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Abstract

Silicosis, an occupational lung disease that can be prevented, is still a significant public health concern in many countries, despite its
considerably decreased incidence over the years. The latency period for silicosis ranges from a few years to several decades, depending
on the duration and intensity of exposure to silica dust. The complex pathogenic mechanisms of the disease are not fully understood, but
it is known to be characterized by inflammation, the formation of silicotic nodules, and progressive and irreversible fibrosis. The aim of
this paper was to present the current sources of exposure to silica dust and summarize the updates on risk factors (e.g., socioeconomic
status, genetic susceptibility) and sex differences, silico-tuberculosis, prognostic markers including 16-kDa Clara cell secretory protein,
antifibrotic treatment, and other therapeutic possibilities with promising results. There are no effective treatment options for silicosis, and
prevention remains the primary tool to significantly reduce the risk of disease. There are promising new treatments under investigation
including antifibrotic, cellular, and immunomodulatory therapies, but further research is needed to demonstrate the efficacy and safety

of these therapies in adequately powered clinical trials.
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1. Introduction

Silicosis, one of the oldest occupational diseases, is a
pneumoconiosis caused by the long-term inhalation of in-
organic dust with high concentrations (>10%) of free crys-
talline silica (SiO2). This interstitial lung disease is charac-
terized by inflammation, formation of silicotic nodules, and
fibrosis, which are progressive and irreversible [1].

The latency period for silicosis ranges from a few
years to several decades, depending on the duration and
intensity of exposure to silica dust. In some occupational
pulmonary diseases, such as silicosis, mesothelioma, and
asbestosis, the diagnosis can be delayed due to the long la-
tency period, leading to unfavorable disease outcomes [2].
Thus, it is important to increase awareness of the disease,
impose strict safety guidelines and regulations, and follow
them in order to minimize workers’ exposure to silica dust.
Apart from prevention measures, the long-term health mon-
itoring of individuals who have been exposed to silica dust
is also important for the early identification of any potential
health problems.

Awareness of the health problems related to silica dust
exposure and a rigorous occupational history are essential
tools for an early diagnosis. This is especially important,
as an accurate diagnosis might be associated with a better
prognosis. The migration of workers globally may result in
a lack of adequate health monitoring or failure to account

for prior exposure to silica dust.

The International Labour Organization (ILO) and the
World Health Organization set a goal in 1995 to eliminate
silicosis from workplaces by 2030 through the Global Pro-
gram to Eliminate Silicosis [3]. This goal cannot be eas-
ily reached since new sources of silica dust are identified
in new technological processes, and the effectiveness and
feasibility of dust control methods and technologies vary in
different countries.

Silicon dioxide, also known as silica, is a widespread
mineral that makes up part of the structure of the Earth’s
crust. It is formed from silicon and oxygen under increased
pressure and temperature conditions. There are two forms
of'silica: crystalline and amorphous. The crystalline form is
very aggressive in lung tissue [4]. Occupational exposure
to silica can occur in many workplaces or industries such
as mining, metallurgical and car manufacturing industries,
abrasive materials, glass, porcelain, or the tile industry [5].
In addition, occupational exposure to silica particles has
also been identified in the case of new technological pro-
cesses such as jewelry manufacturing, denim sandblasting
or manufacturing, and processing of artificial stones [6—8],
which are associated with accelerated forms of silicosis and
the rapid degradation of lung function in young people [9].
The results of a study by Hua et a/l. [9] identified a possi-
ble significant emerging population of young stoneworkers
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who have severe and irreversible silicosis. The artificial
stones have a content of 85-93% silica; thus, processing
such stones is currently the major cause of the increase in
the number of silicosis cases, especially in Spain, Australia,
and Israel [10].

During the early 2000s, artificial stones were intro-
duced in Australia, which were processed by dry-cutting
methods [11]. A study conducted in Israel on 68 non-
smoking workers handling artificial stone showed that ul-
trafine particles accumulated in their airways, causing sus-
tained neutrophilic inflammation [12]. Another report from
Rose et al. [13] described 18 cases of silicosis in His-
panic stone mill workers from four US states. In 2018,
the government of Australia launched in Queensland a
screening program for workers in artificial stone factories,
which diagnosed 98 individuals with silicosis out of the 799
screened [13]. Furthermore, Quan et al. [14] discovered
that patients with silicosis linked to artificial stone process-
ing have a more than 5-fold higher risk of experiencing pro-
gression with a significant decline in lung function com-
pared to patients with non-artificial stone-related silicosis.

There are three clinical forms of silicosis: chronic
(classic), accelerated, and acute (silicoproteinosis). The
chronic form of silicosis is the most common and occurs af-
ter 15-20 years of exposure to free crystalline silica dioxide
particles. Accelerated silicosis can occur after 5-10 years
of exposure to increased concentrations of silica dust, and
the acute form usually occurs after very high exposure to
silica in a period of a few months to 2 years [15,16]. In-
dividual susceptibility is an important element that could
explain the different reactions to silica exposure observed
in workers from the same working environment who are ex-
posed to similar concentrations of silica dust. Genetic and
epigenetic components play important roles in individual
susceptibility [17].

Several valuable reviews on silicosis have been pub-
lished in the last several years focusing on certain aspects
of silicosis such as epidemiology, pathogenic mechanisms,
diagnosis, and treatment [9,11,18-20]. Since there is a
great deal of interest in silicosis, new data are constantly
emerging. The aim of this paper is to integrate all available
data, present the current sources of exposure to silica dust,
and provide updated information on risk factors (e.g., so-
cioeconomic status, genetic susceptibility), sex differences,
silico-tuberculosis (TB), prognostic markers including 16-
kDa Clara cell secretory protein (CC16), antifibrotic treat-
ment, and other therapeutic possibilities with promising re-
sults. Additionally, the aim of this paper is to raise aware-
ness of the impact of this preventable disease on public
health, and to call for continued action to address this im-
portant occupational health issue. It is important to ensure
that workers are adequately protected from the harmful ef-
fects of silica dust exposure and that the incidence of silico-
sis is reduced. Even though the link between occupational
exposures and respiratory diseases is well known, there is

often a lack of recognition and awareness of this association
among clinicians and workers, and education is an essential
tool to overcome unfortunate outcomes.

2. Epidemiology

The epidemiology of silicosis is complex and multi-
factorial and includes several risk factors, such as sex differ-
ences, socioeconomic status. The most important risk fac-
tors for silicosis include prolonged exposure to silica dust,
the duration and intensity of exposure to silica dust, and
the shape and size of silica particles. New information on
sex differences in silicosis has emerged. Initially, silico-
sis was considered a disease that predominantly affected
males because exposure to silica dust was mostly occu-
pational for men and epidemiological studies have mainly
been conducted in heavy male-dominated industries. How-
ever, there is an increasing number of women working as
dental laboratory technicians, artists, and ceramic techni-
cians, as well as in mining or foundry work, and recent
studies have shown that women are also at risk of devel-
oping silicosis. A cohort study carried out in the car man-
ufacturing industry in China, which included 2009 subjects
(1405 men [70%] and 603 women [30%]), proved that the
incidence of silicosis was higher in men and increased with
duration of the exposure period [21]. This conclusion was
supported by studies carried out in workers in pottery fac-
tories [22]. According to Ndlovu [23], the employment of
women in gold mining in South Africa has significantly in-
creased, from less than 1% before 2002 to more than 10%
in 2013. The development of new technological processes,
such as jeans sandblasting or jewelry polishing, can cause
silicosis equally in men and women.

Socioeconomic status also plays a role in the devel-
opment of silicosis. Lack of protective equipment and lack
of safety measures in the workplace that might be found
in nonregulated countries, are associated with a higher risk
of exposure to silica dust. The additional exposure to high
levels of air pollution may also lead to an increased risk of
developing silicosis [24-27]. Other factors that may con-
tribute to the epidemiology of silicosis include genetic fac-
tors, other co-existing medical conditions, and environmen-
tal factors. Individual susceptibility is an important factor
that can explain different reactions in workers exposed to
silica dust, even though they share the same working envi-
ronment and are exposed to silica dust in similar concen-
trations. This is explained by individual genetic factors.
According to Zhou et al. [17], susceptibility to silicosis is
associated with the presence of single nucleotide polymor-
phism rs1814521 in long non-coding RNA ADGRG3. Co-
existing medical conditions that contribute to developing
silicosis are TB or human immunodeficiency virus [4,16].
As aforementioned, environmental factors such as high lev-
els of air pollution or additional irritants in the air may im-
pact the inhalation and deposition of silica particles in the
lungs.
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Fig. 1. Schematic representation of the pathogenetic mechanisms of silicosis.

Although efforts have been made to prevent workers
from being exposed to silica dust in recent decades, sili-
cosis is still a public health issue with a higher prevalence
in developing countries. Even though its incidence has de-
creased considerably, it is a disease with poor clinical prog-
nosis, which does not yet have an effective treatment. Each
year, more than 230 million workers worldwide are exposed
to free crystalline silica particles [28], with more than 40.5
million people employed in artisanal and small-scale min-
ing, which involves unmechanized mining methods that re-
sult in high exposure to silica dust [29]. In Brazil, exposure
to silica dust affects more than 6 million workers daily [30],
with the prevalence of silicosis being higher in people aged
60 years and older, followed by adults aged 40-59 years
[11]. Similarly, recent literature data suggest that in India,
more than 10 million workers are exposed to silica parti-
cles [30]. In South Africa, silicosis is a significant pub-
lic health concern, particularly in the gold mining industry
where miners are exposed to high silica dust content (rang-
ing from 9% to 39%). The social conditions associated with
mining involve migration and dormitory-style housing [31].
The United States and Europe each have more than 2 mil-
lion people working with silica [10], whereas in the United
Kingdom, about 600,000 workers are considered at risk of
illness [7]. In southern Spain, a total of 106 patients were
were diagnosed with artificial stone silicosis between 2009
and 2018 [32]. In Romania, there were 29,046 workers ex-
posed to silica dust in 2007, representing 0.98% of all those
exposed to occupational hazards [33], with 3066 new cases
of silicosis diagnosed between 2007 and 2021 [34]. Sta-
tistical data have shown that 4.2% of deaths reported for
Chinese workers are caused by exposure to breathable par-
ticles of silica [35], with more than 6000 new cases of sil-
icosis reported annually [36]. Globally, the incidence of
silicosis is more than 20,000 cases per year [8] and over
12,900 deaths are recorded, with an estimated 0.65 million
disability-adjusted life years in 2019 [37].

3. Pathogenetic Mechanisms

Inhalation of respirable silica particles leads to for-
mation of mineral deposits in the terminal bronchioles and
alveoli and induces pulmonary tissue reactions of the in-
flammatory type and proliferation of fibroblasts by com-
plex pathogenic mechanisms, causing fibrosis as presented
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in Fig. 1 [38]. Disease severity and pathogenicity depend
on the quantity of inhaled dust and the time of exposure.
Under normal conditions, lung epithelial cells can replace
damaged cells, due to exposure to silica dust through cell
proliferation and differentiation. However, chronic expo-
sure to silica dust can lead to repetitive damage and repair
of airway epithelia, resulting in depletion of airway epithe-
lial stem cells in pulmonary silicosis [39].

Lung tissue reactions result from the joint action of
several mechanisms, such as the direct cytotoxic effects of
silica particles on macrophages, activation of the surface of
receptors of the macrophages, rupture of lysosomes, pro-
duction of free radicals, activation of inflammasomes, pro-
duction of cytokines and growth factors, and cellular apop-
tosis, which finally lead to fibrosis [19]. Most of the stud-
ies investigating the pathogenesis of silicosis have focused
on the roles of alveolar macrophages and alveolar epithe-
lial cells, which secrete pro-inflammatory and profibrotic
mediators secondary to exposure to silica [40].

Alveolar macrophages, alveolar epithelial cells, and
fibroblasts are involved in the complex pathogenesis of sil-
icosis. Alveolar macrophages are the first cells to react
against inhaled silica particles, as they are found in the
alveolar surfactant. They have a protective role as they
recognize, phagocytose, and degrade the silica dust. Dur-
ing this process, alveolar macrophages can undergo disin-
tegration, necrosis, and apoptosis. The apoptosis of alve-
olar macrophages leads to pulmonary fibrosis. In addi-
tion, apoptotic alveolar macrophages release a significant
amount of inflammatory factors, increasing inflammation
[41,42]. Alveolar epithelial cells are also affected by silica
exposure. One study showed that silica exposure increases
the permeability of alveolar epithelial cells [43]. Another
study identified the activation of autophagy in alveolar ep-
ithelial cells and concluded that blockage of autophagic flux
in alveolar epithelial cells is crucial in silica-induced pul-
monary fibrosis [44]. Fibroblast activation and myofibrob-
last differentiation are also part of the pathogenetic mecha-
nism of pulmonary fibrosis in silicosis. Following exposure
to silica dust, fibroblasts are activated and differentiate into
myofibroblasts, secreting substantial amounts of extracel-
lular matrix (ECM) proteins. According to Li ef al. [45],
silicosis is associated with the deposition of excessive ECM
produced by activated fibroblasts.
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As aforementioned, silica particles can activate alve-
olar macrophages and also directly damage epithelial cells,
which leads to the release of a large number of profibrotic
factors (e.g., tumor transformation and growth factor beta
[TGF-p], platelet-derived growth factor [PDGF]). These
factors facilitate the activation and proliferation of lung fi-
broblasts causing, in turn, further secretion of the ECM and
leading to pulmonary fibrosis [46]. According to Qi et al.
[47], the process of fibroblast transdifferentiation into my-
ofibroblasts, as well as their plasticity and phenotypic tran-
sition, are of particular importance in the progression of fi-
brosis. Silica particles from the breathable fraction are rec-
ognized by alveolar macrophages and phagocytosed, trig-
gering an inflammatory response. The inflammatory re-
sponse includes the production of reactive oxygen species
and reactive nitrogen species, cytokines, nuclear transcrip-
tion activation factors (nuclear factor kappa B and activator
protein 1), mediators that recruit and activate inflammatory
cells, and caspase-1, which stimulates the growth factor of
fibroblasts responsible for the proliferation of fibroblasts
[48]. The mediators and cytokines that contribute to inflam-
mation and pulmonary fibrosis are tumor necrosis factor al-
pha (TNF-a), TGF-g, interferon gamma (IFN-g), PDGF,
proinflammatory interleukins (interleukin 1 beta [IL-15],
IL-2, IL-6, IL-8, IL-12), and fibronectin. Inflammasomes
are large macromolecular signaling complexes that control
the proteolytic activation of two highly proinflammatory
IL-1 family cytokines: IL-1/3 and IL-18 [49]. The NACHT,
LRR and PYD domains-containing protein 3 (NALP3) in-
flammasome is of special interest, because it is a complex
intracellular structure that is considered a sensor of cellu-
lar stress involved in inflammatory reactions. Furthermore,
activation of the NALP3 inflammasome by silica plays an
important role in both inflammation and fibrosis [50], stim-
ulating T cells to express IL-10, cytotoxic T-lymphocyte
antigen 4, and TGF-S [51].

Oxidative stress induces cellular apoptosis. During
apoptosis, the cells release chemotactic factors that recruit
new inflammatory cells, thereby increasing inflammation.
In addition, following phagocytosis, macrophages release
silica particles back to the lung parenchyma, where they
are phagocytosed by other macrophages, perpetuating the
vicious cycle of tissue destruction [30]. The increased pro-
duction of profibrotic substances and the role of cytokines
in differentiation into fibroblasts, cause excessive accumu-
lation of collagen and fibronectin fibers, leading to the for-
mation of silicotic nodules, tissue fibrosis, and the reduction
of gaseous exchange surfaces [4,40]. The process of pul-
monary fibrosis is irreversible and the impairment of lung
function is progressive and continues even after the cessa-
tion of exposure to silica dust affecting all areas of the respi-
ratory system, including lung parenchyma and central and
small airways [52].

The pathogenesis of silicosis may also be associated
with an immunological mechanism, an idea supported by

the identification of serum immunoglobulins, anti-DNA,
and antinuclear factor antibodies in the serum of patients
with silicosis [51]. After inhalation, the silica particles that
are deposited in the lung tissue or lymph nodes can mod-
ulate the activity of immune cells such as natural killer
cells, B cells, regulatory T cells, CD4 T helper cells, and
cytotoxic T lymphocytes, thereby influencing immune tol-
erance. A study by Tomokuni ef al. [53] reported that
soluble Fas levels (a molecule that inhibits Fas-mediated
apoptosis of responder T lymphocytes) were significantly
higher in silicosis patients than in healthy volunteers. Ad-
ditional studies are needed to clarify the cellular and molec-
ular pathogenetic mechanisms of silicosis. These could also
be useful for the prevention of immune diseases associated
with silicosis (e.g., rheumatoid arthritis, systemic lupus ery-
thematosus, scleroderma, and vasculitis) [54].

4. Prognosis

Silicosis is a disease with progressive evolution to res-
piratory failure, the main cause of death. In 1997, the Inter-
national Agency for Research on Cancer introduced crys-
talline free silica into group 1 of carcinogens. There is
strong and consistent evidence of a dose-response relation-
ship between silica exposure and the risk of lung cancer
[55]. The prognosis of the disease can be severe, especially
when silicosis is associated with comorbidities such as pul-
monary TB, autoimmune diseases, fungal or bacterial in-
fections, pulmonary cancer, chronic obstructive pulmonary
disease (COPD), or kidney disease [4,16].

Since there is a long time between silica exposure and
the pulmonary tissue reactions becoming radiologically vis-
ible, biomarkers that can be found in the initial stages of
silicosis would be particularly useful for the screening or
health evaluation of workers with occupational exposure
to free silica particles. The serum level of the following
inflammatory mediators could be a prognostic biomarker
in silica-exposed workers: IL-6, IL2R, IL-1b, IL-8, TNF-
a, TGF-31, alpha-1 antitrypsin, C-reactive protein, lactate
dehydrogenase, and ferritin [56]. Plasma determination of
CC16, a protein present in bronchoalveolar secretions, is re-
portedly used for the periodic screening of workers exposed
to silica dust for the early detection of silicosis [57]. A study
conducted by the Indian Council of Medical Research-
National Institute of Occupational Health (Ammedabad, In-
dia) showed that CC16 levels between 6 and 9 ng/mL in-
dicate the early stages of silicosis [58]. Still, chest X-ray
(CXR) and computed tomography (CT) scan are required
to confirm the diagnosis. However, other lung conditions
such as asthma or COPD can also cause a decrease in CC16
[57]. There are studies claiming the usefulness of CC16;
however, it is a nonspecific marker and may not be that use-
ful due to its nonspecificity.

Several researchers have shown increased serum lev-
els of angiotensin convertase in pulmonary granulomatous
diseases such as silicosis and sarcoidosis. Increased serum

&% IMR Press


https://www.imrpress.com

values of copper and ceruloplasmin can be associated with
pathological changes, such as fibrosis and the proliferation
of collagen tissue in the silicotic lung [51]. Furthermore,
studies have shown a correlation between an increase in
the neutrophil/lymphocyte ratio and the radiological evo-
lution from simple silicosis to massive progressive fibrosis,
given that no other factors that influence the pulmonary in-
flammatory process are associated such as smoking or other
acute or chronic respiratory diseases [59,60]. However,
none of these factors is conclusively a specific biomarker
with clinical application or the potential for early diagnosis
in silicosis. Thus, further research on the pathogenic and
biological mechanisms of the disease is needed.

5. Silico-TB

Pulmonary TB is one of the most common comorbidi-
ties associated with silicosis, with an increased incidence in
less developed countries. Silico-TB is active TB superim-
posed onssilicosis. The relative risk of patients with silicosis
developing pulmonary TB is estimated to be 2.8 [61]. Ap-
proximately one-quarter of patients with silicosis and coal
workers’ pneumoconiosis, commonly affected by periph-
eral lymph node calcification known as “eggshell calcifi-
cation”, have silico-TB [62]. The risk of TB increases with
the severity of silicosis, and exposure to silica dust increases
the risk of TB even without silicosis [18].

The diagnosis of silico-TB is often difficult, especially
in the early stages of disease when clinical manifestations
may not be indicative and radiological changes may be in-
distinguishable from those due to pre-existing silicosis. The
suspicion of silico-TB should be raised when there are radi-
ological findings of the rapid appearance of new opacities
and pleural effusion or excavations. Generally, active dis-
ease is difficult to detect clinically in patients with silicosis
[61]. Silicosis can be a contributing factor of TB mortal-
ity due to diagnostic confusion and consequent delayed TB
treatment [36].

According to Rupani’s study [37], which included 138
patients with silico-TB and 2610 patients with TB without
silicosis, patients with silico-TB were 2.3 times more likely
to have unfavorable TB treatment outcomes compared to
patients with TB without silicosis, perhaps due to impair-
ment of macrophage function by silica dust and/or poor
drug penetration into fibrotic nodules [61]. Furthermore,
Rupani suggested undertaking collaborative TB-silicosis
activities to improve the outcomes of silico-TB treatment
[371.

The fatality rate among patients treated for TB is three
times higher in patients with silicosis than in those with non-
silicosis due to difficulties in diagnosis, impaired lung func-
tion, or reduced effectiveness of tuberculostatic treatment
due to pre-existing pulmonary fibrosis [36].
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6. Diagnosis

CXR and high-resolution CT (HRCT) are the main
tools used for diagnosis. The diagnosis of silicosis typically
involves the use of three international criteria: a history of
silica exposure that is sufficient to cause the disease, the
presence of chest radiograph features consistent with silico-
sis, and the absence of other illnesses that mimic silicosis.

6.1 A History of Silica Exposure that is Sufficient to Cause
the Disease

It is accepted that prolonged exposure to respirable
free silica at levels exceeding standards is needed for the
development of silicosis. However, there are individual
differences in susceptibility, with some workers develop-
ing more severe disease than others, even when employed
in the same environment. When assessing exposure, factors
such as the length of employment, exposure measurements,
and whether or not the worker was provided effective res-
piratory protection should be taken into consideration.

6.2 The Presence of Chest Radiograph Features
Consistent with Silicosis

The ILO recommends using CXRs to classify and
record radiographic abnormalities caused by dust expo-
sure. Simple silicosis is characterized by rounded opacities
that are less than 10 mm in diameter, whereas progressive
massive fibrosis results from the conglomeration of small
rounded opacities [63]. HRCT is more specific and sen-
sitive than CXRs in the early evaluation of silicosis [64].
Pulmonary function tests are used to assess disease severity
and distinguish between restrictive and obstructive disor-
ders, although there is often no correlation between radi-
ological changes in silicosis and lung function impairment
[65]. Lung biopsy is the only way to achieve an accurate di-
agnosis when there is no history of occupational exposure,
there is disagreement between CXR and HRCT imaging re-
sults, or there are atypical presentations that cause physi-
cians to consider other differential diagnoses. The presence
of silicotic nodules confirms the diagnosis [20].

6.3 The Absence of Other Illnesses that Mimic Silicosis

It is important to exclude other medical conditions that
may show similar X-ray images as silicosis such as rheuma-
toid nodules, tumors, infections, other pneumoconiosis, or
sarcoidosis. This helps to ensure that the correct diagnosis
is made and appropriate treatment is given.

7. Treatment Options

Currently, there is no effective treatment for silico-
sis, and prevention is the only tool to decrease the risk of
disease. Numerous experimental studies and several clini-
cal studies have focused on several therapeutic options that
could slow down the progression of silicosis such as antifi-
brotic drugs, cell therapies, antibiotics, and immunomodu-
latory agents. However, the small number of patients with
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Table 1. Summary of treatment options for silicosis.

Current treatment
Smoking cessation
Psychological support

Anti-inflammatory treatment (corticosteroids)

Pulmonary rehabilitation

Symptomatic treatment (bronchodilators, oxygen)

Prevention of infection
Whole lung lavage
Lung transplantation

Treatments under investigation

Antifibrotic treatments (e.g., pirfenidone, nintedanib)

Stem cell therapies (e.g., mesenchymal stem cells)

Immunomodulatory agents (e.g., thymalfasin)

Monoclonal antibodies (e.g., infliximab)

Antibiotics (e.g., azithromycin)

Other experimental treatments (e.g., interferon gamma, N- acetylcysteine, gene therapy)

Alternative treatments

Tetrandrine (natural alkaloid calcium channel blocker)

Polyvinyl-pyridine-N-oxide (polymer) thrombomodulin (protein)

silicosis is a big obstacle to attaining an adequate sample
size for clinical trials. Table 1 summarizes the treatment
options (in use or under investigation).

7.1 Historical/Past Treatment Options

Aluminum-based compounds have been extensively
studied for their ability to coat silica particles, reducing
crystal reactivity and thereby protecting lung tissue. Be-
tween 1943 and 1979, aluminum powder (Mclntyre Pow-
der) was used by miners for the prophylaxis of silicosis, but
subsequent research did not show significant differences in
mortality due to silicosis between the groups exposed and
not exposed to aluminum powder. Instead, cognitive func-
tion impairment, correlated with exposure time, was ob-
served in workers who inhaled McIntyre powder [66]. This
observation was supported by subsequent research carried
out in subjects exposed to aluminum, which, in addition to
the decline of cognitive function, also showed that the ex-
posed group also presented with memory disorders, anxi-
ety, depression, and personality disorders [67].

7.2 Current Treatment Options for Silicosis

The therapeutic options for silicosis are currently lim-
ited; therefore, effective prevention measures are essential
to significantly decrease the risk of disease. There is no
curative treatment available—only supportive and symp-
tomatic treatment that include the use of bronchodilators
and the administration of oxygen to improve the respiratory
symptomatology and prevent infections, but with no influ-
ence on the progression of the disease. In the initial stages
of'silicosis, the therapeutic interventions consist of smoking
cessation, improving cardiovascular and respiratory condi-
tions, psychological support, and whole lung lavage (used

for pulmonary alveolar proteinosis). Whole lung lavage is
an invasive procedure that, unfortunately, is not associated
with long-term benefits for evolution of the disease [68].
For the common forms of the disease, treatment recommen-
dations include anti-inflammatory treatment, pulmonary re-
habilitation, symptomatic treatment, and treatment for com-
plications. Despite the frequent use of corticosteroids in sil-
icosis, there is no evidence to support their benefit in treat-
ing the disease. During short-term use, corticosteroids can
relieve symptomatology; however, long-term use of corti-
costeroids is associated with an increased risk of infection
[30].

Pulmonary rehabilitation has recognized benefits in
patients with lung conditions such as COPD [69]. Rehabili-
tation programs combine a series of physical exercises (e.g.,
gymnastics, walking, muscle-toning exercises), respiratory
gymnastics, relaxation techniques, and nutritional advice.
Several studies have shown a significant improvement in
standard test results in patients with interstitial lung disease
such as the 6-min walk test, pulmonary function (maximum
rate of oxygen consumption), and quality of life immedi-
ately after completion of the rehabilitation program [70].

Lung transplantation is the only treatment option for
severe forms of silicosis [71]. Even though there are few
studies due to the small number of patients with compatible
donors, the results have shown improved lung function and
increased survival rate in transplanted patients [72]. Even
if the 3-year survival rate of transplanted patients is 76%,
the complexity of the intervention, the increased costs, and
the high operative risk greatly limit the use of lung trans-
plantation in silicosis cases [71].
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7.3 Future Perspectives

Antifibrotic treatment, the therapy with the most ad-
vanced results, is used for the treatment of various inter-
stitial diffuse lung diseases. Silica dust induces inflamma-
tory reactions in pulmonary tissue and the proliferation of
fibroblasts, causing pulmonary fibrosis [38]. Antifibrotics
have anti-inflammatory effects and inhibit the proliferation
of fibroblasts, making them good candidates for silicosis
treatment. Studies on animal models of diffuse interstitial
pulmonary diseases, systemic sclerosis, rheumatoid arthri-
tis, and silicosis have shown that antifibrotics significantly
decrease inflammation and pulmonary fibrosis. Clinical
studies have shown that pirfenidone and nintedanib, two
antifibrotics approved for the treatment of diffuse intersti-
tial lung diseases, are well tolerated by patients and reduce
the rate of decline of pulmonary function. These two drugs
downregulate growth factors involved in fibrosis develop-
ment and progression [73].

Pirfenidone, a pyridine compound, is an immuno-
suppressant with antifibrotic and anti-inflammatory effects.
Pirfenidone can inhibit the mechanism of fibrosis by regu-
lating or suppressing fibroblast growth factor, connective
tissue growth factor, TGF-3, oxidative factors, and pro-
inflammatory factors in the lungs and kidneys [74]. When
administered to rats, pirfenidone had inhibitory effects on
the silica-induced epithelial-mesenchymal transition by in-
hibiting the expression of TGF-8 and Smad2/3 [75]. An
open-label, randomized, controlled, unicenter clinical trial,
which aims to evaluate the efficacy of pirfenidone in the
reduction of pulmonary metabolic, inflammatory, and fi-
brogenic activities in 18 patients with silicosis due to ar-
tificial stone and progressive massive fibrosis, is ongoing
and planned to be completed in November 2023 [76]. The
results could be beneficial for patients with complicated sil-
icosis.

Nintedanib, a tyrosine kinase inhibitor, is clinically
used for treating fibrotic lung diseases including idiopathic
pulmonary fibrosis and chronic interstitial lung diseases, to
mitigate lung function decline and risk of pulmonary ex-
acerbation. The results of the studies in which nintedanib
was administered, improved the rate of pulmonary decline
both in patients with moderate or severe impairment of lung
function as well as in those with relatively preserved lung
function [77].

An in vivo study in mice with silica-induced pul-
monary inflammation treated daily with nintendinab
showed a significant decrease in neutrophils, lymphocytes,
and cytokines, effects that support the slowing of fibro-
sis progression [78]. An experimental study in which
nintedanib was administered intratracheally in the form of
ananosuspension, provided remarkable antifibrotic activity
in a mouse model of silicosis without incurring local and
systemic safety concerns [79].

In a double-blind, placebo-controlled, phase 3 clini-
cal trial (INBUILD) that enrolled a total of 663 patients
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with progressive massive fibrosis, excluding idiopathic pul-
monary fibrosis, patients received nintedanib 150 mg twice
a day for 2 years. The treated patients showed a significant
decrease in the rate of lung function decline compared to the
control group [80]. Another study of nintedanib, an open-
label, randomized study (INJOURNEY), was conducted in
patients with interstitial pulmonary diseases and forced vi-
tal capacity >50% predicted at screening. Patients who
completed a 4- to 5-week run-in with nintedanib 150 mg
twice daily without dose reduction or treatment interrup-
tion, were randomized to receive 150 mg twice daily alone
or nintedanib 150 mg twice daily with add-on pirfenidone
(titrated to 801 mg three times daily) in an open-label man-
ner for 12 weeks. Subsequently, a decrease in the rate of
lung function decline was seen in patients with mild or mod-
erate lung function impairment. The results showed that
nintedanib with add-on pirfenidone had a manageable tol-
erability and safety profile. The efficacy of combination
therapy needs to be further investigated in large, controlled
studies [81].

The efficacy of antifibrotic drugs in patients with sil-
icosis is under investigation. A clinical study conducted
in 100 patients with the most common types of pneumoco-
niosis (silicosis, asbestosis, and coal miner’s lung), treated
with nintedanib 150 mg twice daily for 3 years, will be
completed in 2025 [82]. Two other antifibrotic drugs are
in phase 1 clinical trials. One of them is CRV43, a cy-
closporine derivative, which is a selective inhibitor of cy-
clophilin proteins and plays a role in formation of the ECM
[83]. The second drug, caveolin-1 scaffolding domain pep-
tide, has been shown to reverse pulmonary fibrosis in ex-
perimental studies in mice [84].

Stem cell therapies can repair damaged pulmonary tis-
sues by replacing the endogenous damaged cells through
cell regeneration and changing the microenvironment, thus
opening up new avenues of research for the treatment of in-
terstitial lung diseases including silicosis [85]. Mesenchy-
mal stem cells derived from lung tissue, adipose tissue,
blood, bone marrow, or the umbilical cord have the ability
to differentiate into alveolar epithelial cells. Experimental
studies in mice with silicosis treated with cells derived from
the bone marrow, which have tropism for inflammation ar-
eas, have shown reduced inflammation and fibrosis [86].
The results of a pilot prospective study in five patients with
chronic and accelerated silicosis showed the effectiveness
of cell therapy, which slowed disease progression without
significant side effects. Furthermore, another study showed
the early and sustained increase of perfusion at the base of
both lungs after bone marrow-derived mononuclear cell ad-
ministration [87]. Although the results of experimental re-
search are promising, the mechanisms of action are not yet
well understood and more work is needed to establish the
correct dose, treatment duration, and route of administra-
tion [80].
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Table 2. Summary of prevention measures for silicosis.

Primary prevention

Engineering controls (e.g., equipment and technologies to control dust at its source).

Personal protective equipment (e.g., respiratory protection such as N95 respirators, gloves, eye protection).

Workplace practices (e.g., frequent cleaning, proper disposal of dust, reducing the amount of silica-containing materials used).

Secondary prevention

Education and training: providing education/training to workers with information on the hazards of silica dust, proper use of

personal protective equipment, and workplace safety practices.

Regular monitoring workers’ exposure to silica dust and implementing controls to reduce exposure when necessary.

Regulatory compliance with occupational health and safety regulations and standards.

Immunomodulatory agents are also a useful treatment
option that needs further investigation. Free crystalline sil-
ica particles act at the level of the pulmonary interstitial tis-
sue and through immunological mechanisms. A study con-
ducted by Xiong et al. [88] showed a significant decrease of
T lymphocytes (CD3F, CD4™ and CD8™ cells) in patients
with silicosis compared to the control group. Patients with
silicosis received thymalfasin, an immunomodulatory agent
used to increase the immune response in hepatitis and can-
cer. One week after a single dose of thymalfasin (1.6 mg),
there was a significant increase in CD4 ™ cells (23.4%) com-
pared with the initial values. However, the CD3 and CD8"
values did not show significant differences from the initial
values [88]. Monoclonal antibodies have also been con-
sidered by several research groups. A recent experimental
study showed a reduction in inflammation and fibrosis in
rats exposed to silica dust treated with infliximab, a mouse-
human IgG1 chimeric anti-TNF monoclonal antibody pro-
duced by DNA recombinant technology. Infliximab inhib-
ited the inflammation caused by TNF expression, but the
results of the study were not reproduced in clinical trials
[89]. In experimental research, treatment used to decrease
inflammation of the lung tissue in silicosis and other inter-
stitial pulmonary diseases targets the cytokines, especially
IL-13, but the results have not been promising in human
studies [30].

Antibiotics are under investigation as some have anti-
inflammatory and antifibrotic effects such as azithromycin.
In vivo studies have shown that azithromycin acts selec-
tively on fibroblasts involved in pulmonary fibrosis, with-
out destroying normal fibroblasts [90]. Clinical trials are
needed to confirm the benefits of prophylactic treatment
with azithromycin in patients with frequent respiratory in-
fections during the evolution of interstitial lung disease.
Recurrent infections commonly found in patients with in-
terstitial lung diseases can be considered a predictive fac-
tor for disease progression [91]. Other experimental treat-
ments with promising results have been used including IFN-
g, suppressive oligodeoxynucleotides, N-acetylcysteine,
methyl palmitate, gene therapy, and chemotherapy drugs
(e.g., dasatinib).

7.4 Alternative Treatments

Tetrandrine, a natural alkaloid and calcium channel
blocker, was shown to inhibit and limit inflammatory pro-
cesses in experimental silicosis by reducing the production
of free radicals and reducing the incorporation of silica par-
ticles by macrophages [92]. Even though the mechanism of
action of tetrandrine is not fully known, experimental data
have shown that it intervenes in the pathogenesis of silicosis
by inhibiting the NALP3 inflammasome. Tetrandrine was
approved in China for the treatment of patients with silico-
sis [93].

Polyvinyl-pyridine-N-oxide (PVNO) interacts with
silica to create a polymer film on the silica surface and
then changes the silicic acid’s hydrogen transfer effect [94].
PVNO has shown encouraging results in experimental stud-
ies, but no similar results have been reported in clinical
studies [30].

Thrombomodulin, a protein with anticoagulant and
anti-inflammatory properties, was shown to improve the
survival rate in patients with diffuse interstitial lung dis-
ease with frequent exacerbations. However, recent studies
showed that there were no significant differences in the sur-
vival rate compared to the control group, and it also led to
serious side effects such as hemorrhage [95]. Other natu-
ral extracts, such as Plantago leaf extract, that showed anti-
inflammatory effects [96] have wound healing properties
on respiratory track [97].

8. Prevention and Control

There are currently no ways to eliminate silicosis and
no drug treatments available to stop the progression of fi-
brosis or improve the disease. Thus, it is necessary to im-
plement effective safety measures to prevent the disease.
Accordingly, prevention strategies are being sought world-
wide. In 2019, a collaborative statement was released by
the American Thoracic Society and European Respiratory
Society, asking for more stringent occupational exposure
limits regarding silica dust. In addition, the statement high-
lighted the need for enhanced clinical recognition and in-
creased public awareness of the role of occupational factors
in the development of various nonmalignant respiratory dis-
eases including silicosis [98].

Primary prevention methods aim to reduce or elimi-
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nate exposure to silica dust by implementing proper venti-
lation using dust collectors, wetting techniques, and substi-
tuting materials that do not contain quartz. Secondary pre-
vention methods such as respiratory protection and medi-
cal monitoring aim to limit exposure and detect the disease
early. It is important for employers to provide appropri-
ate training and education to workers on the hazards of sil-
ica dust and the proper use of personal protective equip-
ment. Considering the latency period for silica, it is essen-
tial to monitor individuals who have been exposed to silica
dust, even after exposure has ceased, to detect any potential
health problems early. In addition, a rigorous occupational
history is the key factor for an early, accurate diagnosis that
might be associated with a better prognosis.

CXR and spirometry are the primary methods used to
monitor the respiratory health of workers exposed to silicon
dust. Once an individual is diagnosed with silicosis, that
person should be immediately removed from further expo-
sure to silica [20]. Early detection and removal from further
exposure to silica are critical measures to prevent the pro-
gression of silicosis and reduce the risk of developing other
respiratory diseases such as TB. Implementing prevention
measures can effectively reduce exposure to silica dust and
prevent silicosis in the workplace (Table 2).

9. Conclusions

Silicosis is a progressive and incurable disease. Al-
though efforts have been made to prevent workers from
being exposed to silica dust in recent decades, silicosis
is still a public health issue with a higher prevalence in
developing countries, and new data regarding various as-
pects of this disease are constantly emerging. Currently,
there is no treatment for silicosis and prevention remains
the most effective way to decrease the risk of developing
the disease. There are ongoing studies investigating po-
tential treatments for silicosis including antifibrotic, cellu-
lar, and immunomodulatory therapies; however, further re-
search should be done to show the clinical safety and effi-
cacy of such treatments in adequately powered studies. In
parallel with research aiming for the development or identi-
fication of an effective treatment for silicosis, efforts should
be made to develop effective prevention strategies adapted
to the current sources of silica dust exposure.
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