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Multi-walled carbon nanotube induces
nitrative DNA damage in human lung
epithelial cells via HMGB1-RAGE interaction
and Toll-like receptor 9 activation
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Abstract

Background: Carbon nanotube (CNT) is used for various industrial purposes, but exhibits carcinogenic effects in
experimental animals. Chronic inflammation in the respiratory system may participate in CNT-induced carcinogenesis.
8-Nitroguanine (8-nitroG) is a mutagenic DNA lesion formed during inflammation. We have previously reported that
multi-walled CNT (MWCNT) induced 8-nitroG formation in lung epithelial cells and this process involved endocytosis.
To clarify the mechanism of CNT-induced carcinogenesis, we examined the role of Toll-like receptor (TLR) 9, which
resides in endosomes and lysosomes, in 8-nitroG formation in human lung epithelial cell lines.

Methods: We performed immunocytochemistry to examine 8-nitroG formation in A549 and HBEpC cells treated with
MWCNT with a length of 1-2 μm (CNT-S) or 5-15 μm (CNT-L) and a diameter of 20-40 nm. We examined inhibitory
effects of endocytosis inhibitors, small interfering RNA (siRNA) for TLR9, and antibodies against high-mobility group
box-1 (HMGB1) and receptor for advanced glycation end-products (RAGE) on 8-nitroG formation. The release of
HMGB1 and double-stranded DNA (dsDNA) into the culture supernatant from MWCNT-treated cells was examined by
ELISA and fluorometric analysis, respectively. The association of these molecules was examined by double
immunofluorescent staining and co-immunoprecipitation.

Results: CNT-L significantly increased 8-nitroG formation at 0.05 μg/ml in A549 cells and its intensity reached a
maximum at 1 μg/ml. CNT-L tended to induce stronger cytotoxicity and 8-nitroG formation than CNT-S. Endocytosis
inhibitors, TLR9 siRNA and antibodies against HMGB1 and RAGE largely reduced MWCNT-induced 8-nitroG formation.
MWCNT increased the release of HMGB1 and dsDNA from A549 cells into culture supernatant. The culture supernatant
of MWCNT-exposed cells induced 8-nitroG formation in fresh A549 cells. Double immunofluorescent staining and
co-immunoprecipitation showed that TLR9 was associated with HMGB1 and RAGE in lysosomes of MWCNT-treated cells.

Conclusions: MWCNT induces injury or necrosis of lung epithelial cells, which release HMGB1 and DNA into the
extracellular space. The HMGB1-DNA complex binds to RAGE on neighboring cells and then CpG DNA is recognized by
TLR9 in lysosomes, leading to generation of nitric oxide and 8-nitroG formation. This is the first study demonstrating that
TLR9 and related molecules participate in MWCNT-induced genotoxicity and may contribute to carcinogenesis.
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Background
Carbon nanotube (CNT) is a promising nanomaterial
that has been used for various industrial and medical
purposes, because of its unique physicochemical proper-
ties, such as high electrical conductivity and excellent
strength [1, 2]. However, its fibrous-like shape and
durability has raised a concern that the toxicity and car-
cinogenicity may be analogous to those observed with
asbestos [3–5]. Animal studies have demonstrated that
intraperitoneal [5–7] and intrascrotal [8] administration
of CNT induced mesothelioma. CNT causes length-
dependent pathohistological changes and inflammatory
responses in the lungs and pleural cavity of mice [5, 9].
However, the precise mechanism of CNT-induced car-
cinogenesis remains to be clarified.
Chronic inflammation is considered to play a critical

role in carcinogenesis [10–12]. Administration of CNT
induces inflammatory responses in lung tissues of ex-
perimental animals [13–15]. Under the inflammatory
conditions, reactive oxygen (ROS) and nitrogen species
(RNS) are generated in inflammatory and epithelial
cells and cause DNA damage [16, 17]. 8-Nitroguanine
(8-nitroG) is a mutagenic DNA lesion produced by the
reaction of guanine with peroxynitrite (ONOO-), which
is formed from nitric oxide (NO) and superoxide (O2

-)
generated under inflammatory conditions [18]. We
have demonstrated that 8-nitroG is formed at the sites
of carcinogenesis in various animal models and clin-
ical specimens of cancer-prone inflammatory diseases
[19–22], including asbestos exposure [23, 24]. We
have reported that multi-walled CNT (MWCNT) in-
duced 8-nitroG formation in a lung epithelial cell line
and this process involves endocytosis [25]. This find-
ing led us to an idea that endosomal and/or lyso-
somal molecules may contribute to CNT-induced
inflammation and DNA damage.
Toll-like receptors (TLRs) are major contributors to

the innate immune system and mediate inflammatory
responses against infectious and noninfectious patho-
gens by recognizing structures conserved among
microbial species (pathogen-associated molecular pat-
terns) and endogenous molecules released from
damaged cells (damage - associated molecular pat-
terns). Whereas many TLRs are located in the plasma
membrane, TLRs 3, 7 and 9 reside on the endosomal
and lysosomal membranes [26]. TLR9 recognizes CpG
DNA of microorganisms and endogenous origins to
mediate inflammatory responses [26, 27]. TLR9 is
most abundantly expressed in the spleen of mice [28],
and its role in inflammatory responses has well been
investigated in immune cells [26]. TLR9 is also
expressed in bronchial epithelium and alveolar septa
in intact lung tissues of humans [29]. TLR9 is highly
expressed in human lung cancer specimens [30],

raising the possibility that this receptor contributes to
carcinogenesis.
High-mobility group protein B1 (HMGB1) is a nuclear

protein released from damaged or necrotic cells and in-
teracts with DNA to form the HMGB1-DNA complex
[31]. This complex binds to the receptor for advanced
glycation end products (RAGE) on the cell membrane
and then activates TLR9-mediated inflammatory re-
sponses [31, 32]. RAGE is a multiligand transmembrane
receptor constitutively expressed in the lung throughout
the life [33]. HMGB1-mediated RAGE activation partici-
pates in various pathological conditions including cancer,
sepsis, diabetes and Alzheimer’s disease [33]. HMGB1
contributes to asbestos-induced inflammatory responses
in cultured cells and experimental animals, and its
serum level in asbestos-exposed individuals was signifi-
cantly higher than that in unexposed subjects [34]. How-
ever, the role of TLR9 and related molecules in CNT-
induced inflammatory responses and genotoxicity has
not been investigated.
In this study, we examined 8-nitroG formation in

MWCNT-treated A549 human alveolar epithelial cells
and HBEpC normal human bronchial epithelial cells.
We used two types of MWCNTs with different fiber
length to examine the effects of their sizes on 8-nitroG
formation, since long CNT fibers tended to cause
more prominent inflammatory responses in respira-
tory systems of experimental animals [5, 9]. To clarify
the mechanism of MWCNT-induced DNA damage,
we investigated the involvement of the HMGB1-
RAGE interaction and TLR9 activation in this process
by using antibodies and small interfering RNA (siRNA),
respectively. The association of these molecules in
MWCNT-treated cells was examined by double im-
munofluorescent technique and co-immunoprecipitaion.

Methods
Preparation of MWCNT
MWCNTs with lengths of 1-2 μm (CNT-S) and 5-15 μm
(CNT-L) and diameter of 20-40 nm were obtained
from Nanostructured and Amorphous Materials, Inc.
(purity, 95-98 %, Houston, TX, USA). Trace metals
contained in these MWCNTs were quantified by in-
ductively coupled plasma-atomic emission spectrom-
etry (ICP-AES, ICPS-8100, Shimadzu, Kyoto, Japan)
and inductively coupled plasma mass spectrometry
(ICP-MS, Agilent7700x, Agilent Technologies, Santa
Clara, CA, USA). MWCNT was suspended in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco, New York, NY,
USA) supplemented with 5 % (v/v) heat-inactivated fetal
bovine serum (FBS, Cambrex Bio Science Walkersville,
Walkersville, MD, USA or Biowest, Nuaillé, France)
and 100 mg/l kanamycin and vortexed for 1 min. In
certain experiments, MWCNT was suspended in
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phosphate-buffered saline (PBS, pH 7.4) or dispersion
medium (PBS supplemented with 5.5 mM D-glucose,
0.6 mg/ml mouse serum albumin, and 0.01 mg/ml
1,2-dipalmitoyl-sn-glycero-3-phosphocholine) [13]. Then
the suspensions were sonicated for 20 min at 40 W using
an ultrasonic homogenizer (Advanced Sonifier Model 450,
Branson Ultrasonics, Danbury, CT, USA) to disperse
agglomerates. The suspensions containing dispersed
MWCNT were stored at –80 °C until use. We thawed
and vortexed the suspensions, and then used them
for further experiments. Size distribution of MWCNT
agglomerates was measured with a Zetasizer Nano
particle size analyzer (Malvern, Worcestershire, UK)
under the same conditions as those used in experiments.

MTT assay
To evaluate a cytotoxic effect of MWCNT, 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was performed as reported previously
[25]. A549 cells (1 × 104 cells/well, RIKEN BioRe-
source Center, Tsukuba, Japan) were cultured in a
96-well plate overnight and treated with MWCNT
for 24 h at 37 °C in DMEM containing 5 % (v/v)
FBS and 100 mg/l kanamycin. The culture super-
natant was removed and the cells were incubated
with 0.5 mg/ml MTT for 4 h at 37 °C, followed by
the treatment with dimethylsulfoxide for 10 min at
room temperature. The absorbance of each well was
measured at 570 nm using a Model 680 microplate
reader (Bio-Rad Laboratories, Hercules, CA, USA).
To examine of the absorption of MWCNT, we mea-
sured UV-visible spectra of the reaction mixture
containing 1 μg/ml MWCNT with a UV–visible
spectrometer (UV-2500PC, Shimadzu). To examine
adsorption effects of MWCNT, we compared the
spectra of the reaction mixture containing 0.05 mg/
ml MTT before and immediately (0 min) and
20 min after the addition of 1 μg/ml MWCNT.

Fluorescent immunocytochemistry
Fluorescent immunohistochemistry was performed as
described previously [25]. A549 cells (2 × 105 cells/ml)
were cultured in DMEM containing 5 % (v/v) FBS and
100 mg/l kanamycin overnight on culture slides (BD
Falcon, Franklin Lakes, NJ, USA). HBEpC cells (5 × 104

cells/ml, Cell Applications, San Diego, CA, USA) were
cultured in Airway epithelial cell growth medium
(PromoCell, Heidelberg, Germany) on culture slides.
Then these cells were treated with MWCNT for indi-
cated durations at 37 °C.
To examine the roles of inducible NO synthase

(iNOS) and endocytosis in MWCNT-induced 8-
nitroG formation, 1 μM 1400 W, 10 μM Bay11-7082
(Bay), 2 mM methyl-β-cyclodextrin (MBCD), 50 μM

monodansylcadaverine (MDC) or 1 μM cytochalasin
D (CytoD) was added before MWCNT treatment.
These inhibitors were purchased from Sigma-Aldrich
(St. Louis, MO, USA). We employed these concentra-
tions of the inhibitors, because they did not show sig-
nificant cytotoxic effects (as shown below) and
effectively reduced MWCNT-induced 8-nitroG forma-
tion and iNOS expression in our previous study [25].
To examine the role of HMGB1 and RAGE in 8-
nitroG formation, the cells were pretreated with
10 μg/mL anti-HMGB1 (raised from full length pro-
tein including RAGE-interacting motif, ab77302,
Abcam, Cambridge, UK) or anti-RAGE (raised from
full length protein including HMGB1-interacting V
domain, ab54741, Abcam) mouse monoclonal anti-
body for 30 min before MWCNT treatment. We
employed this concentration of these antibodies ac-
cording to a previous study [32]. To confirm the spe-
cificity of these antibodies, the corresponding isotype
control IgG [mouse IgG1 (ab18447, Abcam) for anti-
HMGB1 antibody and IgG2a (ab18414, Abcam) for
anti-RAGE antibody] were used instead. These anti-
bodies were solved in PBS and did not contain any
preservatives, such as sodium azide. We confirmed
that these antibodies and control IgGs did not show
significant cytotoxicity (as shown below). To examine
the role of TLR2 and TLR4 in 8-nitroG formation,
the cells were pretreated with anti-TLR2 (T2.5,
ab185793, Abcam) or anti-TLR4 (HTA125, ab171260,
Abcam) mouse monoclonal antibody for 30 min be-
fore MWCNT treatment.
After the treatment with MWCNT, the cells were

fixed with 4 % (v/v) formaldehyde in PBS for 10 min
and treated with 0.5 % (v/v) Triton X100 for 3 min
at room temperature. The cells were incubated with
1 % (w/v) skim milk for 1 h at room temperature. To
detect 8-nitroG, the cells were incubated with rabbit
polyclonal antibody (1 μg/ml) produced by our group
[35, 36] overnight at room temperature. To detect
iNOS and 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG),
an oxidative DNA lesion, rabbit polyclonal (1:1000,
Calbiochem, Darmstadt, Germany) and mouse mono-
clonal (0.5 μg/ml, Japan Institute for the Control of
Aging, Fukuroi, Japan) antibodies were used, respect-
ively. In a certain experiment, 8-nitroG and 8-oxodG
were detected by double immunofluorescent tech-
nique. Then the cells were incubated with Alexa 594-
labeled goat anti-rabbit IgG antibody and, when ne-
cessary, Alexa 488-labeled goat anti-mouse IgG anti-
body (1:400, Molecular Probes, Eugene, OR, USA) for
3 h. The nuclei were stained with 5 μM Hoechst
33258 (Polysciences Inc., Warrington, PA, USA). The
stained cells were examined under a florescent micro-
scope (BX53, Olympus, Tokyo, Japan). The staining

Hiraku et al. Particle and Fibre Toxicology  (2016) 13:16 Page 3 of 21



intensity of 8-nitroG or iNOS per cell was quantified
by analyzing 3-5 randomly selected fields per sample
with an ImageJ software.
To examine the colocalization of HMGB1, RAGE,

TLR9 and lysosome-associated membrane protein
(LAMP) 1, we performed double immunoflurorescent
techniques. A549 cells were treated with 1 μg/mL
MWCNT for 8 h, and then incubated with mouse
monoclonal antibody [anti-HMGB1 or anti-RAGE
antibody (Abcam, 10 μg/ml)] and rabbit polyclonal
antibody [anti-TLR9 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA, sc-25468, 2 μg/ml), anti-LAMP1
(Abcam, ab24170, 1 μg/ml) or anti-HMGB1 (Abcam,
ab18256, 1 μg/ml) antibody] overnight at room
temperature. The cells were incubated with Alexa
488-labeled goat anti-mouse IgG antibody and Alexa
594-labeled goat anti-rabbit IgG antibody and then
examined as described above.

Analysis of 8-nitroG formation induced by culture
supernatant of MWCNT-exposed cells
We examined DNA-damaging ability of the molecules
released from MWCNT-exposed cells as follows. A549
cells (5 × 105 cells/ml) were treated with no or 1 μg/ml
of MWCNT for 8 h at 37 °C in DMEM containing
100 mg/l kanamycin. Then we centrifuged the culture
supernatant at 40,000 × g for 10 min at 4 °C to remove
MWCNT. The supernatant was given to fresh A549
cells, followed by the incubation for 2 h at 37 °C. We
also prepared the cells incubated in fresh DMEM as a
negative control. 8-NitroG formation was examined by
fluorescent immunocytochemistry as described above.

Analysis of NO released from MNCNT-treated cells
To analyze NO release from MWCNT-treated cells,
we measured the concentration of its products, nitrite
(NO2

- ) plus nitrate (NO3
- ), in the culture supernatant

using the Griess method. A549 cells (5 × 105 cells/
ml) were treated with 1 μg/ml of MWCNT for indi-
cated durations at 37 °C in phenol red-free DMEM
(Gibco) containing 5 % (v/v) FBS and 100 mg/l kana-
mycin. Then the culture supernatant was centrifuged
at 40,000 × g for 10 min at 4 °C to remove MWCNT.
To reduce NO3

- to NO2
- , the supernatant was incu-

bated with 0.1 units/ml of nitrate reductase from
Aspergillus niger (Sigma-Aldrich) in the presence of
1 mM glucose-6-phosphate (Wako Pure Chemical In-
dustries, Osaka, Japan), 0.3 units/ml of glucose-6-
phosphate dehydrogenase and 20 μM NADPH
(Oriental Yeast, Tokyo, Japan) for 30 min at room
temperature. The reaction mixture was incubated with
0.25 % (w/v) sulfanilamide (Griess reagent I, Wako)
and 0.025 % (w/v) naphthylethylenediamine (Griess
reagent II, Sigma-Aldrich) in 0.625 % (v/v) phosphoric

acid for 10 min at room temperature. The absorb-
ance at 540 nm was measured with a Model 680 mi-
croplate reader (Bio-Rad Laboratories), and NO2

-

concentration was determined by comparison with a
standard curve generated with sodium nitrite (NaNO2,
Wako).

Measurement of GSH contents in MWCNT-exposed cells
Glutathione (GSH) contents in MWCNT-treated cells
were measured by our method with slight modification
[37]. A549 cells (5 × 105 cells/ml) were treated with
1 μg/ml of MWCNT for indicated durations at 37 °C in
DMEM containing 5 % (v/v) FBS and 100 mg/l kanamy-
cin. The cells were lysed in cell lysis buffer (Cell Signal-
ing Technology, Danvers, MA, USA) and sonicated
briefly. The lysate was centrifuged at 14,000 × g for
10 min at 4 °C, and protein concentration in the super-
natant was measured with a Coomassie Protein Assay
Reagent Kit (Pierce Biotechnology, Rockford, USA). To
precipitate proteins, 5 % (w/v) trichloroacetic acid was
added to the same volume of the cell extract, and centri-
fuged at 18,000 × g for 10 min at 4 °C. The supernatant
was diluted with 0.1 N HCl and analyzed with high-
performance liquid chromatography (HPLC) coupled
with an electrochemical detector (ECD, ECD-300,
Eicom, Kyoto, Japan). GSH content was normalized
with protein content.

Measurement of ROS generation by flow cytometry
We measured peroxide levels in MWCNT-treated cells
by flow cytometry as reported previously [38]. A549 cells
(5 × 105 cells/ml) were treated with 1 μg/ml of MWCNT
for indicated durations at 37 °C in DMEM containing
5 % (v/v) FBS and 100 mg/l kanamycin. Five μM 5-
(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein dia-
cetate acetyl ester (CM-H2DCFDA, Molecular Probes)
was added 30 min before the end of the incubation to
measure intracellular peroxide levels. The cells were sus-
pended in PBS and analyzed with a FACScan flow cyt-
ometer (Becton Dickinson, San Jose, CA, USA).

Measurement of 8-oxodG amount in MNCNT-treated cells
The levels of 8-oxodG in MNCNT-treated cells were
measured by previously described method with modifi-
cation [39]. A549 cells (5 × 105 cells/ml) were treated
with 1 μg/ml of MWCNT for indicated durations at
37 °C in DMEM containing 5 % (v/v) FBS and
100 mg/l kanamycin. The cells were lysed and treated
with Proteinase K (Roche, Mannheim, Germany) for
1 h at 37 °C, and then sodium iodide was added. DNA
was extracted and digested with nuclease P1 (Wako)
and bacterial alkaline phosphatase (Sigma-Aldrich) to
deoxynucleosides, and analyzed using HPLC coupled
with an ECD (Coulochem II 5200A, ESA Biosciences,
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Chelmsford, MA, USA). The molar ratio of 8-oxodG
to 2’-deoxyguanosine was measured based on ECD
peak height of authentic 8-oxodG and the UV absorb-
ance of 2’-deoxyguanosine at 254 nm.

Electron microscopy
We investigated the intracellular distribution of MWCNT
by transmission electron microscopy (TEM) as described
previously [25]. A549 cells (5 × 105 cells/ml) were treated
with 1 μg/ml of MWCNT for 4 h at 37 °C in DMEM con-
taining 5 % (v/v) FBS and 100 mg/l kanamycin. In certain
experiments, the cells were pretreated with 2 mM MBCD
or 50 μM MDC for 30 min. Cells were fixed with 2 %
paraformaldehyde and 2 % glutaraldehyde in 0.1 M phos-
phate buffer (pH 7.4) for 90 min, and then treated with
1 % osmium tetroxide in 0.1 M phosphate buffer (pH 7.4)
for 1 h. The cells were dehydrated in ethanol and acetone,
and embedded in epoxy resin. Ultrathin sections (70 nm)
were counterstained in 4 % uranyl acetate and lead acet-
ate, and examined with a transmission electron micro-
scope H-7000 (Hitachi, Tokyo, Japan).

Transfection of cultured cells with siRNA
To investigate the role of TLR9 in MWCNT-induced
DNA damage, A549 cells were transfected with 10 nM
TLR9 siRNA (s28872 or s28873, Silencer® Select,
Ambion) by using Lipofectamine® RNAiMAX reagent
(Invitrogen) in Opti-MEM® I medium (Gibco), and incu-
bated for 2 days at 37 °C. To exclude the possibility of
off-target effects, cells were transfected with 10 nM
Negative Control #2 siRNA (Ambion) instead. Depletion
of TLR9 expression by siRNA was confirmed by
fluorescent immunocytochemistry as described above
and Western blotting as described below. In Western
blotting, we used anti-TLR9 (1 μg/ml, Santa Cruz
Biotechnology, sc-25468) and anti-GAPDH (0.2 μg/ml,
Santa Cruz Biotechnology, sc-25778) rabbit polyclonal
antibodies as primary antibodies and horseradish per-
oxidase (HRP)-conjugated donkey anti-rabbit IgG
antibody (0.2 μg/ml, Santa Cruz Biotechnology) as the
secondary antibody. Quantitative image analysis was
performed with an ImageJ software.

Quantitation of HMGB1 and DNA in culture supernatant
of MWCNT-treated cells
We measured the amount of HMGB1 and double-
stranded DNA (dsDNA) released from MWCNT-treated
cells into the culture supernatant. A549 cells (5 × 105

cells/ml) were treated with 1 μg/ml of MWCNT for in-
dicated durations at 37 °C in DMEM containing
100 mg/l kanamycin. The culture supernatant was cen-
trifuged at 40,000 × g for 10 min at 4 °C to remove
MWCNT, and the supernatant was used for analysis.
HMGB1 concentration was quantified with an HMGB1

ELISA kit II (Shino-test Corporation, Sagamihara, Japan)
according to manufacturer’s instruction. To measure the
amount of dsDNA, the supernatant was mixed with
a QuantFluor dsDNA Dye (Promega Corporation,
Madison, WI, USA) and analyzed with a Quantus
Fluorometer (Promega Corporation).

Co-immunoprecipitation and Western blotting
To confirm the association of TLR9 with HMGB1 and
RAGE in MWCNT-exposed cells, we performed co-
immunoprecipitation and Western blotting. A549 cells
(5 × 105 cells/ml) were treated with 1 μg/ml of MWCNT
for 8 h at 37 °C in DMEM containing 5 % (v/v) FBS and
100 mg/l kanamycin. The cells were lysed in cell lysis
buffer (Cell Signaling Technology) and sonicated briefly.
The lysate was centrifuged at 14,000 × g for 10 min at
4 °C, and the supernatant was used for the experiment.
Protein concentration was measured as described above.
The cell lysate containing 400 μg of proteins was incu-
bated with 2 μg of anti-TLR9 rabbit polyclonal antibody
(Santa Cruz Biotechnology) overnight at 4 °C, followed
by incubation with protein A magnetic beads (Cell
Signaling Technology) for 20 min at room temperature.
The samples were boiled for 5 min, separated by 5-20 %
SDS-PAGE and blotted onto a polyvinylidene difluoride
membrane. The membrane was treated with 5 % (w/v)
skim milk in Tris-buffered saline (pH 7.4) containing
0.1 % (v/v) Tween 20, followed by the incubation with
anti-TLR9 (0.5 μg/ml, Santa Cruz Biotechnology, sc-
47723), anti-RAGE (2 μg/ml, Abcam) and anti-HMGB1
(2 μg/ml, Abcam) mouse monoclonal antibodies for
60 min and then with HRP-conjugated goat anti-mouse
IgG antibody (1:2000, Santa Cruz Biotechnology) for
30 min. The membrane was incubated with ECL plus
Western blotting detection reagents (GE Healthcare,
Backinghamshire, UK) and analyzed with a LAS-4000
mini biomolecular imager (Fujifilm, Tokyo, Japan).

Statistical analysis
Statistical analysis was performed by one-way or
two-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test using an SPSS soft-
ware (20.0 for Mac). Results were presented as
means ± SD. p values less than 0.05 were considered
to be statistically significant.

Results
Characteristics and size distribution of MWCNT
agglomerates
In this study, we used two types of MWCNTs with dif-
ferent lengths [1-2 μm (CNT-S) and 5-15 μm (CNT-L)]
and diameter of 20-40 nm. Trace elements contained in
MWCNTs were analyzed with ICP-AES and ICP-MS.
Detected trace metals are listed in Table 1 (full metal
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analysis is shown in Additional file 1: Table S1). We
dispersed MWCNTs by sonication in PBS, dispersion
medium [13] and DMEM containing 5 % (v/v) FBS.
MNCNT agglomerates were most efficiently dispersed
in DMEM among these media (Additional file 2:
Figure S1), and they were used for further experi-
ments. Figure 1 shows the photographs of MWCNT
agglomerates obtained by sonication of their suspensions
in DMEM. Light microscopy revealed that most MWCNT
agglomerates were dispersed into submicron-sized parti-
cles (Fig. 1a). Figure 1b shows MWCNT fibers observed
with TEM. The size distribution of MWCNTagglomerates
is shown in Fig. 1c. The mean diameters of CNT-S and
CNT-L agglomerates were 257.2 nm and 397.9 nm,
respectively.

Cytotoxic effect of MWCNT
A cytotoxic effect of MWCNT on A549 human lung
epithelial cells was evaluated by MTT assay. Both
CNT-S and CNT-L decreased the cell viability in a
dose-dependent manner, and CNT-L tended to show
a stronger cytotoxic effect than CNT-S (Fig. 2). Two-
way ANOVA revealed that MWCNT concentrations
(F = 12.093, p < 0.001) and length (CNT-S and CNT-L)
(F = 5.551, p = 0.026) significantly influenced the cell
viability, and there was no significant interaction be-
tween these factors (F = 0.901, p = 0.454). Tukey’s test
revealed that MWCNTs significantly reduced the cell
viability at 1 and 2 μg/ml compared with the control
(p < 0.001, Fig. 2). UV-visible spectroscopy revealed
that 1 μg/ml MWCNT had very low absorbance
(Additional file 3: Figure S2A), and that the addition
of MWCNT did not affect the spectrum of MTT
(Additional file 3: Figure S2B). Therefore, the absorp-
tion and adsorption effects of MWCNTs in this assay
appear to be negligible.

DNA damage and iNOS expression in MWCNT-treated
cells
To investigate DNA damage in MWCNT-treated A549
cells, we performed double immunofluorescent tech-
nique, and the results are shown in Fig. 3. Figure 3a
shows the formation of 8-oxodG and 8-nitroG in
CNT-L-treated cells. Although no or weak staining of
8-oxodG was observed under the conditions used, the
immunoreactivity of 8-nitroG was increased depend-
ing on MWCNT concentrations up to 1 μg/ml. No or
weak staining was observed in non-treated control
(Fig. 3a). 8-NitroG was formed mainly in the nucleus,
which was stained with Hoechst 33258. Quantitative
image analysis revealed that the staining intensity of
8-nitroG per cell was significantly greater in CNT-L-
treated cells at 0.05-2 μg/ml (14-570 ng/cm2) than in
non-treated control (p < 0.05 by ANOVA + Tukey’s
test) and highest at 1 μg/ml (Fig. 3b). CNT-S induced
8-nitroG formation in a dose-dependent manner with
statistical significance at 1 and 2 μg/ml (p < 0.001,
Additional file 4: Figures S3A and S3B). MWCNTs
also induced 8-nitroG formation in the nucleus of
HBEpC, a normal human bronchial epithelial cell line
(Fig. 3c and Additional file 4: Figure S3C). Image
analysis revealed that MWCNTs significantly in-
creased 8-nitroG formation in HBEpC cells (p < 0.05)
and showed a similar dose-response relationship to
A549 cells (Fig. 3d and Additional file 4: Figure S3D).
We examined the time course of MWCNT-induced

8-nitroG formation and iNOS expression in A549
cells. Both CNT-S and CNT-L (1 μg/ml) increased 8-
nitroG formation and iNOS expression at 4-24 h
(Fig. 4a and b). In quantitative image analysis, the
staining intensities of these molecules were significantly
higher than those of the control throughout the experi-
ments (p < 0.01, Fig. 4c and d). CNT-L induced sig-
nificantly stronger 8-nitroG formation (p < 0.05) and
iNOS expression (p < 0.01) than CNT-S at 8 h (Fig. 4c
and d).
We also examined 8-nitroG formation in A549 cells

treated with trace metals contained in MWCNTs at rela-
tively high levels. Iron (FeCl3), nickel (NiCl2) and molyb-
denum compounds (MoCl5) and their combination did
not induce 8-nitroG formation at the doses equivalent to
those contained in 1 μg/ml MWCNT (Additional file 5:
Figure S4).

NO production and GSH decrease in MWCNT-treated cells
We measured the levels of NO products, NO2

- and NO3
- ,

in culture supernatants of MWCNT-treated A549 cells
using nitrate reductase and Griess reagents as shown in
Fig. 5a. After the incubation for 4 h, CNT-L significantly
increased NO release from the cells compared with the
control (p < 0.01 by ANOVA + Tukey’s test). At 8 h, both

Table 1 Trace metals detected in MWCNTs used in this study
(ND: not detected)

Element CNT-S (ppm) CNT-L (ppm) Detection limit (ppm)

Na ND 40 20

Mg ND 300 10

Al ND 30 10

Ca 30 100 20

Cr ND 400 10

Mn ND 30 10

Fe 50 2,000 10

Co 30 10 10

Ni 4,000 2,000 10

Mo 50 15,000 10

La 20 10 10
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CNT-S and CNT-L significantly increased NO release
(p < 0.05). CNT-L tended to produce larger amount of
NO compared with CNT-S. NO is known to readily re-
acts with GSH [40], and thus we examined the decrease
of GSH contents in MWCNT-treated A549 cells using
HPLC coupled with an ECD according to our previous

study [37]. Both MWCNTs significantly reduced GSH
contents at 4 and 8 h (p < 0.05), and CNT-L more
greatly decreased GSH content than CNT-S at 8 h
(p < 0.01, Fig. 5b).

ROS generation and 8-oxodG formation in
MWCNT-treated cells
To examine ROS generation in MWCNT-treated cells,
we measured peroxide levels by flow cytometry using a
fluorescent probe. Both CNT-S and CNT-L did not in-
crease the fluorescent intensity at 4-24 h compared with
the control (Additional file 6: Figure S5A). We quanti-
fied the amount of 8-oxodG using HPLC coupled with
an ECD. CNT-S and CNT-L did not increase 8-oxodG
formation at 4 and 8 h compared with the control
(Additional file 6: Figure S5B).

Intracellular distribution of MWCNT and effect of
endocytosis inhibitors on 8-nitroG formation
We examined the intracellular distribution of MWCNT
in A549 cells by TEM as shown in Fig. 6a and b.
Numerous short fibers were observed in vesicular
structures in the cytosol of CNT-S-treated cells, and
the pretreatment with MBCD, an inhibitor of
caveolae-mediated endocytosis, and MDC, an inhibi-
tor of clathrin-mediated endocytosis, largely reduced
their internalization (Fig. 6a). On the other hand, a
few short fibers were found in vesicles in the cytosol,

Fig. 1 Dispersion of MWCNT agglomerates. MWCNT was suspended in DMEM and sonicated as described in Methods. a Photographs
of MWCNT agglomerates before and after the sonication. The particles were observed with a light microscope. Bar = 10 μm. b
Photographs of MWCNT fibers. After the sonication, MWCNT was observed with TEM as described in Methods. Bars = 1 μm. c Size
distribution of dispersed MWCNT agglomerates. The size distribution was measured with a Zetasizer Nano particle size analyzer
(Malvern, Worcestershire, UK)

Fig. 2 Cytotoxic effect of MWCNT. A549 cells were treated with
1 μg/ml MWCNT for 24 h at 37 °C, and the cell viability was
examined by MTT assay as described in Methods. Viability of the
control cells was set at 100 %. Data represent means ± SD of 4-6
independent experiments. ***p < 0.001, compared with the
control by two-way ANOVA followed by Tukey’s test
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and long fibers penetrated the plasma and nuclear
membranes of CNT-L-treated cells (Fig. 6b).
We examined the effects of various inhibitors on

MWCNT-induced 8-nitroG formation and iNOS expres-
sion by immunocytochemistry. CNT-L induced clear 8-
nitroG formation (Fig. 6c) and iNOS expression (Fig. 6d),
and their staining was almost completely attenuated by
the treatment with 1400 W, an iNOS inhibitor, and Bay,
an inhibitor of nuclear factor-κB (NF-κB) activation. The
immunoreactivities of 8-nitroG and iNOS were also re-
duced by endocytosis inhibitors, MBCD, MDC and
CytoD, an inhibitor of actin polymerization (Fig. 6c and
d). Similar findings were observed with CNT-S-treated
A549 cells (Additional file 7: Figure S6). These inhibitors
did not show significant cytotoxicity in A549 cells under
the conditions used (Additional file 8: Figure S7). Our

previous study has demonstrated that these inhibitors ef-
fectively suppressed MWCNT-induced 8-nitroG forma-
tion and iNOS expression, and did not cause these
molecular events by themselves [25].

Involvement of TLR9 in MWCNT-induced 8-nitroG
formation
To clarify the role of TLR9 in MWCNT-induced 8-
nitroG formation, we examined the inhibitory effect of
siRNA transfection by immunocytochemistry. We used
two types of TLR9 siRNA [s28872 (siRNA-1) and
s28873 (siRNA-2)] that interact with different sites of
mRNA. TLR9 expression was observed in the cytosol of
non-treated A549 cells, and largely reduced by transfec-
tion with both types of siRNA (Fig. 7a). Negative control
siRNA did not affect TLR9 expression (Fig. 7a). We

Fig. 3 DNA damage in CNT-L-treated cells. a Immunofluorescent images of CNT-L-induced 8-oxodG and 8-nitroG formation in A549 cells. A549
cells were treated with CNT-L at indicated concentrations for 8 h at 37 °C, and 8-oxodG and 8-nitroG formation was examined by double
immunofluorescent technique as described in Methods. Hoechst, Hoechst 33258. Magnification, X200. b Relative staining intensity of 8-nitroG
formed in CNT-L-treated A549 cells. Staining intensity per cell was analyzed by an ImageJ software. Relative staining intensity of the control was
set at 1. Data represent means ± SD of 8 (control) or 4 (CNT-L) independent experiments. *p < 0.05 and ***p < 0.001, compared with the control.
c 8-NitroG formation in CNT-L-treated HBEpC cells. HBEpC cells were treated with CNT-L at indicated concentrations for 4 h at 37 °C, and
immunofluorescent technique was performed. Magnification, X100. d Relative staining intensity of 8-nitroG formed in CNT-L-treated HBEpC
cells. Data were quantitatively analyzed as described in (b). Data represent means ± SD of 3-4 independent experiments. *p < 0.05,
**p < 0.01 and ***p < 0.001, compared with the control. Statistical analysis was performed by ANOVA followed by Tukey’s test
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confirmed that negative control or TLR9 siRNA did not
induce 8-nitroG formation (Fig. 7a). Quantitative image
analysis showed that the staining intensity of TLR9 was
significantly lower in siRNA-transfected cells than in the
control and negative control siRNA-transfected cells (p
< 0.001, Fig. 7b). Western blotting also revealed that siR-
NAs significantly reduced TLR9 expression compared
with the control and negative control siRNA-treated
cells (Fig. 7c and d). TLR9 siRNAs largely attenuated
CNT-L-induced 8-nitroG formation in A549 cells, but
negative control siRNA did not (Fig. 7e). Similar inhibi-
tory effect of TLR9 siRNA was observed with CNT-S-
induced A549 cells (data not shown). Quantitative image
analysis revealed that the transfection with both types of
TLR9 siRNA significantly reduced the staining intensity
of 8-nitroG formed by CNT-S and CNT-L (p < 0.001,

Fig. 7f ). TLR9 siRNA significantly decreased NO release
from MWCNT-treated cells (p < 0.05, Fig. 7g). Transfec-
tion with TLR9 siRNA also reduced 8-nitroG formation
in MWCNT-exposed HBEpC cells (Additional file 9:
Figure S8). Negative control or TLR9 siRNA alone
did not induce 8-nitroG formation in HBEpC cells
(Additional file 9: Figure S8).

Involvement of HMGB1 and RAGE in MWCNT-induced 8-
nitroG formation
We examined the role of the HMGB1-RAGE interaction
in MWCNT-induced 8-nitroG formation. We quantified
the amounts of HMGB1 in the culture supernatant of
MWCNT-treated A549 cells by ELISA. The treatment
with CNT-S non-significantly increased HMGB1 con-
centration in the culture supernatant at 4 and 8 h

Fig. 4 Time course of 8-nitroG formation and iNOS expression in MWCNT-treated cells. Immunofluorescent images of 8-nitroG formation (a) and
iNOS expression (b) in MWCNT-treated A549 cells. A549 cells were treated with 1 μg/ml MWCNT for indicated durations at 37 °C, and
8-nitroG formation and iNOS expression were examined by fluorescent immunocytochemistry as described in Methods. Hoechst, Hoechst
33258. Magnification, X200. (c, d) Relative staining intensity of 8-nitroG and iNOS in A549 cells. Staining intensities of 8-nitroG (c) and
iNOS (d) per cell were analyzed by an ImageJ software. Relative staining intensity of the control at 4 h was set at 1. Data represent
means ± SD of 4 (control) and 6 (CNT-S and CNT-L) independent experiments. **p < 0.01 and ***p < 0.001, compared with the control;
#p < 0.05 and ##p < 0.01, compared with CNT-S-treated cells by ANOVA followed by Tukey’s test
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(Fig. 8a). CNT-L significantly increased the release of
HMGB1 from the cells at 8 h compared with the control
and CNT-S (p < 0.05, Fig. 8a). We also measured the
concentration of dsDNA in the culture supernatant with
fluorometric analysis. Both MWCNTs nonsignificantly
and significantly (p < 0.01) increased the release of
dsDNA from the cells at 4 and 8 h, respectively (Fig. 8b).
Fluorescent immunohistochemistry revealed that the
pretreatment of the cells with anti-HMGB1 and anti-
RAGE antibodies reduced CNT-L-induced 8-nitroG for-
mation (Fig. 8c). The addition of their isotype control
IgGs (IgG1 and IgG2a for anti-HMGB1 and anti-RAGE
antibodies, respectively) did not affect 8-nitroG forma-
tion (Fig. 8c). Anti-HMGB1 and anti-RAGE antibodies
showed similar inhibitory effects on CNT-S-induced 8-
nitroG formation (data not shown). Quantitative image
analysis revealed that the addition of anti-HMGB1 and
anti-RAGE antibodies significantly reduced the staining
intensity of 8-nitroG in CNT-S- and CNT-L-treated cells
(p < 0.001, Fig. 8d). We confirmed that these antibodies
and control IgGs did not show significant cytotoxicity in
A549 cells under the conditions used (Additional file 10:
Figure S9). These antibodies also reduced 8-nitroG for-
mation in MWCNT-exposed HBEpC cells (Additional
file 11: Figure S10).
We examined whether the culture supernatant of

MWCNT-exposed A549 cells induces 8-nitroG forma-
tion in fresh cells. No or very weak 8-nitroG formation
was observed in control cells not treated with culture
supernatant. The supernatant of MWCNT-exposed cells
clearly induced 8-nitroG formation, whereas the super-
natant of non-treated cells induced only slight 8-nitroG
formation (Fig. 8e). Image analysis revealed that the
supernatant of MWCNT-exposed cells significantly

increased its staining intensity compared with the con-
trol (p < 0.001) and the cells treated with control cell
supernatant (p < 0.01, Fig. 8 f ). The supernatant of CNT-
L-exposed cells induced significantly stronger 8-nitroG
formation than that of CNT-S-exposed cells (p < 0.01,
Fig. 8 f ).
HMGB1 has been reported to interact with TLR2 and

TLR4 on the cell surface to induce inflammatory re-
sponses [33]. We examined the effects of anti-TLR2 and
anti-TLR4 antibodies on MWCNT-induced 8-nitroG
formation, but these antibodies did not reduce 8-nitroG
formation (Additional file 12: Figure S11).

Association of HMGB1, RAGE and TLR9 in MWCNT-treated
cells
Figures 9 and 10 show the localization of HMGB1,
RAGE and TLR9 in MWCNT-treated cells examined by
double immunofluorescent techniques. In non-treated
control cells, HMGB1 was expressed in the nucleus, and
did not colocalize with TLR9 in the cytosol (Fig. 9a). In
MWCNT-treated cells, HMGB1 staining was also ob-
served in the cytosol, and colocalized with TLR9 (Fig. 9a).
RAGE staining was observed in the cell membrane and
cytosol of control cells, but did not colocalize with TLR9
(Fig. 9b). In MWCNT-treated cells, RAGE exhibited a
vesicular pattern in the cytosol and colocalized with
TLR9 (Fig. 9b). Co-immnoprecipitation using anti-TLR9
antibody and Western blotting revealed that the band
intensities of RAGE and HMGB1 were increased by
MWCNT compared with the control, suggesting that
TLR9 interacts with these molecules in MWCNT-
exposed cells (Fig. 9c). The colocalization of RAGE and
HMGB1 was observed in the cytosol of MWCNT-
treated cells, but not in control cells (Fig. 10a). RAGE

Fig. 5 NO release and GSH decrease in MWCNT-treated cells. A549 cells were treated with 1 μg/ml MWCNT for indicated durations at 37 °C.
a NO release from MWCNT-treated cells. The concentrations of NO2

- and NO3
- in culture supernatant were measured by the Griess method as

described in Methods. b Decrease of GSH contents in MWCNT-treated cells. Intracellular GSH contents were measured with HPLC coupled with
an ECD as described in Methods. Data represent means ± SD of 3 independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001, compared with
the control; ##p < 0.01, compared with CNT-S-treated cells by ANOVA followed by Tukey’s test

Hiraku et al. Particle and Fibre Toxicology  (2016) 13:16 Page 10 of 21



was colocalized with LAMP1, a lysosome marker, in
MWCNT-treated cells (Fig. 10b). These results suggest
that HMGB1 and RAGE undergo cellular internalization
and interact with TLR9 in the lysosome of MWCNT-
exposed cells.

Discussion
We investigated MWCNT-induced DNA damage medi-
ated by inflammatory responses in human lung epithelial
cell lines, A549 and HBEpC, and its molecular mechan-
ism. Inflammation is the primary source of RNS, and the
formation of nitrative DNA lesions, including 8-nitroG,
may contribute to MWCNT-induced carcinogenesis. We
previously demonstrated that 8-nitroG was formed at
the sites of inflammation-related carcinogenesis in

animal models and clinical specimens [19–22]. The
glycosidic bond between 8-nitroG and deoxyribose is
chemically unstable and thus 8-nitroG can be spontan-
eously released to form an apurinic site [41]. During
DNA synthesis, adenine is preferentially misincorporated
opposite an apurinic site [42] and intact 8-nitroG [43],
leading to G → T transversion [42]. Therefore, 8-nitroG
is a potentially mutagenic DNA lesion.
In this study, immunocytochemistry and quantitative

image analysis revealed that CNT-L significantly in-
creased 8-nitroG formation at 0.05 μg/ml (equivalent to
14 ng/cm2) in A549 cells. According to a recent work-
place exposure assessment [44] and a particle deposition
model [45], we estimated that the level of CNT depos-
ition in human alveoli reaches 14 ng/cm2 within 8 years

Fig. 6 Intracellular distribution of MWCNT and effects of endocytosis inhibitors on inflammatory responses. a Intracellular distribution of CNT-S
and effects of endocytosis inhibitors. A549 cells were incubated with 1 μg/ml of CNT-S for 4 h at 37 °C. In certain experiments, the cells were
pretreated with 2 mM MBCD or 50 μM MDC for 30 min. Then the cells were observed by TEM as described in Methods. Numerous fibers can be
seen in vesicular structures in the cytosol (arrows and inset), but no or few fibers are observed in MBCD- and MDC-pretreated cells. b Intracellular
distribution of CNT-L. A549 cells were incubated with 1 μg/ml of CNT-L for 4 h at 37 °C. Only a few fibers are observed in vesicular structures in
the cytosol (arrow and inset), and long fibers penetrated the plasma and nuclear membranes (black arrowheads). a, b Bars = 1 μm. N = nucleus.
Nuclear membrane is indicated by white arrowheads. Effects of various inhibitors on CNT-L-induced 8-nitroG formation (c) and iNOS expression
(d). A549 cells were treated with 1 μg/ml of CNT-L for 8 h at 37 °C in the presence of an inhibitor (1 μM 1400 W, 10 μM Bay, 1 μM CytoD, 2 mM
MBCD or 50 μM MDC). Then, fluorescent immunocytochemistry was performed as described in Methods. Hoechst, Hoechst 33258.
Magnification, X200
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Fig. 7 (See legend on next page.)
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(Table 2). Because this estimation was made by assuming
that CNT is evenly distributed on the alveolar surface,
CNT level may actually exceed this value at particular
sites in a shorter duration. Therefore, our experimental
conditions appear to be occupationally relevant. CNT-L
induced maximal 8-nitroG formation at 1 μg/ml and its
staining intensity was decreased at 2 μg/ml in both cell
lines, probably due to a dose-dependent cytotoxic effect
as demonstrated by MTT assay or fluorescence quench-
ing by MWCNT that remained in cells. CNT-L tempor-
arily caused significantly stronger 8-nitroG formation
and iNOS expression in A549 cells than CNT-S at 8 h,
although there was no significant difference thereafter.
Previous studies demonstrated that long CNT fibers
caused more severe histopathological changes and
tumorigenicity than short fibers in experimental animals
[5, 46]. These results suggest that inflammation-related
DNA damage is partially involved in the effect of fiber
length on CNT-induced carcinogenicity. CNT-S signifi-
cantly increased 8-nitroG formation compared with the
control, but the release of NO into the culture super-
natant was not significantly increased at 4 h. This dis-
crepancy is probably because a large part of intracellular
NO reacts with biomolecules, including DNA bases and
GSH, before the leakage into the extracellular space.
MWCNT exposure significantly decreased intracellular
GSH contents, and this finding supports NO production
in cells.
MWCNT used in this study contained relatively high

concentrations of iron, nickel and molybdenum, all of
which are reported to be lung carcinogens [47–50]. In
this study, we examined whether these trace metals in-
duce DNA damage on the assumption that metal impur-
ities were released from MWCNT into biological fluid.
These metal compounds did not cause 8-nitroG forma-
tion, suggesting that metal impurities have no or weak

ability to catalyze reactive species and cause DNA dam-
age under the conditions used. It has been reported that
iron and molybdenum were released from their particles
in synthetic body fluid [51] and that nickel ions were re-
leased from nickel oxide nanoparticles in dispersion
[52]. The bioavailability of metals used in this experi-
ment appears to be comparable to those contained in
MWCNT, although we cannot exclude the possibility
that metal impurities remained insoluble in our experi-
mental systems.
TEM revealed that short MWCNT fibers were

found in vesicular structures in the cytosol. Their cel-
lular internalization was suppressed by MBCD and
MDC, inhibitors of caveolae- and clathrin-mediated
endocytosis, respectively. Nanoparticles up to approxi-
mately 500 nm and 200 nm are primarily internalized
by caveolae- and clathrin-mediated endocytosis, re-
spectively [53, 54]. MWCNT used in this study may
be internalized via endocytosis, because the mean di-
ameters of their agglomerates were within 500 nm.
Nanoparticles are considered to induce cell death via
the cellular internalization and lysosomal dysfunction
[55]. In addition, long MWCNT fibers were found in
the cytosol and nucleus. There are observations that
MWCNT pierced the plasma and nuclear membranes
of lung epithelial [25] and mesothelial cells [7], in
agreement with this study. However, there is a possi-
bility that MWCNT was displaced during cutting the
sections for TEM and appeared in the cytosol and
nucleus, because MWCNT is a very hard material. In
addition, MWCNT in lysosomes may leak out into
the cytosol and interact with other organelles. Taken
together, MWCNT appears to cause cell injury in
endocytosis-dependent and possibly independent man-
ners, although the precise mechanism remains to be
clarified.

(See figure on previous page.)
Fig. 7 Inhibitory effect of TLR9 siRNA on MWCNT-induced 8-nitroG formation. a Immunofluorescent images of reduced TLR9 expression and the
absence of 8-nitroG formation in siRNA-transfected cells. A549 cells were transfected with negative control or TLR9 siRNA (siRNA-1 and siRNA-2).
TLR9 expression and 8-nitroG formation were examined by fluorescent immunocytochemistry. Hoechst, Hoechst 33258. Magnification, X400. b
Relative staining intensity of TLR9 in siRNA-transfected A549 cells. The staining intensity of TLR9 per cell was analyzed by an ImageJ software.
Relative staining intensity of the control was set at 1. Data represent means ± SD of 4 independent experiments. ***p < 0.001, compared with the
control; ###p < 0.001, compared with negative control siRNA-transfected cells. c Reduction of TLR9 expression in siRNA-transfected cells. A549 cells
transfected with TLR9 siRNA were lysed and treated, and then Western blotting was performed to detect TLR9 and GAPDH as described in
Methods. d Relative intensity of TLR9 expression in siRNA-transfected A549 cells. The relative band intensity of TLR9 normalized by GAPDH was
measured with an ImageJ software. Data represent means ± SD of 3 independent experiments. **p < 0.01 and ***p < 0.001, compared with the
control; #p < 0.05 and ##p < 0.01, compared with negative control siRNA-transfected cells. e Inhibitory effect of TLR9 siRNA on MWCNT-induced
8-nitroG formation. After siRNA transfection, A549 cells were treated with 1 μg/ml CNT-L for 8 h. 8-NitroG formation was analyzed by fluorescent
immunocytochemistry. Magnification, X200. f Quantitative image analysis for effects of TLR9 siRNA on MWCNT-induced 8-nitroG formation.
Staining intensity was analyzed as described in (b). Data represent means ± SD of 3-4 independent experiments. ***p < 0.001, compared with the
control, ###p < 0.001, compared with MWCNT alone, $$p < 0.01 and $$$p < 0.001, compared with MWCNT + negative control siRNA. g Effect of TLR9
siRNA on NO release from MWCNT-exposed cells. After siRNA transfection, A549 cells were treated with 1 μg/ml CNT-L for 4 h. Data represent
means ± SD of 5-6 independent experiments. ***p < 0.001, compared with the control; #p < 0.05 and ###p < 0.001, compared with CNT-L-treated
cells. Statistical analysis was performed by ANOVA followed by Tukey’s test
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Fig. 8 (See legend on next page.)
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TLRs are responsible for inflammatory responses
against a wide variety of infectious and noninfectious
agents. TLR9 resides in endosomes and lysosomes, and
activates inflammatory responses via interaction with
CpG DNA of exogenous and endogenous origins [26].
In human lung tissues, TLR9 is expressed in alveolar
macrophage, bronchial epithelium and alveolar septal
cells [29]. HMGB1 is a nuclear protein, which is re-
leased from damaged or necrotic cells and associated
with inflammatory diseases and cancer [32, 33]. The
HMGB1-DNA complex binds to RAGE and then acti-
vates TLR9-mediated inflammatory responses [31]. In
this study, the formation of the HMGB1-DNA complex
is supported by the cytotoxicity of MWCNT and the re-
lease of HMGB1 and dsDNA from MWCNT-treated
cells into the culture supernatant. This hypothesis is
also supported by the finding that the culture super-
natant of MWCNT-treated A549 cells significantly in-
creased 8-nitroG formation in fresh cells. A previous
study showed that non-treated A549 cells released
DNA at similar levels to that measured in this study,
and DNA release was increased with an increase in the
number of dead cells [56]. MWCNT-induced 8-nitroG
formation was attenuated by pretreatment with anti-
HMGB1 and anti-RAGE antibodies and the transfec-
tion with TLR9 siRNA in both A549 and HBEpC cells,
suggesting that the HMGB1-RAGE-TLR9 signaling
pathway plays the key role in MWCNT-induced DNA
damage. The involvement of TLR9 in DNA damage is
supported by the inhibitory effect of siRNA on NO re-
lease from MWCNT-exposed cells. The addition of iso-
type control IgGs and the transfection with negative
control siRNA did not affect 8-nitroG formation, con-
firming that the involvement of these molecules. Anti-
bodies against TLR2 and TLR4, which are reported to
interact with HMGB1 on cell surface [33], did not re-
duce MWCNT-induced 8-nitroG formation, suggesting

that the contribution of these receptors to genotoxicity
is small. MWCNT-induced 8-nitroG formation was at-
tenuated by MBCD, MDC and CytoD, suggesting that
the HMGB1-DNA complex is internalized into the cells
via endocytosis. MBCD induces cholesterol depletion in
the plasma membrane. Cholesterol accumulation pro-
motes inflammatory responses, including activation of
TLR signaling pathways [57]. MDC is used to stain au-
tophagic vacuoles [58]. There is increasing evidence
that autophagy participates in induction of inflamma-
tory responses [59]. Therefore, the effects of these che-
micals on MWCNT-induced DNA damage may be
partially accounted for by endocytosis-independent
mechanisms.
Double immunofluorescent analysis revealed that

HMGB1, RAGE, TLR9 and the lysosomal marker
LAMP1 were colocalized in the cytosol, indicating
that these molecules interact in lysosomes. Co-
immunoprecipitation and Western blotting confirmed
that TLR9 was associated with HMGB1 and RAGE
in MWCNT-exposed cells. TLR9 mediates NF-κB-
dependent inflammatory responses [26] and NF-κB
mediates the expression of iNOS and various cyto-
kines [60, 61]. 8-NitroG formation was inhibited by
1400 W and Bay, indicating the involvement of NF-
κB-dependent iNOS expression. Relevantly, asbestos
induces inflammatory responses via an HMGB1-
dependent pathway in cultured cells, experimental
animals and exposed individuals [34]. HMGB1 and
CpG oligonucleotides synergistically enhanced the
proliferation and invasive potential of human lung
cancer cells via the interaction with RAGE [62].
These findings support our hypothesis that TLR9-
mediated signaling pathway contributes to inflamma-
tion and genotoxicity induced by MWCNT, although
there remains a possibility that MWCNT induces
HMGB1-mediated inflammatory responses via NLRP3

(See figure on previous page.)
Fig. 8 Release of HMGB1 and dsDNA from MWCNT-treated cells and inhibitory effects of antibodies on 8-nitroG formation. a Release of HMGB1
from MWCNT-treated cells. A549 cells were treated with 1 μg/ml of MWCNT for indicated durations at 37 °C. Then the concentration of HMGB1
in the culture supernatant was measured by a commercial ELISA kit. b Release of dsDNA from MWCNT-treated cells. A549 cells were treated with
1 μg/ml of MWCNT at 37 °C, and the concentration of dsDNA in the culture supernatant was measured with a Quantus fluorometer. a, b Data
represent means ± SD of 3 independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the control; #p < 0.05, compared with
CNT-S-treated cells. c Inhibitory effects of anti-HMGB1 and anti-RAGE antibodies on MWCNT-induced 8-nitroG formation. A549 cells were
pretreated with 10 μg/ml anti-HMGB1 or anti-RAGE antibody (or corresponding control IgG) for 30 min and then treated with 1 μg/ml CNT-L for
8 h. Then fluorescent immunocytochemistry was performed as described in Methods. Hoechst, Hoechst 33258. Magnification, X200. d Quantitative
image analysis for effects of the antibodies on 8-nitroG formation in MWCNT-treated cells. Staining intensity per cell was analyzed by an ImageJ
software. Relative staining intensity of the control was set at 1. Data represent means ± SD of 8 (control and MWCNT alone) or 4 (MWCNT plus an
antibody) independent experiments. ***p < 0.001, compared with the control; ##p < 0.01 and ###p < 0.001. e 8-NitroG formation induced by culture
supernatant of MWCNT-exposed cells. A549 cells were treated with 1 μg/ml of MWCNT for 8 h, and the culture supernatant was given to fresh
A549 cells, followed by incubation for 2 h at 37 °C. 8-NitroG formation was examined by fluorescent immunocytochemistry. f Quantitative image
analysis for 8-nitroG formation induced by culture supernatant of MWCNT-treated cells. Staining intensity was analyzed as described in (d). Data
represent means ± SD of 3-4 independent experiments. ***p < 0.001, compared with the non-treated control; ##p < 0.01 and ###p < 0.001,
compared with the cells treated with control cell supernatant; $$p < 0.01. Statistical analysis was performed by ANOVA followed by Tukey’s test
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inflammasome as demonstrated by an in vivo experi-
ment [63].
On the basis of our results, the proposed mechanism

of MWCNT-induced DNA damage is shown in Fig. 11.
MWCNT causes cell injury or necrosis via endocytosis
or penetration of the plasma membranes. HMGB1 and
DNA are released from damaged cells and form the
HMGB1-DNA complex, which interacts with RAGE to

be internalized into neighboring living cells. CpG DNA
bound to HMGB1 is recognized by TLR9 in the endo-
some and/or lysosomes. TLR9 mediates NO generation
via NF-κB-dependent iNOS expression, resulting in
nitrative DNA damage. This mechanism may contribute
to MWCNT-induced carcinogenesis.
In this study, MWCNTs induced 8-nitroG forma-

tion and NO generation in cultured cells, but did not

Fig. 9 Association of TLR9 with HMGB1 and RAGE in MWCNT-treated cells. A549 cells were treated with 1 μg/mL MWCNT for 8 h. Double im-
munofluorescent analysis was performed to examine the colocalization of TLR9 with HMGB1 (a) and RAGE (b) as described in Methods. HMGB1
and RAGE were stained with the corresponding mouse monoclonal antibodies and Alexa 488-labeled goat anti-mouse IgG antibody. TLR9 was
stained with the rabbit polyclonal antibody and Alexa 594-labeled goat anti-rabbit IgG antibody. Hoechst, Hoechst 33258. Magnification, X400.
Arrows indicate the colocalization of TLR9 with HMGB1 or RAGE in the cytosol. c Interaction of TLR9 with RAGE and HMGB1. Immunoprecipitation
(IP) was performed using anti-TLR9 rabbit polyclonal antibody and TLR9, RAGE and HMGB1 were detected by Western immunoblotting (IB). The
membrane was treated with corresponding mouse monoclonal antibodies. Data are representative of 3 independent experiments
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Table 2 Estimation of alveolar MWCNT deposition in exposed individuals

Factors Values References

Mean of airborne MWCNT concentration 10.6 μg/m3 [44]

Minute ventilation 0.02 m3/min

Diameter of MWCNT agglomerates 400 nm Fig. 1c (in this study)

Alveolar deposition efficiency (dependent on diameter of agglomerates) 7 % [45]

Alveolar surface area 100 m2

Alveolar deposition of MWCNT

10.6 μg/m3 × 0.02 m3/min × 7 % =14.8 ng/min

=7.10 μg/day (8 h/day)

=35.5 μg/week (5 days/week)

=1.78 mg/year (50 weeks/year)

=1.78 ng/cm2/year (per alveolar surface area)

MWCNT deposition reaches 14 ng/cm2 (at which 8-nitroG formation was increased) in

(14 ng/cm2)/(1.78 ng/cm2/year) =7.87 years

Fig. 10 Colocalization of RAGE with HMGB1 and LAMP1 in MWCNT-treated cells. A549 cells were treated with 1 μg/mL MWCNT for 8 h, and then
double immunofluorescent analysis was performed to examine the colocalization of RAGE with HMGB1 (a) and LAMP1, a lysosomal marker (b), as
described in Methods. RAGE was stained with the mouse monoclonal antibody and Alexa 488-labeled goat anti-mouse IgG antibody. HMGB1 and
LAMP were stained with the corresponding rabbit polyclonal antibodies and Alexa 594-labeled goat anti-rabbit IgG antibody. Hoechst, Hoechst
33258. Magnification, X400. Arrows indicate the colocalization of RAGE with HMGB1 or LAMP in the cytosol
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increase 8-oxodG formation and ROS generation.
Physiological levels of O2

- and NO react to produce
ONOO- and its conjugate acid, ONOOH. ONOOH
decomposes via homolysis to give •OH and •NO2,
which cause oxidative and nitrative DNA damage, re-
spectively. However, under physiological conditions,
ONOO- reacts with CO2 derived from bicarbonate to
generate peroxynitrosocarbonate (ONOOCO2

-), which
undergoes homolysis to give •NO2 and •CO3

- [64, 65]. An
in vitro experiment revealed that the addition of bicarbon-
ate dose-dependently increased ONOO--induced 8-nitroG
formation (up to 10 mM), but had no effect on 8-
oxoguanine formation, suggesting that CO2 potenti-
ates 8-nitroG formation and inactivates •OH-like
activity of ONOOH [66]. Although the cell culture
medium used in this study (DMEM) contains sodium
bicarbonate (NaHCO3) at a relatively high concentration
(44 mM, disclosed by the manufacturer), bicarbonate
abundantly exists under physiological conditions (ap-
proximately 25 mM) [67]. Therefore, MWCNTs
appear to preferably induce 8-nitroG formation in
biological systems.

Conclusions
In this study, MWCNT induced nitrative DNA dam-
age in human lung epithelial cell lines under the oc-
cupationally relevant conditions. The DNA damage
involves the release of HMGB1 and DNA from dam-
aged and/or necrotic cells due to MWCNT exposure.
The interaction of the HMGB1-DNA complex with
RAGE leads to TLR9 activation, which mediates NO
generation and resulting DNA damage. This is the
first study demonstrating that TLR9 and related
molecules participate in MWCNT-induced genotoxi-
city. This study raises a possibility that 8-nitroG can
be used as a biomarker to evaluate the carcinogenic

risks of particulate and fibrous materials and that
the HMGB1-RAGE-TLR9 pathway is a diagnostic
and therapeutic target of diseases caused by these
materials.

Additional files

Additional file 1: Table S1. Full metal analysis for trace elements
contained in MWCNTs used in this study. (DOC 77 kb)

Additional file 2: Figure S1. Dispersion of MWCNT agglomerates in
different media. CNT-L was dispersed by sonication in PBS, dispersion
medium (DM) and DMEM, and then observed with a light microscope as
described in Methods. Agglomerates were much more efficiently dispersed
in DMEM than in PBS and dispersion medium. Bar = 50 μm. (TIF 579 kb)

Additional file 3: Figure S2. Effect of MWCNT on UV-visible spectrum
of MTT. (A) UV-visible spectra of MWCNT (CNT-S or CNT-L, 1 μg/ml). (B) Ef-
fect of MWCNT on the spectrum of MTT. The reaction mixture contained
0.05 mg/ml MTT, and 1 μg/ml CNT-S or CNT-L was added. The spectra
were measured before (MTT) and immediately (0 min) and 20 min after
the addition of MWCNT (+CNT-S and + CNT-L) at 25 °C. There was no
spectral change at 0 and 20 min. (TIF 125 kb)

Additional file 4: Figure S3. DNA damage in CNT-S-treated cells. (A)
Immunofluorescent images of 8-nitroG formation in CNT-S-treated A549
cells. A549 cells were incubated with CNT-S at indicated concentrations for
8 h at 37 °C, and 8-nitroG formation was examined by immunofluorescent
technique as described in Methods. Hoechst, Hoechst 33258. Magnification,
X200. (B) Relative staining intensity of 8-nitroG formed in CNT-S-treated
A549 cells. Staining intensity per cell was analyzed by an ImageJ software.
Relative staining intensity of the control was set at 1. Data represent
means ± SD of 3 or 4 independent experiments. ***p < 0.001, compared
with the control. (C) 8-NitroG formation in CNT-S-treated HBEpC cells. HBEpC
cells were treated with CNT-S at indicated concentrations for 4 h at 37 °C,
and immunofluorescent technique was performed. Magnification, X100. (D)
Relative staining intensity of 8-nitroG formed in CNT-S-treated HBEpC cells.
Staining intensity was analyzed as described in (B). Data represent
means ± SD of 3 or 4 independent experiments. ***p < 0.001,
compared with the control. Statistical analysis was performed by
ANOVA followed by Tukey’s test. (TIF 654 kb)

Additional file 5: Figure S4. Effect of trace metals contained in
MWCNT on 8-nitroG formation. A549 cells were treated with 2 ng/ml iron
(36 nM FeCl3), 4 ng/ml nickel (68 nM NiCl2), 15 ng/ml molybdenum
(156 nM MoCl5) or 1 μg/ml CNT-L for 8 h at 37 °C. 8-NitroG formation
was examined by fluorescent immunocytochemistry as described in
Methods. Hoechst, Hoechst 33258. Magnification, X200. (TIF 607 kb)

Fig. 11 Proposed mechanism of MWCNT-induced DNA damage
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Additional file 6: Figure S5. ROS generation and oxidative DNA
damage in MWCNT-treated cells. A549 cells were treated with 1 μg/ml
MWCNT for indicated durations at 37 °C. (A) Flow cytometric fluorescence
distributions of MWCNT-treated cells. Five μM CM-H2DCFDA was added
30 min before the end of the incubation. Intracellular peroxide formation
was examined by flow cytometry. Broken line, control; solid line,
MWCNT-treated cells. Each peak shows averaged fluorescence
distribution of 3 independent samples. (B) Amount of 8-oxodG in
MWCNT-treated cells. DNA was extracted from MWCNT-treated cells
and 8-oxodG formation was analyzed with HPLC coupled with an
ECD as described in Methods. (TIF 219 kb)

Additional file 7: Figure S6. Effects of various inhibitors on
CNT-S-induced 8-nitroG formation and iNOS expression. A549 cells
were treated with 1 μg/ml of CNT-S for 8 h at 37 °C in the presence
of an inhibitor (1 μM 1400 W, 10 μM Bay, 1 μM CytoD, 2 mM MBCD
or 50 μM MDC). Then, fluorescent immunocytochemistry was performed to
detect 8-nitroG (A) and iNOS (B) as described in Methods. Hoechst, Hoechst
33258. Magnification, X200. (TIF 605 kb)

Additional file 8: Figure S7. Cytotoxic effects of iNOS and endocytosis
inhibitors. A549 cells were treated with inhibitors of iNOS (1 μM 1400 W
and 10 μM Bay) and endocytosis (2 mM MBCD, 50 μM MDC and 1 μM
CytoD) for 8 h at 37 °C, and the cell viability was examined by MTT assay.
Viability of the control cells was set at 100 %. Data represent means ± SD
of 6 independent experiments. These inhibitors did not cause significant
cytotoxic effects (by ANOVA followed by Tukey’s test). (TIF 582 kb)

Additional file 9: Figure S8. Inhibitory effect of TLR9 siRNA on 8-nitroG
formation in MWCNT-treated HBEpC cells. HBEpC cells were transfected
with 10 nM negative control siRNA or TLR9 siRNA-1 for 2 days, followed
by the treatment with 1 μg/ml CNT-L for 4 h. In certain experiments, the
cells were treated with siRNA alone. 8-NitroG formation was analyzed by
fluorescent immunocytochemistry. Hoechst, Hoechst 33258. Magnification,
X100. (TIF 342 kb)

Additional file 10: Figure S9. Cytotoxic effects of antibodies and
control IgGs. A549 cells were treated with 10 μg/ml anti-HMGB1 or
anti-RAGE antibody or control IgG for 16 h at 37 °C, and the cell viability
was examined by MTT assay. Viability of the control cells was set at
100 %. Data represent means ± SD of 6 independent experiments. These
antibodies did not cause significant cytotoxic effects (by ANOVA followed
by Tukey’s test). (TIF 304 kb)

Additional file 11: Figure S10. Inhibitory effects of anti-HMGB1 and
anti-RAGE antibodies on 8-nitroG formation in MWCNT-treated HBEpC
cells. HBEpC cells were pretreated with 10 μg/ml anti-HMGB1 or anti-RAGE
antibody for 30 min, followed by the treatment with 1 μg/ml CNT-L for 4 h.
8-NitroG formation was analyzed by fluorescent immunocytochemistry.
Hoechst, Hoechst 33258. Magnification, X100. (TIF 158 kb)

Additional file 12: Figure S11. Effects of anti-TLR2 and anti-TLR4
antibodies on MWCNT-induced 8-nitroG formation. A549 cells were
pretreated with 10 μg/ml anti-TLR2 or anti-TLR4 antibody for 30 min
and then treated with 1 μg/ml MWCNT for 8 h. 8-NitroG formation
was analyzed by fluorescent immunocytochemistry. (A) Fluorescent
images of MWCNT-exposed cells pretreated with anti-TLR2 and
anti-TLR4 antibodies. Hoechst, Hoechst 33258. Magnification, X200. (B)
Quantitative image analysis for effects of the antibodies on 8-nitroG
formation. Staining intensity per cell was analyzed by an ImageJ
software. Relative staining intensity of the control was set at 1. Data
represent means ± SD of 3-4 independent experiments. **p < 0.01 and
***p < 0.001, compared with the control by ANOVA followed by
Tukey’s test. (TIF 604 kb)

Abbreviations
8-nitroG: 8-nitroguanine; 8-oxodG: 8-oxo-7,8-dihydro-2'-deoxyguanosine;
ANOVA: analysis of variance; Bay: Bay11-7082; CM-H2DCFDA: 5-(and-6)-
chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate acetyl ester;
CNT: carbon nanotube; CytoD: cytochalasin D; DMEM: Dulbecco’s modified
Eagle’s medium; dsDNA: double-stranded DNA; ECD: electrochemical
detector; FBS: fetal bovine serum; GSH: glutathione; HMGB1: high-mobility
group box-1; HPLC: high-performance liquid chromatography;
HRP: horseradish peroxidase; ICP-AES: inductively coupled plasma-atomic

emission spectrometry; ICP-MS: inductively coupled plasma mass spectrometry;
iNOS: inducible NO synthase; LAMP: lysosome-associated membrane protein;
MBCD: methyl-β-cyclodextrin; MDC: monodansylcadaverine; MTT: 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MWCNT: multi-walled
CNT; NF-κB: nuclear factor-κB; NO: nitric oxide; NO2

- : nitrite; NO3
- : nitrate; O2

-

: superoxide; ONOO-: peroxynitrite; PBS: phosphate-buffered saline;
RAGE: receptor for advanced glycation end-products; RNS: reactive nitrogen
species; ROS: reactive oxygen species; siRNA: small-interfering RNA;
TEM: transmission electron microscopy; TLR: Toll-like receptor.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
YH designed this study and prepared MWCNT samples. YH, FG, TY and NM
carried out immunocytochemical analysis. NM produced anti-8-nitroG anti-
body and instructed immunocytochemistry. FG, NM and SW performed TEM.
YH carried out MTT assay, ELISA, fluorometry and Western blotting. The draft
manuscript was written by YH and revised critically by FG, NM, TY, SW, SK
and MM. All authors read, corrected and approved the final manuscript.

Acknowledgements
This work was supported by Grants-in-Aid for Scientific Research from the
Ministry of Education, Culture, Sports, Science and Technology of Japan
(Grant No. 25670313).

Author details
1Department of Environmental and Molecular Medicine, Mie University
Graduate School of Medicine, 2-174 Edobashi, Tsu, Mie 514-8507, Japan.
2Faculty of Nursing Science, Suzuka University of Medical Science, 3500-3
Minami-Tamagaki-cho, Suzuka, Mie 513-8670, Japan. 3Faculty of
Pharmaceutical Sciences, Suzuka University of Medical Science, 3500-3
Minami-Tamagaki-cho, Suzuka, Mie 513-8670, Japan.

Received: 2 June 2015 Accepted: 15 March 2016

References
1. Pacurari M, Castranova V, Vallyathan V. Single- and multi-wall carbon

nanotubes versus asbestos: are the carbon nanotubes a new health risk to
humans? J Toxicol Environ Health A. 2010;73:378–95.

2. Medina C, Santos-Martinez MJ, Radomski A, Corrigan OI, Radomski MW.
Nanoparticles: pharmacological and toxicological significance. Br J
Pharmacol. 2007;150:552–8.

3. Pacurari M, Yin XJ, Zhao J, Ding M, Leonard SS, Schwegler-Berry D, et al.
Raw single-wall carbon nanotubes induce oxidative stress and activate
MAPKs, AP-1, NF-κB, and Akt in normal and malignant human mesothelial
cells. Environ Health Perspect. 2008;116:1211–7.

4. Oberdörster G. Safety assessment for nanotechnology and nanomedicine:
concepts of nanotoxicology. J Intern Med. 2010;267:89–105.

5. Poland CA, Duffin R, Kinloch I, Maynard A, Wallace WA, Seaton A, et al.
Carbon nanotubes introduced into the abdominal cavity of mice show
asbestos-like pathogenicity in a pilot study. Nat Nanotechnol. 2008;3:423–8.

6. Takagi A, Hirose A, Nishimura T, Fukumori N, Ogata A, Ohashi N, et al.
Induction of mesothelioma in p53+/- mouse by intraperitoneal application
of multi-wall carbon nanotube. J Toxicol Sci. 2008;33:105–16.

7. Nagai H, Okazaki Y, Chew SH, Misawa N, Yamashita Y, Akatsuka S, et al.
Diameter and rigidity of multiwalled carbon nanotubes are critical factors in
mesothelial injury and carcinogenesis. Proc Natl Acad Sci U S A.
2011;108:E1330–8.

8. Sakamoto Y, Nakae D, Fukumori N, Tayama K, Maekawa A, Imai K, et al.
Induction of mesothelioma by a single intrascrotal administration of
multi-wall carbon nanotube in intact male Fischer 344 rats. J Toxicol Sci.
2009;34:65–76.

9. Murphy FA, Poland CA, Duffin R, Donaldson K. Length-dependent pleural
inflammation and parietal pleural responses after deposition of carbon
nanotubes in the pulmonary airspaces of mice. Nanotoxicology.
2013;7:1157–67.

10. Hussain SP, Harris CC. Inflammation and cancer: an ancient link with novel
potentials. Int J Cancer. 2007;121:2373–80.

11. Coussens LM, Werb Z. Inflammation and cancer. Nature. 2002;420:860–7.

Hiraku et al. Particle and Fibre Toxicology  (2016) 13:16 Page 19 of 21

dx.doi.org/10.1186/s12989-016-0127-7
dx.doi.org/10.1186/s12989-016-0127-7
dx.doi.org/10.1186/s12989-016-0127-7
dx.doi.org/10.1186/s12989-016-0127-7
dx.doi.org/10.1186/s12989-016-0127-7
dx.doi.org/10.1186/s12989-016-0127-7
dx.doi.org/10.1186/s12989-016-0127-7


12. Balkwill F, Mantovani A. Inflammation and cancer: back to Virchow? Lancet.
2001;357:539–45.

13. Porter DW, Hubbs AF, Mercer RR, Wu N, Wolfarth MG, Sriram K, et al. Mouse
pulmonary dose- and time course-responses induced by exposure to
multi-walled carbon nanotubes. Toxicology. 2010;269:136–47.

14. Shvedova AA, Kisin ER, Porter D, Schulte P, Kagan VE, Fadeel B, et al.
Mechanisms of pulmonary toxicity and medical applications of carbon
nanotubes: Two faces of Janus? Pharmacol Ther. 2009;121:192–204.

15. Jacobsen NR, Moller P, Jensen KA, Vogel U, Ladefoged O, Loft S, et al. Lung
inflammation and genotoxicity following pulmonary exposure to
nanoparticles in ApoE-/- mice. Part Fibre Toxicol. 2009;6:2.

16. Hussain SP, Hofseth LJ, Harris CC. Radical causes of cancer. Nat Rev Cancer.
2003;3:276–85.

17. Ohshima H, Tatemichi M, Sawa T. Chemical basis of inflammation-induced
carcinogenesis. Arch Biochem Biophys. 2003;417:3–11.

18. Yermilov V, Rubio J, Becchi M, Friesen MD, Pignatelli B, Ohshima H.
Formation of 8-nitroguanine by the reaction of guanine with peroxynitrite
in vitro. Carcinogenesis. 1995;16:2045–50.

19. Hiraku Y, Kawanishi S. Role of nitrative DNA damage in inflammation-related
carcinogenesis. In: Hiraku Y, Kawanishi S, Ohshima H, editors. Cancer and
Inflammation Mechanisms: Chemical, Biological, and Clinical Aspects.
Hoboken: Wiley; 2014. p. 41–59.

20. Hiraku Y. Formation of 8-nitroguanine, a nitrative DNA lesion, in
inflammation-related carcinogenesis and its significance. Environ Health
Prev Med. 2010;15:63–72.

21. Kawanishi S, Hiraku Y, Pinlaor S, Ma N. Oxidative and nitrative DNA damage
in animals and patients with inflammatory diseases in relation to
inflammation-related carcinogenesis. Biol Chem. 2006;387:365–72.

22. Kawanishi S, Hiraku Y. Oxidative and nitrative DNA damage as biomarker for
carcinogenesis with special reference to inflammation. Antioxid Redox
Signal. 2006;8:1047–58.

23. Hiraku Y, Kawanishi S, Ichinose T, Murata M. The role of iNOS-mediated DNA
damage in infection- and asbestos-induced carcinogenesis. Ann NY Acad
Sci. 2010;1203:15–22.

24. Hiraku Y, Sakai K, Shibata E, Kamijima M, Hisanaga N, Ma N, et al. Formation
of the nitrative DNA lesion 8-nitroguanine is associated with asbestos
contents in human lung tissues: a pilot study. J Occup Health.
2014;56:186–96.

25. Guo F, Ma N, Horibe Y, Kawanishi S, Murata M, Hiraku Y. Nitrative DNA
damage induced by multi-walled carbon nanotube via endocytosis in
human lung epithelial cells. Toxicol Appl Pharmacol. 2012;260:183–92.

26. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell.
2010;140:805–20.

27. Kindrachuk J, Potter JE, Brownlie R, Ficzycz AD, Griebel PJ, Mookherjee N, et
al. Nucleic acids exert a sequence-independent cooperative effect on
sequence-dependent activation of Toll-like receptor 9. J Biol Chem.
2007;282:13944–53.

28. Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, et al. A Toll-like
receptor recognizes bacterial DNA. Nature. 2000;408:740–5.

29. Schneberger D, Caldwell S, Kanthan R, Singh B. Expression of Toll-like
receptor 9 in mouse and human lungs. J Anat. 2013;222:495–503.

30. Droemann D, Albrecht D, Gerdes J, Ulmer AJ, Branscheid D, Vollmer E, et al.
Human lung cancer cells express functionally active Toll-like receptor 9.
Respir Res. 2005;6:1.

31. Tian J, Avalos AM, Mao SY, Chen B, Senthil K, Wu H, et al. Toll-like receptor
9-dependent activation by DNA-containing immune complexes is mediated
by HMGB1 and RAGE. Nat Immunol. 2007;8:487–96.

32. Jia L, Clear A, Liu FT, Matthews J, Uddin N, McCarthy A, et al. Extracellular
HMGB1 promotes differentiation of nurse-like cells in chronic lymphocytic
leukemia. Blood. 2014;123:1709–19.

33. Musumeci D, Roviello GN, Montesarchio D. An overview on HMGB1
inhibitors as potential therapeutic agents in HMGB1-related pathologies.
Pharmacol Ther. 2014;141:347–57.

34. Yang H, Rivera Z, Jube S, Nasu M, Bertino P, Goparaju C, et al. Programmed
necrosis induced by asbestos in human mesothelial cells causes
high-mobility group box 1 protein release and resultant inflammation.
Proc Natl Acad Sci U S A. 2010;107:12611–6.

35. Pinlaor S, Hiraku Y, Ma N, Yongvanit P, Semba R, Oikawa S, et al. Mechanism
of NO-mediated oxidative and nitrative DNA damage in hamsters infected
with Opisthorchis viverrini: a model of inflammation-mediated
carcinogenesis. Nitric Oxide. 2004;11:175–83.

36. Hiraku Y, Kawanishi S. Immunohistochemical analysis of 8-nitroguanine, a
nitrative DNA lesion, in relation to inflammation-associated carcinogenesis.
Methods Mol Biol. 2009;512:3–13.

37. Hiraku Y, Murata M, Kawanishi S. Determination of intracellular glutathione
and thiols by high performance liquid chromatography with a gold
electrode at the femtomole level: comparison with a spectroscopic assay.
Biochim Biophys Acta. 2002;1570:47–52.

38. Mizutani H, Hiraku Y, Tada-Oikawa S, Murata M, Ikemura K, Iwamoto T, et al.
Romidepsin (FK228), a potent histone deacetylase inhibitor, induces
apoptosis through the generation of hydrogen peroxide. Cancer Sci.
2010;101:2214–9.

39. Kasai H, Crain PF, Kuchino Y, Nishimura S, Ootsuyama A, Tanooka H.
Formation of 8-hydroxyguanine moiety in cellular DNA by agents
producing oxygen radicals and evidence for its repair. Carcinogenesis.
1986;7:1849–51.

40. Aquilano K, Baldelli S, Ciriolo MR. Glutathione: new roles in redox signaling
for an old antioxidant. Front Pharmacol. 2014;5:196.

41. Yermilov V, Rubio J, Ohshima H. Formation of 8-nitroguanine in DNA
treated with peroxynitrite in vitro and its rapid removal from DNA by
depurination. FEBS Lett. 1995;376:207–10.

42. Loeb LA, Preston BD. Mutagenesis by apurinic/apyrimidinic sites. Annu Rev
Genet. 1986;20:201–30.

43. Suzuki N, Yasui M, Geacintov NE, Shafirovich V, Shibutani S. Miscoding
events during DNA synthesis past the nitration-damaged base 8-
nitroguanine. Biochemistry. 2005;44:9238–45.

44. Erdely A, Dahm M, Chen BT, Zeidler-Erdely PC, Fernback JE, Birch ME, et al.
Carbon nanotube dosimetry: from workplace exposure assessment to
inhalation toxicology. Part Fibre Toxicol. 2013;10:53.

45. ICRP. Human Respiratory Tract Model for Radiological Protection. A Report
of a Task Group of the International Commission on Radiological Protection
(ICRP Publication 66). Edinburgh: Pergamon; 1994.

46. Murphy FA, Schinwald A, Poland CA, Donaldson K. The mechanism of
pleural inflammation by long carbon nanotubes: interaction of long fibres
with macrophages stimulates them to amplify pro-inflammatory responses
in mesothelial cells. Part Fibre Toxicol. 2012;9:8.

47. Siew SS, Kauppinen T, Kyyronen P, Heikkila P, Pukkala E. Exposure to iron
and welding fumes and the risk of lung cancer. Scand J Work Environ
Health. 2008;34:444–50.

48. IARC. Nickel and nickel compounds. In: IARC Monographs on the Evaluation
of Carcinogenic Risks to Humans, 100C. Lyon: IARC Press; 2012. p. 169–218.

49. Chan PC, Herbert RA, Roycroft JH, Haseman JK, Grumbein SL, Miller RA, et al.
Lung tumor induction by inhalation exposure to molybdenum trioxide in
rats and mice. Toxicol Sci. 1998;45:58–65.

50. Droste JH, Weyler JJ, Van Meerbeeck JP, Vermeire PA, van Sprundel MP.
Occupational risk factors of lung cancer: a hospital based case-control
study. Occup Environ Med. 1999;56:322–7.

51. Morsdorf A, Odnevall Wallinder I, Hedberg Y. Bioaccessibility of micron-sized
powder particles of molybdenum metal, iron metal, molybdenum oxides
and ferromolybdenum - Importance of surface oxides. Regul Toxicol
Pharmacol. 2015;72:447–57.

52. Horie M, Fukui H, Endoh S, Maru J, Miyauchi A, Shichiri M, et al. Comparison
of acute oxidative stress on rat lung induced by nano and fine-scale,
soluble and insoluble metal oxide particles: NiO and TiO2. Inhal Toxicol.
2012;24:391–400.

53. Gratton SE, Ropp PA, Pohlhaus PD, Luft JC, Madden VJ, Napier ME, et al. The
effect of particle design on cellular internalization pathways. Proc Natl Acad
Sci U S A. 2008;105:11613–8.

54. Rejman J, Oberle V, Zuhorn IS, Hoekstra D. Size-dependent internalization of
particles via the pathways of clathrin- and caveolae-mediated endocytosis.
Biochem J. 2004;377:159–69.

55. Stern ST, Adiseshaiah PP, Crist RM. Autophagy and lysosomal dysfunction as
emerging mechanisms of nanomaterial toxicity. Part Fibre Toxicol. 2012;9:20.

56. Li CN, Hsu HL, Wu TL, Tsao KC, Sun CF, Wu JT. Cell-free DNA is released
from tumor cells upon cell death: a study of tissue cultures of tumor cell
lines. J Clin Lab Anal. 2003;17:103–7.

57. Tall AR, Yvan-Charvet L. Cholesterol, inflammation and innate immunity. Nat
Rev Immunol. 2015;15:104–16.

58. Saha P, Chowdhury AR, Dutta S, Chatterjee S, Ghosh I, Datta K. Autophagic
vacuolation induced by excess ROS generation in HABP1/p32/gC1qR
overexpressing fibroblasts and its reversal by polymeric hyaluronan. PLoS
One. 2013;8:e78131.

Hiraku et al. Particle and Fibre Toxicology  (2016) 13:16 Page 20 of 21



59. Netea-Maier RT, Plantinga TS, van de Veerdonk FL, Smit JW, Netea MG.
Modulation of inflammation by autophagy: consequences for human
disease. Autophagy. 2016;12:245–60.

60. Kundu JK, Surh YJ. Inflammation: gearing the journey to cancer. Mutat Res.
2008;659:15–30.

61. Karin M, Greten FR. NF-κB: linking inflammation and immunity to cancer
development and progression. Nat Rev Immunol. 2005;5:749–59.

62. Wang C, Fei G, Liu Z, Li Q, Xu Z, Ren T. HMGB1 was a pivotal synergistic
effecor for CpG oligonucleotide to enhance the progression of human lung
cancer cells. Cancer Biol Ther. 2012;13:727–36.

63. Jessop F, Holian A. Extracellular HMGB1 regulates multi-walled carbon
nanotube-induced inflammation in vivo. Nanotoxicology. 2015;9:365–72.

64. Lymar SV, Hurst JK. Rapid reaction between peroxonitrite ion and
carbon dioxide: implications for biological activity. J Am Chem Soc.
1995;117:8867–8.

65. Niles JC, Wishnok JS, Tannenbaum SR. Peroxynitrite-induced oxidation and
nitration products of guanine and 8-oxoguanine: structures and
mechanisms of product formation. Nitric Oxide. 2006;14:109–21.

66. Yermilov V, Yoshie Y, Rubio J, Ohshima H. Effects of carbon dioxide/
bicarbonate on induction of DNA single-strand breaks and formation of 8-
nitroguanine, 8-oxoguanine and base-propenal mediated by peroxynitrite.
FEBS Lett. 1996;399:67–70.

67. Jourd'heuil D, Miranda KM, Kim SM, Espey MG, Vodovotz Y, Laroux S, et al.
The oxidative and nitrosative chemistry of the nitric oxide/superoxide
reaction in the presence of bicarbonate. Arch Biochem Biophys.
1999;365:92–100.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Hiraku et al. Particle and Fibre Toxicology  (2016) 13:16 Page 21 of 21


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Preparation of MWCNT
	MTT assay
	Fluorescent immunocytochemistry
	Analysis of 8-nitroG formation induced by culture �supernatant of MWCNT-exposed cells
	Analysis of NO released from MNCNT-treated cells
	Measurement of GSH contents in MWCNT-exposed cells
	Measurement of ROS generation by flow cytometry
	Measurement of 8-oxodG amount in MNCNT-treated cells
	Electron microscopy
	Transfection of cultured cells with siRNA
	Quantitation of HMGB1 and DNA in culture supernatant of MWCNT-treated cells
	Co-immunoprecipitation and Western blotting
	Statistical analysis

	Results
	Characteristics and size distribution of MWCNT agglomerates
	Cytotoxic effect of MWCNT
	DNA damage and iNOS expression in MWCNT-treated cells
	NO production and GSH decrease in MWCNT-treated cells
	ROS generation and 8-oxodG formation in �MWCNT-treated cells
	Intracellular distribution of MWCNT and effect of endocytosis inhibitors on 8-nitroG formation
	Involvement of TLR9 in MWCNT-induced 8-nitroG formation
	Involvement of HMGB1 and RAGE in MWCNT-induced 8-nitroG formation
	Association of HMGB1, RAGE and TLR9 in MWCNT-treated cells

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



