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A B S T R A C T

Background: Today, many research groups in the world are struggling to fully understand the mechanisms leading
to the carcinogenesis of hazardous mineral fibres, like asbestos, in view of devising effective cancer prevention
strategies and therapies. Along this research line, our work attempts the completion of a model aimed at eval-
uating how, and to what extent, physical-crystal-chemical and morphological parameters of mineral fibres
prompt adverse effects in vivo leading to carcinogenesis.
Methods: In vitro toxicology tests that deliver information on the 10 key characteristics of carcinogens adopted by
the International Association for Research on Cancer (IARC) have been systematically collected for a commercial
chrysotile, standard UICC crocidolite and wollastonite. The analysis of the in vitro data allowed us to assess the
major fibre parameters responsible for alterations in the key characteristics of carcinogens for each investigated
fibre and the intensity of their effect.
Results: Crystal habit and density of the fibres affect exposure but are not major parameters contributing to the
KCs. For chrysotile, besides length, we found that fibre parameters that greatly contribute to the KCs are the
surface area and the dissolution rate with the related velocity of release of metals (namely iron). For crocidolite,
they are the fibre length, iron content and related parameters like the ferrous iron content, iron nuclearity,
transition metals content and zeta potential.
Conclusions: The results of our study can be a starting point for developing personalized cancer screening and
prevention strategies as long as the nature of the fibre of the exposed patient is known. We can speculate on a
future personalized prevention therapy targeting the fibres with surface-engineered nanocarriers with active
complexes that are selective for the surface charge of the fibres. For chrysotile, a complex with deferasirox that
can chelate Fe2+ and deferoxamine that preferentially chelates Fe3+ is proposed with the anchorage to the silica
chrysotile surface driven by aspartic acid. For crocidolite, deferiprone chelating both Fe3+ and Fe2+ combined
with lysine to attract the silica crocidolite surface is proposed.
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Introduction

100 years ago, a medical doctor for the first time conjectured about
the bio-chemical mechanisms leading to the formation of asbestos
bodies (Fig. 1) in the lungs of an asbestos worker (Cooke, 1924). Dr.
Cooke claimed that “… some soluble fraction of asbestos plays a part in the
formation of the asbestosis bodies, and … chemical action must play a not
inconsiderable part in the production of the pulmonary fibrosis”. Much
ground has been covered after a century of research to shed light on the
overall mechanisms of carcinogenesis induced by asbestos (see for
example, Anttila and Boffetta, 2020). However, many research groups
worldwide are still working to better understand the adverse mecha-
nisms leading to the carcinogenesis induced by the exposure to mineral
fibres (Gualtieri, 2023) in the attempt to devise effective cancer pre-
vention strategies.

According to the authors’ view, there are basically three reasons to
explain the difficulty encountered by scientists in finalising a solid and
conclusive quantitative model elucidating these bio-chemical mecha-
nisms. The first reason is that mineral fibres, including asbestos, are
natural materials and therefore each of them is a unique entity with
distinctive physical–chemical-morphological characteristics that makes
its interaction with the organism singular. A general classification of
mineral fibres and their behaviour in vivo do exist (Liddell and Miller,
1991; Gualtieri, 2017) but singularities and deviations are observed,
making their behaviour in vivo unique and blurring any standard model.
The second reason is that the concept of individuality expressed for
mineral fibres can also be applied to carcinogenesis. The forms of cancer
that develop as a result of the interaction between a mineral fibre agent
and the organism are so complex and multifaceted that even in this case
generalisation of the phenomenon is almost impossible. For example, in
the case of pleural malignant mesothelioma, the typical neoplasm
induced by the exposure to asbestos, the classification includes at least
three major histological types (epithelioid, sarcomatoid, and biphasic)
and a number of subtypes and hybrid forms (Pavlisko and Sporn, 2013;
Carbone et al., 2019) whose origin is too hard to be traced back to the
specific action of single mineral fibre agents. The third reason is that
since at least half a century scientific data and discussion on carcino-
genesis of asbestos fibres are biased and twisted by misconducts and
lobbying of consultants/experts whose allegations with the asbestos
industry make the general contest even more confused and the goal of
drawing clear conclusive general models utopian. This issue is so true
that Holmes (2013) some years ago raised the alarming question “Does
asbestos corrupt more than just DNA?”

In this scenario, the present work is the completion of the model
presented in this journal by Gualtieri (2021), aimed at evaluating how
and to what extent physical-crystal-chemical and morphological pa-
rameters of mineral fibres prompt adverse effects in vivo leading to
carcinogenesis. As described in Gualtieri (2021), the model attempts to
bridge the gap between toxicity in vitro and carcinogenicity in vivo of
mineral fibres and identifies the fibres’ parameters that actively
contribute to the key characteristics of carcinogens. The Fibre Potential
Toxicity/Pathogenicity Index (FPTI) model (Gualtieri, 2018; Gualtieri,

2021) screens all the physical/crystal-chemical/morphological param-
eters of a mineral fibre inducing biological mechanisms responsible for
adverse effects and allows the determination of the fibre toxicity/
pathogenicity potential. Specifically, the fibre parameters are:
morphometric (fibre length, width, crystal curvature, crystal habit, fibre
density, hydrophobic character of the surface, surface area); chemical
(total iron content, ferrous iron, surface ferrous iron/iron nuclearity,
content of metals other than iron); biodurability-related (dissolution
rate, velocity of iron release, velocity of silica dissolution, velocity of
release of metals); surface activity (zeta potential, fibres’ aggregation,
cation exchange). The fibres induce specific adverse effects that can be
measured in vitrowith dedicated cellular or acellular toxicity tests. These
measurable adverse effects are tied to in vivo pathological processes
attributed to the characteristics of carcinogens: the 10 KCs used by IARC
to evaluate the strength of the mechanistic evidence for an agent are:
KC1: Is electrophilic or can be metabolically activated to electrophiles?
KC2: Is genotoxic? KC3: Alters DNA repair and causes genomic insta-
bility? KC4: Induces epigenetic alterations? KC5: Induces oxidative
stress? KC6: Induces chronic inflammation? KC7: Is immunosuppres-
sive? KC8: Modulates receptor-mediated effects? KC9: Causes immor-
talization? KC10: Alters cell proliferation, cell death or nutrient supply?
IARC reviewed all information and data of human carcinogenesis
mechanisms and found thatGroup 1 agents (like asbestos minerals) show
one or more of the 10 KCs (Smith et al., 2016; Krewski et al., 2019).
Hence, KCs are used to evaluate mechanistic evidence, within the IARC
evaluations, together with human cancer epidemiological and animal
cancer data, of the carcinogenic potential of an agent. It should be
remarked that, with the exception of KC 5, even a single KC exhibited by
an agent may result in a mechanistic evidence of carcinogenicity.

In the comprehensive model proposed here, each fibre parameter is
linked to adverse effects that can be measured in vitro and, in turn, to the
pathological processes in vivo attributed to the KCs. The example
described in Gualtieri (2021) regards the “fibre length parameter” of a
long (eventually biodurable) asbestos agent that prompts frustrated
phagocytosis of macrophages (a major adverse effect whose intensity
can be measured with in vitro toxicity test) that in turn leads to oxidative
stress and chronic inflammation (major adverse effects) classified as KC
5 and KC 6. Of course, cross-correlations must be considered because, for
example, chronic inflammation is due to both length of the fibres and
biodurability (Donaldson et al., 2010).

Here, we present the final step of the process. Representative samples
of mineral fibres have been fully characterized to determine all their
physical-crystal chemical and morphological parameters. We considered
two distinct batches of a commercial chrysotile sample from Ural
Mountains (Russian) with short (≤5 μm) (SC) and long (>5 μm) (LC)
fibres, UICC crocidolite (South Africa) (cro), selected as positive carci-
nogenic standard, and wollastonite NYAD G from Willsboro-Lewis
mining district (New York, USA) (wol), selected as negative carcino-
genic standard (Di Giuseppe et al., 2021b). For each sample, specific in
vitro toxicity tests yielding information on the 10 KCs have been sys-
tematically measured. In this way, it is possible to determine (i) which of
the 10 KCs are activated for each fibre sample (knowledge of the specific

Fig. 1. An optical microscopy image of outstanding historical importance showing chrysotile coating asbestos bodies (ca. 30 μm long) that exactly 100 years ago Dr.
Cooke observed in the lungs of an asbestos worker who died of asbestosis (Cooke, 1924).
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characteristics of cancer that are attributed a fibre species); (ii) the in-
tensity of the KCs activated for each fibre sample; (iii) which of the fibre
parameters is responsible for the activation of the KCs for each fibre
sample; and (iv) cross-correlations and mutual control of the fibre pa-
rameters responsible for the activation of the KCs for each fibre sample.
In the new era of precision medicine (Ye et al., 2019), this piece of in-
formation can be of inspiration for developing personalized cancer
screening and prevention strategies as long as the nature of the fibre the
patient was exposed to is known. In the case of carcinogenic mineral
fibres, target prevention screening and strategies, usually focussed on
genetic factors (Carbone et al., 2019), may be personalized also ac-
counting for the nature of the mineral fibre carcinogen. This concept is
already shared by some specialists like Toyokuni (2019) who is aware
that whether the exposing asbestos fibre is iron-free or iron-rich makes a
difference (Toyokuni, 2019; Motooka and Toyokuni, 2023).

Materials and methods

Mineral fibres

The mineral fibres used in this research project were:

(i) a commercial chrysotile sample produced by the Orenburg Min-
erals mine near Yasny, southern Ural Mountains (Russia). The
sample is composed of clinochrysotile with minor orthochryso-
tile, and possibly very minor impurities of lizardite-1 T, magne-
tite, hydromagnesite, and calcite. The chemical formula is
(Mg2.870Fe2+

0.027Al0.034Cr0.005Ni0.006)2.986(OH)4Si1.92O5, and the
measured density is 2.58 g/cm3 (Di Giuseppe et al., 2021a). The
biodurability (calculated total dissolution time of 0.4 y in acidic
fluid simulating the intracellular phago-lysosome medium: Di
Giuseppe et al., 2021a) is low. Based on the differences for long
and short chrysotile fibres observed in Gualtieri et al. (2023), two
size classes of the pristine sample were obtained by cryogenic
milling (Scognamiglio et al., 2021). The batch of the short (≤5
μm) chrysotile fibres (sample SC) displays a mean fibre length of
1.91 μm, a mean fibre width of 0.15 μm and a specific surface
specific area of 30 m2/g (Scognamiglio et al., 2021). The batch of
the long (>5 μm) chrysotile fibres (sample LC) displays a mean
fibre length of 29.8 μm, a mean fibre width of 0.4 μm and a
specific surface specific area of 28.9 m2/g. (Scognamiglio et al.,
2021);

(ii) a representative sample of UICC crocidolite standard (South Af-
rican, NB #4173-111-3), selected as positive carcinogenic stan-
dard (sample cro). The sample contains minor (<1 wt%)
hematite, magnetite, and quartz. The chemical formula is
Na2.53Fe3+

2.19Fe2+
1.47Mg0.79Ca0.02Si8.06O22(OH)2. The sample is

characterized by long fibres with mean length of 25 μm and
diameter of 0.3 μm, a density of 3.35 g/cm3, and a specific surface
specific area of 16.1 m2/g (Gualtieri et al., 2018). The fibre is
highly biodurable (calculated total dissolution time of 66 y in
acidic fluid simulating the intracellular phago-lysosome medium:
Gualtieri et al., 2018);

(iii) a representative commercial sample of wollastonite NYAD G from
Willsboro-Lewis mining district (New York, USA) (sample wol),
selected as negative carcinogenic standard. The sample is
composed of wollastonite-1A and minor calcite and displays a
chemical formula of Ca0.997Fe2+

0.005Fe3+
0.002Mn0.003Mg0.001Si0.979

O3. The measured mean fibres’ length and width are 46.6 μm and
3.74 μm, respectively. The density of the sample is 2.98 g/cm3

and the measured specific surface area is 0.5 m2/g (Di Giuseppe
et al., 2021b). The biodurability (calculated total dissolution time
of 0.08 y in acidic fluid simulating the intracellular phago-
lysosome medium: Di Giuseppe et al., 2021b) is very low.

Cell lines

Different cell lines were used in this project. SV40 large T antigen
immortalized human mesothelial cells (MeT5A) were purchased from
ATCC® (Rockville, USA). This cell line has been widely used for carci-
nogenic studies on mineral fibres as testified by an extensive body of
literature (i.e., Ito et al., 2021; Maki et al., 2016; Cardile et al., 2007).
The cells were maintained in standard culture medium represented by
Roswell Park Memorial Institute (RPMI-1640) medium (Sigma-Aldrich,
Milan, Italy) supplemented with 10 % foetal bovine serum (FBS) (Gibco,
USA), 2 mM L-glutamine, 100U/ml penicillin and 100U/ml strepto-
mycin (Sigma-Aldrich, Milan, Italy). The human endothelial umbilical
cord continuous cell line (HECV) is used as a stable cell line of endo-
thelial origin, as an easier alternative to endothelial primary cells,
especially in co-culture setups for the study of the cellular crosstalk of
inflamed tissues (i.e., Zbeeb et al., 2024; Brambilla et al., 2022). The
MRC-5 human lung fibroblast primary cell line is widely used as a lung
mesodermal cell type for the study of the toxicological effects of a
plethora of pulmonary harmful stimuli, demonstrated by the extensive
literature on the subject (i.e., Borchert et al., 2019; Laurent et al., 2021).
The A549 human lung adenocarcinoma cell line is widely used as a
surrogate of human alveolar cells since these cells can be induced to
acquire a terminally differentiated alveolar phenotype by culture in Air-
Liquid interface (ALI) conditions and is widely used in pulmonary
related studies (i.e., Zhang et al., 2024; Dobrzynska et al., 2020). The
human leukaemia monocytic cell line THP-1 is widely used because it
can be easily differentiated into the M0, M1 and M2 phenotypes in
culture and then co-cultured with a plethora of different cell types to
mimic tissue specific interactions and challenged by the most varied
stimuli such as infectious agents, asbestos and pollutants (Chanput et al.,
2014; Li et al., 2012). HECV, MRC-5, A549 and THP-1 cells were ob-
tained from the American Type Culture Collection (LGC Standards srl,
Milan, Italy). HECV and A549 cells were cultured in high glucose DMEM
with 2 mM L-glutamine (Biowest, France) supplemented with 10 % FBS,
foetal bovine serum (Biowest) and penicillin/streptomycin as antibiotics
(Corning Inc, Corning, NY, USA), whereas THP-1 cells were cultured in
RPMI-1640 with 2 mM L-glutamine (Euroclone, Milan, Italy) supple-
mented with 10 % FBS (Euroclone), and the MRC-5 cell line was cultured
in MEM medium (VWR International Srl, Italy) supplemented with so-
dium pyruvate and non-essential amino acids, 10 % FBS, (Euroclone,
Italy) and penicillin/streptomycin as antibiotics (Corning). All cell lines
were maintained at 37 ◦C in a humidified atmosphere with 5 % CO2.
THP-1-derived M0 macrophages were differentiated by adding 20 ng/
mL phorbol-12-myristate 13-acetate (PMA, PeproTech EC, London, UK)
to the culture medium of THP-1 naïve cells for 48 h.

All cell lines were initially tested for their level of sensitivity in terms
of toxicity towards the mineral fibres of choice in order to establish the
best concentrations to be used in the following experiments, as already
explained above. Then the cell lines specifically used for the tests of each
KC were chosen for their relevance in that particular KC. In detail,
concerning the oxidative stress (KC 5), all cell lines were tested. For
what concern genotoxicity (KC 2), alteration of DNA repair (KC 3),
epigenetic alterations (KC 4), immunosuppression (KC 7), modulation of
receptor-mediated effects (KC 8), and alteration of cell proliferation or
cell death (KC 10), the cell lines used were mainly A549 and MeT5a, of
alveolar and mesothelial origin, respectively, because from the genetic/
metabolic alteration of these cell types arise cancers in vivo caused by the
mineral fibres. Finally, regarding induction of chronic inflammation (KC
6), the two relevant cell types tested were macrophages (THP1-derived)
and endothelial cells (HECV) since these cells are the major actors
initiating, propagating and sustaining in the long term the inflammatory
process in the lungs after fibre inhalation.

In vitro toxicity test

In vitro toxicity assays to measure the characteristics of carcinogens
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KCs (Smith et al., 2016) have been systematically measured for the 4
investigated mineral fibres. Most of them reflect the in vitro assays rec-
ommended to measure the KCs compiled from literature sources by
Smith et al. (2020) but others specific experimental cell lines were
selected for KC 6, KC 7, and KC 8 because they have been successfully
applied in the past for mineral fibres and the interpretation of the results
and comparison with old datasets was facilitated.

The cytotoxicity data have been described in previous studies
(Mirata et al., 2022; Mirata et al., 2023; Gualtieri et al., 2023; Almonti
et al., 2024). Experimental cell lines were plated in 96-well plates, with
10,000 cells/well for MET5A, HECV, MRC-5, and A549 or 50,000 cells/
well for THP-1 derived macrophages, respectively, in complete medium.
Briefly, the cytotoxicity assays of all the experimental cell lines were
performed up to 72 h to assess the cell death at short-time exposure with
fibres’ concentrations of 100, 50 and 25 ug/mL, and up to 7 d for long
time exposure with fibre concentrations from 25 to 10 ug/mL. Then, the
50 ug/mL fibre concentration was selected for short-term experiments
(up to 72 h) and 10 or 25 ug/mL (depending on the sensitivity of the cell
line) for the long-term experiments (from 7 to 21 d). Using these con-
centrations, cell survival for all fibres was always higher than 60 % at the
chosen time points, usually ranging between 60 and 80 %, depending on
the fibre and on the cell line. In our opinion, this strategy allowed us to
ensure a concentration of fibres able to develop a minimum damage but
enough stimulate cellular responses and activate the related trans-
duction pathways.

For each experimental cell assay, tests were conducted in triplicate or
quadruplicate, unless otherwise expressed in the text, and average and
standard deviation calculated accordingly.

KC 1: Is electrophilic or can be metabolically activated to electrophiles?
To get information on the electrophilic activity of the fibres, the

glutathione depletion assay was applied (Rebecca et al., 2000). Gluta-
thione was measured spectrophotometrically at 412 nm using the
glutathione reductase (GR) recycling assay in the presence of 5,5-dithio-
bis (2-nitrobenzoic acid) (DTNB), with a calibration curve obtained with
known concentrations of GSH. After fibre treatment (24 h), MeT5A and
A549 cells were trypsinised, washed twice in cold PBS, and de-
proteinised in 1 % sulfosalicylic acid for 30 min at 4 ◦C. After centri-
fugation, the supernatant was recovered and analysed for glutathione
quantification. The pellet was re-suspended with 1 M NaOH for recovery
and protein quantification by the Bradford method using bovine serum
albumine as standard. Data are the mean ± standard deviation of 3 in-
dependent experiment for each condition.

KC 2: Is genotoxic?
Evaluation of the genotoxicity of the fibres was attempted using the

alkaline Comet assay, performed using a commercially available kit
(OxiSelect™ Comet Assay Kit). MeT5A and A549 cells were incubated
the fibres at a concentration of 50 μg/mL. After 6 h, 24 h, and 48 h, cells
were suspended in molten low-melting-point agarose (OxiSelect™
Comet Agarose 3 − Part No. 235002).

KC 3: Alters DNA repair and causes genomic instability?
Genomic instability was evaluated by quantification of DNA damage

induced by the mineral fibres (DNA double-strand break formation) by
confocal microscopy as reported in Mirata et al. (2022), in THP-1
derived macrophages, HECV, and MeT-5A. Cells plated in eight-well
Lab-Teck chambered slides and allowed to adhere overnight before
treatment with 50 µg/mL mineral fibres for 24 h treatment or 25 µg/mL
for 7 d treatment, respectively. At the end of incubation, cells were fixed
with 4 % paraformaldehyde and stained with anti-gamma H2AX anti-
body (Abcam, Cambridge, UK), while nuclei were dyed with 2 µg/mL
propidium iodide. Nuclei images were acquired in fluorescence mode
using a using a Nikon Eclipse Ti2 confocal microscope equipped with a
PLAN APO λD 60x oil objective (Amstelveen, The Netherlands). The
resulting images (2.0 × digital zoom) were obtained acquiring the green

fluorescence of DNA double-strand breaks and the red fluorescence of
propidium iodide-stained nuclei (emission range of 500–550 nm and
600–670 nm, respectively).

KC 4: Induces epigenetic alterations?
MiRNA expression levels of miR-222 and miR-126 were evaluated

for the MeT5a and A549 cells in contact with the fibres for 6 h. MiRNAs
first-strand cDNA was synthetized using the TaqMan miRNA Assay
(Applied Biosystems, Life Technologies) according to the manufac-
turer’s instructions. The qRT-PCR reactions were carried out using the
TaqMan® Fast Advanced Master gene expression kit (Applied Bio-
systems, Life Technologies) at the following conditions: 50 ◦C for 2 min,
95 ◦C for 20 s, 40 cycles of 95 ◦C for 1 s and 60 ◦C for 20 s, 4 ◦C. U6 RNA
was used for the normalization.

Dnmt1 (DNA methyltransferase 1) expression alteration in the
MeT5a and A549 cells in contact with the fibres for 24 h was measured
by qPCR assay. Total RNA was retrotranscribed using the high-capacity
cDNA reverse transcription kit (Applied Biosystems). The qPCR assay
was performed using Realplex Mastercycler epgradient S (Eppendorf).
Results were expressed as relative level (2 − ΔCT) and fold change (2-
ΔΔCT).

KC 5: Induces oxidative stress?
ROS production and induced cell oxidative stress were measured

using the fluorescent probe, H2DCFDA (Carboxy-H2DCFDA-C400,
Invitrogen). The H2DCFDA crossing the plasma membrane of the cell, is
de-acetylated to H2DCF producing a fluorescent product, DCF. THP-1,
HECV, MeT5A and A549 cells were cultured for 24 h before the treat-
ment with the fibres. Different times in the same culture medium with
the fibres were used. At the end of each time points, cells were trypsi-
nized, centrifuged for 5 min, washed twice with PBS and incubated for
30 min in the dark at 37 ◦C in PBS containing 10 μM (work solution) of
Carboxy-H2DCFDA (1 mM) probe for 30 min at 37 ◦C in the dark. After
the incubation the reaction was stopped with 1 ml of filtered PBS fol-
lowed by centrifuged at 500g for 7 min. The supernatant was then
removed, and the cells re-suspended in 200 μl of filtered PBS. The cells
were stained with 4 μl of 10 μg/ml Propidium Iodide (PI) to exclude
dead cells from the counts. Fluorescence intensity was measured using
flow cytometry (Guava® easy Cyte™ Flow Cytometer; Millipore) with
excitation at 488 nm. Emissions were recorded using the green channel
for Carboxy-H2DCFDA and the red channel for the PI. Mean Fluores-
cence Intensity (MFI) was recorded on an average of 10,000 events from
each sample. The results of the experiments were analysed by FlowJo
software. Results were expressed as mean values ± standard deviation of
fluorescence intensity.

KC 6: Induces chronic inflammation?
To evaluate endpoints that could be linked to chronic inflammation,

the mineral fibres were added to THP-1-derived macrophages and HECV
endotheliocytes at a final concentration of 50 μg/mL for different times
(7d and 12-14d). The gene expression profile of interleukin-1β (IL-1β),
interleukin-6 (IL-6), interleukin-8 (IL-8), tumour necrosis factor-alpha
(TNF-α) and monocyte chemoattractant protein-1 (MCP-1), was evalu-
ated by qPCR relative to untreated cells. For the HECV endotheliocytes,
the gene expression of transforming growth factor-β 2 (TGF-β2), inter-
cellular adhesion molecule-1 (ICAM-1), fibronectin (FIBRO), alpha-
smooth muscle actin (α-SMA), collagen 1A (COL-1A) and matrix
metalloproteinase-9 (MMP-9) was also evaluated by qPCR relative to
untreated cells. Total RNA was extracted using the NucleoSpin RNA,
Mini kit (MACHEREY-NAGEL, Dueren, Germany). The cDNA was syn-
thesised from 1 μg of RNA by using an iScript cDNA Synthesis Kit (Bio-
Rad Laboratories, Milan, Italy). qPCR reactions were performed using
the 4 × master mix (biotechrabbit GmbH, Henningsdorf, Germany).
Data analyses were obtained using the DNA Engine Opticon® 3 Real-
Time Detection System Software program (3.03 version), Results were
expressed as relative level (2 − ΔCT) and fold change (2-ΔΔCT) as
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compared to CTRL.
Cytokine release of the MeT5a, A549, and THP1 cells in contact with

the fibres for 24 and 48 h were measured using the Bio-Plex Pro Human
Cytokine Screening Panel 11plxX (Bio-Plex, Laboratories, Milano, Italy).
Luminex multiplex panel technology was used for simultaneous mea-
surement of a panel of the following analytes: IL6, IL-8, MCP1 (Mono-
cyte Chemoattractant Protein 1) and RANTES. Briefly, 50 μL of diluted
samples and reaction standards were added, in duplicate, to a 96 multi-
well plate containing analyte beads followed by incubation for 30 min at
room temperature. After washing, the biotinylated antibody reporter
was added and incubated for 10 min with streptavidin phycoerythrin.
The levels of the cytokines were determined using the Bio-Plex array
reader (Luminex, Austin, TX). The Bio-Plex Manager software optimized
the standard curves automatically and returned the reading data as
Median Fluorescence Intensity (MFI) and concentration (pg/mL).

The alteration of gene expression profile of growth factors TNF-α,
VEGF, and TGF-β2 was evaluated in THP-1-derived macrophages, HECV
endotheliocytes, and MET5a by qPCR relative to untreated cells at
different times (24 h, 3d, 7d, and 14d), as already described in the
previous paragraphs. The primer pairs used in all qPCR experiments,
reported in the Supplementary Material 1, were designed using the
Beacon Designer 7.0 software (Premier Biosoft International, Palo Alto,
CA, USA) and obtained from TibMolBiol (Genova, Italy).

KC 7: Is immunosuppressive?
To get information related to the immunosuppressive activity of the

fibres, tests were performed over extended durations of exposure.
MeT5a cells or THP-1 cells (differentiated towards M0 macrophages)
were plated in 6-well plates at 500,000 cells/well before incubation with
10 µg/mL of mineral fibres for 7, 14 and 21 d. For all experimental
conditions, the gene expression profile of anti-inflammatory mediator
interleukin-10 (IL-10) was evaluated by qPCR relative to untreated cells
as already described in the previous paragraph.

We also performed Bio-Plex Human Cytokine Assays, informative for
the evaluation of immunosuppression, using MeT5A and A549 cell lines.
The production of molecules synthesized by the cell and released into
the supernatant was measured. In this case, we evaluated the suppres-
sion of production of pro-inflammatory cytokines Il-6, Il-8, MCP1
(Monocyte Chemoattractant Protein 1), and RANTES (Regulated on
Activation normal T-cell expressed and secreted) in Met5A and A549
cells treated for 24 h. Luminex multiplex panel technology for simulta-
neous measurement of different analytes including cytokines in 96-well
Bio-Rad was used.

KC 8: Modulates receptor-mediated effects?
To evaluate the transcriptional modifications regarding Epithelial-

to-Mesenchymal transition (EMT) and fibrosis, induced by the expo-
sure to mineral fibres, MeT-5A cells were plated at 50,000 cells/well in
6-well plates and allowed to adhere overnight. Then, they were treated
with the fibres (25 μg/mL final concentration) for different times (24 h,
72 h, 7 d, 14 d, or 21 d). For all experimental conditions, the gene
expression of several proteins and transcription factors contributing to
EMT, was evaluated by qPCR as already described in the previous par-
agraphs. The investigated genes were alpha-smooth muscle actin
(α-SMA), fibronectin (FIBRO), matrix metalloproteinase-1 (MMP-1),
matrix metalloproteinase-3 (MMP-3), Mesothelin, N-cadherin, TGF-β2,
TWIST family bHLH transcription factor 1 (TWIST1), and zinc finger E-
box binding homeobox 2 (ZEB2). Values were normalised to the HPRT-1
housekeeping gene mRNA expression.

KC 9: Causes immortalization?
This KC was not tested because, as it was explained in Table 3 of

Gualtieri (2021), to the knowledge of the authors, there are no data in
the existing literature about the physical-crystal-chemical and
morphological parameters of mineral fibres prompting adverse effects in
vivo linked to immortalization. Hence, the correlation of the fibre

parameters to this KC cannot be done.

KC 10: Alters cell proliferation, cell death or nutrient supply?
Cdk1 (Cyclin Dependent Kinase 1) gene expression alteration in

MeT5a and A549 cells in contact with the fibres for 24 h was measured
by qPCR assay. Total RNA was retrotranscribed using high-capacity
cDNA reverse transcription kit (Applied Biosystems). The qPCR assay
was performed using Realplex Mastercycler epgradient S (Eppendorf).
Results were expressed as relative level (2 − ΔCT) and fold change (2-
ΔΔCT) as compared to CTRL.

Alteration of cell-cycle progression was analysed by flow cytometry
in MeT5a and A549 cells exposed to the fibres for 48 h, as already
described in paragraph 3 (Alteration of DNA repair and genomic
instability).

Table 1 reports all the in vitro cellular end points associated to KCs
investigated in this study.

Data reduction and application of the model

In this section we explain in detail the rationale used to develop the
model. The full calculation data sheet printed as excel or PDF format is
available as Supplementary Material 2. Each replicate data set of in vitro
tests related to a KC (e.g. gluthathione depletion assay for MeT5A for 24
h for KC 1: line 3 in Supplementary Material Table 2) delivers single
values for the 4 investigated fibres f (short chrysotile SC, long chrysotile
LC, crocidolite cro and wollastonite wol). For each test, the measured

Table 1
In vitro cellular end points investigated associated to the KCs.

KCs End point investigated Experimental
cell line

1 Is electrophilic or can be
metabolically activated to
electrophiles?

– Gluthathione depletion
assay

MeT5a, A549

2 Is genotoxic? – Comet assay MeT5a, A549
3 Alters DNA repair and

causes genomic instability?
– gH2AX nuclear foci count THP-1, HECV,

MET5a
4 Induces epigenetic

alterations?
– Altered Dnmt1 expression Met5a, A549
– Altered miRNA expression MeT5a, A549

5 Induces oxidative stress? – ROS production THP-1, HECV,
MeT5a, A549

​ – Oxidized/reduced
Glutathione ratio

MeT5a, A549

6 Induces chronic
inflammation?*

Alteration of gene expression:
– IL1b, IL-6, IL-8, TNF-a,

MCP1
– TGF-b2, ICAM-1, FIBRO, a-

SMA, COL-1A, MMP-9

THP-1, HECV,
HECV

Cytokine release:IL-6, MCP1,
RANTES

MeT5a, A549,
THP-1

7 Is immunosuppressive?* – IL-10 expression
– Multiplex analysis Bio-Plex

Pro Human Cytokine
Screening Panel 11plx X:
IL-6, IL-8, MCP1, RANTES

THP-1, MeT5a,
MeT5a, A549

8 Modulates receptor-
mediated effects?*

– EMT marker gene
expression:

a-SMA, FIBRO, MMP-1, MMP-
3, Mesothelin, N-cadherin,
TGF-b2, TWIST-1, ZEB2

MET5a

9 Causes immortalization? − −

10 Alters cell proliferation,
cell death or nutrient
supply?

– Alteration of cell cycle
progression

MeT5a, A549

– Cdk1 altered expression MeT5a, A549
– Growth factor altered gene

expression:
– TNF-a, VEGF, TGF-b2

THP-1, HECV,
MeT5a

* Experimental cell lines other than those suggested by Smith et al. (2020)
were used. For all the other KCs, the experimental cell lines follow the protocol
suggested by Smith et al. (2020).
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value xi,wol, xi,SC, xi,LC, xi,cro is subtracted from the measured value of the
control. The residual values are divided by 100. The mean values Xwol,
XSC, XLC, and Xcro are calculated for each fibre f. Outliers are calculated
using the Interquartile Range (IQR) method (Moore and McCabe, 1999)
and eventually removed so that the mean value Xf can be recalculated.
The obtained mean values XKCi,wol, XKCi,SC, XKCi,LC, and XKCi,cro are
normalized with respect to the greater mean value. In this way, the mean
normalized in vitro-tested contribution of each fibre to each of the 10 KCs
is calculated.

Next step was to link the fibre parameters to the pathological pro-
cesses exhibited by human carcinogens. Following the conceptual
scheme described in Gualtieri (2021), each specific fibre’ parameter can
be linked to the major adverse effects (measured from the in vitro toxicity
tests) that reflect the 10 KCs. These relationships are fully described in
Table 3 of Gualtieri (2021). For example, KC 1 is linked to the following
fibre parameters: length (1,1), surface area (1,7), total iron content
(1,8), ferrous iron (1,9), surface iron (1,10), content of metals (1,11),
dissolution rate (1,12), velocity of release of iron (1,13), silica (1,14)
and metals (1,15). For each fibre, we estimated the parameters linked to
that KC. For example, only (1,1), (1,12) and (1,14) fibre parameters of
wollastonite (wol) are linked to KC 1 because wollastonite virtually does
not contain iron nor metals and its surface area is small. For each active
fibre parameter of the 4 fibres, we assign the value of the normalized
means XKCi,f , that is, 0.85 for (1,1), 0.85 for (1,12) and 0.85 for (1,14) for
wol (lines 8, 15 and 17 in Supplementary Material Table 2, respectively.
All the values of a fibre parameter (1,1 for example) linked to every KCs
are summed up to assess the actual overall contribution of that fibre
parameter to the KCs (columns T to V, lines 19–37 in Supplementary
Material Table 2). The flow chart depicted in Fig. 2 describes the general
case (left) and an example of the calculation for the fibre parameter (1,1)
for wol.

Results

Fig. 3A and Table 2 report the sum of the mean normalized in vitro-
tested contribution to each KC for the 4 investigated fibres. This sum is
an estimate of the overall toxicity in vitro of the fibres with a trend that is
comparable to the values predicted by the Fibre Potential Toxicity/
Pathogenicity Index (FPTI) (Gualtieri, 2018; Gualtieri, 2021).

Specifically, the FPTI values (calculated online using WebFPTI at htt
p://fibers-fpti.unimore.it/FPTI/ref: Gualtieri et al., 2021) are: 1.917
(0.136) for the non-carcinogenic standard wollastonite NYAG D (wol),
2.18 (0.065) for the Russian short (≤5 μm) chrysotile fibre (SC), 2.35
(0.054) for the Russian long (>5 μm) chrysotile fibre (LC), and 2.733
(0.08) for the carcinogenic standard UICC crocidolite (cro). In agree-
ment with our previous findings (Gualtieri et al., 2023), the figure
clearly shows that (i) the chrysotile fibres are more toxic in vitro than
those of wollastonite; (ii) the toxicity in vitro of the chrysotile fibres is
lower than that of crocidolite; (iii) the toxicity in vitro of the short
chrysotile fibres is lower than that of long chrysotile fibres. The calcu-
lation of the mean values with standard deviations and variances are
reported in Table 2. The scatter of the data reflects in rather large
standard deviations and variances of the mean values (in the range

Fig. 2. Flow chart to explain the calculation of the sum of the contributions of the 18 fibre characteristics [(1,1) to (1,18)] active for the KCs of the 4 analysed fibres.
The left side shows the general case while the right side shows an example of the calculation for the fibre parameter length (1,1) for the fibre wollastonite (wol). See
text and Supplementary Material Table 2 for details.

Fig. 3A. Sum of the mean normalized in vitro-tested contribution to each of the
10 KCs for the 4 investigated fibres. Legend: wol = non-carcinogenic reference
wollastonite NYAG D; SC = short fibre (≤5 μm) Russian chrysotile; LC = long
fibre (>5 μm) Russian chrysotile; cro = carcinogenic reference UICC crocido-
lite. The top left inset reports the predicted toxicity/pathogenicity potential
calculated for the fibres using the FPTI model (Gualtieri, 2018).
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0.301–0.486 and 0.008–0.213, respectively). A statistical analysis was
performed with the Kruskal-Wallis test (Vargha and Delaney, 1998)
using the online application available at http://www.statskingdom.
com/kruskal-wallis-calculator.html. The results of the tests are pro-
vided as Supplementary Material 3. The Kruskal-Wallis test indicated
that there is a non-significant difference in the dependent variable be-
tween the different groups, χ2(3) = 6.97, p = 0.073, with a mean rank
score of 14.78 for Group1(wol), 12.56 for Group2 (SC), 22.31 for
Group3 (LC), 22.83 for Group4 (cro). It should be remarked that the
values of the sum allow to confirm the rank of the fibre potential toxicity
delivered by the FPTI model (see Fig. 3A).

Fig. 3B reports the mean normalized in vitro-tested contribution to
each of the 10 KCs for the 4 investigated fibres (see Table 2).The sum of
the contribution of each of the 18 fibre parameters active for the 10 KCs
calculated for the 4 analysed fibres is reported in Table 3. Fig. 4A plots
the results of the calculation. It is clear from the figure that crystal habit
(1,4) and fibre density (1,5) have no significance. Ion exchange (1,18) is
also inadequate for these fibres because it applies to zeolite phases only.
The irrelevance of crystal habit and fibre density in activating the KCs is
due to the fact that these physical parameters determine the probability

of the fibres to reach the lung environment but not the interaction itself
with the cells and thus the possibility to activate mechanisms of carci-
nogenesis. The crystal habit (if a fibre is curled or needle-like) rules the
depositional behaviour of the fibre once inhaled. Compared to needle-
like fibres like amphiboles, curled ones such as chrysotile tend to be
deposited in the upper airways, particularly at bronchial or bronchiolar
bifurcations (Harris and Timbrell, 1977). At the same time, fibre density
determines the aerodynamic diameter of a fibre and the depth of
deposition of inhaled particles in the airways (Yeh et al., 1976).

Fig. 4B is the plot of the differences (Δ) of the sum of the contribu-
tions of the fibre parameters to the KCsXKCi,Fi subtracted from the value
of the non-carcinogenic standard wollastonite (wol) XKCi,wol. Specif-
ically the light grey bars refer to the difference between the short and
long chrysotile fibres ΔSC-LC =

∑
iXKCi,SC −

∑
iXKCi,LC, the grey bars refer

to the difference between the short chrysotile fibres and crocidolite ΔSC-

cro=
∑

iXKCi,SC −
∑

iXKCi,cro, and the dark grey bars refer to the difference

Table 2
Sum of the mean normalized in vitro-tested contribution to each of the 10 KCs for
the investigated fibres. Legend: wol = non-carcinogenic reference wollastonite
NYAG D; SC = short fibre (≤5 μm) Russian chrysotile; LC = long fibre (>5 μm)
Russian chrysotile; cro = carcinogenic reference UICC crocidolite. See text for
details.

KCs wol SC LC cro

1 Is electrophilic or can be metabolically
activated to electrophiles?

0.850 0.667 0.867 1.000

2 Is genotoxic? 0.221 0.365 0.605 1.000
3 Alters DNA repair and causes genomic

instability?
0.065 0.613 1.000 0.900

4 Induces epigenetic alterations? 0.068 0.347 1.000 0.428
5 Induces oxidative stress? 0.643 0.398 0.857 1.000
6 Induces chronic inflammation? − 0.276 0.392 0.114 1.000
7 Is immunosuppressive? 1.000 0.941 0.817 0.665
8 Modulates receptor-mediated effects? 0.948 1.000 0.761 0.781
9 Causes immortalization? − − − −

10 Alters cell proliferation. cell death or
nutrient supply?

1.000 0.684 0.968 0.751

Sum 4.518 5.401 6.988 7.524
mean 0.452 0.541 0.698 0.752
Standard deviation of the mean 0.486 0.301 0.360 0.324
Variance of the mean 0.213 0.082 0.116 0.095

Fig. 3B. KCs-related normalized mean values from the in vitro toxicity tests for
the investigated fibres. Legend: wol = non-carcinogenic reference wollastonite
NYAG D; SC = short fibre (≤5 μm) Russian chrysotile; LC = long fibre (>5 μm)
Russian chrysotile; cro = carcinogenic reference UICC crocidolite.

Table 3
Sum of the contribution of each of the 18 fibre characteristics active for the 10
KCs for the investigated fibres. Legend: wol = non-carcinogenic reference
wollastonite NYAG D; SC = short fibre (≤5 μm) Russian chrysotile; LC = long
fibre (>5 μm) Russian chrysotile; cro= carcinogenic reference UICC crocidolite.
See text for details.

Fibre parameter wol SC LC cro

Length (1.1) 4.230 ​ 4.443 7.525
Width (1.2) ​ 1.684 1.729 1.532
Crystal surface (1.3) ​ 1.684 1.729 ​
Crystal habit (1.4) ​ ​ ​ ​
Density (1.5) ​ ​ ​ ​
Hydrophilicity (1.6) 2.672 3.02 2.659 3.197
Surface area (1.7) ​ 5.406 6.122 ​
Total iron content (1.8) ​ ​ 0.867 7.525
Ferrous iron (1.9) ​ 2.625 2.545 7.525
Surface ferrous iron (1.10) ​ 3.016 3.526 7.525
Content of metals (1.11) ​ 5.406 6.122 7.525
Dissolution rate (1.12) 2.502 3.721 5.260 ​
Velocity of iron release (1.13) ​ 5.406 6.122 ​
Velocity of silica formation (1.14) 1.714 1.429 2.329 ​
Velocity of release of metals (1.15) ​ 5.406 6.988 ​
Zeta potential (1.16) ​ ​ ​ 4.328
Aggregation (1.17) ​ 1.332 0.930 1
Cation exchange (1.18) − − − −

Fig. 4A. Sum of the contributions of the 18 fibre characteristics [(1,1) to
(1,18)] active for the 10 KCs for the 4 analysed fibres, calculated according to
the flow chart depicted in Fig. 2. Legend: wol = non-carcinogenic reference
wollastonite NYAG D; SC = short fibre (≤5 μm) Russian chrysotile; LC = long
fibre (>5 μm) Russian chrysotile; cro = carcinogenic reference UICC crocido-
lite. See text for details.
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between the long chrysotile fibres and crocidolite ΔLC-cro=
∑

iXKCi,LC −
∑

iXKCi,cro. The thin dotted lines in the plot are intended to be a filter for
the values <|2.0| so that the most significant differences among the fi-
bres are evidenced. Figs. 4A and 4B show that some fibre parameters do
not significantly contribute to the KCs. These parameters are: fibre width
(1,2), crystal curvature (1,3), crystal habit (1,4), fibre density (1,5),
hydrophobic character of the surface (1,6), velocity of silica formation
(1,14), fibres’ aggregation (1.17), and cation exchange (1,18). The latter
is an obvious result because it applies to zeolite fibres only. Of significant
contribution to the KCs are: fibre length (1,1), surface area (1.7), total
iron content (1.8), content of ferrous iron (1.9), surface ferrous iron
(1.10), content of metals (1.11), dissolution rate (1.12), velocity of iron
release (1.13), velocity of release of metals (1.15), and zeta potential
(1.16).

Discussion

Human carcinogens usually, but not always (Goodman et al., 2018),
exhibit one or more KCs (Smith et al., 2020) and are used to evaluate
mechanistic evidence of the carcinogenic potency of an agent classified
by the IARC. If we look at the normalized mean toxicity values for each
of the KCs (Fig. 3B), we can infer some important conclusions for min-
eral fibres. With the premise that KC 9 is not considered here, for the
standard carcinogenic crocidolite (cro), all the KCs except for KC 4 are
active with intense in vitro KCs-related toxicity activity. For the non-
carcinogenic wollastonite standard (wol), 3 KCS are not active (KC 3,
KC 4, and KC 6). In general, chrysotile displays intermediate cases with
significant activity for all the KCs but less intense than crocidolite (cro).
Chrysotile with short fibres (SC) displays lower values for KC 2, KC 4, KC
5 and KC 6 while chrysotile with long fibres (LC) displays high intense in
vitro KCs-related toxicity activity.

It is noted that, according to the IARC evaluation protocols, our re-
sults determine a strong mechanistic evidence of carcinogenicity even
for the non-carcinogenic wollastonite, indicating that great care must be
taken in translating the evidence for the activity of these parameters into
absolute parameters of carcinogenicity.

The sum of the contribution of the fibre parameters to the toxicity
parameters related to the KCs is plotted in Fig. 4A. To enucleate the fibre

parameters that mostly affect carcinogenicity and possible distinctions
between crocidolite and chrysotile, we have plotted the differences of
the sum of the contributions of the fibre parameters to the KCs (Fig. 4B).
The thin line at values <|2| permits to highlight the most significant
parameters with respect to “background values”. The major fibre pa-
rameters contributing to the KCs are: length (1,1), surface area (1,7);
iron content (1,8), ferrous iron content (1,9), iron nuclearity (1,10),
content of metals other than iron (1,11), dissolution rate (1,12), velocity
of iron release (1,13), velocity of release of metals (1,15), and zeta po-
tential (1,16). If we consider the rank and cross-correlations described in
detail in Gualtieri (2018) and Mossman and Gualtieri (2020), the parent
parameters are: length (1,1), iron content (1,8), content of metals (1,11),
dissolution rate (1,12), and zeta potential (1,16). Descendant parame-
ters of lower rank are: surface area (1,7) that depends on the fibre size;
ferrous iron content (1,9) that depends on the iron content; iron
nuclearity (1,10) that depends on iron-related parameters; velocity of
iron release (1,13) and velocity of release of metals (1,15) that depend
upon the dissolution rate.

The fibres size, represented by the length (1,1), and biodurability,
represented by the dissolution rate (1,12), are the backbones of the
“fibre toxicity paradigm” for which long, thin, and biodurable “asbestos”
fibres reach the alveolar and pleural/peritoneal spaces where they
induce chronic frustrated phagocytosis and inflammation (Dunningan,
1984; Donaldson et al., 2010). The negative difference between the
short chrysotile fibres and crocidolite ΔSC-cro (grey bars in Fig. 4B) and
between the long chrysotile fibres and crocidolite ΔLC-cro (ref bars in
Fig. 4B) indicates that the length of crocidolite fibres has a stronger
impact on the KCs than the length of chrysotile fibres. Oppositely,
because chrysotile is non-biodurable and crocidolite is biodurable
(Hume and Rimstidt, 1992; Gualtieri et al., 2019b), the difference be-
tween the short chrysotile fibres SC and crocidolite ΔSC-cro and between
the long chrysotile fibres LC and crocidolite cro ΔLC-cro is positive (dark
grey bars in (1,12), Fig. 4B). Fibre width (1,2) should not be overlooked
as it defines the World Health Organization (WHO) counting criteria of
respirable particles (“any elongated inorganic particle having length ≥ 5
μm, width ≤ 3 μm, and length/diameter ratio ≥ 3:1”: WHO, 1997).
However, it is not a major parameter here because, like the crystal habit
(1,4) and density (1,5), it affects the aerodynamics of a fibre and the
depth of deposition in the airways (Yeh et al., 1976) but not the inter-
action with the cells in the lung environment where local chronic
inflammation due to alveolar macrophages’ frustrated phagocytosis
(Donaldson et al., 2010) is mostly determined by the fibre length.
Stanton et al. (1981) first postulated that “asbestos” pathogenicity is
related to biodurable fibres with length >10 μm because clearance via
phagocytosis is only possible if fibre length is <10 μm as macrophages
can efficiently engulf particles of that size or smaller (Donaldson et al.,
2010).

The distinct crystal-chemistry of chrysotile and crocidolite explains
the differences in the other parent parameters relevant for KCs. The
positive zeta potential (1,16), the “electrical double layer” around a
particle (Pollastri et al., 2014), of chrysotile with respect to the negative
zeta potential of crocidolite explains the difference between the short
chrysotile fibres SC and crocidolite cro ΔSC-cro (grey bars in Fig. 4B) and
between the long chrysotile fibres LC and crocidolite cro ΔLC-cro (dark
grey bars in Fig. 4B). Zeta potential influences the fibres’ haemolytic
potential, ROS production, fibre encapsulation and agglomeration
known to induce biological responses (Pollastri et al., 2014). In this
regard, chrysotile is known to cause hemolysis (Jiang et al., 2012) and
this is also a major factor of carcinogenicity because red blood cells are
rich in iron as haemoglobin, harbouring as much as 60 % of the body’s
iron (~4 g). The lower content of iron (1,8) and metals (1,11) in
chrysotile with respect to crocidolite (Pollastri et al., 2015) explains the
negative difference between the short chrysotile fibres SC and crocido-
lite cro ΔSC-cro (grey bars in Fig. 4B) and between the long chrysotile
fibres LC and crocidolite cro ΔLC-cro (dark grey bars in Fig. 4B). The
presence of iron/metals and related descendant structural parameters

Fig. 4B. Plot of the differences (Δ) of the sum of the contributions of the fibre
characteristics to the KCsXKCi,Fi subtracted from the value of the non-
carcinogenic standard wollastonite (wol) XKCi,wol. Legend: light grey = differ-
ence between the short (SC) and long chrysotile (LC) fibres ΔSC-LC=

∑
iXKCi,SC −

∑
iXKCi,LC; grey = difference between the short chrysotile fibres and crocidolite

ΔSC-cro=
∑

iXKCi,SC −
∑

iXKCi,cro; dark grey = difference between the long
chrysotile fibres and crocidolite (cro) ΔLC-cro=

∑
iXKCi,LC −

∑
iXKCi,cro. The thin

dotted lines in the plot mark the values <|2.0| to highlight the most significant
differences among the fibres.
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(like iron nuclearity) play a pivotal role in fibre toxicity because they
govern the primary production of cyto-/geno-toxic oxidant species like
the hydroxyl radical HO•, created via the Fenton reaction Fe2+ + H2O2
→ Fe3+ + OH– + HO• (Hardy and Aust, 1995). As reported in Shukla
et al. (2003), these reactions are not related only to the total iron content
although epidemiological studies indicate that iron-containing asbestos
fibres appear more carcinogenic (Toyokuni, 2023). The presence of
specific iron catalytic sites at the surface of both chrysotile and crocid-
olite become active in free radical generation only when present at
specific crystallographic sites in a definite oxidation and coordination
state. The produced reactive oxygen species (ROS) are responsible for
oxidative stress and chronic inflammation (Hardy and Aust, 1995;
Fubini and Mollo, 1995; Shukla et al., 2003) although the mechanism is
different for chrysotile and crocidolite. Chrysotile is not biodurable and
when it dissolves, the metals hosted in its structure are released,
mimicking the so-called ‘Trojan horse effect’ known to explain the
toxicity of nanoparticles (Studer et al., 2010; Gualtieri et al., 2019b).
The high dissolution rate (1,12), with the release of transition metals
and magnesium explain the potent haemolytic activity of chrysotile with
respect to crocidolite (Nagai et al., 2011). Crocidolite instead is bio-
durable and its surface represents a bioavailable perpetual metals’ pool
(Gualtieri et al., 2019a). Following the model proposed by Ghio et al.
(2023), these metals, namely iron, made bioavailable from the fibres are
chelated at the surface of the fibres themselves as the negatively charged
silanol groups at the surface of the fibres complex and adsorb the metals.
Iron complexation at the surface of the fibres prompts an early cellular
iron homeostasis disruption which becomes much more intense later
with the supply of biological iron (Ghio, 2009). Epithelial lung cells and
macrophages (due to frustrated phagocytosis) exposed to iron can
rapidly increase the expression of ferritin protein. Biological iron con-
tinues to be supplied and complex at the surface of the fibres and this
functional deficiency of iron magnifies the iron homeostasis disruption
responsible for generalized inflammation, oxidative stress, expression of
importers, activation of kinases/phosphatases and transcription factors
(Ghio et al., 2023). We believe that extracellular iron supplied by the
fibres should have a role at least in the early cellular iron homeostasis
disruption. Ghio et al. (2023) instead claim that fibres’ structural iron
has a negligible biological effect. Despite the role of fibres’ structural
iron, the model of carcinogenesis based on “iron deficiency” due to
homeostasis disruption postulated by Ghio (2009) apparently has an
alternative in the model of “iron excess” based on ferroptosis, a regu-
lated cellular necrosis dependent on catalytic iron followed by lipid
peroxidation assumed by Toyokuni (2013, 2019). The two models

actually share the same concept of disruption of iron homeostasis
rupture from two different perspectives: Ghio (2009) focuses on the
(excessive) depletion of biological functional iron in the body that mi-
grates and is sequestered at the surface of the fibres while Toyokuni
(2013, 2023) focuses on the (excessive) concentration itself of biological
functional iron at the surface of the fibres.

Fig. 5 summarizes the fibre parameters more relevant in activating
the KCs that discriminate chrysotile from crocidolite. Except for length
that marks chrysotile with long fibres (LC), relevant fibre parameters
contributing to the KCs for chrysotile are: surface area (1,7) and the
dissolution rate (1,12) with the related velocity of iron release (1,13)
and velocity of release of metals, like Cr, Ni and Mn (Gualtieri et al.,
2019b; Mirata et al., 2022; Almonti et al., 2024) (1,15). For crocidolite,
relevant fibre parameters contributing to the KCs are: fibre length (1,1),
iron content (1,8) and related parameters ferrous iron content (1,9) and
iron nuclearity (1,10), content of metals other than iron (1,11) and zeta
potential (1,16).

Our model suggests that for both chrysotile and crocidolite fibres,
iron and eventually other transition metals are major parameters of the
carcinogens, as originally proposed in the early works on iron toxicity/
pathogenicity by Hardy and Aust (1995), Fubini and Mollo (1995),
Fubini, 1997, and Aust et al. (2000). We acknowledge the credit of prof.
Bice Fubini, who had the brilliant intuition almost 30 years ago to
recognize iron as a major contributor to the toxicity of mineral fibres and
paved the way for the neutralization of its surface activity in vivo with
the help of chelating substances (Fubini et al., 1995). Following that
concept and the subsequent research lines that flowed from that original
idea, we support the prevention therapies aimed at keeping iron ho-
meostasis even in the early steps of the process when only structural iron
from the fibres is made available:

– decreasing the iron stores by iron chelators (Hatcher et al., 2009;
Toyokuni, 2019);

– phlebotomy once a month (Toyokuni, 2019);
– control of the ferroptosis cell death process (Claudio-Ares et al.,

2024; Foroutan et al., 2024);
– promote iron depletion, using iron mimetics, or targeting the over-

expressed iron homeostasis proteins in cancer cells, following one
of the earliest approaches involved using anti-TFR1 (CD71) anti-
bodies to inhibit cancer growth by restricting the iron uptake
through the TF-TFR1 pathway (Rishi et al., 2021);

Fig. 5. Diagram showing the fibre characteristics that most actively contribute to the KCs for chrysotile (surface area (1,7); the dissolution rate (1,12) with the
related velocity of iron release (1,13) and velocity of release of metals (1,15)) and for crocidolite (fibre length (1,1); iron content (1,8) with the related parameters
ferrous iron content (1,9) and iron nuclearity (1,10); content of metals other than iron (1,11); zeta potential (1,16)).
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– use of extracellular micro-vesicles and exosomes (Munson and Shu-
kla, 2022) to remove iron excess out of the cells exposed to ferrop-
tosis stimuli (Toyokuni et al., 2023; Rahimian et al., 2024).

These therapies can be integrated with:

– preventive anti-inflammatory treatment with aspirin helpful for the
prevention of asbestos induced mesothelioma in animal models
(Yang et al., 2015);

– dietary depletion joined with chelator therapy (Ghio, 2009).

Because some differences in the fibre parameters that stimulate
carcinogenicity parameters are observed for chrysotile and crocidolite
(Fig. 5), is it possible to speculate on future fibre-selective prevention
therapies. Following the major prevention strategy based on iron che-
lators (Hatcher et al., 2009; Toyokuni, 2019), the active iron-targeting
molecules should work when the fibres are still in the extracellular
environment, at neutral pH. For the positive surface of the chrysotile
fibres, chelation and inactivation of iron should be accomplished with a
mix of deferasirox C21H15N3O4 (DFX) and deferoxamine C25H48N6O8
(DFO), both chemically attracted by silica positive surfaces (Kumar
et al., 2013; Taghavi et al., 2016). DFX can chelate both Fe3+ and Fe2+

(Piolatto et al., 2021) while DFO preferentially chelates Fe3+ ions (see
for example, Liang et al., 2009). For the negative surface of crocidolite,
chelation and inactivation of iron can be effectively accomplished with
deferiprone C7H9NO2 (DFP), chemically attracted by silica negative
surfaces and active for both Fe2+ and Fe3+ ions (see for example, Tim-
oshnikov et al., 2015) with Fe3+>Fe2+ (Liu and Hider, 2002). To spe-
cifically target asbestos fibres, all characterised by high SiO2 content,
iron-chelators may be combined with molecules known for their ability
to recognize and bind to silica surfaces like silica-binding peptides, an-
tibodies, aptamers, and small molecules/polymers that can be designed
with specific motifs or functional groups with an affinity for silica sur-
faces (see for example, Ikeda and Kuroda, 2011). Peptides are especially
suited to bind silica surfaces. Among them, peptides containing either
aspartic acid (C4H7NO4) (Asp) or lysine (C6H14N2O2) could specifically
target chrysotile positive surfaces or crocidolite negative surfaces,
respectively (Guo and Holland, 2014). The design of these selective
peptides could be accomplished with the aid of genetically engineered
peptides for inorganics (GEPI) protocols (Tamerler and Sarikaya, 2009).
The possibility to use biocompatible and biodegradable nanocarriers
(engineering precision nanoparticles for drug delivery) (Mitchell et al.,
2021) or synthetic zeolites/mesoporous materials (Maleki et al., 2020)
as vectors should be considered. Fig. 6 is a sketch of an ideal nanocarrier
with a complex of peptides and iron chelators especially designed for
chrysotile (a) and crocidolite (b), respectively.

Conclusions

A commercial chrysotile, with short (≤5 μm) and long (>5 μm) fi-
bres, the carcinogenic standard UICC crocidolite and the non-
carcinogenic standard wollastonite NYAD G were tested in vitro to
collect data on the KCs. The application of the FPTI model (Gualtieri,
2021) to the in vitro data made it possible to assess the fibre parameters
responsible for the activation of the KCs for each mineral fibre. We found
that some fibre parameters like the crystal habit and density are not
involved in the activation of the carcinogenicity parameters because
they mostly affect the viability of the fibres to reach the lung environ-
ment but not the interaction with the cells and possible activation of
adverse effects related to carcinogenesis. The major fibre parent pa-
rameters contributing to the KCs are: length, iron content, content of
metals, dissolution rate, and zeta potential while descendant parameters
are: surface area, ferrous iron content, iron nuclearity, velocity of iron
release, and velocity of release of metals. Besides fibre length for
chrysotile with long fibres, major fibre parameters contributing to the
KCs for chrysotile are the surface area and the dissolution rate with the

Fig. 6. An ideal surface-engineered nanocarrier (EV) with specific peptides and
iron chelators especially designed for chrysotile (a) and crocidolite (b). In (a), a
mix of DFX and DFO targets the positive surface, with DFX that can chelate Fe2+

and DFO that preferentially chelates Fe3+. The anchorage of the complex to the
silica chrysotile surface is driven by Asp. In (b), DFP targets the negative
crocidolite surface and chelates both Fe3+ and Fe2+. The anchorage of the
complex to the silica crocidolite surface is driven by lysine. The tetrahedral (T)
layers host Si atoms. The octahedral (O) layer in chrysotile hosts namely Mg
atoms with minor Fe2+ and Fe3+. The exposed layer in crocidolite hosts Fe2+

and Fe3+ in the octahedrally coordinated sites and Na+ in the cubic anti-
prismatic site.
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related velocity of iron release and velocity of release of metals. For
crocidolite, they are the fibre length, iron/metals content and related
parameters ferrous iron content and iron nuclearity, and zeta potential.

In the time of precision medicine (Ye et al., 2019), our results can be
a starting point for developing personalized cancer prevention strategies
as long as it is known the nature of the fibre the patient was exposed to.
Among prevention therapies, those aimed at inhibiting biological iron
overload are probably the most promising (Hatcher et al., 2009; Toyo-
kuni, 2019). These strategies can also be employed as a preventive
measure by chelating the iron released at the surface from the fibres and
inhibiting the initial stages of iron accumulation.

A future design of fibre-selective prevention therapies should target
the fibres with surface-engineered nanocarriers with active complexes
when they are still in the extracellular environment. For chrysotile, a
mix of DFX and DFO iron chelators to target the positive surface is
proposed. The anchorage of the complex to the silica chrysotile surface
may be driven by aspartic acid. For crocidolite, DFP to target the
negative crocidolite surface and chelates both Fe2+ and Fe3+ with
anchorage of the complex to the silica crocidolite surface favoured by
lysine.

At the moment, we can only deliver a speculative sound model for
the prevention therapy. To finalize the model, we need to perform ab
initio modelling for surface interaction with density functional theory
(DFT) (see for example, Ahmad et al, 2020) to find the best chelating
system and understand its surface interaction with the fibres. Moreover,
the search for the best silicate-targeting peptides biomolecular com-
posites taking advantage of the GEPIs database (Tamerler et al., 2009), is
required. Different prevention strategies should be planned for other
carcinogenic fibres like the zeolite erionite whose iron-content is low
and due to impurities, mostly concentrated at the surface of the fibres
(Gualtieri et al., 2016).
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