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Abstract
Background/Aims: The fluoro-edenite fibrous amphibole was identified as an environmental 
pollutant associate to risk of carcinogenicity. In Sicily (Italy), it represents a public health issue 
because fluoro-edenite fibers are present in the soil of Biancavilla, a town located on the south-
west slopes of the volcano Etna. Since the relationship between exposure to fluoro-edenite 
and the onset of lung disorders have been documented, in vitro studies were performed to 
clarify the mechanisms of damage, but most aspects remain unknown. Here, we focus on the 
effects of mineral fibers in a primary culture of lung fibroblasts. We supposed that the cells 
react to fluoro-edenite exposure by establishing a process of adaption that could modify 
their metabolic activity, their proliferation, and their physiological functions, as the production 
of extracellular matrix (ECM) components. Methods: To verify our hypothesis, we used 
immunofluorescence, cell proliferation, senescence, apoptosis, scratch, Western blot, Reverse 
transcription-polymerase chain reaction (RT-PCR), and evaluation of extracellular matrix 
components assays. Results: Results demonstrated that lung fibroblasts react to fluoro-edenite 
by a down-regulation of mitochondrial activity, a reduction of cell growth and migration, and 
a resistance to apoptosis. These elements suggested the induction of a premature senescent 
phenotype that was confirmed by senescence-associated beta-galactosidase (SA-β-Gal) 
activity, and by the analysis of ECM elements. We found an unbalance of collagens ratio, 
and changes in matrix metalloproteinase3 production and release. Conclusion: Our data 
suggest that fluoro-edenite-induced senescence of lung fibroblasts could be an early and 
underestimated step that may drive fibroblasts toward a fibrotic and carcinogenic phenotype.
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Introduction

In Sicily (Italy), an environmental pollutant was identified in the fluoro-edenite fibrous 
amphibole present in the soil of Biancavilla [1, 2], a town located on the south-west slopes of 
the volcano Etna. According to the reports produced by the Italian Istituto Superiore di Sanità 
[3-7], the International Agency for Research on Cancer (IARC) assigned a carcinogenicity 
risk to fluoro-edenite exposure in the frame of Monograph 111 [8], identifying a new public 
health issue. Although the relationship between the exposure to fluoro-edenite present in 
the area of Biancavilla and the onset of mesothelioma and other lung disorders – such as 
plural plaques and fibrosis - have been well documented [9-14], the sequence of molecular 
events remains to be clarified.

Several in vitro models have been applied to create the mechanisms of fluoro-edenite-
induced damage. On lung alveolar epithelial A549 cell line, it has been reported that the 
exposure to fluoro-edenite reduces the cell proliferation rate and increases the release of 
pro-inflammatory cytokine [15, 16], probably by activation of phosphoinositide-specific 
phospholipase C [15, 17], and overexpression of retinoblastoma protein [18]. A comparison 
between A549 and MeT-5A cells was made by Pugnaloni et al. [19], underscoring changes in 
cytoplasmic F-actin networks, cell motility, VEGF and beta-catenin expression according to cell 
sensitivity. Moreover, the assessment of inflammatory condition was reported in monocyte-
macrophage cell line J774 [19, 20] and in mesothelial Met-5A [21]. The inflammatory 
condition seems to be also associated to oxidative damage because fluoro-edenite induced 
the production of reactive oxygen species (ROS) accompanied to DNA damage, alteration 
of cell metabolism and increase in the release of lactic dehydrogenase [22]. More recently, 
fluoro-edenite-exposed primary cultures of human lung fibroblasts were found to express 
higher level of fibulin-3 protein than the unexposed ones [23], reacting similarly to MeT5A 
[24]. Globally, all these in vitro data revealed that fluoro-edenite affects both airways and lung 
parenchyma cells, establishing processes of inflammation and carcinogenesis. An interesting 
aspect resides on the different reactivity toward fluoro-edenite: it has been reported that 
primary cultures of human lung fibroblasts react to fibers in a less intense manner than cell 
lines A549 and J774 [22]. This event should be partially justified by activation of defense 
and protection mechanisms [25], or by the hypothesis that primary culture activates 
physiological process that could be not well evaluated in immortalized cell lines.

Here, we analyzed the interaction of fluoro-edenite with primary culture of lung 
fibroblasts in order to enlighten mechanisms that could affect the cellular functions. 
Fibroblasts are cells of mesenchymal origin that are greatly distributed in numerous tissues. 
Within the lung interstitium, the most usually recognized cells are resident fibroblasts 
and pulmonary fibroblasts has been also described in the connective tissue of the airway 
wall under the surface epithelium [26]. Generally, they act to maintain the homeostasis 
of extracellular matrix (ECM) and serve as effector cells during injury repair, playing an 
active role in lung health and disease. According to this background, we supposed that 
the fibroblasts could react to fluoro-edenite exposure by establishing, at first, a process 
of physiological adaption that should modify their metabolic activity, proliferation, and 
physiological functions, as the production of ECM components. These events could turn into 
cell reaction with the instauration of a phenotype that may drive and support a profibrotic 
and oncogenic microenvironment.

Materials and Methods

Human fibroblasts cultures and treatments
The normal, non-immortalized, human adult lung fibroblasts applied in this study were a kind gift 

of Prof. Carlo Vancheri (Department of Clinical and Experimental Medicine, University of Catania, Italy). 
Cells were routinely cultured in RPMI 1640 medium supplemented by fetal bovine serum (10%), penicillin 
(100 U/ml), and streptomycin (100 μg/ml) (Thermo Fisher Scientific, Milan, Italy), and maintained at 
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37°C, in an incubator with controlled relative humidity (95%) and CO2 (5%). Every three days, the medium 
was changed, and every 10–12 days subcultures were performed. In the experimental sets, cells at a 
passage earlier than the tenth were used. Fluoro-edenite fibers from Biancavilla were sterilized under UV 
irradiation for ten minutes, suspended in culture medium, sonicated and tested on experimental cultures at 
concentrations of 10, 50, and 100 μg/ml (1.06, 10.6, and 21.2 μg/cm2) for 48 or 72 hours.

Characterization and validation of primary lung fibroblasts by immunocytochemistry
For immunofluorescence assays, the routinely protocol of our lab [27, 28] was applied. The following 

primary antibodies were applied overnight: rabbit monoclonal anti-vimentin (ab92547, Abcam Inc. 
Cambridge, MA, USA), mouse monoclonal anti-CD31 (PECAM-1 89C2, #3528, Cell Signaling, UK), mouse 
monoclonal anti-desmin (sc-65983, Santa Cruz Biotechnology, DBA, Milan, Italy), rabbit polyclonal anti-
P4HB (ab85564, Abcam Inc. Cambridge, MA, USA). After three wash in PBS for 5 min to remove unbounded 
antibodies, the appropriate fluorescent dye-conjugated secondary antibody was incubated for 1 hour: the 
Cy3-conjugated goat anti-rabbit and the fluorescein isothiocyanate-conjugated goat anti-mouse secondary 
antibody (AP187C and AP181F, both from Millipore, Milan, Italy). The 4′,6-diamidino-2-phenylindole (DAPI) 
was applied to perform DNA staining. Negative controls involving the omission of the primary antibody 
were included. Image acquisition and analysis were performed with Leica Application Suite software on a 
Leica fluorescence microscope.

MTT assay
The metabolic activity of human adult lung fibroblasts was assessed by 3-[4,5-dimethylthiazol-2-

yl]-2,5 diphenyl tetrazolium bromide (MTT) assay [29]. Human adult lung fibroblasts (density of 10000 
cells/well in a 96-well plate) were treated as previously described and incubated for 3 hours with MTT 
solution (stock at 5 mg/ml in PBS diluted 1:10 in culture medium). The formazan produced by mitochondrial 
dehydrogenase was solubilized in DMSO (100 μl/well) and the absorbance values read at λ= 550 nm in a 
microplate reader (Titertek Multiskan, DAS, Italy). Data were reported as percentage of formazan production 
± SEM with respect to untreated cells.

Cellular senescence assay
Cellular senescence was investigated by the 96-Well Cellular Senescence Assay Kit (Cell Biolabs, San 

Diego, USA) following the manufacturer’s instructions. Human adult lung fibroblasts were plated and 
treated as previously described. After incubation, total proteins were extracted in lysis buffer and quantified 
by Pierce’s bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific, Milan, Italy). Meantime, lysates 
were incubated with SA-β-Gal substrate for 3 hours at 37°C. The fluorescence was quantified using Victor 3 
multilabel counter (Perkin Elmer, Milan, Italy) at excitation/emission wavelengths of λ= 360/465 nm. Data 
were normalized to protein content, and the SA-β-Gal activity of the normalized samples was expressed as 
relative fluorescent units (R.F.U.) ± SEM.

Detection of the active form of caspase-3
To detect active caspase-3, the PathScan® Sandwich ELISA (Cell Signaling #7190; EuroClone, Milan, 

Italy) was used according to producer’s instruction. After treatment, cells were lysated and equal amounts 
of protein were added in top of microwells. After 2-hours incubation at 37°C, the wells were washed 4 times 
with the wash buffer, and 1-hour incubation with the reconstituted detection antibody was performed at 
37°C. After an additional wash was made to eliminate unbounded antibody, and the HRP-linked secondary 
antibody was added into each well and incubated for 30 min at 37°C. Then, a 10-minutes incubation was 
done at 37°C in presence of tetramethylbenzidine (TMB) substrate. The absorbance was read at λ= 450 
nm in a microplate reader (Titertek Multiskan, DAS, Italy) within 30 minutes after the addition of the stop 
solution that blocked the reaction. Value was reported as average of color intensity of three independent 
experiments performed in triplicate.

In vitro scratch assay
The in vitro scratch assay was performed as reported [30, 31], with minor modification. Specifically, 

we used Thermo Scientific™ Nunc™ cell-culture treated 24-well plates in which cells shown a maximum 
adhesion (Thermo Fisher Scientific, Milan, Italy). Briefly, cells were treated with 4 mg of mitomycin C (Sigma 
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Aldrich, Milan, Italy), to abolish proliferation, seeded and allowed to achieve confluence overnight. The 
resulting monolayer was scratched using a 0.2-ml plastic pipette tip and, after PBS washing, culture medium 
with or without fluoro-edenite was added. Cells were monitored every 12 hours up to 72 hours.

Crystal violet staining
Crystal violet staining was performed according to Chen et al. [32] on scratched cells. Briefly, cells 

were fixed in paraformaldeide (4% in PBS) and stained with crystal violet (0.01%) for 20 min at room 
temperature. The excess of dye was eliminated by three washing procedures with PBS. Cells were snapped 
on a microscope (Zeiss Axioplan, Carl Zeiss, Milan, Italy) equipped with a camera (Axicam, Zeiss, Carl Zeiss, 
Milan, Italy).

Western blot analysis
Western blot analysis was performed as already reported [33, 34], with some modifications. 

Experimental cells were plated into 6-well plates at a density of 500000 cells/well and, after the exposure 
to fluoro-edenite, triplicate samples were scraped, pelleted, and washed with PBS. The M-PER Mammalian 
Protein Extraction Reagent (Pierce, Thermo Fisher Scientific, Milan, Italy) in presence of Protease Inhibitor 
Cocktail (cOmplete™, Roche, Sigma-Aldrich, Milan, Italy) was applied to obtain the protein pool that was 
quantified by BCA protein assay (Thermo Fisher Scientific, Milan, Italy). Then, equal amounts of proteins 
were separated by 4–12% bolt gel electrophoresis, and transferred into transfer stacks of nitrocellulose by 
iBlot Gel Transfer Device (all from Thermo Fisher Scientific, Milan, Italy). The membranes were stained with 
Ponceau S solution to verify transfer efficiency. The immunodetection steps were automated by iBind Flex 
Western System device (Thermo Fisher Scientific, Milan, Italy), according to manufacturer’s instruction. 
The following antibodies were applied: rabbit polyclonal anti-caspase-3, active (C8487, Sigma-Aldrich, 
1:500), mouse monoclonal anti-Col1A1 (sc:59772, Santa Cruz Biotechnology, 1:200), mouse monoclonal 
anti-Col3A1 (sc-514601, Santa Cruz Biotechnology, 1:200), mouse monoclonal anti-MMP-1 (sc-21731, 
Santa Cruz Biotechnology, 1:200), mouse monoclonal anti-MMP-3 (sc-21732, Santa Cruz Biotechnology, 
1:200), mouse monoclonal anti-α-Tubulin (T9026, Sigma-Aldrich, 1:5000). The secondary HRP-conjugated 
antibodies were goat anti-rabbit and goat anti-mouse from Santa Cruz Biotechnology, Milan, Italy (sc-2030, 
goat anti-rabbit, 1:5000; sc-2005, goat anti mouse, 1:1000). The detection was performed using enhanced 
chemiluminescent solution (LiteUP, EuroClone, Milan, Italy) and Uvitec Alliance LD9 imaging system 
(Uvitec, Cambridge, United Kingdom). Relative quantifications were made by ImageJ software (Rasband, 
W.S., ImageJ, U.S. NIH), and reported as fold change of treated sample respect to unexposed cells (control), 
corrected by band volume of loaded control. Experiments were performed in triplicate and results expressed 
as fold change ± SEM vs untreated samples.

Reverse transcription-polymerase chain reaction (RT-PCR)
Cells were plated as already described for Western blot, and, after exposure to fluoro-edenite, mRNA 

isolation was performed by Qiazol Reagent (Qiagen, Milan, Italy), according to manufacturer’ instruction. 
The QuantiTect Reverse Transcription Kit (Qiagen, Milan, Italy) was applied to synthesize cDNAs, after 
removal of genomic DNA. The cDNAs were quantified by a BioPhotometer (Eppendorf, Milan, Italy) and 
100 ng were added to each reaction mix containing 1× Rotor-Gene SYBR Green PCR Master Mix (Qiagen, 
Milan, Italy), 1 µM of each primer (forward and reverse) and RNase-free water to a final reaction volume of 
25 µl [35]. Primers were from Integrated DNA Technologies (IDT, Tema Ricerca, Castenaso, Italy) and they 
are listed in Table 1. PCR run with the program: initial activation step 95°C 10 min, denaturation 95°C 10 s, 
annealing 60°C 30 s, extension 72°C 30 s (40 cycles), final extension 72°C 10 min, followed by melting curve 
analysis to confirm PCR specificity. Quantification of the housekeeping gene GAPDH as an internal control 
was performed for each sample. All data were normalized to GAPDH mRNA level as an endogenous control, 
and the absolute mRNA expression levels were 
calculated by the formula 2−ΔCt. Moreover, the 
formula 2−ΔΔCt was applied to evaluate the relative 
expression of target genes in cells exposed to 
fluoro-edenite as external stimulus with respect 
to the untreated ones.

Table 1. Primers list  

Forward sequences (5’ 3’) Reverse sequences (5’ 3’)
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Detection of versican levels
Versican levels in culture supernatant were measured by Human Versican ELISA Kit (Cusabio, DBA, 

Milan, Italy). Briefly, standards and samples were pipetted into the wells of a microplate precoated with 
specific anti-versican antibody for 3 hours. After washing to remove all unbound substances, a biotin 
conjugated antibody specific for versican was added to each well for 1 hour, followed by washing steps and 
incubation with avidin conjugated HRP. After the elimination of any boundless avidin–enzyme reagent by 
wash, the versican bounded in the initial step was developed by a substrate solution that produced a color 
which intensity was proportional to the amount of immobilized versican. The stop reaction was added, and 
the absorbance was measured at λ= 450 nm and λ= 540 nm as wavelength correction in a microplate reader 
(Titertek Multiskan, DAS, Italy) within no more than 5 minutes.

Recognition of MMP-1 and MMP-3 release
A double-sandwiched ELISA kit (Oncogene Research Products, San Diego, CA, USA) following 

manufacturer’s protocol realized detection of MMP1 or MMP3. The absorbance at the end of reaction was 
read at λ= 450 nm by an automatic plate reader with a reference wavelength of λ= 570 nm.

Statistical analysis
Experiments were repeated independently at least three times - or more when indicated - and the 

mean ± SEM was calculated. One-way or two-ways variance analysis (ANOVA) were used. All statistical 
analyses were done by GraphPad Prism 9. A value of p < 0.05 was considered statistically significant.

Results

Characterization of human fibroblasts
To identify our primary cultures as fibroblasts, cells were immunoassayed with different 

markers, as shown in Fig. 1. Cells were positive immuno-marked for the cytosolic localized 
structural protein vimentin, while they were negative for the muscle marker desmin (Fig. 
1A). Moreover, no signal for the endothelial cell surface CD31 marker and no detectable level 
of prolyl-4-hydroxylase (P4HB) was found (Fig. 1B).

Modulation of mitochondrial activity
The influence of fluoro-edenite on metabolic activity of fibroblasts was evaluated by MTT 

assay after 48 and 72 hours of incubation with the selected pollutant at three concentrations 
(10, 50 or 100 μg/ml). Data analysis suggested that the functions of mitochondrial 
dehydrogenase enzymes are reduced significantly in a time-dependent manner. In fact, 
at 48 hours of exposure a little and not significant decrease of formazan production was 

Fig. 1. Phenotypic characterization of human fibroblasts primary culture. (A) Cell immunostaining for the 
structural protein vimentin (red) and the muscle marker desmin (green). (B) Immunocytochemistry of pro-
lyl-4-hydroxylase (P4HB, red), and endothelial cell surface CD31 (green). Scale bar: 20 μm.
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reported in presence of the 
highest concentration tested, 
while the other treatments did 
not interfere with mitochondrial 
activity (Fig. 2A). At 72 hours, 
indeed, the incubation with 50 
and 100 μg/ml of fibers halved 
formazan production (Fig. 2B), 
reporting a significant statistical 
difference with respect to control 
cells (p= 0.0048 for 0 vs. 50 μg/
ml; p= 0.0023 for 0 vs. 100 μg/
ml).

Determination of caspase-3
In order to detect if MTT data 

at 72 hours indicated induction 
of programmed cell death, we 
screened for the detection of 
cleaved and active form of caspase-3. 
As shown in Fig. 3, no detectable level 
of active-caspase 3 was found in our 
experimental conditions by Western blot 
(Fig. 3A) and ELISA (Fig. 3B), even if both 
the assays ran as demonstrated by the 
positive control (fibroblasts treated with 
staurosporine).

Determination of senescence
We analyzed the senescence of 

primary fibroblasts at different in 
vitro passages (5, 7, 9, 11 and 13) with 
and without fiber exposure. Results 
indicated that following in vitro division 
the fibroblasts senescence increased 
at basal level in control condition, but 
the incubation with fluoro-edenite 
reported a stronger induction. This 
latter was extremely marked in cells at 
earlier passages with respect to control 
and maintained constant levels in lung 
fibroblasts exposed to 50 and 100 μg/
ml of fibers up to passage 11 (Fig. 4A). 
Therefore, all the experimental sets were 
conducted by using cells at a passage 
earlier than the tenth. We coupled the in 
vitro scratch assay with the crystal violet 
staining. Results demonstrated that after 72 hours from scratch, the migration velocity of 
fibroblasts exposed to increasing concentrations of fluoro-edenite was reduced respect to 
the experimental control, turning in a defect of scratch repair (Fig. 4B). This event seemed to 
be linked with down-regulation of cell growth in presence of 10 and 50 μg/ml of fibers. When 
exposed to 100 μg/ml of fibers, lung fibroblasts clearly reported a decrease of population 
associated with the loss of cell-cell interactions, and a change in the shape.

Fig. 2. Modulation of mitochondrial activity by fluoro-edenite 
(FE) in human fibroblasts. Conversion of MTT salt to formazan in 
fibroblasts exposed to 10, 50 or 100 μg/ml of fluoro-edenite (FE) 
for 48 (A) and 72 (B) hours. Data are reported as percentage of 
formazan production ± SEM with respect to untreated cells. Sta-
tistical analysis by ordinary one-way ANOVA followed by Dun-
nett’s multiple comparisons test (n=3, ** p < 0.005 vs untreated).

Fig. 3. Determination of caspase-3 in human fibro-
blasts treated with fluoro-edenite (FE). Detection 
of active caspase-3 in fibroblasts exposed to stauro-
sporine as positive control or to 10, 50, 100 μg/ml of 
fluoro-edenite (FE) for 72 hours. (A) Representative 
immublot of caspase-3 active form. (B) Absorbance 
value obtained from ELISA assay. Data are reported as 
mean of Relative Fluorescence Unit (R.F.U.) ± SEM with 
respect to untreated cells (n=3).
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Production of ECM
According to previous observations and considering that the quality of ECM composition 

is involved in cell-cell interactions, shape, growth, proliferation, migration and signaling, we 
analyzed versican, collagen type I alpha 1 (Col1A1) and collagen type III alpha 1 (Col3A1). 
To perform these tests, fibroblasts at the eighth in vitro passage were maintained 4 days in 
culture and after exposed to fluoro-edenite for 72 hours. This protocol was applied according 
to our preliminary results (data not shown) in which stable levels of versican, Col1A1, and 
Col3A1 mRNA were detected in control condition after 5 days in culture with stable increase 
up to 10 days. Moreover, cells were collected by scraping because the detachment by trypsin 
altered Col3A1 content (data not shown). As absolute versican mRNA levels (normalized 
to housekeeping gene by 2-ΔΔCt method), it became higher during exposure to pollutant. 
Following a dose-dependent response, versican mRNA in the fluoro-edenite-treated groups 
progressively increased but did not reach significance until the treatment with the highest 
concentration of fiber (p<0.01; Fig. 5A). Similarly, versican levels in the supernatant of 
primary pulmonary fibroblasts were induced after 72 hours of treatment compared to the 
basal level (p= 0.0256; Fig. 5B). The mRNA levels of Col1A1 and Col3A1 were also modulated 
by fluoro-edenite. Globally, a decrease of relative mRNA levels normalized to untreated 
condition by 2−ΔΔCt method were associated to fibroblasts exposure at 100 µg/ml of fluoro-
edenite (Table 2). The analysis of protein levels revealed that 100 µg/ml of fluoro-edenite 
were linked to doubled quantity of Col1A1 (Fig. 6A1 and A2) and halved amount of Col3A1 
(Fig. 6B1 and B2). Moreover, a significant increase of Col3A1 was detected in fibroblasts 
exposed to 10 µg/ml of fluoro-edenite. Bands analyses revealed that the ratio of Col1A1 and 
Col3A1 was constant at the basal conditions ranged between 1:1- 2:1 up to 50 µg/ml of 
fluoro-edenite, but it shifted to a mean value of 4:1 in cells exposed to 100 µg/ml of fluoro-
edenite for 72 hours, indicating an unbalance of collagens content. These findings strongly 
suggested the investigation on MMPs profile.

Fig. 4. Alteration of human 
fibroblasts senescence and 
migration by fluoro-edenite 
(FE). (A) Senescence-asso-
ciated β-galactosidase (SA-
β-Gal) activity, normalized 
to total protein content, 
was expressed as relative 
fluorescent units (R.F.U.) ± 
SEM (n=3). (B) Representa-
tive pictures of coupled in 
vitro scratch assay with the 
crystal violet staining. Scal 
bar: 100 μm.
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Expression of MMP1 and MMP3
To explore the influence of 

fluoro-edenite on the modulation 
of collagens, we applied the same 
experimental procedures and the 
mRNA expression and the protein 
level of some MMPs were analyzed. 
The collagenase MMP13 was not 
detected in all experimental setting 
(data not shown). Indeed, as shown 
in Table 3, the absolute basal mRNA 
levels of MMP1 and MMP3 were 
upregulated in pulmonary fibroblasts 
after incubation with 10 and 50 µg/
ml of fluoro-edenite. In presence of 100 µg/ml of fluoro-edenite, MMP1 mRNA decreased up 
to 0.3-fold, while MMP3 mRNA increased 10-fold with respect to untreated cells (Table 3). 
In Fig. 7, it is shown that the fluoro-edenite treatment leads to modulation of MMPs protein 
expression and release. As about MMP1, no significant difference of expression (Fig. 7A1) 
and release (Fig. 7A2) after fluoro-edenite treatment was found with respect to control cells. 
Indeed, MMP3 was significantly higher expressed (Fig. 7B1) and released (Fig. 7B2) after 
exposure of pulmonary fibroblasts to 100 µg/ml of fluoro-edenite.

Considering that MMP3 protein levels were increased after 72-hours of incubation with 
fluoro-edenite, we next tried to elucidate whether the increased MMP3 was involved in the 
senescence of pulmonary fibroblasts and in the unbalanced ratio of Col1A1:Coll3A1. The 
MMP3-specific inhibitor UK 356618 was added to pulmonary fibroblasts medium during 
the incubation with fluoro-edenite, and then collagens levels and cell senescence were 
detected. As about collagens, the MMP3 inhibitor induced both Col1A1 and Col3A1 in control 
cells. In presence of fluoro-edenite, no difference was found for Col1A1 (Fig. 8A), while an 
increase of Col3A1 was noted after MMP3 inhibition (Fig. 8A). Bands examination revealed a 
reduction of the unbalanced collagens ratio in cells exposed to 100 µg/ml of fluoro-edenite 
for 72 hours, restoring it in the range of 1:1 up to 2:1. Moreover, the incubation with MMP3 
inhibitor reduced significantly the senescence associated to fluoro-edenite (Fig. 8B).

Fig. 5. Versican mRNA and release by lung fibro-
blasts exposed or not to fluoro-edenite (FE) for 72 
hours. (A) The mRNA expression level of versican 
was normalized to the housekeeping gene GAPDH by 
the 2−ΔCt formula. Plots show median, lower quar-
tile and upper quartile values and ranges. One-way 
analysis of variance followed by Bonferroni post hoc 
test was performed to determine whether differ-
ences between groups were statistically significant 
(n=4; p<0.01). (B) Versican levels were determined 
in supernatants collected 72 hours after fiber expo-
sure, and columns represent mean ± SEM (n=4). For 
statistical significance one-way ANOVA followed by 
Dunnett’s multiple comparisons test was performed 
to underscore difference with respect to basal condi-
tion (p<0.05).

Table 2. Relative mRNA expression levels of versican 1, 
Col1A1 and Col3A1 in lung fibroblasts after treatment with 
10, 50, 100 µg/ml of fluoro-edenite for 72 hours. The mRNA 
expression was normalized to the housekeeping gene GAP-
DH and to the untreated control using the formula 2−ΔΔCt. 
For statistical significance, treated and untreated conditions 
were matched by ANOVA and Bonferroni’s multiple compar-
isons test (*p<0.05).

−ΔΔCt normalized to untreated)
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Fig. 7. Levels of (A) 
MMP1 and (B) MMP3 in 
lung fibroblasts exposed 
or not to fluoro-edenite 
(FE) for 72 hours. Repre-
sentative Immunoblot of 
MMP1 (A1) and MMP3 
(B3). Release in culture 
medium reported as fold 
change of MMP1 (A2) and 
MMP3 (B2) with respect 
to control. For statisti-
cal significance one-way 
ANOVA followed by Dun-
nett’s multiple compari-
sons test (n = 3; *p<0.05).

Table 3. MMP1 and MMP3 mRNA in lung fibroblasts after treatment with 10, 50, 100 µg/ml of fluoro-edenite 
for 72 hours. The mRNA expression was normalized to the housekeeping gene GAPDH for absolute level 
(2−ΔCt) and to the untreated control for relative level (2−ΔΔCt method). For statistical significance treated 
and untreated conditions were matched by ANOVA and Bonferroni’s multiple comparisons test (*p<0.05).

(2−ΔΔCt normalized to GAPDH) (2−ΔΔCt normalized to untreated)

Fig. 6. Detection of Col1A1 and Col3A1 proteins in lung fibroblasts exposed or not to fluoro-edenite (FE) 
for 72 hours. Representative Immunoblot of Col1A1 and Col3A1 (A). Representation of three independent 
immunoblots as fold change of Col1A1 (B) and Col3A1 (C) expression with respect to control. For statistical 
significance one-way ANOVA followed by Dunnett’s multiple comparisons test was performed to underscore 
difference with respect to basal condition (n = 3; *p<0.05, **p<0.01; ***p<0.005).
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Discussion

In this in vitro work, we found that the senescence of pulmonary fibroblasts could 
be considered an early program of adaptation established during the exposure to the 
environmental pollutant fluoro-edenite.

It is known that the homeostasis and the development of disorders of lung cells can 
be affected by external stimuli that reach the tissue through the inspired air. It has been 
described for exposure (i) to acrolein present in wood smoke, diesel exhaust, cooking oil 
fume, and smog [36, 37]; (ii) to polyolefin composed of polypropylene [38, 39]; and (iii) to 
asbestos and fibers in general [40, 41].

Here, we focus on mitochondrial activity, apoptosis activation, senescence, growth and 
migration of well-characterized lung fibroblasts (elongated spindle-shaped, positive to 
vimentin and P4HB, and negative to desmin and CD31), even if the concept of lung fibroblasts 
heterogeneity is long-time known [42-46]. Our data analysis suggested that the functions of 
mitochondrial dehydrogenase enzymes are reduced in a time- and concentration-dependent 
manner. Results are in line with a previous report [22]. MTT assay is an indirect tool to 
measure cell viability, and the effect measured could primarily reflect growth inhibition 
and not loss of viability [47]. Therefore, we analyzed the apoptosis activation. In some 
previous studies on sheep, in fact, it was reported that fluoro-edenite fibers induce lung 
cell apoptosis [48] and that the altered balance between pRb and Rb expression may be a 
programmed response to protect the organism against uncontrolled cell proliferation [49]. 
On the contrary, our results reveal a resistance to apoptosis that could be explained by 
cellular senescence, commonly known as the physiological process that is essential in vivo 
and typical for normal human cells in vitro, especially for primary culture [50]. Since the 
senescence of fibroblasts increases in control condition following in vitro division, we used 
only cells at a passage earlier than the tenth to avoid significant difference of senescence 
at basal level. We found a stronger senescence induction after the incubation with fluoro-
edenite at higher concentration. As reviewed by Rodier and Campisi [51], the physiological 
relevance of senescence could have multifaceted aspect, participating at least in four complex 
biological events that could mediate opposing effects: tumor suppression, tumor promotion, 
aging, and tissue repair. Within an injured tissue, senescence may affect the capacity for 
beneficial versus deleterious consequences [52].

Fig. 8. Effects of MMP3 inhibition on collagens 
content and cell senescence. (A) Representative 
immunoblot of Col1A1 and Col3A1 (B) Senescence-
associated β-galactosidase (SA-β-Gal) activity was 
expressed as relative fluorescent units (R.F.U.) ± 
SEM after normalization to total protein content 
for each sample. Two-way ANOVA followed by 
Sidak’s multiple comparisons test was performed 
to analyze difference between the MMP3-inhibited 
groups and the same experimental condition with-
out MMP3 inhibitor (n=3; *p<0.05).
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As about fluoro-edenite and according to literature data reported above, it could 
modulate both tumor promotion and aging. Even if this is the first work evaluating a fluoro-
edenite-induced senescence, the reports that found an increased release of IL-6 and IL-8 
[15, 16, 53] could be justified by a senescent phenotype. These cytokines, in fact, have been 
reported to be secreted by senescent cells to drive the invasion of basement membrane of 
premalignant and weakly malignant epithelial cells [54].

As about fibroblasts, we performed the in vitro scratch assay coupled with the crystal 
violet staining as an easy, low-cost and well-developed method to measure simultaneously 
cell migration and live cells. Results suggested a down-regulation of cell growth, the loss of 
cell-cell interactions with morphological changes. In order to investigate better these events, 
we analyzed the molecular composition of ECM, considering that it is an active element for 
the cell behavior to guarantee the physiological function of the lung [55], and for the cell 
migratory paths [56]. As reviewed by White [57], the behavior of fibroblasts influences ECM 
composition and, in the meantime, the ECM modulates the phenotype, and the shape of 
interstitial fibroblasts [34, 35, 58, 59-66].

The ECM is as an ordered aggregate of macromolecules. It is composed by different 
types of collagens, fibronectin, and proteoglycans. About its functional properties, the ECM 
not only maintains geometry and structural integrity of various organs and tissues, but also 
supports fibroblasts homeostasis providing mediators of cell–ECM signaling. These factors 
seem to act on cell-cell interactions, proliferation, and migration, leading to the hypothesis 
that ECM is not just a scaffold or an endpoint of fibroblasts activity, but also a key element to 
assess lung physiology. To date, an elegant evidence of this phenomenon has been published 
by Marinković et al. [67]. Moreover, the dynamic biology of ECM reflects the activity of 
fibroblasts that orchestrate synthesis and deposition of ECM products, and their turnover. 
This latter configures as a degradation step mediated by secretion of ECM-degrading 
enzymes, named matrix metalloproteinase (MMPs).

The MMPs family consists of zinc-dependent endopeptidases acting in extracellular 
milieu [68] to breakdown macromolecules of the ECM system. Each member shows substrate 
specificity and, according to this aspect, four main groups of MMPs have been identified: 
collagenases, gelatinases, stromelysins, and membrane-type MMPs. MMPs work synergically: 
collagens are fragmented by collagenases into gelatins. These latter are substrates of 
gelatinases that produce single amino acids or oligopeptides. The stromelysins are capable 
of degrading proteoglycan, fibronectin, laminin, and collagens, but not interstitial type I 
collagen. Some evidences demonstrated that the ECM-cell interactions might be extremely 
tissue-specific [69].

In this study, the versican, the Col1A1, and the Col3A1 content was evaluated because: 
(i) the large chondroitin sulfate proteoglycan versican is physiologically produced by 
lung fibroblasts [70], and (ii) fibrillar collagens 1 and 3 have been reported on lung 
parenchyma [71]. Versican seems to be involved in lung inflammation [57, 72, 73] and, in our 
experimental condition, versican levels were upregulated while cell migratory properties 
decreased, similarly to previously reported data [74]. Moreover, the versican augmented 
level could act as a potent trigger for activation of fibroblasts in inflammation, suggesting it 
as an evaluable molecular link between inflammation and cancer due to its ligation to Toll-
like receptor 2 [75]. Four isoforms of versican have been reported: V0, V1, V2, and V3 [76, 
77] that are differently expressed: V1/V0 in the late stages of embryonic development [78], 
and V2 in the mature brain [79]. Our primers were for the V1 isoform, expressed by lung 
fibroblasts in vitro [80]. The upregulation of V1 isoform in our system strongly suggested a 
mechanism of adaptation to low dose of fibers that could escape the homeostatic control at 
higher fluoro-edenite levels.

As about collagens, we found significant decreases in amount of Col3A1 and a doubled 
quantity of Col1A1 after 100 µg/ml of fluoro-edenite exposure. In this condition, the ratio of 
Col1A1:Col3A1 was of 4:1, indeed it was constant up to 50 µg/ml of fluoro-edenite incubation 
with respect to unexposed cells. To date, increasing levels of Col1A1, concomitantly 
at decrease of Col1A3, have been historically associate to human respiratory distress 
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syndrome [81], and to idiopathic pulmonary fibrosis [82], suggesting an ECM remodeling. 
Therefore, we evaluated the ECM degrading enzyme MMP1, MMP3, and MMP13. We found 
no significant difference for MMP1 levels, whereas increasing mRNA, protein and secretion 
of MMP3 after 100 µg/ml of fluoro-edenite exposure with respect to unexposed controls. 
According to these findings, we can speculate that MMP3 increase should be associated to a 
senescent phenotype as reported by another in vitro study on human aged-fibroblasts [83]. 
This event may inhibit the morphological and functional differentiation of epithelial cells, as 
already reported for epithelial breast cell [84], promoting the development of an environment 
recognized useful for tumor growth [85]. Considering our system, especially in presence of 
the MMP3 inhibitor, we can consider MMP3 as a key element of ECM homeostatic control in 
relation to both the physiological senescence of cells in vitro and that one induced by fluoro-
edenite. Even if MMP3 amino acid sequence in humans is 55% identical with MMP-1, they 
have different substrate specificity [86]. MMP3 is not able to cleave triple-helical region of 
type 1 and 2 collagens, while a weak activity was reported on type 3 collagen. Moreover, 
MMP3 participates in activation of pro-MMP1. Human MMP1 degrades human collagens 3, 
1, and 2 with decreasing preference, respectively. Remarkably, in our experimental setting, 
MMP1 levels remained constant, supposing a feedback loop between ECM and enzyme 
synthesis. Specifically, up to the ratio of Col1A1:Col3A1 remained constant and physiological 
respect to controls, the MMP3 release was unmodified. The higher level of fluoro-edenite 
produced senescence with release of MMP3, inducing the degradation of Col3A1. In future, 
we propose to explain better if this event may be a positive feedback loop for MMP1 and 
MMP3 release in longer stimulations both in vitro and in vivo. Especially, it could be useful 
the evaluation of the activity of the enzyme P4-HB, that is required to stabilize the triple 
helical conformation of Col1A1, by using molecular oxygen and ferrous ion to catalyze the 
hydroxylation.

Conclusion

The major novel finding in these experiments is that lung fibroblasts adapt to fluoro-
edenite by the instauration of a senescent phenotype from mild to severe. The fluoro-edenite-
treated senescent lung fibroblasts produce changes in the levels of versican, collagens and 
MMP3 as molecular mechanisms that alter ECM. These events can give rise to profibrotic 
cellular phenotypes and oncogenic microenvironment. The induction of premature senescent 
phenotype process could be a preclinical evidence of pathogenesis of mesothelioma, for this 
reason is hopefully to identify preclinical biomarkers for population exposed to asbestiform 
fibers [87-89]. In any case, our findings certainly provide new insights into the understanding 
between environmental pollutants and human health.
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