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Background: The application of silver nanoparticles (AgNPs) is growing exponentially, and 
its potential damage to the cardiac remains to be elucidated. The purpose of this study was to 
investigate the ameliorative effect of sodium selenite on silver nanoparticles-induced myo-
cardiocyte structural alterations in rats.
Materials and Methods: Forty male Sprague-Dawley (SD) rats were randomly divided 
into four groups: control group, AgNPs group, Se control group, and AgNPs + Se group. SD 
rats were administered AgNPs through a single intratracheal instillation, and sodium selenite 
was given by intraperitoneal injection for seven days. Cardiac function was determined by 
echocardiography and hemodynamic, ultrastructural changes by transmission electron micro-
scopy examination. Mitochondrial fission and autophagy markers were measured by Western 
blotting.
Results: AgNPs caused a significant decrease in cardiac contraction, diastolic dysfunction, 
fragmentation, and lysis of the myofibrils, the formation of stenosis in the capillary, dama-
ging the mitochondria membrane and cristae. AgNPs significantly increased mitochondrial 
fission markers dynamin-related protein 1 (Drp1), phospho-Drp1 (p-Drp1), and mitochon-
drial fission protein 1 (Fis1), as well as autophagy marker LC3 II/I (P<0.05). Treatment with 
sodium selenite is capable of protecting cardiac function from AgNPs toxicity through 
attenuating ultrastructural alterations, stabilizing mitochondrial dynamic balance and block-
ing mitochondrial autophagy.
Conclusion: We conclude that the protection of sodium selenite against silver nanoparticles- 
induced myocardiocyte structural alterations is associated with stabilizing mitochondrial 
dynamic balance and mitophagy.
Keywords: heart, mitochondria, mitochondrial fission, myocardiocyte, myofibril, sarcomere, 
silver nanoparticles, sodium selenite

Introduction
Silver nanoparticles (AgNPs), a potent broad-spectrum antibacterial nanomaterial, has 
widely been used for daily necessities and biomedical purposes.1 ith the increased 
application of AgNPs, a large number of AgNPs products have been produced 
every year. It is estimated that the United States alone produces about 2.8 to 20 tons 
per year.2 Approximately 14% of the AgNPs-containing products can release these 
nanoparticles by manipulation.3,4 This represents a potential source of environmental 
and biological exposure with serious concerns for human health and our ecosystems. 
Inhalation has been considered the most common route of exposure for AgNPs.5,6 
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AgNPs can pass through the lung barriers into the blood and 
disperse throughout the body into organs such as the heart, 
liver, spleen, kidney, and brain.7,8 The accumulation of 
AgNPs in the heart has been observed, albeit at a low 
concentration.8 Therefore, the cardiac risk and toxicity 
mechanism of AgNPs have not attracted sufficient attention. 
In fact, cardiac toxicity of AgNPs has been demonstrated in 
some studies, as reflected by myocardiocyte deformity, rhab-
domyolysis, increase in vasoconstriction, aggravation of car-
diac ischemia and reperfusion injury, and decrease of cardiac 
contraction.9–12 The mechanisms of its cardiac toxicity are 
not fully understood but may involve several different 
mechanisms, such as cytotoxicity and genotoxicity, inflam-
matory responses, oxidative stress, and down-regulation of 
certain genes.13–16 The present study focuses on studying the 
mitochondrial function, morphology, and fission related pro-
teins in the rats exposed to AgNPs inhalation.

Mitochondria, the major sources of energy, are essential 
and extremely important for the heart because it needs huge 
amounts of energy to keep contraction. Studies have shown 
that AgNPs-induced mitochondrial toxicity is mainly 
mediated by oxidative stress, mitochondrial depolarization, 
and inhibition of key mitochondrial enzymes.17 However, 
mitochondria dynamic balance, the equilibrium of mitochon-
drial fission and fusion, is essential and important for the 
health of the organism. Mitochondrial fusion enables the 
exchange of matrix components, as well as damaged 
mtDNA.18 On the contrary, fission leads to activation of 
apoptosis and autophagy,19 allowing more mitochondria to 
distribute further or package degenerated protein for lysis 
and recycling.20,21 Fission is mainly regulated by Drp1 and 
Fis1 in mammals.22 Our previous research showed that 
AgNPs exposure induced mitochondrial stress in a neuronal 
cell line and damage in the lung tissue.23,24 So far, the effect of 
AgNPs on mitochondrial dynamic balance in myocardiocytes 
has not been reported. In particular, there is little evidence for 
the transport of AgNPs to the mitochondria in the 
myocardiocytes.

Finding amelioration methods to protect against 
AgNPs-induced cardiac toxicity is equally important 
and imminent. Selenium, an essential micronutrient, is 
well-known for its detoxification effects in heavy metal 
exposure.25 Selenium is a central component of various 
antioxidant enzyme catalytic sites, and it can restore the 
activity of antioxidant enzymes, such as glutathione per-
oxidases and thioredoxin reductase (TrxR).26–28 A study 
indicated that exposure to AgNPs caused inhibition of 
selenoprotein TrxR synthesis.29 Further, AgNPs induced 

the changes in the proteome, which may be related to the 
antagonistic effect of silver on the status of selenium.30 

Our previous study showed that selenium can block 
AgNPs-caused caspase-3 activation, prevent mitochon-
drial dysfunction and pulmonary structural damage.23,24 

However, it is not clear whether sodium selenite is cap-
able of preventing damage caused by AgNPs. Our aim in 
this study was to examine the mechanism by which 
sodium selenite protects against the cardiac damage 
induced by AgNPs exposure.

Materials and Methods
Materials
The silver nanoparticles powder was obtained from US 
Research Nanomaterials, Inc (20 nm, Product Number: 
US1038), which is the same as we have used in a recent 
study.24 AgNPs were suspended in 0.9% NaCl and 
reserved as stock solution (concentration 1 mg/mL). To 
prevent the aggregation, AgNPs stock suspension was 
sonicated in an ice bath at room temperature for 30 min 
before intratracheal instillation (IT) to the experimental 
rats. Selenium was purchased from Sigma Company and 
dissolved in 0.9% NaCl before use.

Animals
Forty male Sprague-Dawley rats, obtained from the 
Animal Center of Ningxia Medical University, China, 
were used in the present study. The animals were 6–8 
weeks of age and weighed 180–220 grams. They were 
maintained in plastic cages under controlled room tem-
peratures (22±4°C) and humidity (30–70%), and subjected 
to a 12 hours light/dark cycle. Standard rodent chow and 
sterile water were provided ad libidum. After a week of 
acclimatization, the rats were randomly divided into four 
groups: 1) Control group, 0.9% saline IT and 0.9% saline 
IP; 2) AgNPs group, AgNPs IT and 0.9% saline IP; 3) Se 
control group, 0.9% saline IT and selenite IP; and 4) 
AgNPs + Se group, AgNPs IT and selenite IP). Each 
group consists of ten rats. Intratracheal instillation (IT) 
was conducted only once with a volume of 200 microliters 
of AgNPs solution or 0.9% saline. Sodium selenite 
(0.2mg/Kg body weight in 1 mL) or 0.9% saline was 
intraperitoneally injected daily for 7 days started concur-
rently with the AgNPs intratracheal instillation. Upon pre-
determined endpoint, the rats were sacrificed under 
intraperitoneal anesthesia with 10% chloral hydrate (0.3–-
0.4mL/100g body weight).
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The animal experiments and all the procedures were 
approved by the Institutional Review Board of the General 
Hospital of Ningxia Medical University (approval num-
bers 2016–089) and performed in strict accordance with 
the Guide for Laboratory Animal Care and Use.

Weights of the Heart and Body
Body weight was recorded twice a week and at the time of 
euthanasia. The heart was removed from the animal and 
immediately washed three times in ice-cold saline. Wet 
weights of the heart were measured after dried with 
a regular filter. The ratio of heart weight over the body 
weight in each rat was calculated and presented.

Echocardiography Examination
On the 21st day after intratracheal instillation, six rats 
from each group were randomly selected for transthoracic 
echocardiography using the Vivid 7 Dimension system 
(GE Healthcare Ultrasound, Horten, Norway) with a 12 
MHz transducer. The rats were laid on their back under the 
maintenance of 1–1.5% isoflurane anesthesia, a small dose 
that did not affect the level of heart rate, blood pressure, 
and the state of respiration in rats at any stage. The para-
meters measured were the following: pulmonary artery 
internal diameter (PA), interventricular septum thickness 
(IVS), the left ventricular internal dimension at the end of 
diastole (LVIDd), left ventricular internal dimension at the 
end of systole (LVIDs), heart rate (HR). The left ventri-
cular fractional shortening (LVFS), ejection fraction (EF), 
cardiac output (CO), stroke volume (SV), the Left ventri-
cular volume at the end of diastole (EDV) and the Left 
ventricular volume at the end of systole (ESV) were cal-
culated according to traditional formulas(as shown in sup 
plementary material-experimentary section). All para-
meters were measured 3–4 times, and the images were 
captured by the same operator who was specialized in 
small animal echocardiography and blinded to the study 
groups.

Hemodynamic Examination
After echocardiography, the cardiac function was assessed 
by measuring hemodynamic parameters through the inser-
tion of a cardiovascular catheter to the left ventricular of the 
heart in the experimental rats. The data were acquired using 
a computer-controlled BL-420S physiological signal acqui-
sition system (Chengdu Taimeng Software Co. Ltd, China). 
The connected polyethylene catheter and pressure transdu-
cer were filled with 500U/mL of heparin saline (avoiding air 

bubbles as possible). The rats were anesthetized with an 
intraperitoneal injection of 20% urethane (6.5 mL/Kg body 
weight) and fixed on the operating table, connected to the 
standard II lead electrocardiogram, and the heart rate was 
recorded. The trachea was surgically exposed, then the right 
carotid artery was isolated. The distal end of the carotid 
artery was ligated and the proximal end was clipped using 
an artery clip. An oblique incision was then made with 
microscope scissors. The catheter was introduced into the 
right common carotid and reached to the left ventricle, 
where significant increases of pressure and waveform were 
observed on the computer screen. After all the steps were 
completed, the hemodynamic parameters were recorded 
once they reached a steady-state for about 10 minutes. The 
record of hemodynamic responses in each rat was continued 
for 30 minutes. The parameters were measured as follows: 
heart rate (HR), left ventricular systolic pressure (LVSP), 
left ventricular end-diastolic pressure (LVEDP), maximal 
rate of left ventricular pressure rise (LVdP/dtmax), and max-
imal rate of pressure decrease during relaxation 
(LVdP/dtmin).

Transmission Electron Microscopy Examination
Parts of cardiac tissue was obtained immediately after the 
animals were sacrificed. The heart was cut into small 
pieces (1mm3), fixed in 2% glutaraldehyde, rinsed in 
0.1M dimethyl sodium arsenate, and followed by post- 
fixation in 4% osmic acid, washing with 0.1M dimethyl 
sodium arsenate, and dehydration in ascending concentra-
tions of alcohol. All the above processes were carried out 
at 4°C. The tissues were permeated in propylene oxide and 
then embedded in epoxy resin for 48 hours under 60°C. 
The ultra-thin sections were cut and stained with 2% 
uranyl acetate and lead citrate. All images were captured 
by a TEM (Hitachi H-7650, Tokyo, Japan).

Western Blot
The total proteins and mitochondrial proteins were extracted 
from heart tissues using the total protein extraction kit 
(KGP2100) and mitochondrial protein extraction kit 
(KGP8100) from KeyGEN BioTECH. The extraction pro-
cesses were conducted in an ice-water bath according to the 
instructions of the kits. The protein concentration was deter-
mined using the BCA Protein Assay Kit (KeyGEN 
BioTECH, KGP8100). Equal amounts of protein (20 µg) 
from each animal subjected to heat denaturation were loaded 
for electrophoresis and transferred onto nitrocellulose mem-
branes. The membrane was blocked with 10% skim milk at 
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room temperature and incubated overnight at 4°C with the 
following primary antibodies: Drp1 (1:1000, ab184247, 
Abcam), phospho-Drp1 (Ser616 1:1000, 3455, Cell 
Signaling), Fis1 (1:1000, GTX111010, GeneTex), LC3B 
(1:2000, ab192890, Abcam) and VDAC (1:1000, 
GTX114187, GeneTex). The membranes were washed and 
incubated with horseradish peroxidase-labeled secondary 
antibodies for 1 hour at room temperature, followed by 
imaging using the Pierce ECL Western Blotting Substrate. 
The VDAC bands served as a mitochondrial and GAPDH as 
cytosolic internal controls. The ratios of targeted protein 
bands to loading controls were measured and presented as 
relative target band intensity.

Statistical Analysis
All data are expressed as mean ± standard deviation. SPSS 
18.0 software and Graph Pad Prism 5.0 were used for the 
data analysis. Differences between groups in mean values 
with normal distribution were compared by two-way 
ANOVA followed by Bonferroni Test. P<0.05 was con-
sidered to indicate a statistically significant difference.

Results
Body Weight and Heart Coefficient
Body weight and heart weight of each rat were compared 
among the four groups. As shown in Figure 1, the body-
weight of all four groups of rats increased over time. On 
the 21st day after intratracheal instillation, the mean body 
weights were (320.50±24.73) g, (328.67±18.82) g, (343.17 

±22.59) g and (329.50±25.56) g in control, AgNPs-treated, 
Se-treated, and AgNPs-Se-cotreated groups, respectively. 
The heart coefficient, which is calculated by dividing heart 
weight with body weight in the same animal, was (2.80–-
3.29) ×10−3 in all animals with no significant difference 
between the groups (F=0.228, p=0.876). The data indicate 
that AgNPs did not induce significant changes in body 
weight and heart coefficients.

Assessment of Cardiac Function by 
Echocardiography and Invasive 
Hemodynamics
Cardiac parameters, including PA, IVS, LVIDd, LVIDs, 
SV, LVFS, EF, EDV, and ESV, which were obtained from 
echocardiography, were presented in Table 1. As shown in 
Table 1, intratracheal instillation of AgNPs significantly 
decreased LVFS from (41.35±1.10) in control to (37.65 
±1.92) in AgNPs group (P<0.05) and EF from (77.46 
±0.98) to (73.29±2.54) in AgNPs (P<0.05). There was no 
significant difference in other echocardiography indicators, 
which include PA, IVS, LVIDd, LVIDs, SV, EDV, and 
ESV, among the four groups. However, when the cardiac 
output (CO) was calculated by multiplying stroke volume 
with heart rate, it showed that CO significantly decreased 
from (235.34±22.16) in Control to (192.09±26.49) in 
AgNPs groups (P<0.05), suggesting that AgNPs impaired 
cardiac function. Although CO did not significantly 
increase, selenite treatment brought the levels of LVFS 
and EF back to the control level (P>0.05 vs Control). 

Figure 1 The assessment of body weight and the heart coefficient ratio. (A) Body weight of all four groups of rats was recorded twice a week, which increased in a similar 
trend. (B) The heart coefficient ratio was calculated and analyzed. Groups with no label on the top indicate no significant difference (P>0.05) when compared among the 
groups. 
Notes: The data represent means±SD. p<0.05 were considered to be statistically significant. 
Abbreviations: AgNPs, silver nanoparticles; Se, sodium selenite; SD, standard deviation.
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Selenite administration alone did not affect any of the 
measured parameters.

In order to further clarify the causes of LVFS and EF 
changes, the invasive hemodynamic measurement was car-
ried out. As shown in Table 2, significant decreases in HR, 
LVSP, LVdP/dtmax and LVdP/dtmix, and an increase in 
LVEDP were observed in the AgNPs-treated group in com-
parison with the Control group. Treatment with selenite 
markedly increased LVSP, LVdP/dtmax and LVdP/dtmix, and 
reduced the LVEDP levels. Representative echocardiograms 
(M-mode images) and left ventricular pressure diagrams in 
each group are presented in Figure 2.

Ultrastructural Changes in Heart Tissue
Cardiac histopathological changes were observed by HE 
staining and were shown in Figure S1.

There was no significant difference in the histopatholo-
gical outcomes of heart tissue between control and AgNPs- 
treated groups. Therefore, transmission electron microscopy 
observation of ultrastructural changes in the left ventricular 
myocardium was performed and significant differences 

between the control and AgNPs-treated groups were 
observed (Figure 3). Sample from control animals demon-
strated regular arrangement of sarcomeres with the myofi-
brils (F) nicely arranged in zones and bands and abundant 
mitochondria (M) in myocardiocytes. Striations were clearly 
visible among the well-organized myofilaments with M-lines 
intersecting the H-bands. The A-bands, I-bands, and Z-lines 
look clear. The electron microscopy of the Se-treated group 
showed in a normal way. Intratracheal instillation of AgNPs 
resulted in obvious fragmentation and lysis of the myofibrils 
and disarray of the sarcomere. The A-bands, Z-lines, 
H-bands, and M-lines were all misarranged and damaged at 
various degrees. These abnormalities reverted to normal 
status with selenite treatment to AgNPs intratracheal instilla-
tion animals (AgNPs+Se group).

The ultrastructural changes of myocardial capillaries and 
their endothelial cells were examined by transmission elec-
tron microscopy and presented in Figure 4A. The capillary 
lumens were clearly visible and the nuclear of the endothe-
lial cell is normal in both the Control and Se-treated groups. 
After AgNPs exposure, endothelial cell proliferation and 

Table 1 Echocardiography Measurements in Rats Treated with or Without AgNPs and Selenite

Parameters Cont AgNPs Se AgNPs+Se

PA (mm) 3.03±0.12 3.00±0.06 3.13±0.15 3.10±0.17
IVS (mm) 1.42±0.04 1.45±0.05 1.45±0.05 1.43±0.05

LVIDd (mm) 7.17±0.27 7.13±0.37 7.10±0.51 7.17±0.31

LVIDs (mm) 4.23±0.19 4.45±0.31 4.17±0.29 4.13±0.32
LVFS (%) 41.35±1.10 37.65±1.92* 41.52±1.68# 42.39±2.33#

EF (%) 77.46±0.98 73.29±2.54* 77.79±1.78# 78.49±2.51#

CO (mL/min) 235.34±22.16 192.09±26.49* 222.56±37.04 225.19±47.63
SV (mL) 0.65±0.07 0.60±0.08 0.63±0.12 0.65±0.07

EDV (mL) 0.84±0.09 0.82±0.11 0.81±0.15 0.83±0.11
ESV (mL) 0.19±0.02 0.22±0.04 0.18±0.03 0.18±0.04

Notes: The data represent means ± SD. * P<0.05 vs control; #P<0.05 vs AgNPs. 
Abbreviations: Cont, control; AgNPs, silver nanoparticles; Se, selenium; PA, pulmonary artery internal diameter; IVS, interventricular septum thickness; LVIDd, the left 
ventricular internal dimension at the end of diastole; LVIDs, left ventricular internal dimension at the end of systole; LVFS, the left ventricular fractional shortening; EF, 
ejection fraction; CO, cardiac output; SV, stroke volume; EDV, the left ventricular volume at the end of diastole; ESV, the left ventricular volume at the end of systole.

Table 2 Hemodynamics Measurements in Rats Treated with or Without AgNPs and Selenite

Parameters Cont AgNPs Se AgNPs+Se

HR (beats/min) 437.83±22.16 387.17±31.61* 429.67±4.23# 412.00±4.00

LVSP (mmHg) 117.84±1.99 93.27±8.56* 109.43±9.95# 108.60±7.94#

LVEDP (mmHg) 15.95±2.84 25.74±6.19* 15.07±3.27# 14.67±2.65#

LVdP/dtmax(mmHg/s) 3015.49±61.16 1659.60±355.87* 2697.76±297.27# 2649.76±314.64#

LVdP/dtmin(mmHg/s) 2555.28±31.29 1489.58±337.19* 2331.41±175.54# 2373.38±345.32#

Notes: The data represent means ± SD. * P<0.05 vs control; #P<0.05 vs AgNPs 
Abbreviations: Cont, control; AgNPs, silver nanoparticles; Se, selenium; HR, heart rate; LVSP, left ventricular systolic pressure; LVEDP, left ventricular end-diastolic 
pressure; LVdP/dtmax, maximal rate of left ventricular pressure rise; LVdP/dtmin, maximal rate of pressure decrease during relaxation.

International Journal of Nanomedicine 2020:15                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
8285

Dovepress                                                                                                                                                               Ma et al

https://www.dovepress.com/get_supplementary_file.php?f=271457.docx
http://www.dovepress.com
http://www.dovepress.com


Figure 2 Assessment of cardiac function by echocardiography and invasive hemodynamics. (A) Representative M-mode echocardiograms images were captured in each rat. 
(B) Representative left ventricular pressure diagrams were recorded in each group. 
Abbreviations: Cont, control; AgNPs, silver nanoparticles; Se, selenium; LVSP, left ventricular systolic pressure; LVEDP, left ventricular diastolic pressure.

Figure 3 Ultrastructural changes of heart tissue observed by 10,000×TEM. Sarcomere and myofilament were observed. After exposure of AgNPs, fragmentation and lysis of 
the myofibrils and disarray of the sarcomere were found. 
Abbreviations: Cont, control; AgNPs, silver nanoparticles; Se, selenium; H, H-bands; A, A-bands; m, M-lines; Z, Z-lines; F, myofibrils; M, mitochondria.
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Figure 4 Ultrastructural changes of myocardial capillaries observed by 20,000×TEM. (A) Ultrastructural changes in myocardial capillaries and their endothelial cells. (B) The 
summarized bar graph showing the relative luminal area and the relative nuclear area. 
Notes: The Data were collected from ten independent images and presented as means ± SD. p<0.05 were considered to be statistically significant. * p<0.05 vs control; 
#p<0.05 vs AgNPs. 
Abbreviations: Cont, control; AgNPs, silver nanoparticles; Se, selenium; SD, standard deviation.
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nuclear chromatin margination were observed. The nucleus 
bulged into the lumen of capillary leading to stenosis. In the 
AgNPs+Se cotreated animals, the AgNPs-induced changes 
in the capillaries improved. The ratio of vascular lumen area 
to the vascular area and the ratio of nuclear area to the 
vascular area were measured using the Image J program 
and given in Figure 4B. The relative luminal area was 0.45 
±0.17 and 0.55±0.18 in control and Se-treated groups, 
respectively. The relative nuclear area was 0.11±0.13 and 
0.14±0.11 in control and Se-treated groups, respectively. 
Intratracheal instillation of AgNPs decreased the relative 
luminal area to 0.21±0.08 (P<0.05 vs Control) and increased 
the relative nuclear area to 0.39±0.05 (P<0.05 vs Control). 
Selenite treatment in AgNPs-exposed animals significantly 
increased the relative luminal area up to 0.39±0.12 (P<0.05 
vs AgNPs) and decreased the relative nuclear area to 0.23 
±0.06 (P<0.05 vs AgNPs).

Ultrastructural Changes of Mitochondrial 
Morphology and the Mitophagy
Given the critical role of mitochondria in myocardial energy 
supply, the morphology changes of mitochondria were 

evaluated by transmission electron microscopy. As shown in 
Figure 5, the mitochondrial cristae were well arranged and 
abundant and mitochondrial membranes were intact in Control 
and Se groups. After AgNPs exposure, the mitochondrial 
membrane partially disappeared and the cristae became blurry. 
Silver nanoparticles (green arrows in Figure 5C) were found 
within the myocardiocyte mitochondria. In AgNPs+Se ani-
mals, the mitochondrial cristae returned to normal and AgNPs 
accumulation was observed within the mitochondria (green 
arrow in Figure 5D) and outside of the mitochondria (yellow 
arrows in Figure 5D). Strikingly, mitochondrial autophagy 
(mitophagy) was observed both in AgNPs and AgNPs+Se 
cotreated groups (red arrows in Figure 5E and F).

Effects of AgNPs and Selenite on 
Mitochondrial Fission and Autophagy 
Markers
In the present study, we measured the mitochondrial fission 
and mitophagy markers from the mitochondrial fraction of 
the heart tissue samples. As shown in Figure 6, the protein 
levels of Drp1, p-Drp1, and Fis1 were significantly increased 

Figure 5 Ultrastructural changes of mitochondrial morphology and the mitophagy. (A–D) representative images showing mitochondrial morphology from (A) control, (B) 
Se-treated, (C) AgNPs-treated and (D) Se+AgNPs cotreated group; Green arrows denote silver nanoparticles within the mitochondria and yellow for outside. (E and F) 
representative images showing mitophagy in (E) AgNPs-treated and (F) Se+AgNPs cotreated group. Red arrows denote mitophagy. 
Abbreviations: Cont, control; AgNPs, silver nanoparticles; Se, selenium.
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in the AgNPs-treated group compared with the control group 
(Drp1, 0.936±0.205 vs 0.259±0.121; p-Drp1, 0.532±0.166 vs 
0.027±0.04; Fis1, 1.049±0.178 vs.0.602±0.080). Treatment 
with selenite for 7 days significantly reduced these protein 
levels to the control levels. Further selenium treatment sup-
pressed AgNPs-activated autophagy. The conversion of LC3 
I to LC3 II is an important marker of autophagy. It was shown 
that the levels of LC3 II band intensities significantly 
increased from (3.938±0.428) in Control to (6.414±0.547) 

in the AgNPs-treated group and selenite reverted the AgNPs- 
induced elevation back to control levels.

Discussion
The present study has demonstrated that AgNPs caused ultra-
structural changes in the heart tissue, which include damages 
to the mitochondria and capillaries, and increased the protein 
markers of mitochondrial fission and autophagy. These struc-
tural alterations ultimately resulted in cardiac functional 

Figure 6 Western blotting of mitochondrial fission and autophagy markers. (A) The representative Western blot showing Drp1, p-Drp1, Fis1 and LC3B levels. VDAC and 
GAPDH served as the internal loading control for mitochondrial and whole protein, respectively. (B) The bar graph showing semiquantitative band intensity ratio from Drp1, 
p-Drp1, Fis1 to LC3B. 
Notes: The data represent means±SD. * p<0.05 vs control; #p<0.05 vs AgNPs. 
Abbreviations: Cont, control; AgNPs, silver nanoparticles; Se, selenium; SD, standard deviation.
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performance as detected by hemodynamic and echocardiogra-
phy. Treatment with selenium effectively alleviated AgNPs- 
induced functional and ultrastructural deterioration in the 
heart and prevented the elevations of mitochondrial fission 
and autophagy proteins.

Numerous research studies have shown that the AgNPs 
toxicity is mostly particle size-dependent both in vivo and 
in vitro.31–33 In our study, the size of silver nanoparticles was 
20 nm and the dose we used is consistent with those studying 
cardiotoxicity of AgNPs.15,34 Although neither AgNPs nor 
selenite affect the body weight and heart/body weight ratio, 
our data demonstrated that exposure of AgNPs leads to cardiac 
systolic dysfunction as reflected by the decreased levels of CO, 
EF, and LVFS. Since CO, EF, and LVFS are the most impor-
tant indicators of systolic function, hemodynamic experiments 
were carried out to further confirm the effect of AgNPs on 
cardiac function. The results showed that intratracheal instilla-
tion of AgNPs significantly decreased the level of HR, LVSP, 
LVdP/dtmax and LVdP/dtmin, and increased the level of 
LVEDP. LVSP is an indicator of ejection efficiency during 
myocardial contraction and its decrease indicates reduced 
cardiac muscle contraction of the left ventricle. LVEDP is 
the left ventricular end of diastolic pressure and its elevation 
indicates the pressure in the left ventricular at the end of 
diastole increased, which reduces the ventricle blood filling.35 

LVdP/dtmax, a sensitive and reliable index of cardiac contrac-
tility, and LVdP/dtmin, reflecting the effects on myocardial 
relaxation, are closely related to the systolic and diastolic 
functions of the myocardium.36,37 In other words, exposure 
of AgNPs caused cardiovascular damage ranging from 
decreased myocardial contractility to subsided diastolic dys-
function. Our results are consistent with those of a previous 
study showing that AgNPs causes a decrease in myocardial 
contractility assessed by echocardiography.12 Sodium sele-
nium treatment significantly prevented AgNPs-induced car-
diac systolic dysfunction as evidenced by the improvement of 
EF, LVFS, LVSP and LVdP/dtmax, and improved left ventri-
cular diastolic dysfunction as reflected by returning of LVEDP 
and LVdP/dtmin back to normal. Taking together, our results 
suggests that AgNPs causes dysfunctions of both myocardial 
contraction and relaxation and selenite treatment attenuated or 
prevented these AgNPs-induced cardiac dysfunctions in rats.

AgNPs exposure affects not only cardiac function but 
also cardiac ultrastructure.

Although hypertrophy, edema, vasodilation, hypere-
mia, and rupture of myocardial fibers were not observed 
in the AgNPs group by HE staining, the ultrastructure of 
myocardial cells was altered as observed by transmission 

electron microscopic examination. The results showed that 
exposure to AgNPs could cause disarray of sarcomere, 
fragmentation of myofibrillary fibers, and stenosis of the 
capillary lumen. These structural impairments may explain 
why cardiac hemodynamic parameters were affected and 
cardiac functions were reduced in AgNPs-exposed ani-
mals. Although there have been studies reported that sele-
nium alleviates heavy metal and silver induced toxicity in 
cells and tissues,23,38–40 there has been no study examining 
the detoxifying effect of sodium selenite on AgNPs- 
induced toxicity in cardiac tissue. The results from this 
study clearly demonstrated that treatment with selenite 
reduced the disarray of sarcomere and fragmentation of 
myofibrils, and improved capillary patency in AgNPs- 
exposed rats, suggesting that selenium supplementation is 
capable of correcting AgNPs toxicity in the heart.

Mitochondria are the most important organelles for 
energy metabolism. The heart is the most metabolically 
active organ, which is highly dependent on the energy 
production in mitochondria to provides a large amount of 
adenosine triphosphate (ATP) to maintain its continuous 
contractile activity. So cells residing within the heart tissue 
are highly metabolically active and also more sensitive to 
mitochondrial damage.17,41 The mitochondrial inner mem-
brane forms cristae, which contains the respiratory com-
plexes, ATP synthase, ADP/ATP carrier, and phosphate 
carrier.42 Healthy mitochondria and cristae are very impor-
tant for the capacity of ATP generation, especially for the 
heart. In our study, the morphology of mitochondria was 
observed by transmission electron microscopic examina-
tion. After AgNPs exposure, the mitochondrial membrane 
partially was disappeared in some part and the cristae 
became blurred. Silver nanoparticles were founded within 
the mitochondria of the myocardiocytes. Recently, it has 
been reported that AgNPs compromised hepatic mitochon-
drial activity and mitochondrial respiratory complex activ-
ities in Sprague-Dawley rats.43 Unfortunately, we were 
unable to replicate these results in heart tissue due to the 
limited amount of available tissue samples. Although there 
were silver nanoparticles in and out of the mitochondria, 
the mitochondria cristae return to normal in the Se-treated 
group. Therefore, selenite is capable of protecting the 
mitochondria against AgNPs-induced damage.

In general, the mitochondria are highly dynamic in an 
equilibrium of fission and fusion, which can not only 
regulate the quantity, morphology, and subcellular distri-
bution of mitochondria but also maintain the functions of 
mitochondria. Mitochondrial fission is a process of 
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packaging degenerated mitochondria and metabolic 
wastes and eliminating or recycling them through mito-
chondrial autophagy.20 Excessive fission is often asso-
ciated with mitochondrial dysfunction as this dynamic 
state is dominantly elevated in stress and cell death 
processes.44 Our data showed that AgNPs significantly 
increased mitochondrial fission protein levels of Drp1, 
p-Drp1 (Ser616), and Fis1, suggesting that AgNPs expo-
sure activated mitochondrial fission. Selenite treatment 
almost completely blocked the AgNPs-induced increases 
of Drp1, p-Drp1, and Fis1. Autophagy is an important 
process in cell homeostasis and clearance of redundant or 
damaged organelles.45 Since fission mitochondria need to 
be cleared through autophagy, we measured one of the 
major autophagy marker LC-3.19 The results showed that 
the ratio of LC3-II to LC3-I increased significantly after 
AgNPs exposure and selenite decreased the conversion of 
LC3-I to LC3-II under AgNPs exposure. It has been 
shown that the conversion of LC-3I to LC-3II plays 
a critical role in the process of engulfing defective mito-
chondria into autophagosomes and then delivering them 
to the lysosomes for degradation.46 Our results suggest 
that AgNPs activates mitochondrial fission and autophagy 
processes and selenite successfully block these processes. 
Sodium selenite has been shown to prevent mitochondrial 
dynamic imbalance and improve mitochondrial function 
in neuronal cells by our group previously.47,48 Results 
obtained from transmission electron microscopy further 
supported this conclusion by verifying the existence of 
double-layered, mitochondrion-containing autophagy 
bodies in myocardiocytes of AgNPs-exposed animals.

Conclusion
Our results showed that the sodium selenite is capable of 
alleviating AgNPs-induced myocardiocyte damage. 
Intratracheal instillation of AgNPs caused decreasing car-
diac contraction, diastolic dysfunction, fragmentation, and 
lysis of the myofibrils, the formation of stenosis in the 
capillary, damaging the mitochondria membrane and cris-
tae. AgNPs activated mitochondrial fission and autophagy. 
Treatment with sodium selenite to the animals prevented 
the AgNPs-caused functional and ultrastructural altera-
tions, stabilized mitochondrial dynamic balance, and 
blocked mitochondrial autophagy.
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