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Artificial stone dust affects oxidative stress and epithelial barrier in 
CALU 3 cells
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aLaboratory for Pulmonary and Allergic Diseases, Tel Aviv Medical Center; bGray Faculty of Medical & Health Sciences, Tel 
Aviv University, Tel Aviv, Israel; cDepartment of Occupational and Environmental Health; dInstitute of Pulmonary Diseases 
Rabin Medical Centre; ePhysiology Pharmacology Department

ABSTRACT
Aim: Artificial Stone Dust (ASD) exposure has been identified as a significant health 
risk for workers, leading to oxidative stress, inflammatory responses, and potential 
systemic autoimmune diseases due to its high crystalline silica content. The aim of 
this study is to identify the impact of ASD on the permeability of alveolar epithelial 
cells and the mechanisms underlying particle translocation across the alveolar 
membrane remain unexplored. Methods: The acute toxicological effects of ASD on 
human bronchial submucosal gland cells CALU-3 cells in vitro were investigated to 
assess its impact on epithelial barrier integrity, in comparison to crystalline silica 
particles (Min-U-Sil®5). Results: Exposure to ASD increased oxidative stress, 
evidenced by heightened Reactive Oxygen Species (ROS) levels and Heme 
Oxygenase-1 (HO-1) gene expression in CALU-3 cells, exceeding effects observed 
with Min-U-Sil®5. Notably, ASD exposure resulted in a significant decrease in 
Transepithelial Electrical Resistance (TEER), indicating compromised epithelial barrier 
integrity, especially at higher concentrations (3.7 mg,18.5 mg and 37 mg) after 24, 48 
and 72 h. These findings were not paralleled by a decrease in cell viability, 
underscoring a specific effect on cellular barrier function rather than cytotoxicity. 
Conclusions: Our study reveals that ASD induces oxidative stress and disrupts 
epithelial barrier integrity in vitro, potentially contributing to systemic translocation 
of particles and subsequent health effects. These findings underscore the need for 
a rigorous protective measure for workers and highlight potential biomarkers of 
ASD-induced cellular damage.

Introduction

Inhaled respirable crystalline silica particles are able to reach the alveoli, inducing oxidative stress 
and inflammatory response that involves alveolar epithelial cells and elements of the immune system.1 
In recent decades the manufacturing and processing of artificial stone has been reported as a possible 
source of exposure to high levels of crystalline silica in workers.2

This specific type of material has become increasingly popular, and it has been largely employed 
for the production and manufacturing of kitchen and bathroom countertops. Its silica content is 
approximately 90%, much higher percentage than the silica content of natural marble (3%) or granite 
stones (30%).3 Apart from crystalline silica content we and others gave much consideration to 
non-siliceous components such as resins and metals that may modify chemical interactions and dis-
ease risk.4–6

We had previously screened exposed workers to ASD by quantitative biometric monitoring of 
functional and inflammatory parameters showing that this population showed advanced inflammatory 
and functional deterioration as the result of continuing exposure to ASD.7
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In a separate investigation conducted at a lung transplantation center specializing in advanced 
silica-related lung disease in Israel, we documented an outbreak of autoimmune disorders among a 
cohort of patients diagnosed with silicosis, specifically associated with exposure to artificial stone 
materials.8 The two observations strongly indicate that the inflammatory conditions observed in 
workers exposed to artificial stone extend beyond the pulmonary system alone. This implies the 
presence of a mechanism by which particles can exit the lungs and enter circulation, potentially 
contributing to adverse effects and systemic diseases.

In general, the adverse effects of inhaled particles on damaged tissue for histological and molecular 
analysis pose practical and ethical challenges. To overcome these limitations many studies and sup-
plementing investigations are focused on studies using Ambient Suspended dust (ASD) and integrating 
in vitro high throughput screening (HTS) essays.9,10

Research studies have successfully developed and implemented various in vivo animal models to 
investigate the pathogenesis and molecular basis of silicosis, facilitating the exploration of potential 
treatments. Among these models, the zebrafish has emerged as an optimal complement to other animal 
models.11 However, it is noteworthy that none of these studies have exposed animals to artificial stone dust.

In vitro models serve as the initial layer in toxicological assessments, focusing on elucidating 
underlying cellular toxic mechanisms. They are frequently employed to predict and extrapolate poten-
tial effects to the in vivo domain. In a recent publication, human alveolar epithelial cells and mac-
rophages were exposed to engineered dust to evaluate cytotoxicity and inflammation. The study 
revealed that particle chemistry significantly influences the response of lung cells, emphasizing its 
crucial role in determining the outcomes.12

Trans-epithelial/endothelial electrical resistance (TEER) is a noninvasive and quick method of 
assessing the integrity of barrier tissues and is used under various conditions.13 Its efficacy and safety 
was used to edge-to-edge repair of mitral regurgitation in high-risk patients.14 In drug permeability 
studies, the integrity of the monolayer is confirmed by stable TEER readings. Once this is established, 
drugs are applied, and their permeability is measured by tracking the passage of the drug across the 
monolayer over time.15

To the best of our knowledge, no in vitro model using TEER in CALU-3 cells has demonstrated 
the effect of artificial stone dust on the permeability of alveolar epithelial cells or elucidating the 
mechanisms underlying the translocation of particles across the alveolar membrane.

In this study, our objective is to compare the in-vitro acute toxicological effects of micrometer-size 
particles of ASD (amorphous silica dust) with those of pure quartz, which serves as a reference 
material. Our primary focus is to assess the impact on lung cell function, aiming to characterize 
short-term molecular changes associated with toxicity pathways.

Additionally, it’s crucial to acknowledge the absence of experimental data specifically addressing 
the mechanisms by which ASD particles traverse the alveolar membrane, potentially culminating in 
the onset of systemic autoimmune diseases.

Material and methods

Qualitative analysis of artificial stone dust

The working concentrations were estimated based on the approximate average concentration of par-
ticles inhaled by the workers, as measured using the Nanosight LM20 instrument. The total sample 
weight was calculated according to particle size and its relative proportion in the sample, using the 
following steps:

1.	 Particle weight = particle volume × particle specific density × particle concentration
2.	 Weighted particle contribution = particle weight × particle concentration
3.	 Total sample weight = sum of all weighted particle contributions (step 2)

The weight calculated for the control group was subtracted from the expected weight in marble 
workers’ sputum. This difference was defined as the maximal concentration for use in the in vitro 
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experiments (37 mg/cm2). Additionally, lower concentrations of 18.5 mg/cm2 and 3.7 mg/cm2 were 
tested to evaluate relative effects.

Morphological observations of ASD particles were conducted using Energy-Dispersive X-ray 
Spectroscopy (EDS) on a JEOL 840 Scanning Electron Microscope (SEM) equipped with a Link 10,000 
system. Dust collection was carried out via direct air sampling using a cyclone sampler, and sample 
preparation was performed according to the manufacturer’s instructions.16

Crystalline silica particles, Min-U-Sil®5 were used as a reference material (provided by U.S. Silica 
Co., Berkeley Springs, WV, US).

CALU-3 cell culture cells viability

CALU-3 cell line (American Type Culture Collection, ATCC, HTB-55) derived from human bronchial 
submucosal glands was used for in-vitro experiments. Cells were cultured at 37 °C and 5% CO2 in 
Dulbecco’s modified Eagle medium (DMEM) (30-2002, ATCC) supplemented with 10% fetal calf 
serum (FCS), 500units/ml penicillin, and 50 μg/ml streptomycin. CALU-3 cells were grown in 25 cm2 
tissue culture flasks and split when 90% to 95% confluent.

CALU-3 cell viability by Alamar blue assay was tested after 3-24 h exposure to the following con-
centrations: 37 mg (115mg/cm2), 18.5 mg (57.5 mg/cm2) and 3.7 mg (11.5 mg/cm2) of ASD or Min-U-
Sil®5. Chloropromazin (CPM) 65 µM was used as positive control.

Oxidative stress in CALU-3 cells

The production of ROS was measured using 2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA, sigma 
D6883). DCFH-DA passively enters the cells, then cellular esterases act on the molecule to form the 
non-fluorescent moiety DCFH, which is ionic in nature and, therefore, trapped inside the cell. A reaction 
with ROS leads to an oxidation of DCFH to the highly fluorescent compound dichloroflourescein (DCF), 
so the intensity of fluorescence is proportional to intracellular ROS levels. 5 × 105 cells grown in 96-well 
plates for 10 days, then DCFH-DA was added to the cells for 30 min before the addition of ASD, Min-U-
Sil®5, or the positive control 1 mM TBPH. Cells were then washed once with PBS and incubated with 
ASD or Min-U-Sil®5 particles (3.7, 18.5, 37 mg/cm2) for additional 3 h. A positive control tetrabutylp-
eroxyhydroxide (TBPH, 1 mM) was added for 5 min as well. Intracellular ROS levels were determined 
by a flow cytometry (CytoFLEX S Blue-Red-Violet-Yellow (2000-2025 B-R-V-Y Beckman Coulter).

RNA extraction and quantitative real-time polymerase chain reaction (RT-PCR) for HO-1 in 
CALU-3 cells

RNA extraction was done from cultures of CALU-3 cells by SV Total RNA Isolation System (z3101, 
promega). Quantification of the RNA amount was done by NanoDrop one™ Spectrophotometer 
(Thermo Scientific). Quantitative Real-Time Polymerase Chain Reaction (RT-PCR) for HO-1, Gene 
Expression was performed on CALU-3 Cells

For gene expression analyses, quantitative RT-PCR was performed using a Step One Plus Real Time 
PCR System (Applied Biosystems). For the amplification reactions, the TaqMan Gene Expression Master 
Mix and Gene Expression Assay kits from Applied Biosystems were used (assay; HO-1: Hs00174097‐
m1; and GAPDH: Hs99999905‐m1). The standard PCR conditions were 10 min at 95 °C, followed by 
40 cycles at 95 °C for 15 s and 60 °C for 1 min. The expression levels of the target transcripts in each 
sample were calculated by the comparative cycle threshold (C t) method (2 − ΔCt formula) after nor-
malization to the glyceraldehyde‐3‐phosphate dehydrogenase (GAPDH) housekeeping gene.

Transepithelial electrical resistance (TEER) Analysis upon particle exposure

CALU-3 cells were seeded at 5*103 cells/ml in 24-well Transwell inserts (0.4 μm pore size polyester 
membrane, MCHT24H48, Mercury) with 0.1 ml of media on the apical side and 0.6 ml of media on 
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the basolateral side. The TEER responses of the cells were measured 30 min after medium changes. 
After the TEER values reached 500 Ω cm2 (indicating a confluent monolayer), the cells were exposed 
to 3.7, 18.5, 37 mg/cm2 of ASD or Min-U-Sil®5 particles. TEER values were then recorded after expo-
sure up to 72 h after particle treatment. The resistance of each well was calculated by: Ω actual = Ω 
sample - Ω blank, where Ω sample is the average measurement from a seeded well and Ω blank is 
the average measurement from wells containing inserts and medium, but no cells. Then, the unit 
area resistance was calculated by: Ω actual × effective membrane area = Ω × cm2, where the effective 
membrane area is 0.33 cm2 for 24-well Transwell inserts.

Statistical analysis

Comparisons between groups were performed using several statistical tests, selected based on the 
distribution and nature of the data. The independent t-test was applied to compare the means of two 
independent groups with normally distributed data to evaluate the effects of ASD and Min-U-Sil®5 
on cell viability and oxidative stress levels. In cases where data were non-normally distributed, the 
Mann-Whitney test was used to assess differences in gene expression levels of HO-1, between the 
ASD and Min-U-Sil®5 treated groups.

For comparisons involving more than two groups with non-normally distributed data, the 
Kruskal-Wallis’s test was employed. This test was used to analyze differences in TEER values across 
multiple concentrations of ASD and Min-U-Sil®5 at 24, 48, and 72 h. The Chi-square test was utilized 
to examine the association between categorical variables, specifically assessing the relationship between 
particle size distribution and the type of dust (ASD vs. Min-U-Sil®5). Additionally, Spearman cor-
relation analysis was performed to evaluate the relationship between particle concentration and ROS 
levels when the data did not meet the assumptions for parametric testing.

All statistical analyses were conducted using SPSS software version 24.0 for Windows (Chicago, 
IL, USA), with a p-value < 0.05 considered statistically significant.

Results

We first analyzed ASD and Min-U-Sil®5 by SEM to visualize its shape and size. Min-U-Sil®5 was 
characterized by smaller particles up to 5 µm whereas ASD, collected directly from the air using 
cyclone sampler while cutting artificial stone surface. Both showed crystalline shapes (Figure 1a,b). 
90% of ASD particles were <6 µm, and 99% of Min-U-Sil®5 were <6 µm (Figure 1c).

Then we assessed CALU-3 cell viability by Alamar blue assay after 3- and 24-h exposure to stim-
ulate acute exposure to the following concentrations:” 37 mg (115 mg/cm2), 18.5 mg (57.5 mg/cm2) and 
3.7 mg (11.5 mg/cm2) of ASD or Min-U-Sil®5. Chlorpromazine (CPM) 65 µM was used as positive 
control and cause death of the cells after 3 h. No significant difference in cell viability was observed 
in the cells exposed to ASD or Min-U-Sil®5 at different time points or relative to the unexposed 
control (Figure 2a–c)

Oxidative stress was first assessed by an optical probe, DCFH-DA, treating the CALU-3 cell with 
an increase concentration- of ASD vs Min-U-Sil®5. In fact, DCF fluorescence was significantly higher 
in cells stimulated by ASD compared to reference material and positive control (Figure 3). DCF 
fluorescence intensity was measured at 485 nm excitation and 530 nm emission and the results were 
expressed relatively to control (unexposed cells) ± SD of three independent experiments.

Subsequently we study the transcription of HO-1 in CALU-3 cells by exposure to ASD and Min-U-
Sil®5 was tested after 3 and 24 h of exposure, A significant HO-1 increase in transcript levels, a was 
observed after exposure to ASD compared with Min-U-Sil®5 being the highest dose of 37 mg after 
3 h (Figure 4a) and after 24 h (Figure 4b), regardless of the treatment concentration. Min-U-Sil®5 did 
not change transcript levels compared to control.

The effect of increasing concentrations of ASD and Min-U-Sil®5 on the epithelial barrier integrity 
was monitored after 24, 48 and 72h of exposure. Results showed a statistically significant decrease 
in TEER after 48 h and 72 h incubation with 18.5 mg and 37 mg of ASD relative to Min-U-Sil®5 
(Figure 5a–c).
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Discussion

In the present study we showed the toxic effect of the ASD in enhancing oxidative stress and dis-
turbing permeability of CALU 3 in a vitro model. We have previously shown that artificial stone 
dust induced quantitatively functional and inflammatory abnormalities in exposed workers that were 
bio monitored.6 Moreover, we further shown that artificial stone dust (ASD) contains high levels of 
ultrafine particles (UFP <1 µm) which penetrate deeply into the human lungs. This penetration was 
positively correlated to decrease in the Pulmonary Function Testing, worsening of CT findings and 
elevation of inflammatory cytokines in the exposed workers.17

In this study, we implemented an in vitro model utilizing the CALU-3 human alveolar epithelial 
cell line to investigate the potential toxicity and underlying mechanisms of injury associated with 
short-term controlled exposure to artificial stone dust.

CALU-3 cells are one of the few respiratory cell lines that form tight junctions in vitro, 
enabling its utility in modeling the airway epithelial barrier in lung research. This attribute 
renders it a valuable tool for screening ultrafine particles for their capacity to translocate through 
the pulmonary epithelium.17–19 It was shown also in other work that initial in vitro exposure of 
human lung epithelial (CALU-3) cells to concentrations ranging from 0 to 300 µg/mL of the 
ultrafine (<220 nm) fraction of road dust collected from three distinct cities (Lancaster and 
Birmingham, UK, and Mexico City, Mexico), reveal varying oxidative, cytotoxic, and inflammatory 
responses.20 To the best of our knowledge this is the first data using CALU- 3 exposed to ASD.

The surface of artificial stone particles can directly induce oxidative stress, compounded by the 
release of transition metals from the particles. Ultrafine particles, due to their large specific expansive 

Figure 1. S EM images of (a) ASD, (b) Min-U-Sil®5 and (c) particles size distribution.
The samples were collected and prepared as described in MATERIAL and METHODS
a SEM images of ASD artificial stone dust b Min-U-Sil®5 particles c SEM, particle size distribution scanning electron microscope.
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Figure 2. C ell viability CALU-3 cells after 3 h and 24 h exposure to ASD vs Min-U-Sil®5.
Cells grown on 96-well plates for 10 days were treated either with ASD or Min-U-Sil®5 particles and 65µl/ml CPM as positive control. Following expo-
sure, cell viability was measured after 3 and 24 h by Alamar blue assay. Particles concentrations ranged from 11.5 mg/cm2 to 115 mg/cm2. The results 
were expressed relative to control (untreated cells) ± SD of three independent experiments (three replicates each).
ASD, artificial stone dust; Min-U-Sil®5, reference silica particles; CPM, chloropromazine.

Figure 3. A ssessment of oxidative stress after exposure of CALU- 3 cells to ASD vs Min-U-Sil®5.
ASD particles elevated intracellular levels of ROS. Cells were grown in 96-well plates for 10 days, then DCFH-DA was added to the cells for 30 min be-
fore the addition of ASD, Min-U-Sil®5, or the positive control 1mM TBPH for an additional 30 hours and 5min for positive control. Particles concentra-
tions ranged from 11.5 mg/cm2 to 115 mg/cm2. DCF fluorescence intensity was measured at 485nm excitation and 530nm emission and the results 
were expressed relatively to control (unexposed cells) ± SD of three independent experiments. Significant statistical difference with respect to the 
unexposed control (*P < 0.05, **P < 0.01).
ASD, artificial stone dust; TBPH, tetrabutyl per oxyhydroxide, positive control.
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surface area, have the potential to generate significantly more free radicals per unit weight compared 
to larger particles. This is particularly pronounced in irregular particles formed during mining and 
drilling processes, as they create reactive surface species.21 Here, we employed in vitro methodology 
to assess the toxic effects induced by exposure to artificial stone dust (ASD), comparing it with 
Min-U-Sil®5, that possess a similar size shape characteristics but contains only pure silica. The 

Figure 4.  Expression of m RNA in CALU-3 cells of HO-1 Gene Expression following (a) 3 h and (b) 24 h exposure to ASD 
vs Min-U-Sil®5.
Expression of mRNA levels of HO-1 was done by real time PCR (ΔΔct method) normalized by internal gene (GAPDH). Y axis represents the gene expres-
sion relative to GAPDH.
**p value < 0.01 by one-way ANOVA test. The results are ± SE of three independent experiments (three replicates each). ASD, artificial stone dust; HO-
1, hemeoxigenase-1.

Figure 5. M easurement of transepithelial electric resistance after treatment with ASD and Min-U-Sil®5.
Alteration in TEER in a time and concentration-dependent manner. A–C: Cells grown on 24-transwells for 10 days were treated either with ASD or 
Min-U-Sil®5 particles. Following exposure, TEER was measured after exposure of cells for 24, 48 and 72 h. Particles concentrations ranged from 
11.5 mg/cm2 to 115 mg/cm2. The results are expressed relatively to control (untreated cells) ± SE of three independent experiments. *Significant dif-
ference with respect to Min-U-Sil®5 treatment (p < 0.05) by one way ANOVA. ASD, artificial stone dust.
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artificial stone dust contains other additives like pigments, resins, titanium and polymers that should 
indicate the more noxious effect of this dust.2–4

Our aim was to elucidate the role and action mechanism of ASD exposure on the respiratory tract. 
To closely replicate human exposure conditions, we determined the average particle concentration in 
sputum cells of exposed workers (37 mg) and adjusted the ASD and Min-U-Sil®5 concentrations 
accordingly. The final doses administered were 3.7 mg, 18.5 mg and 37 mg. Notably, none of these 
concentrations exhibited toxicity to the cells in terms of cell viability

Reactive oxygen species (ROS) are known to play a key role in regulating inflammasomes—large 
protein complexes that activate inflammatory caspases (such as caspase-1 and caspase-12) and cyto-
kines (including IL-1β and IL-18) in macrophages.22 Inhaled crystalline silica particles, once phago-
cytosed in the lungs, cause lysosomal damage that triggers activation of the NALP3 inflammasome, 
initiating an inflammatory cascade characterized by the release of potent proinflammatory cytokines 
such as IL-1β and IL-18.23

Moreover, many constituents of the nanoparticles are considered toxic or at least hazardous, including 
polycyclic aromatic hydrocarbons (PAHs) and heavy metal compounds, in addition to gaseous pollutants 
present in the aerosol fraction, such as NOx, SO2, and ozone. All these compounds can cause oxidative 
stress, mitochondrial damage, inflammation in the lungs and other tissues, and cellular organelles.24

In this context, our investigation focused on examining changes in Reactive Oxygen Species (ROS) 
generation prompted by ASD demonstrating that ASD led to a heightened ROS level in comparison 
to Min-U-Sil®5 particles and TBHP. TBHP is a well-established reference agent for inducing ROS in 
various cell types, tissues, and organisms.25 Our results demonstrate that both ASD (Artificial Stone 
Dust) and Min-U-Sil 5 elicit ROS levels far exceeding those induced by TBHP, highlighting their 
potent oxidative potential in CALU-3 cells. These findings strongly support the likelihood of signif-
icant in vivo oxidative injury in workers chronically exposed to this dust. Additionally, we observed 
a substantial elevation in the expression of stress-inducible HO-1gene after a 3-h treatment with the 
highest dosage studied. This increase remained significant compared to both Min-U-Sil®5 and the 
positive control oxidizer across all dosages after a 24-h period.

Upregulation of cellular HO-1 levels is a hallmark of oxidative stress due to its subsequent effects, 
especially under pro-oxidative conditions. In our previous studies, we have demonstrated an increase in 
HO-1 levels in induced sputum samples obtained from patients afflicted with Chronic Beryllium Disease,26 
as well as in exposed welders.27 Similar findings have been reported by others in stone carving workers.28

Consequently, our results demonstrate an interference of ASD particles with CALU-3 cells in their 
barrier function, as evidenced by low TEER measurements observed at high ASD concentrations 
(18.5 mg and 37 mg) after 48 h and 72 h. These TEER values contrast with those obtained for Min-U-
Sil®5 at the same concentration and time point. This indicates a significant dysfunction of the epithelial 
barrier caused by ASD. The weakening of this barrier facilitates the passage of particles through the 
epithelial cell layer, allowing them to enter the interstitial space, the lymphatic system, and the 
bloodstream. Consequently, these particles can disseminate to other organs, leading to systemic dam-
age. Maintaining a healthy, intact epithelial barrier with normal gap junction function is essential for 
reducing the translocation of particles. However, increased epithelial permeability in inflamed airways 
can lead to greater penetration and translocation of ultrafine particles (UFP) into circulation. Thus, 
preserving the integrity and functionality of the airway epithelium is vital for lung defense.

The connection between altered oxidative stress and altered gap junctions has been well-demonstrated 
in various tissues. In the avascular lens, the maintenance of transparency and homeostasis relies 
heavily on an extensive network of gap junctions. Lens gap junctions, comprised of constituent pro-
teins known as connexins (Cx43, Cx46, and Cx50), are susceptible to the effects of oxidative stress, 
thereby contributing to the formation of cataracts.29 Some other proteins such as Tight Junction 
proteins (JP),30 Adherents Junction Proteins (AJ)31 and Membrane Proteins (MP) play a crucial role 
as well.32 In pathologies related to the central nervous system (CNS), such as neuroinflammation and 
oxidative stress, the formation of gap junctions, hemichannels, and pannexons play crucial roles.33

The observation that changes in respiratory epithelial permeability alter airways’ UFP content had been 
demonstrated in our previous mice model in which the induction of lung inflammation resulted in a major 
shift of the UFP pattern toward larger particles, which can be explained by translocation of the smaller 
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particles into the circulation.34 Moreover, we observed an outbreak of silica-related autoimmune disease 
among synthetic stone construction workers with silicosis referred to for lung transplantation assessment.8

These cases underscore the strong correlation between silicosis and multiple distinct syndromes 
of autoimmune diseases.35 This correlation is further evidenced by the decrease in resistance observed 
in TEER measurements in our in vitro model, as demonstrated here.

The primary limitation of our study lies in its focus on the short-term effects of ASD on epithelial 
cells, whereas individuals exposed to ASD may experience health implications after prolonged expo-
sure spanning several years. Nonetheless, we posit that our findings elucidate an early event in the 
cascade of toxic effects associated with ASD exposure.

Another limitation is the use of cell lines, which often lose some of the characteristics of the tissue 
from which they were derived, potentially reducing their biological relevance.

In conclusion, this study presents, for the first time, the mechanistic pathway through which ASD 
instigates systemic disorder.
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