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e Upon macrophage phagocytosis, erion-
ite releases significant cations.

e Release is counterbalanced by hydroni-
um ions sequestration from lysosomes.
e Sequestration provokes quick pH

dysregulation.

e Restoration by hyperactivation of ATP-
dependent proton pumps causes mito-
chondrial suffering.

e This suffering leads to chronic inflam-
mation and possibly cancer
development.
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ions within the cell causes
lysosomal pH dysregulation
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ARTICLE INFO ABSTRACT

Keywords: Erionite is a ubiquitous natural zeolite, often occurring with fibrous habit, whose strong tumorigenic activity to

Erionite humans has been certified by its inclusion in the Group 1 Human-Carcinogenic list by the International Agency

;:P'l mam"ophages for Research on Cancer. To date, the reason(s) of erionite toxicity are still unclear, albeit several hypotheses have
agocytosis

Mitochondrial damage

been proposed. The present work, based on the combined analysis of the chemical and structural modifications of
erionite fibres following incubation in human THP-1 macrophages and evaluation of cellular response, indicates

that, upon macrophage phagocytosis, a large release of cations is counterbalanced by a significant sequestration
of hydronium ions from lysosomes provoking a quick pH dysregulation. This would be restored by the hyper-
activation of ATP-dependent proton pumps with significant energy expenditure for the cell, ultimately causing
mitochondrial suffering, leading to chronic inflammation and eventually cancer development.
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1. Introduction

Erionite (ERI) is an “intermediate” zeolite (Si/Al range 2.13-3.76,
mean 3) that belongs to the small pore family, being characterized by the
presence of eight-ring pores in its structure (largest opening 3.6 x5.1 A
[1,2]. It crystallizes in the hexagonal crystal system, space group
P63/mmc and has an average formula Ky(Na,Cags)s[Al1¢SizsO72] e
30 H0 [3,4]. Because of its large chemical variability three different
species, erionite-K, -Na, and -Ca, are recognized depending on the most
abundant extra framework (EF) cation [4-7]. Moreover, erionite is a
member of the ABC-6 family i.e. it is built from the stacking along the
c-axis, following an ABC scheme, of layers made of hexagonal rings of
TO4 (T = Si,Al) tetrahedra [8]. Erionite is characterized by a six-layer
period following the sequence AABAAC. In theory, 10 different se-
quences for a period of six-layers are possible [9,10], but only four of
them occur in nature: AABAAC erionite, AABBCC chabazite [11],
ABBACC bellbergite [12], ABABAC liottite [13]. The framework of
erionite consists of columns of alternating cancrinite (¢) cages, and
double 6-rings (dér) plus erionite cages (23-hedra) that are generated by
linking adjacent columns via single 6-rings (s6r) at the level of e-cages
[14,15]. The unit cell hosts two cancrinite cages and two d6r alternating
along 0, 0, 2, and two erionite cages running, respectively, along 1/3,
2/3, z,and 2/3, 1/3, z. Cages host EF cations and H,0 and, in particular,
the small & cage allocate a K' ion at its centre (site labelled as K1)
whereas the large erionite cage potentially contains several cation sites
prevalently residing at or near the axis of the cage of which those
labelled Cal, Ca2 and Ca3 are consistently found [7,16-18]. Moreover,
K-rich erionite samples (> 2 K™ atoms per formula unit a.p.f.u.) display a
further EF cation site, labelled K2, which is placed at the centre of the
boat-shaped eight-ring forming the walls of the erionite cage [7,19-21].
The population of the EF cations sites is influenced by short contacts
imposing mutual exclusions. H,O is distributed among six OW sites
(OW7-12) radiating from the axis of the cavity and placed at special
positions x, 2x, z (or %), whose distribution, as in the case of EF cations,
is dictated by prevention of short contacts.

Recent substantial work has been devoted to analysing in detail the
cation exchange properties of erionite fibres finalized to building a solid
background for modelling their interaction with biological environ-
ments. The relevant interest of this topic is related to the unambiguous
link of inhalation by humans of erionite fibres with the onset of malig-
nant mesothelioma (MM). In fact, in vivo studies have proved the strong
tumorigenic activity of erionite [22] that has been accordingly included
in the Group 1 Human-Carcinogenic list by the International Agency for
Research on Cancer (IARC) [23,24]. Erionite occurs worldwide and, in
particular, a high rate of MM observed in several villages of Central
Anatolia have been related to inhalation of erionite fibres since the
1970s [25]. The outstanding potential of erionite in causing malignant
mesothelioma 1is ascertained [26,27]. Its mesothelioma- and
tumour-inducing potential in rats and other animals has been reported
to be several hundreds of times greater than that of “asbestos” [28-31].
It has been proposed that erionite fibres induce necrotic cell death
leading to release of high-mobility group protein 1 (HMGB-1) in the
extracellular space [32]. The release causes a chronic inflammatory
response, macrophage recruitment and the secretion of TNF-a which in
turn activates NF-«B, leading to the overall survival of mesothelial cells
that have accumulated genetic damage due to exposure to the mineral
fibres. Gualtieri has recently [33] listed several factors potentially
playing a relevant role in the toxicity/carcinogenicity potential of
erionite. The most relevant being:

1) biodurability, that is exceptionally high in erionite and exceeds that
of amphibole asbestos fibers;

2) cation exchange. Erionite can exchange its extra framework cations
K*, Na*, Ca?*, and Mg?* in both intracellular and extracellular en-
vironments, eventually disrupting the intracellular homeostasis and
leading to cell death. In addition, exchange of Ca?>" may potentially

Journal of Hazardous Materials 489 (2025) 137546

interfere with the intracellular calcium crosstalk regulating cell

functions and apoptosis [33];
3) the role of iron, that occurs under the form of iron-rich impurities
located at the surface of the fibres [34]. The impurities can dissolve
during acidic macrophage phagocytosis contributing to the produc-
tion of reactive oxygen species (ROS). Moreover, because of the
ion-exchange capabilities of erionite, fibres can accumulate iron on
their surface and/or at specific sites at the opening windows of the
zeolite channels [35-37], and this iron may participate in oxidative
reactions damaging the DNA [35,38];
exchangeable trace toxic metals as As, Be, Al and Pb can be released
by cation exchange both in intracellular and extracellular environ-
ments contributing to ROS production [39];
Besides these chemical-physical parameters reported in 1)-4), ge-
netic susceptibility is also invoked to explain the high potency of
erjonite in inducing malignant mesothelioma in humans. Carbone
and coworkers [27] have postulated a model to explain the
erionite-induced mesothelioma morbidity in the population of some
Cappadocian villages (Karain, Sarihidir, and Tuzkoy) based on the
genetic susceptibility by inheriting mutations of the onco-suppressor
BAP1 gene. Reduced levels of BAPI in heterozygous BAP1"/~ in-
dividuals are responsible for the reduction of both IP3R3 levels and
calcium flux, preventing BAP1*/~ cells that accumulate DNA dam-
age from executing apoptosis, and determining a higher probability
of proliferation of aberrant cells which may ultimately result in the
onset of cancer [40].

4

—

5

—

Starting from the pioneering paper by Ballirano and Cametti [41]
where fibres were incubated in artificial lysosomal fluid (ALF) and
Gamble’s solution, following the complications to control the stability of
these simulated lung fluids (SLFs) over a large span of time, many papers
adopted simplified formulations [42,43] or focused on the ability of
erionite to upload specific cations [36,37,44,45]. Simulated formula-
tions lack most of the organic components and, in the case of the
simplified ones, even some minor inorganic salts are substituted to avoid
possible interference with the released cations during analytical pro-
cedures. However, it is unclear whether those simplifications represent a
sufficiently close approximation of the conditions to which fibres are
subjected in the biological compartment after inhalation and inside the
cells after phagocytosis performed by activated alveolar macrophages.
These cells are the first line of defence by the immune system in the lung
and the first cells to actively internalise foreign particles with the aim to
efficiently clean up the alveolar space averting infections and/or the
deposition of hazardous foreign bodies in the lung parenchyma. Thus, in
vivo all mineral fibres/particles with a length/size < 15 pm sooner or
later are phagocytosed by macrophages [46]. In the case of erionite this
may very likely cause the alteration of both the fibre surface as well as of
the intracellular environment and homeostasis by releasing and
recharging its cationic cargo through interaction with the surrounding
milieu. In a recent work, it has been described for the first time, by
synchrotron micro-X-ray fluorescence, the spatial distribution of metals
and other cations in macrophage cells after the phagocytosis of erionite
fibres up to four days of incubation [47]. The results of this research
ruled out the intracellular Ca?* binding by the fibres, in exchange with
Na™, as one of the mechanisms of toxicity of erionite fibres, a hypothesis
that has been proposed, among others, to explain erionite hazard po-
tential [33]. Thus, the molecular mechanisms by which the erionite
cation exchange properties unravel their damage potential inside the
cells still lack an exhaustive explanation. Furthermore, these processes
can also occur in mesothelial cells due to their phagocytic capacity,
likely concurring to the alteration of the intracellular biochemical ho-
meostasis and contributing to the final onset of cancer. To shed further
light into these complex mechanisms, in this work we describe, by a
multi analytical approach, the structural modifications and the cellular
biochemical alterations induced by the in vitro phagocytosis of erionite
fibres by THP-1 cell line derived macrophages mimicking the action of
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Fig. 1. Erionite fibre toxicity and phagocytosis by THP-1 macrophages. a) MTT
assay on THP-1 macrophages incubated with different fibre concentrations for
1, 7 and 14 d. Asterisks indicate significance in paired Tukey test (ANOVA
p < 0.00005; Tukey vs. C, *p < 0.05; **p < 0.01). b) and c) White-field
representative micrographs of THP-1 macrophages incubated for 1 d or 7/14
d with erionite fibres, respectively. Black arrows indicate phagocytosed fibres;
red arrow a fibre in the process of being phagocytosed; green arrow a non-
phagocytosed fibre deposited on the plate surface. The black bars span 50 um.

the cellular first line of defence in the alveolar space against inhaled
harmful stimuli [48]. The macrophage model was chosen as the best
representative of cells with phagocytic capacity for its optimal scav-
enging properties allowing the subsequent retrieval of a suitable number
of phagocytosed fibres for the chemical-physical characterization
studies. Moreover, we report the results of a thorough chemical struc-
tural investigation aimed at identifying possible experimental in-
terferences induced by manipulation during experiments that, coupled
with the careful check of control samples, will shed new perspectives
toward the comprehension of the mechanism(s) inducing toxicity of
erionite in comparison to simplified models.

2. Methods
2.1. Sample description and incubation in THP-1 macrophages

Fibres of erionite from Rome (Oregon, USA) were chosen for the
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following experiments. The raw material was enriched in erionite con-
tent (up to ca. 95 wt%) according to the procedure reported in reference
26. Fibre length and diameter were in the range of ca. 5-70 um and
0.1-3.0 pm, respectively, with most fibres (65 %) showing length below
20 ym and width less than 5 pm. For experiments in THP-1-derived
macrophages, sterile fibre suspensions were prepared [49,50]. Fibres
were administered to THP-1 macrophages without any pre-treatment
into fluids mimicking their passage through the respiratory system.
However, the neutral pH of the fluids as well as the Na*t, Ca®*, K*, and
Mg2™ ion concentrations of the respiratory fluids are reproduced also in
the cell medium in which the fibres are immersed before the phagocy-
tosis occurs, de facto mimicking the extracellular body fluids. This,
added to the relatively short amount of time requested for the fibre
deposition into the alveolar space makes the possible modifications prior
phagocytosis quite negligible compared to those observed in the acidic
environment of the lysosomes.

The human monocytic cell line THP-1 was obtained from the
American Type Culture Collection (LGC Standards srl, Milan, Italy) and
cultured at 37 °C in a humidified 5 % CO atmosphere. THP-1 cells were
cultured in RPMI-1640 with L-glutamine (Euroclone, Milan, Italy) and
10 % FBS (Euroclone).

Erionite toxicity was initially evaluated by the MTT assay to assess
the degree of cell damage given by the erionite working concentration
used in the following experiments. In brief, THP-1 cells were seeded at
50,000 cells/well in 96-well plates and then polarised into MO macro-
phages by adding 30 ng/mL phorbol-12-myristate 13-acetate (PMA,
PeproTech EC, London, UK) to the culture medium for 24 h [50]. Po-
larization to the MO phenotype was assessed by gene expression quan-
tification of CD163, CXCL10 and mannose receptor (MRC1)
differentiation markers by qPCR as shown in Fig. S1. Differentiated
macrophages were then exposed to 10, 25, 50 pg/mL of erionite for 1 d,
7 d, and 14 d, changing half of the cell medium in the wells every three
days, in the longer incubation times. At the end of the different incu-
bation times, the MTT assay was performed as described in reference 51.
The linearity of MTT absorbance in the cell range used in the experi-
ments was assessed by performing the MTT on a standard curve obtained
with serial dilutions of THP-1 MO cells in the 6250-50,000 cells/well
range. The derived linear regression graph is reported in the Supple-
mentary material (Fig. S2) showing the trend line equation and the R2
data correlation. The MTT cytotoxicity test on erionite-exposed cells
showed that, at the highest concentration tested, 50 pg/mL, the mor-
tality rate of macrophages was around 20 % after 1 d and reached a
maximum of 40 % after 14 d of incubation (Fig. 1a). Thus, since more
than 50 % of the cells were still alive in the culture, even after 14 d of
exposure, this concentration was chosen for the phagocytosis experi-
ments because it could ensure a significant fibre uptake from macro-
phages avoiding excessive cell damage that would compromise the
retrieval of bona fide internalised fibres.

To obtain the phagocytosed erionite fibres, THP-1 cells were seeded
at 3 x 10° cells/plate in 10-cm plates and differentiated to MO macro-
phages by adding 30 ng/mL PMA to the culture medium for 24 h [51].
Then, MO macrophages were treated with 50 pg/mL of erionite for 1 d, 7
d, and 14 d (THP-1-1d, —7d, —14d). For the 7 d and 14 d experiments
cell media were changed every three days. After the incubation period,
cells were washed twice with PBS before 15 mL of lysis solution (10 %
HPLC grade methanol in sterile milli-Q® Ultrapure water) were added to
the remaining THP-1 cells in the plates, to ensure that only phagocy-
tosed fibres were retrieved through this procedure. After thoroughly
mixing, the cell lysate containing the fibres was centrifuged at 4000 rpm
for 10 min. The pelleted fibres were washed twice more using 15 mL of
lysis solution, to remove the cellular debris. Then, the fibres were
resuspended in 1 mL of lysis solution and centrifuged at 10,000 rpm for
10 min. After this washing step was repeated three times, erionite fibres
were left to dry overnight under a laminar flow hood. Additionally, a
control containing only pristine erionite fibres was prepared as well.
Indeed, a comparable amount of fibrous erionite was suspended and
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washed in lysis solution as described above before erionite fibres were
dried under a laminar flow hood. Experiments were carried out in
duplicate. In the second set of experiments all step were identical to
what previously described, differing exclusively for a more prolonged
washing procedure of the fibres once retrieved from inside the cells
(fibres washed 3 more times in lysis buffer prior drying under the
laminar hood flow).

By using the above-mentioned concentration, a significant number of
erionite fibres were found inside macrophages already after 1 d of in-
cubation and all fibres in the petri dishes were internalised after 7/14
d of exposure as displayed in the micrographs of Fig. 1b-c.

The quantity of recovered fibres phagocytosed by THP-1 cells was of
the order of a few hundred pgrams for each experiment. The relatively
large number of recovered fibres assures that they represent an average
picture of the phagocytosis process where a fibre is internalized in an
endocytic vesicle that, subsequently, evolves via different models
(maturation, vesicular, kiss-and-run, hybrid) to lysosome [52]. During
the whole process, fibres may enter in contact with different
chemical-physical environments since pH ranges from 4.5 to 5 within
the lysosome (luminal environment maintained at the proper pH by
proton pumping vacuolar ATPases) to 7.4 within the cytosol. Apart from
the main experiments, additional ones were performed to investigate the
possible occurrence of interferential effects during the manipulation of
fibres pre- and post-incubation and to provide additional hints on the
effect of single physical-chemical parameters. The additional samples
were:

A) Control samples prepared by incubation of the fibres for 1 d into

the same media used for cell culture:

a. Phosphate Buffered Saline (PBS) (control PBS);

b. Roswell Park Memorial Institute (RPMI) medium (control
RPMI).

B) Suspension of fibres for 1 h in distilled water kept at a pH 4.5 by
proper addition of HCI (H20 pH 4.5).

C) Suspension of fibres in ALF for 14 d (ALF 14d). ALF is analogous
to the fluid with which inhaled particles would come into contact
after phagocytosis by alveolar and interstitial macrophages in the
lung [53].

D) Post-immersion for 1 d of fibres retrieved inside THP-1-derived
macrophages after 7 d phagocytosis in the following buffers:

a. PBS (THP-1 PBS);
b. RPMI (THP-1 RPMI).

The fibres were then recovered using the same procedure illustrated
above.

2.2. SEM-EDS

The chemical composition of the pristine fibres and those after im-
mersion in ALF was determined using a Quanta 400 SEM equipped with
an EDS Genesis system (FEL Hillsboro, OR, USA). Analytical conditions
were: 15 kV accelerating voltage, 11 mm working distance, 0° tilt angle.
The crystal chemical formulae were calculated based on 36 (Si+Al)
atoms per unit formula (a.p.f.u.), assuming a water content of 18.5 wt%
(corresponding to ca. 30 H20 p.f.u.). Both the balance error formula E%
and the K content test (K content > 2 a.p.f.u.) were used for selecting the
positive analyses (Table S6) [54]. The analysis of the fibres after
phagocytosis from THP-1-derived macrophages revealed E% values
markedly outside the admitted range of + 10 % (up to 40 %), so that it
was not possible to obtain reliable crystal chemical formulae, likely due
to both possible occurrence of a layer of organic material with variable
thickness on the fibre surface and fibre alteration following the phago-
cytosis process. Nonetheless, in this case a qualitative interpretation of
the spectra (Fig. S4) is given.
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2.3. Powder X-ray diffraction (PXRD)

PXRD data were collected using a Bruker AXS D8 Advance operating
in transmission mode, 6/6 geometry. The instrument is fitted with
focusing (Gobel) mirrors and a position sensitive detector (PSD) VAntec-
1 placed after radial Soller slits. Samples were loaded into the tip of
0.3 mm diameter borosilicate glass capillaries sealed at both ends. The
length of the powdered sample was in the 6-8 mm range and for this
reason it was carefully placed at the centre of the beam whose sagittal
length is of 12 mm. Patterns were measured in the 6-145 °20 angular
range, 0.0218 °20 step-size and 20 s counting time using CuKa radiation.
The pristine (PRI) sample contains minor chabazite and quartz plus clay
minerals (identified as nontronite, an iron-rich phyllosilicate) [34,43].
Preliminary analysis of the diffraction data pointed out the significant
reduction of the clays content upon incubation/internalization. Data
were evaluated by performing a mixed Pawley-Rietveld method, suc-
cessfully adopted for similar samples [42-44], using Topas V6 and the
Fundamental Parameters Approach [55,56]. However, to assure a
consistent modelling of the clay phase, the Pawley contribution was
limited to the main three reflections (occurring at a position > 6° 20)
reported in the PDF 29-1497 of nontronite (100, ca. 19.6°; 111, ca.
34.8°; 118, ca. 61.5°) whose positions were constrained to a trig-
onal/hexagonal cell having a = ca. 5.2 A, ¢ = ca. 14.75 A. The intensity
proportion among the three reflections, as refined in the PRI sample
where they are clearly apparent, was kept constant in all refinements.
This is crucial as the three peaks occur under the tails of reflections of
erionite and in the absence of constraints, in the presence of small
amounts of clay, the refined intensity may vary in uncontrolled way
impacting important parameters of the erionite structure as it was
observed in preliminary unconstrained refinements. Both sets of samples
were characterized by the occurrence of erionite, chabazite, and traces
of quartz. However, the first set had a slightly greater content of clays
that was reasonably removed by the prolonged washing of fibres applied
during the preparation of the second set of samples. Moreover, in the
case of THP-1-1d, we observed the occurrence of a small, isolated peak
that was attributed to the strong 104 reflection of calcite. This reflection
was approximated by a single peak, not related to any structure, whose
position, width, and intensity were refined as a part of the fitting. It is
interesting to notice that in the same sample of the first set we observed
the precipitation of a more abundant quantity of calcite as well as traces
of apatite that was not found in the sample of the second set (Fig. S3).
Starting structural data of the various phases were as follow: erionite-Na
[43], chabazite [57], and quartz [58]. Fractional coordinates and site
occupancies of both EF cations and HO sites were refined for erionite.
Cell parameters were refined for both erionite and chabazite. The
attempt to displace the Ca2 site from special position 1/3, 2/3, z to x, 2x,
z (i.e. not perfectly aligned along the axis of the erionite cavity), to reach
a more favourable coordination to oxygen atoms, failed producing un-
stable refinements and a very marginal improvement of the statistical
indicators. For this reason, final refinements were performed with Ca2 at
1/3, 2/3, z. Several models of anisotropic broadening were checked to
describe the peak shape of erionite to keep into account its fibrous
morphology [59]. The best performing one was by means of normalized
symmetrized spherical harmonics function [60], implemented into the
command spherical harmonics_hkl of Topas V6, acting on the Lorentzian
half-width of the reflections. Absorption correction was performed
considering a cylindrical sample [61] and the correlation between
displacement parameters and absorption was handled according to [62].
Normalized symmetrized spherical harmonics were also used to cope
with preferred orientation effects by selecting the number of appropriate
terms (8th-order, six refinable parameters) according to [63]. Individual
parameters were very close to zero, coherently with the preparation of
the samples as capillaries. Refined structural parameters of erionite
included fractional coordinates and site occupancy fraction (s.o.f.) of EF
cations and H3O sites. Isotropic displacement parameters were refined
and constrained as follow: Br; = Bry; Bo1 = Bo2 = Bos = Bos = Bos
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= Boe; Bk1 = Bk2; Bca1 = Bcaz = Bcaz = Bows = Bows = Bow1o = Bow11
= Bowi2 = 2 *Bowy to minimize correlations. The results of the re-
finements from the two data sets are almost overlapping and for this
reason we will report exclusively those arising from the second group of
samples. CIF files of the various samples are available for download at
the journal site. Miscellaneous data of the refinements, including sta-
tistical indicators, and cell parameters of erionite samples are reported
in Table S2, refined site scattering (s.s. in €") at individual EF cation and
H,O sites are listed in Table S3, fractional coordinates of EF cation and
H,O0 sites are reported in Table S4, and refined T-O bond distances in
Table S5. A representative example of final Rietveld plots (sample
THP-1-14d) is shown in Fig. S5.

2.4. Incubation of the fibres in artificial lysosomal fluid (ALF)

Dissolution experiments were carried out in ALF based on the
formulation reported in reference 53. An amount of 20 mg of sample
was placed in a Falcon™ polypropylene tube, suspended and then stir-
red in 40 mL of solution. The tubes were fully immersed in a thermo-
static water-bath and held at a constant temperature of 37 + 1 °C for the
entire duration of the dissolution tests. A blank procedure was always
performed for each set of experiments. Samples were incubated up to 15
days.

At the end of the experiment the solution was sampled from the tube
with a syringe and filtered using a nitrocellulose membrane filter with a
0.22 um pore size. Fibres were recovered on filters and rinsed with ul-
trapure deionized water for excluding residues of the solution.

2.5. Inductively coupled plasma optical emission spectroscopy (ICP-OES)
investigation

ICP-OES was employed to measure the concentration of leached
extra-framework cations Mg, Ca, and K from the erionite fibres both in
ALF and water at pH of 4.5. It must be pointed out that, for ALF ex-
periments it was not possible to measure the Na release due to its high
content in the solution. One cm® of each filtered solution was diluted
(1:20) with a 1 % nitric acid solution and analysed. All measurements
were performed using a Perkin-Elmer Optima 2000 DV ICP-OES spec-
trometer (Perkin-Elmer, USA) equipped with a cross flow nebulizer
placed inside a Scott spray chamber. ICP Aristar (BDH) standard solu-
tions in nitric acid for Mg, Ca, and K were used to make up the cali-
brating solutions for ICP-OES analyses. To ensure adequate quality
assurance, the measures of the standard solutions were regularly
repeated after the measurements of each single experiment. Data are the
average values of duplicate measurements (corrected for the blank).

2.6. Confocal microscopy analyses

THP-1 cells were seeded at 75,000 cells/well in eight-well Lab-Teck
chambered slides (Nalge Nunc Int., Naperville, IL, USA) and, once
differentiated, MO macrophages were treated with erionite fibres
(50 pg/mL) for 6 h, 24 h, or 72 h. MeT-5A cells were plated at 5000
cells/well in eight-well Lab-Teck chambered slides and, the following
day, cells were treated with 50 ug/mL of erionite fibres for 72 h. After
cells were stained with the different fluorescent dyes following the
manufacturer’s instructions, images were immediately acquired in
fluorescence mode using a Nikon AX R confocal microscope equipped
with a PLAN APO 60x oil objective (NA 1.42) (Nikon Europe, B.V.,
Amstelveen, The Netherlands).

To measure the mitochondrial damage induced by erionite fibres,
cells were stained with the mitochondrial proton gradient
(AY)-sensitive fluorescent dye JC-1 (Thermo Fisher Scientific, Waltham,
MA, USA) which exhibits potential-dependent accumulation in mito-
chondria. At low membrane potentials, JC-1 exists as a monomer and
produces a green fluorescence (emission at 527 nm), whereas, at high
membrane potentials, JC-1 forms aggregates and produces a red
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fluorescence (emission at 590 nm). Thus, mitochondrial depolarization
is indicated by a decrease in the red/green fluorescence intensity ratio
[64]. Images were obtained acquiring the green fluorescence (emission
at 527 nm) and the red fluorescence (emission at 590 nm). Then, the
red/green fluorescence intensity of selected ROIs in each image (at least
five microphotographs taken for each condition) was quantified after
background subtraction with the ImageJ software (v1.8.0, National In-
stitutes of Health, Bethesda, MD, USA), and the results were expressed as
the mean red/green ratio + SD of the different samples compared to
control, untreated cells.

To assess the lysosomal pH following exposure to erionite, live cells
were marked with the fluorescent pH indicator LysoSensor™ Green
DND-189 (pK, 5.2), which accumulates in acidic organelles and exhibits
a pH-dependent increase in fluorescence intensity upon acidification.
Moreover, to investigate whether the lysosomal pH dysregulation was
correlated with the hyperactivation of ATP-dependent proton pumps,
cells were pre-treated with 50 nM Bafilomycin A1 (a specific inhibitor of
vacuolar H'-ATP-dependent pump) for 30 min before exposure to
erionite fibres for 6 or 24 h. Images were obtained acquiring the green
fluorescence (emission at 505 nm). Then, the green fluorescence in-
tensity of each image (at least three microphotographs taken for each
condition) was quantified after background subtraction with the ImageJ
software and then normalised on the cell number. Since lysosomal pH
increase is indicated by a decrease in the green fluorescence intensity,
results were compared to untreated control cells (C) and expressed as the
mean green fluorescence + SD of the different samples.

To evaluate the mitochondrial ROS production induced by erionite
fibres, cells were stained with the fluorescent dye MitoSOX™ Green,
which is rapidly oxidized by mitochondrial superoxide producing a
bright green fluorescence. Additionally, to evaluate whether the appli-
cation of ROS scavengers could reduce mitochondrial oxidative stress,
cells were pre-treated with 15 mM N-Acetyl-L-cysteine (NAC) for 2 h
and then challenged with erionite fibres for 72 h. Images were obtained
acquiring the green fluorescence (emission at 510 nm).

2.7. Gene expression profile of inflammatory cytokines

To evaluate the inflammatory potential of erionite, THP-1 monocytes
were seeded in six-well plates at 500,000 cells/well, and once differ-
entiated MO macrophages were incubated with 50 pg/mL of erionite
fibres for 7 or 14 d. Then, the gene expression profile of inflammatory
mediators interleukin-1p (IL-1f, a.n. NM_000576.3), interleukin-6 (IL-6,
a.n. NM_031168.2), interleukin-8 (IL-8, a.n. NM_000584.4), monocyte
chemoattractant protein-1 (MCP-1, a.n. NM_002982) and tumour ne-
crosis factor-alpha (TNF-a, a.n. NM_000594.4), was evaluated by qPCR
relative to untreated control cells.

Total RNA was extracted using the NucleoSpin RNA, Mini kit
(MACHEREY-NAGEL, Dueren, Germany) according to the manufac-
turer’s instructions. The quality and quantity of RNA were analysed
using a NanoDrop spectrophotometer (Nanodrop Technologies, Wil-
mington, DE, USA). The cDNA was synthesised from 500 ng of RNA by
using a cDNA Synthesis Kit (biotechrabbit GmbH, Henningsdorf, Ger-
many). Each PCR reaction was performed in 10 uL containing: 4x master
mix (biotechrabbit GmbH, Henningsdorf, Germany), 0.2 uM of each
primer and 2.5 ng of cDNA. All samples were analysed in triplicate. The
following thermal conditions were used: initial denaturation at 95 °C for
three minutes, followed by 45 cycles with denaturation at 95 °C for 15 s,
and annealing and elongation at 60 °C for 60 s. The fluorescence was
measured at the end of each elongation step and values were normalised
to GAPDH (housekeeping gene, a.n. NM_002046) mRNA expression. All
primers (Table S7) were designed using the Beacon Designer 7.0 soft-
ware (Premier Biosoft International, Palo Alto, CA, USA) and obtained
from TibMolBiol (Genova, Italy). Data analyses were obtained using the
DNA Engine Opticon® 3 Real-Time Detection System Software program
(3.03 version), and to calculate the relative gene expression compared to
the untreated control sample, the comparative threshold Ct method was
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Table 1

List of the analysed samples.
Name Incubation media Incubation time pH
PRI (pristine) - - -
H,0 pH 4.5 H,0 7d 4.5¢
MGS pH 4.5" MGS 28 d 4.5¢
MGS pH 7.4" MGS 1d 7.4
Control PBS PBS 1d 7.4
Control RPMI RPMI 1d 7.4
ALF-14d ALF 14d 4.5
THP-1-1d THP-1 1d E
THP-1-7d THP-1 7d B
THP—1-14d THP-1 14d B
THP-1 PBS PBS post THP—1 7 d in THP—1 + 1 d in PBS 7.4
THP—1 RPMI RPMI post THP—1 7 d in THP-1 + 1 d in RPMI 7.4

@ Sample analysed in [42].
b Sample analysed in [43].
¢ Adjusted with HCL

4 Not determined.

used with the Gene Expression Analysis for iCycler iQ Real Time
Detection System software (Bio-Rad, Milan, Italy).

2.8. Statistical analysis

For PXRD data, the parameters obtained from the Rietveld refine-
ment are the result of a least square procedures that minimize the dif-
ference between the calculated and the experimental diffraction
patterns, in which the errors are calculated as a part of the refinement
using singular value decomposition (SVD) of covariance matrix.

Statistical analysis was performed using one-way and two-way
ANOVA plus Tukey’s post-test (GraphPad Software, Inc., San Diego,
CA, USA) when the number of investigated conditions was n > 3, while
student’s t-test was used when the number of investigated conditions
was n = 2. Results with p-values < 0.05 were considered significant.

3. Results and discussion
3.1. Evaluation of erionite toxicity

Erionite toxicity on human THP-1-derived macrophages was evalu-
ated by the MTT assay to assess the degree of cell damage caused by the
working concentration used in the following experiments. The assay
showed that, at the highest fibre concentration tested, 50 pg/mL, the
mortality rate of macrophages ranged from ca. 20 % after 1 d to ca. 40 %
after 14 d of incubation (Fig. 1a). Therefore, this concentration was
considered optimal, since it could ensure a significant fibre uptake
without excessive cell damage that would compromise the retrieval of
bona fide internalised fibres.

By using 50 pg/mL concentration, a significant number of erionite
fibres were found inside macrophages already after 1 d of incubation
and the majority of fibres in the petri dishes were internalised after 7 and
14 d of exposure as displayed in the micrographs of Fig. 1b-c,
respectively.

The list of analysed samples, including the corresponding labelling
system, is shown in Table 1 whereas the composition of the used solu-
tions (MGS: Mimicked Gamble’s Solution; PBS: Phosphate Buffered Sa-
line; RPMI cell medium: Roswell Park Memorial Institute cell medium;
ALF: Artificial Lysosomal Fluid) are listed in Table S1. Experiments of
incubation were duplicated, the second differing exclusively for a more
prolonged washing of the fibres after retrieval from cells (see Methods
for details).

3.2. Structural modifications

3.2.1. Pristine and control samples
The pristine sample used in this work, from Rome, Oregon, USA, is
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Fig. 2. Variation of the c/a ratio for the analysed samples.
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Fig. 3. Variation of s.s. at Cal, Ca2, and Ca3 EF cation sites for the ana-
lysed samples.

classified as erionite-Na, on the basis of its formula
K2 40(Na3 30Mgo.72Ca0.35) [Al7 785i28 22072.04]1 ® 29.75 HyO [43]. It is
characterized by Si/Al of 3.63. The material contains ca. 4 wt% of
chabazite, traces of quartz (ca. 0.1 wt%) and minor clays as impurities.

The structure of PRI is identical to that reported in literature for
samples from the same locality [43]. EF cations are allotted into the
conventional Cal (mainly hosting Mg?>" and Na*), Ca2 (Na™), and Ca3
(Ca%t+ Na™) sites [42]. The additional K2 site, occluding the eight-ring
opening at the walls of the erionite cavity, is partly occupied by K*
cations as in the case of samples having K* > 2 a.p.f.u. Each one of the
six OW sites (OW7-12) are approximately half occupied by H>O
(Tables S2-54). Sample H0 pH 4.5 is indistinguishable from PRI indi-
cating that immersion in an acidic environment alone cannot alter in an
appreciable way the structure of this zeolite. In fact, no modification of
the site population of EF cation and OW sites was observed as well as of
T-O bond distances (Table S5). Structural results are in perfect agree-
ment with ICP-OES investigation showing a very small release of
extra-framework cations from erionite fibres after immersion in water at
4.5 pH: the maximum content of released Na and K was ca. 2900 ppm
and 400 ppm, respectively, whereas Ca and Mg were below the detec-
tion limit (< 50 ppb).

Control PBS and RPMI samples undertook very similar structural
modifications. The unit cell stretches, as indicated by the significant
increase of the c/a ratio (Fig. 2). This behaviour is likely induced by the
significant release into the solution of Mg?* and Ca®* mainly allocated
at Cal and Ca3, the latter being completely empty, following ionic ex-
change with Na' ions present in the solution (Fig. 3). Moreover, no
reduction of s.s. at K2 was observed, consistent with the presence of K*
cations in both PBS and RPMI (Table S1). The slightly reduced discharge
of Cal occurring in RPMI as compared to PBS can be justified by the
presence of Mg?" and Ca2* in the former solution, differently from the
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latter.

Control PBS and RPMI samples showed structural adaptations com-
parable with those of the samples incubated in MGS [42,43], despite the
very different incubation times (28 d for MGS pH 4.5, 1 d for MGS pH
7.4, 1 d for PBS and RPMI sample). Indeed, it has been shown that the EF
cations are mostly exchanged within the first hour of incubation [42,
43]. The c/a ratio is very consistent for all four samples (Fig. 2), and
close modifications of the s.s. at each OW and EF cation site were
observed (Figs. 3 and 4), the only exception being K2 that decreases in
the case of both MGS samples. This behaviour may be explained by a
more abundant K release from the fibres driven by the absence of K™
cations in MGS (Table S1). The total s.s. at the EF cation sites is signif-
icantly reduced with respect to PRI, but still in line with that observed
for the control samples (Fig. 4).

Incubation in ALF produced slightly different structural modifica-
tions notwithstanding a c/a ratio close to that of control PBS and RPMI,
and MGS incubated samples (Fig. 2). Despite a similar total s.s. of EF
cations (ca. 90 e) ALF 14 d shows a minor reduction of s.s. at K2
counterbalanced by a small increase at Ca2, whereas Cal and Ca3
behave similarly (Fig. 3). Comparison of chemical analysis between
pristine fibres and those after immersion in ALF (Table S6) shows that
Na ions present in the solution are acquired by erionite following ion
exchange with the extra-framework cations Ca, K and Mg, in perfect
agreement with previous work [42,43]. Besides, ICP-OES analysis points
to a preferential release of K (14712 ppm) and Ca (14873 ppm) and a
minor release of Mg (4582 ppm) from the fibres during 14 days of in-
cubation in ALF, in qualitative agreement with experiments of fibre
incubation in MGS [42].

Fig. 5 indicates the reduction of the total s.s. allotted into the erionite

Journal of Hazardous Materials 489 (2025) 137546

cavity of the control samples, albeit associated to a relatively high
standard deviation, mainly caused by the reduction of s.s. at the EF
cation sites.

3.2.2. THP-1 phagocytosed fibres

Quantitative phase analysis (QPA) reveals a remarkably constant
composition of the fibres retrieved at various time points from the
macrophage intracellular environment that contain 3.65(5)-3.95(5) wt
% of chabazite and 0.11(1)-0.14(1) wt% of quartz (Table S2). All sam-
ples, including the control ones, show a significant reduction of the clay
content as compared to PRI, possibly caused by mechanical removal
upon recovering of the fibres from the solutions or from the cells. The
same effect may be invoked for the great reduction of calcite content and
the complete removal of hydroxyapatite in THP-1-1d of the second set
of samples as compared to the first one (Fig. S3). Early precipitation of
calcite and apatite may be promoted by the fast and complete release of
Ca* from erionite that has been experimentally measured by ICP-OES
during incubation in MGS [42] and ALF. No degradation of the peak
shape of erionite reflections was observed in the erionite fibres from the
various experimental conditions testifying the absence of any detectable
loss of crystallinity induced by permanence in the intracellular
environment.

Cell parameters of THP-1 phagocytosed fibres indicate a generalized
compression of the cell with respect to PRI, as indicated by the reduction
of the c/a ratio (Fig. 2). The c/a ratio observed for THP-1-7d is slightly
higher than that of THP-1-14d despite very marginal structural varia-
tions essentially confined to the OW sites population. This feature may
be possibly attributed to a slightly different chemical composition of the
pristine fibres used in the experiments. The refined values of the s.s. at
the EF cation sites (Fig. 3) indicate the complete depletion of Cal and
Ca3 and a relevant reduction of s.s. at Ca2 for THP-1-1d. In the case of
THP-1-7d and —14d the s.s. increases somewhat and limited s.s. is
observed at Cal. We observe a very minor reduction of s.s. at K2 with
respect to PRI, significantly smaller than that observed for ALF 14d. The
minor release of K ions into the cellular environment is reasonably
hindered by the abundance of such cation inside the cells where the fi-
bres are located.

The total EF cation s.s. decreases dramatically from 114(2) e” of PRI
to 73.8(13) e of THP-1-1d and to ca. 81 e in the case of increased in-
cubation times (Fig. 5). Inspection of the SEM-EDS spectra further sup-
ports this result, revealing the absence of Ca together with the depletion
of Mg and Na content for phagocytosed fibres after 1d and 14d incu-
bation, with respect to the pristine fibres (Fig. S4). Moreover, K content
seems to be comparable among all samples. Owing to the significantly
different structural features shown by the control fibres immersed for 1
d in PBS and in RPMI cell medium, this is further proof that at least the
great majority, if not all, of the recovered fibres were engulfed by THP-1
cells and not just lying in the culture media.

The decrease of s.s. at the EF cation sites experienced by the THP-1
phagocytosed fibres is coupled to a significant redistribution of s.s. at
the various OW sites where Hy0 is expected to be located. The most
relevant variations are the increased s.s. at OW7 and the decrease at
OW10 (Fig. 4). The remaining OW sites do not show significant modi-
fications. In particular, the large decrease of s.s. at OW10 represents a
peculiarity among the studied samples undergoing cation release.

Moreover, we repeated the PXRD measurements on the same THP-1
phagocytosed fibres, kept within the capillaries, after 6 months to detect
the possible occurrence of kinetically driven rearrangement of EF cat-
ions and H,0 but the structural results were within 1o of the original
ones, indicating that the described configuration is stable (data not
shown).

As above mentioned, we observed an increase of the s.s. of both EF
cations and OW sites passing from THP-1-1d to —7d and —14d
(Table S4). This is due to an increase of s.s. at both Cal and Ca2.
Explanation to this behaviour may be linked to the very quick complete
release of Ca from erionite structure to the biological environment that is
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followed by a small re-equilibration process driven by the cations
available within the lysosomal fluid and possibly by pH modifications.
Under such aspect, the occurrence of minor calcite admixed to the
erionite fibres in THP-1-1d seems to be counterintuitive according to the
acidic pH of lysosomal fluid. An interpretation of this process will be
provided in the following section.

The s.s. redistribution at OW sites of the fibres internalised by THP-1
macrophages is obtained without the occurrence of large displacement
of the various sites (Table S4). However, the bonding system is different
as, for example, only OW8, OW9, and OW12 are at bonding distance
from Ca2. In the following we will discuss the structural features of THP-
1-1d sample as representative of the effect of the interaction of the
erionite fibres with THP-1 macrophages owing to the minor structural
differences existing among the fibres residing into the cellular envi-
ronment for longer periods (i.e., 7d and 14d). A comparison of the
erionite cage content of PRI and THP-1-1d is sketched in Fig. 6. The
most relevant displacement is represented by the vertical migration of
OWS.

3.3. Interaction process of erionite fibres with control media and THP-1
macrophages

Both XRPD and SEM data showed that after internalization in THP-1
macrophages erionite fibres undertake a significant release of extra-
framework cations and there is no evidence of Na™ or K" binding
from the cellular fluid. Protonation of oxygen atoms of the framework
has been previously invoked to justify a small charge unbalance of ca.
1.5 e per formula unit (p.f.u.) occurring as a result of minor EF cation
release in simulated lung fluids [37]. According to this picture, the
proton is stabilized under the form of an OH group occupying one of the
four oxygen atoms of the [(Si,Al)O4] tetrahedra of the framework and a
“bridging” OH group is created having the potential to act as a Brgnsted
acid site. However, in the present case the expected charge mismatch is
very large, as indicated by the significant reduction of s.s. at EF cation
sites and an extended protonation of the framework without loss of
crystallinity (not observed) seems implausible [65]. The occurrence of
limited protonation at oxygen atoms of the framework was experimen-
tally associated to the modification of <T-O> bond distances leading to
a fictitious modification of the R=Si/(Si+Al) value (hereinafter referred
to as R) calculated from the Jones’ equation [66], that has been used as a
reasonable qualitative estimate of the Si,Al population at T sites. How-
ever, it should be noted that this parameter shows an extreme sensitivity
from small variations of bond distances. If we hypothesize that the very
large reduction of s.s. at EF cation sites of the control samples (ca. 25 €7)
is entirely compensated by creating a corresponding number of OH
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bridges, they will represent ca. 1/3 of the oxygen atoms of the frame-
work. This possibility seems not supported by the corresponding mini-
mal variation of the <T1-O> (1.628-1.631 f\) and <T2-O>
(1.644-1.650 A) (Table S5).

As previously pointed out, THP-1-1d shows even a more dramatic
reduction of s.s. at EF cation sites of ca. 40 e". The precipitation of calcite
apparently suggests the abrupt increase of the pH in the internalization
environment occurring in the first day. Conversely, its absence in fibres
phagocytosed for longer times (i.e., 7 d to 14 d) together with the in-
crease of s.s. at EF cation sites in the same samples, points to a subse-
quent restoration of the original acidic pH around the fibres. A possible
explanation of the main mechanism of charge compensation is that the
release of cations by the fibres (indicated as X for simplicity in the
following) is largely counterbalanced by the uptake of hydronium ions
from the cellular fluids according to one or more of the following
simplified equations:

X(+eri) + ZHZO < X(Jgoln) + H30(+eri) + OH-(soln) (1)
Xferi) + 4H20 © Xfsoin) + 2H3O(eri) + 20Hs01n) (2)
X(Zg;i) + ZHZO + X(+soln) 4 X%stln) + X(teri) + HSOEreri) + OHisoln) (3)

In particular, the process outlined by Eq. 1) is well documented for
several zeolite species, both as pristine or activated, immersed in water
or aqueous solutions (e.g., FAU: [67] and references therein) and pro-
duces a pH increase in the solution caused by the fast release of OH'. It is
subsequently followed by a slow pH decrease arising from hydrolysis of
the framework and partial release of hydronium ions [68,69]. The effi-
ciency of the process strongly depends on the pH and is favoured by
acidic conditions i.e. those typically occurring within lysosomes. It is
worth noting that, in the present case, X represents K, Nat, Ca®*, and
Mg?* in the simplified equations.

Analysis of the T-O bond distances (Table S5) indicates that R
significantly increases from PRI (0.793) to THP-1-1d (0.823) suggesting
that this apparent increase could be caused by the onset of a different
hydrogen bonding system with respect to PRI, induced by the uptake of
H30™" ions in place of Hy0, involving oxygen atoms of the framework
possibly forming Zundel-like structures [70] or more complex hydration
shells [71].

The subsequent pH reduction is coupled with the partial inversion of
the process, as cations are uploaded by the fibres with simultaneous
release of H3O™, explaining the increase of s.s. at both OW and EF cation
sites observed for THP-1-7d and —14d (Fig. 5) as well as the progressive
fictitious decrease of R with respect to THP-1-1d. Partial restoring of s.s.
at Cal made us hypothesize a possible re-upload of Na* and/or Mg?*
from the cellular medium according to the reported cations preference
for this site.

A visual comparison of the structure of PRI and THP-1-1d is illus-
trated in Fig. 6. In the case of THP-1-1d contacts among OW sites are
drawn suggesting the occurrence of possible hydrogen bonds acting
between H,0 and/or H30". It has been suggested that the high selec-
tivity of aluminosilicate zeolites for hydronium ions must involve the
three strong hydrogen bonds that each H3O" should make with the
oxygen atoms of the framework [67]. Analysis of the contacts between
OW sites and oxygen atoms of the framework for THP-1-1d indicates
that OW7, OW11, and OW12 are at potential hydrogen bond distance
with three of them. Owing to the increase of s.s. at OW7 and OW12 with
respect to PRI we can speculate that H3O" should be preferentially
allocated at those sites. Despite the minimal refilling of Cal observed for
THP-1-7d and —14d, the structural details are substantially unchanged.

Analysis of the contacts between EF cation and OW sites and between
OW and OW sites of THP-1-1d indicates the presence of several non-
occurring bond distances caused by mutually excluding populations.
Interpretation is rendered very complicated by the expected occurrence
of cations at or near OW sites, and in general, of extended positional
disorder.
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Fig. 7. Pictorial representation of the various processes undertaken by the fibres upon incubation as derived from structure refinements. a) Chemical variations from
PRI of the various control samples. H,O pH 4.5 not shown as no changes were observed. Arrows pointing up or down indicate, respectively, increase or reduction of
the content as compared to PRI. b) Modification occurring in the phagocytosed erionite fibres retrieved from THP-1-derived macrophages. In the case of increasing
time of incubation, variations refer to the previous time step. Differences for samples THP-1 PBS and RPMI are indicated with respect to THP-1-7d to monitor the
possible reversibility of cation exchange processes after permanence of the fibres inside THP-1-derived macrophages and further release in the extracellular medium

due to cell disruption in case of necrosis or apoptosis.

The Ca2 site is coordinated to 3 x OW8 at a very short 1.85(2) A
distance plus 3 x OW9, 3 x OW12, and 3 x O5 with distances lying in the
3.16-3.29 A range. This very irregular coordination could be attributed,
hypothesizing the short contact as a not occurring one, to the presence of
K", similarly to K-exchanged erionite. However, this hypothesis is un-
supported by the composition determined by SEM-EDS. Therefore,
additional options were investigated to justify the occurrence of such
anomalous coordination. First, we unsuccessfully tested the occurrence
ofs.s.atx =1/3,y = 2/3, 2z = 1/4 corresponding to a site, located along
the axis of the erionite cage, observed in the Tuzkoy erionite sample and
occupied by HoO [73]. Subsequently, as in the case of erionite-K from
Rome, Oregon [20], we slightly displaced off-axis Ca2 in the attempt to
find a more suitable coordination for the cation. However, refinement
was unstable despite very marginal improvement of the fit (results not
reported). Nevertheless, clues of a more favourable coordination were
observed as indicated by the lengthening of 2 x Ca2-OWS8 to a more
reasonable value of ca. 2.3 A and the corresponding shortening below
3 A of other contacts with OW9, OW12 and O5.

The K2 site, where K cations are allotted whenever exceeding 2 a.p.f.

u., is coordinated by 2 x OW9 at a non-occurring 2.34(2) A distance plus
2 x OW11, 2 x 04, 4 x O1, and 4 x OW8 with distances spread in the
3.09-3.35 A range providing a 12-fold coordination perfectly fitting the
presence of K. K2 and OW12 are mutually excluding because of the very
short 0.931(16) A contact.

Moreover, we observe a complex network mutually excluding pop-
ule.}tions among the various OW sites caused by small contacts close to
2A.

3.4. Lysosomal and mitochondrial homeostasis disruption in erionite-
phagocyting cells

A pictorial representation of the various processes occurring on the
phagocytosed fibres, as deduced from the structural analyses, is sum-
marized in Fig. 7.

The fibres incubated for 7 d in THP-1 cells and subsequently exposed
for 1 d to PBS and RPMI (THP-1 PBS and RPMI), mimicking the re-
immersion in the extracellular environment after the release of fibres
from dead macrophages, show a partial recovery of the s.s. at both OW



P. Ballirano et al. Journal of Hazardous Materials 489 (2025) 137546

b) 24 h

Kk kK

#iti#
Kkkk

fluorescence intensity respect to C

24h
mc WERI @ BAF OERI+BAF

Fig. 8. Quantification of lysosomal pH dysregulation in THP-1 MO cells. a-b) Representative confocal microscopy images (60x, plus 2x digital zoom) of erionite-
treated THP-1-MO macrophages (panel a 6 h; panel b 24 h, respectively) loaded with the fluorescent pH indicator LysoSensor™ Green DND-189. Panels I, V: con-
trol MO cells; panels II, VI: erionite-treated MO cells; panels III, VII: bafilomycin-treated MO cells; panels IV, VIII: bafilomycin-treated erionite-exposed MO cells. The
black bar spans 15 um. ¢) Quantification of the green fluorescence intensity measured in the confocal microscopy acquisitions respect to control untreated cells (C).
Results are the mean =+ SD of three different microphotographs and asterisks indicate significance in Tukey test (ANOVA p < 0.0001; Tukey vs. C, ****p < 0.001,
***p < 0.005, **p < 0.01, *p < 0.05; Tukey vs. ERI, ####p < 0.001, respectively).
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Fig. 9. Quantification of mitochondrial damage in THP-1 MO cells. a) Representative confocal microscopy images (60x objective, 3x digital zoom) of erionite-treated
or untreated THP-1-MO macrophages loaded with the mitochondrial proton gradient (AW)-sensitive fluorescent dye JC-1. Panels I-IV: control MO cells; panels V-VIII:
erionite-treated MO cells after 6 h incubation; panels IX-XII: erionite-treated MO cells after 24 h; panels XIII-XIV: erionite-treated MO cells after 72 h incubation. The
black bar spans 15 um. b) Quantification of the red/green fluorescence ratio measured in the confocal microscopy acquisitions. Results are the mean + SD of five
different microphotographs per each experimental condition and asterisks indicate significance in Tukey test (ANOVA p < 0.001; Tukey vs. C, ****p < 0.001,

***p < 0.005, respectively).
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Fig. 10. Quantification of mitochondrial damage in MeT-5A cells. a) Representative confocal microscopy images (60x objective, 3x digital zoom) of erionite-treated
or untreated MeT-5A cells loaded with the mitochondrial proton gradient (A¥)-sensitive fluorescent dye JC-1. Panels I-IV: control MeT-5A cells; panels V-VIII:
erionite-treated MeT-5A cells after 72 h incubation. The black bar spans 15 um. b) Quantification of the red/green fluorescence ratio measured in the confocal
microscopy acquisitions. Results are the mean + SD of five different microphotographs per each experimental condition and asterisks indicate significance in stu-

dent’s -t-test (****p < 0.001).

sites and Ca2 indicating a relevant upload of cations from the media
that, according to the allocation, should be essentially Na*t. The trend of
structural convergence toward the corresponding control PBS and RPMI
samples is clearly seen from scrutiny of the various graphs reported in
Figs 2-5 indicating the possible extended reversibility of the ionic ex-
change process occurred inside THP-1 macrophages after phagocytosis.
This would imply that at each ingestion/reingestion cycle in the lung
environment, the erionite fibres would discharge the predominant Na*
and/or K" cations in exchange for the abundant HsO" inside the acidic
phagolysosomes and subsequently recharge them when released again
into the neutral, sodium-rich extracellular milieu, after macrophage cell
death. An important consequence of this phenomenon would be that at
each macrophage cell reingestion the fibres regain one of erionite
toxicity characteristics in a perpetual way. In fact, the H3O" upload on
the fibre surface could cause a significant alteration of the acidic pH of
the phagolysosomes that would be rebalanced by the hyperactivation of
the ATP-dependent proton pumps in the organelle membranes with an
energetic cost for the cells possibly affecting the mitochondrial and cell
homeostasis. A similar conclusion was also suggested by Raneri and
coworkers [47], whose study hypothesized a mitochondrial disfunction

12

for the cells internalising erionite fibres, in that case attributed to an
abnormal decrease of the intracellular Ca®" concentration in the days
after the phagocytosis, affecting calcium-dependent mitochondrial en-
zymes activity. Thus, to gain more insight also on the possible role of
lysosome dysfunction in erionite cytotoxicity, we decided to investigate
the pH basification of lysosomes in erionite-phagocyting THP-1 MO
macrophages through the pH-sensitive LysoSensor™ Green fluorescent
dye. This specific lysosomal probe shows maximum fluorescence at an
acidic pH (pKa <5.2) with a decrease of fluorescence proportional to the
increase of the organelle pH. The images in Fig. 8a-b indeed demonstrate
that both at 6 and 24 h incubation, macrophages with engulfed erionite
fibres show a significant green fluorescence decrease (i.e. pH basifica-
tion) in the lysosomes as compared to control, untreated cells, as also
quantified in the graph in Fig. 8c (black bars, 70 % and 80 % decrease at
6 h and at 24 h, respectively). Subsequently, we investigated the role of
the lysosomal proton pumps in counterbalancing the lysosome basifi-
cation in erionite-engulfed cells by use of Bafilomycin Al, an effective
vacuolar-type ATP-dependent proton pump inhibitor, that is widely
used as a pharmacological tool in many in vitro research applications
[74]. Thus, Bafilomycin Al was added to both untreated and
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20 ym

Fig. 11. Quantification of mitochondrial ROS in THP-1 MO cells. Representa-
tive confocal microscopy images (60x objective, 2x digital zoom) of erionite-
treated or untreated THP-1-MO macrophages loaded with the mitochondrial
ROS-sensitive fluorescent dye MitoSOX™ Green. Panels I-II: control MO cells;
panels III-IV: erionite-exposed MO cells after 72 h incubation; panels V-VI:
NAC-treated (15 mM) and erionite-exposed MO cells after 72 h incubation. The
black bar spans 20 pm.
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erionite-treated macrophages and the shift of the lysosomal pH was
again evaluated after 6 and 24 h. The results showed that, similarly to
erionite alone, Bafilomycin Al treatment led to a significant lysosomal
pH increase in macrophages at both time points (Fig. 8a-b) as compared
to control cells indicating the effective proton pump blockade (Fig. 8c,
grey bars, 45 % fluorescence decrease at both time points). But more
importantly, we observed that with the passing of time (from 6 to 24 h),
the concomitant treatment of Bafilomycin and erionite fibres caused a
drastic lysosomal fluorescence decrease (Fig. 8c, white bar, 90 %
decrease) indicating a significant basification of the lysosomes (i.e. pH
>5.2). Thus, these results strengthen the hypothesis that, indeed
phagocytosed erionite fibres lead to an increase of the lysosomal pH in
the cells already in the first 24 h, which is very much evident in the
presence of the specific proton pump blocker Bafilomycin Al disabling
the rebalancing of the organelle acidic pH by the proton pumps.

Given these results, as well as those of Raneri et al. [47], likely a
great deal of erionite toxicity after cellular ingestion would be centred
on the mitochondria, with the compromission of cell respiration mech-
anisms and of the ATP production rate. Most importantly, this phe-
nomenon would also occur in mesothelial cells which have a
documented fibre-uptake capacity [74], altering the cell homeostasis by
ATP depletion and contributing to the onset of biochemical conditions
favouring cell transformation and mesothelioma development [75]. To
shed light on the hypothesis of the cell mitochondrial suffering and
function compromission after erionite fibre internalization, both THP-1
MO macrophages and MeT-5A human mesothelial cells were incubated
with erionite fibres up to 72h and then their mitochondrial inner
membrane potential was measured by use of the mitochondrial proton
gradient (A¥)-sensitive fluorescent probe JC-1 (Figs. 9 and 10, respec-
tively). This ratiometric probe switches from a red to a green fluores-
cence emission inside mitochondria because of the inner membrane
potential depolarization, indicating a compromission of the electron
transport chain and of the ATP-synthase activity in the organelles [64].
Indeed, in THP-1 MO macrophages a significant mitochondrial mem-
brane depolarization was observed after erionite fibre exposure at 24
and 72 h incubation (Fig. 9a-b) leading to a 40 % and 50 % AWY decrease
in cells with phagocytosed fibres, respectively, as compared to control,
healthy cells (Fig. 9b). A similar behaviour, confirming the severity of
erionite mitochondrial toxicity, was observed also in MeT-5A human
mesothelial cells, where again a 50 % AY decrease was observed in cells
with internalised fibres as compared to controls (Fig. 10a-b), in this case
after a 72 h exposure, being the 24 h incubation insufficient to highlight
the mitochondrial membrane depolarization in these cells (not shown).
To gain further insight into the mitochondrial stress in
erionite-phagocyting MO macrophages, the mitochondrial ROS
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Fig. 12. Gene expression of inflammatory mediators measured by qPCR analysis. a) Gene expression of IL-1, IL-6 and TNF-a in THP-1-MO macrophages treated with
50 ug/mL of erionite fibres for 7 d (grey bars) or 14 d (white bars). Data are normalised to the GAPDH housekeeping gene and expressed as mRNA fold increase

compared to untreated, control cells (C). Asterisks indicate significance in Tukey test (ANOVA p < 0.00001, Tukey vs C

*p < 0.001, ***p < 0.005, respectively).

b) Gene expression of IL-8 and MCP-1 measured in THP-1-M0O macrophages in the same conditions as (a). Asterisks indicate significance in Tukey test (ANOVA

p < 0.0001, Tukey vs C ****p < 0.001, ***p < 0.005, respectively).
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production was also analysed with the specific superoxide
anion-sensitive MitoSOX™ Green fluorescent probe at 24 and 72 h.
Indeed, the results of these analyses show that, although at 24 h no
significant mitochondrial ROS production was yet observable (Fig. S6),
at 72 h incubation the mitochondrial ROS were indeed significantly
increased in erionite-engulfed macrophages as compared to untreated
cells (Fig. 11). Since ROS production has well-known detrimental cyto-
and genotoxic effects [49-51], we decided to evaluate the impact of
N-acetyl-L-cysteine (NAC), a well-known ROS inhibitor [76], on the
mitochondrial ROS production induced in macrophages following
erionite phagocytosis. The results of this investigation (Fig. 11) showed
that, indeed, the use of NAC is effective in significantly reducing the
mitochondrial ROS exacerbated production in erionite-engulfed mac-
rophages, indicating a possible use of this drug in alleviating the erionite
pulmonary toxic effects in exposed subjects.

As a results of the above-mentioned chain of events in erionite-
phagocyting cells (i.e., lysosome basification — lysosome proton
pumps hyperactivation — higher ATP consumption — mitochondrial
suffering), cells would then begin to manifest cyto-, geno-toxic, and pro-
inflammatory effects [50]. Furthermore, with the perpetration of fibre
ingestion-reingestion cycles, erionite would be able to reset its H3O™"
uptake capacity at each cycle by an intermediate extracellular passage
(see Fig. 7), leading to chronic inflammation. To obtain indications on
the development of chronic inflammation and possibly cancer onset, the
gene expression profile of inflammatory cytokines was evaluated in
erionite-exposed THP-1 macrophages at the longest incubation times (i.
e. 7 and 14 d) mimicking in vitro a semi-chronic inflammation, and the
results are shown in Fig. 12. It is possible to notice that the main in-
flammatory mediators (e.g. IL-1p, IL-6, TNF-qa, IL-8 and MCP-1), also
usually associated with cancer development by exacerbating the local
inflammation of the tissue, are overexpressed in erionite-treated cells at
both time points, with a further significant increase of the gene
expression from day 7 to day 14 for all mediators (except IL-6). These
data indicate that erionite-engulfed macrophages increase the produc-
tion of inflammatory mediators with the passing of time other than
diminishing them, due for example to the cytotoxic effect of erionite that
could impair the intracellular gene expression machinery. This type of
cellular response observed after two weeks of incubation in vitro is an
indication that phagocytosed erionite may lead to a chronic inflamma-
tory state also in vivo, which is in many cases prodromic to cancer
development as attested by a vast literature on the topic (for a review see
[771).

Overall, our data seem to confirm that, although in an unexpected
way, erionite ion exchanging capacity indeed has a role in the cyto-
toxicity of this mineral which is surprisingly exerted by sequestering
H307" ions from the fluid of the lysosomes, increasing the pH of the
organelles. Consequently, the increased activity of the membrane proton
pumps of the organelle to restore the acidic pH, lead to a significant ATP
expenditure and mitochondrial suffering in the cells, definitely
compromising the cellular functions and homeostasis.

4. Conclusions and implications

In this work the crystal chemical and crystal structural modifications
of erionite fibres following incubation in human THP-1 macrophages
was investigated at different exposure times (1, 7, and 14 days) and
correlated with the observed cellular response. The mineralogical
investigation has shown for the first time that the fibres internalised by
those cells during the first day of incubation (sample THP-1-1d) un-
dertook a large release of extra-framework cations (i.e., Na™, ca®h),
counterbalanced by a significant sequestration of hydronium ions from
lysosomes. It must be pointed out that semiquantitative chemical ana-
lyses by TEM/EDS of erionite fibres from bronchoalveolar lavage fluid
(BALF) of Tuzkoy villagers indicated significant loss of cations with
respect to the mean composition of the erionite fibres sampled in the
soils confirming the onset of the observed process also in vivo [78]. The
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composition of the PRI sample is close to that of the fibres found in the
soil of Tuzkoy and its dimensional heterogeneity compares favourably
with that of the fibres recovered from BALF. Furthermore, consistently
with present results, Raneri and coworkers [47] reported a substantial
Na™ increase in the cell cytoplasm in the first 24 h of phagocytosis of
erionite fibres inside THP-1 macrophages. This increase, other than due
to the activation of Ca%*/Na™ plasma membrane exchanger, necessary
to restore the increased cytoplasmic Ca®* concentration stimulating the
phagocytosis [79], can be also related with the significant Na™ release
from the internalised fibres. The uptake of H30™ by erionite fibres
provokes the pH basification of lysosomes in macrophages, as demon-
strated through the pH-sensitive LysoSensor™ Green fluorescent dye.
This event is further confirmed by the occurrence of calcite and apatite
in THP-1-1d sample. Calcite precipitation occurs in nature in a wide
range of slightly to highly alkaline environments [80] and bioapatite
precipitates from extracellular fluid whose pH is about 7 [81]. Besides,
at pH of 4.5, such as might occur within a macrophage phagolysosome,
hydroxyapatite is undersaturated and it is not predicted to precipitate
[82]. Accordingly, the absence of calcite and apatite in samples
following incubation for 7 and 14 days in macrophages suggests that the
pH may regain the original acidity, dissolving both mineral phases.
Following the lysosomal pH basification, a hyperactivation of the
ATP-dependent proton pumps in the organelle membranes to restore the
physiological acidic pH was observed, with significant energy expendi-
ture for the cell, as evidenced by cell mitochondrial stress and function
compromission. Notably, overexpression of the main inflammatory cy-
tokines (e.g. IL-1B, IL-6, TNF-a, IL-8 and MCP-1) in erionite-exposed
THP-1 macrophages at the longest incubation times (i.e. 7 and 14
days) indicated development of chronic inflammation, possibly leading
to carcinogenesis and tumour progression in vivo.

Environmental implication

Erionite is a ubiquitous natural zeolite, often occurring with fibrous
habit, whose strong tumorigenic activity to humans has been certified by
its inclusion in the Group 1 Human-Carcinogenic list by the Interna-
tional Agency for Research on Cancer. This paper represents the first
attempt to conjugate the analysis of the effects of fibre uptake by mac-
rophages on both cells and fibres for disclosing the possible reasons of
erionite toxicity.
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