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Abstract. Nasal epithelial cell inflammatory injury is associated 
with chronic obstructive pulmonary disease development. 
However, the mechanism by which inflammation triggers 
nasal epithelial cell damage remains unclear. In the present 
study, tumor necrosis factor (TNF)α was used to induce an 
inflammatory injury and explore the underlying pathogenesis 
for nasal epithelial cell apoptosis in vitro, with a focus on 
mitochondrial homeostasis. Then, cellular apoptosis was 
detected via a terminal deoxynucleotidyl‑transferase‑mediated 
dUTP nick end labeling assay and western blotting. 
Mitochondrial function was evaluated via JC‑1 staining, 
mPTP opening measurement and western blotting. The results 
demonstrated that TNFα treatment induced nasal epithelial 
cell apoptosis, proliferation arrest and migration inhibition 
via downregulating phosphatase and tensin homolog (PTEN) 
levels. Increased PTEN expression was associated with reduce 
Toll‑like receptor (TLR)4‑c‑Jun kinase (JNK)‑Bcl2‑interacting 
protein 3 (Bnip3) pathway signaling, leading to reductions in 
mitophagy activity. Excessive mitophagy resulted in ATP 
deficiencies, mitochondrial dysfunction, caspase‑9 activation 
and cellular apoptosis. By contrast, PTEN overexpression in 
nasal epithelial cells alleviated the mitochondrial damage and 
cellular apoptosis via inhibiting the TLR4‑JNK‑Bnip3 pathway, 
favoring the survival of nasal epithelial cells under inflammatory 
injury. Therefore, this data uncovered a potential molecular basis 
for nasal epithelial cell apoptosis in response to inflammatory 
injury, and PTEN was identified as the endogenous defender of 
nasal epithelial cell survival via controlling lethal mitophagy 

by inhibiting the TLR4‑JNK‑Bnip3 pathway, suggesting that 
this pathway may be a potential target for clinically treating 
chronic nasal and sinus inflammatory injury.

Introduction

Chronic nasal and sinus inflammatory injury is closely 
associated with the development of chronic obstructive 
pulmonary disease (COPD)  (1). Furthermore, clinical 
studies have also confirmed that patients with nasal and 
sinus inflammation have a greater risk of cardiovascular 
disease due to chronic airway remodeling and airflow 
limitations (2). Additionally, anti‑inflammatory therapy has 
been demonstrated to alleviate upper airway symptoms such 
as rhinorrhea, nasal obstruction and sneezing in patients with 
COPD (3,4). Thus, this information illustrates that sinonasal 
inflammation is the pathogenesis responsible for airway 
damage and COPD development. Accordingly, reducing the 
excessive inflammatory response and increasing the resistance 
of nasal epithelial cells to inflammation‑induced damage are 
vital for slowing or preventing COPD progression.

In response to inflammatory injury, Toll‑like recep-
tors (TLRs), particularly TLR4, have been demonstrated 
as the primary downstream effectors of inflammatory 
responses (5,6). Increased TLR4 expression induces cellular 
oxidative stress and calcium overload, leading to nasal 
epithelial cell death (7). Subsequently, TLR4 also promotes 
transforming growth factor‑β and matrix metalloproteinase 9 
expression (8,9), the regulators of tissue fibrosis, resulting in 
airway remodeling. Notably, TLR4 inhibitors exert beneficial 
effects on nasal epithelial cells under chronic inflammatory 
injury (10). This evidence indicates that TLR4 modulation is 
vital for preserving nasal epithelial cell function and reducing 
airway damage. However, the underlying mechanism by which 
TLR4 induces nasal epithelial cell damage remains unknown.

Previous studies have demonstrated that mitochondria are 
the primary target of inflammatory injury (11,12). Activated 
TLR4, induced by the inflammatory response, promotes mito-
chondrial membrane potential collapse and mitochondrial 
energy disorder  (10,13). Furthermore, the damaged mito-
chondria ultimately induce caspase‑9‑associated apoptotic 
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signaling (14,15), leading to nasal epithelial cell death. Recently, 
mitophagy has become a research hotspot (16). Mitophagy, a 
selective type of autophagy for mitochondria, can remove mito-
chondria via lysosomal degradation (17). Moderate mitophagy 
has been demonstrated to reduce cellular apoptosis via the 
timely removal of damaged mitochondria (18,19). By contrast, 
excessive mitophagy aggravates the cellular damage via aber-
rant mitochondrial degradation (20,21). Previous studies have 
demonstrated that mitophagy contributes to endothelial cell 
apoptosis in ischemia/reperfusion‑triggered inflammatory 
injury (22,23). Furthermore, in cancer cells, mitophagy activa-
tion impairs tumor migration via reducing energy production 
and generating reactive oxygen species (ROS)‑associated 
oxidative stress (24). Based on this knowledge, it is important 
to investigate whether mitophagy is involved in inflammatory 
injury in nasal epithelial cells.

In addition to mitophagy, phosphatase and tensin 
homolog (PTEN) is the intrinsic defender of nasal and sinus 
inflammatory injury  (25,26). PTEN functions as a tumor 
suppressor involving in the regulation of the cell growth and 
differentiation (27). Previous studies have demonstrated that 
PTEN upregulation provides a survival advantage to nasal 
epithelial cells in asthma (28). Furthermore, pharmacological 
PTEN inhibition amplifies acute kidney injury  (29,30), 
regulates inflammation‑induced migration of myelocytes in 
zebrafish (31), and impacts nuclear factor‑κB inflammatory 
pathways  (32). This information confirms that PTEN is 
associated with inflammatory response. Notably, whether 
PTEN can regulate TLR4‑associated inflammatory injury 
in nasal epithelial cells via mitophagy is unknown. The aim 
of the present study was to investigate the role of PTEN in 
inflammatory‑associated injury of nasal epithelial cells, 
with a focus on mitophagy and the TLR4‑c‑Jun kinase 
(JNK)‑Bcl2‑interacting protein 3 (Bnip3) signaling pathway.

Materials and methods

Cell experiments and treatment. The human nasal epithelial cell 
line (RPMI 2650) used in the present study was purchased from 
the Chinese Academy of Sciences Cell Bank (Shanghai, China). 
The cells were incubated with L‑Dulbecco's modified Eagle's 
medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher 
Scientific, Inc.) at 37˚C/5% CO2. TNFα (0‑20 ng/ml; Selleck 
Chemicals, Houston, TX, USA) was added into the medium 
for 12 h to induce inflammatory injury in vitro according to 
a previous study (33). To inhibit mitophagy, 3‑methyladenine 
(3‑MA; 10 mM, Selleck Chemicals) was applied for ~45 min 
in nasal epithelial cell line (1x106) (34). To activate mitophagy, 
carbonyl cyanide‑p‑trifluoromethoxyphenylhydrazone (FCCP; 
5 µM, Selleck Chemicals) was applied for ~30 min in nasal 
epithelial cell line (1x106).

Immunofluorescence staining. The samples were first washed 
with cold phosphate‑buffered saline (PBS), fixed with 
4% paraformaldehyde for 30 min at room temperature, and 
then permeabilized in 0.1% Triton X‑100 for 10 min at 4˚C. 
Subsequently, 10% goat serum albumin (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) was used to 
block the samples for 1 h at room temperature. Subsequently, 

samples were incubated with primary antibodies overnight 
at 4˚C (35). After three rinses in PBS, secondary antibodies 
(Alexa Fluor 488 donkey anti‑rabbit secondary antibodies 
(1:1,000; cat.  no.  A‑21206; Invitrogen; Thermo Fisher 
Scientific, Inc.) were added to the samples for 1 h at room 
temperature  (34). The following primary antibodies were 
used in the present study: PTEN (1:5,000; cat. no. ab31392), 
mitochondrial import receptor subunit TOM20 homolog 
(mitochondrial marker; 1:1,000; cat.  no.  ab78547), 
lysosome‑associated membrane glycoprotein 1 (lysosome 
marker, 1:1,000; cat. no. ab24170), and HtrA serine peptidase 2 
(1:500; HtrA2/Omi; cat. no. ab32092; all Abcam, Cambridge, 
UK). Images were observed with an inverted microscope 
(magnification, x40; BX51; Olympus Corporation, Tokyo, 
Japan). Image‑Pro Plus 4.5 software (Media Cybernetics, 
Inc., Rockville, MD, USA) was used to quantify the immuno-
fluorescence according to a previous study (36). Mitophagy is 
the result of fusion between mitochondria and lysosome. The 
green mitochondria locate with red lysosome would generate 
the orange mitophagy. Then, the number of orange dot was 
measured to quantify the number of mitophagy (37).

Western blotting. Cells were lysed in Laemmli Sample Buffer 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA). Proteins 
were isolated and concentrations were determined using 
the Bicinchoninic Acid Protein Assay kit (Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol (38). 
Total protein (40‑60 µg) was separated by 12‑15% SDS‑PAGE. 
Following electrophoresis, the proteins were transferred 
to a polyvinylidene fluoride membrane (Roche Applied 
Science, Penzberg, Germany)  (39). Bands were detected 
using an enhanced chemiluminescence substrate (Applygen 
Technologies, Inc., Beijing, China). Membranes were blocked 
with 5% nonfat dried milk in Tris‑buffered saline containing 
0.05% Tween‑20 (TBST) for 2 h at room temperature. Band 
intensities were normalized to the respective internal stan-
dard signal intensity (β‑actin; 1:2,000; cat. no. ab8226 and 
GAPDH; 1:2,000; cat. no. ab9485; both Abcam) (40). The 
experiment was repeated three times. The primary anti-
bodies used in the study were as follows: Sequestome‑1 (p62; 
1:1,000; cat. no. ab56416), Bnip3 (1:1,000; cat. no. ab109362), 
Bcl‑associated X protein (Bax; 1:1,000; cat. no. ab32503; all 
Abcam), pro‑caspase‑3 (1:1,000; cat. no. 9662; Cell Signaling 
Technology, Inc., Danvers, MA, USA), caspase‑9 (1:1,000; 
cat. no. ab32539; Abcam), Beclin‑1 (1:1,000; cat. no. 3495), 
cleaved caspase‑3 (1:1,000; cat.  no.  9664; both Cell 
Signaling Technology, Inc.), TLR4 (1:1,000; cat. no. ab13556; 
Abcam), microtubule‑associated protein light chain (LC)3II 
(1:1,000; cat.  no.  3868; Cell Signaling Technology, Inc.), 
PTEN (1:1,000; cat. no. ab31392; Abcam), Bcl2 (1:1,000; 
cat. no. 3498; Cell Signaling Technology, Inc.), Bad (1:1,000; 
cat. no. ab90435), CXCR4 (1:1,000; cat. no. ab1670), CXCR7 
(1:1,000; cat.  no.  ab38089; all Abcam), t‑JNK (1:1,000; 
cat. no. 4672), p‑JNK (1:1,000; cat. no. 9251) and autophagy 
protein 5 (Atg5; 1:1,000; cat. no. 12994; all Cell Signaling 
Technology, Inc.). The second antibodies used in the present 
study were as follows: Horseradish peroxidase‑conjugated 
secondary antibodies (1:2,000; cat. nos. 7076 and 7074; Cell 
Signaling Technology, Inc.) for 1 h at room temperature. 
Band intensities were normalized to the respective internal 
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standard signal intensity (β‑actin or GAPDH) using Quantity 
One Software (version 4.6.2; Bio‑Rad Laboratories, Inc.).

Flow cytometric analysis of cellular ROS. To observe the 
cellular ROS levels, flow cytometric analysis was used. In 
brief, nasal epithelial cell (1x106) was washed with PBS, 
and the ROS probe (5 mg/ml; dihydroethidium; Molecular 
Probes; Thermo Fisher Scientific, Inc.) was incubated with the 
cells for ~30 min at 37˚C in the dark. Subsequently, the cells 
were washed with PBS to remove the ROS probe. Following 
this, the cells were digested with 0.25% pancreatin  (41). 
Following resuspension in PBS, the cells were immediately 
analyzed using a flow cytometer (Sysmex Partec GmbH, 
Görlitz, Germany). The quantification of cellular ROS was 
performed per 10,000 cells in each group, and the data were 
analyzed with Flowmax software (Sysmex Partec, Version 2.3, 
Germany) (42).

Mitochondria permeability transition pore (mPTP) opening 
assay and ATP production. mPTP opening is an early event 
in mitochondrial apoptosis (43). In the present study, mPTP 
opening was measured via tetramethylrhodamine ethyl ester 
fluorescence. The nasal epithelial cell (1x106) was washed with 
PBS approximately three times and then were loaded with 
tetramethylrhodamine ethyl ester. The baseline fluorescence 
of tetramethylrhodamine ethyl ester was recorded. Following 
30 min, the tetramethylrhodamine ethyl ester fluorescence was 
recorded again. According to a previous study (44), the mPTP 
opening rate was determined when the fluorescence intensity 
was decreased to half of the baseline fluorescence intensity. 
ATP production was detected to reflect mitochondrial function. 
First, the samples were washed with cold PBS approxi-
mately three times. Subsequently, the samples were lysed in 
Laemmli Sample Buffer, and the luciferase‑based ATP assay 
kit (cat. no. S0026B, Beyotime Institute of Biotechnology, 
Haimen, China) was used. ATP production was measured via 
a microplate reader (45).

JC‑1 staining and isolation of mitochondrial‑enriched 
fraction. The JC‑1 assay was used to investigate mitochon-
drial potential. Briefly, the MitoProbe™ JC‑1 assay kit 
(Thermo Fisher Scientific Inc.) was applied to cells (1x106) 
at 37˚C in the dark for 15‑20 min. Subsequently, PBS was 
used to wash the cells three times. Finally, mitochondrial 
potential was determined using a fluorescence microscope 
and the images were captured (46). To isolate the mitochon-
drial fraction in order to analyze the expression associated 
with mitochondrial HtrA2/Omi, cells (1x106) were washed 
with cold PBS and incubated on ice in lysis buffer (Beyotime 
Institute of Biotechnology) for 30 min. Then, mitochon-
dria were isolated using a commercial kit (cat. no. C3601, 
Beyotime Institute of Biotechnology) according to the 
previous study (47).

RNA isolation and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) was used to isolate total RNA 
from cells (24). Subsequently, the Reverse Transcription kit 
(Kaneka Eurogentec S.A., Seraing, Belgium) was applied 
to transcribe RNA (1 µg in each group) into cDNA at room 

temperature (~25˚C) for 30 min. The qPCR was performed 
with primers and matched probes from the Universal 
Fluorescence‑labeled Probe Library (Roche Applied Science) 
using SYBR™ Green PCR Master Mix (Thermo Fisher 
Scientific, Inc.) (48). The primers used in the present study 
were as follows: PTEN forward, 5'‑GAC​TGG​CCC​AGT​GTT​
CTT​CGC​TTC‑3' and reverse, 5'‑GCT​TCT​GAC​AGA​AGG​
AAA​GCC​AA‑3'; and GAPDH forward,  5'‑GCT​ACA​GCT​
TCA​CCA​CCA​CA‑3' and reverse, 5'‑GCC​ATC​TCT​TGC​TCG​
AAG​TC‑3'). The cycling conditions were as follows: 95˚C 
for 8 min, followed by 35 cycles of 95˚C for 10 sec and 72˚C 
for 12 sec, for telomere PCR. Fold change of PTEN mRNA 
expression was normalized by GAPDH as an internal control.

RNA interference assay. In the present study, to inhibit TLR4 
expression, small interference (si)RNA against TLR4 was 
used. The siRNA sequences were as follows: siRNA sense 
strand,  5'‑GCT​ACT​GTA​GGA​UAG​TAU‑3' and antisense 
strand, 3'‑TCT​TCU​UAG​CTG​CAT​AAU‑5'. The siRNA was 
designed and purchased from Yangzhou Ruibo Biotech 
Co., Ltd. (Yangzhou, China). To transfect the siRNA, 
Opti‑Minimal Essential Medium (Invitrogen; Thermo Fisher 
Scientific, Inc.) was incubated with nasal epithelial cell 
(1x106) for at least 24 h. Subsequently, Lipofectamine® 2000 
transfection reagent (Thermo Fisher Scientific, Inc.) was 
used according to the manufacturer's protocol to perform 
siRNA transfection (70 nM/well of siRNA) (49). Following 
transfection for 36‑48 h, cells were lysed, and the proteins 
were isolated to measure the TLR4 expression via western 
blotting.

Cell migration assay. For the cell migration assay, Transwell 
units with an 8 µm pore size polycarbonate filter were used. Cells 
(~1x105) were seeded in the upper chamber of the Transwell 
units with 1% FBS. The lower chamber was filled with 600 µl 
of L‑DMEM supplemented with 1% FBS. After incubating at 
37˚C for 12 h, the medium was removed, and cells were fixed 
with 3.7% paraformaldehyde for ~10 min (48). The cells in the 
upper chamber were removed by a cotton swab. Subsequently, 
the migrated cells were stained with 0.1% crystal violet for 
15 min at room temperature. Subsequently, the samples were 
observed under a digital microscope system (IX81; Olympus 
Corporation). The images were captured, and the migrated 
cells were recorded in at least five fields (50).

Lactate dehydrogenase (LDH) assay and caspase‑3/‑9 activity 
detection. LDH is released into the medium when cellular 
membranes rupture (51). To evaluate the LDH level in the 
medium, an LDH Release Detection kit (Beyotime Institute 
of Biotechnology) was used. To analyze changes in caspase‑3 
and caspase‑9, caspase‑3/‑9 activity kits (Beyotime Institute 
of Biotechnology) were used according to the manufacturer's 
protocol (52). To analyze caspase‑3 activity, 5 µl DEVD‑p‑NA 
substrate (4 mM, 200 µM final concentration) was added to the 
samples for 2 h at 37˚C. To measure caspase‑9 activity, 5 µl 
LEHD‑p‑NA substrate (4 mM, 200 µM final concentration) 
was added to the nasal epithelial cell (1x106) for 1 h at 37˚C. 
Subsequently, the wavelength at 400 nm was recorded via 
a microplate reader to reflect the caspase‑3 and caspase‑9 
activities (53).
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Bromodeoxyuridine (BrdU) assay. To evaluate cellular 
proliferation, a BrdU assay (Guangzhou RiboBio Co., Ltd., 
Guangzhou, China) was used according to the method of a 
previous study  (54). Firstly, cells with or without PTEN 
overexpression were fixed in 4% paraformaldehyde at 4˚C for 
30 min, followed by permeabilization with 0.5% Triton X‑100 
for ~20 min at room temperature. Subsequently, samples were 
incubated in 2 N HCl solution for 30 min at 37˚C to unmask the 
antigens, followed by a neutralization step with 0.1 M sodium 
tetraborate at room temperature for 30 min. Subsequently, a 
BrdU antibody (1:200; cat. no. ab8152; Abcam) was incubated 
with the samples overnight 4˚C. Following three rinses in PBS, 
a secondary antibody (1:1,000; cat. no. A‑21206; Invitrogen; 
Thermo Fisher Scientific, Inc.) was added to the samples for 
1 h at room temperature (55). Finally, the cells were stained 
with DAPI (Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany) for 5 min at room temperature to identify the nuclei. 
Subsequently, the samples were observed under a fluores-
cence microscope. Images were captured, and the number of 
BrdU‑positive cells was measured via counting at least three 
random separate fields.

MTT and terminal deoxynucleotidyl‑transferase‑mediated 
dUTP nick end labeling (TUNEL) assays. MTT experiments 
were performed in 96‑well plates. Nasal epithelial cell (1x106) 
was washed 3 times with PBS at room temperature, and 50 µl 
MTT reagent was added to each well. The samples were 
subsequently incubated for 4 h at 37˚C in a humid atmosphere 
containing 5% CO2. The MTT solution was removed, 200 µl 
dimethyl sulfoxide was added to each sample, and the samples 
were incubated for 10  min at room temperature  (13,56). 
Following the addition of Sorensen's buffer, the absorbance at 
the wavelength of 570 nm was determined. To detect DNA frag-
mentation in the cell nuclei (a marker of apoptosis in testicular 
tissue), a TUNEL assay for nasal epithelial cell (1x106) was 
performed using an In Situ Cell Death Detection kit (Roche 
Diagnostics GmbH, Mannheim, Germany) according to the 
manufacturer's protocol (57). DAPI (5 mg/ml) was used to 
label the nuclei (at room temperature for ~30 min) (58).

Construction of adenovirus for PTEN overexpression. The 
pDC315‑PTEN vector was designed and purchased from 
Vigene Biosciences, Inc. (Rockville, MD, USA). Briefly, 
the plasmid (3.0  µg per 1x104  cells/well) was transfected 
into 1x106 293 cells (CRL‑1573™; American Type Culture 
Collection, Manassas, VA, USA) using Lipofectamine 2000® 
(Invitrogen; 110 Thermo Fisher Scientific, Inc.). When the 
cells detached from the plates, the medium supernatant was 
collected. Subsequently, the viral supernatant was identified 
and amplified to obtain adenovirus‑PTEN. Subsequently, 100 
multiplicity of infection adenovirus‑PTEN was transduced into 
the cells to overexpress PTEN (59). Following the transfection 
of nasal epithelial cells with Ad‑PTEN, the overexpression 
efficiency of Ad‑PTEN‑transfected nasal epithelial cell was 
evaluated via western blotting and an immunofluorescence 
assay using PTEN antibody. The western blotting and immu-
nofluorescence were performed as aforementioned. PTEN 
fluorescence was observed under an inverted microscope 
(excitation wavelength, 550 nm; magnification, x40; BX51; 
Olympus Corporation).

Statistical analysis. All data are expressed as the mean + stan-
dard deviation. Statistical analyses were performed using 
SPSS software (version 17.0; SPSS, Inc., Chicago, IL, USA). 
The results from more than two groups were evaluated by 
one‑way analysis of variance followed by the least significant 
difference test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Regaining PTEN expression increases human nasal epithelial 
cell survival in the context of TNFα‑induced inflammatory 
injury. TNFα was used to induce an inflammatory injury, and 
nasal epithelial cell viability was detected via MTT assay. As 
illustrated in Fig. 1A, the TNFα incubation dose‑dependently 
reduced cellular viability. Notably, the minimum cytotoxic 
concentration of TNFα was 5  ng/ml. These results were 
similar to a previous study (60). Therefore, based on this data 
and previous findings (60), a dosage of 5 ng/ml TNFα for 
~12 h was used for the subsequent experiments. Additionally, 
an alteration in PTEN levels was observed following the 
inflammatory injury. Compared with that of the control cells, 
PTEN expression was significantly decreased in response to 
TNFα treatment (Fig. 1B‑D). To explain the causal role of 
PTEN in TNFα‑induced inflammatory injury, PTEN was 
overexpressed in TNFα‑treated nasal epithelial cells. The 
overexpression efficiency in Ad‑PTEN‑transfected cells 
was verified via immunofluorescence assay (Fig. 1E) and 
western blotting (Fig. 1F). Notably, PTEN overexpression 
significantly reduced caspase‑3 activity compared with 
that in TNFα‑treated cells (Fig. 1G), indicating that PTEN 
overexpression improved nasal epithelial cell survival in 
the context of TNFα‑induced inflammatory injury. The cell 
morphology with TNFα treatment is presented in Fig. 1H 
and PTEN overexpression preserved cellular organization 
and normal cell morphology upon TNFα exposure. To 
provide more direct, evidence for the anti‑apoptotic effect 
of PTEN in inflammatory injury, a TUNEL assay was 
conducted. Compared with the number of positive cells in the 
control group, the TNFα treatment increased the number of 
TUNEL‑positive cells (Fig. 1I), and this effect was inhibited 
by PTEN overexpression. In summary, these data suggested 
that PTEN overexpression prevented nasal epithelial cell 
apoptosis during a TNFα‑induced inflammatory injury.

PTEN reverses the proliferation and migration of nasal epithe‑
lial cells during inflammatory injury. In addition to cellular 
apoptosis, the protective role of PTEN in cellular proliferation 
and migration, which are vital for airway repair in response 
to the inflammatory injury, was also observed. Cyclin D1 and 
Cyclin E expression levels were significantly decreased in 
response to TNFα treatment, whereas PTEN overexpression 
reversed this effect (Fig. 2A). Regarding cellular proliferation, 
Cyclin D1 and Cyclin E interact with each other and generate 
the cyclin‑dependent kinase (Cdk)4/6‑cyclin  D and/or 
Cdk2‑cyclin E complexes, which accelerate the transition from 
the G0/G1 to S stage (38). Subsequently, to observe the number 
of cells at S‑phase, BrdU staining was used. Compared with 
the control group, TNFα incubation significantly reduced the 
proportion of BrdU‑positive cells (Fig. 2B). In comparison, 
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PTEN overexpression reversed this decrease in the number of 
BrdU‑positive cells.

Subsequently, the cellular migratory response was also 
observed. In Transwell assays, the number of migrated cells 
was decreased by TNFα treatment and was increased to 
normal levels with PTEN overexpression (Fig. 2C). These data 
suggested that during TNFα‑mediated inflammatory injury, 
PTEN overexpression increased cellular migration. In addi-
tion, the chemotactic factor C‑X‑C chemokine receptor type 
(CXCR)4/7 expression level was also measured. Notably, the 
enriched CXCR4/7 expression was inhibited by the TNFα 
treatment (Fig. 2D). By contrast, PTEN overexpression restored 
the intracellular CXCR4/7 levels. Collectively, this informa-
tion indicated that PTEN is necessary for nasal epithelial cell 
proliferation and migration during inflammatory injury.

Overexpression of PTEN alleviates mitochondrial damage. 
Recent studies have suggested that mitochondria are a poten-
tial target in inflammatory injury  (11,61). Mitochondrial 
damage leads to energy metabolism disorders (62). Moreover, 
inflammatory injury also activates mitochondrial apoptosis, 
resulting in cellular death (63,64). Due to energy deficiencies 
and apoptosis activation, nasal epithelial cells are unable to 
survive, migrate and proliferate under inflammatory injury 
conditions (65). Therefore, whether PTEN protected nasal 
epithelial cells via maintaining mitochondrial homeostasis 
was investigated. First, cellular ROS levels were detected via 
flow cytometry. When compared with the control group, TNFα 
treatment produced excessive cellular ROS levels (Fig. 3A). Bu 
contrast, PTEN overexpression almost completely reversed 
the ROS production induced by TNFα. As a consequence of 

Figure 1. TNFα treatment alleviates PTEN expression in nasal epithelial cells. (A) TNFα treatment reduced nasal epithelial cell viability in a dose‑dependent 
manner, as determined by MTT assay. (B‑D) PTEN transcription and expression were downregulated in response to TNFα stimulation. (E) The PTEN 
overexpression in Ad‑PTEN‑transfected cell was verified via immunofluorescence assay using PTEN antibody. (F) The overexpression efficiency of Ad‑PTEN 
transfection. Scale bar, 50 µm. (G) PTEN overexpression alleviated the increased caspase‑3 activity induced by TNFα stimulation. (H) The cellular morphology 
of nasal epithelial cells with PTEN overexpression. Scale bar, 200 µm. (I) TUNEL assay was carried out to measure the number of the apoptotic nasal epithelial 
cells. Scale bar, 50 µm. *P<0.05 vs. Ctrl group or Ad‑ctrl group; #P<0.05 vs. TNFα group. TNFα, tumor necrosis factor α; PTEN, phosphatase and tensin 
homolog; Ad, adenovirus; Ctrl, control; TUNEL, terminal deoxynucleotidyl‑transferase‑mediated dUTP nick end labeling. The experiment was repeated three 
times.
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the cellular oxidative stress, TNFα treatment mediated the 
opening of the mPTP, and this effect was inhibited by PTEN 
overexpression (Fig. 3B). mPTP opening is believed to be the 
primary initiating factor for the mitochondrial death pathway 
via facilitating HtrA2/Omi leakage from the mitochondria 
into the cytoplasm/nucleus (66). Immunofluorescence assays 
of HtrA2/Omi levels demonstrated low levels of HtrA2/Omi 
expression in the cytoplasm/nucleus (Fig. 3C). By contrast, 
TNFα treatment promoted HtrA2/Omi expression in the 
cytoplasm. Furthermore, western blotting also demon-
strated that TNFα treatment increased, whereas PTEN 
overexpression reduced, the expression of cytoplasmic 

HtrA2/Omi  (Fig.  3D), indicating that TNFα‑mediated 
HrtA2/Om2 leakage into cytoplasm may be repressed by 
PTEN overexpression. Finally, alterations in the proteins 
associated to the mitochondrial death pathway were investi-
gated. Bax and Bad expression levels were both upregulated, 
whereas the expression of protective Bcl2 was downregulated 
in response to the TNFα treatment (Fig. 3D). Bcl2 interacts 
with and inhibits Bax in order to limit excessive mPTP 
opening (67). TNFα treatment also increased caspase‑9 and 
caspase‑3 expression (Fig. 3D), indicative of mitochondrial 
death pathway activation. However, PTEN overexpression 
corrected the imbalance between Bcl2 and Bax expression 

Figure 2. PTEN overexpression sustains nasal epithelial cell proliferation and migration. (A) Cyclin D1 and E expression levels were detected via western 
blotting. (B) Cell proliferation was observed via BrdU assay. Scale bar, 50 µm. (C) Transwell assays were used to evaluate cell migration. Scale bar, 50 µm. 
(D) CXCR4 and CXCR7 expression levels were determined following TNFα and PTEN overexpression. *P<0.05 vs. Ctrl group; #P<0.05 vs. TNFα group. 
Ctrl, control; TNFα, tumor necrosis factor α; Ad, adenovirus; PTEN, phosphatase and tensin homolog; BrdU, bromodeoxyuridine; CXCR, C‑X‑C chemokine 
receptor type. The experiment was repeated three times.
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and thus alleviated caspase‑3 and caspase‑9 expression. 
These data indicated that PTEN was capable of repressing 
TNFα‑induced mitochondrial injury.

PTEN reduces mitophagy activity. Previous studies from 
several researchers have demonstrated that mitochondrial 
injury results from the mitophagy, a type of autophagy 
selective for mitochondria. Moderate mitophagy removes 
poorly structured mitochondria (59). In contrast, excessive 
mitophagy induces mitochondrial dysfunction via aber-
rant mitochondrial degradation (22). To test whether PTEN 
protected mitochondrial function via inhibiting mitophagy, 
mitophagy activity was investigated via western blotting. 

Compared to the levels in the control group, TNFα treatment 
significantly increased the mitochondrial LC3II, Beclin1, p62 
and Atg5 levels (Fig. 4A). By contrast, PTEN overexpres-
sion significantly alleviated these mitophagy parameters. 
These data indicated that PTEN inhibited TNFα‑mediated 
mitophagy activation.

Furthermore, to provide direct evidence for the 
inhibitory role of PTEN in mitophagy modulation, immu-
nofluorescence assay of mitophagy via mitochondria and 
lysosome co‑staining was performed. Compared with the 
control group, TNFα promoted fusion between mitochondria 
and lysosomes (Fig.  4B), indicative of mitophagy activa-
tion. By contrast, PTEN overexpression reduced the overlap 

Figure 3. PTEN overexpression protects mitochondria against TNFα‑mediated inflammatory injury. (A) The alterations in cellular ROS levels were detected 
via flow cytometry. (B) The mPTP opening rate. (C) Mitochondrial HtrA2/Omi expression was diffused, as detected via immunofluorescence. Scale bar, 25 µm. 
(D) Western blotting was used to evaluate the expression of mitochondrial apoptotic proteins following TNFα treatment with or without PTEN overexpression. 
*P<0.05 vs. Ctrl group; #P<0.05 vs. TNFα group. Ctrl, control; TNFα, tumor necrosis factor α; Ad, adenovirus; PTEN, phosphatase and tensin homolog; ROS, 
reactive oxygen species; mPTP; mitochondria permeability transition pore; HtrA2/Omi, HtrA serine peptidase 2; cyto, cytoplasmic; mito, mitochondrial; Bax, 
Bcl‑associated X protein; Bad, Bcl‑2‑associated death promoter; Bcl2, B‑cell lymphoma. The experiment was repeated three times.
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between mitochondrial and lysosomal staining, suggestive of 
mitophagy inhibition.

Mitophagy inhibition induced by PTEN overexpression 
provides mitochondrial protection. To determine whether 
mitophagy inhibition by PTEN overexpression was 

responsible for the mitochondrial protection, mitophagy 
activity in PTEN‑overexpressing cells was reactivated 
via FCCP, a mitophagy activator. Meanwhile, mitophagy 
activity was also inhibited via 3‑MA in TNFα‑treated cells, 
which was used as the negative control group. Subsequently, 
mitochondrial damage was detected via staining with JC‑1, a 

Figure 4. PTEN overexpression inhibits mitophagy activity. (A)  Western blotting was used to observe alterations in the mitophagy markers. 
(B) Immunofluorescence assays of mitophagy was carried out via co‑staining of mitochondria and lysosomes and the extent of mitophagy was recorded. 
Mitophagy is the result of fusion between mitochondria and lysosome. The green mitochondria locates with red lysosome would generate the orange mitophagy. 
Then, the number of orange dots were measured to quantify the number of mitophagy. Scale bar, 20 µm.*P<0.05 vs. Ctrl group; #P<0.05 vs. TNFα group. Ctrl, 
control; TNFα, tumor necrosis factor α; Ad, adenovirus; PTEN, phosphatase and tensin homolog; mito, mitochondrial; LC3II, microtubule‑associated protein 
light chain 3 II; p62, Sequestome‑1; Atg5, autophagy protein 5. The experiment was repeated three times.
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mitochondrial potential‑sensitive dye. Compared with that of 
the control cells, TNFα treatment reduced the mitochondrial 
potential (Fig. 5A), and this effect was inhibited by 3‑MA or 
PTEN overexpression, suggesting that mitophagy inhibition 
reversed mitochondrial function. By contrast, mitophagy 
activation in PTEN‑overexpressing cells disrupted the 
mitochondrial potential. In addition, the cellular oxidative stress 
level was also investigated via ROS staining. Compared with 
that of the control group, the cellular ROS level was increased 
in the TNFα‑treated cells but was decreased to normal levels 
with 3‑MA treatment or with PTEN overexpression (Fig. 5B). 
Notably, mitophagy activation reversed the inhibitory effects of 

PTEN‑overexpression on ROS overproduction. Furthermore, 
it was also detected caspase‑9 activity, which is activated in 
response to mitochondrial damage. Notably, caspase‑9 activity 
was upregulated following TNFα treatment. In contrast, 3‑MA 
treatment or PTEN overexpression significantly reduced 
caspase‑9 activity. However, mitophagy reactivation by FCCP 
in PTEN‑overexpressing cells again increased caspase‑9 
activity (Fig.  5C). Finally, the changes in cellular ATP 
production were also investigated. Compared with the ATP 
generated in the control group, TNFα treatment reduced ATP 
production, and this effect was reversed by 3‑MA treatment or 
PTEN overexpression. Notably, mitophagy activation rescued 

Figure 5. PTEN‑regulated mitophagy influences mitochondrial function. (A) Mitochondrial potential was observed via JC1 staining. Red fluorescence indi-
cated a normal mitochondrial potential, whereas green fluorescence suggested a damaged mitochondrial potential. Scale bar, 75 µm. (B) The cellular ROS 
level was measured using a dihydroethidium probe. Scale bar, 75 µm. (C) Caspase‑9 activity was detected to reflect mitochondrial apoptosis during mitophagy 
activation and/or inactivation. (D) ATP production was evaluated via ELISA. *P<0.05 vs. Ctrl group; #P<0.05 vs. TNFα group; @P<0.05 vs. TNFα+Ad‑PTEN 
group. Ctrl, control; TNFα, tumor necrosis factor α; Ad, adenovirus; PTEN, phosphatase and tensin homolog; 3‑MA, 3‑methyladenine; FCCP, carbonyl 
cyanide‑p‑trifluoromethoxyphenylhydrazone; ROS, ROS, reactive oxygen species; ATP, adenosine triphosphate. The experiment was repeated three times.
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Figure 6. PTEN controls mitophagy activity via the TLR4‑JNK‑Bnip3 pathway. (A) TLR4 siRNA was used to reduce TLR4 expression. (B) Western blotting was 
used to analyze the expression of TLR4, phosphorylated JNK and Bnip3 with or without PTEN overexpression and TLR4 silencing. (C) Immunofluorescence 
assays of mitophagy were carried out via co‑staining mitochondria (TOM20 homolog) and lysosomes (lysosome‑associated membrane glycoprotein 1). The 
boxed area under each image represents the amplification of the white square and the amount of mitophagy was recorded. Scale bar, 10 µm. (D) Caspase‑9 
activity was detected to reflect mitochondrial apoptosis when TLR4 expression was knocked down. (E) LDH release assays were carried to measure cell death 
when TLR4 expression was silenced. *P<0.05 vs. Ctrl group or si‑ctrl group; #P<0.05 vs. TNFα group. Ctrl, control; si, small interfering RNA; TLR4, Toll‑like 
receptor 4; TNFα, tumor necrosis factor α; Ad, adenovirus; PTEN, phosphatase and tensin homolog; t, total; JNK, c‑Jun kinase; p, phosphorylated; Bnip3, 
Bcl2‑interacting protein 3; LDH, lactate dehydrogenase. The experiment was repeated three times.
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this decline in cellular ATP production (Fig. 5D). In summary, 
these data indicated that PTEN overexpression protected 
mitochondrial homeostasis via suppressing mitophagy activity.

PTEN regulates mitophagy via repressing the TLR4‑JNK‑Bnip3 
pathway. To determine the mechanism by which PTEN 
inhibits mitophagy, the JNK‑Bnip3 pathway was investi-
gated. Previous reports have demonstrated that mitophagy is 
activated via the JNK‑Bnip3 axis in fatty liver disease (59), 
colorectal cancer  (68), hepatocellular carcinoma  (24) and 
cardiac reperfusion injury (23). Accordingly, whether PTEN 
modified mitophagy via the JNK‑Bnip3 pathway was investi-
gated. Additionally, to determine whether TLR4 was involved 
in the JNK‑Bnip3 pathway activation, TLR4 expression we 
knocked down using siRNA (Fig. 6A). In the present study, it 
was demonstrated that JNK and Bnip3 were both activated in 
response to the TNFα treatment, via western blotting (Fig. 6B). 
By contrast, PTEN overexpression significantly reduced JNK 
phosphorylation levels and Bnip3 expression in TNFα‑treated 
cells.

To investigate the upstream signaling responsible 
for the JNK‑Bnip3 pathway activation by TNFα, TLR4 
expression was measured. Notably, TLR4 expression was 
increased in response to the TNFα treatment, and this trend 
was strongly inhibited by PTEN overexpression (Fig. 6B). 
Notably, following knockdown of TLR4 expression in 
TNFα‑treated cells, JNK phosphorylation levels and Bnip3 
expression were decreased (Fig. 6B). These data indicated 
that TLR4 functioned upstream of JNK‑Bnip3 axis 
activation. Additionally, whether TLR4 was also associated 
with mitophagy activation, an immunofluorescence assay 
of mitophagy was conducted. As demonstrated in Fig. 6C, 
TNFα‑mediated mitochondria‑lysosome fusion was inhibited 
by TLR4 silencing or PTEN overexpression, suggesting 
that TLR4 was necessary for TNFα‑induced mitophagy 
activation. Furthermore, whether TLR4 was also required for 
TNFα‑associated mitochondrial damage and cellular death, 
caspase‑9 activity was evaluated, and the LDH release assay was 
conducted. TLR4 knockdown significantly reduced caspase‑9 

activity (Fig. 6D) and LDH release (Fig. 6E); similar results 
were also obtained in PTEN‑overexpressing cells. In summary, 
the present data indicated that TNFα activated mitophagy 
via the TLR4‑JNK‑Bnip3 pathway, leading to mitochondrial 
damage and cellular death. However, PTEN overexpression 
inhibited the TLR4‑JNK‑Bnip3‑mitophagy axis, maintaining 
mitochondrial homeostasis and providing a survival advantage 
for nasal epithelial cells under TNFα‑induced inflammatory 
injury (Fig. 7).

Discussion

In the present study, the following were demonstrated: i) PTEN 
was downregulated in nasal epithelial cells under TNFα‑induced 
inflammatory injury; ii) regaining PTEN expression alleviated 
inflammation‑mediated cellular apoptosis, proliferation arrest 
and migration inhibition; iii) mechanistically, PTEN overex-
pression attenuated mitochondrial dysfunction via repression 
of mitophagy activity; iv) inflammation‑activated mitophagy 
resulted in aberrant mitochondrial degradation, leading to a 
reduced energy supply and apoptosis activation; and v) PTEN 
overexpression abrogated lethal mitophagy via blocking 
the TLR4‑JNK‑Bnip3 pathway, maintaining mitochondrial 
homeostasis and promoting cellular survival in the context of 
inflammatory injury. Based on the above findings, the mecha-
nism underlying inflammatory injury‑induced apoptosis in 
nasal epithelial cells was investigated; this pathogenesis was 
associated with PTEN downregulation, mitophagy upregula-
tion and TLR4‑JNK‑Bnip3 pathway activation. To the best of 
our knowledge, this is the first study to describe the role of 
PTEN‑associated mitophagy in nasal epithelial cell inflamma-
tory injury.

Several studies have reported that COPD development is 
associated with chronic nasal and sinus inflammation (69). In 
addition, anti‑inflammation therapy is effective for alleviating 
upper airway symptoms such as rhinorrhea, nasal obstruction 
and sneezing  (70). Therefore, this information confirmed 
that chronic nasal and sinus inflammatory injury is the 
primary pathogenesis for COPD progression. Accordingly, 

Figure 7. Schematic demonstrating that TNFα may induce mitochondrial dysfunction, energy metabolism disorder and cellular death via mitophagy. Expression 
of PTEN may inhibit TLR4‑JNK‑Bnip3 pathways thereby blocking mitophagy activity and increasing the sensitivity of nasal epithelial cell to TNFα‑induced cell 
death. TNFα, tumor necrosis factor α; TLR4, Toll‑like receptor 4; PTEN, phosphatase and tensin homolog; JNK, c‑Jun kinase; Bnip3, Bcl2‑interacting protein 3.
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identifying the molecular basis underlying nasal and sinus 
inflammatory injuries may uncover potential therapeutic 
targets for clinical practice. In response to TNFα stimulation, 
PTEN expression was downregulated in nasal epithelial cells. 
However, reintroduction of PTEN expression rescued nasal 
epithelial cell viability, growth and mobility. Accordingly, 
these data identified PTEN as an endogenous defender against 
inflammation‑mediated cellular damage in nasal epithelial 
cells. Previous studies have also illustrated the beneficial 
role of PTEN in acute kidney injury  (28), diabetes  (71), 
cardiomyopathy  (72) and chronic fatty liver disease  (73). 
Therefore, an approach to reverse PTEN activity could be 
considered as adjuvant therapy to enhance anti‑inflammatory 
treatments in patients with chronic nasal and sinus 
inflammation, but this needs to be investigated further.

Functional studies have demonstrated that inflamma-
tion induced nasal epithelial cell death via mitophagy (74). 
In response to TNFα stimulation in the current study, the 
TLR4‑JNK‑Bnip3 pathway was upregulated and was accom-
panied by increased mitophagy activity. Excessive mitophagy 
results in aberrant mitochondrial degradation, leading to a 
shortage in the energy supply and mitochondrial apoptosis 
activation  (59,63). Notably, several studies have reported 
the protective role of mitophagy in acute cardiac ischemia 
reperfusion injury  (19), diabetes  (75) and non‑alcoholic 
fatty liver disease (59). These studies noted that moderate 
mitophagy activation removed the damaged mitochondria in 
a timely manner and maintained mitochondrial homeostasis. 
Notably, a report has argued that mitophagy is harmful to 
cell viability (62). Excessive mitophagy activation impaired 
liver cancer migration and promoted endothelial mitochon-
drial apoptosis (22,24). This discrepancy may result from the 
different mitophagy regulatory signaling pathways. Several 
studies have confirmed that various mitophagy activation 
pathways distinctly influence mitophagy function and cell 
fate (59,76). Notably, Bnip3‑associated mitophagy is lethal 
for cardiomyocytes (23,77), liver cancer (24) and colorectal 
cancer (68), which is similar to the present findings. These 
findings hinted that modulating Bnip3‑mediated mitophagy 
is vital for nasal epithelial cell survival under inflammatory 
injury.

Furthermore, the TLR4‑JNK‑Bnip3 pathway seemed to 
be responsible for mitophagy activation under inflammatory 
injury, in vitro. However, PTEN overexpression had the ability 
to block the TLR4‑JNK‑Bnip3 pathway. Notably, a previous 
study reported the inhibitory effects of PTEN overexpres-
sion on TLR4 or JNK expression (24). Accordingly, to the 
best of our knowledge, this is the first study to establish the 
regulatory role of PTEN in the TLR4‑JNK‑Bnip3 pathway in 
chronic nasal and sinus inflammation. Therefore, the present 
data provided more information about the association between 
PTEN and the TLR4‑JNK‑Bnip3 pathway.

Collectively, the present data investigated the molecular 
mechanism underlying inflammation‑associated nasal epithe-
lial cell damage. Inflammation‑induced PTEN downregulation 
resulted in TLR4‑JNK‑Bnip3‑mitophagy pathway activation, 
which eventually amplified the cellular death signals in nasal 
epithelial cells. However, rescuing PTEN activity blocked the 
TLR4‑JNK‑Bnip3 pathway and halted mitophagy, favoring 
nasal epithelial cell survival in inflammatory injury.
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