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Abstract Our group was the first one reporting that
autophagy could be triggered by airborne fine particulate
matter (PM) with a mean diameter of less than 2.5 lm
(PM2.5) in human lung epithelial A549 cells, which could
potentially lead to cell death. In the present study, we
further explored the potential interactions between
autophagy and apoptosis because it was well documented
that PM2.5 could induce apoptosis in A549 cells. Much to
our surprise, we found that PM2.5-exposure caused oxidative stress, resulting in activation of multiple cell death
pathways in A549 cells, that is, the tumor necrosis factoralpha (TNF-a)-induced pathway as evidenced by TNF-a
secretion and activation of caspase-8 and -3, the intrinsic
apoptosis pathway as evidenced by increased expression of
pro-apoptotic protein Bax, decreased expression of antiapoptotic protein Bcl-2, disruption of mitochondrial
membrane potential, and activation of caspase-9 and -3,
and autophagy as evidenced by an increased number of
double-membrane vesicles, accompanied by increases of
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conversion and punctuation of microtubule-associated
proteins light chain 3 (LC3) and expression of Beclin 1. It
appears that reactive oxygen species (ROS) function as
signaling molecules for all the three pathways because
pretreatment with N-acetylcysteine, a scavenger of ROS,
almost completely abolished TNF-a secretion and significantly reduced the number of apoptotic and autophagic
cells. In another aspect, inhibiting autophagy with
3-methyladenine, a specific autophagy inhibitor, enhanced
PM2.5-induced apoptosis and cytotoxicity. Intriguingly,
neutralization of TNF-a with an anti-TNF-a special antibody not only abolished activation of caspase-8, but also
drastically reduced LC3-II conversion. Thus, the present
study has provided novel insights into the mechanism of
cytotoxicity and even pathogenesis of diseases associated
with PM2.5 exposure.
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Abbreviations
3-MA
3-Methyladenine
CAT
Catalase
DCFH-DA
20 ,70 -Dichlorofluorescein diacetate
ECL
Enhanced chemiluminescence
LC3
Microtubule-associated proteins light chain 3
MMP
Mitochondrial membrane potential
NAC
N-Acetylcysteine
PM
Ambient airborne particulate matter
PARP
Poly-(ADP-ribose)-polymerase
ROS
Reactive oxygen species
SOD
Superoxide dismutase
TEM
Transmission electron microscopy
z-VAD-fmk N-Benzyloxycabonyl-Val-Ala-Aspfluoromethylketone
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Introduction
Accumulating evidence from epidemiological studies has
revealed the association between increased high-level
exposure of airborne particulate matter (PM) with a mean
diameter of less than 2.5 lm (PM2.5) and an increase of
cardiovascular and chronic cardiopulmonary morbidity and
mortality, including lung cancer [1, 2]. It is well acknowledged that the lung, in particular pulmonary epithelial cells,
represents a primary biological target for injury arising from
inhalation exposure to particles [3]. Harmful environmental
pollutants are released into the pulmonary surfactant and
attach the pulmonary epithelial cells [3, 4]. Exposure of
endothelial cells from the airways and alveoli to pollutants
induces a series of cytotoxic effects, such as oxidative
damage and even cell death [3, 5].
Apoptosis is a highly programmed physiological cell
death process that is critical for development, host defense,
and the prevention of malignancies throughout a lifespan,
including in the lungs [6]. To date, evidence indicates that
there are two main apoptotic pathways: the extrinsic or
death receptor pathway and the intrinsic or mitochondrial
pathway [7]. The extrinsic pathway of apoptosis is represented by the activation of TNF family receptors and initiator caspase-8 [8]. In the mitochondrial (intrinsic)
pathway, mitochondrial dysfunction induces a change in
the mitochondrial membrane potential (MMP), the activation of the Bcl-2 family of pro-/anti-apoptotic proteins (i.e.,
Bcl-2, Bcl-XL, Bax and Bid), and caspase-9 [8, 9]. Both of
these apoptotic pathways ultimately increase caspase-3 and
caspase-7, which leads to the activation of poly(ADPribose) polymerase (PARP), a well-known substrate of
caspase-3; this cleavage ultimately leads to the morphological and biochemical changes that are characteristic of
apoptotic cells [10]. The cytotoxic effects of PM exposure
that lead to apoptosis in lung epithelial cells have been
extensively demonstrated [11, 12].
Autophagy is a physiological subcellular degradation
process in eukaryotic cells that decomposes folded proteins, protein complexes and dysfunctional organelles [13,
14]. These cytoplasmic materials are sequestered into
double-membrane vesicles, known as ‘‘autophagosomes’’,
are subsequently fused with lysosomes to form autolysosomes and are further degraded by lysosomal hydrolases
[15]. The formation of the autophagosome is involved in
various autophagy-related (Atg) genes, such as atg5, atg12,
Beclin 1, and microtubule-associated proteins light chain 3
(LC3), and others [16]. Autophagy has been considered to
be an adaptive response to stress, contributing to cellular
homeostasis and found to be activated during several
pathogenic conditions and diseases, as well as the execution of a caspase-independent cell death [17, 18].
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Previously, we surprisingly observed PM2.5-induced
oxidative stress triggered expression of autophagy-related
protein Atg5 and Beclin 1, leading to activation of
autophagy in A549 cells [19]. In the present study, we
explored the potential interactions between autophagy and
apoptosis to further appreciate the mechanism of cytotoxicity in lung epithelial A549 cells resulting from PM2.5
exposure.
Materials and methods
Materials
A human lung epithelial cell line (A549) was obtained from
the Cell Bank of Peking Union Medical College (Beijing,
China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethylsulfoxide (DMSO), 20 ,70 dichlorofluorescein diacetate (DCFH-DA), and Anti-LC3 (#
L7543) were purchased from Sigma (MO, USA). AntiPARP antibody was purchased from Cell Signaling Technology (# 9543, MA, USA). Anti-cleaved caspase-3 (#
BS7004), caspase-7 (# BS3532) and caspase-9 (# BS1830),
Anti-Bcl-2 (# BS3711), Anti-Beclin 1 (# NB0030), Anti-Bax
(# BS1725) and Anti-human TNF-a neutralizing antibodies
(# BS1857) were purchased from Bioworld technology (MN,
USA). Anti-b-actin antibody was obtained from Santa Cruz
Biotechnology (# sc-47778, CA, USA). Poly-vinylidene
difluoride (PVDF) membranes, enhanced chemiluminescence detection (ECL) reagent and ultrapure water system
were obtained from Millipore (Millipore Ltd., China, Beijing, China). Lipofectamine 2000, TRIZOL and Dulbecco’s
modified Eagle’s medium (DMEM) were obtained from
Invitrogen (CA, USA). Fetal bovine serum was purchased
from PAA (Linz, AUS). 20 ,70 -Dichlorofluorescein diacetate
(DCFH-DA) and N-acetylcysteine (NAC) were obtained
from Sigma (MO, USA). 24-well plates and cell culture
dishes were obtained from Costar Cambridge (MA, USA).
All other chemicals, including penicillin, streptomycin,
RIPA, Z-VAD-FMK, rapamycin, protease inhibitors, 4,
6-diamido-2-phenylindole dihydrochloride (DAPI) were
obtained from Beyotime (Beijing, China). GFP-LC3 plasmid
was a kind gift from Dr. M. Zheng (Nebraska Medical
Center, Omaha, USA).
Sampling and preparation
PM2.5 samples on nitrocellulose filters were prepared as
described in our previous studies [19, 20]. Briefly, PM2.5
samples were collected on nitrocellulose filters (Pall Life
Sciences, NY, USA) using a high-volume sampler particle
collector with a flux of 77 l/min (Beijing Geology Device
Company, Beijing, China). PM2.5 particles were extracted
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from sampled filter strips by immersing them in deionized
water and sonicating for 30 min (KQ-700 V, 700 W). The
extracted samples were then stored at -80 °C until cell
exposure.

(TriStar LB 941, Berthold, Germany) with excitation and
emission wavelengths of 480 and 530 nm, respectively.
Results were measured as mean fluorescence (arbitrary
units, AU).

Cell culture and exposure of cells to PM2.5 particles

Assessment of MMP

Human lung epithelial A549 cells line were cultured in low
glucose DMEM supplemented with 10 % fetal bovine serum
(FBS, Hyclone, GA, USA), 100 U/ml penicillin–streptomycin in a humidified atmosphere of 5 % CO2 at 37 °C.
A549 cells were plated at a density of 1 9 104 cells/ml in
96-well plates (Costar Cambridge, MA, USA) with 100 ll of
medium and allowed to attach for 12 h before treatment.
A549 cells were then treated with PM2.5 at the final concentrations of 8, 16, 32, or 64 lg/cm2 for 6, 12, 24 or 48 h.
To assess the role of ROS and different signaling
pathways in PM2.5 exposure, A549 cells were plated in
6-well plates and pretreated with 3-MA (5 mL), rapamycin (10 mM), z-VAD-fmk (20 lL), or NAC (0.5 mM) for
1 h before the addition of 32 lg/cm2 of PM2.5 for 48 h.

MMP was determined with JC-1, a lipophilic and cationic
dye (Beyotime, Beijing, China), which is an inner mitochondrial membrane permeable dye that accumulates in
mitochondria in a potential-dependent manner. In dead or
apoptotic cells, the ratio of red to green fluorescence is
decreased compared to healthy cells, which correlates to
the integrity and functional status of the mitochondria [21].
After exposed to 8, 16, 32, or 64 lg/cm2 of PM2.5 suspension for 48 h, the cells were washed twice with PBS
and then incubated for 30 min at 37 °C with JC-1. The
intensity of fluorescence was measured with a multi-well
plate reader (TriStar LB 941, Berthold, Germany) with
fluorescence intensity (red: excitation 535 nm, emission
590 nm; green: excitation 485 nm, emission 535 nm).

Lactate dehydrogenase (LDH) release assay

Transmission electron microscopy (TEM)

LDH is a stable cytoplasmic enzyme that is present in all
cells and LDH is rapidly released into the cell-culture
supernatant when the plasma membrane is damaged. LDH
activity in the cell-culture supernatant due to membrane
damage and/or cell death was measured with an in vitro
LDH assay kit (Roche, Mannheim, Germany) according to
the manufacture’s instruction. A549 cells were incubated
for 48 h with 8, 16, 32, or 64 lg/cm2 of PM2.5 with or
without NAC co-treatment (0.5 mM). The maximum LDH
release was obtained by treating cell cultures with 1 %
Triton X-100, whereas the baseline LDH release in
untreated cell cultures. The degree of cytotoxicity was
calculated as follows:

TEM analysis was carried out after the cells were exposed
to 32 lg/cm2 of PM2.5 for 48 h. The samples were treated
as previously described [22]. Sections were examined with
an electron microscope (model JEM-1400; JEOL, Tokyo,
Japan) at 100 kV.

Cytotoxicity ð%Þ ¼ ðExperimental value  baseline valueÞ=
ðmaximum value  baseline valueÞ
 100%
ROS assay
The level of intracellular ROS generation was determined
by measuring the oxidative conversion of DCFH-DA to
fluorescent compound dichlorofluorescin (DCF). Cells
were exposed to 8, 16, 32, or 64 lg/cm2 of PM2.5 for 3 h
with or without NAC pretreatment (0.5 mM) and then
washed twice with PBS and incubated with DCFH-DA dye
for 30 min at 37 °C. The reaction mixture was then
replaced with by 200 ll of PBS and fluorescence intensity
was measured in a fluorescence multi-well plate reader

Confocal microscopy
A549 cells were cultured on a polylysine-coated cover slip
in a 24-well plate and grown to 70 % confluence before
transfection. The GFP-LC3 plasmid was co-transfected
with Lipofectamine 2000 for 24 h. The transfected cells
were then exposed to 32 lg/cm2 of PM2.5 or rapamycin
(10 mM) for 48 h. The cells were fixed with 4 % paraformaldehyde for 10 min at room temperature. The cells
were examined with an inverted confocal microscope
(LSM710, Zeiss, Jena, Germany). Data acquisition was
accomplished with Zeiss confocal software. Autophagy
was quantified based on the mean numbers of puncta displaying intense staining for three fields (containing at least
50 cells per field) for each experimental condition. The
number of GFP-LC3-punctuated cells was counted by
Image-Pro Plus software and the intensity of the dots was
detected using Zeiss confocal software.
Western blotting analysis
The expression of Bcl-2, Bax, cleaved caspase-3, cleaved
caspase-7, cleaved caspase-9, PARP, LC3, Beclin 1, and b-
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actin in whole cell lysates were analyzed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). Immunoreactive bands were detected with
ECL reagents according to the manufacturer’s instructions.

(Annexin V-FITC positive/PI negative cells), as well as the
late apoptotic cells located in the upper right quadrant
(Annexin V-FITC positive/PI positive cells). Percentages of
apoptotic cells (Annexin V–positive cells) were plotted.

TNF-a assay

Statistical analysis

A549 cells were exposed to 8, 16, 32, or 64 lg/cm2 of
PM2.5 suspension for 48 h, or 32 lg/cm2 of PM2.5 for 48 h
after pretreatment with 0.5 mM NAC at 37 °C in a fully
humidified cell culture incubator. Cell-free culture supernatants were prepared by centrifugation at 6009g for
10 min at 4 °C and then stored at -80 °C. Tumor necrosis
factor-a (TNF-a) level was measured with enzyme-linked
immunosorbent assay kits (PeproTech, Inc., NJ, USA)
following the instruction from the manufacturer.
Moreover, after incubation with 32 lg/cm2 of PM2.5 in the
presence or absence of an anti-human TNF-a neutralizing
antibody (5 mg/ml) for 48 h, cells were harvested for assessment of cellular viability, apoptosis (i.e., cleavage of caspase-8,
-3 and PARP) and autophagy (i.e., LC3-II conversion).

Data were expressed as mean ± standard deviation (SD) of
three independent experiments and were analyzed with
GraphPad InStat software (Version 5, GraphPad Software,
Inc., La Jolla, CA, USA). Statistical differences among
experimental groups were evaluated a one-way ANOVA
with repeated measures followed by post hoc comparisons
using the Tukey’s multiple paired comparison test, or twoway ANOVA following student’s t test. p values \0.05
were considered to be of nominal statistical significance.

Results
PM2.5 induces cytotoxicity in a time- and dosedependent manner

MTT assay
Cell viability was assessed using the MTT assay as described
in the previous study [19]. A549 cells (1 9 105 cells/ml)
were treated with PBS vehicle, an anti-human TNF-a neutralizing antibody (5 mg/ml), or 32 lg/cm2 of PM2.5 in the
presence or absence of TNF-a neutralizing antibody for
48 h, respectively. A549 cells were also incubated with
different concentrations of 3-MA or rapamycin in the presence or absence of 32 lg/cm2 of PM2.5 for 48 h, respectively. After the exposure, 20 ll of MTT (2.5 mg/ml in PBS)
were added to each well and the cells were incubation for 2 h
at 37 °C. Cells were then treated with 200 ll of DMSO and
the absorbance was quantified at 492 nm by a microplate
spectrophotometer (Thermo MK3, MA, USA). The viability
of the treated cells was expressed as a percentage relative to
untreated cells, which was assumed to be 100 %.
Flow cytometric analysis
Apoptosis was measured using the FITC-Annexin V Apoptosis Detection Kit II (Biyuntian, Beijing, China) according
to the manufacturer’s instructions. A549 cells (1 9 105)
were treated with a FITC vehicle, H2O2 (100 lM), or 32 lg/
cm2 of PM2.5 for 48 h in the presence or absence of 3-MA
(5 mL), rapamycin (10 mM), or NAC (0.5 mM). The cells
were then harvested with trypsin, washed twice in PBS, and
incubated with Annexin V-PI for 15 min. The population of
Annexin V-positive cells was analyzed by flow cytometer
(FACS Calibur, Becton–Dickinson, NJ, USA). The percentage of early apoptotic cells in the lower right quadrant
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In our previous study, the MTT results demonstrated a
time- and dose-dependent cytotoxicity after exposure to
PM2.5 [19]. In the present study, the cytotoxicity of PM2.5
in A549 cells was evaluated with LDH release assays.
Compared with the untreated control group, significant
LDH release in the treated cells was observed after 48 h of
exposure to 8, 16, 32 or 64 lg/cm2 of PM2.5 with or
without NAC pretreatment (Fig. 1). However, NAC significantly reduced the increase of LDH release in the cells
exposed to 32 and 64 lg/cm2 of PM2.5 (Fig. 1).
PM2.5 provokes oxidative stress
Intracellular ROS levels were indicated by DCFH fluorescence intensity in A549 cells. The average level of ROS
in the untreated control group was about a mean value of
8.1 fluorescence units. As shown in Fig. 2, a dose-dependent increase of ROS generation was observed after 3 h
exposure to A549 cells with different concentrations of
PM2.5. However, pretreatment with NAC significantly
reduced PM2.5-induced ROS generation.
PM2.5 decreases MMP
Healthy cells with functional mitochondria color stain with
red JC-aggregates while cells with impaired mitochondria
stain with green JC-1 monomers. As shown in Fig. 3,
PM2.5-exposed cells exhibited a marked impairment of
mitochondria in a dose-dependent manner evident by a
shift in JC-1 florescence from red to green.
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Fig. 1 Assessment of cytotoxicity induced by PM2.5 in A549 cells.
A549 cells were treated with PM2.5 at the indicated concentrations for
48 h with or without pretreatment of NAC (0.5 mM). The degree of
cytotoxicity was evaluated by measuring the LDH activity of the
supernatants, an indicator of cell membrane integrity. Bars denote the
mean ± SD of three independent experiments. Statistical significance
was analyzed by two-way ANOVA following t test. *p \ 0.05 and
**p \ 0.01 versus their corresponding 8 lg/cm2 of PM2.5 treated
cells; #p \ 0.05 versus non-NAC treated PM2.5 group

Fig. 2 ROS generation triggered by PM2.5 exposure in A549 cells.
A549 cells were treated with PM2.5 at the indicated concentrations
and the ROS levels were determined by measuring the oxidative
conversion of DCFH-DA to DCF. To investigate if the PM2.5-induced
changes were related to the decrease in the antioxidant defense, A549
cells were pretreated with NAC (0.5 mM) for 1 h before PM2.5
exposure for 3 h. Results were measured as mean fluorescence (AU
arbitrary units). The average level of ROS in the untreated control
group was about a mean value of 8.1 fluorescence units. Values are
the mean ± SD of three independent experiments. *p \ 0.05 and
***p \ 0.001 versus their corresponding untreated control cells.
#
p \ 0.05 and ###p \ 0.001 versus non-NAC treated PM2.5 group
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Fig. 3 Effect of PM2.5 exposure on MMP in A549 cells. A549 cells
were treated with the indicated concentrations of PM2.5 after 48 h.
The ratio of the intensity of red and green fluorescence was assessed
by JC-1 staining, as an indicator of mitochondrial activity. The
decrease of red and green fluorescence ratio is associated with the
integrity and functional status of the mitochondria. Data were
presented as the mean ± SD of three independent experiments.
*p \ 0.05, and ***p \ 0.001 versus the untreated control cells

associated protein 1 light chain 3 (LC3-I to IC3-II) in the
PM2.5-exposed lung cells. As shown in Fig. 4A, A549 cells
displayed an increase in the number of vacuoles in the
cytoplasm after PM2.5 exposure, which contained organelles and cellular fragments (e.g., mitochondrial and the
lamellar body), suggesting that they were autophagosomes.
However, untreated A549 cells only had the typical features of Type II pulmonary cells with numerous electrondense bodies and lamellar bodies in cytoplasm. Punctate
GFP patterns, hallmarks of cellular autophagosome formation, were also observed in the PM2.5-exposed cells
(Fig. 4B). Like rapamycin, a well-known inducer of
autophagy, also significantly increased GFP-LC3 in the
blots (Fig. 4B). Moreover, as shown in Fig. 4C, PM2.5
exposure triggered an increase of processing of LC3-I to
LC3-II in a dose and time dependent manner in the PM2.5exposed cells as evident by Western blotting data.
It has been reported that Beclin 1 is indispensible for
autophagosome formation [19]. To further verify that PM2.5
triggered the autophagy, thus, we assessed Beclin 1 expression in A549 cells after PM2.5 exposure using Western
blotting analysis. As shown in Fig. 4C, significant up-regulation occurred in the expression of Beclin 1 after exposure to
various concentrations of PM2.5 for 48 h.

PM2.5 triggers autophagy
PM2.5 induces intrinsic apoptosis
To determine whether PM2.5 could induce autophagy in
human lung A549 cells, we decided to observe autophagosome formation at the ultrastructural level, monitor
the dynamics of autophagy process using GFP-LC3 staining, and detect the conversion of endogenous microtubule-

As shown earlier, PM2.5 markedly decreased MMP, thus we
further examined the levels of the key apoptotic and signaling proteins involved in the mitochondrial pathway of
apoptosis in PM2.5-exposed cells using Western blotting. As
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b Fig. 4 PM2.5 triggered autophagy. A Ultrastructural features of cells

revealed by TEM. a Untreated-control cells. b Cells exposed to 32 lg/
cm2 of PM2.5 for 48 h. Bar 1 lm in a and b magnification, 910,000.
The arrow indicates autophagosomes in A549 cells. N nucleus,
C cytoplasm. B Confocal images of autophagosomes in A549 cells.
A549 cells were transfected with GFP-LC3 plasmid for 24 h. Then,
cells incubated with rapamycin (10 mM), or 32 lg/cm2 of PM2.5 for
48 h. Images were taken with a confocal microscopy as previously
described. Bar 14 lm. The images of the upper left were in lower
magnification. Quantitative analyses of the image data. Images were
analyzed and cells with vesicular distribution of GFP-LC3 were scored
as autophagy-positive cells. C Effect of PM2.5 on the conversion of
LC3 protein and expression of Beclin 1 in A549 cells. After being
treated with various concentrations of PM2.5 for 48 h or 32 lg/cm2 of
PM2.5 for 0, 6, 12, 24 or 48 h, cells were collected for measurement of
the protein levels (LC3, Beclin 1 and b-actin) as described in the
methods. Data were presented as the mean ± SD of three independent
experiments. Densities of Beclin 1 and LC3II/LC3I were relative to bactin. b-Actin was used for loading control. Statistical significance was
analyzed by one-way ANOVA. *p \ 0.05, **p \ 0.01, ***p \ 0.001
versus the untreated control cells

shown in Fig. 5A, PM2.5-exposed cells exhibited modulation
of Bax and Bcl-2 protein expression levels with an increase
of Bax levels and a corresponding decrease in Bcl-2. We also
observed a significant cleavage of caspase-9, caspase-7 and
caspase-3, and PARP (including caspase-8).
Moreover, PM2.5-exposed cells exhibited typical apoptotic features, including nuclear shrinkage, chromatin
condensation and extensive cytoplasmic vacuolization after
48 h of exposure to 32 lg/cm2 of PM2.5 (Fig. 5B).
PM2.5 induces TNF-a secretion that triggers extrinsic
apoptosis and enhances autophagy
After observing significant cleavage of caspase-8 in the
PM2.5-exposed cells, we further tested the hypothesis that
TNF-a might be involved in PM2.5-induced cell death.
TNF-a assay showed that PM2.5 induced TNF-a production
in a dose-dependent manner (Fig. 6a). However, pretreatment with NAC dramatically reduced the release of PM2.5induced TNF-a. Moreover, cell viability was significantly
improved in the presence of an anti-human TNF-a specific
antibody (Fig. 6b). Western blotting data further showed
that neutralizing TNF-a with the anti-TNF-a antibody
almost completely abrogated caspase-8 cleavage. However,
the cleavage of caspase-3 and PARP was not completely
abolished, indicating the existence of intrinsic apoptosis
induced by PM2.5 exposure. Surprisingly, blocking TNF-a
signaling pathway with the anti-TNF-a specific antibody
also markedly reduced the LC3-II conversion (Fig. 6c),
suggesting TNF-a boosts autophagy.
ROS mediates both autophagy and apoptosis
To determine the role of ROS in PM2.5-induced autophagy
and apoptosis, A549 cells were pre-treated with NAC, a
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ROS scavenger before PM2.5 exposure. As shown in Fig.
7a, b, NAC significantly reduced but did not completely
abolish PM2.5-induced autophagy and apoptosis evident by
a decrease in the number of autophagic or apoptotic cells.
Correspondingly, Western blotting data also showed a
significant reduction of LC3 conversion and PARP cleavage in NAC-pretreated cells compared with untreated cells,
respectively (Fig. 7c).
PM2.5-mediated autophagy inhibits apoptosis
To determine the role of autophagy in PM2.5-induced
cytotoxicity and apoptosis, A549 cells were treated with
32 lg/cm2 of PM2.5 for 48 h with or without indicated
concentrations of 3-MA (an inhibitor of autophagy) and
rapamycin (a special autophagy inducer), then determined
the cell viability using MTT. As shown in Fig. 8a, inhibition of autophagy by 3-MA (5 mM) significantly promoted
PM2.5-induced cytotoxicity whereas induction of autophagy by rapamycin (10 mM) reduced cytotoxicity.
To further explore potential interaction between
autophagy and apoptosis processes, A549 cells were treated with PM2.5 in the presence of 3-MA, z-VAD-fmk, a
pan-caspase inhibitor, or rapamycin. As shown in Fig. 8b,
3-MA completely abolished PM2.5-induced LC3 protein
conversion. In contrast, 3-MA markedly promoted PM2.5induced cleavage of PARP and caspase-3. As expected,
rapamycin enhanced PM2.5-induced LC3 protein conversion. However, rapamycin decreased PM2.5-induced
cleavage of PARP and caspase-3.
To confirm further the inhibition of apoptosis by autophagy, PM2.5-induced apoptosis was analyzed in PM2.5-exposed
cells using Annexin-V and PI staining with flow cytometry.
As shown in Fig. 8c, when autophagy was inhibited by 3-MA,
the amount of apoptotic cells was increased after PM2.5
exposure. However, pretreatment of rapamycin or z-VADfmk decreased PM2.5-induced apoptosis. Taken together,
these data suggest that autophagy reduced the apoptotic cell
death in PM2.5-exposed A549 cells.

Discussion
It has long been proposed that airborne PM is toxic to
alveolar epithelial cells (AECs) by triggering production
ROS in AECs that, in turn, may lead to reduction of the
MMP, caspase-9 activation, and apoptosis [23]. To our
knowledge, this is the first report showing that PM2.5 is
capable of inducing extrinsic and intrinsic apoptosis as well
as autophagy in human lung epithelial A549 cells. Scavenging ROS with NAC significantly decreased cytotoxicity, eliminated TNF-a secretion, and markedly reduced the
number of autophagic and apoptotic cells. On the other
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b Fig. 5 PM2.5 induced apoptosis. A Effect of PM2.5 on the expression

of apoptosis-related proteins in A549 cells. After treatment with
various concentrations of PM2.5 for 48 h or 32 lg/cm2 of PM2.5 for 0,
6, 12, 24 or 48 h, the cells were collected to measure their protein
levels (PARP, Bcl-2, Bax, cleaved caspase-7, caspase-9, caspase-3
and b-actin) as described in the methods section. Densities of these
proteins were relative to b-actin. b-actin was used for loading control.
Data were presented as the mean ± SD of three independent
experiments. *p \ 0.05, **p \ 0.01 and ***p \ 0.001 versus the
untreated control cells. B TEM images of PM2.5-induced apoptotic
A549 cells. a Control cells. b Cells exposed to 32 lg/cm2 of PM2.5 for
48 h. Bar 2 lm in a and b, magnification, 95,000. The arrow
indicates the apoptotic cells. N nucleus, C cytoplasm

hand, inhibiting autophagy with 3-MA enhanced PM2.5induced apoptosis. Moreover, blocking TNF-a with an
anti-TNF-a specific antibody not only abrogates activation
of caspase-8, but also reduced autophagy as evidenced by
significant reduction LC3-II conversion. Taken together,
our results indicate that multiple cell death pathways
activated by ROS may contribute to PM2.5-mediated
cytotoxicity in human lung epithelial A549 cells.
Autophagy is generally believed to be a genetically
programmed and evolutionarily conserved catabolic process that serves as a cell survival mechanism in response to
stress [24]. For example, autophagy is transiently induced
as a survival response to various stress stimuli that induce
ROS generation, including nutrient starvation, mitochondrial toxins, hypoxia, and oxidative stress [25]. Autophagy
has even been considered to be a second level protective
process in conferring resistance to environmentallyinduced oxidative stress [26]. However, accumulating
evidence suggests that autophagy can be involved in both
cell survival and cell death [25]. In the present study, we
found different concentrations of PM2.5 (from 8 to 64 lg/
cm2) caused a decrease of cell viability significantly.
However, apoptotic process seemed not to be fully activated in the cells exposed to 8 or 16 lg/cm2 of PM2.5
because the increase of cleaved PARP was not significant
when compared with the untreated control cells (Fig. 5). In
contrast, significant conversion of LC3 protein was already
observed in the cells exposed to 8 or 16 lg/cm2 of PM2.5
(Fig. 4c). Thus, these results suggested that PM2.5-triggered
autophagy, which is independent from apoptosis, might
contribute to PM2.5-induced cytotoxicity in A549 cells.
PM is well known for inducing apoptosis in various cells
by triggering oxidative stress. Zhang et al. [27] demonstrated that PM2.5 induced Bim-mediated apoptosis by
causing a significant reduction in the MMP and increasing
the caspase-9, caspase-3 and PARP in A549 cells. Here,
our data also showed that PM2.5 triggered-oxidative stress
significantly reduced the MMP and changed Bax and Bcl-2
protein expression levels with an increase of Bax levels and
a corresponding decrease in Bcl-2 (Fig. 5A), resulting in
activation of caspase-9, -7, -3, and PARP cleavage.
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Moreover, we further found that PM2.5 significantly
increased TNF-a release, resulting in activation of caspase8 (Fig. 6). This observation is consistent with an earlier
report demonstrating that PM2.5 exposure induced both
extrinsic (i.e., TNF-a secretion and activation of caspase-8
and -3) and intrinsic (cytochrome c release from mitochondria and activation of caspase-8 and -3) apoptotic
pathways in human epithelial lung L132 cells [11].
ROS function as signaling molecules in various pathways regulating both cell survival and cell death [25].
Generation of ROS is considered to be up-stream event for
the initiation of PM-induced apoptotic signaling in vitro
[28]. Previous studies have identified mitochondria as the
main sources of ROS [29, 30]. Others have shown that
ROS cause a decrease of the MMP and initiates mitochondria-mediated apoptosis [31]. On the other hand, some
studies have demonstrated that ROS trigger either autophagic cell death or cytoprotective autophagy [25, 32].
Here, our data showed that PM2.5 induced-ROS triggered
both autophagy and apoptosis because ROS scavenger
NAC markedly inhibited both processes (Fig. 6). Moreover, we also observed that PM2.5 exposure caused damage
to mitochondria as evidenced by significant decrease of the
MMP. Very recently, Xu et al. [33] also reported that H2O2
induced mitochondrial injury leading to autophagy and
apoptosis through the Beclin 1 pathway and interference
with Bcl-2 expression in the renal proximal tubular epithelial cells. Therefore, it is conceivable that PM2.5induced ROS triggered a decrease of mitochondria membrane potential that leads to both autophagy and apoptosis
in human lung epithelial cells.
The interaction between autophagy and apoptosis is
complex in nature, and sometimes contradictory, but surely
critical to the overall fate of the cell [34, 35]. In some
cellular settings, autophagy can serve as a cell survival
pathway to suppress apoptosis [35]. On the other hand,
autophagy can lead to cell death, either in collaboration
with apoptosis or as a back-up mechanism when apoptosis
is defective [24]. In this study, our data indicated that
autophagy impedes the apoptotic process in the PM2.5exposed cells. Inhibition of autophagy using 3-MA markedly enhanced PM2.5-induced cleavage of PARP and caspase-3 (Fig. 7a) and increased the number of apoptotic
cells (Fig. 7b). In contrast, activation of autophagy with
rapamycin decreased the number of apoptotic cells (Fig.
7b). Similarly, a recent study also showed that autophagy
was triggered as a possible rescue mechanism against
oxidative stress in A549 cells exposed to dibenzofura [5].
Intriguingly, as shown in Fig 6, blocking TNF-a with an
anti-TNF-a specific antibody also reduced LC3II conversion, indicating TNF-a promotes autophagy in PM2.5exposed lung epithelial cells. Similarly, TNF-a has also
been shown to promote autophagy in intestinal epithelial
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Fig. 6 Proinflammatory cytokine TNF-a involves in the cell death
and autophagy induced by PM2.5. a TNF-a secretion after exposure to
PM2.5 in A549 cells. TNF-a concentrations were determined after
incubation with 0, 8, 16, 32 or 64 lg/cm2 of PM2.5 or 16 lg/cm2 of
PM2.5 plus 0.5 mM NAC for 48 h, respectively. b PM2.5 cytotoxicity
was determined using the MTT assay at 48 h in the presence or
absence of 5 mg/ml of anti-human TNF-a neutralizing antibody (Ab).
c The effort of TNF-a in the cell apoptosis and autophagy induced by
PM2.5. A549 cells were exposed to 16 lg/cm2 of PM2.5 at 48 h in the
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presence or absence of 5 mg/ml of anti-human TNF-a neutralizing
antibody (Ab). The samples were analyzed by Western blotting as
described in the methods to determine the expression of cleaved
caspase-8, cleaved caspase-3, PARP, LC3, and b-actin. Densities of
these proteins were relative to b-actin. b-Actin was used for loading
control. Data were presented as the mean ± SD of three independent
experiments. *p \ 0.05, **p \ 0.01 and ***p \ 0.001 versus the
untreated control cells. ##p \ 0.01, ###p \ 0.001 versus PM2.5

Apoptosis (2014) 19:1099–1112

Fig. 7 PM2.5-induced apoptosis and autophagy were ROS-dependent. a Cells were pre-treated with PBS or 0.5 mM NAC before the
cells were exposed to 32 lg/cm2 of PM2.5 for 48 h. The cells were
then collected and stained with Annexin V-FITC and PI. The
apoptotic cells were analyzed as described in the methods. b Confocal
images of autophagosomes in A549 cells. A549 cells were transfected
with GFP-LC3 plasmid for 24 h. Then, cells were incubated with PBS
and 0.5 mM NAC with or without 32 lg/cm2 of PM2.5 for 48 h.
Images were taken with a confocal microscopy as previously
described. Bar 10 lm. The arrow indicates autophagosomes in
A549 cells. Quantitative analyses of the image data. Images were
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analyzed and cells with vesicular distribution of GFP-LC3 were
scored as autophagy-positive cells. c Cells were treated with the
indicated concentrations of PM2.5 for 48 h without/with NAC
pretreatment (0.5 mM). Then, cells were collected to measure the
change in PARP, LC3 and b-actin as described in the methods
section. b-Actin was used for loading control. Densities of these
proteins were relative to b-actin. Data were presented as the
mean ± SD of three independent experiments. **p \ 0.01 and
***p \ 0.001 versus their corresponding untreated control cells.
##
p \ 0.01 and ###p \ 0.001 versus PM2.5
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Fig. 8 PM2.5-mediated autophagy inhibits apoptosis. a Effect of
3-MA and rapamycin on PM2.5-induced cell viability in A549 cells.
A549 cells were treated with 32 lg/cm2 of PM2.5 for 48 h with or
without indicated concentrations of 3-MA or rapamycin. Data are
obtained from the MTT assay (mean ± SD) and normalized to the
vehicle group. b Cells were incubated with PBS, 32 lg/cm2 of PM2.5,
z-VAD-fmk (20 lL), rapamycin (10 mM) or 3-MA (5 mM) in the
presence of 32 lg/cm2 of PM2.5 for 48 h, and the samples were
analyzed by Western blotting as described in the methods to
determine the expression of PARP, LC3, cleaved caspase-3 and bactin. Densities of these proteins were relative to b-actin. b-Actin was
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used for loading control. z-VAD means z-VAD-fmk. Ra means
rapamycin. c Flow-cytometric estimation of apoptosis in A549 cells.
Cells were treated with PBS, 32 lg/cm2 of PM2.5, z-VAD-fmk (20
lL), rapamycin (10 mM) or 3-MA (5 mL) in the presence of 32 lg/
cm2 of PM2.5 for 48 h, and H2O2 (1 lL) for 48 h. The cells were then
collected and stained with Annexin V-FITC and PI. The apoptotic
cells were analyzed as described in the methods. Each point
represents the mean ± SD of three independent experiments.
*p \ 0.05, **p \ 0.01 and ***p \ 0.001 versus their corresponding
untreated control cells. #p \ 0.05, ##p \ 0.01 and ###p \ 0.001 versus
PM2.5

Apoptosis (2014) 19:1099–1112

cells [14]. Undoubtedly, there are multiple connections
between apoptotic and autophagic processes, and these two
independent courses might jointly determine the fate of the
cells [36].
The anti-apoptotic protein Bcl-2 plays a critical role in
cell survival by regulating mitochondrial apoptotic pathways and antagonizing autophagy by directly interacting
with Beclin 1, which is an essential autophagy mediator
and tumor suppressor [37]. Additionally, the Bcl-2-Beclin
1 complex is considered to be a point of crosstalk between
the apoptotic and autophagic signaling pathways. In this
study, we found that PM2.5 significantly increased Beclin 1
expression (Fig. 4c) but decreased Bcl-2 expression
(Fig. 5A). The mechanism of ROS-mediated up-regulation
of Beclin 1 and down-regulation of Bcl-2 will be the focus
for further investigation.
In summary, the present study demonstrated that PM2.5induced oxidative stress elicits extrinsic and intrinsic
apoptosis as well as autophagy in human lung epithelial
A549 cells. Moreover, our findings revealed a complex
interplay between autophagy and apoptosis in the PM2.5exposed cells. Eventually, these two independent courses
might jointly determine the fate of the cells.
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