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Abstract

Background: The characteristics of coal dust (CD) particles affect the inhalation of CD, which causes coal worker’s
pneumoconiosis (CWP). CD nanoparticles (CD-NPs, <500 nm) and micron particles (CD-MPs, <5 um) are components
of the respirable CD. However, the differences in physicochemical properties and pulmonary toxicity between CD-NPs
and CD-MPs remain unclear.

Methods: CD was analyzed by scanning electron microscopy, Malvern nanoparticle size potentiometer, energy dis-
persive spectroscopy, infrared spectroscopy, and electron paramagnetic resonance spectroscopy. CCK-8 assay, ELISA,
transmission electron microscope, JC-1 staining, reactive oxygen species activity probe, calcium ion fluorescent probe,
AQ/EB staining, flow cytometry, and western blot were used to determine the differences between CD-NPs and CD-
MPs on acute pulmonary toxicity. CCK-8, scratch healing and Transwell assay, hematoxylin—eosin and Masson staining,
immunohistochemistry, immunofluorescence, and western blot were applied to examine the effects of CD-NPs and
CD-MPs on pneumoconiosis.

Results: Analysis of the size distribution of CD revealed that the samples had been size segregated. The carbon con-
tent of CD-NPs was greater than that of CD-MPs, and the oxygen, aluminum, and silicon contents were less. In in vitro
experiments with A549 and BEAS-2B cells, CD-NPs, compared with CD-MPs, had more inflammatory vacuoles, release
of pro-inflammatory cytokines (IL-6, IL-13, TNFa) and profibrotic cytokines (CXCL2, TGFB1), mitochondrial damage
(reactive oxygen species and Ca’* levels and decreased mitochondrial membrane potential), and cell death (apopto-
sis, pyroptosis, and necrosis). CD-NPs-induced fibrosis model cells had stronger proliferation, migration, and invasion
than did CD-MPs. In in vivo experiments, lung coefficient, alveolar inflammation score, and lung tissue fibrosis score
(mean: 1.1%, 1.33, 1.33) of CD-NPs were higher than those of CD-MPs (mean: 1.3%, 2.67, 2.67). CD-NPs accelerated the
progression of pulmonary fibrosis by upregulating the expression of pro-fibrotic proteins and promoting epithelial-
mesenchymal transition. The regulatory molecules involved were E-cadherin, N-cadherin, COL-1, COL-3, ZO-1, ZEB1,
Slug, a-SMA, TGFf31, and Vimentin.
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Conclusions: Stimulation with CD-NPs resulted in more pronounced acute and chronic lung toxicity than did stimu-
lation with CD-MPs. These effects included acute inflammatory response, mitochondrial damage, pyroptosis, and
necrosis, and more pulmonary fibrosis induced by epithelial-mesenchymal transition.

Keywords: Coal dust nanoparticles, Coal dust micron particles, Coal worker's pneumoconiosis, Pulmonary fibrosis,
Epithelial-mesenchymal transition, Acute pulmonary toxicity

Introduction

Coal mining and processing generate dusts, among which
coal dust (CD) is one of the main health hazards for coal
workers [1]. The elemental composition of CD particles
varies greatly in various regions [2]. Therefore, in this
study, we compared the differences in physicochemical
properties, the acute pulmonary toxicity, and the chronic
pulmonary fibrosis-inducing ability of CD-nanoparticles
(CD-NPs) and CD-micron particles (CD-MPs) and their
associated molecular mechanisms, focusing on potential
adverse effects of CD size on the lung.

Nanoparticles have been found more toxic than
larger particles due to their large surface area and easier
absorption by organisms [3, 4]. Sarver [5] and Keles [6]
et al. determined the particle size distribution of 171 sets
of respirable CD samples collected from 25 underground
coal mines in several regions of the United States, show-
ing the presence of CD-NPs (<500 nm) in respirable CD.
CD particles can impair normal lung function in humans
[7], increase the risk of pneumoconiosis [8], and dam-
age alveoli in rats [9]. Therefore, it is reasonable to infer
that CD-NPs have more pulmonary toxicity and are more
conducive to coal worker’s pneumoconiosis (CWP) than
CD-MPs. However, there are few studies on the effects of
CD particles of various size on human pulmonary health.

Early studies showed that chronic inflammation is the
root cause of pulmonary fibrosis, and subsequent studies
have found that the pathogenesis of pulmonary fibrosis is
the disruption of lung homeostasis by foreign substances,
resulting in irreversible damage to alveolar epithelial
cells and lung epithelial cells (mitochondrial damage,
apoptosis, focal death, and necrosis) and mesenchymal
phenotype change, which in turn promotes lung fibrosis
[10-12]. Among alveolar epithelial cells and lung epithe-
lial cells, impairment of normal functional capacity and
development of a profibrotic phenotype contribute to the
development of idiopathic pulmonary fibrosis [13]. Epi-
thelial-mesenchymal transition (EMT) is an important
factor in pulmonary fibrosis, contributing to the activa-
tion of myofibroblasts and the production of the extracel-
lular matrix [14—16]. During the formation of pulmonary
fibrosis, myofibroblasts produce collagens, such as col-
lagen 1A1 and collagen 3A1, as well as major substances
that make up the extracellular matrix, such as fibronec-
tin. The overproduction of collagen and extracellular

matrix interferes with the normal physiological repair of
lung tissue [17].

We hypothesized that CD-NPs have greater acute
lung toxicity (inflammation, mitochondrial damage, cell
death, and fibrosis) and fibrosis-inducing effects via EMT
than do CD-MPs. In this study, the differences between
CD-NPs and CD-MPs were used to explore the phys-
icochemical properties affecting the toxicity of CD-NPs.
A549 and BEAS-2B cells were used to determine the dif-
ferences in acute pulmonary toxicity of CD-NPs and CD-
MPs in vitro. In vitro and in vivo fibrosis models were
constructed to evaluate the difference in the progression
of pulmonary fibrosis induced by CD-NPs and CD-MPs
and to explore the expression of EMT and pro-fibrotic
marker molecules.

Materials and methods

Cell lines and culture

Human BEAS-2B cells were purchased from Guangzhou
Saiku Biotechnology Co., Ltd., China, and cultured in
BEGM complete medium (#CC-3171, LONZA, Switzer-
land). Human A549 cells were obtained from the Ameri-
can Type Culture Collection (ATCC, Rockville, MD,
USA) and cultured in RPMI 1640 medium (Jiangsu Kage
Biotechnology Co., Ltd., China) with 10% GIBCO fetal
bovine serum (Iniiitrogen, USA). Both cell lines were
maintained in a 5% CO, incubator at 37 °C.

Nano-to-micron sized respirable coal dust collection

and preparation

The coal samples examined were collected from the
Xinji No. 2 mine in China located at longitude 116° 33’
52" ~116° 38’ 17" east and latitude 32° 41’ 04" ~ 32° 43’ 52"
north. The mine produces about 2.4 million tons of coal
per year and about 440,000 tons of fly ash per year. Sam-
ples from each coal face in the ventilated area were thor-
oughly mixed to obtain composite samples representative
of the test area and stored at 4 °C for subsequent analysis.
Fresh coal samples were sealed in airtight plastic bags at
the mine site and placed in distilled water upon arrival
at our laboratory to prevent oxidation. To prepare CD-
NPs and CD-MPs samples, the pulverized coal aqueous
solution was filtered through UV-sterilized 18,000-mesh
(Pore size: 500 nm, Lvbang, Guangdong, China) and
2500-mesh (Pore size: 5 pm, Lvbang, Guangdong, China)
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filters. Samples filtered through an 18,000-mesh filter
were classified as CD-NPs, and samples filtered through a
2500-mesh filter were classified as CD-MPs.

Detection of physicochemical properties of coal dust

The size and morphology of CD particles were observed
using a super-resolution field emission scanning elec-
tron microscope (SEM) (Regulus8100, Hitachi, Japan)
with a resolution of 1.1 nm/1 kV. The size distribution
and Zeta potential of the CD particles were measured
with a Malvern Nanoparticle Size Potentiometer (Zeta-
sizer Nano ZS90, UK). The elemental composition of
CD particles was analyzed with energy X-ray spectrom-
eter (EDAX-GENESIS, USA) at 20 keV with an analysis
area of 1.56 um?. Electron spin resonance (ESR)/elect on
paramagnetic resonance (EPR) (JEOL JES FA200, Japan)
was used to investigate the changes of oxygen radicals in
nano- to micro-scale CD particles. Finally, the changes
of functional groups in nano- to micro-scale CD parti-
cles were analyzed by infrared spectrometer (Nicolet iS5,
ThermoFisher, USA).

Animals

C57BL/6 male mice, 6-8-week-old [license number
SCXK (Yu) 2020-0005], were purchased from Henan Ske-
bes Biotechnology Co., Ltd. and housed in a specific path-
ogen-free room with ambient temperature controlled
(22+2 °C) environment and circulating light conditions.
The animals were allowed free access to food and water.
All animal experiments followed the ARRIVE Guidelines
and the National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals (NIH Publication
No. 8023, revised in 1978) and were approved by the Ani-
mal Experimentation Ethics Review Committee of Anhui
University of Science and Technology (No. 20191013-
008). Thirty mice with body weights of 19+1.0 g were
randomly divided into four groups after 1 week of adap-
tive feeding (21+0.8 g). A control group was treated
with intranasal instillation of 40 pL phosphate-buffered
saline daily. A CD-NPs group was treated with intranasal
instillation with 40 pL of CD-NPs suspension (32 pg CD-
NPs daily); a CD-MPs group was treated with intrana-
sal instillation with 40 pL of CD-MPs suspension (32 pg
CD-MPs daily) for 2 weeks (n=3), 8 weeks (n=3) and
12 weeks (n=3); and a mixed CD group was treated
with intranasal instillation with 40 pL mixed CD sus-
pension (32 pug mixed CD daily) for 2 weeks (n=3). The
animals were lightly anesthetized with isoflurane. Uni-
lateral lung tissue was collected and fixed with 2.5% glu-
taraldehyde overnight at 4 °C, followed by transmission
electron microscope (TEM, JEM-1400, JEOL, Japan) to
detect cell endocytosis and mitochondrial damage (pro-
vided by Hefei Xinle Biotechnology Co., Ltd.). Unilateral
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lung tissue was fixed with 4% paraformaldehyde at 4 °C
overnight and stained with hematoxylin—eosin, Masson,
and immunohistochemistry (provided by Hefei Xinle
Biotechnology Co., Ltd.). The mice necks and chests
were dissected, and one lung lobe was ligated. The tra-
chea was exposed for intubation and washed three times
with 1 mL of PBS pre-cooled at 4 °C. The supernatant of
bronchoalveolar lavage fluid (BALF) (unilateral lung) and
serum were collected for measuring IL-6, IL-1B, TNFaq,
CXCL2 and TGFP1 with murine ELISA kits (ABclonal
Technology Co., Ltd.,, Wuhan, China) according to the
manufacturer’s instructions.

Transmission electron microscope and optical microscope
detection in vitro

In vitro, the cells were treated with 300 pg/mL mixed
CD for 24 h, the old medium was discarded, and the cells
were washed three times with PBS. After adding fresh
medium, the endocytosis, morphology of cells, and the
state of CD adsorbed cells were observed under a micro-
scope. Cell pellets were collected to detect intracellular
endocytosis and mitochondrial damage by TEM.

CCK-8 assay

For cell proliferation inhibition assays, 1 x 10° cells were
inoculated into each well of a 96-well plate and cultured
at 37 °C in a 5% CO, incubator for 24 h. After the cells
were stimulated for 0, 24, 48, 72 h by adding 0, 9.375,
37.5, 75, 150, 300, or 600 pg/mL of CD-NPs or CD-MPs,
the cell supernatant was discarded, and fresh complete
medium was added. For cell proliferation assays, 1 x 10
cells were inoculated into each well of a 96-well plate and
cultured at 37 °C in a 5% CO, incubator for 1, 2, 3, 4, and
5 days. Then, 10 puL of CCK-8 solution (Beyotime, Nan-
jing, China) was added and cultured for 3 h. The absorb-
ance was measured at 450 nm with a microplate reader.

ELISA assay in vitro

Cell culture supernatants were collected within 1 h
after cells were treated with 300 pg/mL of CD-NPs and
CD-MPs for 72 h. Human IL-6, IL-1p, TNFa, CXCL2,
and TGFB1 ELISA kits (ABclonal Technology Co., Ltd.,
Wuhan China) were used for quantitative detection of
cytokines, according to the manufacturer’s protocol.

JC-1staining, calcium imaging, reactive oxygen

species detection, AO/EB staining, and flow cytometry
with Annexin V-FITC/PI staining

5 x 10° cells were inoculated into each well of a 24-well
plate and cultured at 37 °C in a 5% CO, incubator for
24 h. For JC-1staining, cells were treated with 300 pg/mL
of CD-NPs and CD-MPs for 24 h. For AO/EB staining
and flow cytometry with Annexin V-FITC/PI staining,
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cells were treated with 300 pg/mL of CD-NPs and CD-
MPs for 72 h. JC-1 stock solution (KeyGEN BioTECH
Corp., Ltd,, Jiangsu China) was prepared into a working
solution, with a final concentration of 8 pg/mL in cell cul-
ture medium. The AO/EB working solution was prepared
by adding equal volumes of AO (Solarbio, Beijing, China)
and EB (KeyGEN BioTECH Corp., Ltd., Jiangsu China)
to the cell culture medium at a ratio of 1:19. Annexin
V-FITC/PI working solution was prepared by adding
12 pL Annexin V-FITC stock solution (Beyotime, Nan-
jing, China) and 4 pL propidium iodide stock solution
(Beyotime, Nanjing, China) to 200 pL buffer solution. For
calcium imaging and detection of reactive oxygen species
(ROS), cells were treated with 300 pg/mL of CD-NPs and
CD-MPs for 8 h and 12 h before adding their working
solutions. Fluo 3-AM stock solution (Dojindo Labora-
tories, Japan) was prepared into a working solution with
a final concentration of 5 pmol/L with Hank’s Balanced
Salt Solution. Fluorescent probe DCFH-DA stock solu-
tion (Beyotime, Nanjing, China) was added to serum-
free cell culture medium at a ratio of 1:1000 to prepare
a working solution for the detection of ROS. Described
methods were used for subsequent steps [18-22].

Western blot

The cells were inoculated into 30 cm? dishes at a den-
sity of 1 x 107 cells/dish at 37 °C in a 5% CO, incubator
for 24 h. After adding various concentrations of CD to
stimulate cells for preset times according to grouping
requirements, radio immunoprecipitation assay lysis
buffer supplemented with protease phosphatase inhibitor
cocktail (Beyotime, Nanjing, China) at a ratio of 1:50 was
added, and cell proteins were collected. Protein concen-
tration was measured with a BCA kit (Biosharp, Hefei,
Anhui, China) according to the manufacturer’s instruc-
tions. The protein molecules were separated by electro-
phoresis on SDS-polyacrylamide gel and transferred to
PVDF membrane (Millipore, USA). Membranes were
blocked with 5% skim milk for 1 h at room temperature
and incubated with primary antibodies HO-1 (1:1000,
CST, #5853, USA), B-actin (1:1000, CST, #4970, USA),
Caspase 1 (1:1000, CST, #2225, USA), Cleaved Caspase
1 (1:1000, CST, #4199, USA), Bcl-2 (1:1000, CST, #9942,
USA), a-SMA (1:1000, CST, #19245, USA), COL-1
(1:2000, Abcam, ab260043, UK), COL-3 (1:1000, Abcam,
ab184993, UK), ZO-1 (1:1000, CST, #49398, USA), ZEB1
(1:1000, CST, #49398, USA), N-cadherin (1:1000, CST,
#49398, USA), E-cadherin (1:1000, CST, #49398, USA),
Vimentin (1:1000, CST, #49398, USA), Slug (1:1000, CST,
#49398, USA) and TGFB1 (1:1000, abclonal, #A2124,
China) at 4 °C overnight. The primary antibodies were
recovered, and the membrane was washed three times
with tris buffered saline and tween and incubated with
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the secondary antibody for 1 h at room temperature. A
luminescence solution (ECL luminescence kit; EMD Mil-
lipore) was used for development.

Cell migration and invasion assays

Scratch healing assay: 8 x 10° cells were inoculated into
each well of a 6-well plate with a horizontal line at the
bottom for 24 h at 37 °C in a 5% CO, incubator. After
scratching with a 10 pL pipette tip perpendicular to
the horizontal line at the bottom of the bottle, the old
medium was replaced with serum-free medium, and cul-
ture was continued for the preset time. Observation and
photographing were performed under an inverted micro-
scope (Leica, Germany).

Transwell assay: When the cells had grown to cover
80% of the bottom area of the culture flask, they were
starved in serum-free medium for 24 h. The cells were
trypsinized to prepare a serum-free cell suspension at
a density of 1 x 10° cells/mL, and 100 uL of cell suspen-
sion were added to the upper chamber. Then, 600 pL of
complete culture medium containing 10% serum were
added to the lower chamber for 48 h at 37 °C in a 5%
CO, incubator. The medium was discarded, and the cells
were washed 3 times with PBS, fixed with 4% paraform-
aldehyde for 10 min, and stained with 0.1% crystal violet
for 10 min. Cell counting and photographing were per-
formed under an inverted microscope (Leica, Germany).

Indirectimmunofluorescence

4% 10° cells were inoculated into each well of a 24-well
plate at 37 °C in a 5% CO, incubator for 24 h. After dis-
carding the cell supernatant, the cells were washed 3
times with PBS and fixed with 4% paraformaldehyde for
30 min. Primary antibody a-SMA (1:500, CST, #19425,
USA) was added and incubated overnight at 4 °C. Alexa
Fluor 488-conjugated secondary antibody (1:1000, CST,
#4412, USA) was added and incubated at room tem-
perature for 1 h in the dark. Cells were examined with
an inverted fluorescence microscope (Leica, Germany)
with excitation wavelengths of 480—500 nm and emission
wavelengths of 525-530 nm.

Statistical analysis

All experiments were performed in three independ-
ent operations with three replicates each. Data are pre-
sented as mean & SD. Statistical differences between the
means of two groups were compared by Student’s t-test,
and statistical differences among multiple groups were
compared by one-way analysis of variance (ANOVA).
P <0.05 was considered statistically significant (*P <0.05,
**P<0.01, **P <0.001). Statistical analysis of experimen-
tal data was performed with GraphPad Prism 6 software
(GraphPad Software, USA).
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Results

Chemical and physical properties of the measured coal
samples

Morphological analysis of CD-MPs and CD-NPs by
SEM revealed that CD-MPs were irregular, whereas
CD-NPs tended to be regular spherical particles
(Fig. 1A). The particle size distribution revealed that,
by volume, 85.9% of the CD-MPs were smaller than
5 pm, and about 58.9% of the CD-NPs were smaller
than 500 nm (Fig. 1B and Additional file 1: Table S1).
The EDX spectra of CD-MPs and CD-NPs revealed the
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presence of several major elemental components such
as C, N, O, Al, Si, and other trace elements such as Na,
Mg, S, K, Ca, in which the content of silica was less than
10%. However, compared with CD-MPs, the C content
in CD-NPs was substantially more, whereas the con-
tent of O, Al, Si was less (Fig. 1C). The Zeta potential
(Additional file 1: Fig. S1A) and content of oxygen radi-
cals (Additional file 1: Fig. S1B) and functional groups
(Additional file 1: Fig. S1C) were not significantly dif-
ferent between of CD-MPs and CD-NPs.
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CD-NPs were more easily endocytosed into cells

and inhibited cell proliferation

Using light microscopy and TEM, we analyzed the state
of CD particles entering cells from a macroscopic and
microscopic perspective. The endocytosed CD parti-
cles were mostly smaller than 1 pm, indicating that CD-
NPs were easily endocytosed into cells (Fig. 2A and B).
Next, we used CCK-8 assay to analyze the effects of CD-
MPs and CD-NPs on cell proliferation. As illustrated in
Fig. 2C, compared with CD-MPs, CD-NPs inhibited the
proliferation of alveolar epithelial cells (A549 and BEAS-
2B) in a concentration- and time-gradient-dependent
manner, indicating that CD-NPs may have a stronger
acute pulmonary toxicity.

CD-NPs released more pro-inflammatory cytokines in vitro
and more acute inflammatory response in vivo

Through light microscopy, we observed that CD parti-
cles, especially CD-NPs, induced vacuolation in the alve-
olar epithelium (Fig. 3A). After cells were treated with
CD-NPs and CD-MPs for 72 h and CD-NPs and CD-
MPs were administered intranasally to C57BL/6 mice
for 2 weeks, we detected the levels of inflammatory fac-
tors IL-6, IL-1B, TNFa, TGFB1 and chemokine CXCL2
in mouse BALF and the culture supernatant of A549 and
BEAS-2B cells with ELISA kit. As shown in Fig. 3B-D,
CD particles, especially CD-NPs, induced the release of
cellular inflammatory factors and increased the levels of
inflammatory factors in BALF. We analyzed whether CD
induced acute inflammatory hyperplasia in lung tissue
by hematoxylin—eosin and Masson staining: CD stimula-
tion induced acute lung tissue inflammatory hyperplasia,
and CD-NPs induced more acute lung tissue inflam-
matory hyperplasia than did CD-MPs (Fig. 3E). These
results demonstrated that CD-NPs produced a more
pronounced acute inflammatory response in vitro and
in vivo than did CD-MPs.

CD-NPs more clearly induced acute mitochondrial damage
in vitro and in vivo

TEM observation results showed that after treatment
with 300 pg/mL mixed CD for 24 h, mitochondrial mem-
branes were ruptured in alveolar epithelial cells in vitro.
Some mitochondria swelled significantly, the interior
had inhomogeneous changes, and the orderly struc-
ture of cristae was destroyed. In alveolar epithelial cells
in vivo, there was matrix-type mitochondrial swelling;
that is, the mitochondria were enlarged and rounded, the
matrix became lighter, the matrix particles disappeared,
the cristae were shortened, reduced, or even disappeared,
and the boundary of the mitochondrial membrane was
blurred (Fig. 4A). These findings suggest that CD can
induce mitochondrial damage in cells during the acute
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response phase. As shown in Fig. 4A, the CD particles
entering the cells were smaller than 1 pm, and most
were smaller than 500 nm, which is consistent with the
results in Fig. 2B. When active mitochondria are dam-
aged, changes in mitochondrial membrane potential
are often accompanied. Therefore, we further examined
the change of membrane potential by JC-1 staining. As
shown in Fig. 4B, after the cells were stimulated with
300 pg/mL CD-NPs and CD-MPs for 24 h, the mitochon-
drial membrane potential changed from high to low. (At
high potential, JC-1 dye monomers form aggregates that
emit red fluorescence at a wavelength of approximately
590 nm and accumulate in mitochondria; at low poten-
tial, the JC-1 dye monomer emits green fluorescence at a
wavelength of approximately 529 nm).

The results of calcium ion fluorescent probe FLUO-2/
AM to measure the content of free calcium ions showed
that short-term stimulation of CD particles induced
an increase in the content of free calcium ions in cells,
especially in CD-NPs, and peaked at 8 h (Fig. 4C). Simi-
larly, the results of intracellular ROS assay showed that
short-term stimulation of CD, especially CD-NPs par-
ticles, induced an increase in intracellular ROS content,
which also reached a peak at 8 h (Fig. 4D). In addition,
the protein expression level of heme oxygenase-1 (HO-1)
showed a changing trend consistent with the intracellular
ROS content (Fig. 4E). Taken together, these results indi-
cate that CD-NPs induced acute mitochondrial damage
in vitro and in vivo.

CD-NPs induced pyroptosis or necrosis in higher
proportions in vitro

When cells are acutely stimulated by external parti-
cles, damage responses such as apoptosis, pyroptosis,
autophagy and necrosis occur. In multicellular organisms,
cell death is a key process in development, homeostasis,
and immune regulation, and its dysregulation is associ-
ated with a variety of pathologies. As CD-NPs stimulated
alveolar epithelial cells to produce acute inflammatory
response, we further examined pro-inflammatory pro-
grammed cell death (pyroptosis), accidental cell death
(cell necrosis), and non-pro-inflammatory programmed
cell death (cell necrosis) in vitro. After cells were treated
with 300 pg/mL CD-NPs and CD-MPs for 72 h, the pro-
tein expression level of cleaved caspasel/caspasel was
significantly increased, especially in CD-NPs-stimulated
cells, a finding indicating that CD-NPs-stimulated cells
occurred to a higher degree of caspase-1-dependent
pyroptosis (Fig. 5A). Subsequently, annexin V-FITC/
PI (Fig. 5B) and AO/EB (Fig. 5C) staining showed that
CD stimulation could induce apoptosis and necrosis,
and CD-NPs more effectively induced cell necrosis than
did CD-MPs. However, neither CD-MPs nor CD-NPs
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induced early apoptosis. Finally, we examined the expres-  CD particles (300 pg/mL CD-NPs and CD-MPs for 72 h)
sion level of the anti-apoptotic protein Bcl-2. Although  compared with untreated cells, Bcl-2 expression levels
Bcl-2 inhibition occurred in cells briefly stimulated with ~ were only slightly lower in CD-MPs-stimulated A549
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cells (P<0.05), while there was no significant differ-
ence (P>0.05) in BEAS-2B cells (Fig. 5D). These results
indicated that short-term CD-NPs stimulation induced
pyroptosis and necrosis, which may be the reason for the
detection of higher amounts of inflammatory factors in
the supernatant of short-term CD-NPs-stimulated cells.

CD-NPs induced EMT and pro-fibrogenesis in vitro

The cells were stimulated with 9.375 pg/mL of CD-MPs
or CD-NPs for 3 consecutive days, then passaged. The 0
passages (P0), 10 passages (P10), 20 passages (P20), and
40 passages (P40) cells with different fibrotic states were
induced by CD-NPs according to above cycle. Com-
pared with PO cells, the migration viability of P10, P20,
and P40 cells, especially P40 cells, induced by CD-NPs
was increased (Additional file 1: Fig. S2A). Similarly, the
proliferative (Additional file 1: Fig. S2B) and invasive
(Additional file 1: Fig. S2C) abilities of P10, P20, and P40
cells, especially of P40 cells, were enhanced compared to
those qualities of PO cells induced by CD-NPs. In addi-
tion, compared with alveolar epithelial cells without
CD-NPs induction, EMT marker molecules (E-cadherin
and ZO-1) were significantly down-regulated in CD-
NPs-induced P40 alveolar epithelial cells, whereas EMT
marker molecules (N-cadherin, ZEBI1, vimentin, and
Slug) and pro-fibrogenesis marker molecules (COL-
1, COL-3 and a-SMA) were significantly upregulated
(Additional file 1: Fig. S2D). The above results indicated
that compared to PO, P10 and P20 cells, the EMT and
pro-fibrogenesis states of P40 cells were the most signifi-
cant. Therefore, we chose P40 cells as an in vitro model.
Next, we measured the pre-fibrotic states of P40 cells
induced by CD-MPs and CD-NPs to analyze the differ-
ence in the ability of CD-MPs and CD-NPs to induce
EMT and pre-fibrosis in alveolar epithelial cells. The
results showed that compared with CD-MPs-induced
P40 cells, CD-NPs-induced P40 cells had more prolif-
eration activity (Fig. 6A), more migration (Fig. 6B), and
invasion (Fig. 6C) abilities and expression of EMT mark-
ers (E-cadherin, N-cadherin, ZO-1, ZEB1, Vimentin and
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Slug) and pro-fibrogenesis markers (COL-1, COL-3 and
a-SMA) (Fig. 6D and E). Thus, CD-NPs are more chroni-
cally toxic than are CD-MPs, i.e., promotion of the pro-
gression of pulmonary fibrosis, as recorded by EMT,
in vitro.

CD-NPs more distinctly induced EMT and pro-fibrogenesis
in vivo

According to the National Occupational Health Stand-
ards of the People’s Republic of China—Occupational
Exposure Limits for Hazardous Factors in the Work-
place (GBZ2.1-2007), promulgated by the Ministry of
Health in 2007, the concentration limit of respirable
CD (free SiO,<10%) is 2.5 mg/m>. According to the
daily inhalation rate of adults is 16 m?, the legal work-
ing day of the country is 8 h/day, and the equivalent
dose conversion formula between standard animals is
Dose (mice) =k x Dose (human), k=0.0025. We calcu-
lated that the daily dose of CD inhaled by mice is Dose
(mice) =0.0025 x (2.5 mg/m?3 x 16 m® x 8 h/24 h) =32 pg.
Therefore, the dose of 32 pg/40 uL/day of CD was used
for nasal feeding mice for 8 and 12 weeks to establish pre-
fibrosis in vivo. The mice were sacrificed and weighed.
The lung tissue was removed and weighed after the tra-
chea and surrounding connective tissue were stripped.
The lung coefficient (%) =lung tissue weight/mice body
weight x 100%. As shown in Fig. 7A, the appearance of
lung tissues in the control group was pink, and the texture
was soft, whereas the lung tissues in the CD-NPs animals
had many fine coal spots, and lung tissues in the CD-MPs
animals had many sparse and coarse coal spots. Hema-
toxylin—eosin and Masson staining showed that com-
pared with the control group and the CD-MPs group, the
lung tissues of the CD-NPs group had more nodules and
bluer collagen (Fig. 7C). To further analyze whether EMT
promotes the formation of pre-fibrosis in vivo, we found
that compared with the control group, the expression lev-
els of EMT marker molecule (E-cadherin and ZO-1) in
the lung tissue of mice induced by CD were less, whereas
the expression levels of other EMT markers (N-cadherin,

(See figure on next page.)

Fig. 4 CD-NPs induced acute mitochondrial damage in vitro and in vivo. A The mitochondrial damage illustrated by TEM after treatment with

300 pg/mL mixed CD-MPs and CD-NPs for 24 h in vitro and with 32 pg mixed CD/day for 2 weeks in vivo. Green arrows point to endocytosed CD
particles. Red arrows point to damaged mitochondria stimulated by CD particles. B Mitochondrial membrane potential was detected by JC-1
staining after treatment with 300 pg/mL mixed CD-MPs and CD-NPs for 24 h. Data were expressed as the mean=+SD, n=3.***P <0.001. CThe
content of intracellular free Ca’* was detected by indirect immunofluorescence after treatment with 300 ug/mL mixed CD-MPs for 8 h and 300 pg/
mL mixed CD-NPs for 8 and 12 h. Data are expressed as the mean=+SD, n=3.**P <0.01 and ***P <0.001. n.s., no significance. D The ROS level

of cells was detected by indirect immunofluorescence after treatment with 300 ug/mL mixed CD-MPs for 8 h or 300 ug/mL mixed CD-NPs for 8
and 12 h. Data were expressed as the mean & SD, n=3. **P <0.001. E The level of HO-1 protein was detected by western blot after treatment

with 300 pg/mL mixed CD-MPs for 8 h and 300 pg/mL mixed CD-NPs for 8 and 12 h. Data were expressed as the mean 4 SD, n =3. **P <0.01

and **P <0.001. n.s. no significance, CD-MPs coal dust micron particles, CD-NPs coal dust nanoparticles, CD coal dust, TEM transmission electron
microscope, ROS reactive oxygen species. Remarks: Due to insufficient experimental funds, in the western blot assay, we cut the PVDF membrane
into a membrane small enough so the antibody could be incubated according to its molecular weight and the protein molecular weight marker
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ZEB1, Vimentin and Slug), pro-fibrogenesis markers
(COL-1, COL-3 and a-SMA), and EMT-inducing factors
(TGEP1) were more, as recorded by western blot (Fig. 7B)
and immunohistochemical staining (Fig. 7D), especially
in the CD-NPs animals, which was consistent with the
in vitro results. Finally, the results of ELISA showed many
inflammatory factors produced in the bronchoalveolar
lavage fluid (Fig. 7E) and serum (Fig. 7F) of mice by long-
term exposure with CD, especially CD-NPs. Based on the
above results, we conclude that long-term stimulation by
CD particles, especially by CD-NPs, can promote the for-
mation of pulmonary fibrosis in vivo through the EMT
pathway. In other words, CD-NPs are more chronically
toxic than CD-MPs, i.e., promotion of the progression of
pulmonary fibrosis by EMT in vivo.

Discussion

An important problem faced in coal mining is the gen-
eration of inhalable dust particles. An important quality
of coal dust (CD) is particle size, which directly affects its
reaction rate, sedimentation, solubility, and, ultimately,
human health [23, 24]. Accurate characterization of CD
particle size is important in attempts to prevent and con-
trol the health hazards of CD pollution.

In this study, CD nanoparticles (CD-NPs) were all less
than 1 pm, and about 59% of the particles were less than
500 nm by volume. CD micron particles (CD-MPs) are all
larger than 1 um, of which about 86% were smaller than
5 pum by volume. This particle size is in the range of that
of respirable CD, which can be deposited in the lower
respiratory tract by gravity and adhere to the alveolar
walls by Brownian motion (diffusion) [25]. Coal worker’s
pneumoconiosis and progressive massive fibrosis are syn-
ergistic effects of coal, silica dust, rock dust particles and
diesel particulate matter. The composition of CD particles
varies greatly among regions [2]. In this study, we focused
on the effect of coal particle size on its toxicity and cel-
lular responses. The particle size distribution revealed
that the two kinds of CD particles we collected meet the
requirements that the particle size of most CD-NPs is
less than 500 nm, while the particle size of most CD-MPs
is more than 1 pm and less than 5 um. The significance
of Zeta potential is that its value is related to the stability
of colloidal dispersion and is a measure of the strength
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of mutual repulsion or attraction between particles: the
smaller the molecule or dispersed particle, the higher the
absolute value of Zeta potential and the more stable the
system; that is, the dissolution or dispersion can resist
aggregation. The larger the molecules or dispersed par-
ticles, the lower the absolute value of Zeta potential and
the more prone is coagulation or cohesion; that is, the
attractive force exceeds the repulsive force, dispersion
is disrupted, and coagulation occurs. The absolute value
of the Zeta potential (22.8 mV) of CD-NPs is slightly
higher than that of CD-MPs (— 17.5 mV), which is con-
sistent with the principle that the smaller the particle, the
higher the absolute value of the Zeta potential. However,
the Zeta potentials of both CD-NPs and CD-MPs ranged
from £10 to £30 mV, at which both particles became
unstable from rapid coagulation or agglomeration. SEM
verified the particle size of CD-NPs and CD-MPs and
showed that both CD-NPs and CD-MPs were coagulated
or agglomerated; only a few particles were dispersed,
which was consistent with the analysis of Zeta potential.
Energy X-ray spectroscopy analysis showed that the
content of silica in CD was less than 10%, which meets
the requirements of CD composition. The content
of C in CD-NPs was significantly more than in CD-
MPs, whereas the contents of O, Al, and Si were less,
as found in previous research [2]. Combined with the
results of previous studies [26, 27], it can be concluded
that compared with CD-MPs, the reduced oxygen-to-
carbon ratio in CD-NPs indicates that its wettability
is lower than that of CD-MPs. Coal workers regularly
inhale respirable coal particles due to the lower prob-
ability that respirable coal particles with lower wettabil-
ity will be wetted by the water spray and then dispersed
in the water. Furthermore, with decreasing particle size,
the particle number increases, and the particle weight
decreases, indicating a much higher number of respir-
able coal particles. Therefore, from a transportation
point of view, the toxicity potential of coal with reduced
particle size is increased. Contrary to previous studies
[2], we found that the functional groups and oxygen
radicals of CD-MPs and CD-NPs did not differ signifi-
cantly. In addition, small particles have a larger surface
area. Smaller particles with larger surface area have
high capacity to play a key role in nanoparticle-induced

(See figure on next page.)

CD-NPs coal dust nanoparticles

Fig. 5 CD-NPs induced pyroptosis or necrosis in higher proportions than CD-MPs in vitro. A and D The levels of caspase], cleaved caspase

and Bcl-2 were examined with western blot after treatment with 300 ug/mL CD-MPs or CD-NPs for 72 h. Data are expressed as the mean 4 SD,
n=3.*P<0.05 and ***P <0.001. n.s, no significance. Remarks: Due to insufficient experimental funds, in the western blot assay, we cut the PVDF
membrane into a membrane small enough to permit incubation of the antibody according its molecular weight and the protein molecular weight
marker. B and C Cell necrosis rate was assessed by flow cytometry with annexin V-FITC/PI staining and AO/EB staining after treatment with 300 pg/
mL mixed CD-MPs or CD-NPs for 72 h. Data are expressed as the mean 4 SD, n=3.*P <0.05 and **P <0.01. CD-MPs coal dust micron particles,
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lung injury [28, 29]. Characterization analysis of CD in To analyze the toxicity of CD to cells, we first used
this study indicated that CD-NPs may have higher tox- an optical microscope to detect the state of adsorp-
icity due to lower oxygen-to-carbon ratio, smaller size, tion of CD-NPs and CD-MPs on cells. The surface of
and larger surface area. cells treated with CD-NPs had adsorption of fine CD
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particles, while the surface of cells treated with CD-MPs
had adsorption of coarse CD particles, indicating that
CD particles can adsorb onto cells. It also reflects the
difference in the particle size of the two types of CD. In
addition, by TEM, it was found that the cells were able
to endocytose CD particles, and the particles enter-
ing cells through endocytosis were mostly smaller than
1 pm, indicating that small CD particles are more likely
to enter cells. Both CD-NPs and CD-MPs, especially CD-
NPs, can inhibit the proliferation of cells in a concentra-
tion- and time-dependent manner, which may be related
to the easier entry of CD-NPs into cells. When the con-
centration of CD-NPs and CD-MPs was 9.375 pg/mL,
three consecutive days of stimulation had little effect on
the proliferation of cells, whereas when the concentration
of CD-NPs and CD-MPs was 300 pg/mL, three consecu-
tive days of stimulation significantly inhibited cell pro-
liferation. Therefore, in the follow-up study, we selected
9.375 pg/mL of CD-NPs and CD-MPs to induce cells
long-term for construction of a pre-fibrosis model to be
used in analysis of the chronic pulmonary toxicity of CD
particles. At the same time, we selected 300 pg/mL of
CD-NPs and CD-MPs to induce cells for 72 h for analysis
of the acute pulmonary toxicity of CD particles and used
300 pg/mL CD-NPs and CD-MPs to induce cells for 24 h
to examine cell morphology.

In the process of cell culture, due to insufficient serum
concentration, drug action, external stimuli, and other
factors affecting cell metabolism, cell vacuolization will
occur under stress of the endoplasmic reticulum [30, 31].
The accumulation of unfolded proteins within the endo-
plasmic reticulum creates stress, and the unfolded pro-
tein response stimulates inflammatory pathways to alert
surrounding cells of potential danger [32]. The transient
interaction between impaired protein homeostasis and
inflammation may be a beneficial feature of unfolded
protein response [33]. However, persistent UPR-induced
inflammation is considered a pathological factor in many
chronic diseases [33, 34]. The development and occur-
rence of inflammatory responses are closely related to
endoplasmic reticulum stress [32]. Therefore, to evaluate
the difference in acute inflammatory response between
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CD-NPs and CD-MPs induced cells, we first detected
the cell morphology induced by 300 pg/mL of CD-NPs
and CD-MPs for 24 h by light microscopy. CD-NPs cells
had the largest number and largest volume of vacuoles,
suggesting that CD-NPs are more likely than CD-MPs to
induce ERS and may induce a greater cellular inflamma-
tory response. Furthermore, we detected the expression
of cellular inflammatory factors in alveolar epithelial cell
supernatant and mouse BALF. Both CD-NPs and CD-
MPs induced the secretion of inflammatory factors in
cells and lung tissues, and the effect of CD-NPs was more
than that of CD-MDs. Hematoxylin—eosin and Masson
staining showed that the mouse lung tissue had inflam-
matory hyperplasia after 2 weeks of CD-NPs exposure,
whereas the tissue had mild inflammatory hyperplasia
after 2 weeks of CD-MPs exposure. In conclusion, CD-
NPs induce more acute inflammatory response in vitro
and in vivo than do CD-MPs.

The entry of dust particles into cells can cause mito-
chondrial damage [35, 36]. Changes in the number, size
and structure of mitochondria often occur when cells are
damaged by toxicants. In this study, we found that CD
treatment induced significant mitochondrial enlarge-
ment, abnormal cristae, and concentric vortex. Damaged
features of mitochondria include changes in membrane
potential and changes in mitochondrial redox poten-
tial. JC-1 staining showed that CD particles induced
changes in mitochondrial membrane potential, and the
effect of CD-NPs was more pronounced than that of
CD-MPs. Mitochondria are important mediators of cel-
lular metabolism and are the producers and targets of
ROS. By-products of normal mitochondrial metabolism
and homeostasis include the accumulation of potentially
damaging levels of ROS, Ca’*", and other factors, which
can lead to the release of ROS and Ca*" when mitochon-
dria are damaged. HO-1 is considered a major protein in
diseases caused by oxidative and inflammatory damage.
HO-1 has anti-inflammatory, anti-oxidative, anti-apop-
totic, and anti-proliferative effects. As an adaptive and
protective response to noxious stimuli, the production of
HO-1 is closely related to some diseases [37, 38]. In this
study, CD particles induced an increase in cellular ROS,

(See figure on next page.)

Fig. 7 CD-NPs induced EMT and pro-fibrogenesis in vivo. A Representative image of lung appearance and lung coefficient in mice after 8 weeks
of nasal feeding of CD-MPs or CD-NPs. Data are expressed as the mean =+ SD, n=3.*P <0.05. B The levels of EMT and pro-fibrogenesis marker
molecules of mouse lung tissue were detected with western blot after 8 and 12 weeks of nasal feeding of CD-MPs or CD-NPs. Remarks: Due to
insufficient experimental funds, in the western blot assay, we cut the PVDF membrane into a membrane small enough to permit incubation of the
antibody according to its molecular weight and the protein molecular weight marker. C Hematoxylin—eosin and Masson staining were performed
after 12 weeks of nasal feeding of CD-MPs or CD-NPs. D EMT and pro-fibrogenesis marker molecules of mouse lung tissue were detected by
immunohistochemistry after 12 weeks of nasal feeding of CD-MPs or CD-NPs. E and F Cytokines were quantified in mouse BALF and serum with
ELISA assay after 12 weeks of nasal feeding of CD-MPs or CD-NPs. Data are expressed as the mean =+ SD, n=3.*P <0.05, **P <0.01 and ***P <0.001.
CD-MPs coal dust micron particles, CD-NPs coal dust nanoparticles, EMT epithelial-mesenchymal transition, BAL bronchoalveolar lavage fluid
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Ca?", and HO-1 levels, and the effect was more pro-
nounced for CD-NPs than for CD-MPs. Thus, alveolar
epithelial cells produced oxidative, inflammatory dam-
age, and acute mitochondrial damage when they were
stimulated by CD, especially by CD-NPs.

Damage of active mitochondria is the precursor step of
cell death. Pyroptosis and necrosis are the death modes
that can cause cellular inflammatory response, whereas
apoptosis is the cell death mode that does not cause
inflammatory response. Thus, is it because CD-NPs
induce pyroptosis and necrosis during the acute response
phase that causes the massive release of inflammatory
factors? The process of pyroptosis is caspase-1 depend-
ent. In this study, CD-NPs cells had higher levels of
cleaved caspase-1/caspase-1, indicating that CD-NPs had
a stronger ability to induce caspase-1-dependent pyrop-
tosis than did CD-MPs. When caspase-1 is activated,
cells release inflammatory factors IL-1f and IL-18, which
in turn attract more inflammatory cells and aggravate the
inflammatory response. According to the staining prin-
ciple, we counted the cells with FITC/PI double staining
and PI single staining as necrotic cells in annexinV-FITC/
PI staining and counted the cells with uniform red stain-
ing as necrotic cells in AO/EB staining. Both staining
reactions showed that CD particles can induce cell necro-
sis, but CD-NPs induced more cell necrosis. Compared
with the control group, the expression level of the pro-
apoptotic protein Bcl-2 was significantly lower in the CD
particle-induced group, but the difference between CD-
NPs and CD-MPs was small, indicating that CD-NPs may
induce more severe inflammatory response mainly by
inducing a higher proportion of pyroptosis and necrosis.

After the acute inflammatory reaction, CD particles
cannot be completely removed, and the body will develop
serious chronic diseases, such as CWP and PMF, under
long-term chronic toxicity [39, 40]. In this study, A549
cells were used as an in vitro model of type II alveo-
lar epithelial cells. We first identified CD-NPs-induced
alveolar epithelial cells at passage 40 as an in vitro pre-
fibrosis model by evaluating the proliferation, migra-
tion, and invasion abilities, and expression levels of EMT
markers and pro-fibrotic proteins of passages 0, 10, 20,
and 40 cells induced by CD-NPs. To compare the differ-
ences between CD-NPs and CD-MPs in chronic toxicity
in cells, we again examined the proliferation, migration,
and invasion abilities of alveolar epithelial cells induced
by CD-NPs and CD-MPs in passage 40 as well as the
expression levels of EMT and profibrotic protein mole-
cules. CD-NPs were found to have a stronger pro-fibrotic
effect than did CD-MPs. We simultaneously detected
the expression levels of EMT and profibrotic protein
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molecules in alveolar epithelial cells at passages 0, 10, 20,
and 40 that were not induced by CD-NPs to exclude the
effect of cell passage. In A549 cells, the expression levels
of ZEB1, N-cadherin, a-SMA, and Slug increased with
the passage of cells; in BEAS-2B cells, the expression lev-
els of ZO-1 and E-cadherin decreased with the passage
of cells, and the expression levels of Slug increased with
the passage of cells. Furthermore, the expression levels
of EMT marker molecules and profibrotic protein mol-
ecules were significantly different between non-dust-
induced and coal-dust-induced cells of the same passage.
This finding indicates that alveolar epithelial cells can
undergo EMT with the passage of cells but does not
refute the conclusion that CD particles more significantly
induce EMT and profibrotic in vitro.

Organ coefficient is a commonly used index in toxicol-
ogy experiments. In the present study, the lung index of
mice in the CD particle-induced group was significantly
increased, especially for CD-NPs, indicating that CD-
NPs have more chronic lung toxicity. The most striking
feature of lung fibrosis is the formation of nodules and
collagen [41]. As a small number of nodules and blue col-
lagen appeared in the CD-NPs-induced lung tissue by
hematoxylin—eosin and Masson staining, we concluded
that the in vivo pre-fibrosis model had been constructed.
The higher expression levels of EMT and pro-fibrotic
marker molecules in CD-NPs than in CD-MPs, indicated
that CD-NPs could more significantly affect pro-fibro-
sis progress in vivo by EMT. In addition, the long-term
induction of CD-NPs particles increased more the
expression of inflammatory factors in mouse BALF and
serum than CD-MPs, but expression was significantly
less than in the acute response phase. The above results
suggest that chronic inflammation plays a role in CD-
NPs-induced pre-fibrosis in mice. However, the relation-
ship of chronic inflammation with EMT and the extent to
which both play a role in the development of pulmonary
fibrosis remains to be determined. Since bronchoalveolar
lavage is ineffective for pneumoconiosis, EMT may pre-
dominate in pneumoconiosis progression.

To aid the reader, we have made a table (Additional
file 1: Table S2) to compare the readouts for the CD-NPs
and CD-MPs (not only with P values, but with estimates
of the size of the effects and differences).

This study has shortcomings. No “positive” control par-
ticles, e.g., crystalline silica, were used to put the results
in perspective. The mechanism of CD-NPs-induced pul-
monary fibrosis has not been studied. Also, the effect and
mechanism of specific elements in coal dust on acute
pulmonary toxicity and pulmonary fibrosis have not been
analyzed. We will address these issues in follow-up study.
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Conclusions

In this study, CD-MPs and CD-NPs were size segre-
gated, and their characteristics were analyzed com-
prehensively. Stimulation with CD-NPs led to more
severe acute lung toxicity, including acute inflamma-
tory response, mitochondrial damage, pyroptosis, and
necrosis than did CD-MPs. In vitro and in vivo models
of CD pre-fibrosis were established and showed, for the
first time, that stimulation with CD-NPs can induce pul-
monary fibrosis through EMT. The strong toxic effect of
CD-NPs may be related to their small size, small oxy-
gen-to-carbon ratio, low wettability, and easy accumula-
tion in vivo. The information on the different effects of
CD particles of various sizes on lung toxicity may lead to
new ideas in the campaign to prevent the harm of coal
dust to human health and in treating pneumoconiosis.
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