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Abstract. The majority of patients that suffer a stroke have exces-
sive sputum, which accelerates the development of pulmonary 
complications. However, it is unclear whether cerebral ischemia 
and reperfusion (I/R) injury induces mucus hypersecretion, and 
the potential role of inflammation remains unknown. In the 
present study, the reversible middle cerebral artery occlusion 
model was applied in rats to induce cerebral I/R injury. The 
rats were grouped according to the duration of reperfusion (6, 
12, 24, 48 and 72 h). Neurological dysfunction was evaluated 
by Longa scoring and lung dry‑to‑wet weight (dw/ww) ratios 
were determined to reflect the degree of mucus secretion. 
Inflammatory factor interleukin‑13 (IL‑13) and tumor necrosis 
factor‑α (TNF‑α) levels in serum and bronchoalveolar lavage 
fluid (BALF) were determined by enzyme‑linked immunosor-
bent assay. Pulmonary levels of mucin 5AC (MUC5AC) and 
key molecules involved in nuclear factor‑κB (NF‑κB) signaling 
were determined by western blotting and immunohistochem-
istry. Rats with cerebral I/R had impaired neurological function, 
which was associated with the length of reperfusion time. In 
addition, the dw/ww lung ratio decreased and the pulmonary 
expression of MUC5AC increased with the increase in severity 
of neurological dysfunction, indicating that cerebral I/R may 
induce mucus hypersecretion in a reperfusion time‑dependent 
manner. IL‑13 and TNF‑α levels in serum and BALF, as well 
as the nuclear translocation of NF‑κB p65 in pulmonary tissues, 
significantly increased following cerebral I/R, which suggests 
that the activation of IL‑13 and NF‑κB inflammatory pathways 
may be involved. The present study concluded that cerebral I/R 

injury may induce airway mucus hypersecretion by activating 
IL‑13 and NF‑κB inflammatory pathways.

Introduction

Previous clinical studies have revealed that pulmonary compli-
cations, including acute respiratory distress syndrome  (1), 
severe pneumonia (2) and respiratory failure, are important 
causes of mortality in patients with ischemic stroke, particularly 
in the elderly. Hilker et al (3) first reported the epidemiological 
and prognostic impact of the incidence of pneumonia for the 
treatment of acute stroke and demonstrated that the occurrence 
of stroke‑associated pulmonary complications deteriorate the 
clinical outcomes in these patients. However, the mechanisms 
underlying the fact that patients with acute ischemic stroke are 
vulnerable to respiratory complications have not been clearly 
elucidated, despite their clinical significance for the early 
prevention of stroke‑associated pulmonary syndrome and in 
improving clinical outcomes (4,5).

Mucus hypersecretion has been recognized as one of 
the important features of airway remodeling and is involved 
in the pathogenesis of a number of pulmonary diseases, 
including chronic pulmonary obstructive diseases  (6) and 
asthma (7). Although mucus secretion by goblet cells in the 
airway epithelium is thought to protect the respiratory system 
in physiological conditions, the pathological overproduction 
of mucus often leads to increased sputum production, airway 
narrowing due to sputum secretion and increased airway wall 
thickness (8,9). The majority of patients with acute stroke have 
increased sputum retention in the airway, which is potentially 
induced by factors involving the overproduction of the mucus, 
saliva secretion and dysphagia secondary to the neurologic 
dysfunction  (1). It is possible that the overproduction of 
airway mucus may be an early sign of airway dysfunction that 
occurs prior to onset and it may accelerate the onset of severe 
pulmonary disorders. However, it remains unclear whether 
cerebral ischemia induces airway mucus hypersecretion and 
the potential mechanisms underlying this pathophysiologic 
process have not been studied extensively.

A previous study indicated that the inf lammatory 
response has an important role in the pathogenesis of mucus 
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hypersecretion (10). T‑helper 2 (Th2) cell‑associated cyto-
kines, particularly interleukin‑13 (IL‑13), are thought to be key 
regulators of mucus production in the airway (11). In addition, 
classical inflammatory signaling via the nuclear factor‑κB 
(NF‑κB) signaling pathway, has also been indicated to be 
involved in the regulation of mucus overproduction during 
pathological airway remodeling (12,13). Increased levels of 
cytokines, such as IL‑13 and other factors, trigger the activation 
of the NF‑κB pathway in pulmonary tissues, which functions 
as a transcriptional factor with the nuclear translocation of 
its key component p65. This subsequently leads to cellular 
processes including the overproduction of mucus and airway 
remodeling. Notably, cerebral ischemia and reperfusion (I/R) 
injury, which frequently occurs in patients following stroke, 
has been associated with systematic activated inflammatory 
responses (14). Previous studies have indicated that patients 
with acute ischemic stroke have a higher degree of immunoin-
flammatory responses, which is reflected by increased serum 
levels of inflammatory markers (15) and alterations in the 
peripheral frequency of CD4+ cells (16). In addition, the degree 
of the immunoinflammatory response, which is characterized 
by higher peripheral white blood cell count at admission, 
has been associated with increased in‑hospital mortality and 
cognitive impairment at discharge for patients with acute 
cerebrovascular syndromes (17). Anti‑inflammation therapies, 
such as treatments targeting tumor necrotic factor‑α (TNF‑α), 
have been proposed as a potential therapeutic strategy for 
patients with brain injuries from strokes and trauma (18). These 
findings indicate that activation of the inflammatory response 
serves a key role in the pathogenesis and progression of cere-
bral I/R injury. Therefore, we hypothesized that cerebral I/R 
injury may lead to airway mucus hypersecretion via the activa-
tion of systematic inflammatory responses, particularly those 
associated with the IL‑13 and NF‑κB signaling pathways.

Therefore, in the present study, the aim was to investi-
gate the above hypothesis in a rat model of cerebral I/R by 
evaluating the influence of cerebral I/R injury on mucus secre-
tion in the airway and the expression of its key component, 
mucin 5AC (MUC5AC). To further elucidate the potential 
mechanisms involved, the influence of cerebral I/R injury on 
systematic and pulmonary IL‑13 and activation of the NF‑κB 
pathway were also examined.

Materials and methods

Ethics statement. All animal experiments were performed in 
accordance with the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals (19) and the Helsinki 
Convention on the Use and Care of Animals. The Ethics 
Committee of the Fourth Affiliated Hospital to China Medical 
University approved the experimental protocols prior to the 
commencement of the present study.

Animal models of cerebral I/R injury and evaluation of neuro‑
logical dysfunction. Healthy male Sprague Dawley rats (n=40; 
age, 3 to 4 months; weight, 280 to 300 g) were provided by 
the Animal Experimental Research Center of China Medical 
University. Rats were housed in the light for 14 h and the dark 
for 10 h, at a temperature of 23±2˚C and a humidity of 60‑70%, 
with food and water freely available. A total of 7 rats were 

randomly allocated to the sham group (control), while the 
remaining 33 rats were allocated to the cerebral I/R group. 
Following satisfactory anesthesia with 10% chloral hydrate 
(350 mg/kg; intraperitoneal injection), the middle cerebral 
artery occlusion (MCAO) method was used to establish the 
model of cerebral I/R injury in rats. Rats in the sham group 
were subjected to the same surgical procedures performed on 
the rats in the I/R group, however, their blood vessels were not 
occluded. The animals were not allowed to eat or drink 12 h 
prior to the operation. A rat model of focal cerebral ischemia 
was induced according to the modified Longa method, as 
previously described [Longa et al (20)].

Briefly, a 0.23‑mm diameter fish‑thread was inserted into 
the right common carotid artery through a mini‑pore, which 
was 3‑mm away from the bifurcation. Then, the thread was 
inserted through the bifurcation and into the internal carotid 
artery until it had advanced ~18 to 20 mm to induce focal 
ischemia in the brain. Following MCAO for 2 h, the operator 
carefully removed the suture to restore blood flow, sutured 
the skin and allowed the rat to wake up. Sham‑operated 
animals underwent the same surgical procedure, except for 
arterial occlusion. The rectal temperatures of the rats from 
each group were monitored during the surgical process. Rats 
in the cerebral I/R group were further randomized into five 
subgroups according to the different reperfusion time (6, 12, 
24, 48 and 72 h). Neurological function was evaluated immedi-
ately following reperfusion in the brains of rats in each group. 
Severity of neurological dysfunction was assessed based on 
the standards of Longa [Longa et al (20)]: Score 0, the rat had 
no symptoms of neurological deficit; score 1, the rat failed to 
fully to extend the left forepaw; score 2, the rat circled to the 
left; score 3, the rat fell to the left; score 4, the rat did not walk 
spontaneously and had a depressed level of consciousness.

Collection of serum samples and bronchoalveolar lavage fluid 
(BALF). Following evaluation of neurological function, rats 
from each group were sacrificed with an overdose of sodium 
pentobarbital (150  mg/kg; Euthatal, Merial; Boehringer 
Ingelheim Corporation, Ridgefield, CT, USA), which was 
injected intraperitoneally. Serum was collected from the 
posterior vena cava using a heparinized syringe and plasma 
was separated by centrifugation (1,000 x g for 20 min at 4˚C). 
The thoracic cavity was carefully opened and the trachea was 
exposed. BALF was collected by cannulating the upper part of 
the trachea and performing lavage twice using 1 ml and 0.8 ml 
of phosphate‑buffered saline (PBS), respectively; 85 to 90% 
of the total input volume was recovered. BALF samples were 
kept on ice during collection then centrifuged at 400 x g for 
5 min at 4˚C.

Determination of dry‑to‑wet lung weight ratio. The wet 
weight (ww) was recorded following collection then 100 mg 
of lung tissue was dried in an oven at 60˚C for 48 h to reach a 
constant weight termed the dry weight (dw). The dw/ww ratio 
was calculated, which was used as an indicator of pulmonary 
mucus production.

Measurement of IL‑13, TNF‑α and MUC5AC protein levels in 
serum and BALF. Serum and BALF supernatants were collected 
as described above and stored at ‑70˚C for use in cytokine 
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assays. IL‑13 (cat. no. SEM03021A; Qiagen, Inc., Valencia, 
CA, USA), TNF‑α (cat. no. SEM03113A; Qiagen, Inc.) and 
MUC5AC (cat. no. fk2954Y; R&D Systems, Inc., Minneapolis, 
MN, USA) levels were measured using enzyme‑linked immu-
nosorbent assay (ELISA) kits, according to the manufacturer's 
protocol. All assays were performed in duplicate, and the mean 
values were used for statistical analysis.

Immunohistochemical analysis. The right lower lung obtained 
from each rat was fixed in 10% formalin for 10 min, embedded 
in paraffin, cut into 5‑µm sections and stained with 0.2% 
hematoxylin at room temperature for 10 min and 0.5% eosin 
at room temperature for 20  sec. MUC5AC, aquaporin‑5 
(AQP‑5), inhibitory proteins of NF‑κB (IkBs) and NF‑κB p65 
in lung tissues were detected by immunohistochemistry. Tissue 
sections were deparaffinized, treated with H2O2 and blocked 
with 5% normal rabbit serum in PBS at room temperature for 
1 h. Following washing with PBS, tissue sections were incu-
bated with rabbit anti‑MUC5AC (cat. no. sc‑20118; 1:1,000), 
anti‑AQP‑5 (cat. no. sc‑28628; 1:500), anti‑IkBs (cat. no. sc‑847; 
1:500) and anti‑NF‑κB p65 (cat. no. sc‑372; 1:500) antibodies 
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA) overnight at 
4˚C. Following rinsing with PBS, the sections were incubated 
with biotinylated anti‑rabbit IgG (cat. no. sc‑2040; Santa Cruz 
Biotechnology, Inc.) for at 4˚C 2 h. Specific binding was detected 
with an avidin‑biotin‑horseradish peroxidase complex and 
diaminobenzidine kit (Vector Laboratories, Inc., Burlingame, 
CA, USA). Slides were then counterstained with hematoxylin, 
dehydrated using graded alcohol and xylenes, and mounted 
on coverslips. The sections were examined using an LSM 5 
PASCAL confocal microscope (Carl Zeiss AG, Oberkochen, 
Germany). Negative control staining was performed using 
normal bovine serum instead of a primary antibody. Two blind 
investigators analyzed the sections using the Image‑Pro Plus 
software version 6.0 (Media Cybernetics, Inc., Rockville, MD, 
USA). The positive areas were evaluated in ≥12 randomly 
selected tissue sections from each of the groups.

Western blot analysis. Total proteins in lung tissue samples were 
ground and homogenized using a protein lysis solution (Nanjing 
KeyGen BioTech Co., Ltd., Nanjing, China) for ≥12 randomly 
selected tissue samples from each group studied. Briefly, the 
left upper lung tissues were frozen in liquid nitrogen and 
homogenized in PBS with a protease inhibitor cocktail (Roche 
Applied Science, Pleasanton, CA, USA) using a tissue grinder. 
Homogenates were centrifuged at 21,920 x g for 15 min at 4˚C. 
Nuclear and cytoplasmic proteins were separated according 
to the protocol described in the Nuclear and Cytoplasmic 
Extraction kit (Thermo Fisher Scientific, Inc., Waltham, MA, 
USA). Supernatants were collected and assayed for total protein 
using a bicinchoninic kit (Nanjing KeyGen BioTech Co., Ltd.), 
according to the manufacturer's protocol. Equal amounts of 
protein (125 µg) were resolved on 10% Tris‑glycine‑sodium 
dodecyl sulfate (SDS) polyacrylamide gels, and protein bands 
were blotted onto nitrocellulose membranes. With the aid of the 
pre‑stained markers, the gel for MUC5A, AQP‑5, and β‑actin 
was cut at ~70 kDa. The larger molecular weight portion was 
used for staining of MUC5A, and the smaller molecular weight 
portion was used for staining of AQP‑5. β‑actin was subse-
quently stained after stripping of the membrane. Similarly, the 

gel for cNF‑κB, IkBs and β‑actin was cut at ~50 kDa. The larger 
molecular weight portion was used for staining of cNF‑κB, and 
the smaller molecular weight portion was used for staining of 
IkBs. Again, β‑actin was subsequently stained after stripping 
of the membrane. The nuclear gel was stained for nNF‑κB and 
subsequently with Lamin A after stripping of the membrane. 
Following blocking with 5% dried milk in Tris‑buffered 
saline containing 0.1% Tween‑20 for 1 h at room temperature, 
membranes were incubated for 24 h at 4˚C with one of the 
following antibodies to detect protein levels: Anti‑MUC5AC 
(cat. no.  sc‑20118; 1:500), anti‑AQP‑5 (cat. no.  sc‑28628; 
1:1,000), anti‑IkBs (cat. no. sc‑847; 1:500), anti‑NF‑κB p65 (cat. 
no. sc‑372; 1:1,000), anti‑β‑actin (cat. no. sc‑47778; 1:5,000) and 
anti‑Lamin A (cat. no. sc‑293162; 1:500), purchased from Santa 
Cruz Biotechnology, Inc. Membranes were incubated for 1 h 
at room temperature with horseradish peroxidase‑conjugated 
rabbit anti‑mouse (cat. no.  sc358914; 1:10,000; Santa Cruz 
Biotechnology, Inc.) or a donkey anti‑rabbit secondary antibody 
(cat. no. sc2315; 1:10,000; Santa Cruz Biotechnology, Inc.). The 
internal controls including β‑actin and Lamin A were detected 
after stripping of the membranes, which was performed 
using stripping buffer (cat. no. P0025N; Beyotime Institute 
of Biotechnology, Haimen, China). In brief, after rinsing the 
membrane with distilled water for 5 min, they were incubated 
with stripping buffer for 10 mins at room temperature and then 
washed with PBS 3 times. Peroxidase labeling was detected 
using the enhanced chemiluminescence western blotting detec-
tion system (Amersham Pharmacia Biotech; GE Healthcare 
Life Sciences, Chalfont, UK) and analyzed by densitometry 
using Image‑Pro Plus software version 6.0 (Media Cybernetics, 
Inc.). Experiments were repeated three times. Optical density 
values were normalized to that of β‑actin or Lamin A.

Statistical analysis. Statistical analyses were performed 
using SPSS 11.0 (SPSS, Inc., Chicago, IL, USA). Results are 
presented as the mean ± standard deviation. Differences were 
analyzed for significance by one‑way or two‑way analysis of 
variance followed by the least significant difference post hoc 
test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

During the surgical procedure for the induction of cerebral I/R 
injury, 1 rat in the sham group and 3 rats in the I/R group did 
not survive. In total, 6 rats were included in the sham group and 
30 rats were included in the I/R group for the present study. In 
the I/R group, rats were further divided into subgroups with 
6 rats in each subgroup according to the different reperfusion 
times (6, 12, 24, 48 and 72 h). All of the rats that survived the 
surgical procedures underwent subsequent neurological evalu-
ation, and pathological and molecular experiments.

Focal cerebral I/R injury‑induced neurological dysfunction. 
Using a conventional revisable MCAO model revealed that 
focal ischemia, and the subsequent reperfusion to the brain, 
was associated with various degrees of neurological dysfunc-
tion in rats in the I/R group. Although rats in the sham operated 
group did not exhibit any obvious symptoms of neurological 
disorder, rats that underwent cerebral ischemia and subsequent 
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reperfusion for ≥6 h presented with various degrees of neuro-
logical disorder, as presented in Fig. 1. In addition, the severity 
of neurological dysfunction may be dependent on the reperfu-
sion time of the brain.

Cerebral I/R injury was associated with airway mucus 
hypersecretion. The dw/ww ratio of the lung is thought to be 
reflective of the amount of mucus production in the airway. 
In the present study, cerebral I/R injury and the neurological 
dysfunctions were associated with a significant decrease in 
dw/ww ratio in the lung (Fig. 2), indicating that focal cere-
bral ischemia and the subsequent reperfusion may induce 
airway mucus hypersecretion. In addition, the reduction in 
the dw/ww ratio may be associated with the reperfusion time 
of the brain.

Cerebral I/R injury‑activated inflammatory factors in serum 
and BALF. As the activation of the inflammatory response has 
been recognized as an important mechanism underlying the 
pathogenesis of cerebral I/R injury (14,21), and the inflam-
matory factors IL‑13 and TNF‑α have been proposed to be 
key regulators of pulmonary mucus production in a number 
of pulmonary diseases (10), the present study continued to 
evaluate whether cerebral I/R injury was associated with the 

activation of these factors in the serum and BALF of rats in the 
I/R group. Notably, cerebral I/R injury upregulated IL‑13 and 
TNF‑α serum levels (Fig. 3A) and also increased BALF levels 
of these cytokines (Fig. 3B) in a reperfusion time‑dependent 
manner. These results indicate that the activation of the 
systematic inflammatory response, reflected by the increase 
in IL‑13 and TNF‑α levels in serum and BALF, may mediate 
the pathological process of cerebral I/R injury‑induced airway 
mucus hypersecretion.

Figure 2. Lung dw/ww ratios in rats from the sham group and the cerebral I/R 
group following 6, 12, 24, 48 and 72 h of reperfusion (n=6/group). Data are 
presented as the mean ± standard deviation. *P<0.05 vs. sham group; #P<0.05 
vs. cerebral I/R with 6 h of reperfusion. dw/ww, lung dry‑to‑wet weight ratio; 
I/R, ischemia and reperfusion.

Figure 1. Severity of neurological dysfunction was evaluated by the Longa 
scoring system [Longa et al (20)] in rats from the sham group and the cere-
bral I/R group following 6, 12, 24, 48 and 72 h reperfusion time (n=6/group). 
Data are presented as the mean ± standard deviation. *P<0.05 vs. sham group; 
#P<0.05 vs. cerebral I/R with 6 h of reperfusion. I/R, ischemia and reperfusion.

Figure 4. MUC5AC levels in the serum and BALF of rats in the sham group 
and the cerebral I/R group following 6, 12, 24, 48 and 72 h of reperfusion 
(n=6/group). Data are presented as the mean ± standard deviation. *P<0.05 
vs. sham group; #P<0.05 vs. cerebral I/R group following 6 h of reperfusion. 
MUC5AC, mucin 5AC; BALF, bronchoalveolar lavage fluid; I/R, ischemia 
and reperfusion.

Figure 3. IL‑13 and TNF‑α levels in the (A) serum and (B) BALF of rats in 
the sham group and the cerebral I/R group following 6, 12, 24, 48 and 72 h 
of reperfusion (n=6/group). Data are presented as the mean ± standard devia-
tion. *P<0.05 vs. sham group; #P<0.05 vs. cerebral I/R with 6 h of reperfusion. 
IL‑13, interleukin‑13; TNF‑α, tumor necrosis factor‑α; I/R, ischemia and 
reperfusion; BALF, bronchoalveolar lavage fluid.
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Cerebral I/R injury‑induced pulmonary overexpression of 
MUC5AC. MUC5AC is the main component of mucus (7,22). 
Therefore, the present study evaluated whether cerebral I/R 
injury was associated with the systematic and pulmonary over-
expression of MUC5AC. ELISA analysis results revealed that 
rats in the 12‑72 h I/R groups had significantly increased levels 
of MUC5AC in serum and BALF (Fig. 4). These results were 
further confirmed by the western blot analysis of the MUC5AC 
protein in lung tissues, which revealed that cerebral I/R injury 
stimulated the pulmonary production of MUC5AC protein 
(Fig. 5A), potentially in a reperfusion time‑dependent manner. 
A subsequent immunohistochemical study also confirmed that 
the pulmonary protein of MUC5AC was induced in rats in the 
I/R group (Fig. 5B). In addition, western blot analysis (Fig. 5A) 
and the immunohistochemical study (Fig. 5C and D) revealed 
that AQP‑5, which contributes to the volume of liquid secreted 
from the airways (23), significantly decreased in the I/R group 
rats when compared with the rats in the sham group.

Cerebral I/R injury‑activated NF‑κB inflammatory signaling 
pathway in lungs. As NF‑κB inflammatory signaling has been 

implicated in the regulation of airway mucus hypersecre-
tion (12,13), we hypothesized that cerebral I/R injury may lead 
to the overproduction of mucus via activation of the pulmonary 
NF‑κB pathway. Western blot analysis revealed that cerebral 
I/R injury was associated with decreased protein levels of 
IkBs and cytoplasmic NF‑κB p65, as well as increased levels 
of nuclear NF‑κB p65 (Fig. 6A). These results indicate that 
there may be increased translocation of NF‑κB p65 to the 
nucleus and the subsequent activation of the NF‑κB inflamma-
tory signaling pathway. In addition, changes in the expression 
of these proteins may be dependent on reperfusion time. These 
results were further confirmed by immunohistochemical 
analyses for IkBs and cytoplasmic NF‑κB p65 (Fig. 6B‑D). 
Therefore, the results suggest that cerebral I/R injury may 
contribute to increased mucus production in the airway by 
activating the NF‑κB inflammatory signaling pathway.

Discussion

In the present study, the rat model of cerebral I/R injury revealed 
that brain I/R injury‑associated neurological dysfunction may be 

Figure 5. Effects of cerebral I/R injury on the pulmonary expression of MUC5AC and AQP‑5. Western blot and immunohistochemical analyses were 
performed in rats in the sham group and the cerebral I/R group following 6, 12, 24, 48 and 72 h of reperfusion (n=6/group). (A) Pulmonary expression of 
MUC5AC and AQP‑5 as detected by western blot analysis. The upper panel shows representative images of the western blotting study and the lower panel 
displays the quantitative results of pulmonary MUC5AC and AQP‑5 expression. Optical density values of MUC5AC and AQP‑5 were normalized to that of 
β‑actin. (B) Representative images (magnification, x400) of the immunohistochemical analysis of pulmonary MUC5AC in rat lung tissues in each group. 
(C) Representative images (magnification, x400) of the immunohistochemical analysis of pulmonary AQP‑5 in rat lung tissues in each group. Data are 
presented as the mean ± standard deviation. (D) Quantitative results of pulmonary MUC5AC and AQP‑5 expression presented as IOD values detected by 
immunohistochemical analysis. Each experiment was independently performed for 3 times. *P<0.05 vs. sham group; #P<0.05 vs. cerebral I/R group following 
6 h of reperfusion. I/R, ischemia and reperfusion; MUC5AC, mucin 5AC; AQP‑5, aquaporin 5; IOD, integrated optical density.
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associated with mucus overproduction in the airway. In addition, 
the results of the subsequent mechanistic evaluations indicate 
that the upregulation of the Th2‑associated inflammatory 
cytokine IL‑13 and activation of the NF‑κB signaling pathway 
may be involved in the potential association between cerebral 
I/R injury and airway mucus hypersecretion. To the best of our 
knowledge, the present study is the first to elucidate the influ-
ence and potential mechanisms of brain I/R injury on airway 
mucus hypersecretion, which is of clinical significance. This 
highlights the fact that inflammation has an important role in the 
pathogenesis of brain I/R injury‑induced mucus hypersecretion, 
and thus targeting inflammation may be a potential strategy for 
the early prevention of mucus hypersecretion and the associated 
pulmonary disorders for patients with ischemic stroke.

Previous clinical observations have determined that 
patients with neurological disorders are more vulnerable to 
respiratory complications (1,2). In addition, comorbidities of 

pulmonary diseases often deteriorate the prognosis of patients 
with stroke (24). However, the potential pathophysiological 
association between brain I/R injury and pulmonary dysfunc-
tion has not been extensively investigated. In light of the fact 
that airway mucus hypersecretion has been suggested as an 
initial process in the pathogenesis of a number of pulmonary 
disorders (7), the present study investigated whether cerebral 
I/R‑related neurological dysfunction was associated with the 
overproduction of mucus in the airway. Decreased dw/ww ratio 
of the lung and enhanced expression of MUC5AC in pulmonary 
tissues were observed in rats with I/R‑associated neurological 
dysfunction in a reperfusion time‑dependent manner. Further 
studies are required to determine the pathophysiological role 
of mucus hypersecretion in animal models and patients with 
neurological disorders, and to determine whether strategies 
targeting mucus hypersecretion could improve prognosis in 
patients with early‑stage cerebral I/R injury.

Figure 6. Effects of cerebral I/R injury on the pulmonary expression of IkBs and NF‑κB p65. Western blot and immunohistochemical analyses were performed 
in rats in the sham group and the cerebral I/R group following 6, 12, 24, 48 and 72 h of reperfusion (n=6/group). (A) Pulmonary expression of IkBs, and 
cytoplasmic and nuclear NF‑κB p65 detected by western blot analysis. The upper panel shows the representative images of the western blotting study, 
while the lower panel displays the quantitative results of pulmonary IkBs, and cytoplasmic and nuclear NF‑κB p65 expression. Optical density values of 
IkBs, and cytoplasmic NF‑κB p65 were normalized to that of β‑actin, while the optical density of nuclear NF‑κB p65 was normalized to that of Lamin A. 
(B) Representative images (magnification, x400) for the immunohistochemical analysis of pulmonary IkBs in rat lung tissues in each group. (C) Representative 
images (magnification, x400) for the immunohistochemical analysis of pulmonary cytoplasmic NF‑κB p65 in rat lung tissues in each group. (D) Quantitative 
results of the pulmonary expression of IkBs and NF‑κB p65 presented as IOD values detected by immunohistochemical analysis. Each experiment was 
independently performed for 3 times. Data are presented as the mean ± standard deviation. *P<0.05 vs. sham group; #P<0.05 vs. cerebral I/R group following 
6 h of reperfusion. I/R, ischemia and reperfusion; IkBs, inhibitory proteins of NF‑κB; NF‑κB, nuclear factor‑κB; IOD, integrated optical density; cNF‑κB, 
cytoplasmic NF‑κB; nNF‑κB, nuclear NF‑κB.
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The activation of inflammation has been indicated to be 
important in the pathogenesis of cerebral I/R injury (14,25) 
and mucus hypersecretion‑associated airway remod-
eling  (26,27). Therefore, the present study subsequently 
investigated whether the activation of systematic and pulmo-
nary inflammatory pathways was responsible for the potential 
link between cerebral I/R injury‑associated dysfunction and 
airway mucus hypersecretion. Th2‑associated inflammatory 
factor IL‑13 was induced in rat serum and BALF. This is of 
particular interest as previous studies have demonstrated that 
IL‑13 induces a number of features of allergic lung disease 
including airway hyperresponsiveness, goblet cell metaplasia 
and mucus hypersecretion, which all contribute to airway 
obstruction  (28,29). An early in  vivo study demonstrated 
that CD4 Th cells stimulate mucus only through a common 
IL‑13‑mediated pathway (11). Lin et al (30) demonstrated that 
the transmembrane protein 16A may be involved in the process 
of IL‑13‑mediated mucus hypersecretion. Notably, an animal 
study performed by Ma et al (31) revealed that suppression 
of IL‑13 with a vaccine inhibits chronic airway inflammation 
and the development of several key components of airway 
remodeling including mucus hypersecretion. In addition, 
this intervention was more effective during the earlier stages 
of chronic inflammation (31). This is of clinical significance 
as targeting the inhibition of IL‑13 may be effective for the 
prophylaxis of dysfunction in patients with cerebral I/R 
injury‑associated neurological dysfunction. Further studies are 
required to confirm this hypothesis.

The present study also revealed that the NF‑κB signaling 
pathway was activated in the pulmonary tissues of rats with 
cerebral I/R injury‑associated airway mucus overproduction. 
This was to be expected as previous studies have indicated that 
the activation of the NF‑κB inflammatory signaling pathway 
serves an important role in the pathogenesis of mucus hyper-
secretion (32,33). The present study revealed that the level of 
IkBs decreased and the translocation of NF‑κB p65 from the 
cytoplasm to the nucleus increased in the pulmonary tissues 
of rats with cerebral I/R‑associated mucus hypersecretion, 
indicating that activation of the NF‑κB signaling pathway 
may be involved. In fact, a previous study has indicated that 
activation of the NF‑κB signaling pathway during the regula-
tion of mucus overproduction may be the downstream event 
following the induced systematic expression of IL‑13 (30). 
Further studies are required to determine whether the upregu-
lation of systematic IL‑13 and activation of the pulmonary 
NF‑κB pathway was causative in the pathogenesis of cerebral 
I/R injury‑associated airway mucus hypersecretion. In addi-
tion, it is important to further investigate effective strategies 
that target the NF‑κB signaling pathway for the prevention of 
pulmonary disorders in patients with brain I/R injury.

The current study has limitations that should be noted 
when interpreting the results. Firstly, dw/ww ratios of the 
lungs were used as an index of the extent of mucus hyperse-
cretion. However, this marker may not be directly associated 
with mucus hypersecretion, and may be affected by other 
pulmonary processes that occur following a stroke including 
neurogenic pulmonary edema or inflammation. Other direct 
parameters or studies, such as periodic acid‑Schiff staining of 
the pulmonary tissues should be performed in future studies. 
Secondly, the present study only focused on the changes and 

the potential role of IL‑13. The potential involvement and 
function of the other Th2‑associated inflammatory factors 
should be evaluated in the future. Finally, the sample size of 
the experimental animals in each group was relatively small. 
Therefore, further investigations should be performed with a 
larger sample size to confirm our results.

In conclusion, cerebral I/R injury may induce airway 
mucus hypersecretion via the activation of the IL‑13 and 
NF‑κB inflammatory signaling pathways. The present study 
revealed that inflammatory‑related mucus hypersecretion may 
be responsible for the association between cerebral I/R‑related 
neurological dysfunction and the susceptibility of patients 
who have suffered a stroke for respiratory disorders. Further 
studies are required to determine whether targeting inflam-
mation during the above pathological process is effective for 
the early prevention of cerebral I/R‑associated pulmonary 
complications.
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