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Abstract 

Background  An increased incidence of pleural mesotheliomas in Biancavilla (Italy) was attributed to the environ-
mental exposure to fluoro-edenite (FE). Results from the Ramazzini Institute (RI) in vivo long-term study confirmed 
the evidence that exposure to FE fibres is correlated with an increase of malignant pleural mesotheliomas in Sprague–
Dawley rats. Recently asbestosis-like features were substantiated in Biancavilla residents without known occupational 
exposures. Aim of this work was to establish whether FE induce lung fibrosis with a pathogenetic mechanism similar 
to other asbestiform fibres.

Methods  Original slides from the RI study were systematically re-examined to characterize the FE-induced lesions. 
Quantitative analysis of lung fibrosis was assessed following the Ashcroft method. Immunohistochemical analysis 
of protein involved in fibrotic responses and histochemical staining for FE-fibres identification were performed.

Results  Like asbestos, FE caused fibrotic lesions, pleural plaques or nodules and mesotheliomas. A significant 
increase of lung fibrosis (p < 0.001) was observed in the FE-treated groups compared to untreated controls. In 
the fibrotic responses to FE, vimentin was the most expressed protein, followed by collagen-I and alpha-SMA. Finally, 
ferruginous bodies, characterized by iron deposits and ferritin expression, were observed in FE-induced lesions.

Conclusions  This study confirmed that FE exposure promotes the onset of fibrotic lesions at pleural level, as fibrous 
plaques or nodules and fibrosis, through a mechanism similar to other form of asbestos. These results combined 
with epidemiological study reported in Biancavilla residents, corroborate the need to promote health and epidemio-
logical surveillance plans of respiratory diseases in population living in FE contaminated sites.
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Background
The fluoro-edenite case stemmed from a national sur-
vey on mortality by pleural mesothelioma in Italy. It 
found an excess of mesothelioma cases at Biancav-
illa, a town of nearly 23,000 inhabitants perched on 
the south-west side of Mount Etna. Between 1988 and 
1992 four cases of pleural mesothelioma were reported 
there [1, 2]. From the statistics calculated on the basis 
of the Sicilian population the expected cases at Bian-
cavilla over the same period were 0.9 (SMR 417; 95% 
CI 142–954) [3]. This preliminary finding led to an epi-
demiological study performed by the Italian National 
Health Institute (ISS) which unearthed a total of 17 
cases of pleural mesothelioma (10 men and 7 women) 
among the town inhabitants from 1980 to 1997 [2, 4, 
5]. The study verified that asbestos exposure might have 
been the cause in two of these cases; in other 5 such 
exposure could not be entirely ruled out; the remain-
ing 10 could reasonably be ascribed to general envi-
ronmental exposure. In a pilot study of Biancavilla 
inhabitants, some of whom were special hospital cases 
with a flare-up of chronic symptoms of obstructive 
pulmonary disease, 6 out of 12 patients (2 men and 4 
women) had fluoro-edenite fibres in their sputum [6]. 
Since the data on occupational exposure did not show 
that the mesothelioma group might be correlated to 
asbestos exposure, it was inferred that the general 
environment might have been the cause. Thus, a min-
eralogical study was started in the area of Biancavilla, 
where incohesive volcanic material (pyroclastic depos-
its) had been largely used in local building industry 
(walls, render, cement mortar), as well as to pave roads, 
squares and other areas [2, 7]. The quarry was mined 
at least since the 1950s, with a production peak in the 
1960s-1970s [8, 9]. This area is made up of domes and 
dikes associated with a fine-grained material in which 
unknown amphibolic fibres with fluoro-edenitic com-
position were found and that was initially classified as 
an intermediate phase between tremolite and actinolite 
[10–12]. Fluoro-edenite (FE) exists as millimetre-scale 
crystals, as well as loose asbestiform (fibrous) fibres in 
rock cavities. The United States National Institute for 
Occupational Safety and Health (NIOSH) described 
the morphology of these elongated minerals as acicular, 
prismatic or asbestiform [13]. FE is generally associated 
with potassium feldspars and plagioclase, quartz, clino- 
and orthopyroxenes, fluoro-apatite, ilmenite, and abun-
dant haematite [14]. The Commission on New Minerals 
and Mineral Names of the International Mineralogical 
Association (IMA, code 2000–049) entered a new end-
member of the amphibole calcic group of the edenites, 
the fluoro-edenite series, due to its high content in 

fluorine and sodium, especially compared to tremolite 
and actinolite fibres [10, 14].

In the Ramazzini Institute (RI) laboratory, as part of 
a cancer research program designed in the late 1970s 
to identify industrial and environmental carcinogens, a 
large, integrated, long-term, an in vivo project was begun 
on fibrous and/or corpuscular matter. Among the studied 
materials there were asbestos and many other kinds of 
diverse fibre, various kinds of natural zeolites (sedimen-
tary and hydrothermal) including erionite, various syn-
thetic zeolites and other organic compounds, natural and 
artificial solids like silica, alumina, talc, kaolin, synthetic 
or artificial mineral fibres, propylene fibre, etc. The aim of 
the RI project was not only to verify the carcinogenicity 
of various materials, but also to provide information on 
the relative carcinogenic potential. To that end, all com-
pounds were tested in the same experimental conditions. 
In the two-year study on FE, the onset of pleural and per-
itoneal mesothelioma in Sprague–Dawley (SD) rats from 
our own breeding facility only 36  weeks after injection 
with FE fibres was observed. In 2004 the RI published the 
preliminary results to sensitize the population and the 
authorities about the probable risk that Biancavilla’s peo-
ple were taking. The RI also tried to set in motion urgent 
environmental-health controls, given that our prelimi-
nary results had brought to light several cases of meso-
thelioma in treated animals [15]. When the final results 
came out in 2011, [16] from the epidemiological evidence 
and these experimental results, the International Agency 
for Research on Cancer (IARC) classified fluoro-edenite 
as carcinogen to humans (Group 1) [12].

Several detailed mortality and morbidity studies were 
produced from 2004 through 2011 by the Epidemiologi-
cal Observatory of Sicily. In addition to pleural meso-
thelioma, the only neoplastic disease in excess, an excess 
mortality and hospitalization was estimated from non-
malignant respiratory diseases, namely from pneumoco-
niosis, thus corroborating the notion of the occurrence 
of environmental lung fibrosis [17]. The health profile of 
the Biancavilla community, showed similarities with the 
corresponding health profile of other populations charac-
terized by environmental asbestos exposure due to resi-
dence in contaminated areas [18].

Recently, the characteristics of the lung damage resi-
dents in Biancavilla hospitalized with pneumoconiosis or 
asbestosis diagnoses were investigated and asbestos-like 
features were found in some Biancavilla residents with-
out known occupational exposure to asbestos; experi-
mental studies were recommended by the authors [19].

The aim of this work was to establish whether and 
how FE-fibres may promote lung fibrosis like other 
asbestos-fibres.
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Methods
Sample selection from RI long‑term experiment on fibrous 
FE (BT2117)
In the RI long-term study on FE effects, fibrous FE, sup-
plied by Dr. Gianfagna (Earth Sciences Department, Sapi-
enza, Università di Roma), was administered to groups of 
80 Sprague–Dawley (SD) rats (40 males and 40 females) 
by intrapleural injection, once-off, at the dose of 25  mg 
suspended in 1 cc of water. A group of 80 rats (40 males 
and 40 females) was injected with water as controls. 
Animals were kept under observation until their natu-
ral death. The experiment was conducted following the 
principles of Good Laboratory Practice (GLP), with the 
RI Standard Operative Procedures and with the Italian 
Government Guidelines for use of experimental animals 
(Governo Italiano, D.Lgs 116/1992) [15, 16].

Alcohol fixed-Paraffin-embedded samples of SD rat 
lung from the long-term carcinogenicity study on fibrous 
FE administered by intrapleural injection were retrieved 
from the RI Biobank. For each paraffin block, 6 serial sec-
tions were obtained using a rotating microtome (Leica 
Biosystem, Wetzlar, Germany) and collected in polyly-
sine-coated slices for histochemical and immunohisto-
chemical analysis.

Morphological characterization of pathological lesions
Original slides stained with Haematoxylin and Eosin (HE) 
were systematically examined blind and independently by 
two different pathologists using the same morphological 
criteria. The morphological assessment considered ana-
tomic architectural alterations in lung and, if an abnor-
mal population was detected, the pattern and the cell 
size and nuclear characteristics were determined. When 
the review found lack of concordance between the two 
pathologists, a third senior pathologist performed an 
additional examination to establish the final diagnosis.

Semi‑quantitative assessment of lung fibrosis
Paraffin-embedded lung tissue sections were deparaffin-
ised in xylene and hydrated through a series of alcohols 
to water. Sections were stained with Masson’s Trichrome 
Goldner variant (Bioptica, Milano). Quantitative assess-
ment of lung fibrosis was performed using the Ashcroft 
score method [20, 21]. Stained slides were systemati-
cally scanned with a NIKON Eclipse Ni optical micro-
scope using a 10X objective. Forty images were randomly 
selected using NIS Element Advanced Research software. 
These images were analyzed by two different patholo-
gists and lung fibrosis was scored according to a prede-
termined scale of severity from 0 to 8. For each sample 
up to 40 fields were evaluated and each field was assigned 
a score according to the aforementioned predetermined 
scale. For each sample, the mean and median of the 

scores was calculated as an indicator of the measure-
ments. The average of mean and median scores per ani-
mal were statistically analyzed and described separately 
by sex and by treatment (control vs treated). Differences 
in scores between treated and control group was exam-
ined using a Two-sample Wilcoxon rank-sum (Mann–
Whitney) test [22]. The software used for the analysis was 
Stata 18.

In parallel, a panel of three different antibodies were 
used for the evaluation of lung fibrosis by immuno-
histochemistry (IHC). Alpha-smooth muscle actin 
(alpha-SMA, #MA1-06110, Thermo Fisher Scientific, 
Waltham, Massachusetts, USA), collagen type I (COL1, 
#NB600408, Novus Biological, Centennial, Colorado, 
USA) and vimentin (#sc-371717, Santa Cruz Biotechnol-
ogies, Dallas, Texas, USA).

These proteins are widely used as markers that drive 
fibrosis with different mechanisms of action. Alpha-SMA 
is a biomarker for myofibroblast differentiation, COL1 
involved in the activation of collagen receptors influ-
encing cell behaviour during progressive fibrosis, and 
vimentin is a key regulator of fibrosis and it is strongly 
expressed in mesenchymal cells.

The analysis was performed on a total of 39 samples 
that were considered representative of the fibrotic lesions 
of interest, from the pool of the treated female and male 
groups. In particular 8 cases of mesothelioma (3 females 
and 5 males), 6 cases of fibrous plaque or nodules (3 
females and 3 males) and 25 cases of fibrosis (14 females 
and 11 males) were analysed. Paraffin-embedded lung tis-
sue sections were deparaffinised in xylene and hydrated 
through a series of alcohols to water. Non-specific back-
ground was blocked using 0.3% hydrogen peroxide and 
serum-free protein block (Biocare Medical, Pacheco, 
CA, USA). After blocking, slides were incubated with 
primary antibody against alpha-SMA (dilution 1:300 for 
1 h at room temperature), or COL1 (dilution 1:200 over-
night at 4 °C), or vimentin (dilution 1:100 for 1 h at room 
temperature). Positive and negative controls (omission of 
the primary antibody and of IgG-matched serum) were 
included. Anti-mouse or anti-rabbit HRP polymer detec-
tion kit (Vector Laboratories, Burlingame, CA, USA) 
was added to the sections and incubated for 30  min at 
room temperature. The entire antibody-enzyme com-
plex was made visible by reaction with diaminobenzidine 
(DAB) until adequate colour development was observed 
(DakoCytomation, Santa Clara, CA, USA). Finally, sec-
tions were rinsed in distilled water, counterstained with 
haematoxylin, dehydrated, and cleared in xylene. Cover 
slips and mountant were applied for optical microscopy 
analysis. Slides were systematically examined blind, with-
out prior knowledge of the groups, and independently 
by two different pathologists. Wherever agreement was 
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not reached, a third senior pathologist established the 
final diagnosis and score. Criteria for sufficient stain-
ing were antibody binding specificity, tissue morphol-
ogy and overall staining quality. Grading of the specific 
immunoreactivity was based on a six-point scale with 
– (negative); -/ + (very rare positivity); ± (scattered posi-
tivity); + (weak diffuse positivity); +  + (diffuse positivity) 
and +  +  + (strong positivity).

Histochemical and Immunohistochemical evaluation 
of iron deposits in lungs
Paraffin-embedded lung tissue sections were deparaffin-
ised in xylene and hydrated through a series of alco-
hols to water. Sections were stained with Perls’ staining 
(Bioptica, Milano). Samples were analysed using a Leica 
Microscope (Leica Microsystems GmbH, Germany).

Ferritin expression was evaluated by IHC and immu-
nofluorescence (IF). IHC was performed following the 
protocol used for alpha-SMA, COL1 and vimentin stain-
ing. Slides were incubated with primary antibody against 
Ferritin (#sc-376594, Santa Cruz Biotechnologies, Dallas, 
Texas, USA) at a dilution of 1:150 at 4 °C overnight.

For IHC, anti-mouse HRP polymer detection kit (Vec-
tor Laboratories, Burlingame, CA, USA) was added to the 
sections and incubated for 30 min at room temperature. 

The entire antibody-enzyme complex was made visible 
by DAB (DakoCytomation, Santa Clara, CA, USA).

For IF, DyLight® 549 Anti-mouse IgG (H + L) (Vector 
Laboratories, Burlingame, CA, USA) were used as sec-
ondary antibody. Sections were rinsed in distilled water 
and once dried (approximately 3  min), three drops of 
VECTASHIELD® Antifade Mounting Medium with 
DAPI (Vector Laboratories, Burlingame, CA, USA) were 
added. Slides were then covered with a coverslip and 
were kept in the dark for 24  h at 4  °C before imaging. 
Fluorescence was analyzed microscopically with a pho-
tomicroscope Nikon Ni-E (Nikon, Japan) equipped with 
epifluorescence.

Results
Morphological characterization of pathological lesions
In the FE-treated group, neoplastic and non-neoplastic 
lesions being pleural mesotheliomas (13/80, 16.3%), pleu-
ral plaques or nodules (6/80, 7.5%), and pleural fibrosis 
(51/80, 63.8%) were diagnosed (Tables 1 and 2).

Among the 13 cases of mesotheliomas, 6 were observed 
in males and 7 in females. In males, the most prevalent 
histotype was the epithelioid one.

Their histological features included tubule-papillary, 
trabecular, or adenomatoid architectural patterns, 

Table 1  Incidence of pleural mesotheliomas and histotype

Group Treatment Dose (mg/cc H2O) Route of administration Animals Malignant 
Mesothelioma

Histotype

Sex No No % Epitheliod Biphasic (mixed) Sarcomatoid

I Fibrous FE 25 Intrapleural Injection M 40 6 15.0 3 (50.0%) 2 (33.3%) 1 (16.7%)

F 40 7 17.5 0 (0.0%) 4 (57.1%) 3 (42.9%)

M + F 80 13 16.3

II - 0 Injection with water M 40 0 -

(control) F 40 0 -

M + F 80 0 -

Table 2  Histomorphological evaluation of lung samples in the FFE-treated SD rat study. Incidence of preneoplastic pleural nodules or 
plaques and fibrosis

Group Treatment Dose
(mg/cc H2O)

Route of administration Animals Fibrous plaque or 
nodule

Fibrosis

Sex No No % No %

I Fibrous FE 25 Intrapleural Injection M 40 3 7.5 27 67.5

F 40 3 7.5 24 60.0

M + F 80 6 7.5 51 63.8

II - 0 Injection with water M 40 0 - 0 -

(control) F 40 0 - 0 -

M + F 80 0 - 0 -



Page 5 of 10Tibaldi et al. Journal of Occupational Medicine and Toxicology  (2024) 19:45	

lympho-histiocytoid cytological features, or myxoid 
stroma [16, 23]. Two cases out of the six males were 
identified as biphasic (or mixed) subtype showing both 
epithelioid and sarcomatous components. Finally, only 
one case was identified as sarcomatous/fibrous sub-
type, composed of elongated/spindle cells arranged in 
solid sheets or within a fibrous stroma. In females the 
biphasic (or mixed) subtype was the most prevalent 
(4/7 cases), followed by the sarcomatous/fibrous one 
(3/7 cases).

Finally, all of the non-neoplastic lesions examined 
were accompanied by reactive inflammation affecting 
pleura and lung parenchyma. Moreover, fibrosis was 
associated with the presence of FE-fibres. No lesions 
were observed in untreated controls.

Semi‑quantitative assessment of lung fibrosis
Forty fields per animal were analysed and scored using 
an Ashcroft scale. The distribution of frequency of the 
scores for each field is summarized in Fig. 1 and Table 3. 
For each animal we then calculated a mean and a median 
Ashcroft score, and these summary measures were used 
to calculate the mean Ashcroft scores and SD by sex and 
treatment. These results are showed in Table 4.

Table 3 reports the absolute number of times each score 
was used and the percentage frequency. A descriptive 
analysis of all evaluated fields shows how, both in females 
and males, more than 2/3 of the scores in control group 
were 0, while they drop to around 40% in treated animals. 
The scores used for mild fibrosis (scores 1, 2 and 3) repre-
sent 23 to 27% in control animals, while they range from 
37 to 43% in treated animals. Conversely, scores < 3, sign-
aling moderate to strong fibrosis, are used more often (28 

Fig. 1  Frequency of Ashcroft scores assigned in each field by sex and treatment

Table 3  Frequency of Ashcroft Scores by sex and group (number of fields and percentage)

Scores Females Males

Controls (1560) % Treated (1600) % Controls (1557) % Treated (1600) %

0 1071 68.65 556 34.75 1162 74.63 665 41.56

1, 2 or 3 430 27.56 598 37.37 359 23.06 697 43.56

 < 3 59 3.78 446 27.87 36 2.31 238 14.87

Table 4  Average Ashcroft scores by sex and group of the mean and median Ashcroft scores per animal

* Statistically significant with Mann–Whitney test (P < 0.0001)

Group Treatment Dose
(mg/cc H2O)

Route of administration Animals Ashcroft scores
Mean

Ashcroft scores
Median

Sex No Mean SD Mean SD

I Fibrous FE 25 Intrapleural Injection M
F

40
40

1.58*
2.28*

0.87
0.95

1.05*
1.95*

1.22
1.59

II - 0 Injection with water M 39 0.47 0.24 0.01 0.08

(control) F 39 0.60 0.20 0.01 0.08
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and 15% for females and males, respectively) for treated 
animals, while they represent a residual 4 and 2% for the 
control animals. These results can be visualized in Fig. 1.

Control animals
In females one animal presented an atypical renal mes-
enchymal tumour metastasis in the lungs, influencing the 
level of inflammation and fibrosis, and was therefore con-
sidered an outlier and excluded from the analysis. This 
resulted in 39 lung samples from female untreated ani-
mals, for a total of 1560 fields analysed. The mean Ash-
croft score per animal was always < 1, while the median 
per animal was 0 in all cases but one (0.5). The mean per 
group of the mean Ashcroft score per animal was 0.60 
(S.D. 0.20) and the mean value of the median was 0.01 
(SD 0.08) (see Table 4 and supplementary material).

In males, again one animal was considered an outlier 
due to his fibro-histiocytic sarcoma of the lungs and not 
included in the analysis; furthermore, three more obser-
vations from another animal were not available due to 
insufficient sampling material, leading to a total of 1557 
observed fields. The mean Ashcroft score per animal 
was < 1 in all cases but one (1.225), similarly the median 
per animal was 0 in all cases but one (0.5). The mean per 
group of the mean Ashcroft score per animal was 0.47 
(SD 0.24) and the mean value of the median was 0.01 (SD 
0.08) (see Table 4 and supplementary material).

In female and male controls, fibrosis was limited to a 
few perivascular, peribronchial or subpleural areas. Spo-
radic occurrence of minimal fibrotic lesions was com-
patible with the age of rats. The difference in the average 
Ashcroft score between the groups, 0.60 in females and 
0.47 in males, could be attributable to the mean age at 
death (94.1 weeks for males and 101.9 weeks for females) 
(see supplementary material).

Fibrous FE‑treated SD rats
Forty fields per animal were analysed and scored using an 
Ashcroft scale for a total of 1600 scores for treated males 
and females.

In female FE-treated group we observed a higher varia-
bility in the mean Ashcroft score per animal: 19 had mild 
fibrosis with an average score between 1 and 2 (47.5%); 17 
had moderate fibrosis with an average score between 2.1 
and 3 (42.5%); finally, 4 cases, including 3 rats with diag-
nosis of mesothelioma, had severe fibrosis with an aver-
age score > 3 (10%). In animals bearing mesothelioma, 2 
cases had a mean score between 1 and 2; 2 cases > 2; and 
3 cases > 4. In animals showing pleural plaques, 2 cases 
had a mean score > 2 and 1 case had a score between 1 
and 2. Similarly, the median scores per animal were more 
heterogeneous, ranging from 0 to 7.5 (see supplemen-
tary material). The mean per group of the mean Ashcroft 

score per animal was 2.28 (SD 0.95), three times higher 
than control, and mean value of the median was 1.95 (SD 
1.59).

In male FE-treated group, we observed a higher varia-
bility in the mean Ashcroft score per animal: 35 had mild 
fibrosis with an average score between 1 and 2 (87.5%), 
3 had moderate fibrosis with an average score between 
2.1 and 3 (7.5%) and 2 had severe fibrosis with an aver-
age score > 3 (5%). In animals bearing mesothelioma, 4 
had an average score between 1 and 2, and 2 had an aver-
age score > 3. In animals showing pleural plaques, mean 
Ashcroft score did not exceed value of 1. Similarly, the 
median scores per animal were more heterogeneous, 
ranging from 0 to 7(see supplementary material). The 
mean per group of the mean Ashcroft score per animal 
was 1.58 (SD 0.87), three times higher than control, and 
mean value of the median was 1.05 (SD 1.22).

The statistical analysis of the group mean of the mean 
and median Ashcroft scores showed a statistically sig-
nificant increase of fibrosis (p < 0.0001) in both male 
and female FE-treated animals compared to controls 
(Table 4).

In 24 out of 40 FE-treated female rats (60%) and in 27 
out of 40 FE-treated male rats (67.5%), fibrosis was diag-
nosed at pleural and subpleural level. In animals with the 
highest score, fibrosis was also present into the alveolar 
parenchyma and not only in peribronchial or perivascu-
lar areas.

Fibrosis induced by FE-treatment was frequently asso-
ciated with inflammatory reaction characterized by mac-
rophages, granulocytes, and multinucleated giant cells, 
mainly found in the pleura. Mesothelioma histotypes dif-
fered in the degree of fibrosis: the sarcomatous histotype 
had very high score due to the high presence of collagen 
fibres compared to biphasic and epithelioid ones. For this 
reason, not all mesotheliomas achieved similar scores. 
Other fibrotic lesions observed in FE-treated groups 
were fibrous plaques, nodules, and pleural fibrosis. In 
both mesotheliomas and pleural plaques, the extension of 
fibrosis frequently affected the diaphragm.

Immunohistochemical (IHC) characterization of lung 
fibrosis
Alpha-SMA, COL1-A and vimentin, showed variable 
grades of positivity in mesotheliomas, while no marker 
was expressed in untreated controls. Vimentin was the 
most expressed marker, showing positivity also in mild 
lesions. Alpha-SMA was found to be the least expressed 
marker overall, but still positive in mesotheliomas and 
pleural plaques. Collagen type I was generally more 
expressed than alpha-SMA showing strong positivity 
in severe lesions and weak positivity in pleural fibrosis. 
The overall results underlined that mesotheliomas were 
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characterized by high degrees of fibrosis. In fibrotic 
plaque or nodule and in fibrosis with fibre deposits, the 
positive staining for vimentin underlined mesenchymal 
cell activation and collagen production (Fig.  1). In mild 
lesions, a variable grade of positivity was observed only 
for vimentin, showing that the first stage of fibrosis devel-
opment is the activation of mesenchymal cells.

Perls’ staining for the identification of iron deposits 
in lungs
Perls’ staining was performed to evaluate the presence of 
FE fibres and their chemical composition by the indirect 
staining of iron deposits in lung tissue samples and to 
understand the mechanisms of interaction between fibres 
and tissues.

In 27 out of 39 stained lung samples (14 females and 
13 males, 69.2%), the presence of ferruginous bodies 
near or engulfing FE fibres was observed (Fig. 2). Of the 
remaining 12 cases, fibres were not present in 6 cases (3 
females and 3 males, 15.4%). In the remaining 6 cases (3 
females and 3 males, 15.4%), fibres were detected but fer-
ruginous bodies were not found around them. Most cases 
with fibre deposits showed a concomitant formation of 
ferruginous bodies of different shapes and sizes covering 
either the entire fibre or part of it. In mesotheliomas iron 

deposits were observed in intercellular or intracellular 
spaces (Fig. 3).

Immunohistochemical and immunofluorescence analysis 
of ferritin in lungs
IHC analysis of ferritin and Perls’ staining showed com-
parable results. In 27 cases (69.2%), ferruginous bodies 

Fig. 2  Case No. 101 Pleural fibrosis with deposits of fibers. A localized fibrosis was observed within a pleural plaque, in which deposits of fibrous 
FE are visible. Fibrosis is stained in green by Masson’s trichrome (A). The IHC markers showed different expression: Alpha-SMA is poorly expressed 
and localized around the vessels (B); Vimentin is strongly expressed (C); COL-1A is weakly expressed in the area containing fiber deposits (D) 
(Magnification 40X)

Fig. 3  Case No. 125 (F) Fibrosis with fiber deposits. This image 
shows the formation of deep blue ferruginous/asbestiform 
bodies around the fibers. These formations have different shapes: 
segmented, rounded or needle-like. (PERLS stain, Magnification 40X)
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showed positivity for both ferritin and Perls’ staining. In 
6 cases (15.4%), fibres were not observed, and both the 
staining were negative. In the remaining 6 cases (15.4%), 
fibres were observed, but no ferruginous bodies or iron 
deposits were found. Fibrous plaques and fibrosis with 
fibre deposits showed strong positivity for ferritin around 
fibres and in extracellular matrix. In mesotheliomas, fer-
ritin expression was lower than in non-neoplastic lesions. 
In spindle cell mesothelioma, ferritin deposits were 
observed within the tumour and among the neoplastic 
cells. In fibrosis, in which no fibres or iron deposits were 
found, the expression of ferritin was absent. Analysis of 
ferritin expression was also performed by IF, with ferritin 
highlighted in red while nuclei in blue.

Discussion
Fibrotic responses to amphibolic fibrous FE were evalu-
ated by a systematic quantitative analysis of SD rat lung 
samples from the RI long-term experiment. Pathologi-
cal lesions induced by fibrous FE exposure were re-eval-
uated. Results showed an increase of mesotheliomas, 
fibrous plaques or nodules and pleural fibrosis, demon-
strating that FE has not only carcinogenic effect, but it is 
able to induce fibrotic reaction in pleura. Fibrous plaques 
or nodules were observed in 7.5% of FE-treated SD rats, 
while fibrosis was observed in 60% of female and 67.5% 
of male FE-treated SD rats. No lesions were diagnosed 
in control groups. Then, FE-induced lung fibrosis was 
quantitatively evaluated by the Ashcroft score method 
[20]. Results showed that exposure to FE led to a statis-
tically significant increase of both incidence (p < 0.001) 
and degree (> 3 times) of fibrosis in rats compared to 
controls. Varying degree of fibrosis were also observed in 
mesotheliomas depending on histotype. In fact, the sar-
comatoid mesotheliomas showed higher degree of fibro-
sis than the epithelial one. Plaques or fibrosis were mainly 
located at pleural level. Finally, FE-treated rats with 
fibrotic lesions showed needle-like fibres around and into 
the lesions. Intrapleural injection is a reference model for 
long-term carcinogenicity studies of fluoro-edenite and 
other asbestiform fibers, allowing to elucidate the inter-
play between fibrogenic mechanisms and cancer at pleu-
ral and interstitial level of the lung parenchima. However 
further inhalation studies might elucidate how other 
fibrogenic mechanism might play a role in the airways.

IHC analysis of Vimentin, Collagen I and Alpha SMA 
was performed to further investigate the mechanism of 
fibrosis development induced by FE exposure. In meso-
theliomas, all the proteins showed variable degree of 
positivity. Vimentin expression, marker of mesenchy-
mal cell origin, is associated with enhanced cell motility, 
adhesion to the extracellular matrix and collagen deposi-
tion. Indeed, the importance of vimentin is now widely 

recognized in cellular functions ranging from motility to 
signal transduction [24, 25]. Vimentin has a role in the 
stabilization of collagen mRNAs that may contribute to 
the high level of collagen expression by mesenchymal 
cells [26].On the other hand, alpha-SMA is expressed 
during transition from fibroblast to myofibroblast, which 
is is a well-known cellular hallmark of the pathological 
state of tissues [27].

In our study, vimentin was the most expressed protein 
even in mild lesions, underlying that mesenchymal cell 
activation probably occurs during the first stage of fibro-
sis development. In plaques and fibrosis with FE depos-
its, vimentin, and collagen I were strong positive. On the 
other hand, alpha-SMA was weak, suggesting that myofi-
broblast-like cell activation occurs later than mesenchy-
mal cells activation and collagen production. Here, the 
degree of fibrosis was higher than in mesotheliomas.

Like asbestos, FE is not only a powerful carcinogen 
inducing malignant mesotheliomas, but it is also able to 
cause pleural plaque formation and fibrosis. Although 
the toxicity of these fibres is certain, the pathogenetic 
mechanisms and factors that may trigger to pulmonary 
toxicity and neoplastic transformation are not yet fully 
understood.

All asbestos fibres cause oxidative stress to the lung 
by forming free radicals. This process is also linked to 
the presence of transition metals [28]. The macrophage 
response to fibre-induced oxidative stress results to 
reduce free iron to make it less available to the fibre and 
convert it into the less toxic protein-bound iron. The 
presence of iron in the fibres (which can contain up to 
30% Fe of their weight), their intrinsic ability to attract it 
from the surrounding environment and the series of cel-
lular reactions that attempt to re-establish a balance in 
iron metabolism appear to be key factors for the forma-
tion of “ferruginous or asbestiform bodies” in the lung, 
hallmarks of exposure to asbestiform fibres [29]. The for-
mation of an "asbestiform body" is a phenomenon involv-
ing the deposition of endogenous iron, iron-containing 
proteins, such as ferritin, mucopolysaccharides and other 
material on bio-persistent fibres in the lung. In addition 
to ferritin, the prevalent form of iron in asbestiform bod-
ies, hematite is also present, and this suggests that there 
is an active process of alteration of iron chemistry within 
the asbestiform body. This mechanism can trigger fibre-
related diseases, with potential DNA damage and resist-
ance to apoptosis [30].

In FE-induced lesions, the Perls’ staining showed 
the presence of ferruginous bodies that can react with 
the surrounding tissue by triggering a series of cellular 
reactions which attempt to re-establish a balance in the 
iron metabolism. Our results showed that following FE 
exposure, in most of the cases with fibre deposits, the 
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formation of asbestiform bodies of different shapes and 
sizes was observed, which covered either the entire fibre 
or part of it. In mesotheliomas, fibres were scarce but 
iron deposits were observed between the tumour cells, 
probably because fibres were incorporated by neoplastic 
cells and are no longer visible. Iron deposits or asbesti-
form bodies were stained in blue with Perls’ and showed 
positivity for ferritin by IHC. Comparing the two meth-
ods developed, Perls’ staining was found to be the most 
suitable for observing fibres in lung tissues.

Conclusion
In conclusion, this study confirmed that FE exposure 
promotes the onset of fibrotic lesions at pleural level, as 
fibrous plaques or nodules and fibrosis, through a mecha-
nism similar to other form of asbestos. From a technical 
perspective, the Ashcroft analysis allowed the quanti-
fication of total fibrosis, whereas the IHC analysis gave 
information on the different stages of fibrosis formation, 
underlying the importance of both methods in the mech-
anistic studies of tissue fibrogenesis.

These results combined with the cluster of cases of lung 
fibrosis and the several cases of pleural plaques reported 
in Biancavilla residents [19], corroborate the need to pro-
mote health and epidemiological surveillance plans of 
respiratory diseases in population living in FE contami-
nated sites.
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