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Mechanism of cell death induced by silica
nanoparticles in hepatocyte cells is by apoptosis
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Abstract. Silicon is one of the most widely used chemical
materials, and the increasing use of silica nanoparticles
(SNs) highlights the requirement for safety and biological
toxicity studies. The damaging and adverse effects of SNs
on human hepatocytes remain largely unknown, as do the
mechanisms involved. In the present study, the mechanisms
underlying SN-induced toxicity in the human hepatocyte cell
line HL-7702 were investigated. An MTT assay revealed
that following exposure to SNs in the concentration range of
25-200 ug/ml, the viability of HL-7702 cells decreased, and
the viability decreased further with increasing exposure time.
SNs induced a delay in the S and G2/M phases of the cell cycle,
and also induced DNA damage in these cells. Western blot and
flow cytometry analyses revealed that cell death was mediated
by mitochondrial damage and the upregulated expression of
a number of pro-apoptotic proteins. In conclusion, exposure
to SNs led to mitochondrial and DNA damage, resulting in

Correspondence to: Professor Hua Shao or Dr Zhongjun Du,
Department of Toxicology, Shandong Academy of Occupational
Health and Occupational Medicine, Shandong Academy of Medical
Sciences, 18877 Jingshi Road, Jinan, Shandong 250062, P.R. China
E-mail: chinashaohua5888@163.com

E-mail: duzj1981@163.com

“Contributed equally

Abbreviations: SN, silica nanoparticles; Cyt C, cytochrome C;
ROS, reactive oxygen species; DSB, double strand breaks; H&E,
hematoxylin and eosin; FCM, flow cytometry; MMP, mitochondrial
membrane potential; SCGE, single-cell gel electrophoresis

Key words: silica nanoparticles,
cytotoxicity, apoptosis, mechanism

human hepatocyte cells,

apoptosis-mediated HL-7702 cell death. The study provided
evidence for the cellular toxicity of SNs, and added to the
growing body of evidence regarding the potential damaging
effects of nanoparticles, indicating that caution should be
exercised in their widespread usage.

Introduction

Nanomaterials are ultrafine particle materials whose struc-
tural units are 1-100 nm in size (1). They have four basic
characteristics: Volume, surface, quantum size, and quantum
tunneling effects, providing them with the capacity to serve
important roles in various fields, including magnetic, optical,
electrical, biological and medical fields (2). As a novel tool,
nanotechnology has enabled the widespread use of silica
nanoparticles (SNs) in the biomedical field, including in drug
delivery, imaging and other therapeutic applications (3). For
example, the ability to modulate Janus particle aggregation in
response to a range of stimuli, in combination with the high
resolution and deep penetration of multiwavelength photo-
acoustic imaging, is attractive for a broad range of applications
in diagnostic imaging and theranostics (4). The inherent low
level of toxicity and small particle size enable SNs to enter
the blood circulation and be used for drug administration and
transportation in treatment protocols (5).

SNs are one of the most widely used nanopowder mate-
rials, with the highest yield in large-scale industrial production
in the world (6). The use of SNs in the development of nano-
technology requires close monitoring of their toxicity and
biological effects to ensure safe application. Human exposure
to SNs through environmental, occupational and iatrogenic
processes demands appropriate scrutiny to avoid the incidence
of adverse effects (7,8). The safe use of SNs requires improved
understanding of their interactions with cells, and their use in
animal models provides the basis for toxicity assessments.

Although SNs, with low toxicity, serve a universal and
important role in a variety of human processes and living



904

organisms, they have the potential to accumulate in the
organism (9). Long-term exposure to low-dose, or short-term
exposure to higher-dose nanomaterials can lead to poisoning
of the organism (10). Previous studies have reported that SNs
exhibit the potential to induce cytotoxicity, oxidative stress
and apoptosis in human cells (11,12). Inhalation and skin
contact are common exposure routes via which SNs deposit
in the lungs and on the skin, inducing inflammation, fibrosis
and cytotoxicity (13). The cytotoxic effects of SNs arise due
to oxidative stress and DNA damage (14). Our previous study
revealed that SNs enter the human body via the respiratory
system, acting on the cardiovascular system, lungs and other
body tissues, inducing myocardial cytotoxicity or pulmo-
nary fibrosis (15). One study found that 15- and 46-nm SNs
both significantly reduced the viability of bronchoalveolar
carcinoma-derived cells compared to the control groups,
in a dose- and time-dependent manner by causing oxidative
stress (16). An animal study revealed that SNs injected intra-
peritoneally in mice were distributed in the brain, liver, heart
and reproductive systems, and that toxicity varied in different
organs (17). In addition to the established cardiovascular
toxicity, pulmonary toxicity, reproductive toxicity and neuro-
toxicity have been observed (18,19); however, to what extent
SN affect other organs and tissues remains unclear.

Apoptosis is a common method of programmed cell death,
characterized by depolymerization of the cytoskeleton, cell
shrinkage, chromatin condensation, nuclear fragmentation
and transport of phosphatidylserine to the cell surface (20). Its
cytological features include nuclear condensation and DNA
fragmentation (21). Nanoparticles can disrupt normal cellular
function via cytotoxic stress, and are responsible for membrane
damage (22). There are several genes and proteins reported
to be involved in apoptotic pathways. Proteins of the Bcl-2
family comprise proapoptotic and antiapoptotic regulators
of programmed cell death; the intended action mode of each
component protein is to protect or destroy mitochondrial integ-
rity, thereby activating or inhibiting the release of downstream
factors, such as cytochrome C (Cyt C), thus resulting in the
activation of caspase-3 (23). The Bcl-2/Bax ratio determines
whether cell survival or apoptotic cell death occurs, and is an
indicator of the strength of apoptosis (24). Detection of apop-
tosis using these common markers can increase the confidence
and accuracy of assays. Another form of programmed cell
death, autophagy, involves the clearing of damaged organelles
to promote cell survival; however, whereas it is an emergency
survival state, a complex interplay has been reported between
autophagy and apoptosis in mammalian cells (25). Primarily,
apoptosis represents cell death and autophagy cell survival,
but it has been suggested that autophagy can precede, or even
activate, apoptosis, by inducing the activation of caspases or
the depletion of endogenous apoptosis inhibitors. SN-induced
autophagy has been described previously and associated with
the generation of reactive oxygen species (26), although whether
SNs can induce apoptosis requires further investigation.

The liver is the most important detoxifying organ; it
removes toxins from the circulation prior to excretion, and
is the target organ for numerous poisons (27). Protecting the
health of, and alleviating the burden on the hepatic system is a
key focus in life science research. There is evidence that SNs
can accumulate in the liver and cause severe damage following
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intravenous administration (28). Intranasal administration of
SNs resulted in reduced levels in the blood compared with
intravenous administration, but substantial quantities were
still detectable in the liver, providing further evidence that
SNs accumulate in the liver (29). Following intraperitoneal
injection of mice with SN, the nanoparticles distributed to the
liver, heart, spleen, lung and kidney, inducing acute and chronic
liver injury (17). Similar studies were also conducted in vitro,
demonstrating that SNs can induce oxidative stress in HepG2
human liver cancer cells at 3 and 24 h following treatment,
suggesting that an oxidative stress-mediated mitochondrial
pathway, leading to apoptosis, may contribute to hepatotox-
icity (30). In addition, Kupffer cells can be activated by SNs
releasing bioactive mediators, such as reactive oxygen species
(ROS), tumor necrosis factor-a and nitric oxide, which may
also contribute to hepatotoxicity (31). TiO, nanoparticles were
considered to induce apoptosis, hypothetically due to effective
activation of caspases-3 and -9, downregulation of Bcl-2 gene
and protein levels, upregulation of Bax and Cyt C protein,
and promoted accumulation of ROS (32). There is substantial
evidence that SNs can cause liver damage (33); however, the
mechanisms via which hepatotoxicity occurs remain unclear.
In this study, the HL-7702 cell line was used as a model
system to explore the SN- induced death of human hepatocytes
and investigate the mechanisms involved. Increasing concen-
trations of SN resulted in a significantly increased degree of
cell death, which was determined to occur via apoptosis. SN
exposure led to cell cycle arrest in the S and G2 phases and
caused double-strand breaks (DSBs) in DNA. A decrease in the
mitochondrial membrane potential (MMP) was also observed,
indicating mitochondrial involvement in the induction of
apoptosis. Upregulation of a variety of apoptotic mediators
further suggested that SNs induced cell death via apoptosis.

Materials and methods

SNs. SNs, with a particle size of ~60 nm, were provided by the
College of Chemistry at Shandong University. Briefly, 2.5 ml
tetracthylorthosilicate was added to a premixed ethanol solu-
tion (50 ml) containing 2 ml of ammonia and 1 ml of water.
The mixture was stirred (150 RPM) at 40°C for 12 h and was
then centrifuged at 11,294 x g and 37°C for 15 min to isolate
the particles. After washing with deionized water three times,
the particles were dispersed in 50 ml of deionized water and
sterilized by autoclaving (0.1 MPa, 120°C, 20 min) as a concen-
trated suspension for further experiments. SNs were dispersed
in normal saline, which provided osmotic pressure comparable
to that of cell fluid, sonicated with 20 KHz at 37°C for 10 min,
and then, after standing for 24 h, the morphology, particle size
and dispersibility of the particles were observed via transmis-
sion electron microscopy (magnification, x100,000; JEM-2010;
JEOL, Ltd.). Briefly, samples were prepared for TEM observa-
tion by dropping a 10-1 ethanol solution of ultrasonic dispersed
SNs onto a 400-mesh carbon-coated copper grid. Image-Pro
Plus software 6.0 (Media Cybernetics, Inc.) was used to
analyze the data and calculate the mean particle size. SNs
were diluted (3 mg/ml) with saline following exposure to high
pressure, and the particle size distribution and polymeriza-
tion state were monitored by dynamic light scattering using a
particle size analyzer after standing at room temperature for
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24 h. The zeta potential and hydrodynamic size of the different
concentrations of SNs in the dispersion medium (RPMI-1640;
Gibco; Thermo Fisher Scientific, Inc.) were examined using
a zeta-potential granulometer (Zeta Sizer 3000HS; Malvern
Panalytical Ltd.).

Cell culture. Human normal hepatocyte HL-7702 cells were
purchased from the Cell Resource Center, Shanghai Institutes
for Biological Sciences (Chinese Academy of Sciences).
HL-7702 cells were maintained in RPMI-1640 medium,
containing 10% fetal bovine serum (Biological Industries)
with 100 U/ml penicillin and 100 gxg/ml streptomycin. Cells
were incubated at 37°C in a 5% CO, humidified atmosphere
and continuously passaged every 2-3 days. Cells were seeded
in culture plates at a density of 1x10° cells/ml for experiments.
Following incubation for 24 h, cells were treated with SNs
dispersed in serum-free RPMI-1640 at concentrations of 0, 25,
50, 100 or 200 mg/ml at 37°C for 24 h. Cells maintained in
RPMI-1640 without SNs were used as the control group.

Cell viability. The effects of SNs on cell viability were deter-
mined using an MTT assay according to the manufacturer's
protocols. following exposure to various SN concentrations
in serum-free RPMI-1640 (0, 25, 50, 100, and 200 pg/ml)
at a density of 5,000 cells/sample in a 96-well plate for 12
and 24 h, MTT was used to detect cell viability. Each group
was set up in triplicate, and then 10 gl MTT solution (5 g/l)
was added to each well and incubated for an additional 4 h
at 37°C. The optical density (OD) was detected at 490 nm
using a microplate reader (Thermo Fisher Scientific, Inc.).
The following formula was used to determine cell viability:
[(Ae-Ab)/(Ac-Ab)] x100%, where Ae is the experimental OD,
Ac is the control OD, and Ab is the blank OD.

Hematoxylin and eosin (H&E) staining. H&E staining
was conducted to observe cell morphology. The cells, after
grouping, were seeded into six-well plates at a density of
1x10° cells/sample. After exposure to SNs for 24 h, cells
were washed 3 times with PBS. Following fixation with
95% ethanol at room temperature for 20 min, hematoxylin
was used to stain the nuclei at room temperature for 3 min.
After washing, the cytoplasm was stained with eosin at room
temperature for 1 min. Cells were then washed, naturally dried
and sealed with neutral balsam, and morphological changes
were observed under an optical microscope (magnification,
x200; DM4000M; Leica Microsystems GmbH).

Giemsa staining assay. Briefly, 1x10* cells were inoculated
onto clean and dry slides and exposed to SNs for 24 h. The
cells were fixed in formaldehyde at room temperature for
15 min and then stained with Giemsa (Beijing Solarbio Science
& Technology Co., Ltd.) at room temperature for 10 min,
according to the manufacturer's protocols. After staining, the
cells were observed under an optical microscope (magnifica-
tion, x400). In general, apoptotic cells stained blue and were
darker in color than normal or necrotic cells.

Annexin V-FITC/propidium iodide (PI) apoptosis assay. Cells
(1x10* cells/sample) were stained by 5 ul Annexin V-FITC for
10 min and 5 pl PI for 5 min, respectively, at room temperature
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in the dark, according to the protocols provided by the manu-
facturer of an Annexin V-FITC/PI Apoptosis Assay kit (KGI
Biosciences). The quantification of apoptosis induced by SNs
in HL-7702 cells was conducted via flow cytometry (FCM;
BD Biosciences); cells were collected and evaluated using
CellQuest software (version 5.0; BD Biosciences), and apop-
tosis was analyzed by ModFit software (version 3.2; Verity
Software House). The results are expressed as the rate of
apoptosis (the percentage of early + late apoptotic cells).

Membrane potential detection. Rhodamine 123 is a cationic
fluorescent dye that penetrates cell membranes and is an
indicator of the MMP. Cells (1x10* cells/sample) were trypsin-
ized with 0.25% trypsin for 2 min, then mixed with 20 xg/ml
Rhodamine 123 and incubated at 37°C in the dark for 30 min.
The MMP was detected via FCM (Beckman Coulter, Inc.),
with an excitation wavelength of 488 nm and an emission
wavelength of 525 nm. Cells were evaluated using CellQuest
software (version 5.0).

DNA damage assay. Damage of DNA in HL-7702 cells
following treatment with SNs was analyzed using a
Comet Assay kit (Trevigen; Bio-Techne). Cultured cells
(1x10° cells/sample) were treated with SNs and harvested,
and live cells were embedded within agarose on a glass slide.
Cells were then lysed, and DNA was unwound under alkaline
conditions, followed by electrophoresis (1%) and 20 pg/ml
ethidium bromide staining. Damaged DNA migrates towards
the anode, leading to the appearance of comets; DNA damage
was quantified by calculating the ratio of the tail length to the
head diameter. Single-cell gel electrophoresis (SCGE) analysis
was used to determine whether DNA damage had occurred in
HL-7702 treated with SNs.

Cell cycle assay. Cultured cells (1x10° cells/sample) were
trypsinized with 0.25% trypsin for 2 min, and centrifuged
at 1,000 x g for 5 min at room temperature, then pre-cooled
70% ethanol was added to the cell pellet and stored overnight
at 4°C. The cells were collected via centrifugation (1,000 x g)
for 5 min at room temperature, following which 500 ul PI
(Tianjin Sungene Biotech Co., Ltd.) was added, followed by
FCM analysis. The results were analyzed using MultiCycle 6.0
(Phoenix Flow Systems, Inc.).

Immunocytochemistry. After fixing with 4% paraformalde-
hyde at room temperature for 15 min, cells were permeabilized
with 0.5% Triton-X-100 for 20 min and blocked with 3%
hydrogen peroxide for 30 min at room temperature to block
endogenous peroxidase. Cells were blocked with 5% BSA
(Beijing Solarbio Science & Technology Co., Ltd.) at room
temperature for 30 min, followed by staining with primary
and secondary antibodies, and then incubation for 10 min
with DAB and 3 min with hematoxylin, both at room tempera-
ture. Immunocytochemistry was performed to detect the
protein expression of Bax (1:500; cat. no. ab53154; Abcam),
Bcl-2 (1:200; cat. no. ab59348; Abcam), Cyt C (1:1,000; cat.
no. ab90529; Abcam) and caspase-3 (1:500; cat. no. ab13847;
Abcam) using primary antibodies overnight at 4°C. The
secondary antibody used was horseradish peroxidase
(HRP)-conjugated goat anti-rabbit (1:1,000; cat. no. ab214880;
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Abcam) for 1 h at room temperature. After staining, the
cells were observed under an optical microscope. Brown or
yellow-stained cells were quantified for positive staining
for each high-power field (x400 magnification). Results are
expressed as the total positive numbers of 50 random and
continuous fields from each section using the software ImageJ
(version 1.52; National Institutes of Health). All analyses were
performed in a blinded manner without prior knowledge of the
experimental groups.

Western blot assay. Western blotting was conducted to detect
the expression of apoptosis-associated proteins. Following
exposure to 0,25, 50, 100 or 200 pg/ml SNs as aforementioned,
cells were cultured at 37°C in a 5% CO, incubator and cultured
for 24 h. Cells were washed with cold PBS 2-3 times and
lysed in RIPA buffer (Beijing Solarbio Science & Technology
Co., Ltd.) for 30 min on ice. Cells were then centrifuged for
10 min (8,430 x g at 4°C), and the supernatants were collected
for protein determination using the BCA method (Beyotime
Institute of Biotechnology). Protein samples (50 ug) were
separated via SDS-PAGE (10% resolving gels, 5% stacking
gels) and transferred to PVDF membranes (300 mA, 1.5 h).
The membranes were blocked with 5% nonfat dry milk for 1 h
at room temperature, followed by incubation with the afore-
mentioned primary antibodies (at a dilution of 1:1,000 for Bax,
1:1,000 for Bcl-2, 1:2,000 for caspase-3 and 1:1,000 for Cyt C)
and anti-GAPDH antibody (1:20,000; cat. no. 10494-1-AP,
ProteinTech Group. Inc.) overnight at 4°C. After washing with
TBS-0.05% Tween 20 (TBST), the membranes were incubated
with HRP-conjugated goat anti-rabbit secondary antibodies
(cat. no. ab6721; Abcam) at 1:10,000 dilutions for 1.5 h at room
temperature, followed by a further wash with TBST, prior to
exposure to an enhanced chemiluminescence reagent (ECL
detection kit; Pierce; Thermo Fisher Scientific, Inc.). Finally,
the membranes were exposed to an Odyssey CLx near-infrared
fluorescence imaging system (LI-COR Biosciences). Results
were quantified using AlphaEaseFC software (version 4.0;
ProteinSimple). All experiments were conducted in triplicate.

Statistical analysis. All statistical analysis was performed
using Prism 5 (GraphPad Software, Inc.). Data are presented
as the mean + SEM. One-way ANOVA with Dunnett's post
hoc test was used to compare across multiple treatments.
Experiments were repeated three times with at least triplicate
wells per condition. P<0.05 was considered to indicate a statis-
tically significant difference.

Results

Characterization of SNs. As presented in Fig. 1 and
Table I, SNs were spherical, with an average particle size of
60.80+4.36 nm, and good dry dispersion characteristics in
the absence of aggregation. Zeta potential analysis revealed
that different concentrations of SNs in serum-free RPMI-1640
medium were negatively charged, and the absolute value of the
zeta potential was ~-20 eV, with good dispersion (Table II).

Effects of SNs on cell viability. A decrease in viability was
observed for HL-7702 cells that were exposed to SNs for 12 h,
with a significant difference emerging at 200 pg/ml compared
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Figure 1. Transmission electron microscopy of silica nanoparticles.
Magnification, x100,000.

with the control (P<0.05; Fig. 2). Cell viability decreased
further with increasing exposure time (24 h), specifically at
the concentrations of 50-200 ug/ml (P<0.05), with decreases
in cell viability at 100 and 200 pg/ml of 24.6+4.3 and
44.5+£0.09%, respectively. These results indicated that SNs
reduced the viability of HL-7702 cells.

Effects of SNs on cell morphology. A number of morphological
changes were observed following incubation of HL-7702 cells
with SNs for 24 h. The control group resembled polygons
with large and round nuclei, located in a central nucleus with
well-defined nucleoli; conversely, following treatment with
50 ug/ml SNs, cell swelling was evident and nuclei were
mildly vacuolated (Fig. S1). With an increase in dose, the cell
volume decreased, changes to the cytoplasm and nuclear vacu-
oles were notable, the chromatophore basophilic edge set was
enhanced, the cytoplasm was dense, the eosinophilicity was
enhanced and apoptotic bodies formed. At the highest concen-
tration (200 pg/ml), nuclear membrane thickening, cell body
shrinkage, nuclear pyknosis and disintegration were evident,
indicating the occurrence of apoptosis (Fig. SIE). In summary,
cells treated with SNs exhibited morphological changes asso-
ciated with apoptosis.

Morphological changes in HL-7702 cells indicating apop-
tosis caused by SNs. Giemsa staining was employed to detect
apoptosis in HL-7702 cells treated with SNs. In cells stained
with Giemsa, nuclei are stained blue or purple-blue, and the
cytoplasm is stained pink under a light microscope (34). In the
present study, normal nuclei stained purple-blue and exhibited
uniform color following Giemsa staining (Fig. S2). Conversely,
there was nuclear hyperchromatism, shrinkage, edge aggrega-
tion and the formation of densely stained apoptotic bodies
in the SN treatment groups. As presented in Fig. S2, with
increasing concentrations of SNs, the number of cells was
reduced, cells shrunk, the intercellular space increased, the
cell volume decreased, the cytoplasm permeability disap-
peared, the cell surface became prominent and apoptotic body
formation was evident.
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Table I. Characterization of silica nanoparticles.

Silica nanoparticles

Characterization (60 nm)
Size and distribution (nm, mean + SD) 60.80+4.36
Hydrodynamic size in normal 99.5
saline (nm)

Shape Spheroidicity

Table II. Zeta potential of silica nanoparticles in RPMI-1640
medium (n=5).

Concentration (¢ g/ml) Zeta potential (eV)

25 -18.40+1.79
50 -23.29+1.70
100 -18.24+0.76
200 -22.75+1.00

Flow cytometric analysis of SN-induced apoptosis in
HL-7702 cells. Annexin V-FITC/PI double staining and a
flow cytometer were used to detect apoptosis. A significant
increase in apoptosis was observed at concentrations of SNs
of 50-200 ug/ml, varying between 25-40% apoptosis by 24 h
(P<0.05; Fig. 3F).

Effects of SNs on the MMP. As a dose-dependent increase in
apoptosis was observed following exposure to SNs, Rhodamine
123 was used to monitor the MMP in treated cells. Exposure
of HL-7702 cells to SN for 24 h induced a significant decrease
in MMP at 25 pg/ml, which decreased further with increasing
concentrations of SNs (P<0.05; Fig. 4).

Treatment with SNs induces DNA damage. SCGE and an alka-
line comet assay were used to determine the levels of DSBs in
cultured HL-7702 cells treated with various concentrations of
SNs. Whereas control cells appeared to be largely spherical,
cells treated with different concentrations of SNs exhibited
cell trailing or tail formation, indicating the formation of
DSBs, which increased with the concentration of SNs (Fig. 5).

Effects of SNs on the cell cycle. FCM analysis revealed that
HL-7702 cells treated with SNs exhibited a significantly
decreased percentage of cells in G,/G, phase after 24 h,
whereas the S and G2/M phase proportions significantly
increased (Fig. 6). These results indicated that, following
exposure to SN, cells were impeded in their cycle progression
and accumulated in the G2/M phase (Fig. 6F).

Effects of SNs on Bcl-2, Bax, Cyt C and Caspase-3 expres-
sion. It was demonstrated via immunocytochemistry that
exposure of HL-7720 cells to increasing concentrations of SNs
induced a significant increase in the number of Bax-positive,
Bcl-2-positive, Cyt C-positive and caspase-3-positive cells
(P<0.05; Figs. 7A and S3-S6). Furthermore, western blotting
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Figure 2. Viability of HL-7702 human hepatocytes. Cells were treated with
25, 50, 100 or 200 pg/ml SN solutions, or control treatment without SN, for
12 and 24 h. "P<0.05 vs. control. SN, silica nanoparticle.

revealed that SN treatment significantly increased Bax expres-
sion and decreased the Bcl-2/Bax ratio (P<0.05; Fig. 7B-D).
The expression levels of Cyt C and caspase-3 were also
significantly upregulated following treatment with increasing
concentrations of SNs, compared with control group (P<0.05;
Fig. 7C and D).

Discussion

SNs are widely used in materials science, as catalysts and cata-
lyst carriers, food additives and cosmetics, and particularly
for biomedical applications, including in clinical diagnosis,
as drugs and DNA carriers, and as biosensors (17). The aim
of the present study was to investigate the effects of SNs on
apoptotic cell death, and to determine the potential underlying
mechanisms in HL-7702 cells in vitro. The study was designed
to improve understanding regarding the effects of SNs on the
human hepatic system and explore the potential mechanisms,
to improve application safety.

Nanoparticles of different particle sizes have distinct
biological and toxicological effects; it is generally accepted
that the smaller the particle size, the greater the biological
effects (35,36). In the present study, human hepatocytes were
exposed to 60-nm particles with a zeta potential of ~-20 eV
and good dispersion. A previous study reported that smaller
particles (80 nm in diameter) entered cells more easily and
induced more potent effects on the physiological functions of
cells compared with larger particles (500 nm in diameter) (37).
In addition, it has been demonstrated that the surface features
of nanoparticles are major factors affecting their biological
effectiveness (38,39), for example, small nanoparticles can
be endocytosed by cells, resulting in cytotoxicity, whereas
large aggregates adhere onto the cell surface and increase the
growth rate of cells (40). Briefly, in the present study, SNs were
spherical, with an average particle size of 60.80+4.36 nm, and
with good dispersion; thus, the characteristics of the particles
used in the present study were optimal for investigating the
mechanisms underlying silica-induced toxicity using HL-7702
cells as an in vitro hepatic model system (41). In the present
study, uniform size (60-nm) particles were used; nanoparticles
of other diameters remain to be investigated. Previous studies
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have reported that, following intraperitoneal injection of an
SN suspension in mice, nanoparticles were distributed to the
liver, heart, spleen, lung, kidney and other tissues (15,17), and
induced acute and chronic liver injury (42). The present study
provided evidence that SNs were cytotoxic to the HL-7702
liver cell line, and that the mechanism of cell killing was
predominantly via apoptosis.

In vivo experiments have indicated the hepatotoxicity of SNs.
For example, acute liver failure occurred following long-term
injection of 70-nm SNs in mice, and histological analysis
confirmed accumulation in the liver (43). Furthermore, 30-nm
silica particles were also demonstrated to induce hepatotoxicity
viain vivo experiments in mice (44). Additionally, a similar in vitro
study reported that SNs induced apoptosis in a dose-dependent
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manner in HepG2 liver cancer cells (45). An additional in vitro
study reported that SNs can penetrate cell membranes and deposit
in organelles, altering protein expression and the outer MMP, and
inducing cell cycle arrest, DNA damage and cell death (46). The
present study corroborated these effects of SN, as cell cycle
arrest, DNA damage, a decrease in the MMP and apoptosis were
observed in SN-treated HL-7702 cells.

In the present study, cell division was arrested in the
G2/M phase following SN exposure, which was associated
with reduced cell viability and the induction of cell death.
Accumulating evidence indicates that manipulation of the
cell cycle may prevent or induce an apoptotic response (47).
The G2/M DNA damage checkpoint is an important cell
cycle checkpoint in eukaryotic organisms ranging from yeast
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to mammals, ensuring that cells don't initiate mitosis until
damaged DNA or incompletely replicated DNA is sufficiently
repaired after replication (48). Cells that have a defective
G2/M checkpoint enter mitosis before repairing their DNA,
leading to apoptosis or death after cell division (49). When the
cell receives a signal that it is not conducive to division, or
the timing is immature, the cell will stop at the subsequent
cell cycle checkpoint for examination; if an irreparable error is
found, the cell initiates apoptosis (48). In the present study, it
was determined that, following exposure to increasing concen-
trations of SN, the cell cycle was arrested in the G2/M phase,
potentially leading to the induction of apoptosis.

The MMP is generated by the asymmetric distribution of
protons and other ions on the two sides of the mitochondrial
inner membrane, and depolarization of the MMP is a specific
and early marker of apoptosis (50). It occurs prior to the
characteristic nuclear changes in apoptosis, such as chromatin
condensation and DSBs (51). SNs may penetrate the cell
membrane and remain in the mitochondria, leading to mitochon-
drial and cellular damage (52), suggesting that SNs may cause
apoptosis via the mitochondrial pathway (3). This is consistent
with the present findings, as a dose-dependent disruption of the
MMP was detected in SN-treated HL-7702 cells, potentially
leading to the observed induction of apoptosis in these cells.
Furthermore, progression to apoptosis is irreversible when the
MMP collapses (53). A similar study has also observed that the

loss of the MMP and disruption of the mitochondrial ultrastruc-
ture are associated with apoptosis, and that SNs can induce an
increase in ROS, further exacerbating cellular toxicity (54).

Apoptosis involves multiple genes that strictly control
the process, including the Bcl-2 and caspase families (55).
In the present study, the expression of both Bcl-2 and Bax
was increased, inconsistent with the induction of apoptosis;
however, the Bcl-2/Bax ratio decreased with increasing SN
concentrations, indicating a proapoptotic state in cells (56). A
decreased Bcl-2/Bax ratio has been shown to reduce cellular
resistance to apoptotic stimuli, leading to apoptosis (57). When
Bcl-2 expression is higher than that of Bax, it forms homodi-
mers, and apoptosis is inhibited. When Bax expression is higher
than that of Bcl-2, Bax-Bax homodimers are formed and apop-
tosis is promoted. When the HepG2 human hepatocyte cell
line was treated with SNs, the mRNA and protein expression
levels of proapoptotic genes were upregulated, whereas anti-
apoptotic genes, such as Bcl-2, were downregulated, resulting
in the induction of apoptosis in a dose-dependent manner (21),
consistent with the present study in HL-7702 cells.

In conclusion, it was revealed that SNs induced apoptosis
in HL-7702 cells, potentially via the release of Cyt C from
mitochondria and activation of caspase 3, and changes in the
expression of apoptosis-associated proteins in the mitochon-
drial signaling pathway. SNs increased the protein expression
of Bax and Bcl-2 in HL-7702 cells, but decreased the Bcl-2/Bax
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ratio. The present study only focused on one SN particle size
and one signaling pathway; whether SNs can induce apoptosis
via other pathways, such as receptor-mediated or endoplasmic
reticulum pathways, remains to be investigated in future
studies.
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