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Abstract: Given the tremendous growth in the application of titanium dioxide nanoparticles
(TNPs), concerns about the potential health hazards of TNPs to humans have been raised.
Poly(ADP-ribose) polymerase 1 (PARP-1), a highly conserved DNA-binding protein, is involved
in many molecular and cellular processes. Limited data demonstrated that certain nanomateri-
als induced the aberrant hypermethylation of PARP-1. However, the mechanism involved in
TNP-induced PARP-1 abnormal methylation has not been studied. A549 cells were incubated
with anatase TNPs (22.1 nm) for 24 hours pretreatment with or without methyltransferase
inhibitor 5-aza-2’-deoxycytidine and the reactive oxygen species (ROS) scavenger o-lipoic
acid to assess the possible role of methylation and ROS in the toxic effect of TNPs. After TNPs
characterization, a battery of assays was performed to evaluate the toxic effect of TNPs, PARP-1
methylation status, and oxidative damage. Results showed that TNPs decreased the cell viability
in a dose-dependent manner, in accordance with the increase of lactate dehydrogenase activity,
which indicated membrane damage of cells. Similar to the high level of PARP-1 methylation,
the generation of ROS was significantly increased after exposure to TNPs for 24 hours. Further-
more, o-lipoic acid decreased TNP-induced ROS generation and then attenuated TNP-triggered
PARP-1 hypermethylation. Meanwhile, 5-aza-2’-deoxycytidine simultaneously decreased the
ROS generation induced by TNPs, resulting in the decline of PARP-1 methylation. In summary,
TNPs triggered the aberrant hypermethylation of the PARP-1 promoter and there was a cross
talk between oxidative stress and PARP-1 methylation in the toxic effect of TNPs.
Keywords: titanium dioxide nanoparticles, PARP-1, oxidative stress, DNA methylation

Introduction
Titanium dioxide (TiO,) is a natural mineral used broadly in domestic and cosmetic
products, including antifouling paints, coatings, ceramics, and additives in pharma-
ceuticals, food colorants, and sunscreen owing to its typical characteristics such as
surface adsorption, photo-catalysis, and ultraviolet (UV) absorption. Titanium, either
pure or in alloys, is also extensively used for implanted medical devices, such as
dental implants, joint replacements, cardiovascular stents, and spinal fixation devices.
Titanium dioxide nanoparticles (TNPs) are absorbed through inhalation, ingestion, and
dermal penetration into the body, and distributed in important organs such as lungs,"?
lymph nodes,? brain, liver, and kidneys.!

There are growing concerns about the possible influence of TNPs on human health.
It has been shown that ultrafine TiO, particles could induce impairment of macrophage
function, persistently high inflammatory reactions, and increased pulmonary retention,
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compared with fine TiO,.* Particularly, TNPs were reported
to induce reactive oxygen species (ROS) generation in many
cell types, including rat neuronal cells*® and human hepa-
toma cells.’ Indeed, the capacity of TNPs to produce ROS
is frequently proposed to account for their toxic effects.!%!!
Based on the evidences outlined earlier, it seems that TNPs
can exert their toxic effects through the formation of ROS.
Hence, TNPs were evaluated by the World Health Organiza-
tion (WHO)/International Agency for Research on Cancer
(TARC) as a Group 2B compound,'? which is possibly
carcinogenic to humans. However, much still remains to be
elucidated concerning the possible health effects of TNPs.

DNA methylation, as an important regulatory factor of
gene expression,' not only is crucial in the development
of normal mammalian cells, but also plays a fundamental
role in epigenetic silencing of cancer-related genes in tum-
origenesis.!* In general, a low level of DNA methylation is
considered an activation of gene, while hypermethylation
can contribute to inactivation.’ The expression of several
cancer-related genes has been reported to be silenced by
DNA methylation of their promoter regions.

Poly(ADP-ribose) polymerase 1 (PARP-1), a highly con-
served DNA-binding protein, is involved in many molecular
and cellular processes, which include DNA repair, prolifera-
tion, and chromatin modification.' PARP-1 was also found in
a complex with the DNA methyltransferase DNMT1, the his-
tone H3K9 methyltransferase G9a, and the histone ubiquitin
ligase Np95, indicative of a link between poly(ADP-ribosyl)
ation and the epigenome,'” and was described as a fundamental
constituent of the transcription machinery that interacts with
and modulates the activities of several transcription factors.'®!°
Chemical materials such as benzene and silica have been
reported to cause the methylation of PARP-1 promoters.?**! A
certain nanomaterial, nano-SiO,, was confirmed to induce the
aberrant hypermethylation and inactivity of PARP-1.22 How-
ever, the mechanisms responsible for TNP-induced PARP-1
abnormal methylation have not been elucidated.

It was reported that oxidative stress influenced the occur-
rence of disease through regulating the gene methylation
status.” Tunc and Tremellen found that oxidative stress
was associated with gene hypomethylation, on the contrary,
and antioxidant supplements reduced oxidative damage and
reverted the gene methylation level.* Therefore, this study
focused on the regulating mechanisms between oxidative
stress and PARP-1 methylation involved in the toxic effect of
anatase TNPs. In this study, we analyzed for the first time the
epigenetic regulatory mechanism of PARP-1 in TNP-treated
cells. After TNP characterization, batteries of assays were
performed to evaluate the toxic effect, PARP-1 methylation

status, and oxidative damage in TNP-exposed A549 cells.
Results showed that TNPs triggered the generation of ROS and
aberrant hypermethylation in the PARP-1 promoter region.
We also used the inhibitor 5-aza-2’-deoxycytidine (5-aza) and
a-lipoic acid (o-LA) to analyze the underlying mechanisms
of the toxic effect of TNPs, suggesting that there was a cross
talk between oxidative stress and PARP-1 methylation.

Materials and methods
Characterization of the TNPs

Commercial anatase TNPs, with a purity of at least 99.7%
TiO,, were purchased from Sigma-Aldrich Co. (St Louis, MO,
USA). The primary particle size was <25 nm with a specific
surface area of 45-55 m?/g. The particle size and distribution of
the TNPs were measured by transmission electron microscope
(TEM) (JEOL, Tokyo, Japan) and Image J software. The hydro-
dynamic sizes and zeta potential of TNPs in ultrapure water as
stock media and serum-free Roswell Park Memorial Institute
1640 (RPMI 1640) as culture media were examined by Zetasizer
(Malvern Nano-ZS90; Malvern, UK). Suspensions of TNPs
were dispersed by a sonicator (Bioruptor UCD-200; Diagenode,
Liege, Belgium) at 300 W for 10 minutes before adding to
dispersion media in order to minimize their aggregation.

Cell culture and the TNPs exposure

The human alveolar epithelial cells (A549) were obtained
from the National Institute of Occupational Health and
Poisons Control, Chinese Center for Diseases Control and
Prevention. The use of this cell line was approved by the
Ethical Committee of Capital Medical University, Beijing,
People’s Republic of China. The cells were cultured in RPMI
1640 (HyClone, Logan, UT, USA) supplemented with 10%
fetal bovine serum (Gibco, product line of Thermo Fisher
Scientific, Waltham, MA, USA), 100 U/mL penicillin, and
100 pg/mL streptomycin at 37°C in a humidified incubator
with 5% CO,,. For experiments, 3x10° A549 cells were seeded
in a six-well culture plate for 24 hours. The cells were then
washed twice with phosphate buffered saline and treated
with TNPs suspended in RPMI 1640 of certain concentra-
tions (6.25 ug/mL, 12.5 ug/mL, 25 pg/mL, 50 ug/mL, and
100 pg/mL) for another 24 hours. The suspension of TNPs
was sterilized by an autoclave and dispersed by a sonicator
(300 W, 10 minutes) at room temperature to minimize their
aggregation. Cells maintained in RPMI 1640 without TNPs
were used as the control group.

Cell viability assay
The cytotoxicity of TNPs was determined using 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
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(MTT). Briefly, 1x10%cells were seeded into a 96-well plate in
avolume of 100 uL RPMI 1640 and incubated for 24 hours at
37°C. Cells were treated with varying concentrations of TNPs
(6.25 ng/mL, 12.5 pg/mL, 25 pg/mL, 50 ug/mL, and 100 pg/
mL). After 24 hours incubation, 10 uL. MTT was added to
each well at 5 mg/mL and further incubated for 4 hours.
Next, 150 puL of dimethylsulfoxide was added in and mixed
thoroughly for 10 minutes. Optical density was then measured
with a microplate reader (Thermo Multiskan MK3; Thermo
Fisher Scientific) at 492 nm according to the instructions.

Assessment of LDH activity

The lactate dehydrogenase (LDH) leakage assay, which is
based on the measurement of LDH activity in the extracel-
lular medium, was determined using a commercial LDH kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, People’s
Republic of China) according to the manufacturer’s protocols.
The loss of intracellular LDH and its release into the culture
medium is an indicator of irreversible cell death due to cell
membrane damage. After cells were treated with different
concentrations of TNPs for 24 hours, the supernatants were
collected for LDH measurement. A cell medium of 100 uL was
used for LDH activity analysis and the absorbance at 440 nm
was measured by a UV-visible spectrophotometer (SpectraMax
MS5; Molecular Devices, Sunnyvale, CA, USA).

Intracellular ROS measurement

Intracellular ROS were measured by flow cytometry using
2,7-dichlorofluorescein diacetate (DCFH-DA) (Nanjing
Jiancheng Bioengineering Institute) as a probe. Briefly,
~3x10° cells were seeded into a six-well plate for 24-hours
pretreatment with or without methyltransferase inhibitor,
S-aza (5 UM, 10 uM, and 20 uM), or ROS scavenger a-LA
(0.1 uM, 10 uM, and 100 uM) for 1 hour, and A549 cells
were incubated with TNPs (6.25 ug/mL, 12.5 ug/mL, 25 ug/
mL, 50 pug/mL, and 100 pg/mL) for 24 hours at 37°C. Then,
cells were washed twice with phosphate buffered saline and
co-incubated with serum-free RPMI 1640 containing 10 uM
DCFH-DA for 30 minutes at 37°C in dark, according to the
manufacturer’s instructions. The cells were trypsinized and
intracellular ROS were measured using flow cytometry
(BD LSRFortessa™, BD, Franklin Lakes, NJ, USA) at
488 nm excitation and 525 nm emission.

DNA isolation and methylation-specific
PCR

After A549 cells were pretreated with or without methyltrans-
ferase inhibitor, 5-aza (5 uM, 10 uM, and 20 uM), or ROS
scavenger o-LA (0.1 uM, 10 uM, and 100 uM) for 1 hour,

the cells were incubated with TNPs for another 24 hours at
37°C. Genomic DNA was extracted following the protocols
of the DNA kit (Solarbio, Beijing, People’s Republic of
China). One microgram purified DNA was subjected to bisul-
fate modification, which was performed using CpGenome
DNA Modification Kit (Merck Millipore, Billerica, MA,
USA) according to the manufacturer’s instructions. poly-
merase chain reaction (PCR) Magic Mix 3.0 (TIANDZ,
Beijing, People’s Republic of China) was used to detect the
PARP-1 methylation under the following conditions: 94°C
for 30 seconds; 35 cycles of 94°C for 20 seconds, 60°C for
45 seconds, and 72°C for 1 minute; 72°C for 3 minutes. These
methylation-specific PCR (MSP) products were analyzed by
2% agarose gel electrophoresis staining with ethidium bro-
mide and visualized under a UV illuminator. Distinct visible
band of the amplicon with methylation-specific primers was
considered positive. The density of each band was analyzed
by image analysis software (Gel-Pro 4.5) for quantization.
The sequences of primers were as follows:

For methylated DNA: MF-PARP-1 (5-GAGATTAGT
TTAGTTAATTTGGCGA-3’) and MR-PARP-1 (5"-ATCT
AAAACTCCTAAACCCAACGAT-3'), a 139 bp fragment
(—299 to —161 relative to transcription start site), was chosen
to amplify by M primer; and for unmethylated DNA: UF-
PARP-1 (5-GAGATTAGTTTAGTTAATTTGGTGA-3")
and UR-PARP-1 (5-ATCTAAAACTCCTAAACCCAACA
AT-3’),a 139 bp fragment (—299 to —161 relative to transcrip-
tion start site), was chosen to amplify by U primer.

Statistical analysis

Statistical analysis was performed using SPSS 16.0 software
(SPSS Inc., Chicago, IL, USA). Results were expressed as
mean * standard deviation of independent experiments. The
least significant difference test was used to compare means
of two samples, while one-way analysis of variance was used
for group means. In all cases, P<<0.05 was considered to be
statistically significant.

Results

Characterization of TNPs

We first characterized the TNPs by TEM. As shown in
Figure 1A, a near-spherical particle shape, with the mean
pristine particle diameter of 22.1+8.9 nm (Figure 1B) was
obtained by measuring 500 random particles using ImageJ.
Hydrodynamic measurements of both ultrasonicated TNPs
in ultrapure water and serum-free RPMI 1640 at 1 hour and
a concentration of 100 pg/mL by dynamic light scattering
are shown in Table 1. TNPs in both dispersion mediums
exhibited a larger hydrodynamic size than the original
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Figure | Characterization of TNPs by TEM.
Notes: Particle shape was analyzed by TEM (A) and the size distribution in the test media were evaluated by Image] software (B).
Abbreviations: TNPs, titanium dioxide nanoparticles; TEM, transmission electron microscope.

dimension, suggesting that TNPs formed aggregates in  |ntracellular ROS generation induced
mediums due to the van der Waals force and hydrophobic b)’ TNPs

interaction with surrounding media. The polydispersity index T get a closer insight into the possible mechanism of TNP-

values acquired in our study further corroborate the observa- i quced cellular toxicity, the intracellular ROS levels were

tions made, with stable values being observed for particles  jatermined by using the DCFH-DA probe. From Figure 4A
dispersed in both ultrapure water and RPMI 1640. Zeta

potentials provide quantitative information on the stability

and B, we observed the gradually elevated ROS levels in
A549 cells in a dose-dependent manner. The generation of
ROS in all TNP-treated groups was significantly different
with control group. Compared to the group of treatment with

of the particles, confirming that the particles are more likely
to remain dispersed if the absolute value of zeta potentials is
higher than 30 mV.* Consequently, zeta potential values in

RPMI 1640 and ultrapure water varied between —29.8 mV' ¢ yretreatment with methyltransferase inhibitor 5-aza was

and —11.9 mV. Nonetheless, the larger aggregates represent relatively weak (Figure SA), in line with the effect of ROS
the actual scenario that the cells were exposed to.

TNPs only, the fluorescence intensity of ROS in the group

scavenger o-LA pretreatment (Figure 5B). It suggested
that the methyltransferase inhibitor markedly decreased the
Cytotoxicity induced by the TNPs generation of ROS induced by TNPs.

To evaluate the possible toxicity of TNPs on A549 cells,

cell viability was determined after exposing to TNPs PARP-I methylation alteration induced

(0 ug/mL, 6.25 pg/mL, 12.5 pg/mL, 25 pg/mL, 50 ug/mL, by TNPs

and 100 ug/mL) for 24 hours. As shown in Figure 2, withthe =~ MSP, a common detection method of methylation, was
dosages increasing, viability of A549 cells induced by TNPs  performed to analyze the methylation status of PARP-1.
was significantly decreased than control. In addition, the  Our results revealed that TNPs notably elevated the level of
MTT results were strongly in accordance with the increased ~ PARP-1 methylation in a dose-dependent way (Figure 6).
membrane damage measured by LDH release (Figure 3). However, pretreatment of both methyltransferase inhibi-
Our results suggested that TNPs induced cytotoxicity in a  tor 5-aza and ROS scavenger o-LA inversely altered the
dose-dependent manner. TNP-induced hypermethylation of PARP-1 promoter

Table | The hydrodynamic size and zeta potential of the TNPs in ultrapure water and RPMI 1640 culture media by DLS analysis

Ultrapure water RPMI 1640
Hydrodynamic size (nm) Zeta potential (mV)  PDI Hydrodynamic size (nm) Zeta potential (mV) PDI
| hour  276.949.3 —29.8+2.7 0.5+0.4  504.8+108.1 =11.9+1.2 0.5£0.1

Abbreviations: TNPs, titanium dioxide nanoparticles; RPMI, Roswell Park Memorial Institute; DLS, dynamic light scattering; PDI, polydispersity index.
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Figure 2 Cell viability of A549 cells was measured by MTT assay after 24 hours

TNP exposure.

Notes: Cell viability was significantly decreased in a dose-dependent manner after

Concentration (ug/mL)

TNP treatment. *P<<0.05, compared with control group, n=5.

Abbreviations:

MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium

bromide; TNP, titanium dioxide nanoparticle.

Concentration (ug/mL)

Figure 3 LDH activity was detected in TNP-treated A549 cells.

Notes: After cells were exposed to TNPs (0 ug/mL, 6.25 pg/mL, 12.5 pg/mL,
25 ug/mL, 50 pg/mL, and 100 pg/mL) for 24 hours, the supernatants were determined
using a commercial LDH kit according to the manufacturer’s protocols. *P<<0.05,
compared with control group, n=5.

Abbreviations: LDH, lactate dehydrogenase; TNPs, titanium dioxide nanoparticles.
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Figure 4 Effects of TNPs on intracellular ROS generation in A549 cells.

Notes: The typical picture of ROS detected by flow cytometry (A); the intracellular ROS level significantly increased in a dose-dependent manner (B). Data are expressed
as mean % SD. n=5, *P<<0.05, compared with control.

Abbreviations: FITC, fluorescein isothiocyanate; TNPs, titanium dioxide nanoparticles; ROS, reactive oxygen species; SD, standard deviation.
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Figure 5 Effects of inhibitors, 5-aza or o-LA, on TNP-induced ROS generation in A549 cells.

Notes: The methyltransferase inhibitor, 5-aza decreased TNPs-induced ROS generation (A); the antioxidant agent, o-LA suppressed ROS generation triggered by TNPs (B).
Data are expressed as mean + SD; n=5, *P<<0.05, compared with control; "P<0.05, compared with TNPs.

Abbreviations: 5-aza, 5-aza-2’-deoxycytidine; 0.-LA, o-lipoic acid; TNPs, titanium dioxide nanoparticles; ROS, reactive oxygen species; SD, standard deviation.

region (Figure 7A and B), implicating that the antioxi-
dant agent o-LA decreased TNP-induced ROS generation
and simultaneously attenuated TNP-triggered PARP-1
hypermethylation.

Discussion
With the increasing TNP-related products, the concern
of governments and the public about the health and envi-
ronmental risks are gradually growing. However, the effects
induced by TNPs on human health or environment and the
mechanisms of toxicity are still poorly investigated.

TEM provides the direct measurement of particle size,
distribution, and morphology by image analysis, while

TNPs (pug/mL)

100 50 25 12.5 6.25 Control
UuMUMUMUMUMU M Marker

200
YT ¢ v

PARP-1

8
6
4
2
0

Control 6.25 125 25 50
Concentration (ug/mL)

100

Figure 6 TNPs induced the alternation of PARP-| methylation status.

Notes: A549 cells were exposed to various concentrations (6.25 pg/mL, 12.5 ug/mL,
25 pg/mL, 50 pg/mL, and 100 pg/mL) of TNPs for 24 hours, methylation-specific PCR
was performed to examine the methylation status of PARP-1. U and M: primer sets
specific to unmethylated (U) and methylated (M) DNA molecules. The data were
typical examples of five independent experiments. *P<<0.05, compared with control.
Abbreviations: TNPs, titanium dioxide nanoparticles; PARP-1, poly(ADP-ribose)
polymerase |; PCR, polymerase chain reaction.

dynamic light scattering, a common analysis for the size
of nanoparticles and determining their aggregation in
suspension,? often supplies a larger value than Brunauer
Emmett Teller or TEM diameter. The Brunauer Emmett
Teller size of TNPs claimed by its commercial supplier
was <25 nm, which was considered potentially toxic accord-
ing to previous reports.?”? In the TEM image, we obtained a
near-spherical particle shape, with the mean pristine particle
diameter at 22.1+8.9 nm. Furthermore, the mean hydrody-
namic size of TNPs in RPMI 1640 was 504.8 nm, larger than
that in ultrapure water (276.9 nm), suggesting that TNPs
formed aggregates that were not thoroughly dispersed by
ultrasonication. Therefore, the suspension was a mixture of
nanoparticles and agglomerations/aggregations.

In our study, we evaluated the cytotoxicity of TNPs
(6.25 pg/mL, 12.5 ug/mL, 25 pg/mL, 50 ug/mL, and
100 pg/mL) by MTT assays and LDH release. Results revealed
that TNPs significantly decreased the viability of A549 cells,
with the enhancement of LDH activity in a dose-dependent
manner. In line with the LDH release, the generation of ROS
was dramatically triggered by TNPs, consistent with several
published studies.***! The cytotoxicity induced by TNPs has
been demonstrated in various cell types such as WISH cells,
human bronchial epithelial cell line, BEAS-2B, and mouse
fibroblast cells.!*%3! Available toxic assays confirmed that
TNPs (5 nm) can inhibit A549 cell proliferation, cause DNA
damage, and induce apoptosis via a mechanism primarily
involving the activation of intrinsic mitochondrial pathway.*?

Generally, DNA methylation is the first step in epigenetic
phenomena that modulate gene expression via the recruit-
ment of transcription factors. However, the underlying
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Figure 7 Effects of inhibitors, 5-aza or 0-LA, on TNP-induced methylation of PARP-1 by MSP in A549 cells.

Notes: Treatment with methyltransferase inhibitor, 5-aza (A); treatment with antioxidant agent, o.-LA (B). U and M: primer sets specific to unmethylated (U) and methylated
(M) DNA molecules. The data were typical examples of five independent experiments. *P<<0.05, compared with control; #P<0.05, compared with TNPs.

Abbreviations: 5-aza, 5-aza-2’-deoxycytidine; 0.-LA, o-lipoic acid; TNPs, titanium dioxide nanoparticles; PARP- 1, poly(ADP-ribose) polymerase |; MSP, methylation-specific

PCR; PCR, polymerase chain reaction.

mechanisms involved in TNP-induced epigenetic toxicity
have not been clearly clarified. Limited data demonstrated
that certain nanomaterials such as nano-SiO, caused aber-
rant PARP-1 hypermethylation and inactivity; yet the effects
involved in TNP-related PARP-1 abnormal methylation have
not been reported.

Our present studies focused for the first time on whether
the epigenetic alteration of PARP-1 was responsible for
TNP-induced cytotoxicity in A549 cells. Effects of the
methyltransferase inhibitor 5-aza and antioxidant agent
o-LA on TNP-induced PARP-1 methylation expression were
investigated. The data showed that TNPs triggered aberrant
hypermethylation of PARP-1 promoter, and there was a cross
talk between oxidative stress and PARP-1 methylation in
TNP-induced cellular toxicity.

Numerous studies have defined the crucial role of oxida-
tive stress in the toxicity induced by TNPs.*' 3¢ TNPs were
demonstrated to have the potential to generate ROS and
oxidative stress, leading to oxidative DNA damage and
micronucleus formation in human epidermal cells (A431)
subsequently.'' The biouptake of TiO, in particulate form was
the vital cause of ROS generation, which in turn was probably
the cause of the DNA aberrations. Zhuang summarized that
nano-SiO, exposure induced the decrease of genomic DNA
methylation and global hypoacetylation in HaCaT cells.*”
Still, rare studies on nanomaterial triggered-epigenetic toxic-
ity were published.?*#

Conclusion

In conclusion, to fully understand the effects and interaction
mechanisms between ROS and PARP-1 methylation trig-
gered by TNPs, we focused on whether the epigenetic altera-
tion of PARP-1 was responsible for TNP-induced toxicity
in A549 cells for the first time. Effects of methyltransferase
inhibitor 5-aza and antioxidant agent o-LA respectively on
TNP-induced ROS increasing and PARP-1 hypermethylation
in promoter region suggested that there is a cross talk between
oxidative stress and PARP-1 methylation in TNP-induced
A549 cells toxicity. To our knowledge, this was the first study
that showed TNPs can trigger PARP-1 hypermethylation and
ROS generation may be involved in this process. These data
further strengthened the notion that epigenetic alterations
could play a significant role in TNP carcinogenesis.

This finding will not only be helpful to clarify the role
of PARP-1 methylation in TNP-induced cytotoxicity but
also offer a promising approach in prevention and therapy
TNPs cytotoxicity using the methyltransferase inhibitor and
antioxidant agent.
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