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Introduction

Titanium dioxide nanoparticles (TiO -NPs) (<100 nm
in diameter) are widely used in the production of
pharmaceuticals, cosmetics, paints, papers and toothpastes.
The adverse health effects, including DNA damage,
cytotoxicity, pathogenicity and carcinogenicity of TiO -NPs
have been recognized (Shi ., 2013; Koedrith , 2014).
TiO has been classified as Group 2B carcinogen, possibly
carcinogenic to humans by the International Agency for
Research on Cancer (Baan ., 2006). The apoptotic cell
death, as well as, inflammation and pro-inflammatory effects
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oxidative stress caused by TiO -NPs (Trouiller .,
2009; Jugan ., 2012) have been demonstrated. Chronic
exposure to TiO -NPs also results in chromosomal
instability, disturbance of cell cycle progression and
segregation of duplicated genome (Huang ., 2009). TiO -
NPs activated p53 DNA damage checkpoint signal
(Nurkiewicz ., 2008) is associated with genotoxicity.
DNA damage caused by TiO -NPs is considered to be linked
to reactive oxygen species (ROS) generation (Liu .,
2010; Jeon ., 2013). However, TiO -NPs' mode of action
against DNA has not been fully elucidated. Direct interaction
of TiO -NPs with DNA structure via phosphate group on
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Abstract

Key words

The adverse health effect of nanoparticles is of concern for humans and environment. In the
present study, TiO -nanoparticles (TiO -NPs)-induced oxidative DNA damage in lymphocytes
was measured by comet assay. 80 g ml TiO -NPs induced approximately 3-fold increase in
DNA damage than in the PBS-control group as measured by olive tail moment. However, on
treating vitamin C and N-acetylcysteine, DNA damage was effectively protected in a
concentration dependent manner. Moreover, the protective effect of several phytochemicals
including berberine, resveratrol, sulforaphane, and curcumin on DNA damage caused by TiO -
NPs was manifested. The increased olive tail moment induced by TiO -NPs was effectively
inhibited by treatment with these phytochemicals. Especially, olive tail moment of 5 g ml
berberine-treated group was significantly reduced down to the level of control group, showing
almost complete protection. Taken together, the protective effect of phytochemicals against DNA
damage by TiO -NPs may be applied for the development of antidote for TiO toxicity.
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DNA (Li ., 2008; Trouiller ., 2009) and indirect
interaction of TiO with DNA (Kang ., 2008; Trouiller

., 2009) through generation of reactive oxygen species has
been reported.

als including alkaloids,
polyphenols, flavonoids and anthocyanins are known to
possess health benefits due to high antioxidative capacity.
Thus, phytochemicals can lower oxidative stress and reduce
the risk of chronic diseases (Sreelatha ., 2012). However,
information on the protective role of several phytochemicals
against TiO -NPs-induced DNA damage is limited. In light
of the above study, the protective effect of several
phytochemicals including berberine on oxidative DNA
damage was examined. The study showed that these
phytochemicals were able to suppress oxidative DNA
damage caused by TiO -NPs in lymphocytes.

A 200 l of fresh whole blood
from 200 ~ 250 g male SD rats (Orient Bio Inc. Seongnam,
Korea) was added to 800 l of phosphate-buffered saline
(PBS) and layered onto 200 l of histopaque 1077 (Sigma-
Aldrich, St. Louis, MO). After centrifugation at 1,450 rpm
for 5 min at room temperature, the lymphocytes were
collected from the buffy-coat layer and washed with PBS.

TiO -NPs (Sigma-Aldrich,
St. Louis, MO) were dissolved in PBS and sonicated for 30
min in room temperature. TiO -NPs were then diluted to 100
and 125 M using PBS. In order to examine the protective
role of phytochemicals against DNA damage, Vitamin C (vit
C), N-acetylcycteine (NAC), resveratrol, sulforaphane and
berberine were directly added to the lymphocytes which were
treated for 30 min at 37°C before TiO -NPs treatment.

The
alkaline comet assay was performed following the method of
Singh . (1988), with slight modification (Seo and Lee,
2011), to evaluate TiO -NPs-induced DNA damage and
determine the antioxidative effect of selected phytochemicals.
Lymphocytes were mixed with 75 l of 0.7% low-melting-
point agarose (LMA) and placed onto slides pre-coated with
1% normal-melting-point agarose (NMA) which were then
allowed to solidify over 30 min at 4°C. Once solidified, the
slides were further covered with 100 l of 0.7% LMA. After
the last applied agarose has solidified, the slides was
immersed in lysis solution [2.5M NaCl, 100 mM EDTA, 10
mM Tris,1% Triton X-100 and 10% DMSO] for more than 1
hr at 4°C in dark condition. To unwind the DNA, the slides
were placed in an electrophoresis tank containing
electrophoresis buffer [300 mM, NaOH and 10 mM
Na EDTA (pH 13.0)] for 20 min at 4°C. Electrophoresis was
performed at 25 V/300 mA for 20 min at 4°C. The slides were
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Materials and Methods

Preparation of lymphocytes :

TiO nanoparticle treatment:

Determination of DNA damage by comet assay :

�

�
�

2

�

�

�

A number of phytochemic

washed with neutralizing buffer (0.4 M Tris · HCl pH 7.5)
three times for 5 min at 4°C and fixed with crude ethanol for 5
min. Slides were air dried for 15 min, and stored in slide box
at 4°C.

The slides were stained with ethidium
bromide (50 M) and the fluorescence was measured using a
fluorescence microscope (Leica, Wetzlar, Germany) in dark
condition and viewed with a CCD camera (Hitachi, Japan).
The captured image was analyzed using Komet 5.5 software
(Kinetic Imaging, UK). DNA damage was quantified
comet assay wherein the olive tail moment was calculated as

(Tail.mean-Head.mean) x Tail% DNA / 100

A total of 100 lymphocytes were randomly captured
and the comets were examined from each slide. All
measurements were made in duplicate and performed from
three independent experiments.

All comet data were analyzed using the SPSS
package for Windows version 13 (SPSS Inc., Chicago, IL).
The olive tail moments, values of DNA damage, from each
treatment were compared with each other using one way
analysis of variance (ANOVA) followed by Duncan's
multiple range test. <0.05 was considered significant.

The free-radical scavenging potential of berberine was tested
in a stock solution of 7 mM 2,2-azinobis-(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS ) (Re .,
1999). Stock solution was prepared and incubated for 12–16
hrs in dark at room temperature until reaction was complete
and stored at 4°C until use. ABTS was diluted with ethanol
for equilibration of absorbance 0.30 (± 0.02) at 620 nm. The
extent of discoloration of the solution indicates the
scavenging efficacy of the added substance. A 100 l aliquot
of extract solution was combined with 100 l of ethanolic
solution of ABTS . The mixture was incubated at room
temperature for 10 min followed by measurement of
absorbance at = 620 nm (Sunrise, Tecan, Germany). A
reference sample (ascorbic acid) was prepared with ethanol
instead of ABTS and control instead of the berberine. To
construct a calibration curve, absorbance of samples
containing 0.78125, 1.5625, 3.125, 6.25, 12.5, 25 and 50 g
ml were calculated as percentage of ABTS change in
absorbance using the following equation;

Radical scavenging activity = [1 - (Abs. of sample - Abs. of
reference) / (Abs. of control - Abs. of reference)] × 100

The TiO -NPs-induced DNA damage occurred in a
dose-dependent manner. Low concentrations of TiO -NPs
(40 g ml ) did not show statistically significant DNA

Image analysis :

Statistics :

Radical scavenging capacity of berberine against ABTS :
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damage (  <0.05), however, higher concentrations of TiO -
NPs (60 g ml and 80 g ml ) resulted in considerable DNA
damage. The olive tail moment at 60 g ml TiO -NPs was
about 23.08 ± 0.52, whereas that of PBS-treated control was
about 8.79 ± 2.18 indicating approximately a 2.6-fold
increase in DNA damage with 60 g ml TiO -NPs assessed
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by olive tail moment. The olive tail moment in 80 g ml
TiO -NPs exposed group was about 25.66 ± 6.11 and it
induced approximately 3-fold increase in DNA damage than
in the PBS-control group (Fig. 1).

Well known antioxidants, vitamin C and N-
acetylcysteine (NAC) also suppressed DNA damage caused
by TiO -NPs in lymphocytes as shown in Fig. 2a and 2b,
respectively. Lymphocytes were pre-treated with vitamin C
at three concentrations (3, 5, and 7 g ml ) for 30 min at
37°C. DNA damage was induced by exposing the
lymphocytes to 80 g ml TiO -NPs. DNA damage in
vitamin C pre-treated group notably decreased in a
concentration-dependent manner (Fig. 2a). NAC, a precursor
of reduced glutathione, was shown to act as a direct ROS
scavenger (Sadowska ., 2007). DNA damage caused by
TiO -NPs was also significantly reduced by pre-treating the
lymphocytes with all the concentrations of NAC (Fig. 2b).
The results revealed that oxidative stress induced by TiO -
NPs was by vitamin C or NAC, probably due to their
antioxidative effects.

The protective effect of resveratrol, sulforaphane and
curcumin on TiO -NPs-induced oxidative DNA damage is
shown in Fig. 3. These phytochemicals showed considerable
suppressive effects on the toxicity of TiO -NPs. It has been
suggested that the antioxidant activity of herbal
phytochemicals is due to their role as free radical scavengers
and quenchers. For these reasons several phytochemicals
have been used as complementary and alternative agents to
classical pharmacological therapeutics (Choi , 2014;
Grabacka ., 2014). Phytochemicals are also involved in
energy generation, signal transduction, protein folding, and
programmed cell death (Matkowski, 2008; Grabacka .,
2014). Moreover, they can reduce metal-dependent activity
of antioxidant enzymes and inhibit formation of pro-
oxidative enzymes such as cyclooxygenase (Flaczyk .,
2013).

Resveratrol, a natural polyphenolic compound, has
been reported to have numerous remarkable effects. These
include anti-oxidative, anti-inflammatory, anti-aging,
premature senescence associated with SIRT1 and anti-cancer
effect (Choi ., 2014). Sulforaphane has been reported to
enhance the expression of some antioxidant proteins such as
thioredoxin (Trx) and Nrf2-dependent phase 2 enzymes
(Yoon ., 2008; Piao ., 2010). Curcumin is widely
known for its anti-inflammatory and antioxidant activity
(Derochette ., 2013). Notably, curcumin inhibits O
production in neutrophil membranes (Derochette .,
2013). Berberine is an isoquinoline alkaloid obtained from
medicinal herbs like , and

. Berberine possessed anti-
inflammatory, antibacterial and anticancer activity (Kong
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Fig. 2 : TiO nanoparticles-induced oxidative DNA damage measured by
comet assay. Values not sharing the same letter are significantly different
from one another (  <0.05) according to Duncan's multiple range test
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Fig. 1 : TiO nanoparticles-induced oxidative DNA damage measured by
comet assay. Values not sharing the same letter are significantly different
from one another (  <0.05) according to Duncan's multiple range test
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., 2004; Dong ., 2012). Cardiovascular risks (Derosa

., 2012), atherosclerosis (Wang ., 2011) and
Alzheimer's disease (Ki and Shen, 2011; Zhao ., 2013)
have been protected by berberine. Fig. 4a shows the
inhibitory effect of berberine on TiO -NPs-induced oxidative
DNA damage. The olive tail moment of berberine-treated
group was significantly reduced down to the level of control
group. The olive tail moment with 3 g ml and 5 g ml
berberine treatment was about 7.58 ± 2.08 and 6.47 ± 0.36,
respectively, while that at 80 g ml TiO -NPs was 16.90 ±
1.36 (Fig. 4a), respectively. TiO -NPs-induced DNA damage
was notably reduced by berberine, and this result suggests the
protective role of berberine against oxidative stress in
lymphocytes.

The antioxidative property of berberine was
manifested by its ability to scavenge ABTS free radicals
(Fig. 4b). Berberine had ABTS free radical scavenging
activity of 43.87 ± 0.90% at 125 g ml . The result suggests
the protective effect of berberine on TiO -NPs-induced
oxidative DNA damage may be derived from its radical
scavenging ability.

Above results confirm the protective effect of
phytochemicals, namely berberine, curcumin, sulforaphane
and resveratrol against TiO -NPs-induced oxidative DNA
damage. These phytochemicals showed notable antioxidant
properties during oxidative stress by radical scavenging,
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suggesting their possible therapeutic use in preventing DNA
damage caused by TiO -NPs and developing antidote for
TiO toxicity. These experiments will be further carried out
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Fig. 3 : Various phytochemicals protect against oxidative DNA damage caused by TiO nanoparticles. Values not sharing the same letter are significantly
different from one another (  <0.05) according to Duncan's multiple range test
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Fig. 4 : The protective effect of berberine against oxidative DNA damage
caused by TiO –nanoparticles (a). Antioxidative capacity of berberine
against ABTS, (b). Values not sharing the same letter are significantly
different from one another (  <0.05) according to Duncan's multiple range
test
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on animals to justify their commercial use.
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