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Silica nanoparticles induce cardiomyocyte apoptosis via the
mitochondrial pathway in rats following intratracheal instillation

ZHONGJUN DU, SHANGYA CHEN'", GUANQUN CUI*", YE YANG', ENGUO ZHANG',
QIANG WANG®, MARTIN F. LAVIN'#, ABREY J. YEO!#, CUNXIANG BO!, YU ZHANG!,
CHAO LI', XIAOSHAN LIU’, XU YANG'!, CHENG PENG'* and HUA SHAO'

1Department of Toxicology, Shandong Academy of Occupational Health and Occupational Medicine,

Shandong Academy of Medical Sciences, Ji'nan, Shandong 250062; 2Department of Respiratory Medicine,

Qilu Children's Hospital of Shandong University, Ji'nan, Shandong 250012; 3Department of Preventive Medicine and

Public Health Laboratory Science, School of Medicine, Jiangsu University, Zhenjiang, Jiangsu 212013, PR. China;
4Univeristy of Queensland Centre for Clinical Research (UQCCR), The University of Queensland, Brisbane, QLD 4102,
Australia; 5Departrnent of Radiology, Shandong Tumor Hospital, Shandong Academy of Medical Sciences,
Ji'nan, Shandong 250117, P.R. China; 6Queensland Alliance for Environmental Health Sciences (QAEHS),

The University of Queensland, Brisbane, QLD 4102, Australia

Received July 3, 2018; Accepted December 18, 2018

DOI: 10.3892/ijmm.2018.4045

Abstract. Diseases of the cardiac system caused by silicon
dioxide exposure have captured wide public attention. Upon
entering the blood circulation, ultrafine particles have the
potential to influence cardiomyocytes, leading to myocar-
dial ischemia or even cardiac failure, and the molecular
mechanisms remain to be completely elucidated. In this
study, the toxicity of ultrafine particles on cardiomyocytes
from rats exposed to silica nanoparticles was observed.
Rats were randomly divided into a normal saline control
group and three exposure groups (2, 5 and 10 mg/kg-body
weight) that were intratracheally treated with 60-nm silica
nanoparticles. Alterations in body weight, routine blood
factors and myocardial enzymes, histopathological and

Correspondence to: Dr Cheng Peng or Professor Hua Shao,
Department of Toxicology, Shandong Academy of Occupational
Health and Occupational Medicine, Shandong Academy of Medical
Sciences, 18877 Jingshi Road, Lixia, Jiman, Shandong 250062,
P.R. China

E-mail: c.peng@uq.edu.au

E-mail: chinashaohua5888@163.com

“Contributed equally

Abbreviations: TEM, transmission electron microscopy; LAL,
limulus amoebocyte lysate; CK-MB, creatine kinase-MB; LDH,
Lactate dehydrogenase; WBC, white blood cells; RBC, red
blood cells; PLT, platelets; HGB, hemoglobin; TUNEL, terminal
deoxynucleotidyl-transferase-mediated dUTP nick end labelling;
Cyt C, cytochrome C

Key words: silica nanoparticles, cardiac toxicity, apoptosis, rats

microstructural alterations, apoptosis and the expression of
apoptosis-associated proteins were assessed at the end of the
exposure period. The silicon levels in the heart and serum,
and myocardial enzymes in exposed rats were significantly
increased in a dose-dependent manner. In addition, exposure
to the silica nanoparticles caused notable histological and
ultrastructural alterations in the hearts of these animals.
Furthermore, a significant apoptotic effect was observed in
the exposure groups. The present data suggest that silica
nanoparticles may enter the circulatory system through the
lungs, and are distributed to the heart causing cardiovascular
injury. Silica nanoparticle-induced apoptosis via the mito-
chondrial pathway may serve an important role in observed
cardiac damage.

Introduction

Silica nanoparticles are one of the most important nano-
materials. Due to their small particle size (<100 nm), large
specific surface area, good dispersibility and high chemical
purity, silica nanoparticles are widely used in the fields of
material science, cosmetics and biomedicine (1,2). Due to
this, silica nanoparticles may be found in a variety of occu-
pational environments (3,4). Exposure to silica nanoparticles
may occur through inhalation, ingestion, transdermally and
by permeation (5). It has been reported that inhalation is the
principal route of nanoparticle exposure, and inhaled particles
may be transferred into the circulatory system through the
blood-air barrier (6). It has also been reported that inhaled
superfine particles may be transferred to the bone marrow,
heart and liver (7,8).

Physical and chemical properties may affect the biological
impact of nanomaterials. Certain metal nanoparticles are able
to release their metal ions through biological metabolism,
which leads to more serious damage to the body (9).
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Considering the high stability of silica, its biological toxicity
is likely associated with its physical properties (e.g., diameter,
quantity and superficial area) and surface modification.
Compared with conventional-sized particles, nanoparticles
are more likely to penetrate into the lungs through inhalation.
As such, they are able to effectively avoid pulmonary
clearance (10). Importantly nanoparticles are able to directly
penetrate into cells, where they interact with the intracellular
macromolecules and cause structural damage (11,12).
It has been confirmed that at a constant diameter, the
cytotoxicity of silicon (Si) nanotubes increases as their length
decreases (13,14). A study of liver damage in mice induced
by unmodified silica nanoparticles (70 nm) identified that
compared with unmodified silica nanoparticles, the decrease
in liver damage associated with surface modification was
attributed to a decrease in cytotoxicity to parenchymal
hepatocytes (15).

Diseases of the respiratory system caused by silicon
dioxide exposure have drawn broad public attention; however,
cardiovascular injury and other diseases due to exposure to
silica nanoparticles are not widely understood. Few studies
have demonstrated a correlation between cardiac effects and
silica nanoparticle exposure. A study using a zebrafish model
indicated that cardiac dysfunction was induced by low-dose
60 nm silica particles via neutrophil-mediated cardiac
inflammation and calcium signaling pathways associated
with gene-mediated cardiac contraction (16). In addition, the
combined toxicity of methylmercury and silica nanoparticles
is greater than that of single exposure (17). Exposure of rat
cardiomyocytes to 7 nm or 670 nm silica nanoparticles
demonstrated that the particles cause cardiotoxicity by reducing
sarcoplasmic reticulum Ca?*-ATPase activity, limiting
calcium release, reducing cell shortening, depolarizing the
mitochondrial membrane potential and enhancing oxidative
stress, affecting mitochondrial function (18). While in vivo
experiments have demonstrated that the cardiovascular toxicity
of 60 nm silica particles primarily results from activated
endothelial cell autophagic activity and mitochondrial damage,
the mechanism may be associated with angiogenesis and
the vascular endothelial growth factor receptor 2-mediated
autophagy signaling pathway (19).

Inhaled nanoparticles may be transported to the extra-
pulmonary tissue through multiple mechanisms upon
reaching the pulmonary interstitium, where they rapidly
enter the blood circulation and are distributed to the whole
body (20-23). Particles distributed in the heart and vessels
may cause damage to the cardiovascular system. Studies
have confirmed that cardiomyocyte injury caused by atmo-
spheric particulate matter principally includes myocardial
ischemia, apoptosis and necrosis (24-26). Following apop-
tosis, the tissue is remodeled through cell proliferation and
the level of remodeling is associated with the homeostasis
of apoptosis and proliferation (27). Apoptosis regulator
BAX (Bax), apoptosis regulator Bcl-2 (Bcl-2) and caspases,
particularly caspase-3, are key execution enzymes in
mitochondria-mediated apoptosis (28). Varieties of nano-
materials have been demonstrated to cause the occurrence
of cellular apoptosis. It has been reported that nanosilver
induces apoptosis of NITH3T3 cells through the transloca-
tion of cytochrome C (Cyt C) into the cytoplasm and Bax
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into the mitochondria (5). A study also demonstrated
that titanium dioxide nanoparticles induce apoptosis in
MC3T3-El cells (29), and single-walled carbon nanotubes
also induce apoptosis (30). Nanoparticles metal oxides have
been demonstrated to induce teratogenic effects in zebrafish
toxicity experiments, including serious cardiac edema and
yolk sac edema (31). The initiation of cellular apoptosis is
considered to be of the primary mechanisms of cytotoxicity
induced by nanomaterials (7).

The molecular mechanism of cardiovascular damage
caused by inhalable ultrafine particles is not fully under-
stood. It has been proposed that ultrafine particles are
most likely to influence cardiac function by causing
apoptosis-associated mitochondrial dysfunction (32). The
aim of the present study was to investigate whether silica
nanoparticles are able to induce myocardial cytotoxicity
through the mitochondrial apoptosis pathway after entering
the blood circulation. Therefore, it was hypothesized that
amorphous silica nanoparticles may induce cardiomyocyte
apoptosis in rats following intratracheal instillation. It was
further hypothesized that the cardiomyocyte apoptosis
induced by amorphous silica nanoparticles may be medi-
ated through regulation of the mitochondrial apoptosis
pathway-associated proteins Bax, Bcl-2, and caspase-3.
To test this hypothesis, male Wistar rats were exposed to
amorphous silica nanoparticles by intratracheal instillation
every other day for a total of 15 treatments, to evaluate
cardiomyocyte apoptosis and histopathological alterations,
and to measure the expression of proteins involved in the
mitochondria-associated apoptotic pathway.

Materials and methods

Characterization of silica nanoparticles. Silica nanoparticles
of 60 nm in aqueous suspension were obtained from the
School of Chemistry, Jilin University (Changchun, China).
Silica nanoparticle sizes and distributions were measured by
transmission electron microscopy (TEM; JEOL, Ltd., Tokyo,
Japan). The hydrodynamic sizes of silica particles in dispersion
medium were examined by C-electric potential granulometry
(Nano ZS90; Malvern Panalytical, Ltd., Malvern, UK) using
dynamic light scattering. The crystal structure of the particles
was characterized using a Scintag XDS 2000 diffractometer
(Scintag, Inc., Cupertino, CA, USA) and endotoxin levels of
the silica nanoparticle solutions of 60 nm were determined
in a limulus amebocyte lysate (LAL) assay, as described
previously (33).

Experimental animals. Male Wistar rats weighing ~200 g
(8 weeks old) were obtained from the Department of
Experimental Animals, Norman Bethune College of Medicine,
Jilin University (Changchun, China) [animal certificate
no. SYXK (Ji) 2007-0011]. Animals were bred under specific
pathogen-free conditions (temperature, 20-24°C; humidity,
45-60%; light/dark cycle, 12 h/12 h) and kept in specific
pathogen-free conditions during the experiment. Food and
water were provided ad libitum. All animals were treated
according to the experimental protocols and procedures
evaluated and approved by the ethical committee of Norman
Bethune College of Medicine, Jilin University.
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Experimental design. The procedures for silica nanopar-
ticle exposure were based on a previous study (33). Briefly,
40 male Wistar rats were randomly divided into four groups
with 10 rats/group. Rats in the control group were treated
with 0.9% physiological saline for comparison. The three
experimental groups received silica nanoparticles at 2, 5 and
10 mg/kg-body weight (bw), respectively. According to the
World Health Organization (WHO) standards and adult rat
physiology, the daily inhaled particulate matter of the adult
rats was 2.63 ug, or 13.15 pg/kg-bw. Extrapolating to humans,
it was determined that the concentration of silica nanoparticles
was 2,5 and 10 mg/kg-bw, representing 100,250 and 500 times
the average concentration of that used for PM2.5 in WHO air
quality standards, according to the safety factors for toxicity
experiments. Silica nanoparticle suspension was delivered into
the rat lung by intratracheal instillation under ether anesthesia
every other day for a total of 15 treatments. Subsequent to the
experiments, the rats were weighed, and blood was collected.
Hearts were weighed and tissue samples were homogenized
and frozen to analyze the silica content. The concentrations
of Si in the heart and serum were determined by inductively
coupled plasma atomic emission spectrometry (PerkinElmer,
Inc., Waltham, MA, USA) as described previously (33).

Blood biochemical analyses. Levels of creatine kinase-MB
isoenzyme (CK-MB) were measured by ELISA (cat. no. S032;
Groundwork Biotechnology Diagnosticate, Ltd., San Diego,
CA,USA), according to the manufacturer's protocol, measuring
the absorbance at 450 nm using a Synergy 2 multi-mode
microplate reader (BioTek Instruments, Inc., Winooski,
VT, USA). Lactate dehydrogenase (LDH) was measured
using a commercial kit (cat. no. A125; Nanjing Jiancheng
Bioengineering Institute, Nanjing, China), according to the
manufacturer's protocol, using a UV-752 Spectrophotometer
(Shanghai Lengguang Technology Co., Ltd., Shanghai, China).
Blood samples were analyzed for the quantity of white blood
cells (WBC), red blood cells (RBC) and platelets (PLT), and
the concentration of hemoglobin (HGB), using an automated
hematological analyzer (model no. KX-2INV; Sysmex
Corporation, Kobe, Japan).

Histopathological examination. Heart tissues were
processed for histopathological evaluation using standard
laboratory procedures, as previously described (34). Briefly,
the left lung was removed using a razor blade and fixed with
10% formaldehyde solution. The tissues were embedded in
paraffin blocks and sliced to 5 ym slices, and mounted onto
slides. Following hematoxylin-eosin (H&E) staining, the
slides were observed and photographed using optical micros-
copy (DM4000M; Leica Microsystems, GmbH, Wetzlar,
Germany), and the results were reviewed by certified veteri-
nary pathologists.

TEM inspection. To evaluate ultrastructural alterations to
the tissue, the heart tissues was examined for using TEM.
Sections were prepared for examination as previously
described (34). Ultrathin sections (70-100 nm) were cut with
an LKB-V ultramicrotome (Bromma, Stockholm, Sweden),
and identified and analyzed by independent pathologists using
TEM (H-600; Hitachi, Ltd., Tokyo, Japan).
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Immunohistochemistry examination. Protein expression was
detected immunohistochemically in the heart tissues sections.
The sections were dewaxed and hydrated in gradient ethyl
alcohol. In order to quench endogenous peroxide activity, the
sections were treated with 3% hydrogen dioxide solution for
10 min at 37°C, washed and blocked with 10% immune goat
serum (cat. no. DA1010; Solarbio Life Sciences, Beijing, China)
for 10 min at 37°C. The sections were incubated overnight
at 4°C with rabbit anti-Bax (cat. no. NB7185; 1:400; Servicebio,
Inc., Woburn, MA, USA), anti-Bcl-2 (cat. no. 2876S; 1:500)
or anti-Caspase-3 (cat. no. 965485, 1:400; Cell Signaling
Technology, Inc., Danvers, MA, USA), and incubated with
the relevant secondary antibody [goat anti-rabbit IgG-HRP;
cat. no. GB23204; 1:2,000; Servicebio, Inc.] at room
temperature for 50 min. Following washing, the slides were
incubated with HRP-labeled streptavidin (room temperature,
10 min), stained with 3-3'diaminobenzidine substrate (room
temperature, 30 sec) and hematoxylin (room temperature,
2 min), and examined under an optical microscope. Brown
or yellow-stained cells were quantified as positive staining
for each high-power field (magnification, x400). Results are
expressed as the total positive numbers of 50 random and
continuous fields from each section using the software Image
Pro Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).
All analyses were performed in a blinded manner without
prior knowledge of the experimental groups.

Detection of apoptosis. The heart tissues of the rats were
processed as mentioned above for terminal deoxynucleo-
tidyl-transferase-mediated dUTP nick end labelling (TUNEL)
using an in situ cell death detection kit, according to the
manufacturer's protocol (Chemicon International; Thermo
Fisher Scientific, Inc., Waltham, MA, USA). Briefly, rat hearts
(n=4) from the normal control and three exposure groups were
fixed with 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4; room temperature, 25 min) and sliced. Sections
were incubated with proteinase K (100 g/ml), and further
incubated in 3% H,0,. The slides were incubated in TUNEL
reaction mixture, counterstained with Mayer's hematoxylin
at room temperature for 5 sec and rinsed immediately. PBS
was used as the rinsing reagent. Slides were mounted with
Permount™ Mounting Medium. TUNEL-positive cells were
stained yellow. Positive results were denoted by a yellow- or
brown-stained nucleus. The apoptotic index of cardiomyo-
cytes was evaluated to analyze differences between groups.
The apoptosis index was determined from 10 blindly selected
high-power fields for each slice by counting the number
of positive cells in 500-1,000 cells/field to calculate the
percentage of positive cells.

Protein expression analysis by western blotting. Western
blotting was used to detect the protein expression of Bax, Bcl-2
and caspase-3. The hearts were weighed and homogenized
subsequent to washing with PBS, followed by resuspension
in homogenization buffer [1.0 M Tris-HCI (pH 6.8) 1.0 ml;
10% SDS 6.0 ml; B-mercaptoethanol 0.2 ml; dd H,0 2.8 ml],
and the tissues were centrifuged for 10 min (13,400 x g; 4°C).
The supernatants were collected, and 30 ug protein from the
supernatant of each sample was loaded on SDS-PAGE gels
(12% resolving gels at 120 V, 5% stacking gels at 75 V).
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Protein samples were transferred to PVDF membranes
(200 mA, 1 h; EMD Millipore, Billerica, MA, USA), which
were blocked with 5% nonfat dry milk at room tempera-
ture for 1 h, followed by incubation with rabbit anti-Bax
(cat. no. NB7185; 1:200; Servicebio, Inc.), anti-Bcl-2 (cat.
no. 28768S; 1:400) or anti-Caspase-3 (cat. no. 9654S; 1:400;
both Cell Signaling Technology, Inc.), and GAPDH (Abcam,
Cambridge, UK) overnight at 4°C. Following washing in
TBS with Tween-20 (TBST), the membranes were incubated
with secondary antibodies (HRP-conjugated Goat Polyclonal
antibody against Rabbit IgG; cat. no. sc-2004; 1:3,000;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 0.5 h
at room temperature. Following washing with TBST, the
blots were treated with enhanced chemiluminescence (ECL
detection kit; Pierce; Thermo Fisher Scientific, Inc.). The
optical density of the blots was analyzed using AlphaEaseFC
software (Version 4.0.0; ProteinSimple, San Jose, CA, USA).
Experiments were performed in triplicate.

Statistical analyses. Data are presented as the mean + standard
deviation. Statistical analysis was performed using one-way
analysis of variance. Data for each group were compared with
the other groups using the least significant difference test for
significance. All the statistical analyses were performed using
SPSS software 20.0 (IBM Corp., Armonk, NY, USA). P<0.05
was considered to indicate a statistically significant difference.

Results

Characterization of silica nanoparticles. An image of the
silica nanoparticles is presented in Fig. 1. Particles were
ellipsoidal, of approximately equal size and uniformly
distributed, with good mono-dispersity during the experi-
ment. The average particle diameter was 60.80+4.36 nm,
and the average hydrodynamic diameter was 99.5+6.47 nm
in 0.9% normal saline (Table I). Due to the Van der Waals
forces and hydrophobic interactions, the hydrodynamic size
of silica nanoparticles in the dispersion media was increased
compared with the particle diameter. The LAL assay
revealed no detectable Gram-negative endotoxin on the silica
nanoparticles (Table I).

General toxicity induced by silica nanoparticles in rats.
Compared with the control group, the average difference
in weight in the 10 mg/kg-bw group was significantly
decreased. As the dosage increased, the heart index exhibited
an increasing trend, while the average difference in weight
exhibited a decreasing trend, as presented in Table II.

Silica nanoparticles cause hematological alterations in rats.
As presented in Fig. 2, there was a significant increase in the
PLT and WBC levels compared with the control group, and
a significant decrease in the total RBC count. As the dosage
increased, the levels of PLT and WBC increased, while the
levels of HGB and RBC decreased. A significant upregula-
tion in WBC levels was observed in the 10 mg/kg-bw group
compared with the 2 and 5 mg/kg-bw groups (Fig. 2A). In the
5 and 10 mg/kg-bw groups, the PLT level was significantly
increased compared with the 2 mg/kg-bw group (Fig. 2B).
Compared with the control group, the concentration of
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Table I. Characterization of amorphous silica nanoparticles in
normal saline.

Characteristic Nano-Si60
Size and distribution, nm 60.80+4.36
(mean + standard deviation)

Hydrodynamic size in normal saline, nm 99.5+6.47
(mean + standard deviation)

Shape Spheroid
Aggregation Absent
Crystalline structure Amorphous

Endotoxin determination® -

3(-) Endotoxin free.

Figure 1. Transmission electron microscope image of amorphous silica
nanoparticles.

HGB was significantly decreased in the 5 and 10 mg/kg-bw
groups (Fig. 2C).

Si concentration in the hearts and serum of silica
nanoparticle-exposed rats. Si concentration exhibited a
dose-response relationship with exposure dose (Fig. 3).
Compared with the control group, the Si concentrations in the
hearts and serum of each the treated groups were increased
significantly. Si concentrations in the hearts and serum of
the 10 mg/kg-bw group increased significantly compared
with the 5 mg/kg-bw and 2 mg/kg-bw groups. A significant
increase in the Si serum concentration was also observed in
the 5 mg/kg-bw group compared with the 2 mg/kg-bw group.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 43: 1229-1240, 2019 1233

Table II. Effects of silica nanoparticles on body weight and organ coefficients of heart in rats (mean + standard deviation; n==8).

Groups Weight prior to exposure, g~ Weight following final exposure, g Difference in weight,g  Index of heart
Control 203.29+6.85 312.67+36.88 109.38 0.0062+0.005
2 mg/kg-bw 201.38+6.80 310.74+30.18 99.36 0.0062+0.004
5 mg/kg-bw 208.36+5.64 310.26+29.69 101.90 0.0063+0.008
10 mg/kg-bw 209.38+10.21 288.36+34.67 78.96 0.0071+0.003

*P<0.05 vs. control group.
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Figure 4. LDH and CK-MB levels in the serum following intratracheal instillation. Serum (A) LDH and (B) CK-MB activities in each dose group were
significantly upregulated compared with the control group. A significant increase was also observed in the 10 mg/kg-bw group compared with the 2 and
5 mg/kg-bw groups. Compared with the 2 mg/kg-bw group, LDH activity was significantly upregulated in the 5 mg/kg-bw group. “P<0.05 vs. control group;
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Abnormal serum myocardial enzymes in silica-treated rats.
Serum LDH and CK-MB activity in the rats in each dose
group following intratracheal instillation were significantly
upregulated compared with the control group (Fig. 4). A
significant increase was also observed the in 10 mg/kg-bw
group compared with the 2 and 5 mg/kg-bw groups. Compared
with the 2 mg/kg-bw group, LDH activity was significantly
upregulated in the 5 mg/kg-bw group (Fig. 4A).

Silica exposure results in histopathological alterations.
Morphological alterations in myocardial paraffin slices are
presented in Fig. 5. In the control group, cardiomyocytes
had homogeneous cytoplasm and normal intercellular space,
cardiac muscle fibers were arranged in an orderly manner
without breakage, and edema was not observed in the cells
or intercellular space. In exposed rats, enlarged intercel-
lular space, fragmented cardiac muscle fibers and obscure
boundaries of cardiomyocytes were noted. Proliferation of
myocardial fibrous tissue and pyknotic cardiomyocytes were
observed in rats from the 10 mg/kg-bw group, with the absence
of transverse striation of cardiomyocytes in the pyknotic areas.
These histological alterations indicated damage to the cardio-
myocytes with an increasing trend as the nanoparticle dose
increased.

Ultrastructural alterations in the heart tissue of exposed
rats. In rats from the control group, cardiac muscle fibers
were observed to be in an orderly arrangement, the mito-
chondrial membrane was intact as was the intercalated disc,
and the endocardial crest was of a normal density (Fig. 6).
In rats from the 10 mg/kg-bw group, broken cardiac muscle
fibers and dissociated intercalated discs were observed. The
mitochondrial membrane was swollen, pyknotic and partially
cavitated, while the mitochondria appeared vacuolized
and the mitochondrial cristae were broken or absent. The
collagenous fiber in the intercellular substance was found to
be increased. High electron density particles were observed

the in mitochondria and within the cytoplasm of endothelial
cells.

Abnormal cardiomyocytes in rats exposed to silica
nanoparticles. Apoptosis was detected by TUNEL assay.
Negative staining was blue, while positive staining was
yellow or brown in the nucleus. It is illustrated in Fig. 7 that
there was a larger number of brown-stained cardiomyocyte
nuclei in the treated groups, with the number as the dose
increased. An increased apoptosis index in the 2, 5 and
10 mg/kg-bw groups was observed compared with the control
group. There was a significant upregulation in the higher
dose group (10 mg/kg-bw) compared with the medium and
low dose (2 and 5 mg/kg-bw) groups. The apoptosis index
had an increasing trend as the dose increased, as exhibited
in Fig. 7B.

Expression levels of cardiomyocyte apoptosis-associated
proteins

Immunohistochemistry analysis. Positive expression of
each protein in the nucleus was demonstrated by dark blue
staining, whereas the cytoplasm appeared faint yellow or
brown (Fig. 8A). The expression of Bax and caspase-3 proteins
in the myocardium of rats from the exposure groups was signif-
icantly increased compared with the control group (Fig. 8B). It
was additionally observed that Bcl-2 expression levels in each
dose group were significantly decreased compared with the
control group (Fig. 8B). A significant upregulation of expres-
sion of Caspase-3 was observed in the 10 mg/kg-bw group
compared with 2 mg/kg-bw group.

Western blot analysis. As presented in Fig. 9, the expression
levels of Bax and caspase-3 proteins in each dose group were
significantly increased, and this was most evident for Bax in
the higher dose group (10 mg/kg-bw). A significant upregula-
tion of caspase-3 expression was observed in the high dose
and medium dose groups (5 and 10 mg/kg-bw) compared with
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Figure 5. Histopathological alterations in cardiomyocytes following intratracheal instillation of silica nanoparticles in rats (magnification, x200). (A) Control
group; (B) 2 mg/kg-bw group; (C) 5 mg/kg-bw group; (D) 10 mg/kg-bw group. In the control group, the cardiomyocytes had a normal morphology. In
exposed rats, enlarged intercellular space, fragmented cardiac muscle fibers and obscure boundaries of cardiomyocytes were observed. Histological alterations
appeared to increase as the dose increased. Black arrows indicate damaged cardiomyocytes. bw, body weight.

5 mg/kg-bw group

Figure 6. Electron microscopy of cardiomyocytes in rats. In the control
group, the cardiomyocytes had a normal morphology. In exposed rats, broken
cardiac muscle fibers and dissociated intercalated discs were observed. The
mitochondrial membrane was swollen, pyknotic and partially cavitated,
while the mitochondria appeared to exhibit vacuolization, and the mito-
chondrial cristae were broken or absent. Histological alterations appeared
to increase as the dose increased. Black arrows indicate intercalated disc
dissociation. bw, body weight.

the low dose group (2 mg/kg-bw). Meanwhile, the ratios of
Bcl-2/Bax in each dose group were significantly decreased
compared with the control group, and that in high dose group
was significantly decreased compared with the low dose
group (Fig. 9B).

Discussion

Previous studies have reported that the physical and chemical
properties of nanoparticles, including morphology, size and
dispersion/aggregation, may affect their biological behavior (35).
Inordertoinvestigate the biological effectand mechanism of nano-
materials, certain physical and chemical characteristics (particle
size, distribution, structure and state of dispersion/aggregation in
biological environment) should be carefully controlled (8). In this
study, the morphology and particle size of silica nanoparticles
were examined by TEM, and the differences between the dried
state and that in solution in 0.9% normal saline were compared.
TEM images indicated that silica nanoparticles were ellipsoidal,
of approximately equal size and uniformly distributed, with good
mono-dispersity. Meanwhile, the particles also had a larger size
(99.5+6.47 nm) compared with the original size (60.80+4.36 nm),
most likely due to the hydrodynamic size of particles formed in
solution (36).

Inhaled nanoparticles not only affect the respiratory system,
but also other organs by entering the circulatory system via
the blood-air barrier in the lungs (37,38). It was identified that
the toxicity symptoms in rats became more prominent as the
exposure time was prolonged and the dose increased (data
not shown). In our previous study, it was noted that following
exposure to silica nanoparticles in male Wistar rats, blood
parameters (WBCs and platelets) increased in a dose-dependent
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of cells expressing these proteins in the cardiomyocytes of rats. “P<0.05 vs. control group; °P<0.05 vs. 2 mg/kg-bw group. Bax, apoptosis regulator BAX; Bcl-2,
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manner (2, 5 or 10 mg/kg-bw/day for 16 days) (33). In the  bronchoalveolar lavage fluid of mice treated with bare and
study of Morris et al (39), the number of neutrophils in the  amine-coated silica nanoparticles increased by 20-30 times
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compared with the control group 20 h after silica nanoparticle
intratracheal injection. Kim et al (40) exposed C57BL/6 mice to
colloidal silicon dioxide nanoparticles (20 and 100 nm), modi-
fied with or without L-arginine, to determine the effect of surface
charge on immunotoxicity in vivo; 14 days subsequently, it was
observed that the WBC count and cytokines were reduced in a
size-dependent manner. In the present study, it was identified
that rats intratracheally instilled with 60 nm silica nanoparticles
exhibited hematological toxicity. These parameters reflected the
effects of silica nanoparticles and the later onset of apoptosis.
The Si content in the heart and serum of the rats in the exposure
groups was significantly higher, with dose-effect relationship
to a certain degree, suggesting that silica nanoparticles may be
transferred into the circulatory system through the respiratory
tract and be distributed in the cardiac tissue. The activity of LDH
and CK-MB in the rats increased, which may indicate possible
ischemia and necrosis in the heart. Histological examination
of the myocardial structure of rats exposed to nanoparticles
indicated that the extent of injury to the myocardium was
aggravated as the dose of nanoparticles increased. All these
results not only provided an explanation for the epidemiological
findings that inhaled superfine particles may affect the cardio-
vascular system, but also confirmed the toxic effects of inhaled
nanoparticles on the heart, which is consistent with previous
reports (16-19).

The maintenance of normal mitochondrial morphology
is important for well-balanced cellular functions (41).
Mitochondria serve a key role in initiating and amplifying
signals in the majority of apoptotic pathways. Apoptosis is an
important way of maintaining the basic physiological activi-
ties of the human body. The feedback loops and interactions
of various mitochondrial death pathways make mitochondria
the most important component of apoptosis pathways (42).
Apoptosis serves a critical role in normal cell renewal, the
removal of abnormal cells and organ function. A previous study
demonstrated that cardiomyocyte apoptosis may have a marked
influence on the occurrence of congestive heart failure (43).
Bcl-2 family proteins include pro-apoptotic proteins such as
Bax, and anti-apoptotic proteins such as Bcl-2 protein. These
proteins regulate apoptosis by mediating the stimulation of
apoptotic signals that reach the mitochondrial membrane and
regulate the release of Cyt C into the mitochondrial membrane
space (44). Bcl-2 is able to reduce mitochondrial permeability,
control the release of Cyt C into the mitochondrial membrane
space and inhibit cysteine-containing aspartate-specific
proteases (caspases), and in turn inhibit apoptosis (45). Bax
is part of an apoptotic regulatory system that controls apop-
tosis by forming a homologous dimer or heterodimers with
Bcl-2 (46). Since the structure of Bax-Bcl-2 is more stable
compared with Bax-Bax, the ratio of Bcl-2/Bax regulates
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the occurrence of apoptosis and determines cell survival.
Additionally, caspase-3 serves an important role in apoptosis
and functions by removing inhibition to mediate feedback
amplification (47). The caspase family primarily exists in the
form of pro-enzymes in cells. Following stimulation by stress
or other molecular signals, the caspase family activates initiator
caspases and executioner caspases, which elicit apoptosis by
degrading substrate proteins (48). Nanoparticles are able to
initiate this mitochondria-mediated apoptosis. For example,
CuO nanoparticles have been reported to induce the apoptosis
of cells by upregulating the ratio of Bcl-2/Bax, suggesting that
the mitochondria-mediated pathway is involved in the apop-
tosis (49). NiZn ferrite nanoparticles promote the apoptosis
of cancer cells by regulating proteins in the mitochondrial
pathway, including caspase-3, caspase-9, Bax, Bcl-2 and
Cyt C (50). In in vitro experiments with ZnO nanoparticles,
a decrease in the cell viability of HepG2 cells exposed to
14-20 pg/m ZnO nanoparticles was associated with a decrease
in mitochondrial membrane potential and an increase in the
Bax/Bcl-2 ratio, induced by reactive oxygen species (51).

Inthe present study,exposure to silicananoparticles caused
histological and ultrastructural alterations in adose-dependent
manner, which indicated the destruction of cardiomyocytes
with mitochondrial damage. Cardiomyocyte apoptosis was
assessed by TUNEL assay, and the expression levels of Bax,
Bcl-2 and caspase-3 proteins by western blotting. These
findings suggested that mitochondrial apoptosis may occur in
cardiomyocytes, and may be responsible for the observed cell
injury and tissue damage in the heart. This may be one of the
possible mechanisms leading to the cardiac toxicity caused
by silica nanoparticles. In consideration of the mechanism
of apoptosis and the preliminary study which demonstrated
that silica nanoparticles may cause HepG2 cell apoptosis via
the mitochondrial pathway (52), it may be concluded that
silica nanoparticles have influences on the expression levels
of Bcl-2, Bax and caspase-3 proteins in cardiomyocytes, and
are able to induce cardiomyocyte apoptosis through the mito-
chondrial pathway. The present study is preliminary work
from the point of view of apoptosis, and the purpose of the
study was to demonstrate that silica nanoparticles are able to
cause cardiovascular toxicity through apoptosis. More work
is required to detect the apoptosis pathway, and to further
research the mechanism of action of silica nanoparticles in
apoptosis pathways.

In conclusion, the present study demonstrated that
silica nanoparticles are able to damage the respiratory and
cardiovascular systems via the blood-air barrier. Silica
nanoparticles induce apoptosis via the mitochondrial pathway,
and may serve an important role in the associated adverse
cardiac effects.
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