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Lipopolysaccharides promote pulmonary fibrosis in silicosis
through the aggravation of apoptosis and inflammation in
alveolar macrophages
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Abstract: Alveolar macrophages (AMs) play an important
defensive role by removing dust and bacteria from alveoli.
Apoptosis of AMs is associated with lung fibrosis; however,
the relationship between this apoptotic event and environ-
mental factors, such as the presence of lipopolysaccharides
(LPSs) in the workplace, has not yet been addressed. To
investigate whether exposure to LPS can exacerbate
fibrosis, we collected AMs from 12 male workers exposed
to silica and incubated them in the presence and absence of
LPS for 24 h. We show that the levels of cleaved caspase-3
and pro-inflammatory cytokines interleukin (IL)-1β, IL-6,
and tumor necrosis factor-alpha were increased in these
AMs following LPS treatment. Moreover, we demonstrate
that LPS exposure aggravated apoptosis and the release of
inflammatory factors in AMs in a mouse model of silicosis,
which eventually promoted pulmonary fibrosis. These
results suggest that exposure to LPS may accelerate the
progression of pulmonary fibrosis in silicosis by increasing
apoptosis and inflammation in AMs.
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1 Introduction

Silicosis, characterized by extensive pulmonary nodular
fibrosis, is the most common type of pneumoconiosis [1]
and is caused by the prolonged exposure to a high
quality of free silica dust [2]. Numerous studies have

reported that silicosis can further trigger the develop-
ment of other pulmonary diseases including tuberculosis
and lung cancer [3], posing a serious threat to the health
of silica-exposed workers [4]. Accordingly, it is impera-
tive that novel strategies be developed for the prevention
of silicosis.

Alveolar macrophages (AMs) play an important
defensive role in the progression of silicosis [5].
Normally, when invading lung tissue, silica dust will
be phagocytosed by activated AMs; however, since AMs
are unable to adequately dissolve the silica dust,
apoptosis is triggered, causing the release of a large
amount of inflammatory and fibrotic factors. Subse-
quently, the released SiO2 is captured by other AMs, and
this process is repeated, finally leading to the aggrava-
tion of silicosis [6–8].

Lipopolysaccharides (LPSs) are characteristic com-
ponents of Gram-negative bacterial cell walls, many
types of which have been detected in the air of coal
mines in China [9]. There is increasing evidence that LPS
can aggravate a variety of diseases, such as Alzheimer’s
disease and Parkinson’s disease, reproductive system
damage, and liver toxicity, by promoting apoptosis and
inflammation [10–13]. Moreover, a previous study
detected LPS in the bronchoalveolar lavage fluid of
silicosis patients [9]. Accordingly, there is an urgent
need to elucidate whether LPS can stimulate the
progression of pulmonary fibrosis in silicosis.

Previous studies have shown that apoptosis of AMs
is closely correlated with the pathological changes of
pulmonary fibrosis [14]; however, the relationship
between LPS and apoptosis of AMs in silicosis has not
yet been identified.

In the present study, we found that LPS treatment
increased apoptosis and the release of inflammatory
factors in AMs from silica-exposed workers, in addition
to aggravating pulmonary fibrosis in a mouse model of
silicosis. Therefore, we speculate that LPS exposure may
exacerbate pulmonary fibrosis in silicosis through the
aggravation of apoptosis and inflammation of AMs,
which may provide a basis for the development of novel
preventive strategies for pulmonary fibrosis.
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2 Materials and methods

2.1 Subjects

Twelve male silica-exposed workers were selected for the
present study and divided into two groups: six observers,
whose X-ray images showed uncertain silicosis-like
changes, the nature and severity of which did not
dramatically change within 5 years; and six silicosis
patients, whose disease was identified by X-ray images.
The occupational category of the selected workers was
tunneling, during which they were exposed to silica only.
Silicosis was diagnosed by a local pneumoconiosis diag-
nostic group, according to the GBZ70-2015 standard issued
in China and the ILO-2000 guidelines. All subjects under-
went massive whole-lung lavage at the Beidaihe Sanatorium
for Chinese Coal Miners between July and September 2019.

Informed consent: Informed consent has been obtained
from all individuals included in this study.

Ethical approval: The research related to human use has
been complied with all the relevant national regulations,
institutional policies and in accordance with the tenets
of the Helsinki Declaration and has been approved by
the Medical Ethics Committee of Hunan Normal
University (permit number: hunnu-2016-41).

2.2 Reagents

The following reagents were used in this study: Natural
crystalline silica particles (Min-U-Sil 5 ground silica; size
distribution: 97% <5 µm diameter, 80% <3 µm diameter;
median diameter: 1.4 µm) were obtained from the US Silica
Company (Frederick, MD, USA). LPS (0111:B4) was pur-
chased from Sigma-Aldrich Company (L3024; St. Louis, MO,
USA). Cleaved caspase-3 antibody was purchased from
Beyotime Biotechnology Company (AC033; Shanghai,
China). Collagen I (Col-1) (ab90395) and alpha smooth
muscle actin (α-SMA) (ab5694) antibodies were purchased
from Abcam (Cambridge, MA, USA). β-Actin antibody was
purchased from Santa Cruz Biotechnology, Inc. (sc-130301;
Dallas, TX, USA).

2.3 Animals and treatment

Male C57BL/6 mice (18–22 g, 6–8 weeks old) were
purchased from the Shanghai Laboratory Animal Center

(Shanghai, China). In the present study, 30 mice were
randomly divided into 3 treatment groups (n = 10) as
follows: (1) control group, direct oral-tracheal instillation
of 50 µL of sterile saline; (2) crystalline silica group
(silica), direct oral-tracheal instillation of 50 µL of aqu-
eous suspension of 3mg silica crystals in sterile saline;
and (3) crystalline silica plus LPS group (silica + LPS),
direct oral-tracheal instillation of 50 µL of aqueous
suspension of 3mg silica crystals in 100 µg/mL LPS/
sterile saline. The mice were sacrificed at day 28 under
anesthesia. Lung tissues were extracted carefully for
further study.

Ethical approval: The research related to animal use has
been complied with all the relevant national regulations
and institutional policies for the care and use of animals
and has been approved by the Animal Care and Use
Committee of Hunan Normal University.

2.4 AM isolation, purification, and culture

All subjects underwent a large-capacity lung lavage under
general anesthesia. Lavage fluids were collected and filtered
through a double-layered gauze to remove mucus, cen-
trifuged at 1,500 rpm, and washed three times with
phosphate-buffered saline (PBS) buffer. After cells were
counted using a hemocytometer, 5 × 106 cells were seeded
in Dulbecco’s modified Eagle’s medium (Gibco/Life
Technologies/Thermo Fisher Scientific, CA, USA) supple-
mented with 10% fetal bovine serum (Invitrogen/Life
Technologies/Thermo Fisher Scientific, CA, USA) under
5% CO2 at 37°C for 2 h. The nonadherent (non-AM) cells
were removed, fresh medium was added, and AMs were
incubated at 37°C for a further 24 h as a control group. The
cells in the LPS group were incubated in medium
containing 1 µg/mL LPS for 24 h. Mouse AMs were collected
from bronchoalveolar lavage fluid as described previously
[15]. Harvested AMs and supernatants were stored at −80°C
until use.

2.5 ELISA assay

The levels of interleukin (IL)-1β, IL-6, and tumor necrosis
factor-alpha (TNF-α) in the supernatant from AMs were
measured by ELISA (R&D Systems, Minneapolis, MN,
USA) according to the manufacturer’s instructions.
Briefly, blanks, standards, and samples were added
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separately to a 96-well plate, with two replicates per
sample. After mixing by gentle shaking, the plates were
incubated for 30min at 37°C, washed five times with PBS,
and 50mL of HRP-conjugated reagent was added to each
well. Following incubation for 30min at 37°C, the cells
were washed and incubated with a mixture of chromogen
solutions A and B for 10min. Stop solution was then
added to each well to end the reaction. Blank wells were
set to zero, and the optical density of each well at 450 nm
was measured within 15min.

2.6 Western blotting

AMs were lysed in cell lysis buffer (Cell Signaling
Technology, Danvers, MA, USA) containing 1mM phenyl-
methylsulfonylfluoride (Solarbio, Beijing, China), and total
protein was quantitated using a BCA Protein Assay kit
(Biotechnology, Jiangsu, China). Total protein was separated
by sodium dodecyl sulfate–polyacrylamide gel electrophor-
esis and transferred to polyvinylidene fluoride membrane
(Merck Millipore, USA) via a semi-dry electrophoretic
method. Membranes were blocked for 1 h in 7% skim
milk/PBS and subsequently incubated overnight at 4°C with
primary antibodies against cleaved caspase-3, Col-1, and
α-SMA. The next day, membranes were washed in PBST and
incubated with an HRP-conjugated secondary antibody.
Protein expression levels were visualized on X-ray film using
an ECL kit and analyzed by the Quantity One 7.0 imaging
analysis software. β-Actin was used as an internal control.

2.7 Hydroxyproline (HYP) content assay

The HYP content of the middle and lower sections of the
prominent lobe of the right mouse lung was determined
at day 28 post-surgery using a well-accepted assay [16].

2.8 Histology

Inflammation and fibrosis were assessed by hematoxylin
and eosin (H&E) or Masson’s trichrome staining of paraffin
lung sections (5 µm), according to the manufacturer’s
protocol. Fibrosis was scored using the Image-Pro Plus
version 6.0 software (Media Cybernetics, Rockville, MD,
USA). Three different fields within the middle section of the
left lung in three sections per animal (n = 4 mice/group)
were evaluated to obtain a mean value.

2.9 Statistics

All values represent mean ± SD. The SPSS v.19.0 software
(SPSS Inc., Chicago, IL, USA) was used for all statistical
analyses. The differences between values were evaluated
using one-way analysis of variance (ANOVA) followed by
pairwise comparisons using a Student–Newman–Keuls post
hoc test. P < 0.05 was considered statistically significant.

3 Results

3.1 LPS increases apoptosis of AMs from
silicosis patients

Caspase-3 is responsible for mediating the terminal
signaling pathway of apoptosis [17]. We found that the
cleaved caspase-3 level was increased after LPS stimulation
in both the observer and silicosis patient groups (Figure 1;
P < 0.05). These results confirm that LPS aggravated the
apoptotic activity in AMs from silicosis patients.

3.2 LPS induces the release of IL-1β, IL-6,
and TNF-α in AMs from silicosis patients

In AMs from observers and silicosis patients, we found
that the concentrations of IL-1β, IL-6, and TNF-α were
significantly higher in the presence of LPS than those in

Figure 1: LPS increases the expression of cleaved caspase-3 in AMs from
silicosis patients. (a and b) AMs from observers or silicosis patients in
the presence or absence of LPS were analyzed for cleaved caspase-3
expression by western blotting; β-actin was used as a loading control.
(c) Cleaved caspase-3/β-actin for each group. Significance was
determined using one-way ANOVA (n = 6. *P < 0.05 vs control).

600  Shiyi Tan et al.



the absence of LPS (Figure 2; P < 0.01). These results
show that LPS aggravated the inflammatory response in
silicosis patients.

3.3 LPS increases apoptosis of AMs from
the mouse silicosis model

We further tested the relationship between LPS and
apoptosis in AMs from the mouse silicosis model. In
comparison with the control group, the expression of
cleaved caspase-3 was significantly increased in the
silica group. Meanwhile, the cleaved caspase-3 level in
the silica + LPS group was significantly higher than that
in the other two groups, suggesting that LPS aggravated
the apoptotic activity in AMs from the mouse silicosis
model (Figure 3; P < 0.05 for all).

3.4 LPS induces the release of IL-1β, IL-6,
and TNF-α in AMs from the mouse
silicosis model

We further investigated whether LPS exacerbated the
release of pro-inflammatory factors in AMs. We found that

the levels of IL-6 and TNF-α in the silica group were
significantly higher than those in the control group.
Moreover, IL-1β, IL-6, and TNF-α levels in the silica + LPS
group were significantly higher than those in the silica
group (Figure 4; P < 0.01 for all). These results demonstrate
that LPS exacerbated inflammation in the mouse silicosis
model.

3.5 LPS aggravates pulmonary fibrosis in
the mouse silicosis model

Subsequently, we explored whether LPS can aggravate
pulmonary fibrosis in silicosis. After saline injection, there
was infiltration of several inflammatory cell types and slight
inflammation, but the alveolar structures in the mouse lung
tissue were intact. Following silica treatment, further
inflammatory cell infiltration and focal interstitial inflam-
mation appeared, which were accompanied by the forma-
tion of cellular nodules in the mouse lung tissue. However,
in comparison with the silica group, the infiltration and
aggregation of inflammatory cells were greater, the focal
interstitial inflammation was further aggravated, and a
larger number of cellular nodules appeared in the silica +
LPS group (Figure 5a). Moreover, we evaluated the
Masson’s trichrome-stained left lung middle sections and
found that the fibrotic area in the silica + LPS group was
significantly larger than that in the silica and control groups

Figure 2: LPS induces the release of IL-1β, IL-6, and TNF-α in AMs
from silicosis patients. (a and b) AMs from observers or silicosis
patients in the presence or absence of LPS were analyzed for IL-1β,
IL-6, and TNF-α levels using an ELISA assay. Significance was
determined using one-way ANOVA (n = 6. *P < 0.01 vs control).

Figure 3: LPS increases the expression of cleaved caspase-3 in AMs
from the mouse silicosis model. (a)Mouse AMs from groups treated
with sterile saline, silica, and silica + LPS were analyzed for cleaved
caspase-3 expression by western blotting; β-actin was used as a
loading control. (b) Cleaved caspase-3/β-actin for each group.
Significance was determined using one-way ANOVA (n = 6 for each
group. *P < 0.05 vs control; #P < 0.05 vs silica).
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(Figure 5b and c). HYP is regarded as a biochemical marker
for the degree of collagen deposition [18]. We also
measured the levels of Col-1 and α-SMA in the mouse
lung tissue. In comparison with the lung tissue from mice
treated with saline, the levels of HYP, Col-1, and α-SMA in
the lungs of mice treated with silica were significantly
increased. Moreover, the levels of these markers in the silica
+ LPS group were significantly higher than those in the
silica group (Figure 5d–g; P < 0.05 for all). Taken together,
these data suggest that LPS exacerbated pulmonary
fibrosis, aggravating the pathological process of silicosis.

4 Discussion

Silicosis is a severe occupational hazard worldwide,
particularly in China [19]. Once diagnosed, silicosis poses
a tremendous psychological and social burden due to its
incurability [20]. Nevertheless, the pathological character-
istics and pathogenesis of silicosis remain unclear.

Many studies have shown a positive correlation
between exposure to LPS and respiratory diseases including
asthma-like symptoms, chronic airway obstruction, bron-
chitis, and increased respiratory responsiveness [21]. LPS

exists in the air of Chinese coal mines, but it was also
detected in the alveolar lavage fluid of silicosis patients,
suggesting that LPS may play a critical role in the
progression of silicosis. Therefore, the aim of the present
study was to explore the relationship between exposure to
LPS and silicosis.

Apoptosis refers to the orderly process of cell self-
destruction in conjunction with inflammation under certain
physiological or pathological conditions [22]. The apoptosis
of AMs in silicosis has received much attention. Recent
studies have demonstrated that LPS can alter the apoptotic
activity via various signaling pathways. For example, LPS
activation of the NF-κB-mediated signaling pathway
promoted cell survival [23], whereas activation of the p38-
mediated signaling pathway facilitated cell apoptosis [24].
However, there is limited support for increased apoptotic
activity in AMs from silicosis patients following LPS
stimulation.

Caspase-3 plays an essential role in mediating the
intrinsic and extrinsic apoptotic pathways [25]. In the
present study, the expression level of cleaved caspase-3
in AMs increased in both the silicosis patient and
observer groups after LPS treatment. This finding
suggests that all workers exposed to silica should pay
attention to the presence of LPS in the surrounding

Figure 4: LPS induces the release of IL-1β, IL-6, and TNF-α in AMs from the mouse silicosis model. (a–c) Mouse AMs from groups treated
with sterile saline, silica, and silica + LPS were analyzed for IL-1β, IL-6, and TNF-α levels by ELISA. Significance was determined using one-
way ANOVA (n = 6 for each group. *P < 0.01 vs control; #P < 0.01 vs silica).

602  Shiyi Tan et al.



Figure 5: LPS aggravates pulmonary fibrosis in silicosis model mice. (a) H&E staining of mouse lungs on day 28 (scale bar = 100 µm; n = 6).
(b)Masson’s trichrome staining of mouse lungs on day 28 (scale bar = 200µm; n = 4). (c) Fibrotic score analysis of lung sections on day 28 post-
CS instillation. The fibrotic area is presented as a percentage. Data are presented as mean ± SD. Significance was determined using one-way
ANOVA (n = 4 for each group. *P < 0.05 vs control; #P < 0.05 vs silica). (d)Mouse lung tissues from groups treated with sterile saline, silica, and
silica + LPS were analyzed on day 28 for the HYP content. Significance was determined using one-way ANOVA (n = 6 for each group. *P < 0.05 vs
control; #P < 0.05 vs silica). (e) Mouse lung tissues from groups treated with sterile saline, silica, and silica + LPS were analyzed on day 28 for
Col-1 and α-SMA expression by western blotting; β-actin was used as a loading control. (f and g) Col-1/β-actin and α-SMA/β-actin for each group.
Significance was determined using one-way ANOVA (n = 6 for each group. *P < 0.05 vs control; #P < 0.05 vs silica).
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environment. Since LPS exists in Asian sand dust [26],
it may become attached to the free silica particles.
Our study found that the cleaved caspase-3 level in the
silica + LPS group was significantly higher than that in
the silica group of mice with silicosis. These results
suggest that LPS could exacerbate the apoptosis of AMs
in silicosis.

Cytokines such as TNF-α, ILs, and transforming
growth factor-β (TGF-β) are of great importance in the
local pulmonary injury and inflammatory response of
pulmonary fibrosis. IL-1β not only induces alveolar
inflammation but also pulmonary interstitial fibrosis
through the excessive repair of local injury [27,28]. IL-6
has the same inflammatory effects. Additionally, it has
been reported that IL-6 promotes the expression of
collagen, enhancing the TGF-β signaling pathway [29].
Moreover, TNF-α is involved in a wide range of
inflammatory responses and silica-induced pulmonary
fibrosis [30]. This study found that the concentrations of
IL-1β, IL-6, and TNF-α were significantly higher in AMs
treated with LPS than those in untreated AMs. These
results imply that LPS could exacerbate the release of
inflammatory factors in AMs in silicosis.

Previous research has observed an increased α-SMA
mRNA level in the silicotic fibrosis model rat, indicating
that α-SMA is closely related to the formation of
pulmonary fibrosis [31]. Col-1 is a vital material basis
for the entire fibrotic environment, and HYP is an
important indicator of collagen tissue metabolism.
Simultaneously, cellular nodules formed by the accu-
mulation of silica-stimulated dust cells are the early form
of silicon nodules. In the present study, we found that
the levels of α-SMA, Col-1, and HYP were increased in
mouse lung tissues following LPS treatment. In compar-
ison with the silica group, there were infiltration and
aggregation of several inflammatory cell types, the focal
interstitial inflammation was further aggravated, and a
greater number of cellular nodules appeared in the
silica + LPS group. These results suggest that LPS could
aggravate pulmonary fibrosis in silicosis. Normally,
activated AMs will engulf invading silica dust; however,
since they are unable to continuously dissolve silica
dust, AMs become excessively activated and undergo
apoptosis [32]. Excessively activated AMs release many
inflammatory cytokines [33]. Subsequently, the released
SiO2 is captured by other AMs, and this process is
repeated, further inhibiting the repair process of lung
tissue damage and eventually leading to irreversible
fibrosis [34–36]. As the early pathological features of
silicosis fibrosis, cellular nodules form gradually with
the deepening degree of silica engulfment by AMs,

inflammatory cell aggregation, and focal interstitial
inflammation. They are composed of silica-phagocytosed
macrophage aggregation and have no collagen fibers.
Subsequently, fibroblasts appear and collagen fibers
proliferate surrounding the nodules, forming cellular
fibrous nodules or fibroblastic nodules in the lung tissue
[37,38]. Thus, LPS or other substances that can increase
apoptosis of AMs may be risk factors for silicosis.

In conclusion, LPS may accelerate the progression of
silicotic pulmonary fibrosis by exacerbating the apop-
tosis of AMs. Therefore, greater emphasis should be
placed on the effective protection against LPS in the
silica-exposed environment in the future.
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