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Abstract

Background: We evaluated the effect of particulate matter (PM) and cigarette smoke 
extract (CSE) on bronchial epithelial cell survival, as well as oxidative stress and autoph-
agy levels. Moreover, we aimed to assess the effect of the antioxidant N-acetylcysteine 
(NAC) on the adverse effects of PM and CSE exposure. 
Methods: Normal human bronchial epithelial cells (BEAS-2B cells) were exposed to 
urban PM with or without CSE, after which cytotoxic effects, including oxidative stress 
and autophagy levels, were measured. After identifying the toxic effects of urban PM 
and CSE exposure, the effects of NAC treatment on cell damage were evaluated. 
Results: Urban PM significantly decreased cell viability in a concentration-dependent 
manner, which was further aggravated by simultaneous treatment with CSE. Notably, 
pretreatment with NAC at 10 mM for 1 hour reversed the cytotoxic effects of PM and 
CSE co-exposure. Treatment with 1, 5, and 10 mM NAC was shown to decrease reac-
tive oxygen species levels induced by exposure to both PM and CSE. Additionally, the 
autophagy response assessed via LC3B expression was increased by PM and CSE ex-
posure, and this also attenuated by NAC treatment. 
Conclusion: The toxic effects of PM and CSE co-exposure on human bronchial epitheli-
al cells, including decreased cell viability and increased oxidative stress and autophagy 
levels, could be partly prevented by NAC treatment.

Keywords: Particulate Matter; Cigarette Smoking; Human Bronchial Epithelial Cell; Oxi-
dative Stress; Autophagy; Antioxidant 

Introduction

Air pollution is associated with respiratory and cardio-
vascular diseases. Particulate matter (PM), nitric oxide, 
and ozone are representative air pollutants associated 
with the deterioration of the respiratory system1,2. PM is 
a complex mixture of solid particles and liquid droplets 
in air that have a diameter of less than 10 μm. Notably, 
PM with aerodynamic diameters of ≤2.5 μm (PM2.5) may 

reach deeper into the small airway and alveolar space 
and exert more direct toxicity than PM10

3. 
 Chronic obstructive pulmonary disease (COPD), 
characterized by persistent and progressive airflow ob-
struction, is a leading cause of morbidity and mortality 
worldwide4. Several epidemiologic studies have high-
lighted the relationship between PM and increased risk 
of exacerbation, hospital visits, and mortality in COPD 
patients2,5-7. Considering the prevalence and health-as-
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sociated effects of COPD in Korea8,9, the increase in 
PM levels is expected to have a negative health impact 
on COPD patients, highlighting the need to address 
this issue. 
 Although PM is composed of diverse chemicals and 
induces inflammation and oxidative stress in various 
cells10, the mechanisms underlying PM-induced cy-
totoxicity are not completely understood. However, 
oxidative stress, mitochondrial free radical formation, 
and activation of pro-inflammatory factors are thought 
to be involved in this process11. Oxidative stress caused 
by PM exposure may induce reactive oxygen species 
(ROS) generation and is regarded as a pivotal mecha-
nism of cytotoxicity. ROS, such as hydrogen peroxide 
(H2O2), may also be generated by cigarette smoke. The 
increase in ROS by various stimuli is known to be asso-
ciated with the increased autophagy levels12. 
 Autophagy is a self-digestion process for the recy-
cling of cellular organelles and cytoplasm in cells and 
is activated by various stimuli. During the autophagy 
process, intracellular materials are sequestered into 
vesicles of the membrane bilayer to form autophago-
somes, a process which is mediated by autophagy-re-
lated proteins, such as Atg5, Atg12, Beclin1, phospha-
tidylinositide 3 kinase, and microtubule-associated 
protein 1 light change 3 (LC3)13. 
 The respiratory tract is the primary site of exposure 
to air pollutants and cigarette smoke in humans, both 
of which can damage normal cells and are known to 
contribute to COPD development. Here, we focused on 
the additive cytotoxicity induced by PM and cigarette 
smoke extract (CSE) and aimed to investigate whether 
PM-induced adverse effects could be intensified by 
additional exposure to cigarette smoke and if treatment 
with an antioxidant could restore this effect in bronchi-
al epithelial cells in vitro.

Materials and Methods

1. Cell culture and drug
Normal human bronchial epithelial BEAS-2B cells were 
cultured in BEpiC medium (ScienCell Research Labora-
tories, Carlsbad, CA, USA) containing bronchial epithe-
lial cell growth supplement and penicillin/streptomycin 
at 37°C in a 5% CO2 incubator. Cells between passages 
3 and 10 were used in all experiments. N-acetyl-L-cys-
teine (NAC; Sigma-Aldrich, St. Louis, MO, USA) was 
used to evaluate the effects of antioxidant on cytotoxici-
ty. BEAS-2B cells were grown in 6-well plates overnight 
and cells at 70%–80% confluence were pre-treated 
with 10 mM NAC or phosphate-buffered saline (PBS) 
for 1 hour before treatment with PM and CSE. 

2. Urban PM
Urban PM was obtained from the National Institute 
of Standards and Technology (SRM 1648a). The SR-
M1648a (PM10) had a mean particle diameter of 5.85 
μm and was dispersed in solution via ultrasonication 
in PBS for 10 minutes at a concentration of 10 μg/μL. 
BEAS-2B cells were seeded in 6-well plates overnight 
and then treated with urban PM with or without simul-
taneous CSE exposure. PM at concentrations of 0, 25, 
50, 100, and 200 μg/cm2 were treated for evaluation of 
cell viability, and in the experiments on RNA or protein 
expression, PM were treated at the concentration at 
which cell viability was 50%. 

3. Preparation of cigarette smoke extract
Commercialized cigarettes (THIS; 84-mm length with 
8-mm diameter; sold by KT&G, Seoul, Korea) were con-
tinuously smoked using a tubing silicone system con-
nected to a vacuum system. Smoke from one cigarette 
was passed through 10 mL of PBS to prepare the 100% 
CSE14. This CSE solution was then diluted with PBS to 
prepare a 1% and 5% CSE with and without urban PM.

4. Cell viability assay
Cell viability was measured using the EZ-cytox cell via-
bility/cytotoxicity kit (DoGen Bio Co., Ltd., Seoul, Korea). 
Briefly, 5,000 cells/well of BEAS-2B cells were seeded 
in 96-well plates and incubated for 24 hours, followed 
by replacement of the culture medium. Urban PM was 
added to cells with and without CSE for 12–24 hours. At 
the indicated time, the EZ-cytox solution was added to 
the cells according to the manufacturer’s instructions. 
Finally, the absorbance of the medium was measured 
at 450 nm and the viability percentage was calculated.

5. Intracellular ROS measurement
Cellular ROS levels were determined using the DCFDA 
cellular ROS detection assay kit (Abcam, Cambridge, 
MA, USA) according to the manufacturer’s protocol. At 
the indicated time, the cells were stained with 25 μM 
DCFDA in 1× buffer for 45 minutes at 37°C and gen-
tly washed with PBS. The fluorescence intensity was 
measured at Ex/Em=485/535 nm using a fluorescence 
plate reader (BioTek, Winooski, VT, USA).

6. Real-time polymerase chain reaction 
Total RNA was isolated from the cells using the TRIzol 
reagent (Invitrogen, Grand Island, NY, USA) and re-
verse-transcribed. Real-time polymerase chain reaction 
(PCR) was performed using a CFX96 Real-Time PCR 
Detection System (Bio-Rad Laboratories, Hercules, 
CA, USA). The reactions were performed using the 
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following selective primers: catalase (CAT ), forward 
5’-ACCCTCGTGGGTTTGCAGTGA-3’ and reverse 
5’-CGAGCACGGTAGGGACAGTTCA-3’; superoxide 
dismutase 2 (SOD2 ), forward 5’-GCAGCTGCACCA-
CAGCAAGC-3’ and reverse 5’-CGTGCTCCCACACAT-
CAATCCCC-3’; glutathione peroxidase 1 (GPX1 ), for-
ward 5’-TGGGCATCAGGAGAACGCCA-3’ and reverse 
5’-GGGGTCGGTCATAAGCGCGG-3’; GPX3 , forward 
5’-TGACGGGCCAGTACATTGA-3’ and reverse 5’-TC-
CACCTGGTCGGACATACT-3; glutathione reductase 
(GSR), forward 5’-AGGAGCTGGAGAACGCTGGC-3’ and 
reverse 5’-CAATGGCCCAGAGCAGGCA-3’; and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH), for-
ward 5’-GTCAGTGGTGGACCTGACCT-3’ and reverse 5’- 
AGGGGTCTACATGGCAACTG-3’. For amplification, the 
iQ SYBR gene expression assay (Bio-Rad Laboratories) 
was used according to the manufacturer’s instructions.

7. Western blot analysis
The cells were extracted in RIPA buffer and centrifuged 
at 12,000 ×g for 10 minutes at 4°C and the protein con-
tent in the supernatants was quantified via BCA (Ther-
mo Scientific, Rockford, IL, USA). The cell extracts were 
then separated via 12% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis, transferred onto PVDF 
membranes (Millipore, Bedford, MA, USA), and blocked 
with 5% skim milk for 1 hour at room temperature. The 
membranes were blotted with monoclonal antibod-
ies against specific proteins, as indicated. Antibodies 
against LC3B and β-actin were purchased from Abcam. 
The relative intensities of the bands were quantified us-

ing the ImageJ software (National Institutes of Health, 
Bethesda, MD, USA).

8. Statistical analysis
Data are expressed as mean±standard deviation of 
three independent experiments and statistically ana-
lyzed using one-way ANOVA with the Tukey post-hoc 
test or two-way ANOVA with the Bonferroni test, using 
the GraphPad Prism statistical software (San Diego, 
CA, USA). Statistical significance was set at p<0.05.

Results 

1.  Urban PM and CSE decreased cell viability and 
NAC pretreatment exhibited protective effects on 
cell survival

To identify the effect of urban PM on BEAS-2B cells, we 
used an EZ-CYTOX assay and measured cell viability af-
ter exposure to various concentrations of PM with and 
without CSE. 
 We found that cellular cytotoxicity after treatment 
with PM increased in a concentration-dependent man-
ner (Figure 1A). We next investigated the effect of CSE 
on PM-induced cytotoxicity. BEAS-2B cells exposed to 
1% CSE were not affected but 5% CSE exposure signifi-
cantly decreased cell viability. Moreover, CSE exposure 
further decreased cell viability in PM-exposed cells at 
both high (5%) and low (1%) concentrations (Figure 
1B). 
 To assess the protective effect of the antioxidant NAC 
against cytotoxicity, we pre-treated BEAS-2B cells with 
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Figure 1. Effect of urban particulate matter (PM) and cigarette smoke extract (CSE) on the viability of BEAS-2B cells. (A) 
Cell viability after treatment with various concentrations of urban PM for 24 and 48 hours. (B) Cells were treated with 1% 
and 5% CSE with or without PM for 24 hours. (C) Effect of antioxidants on cell viability in CSE/PM-exposed cells. BEAS-
2B cells were pre-treated with N-acetylcysteine (NAC) for 1 hour, then treated with 70 μg/cm2 of PM with or without 5% 
CSE for 12 hours. Data are expressed as mean±standard deviation (SD). #Compared to vehicle, §Compared with urban 
PM or CSE, *p<0.05, **p<0.01, ***p<0.001. 
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10 mM NAC for 1 hour. Then, cells were incubated with 
PM at a concentration of 70 μg/cm2 and 5% CSE for 12 
hours. Our results showed that NAC pretreatment re-
versed the decrease in cell viability caused by exposure 
to PM or CSE alone. Furthermore, the cytotoxic effects 
induced by simultaneous exposure to PM and CSE 
were also restored by NAC pretreatment. This suggests 
a protective effect of NAC against the cytotoxic effects 
of PM and CSE exposure (Figure 1C). 

2.  Urban PM and CSE increased oxidative stress and 
NAC pretreatment exerted beneficial effects on 
oxidative stress 

Cells were treated with 50 μg/cm2 of urban PM with or 
without 5% CSE for 24 hours and then the DCFDA as-
say was performed to quantify ROS generation levels. 
Treatment with 50 μg/cm2 of urban PM was shown to 
increase ROS generation when compared to control 
cells but treatment with 5% CSE alone did not affect 
oxidative stress levels (Figure 2A). 
 Next, to assess the effect of NAC on ROS generation, 
cells were pre-treated with 1, 5, or 10 mM NAC and 
then incubated with the same concentration of PM 
and/or CSE. Afterwards, the DCFDA assay was used to 
detect cellular ROS levels. NAC pretreatment did not 
reduce ROS levels in PM-exposed cells, but significant-
ly decreased ROS levels in CSE-exposed cells in a con-
centration-dependent manner. Notably, the protective 
effect of NAC against oxidative stress persisted when 
the cells were simultaneously treated with both PM 

and CSE (Figure 2B). 

3.  Urban PM and CSE altered the expression of 
genes encoding antioxidant enzymes 

The relative expression of genes encoding antioxidant 
enzymes in urban PM and CSE-treated cells after 24 
hours is shown in Figure 3. Quantitative reverse tran-
scription polymerase chain reaction (RT-PCR) analysis 
revealed decreased CAT, SOD2, GPX1, GPX3, and GSR 
gene expression levels in BEAS-2B cells exposed to 70 
μg/cm2 of PM when compared to control cells. More-
over, cells exposed to 5% CSE exhibited decreased 
CAT, SOD2, and GPX1 gene expression levels but in-
creased GPX3 and GSR gene expression levels when 
compared to control cells. When cells were simultane-
ously treated with both PM and CSE, CAT and GPX3 
gene expression levels were shown to be decreased, 
but not significantly when compared to cells exposed 
to urban PM alone. In the case of SOD2 and GPX1, 
gene expression levels were decreased in cells ex-
posed to both PM and CSE, but not significantly when 
compared to cells treated with PM or CSE alone. Only 
GSR gene expression levels were found to be signifi-
cantly reduced in cells exposed to both PM and CSE 
simultaneously when compared to cells exposed to PM 
or CSE alone. 
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Figure 2. Effects of urban particulate matter (PM) and cigarette smoke extract (CSE) on reactive oxygen species (ROS) 
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4.  Potential protective effect of NAC against urban 
PM and CSE-induced altered expression of 
antioxidant enzymes genes

To evaluate the protective effect of NAC against the 
altered expression of genes encoding antioxidant 
enzymes, cells were pre-treated with 5 and 10 mM 
of NAC for 1 hour, then incubated with 50 μg/cm2 of 
urban PM with or without 5% CSE. RT-PCR was then 
used to quantify the expression of antioxidant en-
zyme-encoding genes (Figure 4). Our results showed 
that the protective effect of NAC pretreatment differed 
for each gene. For CAT and SOD2, 5 mM NAC pre-
treatment restored the reduced CAT gene expression 
induced by PM or CSE exposure alone, while it had no 
effect on CAT gene expression levels induced by PM 
and CSE co-exposure. Notably, pretreatment with high 
NAC concentrations (10 mM) did not exert a beneficial 

effect. However, reduced GPX1 gene expression levels 
induced by PM and/or CSE exposure were also recov-
ered by NAC pretreatment, and this protective effect 
was more prominent at high NAC concentrations. For 
the GPX3 gene, NAC pretreatment did not exert a pro-
tective effect against the PM and/or CSE exposure-in-
duced reduction in GPX3 gene expression levels. Fi-
nally, for the GSR gene, pretreatment with 5 mM NAC 
recovered the decreased expression of GSR induced 
by CSE exposure but had no effect on the decreased 
GSR gene expression levels induced by PM or simulta-
neous PM and CSE exposure.

5.  Urban PM and CSE exposure increased autophagy 
in BEAS2-B cells 

Exposure to urban PM for 24 hours resulted in a 
dose-dependent increase in LC3I to LC3II conversion 
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Figure 3. Effect of urban particulate matter (PM) and cigarette smoke extract (CSE) on the mRNA expression of antioxi-
dant-related genes. Cells were treated with urban PM at 70 μg/cm2 and 5% CSE for 24 hours and the expression levels of 
genes encoding antioxidant enzymes were quantified by real-time polymerase chain reaction, while the mRNA expres-
sion levels of catalase (CAT) (A), superoxide dismutase 2 (SOD2) (B), glutathione peroxidase (GPX) (C, D), and glutathione 
reductase (GSR) (E) were evaluated. GAPDH: glyceraldehyde-3-phosphate dehydrogenase. #Compared to the urban PM 
or CSE group, *p<0.05, ***p<0.001. n.s.: not significant.
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(Figure 5A). To investigate the additive effect of CSE ex-
posure in urban PM-exposed cells, experiments were 
repeated with cells exposed to PM with or without 

5% CSE. We found that autophagic activation was in-
creased when cells were exposed to both CSE and PM 
(Figure 5B). 
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Figure 5. Urban particulate matter (PM) and cigarette smoke extract (CSE) induces autophagy in normal bronchial epi-
thelial cells (HBEpiC). (A) Western blotting of LC3B protein accumulation in HBEpiC. Cell lysates obtained after exposure 
to urban PM were used for western blot experiments to evaluate protein expression; β-actin was used as the control. (B) 
Intensified LC3B-II accumulation by CSE co-treatment.
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Figure 4. Effect of N-acetylcysteine (NAC) on urban particulate matter (PM) and cigarette smoke extract (CSE) induced 
altered mRNA expression of antioxidant encoding genes. Cell lysates were used to perform real-time polymerase chain 
reaction experiments and the mRNA expression levels of catalase (CAT) (A), glutathione peroxidase (GPX) (B, C), glutathi-
one reductase (GSR) (D), and superoxide dismutase 2 (SOD2) (E) were evaluated after 24 hours of exposure to urban PM 
and CSE. GAPDH: glyceraldehyde-3-phosphate dehydrogenase. #Compared to the vehicle, §Compared with urban PM or 
CSE, *p<0.05, **p<0.01, ***p<0.001.
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6.  NAC pretreatment attenuated autophagy induced 
by PM and CSE exposure

The increase in LC3B expression caused by urban PM 
was not affected by NAC pretreatment. However, NAC 
pretreatment exhibited a profound protective effect 
against CSE-induced autophagy activation. Moreover, 
NAC pretreatment also reduced LC3B expression lev-
els induced by exposure to both PM and CSE (Figure 
6A). 
 Relative LC3B-I expression levels were markedly 
increased by CSE exposure and NAC pretreatment sig-
nificantly reduced this effect (Figure 6B). However, ur-
ban PM did not affect LC3B-I expression levels. In con-
trast, exposure to PM or CSE increased relative LC3B-
II expression levels, an effect which was intensified by 
PM and CSE co-treatment. NAC pretreatment inhibited 
the effects induced by PM exposure with or without 
CSE and was shown to significantly increase LC3B-II 
expression levels (Figure 6C). The ratio between LC3B-
II and LC3B-I was markedly increased by exposure to 
PM or CSE but was reduced by NAC pretreatment. 
However, in cells exposed to both PM and CSE, the 
LC3B-II/I ratio did not increase when compared to cells 
treated with PM alone and NAC pretreatment had no 
effect on the LC3B-II/I ratio (Figure 6D). 

7.  Apoptosis and necrosis in urban PM and CSE 
induced cytotoxicity 

To evaluate another mechanism such as apoptosis 
and necrosis involved in PM and CSE induced cyto-
toxicity, caspase-3 and cyclophilin A expression were 
investigated by western blot method. The expression 
of caspase-3 was increased by CSE and that of cyclo-

philin A was increased by PM, and NAC pretreatment 
decreased both (Figure 7). 

Discussion

In the present study, we showed that urban PM expo-
sure alone or in combination with CSE decreased cell 
survival in normal bronchial epithelial cells, a process 
that might be mediated by increased oxidative stress 
and autophagy activations. Moreover, we showed that 
antioxidant NAC treatment attenuated PM and CSE-in-
duced adverse effects in bronchial epithelial cells. 
 The pathogenesis of COPD remains unclear and is 
believed to be induced by multiple factors. Cigarette 
smoking is considered the most relevant and well-
known risk factor of COPD, with only approximately 
25%–40% of COPD cases not being associated with 
smoking15. According to a report from the Health Ef-
fects Institute in the United States, the annual mean 
concentration of PM2.5 increased from 26 μg/m3 in 1990 
to 29 μg/m3 in 201516. Likewise, in Korea, the average 
annual concentration of PM is steadily increasing17. Al-
though epidemiologic evidence has confirmed the role 
of PM exposure in increased COPD exacerbation and 
mortality2,5-7, the mechanism underlying this process 
remains unclear. Furthermore, there is limited evidence 
for the role of PM exposure in COPD incidence18,19. PM 
is composed of diverse chemicals and induces inflam-
mation and oxidative stress in various cells10. Recently, 
several studies have investigated the effects of PM and 
CSE on cell damage and identified clues regarding the 
mechanisms underlying these effects20-23. PM2.5 was 
shown to aggravate inflammatory processes and apop-
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tosis in cigarette-inflamed bronchial epithelium both 
in vivo and in vitro 20. This suggested a possible mech-
anism for the effects of PM2.5 in COPD by showing that 
cigarette-inflamed airways were more vulnerable to 
PM2.5 than normal airways. Zhou et al.21 found that the 
microRNA miR-194-3p is a biomarker of COPD and is 
correlated with the PM2.5-induced decline in lung func-
tion. The authors also showed that PM2.5 significantly 
aggravated apoptosis in cigarette-inflamed bronchial 
epithelial cells and that miR-194-3p was downregulat-
ed in PM2.5 and cigarette smoke-treated bronchial epi-
thelial cells21.
 Oxidative stress is an important factor in the patho-
physiology of COPD, with H2O2 levels being increased 
in the airways of patients with COPD24,25. Moreover, 
H2O2 levels were shown to be increased in exacerbated 
COPD when compared to COPD patients in the stable 
state26. The adverse effects of PM on respiratory diseas-
es have not been clearly elucidated but oxidative stress 
is considered the most important axis of PM-induced 
cytotoxicity. In this study, we confirmed that PM expo-

sure exerts adverse effects on oxidative stress in bron-
chial epithelial cells and concomitant CSE exposure 
aggravates this cytotoxic effect. 
 Exposure to both urban PM and CSE increased ROS 
generation when compared to exposure to each PM 
or CSE alone. However, exposure to CSE alone did not 
significantly affect ROS generation when compared to 
exposure to PM alone. In addition, the influence of PM 
and CSE exposure on the expression of antioxidant en-
zyme-encoding genes was shown to be slightly differ-
ent by each gene. PM exposure was shown to induce 
higher decreases in CAT and SOD2, GPX and GSR 
gene expression level. CSE also decreased the gene 
expression of CAT, SOD2, GPX1 but rather increased 
GPX3 and GSR expression. The effect of simultaneous 
PM and CSE exposure was prominent but the synergis-
tic effect was insignificant. Possible explanation of the 
opposite effects by CSE on antioxidant enzyme gene 
expression is due to the mechanism involved in the 
redox (reduction-oxidation) cycle. GPX and GSR share 
the redox cycle requiring glutathione (GSH) as a cofac-
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tor. GSH is regarded as a key antioxidant that may react 
with free radicals either directly or through redox cycle. 
However, other antioxidant enzymes such as CAT and 
SOD are NADPH-independent and could directly detox-
ify ROS. The cellular antioxidant defense mechanisms 
are complex and compartmentalized; for instance, the 
nuclear and cytoplasmic level may have independent 
contribution27,28. Exposure to PM and CSE induces cy-
totoxicity by worsening oxidative stress via reduction 
of antioxidant enzyme-encoding gene expression, as 
well as stimulation of ROS generation. However, PM 
and CSE seem to play slightly different roles in this pro-
cess. In many studies that have used CSE in bronchial 
epithelial cells, variable concentrations have been ap-
plied29-31. In this study, we found 1% CSE was the opti-
mal concentration for cell viability. However, it exerted 
variable responses to intensity of oxidative stress and 
expression of antioxidant enzyme coding genes. Sta-
bility during repeated experiments and concentration 
of CSE might influenced the results. Therefore, further 
studies through stable CSE are required to clarify the 
mechanisms underlying the effects of PM and CSE on 
oxidative stress. 
 An increase in epithelial cell apoptosis has been 
observed in the lungs of COPD patients, which can 
lead to emphysema, a well-known radiologic feature of 
COPD32. Several studies have reported that autophagy 
plays an important role in respiratory diseases33. Au-
tophagy is a major intracellular pathway for the degra-
dation and recycling of proteins. Moreover, organelle 
turnover is required for the survival of cells in response 
to various stress conditions, such as infection, and 
disruption of this process can cause abnormal cell 
growth or death, leading to disease34,35. During au-
tophagy, cytoplasmic materials are sequestered into 
double-membrane vesicles named autophagosomes, 
which are formed by autophagy-related proteins, such 
as Atg5 and LC313. Autophagosomes then fuse with 
lysosomes to form autolysosomes, which are degraded 
by lysosomal hydrolases36. Recently, the impact of CSE 
exposure on autophagy and emphysema progression 
was reported in BEAS2b cells, murine models, and 
human lung tissues37. BEAS2b cells and murine lungs 
exposed to CSE were shown to have increased levels 
of the impaired autophagy marker, p62, in aggresome 
bodies and, moreover, treatment with the autophagy-in-
ducing antioxidant drug cysteamine was found to de-
crease the number of CSE-induced aggresome bodies. 
Furthermore, the number of aggresome bodies were 
found to be elevated in the lungs of smokers and COPD 
subjects when compared to non-smokers and this 
was shown to be correlated with emphysema severity. 

Notably, it was reported that PM2.5-induced oxidative 
stress might play an important role in autophagy in 
A549 cells derived from human lung adenocarcinoma 
epithelial cell lines22. Moreover, PM2.5 not only induces 
the production of pro-inflammatory cytokines but also 
promotes the expression of autophagy indicators in 
normal airway epithelial cells23. However, there is a lack 
of studies investigating the additive adverse effects of 
PM and CSE-induced autophagy responses in normal 
bronchial epithelial cells. We hypothesized that CSE 
aggravates not only PM-induced oxidative stress but 
also the autophagy response, and we found that con-
comitant exposure to urban PM and CSE increased 
ROS generation and aberrant expression of antioxidant 
enzyme-coding genes, as well as increased autophagy 
responses in vitro. 
 We further analyzed the protective effects of antioxi-
dants against these processes. The role of antioxidants 
on air pollutant related adverse effects have been ex-
tensively studied. Antioxidant supplements, such as vi-
tamins C and E, were shown to diminish air pollutant-in-
duced lung function abnormalities in a meta-analysis 
that included 12 articles38. Probucol and antioxidant 
vitamins C and E were found to recuperate cigarette 
smoke mediated impairment of ischemia-induced neo-
vascularization via improvement of oxidative stress and 
the function of endothelial progenitor cells39. In this 
study, we demonstrated that NAC exerts a protective 
effect against cellular toxicity induced by PM and CSE 
exposure by regulating oxidative stress and autophagy 
responses. Although Figure 1C implies NAC induced 
cytotoxicity and also insufficiently restored antioxidant 
coding genes by NAC treatment were observed, but 
cytotoxicity due to the NAC itself is not considerable 
(Supplementary Figure S1).
 In this in vitro study of PM and CSE induced cytotox-
icity in normal bronchial epithelial cells, we found oxi-
dative stress and autophagy activation were involved in 
cytotoxic process and NAC has a potential protective 
effect. Moreover, apoptosis and necrosis also involved 
in cytotoxic pathway by PM and CSE and influenced 
by NAC. The results of our experiments will help to ad-
vance our understanding of the cytotoxicity of PM and 
CSE on human airway cells and establish further stud-
ies. 
 The present study has several clinical implications. 
First, we focused on how cell survival, oxidative stress, 
and autophagy levels may be regulated upon simul-
taneous treatment with both PM and CSE in normal 
human bronchial epithelial cells. This observation may 
be correlated with the adverse health effects of PM 
and CSE on the pathogenesis of chronic inflammatory 
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airway diseases such as COPD. Second, we attempted 
to demonstrate the protective role of NAC. Previous 
research suggested that the anti-inflammatory effect of 
NAC may differ in vivo and in vitro and that it is depen-
dent on dose40; however, other studies have reported 
long-term effectiveness in in vivo  experiments at low 
doses41,42. Therefore, future studies are required to 
determine the optimal dosage and treatment time, as 
well as the mechanisms underlying the effects of NAC 
on oxidative stress and cytotoxicity induced by expo-
sure to PM and CSE. Third, autophagy is a process that 
maintains homeostasis by degrading damaged and 
misfolded proteins and transporting aged organelles 
to lysosomes for elimination and digestion. There are 
three major types of autophagy: macroautophagy, 
microautophagy, and chaperone-mediated autopha-
gy43. Of these, we investigated whether PM and CSE 
induced changes in the general autophagy pathway, 
macroautophagy. However, selective forms of autoph-
agy may also be involved in the cytotoxicity induced 
by PM and CSE. Therefore, studies investigating the 
involvement of other forms of autophagy in PM and 
CSE-induced cytotoxicity are needed. 
 In conclusion, our findings suggest that PM and CSE 
co-exposure aggravated cytotoxicity and this process 
was probably mediated by increased oxidative stress 
and autophagy responses in bronchial epithelial cells. 
Moreover, we showed that the antioxidant NAC re-
presses PM and CSE-induced cytotoxicity by reducing 
ROS generation and attenuating autophagy responses 
in normal bronchial epithelial cells. Thus, a better un-
derstanding of the mechanism underlying the cytotoxic 
effects of PM and CSE exposure may lead to more ef-
fective interventions to prevent chronic inflammatory 
airway diseases. 
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