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Progress of in vivo studies on the systemic
toxicities induced by titanium dioxide
nanoparticles

Fashui Hong,*1#°< Xiaohong Yu,+* Nan Wu®°< and Yu-Qing Zhang*®

Titanium dioxide nanoparticles (TiO, NPs) are inorganic materials with a diameter of 1-100 nm. In recent
years, TiO, NPs have been used in a wide range of products, including food, toothpaste, cosmetics, medi-
cine, paints and printing materials, due to their unique properties (high stability, anti-corrosion, and
efficient photocatalysis). Following exposure via various routes including inhalation, injection, dermal
deposition and gastrointestinal tract absorption, NPs can be found in various organs in the body poten-
tially inducing toxic effects. Thus more attention to the safety of TiO, NPs is necessary. Therefore, the
present review aims to provide a comprehensive evaluation of the toxic effects induced by TiO, NPs in
the lung, liver, stomach, intestine, kidney, spleen, brain, hippocampus, heart, blood vessels, ovary and
testis of mice and rats in in vivo experiments, and evaluate their potential toxic mechanisms. The findings
will provide an important reference for human risk evaluation and management following TiO, NP

rsc.li/toxicology-research exposure.

1. Introduction

Nanomaterials (NMs) are composed of nanoparticles, which
are also known as ultrafine particles. NMs have special
physicochemical properties depending on their particle size,
chemical composition (purity, crystalline phase, charge),
surface structure, solubility, aggregation and shape." With the
development of nanotechnology, NMs have been manufac-
tured in large quantities worldwide and used in a wide range
of products such as sunscreen, catalysts, food, cosmetics and
drug carriers due to their small size effect, surface effect,
quantum size effect and macroscopic quantum tunneling
effect.

Titanium dioxide nanoparticles (TiO, NPs) are one of the
most widely used NMs. Anatase and rutile are the most
common crystalline forms. TiO, NPs are widely used in
various industries such as paints, printing, food, toothpaste,
medicine and cosmetics due to their high stability, anti-
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corrosion, and efficient photocatalysis.>> Therefore, contact
with TiO, NPs in our daily life is inevitable. The small size
effect of TiO, NPs makes them different from bulk TiO,
materials. They can reach various parts of the body via
exposure routes including inhalation, injection, dermal depo-
sition and gastrointestinal tract (GIT) absorption. Accordingly,
the toxicity of TiO, NPs has been increasingly questioned.®

After entering the body, NPs are probably transported to
different systems by systemic circulation, and deposition in
organs or tissues, thus inducing possible toxicity. TiO, NPs
ranging in size from 5-100 nm can be transported to the rat
lung and then lymphatic drainage and blood vessels. When
NPs are relocated into the blood circulation, they may systemi-
cally enter the cardiovascular, central-nervous and immune
systems, resulting in potential toxicity if they are not elimi-
nated from the body.” Our research group investigated the dis-
tribution and toxicity of anatase-TiO, NPs (5 nm) after intra-
peritoneal injection into mice for 14 days.® The results showed
that the coefficients of the liver, kidney and spleen increased,
while the coefficients of the lung and brain decreased, and the
coefficient of the heart showed little change. The order of NP
accumulation in the organs was liver > kidneys > spleen > lung
> brain > heart. NPs caused damage to the liver, kidney, and
myocardium, and impaired the blood sugar and lipid balance
in mice.

TiO, nano-toxicity is an important issue in toxicology, and
this topic has been reviewed several times. For example,
Jovanovi¢ reviewed TiO,-induced toxicity via oral ingestion to
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assess the safety of TiO, as an additive in human food.® shi
et al. determined the toxicity of TiO, NPs in terms of acute,
sub-acute, sub-chronic or chronic exposure conditions, as well
as the genotoxicity, carcinogenicity, and the reproductive and
developmental toxicity of TiO, NPs.' In addition, the in vivo
toxic effects of TiO, NPs in different systems have been
reviewed.'" However, studies on the systemic toxicity of TiO,
NPs, exposure routes, doses and timing of TiO, NPs, bio-distri-
bution/bio-accumulation, toxicokinetics, and potential toxic
mechanisms following exposure to TiO, NPs in in vivo experi-
ments in mice and rats have not been reviewed. Our research
group has been engaged in TiO, nanotoxicity studies for more
than 8 years, and we have found that TiO, NP exposure
induced toxicity in various organs in mice.

Therefore, in the present review, we comprehensively evalu-
ated the current knowledge regarding TiO, NPs including
exposure mode, bio-distribution/bio-accumulation, target
organs (toxicokinetics), and potential toxic mechanisms fol-
lowing exposure to TiO, NPs in in vivo experiments in mice
and rats. These findings may provide an important reference
for human risk evaluation and management following TiO, NP
exposure.

2 Application and exposure routes
Applications

TiO, NPs are currently widely used in various industries
including paints (48%), plastics (19%), resin (10%), pape-
rmaking (8%), fiber (3%), rubber (2%), and others (medicine,
food and cosmetics; 10%) due to their high stability, anti-
corrosion, and efficient photocatalysis.'> Fig. 1 shows the
various applications of TiO, NPs.

Exposure routes and in vivo toxicokinetics

TiO, NPs gain entry to the body via various routes, but mainly
through the respiratory tract, GIT, skin and following
injection.

Inhalation, and intranasal or intratracheal instillation. TiO,
NPs enter the body through the respiratory tract and skin due
to their small particle size. The major routes of TiO, NP
exposure in the workplace are inhalation and dermal exposure.
The respiratory system consists of the respiratory tract and
lungs. The respiratory tract includes the nasal cavity, pharynx,
larynx, trachea and bronchi. NPs potentially enter the body
both through inhalation, and intranasal or intratracheal

View Article Online

Toxicology Research

exposure. Simko and Mattsson'® found that TiO, NPs were dis-
tributed in different regions of the respiratory tract after
inhalation.

A small fraction of TiO, NPs were transported from the
airway lumen to the interstitial tissue that subsequently
entered the systemic circulation in WKY/NCrl BR rats."* Wang
et al. reported that NPs were relocated to the brain through the
olfactory nerve after intranasal instillation of TiO, NPs (80 nm,
rutile; 155 nm, anatase)."®> The majority of deposited TiO, NPs
were transferred to the interstitial space in rats following intra-
tracheal instillation for 42 days, and the bio-accumulation of
80 nm rutile NPs was found to be greater than that of 155 nm
anatase NPs.'® A small fraction of pulmonary NPs gained entry
into the blood circulation and reached extra-pulmonary
tissues.'” A plasma metabonomics study in rats intratracheally
injected with TiO, NPs showed that the liver, kidney and heart
were potential target organs."®

Oral or gavage. Due to the wide use of TiO, NPs in food
colorants, ingestion has become a potential exposure route.
Following oral exposure, NPs then enter the GIT, which is a sig-
nificant absorption route for TiO, NPs.'®?° Weir et al. found
that candies and gums contain abundant TiO, NPs with a par-
ticle size less than 100 nm.*" In recent years, GIT absorption of
NPs has been a novel way of developing effective carriers to
enhance the oral intake of drugs and vaccines in the field of
nanomedicine.>® Evidence shows that oral exposure to TiO,
NPs (5 g kg™!) induced hepatic histopathologic damage, as the
NP-treated group exhibited alterations in serum lactate de-
hydrogenase (LDH) and alpha-hydroxybutyrate dehydrogenase
(a-HBDH) levels indicating myocardial injury compared with
the controls.”® Our research group also reported that toxic
damage in the brain was observed in mice following TiO, NPs
administered by gavage (5 nm, anatase).>*

Dermal. Whether TiO, NPs penetrate human skin and enter
the body has attracted widespread attention due to their exten-
sive application in various sunscreens and cosmetics. It is
difficult for inorganic particles to penetrate intact human skin
due to the strong protective effect of the stratum corneum
(SC). Some investigations have shown that NPs are unable to
penetrate intact human skin.>*>° However, some studies have
shown the opposite findings.***" Therefore, there is contro-
versy as to whether TiO, NPs induce toxicity via dermal
deposition.

Injection. Intraperitoneal injection and intravenous injec-
tion are the most common methods of administration, by
which NPs can then directly enter the blood circulation. Chen
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Fig. 1 The application areas of TiO, NPs.12
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et al. reported that TiO, NPs deposited in the liver, kidney,
spleen and lung, especially the spleen, induced hepatocyte
apoptosis and fibrosis, and glomerular swelling in mice after
intraperitoneal injection of 3.6 nm anatase NPs (324, 648, 972,
1296, 1944 and 2592 mg kg™ ') for 24 h, 48 h, 7 d and 14 d.*
The order of the TiO, NP distribution (70/30 anatase/rutile,
20-30 nm) in the intravenously injected rats was liver > spleen
> lung > kidney.**

In vivo toxicokinetics. The administration of TiO, NPs can
be carried out by any route: inhalation, and intranasal or intra-
tracheal instillation with regard to the respiratory tract (RT)
and lungs, gavage or oral exposure with regard to the GIT,
intravenous or intraperitoneal injection with regard to the
blood circulation and by dermal exposure with regard to the
skin. When TiO, NPs are transported into the systemic circula-
tion, they potentially interact with platelets, coagulation
factors, red or white blood cells and plasma-proteins,** which
may have a significant effect on the distribution, metabolism,
and excretion of NPs.*

In general, NPs can be distributed to all organs or tissues
from the original site by the blood circulation (Fig. 2).'°
However, under normal conditions, TiO, NPs may not have the
potential to penetrate intact skin and enter the human body
due to the protective effect of the SC, although an in vitro
study showed that anatase-TiO, (0-150 pg ml™") caused cyto-
toxicity in the HEL-30 mouse keratinocyte cell line.*® It is not
known whether TiO, NPs have a marked effect on the body
after dermal exposure.

View Article Online
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The central nervous system (CNS) is the potential target of
inhaled NPs. Wang et al. demonstrated that intranasal instilla-
tion of TiO, NPs (80 nm/155 nm, rutile/anatase) entered the
CNS via the olfactory nerve and caused potential brain
lesions.”” TiO, NPs with a diameter of 35 nm caused preg-
nancy complications when intravenously injected into preg-
nant mice.*® These NPs were deposited in the placenta, fetal
liver and fetal brain. The treatment groups had smaller uteri
and smaller fetuses than the controls. It was revealed that
mice prenatally exposed to TiO, NPs (25 and 70 nm; 16
mg kg™") by subcutaneous administration led to genital and
CNS damage in male offspring.*® Furthermore, NPs were
found in the testes and brain of 6-week-old exposed male
mice. The above results indicate that TiO, NPs can penetrate
the blood-testis, blood-brain and blood-placenta barriers.

The major pathway for NP clearance from the RT and
alveoli is mucociliary transport to the larynx from where they
can be eliminated in the sputum or inhaled and then enter
the GIT. However, there is evidence that not all NPs are
removed by mucociliary clearance from the lung surface,
resulting in prolonged TiO, NP retention.’® Only 25% of NPs
were removed by mucociliary clearance within 24 h, while the
rest were retained for more than 48 h, which potentially
further interacted with the inner lung surface cells, especially
macrophages, and dendritic and epithelial cells,*" and
enhanced the probability of NPs traversing the epithelial
barrier. The uptake of NPs by alveolar macrophages which
transport them to the larynx is also a key factor in TiO, NP

Exposure Dermal Intraperitoneal or Inhalation, mtranasal or Gavage or
Routes exposure intravenous imjection mtratracheal mstillation oral exposure
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Fig. 2 The toxicokinetics of TiO, NPs in vivo (the arrows in dotted lines represent uncertainties).*
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clearance in the airway and alveoli. However, Geiser et al
found that lung surface macrophages did not efficiently phago-
cytose NPs after aerosol inhalation. As a result, the deposited
TiO, NPs may relocate from the lung surface into pulmonary
tissue, enter the lymphatic drainage and then the blood circu-
lation, favoring subsequent translocation and accumulation in
extra-pulmonary organs or tissues.*?

In addition to the clearance mechanisms in the respiratory
system, clearance of TiO, NPs can also occur by two other
pathways, kidneys/urine and bile/feces. The International
Program on Chemical Safety for TiO, showed that the majority
of ingested TiO, are eliminated in urine.*® Therefore, it can be
hypothesized that TiO, NPs deposited in the kidney may be
excreted via urine. It is well known that elimination of particles
from the liver is via bile into the feces for pharmaceutics and
is also adopted for TiO, NP elimination.** Moreover, clearance
of NPs not absorbed by the gut epithelium from the body may
occur via this pathway. Although a significant number of
absorbed TiO, NPs can be rapidly eliminated, it is possible
that not all of these NPs will be excreted from the body. As a
result, these NPs may accumulate in systemic organs and
tissues after continuous exposure, leading to nanotoxicity.®

3. Potential mechanisms involved in
in vivo toxicity

There is sufficient evidence to suggest that TiO, NPs can
induce toxicity in various organs, including the lung, liver,
stomach, intestine, kidney, spleen, brain, hippocampus, heart,
blood vessels, ovary and testis, and potential toxicity mecha-
nisms in mice and rats have been investigated.

Lung

Mice were exposed to TiO, NPs (2-5 nm) by whole-body inhala-
tion exposure.*> In acute tests with 0.77 or 7.22 mg per m?
TiO, NPs (4 h), there was no obvious toxic effect on lung
tissue. In sub-acute tests (8.88 mg m™>, 4 h per day for 10
days), NPs caused an increase in total cell counts and alveolar
macrophages in the bronchoalveolar lavage fluid (BALF) after
1 or 2 weeks of exposure, which recovered by week 3 post-
exposure. When mice were treated with 0.1 or 0.5 mg TiO, NPs
by intratracheal injection for 3 days, and 1 and 2 weeks, Chen
et al. found that NPs induced histopathologic changes in
lungs including pulmonary emphysema, macrophage accumu-
lation and epithelial cell apoptosis.*® Microarray analyses
showed that the expression of genes involved in the cell cycle,
apoptosis, chemokines, and complement cascades was
altered. In particular, the expression of the placental growth
factor (PLGF) and other chemokines (CXCL1, CXCL5, and
CCL3) was up-regulated in the TiO, NP-treated mouse lung,
which may have contributed to pulmonary emphysema and
alveolar epithelial cell apoptosis.

Our research group investigated the potential effects of
long-term (90 consecutive days) exposure to TiO, NPs (2.5, 5
and 10 mg per kg BW) in mice. It was found that exposure to
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TiO, NPs caused significant accumulation of NPs in the lung,
reactive oxygen species (ROS) production, increased lipid
peroxidation, decreased antioxidant capacity, and enhanced
expression of inflammatory cytokines such as nuclear factor
(NF)-xB, tumor necrosis factor (TNF)-a, cyclooxygenase (COX)-
2, heme oxygenase (HO)-1 and interleukin (IL)-2 in a dose-
dependent manner.?” In addition, TiO, NPs (10 mg per kg
BW) showed a time-dependent toxic response in the mouse
lung, and induced the expression of nuclear factor erythroid-2-
related factor 2 (Nrf2) which may have a protective effect
against NP-induced pulmonary damage during certain
exposure terms.*®

Rossi et al. examined BALB/c mice after inhalation of
uncoated TiO, NPs, SiO, NPs and silica-coated TiO, NPs
(enTiO,) at a concentration of 10 mg m™>, and the results
showed that only cnTiO, exposure induced pulmonary neutro-
philia, accompanied by increased expression of TNF-a and
CXCL1 in lung tissue.*® Following exposure of the Dark Agouti
(DA) rat lung to TiO, NPs (5 mg per kg BW) for up to 90 days,
the innate immune activation of eosinophils, neutrophils, den-
dritic cells, and natural killer (NK) cells, followed by long-
lasting activation of lymphocytes involved in adaptive immu-
nity was induced by these NPs.’® In general, exposure to TiO,
NPs may lead to histopathologic changes, and the release of
ROS in the lung or pulmonary inflammation in vivo. These
findings were supported by a recent study.”

Liver, stomach and intestine

When 5-150 mg per kg BW of TiO, NPs were injected intraperi-
toneally into ICR mice daily for 14 days, it was found that the
NPs significantly accumulated in the liver, resulting in histo-
pathological changes, hepatocyte apoptosis, the inflammatory
response, and liver dysfunction in mice.>?

Following 30 days of exposure to TiO, NPs (62.5, 125 and
250 mg per kg BW), hepatic histopathological changes and
liver dysfunction were observed in NP-treated mice, possibly
related to reductions in IL-2 activity, white blood cells, red
blood cells, hemoglobin, the mean corpuscular hemoglobin
concentration, thrombocytes, reticulocytes, T lymphocytes, NK
lymphocytes, B lymphocytes, the ratio of CD4 to CD8, and
enhancements in the NO level, mean corpuscular volume,
mean corpuscular hemoglobin, red cell distribution width,
platelets, hematocrit, mean platelet volume, markers of
hemostasis and immune response damage.’® Moreover, TiO,
NPs (5-50 mg per kg BW) induced oxidative stress (OS),
hepatocyte apoptosis, and alterations in the expression levels
of genes involved in NP detoxification/metabolism regulation
and radical scavenging action in the mouse liver after adminis-
tration for 60 consecutive days.’* In particular, we found that
the potential mechanism of liver injury in NP-stimulated mice
may occur through activation of the TNF-a — TLRs — NIK —
IkB kinase — NF-kB — inflammation — apoptosis — liver
injury signaling pathway.>

To investigate the long-term and low-dose effects of TiO,
NPs, mice were exposed to 2.5-10 mg per kg BW TiO, NPs by
intragastric administration daily for 90 days or 6 months. The
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results indicated that NPs accumulated in the liver and aggre-
gated in hepatocyte nuclei, leading to an inflammatory
response, hepatocyte apoptosis or necrosis, and liver dysfunc-
tion. The expression of 785 genes related to the immune/
inflammatory response, apoptosis, OS, metabolic process,
stress response, cell cycle, ion transport, signal transduction,
cell proliferation, cytoskeleton, and cell differentiation
changed in the mouse liver following exposure to 10 mg per kg
BW TiO, NPs. In particular, the significant alterations in
complement factor D (CFD) and Th2 factor expression were
related to the hepatic immune/inflammatory response.’®>’

When male Wistar albino rats were treated with TiO, NPs
(up to 252 mg per animal), hepatic histological alterations
such as hydropic degeneration, fatty degeneration, chronic
infiltration by inflammatory cells, congested dilated central
veins, generation of ROS, altered serum glutamic-oxaloacetic
transaminase (GOT) and alkaline phosphatase (ALP) activities
and hepatocyte atrophy, apoptosis and necrosis were
observed.”®

Using proteomics methods, Tananova et al. showed that
the protein spots were altered and the expression of several
proteins was activated in rat liver microsomes after treatment
with intragastric TiO, NPs at doses of 0-10 mg per kg BW
daily for 28 days,” suggesting that TiO, NPs increased the
serum liver enzyme activities, liver coefficient and malondi-
aldehyde (MDA) levels in mice. Azim et al. also showed that
TiO, NPs suppressed the hepatic glutathione (GSH) level and
triggered both inflammatory and apoptotic responses.
Moreover, the NPs activated caspase-3 and caused damage to
liver DNA.®® TiO, NPs may have effects on small intestinal
mucosa in rats.®! Wang et al. revealed the negative results of
TiO, NPs in rats following daily oral exposure (0-200 mg per
kg BW) for 30 days.®® Liver edema and non-allergic mast cell
activation in stomach tissues were found in young rats, while
decreased intestinal permeability and molybdenum contents,
and slight liver injury were observed in adult rats.®* Recently,
Shakeel et al. revealed that higher doses of TiO, NPs resulted
in steatosis, necrosis, ballooning degeneration, apoptosis and
fibrosis, reductions in the activities of CAT, SOD, and GST as
well as elevations in ALP, ALT, AST, MDA and GSH in the liver
and blood of rats after 28 days of exposure.®® The interaction
of TiO, NPs with genotoxicity and possible induction of
chronic gastritis in mice were also studied in vivo.** In this
study, mice were orally administered different concentrations
(5, 50 and 500 mg per kg BW) of NPs daily for 5 days, and
then sacrificed 24 h or 1 or 2 weeks after the last treatment.
The results showed that TiO, NPs resulted in apoptotic DNA
fragmentation, mutations in p53 exons (5-8) and significant
elevations in MDA and nitrogen oxide (NO) levels as well as
decreases in the reduced GSH level and catalase (CAT) activity
in a dose- and time-dependent manner. Histopathological
examination showed evidence of necrosis and inflammation.
Thus, exposure to TiO, NPs, even at low doses, led to the
accumulation of NPs in mice, resulting in OS, inflammation
and apoptosis, and ultimately the induction of chronic
gastritis.®*

This journal is © The Royal Society of Chemistry 2017

View Article Online

Review
Kidney

TiO, NPs can be used in solid-phase extraction to preconcen-
trate and gauge lead (Pb) in river water and sea water. Zhang
et al. investigated the possible acute toxicity of the interaction
between TiO, NPs (50 and 120 nm, 5 mg per kg BW) and PbAc
in adult mice.®® They found that there was a significant differ-
ence in the damage to kidneys between the groups treated
with NPs alone or the TiO, and PbAc mixture. Although there
was no clear evidence that TiO, NPs and PbAc result in syner-
gistic acute toxicity in the mouse kidney after oral adminis-
tration, PbAc may, to some extent, increase the acute toxicity of
NPs.

Our research group demonstrated that TiO, NPs induced
08, resulting in nephritis in mice.®® In this study, Ti accumu-
lation and histopathological changes were observed in the
kidney, accompanied by an increase in ROS and MDA gene-
ration, and a decrease in antioxidase activity and total anti-
oxidant capacity as well as antioxidants. In addition, kidney
function was disrupted, including an increase in creatinine,
calcium and phosphonium, and a reduction in uric acid and
blood urea nitrogen. When mice were intragastrically exposed
to TiO, NPs (2.5-10 mg per kg BW) for 90 consecutive days, we
also found similar kidney injury, including peroxidation of
lipids, proteins and DNA, and histopathological damage
characterized by a reduction in the number of renal glomeruli,
fatty degeneration, disorganization of renal tubules, infiltra-
tion of inflammatory cells, tissue necrosis, GSH depletion,
excessive production of ROS and nephrocyte apoptosis, necro-
sis, and dysfunction.

Accumulation of ROS may have contributed to kidney
damage in TiO, NP-treated mice in our previous studies, and
thus the potential mechanisms of nephrotoxicity in mice
induced by TiO, NPs were investigated. The results showed
that NF-kB was activated after NP exposure, promoting the
expression of TNF-a, macrophage migration inhibitory factor,
the IL family including IL-4, 6, 8, 10 and IL-1f, cross-reaction
protein (CRP) and IFN-y, while Hsp 70 expression was inhib-
ited. These findings suggested that kidney injury induced by
TiO, NPs in mice was associated with alterations in inflamma-
tory cytokine expression and a reduction in the detoxification
of NPs.®” Inhibition of Nrf2 expression, which regulates the
expression of genes encoding many antioxidants and detoxify-
ing enzymes, along with down-regulation of its target gene pro-
ducts including HO-1, the glutamate-cysteine ligase catalytic
subunit and glutathione S-transferase (GST) were observed in
the TiO, NP-treated mouse kidney. This indicated that NP-
induced mouse kidney injury was potentially associated with
the Nrf2 signaling pathway.®®

The interaction of ROS/RNS (reactive nitrogen species)
related signaling pathways in chronic renal damage induced
by intratracheal instillation of TiO, NPs in mice was investi-
gated.® Renal pathological changes increased in a dose-depen-
dent manner. The contents of nitrotyrosine, iNOS, hypoxia
inducible factor-1a (HIF-1a), HO-1, TGF-f and collagen I,
markers of ROS/RNS and renal fibrosis, were enhanced in the
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kidney. In addition, nephrotoxicity caused by TiO, NPs was
mitigated by inhibition of iNOS and ROS scavenging treat-
ment, suggesting that renal fibrosis caused by NPs may be
associated with a ROS/RNS-related HIF-la-upregulated TGF-p
signaling pathway.®® Our recent studies confirmed the ability
of TiO, NPs to trigger renal fibrosis in mice potentially associ-
ated with induction of chronic renal inflammation and acti-
vation of the Wnt pathway including increased expression of
wnt2, Wnt3, Wnt4, Wnt5a, wWnt6, Wnt7a, Wnt9a, Wntl0a,
wntl1, Fzl1, Fz5, Fz7, LRP5, Abcb1b, cyclin D1, Myc, Collal,
Fn, Twist, and a-SMA, and decreased expression of Dkk1,
Dkk2, Dkk3, Dkk4, and sFRP/FrzB,”° activation of the TGF-p/
Smads/p38MAPK pathway including increased expression of
TGFp1, Smad2, Smad3, ECM, a-SMA, p38MAPK, and NF-kB,
and reduced Smad7 expression in renal inflammation and
fibrosis in mice.”!

Spleen

Investigations into the toxicity of TiO, NPs in the mouse
spleen have been conducted by our research group. Mice were
intraperitoneally injected with TiO, NPs at concentrations of
5-150 mg per kg BW daily for 45 days. We found that NPs
accumulated in the spleen, resulting in pathological changes
(congestion and lymph nodule proliferation) in spleen tissue,
and splenocyte apoptosis. In addition, accumulation of ROS,
activation of caspase-3 and -9, inhibition of Bcl-2 expression,
and alterations in the levels of Bax as well as cytochrome c
were observed in the NP-exposed mouse spleen.””
Furthermore, a 30-day exposure test suggested that TiO, NPs
caused OS and a reduction in immune capacity in the mouse
spleen, which was mediated by the p38-Nrf-2 signaling
pathway.”?

In order to study chronic spleen injury induced by TiO, NPs
and its probable mechanisms, we treated mice with 2.5, 5, and
10 mg per kg BW TiO, NPs for 90 consecutive days. Spleen
histopathology significantly changed, spleen and thymus
indices increased, and immunoglobulin, blood cells, platelets,
hemoglobin and lymphocyte subsets in mice correlated with
decreased immunity. Moreover, the expression of inflamma-
tory and apoptotic cytokines significantly altered, resulting in
splenocyte inflammation and apoptosis.”* The expression
levels of macrophage inflammatory protein (MIP)-1a, eotaxin,
monocyte chemoattractant protein (MCP)-1, IFN-y, IL-13,
migration inhibitory factor, CD69, protein tyrosine kinase 1,
basic fibroblast growth factor, Fasl, NKG2D, NKp46, 2B4 and
GzmB involved in immune responses, lymphocyte healing and
apoptosis were changed.”> Furthermore, microarray analysis
showed that the expression of 1041 genes concerned with
immune/inflammatory responses, apoptosis, OS, signal trans-
duction, cell proliferation/division and translation in the NP-
exposed mouse spleen at a dose of 10 mg per kg BW was
altered. In particular, Cyp2el, Sod3, Mtl, Mt2, Atf4, Chac1,
H2-k1, Cxcl13, Ccl24, Cd14, Lbp, Cd80, Cd86, Cd28, Il7r, 1l12a,
Cfd, and Fenb may be potential biomarkers of splenic toxicity
induced by TiO, NP exposure.”®
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The time toxicity effect of TiO, NPs (10 mg per kg BW for
15-90 days) on the mouse spleen was investigated. The results
showed that TiO, were deposited in the spleen, resulting in
ROS overproduction, and splenic inflammation and necrosis
in a time-dependent manner. In addition, the expression of
COX-2, prostaglandin E2, ERK, AP-1, CRE, AKT, JNK2, MAPKs,
PI3K, c-Jun and c-Fos in the spleen was activated. These find-
ings suggested that the MAPKs/PI3K/AKT signaling pathway —
AP-1/CRE induction — COX-2 expression was potentially
related to the time toxic effect of TiO, NPs in the mouse
spleen.”’

The systemic immune response can be induced by TiO, NP
exposure in rats. Slight congestion, increased proliferation of
T cells and B cells following mitogen stimulation and enhance-
ment of NK cell killing activity occurred in the spleen,
accompanied by an increased number of B cells in the blood.”®
Following intraperitoneal injection of TiO, NPs (<25 or
<100 nm) once a day for 7 days in mice, the number of spleno-
cytes and T-lymphocytes was reduced, and the development of
B-lymphocytes was delayed. In addition, NPs induced signifi-
cant reductions in lipopolysaccharide (LPS)-stimulated spleen
cell proliferation, macrophage activity and the content of NK
cells among splenocytes. Furthermore, tumor growth was sub-
sequently promoted in mice treated with TiO, NPs once a day
for 28 days prior to implantation of B16F10 melanoma cells.
These studies showed that the potential pro-carcinogenic capa-
bility of TiO, NPs may involve the immunomodulation of B-
and T-lymphocytes, macrophages, and NK cells.”® Gustafsson
et al. demonstrated that DA rats had a higher immune
response to inhalation of TiO, NPs compared to BN rats with
induced allergic airway disease, which may be influenced by
genetic variation.®°

The regulating effect of TiO, NPs to sensitization induced
by dinitrochlorobenzene (DNCB) in BALB/c mice via sub-
cutaneous injection was investigated.®" TiO, NPs induced an
increase in lymph node proliferation, augmentation of the Th2
response, and alterations in IL-4 and IL-10 levels, leading to
increased dermal sensitization potency of DNCB. When NC/
Nga mice were intradermally injected with TiO, NPs (15, 50 or
100 nm) and mite allergen in their right ears, overproduction
of IL-4, an increase in total IgE and histamine in the serum,
reduction in IFN-y, and augmentation of IL-13 expression in
the ear were observed.’” These findings demonstrated that
NPs aggravated AD-like skin lesions under skin barrier dys-
function/defect conditions related to mite allergen, potentially
dependent on Th2-biased immune responses or histamine
release in NC/Nga mice.

Brain

The CNS is a potentially susceptible target following TiO, NP
exposure. TiO, NPs can cause increased generation of pro-
inflammatory cytokines such as IL-1f and TNF-a, augmenta-
tion of the binding activity of NF-xB, increased levels of ROS
and activation of microglia in the septic brain of C57BL/6 mice
induced by LPS exposure.’* Our research group investigated
the short exposure (14 days) toxicity of TiO, NPs (0-150 mg per
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kg BW) in mice. The results showed that NP toxicity in the
brain exhibited a dose-dependent increase, inducing brain
damage and 0S.*' For example, filamentous neurons and
inflammatory neurocytes were found after high-dose TiO, NP
treatment, and increased lipid peroxidation, decreased anti-
oxidative capacity, accumulation of NO, and reduced glutamic
acid and acetylcholinesterase activities were observed in the
brain of TiO,-treated mice. When the mice were treated with
TiO, NPs (5, 10 and 50 mg per kg BW) daily for 60 days, we
found that the contents of the elements Ca, Mg, Na, K, Fe and
Zn, the activities of Na*/K™-ATPase, Ca®>'-ATPase, Ca*>"/Mg>'-
ATPase, acetylcholine esterase and NO synthase, and the
levels of some monoamine neurotransmitters such as nor-
epinephrine and dopamine were altered, and the central
cholinergic system was disturbed in the brain.** In addition,
accumulation of NPs, ROS and apoptosis accompanied by
changes in the levels of caspase-3 and -9, Bcl-2, Bax and cyto-
chrome c¢ were seen in the hippocampus.’® These factors
potentially led to impairment of spatial recognition memory in
TiO, NP-exposed mice.

These authors also conducted sub-chronic exposure
experiments in which mice underwent intragastric or intra-
nasal administration of 2.5-10 mg per kg BW TiO, NPs for 90
consecutive days. TiO, NPs induced pathological changes,
neuroinflammation and spatial recognition impairment, and
resulted in a significant reduction in long-term potentiation
(LTP) and down-regulation of N-methyl-p-aspartate (NMDA)
receptor subunit (NR2A and NR2B) expression with concomi-
tant inhibition of CaMKIV, cyclic-AMP responsive element
binding proteins (CREB-1, CREB-2) and FosB/DFosB in hippo-
campal tissues.®”’*® Furthermore, oxidative damage caused by
TiO, NPs in the brain was possibly related to the p38-Nrf-2
signaling pathway.®® Microarray data showed alterations in
the expression of 249 known functional genes, especially
Col1al, serine/threonine-protein kinase 1, Ctnnb1, cysteine-
serine-rich nuclear protein-1, Ddit4 and Cyp2el following
exposure to 10 mg per kg BW TiO, NPs, which contributed to
the brain toxicity of NPs in mice.*® In a long-term (6 or
9 months) and low-dose (1.25-5 mg per kg BW) TiO, NP
exposure test, we proved that NPs also caused neurotoxicity
which involved dysfunction of glutamate metabolism and its
receptor expression,”® and impaired NMDA receptor-
mediated postsynaptic signaling cascade,”” as well as
mediation of neurotrophins and related receptor expression
in mice.”?

TiO, NPs have the potential to penetrate the blood-placenta
barrier and blood-brain barrier. Mohammadipour et al. and
Gao et al. treated pregnant rats with TiO, NPs (100 mg per kg
BW) daily from gestational day (GD) 2 to (GD) 21.°*°* The
results showed that NPs significantly decreased hippocampal
cell proliferation, impaired learning and memory, and affected
synaptic plasticity in the hippocampal dentate gyrus area in
newborn rats. When rats were prenatally exposed to TiO, NPs
for 6-18 GD, the antioxidant status was impaired, oxidative
damage to nucleic acids and lipids was induced by NPs in the
brain of rat offspring, and the depressive-like behaviors during
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adulthood in the force swimming test and the sucrose prefer-
ence test were enhanced.”®

Heart and blood vessels

To investigate the negative effects of TiO, NPs on the cardio-
vascular system in mice, our research group exposed mice to
TiO, NPs (5 nm, anatase) daily for 90 days.’® The results
suggested that NPs accumulated in the heart, leading to sparse
cardiac muscle fibers, inflammation, cell necrosis, and cardiac
biochemical dysfunction. In addition, TiO, NPs potentiated
the production of ROS and lipids, protein and DNA peroxi-
dation, and disturbed the antioxidant system in the mouse
heart. Our recent research indicated that TiO, NPs increased
the expression of TNF-a, IL-6, IL-1p, NF-kB, IL-4, IL-6, CK, CRP,
ET-1, TGF-B, intercellular adhesion molecule-1 (ICAM-1),
MCP-1, STAT1, STAT3, STAT6, T-bet, GATA3, GATA4, IFN-q,
IFN-y, p-PKC and p-ERK1/2 in the mouse inflamed heart.?”*®
These findings indicated that cardiac lesions induced by
exposure to TiO, NPs may be mediated by alterations in Thi-
or Th2-related cytokine expression,’” and NF-kB activation via
the PKCe or ERKj,, signaling cascades in mice.’®

Rats were treated with alloxan to induce OS conditions
before exposure to different doses (0.5, 5 and 50 mg per kg
BW) of TiO, NPs.”” The findings showed that NPs led to sig-
nificant reductions in heart-related functional indices, and
increased the concentrations of cardiac troponin I and creatine
kinase-MB under OS conditions, suggesting that OS promoted
the adverse effects of TiO, NPs in the rat heart. Activation of
the complement cascade and inflammatory response in the
heart, and specific activation of complement factor 3 in the
blood in C57BL/6 mice after TiO, NP exposure were demon-
strated in a recent study."*

Nurkiewicz et al. assessed the detrimental effects of TiO,
NPs on microvascular function in rats. A23187 infusion used
to evaluate endothelium-dependent arteriolar dilation, indi-
cated that TiO, NP exposure resulted in arteriolar constrictions
or impaired vasodilator responses.'®" Exposure to 10 pg TiO,
NPs by inhalation for 24 h in rats caused enhancement of
spontaneous tone in coronary arterioles and impaired endo-
thelium-dependent vasodilation in subepicardial arterioles;'*>
reduced microvascular NO bioavailability, increased adrenergic
receptor sensitivity and altered COX-mediated vasoreactivity;'®?
increased the production of microvascular ROS and significant
impairment in endothelium-dependent vasoreactivity in coron-
ary arterioles.'® In addition, when rats were treated with TiO,
NPs at concentrations of 1.5 to 16 mg m™ for 4 to 12 h, a sig-
nificant increase in microvascular OS, a decrease in endo-
thelium-dependent arteriolar dilation and microvascular NO
production, and induction of the inflammatory process and
systemic microvascular  dysfunction were observed.'®
Moreover, similar toxic effects following NP deposition in a
dose-dependent manner were exhibited in rats following treat-
ment with 4-90 pg TiO, NPs.'®

Modest effects on vasodilatory function and atherosclerotic
plaque progression in the aorta were found following exposure
to 0.5 mg per kg BW TiO, NPs in ApoE(—/—) mice, an athero-
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sclerosis susceptible animal model.'”” Our research group
investigated the interaction of TiO, NPs (1.25, 2.5 or 5 mg per
kg BW) by nasal instillation for 9 consecutive months with
atherogenesis in mice. The data showed that NPs altered
serum parameters such as NAD(P)H oxidase 4, CRP, E-selectin,
endothelin-1, tissue factor, ICAM-1 and CVAM-1, resulting in
atherogenesis coupled with pulmonary inflammation.'® Savi
et al. reported that the cardiac conduction velocity and tissue
excitability were increased, resulting in an enhanced propen-
sity for inducible arrhythmias in rats exposed to TiO, NPs
(2 mg kg™").’°° Another study on TiO, NP-treated ApoE(—/-)
mice, revealed that NPs induced severe systemic inflammation
(altered CRP level), endothelial dysfunction (altered level of
NO and activity of eNOS) and lipid metabolism dysfunction
(altered TC and HDL-C contents), contributing to the pro-
gression of atherosclerosis."*°

Ovary and testis

When female mice were daily exposed to TiO, NPs (2.5, 5 and
10 mg per kg BW) administered intragastrically for 90 days,
the data showed that NPs accumulated in the ovary, resulting
in significant reductions in the body weight, relative ovary
weight and fertility. Altered hematological, serum parameters,
and sex hormone levels, increased follicle atresia, and ovary
inflammation and necrosis were also observed in TiO, NP-
treated mice.’'" In addition, OS, ovarian damage, disrupted
balance in mineral distributions and sex hormones, and
reduced fertility or pregnancy rate were found in mice follow-
ing exposure to 10 mg per kg BW TiO, NPs. NP-exposed mice
had higher expression of Cypl7al related to estradiol bio-
synthesis and Akrlcl8 involved in progesterone metabolism
compared with control mice, indicating that ovarian dysfunction
caused by TiO, NPs in mice may, to some degree, be via the
regulation of key ovarian genes.""?

Male Kunming mice were used to investigate the underlying
effects of TiO, NP (10-250 mg per kg BW) exposure on testo-
sterone (T) synthesis and spermatogenesis from the postnatal
day 28 (PND 28) to PND 70."** The results showed that TiO,
NPs increased spermatozoa abnormalities in the epididymis,
decreased the layers of spermatogenic cells and vacuoles in
seminiferous tubules, reduced the serum T levels, and altered
the expression of 17p-hydroxysteroid dehydrogenase and P450
17a-hydroxysteroid dehydrogenase in the testis as well as cyto-
chrome P450-19, a key enzyme in the translation of T to estra-
diol (E2). These results suggested that TiO, NPs decreased the
levels of serum T via alterations in both the synthesis and
translation of T, resulting in reduced spermatogenesis in NP-
exposed mice. Recently, we reported that testicular damage,
sperm malformations, altered levels of serum sex hormones,
changes in gene expression involved in spermatogenesis, and
steroid and hormone metabolism were induced following TiO,
NP exposure in male mice."'* Furthermore, TiO, NPs were
demonstrated to alter the expression of testis-specific genes
including Cdc2, Cyclin B1, Dmcl, TERT, Tesmin, TESP-1, XPD,
XRCCI, Gsk3-f, and PGAM4 genes and proteins in the mouse
testis,""®> and cause biochemical dysfunction, including
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decreased lactate dehydrogenase, sorbitol dehydrogenase, suc-
cinate dehydrogenase, glucose-6-phosphate dehydrogenase,
Na‘/K'-ATPase, Ca®>'-ATPase, and Ca>"/Mg”*'-ATPase, and
increased activities of acid phosphatase, alkaline phosphatase,
and nitric oxide synthase in the testis,"*® thus leading to sup-
pression of spermatogenesis.'’>!'® Moreover, long-term
exposure to TiO, NPs resulted in low fertility and testicular
inflammation in mice, which was demonstrated to involve
numerous biomarkers of immune function impairment in the
testis, e.g., TiO, NPs suppressed the expression of TAM recep-
tors and SOCS1/3, and induced the expression of TLRs and
pro-inflammatory cytokines. The reproductive toxicity and
immunological dysfunction in male mice induced by long-
term exposure to TiO, NPs may be closely associated with dys-
function of the TAM/TLR3-mediated signaling pathway in the
mouse testis.'!”

TiO, NPs at concentrations of 5, 25 and 50 mg kg ™" by intra-
venous injection induced OS, decreased the activities of anti-
oxidant enzymes, increased lipid peroxidase, reduced the
sperm count, decreased testosterone activity, and led to cell
apoptosis in male Wistar rats."'® Short-term (5 days) oral
exposure to anatase-TiO, NPs (0-2 mg per kg BW per day) in
rats induced histological alterations (ovarian granulosa) in
females, increased T levels in high-dose males and decreased
T levels in females."'® Exposure to TiO, NPs in pregnant rats
caused toxicity in rat offspring,”>°® suggesting that NPs have
the ability to penetrate the blood-placental barrier, resulting
in reproductive toxicity.

The in vivo toxicity of TiO, NPs in mice and rats is summar-
ized in Table 1. Taken together, TiO, NPs may reach various
organs by means of the blood circulation via various routes,
inducing multiple negative effects. It is noteworthy that the
routes of exposure, particle size, exposure dose, time and
model, and surface conditions should be a focus of research
due to their significant influence on NP-induced systemic
toxicity.

TiO, NPs of 5 nm in size resulted in greater pulmonary tox-
icity than 21 nm and 50 nm TiO, NPs in the rat lung.
Increased activities of LDH and ALP were observed when the
exposure dose was >5 mg kg ™', whereas 21 nm NPs increased
ALP activity only if the treatment dose was 5 and 50 mg kg™*,
and 50 nm TiO, NPs showed no toxicity. In addition, when the
concentration of NPs was 50 mg kg™, phagocytosis of AMs
was suppressed by 5 nm TiO, NPs but enhanced by 50 nm
NPs.'?® These data suggest that the adverse effects of TiO, NPs
may be associated with the NP size and exposure dose. Bruno
et al. found that TiO, NPs were more toxic to the rat lung than
TiO, microparticles, and 5 nm TiO, NPs particularly destroyed
the antioxidant activity compensating for membrane damage
in liver cells in comparison with 10 nm TiO, NPs."*! Our
research group demonstrated the dose-dependent toxicity of
anatase-TiO, NPs (5 nm), on the lung,*” liver,”*”> kidney,*®*°
ovary,"" testis,"'*''® brain and hippocampus®**® in ICR mice.

Exposure time may be another important factor in the tox-
icity of TiO, NPs. Our research group found that the expression
of Nrf2, HO-1 and the glutamate-cysteine ligase catalytic
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subunit (GCLC) from 15 days to 75 days of exposure was sig-
nificantly activated by TiO, NPs, whereas 90 days of exposure
caused a considerable decrease in the expression levels of
these three factors in the mouse lung.*® In addition, NPs elic-
ited a time-dependent effect in the mouse liver and
spleen.’®’” Subcutaneous injection of TiO, NPs resulted in sig-
nificant immune effects in B6C3F1 mice, but no such effects
were observed following oral or dermal administration of TiO,
NPs. These results provide insight into the contribution of
exposure routes in TiO, NP toxicity.'> Delivered dose rate may
be a key determinant of acute respiratory tract inflammation
when TiO, NPs have an equivalent deposition. F-344 rats were
treated with the same deposited doses of TiO, NPs by single
and repeated high dose rate intratracheal instillation as well as
low dose rate whole body aerosol inhalation. The results indi-
cated that high dose rate delivery caused severe inflammation
compared to low dose rate delivery."'*®

It is necessary to take into account the alterations in toxico-
logical potential of TiO, NPs induced by surface coating, area
or modification. Uncoated TiO, NPs do not induce significant
inflammation, whereas SiO,-coated TiO, NPs (cnTiO,) induced
pulmonary neutrophilia and inflammation in mice. The induc-
tion of acute phase response genes, inflammatory cascades,
and changes in microRNAs were triggered by surface-coated
TiO,NPs in C57BL/6BomTac mice.'**

Rats treated with TiO, NPs of two different specific surface
areas (Ti0,-S50: 50 m* g™, and Ti0,-5210: 210 m* g~ ') showed
that low-dose TiO,-S210 induced a significant decrease in SOD
and GSH-Px activities in the kidney, and increased MDA levels
in the liver and kidney were caused by high-dose TiO,-S210
which only appeared in the liver after TiO,-S50 exposure. SOD
and GSH-Px activities in the liver or kidney in the low TiO,-
S210 exposure group were significantly less than that in the
low Ti0,-S50 group.'*® These findings suggest that the surface
area of TiO, NPs plays a vital role in NP-induced toxicity.

The exposure model, a crucial factor in TiO, NP exposure,
should not be ignored. Rossi et al. used ovalbumin to induce
allergic pulmonary inflammation (asthma) in mice.'*® Allergic
pneumonia was dramatically suppressed by TiO, NP treat-
ment, while TiO, NP-exposed healthy mice showed pulmonary
neutrophilia and the inflammatory response. This suppressive
effect on lung inflammation in asthmatic rats was also proved
by Scarino et al."®” In contrast, TiO, NPs exacerbated pneumo-
nia in respiratory syncytial virus (RSV)-infected mice."*® Rats of
different ages may have different toxicological sensitivities to
TiO, NPs. Toxic effects of TiO, NPs in the liver, heart and
stomach were found in young rats (3-weeks), while only slight
injury in the liver and kidney, and intestinal permeability
damage were found in adult (8-weeks) rats. In addition, the
biomarkers for identifying oral toxicity of NPs in young and
adult rats were different.®

TiO, NPs may interact with the plasma membrane resulting
in membrane dysfunction and damage, and induce the pro-
duction of ROS and membrane lipid layer fracture. Although
the toxic mechanisms of TiO, NPs are unclear, when NPs enter
into the cells, they may induce cytotoxic responses including
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0OS, inflammatory and apoptotic responses, oxidative DNA
damage, mitochondria damage and activation of signaling
pathways as well as alterations in the expression of related
genes, which may be responsible for their toxicity.

The major studies mentioned in the present review have
demonstrated that TiO, NP exposure results in the production
of ROS, generally accompanied by lipid peroxidation, disturb-
ance of the antioxidant system and activation of some oxi-
dants. This phenomenon is known as OS which is regarded as
a key player in TiO, NP-induced toxicity. Increases in the
serum liver function enzyme activities, liver coefficient and
MDA levels, suppression of the hepatic GSH level, and acti-
vation of inflammation as well as DNA damage were observed
in TiO, NP-exposed mice. However, when antioxidants (idebe-
none, carnosine and vitamin E) were administered orally, the
damage caused by TiO, NPs was alleviated.'*’

Our research group found that TiO, NPs resulted in the
inflammatory response by altering the expression of several
pro-inflammatory cytokines (NF-kB, MIF, IL-6, IL-1p, CRP and
TNF-a), potentially inducing toxicity in mice.*”-31:68:75:87:96,111
Inflammation induced by exposure to TiO, NPs is a general
phenomenon,  which  was confirmed in other
studies.'*""?*'>* n addition, the inflammatory process may
be associated with OS. Morishige et al. reported that IL-1p
production was dependent on active cathepsin B and ROS
production in THP-1 cells."®*® Al-Rasheed et al. reported that
renal dysfunction and immuno-inflammatory response bio-
markers induced by TiO, NPs in rats were alleviated by co-
administration of either quercetin or idebenone due to their
antioxidant properties.'?!

TiO, NPs induced OS, oxidative DNA damage, and acti-
vation of the intrinsic pathway of apoptosis in the liver of
mice.”® Exposure to TiO, NPs elevated [Ca*']i, reduced mito-
chondrial membrane potential, up-regulated the expression
levels of cytochrome c, Bax, caspase-3, glucose-regulated
protein 78, C/EBP homologous protein and caspase-12, and
down-regulated Bcl-2 expression, leading to hippocampal
neuron and Sertoli cell apoptosis, which were associated with
the mitochondria-mediated signaling pathway."**'** These
data indicated that mitochondria contributed to apoptosis
caused by TiO, NPs. TiO, NP-induced apoptosis is probably
mediated by OS. Pretreatment with N-(mercaptopropionyl)
glycine (N-MPG), a ROS scavenger, inhibited PC12 apoptosis
induced by TiO, NPs."** In addition, ROS generation may be
attributed to mitochondrial dysfunction during mitochondrial
respiration.'®’

Interestingly, our data showed that TiO, NPs directly
inserted themselves into DNA base pairs or were bound to
DNA nucleotides that bound with three oxygen or nitrogen
atoms and two phosphorus atoms of DNA with the Ti-O(N)
and Ti-P bond lengths of 0.187 and 0.238 nm, respectively,
inducing DNA cleavage in the mouse liver."*® These findings
provide evidence that TiO, NPs have genotoxic potential.
Comet and cytokinesis-block micronucleus assays showed that
TiO, NPs induced DNA damage and a corresponding increase
in the micronucleus frequency in A549 cells."*” In this study,
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changes in ATM, P53, Cdc-2, ATR, H2AX, and Cyclin B1 gene
expression, suggesting the induction of DNA double strand
breaks, were also observed via genomic and proteomic ana-
lyses. Furthermore, the results demonstrated that DNA
damage may be attributed to increased OS. Another investi-
gation on HepG2 cells indicated that the generation of ROS
with a concomitant reduction in GSH levels and an increase in
lipid peroxidation resulted in oxidative DNA damage after TiO,
NP treatment.'*®

Activation of signaling transduction cascades may be a
potential mechanism of TiO, NP-induced toxicity. Increased
phosphorylation of IRS1 (Ser307) and reduced phosphorylation
of AKT (Ser473) were related to the induction of insulin resist-
ance in TiO, NP-exposed mice."*® Our findings demonstrated
the production of the Th2 cytokines IL-4 and IL-5, up-regu-
lation of their target genes (IL-5, IFN-y, GATA3, T-bet and
STAT3), and down-regulation of the target gene STAT1, which
contributed to the development of hepatic inflammation in
mice following TiO, NP treatment.”” Inhibition of the acti-
vation of two MAPKs, p38 and JNK with selective inhibitors
SB203580 and SP600125 or by an RNA interference technique,
respectively, suppressed TiO, NP-induced apoptosis in human
lymphocytes.'*°

The authors found that the changes in gene expression
related to the immune/inflammatory response, apoptosis, OS,
metabolic process, stress response, cell cycle, ion transport,
signal transduction, cell proliferation, cytoskeleton, and cell
differentiation may be due to the toxicity of TiO,
NPs,*®6976112114 Ror instance, the changed expression of
Ly6e, Adam3, Tdrdé6, Spatal9, Tnp2 and Prm1 involved in
spermatogenesis, and Sc4 mol, Psmc3ip, Mvd, Srd5a2, Lep
and Cyp2el associated with steroid and hormone metabolism
may be associated with testicular damage and sex hormone
disturbance induced by TiO, NPs. Alterations in the
expression of key genes also occurred in other investi-
gations.’®'*"1? The potential toxic mechanisms of TiO, NPs
are shown in Fig. 3.
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Fig. 3 The potential mechanisms of TiO, NP-induced toxicity.
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4. Summary

TiO, NPs can enter the blood circulation through various
routes (respiratory tract, injection, dermal and GIT), translo-
cated to different systems and result in toxicity in various
organs including the lung, liver, stomach, intestine, kidney,
spleen, brain, hippocampus, heart, blood vessels, ovary and
testis in mice and rats. This toxicity is possibly associated with
the routes of exposure, particle size, exposure dose, time and
model, and surface conditions; OS, inflammatory and apopto-
tic responses, DNA damage, mitochondria damage and signal-
ing transduction cascade response.

Current investigations into the toxicity of NPs are mainly
dependent on a limited number of experimental animal studies,
whereas there are few reports on the toxic effects of TiO, NPs in
the human body. In addition, full risk assessment in relation to
their exposure routes requires further study, especially controver-
sial issues such as whether TiO, NPs penetrate intact skin and
enter the human body. Further detailed studies should focus on
the mechanisms of TiO, NP-induced toxicity.

At present, only NIOSH has recommended a TiO, NP exposure
limit, related to their diverse characteristics and wide appli-
cations, making exposure hazard assessment difficult to conduct.
Although the novel application of TiO, NPs in drug delivery
systems is designed to reduce the toxicity of drugs and to
increase biocompatibility, they may pose a significant health risk
to humans. More attention should be focused on the bio-safety
evaluation of TiO, NP carriers in drug delivery applications.

In addition, the physicochemical properties of TiO, NPs
including their crystalline structure, surface area, surface coating
or modification and size distribution should be investigated in
future studies. Different exposure routes, doses and timing of
TiO, NP exposure lead to different systemic responses.
Interestingly, the delivered dose rate of TiO, NPs may affect their
toxicity, and the exposure model may be another explanation for
the toxicity of NPs. These factors should not be ignored.

Furthermore, TiO, NPs can cause OS and DNA damage,
potentially inducing gene mutations/deletions, leading to
mutagenesis, carcinogenicity, and subsequently the develop-
ment of tumors and cancer. There is evidence to suggest that
TiO, NPs induce tumor-like phenotypes in AGS cells,"** and
tumor growth was significantly increased when mice were pre-
treated with TiO, NPs.”® Respiratory system studies support
the carcinogenicity of TiO, NPs viag intratracheal and inhala-
tion administration."*>*** However, carcinogenic capability
and the underlying carcinogenic mechanisms of TiO, NPs
require further investigation.

In conclusion, although TiO, NPs have been studied exten-
sively in recent years, further research is required to elucidate
their possible health effects to determine risk assessment and
management.
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