This article was downloaded by: [CDC]

On: 19 April 2012, At: 08:55

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Journal of Toxicology and Environmental Health, Part
A: Current Issues

Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/uteh20

JOUBMNAL of
TOXICOLOGY ama
ENVIRONMENTAL
HEALTH

Cell Permeability, Migration, and Reactive Oxygen
Species Induced by Multiwalled Carbon Nanotubes in

Human Microvascular Endothelial Cells

M. Pacurari , Y. Qian ® , W. Fu ©, D. Schwegler-Berry ®, M. Ding ® , V. Castranova *° & N. L.
Guo

# Mary Babb Randolph Cancer Center, West Virginia University, Morgantown, West Virginia,
USA

b Pathology and Physiology Research Branch, Health Effects Laboratory Division, National
Institute for Occupational Safety and Health, Morgantown, West Virginia, USA

¢ Department of Biochemistry, West Virginia University, Morgantown, West Virginia, USA

d Department of Community Medicine, School of Medicine, West Virginia University,
Morgantown, West Virginia, USA

Available online: 30 Nov 2011

To cite this article: M. Pacurari, Y. Qian, W. Fu, D. Schwegler-Berry, M. Ding, V. Castranova & N. L. Guo (2012): Cell
Permeability, Migration, and Reactive Oxygen Species Induced by Multiwalled Carbon Nanotubes in Human Microvascular
Endothelial Cells, Journal of Toxicology and Environmental Health, Part A: Current Issues, 75:2, 112-128

To link to this article: http://dx.doi.org/10.1080/15287394.2011.615110

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any form to
anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims,
proceedings, demand, or costs or damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.



http://www.tandfonline.com/loi/uteh20
http://dx.doi.org/10.1080/15287394.2011.615110
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [CDC] at 08:55 19 April 2012

Journal of Toxicology and Environmental Health, Part A, 75:112-128, 2012

Copyright © Taylor & Francis Group, LLC
ISSN: 1528-7394 print / 1087-2620 online
DOI: 10.1080/15287394.2011.615110

Taylor & Francis
Taylor & Francis Group
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Multiwalled carbon nanotubes (MWCNT) have elicited great interest in biomedical
applications due to their extraordinary physical, chemical, and optical properties. Intravenous
administration of MWCNT-based medical imaging agents and drugs in animal models was
utilized. However, the potential harmful health effects of MWCNT administration in humans
have not yet been elucidated. Furthermore, to date, there are no apparent reports regarding
the precise mechanisms of translocation of MWCNT into target tissues and organs from blood
circulation. This study demonstrates that exposure to MWCNT leads to an increase in cell per-
meability in human microvascular endothelial cells (HMVEC). The results obtained from this
study also showed that the MWCNT-induced rise in endothelial permeability is mediated by
reactive oxygen species (ROS) production and actin filament remodeling. In addition, it was
found that MWCNT promoted cell migration in HMVEC. Mechanistically, MWCNT exposure
elevated the levels of monocyte chemoattractant protein-1 (MCP-1) and intercellular adhe-
sion molecule 1 (ICAM-1) in HMVEC. Taken together, these results provide new insights into
the bioreactivity of MWCNT, which may have implications in the biomedical application of
MWCNT in vascular targeting, imaging, and drug delivery. The results generated from this
study also elucidate the potential adverse effects of MWCNT exposure on humans at the

cellular level.

Since their discovery in 1991 by lijma
(1991), carbon nanotubes (CNT) have become
one of the predominant nanoparticles with
a broad application in many industries,
including, but not limited to, supercapaci-
tors, batteries, automotive industry, aerospace
industry, electronics, pharmaceutics, bioengi-
neering, medical devices, and biomedicine
(Aschberger et al. 2010). CNT are engineered
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either as single-walled carbon nanotubes
(SWCNT) or as multiwalled carbon nanotubes
(MWCNT). SWCNT exist as a single sheet of
graphene rolled up in the form of a cylin-
der with a nanoscale diameter and lengths
ranging up to several micrometers, whereas
MWCNT are multiple SWCNT within SWCNT
with diameters up to 100 nm and lengths up
to several micrometers (Pacurari et al. 2010).
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Structurally, MWCNT resemble seamless cylin-
ders of rolled up sheets of graphene concen-
trically stacked one inside the other. MWCNT
have been applied in many industrial areas due
to their small size, light weight, large surface
area, stability, rigidity, and electrical and opti-
cal properties (Kis and Zettl 2008). Particularly,
MWCNT have shown a great potential in
biomedical applications, such as imaging and
diagnosis, targeted therapeutic modalities, ther-
mal cancer treatment, and tumor vasculature
targeting (Burke et al. 2009; Kostarelos et al.
2009; Ruggiero et al. 2010a).

An animal study showed that MWCNT-
mediated delivery of drugs leads to success-
ful and statistically significant suppression of
tumor volume, followed by a concomitant pro-
longation of survival of human lung tumor-
bearing animals (Podesta et al. 2009). This
study also indicated the potential advantages
of MWCNT-based drug delivery for the intra-
cellular delivery of therapeutic agents in vivo in
comparison with other drug delivery systems.
Studies investigating pharmacokinetic proper-
ties of chemically modified MWCNT indi-
cated that the systemic delivery of MWCNT
has promising potential for the development
of diagnostic and therapeutic tools for both
cardiovascular diseases and cancer (Lacerda
et al. 2008; Podesta et al. 2009; Ruggiero
et al. 2010b; Singh et al. 2006). It was found
that functionalized MWCNT translocate from
blood circulation into organs after intravenous
(iv) administration (Deng et al. 2007; Guo
et al. 2007), and are biopersistent in vivo for
a long period of time (Deng et al. 2007).
However, the mechanisms by which MWCNT
cross the endothelium from circulating blood
into underlying organs have not been fully
elucidated.

Concerns over potential MWCNT-induced
harmful health effects in humans have been
raised primarily due to their fibrous-like struc-
ture (Johnston et al. 2010; Poland et al. 2008;
Takagi et al. 2008). Kane (1996) found that
exposure to long fibers is associated with
chronic lung lesions in humans. Studies in
animal models showed that exposure to long
fibers induced fibrogenic inflammatory and
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carcinogenic responses (Davis et al. 1986;
Davis and Jones 1988).

A potential for adverse health effects has
also been raised due to the biopersistence
of MWCNT. MWCNT tend to persist in vivo
due to their resistance to high temperature or
acid treatment (Johnston et al. 2010; Pacurari
et al. 2010; Poland et al. 2008). Therefore,
it was proposed that MWCNT may poten-
tially induce pathogenic and/or carcinogenic
effects (Donaldson et al. 2006; Kane and
Hurt 2008). Indeed, in vivo studies reported
that MWCNT induced inflammation, granu-
loma formation, and persistent interstitial fibro-
sis (Porter et al. 2010; Takagi et al. 2008).
Following intraperitoneal (ip) administration,
Aiso et al. (2010; 2011) demonstrated that
MWCNT were detected in the lung 60 d post-
exposure. In vitro studies showed that exposure
of lung and skin cells to MWCNT induced cyto-
toxic effects, oxidative stress, and genotoxic
effects (Asakura et al. 2010; Patlolla et al. 2010;
Wang et al. 2010).

Exposure to fibrous particles was found
to induce adverse effects on the vascular sys-
tem. Branchaud et al. (1989) demonstrated that
injection of asbestos fibers into mice induced
angiogenesis around clusters of asbestos, which
may facilitate the later emergence of mesothe-
liomas. Other in vivo and in vitro studies
noted that fiber exposure induced an increase
in vascular permeability, leukocyte extrava-
sation, small vessel remodeling, and angio-
genesis (Barchowsky et al. 1997; Hamilton
1983), which may involve reactive oxygen
species (ROS)-dependent signaling pathways
(Garcia et al. 1989). Barchowsky et al. (1997;
1998) also found that exposure of endothe-
lial cells to fibrous particles resulted in altered
cell morphology, an elevation in ICAM-1,
urokinase-type plasminogen activator (uPA)
and its receptor uPAR expression, and acti-
vation of focal adhesion kinases (FAK). Given
the fibrous-like structures and biopersistence
of MWCNLT, it is possible that MWCNT expo-
sure through systemic administration, as well as
inhalation, may induce endothelial injury.

The vascular endothelial cells form a semise-
lective permeability barrier between circulating
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blood and the interstitial tissues. This barrier
controls the transport of fluids, electrolytes, and
macromolecules across the vessel wall. Any
change in endothelial cell permeability might
play an important role in the development of a
variety of diseases including cardiovascular dis-
eases, inflammatory diseases, diabetic vascular
complications, acute lunginjury, and metastasis.
Nevertheless, alterations of endothelial perme-
ability are important features in selective drug
delivery therapies (Fang et al. 2011). Although
MWCNT exposure was shown to induce
adverse effects in numerous cells, whether
exposure of endothelial cells to MWCNT
may induce endothelial injury is unknown.
This study sought to investigate the effects
of MWCNT exposure on human microvascu-
lar endothelial cells (HMVEC). Studies were
undertaken to examine whether MWCNT expo-
sure induced an increase in permeability and
migration in HMVEC and to determine the
underlying molecular mechanisms involved.
Specifically, assays were conducted to deter-
mine the involvement of MWCNT-induced ROS
production in endothelial permeability and
migration changes.

MATERIALS AND METHODS

MWCNT

The MWCNT used in the present study
were a gift from Mitsui & Company (MWCNT-
7, lot 05072001K28). The characterization
of MWCNT was previously published (Porter
et al. 2010). Briefly, the bulk MWCNT exhibit
a distinctive crystalline structure with the num-
ber of walls ranging from 20 to 50. Overall,
MWCNT trace metal contamination was
0.78%, including sodium (0.41%) and iron (Fe)
(0.32%) with no other metals present above
0.02%. Transmission electron microscopy
(TEM) micrographs of MWCNT dispersed in
dispersion medium (DM; Ca?"- and Mg?*-free
phosphate-buffered saline, pH 7.4, supple-
mented 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)
demonstrated that DM promotes significant
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dispersion of MWCNT (Porter et al. 2008).
The quantitative analysis of TEM micrographs
revealed that the median length of this
MWCNT sample was 3.86 pm (GSD 1.94) and
the count mean width was 49 + 13.4 (SD)
nm. The zeta potential (ZP) of the MWCNT in
the DM was determined to be —11 mV (Porter
et al. 2010). The ZP is an indicator of particle
movement in a solution under an electric field
(Banerjee et al. 1996).

MWCNT Preparation

For cell culture studies, MWCNT were
prepared in DM (Porter et al. 2008).
Briefly, DM consists of Ca*"/Mg?*-free
phosphate-buffered saline (PBS), pH 7.4,
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
(DPPC). DPPC was prepared fresh as a
10-mg/ml stock solution in absolute ethanol.
MWCNT were prepared in DM followed by
indirect sonication at 4°C for 5 min (Hielscher
ultrasonic processor, UIS259L) at amplitutide
100% and cycle 1. After the indirect soni-
cation, the suspension was direct sonicated
at 4°C for 5 min at 5 W output and 10%
duty cycle (Branson Sonifier 450). The stock
solution (1 mg/ml) of MWCNT was kept at 4°C
and used within 2-3 wk. Prior to cell culture
experiments, the MWCNT stock solution was
directly sonicated for 1 min at the setting
already indicated.

Cell Culture

HMVEC were a kind gift from Dr. Rong
Shao (Biomedical Research Institute, Baystate
Medical Center/University of Massachusetts,
Ambherst, Springfield, MA). HMVEC were cul-
tured according to the protocol described pre-
viously (Shao and Guo 2004). Briefly, HMVEC
were grown in endothelial basal medium-2
(EBM-2) (Lonza, Boston, MA) supplemented
with 10% (v/v) fetal bovine serum (FBS)
(Atlanta Biologicals, Lawrenceville, GA), 100
U/ml penicillin, 10 pg/ml streptomycin, 0.01
ng/ml epidermal growth factor, and 1 pg/ml
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hydrocortisone. The cells were maintained in
an incubator at 37°C with 5% CO; in air.

Transendothelial Electrical Resistance
(TER)

The TER was measured using an electri-
cal cell-substrate impedance sensing system
(ECIS) (Applied Biophysics, Troy, NY) accord-
ing to the published protocol (Apopa et al.
2009). TER is a measure of endothelial barrier
integrity. Briefly, HMVEC were grown to con-
fluent monolayers on ECIS culture ware and
serum starved overnight. The electrical resis-
tance was measured on cells located on the
small gold electrodes in each of the wells. The
culture medium was the electrolyte. The small
gold electrode covered by confluent HMVEC
and a larger gold counterelectrode were con-
nected to a phase-sensitive lock-in amplifier.
A constant current of T pA was supplied by
a 1-V, 4000-Hz alternating current through a
1-M resistor. Changes in voltage between the
small electrode and the large counterelectrode
were continuously monitored by the lock-in
amplifier, stored, and then used to calculate
resistance.

Immunofluorescence Assay

Immunofluorescence assays were applied
to measure  MWCNT-induced changes in
endothelial permeability and actin filament
remodeling, which were performed accord-
ing to method of Qian et al (2005; 2010).
Briefly, HMVEC were grown on cover slips
to 100% confluence, followed by MWCNT
treatment. After treatments, cells were washed
with phosphate-buffered saline (PBS), fixed
with 4% paraformaldehyde, permeabilized in
0.1% Triton X-100/PBS for 4 min, blocked
in 5% bovine serum albumin (BSA)/PBS for
1 h, and incubated with specific primary anti-
bodies overnight at 4°C, followed by incuba-
tion with immunofluorescence-conjugated sec-
ondary antibodies at room temperature for 1 h.
The labeled cover slips were then mounted to
the slides with an antifade reagent (Invitrogen,
Eugene, OR). A Zeiss LSM 510 microscope
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was used to obtain images. Scale bars were
generated and inserted using LSM software.

Measurement of ROS Production

The measurements of ROS production by
confocal microscopy were performed accord-
ing to method of Qian et al. (2005). Briefly,
cells were grown on cover slips until 100%
confluent, serum-starved overnight, and then
exposed to 2.5 pg/ml MWCNT for differ-
ent periods of time. Some experiments were
performed with an ROS scavenger, catalase
(Sigma Aldrich, St. Louis, MO). For these exper-
iments, the cells were pretreated with catalase
(1000 U/ml) as indicated. During the expo-
sure periods, dihydroethidium (DHE; a probe
for O,7) was added at a final concentration
of 5 pM for the last 30 min of exposure.
After incubation, the cells were washed twice
with PBS, fixed with 4% paraformaldehyde,
permeabilized with 0.1% Triton X-100/PBS,
washed thrice with PBS, and mounted on
slides with an antifade reagent (Invitrogen).
A Zeiss LSM 510 microscope was used to
obtain images. Scale bars were generated and
inserted using LSM software. DHE fluores-
cence intensity was quantified on the acquired
images using an automated image analysis sys-
tem (Optimas 6.51, Media Cybernetics Inc.,
Silver Spring, MD). At a minimum, 20 cells
were scored for each sample from 3 inde-
pendent experiments. Data are presented as
mean + SEM.

Transmission Electron Microscopy (TEM)

The uptake of MWCNT by HMVEC was
analyzed by transmission electron microscopy
(TEM) according to the previously described
procedure (Apopa et al. 2009). Briefly, HMVEC
were grown to confluence and exposed to
MWCNT (2.5 ng/ml) for various periods of
time, washed with ice cold Ca?*/Mg**-free
PBS, scraped from the wells, and harvested
by centrifugation at 109 x g for 5 min. The
cells were fixed in Karnovsky’s fixative (2.5%
glutaraldehyde + 3% paraformaldehyde in 0.1
M sodium cacodylate, pH 7.4), washed thrice
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in 0.1 M sodium cacodylate and postfixed in
1% osmium tetraoxide, followed by washing
with 0.1 M sodium cacodylate and distilled
water. The cells were dehydrated by sequen-
tial washings in 25, 50, and 100% ethanol,
then embedded in LX-112 (Ladd, Williston,
VT). The ultrathin sections were stained with
uranyl acetate and lead citrate and examined
with TEM (JEOL 1220, Tokyo).

Cell Migration Assay

The cell migration assay was performed
according to method previously described
(Qian et al. 2005). In brief, HMVEC were
grown on cover slips to a confluent monolayer
and then scratched to form a 100-um “wound”
using sterile pipette tips. The cells were treated
with 2.5 pg/ml MWCNT in serum-free media
for 24 h, fixed, and stained with crystal vio-
let for T0 min at room temperature, followed
by washing with PBS. Samples were imaged
using an Olympus I1X70 microscope (Olympus
Optical Co., Ltd, Japan) equipped with a Retiga
2000R FAST camera (Qimaging, Canada).
Images were acquired using SimplePCl soft-
ware (Compix, Inc., Sewickley, PA). The num-
ber of cells that migrated toward the wound
was counted on the acquired images from
three independent experiments. Data are pre-
sented as mean + SEM of three independent
experiments.

Enzyme-Linked Immunosorbent Assay

MCP-1 and ICAM-1 levels were mea-
sured on conditioned cell culture supernatants
using quantitative enzyme-linked immunosor-
bent assay (ELISA) kits (Invitrogen, Camarillo,
CA) according to the manufacturer’s proto-
cols. Briefly, HMVEC cells (1 x 10°) were
grown in 12-well plates to a confluent mono-
layer and then exposed to 2.5 pg/ml MWCNT
for 24 h in serum free media. After 24 h,
the cell conditioned medium was collected
on ice, centrifuged at 14,000 x g for 15
min, transferred to new microcentrifuge tubes,
and stored at —80°C until analysis. ICAM-
1 and MCP-1 levels were analyzed with a
SPECTRAmax M2 microplate reader running
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SoftMax Pro software (Molecular Devices,
Sunnyvale, CA) according to the manufac-
turer’s protocols (Invitrogen).

Statistical Analysis

Data are presented as mean + SEM from
three experiments. Statistical analysis was per-
formed using one-way analysis of variance
(ANOVA) and Student’s paired t-test with a sig-
nificance level of p < .05 versus nontreated
control samples.

RESULTS

MWCNT Uptake by HMVEC

Previously, it was found that MWCNT are
taken up by human epidermal keratinocytes
(Monteiro-Riviere et al. 2005). The current
study sought to investigate whether HMVEC
might possess an ability to take up MWCNT.
HMVEC were grown to a confluent mono-
layer and then were exposed to 2.5 ug/ml of
MWCNT for different periods of time ranging
from 30 min to 24 h. After the exposure, cells
were processed for TEM analysis. As shown in
Figure 1B, MWCNT particles were found in
close contact with the surface of HMVEC at 30
min of exposure. At 1 h of exposure, the par-
ticles were found in the cytoplasm of HMVEC,
indicating that the cells were able to take up
MWCNT (Figures 1B and 1C). By 4 to 8 h,
the uptake of MWCNT by HMVEC increased
(Figures 1D and 1E). The uptake of MWCNT
lasted through at least 24 h of exposure in
HMVEC (Figure 1F). Approximately 50% of
the cells examined by TEM engulfed MWCNT
within 24 h after exposure (data not shown).
These results demonstrate that HMVEC displays
an ability to take up MWCNT into the cells.

MWOCNT Increase HMVEC Cell
Permeability

Confluent HMVEC were exposed to 2.5
png/ml of MWCNT for different periods of
time, followed by confocal microscopy imaging
analysis. The results show that the untreated
cells were closely attached with no substantial
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FIGURE 1. Uptake of MWCNT by HMVEC. TEM micrographs of
HMVEC exposed to MWCNT (2.5 pg/ml) for different periods of
time ranging from 30 min to 24 h: (A) control, (B) 30 min, (C) 1 h,
(D) 4 h, (E) 8 h, and (F) 24 h. Arrows indicate MWCNT containing
cytoplasmic vacuoles.

amounts of gaps in the HMVEC monolayer
(Figure 2A). Conversely, the MWCNT-exposed
HMVEC monolayers were pulled apart to form
gaps as early as 1 h after exposure (Figure 2A).
The increase in gap formation persisted up to
24 h (Figure 2A). Concentration- and time-
dependent experiments were also performed
to identify the concentration range of MWCNT
in inducing the HMVEC monolayer change.
The results demonstrated that MWCNT con-
centrations greater than 2.5 pg/ml induced
more predominant gaps (data not shown).
Since our cell viability assays showed that con-
centrations in excess of 2.5 pg/ml of MWCNT
significantly reduced cell viability (data not
shown), the concentration of 2.5 pg/ml was
selected for this study.

Transendothelial electrical resistance (TER)
measurements were then applied to verify
the MWCNT-induced effect on HMVEC per-
meability. TER is a highly sensitive measure-
ment of endothelial cell permeability, and the
change in TER reading correlates inversely with
an increase in cell permeability. The results
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FIGURE 2. MWCNT increase endothelial cell permeability. (A)
HMVEC were grown to confluent monolayers on cover slips,
serum-starved, and treated with 2.5 ug/ml MWCNT for different
periods of time as indicated. After treatment, cells were fixed,
permeabilized, and stained with VE-cadherin antibody. A Zeiss
confocal microscope was applied to take the images. Arrows indi-
cate gaps in the HMVEC monolayer. Representative micrographs
from three independent experiments are shown. (—) Unexposed
control cells. (B) HMVEC were grown to a confluent monolayer
on gold microelectrodes, serum-starved, and treated with 2.5
ng/ml MWCNT. TER was measured for 50 h. Scale bar = 20 um.
Red line represents unexposed control cells and blue line rep-
resents MWCNT-exposed cells. Shown here is a representative
graph from three independent experiments (color figure available
online).

of this assay demonstrated that exposure of
HMVEC to MWCNT decreased the TER of the
HMVEC monolayer over 50 h of exposure time
(Figure 2B), indicating that the monolayer was
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compromised and endothelial cell permeabil-
ity rose. Taken together, the results demon-
strated that MWCNT exposure displayed an
ability to increase endothelial cell permeability
in HMVEC.

MWCNT Induce the Production of ROS
in HMVEC

The production of ROS was investi-
gated using confocal microscopy by measuring
changes in the fluorescence of DHE. HMVEC
were exposed to 2.5 ug/ml MWCNT for dif-
ferent periods of time, followed by incubation
with DHE for the last 30 min of exposure.
The results show that a significant increase in
ROS production started at 1 h of exposure,
peaked at 8 h, and declined somewhat at 24
h, while the untreated control cells showed a
low basal level of ROS production (Figures 3A
and 3B). To exclude the possibility that the
trace metal contamination of Fe in MWCNT
may induce ROS intrinsically, ROS produc-
tion was measured in cell-free systems (cell
culture media without HMVEC). The results
demonstrated that MWCNT were not able to
produce ROS intrinsically (Figure 3C). To ver-
ify the specificity of ROS production, catalase
(1000 U/ml), an ROS scavenger, was applied to
pretreat the cells for 1 h, followed by exposure
to MWCNT for 8 h. The results show that pre-
treatment with catalase significantly prevented
MWCNT-induced ROS generation in HMVEC
(Figures 3D and 3E). Taken together, the results
obtained demonstrated that MWCNT exposure
induced production of ROS in HMVEC.

MWOCNT Induce Actin Filament
Remodeling in HMVEC

In the present study, confocal microscopy
imaging analysis was applied to investigate
MWCNT exposure-induced effects on actin fil-
ament remodeling in HMVEC. The HMVEC
monolayer was exposed to 2.5 pg/ml MWCNT
for different periods of time and the integrity of
actin filament network was determined using
FITC-phalloidin staining, followed by confocal
microscopy imaging analysis. As shown in
Figure 4, in untreated HMVEC, actin filaments
were evenly distributed throughout cells to
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form a well-organized network structure and
no significant amounts of cell peripheral motile
structures were found. Within 1 h of MWCNT
exposure, actin filaments were remodeled to
form peripheral motile structures, lamellipo-
dia and filopodia, and central actin filament
bundles. Moreover, the cells were pulled apart
to form small gaps in the HMVEC monolayer.
MWCNT-induced effects on actin filaments
lasted more than 8 h and declined 24 h after
the exposure. Interestingly, actin filament stain-
ing showed that more intercellular gaps were
found at 24 h postexposure (Figure 4). The
results demonstrated that MWCNT exposure
induced actin filament remodeling in HMVEC.

MWOCNT Induce Actin Filament
Remodeling and Permeability Through
the Production of ROS in HMVEC

The cells were pretreated with catalase, a
specific ROS scavenger, followed by MWCNT
treatment and confocal microscopy analysis.
The results show that the removal of ROS with
catalase inhibited MWCNT-induced intercellu-
lar gap formation in the HMVEC monolayer
(Figure 5A). These results indicate that the pro-
duction ROS may mediate MWCNT-induced
permeability in HMVEC. Confocal microscopy
imaging analysis was also applied to deter-
mine the regulatory role of ROS production
in MWCNT-induced actin filament remodel-
ing. The HMVEC monolayer was pretreated
with catalase for 1 h, followed by exposure to
2.5 pg/ml MWCNT for 1 h. The results show
that catalase pretreatment inhibited MWCNT-
induced actin filament remodeling, indicating
that the production of ROS plays a regulatory
role in this process (Figure 5B). Taken together,
these results demonstrated that the production
of ROS played an essential role in modulat-
ing MWCNT-induced actin filament remodel-
ing and enhanced permeability in HMVEC.

MWOCNT Induce an Increase in
Migration in HMVEC

The HMVEC monolayer was scratched to
form a 100-wm wound with sterile pipette
tips, followed by exposure to 2.5 pg/ml
MWCNT for 24 h. The results show that
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FIGURE 3. MWCNT effect on production of ROS. (A) HMVEC were grown on cover slips, serum-starved, and treated with MWCNT (2.5
ng/ml) for different periods of time as indicated. The production of ROS was determined by pretreating the cells with DHE as described in
the Materials and Methods section. DAPI was used to stain cell nuclei. Shown here are representative micrographs from three independent
experiments. Scale bar = 50 wm. (B) Time course of ROS production. DHE fluorescence intensity of MWCNT-treated samples relative to
nontreated control samples was determined as described in the Materials and Methods section. Data (mean + SEM) are representatives
of three independent experiments. Asterisk indicates significant difference, t-test, p < .05 versus control, n = 3. (C) MWCNT influence on
ROS production in a cell-free system. DHE (5 wM) was mixed with H,O,, MWCNT, or catalase as indicated, followed by measurement of
the fluorescence intensity of oxidized DHE using a Cytofluor series 4000 fluorescence plate reader. Data represent means + SEM of three
experiments. Asterisk indicates significant difference at p < .05, t-test. (D) HMVEC were grown on cover slips, serum-starved, and treated
with 2.5 pg/ml MWCNT with or without catalase pretreatment (1000 U/ml) for 8 h. The production of ROS was determined according
to the methods described in the Materials and Methods section. DAPI was used to stain cell nuclei. (E) Catalase pretreatment (1000 U/ml
for 8 h) on MWCNT (2.5 ug/ml)-induced ROS production in HMVEC. DHE fluorescence intensity was determined as described in the
Materials and Methods section. Data (mean & SEM) are representatives of three independent experiments. Asterisk indicates significant
difference, t-test, p < .05 versus nontreated control, n = 3. DHE = dihyroethidium, DAPI = 4’,6-diamidino-2-phenylindole (color figure
available online).

MWCNT-exposed cells at the edge of the endothelial cells compared to untreated con-

wound migrated and spread to heal the wound
faster than the untreated cells (Figures 6A
and 6B). A significant number of cells were
found in the wound area in MWCNT-exposed

trol cells (Figures 6A, 6B, and 6D). The results
indicate that MWCNT modulate endothe-
lial cell behavior and induce an increase
in HMVEC migration. Moreover, the removal
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of ROS by catalase pretreatment blocked
MWCNT-induced migration, indicating that the
production of ROS plays a regulatory role
in  MWCNT-induced migration (Figures 6C
and 6D).

MWCNT Induce the Production of
MCP-1 and ICAM-1 in HMVEC

As shown in Figure 7, HMVEC exposure to
2.5 pg/ml MWCNT induced the production of
MCP-1 (Figure 7A) at 24 h after exposure and
ICAM-1 (Figure 7B) at 8 h after exposure.

DISCUSSION

Two pathways are involved in the control
of substance transfer through the endothelial
semipermeable barrier: transcellular and para-
cellular pathways (Mehta and Malik 2006).
The transcellular pathway controls the trans-
port of macromolecules via endocytosis in
vesicle carriers. The paracellular pathway medi-
ates the passage of macromolecules via the
opening and closing of endothelial cell-cell

M. PACURARI ET AL.

FIGURE 4. MWCNT effect on actin filament remodeling.
HMVEC cells were grown on cover slips, serum-starved, and
treated with 2.5 pg/ml MWCNT for different periods of time
as indicated. After treatment, the cells were fixed, permeabi-
lized, and stained with Alexa-546 phalloidin for actin filaments,
followed by confocal microscopy analysis. Arrows indicate gaps;
broken arrows indicate stress fibers (contractile bundles of actin
filaments); arrowheads indicate lamellipodia (a meshwork of
actin filaments at the cell periphery) and filopodia (actin-rich
surface protrusions). Shown here are representative micrographs
from three independent experiments. Scale bars = 20 wm (color
figure available online).

junctions and transendothelial permeability
changes, which are a coordinated processes
regulated by cellular cytoskeleton contractile
forces, cell-cell junctions, and cell-adhesion
junctions (Mehta and Malik 2006). The unper-
turbed endothelial paracellular pathway allows
the passive passage of substances with a radius
of less than 3 nm through the barrier. However,
upon stimulation, the perturbed endothelial
paracellular pathway becomes leaky and forms
gaps between the endothelial cells to allow
the passage of larger molecules (Mehta and
Malik 2006). It was reported that CNT cross
the endothelial semipermeable barrier via the
transcellular pathway (Bianco et al. 2005; Jin
et al. 2008; Pantarotto et al. 2004). In the
present study, the results demonstrated that
MWCNT induced an increase in endothelial
cell permeability. The results of TER measure-
ments indicated that the increase in endothelial
permeability may occur immediately following
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FIGURE 5. ROS influence on MWCNT-induced endothelial cell permeability and actin filament remodeling. (A) HMVEC were grown to
a confluent monolayer on cover slips, serum-starved, and pretreated with catalase (1000 U/ml) for 30 min, followed by exposure to 2.5
ug/ml MWCNT for 1 h. The change in permeability was determined according to the methods described in Figure 2. Arrows indicate
gaps in HMVEC monolayer. (B) HMVEC cells were grown on cover slips, serum-starved, and pretreated with catalase (1000 U/ml) for
30 min, followed by exposure to 2.5 pg/ml MWCNT for 1 h. After the treatment, the cells were analyzed according to the methods
described in Figure 4. Arrows indicate gaps; broken arrows indicate stress fibers; arrowheads indicate lamellipodia and filopodia. Shown
here are representative micrographs from three independent experiments. Scale bars = 20 um (color figure available online).

exposure, accelerate at 10 h after exposure,
and extend to 50 h. Indeed, the image analy-
sis data of both VE-cadherin and actin filament
staining showed that formation of MWCNT-
induced gaps occurred as early as 1 h following
exposure, peaked at 8 h, and was present for
24 h (Figures 2A and 4). This finding suggests
that MWNCT may potentially promote vascu-
lar extravasation and be translocated into the
underlying surrounding tissues and organs in
vivo via changes via a paracellular pathway,
specifically, permeability modulation. Indeed,
animal studies found that upon iv injection,
MWCNT were detected in various distant
organs in both mice and rat (Deng et al. 2007;
Lacerda et al. 2008).

The concentration (2.5 pg/ml) of MWCNT
used in this study is comparable to the
concentrations used in the studies of sys-
temic administration of MWCNT for imaging,

biodistribution, translocation, and direct tumor
injection. Lacerda et al. (2008) injected 300
ng MWCNT per rat, equivalent to a concen-
tration of 20 wg/ml (average rat blood volume
15 ml and 200 g body weight). Deng et al.
(2007) injected 10 pg MWCNT per mouse,
equivalent to a concentration of 10 pg/ml
(average mouse blood volume 1 ml and 20
g body weight). It appears that these animal
imaging studies of systemic administration of
functionalized and radiolabeled MWCNT uti-
lized higher doses of MWCNT than the current
in vitro endothelial-based study. Our unpub-
lished data indicated that concentrations of
MWCNT above 2.5 pg/ml induced cellular
toxicity in vitro. Therefore, the concentration
utilized in this study may represent a ceiling for
a non-cytotoxic level, which may be useful to
guide future in vivo applications of MWCNT in
biomedicine.
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FIGURE 6. MWCNT influence on cell migration in HMVEC. (A-C) HMVEC were grown to confluence, wounded, and exposed to
vehicle (A), 2.5 ug/ml MWCNT (B) or 2.5 pg/ml MWCNT + 1000 U/ml catalase (C) for 24 h. After these treatments, cells were fixed,
permeabilized, stained, and photomicrographed. Shown are representative micrographs from three independent experiments. Scale
bar = 500 wm. (D) The number of migrating endothelial cells was determined as described in the Materials and Methods section. Data
(mean £ SEM) are representatives of three independent experiments. Asterisk indicates significant difference, t-test, p < .05 versus

nontreated control, n = 3.

Nel et al. (2006) demonstrated that
many nanoparticles have an ability to induce
production of ROS. ROS-induced acute and
chronic oxidative stress is known to produce
vascular endothelial dysfunction, which plays
an important role in the pathophysiology of
various vascular diseases and disorders (Lum
and Roebuck 2001). In this study, it was found
that MWCNT exposure induced the produc-
tion of ROS in HMVEC. These results are
consistent with our previous observations of
Fe nanoparticle-induced ROS production in
endothelial cells (Apopa et al. 2009). One
of the unique features of nanoparticles is
small particle size with a large surface area.
As a consequence, more atoms are exposed
on the particle surface instead of occluded
within the interior of the material. Therefore,
their electronic properties are altered, which
may serve as reactive sites for ROS produc-
tion (Nel et al. 2006). Indeed, in vivo studies

demonstrated a direct relationship between the
surface area of nanoparticles, ROS-generating
capability, and proinflammatory effects in the
lung (Nel et al. 2006). Numerous studies
showed that the production of ROS is a major
mechanism for the induction of nanoparticle-
related adverse biological effects (Gwinn and
Vallyathan 2006; Nel et al. 2006). Gwinn and
Vallyathan (2006) indicated that nanoparticle-
induced ROS production leads to the activation
of cellular signaling pathways and apoptosis,
which is directly related to the development
of nanoparticle-induced pulmonary injury and
other diseases. In this study, the results show
that MWCNT-induced ROS play a regulatory
role in endothelial permeability, as well as
migration. The production of ROS is directly
related to the increase in permeability and
migration in endothelial cells (Houle and Huot
2006; Lum and Roebuck 2001; Qian et al.
2005). Endothelium-based hyperpermeability
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FIGURE 7. MWCNT effect on MCP-1 and ICAM-1 production
in HMVEC. (A) HMVEC were grown to a confluent mono-
layer and treated with vehicle or 2.5 pg/ml MWCNT for 24
h. MCP-1 level was determined as described in the Materials
and Methods section. Data (mean + SEM) are representatives
of three independent experiments. Asterisk indicates significant
difference, t-test, p < .05 versus nontreated control, n = 3. (B)
HMVEC were grown to a confluent monolayer and treated with
vehicle or 2.5 pg/ml MWCNT for 8 h. ICAM-1 level was deter-
mined as described in the Materials and Methods section. Data
(mean £ SEM) are representatives of three independent exper-
iments. Asterisk indicates significant difference, t-test, p < .05
versus nontreated control, n = 3.

and migration are two key steps of vascu-
lar remodeling, which is directly involved in
inflammation, fibrosis, and cancer (Hassoun
et al. 2009; Strieter and Mehrad 2009; Wallace
et al. 2007). The results generated from this
study may elucidate a molecular mechanism
that may be related to MWCNT-induced pul-
monary inflammation, and particularly fibrosis.

Actin filaments are dynamic intracellular
structures that undergo constant remodeling,
and form central stress fibers for substratum
anchorage and the peripheral structures of
lamellipodia and filopodia for cell spreading and
migration (Gotlieb 1990). Actin filaments (1) are
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key components of cell junctions and adhesions,
(2) serve as contractile apparatuses, and (3) play
a critical role in modulating endothelial cell per-
meability (Dudek and Garcia 2001; Shasby etal.
1982). Disruption of actin filaments is directly
related to an increase in endothelial cell per-
meability (Mehta and Malik 2006). This study
demonstrated that MWCNT exposure induced
actin filament remodeling, which may indi-
cate a potential molecular mechanism by which
MWCNT increase endothelial permeability and
migration. The results of MWCNT-induced actin
filament remodeling also indicate that MWCNT
have the ability to induce cell migration. Cell
migration is a multistep process in which the
actin filament-based cytoskeleton plays a key
role (Lee and Gotlieb 2003). Indeed, the results
of this study demonstrate that MWCNT have an
ability to induce endothelial migration, which
is consistent with the published observations of
MWCNT-induced cell migration. It was found
that MWCNT modulate cell adhesion and
migration in MWCNT-coated composites and
implanted biomedical apparatus (Hirata et al.
2009; Misra etal. 2010; Raffa etal. 2009; Wang
et al. 2007). The results of the cell migration
assay obtained in this study are comparable
to the effects of MWCNT previously observed
on fibroblast proliferation, osteoblast prolifer-
ation, bone grafting, and nerve regeneration
(Christenson et al. 2007; Ding et al. 2005; Li
et al. 2009; Yadav et al. 2010). The increased
expression of MCP-1 and ICAM-1 observed in
this study may indicate the potential molecu-
lar mechanisms involved in MWCNT-induced
endothelial migration. The role of MCP-1 in
facilitating endothelial cell migration was previ-
ously shown (Weber et al. 1999). ICAM-1 plays
an important role in transducing extracellular
signals, transendothelial leukocyte migration,
and lung cancer cell migration (Aghajanian et al.
2008; Chenetal.2011). Both MCP-1 and ICAM-
1 are key factors responsible for mononuclear
cell recruitment, adhesion, and transendothelial
migration (Gerszten et al. 1999), and play an
important role in mediating cell-cell adhesion
and cell migration (Weber et al. 1999).

The observed MWCNT-induced actin
filament remodeling, cell migration, and
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permeability altogether suggest that MWCNT
have an ability to induce vascular remodeling
and angiogenesis. Currently, experiments
are being designed to examine whether
MWCNT exposure may induce an increase in
angiogenesis in HMVEC.

In summary, the results of this study
demonstrate that exposure to MWOCNT
induced an increase in endothelial mono-
layer permeability and migration in HMVEC.
Mechanistically, MWCNT appear to induce
endothelial cell permeability and migration
through ROS production and actin filament
remodeling. These data provide new insights
concerning the mechanisms of MWCNT inter-
actions with the vascular endothelium, which
may have implications for future applications
of MWCNT in nanomedicine for vascular
imaging, vascular macromolecular delivery,
and drug transport. The finding that MWCNT
induce permeability and migration may also
indicate the mechanisms by which MWCNT
translocate from the blood stream into the
underlying tissue of distant organs following
systemic administration. Furthermore, these
results may be useful for understanding the
bioreactivity of MWCNT, which inform poten-
tial applications of MWCNT in biomedicine
and elucidate the possible adverse health
effects in humans.
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