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Abstract: Background: Obstructive sleep apnea-hypopnea syndrome (OSAHS) could cause systematic inflammation
including pulmonary inflammatory response, whereas the influence of OSAHS in pulmonary clearance ability re-
mains unknown. The main pathophysiological feature of OSAHS is chronic intermittent hypoxia (CIH). The goal of this
study is to clarify the airway clearance of particulate matter (PM) in CIH mice, and to explore the potential mecha-
nism. Methods: Balb/c mice were divided into a CIH group and a control group, exposed to intermittent hypoxia and
air chamber, respectively. A radioactive probe, *°"Tc labeled PM, was endotracheally inserted into the mice at 10
mg/kg, with a starting dose of 800 uCi. The change of radioactive dose reserved in the lung was observed using
single-photon emission computed tomography/computed tomography (SPECT/CT) and reconstructed data were
analyzed. Special airway resistance (sRaw) of mice was measured by non-invasive airway mechanics sites. Lung
resistive load (R), elastic resistance, and compliance were measured by a multichannel physiological signal system.
Lung injury was judged by hematoxylin-eosin staining and histologic score. Change in mucus secretion was deter-
mined using periodic acid-Schiff staining and enzyme-linked immunosorbent assay. Fresh lung tissue was used
for real-time polymerase chain reaction and western blot analysis to explore related change of inflammation and
signaling molecules and potential mechanical pathway. Results: Mice in the CIH group had higher PM radioactive
deposit than the control group (93.37+£3.44 uCi vs. 65.98+2.61 uCi). The average radiation dose in the lung was el-
evated (0.0005 uCi/mm?3 vs. 0.0001383 pCi/mm?q). Mice in the CIH group have higher value of sRaw, R , and elastic
resistance, whereas pulmonary compliance decreased compared to the control group (2.13+0.29 mL/cmH,0 vs.
5.37+1.02 mL/cmH,0). The CIH group showed a higher histopathological score. Several genes associated with mu-
cin secretion such as chemokine (C-X-C motif) ligand 1 (CXCL1), Clara Cell Secretory Protein 16 (CC16), macrophage
inflammatory protein 2 (MIP-2), chloride channel regulator 1 (Gob5), and mucin 5AC (MUC5AC) showed elevated ex-
pression. Phosphatidylinostol-3-kinase/serine/threonine-specific protein kinase (PI3K/AKT) pathway was activated
in the CIH group. Conclusions: CIH decreased pulmonary clearance of PM and increased lung airway resistance,
which may be related to inflammatory response and mucus hypersecretion in the lung.

Keywords: Intermittent hypoxia, particulate matter, clearance, mucin, airway resistance

Introduction the adverse effects of air pollution on human
health, little is known about the effect of air pol-

Particulate matter (PM) in air pollution, a mix- lution on obstructive sleep apnea-hypopnea

ture of solid particles and liquid droplets exist-
ing in the air, exerts a negative effect on human
health. There is growing concern that long-term
exposure to ambient airborne PM is associated
with various respiratory diseases [1]. The metal
content, the presence of polycyclic aromatic
hydrocarbons (PAHs) and other organic compo-
nents such as endotoxins, mainly contribute to
PM toxicity [2]. Despite extensive research on

syndrome (OSAHS), which leads to chronic inter-
mittent hypoxia (CIH) during sleep [3]. Apnea-
hypopnea index was significantly associated
with race and environmental tobacco smoke,
highlighting the potential effect of environmen-
tal factors [4]. The recurrent episodic disruption
of normal breathing during sleep was shown to
be related to air pollution, and may be more
prevalent in poor urban environments [5].
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OSAHS and air pollution have each been linked
to increased risk of autonomic dysfunction, and
pulmonary and systemic inflammation [6, 7].
However, the specific influence of pollution on
OSAHS is poorly understood.

Mucociliary transport is one of the major ways
for PM to be removed from ambient air [8].
Initially, ambient air is filtered by the nose with
deposition of PM on nasal hairs and mucosa
due to rheologic effects. There is continuing
particulate impaction at turns or bifurcations in
the airways, with sedimentation in gelations in
the airways and in gelatinous mucus. This sug-
gested that airway inflammation and the condi-
tion of mucus secretion affected the clearance
of PM. Studies have shown that CIH usually
develops as a result of both systematic and
local inflammation [9]. Patients with OSAHS
can be more likely to suffer inflammatory
response or immune injury [10]. Mucociliary
clearance (MCC) is an essential innate defense
mechanism that continuously removes inhaled
pathogens and particulates from the airway.
Normal MCC is important for maintaining a
healthy respiratory system, and impaired MCC
is a feature of many airway diseases [11].
Mucus hypersecretion is a direct reason for dis-
abled MCC. In addition, increased airway resis-
tance could affect the pulmonary clearance
ability [12]. Currently, the pulmonary clearance
ability in OSAHS patients has not been explored
clearly. Although inflammation response in
OSAHS patients has been studied in recent
years, the change of mucus secretion and pul-
monary airway resistance is less understood.
Therefore, the aim of our study is to clarify the
airway clearance ability in mice with intermit-
tent hypoxia, and to explore the potential
mechanism.

We developed a mouse model of CIH, which
mimicked oxyhemoglobin desaturations in
patients with OSAHS [13], to explore its effects
on airway clearance ability and pulmonary
clearance function of PM and to explore the
potential mechanism. In this study, we focused
on mucus secretion and airway resistance in
decreasing pulmonary clearance of PM.

Methods
Experimental animals

The animals were weighed and randomly divid-
ed into two groups. One group was exposed to

3061

CIH. The other group was exposed to air and
used as a control. An established rodent model
of CIH was utilized [14]. Briefly, CIH mice were
placed into a specially designed chamber,
which contained a gas control delivery system
to regulate the flow of oxygen and nitrogen into
the chamber. During each 1-minute period of
intermittent hypoxia, the oxygen concentration
in the chamber was adjusted between 7% and
21%. Nitrogen was introduced at a rate suffi-
cient to achieve a fraction of inspired oxygen
(Fi0,) of 7% within 30 seconds and to maintain
this level of FiO2 for 10 seconds; then, oxygen
was introduced at a rate to achieve a FiO, of
21% within 20 seconds. Balb/C mice were
placed into this chamber for 9 hours daily, 7
days per week, for 6 consecutive weeks. At all
other times, the mice were kept in chambers
with an oxygen concentration of 21%. The oxy-
gen concentration in these chambers was con-
tinuously observed by an oxygen analyzer, and
the levels were under feedback control by a
computerized system connected to a gas valve
outlet. Deviation from the determined settings
was corrected by the addition of pure nitrogen
or oxygen through solenoid valves. The control
group was handled in the same manner as the
CIH group, except oxygen concentration in the
control chambers was maintained at a con-
stant 21% throughout the experiment. Mice
were purchased from the Fudan University ani-
mal center and were maintained on a 12:12-
hour night-day cycle, with standard mice chow
and water available ad libitum. The experimen-
tal protocol was approved by the local Animal
Care and Use Committee of Fudan University.

9mTe-labelled-DTPA-PM

PM (Urban dust NIST® SRM® 1649B, Sigma)
standard reference material was used in this
study, available from the National Institute of
Standards and Technology (NIST), containing
selected PAHs, nitro-substituted PAHs (nitro-
PAHs), polychlorinated biphenyl congeners,
chlorinated pesticides, and inorganic constitu-
ents in atmospheric particulate material and
similar matrices. °°"Tc labeling diethylenetri-
aminepentaacetic acid (DTPA, Sigma, USA) was
conjugated to PM following the established
similar protocol [15]. Briefly, synthesis of con-
denses of DTPA with PM: 100 pg PM was added
in a 30-k tube, and then DTPA was added to the
tube, shaking for 1 hour on a swag bed at room
temperature. Next, a solution of ammonium
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acetate (0.25 M) was added to the tube, and
extra DTPA was removed after centrifugation.

DTPA-PM was then labeled with ®°™Tc following
the developed method [16]. DTPA-PM conju-
gate was added to the equal volume of labeling
buffer, and then (around 1 mCi) Na®*"TcO4 was
added. Immediately after vortexing, 3 yL fresh-
ly prepared 1 mg/mL SnCl,2 H,0 solution was
added. The combined solution was incubated
at room temperature for 1 hour under vortex-
ing. °*™Tc-DTPA-PM was instilled intratracheally
into mice with a dose of 250 ug/800 uCi/
mouse.

Micro-single-photon emission computed to-
mography/computed tomography and imaging
analysis

Balb/C mice (male, 8 weeks) received °°"Tc-
DTPA-PM. One hour later, mice were anesthe-
tized via 2% isoflurane inhalation. Computed
tomography (CT) was performed first with the
following parameters: frame resolution, 256 x
512; tube voltage, 45 kVp; current, 0.15 maA,;
and exposure time, 500 ms/frame. Each scan
took about 8 minutes. Single-photon emission
computed tomography (SPECT) was performed
after CT with the same bed position using the
following parameters: four high-resolution coni-
cal collimators with nine-pinhole plates; energy
peak, 140 keV; window width, 10%; resolution,
1 mm/pixel; matrix, 256 x 256; and scan time,
35 s/projection, 24 projections in all. Each
mouse took 21 minutes on average. Three-
dimensional ordered subset expectation maxi-
mization images were reconstructed using
HiSPECT algorithm. Two hours after instillation,
each mouse was repeated above operation.
Reconstructed SPECT/CT data were transferr-
ed to software InVivoScope (Version 1.43,
Bioscan, Washington DC, USA) for post-pro-
cessing. Concentration of radioactivity (uCi/
mm?) was automatically generated by the soft-
ware for each region of interest (ROI).

Airway resistance detection

Specific airway resistance (sRaw) in the con-
scious mice was assessed by FinePointe™
Non-Invasive Airway Mechanics sites (Buxco
Electronics, Inc., Wilmington, North Carolina)
according to a previously reported method [17].
This site used double-flow plethysmography
that calculated sRaw by analyzing breathing

3062

patterns at nasal and thoracic airflows. For the
determination of sRaw in mice, inhalations of
saline and methacholine were administered.
Aerosols were delivered into the nasal cavity for
1 minute in a dose-response manner: O (saline),
3.125,6.25, 12.5, 25, and 50 mg of methacho-
line per milliliter. The reliability and reproducibil-
ity of measurements made using noninvasive
double-flow plethysmography were increased
by ensuring that all measurements were made
in an air-conditioned environment controlled for
temperature (22°C to 23°C) and humidity (50%
to 60%). In addition, airway resistance includ-
ing pulmonary compliance, pulmonary R, and
pulmonary elastic resistance was measured by
a RM6240 multichannel physiological signal
system (Chengyi, China) based on the methods
described by Strope et al [18] and Amdur et al
[19].

Methods to explore the change of mucus se-
cretion

Bronchoalveolar lavage fluid was collected for
enzyme-linked immunosorbent assay for the
detection of Mucin 5AC (MUC5AC, Cusabio
Biotech Co. Wuhan, China). MUC5AC expres-
sion was measured following the instructions
provided in the enzyme-linked immunosorbent
assay kit. Lung tissues were removed from
mice after anesthesia and filled with 10% buff-
ered formalin, and then were embedded in par-
affin and 5 mm sections were cut for hematoxy-
lin and eosin staining and periodic acid-Schiff
(PAS) staining. In addition, other parts of the
lung were stored at -80°C for ribonucleic acid
(RNA) and protein extraction. Related signaling
molecules and potential mechanical pathway
were explored by real-time polymerase chain
reaction and western blot analysis.

PAS is a common carbohydrate stain, which in
the lung reveals mucin-secreting cells because
mucins are very rich in glycans. Histologic sec-
tions were stained with PAS (Sigma-Aldrich,
USA) followed by standard protocols as previ-
ously described [20]. Double-blind analysis of
integrated optical density of mucin granules in
large and small airways was performed using
Image-Pro Plus 6.0.

Lung histology evaluation

According to a lung injury scoring method previ-
ously proposed [21], the degree of microscopic
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injury was quantified based on the following:
alveolar and interstitial edema, inflammatory
infiltration, and hemorrhage. The severity of
injury was graded for each variable: no injury =
0; injury to 25% of the field = 1; injury to 50% of
the field = 2; injury to 75% of the field = 3; and
diffuse injury = 4. All hematoxylin and eosin
slides were analyzed by a pathologist who was
blinded to the study. A total of three slides from
each lung sample were randomly screened and
the mean was taken as the representative
value of the sample.

Real-time polymerase chain reaction

Total RNA (ThermoFisher Scientific Ambion,
USA) was extracted from the pulmonary cells in
each group using trizol reagent (Life Tech-
nologies). The extraction was verified by elec-
trophoresis on 1.0% agarose gel and an absor-
bance (A260/280) value of 1.8-2.0. Reverse
transcription for complementary deoxyribonu-
cleic acid was performed using a real-time
polymerase chain reaction kit. Expression of
B-actin, MUC5AC, chemokine (C-X-C motif)
ligand 1 (CXCL1), macrophage inflammatory
protein 2 (MIP-2), chloride channel regulator
1 (CLCA1 namely Gobb), phosphoinositide
3-kinase (PI3K) and Clara Cell Secretory Protein
16 (CC16) was measured. The polymerase
chain reaction primers are listed as follows:

B-actin: 5-GTACCACCATGTACCCAGGC-3’ (for-
ward); 5-AACGCAGCTCAGTAACAGTCC-3’ (re-
verse). MUCBSAC: 5-CCCTTTCCGATGTCTTTATG-
GT-3’ (forward); 5-GCCTGGTACTCAGAGCCCTT-
AG-3’ (reverse). Gob5: 5’-TACATAGATGGCTGGA-
TTGAGG-3’ (forward); 5’-CAGTGATTTGACAGGG-
TGGAA-3’ (reverse). MIP-2: 5’-GCCCAGACAGAA-
GTCATAGCC-3’ (forward); 5-CTCCTCCTTTCCAG-
GTCAGTT-3’ (reverse). CXCL1: 5-ACCCAAACC-
GAAGTCATAGCC-3’ (forward); 5’-AGAAGCCAGC-
GTTCACCAGA-3’ (reverse). CC16: 5-GGCATTG-
TCACCCACTTTC-3’ (forward); 5-CTCCAGATGG-
CTCTAACCG-3’ (forward). PI3K: 5’-CTGAGTTTG-
TTCTGGGGTTCC-3 (forward); 5-CTGAGTTTGT-
TCTGGGGTTCC-3’ (reverse).

The polymerase chain reactions were carried
out as follows: a predenaturing at 95°C for 5
minutes, followed by 30 cycles of denaturation
at 95°C for 30 seconds, annealing at 58°C for
40 seconds, and extension at 72°C for 45 sec-
onds. Polymerase chain reaction products were
separated by electrophoresis through 1% aga-
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rose gel containing ethidium bromide, and the
signal intensity was analyzed using Quantity
One software.

Western blot analysis

The cells were lysed in a radioimmunoprecipita-
tion assay lysis buffer with protease inhibitor
and phosphatase inhibitor. Equal amounts of
cell lysate from the protein samples were
resolved by 10% and 12% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and
transferred onto polyvinylidene difluoride mem-
branes. These membranes were incubated
with 5% bovine serum albumin in phosphate
buffered saline Tween at room temperature for
and exposed to specific primary antibodies
against reduced glyceraldehyde-phosphate
dehydrogenase (GAPDH, Cell Signaling Tech-
nology), PI3K (Cell Signaling Technology), phos-
phorylates-PI3K (P-PI3K, P85, Cell Signaling
Technology), serine/threonine-specific protein
kinase (AKT, Cell Signaling Technology) and
phosphorylates-AKT (P-AKT, Thr308, Cell Sig-
naling Technology, at 1:1000) overnight at 4°C.
This was then followed by incubation with
horseradish peroxidase-conjugated goat anti-
mouse and anti-rabbit secondary antibodies
(Abcam, USA, at 1:4000) for 2 hours at room
temperature [22]. The blots were visualized by
enhanced chemiluminescence. The intensity of
each band was measured using Quantity One
software. The relative protein expression level
was determined by normalization to expression
of GAPDH.

Statistical analysis

Data were analyzed using Pearson correlation
coefficient with SPSS 17.0 software (SPSS, Inc.,
Chicago, IL, USA) and are presented as the
means * standard deviation. The data were
also analyzed using the Student t-test. P-values
<0.05 were considered to indicate statistically
significant differences.

Results

CIH mice increased radioactive deposit in the
lung

The radiolabeling yield of ®**™Tc-labeled PM was
over 95%. Equal radiological dose of °°Tc-
labeled PM was ensured to be instilled into the
trachea of mice, according to the fixed radioac-
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Figure 1. Mice with CIH had increased radioactive deposit in the lungs. N=6 per group. A. Single-photon emission
computed tomography/computed tomography showed the reconstruction, coronal, sagittal, and transverse sec-
tions (from left to right) in the control (the upper images) and CIH groups (the lower images). The color from “L” to
“H” indicate radioactivity accumulation from low to high. B. Lung reserved SUV sum in the lung in the CIH group and
the control group (P=0.011). C. Lung SUV-mean value in two groups (P=0.006). Data represent three independent
experiments. All data were analyzed by SPSS using independent-sample t-test.

tive decay formula. The micro-SPECT/CT imag-
ing showed a significant overall increased pul-
monary reserved radioactivity over time in the
CIH group mice (Figure 1A) and the animated
images in GIF format of the control and CIH
group are shown in Figures S1 and S2, respec-
tively. Mice in the CIH group had higher PM
radioactive deposit than the control group
(89.6465 pCi vs. 65.9811 1 uCi) 1 hour after
instillation (P<0.05, Figure 1B). The average
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radiation dose in the lung was elevated
(0.06927 uCi/mm?3 vs. 0.00014 pCi/mm3,
P<0.05, Figure 1C). Furthermore, the same
condition extended to 2 hours after instillation
(data not shown).

CIH increased airway resistance

sRaw was measured as an indicator of airway
resistance and was different from the control

Am J Transl Res 2017;9(6):3060-3072
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Figure 2. CIH increased airway resistance. N=6 per group. A. Change of sRaw curve in each stimulation point in two
groups. Significant difference shown in 6.25 mg/mL, 25 mg/mL, and 50 mg/mL stimulation points (P<0.05). B. Re-
spiratory wave in control and CIH groups. Mice with CIH showed lower respiratory flow, nearly 0.04 mL/s, compared
to the control mice (0.08 mL/s). C. Pulmonary compliance statistical graph of two groups (P=0.038). D. Resistive
resistance in two groups (P=0.0004). E. Pulmonary elastic resistance in two groups (P=0.0336). Data represent
three independent experiments. All data were analyzed by SPSS using independent-sample t-test.

group. The value of sRaw (cm H,0 x s) after
aerosolizing different concentrations of metha-
choline was significantly increased in the CIH
group compared to that of the control group.
Figure 2A shows the percentage change of
sRaw value in the CIH group was significantly
higher at 6.25 mg/mL, 25 mg/mL, and 50 mg/
mL (P<0.05). Figure 2B displayed the schemat-
ic respiratory wave in the control and CIH
groups. CIH mice showed lower respiratory flow,
nearly 0.04 mL/s, compared to the control
mice (0.08 mL/s). Measurement of invasive
ventilation parameter showed that the pulmo-
nary compliance decreased in the CIH group
(P<0.05, Figure 2C, whereas the pulmonary
resistive resistance (R ) and elastic resistance
increased compared to the control group
(P<0.05, Figure 2D, 2E). Furthermore, minute
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ventilation, intrapleural pressure, and respira-
tory rate had no obvious change (data not
shown). These results indicated that both spe-
cial airway resistance and pulmonary ventila-
tion resistance were higher after CIH ex-
posure.

Lung inflammatory response and mucus hy-
persecretion in mice with CIH

Histological examination of lung tissues was
further performed. The results showed more
severe damage in the lung of CIH mice than the
control, assessed by the change of alveolar and
interstitial edema, hemorrhage, and the infiltra-
tion of inflammatory cells (Figure 3A). We fur-
ther evaluated the histological score and found
it was significantly higher in mice in the CIH
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group compared to that in the control group
(P<0.01, Figure 3B). It indicated thickened lung
alveolar walls, increased infiltration of lympho-
cytes and mononuclear cells, and mild lung
congestion in the CIH group compared to the
control group.

To investigate the mechanism of decreased
pulmonary clearance of PM in mice with inter-
mittent hypoxia, we analyzed gene expression
in the lung. Gene expression related to mucin
secretion had changed. It was shown that
expression of MUCBH5AC, CXCL1, MIP-2, and
Gob5 was higher, and expression of CC16 was
lower in the CIH group (Figure 4). Gob-5 and
MUCB5AC appear to be the most prominent rep-
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Figure 3. Hematoxylin and eosin stain-
ing and histologic score in the CIH and
control groups. A. Hematoxylin and eosin
staining in the lung in two groups. B. His-
tologic score statistical analysis results. t-
test (n=6 per group, P<0.001). *P<0.05,
**P<0.01, ***P<0.001. Data represent
three independent experiments. All data
were analyzed by SPSS using indepen-
dent-sample t-test.

resentation of mucins, particularly in the patho-
logical state [23, 24]. CXCL1 [25], CC16 [26],
and MIP-2 [27] reportedly influenced mucin
secretion indirectly. Mucins are the main secre-
tory components of mucus [24]. Therefore, we
question the mucus secretion condition in
these two groups.

To further evaluate the mucus secretion in the
airway, PAS staining was used. Mucus hyperse-
cretion appeared in the small airway in mice
with intermittent hypoxia (Figure 5A, 5C), but
not in the larger airway (Figure 5B). Consistent
with the increased messenger RNA expression
of MUC5AC in the lung, MUC5AC protein in the
bronchoalveolar lavage fluid was also elevated

Am J Transl Res 2017;9(6):3060-3072
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(P<0.05, Figure 5D). A standard curve and for-
mula derived from the standard substance is
shown in Figure S3. Excessiv e mucus may con-
tribute to the pathogenesis of impaired clear-
ance of PM in mice with CIH.

The role of the PI3K/Akt pathway in intermit-
tent hypoxia

The PIBK/AKT pathway was activated in mice
with CIH. Messnger RNA expression of PI3K
was significantly higher (Figure 6B) and P-PI3K
and P-AKT were excessively activated (P<0.05,
Figure 6A, 6C, 6D). This might imply the poten-
tial effect of the PIBK/AKT pathway in mucus
hypersecretion.

Discussion

Increased PM deposit might be a new patho-
logic mechanism in patients with OSAHS. It was
reported that air pollution exposure has a nega-
tive effect on sleep, and there is significant
association between exposure to PM and sleep
disturbances [28]. Some studies showed the
correlation between air pollution and the preva-
lence of sleep-breath disorders. A significant
seasonal pattern was uncovered in the apnea-
hypopnea index of different patients undergo-
ing polysomnography, which may be due to
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environmental aspects of winter [29]. One pos-
sible explanation for changes in OSAHS severity
may be air pollution, as has been raised on
PM-10 [32]. In addition, reduction in air pollu-
tion exposure may decrease the severity of
respiratory disturbance indices and nocturnal
hypoxemia in patients [30]. It is biologically
plausible that elevations in ambient pollution
might also increase the risk of more clinically
relevant sleep-breath disorder and associated
oxyhemoglobin desaturation, through effects
on upper or lower airway inflammation, auto-
nomic dysfunction, or oxidative stress [31].

Patients with OSAHS had higher mucus levels
in the throat [32]. Excessive mucus production
is a main factor leading to sleep disturbance,
and is just as important as dyspnea and cough.
Abundant mucus production may prolong sleep
onset, especially because mucus production is
exaggerated in the supine position. Airway
mucus is a mixture of water, cells, cellular
debris, and mucins-heavy glycoproteins-which
represent the major protein component of
mucus. Mucus secretion functions as a guard
and barrier for the airway epithelium. An appro-
priate amount of mucus secretion traps inhaled
PM and transports it out of the lungs by means
of ciliary beating and cough, whereas the
chronic and hypersecretion of mucus can

Am J Transl Res 2017;9(6):3060-3072
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Figure 5. Mucus secretion in mice was analyzed by periodic acid-Schiff (PAS) staining in the lung in these two
groups. The left lung lobes were stained with PAS staining. The slides were scanedati 400 x magnifications (A),
and the integrated optical density of mucin granules in large (B) and small airways (C), double-blind analysis per-
formed in Image-Pro Plus 6.0. (D) Enzyme-linked immunosorbent assay results of MUC5AC in bronchoalveolar la-
vage fluid. Concentration of MUC5AC protein in the bronchoalveolar lavage fluid calculated from the standard curve
in the same experiments (n=6 per group, P<0.05). Data were given as mean + standard deviation (n=8), *P<0.05,
**P<0.01, ***P<0.001. Data represent three independent experiments. All data were analyzed by SPSS using

independent-sample t-test.

induce severe airway obstruction and repeated
airway infection [33]. MUC5AC is the predomi-
nant mucin of the human airway and is only
secreted in the pathological state [34, 35].
Knockout of MUC5AC attenuated lung inflam-
mation and pulmonary edema during injurious
ventilation [36]. Excessive mucus and chronic
inflammation contributed to the pathogenesis
of common airway diseases and influences the
clearance of PM in mice with CIH. In this study,
mucus hypersecretion was found in the small
airway but not in the larger airway, and might
influence the pulmonary clearance ability of
mice with CIH.

The upper airway of patients with OSAHS was
subjected to recurrent negative pressure
swings promoting its collapse and reopening,
which could lead to an early local inflammatory
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process in the upper airway [37, 38]. MIP-2
plays an important role in this upper airway
inflammatory process in patients with OSAHS
[27]. CC16 is the most abundant protein in nor-
mal airway secretions, which maintains the
homeostasis of the airway epithelium, and has
anti-inflammatory activities in lungs exposed to
ozone, allergens, and viruses [26]. Gob5 is a
highly induced, putative calcium-activated chlo-
ride channel involved in the regulation of mucus
production and/or secretion. Gob5 may have a
role in fiber clearance in asbestos-associated
lung diseases [39]. In addition, we first suggest
its activation in PM clearance in mice with inter-
mittent hypoxia. Gob5 has recently been
detected in goblet cells within the tracheal and
bronchial epithelium amid mucus metaplasia
and is implicated in the regulation of mucus
secretion by controlling the packaging and/or
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Figure 6. Activation of phosphorylation of PI3K/AKT pathway. A. Western blot bands of target molecular. B. Gene
expression of PI3K. C. Intensity of P-PI3K to total PI3K (T-PI3K) P=0.0135. D. Intensity of P-AKT to total AKT (T-AKT)
P<0.001. Data represent three independent experiments. All data were analyzed by SPSS using independent-sam-

ple t-test.

release of secreted mucins like MUC5AC [40].
Furthermore, another explanation is that in-
duced HIF-1 was a consensus-binding motif of
all currently sequenced mammalian MUC5AC
orthologs [41]. As HIF-1 is increased in intermit-
tent hypoxia as our previous study showed, a
critical role for HIF-1 in the regulation of
MUCS5AC in allergic mucous metaplasia is
interesting.

Intermittent hypoxia may destroy mucociliary
clearance, amplify mucus production, and
result in mucus hypersecretion, decreasing the
pulmonary clearance of PM. The mechanisms
responsible for the secretion of MUC5AC may
result from the activation of excessive activa-
tion of phosphorylation of PI3K)/Akt signaling
pathway, which was shown to be important in
mucus secretion [42]. However, the additional
mechanisms responsible for the activation of
MUCB5AC need to be explored later.

Although there was no direct evidence showing
that OSAHS increases airway resistance, initial
clinical studies showed that inpatients with
OSAHS a decrease in short-term lung function
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develops after intermittent hypoxic sleep [42].
As was shown previously, the total resistance
of the respiratory system was decreased when
CIH in patients with OSAHS was corrected [43].
A single night’s loss of sleep resulted in signifi-
cant reductions of forced expiratory volume in
1 second and forced vital capacity in patients
[44]. The increase of airway resistance in
patients with OSAHS might also correlate with
the high prevalence of overlap syndrome with
chronic obstructive pulmonary disease [45].
Our study showed that long-term CIH resulted
in decreased lung compliance and increased
elastic airway resistance and R . The value of
sRaw could reflect mucin secretion indirectly. It
was known that airway hyperresponsiveness
resulted in a higher value of sRaw [46]. Mucin
secretion from airway cells could influence pul-
monary airway hyperresponsiveness and inhi-
bition of mucin secretion from the airway could
attenuate pulmonary airway hyperresponsive-
ness [47]. In this study, higher sRaw value in
the CIH group implied pulmonary airway hy-
perresponsiveness in mice with intermittent
hypoxia and might correlate with mucinhy-
persecretion.
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Intermittent hypoxia might destroy mucociliary
clearance, amplify mucus production, and
result in mucus hypersecretion, decreasing the
pulmonary clearance of PM. The mechanisms
responsible for the secretion of MUC5AC may
result from the activation of excessive activa-
tion of phosphorylation of the PI3K/Akt signal-
ing pathway, which was shown to be important
in mucus secretion [48]. However, additional
mechanisms responsible for the activation of
MUCB5AC need to be explored later.

In this study, we demonstrated for the first time
that intermittent hypoxia decreased the airway
clearance of PM in the lung in mice, which
might be related to mucus hypersecretion in
the small airway rather than the larger airway.
Changes in special airway resistance and pul-
monary compliance were first raised in mice
with intermittent hypoxia in this study. Increase
of airway resistance interacted with inflamma-
tory response. There were also limitations that
we had not expected, whether the results could
be reversed if mucus secretion was decreased
using drugs. Additional studies on mucus secre-
tion are needed.
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