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Abstract

Rechargeable Li-ion batteries (LIB) are increasingly produced and used worldwide. LIB electrodes are made of micromet-
ric and low solubility particles, consisting of toxicologically relevant elements. The health hazard of these materials is not
known. Here, we investigated the respiratory hazard of three leading LIB components (LiFePO, or LFP, Li,TisO,, or LTO,
and LiCoO, or LCO) and their mechanisms of action. Particles were characterized physico-chemically and elemental bioac-
cessibility was documented. Lung inflammation and fibrotic responses, as well as particle persistence and ion bioavailability,
were assessed in mice after aspiration of LIB particles (0.5 or 2 mg); crystalline silica (2 mg) was used as reference. Acute
inflammatory lung responses were recorded with the 3 LIB particles and silica, LCO being the most potent. Inflammation
persisted 2 m after LFP, LCO and silica, in association with fibrosis in LCO and silica lungs. LIB particles persisted in the
lungs after 2 m. Endogenous iron co-localized with cobalt in LCO lungs, indicating the formation of ferruginous bodies.
Fe and Co ions were detected in the broncho-alveolar lavage fluids of LFP and LCO lungs, respectively. Hypoxia-inducible
factor (HIF) -1a, a marker of fibrosis and of the biological activity of Co ions, was upregulated in LCO and silica lungs.
This study identified, for the first time, the respiratory hazard of LIB particles. LCO was at least as potent as crystalline
silica to induce lung inflammation and fibrosis. Iron and cobalt, but not lithium, ions appear to contribute to LFP and LCO
toxicity, respectively.
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Background

Li-ion batteries (LIB) are used in most portable electronics
such as cellular phones and laptops, and are also present in
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The electrodes of conventional LIB are made of particu-
late materials such as lithium titanium oxide (Li Ti5O,/
LTO) for the anode, and lithium cobalt oxide (LiCoO,/
LCO) or lithium iron phosphate (LiFePO,/LFP) for the
cathode (Bozich et al. 2017; Nitta et al. 2015). These mate-
rials are a source of concern because they contain (eco)
toxicologically relevant elements such as lithium, cobalt,
iron and nickel (Bozich et al. 2017; Kang et al. 2013).
LIB particulate components are poorly water soluble and
micrometric in size, suggesting that they might be respir-
able and biopersistent in the human respiratory tract. Cur-
rently, exposure to LIB components is potentially the most
worrying for workers who produce and handle LIB par-
ticles, but future applications of LIB, such as multi-layer
systems made for spray-paintable or printable batteries
(Singh et al. 2012; De et al. 2017; Kim et al. 2015), could
increase the potential for inhalation exposure, including
for consumers. The high disposal rate of LIB and the cur-
rent lack of strict regulatory policy may also lead to the
dispersion of battery components in the environment and
to a risk for the general population and the environment
(Bozich et al. 2017). Thus, LIB particles might represent a
possible inhalation risk for humans, similar to other insol-
uble micrometric particles or fibres inducing chronic lung
inflammatory and fibrotic reactions (Leung et al. 2012;
Norbet et al. 2015).

Existing knowledge on the toxicity of lithium com-
pounds is sparse, and almost limited to systemic side
effects recorded at high dose in bipolar patients treated
orally with Li salts who can develop thyroid, neurological
and heart toxicity (McKnight et al. 2012). LiCl inhala-
tion induced no respiratory toxicity in rabbits (Johans-
son 1988) and Li combustion aerosols caused moderate
lung inflammation in rats (Greenspan et al. 1986; Rebar
et al. 1986). In vitro, low cytotoxicity and the secretion of
the pro-inflammatory cytokine, interleukin (IL) -8, were
observed in epithelial cells in response to LCO micro-
particles (Brog et al. 2017). In addition to Li, other LIB
metallic constituents could cause toxicity. Fe and Co can
cause chronic lung inflammation (Emerit et al. 2001; Lison
2015). Lung fibrosis was also observed after exposure to
Co compounds (Demedts et al. 1984). Moreover, Fe and
Co ions are potent inducers of oxidative stress (Jomova
and Valko 2011), one of the major mechanisms incrimi-
nated in particle toxicity.

In view of the increasing production, use, disposal and
almost absence of toxicological data on LIB particles, infor-
mation is urgently needed to better control possible health
risks. Here, we evaluated, for the first time, the lung toxicity
of 3 leading LIB particles (LFP, LTO and LCO). We inves-
tigated their respective mechanisms of action to identify
critical particle characteristics and key events useful for a
safer-by-design and sustainable development of LIB.
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Methods
Particles

LIB particles (LiFePO, or LFP, Li,TisO,, or LTO, and
LiCoO, or LCO) were obtained from MTI Corporation
(Richmond, USA), lithium chloride (LiCl 730 36) from
Sigma-Aldrich (Missouri, USA) and micrometric crystal-
line silica particles (Min-U-Sil 5, ds, 1.6 um) from US Silica
(Berkley Springs, USA). Before all experiments, LIB and
silica particles were heated 2 h at 200 °C to remove possible
endotoxin contaminants. Methods for assessing particle size,
density, composition and solubilization are reported in the
supplementary methods.

Animals and treatments

Female C57BL/6 mice were purchased from Janvier Labs
(St Bertevin, France) or obtained from the local breed-
ing facility (Animalerie Centrale, Université catholique
de Louvain, Brussels, Belgium). Eight-week-old animals
were kept with sterile rodent feed and acidified water, and
housed in positive-pressure air-conditioned units (25 °C,
50% relative humidity) on a 12-h light/dark cycle. Particles
and other compounds were suspended in sterile 0.9% saline
solution. After anaesthesia with a mix of Nimatek, 1 mg/
mouse (Eurovet, Bladel, Nederland) and Rompun, 0.2 mg/
mouse (Bayer, Kiel, Germany) given intraperitoneally, 50 pl
suspensions of LIB particles, silica, LiCl or NaCl (control
groups) were directly administered by oro-pharyngeal aspi-
ration. Single dose administration of particles is validated
as a convenient alternative to inhalation exposure for initial
hazard identification (Sabaitis et al. 1999; Driscoll et al.
2000) and induces similar lung responses as inhalation expo-
sure (Kinaret et al. 2017; Mercer et al. 2013). Mice were
sacrificed 18 h, 3 days and 2 m after administration with
an intraperitoneal injection of 12 mg sodium pentobarbital
(Certa, Braine-1’Alleud, Belgium).

Broncho-alveolar lavage and lung sampling

Broncho-alveolar lavage (BAL) was performed by cannu-
lating the trachea and infusing the lungs with 1 ml NaCl
0.9%. Whole lungs were then perfused with NaCl 0.9% and
excised. Left lobes were placed in 3.65% paraformalde-
hyde (Sigma-Aldrich, St Louis, Missouri, USA) in phos-
phate buffered saline (PBS) for later histological analysis,
and remaining lobes in liquid nitrogen or lysis buffer for
homogenization. Lungs were homogenized on ice with an
Ultra-Turrax T25 (Janke and Kunkel, Brussels, Belgium)
and stored at — 80 °C. Particle biopersistence was assessed
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by inductively coupled plasma mass spectrometry (ICP-
MS), time-of-flight secondary ion mass spectrometry (ToF-
SIMS), scanning electron microscopy/energy dispersive
X-ray spectrometry (SEM-EDX) and X-ray micro fluores-
cence (u-XRF) (Supplementary methods). BAL was centri-
fuged 10 min at 4 °C (240 g). Cell-free supernatant (BALF)
was used for biochemical measurements. After resuspen-
sion in PBS, total BAL cells were counted in Turch (crystal
violet 1%, acetic acid 3%) and cytocentrifuged for differen-
tiation by light microscopy after Diff-Quick staining (200
cells counted, Polysciences, Warrington, UK). Total proteins
and lactate dehydrogenase (LDH) activity were assayed on
BALF as described previously (Arras et al. 2001).

Quantification of cytokines, HIF-1a, HO-1 and lung
collagen

IL-1p, IL-6, tumour necrosis factor (TNF)-a, IL-1a, trans-
forming growth factor (TGF)-p1 and platelet-derived growth
factor (PDGF)-bb were quantified by enzyme-linked immu-
nosorbent assay (ELISA) (DuoSet ELISA, R&D Systems,
Minneapolis, USA) in BALF following manufacturer’s
instructions. Hypoxia-inducible factor (HIF)-1a (Duo-
Set ELISA, R&D Systems) and heme oxygenase (HO)-1
(Immunoset, Enzo Life Sciences, Lausen, Switzerland) were
assessed in supernatant (SN) of lung homogenates (cen-
trifuged 10 min at 240g, 4 °C) following manufacturer’s
instructions. Collagen deposition was assessed by measur-
ing the OH-proline content in lung homogenates by high-
pressure liquid chromatography analysis on hydrolyzed lung
homogenates as previously described (Biondi et al. 1997).

Histology

Paraffin-embedded lung sections were stained with Masson’s
trichrome blue (total collagen staining), Sirius Red (type I
collagen staining) or Perl’s Prussian blue (Fe’* staining).
The stained sections were scanned (Leica SCN400, Brus-
sels, Belgium) and examined with Tissue Image Analysis
2.0 (Leica Biosystems).

Particle solubilization

To assess the bioaccessibility of elements contained in LIB
particles, 10 mg LIB particles and LiCl were incubated in
10 ml artificial fluids mimicking the extracellular (pH 7.3)
and the phagolysosomal (pH 4.2) compartments as previ-
ously described (Ibouraadaten et al. 2015). Particles were
incubated during 30 days (at 37 °C) under gentle agitation.
One ml aliquots were collected after 3, 24 h, 7 days and
30 days and centrifuged (20,000g, 10 min). Li, Fe, Ti and
Co concentrations were determined in the SN by ICP-MS.

Statistics

Graphs and statistical analyses were performed with Graph-
Pad Prism 5.0 and/or Microsoft excel 2013. All results are
expressed as mean + standard error on the mean (SEM). Dif-
ferences between control and treated groups were evaluated
using one-way analysis of variance (ANOVA) followed by a
Dunnett’s multiple comparison or a Newman-Keuls multiple
comparison test. Statistical significance was considered at
P<0.05.

Results
Particle characterization

Scanning electron microscopy (SEM) (Table 1) indicated
that LIB particles are micrometric in size. LFP and LTO
mainly consist of aggregates, contrary to LCO. Mass
median particle geometric diameter (ds,) measured by laser
diffraction in cyclohexane was between 4 and 8 um, with
LFP=LTO < LCO. Measurements in dry state indicated
strongly increased ds, for LFP and LTO, confirming that
LFP and LTO particles form large aggregates in powder
form, contrary to LCO. Particle size distributions are shown
in Supplementary data Fig. S1. LCO was approximately
threefold denser than LFP and LTO. The Andersen cascade
impactor showed that the experimental mass median aero-
dynamic diameter (MMADe) was similar among the 3 par-
ticles and that all samples presented a significant respirable
or fine particle fraction (FPF, aerodynamic diameter <5 pm)
that can reach the deep lung when inhaled. LCO contained
approximately 4 times more respirable particles than LFP
or LTO. Low percentages of contaminants were detected by
ICP-MS (Mn and Cu in LFP and LTO, respectively). Energy
dispersive X-ray spectrometry (EDX) analysis confirmed the
presence of Cu in LTO.

Bioaccessibility of metallic elements in LIB particles

To assess the release of ions from LIB particles, we analysed
their bioaccessibility in artificial fluids mimicking the extra-
cellular (pH 7.3) and the phagolysosomal (pH 4.2) compart-
ments over a period of 30 days. Figure 1 illustrates the rate
of ion release from particles, expressed as percent of initial
content. As expected, LiCl was immediately and totally solu-
ble in the tested media (Fig. 1a, e). The release of Li ions
at pH 7.3 was time-dependent for LFP and LTO, whereas
LCO released very low Li levels. The Fe release pattern
for LFP was similar to Li at pH 4.2 (Fig. le, f) but not in
neutral conditions, where very low Fe was released (Fig. 1a,
b), suggesting that Fe ions are mainly released in the phago-
lysosomes. Ti was poorly bioaccessible from LTO in any
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Table 1 LIB particle
characterization
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One-way ANOVA followed by a Newman-Keuls multiple comparison, P<0.05, *LFP vs LCO, *LFP vs
LTO, SLTO vs LCO, nd not detected (n=2 or 3, means + SEM)

“Images of LIB particles obtained by SEM

®Mass median particle geometric diameter (ds,) measured by laser diffraction in cyclohexane

“ds, measured by laser diffraction in dry state

4Density measured by powder tap density

“Experimental mass median aerodynamic diameter (MMADe) determined with an Andersen cascade

impactor

"Fine particle fraction (FPF, < 5 um) determined with an Andersen cascade impactor

£Contaminant concentration (C) in mass % of LIB particles, measured by ICP-MS

"Particle composition obtained by EDX

condition (Fig. lc, g), as expected from TiO,-containing
particles (Devoy et al. 2016). Finally, the patterns of Co
and Li release from LCO were very similar at neutral and
acidic conditions (Fig. 1a, d, e, h), LCO being preferentially
solubilized at acidic pH.

LIB particles induce varying acute inflammatory
responses in the lung

The lung response to LIB materials was assessed in a mouse
bioassay with crystalline silica particles used as refer-
ence material. In this bioassay, inflammatory and fibrotic
responses are recorded with a dose of 2-mg crystalline
silica particles administered via oro-pharyngeal aspiration
(Rabolli et al. 2014). LIB particles were tested at doses of
0.5 and/or 2 mg to allow benchmarking of their respiratory
toxicity relative to crystalline silica particles.

After 3 d, exposure to LFP, LCO and silica resulted in
acute inflammatory responses (Fig. 2). LCO induced the
strongest increase in cytotoxicity (LDH activity), alveolo-
capillary permeability (total proteins), inflammatory cell
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recruitment (macrophages and neutrophils) and secretion
of pro-inflammatory mediators (IL-1f and IL-6), also
compared to silica. TNF-a and IL-la were at the con-
trol level or lower. LFP increased macrophages; TNF-o
and IL-1a and LTO had no or weak effects. The expres-
sion of HO-1, a marker of oxidative stress (Nitti et al.
2017), was upregulated by all LIB particles and silica
(silica< LTO <LFP < LCO).

To assess the activity of Li ions present in all LIB par-
ticles, mice were exposed to LiCl (0.85 mg) at a Li dose
equimolar to 2 mg LCO which has the highest relative
Li content (4.4, 6 and 7.1% Li in LFP, LTO and LCO,
respectively). No effect was noted 18 h after LiCl (Sup-
plementary data Fig. S2), suggesting that Li ions have no
pro-inflammatory activity in and/or are rapidly eliminated
from the lung. Differential inflammatory responses to LIB
particles were also recorded after 18 h. Thus, LFP, LTO
and LCO can induce acute lung inflammatory reactions of
varying intensities, associated with different patterns of
pro-inflammatory cytokines and oxidative stress.
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Fig. 1 Bioaccessibility of constitutive elements from LIB particles.
LIB particles and LiCl were incubated in artificial fluids mimicking
the extracellular (pH 7.3) (a—d) and the phagolysosomal (pH 4.2) (e—
h) compartments. Particles were incubated at 37 °C under gentle agi-

LCO induces sub-chronic inflammatory and fibrotic
lung responses

Sub-chronic inflammatory and fibrotic lung responses were
assessed 2 m after administration of 2 mg LIB particles, sil-
ica or 0.85 mg LiCl (Fig. 3). LDH activity and total proteins
were still increased 2 m after silica and LFP. LCO induced
a stronger macrophage recruitment in the alveoli compared
to silica and other LIB particles while BAL neutrophils and
lymphocytes were strongly increased by silica and weakly
by LFP. Pro-inflammatory (IL-1f, IL-6 and IL-1c) and pro-
fibrotic (TGF-p1 and PDGF-bb) cytokines in the BALF and/
or lung homogenates were not increased after LIB parti-
cles (data not shown, TGF-P1 was increased by silica). LiCl
and LTO had no or a weak effect on inflammatory markers.
Only silica significantly increased HO-1. Accumulation of
lung collagen was assessed by measuring total lung OH-
proline content. OH-proline levels were only increased sig-
nificantly after LCO. Lung sections stained with Sirius Red
showed accumulated collagen in lungs treated with silica
and LCO (Fig. 3j, m). Focal collagen accumulation, lym-
phoid nodules and macrophage accumulation were observed
in mouse lungs 2 m after silica (Fig. 3j). Similarly, numer-
ous lymphoid nodules around the bronchioles with focal
collagen and macrophage accumulation were observed in
mouse lungs after LCO (Fig. 3m). In LFP lungs, many mac-
rophages loaded with particles (Fig. 3k) and some lymphoid
nodules were observed. Compared to controls (NaCl), no
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tation and released Li (a, e), Fe (b, ), Ti (¢, g) and Co (d, h) concen-
trations were determined by ICP-MS in the SN after centrifugation of
an aliquot of the suspensions after 3 h, 24 h, 7 days and 30 days

overt signs of inflammation or alteration of the lung struc-
ture were observed in LTO-treated lungs (Fig. 31). Numer-
ous black spots of particle aggregates/agglomerates were
observed by light microscopy, while very few particles were
visible in LCO lungs probably because these particles do not
form aggregates (Table 1). Overall, LCO induced a stronger
sub-chronic inflammation than LFP and LTO, together with
a fibrotic response. The fact that no reaction was detected
after LiCl, together with the observation that LIB particles
induced varying patterns and intensities of lung responses,
further indicated that Li content is not a determinant of the
lung toxicity of LIB particles. It also suggested that different
mechanisms of action are involved for each LIB particle.

LIB particles persist in mouse lungs 2 m
after administration

To further assess lung particle biopersistence, elements con-
stitutive of LIB particles were first quantified by ICP-MS in
lavaged lungs 18 h and 2 m after administration. After 18 h,
the fraction of retained Li was higher after LCO compared
to LFP and LTO (Supplementary data Fig. S3 a). Fe, Ti
and Co were also detected in LFP, LTO and LCO lungs,
respectively (Supplementary data Fig. S3 b—d). Retention of
Li and Co was similar in LCO lungs, suggesting that intact
LCO particles persisted. Ti levels were much lower than Li
in LTO lungs probably because the preparation of the lung
samples did not allow to completely mineralize Ti (Devoy

@ Springer



Archives of Toxicology

a b
400 800
* Kk %k ok
= =
S 300 E 600
g [
-‘E 200 £ 400
o %]
T 100 g 200
=] a
0 0
NaCl Sil LFP LTO LCO NacCl Sil LFP LTO LCO
e
150 e 1500
* %k
f 100 ‘—g 1000
i~ <
£ g
& 50 © 500
3 2
NaCl Sil LFP LTO LCO NaCl Sil LFP LTO LCO
! J
—_ *k sk
E £
~ [-T]
oo =N
5 P
o 3
o L
x £

NaCl Ssil

NaCl Sil LFP LTO LCO

LFP LTO LCO

Fig.2 LIB particles induce varying inflammatory responses after
3 days. C57BL/6 mice were exposed by oro-pharyngeal aspiration to
NaCl (control), 2 mg LIB particles or crystalline silica (Sil). Inflam-
mation was assessed in the BAL after 3 d. LDH activity (a) and pro-
teins (b) were measured in BALF; macrophages (c¢) and neutrophils

et al. 2016). No Li was measured in LiCl lungs, indicat-
ing that this element is quickly eliminated from the lungs.
In 2-m lungs, concentrations of Li were below the limit of
detection for all particles and low levels of Fe (4.5%), Ti
(0.18%) and Co (0.33%) were still detected in LFP, LTO and
LCO lungs, respectively (data not shown).

The persistence and localization of LIB particles, or at
least their elements, were then analysed qualitatively by dif-
ferent techniques. A ToF-SIMS cartography on lung sections
2 m after administration revealed Li and Fe in LFP-treated
lungs, Li and Ti in LTO-treated lungs and Li in LCO-treated
lungs (Supplementary data Fig. S4).

Fe, Ti and Co, but not Li, could be detected on lung sec-
tions by SEM-EDX. Scanning of lung sections 2 m after
administration revealed brilliant zones attributed to the
presence of LIB particles (Supplementary data Fig. S5). Fe
and P were detected by EDX in these zones in the lungs
of LFP-treated mice, Ti in LTO-treated lungs and Co in
inflammatory lung areas of LCO-treated mice. A chemical
mapping of these areas was then performed (Fig. 4). In LFP-
treated lungs, Fe co-localized with P, showing that it was
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(d) in BAL. Inflammatory cytokines IL-1p (e), IL-6 (f), TNF-a (g)
and IL-la (h) were quantified by ELISA in the BALF; HO-1 (i)
and HIF-la (j) in lung homogenates. *P<0.05, **P<0.01 and
##%P <(0.001 relative to NaCl-treated mice (one-way ANOVA fol-
lowed by a Dunnett’s multiple comparison, n=>5, means + SEM)

still associated with the phosphate groups. Ti was detected
in LTO lungs, together with Cu (data not shown) present in
particles alone (Table 1). Co was detected in inflammatory/
fibrotic areas of LCO lungs. A broader cartography was per-
formed on paraffin-embedded lungs by u-XRF. The presence
of LIB particle elements in extensive areas of the lung was
confirmed with a heterogeneous distribution and high-spots
(Supplementary data Fig. S6). The overall results indicated
that LFP, LTO and LCO persisted in the lungs.

SEM-EDX and p-XRF analyses also showed that some
Fe co-localized with Co in LCO lungs 2 m after administra-
tion (Fig. 4n and Supplementary data Fig. S6). No Fe was,
however, present in original particles alone (Table 1) or after
18 h (Fig. 4s), thus suggesting a progressive deposition of
endogenous Fe on the LCO particles. This was not observed
with LTO and could not be assessed for LFP because of
the constitutive Fe content. These observations suggested
the formation of ferruginous bodies (FB) similar to those
observed after asbestos exposure (Ghio et al. 2006). The dis-
tribution of Fe(IIl) (in blue) in lung sections exposed to LIB
particles after 2 m was assessed by Perl’s Prussian staining
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Fig.3 Sub-chronic inflammatory and fibrotic responses to LIB par-
ticles. C57BL/6 mice were exposed by oro-pharyngeal aspiration
to NaCl (control), 2 mg LIB particles or crystalline silica (Sil), and
0.85 mg LiCl. Mice were sacrificed after 2 m. Inflammation was
assessed in the BAL. LDH activity (a) and proteins (b) were meas-
ured in BALF; macrophages (d), neutrophils (e) and lymphocytes (f)

(Fig. 4e, j, o, t). Iron was detected in LFP lungs, probably
due to the iron content of the particles, and in the inflamma-
tory areas of LCO lungs. No iron staining was detected in
silica (data not shown) and LTO (Fig. 4n) lungs.

In vivo bioavailability of LIB particle elements

The in vivo bioavailability of LIB metallic elements was
investigated by measuring soluble elements in the BALF
18 h, 3 days and 2 m after administration. LFP released more
Li in the BALF after 18 h and 3 days (Fig. 5a, e) than LTO
and LCO, which was in agreement with the bioaccessibility
data in artificial fluids (Fig. 2a, e). Fe, Ti and Co were also
detected in the BALF after 18 h and 3 days (Fig. 5b, ¢, f-h)
and, like Li, the % of Fe was higher in LFP BALF than Ti
and Co in LTO and LCO BALF, respectively. After 2 m, low
but significant levels of Li and Fe were still detected after
LFP, and Co after LCO (Fig. 5i-1). These in vitro and in vivo
data indicate that, in the lungs, LFP and LCO continuously
release Fe and Co, respectively.

Cobalt-like responses after exposure to LCO

Because of the known pulmonary toxicity of cobalt
(Simonsen et al. 2012) and the release of Co from LCO, we

in BAL; OH-proline (c¢), HO-1 (g) and HIF-1a (h) in lung homoge-
nates. Lung sections from mice exposed to NaCl (i), silica (j), LFP
(k), LTO (1), LCO (m) were stained with Sirius Red. *P <0.05,
**P<0.01 and ***P<0.001 relative to NaCl-treated mice (one-
way ANOVA followed by a Dunnett’s multiple comparison, n=5,
means + SEM)

investigated the implication of this element in LCO lung
responses by measuring HIF-1a in mouse lungs after 3 days
and 2 m. HIF-1a is stabilized and accumulates in cells in
response to hypoxia or Co ions (Simonsen et al. 2012). The
quantification of its accumulation in lungs was used as a
marker of the biological activity of Co ions. Contrary to
LFP and LTO, LCO increased HIF-1a after 3 days and 2 m
(Fig. 2 j and Fig. 3 h). Silica also increased HIF-1a after
2 m.

Discussion

We showed here, for the first time, that industrial LIB par-
ticles are respirable in size and can induce lung inflam-
matory responses with varying intensities. LTO induced a
weak acute inflammation; LFP and LCO induced an acute
and sub-chronic inflammation and only LCO led to fibrotic
responses. The potency of LCO to induce inflammatory
and fibrotic responses was at least of the same order as that
of crystalline silica particles, suggesting that occupational
exposure to this material should be kept below acceptable
levels for crystalline silica, e.g. below 0.05 mg/m3 for the
respirable fraction (SCOEL SUM/94 2003).
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Fig.4 Localization of LIB particle elements in lung sections by
SEM-EDX after 2 m. Lung sections from mice exposed to 2 mg LFP
(a—e), LTO (f—j) or LCO (k-o0) were analysed after 2 m (a—o0) and
18 h (p-t). Lung sections were stained with Masson’s Trichrome blue
(a, f, k, p), scanned by SEM (b-d, g-i, I-n, g—s) and analysed by
EDX (c, d, h, I, m, n, 1, s). Areas in blue squares (a, f, k, p) were
zoomed and contain brilliant spots attributed to the presence of LIB
particles. EDX maps show the distribution of Fe and P in LFP- (d), Ti

LIB particles induced an acute inflammatory response
(including IL-1p, IL-6, TNF-a and IL-1a cytokines) and
only LCO induced fibrosis and lymphoid nodules. Inflam-
matory responses play pivotal roles in pulmonary diseases
induced by inhaled particles, including fibrosis (Sayan and
Mossman 2016; Pardo and Selman 2002) and, therefore,
might be involved in LIB toxicity. However, LCO did not
exactly induce the same inflammatory pattern as silica.

@ Springer

in LTO- (i) and Fe and Co in LCO-treated lungs after 2 m (n) and the
distribution of Co in LCO-treated lungs after 18 h (s). C and P dis-
tributions represent the lung matrix (c, h, m, r). Lung sections were
stained with Perls’ Prussian blue. Fe** appears in blue in LFP (e)
and LCO (o) lungs after 2 m. Black spots in LTO lungs (j) are attrib-
uted to particles alone. After 18 h, no Fe>* appears in LCO lungs (t).
(Color figure online)

Although in vitro solubilization and ToF-SIMS data sup-
port the slow release and prolonged presence of Li in the
lungs exposed to LIB particles, no evidence was recorded
that Li ions could be involved in the lung toxicity of LIB
particles. LiCl did not induce any inflammation in vivo, even
as early as 18 h after administration, as previously observed
in rabbits (Johansson et al. 1988). No Li was detected in the
lung at the same time point after administration of LiCl,
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Fig.5 Bioavailability of LIB particle elements. BALF of C57BL/6
mice exposed to NaCl, 0.85 mg LiCl, 0.5 and/or 2 mg LIB particles
by oro-pharyngeal aspiration were analysed after 18 h (a—d), 3 days
(e-h) or 2 m (i-1). Li (a, e, i), Fe from LFP (b, f, j), Ti from LTO (c,

suggesting that Li ions are rapidly washed out from the lung.
Finally, the varying responses to the 3 Li-containing par-
ticles (LFP, LTO and LCO) in the mouse bioassay do not
argue in favour of a critical role of Li in LIB lung toxicity.
LTO particles induced an acute inflammation and per-
sisted in mouse lungs 2 m after administration but no inflam-
mation or fibrosis was detected at this time point. The low
toxicity of LTO can be attributed to its TiO, content (Han
et al. 2013) which is considered a low toxicity material.
Inhalation of TiO, appears to induce low acute inflamma-
tion and no fibrosis (Shi et al. 2013; Yoshiura et al. 2015),
which is in agreement with our observations.
Inflammatory responses and persisting particles in the
lung interstitium were observed 2 m after administration of
LFP. Inhalation of iron compounds can lead to siderosis,
a benign pneumoconiosis with little or no fibrosis (Nem-
ery 1990). However, free Fe in excess catalyses free radical
formation, which induces cytotoxicity and oxidative stress,
leading to cellular damages, carcinogenicity and mutagenic-
ity (Emerit et al. 2001) as also reported for particles such as
asbestos (Gazzano et al. 2007). Our data showed that LFP
can release Fe ions in vivo and in vitro and increase the
expression of HO-1. The transient pulmonary inflammation
induced by LFP can thus be explained by its Fe content.
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g, k) and Co from LCO (d, h, 1) particles were measured by ICP-MS.
Percentages were calculated on the basis of initial Li, Fe, Ti, Co parti-
cle content after subtraction of levels measured in NaCl-treated lungs
(n=5, means + SEM)

LCO particles appeared more potent than LFP and LTO.
Administration of LCO induced acute and sub-chronic
lung inflammation, and fibrosis in mice. In addition to
pro-inflammatory mediators and structural modifications
observed in the lungs exposed to LCO particles, these effects
were accompanied by the persistence of their constitutive
elements (Li and Co), the presence of FB, the increase of
HO-1 and accumulation of HIF-1a. Pulmonary diseases
(cancer, asthma and fibrosing alveolitis) have previously
been reported in workers exposed to cobalt (Demedsts et al.
1984; Jomova and Valko 2011). A well-documented exam-
ple of fibrosis caused by Co is due to the association of tung-
sten carbide with Co metal powder (Lasfargues et al. 1992).
Cobalt compounds can also induce cytotoxicity, apoptosis,
inflammatory responses and genotoxicity in vitro (Simon-
sen et al. 2012). Some of the effects of cobalt are related
to its high affinity for sulfhydryl groups leading to enzyme
inactivation, to its antagonism for Ca2* channel modifying
cell signalling, to its production of reactive oxygen spe-
cies leading to an oxidative stress, and finally to its ability
to stabilize HIF-1a (Simonsen et al. 2012). The two latter
mechanisms were identified with LCO, suggesting that Co
plays an important role in LCO lung toxicity. HO-1, a robust
oxidative stress marker, was increased 3 days after LCO,
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suggesting that LCO can induce an oxidative stress in mouse
lungs. The fact that only LCO induced the accumulation of
HIF-1a contrary to LFP and LTO highlights the importance
of cobalt in LIB particle toxicity.

Iron co-localized with Co in mouse lungs 2 m after
administration of LCO, suggesting the formation of FB. FB
are particles or fibres coated with proteins and iron from
the endogenous milieu (Ghio et al. 2004) and were detected
in lungs exposed to asbestos fibres (Pascolo et al. 2016).
LCO-induced lung inflammation could cause the disruption
of iron lung homeostasis as observed during infection and
inflammation (Fahmy and Young 1993; Ganz and Nemeth
2015) and lead to the local increase of particle-associated
iron. FB are thought to participate to lung toxicity, includ-
ing fibrosis, by catalysing Fenton reactions and free radi-
cal generation (Ghio et al. 2004, 2006; Fubini 1997). This
phenomenon could thus contribute, together with Co ions,
to the elective lung toxicity of LCO. The oxidative potential
of LCO particles, as well as the contribution of FB in this
process, must be the subject of additional investigations.

As previously mentioned, only LCO induced HIF-1a
accumulation reflecting the intensity of its pulmonary tox-
icity as compared to other LIB particles. HIF-1a is a pro-
inflammatory and carcinogenic transcriptional factor con-
tinuously expressed in all cells. Under normoxic conditions,
HIF-1a is directly degraded by the ubiquitin—proteasome
pathway, via a prolyl hydroxylase (PH). However, under
hypoxic conditions, HIF-1a is stabilized and accumulates
in the cell (Weidemann and Johnson 2008; Jochmanova
et al. 2013). Co(II) ions are also able to stabilize HIF-1a by
blocking the iron-binding site of PH and by direct binding
to HIF-1a preventing its degradation (Epstein et al. 2001;
Yuan et al. 2003). HIF-1a plays many roles in inflamma-
tion and induces the secretion of inflammatory mediators
(Jochmanova et al. 2013). Its expression is also increased
in animal models of bleomycin- and paraquat-induced lung
fibrosis and in idiopathic lung fibrosis patients (Zhu et al.
2016; Ruthenborg et al. 2014). In addition, we have shown
here that HIF-1a is accumulated during the fibrotic phase
of the silica model, reinforcing the association between this
mediator and fibrosis. HIF-1a plays a role in fibrosis by pro-
moting myofibroblast differentiation and epithelial-mesen-
chymal transition via the TGF-f pathway (Zhou et al. 2009;
Zhu et al. 2016; Zhao et al. 2017). HIF-1a thus appears as a
very useful biomarker of LCO particle toxicity as it not only
allows tracing the bioavailability of Co ions, but could also
contribute mechanistically to the inflammatory and fibrotic
responses induced by LCO. Interestingly, although some
studies showed that the HO-1 response can increase HIF-1a
expression (Jochmanova et al. 2013; Nitti et al. 2017), LFP
upregulated HO-1 but did not increase HIF-1a.

In addition to the potential mechanisms identified above
for LCO lung toxicity, it should be noted that LCO contains
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the highest FPF and forms less aggregates than LFP and
LTO, as indicated by the SEM images and the laser dif-
fraction analysis in dry state (Table 1). Furthermore, many
aggregates were observed in LFP and LTO lung sections
2 m after exposure contrary to LCO (Fig. 3k—m). Given
that particle size and formation of aggregates can modu-
late their reactivity toward cells and tissues (Fubini 1997),
it is very likely that these parameters also contribute to
the elective toxicity of LCO by a more efficient dispersion
and bioavailability of LCO particles/elements in the lung.

Thus, LCO was able to induce early oxidative stress
responses, secretion of inflammatory mediators and
HIF-1a accumulation. These responses are, at least par-
tially, attributed to the Co content of LCO. Although it
appears premature to conclude on the exact sequence of
events, the formation of FB appears to be a consequence of
the early inflammatory responses to LCO. Taken together,
particle size distribution, Co ions/HIF-1a and ferruginous
bodies/oxidative stress could represent the pathogenic
cocktail responsible of the elective lung toxicity of LCO
particles in the present study.

We conclude that LIB particles represent a respiratory
hazard. Exposure to LIB particles should, therefore, be
strictly controlled in occupational settings, and the life
cycle of these components should be adequately monitored
to avoid environmental pollution and indirect exposure of
consumers and the general population.
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