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In order to elucidate the nanoparticle-induced cytotoxicity and its mechanism, the effects of 20 and
50 nm silica nanoparticles on cultured human embryonic kidney (HEK293) cells were investigated. Cell
viability, mitochondrial function, cell morphology, reactive oxygen species (ROS), glutathione (GSH), thio-
barbituric acid reactive substance (TBARS), cell cycle and apoptosis were assessed under control and silica
exposed conditions. Exposure to 20 or 50 nm SiO2 nanoparticles at dosage levels between 20 and 100 lg/
ml decreased cell viability in a dose-dependent manner. Median lethal dose (LD50) of 24 h exposure was
80.2 ± 6.4 and 140.3 ± 8.6 lg/ml for 20 and 50 nm SiO2 nanoparticles, respectively. Morphological exam-
ination revealed cell shrinkage and nuclear condensation after SiO2 nanoparticle exposure. Increase in
intracellular ROS level and reduction in GSH content were also observed in SiO2 nanoparticle-exposed
HEK293 cells. Increase in the amount of TBARS suggested an elevated level of lipid peroxidation. Flow
cytometric analysis showed that SiO2 nanoparticles can cause G2/M phase arrest and apoptotic sub-G1
population increase in a dose-dependent manner. In summary, exposure to SiO2 nanoparticles resulted
in a dose-dependent cytotoxicity in cultured HEK293 cells that was associated with increased oxidative
stress.

Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Nanomaterials are commonly defined as materials having at
least one dimension of less than 100 nm. Due to their unique phys-
ical and chemical characteristics, nanotechnology has become one
of the leading technologies over the past 10 years. There is enor-
mous interest in applying nanomaterials in a variety of industries.
As a non-metal oxide, silica (SiO2) nanoparticles have been found
extensive applications in chemical mechanical polishing and as
additives to drugs, cosmetics, printer toners, varnishes and food.
In recent years, the use of SiO2 nanoparticles has been extended
to biomedical and biotechnological fields, such as biosensors for
simultaneous assay of glucose, lactate, L-glutamate, and hypoxan-
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thine levels in rat striatum (Zhang et al., 2004), biomarkers for leu-
kemia cell identification using optical microscopy imaging (Santra
et al., 2001), cancer therapy (Hirsch et al., 2003), DNA delivery
(Bharali et al., 2005; Gemeinhart et al., 2005), drug delivery (Slow-
ing et al., 2008), and enzyme immobilization (Barik et al., 2008).

Although nanomaterials are currently being widely used in
modern technology, there is a lack of information regarding the
health and environmental implications of manufactured nanoma-
terials to human. Studies on biological-effects of nanomaterials
were mainly focused on cardiopulmonary toxicology of nano-tita-
nia, SiO2, carbon nanotubes, fullerenes C60, and nano-iron (Pisanic
et al., 2007; Warheit et al., 2007; Wick et al., 2007; Komatsu et al.,
2008). Recently, data on SiO2 nanoparticle-induced oxidative stress
and proinflammatory responses in rodent and RAW264.7 cell line
were published (Park and Park, 2008). For example, it was found
that SiO2 nanoparticles induced oxidative stress, proinflammatory
stimulation, and aberrant clusters of topoisomerase I in the nucle-
oplasm in cells, fibrogenesis in Wistar rats (Peters et al., 2004;
Chen and von Mikecz, 2005; Arts et al., 2007). Silica nanoparticles
also showed oxidative stress-induced cytotoxicity in different
types of cultured mammalian cell lines (Lin et al., 2006; Chang
et al., 2007). Oxidative stress is the result of an imbalance in the
pro-oxidant/antioxidant homeostasis. Various reactive oxygen
rights reserved.
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species (ROS), such as superoxide, hydrogen peroxide, hydroxyl
and other oxygen radicals, are involved in oxidative stress. There
has been an increase in biochemical, clinical, and epidemiological
evidences that indicate the involvement of oxidative stress in var-
ious diseases, cancer, and aging (Yoshida et al., 2004; Mitsikosta
et al., 2008). Our previous study in rodent observed a methotrex-
ate-induced intestinal damage closely related to the increase in
ROS (Gao and Horie, 2002; Miyazono et al., 2004).

It is possible that the inhaled nanoparticles penetrate the lungs
and become deposit in the extra-pulmonary tissues. Inhaled ambi-
ent ultrafine particles can be found in heart, bone marrow, liver,
kidney, and even central nervous system (Kreyling et al., 2002;
Nemmar et al., 2004; Chen et al., 2006; Kleinman et al., 2008).
Although the toxicity of nanoparticles on extra-pulmonary tissues
has gradually drawn attention, it has rarely been reported. Thus,
the potential toxic effects of SiO2 nanoparticles on human health
and the mechanisms underlining the processes warrant further
studies.

The human embryonic kidney cell line (HEK293) was selected
in the present study as an in vitro model to assess cytotoxicity
and the eventuality of kidney toxicity. This cell line has been well
characterized for its relevance to the toxicity models in human
(Florea et al., 2007; Ji et al., 2008). To elucidate the possible mech-
anisms of cytotoxicity, a variety of surrogate parameters including
cellular morphology, cell viability, mitochondrial function (MTT as-
say), reactive oxygen species (ROS), reduced glutathione (GSH),
and thiobarbituric acid reactive substance (TBARS), levels was
quantitatively assessed and compared between controls and SiO2

nanoparticle treated groups. Furthermore, the effects of SiO2 nano-
particles in inducing apoptosis in HEK293 cells were studied.

2. Materials and methods

2.1. Chemicals

Dulbecco’s modified eagle’s medium (DMEM), penicillin,
streptomycin and fetal bovine serum (FBS) were purchase from
Invitrogen (Carlsbad, CA, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), Triton X-100, propidium
iodide, RNase A, 20,70-dichlorofluorescin diacetate (DCFH–DA),
2-thiobarbituric acid (TBA), butylated hydroxytoluene (BHT), bo-
vine serum albumin and tetraethoxypropane were purchased from
Sigma Chemical Company (St. Louis, MO, USA). The haematoxylin
and eosin stain assay kit was purchased from Beyotime Institute
of Biotechnology (Haimen, Jiangsu, China). The GSH-400 colori-
metric assay kit was purchased from Jiancheng Bioengineering
Institute (Nanjing, Jiangsu, China).

The SiO2 nanoparticles (20 and 50 nm) used in this study were
supplied by Laboratory for Ultrafine Materials (East China Univer-
sity of Science and Technology, Shanghai, China). The nanoparticles
were suspending in deionized water, the stock concentration of
SiO2 was 10.0 mg/ml.

2.2. Cell culture

The HEK293 cell line was purchased from cell bank of Chinese
Academy of Sciences (Shanghai, China). Cells were cultured in a full
DMEM medium containing 10% FBS, 100 U/ml penicillin and
100 lg/ml streptomycin, and incubated at 37 �C in with 5% CO2.

2.3. SiO2. nanoparticles exposure

The stock suspensions of SiO2 nanoparticles were sterile filtered
and stored at 4 �C. In each study, the stock suspensions were
freshly diluted to different concentrations in the cell culture med-
ium. After cells had attached for 12 h in the full medium, the med-
ium was replaced with low serum DMEM (containing 0.1% FBS) to
prevent particle agglomeration. Freshly dispersed particle suspen-
sions were immediately applied to the cells. Cells free of SiO2 nano-
particles were used as control cells throughout each assay.

2.4. Assessment of cytotoxicity

Mitochondrial function and cell viability were measured by the
MTT assay (Denizot and Lang, 1986). HEK293 cells were plated into
a 96-well plate at a density of 1.0 � 104 cells/well. Cells were
grown overnight in the full medium and then switched to the
low serum media followed by exposure to SiO2 nanoparticles. Fol-
lowing the treatment, the cells were incubated with MTT (0.5 mg/
ml) for 4 h. The medium was then removed and 100 ll of DMSO
were added into each well to dissolve formazan crystals, the
metabolite of MTT. After thoroughly mixing, the plate was read
at 570 nm for optical density that is directly correlated with cell
quantity. Survival rate was calculated from the relative absorbance
at 570 nm and expressed as the percentage of control. Dose- and
time-dependency of cellular toxicity were plotted from MTT
results.

2.5. Qualitative observation of cellular morphology

The haematoxylin and eosin stain assay kit was used for the
morphology observation of HEK293 cells. HEK293 cells were plated
into a 24-well plate at a density of 1.0 � 105 cells/well. Following
treatment described in the previous section, the cells were washed
in ice-cold phosphate buffered saline (PBS) and fixed with 10%
paraformaldehyde. The cells were then stained with haematoxylin
and eosin to improve visualization and were observed under an
XSP-17C contrast inverted microscopy (Changfang Optical Instru-
ments, China).

2.6. Intracellular ROS measurement

The production of intracellular ROS was measured using DCFH–
DA (Wang and Joseph, 1999). DCFH–DA passively enters the cell,
where it reacts with ROS to form a highly fluorescent compound,
dichlorofluorescein (DCF). Briefly, a DCFH–DA stock solution
(10 mM in methanol) was diluted 1000-fold in DMEM without ser-
um to yield a 10 lM working solution. HEK293 cells were plated
into a 96-well plate at a density of 1.0 � 104 cells per well. After
24 h exposure to SiO2 nanoparticles, the cells were washed twice
with PBS and then incubated in 2 ml working solution of DCFH–
DA at 37 �C for 30 min. Fluorescence was then determined at
485 nm excitation and 525 nm emission using a Bio-Tek Synergy
HT-I plate reader (Bio-Tek Instruments, USA).

2.7. Quantification of intracellular GSH levels

Cellular levels of reduced GSH were determined using the GSH-
400 colorimetric assay kit. The method is based on a chemical reac-
tion between GSH and 5,50-dithiobis (2-nitrobenzoic acid) (DTNB) to
generate glutathione disulfide (GSSG) and -nitro-5-thiobenzoic acid,
a yellow colored product. Thus GSH concentration in a sample solu-
tion can be determined by the measurement at 412 nm absorbance
(Akerboom and Sies, 1981). HEK293 cells were plated into a 24-well
plate at a density of 1.0 � 105 cells/well. After 24 h exposure to SiO2

nanoparticles, the cells were washed twice in ice-cold PBS and then
homogenized in 400 ll of 0.5% Triton X-100. The cell homogenate
was centrifuged at 3000g at 4 �C for 10 min. The assay was per-
formed on 200 ll centrifugation supernatants according to manu-
facturer’s protocol, and the absorbance of the supernatant was
measured at 400 nm using a UV-7500 UV–visible Spectrophotome-
ter (Keda Instruments, China). Protein content was determined for
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the same cell homogenate. GSH level was calculated from the absor-
bance at 400 nm and expressed as the percentage of control.

2.8. Estimation of lipid peroxidation

The MDA content, a measure of lipid peroxidation, was assayed
in the form of thiobarbituric acid reactive substance (TBARS) (Ohk-
awa et al., 1979). HEK293 cells were plated into a 24-well plate at a
density of 1.0 � 105 cells/well. After 24 h exposure to SiO2 nano-
particles, the cells were washed with ice-cold PBS and homoge-
nized in 400 ll of 0.5% Triton X-100. The cell homogenates were
used in the TBARS assay. Briefly, 100 ll cell homogenates were
mixed with 1 ml of 0.67% TBA, 1.5 ml 20% trichloroacetic acid,
and 1.5 ml 0.04% BHT in test tubes. The mixtures were incubated
in a boiling water bath for 20 min. After cooling to room tempera-
ture, the reaction mixture was centrifuged at 4000g for 10 min and
the absorbance of the supernatant was measured at 532 nm using
the same UV–visible Spectrophotometer. The concentrations of
TBARS were calculated using tetraethoxypropane as a reference
standard. Protein content was determined for the same cell
homogenate. The quantities of TBARS were presented as the per-
centage of TBARS production over the control.

2.9. Flow cytometric analysis of cellular DNA content

It is well established that DNA fragmentation during apoptosis
may lead to extensive loss of DNA content and result in a distinct
sub-G1 peak when cells are analyzed by flow cytometry (Tuschl
and Schwab, 2004). Flow cytometric analysis of cellular DNA con-
tent was performed as described previously (Liu et al., 2008).
HEK293 cells were seeded in a six-well culture plate at a density
of 2.0 � 105 cells/well. After the SiO2 treatments, the cells were col-
lected, fixed and permeabilized with 75% ice-cold ethanol over-
night at 4 �C. The cells were then washed with PBS and re-
suspended in 1 ml of lysis buffer (0.1% Triton X-100, 0.05 mg/ml
propidium iodide, and 1 mg/ml RNase A). After incubation for
30 min at 37 �C, the cells were analyzed analyzed in a FACScan flow
cytometer (Becton Dickinson, USA) at 488 nm excitation and
620 nm emission. The percentage of cells in G0/G1 phase, S phase,
G2/M and sub-G1 phase was analyzed using standard ModiFit and
CellQuest software programs.
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Fig. 1. Dose-dependent toxicity of 20 and 50 nm SiO2 nanoparticles in HEK293
cells. Cells were treated with various concentrations of SiO2 nanoparticles for 24 h
and the viability was determined by MTT assay. Control cells cultured in
nanoparticle-free medium were run in parallel to the treated groups. Values were
the mean ± SD from three independent experiments. Significance indicated by:
*p < 0.05 versus control cells.
2.10. Protein assay

The total protein concentration was measured by the Bradford
method (Bradford, 1976) using bovine serum albumin as the
standards.

2.10.1. Statistics
All data were reported as the mean ± standard deviation (SD).

Statistical analysis was performed for the experiments conducted
in at least triplicate using Student’s t-test. Results with p < 0.05
were considered to be statistically significant.

3. Results

3.1. Dose-dependent cytotoxicity of SiO2 nanoparticles

HEK293 cells were exposed to SiO2 nanoparticles (20 and
50 nm) at 2, 20, 100, 200, 500, and 1000 lg/ml for 24 h. Cell viabil-
ity decreased as a function of dosage levels (Fig. 1) Significant dif-
ferences were seen from the 20 nm group treated at the
concentrations of 100, 200, and 500 lg/ml. Both 20 and 50 nm
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Fig. 2. Time-dependent toxicity of 20 and 50 nm SiO2 nanoparticles in HEK293
cells. Cells were treated with 25, 50, 100, 200 lg/ml of SiO2 nanoparticles for 12, 24,
36, and 48 h. Control cells cultured in nanoparticle-free medium were run in
parallel to the treated groups. The viability was determined by MTT assay at
different time points. (A) The 20 nm groups; (B) the 50 nm groups. Values were the
mean ± SD from three independent experiments. Significance indicated by:
*p < 0.05 versus control cells.
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nanoparticles showed significantly cytotoxicity at concentrations
above 20 lg/ml. The LD50 values obtained after 24 h exposure were
80.2 ± 6.4 lg/ml for 20 nm SiO2 and 140.3 ± 8.6 lg/ml for 50 nm
SiO2 nanoparticles, respectively.

3.2. Time-dependent cytotoxicity of SiO2 nanoparticles

HEK293 cells were exposed to SiO2 nanoparticles (20 and
50 nm) at 25, 50, 100, and 200 lg/ml for 12, 24, 36, and 48 h. Cell
viability decreased as a function of both time and dose (Fig. 2). At
the dosage of 25 lg/ml, cell viability gradually decreased as the
exposure time increased. At the doses of 50, 100, and 200 lg/ml,
significant differences in cell viability were observed after 24 h
exposure (Fig. 2A and B).

Based on the dose- and time-dependent studies, a dosage level
lower than 20 lg/ml did not show significant cytotoxicity in
HEK293 cells whereas a dosage level higher than 100 lg/ml re-
sulted in severe precipitation of the nanoparticles in the cell media
after 48 h. Therefore, the dosage range of 20–100 lg/ml of SiO2

nanoparticles and 24 h exposure were selected for further studies.
Fig. 3. Morphological characterization of HEK293 cells. Cells were exposed to different
eosin. The slides were visualized under an inverted microscope (magnification 250�). Ar
cells (in E and F).
3.3. Effect of SiO2 nanoparticles on cellular morphology

HEK293 cells were exposed to SiO2 nanoparticles (20 and
50 nm) for 24 h and morphological changes were examined using
phase-contrast microscopy. Fig. 3A showed the morphology of con-
trol cells. Significant morphological changes in HEK293 cells were
observed after SiO2 nanoparticle exposure charactering the fea-
tures of apoptosis such as cell shrinkage, irregular shapes, and nu-
clear condensation (Fig. 3B and D). The 20 nm SiO2 nanoparticles
seemed to be more cytotoxic than did the 50 nm SiO2 nanoparti-
cles. Size- and dose-dependent cytotoxic effects were well demon-
strated (Fig. 3).

3.4. Effect of SiO2 nanoparticles on ROS production

The fluorescence intensity of DCF, an indication of oxidative
stress in suffered cells, increased after 24 h exposure to 20 and
50 nm SiO2 nanoparticles at all concentrations examined. The
ROS production was SiO2 concentration dependent. Compared to
the controls, DCF-fluorescence intensity increased by 26.6%,
concentrations of SiO2 nanoparticles for 24 h and stained with haematoxylin and
row: cells with nuclear condensation and irregular shapes (in D and B), or apoptotic
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82.7%, and 126.1% after exposure to 20 nm SiO2 nanoparticles at
25, 50, and 100 lg/ml, respectively (Fig. 4). Compared to the ROS
generated from the 20 nm group, less amounts of the ROS were de-
tected in the cells treated with the 50 nm SiO2 nanoparticles.

3.5. Effect of SiO2 nanoparticles on intracellular GSH levels

GSH is a ubiquitous sulfhydryl-containing molecule in cells that
is responsible for maintaining cellular oxidation–reduction
homeostasis. Alterations in GSH homeostasis can be considered
as an indication of functional-damage to the cells. Both SiO2 nano-
particles (20 and 50 nm) decreased GSH levels in the cells. A partial
decrease of GSH was already detectable at 25 lg/ml of 20 nm SiO2

(16.4 ± 3.6%). When the dose increased to 100 lg/ml the intracellu-
lar GSH was almost reduced by half (52.1 ± 4.1%) compared to the
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Fig. 4. DCF-fluorescence intensity in HEK293 cells after 24 h exposure to 25, 50, or
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Fig. 5. Effect of 20 and 50 nm SiO2 nanoparticles on GSH levels in HEK293 cells.
Cells were treated with different concentrations of SiO2 nanoparticles for 24 h. At
the end of the exposure, cells were washed with PBS and GSH levels (control:
34.3 ± 2.3 nmol GSH/mg protein) were measured as described in Section 2. Control
cells cultured in SiO2-free medium were run in parallel to the treated groups. Values
were the mean ± SD from three independent experiments. Significance indicated
by: *p < 0.05 versus control cells; �p < 0.05 versus cells exposed to 50 nm SiO2

nanoparticles.
control (Fig. 5). Overall, the data demonstrated a significant deple-
tion of GSH levels in SiO2 nanoparticles exposed cells. There was a
significant reverse-correlation between ROS levels and GSH levels
(R2 = 0.981) (Fig. 6).

3.6. Effect of SiO2 nanoparticles on lipid peroxidation

The sensitivity of measuring TBARS has made the assay the
method of choice for screening and monitoring lipid peroxidation,
a major indicator of oxidative stress. As showed in Fig. 7, both sizes
of SiO2 nanoparticles increased TBARS levels in HEK293 cells and
20 nm SiO2 particles showed more significant effects. A reverse lin-
ear correlation was observed between TBARS content and cell via-
bility (R2 = 0.971) in Fig. 8, and a similar reverse correlation was
observed between ROS levels and cell viability (R2 = 0.956).

3.7. Effect of SiO2 nanoparticles on cell cycle distribution

After 24 h exposure to 20 or 50 nm SiO2 particles, cell cycle dis-
tribution was measured using flow cytometry. As shown in Table 1,
R2 = 0.9813
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an induction of cell cycle transition from phase G0/G1 to phase G2/
M was observed, with no significant change in the proportion of
cells in phase S. An exposure of cells to 50, 100 lg/ml 20 nm SiO2

for 24 h resulted in the accumulation of G2/M phase, from
8.9%(control) to 13.9% and 38.7%, respectively. These results sug-
gested that SiO2 nanoparticles inhibited the cellular proliferation
via G2/M phase arrest in a dose-dependent manner.

3.8. Effect of SiO2 nanoparticles on apoptotic sub-G1 population

Hypodiploid cells with DNA content less than G1 in the cell cy-
cle distribution were counted as apoptotic cells by flow cytometric
analysis. The sub-G1 population in SiO2-exposed groups increased
with the increment in the dosage of nanoparticles (Fig. 9). The per-
centage of hypodiploid cells was 5.1%, 11.2% and 34.4% after expo-
sure to 20 nm SiO2 nanoparticles at 25, 50, and 100 lg/ml,
respectively. The 20 nm SiO2 induced more sub-G1 fraction than
50 nm SiO2 at the three exposure dosages.

4. Discussion

The purpose of this investigation was to evaluate potential tox-
icity and the general mechanism involved in nanoparticle-induced
cytotoxicity. In this study, the cytotoxicity of two sizes of SiO2

nanoparticles (20 and 50 nm) was investigated in cultured human
embryonic kidney cells.

In the present study, it was found that exposure to SiO2 nano-
particles at dosage levels of 20–100 lg/ml caused both dose- and
Table 1
Cell cycle distribution of SiO2 nanoparticle-exposed HEK293 cells.

SiO2 Cell cycle phase (% of cells)

Size (nm) Dosage (lg/ml) G0/G1 S G2/M

20 0 69.3 ± 5.4 21.8 ± 4.5 8.9 ± 1.3
25 62.5 ± 6.4 23.4 ± 3.9 14.1 ± 4.5
50 61.8 ± 5.8 24.3 ± 5.4 13.9 ± 5.9
100 44.8 ± 6.5* 16.5 ± 6.8 38.7 ± 6.3*

50 25 65.0 ± 3.4 23.2 ± 1.9 11.8 ± 2.6
50 63.7 ± 1.6 24.4 ± 2.8 11.9 ± 3.2
100 58.1 ± 3.9 20.4 ± 3.7 21.5 ± 2.4*

After 24 h exposure to increasing doses of 20 or 50 nm SiO2 nanoparticles, the
HEK293 cells were harvested and analyzed for cell cycle and apoptosis using flow
cytometry. The percent of cells in different cell phase was analyzed. Values were
mean ± SD from three independent experiments.
* p < 0.05 versus control cells (cells free from SiO2 nanoparticles).
time-dependent cytotoxicity as revealed by MTT assay and cell
morphology study. It is generally perceived that the smaller the
particle, the greater its toxicity (Kipen and Laskin, 2005; Oberdor-
ster et al., 2005; Nel et al., 2006). Because of the larger specific sur-
face area and the easier penetration into the cells, the 20 nm SiO2

particles induced more significant cytotoxicity than did the 50 nm
SiO2 particles as expected.

Concomitant cellular oxidative stress was manifested by ele-
vated ROS levels, reduced GSH levels, and increased lipid peroxida-
tion. The inverse linear relationship between the ROS level and the
GSH level indicated that free radical species were generated by
exposure to SiO2 nanoparticles which reduced intracellular antiox-
idant levels (R2 = 0.981). Moreover, free radicals also resulted in the
production of malondialdehyde, an indication of lipid peroxidation.
There was a strong correlation between decreased cell viability and
increased ROS level after 24 h exposure (R2 = 0.956). The reverse-
correlation between the decreased cell viability and the increased
TBARS suggested that cell death was the primary cause of the
membrane damage by lipid peroxidation. Lactate dehydrogenase
leakage form cells are another evidence for penetration of particles
into the cells and cell membrane damage (Balduzzi et al., 2004;
Sayes et al., 2005). It has been well documented that lactate dehy-
drogenase levels (as a marker of necrosis) in the cell medium ele-
vated after the cells exposed to nanoparticles (Hussain et al., 2005;
Lin et al., 2006). However, in this study, most of the cells exposed
to SiO2 nanoparticles showed cell shrinkage and nuclear condensa-
tion, which are important markers of apoptosis. Flow cytometric
analysis showed that SiO2 nanoparticles can cause G2/M phase ar-
rest in a dose-dependent manner, and subsequently the apoptotic
sub-G1 phase increased obviously after 24 h exposure, suggesting
the sequential events of cell cycle arrest followed by apoptosis.

Several mechanisms have been proposed to explain the adverse
health effects of particulate pollutants. ROS production and the
generation of oxidative stress have received the most attention.
ROS, such as superoxides, hydrogen peroxide, hydroxyl and other
oxygen radicals, are capable of directly oxidizing the DNA, proteins,
and lipids (Yoshida et al., 2004). There are many evidences show-
ing that nanoparticles increase ROS production and can cause cell
death in different types of cultured cells (Becker et al., 2002; Peters
et al., 2007; Pulskamp et al., 2007; Park et al., 2008). Furthermore,
it has been well documented that GSH depletion and ROS produc-
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tion cause mitochondrial dysfunction and changes in expression of
distinct genes and pathways related to inflammatory responses
and apoptosis including MAPK/ERK kinase, NFjB, MIP-2, caspase-
3, Bcl-2 (Driscoll, 2000; Fubini and Hubbard, 2003; Kharasch
et al., 2006). Thus apoptosis initiated by silica may be the result
of increased ROS production and GSH depletion, leading to mito-
chondrial dysfunction, DNA damage, increased gene expression
of death receptors and/or their corresponding ligands. Further
studies are needed to investigate the expression of genes in these
signaling pathways in response to exposure to SiO2 nanoparticles.

In summary, our preliminary data has suggested that exposure
of SiO2 nanoparticles leads to cellular morphological modifications,
mitochondrial dysfunction, and oxidative stress as indicated by
elevation of intracellular ROS and TBARS, as well as depletion of
GSH, which triggers cell cycle arrest and apoptosis in a dose-
dependent manner. Further studies are underway to investigate
the molecular mechanisms of apoptosis involved in silica nanopar-
ticle toxicity.
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