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The Toxicity of Nanoparticles
to Human Endothelial Cells

Yi Cao

Abstract

The use of nanoparticles (NPs) in commercially available products and as
biomedicinal materials could lead to increasing contact of human blood
vessels with NPs, and it is necessary to assess the potential adverse effects
of NPs to cells lining blood vessels. Of them, endothelial cells (ECs) are of
particular relevance as they play a crucial role in the regulation of function
of blood vessels. In this book chapter, I discussed studies that used human
ECs to study the toxicity and mechanisms of NPs. It has been shown that
exposure of human ECs to NPs could lead to cytotoxicity, genotoxicity,
endothelial activation and impaired NO signaling. Oxidative stress and
inflammation induced by NPs have been suggested as the mechanisms
associated with the toxicity of NPs to ECs, and a three-tier model has been
proposed to explain the association between NP induced oxidative stress
and toxicity. In recent years, dysfunction of autophagy (excessive autoph-
agy induction) has also been suggested as one of the mechanisms associ-
ated with the toxicity of NPs to human ECs. In the future, it is necessary to
use human ECs to assess the toxicity of NPs to better understand the poten-
tial adverse effects of NPs entering circulation.
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4.1 Introduction

Nanoparticles (NPs) are defined as ‘natural, inci-
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dental or manufactured material containing par-
ticles, in an unbound state or as an aggregate or
as an agglomerate and where, for 50% or more
of the particles in the number size distribution,
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one or more external dimensions is in the size
range 1 nm-100 nm’ by the European
Commission in 2011. In specific cases, the
threshold between 1% and 50% for the number
size distribution may also be used instead of
50% [1]. Nano-sized particles could be gener-
ated through combustion, and combustion-
derived NPs have been convincingly shown to
induce adverse health effects to blood vessels [2,
3]. In recent years, the rapid development of
nanotechnologies also leads to increasing use of
engineered NPs in many commercial products,
marking engineered NPs as one of the major
sources for particle exposure in modern society.
According to a recent survey, a total of 1814
commercial products sold in global markets con-
tain at least one type of NPs, which can lead to
human exposure to NPs in daily life via three
major routes, namely dermal (count for 58% of
products evaluated), inhalational (25%) and oral
(16%) exposure [4]. By the analog with combus-
tion-derived NPs, it has been suggested that
engineered NPs added in commercial products
may also induce adverse health effects [2, 3].
Besides intended use in commercial products,
NPs may also have potential use in medicine. For
example, carbon nanotubes (CNTs), including
single-walled carbon nanotubes (SWCNTSs) and
multi-walled carbon nanotubes (MWCNTS),
could be used as nanocarriers for drug delivery
[5]. Ag NPs are potential anticancer therapeutic
agents that could be used in the treatment of a
number of cancer, such as leukemia, breast can-
cer and lung cancer [6]. Metal-based NPs includ-
ing Ag and ZnO NPs are also effective alternative
antimicrobial agents for the treatment of infec-
tious diseases [7]. Iron oxide NPs (IONPs) could
be applied as contrast agents in magnetic reso-
nance imaging (MRI) as well as for the treatment
of iron deficiency [8]. However, despite the
enthusiasm for the development of NPs for
medicinal purposes, progress into clinics is rela-
tively slow. One of the concerns is the adverse
health effects of NPs, especially to the vascula-

ture, because intravenous injection of NPs in
nanomedicine could lead to increasing contact of
vasculature to NPs [9]. Thus, it is necessary to
evaluate the potential effects of NPs to cells lin-
ing blood vessels.

Human blood vessels are covered by a thin
layer of endothelial cells (ECs), which act as the
first contact and barrier for NPs entering circula-
tion. Moreover, ECs play a crucial role in the
regulation of blood vessel tone, thrombogenicity,
homeostasis and monocytes recruitment [10]. In
normal vascular physiology, the ECs generate
NO by endothelial NOS (eNOS), which plays a
key role to maintain the quiescent state of the
endothelium by inhibition of inflammation, cel-
lular proliferation and thrombosis, and the mono-
cytes adhere poorly onto the endothelium under
normal conditions [11]. With the development of
cardiovascular diseases, persistent inflammation
in blood vessels activates ECs, which in turn
express excessive adhesion molecules such as
selectins, ICAM-1 and VCAM-1 to recruit mono-
cytes. Monocytes adhere to the activated ECs,
migrate through the endothelium to the intima,
accumulate lipids and transform to lipid laden
foam cells, which result in the earliest visible ath-
erosclerotic lesions as fatty streaks [12].
Meanwhile, the development of cardiovascular
diseases was also associated with a gradual loss
of NO bioactivity due to the uncoupling of eNOS
(eNOS uncoupling; Fig. 4.1). Given the impor-
tance of ECs in maintaining the proper function
of blood vessels, it is necessary to evaluate the
toxicity of NPs to ECs in order to better under-
stand the potential effects of NPs in vivo [9].

In this book chapter, I will discuss about the
toxicity of NPs to ECs as well as the possible
mechanisms. The discussion will be limited to
studies using human ECs, rather than animal
ECs, as the results are easier to be extrapolated to
human endothelium in vivo. I hope this book
chapter will help future studies which consider to
evaluate the adverse effects of NPs to
endothelium.
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Fig. 4.1 Key events associated with the early develop-
ment of atherosclerosis. In normal endothelial cells (ECs),
endothelial NOS (eNOS) generate NO to maintain the qui-
escent state of the endothelium, and the monocytes adhere
poorly onto the endothelium. With the development of
cardiovascular diseases, ECs are activated to express

4.2  Toxicity of NPs to Human
Endothelial Cells
4.2.1 Cytotoxicity

A number of NPs has been shown to induce cyto-
toxicity to human ECs. Of them, the soluble
metal based NPs appear to be the most cytotoxic
due to the dissolution of NPs to release metal
ions. For example, ZnO NPs are partially soluble
to release Zn ions, which has been convincingly
shown as one of the mechanisms for ZnO NP
induced toxicity to mammalian cells [13]. A pilot
study by Sun et al. [14] showed that 24 h expo-
sure to ZnO NPs (primary size 45.3 nm) was
associated with significantly decreased mito-
chondrial activity in human cardiac microvascu-
lar endothelial cells (HCMECS), with a threshold
as low as 5 pg/mL. Liang et al. [15] showed that
24 h exposure to ZnO NPs (primary size 70 nm)
at the concentrations >15 pg/mL significantly
induced cytotoxicity in human aortic endothelial
cells (HAECS) as decreased mitochondrial activ-
ity, lactate dehydrogenase (LDH) release and
apoptosis. We have also recently shown that 24 h
exposure to 32 pg/mL ZnO NPs (primary size
100 nm) induced cytotoxicity in human umbilical
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excessive adhesion molecules, and monocytes subse-
quently adhere to the activated ECs, migrate through the
endothelium to the intima, accumulate lipids and trans-
form to lipid laden foam cells to form the earliest visible
atherosclerotic lesions. Meanwhile, there is also a gradual
loss of NO bioactivity due to eNOS uncoupling

vein endothelial cells (HUVECs) as decreased
mitochondrial activity, LDH release and lyso-
somal damages, which was associated with
increased intracellular Zn ions [16, 17]. Ag NPs,
which may lead to the accumulation of Ag ions,
were also cytotoxic to endothelial cells. Guo
et al. [18] showed that 24 h incubation of
HUVECs with citrated-coated Ag NPs (10, 75,
and 110 nm) from 1 to 40 pg/mL significantly
induced cytotoxicity associated with increased
accumulation of intracellular Ag, with 110 nm
Ag NPs being most effective. Meanwhile, AgNO;
at the same concentrations was more cytotoxic
compared with Ag NPs, which indicated that
AgNO; induced cells death through a mechanism
different from Ag NPs. A comparative study by
Danielsen et al. [19] also showed that Ag NPs
(<20 nm) induced cytotoxicity in HUVECs, but
the threshold of Ag NPs (64 pg/mL) was higher
than that of ZnO NPs (32 pg/mL). Another exam-
ple is Cd based quantum dot (QD), which can
release the highly toxic Cd ions. Yan et al. [20]
showed that CdTe QD (mercaptosuccinic acid
coated; primary size ~4 nm) induced cytotoxicity
in HUVECs, with a threshold as low as 0.1 pg/
mL. At 10 pg/mL, 24 h incubation of HUVECs
with CdTe QD reduced cellular viability to about
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50% of control and induced apoptosis about five
times higher over control.

Some of the insoluble NPs may also induce
cytotoxicity to human ECs. For example, Yang
etal. [21] showed that 24 h exposure of HUVECs
to 20 pg/mL silica NPs (primary size 56.8 nm)
significantly induced cytotoxicity as about 50%
decrease of viability and about 6.6 times higher
LDH release. Similarly, Guo et al. [22] also
showed that 24 h or 48 h exposure of HUVECsS to
amorphous silica NPs (average diameter
57.66 nm) from 12.5 to 100 pg/mL significantly
induced cytotoxicity. Walker et al. [23] compared
the effects of single-walled carbon nanotube
(SWCNT; surface area 641 m?g) and multi-
walled carbon nanotube (MWCNT; 56 m*/g), and
results showed that 24 h exposure to both types of
CNT (10, 50, 100 pg/10¢ cells) induced cytotox-
icity in human aortic endothelial cells (HAEC) to
a similar extent, which indicated that surface area
is not important in influencing the cytotoxicity of
CNT to ECs. Orecna et al. [24] showed that expo-
sure to 100 pg/mL pristine and carboxylated
MWCNT (average diameter 60 nm) induced sim-
ilar effects in mitochondrial viability and LDH
release in HUVECs, but the carboxylated
MWCNT was associated with higher apoptosis.
Ge et al. [25] showed that 6 h and 12 h exposure
to 30 pg/mL SWCNT (primary size not provided;
with ion impurities) caused over 50% decrease in
HUVEC viability, which was attenuated by the
presence of proteins due to the formation of pro-
tein corona.

In contrast, organic NPs generally showed lit-
tle to no cytotoxicity. For example, Matuszak
et al. [26] showed that exposure to up to 100 pg/
mL lipid NPs (50, 80, 120 nm) or liposomes
(109, 139 nm) did not significantly affect HUVEC
viability (indicated as cell index by real-time
measurement), whereas 100 pg/mL micelles
(145, 227 nm) significantly decreased the viabil-
ity. Menard et al. [27] showed that micelles based
on diglutamic acid (linked to lithocholic, arachi-
donic or linoleic acid) did not significantly induce
LDH release in HUVECS, and the EC50 to reduce
mitochondrial viability was larger than 250 pg/
mL. Our recent study also showed that up to
200 pg/mL micelles based on MPEG-PLA

(hydrodynamic size ~20 nm) did not significantly
induce cytotoxicity in HUVECs [28]. Indeed,
coating with organics could be a strategy to
improve the biocompatibility of toxic NPs. For
example, Su et al. [29] coated Ag NPs with poly-
urethane micelles with MPEG brush, and the
nanocomposite showed relatively low cytotoxic-
ity to HUVECsS (viability approximate 72% after
24 h exposure to 20 pg/mL NPs) while efficiently
inhibited the growth of bacteria. All of these
studies in combination suggested that NPs could
induce cytotoxicity to human ECs in vitro, and
the cytotoxic potential is probably dependent on
the physicochemical properties of NPs.

4.2.2 Genotoxicity

Comet assay, also known as the single cell gel
electrophoresis assay, is one of the most popular
assays used in particle toxicology studies to
detect DNA damage, i.e., DNA strand breaks and
oxidative DNA damage [30]. By using this
method, it has been shown that exposure of
human ECs to TiO, NP, silica NP, carbon black
(CB) NPs and micelles based on polyethyleni-
mine (PEI) was associated with DNA damage
[31-35]. Another popular method is to measure
the formation of YH2AX foci, which has been
applied to indicate the DNA damage in human
ECs induced by MWCNT, multiwall carbon
nano-onion (MWCNO) and CdSe/ZnS QD [36—
38]. Duan et al. [32] further showed that silica NP
(average size 62 nm; concentrations >25 pg/mL)
induced DNA damage was associated with G2/M
cell cycle checkpoint activation and inhibition of
proliferation, which suggested that NP exposure
could induce the downstream events associated
with DNA damage.

Based on available reports, there appears to be
no strong correlation between NP induced DNA
damage and cytotoxicity in human ECs. For
example, Bayat et al. [31] showed that 24 h expo-
sure to 10 pg/mL TiO, NPs (primary size 1-3 nm
and 30 nm) significantly induced DNA strand
damage without an effect on LDH release in
human dermal microvascular endothelial cells
(HDMVCs). Guo et al. [38] showed that
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cytotoxicity was significantly induced in
HUVECs after 24 h exposure to 10 pg/mL
MWCNT (average diameter 30 nm, length
<1 pm), whereas DNA damage was induced after
incubation with MWCNT as low as 0.5 pg/
mL. Xu et al. [36] showed that the EC50 for
MWCNO (hydrodynamic size 31.2 nm) induced
cytotoxicity was 44.12 pg/mL, whereas YH2AX
foci formation was observed in HUVECs after
6 h, 12 h and 24 h incubation with 5 pg/mL
MWCNO. These studies indicated that DNA
damage could be used as a sensitive marker to
reflect NP induced toxicity.

Cowie et al. [35] compared DNA damage
induced by TiO, NPs (20 nm), iron oxide NPs
(8nm, with or without oleic acid coating), silica
NPs (25 nm and 50 nm; rhodamine-labeled) and
polylactic glycolic acid polyethylene oxide poly-
meric NPs in a number of different cell lines,
namely human lymphoblastoid TK6 cells, human
kidney HEK293, monkey kidney COS-1 cells,
human cerebral endothelial cells (HCECs), bron-
chial I16HBE14o cells and human BeWo b30 pla-
cental cells. The results showed that HCECs were
as effective as other types of cells to identify
genotoxic and non-genotoxic NPs, however, the
TKG6 cells, BeWo b30 and kidney cells seem to be
the most reliable for detecting a dose-response.

4.2.3 Endothelial Activation

It has been shown that direct exposure of human
ECs to different types of NPs could induce endo-
thelial activation in vitro, i.e., expression of adhe-
sion molecules, release of inflammatory markers
and monocyte adhesion. For example, Zhu et al.
[39] showed that exposure of HAECs to iron
oxide NPs (22 nm and 43 nm) at 2, 20, 100 pg/
mL significantly promoted the expression of
interleukin 8 (IL-8) and ICAM-1 as well as adhe-
sion of U937 to ECs. Montiel-Davalos et al. [40]
reported that TiO, NPs (average size <50 nm)
from 5 to 40 pg/cm? induced the expression of
adhesion molecules (i.e., E-selectin, P-selectin,
ICAM-1, VCAM-1 and PECAM-1) as well as
adhesion of U937 cells to HUVECs. Li et al. [41]
found that exposure of HUVECsS to 0.1, 1 and

10 pg/mL. ZnO NPs (50 nm), but not the mic-
roparticles (>100 nm), was associated with
increased expression of ICAM-1 and monocyte
adhesion. Meanwhile, elevated expression of
ICAM-1 and foam cell formation were also
observed in ZnO NP exposed mice. Shi et al. [42]
showed that Ag NPs (hydrodynamic size 65 nm)
from 0.5 to 2.0 pg/mL induced the expression of
inflammatory cytokines (i.e., IL-6, IL-8 and
MCP-1) and adhesion molecules (ICAM-1,
VCAM-1 and P-selectin). For carbonaceous NPs,
Cao et al. [43] showed that 24 h exposure of
HUVECs to MWCNT (primary size 700-
3000 nm in length x 5-35 nm in diameter, and
400-4000 nm in length x 620 nm in diameter)
significantly induced expression of ICAM-1 and
VCAM-1 at concentrations from 16 to 64 pg/mL
as well as monocyte adhesion at 64 pg/mL,
whereas CB NPs (primary size 14 nm) only
induced significantly increased expression of
ICAM-1 and VCAM-1 without an effect on
monocyte adhesion at the concentrations of 50
and 100 pg/mL [44].

Meanwhile, by using co-culture models, it has
been shown that NPs may also activate ECs with-
out direct contact with ECs. For example,
Napierska et al. [45] incubated EA.hy 926 cells
(an immortalized EC cell line) with A549 and
THP-1 co-cultures that had been exposed to silica
NPs (2 and 60 nm) for 12 h, and found increased
release of IL-6, IL-8 and MIP-1 in indirectly
exposed endothelial monolayer. Snyder-
Talkington et al. [46] showed that apical expo-
sure of human small airway epithelial cells
(SAEC) to 1.2 pg/mL MWCNT (length 3.86 pm
x diameter 49 nm) for 24 h induced the release of
VEGFA, sICAM-1 and sVCAM-1 in human
microvascular endothelial cells (HMVEC) cul-
tured in basolateral chamber. In a later study, the
same group further showed that 24 h incubation
of SAEC with 0.5 and 1.0 pg/mL printer-emitted
NPs (aerodynamic diameters ranged from 39 to
122 nm) promoted the release of cytokines and
chemokines without the internalization of NPs
into HMVEC by using the same model [47]. Cao
et al. [48] showed that exposure of A549 and
THP-1 cells with 8§ pg/mL MWCNT (primary
size 700-3000 nm in length x 5-35 nm in
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diameter, and 400-4000 nm in length x 6-20 nm
in diameter) for 24 h modestly promoted the
release of IL-6 and IL-8 as well as monocyte
adhesion in HUVEC monolayer in basolateral
chamber. In combination, it is possible that expo-
sure to NPs could lead to endothelial activation
in vitro, either due to the direct effect of NPs or
an indirect effect by inflammatory mediators.

4.2.4 Dysfunction of NOS
and Impaired NO Signaling

The proper function of blood vessels requires the
endothelium to release NO, and dysfunction of
NO, particularly diminished NO bioactivity due
to eNOS uncoupling, has been implicated in the
development of cardiovascular diseases [11].
Some of the NPs have been shown to induce
eNOS uncoupling and/or decreased NO produc-
tion. For example, Duan et al. [49] showed that
exposure to silica NPs (diameter 62 nm) dose-
dependently (25-100 pg/mL) decreased the NO
production and activity of eNOS and NOS but
increased the activity of iNOS in HUVECs.
Similarly, decreased activity of eNOS and NO
production have been observed in human ECs
after exposure to magnetic ferroferric oxide NPs
(diameter ranges from 10 to 15 nm) [50] and
superparamagnetic iron oxide (size ranges from 5
to 75 nm) [51]. A decreased NO/peroxynitrite
ratio has been observed in HUVECs after expo-
sure to silica NPs with different sizes (10, 50, 150
and 500 nm), especially 10 nm silica NPs [52].
Exposure to detonation diamond NPs (size grains
2-5nm) [53] or TiO, NPs (1-3 nm) [31] was also
associated with decreased NO production.
Although these studies did not attempt measuring
the activity of NOS, the decreased NO produc-
tion could be due to decreased activity of NOS,
particularly eNOS uncoupling.

In contrast, exposure to NPs may also pro-
mote NOS activity and NO over-production. For
example, Zhu et al. [39] showed that iron oxide
NPs (22 nm and 43 nm) at 2, 20, 100 pg/mL pro-
moted NO over-production due to elevated NOS
activity. Similarly, Su et al. [54] showed that
magnetic NPs (diameter 15-20 nm) at 400 pg/

mL significantly induced NO production and
eNOS activity. Furthermore, an increase of serum
NO was also observed in mice after 3 days expo-
sure to 20 mg/kg magnetic NPs. Han et al. [55]
showed that exposure to 200 pg/mL ZnS nanoar-
chitectures was associated with increased NO
production and NOS activity in HUVECs,
whereas exposure to 5 mg/kg and 10 mg/kg ZnS
nanoarchitectures promoted NO in serum and
damages to endothelium in aortic root of normal
mice. NO over-production was also observed in
human ECs after exposure to TiO2 NPs (average
size <50 nm) [40] and ZnO NPs (diameter 20 nm;
not significantly affected by ZnO NPs with diam-
eter of 90-210 nm) [56], although the NOS activ-
ity was not further measured. In combination,
exposure of human ECs to NPs could lead to
impaired NO signaling, showing as diminished
NO bioactivity due to eNOS uncoupling or NO
over-production due to increased NOS activity.

4.3 Mechanisms

4.3.1 Oxidative Stress

It well known that exposure to NPs could lead to
oxidative stress and inflammation, which could
be the mechanisms associated with cardiovascu-
lar toxicity of NPs [57, 58]. To explain NP
induced oxidative stress and toxicity, a three-tier
model has been proposed [59, 60]. This model
suggested that at low amount of oxidative stress
(tier-1 level), NPs could lead to the antioxidant
responses mediated by Nrf-2 signaling pathway.
At intermediate amount of oxidative stress (tier-2
level), NPs could induced inflammatory responses
due to the activation of NF-kB cascades. At high
amount of oxidative stress, NPs could result in
oxidative damage and eventually apoptosis and
necrosis [59, 60]. Over-production of reactive
oxygen species (ROS) or NO has been observed
in human ECs after exposure to different kinds of
NPs, e.g., Ag NPs, silica NPs, TiO, NPs and car-
bonaceous NPs, which may further mediate the
oxidative damage of bio-molecules and inhibit
the function of antioxidant systems [32, 42—44,
52, 61]. Activation of Nrf-2 signaling pathway
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has also been observed in human ECs after NP
exposure. For example, Lai et al. [62] showed
that Au NPs enhanced the level and nuclear trans-
location of the Nrf-2 protein and Bachl export/
tyrosine phosphorylation, leading to the expres-
sion of heme oxygenase-1 (HO-1) protein in
HUVECs. Guo et al. [63] also found increased
protein expression of Nrf-2 and HO-1 in silica
NP exposed HUVECS. Interestingly, it has been
shown that the presence of antioxidant may pre-
vent NP induced toxicity in human ECs. For
instance, Shi et al. [42] showed that Ag NP
induced cytotoxicity, intracellular ROS and
inflammatory responses in HUVECs were inhib-
ited by the presence of antioxidant
N-acetylcysteine (NAC). Similarly, Guo et al.
[22] also found that silica NP induced cytotoxic-
ity and oxidative damage was restored by
NAC. In another study, Liang et al. [15] showed
that exposure of HAECs to ZnO NPs induced
cytotoxicity associated with ROS mediated mito-
chondria membrane potential decrease, cyto-
chrome C release, activation of caspases 3 and
caspases 9 and increase of Bax/Bcl-2 ratio.
Moreover, these effects were partially or com-
pletely inhibited by the treatment of a-lipoic acid
(LA). All of these studies suggested that oxida-
tive stress could be the mechanism associated
with the toxicity of NPs to ECs, which is in
agreement with the three-tier model [59, 60].

4.3.2 Inflammation

As suggested by the three-tier model, intermedi-
ate amount of oxidative stress induced by NP
exposure could lead to inflammation due to the
activation of NF-kB cascades [59, 60]. Activation
of NF-kB cascades has also been observed in NP
exposed human ECs. For example, Corbalan
et al. [52] showed that exposure of HUVECsS to
silica NPs was associated with increased NF-xB
DNA binding activity as well as up-regulation of
a number of inflammatory genes. In addition,
suppression of NF-kB activity by proteasome
inhibitor significantly prevented the up-regulation
of ICAM-1, VCAM-1, SELE, F3, and IL-8
induced by silica NPs. In a later study, Guo et al.

[63] also showed that exposure of HUVECs to
silica NPs was associated with activation of
NF-kB and increased expression of a number of
inflammatory markers, including IL-1p, IL-6,
IL-8, TNFa, ICAM-1, VCAM-1, and MCP-1.
Shi et al. [42] found that exposure of HUVECs to
Ag NPs increased the phosphorylation of IKKa/p
and IxkBa (two key proteins of NF-kB), p65 sub-
unit and the formation of the NF-kB nuclear
protein-DNA complex, associated with increased
expression of inflammatory cytokines and adhe-
sion molecules. Moreover, all of these effects
could be prevented by the treatment of antioxi-
dant NAC, which indicated a role of oxidative
stress in mediating NP induced NF-kB cascades.
Liu and Sun [64] found increased NF-xB activity
as well as expression of inflammatory cytokines
and adhesion molecules in hydroxyapatite NP
exposed HUVEC+THP-1 co-cultures, but not the
HUVEC mono-culture. TiO, NPs have also been
shown to induce the translocation of NF-kB and
IxBa degradation, which could be responsible for
NP induced expression of adhesion molecules
and U937 adhesion to HUVECs [40]. All of these
studies in combination indicated that exposure to
NPs could lead to endothelial dysfunction due to
the activation of NF-kB cascades, which is in
agreement of the three-tier model.

4.3.3 Dysfunction of Autophagy

Autophagy is a process where cytoplasmic com-
ponents are sequestered in double-membrane
vesicles for degradation into lysosomes, and dys-
function of autophagy has been implicated in
endothelial dysfunction and development of car-
diovascular diseases [65, 66]. In recent years, it
has been suggested that exposure to NPs may
lead to autophagy dysfunction (defined as exces-
sive autophagy induction) as the mechanism for
NP induced toxicity [67]. In human ECs, it has
been shown that a number of NPs, such as iron
oxide NPs, TiO2 NPs, Ag NPs and silica NPs,
could lead to induction of autophagy [49, 61, 68,
69]. In addition, inhibition of autophagy dysfunc-
tion has been shown to attenuate NP induced tox-
icity to ECs. For example, it has been shown that
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exposure of HUVECs to Fe;O, NPs promoted
endothelial dysfunction (eNOS uncoupling,
inflammatory responses) associated with an
induction of autophagy, and suppression of
autophagy induction or stimulation of autophagic
flux partially attenuated the toxic effects of NPs
[50]. Similarly, exposure of HUVECs to carbox-
ylated MWCNT was also shown to be associated
with the profound accumulation of autophago-
somes due to blockade of the autophagic flux,
and stimulation of the autophagic flux attenuated
the cytotoxicity of NPs associated with the extra-
cellular release of NPs in autophagic microvesi-
cles [24]. In another study, it was shown that the
presence of antioxidant NAC attenuated silica
NP induced endothelial toxicity partially through
the inhibition of autophagy [22]. All of these
studies suggested that excessive autophagy
induced by NPs could be one of the mechanisms
responsible for NP induced endothelial toxicity.

NP

4.4  Conclusions

Once entering circulation, it is likely that NPs
will interact with the endothelium, and it is nec-
essary to assess the toxicity of NPs to ECs to bet-
ter understand the potential adverse effects of
NPs in vivo [9]. By using human ECs, including
primary ECs or immortalized EC cell lines, it has
been shown that NPs could induce cytotoxicity,
genotoxicity, endothelial activation and impair-
ment of NO signaling (Fig. 4.2). Oxidative stress
and inflammatory response induced by NPs have
been suggested as the mechanisms, as revealed
by the three-tier model (Fig. 4.3). In recent years,
dysfunction of autophagy (excessive autophagy
induction) has also been suggested as one of the
mechanisms responsible for NP induced toxicity
to ECs. In the future, it is still necessary to use
ECs to assess the potential toxic effects of NPs
and to study the mechanisms.
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Fig.4.2 The toxicity of NPs to human ECs. Exposure to
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Fig.4.3 The three-tier model to explain NP induced oxi-
dative stress and toxicity. At low amount of oxidative
stress (tier-1 level), NPs could lead to the antioxidant
responses mediated by Nrf-2 signaling pathway. At inter-
mediate amount of oxidative stress (tier-2 level), NPs
could induced inflammatory responses due to the activa-
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