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ABSTRACT 

 

Li-ion batteries (LIB) are invading the market and their production and use 

dramatically increase. LIB are made of relatively insoluble particles, respirable in 

size and containing toxicologically relevant metal ions such as cobalt or nickel. 

Workers, and possibly the general population, can be exposed to these particles via 

inhalation. Information about their respiratory toxicity is, however, very limited. 

Here, we identified the respiratory toxicity of particles used in LIB in a mouse 

bioassay, and conclude that they represent a differential respiratory hazard (lung 

inflammation and fibrosis). Given that a large range of LIB particles with different 

composition, metal content and synthesis processes are developed by the industry, 

we investigated the mechanisms of toxicity of these LIB particles. We identified Co 

and Ni content/bioaccessibility and in vitro/in vivo hypoxia-inducible factor-1  as 

determinants and key mediator, respectively, of the inflammatory lung responses 

induced by LIB particles. These parameters can be monitored in vitro in cell culture 

to predict the lung inflammatory potential of LIB particles and possibly categorize 

them. Additionally, we showed that one of the most inflammatory particles, LiCoO2, 

exerts genotoxic and mutagenic activities in vitro and in vivo with, at least, a primary 

mechanism and in association with the production of reactive oxygen species. This 

work provides, for LIB particles, the first toxicological information, and contributes 

to support stakeholders from academia and industry, in their efforts for a safer and 

sustainable development of LIB. 
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1.1 Li-ION BATTERIES: BASICS AND APPLICATIONS 

The major sources of energy are currently fossil fuel and nuclear power but both 

are associated with important concerns: fossil fuel is finite and nuclear energy 

sources and wastes are radioactive [1]. Global warming and pollution, in 

conjunction with these concerns about energy production make citizens and 

authorities around the world more sensitive to the importance of developing green 

energy technologies (photovoltaic and photoelectrochemical cells, wind turbines, 

etc.). Renewable energy sources thus represent unavoidable alternatives but 

require energy storage devices. There is, therefore, a need to develop storage 

technologies [1-3], and batteries represent the key solution. 

Two types of batteries exist. Primary batteries (zinc-carbon, alkaline batteries, etc.) 

are disposable, simple to use but they cannot be recharged. Secondary batteries 

(lead-acid, nickel-cadmium, nickel-zinc, lithium batteries, etc.) can be recharged 

and reused, and have higher power density1 and discharge rate [1]. Lithium 

batteries represent the best promising systems thanks to the high reducing capacity 

of Li, its small atomic radius that allows a high diffusion coefficient, high theoretical 

specific capacity and high electropositivity combined with a high power energy 

density [3-5]. In the first generation of Li batteries (Li-metal batteries), the anode 

was composed of metallic Li. However, this type of battery presented an explosion 

hazard. This problem was solved by replacing the anode by a Li ion intercalation 

material forming Li-ion batteries [6, 7].  

Li-ion batteries (LIB) are composed of electrochemical cells interconnected 

together. Each cell contains a negative reductant electrode (anode), a positive 

oxidant electrode (cathode), an electrolyte, a separator and current collectors 

around the electrodes [1, 8] (Figure 1). Electrodes are active porous materials 

where electrochemical reactions occur [8]. During the charge and the discharge of 

the battery, reversible atom intercalations occur in the electrodes. During the 

 

1 The power density is the power that can be derived per unit mass of the cell (W/kg). 
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charge, the cathode releases Li ions in the electrolyte and an external field forces 

the transfer of electrons to the anode. The separator is a microporous membrane 

allowing the electronic segregation between the two electrodes and the transport 

of Li-ion between them [1, 9]. Li ions, with their compensatory charge, are attracted 

by the anode. During the discharge, the reverse reaction occurs. An electron flow 

results in the external circuit [1, 10]. 

 

Figure 1: Representation of a C/LiCoO2 cell during the discharge of the battery. The anode 
is in graphitic carbon and the cathode is composed of LiCoO2. SEI: solid electrolyte 
interphase. Reproduced from Goodenough J.B., 2013 [10]. 

LIB generally use graphite at the anode side and lithium metal oxide particles such 

as LiFePO4 (LFP), LiCoO2 (LCO), LiMn2O4 (LMO), Li4Ti5O12 (LTO), LiNiCoAlO2 (NCA) or 

LiNiMnCoO2 (NMC) at the cathode side [11]. LCO was the first particle successfully 

commercialized in LIB with a layered structure allowing Li insertion between CoO2 

planes [12, 13]. The composition of the electrode material determines electrode 

voltage and capacity2. On the other hand, the microstructure of the material 

strongly influences the performance, the rate capability (long-term performance 

level) of the battery, the contact surface area between the particles and the 

electrolyte and the energy density of the battery [14]. The size of the particles used 

 

2 The theoretical capacity of a battery is the quantity of electricity involved in the 
electrochemical reaction (Ah/g). 
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in LIB is, therefore, an important parameter. Currently, micro-sized electrode 

materials are used in commercialized batteries but nano-sized materials can also 

be used and are under strong development to improve rate performance and 

electronic transport in LIB [1].  

The first LIB was commercialized by the Sony Company in 1991 and rapidly invaded 

the market of portable electronics [3, 8]. Since then, research interest exploded in 

this field [3]. Indeed, thanks to their high efficiency, LIB are useful for various 

electric applications (green energy storage), and for electric vehicles [5, 8]. 

Conventional LIB have a fixed shape and size, which limits their applications [15]. 

New generation of LIB should be flexible, lightweight, thin and customizable [16]. 

Efforts are made in the development of such batteries and new types of batteries 

are emerging, such as printable solid-state, 3D printed, sprayed or multi-step spray 

painted batteries [15-22]. These flexible multi-layered LIB could be easily integrated 

into an object or on a surface (Figure 2), for example directly connected with the 

harvesting energy device structure [17]. 
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Figure 2: Sprayed/painted batteries on different surfaces. Li-ion cells on (a) glass slide; (b) 
stainless steel sheet; (c) glazed ceramic tile. (d) (Left) A packaged and charged tile cell and 
(right) a similar tile cell charged with a photovoltaic panel mounted on the tile. (e) Fully 
charged battery of 9 parallely connected powering 40 red LEDs spelling ‘RICE’. Original 
figure in Singh et al. 2012 [17]. 

The Service Public de Wallonie financed the BATWAL project (2013-2020, [23]) that 

developed this type of multi-layered LIB with the objective to spray/paint each part 

of the battery (cathode, electrolyte and anode) on flexible surfaces. This innovative 

approach could easily be integrated for the local storage of energy in public and 

private applications. This interdisciplinary project also aimed to develop sustainable 

and safe batteries and thus integrated toxicity studies of LIB components in the 
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project. In this context, the Louvain centre for Toxicology and Applied 

Pharmacology (LTAP) was responsible of the evaluation of the toxicity of LIB 

particles via inhalation. This exposure route was considered because of the likely 

presence of LIB particles in the ambient air during production and manipulation. 
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1.2 Li-ION BATTERY HAZARDS 

1.2.1 Environmental hazards 

Lithium used in LIB is mostly extracted from continental brines in desert areas [24]. 

The mining practices have an impact on the environment as the extraction of 

lithium consumes a large amount of water (water is evaporated to recover lithium) 

and produces a lot of wastes (all salts other than lithium) [24].  

Once produced, LIB generate less waste than primary batteries due to their longer 

life. LIB contain, however, metals that could be harmful for the environment if 

improperly disposed [25]. The high rate of use and disposal of consumer portable 

electronics suggests such an impact on the environment [26]. The Directive 

2006/66/EC on batteries, accumulators and waste batteries and accumulators 

targets a minimal recycling of 50 % of LIB mass [27]. With the recycling process, 

nickel, cobalt, copper and iron are recovered but aluminum, lithium and 

manganese are not [27].  

Researchers have investigated the impact of LIB components on the environment. 

LCO and NMC nanoparticles used in LIB were tested on different environmental 

models. In Daphnia Magna (a critical planktonic crustacean of freshwater) a dose-

dependent reduction of survival and reproduction was recorded due to NMC and 

LCO accumulation in the digestive tract and adhesion on carapace [28]. In 

Shewanella oneidensis (a soil and sediment bacterium) growth and respiration were 

also affected by NMC nanoparticles due to Ni and Co dissolution [29]. Another work 

using a model of biological membranes (synthetic lipid bilayer membranes) 

concluded that NMC did not affect compositional symmetry of the membrane but 

LCO did [30].  

These findings show the possible impact of LIB particles on the environment and 

the importance to steer a sustainable development and use of LIB.  
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1.2.2 Human health hazards 

Fires or explosions have been observed with devices equipped with LIB, such as the 

Samsung Note 7, a NASA robot, a Boeing airplane or a Chevrolet car [31]. Short 

circuit, overcharging, external heating or many other reasons can cause irreversible 

thermal events in LIB, leading to fire or explosion and release of LIB components 

[31]. In case of accidental exposure, the heat itself, produced by the fire, represents 

an issue but gas emissions and smoke are also hazardous [31]. The electrolytes of 

LIB contain flammable and volatile substances and are generally composed of 

organic carbonates and Li-salts containing fluorine which can generate hydrogen 

fluoride, a very toxic gas [31, 32].  

Non-accidental scenarios can also cause exposure to LIB components. Indeed, 

inhalation of LIB materials can occur during production or recycling [26, 33, 34]. 

Organic carbonates used in electrolytes, such as dimethyl carbonate, ethyl methyl 

carbonate, diethyl carbonate and propylene carbonate, can induce neurotoxicity 

[32]. LIB electrodes contain particles. These materials are also a source of concern 

because they are micro- or nanometric in size and poorly soluble, suggesting that 

they might be respirable and biopersistent in the human respiratory tract. During 

the course of this PhD work, the inhalation hazard of LCO micro- and nanoparticles 

was investigated in vitro by another team using an air-liquid interface model co-

culturing human alveolar epithelial cells (A549), human monocyte-derived 

macrophages (MDM) and monocyte-derived dendritic cells (MDDC) [33]. Twenty-

four h after exposure to 238, 1428 or 2619 µg/cm2 by using a dry powder 

insufflator, low cytotoxicity was observed while pro-inflammatory markers (tumor 

necrosis factor (TNF) - and interleukin (IL) -8) were dose-dependently increased 

by LCO microparticles but not by nanoparticles. This study was the first published 

on the possible lung toxicity of particles used in LIB. No other study has been carried 

out since then. There are no data on the levels of airborne exposure to LIB 

components in the workplace. However, Yokota et al. have measured the total dust 

concentration of cobalt and nickel in the air of a battery plant using microparticles 

containing 97.2 % of nickel hydroxide and 2.8 % of cobalt hydroxide, and calculated 

a time weighted average (TWA) of 0.481 mg/m3 (mean) for nickel and of 0.067 

mg/m3 (mean) for cobalt in air [34]. In comparison, the threshold-limit values (TLV)-
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TWA recommended by the American Conference of Governmental Industrial 

Hygienists (ACGIH) for inhalable Ni or Co compounds are lower: 1.5 mg Ni/m3 for 

metallic Ni, 0.1 mg Ni/m3 for soluble inorganic Ni compounds and 0.2 mg Ni/m3 for 

insoluble inorganic Ni compounds and 0.02 mg Co/m3 for Co compounds.  

The new applications of sprayed or paintable batteries increase the potential for 

exposure to LIB particles via inhalation. In view of their physico-chemical 

properties, their content in potentially toxic metals (see section 2.4) and the large 

variety of existing and future LIB materials, the increasing production, use and 

disposal of LIB, it appears essential to better identify their health hazards and to 

generate information about their mechanisms of toxicity. During this PhD thesis, 

we focused on the pulmonary toxicity of LIB particles, as inhalation appears the 

most worrying route of exposure to these components. 
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1.3 TOXICITY OF INHALED PARTICLES 

Humans are daily exposed to inhaled particles via the environment or via their 

work. The health risks of particles are a function of exposure and hazard (toxicity). 

Effects of particles on health can differ if exposure is acute or chronic, continuous 

or intermittent [35, 36]. Toxicologists use different methods (in silico, in vitro, in 

vivo, epidemiological studies, …) to evaluate the hazard of inhaled particles. 

Guidance values can be proposed as limits of particle concentrations in workplace 

or ambient air. To prevent worker exposure to hazardous particles, controls and 

safety measures are implemented including substitution for a less hazardous 

particle, containment of the production process, isolation of the worker, ventilation 

of the workplace, safe work practices and individual protections as last resort [37, 

38]. Particle air levels can be measured via personal exposure monitoring with 

pumped sampling or via indirect measurement of the particle air concentrations at 

various locations and time spent by workers in each specific environment [38]. TLV 

for respirable particles are available; e.g the TLV recommended for respirable 

crystalline silica particles is 0.05 mg/m3 [39]. 

Given the micrometric size of LIB particles, the exposure scenarios associated to the 

manufacture or use of these particles (see section 2.2.2) which suggest inhalation 

exposure, combined with their content in toxicologically relevant elements (Co, Ni, 

Al, etc.) (see section 2.4), we suspected that they can induce lung toxicity. We 

review here below the main knowledge about the toxicity of inhaled particles in 

general. 

As developed later in this section, lung responses to inhaled particles depend on  

particle exposure/dosimetry and other parameters such as the composition and the 

physico-chemical properties of the particles (Figure 3). Other organs than the lungs 

can also be affected. 
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Figure 3: Parameters influencing the lung responses to inhaled particles. Original figure 
from Oberdörster and Graham, 2018 [40]. 

 

1.3.1 Health hazard of inhaled particles 

Different particles can contaminate the air. For example, the general population is 

daily exposed to ambient particulate matter (PM). This exposure induced 2.94 

million deaths in 2017 in the world, caused by respiratory infections, tracheal, 

bronchus and lung cancer, ischemic heart disease, ischemic stroke, intracerebral 

hemorrhage, subarachnoid hemorrhage, chronic obstructive pulmonary disease 

(COPD) and type 2 diabetes mellitus [41]. Other toxic particles or fibres can be 

present in occupational settings such as crystalline silica or asbestos and have 

induced 230000 and 60000 deaths respectively in 2017. Asbestos can cause larynx 

cancer, tracheal, bronchus and lung cancer, ovarian cancer, mesothelioma, 

asbestosis, and occupational exposure to silica can lead to death by inducing lung 

cancer or silicosis [41]. There is thus ample evidence justifying the need to manage 

the impact/risk of inhaled particles on human health. 
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Pulmonary adverse effects caused by inhaled particles 

Lung diseases are among the most important occupational diseases [42]. After 

particle inhalation, the lung activates several mechanisms of defense such as the 

epithelial barrier and innate immune cells (macrophages, neutrophils, etc.) leading 

to the secretion of pro-inflammatory mediators, the production of reactive oxygen 

species (ROS), bronchial hypersecretion and cellular chemotaxis to remove the 

particles [43, 44]. The initiation of this inflammatory response represents the first 

defensive reaction but also triggers structural alterations of the lung parenchyma 

[44]. 

Several adverse lung effects have been reported epidemiologically as being 

associated to exposure to particles such as quartz (crystalline silica), asbestos fibres, 

coal dust, diesel exhaust particles (DEP) or ultrafine particles in general [45, 46]. 

One of these adverse effects is pulmonary fibrosis which refers to lung disorders 

characterized by an increased accumulation of extracellular matrix and the 

progressive destruction of the normal lung architecture, leading to scarring of the 

lung parenchyma [47, 48]. A progressive decline in lung function and gas exchange 

leads to morbidity and mortality [47]. The particulate materials leading to 

pulmonary fibrosis are mainly crystalline silica particles, asbestos fibres and coal 

dusts. 

Several studies have also confirmed that exposure to particles has a significant 

effect on asthma and allergic rhinitis [49]. Asthma represents a global health 

problem with approximately 300 million people affected worldwide [50]. Upon 

environmental exposure to ambient PM, existing asthma can be exacerbated 

through oxidative stress and inflammation [49, 51-54]. In addition, some data show 

that DEP act as adjuvant for allergic sensitization to common environmental 

allergens [52]. In contrast, only some evidence show that PM can cause new cases 

of asthma, but this remains controversial [50, 51]. However, in occupational 

settings, inhalation of particles can exacerbate existing asthma and cause new 

cases. These new cases can be subdivided into sensitizer- (allergic) and irritant- 

(non-allergic) induced occupational asthma [55, 56]. Different particles can lead to 

occupational asthma such as metal dusts containing Ni, Cr, Mn, Co or V [57, 58]. For 
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example, workers performing welding of metallic alloys produce fumes containing 

ultrafine particles of these metals [57].  

COPD and infections have also been linked to particulate exposure [45, 46]. For 

example, occupational exposure to respirable crystalline silica is associated with 

COPD [59]. 

Some inhaled particles can also induce cancer. Air pollution in general, and PM as 

a component of air pollution, can lead to lung cancer and have been classified as 

carcinogenic agents (group 1) by the International Agency for research on Cancer 

(IARC) in 2016 [60]. Exposure to crystalline silica particles can induce lung cancer 

and the risk of lung cancer appears the greatest in silicosis patients who smoke [61]. 

IARC classified crystalline silica as carcinogenic for human (group 1) in 1997 [60]. 

Asbestos fibres can also cause lung cancer with the greatest risk also associated 

with cigarette smoking [62]. In addition, exposure to asbestos can lead to pleural 

or peritoneal mesothelioma [63]. Asbestos fibres are classified as carcinogenic for 

humans (group 1) by the IARC [60]. In addition to epidemiological data, 

experimental research has also identified some engineered nanomaterials as 

hazardous, with a potential of carcinogenicity. One of the most famous examples 

are the engineered carbon nanotubes (CNT), named “asbestos-like” due to their 

fibre-like structure and their potential capacity to induce mesothelioma and lung 

cancer [64, 65]. One type of multi-walled CNT (Mitsui-7) is classified as possibly 

carcinogenic for human (group 2B) by the IARC in 2017 [60]. 

Other target organs 

After inhalation, different mechanisms may contribute to particle clearance. These 

mechanisms can also lead to the translocation of particles to other organs. 

Secondary organs can also be affected by mediators from the lung acting 

systematically [66, 67] (Figure 4). 

The mucociliary escalator contributes to particle clearance and the particles 

deposited in the mucus are partially pushed by ciliated epithelial cells to the larynx, 

where they can be swallowed [68]. The particles can then reach the stomach and 

the gut [69]. Ingested engineered nanomaterials such as silver, titanium dioxide or 

silica nanoparticles have been shown to interact with the gastro-intestinal tract or 
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the microbiota [70, 71]. Recently there are growing evidence that inhaled 

engineered nanomaterials could also impact on the gastro-intestinal tract [70]. 

Other examples can be cited such as the environmental exposure to PM that 

increases the incidence of inflammatory bowel diseases (Crohn disease and 

ulcerative colitis) [69, 72]. Some mechanisms are suggested such as the direct effect 

on epithelial cells of the digestive tract, activation of systemic inflammation and 

immunity, or modulation of the intestinal microbiota composition [69, 73]. 

Association between PM and type 2 diabetes mellitus has also been investigated 

[67]. Contribution of DEP to appendicitis is also explored due to the pro-

inflammatory cytokine secretion caused by DEP inhalation [74].  

Inhaled particles can also directly or indirectly affect other organs such as the heart 

[46]. A famous example is the episode of air pollution named “great smog on 

London”, which occurs in 1952, resulting in a large number of deaths from 

cardiorespiratory diseases [75]. Evidence now shows that exposure to air pollution, 

especially airborne PM, is associated with acute and chronic cardiovascular 

adverse effects [46, 76]. In systemic circulation, PM can interact with atheromatous 

plaques and increase the risk of myocardial infarction or can induce cardiac 

arrhythmias and strokes [77]. PM also induce oxidative stress participating to the 

deterioration of the cardiovascular system [76]. Iron oxide, silicon oxide, carbon, 

silver and zinc oxide nanoparticles have also been associated to cardiovascular 

adverse effects in experimental studies [78]. Some studies investigate the adverse 

effects of inhaled CNT on the cardiovascular system but this is not fully elucidated 

yet [79, 80].  

The brain and the central nervous system (CNS) can also be affected upon particle 

exposure. For example, epidemiological and experimental studies show a positive 

association between long-term exposure to airborne PM and neurodegeneration, 

such as dementia, Alzheimer’s disease, Parkinson’s disease and general declines in 

cognition [67]. Exposure to PM0.1 (PM with a diameter less than 100 nm) during 

neurogenesis could lead to diseases such as autism disorders, schizophrenia, deficit 

disorder or periventricular leukomalacia [82]. Some studies also showed 

deleterious effects of silica [83], titanium dioxide or silver nanoparticles [84] on the 
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CNS but further studies are needed to demonstrate a sufficient link between 

occupational exposure to particles and neurodegeneration. 

Figure 4: Some of the key mechanisms through which inhaled particles can reach and 
induce adverse effects on secondary organs. Emphasis is made on the means through 
which inhaled particles can cause cardiovascular events. Adapted from Stone 2017 [81]. 

Reproduction can also be affected by particle inhalation. For example, both animal 

and epidemiological studies support the conclusion that PM2.5 (PM with a diameter 

less than 2.5 µm) can induce qualitative and quantitative alterations of sperm, and 

induce defects during gametogenesis leading to decrease of reproductive 

capacities in population [85, 86]. Inhaled PM2.5 are also associated to low birth 

weight [87] and could have an impact on the body development. Some in vivo and 

in vitro studies also suggest that TiO2 nanoparticles could exert reproductive and 

developmental toxicity [88].  

Particles can also induce health effects due to the release of their elemental 

components. For example, metals such as Cd (kidney disorders, chemical 
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pneumonitis, osteoporosis, itai-itai disease, etc. [89]), Pb (saturnism[90]), Mn or Co 

(see sections 2.4.2 and  2.4.6) can lead to specific health effects and are present as 

components of airborne PM [91, 92] or can also be found as inhalable particle in 

industries.  

1.3.2 Determinants of the toxicity of inhaled particles 

Upon particle inhalation, pulmonary toxicity depends on the susceptibility of the 

lungs and on the physico-chemical and functional properties of the particles (Figure 

3). Other key parameters of toxicity are the dose and duration of exposure [40]. 

Anatomy, morphology and physiological parameters of the lungs vary within and 

among individuals. Physiological parameters such as body size, age, sex, growth, 

ethnic origin, level of physical activity and state of health vary among the 

population and define the morphology of the lungs. Morphologic characteristics of 

the lungs influence the pressure, the flow rate, the direction, the humidity as air 

moves into and out the lungs. These changes determine the rate and sites of 

penetration and deposition of airborne particles in the lungs. These variations of 

the respiratory tract influence the susceptibility to airborne particles [93].  

The main physico-chemical properties of particles influencing their toxicity are the 

size, surface area, shape, crystal structure, elemental composition, density and 

surface properties, and the main functional properties include the solubility rate 

and the capacity to produce ROS [40].  

Firstly, the site and the level of particle deposition in the lung after inhalation are 

influenced by the size and the geometry (shape, density and surface properties) of 

the particles [68]. Figure 5 shows the relationship between the aerodynamic 

diameter3 and the pulmonary site of particle deposition. Particles larger than 10 µm 

mainly deposit in the oropharynx and can be swallowed. Particles smaller than 10 

 

3 The aerodynamic diameter of a particle is defined as that of a sphere, whose density is 1 
g/cm3, which settles in still air at the same velocity as the particle in question. 
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µm have the greatest potential to reach the lungs and the alveolar region [94]. The 

shape of the particles also affects their aerodynamic and diffusive behavior [95]. 

When deposited in the lungs, particles can persist or be removed. The 

biopersistence of particles is an important factor of their toxic activity with an 

impact on their long-term toxicity [40]. The biopersistence of particles is defined as 

the extent to which they are able to resist chemical, physical, and other 

physiological clearance mechanisms in the body  [96]. The biopersistence is 

influenced by the solubility of the particles and by the capacity of the lung to clear 

the particles. The dissolution, defined as the release of molecules or ions from 

particles, is an important determinant of biodurability (the ability to resist 

chemical/biochemical alteration) and provides an insight on how particles will 

interact with cells and induce toxicity [96].  

Figure 5: Model of the relationship between aerodynamic diameter and lung deposition. 
Deposition has been modeled assuming an adult breathing through the nose at 25 l/min 
(light exercise), and exposed to spherical particles with a density of 1000 kg/m3. This model 
was determined by the International Commission on Radiological Protection (ICRP). Original 
figure from Köbrich et al 1994 [97]. 

The dissolution of particles depends on their size, composition, shape, crystallinity 

and surface properties but also on the solvent properties such as the pH, the ionic 

strength, the temperature and the concentrations of other molecules (sulphides, 
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chlorides, proteins, enzymes etc.) [96]. By testing the dissolution of particles in 

artificial fluids mimicking extracellular (neutral pH) or lysosomal (acidic pH) media, 

we can obtain useful information about their biopersistence [40]. Insoluble 

particles are mostly cleared in the long-term by phagocytosis [98, 99]. Some factors 

can influence the phagocytosis of the particles. Particles with a diameter of 1-3 µm 

are phagocytosed faster than those of a diameter larger than 6 µm. Particles with 

a diameter smaller than 0.3 µm can escape phagocytosis [68]. The shape also 

influences phagocytosis. Thin and elongated fibres can lead to frustrated 

phagocytosis [64, 68]. The physico-chemical properties of the particle surface 

(charges and hydrophilic properties) influence the interaction of the particles with 

macrophages or opsonins [100]. 

Particles can also translocate to the systemic circulation to reach secondary organs. 

The size of the particles influences their translocation ability [68, 99, 101]. Shorter 

and thinner fibres and nanoparticles are translocated more efficiently [40]. The 

ability of particles to translocate from one compartment to another is a key factor 

in their toxicity [77]. 

In the lungs, particles can induce different levels of toxicity depending on their 

physico-chemical properties too. Particles with larger surface areas (dependent on 

the size and the porosity [102]) are associated with higher lung responses [103]. 

Nanoparticles are characterized by an excess of energy at the particle surface and 

are thus thermodynamically less stable. This phenomenon leads to an increase of 

surface reactivity and to a higher potency to react, implicating an increased toxic 

activity [101]. A growing number of studies show that smaller (nanosized) particles 

cause more toxicity than larger particles. However, in some specific cases, toxicity 

increased with increasing size (e.g. membrane rupture of red blood cells) [101]. The 

chemical composition and the surface reactivity of the particles also influence their 

toxicity activity [40]. Metals or other toxic elements composing the particles can be 

released in cells as ions, via the biodissolution of the particles, and lead to ROS 

formation or induce specific biological responses [45, 101]. The surface of particles 

themselves can also be reactive and produce ROS [64]. 
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1.3.3 Main processes involved in inhaled particle toxicity 

Inflammation  

The innate immune system is the first line of defense against inhaled particles, 

generating non-specific inflammation to protect the host and maintain homeostasis 

[104]. It is composed of natural killer cells, granulocytes and phagocyte cells [105]. 

The phagocyte cells sense the particles to clear them and prevent tissue injury. 

Acute inflammation is one way to eliminate particles and repair injury. However, if 

particles are biopersistent and/or if particle phagocytosis is impaired, it can result 

in a prolonged activation of innate immune responses characterized by 

inflammatory cell accumulation, pro-inflammatory cytokine release causing tissue 

damage and chronic diseases [106]. Indeed, inflammation is an early response to 

inhaled particles. Persistent inflammation is linked to fibrosis, the exacerbation of 

asthma and COPD, lung cancers and mesothelioma [47]. 

When particles enter the lungs, they are actively recognized by macrophages or 

epithelial cells [107]. Multiple types of epithelial cells are present in the respiratory 

tree: ciliated, mucous and goblet cells in the extra-thoracic and bronchial airways, 

serous (club cells) in the bronchioles, epithelial cells type I and II in the alveoli [93, 

108]. Macrophages play important roles in inflammatory responses [104]. There 

are different ways of particle recognition leading to inflammation (Figure 6). Firstly, 

particles can be recognized by pattern recognition receptors (PRRs) which are at 

the cell surface [106]. Scavenger receptor-mediated sensing represents the main 

PRR system to detect particles and initiate early tissue responses and the 

production of pro-inflammatory cytokines [106] (Figure 6 c). Secondly, particles can 

lead to inflammation by the release of alarmins (Figure 6 a). Indeed, particles and 

particle phagocytosis can induce cell damage, leading to cytokine and alarmin 

release [47, 106]. Alarmins such as IL-1 or High Mobility Group Box 1 (HMGB1), 

have a direct activity on innate immune cell recruitment and stimulation, and can 

bind to their receptors on adjacent cells and induce the transcription of pro-IL-1, 

the pro-form of a crucial pro-inflammatory cytokine [104]. Finally, a simple contact 

between particles presenting ROS at their surface can lead to inflammation by the 

release of alarmins and TNF- secretion [106] (Figure 6 b). TNF- is the first innate 
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immune signal and is a powerful activator of nuclear factor kappa B (NF-B) and 

activator protein (AP)-1 transcription factors leading to the transcription of pro-

inflammatory cytokines such as pro-IL-1 [106]. 

The secretion of IL-1 requires two steps [104]. The first one is the activation of NF-

B and AP-1 leading to the transcription of pro-IL-1, and the second one implies 

the NLRP inflammasome to cleave and activate the pro-form in active IL-1 [47]. 

The NLRP3 inflammasome is the most fully characterized inflammasome. It is 

composed of an N-terminal pyrin domain (PYD) required for the signal transduction, 

a central NACHT domain for the oligomerization, and a C-terminal leucine-rich 

repeat (LRR) for ligand recognition. NLRP3 binds to the adaptor protein, apoptosis 

speck-like protein, containing a CARD domain (ASC) which in turn recruits and 

activates caspase-1 (Figure 7) [47, 109]. It was recently shown that particles can 

activate the NLRP3 inflammasome in mesothelial and epithelial cells, in addition to 

immune cells [47]. Three classic models of NLRP3 activation are described [47]. The 

first one includes ion flux and modifications of K+, Ca2+ and H+ cytosolic 

concentrations that can activate the NLRP3 inflammasome [47]. In the second 

model, ROS activate NLRP3 inflammasome but the exact mechanism is not fully 

elucidated [47, 110]. The last model describes NLRP3 inflammasome activation via 

the lysosome rupture and the release of ROS, Ca2+ and cathepsin B. These molecules 

promote the assembly of inflammasome components and the cleavage of pro-IL-

1 in active IL-1 [104]. Beside the cleavage of pro-IL-1 to mature IL-1, the NLRP3 

inflammasome also leads to the maturation and secretion of IL-18 [47]. Among 

others, IL-1 induces fever, promotes the secretion of transforming growth factor 

(TGF)- and mediates the recruitment of leukocytes [47]. IL-1 is a critical mediator 

of inflammation, promoting fibrosis and tumorigenesis [111-115]. IL-18 can induce 

interferon- production. Activation of the inflammasome also induces gasdermin D 

cleavage inducing pyroptosis, a mode of cell death, leading to IL-1, IL-18, 

cytoplasmic content (including alarmins) and ROS release [116]. 
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Figure 6: Pathways of particle recognition leading to inflammation. Particle endocytosis 
can result in cell death leading to the release of alarmins in the tissue environment. Alarmins 

recruit inflammatory cells and activate the transcription of pro-IL-1 (a). ROS on particle 
surface induce membrane peroxidation, calcium flux perturbation, abscisic acid (ABA) 

release and LANCL2 receptor activation that results in TNF- release. TNF- stimulates the 

transcription of pro-IL-1 (b). Particles are internalized via scavenger receptors (SR) and 
clathrin-dependent (CD) endocytosis (c). Particles can interfere with the cytoplasmic 
homeostasis (ion concentration modification, lysosome destabilization and release of 
cathepsins) and activate the intracellular PRR-related inflammasome complex (NLRP) 

leading to the release of the active form of IL-1 and pyroptosis. Adapted from Huaux 2018 
[106]. 

In addition to the mediators cited above, other master pro-inflammatory cytokines 

such as type I and II interferons and IL-17 produced by effector T lymphocytes are 
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essential in the pathogenesis of diseases induced by inhaled particles [107]. During 

tissue injury-mediated immune responses, naïve CD4+ T helper (Th) cells can also 

differentiate into Th1 or Th2. Type 2 immune pathways have been recognized as 

important events for the development of fibrosis. Activated Th2 immune cells and 

cytokines (IL-4 and IL-13) stimulate over-repair responses, leading to fibrosis [117, 

118]. 

Figure 7: General view of the biological events linking the inflammasome activation and 
the particle-associated lung diseases. Image adapted from Sayan and Mossman 2016 [47].  

Thus, when cells are activated, they can release various inflammatory mediators 

such as cytokines, chemokines, ROS, etc [107]. These mediators induce a marked 

and persistent recruitment of inflammatory cells and contribute to chronic lung 

inflammation, resulting in various particle- and fibre-associated lung and pleural 

diseases. Persistent inflammation can be followed by an exaggerated reparative 

phase where growth factors stimulate non-controlled fibroblast recruitment, 

proliferation and extracellular matrix production leading to fibrosis [47]. 

In addition to these inflammatory events, the role of immunosuppression in 

diseases induced by inhaled particles emerges, as reviewed in Huaux et al. [107]. 

Inhaled particles can cause an exaggerated and persistent immunosuppression 

which is initially established to limit the inflammation but contributes to later 

diseases [107]. This immunosuppression is characterized by the release of anti-
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inflammatory mediators (TGF- and IL-10) and the recruitment of regulatory 

immune cells (M2 macrophages, regulatory T and B lymphocytes and myeloid 

derived suppressive cells) [107]. The main function of TGF- is immunosuppression 

[119]. However, TGF- also induces myofibroblast differentiation, collagen 

overproduction and scar formation contributing to lung fibrosis, and generates a 

favorable microenvironment for tumor growth [107]. IL-10 is also an 

immunosuppressive cytokine and it is admitted that IL-10 limits the inflammation 

but contributes to the fibrotic responses by stimulating fibroblasts, matrix protein 

release, increasing the expression of pro-fibrotic mediators by macrophages and 

limiting the synthesis of anti-fibrotic mediators by epithelial cells [107]. Thus, in 

addition to inflammation, immunosuppression also contributes to lung disorders 

induced by inhaled particles. 

Reactive oxygen species and oxidative stress  

An important mechanism of particle toxicity is the generation of ROS and reactive 

nitrogen species (RNS). The main radicals produced in cells are the hydroxyl radical 

(HO˙), superoxide anion radical (O2˙-), peroxyl radical (ROO˙), alkoxyl radical (RO˙) 

and thiyl radical (RS˙) and nitrogen oxide (˙NO). Non-radical ROS such as hydrogen 

peroxide (H2O2) and hypochlorite (HOCl) are also implicated in the toxicity induced 

by particles [120, 121].  

Radicals may be (i) generated intrinsically by particles and/or (ii) produced by 

inflammatory and/or target cells in response to particles [122]. Particles can 

produce ROS/RNS due to the presence of oxidants or free radicals at their surface. 

Alternatively, particles may also generate relatively diffusible moieties such as 

peroxynitrite (ONOO-) and O2˙- [122]. When particles are endocytosed, O2˙- can be 

generated and its dismutation results in H2O2 production [120]. Various transition 

metals at the surface of particles or released by particles can induce ROS production 

through Fenton(-like) and Haber-Weiss reactions by reacting with H2O2 [121]. In the 

Fenton-like and Haber-Weiss reactions, a transition metal ion reacts with H2O2 to 

produce HO˙ and an oxidized metal ion [121]. ROS can also be produced by target 

cells such as lung epithelial cells and macrophages upon interaction with the 

particles or their uptake. Particles can damage the mitochondria or interact with 
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the electron transport chain, can activate nicotinamide adenine dinucleotide 

phosphate (NADP)H-like systems or disturb the antioxidant defense [123]. 

Phagocytic cells can produce O2˙-, ˙NO, H2O2, HO˙, ONOO- and HOCl in response to 

phagocytosed particles [124]. The persistent production of ROS/RNS can lead to 

cellular damage [122]. Some insoluble particles or fibres can lead to repeated 

frustrated phagocytosis and cytoplasmic release (containing cellular ROS) and to 

the activation of other macrophages leading to a subsequent excessive ROS 

generation [120]. 

The level of ROS production determines the cellular reaction. Small amount of ROS 

are required for processes such as intracellular signaling and antioxidants control 

their presence. However, when a larger amount of ROS is generated, an oxidative 

stress can occur [124]. “Oxidative stress” is defined as the adverse condition 

resulting from an imbalance in cellular oxidants and antioxidants [120, 124]. 

Depending on the amount of oxidants, cell responses can evolve from an initial 

upregulation of cellular antioxidants such as heme oxygenase-1 (HO-1) via the 

activation of the nuclear factor erythroid-2-related factor 2 (Nrf2), catalase, 

superoxide dismutase and peroxidase to pro-inflammatory responses via the 

activation of NF-B and AP-1, and finally to cytotoxicity and cell death [124, 125]. 

There is evidence that ROS produced by particles participate to their pathogenicity 

by initiating a sequence of pathological events, including inflammation, fibrosis, 

genotoxicity, and carcinogenesis [120, 121]. Oxidants are substances that readily 

transfer oxygen atoms or accept electrons and, thus, are able to induce adverse 

effects such as lipid peroxidation, protein oxidation and DNA damage [124]. 

Unsaturated fatty acids of cell membrane phospholipids are major targets of HO˙. 

This radical can extract a hydrogen from the phospholipid and produce a lipid 

radical which can, in turn, react with molecular oxygen to produce lipid peroxyl 

radicals. This phenomenon can propagate and lead to cell membrane destruction. 

It is postulated that lipid peroxidation plays a major role in lung diseases [120]. ROS 

can also induce DNA damage by attacking deoxyribose, purine and pyrimidine bases 

of the DNA. These attacks result in DNA strand breaks which can lead to mutations 

(see the next chapter) and cancer [126]. Hydroxylation of guanine residues (dG) to 

produce 8-hydroxy-2'-deoxyguanosine (8-OHdG) is the most commonly 
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investigated damage of ROS produced by particles [127]. Base modification can 

lead to mispairing leading to mutations and oncogene activation [120]. ROS can also 

activate transcriptional factors such as NF-B, AP-1 and Nrf2 [125, 126]. Through 

the activation of NF-B and AP-1, particles producing ROS can trigger the increased 

expression of pro-inflammatory and fibrotic cytokines and the activation of 

inflammatory cells, which can, in turn, influence and increase the generation of ROS 

[120, 121]. ROS production, oxidative stress and inflammation are thus interlinked 

in the process of particle-induced lung injuries. 

Genotoxic and mutagenic activity of particles 

Both occupational and environmental exposure to particles are associated with an 

increased risk of cancer [128]. The genotoxic potential of inhaled particles is defined 

by their ability to induce DNA damage. Cells can, however, induce cell cycle arrest 

to repair DNA damage or induce apoptosis. If genotoxic events persist in 

proliferating cells, irreversible genetic changes occur, which are named mutations, 

and can lead to carcinogenesis [127] (Figure 8). 

Particles can induce DNA damage via a primary or secondary mechanism. Primary 

genotoxicity implies an induction of DNA damage by the particles in absence of 

inflammation [127]. Primary genotoxicity is due to the intrinsic characteristics of 

the particles, including composition, shape, size, crystallinity or their capacity to 

produce ROS [129]. Primary damage can be direct or indirect. Direct primary 

damage requires a direct interaction between particles and DNA or with cellular 

constituents that guide chromosome segregation during cell division [123]. This 

occurs via the direct physical interaction of the particle with the DNA, via the 

intrinsic ROS generation from particles (e.g. ROS present at the particle surface) or 

the reaction with organic compounds associated with the particles (e.g. polycyclic 

aromatic hydrocarbons (PAH)) [123]. 
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Figure 8: Pathways of primary and secondary genotoxic events induced by particles and 
leading to tumor formation (from Schins 2007 [127]). 

Indirect DNA damage means that the first target is not the DNA. These DNA damage 

can be due to  inactivation of DNA repair proteins, inhibition of DNA synthesis, etc. 

or to ROS generated by particles or to ROS generated by the interaction of particles 

with cells (e.g. enhanced production of ROS via mitochondria and membrane bound 

NADPH oxidase or the depletion of cell antioxidants) [123, 130]. Secondary 

genotoxicity is associated with the production of ROS/RNS by leukocytes recruited 

during lung inflammation induced by the inhalation of these particles [123]. 

The major types of DNA damage caused by particles are oxidative attacks and bulky 

DNA adducts [128, 130]. There are several different oxidative lesions and they can 

lead to base-pair mutations, deletions or insertions. HO˙ is the most DNA-reactive 

radical species. The most investigated oxidative lesion caused by HO˙ is 8-OHdG 

[126, 127, 131]. ROS/RNS can lead to exocyclic etheno-adducts, such as during lipid 

peroxidation, resulting in malondialdehyde and 4-hydroxynonenal formation which 

are mutagenic electrophiles [128, 130]. ROS can also induce DNA backbone 

damage, i.e. oxidation of deoxyribose sugar, which can lead to single DNA strand 

breaks. An accumulation of single strand breaks in the same area can lead to 

double-strand-breaks and chromosomal aberrations [128, 130]. Particles such as 
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PM, DEP or carbon black carry at their surface adsorbed components such as PAH 

which can induce DNA adducts via the endogenous production of highly reactive 

intermediates [128, 130, 132]. Finally, if the genotoxic events persist, they can lead 

to aneuploid or polyploid cells or to clastogenicity [133].  

Thus, inhaled particles can induce an upregulation of cytokines, transcription 

factors, anti-oxidants and oxidants in the lungs, creating a milieu with inflammatory 

cells, synthesis of extracellular matrix and cell proliferation. The presence of 

particles can cause DNA damage (via primary or secondary mechanism) and 

proliferative effects to type II epithelial and Club cells via the production of radicals. 

All of these events create a promutagenic microenvironment adapted for 

proliferation of mutated cells that can lead to malignant lung diseases [127, 128]. 

HIF-1 as a potential mediator of lung toxicity induced by inhaled particles 

The hypoxia-inducible factor (HIF)-1 is a heterodimeric transcriptional factor of two 

subunits, HIF-1 and HIF-1, constitutively expressed in all cells [134, 135]. Under 

normoxia, HIF-1, the oxygen sensitive-subunit regulating the levels of active HIF-

1, is directly degraded through the ubiquitin-proteasome pathway by prolyl 

hydroxylase domain (PHD) proteins (Figure 9). PHD proteins use O2, α-ketoglutarate 

and Fe(II) to convert a prolyl residue to hydroxy-prolyl, producing succinate and 

CO2. Once hydroxylated, HIF-1α is recognized by the von Hippel-Lindau tumor 

suppressor protein (pVHL), an E3 ubiquitin ligase, and is degraded by the 

proteasome. HIF-1 ubiquination/degradation is promoted by binding of 

spermidine/spermine N-acetyltransferase-2 (SSAT2), which stabilizes the 

interaction of pVHL and elongin C [134, 135]. HIF-1 is also a substrate for the factor 

inhibiting HIF-1 (FIH-1), which is an asparaginyl hydroxylase [135]. This enzyme is 

also O2 dependent. By hydroxylating HIF-1, FIH-1 disrupts the interaction between 

HIF-1 and its co-activators p300 and CBP, inhibiting the transactivation of HIF 

target genes [135]. 

On the contrary, HIF-1 is stabilized under hypoxic conditions and accumulates in 

cells [134]. In addition to hypoxia, Co and Ni ions are also able to stabilize HIF-1. 

Co ions stabilize HIF-1 by blocking the iron-binding site of PHD proteins and by 
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direct binding to HIF-1 preventing its degradation [136, 137]. Ni ions inhibit PHD 

activity by inducing iron depletion due to its competition with divalent metal 

transporter 1 (DMT-1) or by blocking the iron-binding site of PHD [138]. It is also 

suggested that ROS produced during hypoxia can affect the oxidation status of PHD 

bound iron, leading to PHD inactivation and stabilization of HIF-1 [139]. O2-sensing 

via hydroxylases is the major pathway to regulate the levels of HIF-1, however, 

there are multiple other regulators of HIF-1 [135, 140]. When stabilized, HIF-1 

heterodimerizes with HIF-1, recruits co-activators P300 and CBP, binds to hypoxia 

responsive elements (HRE) of target genes and initiates their transcription [134, 

135, 140]. 

HIF-1 plays many roles by activating the transcription of numerous genes. HIF-1 

helps to restore oxygen homeostasis by inducing glycolysis, erythropoiesis and 

angiogenesis. HIF-1 also regulates genes involved in the control of cell cycle such 

as p53, p21 and Bcl-2 [141]. Therefore, HIF plays key roles in various aspects of 

cancer development: proliferation, angiogenesis, apoptosis, metabolism, 

extracellular matrix remodelling, cell migration, invasion, etc [135]. 

HIF-1 is also implicated in inflammation. HIF-1 activates myeloid cell function. 

Indeed, in the conditional knockout mice for HIF-1, the cytokine response to 

lipopolysaccharide (LPS)-induced sepsis (TNF-, IL-1, IL-6, IL-12) is reduced [135, 

142]. It has also been shown that HIF-1 boosts LPS-induced IL-1 mRNA. IL-1 is 

thus a direct target of HIF- [143]. HIF activity has also been described as a key 

factor for the phagocytosis of bacteria by macrophages under hypoxic conditions 

and for the production of TNF and NO through the inducible NO synthetase (iNOS) 

[142]. Since NO can also stabilize HIF-1 proteins, an autocrine feedback occurs and 

amplifies the inflammatory activation of macrophages. HRE are also found in the 

genes of Toll-like receptors (TLRs) [142]. There is also an important synergic 

interlink between HIF and NF-B [142]. HIF has been shown to mediate NF-B 

activation in anoxic neutrophils and to regulate the expression of NF-B in 

macrophages stimulated with LPS [135, 142, 144]. Hypoxia itself, by inhibiting PHD, 

also inhibits IB kinases (IKK) hydroxylation leading to IKK activation and IK 

phosphorylation, inducing the liberation of NF-B in the cytoplasm [135, 142, 144]. 

In turn, NF-B signalling activated in macrophages regulates HIF-1 transcription 
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[135, 142, 144]. However, NF-B alone is insufficient for HIF-1 stabilization, 

indicating that both transcriptional regulation by NF-B and post-transcriptional 

regulation by hypoxia (or other) are necessary [142]. 

 

Figure 9: Regulation of HIF- under normoxic or hypoxic conditions.  
CBP = cAMP-response element-binding protein; Cul2 = cullin 2; E2 = E2 ubiquitin-
conjugating enzyme; p300 = histone acetyltransferase p300; Rbx1 = ring box protein 1; SDH 

= succinate dehydrogenase; UQ = ubiquitin. FIH = factor inhibiting HIF-1. Adapted from 
Jochmanova et al 2013 [140].  

Activation of HIF-1 has been associated with fibrotic responses such as renal fibrosis 

in chronic renal diseases [145], adipose tissue fibrosis [146], lung fibrosis induced 

by paraquat poisoning [147] or idiopathic pulmonary fibrosis [148]. It has recently 

been shown that HIF-1 can upregulate the levels of -ketoglutarate, increasing 

the levels of lysine and proline hydroxylation on collagen, rendering the collagen 

more resistant to protease degradation [149]. Moreover, HIF-1 has been shown to 
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induce transcription of the pro-fibrotic factors tissue-inhibitor of 

metalloproteinases (TIMP)-1, plasminogen activator inhibitor (PAI)-1, and 

connective tissue growth factor (CTGF) [134]. HIF-1 might also be implicated in 

fibrosis by promoting myofibroblast differentiation and epithelial-mesenchymal 

transition (EMT) via the TGF- pathway [140, 142, 147, 150, 151].  

Since numerous particles used in LIB contain Co and/or Ni, we investigated the 

implication of HIF-1 in their lung toxicity. 
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1.4 TOXICITY OF METALS USED IN LIB PARTICLES 

As mentioned above, LIB particles contain lithium and other elements. In this 

section we will outline the current knowledge about toxicologically relevant 

elements used in these particles.  

1.4.1 Lithium 

Lithium (Li) is an univalent cation present in the Earth’s crust at an average of 0.006 

% in mass [152].  

Sources of exposure 

Li is mined from petalite, triphylite, lepidolite, spodumene and amblygonite ores 

[153] and is also present in natural brines and lakes [152]. The main sources of 

human Li exposure is by ingestion. Indeed, Li is found in water and plants and its 

oral daily intake is on average 0.65-7 mg [152, 154]. Li is also orally administered 

for treating patients with bipolar disorders (500 to 1300 mg of Li carbonate/day). 

Occupational skin, eye and inhalation exposure occurs in Li-based battery industries 

[154]. 

Metabolism and cellular transport 

Li is not absorbed across the skin and inhalation exposure only occurs in specific 

occupational settings. Therefore, for the general population, the most common 

exposure route is by ingestion. Ingestion of soluble Li salts leads to a complete 

absorption by the gastrointestinal tract, with a peak plasma concentration after 2-

5 h. Li passes across all biological barriers and is thus distributed uniformly in body 

fluids [154]. Li has a plasma half-life comprised between 12 and 58 h and is mainly 

excreted by the kidneys [154, 155]. Due to its small radius and high polarizing 

strength, Li has a large propensity to replace cations (Na+, K+, Mg2+ and Ca2+) in cells 

[153]. Several Na or K transport proteins can also transport Li and provide a 

pathway for Li entry into cells. The major Li transport occurs via the Na channel and 

the Na/H exchanger [153, 155]. Other transporters such as the Na-K ATPase or the 

Na-K-2Cl cotransporters can also move Li across cell membranes [155]. Pathways 
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to transport Li out of the cells are more limited, generally resulting in the 

accumulation of Li in the cells. The best candidate is the Na-Na exchanger [155].  

Beneficial effects 

Li is a non-essential element for the human body but some studies showed that Li 

in minute quantity has positive effects on mental health by reducing the risk of 

suicide, violence and depression [154]. Schrauzer even proposes an intake of 1 mg 

Li/day for a 70 kg adult [156]. Li is the most efficient treatment of bipolar disorders, 

protecting against depression and mania [157]. It is generally administered orally in 

the form of lithium carbonate or citrate [154]. The exact role of Li in mood 

stabilization remains not well understood. A large body of evidence suggests that 

inflammation plays a role in the pathological processes of bipolar disorders and that 

lithium could be anti-inflammatory [158]. However, the activity of Li in 

inflammation is subject to debate and, although Li appears rather anti-

inflammatory, many contradictory data exists [158, 159]. 

Lung toxicity 

Existing knowledge on the lung toxicity of Li is sparse. Data about Li lung toxicity in 

humans do not exist and only some animal studies have been conducted. Inhalation 

of combustion aerosols of Li carbonate (weakly water soluble) caused moderate 

acute toxicity in the lungs of rats 14 days after exposure to 620, 1400 or 2300 mg/m3 

during 4 h [160]. Another study showed peribronchial and intraparenchymal 

lymphocyte and macrophage infiltration as well as alveolar destruction in rats 

exposed intraperitoneally to 25 mg/kg of Li2CO3 [161]. No significant effect was 

recorded in rabbits after inhalation of 0.6 and 1.9 mg/m3 of Li from LiCl (water 

soluble) aerosols for 4-8 weeks, 5 days/week, 6 h/day [162]. 

Systemic toxicity 

The toxicity of Li is largely described in the literature due to its use for the treatment 

of mood disorders. The therapeutic Li serum concentration range is narrow, 

comprised between 5.6 and 8.4 mg/l. Mild toxicity can be observed from 10.5 mg/l 

and at 20 mg/l there is a risk of death [152, 154]. 
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Acute toxicity mainly affects the gastrointestinal tract (nausea, vomiting and 

diarrhea), the CNS (sedation, tremors, ataxia, agitation, convulsions and coma) and 

the kidney (polyuria, albuminuria and renal failure). In case of chronic toxicity, the 

most sensitive organ is the kidney. Nephrogenic diabetes insipidus is the most 

common renal effect, affecting 30-40 % of patients under Li medication [154]. 

Chronic kidney disease may also develop due to the dysregulation of aquaporin-2. 

The thyroid can also be affected with hypothyroidism, goiter, increased levels of 

serum thyroid-stimulating hormone, calcium and parathyroid hormones [157]. The 

chronic CNS toxicity is similar to acute toxicity but, in some rare cases, chronic Li 

intoxication can lead to irreversible neurotoxicity characterized by cerebellar 

dysfunction, extrapyramidal symptoms and cognitive decline [154]. 

1.4.2 Cobalt 

The concentration of cobalt (Co) in the Earth’s crust is on average 25 mg/kg [163]. 

The main oxidation states of Co are +2 and +3. However, 0, +1, +4 and +5 have also 

been reported [164]. 

Sources of exposure 

Co is present in cobaltite, smaltite, erythrite, azurite and heterogenite ores. Co is 

also present in trace amounts in lakes, rivers, oceans, groundwater and soil [165]. 

For the general population, the diet is the main source of Co exposure [166]. The 

daily dietary intake of Co is about 0.13 to 0.48 µg/kg body weight (bw) for an adult 

[166]. Natural and anthropogenic sources such as wind-blown continental dust, 

volcanoes, forest fires, burning of fossil fuels and mining lead to Co emission into 

the atmosphere and constitute an exposure source for the general population. 

Surgical implants made of Co can represent a source of internal Co exposure [165]. 

Co is mainly used for the manufacture of Li-batteries, steel and alloys (e.g. made of 

Co and Cr) and is also used in diamond, paint and pigment industries. Hard metals 

are composed of Co and tungsten carbide (WC-Co). Workers can be exposed by 

inhalation, and to a certain extent via the skin, to Co particles emitted or produced 

in industries [165, 166].  
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Metabolism and cellular transports 

The bioavailability of Co and its absorption depend on its bioaccessibility (% of 

available Co) [163]. Three groups of Co compounds can be distinguished based on 

their bioaccessibility: (i) the highly bioaccessible compounds (inorganic and organic 

salts, rather soluble in water), (ii) the compounds bioaccessible only at acidic pH, 

and (iii) low bioaccessible compounds (oxides and spinels) [167].  

Highly bioaccessible Co is rapidly absorbed in the small intestine in case of oral 

exposure [168]. The gastrointestinal absorption of Co compounds varies from 5 to 

45 %. Co absorption is influenced by the dose and by nutritional factors [165]. Co 

absorption is also influenced by iron levels. Indeed, iron deficiency induces an 

increase of Co absorption, probably because the transport mechanisms are similar 

[169]. 

Data about the pulmonary absorption of Co are limited. Animal and human studies 

indicate a substantial uptake of Co by inhalation. As in case of oral exposure, the 

pulmonary absorption of Co is dependent on its solubility in cellular medium [165]. 

If inhaled, soluble Co compounds can release Co ions. Low soluble Co particles can 

persist in the lung and low soluble ultrafine Co particles can disseminate through 

the lymph and vascular system and lead to a systemic dissemination [168]. Co 

particles can also be phagocytozed by cells and dissolve into the cells, releasing ions 

intracellularly [170]. 

If Co ions are extracellularly released, they can precipitate with phosphates or 

carbonates, or bind to albumin. The remaining bioavailable ions can pass through 

the cell membrane via filtration or cellular transporters. The mechanism of Co 

transport into cell membrane is not exactly known, but a role of natural resistance-

associated macrophage protein 2 (NRAMP 2)/DMT-1 has been documented [165]. 

Pathways shared with calcium have also been described in red blood cells [171]. 

Co is mainly distributed in the liver, the kidney and excreted via the urine. The 

excretion rate is in 3 phases, a first rapid elimination of few hours, a slower 

elimination of few days, and a long-term retention with a half-time on the order of 

years [169].  
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Beneficial effects 

Co is an essential element in the form of vitamin B12 [172]. 

Lung toxicity 

Acute occupational inhalation of aerosols containing Co, metallic Co, Co oxides and 

Co salts can lead to dyspnea and pharyngeal irritation. The intensity of the effects 

is correlated with the exposure level. Chronic exposure to aerosols containing Co 

can lead to asthma and bronchitis [165, 173]. Chronic inhalation of Co particles in 

association with WC, can lead to “hard metal disease” [166]. The early phase is 

characterized by a reversible alveolitis and the chronic phase by a diffuse interstitial 

fibrosis [165, 173]. Co metal, Co sulfate and other soluble Co salts could lead to lung 

cancer and are classified as possibly carcinogenic for humans (group 2B) and WC-

Co as probably carcinogenic for humans (group 2A) by the IARC [60]. 

Systemic and dermal toxicity 

Non-occupational oral exposure to Co was observed in beer drinkers. This 

overexposure led to cardiac disorders. Chronic skin contact with Co can cause 

dermatitis characterized by erythematous papules [163, 165, 173]. It represents 4 

% of the cases of contact dermatitis in occupational settings [166]. Systemic effects 

recorded in case of chronic inhalation overexposure include neurological, thyroidal 

and cardiovascular manifestations [163, 165, 173].  

Toxicity mechanisms 

The toxicity of Co depends on the interactions of Co ions with receptors, 

biomolecules or ions channels [174]. 

Co ions are able to produce ROS via the Fenton-like reaction: Co2+ + H2O2 → Co3+ + 

HO˙ + OH- [175]. This production of radicals can lead to oxidative stress and protein 

or lipid oxidation and oxidative DNA damage [168, 174]. Co also has a high affinity 

for sulfhydryl groups which are co-factors for the mitochondrial respiration and the 

citric acid cycle. This disruption in mitochondrial function can lead to an increased 

production of ROS and cell death, with inflammatory responses [168, 174]. Co ions 
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are also able to interact with Ca, Fe and Zn homeostasis. Co ions can substitute Fe 

in proteins, are antagonists for Ca channels, modifying cell signalling and substitute 

Zn in the Zn domain of DNA repair enzymes, leading to persisting DNA damage [168, 

174]. Co ions are also able to stabilize HIF-1 leading to metabolic, vascular and 

inflammatory responses [168, 174]. 

1.4.3 Nickel 

Nickel (Ni) is present in the Earth’s crust at about 0.01 % [176]. Ni appears as a 

silvery white metal and exists in different oxidation states; -1, +1, +2, +3 and +4, but 

the most common is +2 [138, 177]. 

Sources of exposure 

Ni exists as sulfide or oxide ores [138]. All soils contain Ni [178]. Ni is also present 

in natural waters. Environmental oral exposure thus occurs via the ingestion of 

plants, animal products and water, representing a daily intake of 0.1-0.3 mg Ni 

[176]. The environmental exposure via inhalation is mainly due to the association 

of Ni with PM due to the combustion of fossil fuels and pollution from Ni industries 

[138, 179, 180]. Smoking increases the level of inhalation exposure to Ni particles. 

Dermal exposure is a major source of human exposure route because coins, 

jewelries, watches, dental tools etc. contain metal Ni [138]. 

Industrial uses of Ni are numerous, including steel and alloy products, 

electroplating, batteries, chemical catalysis, electronic vacuum, metal items etc. 

[138, 179]. Occupational exposure to Ni particles occurs in these industries and in 

mines, via inhalation or skin contact [138, 179].  

Metabolism and cellular transports 

Soluble Ni compounds are easily absorbed by the gut and the lungs [179]. The 

pulmonary persistence and absorption rate of Ni particles is also dependent of 

particle size [179]. Dermal absorption is not the major route of Ni uptake but Ni 

metal and Ni salts can solubilize during prolonged skin contact and penetrate 

dermally [178, 179]. 
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The chemical form of Ni determines how it enters into cells [181]. Insoluble 

particles of Ni can be endocytosed by cells, Ni carbonyl is liposoluble and can pass 

through the cell membrane, Ni2+ is transported by diffusion or via Ca channels or 

DMT-1 [182]. 

Normally, Ni does not accumulate but in case of high Ni exposure level, the primary 

target organs for Ni retention are the lung, the brain and the pancreas [138]. The 

non-absorbed Ni (ingested) is excreted in feces. Ni absorbed by the intestine or the 

lungs is eliminated in urine [138, 178]. The half-life of ingested soluble Ni is about 

a couple of hours, while lung clearance of insoluble Ni can take months [138].  

Beneficial effects 

Ni is not essential for the human body [181, 182]. 

Lung toxicity 

Short-term high-dose inhalation of Ni particles can lead to lung irritations, 

emphysema or lung fibrosis [138, 176, 177]. Deaths due to respiratory distress 

syndrome have been reported after acute occupational exposure to Ni particles 

[183]. Chronic toxicity of Ni particle inhalation leads to rhinitis, sinusitis and asthma 

[138]. Ni compounds are classified by the IARC as carcinogenic for humans (group 

1). There is sufficient evidence in humans for the carcinogenicity of mixtures that 

include Ni compounds and Ni metal causing lung, nasal cavity and paranasal sinuses 

cancers [60]. 

Systemic and dermal toxicity 

Inhalation of Ni(CO)4, decomposing in Ni and CO, is extremely toxic, leading to 

systemic toxicity and death [138]. Acute poisoning by ingestion of Ni carbonyl or 

soluble Ni compounds can lead to headache, vertigo, nausea, vomiting and 

nephrotoxic effects [179]. Chronic dermal exposure to Ni can cause allergy and 

dermatitis [138, 179].  
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Toxicity mechanisms 

Adverse effects of Ni are due to its capacity to generate ROS, leading to oxidative 

stress, to DNA damage, to stabilize HIF-1 and to activate NF-B [138]. 

1.4.4 Iron 

Iron (Fe) is the fourth most abundant element of the Earth’s crust with an amount 

of approximately 5 % in mass [184]. Fe can have different oxidation states from -2 

to +6, but the most common are ferrous (II) or ferric (III) Fe [184, 185]. 

Sources of exposure 

Environmental exposure can occur by ingestion because Fe is present in water and 

soils. The forms of dietary Fe are heme iron, bound in a protoporphyrin ring, and 

non-heme iron bound to other molecules [185]. The average daily Fe intake in 

Western Europe is about 15 mg [186]. Environmental inhalation exposure to Fe can 

also occur via the inhalation of PM [180, 187]. 

Fe can be mined from numerous ores, such as magnetite, hematite or taconite 

[186]. Fe is used for numerous industrial applications such as structural element 

production for buildings, pigments, etc. [186]. Workers can thus be exposed by 

inhalation to Fe particles [186].  

Metabolism and cellular transports 

20-30 % of body Fe is stored in hepatocytes and macrophages and 70-80 % in 

hemoglobin in circulating erythrocytes [186, 188]. Complex Fe homeostasis 

mechanisms occur in cells. In blood, Fe binds to transferrin. The uptake of Fe by 

cells occurs mainly via the transferrin receptor 1 (TfR1) [184]. The complex 

undergoes endocytosis and Fe is freed from transferrin at acidic pH, and reduced 

by a ferrireductase [188]. TfR1 is then recycled back for further cycles [189]. Fe is 

transported across the endosomal membrane by the DMT-1. Other processes can 

transport Fe. In some cell types, DMT-1 and other transporters (ZIP8, ZIP14) bind 

Fe without transferrin [189]. Internalized Fe is then used for metabolic functions, 

stored (in ferritin) or exported out of the cell [185, 188]. Iron is mainly used by 
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mitochondria for the synthesis of heme and iron-sulfur clusters biogenesis. In case 

of Fe requirement, autophagy can occur and ferritin goes to the autolysosome to 

free Fe. Fe is then exported out of the cell by ferroportin [189].  

Levels of Fe are controlled by hepcidin, a peptide derived from the liver. In case of 

hypoxia or anemia, hepcidin levels decrease and promote Fe absorption and Fe 

release from macrophages. In case of inflammation or Fe loading, hepcidin levels 

increase, inhibit Fe absorption and promote Fe accumulation in macrophages [185, 

186, 188]. 

Beneficial functions 

Fe is an essential element for growth and survival. Fe is involved in a broad 

spectrum of essential functions such as oxygen transport and storage, 

mitochondrial respiration, nucleic acid replication and repair, host defense and cell 

signaling [185, 186, 189]. 

Lung toxicity 

Inhalation of Fe dusts or fumes (mainly Fe oxides), can lead to siderosis (iron 

pneumoconiosis), hematite pneumoconiosis or Fe pigmentation of the lung. These 

conditions are not considered to progress to fibrosis [186]. Occupational exposures 

during Fe and steel founding are classified as carcinogenic to humans (group 1) by 

the IARC, leading to lung cancer [60]. 

Systemic toxicity 

Systemic Fe overload can be due to hereditary hemochromatosis, Fe loading 

anemias or transfusional Fe overload [189]. Accumulation of Fe due to chronic 

ingestion and genetic predisposition to absorb Fe are rare [186]. This overload can 

lead to cirrhosis, diabetes and heart dysfunction due to oxidative damage induced 

by Fe [186]. 
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Toxicity mechanisms 

The toxicity of Fe is largely based on its capacity to produce ROS. Free Fe can donate 

or accept an electron from another molecule and lead to the formation of ROS, 

mainly via the Fenton reaction, able to induce cellular and DNA damage [190]. The 

Fenton reaction can occur in presence of Fe ions as described here: 

Fe2+ + H2O2 → Fe3+ + HO˙ + OH− [191]. 

1.4.5 Titanium 

Titanium (Ti) is the ninth most common element in the Earth’s crust (0.6 %) [192]. 

The most common oxidation states of Ti are +3 and +4. The most common oxide is 

TiO2 that can be in three crystalline forms: anatase, brookite and rutile. Amorphous 

forms of TiO2 also exist [193]. 

Sources of exposure 

TiO2 is the main form of human exposure to Ti. Ti is poorly absorbed by plants and 

animals, and can be found in food where TiO2 is an additive [194]. Food is the main 

source of exposure to TiO2 for the general population, with an amount of 0.3 - 0.5 

mg Ti/day [192]. 

Ti is mainly mined from ilmenite ores [193]. Ti metal is used in numerous industrial 

applications such as in aircraft and airspace alloys, biomaterials, pigments, food 

additives etc. Exposure to Ti in occupational settings mainly occurs via inhalation of 

Ti dusts [192]. TiO2 nanoparticles are also intensively used as pigment in several 

applications in industry: coatings, plastics, papers, inks, medicines, 

pharmaceuticals, food products, cosmetics, and toothpaste, implying risk of 

inhalation exposure in workplaces [88].  

Metabolism and cellular transports 

Ti is poorly absorbed by the gastrointestinal tract (< 5 %). Transferrin acts as a 

specific carrier of Ti ions and thus plays a central role in its transport and absorption. 

Ti nanoparticles can be taken up via the respiratory route and after oral intake 
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[192]. TiO2 nanoparticles can be absorbed through the gastrointestinal tract via the 

lymphoid tissues [88]. TiO2 dusts can also be absorbed in the lungs. After ingestion 

or inhalation, TiO2 nanoparticles can be distributed through all the body via the 

vascular system, lymphatic dissemination or phagocytosis of particles by 

macrophages [88, 192]. Ingested Ti is mostly eliminated in the feces [192]. 

Beneficial effects 

No evidence exists that Ti is an essential element for human [192]. 

Lung toxicity 

Ti is generally considered as a low toxicity element. Animal studies demonstrated 

inter-species variabilities after TiO2 particle inhalation. Indeed, at similar doses of 

TiO2, rat, mouse and hamster lungs are not equally affected. At low levels of 

exposure, clearance is efficient, and no toxicity is observed. However, at high doses, 

an overload occurs in rat and mice lungs, not in the hamster, leading to 

inflammation, fibrosis and cancer [195, 196]. In 2010, the IARC classified TiO2 as 

possibly carcinogenic to human (group 2B) [60]. Inhalation of TiO2 nanoparticles 

can also lead to lung inflammation and injury [88, 197]. 

Systemic toxicity 

Ti can induce a systemic disease called “Yellow nail syndrome” which is 

characterized by a change in the nails, bronchial obstruction and lymphedema 

[194]. Ti is largely used in implants where corrosion occurs leading to inflammation 

in surrounding tissues [194]. TiO2 nanoparticles can also pass through the blood 

brain barrier (BBB) and could be toxic for the CNS [194]. 

1.4.6 Manganese 

Manganese (Mn) is ubiquitous in the environment, and represents 0.1 % of the 

Earth’s crust. Mn can be found in its native state as metal or in several ores including 

pyrolusite, rhodocrosite and rhodonate [198]. Mn commonly exists at positive 

oxidation states as +2, +3, +4, +6 and +7, but -3 can also be found [199].  
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Sources of exposure  

Environmental exposure occurs via inhalation and ingestion. Mn exists as a 

component of environmental PM and can be inhaled by the general population 

[198]. Mn dusts can also be present in areas with major foundry facilities using Mn. 

Mn may also be released in water from industrial discharges. Soil naturally contains 

Mn but may be enriched by industries too. Mn is also naturally present in food 

which represents the major source of Mn intake. The highest concentrations are 

found in cereals and rice. The daily intake of Mn is estimated at 2 – 8.8 mg [198, 

200]. 

Mn is used in metallurgical processes (steel manufacture, alloy constituent…), in 

fungicides, in dry cell batteries, etc. In occupational settings, workers can inhale 

airborne fumes and Mn particles. The most worrying places are the mines, dry-cell 

battery and welding industries [198, 199]. 

Metabolism and cellular transports  

Upon oral exposure, Mn is rapidly absorbed in the intestine [199]. Adults absorb 

approximately 3-5 % of ingested Mn [200]. Inhaled Mn is absorbed in the lungs and 

directly enters the circulation [201]. 

Mn enters cells via passive diffusion or active transport. Systems responsible for 

Mn influx are the DMT-1, the transferrin receptor, the zinc transporter ZIP8 and 

ZIP14, the citrate transporter, the choline transporter, the dopamine transporter 

and calcium channels [202]. Therefore, the presence of other metals can influence 

the rate of Mn absorption [199].  

After absorption, Mn is distributed via the blood in the liver, the pancreas, the 

bone, the kidney and the brain [199]. Mn can cross the BBB [200]. Most Mn is 

excreted in the bile and the feces [199, 200].  
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Beneficial effects 

Mn is an essential element. It plays a role in bone mineralization, protein and 

energy metabolism, metabolic regulation, cellular protection from damaging free 

radical species, and the formation of glycosaminoglycans [198]. 

Lung toxicity 

Upon acute exposure to Mn dusts (Mn dioxides or Mn tetroxides), lung 

inflammation (chemical pneumonitis) can be observed. At low concentration of 

exposure, insoluble Mn particles can induce alveolar inflammation with marked 

dyspnea and bronchitis [198, 203]. Long-term lung exposure to Mn particles 

associated to smoking habits could lead to chronic non-specific lung disorders 

(COPD, emphysema) [198].    

Systemic toxicity 

Overexposure to Mn can lead to diseases and mainly occurs in occupational settings 

where workers inhale fumes or dusts, or in the population living in industrial areas 

by ingestion and inhalation [200, 201, 203]. The CNS is the primary target of Mn 

toxicity where it can induce “manganism”. “Manganism” is characterized by 

psychiatric and neurological manifestations related to the extrapyramidal system: 

weakness, lethargy, slow and clumsy gait, speech disturbances, mask-like face and 

tremors [198]. Other organs or systems can also be targeted by Mn leading to 

reproductive, cardiovascular, hematological, endrocrine and immunological effects 

[198].  

Toxicity mechanisms 

The mechanism of Mn neurotoxicity is not clear [204]. Mn seems to perturb the 

cellular metabolism and the neurotransmitter content of neural cells, such as 

dopamine, gamma-aminobutyric acid and glutamate. There are contradictory data 

about the pro-oxidant potential of Mn. Mn could induce oxidation of dopamine and 

induce ROS production by interfering with mitochondria. Mn could also perturb Fe 

homeostasis [204] .  



Chapter 1: Introduction 

61 

 

1.4.7 Aluminum 

Aluminum (Al) is ubiquitous in the environment and represents 8 % of the Earth’s 

crust. Bauxite is the major Al ore from which it is extracted [205]. 

Sources of exposure 

Al is naturally present in water and food. The main environmental exposure source 

is the food where Al is often added as an additive (e.g. Al is used in cheese as an 

emulsifying agent, in salt as an anticaking agent etc.). The daily human intake of Al 

in Europe is 3.6 mg [205]. The general population is also exposed to Al via inhalation 

of PM [205, 206].  

Al is used in a lot of industrial applications. Al and alloys are used in airplanes, trains, 

cars, construction materials and Al powders are used in paints, explosives, 

fireworks, etc. Al is also used as adjuvant in vaccines. Al silicate is added in 

cosmetics, and Al nanoparticles are added in food. Workers are mainly exposed to 

Al via inhalation during Al powder production and Al welding [205]. 

Metabolism and cellular transports 

Al chemical form and solubility influence its absorption. Ingested Al is absorbed in 

the duodenum and the small intestine [207]. Only 0.3 % of orally ingested Al is 

absorbed [205]. In case of inhalation, 2 % of Al is absorbed [206]. Al is absorbed by 

cells via passive diffusion, pinocytosis, and transferrin/vitamin D-dependent active 

transport [207]. Al binds several plasma proteins, such as transferrin and albumin, 

and is distributed via the blood [208] in bone, lung, muscle, liver and brain [206]. Al 

is mainly eliminated in the urine and a small fraction in the feces [206]. 

Beneficial effects 

Al is not an essential element for humans [209]. 

Lung toxicity 

Adverse respiratory effects were reported upon occupational inhalation of Al. 

Potroom asthma characterized by wheezing, dyspnea and impaired lung functions 
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was observed and related to Al potroom exposure [210]. The cause of this asthma 

has not been fully elucidated and could be associated with other toxicants 

produced in the workplace [206, 210]. Exposure to Al-containing minerals such as 

bauxite is often accompanied by silica. This combined exposure can lead to lung 

fibrosis [205, 206]. Occupational health studies have also shown that high level of 

exposure to stamped Al powder in absence of silica can also induce lung fibrosis 

[205]. Long-term exposure to Al-welding fume has also been associated with 

chronic interstitial pneumonia and pulmonary fibrosis [205]. The carcinogenic risk 

of Al has not been evaluated by the IARC. However, IARC has classified certain 

exposures occurring during the production of Al as carcinogenic to human (group 

1) leading to lung and bladder cancer [60]. 

Systemic toxicity 

Several clinical reports document the adverse effects of non-occupational Al 

exposure in patients with renal diseases exposed to Al through the dialysate fluid. 

Anemia, bone disease, and dialysis encephalopathy are the most commonly 

reported toxic effects in these patients [206, 211]. Adverse neurological effects 

were also reported in Al workplaces [211]. 
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1.5 PREDICTIVE TOXICOLOGY 

To prevent disasters such as observed with Thalidomide (1950) or with asbestos 

(1938-1986), almost all regulatory authorities have adopted strategies for the 

safety testing of chemical compounds [212, 213], including micro and 

nanomaterials. Since 2007, the legal framework of REACH (Registration, Evaluation, 

Authorization and Restriction of Chemicals) in the European Union is imposed to 

manufacturers, importers and downstream users to provide physico-chemical 

properties, health and environmental risk assessment of their products [214]. 

Health hazards are principally assessed in vivo. However, cell cultures and 

molecular biology are now well developed and represent a way to reduce the use 

of animals, integrated in the 3Rs principle. The 3Rs principle (Replacement of in vivo 

studies, Reduction of the number of animals used and Refinement of the animal 

welfare) for research was first introduced by Russel and Burch in 1959, and is now 

a key concept in the European Union [215], Brazil and Japan. These principles are 

also integrated into international guidelines for toxicity testing, such as those 

developed by the Organization for Economic Cooperation and Development (OECD) 

[216]. Thus, the 3Rs principles are now fundamental for performing ethical 

experimental research [217].  

One way to replace and reduce the use of animals is to categorize new materials. 

Considering the high number of different particles and nanomaterials with different 

physico-chemical properties (composition, size, structure, surface, 

solubility/bioaccessibility, etc.) on the market and under development, information 

requirements for the hazard assessment of each single material would lead to a 

myriad of testing. Therefore, many efforts are made to categorize the materials 

according to knowledge on the toxicity-determining characteristics of the materials 

[218-222]. The nature of the criteria used for grouping varies depending upon the 

type and purpose of the grouping [223]. Generally, the grouping concept implies 

that information on physico-chemical characteristics is available. It also implies that 

information on the hazard of a material for one specific adverse/toxic effect 

(adverse outcome, AO), can be derived from the respective material, from molecule 

or ions of its constituents, or from similar materials with the aim to obtain sufficient 

and relevant data and avoid unnecessary new testing and making hazard 
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assessment more efficient [218]. Thus, entities of similar profiles should be tested 

only once [221]. Grouping of materials is useful during the early stage of the hazard 

assessment of new materials to identify materials of concern which could be then 

targeted for more details [223]. Grouping strategies allow to better predict the 

hazard of the materials while limiting the number of assays [223]. The use of 

predictive assays, in combination with grouping or not, also allows to reduce the 

number of tests. Predictive toxicology plays an important role in the assessment of 

toxicity of chemicals and the drug development process [224]. Predictive 

toxicological approach for particles can be defined as the use of physico-chemical 

determinants or mechanism-based in vitro screening assays to make predictions 

about particles that may lead to the generation of pathology or disease outcomes 

in vivo [222]. A large variety of well-established and validated assays have been 

used in predictive toxicology testing such as the Ames test, the in vitro micronucleus 

assay and the in vitro chromosome aberration to predict the mutagenic potential 

of materials [224]. Thus, when possible, substances can be categorized/grouped on 

the basis of determinants or modes of action, identified via a predictive assay, 

potentially leading to an AO [220, 223]. Therefore, the use of adverse outcome 

pathways (AOPs) to select the determinants or modes of actions for testing is 

useful. 

An AOP is defined as a sequence of events that links a molecular initiating event 

(MIE) to an AO at a biological level of organization relevant to risk assessment, 

progressing via a series of key events (KE) (Figure 10) [225]. KE relationships (KER) 

characterize the sequence of the KEs. KE can occur at different levels (organelle, 

cellular, tissue, organ responses). KE can be alterations of metabolic pathways, 

signaling events or modifications of cellular functions [226-228]. An AOP should 

have one MIE and one AO but the number of KEs is unlimited [226]. The pathway 

must be a plausible hypothesis of important events based on existing knowledge 

derived from in vitro, in vivo, or computational systems [227]. 
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Figure 10: General diagram of the adverse outcome pathways. Figure from Bal-Brice and 
Meek, 2017 [228].  

The AOP is based on the principle that understanding the mechanisms linking the 

initial event to the AO is a key aspect of predictive toxicology [226]. AOPs provide a 

useful structure within which existing knowledge can be organized, from which key 

uncertainties/knowledge gaps and research priorities can be identified, and 

through which we can improve predictive approaches needed to advance 

regulatory (eco)toxicology [227]. These AOPs can be useful for researchers by 

helping them in the investigation of new material toxicity by focusing on the key 

events of the AO studied. Incomplete AOPs can also be an incentive to identify new 

mechanisms of action. As KE are defined as measurable changes in a biological state 

[225], AOPs can also facilitate the development of simple and fast alternative 

methods and reduce the use of animals [229]. Regulatory toxicology currently 

moves towards AOPs. 

In this project, the “predictive toxicology” concept appears relevant in view of the 

large diversity of particles used in LIB (different size, composition, solubility etc.) 

and their content in toxicologically relevant metals (see section 2.4). Based on an 

existing AOP that describes lung inflammatory and fibrotic events due to the 

exposure to exogenous substances (AOP 173 “Substance interaction with the lung 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=5869951_gr1.jpg
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resident cell membrane components leading to lung fibrosis”) and LIB particle 

physico-chemical properties, we assessed the induction of some markers (ROS, IL-

1 and HIF-1) potentially implicated in LIB particle lung responses. We 

investigated their implication in the inflammatory process. Based on mechanistic 

results, we investigated the link between lung inflammation, in vivo and in vitro HIF-

1 stabilization and physico-chemical properties of the particles (Co and Ni content 

and bioaccessibility). We thus attempted to identify the determinants of the lung 

toxicity of LIB particles and to demonstrate their toxicological relevance via 

mechanistic data.  
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OBJECTIVES 

In this thesis, we focused on the pulmonary toxicity of LIB particles, as inhalation 

appears the most relevant route of exposure to these particles.  

The aim is to define the lung toxicity of particles used in LIB, by answering three 

specific research questions: 

 

1. What is the respiratory toxicity (inflammatory, fibrotic and genotoxic 

responses) of LIB particles available on the market and in use in LIB?  

2. What are the determinants and mechanisms of this toxicity? 

3.  Can we predict the lung toxicity of these particles with their physico-chemical 

properties and/or (an) in vitro assay(s)?
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3.1 RESPIRATORY HAZARD OF Li-ION BATTERY PARTICLES AND 

RELATED MECHANISMS 

As mentioned in section 2.3.2, physico-chemical properties of particles play crucial 

roles in lung toxicity. Therefore, before assessing LIB particle toxicity, their 

characterization was first needed. The size distribution, shape and density of these 

particles were thoroughly analyzed. We also analyzed their composition and 

evaluated elemental solubility at neutral and acidic pH to assess their capacity to 

release potentially toxic metals and to persist in the lungs.  

After LIB particle characterization, we evaluated their lung toxicity. We firstly 

selected three commonly used LIB particles with different elemental compositions: 

lithium titanium oxide (Li4Ti5O12, LTO), lithium cobalt oxide (LiCoO2, LCO) and 

lithium iron phosphate (LiFePO4, LFP). Lung toxicity (acute and sub-chronic 

inflammatory and fibrotic responses) was investigated in an in vivo murine model 

after a single oro-pharyngeal aspiration. Lung responses were compared to 

equimolar Li concentrations of lithium chloride (LiCl) to discriminate effects due to 

the Li content of LIB particles. Crystalline silica particles were used as positive 

control since these particles are known to induce chronic lung inflammatory 

responses and fibrosis in human and murine models [230-233]. Biopersistence was 

also evaluated in mouse lungs. 

We observed different intensities of lung responses between the three particles, 

LTO inducing an acute lung inflammation, LFP an acute and chronic lung 

inflammation and LCO an acute and chronic lung inflammation and fibrosis. We also 

identified potential biomarkers of lung toxicity which were explored in the second 

publication (section 4.2). These results associated with bioaccessibility and 

bioavailability data of LCO particles suggested a predominant role of Co in its lung 

toxicity. 

We showed here, for the first time, that LIB particles represent a respiratory hazard. 

Exposure to LIB particles should, therefore, be controlled in occupational settings 

and adequate monitoring of their life cycle and uses should be secured to avoid 

environmental pollution and indirect exposure of the general population.
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3.1.1 Abstract 

Rechargeable Li-ion batteries (LIB) are increasingly produced and used worldwide. 

LIB electrodes are made of micrometric 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 (LiFePO4 or LFP, Li4Ti5O12 or LTO, and LiCoO2 or LCO) and their 

mechanisms of action. 

Particles were characterized physico-chemically and elemental bioaccessibility 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 months after LFP, LCO and silica, 

in association with fibrosis in LCO and silica lungs. LIB particles persisted in the lungs 

after 2 months. 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) -1, 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.  

3.1.2 Background 

Li-ion batteries (LIB) are used in most portable electronics such as cellular phones 

and laptops, and are also present in power tools, electric vehicles, etc. [234]. The 

electrodes of conventional LIB are made of particulate materials such as lithium 

titanium oxide (Li4Ti5O12/LTO) for the anode, and lithium cobalt oxide (LiCoO2/LCO) 

or lithium iron phosphate (LiFePO4/LFP) for the cathode [5, 28]. These materials are 

a source of concern because they contain (eco)toxicologically relevant elements 
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such as lithium, cobalt, iron and nickel [26, 28]. LIB particulate components are 

poorly water soluble and micrometric in size, suggesting that they might be 

respirable and biopersistent in the human respiratory tract. Currently, exposure to 

LIB components is potentially the most worrying for workers who produce and 

handle LIB particles, but future applications of LIB, such as multi-layer systems 

made for spray-paintable or printable batteries [15, 17, 18], could increase the 

potential for inhalation exposure, including for consumers. The high disposal rate 

of LIB and the current 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 [28]. Thus, LIB particles might represent a possible inhalation 

risk for humans, similar to other insoluble micrometric particles or fibres inducing 

chronic lung inflammatory and fibrotic reactions [61, 235]. 

Existing knowledge on the toxicity of lithium compounds 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 [157]. 

LiCl inhalation induced no respiratory toxicity in rabbits [162] and Li combustion 

aerosols caused moderate lung inflammation in rats [160, 236]. In vitro, low 

cytotoxicity and the secretion of the pro-inflammatory cytokine, interleukin (IL) -8, 

were observed in epithelial cells in response to LCO microparticles [33]. In addition 

to Li, other LIB metallic constituents could cause toxicity. Fe and Co can cause 

chronic lung inflammation [165, 237]. Lung fibrosis was also observed after 

exposure to Co compounds [238]. Moreover, Fe and Co ions are potent inducers of 

oxidative stress [175], one of the major mechanisms incriminated in particle 

toxicity.  

In view of the increasing production, use, disposal and almost absence of 

toxicological data on LIB particles, information 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 investigated 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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3.1.3 Methods 

Particles 

LIB particles (LiFePO4 or LFP, Li4Ti5O12 or LTO, and LiCoO2 or LCO) were obtained 

from MTI Corporation (Richmond, USA), lithium chloride (LiCl 730 36) from Sigma-

Aldrich (Missouri, USA) and micrometric crystalline silica particles (Min-U-Sil 5, d50 

1.6 µm) 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.  

Animals and treatments 

Female C57BL/6 mice were purchased from Janvier Labs (St Bertevin, France) or 

obtained from the local breeding 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 12h 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 µl 

suspensions of LIB particles, silica, LiCl or NaCl (control groups) were directly 

administered by oro-pharyngeal aspiration. 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 exposure [239, 240]. Mice were sacrificed 18 hours, 3 days 

and 2 months after administration with an intraperitoneal injection of 12 mg 

sodium pentobarbital (Certa, Braine-l’Alleud, Belgium).  

Broncho-alveolar lavage and lung sampling 

Broncho-alveolar lavage (BAL) was performed by cannulating 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 % paraformaldehyde (Sigma-

Aldrich, St Louis, Missouri, USA) in phosphate buffered saline (PBS) for later 

histological analysis, and remaining lobes in liquid nitrogen or lysis buffer for 
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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 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 

fluorescence (µ-XRF). BAL were centrifuged 10 min at 4°C (240 g). Cell-free 

supernatant (BALF) was used for biochemical measurements. After resuspension in 

PBS, total BAL cells were counted in Turch (crystal violet 1 %, acetic acid 3 %) and 

cytocentrifuged for differentiation 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 [231]. 

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

IL-1, IL-6, tumor necrosis factor (TNF) -, IL-1, transforming growth factor (TGF)-

 and platelet-derived growth factor (PDGF)-bb were quantified by enzyme-linked 

immunosorbent assay (ELISA) (DuoSet ELISA, R&D Systems, Minneapolis, USA) in 

BALF following manufacturer’s instructions. Hypoxia-inducible factor (HIF) -1 

(DuoSet ELISA, R&D Systems) and heme oxygenase (HO)-1 (Immunoset, Enzo Life 

Sciences, Lausen, Switzerland) were assessed in supernatant (SN) of lung 

homogenates (centrifuged 10 min at 240 g, 4°C) following manufacturer’s 

instructions. Collagen deposition was assessed by measuring the OH-proline 

content in lung homogenates by high-pressure liquid chromatography analysis on 

hydrolyzed lung homogenates as previously described [241]. 

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 (Fe3+ 

staining). The stained sections were scanned (Leica SCN400, Brussels, Belgium) and 

examined with Tissue Image Analysis 2.0 (Leica Biosystems). 
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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 previously described 

[242]. Particles were incubated during 30 d (at 37°C) under gentle agitation. One ml 

aliquots were collected after 3 h, 24 h, 7 d and 30 d and centrifuged (20000 g, 10 

min). Li, Fe, Ti and Co concentrations were determined in the SN by ICP-MS.  

Particle characterization 

The mass median geometric particle diameter (d50) of the particles was measured 

by laser diffraction. The principle of laser diffraction of the Sympatec apparatus is 

Fraunhofer (Washington 2007). Measurements were made both in suspension in 

cyclohexane or in dry state. In the dry state mode, the powders were dispersed with 

compressed air at a pressure of 3 bars through a Venturi tube (RODOS, Sympatec 

GmbH, Clausthal-Zellerfelg, Germany) before sizing with a laser diffractometer 

(HELOS, Sympatec). In the wet state mode, the samples were suspended in 

cyclohexane in a 50 ml glass cuvette and stirred with a magnetic bar at 1000 rpm 

(CUVETTE, Sympatec). The particle size was measured immediately after 

suspension. For both methods, a R2 lens allowing measurements in the range of 

0.25-87.5 µm was used. The particle size analysis was performed by the WINDOX 

3.4 software (Sympatec) and the mass median particle diameter was taken into 

account [243]. 

The powder density (ρ) was determined by tap density measurements, i.e. 

following 1000 taps which allowed the density to plateau [244]. 

To assess the in vitro pulmonary deposition of the powders, hard gelatin capsules 

(capsugel, Bornem, Belgium), previously stored in a dessicator for at least two days, 

were filled to approximately 50 % of their volume with the powders. Capsules were 

placed in a Spinhaler dry powder inhaler (Fisons, Bedford, MA) and the released 

powder drawn through an Andersen cascade impactor (1 ACFM Eight Stage Non-

Viable Cascade Impactor, Graseby Andersen, Atlanta, USA) operated at a flow rate 

of 28.3 L/min for 9 s [245]. The amount of powder deposited on each stage of the 
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impactor was determined by measuring the difference in weight of the filters 

(Graseby Andersen) placed on the different trays. Measurements were made under 

controlled laboratory relative humidity (30-40 %). The cumulative fraction of 

powder versus cut-off diameter of each stage of the Andersen impactor was plotted 

on a log probability scale. The experimental mass median aerodynamic diameter 

(MMADe) of the particles is defined from this graph as the particle size at which the 

line crosses the 50 % mark. The fine particle fraction (FPF) was calculated by 

interpolation from the same plot as the fraction of powder loaded in the inhaler 

device with an aerodynamic diameter ≤ 5 µm [245]. 

Particle composition and presence of contaminants were determined by ICP-MS. 

Particles were mineralized in acid (5 ml HNO3 65 % and 3 ml HCl 30 %) during 24 h 

at 60°C. After total evaporation, residues were suspended in 5 ml HNO3 0.05 N and 

analyzed by ICP-MS using a collision cell in helium mode and Rh as internal 

standard.  

Biopersistence of LIB particles 

Lung homogenates were mineralized as described above and the Li, Fe, Ti and Co 

contents were determined by ICP-MS. Localization of particle elements in the lung 

was studied by scanning electron microscopy/energy dispersive X-ray spectrometry 

(SEM-EDX), X-ray micro fluorescence (µ-XRF) and time-of-flight secondary ion mass 

spectrometry (ToF-SIMS). For SEM-EDX, 5 µm-thick lung sections embedded in 

paraffin and deposited on glass slides were coated with carbon by evaporation of 

graphite fibre with an evaporater (Balzers SCD 030, Liechtenstein). A high 

resolution field emission scanning electron microscope (Zeiss FEGSEM Ultra55, Carl 

Zeiss SMT, Marly le Roi, France) was used to observe the particles in the lung 

structure. Images were obtained using an acceleration voltage of 15 KV and 

recorded using a Secondary Electron (SE2) or Angle selective Backscattered 

Electron (AsB) detector. EDX spectrometry (Bruker Nano Quantax, Synergie4, Evry, 

France), equipped with a Silicon Drift Detector, was used to identify the elemental 

composition of the particles. EDX spectra were obtained for individual particles and 

mapping of elemental spatial distributions were recorded for each sample on 

representative areas. 
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Chemical mapping of paraffin-embedded lungs was performed by µ-XRF. This 

technique allows a deeper analysis into the tissue with a high sensitivity. 

Measurements were carried out on a microscope (XGT7000, Horiba) equipped with 

a focused X-ray source (incident beam spot of 100 µm produced with a Rh-tube, 

accelerating voltage of 30 kV and current of 1 mA) and an EDX spectrometer. As the 

incident X-ray beam penetrates through the sample, the obtained element maps 

are 2D projections of the 3D analyzed sample. Chemical maps of 128 pixels with a 

pixel size of 76 µm and a total counting time of 8x1000 s were recorded to show 

the distribution of Fe, Co, Ti, P and S from K emission lines. 

ToF-SIMS spectra and images were recorded by using an IONTOF V instrument 

(IONTOF GmbH, Münster, Germany). This technique allows to analyze sample 

surface with a high spatial resolution. Before analysing the samples, a pre-cleaning 

of the measured surfaces was done by an Ar gas cluster ion beam (Ar-GCIB) used as 

sputtering source. The Ar-GCIB ion source was operated at 10 keV with a direct 

current of 4 nA. The Ar-GCIB cluster distribution was centered on Ar3000
+. For the 

pre-cleaning of the surface, the focused Ar-GCIB beam of primary ions was rastered 

over an area of 1000 x 1000 μm2. The total pre-cleaning dose was 1015 Ar3000
+.cm-2. 

Then, a Bi3++ liquid metal ion source was used to produce the analytical primary 

beam (energy 60 keV). An pulsed target current of 0.003 pA was used with the 

analytical burst mode (1 pulse selected with the sine blanker). Only positive 

secondary ion species were analyzed. A raster of 2048 x 2048 data points over an 

area of 500 x 500 µm2 was used in the centre of the sputter crater. The total primary 

ion beam dose for each analyzed area was always kept below 1010 ions.cm2, 

ensuring static conditions. Lateral resolution of 0.3 µm and mass resolution m/Δm 

>3000 at 29 m/z were maintained for acquisition of both images and corresponding 

spectra for positive ions. Charge compensation was done by electron flood gun (Ek 

= 20 eV). Data processing was carried out using the software supplied by the 

instrument manufacturer, SurfaceLab (version 6.5). 

Statistics  

Graphs and statistical analyses were performed with GraphPad Prism 5.0 and/or 

Microsoft excel 2013. All results are expressed as mean ± standard error on the 
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mean (SEM). Differences 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. 

3.1.4 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 (d50) measured by laser diffraction in 

cyclohexane were between 4 and 8 µm, with LFP=LTO<LCO. Measurements in dry 

state indicated strongly increased d50 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 Annexes (Figure S1). 

LCO was approximately 3-fold denser than LFP and LTO. The Andersen cascade 

impactor showed that the experimental mass median aerodynamic diameter 

(MMADe) were similar among the 3 particles and that all samples presented a 

significant respirable or fine particle fraction (FPF, aerodynamic diameter ≤ 5µm) 

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. 
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Table 1 LIB particle characterization. 

           LFP         LTO  LCO 

Morphology 
a  

 

 

d50 (µm) 
b
 4.66 ± 0.56

*
 4.75 ± 0.05

#
 8.04 ± 0.17 

d50 (µm) 
c
 28.02 ± 8.91

*
 25.23 ± 1.15

#
 6.73 ± 0.59 

Density (g/cm
3
)

 d
 0.85 0.71 2.37 

MMADe (µm) 
e
 8.20 ± 0.57

$
 13.81 ± 2.91 9.93 ± 2.27 

FPF (% of total weight) 
f
 1.93 ± 1.48

*$
 1.23 ± 1.39

#
 7.21 ± 1.55 

C (%) 
g
 Mn 0.255 ± 0.013 Cu 1.551 ± 0.124 n.d. 

Composition 
h 

   

a
 Images of LIB particles obtained by SEM. 

b
 Mass median particle geometric diameter (d50) measured by laser diffraction in 

cyclohexane. 
c
 d50 measured by laser diffraction in dry state. 

d
 Density measured by powder tap density. 

e
 Experimental mass median aerodynamic diameter (MMADe) determined with an 

Andersen cascade impactor. 
f
 Fine particle fraction (FPF, ≤ 5 µm) determined with an Andersen cascade impactor. 

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

h
 Particle composition obtained by EDX. 

One-way ANOVA followed by a Newman-Keuls multiple comparison, P < 0.05, *LFP vs LCO, 
# LFP vs LTO, $ LTO vs LCO, n.d. not detected (n = 2 or 3, means ± SEM). 
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Bioaccessibility of metallic elements in LIB particles 

To assess the release of ions from LIB particles, we analyzed their bioaccessibility in 

artificial fluids mimicking the extracellular (pH 7.3) and the phagolysosomal (pH 4.2) 

compartments over a period of 30 d. 

Figure 11: 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 agitation and released Li (a, e), Fe (b, f), Ti (c, g) and Co (d, h) concentrations were 
determined by ICP-MS in the SN after centrifugation of an aliquot of the suspensions after 
3 h, 24 h, 7 d and 30 d.  

Figure 11 illustrates the rate of ion release from particles, expressed as percent of 

initial content. As expected, LiCl was immediately and totally soluble in the tested 

media (Figure 11 a, 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 (Figure 11 e-f) but not in neutral conditions, where very 

low Fe was released (Figure 11 a-b), suggesting that Fe ions are mainly released in 

the phagolysosomes. Ti was poorly bioaccessible from LTO in any condition (Figure 

11 c, g), as expected from TiO2-containing particles [246]. Finally, LCO was 

preferentially solubilized at acidic pH. The release of Li followed the Co release 

under neutral and acidic conditions (Figure 11 a, d, e, h). 
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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 reference material. In this bioassay, inflammatory 

and fibrotic responses are recorded with a dose of 2 mg crystalline silica particles 

administered via oro-pharyngeal aspiration [230]. 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 days, exposure to LFP, LCO and silica resulted in acute inflammatory 

responses (Figure 12). LCO induced the strongest increase in cytotoxicity (LDH 

activity), alveolo-capillary permeability (total proteins), inflammatory cell 

recruitment (macrophages and neutrophils) and secretion of pro-inflammatory 

mediators (IL-1 and IL-6), also compared to silica. TNF- and IL-1 were at the 

control level or lower. LFP increased macrophages, TNF- and IL-1 and LTO had 

no or weak effects. The expression of HO-1, a marker of oxidative stress [247], was 

upregulated by all LIB particles and silica (silica<LTO<LFP<LCO).  

To assess the activity of Li ions present in all LIB particles, 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 hours after LiCl (Annexes, Figure 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 hours. 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. 



Chapter 3: Results 

 

87 

 

Figure 12: 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). Inflammation was assessed in the BAL after 3 days. LDH activity (a) and 
proteins (b) were measured in BALF; macrophages (c) and neutrophils (d) in BAL. 

Inflammatory cytokines IL-1 (e), IL-6 (f), TNF- (g) and IL-1 (h) were quantified by ELISA 

in the BALF; HO-1 (i) and HIF-1 (j) in lung homogenates. *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). 
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LCO induces sub-chronic inflammatory and fibrotic lung responses 

Sub-chronic inflammatory and fibrotic lung responses were assessed 2 months 

after administration of 2 mg LIB particles, silica, or 0.85 mg LiCl (Figure 13).  

Figure 13: Sub-chronic inflammatory and fibrotic responses to LIB particles. 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 months. Inflammation 
was assessed in the BAL. LDH activity (a) and proteins (b) were measured in BALF; 
macrophages (d), neutrophils (e) and lymphocytes (f) in BAL; OH-proline (c), HO-1 (g) and 

HIF-1 (h) in lung homogenates. Lung sections from mice exposed to NaCl (i), silica (j), LFP 
(k), LTO (l), 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). 

LDH activity and total proteins were still increased 2 months 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-1, IL-6 and IL-1) and 

pro-fibrotic (TGF-1 and PDGF-bb) cytokines in the BALF and/or lung homogenates 

were not increased after LIB particles (data not shown, TGF-1 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 
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significantly after LCO. Lung sections stained with Sirius Red showed accumulated 

collagen in lungs treated with silica and LCO (Figure 13 j, m). Focal collagen 

accumulation, lymphoid nodules and macrophage accumulation were observed in 

mouse lungs 2 months after silica (Figure 13 j). Similarly, numerous lymphoid 

nodules around the bronchioles with focal collagen and macrophage accumulation 

were observed in mouse lungs after LCO (Figure 13 m). In LFP lungs, many 

macrophages loaded with particles (Figure 13 k) and some lymphoid nodules were 

observed. Compared to controls (NaCl), no overt signs of inflammation or alteration 

of the lung structure was observed in LTO-treated lungs (Figure 13 l). Numerous 

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 2m after administration 

To further assess lung particle biopersistence, elements constitutive of LIB particles 

were first quantified by ICP-MS in lavaged lungs 18 hours and 2 months after 

administration. After 18 hours, the fraction of retained Li was higher after LCO 

compared to LFP and LTO (Annexes, Figure S3, a). Fe, Ti and Co were also detected 

in LFP, LTO and LCO lungs, respectively (Annexes, Figure 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 [246]. No Li was 

measured in LiCl lungs, indicating that this element is quickly eliminated from the 

lungs. In 2 months 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).  
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The persistence and localization of LIB particles, or at least their elements, were 

then analyzed qualitatively by different techniques. A ToF-SIMS cartography on 

lung sections 2 months after administration revealed Li and Fe in LFP-treated lungs, 

Li and Ti in LTO-treated lungs and Li in LCO-treated lungs (Annexes, Figure S4). 

Fe, Ti and Co, but not Li, could be detected on lung sections by SEM-EDX. Scanning 

of lung sections 2 months after administration revealed brilliant zones attributed 

to the presence of LIB particles (Annexes, Figure 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 (Figure 14).  

In LFP-treated lungs, Fe co-localized with P, showing that it was 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 performed on 

paraffin-embedded lungs by µ-XRF. The presence of LIB particle elements in 

extensive areas of the lung was confirmed with a heterogeneous distribution and 

high-spots (Annexes, Figure S6). The overall results indicated that LFP, LTO and LCO 

persisted in the lungs. 

SEM-EDX and µ-XRF analyses also showed that some Fe co-localized with Co in LCO 

lungs 2 months after administration (Figure 14 n and Annexes, Figure S6). No Fe 

was, however, present in original particles alone (Table 1) or after 18 hours (Figure 

14 s), 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 [248]. 

The distribution of Fe(III) (in blue) in lung sections exposed to LIB particles after 2 

months was assessed by Perl’s Prussian staining (Figure 14 e, j, o, t). Iron was 

detected in LFP lungs, probably due to the iron content of the particles, and in the 

inflammatory areas of LCO lungs. No iron staining was detected in silica (data not 

shown) and LTO (Figure 14 n) lungs. 
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Figure 14: Localization of LIB particle elements in lung sections by SEM-EDX after 2 
months. Lung sections from mice exposed to 2 mg LFP (a-e), LTO (f-j) or LCO (k-o) were 
analyzed after 2 months (a-o) and 18 hours (p-t). Lung sections were stained with Masson’s 
Trichrome blue (a, f, k, p), scanned by SEM (b-d, g-i, l-n, q-s) and analyzed by EDX (c, d, h, I, 
m, n, r, 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 in LTO- (i) and Fe and Co in LCO-treated lungs after 2 months (n) and the 
distribution of Co in LCO-treated lungs after 18 hours (s). C and P distributions represent 

the lung matrix (c, h, m, r). Lung sections were stained with Perls’ Prussian blue. Fe
3+ 

appears 
in blue in LFP (e) and LCO (o) lungs after 2 months. Black spots in LTO lungs (j) are attributed 

to particles alone. After 18 hours, no Fe
3+ 

appears in LCO lungs (t). 
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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 hours, 3 days and 2 months after administration. 

LFP released more Li in the BALF after 18 hours and 3 days (Figure 15 a, e) than LTO 

and LCO, which was in agreement with the bioaccessibility data in artificial fluids 

(Figure 11 a, e). Fe, Ti and Co were also detected in the BALF after 18 hours and 3 

days (Figure 15 b-c, 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 months, low but significant levels of 

Li and Fe were still detected after LFP, and Co after LCO (Figure 15 i-l). These in vitro 

and in vivo data indicate that, in the lungs, LFP and LCO continuously release Fe and 

Co, respectively.  

Figure 15: Bioavailibility 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 analyzed after 
18 hours (a-d), 3 days (e-h) or 2 months (i-l). Li (a, e, i), Fe from LFP (b, f, j), Ti from LTO (c, 
g, k) and Co from LCO (d, h, l) particles were measured by ICP-MS. Percentages were 
calculated on the basis of initial Li, Fe, Ti, Co particle content after subtraction of levels 
measured in NaCl-treated lungs (n = 5, means ± SEM). 
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Cobalt-like responses after exposure to LCO  

Because of the known pulmonary toxicity of cobalt [168] and the release of Co from 

LCO, we investigated the implication of this element in LCO lung responses by 

measuring HIF-1 in mouse lungs after 3 days and 2 months. HIF-1 is stabilized 

and accumulates in cells in response to hypoxia or Co ions [168]. 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-1 after 3 days and 2 months 

(Figure 12 j and Figure 13 h). Silica also increased HIF-1 after 2 months.  

3.1.5 Discussion 

We showed here, for the first time, that industrial LIB particles are respirable in size 

and can induce lung inflammatory 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). 

LIB particles induced an acute inflammatory response (including IL-1, IL-6, TNF- 

and IL-1 cytokines) and only LCO induced fibrosis and lymphoid nodules. 

Inflammatory responses play pivotal roles in pulmonary diseases induced by 

inhaled particles, including fibrosis [47, 249] and, therefore, might be involved in 

LIB toxicity. However, LCO did not exactly induce the same inflammatory pattern as 

silica.  

Although in vitro solubilisation and ToF-SIMS data support 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 hours after administration, 

as previously observed in rabbits [162]. No Li was detected in the lung at the same 

time point after administration of LiCl, suggesting that Li ions are rapidly washed 

out from the lung. Finally, the varying responses to the 3 Li-containing particles 
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(LFP, LTO and LCO) in the mouse bioassay does not argue in favour of a critical role 

of Li in LIB lung toxicity. 

LTO particles induced an acute inflammation and persisted in mouse lungs 2 

months after administration but no inflammation or fibrosis was detected at this 

time point. The low toxicity of LTO can be attributed to its TiO2 content [250] which 

is considered a low toxicity material. Inhalation of TiO2 appears to induce low acute 

inflammation and no fibrosis [88, 251], which is in agreement with our 

observations.  

Inflammatory responses and persisting particles in the lung interstitium were 

observed 2 months after administration of LFP. Inhalation of iron compounds can 

lead to siderosis, a benign pneumoconiosis with little or no fibrosis [203]. However, 

free Fe in excess catalyses free radical formation, which induces cytotoxicity and 

oxidative stress, leading to cellular damages, carcinogenicity and mutagenicity 

[237] as also reported for particles such as asbestos [252]. 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.  

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-1. Pulmonary diseases (cancer, asthma and fibrosing 

alveolitis) have previously been reported in workers exposed to cobalt [175, 238]. 

A well-documented example of fibrosis caused by Co is due to the association of 

tungsten carbide with Co metal powder [253]. Cobalt compounds can also induce 

cytotoxicity, apoptosis, inflammatory responses and genotoxicity in vitro [168]. 

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 species leading to an oxidative stress, 

and finally to its ability to stabilize HIF-1 [168]. The two latter mechanisms were 
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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, suggesting 

that LCO can induce an oxidative stress in mouse lungs. The fact that only LCO 

induced the accumulation of HIF-1 contrary to LFP and LTO highlights the 

importance of cobalt in LIB particle toxicity. 

Iron co-localized with Co in mouse lungs 2 months after administration of LCO, 

suggesting the formation of FB. FB are particles or fibres coated with proteins and 

iron from the endogenous milieu [254] and were detected in lungs exposed to 

asbestos fibres [255]. LCO-induced lung inflammation could cause the disruption of 

iron lung homeostasis as observed during infection and inflammation [256, 257] 

and lead to the local increase of particle-associated iron. FB are thought to 

participate to lung toxicity, including fibrosis, by catalysing Fenton reactions and 

free radical generation [248, 254, 258]. 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-1 accumulation reflecting the 

intensity of its pulmonary toxicity as compared to other LIB particles. HIF-1 is a 

pro-inflammatory and carcinogenic transcriptional factor continuously expressed in 

all cells. Under normoxic conditions, HIF-1 is directly degraded by the ubiquitin-

proteasome pathway, via a prolyl hydroxylase (PH). However, under hypoxic 

conditions, HIF-1 is stabilized and accumulates in the cell [140, 259]. Co(II) ions 

are also able to stabilize HIF-1 by blocking the iron-binding site of PH and by direct 

binding to HIF-1 preventing its degradation [136, 137]. HIF-1 plays many roles in 

inflammation and induces the secretion of inflammatory mediators [140]. Its 

expression is also increased in animal models of bleomycin- and paraquat- induced 

lung fibrosis and in idiopathic lung fibrosis patients [134, 147]. In addition, we have 

shown here that HIF-1 is accumulated during the fibrotic phase of the silica model, 

reinforcing the association between this mediator and fibrosis. HIF-1 plays a role 

in fibrosis by promoting myofibroblast differentiation and epithelial-mesenchymal 

transition via the TGF- pathway [147, 150, 151]. HIF-1 thus appears as a very 

useful biomarker of LCO particle toxicity as it not only allows tracing the 
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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-1 expression [140, 247], 

LFP upregulated HO-1 but did not increase HIF-1.  

In addition to the potential mechanisms identified above for LCO lung toxicity, it 

should be noted that LCO contains the highest FPF and forms less aggregates than 

LFP and LTO, as indicated by the SEM images and the laser diffraction analysis in 

dry state (Table 1). Furthermore, many aggregates were observed in LFP and LTO 

lung sections 2 months after exposure contrary to LCO (Figure 13 k-m). Given that 

particle size and formation of aggregates can modulate their reactivity toward cells 

and tissues [258], 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-1 accumulation. These responses are, at least 

partially, 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-1 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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3.2 IN VITRO PREDICTIVE ASSAY OF THE LUNG INFLAMMATION 

INDUCED BY LIB PARTICLES 

In the first paper, LCO was at least as potent as crystalline silica to induce lung 

inflammation and fibrosis in a mouse model and stabilized HIF-1 in lung tissue. A 

large range of LIB particles are currently developed and tested in academic and 

industrial laboratories with different size, composition, metal content and synthesis 

processes. Identification of (physico-chemical) determinants of their toxicity and/or 

screening tools to predict lung toxicity are therefore needed for a safer-by-design 

approach allowing a sustainable development of LIB. This should ideally be 

achieved by integrating the 3Rs principles, i.e. by developing predictive in vitro 

assays based on mechanistic observations. Thus, we tested a panel of LIB particles 

with different cobalt and/or nickel contents and investigated (i) the role of cobalt 

and nickel content and their bioaccessibility in lung toxicity and (ii) the implication 

of pro-inflammatory mediators identified in our first study (IL-1 and HIF-1, 

section 4.1). We found that HIF-1 is involved in lung inflammation induced by LIB 

particles and that, together with cobalt and nickel content and their 

bioaccessibility, it correlates with the intensity of the inflammation. Based on these 

results, we developed an in vitro assay to document HIF-1α stabilization induced by 

LIB particles in lung epithelial cells. With Co/Ni content or bioaccessibility data, this 

in vitro assay provides additional information about the toxicity mechanisms of the 

particles and can be used to refine the toxicological evaluation of LIB particles. 
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3.2.1 Abstract  

Li-ion batteries (LIB) are increasingly used worldwide. They are made of low 

solubility micrometric particles, implying a potential for inhalation toxicity in 

occupational settings and possibly for consumers. LiCoO2 (LCO), one of the most 

used cathode material, induces inflammatory and fibrotic lung responses in mice. 

LCO also stabilizes hypoxia-inducible factor (HIF) -1, a factor implicated in 

inflammation, fibrosis and carcinogenicity. Here, we investigated the role of cobalt, 

nickel and HIF-1 as determinants of toxicity, and evaluated their predictive value 

for the lung toxicity of LIB particles in in vitro assays. 

By testing a set of 5 selected LIB particles (LCO, LiNiMnCoO2, LiNiCoAlO2) with 

different cobalt and nickel contents, we found a positive correlation between their 

in vivo lung inflammatory activity, and (i) Co and Ni particle content and their 

bioaccessibility and (ii) the stabilization of HIF-1 in the lung. Inhibition of HIF-1 

with chetomin or PX-478 blunted the lung inflammatory response to LCO in mice. 

In IL-1 deficient mice, HIF-1 was the upstream signal of the inflammatory lung 

response to LCO. In vitro, the level of HIF-1 stabilization induced by LIB particles 

in BEAS-2B cells correlated with the intensity of lung inflammation induced by the 

same particles in vivo. 

We conclude that HIF-1, stabilized in lung cells by released Co and Ni ions, is a 

mechanism-based biomarker of lung inflammatory responses induced by LIB 

particles containing Co/Ni. Documenting the Co/Ni content of LIB particles, their 

bioaccessibility and their capacity to stabilize HIF-1 in vitro can be used to predict 

the lung inflammatory potential of LIB particles. 

3.2.2 Background 

Li-ion batteries (LIB) represent one of the best solutions for various electric grid 

applications, to improve the quality of energy harvested from wind, solar, geo-

thermal and other renewable sources [5]. LIB electrodes are made of poorly water-

soluble particles, micrometric in size, that might thus be respirable and 

biopersistent in the human respiratory tract. Exposure to LIB components is the 

most worrying for workers producing and handling LIB particles but future 
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applications of LIB, such as multi-layer systems made for spray-paintable or 

printable DIY batteries [15, 17, 18], might extend the potential for inhalation 

exposure to consumers. 

We previously assessed the lung toxicity of three commonly used LIB particles, 

lithium iron phosphate (LiFePO4/LFP), lithium titanium oxide (Li4Ti5O12/LTO) and 

lithium cobalt oxide (LiCoO2/LCO), and concluded that they represent a respiratory 

hazard independently of their Li content [260]. Acute inflammatory responses were 

recorded with the three particles. Long-term inflammation was maintained after 

LFP and LCO, and only LCO induced fibrotic responses. Increased hypoxia-inducible 

factor (HIF)-1 was recorded in the lung of mice exposed to LCO. HIF-1 is a 

heterodimeric transcriptional factor consisting of two subunits, HIF-1 and HIF-1, 

constitutively expressed in all cells [140]. HIF-1 is the oxygen-sensitive subunit 

regulating the level of active HIF-1 [261]. Under normoxia, HIF-1 is continuously 

degraded by ubiquitin- and proteasome-dependent pathways. HIF-1 degradation 

is mainly controlled by the hydroxylation of two specific prolyl residues by prolyl 

hydroxylase. During hypoxia, HIF-1 is stabilized, heterodimerizes with HIF-1, 

recruits coactivators, and induces the transcription of target genes such as 

interleukin (IL)-6, vascular endothelial growth factor (VEGF)-A, erythropoietin (EPO) 

and transforming growth factor (TGF)- [140]. Ions such as Co2+ or Ni2+ mimic 

hypoxia and stabilize HIF-1 by blocking the iron-binding site of prolyl hydroxylase 

or directly binding to HIF-1 thus preventing its degradation [136, 137, 262]. 

A wide diversity of particles, containing metals such as cobalt and/or nickel, are 

used in LIB electrodes [5, 28] . In view of the large variety of existing and future LIB 

materials, their increasing production, use and disposal, it appears essential to 

better identify their health hazards and to generate information about mechanisms 

of toxicity. Here, we investigated the role of Co and Ni and their capacity to stabilize 

HIF-1 in the lung responses to LIB particles, and evaluated the value of in vitro 

assays to predict their potential for lung toxicity. 
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3.2.3 Methods 

Particles 

LCO (LiCoO2) was obtained from MTI Corporation (Richmond, USA), NCA 

(LiNiCoAlO2), NMC 1:1:1 (LiNi0.33Co0.33Mn0.33O2), NMC 6:2:2 (LiNi0.6Co0.2Mn0.2O2) and 

NMC 8:1:1 (LiNi0.8Co0.1Mn0.1O2) from Umicore, cobalt oxide (Co3O4, size < 10 µm, 

221643) from Sigma-Aldrich (Missouri, USA) and micrometric crystalline silica 

particles (Min-U-Sil 5, d50 1.6 µm) from US Silica (Berkley Springs, USA). Before all 

experiments, particles were heated 2 hours at 200 °C to inactivate any possible 

endotoxin or other microbial contaminants.  

Particle solubilization  

To assess the bioaccessibility of elements contained in LIB particles, 10 mg particles 

were incubated in 10 ml artificial fluids mimicking the extracellular (pH 7.3) or the 

phagolysosomal (pH 4.2) compartments as previously described [242]. Particles 

were incubated during 30 days at 37°C under gentle agitation. One ml aliquots were 

collected after 3, 24 h, 7, 14 and 30 days and centrifuged (20000 g, 10 min). Element 

concentrations were determined in the supernatants (SN) by inductively coupled 

plasma mass spectrometry (ICP-MS).  

Particle characterization 

The density of LIB particles was assessed by tap density measurement and their 

aerodynamic size distribution in an Andersen cascade impactor (1 ACFM Eight Stage 

Non-Viable Cascade Impactor, Graseby Andersen, Atlanta, USA) as previously 

described [260]. The particle size distribution, based on the hydrodynamic diameter 

was also assessed by centrifugal liquid sedimentation (CLS) on a DC24000 system 

(CPS instruments Inc., Stuart, Florida, USA), equipped with a 405-nm wavelength 

laser detector, with PVC standard (nominal particle size = 719 nm). Sizes are 

expressed in terms of hydrodynamic diameter assuming all particles are spherical. 

Each measurement was done by injecting 0.1 ml of a 1 mg particle/mL suspension 

in NaCl 0.9%. 
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Animals and treatments 

Female C57BL/6JRj mice were purchased from Janvier Labs (St Bertevin, France). 

Interleukin (IL)-1β deficient (knock-out, -/-) mice (C57BL/6J background) were 

obtained from the Transgenose Institute (Orleans, France). 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 12h light/dark 

cycle. Particles were suspended in sterile 0.9 % saline. Mice were randomly 

allocated to experimental groups. After anaesthesia with a mix of Nimatek, 1 

mg/mouse (Eurovet, Bladel, Nederland) and Rompun, 0.2 mg/mouse (Bayer, Kiel, 

Germany) given intraperitoneally, a 50 µl suspension of particles or NaCl (controls) 

was directly administered by oro-pharyngeal aspiration. Single dose administration 

of particles is a convenient alternative to inhalation exposure for initial hazard 

identification [263, 264] and induces qualitatively similar lung responses as 

inhalation exposure [239, 240]. Crystalline silica particles were used as reference 

material. Inflammatory and fibrotic responses are recorded in mice with a dose of 

2 mg crystalline silica particles administered via oro-pharyngeal aspiration [230-

233]. LIB particles were tested at doses of 0.1, 0.5 or 2 mg to allow benchmarking 

of their respiratory toxicity relative to crystalline silica particles.  

Chetomin (Sigma-Aldrich) or vehicle (saline solution with 10 % dimethylsulfoxide 

(DMSO, Sigma-Aldrich)) was injected intraperitoneally at 0.5 mg/kg bw/d for the 3 

days experiment, one day before administration of the particles and during the 2 

following days, or 3 times per week for long term experiments. PX-478 (S-2-amino-

3-[4′-N,N,-bis(2-chloroethyl)amino]phenyl propionic acid N-oxide dihydrochloride, 

Cayman Chemicals, Michigan, USA) or vehicle (saline solution with 10 % DMSO) was 

injected intraperitoneally at 20 mg/kg bw/d, one day before administration of the 

particles and during the 2 following days. Mice were euthanized 3 days or 2 months 

after particle administration with an intraperitoneal injection of 12 mg sodium 

pentobarbital (Certa, Braine-l’Alleud, Belgium).  

Broncho-alveolar lavage and lung sampling 

Broncho-alveolar lavage (BAL) was performed by cannulating the trachea and 

infusing the lungs with 1 ml NaCl 0.9 %. Whole lungs were then perfused with NaCl 
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0.9 % and excised. Left lobes were placed in 3.65 % paraformaldehyde (Sigma-

Aldrich, St Louis, Missouri, USA) in phosphate 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. BAL were centrifuged 10 min at 

4°C (240 g). Cell-free supernatant (BALF) was used for biochemical measurements. 

After resuspension of the pellet in PBS, total BAL cells were counted in Turch 

(crystal violet 1 %, acetic acid 3 %) and cytocentrifuged for differentiation by light 

microscopy after Diff-Quick staining (200 cells counted, Polysciences, Warrington, 

UK). Lactate dehydrogenase (LDH) activity was assayed on BALF as described 

previously [231]. 

Quantification of IL-1, IL-6 and HIF-1 

IL-1 and IL-6 were quantified by enzyme-linked immunosorbent assay (ELISA) 

(Limit of detection (LOD): 7.8 pg/ml, DuoSet ELISA, R&D Systems, Minneapolis, USA) 

in BALF following manufacturer’s instructions. HIF-1 (LOD: 31.25 pg/ml, DuoSet 

ELISA, R&D Systems) was assessed in SN of lung homogenates (centrifuged 10 min 

at 240 g, 4°C) or in the cell culture after lysis following manufacturer’s instructions. 

Histology and fibrosis scoring 

Paraffin-embedded lung sections were stained with hematoxylin and eosin (HE) 

(lung structure staining) or Sirius Red (type I and III collagen staining). The sections 

were scanned (Leica SCN400, Brussels, Belgium) and examined with Tissue Image 

Analysis 2.0 (Leica Biosystems). Fibrotic responses was quantified using a modified 

Ashcroft scale (grade 0 to 8) standardized for fibrosis evaluation in small animals 

(clear fibrotic changes are observed from the grade 2) [265]. Analyses were 

performed under blind conditions by the same investigator. 

Cell culture and in vitro exposure 

BEAS-2B cells (human bronchial epithelial cell line, ATCC, Virginia, USA) were 

cultured at 37°C in complete medium, i.e. LHC-9 medium (Gibco, Paisley, UK) 

supplemented with 1 % antibiotic-antimycotic (Gibco) on coated surfaces. Culture 
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flasks and plates were precoated with a mixture (60 µl/cm²) of 0.01 mg/mL 

fibronectin (Fibronectin from human plasma 0.1 %, Sigma), 0.03 mg/mL bovine 

collagen type I (collagen coating solution 50 µg/ml, Sigma) and 0.01 mg/mL bovine 

serum albumin (7.5 % in PBS, Sigma) at least 2 hours at 37°C and then washed 1 x 

with PBS (Gibco, Paisley, UK) before cell seeding. Cells were subcultured and 

exposed before reaching confluence. Before exposure, BEAS-2B were plated in 96-

well plates or 48-well plates (30 000 cells/cm² culture well surface area) in complete 

medium. After 24 h, cells were exposed to the particles during 24 hours in culture 

medium (150 µl/well for 48-well plates (0.95 cm2/w) and 100µl/well for 96-well 

plates (0.32 cm2/w)). Given the similar size and density of the tested particles (Table 

1), differential sedimentation and cellular doses are unlikely to confound the 

results. All tested particles directly sedimented in the cell culture well.  

SN of cell culture were collected and stored at -80°C for later analysis. Cells were 

then washed once with LHC basal medium and viability was evaluated by using the 

water soluble tetrazolium salts (WST-1) assay (Roche, Mannheim, Germany, 5 %) 

following manufacturer’s instructions (96-well plates). Cells cultured in 48-well 

plates were washed and lysed for HIF-1 dosage following manufacturer’s 

instructions. 

Statistics  

Graphs and statistical analyses were performed with GraphPad Prism 5.0 and/or 

Microsoft excel 2013. Bivariate analyses were performed with IBM SPSS statistics 

25. All results are expressed as means ± standard errors on the mean (SEM). 

Differences between control and treated groups were evaluated by one-way 

analysis of variance (ANOVA), followed by a Dunnett’s multiple comparison, or by 

a t test. Statistical significance was considered at P < 0.05. 
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3.2.4 Results 

Contrasting lung toxicity of LIB particles  

We first documented the dose-responses for lung inflammatory and fibrotic 

responses induced by LCO. Mice were exposed by oro-pharyngeal aspiration to LCO 

(0.1, 0.5 or 2 mg). Crystalline silica particles were selected as positive control. Two 

months after exposure, no mortality was recorded at any of the doses tested. A 

clear inflammatory cell accumulation was observed from 0.5 mg LCO and at 2 mg 

silica (Figure 16 a). LCO also induced a stronger fibrotic response than silica (Figures 

16 b, d). LCO particles are thus more potent than crystalline silica particles, despite 

their larger size distribution (7.21 vs > 50 % fine particle fraction, respectively). HIF-

1 was strongly stabilized in lung cells by LCO in a dose-dependent manner, only 

weakly by silica (Figure 16 c).  

We next assessed the lung responses to other particles used in LIB, with different 

compositions (Table 2) and containing fine particles (Table 2 and Annexes, Figure 

S7). LiNiMnCoO2 (NMC) and LiNiCoAlO2 (NCA) also contain nickel. Co3O4 was used 

as a reference low solubility cobalt particle [170]. 
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Figure 16: LCO induces stronger lung toxicity than silica particles. C57BL/6Jrj mice were 
treated with an oro-pharyngeal aspiration of NaCl (control), 0.1, 0.5 or 2 mg LCO or 
crystalline silica (Sil). Mice were euthanized after 2 months. Inflammatory cell infiltration 

(a) was measured in BAL; HIF-1 (c) in lung homogenates. Severity of fibrotic responses was 
scored according to Hübner et al. (2008) on lung sections stained with Sirius red (b). Lung 
sections stained with Sirius red (magnification 10x and 200x) (d). *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 = 1, n = 5, means ± SEM). 

Mice were first exposed to 1 or 2 mg LIB particles by oro-pharyngeal aspiration. 

Surprisingly, some mice died shortly after exposure, except with Co3O4 (Figure 17 

a). The dose was then reduced to 0.5 mg for the most active particles (NMC6:2:2, 

NMC8:1:1, NCA and LCO). After 2 months, all LIB particles induced inflammation 

(cell infiltration) at the dose of 2 mg (Figure 17 b). Co3O4 induced a slight 

inflammation.  



Chapter 3: Results 

 

109 

 

Table 2 Particle characterization. 

  LCO NCA NMC 1:1:1
a
 NMC 6:2:2 NMC 8:1:1 

Density (g/cm
3
)

 b
 2.37 2.95 1.93 2.84 1.93 

Diameter (µm) 
c
 6.47 6.13 5.16 11.34 7.53 

FPF (% of total weight)
 d
 7.21  2.01 1.64 1.84 2.15 

Li (%) 
e
 7.1 3.28 7.24 7.16 7.14 

Co (%) 
e
 60.2 27.86 20.22 12.12 6.03 

Ni (%) 
e
 / 27.75 20.22 36.35 48.28 

Mn (%) 
e
 / / 18.92 11.34 5.65 

Al (%)
e
 / 25.98 / / / 

O (%) 
e
 32.7 15.13 33.40 33.03 32.9 

a The three digits reflect the Ni:Mn:Co mass ratio in the particles. 
b Measured by powder tap density. 
c
 Median hydrodynamic diameter determined by centrifugal liquid sedimentation (CLS) 

(weight-based distribution).  
d Fine particle fraction (FPF, ≤ 5 µm) determined by Andersen cascade impaction. 
e as reported by the producers. 
 

Lung fibrotic manifestations (score ≥ 2) were induced by LCO and NCA particles at 

0.5 mg whereas, at 1 and 2 mg, LCO, NMC1:1:1 and NCA induced clear fibrotic 

changes with fibrotic masses (Figure 17 c). NMC 6:2:2, 8:1:1 and Co3O4 induced 

some isolated fibrotic changes (Annexes, Figure S8). All particles induced different 

(dose-dependent) levels of HIF-1 stabilization (Figure 17 d). As these LIB particles 

induced acute toxicity (mortality) and severe lung responses, it appeared crucial to 

identify the mechanisms of this toxicity. 



Chapter 3: Results 

 

110 

 

Figure 17: Lung inflammatory and fibrotic responses induced by LIB particles. C57BL/6Jrj 
mice were treated with an oro-pharyngeal aspiration of NaCl (control), 0.5, 1 or 2 mg LCO, 
NMC 1:1:1, NMC 6:2:2, NMC 8:1:1, NCA or Co3O4. Mortality is shown in survival curves (a). 

Surviving mice were euthanized after 2 months. Inflammatory cell infiltration (b) was 
measured in BALF. Fibrotic response (c) severity was scored according to Hübner et al. 

(2008). HIF-1 (d) was measured in lung homogenates. Number of surviving mice is 
indicated for each condition above the columns (b). *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 or t test, N = 1, n = 4-6 (treated mice), means ± SEM). 

We first focused on the determinants of acute toxicity. Because tested LIB particles 

contained Co and/or Ni, 2 elements able to induce pulmonary toxicity [175, 181, 

238], we assessed the bioaccessibility of these metals in artificial fluids mimicking 
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the extracellular (pH 7.3) and the phagolysosomal (pH 4.2) cellular compartments 

over a period of 30 days (Figure 18). The amount of Co released at pH 7.3 was very 

low for all particles (Figure 18 a) in comparison to pH 4.2 (Figure 18 b), suggesting 

that Co ions can be released in the phagolysosomes. 

Figure 18: Bioaccessibility of Co and Ni from LIB particles. LIB particles and Co3O4 were 

incubated in artificial fluids mimicking the extracellular (pH 7.3) (a, c) or the phagolysosomal 
(pH 4.2) (b, d) compartment. Particles were incubated at 37°C under gentle agitation and 
released Co (a, b) and Ni concentrations (c, d) were determined by ICP-MS in the SN after 

centrifugation of an aliquot of the suspensions after 3, 24 h, 7, 14 and 30 days. 

The pattern of Co release at pH 4.2 was different for all LIB particles, LCO releasing 

the largest amount of Co. Co3O4 particles released more Co than the other LIB 

particles. NCA and NMC6:2:2 released a higher amount of Co than NNC1:1:1 and 

NMC8:1:1. At pH 7.3, Ni bioaccessibility was also very low (Figure 18 c). At pH 4.2, 

the Ni bioaccessibility pattern was different for all LIB particles, NCA and NMC8:1:1 

releasing the highest amount of Ni (Figure 18 d). Thus, the patterns of Co and Ni 

released from LIB particles did not follow their Co or Ni % content. We next 
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performed a bivariate analysis to identify the determinants of acute toxicity 

(mortality) after exposure to LIB particles. We analyzed the implication of the Co 

and Ni amount contained in the administered doses (0.5, 1 or 2 mg LIB particles) 

and their bioaccessibility (calculated from ion % released at pH 4.2) either 

separately or together (Table 3). The acute toxic potential (mortality) of these LIB 

particles was related to the Ni content and its release from the particles. 

Table 3 Correlation between mortality recorded at day 18 and Ni/Co content or Ni/Co 
released by the particles  

 Correlation coefficient p-value 

Co content -0.064 0.801 

Ni content 0.760 0.0002 

Bioaccessible Co -0.079 0.755 

Bioaccessible Ni 0.719 0.001 

Ni + Co content 0.163 0.517 

Bioaccessible Ni + Co 0.176 0.484 

Mice were treated with 0.5, 1 or 2 mg LIB particles (see Figure 17). Bivariate analysis 
(Spearman Rho) between the mortality % at day 18, and the particle Ni and/or Co content 
(µg) or the amount of Ni and/or Co ions (µg) released.  Co and/or Ni contents were 
calculated from the administered doses and from the Co and/or Ni % of the particles. 
Bioaccessible Co and/or Ni represent the amount of bioaccessible ions, calculated from the 
Co/Ni contained in the administered doses and the % released at pH 4.2 at day 14 (mortality 
was recorded between day 6 and 18). Significant relationships are identified in bold. 

HIF-1 is a determinant of the lung inflammation induced by LIB particles 

We next performed similar analyses to identify the determinants of the late 

inflammatory response (inflammatory cell infiltration in the BAL 2 months after 

administration) (Table 4), including lung HIF-1 content, BAL fuid (BALF) lactate 

deshydrogenase (LDH) activity as a marker of cytotoxicity, Ni and/or Co contents of 

LIB particles and their bioaccessibility (calculated from the % released at pH 4.2).  
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Table 4 Tracing the determinants of lung inflammation induced by LIB particles after 2 
months. 

 Correlation coefficient p-value 

LDH 0.183 0.195 

HIF-1 0.311 0.025 

Co content 0.245 0.080 

Ni content 0.065 0.270 

Bioaccessible Co -0.020 0.886 

Bioaccessible Ni 0.035 0.806 

Ni + Co content 0.480 0.0003 

Bioaccessible Ni + Co 0.445 0.0004 

Bivariate analysis (Pearson correlation) between the inflammatory cell recruitment, 

selected as marker of lung inflammation and HIF-1 LDH activity, the particle Ni and/or Co 
content (µg) or the amount of Ni and/or Co ions (µg) released. Inflammatory cell 

recruitment was assessed in the BAL, HIF-1 (µg/ml) was measured in lung homogenates, 
LDH activity (iU/l) in BALF. Co and/or Ni contents were calculated from the administered 
doses and from the Co and/or Ni % of the particles. Bioaccessible Co and/or Ni represent 
the amount of bioaccessible ions, calculated from the Co/Ni contained in the administered 
doses and the % released at pH 4.2 at day 30. Significant relationships are identified in bold. 

HIF-1 stabilization in lung tissue, the sum of Co and Ni content in particles and 

their summed bioaccessibility significantly correlated with lung inflammation 

(Table 4). The sum of Ni and Co content and their bioaccessibility also positively 

correlated with the stabilization of HIF-1 (r = 0.539, p-value = 0.0001 and r = 0.500, 

p-value = 0.0001 respectively). The same analysis did not show any significant 

association of the same variables with fibrotic responses (data not shown). These 

results thus supported the hypothesis that HIF-1 stabilization induced by Co and 

Ni ions drives the lung inflammatory responses of these LIB particles. 
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HIF-1 mediates lung inflammation induced by LCO 

We next evaluated the implication of HIF-1 in the toxic activity of LIB particles by 

inhibiting its activity with chetomin, a disrupter of HIF binding to its transcriptional 

co-activator P300 [266]. This was assessed with LCO, the LIB particle inducing the 

strongest lung inflammation and fibrotic responses, and crystalline silica particles 

as control. We previously observed that LCO early stabilized HIF-1 in the lung 3 

days after exposure and later after 2 months. Crystalline silica weakly stabilized HIF-

1 only 2 months after exposure (Figure 16), suggesting that late inflammatory of 

fibrotic responses might also contribute to HIF-1 stabilization [260]. Therefore, we 

first focused on the implication of HIF-1 in early lung responses to isolate the 

specific effect of LCO. Three days after administration of 0.5 or 2 mg LCO, 

inflammatory cell recruitment including neutrophils and the pro-inflammatory 

cytokines IL-1 and IL-6 in BALF were largely reduced by the inhibition of HIF-1 

(Figures 19 a, b, c, d). This reduction was not observed in silica-exposed mice. To 

further assess inflammation, lung sections of mice exposed to 2 mg particles were 

stained with HE. Aggregates of lymphocytes and macrophages, and accumulation 

of cellular debris were observed in LCO lungs to a larger extent than in silica lungs 

(Figure 19 e). In LCO lungs from mice treated with the inhibitor, inflammation was 

drastically reduced. In silica lungs, the formation of inflammatory foci was not 

prevented by chetomin (Figure 19 e). 
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Figure 19: HIF-1 drives lung inflammation induced by LCO. C57BL/6Jrj mice were treated 
with an oro-pharyngeal aspiration  of NaCl (control), 0.5 or 2 mg LCO or crystalline silica (Sil). 
Mice received i.p. injections of 0.5 mg/kg bw/d chetomin or vehicle (saline solution with 10 
% DMSO) at day -1, 1 and 2 and were euthanized at day 3. Alveolar inflammatory cell 

infiltration and neutrophils were assessed in the BAL (a, b). IL-1 (c) and IL-6 (d) were 
measured in BALF; Lung sections of mice exposed to 2 mg particles were stained with HE 
(magnification 10x and 200x) (e). *P < 0.05, **P < 0.01 and ***P < 0.001 (t-test between 
chetomin - and + mice for each condition, N = 1, n = 5, means ± SEM). 

These results suggested that HIF-1 is specifically implicated in early lung 

inflammation induced by LCO. To confirm this observation, we used PX-478, 

another inhibitor of HIF-1 responses targeting a different pathway. PX-478 inhibits 

HIF-1α by decreasing its translation and transcription, as well as de-ubiquitination 

[267-269]. Similar results were observed with this inhibitor (Annexes, Figure S9), 

confirming the implication of HIF-1 in early lung inflammation induced by LCO. 
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Similar experiments were conducted over a period of 1 and 2 months to assess the 

potential implication of HIF-1 in later lung responses to LCO, but mice did not 

tolerate a longer treatment with chetomin or PX-478 (not shown).  

HIF-1 stabilization acts upstream of lung inflammation 

We next investigated the possible influence of lung inflammation on HIF-1 

stabilization. To minimize the number of animals used, IL-1 knock-out (KO) mice 

were treated only with 2 mg of LCO or crystalline silica particles and compared to 

their wild-type (WT) counterparts (C57BL/6JRj) after 3 days. Inflammatory cells, 

including neutrophils, were recruited after LCO and crystalline silica particles in WT 

mice. Only LCO induced HIF-1 stabilization in WT mice. All inflammatory 

parameters induced in WT mice were strongly reduced in IL-1 KO mice after LCO 

and (although not significantly) after silica (Figures 20 a, b, c). HIF-1 stabilization 

induced by LCO was, however, not modified in IL-1 KO mice (Figure 20 d), 

indicating that HIF-1 stabilization induced by LCO particles is not a consequence 

of inflammation.  

Figure 20: HIF-1 stabilization after LCO acts upstream of inflammation. C57BL/6Jrj or IL-

1 KO mice were treated with an oro-pharyngeal aspiration of NaCl (control), 2 mg LCO or 
crystalline silica (Sil). Mice were euthanized after 3 days. Alveolar inflammatory cell 
infiltration (a) and neutrophils (b) were assessed in the BAL, and IL-6 (c) was measured in 

BALF; HIF-1 in lung homogenates (d). *P < 0.05, **P < 0.01 and ***P < 0.001 (t-test 

between WT and IL-1 KO mice for each condition, N = 1, n = 5, means ± SEM). 

In vitro HIF-1 stabilization predicts the lung inflammatory potential of LIB particles 

To further substantiate the mechanistic association between HIF-1 stabilized by 

Co/Ni ions and lung inflammation (Table 4), we next assessed in vitro the HIF-1 
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response to LIB particles in BEAS-2B cells. This simplified model allows isolating the 

HIF-1 response from the multiple inflammatory components present in the lung. 

BEAS-2B cells were exposed to increasing doses of LIB particles (30 to 1000 µg/ml), 

the lowest concentration matching in vivo doses (Annexes, Figure S10). Higher 

concentrations were also tested because, in vivo, lung cells were exposed to Co ions 

released during 2 months while, in vitro, cells were exposed only during 24 hours. 

NMC8:1:1 and 6:2:2 were cytotoxic at 30 µg/ml and LCO at 1000 µg/ml. A very slight 

cytotoxicity appeared at 1000 µg/ml for the other particles (Figure 21 a). At 30 and 

100 µg/ml, HIF-1 stabilization was stronger for LCO and NMC1:1:1. At 1000 µg/ml, 

all LIB particles induced a strong HIF-1 stabilization (Figure 21 b). Co3O4, which did 

not induce high lung inflammation in vivo compared to the LIB particles (Figure 17), 

induced a weaker HIF-1 stabilization than LIB particles in vitro. Using the results 

of in vivo experiments (Figure 17), bivariate analyses revealed a positive correlation 

between the in vivo inflammatory response (BAL inflammatory cell infiltration) and 

in vitro HIF-1 stabilization in BEAS-2B cells. Analyses were performed on HIF-1 

stabilization at all doses tested in vitro (30, 100, 300 or 1000 µg particles/ml). All 

correlations were significant, the relation at 30 µg particles/ml which best matches 

the in vivo doses is illustrated here (Figure 22). These results confirm that the simple 

presence and release of Co/Ni from LIB particles and their ability to stabilize HIF-1 

determine the in vivo inflammation, independently of all other possible 

components. 

Figure 21: Cytotoxicity and HIF-1 stabilization induced by LIB particles in BEAS-2B cells. 
BEAS-2B cells were exposed to NaCl (control), 30, 100, 300 or 1000 µg/ml of LCO, NCA, NMC 
1:1:1, NMC 6:2:2, NMC 8:1:1 or Co3O4. Cytotoxicity was assessed after 24h (a) by the WST-

1 assay. HIF-1 (b) protein contents were measured in cell lysates. (N = 2, n = 4, means ± 
SEM). 
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Compared to % Co + Ni content or bioaccessibility, HIF-1 stabilization in vitro 

integrates a number of factors such as intracellular distribution of Co/Ni ions, and 

measures the bioactivity of these elements, offering an additional option to predict 

the toxic potential of (new) LIB particles, hence reducing in vivo testing. 
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Figure 22: Correlation between inflammation induced by LIB particles in vivo and HIF-1 
stabilization in vitro. Scatter graph and bivariate analysis demonstrate a positive correlation 
between the inflammatory cell recruitment level induced by LIB particles after 2 months in 

mice (see Figure 17) and the stabilization of HIF-1 (pg/ml) in BEAS-2B at the concentration 
of 30 µg LIB particle/ml (see Figure 21). (y = 0.006671 x + 4.06; p < 0.0001; r = 0.532). 

The measurement of HIF-1 stabilization in vitro in BEAS-2B cells, the Co/Ni content 

of LIB particles and their bioaccessibility are, therefore, useful predictors of the lung 

inflammatory potential of LIB particles.  

3.2.5 Discussion 

We observed here that LIB particles containing Co and/or Ni induce lung 

inflammation and even fibrotic responses in mice. We show that Co and/or Ni 

contents and bioaccessibility, as well their capacity to stabilize HIF-1, are 

determinants of lung inflammation. We also demonstrated that HIF-1 in lung 

cells mediates LCO-induced inflammation and is an upstream signal of the 

responses. In addition to the well-known implication of HIF in the development of 

cancer, invasion and metastasis, HIF-1 also plays many roles in inflammation, 

induces the secretion of inflammatory mediators and promotes myofibroblast 
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differentiation as well as epithelial-mesenchymal transition via the TGF- pathway 

[140, 147, 150, 151]. 

Pulmonary diseases including cancer, asthma and fibrosing alveolitis have 

previously been reported in workers exposed to cobalt [175, 238]. Cobalt 

compounds can induce cytotoxicity, apoptosis, inflammatory responses and 

genotoxicity in vitro [168]. Some of the effects of cobalt are related to its high 

affinity for sulfhydryl groups leading to enzyme inactivation, antagonism for Ca2+ 

channel cell signalling, production of reactive oxygen species leading to oxidative 

stress, and finally to its ability to stabilize HIF-1 [168, 270]. LCO containing the 

highest % of Co among the range of particles tested, and Co being suspected to be 

the element responsible for the high toxicity of LCO, we hypothesized that other 

particles (with lower Co content) would induce lower lung effects than LCO. 

However, acute toxicity was observed early after exposure. In addition to cobalt, 

some LIB particles contain nickel, which appears as the element responsible for the 

observed mortality. Previous studies have shown that acute inhalation exposure to 

Ni induced lethal injury characterized by inflammatory cell infiltration, 

haemorrhage and destruction of alveolar epithelial cells [271, 272]. Chronic 

exposure to Ni can lead to asthma, inflammation, pulmonary fibrosis, kidney 

diseases and cancer [181, 262]. Like Co, Ni is able to stabilize HIF-1 by blocking the 

iron-binding group of the prolyl hydroxylase [262]. As inhibition of prolyl 

hydroxylase activates nuclear factor (NF)-B [273], Co and Ni ions can thus both 

participate to the activation of NF-B, leading to inflammation, as previously 

suggested [274]. The Co and Ni contents of LIB particles and their bioaccessibility 

are, indeed, correlated to the in vivo lung inflammation in the present study.  

HIF-1 was also correlated to the in vivo lung inflammation induced by LIB particles. 

Moreover, inhibition of HIF-1 led to a reduction of lung inflammation induced by 

LCO particles, indicating the key pathogenic role of this transcription factor. HIF-1 

can promote NF-B activity in macrophages, neutrophils and non-immune cells, 

resulting in the transcription of target genes of inflammation such as pro-

inflammatory cytokines (tumor necrosis factor (TNF)-, IL-6, IL-1, IL-12) [135, 142]. 

To test the implication of HIF-1 in LCO lung inflammation, we first used chetomin 

which binds to the Zn2+-binding cysteine/histidine rich 1 (CH1) domain of p300, 
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leading to a reduction of the interaction between HIF-1 and P300 [266] and 

reduces the expression of HIF-1 target genes [266, 275]. Chetomin drastically 

reduced LCO lung inflammation. These observations were confirmed by the use of 

PX-478 which inhibits HIF-1 transcription and translation by another mechanism 

than chetomin [16,18]. Thus, we showed here, for the first time, the implication of 

HIF-1 in lung inflammation induced by particles containing Co and/or Ni. We 

conclude that inflammation induced by LCO is dependent on HIF-1.  

In addition, the HIF-1 response to LCO was maintained in the absence of 

inflammation in IL-1 KO mice. We can thus conclude that HIF-1 is an upstream 

signal of the lung inflammatory responses to LIB particles containing Co. These 

results are consistent with Rius et al. [144] who showed that if NF-B can regulate 

HIF-1 transcription in activated macrophages, NF-B activation alone is, however, 

not sufficient to stabilize HIF-1, indicating that both transcriptional and post-

transcriptional (like Co and Ni ions) regulators are implicated in HIF-1 

production/stabilization.  

The Co and Ni content of LIB particles and their bioaccessibility at pH 4.2 represent 

thus good indicators of the toxic potential of LIB particles. To refine the predictive 

information, we can also measure HIF-1 protein stabilization in BEAS-2B cells 

exposed to LIB particles. A study comparing 10 commonly used cell lines concluded 

that BEAS-2B cells are useful for toxicological studies because they exhibit the 

highest homology in gene expression pattern with human primary cells and the 

lowest number of dysregulated genes compared with non tumoral lung tissues 

[276]. Moreover, BEAS-2B have been previously used to study the toxicity of cobalt 

compounds [170, 277]. The BEAS-2B cell line is an appropriate model to evaluate 

the lung inflammatory potential of LIB particles by measuring the stabilization of 

the key mediator HIF-1. 

A large variety of materials are in use in or under consideration for the development 

of LIB materials. While micro-sized particles, as tested in the present study, are 

currently used in most commercialized batteries, nano-sized materials are in 

intense development to improve technical performances [1]. The nanosize is a 

plausible source of additional concern as it can result in more hazardous properties 
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and increased particle exposure via inhalation. Thus, toxicological evaluation of 

existing and newly developed LIB particles appears as a priority. We identified the 

Ni and Co content of LIB particles and their bioaccessibility, as well as HIF-1 as key 

determinants of the lung inflammatory responses to LIB particles. Evaluating HIF-

1 levels in BEAS-2B cells exposed to LIB particles is a predictor of their 

inflammatory potential.  

3.2.6 Conclusions 

We report the implication of HIF-1 induced by Ni and Co ions in lung inflammatory 

responses induced by LIB particles. HIF-1 is the upstream signal of the 

inflammatory responses induced by these LIB particles, participating to the 

secretion of IL-1. Documenting the amount of Co and Ni in LIB particles, their 

bioaccessibility as well as HIF-1 stabilization in BEAS-2B cells, predict the lung 

toxicity of LIB particles. 
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3.3 GENOTOXIC AND MUTAGENIC POTENTIAL OF LiCOO2 

PARTICLES 

As reported in the previous sections, LCO particles induced chronic lung 

inflammation, and oxidative stress. Moreover, LCO contain bioaccessible Co ions 

which are classified as possibly carcinogenic for humans (group 2B) by the IARC [60]. 

Given that inflammatory responses, induction of oxidative stress and the presence 

of genotoxic Co ions represent key characteristics of carcinogens [278], evaluating 

the genotoxic potential of LCO appears very relevant in the process of assessing its 

health hazard. The mutagenic and carcinogenic potential of LCO particles have not 

been examined before. In the present study, we therefore assessed the genotoxic 

and mutagenic potential of LCO particles in comparison to LTO particles, selected 

as “low activity” particles which did not induce chronic lung inflammation, long-

term oxidative stress, and do not contain possible carcinogenic bioaccessible ions.  

It is known that Co ions have a genotoxic activity due to their ability (i) to produce 

hydroxyl radicals (HO˙) via a Fenton-like reaction and (ii) to interact with and inhibit 

proteins, including those implicated in DNA repair [167]. We thus suspected that 

LCO particles could be able to induce primary indirect genotoxic events. We showed 

the mutagenic potential of LCO particles in an in vitro micronucleus assay and 

confirmed the effect in vivo at non-inflammatory doses. The production of ROS was 

assessed and their implication evaluated via several approaches. We identified LCO 

as a mutagenic particle via oxidative DNA damage induced by the production of 

ROS. Thus, we highlighted in this study the primary genotoxic potential of LCO. 

Given that other LIB particles containing Co and/or Ni can cause strong lung 

inflammation and strongly stabilize HIF-1 [279], a transcription factor involved in 

tumor growth, angiogenesis and metastasis [135], and that Ni compounds can also 

exert a mutagenic activity [280], our data highlight the need for also documenting 

their genotoxic potential. 
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3.3.1 Abstract  

Li-ion batteries (LIB) are used in most portable electronics. Among a wide variety of 

materials, LiCoO2 (LCO) is one of the most used for the cathode of LIB. LCO particles 

induce oxidative stress in mouse lungs due to their Co content, and have a strong 

inflammatory potential. In this study, we assessed the mutagenic potential of LCO 

particles in lung cells in comparison to another particulate material used in LIB, LTO 

(Li4Ti5O12), which has a low inflammatory potential compared to LCO particles.  

We assessed the mutagenic potential of LCO and LTO particles in vitro by 

performing a cytokinesis-block micronucleus (MN) assay with rat lung epithelial 

cells (RLE), as well as in vivo in alveolar type II epithelial (AT-II) cells. LCO particles 

induced MN in vitro at non-cytotoxic concentrations and in vivo at non-

inflammatory doses, indicating a primary genotoxic mechanism. LTO particles did 

not induce MN. Electron paramagnetic resonance and terephthalate assays showed 

that LCO particles produce hydroxyl radicals (HO˙). Catalase inhibits this HO˙ 

production. In an alkaline comet assay with the oxidative DNA damage repair 

enzyme human 8-oxoguanine DNA glycosylase 1, LCO particles induced DNA strand 

breaks and oxidative lesions. The addition of catalase reduced the frequency of MN 

induced by LCO particles in vitro. 

We report the mutagenic activity of LCO particles used in LIB in vitro and in vivo. 

Our data support the role of Co(II) ions released from these particles in their 

primary genotoxic activity which includes the formation of HO˙ by a Fenton-like 

reaction, oxidative DNA lesions and strand breaks, thus leading to chromosomal 

breaks and the formation of MN. Documenting the genotoxic potential of the other 

LIB particles, especially those containing Co and/or Ni, is therefore needed to 

guarantee a safe and sustainable development of LIB. 

3.3.2 Background 

Li-ion batteries (LIB) are used in most portable electronics. This technology has 

replaced nickel-cadmium and nickel metal hydride batteries because of its higher 

energy density, higher efficiency and longer life. Low weight, design flexibility and 

size are other advantages of LIB [6, 281]. The LIB anode usually consists of porous 
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carbon, and the cathode is made of Li metal oxide particles. As these particles are 

respirable in size, poorly soluble and persist in the lung, the health risks associated 

with human exposure should be carefully evaluated, especially in occupational 

settings. Moreover, future applications of LIB, such as multi-layer systems made for 

spray-paintable or printable DIY batteries [15, 17, 18], might extend the potential 

for inhalation exposure to consumers. LiCoO2 (LCO) particles are one of the most 

used cathode material for LIB [19]. We showed in recent experimental studies that 

LCO particles induce lung oxidative stress, inflammation, and fibrosis in mice [260, 

279]. The mutagenic and carcinogenic potential of LCO particles has not been 

examined yet. 

The genotoxic potential of inhaled particles is defined by their ability to induce DNA 

damage via a primary and/or a secondary mechanism. Primary genotoxicity is due 

to the intrinsic characteristics of the particles, including composition, shape, size, 

crystallinity or their capacity to produce reactive oxygen species (ROS). Secondary 

genotoxicity is associated with the production of ROS by leukocytes recruited 

during lung inflammation induced by the inhalation of these particles [129]. 

Mutations occur when DNA damage is not (well) repaired and persists after cell 

division. Several inhaled particles or fibres have a mutagenic activity, including 

crystalline silica via a secondary mechanism [282] or asbestos via primary and 

secondary mechanisms [283]. Assessing the genotoxicity and mutagenic activity of 

LCO particles appears, therefore, relevant as these particles have a strong 

inflammatory potential, even stronger than crystalline silica particles, and induce 

oxidative stress in mouse lungs [260]. Moreover, LCO particles contain 

bioaccessible cobalt [260, 279]. Co(II) ions have a genotoxic activity due to their 

ability (i) to produce hydroxyl radicals (HO˙) via a Fenton-like reaction and (ii) to 

interact with and inhibit proteins, including those implicated in DNA repair [167]. 

In 2006, the International Agency for Research on Cancer (IARC) classified cobalt 

sulfate, other soluble cobalt(II) salts and cobalt metal as possibly carcinogenic to 

humans (Group 2B) and cobalt metal with tungsten carbide (WC-Co) as probably 

carcinogenic to humans (Group 2A) [284]. In this paper, we assess the mutagenic 

potential of LCO particles, and related mechanisms, in comparison with another 
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particulate material used in LIB, LTO (Li4Ti5O12) which does not contain genotoxic 

metals and has a low inflammatory potential compared to LCO [260].  

3.3.3 Methods  

Particles 

LTO (Li4Ti5O12) and LCO (LiCoO2) particles were obtained from MTI Corporation 

(Richmond, USA), WC-Co from Metron (USA). Before all experiments (including 

characterization), particles were heated during 2h at 200°C to inactivate any 

possible endotoxin or other microbial contaminants. The physico-chemical 

characterization of heat-treated LTO and LCO particles was reported previously [7]. 

Particles were suspended in complete culture medium (in vitro assays) or 0.9 % 

saline solution (in vivo experiments) without any further treatment. 

Epithelial cell culture 

RLE cells (rat alveolar epithelial type II cells, RLE-6TN, doubling time > 30 h [285], 

ATCC, Virginia, USA) were cultured at 37°C in complete medium, i.e. Ham’s F12 

Nutrient Mix (Gibco, Paisley, UK) supplemented with 1 % antibiotic-antimycotic 

(Gibco), 10 % fetal bovine serum and 1% Glutamine (Gibco). Before exposure, RLE 

were plated in 96-well plates for assessing cell viability (55556 or 15600 cells/cm2), 

24-well plates for comet assays (15600 cells/cm2), or Lab-Teck plates (55556 

cells/cm2) for micronucleus (MN) assays. After 24 h incubation in complete medium 

at 37°C, cells were exposed to particles during 24 h in complete culture medium. 

For experiments inhibiting the formation of hydroxyl radicals, catalase (3000 U/ml, 

Sigma-Aldrich) was added to the cells with the particles. 

Cell viability assays 

Cell viability was evaluated by using the water soluble tetrazolium salts (WST-1) 

assay (Roche, Mannheim, Germany, 5 %) or the CellTiter-Glo Luminescent viability 

assay (Promega, USA) following manufacturer’s instructions. 
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In vitro cytokinesis-block micronucleus assay 

Four h after the addition of particles to the cells, cytochalasin B was added (3 µg/ml, 

Sigma-Aldrich, Missouri, USA). After 24 h exposure, cells were washed twice with 

phosphate buffered saline (PBS), fixed 20 min in methanol and stained with acridine 

orange (0.012 % in PBS). Five hundreds cells per well were counted with a Zeiss 

AxioImager fluorescence microscope (magnification x400) for assessing the 

cytokinesis-block proliferation index (CBPI) [286, 287]: 

CBPI = 
number of mononucleated cells + 2 x number of binucleated cells + 3 x number of multinucleated cells

Total number of cells
 

One thousand binucleated cells per well were examined for the presence of 1, 2 or 

more MN following the criteria described previously [288]. 

Particle endocytosis  

We performed the in vitro cytokinesis-block micronucleus assay and examined the 

presence of particles in the cytoplasm of one hundred binucleated cells with a Zeiss 

AxioImager flurorescence microscope (magnification x400).  

Animals and treatments 

Female Wistar rats were purchased from Janvier Labs (St Bertevin, France). 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 12h light/dark cycle. LTO and LCO particles were suspended in sterile 0.9 % saline 

solution and WC-Co in sterile H2O. Rats were randomly allocated to experimental 

groups. After anaesthesia with a mix of Nimatek, 7.5 mg/rat (Eurovet, Bladel, 

Nederland) and Rompun, 1.5 mg/rat (Bayer, Kiel, Germany) given intraperitoneally, 

300 µl particle suspensions or NaCl (control groups) were directly administered by 

oro-pharyngeal aspiration. Rats were exposed to 5 or 1 mg of LCO or LTO, 

corresponding to an inflammatory and a low inflammatory dose of LCO in mice (see 

Figure 16), and to 0.3 and 0.1 mg in order to identify non-inflammatory doses in 

rats. Rats were also exposed to 2 mg of WC-Co. Rats were sacrificed 3 days after 

particle administration with an intraperitoneal injection of 30 mg sodium 

pentobarbital (Certa, Braine-l’Alleud, Belgium). Rats were sacrificed randomly. 
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Assessment of the in vivo inflammatory responses 

Broncho-alveolar lavage was performed by cannulating the trachea and infusing the 

lungs with 5 ml NaCl 0.9 %. Broncho-alveolar lavage (BAL) was centrifuged 10 min 

at 4°C (240 g). Cell-free supernatant (BALF) was used for biochemical 

measurements. After resuspension in NaCl, total BAL cells were counted in Turch 

(crystal violet 1 %, acetic acid 3 %). Lactate dehydrogenase (LDH) activity and total 

proteins were assayed on BALF (Cobas 8000, Roche Diagnostics). 

Ex vivo micronucleus assay on type II pneumocytes 

The in vivo mutagenic potential of particles was evaluated on type II pneumocytes 

(AT-II cells) isolated 3 days after rat exposure as described previously [289]. Isolated 

cells (an average of 12x106 ATII cells/rat) were cultured during 2 d at 37°C and then 

fixed 20 min in methanol 100 % and stained with acridine orange. Cells were then 

analyzed with a Zeiss AxioImager fluorescence microscope. 1000 AT-II cells per rat 

were evaluated for the presence of MN. 

Electron paramagnetic resonance/spin trapping 

Twenty-five mg particles were incubated in 0.5 ml PBS (0.5 M, pH 7.4, Sigma-

Aldrich), 0.25 ml 5,5-dimethyl-l-pyrroline-N-oxide (DMPO, 0.15 M, Alexis, Lausen, 

Switzerland) used as spin-trapping agent and 0.25 ml H2O2 (0.2 M, Sigma-Aldrich) 

in order to analyse the HO˙ radical production. Particle suspensions were incubated 

under gentle agitation. Aliquots of 50 µl were withdrawn after 10, 30 and 60 min of 

incubation, filtered to remove particles and the generation of free radicals was 

monitored by electron paramagnetic resonance (EPR) spectroscopy with a 

Miniscope MS 100 (Magnettech, Berlin, Germany) EPR spectrometer. The 

instrument settings were as follows: microwave power 10 mW, modulation 1000 

mG, scan range 120 G, center of field approximately 3345 G.  

Sodium terephthalate (TA) assay 

Particles (5 mg/ml)  were suspended in TA solution (10 mM in PBS, pH 7.4) 

supplemented with H2O2 (0.2 M) and incubated 30 min (for LTO and LCO) or 15 min 

(for WC-Co) under gentle agitation at 25°C [290]. To inhibit hydroxyl radical 
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formation, catalase was added (3000 U/ml). After incubation, solutions were 

filtered (Millex-GS sterile filter Unit with MF-Millipore MCE membrane, 0.22 µm, 

Merck, Darmstadt, Germany). Fluorescence was measured with SpectraMax 

(excitation light= 324 nm, emission light = 425 nm). 

Comet assay (single-cell gel electrophoresis) 

The DNA strand breaks induced by particles after 24 h were assessed in RLE cells by 

using an alkaline comet assay (Trevigen, Kampenhout, Belgium) [291] following 

manufacturer’s instructions. The analyses of oxidative DNA damage were 

performed by using comet assay in conjunction with E. coli formanidopyrimidine-

DNA glycolase (FPG) and human 8-oxoguanine DNA glycosylase 1 (hOGG1) 

(Trevigen). Results were analyzed with a Zeiss AxioImager fluorescence microscope 

(magnification x100) as described in the OECD test guidelines 489. Fifty cells from 

2 replicates were measured for DNA damage by means of the % DNA tail metric 

using the CaspLab program (casplab 1.2.3b2) according to the following formula:  

DNA tail (%) = 
Tail 

Head + Tail
x 100  

The means of the two medians for each condition were represented (OECD test 

guidelines 489). 

Statistics  

Graphs and statistical analyses were performed with GraphPad Prism 5.0. All results 

are expressed as means ± standard error on the mean (SEM of N independent 

experiments, each conducted with n replicates). Differences between control and 

treated groups were evaluated by one-way analysis of variance (ANOVA) followed 

by a Dunnett’s multiple comparison or a t-test as appropriate. Statistical 

significance was considered at P < 0.05. 
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3.3.4 Results 

LCO particles induce micronuclei in lung epithelial cells in vitro 

Within the framework of the 3R’s (Replacement, Reduction and Refinement) 

strategy proposed by the European legislation [215], we first assessed the 

mutagenic activity of LCO particles in vitro by using the cytokinesis-block MN assay 

on rat lung epithelial cells (RLE) [288]. WC-Co particles were used as positive 

control. We first determined non-cytotoxic concentrations. After 24 h, WC-Co was 

non-cytotoxic up to 50 µg/ml, LCO was non-cytotoxic up to 30 µg/ml and very 

weakly cytotoxic at 50 µg/ml, and LTO was non-cytotoxic up to 100 µg/ml (Figure 

23 a). Fifty µg/ml WC-Co, 5-50 µg/ml LCO and 30-100 µg/ml LTO were selected to 

perform the cytokinesis-block MN assay. 

 
Figure 23: LCO particles induce MN in lung epithelial cells in vitro. Rat lung epithelial cells 
(RLE, 55556 cells/cm2) were exposed to culture medium (control, CTL), WC-Co, LCO or LTO, 
and cytotoxicity was assessed after 24 h by the WST-1 assay (a). The CBPI (b) was assessed 
in 500 cells exposed to non-cytotoxic particle concentrations, and the frequency of MN 
determined in 1000 binucleated cells (c). Image of a binucleated cell containing a 
micronucleus designated by the red arrow (c). *P < 0.05, **P < 0.01 and ***P < 0.001 
relative to CTL cells (t-test or one-way ANOVA followed by a Dunnett’s multiple 
comparison). Bars represent means ± SEM (N = 2 for results obtained with 5 µg/ml LCO; N 
= 4 for all other results with n = 2 for CTL and n = 4 for all other conditions). 

We next performed the cytokinesis-block MN assay. The proliferation of RLE 

(assessed by the cytokinesis-block proliferation index, CBPI) was not significantly 

altered by the particles at these concentrations (Figure 23 b, LCO: ANOVA p = 0.63, 

trend test p = 0.23, LTO: ANOVA p = 0.97, trend test p = 0.87). Like WC-Co, LCO 

particles increased MN frequency at all concentrations tested, indicating a primary 
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mutagenic activity (Figure 23 c). LTO particles did not increase MN frequency. To 

assess the influence of endocytosis on our results (cytochalasin B used to block 

cytokinesis can inhibit endocytosis), we counted binucleated cells containing 

particles in their cytoplasm and the number of particles per binucleated cells. 

Particles were visible in approximately 80 % of the binucleated cells 24 h after 

treatment and this proportion, as well as the number of particles per binucleated 

cells, were similar for both LCO or LTO particles (Annexes, Figure S11). 

LCO particles induce micronuclei in lung epithelial cells in vivo 

We next confirmed the mutagenic activity of LCO particles in vivo, as proposed by 

the REACH regulation [292], using a MN assay in isolated rat alveolar type II 

epithelial (AT-II) cells. 

 
Figure 24: LCO particles induce MN in lung epithelial cells in vivo. Wistar rats were treated 
with an oro-pharyngeal aspiration of NaCl (control, CTL), WC-Co, LCO or LTO particles. 
Inflammation and MN were assessed after 3 days. LDH activity (a) was measured in the 
BALF, recruited inflammatory cells (b) in the BAL and the frequency of micronuclei (c) in AT-
II cells isolated from rat lungs. Image of an AT-II cell containing a micronucleus designated 
by the red arrow (c). *P < 0.05, **P < 0.01 and ***P < 0.001 relative to CTL mice (t-test or 
one-way ANOVA followed by a Dunnett’s multiple comparison). Bars represent means ± 
SEM (N = 2, n = 4 for the first experiment and n = 2 for the second experiment). 

To determine non-inflammatory and inflammatory doses, rats were first treated 

with an oro-pharyngeal aspiration of 0.1, 0.3, 1 or 5 mg of LCO or LTO particles. LDH 

activity (a marker of cytotoxicity), protein concentrations (a marker of alveolar 

permeability) and inflammatory alveolar cell infiltration were measured in BAL 3 

days after administration (Annexes, Figure S12). Based on these results, doses of 

0.3 and 1 mg LCO were selected for the MN assay as non-inflammatory and 

inflammatory doses, respectively, to help to discriminate mutations due to primary 
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and secondary genotoxic mechanisms (Figures 24 a, b). WC-Co was used as positive 

control at the dose of 2 mg [293]. The frequency of MN was assessed in rat lung AT-

II cells isolated 3 days after administration of the particles (Figure 24). This time 

point captures the impact of acute inflammation [260, 294], and allows AT-II cells 

to undergo in vivo division and to reveal MN [293]. As expected, increased MN 

frequencies were detected after WC-Co (Figure 24 c). LCO particles also increased 

MN frequencies at the doses of 0.3 and 1 mg, confirming that they act, at least, via 

a mechanism of primary genotoxicity. LTO particles did not increase MN frequency 

in vivo. 

LCO particles have an intrinsic capacity to generate hydroxyl radicals  

Because of their cobalt content, we investigated the capacity of LCO particles to 

produce HO˙ by using an EPR assay (Figure 25 a). LCO particles constantly produced 

HO˙ over 60 min. No HO˙ production was observed with LTO particles (Figure 25 a). 

As HO˙ are the most potent DNA interacting ROS and can induce DNA breaks [128], 

they could account for the primary genotoxic activity of LCO particles.  
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Figure 25: Generation of hydroxyl radicals by LCO particles. EPR spectra (a) of [DMPO-HO]• 
adducts after incubation with 25 mg/ml LCO or LTO particles in the presence of H2O2 (0.2 
M) under gentle agitation. Spectra were collected after 10, 30 and 60 min. Fluorescence 
intensity (b) recorded on the supernatant from 5 mg/ml WC-Co, LTO or LCO particles 
incubated 15 min (for WC-Co) or 30 min (for LCO and LTO) in a PBS solution of disodium TA 
(10 mM) with H2O2 (0.2 M) under gentle agitation, in absence (CAT-) or in presence of 3000 
U/ml catalase (CAT+). Control (CTL) did not contain particles (N = 2, n = 4 for the control 
condition and n = 6 for all other conditions). 

LCO particles induce oxidative DNA damage in RLE in vitro 

To further investigate whether HO˙ produced by LCO particles contribute to their 

genotoxic activity, we applied the comet assay in the presence of the oxidative DNA 

damage repair enzyme hOGG1. 
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 hOGG1 specifically recognizes and cleaves oxidative lesions leading to additional 

DNA fragments. We first assessed the cytotoxicity of particles on RLE (Figure 26 a) 

in the culture conditions used for the comet assay. RLE were exposed to 10-1000 

µg/ml WC-Co, 10-1000 µg/ml LCO or LTO particles during 24 h. After 24 h, WC-Co 

was non-cytotoxic up to 50 µg/ml and LCO and LTO up to 100 µg/ml (Figure 26 a). 

Fifty µg/ml WC-Co, 10-100 µg/ml LCO and 100 µg/ml LTO were used to perform the 

comet assay. As expected, WC-Co induced DNA strand breaks and oxidative lesions 

as the % tail DNA increased when cells were treated with hOGG1 (Figure 26 b) 

[295].  

 
Figure 26: LCO particles induce DNA strand breaks and DNA oxidative lesions in lung 
epithelial cells in vitro. Rat lung epithelial cells (RLE, 15600 cells/cm2) were exposed to 
culture medium (control, CTL), WC-Co, LCO or LTO and cytotoxicity was assessed after 24h 
by the WST-1 assay (a). Alkaline comet assay, with or without oxidative DNA lesion repair 
enzyme (hOGG1), was performed 24 h after exposure to particles (b). *P < 0.05, **P < 0.01 
and ***P < 0.001 (t-test between alkaline and alkaline + hOGG1 conditions). Bars represent 
means ± SEM (N = 4 with n = 4 for the WST-1 assay, N = 4 for the alkaline comet assay 
performed without hOGG1 and N = 2 for the alkaline comet assay performed with hOGG1, 
n = 2). ND = not determined. 
 

DNA strand breaks were induced in a dose-dependent manner by LCO particles. The 

addition of hOGG1 revealed additional DNA breaks, reflecting the presence of 

oxidative lesions. LTO particles did not induce DNA breaks (Figure 26 b). The same 

results were obtained with another oxidative damage repair enzyme, the E. Coli 

formamidopyrimidine-DNA glycosylase (FPG, data not shown). 
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Catalase prevents the formation of MN by LCO particles 

To assess the implication of oxidative DNA lesions in the induction of MN by LCO 

particles, we used catalase to block the formation of HO˙ in the Fenton-like 

reaction. We first performed a terephthalate (TA) assay with catalase to verify its 

capacity to inhibit HO˙ formation in our system. LCO, LTO or WC-Co particles were 

incubated in TA with or without catalase during 15 or 30 min. Addition of catalase 

prevented HO˙ production by LCO particles (Figure 25 b). LTO particles did not 

generate HO˙ in this test. As expected, HO˙ produced by WC-Co were not affected 

by catalase as HO˙ produced by WC-Co are independent of the presence of H2O2 

[296].  

We next performed the cytokinesis-block MN assay in RLE with catalase (Figure 27).  

 
Figure 27: LCO particles induces MN via HO˙ generation. Rat lung epithelial cells (RLE, 
55556 cells/cm2) were exposed to culture medium (control, CTL), WC-Co, LCO particles in 
absence (CAT-) or in presence of 3000 U/ml catalase (CAT+). Cytotoxicity was assessed after 
24 h by the CellTiter-Glo Luminescence viability test (a). The CBPI (b) was assessed in 500 
cells, and the number of MN in 1000 binucleated cells (c). *P < 0.05, **P < 0.01 and ***P < 
0.001 (t-test or one-way ANOVA followed by a Dunnett’s multiple comparison relative to 
the control condition, and t-test between CAT- et CAT+ conditions). Bars represent means 
± SEM (N = 2 for cytotoxicity assessment and N = 3 for CPBI and MN assessment, n = 4 for 
cytotoxicity assessment and n = 2 for CBPI and MN assessment). 

RLE were exposed to 50 µg/ml WC-Co, or 10-50 µg/ml LCO particles with or without 

catalase. This assay was not conducted with LTO particles as they did not induce 

MN (Figure 23). Twenty-four h after particle exposure without catalase, cell viability 

and proliferation was not affected by the particles (Figures 27 a, b). For this 

experiment, we performed the CellTiter-Glo Luminescent viability assay to avoid 
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possible interference between the yellow color of catalase and the colorimetric 

WST-1 assay used in previous experiment (Figure 23 a). Addition of catalase did not 

affect cell viability or proliferation. Catalase did not modify the mutagenic potential 

of WC-Co particles (Figure 27 c) as expected (Figure 25). In contrast, MN induced 

by LCO particles were less frequent in presence of catalase, indicating that HO˙ 

produced by LCO particles contribute to the formation of MN. 

3.3.5 Discussion 

We demonstrate here the primary mutagenic activity of LCO particles used in LIB. 

These particles are able to induce mutations in vitro and in vivo, while LTO particles 

do not appear genotoxic.  

We selected the MN assay to assess the genotoxic potential of these particles 

because this test detects mutations relevant for the carcinogenic process [288]. 

Advantages of the MN assay compared to other genotoxicity tests are its capacity 

to detect both clastogenic and aneugenic events, and the epidemiological evidence 

of its predictive value in terms of cancer risk [283, 297].  

LCO particles induced MN in AT-II cells isolated from rat lungs at a non-

inflammatory dose indicating that they can act in the lung via a primary genotoxic 

mechanism. LCO particles also induced a slightly higher MN frequency at the 

inflammatory dose reflecting either a secondary mechanism of genotoxicity or a 

dose-dependent primary effect. The primary genotoxic activity of LCO particles was 

also observed in vitro where the use of cytochalasin B allowed controlling any 

confounding of altered cell division or cytotoxicity induced by the particles [288]. In 

the in vitro assay, the formation of MN was not dose-dependent, suggesting a 

maximum of MN induction at the lowest concentration, or a slight cytotoxicity not 

detected by the CBPI. 

LCO particles contain bioaccessible Co [260]. We suspected cobalt ions and their 

capacity to produce HO˙ [167] to be involved in the mutagenic activity of LCO 

particles. ROS are implicated in the genotoxic activity of several inhaled particles. 

They can attack DNA and lead to base pair mutations, deletions or insertions, and 

induce DNA strand breaks. Two types of ROS may be generated, (i) ROS intrinsically 
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generated by particles and (ii) ROS produced by inflammatory and/or target cells in 

response to particles [128]. We assessed the capacity of LCO particles to intrinsically 

produce ROS by the EPR and TA assays. H2O2 was included to mimic the reaction 

that might occur in the lysosomes of macrophages or polymorphonucleated cells, 

or in lung epithelial cells interacting with inhaled particles [298, 299]. Both assays 

showed that, unlike LTO, LCO particles produced HO˙ probably via a Fenton-like 

reaction which occurs between transition metal ions and H2O2 [175, 300]. LCO 

particles formally contain Co(III), but it has been previously shown that both Co(II) 

and Co(III) ions can be present at the particle surface [301]. In acidic conditions, 

Co(II) is the most stable oxidation state and Co(III) is rapidly reduced to Co(II) [164]. 

Both Co species can participate in their ionic form to a Fenton-like reaction by 

reacting with OOH- deriving from H2O2 or directly with H2O2 [302]. HO˙ is the most 

potent ROS to interact with DNA and is a crucial factor in the clastogenic activity of 

inhaled particles [128]. In the in vitro alkaline comet assay with addition of the 

oxidative DNA damage repair enzymes, LCO particles induced oxidative DNA 

lesions, suggesting that HO˙ contribute to their primary genotoxic activity. The 

blocking effect of catalase supports this hypothesis. For particles, direct DNA 

damage requires their localization in the nucleus to interact with DNA [303]. Here, 

DNA damage seemed to be mainly mediated by the production of HO˙, thus via an 

indirect mechanism, indicating that particle localization is not determinant in their 

genotoxic activity. On the other hand, Ortega et al. [170] showed that Co ions 

released from low soluble Co nanoparticles (Co3O4) can be found in the cytoplasm 

and the nucleus of epithelial cells, suggesting that the Fenton-like reaction induced 

by LCO Co(II/III) ions could occur in both cellular compartments. 

Thus, these results indicate that LCO particles should be considered as presenting 

a carcinogenic hazard in case of inhalation since they exhibit 3 key characteristics 

of human carcinogens identified by Smith et al. [278]: the capacity to induce lung 

oxidative stress, and chronic inflammation [260], and a mutagenic activity. The 

capacity of LCO particles to release Co(II) ions appears responsible for their 

mutagenic activity. 

In our previous study on a panel of LIB particles (LCO, LTO, LiNiCoAlO2, LiNiCoMnO2 

and LiFePO4), we showed that particles containing Co and/or Ni can cause lung 
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inflammation and fibrosis in mice [260, 279]. Since Ni compounds can also exert a 

mutagenic activity [280], other LIB particles containing Co and/or Ni could also be 

mutagenic. In addition, LCO and other LIB particles containing Co and/or Ni, 

strongly stabilize hypoxia-inducible factor (HIF) -1 in lung tissue [279], a 

transcription factor involved in tumor growth, angiogenesis and metastasis [140], 

further suggesting a potential carcinogenic activity of these particles. 

3.3.6 Conclusions 

We established the primary mutagenic activity of LCO particles used in LIB in vitro 

and in vivo. Our data support the role of Co(II) ions released from these particles in 

their mechanism of mutagenicity, which includes the formation of HO˙ by a Fenton-

like reaction and oxidative DNA lesions, thus leading to chromosomal breaks and 

the formation of MN. Documenting the genotoxic potential of the other particles 

containing Co/Ni used in LIB is needed to guarantee a safe and sustainable 

development of LIB. 
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CONCLUSIONS AND PERSPECTIVES 

 

Overall, this work contributes to the identification and evaluation of the respiratory 

hazard of particles used in LIB. We focused on the respiratory toxicity of inhaled LIB 

particles, in terms of inflammation, fibrosis and genotoxicity and related 

mechanisms were investigated. We showed that some LIB particles can induce lung 

inflammation and fibrosis in mice, and mutations in rats. LIB particles can thus 

represent a respiratory hazard and exposure to LIB particles should, therefore, be 

strictly controlled in occupational settings. This work also provides mechanistic 

knowledge and tools to rapidly screen the toxic potential of existing and new LIB 

particles and highlights the role of Co and Ni in their toxicity. Thus, our study 

prepares the way for a sustainable development of LIB components. 

Given that some LIB particles contain dermal and respiratory sensitizers such as Ni 

and Co (see sections 2.4.2 and 2.4.3), their effects on the development of asthmatic 

reactions and dermal allergies should also be evaluated in the future. 
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Mechanistic overview of the lung toxicity of Co/Ni LIB particles  

We found that LIB particles containing Co and/or Ni can induce strong and chronic 

inflammatory responses in the lung, more severe than for other LIB particles. 

Although Li ions can substitute Ca2+ and K+ in physiological processes [153], and 

could participate to the activation of the NRLP3 inflammasome [304, 305], our data 

suggest that Li does not play an essential role in the inflammatory activity of LIB 

particles. Instead their Co/Ni content and bioaccessibility are major determinants 

of toxicity. 

Based on the literature and mechanistic data obtained during this study (mainly 

with LCO), we identified pathways and determinants of lung injury induced by Co/Ni 

LIB particles. This network of events is illustrated in Figure 28. Inhaled particles can 

activate NF-B, controlling the transcription of pro-IL-1 via various pathways 

described in the introduction (chapter “inflammation” in section 2.3.3). Co and Ni 

ions can directly stabilize NF-B [273, 274], and also HIF-1 [138, 168] promoting 

NF-B activity in macrophages, neutrophils and non-immune cells [135, 142]. Based 

on our experimental data, we conclude that HIF-1 is an upstream signal for IL-1 

(transcription and/or secretion), and that both IL-1 and HIF-1 are implicated in 

lung inflammation induced by LCO particles [279]. In view of the particle properties, 

we also suggest that IL-1 can be activated either by lysosomal disruption (after 

particle endocytosis) or by ROS produced by particles via a Fenton-like reaction. We 

did not observe reduced fibrosis in IL-1 KO mice 2 months after LIB particle 

exposure (data not shown), supporting the fact that other events are necessary for 

the development of lung fibrosis. Some evidence support the role of an 

immunosuppressive phase (activation of Th2 lymphocytes and M2 macrophages 

and secretion of immunosuppressive cytokines and growth factors), activated by 

inflammation, that in turn deregulates the wound healing process [107, 117]. We 

also propose that Fe contained in ferruginous bodies (FB) present after 2 months in 

mouse lungs exposed to LCO [260], that can produce ROS via the Fenton reaction 

[124, 258], may further contribute to the oxidative stress and inflammation. In 

addition to inflammation, LCO particles also induce genotoxicity via the production 

of HO˙, leading to mutations [306]. Given that LCO particles are able to induce 

chronic inflammation, oxidative stress and mutations, as well as to stabilize HIF-1 
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which is involved in tumor growth, angiogenesis and metastasis [135], they might 

also be considered as able to induce lung cancer [278].  

Figure 28: Potential pathways induced by Co/Ni LIB particles leading to lung inflammation, 
fibrosis and mutations. Green = pathways or events observed in the present study, black = 
hypothetical pathways or events based on the literature. 
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Overall, LIB particles induce a range of events leading to different intensities of lung 

responses. We identified the Co/Ni content and their bioaccessibility as indicators 

of the toxic potential of LIB particles. A ranking in this subgroup of LIB particles can 

thus be established based on these characteristics.   

Mechanisms of LIB particle toxicity in a broader context 

We showed that some LIB particles can induce sub-chronic inflammation and 

fibrotic responses in mice. The mechanisms involved in the development of lung 

fibrosis (related to chronic inflammation induced by exogenous substances) are still 

incompletely understood but several efforts recently contributed to build a 

putative AOP organizing the events leading to lung fibrosis [229, 307, 308]. The AOP 

173 for lung fibrosis (“substance interaction with the lung resident cell membrane 

components leading to lung fibrosis”) places inflammation as an important 

mechanistic step [309] (Figure 29). 

 

Figure 29: AOP 173 “Substance interaction with the lung resident cell membrane 

components leading to lung fibrosis”. IL-1 and ROS (bubbles) are inflammatory mediators 

described in AOP 173. HIF-1 (clouds) was identified in this study and could participate in 
KE1 and 5. Adapted from [309]. 
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In this AOP, the MIE is the interaction between the substance and the components 

of the cellular membrane, which leads to the release of alarmins. The first KE is the 

secretion of pro-inflammatory and fibrotic mediators (KE 1), leading to 

inflammatory cell recruitment (KE 2). This results in the loss of alveolo-capillary 

membrane integrity (KE 3) and the activation of Th2 type cell signaling (KE 4), 

followed by fibroblast proliferation and differentiation (KE 5), as well as excessive 

extracellular matrix (ECM) and collagen deposition (KE 6). IL-1 has an important 

place as a pro-inflammatory cytokine implicated in the recruitment of inflammatory 

cells (KEs 1 and 2) and in fibroblast proliferation (KE 5). Several studies have 

investigated the implication of IL-1 in lung fibrosis by using KO mice or inhibitors, 

and showed a decrease of the fibrotic response [111, 112, 115, 310] or no change 

[114, 311]. In the present study, we confirmed the role of IL-1 in the development 

of inflammation. Thus, our data contribute to strengthen the essentiality of IL-1 in 

the lung responses to particles.  

ROS are also present in this AOP as actors of chronic inflammation and loss of 

alveolar membrane integrity (KEs 2 and 3). There is strong evidence that ROS, 

produced by particles or by cells in response to particles, or both, participate to 

their toxicity by initiating a sequence of pathological events, including 

inflammation, fibrosis, genotoxicity, and carcinogenesis [120, 121]. In this study, we 

showed that LCO [306] and LFP particles (data not shown) intrinsically produce ROS. 

However, we do not know if cells exposed to LIB particles produce ROS. We 

observed oxidative stress 3 days after particle exposure but not after 2 months 

[260]. This might indicate that only ROS directly produced by particles participate 

to the lung responses. In AOP 173, only secondary ROS (ROS produced by cells) are 

mentioned but not primary ROS (produced by the particles), probably because an 

AOP is not substance-specific, and not all particles produce ROS. We identified HIF-

1 as a key mediator of inflammation induced by LIB particles. The early HIF-1 

stabilization was probably due to the presence of Co/Ni ions. Stabilization of HIF-

1 two months after particle exposure was also observed with crystalline silica 

particles [260, 279], indicating that HIF-1 is also stabilized by other mechanisms 

than Co/Ni ions such as phenomena related to chronic inflammation and/or the 

establishment of fibrosis. Since hypoxia is the main inducer of HIF-1 stabilization, 
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this could be due to hypoxia resulting from the developing fibrotic tissue. HIF-1 

stabilization in fibrotic tissues was reported earlier in kidney and lung [145, 312, 

313], and HIF-1 deficiency in mouse attenuated bleomycin-induced pulmonary 

fibrosis [313]. The implication of HIF-1 in fibrosis is also supported by its role in 

myofibroblast differentiation as well as epithelial-mesenchymal transition via the 

TGF- pathway [140, 142, 147, 150, 151]. Unfortunately, we were not able to assess 

the implication of HIF-1 at long-term with inhibitors because mice did not tolerate 

the treatment. 

Overall, this suggests that HIF-1 could be included in AOP 173 as a central 

mediator in KEs 1 (pro-inflammatory mediators) and 5 (fibroblast proliferation and 

differentiation) (Figure 29). Further investigations on the role of HIF-1 in the early 

and later stages of lung inflammation and fibrosis could be useful to refine the 

existing AOP. 

Perspectives 

Exposure to LIB particles 

Our research focused on the hazard identification of particles used in LIB. To 

document the risk of lung toxicity associated to LIB particles for workers, or even 

for the general population in case of spray-paintable LIB, it is necessary to evaluate 

exposure levels. Currently, no data are available. Therefore, exposure monitoring 

of LIB particle air concentrations should be performed in industries. In this study, 

the no adverse effect level (NOAEL) for sub-chronic lung toxicity was 0.1 mg 

LCO/mouse and LCO was at least as toxic as crystalline silica. An appropriate 

inhalation study should be performed to derive tolerable exposure values, such as 

TLV-TWA, allowing the implementation of control and safety measures. 

Meanwhile, occupational exposure levels for crystalline silica (e.g. ACGIH TLV-TWA 

of 0.05 mg/m³, respirable fraction) may serve as upper limit values to control the 

risk of respiratory toxicity in LCO industries. 
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Categorization/grouping of LIB particles 

Because grouping strategies should allow predicting the hazard of the materials 

while limiting the number of testings, a ranking of LIB particles in terms of lung 

toxicity could be useful for industries. In this study, a distinction appeared between 

LIB particles containing Co/Ni and the others in terms of lung inflammation/fibrosis 

and associated mechanisms. Particles containing Co and/or Ni appear the most 

inflammatory. We thus suggest categorizing LIB particles in two groups: LIB 

particles containing Co and/or Ni (stronger lung inflammation via the capacity to 

stabilize HIF-1) and those without Co and/or Ni. To confirm the relevance of this 

grouping and refine the ranking, we need to perform additional studies, especially 

with LIB particles that do not contain Co or Ni, to strengthen the key role of Co and 

Ni. This approach might also be valid for lung fibrosis and should be further 

investigated, although we could not demonstrate so far any correlation between 

fibrotic responses and Co/Ni in [279]. However, this might not be appropriate for 

genotoxicity. Indeed, LFP particles are able to release Fe ions and to produce ROS 

as observed with EPR analysis (data not shown). LFP particles could thus also induce 

genotoxicity/mutagenicity but might have a lower cancer potency in the absence 

of HIF-1 stabilization.  

Other determinants of lung toxicity of LIB particles? 

During this study, we mainly focused on the implication of the chemical 

composition of LIB particles on their lung toxicity. However, size distribution, shape 

and presence of contaminants on or in the particles are other parameters that 

could strongly influence their toxicity. These parameters may in particular vary with 

the production process. The evaluation of the lung toxicity of particles with the 

same composition but from different origins could be useful to determine the 

possible impact of these parameters. In an exploratory experiment, we evaluated 

the in vitro stabilization of HIF-1 by LCO, LFP and LTO particles from three different 

producers (data not shown). None of the LFP and LTO particles induced HIF-1 

stabilization. The three LCO induced HIF-1 stabilization. However, LCO from MTi 

(used in [260, 279, 306]) induced a stronger HIF-1 stabilization at low particle 

concentrations than LCO from the two other producers. Further particle 
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characterization showed that LCO from MTi has the highest Co ion bioaccessibility 

at acidic pH and the smallest size distribution. This suggests that other parameters 

than those explored in this work, such as the particle size, should additionally be 

considered as determinants of the hazard of LIB particles. According to one of the 

main paradigms in particle toxicology stating that the smaller the size the greater 

the toxicity [103], it appears especially important to explore these aspects in the 

development of nanoparticles for LIB.   

Role of HIF-1 in lung fibrosis induced by particles  

Additional investigations on the role of HIF-1 in lung inflammation and fibrosis 

should be performed to refine mechanistic knowledge on the fibrotic process. Since 

mice did not survive to long-term treatment with HIF-1 transcriptional inhibitors, 

other models should be used, such as the cell-specific HIF-1 deficient mice [313]. 

Short-term administration of inhibitors at different stages of the fibrotic process 

could also help to identify the specific events involving HIF-1. 
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ANNEXES 

 

Supplementary data: publication 1 RESPIRATORY HAZARD OF LI-ION BATTERY 

COMPONENTS: ELECTIVE TOXICITY OF LITHIUM COBALT OXIDE (LICOO2) PARTICLES IN A MOUSE 

BIOASSAY, ARCHIVES OF TOXICOLOGY (2018) 

 

Figure S1: Particle size distributions 

Figure S2: LIB particles induce different acute inflammatory responses after 18h 

Figure S3: Elementary analysis of lung tissue 18 hours after exposure to LIB 

particles 

Figure S4: Localization of LIB particle elements in lung sections by ToF-SIMS after 

2 months  

Figure S5: Detection of elements by SEM-EDX in lung sections after 2 months 

Figure S6: Detection of elements in lungs by x-ray micro fluorescence (µ-XRF) 

 

Supplementary data: publication 2 HIF-1 IS A KEY MEDIATOR OF THE LUNG 

INFLAMMATORY POTENTIAL OF LITHIUM-ION BATTERY PARTICLES, PARTICLE AND FIBRE 

TOXICOLOGY (2019) 

 

Figure S7: Particle size distributions  

Figure S8: Lung sections of mice 2 months after treatment with LIB particles  

Figure S9: HIF-1 drives lung inflammation induced by LCO  

Figure S10: Comparison of in vivo and in vitro dose  

 

Supplementary data: publication 3 LiCOO2 PARTICLES USED IN Li-ION BATTERIES 

INDUCE PRIMARY MUTAGENICITY IN LUNG CELLS VIA THEIR CAPACITY TO GENERATE HYDROXYL 

RADICALS, PARTICLE AND FIBRE TOXICOLOGY (2020) 

 

Figure S11: LCO and LTO particle endocytosis by RLE cells 

Figure S12: Inflammatory dose-response to LCO and LTO particles 
  



Annexes 

 

150 

 

Supplementary data: publication 1 

 

Figure S1: Particle size distributions. LFP (a, d), LTO (b, e) and LCO (c, f) particle size 
distribution was assessed by laser diffraction in dry state (a-c) or in cyclohexane (d-f). 
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Figure S2: LIB particles induce different acute inflammatory responses after 18h. C57BL/6 
mice were exposed by oro-pharyngeal aspiration to NaCl (control), 0.5 or 2 mg LIB particles, 
2 mg crystalline silica (Sil) or 0.85 mg LiCl. Inflammation was assessed in the BAL after 18 
hours. LDH activity (a) and proteins (b) were measured in BALF; macrophages (c) and 

neutrophils (d) in BAL. Inflammatory cytokines IL-1 (e), IL-6 (f), TNF- (g) and IL-1 (h) 
were quantified by ELISA in the BALF. Only the highest dose of LCO increased LDH activity. 

Total proteins, IL-1, IL-6 and IL-1 were increased by all particles and slight increases in 

neutrophils were observed. LFP and LCO also upregulated TNF- levels. LCO had the 
strongest effect on all cytokines at the lowest dose. At the dose of 2 mg LCO, cytokine levels, 
except for IL-6, did not increase further, consistent with the slight decrease in BAL 
macrophages and increased LDH activity in BALF at the same dose, which could collectively 
reflect LCO damage to macrophages and/or epithelial cells. *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). 
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Figure S3: Elementary analysis of lung tissue 18 hours after exposure to LIB particles. Lungs 
of C57BL/6 mice exposed to NaCl, 0.85 mg LiCl, 0.5 and 2 mg LIB particles by oro-pharyngeal 
aspiration were analyzed after 18 hours by ICP-MS. Li (a), Fe (b), Ti (c) and Co (d) contents 
were measured in mineralized lavaged lung homogenates. Graphs show concentrations 
calculated by subtracting levels measured in control lungs from values in treated lungs. 
Percentages were calculated as a ratio to the exposure dose (n = 5, means ± SEM). 
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Figure S4: Localization of LIB particle elements in lung sections by ToF-SIMS after 2 
months. Lung sections from mice exposed to 2 mg LFP, LTO or LCO were analyzed after 2 
months by ToF-SIMS. ToF-SIMS maps show the distribution of Li and Fe in LFP- (d), Li and Ti 
in LTO- (e) and Li and Co (background signal, see below) in LCO-treated lungs (f). C, N, H 
distributions represent the lung matrix (a-c). Spectra show the detection of Co (g) and Li (h) 
in LCO lungs. Co spectrum corresponds to the background noise while Li spectrum reveals 
the presence of Li in LCO lungs. 
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Figure S5: Detection of elements by SEM-EDX in lung sections after 2 months. Lung 
sections of mice exposed to 2 mg LFP (a, d), LTO (b, e) or LCO (c, f) were analyzed after 2 
months. Lung sections were scanned by SEM (a-c) and analyzed by EDX (d-f). Lungs contain 
brilliant spots attributed to the presence of LIB particles. EDX spectra for zones 1 (brilliant 
spots) and 2 (lung matrix) are shown (d-f). 

Figure S6: Detection of elements in lungs by x-ray micro fluorescence (µ-XRF). Paraffin-
embedded lungs of mice exposed to 2 mg LFP (a), LTO (b) and LCO (c) were analyzed after 
2 months by µ-XRF. µ-XRF maps show the distribution of Fe and P (a) in LFP-, Ti (b) in LTO- 
and Fe and Co (c) in LCO-treated lungs. S distribution represents the lung matrix (a-c). 1 px 
= 76 µm. 
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Supplementary data: publication 2 

 

Figure S7: Particle size distributions. LCO (a, d), NCA (b, e), NMC 1:1:1 (c, f), NMC 6:2:2 (g, 
i) and NMC 8:1:1 (h, j) size distributions (weight based distributions (a-c, g-h) and number 
based distributions (d-f, i-j)) assessed by centrifugal liquid sedimentation. 
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Figure S8: Lung sections of mice 2 months after treatment with LIB particles. C57BL/6Jrj 
mice were treated with an oro-pharyngeal aspiration of NaCl (control), 0.5, 1 or 2 mg LCO, 
NMC 1:1:1, NMC 6:2:2, NMC 8:1:1, NCA or Co

3
O

4
. Lung sections were stained with Sirius red 

(magnification 200x). 
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Figure S9: HIF-1 drives lung inflammation induced by LCO. C57BL/6Jrj mice were treated 
with an oro-pharyngeal aspiration of NaCl (control) or 2 mg LCO. Mice were treated with 
i.p. injections of 20 mg/kg bw/d PX-478 or with the vehicle (saline solution with 10 % DMSO) 
at day -1, 1 and 2. Mice were euthanized after 3 days. Inflammatory cell infiltration was 
assessed in the BAL (a). Lung sections were stained with HE (magnification 10x) (b). *P < 
0.05, **P < 0.01 and ***P < 0.001 (t-test between PX-478 - and + mice for each condition, 
N = 1, n = 5, means ± SEM).  

 

Figure S10: Comparison of in vivo and in vitro dose 
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Supplementary data: publication 3 

 

 
 
Figure S11: LCO and LTO particle endocytosis by RLE cells. Rat lung epithelial cells (RLE) 
were exposed to NaCl or 50 µg/ml of LCO or LTO and treated with cytochalasin B 4 h after 
particle exposure. Endocytosis was assessed 24 h after particle exposure. Images of 
binucleated cells after treatment. White arrows designate some particles (a). 100 
binucleated cells were scored to determine the proportion of cells containing particles (b) 
as well as the number of endocytosed particles per cell (c). Bars represent means ± SEM (N 
= 1, n = 2). 
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Figure S12: Inflammatory dose-response to LCO and LTO particles. Wistar rats were 
treated with an oro-pharyngeal aspiration of NaCl (control, CTL), 0.1, 0.3, 1 or 5 mg LCO or 
LTO particles. Inflammation was assessed after 3 days. LDH activity (a) and proteins (b) were 
measured in the BALF, recruited inflammatory cells in the BAL (c). Bars represent means ± 
SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 relative to CTL mice (one-way ANOVA followed 
by a Dunnett’s multiple comparison, N = 1, n = 4). 
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