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Abstract

Silver nanoparticles (AgNP), one of the most commonly used engineered nanomaterial for bio-
medical and industrial applications, has shown a toxic potential to our ecosystems and humans. In
this study, murine hippocampal neuronal HT22 cells were used to delineate subcellular responses
and mechanisms to AgNP by assessing the response levels of caspase-3, mitochondrial oxygen
consumption, reactive oxygen species (ROS), and mitochondrial membrane potential in addition
to cell viability testing. Selenium, an essential trace element that has been known to carry pro-
tecting property from heavy metals, was tested for its ameliorating potential in the cells exposed to
AgNP. Results showed that AgNP reduced cell viability. The toxicity was associated with mito-
chondrial membrane depolarization, increased accumulation of ROS, elevated mitochondrial
oxygen consumption, and caspase-3 activation. Treatment with sodium selenite reduced cell
death, stabilized mitochondrial membrane potential and oxygen consumption rate, and prevented
accumulation of ROS and activation of caspase-3. It is concluded that AgNP induces mitochondrial
stress and treatment with selenite is capable of preventing the adverse effects of AgNP on the
mitochondria.

Key words: Engineered nanomaterial, Silver nanoparticles, Mitochondrial stress, Caspase, Reactive Oxygen
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Introduction

With the advent of new surface treatment tech-
niques and nanotechnology, the applications of silver
particles in nano regime (also called silver nanoparti-
cles or AgNP) have been steadily increased not only
as antimicrobial and disinfecting agents but also as a
treatment agent on various types of diseases [1]. As
the use of silver in consumer products and biomedical

applications continues to increase, there have been
exposure-induced toxicity concerns on our ecosys-
tems and human health. Recently AgNP have been
detected in our water systems such as wastewater
treatment plant, which raised an issue of exposure
induced health impacts on human [2,3]. In more con-
trolled environmental conditions simulating real life
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conditions, investigation also has revealed concerning
level of toxicity issues in plants, insects, fish, and
animals with a wide range of abnormal manifesta-
tions such as depigmentation secondary to a poten-
tially dysfunctional dopamine pathway, delay in de-
velopment, and motor neuron defect [4-6]. Studies
indicated that the effects of silver are presented in
several different mechanisms including its capacity of
binding to DNA, influencing membrane structures
and their functions, and manipulating both reactive
oxygen species dependent and independent path-
ways, among others [7-9]. The exposure-induced toxic
effects of silver also seem to be dependent on the
physicochemical conditions of the exposed silver (i.e.,
particles vs. ionic form) and the environmental media
where the silver is present [10,11]. Both apoptotic and
necrotic cell death pathways are also known to be
involved [12]. With increased probability of exposure
to AgNP with its toxicity profile becoming more evi-
dent, both understanding the toxicological mecha-
nisms involved and finding amelioration methods are
very relevant and imminent issues in this technolo-
gy-driven society.

Selenium is an essential micronutrient, which is
well-known for its detoxifying effects in heavy metal
exposure [13]. Selenium deficiency is associated with
many diseases including endemic fatal cardiomyo-
pathy (Keshan disease), chronic degenerative diseases
[14], impaired cognitive function and neurological
disorders [15]. Selenium supplementation has been
suggested to have a protective role in various diseas-
es, such as viral infection [16], immune system func-
tion [17] and neurodegenerative disease [18,19].
Studies have shown that selenium is capable of re-
storing the activity of important antioxidant enzymes
such as glutathione peroxidases and thioredoxin re-
ductase [20-22]. A recent study has shown that expo-

<~

sure to AgNDPs leads to the inhibition of selenoprotein
synthesis and inhibition of thioredoxin reductase
isoform 1 (TrxR1) enzyme [23]. Therefore, it is
tempting to speculate that selenium may be an effec-
tive agent for protecting cells from AgNP exposure.

Materials and Methods

Material Characterization

Silver nanoparticles of various sizes ranging
between 15nm and 100nm were purchased (Sun
Nano, California). Transmission electron microscopic
examination (TEM) was performed for physical
characterization followed by dynamic light scattering
(DLS) assessment. The size of majority of AgNP under
TEM was around 30nm that was consistent with the
values estimated by DLS on stock solutions prepared
(Figure 1). Before TEM analysis, AgNP sample from
stock suspension was sonicated for at least 30 minutes
in nanopure water. The same samples were used for
DLS analysis which showed 20-30 nm range at 5 ppm
concentration. For DLS hydrodynamic diameter
measurement, ALV-CGS3 (ALVgmbh, Langen, Ger-
many) was used.

Cell culture and experimental treatments

Murine hippocampal HT22 cells were cultured
in DMEM containing 10% fetal bovine serum (FBS),
200 mM streptomycin/penicillin (Invitrogen), and 2
mM glutamine. The cells were maintained at
90%-95% relative humidity in 5% CO, at 37 °C. The
culture medium was renewed every 2 days. Silver
nanoparticles (AgNP) of different sizes (20 - 100nm)
were purchased (SunNano, CA). AgNP size of 30nm
was used for its toxicity in this study by using an ex-
isting prescreening data as shown in our previous
studies [4, 24].

i e

Figure 1. TEM and EDS of AgNP. (A) Stock suspension was diluted for TEM image and the sizes of the AgNP were measured between 25 and 35nm. The insert
bar is 20nm long. (B) EDS indicates the presence of silver on a copper grid with formvar. Arrows from left to right indicates carbon (formvar grid support), silver (Ag

NP), and copper (grid).
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AgNP stock solutions with different concentra-
tions ranging from 0.5 ppm to 5 ppm were prepared
in nanopure water and stored in dark room in amber
glass bottles for the study in the same way as it was
prepared in our previous study [25]. For the evalua-
tion of the effects of sodium selenite on HT22 cells
exposed to various concentrations of AgNP, sodium
selenite (25-200 nM) was added to the culture media 3
h prior to the cells exposed to AgNP.

Cell viability

Alamar blue assay (Thermo Fisher Scientific,
Waltham, MA, USA) was used to examine cell viabil-
ity. Viable cells take up the Alamar blue and the flu-
orescent intensity could be detected using a plate
reader. HT22 cells were seeded in 96-well plates at a
density of 8,000 cells per well. Various concentrations
of selenium (25, 50, 100, 200 nM) were given 3 h prior
to AgNP (0.5, 1.0, 1.5, 2.0, 5.0 ppm) incubation. After
24 h of AgNP exposure, the cells in each well were
incubated with 10 pl Alamar blue (1 mg/ml) at a final
concentration of 100 pg/ml for 3 h and the results
were read using PHERA Star Microplate Reader
(BMG Labtech, Ortenberg, Germany) at the excitation
and emission wavelengths of 520 and 570 nm, respec-
tively.

Detection of superoxide

Intracellular superoxide anion production was
measured using dihydroethidine (DHE) as a fluores-
cent probe (Life Technologies, Grand Island, NY,
USA). In brief, cells (2x10°/mL) were harvested and
incubated with the DHE (2.5 mM) at the end of ex-
periments for 30 min at 37 °C in a CO; incubator. They
were then washed two times, resuspended in phos-
phate buffered saline (PBS). The fluorescence intensity
was analyzed using Fluoromax-4 spectrofluorometer
(HORIBA Jobin Yvon Inc, Edison, NJ) at the excitation
and emission wavelengths of 480 nm and 590 nm,
respectively. The fluorescence recorded was showed
as relative fluorescent intensity (RFI).

Measurements of mitochondrial membrane
potential

Mitochondrial membrane potential was meas-
ured using the tetramethyl rhodamine methyl ester
(TMRM). In brief, cells (1x10°/mL) were incubated
with TMRM (30 nM) for 30 min at 37 °C in a CO; in-
cubator. Cells were washed in PBS and fluorescence
was measured using a Fluoromax-4 spectrofluorom-
eter (HORIBA Jobin Yvon Inc, Edison, NJ) at excita-
tion and emission of 530 and 573 nm, respectively. At
the end of experiments, mitochondrial potential was
dissipated with carbonylcyanide p-trifluoromethoxy-

phenylhydrazone (FCCP 5 uM), which is used as a
positive control.

Immunocytochemistry

The cells were cultured in 8-well Lab-Tek II
Chamber Slide system (thermoFisher Scientific Inc.).
At the end of each experiment, cells were fixed within
4% paraformaldehyde for 20 min at room temperature
and processed for immunocytochemistry. After per-
meabilization with 0.1% Trinton X-100, the cells were
incubated overnight at 4 °C with the monoclonal an-
ti-cleaved caspase-3 antibody (1:200 dilution, ASP175,
Cell Signaling) followed by incubation with a sec-
ondary donkey anti-rabbit Alexa Fluor 488 conjugate
(Invitrogen) for 1 h at room temperature. The cham-
bers were removed and glass slides were covered
with cover slips and mounted with Vectashield
Hardset Mounting Media (H-1200) containing DAPL
The results were examined using fluorescence confo-
cal microscope (Nikon Eclipse C1). Three microscopic
fields at 400X were randomly captured and the num-
ber of positively stained cells was counted.

Mitochondrial oxygen consumption meas-
urement

Oxygen consumption was measured with
high-resolution respirometry (Oxygraph, Oroboros
Instruments, Innsbruck, Austria) in a glass chamber at
37°C. Each well contains 2 ml of media (DMEM with
10% FBS) and 5%10¢ cells. The medium was equili-
brated by constant stirring (750 rpm) in ambient room
air for 10 min. The chamber was closed to start re-
cording the oxygen consumption at 2 seconds inter-
vals and the recording was stopped after stabilization
of the O, consumption signal. Respiration was finally
inhibited with rotenone (0.5 mM). The oxygen con-
sumption was calculated using DataGraph software
(Oroboros Instruments). Each individual experiment
was performed in two chambers in parallel, and was
recorded simultaneously for paired comparisons of
the oxygen consumption of each individual experi-
ment. Respiration rates were computed and data were
transformed into percent of respiration rate of control.

Statistical Analysis

All data are presented as means + SD. Multiple
comparisons were performed with one-way ANOVA
followed by Scheffe’s or Tukey’s tests as indicated in
the figure legends. A value of p < 0.05 was considered
statistically significant.

Results

Toxicity of AgNP on cell viability

The cell toxicity of AgNP was determined after
24 h following various amounts of nano-siver particle
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incubation. The results showed that there was an in-
versed linear relationship between the concentration
of AgNP and cell viability. As shown in Figure 2, at a
low concentration of 0.1 ppm, AgNP did not induce
cell death. When its concentration increased to 1.0
ppm, the viability decreased to 60%, and further de-
clined to 35% and 10% when the AgNP increased to
2.0 ppm and 5.0 ppm, respectively.
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Figure 2. AgNP cell toxicity detected using alamar blue assay. The
viability decreased with increased concentrations of AgNP. Data were collected
from 3 or more independent experiments and presented as means * s.d.
One-way ANOVA followed by post-hoc Scheffe’s test. ¥p<0.001 vs. control.

Selenium protection against AgNP induced
cell death

The potential protective effect of selenium was
examined in cells pretreated with sodium selenite for
3 h prior to AgNP incubation. As shown in Figure 3,
selenium per se did not cause cell death with a con-
centration up to 200 nM (fill bars). Selenite pretreat-
ment, in fact, significantly enhanced cell survival in
AgNP exposed cells in a dose dependent manner. At
the concentration of 25 nM, selenium increased the
percentage of viable cells from 35% in AgNP (2.0
ppm) to 68%. Accordingly, the percent of viable cells
increased along with the elevation of selenium and
reached to 85% at a concentration of 200 nM. Because
selenium at the concentration of 200 nM provided the

>

1501 |— *—I—#—|

—

1004

(44
o
1

best protective effect, this concentration was used for
rest of the experiments.

120- D AgNP +Se
. se

100+

@
<

Cell viability (%)
£ [=2]
T 9

n
<

Figure 3. The protective effect of selenium against AgNP toxicity in
HT22 cells. Cell viability decreased to 35% in 2.0 ppm AgNP treated cells.
Pretreatment of selenium significantly increased the cell viability. Selenium per se
did not influence the cell viability. Data were collected from at least 3 inde-
pendent experiments and presented as means * sd. One-way ANOVA followed
by post-hoc Scheffe’s test. # p<0.01 vs. control and *p<0.001 vs. non-selenium
treated AgNP exposed cells.
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Selenium reduced AgNP exposure-induced
ROS production

To evaluate the influence of AgNP on ROS gen-
eration, we detected superoxide levels using DHE
fluorescent probe. AgNP incubation for 24 h signifi-
cantly increased the superoxide level to about 30%
higher than the control (p<0.05). Pretreatment with
200 nM selenium brought the superoxide level down
to the control level (Fig. 4).

Selenium prevented AgNP induced mito-
chondrial depolarization

Mitochondrial membrane potential was meas-
ured by TMRM fluorescent probe. AgNP incubation
for 24 h moderately decreased mitochondrial mem-
brane potential, while pretreatment with 200 nM se-
lenium prevented the membrane potential depolari-
zation caused by AgNP (Fig. 5).
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Figure 4. Detection of superoxide levels in AgNP and selenium treated cells using DHE. (A) Bar graph showing AgNP increased ROS production by
close to 30% and selenium normalized the ROS level. (B) Representative original recordings. Data are collected from 3 independent experiments. Values are means
* s.d. and analyzed by one-way ANOVA test followed by Tukey’s test. * p<0.05 vs. control; #p<0.05 vs. AgNP.
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Figure 5. Mitochondrial membrane potential tested by TMRM. (A) Bar graph shows the depolarization after AgNP incubation and the preventive effect of
selenium. (B) Representative original recordings. Data were collected from 3 independent experiments and presented as means * s.d. Data were analyzed by one-way

ANOVA test followed by Tukey’s test. * p<0.05 vs. control.
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Figure 6. Mitochondrial oxygen utilization in AgNP and selenium treated cells. (A) Original recording showing increased oxygen consumption in AgNP
exposed cells comparing to control cells. (B) Original recording showing selenium pretreatment inhibited the elevated oxygen consumption caused by AgNP. (C) Bar
graph summarizes the average oxygen flow in 3 experimental groups. Data were collected from 3 independent experiments and presented as means * s.d. Data were

analyzed by one-way ANOVA test followed by Tukey’s test. * p<0.05 vs. control.

Mitochondrial Oxygen Utilization

The mitochondrial oxygen utilization was
measured to evaluate the effects of AgNP on mito-
chondrial function. It was found that AgNP incuba-
tion for 24 h significantly increased basal cellular res-
piration in HT22 cells as compared to control. Pre-
treatment of selenium reduced oxygen consumption
to control level (Figure 6).

AgNP induced caspase-3 activation

AgNP increased active caspase-3 positive neu-
rons while selenium suppressed such increase. In
control cultures, none or occasional scattered caspa-
se-3 positively stained neurons were observed (Figure
7A-C). After 24 h of AgNP incubation, the number of
caspase-3 positive cells significantly increased to 25
per high power microscopic field (HPF) (p<0.001,
Figure 7D-F). Treatment with 200 nM sodium selenite
reduced the positive cells down to 15/HPF (Figure
7G-I, p<0.05 vs. AgNP group). Negative control cells
did not show any positive caspase-3 immunostaining
(Figure 7J-L). A summarized bar graph is given in
Figure 7K.

Discussion

The present study explored the effect of seleni-
um on AgNP-induced neuronal cell death. The results
have demonstrated that AgNP reduces cell viability
and this toxicity was associated with mitochondrial
membrane depolarization, increased accumulation of
ROS, elevated mitochondrial oxygen consumption,
and caspase-3 activation. Treatment with sodium
selenite has successfully reduced cell death, stabilized
mitochondrial membrane potential and oxygen con-
sumption rate, and prevented accumulation of ROS
and activation of caspase-3.

The extent of silver nanoparticle toxicity on cells
varies depending on the size of the AgNP. Those
AgNP with their sizes less than 100 nm invariably
showed toxicity of various extents. Among those
smaller than 100 nm, AgNP about 30 nm and smaller
seemed to inflict more cell damage as indicated in
various studies [14]. In our study, AgNP with their
size ranging between 20 and 100 nm were used for
prescreening (data not shown). Those at around 30
nm size range have demonstrated the lowest cell via-
bility across different concentration ranges (0.5- 5.0
ppm) in a concentration dependent manner. At 0.5
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ppm concentration of AgNP, the cell viability was
close to that of the background level (i.e. control
group). The LD50 level in this study showed some-
where between 1 and 2 ppm of AgNP. Despite
reaching 1-2 ppm concentration in ambient environ-
ment is less likely to happen in normal condition, it is
a condition that can be easily created in occupational
settings.

ROS play a critical role in triggering cell damage
processes including the formation of mitochondrial
permeability transition pore (MPTP) that will lead to
activation of mitochondria-dependent cell death
pathways [26-28]. High lipid containing organs such
as the brain are vulnerable to oxidative stress [29]. In
the present study, we observed superoxide radicals
were increased after AgNP incubation. This finding is
in agreement with the experiment conducted in hu-
man lung epithelial adenocarcinoma cells A549 [8]
and rat blood serum [30]. Selenium prevented the
AgNp-induced increase in ROS. These results suggest
that AgNP induces oxidative stress to the cells while
selenium possesses anti-oxidant effect.

Mitochondria play an important role in causing
cell death by initiating cell death pathways. The mi-
tochondrial membrane depolarization is considered
to be an initial step for activation of the intrinsic cell

DAPI Cleaved-caspase

death pathways [31]. It is well known that increases in
ROS production, and/or increased intracellular/ in-
tra-mitochondrial calcium concentration triggers the
formation of the MPTP. Depolarized mitochondrial
membrane potential has been used as an indicator for
the formation of MPTP [32]. In this study, we have
found that AgNP induced a moderate mitochondrial
membrane depolarization suggesting formation of the
MPTP in AgNP incubated cells. Selenium maintained
the mitochondrial membrane potential, thus pre-
vented the formation of the MPTP. Theoretically, mi-
tochondrial membrane potential depolarization is
associated with decreased mitochondrial function as
reflected by decreased oxygen consumption. Unex-
pectedly, we observed an increase in mitochondrial
oxygen consumption after AgNP incubation. Such an
increase may reflect mitochondrial response to stress
in early phase. In one hand, increased oxygen im-
proves mitochondrial function; on the other hand,
increased electron flow is associated with increased
chances of ROS formation. In fact, the increased ROS
level in AgNP treated cells may reflect this aspect.
Nevertheless selenium treatment stabilized mito-
chondrial oxygen consumption and reduced ROS
production.
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Figure 7. Caspase-3 immunocytochemistry in control, AgNP and selenium treated cells. (A-C) Control group showing accessional capspase-3 positively
stained neurons. (D-F) AgNP caused increase in numbers of caspase-3 positive neurons. (G-I) Selenium decreased the number of caspase-3 positive cells. (J-L)
Negative control group. (K) Summarized bar graph showing average numbers of caspase-3 positive neurons among the experimental groups. Green color denotes
cleaved caspase-3 staining and blue for nuclear marker DAPI. Data were collected from 3 independent immunocytochemistry experiments, each performed in
triplicate. Values are presented as means * s.d. HPF, high power field. * p<0.001 vs. control, #p<0.05 vs. AgNP.
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Formation of the MPTP activates mitochon-
dria-initiated cell death pathways, which include
caspase dependent and caspase-independent path-
ways. The MPTP allows apoptosis-inducing factor
(AIF) and endonuclease G (EndoG) to be released
from the mitochondrion to nucleus. The MPTP can
also causes cytochrome ¢ and Smac/Diablo to be re-
leased from the mitochondrion to the cytosol, where
these molecules trigger activation of caspases and
eventually causes cell death. Among the various
caspases, caspase-3 is considered as cell death execu-
tioner. It causes nuclear DNA cleavage by either di-
rectly translocating to the nucleus or by activation of
caspase-dependent DNase [33-35]. In this study we
observed increased number of caspase-3 positive
neurons after AgNP incubation, suggesting activation
of mitochondria-initiated, caspase-dependent cell
death pathway by the AgNP. Selenium intervention
reduced the number of caspase-3 positive cells, sug-
gesting that selenium is capable of blocking caspa-
se-dependent cell death pathway.

Conclusions

Silver nanoparticles induce cell toxicity through
enhancing ROS production, causing mitochondrial
membrane depolarization and activating caspase-3
dependent cell death pathway. Selenium protects cells
from silver nanoparticle toxicity by reducing ROS
production, holding up the mitochondrial membrane
potential, and preventing caspase-3 activation.
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