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RESEARCH ARTICLE

Effects of silica nanoparticles on isolated rat uterine smooth muscle
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ABSTRACT
In spite of their widespread use, toxicity of silica nanoparticles (SiO2 NPs) to mammalian has not been
extensively investigated. In the present study, it is aimed to investigate the effects and the mechanism
of action of 20 nm sized SiO2 NPs on isolated uterine smooth muscle. A total number of 84 preparations
of uterine strips were used in the experiments. Study was designed as four groups: group I (control),
group II (0.2mM SiO2 NPs), group III (0.4mM SiO2 NPs) and group IV (0.8mM SiO2 NPs). Spontaneous
contractions were recorded using mechanical activity recording system. Superoxide dismutase (SOD)
and glutathione peroxidase (GSH-Px) activities and malondialdehyde (MDA) levels were measured using
the spectrophotometric methods. Apoptosis of the cells was detected using immunofluorescence stain-
ing assay. SiO2 NP distribution and ultrastructural changes were determined by transmission electron
microscopy. In groups II–IV, the frequency of contraction was significantly lower than that of the group
I, whereas the contraction energy significantly decreased only in group IV. SOD and GSH-Px activities
were significantly lower in experimental groups compared to the control group. MDA level and apop-
totic cells were significantly higher in all SiO2 groups compared to the control group. Numerous SiO2

NPs in cytoplasm and connective tissue were observed in all dose groups. These findings showed that
20 nm sized SiO2 NPs enter the connective tissue and cytoplasm of uterine muscle cells and cause oxi-
dative stress and apoptosis leading to impaired uterine contractile activity.
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Introduction

Nanotechnology has been defined as using materials and
structures in nanoscale dimensions, usually in the range of
1–100 nm (Roco 2003). Today, produced nanomaterials are
used in many fields such as electronics, optics, medical imag-
ing, textile and food industry (Masciangioli and Zhang 2003,
Freitas 2005, Aitken et al. 2009).

Among the various types of NPs, silica nanoparticles have
become popular as nanostructuring, drug delivery, cosmetic,
textile and optical imaging agents (Mamaeva et al. 2013,
Yang et al. 2014). In particular, they are used in paints and
coatings as attachment and scratch-resistance agents. In add-
ition, these NPs are used in chemical or mechanical polishing
processes, including dental polishing to prevent tooth caries
(Gaikwad and Sokolov 2008). Other medical applications use
SiO2 NPs as carriers of therapeutic agents or for diagnostic
purposes (Tang et al. 2017). Although SiO2 NPs have great
importance in nanotechnology, they also have a potential
toxic effect, resulting in a health problem. Entry of SiO2 nano-
particle into the body can cause cardiotoxicity, cytotoxicity,
genotoxicity, lung inflammation, liver and renal, reproductive
and gastrointestinal injury (Sun et al. 2011, Battal et al. 2015,

Bostan et al. 2016, Duan et al. 2016, Han et al. 2016, Nemmar
et al. 2016, Yang et al. 2016). Despite their widespread use,
toxicity of SiO2 NPs and safety conditions for mammalian and
the environment have not been extensively investigated.

Normal female reproduction is essential for the continuity
of the species. The toxicity of nanoparticles to female repro-
ductive system has been studied in various in vitro models
(Stelzer and Hutz 2009, Li et al. 2010, Liu et al. 2010). In blas-
tocysts, silver nanoparticles have been shown to inhibit cell
proliferation and increase apoptosis (Li et al. 2010). In another
study, it was observed that gold nanoparticles enter the ovar-
ian granulosa cells and inhibit the synthesis of estradiol
(Stelzer and Hutz 2009). In human granulosa cells, calcium
phosphate nanoparticles have been revealed to affect hor-
mone production, and caused apoptosis (Liu et al. 2010).

The uterus, which has a very important role in reproduct-
ive function, is a hollow muscular organ situated deep within
the female pelvic cavity. The uterine smooth muscle is able
to produce regular spontaneous contractions without any
hormonal or nervous stimuli (Wray 1993). Uterine contrac-
tions are important in many reproductive functions including
the transport of sperms and embryo, menstruation, preg-
nancy and parturition. Disturbed or irregular uterine activity
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may cause the common pathological disorders such as infer-
tility, improper implantation, preterm labor, and weak uterine
contraction during labor. In addition, successful labor is con-
trolled by the coordinated activity and harmony between the
uterine smooth muscle cells (Barany and Barany 1990). If
however, this activity becomes too weak or strong, normal
labor may not be progressed which could lead to fetal mor-
bidity and mortality.

Although a number of studies have reported the accumu-
lation of various nanoparticles in the heart, kidney, liver, lung
and other cells and the corresponding detriment, it is unclear
whether nanoparticles can enter to the uterine cells and dis-
rupt its activity. In the present study, it is aimed to investi-
gate the effects and mechanism of action of SiO2 NPs on
isolated uterine smooth muscle using biophysical, biochem-
ical and histological methods.

Methods

Synthesis and characterization of silica nanoparticles

Silica nanoparticles (SiO2 NPs) were prepared according to
St€ober method (Costa et al. 2007) and to our previous study
(Battal et al. 2015) in Mersin University Advanced Technology,
Education, Research and Application Center. Advanced X-ray
diffractometer (XRD) (Bruker D8), field emission-scanning elec-
tron microscopy (FE-SEM) (Zeiss/Supra 55 FE-SEM) and
dynamic light scattering (DLS) (Zetasizer Nano ZS) were used
for the characterization of SiO2 NPs.

Experimental animals

Twenty-eight non-pregnant female Wistar albino rats ranging
between 200 and 250 g in weight were used in the study.
Rats were obtained from the Experimental Animal Center of
the Kahramanmaraş S€utç€u Imam University (Kahramanmaraş,
Turkey) and maintained in polycarbonate cages (seven rats
per cage) at 25 ± 1.5 �C and 55% humidity level under the
12:12 h day-night cycle. Standard pellet feed and water were
provided ad libitum. This study was approved by the Mersin
University Local Ethics Committee for Animal Experiments. All
experiments were carried out in accordance with the National
Institutes of Health’s (NIH) Guide for the Care and Use of
Laboratory Animals.

The estrus phase of the estrus cycle was determined by
microscopic examination of a daily vaginal smear (Marcondes
et al. 2002). Then the rats in estrus phase were sacrificed by
cervical dislocation prior to study.

Preparation of isolated uterine strips

Following cervical dislocation, uterine horns were rapidly
removed and carefully cleaned of surrounding connective
and adipose tissue. Strips were prepared about 1 cm in length
from horns. Three strips were prepared from one uterine. A
total of 84 preparations of uterine strips isolated from 28 rats
were used in the experiments. Twenty-eight strips were used
for the recording of spontaneous activity, 28 strips for the
measurement of antioxidant activity and the 28 strips for the

evaluation of ultrastructure and apoptosis. Uterine strips pre-
pared for these three experimental procedure were then div-
ided into four groups as follows: control: group I (n¼ 7 for
each procedure) and the dose groups: group II (n¼ 7 for
each procedure, 0.2mM SiO2 NP); group III (n¼ 7 for each
procedure, 0.4mM SiO2 NP); and group IV (n¼ 7 for each pro-
cedure, 0.8mM SiO2 NP). Many researchers used different
concentrations (0.1–30mM) to observe the effects of SiO2 NP
on different tissue (Chen et al. 2013, Xue 2014). In this study,
0.2mM, 0.4mM, and 0.8mM SiO2 NPs were used for uterine
smooth muscle strips.

Recordings of uterine spontaneous activity

The uterine strips were placed in 20mL organ baths with
Krebs solution having the composition of (mM) NaCl 118.0,
KCl 4.55, MgSO4 5.7, KH2PO4 1.1, CaCl2 2.52, NaHCO3 25.0 and
glucose 11.0 with pH of 7.4. During the experiments, the
bathing solution was bubbled with a mixture of 95% O2 and
5% CO2. All experiments were carried out at 37 �C. For the
recording of spontaneous activity, one end of the uterine
strip was fixed to a hook in the organ bath and the other
was connected to an isometric transducer (FDT 10-A;
Commat Ltd., Ankara, Turkey). After waiting a 30min period
for stability under 2 g of resting muscle tension, spontaneous
contractions of uterine strips were recorded for 21=2 h using a
BIOPAC MP 35 electrophysiological recording station (Santa
Barbara, CA, USA) for all groups. SiO2 NPs were added to the
organ bath at the 30th min of this 21=2 h period for dose
groups. Data were digitized with a rate of one sample/s and
stored on a computer for offline analysis.

Spontaneous activity analysis

Analysis of spontaneous activity records were performed on
computer environment. 30min period prior to dose applica-
tion and between 90 and 120min period after the application
were analyzed in terms of contraction frequency and contrac-
tion energy for dose groups. For control group, the same
parameters were analyzed in the first 30min and the last
120–150min periods, which corresponds to the same periods
before and after dose application in dose groups’ records.
Frequency of the contractions were calculated using Fourier
Transform analysis and assuming the signals as stationary
inside these periods. Contraction energy was calculated as
the area under the square of the contraction signal. A mean
value for both frequency and energy were determined for
each analysis periods and for each group.

Measurement of malondialdehyde level

For the measurement of antioxidant activity, uterine strips in
dose groups were incubated for 2 h with SiO2 NPs. Uterine
strips in control group were stayed in Krebs solution for the
same duration. Then each strip in all groups was homogen-
ized (T 25 Ultra-Turrax; IKA Werke GmbH, Staufen, Germany)
with 50mM phosphate buffered saline (PBS) (pH 7.4) (Sigma-
Aldrich Chemical Co, St Louis, MO, USA). Homogenates were
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centrifuged (Hettich Mikro 22 R; Andreas Hettich GmbH & Co.
KG, Tuttlingen, Germany) at 10 000g for 15min at 4 �C.
Supernatants were separated and kept at �20 �C until
enzyme activities and malondialdehyde (MDA) measurements
were performed. Protein in supernatants was determined
using bovine serum albumin as standard (Lowry et al. 1951).
The levels of MDA in uterine tissue, which is known as an
index of lipid peroxidation, were determined by thiobarbituric
acid (TBA) (Sigma Aldrich Chemical Co, St. Louis, MO, USA)
reaction. The color complexes produced by the interaction of
TBA with MDA were measured at 532 nm on a spectropho-
tometer (Varian, Inc., Palo Alto, CA, USA). The colored reaction
with 1.1.3.3-tetraethoxy propane (Sigma-Aldrich Chemical Co,
St. Louis, MO, USA) was used as the primary standard. MDA
levels were determined using the method of Yagi (1998) as
nanomol per milligram of protein (nmol/mg protein).

Measurement of superoxide dismutase activity

Activity of superoxide dismutase (SOD) was measured by the
inhibition of nitroblue tetrazolium (NBT) (Sigma-Aldrich
Chemical Co, St. Louis, MO, USA) (Sun et al. 1988). One unit
of SOD activity was defined as the amount of protein causing
50% inhibition of the NBT reduction rate. Enzyme activity was
expressed in U/mg protein.

Measurement of glutathione peroxidase activity

Activity of glutathione peroxidase (GSH-Px) was measured
spectrophotometrically at 340 nm. The method was based on
the changes in absorbance resulting from the conversion of
NADPH into NADP. Enzyme activity was expressed in U/mg
protein.

Evaluation of cell morphology and SiO2 NP distribution
by transmission electron microscopy

For the evaluation of ultrastructure and in order to determine
whether the silica NPs are taken up by the smooth muscle
cells, and if so, where they settle within the cell, TEM images
were recorded from uterine smooth muscle cells in all dose
groups. The uterine strips in each group were cut into 1mm3

size and fixed in 2.5% glutaraldehyde solution for 4–6 h and
washed in a 0.1M phosphate buffered saline (PBS) for elec-
tron microscopic examination. After fixation, samples were
post fixed in osmium tetroxide and embedded in resin kit.
Semi-thin sections (1 lm) and ultra-thin sections (70 nm) were
cut by a Leica UCT-125 ultra-microtome (Leica Microsystems
GmbH, Wien, Austria). Ultrathin sections from selected blocks
were mounted on copper grids, contrasted with uranyl acet-
ate and lead citrate. Section of uterine were examined with
an transmission electron microscope (TEM) (JEOL-JEM 1011;
Jeol Ltd., Tokyo, Japan) and were photographed with a digital
camera (Megaview III; Olympus Soft Imaging Solutions GmbH,
M€unster, Germany) attached to the microscope.

Determination of apoptosis by immunofluorescence
staining

To detect apoptotic cells in the uterine smooth muscle,
immunofluorescence staining assay was used. Uterine strips
were fixed in 4% paraformaldehyde and stayed overnight at
4 �C. Then samples were transferred to 20% sucrose in PBS
and stayed one more night at 4 �C. The tissues were placed
into 30% sucrose solution with 0.1% sodium azide in PBS at
4 �C and then embedded in cryostat embedding medium
(Bio-Optica, Milan, Italy). Uterine samples at 5 mm thickness

Figure 1. X-ray powder diffractometer (XRD) pattern of silica nanoparticles. This pattern demonstrates a broad peak at about 2H¼ 22� , which reveals amorphous
character of the SiO2 nanoparticles.
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were cut at �20 �C with a cryostat. Frozen sections were
washed with PBS; followed by blocking with 5% normal rab-
bit serum for caspase-3 in PBS for 30min at 37 �C. Sections
were then incubated with rabbit polyclonal anti-caspase-3
primary antibody (sc-7148; Santa Cruz Biotechnology, Santa
Barbara, CA, USA) at a dilution of 1:200 in PBS supple-
mented with 0.1% Triton X-100 containing 1% BSA over-
night at 4 �C. Negative control sections were incubated with
PBS instead of the primary antibodies. After being washed
in PBS three times for 5min, cryosections for caspase-3
were incubated with seconder antibody (fluorescein isothio-
cyanate (FITC) conjugated goat anti-rabbit IgG antibody (sc-
2012; Santa Cruz Biotechnology, CA, USA) at a dilution of
1:400 in PBS supplemented with 0.1% Triton X-100 contain-
ing 1% BSA at room temperature for 1 h. They were washed
in PBS three times for 5min each. Finally, cryosections were
mounted in antifade medium with 40,6-diamidino-2-

phenylindole (DAPI) (24941; Santa Cruz Biotechnology, Santa
Barbara, CA, USA). For staining intensity analysis, digital
images were taken using a Nikon EclipseTi-S fluorescence
microscope with a Nikon Digital Sight DS-Fi1c camera.

Statistical analysis

Data were analyzed using a statistical package program.
Descriptive statistics of variables are expressed as mean and
standard deviation (�X6SD). One-way ANOVA was used to
compare dose groups for normal distribution variables, Tukey
test and Dunnett test were used for multiple comparison
tests. Pearson correlation test was used to determinate the
correlation between the uterine smooth muscle apoptosis,
MDA level and antioxidant enzyme activities. p values less
than 0.05 were considered statistically significant.

Figure 2. Field emission-scanning electron microscopy (FE-SEM) image of silica nanoparticles. This image shows that the nanoparticles are uniform spherical struc-
tures with a diameter of about 20 nm.

Figure 3. Size distribution of 20 nm SiO2 nanoparticles with dynamic light scattering (DLS) technique.
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Results

SiO2 nanoparticle characterization

The synthesized silica particles were characterized using XRD,
FE-SEM and DLS techniques. The XRD pattern of silica nano-
particles was shown in Figure 1. All the samples were shown

strong broad peak at about 2H¼ 22�. This peak confirms the
amorphous phase of silica nanoparticles.

Structural properties of the silica nanoparticles were fur-
ther investigated by FE-SEM studies (Figure 2). FE-SEM imag-
ing of the nanoparticles showed uniform spherical structures
with size of 20.36 ± 1.42 nm. This result is confirmed also by

Figure 4. Sample spontaneous activity record for all groups. For group I, contraction frequency and contraction energy were analyzed in the first 30min and the
last 120–150min periods in Krebs solution (a). The records’ 30min period before dose application and 90–120min period after the application were analyzed in
terms of contraction frequency and contraction energy for group II (b), group III (c) and group IV (d).
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DLS measurement. Figure 3 shows representative DLS histo-
gram of the SiO2 nanoparticles with sizes of 20 nm.

Effects of SiO2 NPs on spontaneous activity in uterine
smooth muscle

One recording sample from each group was given in Figure 4.
As seen from the images, frequency of contractions decrease
for the dose groups with respect to control group. When con-
traction frequency was analyzed statistically using all measure-
ments, it was found that, the contraction frequency decreased
significantly in all dose groups compared to control group
(p< 0.05). However, the difference between the dose groups
was not significant (p> 0.05). Contraction frequency decreased
by 67.9% in group II, 79.01% in group III and 82.71% in group
IV when compared with group I (control). The dose–frequency
relationship was shown in Figure 5. Another variable is the
contraction energy that is calculated from spontaneous activ-
ity records. There was no significant change in energy value
between group I, group II and group III (p> 0.05). But the dif-
ference between group I and group IV was significant
(p< 0.05). Figure 6 shows the dose-energy relationship.
Contraction energy decreased by 11.24% in group II, 14.29%
in group III and 53.26% in group IV with respect to group I.
This energy decrease could also be observed from Figure 4(d),
in which decreased contraction forces in 90–120min period
after dose application was remarkable which is also the main
reason of decreased contraction energies.

Effect of SiO2 NPs on MDA level in uterine smooth
muscle

The effect of different doses of SiO2 on the levels of MDA
was shown in Table 1. Compared to the group I, the MDA
level was significantly increased by 19.57% in group II,
41.15% in group III and 47.72% in group IV (p< 0.05). There
was also significant differences in the MDA level between the
all dose groups (p< 0.05).

Effect of SiO2 NPs on SOD activity in uterine smooth
muscle

The effect of different doses of SiO2 on the SOD activity was
shown in Table 2. Compared with the control group, SOD
activity was significantly decreased by 10.6% in group II,
14.84% in group III and 22.2% in group IV (p< 0.05). There
was significant differences in the SOD activity between the
dose groups (p< 0.05).

Effect of SiO2 NPs on GSH-Px activity in uterine smooth
muscle

The effect of different doses of SiO2 NPs on the GSH-Px activ-
ity was shown in Table 3. GSH-Px activity was significantly
decreased by 4.38% in group II, 3.87% in group III and 5.2%
in group IV (p< 0.05) compared to control group. There was
no significant differences in the GSH-Px activity between the
dose groups (p> 0.05).

Figure 5. Frequency of spontaneous contraction in the control and experimen-
tal groups. The frequency was significantly decreased by SiO2 NPs in the experi-
mental groups relative to its value in the control group. aWhen compared to the
value in the control group, p < 0.05.

Figure 6. Energy of spontaneous activity in the control and experimental
groups. The energy was significantly decreased by SiO2 NPs in the experimental
groups compared with the control group. aWhen compared to the value in the
control group, p < 0.05.

Table 1. MDA level in the all groups.
�X6SD F p

MDA (nmol/mg protein) 410.583 <0.001
Group I 15.35 ± 0.48
Group II 18.44 ± 0.52a,b

Group III 21.68 ± 0.58a,b

Group IV 22.63 ± 0.49a,b

aDifference is statistically significant from control group.
bDifference is statistically significant from all experimental groups; Post-hoc:
Tukey test; Dunnett test; a: 0.05; ANOVA.

Table 2. SOD activity in the all groups.
�X6SD F p

SOD (U/mg protein) 544.007 <0.001
Group I 80.45 ± 1.06b

Group II 72.63 ± 1.08a,b

Group III 68.10 ± 1.05a,b

Group IV 62.63 ± 0.71a,b

aDifference is statistically significant from control group.
bDifference is statistically significant from all experimental groups; Post-hoc:
Tukey test; Dunnett test; a: 0.05; ANOVA.
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Effect of SiO2 NPs on apoptosis in uterine smooth
muscle

The effect of different doses of SiO2 NPs on the number of
apoptotic cells was shown in Figure 7. Apoptotic cells (cas-
pase 3þ cells) of the uterine smooth muscles significantly
increased in all dose groups compared to the control group
(p< 0.001). Apoptotic cells increased 27.19-fold in group II,
58.14-fold in group III and 70.13-fold in group IV. There was
also significant differences in the number of apoptotic cells
between the group II and group IV (Figure 8).

Correlation between the number of apoptotic cells and
MDA level, SOD and GSH-px activity

To measure whether apoptosis was correlated with the oxida-
tive stress, a correlation analysis was performed. The results
of Pearson correlation analysis showed that there was a sig-
nificant correlation of number of apoptotic cell and MDA
level (r¼ 0.768, p< 0.001) (Figure 9), SOD activity (r¼�0.793,

p< 0.001) (Figure 10) and GSH-Px activity (r¼�0.556,
p< 0.01) (Figure 11).

Structure of uterine smooth muscle and cellular
distribution of SiO2 NPs

The structure of the uterine smooth muscle cells was exam-
ined at transmission electron microscopic levels. Normal uter-
ine muscle structure was observed in the all groups. No
abnormal findings were observed in nucleus, cytoplasmic
organelles and intracytoplasmic dense bodies. But different

Figure 7. Immunolabeling intensity of caspase 3. (A) Group I. (B) Group II. (C) Group III. (D) Group IV. Caspase positive cells (white arrowheads) in uterine. �400.

Table 3. GSH-Px activity in the all groups.
�X6SD F p

GSH-Px (U/mg protein) 11.870 <0.001
Group I 8.00 ± 0.15
Group II 7.63 ± 0.22a

Group III 7.65 ± 0.21a

Group IV 7.62 ± 0.19a

aDifference is statistically significant from control group; Post-hoc Tukey test;
Dunnett test; a: 0.05; ANOVA.

Figure 8. Number of apoptotic cells (caspase 3þ) in the control and experimental
groups. Apoptotic cells were significantly increased by SiO2 NPs in the experimen-
tal groups compared to the control group. aWhen compared to the value in the
control group, p < 0.05. bWhen compared to the value in the group II, p< 0.05.
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from the control group, a large number of approximately
20 nm sized electron dense SiO2 nanoparticles in cytoplasm
and in connective tissue were observed in all dose groups
(Figure 12).

Discussion

In this study, the effects of different doses of 20 nm sized SiO2

NPs were investigated on spontaneous activity, MDA level,
antioxidant enzyme activity, apoptotic activity and ultrastruc-
ture of isolated rat uterine smooth muscle. TEM images have
shown that after 2 h of application, the silica nanoparticles
have entered to the connective tissue and cytoplasm.
Accumulated NPs have caused deterioration of uterine spon-
taneous contraction and oxidative stress and its interaction
with the apoptotic activity have played a key role in this effect.

In the present study, the recordings of the spontaneous
activity of isolated rat uterine smooth muscle were analyzed
in frequency domain and a significantly decrease in the fre-
quency of contractions was observed at all doses. Change of
doses did not affect this decrease significantly. Energy of con-
tractions decreased significantly only in group IV. According
to our knowledge, there is no study that investigate the
effect of SiO2 NPs on uterine smooth muscle. Information
about the effect of other nanoparticles is also very limited.
Only in one study, the effects of fullerenol C60 (OH) 24 nano-
particle has been investigated on rat uterus and found that
this nanoparticle decreased spontaneous activity of uterus
(Slavic et al. 2013).

Oxidative stress is caused by impaired balance between
pro-oxidants and antioxidants. Increase in reactive oxygen
species (ROS) can change this rate and lead to deterioration
of antioxidant defense mechanisms and trigger lipid peroxi-
dation (Agarwal et al. 2012). Several studies have shown that
different type nanoparticles cause production of ROS and
lipid peroxidation in tissues (Eom and Choi 2009, Khanna
et al. 2015, Nemmar et al. 2016, Akhtar et al. 2017, Srikanth
et al. 2017). MDA is the end product of lipid peroxidation and
has been used widely as a marker of free radical damage in
lipid molecules (Hagihara et al. 1984). In our study, MDA lev-
els of uterine tissue was significantly higher in the SiO2

treated groups than in the control group. The increase in
MDA level was dose-dependent. We measured the activities
of SOD and GSH-Px to demonstrate the change in antioxidant
system. Our results showed that SiO2 nanoparticles inhibited
SOD and GSH-Px activities in all dose groups. The inhibition
of SOD activity was dose-dependent. These results indicate
increased oxidative stress in uterine smooth muscle.
Increased oxidative stress affects female reproduction and
can lead to early and recurrent pregnancy loss, preterm labor
and preeclampsia (Agarwal et al. 2012). Nanoparticles with
different chemical compositions such as fullerenes and metal
oxides have been shown to cause oxidative stress in various
tissues (Slavic et al. 2013, Almansour et al. 2017, Li et al.
2017, Valerio-Garc�ıa et al. 2017). These studies also support
our findings about increased oxidative stress in uterine
smooth muscle.

Apoptosis, the programed execution of cell death can be
triggered by numerous toxic agents. Caspase-3 is activated

Figure 9. Scatter plot of apoptosis and MDA level. Pearson correlation analysis
shows a significant positive correlation of MDA level versus apoptosis. (Pearson
r¼ 0.768; p< 0.001). Line represents linear regression of data.

Figure 10. Scatter plot of apoptosis and SOD activity. Pearson correlation ana-
lysis shows a significant negative correlation of SOD activity versus apoptosis
(Pearson r¼�0.793; p< 0.001). Line represents linear regression of data.

Figure 11. Scatter plot of apoptosis and GSH-Px activity. Pearson correlation
analysis shows a significant negative correlation of GSH-Px activity versus apop-
tosis (Pearson r¼�0.556; p< 0.01) Line represents linear regression of data.
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during apoptosis in many cells and is known to play a vital
role in the initiation of apoptosis. Our findings showed that
SiO2 nanoparticles increased the apoptotic activity depending
on the dose in uterine smooth muscle. Increased apoptotic
activity was also observed in exposure to other nanoparticles
(Park et al. 2008, Foldbjerg et al. 2009, Sharma et al. 2012).

Oxidative stress related to nanoparticle exposure involves
increase of apoptotic activity and decrease of antioxidant
enzymes (Hsin et al. 2008, Eom and Choi 2010, Manke et al.
2013). In this study, a Pearson correlation analysis were car-
ried out to investigate the relationship between apoptosis
and oxidative stress. A positive correlation was found
between number of caspase 3þ cells and MDA level.
Furthermore, a negative correlation between number of cas-
pase 3þ cells and SOD and GSH-Px activities was found in
the study. Several metal oxide nanoparticles containing Zn,
Cu, Ti, and Si have been reported in literature to cause cell
death resulting from ROS-induced oxidative stress (Wang
et al. 2005, Shi et al. 2010, Zhang et al. 2011, Manna et al.
2012).

In the present study, ultrastructure of the uterine smooth
muscle was also evaluated using TEM. Results showed that
SiO2 nanoparticles enter the cytoplasm of uterine smooth
muscle cells. However, it is not observed any structural
changes in the muscle cells. This may be related to the appli-
cation time (2 h) of SiO2 nanoparticles.

On the basis of all findings, it is possible to hypothesize
that oxidative stress in uterine smooth muscle cells trigger

Figure 12. Ultrastructure of uterine smooth muscle cells. Nucleus (asterisk), mitochondria (black arrow), intracytoplasmic bodies (arrowhead), nanoparticles (white
arrow). (A) Group I. (B) Group II. (C) Group IIII. (D) Group IV. �25 000.

Figure 13. Possible action mechanism of SiO2 NPs toxicity on uterine smooth
muscle contraction.
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caspase-3 activation and therefore apoptosis. As a result of
apoptosis, disrupted uterine contractions are constituted. The
proposed mechanism are visualized in Figure 13.

Conclusions

In conclusion, the findings of the present study indicate that
20 nm sized SiO2 NPs enter the cytoplasm of uterine smooth
muscle cells and cause oxidative stress. Oxidative stress also
triggers apoptosis, resulting in impaired uterine contractile
activity. This impaired contractile activity may lead to signifi-
cant health problems in reproductive life such as infertility,
improper implantation, preterm labor or weak uterine con-
traction during labor. Further studies should be performed in
this area and new strategies should be developed for the
safe use of nanomaterials.
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