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ARTICLE INFO ABSTRACT

Keywords: Silicosis is caused by massive inhalation of silica-based particles, which leads to pulmonary inflammation,
Silicosis pulmonary fibrosis and lung dysfunction. Currently, the pathophysiological process of silicosis has not been well
Classification studied. Here, we defined the progression of silicosis as four stages by unsupervised clustering analysis: normal
Progression

stage, inflammatory stage, progressive stage and fibrotic stage. Specifically, in normal stage, the lung function
was normal, and no inflammation or fibrosis was detected in the lung tissue. Inflammatory stage showed a
remarkable pulmonary inflammation but mild fibrosis and lung dysfunction. In progressive stage, significant
lung dysfunction was observed, while pulmonary inflammation and fibrosis continued to deteriorate. Fibrotic
stage revealed the most severe pulmonary fibrosis and lung dysfunction but no significant deterioration in in-
flammation. Since the common features were founded in both silicosis patients and rodents, we speculated that
the pathophysiological processes of silicosis in patients might be similar to the rodents. Collectively, our new
classification identified the process of silicosis, clarified the pathophysiological features of each stage, and
provided some new insights for the progression of the disease.

Lung function
Pulmonary inflammation
Pulmonary fibrosis

1. Introduction

Silicosis is caused by occupational exposure to silica and is one of
the leading occupational diseases worldwide (James SL et al., 2018).
Although efforts to reduce silica exposure have been made for many
decades, millions of workers are still exposed to silica worldwide,
especially in developing countries (Cohen et al., 2016; James SL et al.,
2018). The diagnosis of silicosis is based on occupational history and
radiologic findings (Fernindez et al., 2015; Muszynska-Graca et al.,
2016), but X-ray is not suitable for detecting early silicosis (Ehrlich
et al., 2018). What's more, currently, there is no effective treatment to
silicosis and lung transplantation remains the only option for patients
with terminal silicosis (Joubert et al., 2019; Leung et al., 2012).

The main characters of silicosis include the aggravation of pul-
monary inflammation, fibrosis and lung dysfunction. It has been

reported that the number of leukocytes (macrophages, neutrophils and
lymphocytes) and pro-inflammatory cytokines such as tumor necrosis
factor-alpha (TNF-a), interleukin-1B (IL-1p), interleukin-6 (IL-6) in
bronchoalveolar lavage fluid (BALF) are increased significantly in sili-
cosis patients and rodents (Fujimura, 2000; Karkale et al., 2018; Leung
et al., 2012; Vanhée et al., 1995; Zhai et al., 2004). Furthermore, fi-
brotic proteins such as collagen I and fibronectin are up-regulated in the
silicosis lung tissues (Feng et al., 2020). In addition, lung function test,
especially spirometry test, is the most common strategy to evaluate lung
function in clinic (Leung et al., 2012). For example, FEV1 (forced ex-
piratory volume in 1 s), FVC (forced vital capacity) or the ratio of
FEV1/FVC can reflect the restrictive or obstructive ventilation disorders
of the lung. Similarly, in silicosis rodents, the corresponding parameters
such as forced expiratory volume 0.3s (FEV 300), static compliance
(Crs), elastic resistance (Ers) and tissue elasticity (H) can also reveal the
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alteration of lung function in the progression of silicosis (Devos et al.,
2017; Sun et al., 2019).

In the study of silicosis, the lack of a standardized animal model in
different pathophysiological stages has become an obstacle. Most pre-
vious studies focused on the period of severe pulmonary fibrosis.
However, during the progression of silicosis, no significant pulmonary
fibrosis was found in the early stage (Zhao et al., 2020). Moreover, no
unified protocol (various doses and exposure time of silica) was used to
induce silicosis by intratracheal instillation. Specifically, the exposure
time of 50 mg silica varies from weeks to months in rats (Frohlich and
Salar-Behzadi, 2014; Guo et al., 2019; Yan et al., 2016; Zhang et al.,
2018). In mice, different exposure patterns were performed such as
1 mg of silica for 4 weeks, or 20 mg of silica for 2 weeks (Beamer et al.,
2010; Cruz et al., 2016; Du et al., 2019; Kato et al., 2017; Mayeux et al.,
2019). Therefore, establishing an appropriate animal model for dif-
ferent pathophysiological stages of silicosis is necessary to further ex-
plore molecular mechanisms, search diagnostic markers or screen
drugs.

In this study, we classified the progression of silicosis into different
stages and characterized the pathophysiological features of the disease.
We first determined the important parameters that can be used to assess
the progression of silicosis in human. Next, we established silicosis
models using intratracheal instillation with different silica dose and
exposure times on rodents and detected the alterations of these im-
portant parameters including lung function, right ventricular function,
pulmonary inflammation and fibrosis. Finally, based on these data, si-
licosis models were classified into four clusters by unsupervised clus-
tering analysis, and the pathophysiological features of each cluster were
described. According to the different characteristics of each cluster, we
defined the progression of silicosis as normal stage (cluster 1), in-
flammatory stage (cluster 2), progressive stage (cluster 3) and fibrotic
stage (cluster 4).

2. Materials and methods
2.1. Human lung samples

Human lung tissue samples, including normal individuals (n = 5)
and silicosis patients (n = 5), were obtained from Wuxi People's
Hospital. These lung tissues came from discarded tissues of donors and
recipients during lung transplantation operation, and organ donors
agreed to organ donation. All experiments with human samples were
performed under protocols approved by the Institutional Review Boards
at Institute of Basic Medical Sciences, Chinese Academy of Medical
Sciences, and Wuxi People's Hospital.

2.2. Crystalline silica

Crystalline silica (CAS7631-86-9; average particle diameter 1.6 pum;
purity 99%) was purchased from Forsman Scientific (Beijing, China)
Co., Ltd. Particulates were made endotoxin-free by baking at 200 °C for
2 h and were suspended in sterile phosphate-buffered saline (PBS).
Suspensions were sonicated for 10 min before use.

2.3. Rat silicosis models

Male specific pathogen-free Wistar rats (200 + 20 g, 8-10 weeks
old) were purchased from the Vital River Laboratory Animal
Technology Co. Ltd. (Beijing, China). The rats were kept in sterilized
cages in rooms at 60-70% humidity and 24-26 °C with a 12/12 h
dark-light cycle and given fresh water and food each week. And the
animal room maintained specific pathogen-free conditions.
Intratracheal instillation of silica (50 mg/mL, 1 mL) was used to induce
silicosis in rats. In detail, the rats were placed on a platform and then
anesthetized with an intraperitoneal injection of 2% pentobarbital (0.2
mL/100 g). Next, the trachea of rats was separated and silica suspension
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(50 mg/mL, 1 mL) was slowly added to the trachea with syringe. The
control rats (Silica 0 mg) were injected with an equal amount of PBS
solution. These rats were divided into eight groups (5 rats per group)
according to the different silica exposure doses and times: 5 days (Silica
0 mg, Silica 50 mg), 10 days (Silica 0 mg, Silica 50 mg), 15 days (Silica
0 mg, Silica 50 mg) and 30 days (Silica 0 mg, Silica 50 mg). All ex-
perimental procedures were approved by the Animal Care and Use
Committee of Peking Union Medical College.

2.4. Mouse silicosis models

C57BL/6 J male mice (25 * 2 g, 8-10 weeks old) were purchased
from the Vital River Laboratory Animal Technology Co. Ltd. (Beijing,
China). The feeding conditions of mice were same as rats. The similar
method was used to induce silicosis in mice. However, unlike rats, the
mice were intratracheally instilled at different doses including: 4 mg
(200 mg/mlL, 20 pL), 8 mg (400 mg/mL, 20 pL), 12 mg (600 mg/mL,
20 pL) and 16 mg (800 mg/mL, 20 uL). According to the different ex-
posure doses and time, mice were divided into fifteen groups (5 mice
per group): 3 weeks groups (0 mg, 4 mg, 8 mg, 12 mg, 16 mg), 6 weeks
groups (0 mg, 4 mg, 8 mg, 12 mg, 16 mg), and 9 weeks groups (0 mg,
4 mg, 8 mg, 12 mg 16 mg). All experimental procedures were approved
by the Animal Care and Use Committee of Peking Union Medical
College.

2.5. Lung function test

Forced Pulmonary Maneuver System was used to test lung function
of rats (Buxco® Research Systems, Data Sciences International (DSI), St.
Paul, MN 55112 U.S.A.). And lung function of mice was tested by a
computer-controlled ventilator (FlexiVent, SCIREQ, Montreal, Quebec,
Canada). See the Supplementary materials for the detailed process of
lung function test of rats and mice.

2.6. Hemodynamic measurement

Right ventricular systolic pressures (RVSP) in rats and mice were
tested by an eight-gauge disposable venous infusion needle connected
to a pressure transducer and Power Lab Data Acquisition and Analysis
System (PL 3504, AD Instruments, Australia). Briefly, after blunt se-
paration of the left anterior thoracic muscles, the needle was inserted
into the right ventricle of anesthetized rats and mice. RVSP was re-
corded by Power Lab and analyzed using Lab Chart 8 software.

2.7. Right ventricular hypertrophy index measurement

The right ventricles, left ventricles and septa were separated after
the hearts were removed. The right ventricular hypertrophy index
(RVHI) was obtained by calculating the ratio of right ventricular (RV)
weight to the sum of left ventricular (LV) and septal (S) weight (RV/
[LV + SD.

2.8. Histological staining and analysis

Hematoxylin-eosin (HE) staining, Masson staining and Sirius red
staining were performed in the lung tissues of human, rats and mice.
See the Supplementary materials for the details.

2.9. Hydroxyproline assay

The contents of hydroxyproline (HYP) in the lung tissues were
measured by the Hydroxyproline Assay Kit (NBP2-59,747, Novus
Biologicals, Littleton, CO, USA) according to the manufacturer's in-
structions. The absorbance of the sample was measured at 560 nm, and
converted to HYP concentration in pg/mL.



Z. Cao, et al. Ecotoxicology and Environmental Safety 202 (2020) 110834

A Sirius red

]
£
S
o
=z
/2]
7]
o
L
=
® s *% *% [ ¢ 407 /
= .l Normal Normal
P ED silicosis @ 30 i) ek 2* @B silicosis
] ]
3 20 3
< <
4 .
Z E 20
£ £
$ 10- 2
s E 10
2 ¢ |2f
0- 0- = =
Collagen | Fibronectin TNF-a IL-1B IL-6
3 *
[ *
5 — ] Normal
i - age .
Normal Silicosis o Silicosis
< L]
Fibronectin COEm seomwoRw SR 263kD E
B ) o
Collagen| = = - s o 105kD 6
GAPDH s s s s il s s 36kD -GE, 1
<
o
0_

Collagen | Fibronectin

Fig. 1. Identify the pathophysiological characteristics of lung tissues in silicosis patients. A, HE staining, Masson staining and Sirius red staining were performed in
lung tissues of normal individuals and silicosis patients (n = 5 for each group). B, mRNA expression of collagen I and fibronectin in lung tissue from normal
individuals and silicosis patients was detected by qPCR (n = 5 for each group). C, mRNA expression of TNF-a, IL1p and IL6 in lung tissues from normal individuals
and silicosis patients was detected by qPCR (n = 5 for each group). D, Western blot showed the protein expression of collagen I and fibronectin in lung tissues from
normal individuals and silicosis patients (n = 5 for each group). For all statistical plots, the data are presented as the mean *= SD; *P < 0.05; **P < 0.01. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2.10. Leucocyte counts in BALF 2.11. ELISA

Bronchoalveolar lavage (BAL) was performed to collect leukocytes The supernatants of bronchoalveolar lavage fluid (BALF) from rats
from the bronchial and alveolar space. See the Supplementary materials and mice were detected by enzyme-linked immunosorbent assay
for the specific experimental process. (ELISA) kits according to the manufacturer's instructions. See the

Supplementary Material Table 4 for specific kit information.
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Table 1

Parameters of lung function and right ventricle function in different rat silicosis models.
Rat silicosis models* 5 Days 10 Days 15 Days 30 Days

Silica 0 mg Silica 50 mg Silica 0 mg Silica 50 mg Silica 0 mg Silica 50 mg Silica 0 mg Silica 50 mg

RVHI (%) 24.42 + 2.09 30.88 + 2.21° 24.33 + 248 31.4 + 235" 26.93 + 1.87 3294 + 266> 29.33 = 3.42 30.68 + 2.11
RVSP (mmHg) 20.35 = 2.03 2219 = 1.92 20.46 *= 2.03 22 = 2.09 20.82 = 2.34 22.55 + 2.01 21.22 = 2.37 26.85 + 1.33°
Rl (cmH,O*secs/mL) 0.3 = 0.03 0.3 = 0.02 0.31 = 0.03 0.31 = 0.03 0.32 = 0.03 0.38 + 0.05% 0.32 = 0.03 0.46 + 0.05"
Cdyn (mL/cm H,0) 0.19 = 0.03 0.31 = 0.03" 0.24 = 0.03 0.25 = 0.01 0.25 = 0.04 0.21 = 0.02 0.24 = 0.03 0.2 + 0.03°
IC (mL) 11.1 + 1.07 10.77 + 1.52 11.28 + 0.96 9.69 + 0.91 11.68 + 1.4 9.38 + 1.71° 11.51 + 1.51 8.04 = 0.7°
FVC (mL) 14.23 + 1.32 13.67 = 217 1446 = 1.34 12.13 + 1.18° 1497 + 1.83 12.37 = 1.167 14.75 = 1.47 9.73 + 1.85°
Cfve50 (mL/cm H,0) 1+ 01 0.78 * 0.08" 1.01 = 0.11 0.75 * 0.09° 1.05 = 0.12 0.69 * 0.07° 1.03 = 0.11 0.69 * 0.12°
FRC (mL) 3.35 = 0.31 3.42 + 0.63 3.41 + 0.31 3.37 = 0.48 3.53 = 0.42 3.33 + 0.27 3.47 + 0.31 35 *+ 0.35
Cchord (mL/cm H,0) 0.6 = 0.06 0.54 = 0.05 0.61 = 0.06 0.5 = 0.24 0.63 += 0.08 0.47 = 0.1? 0.62 = 0.06 0.3 * 0.05°
FEV300 (mL) 13.7 = 1.38 16.35 + 1.53% 1393 + 1.31 11.49 + 1.09° 1441 = 1.71 13.07 = 1.91 1421 = 1.5 9.03 * 1.81°
MMEF (mL/sec) 80.71 =+ 8.03 96.31 = 11.77% 82.05 *= 8.12 85.8 = 8.12 84.92 = 10.42 74.24 = 8.21 83.72 += 10.02 65.07 + 7.47°

Values are mean + SD.

2P < 0.05,°P < 0.01. Silica 50 mg versus Silica 0 mg in 5 days, 10 days, 15days and 30 days respectively.
Abbreviations: RVHI, right ventricular hypertrophy index; RVSP, right ventricular systolic pressure; Rl, lung resistance; Cdyn, dynamic compliance; IC, inspiratory
capacity; FVC, forced vital capacity; Cfvc50, compliance at 50% vital capacity; FRC, functional residual capacity; Cchord, quasi-static compliance; FEV300, forced
expiratory volume in the first 300 ms of expiration; MMEF, mean mid expiratory flow.

¢ Rats were exposed to single dose (50 mg) and different exposure time (5 days, 10 days, 15 days and 30 days) of silica, lung tissue and BALF were collected at 5

days, 10 days, 15days and 30 days respectively.
2.12. Quantitative real-time PCR

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to extract
total messenger RNA (mRNA) from lung tissues. mRNA was reverse-
transcribed into complementary DNA (cDNA) using a Tiangen kit
(KR103, Tiangen Biotechnology, Beijing, China). SYBR Green I Q-PCR
kit (TransGen Biotech, Beijing, China) was used to amplify cDNA in a
Bio-Rad IQ5 system (Bio-Rad, Hercules, CA, USA). The expression of
mRNA was normalized to -actin expression, and the primers used in
this experiment were listed in the Supplementary Material Table 5.

2.13. Western blot analysis

Total protein samples were extracted from lung tissues by RIPA lysis
buffer (P0013b, Beyotime, Shanghai, China). BCA Protein Assay Kit
(23,225, Thermo Fisher Scientific, Waltham, MA, USA) was used to
detect the concentration of protein samples. The protein samples
(20 pg) were separated on an 8% SDS—polyacrylamide gel electro-
phoresis gel, transferred to a polyvinylidene fluoride membrane, in-
cubated overnight at 4 °C with specific primary antibodies, then in-
cubated with specific secondary antibodies at room temperature for 1 h.
The protein signal was detected by Tanon Automatic
Chemiluminescence/Fluorescence Image Analysis System (5200,
Tanon, Shanghai, China), and GAPDH served as the control. See the
Supplementary Material Table 6 for specific antibodies information.

2.14. Statistical analysis

Data were analyzed using SPSS (version 20.0) software and were
expressed as the mean + SD. Two-way analysis of variance (ANOVA)
was used to evaluate the effects of silica dose and silica exposure time
on various parameters of mice. Two-tailed Student's t-test was used to
analyze the differences among two groups in human and rats. One-way
ANOVA was used to analyze the differences among clusters in both rats
and mice. P < 0.05 was considered statistically significant.

Unsupervised clustering analysis was performed for all the samples
with various clinical variables using a hierarchical clustering algorithm
(hclust). The distance matrix was obtained with the “euclidean”
method, while the clustering method was used with “ward.D”. The
values of clinical variables were scaled among samples when clustering.
Four super clusters of the samples were highlighted based on the
clustering results. The clustering analysis and the generation of dia-
grams were conducted with the “pheatmap package” (version 1.0.12)

(https://cran.r-project.org/web/packages/pheatmap/index.html) in R
(version 3.4.3).

3. Results

3.1. Identify the pathophysiological characteristics of lung tissues in silicosis
patients

To define the appropriate parameters to reveal the pathophysiolo-
gical progression of silicosis, we selected the parameters (TNF-a, IL-1f3,
IL-6, collagen I and fibronectin) that have been reported in rodent si-
licosis models and examined these parameters in lung tissues from
normal individuals and silicosis patients with severe pulmonary fi-
brosis. As shown in Fig. 1A, HE staining of silicosis patients showed a
severe bronchoalveolitis with numerous of leukocytes around the
bronchial and alveolar interstitial compared to normal individuals
(Fig. 1A). Consistently, inflammatory cytokines (TNF-a, IL-1(3, IL-6)
were significantly up-regulated in lung tissues of silicosis patients
(Fig. 1C). In addition, Masson staining revealed severe pulmonary fi-
brosis in silicosis lung tissues indicated by typical silicotic nodules with
collagen fibers arranging in concentric circles (Fig. 1A). And bi-
refringent collagen I/III (red or green, respectively) were observed
under polarized light microscopy by Sirius red staining (Fig. 1A).
Consistently, fibrotic markers (collagen I and fibronectin) were also
increased in the lung tissues of silicosis patients at both mRNA and
protein levels (Fig. 1B and D). Taken together, our results suggested
that these parameters (TNF-a, IL-1f, IL-6, collagen I and fibronectin)
can be used to reflect the general progress of silicosis in both human
and rodents. Moreover, these results also identified some pathophy-
siological characteristics of pulmonary inflammation and fibrosis in
silicosis patients.

3.2. Clarify the pathophysiological characteristics of silicosis in different rat
models

To determine the pathophysiological characteristics of silicosis in
different rat models, we detected the important parameters including
lung function, right ventricular function, pulmonary inflammation and
fibrosis in rats with different silica exposure times. As Table 1 shown,
silica exposure impaired lung function in a time-dependent manner,
which was characterized by a disturbance in pulmonary ventilation
mode, as well as lung compliance and resistance. Specifically, lung
function test showed a restrictive ventilatory disorder in the medium
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Table 2
Parameters of pulmonary inflammation and pulmonary fibrosis in different rat silicosis models.
Rat silicosis models 5 Days 10 Days 15 Days 30 Days
Silica 0 mg Silica 50 mg Silica 0 mg Silica 50 mg Silica 0 mg Silica 50 mg Silica 0 mg Silica 50 mg

Inflammatory parameters

Szapiel scores_HE stain 0=+0 1+0° 0+0 1.2 + 0.45° 0+0 2.4 * 055" 0=x0 2.8 * 0.45°
Macrophage counts (107/L) BALF 1.23 * 0.08 6.15 + 0.34° 1.01 = 0.09 7.01 = 0.43° 1.16 * 0.2 13.78 + 1.31° 1.43 = 0.24 13.6 = 3.41°
Lymphocyte counts (107/L) BALF 001 = 0 0.11 + 0.03 0.02 + 0.01 0.52 = 0.43° 0.02 * 0.02 0.6 * 0.39" 0.03 + 0.02 0.8 * 0.38°
Neutrophil counts (107/L) BALF 0.23 + 0.03 1.11 * 0.15 0.34 = 0.07 1.97 + 0.36° 0.02 = 0.01 11.04 + 3.23° 0.05 + 0.04 6.24 + 1.14°
TNF-a (pg/mL) BALF 13.98 + 1.98 18.28 + 0.6" 12.21 + 0.73 20.93 + 1.62" 12.16 + 1.08 23.44 * 1.11° 12.38 + 1.08 27.28 * 1.7°
IL1B (pg/mL) BALF 38.83 * 1.62 42.89 * 1.34° 37.95 + 0.66 56.37 + 2.51" 37.66 * 2.7 63.34 + 1.72" 35.91 * 2.86 73.24 * 5.99°
IL6 (pg/mL)_BALF 40.4 + 2.14 56.87 + 2.45° 3579 + 1.15 64.36 + 1.26" 37.05 + 2.71 72.97 + 3.03° 38.08 + 2.46 87.57 + 4.7°
TNF-a_mRNA (relative levels) 1.16 + 0.43 322 = 1.29° 1.48 = 0.65 483 = 1.47° 1.38 + 0.42 57 + 2.57° 1.17 + 0.29 6.25 + 0.62°
IL1B _mRNA (relative levels) 1.03 = 0.27 1.1 + 0.39 1.12 = 0.13 1.02 * 0.48 1.13 * 0.32 1.75 + 0.12° 1.31 *= 0.33 2.14 + 0.44°
1L6 _mRNA (relative levels) 091 = 0.1 6.23 + 2.78° 0.87 + 0.27 3.96 + 0.73° 1.2 + 0.24 12.62 + 2.3° 1.4 + 0.54 12.46 + 4.69°
Fibrotic parameters

Fibrotic scores_ Masson stain 0.13 + 0.04 226 + 1.09 0.13 + 0.04 9.21 + 223 0.13 = 0.04 11.56 + 5.25 0.13 + 0.04 88.88 + 34.86°
Sirius red staining positive area 71.95 + 8.24 455.79 + 78.66 72.02 * 7.64 2048.48 + 438.01° 73.14 * 7.79 5277.66 * 175.74° 67.71 * 4.62 7157.01 * 1043.1°
HYP (ug/mg wet lung) 2.08 + 0.08 2.26 + 0.13° 211 + 0.09 2.77 + 0.08° 2.02 = 0.08 327 = 0.11° 211 + 0.09 3.63 + 0.17°
COL-L_protein (fold) 1+0.16 1.69 * 0.38° 1+0.22 2.33 + 0.52° 1+ 018 2.62 * 0.12° 1+ 0.24 2.82 = 0.1°
FN _protein (fold) 1+0.41 1.41 = 0.58 1 + 0.34 2.06 = 0.52° 1 + 027 228 + 0.33° 1+ 014 3.47 + 0.25°
COL-ImRNA (relative levels) 1.12 + 0.29 2.19 + 0.39° 1.44 = 0.4 6.28 = 1.08" 1.25 + 0.54 9.99 + 0.38° 1.45 + 0.58 14.92 + 0.91°
FN _mRNA (relative levels) 1.04 = 0.1 1.54 = 0.16 1.01 * 0.37 1.92 * 0.32° 1.3 + 0.29 2.8 * 048" 1.65 = 0.54 4.45 + 1.36°

Values are mean + SD.
2P < 0.05,°P < 0.01. Silica 50 mg versus Silica 0 mg in 5 days, 10 days, 15days and 30 days respectively.
Abbreviations: BALF, bronchoalveolar lavage fluid; TNF-a, tumor necrosis factor-a; IL1f, interleukin 1f3; IL6, interleukin 6; HYP, hydroxyproline; COL-I, Typelcollagen; FN, fibronectin.
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Fig. 2. Clarify the pathophysiological characteristics of silicosis in different rat models. Rats were exposed to silica of 0 mg (PBS, 1 mL) or 50 mg (50 mg/mL, 1 mL)
for 5 days, 10 days, 15 days and 30 days respectively. A, Representative images of HE staining, Masson staining and Sirius red staining in lung tissues from different
rat silicosis models (n = 5 for each group). B, Western blot showed the protein expression of collagen I and fibronectin in lung tissues from different rat silicosis
models (n = 5 for each group). (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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time (10-15 days) indicated by the decreased FVC and IC. Subse-
quently, a mixed ventilation disorder was shown in the late time (30
days), indicated by the decreased FEV300 and MMEF (Table 1).
Moreover, with the increased of silica exposure time, silica instillation
decreased lung quasi-static compliance (indicated by Cchord) but in-
creased lung resistance (indicated by RI) (Table 1). Pulmonary hy-
pertension induced by silica exposure can lead to an increase in right
ventricular pressure and right ventricular hypertrophy (Omland et al.,
2014). Similarly, our results also showed that silica exposure induced
right ventricular hypertrophy in the early time (5-10 days), and in-
creased pulmonary artery pressure in the late time (30 days), indicated
by increased RVHI and RVSP (Table 1).

We next examined the pulmonary inflammation in rat models. As
shown in Table 2 and Fig. 2A, the level of pulmonary inflammation
started to ascend from day 5 and reached the highest level after day 15,
indicated by increased Szapiel scores (calculated by HE staining),
macrophage cell counts and inflammatory cytokines in BALF (Table 2).
Differently, the development of pulmonary fibrosis was slower than
inflammation. In details, the typical confluent silicotic nodule with
central cavitation was observed at day 15, which resembled the typical
pathological change in patients with advanced silicosis (Fig. 2A). And
the severe fibrosis was observed at day 30 indicated by the up-regulated
fibrotic markers (collagen I, fibronectin and HYP) (Table 2, Fig. 2B).

In summary, these results indicated that short time (5 days) ex-
posure of silica could induce pulmonary inflammation, while longer
time (15-30 days) exposure could cause significant pulmonary fibrosis
and lung dysfunction in rats.

3.3. A novel classification reveals the pathophysiological progression of
silicosis in rats

To further understand the pathophysiological process of silicosis in
rats, we performed an unsupervised clustering analysis based on the
alteration of important parameters including lung function, pulmonary
inflammation and fibrosis in Tables 1 and 2. As shown in Fig. 3A, all
samples were classified into four clusters. As expected, all the control
(silica 0 mg) samples at different time points were grouped into “cluster
1” and other samples were grouped from “cluster 2” to “cluster 4”
dependent on their different silica exposure time.

According to the different features of each cluster in rats, we defined
the pathophysiological stages of silicosis as normal stage, inflammatory
stage, progressive stage and fibrotic stage (Fig. 3B-Q). Specifically, 1)
Normal stage (cluster 1) was the normal status without silica exposure.
2) Inflammatory stage (cluster 2) was the early stage of silicosis after 5
or 10 days of silica exposure and characterized by the up-regulated
pulmonary inflammation, indicated by the increased parameters of
Szapiel scores (Fig. 3F), the inflammatory cytokines (Figs. S1H-J) and
the leukocytes in BALF (Fig. 3G-I). Additionally, slight pulmonary fi-
brosis (Fig. 3N-Q and S1K, L) and lung dysfunction (Fig. 3B, D, E and
S1B) were also observed in this stage, which was consistent with the
early stage of silicosis (Omland et al., 2014). 3) Progressive stage
(cluster 3) was the middle stage with 15 days of silica exposure and
featured by the progressive lung function impairment (Figs. 3B-E and
S1A-E). Specifically, parameters of restrictive ventilatory disorder (IC
and FVC) and lung compliance (Cchord) was significantly decreased
compared to the normal stage (Fig. 3B, D, E). What's more, lung re-
sistance (RI) was also dramatically increased in this stage (Fig. 3C).
More importantly, MMEF started to aggravate in this stage, suggesting
an obstructive ventilatory disorder and seriously damaged lung func-
tion (Fig. S1C). Additionally, pulmonary inflammation and fibrosis
continued to deteriorate in this stage (Fig. 3G-L and N-Q). 4) Fibrotic
stage (cluster 4) was the last stage of silicosis after 30 days of silica
exposure and marked by severe pulmonary fibrosis. In details, Sirius red
staining showed that collagen fibers surrounded the cavity of depositing
birefringent particles (white) in the center of silicotic nodules (Fig. 2A),
which resembled the typical silicotic nodules in human (Fig. 1A).
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Moreover, Masson staining presented similar distribution of collagen
fibers (Blue) (Fig. 2A). Consistently, the fibrotic scores evaluated by
Masson staining, the expression of HYP, collagen I and fibronectin were
also dramatically up-regulated in this stage (Fig. 30-Q and S1L). Fur-
thermore, Cchord, FVC and FEV300 (Fig. 3D, E and S1E) were de-
creased compared with the progressive stage, suggesting the lung dys-
function deteriorated in this stage.

Taken together, we clarify the pathophysiological characteristics of
silicosis in rat models and defined the process as four stages for the first
time by using a new analysis method.

3.4. Clarify the pathophysiological characteristics of silicosis in different
mouse models

Considering the importance of mouse models in the study of sili-
cosis, we next constructed different mouse silicosis models and explored
their pathophysiological characteristics. Similar to rats, mice also re-
vealed lung dysfunction, pulmonary inflammation and fibrosis during
the development of silicosis. However, several traits were observed in
mouse remodels. Firstly, silica-induced lung dysfunction and right
ventricle dysfunction in mice were more dependent on exposure doses
than time. As shown in Supplementary Material Table 1, middle to high
doses (12 mg and 16 mg) of silica were able to induce the lung function
impairments (Ers, Rrs and G), pulmonary hypertension (RVSP) and
right ventricular hypertrophy (RVHI) only after 3 weeks of exposure.
However, lower doses (4 mg and 8 mg) of silica were not sufficient to
induce these alterations even with longer exposure time (6 weeks and 9
weeks) (Table S1). Secondly, lung inflammation was found in early time
(3 weeks) with higher doses (8 mg and 16 mg) of silica treatment. For
example, exposure of 8 mg silica for 3 weeks could significantly up-
regulate the cell number of macrophages and lymphocytes, and the
concentration of inflammatory cytokines (TNF-a, IL-1f, IL-6) in BALF
(Table S2). Similarly, HE staining (Fig. 4A) and Szapiel scores (Table
S2) also showed obviously pulmonary inflammation. Finally, pul-
monary fibrosis was only observed in mice treated with high dose
(12 mg and 16 mg) of silica with longer exposure time (6 weeks and 9
weeks). For instance, exposure of 12 mg silica for 6 weeks or 16 mg for
9 weeks could result in a dramatic increase of fibrosis markers (Table
S3, Fig. 4A and B). However, low and medium doses of silica (4 mg,
8 mg and 12 mg) were difficult to cause pulmonary fibrosis in a short
exposure time (3 weeks).

Together, in mouse silicosis models, exposure with high doses
(12 mg) of silica for a long time (6 weeks) were most efficient to induce
lung function impairment, right ventricular dysfunction and pulmonary
fibrosis. However, lower dose (4 mg and 8 mg) of silica was sufficient to
initiate the inflammatory response in a short time (3 weeks).

3.5. Identify the silicosis progression in mouse models by the new
classification method

To explore the pathophysiological characteristics of silicosis in
mice, we performed the same analysis in mouse silicosis models.
Consistent to the results in rats, four clusters (cluster 1-4) were ex-
hibited during the progression of silicosis in mice. As shown in Fig. 5A,
all the control (0 mg) samples as well as the 4 mg 3w samples were
included in “cluster 1”. The “cluster 2” mainly grouped with 4 mg_3w,
4 mg 6w and 4 mg 9w. Mice with high doses (12 mg and 16 mg) at
short time (3 weeks) or intermediate dose (8 mg) at short and inter-
mediate exposure time (3 weeks and 6 weeks) were mainly included in
“cluster 3”. While most samples with higher dose and longer exposure
time were belonging to “cluster 4” , including 8 mg 9w, 12 mg_6w,
12 mg 9w, 16 mg 6w, 16 mg 9w.

Based on the pathophysiological features of the four clusters, we
defined the progression of silicosis in mice as normal stage (cluster 1),
inflammatory stage (cluster 2), progressive stage (cluster 3) and fibrotic
stage (cluster 4). 1) Normal stage, all the control (0 mg) samples as well
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as the 4 mg_3w samples were included, indicating that exposure to the
low dose and short duration did not show pathophysiological altera-
tion. 2) Inflammatory stage was characterized by significantly increased
pulmonary inflammation in the lung. Several inflammation-related
parameters were significantly up-regulated in this stage, such as the cell
counts of lymphocytes in BALF (Fig. S2G), the expression of in-
flammatory cytokines (IL-6, IL-13, and TNF-a) in BALF and lung tissues
(Fig. 5H-J, and S2H-J). 3) Progressive stage showed an significant
impairment of lung function (Figs. 5B-F, and S2A-D) as well as dete-
riorated pulmonary inflammation and fibrosis. In details, Cst and Crs
(Fig. 5B, E) were significantly decreased, while Rrs, G, and Ers were
increased in this stage (Fig. 5C, D, F). Moreover, inflammatory cyto-
kines and leukocytes in BALF also continued to increase in this stage
(Fig. 5H-J and S2E-G). 4) Fibrotic stage revealed the severe pulmonary
fibrosis. Specifically, typical silicotic nodules reveled by Masson
staining and Sirius red staining (Fig. 4A) were similar to chronic sili-
cosis lesions in human (Fig. 1A). In these nodules, the cavity center of
deposited silica particles was surrounded by collagen fibers and dust-
laden macrophages. In addition, the expression of fibrotic markers in-
cluding fibrotic scores, positive fibrotic lesion, HYP, collagen I and fi-
bronectin were also reached the highest level in this stage (Fig. 5K-P).

Taken together, through the novel pathophysiological classification,
we defined the progression of silicosis in mice as normal stage, in-
flammatory stage, progressive stage and fibrotic stage and clarify the
pathophysiological features of each stage.

4. Discussion

In this study, using unsupervised clustering analysis, we defined the
pathophysiological process of silicosis as four stages: normal stage, in-
flammatory stage, progressive stage and fibrotic stage in both rat and
mouse models, and the common features were found in each stage.
Specifically, pulmonary inflammation worsened dramatically during
the inflammatory stage (stage 2), and maintained at high level until
fibrotic stage (stage 4). Lung dysfunction was mainly manifested in the
progressive stage (stage 3) and further deteriorated at the fibrotic stage
(stage 4). What's more, significant pulmonary fibrosis mainly appeared
at the fibrotic stage (stage 4), and only mild fibrosis was found in the
inflammatory stage (stage 2) and progressive stage (stage 3). In addi-
tion, our results suggested the possible protocols (dose and time of silica
exposure in tracheal instillation) to establish silicosis models in dif-
ferent stages.

In the progression of silicosis, the relationship between lung dys-
function and pulmonary inflammation and fibrosis is still unclear. Here,
our results (Fig. 3G-J, L, 5H-J, and S1H-J, S2G-J) showed that silica
exposure mainly induced remarkably pulmonary inflammation in the
early stage (inflammatory stage) of silicosis. However, no significant
lung dysfunction and pulmonary fibrosis were appeared in this stage,
indicating that acute pulmonary inflammation does not significantly
affect lung function. Subsequently, with the aggravation of pulmonary
inflammation (Fig. 3G-L, 5H-J), pulmonary fibrosis (Fig. 3N-Q, 5K, M,
O, P, S1K, L) worsened significantly in progressive stage. More
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Fig. 3.

importantly, lung dysfunction including aberrant lung resistance and
compliance (Fig. 3C-E, 5 B-F, S1A, C) were also appeared in pro-
gressive stage and continued to deteriorate with the aggravation of
pulmonary fibrosis in fibrotic stage. These observations suggest that the
aggravation of pulmonary fibrosis induced by persistent pulmonary
inflammation may be the leading cause of lung dysfunction in silicosis.

In the present study, some common features were founded in sili-
cosis patients and rodents. In normal stage (stage 1), the histological
staining of lung in both human and rodents showed clear alveolar
structure and no exudate in the alveolar cavity (Figs. 1A, 2A and 4A). In
fibrotic stage (stage 4), severe pulmonary fibrosis were appeared
(Figs. 1A, 2A and 4A), including a thickened alveolar wall with a cer-
tain amount of cellulose forming cell clusters and silicon nodules in the
alveolar matrix. Moreover, several parameters of pulmonary in-
flammation and fibrosis (Fig. 1B, C, D, 3G-Q, 5H-Q) were also sig-
nificantly increased in both silicosis patients and rodents. Collectively,
the similar pathophysiological features that we observed in rodents and
humans suggest that the pathophysiological processes shown in the
silicosis models may also exist in silicosis patients, which needs to be
further confirmed.
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(continued)

In this study, unsupervised clustering analysis (Figs. 3A and 5A)
could provide some reliable suggestions for the construction of silicosis
models at different stages. In details, silica exposure at 4 mg for 6 weeks
in mice and 50 mg for 5 days or 10 days in rats might be appropriate
conditions to induce silicosis in inflammatory stage. For progressive
stage, 12 mg of silica for 3 weeks, 8 mg of silica for 6 weeks in mice and
50 mg of silica for 15 days in rats may be a good choice. To construct
fibrotic stage, exposure to silica at 8 mg for 9 weeks or 12 mg for 6
weeks in mice or 50 mg of silica for 30 days in rats are suitable.

There were some limitations in this study. Firstly, restricted para-
meters were used for the unsupervised clustering analysis. More
worthwhile markers need to be added in the future study, such as TGF-3
that was also increased in the lung tissue of silicosis (Zhang et al.,
2019). Secondly, the number of rodents in each group is limited due to
the experimental conditions. More samples will be better. In summary,
we defined the pathophysiological process of silicosis as four stages:
normal stage, inflammatory stage, progressive stage and fibrotic stage
and characterized the pathophysiological features during the progres-
sion of silicosis. Our results also provided some suggestions about the
construction of silicosis models in different stages and maybe helpful
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for the further exploration of molecular mechanisms or therapeutic
targets of this disease.
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