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1. INTRODUCTION 

The use of nanostructures as innovative material proved to be a successful tool for 

product development. Therefore, the use of engineered nanomaterials substantially 

increased over the last decades. The promising characteristic is the higher surface 

area per mass ratio of smaller particles compared to their larger counterparts 

suggesting higher surface reactivity and consequently enhanced biologic activity 

(Oberdörster et al., 2005). An old and well-known example for product improvement is 

the integration of nano-TiO2 in sunscreen due to higher UV-resistance. Compared to 

microscale TiO2, it ensures better protection and easier application. Other product lines 

including food products, packaging, and electronics also take advantage of such 

beneficial characteristics. However, the application of nanomaterials could be a mixed 

blessing, since some materials bear a certain toxic potential, and higher biological 

activity can also result in increasing toxicity. Furthermore, nanomaterial might act 

completely different on organisms and yield new characteristics compared to the 

micro-sized equivalent (Oberdörster et al., 2005). Determination of the hazard potential 

is therefore necessary for safe use. Regulations like “REACH” (European Commission 

regulation for the “Registration, Evaluation, Authorization and Restriction of 

Chemicals”) for safety testing of new and existing products control market application, 

aiming at consumer and environmental protection against hazardous substances. 

These regulations are also applicable for nanomaterials.   

The present research project was initiated to provide information on toxic effects of two 

frequently used nanoparticles: cerium oxide and barium sulfate. Due to high catalytic 

activity CeO2 is used, for example, as diesel fuel additive for better fuel consumption. 

BaSO4 is approved for the use in paints or coatings, and many other products, since it 

is classified as chemically inert and non-toxic. To ensure sufficient knowledge on the 

substance characteristics the two representatives used in this study (CeO2 NM-212 

and BaSO4 NM-220) were purchased from the European Commission Joint Research 

Center (JRC) nanomaterial repository (Ispra, Italy).  

The project was funded by the German Federal Ministry of Education and Research 

(BMBF – 03X0149A). It further is an addition to a combined chronic inhalation toxicity 
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and carcinogenicity study with CeO2 and BaSO4 (BASF, Ludwigshafen, Germany; 

NANoREG program, 81|0661/10|170).  

The study design is shown in Figure 1. Rats were exposed to different concentrations 

of CeO2, covering the low dose range, as well as to one concentration of BaSO4. After 

1, 28 and 90 exposure days as well as 28 and 90 post-exposure days different 

investigations were performed, including lung burden measurements, bronchoalveolar 

lavage (BAL) analysis, hematology, histopathology, gene expression analysis and 

immunohistochemistry.  

 

1.1 Investigation of Nanoparticle Inhalation 

The potential of nanomaterial to cause toxic effects after inhalation requires 

investigation of this exposure route. The Organization for Economic Co-operation and 

Development (OECD) provides guidelines for the conduction of such toxicological 

examinations. The guideline applied in the current project was the “OECD Guideline 

for the Testing of Chemicals 413 – Subchronic Inhalation Toxicity: 90-Day Study” 

(OECD, 2009c). It specifies the experimental design of a 90-day nose-only or whole-

body inhalation exposure in terms of exposure duration and setup, animal species and 

numbers, substance characteristics, and concentrations as well as specific endpoints 

(OECD, 2009c). Investigations are not limited to the ones mentioned, and not all 

examinations are always required. Adjustments can be made depending on the actual 

Figure 1 Overview of study design. 

RECOVERYEXPOSURE

0 100 200Day

1 28 90+1 90+28 90+90

Lung Burden, BAL, Hematology, Histopathology (TG OECD 413 required)

Gene Expression, Immunohistochemistry (additional)

0.1, 0.3, 1.0, 3.0 mg/m³ CeO2 NM-212
50.0 mg/m³ BaSO4 NM-220
6 hours/day, 5 days/week
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scientific issue. In 2017 a revised version of OECD TG 413 was published (OECD, 

2017). The main reason for revision was the need for guidance on the testing of 

nanoparticles. It further addresses changes in sample preparation like lung splitting for 

BAL and histopathology and the importance of lung burden measurements for poorly 

soluble test materials. Also, the required mass median aerodynamic diameter (MMAD) 

and geometric standard deviation (GSD) of the particulate aerosol were adapted from 

1 – 3 µm to ≤ 2 µm (MMAD) and 1.5 – 3.0 to 1.0 – 3.0 (GSD). 

The guideline studies aim on assessment of potential health effects in humans. The 

investigations are performed in model organisms, primarily rodents. It is, therefore, 

necessary to extrapolate generated data from the animal model to mirror human 

assessment. Respective calculations could be quite complex and different aspects 

need to be considered. For particles, Brown et al. (2005) stated differences in 

susceptibility between rats and humans during acute and chronic exposure. Also, the 

clearance rate of rat lungs is faster than human lungs, which needs to be considered 

for dose selection.   

Adequate risk assessment of a certain compound often requires the determination of 

a “No Observed Adverse Effect Level” (NOAEL). This concentration can be determined 

based on toxicology studies covering different dose groups. Dorato and Engelhardt 

(2005) reviewed different approaches on NOAEL definitions: The NOAEL can basically 

be described as the highest dose, at which no significant increase in adverse effects 

occur. A uniform definition of this term, however, is missing, and decisions, whether or 

not effects are rated as adverse, could differ.  

 

1.1.1 Aerosol Generation 

Aerosol generation for inhalation studies can be executed via different mechanisms. 

The method should be selected based on the substance characteristics and study aim. 

For many studies the bulk material needs to be dispersed to achieve size distributions 

with inhalable particle fractions. It is indifferent if the test substance is a liquid or a 

powder, the common principle is based on introducing mechanical energy into a 

system and transforming it to surface energy by disintegration or dispersion of the liquid 
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or powder, respectively (Koch, 1998). A commonly applied method to achieve this 

energy transfer is the use of compressed air. In this method liquid or powder is sucked 

from a reservoir into a high speed air flow, generated with a dispersion nozzle (Koch, 

1998). Dispersion is achieved by pressure and shear forces (Koch, 1998). 

Modifications of particle size distributions can be obtained by adjustment of air 

pressure. For nanoparticles like CeO2 and BaSO4, which are insoluble in water, or 

other solvents, dry powder dispersion is the method of choice. The particle dispersion 

can be achieved in different ways. The material can be delivered to a rotating 

perforated disc and sucked out of the cavities through a tube into the compressed air 

flow (Figure 2) (Koch, 1998). By changing the rotational speed of the disc, the feed 

rate and therefore the particle dose can be adjusted. Another tool for dispersion is the 

use of a rotating brush. Here, the material is pressed out of a piston towards a rotating 

brush, which is passed by a compressed air flow for aerosol dispersion (Koch, 1998; 

Wong, 2007). The advantage of the former method is higher accuracy and lower test 

substance consumption. After dispersion, the generated aerosol is transferred to an 

exposure unit, e.g. a concentric cylinder for nose-only delivery (Chapter 1.1.2).  
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To ensure adequate particle concentrations and size distributions different 

measurement methods are applicable. The ones used in this study are described in 

detail by different authors (Koch, 1998; Phalen, 2009). To summarize the major facts, 

the simplest method for determination of particle mass concentrations is filter sampling. 

Therefore, the aerosol is sucked from the exposure system at a known flow rate and 

passed through a glass fiber or membrane filter. Filters are weighed before and after 

sampling and concentrations are calculated based on the net weight, and the total 

volume passing the filter. This method provides the concentration average over the 

respective sampling time. Temporal aerosol concentrations, in contrast, can be tracked 

by a photometer, which is connected to the air flow. It contains a light source and a 

light detector and measures light scattering of the particles passing the light beam. An 

instrument, also described by Koch (1998) and Phalen (2009), for determination of 

particle size distribution is the cascade impactor. A staggered arrangement of nozzle 

plates and deposition surfaces each defining a certain particle size fraction. They 

describe the principle like particle deposition in the upper airways: The particle 

containing air stream passes the different impactor stages and the particles deposit via 

Figure 2 System for aerosol generation by dry powder dispersion and nose-only inhalation.  

Reprinted by permission from Springer Nature: Springer, Methods in Pulmonary Research, Application of Aerosols, 
W. Koch, © Springer Basel AG 1998 Koch (1998). 
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impaction due to airflow changes induced by the nozzle plates. Smaller particles follow 

the streamline further to the bottom plates while larger particles deposit on top stages. 

The deposition surfaces can be removed and analyzed by weight for calculation of the 

particle amount in each size fraction.  

 

1.1.2 Nose-only vs. Whole-body Inhalation 

There are different methods of aerosol application to the experimental animal. For 

rodent inhalation studies typically nose-only or whole-body inhalation is used. In whole-

body inhalation setups the animals are housed in chambers which are connected to 

the aerosol generation system and continuously flooded with aerosol. Advantages are 

the simplicity of the system, and animal welfare in terms of the opportunity of group 

housing creating a less stressful environment (Koch, 1998; Wong, 2007). However, 

whole-body exposure requires a large amount of test material, whereas only a small 

fraction is eventually inhaled by the animals (ratio 1:60) (Koch, 1998). Also, due to 

natural grooming activity oral uptake of the substance cannot be excluded and needs 

to be considered for interpretation of results (Wong, 2007). A more accurate and less 

material consuming method is nose-only exposure (Figure 2) (Koch, 1998; Wong, 

2007; Phalen, 2009), which is the preferred exposure method for guideline studies 

(OECD, 2009a). The animals are placed in tubes connected to a concentric cylinder 

flooded with aerosol; it is applied to the breathing zone where exhaled air is directed 

through the outer cylinder to avoid mixing with fresh aerosol (Koch, 1998). The 

efficiency in terms of inhaled substance vs. aerosol passing the system without being 

inhaled is 1:5 (Koch, 1998).   

 

1.2 Nanoparticle Inhalation 

According to the European Commission recommendation (Potočnik, 2011) a material 

is defined as “nano” when ≥ 50% of the particles are present in an unbound state, 

aggregate or agglomerate and display a size of 1 – 100 nm in at least one dimension. 

Due to the emerging field of nanotechnology humans are frequently exposed to 
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nanoparticles in occupational settings as well as commercial settings. The route of 

exposure can vary. Nanoparticles in cosmetics might enter the organism via the skin, 

if present in food or food packaging they might be consumed orally. However, many 

nanoparticles are airborne, or there is a significant risk of inhalation exposure during 

product manufacturing. Hence, the most relevant exposure route is inhalation of 

aerosols, as they consist of air suspended liquid or solid particles (Koch, 1998), 

oftentimes containing a significant amount of nanostructures.  

 

1.2.1 Particle Deposition in the Lung 

Particle deposition in the airways primarily depends on particle size, but is also driven 

by other physico-chemical characteristics like density or shape as well as airway 

structure, air velocity and gravity (de Boer et al., 2002; Heyder, 2004). With decreasing 

particle diameters deeper parts of the lungs are reached; materials with dimensions in 

the nanometer range are able to penetrate all regions down to the alveoli as the 

deepest part of the respiratory system. The respective deposition mechanisms also 

depend on particle size.  The respiratory tract could be divided into three parts, based 

on the main physical events dominating particle deposition, which are inertial 

impaction, sedimentation and diffusion. Figure 3 illustrates the different deposition 

fractions depending on the particle diameter.  

A common entity is required to compare different material types and predict deposition. 

The aerodynamic diameter (dae) describes the diameter of an object of interest with a 

certain settling velocity based on the diameter of a sphere with a density of 1, and the 

same settling velocity as the object (de Boer et al., 2002). Application of this parameter 

allows comparison of different materials, and their deposition probability based on their 

individual aerodynamic characteristics. However, for very small particles, diffusion 

determines deposition rather than the aerodynamic diameter,  and the diffusion 

equivalent diameter should be considered (Koch, 1998). In aerosols the MMAD and 

the GSD is usually used to determine particle distribution. The MMAD is the median 

particle diameter of all diameters measured in the aerosol, and the GSD describes the 

distribution width (Wong, 2007; Jaafar-Maalej et al., 2009).  
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In the extrathoracic and upper bronchial airways larger particles (MMAD > 3 µm) 

deposit by inertial impaction, which describes collision with the airway walls caused by 

sufficient momentum to keep the initial movement direction of the particle at air stream 

direction changes (Stuart, 1984; Heyder, 2004; Carvalho et al., 2011). Aside from the 

dependence on particle density and diameter, this phenomenon is influenced by air 

velocity and viscosity as well as the airway radius (Carvalho et al., 2011). High velocity 

increases likelihood of deposition via impaction, while high viscosity and larger airways 

decrease it. In lower bronchial airways down to the gas exchange region air velocity 

decreases and air stream directional changes are less abrupt (Heyder, 2004). The 

mechanism of deposition switches from impaction to sedimentation which describes 

the time-dependent process of settlement due to gravitation (Heyder, 2004; Carvalho 

et al., 2011). Particles with a diameter > 0.1 µm might be influenced by gravitation and 

this deposition mechanism becomes more likely with increased diameter. In contrast, 

with decreased size, the likelihood of sedimentation is lowered because smaller 

particles are less affected by gravitation. They reach the alveoli and deposition is 

dominated by diffusion processes (Brownian motion) (Stuart, 1984; Koch, 1998; 

Heyder, 2004; Carvalho et al., 2011). The correlation between particle size and 

deposition are now inverse. Smaller objects are more affected by collision with other 

molecules in terms of directional changes, and random movements; they also travel 

longer distances via diffusion (Heyder, 2004; Carvalho et al., 2011).  

In other words, particles with a diameter < 0.1 µm are exclusively affected by diffusional 

deposition, particles > 0.1 µm can also be affected by gravitation, while for particles > 

1 µm diffusional processes are negligible and sedimentation or impaction are crucial 

(Stuart, 1984; Heyder, 2004). Also, particles 0.1 – 1 µm in size are, in general, exhaled 

and only small fractions are deposited (Jaafar-Maalej et al., 2009).      
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The described particle size dependent deposition mechanisms determine the previous 

recommendation to achieve a MMAD < 3 µm and a GSD of 1.5 – 3.0 in repeated 

inhalation exposure studies (OECD, 2009a), which has recently been lowered to ≤ 2 

µm (OECD, 2017), in order to ensure inhalability and partially exposure of deep lung 

compartments. (Hinds, 1999) 

1.2.2 Clearance and Overload 

Based on its function, the respiratory system could be divided into two compartments: 

the conducting and the respiratory zone. Gas exchange only takes place in the 

respiratory compartment which consists of respiratory bronchioles and alveoli. The 

conducting part covers the whole respiratory tract from nasal cavity to terminal 

bronchioles and is responsible for air heating, moistening, and filtering. Major parts are 

lined by ciliated respiratory epithelium. Embedded in the epithelium are goblet cells 

Figure 3 Predicted respiratory deposition fractions depending on the particle diameter for nose breathing humans. 

Total = total deposition fraction, Alv = alveolar deposition fraction, TB = tracheobronchial deposition fraction; Head 
Airways = extrathoracic deposition fraction.  
Reprinted from International Journal of Pharmaceutics, Volume 406, T. Carvalho, J. Peters, R. Williams, Influence 
of particle size on regional lung deposition – What evidence is there?, Pages 1-10, © Elsevier B.V. (2011), with 
permission from Elsevier and from Wiley Books, W. Hinds, Aerosol Technology: Properties, Behavior, and 
Measurement of Airborne Particles, 2nd Edition, © John Wiley and Sons (1999), with permission from John Wiley 
and Sons. Carvalho et al. (2011), Hinds (1999). 
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responsible for mucus production. The cilia together with the mucus present an 

efficient entity for clearance of unwanted material (mucociliary clearance). Particles 

deposited in the conductive airways are surrounded by mucus and transported by 

directed movement of the cilia towards the oral cavity, where they are eliminated via 

the gastrointestinal tract. As summarized by Geiser and Kreyling (2010), in rodents, 

microparticles are usually cleared within 24 – 48 hours via mucociliary transport. 

However, for nano-sized material it differs as elimination time increases in deeper 

airway regions due to longer distances and lower velocity. In the respiratory zone, 

macrophages are responsible for clearance. They internalize particles via 

phagocytosis and migrate towards the upper airways for elimination via the mucociliary 

escalator, or lymphatic clearance (lung associated lymph nodes (LALN) and the 

bronchus-associated lymphoid tissue (BALT)). The latter is especially relevant for 

particles present in the interstitium (Adamson and Bowden, 1982; Geiser and Kreyling, 

2010). Elimination from the lung is further dependent on the materials solubility. 

Soluble fractions can translocate through the alveolar epithelium and enter the blood 

circulation. Since many particles are rather insoluble the main elimination path is 

phagocytosis by macrophages and mucociliary clearance (Geiser and Kreyling, 2010).   

Healthy rodent lungs need about 60 – 70 days to eliminate 50% of the deposited 

particles (Morrow, 1988; Oberdörster, 1995, 2002; Brown et al., 2005; Pauluhn, 2011). 

High particle concentrations often cause lung overload accompanied by impairment of 

clearance mechanisms resulting in increased elimination halftimes. Since particle 

deposition and related effects are driven by physico-chemical characteristics of the 

material, approaches have been established to explain overload based on particle 

volume or specific surface area. Morrow (1988) estimated an overload threshold of 

1 µL particulate matter/g lung for particles with a density of 1 g/cm³. Higher levels cause 

volumetric overload of alveolar macrophages leading to reduced particle clearance, 

while volumes below this values do not affect macrophage migration. The respective 

threshold needs to be adjusted based on the density of the material. Particles with 

higher densities thus affect clearance at higher volumes (Tran et al., 2000). Tran et al. 

(2000) suggested an overload threshold of 200 – 300 cm² specific surface area per g 

lung, measured by the changes in polymorphonuclear neutrophils (PMN) numbers in 
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BAL as indicator for inflammation. They chose the PMN number as critical parameter 

since it is a very sensitive marker, and evidence is given that the specific surface area 

of particles contributes to inflammation induction. Values above the threshold cause a 

linear increase in the number of neutrophils and were correlated to impaired clearance. 

They further assumed that macrophage migration and clearance is affected by the 

severity of the inflammatory reaction rather than the particle load. For different types 

of particles, one or the other hypothesis might be more relevant and provide reference 

if clearance is more likely affected by the materials volume, or the specific surface area.  

  

1.3 Adverse Effects of Nanoparticle Inhalation 

Along with its deposition and the activation of clearance mechanisms nanoparticles 

can interfere with, and consequently affect cellular structures. Severity of effects 

depends on material characteristics but also on the amount of substance applied and 

the duration of exposure. As described earlier, in an overload situation, cellular 

responses are most likely related to exhaustion of the system due to high substance 

amounts. Even more critical are substance specific effects. As reviewed by Schins 

(2002), some nanoparticles for instance are known to induce oxidative stress, likely 

due to a surface reactivity or particles affect intracellular structures after internalization. 

Such effects need to be investigated in the absence of overload.  

 

1.3.1 Inflammation 

The first line of defense against nanomaterial entering the alveoli is uptake and 

elimination by alveolar macrophages. This early immune cell activation is a natural 

reaction, not rated as adverse. However, it could trigger recruitment and activation of 

further immune cells like neutrophils and lymphocytes and thus support inflammation 

induction in second instance. Respective molecular reactions are mediated by the 

release of cytokines and other inflammatory mediators. Not only inflammatory cells, 

but every respiratory cell can release cytokines and therefore contribute to 

inflammation (Borm and Driscoll, 1996). The reaction can be quite complex and highly 
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variable. Based on in vivo inhalation studies evidence is proven, that CeO2 

nanoparticles induce pulmonary inflammation (Srinivas et al., 2011; Demokritou et al., 

2013; Aalapati et al., 2014; Gosens et al., 2014; Keller et al., 2014; Landsiedel et al., 

2014; Morimoto et al., 2015; Larsen et al., 2016). Mediators like Tnf-α, Il-1β, or Il-6 

(Aalapati et al., 2014; Srinivas et al., 2011) as well as Mcp1/Ccl2, or Cinc1/Cxcl1 (Keller 

et al., 2014; Landsiedel et al., 2014; Morimoto et al., 2015) were increased in BAL fluid 

in respective studies. Ccl2 or related chemokines like Ccl7 or Ccl17 and Ccl22 are 

known to trigger immune cell recruitment (neutrophils, lymphocytes, monocytes) 

(Proost et al., 1996; Imai et al., 1999; Nakanishi et al., 2006). Interleukins including Il-

1α and Il-1β in turn have been identified to stimulate the release of chemokines like 

Ccl2 (O'Brien et al., 1998; Manzer et al., 2006). The inflammatory reaction is necessary 

and important for protection against foreign material, but can be harmful for the 

organism e.g. in terms of tissue damage (Abbas and Lichtman, 2011). Especially, 

when the reaction remains persistent the risk of chronic adverse health effects 

Figure 4 Potential cellular events and chronic effects caused by continuing high particle exposure. AM = alveolar 

macrophage, PMN = polymorphonuclear neutrophil, IM = interstitial macrophages.  
Reprinted from Regulatory Toxicology and Pharmacology, Volume 21, G. Oberdörster, Lung Particle Overload: 
Implications for Occupational Exposure to Particles, Pages 123-135, © Academic Press (1995), with permission 
from Elsevier. Oberdörster (1995). 
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becomes more critical. Oberdörster (1995) described the potential mechanisms with 

respect to high particle exposure and overload. Even though substance specific effects 

were not addressed, his review accurately presents underlying molecular events 

(Figure 4): The particle related immune cell activation leads to mediator release; 

besides cytokines, also including growth factors, proteases and oxidants. This causes 

epithelial damage and the risk of increased proliferation as well as exacerbation of the 

inflammatory response. Respective events are the precursor of fibrosis and tumor 

development. Also, as previously described, lung overload leads to impaired 

clearance. As a result, penetration of the interstitial tissue becomes more likely, which 

additionally increases the risk of fibrosis. The inflammatory mediators mentioned early 

might serve as markers for inflammation and can be detected on gene and protein 

level. For fibrosis and tumor development e.g. enzymes involved in tissue remodeling 

(matrix metallopeptidases) were established as indicators.  

 

1.3.2 Oxidative Stress 

Oxidative stress is defined as an imbalance between pro- and anti-oxidative molecules 

caused by an increased level of reactive oxygen species (ROS) (Sies, 1986, 1997). As 

highly reactive molecules, ROS bear the ability to interact with structures like 

membranes or the DNA, and potentially cause tissue damage. However, they are 

naturally involved in many biological processes. For instance, inflammatory cells 

generate ROS as part of their defense activity. Since this redox system is highly 

vulnerable for imbalances every organism also bears enzymatic and non-enzymatic 

anti-oxidative systems (Sies, 1986).  

Oxidative stress could be a result of nanomaterial exposure. It might be induced either 

indirect, e.g. via the rise of an inflammatory reaction as described in the previous 

chapter, and excessive release of ROS by activated immune cells; or the nanoparticles 

bear an intrinsic redox-activity. CeO2 inhalation has been shown to induce oxidative 

stress in vivo (Yokel et al., 2012; Aalapati et al., 2014; Nemmar et al., 2017). CeO2 

particles bear a certain redox-potential due to Ce3+/Ce4+ ion formation on their surface. 

Effects on the oxidative balance of an exposed organ is therefore reasonable. 
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However, as discussed by Celardo et al. (2011) an anti-oxidative potential expressed 

as ROS scavenging by mimicking superoxide dismutase or catalase activity also 

seems likely. The impact of CeO2 nanoparticles on oxidative stress levels are thus 

controversial, and it is unclear if increased parameters originate from direct or indirect 

mechanisms. Anti-oxidative molecules or enzymes like glutathione (GSH) and 

lactoperoxidase (LPO) are suitable markers to determine the oxidative stress level 

after substance exposure.  

A continuing level of oxidative stress in a cellular system also increases the risk of 

long-term adverse effects. ROS can cause DNA damage, e.g. base oxidations. The 

interaction of oxygen radicals like ∙OH or ∙O2- with the DNA causes guanine oxidation 

and the formation of 8-hydroxy-2'-deoxyguanosine (8-OHdG) (Kasai, 1997). If not 

repaired, the presence of the guanosine derivate leads to mutations due to wrong base 

pairing during transcription. Two hypotheses regarding genotoxicity involving ROS 

exist. They are also considered for particle toxicity as reviewed by Schins (2002): 

Increased ROS production by inflammatory cells as part of a present inflammation (due 

to particle exposure) can lead to DNA damage, and is considered as secondary or 

indirect genotoxicity. Potential mechanisms of primary genotoxicity are more complex 

and can be related to ROS production by the particles intrinsic characteristics like 

surface reactivity, or they are initiated by the particles direct interaction with the DNA 

or cellular structures involved in proliferation processes. Primary genotoxicity is less 

investigated and should be addressed in particle toxicity studies. This absence of 

inflammation needs to be guaranteed, which often is not achieved due to high particle 

concentrations.   

 

1.3.3 The Role of Alveolar Epithelial Cells 

The alveolar compartment of the respiratory tract is lined by two types of epithelial 

cells: alveolar epithelial cells or pneumocytes type I (AEI), and alveolar epithelial cells 

or pneumocytes type II (AEII). The former build up the blood-air barrier together with 

endothelial cells and a basement membrane. This barrier is essential for proper gas 

exchange, and prevents air, out of the alveoli, from entering the blood and vice versa. 
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As comprehensively reviewed by Fehrenbach (2001), AEII cells are a crucial 

component of the alveolus, essential for maintenance of the whole system with regards 

to cell-cell interactions; they function as progenitor for AEI cells, and are the source of 

surfactant, and therefore maintain surface tension and prevent the lungs from collapse. 

Weibel (2017) assessed, based on early investigations of Crapo et al. (1982), that an 

average alveolus contains about twice the amount of AEII cells compared to AEI cells 

whereas the surface covered by AEI cells is 30 times larger and 95% of the alveolus 

is lined by AEI cells. Also, AEI cells are very thin (0.36 µm) compared to the spherical 

AEII cells (5.03 µm), which is attributed to their function as diffusion barrier, and thus 

are only twice the volume of AEII cells.  

The frequent interaction between AEII cells and other cells present in the respiratory 

tract is manifested as an essential contribution to defense against foreign material. 

AEII cells have been shown to release chemokines like Ccl2 and Ccl5 for macrophage 

recruitment (Standiford et al., 1991; Paine et al., 1993; O'Brien et al., 1998), and the 

surfactant production further supports macrophage phagocytosis activity (Pison et al., 

1994). As a result the cells influence clearance processes and contribute to potential 

inflammation induction. In response to nanoparticle exposure they are assumed to be 

a major contributor in cytokine release for neutrophil recruitment (Chen et al., 2016). 

Macrophage attraction by AEII like cells after nanoparticle exposure has further been 

reported in vitro (Barlow et al., 2005).  

Also, evidence is given that AEII cells affect the oxidative stress level in the alveoli. 

ROS production by a membrane bound NADPH-oxidase type of enzyme has been 

demonstrated (van Klaveren et al., 1997), and oxidative stress responses have been 

shown in AEII like cells after nanoparticle exposure in vitro (Frick et al., 2011; Xie et 

al., 2012).  

As AEII cells also interact with fibroblasts, a potential influence on lung fibrosis seems 

reasonable. Even though evidence is given that hyperplastic AEII cells contribute to 

fibrosis development, their actual role on the pathogenesis remains uncertain 

(Fehrenbach, 2001). Ma et al. (2017) recently demonstrated that CeO2 nanoparticles 

affect fibrosis-related morphological transmission mechanisms of AEII cells. The ability 
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of AEII cells to proliferate and differentiate into AEI cells also suggests the potential of 

tumor development, especially in situations of cell damage where cell turnover rates 

are increased. A relationship between nanoparticle exposure, AEII cells, and potential 

long-term adverse health effects should, therefore, be taken into consideration. 

Due to its contribution in a great variety of cellular processes and their imperative 

nature in lung function maintenance, disturbance of AEII cell homeostasis by toxic 

substances is assumed and considered as critical. Therefore, studying the influence 

of toxic substances on AEII cells is important to elucidate the molecular mechanisms 

of action.  

 

1.3.4 Nanoparticle Uptake and Systemic Effects 

Soluble particles easily translocate via the respiratory epithelium into the blood 

circulation after dissolution. However, even insoluble particulate matter might 

translocate and become systemically available after internalization into epithelial cells, 

or penetration of the interstitium and subsequent release into capillaries (Oberdörster, 

1988). Investigations on different airway epithelial cell types exposed to nanoparticles 

on an air-liquid interface, showed that particles were internalized by all tested cell types 

(Schaudien et al., 2012). They end up in vacuoles or multivesicular composite and 

laminar bodies (A549 cells), but also in the cytoplasm; phagocytosis and endocytosis 

were suggested to be the major routes of uptake (Schaudien et al., 2012).  

Evidence is proven that small amounts of insoluble cerium translocate to 

extrapulmonary organs after CeO2 nanoparticle inhalation (Aalapati et al., 2014). 

Investigations with radio-labeled CeO2 nanoparticles showed that translocation via the 

gastrointestinal (GI) tract after mucociliary clearance did not contribute to systemic 

distribution, since uptake in the GI tract was negligible (He et al., 2010). The particles 

thus translocate via the respiratory epithelium. He et al. (2010) further showed that 

crossing of the blood-air barrier was quite fast (about 10 min) and target organs were 

liver, spleen, bone, and kidney.  
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2. OBJECTIVES 

This project was initiated to investigate potential harmful effects of two representative 

nanomaterials (CeO2 NM-212 and BaSO4 NM-220) after inhalation.  

CeO2 was selected as representative because of its relevance for humans and despite 

available toxicity data, research is still necessary, especially with respect to long-term 

effects. Also it belongs to the group of poorly soluble nanoparticles included in current 

research on grouping approaches (Arts et al., 2014; Arts et al., 2015). The generated 

data could help to further define grouping concepts and develop CeO2 as a suitable 

representative for extrapolation to related nanoparticles with mutual characteristics.  

BaSO4 also contributes to grouping approaches and serves as representative for a 

nanomaterial with no intrinsic toxicity. However, it is of special interest since BaSO4 

does not act like other poorly soluble particles after inhalation. It is cleared from the 

respiratory tract rapidly without inducing overload. The explicit reasons are still 

unknown. Its inclusion in this study at a very high concentration should therefore 

provide additional data and better insights on potential clearance mechanisms. 

The 90-day inhalation toxicity study, according to OECD TG 413 (OECD, 2009c), was 

conducted to cover acute to subchronic effects of nanoparticle exposure as well as 

potential persistency of effects during 90-day recovery. Nanomaterial is frequently 

used in different applications while its risk assessment is still insufficient. Data and 

research on long-term effects is minimal and most studies address high concentrations 

at overload conditions. The current study therefore is an additional project (similar 

experimental conditions) to a combined chronic inhalation toxicity and carcinogenicity 

study with CeO2 and BaSO4 (BASF, Ludwigshafen, Germany; NANoREG program, 

81|0661/10|170; OECD TG 453 (OECD, 2009b)). Early stages of exposure should be 

investigated in more detail, and further scientific issues not covered by the 2-year 

carcinogenicity study should be addressed. Additional sensitive endpoints (gene 

expression, immunohistochemistry) were included, aiming on the selection of early 

biomarkers for later occurring adverse effects. Furthermore, the detailed gene 

expression analyses should provide information on potential molecular mechanisms of 
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action of the nanoparticles, and the contribution of alveolar epithelial cells type II after 

inhalation.  

The selected concentration range of 0.1, 0.3, 1.0, and 3.0 mg/m³ CeO2 NM-212 and 

50.0 mg/m³ BaSO4 NM-220 is based on the long-term study and should cover low 

particle dose exposure. A situation of absent inflammation and absent overload should 

be achieved at the low doses (0.1 and 0.3 mg/m³), inflammation at absent overload at 

the mid dose (1.0 mg/m³) and inflammation and overload at the high dose (3.0 mg/m³) 

(Keller et al., 2014). The absence of overload is important to detect effects related to 

particle-specific characteristics (e.g. surface reactivity) and gain insight into linked 

mechanism like oxidative stress or primary genotoxicity. The four doses concept 

ensures adequate extrapolation and determination of a NOAEL.  

The additional endpoints should result in early biomarker establishment for the 

prediction of nanoparticle adverse effects. This is directed towards the reduction of 

cost-intensive and animal-consuming long-term studies. The study complies with 

regulations of REACH for the risk assessment of chemicals, and it supports the overall 

goal of the European Union to reduce animal experiments according to the “3R 

Principle” for replacement, reduction and refinement of animal experiments (Russell 

and Burch, 1959). 
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Effects from a 90-day inhalation toxicity
study with cerium oxide and barium sulfate
nanoparticles in rats
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Abstract

Background: Nanomaterials like cerium oxide and barium sulfate are frequently processed in industrial and consumer
products and exposure of humans and other organisms is likely. Generally less information is given on health effects and
toxicity, especially regarding long-term exposure to low nanoparticle doses. Since inhalation is still the major route of
uptake the present study focused on pulmonary effects of CeO2NM-212 (0.1, 0.3, 1.0, 3.0 mg/m3) and BaSO4NM-220
nanoparticles (50.0 mg/m3) in a 90-day exposure setup. To define particle-related effects and potential mechanisms of
action, observations in histopathology, bronchoalveolar lavage and immunohistochemistry were linked to pulmonary
deposition and clearance rates. This further allows evaluation of potential overload related effects.

Results: Lung burden values increased with increasing nanoparticle dose levels and ongoing exposure. At higher
doses, cerium clearance was impaired, suggesting lung overload. Barium elimination was extremely rapid and without
any signs of overload. Bronchoalveolar lavage fluid analysis and histopathology revealed lung tissue inflammation with
increasing severity and post-exposure persistency for CeO2. Also, marker levels for genotoxicity and cell proliferation
were significantly increased. BaSO4 showed less inflammation or persistency of effects and particularly affected the
nasal cavity.

Conclusion: CeO2 nanoparticles penetrate the alveolar space and affect the respiratory tract after inhalation mainly in
terms of inflammation. Effects at low dose levels and post-exposure persistency suggest potential long-term effects
and a notable relevance for human health. The generated data might be useful to improve nanoparticle risk
assessment and threshold value generation. Mechanistic investigations at conditions of non-overload and absent
inflammation should be further investigated in future studies.

Keywords: In vivo, Subchronic inhalation, Nanoparticles, Cerium oxide, Barium sulfate, Inflammation, Overload, Long-
term effects, Persistency

Background
The use of nanomaterials in industry and consumer
products is still intensively expanding. Due to a greater
surface area per mass compared to their micro-sized
counterparts, nanoparticles provide beneficial character-
istics for efficient product improvement. Nanomaterials
are used in many different application fields including
the chemical sector, food industry as well as cosmetics

and pharmaceuticals. Subjects of this study were cerium
oxide and barium sulfate nanoparticles. To generate data
on the safe use of such materials for manufacturers and
consumers the current project was initiated and funded
by the German Federal Ministry of Education and
Research (03X0149). In addition, the study expands the
data output of the parallel combined chronic inhalation
toxicity and carcinogenicity study with CeO2 and BaSO4

in the NANoREG program (81|0661/10|170) (BASF,
Ludwigshafen, Germany), especially with sensitive early
mechanistic endpoints (immunohistochemistry and gene
expression analysis).
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Characteristics like catalytic activity give rise to the
use of nano-CeO2 e.g. as an additional oxygen source in
diesel fuel, to reduce fuel consumption and particulate
emissions [1, 2]. The key benefit in this case is the
higher surface area per mass ratio of the nano-sized ma-
terial [3]. CeO2 nanoparticles are further used as a pol-
ishing agent [4]. Also, anti-oxidative effects due to ion
formation on the nanoparticle surface and the resulting
opportunity of its use in biomedicine is discussed [5].
However, effects of CeO2 nanoparticle exposure seem to
be controversial since contrastingly pro-oxidative and in-
flammatory reactions are described. Barium sulfate is
generally considered as chemically inert and non-toxic.
In addition, it provides a variety of beneficial characteris-
tics like high density and low solubility, of which e.g.
plastic and paint industries take advantage. The sub-
stances CeO2 NM-212 and BaSO4 NM-220, used in this
project are two well characterized nanomaterials from
the European Commission Joint Research Center (JRC)
nanomaterials (NM) repository (Ispra, Italy). CeO2 NM-
212 is water insoluble with a primary particle size of
33 nm and a specific surface area of 28 m2/g. BaSO4

NM-220 also displays extremely low water solubility
(0.6 × 10−3 w-% Ba++). Its primary particle size and spe-
cific surface area is 37.5 nm and 41.4 m2/g respectively.
Both substances were tested in a short-term inhalation
setup, together with 11 other nanomaterials [6]. Based
on the results CeO2 NM-212 and BaSO4 NM-220 were
chosen as representative nanomaterials with respectively
higher and lower toxicity for further investigation regard-
ing long-term exposure. The frequent use of nanomater-
ials combined with high reactivity requires appropriate
assessment of potential health risks and environmental ef-
fects. Human exposure to nanoparticles during product
manufacturing and application is likely. However, there is
still a lack of data especially regarding long-term exposure
and chronic effects of nanomaterials.
Once inhaled, particles deposit in the respiratory tract.

The site of deposition depends on the material’s
physico-chemical characteristics with the particle diam-
eter as one important factor [7]. A smaller size results in
penetration of deeper lung compartments. In the differ-
ent areas of the respiratory tract different mechanisms
of deposition are predominating. Nano-sized particles (<
100 nm) deposit in the whole respiratory tract, ending
up in the alveolar region where its deposition is domi-
nated by processes of diffusion [7–9]. However, at higher
mass median aerodynamic diameter (MMAD) levels
(e.g. in aerosol experiments with occupational settings,
approx. 0.7 μm) sedimentation of particles plays an
important role. Lung clearance of particulate matter de-
pends on the site of deposition as well as material char-
acteristics including solubility and bioreactivity [9, 10].
In the alveolar space the most relevant route of particle

clearance is phagocytosis by alveolar macrophages and
subsequent elimination primarily via the mucociliary es-
calator or secondarily via the lymphatic system [9, 10].
For CeO2 and BaSO4 as poorly water soluble substances,
uptake and elimination by alveolar macrophages is ex-
pected to be the major clearance route. It is known that
respective mechanisms could be impaired by high levels
of particulate matter in the respiratory tract, when par-
ticle deposition exceeds its clearance (overload situation)
[11, 12]. Persistent particle concentrations above the
overload threshold eventually lead to increasing lung
burden further resulting in chronic inflammation and
high risks of related adverse effects like fibrosis and
tumor development [11]. Particles usually have retention
half-times of about 70 days [11, 13–15]. Respective pe-
riods are prolonged during lung overload [11, 14]. Based
on a volumetric perspective an overload threshold of 1–
2 μl PM/lung is assumed for particles with a density of
1 g/cm3 [12]. For CeO2 NM-212 an alveolar deposition
fraction of about 6% has been described after a single
6 h nose-only exposure [16] and 28-day inhalation of
0.5 mg/m3 CeO2 NM-212 resulted in a retention half-
time of 40 days [17].
Yokel et al. [10] in 2014 comprehensively reviewed pub-

lished data on the toxicity of nano-CeO2 with respect to
different uptake routes and exposure durations, tissue
distribution and potential mechanisms of action. They
confirmed the still existing lack of data regarding sub-
chronic and chronic inhalation and clearly pointed out the
inherent risk of adverse health effects due to long-term
low dose CeO2 nanoparticle exposure. Two 90-day inhal-
ation toxicity studies with CeO2 exist [18, 19]. One was
performed with micro-scaled ceria indicating dose-related
effects, including hyperplasia of lung tissue and related
lymph nodes [19]. The only investigations on subchronic
effects of nano-scaled ceria are part of a combined chronic
toxicity and carcinogenicity study according to OECD TG
453 (BASF, Ludwigshafen, Germany) initiated in 2013. Re-
cently published data from this study on genotoxicity in
blood cells of exposed rats indicated absence of respective
effects after 3 and 6 month periods of exposure to concen-
trations up to 3 mg/m3 CeO2 and 50 mg/m3 BaSO4 [18].
Further results of this study are currently pending. For
barium sulfate one additional subchronic test was pub-
lished, in which slight pulmonary responses after inhal-
ation were detected [20]. Systemic distribution did not
give rise to adverse effects [20]. In general it was found
that despite their low solubility, after inhalation BaSO4

nanoparticles are cleared from the respiratory tract more
rapidly compared to other poorly soluble nanoparticles,
including CeO2 [20, 21]. The low toxic potential of BaSO4

is further emphasized by a 5 day inhalation study in which
a no-observed adverse effect concentration (NOAEC) of
at least 50 mg/m3 has been determined [6].
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A small number of subacute inhalation studies were
published, in which local effects on respiratory organs
and systemic distribution of cerium oxide nanoparticles
were examined [3, 16, 17, 22, 23]. Inhalation of CeO2-
induced pulmonary inflammation in a concentration-
dependent manner with post-exposure persistency [3,
17, 22, 23]. Respective studies further indicated distribu-
tion of cerium to extra-pulmonary organs [16, 17, 22]
and impaired nanoparticle clearance at high dose levels
(≥ 5 mg/m3) [16, 17]. The no-observed adverse effect
level (NOAEL) for CeO2 is expected to be below
0.5 mg/m3 [17]. Several short-term inhalation studies (≤
5 days exposure) [6, 24–26] as well as examinations after
intratracheal instillation [27–30] support findings like
the induction of inflammatory reactions due to CeO2

nanoparticle exposure. Also, only a small number of the
described inhalation studies covered investigations on
low concentrations (< 3 mg/m3) of the nanomaterial [17,
18, 23]. It is unclear if low, more realistic doses of CeO2

nanoparticles cause similar adverse effects as exposure
to high concentrations, including those exceeding the
overload threshold.
The present study aimed on generating currently

missing data on subchronic inhalation of CeO2 nano-
particles at low to moderate exposure levels and with
respect to setting no effect levels. Nanoparticle con-
centrations should cover the induction of inflamma-
tion in the absence and presence of lung overload
[17, 18]. Since it is generally estimated that barium
sulfate does not cause adverse and irreversible health
effects after inhalation, it was tested if this classifica-
tion is even applicable for repeated exposure to a very
high concentration of nano-BaSO4, a level at which
lung overload is expected. The carcinogenicity study
(BASF, Ludwigshafen, Germany) mentioned earlier
serves as an important reference regarding our sub-
chronic investigations as both studies were performed
with the same substances and concentrations under
similar experimental conditions. This allows correl-
ation of early detected findings to chronic particle-
related effects and might serve as basis for the identi-
fication of early biomarkers for long-term exposure
health risks. Valid markers for prediction of effects in
turn can help to reduce long-term in vivo studies ac-
cording to the “3R Principle” for replacement, reduc-
tion and refinement of animal experiments [31].

Results
Aerosol characteristics
Dry powder aerosolization of nanoparticles revealed con-
stant aerosol concentrations during 90 days exposure.
Mean values were close to the required nanoparticle con-
centrations. Mass median aerodynamic diameters (MMAD)
were determined to ensure appropriate nanoparticle size
distribution. Mean values for CeO2 range from 0.63 to
0.79 μm. All results are listed in Table 1.

(post-)exposure period and animal health
Exposure of animals to the test items was performed as
scheduled for 90 days with investigations on satellite
groups after one and 28 days and a post exposure period
of an additional 28 or 90 days (Fig. 1). All animals were
in good physical conditions up to sacrifice. No signifi-
cant changes in body weights or food and water con-
sumption were detected (data not shown). Clinical signs
due to particle exposure were not observed either.

Lung burden
Based on the aerosol characteristics measured during
nanoparticle exposure, a prediction of the deposited al-
veolar fraction was generated using the “multiple path
particle dosimetry (MPPD) model” version 2.11 [32].
Based on MMAD and GSD a deposition fraction of
about 10% was calculated for CeO2 exposure, (Table 2).
For BaSO4 the calculated deposition fraction was 3.2%.
The expected lung burden was determined with the fol-
lowing equations:

Dep 1ð Þ ¼ MV x t1 x C x DF ðaÞ

Dep tð Þ ¼
5
7 Dep 1ð Þ

k
x 1−e−kt
� � ðbÞ

Whereas Dep(1) = deposited mass (μg) after exposure
day 1, D(t) = deposited mass (μg) after t exposure days,
t = exposure time (days), t1 = exposure time, day 1
(min), MV = minute volume rat (l/min), C = initial
nanoparticle concentration (mg/m3), DF = deposition
fraction and k = elimination constant (k = ln(2)/t1/2).
Equation (a) was used to calculate the deposited

particle mass after one exposure day (6 h), based on the
deposition fraction determined with the MPPD model
version 2.11 [32]. Equation (b) considered the particle

Table 1 Nanoparticle concentrations and MMAD values during 90-day exposure

CeO2 NM-212 BaSO4 NM-220

NP concentration, required (mg/m3) 0.1 0.3 1.0 3.0 50.0

NP concentration, measured (mg/m3 ± SD)a 0.12 ± 0.04 0. 33 ± 0.09 1.06 ± 0.16 3.04 ± 0.30 48.82 ± 4.52

MMAD (μm ± GSD)b 0.71 ± 3.59 0.63 ± 3.83 0.68 ± 4.23 0.79 ± 3.50 2.95 ± 2.43
an = 78 exposure days; bn = 3
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clearance over time for calculating the deposited mass
after 28 and 90 days with an exposure rhythm of 6 h/day
for 5 days/week. The elimination constant k is based on
a standard elimination half-time of 70 days (applied for
0.1, 0.3 and 1.0 mg/m3 CeO2) or 200 days to mimic lung
overload (applied for 3.0 mg/m3 CeO2 and 50.0 mg/m3

BaSO4). Development of the predicted lung burden dur-
ing exposure is illustrated in Fig. 2 and Table 2.
Figure 3 illustrates the lung burden caused by nano-

particle inhalation. It reflects an exposure related in-
crease of Ce or Ba present in the lungs of the exposed
animals. Also, the substance deposition was clearly con-
centration dependent. Particle elimination was visible in
all treatment groups after end of exposure. The lower
CeO2 dose groups (0.1, 0.3 mg/m3) as well as the mid
and high (1.0, 3.0 mg/m3), respectively showed similar
development of lung burdens (Fig. 3b). At higher CeO2

concentrations higher deposition rates have been de-
tected with reduced elimination especially for 3.0 mg/m3

CeO2. The barium content decreased quite rapidly com-
pared to cerium and normalized lung burden levels were
much lower. Corresponding clearance half-times and
exact lung burden values are summarized in Table 3.
Half-times were calculated based on Eq. (c).

Dep tð Þ ¼ Dep 91ð Þ x e−kt ðcÞ

Whereas Dep (91) = retained mass (μg) at post-
exposure day 1, Dep (t) = retained mass (μg) after t
post-exposure days, t = post-exposure time (days) and
k = elimination constant (k = ln(2)/t1/2).
Predicted values for Ce deposition during 90 days ex-

posure are quite close to the measured lung retention

(Fig. 3). The calculated deposition fraction as well as the
expected non-overload or overload conditions after
exposure to 0.1 and 0.3 or 3.0 mg/m3 nanoparticles,
respectively match quite well. Surprisingly, a slightly re-
duced clearance was detected for 1.0 mg/m3. Differences
between predicted and measured values increased over
time and were greatest for barium. Ubiquitous Ce levels
were detected in the clean air control group; the content
of Ba was at the detection limit (data not shown). The
soluble fraction of Ce or Ba was extremely low (mean
values <5%). Hence, the total amount was dominated by
the insoluble, particulate fraction, reflecting the low
solubility of those nanoparticles.

Fig. 1 Timeline of test item exposure and sacrifices. Animals were exposed over a time period of 90 days, followed by a post-exposure period
of an additional 90 days. Clinical examinations were performed after one and 28 days exposure and after one, 28 and 90 days post-exposure

Table 2 Predicted lung burden and deposition fraction of
exposed animals

Predicted lung burden (μg/lung) Deposition
fraction (%)d1a d28a d90a

0.1 mg/m3 CeO2 0.8 9.8 25.9 10.5

0.3 mg/m3 CeO2 2.5 32.2 85.0 11.5

1.0 mg/m3 CeO2 7.8 101.7 268.7 10.9

3.0 mg/m3 CeO2 20.7 286.2 862.0 9.6

50.0 mg/m3 BaSO4 115.2 1590.0 4788.9 3.2
ad1, d28 and d90 account for one, 20 and 65 days exposure respectively

Fig. 2 Measured vs. predicted lung burden. Ce and Ba contents
were measured in explanted lungs of rats exposed to 0.1, 0.3, 1.0
or 3.0 mg/m3 CeO2 or 50.0 mg/m3 BaSO4 nanoparticles for up to
90 days. Predicted values (half colored symbols) were based on
deposition fractions calculated via the MPPD model and expected
first order elimination with half-times of 70 days (0.1–1.0 mg/m3) or
200 days (3.0 and 50.0 mg/m3)
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Hematology and clinical chemistry
Hematological parameters and examinations in clinical
chemistry were measured after end of nanoparticle ex-
posure (day 90 + 1rec). Compared to control levels, in
the mid (1.0 mg/m3) and high (3.0 mg/m3) dose group
of CeO2 the ratio between segmented neutrophils and
lymphocytes shifted in favor of increasing neutrophil
numbers (Fig. 4). Exposure to BaSO4 also caused a slight
move of this ratio. The only significant value was mea-
sured for neutrophil levels in the CeO2 mid dose group.
Further blood parameters and biochemical markers mea-
sured did not display any significant changes.

Bronchoalveolar lavages
Bronchoalveolar lavage fluid (BALF) was analyzed in all
groups after one and 28 exposure days as well as after
one, 28 and 90 days post-exposure. A time- and
concentration-dependent increase of inflammatory cells,
especially neutrophils (PMN) was detected. PMN and
lymphocyte (LYMPH) levels increased with ongoing ex-
posure to 1.0 and 3.0 mg/m3 CeO2 (Fig. 5). No distinct
differences between absolute and relative amounts were
observed. A slight increase was also detected for total

protein (TP), lactate dehydrogenase (LDH) and ß-glucuroni-
dase (GL) levels in the CeO2 high dose group. Respective
parameters decreased during post-exposure but did not
reach control levels until the end of the study (Fig. 6). De-
scribed increases of inflammatory cells and biochemical pa-
rameters were statistically significant compared to clean air
inhalation, especially within the CeO2 high dose group.
PMN and LYMPH levels were constantly significantly ele-
vated after end of exposure in the mid and high dose group
of CeO2. Biochemical parameters displayed a more distinct
recovery. Elevated levels were significant up to post-
exposure day 28 (CeO2, mid and high dose group). Both fig-
ures clearly illustrate the concentration-dependent impact of
cerium oxide nanoparticle exposure as well as time depend-
ency with a distinct peak after 90-day inhalation. Although
at lower levels, BaSO4 exposure also caused a slight increase
of inflammatory cell numbers. However, only PMN levels
were significantly higher compared to control levels (Fig. 5a
and b). Values clearly decline during post-exposure.

Histopathology of respiratory organs
Respiratory organs of rats exposed to clean air, 3.0 mg/
m3 cerium oxide or 50.0 mg/m3 barium sulfate were

Fig. 3 Nanoparticle exposure-related lung burden. Rats were exposed to clean air, 0.1, 0.3, 1.0 or 3.0 mg/m3 CeO2 or 50.0 mg/m3 BaSO4 nanoparticles
for up to 90 days. Ce and Ba contents were measured in explanted lungs at exposure day one and 28 as well as post-exposure day one (d 91), 28 (d
118) and 90 (d 180). a Mean total Ce/Ba content (insoluble + soluble fraction) ± SD, n ≤ 5; b Mean total Ce/Ba content (insoluble + soluble fraction)
normalized to the related initial nanoparticle concentration. Ba contents in the clean air control were at the detection limit and are therefore not
shown. The mean insoluble fraction was <5% of the total content

Table 3 Lung burden and clearance half-times of exposed rats

Lung burden (μg/lung ± SD) Clearance t1/2 (days)

d 1 d 28 d 90 + 1rec d 90 + 28rec d 90 + 90rec

Clean air 1.2 ± 1.0 0.6 ± 0.2 1.8 ± 0.8 0.8 ± 0.5 1.3 ± 1.3 -

0.1 mg/m3 CeO2 2.5 ± 0.8 12.0 ± 2.9 33.1 ± 1.4 24.7 ± 6.1 13.2 ± 3.2 67

0.3 mg/m3 CeO2 5.4 ± 1.9 33.5 ± 2.8 99.2 ± 10.1 85.1 ± 18.2 41.9 ± 8.8 69

1.0 mg/m3 CeO2 19.6 ± 5.6 152 ± 37.4 476 ± 74.0 366 ± 24.7 263 ± 15.4 108

3.0 mg/m3 CeO2 21.0 ± 1.0 391 ± 92.3 1280 ± 82.5 1285 ± 69.9 1013 ± 243 224

50.0 mg/m3 BaSO4 143 ± 16.3 1078 ± 197 1591 ± 530 871 ± 322 571 ± 358 56
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examined histopathologically at all 5 days of sacrifice.
Table 4 presents an overview of the most prominent
findings with mean grades of severity, separately calcu-
lated for all groups and time points considered. Calcula-
tions are based on Table 5, which displays the number
of incidences with the respective grade of severity for
every group and time point. One-time 6 h exposure
to CeO2 nanoparticles already caused significant accu-
mulations of particle-laden macrophages in the alveo-
lar space and bronchus-associated lymphoid tissue
(BALT). The amount of macrophages increased up to
the end of post-exposure with translocation to the
lung associated lymph nodes (LALN) detected from
day 28. Such findings were accompanied by alveolar
and interstitial inflammatory cell infiltrations and very
slight bronchiolo-alveolar hyperplasia. Free particles
(agglomerates) were detected in the alveolar space
after end of exposure, mainly in areas of macrophages
containing particulate matter. Such accumulations
often originate from degrading macrophages. All de-
scribed pathological conditions remained persistent
during 90-day post-exposure. In addition to that,
signs of interstitial fibrosis were detected.

Figure 7 displays representative examples of the
described particle-laden macrophages, inflammatory cell
infiltrations, bronchiolo-alveolar hyperplasia and fibrosis.
Alveolar/interstitial foci of macrophages and inflamma-
tory cells were detected. Those infiltrations mainly con-
sisted of lymphocytes and were often located next to
bronchioles. Some foci further showed development of a
granulomatous inflammation (Fig. 7b). Accumulations of
particle-laden macrophages, with syncytial giant cell
formation were additionally found in BALT and LALN
(Fig. 7c and d). The presence of particle-laden macro-
phages indicated its migration from the alveolar space to
lymphoid tissue for clearance of phagocytosed material.
Foci of bronchiolo-alveolar hyperplasia of the bronchi-
olar type (syn.: alveolar bronchiolization) (Fig. 7e) oc-
curred at very slight (minimal) grade but significant
incidence as a result of 90 days nanoparticle exposure.
The described pathological findings were accompanied
by the development of very slight interstitial fibrosis, sig-
nificant after 90 days post-exposure (Fig. 7f ).
Effects of 50.0 mg/m3 BaSO4 exposure were mainly re-

stricted to increasing accumulations of particle-laden
macrophages in lung tissue and associated lymph nodes
(Table 4 and Fig. 8a). Effects were less severe compared
to CeO2. Very slight inflammatory cell infiltrations
occurred only after 90 days of nanoparticle exposure and
did not show any post-exposure persistency. In contrast
to CeO2, BaSO4 nanoparticle inhalation resulted in more
distinct pathological changes of the rat’s nasal cavity.
Mucous cell hyperplasia and eosinophilic globules in the
olfactory and respiratory epithelia were detected from
exposure day 28 (Fig. 8b and c). In contrast to the eo-
sinophilic globules, hyperplasia of mucous cells did not
remain persistent during recovery.

Immunohistochemistry
To investigate the underlying mechanism of the de-
tected histopathological changes in more detail, im-
munohistochemical staining of lung tissue for markers
related to genotoxicity, proliferation and apoptosis
were applied. By this a broad spectrum of potential
effects, which have been described in relation to
CeO2 nanoparticles, was covered. For comparability
immunohistochemistry was performed on consecutive
slides of lung tissue from the same animals as the de-
scribed histopathological analysis (clean air, CeO2

high dose, and BaSO4; all time points). Four markers
were selected to determine possible particle-related
genotoxicity (Histon γ-H2AX and Hydroxy-2′-deoxy-
guanosine (8-OHdG)) [33], proliferation (Ki67), and
apoptosis (cleaved caspase-3). The latter did not show
any changes in nanoparticle exposed animals com-
pared to the control group (data not shown). In
contrast, γ-H2AX and 8-OHdG displayed a similar

Fig. 4 Distribution of blood cells in response to 90 days nanoparticle
exposure. Rats were exposed to clean air, 0.1, 0.3, 1.0 or 3.0 mg/m3

CeO2 or 50.0 mg/m3 BaSO4 nanoparticles. Blood samples were taken at
post-exposure day one. Values are expressed as mean percentage of
the total number of cells counted; n = 10
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response to CeO2 nanoparticle exposure (Fig. 9a and
b). Both marker levels were significantly elevated at
all measured post-exposure days. Values were consist-
ently about 5% (γ-H2AX) or 6% (8-OHdG) higher
than control levels. Ki67 was determined in terminal
bronchi and lung parenchym to evaluate proliferative
processes in bronchial and alveolar epithelial cells, re-
spectively (Fig. 9c and d). Marker levels were

significantly increased after 28 days exposure to
3.0 mg/m3 CeO2 and remained elevated until the end
of the post-exposure period. Interestingly, BaSO4 ex-
posure did not reveal elevated marker levels of γ-
H2AX and 8-OHdG at any time point investigated
but showed significantly enhanced Ki67 levels. How-
ever, increased values did not display relevant persist-
ency during post-exposure.

Fig. 5 Inflammatory cells measured in BALF. Rats were exposed to clean air, 0.1, 0.3, 1.0, and 3.0 mg/m3 CeO2 nanoparticles or 50.0 mg/m3 BaSO4

nanoparticles. a, b relative and absolute polymorphonuclear neutrophils (PMN) levels and c, d relative and absolute lymphocytes (LYMPH) levels,
determined at exposure day one and 28 as well as post-exposure day one, 28 and 90. Values are expressed as percentage of total cell number or
absolute value, mean ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001 vs. clean air control, n = 5; Kruskal-Wallis-ANOVA with Mann-Whitney U-Test as
post-hoc analysis
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Discussion
The present lack of data on the (adverse) effects of
nanomaterials, especially regarding long-term exposure,
requires conduction of appropriate in vivo toxicity stud-
ies. For better risk assessment it is necessary to examine
realistic concentrations with occupational and environ-
mental relevance. Available in vivo studies on CeO2na-
noparticles confirm the induction of inflammation after
inhalation [3, 6, 17, 22–26]. However, few of them handle
concentrations at lower levels (< 3 mg/m3) [17, 23, 34].
The main aim of this study therefore was to investigate
potential health effects of CeO2 nanoparticles after sub-
chronic inhalation to low doses. Because BaSO4 is classi-
fied as inert dust, low concentrations were not tested
further. Instead, effects of BaSO4 inhalation at a very high
exposure level (50.0 mg/m3) were examined to test if there
is an upper limit of no effects when administered over lon-
ger time spans. Broad investigations after exposure periods
of different length, with or without post-exposure recovery

yielded information of potential mechanisms of action and
provided useful data for potential long-term effects and ex-
trapolation approaches to other nanomaterials.
Consistent aerosol levels were achieved in all dose

groups over the whole 90-day exposure with low devi-
ation from the target concentrations. MMAD values for
CeO2 of 0.7 μm ensured inhalability of aerosols. The
dose range selected for CeO2 in this study should cover
specific conditions of absent inflammation in combin-
ation with absent lung overload (0.1 and 0.3 mg/m3), in-
flammation and no overload (1.0 mg/m3) as well as
inflammation and overload (3.0 mg/m3) [17]. Analysis of
lung burden suggested that the respective conditions
were achieved for the low dose levels and the high CeO2

concentration. Exposure to 0.1 and 0.3 mg/m3 CeO2 re-
sulted in clearance half-times below the expected mean
value of 70 days for effective particle clearance [11, 13–15].
Exposure to 3.0 mg/m3 CeO2 displayed distinct impairment
of particle elimination with a half-time > 200 days. This

Fig. 6 Biochemical parameters measured in BALF. Rats were exposed to 0.1, 0.3, 1.0, and 3.0 mg/m3 CeO2 nanoparticles and 50.0 mg/m3 BaSO4

nanoparticles. a total protein (TP), b lactate dehydrogenase (LDH), and (c) ß-glucuronidase (GL) levels were determined at exposure day one and
28 as well as at post-exposure day one, 28 and 90. Values are expressed as mean ± SD, * p < 0.05, ** p < 0.01 vs. clean air control, n ≥ 4; Kruskal-
Wallis-ANOVA with Mann-Whitney U-Test as post-hoc analysis
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reflects a present overload situation. Keller et al. [17] mea-
sured lung burdens of 41 and 520 μg after 28 days exposure
to 0.5 and 5.0 mg/m3 CeO2 NM-212. Furthermore, reten-
tion half-times of 40 days were calculated for 0.5 mg/m3

CeO2 exposure, indicating no impairment of clearance,
whereas at higher concentrations lung overload was

detected [17]. These values were consistent with our data
generated at exposure day 28. Comparable lung burden
values have also been detected for other poorly soluble
nanomaterials. Bermudez et al. [35] exposed different ani-
mal species to 0.5, 2.0 and 10.0 mg/m3 nano-TiO2 for
90 days and determined retention half-times of 63, 132 and

Table 4 Summary of significant histopathological findings after CeO2 and BaSO4 exposure

BALT = bronchus-associated lymphoid tissue; NALT = nasal mucosa-associated lymphoid tissue; Values are presented as mean grade of severity: 0 = none, 1 = very
slight, 2 = slight, 3 = moderate, 4 = severe (color gradient from green to red indicates increasing severity); n = 9-10; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. clean
air control; Group Factor Chi-Squared and Fisher's Exact two sided/Pearson two sided
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Table 5 Detailed overview of histopathological findings with grade and incidence of effects per animal

Histopathological findings (♀) Incidence

Lung day 1 day 28 day 90 + 1rec day 90 + 28rec day 90 + 90rec

Ctrl. CeO2 BaSO4 Ctrl. CeO2 BaSO4 Ctrl. CeO2 BaSO4 Ctrl. CeO2 BaSO4 Ctrl. CeO2 BaSO4

Accumulation, particle-laden
macrophages, alveolar/interstitial

examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

very slight 0 10 10 0 10 10 0 10 10 0 1 5 0 1 9

slight 0 0 0 0 0 0 0 0 0 0 9 5 0 9 1

Accumulation, particle-laden
macrophages, BALT

examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

very slight 0 5 5 0 10 8 0 6 8 0 5 6 0 6 3

slight 0 0 0 0 0 0 0 4 1 0 3 0 0 3 0

moderate 0 0 0 0 0 0 0 0 0 0 2 0 0 1 0

Hyperplasia, bronchiolo-alveolar examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

very slight 0 0 0 0 4 1 0 4 2 0 7 1 0 5 1

slight 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0

Infiltration of inflammatory cells,
alveolar/interstitial

examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

very slight 0 0 0 0 2 0 0 6 5 0 5 5 0 5 3

slight 0 0 0 0 0 0 0 4 0 0 5 0 0 5 0

Particles, alveolar examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

very slight 0 0 0 0 0 0 0 10 10 0 10 5 0 10 0

Giant cells, syncytial, BALT examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

present, no grade 0 0 0 0 0 0 0 2 0 0 5 0 0 2 0

Fibrosis, interstitial examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

very slight 0 0 0 0 0 0 0 2 1 0 3 1 0 7 0

Lung-associated lymph nodes day 1 day 28 day 90 + 1rec day 90 + 28rec day 90 + 90rec

Ctrl. CeO2 BaSO4 Ctrl. CeO2 BaSO4 Ctrl. CeO2 BaSO4 Ctrl. CeO2 BaSO4 Ctrl. CeO2 BaSO4

Accumulation, particle-laden
macrophages, mediastinal lnn.

examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

very slight 0 0 0 0 7 10 0 2 7 0 0 6 0 0 5

slight 0 0 0 0 0 0 0 6 1 0 2 1 0 0 4

moderate 0 0 0 0 0 0 0 1 0 0 8 0 0 9 0

severe 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

Accumulation, particle-laden
macrophages, tracheobronchial
lnn.

examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

very slight 0 0 0 0 10 10 0 0 8 0 0 4 0 0 4

slight 0 0 0 0 0 0 0 3 2 0 0 5 0 0 6

moderate 0 0 0 0 0 0 0 6 0 0 8 1 0 10 0

severe 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

Giant cells, syncytial, mediastinal lnn. examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

present, no grade 0 0 0 0 0 0 0 4 0 0 7 0 0 10 0

Giant cells, syncytial,
tracheobronchial lnn.

examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

present, no grade 0 0 0 0 0 0 0 8 0 0 8 0 0 10 0

Nasal cavity day 1 day 28 day 90 + 1rec day 90 + 28rec day 90 + 90rec

Ctrl. CeO2 BaSO4 Ctrl. CeO2 BaSO4 Ctrl. CeO2 BaSO4 Ctrl. CeO2 BaSO4 Ctrl. CeO2 BaSO4

Accumulation of particle-laden
macrophages, NALT

examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

very slight 0 0 0 0 5 8 0 10 4 0 6 0 0 10 0

Globules, eosinophilic, olfactory
epithelial

examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

very slight 0 0 1 0 0 4 1 2 3 2 3 8 1 2 4

slight 0 0 0 0 0 0 0 0 6 0 1 1 0 0 3

Globules, eosinophilic, respiratory
epithelial

examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

very slight 0 0 0 0 0 5 1 2 3 0 1 9 2 2 9
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395 days, respectively in rats. For 1.0 mg/m3 CeO2 we cal-
culated an increased clearance halftime (t1/2 = 108 days).
Also, signs of inflammation were present for this dose
group. The expected situation of lung inflammation at
non-overload was thus not clearly achieved for this

concentration. Morrow [12] reflected the overload
hypothesis from a volumetric perspective and specified a
particulate matter load of 60 μm3 per alveolar macrophage
as critical value. This corresponds to 1 μL PM/g lung or
1 mg lung burden for particles with 1 g/cm3 density. As

Table 5 Detailed overview of histopathological findings with grade and incidence of effects per animal (Continued)

slight 0 0 0 0 0 0 0 0 6 0 0 0 0 0 1

Hyperplasia, mucous cell examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

very slight 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

slight 0 0 0 0 0 0 0 0 4 0 0 1 0 0 1

Infiltration, inflammatory cell,
subepithelial

examined 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

very slight 0 0 1 0 0 1 0 0 5 0 0 1 0 0 2

slight 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0

BALT bronchus-associated lymphoid tissue, NALT nasal mucosa-associated lymphoid tissue

Fig. 7 Specific CeO2 nanoparticle related histopathological findings. All examples illustrate findings after 3.0 mg/m3 CeO2 inhalation. a lung tissue
with particle-laden macrophages (arrows), H&E, 33×, b inflammatory cell infiltrations with granulomatous inflammation (arrow) and alveolar/interstitial
particle-laden macrophages, H&E, 37×, c bronchus-associated lymphoid tissue (BALT) with foci of particle-laden macrophages, H&E, 5×, d foci of
particle-laden macrophages in lung-associated lymph nodes (LALN) (arrow), H&E, 40×; formation of syncytial giant cells (insert), H&E, 50×, e focal
bronchiolo-alveolar hyperplasia (arrow), H&E, 53×, f very slight interstitial fibrosis (arrows) and particle-laden macrophages in alveolar tissue, Masson
trichome, 40×
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Fig. 8 Specific BaSO4 nanoparticle related histopathological findings. All examples illustrate findings after 50.0 mg/m3 BaSO4 inhalation. a alveolar
tissue with (particle-laden) macrophages (arrow), H&E, 37×, b mucous cell hyperplasia of the respiratory epithelium in the nasal cavity (arrow),
H&E, 40× c nasal cavity respiratory epithelia with cytoplasmic eosinophilic globules (arrows), H&E, 40×

Fig. 9 Effects of nanoparticle exposure on immunohistochemistry marker levels in lung tissue. The level of a γ-H2AX for genotoxicity, b 8-OHdG
for oxidative stress, and Ki67 for cell proliferation in c terminal bronchi and d lung parenchym were determined immunohistochemically in lung
tissue of rats exposed to clean air, 3.0 mg/m3 CeO2 or 50.0 mg/m3 BaSO4 for one, 28 and 90 days as well as after 28 and 90 post-exposure days.
Values are expressed as percentage of positive cells per total cell number or number of positive cells per μm length of terminal bronchus,
mean ± SD, * p < 0.05, ** p < 0.01 vs. clean air control, n = 6; Kruskal-Wallis-ANOVA with Mann-Whitney U-Test as post-hoc analysis
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described by Pauluhn [36] there are great differences
between the densities stated for CeO2 nanoparticles. He
recently evaluated the kinetics of inhaled nano-CeO2 NM-
212, including data from the long-term study (NANoREG,
81|0661/10|170) and thus the same concentration range
and exposure duration as used in our study. He concluded
that calculation of volumetric overload for micron-sized
particles are applicable also for nano-CeO2. His estima-
tions are based on a density of 0.25 g/cm3, which would,
following the model of Morrow [12], result in lung burden
tolerance of 0.25 mg. The lung burden measured in this
study after 90 days exposure to 1.0 mg/m3 CeO2 is above
this level and would thus be assumed as overload indu-
cing. However, a reduction of density to 0.25 g/cm3 for
CeO2 as high density material (7.65 g/cm3) seems to us a
quite great decrease. DeLoid et al. [37] performed com-
prehensive investigations on density estimation for nano-
material deposition and determined an effective density
for CeO2 with different specific surface area in the range
of 1.5 to 2.4 g/cm3. The higher density would suggest
higher volume based lung burden tolerance (1.5–2.4 mg).
At this, for us more realistic condition, CeO2 would not
be related to volumetric lung overload after 90 days ex-
posure, even at a concentration of 3.0 mg/m3. Another
method to reflect lung overload is based on particle spe-
cific surface area. According to Tran et al. [38] the thresh-
old is in the range of 200–300 cm2/g lung as measured by
PMN recruitment. Application of this method to our par-
ticle retention data would reveal surface-related lung bur-
dens of 130 and 360 cm2/lung for 1.0 and 3.0 mg/m3

CeO2, respectively, which is slightly below and slightly
above this range. Our half-time measurements compared
to the volume- and surface-based overload threshold hy-
potheses, leave the question in how far the effects, espe-
cially of 1.0 g/m3 CeO2 exposure are caused by lung
overload. The relation to particle surface is more consist-
ent with calculated half-times, whereas in contrast to the
statement of Pauluhn [36] volume-related overload seems
less likely. This suggests that effects are not exclusively
overload-related and indicates contribution of particle sur-
face area and chemistry to toxicity. Furthermore, this shows
that for accurate interpretation of nanoparticle effects the
material’s physico-chemical characteristics should be taken
into consideration and the most suitable method for over-
load calculations should be selected carefully.
In his modelling, Pauluhn [36] determined half-times

of 67, 74, 100 and 179 days and a benchmark NOAEL of
0.64 mg/m3 (critical parameter: PMN levels in BALF)
for 90-day CeO2 exposure. Application of our 90-day
PMN data revealed a NOAELBMDL of 0.41 mg/m3

(US-EPA benchmark software [39]). Although this
NOAEL is slightly lower, our results are all in all con-
sistent with Pauluhn [36] for similar concentrations
and study duration.

Less information on NOAELs derived from inhalation
studies with nanoparticles exist. This could be attributed
to the testing of quite high concentrations. Morimoto et
al. [23] stated as the result of a 28 day exposure of rats
to 3 mg/m3 of nano-ceria (Wako Chemical, Ltd.) a PMN
increase persisting over 90 days post-exposure. Patho-
logical features revealed that inflammatory cells, includ-
ing macrophages and neutrophils, invaded the alveolar
space in both studies. Taken together, the CeO2 nano-
particles induced a pulmonary inflammation of persist-
ing character. Christensen et al. [40] derived a NOAEL
of 0.5 mg/m3 for nano-TiO2 (based on a multispecies
90-day inhalation study of Bermudez et al. [35]) which is
quite close to CeO2. In the study of Bermudez et al. [35]
pulmonary responses of different species to nano-TiO2

(P25; Degussa-Evonik) were compared. Female rats,
mice, and hamsters were exposed to aerosol concentra-
tions of 0.5, 2.0, or 10 mg/m3 for 90 days. Lesions in the
mid-dose group were minimal to mild in severity and
consisted primarily of particle-laden macrophage accu-
mulation and aggregation in subpleural regions and in
centriacinar zones. These macrophage aggregations were
associated with minimal hypertrophy and hyperplasia of
type II alveolar epithelial cells. In the high concentra-
tion–exposed rats, through 90 days post-exposure, there
were progressively more severe epithelial proliferative
changes, including metaplastic changes in the centriaci-
nar region (bronchiolization of alveolar epithelium) asso-
ciated with particle and particle-laden macrophage
accumulation. Clearance of particles from the lung was
markedly impaired in mice and rats exposed to 10 mg/
m3 uf-TiO2 (not in hamsters). Comparison of the results
to the 90-day test with nano-ceria suggests a relatively
mild toxicity of both dusts at the 2 and 3 mg/m3 con-
centration, respectively. There are indications for similar
no effect levels between different nanoparticles. How-
ever, substance specific differences in reactivity are like-
wise. Differentiation between such findings are
important to consider in nanoparticle grouping
approaches.
Our measured retained lung loads further match

the predicted particle deposition, based on the MPPD
model calculations and rat standard breathing param-
eters. Clearance half-times were chosen based on the
expected overload/non-overload conditions for the
different dose groups described earlier. Following the
results of Keller et al. [17] t1/2 = 200 days was se-
lected to reflect lung overload at 3.0 mg/m3 CeO2.
The deposition fraction of about 10% of the initial
nanoparticle concentration were quite accurate. Simi-
lar values were calculated by Geraets et al. [16].
Respective results verify the predictivity of this calcu-
lation method for estimating exposure dose levels
prior to animal exposure.
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The results of BALF analysis indicated a present in-
flammatory reaction in the lung after 1.0 and 3.0 mg/m3

CeO2 exposure. The highest response was measured for
neutrophils which was expectable, since neutrophil levels
in BALF serve as highly sensitive marker for lung in-
flammation [41]. The immune reaction is often sup-
ported by increased levels of total protein [41], which
was observed here as well. Recruited by macrophages for
host defense, neutrophils are cells of early inflammatory
responses. Although to a much lower level, lymphocyte
numbers were also increased. Since most of these cells
are responsible for adaptive immune responses occur-
ring in the second instance, the observed development
of events is quite consistent. Similar observations for
CeO2 tested in vivo (28 days exposure) were described
earlier [3, 17, 22, 23]. Increased LDH levels in BALF as
an indication for cell damage and GL for increased
phagocytic activity [41, 42] further supported the de-
tected ongoing elimination of particles by macrophages
and associated inflammatory reactions. In addition to
the modulations of BALF parameters, increases in the
percentage of blood neutrophils were detected. This
generally indicates the presence of infections or inflam-
matory reactions in an organism. Elevated levels thus
provide further evidence for the inflammation induced
in the lung after 90 days nanoparticle inhalation. Re-
spective values were elevated for CeO2 concentrations at
which point signs of inflammation were detected in
BALF. Increased blood neutrophil numbers have also
been measured in other in vivo inhalation studies for the
testing of CeO2 nanoparticles, including NM-212 [3, 17,
19, 22]. Keller et al. [17] reported increased blood neu-
trophils after 5 days of exposure to 25 mg/m3 CeO2

NM-212, but not at lower dose levels. After 4 weeks of
inhalation no changes in blood parameters were de-
tected. In our study, blood neutrophil levels were only
5–10% higher after CeO2 treatment, compared to the
control group. Besides, no other clinical chemistry pa-
rameters displayed any abnormalities. Therefore, further
blood analysis at a later time point was not performed.
All parameters measured in BALF showed similar

trends with post-exposure persistency, especially for the
CeO2 high dose group. Therefore, broad histopathology
examinations were done for this group, clearly confirm-
ing the presence of lung inflammation due to nanoparti-
cle inhalation. Immediately after the first exposure
interval macrophages with phagocytosed material were
detected, over time translocating to lymphoid tissues for
particle clearance. This event should not necessarily be
rated as an adverse effect, because alveolar macrophages
present the normal first line of defense against inhaled
foreign material [3, 42]. Granuloma formation and the
presence of syncytial giant cells more likely illustrate
pathological events and the time-dependent increase of

severity by development of a granulomatous inflamma-
tion. Respective situations are often caused by oversatu-
rated elimination mechanisms. Our data revealed lung
overload at 3.0 mg/m3 CeO2 nanoparticle exposure. Re-
lated impaired macrophage clearance activity could
therefore be suggested. Exacerbation of inflammation
with ongoing exposure was also seen here by increasing
inflammatory cell infiltrations with lymphocytes migrat-
ing to the interstitial tissue. Like in BALF analysis this
indicates the advanced inflammation reaction. This is
also reflected by very slight interstitial fibrosis, usually
developing from chronic tissue inflammation. This series
of effects illustrates the consequence of particle over-
load: impaired macrophage activity and particle elimin-
ation leads to translocation of particles to the
interstitium [15], causing local interstitial effects like in-
flammatory cell infiltrations or even worse, fibrotic le-
sions [43, 44]. The impact of nanoparticle inhalation
detected here was thus shifting over time from non-
adverse to adverse findings. In addition, persistency of
effects was measured up to the last day of sacrifice. This
suggests an increased risk of long-term effects like
tumor development and interstitial fibrosis. Although
the grade of interstitial fibrosis was minimal, it results
from the ongoing alveolar/interstitial (granulomatous)
inflammation induced by CeO2 and should be rated as
adverse. Especially with respect to long-term exposure
such findings may be important for human risk assess-
ment. In most of the in vivo studies mentioned earlier,
histopathological investigations were performed, reveal-
ing comparable findings after CeO2 exposure, especially
in terms of particle-laden macrophages and lung inflam-
mation [3, 6, 17, 22, 23, 26]. The described development
of inflammatory reactions after inhalation have also been
shown for nano-TiO2. In the study of Bermudez et al.
[35] concentration-dependent increases of inflammatory
cells in BALF and histopathological changes comparable
to our data were reported. This suggests that the typical
behavior of poorly soluble nanomaterial applies for
nano-CeO2.
More severe histopathological observations as those

described here were made rarely. However, this is
obvious since such events normally occur at later stages,
e.g. in response to prolonged inflammation, and most of
the published studies cover short-term setups. The long-
term study performed by BASF (Ludwigshafen, Germany)
is therefore quite promising regarding the generation of
data on this issue. Some information on fibrosis or tumor
development are nevertheless available. Ma et al. [45] re-
ported prominent signs of fibrosis after single intratra-
cheal instillation. In contrast, Morimoto et al. [23] did not
detect fibrosis or tumor development of lung tissue after
single ceria intratracheal instillation or 28-day inhalation
with up to 90 days recovery. The absence of effects after
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inhalation might be due to shorter exposure phases com-
pared to our study. Signs of fibrosis occurred only at very
slight grades and late stages of study.
Immunohistochemical analysis of lung tissue was per-

formed to check for additional nanoparticle related molecu-
lar events next to inflammation induction. Investigation of
the same lung compartments allowed good correlation to
our histopathological findings. We found increased levels of
genotoxicity and cell proliferation markers in response to
3.0 mg/m3 CeO2 nanoparticle exposure. Although signifi-
cantly, values were just slightly exceeding the control level
and should be interpreted with reservation. Interestingly,
similar to inflammatory events, effects remained stable and
did not recover up to the end of the 90 day post-exposure
period. It is known that the three events inflammation, gen-
otoxicity and cell proliferation are crucial in carcinogenesis.
Particles are suggested to affect the underlying molecular
mechanisms, as it has early been reviewed by Oberdörster
[15]. Activated inflammatory cells, including neutrophils
and macrophages release reactive oxygen species (ROS)
and growth factors during particle elimination. This in-
creases the risk of occurring genotoxic and proliferating
processes in target cells and promotes tumor development.
It is evident that this is even more critical in situations of
persistent inflammation due to lung overload. Respective
mechanisms might also cause lung fibrosis [15] which has
been observed in this study at very slight levels. Higher
grades of interstitial fibrosis after extended nanoparticle ex-
posure or even longer post-exposure periods could be sug-
gested. However, this must be verified in continuing
studies. Potential genotoxic effects have been investigated
for many particles, including poorly soluble, and especially
those with pro-carcinogenic activity [46]. Significant in-
creases in 8-OHdG together with changes of Ki67 levels
have been described for quartz particles [47]. Correlations
between the genotoxicity marker and tumor development
after exposure to diesel exhaust particles has been detected
by Ichinose et al. [48]. Most of the published in vivo studies
on CeO2 did not report investigations on genotoxicity. Lar-
sen et al. [25] examined short-term exposure to a group of
metal oxide nanoparticles including CeO2 and detected
signs of DNA damage in lung tissue only after TiO2 inhal-
ation. Keller et al. [17] reported absent systemic genotoxi-
city at early stages of exposure to CeO2 NM-212 (five and
28 days), but high concentrations of up to 25 mg/m3. In the
corresponding long-term study, genotoxicity in blood cells
was investigated by three different assays after 3 and 6
month CeO2 or BaSO4 exposure periods without any posi-
tive findings [18]. Authors concede that this effect could in-
deed be due to an absent genotoxic potential of the
particles, but also, particle translocation too low to cause
any measurable extra-pulmonary effects could be the rea-
son. Although we did not test systemic genotoxicity in our
study, the absent effects reported by Cordelli et al. [18]

indicate a restriction of effects to pulmonary organs. In
contrast, systemic genotoxic effects were reported after sin-
gle and repeated oral administration of CeO2 [49, 50]. Con-
sidering that respective findings were present only at high
concentrations of >300 mg/kg BW, a potential for the in-
duction of DNA damage via secondary rather than primary
genotoxic mechanisms could be assumed for CeO2 nano-
particles. This is further supported by in vitro testing of
CeO2 NM-212 revealing genotoxic effects at non-cytotoxic
levels in different cell lines [51].
The induction of programmed cell death is an oppon-

ent of increased cell proliferation and tumor develop-
ment. Absent changes of cleaved caspase-3 levels for the
duration of the study further support the potential effect
relationships. Elevated cleaved caspase-3 levels have
been reported after CeO2 nanoparticle instillation [30].
Since a much higher concentration was applied com-
pared to our study, the induction of apoptosis was likely
caused by this single high substance exposure event,
while continuous contact of lung tissue to lower nano-
particle concentrations do not affect this pathway of
programmed cell death. Our current findings were thus
quite consistent: enhanced risk of lung fibrosis or tumor
development could be suggested, considering the dis-
tinct, persistent lung inflammation mediated by neutro-
phils and macrophages with evidence of increased cell
proliferation in terminal bronchi and lung parenchyma
as well as increased DNA damage of lung epithelial cells
at a CeO2 nanoparticle concentration inducing high
levels of lung burden with impaired clearance.
The interpretation of our findings match the hypoth-

esis of particle-related carcinogenesis [15]. Respective in-
flammation based mechanisms and the role of primary
genotoxicity are still intensively discussed [46, 52]. We
must exclude primary mechanisms for the high CeO2

dose tested here, because we demonstrated inflammation
and particle overload. To evaluate additional carcinogen-
icity mechanisms, which are based on direct interaction
of nanoparticles with cellular compartments, concentra-
tion levels ≤0.3 mg/m3 should be further evaluated with
respect to ROS formation, genotoxicity, increased cell
proliferation and apoptosis.
BaSO4 exposure revealed some significant findings in

our study although this substance is assumed to be
chemically inert and non-toxic. It has to be taken into
consideration that a very high concentration was tested
here, which is of less relevance for mimicking certain ex-
posure scenarios. To understand possible mechanisms of
action of BaSO4 nanoparticles, the generated data of
high dose exposure is nevertheless quite useful. BaSO4

was cleared rapidly and therefore differs from other
poorly soluble nanomaterials. Lung burden values of
CeO2 and BaSO4 were similar after 90 days exposure. In
contrast, BaSO4 clearance half-time was much lower and
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exposure-related effects were less severe even though
the concentration was up to 500-times higher compared
to CeO2. Similar findings have been stated by others [6,
20]. Konduru et al. [20] attributed substance-specific
characteristics and fast clearance to the differences in
toxicity. Characteristics like dissolution, shape, and ag-
glomeration state are known to influence the toxic po-
tential of nanomaterials. Like it is known for comparable
metals, a considerable part of inhaled BaSO4 translocates
to bones [20]. It remains unclear in how far ionic bar-
ium, and therefore dissolution contributes to rapid clear-
ance and translocation. Although slow dissolution has
been suggested, Konduru et al. [20] consider structural
changes and related switches in surface charge as reason
for unexpected increases of dissolution rates and result-
ing rapid clearance. The high MMAD of 2.95 μm deter-
mined for BaSO4 (compared to CeO2: approx. 0.7 μm)
indicated agglomeration. Consequently, BaSO4 deposited
in the upper respiratory tract, which was also reflected
by the low predicted alveolar deposition fraction. Major
histopathological effects were thus found in the nasal
cavity while inflammatory reactions in the alveolar
compartments were marginal. The agglomeration
potential might explain substance-related differences
in toxicity between both nanoparticles but to a cer-
tain amount this also depends on the high amount of
particles administered.
Differences in clearance rates were also detected in

comparison to TiO2, another poorly soluble dust [38].
The more effective elimination of BaSO4 was explained
by a lower specific surface area. Although the tested par-
ticles were micron-sized this indicates that BaSO4 be-
haves differently compared to TiO2 and CeO2 when
entered the respiratory tract. As it has been discussed
above, clearance rates of nano-TiO2 and nano-CeO2

were comparable [35].
Based on short-term exposure to nanoparticles a

NOAEC of 50.0 mg/m3 for BaSO4 NM-220 was stated
[6]. After 90-day inhalation of the same concentration
we found several effects supporting refute of this limit
value. Although there was no distinct inflammatory reac-
tion with granulomatous characteristics like it was
present after CeO2 exposure, we found elevated levels of
neutrophils in BALF. Post-exposure histopathology ex-
aminations revealed remaining persistency of slight cell
accumulations especially in mediastinal and tracheo-
bronchial lymph nodes. Even more distinct was the pres-
ence of eosinophilic globules within respiratory and
olfactory epithelial cells of the nasal cavity and very
slight mucous cell hyperplasia. No signs of genotoxicity
or apoptosis were detected. Slightly increased Ki67 posi-
tive cell counts measured after 90-day exposure indi-
cated proliferative effects. However, return of values to
control levels during post-exposure suggested low

relevance of the respective findings. Absence of geno-
toxic effects, in this case systemic, were also stated by
Cordelli et al. [18] using the same BaSO4 nanoparticles
and the same concentration. The adverse effects caused
by BaSO4 exposure could be a consequence of high
nanoparticle levels and agglomeration especially in the
upper respiratory tract. However, the differences in
clearance and toxicity between BaSO4 and CeO2 suggest
contribution of substance inherent characteristics (e.g.
surface conditions). Those findings further show that
BaSO4 differs from other poorly soluble particles. This
should be considered regarding grouping approaches
and risk assessment.

Conclusion
CeO2 nanoparticles reach the alveolar space and induce
persistent inflammatory reactions after inhalation with a
NOAEL below 1.0 mg/m3. There are indications for
overload-related inflammatory effects. However, particle
specific toxicity, likely related to surface area is sug-
gested and has to be proven in future studies. Inflamma-
tory effects of BaSO4 are mainly restricted to the nasal
cavity, less severe and persistent compared to CeO2 and
most likely related to the high dose level. The rapid
clearance of BaSO4 discussed in the literature has been
confirmed during our experiments. The present study
revealed important information on the pulmonary tox-
icity of CeO2 and BaSO4 nanoparticles. It provides useful
data for nanomaterial risk assessment and possible ap-
proaches on grouping. Further mechanistic evaluations
are required especially regarding potential genotoxic ef-
fects and the role of oxidative stress in CeO2 nanoparti-
cle reactivity.

Methods
Nanoparticles
Cerium oxide NM-212 and barium sulfate NM-220 were
provided by the Fraunhofer Institute for Molecular Biol-
ogy and Applied Ecology (Fh-IME, Schmallenberg,
Germany). Both nanoparticles belong to the European
Commission Joint Research Center (JRC) Nanomaterial
Repository (Ispra, Italy).
CeO2NM-212: primary particle size 28.4 nm, mean

BET surface area 27.2 m2/g, water solubility <1 μg/L,
purity >99.5% (Information provided by Sigh et al. [53]
and Fh-IME Schmallenberg).
BaSO4NM-220: primary particle size 37.5 nm, mean

BET surface area 41.4 m2/g, water solubility 0.6 × 10−3

w-% Ba++, purity >93.8% (Information provided by
Wohlleben et al. [54] and Fh-IME Schmallenberg).

Animals
Female Wistar rats [Crl:WI (Han)] were purchased from
Charles River (Sulzfeld, Germany) and kept in groups of
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two animals in Makrolon polycarbonate cages Type IV.
Subsequent to 1 week of acclimatization rats were habit-
uated to nose-only tubes for 3 weeks, randomized and fi-
nally exposed to clean air or test substances with a start
age of 10 weeks. Temperature of animal rooms was set
at 20–24 °C with 40–70% relative humidity and a light/
dark cycle of 12 h. Laboratory diet (“V1534”, sniff Spe-
zialdiäten GmbH, Soest, Germany) and water was sup-
plied ad libitum. All experiments were conducted and
approved according to the German Animal Welfare Act
by the local authority at the LAVES Niedersachsen,
Hannover, Germany, No. 33.12–42,502–04-14/1564.

Exposure atmosphere
Aerosols were generated by dry powder dispersion using
a high-pressurized, high velocity pressurized air disper-
sion nozzle developed at our Institute [55]. Briefly, the
test material was located in reservoirs on a rotating disc
and sucked into the air flow system. Different nanoparti-
cle concentrations were achieved by adjusting the feed
rate via rotational speed regulation. Control group ani-
mals were provided with clean air. Generated aerosols
were introduced into a nose-only inhalation system.
Aerosol concentrations were continuously recorded by a
light scattering aerosol photometer (Fraunhofer ITEM,
Hannover, Germany) and compared to additional filter
sample analysis. The nanoparticle’s MMAD was deter-
mined independently for each group by gravimetric ana-
lysis (Marple 298 Personal Cascade Impactor, Thermo
Fisher Scientific). Exposure tube positions were changed
daily to minimize differences due to geometry.

Study design
The in vivo 90-day inhalation toxicity study was con-
ducted according to OECD TG 413 [56]. CeO2 NM-212
was administered in concentrations of 0.1, 0.3, 1.0 and
3.0 mg/m3, BaSO4 NM-220 in one high concentration of
50.0 mg/m3. A total of 576 rats were exposed to clean
air or the test substances for up to 90 days in a 6 h/day,
5 days/week rhythm. Clinical examinations were per-
formed after one and 28 days of exposure as well as after
one, 28, and 90 days post-exposure period.

Clinical signs, food consumption and body weights
The health condition of animals was checked daily.
Broad inspection for clinical abnormalities outside of the
cage were done once a week. On exposure days clinical
observations were done before, after and if necessary
during exposure. Food and water consumption was re-
corded weekly for a representative subgroup of ten ani-
mals from each dose group. Body weights of all animals
were checked once a week.

Clinical examinations
Hematology and clinical chemistry
Ten animals of each dose group were used for
hematological and clinico-chemical examinations at
post-exposure day one. Blood was taken by puncture of
the retrobulbar venous plexus under slight isoflurane
anesthesia. Full blood analysis and clinical chemistry pa-
rameters were recorded according to OECD TG 413 re-
quirements [56].

Lung burden
In order to determine the lung retention of CeO2 and
BaSO4 five animals of all dose groups were examined at
all days of sacrifices. Explanted lungs of exposed animals
were separated and the right lobes were used for analysis
of lung burden. The isotopes 140Ce/142Ce and 135Ba/
137Ba in organ samples were quantified via inductively
coupled plasma mass spectrometry (ICP-MS) using a
quadrupole ICP-MS system (X-Serie II, Thermo Fisher
Scientific). Sample preparation included lyophilisation of
shredded tissue for at least 6 h (0.37 mbar). Organ
weights were recorded prior and subsequently to freeze-
drying. For removal of organic material samples were
further processed by plasma ashing (cool plasma condi-
tions, 400 W, 1 mbar O2, 24 h) and subsequent micro-
wave digestion (H2SO4, 96%, supra quality, max.
500 W).

Bronchoalveolar lavage analysis
Bronchoalveolar lavages (BAL) of rat lungs were per-
formed in five animals of each dose group at all five time
points. The method is based on Henderson et al. [57]
with minor modifications. Lungs were lavaged twice
using 4 mL 0.9% NaCl. The following parameters were
determined from collected lavage fluids: total cell count,
differential cell count (macrophages, neutrophils, eosino-
phils and lymphocytes), biochemical mediators (lactic
dehydrogenase, ß-glucuronidase and total protein), as
well as cytokine levels. Total cell counts were measured
using a counting chamber (Fuchs-Rosenthal). Differen-
tial cell counts were prepared by centrifugation of BAL
fluid on cytoslides and subsequent Giemsa staining. Bio-
chemical indicators were determined in the supernatant
of centrifuged BAL fluid according to routine clinical
chemistry protocols.

Histopathology
All organs and tissues were preserved and wet weights
were recorded according to OECD TG 413 [56]. Ani-
mals were killed by carbon dioxide overdose and subse-
quent exsanguination. Histopathological examinations of
respiratory organs were performed at all implemented
days of sacrifice in ten animals of the clean air control,
3.0 mg/m3 CeO2 and BaSO4 group respectively. Left
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lung lobes including bronchi as well as mediastinal and
tracheobronchial lung-associated lymph nodes, trachea,
pharynx and nasal cavities including nasal mucosa-
associated lymphoid tissue were investigated. All respira-
tory tract organs were fixed in formalin (10%) for 24 h
and trimmed according to Ruehl-Fehlert et al. [58], Kit-
tel et al. [59] and Morawietz et al. [60]. The left lung
lobe was inflated with formalin (10%) at 20 cm water
pressure prior to formalin fixation. After trimming
tissues were embedded in paraffin, sectioned, and
hematoxylin and eosin (HE) stained for analysis Add-
itionally, Masson trichrome staining of the lung was
done for detection of connective tissue production.

Immunohistochemistry
In addition to obligatory investigations according to
OECD TG 413 [56] immunohistochemical stainings of
lung tissue sections from six animals of the clean air
control, 3.0 mg/m3 CeO2 and BaSO4 dose group were
performed after one and 28 exposure days, as well as
after one, 28 and 90 post-exposure days. Samples were
prepared as described for histopathology. Histopatho-
logical and immunohistochemical analysis was done in
consecutive lung tissue sections. Antibodies directed
against γ-H2AX and 8-OHdG were used as markers for
genotoxicity, caspase-3 for apoptosis, and Ki67 was used
to determine lung cell proliferation as described by
Rittinghausen et al. [33].

Statistics/data evaluation
Animal related “in live” data as well as hematological,
clinical chemistry, and histopathological findings were
recorded using the PROVANTIS 8431 software. Evalu-
ation of body weights, food and water consumption as
well as hematology data was done within PROVANTIS
8431, applying ANOVA with Dunnett post-hoc compari-
son. Bronchoalveolar lavage parameters and immunohis-
tochemistry marker levels were statistically evaluated
using Kruskal-Wallis-ANOVA with Mann-Whitney U-
Test as post-hoc analysis. Histopathological findings
were analyzed by a two-tailed Fisher test in the PRO-
VANTIS 8431 software system.
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Cerium oxide and barium sulfate 
nanoparticle inhalation affects gene expression 
in alveolar epithelial cells type II
Daniela Schwotzer* , Monika Niehof, Dirk Schaudien, Heiko Kock, Tanja Hansen, Clemens Dasenbrock 
and Otto Creutzenberg

Abstract 

Background: Understanding the molecular mechanisms of nanomaterial interacting with cellular systems is impor-
tant for appropriate risk assessment. The identification of early biomarkers for potential (sub-)chronic effects of nano-
particles provides a promising approach towards cost-intensive and animal consuming long-term studies. As part of a 
90-day inhalation toxicity study with  CeO2 NM-212 and  BaSO4 NM-220 the present investigations on gene expression 
and immunohistochemistry should reveal details on underlying mechanisms of pulmonary effects. The role of alveolar 
epithelial cells type II (AEII cells) is focused since its contribution to defense against inhaled particles and potentially 
resulting adverse effects is assumed. Low dose levels should help to specify particle-related events, including inflam-
mation and oxidative stress.

Results: Rats were exposed to clean air, 0.1, 0.3, 1.0, and 3.0 mg/m3  CeO2 NM-212 or 50.0 mg/m3  BaSO4 NM-220 and 
the expression of 391 genes was analyzed in AEII cells after one, 28 and 90 days exposure. A total number of 34 genes 
was regulated, most of them related to inflammatory mediators. Marked changes in gene expression were measured 
for Ccl2, Ccl7, Ccl17, Ccl22, Ccl3, Ccl4, Il-1α, Il-1ß, and Il-1rn (inflammation), Lpo and Noxo1 (oxidative stress), and 
Mmp12 (inflammation/lung cancer). Genes related to genotoxicity and apoptosis did not display marked regulation. 
Although gene expression was less affected by  BaSO4 compared to  CeO2 the gene pattern showed great overlap. 
Gene expression was further analyzed in liver and kidney tissue showing inflammatory responses in both organs and 
marked downregulation of oxidative stress related genes in the kidney. Increases in the amount of Ce were measured 
in liver but not in kidney tissue. Investigation of selected genes on protein level revealed increased Ccl2 in bronchoal-
veolar lavage of exposed animals and increased Lpo and Mmp12 in the alveolar epithelia.

Conclusion: AEII cells contribute to  CeO2 nanoparticle caused inflammatory and oxidative stress reactions in the 
respiratory tract by the release of related mediators. Effects of  BaSO4 exposure are low. However, overlap between both 
substances were detected and support identification of potential early biomarkers for nanoparticle effects on the respira-
tory system. Signs for long-term effects need to be further evaluated by comparison to a respective exposure setting.

Keywords: Nanoparticles, Gene expression, CeO2, BaSO4, Inhalation, Biomarkers, Alveolar epithelial cells type II, 
Inflammation, Oxidative stress
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Background
Nanotechnologies and -materials are of great inter-
est for product development and since several years 

its application is getting more popular. For safe use by 
manufacturers and consumers assessment of toxicity and 
adverse health effects is required. The present investiga-
tions are part of a comprehensive project on the toxic-
ity and carcinogenicity of nanoparticles with nano-CeO2 
as representative material in different concentrations 
covering the low to moderate dose range (0.1, 0.3, 1.0, 
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3.0  mg/m3), and nano-BaSO4 at one high concentra-
tion (50.0  mg/m3) for comparison to a non-toxic and 
safe material. The project is funded by the German Fed-
eral Ministry of Education and Research (03X0149) and 
should provide supporting data on a combined chronic 
inhalation toxicity and carcinogenicity study with cerium 
oxide and barium sulfate nanoparticles [NANoREG 
(81|0661/10|170)]. The automotive industry uses  CeO2 
nanoparticles in catalyzers and as fuel additive because 
of the material’s catalytic properties. Due to its chemical 
inertness, barium sulfate is used in multiple applications 
e.g. as filler in the biomedical sector. The nanoparticles 
were examined in a 90-day inhalation toxicity study 
with obligatory endpoints according to OECD TG 413 
[1]. To identify early biomarkers for long-term effects of 
nanoparticles and investigate potential mechanisms of 
action, highly sensitive methods (gene expression analy-
sis, immunohistochemistry) were further included in the 
project and are described in the present article.

Depending on their size and the striving to form 
agglomerates, nanoparticles penetrate different parts 
of the respiratory tract and likely end up in the alveo-
lar space. They potentially react with cellular systems 
and induce inflammatory reactions or other molecular 
events. They further might pass the air–blood-barrier 
and translocate to extra-pulmonary organs. One major 
mechanism for the elimination of particles from the res-
piratory tract is the uptake by alveolar macrophages and 
clearance via the mucociliary escalator or the lymphatic 
system. However, the alveolar space consists of further 
cell types involved in host defense and lung function 
maintenance. Alveolar epithelial type II (AEII) cells are 
responsible for production and recycling of lung sur-
factant, play a role in turnover of the alveolar epithelia, 
and bear the ability to transform into alveolar epithelial 
type I (AEI) cells (e.g. for replacement of damaged cells). 
It has early been reviewed that AEII cells are an impor-
tant component of the respiratory defense system against 
foreign material, including nanoparticles [2]. They pro-
duce and secrete a variety of factors, like surfactant 
proteins and chemokines to recruit macrophages and 
induce inflammatory processes for substance elimina-
tion [2–6]. It has been shown that carbon black nano-
particles, but not fine or nano-TiO2, or fine carbon black 
stimulate AEII cells to release factors for macrophage 
migration in  vitro [7]. Furthermore, AEII cells and not 
macrophages are assumed to be the main producers of 
neutrophil attracting chemokines in the early inflamma-
tory response to carbon nanoparticles administered via 
intratracheal instillation [8]. AEII cells might also inter-
nalize nanomaterial via different mechanisms, including 
the route of surfactant recycling [9–13]. In  vivo studies 
on gold nanoparticles demonstrate the presence of the 

respective nanomaterial in lamellar bodies of AEII cells 
or the lung lining fluid [14, 15].

The presence of nanomaterial in the lung can cause 
chronic inflammatory reactions of lung tissue (e.g. after 
repeated administration), which can eventually result 
into long-term adverse effects like fibrosis or neoplas-
tic lesions. It has recently been demonstrated that AEII 
cells play a role in  CeO2 nanoparticle induced lung fibro-
sis [16]. Furthermore, it is known that AEII cells are a 
potential progenitor for lung tumors. As reviewed by 
Oberdörster [17] during particle-related inflammation, 
the recruited immune cells release growth factors and 
induce oxidative stress by the production of reactive 
oxygen species (ROS) for host defense. ROS can cause 
DNA damage, growth factors stimulate cell prolifera-
tion and by this the risk of tumor formation is increased. 
This hypothesis includes the well investigated process 
of secondary genotoxicity which is often accompanied 
by a present overload situation [18]. In contrast, little 
is known about primary mechanisms of genotoxicity, 
which are attributed to direct particle effects, like ROS 
generation due to surface reactivity [18]. Investigations 
of respective effects need to be done at absent inflam-
mation. Less knowledge is published in how far  CeO2 
nanoparticles react via the described molecular mecha-
nisms and if they bear a carcinogenic potential after inha-
lation. Several in  vivo inhalation studies demonstrate 
the induction of inflammatory reactions [19–26]. How-
ever, the majority of these studies most likely describe 
effects occurring during a present overload situation. 
Pro-oxidative but also anti-oxidative effects have been 
demonstrated for  CeO2 nanoparticles [19, 27–32]. Fur-
thermore, some research indicates a genotoxic potential 
in vivo (intratracheal or oral application) [30, 33, 34] or 
in vitro [29, 35]. In contrast, first results from the chronic 
study mentioned earlier as well as the related dose-range 
finding study indicate no genotoxic effects for  CeO2 [22, 
36]. Investigations of Ma et al. [16, 37, 38] indicate fibro-
sis induction after  CeO2 intratracheal instillation. More 
mechanistic information is needed for better under-
standing of partially contrary hypotheses. This includes 
the contribution of inflammation and overload on the 
one hand, and the particle’s reactivity on the other hand, 
to the respective molecular events. Also, the use of very 
high nanoparticle concentrations in most available stud-
ies requires more research on lower dose levels.

Since the major share of the inhaled nanoparticle dose 
usually deposits in the respiratory organs and is elimi-
nated via mechanisms of pulmonary clearance, extra-
pulmonary translocation of a smaller particle fraction is 
a frequently detected concomitant effect. Aalapati et  al. 
[19] measured Ce contents in different extra-pulmonary 
organs after 28-day exposure in mice, with highest levels 
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in liver and kidney and particle-related histopathological 
changes of the respective organs. Other in  vivo studies 
display comparable effects for  CeO2 nanoparticles [30, 
39–43].

Potential mechanisms of action, especially regarding 
carcinogenicity of  CeO2 and  BaSO4 nanoparticles, were 
examined in this study. The highly sensitive method of 
gene expression analysis aims on the identification of 
early biomarkers for nanoparticle-related effects, espe-
cially those occurring after long-term exposure to real-
istic, low substance levels. The inclusion of low  CeO2 
nanoparticle concentrations should create a situation of 
absent overload and inflammation to identify substance-
related pro-oxidative, pro-proliferative or apoptotic as 
well as genotoxic effects. We focused on AEII cells as they 
are potential key players in (particle induced) pulmonary 
toxicity. The contribution of extra-pulmonary transloca-
tion to nanoparticle toxicity mechanisms motivated addi-
tional examinations of liver and kidney tissue as organs 
responsible for substance elimination. The identification 
of early biomarkers after acute to subchronic nanoparti-
cle exposure creates a step towards the reduction of cost-
intensive, animal-consuming long-term in  vivo studies. 
Moreover, the in  vivo markers should serve as basis for 
further investigations in an in  vitro nanoparticle-expo-
sure setup to intensify the focus on alternatives to animal 
testing.

Results
Conventional endpoints according to OECD TG 413
The obligatory investigations of the 90-day inhalation 
toxicity study according to OECD TG 413 were com-
prehensively reported elsewhere [1] and are briefly sum-
marized in Table 1. We detected increasing lung burden 
levels for both nanomaterials with reduced clearance 

halftimes of cerium at concentrations of ≥  1.0  mg/m3. 
Contrastingly, barium was rapidly cleared from the lung. 
The response of lung tissue and associated cell popula-
tions was dominated by inflammatory reactions. Particle-
laden macrophages and inflammatory cell infiltrations, 
directed by neutrophils were detected in histopathology 
and bronchoalveolar lavage (BAL) analysis. Immunohis-
tochemistry markers for genotoxicity  (CeO2 only) and 
cell proliferation were increased with ongoing exposure. 
Effects remained persistent up to 90 days subsequent to 
 CeO2, and although to a much lower extent also after 
 BaSO4 exposure.

Gene expression analysis in AEII cells
For AEII cells five different profiler PCR arrays (inflam-
matory cytokines and receptors, oxidative stress, DNA 
repair, apoptosis, lung cancer) were analyzed. In total, 
34 genes were regulated and are listed in Table  2 and 
Additional file  1: Table S1. An overall upregulation of 
gene expression has been observed rather than down-
regulation. Switches between up- and downregulation of 
one specific gene has been detected rarely, therefore the 
direction of gene regulation could be determined quite 
explicit for most of the genes. Furthermore, the overlap 
between the regulated genes in response to both sub-
stances was quite high (> 60% similarity). The number of 
regulated genes increased with ongoing exposure time 
and increasing  CeO2 concentration (Fig.  1). Analysis of 
gene distribution over the different pathways revealed 
major contribution of inflammatory mediators at all time 
points (Fig. 2). All other pathways yielded up to four reg-
ulated genes. Inflammatory- and oxidative stress-related 
gene numbers increased in response to  CeO2. Also in 
response to  BaSO4 a time-dependent increase of the 
number of regulated genes was detected. However, the 

Table 1 Summary of conventional endpoints

NAD no abnormalities detected

Investigation CeO2 BaSO4

Retention analytics ↑ lung burden (time- and concentration-dependent); ↓ 
clearance (≥ 1.0 mg/m3)

↑ lung burden (time-dependent); rapid clearance

Hematology/
clinical chemistry 
(d90 + 1rec)

↑ blood neutrophils NAD

BAL analysis ↑ neutrophils, lymphocytes, total protein, LDH, 
β-glucuronidase (time-/concentration-dependent); 
post-exposure persistency

↑ neutrophils; no post-exposure persistency

Histopathology ↑ particle-laden macrophages and inflammatory cell 
infiltrations (alveolar/interstitial/lymphoid tissue), 
bronchiolo-alveolar hyperplasia and fibrosis; post-expo-
sure persistency

↑ particle-laden macrophages and inflammatory cell infiltrations; 
intra-epithelial eosinophilic globules and mucus cell hyperpla-
sia in the nasal cavity; partly post-exposure persistency

Immunohistochemistry ↑ γ-H2AX, 8-OHdG (genotoxicity); ↑ Ki-67 (proliferation); 
post-exposure persistency

↑ Ki-67 (proliferation); partly post-exposure persistency
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distribution over the five specified groups of mediators 
did not increase significantly. In total, 30 different genes 
were affected by  CeO2 and 25 genes by  BaSO4 expo-
sure. The difference was mainly due to a lower number 
of inflammatory mediators regulated by  BaSO4. Data 
for the most promising genes regarding their function 
as potential marker for nanoparticle-related effects and 
linked mechanisms of action are displayed individually 
in the following sections. Figure  15 shows an overview 
of assumed mechanistic relationships between the differ-
ent cell types and effects involved in  CeO2 nanoparticle 
responses.  

Inflammatory cytokines and receptors
The chemokines Ccl2, Ccl7, Ccl17 and Ccl22 (Fig. 3a–d) 
showed the most distinct upregulation of all inflam-
matory mediators tested. Regulation was highest after 
90  days exposure to 3.0  mg/m3  CeO2. Especially Ccl22 
(Fig.  3d) showed a very high response to  CeO2 with a 
gene expression up to 19-fold higher than the control 
group. The regulation pattern for these four chemokines 
is quite similar. The inflammatory mediators Ccl3, Ccl4, 
Ccl24, Il-1α, Il-1β, Il-1rn were upregulated at low  CeO2 
concentrations (0.1, 0.3  mg/m3) with a similar expres-
sion pattern (Fig. 3e–i). Although slight upregulation was 
detected for several mediators after 28 days, effects were 
highest after 90  days exposure. In contrast,  BaSO4 only 
affected Ccl2, Ccl7, and Ccl22.

Oxidative stress
Four genes related to oxidative stress were regulated 
after  CeO2 nanoparticle exposure (Table 2). The highest 
responses were detected for Lpo and Noxo1 with a con-
centration- and time-dependent increase (Fig. 4). Expres-
sion levels exceeded the fold regulation cut off already at 
0.3 mg/m3  CeO2 nanoparticle exposure and reached val-
ues up to 56-fold higher compared to clean air inhalation 
after 90  days exposure to 3.0  mg/m3  CeO2. Noxo1 was 
significantly upregulated after 28 and 90 days in response 
to the highest concentration of  CeO2.  BaSO4 exposure 
revealed a total number of five regulated genes related 
to oxidative stress (Table 2). Lpo was affected in a similar 
way as after  CeO2 exposure, with a peak fold regulation 
of 25. Noxo1 was upregulated only after 28 days exposure 
to  BaSO4.

DNA repair and apoptosis
Three genes related to DNA repair were regulated 
(Table 2), whereas Exo1 showed the most distinct regu-
lation (data not shown). The impact of  BaSO4 on Exo1 
expression was higher than effects of  CeO2. Birc5, an 
apoptosis-related gene was slightly upregulated after 
90-day nanoparticle exposure (data not shown).

Lung cancer
The lung cancer pathway revealed seven regulated 
genes (Table  2). The strongest response was detected 
for Mmp12 (Fig.  5). Fold regulation values markedly 
increased with ongoing  CeO2 nanoparticle exposure 
and increasing concentration.  BaSO4 effects were lower, 
but still caused significant upregulation of Mmp12 after 
90 days.

Analysis of protein expression in the alveolar compartment
For the pathways inflammation, oxidative stress and lung 
cancer, the following regulated genes were investigated 
regarding their protein expression in either BAL or lung 
tissue of  CeO2 and  BaSO4 exposed animals: Ccl2, Ccl20, 
Il-1α and Il-1ß (BAL analysis), Lpo and Mmp12 (immu-
nohistochemistry of lung tissue).

Ccl2 levels in bronchoalveolar lavage
While Ccl20, IL-1α, and IL-1β protein levels in BAL 
did not change in response to nanoparticle exposure, 
Ccl2 was markedly increased with ongoing  CeO2 expo-
sure and increasing concentration (Fig.  6). In addition 
to gene expression analysis, mediator levels in BAL were 
also measured during post-exposure of up to 90  days. 
Although a slight decrease of Ccl2 levels was observed 
in this phase, elevated protein expression was overall 
persistent.  BaSO4 also significantly affected Ccl2 protein 
expression in BAL.

Immunohistochemical analysis of Lpo and Mmp12
Since gene expression of Lpo and Mmp12 was highly 
upregulated in AEII cells, immunohistochemistry was 
used to evaluate the development of their protein level. 
Figures  7 and 8 exemplarily show tissue sections of the 
alveolar region of rats exposed to clean air, 3.0  mg/m3 
 CeO2, or 50.0 mg/m3  BaSO4 for 90 days. The red colored 
signal indicates increased protein expression of Lpo 
(Fig.  7) or Mmp12 (Fig.  8) in response to both materi-
als, while clean air did not cause any response. Lpo was 
detected in the alveolar epithelia in close proximity to 
the opening of the terminal bronchioli in regions of 
accumulated particle-laden macrophages and induced 
inflammation. The Lpo positive cells were morphologi-
cally consistent with AEII cells. Furthermore, no signifi-
cant levels were measured in alveolar macrophages. This 
indicates that the increased Lpo gene expression in AEII 
cells caused also increased Lpo protein levels in the same 
cells. Lpo positive areas were additionally quantified per 
total tissue area. This analysis revealed an increasing sig-
nal with ongoing nanoparticle exposure, significant after 
90  days for both substances (Fig. 9). The effect of  CeO2 
was higher compared to  BaSO4 according to gene expres-
sion results. This is also visible in Fig. 7. The lung tissue 
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Table 2 Gene regulation in AEII cells in response to  CeO2 and  BaSO4 after different exposure periods

Array Gene CeO2 BaSO4

1 day 28 days 90 days 1 day 28 days 90 days

Inflammatory cytokines and receptors Ccl3 C–C motif chemokine ligand 3
 ↑  ↑

Ccl17 C–C motif chemokine ligand 17
 ↑  ↑

Cx3cr1 C–X3–C motif chemokine receptor 1
 ↑  ↓

Il1α Interleukin 1 alpha
 ↑  ↑

Il1β Interleukin 1 beta
 ↑  ↑

Il1rn Interleukin 1 receptor antagonist
 ↑  ↑

Tnfsf4 Tumor necrosis factor superfamily member 
4  ↑↓

Ccl2 C–C motif chemokine ligand 2
 ↑  ↑  ↑

Ccl4 C–C motif chemokine ligand 4
 ↑  ↑  ↓

Ccl7 C–C motif chemokine ligand 7
 ↑  ↑

Ccl11 C–C motif chemokine ligand 11
 ↑  ↑

Ccl20 C–C motif chemokine ligand 20
 ↓  ↑  ↑↓  ↓  ↑

Ccl22 C–C motif chemokine ligand 22
 ↑  ↑  ↑  ↑

Ccl24 C–C motif chemokine ligand 24
 ↑  ↑  ↑  ↑

Pf4 platelet factor 4
 ↑  ↑

Cxcl9 C–X–C motif chemokine ligand 9
 ↓  ↑  ↑

Cd40lg CD40 ligand
 ↓  ↓

Il2rb Interleukin 2 receptor, beta
 ↓  ↓

Oxidative stress Lpo Lactoperoxidase
 ↑  ↑  ↑  ↑

Noxo1 NADPH oxidase organizer 1
 ↑  ↑  ↑

Hba1 Hemoglobin alpha, adult chain 2
 ↓  ↓  ↓  ↓  ↓

Scd1 Stearoyl-Coenzyme A desaturase 1
 ↑  ↓  ↓

Krt1 Keratin 1
 ↑  ↑

DNA repair Msh5 mutS homolog 5
 ↑

Exo1 Exonuclease 1
 ↓  ↑  ↓  ↑  ↑

Mutyh MutY homolog (E. coli)
 ↓  ↑

Apoptosis Birc5 Baculoviral IAP repeat-containing 5
 ↑  ↑  ↑

Lung cancer Cyp1b1 Cytochrome P450, family 1, subfamily b, 
polypeptide 1  ↑↓

Fabp4 Fatty acid binding protein 4
 ↑  ↑  ↓

Mmp12 Matrix metallopeptidase 12
 ↑  ↑  ↑

Opcml Opioid binding protein/cell adhesion 
molecule-like  ↑  ↑  ↑  ↑
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overview sections contain more areas of  CeO2 particle-
laden macrophages with positive Lpo signal in epithelial 
cells (Fig.  7C) than  BaSO4 related signals (Fig.  7E). As 
seen in Fig. 7D, the brown colored  CeO2 particles accu-
mulated in macrophages are histologically visible. The 
analyzed tissue was therefore further used for quanti-
fication of cerium (Fig.  10). The signal was significantly 
exceeding control levels and was increasing with ongoing 
particle exposure.

Mmp12 protein levels were increased after 28 and 
90 days nanoparticle exposure, but did not yield any sig-
nificance, due to high variation between individual tissue 
slides (Fig.  9b). The picture of the lung sections (Fig.  8) 
indicates that the positive signal originates predomi-
nantly from alveolar macrophages rather than epithelial 
cells. However, single Mmp12 positive AEII cells were 
also detectable.

Gene expression analysis of liver and kidney tissue
In liver and kidney tissue 14 and 18 genes respectively 
were regulated in total (Table  3, Additional file  1: Table 
S1). Similar to the AEII cells a high response concerning 

the amount of regulated genes was seen for the endpoint 
inflammation (50% of total for liver,  ~  30% of total for 
kidney; Fig.  11). However, in kidney tissue even more 
genes were found to be related to oxidative stress, most 
of them downregulated. In both tissues a minor portion 
of the regulated genes was DNA repair-related. Com-
parison of both substances indicated a higher response of 
gene regulation to  CeO2 than to  BaSO4. 

Nanoparticle retention in liver and kidney tissue
Since some changes in gene expression were detected 
in liver and kidney tissue after nanoparticle exposure, 
we determined the amount of Ce in both organs. Fig-
ure  12 exemplary shows the level of ionic, particulate 
and total Ce in the liver during and after 90  day expo-
sure to 3.0 mg/m3  CeO2. The overall amount is low, but 
there is a significant increase in Ce levels with ongoing 
exposure and values decrease after the last day of expo-
sure. Differences in the level of ionic and particulate Ce 
are marginal. A switch from more ionic to more particu-
late Ce with ongoing nanoparticle exposure and back to 
higher ionic levels during post-exposure was detected. 
Table 4 contains all Ce levels measured in liver and kid-
ney for the mid and high dose group. 1.0  mg/m3  CeO2 
caused slightly lower values and a similar trend as seen 
in the high dose group, with peak levels of 2 µg/liver after 
90 days exposure. The lower Ce dose groups and  BaSO4 
were not measured at this point. 

Discussion
Gene expression analysis is a highly sensitive method, 
which can yield valuable supportive information on a 
mechanistic level. Therefore, the gene expression analysis 
described here was performed as extension of a 90-day 
inhalation toxicity study on nanomaterial according to 
OECD TG 413. It aimed on the identification of early 
biomarkers predicting effects of subacute to chronic 
nanoparticle exposure. Results of the guideline required 
parts of the study are discussed in detail elsewhere [1]. 
Briefly, a marked pulmonary inflammation was detected 

 ↑ upregulation; ↓ downregulation; ↑↓ up- or downregulation (differences between  CeO2 dose groups); cut-off: FR ≤ − 2.0 or ≥ 2.0

Table 2 continued

Array Gene CeO2 BaSO4

1 day 28 days 90 days 1 day 28 days 90 days

Tcf21 Transcription factor 21
 ↓

Thbs2 Thrombospondin 2
 ↑

Top2a Topoisomerase (DNA) II alpha
 ↑

Total 34 11 18 24 9 10 15

Fig. 1 Number of regulated genes per concentration and time 
point. The number of regulated genes in AEII cells isolated from rats 
exposed to 0.1, 0.3, 1.0 or 3.0 mg/m3  CeO2 or 50.0 mg/m3  BaSO4 
nanoparticles for one, 28 or 90 days is illustrated
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in response to 3.0  mg/m3  CeO2 nanoparticle inhala-
tion, showing increasing severity with ongoing particle 
exposure and post-exposure persistency. This particle 
concentration most likely provoked lung overload, indi-
cating that the inflammation was caused by oversaturated 
macrophages and related impaired lung clearance. Histo-
pathological findings suggest the risk of long-term effects 
like fibrosis, resulting from the chronic inflammation 

reaction. For the mid concentration (1.0  mg/m3  CeO2) 
also signs of inflammation accompanied by slightly 
impaired lung clearance were detected. Depending on 
the calculation method, overload is assumed to be pre-
sent or absent and therefore making a clear conclu-
sion difficult. At lower  CeO2 concentrations (0.1 and 
0.3 mg/m3) no signs of inflammation and overload were 
detected.  BaSO4 nanoparticles (50.0 mg/m3) also caused 

Fig. 2 Distribution of regulated genes over the analyzed pathways. The number of regulated genes in isolated AEII cells after  CeO2 nanoparticle 
(pool of all dose groups) and  BaSO4 nanoparticle exposure is illustrated per time point and pathway
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mild inflammatory cell infiltrations in the alveolar space, 
although major effects were restricted to the nasal cavity, 
due to particle accumulation. Interestingly, despite the 

high concentration administered to the animals,  BaSO4 
was cleared rapidly from the lung without provoking 
overload.

Fig. 3 Gene expression of inflammatory mediators in AEII cells. Gene expression of a Ccl2, b Ccl7, c Ccl17, d Ccl22, e Ccl3, f Ccl4, g Il-1α, h Il-1ß, 
and i Il-1rn in AEII cells of rats exposed to 0.1, 0.3, 1.0 or 3.0 mg/m3  CeO2 or 50.0 mg/m3  BaSO4 nanoparticles for one, 28 or 90 days is illustrated. 
Values are expressed as mean fold regulation of clean air control ± SD; cut-off: fold regulation ≤ − 2.0 or ≥ 2.0 (dotted line), *p < 0.05, **p < 0.01, 
***p < 0.001; n ≤ 5; Student’s T-test analysis of the replicate  2−∆Ct values for each gene in the control and treatment groups
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Local alveolar effects of  CeO2 nanoparticles
An overview of  CeO2 nanoparticles’ influence on the 
alveolar compartment in terms of inflammation, oxida-
tive stress and tissue degradation is depicted in Fig. 15.

The described inflammation was reflected by gene 
expression analysis. In AEII cells a total number of 34 

genes were regulated after nanoparticle exposure and 
thereof 18 were chemokines or interleukins, responsible 
for immune cell activation and recruitment. This matches 
inflammatory cell infiltrations in lung tissue and increas-
ing neutrophil and lymphocyte levels in BAL detected in 
the main study [1]. A major part of the effects exacerbate 
time- and concentration-dependent, which was reflected 
by two different phenomena on mRNA level: (1) increase 
in total number of regulated genes, (2) increase in fold 
regulation of the individual genes.

Pulmonary immune responses imply the complex 
interaction between different inflammatory cell types, 
but also respiratory epithelial cells. In particular AEII 
cells are suggested to release inflammatory mediators. 
Most distinct regulation in these cells was detected for 
the C–C motif chemokines Ccl2, Ccl7, Ccl17 and Ccl22 
after 1.0 and 3.0  mg/m3  CeO2 nanoparticle exposure. 
Ccl2 and Ccl7 are closely related chemoattractant pro-
teins, which bind to the same receptor (Ccr2) and cause 
similar responses, like macrophage, lymphocyte and neu-
trophil recruitment [44]. Ccl17 and Ccl22 also react via 
a common receptor (Ccr4). They are involved in activa-
tion of CD4+ T-lymphocytes and monocytes [45, 46]. 
Our results show upregulation of all these chemokines in 
response to  CeO2 nanoparticle exposure and correlations 
between the related mediators Ccl2/Ccl7 and Ccl17/
Ccl22 (Fig.  13a, b). At exposure conditions resulting in 
high gene regulation (90 days exposure,  CeO2 concentra-
tion ≥ 1.0 mg/m3) also significant changes in the amount 
of target cells for those mediators have been detected in 

Fig. 4 Expression of oxidative stress-related genes in AEII cells in response to nanoparticle exposure. Gene expression of a Lpo and b Noxo1 in AEII 
cells of rats exposed to 0.1, 0.3, 1.0 or 3.0 mg/m3  CeO2 or 50.0 mg/m3  BaSO4 nanoparticles for one, 28 or 90 days is illustrated. Values are expressed 
as mean fold regulation of clean air control ± SD; cut-off: fold regulation ≤ − 2.0 or ≥ 2.0 (dotted line), *p < 0.05, **p < 0.01, ***p < 0.001; n ≤ 5; 
Student’s T-test analysis of the replicate  2−∆Ct values for each gene in the control and treatment groups

Fig. 5 Gene expression of Mmp12 in AEII cells in response to 
nanoparticle exposure.Gene expression of Mmp12 in AEII cells of 
rats exposed to 0.1, 0.3, 1.0 or 3.0 mg/m3  CeO2 or 50.0 mg/m3  BaSO4 
nanoparticles for one, 28 or 90 days is illustrated. Values are expressed 
as mean fold regulation of clean air control ± SD; cut-off: fold regula-
tion ≤ − 2.0 or ≥ 2.0 (dotted line), *p < 0.05, **p < 0.01, ***p < 0.001; 
n ≤ 5; Student’s T-test analysis of the replicate  2−∆Ct values for each 
gene in the control and treatment groups
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histopathology and/or BAL (particle-laden macrophage 
accumulations, increased lymphocyte levels) [1]. Until 
now less was known regarding the expression of the 
mentioned chemokines in AEII cells in general or in 
response to nanoparticles. Several studies indicate Ccl2 
production in isolated AEII cells after different stimuli 
[3, 47–52]. Cxcl2 or Ccl2 mRNA expression in either iso-
lated AEII cells or alveolar epithelial cell lines has been 
described already in response to quartz exposure [6, 53, 
54] and Chen et al. [8] demonstrated the expression and 
release of different Cxcl-motif chemokines by AEII cells 
after intra-tracheal instillation of carbon nanoparticles 
and assumed AEII cells to be the major key player in this 
neutrophil-driven response.

Lower, non-overload concentration levels should help 
to evaluate potential substance related effects. Our pre-
vious investigations indicated that at a concentration of 
1.0 and even 3.0 mg/m3  CeO2 effects are likely not exclu-
sively overload-related but also dependent on material-
specific characteristics, because they did not induce a 
volumetric or specific surface-related lung overload [1]. 
The upregulation of chemokines is therefore to some 
extent substance related either.  CeO2 nanoparticle expo-
sure at 0.1 and 0.3  mg/m3 revealed gene regulation of 
inflammatory mediators, not markedly affected at higher 
dose levels (Ccl3, Ccl4, Il-1α, Il-1β, Il-1rn). Ccl3 and Ccl4 
are two related mediators with the shared receptor Ccr5. 
They function as chemoattractant for mainly monocytes 
and lymphocytes and are expressed by a variety of cells, 
including inflammatory and epithelial cells [55]. Il-1α 

and Il-1ß both bind to the interleukin receptor and trig-
ger chemokine release from target cells and immune cell 
activation. The antagonist Il-1rn competes with Il-1α and 
Il-1ß for interleukin receptor binding and by this balances 
induced immune reactions. Evidence is given that Il-1α 
and Il-1ß stimulate Ccl2 expression in AEII cells [3, 4, 51, 
56]. Brabcová et al. [57] demonstrated in addition to Ccl2 
effects on Ccl3, Ccl4, and Ccl17 levels in A549 cell cul-
tures in response to Il-1ß and graded this interleukin as 
a quite potent chemokine stimulant. Il-1ß synthesis has 
also been found in stem cell-derived lung epithelial cells 
[58] and isolated mouse AEII cells exposed to  TiO2 nano-
particles [59]. So far, data on the influence of nano-CeO2 
on the release of the discussed mediators by AEII cells 
has not been reported by others. Only some measure-
ments of Il-1ß have been performed in BAL [19, 26] or 
lung tissue [30] of rodents treated with  CeO2. However, 
since no cell type specific analysis was performed the cel-
lular source of Il-1ß remains unknown.

90 days exposure to concentrations of up to 0.3 mg/m3 
revealed significant upregulation of the respective media-
tors followed by a decrease to baseline levels in higher 
dose groups and highly correlated expression patterns 
between all mediators (Fig. 13c–l). Since the chemokines 
and interleukins indicate inflammation which was for 
this concentration not yet measureable in BAL analy-
sis but clearly present at higher dose levels (BAL and 
histopathology) [1], the respective mediators might 
function as promising sensitive biomarkers for nanopar-
ticle exposure on a gene expression level. Also, this gene 

Fig. 6 Ccl2 levels measured in bronchoalveolar lavage. Rats were exposed to clean air, 0.1, 0.3, 1.0, and 3.0 mg/m3  CeO2 nanoparticles or 50.0 mg/
m3  BaSO4 nanoparticles. Ccl2 levels were determined after one, 28 and 90 days exposure and 28 and 90 days after the end of 90 days exposure 
(90 + 28, 90 + 90). Values are expressed as mean + SD, *p ≤ 0.05 vs. clean air control, n ≤ 5; Kruskal–Wallis–ANOVA with Mann–Whitney U-test as 
post hoc analysis
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regulation might indicate an early risk of induced pulmo-
nary inflammation during long-term low dose exposure 
to  CeO2 nanoparticles. In parallel to our 90-day study 
respective investigations will be provided by a long-term 
setup with the same  CeO2 nanomaterial and concentra-
tions as part of the European program on the regulatory 
testing of manufactured nanomaterials (NANoREG), in 
which potential toxic and carcinogenic effects during and 
after exposure periods of up to 1 year were investigated 
[BASF, Ludwigshafen, Germany, “combined chronic 
inhalation toxicity and carcinogenicity study with  CeO2 
and  BaSO4”, (81|0661/10|170)]. The combination of both 

studies constitutes the ideal base to prove and classify the 
meanings of the potential early signs for inflammatory 
effects discussed here.

It could be assumed that AEII cells support the defense 
against nanoparticles in second instance since upregula-
tion of inflammatory mediators started at later stages of 
exposure and was dominated by chemokines stimulat-
ing monocytes and cells of the adaptive immune system 
(e.g. lymphocytes). Constant monocyte recruitment sup-
ports elimination of the rising particle amount and han-
dling of overload conditions, lymphocytes are usually 
recruited for delayed defenses. Our histopathology and 

Fig. 7 Lpo protein expression in lung tissue. All examples illustrate findings after 90-day nanoparticle exposure. A lung tissue overview, ×10, and 
B detailed view, ×40, after clean air exposure, C Lpo positive cells (arrows) in lung tissue overview, ×10, and D detailed view, ×40, after 3.0 mg/
m3  CeO2 exposure, and E Lpo positive cells (arrows) in lung tissue overview, ×10, and F detailed view, ×40, after 50.0 mg/m3  BaSO4 exposure. The 
images show Lpo-positive cells counterstained with hematoxylin
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BAL analysis match this theory as we found neutrophilic 
inflammation at early stages of exposure, followed by 
increasing levels of lymphocytes [1]. Respective observa-
tions were accompanied by sustained presence of parti-
cle-laden macrophages.

Although inflammatory effects of  CeO2 nanoparticle 
exposure were dominating signs of induced oxidative 
stress have additionally been detected. A marked time-
dependent upregulation of Lpo mRNA and protein was 
measured in AEII cells. Protein analysis further identified 
the increased Lpo levels as being related to areas of par-
ticle-laden macrophage accumulations and inflammatory 

cell infiltrations. Lpo catalyzes the conversion of thiocy-
anate to antibacterial hypothiocyanite by use of hydrogen 
peroxide and belongs to the non-immunological airway 
defense system. The respiratory Lpo defense system 
highly depends on  H2O2 and is influenced by the pres-
ence of inflammatory mediators [60]. Based on research 
with oxidized SWCNT evidence is given that Lpo func-
tions in nanomaterial degradation [61]. Since  CeO2 par-
ticles bear redox activity, an interaction with the Lpo 
defense system seems reasonable and supports substance 
related effects. The particles might be able to process 
 H2O2 by  Ce3+/Ce4+ redox cycling. Although respective 

Fig. 8 Mmp12 protein expression in lung tissue. All examples illustrate findings after 90-day nanoparticle exposure. A Mmp12 positive mac-
rophages (arrows) in lung tissue overview (×10) and B detailed view (×40) after clean air exposure, C Mmp12 positive macrophages (arrows) and 
AEII cells (arrowhead) in lung tissue overview (×10) and D detailed view (×40) after 3.0 mg/m3  CeO2 exposure, and E Mmp12 positive mac-
rophages (arrows) and AEII cells (arrowhead) in lung tissue overview (×10) and F detailed view (×40) after 50.0 mg/m3  BaSO4 exposure. The images 
show Mmp12-positive cells counterstained with hematoxylin



Page 13 of 25Schwotzer et al. J Nanobiotechnol  (2018) 16:16 

properties were reviewed from an anti-oxidative perspec-
tive, in terms of mimicking superoxide dismutase (SOD) 
or catalase activities,  CeO2 obviously has the potential to 
affect  H2O2 balance. The SOD like reaction includes the 
generation of  H2O2 from superoxide anion. This would 
favor the increase of extracellular  H2O2 and might cause 
elevated Lpo levels. Also other theories of oxidative stress 
generation, including lipid peroxidation [19] by the par-
ticles are conceivable. The catalytic activity thus claims 
consideration of both, pro- and anti-oxidative capacities.

Furthermore, an inflammation-related hypothesis for 
elevated Lpo levels could be based on respiratory burst. 
Inflammatory cells eliminate internalized material by the 
production of ROS. Neutrophils for instance release  O2

− 
and  H2O2 in response to various stimuli [62]. Lung epi-
thelial cells are further known to physiologically produce 
 H2O2 [63]. Bronchial epithelial cells have been shown to 
increase  H2O2 release in response to the inflammatory 
mediator IFNγ, leading to stimulation of the Lpo defense 
system [60]. Such conditions might thus be responsible 
for imbalance of the system during inflammation (1.0 or 
3.0 mg/m3  CeO2), manifested by increased Lpo levels in 
AEII cells at hotspots of inflammation and the correla-
tion between the amount of neutrophils in BAL and Lpo 
gene expression levels (Fig. 14a).

Another upregulated factor participating in ROS gen-
eration is Noxo1, which is part of the transmembrane 
Nox enzyme complex and contributes to extracellular 
ROS production by intracellular consumption of NADPH 
[64]. It was significantly upregulated in response to 
3.0 mg/m3  CeO2 when also a marked Lpo expression was 
observed. Van Klaveren et  al. [65] demonstrated activa-
tion of a membrane bound NAPDH oxidase-like system 
in isolated rat AEII cells and enzymatic generation of  O2

− 
and  H2O2 in response to different stimuli. The poten-
tial contribution of this system to  H2O2 levels suggests 
a functional relationship between Noxo1 and Lpo levels 
after  CeO2 nanoparticle exposure.

No clear evidence was given for effects on genotoxic-
ity and apoptosis in AEII cells after  CeO2 nanoparticle 

Fig. 9 Lpo and Mmp12 levels in alveolar tissue. Rats were exposed to clean air, 3.0 mg/m3  CeO2 nanoparticles or 50.0 mg/m3  BaSO4 nanoparticles. 
a Lpo and b Mmp12 levels were determined immunohistochemically after one, 28 and 90 days exposure. Values are expressed as positive area per 
total tissue, normalized to the control group, mean + SD, *p < 0.05 vs. clean air control, n ≤ 5; Kruskal–Wallis–ANOVA with Mann–Whitney U-test as 
post hoc analysis

Fig. 10 Cerium levels in alveolar tissue. Rats were exposed to clean 
air or 3.0 mg/m3  CeO2 nanoparticles. Cerium levels were deter-
mined in tissue slices after one, 28 and 90 days exposure. Values are 
expressed as positive area per total tissue, normalized to the control 
group, mean + SD, *p < 0.05 vs. clean air control, n ≤ 5; Kruskal–Wal-
lis–ANOVA with Mann–Whitney U-test as post hoc analysis
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exposure since no distinct gene regulation was meas-
ured for the tested DNA repair- or apoptosis-related 
genes.

However, we further found some indications for 
chronic particle related effects, including fibrosis and 
lung cancer. Mmp12 plays an important role in lung 

Table 3 Gene regulation in liver and kidney in response to 90 days  CeO2 and  BaSO4 exposure

 ↑ upregulation; ↓ downregulation; ↑↓ up- or downregulation (differences between dose groups); cut-off: FR ≤ − 2.0 or ≥ 2.0

Array Gene CeO2 BaSO4

Liver Kidney Liver Kidney

Inflammatory cytokines and receptors Ccr2 Chemokine (C–C motif ) receptor 2
 ↑  ↑

Cx3cl1 Chemokine (C–X3–C motif ) ligand 1
 ↑

Cxcl12 Chemokine (C–X–C motif ) ligand 12
 ↓

Cxcr2 Chemokine (C–X–C motif ) receptor 2
 ↑

Cxcr3 Chemokine (C–X–C motif ) receptor 3
 ↑  ↑

Il2rg Interleukin 2 receptor, gamma
 ↑

Osm Oncostatin M
 ↑  ↓

Ccl2 Chemokine (C–C motif ) ligand 2
 ↑

Ccl9 Chemokine (C–C motif ) ligand 9
 ↑  ↑

Cxcr5 Chemokine (C–X–C motif ) receptor 5
 ↓

Spp1 Secreted phosphoprotein 1
 ↓

Oxidative stress Gpx2 Glutathione peroxidase 2
 ↓  ↓

Lpo Lactoperoxidase
 ↑  ↑

Ncf2 Neutrophil cytosolic factor 2
 ↑  ↓

Scd1 Stearoyl-Coenzyme A desaturase 1
 ↑  ↑  ↑  ↑

Alb Albumin
 ↑↓  ↑

Epx Eosinophil peroxidase
 ↓

Gclc Glutamate-cysteine ligase, catalytic SU
 ↓

Gclm Glutamate cysteine ligase, modifier SU
 ↓

Hba1 Hemoglobin alpha, adult chain 2
 ↓

Mpo Myeloperoxidase
 ↑

Ngb Neuroglobin
 ↓  ↓

Txnip Thioredoxin interacting protein
 ↓  ↓

DNA repair Lig4 Ligase IV, DNA, ATP-dependent
 ↑  ↓  ↑

Smug1 Single-strand-selective monofunctional uracil-DNA glycosylase 1
 ↑

Xrcc2 X-ray repair complementing defective repair in Chinese hamster 
cells 2  ↑

Brca1 Breast cancer 1
 ↓

Total 27 13 17 6 6
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tissue remodeling and serves as marker for related acute 
and chronic lung diseases like fibrosis and COPD [66, 
67]. Activated alveolar macrophages produce Mmp12 for 
neutrophil activation and release of neutrophil elastase. 
This leads to tissue degradation and finally emphysema 
development. The persistent neutrophil infiltrations 
measured during our previous investigations [1], accom-
panied by increased Mmp12 mRNA in lung epithelia 
indicate such mechanisms and the risk of developing 
chronic pathological changes during long-term expo-
sure. Although immunohistochemical staining of lung 
tissue for Mmp12 did not reveal significantly elevated 

protein levels, Mmp12 might serve as a valid marker 
for substance related mechanisms of action as mRNA 
upregulation occurs at absent lung overload with  CeO2 
nanoparticles. Overexpression of Mmp12 has been 
described in mouse lungs after application of asbestos 
or  TiO2 nanoparticles [68, 69]. The latter caused parallel 
upregulation of Ccl2, 3, 4 and 7, which were also affected 
in our studies. Ma et al. [16] demonstrated the influence 
of  CeO2 nanoparticles on the development of fibrosis by 
induction of epithelial–mesenchymal transition of AEII 
cells after intra-tracheal instillation. Interestingly, dis-
turbance of the Lpo defense system was demonstrated in 
relation to the pathology of cystic fibrosis [70]. The high 
correlation of both mediators (Fig. 14b) therefore might 
function as marker for fibrosis induction in AEII cells 
triggered through the early inflammation events. This 
hypothesis is further supported by very slight interstitial 
fibrosis measured in the main study (90 days post-expo-
sure, 3.0 mg/m3  CeO2) [1].

Figure  15 summarizes the potential relationship 
between the analyzed mediators and different cell types 
in response to nanoparticle exposure. Increased gene 
expression in AEII cells is assumed to affect inflamma-
tory cells and the lung’s oxidative balance. This might fur-
ther lead to tissue degradation and long-term effects like 
fibrosis. Lpo, Mmp12 and the inflammatory mediators 
Ccl2, 7, 17, 22, 3, 4, Il-1α, Il-1β and Il-1rn are promising 
marker genes for the mentioned effects.

Local alveolar effects of  BaSO4 nanoparticles
Considering  BaSO4 classification as chemically inert and 
non-toxic, a generally low and non-adverse response 
was expected. Therefore  BaSO4 NM-220 was selected 
as reference material without any specific toxicity in 

Fig. 11 Number and distribution of regulated genes in liver and kidney. The number of regulated genes in liver and kidney tissue after 90-day 
nanoparticle exposure is illustrated per pathway (pool of all treatment groups)

Fig. 12 Cerium level in liver tissue after  CeO2 nanoparticle exposure. 
Ionic, particulate and total Ce levels (µg) were determined in liver tis-
sue after one, 28 and 90 days exposure and 28 and 90 days after the 
end of 90 days exposure to 3.0 mg/m3  CeO2 nanoparticles. Values are 
expressed as mean ± SD



Page 16 of 25Schwotzer et al. J Nanobiotechnol  (2018) 16:16 

Table 4 Amounts of Ce in liver and kidney tissue after  CeO2 nanoparticle exposure

Dose groups: 4 = 1.0 mg/m3  CeO2, 5 = 3.0 mg/m3  CeO2; Values are expressed as mean ± SD, * p < 0.05, ** p < 0.01 vs. d 1, n ≤ 5; Kruskal–Wallis–ANOVA with Mann–
Whitney U-test as post hoc analysis; detection limit for analysis of liver tissue: 0.025 µg; detection limit for analysis of kidney tissue: 0.015 µg

Dose group Ce Ce content (µg/organ ± SD)

Day 1 Days 28 Days 90 + 1 Days 90 + 28 Days 90 + 90

4 (liver) Ionic 0.025 ± 0.001 0.27 ± 0.068** 0.717 ± 0.407** 0.68 ± 0.38** 0.46 ± 0.70**

Particulate 0.054 ± 0.001 0.081 ± 0.04** 1.308 ± 1.094** 1.13 ± 1.58** 0.42 ± 0.24*

Total 0.079 ± 0.002 0.34 ± 0.049** 2.025 ± 1.182** 1.81 ± 1.78** 0.88 ± 0.60*

5 (liver) Ionic < 0.025 0.35 ± 0.038** 1.30 ± 0.45** 1.03 ± 0.43** 1.26 ± 1.13**

Particulate < 0.025 0.13 ± 0.080 1.65 ± 3.00* 1.40 ± 1.61** 0.54 ± 0.31**

Total < 0.025 0.48 ± 0.078** 2.95 ± 3.04** 2.43 ± 1.50** 1.45 ± 0.85**

4 (kidney) Ionic 0.11 ± 0.06 0.11 ± 0.07 0.04 ± 0.01 0.04 ± 0.01 0.05 ± 0.03

Particulate 0.04 ± 0.03 0.07 ± 0.03 0.15 ± 0.10* 0.07 ± 0.02 0.05 ± 0.02

Total 0.15 ± 0.07 0.18 ± 0.10 0.19 ± 0.09 0.11 ± 0.02 0.09 ± 0.05

5 (kidney) Ionic 0.018 ± 0.001 0.025 ± 0.000 0.032 ± 0.012** 0.041 ± 0.009** 0.059 ± 0.015**

Particulate 0.025 ± 0.010 0.021 ± 0.006 0.030 ± 0.003 0.033 ± 0.029 0.042 ± 0.02

Total 0.029 ± 0.011 0.033 ± 0.018 0.050 ± 0.019 0.073 ± 0.033* 0.084 ± 0.038*

Fig. 13 Correlation between fold regulations of chemokines. The correlation between gene expression fold regulation (FR) values of a Ccl2/Ccl7, b 
Ccl17/Ccl22, c Ccl3/Ccl4, d Ccl3/Il1a, e Ccl3/Il1b, f Ccl3/Il1rn, g Ccl4/Il1a, h Ccl4/Il1b, i Ccl4/Il1rn, j Il1a/Il1b, k Il1a/Il1rn, and l Il1b/Il1rn is illustrated. 
The individual data points display the FR values of each dose groups 0.1, 0.3, 1.0, and 3.0 mg/m3  CeO2 per time point (day 1, 28, 90). R = Spearman’s 
correlation coefficient, level of significance p ≤ 0.05; Spearman’s rank correlation analysis
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the NANoREG long-term study performed by BASF 
(81|0661/10|170). We measured effects less severe com-
pared to  CeO2, despite the at least 16-fold higher con-
centration, which supports the low effect hypothesis. 
However, some unexpected findings in  BaSO4 exposed 
lungs have been detected and need to be evaluated.

Pulmonary inflammation and some changes in AEII 
cell gene expression levels were measured. Major his-
topathological findings in the nasal cavity with minor 
inflammation of the alveolar compartment were attrib-
uted to particle deposition favoring the upper respira-
tory tract rather than the alveoli because of high particle 
accumulation [1]. This might be the reason for the lower 
impact on gene regulation in AEII cells compared to 
 CeO2.

Interestingly, the majority of genes affected by  BaSO4 
were also affected by  CeO2. Similar to  CeO2 the highest 
response in the group of inflammatory mediators was 
measured for the C–C-motif chemokine Ccl22. In  vitro 
data on the influence of  BaSO4 on macrophages or neu-
trophils regarding expression of inflammatory mediators 
and cell migration did not show activation of respective 
mechanisms [71, 72]. Particles like silica and  TiO2 in con-
trast, had stimulating effects [72]. All in all, the impact of 
 BaSO4 on inflammatory mediator release compared to 
 CeO2 is rather low. Post-exposure decrease of Ccl2 pro-
tein levels in BAL supported by decreases in severity of 
histopathological findings after the end of 90 days expo-
sure [1] further suggest reversibility of the inflammatory 
reaction.

Although  BaSO4 NM-220 was demonstrated to bear 
no intrinsic oxidative potential [73], the oxidative stress 
marker Lpo was highly upregulated. Like for  CeO2 a 
marked increase of Lpo protein in AEII cells was identi-
fied in areas of inflammation. This verifies a mechanistic 
relationship between the particle-induced inflammation 
and oxidative stress. Further, the quantification of the 
Lpo signal displayed a lower, but significant elevation in 
comparison to  CeO2.

Signs for genotoxicity and apoptosis were minimal, 
but a strong effect of  BaSO4 nanoparticle exposure 
on Mmp12 was detected. Considering the relation of 
Mmp12 to chronic pulmonary effects like fibrosis, poten-
tial adverse reactions due to long-term  BaSO4 become 
more likely. However, such findings were not detected 
in previous histopathological investigations [1]. Also, 
Mmp12 protein levels in lung tissue remain unaffected. 
Since Mmp12 further indicates inflammation, the ele-
vated gene expression levels in AEII cells detected for 
 BaSO4 might be related to the inflammatory reaction 
without notifying chronic adverse effects.

Although  BaSO4 was cleared from the respiratory tract 
quite rapid and no overload situation was provoked dur-
ing 90-day particle exposure [1], the very high amount of 
particles entering the respiratory tract might be a reason 
for detection of unexpected effects like increased Lpo, 
Ccl22 or Mmp12. The phenomenon of fast clearance was 
pointed out in our previous research [1]. The dissolution 
of  BaSO4 nanoparticles is assumed to be generally low. 
However, according to Konduru et al. [74], who stated a 

Fig. 14 Correlation of Lpo to neutrophils and Mmp12 expression. The correlation of Lpo gene expression fold regulation (FR) values to the percent-
age of PMN levels in a BAL, and the FR of b Mmp12 is illustrated. Data points of the dose groups 0.1, 0.3, 1.0, and 3.0 mg/m3  CeO2 for each time 
point (day 1, 28, 90) are depicted. R = Spearman’s correlation coefficient, level of significance p ≤ 0.05; Spearman’s rank correlation analysis
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dissolution rate of < 1% in different media, the fast clear-
ance could be attributed to changes in the dissolution 
rate because of e.g. switches in surface charge of the nan-
oparticles. Nevertheless an explicit reason for the phe-
nomenon of fast  BaSO4 clearance remains unknown and 
needs to be further investigated. Our results further show 
that  CeO2 and  BaSO4 caused similar responses in AEII 
cells while the response pattern still allowed differentia-
tion between both substances. The higher inflammatory 
potential of  CeO2 was appropriately reflected. Mediators 
displaying quite high responses (Lpo, Ccl22, Mmp12) 
might be suitable markers for nanomaterial toxicity test-
ing. To further clarify the specific function of Lpo or 
Mmp12 as response to  CeO2 and  BaSO4 nanoparticles, 

investigations of the respective markers after exposure to 
other nanoparticles with a known oxidative, genotoxic or 
tumorigenic potential are needed.

Systemic effects of  CeO2 and  BaSO4 nanoparticles on liver 
and kidney tissue
Nanomaterial generally bears a certain potential to trans-
locate to extra-pulmonary organs after inhalation and 
organs responsible for excretion are common targets. 
We investigated gene expression in liver and kidney tis-
sue after 90  days exposure. The number of regulated 
genes was lower compared to AEII cells with less over-
lap between pulmonary and extra-pulmonary compart-
ments. Distribution of genes over the different pathways 

Fig. 15 Potential mechanistic relationship between the mediators regulated in AEII cells after  CeO2 nanoparticle exposure
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however was similar especially in liver tissue where 
effects on inflammatory mediators were dominating. 
Interestingly in the kidney a great portion of genes asso-
ciated with oxidative stress were downregulated.  CeO2 
had a higher impact than  BaSO4 on both organs.

It has been demonstrated by Aalapati et al. [19] that a 
small fraction of  CeO2 nanoparticles accumulate in liver 
and kidney and cause histopathological changes after 
inhalation in mice. The kidney was assumed to be the 
major extra-pulmonary target organ for nanoparticles. 
Nemmar et al. [30] comprehensively investigated inflam-
mation, oxidative stress and DNA damage in extrapul-
monary tissues after  CeO2 intratracheal instillation and 
reported adverse findings for all endpoints in liver and 
kidney.

Our findings show upregulation of different C–X–C 
motif chemokines and receptors responsible for neutro-
phil recruitment in liver tissue in response to  CeO2, indi-
cating inflammatory reactions. In kidney tissue almost all 
genes affected by  CeO2 displayed downregulation, there-
fore suggesting a rather anti-inflammatory and anti-oxi-
dative effect in this organ. Since potential effects of  CeO2 
are controversial and positive health effects have been 
described [75], a positive impact of translocating parti-
cles to the kidneys could be conceivable.

As basis for discussion of the present findings, we 
exemplary determined the level of Ce in liver and kid-
ney tissue during and after nanoparticle exposure to 
the higher concentrations. We found a small amount of 
ionic and particulate Ce in the liver, showing an expected 
development of increase during and decrease after expo-
sure. In the previous study we measured peak levels of 
1300  µg Ce retained per lung [1]. This amount derived 
from a concentration of 3.0 mg/m3  CeO2 NM-212 admin-
istered over 90 days (6 h/day, 5 days/week) at a deposi-
tion fraction of 9.6%. In the liver we found 3 µg/organ at 
these conditions. The fraction translocated to the liver 
from the amount present in the lung was thus 0.23%. 
However, the increase of Ce levels is significant over time 
and a contribution to the changes in gene expression is 
conceivable. It also needs to be considered that modu-
lated gene expression can be caused by other systemically 
distributed mediators as a response to the present lung 
inflammation. Also the Ce level was slightly lower after 
1.0 mg/m3  CeO2 exposure compared to 3.0 mg/m3  CeO2. 
This indicates a concentration-dependency which has 
clearly been detected in the lung as well [1]. Even lower 
levels are thus assumed for the lower dose groups. At ear-
lier stages of exposure the amount of ionic Ce was higher 
than the particulate proportion. This indicates that 
translocation of particles occurs with delay due to barri-
ers and defense mechanisms. As described earlier  CeO2 

nanoparticles likely influence the cellular balance of ROS 
due to redox activity. This ability is contributed to ion 
formation on the nanoparticle surface [75]. The amount 
of ionic Ce could be a result of this ion formation. The 
high Lpo levels detected in this study indicate oxidative 
stress in the lung. The amount of ionic Ce in this tissue 
however, was negligible [1]. The ion content could there-
fore not be correlated to the level of oxidative stress. In 
liver and kidney tissue the overall modulation of gene 
regulation was too low to adequately assess a potential 
correlation between ion formation and oxidative stress 
in these organs. The effects on gene expression and the 
amount of Ce in extra-pulmonary organs was overall very 
low. The question in how far these findings contribute to 
potential adverse effects thus remains unanswered. No 
significant increases of Ce levels were detected in kid-
ney tissue. It could be assumed that the downregulation 
of several genes was rather caused by other signals, like 
endogenous mediators, than the nanoparticles. Due to 
the low response to  BaSO4 in terms of gene expression 
after 90  days and the less clear results for  CeO2 we did 
not include barium retention in our investigations at this 
point.

Conclusion
Our results suggest that  CeO2 related lung inflamma-
tion was supported by chemokine release of AEII cells 
and characterized by increased monocyte activation 
with subsequent neutrophil and lymphocyte infiltra-
tions. Stimulation of rat AEII cells is likely not exclusively 
overload but also substance related. At low concentra-
tions it is dominated by interleukins like Il-1α, Il-1ß and 
chemokine expression. With increasing concentrations 
and induction of lung overload gene regulation exac-
erbates and the chemokine pattern switches. AEII cells 
further respond with signs of oxidative stress indicated 
by increased Lpo and Noxo1 in the presences of  CeO2 
and the mediators can be considered as potential early 
marker for nanoparticle oxidative stress induction after 
inhalation. Genes related to genotoxicity and apoptosis 
were not markedly affected by  CeO2 exposure. However, 
due to the upregulation of Mmp12 a relation to poten-
tial long-term effects like fibrosis and lung cancer could 
be assumed. Respective findings need to be related to the 
long-term inhalation toxicity study (BASF, Ludwigshafen, 
Germany) to further support significance.

BaSO4 nanoparticle exposure has a rather low influence 
on the expression of inflammatory mediators in AEII 
cells. However, we detected some changes in gene regu-
lation, which supports the assumption that the nanoma-
terial affects the organism after inhalation although it is 
considered as chemically inert. Interestingly, mediators 
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like Lpo, Ccl22 and Mmp12, highly affected by  CeO2 
exposure also responded to  BaSO4. Such mediators are 
promising biomarkers for nanomaterial toxicity testing.

The overall effect on gene expression in liver and kid-
ney was low. However, especially in the liver some 
inflammatory mediators were upregulated. Also, low but 
significant Ce levels were present in the liver. A contri-
bution of the particles to changes in gene expression of 
extra-pulmonary organs therefore still needs to be taken 
into consideration and further research should focus on 
this issue.

Methods
Test substances
The test materials cerium dioxide NM-212 and barium 
sulfate NM-220 belong to the Nanomaterial Repository 
of the European Commission Joint Research Center (JRC, 
Ispra, Italy) and were provided by the Fraunhofer Insti-
tute for Molecular Biology and Applied Ecology (Schmal-
lenberg, Germany).

Animals
For this study female Wistar rats [Crl:WI (Han)] at 
the age of 10  weeks during start of exposure were used 
(Charles River, Sulzfeld, Germany). Beforehand, animals 
were acclimatized to laboratory conditions for 1  week, 
trained for restraint in nose-only tubes over 3  weeks 
and were randomly distributed to control and treatment 
groups, respectively. The following conditions were set 
for animal housing: 20–24  °C, 40–70% relative humid-
ity, 12 h light/dark cycle. Laboratory diet (“V1534”, sniff 
Spezialdiaeten GmbH, Soest, Germany) and water was 
supplied ad libitum. All experiments and animal handling 
was conducted in compliance with the Regulations of 
the German Animal Protection Law (Tierschutzgesetz of 
May 18, 2006).

Nose‑only inhalation
The examinations described here were performed as 
additional part to the conventional investigation of a 
90-day inhalation toxicity study according to OECD 
TG 413. For gene expression analysis, 90 animals were 
exposed to clean air or the test substances via nose-only 
inhalation for one, 28 and 90  days in concentrations of 
0.1, 0.3, 1.0 and 3.0  mg/m3 for  CeO2 nanoparticles and 
50.0 mg/m3 for  BaSO4 nanoparticles (5 rats/dose group/
time point). Aerosol generation was done via dry powder 
dispersion using a dispersion nozzle developed at Fraun-
hofer ITEM and the respective aerosol generation system 
[76]. Aerosol concentrations were constantly checked via 
an aerosol photometer (Fraunhofer ITEM, Hannover, 
Germany). The MMAD of the samples was determined 
by gravimetry (Marple 298 Personal Cascade Impactor, 

Thermo Fisher Scientific, Dreieich, Germany). Animals 
were kept in the inhalation system 5 days a week for 6 h 
each day. They were checked for clinical signs daily before 
and after exposure. Bodyweight as well as food and water 
consumption was recorded weekly.

Gene expression analysis
Alveolar epithelial type II cell isolation and organ extraction
After one, 28 and 90 days of exposure to either clean air, 
the different  CeO2 NM-212 concentrations or  BaSO4 
NM-220, rat lungs were prepared on the following day 
for isolation of AEII cells and subsequent gene expression 
analysis. The method of AEII isolation is based on the 
work of Richards et al. [77] and Dobbs et al. [78] and well 
established in our institute [79]. We further performed 
comprehensive methodical research on this topic in 
mice [80]. Minor modifications on the current protocol 
have been taken for the work with rats. Briefly, animals 
were anesthetized (Ketamine/Xylazine, 10:1; bela-pharm, 
Vechta, Germany/Bayer, Leverkusen, Germany) via intra-
peritoneal injection. For lung perfusion, the trachea was 
uncovered and cut to introduce a cannula for artificial 
ventilation. Abdominal cavity and thorax were opened 
and a cannula was inserted via the vena cava inferior into 
the right ventricle. Pulmonary perfusion was done with 
PBS (5 mL/min, 25 mL Biochrom, Berlin, Germany) and 
a peristaltic pump while the lung was constantly manu-
ally ventilated. An incision in the left atrium served as 
perfusate outflow. Finally, the lung was explanted for 
subsequent tissue digestion and cell isolation. During 
sacrifice the caudate lobe of the liver as well as the right 
kidney were removed and stored at − 80 °C for RNA iso-
lation. The isolated lung was flushed with PBS, treated 
with dispase (Sigma-Aldrich, Taufkirchen, Germany) and 
manually dissected. Respective steps were followed by 
DNase digestion (Sigma-Aldrich, Taufkirchen, Germany) 
and passage through two nylon sieves with different mesh 
size (250, 60  µM). After several steps of centrifugation 
IgG panning (Sigma-Aldrich, Taufkirchen, Germany) 
was performed to remove unwanted cell types, includ-
ing macrophages. One hour incubation was followed by 
another DNase digestion. Finally, the isolated cells were 
separated by centrifugation and the pellet was stored at 
− 80 °C for RNA isolation. AEII cell extraction from rat 
lungs yielded 5.3 ± 2.5 × 106 cells per individual which 
was sufficient for subsequent processing.

RNA Isolation
RNA isolation from AEII cells, liver and kidney tissue 
was performed using the RNeasy Mini Kit (QIAGEN, 
Hilden, Germany) according to the manufacturer’s 
instructions including a DNase treatment procedure 
(RNase-Free DNase Set, QIAGEN, Hilden, Germany). 
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RNA extraction and subsequent gene expression analysis 
was done for AEII cells after one, 28 and 90 days of nano-
particle exposure (90 samples in total). For liver and kid-
ney tissues 90-day exposure samples were processed (in 
total 30 samples each). Amount and quality of RNA were 
measured with the NanoDrop ND-1000 Spectropho-
tometer, Version 3.7 (Thermo Fisher Scientific, Dreieich, 
Germany) and the Agilent 2100 Bioanalyzer (Agilent 
Technologies, Ratingen, Germany), respectively. The 
amount of RNA extracted from liver tissue was highest 
(78.4 ± 21.3 µg), followed by kidney (45.2 ± 6.5 µg) and 
AEII cells (15.6 ±  5.6 µg). Measurements of RNA qual-
ity yielded mean RNA integrity numbers (RIN) > 7.0 for 
liver, kidney and AEII cells, respectively, indicating RNA 
samples of good quality.

RT2 profiler PCR arrays
To screen a broad spectrum of potential effects of nano-
particle exposure, the following  RT2 profiler PCR arrays 
(SABiosciences/QIAGEN, Hilden, Germany) were 
applied for AEII samples: inflammatory cytokines and 
receptors (PARN-011Z), oxidative stress (PARN-065Z), 
DNA repair (PARN-042Z), apoptosis (PARN-012Z), 
lung cancer (PARN-134Z). For RNA isolated from liver 
and kidney the same arrays were used except of the lung 
cancer array. The commercially available arrays contain 
qPCR assays for the analysis of 84 different genes related 
to the respective end points in a 96 well format (84 genes, 
5 potential reference genes, 7 quality controls). The qual-
ity controls consist of a genomic DNA contamination 
control (1×), a reverse transcription efficiency control 
(3×) and a PCR efficiency control (3×). For the present 
study we created customized arrays, by pooling four 
commercial arrays in a 384 well format. The fifth array 
was spotted four times on a 384 well plate for simultane-
ous analysis of four samples. Some genes are overlapping 
between the pathways and therefore in total 391 differ-
ent genes were analyzed per AEII RNA sample and 325 
genes per RNA sample extracted from liver and kidney 
tissues (Additional file 2: Table S2). In a first step, cDNA 
synthesis was performed using the  RT2 First Strand Kit 
(SABiosciences/QIAGEN, Hilden, Germany), following 
the manufacturer’s instructions. Subsequently,  RT2 Pro-
filer PCR arrays were conducted according to the manu-
facturer’s instructions using the real-time PCR system 
ViiA™7 (Applied Biosystems/Thermo Fisher Scientific 
Inc., Dreieich, Germany). An amount of 1.19  ng was 
applied per single RTqPCR assay.

Data evaluation
Data analysis of exported “Cycle Threshold”  (CT) values 
was performed based on the comparative ∆∆CT method 
described by Schmittgen and Livak [81], using the 

provided SABiosciences PCR Array Data Analysis Tem-
plate  Excel® and web-based software (SABiosciences/
QIAGEN, Hilden, Germany; https://www.qiagen.com/
de/products/genes%20and%20pathways/data-analysis-
center-overview-page/?UID=70f8b4af-789d-4788-af6f-
b12ebd800888#). One to three stable expressed reference 
genes were chosen for each time point and tissue for 
normalization using NormFinder [82] and geNorm algo-
rithm [83] as part of the GenEx Professional 6 Software 
(bioMCC, Freising, Germany). The fold regulation (FR) 
values generated for each gene describe the factor of 
up- or downregulation in a certain treatment group 
related versus the control group. Genes displaying FR 
values ≤ − 2 or ≥ 2 were considered as relevant. Genes 
with high  CT values (≥  35) or abnormal melting curves 
were excluded. Statistical significance of FR values was 
checked with Student’s T test (p ≤  0.05).  CT values, if 
normal distributed, were further checked for outliers 
within the group of five animals for each experimental 
condition and gene, according to Grubbs [84]. Respective 
values were eliminated if necessary, FR values were recal-
culated and statistical significance testing was repeated as 
described above. Genes with FR values ≤ − 2 or ≥ 2 were 
selected for further analysis concerning function and rel-
evance in the context of the study focus, independent of 
their statistical significance. Already changes in individ-
ual animals are important, because a completely identical 
genetic background of the animals should not reasonably 
be assumed.

Correlation analysis was performed using fold regula-
tion (FR) values (gene expression data) or mean percent-
ages (BAL data, main study) of all  CeO2 dose groups and 
time points for the two compared variables. Data were 
correlated using Spearman rank correlation analysis 
(p ≤ 0.05).

Cytokine levels in bronchoalveolar lavage
Levels of the cytokines Ccl2, Ccl20, Il-1α, and Il-1β were 
measured in bronchoalveolar lavages (BAL) of rat lungs 
after one and 28 days as well as one, 28 and 90 days post-
90-day exposure to clean air, the different  CeO2 NM-212 
concentrations or  BaSO4 NM-220. BAL was performed 
according to Henderson et al. [85] with minor modifica-
tions. Lungs were lavaged twice using 4  mL 0.9% NaCl. 
For cytokine analysis 1 mL of the BAL fluid was removed. 
Cytokine levels were determined using a MULTI-SPOT® 
4 Spot Cytokine Custom Rat 4-Plex kit for the four ana-
lytes (Meso Scale Discovery, Rockville, USA), according 
to the manufacturer’s instructions.

Immunohistochemistry
For immunohistological analysis, two consecutive lung 
tissue sections were prepared. Examinations were done 

https://www.qiagen.com/de/products/genes%20and%20pathways/data-analysis-center-overview-page/%3fUID%3d70f8b4af-789d-4788-af6f-b12ebd800888%23
https://www.qiagen.com/de/products/genes%20and%20pathways/data-analysis-center-overview-page/%3fUID%3d70f8b4af-789d-4788-af6f-b12ebd800888%23
https://www.qiagen.com/de/products/genes%20and%20pathways/data-analysis-center-overview-page/%3fUID%3d70f8b4af-789d-4788-af6f-b12ebd800888%23
https://www.qiagen.com/de/products/genes%20and%20pathways/data-analysis-center-overview-page/%3fUID%3d70f8b4af-789d-4788-af6f-b12ebd800888%23


Page 22 of 25Schwotzer et al. J Nanobiotechnol  (2018) 16:16 

in rats exposed to either clean air, 3.0  mg/m3  CeO2 
NM-212 or 50.0  mg/m3  BaSO4 NM-220 for one, 28 or 
90 days. Lungs were fixed in 10% formalin and trimmed 
based on the work of Kittel et al. [86]. To detect the pres-
ence of lactoperoxidase (Lpo, rabbit polyclonal, Acris, 
NBP1-87010) and matrixmetalloproteinase 12 (Mmp12, 
rabbit polyclonal, Abcam, ab66157) antibodies directed 
against those markers were applied as described by Rit-
tinghausen et  al. [87]. Immunohistochemically stained 
lung sections were counterstained with hematoxylin and 
digitalized using slide scanner (MiraxScanner, Zeiss, 
Germany) and quantified using image analyzing software 
(ZeissZen, Zeiss, Germany). Quantified Lpo and Mmp12 
levels were statistically evaluated using Kruskal–Wal-
lis–ANOVA with Mann–Whitney U-test as post hoc 
analysis.

Retention analytics
Cerium contents were measured in liver and kidney tis-
sue of five animals of the mid and high dose group after 
one and 28 exposure days and one, 28 and 90 days post-
90-day exposure. The isotopes 140Ce/142Ce were quanti-
fied via inductively coupled plasma mass spectrometry 
(ICP-MS) using a quadrupole ICP-MS system (X-Serie 
II, Thermo Fisher Scientific). The shredded tissue was 
lyophilized for at least 6 h (0.37 mbar). Prior and subse-
quently to freeze-drying organ weights were recorded. 
Plasma ashing (cool plasma conditions, 400  W, 1  mbar 
 O2, 24  h) and subsequent microwave digestion  (H2SO4, 
96%, supra quality, max. 500  W) was performed to fur-
ther remove organic material. To distinguish between 
 CeO2 particles and soluble  CeO2 a semiquantitative tech-
nique was implemented using nuclear pore filters (diam-
eter: 0.1 µm).
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catalytic SU; Gclm: glutamate cysteine ligase, modifier SU; Gpx2: glutathione 
peroxidase 2; Hba1: hemoglobin alpha, adult chain 2; IFNγ: interferon gamma; 
Il1rn: interleukin 1 receptor antagonist; Il1α: interleukin 1 alpha; Il1β: inter-
leukin 1 beta; Il2rb: interleukin 2 receptor, beta; Il2rg: interleukin 2 receptor, 
gamma; Krt1: keratin 1; LDH: lactate dehydrogenase; Lig4: ligase IV, DNA, 
ATP-dependent; Lpo: lactoperoxidase; LYMPH: lymphocyte; Mmp12: matrix 
metallopeptidase 12; MPH: macrophage; Mpo: myeloperoxidase; Msh5: mutS 
homolog 5; Mutyh: MutY homolog (E. coli); NADPH: nicotineamide adenine 
dinucleotide phosphate; Ncf2: neutrophil cytosolic factor 2; Ngb: neuroglobin; 
Noxo1: NADPH oxidase organizer 1; OECD: Organization for Economic Co-
operation and Development; Opcml: opioid binding protein/cell adhesion 
molecule-like; Osm: oncostatin M; Pf4: Platelet factor 4; PMN: polymorpho-
nuclear neutrophil; ROS: reactive oxygen species; Scd1: stearoyl-Coenzyme 
A desaturase 1; Smug1: single-strand-selective monofunctional uracil-DNA 
glycosylase 1; SOD: superoxide dismutase; Spp1: secreted phosphoprotein 
1; SWCNT: single walled carbon nanotubes; Tcf21: transcription factor 21; 
Thbs2: thrombospondin 2; Tnfsf4: tumor necrosis factor superfamily member 
4; Top2a: topoisomerase (DNA) II alpha; Txnip: thioredoxin interacting protein; 
Xrcc2: X-ray repair complementing defective repair in Chinese hamster cells 2; 
γ-H2AX: histon γ-H2AX.
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Supplementary Table 1 – Analyzed genes per array 

Inflammatory Cytokines and Receptors (PARN-011Z) 

Aimp1 Aminoacyl tRNA synthetase complex-interacting multifunctional protein 1 

Bmp2 Bone morphogenetic protein 2 

Ccl11 Chemokine (C-C motif) ligand 11 

Ccl12 Chemokine (C-C motif) ligand 12 

Ccl17 Chemokine (C-C motif) ligand 17 

Ccl19 Chemokine (C-C motif) ligand 19 

Ccl2 Chemokine (C-C motif) ligand 2 

Ccl20 Chemokine (C-C motif) ligand 20 

Ccl22 Chemokine (C-C motif) ligand 22 

Ccl24 Chemokine (C-C motif) ligand 24 

Ccl3 Chemokine (C-C motif) ligand 3 

Ccl4 Chemokine (C-C motif) ligand 4 

Ccl5 Chemokine (C-C motif) ligand 5 

Ccl6 Chemokine (C-C motif) ligand 6 

Ccl7 Chemokine (C-C motif) ligand 7 

Ccl9 Chemokine (C-C motif) ligand 9 

Ccr1 Chemokine (C-C motif) receptor 1 

Ccr10 Chemokine (C-C motif) receptor 10 

Ccr2 Chemokine (C-C motif) receptor 2 

Ccr3 Chemokine (C-C motif) receptor 3 

Ccr4 Chemokine (C-C motif) receptor 4 

Ccr5 Chemokine (C-C motif) receptor 5 

Ccr6 Chemokine (C-C motif) receptor 6 

Ccr8 Chemokine (C-C motif) receptor 8 

Cd40lg CD40 ligand 

Csf1 Colony stimulating factor 1 (macrophage) 

Csf2 Colony stimulating factor 2 (granulocyte-macrophage) 

Csf3 Colony stimulating factor 3 (granulocyte) 

Cx3cl1 Chemokine (C-X3-C motif) ligand 1 

Cx3cr1 Chemokine (C-X3-C motif) receptor 1 

Cxcl1 Chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating activity, alpha) 

Cxcl10 Chemokine (C-X-C motif) ligand 10 

Cxcl11 Chemokine (C-X-C motif) ligand 11 

Cxcl12 Chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor 1) 

Cxcl2 Chemokine (C-X-C motif) ligand 2 

Cxcl5 Chemokine (C-X-C motif) ligand 5 

Cxcl9 Chemokine (C-X-C motif) ligand 9 

Cxcr2 Chemokine (C-X-C motif) receptor 2 

Cxcr3 Chemokine (C-X-C motif) receptor 3 

Cxcr5 Chemokine (C-X-C motif) receptor 5 



 

 

Faslg Fas ligand (TNF superfamily, member 6) 

Ifng Interferon gamma 

Il10ra Interleukin 10 receptor, alpha 

Il11 Interleukin 11 

Il13 Interleukin 13 

Il15 Interleukin 15 

Il16 Interleukin 16 

Il17a Interleukin 17A 

Il17b Interleukin 17B 

Il17f Interleukin 17F 

Il1a Interleukin 1 alpha 

Il1b Interleukin 1 beta 

Il1r1 Interleukin 1 receptor, type I 

Il1rn Interleukin 1 receptor antagonist 

Il21 Interleukin 21 

Il27 Interleukin 27 

Il2rb Interleukin 2 receptor, beta 

Il2rg Interleukin 2 receptor, gamma 

Il3 Interleukin 3 

Il33 Interleukin 33 

Il4 Interleukin 4 

Il5 Interleukin 5 

Il5ra Interleukin 5 receptor, alpha 

Il6r Interleukin 6 receptor 

Il6st Interleukin 6 signal transducer 

Il7 Interleukin 7 

Cxcr1 Interleukin 8 receptor, alpha 

Lta Lymphotoxin alpha (TNF superfamily, member 1) 

Ltb Lymphotoxin beta (TNF superfamily, member 3) 

Mif Macrophage migration inhibitory factor 

Nampt Nicotinamide phosphoribosyltransferase 

Osm Oncostatin M 

Pf4 Platelet factor 4 

RGD15619

05_predicte

d 

Complement component 5 

Spp1 Secreted phosphoprotein 1 

Tnf Tumor necrosis factor (TNF superfamily, member 2) 

Tnfrsf11b Tumor necrosis factor receptor superfamily, member 11b 

Tnfsf10 Tumor necrosis factor (ligand) superfamily, member 10 

Tnfsf11 Tumor necrosis factor (ligand) superfamily, member 11 

Tnfsf13 Tumor necrosis factor (ligand) superfamily, member 13 

Tnfsf13b Tumor necrosis factor (ligand) superfamily, member 13b 



 

 

Tnfsf14 Tumor necrosis factor (ligand) superfamily, member 14 

Tnfsf4 Tumor necrosis factor (ligand) superfamily, member 4 

Vegfa Vascular endothelial growth factor A 

  

Oxidative Stress (PARN-065Z) 

Alb Albumin 

Als2 Amyotrophic lateral sclerosis 2 (juvenile) homolog (human) 

Aox1 Aldehyde oxidase 1 

Apc Adenomatous polyposis coli 

Apoe Apolipoprotein E 

Cat Catalase 

Ccl5 Chemokine (C-C motif) ligand 5 

Ccs Copper chaperone for superoxide dismutase 

Ctsb Cathepsin B 

Cyba Cytochrome b-245, alpha polypeptide 

Cygb Cytoglobin 

Dhcr24 24-dehydrocholesterol reductase 

Dnm2 Dynamin 2 

Duox1 Dual oxidase 1 

Duox2 Dual oxidase 2 

Ehd2 EH-domain containing 2 

Epx Eosinophil peroxidase 

Ercc2 Excision repair cross-complementing rodent repair deficiency, complementation 

group 2 

Ercc6 Excision repair cross-complementing rodent repair deficiency, complementation 

group 6 

Fancc Fanconi anemia, complementation group C 

Fmo2 Flavin containing monooxygenase 2 

Fth1 Ferritin, heavy polypeptide 1 

Gclc Glutamate-cysteine ligase, catalytic subunit 

Gclm Glutamate cysteine ligase, modifier subunit 

Gpx1 Glutathione peroxidase 1 

Gpx2 Glutathione peroxidase 2 

Gpx3 Glutathione peroxidase 3 

Gpx4 Glutathione peroxidase 4 

Gpx5 Glutathione peroxidase 5 

Gpx6 Glutathione peroxidase 6 

Gpx7 Glutathione peroxidase 7 

Gsr Glutathione reductase 

Gstk1 Glutathione S-transferase kappa 1 

Gstp1 Glutathione S-transferase pi 1 

Hba1 Hemoglobin alpha, adult chain 2 

Hmox1 Heme oxygenase (decycling) 1 



 

 

Hspa1a Heat shock 70kD protein 1A 

Idh1 Isocitrate dehydrogenase 1 (NADP+), soluble 

Ift172 Intraflagellar transport 172 homolog (Chlamydomonas) 

Krt1 Keratin 1 

LOC367198 Similar to Serine/threonine-protein kinase ATR (Ataxia telangiectasia and Rad3-

related protein) 

Lpo Lactoperoxidase 

Mb Myoglobin 

Mpo Myeloperoxidase 

Ncf1 Neutrophil cytosolic factor 1 

Ncf2 Neutrophil cytosolic factor 2 

Ngb Neuroglobin 

Nos2 Nitric oxide synthase 2, inducible 

Nox4 NADPH oxidase 4 

Noxa1 NADPH oxidase activator 1 

Noxo1 NADPH oxidase organizer 1 

Nqo1 NAD(P)H dehydrogenase, quinone 1 

Nudt1 Nudix (nucleoside diphosphate linked moiety X)-type motif 1 

Park7 Parkinson disease (autosomal recessive, early onset) 7 

Prdx1 Peroxiredoxin 1 

Prdx2 Peroxiredoxin 2 

Prdx3 Peroxiredoxin 3 

Prdx4 Peroxiredoxin 4 

Prdx5 Peroxiredoxin 5 

Prdx6 Peroxiredoxin 6 

Prnp Prion protein 

Psmb5 Proteasome (prosome, macropain) subunit, beta type 5 

Ptgs1 Prostaglandin-endoperoxide synthase 1 

Ptgs2 Prostaglandin-endoperoxide synthase 2 

Rag2 Recombination activating gene 2 

Scd1 Stearoyl-Coenzyme A desaturase 1 

Vimp Selenoprotein S 

Sepp1 Selenoprotein P, plasma, 1 

Serpinb1b Serine (or cysteine) peptidase inhibitor, clade B, member 1b 

Slc38a1 Solute carrier family 38, member 1 

Slc38a5 Solute carrier family 38, member 5 

Sod1 Superoxide dismutase 1, soluble 

Sod2 Superoxide dismutase 2, mitochondrial 

Sod3 Superoxide dismutase 3, extracellular 

Sqstm1 Sequestosome 1 

Srxn1 Sulfiredoxin 1 homolog (S. cerevisiae) 

Tpo Thyroid peroxidase 

Txn1 Thioredoxin 1 



 

 

Txnip Thioredoxin interacting protein 

Txnrd1 Thioredoxin reductase 1 

Txnrd2 Thioredoxin reductase 2 

Ucp2 Uncoupling protein 2 (mitochondrial, proton carrier) 

Ucp3 Uncoupling protein 3 (mitochondrial, proton carrier) 

Vim Vimentin 

  

DNA Repair (PARN-042Z) 

Alkbh2 AlkB, alkylation repair homolog 2 (E. coli) 

Alkbh3 AlkB, alkylation repair homolog 3 (E. coli) 

Apex1 APEX nuclease (multifunctional DNA repair enzyme) 1 

Atm Ataxia telangiectasia mutated homolog (human) 

Atxn3 Ataxin 3 

Blm Bloom syndrome, RecQ helicase-like 

Brca1 Breast cancer 1 

Brca2 Breast cancer 2 

Ccnh Cyclin H 

Cdk7 Cyclin-dependent kinase 7 

Dclre1a DNA cross-link repair 1A, PSO2 homolog (S. cerevisiae) 

Dclre1b DNA cross-link repair 1B, PSO2 homolog (S. cerevisiae) 

Ddb1 Damage-specific DNA binding protein 1 

Ddb2 Damage specific DNA binding protein 2 

Dmc1 DMC1 dosage suppressor of mck1 homolog, meiosis-specific homologous 

recombination (yeast) 

Ercc1 Excision repair cross-complementing rodent repair deficiency, complementation 

group 1 

Ercc2 Excision repair cross-complementing rodent repair deficiency, complementation 

group 2 

Ercc3 Excision repair cross-complementing rodent repair deficiency, complementation 

group 3 

Ercc4 Excision repair cross-complementing rodent repair deficiency, complementation 

group 4 

Ercc5 Excision repair cross-complementing rodent repair deficiency, complementation 

group 5 

Ercc6 Excision repair cross-complementing rodent repair deficiency, complementation 

group 6 

Ercc8 Excision repair cross-complementing rodent repair deficiency, complementation 

group 8 

Exo1 Exonuclease 1 

Fen1 Flap structure-specific endonuclease 1 

Gen1 Gen homolog 1, endonuclease (Drosophila) 

Lig1 Ligase I, DNA, ATP-dependent 

Lig3 Ligase III, DNA, ATP-dependent 

Lig4 Ligase IV, DNA, ATP-dependent 



 

 

LOC100360

342 

MutS homolog 6 

Mgmt O-6-methylguanine-DNA methyltransferase 

Mlh1 MutL homolog 1 (E. coli) 

Mlh3 MutL homolog 3 (E. coli) 

Mpg N-methylpurine-DNA glycosylase 

Mre11a MRE11 meiotic recombination 11 homolog A (S. cerevisiae) 

Msh2 MutS homolog 2 (E. coli) 

Msh3 MutS homolog 3 (E. coli) 

Msh5 MutS homolog 5 (E. coli) 

Mus81 MUS81 endonuclease homolog (S. cerevisiae) 

Mutyh MutY homolog (E. coli) 

Neil1 Nei endonuclease VIII-like 1 (E. coli) 

Neil2 Nei like 2 (E. coli) 

Nhej1 Nonhomologous end-joining factor 1 

Nthl1 Nth (endonuclease III)-like 1 (E.coli) 

Ogg1 8-oxoguanine DNA glycosylase 

Parp1 Poly (ADP-ribose) polymerase 1 

Parp2 Poly (ADP-ribose) polymerase 2 

Parp3 Poly (ADP-ribose) polymerase family, member 3 

Pms1 Postmeiotic segregation increased 1 (S. cerevisiae) 

Pms2 PMS2 postmeiotic segregation increased 2 (S. cerevisiae) 

Pnkp Polynucleotide kinase 3'-phosphatase 

Polb Polymerase (DNA directed), beta 

Pold3 Polymerase (DNA-directed), delta 3, accessory subunit 

Poll Polymerase (DNA directed), lambda 

Prkdc Protein kinase, DNA activated, catalytic polypeptide 

Rad18 RAD18 homolog (S. cerevisiae) 

Rad21 RAD21 homolog (S. pombe) 

Rad23a RAD23 homolog A (S. cerevisiae) 

Rad23b RAD23 homolog B (S. cerevisiae) 

Rad50 RAD50 homolog (S. cerevisiae) 

Rad51 RAD51 homolog (RecA homolog, E. coli) (S. cerevisiae) 

Rad51c Rad51 homolog c (S. cerevisiae) 

Rad51d RAD51-like 3 (S. cerevisiae) 

Rad52 RAD52 homolog (S. cerevisiae) 

Rad54l RAD54 like (S. cerevisiae) 

Rad9b RAD9 homolog B (S. cerevisiae) 

Rfc1 Replication factor C (activator 1) 1 

Rpa1 Replication protein A1 

Rpa3 Replication protein A3 

Slk STE20-like kinase (yeast) 

Smug1 Single-strand-selective monofunctional uracil-DNA glycosylase 1 



 

 

Tdg Thymine-DNA glycosylase 

Top3a Topoisomerase (DNA) III alpha 

Top3b Topoisomerase (DNA) III beta 

Trex1 Three prime repair exonuclease 1 

Trex2 Three prime repair exonuclease 2 

Ung Uracil-DNA glycosylase 

Xab2 XPA binding protein 2 

Xpc Xeroderma pigmentosum, complementation group C 

Xrcc1 X-ray repair complementing defective repair in Chinese hamster cells 1 

Xrcc2 X-ray repair complementing defective repair in Chinese hamster cells 2 

Xrcc4 X-ray repair complementing defective repair in Chinese hamster cells 4 

Xrcc5 X-ray repair complementing defective repair in Chinese hamster cells 5 

Xrcc6 X-ray repair complementing defective repair in Chinese hamster cells 6 

Xrcc6bp1 XRCC6 binding protein 1 

  

Apoptosis (PARN-012Z) 

Abl1 C-abl oncogene 1, receptor tyrosine kinase 

Aifm1 Apoptosis-inducing factor, mitochondrion-associated 1 

Akt1 V-akt murine thymoma viral oncogene homolog 1 

Anxa5 Annexin A5 

Apaf1 Apoptotic peptidase activating factor 1 

Api5 Apoptosis inhibitor 5 

Aven Apoptosis, caspase activation inhibitor 

Bad BCL2-associated agonist of cell death 

Bag1 BCL2-associated athanogene 

Bak1 BCL2-antagonist/killer 1 

Bax Bcl2-associated X protein 

Bcl10 B-cell CLL/lymphoma 10 

Bcl2 B-cell CLL/lymphoma 2 

Bcl2a1 B-cell leukemia/lymphoma 2 related protein A1d 

Bcl2l1 Bcl2-like 1 

Bcl2l11 BCL2-like 11 (apoptosis facilitator) 

Bcl2l2 Bcl2-like 2 

Bid BH3 interacting domain death agonist 

Bik BCL2-interacting killer (apoptosis-inducing) 

Birc2 Baculoviral IAP repeat-containing 2 

Birc3 Baculoviral IAP repeat-containing 3 

Birc5 Baculoviral IAP repeat-containing 5 

Bnip2 BCL2/adenovirus E1B interacting protein 2 

Bnip3 BCL2/adenovirus E1B interacting protein 3 

Bok BCL2-related ovarian killer 

Card10 Caspase recruitment domain family, member 10 

Casp1 Caspase 1 



 

 

Casp12 Caspase 12 

Casp14 Caspase 14 

Casp2 Caspase 2 

Casp3 Caspase 3 

Casp4 Caspase 4, apoptosis-related cysteine peptidase 

Casp6 Caspase 6 

Casp7 Caspase 7 

Casp8 Caspase 8 

Casp8ap2 Caspase 8 associated protein 2 

Casp9 Caspase 9, apoptosis-related cysteine peptidase 

Cd40 CD40 molecule, TNF receptor superfamily member 5 

Cd40lg CD40 ligand 

Cflar CASP8 and FADD-like apoptosis regulator 

Cidea Cell death-inducing DFFA-like effector a 

Cideb Cell death-inducing DFFA-like effector b 

Cycs Cytochrome c, somatic 

Dad1 Defender against cell death 1 

Dapk1 Death associated protein kinase 1 

Dffa DNA fragmentation factor, alpha subunit 

Dffb DNA fragmentation factor, beta polypeptide (caspase-activated DNase) 

Diablo Diablo homolog (Drosophila) 

Fadd Fas (TNFRSF6)-associated via death domain 

Faim Fas apoptotic inhibitory molecule 

Fas Fas (TNF receptor superfamily, member 6) 

Faslg Fas ligand (TNF superfamily, member 6) 

Gadd45a Growth arrest and DNA-damage-inducible, alpha 

Hrk Harakiri, BCL2 interacting protein (contains only BH3 domain) 

Il10 Interleukin 10 

Lta Lymphotoxin alpha (TNF superfamily, member 1) 

Ltbr Lymphotoxin beta receptor (TNFR superfamily, member 3) 

Mapk1 Mitogen activated protein kinase 1 

Mapk8ip1 Mitogen-activated protein kinase 8 interacting protein 1 

Mcl1 Myeloid cell leukemia sequence 1 

Naip6 NLR family, apoptosis inhibitory protein 6 

Nfkb1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 

Nol3 Nucleolar protein 3 (apoptosis repressor with CARD domain) 

Polb Polymerase (DNA directed), beta 

Prdx2 Peroxiredoxin 2 

Prlr Prolactin receptor 

Pycard PYD and CARD domain containing 

Ripk2 Receptor-interacting serine-threonine kinase 2 

Sphk2 Sphingosine kinase 2 

Tnf Tumor necrosis factor (TNF superfamily, member 2) 



 

 

Tnfrsf10b Tumor necrosis factor receptor superfamily, member 10b 

Tnfrsf11b Tumor necrosis factor receptor superfamily, member 11b 

Tnfrsf1a Tumor necrosis factor receptor superfamily, member 1a 

Tnfrsf1b Tumor necrosis factor receptor superfamily, member 1b 

Tnfsf10 Tumor necrosis factor (ligand) superfamily, member 10 

Tnfsf12 Tumor necrosis factor ligand superfamily member 12 

Tp53 Tumor protein p53 

Tp53bp2 Tumor protein p53 binding protein, 2 

Tp63 Tumor protein p63 

Tp73 Tumor protein p73 

Tradd TNFRSF1A-associated via death domain 

Traf2 Tnf receptor-associated factor 2 

Traf3 Tnf receptor-associated factor 3 

Xiap X-linked inhibitor of apoptosis 

  

Lung Cancer (PARN-134Z) 

Ager Advanced glycosylation end product-specific receptor 

Agr2 Anterior gradient homolog 2 (Xenopus laevis) 

Akt1 V-akt murine thymoma viral oncogene homolog 1 

Anxa5 Annexin A5 

Apba1 Amyloid beta (A4) precursor protein-binding, family A, member 1 

Apc Adenomatous polyposis coli 

Aqp4 Aquaporin 4 

Bax Bcl2-associated X protein 

Bcl2 B-cell CLL/lymphoma 2 

Braf V-raf murine sarcoma viral oncogene homolog B1 

Cadm1 Cell adhesion molecule 1 

Car4 Carbonic anhydrase 4 

Casp3 Caspase 3 

Ccnd1 Cyclin D1 

Cd36 CD36 molecule (thrombospondin receptor) 

Cdh1 Cadherin 1 

Cdh13 Cadherin 13 

Cdkn1a Cyclin-dependent kinase inhibitor 1A 

Cdkn1c Cyclin-dependent kinase inhibitor 1C 

Cdkn2a Cyclin-dependent kinase inhibitor 2A 

Cdkn2b Cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4) 

Ceacam6 Carcinoembryonic antigen-related cell adhesion molecule 6 

Clic5 Chloride intracellular channel 5 

Col11a1 Collagen, type XI, alpha 1 

Cp Ceruloplasmin 

Csf3 Colony stimulating factor 3 (granulocyte) 

Ctnnb1 Catenin (cadherin associated protein), beta 1 



 

 

Cxcl12 Chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor 1) 

Cxcl13 Chemokine (C-X-C motif) ligand 13 

Cyp1b1 Cytochrome P450, family 1, subfamily b, polypeptide 1 

Dlc1 Deleted in liver cancer 1 

Dlg2 Discs, large homolog 2 (Drosophila) 

Dusp6 Dual specificity phosphatase 6 

Egfr Epidermal growth factor receptor 

Erbb2 V-erb-b2 erythroblastic leukemia viral oncogene homolog 2, neuro/glioblastoma 

derived oncogene homolog (avian) 

Erbb3 V-erb-b2 erythroblastic leukemia viral oncogene homolog 3 (avian) 

Ercc1 Excision repair cross-complementing rodent repair deficiency, complementation 

group 1 

Fabp4 Fatty acid binding protein 4, adipocyte 

Fhit Fragile histidine triad gene 

Gpm6a Glycoprotein m6a 

Grem1 Gremlin 1, cysteine knot superfamily, homolog (Xenopus laevis) 

Hgf Hepatocyte growth factor 

Hif1a Hypoxia-inducible factor 1, alpha subunit (basic helix-loop-helix transcription 

factor) 

Hras Harvey rat sarcoma virus oncogene 

Irf4 Interferon regulatory factor 4 

Kit V-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog 

Kras V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 

Krt14 Keratin 14 

Krt5 Keratin 5 

Lck Lymphocyte-specific protein tyrosine kinase 

Mapk1 Mitogen activated protein kinase 1 

Met Met proto-oncogene 

Mgmt O-6-methylguanine-DNA methyltransferase 

Mki67 Marker of proliferation Ki-67 

Mlh1 MutL homolog 1 (E. coli) 

Mmp12 Matrix metallopeptidase 12 

Mmp1 Matrix metallopeptidase 1a (interstitial collagenase) 

Mmp2 Matrix metallopeptidase 2 

Mmp9 Matrix metallopeptidase 9 

Mthfr Methylenetetrahydrofolate reductase (NAD(P)H) 

Nf1 Neurofibromin 1 

Nfkb1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 

Nkx2-1 NK2 homeobox 1 

Opcml Opioid binding protein/cell adhesion molecule-like 

Prdm2 PR domain containing 2, with ZNF domain 

Ptgs2 Prostaglandin-endoperoxide synthase 2 

Rassf1 Ras association (RalGDS/AF-6) domain family member 1 

Rassf2 Ras association (RalGDS/AF-6) domain family member 2 



 

 

Rb1 Retinoblastoma 1 

Sfrp1 Secreted frizzled-related protein 1 

Sftpc Surfactant protein C 

Sostdc1 Sclerostin domain containing 1 

Spp1 Secreted phosphoprotein 1 

Stat1 Signal transducer and activator of transcription 1 

Stat2 Signal transducer and activator of transcription 2 

Tcf21 Transcription factor 21 

Tert Telomerase reverse transcriptase 

Tgfb1 Transforming growth factor, beta 1 

Thbs2 Thrombospondin 2 

Tnf Tumor necrosis factor (TNF superfamily, member 2) 

Top2a Topoisomerase (DNA) II alpha 

Tp53 Tumor protein p53 

Vegfa Vascular endothelial growth factor A 

Wif1 Wnt inhibitory factor 1 

 

  



 

 

Supplementary table 2 - fold regulation (FR) of regulated genes           

  AEII cells - day 1 

  CeO2 0.1 mg/m³ CeO2 0.3 mg/m³ CeO2 1.0 mg/m³ CeO2 3.0 mg/m³ BaSO4 50.0 mg/m³ 

  FR uncertainty FR uncertainty FR uncertainty FR uncertainty FR uncertainty 

C-C motif chemokine ligand 3 Ccl3 -1.104 0.084 -1.336 0.067 -1.156 0.076 1.103 0.119 1.357 0.156 

C-C motif chemokine ligand 17 Ccl17 1.264 0.035 1.001 0.015 -1.123 0.015 1.056 0.019 -1.353 0.015 

C-X3-C motif chemokine receptor 1 Cx3cr1 2.296 0.019 1.224 0.037 -1.171 0.036 -1.643 0.027 -1.429 0.024 

Interleukin 1 alpha Il1α -1.316 0.071 -1.612 0.053 -1.410 0.062 1.010 0.104 1.314 0.145 

Interleukin 1 beta Il1β -1.316 0.056 -1.449 0.047 -1.337 0.051 -1.158 0.079 1.043 0.093 

Interleukin 1 receptor antagonist Il1rn -1.556 0.053 -1.836 0.043 -1.705 0.042 -1.110 0.088 1.006 0.098 

Tumor necrosis factor superfamily member 4 Tnfsf4 1.221 0.062 -1.528 0.035 1.192 0.068 2.011 0.089 1.387 0.049 

C-C motif chemokine ligand 2 Ccl2 -1.130 0.053 -1.424 0.042 -1.087 0.054 -1.054 0.067 1.282 0.106 

C-C motif chemokine ligand 4 Ccl4 -1.048 0.095 -1.072 0.090 1.089 0.106 1.521 0.187 1.204 0.164 

C-C motif chemokine ligand 7 Ccl7 1.258 0.039 -1.115 0.016 1.056 0.029 1.061 0.025 1.177 0.033 

C-C motif chemokine ligand 11 Ccl11 2.367 0.078 1.423 0.034 1.645 0.081 2.122 0.078 2.054 0.064 

C-C motif chemokine ligand 20 Ccl20 -12.898 0.012 -1.289 0.025 -1.707 0.007 -14.245 0.009 -3.155 0.040 

C-C motif chemokine ligand 22 Ccl22 1.178 0.038 -1.115 0.027 -1.289 0.028 1.376 0.038 -1.425 0.031 

C-C motif chemokine ligand 24 Ccl24 1.058 0.069 -1.559 0.044 -1.372 0.052 2.196 0.142 -1.087 0.071 

Platelet factor 4  Pf4 1.184 0.026 -1.255 0.010 -1.136 0.036 -1.121 0.030 1.236 0.032 

C-X-C motif chemokine ligand 9 Cxcl9 -2.593 0.027 -2.106 0.023 -1.303 0.039 1.242 0.076 -1.167 0.046 

CD40 ligand Cd40lg -1.597 0.027 -1.015 0.033 -1.380 0.029 -2.795 0.006 -2.996 0.006 

Interleukin 2 receptor, beta Il2rb -1.019 0.020 -1.204 0.016 -1.659 0.023 -1.813 0.016 -3.006 0.009 

Lactoperoxidase Lpo -1.072 0.071 -1.250 0.038 1.209 0.056 -1.697 0.030 2.264 0.107 

NADPH oxidase organizer 1 Noxo1 1.289 0.058 1.744 0.069 1.037 0.047 1.558 0.043 1.979 0.039 

Hemoglobin alpha, adult chain 2 Hba1 1.462 0.117 -1.004 0.084 1.258 0.143 -3.513 0.030 -2.075 0.047 

Stearoyl-Coenzyme A desaturase 1 Scd1 1.077 0.063 1.136 0.058 -1.553 0.037 -1.387 0.035 -1.627 0.023 

Keratin 1 Krt1 -1.118 0.021 1.979 0.069 -1.142 0.045 1.450 0.053 2.686 0.061 

MutS homolog 5 Msh5 1.496 0.048 1.356 0.028 -1.191 0.043 2.445 0.043 1.106 0.037 

Exonuclease 1 Exo1 1.012 0.037 -1.978 0.024 -2.488 0.023 -2.158 0.018 -2.797 0.020 

MutY homolog (E. coli) Mutyh -1.198 0.061 -1.325 0.048 -1.815 0.039 -3.270 0.022 -1.434 0.049 

Baculoviral IAP repeat-containing 5 Birc5 -1.004 0.027 -1.613 0.015 -1.205 0.022 1.063 0.030 -1.325 0.023 

Cytochrome P450, family 1, subfamily b, polypeptide 1 Cyp1b1 -1.147 0.035 -1.000 0.033 -1.223 0.040 -1.274 0.038 -1.661 0.021 

Fatty acid binding protein 4 Fabp4 -1.121 0.082 -1.427 0.062 -1.037 0.085 1.409 0.156 1.426 0.157 

Matrix metallopeptidase 12 Mmp12 1.219 0.054 -1.247 0.030 -1.201 0.035 1.171 0.043 1.813 0.059 

Opioid binding protein/cell adhesion molecule-like Opcml 1.122 0.052 2.439 0.074 -1.105 0.034 1.363 0.053 2.240 0.056 

Transcription factor 21 Tcf21 1.503 0.056 1.033 0.039 1.171 0.039 1.159 0.053 -1.206 0.027 

Thrombospondin 2 Thbs2 1.198 0.047 1.914 0.055 1.918 0.055 1.174 0.041 -1.030 0.032 

Topoisomerase (DNA) II alpha Top2a -1.054 0.034 -1.367 0.021 -1.724 0.019 1.055 0.032 -1.123 0.025 



 

 

  AEII cells - day 28 

  CeO2 0.1 mg/m³ CeO2 0.3 mg/m³ CeO2 1.0 mg/m³ CeO2 3.0 mg/m³ BaSO4 50.0 mg/m³ 

  FR uncertainty FR uncertainty FR uncertainty FR uncertainty FR uncertainty 

C-C motif chemokine ligand 3 Ccl3 1.694 0.188 1.342 0.124 2.336 0.226 1.999 0.166 -1.574 0.046 

C-C motif chemokine ligand 17 Ccl17 1.176 0.051 1.501 0.056 1.182 0.051 2.205 0.079 1.550 0.060 

C-X3-C motif chemokine receptor 1 Cx3cr1 1.152 0.050 -1.010 0.043 1.020 0.045 -1.676 0.028 -1.395 0.039 

Interleukin 1 alpha Il1α 1.925 0.216 1.688 0.149 2.620 0.257 2.813 0.218 -1.084 0.065 

Interleukin 1 beta Il1β 1.801 0.168 1.634 0.125 2.112 0.181 1.468 0.100 -1.488 0.041 

Interleukin 1 receptor antagonist Il1rn 2.183 0.232 1.656 0.150 2.061 0.204 1.507 0.111 -1.875 0.039 

Tumor necrosis factor superfamily member 4 Tnfsf4 1.479 0.089 -1.184 0.052 1.192 0.083 1.388 0.074 -1.395 0.041 

C-C motif chemokine ligand 2 Ccl2 1.979 0.181 2.155 0.154 3.502 0.310 4.172 0.316 1.015 0.061 

C-C motif chemokine ligand 4 Ccl4 1.481 0.179 1.407 0.146 2.791 0.325 2.073 0.203 -2.508 0.037 

C-C motif chemokine ligand 7 Ccl7 1.254 0.045 1.707 0.060 1.626 0.061 1.792 0.075 1.376 0.047 

C-C motif chemokine ligand 11 Ccl11 1.019 0.045 1.176 0.044 1.606 0.063 -1.941 0.033 1.047 0.036 

C-C motif chemokine ligand 20 Ccl20 20.258 2.767 23.425 3.251 6.895 1.269 3.181 0.596 10.392 1.943 

C-C motif chemokine ligand 22 Ccl22 1.337 0.043 1.252 0.048 1.192 0.056 5.730 0.178 3.346 0.032 

C-C motif chemokine ligand 24 Ccl24 1.669 0.136 2.834 0.236 1.803 0.144 1.716 0.123 -1.342 0.055 

Platelet factor 4  Pf4 1.123 0.042 -1.139 0.032 -1.094 0.034 1.571 0.053 1.237 0.045 

C-X-C motif chemokine ligand 9 Cxcl9 1.892 0.120 1.357 0.095 1.603 0.105 1.002 0.065 1.016 0.055 

CD40 ligand Cd40lg 1.570 0.092 1.440 0.090 1.552 0.090 1.258 0.071 1.846 0.108 

Interleukin 2 receptor, beta Il2rb -1.225 0.028 -1.626 0.023 -1.818 0.045 -1.785 0.020 -1.021 0.035 

Lactoperoxidase Lpo -1.232 0.090 1.055 0.068 2.906 0.246 3.132 0.165 1.664 0.170 

NADPH oxidase organizer 1 Noxo1 -1.209 0.026 -1.171 0.021 1.228 0.029 3.223 0.076 2.823 0.052 

Hemoglobin alpha, adult chain 2 Hba1 1.310 0.176 1.007 0.147 -1.181 0.120 -3.312 0.036 -3.698 0.032 

Stearoyl-Coenzyme A desaturase 1 Scd1 1.003 0.048 2.616 0.156 -1.247 0.054 1.072 0.063 1.261 0.068 

Keratin 1 Krt1 -1.450 0.025 -1.429 0.051 -1.304 0.033 2.191 0.096 1.280 0.048 

MutS homolog 5 Msh5 -1.331 0.032 1.161 0.055 -1.226 0.037 -1.185 0.041 1.292 0.056 

Exonuclease 1 Exo1 -1.119 0.055 1.355 0.085 -1.059 0.054 1.321 0.073 4.503 0.271 

MutY homolog (E. coli) Mutyh -1.361 0.040 -1.196 0.039 -1.630 0.030 1.225 0.051 -1.611 0.033 

Baculoviral IAP repeat-containing 5 Birc5 1.311 0.039 1.120 0.029 1.508 0.049 1.533 0.045 2.002 0.078 

Cytochrome P450, family 1, subfamily b, polypeptide 1 Cyp1b1 1.099 0.067 2.330 0.077 -1.144 0.030 -2.556 0.020 -1.183 0.046 

Fatty acid binding protein 4 Fabp4 1.705 0.175 1.384 0.108 3.933 0.296 4.004 0.277 -3.055 0.019 

Matrix metallopeptidase 12 Mmp12 1.198 0.035 1.057 0.031 3.260 0.133 22.020 0.403 1.695 0.025 

Opioid binding protein/cell adhesion molecule-like Opcml 1.176 0.067 2.383 0.087 -1.159 0.034 -1.314 0.039 2.162 0.079 

Transcription factor 21 Tcf21 1.187 0.054 1.171 0.058 -1.007 0.049 -2.140 0.024 1.059 0.046 

Thrombospondin 2 Thbs2 -1.537 0.020 -1.257 0.033 -1.505 0.015 -2.102 0.021 -1.656 0.030 

Topoisomerase (DNA) II alpha Top2a 1.148 0.037 1.247 0.042 1.411 0.061 1.557 0.039 2.541 0.092 



 

 

  AEII cells - day 90 

  CeO2 0.1 mg/m³ CeO2 0.3 mg/m³ CeO2 1.0 mg/m³ CeO2 3.0 mg/m³ BaSO4 50.0 mg/m³ 

  FR uncertainty FR uncertainty FR uncertainty FR uncertainty FR uncertainty 

C-C motif chemokine ligand 3 Ccl3 2.415 0.164 3.520 0.261 1.379 0.097 2.143 0.139 1.661 0.085 

C-C motif chemokine ligand 17 Ccl17 -1.544 0.014 -1.060 0.021 2.744 0.093 5.513 0.099 1.548 0.042 

C-X3-C motif chemokine receptor 1 Cx3cr1 -1.536 0.014 -1.258 0.023 -2.169 0.025 -1.297 0.021 -1.083 0.030 

Interleukin 1 alpha Il1α 2.339 0.153 5.041 0.310 1.351 0.093 2.281 0.149 1.727 0.098 

Interleukin 1 beta Il1β 2.127 0.125 3.115 0.182 1.281 0.070 1.659 0.074 1.479 0.068 

Interleukin 1 receptor antagonist Il1rn 2.340 0.157 3.153 0.227 1.274 0.081 2.038 0.125 1.586 0.092 

Tumor necrosis factor superfamily member 4 Tnfsf4 -1.510 0.023 -2.449 0.020 2.354 0.096 3.083 0.095 1.233 0.038 

C-C motif chemokine ligand 2 Ccl2 1.829 0.107 3.694 0.226 2.207 0.137 3.744 0.210 2.045 0.070 

C-C motif chemokine ligand 4 Ccl4 3.198 0.242 3.519 0.270 1.676 0.134 2.346 0.179 1.172 0.077 

C-C motif chemokine ligand 7 Ccl7 1.456 0.036 1.779 0.046 2.143 0.063 4.335 0.078 2.273 0.049 

C-C motif chemokine ligand 11 Ccl11 1.123 0.044 -1.308 0.020 -1.532 0.037 -1.485 0.022 1.021 0.046 

C-C motif chemokine ligand 20 Ccl20 -1.818 0.121 -2.757 0.073 6.145 0.872 -1.146 0.169 -1.160 0.176 

C-C motif chemokine ligand 22 Ccl22 1.095 0.037 1.220 0.036 11.106 0.491 18.583 0.652 9.942 0.261 

C-C motif chemokine ligand 24 Ccl24 2.413 0.141 3.366 0.195 1.496 0.083 2.450 0.129 2.661 0.143 

Platelet factor 4  Pf4 -1.182 0.022 -1.364 0.019 1.746 0.081 2.169 0.065 3.050 0.077 

C-X-C motif chemokine ligand 9 Cxcl9 1.301 0.065 1.225 0.060 1.183 0.059 2.201 0.063 2.063 0.073 

CD40 ligand Cd40lg -1.170 0.023 -1.111 0.018 -1.340 0.020 -1.456 0.012 -1.097 0.020 

Interleukin 2 receptor, beta Il2rb -1.133 0.016 -1.449 0.014 -2.142 0.002 -1.400 0.014 -1.637 0.027 

Lactoperoxidase Lpo 1.683 0.051 2.346 0.127 26.909 1.587 55.669 3.156 25.115 1.154 

NADPH oxidase organizer 1 Noxo1 -1.847 0.014 -1.703 0.016 1.845 0.050 2.648 0.066 1.802 0.055 

Hemoglobin alpha, adult chain 2 Hba1 1.744 0.191 1.282 0.067 -2.088 0.016 -3.355 0.011 -1.049 0.086 

Stearoyl-Coenzyme A desaturase 1 Scd1 -1.538 0.025 1.032 0.060 -1.669 0.030 -2.794 0.011 -2.562 0.017 

Keratin 1 Krt1 -1.006 0.029 -1.266 0.031 -1.144 0.030 1.288 0.054 3.230 0.081 

MutS homolog 5 Msh5 -1.538 0.015 -1.438 0.018 1.000 0.023 -1.428 0.015 -1.882 0.012 

Exonuclease 1 Exo1 -1.202 0.031 -1.123 0.039 2.428 0.074 2.699 0.096 3.629 0.096 

MutY homolog (E. coli) Mutyh 1.308 0.077 -1.431 0.038 -1.181 0.050 -1.112 0.045 4.939 0.068 

Baculoviral IAP repeat-containing 5 Birc5 1.523 0.033 1.470 0.031 2.241 0.036 2.211 0.039 2.171 0.037 

Cytochrome P450, family 1, subfamily b, polypeptide 1 Cyp1b1 1.236 0.039 1.064 0.038 1.215 0.051 -1.319 0.034 1.129 0.036 

Fatty acid binding protein 4 Fabp4 3.011 0.214 5.757 0.437 3.146 0.213 4.535 0.329 1.071 0.059 

Matrix metallopeptidase 12 Mmp12 1.432 0.050 2.372 0.074 18.094 0.847 44.192 1.204 5.053 0.136 

Opioid binding protein/cell adhesion molecule-like Opcml -1.494 0.040 1.056 0.047 -1.104 0.036 1.621 0.078 1.909 0.068 

Transcription factor 21 Tcf21 -1.092 0.016 -1.715 0.017 -1.850 0.020 -1.917 0.015 -2.531 0.013 

Thrombospondin 2 Thbs2 1.543 0.051 1.182 0.044 1.541 0.079 -1.070 0.040 2.778 0.081 

Topoisomerase (DNA) II alpha Top2a 1.099 0.017 1.151 0.014 1.476 0.017 1.449 0.024 1.661 0.033 



 

 

  liver - day 90 

  CeO2 0.1 mg/m³ CeO2 0.3 mg/m³ CeO2 1.0 mg/m³ CeO2 3.0 mg/m³ BaSO4 50.0 mg/m³ 

  FR uncertainty FR uncertainty FR uncertainty FR uncertainty FR uncertainty 

Chemokine (C-C motif) receptor 2 Ccr2 1.6973 0.10038 2.5193 0.11027 4.72872 0.19564 1.4936 0.07142 2.30769 0.09722 

Chemokine (C-X3-C motif) ligand 1 Cx3cl1 2.6255 0.28655 -2.4043 0.02352 2.06874 0.09168 1.4718 0.06943 1.1781 0.06553 

Chemokine (C-X-C motif) ligand 12  Cxcl12 -2.2069 0.02274 -1.0337 0.01684 -1.0294 0.02746 -1.0133 0.01649 1.2265 0.02359 

Chemokine (C-X-C motif) receptor 2 Cxcr2 2.7091 0.15804 1.4193 0.04697 1.7742 0.05652 2.8767 0.09316 1.8858 0.05882 

Chemokine (C-X-C motif) receptor 3 Cxcr3 1.4136 0.06647 1.5424 0.07964 3.16894 0.06858 2.8402 0.09529 3.0222 0.07571 

Interleukin 2 receptor, gamma Il2rg 1.8801 0.12998 1.2938 0.04497 2.1199 0.06578 1.805 0.05664 1.9279 0.06288 

Oncostatin M Osm -1.2983 0.05855 1.5722 0.05184 3.02797 0.0816 -1.3213 0.04429 1.4248 0.03687 

Chemokine (C-C motif) ligand 2 Ccl2           
Chemokine (C-C motif) ligand 9 Ccl9           
Chemokine (C-X-C motif) receptor 5 Cxcr5           
Secreted phosphoprotein 1 Spp1           
Glutathione peroxidase 2 Gpx2 -2.1735 0.04636 -2.2047 0.03974 -2.2293 0.03729 -3.0831 0.02827 -1.0648 0.08642 

Lactoperoxidase Lpo -2.0066 0.0116 2.2358 0.06606 3.78292 0.09828 2.3993 0.11513 3.2167 0.11871 

Neutrophil cytosolic factor 2 Ncf2 1.1993 0.03294 1.525 0.04709 2.1155 0.05786 1.7102 0.04319 1.1955 0.03357 

Stearoyl-Coenzyme A desaturase 1 Scd1 1.632 0.12309 3.1123 0.20994 1.7274 0.13023 1.702 0.13316 2.1261 0.1411 

Albumin Alb           
Eosinophil peroxidase Epx           
Glutamate-cysteine ligase, catalytic SU Gclc           
Glutamate cysteine ligase, modifier SU Gclm           
Hemoglobin alpha, adult chain 2 Hba1           
Myeloperoxidase Mpo           
Neuroglobin Ngb           
Thioredoxin interacting protein Txnip           
Ligase IV, DNA, ATP-dependent Lig4 -1.0155 0.13819 1.1728 0.18501 -1.8785 0.09431 3.2971 0.33904 2.0557 0.2094 

Single-strand-selective monofunctional uracil-DNA glycosylase 1 Smug1 1.424 0.0689 2.1489 0.06347 2.0557 0.06356 1.8539 0.06023 1.4334 0.04283 

X-ray repair complementing defective repair in Chinese hamster cells 2 Xrcc2 1.1763 0.06062 -1.1143 0.03588 1.6593 0.05148 1.878 0.05768 2.06644 0.05827 

Breast cancer 1 Brca1           
 

 

 

 



 

 

  kidney - day 90 

  CeO2 0.1 mg/m³ CeO2 0.3 mg/m³ CeO2 1.0 mg/m³ CeO2 3.0 mg/m³ BaSO4 50.0 mg/m³ 

  FR uncertainty FR uncertainty FR uncertainty FR uncertainty FR uncertainty 

Chemokine (C-C motif) receptor 2 Ccr2           
Chemokine (C-X3-C motif) ligand 1 Cx3cl1           
Chemokine (C-X-C motif) ligand 12  Cxcl12           
Chemokine (C-X-C motif) receptor 2 Cxcr2           
Chemokine (C-X-C motif) receptor 3 Cxcr3           
Interleukin 2 receptor, gamma Il2rg           
Oncostatin M Osm 1.7275 0.16981 -7.69849 0.01021 1.3928 0.1493 1.6673 0.17421 1.7429 0.16897 

Chemokine (C-C motif) ligand 2 Ccl2 1.1914 0.04278 -1.1226 0.02837 1.0558 0.03567 -1.0384 0.04206 2.2849 0.1555 

Chemokine (C-C motif) ligand 9 Ccl9 1.3007 0.10168 1.3213 0.10064 1.2196 0.09865 2.1292 0.16122 3.1525 0.28809 

Chemokine (C-X-C motif) receptor 5 Cxcr5 1.5072 0.10004 -1.1411 0.07232 1.0381 0.06943 -2.12622 0.01208 -1.5438 0.0571 

Secreted phosphoprotein 1 Spp1 1.0945 0.06069 -1.9851 0.02613 -1.1181 0.05691 -2.524 0.01933 -1.1621 0.06251 

Glutathione peroxidase 2 Gpx2 1.4191 0.18572 1.0046 0.13495 -2.90215 0.01453 -3.62989 0.01218 1.9079 0.25215 

Lactoperoxidase Lpo           
Neutrophil cytosolic factor 2 Ncf2 -2.1519 0.01415 -3.293 0.00792 -3.4193 0.01403 -2.1256 0.02245 -1.5499 0.01459 

Stearoyl-Coenzyme A desaturase 1 Scd1 1.2048 0.09117 3.2459 0.50235 4.3322 0.47888 5.5141 0.36829 2.3311 0.17671 

Albumin Alb -10.2859 0.00671 2.1759 0.20138 -1.6384 0.06005 -1.0136 0.10407 7.2431 1.21009 

Eosinophil peroxidase Epx -1.8565 0.00946 -1.7925 0.01046 -2.0314 0.00646 -2.3171 0.00784 -1.8882 0.00444 

Glutamate-cysteine ligase, catalytic SU Gclc 1.1803 0.08408 -2.85873 0.02262 -1.3376 0.0605 -2.11679 0.02404 -1.4629 0.05586 

Glutamate cysteine ligase, modifier SU Gclm -1.0916 0.05607 -2.1317 0.0372 -1.3518 0.05379 -1.8781 0.0361 -1.5275 0.04322 

Hemoglobin alpha, adult chain 2 Hba1 -1.4365 0.08273 1.2716 0.06693 -1.4715 0.06405 -2.355 0.03302 -1.1373 0.06556 

Myeloperoxidase Mpo -1.3197 0.03293 4.2847 0.36856 4.1736 0.38275 2.6513 0.13038 -1.0368 0.0714 

Neuroglobin Ngb -3.7612 0.01003 -2.0449 0.02617 -2.2128 0.01035 -2.2428 0.01476 -2.3943 0.01066 

Thioredoxin interacting protein Txnip -1.9183 0.01902 -1.5256 0.02784 -3.5581 0.00957 -2.7021 0.01682 -2.3712 0.01406 

Ligase IV, DNA, ATP-dependent Lig4 -1.1177 0.11358 -1.1536 0.09684 -5.19618 0.01913 1.9971 0.17319 1.4049 0.11784 

Single-strand-selective monofunctional uracil-DNA glycosylase 1 Smug1           
X-ray repair complementing defective repair in Chinese hamster cells 2 Xrcc2           
Breast cancer 1 Brca1 -1.1421 0.02066 -1.8409 0.02495 -2.57429 0.01086 -1.7328 0.02521 -1.3529 0.01326 
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5. DISCUSSION 

The current 90-day inhalation toxicity study with CeO2 and BaSO4 nanoparticles in rats 

was conducted according to OECD TG 413 (OECD, 2009c) and extended by broad 

gene expression analyses and immunohistochemistry. It was performed in parallel to 

a chronic inhalation toxicity and carcinogenicity study with the same test articles 

(BASF, Ludwigshafen, Germany; NANoREG program, 81|0661/10|170; OECD TG 453 

(OECD, 2009b)). The main aims were investigation of acute to subchronic nanoparticle 

effects at low dose levels, and the selection of early biomarkers for potential long-term 

effects detected in the chronic study; further, discovery of molecular mechanisms of 

action after inhalation, with respect to effects related to particle-specific characteristics. 

The project was divided into two parts based on the performed investigations. The first 

publication (Schwotzer et al., 2017) covers the conventional, guideline required 

examinations (lung burden, hematology, BAL, histopathology) supported by 

immunohistochemistry (Chapter 3). The second manuscript (Schwotzer et al., 2018) 

covers the additional investigations (gene expression and immunohistochemistry) 

(Chapter 4). 

 

5.1 Study Planning, Exposure Conditions and “in-life” Phase 

According to the guideline requirements (OECD, 2009c) the 90-day rat nose-only 

exposure was executed in 6 hours/day, 5 days per week schedule. The OECD TG 413 

was revised recently and after completion of our experimental work (OECD, 2017). 

However, our study design fulfills most of the adapted requirements. Measurements of 

lung burden were included and the investigations of Keller et al. (2014) served as dose 

range findings. We did not split the lungs for BAL and histopathology. Although the 

testing of both genders (10 per sex and dose group) is recommended following the 

actual and the previous version, female individuals were used only as no differences 

have been reported in susceptibility between males and females in terms of 

nanoparticle exposure. Due to the five examined time points and the variety of 

endpoints determined, a total number of 576 animals were used for this study. By using 
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one gender, the number of rats was kept as small as possible. All rats survived until 

sacrifice and no clinical abnormalities were observed. 

The aerosol concentrations were reasonably consistent during the whole exposure 

period and close to the target values. MMADs of about 0.7 µm and GSDs of about 3.8 

were measured for CeO2, suggesting inhalability of the nanomaterials. The CeO2 

MMADs meet the OECD requirements from 2009, as well as the updated, more 

stringent requirements (MMAD ≤ 2 µm) (OECD, 2009a, 2009c, 2017). The GSD is 

slightly above the upper limit of 3.0. With respect to the common knowledge on particle 

deposition (Chapter 1.2.1), distribution over the whole respiratory tract was assumed, 

with a significant amount reaching the alveoli. The results of BaSO4 exposure indicated 

higher agglomeration, but also a reasonable size distribution (MMAD of 2.95 µm; GSD 

of 2.43). Penetration of deep lung compartments was, therefore, assumed here as well. 

However, a significant amount of the particles likely remained in the extrathoracic 

region. We were not able to achieve a MMAD ≤ 2 µm, which was actually already 

recommended for “inert” particles according to the previous version of OECD TG 413 

and the related guidance document (OECD, 2009a, 2009c). However, a lower MMAD 

could not be achieved due to the high particle concentration causing high 

agglomeration.  

According to our previous calculations using the multiple path particle dosimetry 

(MPPD) model version 2.11 (Anjilvel and Asgharian, 1995) a deposition fraction of 10% 

for CeO2 and 3.2% for BaSO4 was estimated. These values predict the detected 

differences in deposition based on particle size distribution. Such model calculations 

are important for pre-study aerosol atmosphere adjustments as they help to figure out 

the needed MMAD to achieve the required deposition. Variations between the actual 

and the predicted values at higher concentrations and later exposure stages measured 

in our study were due to disregarded clearance mechanisms during calculation. It 

caused overestimation of predicted lung deposition.  
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5.2 Exposure-related Effects and Mechanistic Relationships 

The results of the current study revealed new insights regarding the toxicity of CeO2 

and BaSO4 nanoparticles. Respective findings were very consistent and we were able 

to generate some hypotheses concerning mechanistic relationships. An overview of 

CeO2 exposure effects is illustrated in Table 1. Explanations are provided in the 

following chapters.  

 

Table 1 Overview of CeO2 nanoparticle exposure-related effects 

CeO2 dose 0.1 mg/m³  0.3 mg/m³  1.0 mg/m³  3.0 mg/m³  

Effects No effects No overload 

No inflammation 

Inflammatory 

mediators ↑ 

Lpo ↑? 

Mmp12 ↑? 

Overload? 

Inflammation 

Inflammatory 

mediators ↑ 

Lpo ↑ 

Mmp12 ↑ 

Overload 

Inflammation 

Inflammatory 

mediators ↑ 

Lpo ↑ 

Mmp12 ↑ 

Proliferation ↑? 

DNA damage ↑? 

Interpretation  Intrinsic particle 

reactivity? 

Partly caused by 

macrophages? 

Intrinsic particle 

reactivity? 

Partly overload 

related? 

Overload related 

effects  

Significant effects are marked in red; ? = indications for effects; ↑ = overexpression (gene and/or protein); 

Lpo = Lactoperoxidase; Mmp12 = Matrix metallopeptidase 12 

 

5.2.1 Particle Clearance and Overload 

The amount of substance deposited in the lung can be analytically detected. Based on 

that the respective elimination half-times can be calculated to provide information on 

clearance efficiency. Our calculations revealed that clearance of CeO2 nanoparticles 

was not affected in the low dose groups. Impairment was observed after 3.0 mg/m³ 

CeO2 exposure. Overload was thus suggested for the high concentration. The findings 

were comparable to other investigations on CeO2 nanoparticle inhalation (Keller et al., 
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2014). The 1.0 mg/m³ CeO2 concentration was controversial. An elimination half-time 

of 108 days suggests slight impairment. However, neither was the case according to 

the volume-related (Morrow, 1988) nor the surface-related overload hypothesis (Tran 

et al., 2000). 1.0 mg/m³ CeO2 exposure would cause lung burdens below the 

thresholds determined by Morrow (1988) and Tran et al. (2000). Although in the case 

of the latter, the calculated value (130 cm²/g lung) is way closer to the threshold (200-

300 cm²/g lung). Taking that into consideration as per our interpretation for the high 

dose, the surface-related explanation is more likely. We assumed a contribution of 

specific surface area and inflammation to impaired clearance rather than particle load. 

It further indicated that inflammation after CeO2 nanoparticle inhalation is partly caused 

by particle reactivity, not only overload. BAL analysis and histopathology, as well as 

gene expression analyses clearly verify the lung inflammation at the respective 

exposure concentrations. Particle-laden alveolar macrophages indicated running 

mucociliary clearance.  

Particle-laden macrophages were also present in the interstitium and lymphoid tissue, 

suggesting lymphatic clearance beside the mucociliary route (Adamson and Bowden, 

1982; Geiser and Kreyling, 2010). It further indicated that particles might translocate 

into the interstitial tissue, increasing the risk of systemic translocation, and potential 

interaction with fibroblasts as precursor for fibrosis development. This phenomenon 

has been detected for silica particles (Adamson et al., 1989; Bowden et al., 1989). 

Translocation to the interstitium is even more critical during lung overload when 

elimination by alveolar macrophages is impaired (Oberdörster, 1995). Our 

histopathology findings at 3.0 mg/m³ CeO2 were accompanied by impaired clearance 

suggesting the described mechanism.  

To prove potential systemic translocation we investigated Ce retention in liver and 

kidney and performed gene expression analysis in these organs. As excretion organs 

with high blood supply, translocation to liver and kidney is likely and has been reported 

for CeO2 nanoparticles (Aalapati et al., 2014). The impact on extrapulmonary organs 

detected in this study was minimal. The total amount of Ce in the liver after 90 days 

exposure was 3 µg, which is less than 1% translocation from lung to liver. In the kidney 

the amount was 0.05 µg and no significant increase in particulate CeO2 has been 
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measured over time. Some inflammatory mediators were slightly upregulated in the 

liver. Such findings can either originate from particles in the organ or from mediators 

present in the circulation. The overall relevance regarding potential development of 

adverse effects remains unclear.  

In contrast to CeO2 nanoparticles, BaSO4 was cleared rapidly after the 90-day 

exposure (t1/2 = 56 days). Although, a very high concentration was applied, no overload 

was induced. This phenomenon has been observed in other studies as well (Konduru 

et al., 2014; Landsiedel et al., 2014). BaSO4 is assumed as poorly soluble and 

therefore such high clearance rates are against all expectations. Changes in 

dissolution rates based on structural modifications after inhalation might explain this 

paradox (Konduru et al., 2014).  

 

5.2.2 Inflammation 

A CeO2 nanoparticle exposure-related inflammatory reaction has been observed, and 

is most prominent in the high dose group. All investigations covering inflammation as 

an endpoint (BAL, histopathology, gene expression) revealed consistent results.  

The presence of particle-laden alveolar macrophages is not necessarily rated as 

adverse, especially when clearance is unaffected. However, next to phagocytosis, one 

important macrophage function is cytokine release for recruitment and activation of 

other immune cells like neutrophils and lymphocytes (Abbas and Lichtman, 2011). 

They trigger induction of inflammation. We detected a concentration and time 

dependent increase in neutrophil numbers in BAL, which is a very sensitive indicator 

for early immune responses. The levels of lymphocytes were lower compared to the 

neutrophils and slightly delayed. This reflects the contribution to later occurring, 

adaptive immunity (Abbas and Lichtman, 2011). The inflammation on a cellular level 

was present from day 28 with increasing severity over time. It was seen in the mid and 

high dose groups, but not in the low dose groups. Hence, the expected conditions for 

the different CeO2 concentrations mentioned in Chapter 2 were achieved. The gene 

expression analysis, as a more sensitive endpoint, revealed two important additional 

findings to support the present inflammation, adding the following mechanistic details: 
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1) AEII cells contribute to lung inflammation induced by nanoparticle exposure; 2) 

inflammatory mediators were upregulated after 0.3 mg/m³ CeO2 exposure, where 

effects on protein level (BAL) were absent.  

Interestingly, the response of AEII cells expressed by the pattern of inflammatory 

mediators is different at higher concentrations compared to 0.3 mg/m³ CeO2 exposure. 

It has been demonstrated that interleukins like Il-1α and Il-1β stimulate the release of 

Ccl2 in alveolar epithelial cells (O'Brien et al., 1998; Standiford et al., 1991; Paine et 

al., 1993; Manzer et al., 2006; Brabcová et al., 2014). We measured upregulation of Il-

1α and Il-1β at low dose exposure and upregulation of Ccl2 at high dose exposure to 

CeO2. It seems reasonable that during low CeO2 exposure the response switches at a 

later time point, not covered by our study, and the gene regulation after 0.3 mg/m³ 

CeO2 exposure, therefore, indicates inflammation induction at long-term low dose 

exposure.  

An important difference between exposure to 0.3 mg/m³ CeO2 and 1.0 mg/m³ or 3.0 

mg/m³ is the absence of inflammation and overload for 0.3 mg/m³ CeO2, while the mid 

and high concentration caused inflammation and conditions of marginal and distinct 

overload, respectively. Effects occurring at the low exposure level might be related to 

particle reactivity. The trigger for gene expression changes in AEII cells at higher 

concentrations, in contrast, might originate from the present inflammatory reaction, 

rather than the particle itself.  However, it cannot be excluded that at low particle levels 

the signal for AEII cells derives from e.g. the particle-laden, activated macrophages. 

Either way, our results of gene expression analysis contribute to the differentiation 

between non-overload and overload.  

Effects of BaSO4 were mainly restricted to the nasal cavity which was attributed to high 

agglomeration. Therefore inflammatory effects in the alveoli were marginal and not 

persistent during post-exposure. Translocation of particle-laden macrophages to 

lymphoid tissue showed substantial persistency. Uptake by interstitial macrophages 

thus seems to be relevant and might contribute to fast clearance as well. 

As a consequence of high BaSO4 particle deposition in upper respiratory 

compartments, gene regulation in AEII cells was low. However, some inflammatory 
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mediators displayed slight upregulation. A marked increase was shown for Ccl22, 

which was also highly influenced by CeO2. It suggests particle-laden macrophages are 

a trigger for the AEII cell response, since a significant amount of macrophages was 

detected at time points of increased Ccl22 regulation for both particle types. In contrast, 

neutrophils were not significantly increased in BAL after 28 day exposure to BaSO4 

when the Ccl22 expression in AEII cells was enhanced.  

 

5.2.3 Oxidative Stress 

The conventional investigations did not cover oxidative stress induction as an endpoint. 

However, as significant contributor to the development of severe effects like 

carcinogenicity it is important to consider. Gene expression analysis in AEII cells 

revealed regulation of two oxidative stress markers (Lpo and Noxo1) after CeO2 

exposure. When considering the analysis of 84 oxidative stress related genes the 

impact seems to be minimal. However, Lpo expression was highly upregulated with 

clear concentration and time-dependent increases. Effects were also verified on 

protein level via immunohistochemistry, and AEII cells as the source of the signal 

identified. Lpo release as response to CeO2 nanoparticle exposure seems reasonable 

since the enzyme neutralizes H2O2 and is influenced by the amount of ROS (Gattas et 

al., 2009), while CeO2 might affect the H2O2 level by its catalytic activity. Potential 

particle-specific reactivity should be taken into consideration. Especially since 

significant levels were measured for 1.0 mg/m³ CeO2 and a slight increase, although 

non-significant, has also been observed after 0.3 mg/m³ CeO2 exposure. However, the 

Lpo level could also clearly be correlated to inflammation in this study. As a ROS 

producer inflammatory cells likely influence the H2O2 level and provide a trigger for Lpo 

production by AEII. The role of Noxo1 in this context is unclear and no information on 

the impact of nanoparticles on its expression has been stated.  

Lpo levels were also significantly increased after 90 days BaSO4 exposure. This 

underlines at least partial contribution of inflammation to Lpo upregulation since a slight 

inflammatory reaction was present at absent overload. Particle-specific reactivity was 

assumed to be negligible for BaSO4 because of chemically inertness. 
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5.2.4 Cell Proliferation, Genotoxicity, and Apoptosis 

Inflammation and oxidative stress are key elements in genotoxicity and tumor 

development. The distinct inflammatory reaction caused by CeO2 nanoparticles might  

lead to the release of pro-proliferative and pro-oxidative factors inducing epithelial cell 

proliferation and damage, as described by Oberdörster (1995). Damaged and 

dysfunctional cells are vulnerable to DNA damage and mutations, e.g. due to improper 

DNA repair mechanisms. The presence of ROS can also directly affect the DNA. The 

combination of genotoxic events and increased proliferation triggers tumor 

development (Oberdörster, 1995).  

The local inflammation in the alveoli combined with the enzymatic oxidative stress 

defense of AEII cells, in these areas, would suggest the induction of genotoxic events. 

Interestingly, no significant changes in the expression of genes involved in DNA 

damage and repair were detected in AEII cells. No cell proliferation or apoptosis related 

factors were regulated as well. However, the signal of the genotoxicity markers γ-H2AX 

and 8-OHdG, as well as Ki67 as marker, for cell proliferation, was significantly 

increased in lung tissue after 3.0 mg/m³ CeO2 nanoparticle exposure. The 

immunohistochemical signals were positive along the alveolar epithelium, most likely 

involving AEII cells. The reasoning for missing changes in gene expression is unclear. 

Certainly, protein and gene expression are two independent events. Also, the marker 

signal is only slightly increased. Protein expression might have been induced without 

the need of more RNA. Related genetic events could have occurred during an earlier 

time point, not covered by the selected examination days. Another point to consider is 

the significant increase restricted to the post-exposure period. Gene expression, in 

contrast, was only measured up to the end of 90-day exposure. The low level of 

increase without any further indications for genotoxicity requires interpretation of 

results with reservation.   

BaSO4 exposure did not reveal any marked influence on cell proliferation, genotoxicity 

or apoptosis in this study. 
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5.2.5 Long-term Effects 

The overall persistence of effects and the distinct respiratory inflammation suggest a 

high potential for the development of chronic adverse effects. Two events detected in 

this study further support this assumption: 1) marked upregulation of the pro-

inflammatory/pro-fibrotic enzyme Mmp12 in AEII cells; 2) presence of slight fibrotic 

lesions observed in histopathology. 

Fibrosis occurs in response to cell damage as dysregulated reconstruction of 

extracellular matrix. It is executed by fibroblasts, which are activated by a variety of 

mediators. Respective factors are released for instance by inflammatory cells. Chronic 

inflammation accompanied by cell damage and the presence of pro-fibrotic factors 

increase the risk of fibrotic lesions. Development of fibrosis, after particle exposure, 

has been described by others (Hong et al., 2017; Ma et al., 2017). Hong et al. (2017) 

recently published investigations on nano-TiO2 induced lung fibrosis in mice. They 

demonstrated inflammation and fibrotic lesions in lung tissue after six month nasal 

administration of doses ranging from 1.25 to 5.0 mg/kg body weight. This was 

accompanied by marked upregulation of inflammatory and fibrosis related mediators 

on gene expression and protein levels including Il-1β, Ccl2 and different Mmp’s. Park 

et al. (2009) described upregulation of Mmp12 in response to TiO2 in mice. Such 

factors were upregulated in our study as well. Mmp12 expression was significant from 

exposure day 28 in the mid and high dose groups, showing time and concentration-

dependent increases. A slight increase of gene regulation, after 90-day exposure to 

0.3 mg/m³ CeO2 might further be an indicator for induction of the described events at 

extended exposure to low concentrations. In combination to regulation of this pro-

fibrotic mediator, fibrotic lesions were detected in histopathology. Development of 

fibrosis after chronic inflammation sustained by the interplay between AEII and 

inflammatory cells can, therefore, be assumed. Tumor development is not clearly 

indicated but should be considered as a consequence of chronic inflammation and 

genotoxic events.  
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Similar to Lpo, BaSO4 exposure caused upregulation of Mmp12 after 90-day exposure. 

This could again be an indication for the impact of present inflammatory cells on AEII 

cell responses. Histopathology did not show signs of interstitial fibrosis. 

 

5.3 Biomarker Selection 

In our study early biomarkers for nanoparticle effects should be selected based on 

gene expression analysis. Therefore effects occurring at an early stage of exposure 

and effects occurring after exposure to low concentrations are of special interest. 

Exposure to 0.1 mg/m³ CeO2 did not cause gene regulation in AEII cells. 0.3 mg/m³ 

CeO2 exposure triggered upregulation of a small group of inflammatory mediators after 

90 days. It is unclear if these mediators are suitable as biomarkers for long-term 

nanoparticle effects since we did not see any effects on protein level at any of the 

examined time points. The results of the carcinogenicity study will provide analysis of 

later time points and therefore provide missing data for better interpretation and a final 

conclusion.  

Even though gene regulation was significant earliest after 28 days, the regulated 

mediators could serve as biomarkers for long-term adverse effects. All effects and 

suggested mechanistic relationships are quite consistent. The presence of 

inflammatory mediators was accompanied by Mmp12 and Lpo. As mentioned earlier, 

such factors have been found to be involved in chronic inflammation and fibrosis after 

exposure to poorly soluble nanoparticles (Hong et al., 2017; Park et al., 2009). Also, 

Conner et al. (2007) demonstrated that the pathogenesis of cystic fibrosis is 

accompanied by defects in the Lpo defense system. A mechanistic relationship is, 

therefore, conceivable and the combination of Mmp12, Lpo and a selected group of 

inflammatory mediators like Ccl2, Ccl7, Ccl17, and Ccl22, is a suitable constellation of 

potential biomarkers for nanoparticle induced inflammation, and related development 

of fibrosis triggered by AEII cells. Validation of the listed markers should be considered 

for future research. 
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5.4 Comparison to the Long-term Study 

After 90-day exposure with 90-day recovery, subchronic, but no chronic effects of a 

test item can be recorded, due to the limited observation period. However, results from 

subchronic exposure can predict chronic effects. Hence, data on long-term exposure 

for validation is highly valuable. The comparison of our results with the combined 

chronic inhalation toxicity and carcinogenicity study with CeO2 and BaSO4 (BASF, 

Ludwigshafen, Germany; NANoREG program, 81|0661/10|170) is thus outstanding 

and promising regarding better nanomaterial risk assessment. The long-term 

inhalation study was performed according to OECD TG 453 “Combined Chronic 

Toxicity\Carcinogenicity” (OECD, 2009b) focusing on broad histopathological 

examinations to identify tumor development, and other long-term effects. Results of 

this study are not yet published. A comparison to the current study is subject to follow 

up work related to this thesis.  

 

5.5 Conclusion and Perspective: Relevance for Risk Assessment, 

Grouping Approaches and the Reduction of Animal Experiments 

The data generated in this study provides new insights in the toxicity of CeO2 

nanoparticles, and is beneficial for better risk assessment. We calculated a NOAEL of 

0.41 mg/m³ (based on neutrophil levels in BAL fluid; US-EPA benchmark software (US 

EPA, 2012)). This value is close to the NOAEL for CeO2 NM-212 calculated by Pauluhn 

(2017), which is based on long-term exposure data (0.64 mg/m³). Providing such 

threshold levels is necessary for extrapolation to human exposure in terms of limit 

value determination.  

Our data could further be helpful for grouping of nanomaterials. Some similarities with 

TiO2 as another poorly soluble nanoparticle, have been described in this research. To 

further address this issue, the selected biomarkers should be investigated after 

exposure to other nanomaterials and research based on approaches like the one of 

Arts et al. (2015). The authors developed “a decision-making framework for the 

grouping and testing of nanomaterials” consisting of a tiered approach for distribution 
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of nanomaterials into four groups. Their grouping concept starts with evaluation of 

material properties like solubility, followed by analysis of system-dependent properties 

like biopersistence and finally evaluation of data from in vivo or other exposure studies. 

Based on the outcome, the nanomaterial should be grouped as “soluble”, 

“biopersistent”, “passive” or “active”. The group determines the process of risk 

assessment. The authors emphasized the importance of testing a broad spectrum of 

nanomaterial to prove grouping concepts.  

The comparison to BaSO4 in this study shows that examination of different materials 

yield more details on mechanistic relationships and supports appropriate interpretation 

of results.  

Comprehension of sensitive endpoints like gene expression and 

immunohistochemistry into guideline studies is beneficial regarding better 

understanding of mechanistic relationships. Respective information can be supportive 

for risk assessment, and more accurate differentiation between materials. However, 

such additional investigations should be included based on the specific study aim. 

Validation of the selected biomarkers as predictors for chronic adverse effects of 

nanoparticles will be a step towards the replacement of long-term studies. Therefore, 

compatibility with other nanomaterials need to be tested. An in vitro validation of the 

biomarkers and development of suitable in vitro screening assays would further 

support the reduction of animal experiments.  

In conclusion, the data generated in this 90-day inhalation toxicity study is valuable for 

better risk assessment of nanomaterials, and a step further towards grouping 

approaches and the reduction of animal experiments. 
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6. SUMMARY 

Investigations on the Toxicity of CeO2 Nanoparticles after Subchronic 

Inhalation of Low Doses 

Daniela Schwotzer 

The present research focused on the toxicology of nanomaterial. It was based on a 90-

day inhalation toxicity study with cerium oxide and barium sulfate nanoparticles, 

performed according to OECD TG 413. CeO2 is for example used as diesel fuel 

additive. BaSO4 is used in paintings and coatings.  

The project was an addition to a combined chronic inhalation toxicity and 

carcinogenicity study with CeO2 and BaSO4 (BASF, Ludwigshafen, Germany; 

NANoREG program, 81|0661/10|170). It aimed on investigating low dose nanoparticle 

exposure. Therefore, concentrations of 0.1, 0.3, 1.0, and 3.0 mg/m³ CeO2 were 

applied. BaSO4 was used as representative for a non-toxic nanomaterial and was 

applied in one high concentration of 50.0 mg/m³. Rats were exposed for 1, 28 and 90 

days. Also post-exposure investigations were performed after 28 and 90 days. 

Respective investigations should provide data for better risk assessment of 

nanoparticles and better differentiation between materials.   

Lung burden analytics, hematology, histopathology and BAL fluid analysis were 

included as guideline required endpoints. Broad gene expression analysis and 

immunohistochemistry were performed as additional sensitive endpoints. The latter 

should help identify early biomarkers for potential long-term effects and get better 

insights in the mechanisms of action of poorly soluble nanomaterial after inhalation. 

Gene expression analysis was done in AEII cells to determine their contribution on 

cellular responses to nanoparticles.  

Exposure to 3.0 mg/m³ CeO2 revealed impaired particle clearance and overload. This 

was accompanied by inflammation, verified by histopathology, BAL fluid analysis, and 

gene expression. Gene expression analysis further showed upregulation of oxidative 

stress and fibrosis related enzymes (Lpo and Mmp12) in AEII cells. 

Immunohistochemical examinations indicated increased cell proliferation and DNA 
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damage. Post-exposure examinations displayed persistence of effects, especially 

inflammation. 1.0 mg/m³ CeO2 exposure caused similar effects as the high dose group 

but less severe, with clearance half-times at the overload threshold. 0.3 mg/m³ CeO2 

exposure induced slight upregulation of inflammatory mediators, including Il-1α and Il-

1ß, at absent overload. 0.1 mg/m³ CeO2 nanoparticle exposure did not cause any 

effects.  

The translocation of CeO2 to the liver and kidney was low. Although a significant 

increase was measured in liver tissue, the overall amount of particulate cerium was 

less than 1%. Gene regulation was restricted to slight overexpression of inflammatory 

mediators. In kidney tissue no significant amount of particulate cerium was measured.  

BaSO4 exposure caused slight histopathological findings, mainly in the nasal 

compartment. It was cleared rapidly from the respiratory tract. Although levels of Lpo 

and Mmp12 were increased, the overall contribution of AEII cells defense against 

BaSO4 nanoparticles was low. 

The results were all in all very consistent with clear time and concentration 

dependency. At high CeO2 concentrations the inflammation is related to overload. 

Effects at low dose levels suggest particle-specific reactivity e.g. due to CeO2 catalytic 

activity. AEII cells clearly contribute to the defense against inhaled nanomaterial. 

Histopathological findings and Mmp12 upregulation suggest a substantial risk of long-

term fibrosis development. Based on the results a NOAEL of 0.41 mg/m³ could be 

determined for CeO2 nanoparticle exposure.  
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7. ZUSAMMENFASSUNG 

Untersuchungen zur Toxizität von CeO2 Nanopartikeln nach 

subchronischer Inhalation im Niedrigdosisbereich 

Daniela Schwotzer 

Die vorliegende Dissertationsschrift beschreibt umfangreiche Untersuchungen zur 

Toxizität zweier Nanomaterialien: Ceroxid und Bariumsulfat. Ceroxid wird 

beispielsweise als Additiv in Dieselkraftstoff eingesetzt, da es aufgrund katalytischer 

Aktivitäten die Kraftstoffverbrennung verbessert. Bariumsulfat wird in einer Vielzahl an 

Produkten verarbeitet, darunter Farben und Beschichtungen. Das Forschungsprojekt 

basiert auf einer 90-Tage Inhalationstoxizitätsstudie nach OECD Test-Guideline (TG) 

413. Initiiert wurde es in Ergänzung zu einer chronischen Inhalationstoxizitäts- und 

Kanzerogenitätsstudie mit CeO2 und BaSO4 Nanopartikeln gleicher Konzentrationen 

(BASF, Ludwigshafen; NANoREG program, 81|0661/10|170). Etwaige 

Untersuchungen zur subchronischen Exposition und der Vergleich zu Langzeiteffekten 

sind essentiell für eine adäquate Risikobewertung von Nanomaterial und unterstützen 

die bessere Differenzierung unterschiedlicher Materialien.  

Der Fokus lag auf der Untersuchung der Exposition in Niedrigdosisbereich. Für CeO2 

wurden daher folgende Konzentrationen getestet: 0,1, 0,3, 1,0 und 3,0 mg/m³. BaSO4 

ist als chemisch inert und unbedenklich eingestuft und wurde in einer hohen 

Konzentration von 50.0 mg/m³ mitgeführt. Die Ratte diente als Testsystem. Die Tiere  

wurden für 1, 28 oder 90 Tage, 6 Stunden pro Tag und 5 Tage pro Woche exponiert. 

Zudem wurden Nachbeobachtungsphasen von 28 und 90 Tagen einbezogen.  

Gemäß der OECD TG Vorgaben wurden Untersuchungen zur Retention, Hämatologie, 

Histopathologie sowie bronchoalveoläre Lavagen (BAL), durchgeführt. Diese 

konventionellen Endpunkte wurden durch umfangreiche Genexpressionsanalysen und 

immunhistochemische Untersuchungen erweitert. Diese Erweiterung sollte frühe 

Biomarker zur Prädiktion von Langzeiteffekten identifizieren sowie zur Aufklärung 

möglicher Wirkmechanismen beitragen. Die Durchführung der 

Genexpressionsanalysen in isolierten Typ II Alveolarepithelzellen (AEII Zellen) diente 
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der Untersuchung des Beitrags zur zellulären Abwehr gegen die 

Nanopartikelexposition.  

Die 90 Tage Exposition gegenüber 3,0 mg/m³ CeO2 Nanopartikeln führte zu 

verminderter Partikel-Clearance und Lungenüberladung („Overload“). Dies wurde 

begleitet von Entzündungsreaktionen im Alveolarbereich, nachgewiesen mittels 

histopathologischer Befunde, BAL und Genexpressionsanalyse. Die 

Genexpressionsanalysen und immunhistochemischen Untersuchungen lieferten 

außerdem Hinweise auf oxidativen Stress und Fibrose, durch Hochregulation der 

Marker Laktoperoxidase (Lpo) und Matrix-Metalloprotease 12 (Mmp12) in AEII Zellen. 

Die immunhistochemischen Analysen zeigten außerdem leicht erhöhte 

Zellproliferation und DNA Schädigung im Lungengewebe. Insbesondere die 

Entzündungsreaktion war persistent in der Nachbeobachtungsphase.  1,0 mg/m³ CeO2 

verursachte ähnliche Effekte, jedoch in milderer Form. Die Werte zur 

Lungenüberladung lagen im Schwellenbereich. 0,3 mg/m³ CeO2 induzierte keinen 

Overload und nur leichte Hochregulation von Entzündungsmediatoren wie Il-1α und Il-

1ß in AEII Zellen, während die Exposition gegenüber 0,1 mg/m³ CeO2 gar keine Effekte 

verursachte.  

Des Weiteren wurde die Translokation von CeO2 in Leber und Niere sowie die 

Expression der gleichen Gene wie in den AEII Zellen (Entzündung, oxidativer Stress, 

DNA Schädigung, Apoptose) untersucht. Die in der Leber nachgewiesene partikuläre 

Cerium Menge lag unter 1%. Der Anstieg des Cerium-Gehalts über die Expositionszeit 

war signifikant. In der Niere wurden keine signifikanten Mengen partikulären Ceriums 

gemessen. Es ergaben sich leichte Hochregulationen einiger Entzündungsmarker in 

der Leber, die Ergebnisse waren insgesamt aber unauffällig.  

BaSO4 zeigte eine sehr schnelle Elimination aus der Lunge. Es waren geringfügige 

histopathologische Veränderungen, hauptsächlich im Nasen-Rachenraum, messbar. 

Die Genregulation in AEII Zellen beschränkte sich auf erhöhte Lpo und Mmp12 

Expression. 

Die Ergebnisse der histopathologischen Untersuchungen und BAL Analysen zeigten 

sehr gute Übereinstimmungen zu den Genexpressionsmustern und deutliche Zeit- und 
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Konzentrationsabhängigkeiten. Effekte in hohen Konzentrationen sind auf die 

bestehende Lungenüberladung zurückzuführen, während die Beobachtungen in 

niedrigeren Dosierungen auf Oberflächenaktivität der Partikel schließen lassen. AEII 

Zellen leisten einen signifikanten Beitrag zur Abwehr gegen Nanopartikel. Die 

histopathologischen Befunde, sowie die Hochregulation von Mmp12 weisen auf die 

Entwicklung von Fibrose hin. Basierend auf den generierten Ergebnissen konnte für 

CeO2 ein NOAEL von 0,41 mg/m³ ermittelt werden.   
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