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in Nanoparticles-Induced Toxicity
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and Molecular Mechanisms
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Abstract

In the past decades, nanoparticles have been widely used in industry and
pharmaceutical fields for drug delivery, anti-pathogen, and diagnostic
imaging purposes because of their unique physicochemical characteristics
such as special ultrastructure, dispersity, and effective cellular uptake
properties. But the nanotoxicity has been raised over the extensive appli-
cations of nanoparticles. Researchers have elucidated series of mecha-
nisms in nanoparticles-induced toxicity, including apoptosis, necrosis,
oxidative stress, and autophagy. Among upon mechanisms, autophagy was
recently recognized as an important cell death style in various nanoparti-
cles-induced toxicity, but the role of autophagy and its related cellular and
molecular mechanisms during nanoparticles-triggered toxicity were still
confusing. In the chapter, we briefly introduced the general process of
autophagy, summarized the different roles of autophagy in various
nanoparticle-treated different in vitro/in vivo models, and deeply analyzed
the physicochemical and biochemical (cellular and molecular) mecha-
nisms of autophagy during nanoparticles-induced toxicity through listing
and summarizing representative examples. Physicochemical mechanisms
mainly include dispersity, size, charge, and surface chemistry; cellular
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mechanisms primarily focus on lysosome impairment, mitochondria dys-
function, mitophagy, endoplasmic reticulum stress and endoplasmic retic-
ulum autophagy; while molecular mechanisms were mainly including
autophagy related signaling pathways, hypoxia-inducible factor, and oxi-
dative stress. This chapter highlighted the important role of autophagy as
a critical mechanism in nanoparticles-induced toxicity, and the physico-
chemical and biochemical mechanisms of autophagy triggered by nanopar-
ticles might be useful for establishing a guideline for the evaluation of
nanotoxicology, designing and developing new biosafety nanoparticles in

the future.
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5.1 Introduction

In the past decades, nanoparticles have been
widely used in industry and pharmaceutical fields
for drug delivery, anti-pathogen, and diagnostic
imaging purposes because of their unique physi-
cochemical characteristics such as special ultra-
structure, dispersity, and effective cellular uptake
properties [1, 2]. But the nanotoxicity has been
raised over the extensive applications of nanopar-
ticles. Researchers have elucidated series of
mechanisms in nanoparticles-induced toxicity,
including apoptosis, necrosis, oxidative stress,
and autophagy [3, 4]. Among upon mechanisms,
autophagy was recently recognized as an impor-
tant cell death style in various nanoparticles-
induced toxicity, but the role of autophagy and its
related cellular and molecular mechanisms dur-
ing nanoparticles-triggered toxicity were still
confusing.

In the chapter, we briefly introduced the
general process of autophagy, summarized the
different roles of autophagy in various nanoparti-
cle-treated different in vitro/in vivo models, and
deeply analyzed the physicochemical and bio-
chemical (cellular and molecular) mechanisms of
autophagy during nanoparticles-induced toxicity
through listing and summarizing representative
examples. Physicochemical mechanisms mainly
include dispersity, size, charge, and surface
chemistry; Cellular mechanisms primarily focus

on lysosome impairment, mitochondria dysfunc-
tion, mitophagy, endoplasmic reticulum stress
and endoplasmic reticulum autophagy; while
molecular mechanisms were mainly including
autophagy related signaling pathways, hypoxia-
inducible factor, and oxidative stress. This chap-
ter highlighted the important role of autophagy as
a critical mechanism in nanoparticles-induced
toxicity, the physicochemical and biochemical
mechanisms of autophagy triggered by nanopar-
ticles might be useful for establishing a guideline
for the evaluation of nanotoxicology, designing
and developing new biosafety nanoparticles in
the future.

5.2  Classification of Autophagy

The general term of autophagy was derived from
the Greek and meaning for “self-eating”. And
this evolutionarily conserved process of degrada-
tion cytoplasmic components (mis-folded protein
and dysfunctional organelles) within lysosomes
was first described nearly 50 years ago [5, 6].
Different with endocytosis-mediated degradation
and recycle of cytoplasmic components, there are
three types of autophagy including microautophagy,
macroautophagy, and  chaperone-mediated
autophagy [7]. Microautophagy is mediated by
lysosomal directly engulf cytoplasmic compo-
nents in nonselective manners. Macroautophagy
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consists of three steps: cytoplasmic constituents
(mis-folded proteins or damaged organelles) are
enveloped by double-membraned autophago-
some; autophagosomes are fused with lysosome
to form an autolysosome; and the cytoplasmic
constituents are degraded and recycled in lyso-
some (Fig. 5.1). Macroautophagy could degrade
most specific components, such as mitochondria
(mitophagy), endoplasmic reticulum (ERphagy
or reticulophagy), ribosomes (ribophagy), and
pexophagy (peroxisomes); and is the most popu-
lar and well investigated type of autophagy.
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Fig.5.1 The dual role of autophagy in nanoparticles-
induced toxicity. Macroautophagy consists of three steps:
cytoplasmic constituents (mis-folded proteins or damaged
organelles) are enveloped by double-membraned autopha-
gosome; autophagosomes are fused with lysosome to
form an autolysosome; and the cytoplasmic constituents
are degraded and recycled in lysosome. Autophagy is lik-
ened to the opposite faces of Janus, as it could protect
cells to survive under certain severe conditions, as well as
inducing cell death when too much autophagy occurs

Cell Survival

Chaperone-mediated autophagy is the process
that soluble cytosolic proteins directly translo-
cated into lysosomes for degradation in
chaperone-dependent selecting manner.
Chaperone-mediated autophagy dose not require
the formation of additional vesicles [7].
Autophagy can be activated by series of stressful
conditions such as nutrient deprivation, oxidative
stress, hypoxia, and inflammatory mediates [8].
The internalized nanoparticles were regarded as
foreign materials and autophagic cargoed by
cells and then triggered autophagy.

5.3  The Role of Autophagy
in Nanoparticles-Induced

Toxicity

Autophagy is likened to the opposite faces of
Janus, as it could protect cells to survive under
certain severe conditions, as well as inducing cell
death when too much autophagy occurs [9].
Similarly, nanoparticles-mediated autophagy
during nanotoxicity might be an adaptive cellular
response aiding in the clearance of nanoparticles,
and also might be harmful in cellular dysfunction
(Fig. 5.1).

In the section, the dual role of autophagy in
nanoparticles-induced toxicity will be reviewed.
Researchers investigated the autophagic effects
triggered by non-mental nanoparticles, mental
nanoparticles, mental oxide nanoparticles, and
polymers in various models, and found most
nanoparticles could induce autophagic cell death:
Yu et al., reported that silica nanoparticles
induced autophagic cell death in hepatoma
HepG2 cells, autophagy inhibitor could effec-
tively impair autophagy and cell death triggered
by silica nanoparticles [10]. Using different cell
models, Liu et al., and Park et al., both confirmed
that single-walled carbon nanotubes induced
autophagic cell death in A549 human lung cells
and BEAS-2B human bronchial epithelial cells
[11, 12]. Besides, mental oxide nanoparticles
could also trigger autopahgic cell death: Copper
oxide nanoparticles induced autophagic cell
death in A549 cells, and autophagy inhibitors
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wortmannin and 3-methyladenine could protect
against copper oxide nanoparticles-induced
A549 cell death [13]; Yu et al., showed that zinc
oxide nanoparticle also induced autophagic cell
death and mitochondrial damage via reactive
oxygen species generation [14], meanwhile,
Johnson et al., also found that acute exposure to
zinc oxide nanoparticles could induce autophagic
immune cell death [15]. And nano sized neodym-
ium oxide particles could trigger massive vacuol-
ization and induce autophagic cell death in lung
cancer cells [16]. Apart from mental and non-
mental nanoparticles, polymers could also induce
autophagic cell death during their-induced toxic-
ity: Cationic polystyrene nanoparticles induced
autophagic cell death through endoplasmic retic-
ulum stress induction in macrophage and lung
epithelial cells [17]. And many research groups
have confirmed that cationic poly-amidoamine
dendrimers promoted liver injury, lung damage
and broke neuronal function by inducting autoph-
agic cell death in different cell and mice models
[18-20].

Compared with massive studies on
nanoparticles-induced autophagic cell death,
only a few literatures showed that nanoparticles
triggered cyto-protective autophagy in cells.
Zhou et al., found a novel nanoparticles para-
montroseite VO, induced cyto-protective autoph-
agy in HeLa cells, while autophagy inhibitor
3-methyladenine could obviously increase cell
death rate in nanoparticels-treated HeLa cells
[21]. The same research group also confirmed
that silver nanoparticles induced cyto-protective
autophagy during their-induced HeLa cell death,
suppression of autophagy enhanced the antican-
cer activity of silver nanoparticles [22].

5.4  Physicochemical
Mechanisms of Autophagy
in Nanoparticles-Induced

Toxicity

The mechanisms of autophagy in nanoparticles-
induced toxicity were very complex regarding
different physicochemical and biochemical prop-

erties of nanoparticles and various interactions
between nanoparticles and cells during their-
induced toxicity.

5.4.1 Dispersity

Huang and his colleagues explored the role of
dispersity in nanoparticles-induced autophagy
and found metal oxide Nanoparticles iron oxide
nanoparticles could induce significant autopha-
gic effect when in aggregated conditions; when
surface modification by dopamine (DA),
3,4-dihydroxyphenylacetic acid (DOPAC), and
meso-2,3-dimercaptosuccinicacid (DMSA) or
protein adsorption by water dilution or bovine
serum albumin (BSA) incubation improved their
dispersity, the autophagic effects were also be
diminished. Moreover, other kinds of nanoparti-
cles such as mental nanoparticles (gold) and sil-
ica nanoparticles also exhibited
dispersity-dependent autophagic effects. It was
the first and the only study on dispersity of
nanoparticles affecting autophagy, and suggested
that autophagy triggered by nanoparticles could
be modulated through tuning their dispersity
[23].

5.4.2 Size

Compared with rare study on the role of disper-
sity in nanoparticles-activated autophagy, a series
of literatures have widely investigated the size-
dependent manner of nanoparticles during their-
induced autophagy, including quantum dots,
silver, gold, and silica nanoparticles.

In the year of 2006, Seleverstov O and col-
leagues compared the cytotoxicity and intracel-
lular process of two different-sized quantum dots
in human mesenchyal stem cells, and then
reported for the first time that nanoparticles could
trigger autophagy activation in a size-dependent
manner [24]. Since then, more and more scien-
tists investigated and found other nanoparticles
could also induct autophagy in size-dependent
manner.
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Mishra and coauthors reported that silver
nanoparticle could also activate autophagic-
lysosomal interruption in a size-dependent man-
ner; smaller (10 nm) silver nanoparticles
exhibited highest uptake, accumulation and
strongest autophagy and enhanced lysosomal
activity in HepG2 cells when compared with
larger (50 nm and 100 nm) silver nanoparticles
[25]. Another mental gold nanoparticles could
also induce autophagosome accumulation from
blocking autophagy flux in a size-dependent
nanoparticle uptake manner [26].

Apart from mental nanoparticles, researchers
found that non-mental nanoparticles could also
activate autophagy in a size-dependent manner
during their-induced toxicity. Li et al., compared
the difference of autophagy dysfunction trig-
gered by nano-scale size (40 nm and 60 nm) and
micro-scale size (200 nm) silica particles during
their-induced cytotoxicity in human bronchial
epithelial BEAS-2B cells: Nano-scale silica par-
ticles, but not micro-scale silica nanoparticles,
could induce mitochondrial damage and autoph-
agy via the PI3K/Akt/mTOR signaling pathway
in a size- and dose-dependent manner in human
bronchial epithelial BEAS-2B cells [27]. Using
different cell model, Huang and colleagues also
confirmed the size effect of silica sub-
microspheres in autophagy induction; Cells
treated with 0.5-0.7 pm silica particles displayed
many GFP-LC3 fluorescent puncta and high
expression levels of autophagy related proteins;
however, when the particle size was smaller than
0.5 pm or larger than 0.7 pm, autophagic level
decreased. Cells treated with 0.1 pm or 2.1 pm
silica particles had negligible change in GFP-LC3
puncta or expression levels of autophagy related
proteins [28].

5.4.3 Charge

The autophagy triggered by nanoparticles was
found not only to be dependent on particles’ size,
but also to be affected by porosity and surface
charge. The polystyrene nanoparticles with neu-
tral, anionic, and cationic surface charges could
all activate autophagy and triggered the regulator

of autophagy and lysosome biogenesis-
transcription factor EB activation. But autopha-
gic cargo clearance was tightly related to the
charges of nanoparticles: neutral and anionic sur-
face enhanced clearance of autophagic cargo,
while cationic surface caused lysosomal dysfunc-
tion, reduced formation of autophagolysosomes,
and finally blocked autophagic flux in HeLa cells
[29]. There also showed different autophagic
effects triggered by cationic or anionic PAMAM
dendrimers during their-induced acute lung
injury: Cationic PAMAM dendrimers G3 could
obviously induce autophagosomes accumulation
and enhance the expression of the microtubule-
associated protein 1 light chain 3 in human lung
A549 cells; while the same concentration of
anionic PAMAM dendrimers G5.5 failed to trig-
ger autophagy [18].

5.4.4 Surface Chemistry

Multiwalled carbon nanotubes could alter
autophagy via interacting with cell membranes
and membrane-associated molecules. While sur-
face ligands modified by combinatorial chemis-
try on multiwalled carbon nanotubes could tune
cell autophagy to various levels in different cell
lines. Furthermore, multiwalled carbon nano-
tubes with different surface chemistries could
induce autophagy in mTOR signaling pathway-
dependent or -independent manner via binding to
different cell surface receptors [30]. Fe;O,
nanoparticles extensively impaird lysosomes and
led to LC3-positive autophagosomes formation,
while PLGA-coated on the surface of Fe;O,
nanoparticles reduced this damaging effect on
lysosomes. Moreover, Fe;O4 nanoparticles also
induced mitochondrial dysfunction and endo-
plasmic reticulum/Golgi body stresses, which
triggered autophagy, while PLGA-coated Fe;O,
nanoparticles reduced the devastating effect on
these organelles. In vivo experimental results
suggested that Fe;O, nanoparticles led to massive
autophagosomes accumulation in the kidney and
spleen of mice when compared with the PLGA-
coated Fe;O, and PLGA nanoparticles [31].
Besides, N-alkyl-PEI-lactobionic acid wrapped
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superparamagnetic iron oxide nanocomposites
showed better cell viability in RAW 264.7 cells
when compared with the unsubstituted ones, and
PEI induced cell autophagy can be reduced via
lactose modification [32], confirmed that surface
chemistry played an important role in
nanoparticles-induced autophagy.

5.5 Cellular Mechanisms
of Autophagy
in Nanoparticles-Induced
Toxicity

5.5.1 Lysosome Impairment

Lysosome is a membrane-bound organelle that
consists of hydrolytic enzymes containing vesi-
cles, and is the most important organelle in the
final step of autophagy steps. Lysosomal dys-
function is the major mechanism by which
nanoparticles trigger autophagy, and mainly
including lysosomal ultrastructures damage,
changes of lysosome pH, and disactivities of
lysosomal proteases (Fig. 5.2) [33]. Wang et al.,
reported that silica nanoparticles induced autoph-
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agy dysfunction via lysosomal impairment and
inhibition of autophagosome degradation in
hepatocytes. They found that silica nanoparticles
could trigger autophagy formation in two kinds
of hepatocytes even at the noncytotoxic level and
suppress the autophagic flux at high concentra-
tion. Silica nanoparticles impaired the lysosomal
function through damaging lysosomal ultrastruc-
tures, increasing membrane permeability, and
downregulating the expression of lysosomal pro-
teases, cathepsin B [34]. Meanwhile, Ji and co-
authors found that graphene oxide quantum dots
induced autophagosome accumulation but
blocked autophagic flux by decreasing the
amount and enzymatic activity of cathepsin B
and inhibiting lysosome proteolytic capacity in
GC-2 and TM4 cells [35]. Besides, Fe;O,
nanoparticles extensively impaired lysosomes
and led to the accumulation of LC3-positive
autophagosomes, while PLGA-coated Fe;0,
nanoparticles reduced this destructive effect on
lysosomes [31].

Apart from lysosmal ultrastructures damage
and disactivaties of lysosomal proteases, changes
of pH in lysosomes were also involved in lyso-
some impairment. Ma et al., investigated the
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mechanisms of gold nanoparticles-triggered
autophagy in cells and found that the internalized
gold nanoparticles was finally accumulated in
lysosomes and caused impaired lysosome degra-
dation ability through alkalinization of lysosomal
pH during their-induced autophagosome accu-
mulation from blocking autophagy flux [26].
While using another nanoparticles, Schutz et al.,
reported that internalized silica nanoparticles
accumulated in lysosomes resulted in suppres-
sion of autophagy-mediated protein recycle and
impaired degradation of internalized epidermal
growth factor, while endosomal recycling pro-
ceeds was not disturbed. The phenotype was
caused by perturbed delivery of cargo via
autophagosomes and late endosomes to silica
nanoparticles-filled cathepsin B/L-containing
lysosomes, rather than elevated lysosomal pH or
altered mTOR activity [36].

5.5.2 Mitochondria Dysfunction
and Mitophagy

Mitochondria are major places for cells to pro-
ducing energy and operating oxidative reaction;
besides, mitochondria were also involved in
many cell activities such as cell proliferation, dif-
ferentiation, and apoptosis [37, 38]. In the year of
2010, Johnson-Lyles et al., investigated that renal
proximal tubule cells exposed to fullerenol
showed cytoskeletion disruption, autophagic vac-
uole accumulation, loss of cellular mitochondrial
membrane potential and ATP depletion; more-
over, fullerenol-induced ATP depletion and loss
of mitochondrial potential were partially amelio-
rated by co-treatment with the autophagy inhibi-
tor 3-MA, which confirmed the critical relation
between mitochondrial dysfunction and autoph-
agy [39]. Wu et al., investigate that iron core and
gold shell nanoparticles could cause an irrevers-
ible membrane-potential loss in the mitochondria
of cancer cells. Iron elements, before oxidation,
triggered mitochondria-mediated autophagy was
the key factor responsible for the differential
cytotoxicity observed between cancerous and
healthy cells [40]. Similarly, Fe;O, nanoparticles
could also cause mitochondrial damage and ER

and Golgi body stresses, which induce autoph-
agy, while PLGA-coated Fe;O, nanoparticles
reduce the destructive effect on these organelles
[31].

Apart from mitochondrial dysfunction in
nanoparticles-induced autophagy during their
toxicity, mitophagy is one of the most direct
mechanisms linking mitochondria and autoph-
agy. Mitophagy is a kind of autophagy, which is
the process of removing abnormal mitochondria
through autophagy in cells [41]. The detailed
process were: abnormal conditions such as reac-
tive oxygen species, nutrition lacking could
induce depolarized and damaged mitochondrion.
Dysfunctional mitochondria were packaged into
autophagosome and then fused and degraded in
lysosomes [42].

Zhang et al., developed polyoxometalates
nanoparticle-peptide conjugates targeting mito-
chondria to explore the interactions between
nanoparticles and cells. Autophagy of
Mitochondria induced by polyoxometalates
nanoparticles-peptide conjugates was the cell
response for the damaged organelles recycle via
mitochondrial ~membrane  potential-related
molecular mediation [43]. Besides, Nano-
alumina (Al,O3) could induce autophagy and
mitochondria damage in primary cortical neuro-
nal cells while the damaged mitochondria were
removed by mitophagy [44].

5.5.3 Endoplasmic Reticulum Stress
and Endoplasmic Reticulum
Autophagy

Endoplasmic reticulum plays several common
functions, including protein molecules folding
and transporting synthesized proteins from vesi-
cles to Golgi apparatus [45]. Abnormal conditions
in redox and calcium regulation, glucose defi-
ciency or viral infection can trigger endoplasmic
reticulum stress response [46]. An accumulation
of unfolded or misfolded proteins in the endo-
plasmic reticulum leads to stress conditions.
Recent studies have revealed that endoplasmic
reticulum stress can either stimulate or inhibit
autophagy [47].
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Titanium dioxide nanoparticles could induce
endoplasmic reticulum stress inhuman bronchial
epithelial cells and disrupted the mitochondria-
associated endoplasmic reticulum membranes
and calcium ion balance, thereby increasing
autophagy. Tauroursodeoxycholic acid, inhibitor
of endoplasmic reticulum stress, could signifi-
cantly mitigated titanium dioxide nanoparticles-
induced cellular toxic response [48]. In vivo
experimental results also showed that endoplas-
mic reticulum and mitochondria were disrupted
and dysfunctional in the TiO, nanoparticles-
exposed lung leading to abnormal autophagy
[49]. Another mental oxide nanoparticles mag-
netic iron oxide nanoparticles could induce
autophagy preceding apoptosis through mito-
chondrial damage and endoplasmic reticulum
stress in RAW264.7 cells: Blocking of autopha-
gosome formation may accelerate apoptotic cell
death and endoplasmic reticulum stress [50].

Besides mental oxide nanoparticles, cationic
polystyrene nanospheres could also induce
autophagic cell death through the induction of
endoplasmic reticulum stress. Cationic polysty-
rene nanospheres were highly toxic with
enhanced uptake in RAW 264.7 macrophage and
BEAS-2B lung epithelial cells. The nanoparticles
could induce autophagic cell death, and the
increased autophagic flux triggered by reactive
oxygen species generation and endoplasmic
reticulum stress was caused by misfolded protein
accumulation. The inhibition of endoplasmic
reticulum stress could impair cytotoxicity and
autophagy in cationic polystyrene-treated cells
[17].

The role of endoplasmic reticulum stress in
nanoparticle-induced autophagy has been exten-
sively studied, however, real time information
about the endoplasmic reticulum involved
autophagic process (endoplasmic reticulum
autophagy) induced by nanoparticles remains
confusing. Wei et al., reported that silica nanopar-
ticles could be captured, accumulated in endo-
plasmic reticulum, and triggered autophagy in
HCT-116 human colon cancer cells. The co-
location of cells between endoplasmic reticulum,
lysosomes and autophagic vacuoles confirmed
that silica nanoparticles-induced endoplasmic

reticulum autophagy. These findings enable us to
know more about endoplasmic reticulum autoph-

agy [51].

5.6 Molecular Mechanisms
of Autophagy
in Nanoparticles-Induced
Toxicity

5.6.1 PI3K/Akt/mTOR Signaling

Pathway

The phosphatidylinositol 3-kinase (PI3K)/Akt/
mammalian target of rapamycin (mTOR) path-
way plays critical role in multiple cellular func-
tions, and is a major regulator of autophagy [52].
Upstream of mTOR PI3K/Akt signaling pathway
could regulate mTOR activity [53]. Scientists
have found that autophagy is negatively adjusted
by the activation of mTOR as mTORCI1 could
regulate autophagy under unusual stressful con-
ditions [54]. When dephosphorylated, mTOR
will be inhibited and then trigger autophagy [55].
Besides, the ribosomal protein S6, one substrate
of mTOR, was also involved in autophagy pro-
cesses (Fig. 5.3).

Liu et al., reported that Akt-TSC2-mTOR sig-
naling pathway played the key role in single-
walled carbon nanotube-induced autophagy in
A549 cells. Single-walled carbon nanotube
impaired phosphorylated Akt, mTOR and its sub-
strate ribosomal protein S6. Using siRNA to

Nanoparticles

Autophagy

Fig. 5.3 Molecular mechanisms of autophagy in
nanoparticles-induced toxicity. (1) PI3K/Akt/mTOR
signaling pathway; (2) MAPK/ERK signaling pathway;
(3) Toll-like receptor signaling pathways; (4) Hypoxia-
inducible factor; (5) Oxidative stress
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knockdown TSC2 could obviously enhance cell
viability treated by carbon nanotube [11]. Using
another non-mental nanoparticles in different cell
model, Duan et al., confirmed that phosphory-
lated PI3K, Akt and mTOR were obviously sup-
pressed in endothelial cells treated by silica
nanoparticles in a dose-dependent manner [56].
For mental nanoparticles-induced autophagy,
Roy et al., investigated that zinc oxide nanopar-
ticles induced apoptosis by enhancement of
autophagy via PI3K/Akt/mTOR inhibition. The
phosphorylated levels of PI3K, Akt, and mTOR
were significantly decreased during zinc oxide
nanoparticles exposing on macrophage [57].
Apart from mental and non-mental nanoparticles,
polymers could also induce autophagy via PI3K/
Akt/mTOR signaling pathway: Chiu et al., found
that Akt/mTOR signaling pathway was involved
in cationic polystyrene nanospheres-induced
autophagic cell death in macrophage and lung
epithelial cells [17]. Meanwhile, Li et al., and
Wang et al., both confirmed that cationic poly-
amidoamine dendrimers could inhibit phosphor-
ylation of Akt/mTOR during their-induced
autophagy in hepatocyte and neuronal cells
[19, 20].

5.6.2 MAPK/ERK Signaling Pathway

The mitogen-activated protein kinases (MAPKs)
involving extracellular signaling-regulated kinase
(ERK), was tightly related to reactive oxygen
species induction [3]. Previous studies have sug-
gested that ERK activation could contribute to
autophagic effects and promote cell survival [58,
59]. Researchers also found that MAPK/ERK
signaling pathway was involved in nanoparticles-
induced autophagy during their-induced toxic-
ity (Fig. 5.3).

Park et al., explored the underlying mecha-
nism of iron oxide nanoparticles-induced autoph-
agy in RAW 264.7 macrophage, and found that
the autophagy related protein increased in a dose-
dependent manner together with phosphorylated
ERK [60]. Activated phosphorylated ERK was
also involved in copper oxide nanoparticle-

induced cytotoxicity in HaCaT human keratino-
cytes and mouse embryonic fibroblasts [61].
Besides, ERK activation also played important
roles in the radio-sensitivity enhancement of sil-
ver nanoparticles; suppression of ERK could
reduce autophagy levels triggered by silver
nanoparticles [62]. Rinna et al., also explored
effects of silver nanoparticles on mitogen-
activated protein kinases activation, and con-
firmed the role of reactive oxygen species and
implication in DNA damage during silver
nanoparticles-induced toxicity [63].

5.6.3 Toll-Like Receptor Signaling
Pathways

Chen et al., reported that grapheme oxide
nanosheets could simultaneously induce autoph-
agy, provoke the toll-like receptor signaling cas-
cades, and trigger ensuing cytokine responses in
RAW 264.7 macrophage cells. Grapheme oxide
nanoparticles-induced autophagy was regulated
by toll-like receptor 4 and toll-like receptor 9,
suggested that autophagy was partly regulated by
the toll-like receptors pathway in grapheme oxide
nanoparticles-treated immune cells [64]. Using
CT26 colon cancer cell model and mice model,
they also confirmed that grapheme oxide
nanoparticles could induce the toll-like receptors
response and autophagy in cancer cells and
showed antitumor effects. The grapheme oxide
nanoparticles-triggered autophagy was regulated
through the myeloid differentiation primary
response gene 88- and tumor necrosis factor
receptor associated factor 6-associated toll-like
receptor-4/9 signaling pathways [65].

5.6.4 Hypoxia-Inducible Factor-1a

Hypoxia-inducible factor-1 is a heterodimer
composed of o and P subunits and is the tran-
scription factor, which mediates adaptive
responses to hypoxia [66]. Hypoxia-inducible
factor-1 is mainly regulated by oxygen-dependent
changes and could regulate autophagy and other
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hypoxia-responses [67]. Lin et al., explored the
role of hypoxia-inducible factor-1a in zinc oxide
nanoparticle-induced nephrotoxicity in vitro and
in vivo, and found that zinc oxide nanoparticles
could enhance reactive oxygen species genera-
tion, apoptosis, autophagy, and hypoxia-inducible
factor-la signaling pathway in HEK-293 human
embryonic kidney cells and mouse kidney tis-
sues. Hypoxia-inducible factor -lo knockdown
resulted in significantly decreased levels of
autophagy and increased cytotoxicity in HEK-
293 cells [68]. Silver nanoparticles induced reac-
tive oxygen species generation in lung cancer
cells could also trigger high susceptibility to oxi-
dative stress, whereas pre-exposure to hypoxia
blocked silver nanoparticles-induced oxidative
stress. Hypoxia-inducible factor-1« inhibited sil-
ver nanoparticles-induced mitochondria-
mediated apoptosis by regulating autophagic flux
through the regulation of ATGS, LC3-II, and p62
[69].

5.6.5 Oxidative Stress

Reactive oxygen species are highly reactive mol-
ecules containing an oxygen atom, and are mainly
produced by the mitochondrial and cytoplasmic
oxidation processes under physiological condi-
tions [70]. Reactive oxygen species could induce
membrane damage that could influence inner
proteins, lipid denaturation, and DNA structures
[71]. An increasing amount of evidence indicated
that nanoparticles could induce autophagy
because of their large surface and positive
charges, which is capable of inducing reactive
oxygen species, during their-induced toxic-
ity (Fig. 5.4) [72]. Cadmium-based quantum dot
increased intracellular reactive oxygen species
levels, affected mitochondrial function and
induced autophagy, led to subsequent apoptosis
in mouse renal adenocarcinoma cells. Antioxidant
agent N-Acetylcysteine, reduced intracellular
reactive oxygen species levels and impaired
quantum dots-induced autophagy but enhanced
cell death. Autophagic inhibitor 3-MA also
reduced cell viability in quantum dots-treated
cells, suggested that oxidative stress-induced

autophagy played a survival mechanism against
the cytotoxicity of quantum dots [73]. On the
contrary, Fan and coworkers found that another
kind of cadmium-based quantum dots CdTe/CdS
655 could induce autophagic cell death in vitro
and in vivo. Suppress autophagy could attenuate
the toxicity induced by cadmium-based quantum
dots CdTe/CdS 655 [74].

Apart from quantum dots, mental oxide
nanoparticles could also trigger autophagy via
reactive oxygen species induction during their-
induced toxicity. Yu et al., investigated the toxic-
ity of zinc oxide nanoparticles and explored the
underlying molecular mechanisms in normal skin
cell model, and found that zinc oxide nanoparti-
cles led to cell death through autophagic vacuole
accumulation and mitochondria damage in nor-
mal skin cells via reactive oxygen species induc-
tion [14]. Apart from skin cells, acute exposure
of immune cells to ZnO nanoparticles resulted in
autophagic death and increased levels of LC3.
Accordingly, ZnO nanoparticles-mediated upreg-
ulation of LC3 and induction of immune cell
death were inhibited by blocking autophagy and
reactive oxygen species production. Release of
Zn* from ZnO nanoparticles triggered excessive
intracellular reactive oxygen species production,
and resulted in autophagic death of immune cells
[15].

Besides, reactive oxygen species were also
involved in non-mental nanoparticles and
polymers-induced autophagy during their-
triggered nanotoxicity. Silica nanoparticles could
induce autophagy in a dose-dependent manner in
HepG2 cells. The elevated reactive oxygen spe-
cies level was in line with the increasing of
autophagy activation, while both the autophagic
inhibitor (3-MA) and reactive oxygen species
inhibitor (N-Acetylcysteine) effectively sup-
pressed the autophagy and cell death induced by
silica nanoparticles [10]. The role of reactive
oxygen species during silica nanoparticles-
induced autophagy was also been explored in two
other cell models: SiO, nanoparticles induced
reactive oxygen species -mediated autophagy in
MRC-5 human lung fibroblast cells as a possible
mechanism of cell survival [75]. And amorphous
silica nanoparticles trigger vascular endothelial
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Fig. 5.4 Crosstalk of physicochemical and biochemi-
cal mechanisms of autophagy in nanoparticles-induced
toxicity. (1) Physicochemical mechanisms including dis-
persity, size, charge, and surface chemistry of nanoparti-
cles; (2) Nanoparticles triggered reactive oxygen species

cell injury through apoptosis and autophagy via
reactive oxygen species-mediated MAPK/Bcl-2
and PI3K/Akt/mTOR signaling [76].
Poly-amidoamine dendrimers induced reac-
tive oxygen species and autophagy flux in PC-12
and SH-SYS5Y neuronal cells and glioma cells
[20]. Interestingly, autophagy might be triggered

induced mitochondria dysfunction and endoplasmic retic-
ulum stress. (3) Mitochondria dysfunction and endoplas-
mic reticulum stress was involved in nanoparticles-induced
autophagic cell death

by the formation of reactive oxygen species
induced by poly-amidoamine dendrimers.
Suppression of reactive oxygen species could not
onlyimpairpoly-amidoaminedendrimers-induced
autophagic effects, but also reduce poly-
amidoamine dendrimers-induced neuronal cell
death [77] (Fig. 5.4).
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5.7 Conclusion

As nanoparticles possess unique physical struc-
tures and specific properties, series of nanoparti-
cles have been developed in the past few decades
for wide industry or medicinal application.
Because nanoparticles could highly interact with
cells after they entering into bodies, they may
cause nanotoxicity and induce body damage,
which could seriously limit their application.
Although the underlying mechanisms of nano-
toxicity triggered by nanoparticles have been
widely investigated, unfortunately, our under-
standing of the role of autophagy and its related
mechanisms in nanotoxicity is still poor. Thus, it
is an instant need for researchers to address the
questions about the role and mechanism of
autophagy in nanoparticles-induced toxicity.
While evaluating the mechanisms of autophagy
in nanoparticles-induced toxicity, the dispersity,
size, surface charge, and surface modification of
nanoparticles were expected to present critical
roles in nanoparticles-triggered autophagy, and
should be cautiously considered. Besides, the
research initiatives highlighted in the chapter
showed cellular and molecular mechanisms of
autophagy during nanoparticles-induced toxicity,
including lysosome impairment, mitochondria
dysfunction, endoplasmic reticulum stress, PI3K/
Akt/mTOR signaling pathway, MAPK/ERK sig-
naling pathway, toll-like receptor pathway,
Hypoxia-inducible factor, and oxidative stress.
These mechanisms of autophagy triggered by
nanoparticles might be help for evaluating nano-
toxicity, and might offer a foundation for deeply
design safe nanoparticles in the future.
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