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Abstract
Background: Lung epithelial cells serve as �rst line of defense against various inhaled pollutant particles.
This study focused on assessing the impact of organic extracts of PM2.5 collected in Seoul, South Korea
on primary human lung epithelial cells and identifying the relevant components and sources which
induced lung epithelial cell injury.

Results: We used primary lung epithelial cells isolated directly from healthy donors and evaluated the
effects of organic compounds of twelve selected, seasonal PM2.5 on in�ammation, cellular aging, and
macroautophagy in primary lung epithelial cells. Organic extracts of PM2.5 speci�cally induced
neutrophilic chemokine, interleukin-8, via extracellular signal regulated kinase activation. Moreover, PM2.5

signi�cantly increased the expression of aging markers (p16, p21, and p27) and activated
macroautophagy. Average mass concentrations, OC and EC, had no signi�cant correlations with PM2.5

effects. However, regression analysis showed that polycyclic aromatic hydrocarbons and n-alkanes were
the most relevant components of PM2.5 correlated with neutrophilic in�ammation. Vegetative detritus and
residential bituminous coal combustion sources were strongly correlated with neutrophilic in�ammation,
aging and macroautophagy activation.

Conclusions: These data suggest that the chemical composition of PM2.5 is crucially important to
determine the adverse health effects of PM2.5. Our study provides encouraging evidence to regulate the
harmful components of PM2.5 in Seoul. 

Background
The persistent occurrence of ambient air pollution has attracted a large amount of attention as a global
environmental issue. The International Agency for Research on Cancer (IARC) classi�ed particulate
matter from outdoor air pollution as a Group 1 carcinogen in 2013 [1]. In particular, ambient �ne
particulate matter (PM2.5) which has an aerodynamic diameter of 2.5 µm or less is well known to be
correlated with an increase in mortality and morbidity caused by cardiovascular and pulmonary
impairments [2–6]. As the airway is the �rst line of defense against inhaled PM2.5, studies have
discovered that particulate matter elicits oxidative stress and in�ammation, which induce in�ammatory
lung diseases such as chronic obstructive pulmonary disease (COPD) and lung cancer [7–10]. Potential
mechanisms of PM2.5-induced adverse health effects on the human respiratory system have been
consistently found in toxicological, experimental-based studies and in epidemiological studies [3, 11–13].
To investigate the effects of PM2.5, number of toxicological studies used commercial lung epithelial cells
[14–17] and Standard Reference Materials (SRM) urban particulate matter. However, the effects of
collected ambient particulate matter, especially in Seoul, South Korea, on primary human airway epithelial
cells (HAECs) isolated directly from healthy donors are not studied.
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Due to the complexity of PM2.5 itself, the adverse health effects of PM2.5 may be different depending on
chemical characteristics, sources, and regions. While PM2.5 is composed of various chemical
constituents, organic material is chemical constituents that comprise about 20–40% of PM2.5 mass in
urban area [18–20] and organic carbon (OC) and elemental carbon (EC) are highly related to adverse
health effects such as emergency room visits and cardiopulmonary diseases [21–23]. In addition, organic
compounds such as polycyclic aromatic hydrocarbons (PAHs) are prominent carcinogens [24–26]. Thus,
�nding the sources of PM2.5 based on local chemical characteristics and linking to toxicological effects
is needed. With the supposition that the PM2.5 in Seoul will have distinct organic compounds and
contributing sources, we analyzed organic compounds in PM2.5 and identi�ed potential contributing
sources by using a receptor model. Recently, the frequency of high concentration events (HCEs) has been
increasing in Seoul. According to The 2016 Environmental Performance Index Report, more than 50% of
Korean people are exposed to dangerous levels of PM2.5 [27]. In the present study, we investigated the
impact of organic extracts of PM2.5 collected in Seoul, South Korea on primary human lung epithelial
cells and identi�ed the relevant components and sources in PM2.5.

Results

The Effect of PM2.5 Organic Compounds on Cell Viability in
Lung Epithelial Cells (BEAS-2B)
As PM2.5 organic compounds have been shown to be cytotoxic, we �rst evaluated the dose dependent
effect of PM2.5 organic compounds on the viability of lung epithelial cells. BEAS-2B cells were treated
with vehicle control (V.C., dichloromethane) and PM2.5 organic extracts (0.1, 0.5, 1, 2%) of single sample
(sample collected on November 8th, 2016) for 24 h, and cell viability assays (MTT and LDH release
assays) were performed. PM2.5 organic extracts (1%) or less did not affect cell viability (Fig. 1). Based on
this result, we used PM2.5 (1%) in all experiments.

The Effect of PM 2.5 Organic Compounds on Cytokine Production and the Expression of Aging and
Macroautophagy Markers in BEAS-2B Cells

To test whether PM2.5 organic compounds (collected on November 8th 2016) induce the production of
pro-in�ammatory or anti-in�ammatory cytokines in lung epithelial cells, BEAS-2B cells were incubated
with V.C. and PM2.5 (1%) for 24 h. The levels of interleukin-1β (IL-1β), IL-6, IL-8, tumor necrosis factor-α
(TNF-α), IL-17, basic �broblast growth factor (bFGF), and vascular endothelial growth factor (VEGF) in cell
culture media were determined by a multiplex bead assay. PM2.5 organic compounds exclusively induced
the production of IL-8 but not IL-1β, IL-6, TNF-α, IL-17, bFGF, or VEGF (Fig. 2A and B). IL-8 is the primary
cytokine involved in the recruitment of neutrophils to the site of infection or damage [34]. IL-8 released
from lung epithelial cells is well known to recruit neutrophils to the lung, thus further amplifying
in�ammation. It has been suggested that mitogen-activated protein (MAP) kinases, especially
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extracellular signal-regulated kinase (ERK), play a role in PM2.5-induced pro-in�ammatory signaling [35].
Therefore, we investigated the role of the ERK pathway in PM2.5-induced IL-8 production. PM2.5 activated
ERK (Fig. 2C), and blocking ERK activation by a chemical inhibitor (U0126) decreased the PM2.5-mediated
production of IL-8 (Fig. 2D). These data suggest that the ERK pathway is responsible for IL-8 release in
response to PM2.5 stimulation in lung epithelial cells.

Senescence and macroautophagy activation in lung epithelial cells were reported to be involved in the
pathogenesis of in�ammatory lung diseases such as COPD [36]. To investigate the effect of PM2.5 on
senescence and macroautophagy activation in lung epithelial cells, BEAS-2B cells were treated with PM2.5

organic extracts for 24 h, and the expression levels of senescence markers (p16, p21, and p27) and a
macroautophagy marker (light chain 3B, LC3B) were evaluated by Western blot analysis. Signi�cant
increase in the expression levels of p16, p21, p27, and LC3B were shown (Fig. 3).

The Effect of PM2.5 Organic Compounds on In�ammation,
Aging, and Macroautophagy Activation in Primary HAECs
To con�rm the activation of ERK and increased levels of IL-8 in primary cells, primary HAECs from six
healthy control patients with no symptoms of COPD or respiratory diseases were collected using a
bronchial brush. The epithelial lineage was veri�ed by immunohistochemical staining. Cultured primary
HAECs stained intensely and exclusively for epithelial-speci�c markers (cytokeratin and E-cadherin). No
expression was observed for macrophages and endothelial lineage markers (CD11b and CD31) (data not
shown). Veri�ed HAECs were exposed to PM2.5 organic extracts (1%) for 24 h. PM2.5 (1%) did not affect
cell viability of primary HAECs as well as BEAS-2B cells (data not shown). PM2.5 activated ERK and
induced IL-8 production (Fig. 4A-C). The expression levels of active ERK and IL-8 were signi�cantly higher
when the cells were exposed to fall and winter samples than when cells were exposed to spring and
summer samples (Fig. 4B-C). Moreover, we observed that PM2.5 signi�cantly increased the expression
levels of senescence markers (p16, p21, and p27) and activated macroautophagy (Fig. 5A-B). No
signi�cant seasonal differences were found in the expression levels of senescence and macroautophagy
markers (Fig. 5B).

Analysis of PM2.5 constituents correlated with
in�ammation, aging, and macroautophagy activation
As Fig. 6A shows, the average mass concentration of the twelve PM2.5 samples was 83.2 ± 3.85 µg/m3.
Divided seasonally, the highest average PM2.5 mass concentration was observed in spring (149 ± 

11.2 µg/m3), followed by winter (76.4 ± 3.41 µg/m3), summer (59.0 ± 10.1 µg/m3), and fall (48.4 ± 
5.97 µg/m3). The average concentrations of OC and EC in the twelve samples were 11.5 ± 0.34 µg/m3

and 1.32 ± 0.05 µg/m3, respectively. The seasonal averages of OC and EC concentrations showed similar
trend as the seasonal average PM2.5 mass concentrations; thus, the average concentrations were the
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highest in the spring (OC: 15.3 ± 0.43 µg/m3, EC: 2.06 ± 0.05 µg/m3), followed by winter (OC: 13.2 ± 
0.41 µg/m3, EC: 1.38 ± 0.14 µg/m3), fall (OC: 9.53 ± 1.25 µg/m3, EC: 1.00 ± 0.06 µg/m3) and summer (OC:
7.92 ± 1.51 µg/m3, EC: 0.84 ± 0.20 µg/m3).

The overall average and seasonal average concentrations of the sum of PAHs, n-alkanes, hopanes and
alkylcyclohexanes and isoprenoids were calculated and are presented in Fig. 6B (Table S3). While n-
alkanes had the highest average concentrations among organic compounds, the highest average
concentration was observed in winter (96.9 ± 9.05 ng/m3), followed by fall (80.1 ± 2.15 ng/m3), summer
(79.5 ± 7.18 ng/m3) and spring (74.4 ± 1.75 ng/m3). The average concentrations of alkylcyclohexanes
and isoprenoids were the highest in winter (92.1 ± 15.4 ng/m3) and the lowest in spring (23.8 ± 
6.97 ng/m3). For PAHs, the average concentration in winter (34.0 ± 2.00 ng/m3) was the highest, followed
by fall (22.3 ± 2.65 ng/m3), spring (9.88 ± 0.44 ng/m3), and summer (7.13 ± 0.37 ng/m3). Unlike other
organic compounds, hopanes had the highest average concentration in summer (1.57 ± 0.13 ng/m3),
followed by fall (1.25 ± 0.09 ng/m3), spring (1.04 ± 0.03 ng/m3), and winter (0.69 ± 0.12 ng/m3). The
seasonal trends of organic compounds did not follow those of PM2.5 and OC.

The association between PM2.5 organic compounds and IL-8 production was measured by using the
Pearson correlation coe�cient (r). R values greater than 0.70 with a p-value less than 0.05 were
considered highly correlated compounds. PM2.5 mass concentrations, OC and EC had negative or no
signi�cant correlations with in�ammation, aging, and macroautophagy activation, while several organic
compounds showed signi�cant correlations.

The results showed that increases in PAHs and several n-alkanes were highly associated with increases
in both ERK activation and IL-8 production (Table S4, Table S5). PAHs such as phenanthrene, anthracene,
�uoranthene, pyrene, cyclopenta[cd]pyrene, benzo[a]anthracene, benzo[b]�uoranthene,
benzo[k]�uoranthene, benzo[a]pyrene, benzo[e]pyrene, indeno[1,2,3-cd]pyrene, dibenzo[a,h]anthracene,
picene, benzo[ghi]perylene, and coronene showed a high correlation with the expression levels of active
ERK and IL-8. The n-alkanes that had high correlations with active ERK and IL-8 were C27, C30, C31, C32,
C33, and C34. Among alkylcyclohexanes and isoprenoids, only dibenzofuran was highly correlated with
active ERK and IL-8 (Table S6).

PAHs and n-alkanes also showed high correlations with the expression of aging and macroautophagy
markers (Table S7, Table S8). The PAHs highly correlated with p27 were pyrene, cyclopenta[cd]pyrene,
benzo[a]anthracene, benzo[b]�uoranthene, benzo[e]pyrene, indeno[1,2,3-cd]pyrene, and
benzo[ghi]perylene. The macroautophagy marker, LC3B, was highly correlated with �uoranthene, pyrene,
benzo[a]anthracene, benzo[b]�uoranthene, indeno[1,2,3-cd]pyrene, benzo[ghi]perylene, and coronene.

Analysis of CMB results correlated with in�ammation,
aging, and macroautophagy activation
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The CMB model using molecular marker was performed to calculate source contributions to OC in PM2.5.
Even though only up to 20% of organic compounds can be quanti�ed, these have been applied for source
apportionment through CMB [37, 38]. Source contribution estimates and percentages obtained from the
CMB model are displayed in Fig. 7 (Table S2). The percent contribution was calculated by dividing the
source contribution estimates by the OC concentrations. Four sources were identi�ed as major
contributors: vegetative detritus, diesel engines, gasoline motor vehicles, and residential bituminous coal
combustion soot.

The source with the highest percent contribution was gasoline motor vehicles (7.8%). The contribution of
gasoline motor vehicles in summer (13.5%) was 11.6% higher than that in spring (1.9%). Vegetative
detritus, a biogenic source from leaf abrasions [31], had an overall average contribution of 6.0%. The
contributions of vegetative detritus in fall (8.6%) and winter (8.4%) were higher than those in spring
(3.6%) and summer (2.4%). Residential bituminous coal combustion soot sources had an average
contribution to OC of 2.9%. The signi�cantly higher contributions of residential bituminous coal
combustion soot in fall (4.1%) and winter (5.9%) than in spring (1.1%) and summer (0.2%) may be due to
the higher usage of residential heating during cold seasons. The contribution of diesel engines to the
total samples was 2.8%. Although the contributions of diesel engines in spring (4.9%) and summer (3.1%)
were higher than those in fall (1.9%) and winter (1.8%), the overall contributions were relatively consistent
throughout the seasons. Although the four identi�ed primary sources explained approximately 18% of the
total PM2.5 source contributions, marked seasonal variations were observed.

Correlations between four major primary contributing sources and ERK activation, IL-8 production, and
the expression levels of aging and macroautophagy markers were examined (Fig. 8), and p-ERK, IL-8, p27,
and LC3B showed a high correlation with vegetative detritus and residential bituminous coal combustion.
Diesel engines and gasoline motor vehicle sources did not show any association. IL-8 release had high
correlations with vegetative detritus (r = 0.84) and residential bituminous coal combustion soot (r = 0.85).
Similarly, ERK activation had a high correlation with vegetative detritus (r = 0.82) and residential
bituminous coal combustion soot (r = 0.91). The expression levels of p27 and LC3B had moderately high
correlations with vegetative detritus (r = 0.58, r = 0.72) and residential bituminous coal combustion soot (r 
= 0.54, r = 0.63).

Discussion
The constituents and sources of ambient PM2.5 organic aerosols inducing adverse health effects are not
yet well understood. In the present study, we show that organic extracts of PM2.5 collected in Seoul during
HCEs induce neutrophilic in�ammation, cellular aging, and macroautophagy activation in primary lung
epithelial cells. In particular, several organic constituents (i.e., PAHs and n-alkanes), as well as speci�c
sources, including the biomass related source (i.e., vegetative detritus) and residential bituminous coal
combustion soot, were found to be highly correlated with increases in in�ammation and cell senescence,
and macroautophagy activation.
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PAHs and n-alkanes were most relevant components to mediate ERK activation-dependent IL-8
production. The PAHs compounds including benzo[a]pyrene, cyclopenta[cd]pyrene,
dibenzo[a,h]anthracene, benzo[a]anthracene, benzo[b]�uoranthene, benzo[k]�uoranthene, and
indeno[1,2,3-cd]pyrene were signi�cantly involved in causing IL-8 production. Similar to our results,
previous studies have demonstrated that the exposure to PAHs in PM2.5, major components of
carbonaceous species signi�cantly induces pro-in�ammatory cytokine production [39, 40]. The IL-8
release and ROS generation are known to be mainly related to OC, especially PAHs which are primary
organic compounds from heating sources.

The average concentrations of PAHs were higher during cold seasons than that of warm seasons

in Seoul and found that PM2.5 samples from cold seasons were highly correlated with in�ammation. The
study which was conducted in Nanjing, China, shows similar seasonal trend. Cold seasons have higher
levels of PAHs which mediate lung epithelial cell death and in�ammation [40]. While many studies have
reported that PM2.5 induces the release of several in�ammatory cytokines such as IL-1β, IL-6, TNF-α,
organic extracts of PM2.5 collected in Seoul speci�cally induced IL-8 production, which might be due to
the difference in chemical composition of PM2.5 from different locations and difference in cell-type.

PAHs may be emitted both from natural and anthropogenic sources. However, anthropogenically
produced PAHs are predominant [41]. Due to the relationship between temperature and vapor pressure,
airborne PAHs are more likely to bound to particulate matter in winter; on the contrary, larger fraction are
in gas phase in summer [42, 43]. As PAHs are also produced in the process of incomplete combustion of
organic materials [44], high concentrations of PAHs during fall and winter may have affected high
contributions of residential bituminous coal combustion soot.

In this study, n-alkanes with high molecular weight such as C27 to C34 were signi�cantly correlated with
in�ammation. N-alkanes are usually used as marker for sources such as coal combustion, motor vehicle
exhaust, and vegetative detritus and are well-known to be related to IL-8 release and ROS generation [45,
40]. In this study, vegetative detritus which is a biogenic source was identi�ed by n-alkanes. Though the
average carbon preference index (CPI) [46] of the analyzed samples was 0.8 which indicates the
anthropogenic in�uence of the source.

Many epidemiologic studies have discovered the association between PM2.5 sources and mortality [47–
49]. In Korea, biomass burning, gasoline, and diesel emission sources were found to be substantially
associated with cardiovascular and respiratory mortality [49]. Toxicological studies have found the
cytotoxicity and adverse health effects of sources such as combustion and vehicle emission [50–55]. In
this study, vegetative detritus and residential bituminous coal combustion sources were found to be
highly correlated with in�ammation, aging and macroautophagy activation. No signi�cant correlation
between vehicle emission sources and in�ammation, aging and macroautophagy markers may be
resulted from usage of different PM2.5 collection method such as particles generated in smog chamber or
SRM, cell types and receptor model such as positive matrix factorization from EPA [52, 55, 56].



Page 8/23

Conclusions
Organic extracts of PM2.5 collected in Seoul, South Korea, during HCEs induced in�ammation, cellular
aging, and macroautophagy activation in primary lung epithelial cells. The average mass concentrations,
OC and EC had no signi�cant correlations with PM2.5 effects. Both PAHs and n-alkanes were the most
relevant components of PM2.5 for in�ammation, aging and macroautophagy activation. The �ndings
support the idea that the chemical constituents of PM2.5 are more important than the level of PM2.5 mass
concentrations and even low concentration of PM2.5 may have adverse impacts on the public health [6,
57, 58].

To our knowledge, this is the �rst study to assess the effects of organic compounds of seasonal ambient
PM2.5 collected in Seoul on in�ammation, cellular aging, and macroautophagy in primary lung epithelial
cells. Our results may be used as a reference for the implementation of PM2.5 reduction policy based on
chemical constituents and sources which cause adverse health effects. The limitation of this study was
that we did not consider other chemical constituents which may have affected lung epithelial cells.
Therefore, further studies which analyze other chemical constituents of PM2.5 with larger number of
samples for detailed source apportionment are needed.

Methods

Sampling Site and Collection Procedure
PM2.5 samples were collected on the rooftop of the Graduate School of Public Health building (37.581̊N,
127.001̊E) at Seoul National University in Seoul, Korea. Samples were collected for twenty-four-hour by
using a high-volume air sampler and a low-volume air sampler equipped with �lter pack (URG-2000-30FG,
URG, USA) and cyclone (URG-2000-30EH, URG, USA). A high-volume air sampler loaded with quartz
micro�ber �lters (WhatmanTM, UK) collected PM2.5 with a �ow rate of 40 cfm, and the collected �lters
were used for organic extraction. A low-volume air sampler was loaded with Te�on �lters (PTFE
membrane, Pall Corporation, USA) to measure mass concentrations and with quartz �lters (Quartz
micro�ber �lter, Pall Corporation, USA) to quantify the concentrations of OC and EC. The PM2.5 mass
concentration was measured with a semimicro balance (accuracy of 0.01 mg) (CP225D, Sartorius), and
twelve samples that were collected during HCEs between May 2016 and January 2017 were selected.
Three HCE samples from each season were selected by the Korean national air quality standards of
PM2.5 which is 24 h average concentration of 35 µg/m3. Thus, a total of twelve HCE samples were used
for this study.

Organic Extraction of the Collected PM2.5 Samples
Quartz �lters were baked in a furnace at 450℃ for 24 h, and the collected �lters were stored at -20℃
before use. Samples were punched by a stainless cutter, and two of the punched �lters (4 cm x 4 cm)
were used for extraction. Solvent mixture of dichloromethane:methanol (3:1, v/v) was used for sample
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extractions with ultrasonic bath. The extracted samples were concentrated to 10 ml by a Turbovap II
(Zymark Co., USA) with N2 gas and 0.2 µm Acrodisc Syringe Filters (Pall Corporation, USA) were used for
�ltration. The �ltered samples were then concentrated to 1 ml with a Turbovap II and Reacti-Therm
(Thermo Fisher Scienti�c, USA) under a gentle stream of N2 gas and were stored at -20℃. The
concentrated samples were used for organic compound analysis and in vitro experiments.

Cells
Normal human bronchial epithelial cells (BEAS-2B from ATCC, Manassas, VA, USA) were maintained in
de�ned keratinocyte-SFM (Gibco by Thermo Fisher Scienti�c, Waltham, MA, USA) at 37°C under 5% CO2.
Normal primary HAECs were obtained after review and approval by the Seoul National University Hospital
Institutional Review Board (SNUH IRB number: H-1602-108-742). Primary HAECs were isolated and grown
as previously described and is detailed in supporting information Materials and Methods [28].

Cell Viability
MTT and LDH release assays were performed as previously described [29] and is detailed in supporting
information Materials and Methods.

Protein Extraction and Western Blot Analysis
Protein extraction and Western blot analysis were performed as previously described (Lee et al., 2017)
and is detailed in supporting information Materials and Methods.

Multiplex Bead Assay
The levels of cytokines in cell culture media were determined using a Bio-Plex Pro™ Cytokine Assay Kit
(Bio-Rad, Hercules, CA) according to the manufacturer's instructions.

GC/MS Analysis and OC/EC Analysis
Gas chromatography-mass spectrometry (7080B/5977B, Agilent Technologies, Inc., USA) was employed
to quantify 52 organic compounds in each extract. The analyzed species included 23 species of PAHs, 17
species of n-alkanes, 7 species of hopanes and 5 species of alkylcyclohexanes and isoprenoids.

The samples collected in the low-volume sampler were punched (1.5 cm x 1.0 cm) to analyze major
components of carbon species which are OC and EC. OC and EC were analyzed with a carbon aerosol
analyzer (Sunset Laboratory Inc., USA). Thermal/optical transmittance (TOT) method was used for the
data quanti�cation.

Source apportionment of organic compounds in PM2.5
using CMB model
Source apportionment of the OC fraction of PM2.5 was performed by using a chemical mass balance
(CMB v8.2) provided by the U.S. Environmental Protection Agency (EPA). The CMB air quality model is
one of the receptor models that has been widely used to identify sources and quantify source
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contributions [30]. The concentrations of organic compounds, OC, and EC in twelve samples were used as
ambient data in addition to the speciated source pro�le data (Table S1). The optimal set of source
pro�les contained four sources which are vegetative detritus [31], residential bituminous coal combustion
soot [32], diesel engines [33], and gasoline motor vehicles [33].

Abbreviations
PM2.5: Fine particulate matter; COPD: Chronic Obstructive Pulmonary Disease; SRM: Standard Reference
Materials; HAECs: Primary Human Airway Epithelial Cells; OC: Organic Carbon; EC: Elemental Carbon;
PAHs: Polycyclic Aromatic Hydrocarbons; HCEs: High Concentration Events; GC/MS: Gas
Chromatography-Mass Spectrometry; CMB: Chemical Mass Balance; EPA: Environmental Protection
Agency; LDH: Lactate Dehydrogenase; V.C: Vehicle Control; IL-1b: Interleukin-1b; IL-8: Interleukin-8; TNF-a:
Tumor Necrosis Factor-a; bFGF: Basic Fibroblast Growth Factor; VEGF: Vascular Endothelial Growth
Factor; MAP: Mitogen-activated protein; ERK: Extracellular signal-Regulated Kinase;

Declarations
Acknowledgments

This study was supported by BK21 PLUS (no. 22A20130012682), the National Strategic Project-Fine
particle (NRF-2017M3D8A1092019), and NRF-2019R1A2C2007484 of the National Research Foundation
of Korea (NRF) funded by the Ministry of Science and ICT and grant 03-2019-0430 from Seoul National
University Hospital.

Authors’ contributions

JH and CGY supervised study design; JP, KHL, HK, and JW performed experiments; JP and KHL wrote the
�rst draft of the manuscript; JP, KHL, JH, CHL, SMY, CGY contributed to interpretation of the data; All
authors read and approved the �nal manuscript.

Availability of data and materials

Source pro�les which were used for CMB models and the CMB results are provided. In addition, average
concentrations of analyzed chemical species and detailed correlation tables are provided in the
supporting information. Further datasets are available from the authors on reasonable request.

Ethics approval and consent to participate

This study was approval by the Institutional Review Board of the Seoul National University Hospital
(SNUH IRB number: H-1602-108-742).

Consent for publication



Page 11/23

Not Applicable.

Competing interests

The authors declare that they have no competing interests.

Funding

1. BK21 PLUS (no. 22A20130012682) from the National Research Foundation (NRF) funded by the
Ministry of Science and ICT (MSICT) of South Korea.

2. The National Strategic Project-Fine particle (NRF-2017M3D8A1092019) from the NRF funded by the
MSICT

3. NRF-2019R1A2C2007484 from the NRF funded by the MSICT

4. Grant 03-2019-0430 from the Seoul National University Hospital. 

Authors details

1Graduate School of Public Health, Seoul National University, Seoul, Korea. 2Division of Pulmonary and
Critical Care Medicine, Department of Internal Medicine, Seoul National University Hospital, Seoul, Korea.
3Busan Development Institute, Busan, Korea. 4Institute of Health and Environment, Seoul National
University, Seoul, Korea.

References
1. Loomis D, Grosse Y, Lauby-Secretan B, El Ghissassi F, Bouvard V, Benbrahim-Tallaa L, Guha N, Baan

R, Mattock H, Straif K. The carcinogenicity of outdoor air pollution. Lancet Oncol. 2013;14(13):1262–
3.

2. Davel AP, Lemos M, Pastro LM, Pedro SC, de Andre PA, Hebeda C, Farsky SH, Saldiva PH, Rossoni LV.
Endothelial dysfunction in the pulmonary artery induced by concentrated �ne particulate matter
exposure is associated with local but not systemic in�ammation. Toxicology. 2012;29(1–3):39–46.

3. Bell ML, Ebisu K, Leaderer BP, Gent JF, Lee HJ, Koutrakis P, Wang Y, Dominici F, Peng RD. Associations
of PM2.5 constituents and sources with hospital admissions: analysis of four counties in Connecticut
and Massachusetts (USA) for persons ≥ 65 years of age. Environ Health Perspect. 2013;122(2):138–
44.

4. Tsai SS, Chang CC, Yang CY. Fine particulate air pollution and hospital admissions for chronic
obstructive pulmonary disease: a case-crossover study in Taipei. Int J Environ Res Public Health.
2013;10(11):6015–26.

5. Shah ASV, Lee KK, McAllister DA, Hunter A, Nair H, Whiteley W, Langrish JP, Newby DE, Mills NL. Short
term exposure to air pollution and stroke: systematic review and meta-analysis. BMJ.
2015;350:h1295.



Page 12/23

�. Feng S, Gao D, Liao F, Zhou F, Wang X. The health effects of ambient PM2.5 and potential
mechanisms. Ecotoxicol Environ Saf. 2016;128:67–74.

7. Pope CA, Dockery DW. Epidemiology of particle effects. In Air Pollution and Health. 1999: 673–705.
Academic Press.

�. Donaldson K, Stone V, Borm P, Jimenez L, Gilmour P, Schins R, Knaapen A, Rahman I, Faux S, Brown
D, MacNee W. Oxidative stress and calcium signaling in the adverse effects of environmental
particles (PM10). Free Radic Biol Med. 2003;34(11):1369–82.

9. Anenberg SC, Horowitz LW, Tong DQ, West JJ. An estimate of the global burden of anthropogenic
ozone and �ne particulate matter on premature human mortality using atmospheric modeling.
Environ Health Perspect. 2010;118(9):1189–95.

10. Kloog I, Ridgway B, Koutrakis P, Coull BA, Schwartz JD. Long- and short-term exposure to PM2.5 and
mortality: using novel exposure models. Epidemiology. 2013;24(4):555–61.

11. Gualtieri M, Ovrevik J, Mollerup S, Asare N, Longhin E, Dahlman HJ, Camatini M, Holme JA. Airborne
urban particles (Milan winter-PM2.5) cause mitotic arrest and cell death: effects on DNA,
mitochondria, AhR binding and spindle organization. Mutat Res. 2011;713(1–2):18–31.

12. Lu F, Xu D, Cheng Y, Dong S, Guo C, Jiang X, Zheng X. Systematic review and meta-analysis of the
adverse health effects of ambient PM2.5 and PM10 pollution in the Chinese population. Environ Res.
2015;136:196–204.

13. Xing YF, Xu YH, Shi MH, Lian YX. The impact of PM2.5 on the human respiratory system. J Thorac
Dis. 2016;8(1):E69–74.

14. Rumelhard M, Ramgolam K, Auger F, Dazy A, Blanchet S, Marano F, Baeza-Squiban A. Effects of
PM2.5 components in the release of amphiregulin by human airway epithelial cells. Toxicology
letters. 2007;168(2):155–64.

15. Alessandria L, Schilirò T, Degan R, Traversi D, Gilli G. Cytotoxic response in human lung epithelial
cells and ion characteristics of urban-air particles from Torino, a northern Italian city. Environ Sci
Pollut Res. 2014;21(8):5554–64.

1�. Cachon B, Firmin S, Verdin A, Ayi-Fanou L, Billet S, Cazier F, Martin P, Aissi F, Courcot D, Sanni A,
Shirali P. Proin�ammatory effects and oxidative stress within human bronchial epithelial cells
exposed to atmospheric particulate matter (PM2.5 and PM > 2.5) collected from Cotonou, Benin.
Environ Pol. 2014;18:340–51.

17. Song L, Li D, Li X, Ma L, Bai X, Wen Z, Zhang X, Chen D, Peng L. Exposure to PM2.5 induces aberrant
activation of NF-κB in human airway epithelial cells by downregulating miR-331 expression. Environ
Toxicol Pharmacol. 2017;50:192–9.

1�. He K, Yang F, Ma Y, Zhang Q, Yao X, Chan CK, Cadle S, Chan T, Mulawa P. The characteristics of
PM2.5 in Beijing, China. Atmos Environ. 2001;35(29):4959–70.

19. Dan MO, Zhuang G, Li X, Tao H, Zhuang Y. The characteristics of carbonaceous species and their
sources in PM2.5 in Beijing. Atmos Environ. 2004;38(21):3443–52.



Page 13/23

20. Putaud JP, Van Dingenen R, Alastuey A, Bauer H, Birmili W, Cyrys J, Flentje H, Fuzzi S, Gehrig R,
Hansson HC, Harrison RM. A European aerosol phenomenology–3: Physical and chemical
characteristics of particulate matter from 60 rural, urban, and kerbside sites across Europe. Atmos
Environ. 2010;44(10):1308–20.

21. Lanki T, de Hartog JJ, Heinrich J, Hoek G, Janssen NA, Peters A, Stölzel M, Timonen KL, Vallius M,
Vanninen E, Pekkanen J. Can we identify sources of �ne particles responsible for exercise-induced
ischemia on days with elevated air pollution? The ULTRA study. Environ Health Perspect.
2006;114(5):655–60.

22. Vedal S, Campen MJ, McDonald JD, Larson TV, Sampson PD, Sheppard L, Simpson CD, Szpiro AA.
National Particle Component Toxicity (NPACT) initiative report on cardiovascular effects. Research
Report (Health Effects Institute), 2013;(178):5–8.

23. Qiao L, Cai J, Wang H, Wang W, Zhou M, Lou S, Chen R, Dai H, Chen C, Kan H. PM2.5 constituents
and hospital emergency-room visits in Shanghai, China. Environ Sci Technol. 2014;48(17):10406–
14.

24. Baird WM, Hooven LA, Mahadevan B. Carcinogenic polycyclic aromatic hydrocarbon-DNA adducts
and mechanism of action. Environ Mol Mutagen. 2005;45(2–3):106–14.

25. Gilli G, Pignata C, Schilirò T, Bono R, La Rosa A, Traversi D. The mutagenic hazards of environmental
PM2.5 in Turin. Environ Res. 2007;103(2):168–75.

2�. Dilger M, Orasche J, Zimmermann R, Paur HR, Diabate S, Weiss C. Toxicity of wood smoke particles
in human A549 lung epithelial cells: the role of PAHs, soot and zinc. Arch Toxicol. 2016;90(12):3029–
44.

27. Hsu A, Esty D, Levy M, de Sherbinin A. The 2016 Environmental Performance Index Report, Technical
Report; Yale Center for Environmental Law and Policy: New Haven, CT, 2016.

2�. Lee KH, Jeong J, Koo YJ, Jang AH, Lee CH, Yoo CG. Exogenous neutrophil elastase enters bronchial
epithelial cells and suppresses cigarette smoke extract-induced heme oxygenase-1 by cleaving
sirtuin 1. J Biol Chem. 2017;292(28):11970–9.

29. Lee KH, Jang AH, Yoo CG. 17-Allylamino-17-Demethoxygeldanamycin and the Enhancement of PS-
341-Induced Lung Cancer Cell Death by Blocking the NF-κB and PI3K/Akt Pathways. Am J Respir Cell
Mol Biol. 2015;53(3):412–21.

30. Coulter CT. EPA-CMB8.2 Users Manual; O�ce of Air Quality Planning & Standards, US Environmental
Protection Agency: Research Triangle Park, NC, 27711, 2004.

31. Rogge WF, Hildemann LM, Mazurek MA, Cass GR, Simoneit BRT. Sources of �ne organic aerosol. 5.
Natural gas home appliances. Environ Sci Technol. 1993;27(13):2736–44.

32. Zhang Y, Schauer JJ, Zhang Y, Zeng L, Wei Y, Liu Y, Shao M. Characteristics of particulate carbon
emissions from real-world chinese coal combustion. Environ Sci Technol. 2008;42(14):5068–73.

33. Lough GC, Christensen CG, Schauer JJ, Tortorelli J, Mani E, Lawson DR, Clark NN, Gabele PA.
Development of molecular marker source pro�les for emissions from on-road gasoline and diesel



Page 14/23

vehicle �eets. J Air Waste Manag Assoc. 2007;57(10):1190–9.

34. Richman-Eisenstat JB, Jorens PG, Hebert CA, Ueki I, Nadel JA. Interleukin-8: an important
chemoattractant in sputum of patients with chronic in�ammatory airway diseases. Am J Physiol-
Lung Cell Mol Physiol. 1993;264(4):L413–8.

35. Wang S, Prophete C, Soukup JM, Chen LC, Costa M, Ghio A, Qu Q, Cohen MD, Chen H. Roles of MAPK
pathway activation during cytokine induction in BEAS-2B cells exposed to �ne World Trade Center
(WTC) dust. J Immunotoxicol. 2010;7(4):298–307.

3�. Kuwano K, Araya J, Hara H, Minagawa S, Takasaka N, Ito S, Kobayashi K, Nakayama K. Cellular
senescence and autophagy in the pathogenesis of chronic obstructive pulmonary disease (COPD)
and idiopathic pulmonary �brosis (IPF). Resp Inves. 2016;54(6):397–406.

37. Schauer JJ, Cass GR. Source apportionment of wintertime gas-phase and particle-phase air
pollutants using organic compounds as tracers. Environ Sci Technol. 2000;34(9):1821–32.

3�. Zheng M, Cass GR, Schauer JJ, Edgerton ES. Source apportionment of PM2.5 in the southeastern
United States using solvent-extractable organic compounds as tracers. Environ Sci Technol.
2002;36(11):2361–71.

39. Den Hartigh LJ, Lame MW, Ham W, Kleeman MJ, Tablin F, Wilson DW. Endotoxin and polycyclic
aromatic hydrocarbons in ambient �ne particulate matter from Fresno, California initiate human
monocyte in�ammatory responses mediated by reactive oxygen species. Toxicol in Vitro.
2010;24(7):1993–2002.

40. Chen Q, Luo XS, Chen Y, Zhao Z, Hong Y, Pang Y, Huang W, Wang Y, Jin L. Seasonally varied
cytotoxicity of organic components in PM2.5 from urban and industrial areas of a Chinese megacity.
Chemosphere. 2019;230:424–31.

41. Maliszewska-Kordybach B. Sources, concentrations, fate and effects of polycyclic aromatic
hydrocarbons (PAHs) in the environment. Part A: PAHs in air. Polish J of Environ Studies.
1999;8:131–6.

42. Gualtieri M, Øvrevik J, Holme JA, Perrone MG, Bolzacchini E, Schwarze PE, Camatini M. Differences
in cytotoxicity versus pro-in�ammatory potency of different PM fractions in human epithelial lung
cells. Toxicology in vitro. 2010;24(1):29–39.

43. Holme JA, Brinchmann BC, Refsnes M, Låg M, Øvrevik J. Potential role of polycyclic aromatic
hydrocarbons as mediators of cardiovascular effects from combustion particles. Environ Health.
2019;18(1):1–18.

44. Kim KH, Jahan SA, Kabir E, Brown RJ. A review of airborne polycyclic aromatic hydrocarbons (PAHs)
and their human health effects. Environment international. 2013;60:71–80.

45. Perrone MG, Gualtieri M, Consonni V, Ferrero L, Sangiorgi G, Longhin E, Ballabio D, Bolzacchini E,
Camatini M. Particle size, chemical composition, seasons of the year and urban, rural or remote site
origins as determinants of biological effects of particulate matter on pulmonary cells. Environ
Pollution. 2013;176:215–27.

4�. Tissot BP, Welte DH. Petroleum formation and occurrence. Berlin: Springer-Verlag; 1984.



Page 15/23

47. Laden F, Neas LM, Dockery DW, Schwartz J. Association of �ne particulate matter from different
sources with daily mortality in six US cities. Environ Health Perspect. 2000;108(10):941–7.

4�. Ostro B, Tobias A, Querol X, Alastuey A, Amato F, Pey J, Pérez N, Sunyer J. The effects of particulate
matter sources on daily mortality: a case-crossover study of Barcelona, Spain. Environ Health
Perspect. 2011;119(12):1781–7.

49. Heo J, Schauer JJ, Yi O, Paek D, Kim H, Yi SM. Fine particle air pollution and mortality: importance of
speci�c sources and chemical species. Epidemiology. 2014;379–388.

50. Lippmann M, Chen LC. Health effects of concentrated ambient air particulate matter (CAPs) and its
components. Critical reviews in toxicol. 2009;39(10):865–913.

51. Diaz EA, Chung Y, Papapostolou V, Lawrence J, Long MS, Hatakeyama V, Gomes B, Calil Y, Sato R,
Koutrakis P, Godleski JJ. Effects of fresh and aged vehicular exhaust emissions on breathing pattern
and cellular responses–pilot single vehicle study. Inhal Toxicol. 2012;24(5):288–95.

52. Künzi L, Krapf M, Daher N, Dommen J, Jeannet N, Schneider S, Platt S, Slowik JG, Baumlin N, Salathe
M, Prévôt AS. Toxicity of aged gasoline exhaust particles to normal and diseased airway epithelia.
Scienti�c reports. 2015;5:11801.

53. Wang FF, Geng CM, Hao WD, Zhao YD, Qin LI, Wang HM, Yan QIAN. The cellular toxicity of PM2.5
emitted from coal combustion in human umbilical vein endothelial cells. Biomed Environ Sci.
2016;29(2):107–16.

54. Velali E, Papachristou E, Pantazaki A, Besis A, Samara C, Labrianidis C, Lialiaris T. In vitro cellular
toxicity induced by extractable organic fractions of particles exhausted from urban combustion
sources-Role of PAHs. Environ Pol. 2018;243:1166–76.

55. Xu F, Shi X, Qiu X, Jiang X, Fang Y, Wang J, Hu D, Zhu T. Investigation of the chemical components of
ambient �ne particulate matter (PM2.5) associated with in vitro cellular responses to oxidative stress
and in�ammation. Environ Int. 2020;136:105475.

5�. Leclercq B, Happillon M, Antherieu S, Hardy EM, Alleman LY, Grova N, Perdrix E, Appenzeller BM,
Guidice JML, Coddeville P, Garçon G. Differential responses of healthy and chronic obstructive
pulmonary diseased human bronchial epithelial cells repeatedly exposed to air pollution-derived
PM4. Environ Pol. 2016;218:1074–88.

57. Elliott C, Copes R. Burden of mortality due to ambient �ne particulate air pollution (PM2.5) in interior
and northern BC. Can J Public Health Rev Can Santé Publique. 2011;102(5):390–3.

5�. Park J, Park EH, Schauer JJ, Yi SM, Heo J. Reactive oxygen species (ROS) activity of ambient �ne
particles (PM2.5) measured in Seoul, Korea. Environ international. 2018;117:276–83.

Figures



Page 16/23

Figure 1

The effects of PM2.5 on cell viability in lung epithelial cells. BEAS-2B cells were exposed to V.C .or PM2.5
organic compounds (0.1, 0.5, 1, 2%) for 24 h. MTT (A) and LDH release assays (B) were performed. Data
are presented as the mean ± SD. **p<0.05.
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Figure 2

The effects of PM2.5 on cytokine production in BEAS-2B cells. (A) BEAS-2B cells were treated with V.C. or
PM2.5 organic compounds (1%) for 24 h. (B) Cells were incubated with various concentrations (0.1, 0.5, 1,
2%) of V.C. or PM2.5 for 24 h. The levels of cytokines (IL-1β, IL-6, IL-8, TNF-α, -IL-17, bFGF, and VEGF) in
culture media were measured by a multiplex bead assay. Data are presented as the mean ± SD. **p<0.05.
(C) BEAS-2B cells were treated with V.C. or PM2.5 (1%) for the indicated times. Total cellular extracts were
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subjected to Western blot analysis for p-ERK, ERK, and GAPDH. (D) Cells were pretreated with U0126 (4
µM) for 2 h and then stimulated with V.C. or PM2.5 organic compounds (1%) for 24 h in the presence or
absence of U0126. The level of IL-8 in media was measured by a multiplex bead assay. Data are
presented as the mean ± SD. **p<0.05.

Figure 3

The effects of PM2.5 on the expression of aging and macroautophagy markers in BEAS-2B cells. Cells
were exposed to V.C. or PM2.5 organic compounds (1%) for 24 h. Total cell lysates were extracted and
then subjected to Western blot analysis for p16, p21, p27, LC3B, and GAPDH.
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Figure 4

The effects of PM2.5 on ERK activation and IL-8 production in primary HAECs. Primary HAECs (n=6) were
exposed to V.C. or PM2.5 organic compounds (1%) for 24 h. Total cell lysates were extracted and then
subjected to Western blot analysis for p-ERK, ERK, and GAPDH (A). Densitometry analysis using Scion
image software for p-ERK. Blots were normalized to GAPDH expression (B). The IL-8 concentration in the
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cell culture media was measured using a multiplex bead assay (n=5) (C). Data are presented as the mean
± SE. **p<0.05.

Figure 5

The effects of PM2.5 on the expression of aging and autophagy markers in primary HAECs. Primary
HAECs (n=6) were exposed to V.C. or PM2.5 organic compounds (1%) for 24 h. Total cell lysates were
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extracted and then subjected to Western blot analysis for p16, p21, p27, LC3B, and GAPDH (A).
Densitometry analysis using Scion image software (B). Data are presented as the mean ± SE. **p<0.05.

Figure 6

PM2.5 mass concentrations and concentrations of organic compounds. (A) PM2.5 mass concentrations
and OC and EC concentrations in twelve samples. (B) Concentrations of organic compounds, including
PAHs, n-alkanes, alkylcyclohexanes and isoprenoids, and hopanes.
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Figure 7

Results of the molecular marker of CMB source apportionments for the twelve samples. (A) Source
contribution estimates of the four sources. (B) Percent contributions to OC of the four sources.
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Figure 8

Correlation matrix between four sources and ERK activation, IL-8 production, and the expression levels of
aging/macroautophagy markers (VegDet: vegetative detritus, GasMV: gasoline motor vehicles, RSBT:
residential bituminous coal combustion).
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