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a  b  s  t  r  a  c  t

With  the  rapid  development  of nanotechnology,  titanium  dioxide  nanoparticles  (TNPs)  are  widely used  in
many fields.  People  in  such  workplaces  or researchers  in laboratories  are  at a higher  risk  of  being  exposed
to TNPs,  so  are  the  consumers.  Moreover,  increasing  evidence  revealed  that  the  concentrations  of  TNPs
are elevated  in  animal  organs  after  systematic  exposure  and  such  accumulated  TNPs  could  induce  organ
dysfunction.  Although  cellular  responses  such  as  oxidative  stress,  inflammatory  response,  apoptosis,
autophagy,  signaling  pathways,  and  genotoxic  effects  contribute  to the  toxicity  of  TNPs,  the interrela-
tionship  among  them  remains  obscure.  Given  the pivotal  role  of oxidative  stress,  we  summarized  relevant
articles  covering  the  involvement  of  oxidative  stress  in TNPs’  toxicity  and  found  that  TNP-induced  oxida-
nflammatory response
NA methylation
NA damage oxidative stress

tive  stress  might  play  a central  role  in toxic  mechanisms.  However,  available  data  are  far  from  being
conclusive  and  more  investigations  should  be performed  to further  confirm  whether  the  toxicity  of  TNPs
might  be  attributed  in  part  to  the cascades  of oxidative  stress.  Tackling  this  uncertain  issue  may  help  us
to comprehensively  understand  the  interrelationship  among  toxic  cellular  responses  induced  by TNPs
and  might  shed  some  light  on  methods  to alleviate  toxicity  of  TNPs.

©  2016  Elsevier  B.V.  All  rights  reserved.
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1. Introduction

Titanium dioxide nanoparticles (TNPs), less than 100 nm in
size, are extensively applied in many fields such as environ-
mental application (Li et al., 2008), battery production (Deng
et al., 2009), bio-medical industry (Singh and Nalwa, 2011), food
and personal care appliances (Weir et al., 2012), construction

industry (Sang et al., 2014), and cosmetics (Lu et al., 2015),
due to their splendid physicochemical characteristics such as
anti-bacterial, anti-ultraviolet, photocatalytic, and self-cleaning
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roperties (Montazer and Seifollahzadeh, 2011). TNPs can be clas-
ified into anatase and rutile types (Chen and Mao, 2007). Each of
hich possess subtle different physicochemical properties, result-

ng in different toxicities. It was reported that the toxicity of
natase TNPs was higher than that of rutile TNPs (Clemente et al.,
015). However, the rapid development of nanotechnology acts as

 double-edged sword. Widespread usage indicated that the unin-
entional exposure risk was significantly promoted. People in such
orkplaces or researchers in laboratories are at a high risk of being

xposed to TNPs (Silva et al., 2015; Pelclova et al., 2016), so are the
onsumers (Hsu and Chein, 2007). Besides, a large number of in vivo
tudies revealed that the TNP contents are elevated in the animal
rain, liver, lung, spleen, heart, and kidney after exposure, and such
ccumulation, in turn, exhibits toxic effects on these organs, lead-
ng to organ dysfunction. Moreover, perinatal exposure to TNPs can
mpair fetal development (Mohammadipour et al., 2014, 2016). In
ddition, numerous in vivo and in vitro studies demonstrated that
NPs could upregulate the proportion of apoptotic cells (Marquez-
amirez et al., 2012), regulate the cell skeleton (Gheshlaghi et al.,
008; Mao  et al., 2015), induce oxidative stress (OS) (Hu et al.,
015), inhibit cell cycle (Kansara et al., 2015), activate signaling
athways (Neacsu et al., 2015), induce an inflammatory response
Giovanni et al., 2015), and lead to dysregulated autophagy (Lopes
t al., 2016), all of which might probably contribute to TNP toxic
ffects in several primary cells or cell lines. Overall, increasing evi-
ence confirmed the toxic effects of TNPs, which suggests that TNP
xposure might become a serious threat to human health.

However, the correlation among cellular responses such as OS,
poptosis, autophagy, inflammatory response, and signaling path-
ays, which contribute to the toxicity of TNPs, remain unclear.
mong them, OS can be simply defined as a status of excessive

eactive oxygen species (ROS) and reactive nitrogen species (RNS)
roduction beyond the scavenging capabilities of anti-oxidants
Jones, 2006). OS status is mainly determined by ROS and RNS
evels, the activities of enzymatic anti-oxidants, and the contents

f non-enzymatic anti-oxidants. Meanwhile, OS is associated with
everal cellular responses (Fig. 1), and it is generally accepted as
n important pathogenic factor in many human diseases such as
lzheimer’s disease (Zawia et al., 2009), periodontitis (Miricescu

ig. 1. Roles of ROS in cellular responses including apoptosis, differentiation, cell growth
DK-2: cyclin-dependent kinase 2; COX-2: cyclooxygenase-2; GSH: glutathione; HSP70: 

-Acety-l-Cysteine; NF-�B: necrosis factor kappa B; NOS: nitric oxide synthase; ROS: rea
d Pharmacology 48 (2016) 130–140 131

et al., 2014), metabolic syndrome (Bonomini et al., 2015), and can-
cer (Ahmadi and Shadboorestan, 2016). Moreover, OS contributes
to the toxic effects of exogenous insults (Yang and Omaye, 2009).
Therefore, given the important role of OS in many cellular responses
and in toxic effects of exogenous stimuli, we summarized relevant
articles about the involvement of OS in TNPs’ toxicity and discussed
whether other cellular responses induced by TNPs were the cas-
cades of oxidative stress. Tackling such uncertain issue might help
us to improve the bio-safety of TNPs enabled products.

2. Bio-distribution of TNPs after systematic exposure

Widespread applications of TNP-enabled products increase the
risk of being exposed. Workers, researchers, and consumers might
be exposed to TNPs unintentionally. A recent report (Pelclova et al.,
2016) showed that the TNP content in the exhaled breath con-
densate (EBC) was significantly higher in production workers in
TNP workplaces, which suggested that inhalation exposure could
upregulate TNP contents in humans. However, most data about the
bio-distribution of TNPs were obtained from in vivo studies, which
will be illustrated below.

The contents of TNPs in the rat spleen, lung, and liver remain at
higher levels several days after intravenous administration (Fabian
et al., 2008; van Ravenzwaay et al., 2009; Shinohara et al., 2014;
Elgrabli et al., 2015). Umbreit et al. (2012) also found that the lev-
els of TNPs in the mouse liver, kidney, brain, lung, heart, lymph
node, and spleen were still high several weeks after TNPs exposure
through intravenous injection.

In addition to intravenous injection, intranasal administration
also upregulated TNP contents in the mouse brain and liver (Wang
et al., 2008a). TNP concentrations in the mouse spleen, lung, kidney,
and liver were still at high levels 14 days after intraperitoneal injec-
tion (Chen et al., 2009). Meanwhile, TNP contents in the mouse liver,
kidney, spleen, lung, brain, and heart were enhanced after abdom-

inal injection (Liu et al., 2009). In addition, TNP concentrations in
the rat lung, liver, kidney, spleen, brain, small intestine, testicles,
heart, and blood were upregulated after intragastric administration
(Hendrickson et al., 2016).

, proliferation, and arrest senescence (Mates et al., 2008).
70 kDa heat shock protein; IGF: insuline-like growth factor; IL: interleukine; NAC:
ctive oxygen species.
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TNPs can be observed in fetuses after perinatal exposure, which
uggest that TNPs might induce developmental toxicity. Yamashita
t al. (2011) found that the TNP content in the placenta and
etal brain increased when pregnant mice were exposed to TNPs
hrough intravenous injection. After pregnant rats were treated
ith TNPs through intragastric administration, TNP concentration

n the hippocampus of one-day-old neonates was also upregulated
Mohammadipour et al., 2014).

The bio-distribution of TNPs depends on different administra-
ion routes. Patri et al. (2009) revealed that subcutaneous injection
ncreased TNPs contents in the mouse spleen and liver. However, in
ddition to the spleen and liver, intravenous injection upregulated
NP concentrations in the mouse lung and kidney one day after
reatment. Although oral exposure did not increase TNP contents
n rat organs, intravenous injection increased TNP concentrations
n the rat liver, spleen, kidney, lung, heart, brain, thymus, and repro-
uctive organs several days after exposure (Geraets et al., 2014).

The above-mentioned studies suggest that an increase in TNP
evels could be observed in major organs after systematic admin-
stration (Table 1). Meanwhile, TNP contents remained higher
ven several days after exposure, which indicated that TNPs
ould be gradually deposited in organs. This accumulation might

nduce toxic effects, leading to organ impairments. Meanwhile,
io-distribution after inhalation should be explored in depth for
imicking occupational exposure. Moreover, bio-distribution of

NPs in the fetus during perinatal exposure should be comprehen-
ively investigated.

. Oxidative stress as a common cellular response
ontributed to the toxicity of TNPs

A recent survey (Pelclova et al., 2016) showed that OS-related
iomarkers are upregulated in EBC collected from production
orkers in TNP workplace, which suggested that TNPs can induce
S in humans. However, most conclusions about the role of OS in

he toxicity of TNPs were obtained from in vivo and in vitro studies.

.1. In vivo studies regarding the role of OS in TNP-induced

oxicity

Numerous in vivo studies disclosed that TNP contents in main
rgans increased after animals received TNPs through various

able 1
io-distribution of TNPs after systematic exposure.

Routes of administration Organ distribution 

Rat intravenous administration spleen, lung, and liver 

liver, spleen, kidney, lung, hear
thymus, and reproductive orga

Mouse intravenous injection liver, kidney, brain, lung, heart
node, and spleen

Mouse intraperitoneal
injection

spleen, lung, kidney, and liver 

Mouse abdominal injection liver, kidney, spleen, lung, brai
heart

Mouse intranasal
administration

brain and liver 

Rat intragastric administration lung, liver, kidney, spleen, brai
intestine, testicles, heart, and b

Mouse subcutaneous injection spleen and liver 

Mouse intravenous injection Spleen, liver, lung, and kidney
Pregnant rat intragastric
administration

one-day-old neonate hippocam

Pregnant mouse intravenous
injection

placenta and fetal brain 
d Pharmacology 48 (2016) 130–140

administration route, which, in turn, induced OS  and dysfunctional
organs.

Oral exposure was  the common administration routes. Mice
exposed to TNPs through drinking water exhibited upregulated
8-hydroxyl deoxyguanosine (8-OHdG) level and DNA damage in
the liver (Trouiller et al., 2009). Zhang et al. (2010) also found
that after mice were exposed to TNPs through oral gavage, TNP
contents in the liver, kidney, cortex, and hippocampus were ele-
vated. Besides, the ROS production increased, accompanied by
the inhibition of glutathione peroxidase (GSH-Px) and superox-
ide dismutase (SOD) activities. Meanwhile, methane dicarboxylic
aldehyde (MDA) levels were elevated in the liver, kidney, and hip-
pocampus. Shrivastava et al. (2014) showed that oral exposure to
TNPs could increase ROS and glutathione (GSH) levels, and inhibit
activities of SOD and catalase (CAT), with a concomitant reduction
in CuZnSOD and MnSOD gene expression in the mouse erythro-
cytes, liver, and brain. Besides, TNPs increased the production of
ROS and MDA, accompanied by a reduction in GSH level in the
mouse liver after oral administration (Shukla et al., 2014). Hu et al.
(2015) treated mice with TNPs through oral administration and
TNP-treated mice exhibited decreased total superoxide dismutase
(T-SOD) activities, reduced GSH level, and elevated production of
MDA  in the serum and liver, accompanied by increased plasma glu-
cose, activated mitogen-activated protein kinase (MAPK) pathway,
and upregulated levels of pro-inflammatory factors.

In addition to oral exposure, intravenous injection is another
major administration route. Meena et al. (2015a) revealed that the
TNP content in the rat testis was  elevated after intravenous injec-
tion, accompanied by inhibition of SOD and GSH-Px activities as
well as increased MDA  levels. DNA damage, upregulated apopto-
sis, decreased sperm count, and impaired reproductive function
were observed in TNP-treated rats as well. The same group (Meena
et al., 2015b) also found that intravenous injection led to elevated
TNP content in the rat brain with a concomitant increase in ROS
and MDA  production, inhibition of SOD and GSH-Px activities as
well as downregulated melationin level. In addition, the inflamma-
tory response was  promoted and apoptosis was enhanced in the
brain of the TNP-treated animals. Zhang et al. (2015) confirmed that
after mouse dams were exposed to TNPs through intravenous injec-
tion during the lactation period, TNP contents in the liver, spleen,

lung, kidney, and mammary gland were elevated, accompanied by
upregulated MDA  levels and downregulated GSH expression in the
liver and mammary gland. Meanwhile, the levels of tight junction

Ref

Elgrabli et al. (2015), Fabian et al. (2008),
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roteins, zonula occludens 1 and occludin, were downregulated,
ndicating impaired blood-milk barrier, which led to increased TNP
ontents in pups.

Intranasal instillation is another frequently used administra-
ion route. Wang et al. (2008c) reported that intranasal instillation
ed to increased TNP concentrations and upregulated MDA  lev-
ls in the mouse brain zones. However, the activities of GSH-Px,
lutathione transferase (GST), and SOD were promoted 10 days
fter exposure, and then declined. The same research group (Wang
t al., 2008b) also found that glutamic acid, nitric oxide (NO),
nd protein carbonyl levels were upregulated, accompanied by
ncreased expression of glial fibrillary acidic protein (GFAP), indi-
ating impairments to the mouse brain 30 days after intranasal
dministration. Ze et al. (2014) revealed that 90 days nasal admin-
stration increased the TNP content in the mouse brain. In turn, this
ccumulation upregulated the levels of O2

•−, H2O2, MDA, carbonyl,
nd 8-OHdG, and dysregulated mRNA expression of OS-related
enes; all of which contributed to histopathological changes in the
ouse brain.

Intragastric administration could induce OS in animal organs.
ui et al. (2010) showed that mice exhibited increased levels of
2

•−, H2O2, NO, and MDA  and downregulated gene expression of
ntioxidant factors in the liver after intragastric exposure to TNPs,
hich might contribute to cell apoptosis. Later, the same group (Cui

t al., 2012) discovered that intragastric administration of TNPs
or 90 days changed OS-related gene expression determined by

icroarray assay with a concomitant increase in TNP content in
he mouse liver. Hu et al. (Hu et al., 2011) confirmed that, after

ice were exposed to TNPs through intragastric administration,
he TNP content in the mouse hippocampus increased, accompa-
ied by elevated levels of O2

•− and H2O2, inhibition of SOD, CAT,
scorbate peroxidase (Apx), and GSH-Px activities, and decreased
atio of ascorbic acid (AsA)/oxidized AsA (DAsA) and glutathione
GHS)/oxidized glutathione (GSSG). Meanwhile, cell apoptosis was
pregulated in TNP-treated mouse hippocampus. Female mice also
xhibited enhanced TNPs content and increased levels of O2

•−,
2O2, and 8-OHdG in the ovary after intragastric exposure to TNPs,
hich was associated with dysfunctional ovary (Gao et al., 2012).

Intratracheal instillation is another option for administrating
NPs. Liang et al. (2009) revealed that TNPs reduced SOD activ-

ties in the plasma, liver, and kidney and inhibited glutathione
eroxidase (GSH-Px) activity in the kidney after rats were exposed
hrough single intratracheal instillation. In addition, TNP exposure
hrough intratracheal instillation reduced GSH levels, inhibited T-
OD activity, and upregulated the production of MDA and NO in rat
ronchoalveolar lavage fluid (BALF), with a concomitant increase

n TNF-� expression (Liu et al., 2013).
Other administration routes that are least frequently used could

ead to OS as well. Dermal exposure increased the TNP concen-
rations in the skin, heart, liver, spleen, lung, kidney, and brain of
airless mice. Meanwhile, MDA  levels in the skin and liver were
nhanced accompanied by the inhibition of SOD activity. Such
hanges contributed to impairments in these organs (Wu et al.,
009). Meanwhile, intraarticular administration of TNPs not only

mpaired the rat knee joints, but also induced histopathological
lterations in the heart, lung, and liver. In addition, GSH-Px and
OD activities were promoted, with a concomitant increase in GSH,
2O2, MDA  and GSSG levels in TNP-treated synovium (Wang et al.,
009). Ma  et al. (2010) found that the content of TNPs was enhanced

n the mouse brain after exposure through the abdominal cavity. In
ddition, brain cells presented filamentous shapes and transformed
nto inflammatory cells. Meanwhile, the contents of O2, H2O2, and
DA  increased, accompanied by inhibition of SOD, CAT, and GSH-
x. In addition, the ratios of AsA/DAsA and GSH/GSSG decreased.
itric oxide synthase (NOS) activity, including cNOS and iNOS, was
d Pharmacology 48 (2016) 130–140 133

promoted, accompanied by elevated NO level and decreased GSH
level.

We can draw a conclusion from the above-mentioned stud-
ies that after systematic administration, TNP contents in the main
organs were upregulated, which, in turn, induced OS, leading to
dysfunctional organs. However, for better mimicking occupational
exposure, the toxicity of TNPs should be evaluated through inhala-
tion administration in the future.

3.2. In vitro studies regarding the role of OS in TNP-induced
toxicity

In vivo studies demonstrated that OS in the main organs such
as the brain, liver, lung, kidney, and spleen was induced after sys-
tematic administration of TNPs, which was further confirmed by
many in vitro studies. Generally, TNPs can be internalized after
exposure mainly via endocytosis, phagocytosis, and micropinocy-
tosis. Studies revealed that prostate cancer PC-3M cells (Thurn et al.,
2011) and BV-2 microglia cells (Hsiao et al., 2016) could internalize
TNPs through clathrin-dependent endocytosis and phagocytosis.
Meanwhile, TNPs were taken up by neutrophils (da Rosa, 2013)
or macrophages (Sund et al., 2014) via phagocytosis. Moreover,
endocytosis was  involved in the uptake of TNPs by human HaCaT
keratinocytes (Jaeger et al., 2012), A549 cells (Tedja et al., 2012),
human cervical cancer cells (HeLa cells) (Zhang et al., 2013), neu-
ral stem cells (Wang et al., 2013b), and Caco-2 intestinal cells
(Gitrowski et al., 2014). Ultimately, uptake of TNPs by cells could
induce toxicity. In addition, TNPs were internalized by U373 cells
mainly through micropinocytosis (Huerta-Garcia et al., 2015).

Primary brain cells or cell lines were used for assessing the neu-
rotoxicity of TNPs in most cases. TNPs decreased cell viability in
PC12 cells, with a concomitant increase in lactate dehydrogenase
(LDH) activity as well as MDA  and ROS production. Meanwhile, GSH
levels decreased, accompanied by the inhibition of SOD activity.
In addition, loss of mitochondrial membrane potential (MMP), cell
cycle arrest, upregulated apoptosis, and enhanced expression of
p53 and Jun N-terminal kinase (JNK) were observed in TNP-treated
PC12 cells (Wu  et al., 2010). Huerta-Garcia et al. (Huerta-Garcia
et al., 2014) revealed that TNPs upregulated ROS production in a
rat glial cell line (C6) and human glial cell line (U373), accompa-
nied by dysregulated activities of GSH-Px, CAT, and SOD. Wilson
et al. (Wilson et al., 2015) also showed that TNPs increased ROS
production in rat primary astrocytes, accompanied by loss of
MMP,  enhanced mitochondrial dynamics-related gene expression,
altered mitochondrial morphology, and reduced glutamate uptake,
which induced a reduction in cell viability.

Consumers are likely to be exposed to TNPs through dermal
exposure. TNP exposure could lead to slight reduction in cell viabil-
ity of human epidermal cells (A431), which might be attributed to
elevated ROS and lipid peroxidation production as well as reduced
GSH levels. In addition, genotoxicity, determined by comet assay
and micronucleus formation, was observed in TNP-treated A431
cells (Shukla et al., 2011b). Shukla et al. (2011a) showed that TNPs
increased ROS production, accompanied by elevated MDA  expres-
sion, reduced GSH level, and enhanced proportion of apoptotic cells,
which contributed to a reduction in cell viability of human ker-
atinocyte cells (HaCaT). Jaeger et al. (Jaeger et al., 2012) discovered
that TNPs can upregulate ROS production. Besides, micronucleus
formation and mitochondrial DNA damage were observed in TNPs-
treated human HaCaT keratinocytes, indicating genotoxicity.

Inhaled TNPs could be deposited in the lung, thereby inducing
lung injury. Park et al. (2008) discovered that TNPs increased ROS

production and induced GSH depletion in human bronchial epithe-
lial cells (BEAS-2B), accompanied by decreased cell viability and
elevated proportion of apoptotic cells. TNPs also reduced cell via-
bility, increased ROS production, and promoted cell apoptosis in



1 ogy an

B
i
(
fi
h
w
u

o
w
(
t
h
R
c
c
d
D
c
a
a
d
t
(

b
t
t
(
r
e

e
p
C
a
e
c

b
e
a
m
fi
p
c

T
a
e
D
h
v
o
c
t
c
i
c
R
a
s
e
t
e
l

34 B. Song et al. / Environmental Toxicol

EAS-2B cells (Shi et al., 2010). Lung mitochondrial dysfunction
nduced by TNPs was associated with increased ROS production
Freyre-Fonseca et al., 2011). Kansara et al. (2015) further veri-
ed that TNPs increased ROS production and inhibited cell cycle in
uman alveolar cells (A549), accompanied by DNA damage which
as determined by elevated micronucleus formation and dysreg-

lated DNA strand breakage-related gene and protein expression.
The liver possesses detoxifying function and could be a target

f TNPs as well. ROS production was elevated and DNA damage
as observed in TNP-treated human hepatoma cell line (HepG2)

Petkovic et al., 2011). Sha et al. (Sha et al., 2011) revealed
hat TNP-treated human/rat hepatocellular carcinoma cells and
uman/rat liver cells exhibited decreased cell viability, upregulated
OS level, and reduced GSH expression. Shukla et al. (2013) also
onfirmed that TNPs reduced cell viability in HepG2 cells with a
oncomitant increase in the production of ROS and lipid peroxi-
ation (LPO) as well as a reduction in glutathione level. Besides,
NA damage and apoptosis were observed in TNP-treated HepG2
ells. Besides, upregulated ROS production and inhibited MnSOD
ctivity were observed in TNP-exposed rat primary hepatocytes,
ccompanied with downregulated expressions of mitochondrial
ynamics-related genes and loss of MMP,  which might con-
ribute to decreased cell viability and dysfunctional hepatocytes
Natarajan et al., 2015).

Once TNPs are absorbed into circulation, the blood vessel could
e affected by TNPs, which might affect the cardiovascular sys-
em. Montiel-Davalos et al. (2012) also found that TNPs increased
he ROS and NO levels in human umbilical vein endothelial cells
HUVEC) and function of HUVEC was disrupted. Hou et al. (2014)
evealed that ROS level in endothelial cells was upregulated by TNP
xposure.

Most of absorbed TNPs are excreted from the kidneys. Meena
t al. (2012) showed that promoted LDH activity, increased ROS
roduction, elevated MDA  level, inhibition of GSH-Px, SOD, and
AT activities, and enhanced proportion of apoptotic cells as well
s enhanced comet length were observed in TNP-treated human
mbryonic kidney cell line (HEK-293), which contributed to the
ytotoxicity of TNPs.

Fibroblasts are abound in mammals and they could be affected
y TNPs. Jin et al. (2008) displayed that reduced cell viability,
levated levels of ROS and LDH, and decreased GSH expression
s well as inhibited SOD activity were observed in TNP-treated
ouse fibroblasts. In addition, food grade TNP-treated human lung

broblasts (WI-38) exhibited decreased cell viability, elevated ROS
roduction, a reduction in mitochondrial membrane potential, and
hanged cell cycle (Periasamy et al., 2015).

Primary cells or cell lines from other tissues could be impaired by
NP exposure. CAT activity was inhibited, GSH level was  reduced,
nd ROS production increased in TNP-treated human amnion
pithelial (WISH) cells, accompanied by decreased cell viability and
NA damage (Saquib et al., 2012). TNPs reduced the viability of
uman cervical adenocarcinoma HeLa cells, accompanied by ele-
ated levels of MDA, GSSG, and ROS as well as decreased ratio
f GSH/GSSG. Meanwhile, Bax expression was promoted with a
oncomitant reduction in Bcl-2 expression at the gene and pro-
ein levels (Ramkumar et al., 2012). TNP-treated rat RBL-2H3 mast
ells exhibited upregulated ROS production, with a concomitant
ncrease in histamine secretion as well as Ca2+ concentration in the
ytoplasm (Chen et al., 2012). Decreased cell viability, increased
OS and MDA  production, inhibited activities of SOD and CAT,
nd promoted LDH activity were observed in TNP-treated rat
ynovial cell line 364, accompanied by cell cycle arrest (Wang

t al., 2013a). 8-hydroxy deoxyguanosine (8-oxoDG) level in TNPs-
reated human colon carcinoma cells (Caco-2) was promoted (Zijno
t al., 2015). TNPs promoted LDH activity, increased ROS and MDA
evels, and inhibited the activities of SOD, CAT, and GSH-Px, accom-
d Pharmacology 48 (2016) 130–140

panied by loss of MMP  and upregulated apoptosis in mouse primary
Sertoli cells (Hong et al., 2016).

Findings from in vitro and in vivo studies are consistent, suggest-
ing that exposure to TNPs could induce OS in primary cells or cell
lines from major organs, indicating the toxicity of TNPs. Since OS
is implicated in the toxicity of TNPs, how TNPs, the mechanism by
which THPs regulated OS should be further discussed.

4. Potential molecular mechanisms by which TNPs regulate
oxidative stress

The above-mentioned in vivo and in vitro studies revealed that
OS is involved in the toxicity of TNPs in most cases, but the molec-
ular mechanisms by which TNPs regulate OS are still unclear.

Nuclear factor-E2-related factor-2 (Nrf2) signaling pathway is
associated with OS. Wang et al. (2011) found that TNPs could
upregulate the levels of O2

•−, H2O2, and MDA, with a concomi-
tant elevation in mRNA and protein expression of OS-related genes
such as p38, JNK, nuclear factor-�B (NF-�B), Nrf-2, and heme
oxygenase-1 (HO-1) in the mouse spleen after intragastric expo-
sure for 30 days. Such TNP-induced OS led to congestion and lymph
nodule proliferation in the mouse spleen. Gui et al. (2013) also
showed that the TNP content in the mouse kidney was  elevated
with a concomitant increase in the levels of MDA, protein car-
bonyl, 8-OHdG, O2

•−, and H2O2. Meanwhile, the gene and protein
expression of Nrf2, HO-1, glutamate cysteine ligase (GCLC), and GST
was downregulated accompanied by upregulated levels of Keap-
1, NF-�B, nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (NOX4), and cyclooxygenase-2 (COX-2). These changes
contributed to renal impairments, assessed by histopathological
observation and biochemical analysis. When mice received intra-
tracheal administration with TNPs, the NP concentration in the
mouse lung increased, accompanied by elevated production of ROS
and MDA, which induced lung injury. However, the gene and pro-
tein expression of Nrf2, HO-1, and GCLC was upregulated to the
highest level at 45 days and then declined (Sun et al., 2012). Ze
et al. (2013) displayed that the gene and protein expression of p38,
JNK, NF-�B, Nrf2, and HO-1 remained high in the mouse brain after
intranasal exposure for 90 days. In addition, the TNP content in
the mouse brain was  enhanced, accompanied by elevated levels
of O2

•−, H2O2, MDA, carbonyl, and 8-OHdG.
These studies demonstrated that TNP exposure could reg-

ulate Nrf2 expression, thereby inducing OS. Following studies
further confirmed Nrf2 regulation in TNP-induced OS. Delgado-
Buenrostro et al. (2015) demonstrated that downregulated HO-1
mRNA level and upregulated expression of 3-nitrotyrosine and
4-hydroxynonenal were observed in TNP-treated mice with Nrf2
knockout, when compared to that in exposed wild type mice.
Another study showed that oral exposure to TNPs induced higher
ROS and MDA  levels as well as more severe DNA damage in the liver
and kidney of mice with Nrf2 deficiency than that in wildtype mice.
In vitro experiments revealed that MDA  and ARE levels were upreg-
ulated, activities of SOD and GSH-Px were inhibited, and gene and
protein expression of Nrf2, HO-1, and GCLC was promoted in TNP-
treated HepG2 cells. Meanwhile, TNPs caused more severe DNA
damage in HepG2 cells with Nrf2 deficiency than in wild type cells
(Shi et al., 2015). Findings indicated that Nrf2 acted as a protective
factor against TNP-induced OS.

In addition to Nrf2, toll like receptor 4 (TLR4) is correlated with
OS. El-Said et al. (2014) revealed that TNPs could increase ROS level
and H2O2 content, inhibit glutathione peroxidase activity, reduce

GSH level, and enhance caspase-3 activity in human hepatocarci-
noma cells. These changes can be promoted in TNP-treated cells
overexpressing TLR4, which suggested that TLR4 might be another
factor regulating TNP-induced OS. However, data are far from being
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onclusive and TLR4 regulation in TNP-induced OS requires more
nvestigations.

To date, available studies suggest that TNP-induced OS is prob-

bly regulated by the Nrf2 signaling pathway. In addition to Nrf2,
ther molecular mechanisms such as TLR4, by which TNPs regulate
S should be explored further (Fig. 2).

ig. 2. Simple illustration of mechanisms underlying TNPs-induced ROS.
NPs: titanium dioxide nanoparticles; Nrf2: nuclear factor-E2-related factor-2; NADPH: ni
xygen  species.

ig. 3. Schematic representation of apoptosis signals induced by ROS (Mates et al., 2008)
IF:  apoptosis-inducing factor; Apaf-1: apoptotic protease activating factor 1; DISC: death

actor-alpha-related apoptosis-inducing ligand.
d Pharmacology 48 (2016) 130–140 135

5. Cellular responses possibly initiated by TNP-induced OS

In vivo and in vitro studies revealed that, in addition to OS, apo-

ptosis, inflammatory response, mitochondrial damage, signaling
pathways, and genotoxicity were implicated in the toxicity of TNPs.
However, whether other cellular responses induced by TNPs were

cotinamide adenine dinucleotide phosphate; TLRs: toll-like receptors; ROS: reactive

.
 inducing signaling complex; ROS: reactive oxygen species; TRAIL: tumor necrosis
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Fig. 4. Signaling pathways (such as MAPKs) activated by ROS (Leonard et al., 2004).
ROS: reactive oxygen species; NADPH: reduced nicotine adenine dinucleotide phosphate; MAPK: mitogen-activated protein kinase; HIF-1: hypoxia-inducible factor 1; NF-�B:
necrosis factor kappa B; NFAT: nuclear factor of activated T cells; AP-1:activator protein-1.

Fig. 5. The effects of ROS on cell cycle regulation (Verbon et al., 2012).
E ive ox

i
r
c
t
T
a

Orazizadeh et al. (2014) revealed that gavage administration
of TNPs increased the rat blood levels of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and alkaline phosphatase
GFR: epidermal growth factor receptor; EGF: epidermal growth factor; ROS: react

nitiated by OS remains unclear. Given the pivotal of OS in cellular
esponses such as apoptosis (Fig. 3), signaling pathways (Fig. 4), cell
ycle (Fig. 5), and inflammatory response (Fig. 6), we hypothesized
hat the toxicity of TNPs might be the cascades of TNP-induced OS.
o date, a few rescue studies shed some light on this obscure issue

nd verified our hypothesis to a certain extent.
ygen species.

5.1. In vivo studies
(ALP). Meanwhile, MDA  level was upregulated and the activities of
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ig. 6. Inflammatory response through TLRs activation mediated by OS (Gill et al., 2
AMPs: damage-associated molecular pattern molecules; TLR: toll-like receptor.

SH-Px and SOD were inhibited in TNP-treated rat liver, accom-
anied by increased proportion of apoptotic cells. However, these
oxic effects were abrogated by pretreatment with glycyrrhizic
cid before TNP administration. Azim et al. (2015) found that oral
xposure to TNPs led to enhanced MDA  level and reduced GSH
xpression in mouse livers. Meanwhile, Nrf2 and NF-�B mRNA
xpression was elevated, accompanied by an increased proportion
f CD68+ cells as well as increased levels of tumor necrosis factor-�
TNF-�) and interleukin-6 (IL-6). In addition, the caspase-3 activity
as promoted and Bax gene expression was elevated, accompa-

ied by decreased Bcl-2 expression. Moreover, DNA damage was
bserved in the TNP-treated group. However, these toxic effects on
ouse livers were attenuated by oral treatment with idebenone

ID), carnosine (CR), vitamin E (Vit. E), or the combination of ID, CR,
nd Vit.E for one month following TNP exposure. TNPs induced a
reater OS to the kidney than to the liver after rats were exposed,
hich was attenuated by quercetin treatment (Gonzalez-Esquivel

t al., 2015).
It is accepted that Vit. E (Traber and Atkinson, 2007), ID (Fetoni

t al., 2008), CR (Aldini et al., 2011), glycyrrhizic acid (Ming and
in, 2013), and quercetin (Costa et al., 2016) act as anti-oxidants.
indings indicated that the toxic effects induced by TNPs could be
ttenuated through blocking TNP-induced OS by anti-oxidants.
.2. In vitro studies

Hussain et al. (2009) showed that TNPs can be taken up
y human bronchial epithelial cells (16HBE14o-) and increase
ROS production. Moreover, granulocyte-macrophage colony-
stimulating factor (GM-CSF) gene level in 16HBE14o- cells was
elevated, which was abrogated by co-treatment with CAT. Niska
et al. (2015) also found that TNPs can reduce the cell viability of
human osteoblast cells (Hfob 1.19). Moreover, O2

•− production
increased, protein levels of CuZnSOD (SOD1), MnSOD (SOD2), and
sirtuin 3 (SIR3) decreased, SOD and CAT activities were inhibited,
and MDA  level was  elevated. These changes were abrogated by
pretreatment with SOD.

TNPs upregulated ROS production in BEAS-2B cells, which was
attenuated by co-treatment with desferal (Bhattacharya et al.,
2009). TNPs could increase ROS production and the percentage
of apoptotic cells, which contributed to reduced cell viability in
PC12 cells. These effects were abrogated by pretreatment with
N-(mercaptopropionyl)-glycine (N-MPG) (Liu et al., 2010). Aue-
viriyavit et al. found that ROS production in TNPs-treated A549 cells
was elevated (Aueviriyavit et al., 2012). Han et al. (2013) confirmed
that the levels of vascular cell adhesion molecule-1 (VCAM-1) and
monocyte chemoattractant protein-1 (MCP-1) were enhanced in
TNP-treated primary vascular endothelial cells, which was abro-
gated by pretreatment with epigallocatechin gallate and apocynin.
Another study showed that the methylation level of poly (ADP-
ribose) polymerase 1 (PARP-1) was upregulated in TNP-treated
A549 cells, which was  attenuated by co-treatment with �-lipoic
acid (Bai et al., 2015).
CAT and SOD are common enzymatic antioxidants. Meanwhile,
desferal (Youdim et al., 2004), epigallocatechin gallate (Na et al.,
2008), apocynin (Heumuller et al., 2008), N-MPG (Fantinelli et al.,
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ig. 7. Cellular responses initiated by TNPs-induced OS.
NPs: titanium dioxide nanoparticles; OS: oxidative stress.

013), and �-lipoic acid (Rochette et al., 2013) also function as
ntioxidants. These in vitro studies suggested that abrogating TNP-
nduced OS by these substances alleviated the toxicity of TNPs in
rimary cells or cell lines.

These  rescue studies demonstrated that blocking TNP-induced
S by antioxidants could abrogate cellular responses such as apo-
tosis, inflammatory response, DNA methylation, and DNA damage
hat contributed to the toxicity of TNPs (Fig. 7). However, find-
ngs are far from being conclusive and more rescue studies are

arranted to further investigate whether cellular responses were
nitiated by TNP-induced OS. Unraveling the role of OS in the tox-
city of TNPs might shed some light on methods to improve the
io-safety of TNP-enabled products (Pan et al., 2009).

.  Conclusion

In summary, widespread applications of TNP-enabled products
ncrease the risk of unintentional exposure, which can, in turn,
nduce toxic effects. Given the critical role of OS, we summarized
elevant articles covering the involvement of OS in TNPs’ toxicity.
ubsequently, we found that OS was implicated in the toxicity of
NPs in most situations. However, data are far from being conclu-
ive and more studies are required to comprehensively investigate
he molecular mechanisms by which TNPs regulate OS. Moreover,
hether the toxicity of TNPs is mediated by signaling cascades

nvolved in OS should be fully investigated. Unraveling the role of
S in TNPs’ toxicity might help us to comprehensively understand-

ng the correlation between TNP-induced cellular responses, and
ould shed some light on methods to alleviate the toxic effects of
NPs.
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