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Respiratory exposure of mice to carbon nanotubes induces pulmonary toxicity and adverse cardiovascular
effects associated with atherosclerosis. We hypothesize that the direct contact of carbon nanotubes with
endothelial cells will result in dose-dependent effects related to altered cell function and cytotoxicity which
may play a role in potential adverse pulmonary and cardiovascular outcomes. To test this hypothesis, we
examined the effects of purified single- and multi-walled carbon nanotubes (SWCNT and MWCNT) on
human aortic endothelial cells by evaluating actin filament integrity and VE-cadherin distribution by
fluorescence microscopy, membrane permeability by measuring the lactate dehydrogenase (LDH) release,
proliferation/viability by WST-1 assay, and overall functionality by tubule formation assay. Marked actin
filament and VE-cadherin disruption, cytotoxicity, and reduced tubule formation occurred consistently at
24 h post-exposure to the highest concentrations [50-150 pg/10° cells (1.5-4.5 pug/ml)] for both SWCNT and
MWCNT tested in our studies. These effects were not observed with carbon black exposure and carbon
nanotube exposure in lower concentrations [1-10 pg/10° cells (0.04-0.4 pg/ml)] or in any tested
concentrations at 3 h post-exposure. Overall, the results indicate that SWCNT and MWCNT exposure induce
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direct effects on endothelial cells in a dose-dependent manner.
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Introduction

Engineered carbon nanomaterials, including carbon nanotubes,
have elicited a significant interest due to their unique electronic and
mechanical properties. However, the small size, large surface area,
and high reactivity of these materials are the main factors for
potential toxicity (Donaldson et al., 2006). Carbon nanotubes (CNT),
including the single- and multi-walled (SWCNT and MWCNT), will
have wide-spread applications in many technological fields, thus
worker/consumer exposure is likely to occur, posing emerging health
concerns (Donaldson et al., 2006; Maynard et al., 2006). Initial
toxicological animal studies demonstrated that pulmonary deposi-
tion of SWCNT or MWCNT causes acute pulmonary inflammation as
well as chronic responses such as fibrosis (Lam et al., 2004; Warheit
et al., 2004; Muller et al., 2005; Shvedova et al., 2005; Mangum et al.,
2006; Li et al, 2007a; Mercer et al, 2008). Furthermore, we
demonstrated that CNT respiratory exposure is associated with
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adverse cardiovascular outcomes. Pulmonary deposition of SWCNT
or MWCNT results in a rapid release of inflammatory mediators,
activated blood cells, and thrombogenic proteins into the systemic
circulation which may induce endothelial dysfunction (Erdely et al.,
2009). Chronic SWCNT respiratory exposure triggers mitochondrial
aortic alterations which may be associated with SWCNT-induced
accelerated atherogenesis in apoE—/— mice, a model for human
atherosclerosis (Li et al., 2007b). The CNT-related cardiovascular
findings, are consistent with the current knowledge of the link
between particulate matter in air pollution and the risk from
cardiovascular diseases related to atherosclerosis (Brook et al., 2004).

The cardiovascular system may be affected through two main
mechanisms including indirect effects, mediated by particle-induced
pulmonary inflammation and dysfunction, or direct effects of particles
that have traveled into the systemic circulation (Mills et al., 2007). It
has been shown in animal models that some inhaled particles were
located in tissues beyond the lung (Kreyling et al., 2002; Nemmar et
al., 2002; Oberdorster et al., 2002). The proximity between epithelial
type I and endothelial cell caveolar membrane structures might play a
role in the particle translocation mechanisms (Heckel et al., 2004).
The major unresolved question is whether particles translocate in
sufficient numbers to exert a significant direct influence on vascular
endothelial function (Mills et al., 2008a). Under both possible
mechanisms of CNT-induced cardiovascular toxicity, endothelial
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cells are a potential target. Although many in vitro studies on CNT
toxicity have been conducted (Shvedova et al.,, 2003; Manna et al.,
2005; Monteiro-Riviere et al., 2005; Raja et al., 2007; Pacurari et al.,
2008a, 2008b), the potential effects of CNT exposure on endothelial
cells have not been investigated. The purpose of our studies was to
evaluate potential direct toxicity of CNT on human endothelial cells,
with special emphasis on the evaluation of dose-dependent effects.
The dose response was select based on the hypothesis that endothelial
cells are exposed to high particle concentrations at the penetration
site and to low concentrations in the systemic vasculature as a result of
translocation from the entrance site.

Materials and methods

Reagents.  Catalytically grown and purified SWCNT and MWCNT
(Mitsui & Co., Ltd.) (Oberlin et al., 1976) were kindly provided by Dr.
M. Endo (Shinshu University, Wakasato, Japan). Characteristics of
the SWCNT (a specific surface area (BET) average 641 m?/g) and
MWCNT (BET average 56 m?/g) have been described in greater
detail (Kim et al., 2005; Koyama et al., 2006). Trace metal analysis
by inductively coupled plasma optical emission spectrometry
indicated iron content of SWCNT at 8.8% by weight and 0.27% for
MWCNT. Carbon black (CB) (Elftex 12) (BET average 43 m?/g) was
obtained from Cabot (Edison, NJ). Particle size according to the
manufacturer for CB was 37 nm in diameter. Human aortic
endothelial cells (HAEC), endothelial cell basal media (EBM-2),
endothelial growth media (EGM-2) supplement bullet kit, trypsin-
EDTA, trypsin neutralizing solution and HEPES buffering solution
were purchased from Lonza (Walkersville, MD). The following
reagents or kits were used in the current studies: rhodamine
(TRITC)-phalloidin (Sigma, St. Louis, MO), WST-1 assay (Millipore,
Billerica, MA), lactate dehydrogenase (LDH) assay (Biovision,
Mountain View, CA), phorbol-12-myristate-13-acetate (PMA)
(Calbiochem, EMD-Gibbstown, NJ), interleukin-8 (IL-8) ELISA (R&D
systems, Minneapolis, MN), polyclonal VE-cadherin antibody
(Axxora, San Diego, CA), BioCoat™ Angiogenesis System (BD
Biosciences, Bedford, MA), and goat anti-rabbit IgG Alexa Fluor
488 antibody (Invitrogen/Molecular Probes, Carlsbad, CA).

Cell culture. HAEC were grown according to the manufacturer's
instruction. Briefly, the cells were cultured in EBM-2 media
supplemented with the EGM-2 bullet kit and grown at 37 °C with
5% CO,. All experiments were performed using cells in passages 3-6.

ce SWCNT

Particle preparation. SWCNT, MWCNT, and CB were diluted to a
concentration of 1 mg/ml stock solution in 1x phosphate-buffered
solution (PBS). The particles were vortexed for 1 min and then
indirectly sonicated (Hielscher Ultrasonic) for 5 min at 4 °C
immediately prior to preparing treatment-dilutions into serum-free
and growth factor-free EBM-2. The dilutions were again vortexed prior
to being added to the cells to insure adequate dispersion. The stock
particle suspensions, prepared in the same way as for the cell
exposure, were characterized by transmission electron microscopy
(TEM) (Fig. 1). Both the MWCNT and SWCNT appeared with minimal
aggregation in well dispersed bundles. Naturally, the CNT and
nanoparticles in general, have a tendency to agglomerate. However,
it is known that aggregates do not behave like a geometric particle of
equal size because the greater surface area of the individual particles is
mostly retained in the aggregate and may contribute to the toxicity
(reviewed in Borm et al., 2006). In all experiments, the cells were
treated with particles in the following concentrations: 1, 10, 50, and
150 pg/10° cells (0.04, 0.4, 1.5, and 4.5 pg/ml, respectively).

WST-1 (water-soluble tetrazolium salt) cell proliferation/viability
assay. HAEC cells were seeded 3000 cells per well in a 96-well
plate and allowed to adhere overnight. The EGM-2 culture media was
removed and replaced with EBM-2 basal media (100 pl) alone or
containing SWCNT, MWCNT or CB in concentrations of 10-150 ug/10°
cells or hydrogen peroxide (used as a positive control). The cells were
incubated for 3 or 24 h and the WST-1 assay, which measures the
formation of 2-(4-lodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium salt, was performed per the
manufacturer's instructions.

LDH (lactate dehydrogenase) cytotoxicity assay. HAEC cells were
seeded 20,000 cells per well in a 24-well plate allowed to adhere
overnight. The culture media was removed and replaced with EBM-2
basal media (600 pl) alone or containing SWCNT, MWCNT or CB in
concentrations of 10-150 pg/10° cells or hydrogen peroxide (used as a
positive control) and the cells were cultured for 3 or 24 h. The culture
media were collected at the end of the exposure, passed through a
0.2 um syringe filters, and used in the LDH assay as instructed by the
manufacturer.

IL-8 detection assay. Culture supernatants were collected as
described above for the LDH assay. The IL-8 assay was performed as
outlined by the manufacturer.

Fig. 1. Representative transmission electron microscopy images of carbon black (CB), single-walled carbon nanotube (SWCNT), and multi-walled carbon nanotube (MWCNT)
suspensions at 1 mg/ml concentration. Scale bars: 500 nm (CB) and 200 nm (SWCNT and MWCNT).
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Actin stress filament labeling and VE-cadherin immunostaining.

HAEC were seeded approximately 80,000 cells per well into a 4-well
chamber slide and cultured overnight. The cells were exposed to
particles in concentrations of 1-150 ug/10° cells for 3, 24, or 48 h. Cells
were also treated with 100 nM PMA for 30 min as a positive control.
Following incubation, cells were washed, fixed, stained, and mounted
as previously described (Qian et al., 1998; Gatesman et al., 2004). VE-
cadherin primary antibody was diluted 1:400 in 5% Bovine Serum
Albumin (BSA) and visualized using a secondary Alexa Fluor 488 goat

anti-rabbit IgG diluted 1:200 in 5% BSA. For actin labeling, a 1:500
dilution of TRITC-phalloidin was prepared in 5% BSA. Cells were
washed and mounted on slides with Fluoromount-G (Fisher). A Zeiss
LSM 510 confocal microscope was used to scan images of about 1 um
in thickness. For all figures representative images are shown (>100
cells examined per treatment).

Tubule formation (angiogenesis assay). HAEC were seeded at a
density of 20,000 cells per well into the provided matrigel coated 96-
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Fig. 2. LDH released by human aortic endothelial cells (HAEC) in a time and dose-dependent manner. An asterisk (*) denotes a statistically significance (*p<0.05 and **p<0.001).
H,0, (500 uM) is used as a positive control. Values represent % of untreated control and the mean +/— SEM of three separate experiments. (A) HAEC cells exposed to 150 pg/10° cells
(4.5 pg/ml) carbon black (CB), single-walled carbon nanotubes (SWCNT), or multi-walled carbon nanotubes (MWCNT) for 24 h. (B) HAEC exposed to 150 pg/10° cells (4.5 ug/ml) CB,
SWCNT, or MWCNT for 3 h. (C) HAEC exposed to various concentrations (10-150 pg/10° cells) of CB, SWCNT, or MWCNT for 24 h.
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well plate and the assay was performed per manufacturer's instructions
with some modification. Briefly, HAEC cells were allowed to adhere for
1 h then the culture media was gently removed and replaced with
serum-free/growth factor-free EBM-2 or EBM-2 plus 1% FBS containing
SWCNT, MWCNT or CB in concentrations of 10-150 pg/10° cells. The
plate was incubated overnight at 37 °C and 5% CO,. Each well was
examined and photographed at 10x using the Axiovert 100 (Zeiss)
microscope. Tubule formation was evaluated by measuring the tubule
length as previously described (Vailhe et al., 1998).

Transmission electron microscopy (TEM).  Particle suspensions were
prepared as described above (1 mg/ml) then were further diluted in
double-distilled water, loaded onto a formvar-coated copper grid, and
dried. Samples were imaged using a JEOL-1220 transmission electron
microscope. Cell TEM preparation, following treatment the cells were
trypsinized and pelleted by centrifugation. The supernatant was
gently removed and the cell pellets were fixed in Karnovsky's fixative
(2.5% gluteraldehyde, 2.5% paraformaldehyde in 0.1 M Sodium
Cacodylic buffer), post-fixed in osmium tetroxide, mordanted in 1%
tannic acid, and stained en bloc in 0.5% uranyl acetate. The pellets
were embedded in epon, sectioned, and stained with Reynold's lead
citrate and uranyl acetate. Transversal sections were imaged by a JEOL
1220 transmission electron microscope.

Statistics.  All experiments were performed a minimum of three times
and all treatments were done in triplicate. Statistical significance
(p<0.05) was determined using a one-way analysis of variance
(ANOVA). The comparison between the treatment groups were con-
ducted as generalized randomized complete block designs using a one-
way mixed model analysis of variance with block as a random factor.

Results
Cytotoxicity studies

In accordance with the recent findings on the specificity of
cytotoxicity assays for CNT (Worle-Knirsch et al., 2006; Casey et al.,
2008), the effects of CNT on HAEC viability was evaluated under
serum-free culture conditions using both LDH and WST-1 assays.
First, HAEC were exposed to SWCNT, MWCNT, or CB at a concentra-
tion of 150 pg/10° cells (4.5 pg/ml) for 3 or 24 h. The exposure of
HAEC cells to either SWCNT or MWCNT resulted in elevated LDH cell
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release, a sign of membrane leakage, at 24 h (Fig. 2A), but not at 3 h
(Fig. 2B) post-exposure. Although not in the same extent as with the
CNT exposure, CB treatment also resulted in LDH release at 24 h post-
exposure which is consistent with previous findings (Yamawaki and
Iwai, 2006). The positive control (H,0,) induced a significant release
of LDH at 3 and 24 h following exposure. Second, to determine
whether LDH release was dose-dependent, HAEC cells were exposed
to SWCNT, MWCNT, or CB at a concentration range of 10-150 pg/10°
cells (0.3-4.5 ug/ml) for 24 h. Exposure to 50 or 150 ug/10° cells
SWCNT or MWCNT induced a significant LDH release: 151% and 165%
or 142% and 158%, respectively, as compared to untreated controls
(Fig. 2C). In contrast, the LDH release was not significantly increased
by exposure to 50 ug/10% cells of CB. The 10 pg/10° cells
concentration of either SWCNT or MWCNT did not induce LDH
release by HAEC as compared to untreated controls. Furthermore, the
cytotoxicity effect of CNT on HAEC was confirmed by WST-1 assay.
Only the higher tested concentrations (50 and 150 pg/10° cells) of
SWCNT (66 and 69%) and MWCNT (72 and 59%) resulted in a
significant reduction in cell viability while CB had no effect (Fig. 3).
The one-way mixed model analysis of variance of the WST-1 data
demonstrated no difference between the effects of SWCNT and
MWCNT while the response to both CNT treatments is significantly
different from the one of CB treatment. Although, there is a marked
difference between the surface area of SWCNT and MWCNT, they
induced similar cytotoxicity which is consistent with previous reports
(Koyama et al., 2006). In contrast, the surface areas of CB and
MWCNT are alike but their responses are different. The data indicates
that the direct contact of HAEC with either SWCNT or MWCNT results
in a dose-dependent cytotoxicity.

IL-8 ELISA

IL-8 is a main inflammatory mediator, related to chemical-
mediated cytotoxic responses (Simeonova and Luster, 1996). Exposure
of HAEC cells to 50 or 150 ng/ 10° cells to either SWCNT or MWCNT
resulted in a minimal but significant increase in IL-8 released at 24 h
post-exposure as compared to controls (Fig. 4). HAEC exposed to CB
did not induce the release of IL-8. Further, low concentrations (1-
10 g/ 10° cells) of SWCNT or MWCNT for 24 h as well as exposure to
50-150 pg/ 106 cells for 3 h did not induce a significant release of IL-8
(data not shown). Thus, IL-8 results were consistent with the
cytotoxicity findings including LDH release and WST-1 viability.
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Fig. 3. Cell viability of human aortic endothelial cells (HAEC) measured by WST-1 assay. HAEC were exposed to carbon black (CB), single-walled carbon nanotubes (SWCNT) or multi-
walled carbon nanotubes (MWCNT) in concentrations of 10-150 pg/10° cells (0.3-4.5 pg/ml) for 24 h. H,0, (500 uM) was used as a positive control. Values represent % of untreated
control and the mean +/— SEM of three separate experiments. An asterisk (*) denotes a statistically significant difference from the negative control; different letters (a, b) denote a

statistically significant difference between treatment groups (p<0.05).
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Fig. 4. 1L-8 released by human aortic endothelial cells (HAEC). HAEC were exposed to carbon black (CB), single-walled carbon nanotubes (SWCNT) or multi-walled carbon nanotubes
(MWCNT) in concentrations of 50 or 150 pg/10° cells (1.5-4.5 ug/ml) for 24 h. An asterisk (*) denotes a statistically significance (*p<0.05 and **p<0.001). Values represent % of

untreated control and the mean +/— SEM of three separate experiments.

Actin and VE-cadherin visualization

The cytoskeleton plays a major role in the physiology of endothelial
cells including adhesion, permeability, vasculogenesis, and motility
(Moreau et al., 2003). The actin filaments were stained with TRITC-
phalloidin (Fig. 5A). HAEC cultured in control conditions displayed
both cortical (peripheral) and stress fibers. A similar actin organiza-
tion was observed in cells treated with CB at all tested concentrations.
In contrast, brief treatment (30 min) with PMA, used as a positive
control, caused a marked disruption of the actin cytoskeleton.
Exposure of HAEC to high concentrations (50 and 150 pg/10° cells)
of SWCNT or MWCNT also resulted in a marked disruption in actin
filaments by 24 h (representative images of HAEC treated with 50 pg/
106 cells are shown in Fig. 5A). However, exposure to SWCNT, MWCNT,
or CB at lower concentrations (1-10 pg/10° cells) for 24 h (Supple-
mental data Fig. S1) as well as to any of the tested concentrations for
3 h did not demonstrate changes in actin filament integrity (data not
shown). Furthermore, longer exposure (48 h) in low concentrations
(1-10 pg/10° cells) did not induce actin disruption but the highest
concentration (150 pg/10° cells) did show changes (Supplemental
data Fig. S2). To determine whether the CNT-induced actin filament
disruption is a result of direct association of the particles with the
cells, the visualization of the particles and actin filaments was
analyzed using both differential interference contrast (DIC) and
fluorescence microscopy (Fig. 5B). Actin filament rearrangement
was correlated to direct contact of SWCNT or MWCNT with the
HAEC cells. Interestingly, CB, although not associated with actin
cytoskeleton alterations, appeared to be localized in the perinuclear
region of the cell as reported previously (Yamawaki and Iwai, 2006).

VE-cadherin is the main component of the adherens junctions (A])
comprising the endothelial barrier (reviewed in Vandenbroucke et al.,
2008). Dynamic interactions between the A] proteins and actin
cytoskeleton are crucial in regulation of endothelium intercellular
contacts and permeability. VE-cadherin localization was characterized
by immunostaining (Fig. 6). Positive VE-cadherin was observed along
the contours of the cell membrane of untreated or CB treated HAEC.
The peripheral VE-cadherin staining was markedly reduced in the
majority of the HAEC treated with 50 or 150 pg/10° cells of either
MWCNT or SWCNT for 24 h (representative images of cells treated
with 150 pg/10° cells shown in Fig 6). Simultaneous VE-cadherin and
actin staining demonstrated CNT-induced co-localized actin and VE-
cadherin disruption (Fig. 6). However, consistent with the actin
findings, 24 h exposure to lower concentrations (1-10 pg/10° cells) of

SWCNT or MWCNT did not affect the VE-cadherin staining (data not
shown). Further, regular VE-cadherin staining was observed at 3 h
post-exposure in all tested concentrations (data not shown).

TEM

In an attempt to explore in more detail the cell localization of CNT,
TEM imaging was conducted (Fig. 7). A small number of CNT were
identified in the cytoplasm of some cells as well as between cells along
the cell membrane which may result in alterations in cell-cell contact
interactions consistent with the VE-cadherin findings (representative
images of HAEC treated with SWCNT 150 ug/ 106 cells are shown). The
general morphology of HAEC cells, which was associated with the CNT,
was similar to that of untreated cells.

Tubule formation

Tubule formation (angiogenesis) is one of the main functions of
intact endothelial cells (Horowitz and Simons, 2008). To determine
whether CNT exposure affects overall endothelial cell behavior, we
evaluated CNT effect on tubule formation (Figs. 8 A and B). HAEC cells
formed a well organized tubule network (Fig. 8A). However, exposure
to 50150 g/ 10° cells to either SWCNT or MWCNT resulted in a marked
disruption of the tubule network. The effect was observed under culture
conditions including media free of growth factors and serum as well as
media containing 1% FBS (the latter known to support endothelial cell
tubule formation). The treatment of these cells with PMA resulted in an
increase in network complexity and tubule length (data not shown).
The lower tested CNT concentrations (10 pg/10° cells) did not induce
significant destruction of tubule formation (data not shown). Quanti-
fication of tubule length confirmed the microscopic observations on the
effect of CNT exposure on tubule formation (Fig. 8B).

Discussion

The functionality of endothelial cells is fundamental for the
homeostasis of the vascular system (Cai and Harrison, 2000). Due to
its unique position in the vessel wall, the endothelium acts as a barrier
and serves as the primary sensor for normal blood flow. The findings
of this study demonstrated actin cytoskeleton disruption accompa-
nied with altered VE-cadherin localization, reduced tubule formation,
and a concomitant diminished viability of human aortic endothelial
cells as a result of exposure to purified SWCNT or MWCNT. These
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Fig. 5. Representative confocal microscope images of actin cytoskeleton organization in human aortic endothelial cells (HAEC) and visualization of particle-cell interactions. (A) Actin
staining with TRITC-phalloidin. HAEC were exposed to carbon black (CB), single-walled carbon nanotubes (SWCNT) or multi-walled carbon nanotubes (MWCNT) in concentrations
of 50 pg/10° cells (1.5 pg/ml). PMA (100 nM) was used as a positive control. Scale bar: 50 um. The arrows indicate actin disruption. (B) Actin cytoskeleton visualized by fluorescence
of TRITC-phalloidin and particles by differential interference contrast (DIC) microscopy. HAEC were exposed to 150 pg/10° cells (4.5 pg/ml) CB, SWCNT, or MWCNT for 24 h. Scale bar:

20 pm. The arrows indicate co-localization of CNT and disruption actin.

effects were dose-dependent and most likely associated with
mechanical damage to the cell membrane. The endothelial cells
tolerated the low concentrations of carbon nanotubes without
changes in viability, cytoskeleton, and function. The findings can
help to explain potential lung and cardiovascular effects related to CNT

respiratory exposure. CNT inhaled in the lung will be in concentrations
sufficient to induce direct toxicity to many cells including the
endothelial which will facilitate leakage of inflammatory mediators
into the systemic circulation. Recently, we demonstrated that an acute
respiratory exposure to CNT resulted in lung inflammatory and stress
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Fig. 6. Representative confocal microscope images of VE-cadherin immunostaining of human aortic endothelial cells (HAEC). HAEC were exposed to 150 pg/10° cells (4.5 pg/ml)
carbon black (CB), single-walled carbon nanotubes (SWCNT) or multi-walled carbon nanotubes (MWCNT). The squared areas are shown below as merged of VE-cadherin (green)

and actin filament (red) staining. Scale bar: 20 um.

responses with a concomitant release of soluble biomarkers of in-
flammation and coagulation into the systemic circulation (Erdely et
al., 2009). Translocation of CNT from the lung into the systemic
bloodstream remains debated. Based on animal studies conducted
with several types of nanoparticles, systemic blood translocation may
occur but probably in low concentrations which may not induce direct
cytotoxicity (Kreyling et al., 2002; Nemmar et al., 2002; Oberdorster et
al., 2002; Mills et al., 2008b). Hypothetically, translocation of CNT
from the lung into the systemic circulation, even in low concentra-
tions, if associated with penetration and biopersistent accumulation

into the vascular wall may induce chronic effects and potential
adverse cardiovascular outcomes.

The cytoskeleton plays an essential role in many cellular processes
including maintaining cellular shape, organelle transport, cell polarity,
cell division, exocytosis, and formation of motility structures (Goode
et al., 2000). A multitude of signaling proteins work together with
actin filaments to regulate cell shape, localize signaling complexes to
specific locations within the cell, and generate the protrusive force
needed for membrane projections and cell motility (Goode et al.,
2000; Carlier et al., 2003). Furthermore, the interaction between the

-
[ D'
b

Fig. 7. Representative transmission electron microscopy images of human aortic endothelial cells (HAEC). HAEC in culture basal media without growth factors (EBM) and were left
untreated (A) or exposed to 150 ug/10° cells (4.5 ug/ml) single-walled carbon nanotubes (SWCNT) for 24 h exposure (B and C). The arrows indicate SWCNT localization. Scale bar:
2 um Panel C is a higher magnification of (B) to show SWCNT between cells. Scale bar: 500 nm.
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Fig. 8. Tubule formation of human aortic endothelial cells (HAEC). (A) Representative images of HAEC tubule formation. HAEC were exposed to carbon black (CB), single-walled
carbon nanotubes (SWCNT) or multi-walled carbon nanotubes (MWCNT) in concentrations of 50-150 ug/10° cells (1.5-4.5 ug/ml) for 24 h. Solid arrows indicate tubules and open
arrows indicate branch points. (B) Quantification of the CNT-induced changes in HAEC tubule formation. Tubule length was measured of all images generated and presented as mean
length (cm) &+ SEM. An asterisk (*) denotes a statistically significance (*p<0.05 and **p<0.001).

actin cytoskeleton and VE-cadherin complex plays an important role
in maintaining normal endothelial barrier permeability and function
(Bootle-Wilbraham et al., 2000; Kovacs et al., 2002). The linkage of the
actin cytoskeleton to cell-cell junctions has been well studied.
Filamentous actin is physically tethered to these junctions and any
significant changes associated with the actin cytoskeleton would in
theory promote an alteration in the cell-cell junctions (Hartsock and
Nelson, 2008; Miyoshi and Takai, 2008). Here we demonstrated that
direct contact between CNT and endothelial cells resulted in
disruption of the actin cytoskeleton and the intercellular interactions
which may have multiple effects on endothelium function. In contrast,
CB particles, which are completely internalized into the cells, did not
induce significant modification of the endothelial cell integrity or
function. Well characterized disruptors of endothelial cell cytoskele-
ton and cell-cell contacts, such as thrombin and TNF-c, induce fast, in
the first 3 h after exposure, microfilament rearrangement and

compromised VE-cadherin intercellular contacts (Vouret-Craviari et
al., 1998; Petrache et al., 2003). These effects are associated with
specific ligand-receptor interactions and triggering of related signal-
ing pathways (Vandenbroucke et al., 2008). The CNT-induced effects
including impaired cell function and viability, which did not occur in
the first 3 h after exposure, are most likely associated with mechanical
damage to the cell membrane. Marked actin disorganization was
correlated with regions of higher CNT density. Consistent with our
findings, recent studies exploring the cytotoxicity of MWCNT on
mouse macrophage cell line suggested that the cell injury is a result of
membrane rupturing or shearing but did not involve activation of MAP
kinases and other specific death pathways (Hirano et al., 2008). Direct
and more detailed imaging of SWCNT, using modified methods of TEM
and confocal microscopy in human monocyte-derived macrophages,
has identified intracellular bundles which fused and aligned with their
long axes parallel to the plasma membrane (Porter et al., 2007).
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Moreover, these studies have demonstrated lysosomal and nuclear
localization of SWCNT after several days of exposure (4 days). These
authors suggested active uptake by phagocytosis and passive uptake
through the lipid membrane bilayer. The latter may have an
implication in the interaction of CNT with endothelial cells. Further-
more, it has been demonstrated that MWCNT-induced cytotoxicity of
keratinocytes involves engulfment and intracellular localization of the
particles (Monteiro-Riviere et al., 2005). The mechanisms leading to
direct effects of CNT on target cells vary depending on the cell type,
state of particle aggregation, purity, concentration, and other experi-
mental parameters.

Overall, the findings of our current studies demonstrated that CNT
direct contact with endothelial cells triggers a dose-dependent
impaired cell function and viability accompanied with the actin
cytoskeleton and intercellular contact disruption.
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