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Abstract
Background: Fine particulate matter (PM 2.5 ) is an important component of air pollution and can induce
lung in�ammation and oxidative stress. We hypothesised that PM 2.5 could play a role in the induction of
pulmonary �brosis. We examined whether multiple intranasal instillation of PM 2.5 can induce
pulmonary �brosis in the mouse, and also investigated the underlying pro-�brotic signaling pathways.

Methods: C57/BL6 mice were intranasally instilled with 50 μl of PM 2.5 suspension (7.8 μg/g body
weight) or PBS three times a week over 3 weeks, 6 weeks or 9 weeks. To observe the recovery of
pulmonary �brosis after the termination of PM 2.5 exposure, 9 week-PM 2.5 instilled mice were also
studied at 3 weeks after termination of instillation.

Results: There were signi�cant decreases in total lung capacity (TLC) and compliance (Cchord) in the 9-
week PM 2.5 -instilled mice, while there was an increase in total cell counts in bronchoalveolar �uid and
lung section in 3-week, 6-week and 9-week PM 2.5 -instilled mice and 9 week-PM 2.5 instilled-3 week-air
exposed mice. There were increased histological �brosis scores with enhanced type I collagen and
hydroxyproline deposition in lung tissue in 6-week and 9-week PM 2.5 -instilled mice and 9-week-PM 2.5
instilled-3-week-air-exposed mice. Multiple PM 2.5 instillation resulted in increased expression of TGFβ1,
increases of N-Cadherin and Vimentin and decrease of E-Cadherin. It also led to decreases in OPA1 and
MFN2, and increases in Parkin, SQSTM1/p62, the ratio of light china (LC) 3B II to LC3B I, PI3k/Akt
phosphorylation, NOX4 and NLRP3 expression.

Conclusions: The intranasal instillation of PM 2.5 for 9 weeks induced lung in�ammation and pulmonary
�brosis, which was linked with aberrant epithelial-mesenchymal transition, mitochondrial damage and
mitophagy, as well as activation of TGFβ1-PI3K/Akt and TGFβ1-NOX4 -NLRP3 pathways.

Background
Idiopathic pulmonary �brosis (IPF) is a chronic, progressive and �brotic interstitial pneumonia of
unknown cause [1]. It is a rare and poor-prognosis disease, with global incidence of 3–9 cases per 100
000 person-year [2], and median survival time of 2–4 years after diagnosis [3]. Clinically, it is
characterized by worsening symptoms including dyspnoea, cough and progressive loss of lung function.
Pathologically, it is characterized by patchy dense �brosis that causes remodeling of lung architecture
and honeycomb change [1]. The aetiology of IPF is complex and may include male, old age, cigarette
smoke, gastroesophageal re�ux, chronic viral infections and genetic factors [1]. Air pollution, an
increasing problem worldwide with serious health implications, has been recognized to be an important
risk for the development and acute exacerbation of IPF [4, 5].

Although the pathogenesis of IPF is not completely clear, repetitive micro-injuries to alveolar epithelium
play a central role in the formation of pulmonary �brosis. The injured alveolar epithelial cells can secrete
chemokines to recruit in�ammatory cells such as monocytes/macrophages and neutrophils to the site of
injury, and then these cells produce reactive oxygen species (ROS), pro-�brotic cytokines and mediators
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[6]. Simultaneously, damaged alveolar epithelial cells, especially type 2 alveolar epithelial cells, can
induce the differentiation of �broblasts into myo�broblasts and initiate the �brotic process through a
process of epithelial–mesenchymal transition (EMT) [7]. The myo�broblasts deposit increases and alters
extracellular matrix (ECM), with altered biomechanical stiffness, which further contributes to
myo�broblast activation.

Transforming growth factorβ (TGFβ) superfamily, in which TGFβ1 is the most notable and extensively
studied isoform, is a pivotal pro-�brogenic factor that can accelerate EMT, promote �broblast
proliferation, increase ECM deposition, induce lung structural remodeling[8], and activate pro-�brotic
pathways, such as TGFβ1-PI3K/Akt [9], TGFβ1- NADPH oxidase(NOX)4 [10] and TGFβ1-NLRP3 [11]
pathways.

IPF is an aging-related disease, and aging particularly affects mitochondria [12]. As one of most
important organelles in the cell, mitochondria are involved in energy production by oxidative
phosphorylation and other metabolic processes in order to maintain intracellular homeostasis, in which
mitochondrial dynamics (fusion/�ssion) and mitochondria-speci�c autophagy known as mitophagy are
two main machineries [13]. The imbalance of mitochondrial dynamics will cause over-production of
mitochondrial ROS (mtROS) and aberrant mitophagy, and further induce pro-�brotic responses [14].
Similarly, impairment of mitophagy is associated with increased ROS production, ECM deposition and
TGFβ1 expression, which all enhance myo�broblast transformation [12].

Fine particulate matter (with an aerodynamic diameter < 2.5 µm, PM2.5) is a major air pollutant. PM2.5 can
be inhaled into lung, deposit in distal small airways and alveoli, accumulate in lung parenchyma, and
result in pulmonary in�ammation and oxidative stress as it induces the release of ROS and �brogenic
factors such as TGFβ1 from lung epithelial cells [15]. We have demonstrated that acute exposure of
PM2.5 induces the activation of the NLRP3/caspase-1 pathways as well as dysregulation in
mitochondrial fusion/�ssion proteins in vivo and in vitro [16]. Recent studies showed that exposure to
PM2.5 in mice increased the expression of α-smooth muscle actin (α-SMA) and TGFβ1 and promoted
pulmonary �brosis [17, 18].

We hypothesised that long-term exposure to PM2.5 could lead to pulmonary �brosis. We therefore
examined whether multiple intranasal instillation of PM2.5 induces pulmonary �brosis in mice, and if so,
we further analysed the potential pro-�brotic signaling pathways induced by PM2.5.

Materials And Methods
PM2.5 Sampling, extraction and analysis

PM2.5 samples were collected on the top of an o�ce building in Xuhui, Shanghai, China, using High Flow

PM2.5 Sampler (Ecotech, Australia) at a �ow rate of 1.13 m3/min between August 2017 and June 2018.
The sampling, extraction and analysis were performed according to our previous study [16]. In brief,
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PM2.5 �ber �lters were sheared into small fragments, immersed into ultrapure water which was eluted
with an ultrasonic cleaner, followed by �ltrating, freezing and vacuum drying. Finally, PM2.5 solid
particulates were collected and conserved at -20°C. PM2.5 solid particulates were evenly suspended in
phosphate buffer saline (PBS) by vortex concussion and stored at 4°C before the intranasal instillation.

The metal contents were determined by inductively coupled plasma optical emission spectrometer (ICP-
OES) analysis with an Agilent ICP-OES 5110 instrument. The inorganic anions (e.g., F-, NO3-, Cl- and
SO42-) and cations (e.g., Na+, NH4+, K+, Ca2+, and Mg2+) of the solid particulates were analyzed using an
Ion Chromatography system (Dionex ICS-5000+/900, Thermo Fisher, Darmstadt, Germany).  TOC was
measured using a total organic carbon (TOC) analyzer (Vario EL Cube, Elementar, Germany). For the
analysis of Poly aromatic hydrocarbons (PAHs) in PM2.5, the particulates were sonicated in 5 mL
dichloromethane (DCM)/methanol (2:1, v/v) mixture 30 min three times, then the total extractive liquid
was concentrated to approximately 1 mL by rotary evaporator and then blown to 200 μL under a gentle
stream of nitrogen. Finally, the methylated particles were analyzed with a gas chromatography-mass
spectrometer (GCMS-QP2020, Shimadzu Corporation, Otsushi Shiga, Japan).

Mice and treatments

All experimental studies involved mice were approved by the laboratory animal ethics committee of the
Shanghai Chest Hospital, Shanghai, China (Approval number: SYXK 2018-0016). Fifty-six 8-week-old
male C57/BL6 mice, weight 22-25 g, were provided by Shanghai Super–B&K Laboratory Animal
(Shanghai, China). Mice were fed in speci�c pathogen-free house where the circulating temperature is at
22°C with 50-60% humidity, equally light-dark cycle and standard diet.

After inhalation of iso�urane as anesthetic, mice were intranasally instilled with PM2.5 particulates (7.8
µg/g) suspended in 50 μL of PBS or vehicle (PBS), three times a week, over 3 weeks, 6 weeks and 9
weeks. Mice were studied 24 h after the last instillation to PM2.5. To observe the recovery of pulmonary
�brosis after the termination of PM2.5 exposure, another group of 9-week PM2.5 instilled mice were
studied after 3-week of the last instillation.

Lung function detection

After anesthesia with an intraperitoneal injection of 0.2 ml 1% pentobarbital, mice were tracheostomized
and placed in a whole-body plethysmograph (EMMS, Hants, UK). Inspiratory capacity (IC), total lung
capacity (TLC), and forced vital capacity (FVC) were recorded during fast �ow volume maneuver from
quasi-static pressure-volume loops. The chord compliance (Cchord) was determined from the quasi-static
pressure-volume maneuver. Three acceptable maneuvers were conducted for each test in every mouse.

Collection and measurement of bronchoalveolar lavage (BAL) �uid and serum

Following terminal anaesthesia with 0.4 ml pentobarbitone, mouse bronchoalveolar lavage (BAL) �uid
and blood were collected. Total and differential cell counts in BAL �uid were measured by two blinded
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and independent observers. At least 500 cells were counted and identi�ed as macrophages, eosinophils,
lymphocytes or neutrophils according to standard morphology.

TGFβ1 in serum was assayed using mouse TGFβ1 ELISA kit (Mutisciences, Hangzhou, China) following
the instructions from the manufacturer.

Histological Analysis

The left lung was in�ated with 4% paraformaldehyde under 25 cm of water pressure and then embedded
in para�n. Para�n blocks were sectioned to expose the maximum surface area of lung tissue in the
plane of the bronchial tree. Four µm sections were cut and stained respectively with haematoxylin and
eosin (H&E), Masson trichrome stain and Sirius red stain.

The mean linear intercept (Lm), a measure of interalveolar septal wall distance, and the extent of lung
in�ammation score were determined respectively in H&E-stained lung sections the as described
previously [19].

The extent of lung in�ammation was scored in the H&E-stained lung sections according to the method
described by Szapiel SV [20].

The severity of pulmonary �brosis was assessed in the Masson trichrome-stained sections, and Ashcroft
scoring was measured as described before [21].

Airway subepithelial collagen deposition was estimated in Masson trichrome stained sections, and the
thickness of collagen deposition was calculated by dividing the area of airway subepithelial collagen
deposition by the perimeter of airway basement membrane. Type I and type III collagen in mouse lung
tissues were determined by using the Sirius red stain [22]. Under polarized light microscopy, the type I
collagen in sections is shown as yellow-orange, while the type III collagen is shown as green.
Quanti�cation of type I collagen was performed by calculating the overall area of both occupied area and
color depth in the lung sections using an image J analysis system. The results are reported as mean
%area of yellow-orange in Sirius-red stained sections.

Hydroxyproline assay

The hydroxyproline content in lung tissues were measured by the alkaline hydrolysis using a
hydroxyproline kit (Nanjing Jiancheng Institute, China). According to the instructions, fresh lung tissues
were weighed and alkaline hydrolyzed for 20 min at 100℃, adjusting pH of hydrolysates to 6.0-6.8, then
adding active carbon and centrifuging the suspension. After a series of chemical reactions, the
supernatants were obtained to detect OD value at 550 nm, and the results were expressed as micrograms
of hydroxyproline per gram of wet lung weight (μg/g) by comparing with HYP standards.

Immunohistochemistry
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The localization and expression of TGFβ1 in lung tissues were examined by immunohistochemical
staining. Lung sections were incubated with anti-TGFβ1 primary antibody (1:500 in PBS, Abcam
Cambridge, MA, USA), polyclonal goat anti-rabbit horseradish peroxidase-conjugated secondary antibody
followed by visualized with diaminobenzidine (DAB) liquid and counter-stained with hematoxylin. The
brown staining intensity for TGFβ1 in lung tissues was scored on 0-3 scale [16].

MtROS assay

The mitochondria of fresh lung tissues were extracted with Tissue Mitochondria Isolation Kit (Beyotime
technology, Haimen, Jiangsu, China), and then re-suspended with mitochondrial stock solutions.
Immediately, mitochondrial suspension was quanti�ed and then incubated with 5 μM MitoSOX working
solution (Invitrogen, USA) for 10 min at 37°C, protected from light. MitoSOX �uorescence was measured
by Varioskan Flash (Thermo Sciecti�c, USA) at wavelengths of 510 nm for excitation and 580 nm for
emission.

Western blot analysis

Total proteins were extracted from mouse lung tissues with RIPA lysis buffer (Beyotime technology,
China), and protein concentrations were quanti�ed by Pierce BCA assay kit (Thermo Fisher Scienti�c,
Waltham, MS, USA). Equal amounts of lung homogenate or mitochondrial extract were separated through
10-15% denaturing polyacrylamide gels (Beyotime technology) and transferred to PVDF membranes. The
membranes were blocked with 5% nonfat dry milk and incubated overnight at 4℃ with the following
primary antibodies: N-Cadherin, Vimentin, E-Cadherin, dynamin-related protein 1(DRP1), mitochondrial
�ssion factor (MFF), mitofusin2 (MFN2) and optic atrophy 1 (OPA1), phospho-PI3K, total PI3K, phosphor-
Akt, total Akt, NLRP3, GAPDH (all from Cell signaling technology, Danvers, MA, USA), TGFβ1, PINK1,
Parkin, LC3B and SQSTM1/p62 (all from Abcam), NOX4 (Novus, Littleton, Colorado, USA). Then
membranes were incubated with an HRP-conjugated anti-rabbit secondary antibody (Cell Signaling
Technology), and then visualized by chemiluminescent detection.

Statistical analysis

Data are presented as mean ± SEM. Multiple-group comparisons were analyzed using one-way ANOVA by
Bonferroni’s post hoc test (for equal variance) or Dunnett’s T3 post hoc test (for unequal variance). P <
0.05 was considered statistically signi�cant.

Results
Biochemical analyses of PM2.5

The analyzed results showed there were numerous metal elements, metal ions, oxidizing ions, toxic PAHs
in PM2.5 samples (Table 1).
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Lung function measurements

Compared to control mice, there were decreases in TLC and Cchord in 9-week PM2.5-instilled mice, and
there was a decrease in IC in 6-week and 9-week PM2.5-instilled mice, with no change in FVC. Furthermore,
TLC remained reduced in 9-week PM2.5-instilled 3-week air-exposed mice (Fig. 1A-D).

BAL �uid cells and lung in�ammation scores

PM2.5-instilled mice demonstrated signi�cant increases in total cells, including macrophages, neutrophils,
lymphocytes, and eosinophils in BAL �uid after 3-week, 6-week and 9-week of PM2.5 instillation compared
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with control mice (Fig. 2A-E). The number of total cells and macrophages remained increased in BAL �uid
in 9-week PM2.5-instilled 3-week air-exposed mice (Fig. 2A-E). There were signi�cant increases in lung
in�ammation scores in 3-week, 6-week and 9-week of PM2.5-instilled mice (Fig. 2F).

Lung histopathological analysis and hydroxyproline contents

Representative examples of lung tissue with interalveolar septal wall distance (Lm), and lung tissue with
collagen deposited along the bronchus, alveolar walls and vessels (Fig. 3A-C). There was no change in
Lm between all PM2.5-instlled mice and control mice (Fig. 3D).

There were increases in �brosis scores and collagen deposition in 6-week and 9-week PM2.5-instlled mice
and 9-week PM2.5-instilled 3-week air-exposed mice compared with control mice (Fig. 3E and 3F).
Similarly, increased type I collagen deposition percentage was observed in 6-week and 9-week PM2.5-
instlled mice and 9-week PM2.5-instilled 3-week air-exposed mice (Fig. 3G).

To further evaluate collagen contents, hydroxyproline contents of mouse lung tissues were measured by
the alkaline hydrolysis assay. Compared with control mice, the hydroxyproline contents were increased in
6-week and 9-week PM2.5-instlled mice and 9-week PM2.5-instilled 3-week air-exposed mice (Fig. 3H).

Oxidative stress

There was an increase in mtROS levels in 3-week, 6-week and 9-week PM2.5-instilled mice compared with
control mice (Fig. 4A). The elevated levels of NOX4 in lung tissue were found in 3-wee, 6-week and 9-week
PM2.5-instilled mice and 9-week PM2.5-instilled 3-week air-exposed mice (Fig. 4B).

TGFβ1 expression

The expression of TGFβ1 was signi�cantly increased after 3-week, 6-week and 9-week of PM2.5

instillation and after 3-week of cessation, as indicated by enhanced TGFβ1 staining scores by
immunohistochemistry and enhanced TGFβ1 expression by western blot in lung tissues (Fig. 5A-C). The
serum TGFβ1 levels showed a trend of increasing in PM2.5-instilled mice, and statistical signi�cance was
achieved in 9-week PM2.5-instilled mice compared to control mice (Fig. 5D).

Biomarkers of EMT

There were signi�cant increases in the expression of N-Cadherin and Vimentin, and a decrease in the
expression of E-Cadherin and in 6-week and 9-week PM2.5-instilled, and 9-week PM2.5-instilled 3-week air-
exposed mice compared to control mice (Fig. 6A-C).

Mitochondrial �ssion/fusion and mitophagy

PM2.5 instillation led to aberrant mitochondrial �ssion/fusion, shown by signi�cant increases in DRP1
and MFF expression in 3-week PM2.5-instilled mice, and decreases in OPA1 and MFN2 expression in 9-
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week PM2.5-instilled and 9-week-3-week-air-exposed mice (Fig. 7A, 7B, and 7E-H). Moreover, 9-week PM2.5-
instilled mice demonstrated an increased expression of Parkin protein, but not PINK1, compared to
control mice (Fig. 7C, 7I and 7J). There were also up-regulation in the levels of autophagy, as indicated by
increased expression of SQSTM1/p62 and elevated ratio of LC3B II to LC3B I in 9-week PM2.5-instilled,
and 9-week PM2.5-instilled 3-week air-exposed mice compared to control mice (Fig. 7D, 7K and 7L). 

PI3K/Akt phosphorylation and NLRP3 expression

There were increases in the phosphorylation of PI3K and Akt after 3-week, 6-week and 9-week of PM2.5

instillation, and after 3-week of cessation compared to control mice (Fig. 8A and 8B). Similarly, PM2.5

instillation also promoted the expression of NLRP3 protein after 3-week, 6-week and 9-week of PM2.5

instillation, and after 3-week of cessation compared to control mice (Fig. 8C).

Discussion
In the present study, we con�rmed that intranasal instillation of PM2.5 (7.8 µg/g), three times per week
over a 9-week period induced pulmonary �brosis in mice as measured by reduced lung function,
increased collagen deposition in the lung and histological evidence of �brosis. From 3 weeks of PM2.5

instillation, pro-�brotic processes were evident with non-signi�cant increases in collagen deposition,
TGFβ1 expression and EMT. However, by 9 weeks of PM2.5 instillation, pulmonary �brosis was observed
pathologically and was accompanied by increases in EMT, mitochondrial damage and autophagy, as well
as the activation of TGFβ1-PI3K/Akt, TGFβ1-NOX4-NLRP3 pathways. Thus, it takes 9 weeks of instillation
to induce pulmonary �brosis. Compared to 4-week PM2.5-instilled mice model by Xu Z et al [18], our multi-
stage PM2.5 instillation model systematically demonstrates the development process of pulmonary
�brosis, and dynamic change in pro-�brotic protein expression levels, as well as irreversibility of
pulmonary �brosis by PM2.5.

The intratracheal instillation of bleomycin (BLM)-induced model represents the most common preclinical
IPF model [23, 24]. The BLM-induced model has particular limitations in that it does not entirely mimic the
characteristics of human IPF. For instance, the �brosis usually develops at 21 days after BLM stimulation
and spontaneously resolves at 4 weeks. However, the �brotic change in our model was much slower,
achieving a maximum effect by 9 weeks of exposure, and there was no signi�cant recovery after 3 weeks
of cessation. These indicate that PM2.5-induced model may be more reminiscent of the clinical features
of IPF than that of BLM. Moreover, intratracheal administration of BLM has considerable accumulative
mortality due to the surgical operation for instillation and the high toxicity by BLM itself. The use of
intranasal instillation of PM2.5 in our study showed no mortality in the animal due to the non-invasive
operation and relatively low toxicity by PM2.5.

In the present experiment, intranasal instillation of PM2.5 induced lung in�ammation, as shown by
increased macrophages, neutrophils, eosinophils and lymphocytes in BALF, and in�ammatory in�ltration
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in peri-bronchus and peri-vascular lung tissues. The persistent in�ammatory responses may contribute to
the increased expression of pro-�brotic factors and drive pulmonary �brosis progression. In this regard,
the increased recruitment of macrophages observed in the lung tissues is of interest. In particular, M1
macrophages are pro-in�ammatory during the onset of injury, and M2 macrophages are pro-�brotic and
pro-healing during the chronic phase of in�ammation [25]. M2 macrophages drive type-2 immune
responses through releasing some cytokines and chemokines such as TGF-β, IL-4 and IL-13 which are
involved in tissue repair and ECM deposition [26].

The induction of pulmonary �brosis by PM2.5 in the present study was histologically con�rmed by
increases in airway collagen deposition and �brosis scores but with no change in alveolar mean linear
intercept (Lm) in lung tissue which indicates the absence of emphysema. Persistent PM2.5 exposure has
been associated with reduced lung function indices, such as FVC, FEV1, and peak expiratory �ow (PEF),
in the young and the elderly[27, 28]. The present study showed that there were maximal decreases in IC,
TLC and lung compliance (Cchord) in 9-week PM2.5-instilled mice, which is probably due to lung �brosis
with features of restrictive lung volume and declined lung resilience indicating reduced lung capacity. As
we also observed the �brosis extending to the airways, our model is in addition a representative of air�ow
limitation caused by PM2.5.

Collagen �bers, the primary components of �brotic matrix, play an important role in airway remodeling
and �brous scar formation. Type I collagen is the major component in ECM, and is composed of two α1
and one α2 polypeptide chains [29]. Type III collagen is a minor component and forms thin �brils.
Therefore, type I collagen contents can indicate the severity of pulmonary �brosis. As shown in the Sirius
red-stained lung sections, there was an increase in the type I collagen deposition in airway walls and
alveolar septum in 9-week PM2.5-instilled mice. Type I pro-collagen polypeptides contain a continuous
Gly-X-Y (X is frequently proline and Y is frequently hydroxyproline) repeat motif, which maintains type I
collagen formation by hydroxylation and glycosylation [30]. As from 6 weeks of PM2.5 instillation
onwards, increased hydroxyproline concentrations were observed in mouse lung tissues, in line with the
increased percentage area of type I collagen deposition.

In mammalian cells, mitochondrial �ssion is mediated mainly by DRP1 and MFF, while mitochondrial
fusion is controlled by OPA1 and MFN1/2 [13]. Acute PM2.5 exposure has been reported to induce the
impairment of mitochondrial dynamics, as indicated by increased mitochondrial �ssion proteins and
decreased mitochondrial fusion proteins [16]. In the early stage of PM2.5 instillation, DRP1 and MFF were
increased and OPA1 and MFN2 remained stable. With repeated PM2.5 instillation, OPA1 and MFN2 were
decreased, which indicated a decrease in mitochondrial fusion. Dysfunctional mitochondrial dynamics
can have a signi�cant impact on the mitophagic process. In response to damaged mitochondria, PINK1, a
mitophagy regulator protein, accumulates on the outer mitochondrial membrane, recruiting Parkin, a
cytosolic E3 ubiquitin ligase, to mitochondria [31]. Subsequently, Parkin ubiquitinates and degrades
MFN1/2, and connects to LC3B II through adaptor protein SQSTM1/p62, which leads to autophagosome
formation and mitophagy [31]. The process of mitophagy removes damaged mitochondria to maintain a
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healthy mitochondrial pool, but an excessive rate of mitophagy may induce the reduction of
mitochondrial quantity, the inhibition of mitochondrial respiratory function and bioenergy production, and
the increase of mtROS levels [32]. In our study, 9-week of PM2.5 instillation enhanced mitophagy and
autophagy, as indicated by increased expression of Parkin and SQSTM1/p62, and enhanced ratio of
LC3B II to LC3B I.

As a molecular reprogramming process, the activation of EMT by TGFβ in lung tissues is indicated by the
loss of cell-cell adhesion molecule CDH1 (E-Cadherin), and the gain of mesenchymal markers including
CDH2 (N-Cadherin), Vimentin and α-smooth muscle actin (α-SMA) in epithelial cells [33]. The EMT
activation in the present study was evidenced by increased N-Cadherin and Vimentin expression and
reduced E-Cadherin expression. Moreover, enhanced expression of TGFβ1 could activate PI3K-Akt
pathways [9, 34], whilst inhibition of PI3K improved BLM-induced pulmonary �brosis [35]. Knockout of
Akt protected mice from chronic hypoxia-induced pulmonary vascular and tissue remodeling, and Akt
inhibition also ameliorated adenovirus TGFβ (adTGFβ)-induced pulmonary �brosis [36]. The increased
Akt activation and ROS production could facilitate mitophagy which may prevent macrophage apoptosis,
promote macrophage-derived TGFβ and stimulate inherent �broblast activation and proliferation [37].
The increased expression of TGFβ1 protein with increased EMT and up-regulated phosphorylation levels
of PI3K and Akt were demonstrated in the 9-week of PM2.5 instilled mouse model.

NOX4 is the only member of NADPH oxidase family which is localized in mitochondria, and contributes to
mtROS levels [38]. NOX4 can be stimulated by TGFβ1-SMAD2/3 pathways to catalyze the production of
ROS, and can drive �broblast proliferation and differentiation [39, 40]. Levels of NOX4 are elevated in lung
tissue from patients with IPF and BLM-induced mouse models of pulmonary �brosis [39, 40]. Inhibition of
NOX4 activity attenuated the �brotic response, as re�ected in the reduction of collagen, �bronectin and
TGFβ1, and the inhibition of EMT [41]. In the present study, there was increased expression of NOX4,
accompanied by the elevation of mtROS levels in lung tissues starting from 3 weeks of PM2.5 instillation.
mtROS can then cause NLRP3 in�ammasome activation which is capable of initiating lung
in�ammation[42, 43]. In addition, NLRP3 in�ammasome activation accelerated the process of EMT, and
eventually induced pulmonary �brosis [44, 45].

In summary, intranasal instillation of PM2.5 for 9 weeks induced lung in�ammation and pulmonary
�brosis phenotype in mice, and possibly through driving EMT, mitochondrial damage and mitophagy, as
well as activating TGFβ1-PI3K/Akt, TGFβ1-NOX4-NLRP3 pathways. Which pathways are important for the
induction of �brosis will be the subject of future studies using this PM2.5-induced lung �brosis model.
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Figure 1

Effect of PM2.5 on lung function in mice. Individual and mean values of inspiratory capacity (IC) (A),
forced volume capacity (FVC) (B), total lung capacity (TLC) (C), and chord compliance (Cchord) (D).
*P<0.05, **P<0.01, ***P<0.001 compared with 9-week PBS-instilled mice.
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Figure 2

Effect of PM2.5 on BAL �uid in�ammatory cells in mice. Individual and mean numbers of total cells
(TOTAL) (A), macrophages (MAC) (B), neutrophils (NEU) (C), lymphocytes (LYM) (D), and eosinophils
(EOS) (E) in BAL �uid. Individual and mean values of in�ammation scores in airway walls and alveolar
septa in mouse lung tissues (F). *P<0.05, **P<0.01, ***P<0.001 compared with 9-week PBS-instilled mice.
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Figure 3

Effect of PM2.5 on lung histopathology and hydroxyproline contents in mice. Representative alveolar
spaces of mouse lung tissues in hematoxylin and eosin-stained sections (A), bars 100μm. Representative
bronchial photomicrographs in Masson trichrome-stained sections (B), bars 100μm. Representative
bronchial photomicrographs in Sirius red-stained sections (C), bars 100μm. Individual and mean values
of mean linear intercept (Lm) (D) and pulmonary �brosis scores (E) measured from H&E-stained sections.
Individual and mean values of collagen deposition thickness (μm2/μm) in the airway subepithelium (F)
measured from Masson trichrome-stained sections. Individual and mean %area of the type I collagen
deposition in lung tissues measured from Sirius red-stained sections (G). Alkalinehydrolysis assay of
individual and mean contents of hydroxyproline in mouse lung tissues (H). *P<0.05, **P<0.01, ***P<0.001
compared with 9-week PBS-instilled mice.
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Figure 4

Effect of PM2.5 on levels of oxidative stress in mice. The individual and mean relative �uorescence
intensity of mtROS in the mitochondrial suspension extracted from mouse lung tissues (A). Western blot
analysis of the relative protein expression of NADPH oxidase 4 (NOX4) to GAPDH in the lung tissues (B).
Each panel shows a representative Western blot. *P<0.05, **P<0.01, ***P<0.001 compared with 9-week
PBS-instilled mice.
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Figure 5

Effect of PM2.5 on expressed levels of TGFβ1 in mice. Representative immunohistochemical (IHC)
staining for TGFβ1 as indicated by the brown staining (black arrows) in mouse lung tissue sections (A),
bars 100μm. Individual and mean immunostaining scores of TGFβ1 measured by lung
immunohistochemical sections (B). Western blot analysis of the relative protein expression of TGFβ1 to
GAPDH in mouse lung tissue homogenates (C). Each panel shows a representative Western blot.
Individual and mean levels of TGFβ1 in mouse serum (D). *P<0.05, **P<0.01, ***P<0.001 compared with
9-week PBS-instilled mice.

Figure 6
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Effect of PM2.5 on Epithelial-mesenchymal transition (EMT) in mice. Western blot analysis of the relative
protein expression ratio of N-Cadherin (A), Vimentin (B) and E-Cadherin (C) to GAPDH in mouse lung
tissues. Each panel shows a representative Western blot. *P<0.05, **P<0.01, ***P<0.001 compared with 9-
week PBS-instilled mice.

Figure 7

Effect of PM2.5 on Mitochondrial �ssion/fusion and mitophagy in mice. Western blot analysis of the
relative protein expression ratio of Dynamin-related protein 1 (DRP1) (A, E), Mitofusin 2 (MFN2) (A, F),
Optic Atrophy 1 (OPA1) (B, G), Mitochondrial �ssion factor (MFF) (B, H), PINK1 (C, I), Parkin (C, J) and
SQSTM1/p62 (D, K) to GAPDH, the ratio of LC3BII to LC3BI (D, L) in mouse lung tissues. *P<0.05,
**P<0.01, ***P<0.001 compared with 9-week PBS-instilled mice.
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Figure 8

Effect of PM2.5 on PI3K/Akt phosphorylation and NLRP3 expression in mice. Western blot analysis of the
ratio of phosphrylated-PI3k to total PI3K (A) and phosphorylated-Akt to total Akt (B), and relative protein
expression ratio of NLRP3 to GAPDH (C) in mouse lung tissues. Each panel shows a representative
Western blot. *P<0.05, **P<0.01, ***P<0.001 compared with 9-week PBS-instilled mice.
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