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A B S T R A C T

The chemical and bioreactivity properties of fine particulate matter (PM2.5) in indoor and outdoor environments
in Xi'an were characterized, and the lung function of various participants was investigated. The concentrations of
polycyclic aromatic hydrocarbons (PAHs), oxygenated polycyclic aromatic hydrocarbons, and nitrated poly-
cyclic aromatic hydrocarbons were higher in outdoor environments than in indoor environments; in addition,
urban areas had higher concentrations of these compounds than did suburban areas, with fossil fuel combustion
likely being the primary source. Moreover, PM2.5-induced inflammation was higher in urban areas than in
suburban areas. Indoor environments with coal combustion emissions showed relatively higher oxidative po-
tential and inflammation. Moderate (phenanthrene) to strong (acenaphthylene and benzo(a)pyrene) correlations
were observed between selected PAHs against interleukin 6 (IL-6), 8-hydroxy-desoxyguanosine (8-OHdG), and
necrosis factor-α (TNF-α). Moreover, 9-fluorenone, 9,10-anthraquinone, and 5,12-naphthacenequinone ex-
hibited higher oxidative stress and inflammation than did their parent PAHs. Forced vital capacity (FVC) and
forced expiratory volume in 1 s (FEV1) were negatively correlated with 8-OHdG, and FEV1/FVC was negatively
correlated with TNF-α and IL-6. These findings—which integrates PM2.5 with lung function and bioreactivity
analyses—suggest that coal burning, especially indoors, could elevate the cytotoxicity of PM2.5 to the occupants
and that chronic exposure may lead to a decline in lung function.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) and their polar deriva-
tives, such as oxygenated polycyclic aromatic hydrocarbons (OPAHs)
and nitrated polycyclic aromatic hydrocarbons (NPAHs)—collectively
called polycyclic aromatic compounds (PACs)—are ubiquitous in in-
door and outdoor environments and possess mutagenic and carcino-
genic properties (Wang et al., 2011; Ding et al., 2012). PAH emissions
can be of natural or anthropogenic origin. Common anthropogenic
outdoor sources of PAHs are fossil fuel combustion and diesel vehicles
(Okuda et al., 2010); indoor sources include various household activ-
ities such as cooking, heating, smoking, burning incense, and outdoor
air pollution (Naumova et al., 2002). Other than as primary emissions,
OPAHs and NPAHs can also be formed through secondary reactions

(Jariyasopit et al., 2014; Ringuet et al., 2012), but the contributions
from primary and secondary sources could vary by sampling location
and season (Kojima et al., 2010; Li et al., 2015). For example, OPAHs
and NPAHs can be generated through the photolysis of parental PAHs
as well as through homogeneous and heterogeneous reactions between
parent PAHs and free radicals (e.g., •OH; Wang et al., 2016;
Zimmermann et al., 2013). Epidemiological studies have shown that
exposure to high levels of PAHs can cause genetic damage, im-
munodeficiency, and cardiovascular disease (Neophytou et al., 2016;
Salo et al., 2004; Zhao et al., 2008). Furthermore, several studies have
suggested that OPAHs and NPAHs are more carcinogenic than are their
parental PAHs (Albinet et al., 2007; Durant et al., 1996).

Oxidative stress is a crucial mechanism through which exposure to
particulate matter may induce adverse health effects as overproduction
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of oxidants (e.g., reactive oxygen species (ROS) and free radicals)
counteracts antioxidative defenses (Charrier et al., 2014). ROS com-
prise chemically reactive oxygen radicals or oxygen-derived species,
such as hydroxyl radicals (•OH) and hydrogen peroxide (HOOH). PAHs
and their derivatives have been correlated with the formation of ROS
(Knecht et al., 2013). High levels of ROS in the cells could change the
redox status and induce inflammation and apoptosis (Dagher et al.,
2007; Risom et al., 2005). Studies have demonstrated that PAHs in fine
particulate matter (PM2.5) can damage DNA expression in winter
(Perrone et al., 2010; Shi et al., 2006). OPAHs and NPAHs contain
functional groups (ketones and quinones) that can cause direct oxida-
tive damage in biological molecules (DNA and proteins), meaning that
they have more potential to cause adverse human health effects than do
PAHs (Chuang et al., 2012; Lin et al., 2015).

Xi'an is the capital of Shaanxi Province, a region in China experi-
encing robust economic growth. Consequently, the city has been ex-
periencing severe air pollution problems in recent years (Ren et al.,
2017; Wang et al., 2017). Coal, biomass burning, and vehicular emis-
sions are the main sources of PAHs and their derivatives in winter
(Hong et al., 2017). People spend most of their time in indoor en-
vironments (Chen et al., 2017). However, data on the characteristics of
PAHs, OPAHs, and NPAHs in microenvironments are lacking, and in-
formation about their potential health effects remain scarce.

The objectives of this study are to (1) characterize PAHs, OPAHs,
and NPAHs in indoor and outdoor environments in Xi'an, (2) identify
the relationships between PAHs and their derivatives at the sampling
locations, and (3) deduce the potential health implications of PAH,
OPAH, and NPAH exposure.

2. Methodology

2.1. Sampling

Sampling was conducted in Xi'an, China, a city located in the center

of the Guanzhong Plain (Fig. 1). The local geography results in cold and
dry winters with poor diffusion conditions. The sampling locations were
as follows: a central downtown area (Hui Street, HS), a residential area
(Qujiang, QJ), and a suburban area (Xiangyang, XY) (Fig. 1). At these
locations, 4 (HS), 5 (QJ), and 5 (XY) households participated in indoor
sampling, and one household from each of the three communities
participated in outdoor sampling. The details of each sampling sites
were shown in Table S1. Daily samples (24-h) were collected from each
household during the sampling period—January 26 to February 1 at QJ,
February 27 to March 4 at XY, and March 9 to March 15 at HS (all in
2016). All windows in the indoor sampling environments were fastened
because of the low temperature. The air exchange rate (ACH) was
monitored by CO2 analyzer (LI-820,LI-COR,USA), and ACH at HS, QJ,
and XY were 0.04–0.22, 0.07–0.09, and 0.04–0.07 air changes per hour,
respectively. The NO2 concentration were monitored continuously by
online gaseous pollutants instruments (Wei et al., 2018) with electro-
chemical sensors (Alphasense B4 series).

Filter-based PM2.5 samples were collected at a flowrate of 5 Lmin−1

by using two paralleled mini-volume samplers (Airmetrics, Eugene, OR,
USA) equipped with 47-mm quartz fiber filters (QM-A, Whatman Inc.,
Clifton, NJ, USA) and 47-mm Teflon filters (Pall Life Sciences, Ann
Arbor, MI, USA). A blank sample was collected at each household
without switching on the mini-volume samplers. The filters were
weighed before and after sampling by using an electronic microbalance
(MC5, Sartorius, Göttingen, Germany) with 1 μg sensitivity after 24 h of
equilibration. All filters were stored in a freezer at −20 °C until ana-
lysis.

2.2. PAHs, OPAHs, and NPAHs

A quarter of each sample quartz filter was extracted using a di-
chloromethane and methanol solution (2:1, v/v) in triplicate. The filters
were spiked with deuterated PAHs (naphthalene-D8, acenaphthene-D8,
phenanthrene-D10, pyreneD10, chrysene-D12, perylene-D12, and

Fig. 1. Locations of Xi'an in Guanzhong Plain and three communities in Xi'an city.
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benzo[ghi]perylene-D12), deuterated OPAHs (benzophenone-D10 and
anthraquinone-D8), and deuterated NPAHs (1-Nitronaphthalene-D7, 5-
Nitrofluorene-D9, 3-Nitrofluoranthene-D9, and 6-Nitrochrysene-D11)
as an internal standard (IS) before extraction. To remove any interfering
compounds, the extract was transferred to a column filled with anhy-
drous sodium sulfate. The eluent was concentrated using a rotary eva-
porator to approximately 0.5 mL, following which 25 μL of fluor-
anthene-D10 was spiked as an IS before transfer to a 2mL vial for
analysis. The PAHs and their derivatives were analyzed through a gas
chromatography–mass spectrometry device (GC/MS; Agilent 7890 N/
Agilent 5797C) equipped with a HP-5MS column (5% phenyl–95%
methylpolysiloxane, 30m×0.25mm i. d.× 0.25 μm film thickness,
Agilent Technologies). PAH and OPAH concentrations were measured
in the electron ionization mode of GC/MS, whereas NPAH concentra-
tions were measured using the negative chemical ionization mode with
CH4 as the ionizing gas. The analysis covered 26 PAHs, 12 OPAHs, and
9 NPAHs. PAHs were classified as having a low molecular weight
(LMW) PAHs (2–3 rings) and high molecular weight (HMW) PAHs (4–6
rings). The quality assurance and quality control were introduced in
previous study (Bandowe et al., 2014).

2.3. Cell culture

The PM2.5 samples captured on the Teflon filters were used in vitro
experiments. The filters were immersed in 5mL of high-purity me-
thanol, ultrasonicated in a water bath for 30min, and purged with ni-
trogen (> 99.995% purity). The filters were weighted before and after
extraction, and the extraction efficiencies ranged from 78.1% to 92.6%.
The PM2.5 samples were resuspended in phosphate-buffered saline in
various concentrations (0, 100, and 200 μgmL−1) depending on the
extraction fraction of each sample.

Human alveolar epithelial cells (A549) obtained from the American
Type Culture Collection (ATCC, Maryland, VA, USA) were cultured in F-
12 cell culture medium (Thermo Fisher Scientific Inc., MA, USA) con-
taining 10% fetal bovine serum and 1% antibiotics (50 U∙mL−1 peni-
cillin and 100 U∙mL−1 streptomycin). The A549 cells were seeded on
24-well transwells (1× 105 cells∙mL−1; ThermoFisher, Waltham, MA,
USA) and cultured with 5% CO2 at 37 °C. When the cells grow adhering
to the wall to a certain amount, 450 μl culture medium and 50 μl PM2.5

extracts were added to each well. The cells were exposed to the PM2.5

samples for 24 h. The supernatants were collected for further analysis.
The concentrations set in the in vitro exposure experiments are as de-
scribed in Lai et al. (2016). In all experiments, cell viability was> 80%
after sample exposure.

2.4. Oxidative stress and inflammation

Oxidative stress marker 8-hydroxy-desoxyguanosine (8-OHdG) and
inflammation makers, such as tumor necrosis factor-α (TNF-α) and
interlukin-6 (IL-6), were detected through enzyme-linked im-
munosorbent assay kits (R&D systems, Inc., MN, USA) as per manu-
facturer guidelines.

2.5. Participants and lung function test

Lung function tests were carried out for 47 participants (10–80
years of age) from 14 households (once for each participants during
sampling periods) by using a portable spirometer (Spirobank G; MIR,
Italy) according to the manufacturer's instructions. The personal in-
formation of the participants was collected through a questionnaire
survey. The following lung function parameters were referenced to
predicted values (%): (1) forced vital capacity (FVC), (2) forced ex-
piratory volume in 1 s (FEV1), (3) the FEV1/FVC ratio, and (4) forced
expiratory flow 25–75 (FEF25-75). This study was approved by the
Ethical Committee of Xi'an Jiaotong University, and all experiments
were performed in accordance with the approved study protocol.

2.6. Statistical analysis

Pearson's correlation coefficient analysis was used to test for cor-
relations between (1) oxidative stress and inflammation, (2) all ana-
lyzed chemical compounds and (3) lung function results (Ho et al.,
2016a; Zeng et al., 2016; Chuang et al., 2018). All data were analyzed
using SPSS (version 21.0, IBM, New York, NY) or GraphPad Prism
(Version 5 for Windows). The significance level was set at p < 0.05.

3. Results and discussion

3.1. Concentration of PAHs, OPAHs and NPAHs

The total PAHs (∑PAHs), OPAHs (∑OPAHs) and NPSHs (∑NPAHs) in
indoor and outdoor environments were shown in Fig. 2, and Table S2
lists the concentrations of individual PAHs, OPAHs, and NPAHs. The
outdoor∑PAHs concentration in Xi'an was 80.5 ± 26.8 ngm−3, ap-
proximately 1.6 times higher than the average indoor concentration
(52.0 ± 16.9 ngm−3). Outdoor PAHs concentration exhibited the fol-
lowing trend: QJ > HS > XY. The outdoor ∑OPAHs and ∑NPAHs
concentrations were 39.4 and 17.1 ngm−3, respectively, and the cor-
responding indoor concentrations were 24.6 and 16.2 ngm−3. Outdoor
∑OPAHs and ∑NPAHs concentrations exhibited the following trend:
QJ > XY > HS. The higher concentrations at QJ could be possibly due
to fossil fuel combustion from central heating and individual heating
activities at the residential area. XY had the highest indoor ∑NPAHs
concentration and the second highest ∑OPAHs concentration, sug-
gesting potential secondary PAH formations due to chemical reactions
in households without adequate ventilation. The aforementioned con-
centrations are comparable with those reported in a previous study (Lin
et al., 2015).

Fig. S1 (Supplementary Materials) shows the contributions of in-
dividual components to total PACs. BbF was the most abundant PAHs in
the outdoor environments at QJ and HS, accounting for 8.9%–12.4% of
the ∑PAHs; IcdP and BeP were the next most abundant, accounting for
8.5%–11.6% and 8.3%–10.5%, respectively. Indoor PAHs concentra-
tions at HS and QJ were comparable whereas the outdoor PAHs at HS
were lower than QJ, indicating the major contributions of indoor
sources at HS. The incomplete combustion of coal for heating and
cooking purpose could emit more PAHs and possibly more harmful to
human. BghiP (8.6%), BkF (7.2%), and CHR (7.0%), which are markers
of combustion sources (Albinet et al., 2007), were also present in high
concentrations. ∑OPAHs concentration was dominated by 1,8-NAP
(28.1%–43.1%), followed by BEZ (11.6%–23.8%), BPYRone

Fig. 2. Concentrations of total PAHs, OPAHs and NPAHs at different sampling
locations.
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(8.6%–15.4%), and 1,2-ACNQ (4.3%–13.1%). The contributions of in-
door and outdoor 1,8-NAP at HS were higher than those at the other
locations, and BEZ and BPYRone accounted for larger contributions at
QJ. ∑NPAHs concentration was dominated by 2-NFL (25.5%–42.1%), 2-
NBP (16.6%–20.5%), and 1-NPYR (11.3%–15.4%). The contributions of
individual NPAHs exhibited minimal variation between the sampling
locations. The diagnostic ratios of PAHs from three sampling locations
(Fig. S2) indicated the mixed influences from wood, coal and petroleum
combustion sources. Since the three communities were all located in the
urban area of Xi'an city, coal combustion from heating activities in
winter was still the dominant sources for the indoor and outdoor en-
vironments.

Fig. 3 presents the correlations between selected individual parent
PAHs and OPAHs/NPAHs from indoor and outdoor environments.
Significant correlations were identified between the concentrations of
ANT and 9,10-ANQ (R2= 0.496) and between PYR and 1-NPYR
(R2=0.430). Moderate correlations were found between BaA and
BANTdione (R2=0.391) and between CHR and 6-NC (R2=0.385). We
inferred that these OPAH and NPAH components (9,10-ANQ, BANT-
dione, 1-NPYR, and 6-NC) were partially generated from their parent
PAHs or emitted directly from same combustion sources with parent
PAHs. The typical primary emission sources of PYR, BaA, and CHR are
coal and biomass combustion (Chang et al., 2006; Vione et al., 2004).
The corresponding OPAHs and NPAHs—which were present in rela-
tively higher concentrations outdoors (except for NPAHs at XY and HS
with additional indoor sources) —were predominantly formed through
secondary photochemical reactions. The conversion rate of each com-
pound is dependent on atmospheric conditions such as moisture, tem-
perature, and precursor pollutants (Lui et al., 2017). With the in-
creasing number of vehicles in Xi'an city, especially at HS, the primary
emissions of vehicles showed higher contributions to the NPAHs
(Huang et al., 2014). In addition, the elevated nitric oxide (NOx) con-
centrations in ambient air is an essential precursor gaseous pollutant for
the secondary formation of NPAHs (Li et al., 2015).

3.2. Molecular ratio and indoor/outdoor ratio

The ratio of HMW PAHs to LMW PAHs (HMW/LMW) are usually
used as indicators to define the sources of PAHs (Xu et al., 2016), and
the average ratio was 9.0 ± 2.4 at the three locations. At QJ and XY,
the outdoor HMW/LMW ratios (10.0 ± 2.6 and 7.9 ± 2.4) were
11%–14% higher than the indoor ratios (8.6 ± 3.4 and 7.0 ± 1.1).
The indoor HMW/LMW ratio at HS (14.1 ± 3.6) was higher than other
indoor environments. These results are consistent with other studies in
Xi'an and in other cities, with the reported indoor and outdoor HMW/
LMW ratios always being> 1 (Bandowe et al., 2014; Han et al., 2015;
Xu et al., 2016). LMW PAHs typically exist both in gaseous and parti-
culate phases, whereas the HMW PAHs exist mainly in the particulate
phase, especially as fine particles emitted from biomass, coal, and
petroleum combustion (Bi et al., 2003). The high HMW/LMW ratios
indicate the heavy fossil fuel combustion in winter. Particulate-phase
HMW PAHs could more severely affect human health because of the
physical and chemical characteristics of the components (Kelly and
Fussell, 2012). The high HMW/LMW ratios in the indoor environment
at HS could be due to the use of a honeycomb briquette stove during
winter for heating, together with the low air exchange rate.

The indoor/outdoor (I/O) concentration ratios of LMW and HMW
PAHs, ∑PAHs, ∑OPAHs, and ∑NPAHs are presented in Fig. 4 and Table
S3 (Supplementary Materials). The mean I/O ratios of the total PAHs
were<1 and showed minimal variation. The outdoor HMW and LMW
concentrations are higher than that indoors, and the I/O ratio of HMW
PAHs (0.72 ± 0.20) at HS was approximately 1.9 times higher than
that of LMW PAHs (0.39 ± 0.02). The average I/O ratio of OPAHs was
0.61 (range=0.57–0.64). A high concentration of precursors (e.g.,
parent PAHs) could facilitate the formation of OPAHs through photo-
chemical reactions (Li et al., 2014). The I/O ratios at XY and HS
were>1 for NPAHs given the low air exchange rate, while the relative
high indoor concentrations of NO2 (shown in Supplementary Fig. S3)
and HONO may also contribute to the reactions.

Fig. 3. Relationships between concentrations of parent PAHs and their related OPAHs/NPAHs. Coefficients and standard errors were included in the regression
equations.
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3.3. Oxidative stress and inflammation reactions in vitro

Fig. 5 presents the oxidative stress and inflammation levels. The 8-
OHdG, TNF-α, and IL-6 concentrations in most samples differed sig-
nificantly compared with the blank samples (p < 0.05). In indoor and
outdoor environments, the formation of 8-OHdG, TNF-α, and IL-6 was
dose-dependent. The concentrations of 8-OHdG in the indoor samples
at HS were higher than those at QJ and XY. IL-6 (under a dosage of
200 μgmL−1) was highest in the indoor and outdoor environments at
HS. TNF-α (under a dosage of 100 and 200 μgmL−1) was highest at QJ,

followed by at HS and XY, in both indoor and outdoor environments.
8-OHdG is one of the major products in oxidative DNA damage and

is an important mutagenic adduct to DNA (Vattanasit et al., 2014). In
addition, PM2.5 has been positively correlated with 8-OHdG (Sauvain
et al., 2011). The formation of 8-OHdG in high concentrations in the
indoor environment at HS indicates its high oxidative potential and
DNA damage capability. In the relatively closed indoor environment at
HS, the residents could easily have inhaled the PM2.5 emitted from the
honeycomb briquette stove, further inducing 8-OHdG formation (Storr
et al., 2013). These toxic organic compounds could easily adhere to the
core particles or enter the human lung and induce ROS (Dagher et al.,
2005; Nel et al., 2001). The oxidative stress would further change the
chromosomes by breaking the DNA strand and by hindering the enzy-
matic repair mechanisms; these effects would in turn induce genetic
amplification and alterations in gene expression (Ovrevik et al., 2010;
Totlandsdal et al., 2010). Although the pollution level in the outdoor
environment at XY was relatively low, DNA damage caused by the XY
outdoor particles was more severe than these at QJ and HS; this may be
due to the differences in the contributions of individual PACs to PM2.5

(0.12% for XY, 0.11% and 0.10% for QJ and HS), as PM-induced
toxicity is affected by size, locale, and composition of the PM samples
(Steenhof et al., 2011; Mirowsky et al., 2013). Studies have suggested
that PM could induce systemic oxidative stress, with damage to DNA
and other biomolecules even at low exposure levels (Sorensen et al.,
2003).

In A549 cells, IL-6 and TNF-α levels increased in both indoor and
outdoor environments with increasing PM2.5 exposure. The outdoor
environment at QJ is more influenced by coal combustion in winter,
therefore its indoor environment has relatively higher concentrations of
PACs by outdoor air penetration. PM2.5 emissions from coal combustion
(especially PAHs and their derivatives) are potentially associated with
high TNF-α release in A549 cells (Chuang et al., 2019). Activation of
inflammation is regarded as the first response of the immune system
against oxidative damage–induced infections and injuries to the human
body (Suhaimi and Jalaludin, 2015). A previous study suggested that
the annual lung cancer rate for Chinese population caused by the in-
halation of PAHs (with an average BaP concentration of 2.43 ngm−3)
was 0.65× 10−5, and populations in cities are at a higher risk than are
those in rural areas (Zhang et al., 2009). HS exhibited the highest IL-6
levels in both indoor and outdoor environments. The high levels for
indoor HS in inflammation markers are comparable with the 8-OHdG
trends, highlighting the potential impact of residential heating on
human health. The outdoor environment at HS is affected by heavy
traffic given its central location in the city. The photochemical reactions
of parent PAHs with NOx could further increase the inflammatory re-
sponses of PM2.5 to human alveolar epithelial cells. These findings are
consistent with those of Dieme et al. (2012): PM from high levels of
anthropogenic emissions could have a strong association with lung
disease and may induce proinflammatory cytokine production.

3.4. Characterization of participants and their lung function

Table S4 presents the results of the lung function tests. Spirometry
was applied in the lung function measurements to differentiate the re-
spiratory symptoms reported by the participants (Mortimer et al.,
2003). Before the test, data on the personal and lifestyle characteristics
of each participant were collected. The lung function parameters as-
sociated with the predicted values (%) are common indicators of
asthma and chronic obstructive pulmonary disease (Shen et al., 2018).
The results revealed normal pulmonary function in the participants.
Individual lung function was found to depend on personal and lifestyle
characteristics. Participants older than 60 years had lower predicted
FVC and FEV1 values than did the other adult and child participants
(p < 0.05), indicating that lung function declines with age.

Fig. 4. Indoor/outdoor ratios of PAHs, OPAHs and NPAHs.

Fig. 5. The activity levels of 8-Hydroxy-desoxyguanosine (8-OHdG), interlukin-
6 (IL-6) and tumor necrosis factor-α (TNF-α) after A549 cells exposure to PM2.5

collected in different environments. *p < 0.05 comparing with control group,
QJ: Qujiang, XY: Xiangyang, HS: Hui Street.
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3.5. Correlation between bioreactivity and chemical components

Pearson correlation coefficients (R) between ROS-inflammatory
activities at 200 μgmL−1 p.m.2.5 exposure and selected PM2.5 com-
pounds concentrations (converted to corresponding exposure dose)
were calculated. Only those chemical components that demonstrated
moderate to strong correlations with ROS-inflammatory responses are
presented in Table 1. Moderate positive correlations were observed
between 8-OHdG and 1-MNAP (r= 0.557, p < 005) as well as PHE
(r= 0.603, p < 005). Strong, positive correlations were observed be-
tween 8-OHdG and BaA (r= 0.766, p < 005) as well as BaP
(r= 0.760, p < 005). Moderate positive correlations were observed
between TNF-α and PHE (r= 0.626, p < 005), FLT (r= 0.575,
p < 005), as well as 5,12-NACQ (r= 0.547, p < 005). Moderate po-
sitive correlations were observed between IL-6 and ACY (r= 0.624,
p < 005), FLO (r= 0.597, p < 005), 9-FLU (r= 0.485, p < 005), as
well as 9,10-ANQ (r= 0.489, p < 005). None of the NPAH compounds
showed moderate to strongly positive correlations in the oxidative-in-
flammatory response tests. The strong correlations of 8-OHdG with BaP
and BaA suggests that these two compounds play influential roles in the
DNA damage process. A previous study showed that PAHs and their
derivatives in fine PM are important components that cause oxidative
stress (Oh et al., 2011). These components can further induce cell cycle
arrest and increasing the formation of double nuclei and micronuclei
cells (Danielsen et al., 2011). The compounds of PHE, FLT, and 5,12-
NACQ were well correlated with TNF-α. In addition, ACY, FLO, 9-FLU,
and 9,10-ANQ were well correlated with IL-6. TNF-α is a major in-
dicator of particle-induced inflammation in human lungs (Hetland
et al., 2005; Jalava et al., 2009). These results clarify that individual
PAH compounds are correlated to inflammatory responses; 9-FLU and
9,10-ANQ are derivatives of their parental PAHs, and the aforemen-
tioned findings are consistent with those of previous studies that have
stated that PAH derivatives can trigger oxidative stress and in-
flammatory response (Niu et al., 2017; Ovrevik et al., 2010). Ho et al.
(2016b) reported that some individual PAHs, azaarenes, and carbonyl-
OPAHs are all correlated with cell viability after exposure to PM2.5

emitted from coal combustion. Dergham et al. (2015) concluded that
some inorganic and organic chemical compounds are preferentially
associated with early oxidative stress, whereas others are responsible
for later oxidative damage and cytokine secretion.

3.6. Correlation between bioreactivity and lung function parameters

Table 2 summarizes the correlations of the lung function parameters
with volume-based bioreactivities (in pg m−3, bioreactivity divided by
dose and then multiplied by PM2.5 mass concentration) induced by
indoor PM2.5. Outdoor PM2.5 concentration was not included con-
sidering residents spend majority of time in indoor environment and
individual outdoor activities are too complex to track. Significant cor-
relations were observed between FEF25-75 and oxidative and

inflammatory markers. Moderate negative correlations were observed
between FEF25-75 and TNF-α (r=−0.463, p < 0.01) as well as IL-6
(r=−0.455, p < 0.01). Weak negative correlations were observed
between FEF25-75 and 8-OHdG (r=−0.385, p < 0.05). A previous
study demonstrated that PM2.5 exposure is harmful to the human re-
spiratory system and that PM2.5 could cause oxidative stress in pul-
monary epithelia cells due to lung function decline (Madureira et al.,
2015). A study on personal exposure to gaseous pollutants and PM2.5

revealed that lifetime average and first year of life exposure to PM2.5 is
associated with reduced FEF25–75 and FEV1 (Neophytou et al., 2016).
Another study reported that Chinese schoolchildren living in high-
pollution districts could exhibit hindered FEV1, FEF25, and FEF25–75
growth (He et al., 2010). The correlations between 8-OHdG and
FEF25–75 indicate that DNA damage initiated by oxidative stress in the
respiratory system is associated with decreased predicted values. The
correlations between TNF-α and IL-6 with FEF25–75 highlight the crucial
roles of inflammatory responses in lung function expression. A previous
study showed that long-term exposure to PM2.5 could ultimately cause
lung function decline (Schultz et al., 2017). It has been proved that high
exposure of smoky coal emissions would cause p53 and K-ras mutations
in lung tissues (Keohavong et al., 2018). A source apportionment study
in Beijing showed high associations between secondary and coal com-
bustion sources and inflammation, indicating the major contribution of
coal combustions emissions to short-term lung diseases in China (Liu
et al., 2016). The aforementioned results indicate that elevated oxida-
tive and inflammatory levels potentially affect lung function. However,
the long-term effect of PM2.5 and associations between lung function
and the bioreactivities of human epithelial lung cells, together with the
potential influencing factors will be required in further analysis.

4. Conclusions

The chemical and bioreactivity properties of PM2.5 in Xi'an city in
China were characterized. The concentrations of PAHs and their deri-
vatives were observed to be higher in urban areas than in suburban
areas due to the more concentrated emission sources and anthropogenic
activities in the former. In addition, outdoor PAH concentrations were
generally higher than indoor concentrations. However, several OPAHs
and NPAHs were present in higher concentrations in indoor environ-
ments given the low air exchange rate and residential heating systems.
Oxidative DNA damage and inflammatory responses dose-dependently
increased on exposure to PM2.5. The high levels of 8-OHdG and IL-6 at
HS is likely due to frequent coal burning in indoor environments. PM2.5

in outdoor environment have a relatively stronger impact on oxidative
DNA damage and inflammatory responses, except for indoor environ-
ments with combustion sources (i.e. coal stove and tobacco smoking).
PAH compounds (1-MNAP, ACY, FLO, PHE, FLT, BaA and BaP) were
associated with biomarkers; several OPAH compounds (9-FLU, 9,10-
ANQ, and 5,12-NACQ) were more correlated to oxidative and in-
flammatory responses than did their parent PAHs. Increased oxidative
and inflammatory levels could result in declined lung function.
However, there was a lack of detailed analysis for the adjusting cov-
ariates (i.e. age, sex, BMI, passive and active smoking, physical activity,
outdoor PM2.5 exposure and etc.) in this study due to lung function

Table 1
Pearson's correlation coefficients of oxidative and inflammatory activities in
various PAC compounds.

8-OHdG TNF-α IL-6

1-MNAP 0.557* 0.087 0.065
ACY −0.286 0.309 0.624*
FLO −0.181 −0.132 0.597*
PHE 0.603* 0.626* −0.251
FLT −0.131 0.575* −0.375
BaA 0.766* 0.321 −0.365
BaP 0.760* 0.339 −0.315
9-FLU 0.056 −0.244 0.485*
9,10-ANQ 0.047 −0.208 0.489*
5,12-NACQ −0.406 0.547* 0.364

a* Correlation is significant at the 0.05 level (2-tailed).

Table 2
Pearson's correlation coefficients of lung function parameters and bioreactivity
results.

8-OHdG TNF-α IL-6

FVC (% of predicted) −0.074 −0.011 −0.112
FEV1 (% of predicted) −0.161 −0.105 −0.011
FEV1/FVC (% of predicted) −0.087 −0.174 −0.198
FEF25-75(% of predicted) −0.385* −0.463** −0.455**

a**Correlation is significant at the 0.01 level (2-tailed).
b* Correlation is significant at the 0.05 level (2-tailed).
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sample size limit. The mechanism between PM-induced lung function
decline and the exact organic compounds association will warrant
further scrutiny.
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