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’ INTRODUCTION

Ambient airborne particulate matter (PM) of varying size and
composition is known to cause health problems in humans.
These include respiratory and cardiovascular diseases.1,2 Several
epidemiological studies have linked increasedmortality or cancer
incidence to a higher burden of particles in ambient air. So far,
these studies have correlated the health effects to the amounts of
PM10 (PM with a diameter of <10 μm) and PM2.5.

3,4 In recent
years, however, the ultrafine particles (UFP, diameter <100 nm)
have become the focus of attention because they are predicted to
have a higher toxic potential as a result of their high surface/mass
ratios.5 Even though the UFP do not contribute much to the total
PMmass, they are dominant in terms of particle numbers, especially
in urban areas.6,7 The UFP are of particular interest to industry
because of their special physical and chemical properties, such as

increased chemical and biological reactivity, larger active surface
area, or enhanced electrical conductivity.8 There is increasing
evidence that UFP have an adverse effect on health,9,10 but the
toxicological knowledge is still poor,11 and thus, more insight
into the interactions between particles and biological structures is
urgently needed.

One of the main mechanisms responsible for the adverse
health effects induced by atmospheric particles is their ability to
generate ROS.12,13 When produced in abundance, ROS can lead
to oxidative stress, i.e., they disturb the balance between oxidative
pressure and antioxidant defense, which results in damage to
biomembranes. Mitochondria can be targeted by ROS, and the

ABSTRACT: Airborne particulate matter (PM) of varying size and
composition is known to cause health problems in humans. The iron
oxide Fe3O4 (magnetite) may be a major anthropogenic component
in ambient PM and is derived mainly from industrial sources. In the
present study, we have investigated the effects of four different size
fractions of magnetite on signaling pathways, free radical generation,
cytotoxicity, and genotoxicity in human alveolar epithelial-like type-II
cells (A549). The magnetite particles used in the exposure experi-
ments were characterized by mineralogical and chemical techniques.
Four size fractions were investigated: bulk magnetite (0.2�10 μm),
respirable fraction (2�3 μm), alveolar fraction (0.5�1.0 μm), and
nanoparticles (20�60 nm). After 24 h of exposure, the A549 cells
were investigated by transmission electron microscopy (TEM) to
study particle uptake. TEM images showed an incorporation of magnetite particles in A549 cells by endocytosis. Particles were
found as agglomerates in cytoplasm-bound vesicles, and few particles were detected in the cytoplasm but none in the nucleus.
Increased production of reactive oxygen species (ROS), as determined by the 20,70-dichlorfluorescein-diacetate assay (DCFH-DA),
as well as genotoxic effects, as measured by the cytokinesis block-micronucleus test and the Comet assay, were observed for all of
the studied fractions after 24 h of exposure. Moreover, activation of c-Jun N-terminal kinases (JNK) without increased nuclear
factor kappa-B (NF-kB)-binding activity but delayed IkB-degradation was observed. Interestingly, pretreatment of cells with
magnetite and subsequent stimulation with the pro-inflammatory cytokine tumor necrosis factor-alpha (TNFR) led to a reduction
of NF-kB DNA binding compared to that in stimulation with TNFR alone. Altogether, these experiments suggest that
ROS formation may play an important role in the genotoxicity of magnetite in A549 cells but that activation of JNK seems to
be ROS-independent.
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perturbation of the mitochondrial function can lead to apoptosis
or DNA damage.14 Especially metal ions, such as iron
ions, derived from PM can catalyze the production of the
highly reactive hydroxyl radical, via a series of one-electron
reductions.15

Magnetite, a spinel-group mineral with the general formula
Fe2+Fe3+2O4 (cubic crystal system), is a common natural phase
occurring in various rock types, but it is also an important
component of many synthetic products, for example, black toner
powders.16 Magnetite particles are also abundant constituents
of PM in the urban environment, especially in underground
stations,17,18 along railway lines,19 or at welding workplaces.20

Magnetite nanoparticles (MNP) are of special interest in the
biological and medical sciences because of their superior bio-
compatibility compared to that of other magnetic materials, their
chemical stability in physiological media, and, moreover, because
they can be synthesized easily and economically.21 MNP are also
under investigation as drug carriers.22 To improve their biocom-
patibility and to avoid opsonization, MNP are often coated with
different polymers, including dextran23 and polyethylenglycol,24

but it remains uncertain how well the different coating processes
work. Potential gaps in the layer may cause toxic effects in human
tissues. Published data on toxicity, especially on cytotoxicity and
genotoxicity of nano- and micrometer-sized particles of magne-
tite, do not give a coherent picture.

No loss of cell viability was determined for bulk and MNP in
COS-7,25 HeLa,26 and A549 cells.27 Furthermore, Karlsson et al.
found significantly increased DNA damage in A549 cells after 4 h
of exposure to 40 μg/cm2 of micrometer-sized (<5 μm) magne-
tite particles.28 CoatedMNP were found to be nontoxic, whereas

the bare particles exerted some toxic effects.11 Cytotoxic effects
for noncoatedMNP have been found in different cell lines and in
E. coli but to a varying extent.29�32 Recently, Zhu and co-workers
observed oxidative stress and a decreased mitochondrial mem-
brane potential after the exposure of human umbilical endothelial
cells to MNP.33 Oxidative DNA-lesions (FPG-sites) have been
detected for MNP,27 but no DNA fragmentation was found.
Gminski et al. reported genotoxic effects in human lung cells
in vitro exposed to toner powders containing magnetite, although
to a varying extent.16 After instillation of MNP in mice, an
increased expression of pro-inflammatory cytokines and intra-
cellular reduced glutathione was observed.34 Because of the
frequent occurrence of magnetite in the environment, workplace,
and in biomedical applications and the lack of consistent data,
more systematic investigations on nano- and micrometer-sized
magnetite particles are needed to explore their toxic potential.

In this study, we have investigated the cytotoxic and genotoxic
potential of different magnetite size fractions and their influence
on ROS formation as well as on NF-kB and JNK activation in an
A549 cell line (human alveolar epithelial-like type-II cells). The
magnetite samples and the reference particles used in this study
were characterized by mineralogical methods, including powder
X-ray diffraction (XRD) and scanning electron microscopy
(SEM). Transmission electron microscopy (TEM) combined
with energy-dispersive X-ray spectroscopy (EDX) was used to
investigate whether particles were incorporated into the cells and
if so into which parts of the cells.

’MATERIALS AND METHODS

Chemicals and Reagents. Butylated hydroxyanisole (BHA)
(CASNo. 25013-16-5) and ethyl methanesulfonate (EMS) with a purity
of >99% (CAS No 62-50-0) were obtained from Alfa Aesar (Karlsruhe,
Germany). Stock-solutions were made with DMSO. RPMI 1640
medium was obtained from Invitrogen (Darmstadt, Germany).
L-Glutamine, fetal bovine serum (FBS), trypsine/EDTA, and phos-
phate-buffered saline (PBS) were purchased from PAA (Parsching,
Austria). Valinomycin, DCFH-DA, DMSO, neutral red, cytochalasin B,
N-acetyl-cystein (NAC), H2O2 (30%), 4,6-diamidino-2-phenylindole-
dihydro-chloride (DAPI), and ethidiumbromide for microscopy were
obtained from Sigma-Aldrich (Taufkirchen, Germany).
Particle Source. A bulk magnetite powder (purity g97%), con-

sisting of particles with a nominal diameter between 0.2�10 μm, was
ordered at Alfa Aesar, Karlsruhe, Germany. This material, termed bulk
magnetite (abbreviated as bulk in all diagrams), was used as delivered for
all experiments. The bulk magnetite was also used to generate two
specific size fractions, namely, the respirable fraction (= RF) (2�3 μm)
and the alveolar fraction (= AF) (0.5�1.5 μm). Separation of the bulk
magnetite into the RF and AF was performed by connecting a powder
dispersion generator (RGB 1000, Palas, Karlsruhe, Germany) to a
Berner low-pressure impactor with 5 cascade stages (ISAP B-LPI27/
0.05/2.5/10.0, Asendorf, Germany). The fourth type of magnetite used
in the experiment, the MNP (purity g98%, nominally 20�60 nm),
was supplied by Sigma-Aldrich, Taufkirchen, Germany. The particle
positive control Min-U-Sil 5 was kindly provided by US Silica, Berkeley
Springs, USA.
Particle Characterization. X-ray Diffraction (XRD). All magne-

tite fractions were characterized by powder XRD using a Bruker AXSD8
Advance diffractometer. The magnetite powders were dispersed onto
zero-background silicon sample holders and then scanned from 10 to
60�2θwith a step size of 0.01� and a dwell time of 4 s/step using Cu�Kθ
radiation. The spectra were compared with the ICPDF database in order
to test for the possible presence of impurity phases in the powders.

Figure 1. Secondary electron images showing bulk magnetite (A) and
MNP (B).
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Scanning Electron Microscopy (SEM). Particle size and shape
were determined using SEM (LEO FE 1525). The magne-
tite powders were suspended in ethanol and, after 20 min of

sonication at 25 �C in an ultrasonic water bath, were pipeted
onto an aluminum SEM sample holder and investigated without
coating.

Figure 2. (A) Particle-size distribution of bulkmagnetite. The black line shows volume percentage of particles with a specific diameter, revealing that the
diameters range from 0.36 to 12.21 μm. The thick gray line shows the cumulative size distribution, documenting that 50% of all particles have diameters
<1.31 μm. (B) Particle-size distribution of MNP (100 μg/mL) in RPMI containing 5% FBS derived from PCS measurements. The red line shows the
size distribution ofMNP with a mean diameter of 311 nm. (C) XRD patterns of bulk magnetite (black line) andMNP (red line) showing the reflections
between 28 and 60�2θ. Values in parentheses represent the respective Miller indices for each peak.
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Atomic Absorption Spectroscopy (AAS). To determine the chemical
composition of the bulkmagnetite and theMNP, the sampleswere analyzed
by AAS after total digestion in a microwave oven (MLS μPREP-A).
Digestion took place at 215 �C in an acid mixture consisting of 5 mL of
HNO3 (65%), 1mLofH2O2 (30%), and 2mLofHF(40%). Iron,Mg,Mn,
and Cr were analyzed by flame AAS (Analytik Jena, AAS Vario 6) and
Ni and Al by graphite-furnace AAS (Perkin-Elmer 4110 ZL Zeeman).
Size Distribution. To verify the size distribution indicated by the

provider, the bulk magnetite powder was analyzed by laser diffraction
(Malvern Mastersizer 2000). The sample was dipersed in ethanol
(20 min sonication) before analysis. The data were processed with the
Mastersizer Microplus software (version 2.19) and by using a density of
5.2 g/cm3 for magnetite and the refractive indices 2.42 (magnetite) and
1.36 (ethanol). Size distribution of MNP in culture media was analyzed
by photon correlation spectroscopy (PCS) (Zetasizer nano-ZS, Malvern
Instruments). Samples with 100 μg/mL MNP were dispersed in RPMI
containing 5% FBS, followed by 20 min of sonication before analysis.
The data was processed with the Zetasizer software (version 6.01).
Preparation of Particle Suspensions. Samples were freshly

prepared as particle suspensions prior to each experiment. Particles were
suspended in FBS-free culture medium supplemented with 1% L-glutamin
and 1% penicillin/streptomycin to a concentration of 5 mg/mL. These
suspensions were sonicated for 20 min at 40 �C in an ultrasonic water bath
(Sonorex Bandelin, Berlin, Germany) to ensure homogeneous suspensions.
Subsequently, the suspensions were diluted in FBS-free culture medium to
obtain the required concentrations for each bioassay. Before preparing the
Min-U-Sil 5 suspensions, the particles were baked for 16 h at 200 �C to
destroy endotoxins that might cause false-positive results in the bioassays,
especiallywith regard to the signaling cascades. Treatmentwith LPS andMin-
U-Sil 5 confirmed that activation of NF-kB was not due to endotoxin con-
tamination.Magnetitewasnot thermally treateddue to the risk of oxidation to
hematite (Fe2O3) at high temperatures, but theLimulus amebocyte lysate test
was performed. No endotoxin contamination was detected.
Cell Culture and Cell Treatment. The human lung adenocarci-

noma type-II alveolar epithelial cells A549 were obtained from the
DSMZ (Deutsche Sammlung von Mikroorganismen and Zellkulturen
GmbH, Braunschweig, Germany). The cells, derived from an individual

with alveolar cell carcinoma,35 have been used extensively to assess type-
II cell function because many characteristics of normal type-II cells are
retained. The cells were cultured in RPMI culture medium supplemen-
ted with 10% FBS, 1% L-glutamin, and 1% penicillin/streptomycin in a
humidified incubator at 37 �C with 5 vol % CO2. For the experiments,
cells were trypsinised at 80�90% confluency, seeded into well tissue
plates (Greiner, Frickenhausen, Germany), and exposed at 37 �C in a
humidified atmosphere containing 5 vol % CO2.
Particle Uptake and Localization. Particle uptake of bulk and

MNP at concentrations of 10 and 100 μg/cm2 was investigated by TEM:
imaging was performed with Philips Bio CM100 and Philips CM200
equipped with an EDX. For each sample, between 20 and 50 cells were
examined. To prepare the samples for the TEM investigation, 1.4� 105

Table 1. Chemical Composition of the Bulk Magnetite and
the MNP Used in the Toxicological Studiesa

bulk magnetite MNP

element unit average (n = 3) average (n = 3)

Al ppm 2600 ( 200 3450 ( 50

Cr ppm 78.3 ( 0.1 82.0 ( 0.1

Fe wt% 72.0 ( 0.1 71.4 ( 0.5

Mg ppm 434 ( 2 128 ( 1

Mn ppm 4720 ( 50 1169 ( 9

Ni ppm 113 ( 2 6.2 ( 0.2

totalb wt% 100.6 99.4

Number of Metal Ionsc Based on 3 Cations per Formula Unit

Al3+ mol 0.021 0.030

Cr3+ mol 0.000 0.000

Fe3+ mol 1.978 1.970

Fe2+ mol 0.976 0.994

Mg2+ mol 0.004 0.001

Mn2+ mol 0.020 0.005

Ni2+ mol 0.000 0.000
aConcentrations were determined by AAS. b Expressed in oxide wt %.
c Ferrous and ferric iron were calculated from charge balance.

Figure 3. TEM images of A549 cells after 24-h exposure to bulk
magnetite (100 μg/cm2). (A) Magnetite particles in vesicle. (B) Relics
of A549 cells next to a large amount of magnetite particles. (C) The
arrow points to a spot, where it appears that the particle-uptake
mechanism is phagocytosis or micropinocytosis.
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cells were seeded onto 6-well cell culture inserts (Thincert Greiner,
Frickenhausen, Germany) and incubated for 24 h. After 24 h of exposure
to particles, cells were washed three times with PBS and subsequently
fixed with 2.5% glutaraldehyde (Plano GmbH, Wetzlar, Germany) in
0.03 M potassium phosphate buffer for at least 24 h. Cells were then
washed in PBS, postfixed with 1% osmium tetroxide (Simec Services,
Aarburg, Switzerland) in sodium carboxylate buffer (Grogg Chemicals,
Deisswil, Switzerland), washed with 0.05 mol/L maleate, and stained
with 0.5% uranylacetate (Sigma Aldrich, Taufkirchen, Germany) in
maleate buffer. After washing the cells in 0.05 mol/L maleate, the cells
were dehydrated in a grading series of ethanol followed by acetone,
embedded in Epon, and dried in an oven at 60 �C for 4 days.36 Semi- and
ultrathin (e50 nm) sections were cut parallel to the vertical axis of the
embedded cells. Ultrathin sections were put onto copper grids and
stained with 1% uranylacetate and lead citrate by using Leica EM stain
(Leica Microsystems, Wetzlar, Germany) before the TEM investigation.
Cytotoxicity Assays. Cytotoxicity was determined using two

different assays, i.e., the WST-1 assay (Roche diagnostics, Mannheim,
Germany), which assesses the metabolic competence of cells, and the

neutral red (NR)-uptake assay, which indicates lysosomal activity.
Foremost, experiments on the suitability of these cytotoxicity assays
were performed to rule out interferences of magnetite particles with
assay reagents or detection systems. No adsorption of the dyes to
magnetite particles was observed, and light absorption of NR was
influenced negligibly for the concentrations tested.

For both assays, 2 � 104 cells were seeded into 96-well plates and
grown for 24 h until confluency. The cells were then exposed to 10, 50,
100, 200 μg/cm2 of particles in RPMI culture medium and additionally
with varying contents of FBS in the WST-1 assay, to assess possible
interactions between particles and the serum protein, which may mask
the toxic effects. After 24 h, the cells were washed twice with PBS.

For theWST-1 assay, cells were then incubated with 100 μL ofWST-1
solution (5% WST-1 in RPMI culture medium, 1% L-glutamin, and 1%
penicillin/streptomycin) for 1 h at 37 �C. The absorption was measured
using aUV�visible spectrophotometer (Tecan infiniteM200,Crailsheim,
Germany) at 435 nm, with a reference filter at 620 nm. The NR-uptake
assay was performed according to the protocol of Repetto et al.37 with
minor modifications. After exposure, cells were incubated with 200 μL of
NR-staining solution (4 μg/mL) for 3 h at 37 �C. After washing with PBS,
150 μL of NR-destain solution was added, and the plate was rapidly
shaken on a microtiter plate shaker for 20 min to extract the NR from the
cells. The absorption was measured at 540 nm, with a reference filter at
645 nm. SiO2 and DMSO 5% were included as positive controls in each
experiment. Each test was performed at least three times independently.
Analysis of Intracellular ROS Production.Oxidative stress was

measured by the DCFH-DA assay. DCFH-DA penetrates the cells,
where it is hydrolyzed by unspecific esterases and converted into the
stable fluorescent product DCF in the presence of oxidative species.
2 � 104 cells were seeded in black 96-well plates and grown in com-
plete culture medium for 24 h until confluency. After washing with
PBS, cells were treated with particle suspensions in culture medium for a
period ranging from 6 to 24 h. An additional experiment was performed
to rule out that iron release from magnetite particles triggers ROS
formation. Bulk andMNP suspensions were incubated for 24 h at 37 �C,
the supernatant was collected and cells were treated with corresponding
concentrations of the supernatant for 24 h. After exposure, cells were
rinsed with PBS and incubated with DCFH-DA 10 μmol/L in culture me-
dium without FBS for 30 min. Subsequently, cells were washed twice
with PBS, and 100 μL of PBS was added. The green fluorescence
(oxidized DCFH-DA), indicating the presence of oxidants, was mea-
sured using a spectrophotometer (Tecan infinite M200, Crailsheim,
Germany) at an exitation wavelength of 495 nm, with an emission at
528 nm.During the entire procedure withDCFH-DA, the plate was kept
out of light to avoid fading of the fluoroprobe. After the fluorescence
measurement, the 96-well plate was frozen at�80 �C. To determine the
total protein content in each well, the bicinchoninic acid (BCA) assay
was used according to the protocol of Olson and Markwell.38 For cell
lysis and extraction of the protein, three freeze�thaw cycles were carried
out with the 96-well plate. Fluorescence intensity was expressed in
relative fluorescence units (RFU) per μg protein compared to the
control cells loaded with DCFH-DA without exposure to particles.
Quartz (SiO2; Min-U-Sil 5) was used as positive control. Each experi-
ment was performed independently in triplicate.
Mitochondrial Membrane Potential (MMP).Measurement of

the MMP was carried out with the fluorescent dye JC-1 via flow
cytometry as described by Zhao et al.39

Single-Cell Gel Electrophoresis (SCGE, Comet) Genotoxi-
city Assay. The Comet assay was carried out according to the
protocols of Singh et al. and Tice et al.40,41 with minor modifications.
Cells (7.5 � 104) were seeded into 12-well plates, incubated for 24 h,
and exposed to different concentrations of magnetite for 4 h. The
procedure is described in detail by Gminski et al.16

Figure 4. TEM images of A549 cells after 24-h exposure to MNP
(10 μg/cm2). The MNP are enclosed in vesicles but are also within the
cytoplasm (arrows).
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To analyze DNA damage in the Comet assay, cells were stained with
60 μL of an ethidiumbromide solution (0.1 μL/mL). Only the slides
treated with Min-U-Sil 5 were stained with 50 μL of DAPI (0.2 μg/mL)
because of the high self-fluorescence of the Min-U-Sil 5 particles. After
staining, the slides were analyzed immediately using a fluorescence
microscopeDMLS (LeicaMicrosystems,Wetzlar, Germany) at 400-fold
magnification. One hundred randomly chosen cells were analyzed from
each slide with an imaging software (Kinetic Imaging 5.5, UK). The
extent of DNA migration was evaluated using the parameters olive tail
moment (OTM) and tail intensity (TI). OTM is defined as the DNA
migration distance multiplied by the relative amount of DNA in the tail
of the Comet. TI is defined as the relative amount of DNA in the tail of
the comet. Each experiment was performed three times independently.
Cytokinesis Block Micronucleus (CB-MNvit) Genotoxicity

Assay. The CB-MNvit assay provides a comprehensive basis for
investigating the chromosome-damaging potential in vitro because both
aneugens and clastogens can be detected. The assay was carried out
according to the OECD guideline 48742 and the protocol of Fenech

et al.43 A suspension of 6 � 104 cells per culture (5 mL) was spread
on microscope slides that were kept in chambers of QuadriPERM-
dishes so that each single chamber was a separate culture. Cells were
exposed to particle suspensions or controls for 24 h. After treatment,
cells were cultured for further 24 h in the presence of cytochalasin B
(final concentration 3 μg/mL) to block cell division. At the end of the
incubation period, cells were washed with PBS twice and treated with
5 mL of trisodium-citrate solution (1.5 wt %) at 37 �C for 6 min,
followed by a fixation step with 5 mL of a solution containing 150 mL
of ethanol, 50 mL of acetic acid, and 2.5 mL of 37 vol% formaldehyde
for 6 min. EMS (a direct-acting clastogen) was used as the positive
control. Three independent experiments were performed for each
sample.

Microscopic Evaluation andMicronuclei (MN) Scoring.After fixation,
the cells were stained with a solution of ethidiumbromide (0.1 μL/mL).
Sixty microliters of this solution was placed on the glasslide and covered
with a coverslip. The preparations were evaluated using a fluores-
cence microscope DMLS (Leica Microsystems, Wetzlar, Germany).

Figure 5. Cell viability as percent viable cells compared to to the untreated control in human lung cells (A549), monitored by the WST assay
following 24-h exposure to suspensions containing different size fractions of magnetite. Positive controls: DMSO (5%) and SiO2 (quartz Min-U-Sil 5,
100 μg/cm2). Each bar represents the mean( SD of at least three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the untreated
control (Student's t test).

Figure 6. Cell viability as percent viable cells compared to the untreated control in human lung cells (A549), monitored by the NR uptake assay
following 24-h exposure to suspensions containing different size fractions of magnetite. Positive controls: DMSO (5%) and SiO2 (quartz Min-U-Sil 5,
100 μg/cm2). Each bar represents the mean ( SD of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 versus untreated control
(Student's t test).
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All slides were coded before scoring. The binucleated cells (BNC)
were selected according to the criteria described in refs 44 and 45.
Apoptotic and necrotic cells were included in the total cell number,
but micronuclei were not scored in these cells. For each sample, the
number of micronuclei (MN) in 1000 BNC was determined, and the

MN/1000 BNC ratio was calculated. To rule out cytotoxic effects, the
cytochalasin block proliferation index (CBPI) of each sample was
evaluated according to Surralles et al.46 by assessing 500 cells. The
CBPI indicates the number of cell cycles per cell during the period of
exposure to cytochalasin B and is calculated as follows:

CBPI ¼ ðno: of mononucleated cellsÞ þ ð2� no: of BNCÞ þ ð3� no: of multinucleated cellsÞ
total number of cells counted

Electrophoretic Mobility Shift Assay (EMSA). The influence
of the particles on NF-kB DNA-binding was determined by the electro-
phoreticmobility shift assay. Cells (5�105) were seeded into 6-well plates

and grown to 60�70% confluence. Twenty-four hours before particle
treatment, the medium was changed to starvation medium (0% FCS).
After incubation with different particle concentrations and time durations,

Figure 8. Changes in mitochondrial membrane potential (MMP) induced by bulk magnetite and MNP in human lung cells (A549) upon 24-h
treatment. Cells were stained with 2 μg/L JC-1 for 0.5 h. Appropriate gates were made to define JC-1 aggregates and JC-1 monomers. MMP is expressed
as the percentage of JC-1 monomers. Positive controls: SiO2 (quartz Min-U-Sil 5, 100 μg/cm2) and Valinomycin (10 μmol/L). Data represent mean(
SD from three independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001 versus untreated control (Studen�ts t test).

Figure 7. ROS formation in human lung cells (A549), as measured by the DCFH-DA assay after 24-h exposure to different size fractions of magnetite.
Results are expressed as relative fluorescent units (RFU) per μg of protein compared to the untreated cells, which were loaded with DCFH-DA without
exposure to particles. Positive control: SiO2 (quartz Min-U-Sil 5, 100 μg/cm2). Data represent the mean ( SD from three independent experiments;
*p < 0.05, **p < 0.01, and ***p < 0.001 versus the untreated control (Student's t test).
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nuclear extracts were obtained as described previously by Schreiber et al.47

Additionally, cells were stimulated for 30 min with human TNFR
(4 ng/mL, PeproTech, Hamburg, Germany) alone (as positive control)
and after particle pretreatment with different concentrations and times
(100�400 μg/cm2, 1 to 6 h).

The Bradford protein assay (BioRad, M€unchen, Germany) was used
to determine the concentration of the nuclear protein extract. Five
micrograms of the protein extract were added to a reaction mixture
containing 20 μg of bovine serum albumin, 2 μg of poly(dI-dC) (Roche
Diagnostics, Mannheim, Germany), 2 μL of buffer D+ (20 mMHepes/
KOH at pH 7.9, 20% glycerol, 100 mM KCl, 0.5 mM EDTA, 0.25%
Nonidet P-40, 2 mM DTT, and 0.1% phenylmethylsulfonyl fluoride),
4 μL of buffer F (20% Ficoll 400, 100 mM Hepes/KOH at pH 7.0,
300 mM KCl, 10 mM DTT, and 0.1% phenylmethylsulfonyl fluoride),
and 25 ng of [γ33P]-labeled NF-kB oligonucleotide to a final volume of
21 μL. The NF-kB oligonucleotide (50-AGT TGA GGG GAC TTT
CCC AGG C-30 and 30-TCA ACT CCC CTG AAA GGG TCC G-50,
Promega, Mannheim, Germany) was labeled using [γ33P]ATP (3000
Ci/mmol, Hartmann Analytic, Braunschweig, Germany) and a T4
polynucleotide kinase (New England Biolabs, Hilden, Germany). For
competition experiments, the reaction mixture contained a 100-fold
excess of the nonradioactive labeled oligonucleotide. Samples and reac-
tion mixture were incubated at room temperature for 25 min and
resolved through a nondenaturating 6% polyacrylamide gel. The gel was
transferred to a Whatman 3MM paper and dried under vacuum at 80 �C
for 60 min. After drying, the gel was exposed to a PhosphoImager BAS
film (Fujifilm, D€usseldorf, Germany) for 24 h. Detection was performed
by PhosphoImager. The resulting images are shown together with
the quantified [γ33P]-stimulated luminescence (PSL) units of each
specific shift.

Phospho-JNK, IjBr, and Heat Shock Protein 70 (Hsp70)
Western Blot. The influence of magnetite on JNK, IkBR, and Hsp70
was determined byWestern blot analysis. Cells (0.6� 106) were seeded
into 6-well plates (3 wells per sample) and grown to 60�70% con-
fluence. The mediumwas changed to starvation medium (0% FCS) 24 h
before stimulation. For pJNK Western blots, cells were treated with
100 μg/cm2 MNP for 10 to 36 h. A combination of actinomycin D
(333 nmol/L) and TNFR (4 ng/mL) served as a positive control. To
determine the role of ROS in JNK-activation, BHA (200 μmol/L), or NAC
(1�2 mmol/L) were added 30 min before stimulation. For IkBR
Western blots, cells were treated with 200 μg/cm2 MNP or 1 mmol/
L sodium arsenite for 2 h, returned to starvation medium for 1 h, and
stimulated with TNFR (4 ng/mL) for 10 to 60 min. For Hsp70Western
blots, cells were treated with 200�400 μg/cm2 MNP or 1 mmol/L
sodium arsenite for 2 h and returned to starvation medium for 4 h. For
the preparation of total extracts, cells were washed with PBS and
centrifuged (148g, 4 �C, 5 min), and 126 μL of Triton X lysis buffer
(136 mmol/L NaCl, 20 mmol/L Tris/HCl at pH 7.4, 10% glycerol, 2
mmol/L EDTA, 50 mmol/L β-glycerophosphate, 20 mmol/L Na-
pyrophosphate, 10 mmol/L NaF, 4 mmol/L benzamidine, 1 mmol/L
Na-vanadate, and 1% Triton X 100) supplemented with protease
inhibitors (0.2 mmol/L pefablock, 5 μg/mL aprotinin, and 5 μg/mL
leupeptin) and phosphatase inhibitors (10 μL/mL PhosStop (Roche
Diagnostics, Mannheim, Germany)) were added. Cell lysis was per-
formed by shaking for 20 min at 4 �C. The supernatant was collected
after centrifugation (20200g, 4 �C, 10 min).

To analyze the protein level in the cell lysate, samples containing
40�100 μg of protein were separated by SDS�PAGE (12% gel) and
transferred to a 0.4 μm pore size PVDF membrane (Roche Diagnostics,
Mannheim, Germany). Antigen detection was done using antibodies
against p-JNK, JNK, and IkBR (Cell Signaling, Boston, USA, 1:1000, 5%

Figure 9. DNAmigration (olive tail moment, OTM; tail intensity, TI, in %), assessed by theComet assay, in human lung cells (A549) after 4-h exposure
to suspensions containing different size fractions of magnetite. Positive control: SiO2 (quartzMin-U-Sil 5, 10 μg/cm2). Data are the mean( SD of three
independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 versus untreated control (Student's t test).
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BSA in TBST (TBS buffer containing 0.1% Tween 20)), Hsp70 (Enzo
Life Sciences, L€orrach, Germany, 1:1000, 5% BSA in TBST), β-actin
(MP Biomedicals, Illkirch, France, 1:10000, 1% BSA in TBST), an
appropriate horseradish peroxidase-labeled secondary antibody, and an
ECL plus chemiluminescence detection reagent (GE Healthcare, Mu-
nich, Germany and P.J.K., Kleinblittersdorf, Germany). Chemilumines-
cent images were taken using the LumiImager and the LumiAnalyst
Software (Roche Diagnostics, Mannheim, Germany).
Statistical Analysis. Statistical analysis was performed using

MsExcel 2000. All data presented are given as the mean ( standard
deviation (SD) of at least three independent experiments. Data shown
for the Comet assay are the mean OTM ( SD and tail intensity [%] (
SD. For the CB-MNvit test, all data are expressed as the mean ( SD of
MN/1000 BNC. Differences among treatments compared to those of
solvent controls were evaluated by the unpaired two-tailed Student's
t test with unequal variance. A difference was considered significant at
p < 0.05.

’RESULTS

Particle Characterization. SEM imaging revealed that the
bulk magnetite powder consists of particles ranging in size from
0.2 to 10 μm and that it contains euhedral crystals (octahedra),
sharp plates, and irregularly broken to slightly rounded particles
(Figure.1A). The SEM observation related to size has been
confirmed by laser diffraction analysis (Figure 2A). The laser
diffraction data reveal that the particle diameters range from 0.36
to 12.21 μm, with a distinct maximum between 1.43 and 1.67 μm
(black line in Figure 2A). The data further show that 50% of all

particles have diameters <1.31 μm (thick gray line). The PCS
measurement shows that MNP dispersed in RPMI containing
5% FCS are mainly present as aggregates. For a concentration of
100 μg/mL, a size distribution with a mean diameter of 311 nm
and a polydispersity index (PDI) of 0.481 was obtained
(Figure 2B). Another peak can be seen at 10 nm, derived from
the serum components of the culture media. From the laser
diffraction data, we calculated a specific surface area of 0.9929
m2/g for the bulk magnetite powder. Such detailed data are not
available for MNP because the particles have dimensions that lie
outside the reliable size range of our laser diffraction instrument.
The SEM investigations, however, show that the MNP are
20�60 nm across and rounded to slightly elongated (Figure 1B).
The XRD patterns of both bulk magnetite and MNP con-

firmed the mineralogical identity of samples and documented
that no other phase was present. The XRD reflections for the
MNP are broader and exhibit lower intensity compared to those
of bulk magnetite (Figure 2C), consistent with a smaller crystal-
lite size of the MNP material. The XRD peaks for MNP are also
shifted to slightly higher 2θ values, which is especially very visible
for the reflection corresponding to the planes with the (115)
Miller index (Figure 2C). These peak shifts indicate that the two
materials are chemically different. This conclusion is supported
by the AAS data (Table 1): the differences in chemical composi-
tion of the two materials are significant for the analyzed minor
constituents but not for Fe (Table 1). Compared to MNP, the
bulk magnetite sample is considerably richer in Mg, Mn, and Ni
but poorer in Al.

Figure 10. Cytokinesis block proliferation index (CBPI) (diamonds) and micronuclei induction (bars) in human lung cells (A549) upon 24-h
treatment with suspensions containing different size fractions of magnetite. Positive control: EMS (50 μmol/L). Data represent the mean ( SD from
four independent experiments; *p < 0.05, **p < 0.01, and ***p < 0.001 versus the untreated control (Student's t test); MN, micronuclei; BNC,
binucleated cells.
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Particle Uptake. The A549 cells, which were exposed to the
bulk magnetite powder, accommodated particles with diameters
<1 μm. The TEM investigations revealed that these particles
were incorporated into membrane-bound vesicles, mainly as
small aggregates that consist of 2 to 10 particles (Figure 3A).
Some cells seem to have been destroyed by particle overload
(Figure 3B).
In cells exposed to MNP (Figure 4), membrane-bound

vesicles of varying sizes contained large aggregates (100�200 μm
in diameter) consisting of several tens to hundreds of MNP.
A few clusters consisting of less than 10 particles were incorpo-
rated directly into the cytoplasm. Screening of approximately
100 cells revealed only one MNP located inside a cell nucleus.
Cytotoxicity. The magnetite samples were found to be only

slightly cytotoxic, and cytotoxicity does not depend on the
amount of FBS in the culture medium. With an FBS content of
5%, only the samples exposed to the highest concentration of the
bulk powder (200 μg/cm2) showed a significant decrease in
viable cells, as measured by the WST-1 assay (80 ( 1%; p <
0.001) (Figure 5), whereas no further significant reduction of
viability was found when the FBS content of the culture medium
was decreased (data not shown). No cytotoxicity was observed
for the NR-uptake assay after 24-h particle exposure (Figure 6).
ROS Production. After 6 h of exposure to magnetite fractions,

ROS production increased only slightly as a function of concen-
tration (data not shown). However, after 24 h of exposure, a
significant concentration-dependent ROS production was ob-
served for all fractions (p < 0.05) (Figure 7), but only slight

differences between the different particle sizes were observed. No
increased ROS formation was observed after 24 h of exposure to
the supernatant of media incubated with bulk or MNP for 24 h
(data not shown). The samples exposed to the bulk powder
showed a significant increase at 100 μg/cm2 and 200 μg/cm2

(1.29- and 1.59-fold, respectively; p < 0.05), whereas for the
RF, a significant increase was found only at a concentration of
50 μg/cm2 (1.11-fold; p < 0.05). The AF exhibited the largest
concentration-dependent increase in ROS production, with a
significant 1.86-fold at 200 μg/cm2 (p < 0.05). MNP induced
significantly increased ROS formation at a concentration of
100 μg/cm2 (1.4-fold; p < 0.05).
Mitochondrial Membrane Potential (MMP). After 24 h of

exposure to the different magnetite fractions, the amount of JC-1
monomers, as a marker of depolarization of the mitochondrial
membrane, increased in a concentration-dependent manner for
bulk magnetite and MNP (Figure 8). However, only MNP
showed a significant increase in JC-1 monomers at a concentra-
tion of 200 μg/cm2 (17.92( 3.02%; p < 0.05) compared to that
of the untreated control (7.32 ( 4.02%).
Induction of DNAMigration.All magnetite fractions induced

DNA damage in a concentration-dependent manner after 4 h
(Figure 9). Significantly increased DNA migration, as measured
by the parameters OTM and TI, was observed for all fractions
at concentrations of 50 μg/cm2 (p < 0.05). Bulk and MNP show
the highest levels of DNA migration (ranging from 1.7- to 2.6-
fold). The effects of all magnetite fractions were less pronounced
than those induced by the positive control SiO2 (Min-U-Sil 5,
10 μg/cm2). The DNA-damaging effect was reduced by simul-
taneous addition of 1 mmol/L NAC to the A549 cells or by
pretreatment with 100 μmol/L BHA, both ROS-scavengers, at
two different concentrations of MNP (Figure 11A). The inhibi-
tory effect was higher for the cells pretreated with BHA
(65�83%) than that for cells incubated with NAC (39�61%).
Induction of Micronuclei Formation. The level of induced

MN in A549 cells after 24 h of exposure to the different
magnetite fractions is shown in Figure 10. MN formation in
BNC resulting from the treatment of cells only with supplemen-
ted culture medium was 6 to10 MN/1000 BNC. The positive
control (EMS, 50 μmol/L) showed an incidence of MN forma-
tion of 18.25 ( 3.9 MN/1000 BNC (Figure 10). The highest
effects were observed for cells exposed to the bulk powder, AF
and MNP. In the case of bulk magnetite, the formation of MN
was concentration-dependent, reaching a maximum of 19 (
3.5 MN/1000 BNC at 100 μg/cm (p < 0.05). AF showed an
increased MN formation at 50 μg/cm2 (11.5 ( 0.7 MN/1000
BNC; p < 0.05), increasing further to 13.7( 1.5 MN/1000 BNC
at 100 μg/cm2 (p < 0.01). For MNP, significantly enhanced MN
induction was already observed at 10 μg/cm2 (15.3 ( 2.2 MN/
1000 BNC; p < 0.01), reaching a maximum of 16 ( 3.5 MN/
1000 BNC at 100 μg/cm2 (p < 0.05). The RF showed the lowest
MN formation with a maximum of 9.3 ( 2.0 MN/1000 BNC.
CBPI revealed no inhibition of cell proliferation in any of the
samples analyzed (see Figure 10, diamonds). Simultaneous
addition of the ROS scavenger NAC (1 mmol/L) together with
two different concentrations of MNP to A549 cells decreased
MN formation almost to the level of that of the untreated control
(Figure 11B). The inhibitory effect reached between 77.6 and
80.8% for the two concentrations tested.
Activation of NF-jB. The bulk and the MNP fractions were

studied for their effect on NF-kB DNA binding. After short
exposure times (1�6 h), samples exposed neither to bulkmagnetite

Figure 11. DNA migration (A) and micronuclei induction (B) in
human lung cells (A549) after 4-h (Comet assay) or 24-h (CB-MNvit)
exposure to suspensions containing different concentrations of MNP
with or without simultaneous incubation with the ROS-scavengers NAC
and BHA. Data are the mean ( SD of three independent experiments.
*p < 0.05, **p < 0.01, and ***p < 0.001 versus the untreated control
(Student's t test).
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(100 μg/cm2) nor to MNP (100 μg/cm2) showed an increased
NF-kB DNA binding activity (Figure 12A). The same results
were obtained for concentrations up to 400 μg/cm2 and after

long-time stimulation (12, 24, and 48 h) at concentrations of
100 and 200 μg/cm2 (data not shown). Treatment with TNFR
(4 ng/mL, 30 min) resulted in a strong NF-kB activation.
Additional experiments were performed to analyze the effect of
MNP on TNFR-induced NF-kB activation (Figure 12B). Inter-
estingly, particle pretreatment and subsequent stimulation with
TNFR for 30 min led to a decrease in NF-kB activation
compared to that with the treatment with TNFR alone. This
effect could be observed for each exposure time and is more
pronounced at higher concentrations. The specificity of theNF-kB
DNA binding was determined by using a 100-fold excess of
nonradioactive NF-kB oligonucleotide (Figure 12B, comp.).
In unstimulated cells, NF-kB is retained in the cytosol by

IkBR. Stimulation with TNFR leads to degradation of IkBR and
subsequent translocation of NF-kB to the nucleus where it exerts
its transcriptional function. To study whether the observed
decrease of TNFR-induced NF-kB activation by MNP can be
explained by influencing IkBR degradation, further experiments
were performed. In cells treated only with TNFR, a time-
dependent degradation of IkBR occurred which started 10 min
after TNFR stimulation and returned to control level after
60 min through newly synthesized IkBR, which is a target gene
from NF-kB (see Figure 13, (1)). Treatment of the cells with

Figure 12. (A) Effect on NF-kBDNA binding after the exposure of A549 to bulk magnetite andMNP. Lane 1 shows unstimulated control cells; lane 2,
cells stimulated with TNFR (4 ng/mL, 30min) as the positive control; in the other lanes cells were treated with bulk magnetite andMNP (100 μg/cm2)
for 1 to 6 h. (B) Effect on TNFR-induced NF-kB activation after pretreatment with MNP. Lane 1 shows unstimulated control cells, lane 2 cells
stimulated with TNFR (4 ng/mL, 30 min); comp., competition assay; incubation of the radioactive labeled oligonucleotide complex with unlabeled
oligonucleotide; in the other lanes, cells were pretreated with different concentrations ofMNP (100, 200, and 400 μg/cm2) and subsequently stimulated
with TNFR (4 ng/mL, 30 min). Equal amounts of protein from cell extracts were analyzed for NF-kB activity by EMSA. A filled arrowhead indicates the
position of NF-kB DNA complexes. The open circle denotes a nonspecific activity binding to the probe, and the open arrowhead shows unbound
oligonucleotide. One representative EMSA is shown.

Figure 13. Reduced IkBR degradation by TNFR after MNP stimula-
tion. Western blot analysis of IkBR after 2 h of treatment of MNP
(200 μg/cm2) or the positive control sodium arsenite (1 mmol/L) and
stimulation with TNFR (4 ng/mL) for the indicated durations. One
representative Western blot is shown. C means untreated control cells.
Actin normalization of blot 2 is shown; those of blots 1 and 3 give the
same results and are not shown.
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MNP (200 μg/cm2) diminished and delayed the degree of IkBR
degradation (Figure 13, (2)). Treatment with 1 mmol/L sodium
arsenite completely prevented TNFR-mediated IkBR degrada-
tion and served as a positive control. To study whether the effect
on IkBR degradation may be due to stress-induced Hsp70, as
shown by Wong et al.,48 Western blotting was performed.
Unstimulated A549 cells already showed Hsp70 expres-
sion, which did not further increase upon treatment with MNP
(data not shown).
Activation of JNK. A549 cells were treated with MNP

(100 μg/cm2) for 10 to 36 h. A combination of actinomycin D
(333 nmol/L) and TNFR (4 ng/mL) was used as a positive
control. MNP led to a strong and elongated activation of JNK
after exposure times of 10 to 24 h (see Figure 14A). At shorter
incubation times (1 to 6 h, data not shown) no p-JNK activation
was observed. Interestingly, the particle treatment also led to a
slight increase in total JNK compared to that of the negative
control demonstrating a stress response of the cells. To deter-
mine whether JNK activation is due to ROS production, the
ROS-scavenger BHA (200 μmol/L) was added 30 min before
particle treatment (Figure 14B). Addition of BHA could not
inhibit or decrease the formation of p-JNK, indicating a ROS-
independent way of JNK activation. The same result was
obtained with the ROS-scavenger NAC in concentrations of
1 to 2 mmol/L (data not shown).

’DISCUSSION

Magnetite (Fe3O4) is an abundant component of ambient PM
occurring in various sizes. Until now, several studies on biological
effects ofMNP exist,11,21,22 but systematic studies on the possible
cytotoxic and genotoxic effects as a function of grain size are still
rare. To fill this gap, we have carried out uptake experiments as
well as biological studies withmagnetite fractions of defined sizes.
Our TEM analyses of ultrathin sections provided clear evidence

that bulk magnetite and MNP were incorporated into A549
human lung cells (Figures 3 and 4). The observed features
indicate that the particles were taken up by phagocytosis and/
or macropinocytosis (Figure 3C), as also described for other
fine particles and nanoparticles.49 Bulk magnetite andMNPwere
mainly found as aggregates in membrane-bound vesicles. The
lack of MNP on the cell surface might indicate that, during
the exposure time of 24 h, MNP are more rapidly taken up by
A549 cells than the larger particles of the bulk fraction. However,
it cannot be excluded that, in contrast to theMNP, the larger bulk
magnetite particles have not been washed off during the washing
and embedding processes. Therefore, further experiments are
necessary.

These phagocytosed particles cause slight cytotoxic effects. As
the sensitivity of the different assays can differ depending on the
underlying mechanisms, which lead to loss of cell viability, two
methods were used to study the cell viability. Cell cultures
exposed to magnetite particles showed only a slight decrease in
cell viability or none at all, as measured by the WST-1 assay
(Figure 5), whereas the NR uptake did not show an increased
cytotoxicity (Figure 6) but an increased NR-dye uptake. An
increased NR uptake after exposure to various NPs or chemicals
in a subcytotoxic concentration is also described by other
authors.37,50,51 This effect probably occurs due to enhanced
lysosomal activity through particle uptake and lysosomal disten-
sion. In cell-based assays, the influence of FBS on iron oxide
particles also needs to be considered. Particlesmight be coated by
serum proteins and thus loose their surface reactivity, which
would lead to a lower cytotoxicity.52�55 To study the level of
these interactions, theWST-1 assay was performed with different
FBS concentrations. The reduced serum content did not sig-
nificantly affect the results (data not shown).

Particles can damage the mitochondria, which results in
decreased conversion of formazan, measured by the WST-1

Figure 14. Activation of c-Jun N-terminal kinase (JNK) by MNP. Western blot analysis of phospho-JNK (p-JNK) after treatment with MNP
(100 μg/cm2) for the indicated times. A combination of actinomycin D (ActD, 333 nmol/L) and TNFR (4 ng/mL) was used as the positive control.
One representative Western blot is shown. (�) means untreated control. (B) Effect of BHA on pJNK activation byMNP inWestern blot analysis. BHA
(200 μM) was added 30 min prior to particle stimulation. One representative Western blot is shown.
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assay or by the more sensitive mitochondrial membrane depo-
larization, an early apoptotic marker. In the current study, we
observed an increase in mitochondrial membrane depolarization
forMNP (Figure 8), whereas theWST-assay showed no decrease
in cell viability (Figure 5). Disturbance of the mitochondrial
membrane was found by Karlsson et al., who reported a signifi-
cant increase in mitochondrial membrane depolarization for
magnetite bulk particles at a concentration of 40 μg/cm2.28

Damage to the mitochondria can lead to ROS formation and
trigger apoptosis, which did not occur under the conditions
studied (data not shown). However, after the endocytosis of
magnetite, we observed an increased concentration-dependent
ROS formation in A549 cells, which was independent of the
particle size (Figure 7). The mechanism of ROS production due
to magnetite is still not clear. According to our results, it is most
likely that ROS are being generated by interactions between
magnetite and cellular components, such as the mitochondria. It
is rather unlikely, that iron release through dissolution of
magnetite is responsible for the observed effects. If iron is
bioavailable in lung cells, it is known to be potentially toxic
through Fenton- and Haber-Weiss-type reactions, which lead to
increased ROS generation and cell death.13,56 We observed no
increased ROS formation after exposure to the supernatant
preincubated for 24 h with bulk or MNP; moreover, other
studies have also demonstrated that the capability of magnetite
particles to release free radicals is marginal due to their low
surface reactivity.57,58 Since the observed cytotoxic effect is very
low, we assume that only small amounts of iron ions are released
by magnetite and that consequently only small amounts of ROS
are produced, which might be inactivated by the radical-scaven-
ging enzymes in A549 cells.59 Another possible mechanism is the
phagocytosis-related formation of ROS. Uptake of particles via
phagocytosis can lead to an activation of the membrane-bound
NADPH oxidase, which catalyzes the conversion of oxygen to
superoxide radicals.60

We also demonstrated that magnetite particles are able to
cause stable chromosomal damage in a concentration-dependent
manner. Fractions containing the smaller particles induced the
highest formation of micronuclei (Bulk, AF, MNP), whereas RF
showed lower activity (Figure 10). The bulk fraction covers all of
the size fractions tested but mainly those with a size smaller than
1.6 μm. Genotoxic effects were confirmed by the Comet assay, in
which the bulk fraction and MNP showed the highest DNA
damage (Figure 9). These results are consistent with Karlsson
et al., who found DNA-damaging effects for bulk magnetite
(average size <1 μm) and MNP (20�30 nm) in A549 cells.28

Additionally, we could show that larger particles with a mean
diameter of 2.5 μm (RF) induced less pronouncedDNA damage,
indicating that this size fractionmay be less harmful to A549 cells.

Only one magnetite nanoparticle has been found in about 100
screened nuclei. Most of the particles were incorporated into
cytoplasmic vesicles (Figure 4). Therefore, the observed geno-
toxic effects are presumably not due to direct particle�DNA
interaction in the nucleus of A549 cells. However, another
mechanism of primary direct genotoxicity caused by particulates,
especially UFP, has been suggested by Gonzales et al.61 The
authors assume that mechanical interferences between UFP and
components of the cytoskeleton during cell division may play a
role. Our data document attenuation of theDNA and chromosomal
damages by the ROS-scavengers NAC and BHA (Figure 11) and
thus indicate that ROS were involved in the observed genotoxic
effects of magnetite. Karlsson et al. have also observed significant

oxidative DNA damage when A549 cells were exposed for 4 h to
40 μg/cm2 of MNP (20�30 nm) and bulk magnetite (average
size < 1 μm).28 As discussed above, an oxidative attack of the DNA
through free radical release of magnetite is unlikely, due to its low
surface reactivity.58 We conclude that the indirect primary
genotoxicity, the enhanced production of ROS caused by mito-
chondria or membrane-bound NADPH oxidases in response
to their interaction with magnetite, might be a possible
mechanism.52 An increased ROS production may weaken
the antioxidant defense through depletion of intracellular anti-
oxidants (e.g., glutathione), resulting in oxidative stress and in-
creased DNA damage. Not yet clearly demonstrated for parti-
culates, Beyersmann and Hartwig observed that inactivation of
specific DNA repair proteins by various metal ions can lead to
genotoxic effects.62

Since endogenous ROS are known to either activate or inhibit
the transcription factor NF-kB depending on concentration,63

we studied the effects of bulk magnetite and MNP on NF-kB-
DNA activation in A549 cells by using EMSA at different
concentrations and durations. NF-kB is a pivotal mediator,
which is involved in multiple cellular responses to a variety of
stimuli, including cytokines and ROS, and which regulates the
transcription of various pro- and inflammatory mediators.63�65

However, no activating effect on NF-kB was observed by MNP
or bulk (Figure 12A), but a slight decrease in NF-kB when cells
were additionally treated with TNFR was observed. The same
results were obtained by Shen et al. in HeLa cells, who found
neither an enhanced NF-kB activity nor an upregulation of NF-k
B regulated target genes.26 It can be speculated that either ROS
are deactivated by intracellular enzymes or that the ROS forma-
tion may have a negative impact on NF-kB activity in A549
cells.63

As the JNK cascade is alsomediated by ROS,63 we investigated
the effect of MNP on JNK activation. Interestingly, incubation
with MNP led to a sustained activation of JNK (Figure 14A), but
activation was not abolished by the ROS scavengers BHA or
NAC (Figure 14B). Hence, it could be concluded that JNK
activation does not seem to be ROS-dependent. Since it is well
known that sustained JNK activation can trigger apoptosis,66 we
expected increased apoptosis. We observed only slight cytotoxic
effects after the exposure of magnetite bulk particles to A549
cells, which may be explained by the observed decrease of the
mitochondrial membrane potential after exposure to bulk mag-
netite and MNP. Nevertheless, neither the mitochondrial depo-
larization and associated ROS release nor the DNA damage was
sufficient to induce cell death. Moreover, the other fractions did
not show any increased cytotoxicity. Further studies have to
clarify the role of ROS in the interplay among NF-kB, JNK
activation, and cell survival.

Furthermore, pretreatment with MNP and poststimulation
with TNFR, simulating an acute inflammation, decreased
TNFR-induced NF-kB DNA binding (Figure 12B). In addition
we could also demonstrate a diminished and delayed TNFR-
induced degradation of IkBR after treatment with MNP
(Figure 13). Similar effects were described by Wong et al. when
A549 cells were pretreated with sodium arsenite under the same
conditions, but here, IkBR degradation was inhibited to a much
higher degree.48 These authors were able to provide evidence
that sodium arsenite decreased TNFR-mediated NF-kB nuclear
translocation by stabilization and increased expression of IkB
due to the induction of stress response, in this case by expression
of Hsp70. Furthermore, Kawata et al. observed a particle induced
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upregulation of Hsp70 for Ag-NP in HepG2 cells.67 In contrast
to these results, we found Hsp70 already highly upregulated in
untreated A549 cells suggesting a Hsp70-independent mechanism
of the diminished degradation of IkBR after treatment with
MNP. However, we also need to consider that the effect on
IkBR degradation was only moderate in our studies, and hence,
the effect on Hsp70 may be too low to be detected. Jaatela et al.
observed that Hsp70 did not inhibit activation of JNK or caspase
3 activity but without leading to apoptosis.68 Taken together,
high amounts of Hsp70 are constitutively expressed in untreated
A549 cells, suggesting a high upregulation of the protective
system against acute lung injury. This results in a rescue of A549
cells from apoptosis even after MMP decrease and ROS formation
caused by exposure to different concentrations of magnetite occurs.

In summary, exposure of A549 cells to different size fractions
of magnetite particles enhanced ROS production to a significant
extent after 24 h. This effect was accompanied by only slight
cytotoxicity and an increased mitochondrial membrane depolar-
ization. Furthermore, our study clearly demonstrates that mag-
netite particles induce concentration-dependent DNA damage,
as revealed by the Comet assay and the CB-MNvit. A slight size
dependency could be observed, as the larger particles induced
less genotoxicity. These effects were partially blocked by addition
of the ROS scavengers NAC (1 mmol/L) or BHA (100 μmol/L),
indicating that ROS play an important role inmagnetite-induced
genotoxicity. Our results show that only the MNP have proper-
ties affecting signaling pathways and are able to trigger immu-
nological effects. MNP induced activation of JNK but not NF-kB
and this activation was ROS-independent. Nevertheless, a mutual
interaction cannot be ruled out between ROS, JNK, and NF-kB,
and this should be the focus of further studies. The concentra-
tions of particles used in the present study seem to be high
compared with that in human exposure conditions. However, it is
likely that after inhalation magnetite would be deposited for a long
time in the respiratory tract and other tissues.

The observed in vitro reactivity of magnetite gives rise to
concern due to the high number of people that are exposed
occupationally and environmentally to iron oxide-containing
PM. To what extent magnetite particles cause health effects in
humans needs to be further evaluated. Therefore, additional
studies should be performed to investigate the long-term risk of
magnetite-induced chronic effects.
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