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A B S T R A C T   

The health hazard represented by the exposure to asbestos may also concern other minerals with asbestos-like 
crystal habit. One of these potentially hazardous minerals is fibrous glaucophane. Fibrous glaucophane is a 
major component of blueschist rocks of California (USA) currently mined for construction purposes. Dust 
generated by the excavation activities might potentially expose workers and the general public. The aim of this 
study was to determine whether fibrous glaucophane induces in vitro toxicity effects on lung cells by assessing the 
biological responses of cultured human pleural mesothelial cells (Met-5A) and THP-1 derived macrophages 
exposed for 24 h and 48 h to glaucophane fibres. Crocidolite asbestos was tested for comparison. The experi-
mental configuration of the in vitro tests included a cell culture without fibres (i.e., control), cell cultures treated 
with 50 μg/mL (i.e., 15.6 μg/cm2) of crocidolite fibres and 25-50− 100 μg/mL (i.e., 7.8− 15.6–31.2 μg/cm2) of 
glaucophane fibres. Results showed that fibrous glaucophane may induce a decrease in cell viability and an 
increase in extra-cellular lactate dehydrogenase release in the tested cell cultures in a concentration dependent 
mode. Moreover, it was found that fibrous glaucophane has a potency to cause oxidative stress. The biological 
reactivity of fibrous glaucophane confirms that it is a toxic agent and, although it apparently induces lower toxic 
effects compared to crocidolite, exposure to this fibre may be responsible for the development of lung diseases in 
exposed unprotected workers and population.   

1. Introduction 

Among the airborne pollutants, asbestos fibres are undoubtedly the 
most ill-famed ones. The commercial term “asbestos” refers to chrysotile 
(i.e., the fibrous member of the serpentine group) and five fibrous am-
phiboles (i.e., amphibole asbestos) that until the ’90s, given their 
outstanding properties, were mined worldwide and used to manufacture 
nearly 3000 different composite materials (Gualtieri, 2012). Amphibole 
asbestos species are actinolite asbestos, amosite (the fibrous variety of 
cummingtonite-grunerite), anthophyllite asbestos, crocidolite (the 
fibrous variety of riebeckite), and asbestos tremolite (Alleman and 
Mossman, 1997; Gualtieri, 2012). Exposure via inhalation to asbestos is 
associated with fatal diseases such as lung cancer, malignant mesothe-
lioma (MM), asbestosis and many others (Kamp, 2009; IARC, 2012, 

2017; Carbone et al., 2019). Consequently, the International Agency for 
Research on Cancer (IARC) included all the six forms of asbestos in 
Group 1 “substances carcinogenic to humans” (IARC, 2012). 

It is generally recognized that thin and long asbestos fibres, namely 
those with length >10 μm, width <3 μm and length/width (aspect) ratio 
>3, can reach the alveolar space and pleural/peritoneal surface, 
inducing chronic inflammation which prompts adverse effects respon-
sible for the onset of lung cancer and MM (Stanton et al., 1981; 
Donaldson et al., 2010; Carbone et al., 2019). The cytotoxicity and 
genotoxicity of asbestos fibres are closely linked to their ability to pro-
mote the formation and release of reactive oxygen species (ROS) in the 
intracellular space (Gualtieri, 2018; Mossman, 2018; Carbone et al., 
2019). Long-lasting production of ROS generation (e.g., peroxides, su-
peroxide and hydroxyl radical), overwhelming the antioxidant cell 
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defence, induces alteration of membrane lipids and proteins, cell injury 
and DNA damage (Carbone and Yang, 2012; Qi et al., 2013; Wang et al., 
2017; Mossman, 2018). The oxidative stress and relative inflammatory 
process caused by the deposition of asbestos fibres in the lung tissues 
lead to the growth of cells that have accumulated mutations and are 
responsible for the pathogenesis and carcinogenesis of asbestos (Car-
bone et al., 2019). Asbestos fibres trigger the release of ROS either 
directly, through a surface-mediated mechanism, and indirectly pro-
moting the production of cell-derived radicals (Gualtieri et al., 2019a). 
In detail, the iron content (essentially Fe2+) at the surface of asbestos 
fibres, or released by them in the intracellular space, promotes the for-
mation of hydrogen peroxide (H2O2) and hydroxyl radicals (HO•) via the 
Haber-Weiss cycle [1] and Fenton reaction [2] (Gualtieri et al., 2019a). 
[
1
]

Fe2+ + O2→Fe3+ + O⋅−
2  

O.−
2 + 2H+ + e− + H+→H2O2  

[
2
]

Fe2+ + H2O2→Fe+3 + OH− + HO.

At the same time, ROS are released during "frustrated" phagocytosis 
(Donaldson et al., 2010). Frustrated phagocytosis is the failure of alve-
olar macrophages (mean diameter of ~21 μm; Krombach et al., 1997) to 
engulf the asbestos fibres (average L > 10 μm; Stanton et al., 1981). 
During this process, in the attempt to clear the exogenous fibrous par-
ticles, macrophages trigger the respiratory burst, i.e., the NADPH oxi-
dase enzyme helps the macrophage to reduce O2 to a superoxide free 
radical (O2

•− ) that rapidly reacts with itself to form H2O2 (Babior, 1984; 
Dahlgren and Karlsson, 1999). O2

•− and H2O2 via metal-catalysed reac-
tion (see the above-mentioned Fenton reaction [2]) or 
myeloperoxidase-catalyzed oxidation, generate powerful reactive spe-
cies such as hydroxyl radicals (HO•) and hypochlorite (ClO− ) (Babior, 
1984; Thomas, 2017). 

The pathogenicity and toxicity of asbestos fibres are also related to 
other structural and physical/chemical characteristics (Gualtieri, 2018) 
such as morphology (e.g., length and width; Donaldson et al., 2010), 
chemical composition (e.g., iron and heavy metals content; Gualtieri 
et al., 2019a, 2019b), surface activity (e.g., zeta potential and cation 
exchange capacity; Pollastri et al., 2014; Pacella et al., 2017) and bio-
durability (i.e., the resistance of fibres to chemical/biochemical alter-
ation; Gualtieri et al., 2019b). In nature, a huge number of “unclassified” 
minerals fibres share the same characteristic of asbestos and therefore 
their adverse health effects (Adamis et al., 2000; Comba et al., 2003; 
Carbone et al., 2007; Naik et al., 2017; Zoboli et al., 2019). In particular, 
the risk posed by unregulated fibrous amphiboles (e.g., winchite and 
richterite) has been proven by several studies in recent years (Larson 
et al., 2010; Baumann et al., 2015; Naik et al., 2017), and although they 
have not yet been classified by the IARC, specific in vitro and in vivo tests 
have assessed that they represent a potential hazard for human health 
(Blake et al., 2007; Baumann et al., 2015; Naik et al., 2017). To date, the 
only fibrous amphibole, besides the five variety of asbestos, to be clas-
sified as carcinogenic by the IARC, is fluoro-edenite (Paoletti et al., 
2000; Comba et al., 2003; Cardile et al., 2004). This mineral fibre has 
been responsible for MM morbidity in some villages in the eastern Sicily 
(Italy) due to the exposure of the population to fluoro-edenite bearing 
rocks, extracted from the rocks of the Etna volcanic complex, north-east 
of Biancavilla, Catania (Gianfagna and Oberti, 2001). The availability of 
a large dataset from long term epidemiological studies (Paoletti et al., 
2000; Fazzo et al., 2012; Comba et al., 2014), in vivo carcinogenesis 
assay and in vitro toxicity tests (Travaglione et al., 2003, 2006; Loreto 
et al., 2008; Musumeci et al., 2010, 2011), lead the IARC to classify 
fluoro-edenite in the Group 1 (Grosse et al., 2014; IARC, 2017). 

Recently, Erskine and Bailey (2018) pointed out that glaucophane 
can assume a fibrous habit resembling amphibole asbestos. Glauco-
phane, from the Greek "glaukos" (bluish-green) and "phanēs” (shining) is 
an alkaline amphibole whose ideal chemical formula is Na2[(Mg, 

Fe2+)3(Al,Fe+3)2]Si8O22(OH)2. Glaucophane may occur with a fibrous 
crystal habit in blueschist facies, in former subduction zones or in 
eclogites that have undergone retrograde metamorphism (Deer et al., 
2013). The most notable and extensively blueschist facies terrane in the 
world is the Franciscan Complex, i.e., a 1000 km long belt of oceanic 
crust, marine and terrestrial sediments exposed from the 
California-Oregon border to Los Angeles, USA (Erskine and Bailey, 
2018). Fibrous glaucophane is the main mineral component of blues-
chist rocks of Franciscan Complex (Erskine and Bailey, 2018; Di Giu-
seppe et al., 2019). As reported by Erskine and Bailey (2018), blueschist 
rocks from the Franciscan Complex are commonly mined for buil-
ding/construction purposes in northern and central California (e.g., 
Calaveras Dam Replacement Project–CDRP) and the dust generated by 
the excavation activities may potentially expose workers and the nearby 
populations to adverse health risks. For this reason, fibrous glaucophane 
may represent a health hazard as naturally occurring asbestos (NOA) 
and an evaluation of the toxicity and pathogenicity of this mineral fibre 
is recommended. To this aim, Di Giuseppe et al. (2019) fully charac-
terized a representative sample of fibrous glaucophane from the Fran-
ciscan Complex and assessed its toxicity/pathogenicity potential using 
the fibre potential toxicity index (FPTI) model proposed by Gualtieri 
(2018). FPTI is a quantitative predictive model of the tox-
icity/pathogenicity of minerals fibres, based on physical/chemical and 
morphological parameters (Table 1) that induce biochemical mecha-
nisms responsible for in vivo adverse effects (Gualtieri, 2018). This 
model delivers values of FPTI aimed at ranking the toxicity and patho-
genicity of a mineral fibre (Gualtieri, 2018). Although a detailed 
description of the FPTI parameters is reported in Gualtieri (2018), a 
short summary is reported in the Supplementary Materials. The results 
obtained by Di Giuseppe et al. (2019) showed that the FPTI of fibrous 
glaucophane (FPTI = 2.77) is greater than that of chrysotile asbestos 
(FPTI = 2.23) and comparable to that of amphibole species like trem-
olite asbestos (FPTI = 2.88). 

The aim of the present study is to assess the in vitro cytotoxicity and 
genotoxicity potential of fibrous glaucophane from the Franciscan 
Complex. For this purpose, biological responses of human pleural 
mesothelial Met-5A cells and THP-1 derived macrophages, following 
exposure to fibrous glaucophane, has been determined by Alamar Blue 
viability, Extra-cellular LDH and Comet assays. In addition, oxidative 
stress and ROS generation have been evaluated performing two different 

Table 1 
Physical/chemical and morphological parameters of the fibre potential 
toxicity index (FPTI) model to predict ab initio the toxicity/pathogenicity of 
minerals fibres (from Gualtieri, 2018).  

Parameter Matrix element 

Morphometric  
length L (1,1) 
diameter D (1,2) 
crystal curvature (1,3) 
crystal habit (1,4) 
fibre density (1,5) 
hydrophobic character of the surface (1,6) 
surface area (1,7) 
Chemical  
total iron content (1,8) 
ferrous iron (1,9) 
surface ferrous iron/iron nuclearity (1,10) 
content of metals other than iron (1,11) 
Biodurability  
dissolution rate (1,12) 
velocity of iron release (1,13) 
velocity of silica dissolution (1,14) 
velocity of release of metals (1,15) 
Surface activity  
zeta potential (1,16) 
fibres’ aggregation (1,17) 
cation exchange in zeolites (1,18)  
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luminescent assays on Met-5A, THP-1 and A549 cells culture exposed to 
different concentrations of glaucophane fibres. Crocidolite UICC 
asbestos standard (South African, NB #4173− 111-3) was tested for 
comparison (Pacella et al., 2019). The outcome of this study is a key step 
for the regulation of fibrous glaucophane and creates a solid basis for 
future in vivo tests. 

2. Material and methods 

2.1. Glaucophane fibres 

Fibrous glaucophane examined in the present study is from the 
blueschist metamorphic rocks that belong to the subduction complex 
Franciscan assemblage in California (late Mesozoic-Tertiary age). 
Detailed description of Franciscan Complex and occurrence of glauco-
phane in blueschist rocks was given by Erskine and Bailey (2018). The 
blueschist rock sample used for our investigations is from the meta-
morphic rocks outcropping in San Anselmo, Marin County, approxi-
mately 15 miles north of San Francisco (USA). Representative samples 
from this outcrop were collected manually from an easily accessible 
spot, slightly crushed, quartered and properly homogenized. Bulk rock 
disaggregation was performed following the protocol suggested by 
Erskine and Bailey (2018) to obtain a sample representative of the ma-
terial generated by the crushing and sieving operations realized during 
the CDRP project. Further information about the sample can be found in 
the Supplementary Materials. Separation of glaucophane fibres was 
achieved by hand-picking of the particles, working under a binocular 
optical microscope. Approximately 50 g of glaucophane fibres was ob-
tained for in vitro tests. To verify the success of the separation procedure, 
the glaucophane-rich sample was examined by Scanning Electron Mi-
croscope (SEM) and Transmission Electron Microscope (TEM). 

2.2. Electron microscopy 

SEM analyses were performed using a FEI Nova NanoSEM 450 FEG- 
SEM (Hillsboro, OR, USA) with 15 kV accelerating voltage and 3.5 μA 
beam current and 6 mm working distance. 

TEM investigations were conducted using a JEOL F200 instrument 
(Tokyo, JP), mounting a Cold Field Emission Gun (CFEG) operated at 
200 kV. The microscope was equipped with two large area energy- 
dispersive X-ray spectrometer (EDX) Centurio Silicon Drift Detectors 
(SDD) (JEOL, Tokyo, JP). Information on crystallinity and d-spacing of 
the crystalline phases can be extracted by taking the Fast Fourier 
Transform (FFT) of the high-resolution TEM (HRTEM) images. Details 
on the preparation are provided in the Supplementary Materials. 

2.3. Cell cultures used for in vitro tests 

Cytotoxicity and genotoxicity effects of the glaucophane fibres were 
tested using THP-1 (ATCC®, Rockville, MD, USA No. TIB-202) and Met- 
5A (ATCC®, Rockville, MD, USA No. CRL-9444) cell lines. The THP-1 
cell line consists of human leukemia monocytic cells extensively used 
to study monocyte/macrophage functions (Auwerx, 1991; Gualtieri 
et al., 2019c). The Met-5A cell line are constituted by human pleural 
mesothelial cells transformed with SV40 large T antigen from the SV40 
virus. This cell line is ideal for detection of potential asbestos and 
asbestos-like genotoxic effects (Ke et al., 1989; Cardile et al., 2004; 
Gualtieri et al., 2019c). Cells lines were maintained in controlled at-
mosphere (37 ◦C, 5 % CO2) using RPMI-1640 for THP-1 cells and M-199 
for Met-5A cells, supplemented with 10 % fetal bovine serum (Gibco, 
USA), 100 U/mL penicillin and 100 U/mL streptomycin (Sigma-Aldrich, 
Milan, Italy). Met-5A also required extra components: 20 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 870 nM 
zinc-free bovine insulin, 400 nM hydrocortisone, 3,3 nM epidermal 
growth factor (EGF) and Trace-B Elements (finals concentrations are 
reported on Met-5A guidelines by ATCC). THP-1 required 2 mM 

L-glutamine (Sigma-Aldrich, Milan, Italy) and phorbol myristate acetate 
(PMA; 48 nM for 24 h), a tumor-promoting agent to differentiate cells 
into macrophages before treatments. For cytotoxicity and viability ex-
periments cells were cultured in a 96-well FalconTM plate (70.000 
cells/well for THP-1; 15.000 cells/well for Met-5A) while, for genotox-
icity test, cells were cultured in a 6-well FalconTM plate (2.000.000 
cells/well for THP-1; 650.000 cells/well for Met-5A). All the treatments 
of the fibres were performed in serum-free conditions using RPMI 
without phenol red (Corning Fisher Scientific, Milan, Italy). 

In addition to Met-5A and THP-1 cells, A549 cell lines were also used 
to measure intracellular ROS levels. A549 cells were cultured in DMEM 
(Euroclone ECB75012) supplemented with 10 % FBS (Euroclone 
ECS0180 L), 2 mM L-Glutamine (Sigma BioXtra G7513), 1x Non- 
essential amino acids (Sigma M7145), 1 mM Sodium Pyruvate (Sigma 
S8636), and 1x Antibiotic Antimycotic Solution (AA) (Sigma BioReagent 
A5955). Cells were cultured at 37 ◦C, 5% CO2 humidified air. 

2.4. Alamar Blue viability assay 

Alamar Blue (AB) is a water-soluble dye used for quantifying in vitro 
viability of various cell lines. When added to cell cultures, the oxidized 
form of the AB (Cell Viability Reagents Thermo Fisher Scientific Wal-
tham, MA USA) enters the cytosol and is reduced (Al-Nasiry et al., 2007). 
This redox reaction is accompanied by a shift in colour of the culture 
medium from indigo blue to pink-violet, which can be easily measured 
by colorimetric method (absorbance at 570 nm). After a 24 h and 48 h 
incubation of cell cultures with the mineral fibres (i.e., crocidolite and 
fibrous glaucophane), 10 μL of AB solution was added. The absorbance 
was read after additional 2− 4 h of incubation using a plate-reading 
spectrophotometer (Multiskan FC ®Thermo Scientific). The experi-
mental configuration of the AB viability assay included a cell culture 
without fibres (Ctrl), cell cultures treated with 50 μg/mL (i.e., 15.6 
μg/cm2) of crocidolite fibres and 25-50− 100 μg/mL (i.e., 7.8− 15.6–31.2 
μg/cm2) concentrations for glaucophane fibres. Treatments were per-
formed in triplicate. This experimental configuration was chosen 
because it allows a good interaction fibre/cell in culture systems and 
produces well-defined cellular responses as reported in previous studies 
(Hamilton et al., 1996; Cardile et al., 2004, 2007a, 2007b; Pugnaloni 
et al., 2010, 2015; Gualtieri et al., 2019c). 

2.5. Extra-cellular LDH assay 

Lactate dehydrogenase (LDH) is a cytosol enzyme released by 
damaged cells into the culture medium. LDH catalysed the oxidation of 
lactate to pyruvate with reduction of NAD+ to NADH (Yang et al., 2009). 
The rate of NAD+ reduction can be easily measured as an increase in 
absorbance at 490 nm. LDH assay was performed using the Thermo 
Scientific Pierce Kit (Pierce Biotechnology Rockford, lL USA) that allows 
to quantify the released LDH by colorimetric method measurement. 
After incubation with fibres for 24 and 48 h, an aliquot of 50 μl cell 
culture medium was transferred into a new plate and mixed with Pierce 
Kit Reaction Mixture. After a 30 min incubation at room temperature, 
reactions are interrupted by adding Stop Solution. Absorbance at 490 
nm was measured using a plate-reading spectrophotometer to determine 
LDH activity. The release of LDH from the damaged cells is used as an 
indicator of cytotoxicity and the level of extracellular LDH is propor-
tional to the number of lysed cells. Cytotoxicity was calculated, depen-
dently on the maximal lysis according to the formula: % cytotoxicity =
(experimental value - low control) x 100/ (high control - low control), 
where low control is assay medium plus cells and high control is assay 
medium (plus lysis buffer) plus cells. The results were transformed in 
percentage of controls 100 % in order to have a better comparison 
among groups. The experimental conditions were the same used for the 
AB viability assay. 
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2.6. Alkaline Comet assay 

The alkaline Comet assay, also named as Single Cell Gel Electro-
phoresis (SCGE) assay, is a sensitive method for the detection of DNA 
damage, widely used to identify substances with genotoxic activity. It 
was performed using a commercially available kit (OxiSelect™ Comet 
Assay Kit). Met-5A and THP-1 cells were incubated with crocidolite and 
glaucophane fibers at a concentration of 50 μg/mL. After 3 h, cells were 
suspended in molten low-melting-point agarose (OxiSelect™ Comet 
Agarose 3 - Part No. 235002). Treatments were performed in triplicate. 
Details on SCGE methods are submitted as Supplementary Materials. 

2.7. Reactive oxygen species 

Toxicity and carcinogenicity mechanisms of mineral fibres are 
characterized by a series of processes, among which ROS production is 
considered the most important (Gualtieri, 2018; Carbone et al., 2019). 
For this reason, in the present study, the intracellular levels of ROS 
generated by the exposure to glaucophane fibres were evaluated using 
two different fluorescent dye-based tests, i.e., 2′,7′-dichloro-dihydro--
fluorescein diacetate (DCF) assay and ROS-Glo H2O2 assay. Further-
more, in addition to the Met-5A and THP-1 cell lines, the human 
non-small cell lung carcinoma A549 cell line was tested. A549 cell line 
was employed in several studies as a cell model for ROS assay (Cardile 
et al., 2004; Pugnaloni et al., 2015; Wang et al., 2019). As shown by 
Cardile et al. (2004), A549 cells produce a well-defined cellular response 
after exposure to fibrous amphiboles (such as crocidolite and 
fluoro-edenite) and ROS production is dose dependent. These charac-
teristics make A549 cell line very suitable for the study of ROS generated 
by exposure to fibrous glaucophane. 

DCF-based assay is probably the most commonly used test for 
detecting intracellular ROS and oxidative stress (Aranda et al., 2013; 
Jovanovic et al., 2019). The cell-permeable DCF diffuses into the cells 
and in the presence of ROS, rapidly oxidizes to 2′,7′-dichlorofluorescein, 
which is highly fluorescent and works as a marker for intracellular ROS. 
DCF tests were performed as already described by Pozzolini et al. (2016) 
and conducted on Met-5A and THP-1 cell lines. The experimental 
configuration of the test was as follows: a cell culture without fibres (i.e., 
control), cell treated with 25.0, 50.0, 75.0 and 100 μg/mL (6.25, 12.5, 
18.8, 25.0 μg/cm2) concentrations of glaucophane fibres. Positive con-
trols were: 100 μg/mL crocidolite and 500 μM H2O2. 

ROS-Glo H2O2 assay (Promega G8820) was used to measure H2O2 
levels in Met-5A and A549 cell line treated with glaucophane and 
crocidolite. The experimental configuration of the test was as follows: a 
cell culture without fibres, cell cultures treated with 12.5, 18.8, 25.0, 
37.5, 50.0, 75.0 and 100 μg/mL (3.12, 4.69, 6.25, 9.38, 12.5, 18.8, 25.0 
μg/cm2) concentrations of glaucophane fibres. As positive control of 
H2O2 generation, samples treated with 25 μg/mL (6.25 μg/cm2) of Croc 
and menadione at concentration of 8.6 and 17.5 μg/mL, were added to 
the experiment. Treatments were performed in triplicate. 

The ROS-Glo assay is selective for H2O2, while the DCF assay is non- 
discriminatory and is sensitive to different ROS such as HO•, RO2

•, RO•, 
HOCl, ONOO-and H2O2 (Jovanovic et al., 2019). Details of the two ROS 
test methodology are provided in the Supplementary Materials. 

2.8. Statistical analysis 

All data were collected in triplicate and expressed as mean ± stan-
dard error of means (S.E.M.). Significance was determined by one-way 
analysis of variance (ANOVA) followed by the Bonferroni post hoc test 
for multiple comparisons. A p-value of less than 0.05 was considered 
statistically significant. 

3. Results 

Representative SEM and TEM images of the glaucophane fibres are 

reported in Fig. 1 and show that the glaucophane-rich sample used for 
the in vitro tests is characterized by fibres usually arranged in clusters 
and bundles (Fig. 1a). According to our previous study (see the section 
2.1 and the Supplementary Materials), glaucophane single fibres have 
an average length and width of 4.0 and 0.2 μm, respectively (Fig. 1b). 
The chemical point analysis of selected fibres (Fig. 1c) shows the char-
acteristic chemical elements of glaucophane from the blueschists of the 
Franciscan Complex, i.e., Si, Al, Fe, Na and Ca (Lee et al., 1966; Tsuji-
mori et al., 2006; Di Giuseppe et al., 2019). Fig. 1d is an example of FFT 
pattern extracted from HR-TEM image shown in Fig. 1b. The d-spacings 
(Å) and α angle, determined from the FFT pattern (17.8 Å [010], 5.4 Å 
[001] and α = 89.91◦) match the X-ray diffraction data available from 
the literature (Di Giuseppe et al., 2019). Cell parameters obtained from 
FFT coupled with the chemical spot information confirm the purity of 
the investigated glaucophane sample. 

After 24 h exposure to different amounts (25, 50 and 100 μg/mL) of 
fibrous glaucophane (Gla), viability of THP-1 and Met-5A cells, detected 
by the Alamar Blue assay, resulted statistically lower than the control 
(Ctrl) and showed a clear concentration-dependent trend (Fig. 2). The 
viability of Met-5A treated with 25, 50 and 100 μg/mL of Gla decreased 
by 10 %, 13 % and 17 %. All the values are lower than those displayed by 
the Ctrl. Instead, at a concentration of 50 μg/mL, Gla reduces the cell 
viability of Met-A with lower intensity with respect to Croc (50 μg/mL), 
although significantly different if compared to Ctrl (Fig. 2a). After 24 h 
exposure, Alamar Blue viability assay showed that Gla moderately in-
terferes with viability of THP-1 cells at lower concentration (25 μg/mL) 
with respect to Ctrl, but at 50 or 100 μg/mL it drastically reduces the cell 
viability. At a concentration of 50 μg/mL, crocidolite was more potent 
than Gla in reducing the THP-1 cell viability. 

LDH levels in THP-1 and Met-5A cultures were in line with the results 
of the viability assay (Figs. 2 and 3). In fact, compared to Ctrl, LDH levels 
in cell culture were statistically different and progressively higher as the 
glaucophane concentration increased (Fig. 3). LDH assay showed that 
Gla induces no significant cytotoxicity activity in Met-5A cell cultures at 
the lowest concentration (25 μg/mL). At the same time, the greater 
concentrations of Gla (50 μg/mL) induce a release of LDH lower to those 
measured for Croc (50 μg/mL) but significantly higher with respect to 
Ctrl (Fig. 3a). After 24 h of exposure of Met-5A to Gla (Fig. 3a), the 
classification of fibres in increasing order of cytotoxicity is: Gla (25 μg/ 
mL) <Gla (50 μg/mL) <Gla (100 μg/mL). Concerning THP-1 cells, 
treatments with 25 and 50 μg/mL of Gla induce a lower release of LDH 
compared to Croc (Fig. 3b). At the same incubation time of 24 h, the 
cytotoxicity of the Gla fibres on the THP-1 cells can be summarized as 
follows: Gla (25 μg/mL) <Gla (50 μg/mL) <Gla (100 μg/mL). 

After 48 h of exposure to Gla, a clear concentration-dependent 
reduction trend in Met-5A and THP-1 cells viability is observed 
(Fig. 2). When cells were treated with Gla (25, 50 and 100 μg/mL) and 
Croc (50 μg/mL) the viability was statistically lower than Ctrl. Viability 
of Met-5A and THP-1 cells treated with 25 and 50 μg/mL of Gla was 
statistically higher than that recorded for Croc (50 μg/mL). Met-5A and 
THP-1 cells viability decreased with increasing incubation time. The 
decrease is more evident for THP-1 cells than for Met-5A cells (Fig. 2). 

Compared to the results obtained after 24 h of exposure, the viability 
of Met-5A after 48 h of fibres exposure decreased by 5% for the treat-
ment with 50 μg/mL of both Croc and Gla. On the other hand, after 
exposure to 25 and 100 μg m/L of Gla, the viability of Met-5A decreased 
by 2 % and 12 %, respectively (Fig. 2a). After 48 h exposure to 25, 50, 
and 100 μg/mL of Gla, THP-1 viability (compared to 24 h test) decreased 
by 9, 17, and 21 %, respectively (Fig. 2b). Viability of THP-1 exposed to 
Croc 50 μg/mL decreased by 13 %. After 48 h of incubation, the viability 
of THP-1 exposed to 50 μg/mL Gla and 50 μg/mL Croc was significantly 
lower than the viability of Met-5A exposed to the same concentration of 
fibres. Instead, low concentration of Gla has little effect on the viability 
of THP-1 and Met-5A cells (Fig. 2). 

After 48 h of Met-5A exposure to Gla and Croc, the LDH release in the 
medium increased in all treatments with respect to Ctrl (Fig. 3a). 
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Compared to the 24 h test, the LDH release of Met-5A after 48 h exposure 
to 25, 50 and 100 μg/mL of Gla increased by 20 %, 11 % and 9%, 
respectively. After 48 h of exposure, Croc induces an increase in LDH 
release greater than Gla 50 μg/mL. After 48 h of exposure of Met-5A to 
Gla, the classification of fibres in increasing order of cytotoxicity is: Gla 
(25 μg/mL) <Gla (50 μg/mL) <Gla (100 μg/mL). LDH release in treated 
THP-1cells statistically differs from Ctrl after 48 h exposure in Gla at any 
concentration used, progressively increasing in a concentration depen-
dent fashion (Fig. 3b). The greatest Gla amount (100 μg/mL) induced a 
2.6-fold higher release of LDH compared to Ctrl. Croc induced an LDH 
release (% with respect to Ctrl) of 201 %, whereas concentrations of Gla 
of 25, 50 and 100 μg/mL induced an LDH release of 136 %, 180 % and 
265 %, respectively (Fig. 3b). Compared to the 24 h test, the LDH release 
of THP-1 after 48 h exposure to 25, 50 and 100 μg/mL of Gla increased 
by 35 %, 29 % and 58 %, respectively (Fig. 3b). After 48 h of exposure of 
THP-1 to Gla, the classification of fibres in increasing order of cytotox-
icity is: Gla (25 μg/mL) <Gla (50 μg/mL) <Gla (100 μg/mL). 

The results of the in vitro test show concentration and time de-
pendency for Gla (25, 50 and 100 μg/mL) treatments and the toxicity of 
this mineral fibre was evidenced by a decrease in cell viability and an 
increase in LDH release (Figs. 2 and 3). The results show that at the same 
doses tested, Gla causes less cell viability reduction and less LDH release 
than Croc. 

Results of the alkaline Comet assay obtained exposing Met-5A and 
THP-1 cells to Croc or Gla (both at concentration of 50 μg/mL) for 3 h, 
are illustrated in Figs. 4 and 5. Concentration of the fibres and exposure 
time were optimized on the basis of the results of a series of preliminary 
tests aimed at reaching cell vitality >80 % before the test, because 
damaged or dead cells may lead to false positives. Images acquired by 

epifluorescence microscopy show that the amount of damaged DNA 
induced by Croc was marked and greater than those induced by Gla 
(Fig. 4). Met-5A and THP-1 cells treated with Croc and Gla produced 
several comets with longer and more intense fluorescent tails with 
respect to Ctrl (Fig. 4). As shown in Fig. 4a and 4d under the electro-
phoretic conditions, no migration of DNA occurred among the control 
cells, but clear migration of DNA and extensive cell damage were 
observed among the cells treated with Croc (Fig. 4b,e) and Gla (Fig. 4 c, 
f). The parameter considered for the quantitative evaluation of the DNA 
damage was the tail moment (TM) which proved to be a reliable marker 
for DNA strand breaks (Fig. 5). For both the cells lines, Gla was able to 
increase TM with respect to Ctrl but at an intermediate level if compared 
to Croc (nearly <50 %). 

The results of the DCF test for the detection of intracellular ROS 
production of the THP-1 and Met-5A cell lines exposed to different 
concentrations of Gla and Croc are shown in Fig. 6. ROS induced by 
challenging cells with 500 μM H2O2 as positive control, is also shown. 
Since H2O2 induced production of intracellular ROS in both cell lines 
(1.58-fold increase in THP-1 and 1.8 in Met-5A) respect to the negative 
control, the assay can be considered properly performed. Croc (100 μg/ 
mL) showed a significant induction of ROS production in both cell lines 
(1.32-fold increase in THP-1 and 1.65 in Met-5A) with respect to the 
untreated control, showing a higher pro-oxidant effect in Met-5A 
mesothelial cells (Fig. 6b) with respect to THP-1 macrophages 
(Fig. 6a). Furthermore, a concentration-dependent induction of ROS in 
THP-1 and Met-5A cells treated with Gla fibres is observed (Fig. 6). In 
particular, Gla was able to induce a significant intracellular ROS pro-
duction after 2 h incubation already at the lowest concentration (25 μg/ 
mL) in both cell lines (1.13-fold increase in THP-1 and 1.32 in Met-5A) 

Fig. 1. Electron Microscopy of the 
glaucophane-rich sample used for the in vitro 
tests. (a) SEM image of the sample. SEM image 
was acquired using the signal of secondary 
electrons. Glaucophane fibres are arranged in 
clusters and bundles. (b) TEM micrograph of an 
individual glaucophane fibre with average 
length and width of 4.0 and 0.2 μm, respec-
tively. (c) SEM-EDX spot analysis (white star) of 
fibre shown in (b). EDX spectra shows the 
characteristic chemical elements of glauco-
phane occurred in the blueschist rocks of 
Franciscan complex, i.e., Si, Al, Na, Fe and Ca. 
(d) FFT pattern extracted from HRTEM image 
shown in (b). The cell parameters d-spacings 
(Å) and α angle, determined from the FFT 
pattern (17.8 Å [010], 5.4 Å [001] and α =
89.91◦) match the XRD data available in 
literature.   
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with respect to the untreated control. At the highest Gla concentrations, 
the ROS increase was even more evident (Gla 50 and Gla 100 μg/mL, 
1.47 and 1.5-fold increase in THP-1 cells and 1.45 and 1.56 in Met-5A) 
with respect to the untreated control. Finally, in THP-1 cells, Gla at 50 
and 100 μg/mL, showed a ROS production comparable to that of Croc 
100 μg/mL, with only Gla 25 showing a significantly lower ROS pro-
duction compared to Croc (p < 0.05). Conversely, in Met-5A the two 
fibres, Croc and Gla, were comparable only when both were at 100 μg/ 
mL, with the lower concentrations of Gla giving significant lower ROS 
production with respect to Croc (p < 0.05 for both Gla 25 and 50 μg/mL 
compared to Croc 100 μg/mL). 

Fig. 7 shows the H2O2 production of the Met-5A and A549 cell lines 
exposed to different concentrations of Gla and Croc detected with the 
ROS-Glo assay. Intracellular H2O2 production induced by the positive 
standard menadione is shown in the Supplementary Materials (Fig. S1). 
Since menadione showed induction of H2O2 in all tested cell lines, the 
assay is considered to be properly performed. Croc at concentration of 
25 μg/mL showed a slight, significant, induction of H2O2 in all tested cell 
lines (Fig. 7). Croc displayed the most effective pro-oxidant effect in 
Met-5A; whereas no difference was found at greater concentrations of 
Gla (75 and 100 μg/mL) and Croc in terms of H2O2 release in A549 cells 
(Fig. 7). A concentration-dependent induction of H2O2 in A549 and Met- 
5A cells treated with Gla fibres is shown in Fig. 7. The comparison of the 
luminescence values (RLU) in Gla-exposed and control (Ctrl) cells 
indicated that Gla displayed a pro-oxidant effect only at greater treat-
ment concentrations (>50 μg/mL). Treatment of cells with 100 μg/mL of 
Gla induced a 1.4 and 1.5-fold increase in the generation of H2O2 
compared to Ctrl, in Met-5A and A549 cells, respectively. As shown in 
Fig. 7, A549 cells were more sensitive to Gla fibres in terms of H2O2 

generation than Met-5A cells. In fact, the release of H2O2 in A549 
exposed to Gla (12.5, 18.8, 25.0, 37.5, 50.0, 75.0 and 100 μg/mL) was 
significantly higher than the H2O2 generated in medium of the Met-5A 
exposed to the same concentrations of fibres (Fig. 7b). In Met-5A cells, 
a reduction in H2O2 release was observed when low concentrations of 
Gla (≤50 μg/mL) were added to the medium (Fig. 7a). 

Hence, it is possible to conclude that Gla stimulates high oxidative 
stress in THP-1 and A549 cells. Instead, Met-5A cells were found to 
experience relatively low oxidative stress when exposed to glaucophane 
fibers. The high oxidative activity of Gla and Croc shown by the DCF test 
compared to the values shown by the ROS-Glo assay, confirms that these 
two fibrous amphiboles are capable of generating other ROS in addition 
to H2O2. 

4. Discussion 

4.1. Toxicity of fibrous glaucophane 

Several areas in the USA (e.g., Libby, Montana; Fairfax County, Vir-
ginia; El Dorado Hills and Clear Creek, California) are characterized by 
rocks, sediments and soils containing NOA and represent a potential 
source of exposure to respirable asbestos fibres for the population (Lee 
et al., 2008). Noteworthy is the health emergency registered in Libby, 
Montana, where unclassified fibrous varieties of the amphiboles win-
chite and richterite contaminated the local vermiculite mine, causing 
high rates of asbestos-related disease (Carbone et al., 2016). In this 
framework, the recent guidelines of the Consensus Report of the Wein-
man International Conference on Mesothelioma suggest to improve 
characterization of unclassified mineral fibres (size, shape, mineralogy, 

Fig. 2. Results of Alamar Blue viability assay. The graphs show 
the viability depletion of cultured Met-5A (a) and THP-1 (b) 
cells treated for 24 and 48 h with 25, 50, 100 μg/mL of Gla or 
50 μg/mL of Croc. Cell viability (%) was expressed as a per-
centage relative to the untreated control cells (Ctrl). Bars 
represent the standard error of the mean. (*) Values signi-
ficantly (p < 0.05) different with respect to Ctrl, and (#) values 
significantly different (p < 0.05) with respect to Croc. Black 
and grey bars refer to fibre exposure of 24 h and 48 h, 
respectively. Gla (fibrous glaucophane); Croc (crocidolite).   
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surface area, chemistry, etc.) and conduct research to better understand 
their effects on health (Carbone et al., 2016). Because the blueschist of 
the Franciscan Complex rocks occurs in many localities in California, it 
is necessary to estimate whether fibrous glaucophane represents a haz-
ard for the general public eventually exposed to this fibrous particulate. 
To fulfil this gap, in the last three years, an in-depth study has been 
undertaken to assess the potential toxicity/pathogenicity of fibrous 
glaucophane (Erskine and Bailey, 2018; Di Giuseppe et al., 2019). 
Following the FPTI protocol (Gualtieri, 2018; Di Giuseppe et al., 2019), 
the potential toxicity/pathogenicity of fibrous glaucophane was 
compared to that of amphibole asbestos species, showing the following 
rank: amosite (FPTI = 3.17) >asbestos tremolite (FPTI = 2.88) 
>crocidolite (FPTI = 2.86) >asbestos anthophyllite (FPTI = 2.77) =
fibrous glaucophane (FPTI = 2.77) >fibrous fluoro-edenite (FPTI =
2.59). The FPTI of fibrous glaucophane is similar to that of asbestos 
anthophyllite, but lower than that of amosite, asbestos tremolite and 
crocidolite. This is explained by the fairly short length of the individual 
glaucophane fibres (with mean value of 4.0 μm) smaller than the mean 
values of amphibole asbestos fibres (mean length >20 μm) and below 
the threshold limit of 8 μm for successful phagocytosis acted by human 
alveolar macrophages (Stanton et al., 1981). As proposed by different 
authors (Stanton et al., 1981; Donaldson et al., 2010; Roggli, 2015; 
Roggli and Green, 2019), fibre length plays a key factor in the patho-
genicity of fibres, especially in the development of MM. Long fibres 
which cannot be successful engulfed by macrophages, lead to frustrated 
phagocytosis and prompt the release of highly reactive cyto- and gen-
otoxic substances into the extracellular space (Carbone et al., 2019). 
This model is also supported by the study of Schinwald et al. (2012) 

indicating that the optimum length of fibre for inducing intrapleural 
tumours in humans and rats is 5 μm. As far as the morphological pa-
rameters are concerned, considerable attention must be paid to the 
amount and oxidation state of the iron in fibrous glaucophane. Chemical 
reactivity of fibrous amphiboles (and associated adverse effects) is 
related to the catalytic activity of iron for the production of ROS, and 
especially hydroxyl radicals (Gualtieri, 2018). As shown by the data 
reported in Table 2, only amosite and crocidolite have contents of total 
iron and ferrous iron higher than fibrous glaucophane. In terms of iron 
content (and therefore potential chemical reactivity), it is possible to 
classify fibrous amphibole as follows: amosite > crocidolite > fibrous 
glaucophane > asbestos anthophyllite > asbestos actinolite > fibrous 
fluoro-edenite > asbestos tremolite. 

Although the FPTI model delivers a quantitative evaluation of the 
toxicity/pathogenicity of fibrous glaucophane, to assess its actual toxic 
activity in vitro, the chemical-physical-mineralogical information of the 
fibre must be combined with the biological approach. In the present 
study, the response of lung cell system to fibrous glaucophane (Gla) 
exposure was investigated by a set of in vitro tests. Data provided by the 
tests reveal that Gla fibres are able to induce toxic effects in both Met-5A 
and THP-1 cell lines. According to the Alamar Blue viability assay and 
the extra-cellular LDH assay, toxic effect of Gla is weak at concentration 
of 25 μg/mL, moderate at 50 μg/mL and strong or comparable to the 
positive control Croc (50 μg/mL) at concentrations of 100 μg/mL. Re-
sults of in vitro studies also highlighted that biological response of Met- 
5A cells exposed to fibrous glaucophane was remarkably different from 
that of THP-1. Although glaucophane fibres significantly affect the 
viability and LDH release of both cell lines, the cytotoxic effect of fibres 

Fig. 3. Lactate dehydrogenase (LDH) (%) released in the me-
dium of Met-5A (a) and THP-1 (b) cells treated with 25, 50, 
100 μg/mL of Gla or 50 μg/mL of Croc. The graph shows the 
effect on LDH released after 24 and 48 h fibres exposure. 
Released LDH was expressed as a percentage relative to the 
untreated control cells (Ctrl). Bars represent the standard error 
of the mean. (*) Values significantly (p < 0.05) different with 
respect to Ctrl, and (#) values significantly different (p < 0.05) 
with respect to Croc. Black and grey bars refer to fibre exposure 
of 24 h and 48 h, respectively. Gla (fibrous glaucophane); Croc 
(crocidolite).   
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was more intense for THP-1 derived macrophages. The vitality of THP-1 
after 24 h and 48 h of exposure to 100 μg/mL of glaucophane fibres 
decreases (with respect to the control) by 40 % and 60 %, respectively. 
On the other hand, the vitality of Met-5A cells (treated with Gla 100 μg/ 
mL) is reduced only by 30 % after 48 h. In accordance with the viability 
assay, LDH release was greater for THP-1 cells compared to Met-5A for 
all the examined fibres (i.e., Croc and Gla). Overall, viability and 

cytotoxicity induced by Gla in THP-1 derived macrophages after 24 h or 
48 h incubation time are inversely correlated and show a clear 
concentration-dependent profile. The variability of LDH activity and cell 
viability observed in our study is in line with that observed for other 
fibrous amphiboles from Libby tested at 20− 40 μg/mL on THP-1 cells (Li 
et al., 2012), fluoro-edenite and crocidolite tested at 5-50− 100 μg/mL 
on mouse monocyte-macrophage J774 and epithelial cancer cell line 

Fig. 4. Comet assay images of THP-1 and Met- 
5A cells after 3 h of exposure with crocidolite 
and glaucophane fibres. Large dimensions and 
high fluorescence of tail are associated with 
greater DNA damage. (a) Non-exposed THP-1 
cells with no induced damage. (b) THP-1 cells 
exposed to 50 μg/mL of crocidolite fibres. (c) 
THP-1 cells exposed to 50 μg/mL of glauco-
phane fibres. (d) Non-exposed Met-5A cells 
with no induced damage. (e) Met-5A cells 
exposed to 50 μg/mL of crocidolite fibres. (f) 
Met-5A cells exposed to 50 μg/mL of glauco-
phane fibres. Qualitative images of genomic 
Comet assay show that cells exposed to crocid-
olite show extensive damage, whereas cells 
show moderate damage after exposure to 
glaucophane.   

Fig. 5. Effects of a 3 h exposure to 50 μg/mL of 
Gla and 50 μg/mL of Croc on THP-1 (a) and 
Met-5A (b) cells evaluated by Alkaline Comet 
assay tests. The DNA damage is expressed as tail 
moment (TM) of untreated Met-5A and THP- 
1cells (Ctrl) and exposed to 50 μg/mL of Croc 
or Gla for 3 h. (*) Values significantly (p <
0.05) different respect to Ctrl, and (#) values 
significantly (p < 0.05) different respect to 
Croc. Bars represent the standard error of the 
mean. Gla (fibrous glaucophane); Croc 
(crocidolite).   
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A549 cells (Cardile, 2004, 2007a, 2007b). Met-5A cell line has been 
widely employed for in vitro cytotoxicity studies of mineral fibres and to 
a first approximation, the trends shown by previous works employing 
this cell line are comparable to our results. However, because standard 
protocols to perform in vitro toxicity tests on mineral fibres have not 
been delivered to date, comparison of the data reported in the literature 
is difficult. Moreover, it should also be remarked that several parameters 
can affect result outcomes in particular exposure times. In Cardile et al. 
(2007a, 2007b) for example, Met-5A cell line was used to study the 
behaviour of fluoro-edenite (Biancavilla, Italy), fibrous antigorite 
(Aosta, Italy) and asbestos tremolite (Val di Susa, Italy) with exposure 
times of 72 h, while in our study the exposure times were 24 h and 48 h. 

Our attention is also focused on the presence of genomic DNA breaks 
in Met-5A and THP-1 derived macrophages exposed to fibrous glauco-
phane or crocidolite fibres by alkaline Comet assay. According to the 
obtained results, both types of amphibole fibres induced modifications 
in comet parameters, as TM increased, demonstrating that DNA damage 
occurred when cells are exposed to fibrous glaucophane. Genotoxicity of 
fibrous glaucophane was demonstrated to be significant but less intense 
than that of Croc. As already highlighted for the Alamar Blue viability 
and LDH assay tests, the genotoxicity data confirm the predictions of the 
FPTI model. Comet assay data clearly evidenced the linkage between 
exposure to the glaucophane fibres and modification of genomic DNA. A 
possible explanation of the DNA damage induced by the Gla fibres is 
their ability to prompt the generation of oxidative metabolites like H2O2. 
Literature data (Xu et al., 2002; Cardile et al., 2004; 2007a; 2007b; 
Helmig et al., 2018) support this observation as amphibole fibres 
induced oxidative stress, whose critical role in the cell injury is well 
known. Our results on the ROS detection assays confirm that Gla and 
Croc fibres are capable to initiate an oxidative process in all the tested 
cell lines (Figs. 6 and 7). However, tests conducted on Met-5A and A549 
cells show that Gla induces a lower release of H2O2 than Croc (Fig. 7). 

Oxidative burst elicited by Gla is limited by its chemical-physical 
properties. Gla has a lower Fe content, therefore, H2O2 production 
through the Haber-Weiss cycle is obviously lower than that generated by 
iron-rich asbestos such as amosite and Croc (Table 2). 

It should be remarked that low concentrations of ROS cause cell 
proliferation, while high concentrations of ROS induce apoptosis or 
necrosis (Day and Suzuki, 2005; Schieber and Chandel, 2014). Since we 
observed that Gla fibres at the highest concentrations elicit a significant 
oxidative burst, which is comparable to that of Croc fibres in both cell 
lines (Figs. 6 and 7), we could infer that both types of fibres are likely 
able to induce cell damage, at least when administered at high con-
centration. This model applies to THP-1 macrophages, where the cyto-
toxicity tests (Figs. 2 and 3) clearly demonstrate very high and 
comparable cell death rates in Gla treated cells (50 and 100 μg/mL) with 
respect to Croc (50 μg/mL). In Met-5A cells, we also observe comparable 
cell death rates between Gla at 100 μg/mL and Croc at 50 μg/mL but 
different trends with respect to THP-1 cells (Fig. 2). Although ROS 
production is significant in both cell lines when they interact with the 
Gla fibres (Fig. 6), Met-5A cell rate survival in presence of the fibres 
(both Gla and Croc) is significantly higher, with these cells only slightly 
affected if compared to THP-1 macrophages (Fig. 2). This anomaly is 
likely explained by the anti-oxidant compensating mechanisms of 
Met-5A lung cells, which enable these cells to cope with the initial in-
crease of ROS production upon Gla and Croc stimulation, counter-
balancing the increase of ROS levels by the activity of anti-oxidant 
proteins able to protect from cell damage (Kinnula et al., 1994; Schieber 
and Chandel, 2014). It should also be noted that, in relation to THP-1 
macrophages, Met-5A cells are not efficient phagocytes so the 
increased toxicity of Gla observed in THP-1 cells can be attributed to 
phagocytosis which does not significantly occur in Met-5A. 

Phagocytosis, a bio-chemical process influenced by the size of the 
target fibre, may also explain why the ROS production induced by Gla 50 

Fig. 6. ROS production (%) by DCF assay in THP-1 (a) and 
Met-5A (b) cells treated with 25, 50, 100 μg/mL of Gla or 100 
μg/mL of Croc. The graph shows the intracellular ROS pro-
duction measured by the DCF ROS-sensitive dye assay after 2 h 
fibres exposure. ROS are expressed as a percentage relative to 
untreated control cells (CTRL). In the same assay, 500 μM H2O2 
cell exposure for 2 h was used as positive control (H2O2 grey 
bar in both panels). Bars represent the mean ± S.D. of two 
experiments performed in eightfold for each condition. (*) 
Values significantly (p < 0.05) different with respect to Ctrl, 
and (#) values significantly different (p < 0.05) with respect to 
Croc. Gla (fibrous glaucophane); Croc (crocidolite).   
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and 100 μg/mL is comparable to the ROS production induced by Croc 
100 μg/mL (Fig. 6a). THP-1 are active phagocytic cells, accumulate a 
cellular dose through dynamic movement and tend to engulf all the fi-
bres they are exposed to. It is possible to speculate that, in closed systems 
such as that of in vitro tests, the probability that THP-1 macrophages 
engulf short Gla fibres (mean L = 4.0 μm) is much higher than the 
probability they engulf long Croc fibres (mean L > 10 μm). Therefore, 
with respect to long Croc fibres, a higher number of phagocytosis events 
of short Gla fibres by THP-1 cells prompt a higher oxidative stress. 

4.2. Implications for the excavation activities in California 

The result of this study is the first step forward to understanding the 
actual toxicity/pathogenicity of fibrous glaucophane. As stated in the 
Introduction, fibrous blueschist deposits within the Franciscan Complex 
have been recently excavated in California for the Calaveras Dam 

Replacement Project (CDRP). Without recognition of fibrous glauco-
phane as a hazard, the employer could reasonably consider themselves 
exempt from local, State, and Federal regulations. However, a concern 
was raised that the dust generated by the excavation activities might 
potentially expose workers and the general public to adverse health 
risks. For this reason, the owner of the dam, the San Francisco Public 
Utilities Commission, employed the precautionary principle and 
assumed that fibrous glaucophane represents a potential health hazard 
as NOA, although an evaluation of the potential health hazard of this 
mineral fibre had not been undertaken before the publication of this 
work. Air monitoring data from CDRP document the high potential of air 
exposures to the public and site workers from blueschist rock dust, i.e., a 
mixture of amphiboles in glaucophane is the dominant species (Erskine 
and Bailey, 2018). During periods of intense blueschist disturbance ac-
tivities, the concentrations of the glaucophane fibres usually exceed 
perimeter thresholds (based on asbestos risk), and exposures to certain 
workers may overcome the US federal asbestos permissible exposure 
limit (PEL). It should be remarked that glaucophane is not a regulated 
amphibole in California or the US so there is no PEL for exposure to it. 
The National Institute for Occupational Safety and Health (NIOSH) does 
consider any amphibole in the glaucophane-riebeckite solid solution to 
be considered hazardous, but the strict regulations do not include 
glaucophane (NIOSH, 1994a, b). Although the blueschist rocks of the 
Franciscan Complex are composed predominantly of short fibres (about 
7% of the fibres of the CDRP bulk samples are long), it is the number of 
long fibres in fugitive emissions rather than the percent present in rock 
and soil that is important. 

The potential of adverse exposures to fibrous glaucophane in 
northern California, as well as other locations where Franciscan rocks 

Fig. 7. Concentration response of H2O2 relished by (a) Met-5A, 
(b) A549 cell lines in response to various concentration of Gla 
(grey bars). Exposure time is 2.5 h. Croc at concertation of 25 
μg/mL was also tested for comparison (black bar). Data were 
obtained by ROS-Glo H2O2 assay and expressed in Relative 
Luminescence Unit (RLU). RLU values are proportional to H2O2 
levels in cells treated with tested fibres at indicated concen-
trations. (*) Values significantly (p < 0.05) different respect to 
Ctrl, and (#) values significantly (p < 0.05) different respect to 
Croc. Bars represent the standard error of the mean. Gla 
(fibrous glaucophane); Croc (crocidolite).   

Table 2 
Mean ferrous and ferric iron content in fibrous glaucophane, fluoro-edenite and 
amphibole asbestos. Data are reported as oxide weight percentages.  

Mineral fibre Fe2O3 FeO Sum Reference 

amosite 4.0 38 42 Pollastri et al. (2017a) 
crocidolite 18 17 35 Pacella et al. (2019) 
glaucophane 6.0 11 17 Di Giuseppe et al. (2019) 
anthophyllite 0.0 10 10 Pollastri et al. (2017a) 
actinolite 1.0 7.0 8.0 Pollastri et al. (2017b) 
fluoro-edenite 1.0 1.6 2.6 Gianfagna and Oberti (2001) 
tremolite 0.2 1.0 1.2 Ballirano et al. (2008)  
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are disturbed, is significant and previously unrecognized. For example, 
the City and County of San Francisco and majority of the Silicon Valley 
and surrounding areas to the south are underlain by the Franciscan 
Complex or Franciscan-derived alluvium. These are areas of intense 
development, and large construction projects involving commercial 
buildings and residential subdivisions in close proximity to existing 
populations are a ubiquitous presence. 

5. Conclusions 

The prediction of the FPTI model that fibrous glaucophane from 
Franciscan Complex, California, is a potential toxic/pathogenic mineral 
fibre is confirmed by the results of this in vitro toxicity study. In 
particular, the results of in vitro tests confirm that fibrous glaucophane 
has the potential to induce cell death, DNA damage and oxidative stress, 
Overall, the rank of the investigated fibres in increasing order of cyto-
toxicity is: Gla (25 μg/mL) <Gla (50 μg/mL) <Gla (100 μg/mL). As 
noted by Erskine and Bailey (2018) fibrous glaucophane is likely to be 
respirable when dust from blueschist rocks is released into the envi-
ronment. Although fibrous glaucophane apparently induces lower toxic 
effects compared to carcinogenic crocidolite, the inhalation of glauco-
phane fibres may be hypothetically responsible for the development of 
lung diseases. For a conclusive understanding of the mechanisms of the 
cellular/tissues responses to fibrous glaucophane, in vivo animal tests 
should be performed and compared to the outcome of the in vitro tests. 

Because the occurrence of fibrous glaucophane concerns widespread 
geologic formations (i.e., Franciscan Complex) this mineral fibre should 
be considered a health hazard and the precautionary approach applied 
during the excavation activities concerning the blueschist rocks. A pre-
ventive action is hence justified to avoid the situations similar to the 
fluoro-edenite Biancavilla case and the NOA-related issues in Libby. 
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