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ABSTRACT: Chrysotile asbestos is a carcinogenic mineral that has
abundantly been used in industrial and consumer applications. The
carcinogenicity of the fibers is partly governed by reactive Fe surface sites
that catalyze the generation of highly toxic hydroxyl radicals (HO•) from
extracellular hydrogen peroxide (H2O2). Chrysotile also contains Cr, typically
in the low mass permille range. In this study, we examined the leaching of Cr
from fibers at the physiological lung pH of 7.4 in the presence and absence of
H2O2. Furthermore, we investigated the potential of cells from typical
asbestos-burdened tissues and cancers to take up Cr leached from chrysotile
in PCR expression, immunoblot, and cellular Cr uptake experiments. Finally,
the contribution of Cr to fiber-mediated H2O2 decomposition and HO•

generation was studied. Chromium readily dissolved from chrysotile fibers in its genotoxic and carcinogenic hexavalent redox state
upon oxidation by H2O2. Lung epithelial, mesothelial, lung carcinoma, and mesothelioma cells expressed membrane-bound Cr(VI)
transporters and accumulated Cr up to 10-fold relative to the Cr(VI) concentration in the spiked medium. Conversely, anion
transporter inhibitors decreased cellular Cr(VI) uptake up to 45-fold. Finally, chromium associated with chrysotile neither
decomposed H2O2 nor contributed to fiber-mediated HO• generation. Altogether, our results support the hypothesis that Cr may
leach from inhaled chrysotile in its hexavalent state and subsequently accumulate in cells of typically asbestos-burdened tissues,
which could contribute to the carcinogenicity of chrysotile fibers. However, unlike Fe, Cr did not significantly contribute to the
adverse radical production of chrysotile.

■ INTRODUCTION
Asbestos is a term referring to a group of fibrous silicate
minerals, which can be divided into amphibole and serpentine
asbestos.1,2 The only member of the serpentine group is
chrysotile asbestos, which accounts for more than 95% of the
historical asbestos usage.1−3 Asbestos fibers have been heavily
used in a variety of industrial, technical, and consumer
applications, especially throughout the 20th century.2,4

Exposure to the fibers can induce malignant and nonmalignant
diseases. According to the latest WHO-IARC monograph on
asbestos, there is sufficient evidence that respiratory exposure
to asbestos causes cancer of the lung, larynx, and ovaries and
mesothelioma in the pleura and peritoneum.5 Nonmalignant
diseases caused by asbestos include pneumoconiosis, pleural
thickening, plaques, and effusions.6 In 2014, the WHO-IPCS
estimated that worldwide, at least 107,000 people die annually
as a result of asbestos exposure.7 Because of the toxicity and
carcinogenicity of the fibers, the application of asbestos has
been banned in many European countries starting from the late
1980s onward.8−10 In contrast to Europe, the usage of asbestos
has not been banned yet in northern American countries like

the United States and Mexico,10 and in Asian countries, it even
increases.11,12

Since the historical use of asbestos is dominated by
chrysotile,3 and the recent use is limited to this mineral,2 we
have focused on chrysotile asbestos in this study. Chrysotile
[Mg3Si2O5(OH)4] consists of octahedral Mg and tetrahedral Si
layers, which bundle together to a fiber with an external Mg
hydroxide surface.13,14 Dissolution of chrysotile at circum-
neutral pH is commonly described as a step-by-step dissolution
of alternating Mg and Si layers.15,16 In chrysotile suspensions at
pH 7.4, the outermost Mg layer dissolved within hours to days,
rendering an exposed Si layer, which controlled further
dissolution because of its slow dissolution kinetics.15,17,18

Also, in vivo, the outermost Mg layer of chrysotile rapidly
dissolved within days after intrapleural administration in rats.19

Received: October 3, 2022
Published: November 21, 2022

Articlepubs.acs.org/crt

© 2022 The Authors. Published by
American Chemical Society

2335
https://doi.org/10.1021/acs.chemrestox.2c00314

Chem. Res. Toxicol. 2022, 35, 2335−2347

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
G

L
I 

ST
U

D
I 

D
I 

T
O

R
IN

O
 o

n 
Ja

nu
ar

y 
10

, 2
02

3 
at

 0
8:

17
:2

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Walter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Walter+D.C.+Schenkeveld"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maura+Tomatis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karin+Schelch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Barbara+Peter-Vo%CC%88ro%CC%88smarty"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerald+Geroldinger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerald+Geroldinger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lars+Gille"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+C.+Bruzzoniti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Turci"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephan+M.+Kraemer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Grusch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Grusch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemrestox.2c00314&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00314?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00314?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00314?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00314?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.2c00314?fig=abs1&ref=pdf
https://pubs.acs.org/toc/crtoec/35/12?ref=pdf
https://pubs.acs.org/toc/crtoec/35/12?ref=pdf
https://pubs.acs.org/toc/crtoec/35/12?ref=pdf
https://pubs.acs.org/toc/crtoec/35/12?ref=pdf
pubs.acs.org/crt?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemrestox.2c00314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/crt?ref=pdf
https://pubs.acs.org/crt?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


The carcinogenicity of asbestos is largely determined by
three fiber properties: a high biopersistence, a large aspect
ratio, and a high chemical reactivity of the fiber surfaces
resulting from reactive surface species.9,20,21 A well-examined
mode of the chemical reactivity of chrysotile fibers is the redox
cycling of Fe surface sites in the presence of (extracellular)
H2O2, yielding highly toxic hydroxyl radicals (HO•).20−23 In
this Haber−Weiss redox cycle, surface Fe3+ is reduced to Fe2+
by physiological reductants or H2O2 decomposition products
such as hydroperoxyl radicals or superoxide. Fe2+, in turn, is
back-oxidized by H2O2 in the Fenton reaction to yield Fe3+ and
HO•.21,22,24−29 Recently, tetrahedrally coordinated Fe (Fe3+tet)
was identified as the dominant Fenton-reactive Fe species on
chrysotile surfaces after fiber weathering in the physiologically
and environmentally relevant pH range (pH 3−9).15,30 The
current study, however, focuses on the potential contribution
from other transition metals, particularly Cr, to the chemical
reactivity of chrysotile fibers. Apart from Fe, first order
transition metals in chrysotile include Cr, Ni, Mn, Co, and Zn.
Particularly, the Cr and Ni bulk contents of chrysotile (both in
the low g kg−1 range) are highly enriched, relative to the
common amphibole asbestos minerals amosite and crocido-
lite.31−35 In chrysotile, these trace metals substitute Mg, but
they are also found in associated phase impurities in the raw
chrysotile material.33,36 The content of both Cr and Ni also
increases during the industrial processing of crude fibers, e.g.,
during crushing and milling with equipment from steel alloys
that contain these metals.37,38 The concentrations of most
trace metals can be larger in impurities from associated
minerals and alloys than in chrysotile itself.36 In vivo,
chromium and cobalt readily dissolved from intrapleurally
administered chrysotile in rats, and both metals leached at
much higher rates than Fe.19,39

Cr in serpentinite minerals (including chrysotile) is
exclusively present in the trivalent redox state,40,41 which is
poorly soluble at the physiological lung pH of 7.4.42,43 The
oxidation state of Cr strongly determines its toxicokinetics and
hence its genotoxicity and carcinogenicity.44 Cr(III) is more
reactive toward nucleic acids than Cr(VI) but has a weak
membrane permeability and is therefore unable to cross cell
membranes.45−48 However, Cr(VI) predominantly occurs as
the chromate oxyanion at circumneutral pH, which easily
enters cells via anion transport carrier systems like the
chloride/bicarbonate exchanger (SLC4A1) and the sulfate
anion exchanger (SLC26A1).46,49−51 Inside the cell, Cr(VI) is
subsequently reduced by common intracellular reductants.52

The reduced Cr(V), Cr(IV), or Cr(III) then exerts its
intracellular genotoxic potential by inducing the formation of
DNA adducts, DNA-strand-breaks, DNA-protein cross-links,
oxidized bases, abasic sites, and DNA inter- and intrastrand
cross-links.44,45,51−55 Apart from its direct genotoxicity,
chromium can also undergo Fenton-like redox reactions and,
therefore, exert oxidative stress to exposed cells and thus
indirect genotoxicity.56 Owing to its high genotoxic and
carcinogenic potential, the WHO-IARC classified Cr(VI)
compounds as carcinogenic to humans (group 1); the panel
concluded that there is sufficient evidence that Cr(VI)
compounds cause cancer in the lung.51,57 Chrysotile also
contains Ni, typically in a mass fraction comparable to Cr.31

Similarly to Cr, Ni has been classified as carcinogenic to
humans (group 1) in the latest WHO-IARC monograph.58

However, contrary to Cr, Ni is a weak genotoxicant, and Ni-
induced carcinogenicity is only governed by dose-dependent

mechanisms, e.g., depletion of antioxidants and disruption of
DNA repair mechanisms.59−61 Because of the aforementioned
properties, in this study, we focused on the potential
contribution of Cr to the carcinogenicity of chrysotile asbestos.

Even though the contribution of Cr to the carcinogenicity of
chrysotile has been postulated before,38,62−64 the fate and
reactivity of chrysotile-associated Cr in the lungs and pleura are
still poorly understood. A fast release of Cr from chrysotile
administered intrapleurally was observed in rats,19,39 which
appears counterintuitive, as the solubility of Cr(III) (as
contained in chrysotile) at the physiologic pH of 7.4 is
low.42,43 Therefore, the leaching of Cr from chrysotile at this
pH required investigation. Furthermore, the potential of cells
from asbestos-exposed tissues and cancers to take up Cr from
chrysotile has, to our knowledge, not been assessed. Finally,
the potential contribution of Cr to HO• generation by asbestos
is also still unknown.

This study aimed to address these knowledge gaps. We
hypothesized that Cr leaching from chrysotile at the
physiological lung pH of 7.4 is enhanced by the oxidation of
poorly soluble Cr(III) by H2O2, which is observed
extracellularly at elevated concentrations in inflamed tissues,
to the well-soluble, genotoxic, and carcinogenic Cr(VI). This
hypothesis is based on studies which demonstrated that at
circumneutral pH, H2O2 oxidizes Cr(III) to Cr(VI)42,65 at
extracellular H2O2 concentrations that can be expected under
(patho)physiologic conditions.23,42 We further hypothesized
that Cr(VI) transporting proteins are ubiquitously expressed in
cells of asbestos-exposed tissues and cancers and that these
cells may consequently take up Cr(VI) into intracellular
compartments in which Cr exerts its genotoxicity and
carcinogenicity. Finally, we hypothesized that Cr associated
with chrysotile fibers decomposes H2O2, participates in Haber-
Weiss cycling and thus contributes to fiber-mediated HO•

generation.
These hypotheses were tested in batch experiments

examining metal leaching, H2O2 decomposition, and HO•

generation using pristine and weathered chrysotile asbestos
fibers and in PCR, immunoblot, and cellular Cr(VI) uptake
experiments using cells of typical asbestos-burdened tissues
and asbestos-induced cancers. The results from this study
contribute to an improved understanding of the carcinoge-
nicity of chrysotile asbestos.

■ EXPERIMENTAL PROCEDURES
Materials and Fiber Characterization. All chemical reagents

were purchased from VWR (unless specified otherwise) and were at
least p.a. grade. Chrysotile was obtained from a commercial supplier
in China (Shijiazhuang Mining IMP&EXP Trade Co). The
Shijiazhuang chrysotile asbestos has been extensively characterized,
as reported in Walter et al.15 Its Mg, Si, and Mn content was
determined by fusion digestion, its Zn and Co content by neutron
activation analysis (NAA), and its Fe, Ni, and Cr content by both
fusion digestion and NAA, as reported in Walter et al.15,66 In Table 1,
the molar Mg/Si ratio of Shijiazhuang chrysotile is close to the
stoichiometric value of 1.5. The two major metal substituents in the
fibers were Fe (∼20 g kg−1) and Al (7.4 g kg−1). Almost all Fe in the
fibers is substituted into the octahedral Mg layer (∼93%), whereas
only 7% constituted Fe3+tet. Minor substituted transition metals in
Shijiazhuang chrysotile asbestos included Cr, Ni, and Mn (all ±1 g
kg−1) and to a lesser extent, Co (∼54 mg kg−1) and Zn (∼17 mg
kg−1).

The Shijiazhuang chrysotile material also includes mineral
impurities like brucite (4.5 ± 2.1%), talc (3.4 ± 2.0%), chlorite
(2.4 ± 2.9%), and magnetite (1.5 ± 0.2%)15 that can also contain Cr.
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However, additional characterization complemented with the
experimental results from this study suggests that Cr predominantly
resides in and is mobilized from the chrysotile mineral. Details are
provided in the Supporting Information (Figure S1 and associated
text).
Experimental Strategy. In this study, we explored two potential

mechanisms through which Cr associated with chrysotile asbestos
may contribute to chrysotile’s carcinogenicity: (1) through oxidative
mobilization of Cr(III) from chrysotile by H2O2 and subsequent
uptake of Cr(VI) into lung epithelial, mesothelial, lung carcinoma,
and mesothelioma cells and (2) through the generation of reactive
oxygen species by Cr on chrysotile surfaces.

Regarding the first mechanism, initially, the size of the Cr pool
available for mobilization from chrysotile by H2O2 at the physiological
lung pH of 7.4 was assessed by incubating pristine fibers in solutions
containing chelators with a high affinity for Cr(III). Subsequently, the
potential of H2O2 to promote Cr leaching from pristine and
weathered (preconditioned) chrysotile was examined in batch
experiments. Finally, the ability of lung epithelial, mesothelial, lung
carcinoma, and mesothelioma cells to take up (mobilized) Cr was
assessed in PCR, immunoblot, and cellular Cr(VI) uptake experi-
ments.

Regarding the second mechanism, the potential contribution of Cr
associated with chrysotile asbestos to Haber−Weiss cycling was
examined in batch experiments assessing H2O2 decomposition and
HO• generation by pristine chrysotile and preconditioned chrysotile
with either a high or a low surface Cr content.
Metal Leaching, H2O2 Decomposition, and HO• Generation.

Fiber Preconditioning. Prior to the experiments, pristine Shijiazhuang
chrysotile asbestos was preconditioned to obtain weathered chrysotile
fibers with specific surface properties. Preconditioning was conducted
according to Walter et al.;30 the fibers were incubated for 336 h in
blank or ligand (1 mmol L−1 of the siderophore desferrioxamine-B
(DFOB; Novartis)) solutions buffered at pH 7.4 to obtain “blank-
altered fibers” or “DFOB-altered fibers”, respectively. During
preconditioning, the outermost Mg layer of pristine fibers is dissolved,
and its Fe content either precipitates as low Fenton-active secondary
Fe phases (blank-altered fibers) or becomes complexed and mobilized
by DFOB (DFOB-altered fibers).15 Preconditioning with DFOB
additionally removes the Fe3+tet content from the outermost Si
layer.15,30 In the context of this study, blank-altered fibers represent
chrysotile that has weathered in the absence of metal chelators (e.g.,

in occupational and household settings), and DFOB-altered fibers
represent chrysotile that had weathered in the presence of naturally
occurring metal chelators (e.g., biotic ligands15,67−69). Analogously to
preconditioning with DFOB, two additional fiber types were prepared
by incubating pristine chrysotile fibers for 336 h in the presence of the
synthetic chelating ligands diethylenetriaminepentaacetic acid
(DTPA; Sigma Aldrich) and ethylenediaminetetraacetic acid
(EDTA; Sigma Aldrich) (“DTPA-altered fibers” and “EDTA-altered
fibers”, respectively). DTPA and EDTA have a high affinity for
Cr(III)70,71 and were used to effectively deplete chrysotile surfaces of
Cr, e.g., for determining H2O2 decomposition and HO• generation by
fibers with a low surface Cr content.

General Experimental Procedure. Experiments and precondition-
ing of chrysotile were carried out in fiber suspensions with a solid-to-
solution ratio of 1 g L−1 (unless mentioned otherwise). The
nonmetal-complexing tertiary amine (“Better”) buffer72 MOPS (3-
(N-morpholino)propane sulfonic acid) was used at a concentration of
50 mmol L−1 to buffer fiber suspensions at the physiological lung pH
of 7.4; the pH was maintained throughout the experiments within
mainly ±0.3 pH units. For selected treatments, Cr dissolution from
chrysotile was studied at pH 3.0 ± 0.3, using 50 mmol L−1 of the
(“Better”) buffer72 PIPPS (1,4-piperazinedipropanesulfonic acid) to
fix the pH. The ionic strength (IS) of the suspensions was adjusted to
300 mmol L−1 by addition of NaCl to facilitate comparisons with
previous studies on Shijiazhuang chrysotile at the same IS.15,30

Experiments were either carried out in the absence of ligands (buffer-
only “blank” treatments) or in the presence of 1 mmol L−1 of the
synthetic metal chelators DTPA, EDTA, or the bacterial siderophore
DFOB. DTPA and EDTA were selected for their high affinity for
Cr(III).70,71 DFOB was selected because it has been extensively used
in metal leaching studies with asbestos fibers15,22,30,73,74 and was
shown to dissolve Cr from hydroxide minerals in a nonoxidative
fashion.75 Metal leaching and H2O2 decomposition experiments were
carried out in duplicates. Suspensions were prepared in 15 mL PP-
tubes (VWR or Greiner) and were incubated in an end-over-end
shaker rotating at 15 rounds per minute (RPM) at 20 ± 2 °C in the
dark (unless specified otherwise). For experiments involving H2O2, by
default, a 30% stock solution (Sigma Aldrich, trace analysis) was
diluted 100× to obtain an initial experimental H2O2 concentration of
3.3 g L−1 (∼0.3%, i.e., ∼100 mmol L−1). This concentration is
substantially larger than H2O2 concentrations observed in inflamed
lung tissue. However, an additional leaching experiment was
conducted at pH 7.4 in the presence of 100, 10, 1, and 0.1 mmol
L−1 H2O2; the latter two levels represent extracellular H2O2
concentrations in inflamed tissues.23 Samples in this H2O2 dilution
experiment contained a 10-fold lower NaCl background concen-
tration (suprapure quality, Sigma) at 25 mmol L−1 to facilitate ultra-
trace metal analysis and were shaken in an orbital shaker at 20 RPM.
The H2O2 concentration of the stock was determined by redox
titration with KMnO4 prior to the experiments and amounted 334 ±
2 g L−1 H2O2. Cr speciation of selected samples from the leaching
experiments were analyzed by an LC-ICP-MS method (vide infra).
For this purpose, 1 g L−1 suspensions of chrysotile were incubated in
an orbital shaker at 20 RPM at pH 3.0 and 7.4 at an IS of 300 mmol
L−1. Cr speciation was additionally analyzed in variations of these two
treatments: at 10-fold decreased NaCl background at pH 7.4 and in
the absence of an organic buffer. Fibers were incubated for up to 336
h, and the suspensions were sampled destructively after 0.5, 1, 2, 4, 8,
24, 48, 96, 168, and 336 h. For solution sampling, fiber suspensions
were filtered over a 0.45 μm Sartorius cellulose acetate syringe filter
(VWR). An aliquot of the filtrate was acidified with trace metal grade
HNO3 to 0.14 mol L−1 and kept in a refrigerator until analysis. In
experiments involving H2O2, another aliquot was immediately
analyzed for its H2O2 concentration. Samples for Cr speciation
analyses were kept at room temperature until LC-ICP-MS analysis.
Fibers were sampled by vacuum filtration using a 0.45 μm Nylon
membrane (Magna) in a Büchner funnel. Subsequently, the fibers
were washed with ultra-pure water to remove potentially adsorbed
free ligands or metal complexes. Finally, the fibers were vacuum-dried

Table 1. Bulk Properties of Shijiazhuang Chrysotile
Asbestos, as Reported by Walter et al.15,66,c

bulk analyses of Shijiazhuang chrysotile asbestos

bulk metal and Si content: fusion digestion NAA
Mg [g kg−1] 253 (8.9)
Si [g kg−1] 193 (6.4)
Fe [g kg−1] 19.0 (1.2) 21.4 (0.3)a

Al [g kg−1] 7.4 (0.8)
Mn [g kg−1] 0.8 (0.1)
Ni [g kg−1] 1.3 (0.10) 1.2 (0.03)
Cr [g kg−1] 1.4 (0.11) 1.3 (0.04)
Zn [mg kg−1] 17.0 (1.1)
Co [mg kg−1] 53.6 (1.0)
bulk Fe speciation: Mössbauer analysis
Fe2+oct [%] 38.4a

Fe3+oct [%] 54.6a

Fe3+tet [%] 7.0a

total Fe in chrysotileb [%] 68.2a

aTaken from Walter et al. (2019),15 all other data taken from Walter
et al. (2022).66 bThe remaining Fe is in phase impurities including
magnetite. cBulk metal and Si contents were determined by fusion
digestions (n = 32) and by neutron activation analysis (NAA, n = 2),
and the Fe bulk speciation was determined by Mössbauer 57Fe
spectroscopy. Values in round brackets indicate standard deviations.
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and kept in an evacuated desiccator for follow-up experiments or EPR
analyses.

Analytical Procedures. Total dissolved Cr, Ni, Fe, Mn, Zn, Co,
Mg, Al, and Si concentrations in the acidified sample filtrates were
analyzed by ICP-OES (Optima 5300-DV, Perking Elmer) or by ICP-
MS (Agilent 7700). The calibration standards were matrix-matched
with the samples.

Cr speciation in leachates was determined by LC-ICP-MS (a
chromatographic column for Cr speciation (G3268-80001, Agilent)
was coupled to ICP-MS (Agilent 7700)). Before analysis, the pH of
aliquots of fiber leachates was adjusted to pH 7, EDTA was added to a
concentration of 50 mmol L−1, and samples were heated to 60 °C for
1 h. An isocratic pump (Postnova analytics) was then used to pump
the mobile phase (a 50 mmol L−1 EDTA solution at pH 7) through
the column at a flow rate of 1.5 mL/min and an injection volume of
100 μL. Cr(III)-EDTA complexes and Cr(VI) were separated in the
column as Cr(VI) had a longer retention time (tR > 5 min) than
Cr(III)-EDTA complexes (tR < 4 min). Finally, the Cr concentration
was measured by ICP-MS (detection of 52Cr) at an RF power of 1550
W in He-mode (He being the carrier gas).

H2O2 concentrations in the filtrates were analyzed spectrophoto-
metrically immediately after sampling with a Varian Cary 50 UV/VIS
spectrophotometer according to a procedure reported in Walter et
al.30 Control samples to determine H2O2 decomposition in the
absence of fibers were also included as H2O2 reacts with the MOPS
buffer.76

The fiber-mediated HO• generation in the presence of H2O2 was
determined using an X-band EPR spectrometer (Bruker EMX) and a
split ring resonator (Bruker MD5). DMPO (5-5′-dimethyl-1-pyrro-
line-N-oxide) was used as spin-trapping agent. This technique has
frequently been applied before to determine the HO• generation by
asbestos fibers,15,24,25,28,68,77 and was carried out according to Walter
et al.15 EPR measurements were done in quadruplicates. The signal
intensity (Ipp, intensity peak-to-peak) provides a measure for the
HO• yield of the fibers. The Ipp of altered fibers was expressed as a
percentage of the Ipp of pristine fibers (defined as 100%), which was
measured as a reference in each measurement session. Intensities of
DMPO/HO• spectra were quantified by the height of the second
peak from the left in the quadruplet.
Expression of Cr(VI) Anion Transporters and Cellular Cr(VI)

Uptake. Cell Culture. For immunoblots and Cr(VI) uptake
experiments, cultures of human immortalized lung epithelial (BEAS-
2B), immortalized mesothelial (MeT-5A), lung carcinoma (A549),
and malignant pleural mesothelioma (P31) cells were used. For PCR
analysis, a panel containing two additional primary mesothelial (NP1,
NP2) and four additional mesothelioma (MM05, SPC212, VMC23,
VMC40) cell cultures was used. Gene expression microarray data
were generated from MeT-5A, NP2, and a total of n = 35
mesothelioma cell cultures. Cells were maintained in growth medium
supplemented with 2 g L−1 NaHCO3 and 10% heat-inactivated fetal
bovine serum (both Thermo Fisher Scientific) in a humidified
atmosphere (5% CO2, 37 °C). Establishment of malignant pleural
mesothelioma cell cultures from surgical samples and cell line
authentication were performed as published before.78 Cells were
routinely monitored for mycoplasma contamination. Cell type, source,
and culture medium for all cell cultures are listed in Table S1.

PCR Analysis. Cells were grown to 60−80% confluence before
RNA was isolated using the innuPREP RNA Mini Kit (Analytik Jena
AG) according to the manufacturer’s instructions and reverse
transcribed with M-MLV reverse transcriptase (Thermo Fisher
Scientific). The expression of the anion transporter solute carrier
family 4, anion exchanger, member 1 (SLC4A1, a chloride/
bicarbonate exchanger) and solute carrier family 26, anion exchanger,
member 1 (SLC26A1, a sulfate/anion exchanger) were analyzed by
qPCR (iTaq Universal SYBR Green Supermix, BioRad) on a CFX96
Touch thermocycler (BioRad) using the following primers:
SLC4A1_for: 5′GCAACAGCCACAGACTAC; SLC4A1_rev:
5 ′TGCAGCTCCACATAGACC ; S LC2 6A 1 v 1 - 3 _ f o r :
5 ′GGCCATCGCCTACTCATTG; SLC26A1v1 - 3_ r e v :
5′GAGGTTGGCGAAGAAGGAC; GAPDH_for: 5′AGCT-

CACTGGCATGGCCTTC; GAPDH_rev: 5′ACGCCTGCTTCAC-
CACCTTC; β-actin_for: 5′ACTCTTCCAGCCTTCCTTC; β-ac-
tin_rev: 5′GATGTCCACGTCACACTTC. The amplification effi-
ciencies were 96.5, 96.3, 102.5 and 104.3% for SLC4A1, SLC26A1,
GAPDH and β-actin, respectively (Figure S2). Gene expression levels
are shown as 2−ΔCt × 106 values normalized to both beta-actin and
GAPDH as reference genes.

Gene Expression Microarray. Total RNA was isolated using
TRIZOL (Thermo Fisher Scientific), and quantity and integrity (RIN
> 8) were determined using an Agilent 2100 Bioanalyzer (Agilent
Technologies). Genome-wide transcriptomic analysis was carried out
using 4 × 44K whole genome gene expression arrays as described.79

Labeling and hybridization processing were performed as per the
manufacturer’s instructions. Arrays were scanned on an Agilent
G2505B microarray scanner and analyzed using GeneSpring version
13.0.4 GX.

Immunoblots. Cells were lysed in protein lysis buffer (150 mM
NaCl, 50 mM Tris, 1 mM EGTA, 1 mM Na3VO4, 10 mM NaF, 1%
Triton X-100 and 1× proteinase inhibitor mix from Roche), and
protein concentration was determined with a Bradford protein assay
from BioRad following the manufacturer′s instructions. For analysis of
SLC26A1 and SLC41A, 30 and 80 μg, respectively, of total protein
per lane were separated by SDS polyacrylamide gel electrophoresis
and subsequently electroblotted onto PVDF membranes. Membranes
were blocked in 5% milk powder for 1 h and subsequently incubated
with the following primary antibodies overnight at 4 °C: rabbit
polyclonal anti-SLC26A1/SAT1, 1:200, Proteintech, rabbit mono-
clonal anti-SLC4A1, 1:100, Cell Signaling Technology and mouse
monoclonal anti-β-actin, 1:3000, Sigma. After washing with Tris-
buffered saline with 0.1% Tween 20, membranes were incubated in
horseradish peroxidase-coupled secondary antibodies (Agilent) for 1
h at room temperature. Luminescence signals were developed with
Clarity Western ECL substrate (BioRad) and recorded on X-ray film.

Cellular Uptake of Cr(VI). Cells (1 × 106) were seeded into 10 cm
petri dishes in medium with 10% heat-inactivated fetal bovine serum
and grown for 4 days to reach a confluence of approximately 80−90%.
Then, the medium was replaced with a serum-free medium and the
anion transport inhibitor 4,4′-diisothiocyanostilbene-2,2′-disulfonic
acid (DIDS, Merck) and niflumic acid (NA, Merck) were added at a
concentration of 200 μmol L−1 where indicated. Inhibitor
concentrations were chosen according to previous literature
reports.80,81 After 1 h, Na2CrO4 (Merck) was added at final
concentrations ranging from 0.2 to 2000 μmol L−1. After an
incubation period of 4 h, the medium was removed, and cells were
briefly washed with cold PBS and subsequently scraped into 1.5 mL
tubes. Samples were snap frozen in dry ice and stored at −80 °C. On
the next day, samples were subjected to three freeze−thaw cycles and
sonicated for 30 min to break up the cells. Insoluble material was
pelleted by centrifugation, and 40 μL of supernatant was pipetted into
500 μL of 10% trace metal grade HNO3 and stored at 4 °C. One μL
of each sample was used to analyze protein concentration with a
Bradford protein assay kit. The acidified 40 μL of the obtained
supernatants were diluted with ultrapure water and subsequently
filtered over a 0.45 μm Sartorius cellulose acetate syringe filter
(VWR). The Cr concentration in the filtrate was then analyzed by
ICP-MS (Agilent 7700 & 7900).

Cytotoxicity Test. Cells were seeded as described above for the
cellular uptake experiment and treated with the highest concen-
trations of DIDS, niflumic acid, and Na2CrO4 used in the cellular
uptake experiment. For the last hour of the experiment, the
fluorescent dyes Hoechst 33258 and propidium iodide (both from
Merck) were added at concentrations of 500 and 200 μmol L−1,
respectively. Cytotoxicity, indicated by cellular uptake of propidium
iodide, was monitored under a Nikon Ti 300 fluorescence microscope
1 h later.
Statistical Analyses. Statistical analyses were performed with

Graph Pad Prism 8 (where indicated). One-way ANOVA with Sidak′s
multiple comparison test was used for comparison of multiple groups.
A p-value of <0.05 was considered significant.
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■ RESULTS
Leaching of Cr from Chrysotile. Mobilized Cr

concentrations from pristine fibers by metal chelators were
the largest in the EDTA and DTPA treatments (Figure 1,

Table S2). For example, after 336 h, EDTA and DTPA had
mobilized 2.2 and 2.1 μmol L−1 Cr, respectively. Chromium
mobilization by DFOB was less efficient: only 0.7 μmol L−1 Cr
had leached after 336 h. In the blank treatment, Cr leaching
from fibers was below the limit of detection (LOD) (16.6 nmol
L−1) throughout the incubation (Figure 1). EDTA and DTPA
were also more efficient at mobilizing Fe and Ni from pristine
fibers than DFOB, and leached concentrations in blank
solutions were below LOD for Fe and in the lower
submicromolar range for Ni (Figure S3).

In experiments examining H2O2-mediated Cr leaching from
pristine and weathered fibers (Figure 2, Table S3), mobilized
Cr concentrations in the blank control treatments (no H2O2
added) also remained below the LOQ for pristine and blank-
altered fibers (Figure 2a,b, respectively) and in the low
submicromolar range for DFOB-altered fibers (Figure 2c).
However, in the presence of H2O2, mobilized Cr concen-
trations were considerably elevated for all three fiber types.
The Cr mobilization rate was initially large; the average rate for
the three fiber types during the first 8 h was 0.93 pmol m−2 s−1

(calculated according to Walter et al.15), but the rate gradually
declined. Cr mobilization was similar for the three fiber types
and reached a concentration between 2.0 and 2.3 μmol L−1

after 336 h. H2O2 leached Cr from chrysotile to a similar extent
as the ligands EDTA and DTPA (Figure 1).

Also, at lower applied H2O2 concentrations, Cr leaching
from pristine chrysotile at pH 7.4 was observed. For 1 mmol
L−1 H2O2, approximately 0.4 μmol L−1 Cr were still mobilized
after 168 h (Figure S4), indicating that Cr leaching can occur
at H2O2 concentrations down to the submillimolar range.

In the absence of MOPS buffer (leading to an increase in
suspension pH to 8.9), Cr was also only mobilized from
pristine chrysotile if H2O2 was added to the suspension.
Mobilized Cr concentrations were smaller than observed in
samples buffered at pH 7.4 due to the slower fiber dissolution
kinetics at higher pH, as illustrated by the lower mobilized Mg
concentrations (Table S4). At pH 3.0, however, Cr dissolution
from pristine chrysotile fibers was clearly higher than in the

presence of H2O2 at pH 7.4, reaching up to 6.1 μmol L−1 after
336 h (Figure S5).

For other heavy metals, like Ni, a pronounced effect of H2O2
on leaching at pH 7.4 was not observed, particularly with
blank-altered and DFOB-altered fibers (Figure S6). Addition-
ally, mobilization by DTPA, EDTA, and DFOB was
considerably larger than by H2O2, as exemplified for Ni in
Figures S3 and S6.

In order to test whether Cr leaching from chrysotile at pH
7.4 renders fiber surfaces with a lower surface Cr content, Cr

Figure 1. Cr concentrations (in μmol L−1) mobilized from 1 g L−1

pristine fibers at pH 7.4 by 1 mmol L−1 of the synthetic chelators
DTPA and EDTA and the siderophore DFOB and in the absence of
ligands (blank). Error bars indicate standard deviations (n = 2). Data
presented in this figure are reported in Table S2.

Figure 2. Cr concentrations (in μmol L−1) mobilized from 1 g L−1

pristine (panel a), blank-altered (panel b), and DFOB-altered
chrysotile fibers (panel c) as a function of time at pH 7.4, either in
the presence or absence of 3.3 g L−1 H2O2 (∼100 mmol L−1) (starting
concentration). Error bars indicate standard deviations (n = 2). Data
presented in this figure are reported in Table S3.
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leaching from ligand-pretreated fibers was examined in the
presence of either H2O2 or DFOB under the same
experimental conditions. During preconditioning of the fibers,
1.9, 2.2, and 0.7 μmol g−1 Cr had been removed by DTPA,
EDTA, and DFOB, respectively (Table 2), corresponding with
the results presented in Figure 1. In the subsequent leaching
experiment, only marginally smaller amounts of Cr were
leached from DTPA- and EDTA-altered fibers in the presence
of H2O2 or from DFOB-altered fibers in the presence of DFOB
(Table 2). Contrary to Cr, ligand preconditioning rendered
fiber surfaces that were considerably depleted in Fe and Ni
(Table S5). For example, DFOB removed on average ∼30
μmol g−1 Fe during preconditioning, whereas it only removed
4 μmol g−1 Fe during the subsequent incubation. Similarly to
Fe, mobilized Ni concentrations by DFOB from DFOB-altered
fibers (0.3 μmol g−1) were almost 6 times lower than the Ni
concentrations that were mobilized from pristine fibers during
the DFOB preconditioning of the fibers (1.7 μmol g−1).
Redox Speciation of Dissolved Cr. LC-ICP-MS analyses

demonstrated that Cr leached from chrysotile in the presence
of H2O2 at pH 7.4 was exclusively Cr(VI) (Figure 3, Table S4).
Also, in the absence of MOPS buffer, Cr that leached from
chrysotile asbestos in the presence of H2O2 was exclusively
Cr(VI) (Table S4). In contrast, in pristine chrysotile fiber
suspensions at pH 3.0 (to which no H2O2 was added), the
leached Cr was exclusively Cr(III) (Figure 3, Table S4). The
chromatograms of all LC-ICP-MS speciation analyses are
presented in Figure S7. In addition to the LC-ICP-MS
speciation analyses, the solution speciation of the experimental
sample from the H2O2 treatment at pH 7.4 with the largest
mobilized Cr concentration (Figure 2a) was predicted with the
geochemical modeling program PHREEQC and the SIT
database82 (Table S6). Equilibrium modeling suggested that
practically all Cr was present in the hexavalent redox state,
predominantly as CrO4

2− and to a smaller extent as HCrO4
−.

Only minor traces of Cr(III) (∼10−15 μmol L−1) were
predicted.
Expression of Cr(VI) Transporters in Cells of Typical

Asbestos-Burdened Tissues. Expression of the Cr(VI)
transporters SLC4A1 and SLC26A1 was tested in a panel of
cultured cells (Table S1) derived from typical tissues exposed
to asbestos and from asbestos-related cancers. Gene expression
of both SLC4A1 and SLC26A1 was confirmed in lung
epithelial, mesothelial, lung carcinoma, and mesothelioma
cells by qPCR (Figure 4a). Furthermore, since especially
mesothelioma is associated with asbestos exposure, expression
arrays of a larger panel of mesothelioma cell lines (n = 33)
were analyzed and SLC4A1 and SLC26A1 expression

compared to nonmalignant mesothelial (n = 2) cells (Figure
4b). Consistent with our qPCR data, SLC26A1 generally
showed higher expression than SLC4A1. Also, the non-
malignant mesothelial cells tended to express higher levels of
both SLC4A1 and SLC26A1 than mesothelioma. To confirm
the expression of SLC4A1 and SLC26A1 on the protein level,
MeT-5A (mesothelial), P31 (mesothelioma), BEAS-2B (lung
epithelial), and A549 (lung cancer) cells were further
investigated by immunoblotting (Figure 4c). With the
exception of A549, which showed only a faint band for
SLC4A1, all cell types showed expression of both transporter
proteins.
Intracellular Cr Contents in Cellular Cr(VI) Uptake

Experiments. The capability of the SLC4A1 and SLC26A1
protein expressing cells MeT-5A, P31, BEAS-2B, and A549 to
take up Cr(VI) was tested by incubating them with medium

Table 2. Removal of Cr from Fibers at pH 7.4 during Preconditioning with 1 mmol L−1 Ligand or Blank Solutions for 336 h
(First Column) and during Interaction of the Pristine and Preconditioned Fibers with a 3.3 g L−1 H2O2 Solution (Second
Column) or a 1 mmol L−1 DFOB Solution (Third Column) for 336 ha

Cr removal during preconditioning with or
without ligands

Cr removal from (preconditioned) fibers by
3.3 g L−1 H2O2

Cr removal from preconditioned fibers by
1 mmol L−1 DFOB

[μmol g−1] [μmol g−1] [μmol g−1]

pristine fibers 2.3 (0.0)
DFOB-altered fibers 0.7 2.0 (0.1) 0.5 (0.1)
DTPA-altered fibers 1.9 (0.1) 1.7 (0.1)
EDTA-altered fibers 2.2 (0.2) 1.9 (0.1)
blank-altered fibers 0 2.1 (0.1)

aValues in round braces indicate standard deviations (n = 2). Standard deviations could not be determined for fiber preconditioning carried out in a
single container.

Figure 3. Cr redox speciation of selected samples from the leaching
experiments (all at an ionic strength of 300 mmol L−1) determined by
LC-ICP-MS. For the chromatographic conditions, see the exper-
imental section. The Cr(III) retention time was <4 min, whereas the
Cr(VI) retention time was >5 min. (a) Cr(III) (left peak) and Cr(VI)
(right peak) standard, both at 50 ppb, used as upper limit for the
calibration of the LC-ICP-MS speciation method. (b) Leachate
collected after incubation of 1 g L−1 chrysotile at pH 7.4 for 168 h at
an initial H2O2 concentration of 3.3 g L−1 (∼100 mmol L−1) (sample
was diluted 10 times). (c) Leachate collected after incubation of 1 g
L−1 chrysotile at pH 3.0 for 168 h (sample was diluted 20 times). The
corresponding Cr redox species concentrations in the leachates for
which the chromatograms are presented in panels (b) and (c) are
reported in Table S4; full chromatograms up to approximately 15 min
retention time are presented in Figure S7.
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containing 0.2 to 2000 μmol L−1 Na2CrO4 and measuring
intracellular Cr by ICP-MS. The results show a concentration-
dependent uptake of Cr(VI) that was comparable in lung-
derived and mesothelium-derived cells (Figure 4d). Interest-
ingly, at the highest tested Cr(VI) concentration (2000 μmol
L−1), intracellular Cr contents were lower in all four cell types
than would be extrapolated from the extent of intracellular Cr
measured at lower spiked-in Cr(VI) levels. Incubating the cells
with 200 μmol L−1 of the anion transporter inhibitor DIDS led
to significantly reduced intracellular Cr concentrations in all
cell models when 2 μmol L−1 of Cr(VI) had initially been
spiked into the cell media, with the highest decreases in cellular
Cr contents amounting to 45-fold in MeT-5A cells (Figure 4e).
In the mesothelium-derived cells, a second inhibitor, niflumic
acid (NA), was tested. It led to a significant decrease in
intracellular Cr levels only in MeT-5A and showed no further
reduction when used in combination with DIDS (Figure S8a).

When 2000 μmol L−1 of Cr(VI) were spiked to the media, 200
μmol L−1 of DIDS caused a larger than equimolar decrease of
intracellular Cr contents (Figure S8b). Incubation with Cr(VI)
at the highest concentration with both inhibitors did not result
in increased cytotoxicity compared to untreated cells (Figure
S9). Finally, in cell-free medium, measured Cr concentrations
were identical for replicates where no inhibitor was added and
replicates in which 200 μmol L−1 of DIDS, NA, or DIDS + NA
were added to the medium (Figure S10).

The intracellular Cr concentrations measured 4 h after
incubation of the cells with Cr(VI) were up to 10 times higher
than the Cr(VI) concentrations that had initially been spiked
into the cell media (Figure 4f). This effect was highest in
replicates of the three lowest applied Cr(VI) concentrations
(0.2, 2, and 20 μmol L−1). At 200 μmol L−1 of spiked Cr(VI),
accumulation of Cr in the intracellular compartment was
already less, and at 2000 μmol L−1 of spiked Cr(VI),

Figure 4. (a) Expression of SLC4A1 and SLC26A1 in mesothelial (MeT-5A, NP1, NP2), mesothelioma (P31, MM05, SPC212, VMC23, VMC40),
lung epithelial (BEAS-2B), and lung carcinoma (A549) cells assessed by qPCR. All expression values were calculated as 2−dCT × 106 relative to two
housekeeping genes (β-actin and GAPDH). Medians for each category (horizontal lines) and expression levels of individual cell lines are shown.
(b) Expression levels of SLC4A1 and SLC26A1 (two oligos, v1 and v1) in a panel of mesothelial (n = 2) and mesothelioma (n = 35) cells extracted
from Agilent 44 K microarray data, shown as raw hybridization signal. Horizontal lines indicate mean values of the presented data. (c)
Immunoblots of the SLC4A1 and SLC26A1 proteins in MeT-5A, P31, BEAS-2B, and A549 cells. β-actin was used as loading control. (d) Cr(VI)
uptake in MeT-5A, P31, BEAS-2B, and A549 cells when either 0.2, 2, 20, 200, and 2000 μmol L−1 Cr(VI) were spiked into the cell incubation
media. Mean background protein normalized intracellular Cr concentrations ranged from 18 (P31) to 57 (MeT-5A) nmol g−1 (Table S7). (e)
Cr(VI) uptake in MeT-5A, P31, BEAS-2B, and A549 cells in the presence and absence of 200 μmol L−1 of the anion transporter inhibitor DIDS
when the cell incubation media had initially been spiked with 2 μmol L−1 of Cr(VI)). (f) Accumulation of Cr(VI) in the intracellular compartment
of MeT-5A, P31, BEAS-2B, and A549 cells as compared to measured Cr(VI) concentrations in the cell media alone (”Medium” replicates) when
0.2, 2, 20, 200, and 200 μmol L−1 Cr(VI) were spiked into the cell media. Measured intracellular Cr contents [μmol L−1] in panels (d) and (e)
were normalized to the cellular protein content [g L−1]. Data to this Figure are presented in Table S7 (the plotted data) and Table S1 (list of used
cell lines, their type and source). **p < 0.005, ***p < 0.001 DIDS versus no DIDS. Error bars in panels (d) and (e) represent standard deviations
(n = 3−5).
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intracellular Cr contents in BEAS-2B, MeT-5A, and P31 cells
were even below the initially spiked Cr(VI) concentrations in
the cell media.
H2O2 Degradation and HO• Generation by Precondi-

tioned Fibers. H2O2 decomposition was the fastest for
pristine fibers, with only 0.4 g L−1 H2O2 (∼12%) remaining
after 336 h (Figure 5a). Fibers from which transition metals
had (partly) been leached from the surfaces during
preconditioning with ligands decomposed H2O2 at a smaller
rate. However, H2O2 decomposition by DFOB-altered fibers,
from which 0.7 μmol g−1 Cr and 29 μmol g−1 Fe had been
leached (Table 2, Table S5), was still larger than that by the
MOPS-buffer. H2O2 decomposition by DTPA-altered and
EDTA-altered fibers was comparable to the MOPS buffer
(Figure 5a). DTPA and EDTA had removed larger amounts of
Cr (1.9 and 2.2 μmol g−1, respectively) and Fe (36 and 40
μmol g−1, respectively) from the fibers during preconditioning
compared to DFOB (Table 2 and Table S5).

In agreement with Walter et al.,15,30 the HO• yield was
considerably larger for blank-altered fibers (62%) than for
DFOB-altered fibers (9%) (Figure 5b), from which Cr and Fe
had been leached during fiber preconditioning (Table 2, Table
S5). The HO• yields of EDTA-altered fibers (14%) and
DTPA-altered fibers (3%), from which even larger amounts of
Cr and Fe had been leached during preconditioning than by
DFOB (Table 2, Table S5), were in a similar low range as the
HO• yield of DFOB-altered fibers.

■ DISCUSSION
Leaching of Cr and Its Potential to Contribute to the

Carcinogenicity of Chrysotile Fibers. As hypothesized,
addition of H2O2 strongly increased the leaching of Cr from
pristine fibers at the physiological lung pH of 7.4 (to a similar
extent as the strong Cr(III) chelators DTPA and EDTA,
Figure 1) but also from weathered (preconditioned) chrysotile
(Figure 2, Table 2). At circumneutral pH, H2O2 oxidizes the
poorly soluble trivalent Cr to the well soluble hexavalent Cr

oxyanion.42,65,83,84 Results from our LC-ICP-MS analyses
demonstrated that the Cr solution speciation in leachates
from chrysotile treatments with H2O2 at pH 7.4 (Figure 2)
were governed by hexavalent Cr; according to our equilibrium
predictions, Cr was predominantly present as the CrO4

2− and
HCrO4

− species (Figure 3, Table S6). However, our LC-ICP-
MS speciation analyses further demonstrated that in acidic
chrysotile suspensions (pH 3.0) to which no H2O2 was added,
Cr(III) readily leached from chrysotile (Figure 3, Figure S5).
This suggests that the bulk-Cr in Shijiazhuang chrysotile is
Cr(III), and that at pH 3.0 a fraction of this Cr was mobilized
through proton-promoted dissolution. Considering these
results, we propose that the observed dissolution of Cr from
chrysotile in the presence of H2O2 at pH 7.4 (Figure 2) was
caused by oxidation of bulk-Cr(III) on the fiber surface to
Cr(VI), which subsequently entered into solution. The
negative charge of the outermost Si layer of chrysotile at pH
7.413 presumably facilitates the leaching of the negatively
charged chromate oxyanions. Of note, Cr mobilization through
complexation by the organic MOPS buffer at pH 7.4 is very
improbable, as (1) MOPS did not mobilize Cr in the blank
treatments (Figure 2), and (2) rapid mobilization of Cr from
chrysotile by H2O2 was also observed in the absence of MOPS
(Figure S1b, Table S4).

The expression of the anion transporter proteins SLC4A1
and SLC26A1 in cells of typical asbestos-burdened tissues and
asbestos-related cancers (Figure 4a−c) suggests that leached
Cr(VI) can readily be taken up into their intracellular
compartment. Indeed, lung epithelial, lung cancer, mesothelial,
and mesothelioma cells all showed rapid uptake of Cr(VI)
across a wide concentration range (0.2 to 2000 μmol L−1)
(Figure 4d). Mesothelial derived cells were at least as
susceptible to Cr(VI) uptake as lung derived cells. As Cr(VI)
compounds are established human carcinogens in the lung,51,57

the comparable Cr(VI) uptake kinetics in mesothelial derived
cells could indicate that these cells might be similarly
susceptible to Cr(VI)-mediated carcinogenesis. Apart from

Figure 5. (a) H2O2 degradation at pH 7.4 in the absence of fibers (“MOPS buffer”), by pristine fibers and by fibers that had been preconditioned
for 336 h at pH 7.4 in the presence of 1 mmol L−1 EDTA, DTPA or DFOB. The starting H2O2 concentration was 3.3 g L−1 (∼100 mmol L−1). The
data were collected in two separate experiments; hence, for both experiments, the MOPS control treatment is reported (the MOPS (DTPA &
EDTA) and MOPS (DFOB & pristine) columns). (b) Hydroxyl radical generation by fibers that were preconditioned in the absence of ligands or
with DTPA, EDTA, and DFOB. A hydroxyl radical yield of 100% corresponds to the radical generation by pristine fibers (no preconditioning).
Error bars indicate standard deviations (n = 2 in panel (a) and n = 4 in panel (b)). Data from the pristine fiber and DFOB treatment and the
corresponding MOPS buffer control in panel (a) were taken from Walter et al.30 Data presented in this figure is reported in Table S8.
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replicates at the highest tested Cr(VI) concentration (2000
μmol L−1), Cr strongly accumulated in all four investigated cell
types up to a factor of almost 10 in relation to the Cr(VI)
levels added to the cell media (Figure 4f), suggesting that
Cr(VI) that had leached from chrysotile is likely to accumulate
in cells of burdened tissues.

The cellular Cr(VI) uptake experiments (Figure 4d−f)
support the notion that lung epithelial, lung cancer,
mesothelial, and mesothelioma cells can take up Cr(VI) by a
transporter-mediated process. The considerable decrease in
intracellular Cr content (by up to a factor of 45, Figure 4e) in
replicates in which the anion-transporter inhibitor DIDS was
added to the cell media demonstrates a transporter-mediated
Cr(VI) uptake in these cells. As DIDS decreased the
intracellular Cr content by a higher than equimolar extent at
the highest Cr(VI) spike-in concentration of 2000 μmol L−1

(Figure S8b), and as soluble Cr concentrations did not
decrease with addition of DIDS to the cell media (Figure S10),
Cr(VI) uptake inhibition by DIDS was consequently caused by
transporter inhibition rather than by other possible effects such
as precipitation or complex formation of DIDS and Cr(VI) and
subsequent sequestering of Cr(VI) in the cell media. A
transporter-mediated uptake of Cr(VI) in the examined cells is
also suggested by the lower fraction of intracellular Cr contents
in respect to the amount added in high Cr(VI) spike-in
replicates (especially at 2000 μmol L−1) compared to lower
Cr(VI) replicates (0.2, 2, and 20 μmol L−1), which presumably
indicates saturation of Cr(VI) anion transporters at high
Cr(VI) concentrations (Figure 4d,f). It is furthermore unlikely
that the measured Cr(VI) uptake was caused by cytotoxicity
with subsequent cell lysis, as incubation with the highest
concentrations of Cr(VI) and both inhibitors did not result in
increased cytotoxicity compared to untreated cells (Figure S9).

During frustrated phagocytosis of asbestos fibers and chronic
inflammation, immune cells like alveolar macrophages and
neutrophils increase the release of H2O2 into the extracellular
environment of burdened tissues.20,21 The increased oxidative
capacity in these tissues presumably promotes the oxidation of
trivalent Cr on chrysotile fibers and consequently the leaching
of Cr(VI). Additionally, it is conceivable that during asbestos-
mediated cell death, phagolysosomal contents such as H2O2
are released and lead to a burst of Cr(VI) dissolution from
internalized asbestos fibers into the extracellular compartment.
As hexavalent chromium is a potent and genotoxic
carcinogen,45,51,57 its rapid oxidative dissolution from chrys-
otile in the presence of H2O2 (Figures 2 and 3) and
subsequent cellular uptake and accumulation (Figure 4) may
contribute to the pathogenesis and/or progression of asbestos-
associated malignant diseases. Furthermore, the increased
expression of growth factors in chronically inflamed asbestos-
burdened tissues21 can be expected to increase cellular
proliferation rates and thereby enhance the promotion of
initiated or pre-malignant cells that have acquired a mutation
by fiber-leached Cr. Hence, chronically inflamed asbestos-
burdened tissues constitute a cellular environment promotive
of both the leaching of hexavalent Cr from chrysotile asbestos
and of unlocking its carcinogenic potential, particularly its high
genotoxicity in tumor initiation and progression processes.

In previous studies, trace metals (including Cr) on chrysotile
surfaces were postulated as potential contributors to the
carcinogenicity of the fibers.38,62−64 The results from our
experiments combined with the efficient in vivo dissolution of
Cr from intrapleurally administered chrysotile in rats19,39

support this hypothesis. The Cr content of chrysotile is
typically in the lower g kg−1 range (in Shijiazhuang chrysotile
1.3−1.4 g kg−1, Table 1), which is strongly enriched relative to
the bulk Cr content of the amphibole asbestos minerals
amosite and crocidolite.31 Our findings support the notion that
a fraction of this Cr may leach out of the fibers and be taken up
by burdened tissues.

The applied H2O2 concentration at the beginning of the
leaching experiments (3.3 g L−1 ≈ 100 mmol L−1) was
approximately two orders of magnitude larger than the
maximum extracellular H2O2 concentrations expected in
pathophysiological conditions (up to 1 mmol L−1).23 The
H2O2 concentration declined during the course of the leaching
experiments due to degradation by chrysotile (Figure 5a,
Walter et al.30). Nevertheless, the H2O2 concentration
remained higher than concentrations to be expected in
asbestos-burdened tissues.23 However, in a supplementary
experiment, we demonstrated that H2O2 concentrations within
the expected extracellular levels23 can mobilize Cr from
chrysotile at pH 7.4 (Figure S4). Furthermore, considering
that the residence time of chrysotile in burdened tissues will be
orders of magnitude longer than the incubation times in the
leaching experiments (2 weeks), mobilization may continue for
a much larger time-span. Also, H2O2 concentrations in the
direct vicinity of asbestos (e.g., during frustrated phagocytosis)
might be considerably higher than averaged extracellular H2O2
concentrations under pathological conditions. Therefore, we
postulate that Cr(VI) also leaches from chrysotile in vivo upon
inhalation and subsequent instillation in burdened tissues.

Cr leaching was only marginally affected by preconditioning
with blank and ligand solutions (Figure 2, Table 2). Hence, it
can be concluded that not only pristine but also weathered
chrysotile exhibits a high risk for H2O2-promoted Cr(VI)
leaching once the fibers are inhaled. Surprisingly, Cr leached to
almost the same extent from fibers pretreated with ligand
solutions as from pristine and blank-altered fibers (Table 2).
This was not observed for Fe and Ni, which were considerably
depleted on the fiber surface after ligand treatments (Table
S5). The cause for this divergent dissolution of Cr from
chrysotile compared to other heavy metals is unclear but may
relate to comparatively slow ligand-promoted dissolution
kinetics of Cr85 or Cr equilibrium partitioning between fibers
and the aqueous phase in the presence of ligands, favoring the
aqueous phase to a lesser extent. The Cr present at the
chrysotile surface after pretreatment could be rapidly mobilized
through oxidative dissolution by H2O2. The cumulative
amount of Cr mobilized after preconditioning and H2O2
treatment relates linearly with the cumulative amounts of
mobilized Mg and Si (Figure S1c,d). Because in chrysotile Cr
substitutes for Mg and the outer layer is a Mg layer,1,31 the
linear regression with Mg goes through the origin, while the
linear regression with Si has an intercept. These linear relations
imply that, once the outer Mg layer had dissolved, Cr, Mg, and
Si were liberated from the chrysotile structure in a fixed ratio,
but during pretreatment, only a part of the liberated Cr at the
surface had entered into solution.
Contribution of Cr to Fiber-Mediated H2O2 Degrada-

tion and HO• Generation. Preconditioning of chrysotile
fibers with the chelators EDTA and DTPA did not deplete the
fiber surfaces from reactive Cr (Table 2). However, the H2O2
decomposition rates in suspensions of EDTA-altered and
DTPA-altered fibers were comparable to the rate in the
MOPS-buffer control (Figure 5a). This suggests that the
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contribution of the remaining Cr on the fiber surface to H2O2
degradation is negligible, falsifying our hypothesis.

A possible explanation for the very low H2O2 decomposition
by EDTA-altered and DTPA-altered fibers relative to DFOB-
altered fibers is that EDTA and DTPA more effectively
removed Fe from the fiber surfaces during preconditioning
(Figure S3, Table S5). Walter et al.30 demonstrated that
reactive Fe surface sites (especially Fe3+tet) are highly active in
decomposing H2O2. So, a more effective depletion of these
active sites may have rendered the fibers more inactive in
decomposing H2O2.

30 Furthermore, Walter et al. proposed a
“remnant mode of H2O2 decomposition” for DFOB-altered
chrysotile asbestos.30 Our experiments indicate that this
remnant mode is related to remaining surface-exposed Fe3+tet
sites after pretreatment with DFOB rather than to other
transition metals on fiber surfaces or magnetite impurities,
supporting the hypothesis that Fe3+tet is (on a molar basis) the
most reactive species on chrysotile fibers in decomposing
H2O2.

30

The generation of HO• radicals by fibers preconditioned
with chelating ligands was strongly decreased in comparison to
blank-altered fibers (Figure 5b). This resulted from the
depletion of surface Fe3+tet through complexation and
mobilization by the ligands.15,30 The HO• yields of fibers
preconditioned with ligands varied between 3 and 14% for
DTPA-altered and EDTA-altered fibers, respectively. Consid-
ering that the preconditioning of chrysotile fibers with DTPA
did not deplete the fiber surfaces from reactive Cr (Table 2),
the near-background HO• yield of this fiber type demonstrates
that a potential contribution of Cr to HO• is negligible, which
also falsifies our hypothesis. As Cr is the only Fenton-active
metal in chrysotile apart from Fe (Table 1 and Valko et al.56),
this conclusion supports the hypothesis that Fe3+tet is the only
relevant Fenton-active species on chrysotile fibers.15,30 The
differences and variance in “remnant” HO• yield for fibers
preconditioned with ligands may result from differences in
residual active Fe3+tet surface sites related to differences in
effectiveness of the applied ligands in complexing Fe3+tet and
from a heterogenous distribution of accessory Fenton-active
magnetite phase impurities in the chrysotile material during the
EPR spin trapping analyses.24

Contribution of Ni to the Carcinogenicity of
Chrysotile. Whereas in the absence of ligands and H2O2
dissolved Cr concentrations remained mostly below the limit
of detection, Ni dissolved from pristine and preconditioned
fiber surfaces to concentrations in the submicromolar range
(below 0.5 μmol L−1) in blank solutions at pH 7.4 (Figure S6).
Ni(II) does not participate in redox reactions with H2O2, and
hence, the oxidative dissolution mechanisms observed for
Cr(III) did not apply. Therefore, the presence of H2O2 did not
consistently increase the leaching of Ni (Figure S6). Because
oxidants like H2O2 do not enhance the leaching of Ni from
chrysotile and the toxicity of Ni is less problematic as
compared to Cr(VI) (weak mutagenicity, mostly dose-
dependent carcinogenic effects like depletion of antioxidants
and disruption of DNA repair mechanisms),59−61,86 the in vivo
leaching of Ni from chrysotile presumably poses a lower
carcinogenic risk than the leaching of Cr(VI). However,
leached Ni may support the carcinogenic process in asbestos-
burdened tissues via the aforementioned processes.

■ CONCLUSIONS
Our results show that in the presence of H2O2, Cr rapidly
leaches from chrysotile fibers by an oxidative dissolution
mechanism in its hexavalent redox state. The fast leaching of
Cr from intrapleurally administered chrysotile in rats19,39 has
demonstrated that in vivo Cr can also rapidly dissolve from
chrysotile. Considering our experimental results, oxidative
dissolution of hexavalent chromium by elevated extracellular
H2O2 concentrations in asbestos-burdened tissues may
contribute to this efficient in vivo leaching of Cr.20,21 The
observed expression of anion transporters and efficient uptake
of Cr(VI) by mesothelial, lung epithelial, mesothelioma, and
lung carcinoma cells and the strong accumulation of Cr in
these cells indicate that Cr(VI) leached from chrysotile may
easily reach the DNA of cells of typically asbestos-burdened
tissues and hence support tumor initiation and progression
processes. In a recent review and publications therein on the
role of genotoxicity in asbestos-induced cancers,87 the
potential contribution of Cr to the carcinogenicity of asbestos
was not considered. However, based on our results combined
with results from in vivo leaching studies,19,39 leaching of
hexavalent Cr should indeed be considered a potential
contributor to the genotoxicity and carcinogenicity of
chrysotile asbestos. Chromium on chrysotile surfaces, however,
does not appear to contribute to a relevant extent to fiber-
mediated Haber−Weiss cycling. Consequently, Fe3+tet can be
discerned as the only relevant Fenton-reactive surface species
on chrysotile at pH 7.4.15,30 The lower observed leaching of Ni
compared to Cr and its dose-dependent carcinogenicity and
weak mutagenicity59−61 indicate that Ni associated with
chrysotile asbestos poses a lower risk than Cr does.
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