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Abstract In vitro and in vivo studies have demonstrated that

lung cell apoptosis is associated with lung fibrosis; however

the relationship between apoptosis of alveolar macrophages

(AMs) and human silicosis has not been addressed. In the

present study, AM apoptosis was determined in whole-lung

lavage fluid from 48 male silicosis patients, 13 male observers,

and 13 male healthy volunteers. The relationships between

apoptosis index (AI) and silica exposure history, soluble Fas

(sFas)/membrane-bound Fas (mFas), and caspase-3/caspase-

8 were analyzed. AI, mFas, and caspase-3 were significantly

higher in lung lavage fluids from silicosis patients than those

of observers or healthy volunteers, but the level of sFas

demonstrated a decreasing trend. AI was related to silica

exposure, upregulation of mFas, and activation of caspase-3

and -8, as well as influenced by smoking status after adjusting

for confounding factors. These results indicate that AM

apoptosis could be used as a potential biomarker for human

silicosis, and the Fas/FasL pathway may regulate this process.

The present data from human lung lavage samples may help to

understand the mechanism of silicosis and in turn lead to

strategies for preventing or treating this disease.
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Introduction

Silicosis is a chronic lung disease characterized by granu-

lomatous and fibrotic lesions due to the accumulation of

inhaled silica particles. Chronic human silicosis results

primarily from continued occupational exposure to silica

and demonstrates a long asymptomatic latency. Intratra-

cheal exposure to large doses of silica can induce acute

silicosis characterized by granuloma-like formations in the

lung associated with apoptosis, severe alveolitis, and

alveolar lipoproteinosis [1]. Alveolar macrophage (AM)

apoptosis itself is an important event in silicosis and has

been associated with innate immune cell infiltration and

increased collagen deposition [2].

AMs have been suggested to play crucial roles in the

initiation and progression of lung silicosis. AM activation

upon exposure to silica particles in the lungs has been well

documented and results in the release of macrophage prod-

ucts including fibrogenic factors, lysosomal enzymes, free

radicals, and cytokines [3]. Studies have indicated that silica

also has the ability to induce apoptosis in AMs, but relatively

little is known regarding the underlying mechanisms

involved [4]. Silica particles induce lung cell apoptosis

through specific molecular mechanisms that may be medi-

ated by factor-related apoptosis (Fas)/Fas ligand (FasL)

interactions [5], an apoptosis pathway. Although much is

known about the apoptotic machinery following silica

exposure in rodent models, data from humans is still lacking.

The limited information concerning the relationship

between human AM apoptosis and silicosis is due to the

difficulty in obtaining human lung cells. Currently, the use

of massive whole-lung lavage as part of the treatment for

silicosis patients in China allows us to collect human AMs

and analyze AM apoptosis. Determining how silica induces

Fas and caspase activation along with AM apoptosis in

silicosis will provide insight on potential factors that may

be used as biomarkers for early silicosis diagnosis. Fur-

thermore, understanding the relationship between silica

exposure and AM apoptosis will also provide clues to

understanding the pathogenesis and mechanism of human

silicosis, which are urgently needed for silicosis prevention

and treatment.

Materials and methods

Subjects

Sixty-one male silica-exposed workers who were diag-

nosed as observers whose X-ray photographs had uncertain

silicosis-like changes, the nature and severity not dynam-

ically changed within 5 years, and silicosis patients (at

stages I, II III) as determined by X-ray photograph were

included in the study. All subjects were of Han nationality

and from all over China. Silicosis was diagnosed by a local

pneumoconiosis diagnosis group according to the standard

of GBZ70-2009 issued in China and ILO-2000. Thirteen

healthy male volunteers were selected as a control group,

who were of Han nationality and from the same living area

and age group as observers and silicosis patients but never

exposed to silica dust. None of these subjects presented

clinical signs/symptoms of autoimmune diseases including

sclerotic skin, Raynaud’s phenomenon, facial erythema,

arthralgia, and malignancies. The backgrounds of the

subjects, including sex, age, nationality, and career history,

were collected by questionnaires. They all underwent

massive whole-lung lavage at the ‘‘Beidaihe Sanatorium

for China Coal Miners’’ from January to December 2009.

All subjects signed informed consent forms before the

lavage. The project was approved by the Medical Ethics

Committee of China Medical University.

Reagents and antibodies

Dulbecco’s modified eagle medium (DMEM) was pur-

chased from Santa Cruz Biotechnology Inc. (Santa Cruz,

CA, USA). Sodium-dodecyl sulfate (SDS) was purchased

from Sigma-Aldrich Co. (St. Louis, MO, USA). Acrylamide,

N0N-methylenebisacrylamide, and ammonium persulfate

were purchased from Biomol International (Plymouth

Meeting, PA, USA). Tetramethylethylenediamine was pur-

chased from Ameresco Inc. (Framingham, MA, US). Anti-

bodies (Abs) directed against human Fas, caspase-8,

caspase-3, and b-actin were purchased from Santa Cruz

Biotechnology Inc. (Santa Cruz, CA, USA). Hoechst 33258

and fluorescein isothiocyanate (FITC)-conjugated anti-

human CD68 were purchased from eBioscience Inc. (San

Diego, CA, USA). Human Fas, Caspase-8 and -3 ELISA

assay kit were purchased from R&D Systems (Minneapolis,

MN, USA). BCA protein assay kit was purchased from

Thermol Scientific Company (Portsmouth, NH, USA). Other

chemicals and reagents were purchased from Wastson Bio-

tech Company LTD (Tianjin, China).

AM isolation, purification and culture

The lavage fluids of all subjects were collected into aseptic

containers, filtered through double-layer gauze to remove

mucus, centrifuged at 1500 rpm, and washed 3 times with

PBS buffer. Cells were counted using a hemocytometer

after being separated from lavage fluid. After the cells were

counted, AMs were purified in DMEM containing 10%

fetal calf serum under 5% CO2 at 37�C for 2 h based on

their adherence. The purification rate of AMs was 95–99%,

confirmed by staining with 10 lg/ml FITC anti-human

CD68 for 30 min. After nonadherent non-AM cells were
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washed, the adherent purified AMs were incubated at 37�C

for another 24 h and harvested. The harvested AMs and

supernatant liquids were stored at -80�C until use in the

studies below.

Apoptosis detection under light microscope

After purified AMs from 5 volunteers, 5 observers, and 15

silicosis patients (5 stage-I, II, III, respectively) were har-

vested, an AM suspension (0.1 ml) containing 1 9 106

purified AMs/ml was smeared onto a glass slide and fixed

with 4% paraformaldehyde for 1 h. The slides were washed

with PBS, stained with 0.5% hematoxylin for 10 min, and

washed with water. They were then differentiated with

hydrochloric acid-alcohol and stained with 0.5% eosin for

3 min. Morphological characteristics were observed under

a light microscope.

Apoptosis detection under transmission electron

microscope (TEM)

Purified AMs (1 9 106 AMs/sample) from 15 subjects

including healthy volunteers, observers, and silicosis

patients at stage I, II, and III were fixed with 2.5% glu-

taraldehyde, postfixed for 1 h in 1% osmium tetroxide,

dehydrated in acetone, and embedded in Epon 812. Thin

sections were stained with uranyl acetate/lead citrate and

observed under a Hitachi H-7650 transmission electron

microscope operated at 80 kV. Images of each sample were

collected from six visual fields.

Apoptosis detection with flow cytometry (FCM)

analysis

Purified AMs (5 9 106) from all subjects were washed

with PBS and fixed with 70% cold alcohol at 4�C for at

least 12 h. After centrifugation and washing with PBS,

fixed AMs were incubated with RNase for 30 min at 37�C,

then treated with propidium iodide in the dark at 4�C for

30 min. Treated AMs in suspension (0.5 ml, corresponding

to at least 1 9 106 cells) were infiltrated with 50-lm nylon

net. FCM was performed with a Coulter EPICS XL

cytometer with a gate set for examining a total of 104 AMs.

Apoptosis index (AI), the percentage of apoptotic AMs

among total AMs was calculated to within 104 AMs.

Apoptosis detection under laser scanning confocal

microscope (LSCM)

AMs from 5 volunteers, 5 observers, 15 silicosis patients(5

stage-I, II, III, respectively) (5 9 106 AMs/subject) were

suspended in binding buffer with 10 lg/ml Hoechst 33258

and 10 lg/ml FITC anti-human CD68 and rocked gently in

the dark. AMs were centrifuged and smeared onto a glass

slide with fluorescent free glycerin. AM nuclei were

stained blue, and the membranes were stained green. The

morphological characteristics of AM nuclei were observed

immediately under a FV-1000 Olympus LSCM using

FV10-ASW software. Images of each sample were col-

lected from six visual fields.

DNA fragmentation analysis

Purified AMs from 5 volunteers, 5 observers, and 5 stage-I

silicosis patients (5 9 106 AMs/subject) were harvested, by

the high salt method [6] to extract genome of AMs. Each

DNA solution was applied to a 11 9 14 horizontal agarose

(1.5%) gel pre-stained with 5 lg/ml ethidium bromide and

separated by electrophoresis. The gel was placed into a

UVI GEL imaging system purchased from BD Company

(Franklin Lakes, NJ USA) and photographed under ultravi-

olet light. AMs from one volunteer were treated with

0.5 mM H2O2 for 12 h to be used as positive control for the

DNA fragmentation analysis as mentioned above.

ELISA assay

The total protein concentration of all subjects was mea-

sured with the BCA protein assay kit. The levels of soluble

Fas (sFas) in supernatants from all subjects were detected

with a human Fas ELISA kit. Blanks, standards, and

samples were added separately to 96-well plates. Each

sample was analyzed in triplicate. After mixing by gentle

shaking, plates were incubated for 30 min at 37�C, washed

5 times, and 50 ll HRP-conjugate reagent was added to

each well. After incubation for 30 min at 37�C and

washing, chromogen solutions A (50 ll) and B (50 ll)

were added and incubated for 10 min. Stop solution (50 ll)

was then added to each well to stop the reaction. The blank

well was set as zero, and the optical density (OD) of each

well at 450 nm was measured within 15 min.

Western blotting

Protein was extracted from the AMs of all subjects by

using western blot protocol recommended by Milipore [7].

Total protein extracts were loaded on a 10% polyacryl-

amide gel (30 lg/well) and electrophoretically transferred

to nitrocellulose (NC) filters. After blocking for 2 h with

5% nonfat milk buffer in TBST, the membranes were

incubated overnight at 4�C with rabbit anti-human Fas,

mouse anti-human caspase-8, mouse anti-human caspase-3,

or mouse anti-human b-actin Abs diluted 1:2000 in 5%

nonfat milk-TBST. The NC filters were washed and incu-

bated for 1 h with peroxidase-conjugated IgG diluted

1:4000. The protein bands were visualized using the ECL
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system (Pierce, Miami, FL) and analyzed by densitometry

using Microtek Scan Wizard 5 scan software and Quantity

One 7.0 imaging analysis software. Membrane-bound Fas

(mFas), caspase-8, and -3 were quantified by the gray-scale

value of mFas, caspase-8 and -3 adjusted by the gray-scale

value of each subject’ b-actin.

Statistics

The data was managed using Excel software. STATA 10.0

software was used to analyze differences in AM apoptosis,

sFas, mFas, caspase-8, and -3 between various silicosis-

associated factors as well as the relationship between Fas,

caspase-8, -3, and apoptosis. The Poisson generalized lin-

ear regression model was used to analyze the factors

related to AM apoptosis.

Results

Basic information about subjects

The mean age of 61 silica-exposed workers was 46.27 ±

7.69 (32–59) year, and the mean duration from silica

exposure to lung lavage was 16.9 ± 11.1 (1–37) year. The

mean duration from cessation of silica exposure to lung

lavage was 5.9 ± 7.8 (0–30) year, and the smoking rate

was 65.6%. The information for all subjects is presented in

Table 1. No statistically significant difference in age and

smoking rate was observed between healthy volunteers,

observers, and silicosis patients. No difference in the

duration from silica exposure to lung lavage and duration

of cessation of silica exposure was found among silicosis

groups.

The morphological characteristics of apoptotic AMs

under light microscope, TEM, and LSCM

TEM imaging is considered the gold standard in identify-

ing cellular apoptosis because of its standard and reliable

method. Typical apoptotic morphological changes were

observed in AM from silicosis patients, which were con-

firmed under LSCM and FCM. Figure 1 shows apoptotic

AMs under a light microscope, TEM, LSCM, and FCM.

Normal AMs demonstrated a smooth membrane and

homogeneous chromatin (Fig. 1A a), while apoptotic AMs

appeared to shrink and presented other characteristics

including membrane blebbing, chromatin condensation

(Fig. 1A b), nuclear membrane disintegration, smashed

nucleus and apoptotic body formation with dust particles in

the cytoplasm (Fig. 1A c), and a crescent formation

(Fig. 1A d).It also was observed that the severity of

apoptotic AMs increased with the progression of silicosis

(Fig. 1A d–h).

Under LSCM, AM nuclei were stained blue by Hoechst

33258 (Fig. 1B a, b), and membranes were stained green

by FITC-conjugated anti-human CD68 (Fig. 1B a, b).

The nuclei of normal AMs were round or ellipse, with

chromatin uniformity and integrated nuclear membrane

Table 1 Subjects’ basic

information

a Indicates observers and all

silicosis patients

Group n Age (year) Duration of silicon

exposure (year)

Smoking

(%)

Duration of cessation

of silicon exposure (year)

Health volunteers 13 45.6 ± 9.1 ND 7 (53.8) ND

Observers 13 45.2 ± 8.2 14.2 ± 10.4 8 (61.5) 7.3 ± 9.7

Silicosis at stage I 33 48.1 ± 7.3 18.7 ± 11.7 21 (63.6) 5.8 ± 7.6

Silicosis at stage II 11 45.2 ± 7.5 18.1 ± 9.8 9 (81.8) 5.5 ± 6.7

Silicosis at stage III 4 38.0 ± 3.8 6.5 ± 5.2 2 (50.0) 3.5 ± 5.7

Silica-exposed workersa 61 46.3 ± 7.7 16.9 ± 11.1 40 (65.6) 5.9 ± 7.8

F/v2 2.46 1.84 1.86 0.397

P 0.072 0.151 0.601 0. 941

Fig. 1 Apoptotic AMs visualized using a light microscope, TEM,

LSCM and FCM. A AMs apoptosis analysis by light microscope

(H&E stain, 10009). (a) normal AMs from volunteers; (b) apoptotic

AMs from silicosis patient at stage I showed the shrinkage phenotype;

(c) AMs from silicosis patient at stage II showed crescent; (d) AM

apoptotic bodies from silicosis patient at stage III; Again, e–h showed

clear AM morphology from normal (e), observer (f), silicosis stage 1

(g) and silicosis stage III (h). B AMs apoptosis by LSCM (Hoechest

33258, FITC anti-human CD68) (4009), (a) normal AMs from

volunteer; (b) apoptotic AMs from silicosis patient at stage I. The

AMs were also checked for AM cell purity with FITC anti-human

CD68. It showed that the AM purify rate was 99% under FCM (c).

(d) AMs with some apoptotic nuclear from volunteer; (e) AMs with

marginalization chromatin from observer; (f) AMs with condensa-

tional chromatin from silicosis at stage II; (g) AMs with breakage

nuclear from silicosis at stage III. C Apoptotic AMs under TEM

analysis. (a) normal AMs from volunteer (70009); (b) AMs from

observer with chromatin marginalization (yellow arrow); (c) AMs

from silicosis at stage I compared to AMs from silicosis at stage II

(d) with nuclear breakage (red arrow) and crescent formation (black
arrow) (50009); (e) AMs from silicosis at stage I compared to AM

from stage II silicosis with chromatin condensation (f, black arrow,

100009); AM apoptosis from stage III patients showed typical

apoptotic bodies (g), mitochondrial swelling (h) and lysosome

autophagy (i)

c
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(Fig. 1B a, red arrow). The nuclear morphology of apop-

totic AMs included ripples or creases, chromatin conden-

sation, marginalization, breakage, and apoptotic body

formation (Fig. 1B b). The nuclear damage was increased

with the progression of silicosis (Fig. 1B d–g).

TEM analysis indicated that the number of apoptotic

AMs and chromatin change increased with the progression

of silicosis (Fig. 1C a–e). Apoptotic AMs demonstrated

chromatin marginalization (Fig. 1C b, yellow arrow),

nuclear breakage (red arrow), crescent formation (black

arrow) (Fig. 1C d), chromatin condensation (Fig. 1C f,

black arrow), and apoptotic body formation (Fig. 1C g,

black arrow). Additionally, an increased number of mito-

chondria and endoplasmic reticulum, mitochondrial

swelling (Fig. 1C h, black arrow), and autophagy (Fig. 1C

i, black arrow) were also observed under TEM.

DNA fragmentation, apoptosis by scatter diagram

and histogram, and Fas, Caspase-8 and -3 expression

Elevated Ca2?and Mg2? can activate intracellular endo-

nucleases when cells undergo apoptosis. The activated

endonuclease can lead to double-chain DNA breakage,

with fragments of 180–200 bp or integral multiples. The

DNA fragmentation leads to ‘‘ladder’’ formation in agarose

gel electrophoresis. The present study demonstrated typical

DNA ladder formation in patient AMs. The molecular

weight of genomic DNA from stage-I silicosis patient AMs

and a positive control sample was approximately 180 bp or

its integral multiple (Fig. 2A). No bands were observed in

genomic DNA collected from observer AMs.

The Fas signaling pathway is thought to play a crucial

role in silica particle-induced apoptosis. It is typically

c1 c2 c3 c4 c5

M 1 2 3 4 5 N P O

500bp 

400bp 

300bp 

200bp 

100b

A 

Caspase-8(18kD) 

Caspase-3(17kD) 

Fas(43kD) 

β-actin(43kD) 

b1 b2 b3 b4 b5B

C 

Fig. 2 Molecular biology and histogram analysis of AM apoptosis

from silicosis patients compared to controls. A DNA fragmentation,

M Marker, 1–5 five silicosis patients at stage I, N health volunteer,

P positive control, O observer. B Expression of mFas, Caspase-8, -3 of

subjects, b1 health volunteer, b2 observer, b3 silicosis at stage I, b4

silicosis at stage II, b5 silicosis at stage III. C Scatter diagram and

histogram of apoptotic AMs by FCM, c1 health volunteer, c2
observer, c3 silicosis at stage I, c4 silicosis at stage II, c5 silicosis at

stage III
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mediated through caspase activation, with an effector

caspase (e.g., caspase-3) activated by a coordinated hier-

archy of initiator caspases (e.g., caspases-8). As shown in

Fig. 2B, the relative quantities of mFas and Caspase-3

increased with the progression of silicosis (Fig. 2B, B1 and

B2) but the change of caspase-8 was not obvious. FCM has

the advantage of detecting apoptosis both in quality and

quantity. The fluorescent intensity is proportional to the

quantity of DNA. In this study, we found that the degree of

AM apoptosis of silicosis patients was higher than those of

healthy volunteers and observers based on scatter diagram

and histogram (Fig. 2C).

The relationship between Fas, caspases, AI, and factors

related to silicosis

To explore the relationship between silicosis and AM

apoptosis, Fas, and caspase expression, apoptotic AM

number and sFas level were measured in supernatant of

cultured AMs from lung lavage fluids of various patients,

and mFas, caspase-8, and -3 expression was quantified in

AMs. The results are shown in Table 2. The AI of silica-

exposed workers was higher than that of healthy volunteers

and increased with the progression of silicosis, but

no significant difference was noted between healthy

volunteers and observers. mFas and caspase-3 were found

to increase with the progression of silicosis, but sFas

demonstrated the opposing trend. Caspase-8 did not sig-

nificantly differ among groups.

The relationship between AM apoptosis, Fas level,

caspase-3 expression, and silica exposure

To determine the role of AM apoptosis in the development

and progression of silicosis, the relationship between the

AI of AMs and factors including age, age at first silica

exposure, duration from silica exposure to lung lavage, age

of patients at the onset of pneumoconiosis, duration from

silica exposure to silicosis onset, duration from cessation of

silica exposure to lung lavage, and silicosis type was

analyzed. Smoking was also considered as a main con-

founding factor.

As shown in Table 3, longer duration from silica

exposure to lung lavage and shorter duration from silica

exposure to silicosis onset were associated with higher AI,

mFas, and caspase-3 and lower caspase-8 in silicosis

patients. The mFas level was lower and sFas level was

higher in patients with cessation of silica exposure than in

those with continued silica exposure (P \ 0.05). The sFas

level was higher in non-smokers than in smokers

Table 2 The levels of AI, Fas, and caspases among silicosis patients, observers, and healthy volunteers

Group n AI (%) mFas sFas (ng/mg.pro) Caspase-8 Caspase-3

Volunteer 13 19.6 ± 9.6 0.7883 ± 0.5232 ND 0.9058 ± 0.4532 0.5497 ± 0.1867

Observer 13 18.1 ± 1.7 0.6588 ± 0.2181 0.0450 ± 0.0312 0.8619 ± 0.0897 0.6414 ± 0.3458

Silicosis at stage I 33 31.2 ± 8.2*# 0.8707 ± 0.3748* 0.0223 ± 0.0121 0.8702 ± 0.1811 0.8585 ± 0.4579*

Silicosis at stage II ? III 15 49.3 ± 13.7*#$ 1.0695 ± 0.0962*# 0.0157 ± 0.0107# 0.8572 ± 0.2334 1.0164 ± 0.2202*#

v2/F 42.02 3.27 1.98 0.12 5.172

P 0.0000 0.0469 0.3726 0.9363 0.0753

* Compared with healthy volunteers, P \ 0.05; # compared with observers, P \ 0.05; $ compared with stage-I silicosis patients, P \ 0.05. AI

data was derived from FCM analysis

Table 3 The association of levels of AI, Fas, and caspases to silica exposure in silicosis patients

Indices n sFas (ng/ml) mFas Caspase-8 Caspase-3 AI (%)

Duration from silica exposure

to lung lavage (year)

\20 30 0.0427 ± 0.0286 0.9170 ± 0.3570 0.9256 ± 0.1939 0.9054 ± 0.4376 34.5 ± 6.1

20–37 18 0.0338 ± 0.0198 0.9384 ± 0.4233 0.8308 ± 0.1910* 0.9067 ± 0.3594 38.3 ± 6.9*

Duration from silica-exposure

to silicosis onset (year)

\15 20 0.0370 ± 0.0298 1.0361 ± 0.4062 0.8032 ± 0.2000 1.0078 ± 0.3358 38.4 ± 7.3

15–37 28 0.0210 ± 0.0105# 0.7914 ± 0.3509# 0.9180 ± 0.1793# 0.7478 ± 0.4656 33.9 ± 5.6#

Duration from cessation

of silica exposure to lung

lavage (year)

No 16 0.0339 ± 0.0223@ 1.0651 ± 0.4294@ 0.9060 ± 0.2450 0.9657 ± 0.3772 38.2 ± 6.6

Yes 32 0.0488 ± 0.0214 0.8726 ± 0.3726 0.8493 ± 0.1720 0.8803 ± 0.4207 35.9 ± 6.7

Smoking No 16 0.0410 ± 0.0261 1.0136 ± 0.4583 0.8837 ± 0.2257 1.0909 ± 0.4355 34.9 ± 6.0

Yes 32 0.0277 ± 0.0209$ 0.8903 ± 0.3635 0.8579 ± 0.1828 0.8168 ± 0.3653 37.9 ± 6.7

* Compared with duration from silica exposure to lung lavage \20 year group, P \ 0.05; # compared with length from silica exposure to

silicosis onset \15 year group, P \ 0.05; @ compared with cessation of silica exposure, P \ 0.05; $ compared with non-smokers, P \ 0.05
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(P \ 0.05). No significant difference in mFas, caspases, or

AI was observed between smokers and non-smokers.

To adjust AM apoptosis for confounding factors

including age and smoking status, the Poisson generalized

linear regression model was used. AI was set as the

dependent variable, and age, age at first silica exposure,

duration from silica exposure to lung lavage, age of

patients at the onset of pneumoconiosis, duration from

silica exposure to silicosis onset, duration from cessation of

silica exposure to lung lavage, silicosis type, smoking,

mFas, sFas, caspase-8, and -3 were considered independent

variables. As shown in Table 4, duration from silica

exposure to silicosis onset, silicosis type, mFas, smoking,

and caspase-8 were still associated with a role in AI after

controlling for the role of confounding factors. AI

increased with the level of mFas and decreased with

duration from silica exposure to silicosis onset, silicosis

type, and caspase-8 level. Smoking was a major con-

founding factor in inducing apoptosis.

Discussion

Occupational silicosis remains an urgent social and public

health issue. At present, approximately 20 million workers

are exposed to occupational dust. Although scientists and

government have made great efforts to control dust envi-

ronments, 10,000–20,000 pneumoconiosis patients are

diagnosed each year in China. Understanding the mecha-

nism of silicosis for prevention or early diagnosis remains a

challenge in the field.

Epidemiologic investigation has confirmed that silicosis

is directly associated with dust nature, concentration, dis-

persity, free silica content, and duration of silica exposure.

Workers can develop acute and accelerated silicosis within

a short time in workplaces with high dust concentrations,

dispersity, and free silica content. Length of silica exposure

directly reflects the cumulative silica burden and possibility

of developing silicosis [8]. However, little is known con-

cerning the crucial cellular and molecular mechanisms that

initiate and promote the process of silicosis.

Current evidence suggests that AMs play a critical role

in the development of lung inflammation and fibrosis. AMs

isolated from lung fibrosis patients are activated, release a

variety of fibrogenic factors and cytokines, and recruit

neutrophils to alveolar space to induce alveolitis. Mean-

while, silica binding to scavenger receptors on the surface

of AMs can upregulate the expression of FasL, which may

in turn lead to AM apoptosis via interaction with Fas [4, 9,

10]. The protein Fas is a widely expressed member of a

family of death receptors known to be involved in various

forms of physiological and pathological cell death [11, 12].

Activation of the Fas receptor by Fas ligand triggers a

complex cascade of intracellular events leading to caspase-

8 activation and apoptosis [13, 14]. Fas-mediated apoptosis

is an essential mechanism for the maintenance of normal

tissue homeostasis, and disruption of this death pathway

has been associated with several human diseases including

lung fibrosis. Rodent experiments have suggested that the

Fas/FasL pathway plays an essential role in silica-induced

lung fibrosis [15, 16], but little is known concerning its role

in human silicosis.

In the present study, most of the AMs from observers or

silicosis patients were damaged (Fig. 1A–C) and contained

dust (Figs. 1B, 2C). The apoptotic AMs of silicosis patients

mainly demonstrated new crescent body formation

(Fig. 1A–C), and the extent of apoptosis was related to

progression of silicosis (Figs. 1A, B, 2C). AM DNA

damage occurred in silicosis patients but not healthy vol-

unteers (Fig. 2A, C). Our study revealed that the AM AI of

silicosis patients was higher than those of observers and

healthy volunteers, and the AI increased with the pro-

gression of silicosis (Table 2). Our results also demon-

strated that longer duration from silica exposure to lung

Table 4 Analysis of the factors influencing apoptosis index

Factors bb S�x z P 95%CI

Duration from silica exposure to silicosis onset -0.4876 0.1352 -3.60 0.000 -0.7527 to -0.2225

Pattren of silicosis -6.8169 1.9795 -3.44 0.001 -10.6969 to -2.9370

mFas 4.4930 1.7178 2.62 0.009 1.1260 to 7.8600

Smoking 6.1636 2.5460 2.42 0.015 1.1734 to 11.1537

Caspase-8 -8.2292 3.6721 -2.24 0.025 -15.4266 to -1.0318

sFas -1.5135 0.7682 -1.08 0.278 -2.0193 to 0.0077

Age at first silica exposure -0.2359 0.2402 -0.98 0.326 -0.7068 to 0.2350

Caspase-3 0.5607 1.9565 0.29 0.774 -3.2739 to 4.3955

bb means partial regression coefficient, S�x means standard error of partial regression coefficient, Z means Non-normality test of partial regression

coefficient, P means the significant level of Z, 95%CI means 95% confidence interval of partial regression
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lavage and shorter duration from silica exposure to silicosis

onset were associated with increased AM apoptosis

(Table 3). The regulation of AM apoptosis is supported by

silicosis epidemiology results [8, 17] indicating that AM

apoptosis is an important mechanism of silicosis. There-

fore, investigation of the mechanism of AM apoptosis may

provide new biomarkers for detecting and predicting early-

stage silicosis in dust-exposed workers. These findings also

highlight a new research direction in silicosis prevention

and control. For example, screening for AM apoptosis may

be used as a standard indicator for the appropriately timed

cessation of silica exposure, which is an effective method

to protect workers from the harm of silica particles.

Otsuki et al. [18] found that serum sFas levels were

significantly higher in silicosis patients than in healthy

volunteers. Domagala-Kulawik et al. [19] also reported

higher Fas expression in AMs from the bronchoalveolar

lavage fluid of patients with sarcoidosis. The present study

demonstrated a relationship between Fas and silicosis

(Table 2), including the elevation of mFas levels with the

progression of silicosis (Fig. 2B). These findings indicate

that exposure to silica can upregulate mFas expression in

humans, which interacts with FasL resulting in procaspase-

8 activation. Caspase-8 can in turn activate caspase-3,

leading to AM apoptosis. These findings are partly con-

sistent with the data reported by Otsuki et al. [18]. The

expression of Fas signaling proteins directly reflects a

possible mechanism of silica-induced AM apoptosis.

Our results suggest that AI, Caspase-3 and mFas levels

correlate better with duration of exposure to silica and

development and progression of silicosis. (Table 2, 3) The

levels decreased with cessation of exposure but remained

high with the development of silicosis. The decrease in level

of sFas correlates better with duration of exposure however it

is not significantly affected by development of silicosis. The

level returned to normal after cessation of exposure.

The level of Caspase-8 increased with duration of

exposure to silica but tended to decrease with development

of silicosis and remain low after cessation of exposure. It is

possible that with initial exposure to silica dust, the Cas-

pase-8 level increased due to increased in demand by

Caspase-3 mechanism in cells due to increased apoptosis.

However, with the onset of silicosis the demand of Cas-

pase-8 in cell may increase exponentially which the Cas-

pase-8 mechanism is not able to meet and thus level of

Caspase-8 starts to decrease though the Caspase-3 level

still remained higher than normal. Therefore we suggest

that Caspase-8 level may be a better indicator of the

development of silicosis while a decrease in sFas is better

indicator of exposure to silica. However, the apoptotic

index remained good indicator of development and pro-

gressions of silicosis and may be clinically useful in

determining progression of silicosis.

Tobacco smoke has been implicated as a major risk

factor in pulmonary diseases. The toxicity of smoke is due

to a large variety of compounds, including nicotine, cad-

mium, benzo[a]pyrene, oxidants, and free radicals, that

initiate, promote, or amplify oxidative damage, which can

lead to cell apoptosis and necrosis [20, 21]. In consider-

ation of the confounding role of smoke in silica-induced

AM apoptosis, the silicosis patients in this study were

divided into 2 groups according to smoking or non-smok-

ing status. No difference in AI was observed between the 2

groups, but a role for smoking in AM apoptosis appeared

when the linear regression model was used. This finding

indicates that silica exposure and smoking can enhance the

damage to AMs and promote the development of silicosis.

To identify factors that influence AM apoptosis, multi-

ple factor analysis was conducted in this study. The main

factors affecting apoptosis were duration from silica

exposure to silicosis onset, silicosis type, mFas, caspase-8,

and smoking (Table 4). This result suggests that AM

apoptosis and the Fas/FasL pathway may be involved in

human silicosis. This type of detailed information regard-

ing silicosis, especially the early events of pathology, in

humans is very important, as it may provide indicators to

predict the potential for silica-induced lung fibrosis.

In conclusion, we have shown that AM apoptosis is

closely associated with the progression of human silicosis.

The degree of apoptosis was related to silica exposure

history, and the mechanism of silica-induced AM apoptosis

was related to Fas signaling pathway activation. The results

of this study may have important implications in the

understanding of silicosis pathogenesis and provide a

potential strategy for silicosis treatment.
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