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ABSTRACT
Since the advances in nanotechnology of a few decades ago, numerous nanoparticles
(NPs) have been manufactured and used throughout the world. NPs have varied
technological applications in electronics, photonics, medical, garments, sporting goods,
agricultural products and clean energy. Because the amount of NPs to which humans are
exposed is likely increasing, the health effects of NP exposure and their underlying
mechanism are being investigated. In order to utilize NPs more safely, the means by
which their negative effects are reduced must be discovered.
Previous studies have reported that various types of NPs, such as carbon black,
carbon nanotubes, silver, nickel, silica, silicon, and various metal oxides induce reactive
oxygen species (ROS), which cause oxidative stress and cell damage, to all life forms
(plants to mammals) regardless of species. For example, when single-wall carbon
nanotubes are intratracheally administered to rats (0.2 and 2.0 mg/kg/day, once every
three days, a total of 14 instillations), ROS in the lung are increased and the exacerbation
of allergic asthma is induced. Intravenous injection of single-wall carbon nanotube
suspension (6.25 and 12.5 mg/kg/day for 9 consecutive days) induces oxidative stress in
the brain and decreases locomotor activity in mice. These reports demonstrate that the
generation of ROS is one of the most important factors in the mechanism of NP health
effects.
These studies also showed the possibility of protective effects of antioxidants such as
vitamin C (ascorbic acid) and vitamin E (tocopherol) on NP-induced oxidative stress. The
depletion of antioxidants exacerbated the inflammatory response to NP exposure.
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Because antioxidants reduce the effects of NPs via ROS elimination, these studies will
contribute to the safe and practical use of NPs. Some evidence suggests that oxidative
stress may be a starting point for the main mechanism underlying the NP toxicity.
According to the hierarchical oxidative stress hypothesis, the lowest level of oxidative
stress is associated with cytoprotective responses, such as the induction of antioxidant
and detoxification enzymes. If the level of protection fails, the oxidative stress will lead
to proinflammatory effects. Further escalation will trigger disturbances in mitochondrial
function, resulting in cellular apoptosis or necrosis. Both endogenous and dietary
antioxidants can be considered as a first line of defense against the generation of ROS
due to NP exposure. Accordingly, it is highly possible that antioxidants may act as a
protective agent against damage induced by various types of NPs through their
downregulation of the oxidative stress level.

Keywords: nanoparticle, oxidative stress, antioxidant, ascorbic acid, α-tocopherol, omega-3
polyunsaturated fatty acid

INTRODUCTION
Nanoparticles (NPs) are generally defined as matter of 1-100 nm in scale in at least one
dimension (NSET 2010; Feynman, 1970; Taniguchi, 1974). Because the specific surface area
per mass of NPs is larger in comparison to bulk materials, they have physicochemically
unique properties and higher activity than micro-sized materials. NPs are important materials
for nanotechnology, which is widely expected to be one of the next steps in science:
integrating engineering with biology, chemistry and physics (Ray et al., 2009).
Nanotechnology has progressed from being an exotic research pursuit to being utilized in
hundreds of mainstream consumer products. Annually, the nanomaterials market is worth
exceeding billions of dollars (Kovacic et al., 2013; Grainger 2009). Actually, NPs have been
manufactured and used worldwide since advances in nanotechnology a few decades ago. NPs
have varied technological applications in photonics, electronics, sporting goods, garments,
agricultural products and clean energy. Numerous medical innovations involving NPs,
including imaging, drug delivery, nanotherapeutics, and nanophase formulations are in
clinical trials. It is estimated that, at the time of writing, over 1,600 (a number that increases
by three or four per week) manufacturer-identified nanoparticle-based products are publicly
available and marketed (PEN 2014; Chen et al., 2013; Li et al., 2014).
NPs are expected provide enormous benefits to human life; however, as more NPs are
manufactured, more NPs come onto the market, from where they may then be emitted in the
environment. Thus, it is possible that the amount of NPs to which humans may be exposed is
increasing. The potential for NP exposure to cause adverse health effects and various diseases
is a matter of concern. It is therefore necessary to assess the effects of NP exposure, in order
to elucidate their toxicity mechanism and to discover a methodology for reducing their
negative effects and facilitate their safer use. The present article introduces the usefulness of
antioxidant supplementation and discusses the protective effects of antioxidants on NP
toxicity with a view to using NPs more safely.
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THE MECHANISM OF NEGATIVE EFFECTS OF
NANOPARTICLES THROUGH THE INDUCTION OF
EXCESSIVE REACTIVE OXYGEN SPECIES
The health effects of exposure to NPs and their underlying mechanism are being
investigated. The negative effects of particulate matter, containing NPs, have been explained
by a number of mechanisms, such as inflammation, endotoxins, stimulation of
capsaicin/irritant receptors, autonomic nervous system activity, procoagulant effects, covalent
modification of cellular components, and reactive oxygen species (ROS) production
(Mazzoli-Rocha et al., 2010; Nel et al., 2006; Li et al., 2008). A current comprehensive
review of the toxicity of various NPs focused on excessive ROS induction and oxidative
stress (Kovacic et al., 2013; Manke et al., 2013). It is well recognized that NPs generally
produce ROS, which may be a key factor in their toxicological effects, both inside and
outside the cells.
There is a great deal of experimental evidence supporting that the generation of ROS by
NPs is one of the most important factors in the mechanism of their health effects (Kovacic et
al., 2013; Manke et al., 2013). Firstly, various species, from mammals to plants, have been
shown to be damaged by NP-induced oxidative stress, e.g., rodent respiratory tract and
bronchoalveolar system (Lin et al., 2013; Srinivas et al. 2012), rat serum (Al-Rasheed et al.,
2013; Reddy et al., 2011), mouse kidney (Al-Rasheed et al., 2013), mouse liver (Shrivastava
et al., 2014), central nervous system of mice (Shrivastava et al., 2014), cardiovascular system
of mice (Sheng et al., 2013) (Table 1), human bronchial epithelial (BEAS-2B) cells (Park et
al., 2008), human lung epithelial (A549) cells (Ahamed, 2011; Chen et al., 2011; Müller et al.,
2010), human monocyte-derived macrophages (MDM) and dendritic cells (MDDC) (Müller
et al., 2010), human umbilical vein endothelial (ECV304) cells (Lee et al., 2011), human
embryonic kidney (HEK293) cells (Reddy et al., 2010), human kidney epithelial (HK-2) cells
(Pujalté et al., 2011), murine macrophage (RAW264.7) cells (Chen et al., 2011), rat aortic
smooth muscle (A-10) cells (Lee et al., 2011), rat macrophages (NR8383) (Bhattacharjee et
al., 2010) (Table 2), Drosophila melanogaster (Ahamed et al., 2010), Caenorhabditis elegans
(Rui et al., 2013), and plant shoots and roots (Rico et al., 2013) (Table 1). Secondly, various
types of NPs, e.g., carbon black (Lee et al., 2011), multi-walled carbon nanotubes (Reddy et
al., 2010 and 2011; Chen et al., 2011), single-walled carbon nanotubes (Lin et al., 2013;
Müller et al., 2010), titanium dioxide (Al-Rasheed et al., 2013; Shrivastava et al., 2014;
Sheng et al., 2013; Rui et al., 2013; Park et al., 2008; Müller et al., 2010; Pujalté et al., 2011),
zinc oxide (Shrivastava et al., 2014; Pujalté et al., 2011), erroso-ferric oxide (Lin et al., 2013;
Srinivas et al., 2012), silica (Lin et al., 2013), aluminium oxide (Shrivastava et al., 2014),
silver (Ahamed et al., 2010), cerium oxide (Rico et al., 2013), nickel (Ahamed, 2011),
cadmium sulfide (Pujalté et al., 2011) and silicon (Bhattacharjee et al., 2010) induce ROS,
cause oxidative stress, inflammation, cell damage and the reduction of endogenous
antioxidants (Table 1, 2). ROS are also produced by combustion-derived ultrafine particles
(Müller et al., 2010) and diesel exhaust particulate containing nano-sized particle matter
(Nemmar et al., 2010) (Table 1, 2).

Table 1. Nanoparticle-induced oxidative stress response and reduction of endogenous antioxidants in vivo
Table 1. Nanoparticle-induced oxidative stress response and reduction of endogenous antioxidants in vivo
Reference

Particle

Dose

Exposure route

Species

Organ

Main endpoints

Major findings in relation to
*3
oxidative stress and inflammation

Lin et al., 2013

SWCNT,
SiO2,
Fe3O4

2 and 10 mg/kg body
weight/day once every 2
days for 35 days

Intratracheal
instillation

Rat

BALF,
Lung

Oxidative stress markers in BALF.
Proinflammatory cytokines in BALF.
Comparative proteomics analysis of lung.
mRNA and protein expression of Transgelin 2.

Increase in MDA and LDH by the three NPs (10 mg/kg).
Decrease in T-AOC and SOD by the three NPs (2 and 10 mg/kg).
Increase in IL-6 by the three NPs (2 and 10 mg/kg).
Increase in TNF-α by the SWCNT and SiO2 (10 mg/kg).

Srinivas et al.,
2012

Fe3O4

640 mg/m

Inhalational
exposure

Rat

BALF,
Lung

Proinflammatory cytokines in BALF and blood.
Oxidative stress markers in BALF and lung.
Histopathology of lung.
Cell population in BALF.

Increase in LDH and alkaline phosphatase of BALF.
Increase in MDA of lung.
Decrease in GSH and T-AOC of lung.
Increase in leukocyte and neutrophils in BALF.

Al-Rasheed
et al., 2013

TiO2

0.6 and 1 g/kg body
weight/day for 5 days

Oral
administration

Rat

Kidney,
Serum

Kidney function biomarkers of serum.
Proinflammatory cytokines in serum.

Increase in TNF-α, IL-6, CRP, IgG, VEGF, and NO of serum.
Decrease in GSH of kidney.

Reddy et al.,
2011

MWCNT

0.2, 1 and 5 mg/kg body
weight

Intratracheal
instillation

Rat

Serum

Endogenous antioxidants.

Dose-dependent decrease in T-AOC, GSH, SOD, and CAT.
Dose-dependent increased in lipid peroxidation product.

Nemmar
et al., 2010

DEP

20 μg/kg,
(time-course 6 , 18 , 48
and 168 h)

systemic
administration

Rat

Whole
body

Systemic inflammation markers.
Oxidative stress markers.
Histopathology of lung, heart, liver, kidney.

Increase in IL-6 of plasma at 6 h.
Increase in SOD activity of plasma at 6 and 18 h.
Time-dependent accumulation of inflammatory cells in lung.

Shrivastava
et al., 2014

TiO2,
ZnO,
Al2O3

500 mg/kg body weight
for 21 days.

Oral
administration

Mouse

Liver,
Brain

Oxidative stress markers in brain and liver.
Ultrastructure of brain and liver
Dopamine and norepinephrine in brain.

Decrease in SOD of brain and liver.
Decrease in dopamine and norepinephrine of cerebral cortex.

Sheng et al.,
2013

TiO2

2.5, 5, and 10 mg/kg
body weight for 90 days.

Intragastric
administration

Mouse

Heart

Oxidative stress markers.
Endogenous antioxidants.
Antioxidative enzymes.

Dose-dependent increase in O2 ,H2O2, MDA, and 8-OHdG.
Dose-dependent decrease in GSH, vitamin C, and thiol.
Dose-dependent decrease in SOD, CAT, APx, GR, and GST.

Ahamed et al.,
2010

Ag

50 and 100 µg/mL for 24
and 48 h

Oral intake
(mixed food)

Drosophila
melanogaster

-

Heat shock protein 70.
Oxidative stress markers.
DNA damage and apoptosis.

Decrease in GSH, SOD and CAT.
Increase in MDA.
Increase in caspase-3, and caspase-9 activities.

Rui et al., 2013

TiO2

20 μg/L or 25 mg/L

Oral intake
(mixed food)

Caenorhabditis
elegans

-

Antioxidant gene expression.

Induction of genes of sod-2, sod-3, mtl-2, and hsp-16.48.

Rico et al.,
2013

CeO2

62.5, 125, 250, and 500
mg/L for 10 days

Root intake
(mixed water)

Rice

Shoot,
Root

Oxidative stress markers in roots.
Antioxidant activity of roots and shoots.
Germination rate and seeding growth.

Dose-dependent increase DHAR of roots and shoots.
Increase in SOD activity of roots and shoots.

Abbreviations:

*1 Al2O3, aluminum oxide; Ag, silver; CeO2, Cerium oxide; DEP, diesel exhaust particle ; Fe3O4, ferroso-ferric oxide; MWCNT, multi-walled carbon nanotube; SiO2, silica; SWCNT, single-walled carbon nanotube; TiO2,

*1

3

*2

-

Abbreviations: *1titanium
Al2Odioxide;
oxide; Ag, silver, CeO2, Cerium oxide; DEP, diesel exhaust particle; Fe3O4, ferroso-ferric oxide; MWCNT, multi-walled
3, aluminum
ZnO, zinc oxide
*2 BALF,SiO
bronchoalveolar
lavage
fluid
carbon nanotube;
SWCNT,
single-walled carbon nanotube; TiO2, titanium dioxide; ZnO, zinc oxide. *2 BALF, bronch oalveolar lavage fluid.
2, silica;
*3 APx, ascorbate peroxidase; CAT, catalase; CRP, C-reactive protein; DHAR, dehydroascorbic acid; GR, glutathione reductase; GSH, glutathione; GST, glutathione-S-transferase; H O , hydrogen peroxide; IgG,
*3 APx, ascorbate
peroxidase; CAT, catalase; CRP, C-reactive protein; DHAR, dehydroascorbic acid; GR, glutathione reductase; GSH, glutathione; GST,
immunoglobin G; IL-6, interleukin-6; LDH, lactate dehydrogenase; MDA, malondialdehyde; NO, nitric oxide; O , superoxide radicals; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; SOD, superoxide dismutase; T-AOC,
glutathione-S-transferase;
H2O
IgG,
immunoglobin
IL-6, interleukin-6; LDH, lactate dehydrogenase; MDA, malondialdehyde; NO,
total antioxidant capacity;
TNF-α,
tumor necrosisperoxide;
factor alpha; VEGF,
vascular
endothelial growthG;
factor
2, hydrogen
nitric oxide; O2-,seperoxide radicals; 8-OHdG, 8-hydroxy-2‘-deoxyguanosine; SOD, superoxide dismutase; T-AOC, total antioxidant capacity; TNF-α
tumor necrosis factor alpha; VEGF, vascular endothelial growth factor.
2

2

2
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Table 2. Nanoparticle-induced oxidative stress response and reduction of endogenous antioxidants in cultured cell
*1

*2

*3

Reference

Particle

Dose

Cultured cells

Main endpoints

Major findings in relation to oxidative stress and inflammation

Park et al.,
2008

TiO2

5, 10, 20 and 40 μg/ml

BEAS-2B:
Human bronchial epithelial cells

Oxidative stress markers.
Oxidative stress-related genes.
Inflammation-related genes.
Activity of apoptotic enzyme.

Decrease in GSH.
Induction of HO-1, TrxR, GST, CAT, and HIF gene expression.
Activation of cytosolic caspase-3.
Elevation of IL-1, IL-6, IL-8, TNF-a, and CXCL2 gene expression.

Ahamed,
2011

Ni

0, 1, 2, 5, 10 and 25 μg/ml
for 24 and 48 h

A549:
Human lung epithelium cells

Mitochondrial function.
Cytotoxic markers.
Oxidative stress markers.
Activity of apoptotic enzyme.

Dose-dependent reduction in mitochondrial function.
Dose-dependent decrease in GSH.
Dose-dependent increase in ROS and LPO.
Dose-dependent increase in caspase-3 activity.

Chen et al.,
2011

MWCNT

0, 2.5, 10, 25, and 100
μg/mL for 24 h

A549:
Human lung epithelium cells
RAW264.7:
Murine macrophages

Cell viability.
Oxidative stress markers in cells.
Cytotoxic markers in culture fluids.
Total ROS in cells (DCFH-DA assay).

Dose-dependent decrease in cell viability of both cell types.
Dose-dependent increase in MDA, H2O2, TP, LDH, and NO of both cell types.
Dose-dependent decrease in SOD and GSH of both cell types.
Dose-dependent increase in ROS generation of both cell types.

Müller et al.,
2010

SWCNT,
DEP,
TiO2

SWCNT: 30 μg/ml
DEP: 125 μg/ml
TiO2: 2.5 μg/ml

A549:
Human lung epithelium cells
MDM:
Human monocyte-derived macrophages
MDDC:
Human monocyte-derived dendritic cells

Total ROS in cells (DCFH-DA assay).
Endogenous antioxidants (T-AOC).
Inflammatory cytokines and chemokine.

Induction in ROS of A549, MDM, and triple co-culture by all particle types.

Lee et al.,
2011

CB
(2 types:
small and large)

10, 25, 50, 100 and 200
μg/ml

ECV304:
Human unbilical vein endothelial cells
A-10:
Rat aortic smooth muscle cells

Cytotoxic markers in culture fluids.
Total ROS in cells (DCFH-DA assay).
Effects of antioxidant supplementation.

Increase in LDH of ECV304 by small size CB.
Increase in LDH and H2O2 of A-10 by large size CB.
Suppression of cell cytotoxicity and ROS generation by antioxidants

Reddy et al.,
2010

MWCNT
(2 types:
short and long)

3 - 300mug/ml for 48 h

HEK293:
Human embryonic kidney cells

Oxidative stress markers in cells.
Inflammatory cytokines.
Mitochondrial function.
Cytotoxic markers in culture fluids.

Dose-dependent decrease in GSH by both particle types.
Dose-dependent increase in MDA, IL-8, and LDH by both particle types.

Pujalté et al.,
2011

TiO2,
ZnO,
CdS

TiO2: 0.625 - 160 μg/cm ,
2
ZnO: 0.1 - 20 μg/cm ,
2
CdS: 0.7 - 6.33 μg/cm

HK-2:
Human kidney epithelial cells
IP15:
Human glomerular mesangial cells

Cell viability.
Total ROS in cells (DCFH-DA assay).
Oxidative stress markers in cells.
NF-κB translocation.

Dose-dependent decrease in cell viability by ZnO and CdS.
Decrease in GSH and GSH/GSSG ratio by ZnO and CdS.
Dose-dependent increase in ROS generation by all particle types.
Activation of NF-κB by ZnO and CdS.

2

Si
NR8383:
Cytotoxic markers in culture fluids.
Dose-dependent decrease in mitochondrial function by SiNH2 and SiN3.
SiNH2: 0.1 - 370 ng/mL,
(SiNH2,
Rat macrophages,
Total ROS in cells (DCFH-DA assay).
Dose-dependent increase in ROS by SiNH2 and SiN3.
SiN3: 0.1 - 2200 ng/mL,
SiN3,
Ceco-2:
Effects of antioxidant supplementation.
Suppression of SiNH2-induced mitochondrial dysfunction by vitamin E.
SiCOOH: 0.1 - 3000 ng/mL
SiCOOH)
Human colonic adenocarcinoma cells
Mitochondrial function.
Suppression of SiN3-induced mitochondrial dysfunction by vitamin C.
CB,CB,
carbon
black; CdS,
cadmium
DEP, diesel
exhaustDEP,
particlediesel
(combustion-derived
nanoparticle);
MWCNT, multi-wallednanoparticle);
carbon nanotube;MWCNT,
Ni, nickel; SWCNT,
single-walledcarbon
carbon nanotube;
Si, silicon;
TiO2,
Abbreviations: *1*1
Abbreviations:
carbon
black;
CdS,sulfide;
cadmium
sulfide;
exhaust particle
(combustion-derived
multi-walled
nanotube;
Ni, nickel;
titanium dioxide; ZnO, zinc oxide
Bhattacharjee
et al., 2010

SWCNT, single-walled carbon nanotube; Si, silicon; TiO2, titanium dioxide; ZnO, zinc oxide. *2 DCFH-DA, 2‘,7‘-dichlorofluorescin diacetate; NF-kB, nuclear factor-kappa
*2 DCFH-DA, 2’,7’-dichlorofluorescin diacetate; NF-κB, nuclear factor-kappa B; ROS, reactive oxygen species; T-AOC, total antioxidant capacity
B; ROS, *3
reactive
oxygen species; T-AOC, total antioxidant caoacity. *3 CAT, catalase; CXCL2, C-X-C motif ligand 2; GSH, glutathione; GSSG, glutathione oxidized form;
CAT, catalase; CXCL2, C-X-C motif ligand 2; GSH, glutathione; GSSG, glutathione oxidized form; H2O2, hydrogen peroxide; HIF, hypoxia inducible factor; HO, heme oxygenase; IL-1, interleukin-1; IL-6, interleukin-6;
H2O2, hydrogen
peroxide;
HIF, dehydrogenase;
hypoxia inducible
HO,MDA,
heme
oxygenase; NO,
IL-1,
IL-6,dismutase;
interleukin-6;
IL-8,
interleukin-8;
LDH, TrxR,
lactate
dehydrogenase;
IL-8, interleukin-8;
LDH, lactate
LPO, lipidfactor;
peroxidation;
malondialdehyde;
nitricinterleukin-1;
oxide; SOD, superoxide
TNF, tumor
necrosis
factor; TP, total protein;
thioredoxin
reductase
LPO, lipid peroxidation; MDA, malondialdehyde; NO, nitric oxide; SOD, superoxide dismutase; TNF, tumor necrosis factor, TP, total protein; TrxR, thioredoxin reductase.
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The above-mentioned literature shows that oxidative stress induction caused by the
increase of ROS is the essence of the main mechanism underlying NP toxicity, regardless of
biological species or NP type, and suggests that the reduction of ROS could possibly the
mitigate adverse effects of NPs.

THE PROTECTIVE EFFECT OF ANTIOXIDANT
SUPPLEMENTATION ON NANOPARTICLE TOXICITY
According to the hierarchical oxidative stress hypothesis, the lowest level of oxidative
stress is associated with cytoprotective responses such as the induction of antioxidants and
detoxification enzymes (Xiao et al., 2003, Liu et al., 2014). If the level of antioxidative
protection fails, the oxidative stress induces inflammation. Further escalation of the stress
triggers disturbances in mitochondrial function, resulting in cellular apoptosis or necrosis.
Both endogenous and dietary antioxidants are the first line of defense against the generation
of ROS by NP exposure (Contestabile, 2001). Hence, it is highly possible that supplied
antioxidants act as a protective agent against damage induced by various types of NPs
through the downregulation of the oxidative stress level. Actually, a number of studies have
shown the protective effects of dietary antioxidant supplementation on NP-induced oxidative
stress.

1. Vitamin C
Vitamin C, also called ascorbic acid, is one of the most typical antioxidants. Although
vitamin C is readily absorbed by organisms, it is one of the safest nutrients because it is
water-soluble. Numerous studies have reported that vitamin C offers a variety of health
benefits. However, although many animals can make vitamin C in their own bodies, human
beings cannot. Humans must obtain the vitamin from food and other sources. Consequently,
in spite of the fact that fresh fruits and vegetables, especially citrus fruits, are good sources of
vitamin C, many people, the world over, intentionally ingest vitamin C supplements.
Nowadays, vitamin C is one of the most familiar antioxidants.
The oldest study to show that vitamin C was an important antioxidant agent against the
oxidative effect of particulate matter was reported in 1999 (Zielinski et al., 1999). The study
investigated whether the consumption of vitamin C, which was added in lung epithelial lining
fluid, was concentration-dependently increased by particles. There was a strong inverse
correlation between the level of vitamin C consumption and particle size, and a positive
correlation with particle surface area. Subsequently, there have been few studies to investigate
the antioxidative effects of vitamin C on NP-induced damage; however, there has been a
gradual increase in the number of studies since 2010.
In October 2014, the highest impact study was reported. The study demonstrated that the
supplementation of vitamin C significantly mitigated the damage caused by single-walled
carbon nanotubes to the central nervous system of mice (Liu et al., 2014). After intravenous
injection of single-walled carbon nanotube suspension (6.25 and 12.50 mg/kg/day for 9 days),
neurobehavior (Morris water maze and open-field test), brain histopathology, oxidative stress,
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inflammation, and apoptosis were analyzed in the mouse brain. The injection of single-walled
carbon nanotube induced cognitive deficits and decreased locomotor activity, damaged the
hippocampus CA1 region and induced Nissl substance loss in pyramidal cells, reduced
endogenous antioxidant (glutathione), and increased the expression levels of oxidative stress
markers (ROS and malondialdehyde), inflammation markers (nuclear factor κB, tumor
necrosis factor α, and interleukin-1β), and activation of cysteine-aspartic acid protease 3 (an
apoptosis marker in the brain). Subsequently, vitamin C (100 mg/kg/day for 9 days) was
concurrently and intraperitoneally administered with the doses of single-walled carbon
nanotubes, to investigate the vitamin‘s protective effects. The results showed that in mice, the
administration of vitamin C improved cognitive abilities and locomotor activity, attenuated
the levels of oxidative stress in the brain, and suppressed brain cell damage, inflammation,
and apoptosis. The downregulation of oxidative stress, inflammation, and apoptosis were
proposed to explain the neuroprotective effects of vitamin C.
Some in vitro studies have also investigated the protective effects of vitamin C on NP
exposure. In human lung epithelial (A549) cells, vitamin C mitigated the ROS generation and
glutathione depletion induced by nickel ferrite NP treatment (Ahamed et al., 2011). Vitamin
C also inhibited lipid peroxidation, which was correlated with the ROS production due to talc
NPs (Akhtar et al., 2010). Although bare Ag NPs did not produce ROS, citrate-capped Ag
NPs generated ROS, which were successfully scavenged by vitamin C and N-acetylcysteine
(another antioxidant) in endothelial-like umbilical (ECV304) cells (Oh et al., 2014). Not only
engineered NPs but also diesel exhaust particles, an unintentionally produced environmental
nanoparticle, increased ROS and induced oxidative damage. Exposure to carbon black and
diesel exhaust particles in cultured human ECV304 cells induced oxidative stress and the
expression of cell surface adhesion molecules. These effects were also partly attenuated by
vitamin C. Furthermore, the anti-oxidative effects of vitamin C on NPs were also valid
against other animal species, including Drosophila melanogaster (Posgai et al., 2011) and
Caenorhabditis elegans (Wu et al., 2012).
These findings suggested that it is highly possible that vitamin C acts as a protective
agent to various organs, especially the central nervous system, which is one of the organs that
is most sensitive to ROS and inflammation, against oxidative damage induced by several NPs
through the reduction of the oxidative stress level. Further investigations associated with the
protective effects of vitamin C on NP-induced cellular damage or toxicity are required to
promote safer applications of NPs. Moreover, in order to facilitate the safer use of NPs, other
suitable protective agents (in addition to vitamin C) against NP-induced oxidative damage
should be the subject of future research.

2. Vitamin E
Vitamin E is a generic term for all tocopherol and tocotrienol derivatives (Yoshida et al.,
2007). There are four major isoforms of vitamin E: α-, γ-, β- and δ-tocopherol. In the diet and
tissues, α-tocopherol and γ-tocopherol are the most abundant isoforms (Marchese et al.,
2014); they differ by only one methyl group and have a relatively similar capacity to
scavenge ROS at equal molar concentrations (Nishio et al., 2013). Hence, vitamin E
supplementation is expected to protect from NP-induced oxidative damage.
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Interestingly, there are two studies in which antithetical animal experiments were
performed. One showed that vitamin E supplementation suppressed single-walled carbon
nanotube-induced exacerbation of allergic asthma (Li et al., 2014). The other demonstrated
that depletion of vitamin E exacerbated pulmonary inflammatory response and oxidative
stress induction by single-walled carbon nanotubes (Shvedova et al., 2007). In more detail,
the first study confirmed that single-walled carbon nanotubes, intratracheally administered
(0.2 and 2.0 mg/kg/day, once every three days, a total of 14 instillations), aggravated allergic
asthma of ovalbumin-sensitized asthma model rats with an increase of asthma-related Th2
response cytokine (interleukin-4 and interleukin-4/interferon-γ ratio) and serum
immunoglobulin (IgE and IgG1) concentrations, lung immune cellular profiles (total cell,
lymphocyte, neutrophil, and eosinophil), histopathological changes of lung tissue (bronchial
remodeling, lung tissue cell infiltration, subepithelial collagen deposition, and mucus
hypersecretion), and airway hyperresponsiveness. Subsequently, vitamin E was orally
administrated (100 mg/kg) 14 times at 3 hours after every administration of single-walled
carbon nanotubes. The protective effects of vitamin E on single-walled carbon nanotubes
effects were detected by comparing the asthma symptoms of the vitamin E treated group with
the non-treated group. Based on these results, the mechanism for the protective effects of
vitamin E was proposed, involving ROS elimination, downregulation of Th2 responses,
reduced Ig production, and the relief of allergic asthma symptoms. In the second study, mice
were maintained on a vitamin E-deficient diet (containing less than 10 IU/kg of diet) or basal
diet (50 IU/kg of diet) for a total of 24 weeks, and then treated with an instillation of singlewalled carbon nanotubes into the lung at a dose of 0 or 40 μg/mouse with phosphate buffered
saline. At post-treatment days 1, 7 and 28, the vitamin E-deficient mice showed significant
accumulation of lipid peroxidation products (malondialdehyde), acute inflammation (total
number of inflammatory cells, number of polymorphonuclear leukocytes, released LDH, total
protein content, and levels of pro-inflammatory cytokines, TNF-α and IL-6) and enhanced
profibrotic responses (elevation of TGF-β and collagen deposition). This was followed by a
decrease in the content of antioxidants, namely α-tocopherol, glutathione and vitamin C, in
the lung tissue. These results indicate that the depletion of antioxidants like vitamin E may
exacerbate the respiratory damage caused by NP induced-oxidative stress.
The protective effects of vitamin E against NP toxicity were also elucidated an in vitro
study (Wang et al., 2012). The neuroprotective effect of vitamin E on single-walled carbon
nanotube-induced neurotoxicity was shown in cultured PC12 cells, an in vitro model of
neuronal cells. The presence of vitamin E (0.01-2 mM) inhibited the formation of ROS,
decreased the level of lipid peroxide and elevated the activity level of several antioxidants in
cultured cells. Additionally, vitamin E blocked the reduction in mitochondrial membrane
potential and the activation of caspase-3, and the vitamin prevented apoptotic cell death of
PC12 induced by single-walled carbon nanotube.
In conclusion, oxidative stress may be an important mechanism of single-walled carbon
nanotube-induced aggravating effects. These studies suggested that vitamin E
supplementation protects people from the adverse effects (especially with regard to
respiratory diseases such as allergic asthma), of single-walled carbon nanotubes and other
nanomaterials. Because the most common exposure route of NPs is transtracheal aspiration,
vitamin E may possibly be the most often-used antioxidant to decrease the risk that NPs pose
to our health.
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Importantly, attention should be paid to vitamin E isoforms. Previous studies have shown
that α-tocopherol and γ-tocopherol have opposing effects against respiratory function and
diseases such as asthma (Marchese et al., 2014; Berdnikovs et al., 2009). α-tocopherol
protected lung inflammation and airway hyperresponsiveness. In contrast, γ-tocopherol
promoted the symptoms and inhibited the protective effects of α-tocopherol. Therefore, the
protective effect against respiratory damage induced by NP inhalation exposure may only be
achieved by the α-tocopherol isoform. Furthermore, despite α-tocopherol and γ-tocopherol
both having antioxidative functions, these vitamin E isoforms have opposing effects. This fact
suggests that the adverse effects of NP inhalation exposure on respiratory organs might be
regulated by a mechanism other than the increase of oxidative stress. Additional research,
which considers the vitamin E isoforms, is required.

3. Omega-3 Polyunsaturated Fatty Acid (n-3 PUFA)
Omega-3 polyunsaturated fatty acid (n-3 PUFA) has cardioprotective benefits including
an anti-inflammatory effect with ROS reduction (Lee et al. 2009). Eicosapentaenoic acid and
docosahexaenoic acid, typical n-3 PUFA, can suppress the risk of cardiovascular events
(O‘Keefe et al. 2006; Saravanan et al. 2010).
Although there is no evidence on the impact of n-3 PUFA, as an antioxidant supplement,
on the health effects of NP exposure (Weichenthal et la., 2013), the protective effects of n-3
PUFA against particulate matter of 2.5 µm or less (PM2.5), including nanosized-particles, on
cardiac effects have been shown. In a study of 50 nursing home residents (>60 years of age)
in Mexico City, randomized to receive treatment with either fish oil (2 g/day) or soy oil (2
g/day) with 6 months of follow-up (1 month before supplementation and 5 months after), it
was demonstrated that fish oil supplementation, as a source of n-3 PUFA, prevented the
reduction in heart rate variability associated with exposure to indoor PM2.5 (8 μg/m3) (Romieu
et al., 2005). In contrast, soy oil supplementation was associated with marginal, nonsignificant protection. A short exposure to concentrated ambient fine and ultrafine particulate
matter (mean mass concentration 278 ± 19 μg/m3) for 2 hours induced acute changes in heart
rate variability, blood neutrophils, very low-density lipoproteins, and triglycerides. The
effects of particle matter were attenuated in healthy middle-aged adults by supplementation
with fish oil (3 g/day) containing rich eicosapentaenoic acid for 4 weeks before particle
exposure, but not in those supplemented with olive oil (Tong et al., 2012). These findings are
also referenced by a current review, which focused on the association between PM2.5 and
cardiovascular events (Weichenthal et al., 2013).
In general, chronically decreased heart rate variability has been used to predict an
increased risk of cardiovascular morbidity and mortality (Kleiger et al. 1987; Lahiri et al.
2008; Tsuji et al. 1996). These reports suggested that supplementation of n-3 PUFA protect
against the adverse effects of PM2.5, which includes a large number of nano-sized particles,
and air pollution on cardiac autonomic function. In the near future, interesting findings may
be obtained from research into the protective effects of n-3 PUFA on the adverse effects
caused by NP exposure.
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CONCLUSION
A number of in vivo and in vitro studies have shown that antioxidants downregulate
oxidative stress and act as protective agents against NP-induced adverse effects. This
evidence also suggests that ROS production is a key factor in NP-induced toxicological
effects. More research will be actively carried out and the protective effects of dietary
antioxidants will be proven as a useful defense agent against the NP-induced oxidative stress
associated with various toxicological effects. Antioxidant supplementation may be one of the
answers for the safer use of many NPs.
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