofluorescence of CD31. (g) Positive cell rate of CD31 in immunofluorescence. Data are mean ± SD. ∗P < 0:05,
compared with the same kind of mice in the control group, #P < 0:05, compared with WT mice in the same group.
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Figure 5: Continued.
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The degree of diffuse vascular leakage worsened in the
DDAH1 KO mice (Figures 1(e) and 1(f), P < 0:05).

Leukocyte infiltration was observed in the blast group,
which was significantly exacerbated in the DDAH1 KO
mice. (Figure 1(g), P < 0:05). Serum IL-1β, TNF-α, and IL-
6 levels peaked after blast explosion, while they were further
increased in DDAH1 KO mice (Figures 1(h)–1(j), P < 0:05).

3.2. DDAH1 KO Exacerbates Explosion-Induced Lung
Oxidative Stress. To determine the level of explosion-
induced lung oxidative stress in WT and DDAH1 KO mice,
ROS production was detected, and inositol-requiring
enzyme-1α (IRE-1α) and malondialdehyde (MDA5) protein
levels were investigated by western blotting. Our data dem-
onstrated that explosion clearly increased the generation of
ROS, MDA5, and IRE-1α expression, whereas DDAH1 KO
significantly increased explosion-induced ROS generation
and MDA5 and IRE-1α protein levels (Figure 2, P < 0:05).

3.3. DDAH1 KO Enhances Explosion-Induced Changing of
Cell Adhesion Molecules (CAMs) and Leukocyte
Transendothelial Migration. Because of the critical effects
of CAMs in leukocyte transendothelial migration, we
explored how explosion affected the expression of inflamma-
tory molecules and CAMs in both WT and DDAH1 KO
mice. CAM expression levels, including intercellular adhe-
sion molecule-1 (ICAM-1), were markedly increased in the
lungs of the WT mice after explosion, and this upregulation
was aggravated in explosion-induced DDAH1 KO mice
(P < 0:05). Our results also demonstrated that explosion
could clearly promote the expression of leukocyte transen-
dothelial migration-related proteins integrin subunit alpha
L (Itgal) and Ras-related C3 botulinum toxin substrate 2
(Rac2) in lung tissue, while DDAH1 KO significantly
enhanced explosion-induced increased levels of Itgal and
Rac2 (Figure 3, P < 0:05). These results suggest that DDAH1
KO upregulates explosion-induced myeloid cell infiltration
and CAM expression.

3.4. DDAH1 KO Aggravates Blast Explosion-Induced Lung
Vascular Injury. Our results showed that explosion could
induce significant increases in VEGF and MMP9 expression,
while occludin and CD31 levels tended to decrease in WT
mice. DDAH1 KO significantly aggravated explosion-
induced increases in VEGF and MMP9 expression and
decreases of occludin and CD31 expression (Figures 4(a)–
4(e), P < 0:05). Immunofluorescence analysis of CD31 also
demonstrated the same trend observed in western blot anal-
ysis (Figures 4(f) and 4(g), P < 0:05). Our data demonstrated
that DDAH1 KO could delay explosion-induced lung vascu-
lar injury repair and angiogenesis.

3.5. DDAH1 KO Aggravates Blast Explosion-Induced
Endothelial Barrier Dysfunction. Our results showed that
explosion significantly decreased dystrophin levels, but
increased vimentin and N-cadherin levels in WT mice.
DDAH1 KO significantly aggravated the explosion-induced
decrease of dystrophin expression and increase of vimentin
and N-cadherin (Figure 5, P < 0:05).

3.6. DDAH1 KO Aggravates Explosion-Induced Changes to
the DDAH1/ADMA/eNOS Signaling Pathway. Explosion
could induce a significant reduction in DDAH1 and eNOS
expression and a significant increase of ADMA contents in
the lung of WT mice. The ADMA increase was higher in
explosion-induced DDAH1 KO mice, which in turn inhib-
ited eNOS expression levels (Figures 6(a)–6(d), P < 0:05).
NO contents and immunofluorescence of eNOS also showed
the same trend seen with western blot analysis of eNOS
(Figures 6(e)–6(g), P < 0:05). Explosion also caused a slight
increase on the expression of iNOS, but not significantly
(Supplementary Figure 1, P > 0:05).

4. Discussion

Blast lung injury is one of numerous injuries resulting from an
overpressure shock wave. It has many pathophysiological con-
sequences, including a spectrum of adverse cardiovascular and
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Figure 5: Expression of endothelial barrier dysfunction related proteins in the lung tissue after explosion. (a) Western blot of endothelial
barrier dysfunction related proteins in each group. (b) Relative density of dystrophin. (c) Relative density of Vimentin. (d) Relative
density of N-cadherin. (e) Immunofluorescence of N-cadherin. (f) Positive cell rate of N-cadherin in immunofluorescence. Data are
mean ± SD. ∗P < 0:05, compared with the same kind of mice in the control group, #P < 0:05, compared with WT mice in the same group.
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respiratory effects [20]. Thus, blast overpressure wave can
cause a fatal primary blast injury syndrome, where lung is
most susceptible to these injuries. In this study, our major
findings are that exposure of thorax to blast wave could induce
the following: (i) lung injury, presenting as pulmonary edema
with increased leukocyte infiltration; (ii) inflammation, as
indicated by increased serum levels of inflammatory factors
and leukocyte transendothelial migration; (iii) an oxidative
stress response, as suggested by ROS production and the
expression of oxidant enzymes; (iv) pulmonary vascular
injury, as indicated by pulmonary vascular leakage and the
expression of endothelial barrier dysfunction related proteins;
and (v) inhibition of DDAH1 and activation of ADMA signal-
ing, which lead to reduced eNOS levels. All of these observed
effects were aggravated by DDAH1 deficiency. These findings
indicated that thoracic explosion could induce inflammation
and pulmonary vascular endothelial barrier dysfunction via
the DDAH1/ADMA/eNOS signaling pathway.

Explosion is recognized to cause lung injury through
promoting the expression level of inflammatory factors and
potentially contribute to leukocyte transendothelial migra-
tion in the lung. In this study, we found that explosion could
lead to severe lung injury caused by inflammation and leu-
kocyte infiltration. Li et al. demonstrated that blast overpres-
sure remarkably promoted the production of systemic
inflammatory-related cytokines, and it also triggered obvi-
ous pulmonary edema and inflammation in the lungs [21].
In addition, Barnett-Vanes et al. showed that a significant
increase of neutrophils and CD43Lo/His48Hi monocytes in
the blood stream, along with increased circulating proin-
flammatory chemo/cytokines, KC, and IL-6, was observed
in rats that were placed under blast waves for a longer dura-
tion [22]. As CAMs are essential in the regulation of vascular
homeostasis and innate and adaptive immune responses,
their role in inflammation is significant. According to struc-
tural features and functions, CAMs can be divided into five
major groups and have multiple functions in diseases related

to inflammation, immunity, allergy, and neoplastic condi-
tions [23]. VCAM-1 and ICAM-1 are related to the patho-
physiological process of vascular inflammation. VCAM-1,
ICAM-1, and E-selectin were reportedly upregulated in an
experimental sepsis model of human umbilical vein endo-
thelial cells [24]. ICAM-1 mRNA can also interact with Itgal,
which mainly encodes a key T cell integrin, lymphocyte
function-associated antigen 1(LAF1), and is considered to
be an important factor in regulating T cell activation and
migration [8]. Itgal also plays important roles in recruiting
cells to sites of inflammation and has downstream effects
on cellular signaling [25]. Rac2, a member of the Rho family,
is associated with neutrophil chemotaxis, leukocytosis, oxi-
dative stress, and adherent junction [26]. Rac-mediated
ROS generation is involved in multiple pathophysiologic
processes, including endothelial damage and leukocyte
transendothelial migration [27]. During inflammation,
Rac2 signaling could progress by clustering ICAM-1. In
our study, the expression of ICAM-1, Itgal, and Rac2 was
markedly elevated in the lung after explosion, which contrib-
uted to leukocyte transendothelial migration and inflamma-
tion (Figure 3). Additionally, the above changes also
mediated oxidative stress in the lung (Figure 2).

A healthy pulmonary endothelial barrier is indispens-
able in the regulation of the exosmosis of cells and cyto-
kines from the blood and the sustainment of the stability
of the intravascular environment. The destruction of adhe-
sion and connection of vascular endothelial cells are the
main determinant of edema formation and inflammatory
cell infiltration, and it is also the key factor of acute lung
injury and acute respiratory distress syndrome [28]. Endo-
thelial barrier dysfunction in blast explosion-induced lung
injury was observed in our previous study, but the specific
mechanism has not been explored. Pulmonary vascular
endothelial barrier dysfunction could be caused by various
factors, such as upstream signaling and inflammation or
wound. It can manifest as a variety of changes in
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Figure 6: DDAH1 KO aggravated blast explosion-induced changing in DDAH1/ADMA/eNOS signaling pathway. (a) Western blot of
DDAH1/ADMA/eNOS signaling pathway in each group. (b) Relative density of DDAH1. (c) Relative density of eNOS. (d) ADMA
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endothelial dysfunction-related proteins, such as MMP-9,
VEGF, CD31, occludin, ZO-1, and vascular endothelial
cadherin [29–31]. VEGF is a highly specific vascular endo-
thelial cell mitogen and survival factor, and its overexpression
disrupts the lung architecture during normal lung develop-
ment. VEGF can activate MMP9 expression, which has been
shown to disrupt the tight junction proteins in inflammatory
diseases of the central nervous system [32]. In the process of
inflammation-induced endothelial barrier dysfunction, the
epithelial-mesenchymal transition (EMT) is an important
pathophysiological process, the biological process where
epithelial cells convert into cells with a mesenchymal pheno-
type through cell-biological programs [33]. As mesenchymal
markers, N-cadherin and vimentin often increase during
EMT. This is contributed tomany respiratory diseases, includ-
ing asthma, idiopathic pulmonary fibrosis, and chronic
obstructive pulmonary disease [34]. Yang et al. found that
the expression levels of vimentin and α-smooth muscle actin
increased in human lung epithelial cells under mechanical
ventilation injury [35]. Dystrophin is a large protein in which
mutations can result in progressive muscle weakness, respira-
tory distress, and cardiovascular disorder [36–38]. It attaches
the extracellular matrix to the cytoskeleton through F-actin
and participates in events of signaling and synaptic transmis-
sion. Morici et al. found that a lack of dystrophinmight impair
the bronchial epithelium repair [37]. In this study, Evan’s blue
dye and the observed upregulation of VEGF, MMP9, N-cad-
herin, and vimentin demonstrated the increase of pulmonary

vascular permeability and the occurrence of EMT. Further-
more, downregulation of occludin, CD31, and dystrophin
suggested that pulmonary endothelial dysfunction occurred
after blast explosion (Figures 1, 4, and 5).

The damage resulting from DDAH activity can lead to an
increased ADMA concentration and a series of reactions, such
as severe inflammation and oxidative stress, whereas overex-
pression of DDAH1 could reduce injury. Chandra et al. demon-
strated that DDAH1 overexpression could enhance wound
repair in agricultural organic dust-treated airway epithelial cells
[39]. Similar results were shown by Kinker et al. who found that
DDAH1 expression declined in the lung tissue following house
dust mite exposure. It was indicated that the decreased DDAH1
expression is associated with elevated ADMA levels in BALF
and serum. However, DDAH1 overexpression caused a signifi-
cant decrease in total cell and eosinophil numbers, suggesting
that DDAH1 overexpression can attenuate allergen-induced
airway inflammation [40]. Another study previously showed
that higher plasmaADMA concentrations were detected in pre-
term infants. This could induce inhibition of NO synthesis and
deteriorated pulmonary function, suggesting that higher
ADMA levels are correlated with poor pulmonary functions
in preterm infants [41]. With regards to leukocyte transendo-
thelial migration, eNOS could decrease the expression of mac-
rophage chemoattractant protein-1, which limits leukocytes’
trafficking to endothelium. Koudelka et al. demonstrated that
decreasing ADMA levels and recovering eNOS expression
could block the expression of IL-6 and ICAM-1, which
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Figure 7: DDAH1 deficiency retards lung endothelial barrier repair by increasing leukocyte transendothelial migration and oxidative stress
in explosion-induced lung injury.
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improved the observed endothelial dysfunction and inflamma-
tory processes in the lungs [42]. Deficiency of eNOS could also
aggravate the infiltration of Itgal-positive white blood cells in
lung tissue of ischemia-reperfusion (I/R) injury. Improvement
in eNOS activity and higher DDAH1 protein expression levels
were believed to have a positive effect on inflammation and oxi-
dative stress in pulmonary hypertension [43]. In this study, our
data confirmed that DDAH1 KO could exacerbate explosion-
induced lung injury through increasing lung leukocyte infiltra-
tion and proinflammatory cytokine expression, as well as ele-
vating the expression of CAMs (Figures 1 and 3). Our
findings indicated that explosion-induced severe lung injury
and leukocyte infiltration were associated with increased
ADMA levels and decreased levels of DDAH1, eNOS activity,
and NO contents (Figure 6).

DDAH1 promotes vascular injury repair and angiogene-
sis, whereas ADMA is strongly associated with endothelial
dysfunction, hypertension, and ischemia-reperfusion injury
[44, 45]. It is also widely recognized that DDAH1 is the
upstream protein that inhibits ADMA and triggers eNOS
to produce NO. eNOS is one of three main NOS isoforms
that regulate NO levels. It is highly expressed in vascular
endothelial cells, and its activity is inhibited by ADMA.
NO is a ubiquitous signaling molecule within the cardiovas-
cular system that promotes endothelial cell proliferation and
migration. In vascular cells, it is mainly produced by eNOS
as a critical factor of vascular homeostasis. NO deficiency
is one of the leading factors that cause endothelial dysfunc-
tion. Zhao et al. found that DDAH1 had a protective role
for the blood-brain barrier by preventing tight junction pro-
tein degradation through decreasing ADMA levels and
increasing NO levels in ischemic stroke [46]. Several docu-
ments revealed that NO production and increased VEGF
expression levels may play critical roles in lung vascular
injury repair and angiogenesis [47–50]. Recent studies sug-
gested that activating the eNOS-VEGF signaling pathway
could promote angiogenesis via enhancing the viability,
migration, and tube formation of endothelial cells [51]. Gar-
bincius et al. found that DDAH1 overexpression could
increase exercise tolerance via promoting NO signaling and
partially restoring dystrophin expression in patients with
Duchenne muscular dystrophy [52]. Additionally, a defi-
ciency in the eNOS signaling pathway could exacerbate peri-
toneal fibrosis in mice by increasing the expression of
vimentin. In this study, we observed that pulmonary endo-
thelial dysfunction was aggravated in DDAH1 KO mice,
which indicated that DDAH1 was important in lung vascu-
lar injury repair (Figures 4 and 5).

From the abovementioned findings, we could infer that
explosion can exert its adverse effects on endothelial cell
function by downregulating DDAH1 and accumulating
ADMA, resulting in lung injury. The absence of DDAH1
caused increased ADMA levels, which led to decreased
eNOS and NO contents and increased generation of ROS,
thereby leading to leukocyte transendothelial migration, oxi-
dative stress, endothelial dysfunction, and EMT (Figure 7).
All these changes demonstrated that DDAH1 might be a
major factor in pulmonary endothelial dysfunction injury
caused by explosion.

5. Conclusions

In summary, our data showed that explosion can induce
severe lung injury, leukocyte infiltration, and pulmonary
vascular insufficiency, whereas DDAH1 could promote lung
endothelial barrier repair and reduce inflammation and oxi-
dative stress by degrading ADMA signaling and increasing
eNOS activity. Given the role of DDAH1 in protection
against such injuries, our findings suggested that activating
DDAH1-related signaling pathways may be able to provide
insight for designing new therapies for the management of
explosion-associated lung injury complications.

Data Availability

The data used to support the findings of this study are
included within the article.

Ethical Approval

This study was approved by the Ethics Committee of the
General Hospital of Northern Theater Command.

Conflicts of Interest

The authors declare that there are no conflicts of interest.

Authors’ Contributions

Mingxiao Hou and Yunen Liu designed experiments. Peifang
Cong wrote the manuscript. Peifang Cong, Changci Tong,
Shun Mao, Xiuyun Shi, and Lin Shi completed the experi-
ments. Ying Liu and Hongxu Jin completed the statistical
analysis.

Acknowledgments

We would like to acknowledge the funding support by PLA
foundation of China (no. AWS14L008). We thank J. Iacona,
Ph.D., from Liwen Bianji (Edanz) (http://www.liwenbianji.cn),
for editing the English text of a draft of this manuscript.

Supplementary Materials

Supplementary Table 1: primary antibody list. Supplementary
Table 2: secondary antibody list. Supplementary Figure 1:
expression of iNOS in the lung tissue after blast exposure.
(a) Western blot of iNOS in each group. (b) Relative density
of iNOS. Data are mean ± SD. (Supplementary Materials)

References

[1] D. C. Covey and C. T. Born, “Blast injuries: mechanics and
wounding patterns,” Journal of Surgical Orthopaedic Advances,
vol. 19, no. 1, pp. 8–12, 2010.

[2] V. E. Koliatsos, I. Cernak, L. Xu et al., “Amouse model of blast
injury to brain: initial pathological, neuropathological, and
behavioral characterization,” Journal of Neuropathology and
Experimental Neurology, vol. 70, no. 5, pp. 399–416, 2011.

[3] P. J. Belmont, A. J. Schoenfeld, and G. Goodman, “Epidemiol-
ogy of combat wounds in operation iraqi freedom and

16 Oxidative Medicine and Cellular Longevity

http://www.liwenbianji.cn
https://downloads.hindawi.com/journals/omcl/2022/8407635.f1.zip


operation enduring freedom: orthopaedic burden of disease,”
Journal of Surgical Orthopaedic Advances, vol. 19, no. 1,
pp. 2–7, 2010.

[4] Y. Kluger, “Bomb explosions in acts of terrorism–detonation,
wound ballistics, triage and medical concerns,” The Israel
Medical Association Journal, vol. 5, no. 4, pp. 235–240, 2003.

[5] J. P. Lichtenberger, A. M. Kim, D. Fisher et al., “Imaging of
combat-related thoracic trauma - blunt trauma and blast lung
injury,”Military Medicine, vol. 183, no. 3-4, pp. e89–e96, 2018.

[6] J. E. Smith, S. Watts, A. M. Spear, C. Wilson, and E. Kirkman,
“Nebulised recombinant activated factor vii (rfviia) does not
attenuate the haemorrhagic effects of blast lung injury,” Jour-
nal of the Royal Army Medical Corps, vol. 165, no. 1, pp. 51–
56, 2019.

[7] L. P. Evans, E. A. Newell, M. Mahajan et al., “Acute vitreoret-
inal trauma and inflammation after traumatic brain injury in
mice,” Annals of Clinical Translational Neurology, vol. 5,
no. 3, pp. 240–251, 2018.

[8] Y. Liu, C. Tong, P. Cong et al., “Proteomic analysis revealed the
characteristics of key proteins involved in the regulation of
inflammatory response, leukocyte transendothelial migration,
phagocytosis, and immune process during early lung blast
injury,” Oxidative Medicine and Cellular Longevity, vol. 2021,
Article ID 8899274, 2021.

[9] S. K. Zhang, Y. Z. Zhuo, C. X. Li, L. Yang, H. W. Gao, and
X. M. Wang, “Xuebijing injection () and resolvin d1 synergize
regulate leukocyte adhesion and improve survival rate in mice
with sepsis-induced lung injury,” Chinese Journal of Integra-
tive Medicine, vol. 24, no. 4, pp. 272–277, 2018.

[10] Q. Y. Lin, P. P. Lang, Y. L. Zhang et al., “Pharmacological
blockage of icam-1 improves angiotensin ii-induced cardiac
remodeling by inhibiting adhesion of lfa-1(+) monocytes,”
American Journal of Physiology Heart and Circulatory Physiol-
ogy, vol. 317, no. 6, pp. H1301–H1311, 2019.

[11] J. E. Risdall, A. J. Carter, E. Kirkman, S. A. Watts, C. Taylor,
and D. K. Menon, “Endothelial activation and chemoattrac-
tant expression are early processes in isolated blast brain
injury,” Neuromolecular Medicine, vol. 16, no. 3, pp. 606–
619, 2014.

[12] H. Z. Toklu, Z. Yang, S. Oktay et al., “Overpressure blast
injury-induced oxidative stress and neuroinflammation
response in rat frontal cortex and cerebellum,” Behavioural
Brain Research, vol. 340, pp. 14–22, 2018.

[13] G. A. Elder, M. A. Gama Sosa, R. De Gasperi et al., “Vascular
and inflammatory factors in the pathophysiology of blast-
induced brain injury,” Frontiers in Neurology, vol. 6, p. 48,
2015.

[14] L. Hou, J. Guo, F. Xu, X. Weng, W. Yue, and J. Ge, “Cardio-
myocyte dimethylarginine dimethylaminohydrolase1 attenu-
ates left-ventricular remodeling after acute myocardial
infarction: involvement in oxidative stress and apoptosis,”
Basic Research in Cardiology, vol. 113, no. 4, p. 28, 2018.

[15] X. Chen, H. Li, Z. Wang et al., “Quercetin protects the vascular
endothelium against iron overload damages via ROS/ADMA/
DDAH II/eNOS/NO pathway,” European Journal of Pharma-
cology, vol. 868, p. 172885, 2020.

[16] K. R. K. Reddy, C. Dasari, D. Duscharla et al., “Dimethylargi-
nine dimethylaminohydrolase-1 (ddah1) is frequently upregu-
lated in prostate cancer, and its overexpression conveys tumor
growth and angiogenesis by metabolizing asymmetric
dimethylarginine (adma),” Angiogenesis, vol. 21, no. 1,
pp. 79–94, 2018.

[17] N. N. Shahin, N. F. Abdelkader, and M. M. Safar, “A novel role
of irbesartan in gastroprotection against indomethacin-
induced gastric injury in rats: targeting ddah/adma and egfr/
erk signaling,” Scientific Reports, vol. 8, no. 1, p. 4280, 2018.

[18] Y. E. Liu, C. C. Tong, Y. B. Zhang et al., “Chitosan oligosaccha-
ride ameliorates acute lung injury induced by blast injury
through the ddah1/adma pathway,” PLoS One, vol. 13, no. 2,
article e0192135, 2018.

[19] C. Tong, Y. Liu, Y. Zhang et al., “Shock waves increase pulmo-
nary vascular leakage, inflammation, oxidative stress, and apo-
ptosis in a mouse model,” Experimental Biology and Medicine,
vol. 243, no. 11, pp. 934–944, 2018.

[20] T. E. Scott, E. Kirkman, M. Haque, I. E. Gibb, P. Mahoney, and
J. G. Hardman, “Primary blast lung injury - a review,” British
Journal of Anaesthesia, vol. 118, no. 3, pp. 311–316, 2017.

[21] Y. Li, Z. Yang, M. Chavko et al., “Complement inhibition ame-
liorates blast-induced acute lung injury in rats: potential role of
complement in intracellular hmgb1-mediated inflammation,”
PLoS One, vol. 13, no. 8, article e0202594, 2018.

[22] A. Barnett-Vanes, A. Sharrock, T. Eftaxiopoulou et al.,
“Cd43lo classical monocytes participate in the cellular
immune response to isolated primary blast lung injury,” Jour-
nal of Trauma and Acute Care Surgery, vol. 81, no. 3, pp. 500–
511, 2016.

[23] E. P. Schmidt, W. M. Kuebler, W. L. Lee, and G. P. Downey,
“Adhesion molecules: master controllers of the circulatory sys-
tem,” Comprehensive Physiology, vol. 6, no. 2, pp. 945–973,
2016.

[24] E. Amirinezhad Fard, Z. Fereydouni, K. Mansouri, and
A. Mostafaie, “Effect of tribulus terrestris l. on expression of
icam-1, vcam-1, e-selectin and proteome profile of human
endothelial cells in-vitro,” Iranian Journal of Immunology,
vol. 17, no. 1, pp. 64–74, 2020.

[25] K. M. de Lange, L. Moutsianas, J. C. Lee et al., “Genome-wide
association study implicates immune activation of multiple
integrin genes in inflammatory bowel disease,” Nature Genet-
ics, vol. 49, no. 2, pp. 256–261, 2017.

[26] N. Ceneri, L. Zhao, B. D. Young et al., “Rac2 modulates athero-
sclerotic calcification by regulating macrophage interleukin-1β
production,” Arteriosclerosis, Thrombosis, and Vascular Biol-
ogy, vol. 37, no. 2, pp. 328–340, 2017.

[27] S. Tan, W. Pei, H. Huang, G. Zhou, and W. Hu, “Additive
effects of simulated microgravity and ionizing radiation in cell
death, induction of ros and expression of rac2 in human bron-
chial epithelial cells,” NPJ Microgravity, vol. 6, no. 1, p. 34,
2020.

[28] L. Yang, S. Liu, S. Han et al., “The hdl from septic-ards patients
with composition changes exacerbates pulmonary endothelial
dysfunction and acute lung injury induced by cecal ligation
and puncture (clp) in mice,” Respiratory Research, vol. 21,
no. 1, p. 293, 2020.

[29] H. Zhang, W. Dong, S. Li et al., “Salidroside protects against
ventilation-induced lung injury by inhibiting the expression
of matrix metalloproteinase-9,” Pharmaceutical Biology,
vol. 59, no. 1, pp. 760–768, 2021.

[30] J. Villar, H. Zhang, and A. S. Slutsky, “Lung repair and regen-
eration in ards: role of pecam1 and wnt signaling,” Chest,
vol. 155, no. 3, pp. 587–594, 2019.

[31] J. Jiang, K. Huang, S. Xu, J. G. N. Garcia, C. Wang, and H. Cai,
“Targeting nox4 alleviates sepsis-induced acute lung injury via
attenuation of redox-sensitive activation of camkii/erk1/2/

17Oxidative Medicine and Cellular Longevity



mlck and endothelial cell barrier dysfunction,” Redox Biology,
vol. 36, p. 101638, 2020.

[32] Y. Shan, S. Tan, Y. Lin et al., “The glucagon-like peptide-1
receptor agonist reduces inflammation and blood-brain bar-
rier breakdown in an astrocyte-dependent manner in experi-
mental stroke,” Journal of Neuroinflammation, vol. 16, no. 1,
p. 242, 2019.

[33] S. Piera-Velazquez and S. A. Jimenez, “Endothelial to mesen-
chymal transition: role in physiology and in the pathogenesis
of human diseases,” Physiological Reviews, vol. 99, no. 2,
pp. 1281–1324, 2019.

[34] X. Lu, J. Gong, P. A. Dennery, and H. Yao, “Endothelial-to-
mesenchymal transition: pathogenesis and therapeutic targets
for chronic pulmonary and vascular diseases,” Biochemical
Pharmacology, vol. 168, pp. 100–107, 2019.

[35] Y. Yang, L. Hu, H. Xia et al., “Resolvin d1 attenuates mechan-
ical stretch-induced pulmonary fibrosis via epithelial-
mesenchymal transition,” American Journal of Physiology.
Lung Cellular and Molecular Physiology, vol. 316, no. 6,
pp. L1013–L1024, 2019.

[36] M. Rodriguez-Gonzalez, M. Lubian-Gutierrez, H. M. Cascales-
Poyatos, A. A. Perez-Reviriego, and A. Castellano-Martinez,
“Role of the renin-angiotensin-aldosterone system in
dystrophin-deficient cardiomyopathy,” International Journal
of Molecular Sciences, vol. 22, no. 1, p. 356, 2021.

[37] G. Morici, F. Rappa, F. Cappello et al., “Lack of dystrophin
affects bronchial epithelium in mdx mice,” Journal of Cellular
Physiology, vol. 231, no. 10, pp. 2218–2223, 2016.

[38] D. E. Frank, F. J. Schnell, C. Akana et al., “Increased dystrophin
production with golodirsen in patients with duchenne muscu-
lar dystrophy,” Neurology, vol. 94, no. 21, pp. e2270–e2282,
2020.

[39] D. Chandra, J. A. Poole, K. L. Bailey et al., “Dimethylarginine
dimethylaminohydrolase (ddah) overexpression enhances
wound repair in airway epithelial cells exposed to agricultural
organic dust,” Inhalation Toxicology, vol. 30, no. 3, pp. 133–
139, 2018.

[40] K. G. Kinker, A. M. Gibson, S. A. Bass et al., “Overexpression
of dimethylarginine dimethylaminohydrolase 1 attenuates air-
way inflammation in a mouse model of asthma,” PLoS One,
vol. 9, no. 1, article e85148, 2014.

[41] M. C. Richir, P. A. van Leeuwen, A. van den Berg et al.,
“Plasma adma concentrations at birth and mechanical ventila-
tion in preterm infants: a prospective pilot study,” Pediatric
Pulmonology, vol. 43, no. 12, pp. 1161–1166, 2008.

[42] A. Koudelka, G. Ambrozova, A. Klinke et al., “Nitro-oleic acid
prevents hypoxia- and asymmetric dimethylarginine-induced
pulmonary endothelial dysfunction,” Cardiovascular Drugs
and Therapy, vol. 30, no. 6, pp. 579–586, 2016.

[43] V. Balasubramanian, G. Mehta, H. Jones et al., “Post-tran-
scriptional regulation of hepatic ddah1 with tnf blockade leads
to improved enos function and reduced portal pressure in cir-
rhotic rats,” Scientific Reports, vol. 7, no. 1, article 17900, 2017.

[44] D. Yang, S. Tan, Z. Yang et al., “Dihydromyricetin attenuates
tnf-alpha-induced endothelial dysfunction through mir-21-
mediated ddah1/adma/no signal pathway,” BioMed Research
International, vol. 2018, Article ID 1047810, 2018.

[45] D. Wang, H. Li, E. K. Weir, Y. Xu, D. Xu, and Y. Chen,
“Dimethylarginine dimethylaminohydrolase 1 deficiency
aggravates monocrotaline- induced pulmonary oxidative
stress, pulmonary arterial hypertension and right heart failure

in rats,” International Journal of Cardiology, vol. 295, pp. 14–
20, 2019.

[46] Y. Zhao, X. Ma, Y. Zhou, J. Xie, X. Liu, and Y. Zhao, “Ddah-1,
via regulation of adma levels, protects against ischemia-
induced blood-brain barrier leakage,” Laboratory Investiga-
tion, vol. 101, no. 7, pp. 808–823, 2021.

[47] A. Vadivel, S. Abozaid, T. van Haaften et al., “Adrenomedullin
promotes lung angiogenesis, alveolar development, and
repair,” American Journal of Respiratory Cell and Molecular
Biology, vol. 43, no. 2, pp. 152–160, 2010.

[48] Y. Qi, L. Qian, B. Sun, L. Liu, P. Wu, and L. Sun, “Inhaled no
contributes to lung repair in piglets with acute respiratory dis-
tress syndrome via increasing circulating endothelial progeni-
tor cells,” PLoS One, vol. 7, no. 3, article e33859, 2012.

[49] K. P. Daly, M. Stack, M. F. Eisenga et al., “Vascular endothelial
growth factor a is associated with the subsequent development
of moderate or severe cardiac allograft vasculopathy in pediat-
ric heart transplant recipients,” The Journal of Heart and Lung
Transplantation, vol. 36, no. 4, pp. 434–442, 2017.

[50] K. P. Daly, M. E. Seifert, A. Chandraker et al., “Vegf-c, vegf-a
and related angiogenesis factors as biomarkers of allograft vas-
culopathy in cardiac transplant recipients,” The Journal of
Heart and Lung Transplantation, vol. 32, no. 1, pp. 120–128,
2013.

[51] X. Yang, X. Li, M. Luo et al., “Tubeimoside i promotes angio-
genesis via activation of enos-vegf signaling pathway,” Journal
of Ethnopharmacology, vol. 267, p. 113642, 2021.

[52] J. F. Garbincius, L. E. Merz, A. J. Cuttitta et al., “Enhanced
dimethylarginine degradation improves coronary flow reserve
and exercise tolerance in Duchenne muscular dystrophy car-
rier mice,” American Journal of Physiology Heart and Circula-
tory Physiology, vol. 319, no. 3, pp. H582–H603, 2020.

18 Oxidative Medicine and Cellular Longevity


	DDAH1 Promotes Lung Endothelial Barrier Repair by Decreasing Leukocyte Transendothelial Migration and Oxidative Stress in Explosion-Induced Lung Injury
	1. Introduction
	2. Materials and Methods
	2.1. Animal and Experimental Protocols
	2.2. Lung Blast Injury
	2.3. Sample Collection and Processing
	2.4. Enzyme-Linked Immunosorbent Assay (ELISA)
	2.5. Evan’s Blue Test
	2.6. Histological Analysis
	2.7. Reactive Oxygen Species (ROS) Detection
	2.8. Western Blotting
	2.9. Statistical Analysis

	3. Results
	3.1. Explosion-Induced Severe Lung Injury and Leukocyte Infiltration Are Exacerbated in DDAH1 KO Mice
	3.2. DDAH1 KO Exacerbates Explosion-Induced Lung Oxidative Stress
	3.3. DDAH1 KO Enhances Explosion-Induced Changing of Cell Adhesion Molecules (CAMs) and Leukocyte Transendothelial Migration
	3.4. DDAH1 KO Aggravates Blast Explosion-Induced Lung Vascular Injury
	3.5. DDAH1 KO Aggravates Blast Explosion-Induced Endothelial Barrier Dysfunction
	3.6. DDAH1 KO Aggravates Explosion-Induced Changes to the DDAH1/ADMA/eNOS Signaling Pathway

	4. Discussion
	5. Conclusions
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

