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Abstract. The present study aimed to investigate the role of 
Bruton's tyrosine kinase (BTK) in the pathogenesis of lung 
injury induced by trauma-hemorrhagic shock (THS), and to 
examine the pulmonary protective effects of BTK inhibition. 
Male Sprague-Dawley rats were divided into four groups 
(n=12/group): i) A Sham group, which received surgery 
without induced trauma; ii) a THS-induced injury group; iii) a 
THS-induced injury group that also received treatment with 
the BTK inhibitor LFM-A13 prior to trauma induction; and 
iv) a Sham group that was pretreated with LFM-A13 prior to 
surgery but did not receive induced trauma. The expression 
of phosphorylated-BTK protein in the lungs was measured by 
immunohistochemistry and western blot analysis. The bron-
choalveolar lavage fluid (BALF) protein concentration, total 
leukocyte and eosinophil numbers, and the expression levels 
of peripheral blood proinflammatory factors were measured. 
Morphological alterations in the lungs were detected by 
hematoxylin and eosin staining. Pulmonary nitric oxide (NO) 
concentration and inducible NO synthase (iNOS) expression 
were also assessed. Activities of the nuclear factor (NF)-κB 
and mitogen-activated protein kinase (MAPK) signaling path-
ways were determined by western blotting or electrophoretic 
mobility shift assay. BTK was notably activated in lungs of 
THS rats. BALF protein concentration, total leukocytes and 
eosinophils, peripheral blood expression levels of tumor 
necrosis factor-α, interleukin (IL)-1β, IL-6 and monocyte 
chemotactic protein 1 were significantly upregulated after 

THS induction, and each exhibited decreased expression upon 
LFM-A13 treatment. THS-induced interstitial hyperplasia, 
edema and neutrophilic infiltration in lungs were improved by 
the inhibition of BTK. In addition, THS-induced NO release, 
iNOS overexpression, and NF-κB and MAPK signaling were 
suppressed by BTK inhibition. Results from the present study 
demonstrate that BTK may serve a pivotal role in the patho-
genesis of THS-related lung injury, and the inhibition of BTK 
may significantly alleviate THS‑induced lung damage. These 
results provide a potential therapeutic application for the treat-
ment of THS-induced lung injury.

Introduction

Trauma-induced hemorrhage remains the leading cause of 
mortality for people under the age of 45, and affects almost 
every community (1,2). The pathophysiological process 
of trauma and severe hemorrhage-induced shock (THS) is 
complex; it involves a systemic inflammatory reaction and 
pathological alterations, such as hypovolemia, hypoxemia, 
microcirculatory disturbances and oxidative stress (3). Major 
complications of THS include systemic inflammatory response 
syndrome, multiple organ dysfunction syndrome and sepsis, 
which are the main causes of the high mortality rate (4). Since 
the inflammatory response is a key element in THS‑induced 
injury (5,6), the majority of studies have focused on the regula-
tion of proinflammatory mediators (7,8).

Bruton's tyrosine kinase (BTK) is a prototypical member 
of the Tec family of protein tyrosine kinases. It serves an 
essential role in B cell development, and mature B cell 
activation and survival; BTK gene mutations result in B cell 
deficiency‑related X‑linked agammaglobulinemia in humans 
and X‑linked immunodeficiency in mice (9,10). Previous 
studies have demonstrated BTK to be a crucial effector for 
B cell receptor-, immunoglobulin (Ig)E receptor-, Toll-like 
receptor (TLR)- and cytokine receptor-dependent innate 
and adaptive immunity systems (10-13). The activation (by 
tyrosine phosphorylation) of BTK may stimulate the nuclear 
factor (NF)-κB and mitogen-activated protein kinase (MAPK) 
signaling pathways, and ultimately trigger a series of inflam-
matory reactions (14-18). Previous studies have reported 
that BTK inhibition may be efficient in controlling B cell 
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malignancy and B cell-related autoimmune disorders (19-23); 
however, whether BTK participates in THS-induced lung 
injury remains to be elucidated.

NF-κB and MAPKs have been reported to be involved 
in several proinflammatory signaling pathways (24,25). The 
activation of NF-κB- or MAPK-mediated pathways have been 
demonstrated to increase the levels of inflammatory media-
tors, such as nitroc oxide (NO) and inducible NO synthase 
(iNOS), which serve important roles in THS-induced 
organ injury (26). Various organs can be severely affected 
by trauma-induced hemorrhage; however, THS-induced 
lung injury is one of the main causes of post-traumatic 
mortality (27). The present study aimed to reveal the potential 
role of BTK in the progression of THS, investigate the protec-
tive effects of BTK inhibition on THS-induced lung injury 
in vivo, and explore the molecular mechanisms underlying 
the actions of BTK by assessing the activation of NF-κB and 
MAPK pathways.

Materials and methods

Animals. Male Sprague-Dawley rats (n=48; age, 10-14 weeks; 
weight, 360-400 g) were purchased from Liaoning Changsheng 
Biotechnology Co., Ltd. [permit no. SCXK (Liao) 2015‑0001; 
Benxi, China]. Rats were allowed to acclimate for 1 week in 
a controlled environment: 22±1˚C, 40‑50% humidity, under a 
12 h light-dark cycle. Food pellets and tap water were available 
ad libitum throughout the study. Animal care and handling 
procedures strictly followed the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals (8th 
Edition, 2010) and were approved by the Institutional Animal 
Care and Use Committee of the General Hospital of Shenyang 
Military Area Command (Shenyang, China).

Development of the THS model. THS was induced in rats 
as previously described (28). Briefly, rats were anesthetized 
with an intraperitoneal injection of sodium pentobarbital 
(50 mg/kg), bilateral groins were dissected and the femoral 
arteries of both sides, and the femoral vein of one side, were 
cannulated. Bilateral femur fractures were induced by hemo-
static forceps, one of the femoral arteries was connected to 
a multichannel physiology recorder by catheter and the other 
artery was induced to hemorrhage to a mean arterial pressure 
<50 mmHg for 1.5 h. Rats were resuscitated with lactated 
Ringer's solution (Hangzhou Empyrean Animal Health Co., 
Ltd., Hangzhou, China), at four times the volume of shed 
blood, through the femoral vein and were maintained under 
anesthesia for an additional 4.5 h.

Experimental groups. A total of 48 rats were randomly divided 
into four groups (n=12/group): i) The Sham group, the femoral 
arteries and veins were cannulated without induced fractures 
and bloodletting; ii) the THS group, bilateral femur fractures 
and hemorrhage were induced manually; iii) the THS + 
LFM-A13 group, rats received a peritoneal injection of the BTK 
inhibitor LFM-A13 (25 mg/kg; Shanghai Biochempartner Co., 
Ltd., Wuhan, China) and trauma was immediately induced; 
and iv) the Sham + LFM-A13 group, rats received a peritoneal 
injection of LFM-A13 (25 mg/kg) prior to surgery but did not 
receive induced fractures and bloodletting.

Bronchoalveolar lavage fluid (BALF), blood and lung tissue 
collection. A total of 6 h following the induction of trauma, 
6 rats from each group received endotracheal intubation and 
the left lungs were lavaged three times with 1.5 ml cold saline; 
the whole BALF volume was collected. Then, the abdomen 
was opened and peripheral blood was collected from inferior 
vena cava using a 10 ml syringe. Both lungs were removed by 
midline thoracolaparotomy. The left lungs were snap‑frozen in 
liquid nitrogen and stored at ‑80˚C, and the right lungs were 
fixed in 4% paraformaldehyde at 4˚C for 48 h for subsequent 
histological analysis. The remaining rats were euthanized with 
anesthetic overdose (supplementary injection with 50 mg/kg 
sodium pentobarbital), the lungs were removed and the wet 
weight was measured. Subsequently, lungs were dried at 100˚C 
in a thermostabilized oven for 72 h, the dry weight was 
measured and the wet/dry ratio was calculated. The BALF 
was divided into two parts; one part was used for Giemsa 
staining, as follows: BALF cells were collected by centrifuga-
tion at 300 x g for 10 min at 4˚C and stained with Giemsa 
solution (Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China). The total numbers of leukocytes and eosinophils were 
counted under an optical microscope. The other part of the 
BALF was centrifuged at 1,000 x g for 10 min at 4˚C and the 
protein concentration of the supernatant was determined using 
a Bradford Protein Assay kit (Wanleibio, Shenyang, China).

Histological and immunohistochemical analysis. Lung tissues 
(n=5 rats/group) fixed in paraformaldehyde were embedded in 
paraffin and cross‑sectioned (5 µm). Sections were stained 
with hematoxylin and eosin, and lung morphology was 
observed under a light microscope with an Olympus DP73 
digital camera (Olympus Corporation, Tokyo, Japan).

For immunohistochemical analysis, the 5 µm‑thick lung 
sections were heated for 10 min in 0.01 mol/l citrate buffer 
for antigen retrieval, followed by endogenous peroxidase inac-
tivation by incubation in 3% H2O2 for 15 min. Sections were 
blocked with normal goat serum (Beijing Solarbio Science 
& Technology Co., Ltd., Beijing, China) for 15 min at room 
temperature, and incubated with rabbit primary antibodies 
against phosphorylated (p)-BTK (1:200; cat no. bs-3055R; 
BIOSS, Beijing, China) or inducible nitric oxide synthase (iNOS; 
1:200; cat no. BA0362; Wuhan Boster Biological Technology, 
Ltd., Wuhan, China) at 4˚C overnight. Following overnight 
incubation, slides were washed with PBS and incubated with 
a secondary biotinylated goat anti-rabbit IgG antibody (1:200; 
cat no. A0277; Beyotime Institute of Biotechnology, Haimen, 
China) at 37˚C for 30 min. Specific proteins of interest were 
detected by horseradish peroxidase (HRP)-conjugated strep-
tavidin (cat no. A0303; Beyotime Institute of Biotechnology) 
and visualized by 3,3'‑Diaminobenzidine solution (Beijing 
Solarbio Science & Technology Co. Ltd.); sections were coun-
terstained with hematoxylin and observed under an optical 
microscope.

Inflammatory factors and nitric oxide (NO) detection. 
Peripheral blood samples were centrifuged at 1,000 x g for 
10 min at 4˚C and the serum was collected. Serum protein 
expression levels of tumor necrosis factor-α (TNF-α) (Rat 
TNF Alpha PicoKine™ ELISA kit; cat no. EK0526), inter-
leukin (IL)-1β (Rat IL-1 Beta PicoKine™ ELISA kit; cat 
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no. EK0393), IL-6 (Rat IL-6 PicoKine™ ELISA kit; cat 
no. EK0412) and monocyte chemotactic protein 1 (MCP-1; Rat 
MCP-1 PicoKine™ ELISA kit; cat no. EK0902) were deter-
mined using commercially available ELISA kits purchased 
from Wuhan Boster Biological Technology, Ltd., according to 
the manufacturers' protocol.

Lung tissues were homogenized, freeze‑thawed with liquid 
nitrogen three times and centrifuged at 10,000 x g for 10 min at 
4˚C. Following centrifugation, supernatants were collected and 
protein concentrations were measured using the Bicinchoninic 
Acid Protein Assay kit (Wanleibio). Proteins were diluted to 
2 µg/µl in PBS and NO concentrations were measured using 
the Total Nitric Oxide Assay kit (cat no. S0023; Beyotime 
Institute of Biotechnology).

Western blot analysis. Total and nuclear proteins were extracted 
from lung tissue samples (n=5 rats/group) using the Nuclear 
and Cytoplasmic Protein Extraction kit (Wanleibio) and 
quantified using a bicinchoninic assay kit (Wanleibio). Equal 
amounts of extracted protein samples (40 µg) were separated 
by 5‑12% SDS‑PAGE and transferred onto polyvinylidene 
difluoride membranes (EMD Millipore, Billerica, MA, USA). 
Membranes were blocked with 5% fat‑free milk for 1 h at 
room temperature and probed with primary antibodies against 
BTK (1:500; cat no. bs-2752R; BIOSS), p-BTK (1:500; cat 
no. bs‑3055R; BIOSS), iNOS (1:400; cat no. BA0362; Wuhan 
Boster Biological Technology, Ltd.), inhibitor of NF-κB (IκB; 
1:500; cat no. bs-1287R; BIOSS), p-IκB antibody (1:500; cat 
no. bs-5515R; BIOSS), NF-κB (1:400; cat no. BA0610; Wuhan 
Boster Biological Technology, Ltd.), extracellular signal-regu-
lated kinase (ERK; 1:500; cat no. bs-2637R; BIOSS), p-ERK 
(1:500; cat no. bs-1522R; BIOSS), c-Jun N-terminal kinase 
(JNK; 1:500; cat no. bs-10562R; BIOSS), p-JNK (1:500; cat 
no. bs-1640R; BIOSS), p38 (1:500; cat no. bs-0637R; BIOSS) 
or p‑p38 (1:500; cat no.  bs‑5477R; BIOSS) at 4˚C overnight. 
Following overnight incubation, the membranes were washed 
with PBS and the specific proteins of interest were detected 
with secondary HRP-conjugated goat anti-rabbit IgG (1:5,000; 
cat no. WLA023; Wanleibio) or goat anti‑mouse IgG (1:5,000; 
cat no. WLA024; Wanleibio) at 37˚C for 45 min. Protein bands 
were visualized using an Enhanced Chemiluminescence kit 
(Wanleibio). Densitometric analysis was performed by Gel‑Pro 
Analyzer version 3.0 (Media Cybernetics, Inc., Rockville, MD, 
USA), using β‑actin (1:1,000; cat no. sc‑47778; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) and histone H3 (1:500; 
cat no. bs-17422R, BIOSS) as internal controls.

Electrophoretic mobility shif t assay (EMSA). NF-κB 
DNA-binding activity was detected using an NF-kB EMSA 
kit (cat no. BITF001; Viagene Biotech, Inc., Tampa, FL, 
USA), according to the manufacturer's protocol. Nuclear 
proteins were extracted and quantified as aforementioned. 
Proteins (25 µg) were diluted in 5 µl PBS and incubated with 
0.5 µl biotin‑labeled NF‑κB specific probes (0.2 µmol/l; cat 
no. TF001BP; Viagene Biotech, Inc.) at room temperature 
for 20 min. The NF-κB-specific recognition sequence is: 
5'-AGTTGAGGGGACTTTCCCAGGC-3'. The reaction 
mixtures (10 µl) were electrophoresed on 6.5% non‑dena-
turing polyacrylamide gel at 180 V for 80 min. Protein-DNA 
complexes were electrically transferred onto nylon membranes, 

cross‑linked under an ultraviolet lamp for 10 min and specific 
bands were detected by HRP-conjugated streptavidin and 
visualized using the Enhanced Chemiluminescence kit 
(Wanleibio).

Statistical analysis. Data are expressed as the mean ± stan-
dard deviation of at least 5 independent experiments. The 
statistical significance of the differences between groups 
was assessed by one-way analysis of variance followed by a 
post hoc Bonferroni test for multiple comparisons. Statistical 
analysis was performed using SPSS software version 16.0 
(SPSS, Chicago, IL, USA). P<0.05 was considered to indicate 
a statistically significant difference.

Results

Pulmonary BTK is activated by THS. To investigate a potential 
role for BTK in THS-induced pulmonary injury, the protein 
expression levels of p-BTK were examined by immunohisto-
chemistry. As shown in Fig. 1A, p‑BTK was mainly localized 
to the membrane of alveolar epithelial cells in the Sham group, 
and was notably upregulated by THS‑induced injury. Western 
blot analysis also demonstrated that THS rats exhibited a 
significantly increased expression of p-BTK in the lungs 
(P<0.01 vs. Sham group); however, the protein expression levels 
of total BTK were unchanged (Fig. 1B), suggesting that BTK 
was activated in the lungs of rats with THS-induced injury.

Effects of BTK on pulmonary capillary permeability and 
morphological alterations. To examine the role of BTK in 
pulmonary capillary permeability, a specific inhibitor of BTK, 
LFM-A13, was intraperitoneally injected prior to THS induc-
tion. Total protein concentration in the BALF from rats with 
THS‑induced injury was significantly higher compared with 
the Sham group (P<0.01; Fig. 2A), and this was significantly 
reduced by LFM-A13 treatment (P<0.05); however, protein 
concentrations in the Sham + LFM-A13 group remained unal-
tered. Similarly, the pulmonary wet/dry ratio was significantly 
increased in the THS group compared with rats in the Sham 
group (P<0.01; Fig. 2B), and was reduced in THS rats treated 
with LFM-A13 compared with untreated THS rats (P<0.05).
The wet/dry ratio was not altered in the Sham + LFM-A13 
group. Histological analysis revealed that the lungs of THS rats 
exhibited notable interstitial hyperplasia, edema and neutro-
phil infiltration, which were reduced in LFM-A13-treated 
THS rats. Converesely, LFM-A13 administration in Sham 
rats did not produce significant histopathological alterations 
compared with the Sham group (Fig. 2C).

Effects of BTK on the inflammatory response in THS rats. 
The total number of leukocytes and eosinophils were counted 
in BALF from each group to examine the effects of BTK 
on pulmonary inflammatory cell infiltration. As shown in 
Figs. 3A and B, the number of leukocytes and eosinophils were 
significantly increased in the BALF of THS rats compared 
with rats in the Sham group, and were significantly decreased 
by LFM-A13 treatment. The expression levels of the proteins 
involved in the inflammatory response were also determined in 
samples of peripheral blood collected from rats in each group. 
The results demonstrated that the levels of TNF-α, IL-1β, IL-6 
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and MCP‑1 in THS rats were significantly upregulated (P<0.01 
vs. Sham), as expected; LFM-A13 treatment effectively 
reduced the levels of these inflammatory cytokines in THS 
rats (P<0.05 vs. untreated THS rats; Fig. 3C-F). Notably, treat-
ment of Sham rats with LFM‑A13 did not affect inflammatory 
cell numbers or the levels of inflammatory factors.

Effects of BTK on the expression of NO and iNOS in THS rats. 
The excessive production of NO by iNOS has been reported to be 
involved in the pathogenesis of THS-induced lung injury (29); 
therefore, the concentration of NO and the expression of 
iNOS in the lungs were measured. As shown in Fig. 4A, the 
concentration of NO in the lungs of THS rats was significantly 

Figure 2. Effects of Bruton's tyrosine kinase on THS-induced pulmonary capillary permeability and morphological alterations. (A) BALF protein concentra-
tion and (B) pulmonary wet/dry weight ratio were detected from 6 rats of each group. Data are expressed as the mean ± standard deviation; **P<0.01 vs. Sham 
group; ##P<0.05, ##P<0.01 vs. THS group. (C) Morphological alterations were analyzed by hematoxylin and eosin staining, typical images of 5 rats per group 
are shown. Scale bar, 50 µm. BALF, bronchoalveolar lavage fluid; LFM‑A13, a Bruton's tyrosine kinase inhibitor; THS, trauma‑hemorrhagic shock.

Figure 1. Expression of p-BTK in THS-induced lung tissue. A total of 4.5 h after THS, lungs were removed and subjected to (A) immunohistochemistry and 
(B) western blot analysis to determine the expression of p‑BTK (n=5 rats/group). Representative images are included. Scale bar, 100 µm. Data are expressed as 
the mean ± standard deviation. Protein expression levels were quantified relative to the levels in the Sham group, which were set as 100%. **P<0.01 vs. Sham 
group. BTK, Bruton's tyrosine kinase; p, phosphorylated; THS, trauma-hemorrhagic shock.
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Figure 3. Effects of Bruton's tyrosine kinase on THS‑induced inflammatory response. (A) Numbers of total leukocytes and (B) eosinophils in the bronchoal-
veolar lavage fluid were counted and the levels of (C) TNF‑α, (D) IL-1β, (E) IL-6 and (F) MCP-1 were measured from 6 rats of each group. Data are expressed 
as the mean ± standard deviation, **P<0.01 vs. Sham group; #P<0.05, ##P<0.01 vs. THS group. IL, interleukin; LFM-A13, a Bruton's tyrosine kinase inhibitor; 
MCP-1, monocyte chemotactic protein 1; THS, trauma-hemorrhagic shock; TNF-α, tumor necrosis factor-α.

Figure 4. Effects of Bruton's tyrosine kinase on NO release and iNOS expression in THS rats. (A) Pulmonary NO concentrations were detected using a 
commercial kit (n=6 rats/group). iNOS protein expression levels were measured by (B) immunohistochemistry and (C) western blot analysis (n=5 rats/group). 
Data are expressed as the mean ± standard deviation; **P<0.01 vs. Sham group; ##P<0.01 vs. THS group. Scale bar, 50 µm. iNOS, inducible NO synthase; 
LFM-A13, a Bruton's tyrosine kinase inhibitor; NO, nitric oxide; THS, trauma-hemorrhagic shock.
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increased compared with rats in the Sham group (P<0.01), and 
was significantly decreased by LFM‑A13 treatment (P<0.01 vs. 
untreated THS rats). Treatment with LFM-A13 did not affect 
NO concentration in Sham rats (P>0.05 compared with the 
Sham group). Immunohistochemical analysis demonstrated 
that very little iNOS protein expression was detected in the 
lungs of rats in the Sham group, whereas iNOS was widely 
expressed in lung tissues of THS rats (Fig. 4B). The protein 
expression levels of iNOS were notably reduced by LFM-A13 
treatment (Fig. 4B). These results were confirmed by western 
blot analysis (Fig. 4C), which demonstrated that the significant 
increase in iNOS protein expression induced by THS (P<0.01 
vs. Sham) was significantly inhibited by LFM‑A13 treatment 
(Fig. 4C; P<0.01 vs. untreated THS rats). In addition, immu-
nohistochemical and western blot analysis revealed that iNOS 
expression levels in rats from the Sham + LFM-A13 group 
were not significantly different compared with rats in the 
Sham group.

Effects of BTK on NF‑κB activity. To investigate the role 
of NF-κB signaling in the observed protective effects of 
LFM-A13 on THS-induced lung injury, the activation of 
NF-κB expression in lungs post-THS induction was examined. 
p-IκB expression was significantly increased and the level of 
IκB was significantly decreased in the THS group compared 
with rats in the Sham group (P<0.01; Fig. 5A); conversely, the 
cytoplasmic expression of NF-κB was reduced and the nuclear 
expression levels of NF-κB were increased following THS 
induction (P<0.05 vs. Sham; Fig. 5B). However, these changes 
in IκB, p-IκB and NF-κB expression levels were dampened by 
LFM-A13 treatment in rats with THS-induced injury. p-IkB, 
IκB and NF-κB levels in rats from the Sham + LFM-A13 
group were not significantly different compared with in rats 
in the Sham group (P>0.05). Similarly, EMSA experiments 
demonstrated an increase in the binding activity of NF-κB in 
the THS group, which was strongly reduced by LFM-A13 treat-
ment (P<0.01 vs. Sham or untreated THS rats, respectively; 

Figure 5. Effects of Bruton's tyrosine kinase on pulmonary NF-κB activity in THS rats. Protein expression levels of (A) p-IκB and IκB, and (B) nuclear and 
cytoplasmic NF-κB were detected by western blotting and densitometric analysis. (C) Binding activity of NF-κB was analyzed by electrophoretic mobility shift 
assay (n=5 rats/group). Typical bands are shown. Data are expressed as the mean ± standard deviation, **P<0.01 vs. Sham group; #P<0.05, ##P<0.01 vs. untreated 
THS group. IκB, inhibitor of NF-κB; LFM-A13, a Bruton's tyrosine kinase inhibitor; NF-κB, nuclear factor-κB; p, phosphorylated; THS, trauma-hemorrhagic 
shock.
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Fig. 5C); treatment with LFM-A13 in Sham rats did not affect 
the binding activity of NF-κB when compared to the Sham 
group (P>0.05).

Effects of BTK on MAPK pathways. To further investigate 
the mechanism by which the inhibition of BTK protected 
lungs from THS-induced injury, components of the MAPK 
signaling pathway were examined. THS-induced injury 
resulted in a pronounced upregulation in the levels of p-ERK, 
p-JNK and p-p38 expression (P<0.01; Fig. 6A-C); however, 
treatment with LFM‑A13 significantly reversed these changes 
in THS rats, indicating that inhibition of BTK may be able 
to suppress the THS-induced activation of MAPK pathways. 
The activity of MAPK-associated pathways in rats from the 
Sham + LFM-A13 group was similar compared with in rats 
from the Sham group (P>0.05),.

Discussion

The present study demonstrated that the activation of BTK 
was significantly increased in the lungs of rats following 
THS-induced injury. The results revealed that treatment with 

the BTK-specific inhibitor LFM-A13 appeared to protect 
pulmonary capillary permeability, suppress inflammatory 
cell infiltration, inhibit the inflammatory response and alle-
viate pathological damage. In addition, LFM-A13 treatment 
suppressed NO production, iNOS expression and the activa-
tion of NF-κB and MAPK signaling in rats with THS-induced 
injury, suggesting that these pathways may be a part of the 
mechanisms responsible for the pulmonary protective effects 
of BTK inhibition in THS rats.

Systemic inflammation is a major cause of mortality in 
patients with THS. A previous study reported that during 
hemorrhagic shock an overabundance of inflammatory cyto-
kines were produced and severe visceral injury occurred (4). 
BTK is expressed in all hematopoietic cells, with the excep-
tion of plasma cells and T lymphocytes (30), and it is essential 
for lipopolysaccharide (LPS)-induced TNF-α production 
in mononuclear cells (31). Additional studies have demon-
strated that the downregulation of BTK expression by small 
interfering RNA conferred strong protective effects against 
sepsis-induced acute lung injury (32,33). However, whether 
BTK is involved in THS-induced lung injury remains 
unknown. The present study revealed that BTK was highly 

Figure 6. Effects of Bruton's tyrosine kinase on the activation of mitogen-activated protein kinase signaling pathways following THS. The expression of 
(A) p-ERK, (B) p-JNK and (C) p-p38 was determined by western blotting (n=5 rats/group). Representative protein bands are included. Data are expressed as 
the mean ± standard deviation, **P<0.01 vs. Sham group; #P<0.05, ##P<0.01 vs. THS group. ERK, extracellular-signal regulated kinase; JNK, c-Jun N-terminal 
kinase; LFM-A13, a Bruton's tyrosine kinase inhibitor; p, phosphorylated; THS, trauma-hemorrhagic shock.
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activated in the lungs following THS-induced injury, indi-
cating an essential role for BTK in THS-related pulmonary 
damage.

Hemorrhage-induced ischemia and subsequent reperfu-
sion may result in the release of toxic mediators, resulting in 
systemic inflammatory reactions (34). Lung tissues are particu 
larly vulnerable to injury caused by ischemia-reperfusion 
(I/R)  (35). Inflammatory molecules, such as TNF‑α, IL-1β, 
IL‑6 and NO, and the infiltration of neutrophils may lead to 
an increase in microvascular permeability and pulmonary 
edema (36-38). Results from the present study demonstrated 
that BTK inhibition via LFM-A13 treatment attenuated 
pulmonary capillary permeability, reduced the inflammatory 
response and alleviated pulmonary pathological damage in 
THS rats. These findings were consistent with a previous study 
demonstrating that following BTK knockdown, the levels 
of inflammatory cytokines, as well as the lung pathological 
scores, were reduced in mice following cecal ligation and 
puncture-induced sepsis (32).

Low concentrations of NO were reported to be essential 
for microvascular perfusion and in maintaining organ function 
during the early phase of hypovolemic shock (39). However, 
the levels of iNOS expression were revealed to be upregulated 
following hemorrhage (40), and the resulting overproduction 
of NO enhanced inflammatory reactions during hemorrhagic 
shock-induced I/R, and further aggravated lung and liver 
injury (41). The inhibition of iNOS expression significantly 
reduced the strength of the inflammatory response and lung 
injury in hemorrhagic shock model mice (29). In the present 
study, LFM‑A13 treatment significantly reduced the levels of 
NO concentration and iNOS expression in the lungs of THS 
rats, suggesting that the inhibition of BTK may protect the 
lungs from THS-induced injury through the suppression of 
NO production.

NF-κB and MAPK signaling are important regulatory 
pathways that have been previously reported to participate 
in the recruitment of neutrophils and the release of inflam-
matory cytokines (42,43). Additional reports demonstrated 
that hemorrhagic shock induced abnormal activation of 
the NF-κB and MAPK pathways, whereas the suppression 
of these pathways was revealed to aid in the protection of 
shock-induced organ damage (44,45). BTK may directly 
bind to TLR4 and mediate the expression of its down-
stream targets, such as p38 MAPK and NF-κB (11), and 
the inhibition of BTK expression significantly weakened 
LPS-induced NF-κB activation (46). In the absence of BTK, 
TLR3-triggered activation of MAPK and NF-κB signaling 
was abrogated (47). In line with these studies, results from 
the present study demonstrated that BTK inhibition signifi-
cantly suppressed the THS-induced activation of NF-κB 
and MAPK signaling pathways. Therefore, the inhibition of 
BTK may protect lungs from THS-induced damage, in part 
by suppressing NF-κB and MAPK signaling.

In conclusion, the present study demonstrated that BTK 
was activated in the lungs of THS model rats and that the 
inhibition of BTK significantly attenuated pulmonary capil-
lary permeability, reduced inflammatory reactions, improved 
lung pathological injury, and decreased NO and iNOS levels 
in THS model rats. The pulmonary protective effects of BTK 
inhibition appear to be at least partly due to the suppression of 

NF-κB and MAPK signaling. These data suggested that the 
inhibition of BTK may be a potential therapeutic method to 
protect lungs from THS-induced damage.
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