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Abstract

Silver nanoparticles (Ag-nps) induce hepatotoxicities via oxidative stress. The oxidative stress-induced mitochondrial
damages are known to be regulated by mitochondrial unfolded protein response (mtUPR) and autophagy/mitophagy
systems. The present study was undertaken to investigate role of mtUPR and autophagy/mitophagy on the Ag-nps
induced mitochondrial dysfunction. Experiments consisted of two groups of Sprague Dawley rats: control and Ag-nps
treated. The Ag-nps treated group received an intraperitoneally injection of 1.5 ml deionized water containing 500 mg/
kg of Ag-nps. Control group received equal volume of deionized water. All animals were sacrificed at different time
points (6, 12, 18 and 24 hr post treatment), followed by removal of livers for determination of ATP content and protein
expression. The results show that multi-ubiquitinated proteins (Ub-proteins) in liver mitochondria were increased at
12 hr and the increases were sustained up to 24 hr following Ag-nps treatment. Expressions of mtUPR-associated
proteins including transcriptional factors (C/EBP homologous protein (CHOP) and CAAT/enhancer-binding protein-f§
(C/EBPR)), molecular chaperones (heat shock protein (Hsp) 70 and Hsp60) and protease (caseinolytic Clp protease
(ClpP)) remained unchanged during the entire experimental period, except that Hsp10 was upregulated. Expression
of LC3-Il (autophagy marker) and BNIP3 (mitophagy marker) were upregulated at 6 hr and the upregulation remained
throughout the experimental period. ATP content was reduced at 6 hr after Ag-nps exposure and the reductions were
sustained during the entire experimental period. These results demonstrate that activation of autophagy/mitophagy
markers co-existed with upregulation of Ub-proteins and reduction of ATP content without changing mtUPR in rat liver
following Ag-nps administration. These findings indicate that protective effects of autophagy/mitophagy markers were
overwhelmed by detrimental actions of Ub-proteins on the control of mitochondrial function, and the counter-balance of
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the two systems eventually resulting in impaired mitochondrial function, i.e., reduction of ATP content.
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proteins: Multi-ubiquitinated Proteins; CHOP: C/EBP Homologous
Protein; C/EBPP: CAAT/enhancer-binding protein-p; Hsp70: Heat
Shock Protein 70; Hsp60: Heat Shock Protein 60; Hsp10: Heat Shock
Protein 10; LC3: Microtubule-associated Protein 1-Light Chain 3;
ROS: Reactive Oxygen Species; BNIP3: BCL2/adenovirus E1B 19-
kDa Protein-interacting Protein 3; PVP: Polyvinylpyrrolidone; VDAC:
Voltage-dependent Anion Channel; GAPDH: Glyceraldehyde-3-
Phosphate Dehydrogenase; i.p: Intraperitoneally; SDS-PAGE: Sodium
Dodecyl Sulfate-polyacrylamide Gel Electrophoresis; TBS: Tris-buffer
Saline; ECL: Enhanced Chemiluminescence

Introduction

Unique antibacterial, antiviral and antifungal properties of nano-
sized silver particles (Ag-nps) render them frequently used in a variety
of consumer products ranging from disinfecting medical equipment
and water purification systems to textile fabrics and cosmetics [1-4].
For this reason, the toxicity of Ag-nps to human remains an important
concern. Several studies indicate that excessive exposure to Ag-nps lead
to their accumulation and toxic changes in multiple organs, especially in
the liver that functions as a key organ of detoxification [5-7]. Although
the mechanisms of hepatotoxicity is not fully understood, prior studies
have revealed that the biological and toxic effects of Ag-nps occur due
to excessive production of reactive oxygen species (ROS) that lead to
eventual apoptosis and necrosis [1,6,8].

ROS are mainly produced in the mitochondria which in turn
cause mitochondrial oxidative damage to proteins, membranes,
and mitochondrial DNA (mtDNA). The oxidative stress-induced
mitochondrial dysfunction occurs when the production of ROS
exceeds the antioxidant capacity [9-11]. ROS may modulate proteins
through covalent modification of specific reactive cysteine residues and
results in misfolded/unfolded protein formations that tend to aggregate
and precipitate [12,13]. Accumulation of aggregation-prone proteins
interferes with normal mitochondrial function, a phenomenon termed
mitochondrial proteotoxic stress [14,15]. Apart from ROS production,
there are other mechanisms that could explain the toxicity of Ag-nps,
including dissolving or releasing of Ag ions from Ag-nps, binding and
destruction of proteins or DNA, altering of mitochondrial membrane
permeability, and disturbing mitochondrial respiratory chain activities
[16-18]. In addition, the toxic mechanisms may involve on the
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properties of the nanoparticles, such as surface area, size and shape,
surface charge, particle purity, structural aberration and bioavailability
[19].

Several strategies have been developed to monitor mitochondrial
damage and ensure the integrity of the cells, including intraorganellar
molecular chaperones and proteases that have capacity in regulating and
maintaining respiratory chain activity. In response to mitochondrial
stress, cells have evolved an auto-regulatory response as the first line
of defense at the molecular level, termed mitochondrial unfolded
protein response (mtUPR). The mtUPR activates transcriptionally the
nuclear-encoded mitochondrial chaperones and proteases to ensure
mitochondrial protein quality control [20-23]. Overexpressions of
aggregate-forming proteins in the mitochondrial matrix results in an
increased expression of mitochondrial molecular chaperones including
heat shock protein 70 (Hsp70), heat shock protein 60 (Hsp60), heat
shock protein 10 (Hsp10), mitochondrial isoform of DnaJ (mtDnaJ) and
the caseinolytic Clp protease (ClpP). Overexpression of these molecular
chaperones and proteases facilitate the misfolded protein refolding to
normal conformation or selectively remove damaged proteins [15,22-
24]. Upregulation of these genes during mtUPR activation was the
result of dimerization of CHOP (C/EBP homologous protein) and C/
EBP( (CAAT/enhancer-binding protein-f), that in turn promotes the
transcription of the mtUPR-responsive genes containing the CHOP
element [14,22,23], and consequently upregulating expression of
mitochondrial chaperones and proteases.

In addition to mtUPR, another mitochondrial communication
process such as mitophagy, acts as a second line of defence at the
organellar level by removing malfunctioning mitochondria through
a highly selective form of autophagy [20,25,26]. Recent studies have
demonstrated that autophagy receptors on damaged mitochondria such
as BCL2/adenovirus E1B 19-kDa protein-interacting protein 3 (BNIP3)
promote mitophagy via binding of LC3 on autophagosome, followed
by delivering BNIP3-LC3-autophagosome complexes to lysosomes
for digestion [27,28]. Moreover, mitophagy may also be important
in attenuating apoptosis or necrosis through clearance of damaged
mitochondria, that in turn prevent production of excess ROS and
interrupt the release of cytochrome ¢, apoptosis-inducing factor, and
other apoptotic factors, from intermembrane space [29]. These reports
demonstrate that mitophagy plays an important role on the degradation
of damaged mitochondria. It should be noted that dysfunctional
mitochondria is linked to multiple human pathologies, including
obesity, diabetes, cancer, aging, and a number of neurodegenerative
and muscular diseases. Factors that promote mitophagy may include
growth factor deprivation, TNF-a upregulation, starvation, rapamycin,
staurosporine and other toxins [30].

Since mtUPR and mitophagy are two important mechanisms
that regulate and control mitochondrial integrity as described in the
preceding paragraph, and since mitochondrial integrity, i.e., energy
production, was found to be perturbed as early as day one following
Ag-nps administration as previously report by us [31], the present
study was undertaken to investigate roles of mtUPR and mitophagy on
the Ag-nps induced mitochondrial dysfunction.

Materials and Methods
Materials

Silver nanoparticles (The physical characteristics of the particles
according to the manufacturers data are: size (< 100 nm), purity (99.5%
based on trace metals analysis), surface area (5.0 m?g), density 10.49
g/cm® (lit.), Polyvinylpyrrolidone (PVP) as dispersant [32]; the mean

diameter of the dispersed particles was 22.32 + 7.07 nm (determined by
TEM imaging) as previously described [31]) and anti-LC3B antibody
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Hsp70,
Hsp60 and HsplO antibodies were supplied by Enzo Life Science
(Farmingdale, NY, USA). Ubiquitin, mtHsp70 and C/EBPp antibodies
were obtained from Santa Cruz Biotechnology, Inc. (Delaware Avenue,
California, USA). Mouse monoclonal antibody specific to CHOP, rabbit
polyclonal antibody against BNIP3 and rabbit polyclonal antibody
against voltage-dependent anion channel (VDAC) were products of
Thermo Scientific (Rockford, Ill, USA), Cell Signaling Technology
(Danvers, MA, USA) and NOVUS Biologicals (Littleton, CO, USA),
respectively. ClpP and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibodies were supplied by Abcam (Cambridge, MA, USA).
ATP determination kit was obtained from Molecular Probes (Paisley,
UK). Other chemicals and reagents were of analytical grade.

Animal model and administration of Ag-nps

Male Sprague-Dawley rats ( BioLasco Taiwan Co., Ltd) weighing
from 300 to 350 g were used in our study. All animal experiments in
this study were housed and used in accordance with the approval of
the Animal Care Committee of the Kaohsiung Medical University.
Rats were selected randomly and divided into two groups (6-8 rats in
each group): sham operated and treatment groups. Food and drinking
water were supplied ad libitum. The experiments were carried out in
the same manner as previously described by us [31]. Briefly, 150 mg of
Ag-nps powder was homogenously dispersed in 1.5 ml of an aqueous
solution. Under light ether anesthesia, Ag-treated rats received an
intraperitoneally (i.p.) injection of Ag-nps suspension at a dose of
500 mg kg'. Sham-operated rats received equal volume of deionized
water, and time-matched with Ag-treated group. Tissue samples were
obtained for biochemical analysis at 6, 12, 18 and 24 hr after treatment.

Determination of ATP content

Hepatic ATP content was determined by using a commercially
available ATP determination kit (Molecular Probes) [31]. The assay
system is based on production of light caused by the reaction of ATP
with recombinant firefly luciferase using -luciferin as a substrate.
In brief, isolated liver proteins were added into a standard reaction
solution containing firefly luciferase,  -luciferin and DTT according
to the manufacturer’s instructions. ATP standard solutions were
prepared using known concentrations of ATP from a concentration
of 1000 uM down to blank. Under the catalytic activity of luciferase,
the luminescence evoked by the interaction of ATP and luciferin was
recorded by a luminometer (HIDEX, Turku, Finland) and the ATP
content was then calculated.

Isolation of mitochondrial and cytosolic fractions from rat
liver

Specimens of liver were rapidly removed and immediately rinsed
with ice-cold SEH buffer (0.25 M sucrose; 0.5 mM EGTA; 3 mM HEPES,
pH 7.2). The livers were minced into small pieces, homogenized eight
strokes by a Teflon pestle operated at 1500 r.p.m in ice-cold SEH buffer,
and then centrifuged at 800 g for 10 min to remove unbroken cells
and nuclei. The 800 g supernatant was centrifuged twice at 9500 g for
10 min to separate cytosol (supernatant) and mitochondrial (pellet)
fractions. The resulting supernatant was stored at -80°C and used as
cytosolic fraction later. The resulting pellet was gently resuspended in
ice-cold SEH buffer and recentrifuged at 9500 g for 10 min to remove
any microsomal contamination. The final pellet was resuspended
in ice-cold SEH buffer, stored at -80°C, and used as a mitochondrial
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Figure 1: Time-course of intracellular ATP content in rat liver tissues
following Ag-nps administration. The cellular ATP contents in liver tissues
were measured using a luciferase reaction-based assay kit as described under
Material and Methods. Values were means + SD (n=6-8). “p<0.01 compared
to sham group.

fraction later. The entire procedure was performed at 4°C. Protein
concentrations were determined using the Bio-Rad protein assay (Bio-
Rad, Hercules, Calif), with bovine serum albumin as the standard.

Preparation of nuclear extracts from rat liver

Hepatic nuclear extracts were prepared by the method of Tran et al.
[33] with modification. Fresh livers (2 g) were Dounce homogenized
in two volumes of TKM buffer (50 mM Tris-HCl, pH 7.5, 25 mM
KCL 5 mM MgCl,), 0.25 M sucrose, 0.1% (v/v) 2-mecaptoethanol
(2-ME), followed by filtration through two layers of nylon gauze.
The homogenates (2 ml) were centrifugation at 2400 g for 10 min,
resuspended in 1 ml TKM containing 0.25 M sucrose, mixed with two
volumes of TKM containing 2.3 M sucrose, and layered on 1 ml of TKM
containing 2.3 M sucrose. The mixtures were centrifuged at 82800 g for
1 hr in an AT6 rotor (Hitachi CS120GXL, Tokyo, Japan). The resulting
pellets were resuspended in TKM containing 0.25 M sucrose and 0.5%
(v/v) Triton X-100, and the suspensions were allowed to stand for 10
min to dissolve nuclear membranes. The suspensions were repelleted at
2000g for 5 min, and resuspended in buffer A (50 mM Tris-HCI, pH 7.5,
10 mM EDTA, 0.1% (v/v) 2-ME, 1xprotease inhibitor cocktail (Roche,
Penzberg, Germany)). After 10 min on ice, the suspensions were
Dounce homogenized and centrifuged at 7800 g for 5 min. The resulting
supernatants were retained. The resulting pellets were rehomogenized
in buffer B (50 mM Tris-HCI, pH 7.5, 0.42 M NaCl, 0.1 mM EGTA, 5%
(v/v) glycerol, 0.1% (v/v) 2-ME, 1xprotease inhibitor cocktail (Roche)),
and recentrifugation at 7800 g for 10 min. The final supernatants and
the supernatants retained were pooled, stored at -80°C, and used as
nuclear extracts in later days. The entire procedure was performed at
4°C.

Western blot analysis

Hsp70, Hsp60, Hsp10, ClpP, CHOP, C/EBP, BNIP3, LC3-II and
Ub-proteins were quantified by the standard Western blot analysis
[34]. Briefly, equal amounts of protein (50 pg) extract were denatured,
separated by 8% (for Hsp70, Hsp60, C/EBPf) or 12% (for Hsp10, CIpP,
CHOP, BNIP3, LC3-II and Ub-proteins) of sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) electrophoresis.
The nonspecific binding sites were blocked by 5% non-fat milk in Tris-
buffer saline (TBS) for 1 hr. Blots were immunoblotted with primary
antibodies against Hsp70, Hsp60, Hsp10, ClpP, CHOP, C/EBP{, BNIP3,

LC3-II and Ub-proteins (1:1000) at 4°C overnight. After that, the
membranes were washed and hybridized with horseradish peroxidase-
conjugated species-specific secondary antibodies at room temperature
for 1 hr. The VDAC and GAPDH were used as loading controls for
mitochondrial and cytosolic fractions, respectively. Gels were stained
with Coomassie blue to demonstrate the equal loading of ub-proteins,
and the relative densities were normalized to the total amount of
protein determined by Coomassie blue. Blots were developed using
an enhanced chemiluminescence (ECL) detection reagent (Amersham
Life Science), visualized on FUJI Medical X-ray film, and the relative
densities were quantified.

Statistical analysis

All results were presented as mean + standard deviations. Statistical
comparison of the data was performed using one-way analysis of
variance (ANOVA) followed by Tukey’s least significant difference
procedure. A P-value of less than 0.05 was accepted as statistically
significant.

Results

Figure 1 depicts time course of changes in ATP content of liver
tissues following Ag-nps administration. Exposure to Ag-nps induced
a rapid and marked reduction (-59.8%) in ATP content 6 hr post
administration. The ATP content remained at the reduced levels (-52.4%
to -70.2%) throughout the remaining experimental period (12-24 hr).
These results demonstrate that mitochondrial energy metabolism was
impaired by Ag-nps administration and the impairment seems to be
irreversible.

Figure 2 shows changes in mitochondrial ubiquitinated proteins
expression in liver tissues at various time points following i.p. injection
of Ag-nps. As shown in Figure 2, mitochondrial Ub-protein expressions
were increased in a time-dependent manner in Ag-nps administered
group. The increases were statistically significant (p<0.05): 50% at 12
hr, 63.7% at 18 hr, and 71.8% at 24 hr following Ag-nps administration.
These results demonstrate that Ag-nps caused mitochondrial proteins
misfolding in the liver following Ag-nps administration.

Figure 3 depicts expression of Hsp70, Hsp60, Hsp10 and ClpP in
rat liver following Ag-nps administration. As depicted in Figure 3,
no upregulations of mitochondrial Hsp70, Hsp60 (Figure 3A and 3B)
and ClpP (Figure 3D) expression were observed 6-24 hr following
Ag-nps injection, although Ag-nps caused a significant increase in
mitochondrial Hspl0 protein levels (Figure 3C). The cytosolic Hsp70
(Figure 3A) protein expression was gradually increased in a time-
dependent manner; while the cytosolic protein levels of Hsp60 (Figure
3B) and Hsp10 (Figure 3C) showed a transient increase at 12 hr and 18
hr. These results indicate that Ag-nps failed to induce mtUPR-related
chaperones and proteases.

Figure 4 shows time course of changes in nuclear CHOP and C/
EBPP expression in rats following intraperitoneal administration
of Ag-nps. There were no changes in CHOP and C/EBPP protein
expressions in liver tissues throughout the entire experimental period.
Putting together the results of Figure 3 and 4, it is apparent that the
total mtUPR-related chaperone content and transcription factors
were not appropriately induced during the period of unfolded protein
accumulation under Ag-nps-induced mitochondrial stress.

Figure 5 depicts changes in LC3-II (Figure 5A) and BNIP3 protein
expression (Figure 5B) in liver tissues at various time points following
i.p. injection of Ag-nps. As shown in Fig. 5A, LC3-II protein expression
was significantly increased at 6 hr as compared to sham group (p<0.01).
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Figure 2: Changes in mitochondrial ubiquitinated proteins expression
in liver tissues at various time points following i.p. injection of Ag-nps.
A: Mitochondrial ubiquitinated proteins expression based on Western blot
analysis. B: Coomassie blue-stained gels demonstrating equal loading of the
samples. C: The relative densities were normalized from part A to the total
amount of protein measured from part B. The experiments were performed
as described under Material and Methods. Empty columns represent sham
groups while filled columns represent Ag-nps treatment groups. Molecular
weight size markers (kDa) are indicated at the left. Values were means + SD
(n=8), "p<0.05 and "p<0.01 compared to sham group.

The LC3-II protein expression was gradually declined thereafter in a
time-dependent manner (12-24 hr). As shown in Figure 5B, the BNIP3
was increased at 6 hr (p<0.05), peaked at 12 hr (p<0.01), and remained
elevated from 18 hr (p<0.01) to 24 hr (p<0.05) following Ag-nps
administration. These findings suggest that the mitophagy was induced

at early stage following Ag-nps administration and it was gradually
diminished thereafter.

Figure 6 summarizes the interrelationships among changes in
Ub-proteins, autophagy/mitophagy markers and ATP content in
rat livers as a function of time following Ag-nps administration. As
show in Figure 6, autophagy marker LC3-II was markedly induced at
early stage which accompanied by a moderate increase in mitophagy
marker BNIP3 and a progression and sustained upregulation of Ub-
proteins following Ag-nps administration. Meanwhile, ATP content in
the liver was decreased at early stage and remained depressed during
the entire experimental period. These results indicate that activation
of autophagy/mitophagy markers, upregulation of Ub-proteins, and
reduction of high energy phosphate compound co-existed in the liver
following Ag-nps administration.

Discussion

Since the use of Ag-nps onto the surface of more consumer
products, direct contact by human with Ag-nps is increasing, therefore;
the concern about their potential toxicity is also growing. We have
previously demonstrated that apoptosis was induced mainly through
early reduction of intracellular ATP content in the liver after Ag-nps
treatment [31]. This study is a continuation of our previous work to
investigate role of in vivo mitochondrial stress response in coping with
Ag-nps.

Proper folding of proteins is essential for normal cell function and
survival. Disturbance of protein folding and deposition of aggregated
proteins in the cells are pathologic to numerous protein misfolding
diseases including neurodegenerative diseases (Alzheimers and
Parkinson’s disease), phenylketonuria, alpha-1-antitrypsin deficiency,
and short-chain acyl-CoA dehydrogenase deficiency [35-37]. For this
reason, protein quality control system is important in maintaining
protein folding homeostasis. In general, environmental factors such
as temperature, ionic strength, pH, and oxidation agents are widely
accepted to having a triggering impact on the misfolding of proteins [38].
This notion was supported by our present findings that mitochondrial
Ub-proteins in the liver began to accumulate at 12 hr, and the increases
were maintained up to 24 hr following Ag-nps administration. There are
two possibilities which could account for this event. First, the formation
of silver-protein complexes due to strong binding of Ag-nps to thiol
groups of the mitochondrial inner membrane proteins moieties, that in
turn altered protein conformation and perturbed its function [39,40].
Alternatively, ROS produced by mitochondria after exposure to Ag-nps
directly interact with mitochondrial proteins and eventually damaging
their functions.

Cells have evolved complex systems to cope with diverse challenges
that imposed on mitochondrial integrity. The first line of defence
is provided by monitoring of mitochondrial protein quality control
[41]. The mtUPR has two major mitochondrial chaperone systems to
facilitate protein folding in the matrix: mtHsp70 and Hsp60/Hsp10
chaperone machineries. As nascent mitochondrial peptides emerge
from the ribosome and translocated across membranes into the
mitochondria, they are bound by the mtHsp70 via its peptide binding
domain to prevent misfolding and aggregation. Some proteins require
further folding assistance by the Hsp60/Hsp10 chaperonin complexes.
Meanwhile, upexpression of the two transcription factors: namely CHOP
and C/EBP, is one feature that promotes unfolded protein response
to mitochondrial stress. Since we found that molecular chaperones,
protease and transcription factors in the mitochondrial fraction were
not fittingly activated, even though the molecular chaperones in the
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Figure 3: Expression of Hsp70, Hsp60, Hsp10 and CIpP were observed in rat liver following Ag-nps administration. Upper panels show the representative
immunoblots of molecular chaperones Hsp70 (A), Hsp60 (B), Hsp10 (C) and protease ClpP (D) in mitochondrial and cytosolic fractions while lower panels depict
densitometric analysis of immunoblots. Experiments were carried out as described under Materials and Methods. The VDAC and GAPDH were used as mitochondria
and cytosolic markers, respectively. Values were means + SD (n=8). ‘p<0.05 and “p<0.01 versus sham group; #p<0.05 versus 6hr group;’p< 0.05 versus 12 hr group.
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Figure 4: Time course of changes in nuclear CHOP (A) and C/EBPg (B)
expression in rats following intraperitoneal administration of Ag-nps.
Upper panels of part A and part B: Nuclear CHOP and C/EBPf proteins
expression were analyzed by Western blot analysis. Middle panels of part
A and part B: Coomassie blue-stained gels demonstrating equal loading of
the samples. Molecular weight size markers (kDa) are indicated at the left of
each image. Lower panels of part A and part B: The relative densities were
normalized from upper panel to the total amount of protein measured from
middle panel. Nuclear protein fractions were processed for Western blotting
as described under Materials and Methods. Values were means + SD (n=7).

cytosolic fraction were transiently activated, it is unlikely that mtUPR
is a significant defensive factor attempting to ameliorate mitochondrial
stress following Ag-nps administration.

Protein quality control works at multiple levels: monitoring,
processing, and elimination of mitochondrial misfolded/unfolded
proteins by molecular chaperones and proteases. If the first line of
defense such as mtUPR fails, a second line of defence such as mitophagy
comes into play by timely elimination of dysfunctional mitochondria
to protect cells from harming disordered mitochondrial metabolism.
Several studies have reported that BNIP3 is a pro-apoptotic BH3-
only protein which is associated with mitochondrial dysfunction and
cell death [28,42,43]. BNIP3 functions as a receptor for the selective
clearance of mitochondria in cells (mitophagy) and this process is
independent of its role in apoptotic signaling [44]. Recently, it was
reported that BNIP3 can directly interact with autophagy protein
LC3-II (microtubule-associated protein light chain 3), suggesting
that binding of BNIP3 to LC3-II on the autophagosome tethers the
mitochondrion to the autophagosome [28,45,46]. In this study, we
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Figure 5: Changes in LC3-ll (autophagy marker) and BNIP3 (mitophagy
marker) protein expression in rat liver at different time points after i.p.
injection of Ag-nps. Upper images show the representative immunoblots of
autophagy marker LC3-l (A) and mitophagy marker BNIP3 (B) in liver tissues
while lower images depict densitometric analyses of immunoblots. GAPDH
gene was used as an internal loading control. Values were means + SD (n=8),
p<0.05 and “p<0.01 versus sham group; #p<0.05 versus 6 hr group; 1p<0.05
versus 12 hr group.
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Figure 6: Interrelationships among changes in Ub-proteins, autophagy/
mitophagy markers and ATP content in rat livers as a function of time
following Ag-nps administration. Data in Figures 1, 2 and 5 were used and
replotted as a function of time following Ag-nps administration.

found that LC3-II and BNIP3 protein expressions in hepatocytes were
increased at 6 hr post Ag-nps administration, and the levels remained
increased during the 24 hr experimental period. These findings
demonstrate that autophagy/mitophagy was activated shortly after
Ag-nps administration. The activation of mitophagy would protect
mitochondrial function from deterioration, however; ATP contents
were found to decrease following Ag-nps administration indicating that
the protective effects of mitophagy on mitochondrial function is likely
compromised by others factors such as upregulation of Ub-proteins or
dysfunction of fission and fusion of mitochondrial membranes [41].
Further studies are needed to verify this possibility.

Studies of acute toxicity and biodistribution of silver nanoparticles
have provided evidence of interaction between mitochondria protein/
DNA and Ag-nps in a variety of mammalian cell systems. In human
lung fibroblast and glioblastoma cells treated with Ag-nps. Asha Rani
et al. [47] found that the nanoparticles deposit inside the mitochondria
and other organelles such as nucleus. Deposition of Ag-nps in
mitochondria eventually altered normal function of mitochondria
through disruption of electron transport chain, increase in ROS
generation, and decrease in ATP yield. In addition, some of the Ag-nps
in the cell nucleus interacted with DNA, leading to cell cycle arrest in the
G2/M phase [47]. In primary mouse dermal fibroblasts and liver cells
treated with silver nanoparticles, Arora et al. [48] found the presence of
silver nanoparticles inside the mitochondria and cytoplasm of treated
cells. The presence of silver nanoparticles inside the mitochondria
eventually caused oxidative stress [48]. In mouse embryo fibroblast cell
line (NIH 3T3) treated with silver nanoparticles, it has been found that
cytochrome c was released from mitochondria into the cytosol 24 hr
after treatment, whereas cytochrome ¢ remained in the mitochondria
in untreated cells [49]. The cytochrome c released from mitochondria
was associated with disruption of mitochondrial membrane potential,
resulting from interaction between mitochondrial membrane proteins
and Ag-nps [50].

In summary, activation of autophagy/mitophagy markers co-
existed with upregulation of Ub-proteins and reduction of ATP content
withouta change in mtUPR in theliver following Ag-nps administration.

The fact that ATP content was reduced at early stage and remained
depressed during the entire experimental period following Ag-nps
administration, indicating that the protective effects of autophagy/
mitophagy markers on the control of mitochondrial function were
overwhelmed by the detrimental activities of Ub-proteins, and the
counter-balance of the two systems eventually resulting in an impaired
mitochondrial function, i.e., reduction of ATP content.
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