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A B S T R A C T

Up to now, while some toxicological studies have identified pulmonary fibrosis immediately induced by long-
term PM2.5 exposure, there has been no evidence indicating, whether short-term exposure can lead to post-
exposure development of pulmonary fibrosis. Here, we treated rats with PM2.5 for 1 month (10 times), followed
by normal feeding for 18 months. 18F-FDG intake, which is linked with the initiation and development of pul-
monary fibrosis in living bodies, was found to gradually increase in lung following exposure through micro PET/
CT imaging. Histolopathological examination revealed continuous deterioration of pulmonary injury post-ex-
posure. Collagen deposition and hydroxyproline content continued to increase all along in the post-exposure
duration, indicating pulmonary fibrosis development. Chronic and persistent induction of pulmonary in-
flammatory gene expression (Tnf, Il1b, Il6, Ccl2, and Icam1), epithelial mesenchymal transition (EMT, reduction
of E-cadherin and elevation of fibronectin) and RelA/p65 upregulation, as well as serum inflammatory cytokine
production, were also found in PM2.5-treated rats. Pulmonary oxidative stress, manifested by increase of MDA
and decrease of GSH and SOD, was induced during exposure but disappeared in later post-exposure duration.
These results suggested that short-term PM2.5 exposure could lead to sustained post-exposure pulmonary fibrosis
development, which was mediated by oxidative-stress-initiated NF-κB/inflammation/EMT pathway.

1. Introduction

PM2.5, airborne fine particulate matter with an aerodynamic dia-
meter less than 2.5 μm, is one of the most hazardous pollutants in the
atmosphere. According to the Global Burden of Disease Study 2017, the
number of deaths attributable to ambient particulate matter pollution
has risen to 2.94 million, with the percentage increase of more than
20% from the year of 2007 to 2017 (GBD Risk Factor Collaborators,
2018). Inhaled, PM2.5 can get into bronchi, reach and deposit in alveoli,
and even penetrate into blood circulation, thus exerting detrimental
effects on multiple organ systems (Manigrasso et al., 2017; Nemmar
et al., 2013; Schulze et al., 2017). Among them, the lung is the primary
target of PM2.5, and nowadays the influences of PM2.5 on respiratory
system have become one of the research hotspots in the field of en-
vironmental health sciences. Evidences are accumulating to demon-
strate that PM2.5 exposure is associated with morbidity and mortality of
various respiratory diseases, especially the chronic ones such as asthma,
chronic obstructive pulmonary disease (COPD) and pulmonary fibrosis,

which have brought great health burden to human beings (Xing et al.,
2016; Sese et al., 2018; Kelly and Fussell, 2011).

Pulmonary fibrosis is a chronic and progressive disease with high
mortality and limited therapeutic options (Kolahian et al., 2016). It is
characterized by excessive deposition of collagen fibers in the pul-
monary mesenchyme as well as scarring of the lung, finally leading to
structure destruction of respiratory system and reduction of respiratory
capacity (Dong et al., 2016). Toxicological models have been used to
investigate the pro-fibrogenic effect of PM2.5; however, most studies
have only explored the immediate alterations which developed syn-
chronously with continuous exposure. For instance, Hu et al. used a
murine bleomycin-induced idiopathic pulmonary fibrosis (IPF) model
to demonstrate that PM2.5 from straw burning could aggravate pul-
monary inflammation and fibrosis (Hu et al., 2017). In the study by Xu
et al., deteriorated signatures of pulmonary fibrosis were identified in
mice exposed to PM2.5 consecutively for 8 weeks, indicating the direct
pro-fibrogenic effect of PM2.5 (Xu et al., 2019). Yet, the development of
fibrosis post-exposure (ie after cessation of PM2.5 exposure) has
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received surprisingly little attention, especially given that repeated
exposure to some kinds of particulates such as nanotubes can initiate
non-resolving inflammation (Nathan and Ding, 2010; van den Brule
et al., 2014). In the pathogenesis of organ fibrosis, chronic inflamma-
tion acts as a relentless driver of fibrogenesis after injury, leading to a
vicious cycle with tissue damage and fibrosis (Liu, 2011). Therefore, if
PM2.5 exposure could be capable of triggering chronic inflammation
and other relevant nonresolving biological effects, long-term develop-
ment of fibrosis would potentially be initiated in post-exposure dura-
tion. In this case, the impact of PM2.5 on respiratory system would be
more than what the existing studies have indicated. However, to the
best of our knowledge, there has been no relevant evidence to date to
support this viewpoint.

Multiple mechanisms are involved in the initiation and development
of pulmonary fibrosis, with inflammation and epithelial-mesenchymal
transition (EMT) playing key roles. Inflammation has a pivotal effect in
most interstitial lung diseases and, if chronic, leads to fibrosis (King
et al., 2011). There are a host of immune cells and inflammatory
mediators promoting fibrotic progression (Mack, 2018). EMT is a vital
source of fibroblasts and myofibroblasts which are integral in the de-
velopment of fibrosis in the lung (Willis et al., 2006). Additionally,
oxidative stress, defined by the imbalance between increased levels of
oxidants and low activity of antioxidant mechanisms, is also linked to
the initiation of pulmonary fibrosis (Kinnula, 2008). As to the re-
lationships between these mechanisms and PM2.5, inflammation and
oxidative stress have been widely accepted as two fundamental me-
chanisms underlying PM toxicity (van Berlo et al., 2012); EMT can
occur in respiratory system following PM2.5 exposure (Chi et al., 2018).
Our previous work of bioinformatics suggested that, in BEAS-2B cells,
the differentially expressed genes with the highest significance were
functionally annotated to the NF-κB signaling pathway following PM2.5

exposure, highlighting the central role of NF-κB under PM2.5-associated
pulmonary toxicity (Shi et al., 2019). NF-κB is also implicated in the
pathogenesis of pulmonary fibrosis (Christman et al., 2000). At present,
though, it remains unknown whether these biological processes could
be triggered in post-exposure duration and play a role in the develop-
ment of PM2.5-initiated pulmonary fibrosis.

Therefore, we hypothesized that short-term PM2.5 exposure could
initiate long-term pulmonary fibrosis development in post-exposure
duration. According to the roles of the above potential mechanisms and
their regulatory relationships, we further hypothesized the fibrosis was
mediated by oxidative stress/NF-κB/inflammation/EMT pathway. To
verify our conjectures, in the present study, we adopted Sprague-
Dawley rats to establish an animal model successively experiencing
short-term PM2.5 exposure and long-term post-exposure normal
feeding. We firstly utilized micro positron emission tomo-
graphy–computed tomography (PET/CT) to monitor the post-exposure
alteration of 18F-FDG uptake in lung, which is associated with the de-
velopment of pulmonary fibrosis in living bodies. After the rats were
sacrificed successively, the development of lung injury and fibrosis in
post-exposure duration was assessed. Further, we explored pulmonary
inflammatory gene expression, EMT marker changes, RelA/p65 ex-
pression, levels of oxidative-stress indicators (MDA, SOD and GSH), and
serum inflammatory cytokine levels, to provide potential mechanisms
that were responsible for the pulmonary fibrosis development. This
study will provide evidences of post-exposure toxicity induced by PM2.5

and help clarify the contribution of PM2.5 in initiation and development
of pulmonary fibrosis.

2. Materials and methods

2.1. Collection of PM2.5

The preparation procedure of PM2.5 samples conducted in this study
has been detailedly described in our previous study (Zhang et al.,
2017). Briefly, PM2.5 was collected on quartz fiber filters by the sampler

(TH-1000CII, Wuhan Tianhong, China) and stored at −80 °C until ex-
traction. Sampled filters were sonicated in ultrapure water and the
suspension was filtered through eight layers of gauze. The eluate was
distributed in sterile tubes and then freeze-dried in vacuum to acquire
the particulates (PM2.5). After irradiated with ultraviolet radiation,
PM2.5 was suspended in normal saline to designated concentration for
later use. The characterization of PM2.5 has been processed and de-
scribed in our previous study, including detection of organic and in-
organic elements and analysis of polycyclic aromatic hydrocarbons
(Zhang et al., 2017).

2.2. Experimental animals and exposure scenario

Male Sprague-Dawley rats (seven weeks old) were obtained from
Experimental Laboratory Animal Technology Co., Ltd. (Vital River,
Beijing, China). Animal experimental procedures were approved by the
Experimental Animal Welfare Committee (Capital Medical University:
AEEI-2016-076). The establishment of animal model was composed of
two main procedures, including short-term exposure to PM2.5 and post-
exposure normal feeding for an 18-month duration. In detail, three
groups of rats were respectively treated with PM2.5 with the dose of 1.8,
5.4, 16.2mg/kg body weight (bw) via intratracheal instillation under
anesthesia (5% chloralhydrate, 7 ml/kg bw) every 3 days and for 10
times in total, with another one group treated with normal saline as the
negative control. Then all of the rats of 1.8 and 16.2 mg/kg bw groups,
and a part of the rats of 5.4 mg/kg bw and control groups, were sa-
crificed after the final exposure. The left rats of the two groups were
preserved and sacrificed at the 6-, 12- and 18-month time point suc-
cessively after the cessation of PM2.5 treatment. The entire workflow of
the animal experiment is shown in Fig. S1 in the supplementary ma-
terial.

The exposure dose of PM2.5 was designed according to both phy-
siological parameters of rats and the World Health Organization (WHO)
air quality guidelines. The respiratory volume and breath rate of an
adult rat weighing 200 g is 0.86ml per breath and 85 times per minute,
respectively. Combined with the annual mean concentrations of interim
target-1 of PM2.5 (35 μg/m3) recommended by the WHO, we obtained
the total mass of PM2.5 for one-day exposure, which was 3.684 μg. After
the application of a 100-fold uncertainty factor, the exposure con-
centration every day for rats was determined to be 1.8mg/kg bw,
which was adopted as the low exposure dose. Then, 3-fold (5.4 mg/kg
bw) and 9-fold (16.2 mg/kg bw) of the dose were used as the medium
and high ones, respectively (Zhang et al., 2017).

2.3. Micro PET/CT scanning

In human study, increase of 18F-FDG uptake in the lung with fibrosis
have been found in some researches, and some PET/CT parameters such
as standardized uptake value (SUV) possess some prognostic value in
IPF patients (Groves et al., 2009; Win et al., 2018; Lee et al., 2014).
Also, pulmonary 18F-FDG uptake value has been found correlated with
pulmonary fibrosis in animal models, demonstrating the implications of
micro PET/CT imaging (Bondue et al., 2015). Micro PET/CT scanning
was performed on the rats of exposure and control groups from 0 to 18
months after exposure using Inveon micro PET/CT scanner (Siemens,
Germany) to evaluate 18F-FDG uptake in rat lung, thus reflecting the
development of fibrosis. In brief, after experiencing fasting for at least
12 h, rats were injected with 18F-FDG (0.2mCi/kg bw) through the tail
vein following anesthesia by isoflurane. They were allowed to experi-
ence a period of 60min for the uptake of 18F-FDG while awake. Then
the rats were placed on the examine bed and underwent scanning
procedure during continuous isoflurane anesthesia. All images were
reconstructed using a two-dimensional ordered-subset expectation
maximum algorithm and further analyzed by Inveon Research Work-
place 1.5 software (Siemens, Germany). Experimenter who was blinded
to the study design manually selected regions of interest on the fusion
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images. SUV was presented as the regional radioactivity concentration
normalized by the 18F-FDG dose and body weight of every rat.

2.4. Blood and lung tissue sampling

Rats were anesthetized with chloral hydrate and then blood samples
were drawn from abdominal aorta into serum separator tubes, allowed
to clot at room temperature for 30min, and centrifuged at 3000 rpm for
15min. Serum was then extracted and stored at −80 °C for later use.
For every rat, the left lung was harvested and then processed or kept in
required environment immediately following the sampling procedure of
blood. In detail, the left lung apex was sliced for histopathological ex-
amination, while the rest of the left lung was separated into two parts.
One part was immediately frozen in liquid nitrogen, and then stored at
−80 °C for the extraction of RNA and protein; the other was homo-
genized in ice-cold normal saline with glass-homogenizer for bio-
chemical analysis.

2.5. Evaluation of lung histopathology and collagen distribution

Lung samples were fixed with 4% paraformaldehyde for 24 h, rinsed
in distilled water, dehydrated in an ethanol series from 70% to 100%,
and put in bio-plast tissue embedding medium. Serial 7.0 μm-thick
sections of lung samples were acquired by a rotary microtome and
mounted on slides. The sample slides were processed through haema-
laun and eosin (H&E), and Masson's trichrome staining, to respectively
examine the histopathology and collagen distribution of rat lung tissue.
Representative images were obtained via scanning of the stained slides
with blind method by Pannoramic Digital Slide Scanner (3DHISTECH,
Hungary) according to the standard techniques.

2.6. Hydroxyproline assay

Hydroxyproline is considered as an indicator of collagen content in
the lung tissue, which can provide strong evidence for the occurrence of
lung fibrosis. Hydroxyproline content was determined through
Hydroxyproline Assay Kit (Nanjing Jiancheng, China) according to the
manufacturer’s instructions, with the detection of absorbance at the
wavelength of 550 nm by the microplate spectrophotometer.

2.7. Detection of redox status in rat lung tissue

As is mentioned above, part of left lung was homogenized after
being harvested. The homogenate mixture, with the final concentration
of 10%, was centrifuged at 3000 rpm for 10min at 4 °C. Supernatant
was collected and stored at −80 °C for subsequent examination. Redox
status of rat lung tissue, reflected by the contents of GSH, SOD and MDA
in homogenate, was measured using the commercial colorimetric assay
kit (Nanjing Jiancheng, China), with the signal data obtained by the
microplate spectrophotometer (BioTek, USA).

2.8. Quantification of inflammation cytokines in serum

The levels of inflammatory cytokines in rat serum, including TNF-α,
IFN-γ, IL-1β, IL-6, MCP-1, and ICAM-1, were determined with a quan-
titative rat cytokine antibody array (Quantibody® Rat Cytokine Array 2;
RayBiotech Inc., Norcross, GA, USA). Data of the signals (Cy3, 555 nm
excitation) were obtained through using the laser scanner equipped
with InnoScan 300 Microarray Scanner (Innopsys, France) and ana-
lyzed by GenePix according to the manufacturer’s instructions.

2.9. RNA isolation and quantitative real-time PCR

TRIzol reagent (Invitrogen, Thermo Fisher Scientific, USA) was
applied to extract the total RNA from lung tissue, followed by pur-
ification with RNeasy kit (Qiagen, Germany) according to the

manufacturer's protocol. After the quality and quantity of RNA samples
were determined by Nano Drop 2000 (Thermo Fisher Scientific, USA),
the total RNA was reversely transcribed into first-strand cDNA using the
cDNA Synthesis Kit (Promega, USA). Quantitative RT-PCR reaction was
performed with SYBR Premix Ex TaqII (TliRNaseH Plus) (TAKARA,
Japan) and monitored by Realplex2 (Eppendorf, Germany). The ex-
pression levels of target genes were normalized to GAPDH and the fold
changes between exposure groups and their controls were calculated
using 2−ΔΔCt method. The primers of selected genes are listed in Table 1
in the supplementary materials.

2.10. Western blotting

Protein extracts of rat lung tissue were prepared using Whole Cell
Lysis Assay Kit (Keygen Biotech, China), followed by measurement of
concentration by BCA Protein Quantitation Kit (Dingguo Changsheng
Biotech, China). Equal amounts of protein were loaded, separated in
8%–12% SDS-PAGE gels and transferred to nitrocellulose membrane
(Pall Corporation, USA). After blocked with 5% skim milk in Tris-buf-
fered saline, the membrane was incubated with primary antibodies
overnight at 4 °C including NF-κB p65 (CST, USA), E-cadherin (CST,
USA), Fibronectin (Abcam, UK) and GAPDH (CST, USA). In the fol-
lowing day, the membrane was incubated with anti-mouse/rabbit IgG
(DyLight™ 680 Conjugate) secondary antibody (CST, USA). Signals of
the specific protein bands were detected by the LI-COR Odyssey ® CLx
Infrared Imaging System (LI-COR Biosciences, USA) and visualized by
Image Studio™ Software (LI-COR Biosciences, USA). Densitometric
analysis of the detected protein bands was performed using Image J
software (NIH, Bethesda, MD). The expression of each target protein
was normalized to GAPDH.

2.11. Statistical analysis

The SPSS 18.0 software was used for statistical analysis.
Comparisons among groups of different doses were performed with
one-way analysis of variance (ANOVA), followed by subsequent mul-
tiple comparisons through Dunnett test. For the comparisons between
single exposure group and its concurrent control, independent-sample
T-test or Mann-Whitney U test (non-normal distribution of data) was
conducted to determine the significance levels of difference. Data were
expressed as mean ± standard deviation, or median and interquartile
range (Q0.25/Q0.75). Additionally, for the data of pulmonary 18F-FDG
uptake, hydroxyproline content, gene expression of Ccl2 and Icam1,
and protein expression of RelA/p65 during the whole post-exposure
period, two-way ANOVA was used to examine the effects of interaction
between PM2.5 and post-exposure duration (PM2.5×post-exposure
duration). Data of interaction were presented using plots where two
parallel lines indicated no interaction while nonparallel lines indicated
an interaction between the two factors. The raw data were transformed
to log values before conducting two-way ANOVA if the variances were
not homogeneous. The p value less than 0.05 was considered as sta-
tistical significance.

3. Results

3.1. PM2.5 exposure led to higher pulmonary 18F-FDG uptake in post-
exposure period

Here, 18F-FDG uptake in rat lung was assessed by PET / CT imaging
technique to determine development of pulmonary fibrosis in post-ex-
posure duration. As is shown in Fig. 1A, at the post-exposure 0-month
and 6-month time point, there was no obvious region of high 18F-FDG
uptake in both exposure and control groups. However, at the 12-month
time point, some sporadic areas of high uptake appeared, and at the
18th month high uptake area turned to be diffuse in the lung of the
exposed rats. In the control groups, there was no high uptake area
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appearing at the 12-month time points, but at the 18-month time point,
very few high 18F-FDG uptake regions appeared but were still very
slight compared to the concurrent rats of exposure group. Corre-
spondingly, SUV of the exposure groups showed slight and insignificant
increases at the first two points, while there were remarkable increases
at the following two time points in exposed rats compared to the con-
current controls (p < 0.05, Fig. 1B and C). Also, the difference be-
tween the exposure group and its control increased with the post-ex-
posure duration going on. In addition, there was a significant
interaction between PM2.5 exposure and post-exposure duration, which
further indicated the time-dependent increase of SUV of exposure group
in comparison with the control (p < 0.01, Fig. S2). These results
provided evidence of sustained pulmonary fibrosis development after
short-term PM2.5 exposure in living rats.

3.2. PM2.5 exposure caused deteriorating lung injury in post-exposure
duration

To evaluate the histological alteration in post-exposure duration, H
&E staining was conducted on the lung sections at each time point. At
the first time point immediately after treatment (Fig. 2A), we observed
a dose-dependent increase of lung injury characterized by extensive
infiltration of inflammatory cells and remarkable thickening of alveolar
wall in the exposed rats, compared with the control group. In addition,
alveolar capillary congestion and bronchiolar epithelial hyperplasia
were aggravated with the increase of PM2.5 dose. In the later post-ex-
posure duration (Fig. 2B), lung damage of the exposed rats had been
persisting and even becoming more severe with the time going on, re-
flected by the pathological changes including: sustained inflammatory
cell infiltration, hyperplasia and necrosis of bronchiolar and alveolar
epithelial cells, uneven bronchiolar wall thickening, bronchiolar de-
struction with scarring and the remodeling of alveoli. There was no
pathological alteration in the control groups of the first three time
points, while only a slight disorder of alveolar structure was observed at
the 18-month time point. Collectively, lung injury was induced in a
dose-dependent manner during PM2.5 exposure and deteriorating with
the post-exposure period going on.

3.3. PM2.5 exposure induced sustained post-exposure development of
pulmonary fibrosis

The results of collagen distribution and content have been shown in
Fig. 3. Masson’s trichrome staining showed no significant change of
collagen fiber formation in lung tissue among the PM2.5-treated groups
and the control at the time point immediately after exposure (Fig. 3A).
In accordance with this result, hydroxyproline content was not altered
among groups (Fig. 3C). Still, there was a slight dose-dependent in-
crease of collagen formation and deposition around the bronchi in the
exposure groups. At the following time points (Fig. 3B), increased
collagen fibers were found diffusedly distributed in lung parenchyma in
PM2.5-treated rats, which was deteriorating with the post-exposure
period going on. As to the control groups, collagen fibers didn’t change
at the time point of 6 and 12 month, but there was an increase of
collagen distribution at the last time point which was relative slight in
comparison to that of the exposure group. Correspondingly, increased
levels of hydroxyproline in PM2.5-treated rats were observed at the 6-,
12-, and 18-month time points compared with the concurrent controls
(Fig. 3D). In particular, the difference between the exposure and control
groups reached significant level at the last time point (p < 0.05).
Although the effect of interaction between PM2.5 and post-exposure
duration was insignificant (p > 0.05, Fig. S2), the difference between
the two groups enlarged with the time going on. To sum up, pulmonary
fibrosis was consecutively developing in post-exposure duration.

3.4. PM2.5 exposure triggered sustained pulmonary and systemic
inflammation during post-exposure period

We previously identified that, there was a remarkable induction of
cytotoxicity biomarker and inflammation cytokines including total
protein, LDH, TNF-α, IL-1β, and IL-6 in bronchoalveolar lavage fluid
(BALF), as well as mRNA expression of Il6, Il1b and Tnf at the first time
point, hinting the toxic effects including inflammatory response directly
induced by PM2.5 (Shi et al., 2019). Here, the expression of in-
flammatory genes was detected in rat lung tissue at different time
points after PM2.5 exposure, including Ccl2 (encoding MCP-1) and
Icam-1 (all the post-exposure time points), as well as Tnf, Il1b and Il6
(post-exposure 6- to 18-month time points). According to Fig. 4A and B,
at the first time point, the expression of Icam1 and Ccl2 was upregu-
lated in PM2.5-exposed groups in a dose-dependent manner. In detail,

Fig. 1. Post-exposure gradual increase of pulmonary 18F-FDG uptake triggered by PM2.5. (A) Representative images of micro PET/CT scanning. (B) Graphical
representation of 18F-FDG standardized uptake value. (C) Statistical graph of standardized uptake value of 18F-FDG. Black arrows point to the areas of high 18F-FDG
uptake. N= 3. *p < 0.05, **p < 0.01 compared with the concurrent control group; NS: not significant.

B. Sun, et al. Journal of Hazardous Materials 385 (2020) 121566

4



the expression levels of Icam1 in medium and high group and Ccl2 in all
exposure groups were significantly elevated in comparison to the con-
trol group (p < 0.05). As to the following post-exposure duration,
there were significant expression increases of all the detected genes in
the lung of exposed rats at every time points compared to the con-
current controls (p < 0.05, Fig. 4C–G). In addition, the effects of in-
teraction between PM2.5 and post-exposure duration on the expression
of Ccl2 and Icam1 were both insignificant (p > 0.05, Fig. S2), further
demonstrating the sustained pro-inflammatory effect of PM2.5 which
was independent of time.

We previously found the occurrence of systemic inflammation re-
flected by a significant increase of IL-6, IL-1β, CRP, ICAM-1 and VCAM-
1 in rat serum, indicating the occurrence of systemic inflammation
immediately after the exposure (Liang et al., 2019). In the present
study, to determine whether the systemic inflammation persisted in the
whole post-exposure period, we detected the levels of inflammatory
cytokines in serum at following post-exposure time points, including
TNF-α, IFN-γ, IL-1β, IL-6, MCP-1, and ICAM-1 (Fig. S3). The result
suggested a trend of persistent increase of serum levels of all the de-
tected cytokines in exposure groups during post-exposure period,
compared with the concurrent controls. Specifically, the serum levels of
MCP-1 at the 6th month, IFN-γ and IL-1β at the 12th month, and TNF-α
and ICAM-1 at the 18th month were significantly elevated in the ex-
posure groups compared with the concurrent controls (p < 0.05). IL-6
level in serum was not significantly changed at those time points but
still showed a trend of continuous increase in the exposure groups. In
sum, there was chronic pulmonary and systemic inflammation in rats
during post-exposure duration.

3.5. PM2.5 exposure induced sustained EMT and RelA/p65 upregulation in
lung during post-exposure period

To find out the involved mechanisms of PM2.5-induced sustained

pulmonary inflammation and fibrotic development, the present study
detected the protein expression levels of E-cadherin and fibronectin, the
markers of EMT, as well as the expression of RelA/p65, a vital member
of NF-κB family which is an upstream regulator of inflammation, EMT
and fibrosis. The expression of E-cadherin declined slightly in the ex-
posure groups at the first time point, but had all along showed a trend
of decrease in PM2.5-treated groups in the following post-exposure
duration compared to the concurrent controls, with the significant
difference occurring at the 18-month time point (p < 0.05; Fig. 5A, C
and F). Fibronectin expression showed an inverse trend at all the time
points in post-exposure duration in comparison to E-cadherin, with the
difference reaching significance level likewise at the final time point
(p < 0.05; Fig. 5A, D and G). Therefore, it can be seen that EMT was
initiated during exposure and had consecutively developed in post-ex-
posure duration. RelA/p65 was significantly upregulated at the first
time point in a dose-dependent manner (p < 0.05; Fig. 5A and B). At
the later time points, although the difference of RelA/p65 expression
between the exposure groups and the concurrent controls became in-
significant, the exposure groups were still higher and the changes were
respectively 1.75, 2.52 and 1.56 fold at the 6th, 12th and 18th month
(Fig. 5A and E). There was no significant effect of interaction between
PM2.5 and duration, indicating the sustained upregulating effect of
PM2.5 on RelA/p65 expression which was not influenced by time (p >
0.05, Fig. S2). This result suggested the sustained upregulation of NF-κB
signaling throughout the post-exposure duration, which could play a
role in PM2.5-induced toxicity.

3.6. PM2.5 exposure induced pulmonary oxidative stress during exposure,
but not in post-exposure duration

The contents of SOD, GSH and MDA were assessed to determine the
oxidative stress induced by PM2.5 in rat lung. At the first time point
immediately after exposure (Fig. 6A–C), MDA level was significantly

Fig. 2. Deteriorating injury of rat lung in post-exposure duration induced by PM2.5. Representative histological sections of lung tissue processed through H&E
staining. (A) Immediately after PM2.5 exposure. (B) Post-exposure 6-, 12- and 18-month time points. Yellow arrows point to inflammatory cell infiltration. Scale bars
of 100 and 50 μm represent the magnification of 100× and 200×, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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elevated with the increase of PM2.5 concentration, while the levels of
SOD and GSH were decreased in the exposure groups compared with
the control in a dose-dependent manner. In particular, the medium and
high doses of PM2.5 significantly augmented MDA level and reduced the
contents of GSH and SOD in rat lung tissue compared to the control
(p < 0.05). At the following time points (Fig. 6D–F), the levels of
MDA, GSH and SOD were not changed in the exposure groups com-
pared with the concurrent controls. These results indicated that oxi-
dative stress was triggered during exposure but disappeared in later
post-exposure duration.

4. Discussion

PM2.5 exposure causes great harm on the health of human re-
spiratory system. Many immediate toxic effects on respiratory system
induced by long-term PM2.5 exposure have been identified in vivo and
in vitro (Wei and Tang, 2018; Peixoto et al., 2017; Wang et al., 2018).
However, whether long-term post-exposure toxicity can be triggered by

short-term PM2.5 exposure remains unclear. Nonresolving toxic effects
such as chronic inflammation could be induced by exogenous stimuli,
persist in post-exposure duration and further contribute to the initiation
and development of chronic respiratory diseases such as pulmonary
fibrosis. To investigate such a post-exposure impact induced by PM2.5,
the present study set up a rat model which successively experienced
short-term PM2.5 exposure and following long-term normal feeding. In
accordance with our hypothesis, our results collectively revealed a post-
exposure toxicity pattern that, PM2.5-induced chronic pulmonary in-
flammation and deteriorating lung injury appeared during exposure
and persisted in later post-exposure period, followed by excessive repair
manifesting as fibrogenesis and extracellular matrix accumulation, ie,
the development of pulmonary fibrosis. Also, we identified pulmonary
oxidative stress during exposure, as well as post-exposure RelA/p65
upregulation, chronic inflammation and continuous EMT, which acted
as the mechanisms underlying the PM2.5-initiated pulmonary fibrosis
development. Additionally, there was even a trend of persistence in
those post-exposure effects at the end of the experiment. In view of the

Fig. 3. Sustained post-exposure pulmonary fibrosis development caused by PM2.5. Representative histological sections from lung tissue processed through Masson’s
trichrome staining. (A) Immediately after the final exposure and (B) Post-exposure 6-, 12- and 18-month time points. Pulmonary hydroxyproline content of the rats
(C) immediately after the final exposure and (D) at the post-exposure 6-, 12- and 18-month time points. Scale bars of 100 and 50 μm represent the magnification of
100× and 200×, respectively. Hydroxyproline assay: N= 4 for the time point immediately after exposure; N= 3–5 for the post-exposure 6-, 12- and 18-month time
points. *p < 0.05 compared with the concurrent control group; NS: not significant.
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average lifetime of rats, the present study hint that once PM2.5 exposure
may have the capability of exerting continuous impacts on respiratory
system in whole later life of individuals.

The sustained pulmonary fibrosis development was characterized by
increased content of collagen from only around the bronchi at the time
point immediately after exposure to in all pulmonary interstitial area in
the exposed group (Fig. 3). This is also highly consistent with our ob-
servation of post-exposure pulmonary 18F-FDG uptake during the es-
tablishment of the animal model (Fig. 1). The result at the first time
point is comparable with the study by Zheng et al., which indicated
increased collagen deposition around small airways of mice induced by
PM2.5 exposure (Zheng et al., 2018). Here we speculate that bronchi
may have more chance of exposure during the treatment and are
probably more susceptible to PM2.5. With the time going on, post-ex-
posure effects induced by PM2.5 contributed to the later fibrotic de-
velopment which diffusedly involved other interstitial area of the lung.
However, there was also a significant fibrotic increase in control group
at the 18th month compared with the former control rats. The cause of
the increase is unknown. We regard the increase as a consequence of
aging of the rats, considering the association of aging with pulmonary
fibrosis (Selman et al., 2016). Still, the collagen content of exposed
group at that time point exhibited a larger increase compared with the
former time points, suggesting the pro-fibrogenic role of PM2.5. As for
the real world significance, since there have been limitations pre-
venting the recognition of environmental agents as a direct etiological
factor, PM2.5 has been only considered as a risk factor for idiopathic
pulmonary fibrosis (IPF), the most common type of unknown etiology

(Wuyts et al., 2013; Taskar and Coultas, 2006). The lung features of our
rat model resemble those of patients with IPF to some extent, which
mainly include mild-to-moderate inflammation with infiltration, injury
and hyperplasia of alveolar epithelial cells, enhanced deposition of
extracellular matrix, thickened alveolar wall, and temporally hetero-
geneous fibrotic remodeling of lung structures (Meltzer and Noble,
2008; Raghu et al., 2011). Hence, our study has provided experimental
supports on the idea that PM2.5 contributes to the initiation and de-
velopment of IPF in patients who once experienced exposure of the
particulates.

Pulmonary inflammation is the central effect contributing to the
pathogenesis of pulmonary disorders, including lung injury and fibrotic
disorders (Gualtieri et al., 2010). A variety of immune cells including T
cells, monocytes/macrophages, lymphoid cells and granulocytes, and
their released pro-inflammatory mediators such as IL-6, IL-1β, and TNF-
α, participate in inflammation and tissue injury, and further promotes
organ fibrosis (Mack, 2018). In the present study, we found sustained
upregulation of inflammatory gene expression in rat lung tissue during
post-exposure duration, including Tnf, Il1b, Il6, Ccl2, and Icam1
(Fig. 4). The functions of these genes involve pro-inflammatory cell
recruitment and adherence promotion, which initiate and amplify in-
flammatory response (Zhang et al., 2018). Acute inflammation is a
beneficial process that promotes healing of damage, while chronic in-
flammation is capable of evoking immune cells from the bloodstream to
amplify the inflammatory response, which can misdirect the process of
healing initiation to destroy healthy tissues (Lee et al., 2009; Ward,
2003). From this perspective, the sustained lung damage in our study

Fig. 4. Sustained pulmonary inflammation in post-exposure duration triggered by PM2.5. The expression levels of inflammatory genes including: (A) Ccl2 and (B)
Icam1 immediately after the final exposure and (C) Ccl2, (D) Icam1, (E) Tnf, (F) Il1b and (G) Il6 at the post-exposure 6-, 12- and 18-month time points. N=6. *p <
0.05, **p < 0.01 compared with the concurrent control group.
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Fig. 5. Sustained epithelial-mesenchymal transition and NF-κB upregulation caused by PM2.5 in post-exposure duration. (A) Representative western blotting bands.
Protein expression levels normalized to GAPDH, including: (B) NF-κB, (C) E-cadherin and (D) fibronectin immediately after the final exposure; (E) NF-κB, (F) E-
cadherin and (G) fibronectin at the post-exposure 6-, 12- and 18-month time points. N=3 for the time point immediately after exposure; N= 4 for the post-exposure
6-, 12- and 18-month time points. *p < 0.05, **p < 0.01 compared with the concurrent control group; NS: not significant.

Fig. 6. Pulmonary oxidative stress triggered by PM2.5 exposure. The levels of oxidative product and antioxidants including: (A) MDA, (B) GSH and (C)SOD im-
mediately after the final exposure; (D) MDA, (E) GSH and (F) SOD at the post-exposure 6-, 12- and 18-month time points. N=4. *p < 0.05, **p < 0.01 compared
with the concurrent control group; NS: not significant.
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was, at least partly, attributable to chronic inflammation induced by
PM2.5 exposure (Fig. 2). Tissue damage can further help perpetuate
inflammation to some extent, thus forming a loop to promote the pul-
monary fibrosis (Nathan and Ding, 2010). In addition, pro-in-
flammatory cytokines detected above, such as IL-1β, can promote some
pro-fibrogenic mediators (e.g., TGF-β), and may further contribute to
pulmonary fibrosis caused by PM2.5 (Wynn, 2011; Bringardner et al.,
2008). Systemic inflammation, reflected by upregulation of serum in-
flammatory cytokines, was also found existing throughout the post-
exposure duration (Fig. S3). In our previous studies, we identified sig-
nificant increases of inflammatory cytokines in BALF (an index which
indicates pulmonary inflammation) and serum in rats after PM2.5 ex-
posure (Shi et al., 2019; Liang et al., 2019). Many studies have proved
that the levels of inflammatory cytokines in BALF and serum can be
always elevated simultaneously by PM exposure, hinting their potential
relevance (Jiang et al., 2018; Farina et al., 2013). A study by Kido et al.
demonstrated that PM exposure could increase pulmonary in-
flammatory mediators that translocate to the circulation, thus con-
tributing to systemic inflammation (Kido et al., 2011). Hence, persistent
systemic inflammation could in turn help demonstrate the existence of
continuous pulmonary inflammation in post-exposure duration. In ad-
dition, systemic inflammation may also lead to pulmonary vascular
disorders, thus contributing to the pathogenesis of pulmonary fibrosis
following PM2.5 exposure (Jagadapillai et al., 2016).

Another important event linking to pulmonary fibrosis is EMT in-
duced by short-term PM2.5 exposure (Fig. 5). EMT is a process in which
fully differentiated epithelial cells are transformed into a mesenchymal
phenotype, with the loss of epithelial markers, acquisition of me-
senchymal property, reassembly of cytoskeleton, enhanced capability of
migration and interstitial matrix synthesis (King et al., 2011). EMT
functions as one of the vital driving forces of lung fibrosis, taking part in
the expansion of two main pro-fibrogenic types of cells, fibroblasts and
myofibroblasts (King et al., 2011; Rout-Pitt et al., 2018). These cells can
lead to deteriorated deposition of extracellular matrix, the hallmark of
the scarring process that causes the ruin of the lung structure. In mice
experimental model with lung fibrosis induced by bleomycin, fibro-
blasts originated from EMT accounted for about 33%, demonstrating
the pro-fibrogenic role of this process (Tanjore et al., 2009). The oc-
currence of EMT in the present study was reflected by loss of epithelial
marker E-cadherin, the hallmark of EMT occurrence that are

responsible for tight junctions, and gain of fibronectin, a mesenchymal
marker helping form the extracellular matrix (Fig. 5). A study by Lin
et al. indicated the occurrence of EMT through increase of E-cadherin
and decrease of fibronectin, and further manifested EMT had a med-
iating effect on lung fibrosis, which is consistent with our results (Lin
et al., 2017). What’s more, some pro-inflammatory mediators such as
IL-1β and IL-6 are capable of inducing EMT, suggesting the chronic
inflammation could also contribute to pulmonary fibrosis through EMT
(Masola et al., 2019; Hamada et al., 2016).

Oxidative stress, caused by the imbalance between oxidants and
antioxidants, is one of the fundamental mechanisms underlying PM
toxicity. Existing evidences have indicated the existence of increased
oxidative stress in fibrosis, although the specific role of oxidative stress
in the pathogenesis of fibrosis has not been well clarified (Kurundkar
and Thannickal, 2016). It has been well documented that oxidative
stress functions as a central factor initiating the pulmonary inflamma-
tion and damage induced by particle exposure, which may in turn
regulate pulmonary fibrotic development in our study (Zheng et al.,
2016; Yang et al., 2018). We identified obvious pulmonary oxidative
stress at the time point immediately following PM2.5 exposure in this
study (Fig. 6). However, the alterations of oxidative-stress indicators
disappeared at the later time points (Fig. 6). These results suggested
that oxidative stress was induced only during exposure and could be the
initiation of PM2.5-induced toxicity including lung injury and in-
flammation. Additionally, the post-exposure deterioration of lung in-
jury occurred in absence of oxidative stress, further supporting the idea
that chronic inflammation could be the main contributor for the pul-
monary pathological alterations. RelA/p65, the most important
member of NF-κB family which plays a fundamental role in in-
flammatory responses, was continuously upregulated in post-exposure
duration (Fig. 5). The inflammatory genes detected in this study, in-
cluding Tnf, Il1b, Il6, Ccl2, and Icam1, have been demonstrated to be
the downstream transcription target of RelA/p65 in rats (Cafe-Mendes
et al., 2017; Xing et al., 2012; Huang et al., 2014; Chen et al., 2017).
Additionally, a study by Zhang et al. indicated that, downregulated E-
cadherin expression and upregulated fibronectin expression induced by
placental growth factor were counteracted by RelA/p65 inhibitor in
primary type II alveolar epithelial cells from rats, demonstrating its
regulating effect on EMT (Zhang et al., 2016). Therefore, continuous
upregulation of RelA/p65 was, at least partially, responsible for the

Fig. 7. Schematic of PM2.5-induced toxicity and related mechanisms both during exposure and in post-exposure duration.
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chronic inflammation and EMT, and further contributed to the sus-
tained development of pulmonary fibrosis. Collectively, we can con-
clude that, long-term pulmonary fibrosis development in post-exposure
duration triggered by short-term PM2.5 exposure was initiated by oxi-
dative stress at first and later induced through a NF-κB/inflammation/
EMT pathway (Fig. 7). However, how these toxic mechanisms were
continuously induced in post-exposure duration still remains unclear
and needs to be further elucidated.

5. Conclusion

Taken together, we systematically investigated the post-exposure
impact of PM2.5 in Sprague-Dawley rats and identified that short-term
PM2.5 exposure could lead to continuous pulmonary fibrosis develop-
ment in later post-exposure duration, which was induced via oxidative-
stress-initiated NF-κB/inflammation/EMT pathway. While most of the
studies have focused on PM2.5-induced immediate toxic effects occur-
ring simultaneously with exposure, our work is the first to report the
sustained post-exposure toxicity on respiratory system triggered by
PM2.5 in later long-term duration after exposure. As for the real-world
significance of this study, being once exposed to PM2.5 may lead to
increased risk of pulmonary fibrosis in nearly whole later lifetime, even
if the exposure fades away. From this perspective, the health hazards of
PM2.5 tend to be long-term, and could be much more than the extent we
have thought before. Therefore, there is no time to delay in the
abatement of PM2.5 pollution, and unflagging efforts are required in
order to minimize the immense health impacts that PM2.5 could bring.

Declaration of Competing Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was supported by National Key R&D Program of China
(2017YFC0211600, 2017YFC0211602, 2017YFC0211606), National
Natural Science Foundation of China (81571130090, 81673204,
81930091), and Support Project of High-level Teachers in Beijing
Municipal Universities in the Period of 13th Five–year Plan (CIT&
TCD201804089).

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jhazmat.2019.121566.

References

Bondue, B., Sherer, F., Van Simaeys, G., Doumont, G., Egrise, D., Yakoub, Y., Huaux, F.,
Parmentier, M., Rorive, S., Sauvage, S., Lacroix, S., Vosters, O., De Vuyst, P.,
Goldman, S., 2015. PET/CT with 18F-FDG- and 18F-FBEM-labeled leukocytes for
metabolic activity and leukocyte recruitment monitoring in a mouse model of pul-
monary fibrosis. J. Nucl. Med. 56, 127–132.

Bringardner, B.D., Baran, C.P., Eubank, T.D., Marsh, C.B., 2008. The role of inflammation
in the pathogenesis of idiopathic pulmonary fibrosis. Antioxid. Redox Signal. 10,
287–301.

Cafe-Mendes, C.C., Garay-Malpartida, H.M., Malta, M.B., de Sa, L.L., Scavone, C.,
Ferreira, Z.S., Markus, R.P., Marcourakis, T., 2017. Chronic nicotine treatment de-
creases LPS signaling through NF-kappaB and TLR-4 modulation in the hippocampus.
Neurosci. Lett. 636, 218–224.

Chen, S., Huang, Y., Liu, Z., Yu, W., Zhang, H., Li, K., Yu, X., Tang, C., Zhao, B., Du, J., Jin,
H., 2017. Sulphur dioxide suppresses inflammatory response by sulphenylating NF-
kappaB p65 at Cys(38) in a rat model of acute lung injury. Clin. Sci. (Lond) 131,
2655–2670.

Chi, Y., Huang, Q., Lin, Y., Ye, G., Zhu, H., Dong, S., 2018. Epithelial-mesenchymal
transition effect of fine particulate matter from the Yangtze River Delta region in
China on human bronchial epithelial cells. J. Environ. Sci. (China) 66, 155–164.

Christman, J.W., Sadikot, R.T., Blackwell, T.S., 2000. The role of nuclear factor-kappa B
in pulmonary diseases. Chest 117, 1482–1487.

Dong, J., Yu, X., Porter, D.W., Battelli, L.A., Kashon, M.L., Ma, Q., 2016. Common and
distinct mechanisms of induced pulmonary fibrosis by particulate and soluble

chemical fibrogenic agents. Arch. Toxicol. 90, 385–402.
Farina, F., Sancini, G., Battaglia, C., Tinaglia, V., Mantecca, P., Camatini, M., Palestini, P.,

2013. Milano summer particulate matter (PM10) triggers lung inflammation and
extra pulmonary adverse events in mice. PLoS One 8, e56636.

GBD Risk Factor Collaborators, 2018. Global, regional, and national comparative risk
assessment of 84 behavioural, environmental and occupational, and metabolic risks
or clusters of risks for 195 countries and territories, 1990-2017: a systematic analysis
for the Global Burden of Disease Study 2017. Lancet 392, 1923–1994.

Groves, A.M., Win, T., Screaton, N.J., Berovic, M., Endozo, R., Booth, H., Kayani, I.,
Menezes, L.J., Dickson, J.C., Ell, P.J., 2009. Idiopathic pulmonary fibrosis and diffuse
parenchymal lung disease: implications from initial experience with 18F-FDG PET/
CT. J. Nucl. Med. 50, 538–545.

Gualtieri, M., Ovrevik, J., Holme, J.A., Perrone, M.G., Bolzacchini, E., Schwarze, P.E.,
Camatini, M., 2010. Differences in cytotoxicity versus pro-inflammatory potency of
different PM fractions in human epithelial lung cells. Toxicol. In Vitro 24, 29–39.

Hamada, S., Masamune, A., Yoshida, N., Takikawa, T., Shimosegawa, T., 2016. IL-6/
STAT3 plays a regulatory role in the interaction between pancreatic stellate cells and
cancer cells. Dig. Dis. Sci. 61, 1561–1571.

Hu, Y., Wang, L.S., Li, Y., Li, Q.H., Li, C.L., Chen, J.M., Weng, D., Li, H.P., 2017. Effects of
particulate matter from straw burning on lung fibrosis in mice. Environ. Toxicol.
Pharmacol. 56, 249–258.

Huang, Y., Lu, Y., Zhang, L., Yan, J., Jiang, J., Jiang, H., 2014. Perineural dexmedeto-
midine attenuates inflammation in rat sciatic nerve via the NF-kappaB pathway. Int.
J. Mol. Sci. 15, 4049–4059.

Jagadapillai, R., Rane, M.J., Lin, X., Roberts, A.M., Hoyle, G.W., Cai, L., Gozal, E., 2016.
Diabetic microvascular disease and pulmonary fibrosis: the contribution of platelets
and systemic inflammation. Int. J. Mol. Sci. 17.

Jiang, S., Zhou, J., Zhang, J., Du, X., Zeng, X., Pan, K., Xie, Y., Kan, H., Sun, Q., Cai, J.,
Zhao, J., 2018. The severity of lung injury and metabolic disorders induced by am-
bient PM2.5 exposure is associated with cumulative dose. Inhal. Toxicol. 30, 239–246.

Kelly, F.J., Fussell, J.C., 2011. Air pollution and airway disease. Clin. Exp. Allergy 41,
1059–1071.

Kido, T., Tamagawa, E., Bai, N., Suda, K., Yang, H.H., Li, Y., Chiang, G., Yatera, K.,
Mukae, H., Sin, D.D., Van Eeden, S.F., 2011. Particulate matter induces translocation
of IL-6 from the lung to the systemic circulation. Am. J. Respir. Cell Mol. Biol. 44,
197–204.

King, T.J., Pardo, A., Selman, M., 2011. Idiopathic pulmonary fibrosis. Lancet 378,
1949–1961.

Kinnula, V.L., 2008. Redox imbalance and lung fibrosis. Antioxid. Redox Signal. 10,
249–252.

Kolahian, S., Fernandez, I.E., Eickelberg, O., Hartl, D., 2016. Immune mechanisms in
pulmonary fibrosis. Am. J. Respir. Cell Mol. Biol. 55, 309–322.

Kurundkar, A., Thannickal, V.J., 2016. Redox mechanisms in age-related lung fibrosis.
Redox Biol. 9, 67–76.

Lee, G., Walser, T.C., Dubinett, S.M., 2009. Chronic inflammation, chronic obstructive
pulmonary disease, and lung cancer. Curr. Opin. Pulm. Med. 15, 303–307.

Lee, E.Y., Wong, C.S., Fung, S.L., Yan, P.K., Ho, J.C., 2014. SUV as an adjunct in evalu-
ating disease activity in idiopathic pulmonary fibrosis - a pilot study. Nucl. Med.
Commun. 35, 631–637.

Liang, S., Zhao, T., Hu, H., Shi, Y., Xu, Q., Miller, M.R., Duan, J., Sun, Z., 2019. Repeat
dose exposure of PM2.5 triggers the disseminated intravascular coagulation (DIC) in
SD rats. Sci. Total Environ. 663, 245–253.

Lin, L., Han, Q., Xiong, Y., Li, T., Liu, Z., Xu, H., Wu, Y., Wang, N., Liu, X., 2017. Krupple-
like-factor 4 attenuates lung fibrosis via inhibiting epithelial-mesenchymal transition.
Sci. Rep. 7, 15847.

Liu, Y., 2011. Cellular and molecular mechanisms of renal fibrosis. Nat. Rev. Nephrol. 7,
684–696.

Mack, M., 2018. Inflammation and fibrosis. Matrix Biol. 68-69, 106–121.
Manigrasso, M., Vernale, C., Avino, P., 2017. Traffic aerosol lobar doses deposited in the

human respiratory system. Environ. Sci. Pollut. Res. Int. 24, 13866–13873.
Masola, V., Carraro, A., Granata, S., Signorini, L., Bellin, G., Violi, P., Lupo, A., Tedeschi,

U., Onisto, M., Gambaro, G., Zaza, G., 2019. In vitro effects of interleukin (IL)-1 beta
inhibition on the epithelial-to-mesenchymal transition (EMT) of renal tubular and
hepatic stellate cells. J. Transl. Med. 17, 12.

Meltzer, E.B., Noble, P.W., 2008. Idiopathic pulmonary fibrosis. Orphanet J. Rare Dis.
3, 8.

Nathan, C., Ding, A., 2010. Nonresolving inflammation. Cell 140, 871–882.
Nemmar, A., Holme, J.A., Rosas, I., Schwarze, P.E., Alfaro-Moreno, E., 2013. Recent

advances in particulate matter and nanoparticle toxicology: a review of the in vivo
and in vitro studies. Biomed Res. Int. 2013, 279371.

Peixoto, M.S., de Oliveira, G.M., Batistuzzo, D.M.S., 2017. Cell death pathways of parti-
culate matter toxicity. Chemosphere 188, 32–48.

Raghu, G., Collard, H.R., Egan, J.J., Martinez, F.J., Behr, J., Brown, K.K., Colby, T.V.,
Cordier, J.F., Flaherty, K.R., Lasky, J.A., Lynch, D.A., Ryu, J.H., Swigris, J.J., Wells,
A.U., Ancochea, J., Bouros, D., Carvalho, C., Costabel, U., Ebina, M., Hansell, D.M.,
Johkoh, T., Kim, D.S., King, T.J., Kondoh, Y., Myers, J., Muller, N.L., Nicholson, A.G.,
Richeldi, L., Selman, M., Dudden, R.F., Griss, B.S., Protzko, S.L., Schunemann, H.J.,
2011. An official ATS/ERS/JRS/ALAT statement: idiopathic pulmonary fibrosis:
evidence-based guidelines for diagnosis and management. Am. J. Respir. Crit. Care
Med. 183, 788–824.

Rout-Pitt, N., Farrow, N., Parsons, D., Donnelley, M., 2018. Epithelial mesenchymal
transition (EMT): a universal process in lung diseases with implications for cystic
fibrosis pathophysiology. Respir. Res. 19, 136.

Schulze, F., Gao, X., Virzonis, D., Damiati, S., Schneider, M.R., Kodzius, R., 2017. Air
quality effects on human health and approaches for its assessment through micro-
fluidic chips. Genes (Basel) 8.

B. Sun, et al. Journal of Hazardous Materials 385 (2020) 121566

10

https://doi.org/10.1016/j.jhazmat.2019.121566
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0005
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0005
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0005
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0005
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0005
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0010
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0010
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0010
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0015
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0015
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0015
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0015
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0020
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0020
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0020
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0020
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0025
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0025
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0025
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0030
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0030
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0035
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0035
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0035
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0040
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0040
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0040
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0045
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0045
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0045
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0045
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0050
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0050
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0050
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0050
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0055
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0055
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0055
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0060
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0060
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0060
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0065
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0065
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0065
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0070
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0070
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0070
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0075
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0075
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0075
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0080
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0080
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0080
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0085
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0085
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0090
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0090
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0090
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0090
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0095
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0095
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0100
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0100
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0105
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0105
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0110
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0110
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0115
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0115
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0120
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0120
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0120
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0125
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0125
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0125
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0130
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0130
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0130
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0135
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0135
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0140
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0145
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0145
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0150
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0150
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0150
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0150
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0155
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0155
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0160
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0165
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0165
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0165
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0170
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0170
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0175
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0175
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0175
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0175
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0175
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0175
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0175
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0175
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0180
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0180
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0180
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0185
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0185
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0185


Selman, M., Buendia-Roldan, I., Pardo, A., 2016. Aging and pulmonary fibrosis. Rev.
Invest. Clin. 68, 75–83.

Sese, L., Nunes, H., Cottin, V., Sanyal, S., Didier, M., Carton, Z., Israel-Biet, D., Crestani,
B., Cadranel, J., Wallaert, B., Tazi, A., Maitre, B., Prevot, G., Marchand-Adam, S.,
Guillot-Dudoret, S., Nardi, A., Dury, S., Giraud, V., Gondouin, A., Juvin, K., Borie, R.,
Wislez, M., Valeyre, D., Annesi-Maesano, I., 2018. Role of atmospheric pollution on
the natural history of idiopathic pulmonary fibrosis. Thorax 73, 145–150.

Shi, Y., Zhao, T., Yang, X., Sun, B., Li, Y., Duan, J., Sun, Z., 2019. PM2.5-induced alteration
of DNA methylation and RNA-transcription are associated with inflammatory re-
sponse and lung injury. Sci. Total Environ. 650, 908–921.

Tanjore, H., Xu, X.C., Polosukhin, V.V., Degryse, A.L., Li, B., Han, W., Sherrill, T.P., Plieth,
D., Neilson, E.G., Blackwell, T.S., Lawson, W.E., 2009. Contribution of epithelial-
derived fibroblasts to bleomycin-induced lung fibrosis. Am. J. Respir. Crit. Care Med.
180, 657–665.

Taskar, V.S., Coultas, D.B., 2006. Is idiopathic pulmonary fibrosis an environmental
disease? Proc. Am. Thorac. Soc. 3, 293–298.

van Berlo, D., Hullmann, M., Schins, R.P., 2012. Toxicology of ambient particulate
matter. Exp. Suppl. 101, 165–217.

van den Brule, S., Beckers, E., Chaurand, P., Liu, W., Ibouraadaten, S., Palmai-Pallag, M.,
Uwambayinema, F., Yakoub, Y., Avellan, A., Levard, C., Haufroid, V., Marbaix, E.,
Thill, A., Lison, D., Rose, J., 2014. Nanometer-long Ge-imogolite nanotubes cause
sustained lung inflammation and fibrosis in rats. Part. Fibre Toxicol. 11, 67.

Wang, H., Shen, X., Tian, G., Shi, X., Huang, W., Wu, Y., Sun, L., Peng, C., Liu, S., Huang,
Y., Chen, X., Zhang, F., Chen, Y., Ding, W., Lu, Z., 2018. AMPKalpha2 deficiency
exacerbates long-term PM2.5 exposure-induced lung injury and cardiac dysfunction.
Free Radic. Biol. Med. 121, 202–214.

Ward, P.A., 2003. Acute lung injury: how the lung inflammatory response works. Eur.
Respir. J. Suppl. 44, 22s–23s.

Wei, T., Tang, M., 2018. Biological effects of airborne fine particulate matter (PM2.5)
exposure on pulmonary immune system. Environ. Toxicol. Pharmacol. 60, 195–201.

Willis, B.C., DuBois, R.M., Borok, Z., 2006. Epithelial origin of myofibroblasts during
fibrosis in the lung. Proc. Am. Thorac. Soc. 3, 377–382.

Win, T., Screaton, N.J., Porter, J.C., Ganeshan, B., Maher, T.M., Fraioli, F., Endozo, R.,
Shortman, R.I., Hurrell, L., Holman, B.F., Thielemans, K., Rashidnasab, A., Hutton,
B.F., Lukey, P.T., Flynn, A., Ell, P.J., Groves, A.M., 2018. Pulmonary (18)F-FDG
uptake helps refine current risk stratification in idiopathic pulmonary fibrosis (IPF).

Eur. J. Nucl. Med. Mol. Imaging 45, 806–815.
Wuyts, W.A., Agostini, C., Antoniou, K.M., Bouros, D., Chambers, R.C., Cottin, V., Egan,

J.J., Lambrecht, B.N., Lories, R., Parfrey, H., Prasse, A., Robalo-Cordeiro, C.,
Verbeken, E., Verschakelen, J.A., Wells, A.U., Verleden, G.M., 2013. The pathogen-
esis of pulmonary fibrosis: a moving target. Eur. Respir. J. 41, 1207–1218.

Wynn, T.A., 2011. Integrating mechanisms of pulmonary fibrosis. J. Exp. Med. 208,
1339–1350.

Xing, D., Oparil, S., Yu, H., Gong, K., Feng, W., Black, J., Chen, Y.F., Nozell, S., 2012.
Estrogen modulates NFkappaB signaling by enhancing IkappaBalpha levels and
blocking p65 binding at the promoters of inflammatory genes via estrogen receptor-
beta. PLoS One 7, e36890.

Xing, Y.F., Xu, Y.H., Shi, M.H., Lian, Y.X., 2016. The impact of PM2.5 on the human
respiratory system. J. Thorac. Dis. 8, E69–E74.

Xu, Z., Li, Z., Liao, Z., Gao, S., Hua, L., Ye, X., Wang, Y., Jiang, S., Wang, N., Zhou, D.,
Deng, X., 2019. PM2.5 induced pulmonary fibrosis in vivo and in vitro. Ecotoxicol.
Environ. Saf. 171, 112–121.

Yang, L., Duan, Z., Liu, X., Yuan, Y., 2018. N-acetyl-l-cysteine ameliorates the PM2.5-
induced oxidative stress by regulating SIRT-1 in rats. Environ. Toxicol. Pharmacol.
57, 70–75.

Zhang, L., Zhao, S., Yuan, L., Wu, H., Jiang, H., Luo, G., 2016. Placental growth factor
triggers epithelial-to-mesenchymal transition-like changes in rat type II alveolar
epithelial cells: activation of nuclear factor kappaB signalling pathway. Basic Clin.
Pharmacol. Toxicol. 119, 498–504.

Zhang, Y., Hu, H., Shi, Y., Yang, X., Cao, L., Wu, J., Asweto, C.O., Feng, L., Duan, J., Sun,
Z., 2017. 1H NMR-based metabolomics study on repeat dose toxicity of fine parti-
culate matter in rats after intratracheal instillation. Sci. Total Environ. 589, 212–221.

Zhang, Y., Yang, Z., Chen, Y., Li, R., Geng, H., Dong, W., Cai, Z., Dong, C., 2018. Fine
chalk dust induces inflammatory response via p38 and ERK MAPK pathway in rat
lung. Environ. Sci. Pollut. Res. Int. 25, 1742–1751.

Zheng, R., Tao, L., Duan, T., Liu, N., Cheng, Y., Chang, Y., Feng, Y., Sun, X., Yin, C., Liu, S.,
Zhang, H., 2016. Potential hazards of superfine particles to human bronchial epi-
thelial cells through inducing oxidative stress. NanoImpact 2, 93–98.

Zheng, R., Tao, L., Jian, H., Chang, Y., Cheng, Y., Feng, Y., Zhang, H., 2018. NLRP3
inflammasome activation and lung fibrosis caused by airborne fine particulate
matter. Ecotoxicol. Environ. Saf. 163, 612–619.

B. Sun, et al. Journal of Hazardous Materials 385 (2020) 121566

11

http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0190
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0190
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0195
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0195
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0195
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0195
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0195
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0200
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0200
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0200
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0205
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0205
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0205
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0205
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0210
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0210
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0215
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0215
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0220
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0220
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0220
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0220
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0225
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0225
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0225
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0225
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0230
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0230
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0235
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0235
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0240
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0240
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0245
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0245
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0245
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0245
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0245
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0250
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0250
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0250
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0250
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0255
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0255
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0260
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0260
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0260
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0260
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0265
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0265
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0270
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0270
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0270
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0275
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0275
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0275
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0280
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0280
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0280
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0280
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0285
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0285
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0285
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0290
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0290
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0290
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0295
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0295
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0295
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0300
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0300
http://refhub.elsevier.com/S0304-3894(19)31520-1/sbref0300

	Short-term PM2.5 exposure induces sustained pulmonary fibrosis development during post-exposure period in rats
	Introduction
	Materials and methods
	Collection of PM2.5
	Experimental animals and exposure scenario
	Micro PET/CT scanning
	Blood and lung tissue sampling
	Evaluation of lung histopathology and collagen distribution
	Hydroxyproline assay
	Detection of redox status in rat lung tissue
	Quantification of inflammation cytokines in serum
	RNA isolation and quantitative real-time PCR
	Western blotting
	Statistical analysis

	Results
	PM2.5 exposure led to higher pulmonary 18F-FDG uptake in post-exposure period
	PM2.5 exposure caused deteriorating lung injury in post-exposure duration
	PM2.5 exposure induced sustained post-exposure development of pulmonary fibrosis
	PM2.5 exposure triggered sustained pulmonary and systemic inflammation during post-exposure period
	PM2.5 exposure induced sustained EMT and RelA/p65 upregulation in lung during post-exposure period
	PM2.5 exposure induced pulmonary oxidative stress during exposure, but not in post-exposure duration

	Discussion
	Conclusion
	mk:H1_23
	Acknowledgments
	Supplementary data
	References




