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The PI3K/AKT/mTOR
pathway regulates autophagy
to induce apoptosis of alveolar
epithelial cells in chronic
obstructive pulmonary
disease caused by PM2.5
particulate matter
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Abstract

Objective: Many lung diseases are associated with changes in autophagic activity. The phospha-

tidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR)

signaling pathway plays a key regulatory role in autophagy. Our aim was to explore the function

of PI3K/AKT/mTOR pathway on autophagy in chronic obstructive pulmonary disease (COPD)

caused by particulate matter with a diameter <2.5 mm (PM2.5).

Methods: Male C57BL/6 mice were randomly divided into sham, model, and PI3K inhibitor

groups. Mice were exposed to PM2.5 for 4 weeks to establish an in vivo COPD model.

Alveolar epithelial cells were stimulated with PM2.5 to establish an in vitro COPD model.

Results: In mice with COPD induced by PM2.5, the PI3K inhibitor PF-04979064 suppressed

protein expression of PI3K, p-AKT, and p-mTOR to increase apoptosis of alveolar epithelial cells

and reduce autophagy. Short interfering PI3K suppressed the PI3K/AKT/mTOR pathway to

induce apoptosis and reduce autophagy of alveolar epithelial cells in an in vitro model of

COPD. Activation of PI3K induced the PI3K/AKT/mTOR pathway to reduce apoptosis of alveolar

epithelial cells in the in vitro model of COPD by promoting autophagy.

1Department of Respiration, Gansu Province People

Hospital, Lanzhou City, Gansu Province, China
2Department of Respiratory, Gansu Province People

Hospital, Lanzhou City, Gansu Province, China
3Department of Respiratory Diseases, Gansu Province

People Hospital, Lanzhou City, Gansu Province, China

4Department of Central Laboratory, Gansu Province

People Hospital, Lanzhou City, Gansu Province, China

Corresponding author:

Fang Zhang, Department of Respiration, Gansu Province

People Hospital, 204 Donggang West Rd., Lanzhou City,

Gansu Province 730000, China.

Email: fqjscwc778227@126.com

Journal of International Medical Research

48(7) 1–12

! The Author(s) 2020

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/0300060520927919

journals.sagepub.com/home/imr

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative

Commons Attribution-NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits

non-commercial use, reproduction and distribution of the work without further permission provided the original work is attributed

as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

https://orcid.org/0000-0002-2615-2251
mailto:fqjscwc778227@126.com
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/0300060520927919
journals.sagepub.com/home/imr


Conclusions: These data demonstrate that PI3K/AKT/mTOR pathway regulates autophagy to

induce apoptosis of alveolar epithelial cells in COPD.
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Introduction

Chronic obstructive pulmonary disease

(COPD) is a common chronic respiratory

system disease with high disability rate
and high mortality. It is characterized by

an incompletely reversible airway limita-
tion.1 COPD frequently leads to gradual

loss of labor capacity in patients.2 As a

result, COPD patients cannot take care of
themselves, severely affecting their quality

of life. Research suggests that COPD
ranks fourth among the current causes of

death.2 It is estimated to rank fifth in

global economic burden of disease by
2020.2 It has been reported that the highest

morbidity associated with COPD is

observed in the Western Pacific, while
adult deaths mainly occur in China.1,3

During autophagy, the autophagosome
binds with a lysosome to form the autopha-

gic lysosome (or autophagosome).4 It can

degrade damaged and degenerated macro-
molecules and organelles in the cytoplasm.5

The degradation products can be recycled,
providing the raw materials for normal cel-

lular survival and metabolism.5 However,

excessive autophagy will induce excess cell
damage, resulting in programmed cell

death.4

The phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT)/mammali-

an target of rapamycin (mTOR) signaling
pathway plays a key regulatory role in

autophagy.6 mTOR is the target molecule
as well as the confluence of the cell autoph-
agy upstream pathway.7 It is one of two
complexes regulating autophagy and is
the major inhibitory signal of autophagy.8

Its mechanism is to phosphorylate
autophagy-related protein 13 (ATG13),
preventing its binding with ATG1 to form
the autophagosome.6 It can also promote
adhesion of the ribosome to the endoplas-
mic reticulum to suppress endoplasmic
reticulum detachment and form the auto-
phagosome membrane.8 The PI3K/AKT
cell survival signaling pathway is one of
two upstream pathways regulating mTOR.
Suppression of PI3K can greatly block the
downstream signaling pathways AKT and
mTOR.7

Atmospheric particulate matter is well-
recognized risk factor for human health.9

Multiple epidemiological surveys and
animal experiments have shown that a
high concentration of particulate matter
with a diameter <2.5 mm (PM2.5) in the
atmosphere is closely related to high mor-
bidity and mortality in many diseases such
as lung cancer and cardiovascular disease.10

The respiratory tract is the key pathway for
atmospheric particulate matter to enter the
body, and lung is the primary affected
organ. Air pollution is serious in China
and has a great impact on public health.10

However, the pathogenic mechanism of a
high PM2.5 concentration remains poorly
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understood. Oxidative stress in the body is
considered the foundation of the toxicolog-

ical effect of atmospheric particulate

matter.11 Experiments in vitro on A549
cells suggest that PM2.5 can activate the

PIK3/AKT signaling pathway and induce
the nuclear factor erythroid 2-related

factor 2 (Nrf2)-mediated defense mecha-

nism to resist cell oxidative stress.9 The
aim of the present study was to explore

the effect of PI3K/AKT/mTOR pathway
on autophagy of COPD induced by PM2.5.

Materials and methods

Animal model

Male C57BL/6 (body weight 18–20 g, 4–5

weeks old) were housed at 22 to 23�C and

55% to 60% humidity. The mice were ran-
domly divided into three groups: sham,

model, and PI3K inhibitor groups. In the
model and PI3K inhibitor groups, mice were

exposed to PM2.5 (1.46� 0.034 mg/m3) for 2

hours a day for 4 weeks (hereafter,
COPD model mice). In the sham group,

mice were exposed to fresh air for 2 hours a

day for 4 weeks. In addition, in week 4 of
induction, mice in the PI3K inhibitor group

were treated with PI3K inhibitor. All of the
animal experiments were approved by the

ethics committee of Gansu Province People

Hospital.

Lung wet/dry weight ratio. Lung tissue was col-
lected and weighed (lung wet weight). Then,

the tissue was dried at 80�C for 48 hours

and weighed again (lung dry weight). The
ratio of lung wet and dry weight was calcu-

lated as lung wet weight/lung dry
weight� 100%.

Histological determination

Lung tissues samples were collected in

phosphate-buffered saline (PBS) and fixed
with 10% formaldehyde overnight. Lung

tissues samples were embedded in paraffin
and cut into 4-lm-thick sections. Lung
tissue samples were stained with hematoxy-
lin and eosin (H&E) for 15 minutes and
examined using a Leica confocal micro-
scope (Solms, Germany) at 100�
magnification.

In vitro model and transfection

Human bronchial epithelial cells (HBECs)
were cultured in 2 mL of Dulbecco’s mod-
ified Eagle medium (DMEM; Sigma
Chemical Co., St. Louis, MO, USA) con-
taining 10% fetal bovine serum (Sigma
Chemical Co.) at 37�C in the presence of
95% O2 and 5% CO2. Cells were trans-
fected with short interfering (si)-PI3K,
PI3K plasmid, and negative mimics using
Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA). In the in vitro model, HBECs
were subsequently stimulated with
20 lg/mL PM2.5 in medium for 24, 48,
and 72 hours after transfection for 4 hours.

Cell viability assay and lactate
dehydrogenase measurement

To measure viability, 10 lL of MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide] was added to HBECs
for 4 hours at 37�C. Then, old DMEM was
removed and 120 lL of dimethyl sulfoxide
(DMSO) was added to cells for 20 minutes
at 37�C to dissolve formazan. Absorbance
was measured at 490 nm using a microplate
reader (Thermo Scientific, Waltham, MA,
USA). Lactate dehydrogenase (LDH) activ-
ity was measured in HBECs using a kit
(Beyotime, Jiangsu, China) and the results
were measured at 490 nm using a micro-
plate reader (Thermo Scientific).

Apoptosis rate

Cells were washed in PBS and stained with
fluorescein isothiocyanate and propidium
iodide (Pharmingen, Becton Dickinson
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Co., San Diego, CA, USA) for 15 minutes

under darkness. Cell apoptosis was ana-

lyzed by flow cytometry (FACSCalibur;

Becton-Dickinson Co.) using Flowjo 7.6.1

(FlowJo LLC/Becton-Dickinson Co.).

Caspase-3 and caspase-9 staining. Cells were

collected and the concentration of protein

estimated using the bicinchoninic acid

assay. Protein (10 mg) was loaded and

used to measure caspase-3/caspase-9 activi-

ty levels using caspase-3 and caspase-9

activity ELISA kits.

Western blot analysis

Total protein was extracted using radioim-

munoprecipitation assay (RIPA) lysis

buffer on ice for 30 minutes, and the con-

centration of protein was estimated using

the bicinchoninic acid assay. Protein

(50 lg) was loaded onto 10% sodium

dodecyl sulfate (SDS)-polyacrylamide gels

for electrophoresis and transferred onto

polyvinylidene difluoride membranes.

The membranes were blocked with 5%

nonfat milk in Tris-buffered saline-Tween

(TBST) for 1 hour, and incubated with pri-

mary anti-bodies: PI3K (ab32089, Abcam,

Cambridge, UK), p-AKT (ab8805,

Abcam), p-mTOR (ab109268, Abcam),

LC3 (ab48394, Abcam), ATG5 (ab228668,

Abcam), and GAPDH (1:5,000, Santa Cruz

Biotechnology, Santa Cruz, CA, USA) at

4�C overnight. The membranes were then

incubated with horseradish peroxidase-

conjugated secondary antibodies (1:5,000,

Santa Cruz Biotechnology) for 1 hour and

washed with TBST for 15 minutes. Protein

blanks were visualized by chemiluminescent

horseradish peroxidase substrate and ana-

lyzed using Image Lab 3.0 (Bio-Rad

Laboratories Inc., Hercules, CA, USA).

Immunofluorescence

Cells were washed with PBS and fixed with

10% formaldehyde for 30minutes. Cells were

incubated with 5% bovine serum albumin in

TBST for 1 hour at 37�C and incubated with

LC3 (1:100, Santa Cruz Biotechnology) at

4�C overnight. Then, cells were incubated

with anti-rabbit antibody for 1 hour at

37�C and stained with 40,6-diamidino-2-phe-

nylindole (DAPI) for 15 minutes under dark-

ness. Immunofluorescence was examined

using fluorescence microscopy (Axiovert

200 M; Carl Zeiss, Jena, Germany) at 200�
magnification.

Statistical analysis

All values are expressed as the mean� stan-

dard deviation. Student’s t-test or one-way

analysis of variance and Tukey’s post-test

were performed to evaluate differences

among multiple groups. The level of signif-

icance was set to P< 0.05.

Results

Inhibition of PI3K increased apoptosis of

alveolar epithelial cells in COPD mice

To study the function of PI3K in COPD by

PM2.5, COPD mice were treated with the

PI3K inhibitor PF-04979064. As shown in

Figure 1a, apoptosis of alveolar epithelial

cells was increased in COPDmice compared

with those in the sham control group. Lung

wet/dry weight rate (P¼ 0.0352), protein

concentration (P¼ 0.0217) and caspase-3/9

activity (P¼ 0.0134 and 0.0208) were

increased in COPD mice compared with

mice in the sham control group (Figure

1b–1e). PI3K inhibitor promoted apoptosis

of alveolar epithelial cells (P¼ 0.0072) and

increased lung wet/dry weight ratio

(P¼ 0.0174), protein concentration

(P¼ 0.0131), and caspase-3/9 activity

(P¼ 0.0091) in COPD mice (Figure 1a–1e).
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Inhibition of PI3K suppressed PI3K/AKT/
mTOR pathway in COPD mice

We explored the function of PI3K inhibitor
on the PI3K/AKT/mTOR pathway in
COPD. Protein expression of PI3K
(P¼ 0.0092), p-AKT (P¼ 0.0176), and
p-mTOR (P¼ 0.0231) was reduced in
COPD mice compared with that in the
sham group (Figure 2). We found that
PI3K inhibitor suppressed protein expres-
sion of PI3K (P¼ 0.0288), p-AKT
(P¼ 0.0131), and p-mTOR (P¼ 0.0347)
compared with mice in the COPD group
(Figure 2).

Inhibition of PI3K reduced autophagy in
COPD mice

Next, we explored the function of PI3K on
autophagy in COPD mice. Protein expres-
sion of the markers of autophagy LC3
(P¼ 0.0201) and ATG5 (P¼ 0.0125) were
increased in COPD mice compared with
mice in the sham group (Figure 3).
However, treatment with the PI3K

inhibitor PF-04979064 suppressed expres-

sion of LC3 (P¼ 0.0357) and ATG5

(P¼ 0.0186) compared with that of mice

in the COPD group (Figure 3).

Si-PI3K suppressed PI3K/AKT/mTOR

pathway in the COPD in vitro model

We studied the function of PI3K/AKT/

mTOR pathway in the in vitro COPD

model (HBECs). Protein expression of

PI3K (P¼ 0.0093), p-AKT (P¼ 0.0124),

and p-mTOR (P¼ 0.0077) was reduced in

the in vitro COPD model compared with the

negative control group (Figure 4a–4d).

Si-PI3K suppressed the PI3K/AKT/

mTOR pathway (P¼ 0.0362, 0.0451, and

0.0398) in the in vitro COPD model com-

pared with control group (Figure 4a–4d).

Protein expression of LC3 (P¼ 0.0172)

and ATG5 (P¼ 0.0073) was increased in

the in vitro COPD model compared with

the control group (Figure 4e–4g), whereas

si-PI3K suppressed protein expression of

LC3 (P¼ 0.0113) and ATG5 (P¼ 0.0092)

Figure 1. Inhibition of PI3K increased alveolar epithelial cells apoptosis in a COPD mouse model induced
by PM2.5. Hematoxylin and eosin staining of lung tissue samples (a), lung wet weight/dry weight rate (b), and
caspase-3/9 activity (c and d). **P< 0.01 compared with sham group; ##P< 0.01 compared with COPD
model group. PI3K, phosphatidylinositol 3-kinase; COPD, chronic obstructive pulmonary disease; PM2.5,
particulate matter with a diameter <2.5 mm; Sham, sham control mice group; Model, mouse model with
COPD induced by PM2.5; PI3K inhibitor, treatment with PI3K inhibitor group.
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Figure 3. Inhibition of PI3K reduced autophagy in a COPD mouse model induced by PM2.5. Protein
expression of LC3 and ATG5 by statistical analysis (a and b) and western blotting assay of LC3 and ATG5
protein level (c). **P< 0.01 compared with sham group; ##P< 0.01 compared with COPD model group.
COPD, chronic obstructive pulmonary disease; PI3K, phosphatidylinositol 3-kinase; PM2.5, particulate
matter with a diameter <2.5 mm; Sham, sham control mice group; Model, mouse model with COPD induced
by PM2.5; PI3K inhibitor, treatment with PI3K inhibitor group.

Figure 2. Inhibition of PI3K suppressed the PI3K/AKT/mTOR pathway in a COPD mouse model induced
by PM2.5. Protein expression of PI3K, p-AKT, and p-mTOR by statistical analysis (a, b, and c) and western
blotting assays of PI3K, p-AKT, and p-mTOR protein level (d). **P< 0.01 compared with sham group;
##P< 0.01 compared with COPD model group. COPD, chronic obstructive pulmonary disease; PM2.5,
particulate matter with a diameter <2.5 mm; PI3K, phosphatidylinositol 3-kinase; AKT, protein kinase B;
mTOR, mammalian target of rapamycin; Sham, sham control mice group; Model, mouse model with COPD
induced by PM2.5; PI3K inhibitor, treatment with PI3K inhibitor group.

6 Journal of International Medical Research



Figure 4. Si-PI3K suppressed PI3K/AKT/mTOR pathway in an in vitro model of COPD induced by PM2.5.
Protein expression of PI3K, p-AKT, and p-mTOR by statistical analysis (a, b, and c) and western blotting assays
of PI3K, p-AKT, and p-mTOR protein level (d); protein expression of LC3 and ATG5 by statistical analysis
(e and f) and western blotting assay of LC3 and ATG5 protein level (g), immunofluorescence for PI3K protein
expression (h), cell growth (i), LDH activity (j), and apoptosis rate (k and l). **P< 0.01 compared with negative
control group; ##P< 0.01 compared with HBECs cells induced by PM2.5. COPD, chronic obstructive pul-
monary disease; PM2.5, particulate matter with a diameter <2.5 mm; PI3K, phosphatidylinositol 3-kinase; AKT,
protein kinase B; mTOR, mammalian target of rapamycin; LDH, lactate dehydrogenase; Control, negative
control group; PM2.5 group, human bronchial epithelial cells (HBECs) with COPD induced by PM2.5; si-PI3K
group, HBECs induced by PM2.5 and treated with short interfering (si)-PI3K.
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in the in vitro COPD model compared

with control group (Figure 4e–4g).

Immunofluorescence showed that si-PI3K

suppressed expression of PI3K compared

with the COPD group without si-PI3K

(Figure 4h). Cell viability (P¼ 0.0132 and

0.0076) was reduced and LDH activity

level (P¼ 0.0045) and apoptosis rate

(P¼ 0.0065) were increased in the in vitro

COPD group compared with the control

group (Figure 4i–4l). Treatment with si-

PI3K reduced cell viability (P¼ 0.0375

and 0.0231) and promoted LDH activity

(P¼ 0.0127) and apoptosis rate

(P¼ 0.0313) compared with the in vitro

COPD group (Figure 4i–4l). These results

showed that the PI3K/AKT/mTOR path-

way regulated autophagy to induce apopto-

sis of alveolar epithelial cells in an in vitro

COPD model.

Activation of PI3K reduced apoptosis of

alveolar epithelial cells in COPD in vitro

model

To further determine whether activation of

PI3K reduced apoptosis of alveolar epithe-

lial cells in the in vitro COPD model, PI3K

plasmid was used to induce expression of

PI3K (P¼ 0.0092), p-AKT (P¼ 0.0156),

and p-mTOR (P¼ 0.0143) (Figure 5a–5d).

As shown in Figure 5e–5g, activation of

PI3K reduced protein expression of LC3

(P¼ 0.0203) and ATG5 (P¼ 0.0288) in the

in vitro COPD model, and si-PI3K sup-

pressed PI3K protein expression in the in

vitro COPD model (Figure 5h). Last, acti-

vation of PI3K decreased cell viability

(P¼ 0.0114 and 0.0021) and reduced LDH

activity levels (P¼ 0.0312) and apoptosis

rate (P¼ 0.0162) in the in vitro COPD

model (Figure 5i–5l).

Discussion

COPD is a progressive lung disease often

caused by smoking; it is characterized by

pulmonary emphysema, bronchitis, and

fibrosis, and it induces tissue injury and air-

flow obstruction.12 Pulmonary emphysema

is an abnormal and persistent dilation in the

distal air space of the terminal bronchiole in

the lung. It is accompanied by destruction

of the alveolar wall and bronchiole with no

obvious pulmonary fibrosis. Few existing

treatments are effective for COPD; drug

therapy mainly includes bronchodilators,

anti-inflammatory agents, antioxidants,

and protease inhibitors.13 Recent research

has demonstrated the role of autophagy in

Figure 4. Continued.
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Figure 5. Activation of PI3K reduced apoptosis of alveolar epithelial cells in an in vitro model of COPD
induced by PM2.5. Protein expression of PI3K, p-AKT, and p-mTOR by statistical analysis (a, b, and c) and
western blotting assays of PI3K, p-AKT, and p-mTOR protein level (d); protein expression of LC3 and ATG5
by statistical analysis (e and f) and western blotting assay of LC3 and ATG5 protein level (g), immunofluo-
rescence for PI3K protein expression (h), cell growth (i), LDH activity (j), and apoptosis rate (k and l).
**P< 0.01 compared with negative control group; ##P< 0.01 compared with HBECs cells induced by PM2.5.
COPD, chronic obstructive pulmonary disease; PM2.5, particulate matter with a diameter <2.5 mm; PI3K,
phosphatidylinositol 3-kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; LDH, lactate
dehydrogenase; Control, negative control group; PM2.5 group, human bronchial epithelial cells (HBECs)
induced by PM2.5; PI3K group, HBECs induced by PM2.5 and treated with PI3K.
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chronic lung disease. Regulating the auto-

phagic signaling pathway might provide a
new approach to prevent and treat human

diseases.14 In the present study, we demon-

strated that inhibition of PI3K increased
apoptosis of alveolar epithelial cells in a

mouse model of COPD induced by PM2.5.
During cell autophagy, the free LC3-I in

cytoplasm gradually locates on the surface

of the autophagic vesicle in the form of
LC3-II.15 Therefore, the level of conversion

to LC3-II can reflect the degree of autoph-
agy in cells. Under physiological condi-

tions, autophagy is maintained at a low

level to degrade and recycle intracellular
substances.16 Thus, it plays a role in recy-

cling and supplying nutrition to cells.
However, under pathological conditions,

autophagic reactivity is elevated.15 In

the present study, we observed that inhibi-
tion of PI3K reduced autophagy in COPD

mice, similar to results of others. Zhou
et al.17 showed that autophagy played a

protective role against PM2.5-induced
cytotoxicity.

Metabolism, inflammatory response,

neurodegenerative disease, and therapeutic
pressure all induce a stress environment in

cells.18 Under growth conditions, mTOR
can regulate cell growth and survival.

However, in nutritional deficiency, the

mTOR pathway is suppressed and autoph-

agy can be induced. Specific growth factors,

amino acids, and glucose can negatively

regulate autophagy through the mTOR sig-

naling pathway. AKT is the central mole-

cule in the PI3K/AKT/mTOR pathway; it

can activate and regulate multiple down-

stream targets. For instance, AKT can sup-

press TSC1/2 and activate mTOR to

promote protein synthesis and cell

growth.18 It can also regulate cell prolifera-

tion by inactivating cell cycle inhibitor.19

We found that the PI3K/AKT/

mTOR pathway regulates autophagy to

induce apoptosis of alveolar epithelial

cells in a mouse model of COPD induced

by PM2.5.
In this study, we showed that the PI3K/

AKT/mTOR pathway regulates autophagy

to induce apoptosis of alveolar epithelial

cells in COPD induced by PM2.5. Our find-

ings suggest that autophagy might be a

potential therapeutic target for COPD via

the PI3K/AKT/mTOR pathway.
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