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PM2.5 induces autophagy-mediated cell apoptosis
via PI3BK/AKT/mTOR signaling pathway
in mice bronchial epithelium cells
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Abstract. Air pollution can highly impact the respiratory
system in healthy individuals. Studies have indicated that
particles with an aerodynamic diameter of <2.5 ym (PM2.5)
can be considered to be harmful for lung alveoli and bron-
chial epithelium cells. PM2.5 can be directly inhaled and
can deeply penetrate into the lung alveoli, causing lung
dysfunction. However, the toxicological mechanism medi-
ated by PM2.5 for respiratory disease has still not been
clearly determined. The purpose of the current study was to
investigate the effects of PM2.5 on mouse bronchial epithe-
lium cells (MBECs) and explored the possible mechanism
mediated by PM2.5 in MBECs. The results of the current
study indicated that PM2.5 markedly decreased lung func-
tion, including total lung capacity, residual volume, vital
capacity and airway resistance in experimental mice. The
results demonstrated that PM2.5 markedly induced inflam-
matory responses, oxidative injury and MBEC apoptosis.
PM2.5 increased interleukin (IL)-1p and IL-6 expression, and
reactive oxygen species production in MBECs. Furthermore,
PM2.5 specifically induced PI3K, AKT and mTOR
expression in MBECs. Disruption of PI3K/AKT/mTOR
signaling was also indicated to effectively inhibit apoptosis
of MBEC:s. In conclusion, the results of the current study
systematically demonstrated the role of apoptosis-mediated
MBEC apoptosis in PM2.5-treated mice, and provides a
potential strategy for preclinical intervention in patients with
PM2.5-induced lung diseases.

Introduction
Air pollution can lead to severe respiratory health problems,

especially in the elderly population (1-3). Studies have demon-
strated that environmental exposure to particulate matter
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<2.5 ym (PM2.5) threatens the human respiratory system,
and is currently a worldwide concern (4-6). PM2.5 can be
directly inhaled and deeply penetrate into the lung alveoli,
which further leads to severe lung dysfunction, including
chronic cough, bronchitis, asthma and lung cancer (7-9).
DNA damage, cell apoptosis, cell necrosis, autophagy and
cell abnormalities have been identified to occur during
PM2.5-induced cytotoxicity (10-12). Although a number of
reports have attempted to understand PM2.5-induced lung
injury, the underlying processes and signaling mechanisms
governing the effect of PM2.5 on the lungs have not yet been
clearly elucidated (13-16).

A number of signaling pathways have been reported
to be associated with PM2.5-induced biological cell
processes (17-19). The toxicological effects of PM2.5 can
lead to oxidative damage and/or cytokine secretion in human
bronchial epithelial cells (20). A previous study indicated
that PM2.5 induced apoptosis in L132 cells by changing
the transcription rates of p53, B-cell lymphoma-2 and bax
genes (9). PM2.5 exposure has also been indicated to induce
autophagy via long non-coding RNA loc146880, which was
identified to promote the migration and invasion of lung
cancer cells (11). In addition, PM2.5 has been demonstrated
to induce lung inflammation in mice via the LPS/MyD88
pathway (21). Furthermore, PM2.5-induced oxidative stress
increased adhesion molecule expression in human endothelial
cells via the ERK/AKT/NF-kB-dependent pathway (22).
Furthermore, PM2.5-induced oxidative stress increases inter-
cellular adhesion molecule-1 expression in lung epithelial cells
through the interleukin (IL)-6/AKT/STAT3/NF-kB-dependent
pathway (23). However, to the best of our knowledge, the
toxicological mechanisms of PM2.5-induced cell apoptosis
have still not been fully determined.

In the current study, the effects of PM2.5 on inflammation
and apoptosis of mouse bronchial epithelium cells (MBECs)
was assessed. The possible mechanism mediated by PM2.5
was analyzed in MBECs. The in vivo study was also performed
to investigate the role of PM2.5 in experimental mice.

Materials and methods
Animals. A total of 20 eight week old male C57BL/6 (weight,

20-23 g) mice were purchased from Tianjin Medical University.
All mice were housed at 23+1°C, 50+5% humidity with a 12 h
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light/dark cycle and access to food and water ad libitum. A
method of PM2.5 intratracheal instillation was performed
on mice, and was performed as previously reported (24). In
brief, mice were randomly divided into two groups (n=10
in each group) and lived in PM2.5 and a normal survival
(Control) environment. Mice were housed in their respective
environments for a total of 21 days. The mice were euthanized
using cervical decapitation on day 22.

Lung function evaluation. On day 22, all experimental mice
were anesthetized using 40 mg/kg of sodium pentobarbital.
Animals were intubated with a custom-made laryngoscope
blade. Animals were mechanically ventilated with a rodent
ventilator. The pulmonary functions, including lung capacity,
residual volume, tidal volume and airway resistance were
analyzed using the FlexiVent system (SCIREQ) according to
manufacturer's protocol.

ELISA. On day 22, blood was collected from each group and
the plasma was obtained using centrifugation at 10,000 x g for
10 min at 4°C. An ELISA kit was to measure the levels of
IL-1p (cat. no. MLBOOC; Bio-Rad Laboratories, Inc.) and IL-6
(cat. no. M6000B; Bio-Rad Laboratories, Inc.).

Histopathological examination. The lung tissues were fixed
with 4% formaldehyde overnight at room temperature and
embedded in paraffin, and cut into 4 ym sections. Sections
underwent hematoxylin and eosin staining for 30 min at room
temperature. Sections were then washed with PBS three times
and observed under a light microscope at a magnification of
x100 (Olympus Corporation).

Cell culture and treatment. MBECs were purchased from
Shanghai Sixin Biotechnology Co., Ltd. MBECs were
cultured in endothelial culture medium (cat. no. 1001;
ScienCell Research Laboratories, Inc.) containing 10% FBS
(cat. no. 0025, ScienCell Research Laboratories, Inc.), 1%
endothelial cell growth supplement (cat. no. 1052, ScienCell
Research Laboratories, Inc.) and 1% penicillin/streptomycin
(Sigma-Aldrich; Merck KGaA) in 5% CO, at 37°C. MBECs
(1x10%/ml) were then seeded onto six-well plates and placed
in air containing PM2.5, PM2.5 + PI3K inhibitor (PI3KIR),
PI3K inhibitor (PI3KIR; cat. no. 526559; Sigma-Aldrich;
Merck KGaA) or 95% air and 5% CO, at 37°C for 24 h.

Analysis of reactive oxygen species (ROS) production. A
2'7'-dicholorofluorescein-diacetate (DCFH-DA) probe was
used to evaluate the level of ROS production in PM2.5-treated
MBEC:s in six-well plates, as described previously (25,26).
DCFH-DA (10 uM) was added into MBECs and cells were
cultured for 30 min at 37°C in the dark. MBECs were then
washed three times using ice-cold PBS. ROS production
in MBECs was examined at a magnification of x50 using
a fluorescence microscope (Olympus Corporation). The
fluorescence intensity was calculated using analysis LS 5.0
soft image solution (Olympus Imaging America Inc.).

Western blot analysis. MBECs (5x10°) were lysed in RIPA
buffer (M-PER reagent for the cells and T-PER reagent
for the tissues; Thermo Fisher Scientific, Inc.). Protein

concentration was measured using a BCA protein assay kit
(Thermo Fisher Scientific, Inc.). Protein (20 ug) was elec-
trophoresed on a 15% SDS-PAGE gel and transferred to a
PVDF membrane (EMD Millipore). The membranes were
blocked using 5% BSA at 4°C overnight. The primary rabbit
anti-rat antibodies used in the immunoblotting assays were
as follows: PI3K (1:1,000; cat. no. ab76315; Abcam), phos-
phorylated PI3K (1:500; cat. no. ab182651; Abcam), AKT
(1:500; cat. no. ab185633; Abcam), phosphorylated AKT
(1:1,000; cat. no. ab133458; Abcam) and p-actin (1:2,000;
cat. no. ab8226; Abcam). After incubation, the membrane
was washed three times in PBST and incubated with
HRP-conjugated goat anti-rabbit IgG mAb (1:2,000; cat.
no. PV-6001; OriGene Technologies, Inc.) for 1 h at 37°C.
After washing three times with PBST, the membrane was
developed using a chemiluminescence assay system (EMD
Millipore). Densitometric quantification of the immunoblot
data was performed using Quantity-One 1.2 software
(Bio-Rad Laboratories, Inc.).

TUNEL assay. TUNEL analysis was conducted using an
In Situ Cell Death Detection kit (DeadEnd™ Colorimetric
Tunel System; Promega Corporation). For lung tissue, tissue
sections (4 ym) were deparaffinized using xylene, rehydrated
in graded ethanol, and rehydrated for 3 min. The sections were
then incubated with TUNEL (DeadEnd™ Colorimetric Tunel
System; Promega Corporation ) for 2 h at 37°C according to the
manufacturer's protocol. For MBECs, cells were treated with
4% paraformaldehyde for 15 min at room temperature. Cells
were then washed with PBST three times at room tempera-
ture and incubated with TUNEL (DeadEnd™ Colorimetric
Tunel System, Promega) for 1 h at 37°C according to the
manufacturer's protocol. Cells were washed with PBS three
times at room temperature and then incubated with 5% DAPI
(Sigma-Aldrich; Merck KGaA) under Antifade mounting
medium (cat. no. P0O126; Beyotime Institute of Biotechnology)
for 30 min at 37°C. Finally, images of sections and cells
were captured in six fields of view with a ZEISS LSM 510
confocal microscope at 488 nm at a magnification of x100.
The apoptosis rate was measured using Developer XD 1.2
software (Definiens AG).

Autophagy assay. MBECs in culture dishes were fixed with
4% paraformaldehyde for 15 min at room temperature, and
blocked using 0.5% BSA for 30 min at 37°C. MBECs were
washed with PBST three times at room temperature and
incubated with anti-LC3B (1:1,000; cat. no. ab48394; Abcam)
for 12 h at 4°C. Cells were incubated with Alexa Fluor
488-labeled goat anti-rabbit secondary antibodies (1:2,000;
Beyotime Institute of Biotechnology) for 12 h at 4°C. Images
were captured using a confocal microscope (ZEISS GmbH;
LSM510 META; magnification, x100) and analyzed using
AxioVision Rel. 4.6 software (Zeiss GmbH).

Statistical analysis. All data are expressed as means + SEM
and analyzed using SPSS software 17.0 (SPSS Inc.). Data were
analyzed using a Student's t-test and multiple groups were
analyzed using a one-way ANOVA followed by Tukey's test.
P<0.05 was considered to indicate a statistically significant
difference.
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Figure 1. PM2.5 decreased lung function of experimental mice. (A) Total lung capacity, (B) residual volume, (C) vital capacity and (D) airway resistance.
(E) Body weight of mice between the PM2.5 and control group. (F) Lung tissue injury of mice between the PM2.5 and control group. "P<0.05 and “"P<0.01.
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Figure 2. PM2.5 stimulated inflammatory cytokines in an experimental animal model. (A) Serum levels of IL-1p and IL-6. (B) Protein expression of IL-1f3 and
IL-6 in MBECs. (C) ROS production in MBECs. “P<0.01. IL, interleukin; ROS, reactive oxygen species; MBECs, mouse bronchial epithelium cells.

Results

PM2.5 damages lung function in experimental mice. To
explore the effects of PM2.5 on lung function, experimental
mice were exposed to PM2.5 or clean air as a control. The
results indicated that PM2.5 significantly decreased lung

function, including total lung capacity, residual volume,
vital capacity and airway resistance in experimental
mice (Fig. 1A-D). Body weight of mice was significantly
decreased by PM2.5 compared with the control (Fig. 1E).
H&E staining demonstrated that PM2.5 induced lung
injury (Fig. 1F).
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Figure 3. PM2.5 induced apoptosis of lung tissue in experimental mice and MBECs. Effects of PM2.5 on apoptosis of lung cells in (A) lung tissue and
(B) MBECs. Magnification, x40; Scale bar, 50 ym. “P<0.01. MBECs, mouse bronchial epithelium cells.
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Figure 4. PM2.5 increased PI3K, AKT and mTOR expression and induced autophagy in MBECs. (A) PI3K, AKT and mTOR expression and phosphorylation
in MBECs. (B) Autophagy of MBECs between PM2.5 and the control group. “P<0.01. MBECs, mouse bronchial epithelium cells.

PM?2.5 increases inflammatory cytokines in an experimental
animal model. The current study explored the effects of PM2.5
on inflammatory cytokines in an experimental animal model.
PM2.5 increased IL-1f and IL-6 expression levels in the serum
of the experimental animal model compared with the control

(Fig.2A).IL-1p and IL-6 expression was also markedly increased
by PM2.5 in MBECs compared with the control (Fig. 2B).
ROS production was indicated to be upregulated in MBECs in
PM2.5-treated mice compared with the control (Fig. 2C), which
may induce oxidative injury in lung cells.
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Figure 5. PM2.5 induced apoptosis of MBECsS via PI3K/AKT/mTOR signal pathway (A) Effects of PI3K inhibitor (PI3KIR) on PI3K, AKT and mTOR expres-
sion in MBECs. (B-C) Effects of PI3K inhibitor (PI3KIR) on (B) PM2.5-induced autophagy and (C) apoptosis of MBECs. "P<0.05; “P<0.01. MBECs, mouse

bronchial epithelium cells; p, phosphorylated.

PM?2.5 induces apoptosis of lung tissue in experimental
mice and MBECs. Apoptosis of lung tissue and MBECs was
analyzed in vivo and in vitro. As indicated in Fig. 3A, PM2.5
increased lung cell apoptosis in lung tissue compared with the
control. The in vitro assay demonstrated that PM2.5 induced
the apoptosis of MBECs compared with the control (Fig. 3B).
These results indicated that PM2.5 can induce apoptosis of
MBECSs and in the lung tissue of experimental mice.

PM?2.5 upregulates PI3SK, AKT and mTOR expression, and
induces autophagy in MBECs. The PI3K, AKT and mTOR
expression in MBECs was evaluated in MBECs in vitro. The
results demonstrated that PM2.5 increased PI3K, AKT and
mTOR expression in MBECs. A statistical difference was
identified in the PI3K and AKT phosphorylation level between
PM2.5 and the control group (Fig. 4A). PM2.5 was also demon-
strated to induced autophagy of MBECs in vitro (Fig. 4B).

PM?2.5 induces apoptosis of MBECs via the PI3SK/AKT/mTOR
signaling pathway. The current study also explored the poten-
tial mechanism mediated by PM2.5 in MBECs. The results
demonstrated that PI3KIR significantly decreased PI3K, AKT
and mTOR expression in MBECs (Fig. 5A). PI3K inhibitor
also blocked PM2.5-induced autophagy and apoptosis of
MBEC:s (Fig. 5B-C). These results indicated that disruption of
PI3BK/AKT/mTOR signaling can effectively block autophagy
and apoptosis of MBECs induced by PM2.5.

Discussion

PM2.5 has been demonstrated to rapidly induce inflammatory
responses, oxidative injury and cell apoptosis or death in human
bronchial epithelium cells (21,26,27). A previous study indicated
that PM2.5-induced oxidative stress increased adhesion molecule
expression in human endothelial cells via the ERK/AKT/NF-«B
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pathway (22). In the current study, the effects of PM2.5 on lung
function in experimental mice and on the apoptosis of MBECs
was explored in vitro and in vivo. The results indicated that
PM2.5 decreased the overall lung function of experimental
mice and specifically induced autophagy of MBEC:sS to increase
apoptosis. Disruption of PI3K/AKT/mTOR pathway effectively
reduced autophagy level and apoptosis of MBECs. These
results indicated that the mechanism of autophagy-mediated
MBECs apoptosis induced by PM2.5 is mediated by the
PI3K/AKT/mTOR pathway, and provided a potential strategy for
the treatment of lung diseases induced by PM2.5.

Inflammatory cytokine levels serve a crucial role in the
progression of lung disease (28). PM2.5 has been indicated
to lead to increasing IgE, intracellular adhesion molecule-1,
vascular cell adhesion molecule-1, EOS, interferon-vy, IL-4,
IL-5, IL-33 and thymic stromal lymphopoietin in a rat with
PM2.5-induced allergic rhinitis (29). In addition, PM2.5 was
indicated to induce ROS formation and NADPH oxidase
expression in 16HBE cells and bone marrow stromal cells,
which suggested that PM2.5 increased inflammatory
activation mediated by ROS induction in the respiratory
tract (30). Furthermore, PM2.5 promoted pro-inflammatory
cytokine IL-6 and IL-1p signaling activation (31). The
current study demonstrated that PM2.5 increased IL-1p
and IL-6 expression in the serum of an experimental
animal model and upregulated IL-1p and IL-6 expression
in MBECs. PM2.5 has been revealed to induce respiratory
damage, and a mechanistic basis for preventing outcomes in
polluted environments has been identified previously (32).
The results of the current study demonstrated that ROS
production in MBECs were upregulated in MBECs in
PM2.5-treated mice, which further resulted in oxidative
injury of experimental mice.

A previous study indicated that PM2.5 activated a number
of apoptosis pathways in human epithelial lung cells (L132) in
culture (9). PM2.5 also induced autophagy-mediated cell death
via NOS2 signaling in human bronchial epithelium cells (33). The
direct toxic effect of PM2.5 on human umbilical vein endothelial
cells provides a novel insight into the mechanism of cardiovas-
cular diseases caused by PM2.5 exposure (34). The results of the
present study revealed that PM2.5 upregulated PI3K, AKT and
mTOR expression and induced autophagy in MBECs. To the best
of our knowledge, the results of the current study first reported
that PM2.5 induced the apoptosis and autophagy of MBECs via
the PI3K/AKT/mTOR signaling pathway.

In conclusion, the current study indicated that PM2.5 led to
lung injury, increased tissue inflammatory factors, increased
ROS production, and induced apoptosis and autophagy in
MBEC:s. The results indicated that PM2.5 induced apoptosis
and autophagy via the PI3K/AKT/mTOR signaling pathway,
which may provide a potential target in alleviating lung injury
in PM2.5-induced lung diseases.
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