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Background: Silver nanoparticles (AgNPs) are widely used in industrial and household
applications, arousing concern regarding their safety in humans. The risks posed by stabilizer-
coated AgNPs continue to be unclear, and assessing their toxicity is for an understanding of
the safety issues involved in their use in various applications.

Purpose: We aimed to investigated the long-term toxicity of citrate-coated silver nanoparticles
(cAgNPs) in liver tissue using several toxicity tests and transcriptomic analysis at 7 and 28 days
after a single intravenous injection into rabbit ear veins (n=4).

Materials and methods: The cAgNPs used in this study were in the form of'a 20% (w/v) aque-
ous solution, and their size was 7.9+0.95 nm, measured using transmission electron microscopy.
The animal experiments were performed based on the principles of good laboratory practice.
Results: Our results showed that the structure and function of liver tissue were disrupted due to
a single exposure to cAgNPs. In addition, in vivo comet assay showed unrepaired genotoxicity
in liver tissue until 4 weeks after a single injection, suggesting a potential carcinogenic effect
of cAgNPs. In our transcriptomic analysis, a total of 244 genes were found to have differential
expression at 28 days after a single cAgNP injection. Carefully curated pathway analysis of these
genes using Pathway Studio and Ingenuity Pathway Analysis tools revealed major molecular
networks responding to cAgNP exposure and indicated a high correlation of the genes with
inflammation, hepatotoxicity, and cancer. Molecular validation suggested potential biomarkers
for assessing the toxicity of accumulated cAgNPs.

Conclusion: Our investigation highlights the risk associated with a single cAgNP exposure
with unrepaired damage persisting for at least a month.

Keywords: nanotoxicity, liver toxicity, prolonged tissue damage, differentially expressed
genes, molecular pathway analysis

Introduction

Engineered nanoparticles (NPs) have unique physiochemical properties. Silver NPs
(AgNPs) are frequently used in the production of a variety of commercial products includ-
ing creams and ointments, cosmetics, and paint.' The antimicrobial nature of AgNPs
has been exploited in different industries in bactericidal and fungicidal coatings, and in
medical devices, water purification, and air quality management.*> All of these applica-
tions have increased the environmental exposure of AgNPs, which has raised concern
regarding potential toxicity hazards to human health."¢ Indeed, AgNP toxicity on growth
and reproduction has been described in invertebrates such as the waterflea’ and vertebrates
such as fish.® Because NPs are easily agglomerated in the molecular environment, AgNPs
are commonly used as coatings to stabilize nanosized objects. Citrate is the most common
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stabilizer in the synthesis process, and it imparts a negative
surface charge.”!° Recent studies have reported the effects of
stabilizer-coated AgNPs in vitro, indicating cyto- and genotoxic-
ity of such coated AgNPs.!!"13 Recent studies have also reported
the potential toxicity of AgNPs to humans;*!* however, the
mechanisms involved have not yet been clearly identified.

AgNPs that are absorbed in mammals may be circulated
and distributed to various soft tissues including liver, spleen,
blood, kidney, and brain.>!>!¢ Liver has been proposed as a
major target organ for the evaluation of AgNP toxicity in
rodents.'”'® A significant quantity of AgNPs is detected in
the liver of rats following a 90-day oral administration.!’
In addition, several toxicological studies have reported that
AgNPs might cause hepatotoxicity due to the generation of
reactive oxygen species (ROS).!*2! However, mechanisms of
AgNP toxicity in different tissues are still unclear. Thus, the
usage of AgNPs in various applications remains widespread,
potentially threatening human health.

Toxicogenomic approaches have been used in recent
assessment of AgNP toxicity.?>?* Toxicogenomics has been
emerged in toxicological research, following the develop-
ment of genomics technology. It is also used in bioinfor-
matics to better understand the molecular mechanisms of
toxicants in biosystems.?*? Microarray technology permits
the examination of the transcriptome, which potentially
includes the global genomic profile of cellular responses at
the mRNA level. The majority of microarray analyses to date
have focused on disease-related mechanisms.?® Recently,
a meaningful interpretation of transcriptomic data has been
emphasized to provide a comprehensive view of biological
responses to chemicals.** To gain insights of interest from
complex and dynamic biological systems, a thorough
review of published reports and integration of information
is necessary. Currently, various companies and researchers
have developed pathway analysis software which functions
via computational text-mining and analysis of vast amounts
of literature. Toxicogenomics enables the prediction of mode
of action and deeper knowledge of mechanism of action, even
when little is known regarding the compounds of interest.?

Only a few studies have addressed alterations in the tran-
scriptome due to in vivo AgNP exposure.?>?’ In the present
study, we investigated the in vivo toxicity of stabilized AgNps
in a rabbit model following the organization for economic
cooperation and development (OECD) principles of good
laboratory practice (GLP). Rabbit is one of the most com-
monly used animal models for standardized developmental
toxicity testing of pharmaceuticals and chemicals including
that of the human teratogen thalidomide.?® We used citrate-
coated, stabilized AgNPs (cAgNps) in the present study.

In our previous study, we investigated time-dependent
kinetics of cAgNPs after a single intravenous injection and
found that liver was the main site for the accumulation and
pigmentation of cAgNPs with harmful effects was observed
over a prolonged period.” Hepatotoxicity was one of the
effects observed, which was evaluated by detecting tran-
scriptional alterations, cytotoxicity, generation of oxidative
stress, and genotoxicity. Two different doses of cAgNPs were
intravenously injected into rabbits, and toxicology analyses
were conducted at different time points. The purpose of the
present study was to assess unrepaired damage in rabbit liver
tissue in terms of genotoxicity, oxidative stress, and differen-
tial gene expression, after a single injection of cAgNPs.

Materials and methods

Chemicals

Purified (99.98% pure) and colloidal AgNPs coated with
citrate (cAgNPs; SARPU 200 KW) were obtained from ABC
NANOTECH (Dagjeon, Republic of Korea). We have pre-
viously described their characteristics.”? The cAgNPs were
provided as a 20% (w/v) aqueous stock solution. Particle size
was 7.910.95 nm as determined using transmission electron
microscopy. The averagetSD zeta potential of 10 ppm aque-
ous cAgNP suspensions was —17.55+4.16 mV. The suspen-
sion of cAgNPs for intravenous injection was prepared by
diluting the stock cAgNPs with isotonic 5% glucose solution
to final concentrations of 0.25 and 2.5 mg/mL, which cor-
responded to 0.5 mg/kg (low dose) and 5 mg/kg (high dose)
when injected into rabbits at 2 mL/kg body weight.

Animals and treatment

The animals were handled following the principles of GLP.
Specific pathogen-free New Zealand White rabbits were
purchased from Samtako Bio Korea Company (Osan, Gyeo-
nggi-do, Republic of Korea). They were allowed to adapt to
the animal room conditions for 1 week prior to the initiation
of the study. Further details have been provided previously.?
Briefly, four male rabbits received a single injection of the
low- or high-dose cAgNps through an ear vein. The doses
were chosen per preliminary experiments based on OECD
test guideline 417. No rabbit died and no significant adverse
effects that might affect the kinetics study were observed
during the study period. Following the single injection of
cAgNPs, liver tissues of rabbits were isolated for toxicity tests
and microarray analysis at 7 and 28 days after the injection.

Animal ethics
All animal procedures were reviewed and approved by the
animal ethics committee of the Institutional Animal Care
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and Use Committee of ChemOn Inc., a contract research
organization for non-clinical area (Reference number:
11-B020; Gyeonggi-do, Republic of Korea). Animal care
procedures were performed in accordance with the principles
outlined in the “Guide for the Care and Use of Laboratory
Animals” issued by the Animal Care and Committee of
National Veterinary Research and Quarantine Service and
with the guidelines of the Institutional Animal Care and Use
Committee of ChemOn Inc.

ALP and lactate dehydrogenase

(LDH) assays

The ALP assay was performed using a tartrate-resistant acid
phosphatase and ALP Assay kit (cat. no MK301; Takara
Bio, Shiga, Japan). The LDH assay kit was purchased from
Sigma-Aldrich Co. (cat. no tox7; St Louis, MO, USA). Liver
tissues and lysis solution (cat. no L2152; Sigma-Aldrich Co.)
were added at a 1:10 ratio. The tissues were homogenized
and incubated for 45 minutes.

TUNEL assay

The TUNEL assay was performed using a DeadEnd™
Fluorometric TUNEL System kit (cat. no G3250; Promega Cor-
poration, Fitchburg, WI, USA). After removing the specimens
and rehydrating the paraffin, the slides were washed in 0.85%
NaCl in PBS for 5 minutes. The slides were fixed with 4%
formaldehyde in PBS followed by washing with PBS. A 100 uL.
aliquot of a 20 pug/mL Proteinase K solution was added and
incubated at room temperature for 8—10 minutes. Then, the
slides were sequentially immersed in PBS for 5 minutes, 4%
formaldehyde in PBS for 5 minutes, and PBS for 5 minutes.
A 100 pL aliquot of equilibration buffer was added and incu-
bated at room temperature for 5-10 minutes. A 50 pL aliquot
of the terminal deoxynucleotidyl transferase reaction mix was
added to the tissue and incubated for 60 minutes at 37°C in a
humidified chamber. This and the subsequent steps were done
in the dark. The coverslips were removed, and the slides were
immersed in 2X saline-sodium citrate buffer for 15 minutes
followed by three washes of 5 minutes each in PBS. Specimens
were mounted and visualized with Vectashield® (Vector Labo-
ratories, Burlingame, CA, USA) and DAPI. Localized green
fluorescence of the apoptotic tissue was observed using confo-
cal fluorescence microscopy. DAPI-stained nuclei were blue.

Malondialdehyde (MDA) and
4-hydroxynonenal (4-HNE) ELISA

The MDA assay was performed by using an OxiSelect™
MDA Adduct ELISA kit (cat. no STA-332-5; Cell Biolabs,

Inc., San Diego, CA, USA). The HNE assay was done using
an OxiSelect™ HNE Adduct ELISA kit (cat. no STA-338-5;
Cell Biolabs, Inc.). BSA standards or protein samples
(10 pg/mL) were adsorbed in wells of a 96-well plate for
2 hours at 37°C. The MDA- or HNE-protein adducts pres-
ent in the sample or standard were probed with anti-MDA
or anti-HNE antibody, followed by horseradish peroxidase-
conjugated secondary antibody. Content of each protein
adduct in the unknown sample was determined by comparing
the OD values with those of a standard curve prepared using
predetermined target protein-BSA standards.

Comet assay

The alkaline (pH>13) comet assay for quantifying DNA
lesions was conducted following the protocol used in the
international validation of the in vivo rodent alkaline comet
assay for detecting genotoxic carcinogens. Rabbit livers were
collected and minced using scissors in cold mincing buffer.
The mincing buffer consisted of Mg™* and Ca** free Hank’s
Balanced Salt Solution (Thermo Fisher Scientific, Waltham,
MA, USA) with 20 mM Na EDTA (Sigma-Aldrich Co.) and
10% v/v dimethyl-sulfoxide (Sigma-Aldrich Co.). The comet
assay protocol has been previously described.*

Microarray

After sacrificing the rabbits, liver tissue was obtained and
preserved in liquid nitrogen. RNA was extracted immedi-
ately to avoid any deterioration and was isolated using an
RNeasy Mini kit 250 (cat. no 74106; Qiagen NV, Venlo, the
Netherlands) following the manufacturer’s recommenda-
tions. RNA quality was determined using the Bioanalyzer
Nano Chip 2100 (Agilent Technologies, Santa Clara, CA,
USA). Total RNA (1 pg) was used for amplification and
labeling using the Low Input Quick Amp Labeling Kit
(Agilent Technologies) as described by the manufacturer.
Yields of cRNA and the dye-incorporation rate were mea-
sured with an ND-1000 spectrophotometer (NanoDrop
Technologies, Winooski, VT, USA). The hybridization pro-
cedure was performed per the Two-Color Microarray-Based
Gene Expression Analysis protocol using a Gene Expression
Hybridization Kit (Agilent Technologies). Briefly, 825 ng
of the corresponding Cy3- and Cy5-labeled cRNA was
combined and hybridized overnight in a 65°C hybridization
chamber with a Rabbit Gene Expression Microarray 4x44K
(ID G2519F-020908; Agilent Technologies). The array
was scanned using a DNA microArray scanner (Agilent
Technologies), and probe signals were quantified using
Feature Extraction software (version 10.2.1.3; Agilent

International Journal of Nanomedicine 2019:14

submit your manuscript

395

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Kim et al

Dove

Technologies). Normalized data were analyzed using plat-
form v1.16.4376 (Subio Inc., Kagoshima, Japan).

Functional interaction and gene pathway
analysis

Pathway Studio web-based edition 11.0.6 software (Ariadne
Genomics, Rockville, MD, USA) and Ingenuity Pathway
Analysis (Ingenuity Systems; Qiagen NV) were used to
investigate the functional interactions and possible pathways
among the genes identified from the microarray experiment.
These software help in assessing the biological significance
of genes by analyzing their interactions with related cell
processes and diseases. Pathway Studio uses an inbuilt
RESNET database of molecular interactions based on text-
mining and processing of scientific abstracts in PubMed.?!
It also utilizes all the existing pathway database and identifies
connections among all proteins in a new specific pathway.
Ingenuity Pathway Analysis is based on the comprehensive,
manually curated content of the Ingenuity Knowledge Base.*
It helps predict upstream regulators and downstream effects
in biological and disease processes.

Reverse transcription PCR (RT-PCR) and

quantitative real-time PCR

Conventional RT-PCR for the rabbit genes identified from
the microarray experiments was performed. Quantitative
real-time PCR was performed using SYBR premix Ex Taq
(Takara) on an Applied Biosystems 7500 Real-Time PCR
system (Thermo Fisher Scientific). The PCR primers were
synthesized by Integrated DNA technology (Coralville, 1A,
USA). All samples were run in duplicate, and the mRNA lev-
els were normalized to those of glyceraldehyde-3-phosphate
dehydrogenase.

Results
Damage to liver function and tissue
structure due to cAgNPs

To evaluate liver toxicity of cAgNPs, we initially examined
the level of common liver function markers, ALP and LDH.
Increased ALP, which is an enzyme related to bile ducts, is
associated with drug-induced cholestasis and liver damage
in humans.** The ALP level increased in a dose-dependent
manner and decreased in a time-dependent manner in
response to cAgNP treatment (Figure 1A). LDH catalyzes
the interconversion of lactate and pyruvate as a key step in
aerobic glycolysis.** The level of LDH showed a pattern of
expression that was similar to ALP (Figure 1B). In addition,
the TUNEL assay data showed increased apoptosis in the
cAgNP-exposed rabbit liver tissue in a dose-dependent

manner, with a subsequent time-dependent decline
(Figure 1C and D). Apoptosis increased significantly with the
high dose (5 mg/kg) cAgNP treatment compared to the low
dose (0.5 mg/kg) treatment at day 7, with a decline at day 28
in both the groups. The results indicated that the high dose
of cAgNPs was more toxic and that tissue damage persisted
in the rabbit liver tissue.

Oxidative stress and DNA damage
induced in cAgNP-treated rabbit

liver tissue

Lipid peroxidation is a well-defined mechanism of response
to cellular damage. Peroxidation is an indicator of unstable
oxidative stress that involves decomposition to form
more complex and reactive compounds such as MDA and
4-HNE.*> MDA and HNE expression in the rabbit liver was
higher in the 5 mg/kg group than in the 0.5 mg/kg group
at day 7 and subsequently decreased with time (Figure 2A
and B). To assess the genotoxicity of cAgNPs in liver
tissue, the in vivo alkaline comet assay was performed with
dose-dependent or time-dependent exposure. Assessment of
in vivo genotoxic potency is a major step to predict in vivo
carcinogenicity. DNA strand breaks in liver tissue dose-
dependently increased after cAgNP treatment; interestingly,
the DNA damage had slightly declined in the high-dose
treated group after 28 days compared to the damage at day 7
(Figure 2C and D). These results demonstrated dose- and
time-dependent changes in oxidative stress and DNA damage
after a single injection of cAgNPs.

Global gene expression profiling under

cAgNP exposure in liver tissue

Microarrays are widely used for transcriptome analysis.
To investigate vestigial damages in liver tissue, microarray
analysis using GeneString was done to identify differen-
tially expressed genes 28 days after exposure to 5 mg/kg
cAgNPs. Genes showing a change of 1.5-fold with P<<0.05
were selected for further analysis to identify potential bio-
markers of cAgNP exposure. Overall, the expression of 244
genes was altered with 134 being upregulated and 110 being
downregulated. Biological interactions between the genes
with significantly altered expression were analyzed using
Pathway Studio (Elsevier, Amsterdam, the Netherlands) and
Ingenuity Pathway Analysis (Qiagen NV).

Pathway Studio is based on performing text-mining
from published reports. By using Pathway Studio, direct
interactions among the differentially expressed genes were
identified, and functional relations with the genes were ana-
lyzed in terms of cellular processes (Figure 3A) and diseases
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Abbreviations: cAgNP, citrate-coated silver nanoparticle; LDH, lactate dehydrogenase.

(Figure 3B). Up- and downregulated genes were highlighted
in red and blue, respectively. In the network analysis, ROS
generation, cellular stress, and oxidative stress among the
cellular process-related pathways were highly connected with
our input genes. In disease-related pathways, inflammation
and hepatotoxicity were mostly connected with the differ-
entially expressed genes. Among the genes, 7P53, CDKI,
SERPINE1, AURKA, and VWF had several connections with
other elements. The identified cell processes and diseases and
the significantly associated genes were considered potential
key factors involved in cAgNP toxicity.

Ingenuity Pathway Analysis explores gene expression
data sets through algorithms integrating literature-supported
relationships between a variety of contexts in the Ingenuity
Knowledge Base.?? Differentially expressed genes were
analyzed 28 days after cAgNP treatment, and the top-
ranked network among the genes and association with liver

proliferation, liver necrosis, increase of liver hyperplasia,
and p53 signaling were identified (Figure 4). The upstream
regulators AHR, JUN, and PPARA were predicted by this tool,
indicating their relevance to liver toxicity and their predicted
role in gene modulators affected by cAgNPs, even though
their expression levels were not significantly altered. The
analysis found that CDKI, SERPINE1, TP53, and INSIG?2
were modulated by at least two of the predicted upstream
regulators and were associated with hepatic system disease-
related genes. These findings suggest potential biomarkers
of cAgNP toxicity after 28 days of treatment.

Identification of biological networks in
response to cAgNP exposure

To obtain insight into more specific mechanisms of cAgNP
toxicity, the pathways were analyzed in greater depth using
Pathway Studio considering the number of references and
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Figure 2 Increased oxidative stress in cAgNP-treated rabbit liver tissue.
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Notes: In the malondialdehyde (MDA) assay (A) and the 4-hydroxynonenal (4-HNE) assay (B), levels of oxidative stress markers were increased significantly, and the levels
were not recovered after 28 days of cAgNPs treatment. (C) The oxidative DNA damage was increased in cAgNP-treated liver tissue. The high dose (5 mg/kg) resulted in
more DNA damage than the low dose (0.5 mg/kg) in the comet assay analysis. (D) Statistical analysis showed that the DNA damage at the high dose was repaired slightly
after 28 days. The scale bar is 100 um. The asterisk indicates a significant difference compared to the control group (P-value <0.05).

Abbreviation: cAgNP, citrate-coated silver nanoparticle.

connectivity, to identify major associations. Results of the
network analysis indicated reliable correlations. Meticulous
curation of pathways revealed major networks of genes
related to the persistent toxicity of cAgNPs (Figure 5).
There were eight upregulated and five downregulated genes,
considering key elements in the cAgNP toxicity pathway.
Quantitative RT-PCR validation identified serpin family E
member 1 (SERPINE1), cyclin-dependent kinase 1 (CDK1),
von Willebrand factor (VWF), Adenosine A3 Receptor
(ADORA3), and GO0/G1 switch 2 (G0S2) consistent with
the results of the microarray analysis (Figure 6). These data
provide important evidence for the discovery of molecular
biomarkers to assess cAgNP exposure risk.

Discussion

The widespread use of AgNPs in industrial and household
applications has raised concern regarding their safety.
Although various studies have demonstrated the risk of
AgNP toxicity upon human exposure, the evidence remains

unclear due to variability in the studies including those in
particle size, shape, and dispersion medium.*!*3¢ A recent
study showed synergistic toxicity of AgNPs in terms of oxi-
dative stress under coexistence condition with silver ion in
Escherichia coli.’” Some studies have reported that the shape
of surfactant-coated AgNPs could affect the level of toxicity
in bacteria or invertebrates;**“ however, there is insufficient
molecular studies of true toxicity of AgNPs in mammalian.
AgNP toxicity might depend on stabilizer. In present study,
AgNPs were coated with the most common stabilizer, cit-
rate, and the cAgNP size was estimated to be 7.9+0.95 nm
in our previous study.? In particular, our research focused
on dose- and time-dependent alterations in cAgNP-induced
toxicity after a single injection of the particles and the tran-
scriptional changes due to retained AgNPs at 28 days after
the injection.

Though the toxicity of AgNPs is still unclear, increasing
evidence does indicate a human safety concern.'**! Coated
AgNPs can enter the systemic circulation through damaged
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skin or other pathways, subsequently being distributed to
other organs including liver, kidney, and brain.*3**> The
absorbed AgNPs are likely to pass through liver tissue first,
resulting in liver accumulation.** Two different studies
on AgNP toxicity using a rat model but different routes of
exposure (intravenous injection or inhalation) showed con-
trasting results; one study reported that treatment with AgNPs
induced clinical markers of liver damage,*! whereas the other
study reported no adverse toxicological effects.* In our previ-
ous study, serum concentration of silver, histopathological
damage, and inflammatory response in liver tissue were
found to be higher compared with other tissue parameters.?
To clarify the toxic effects on liver tissue in depth, the pres-
ent study investigated in vivo toxicity of stabilized cAgNPs
using rabbit liver tissue by conducting several toxicity tests
and transcriptomic analyses.

NP deposition in liver tissue is followed by the penetra-
tion of the particles into the cells and altered enzyme activity*
and may cause changes in enzymatic composition.*® In the

present study, we evaluated toxicity on liver tissue after
cAgNP exposure by detecting enzymatic markers of liver
function and level of apoptosis. Significant changes in both
ALP and LDH levels after cAgNP treatment were evident
(Figure 1). LDH and ALP are indicators of hepatocellular
damage, with increased levels indicating liver damage.*
The results of the TUNEL assay revealed increased apop-
tosis after cAgNP injection. cAgNPs induced liver tissue
damage up to 28 days after exposure. These data reveal that
cAgNPs can provoke continued and prolonged damage of
liver tissue structure and function after a single exposure to
the particles.

NPs induce oxidative stress by generating ROS,
suggesting a common mechanism for cytotoxicity and
genotoxicity.**48 Highly reactive ROS are generated by
accumulated NPs in mitochondria and lysosomes, leading
to major structural damage to proteins and DNA.*44 Qur
observations led us to check the oxidative stress level of
lipid peroxidation in rabbit liver tissue in response to cAgNP

A breathing BXOC4 =
@DNA recombination 3N
gyt RS g
e DDNA damage. o Iy =
\ oGSz @ , #3gp1 /- €DK
Bl . ‘ cytotoxicity -RC.
,oxidati\/'eyfétre‘ss‘fr_ ‘7“ ICMB
b \ " g
e cell stress =~
ROS generation © o Y c 11] 1
: o / PRSP 4
- @.‘ R
oW e g
@ ® apoptosm N/ @N ERI®
L B “DKC
®® </ .
@ ok
> dml / SLC3BA2 et
cell viability N _+ 5 //
e Ly

cell damage \ ‘
GUCY2C e/
% Lﬁ' - GDH]

L)
T
/o

mitochondrial damage

DL RECA o

®cell prollfe

VA = ration

@

D e
» chromatin
remodeling

o Protein

Cell process <> Protein (ligand)

—e— Binding —=—> Direct regulation

—=a—> Prot modification —> Regulation

o Protein (protein kinase)

? Protein (receptor) Q Protein (transcription factor) m Protein (transporter) O Small molecule

—m—> Expression

A4 Protein (protein phosphatase)

—+—> Mol transport —=—> Promoter binding

Figure 3 (Continued)

International Journal of Nanomedicine 2019:14

submit your manuscript

399

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Kim et al Dove
GDHD7
== Disease o Protein <> Protein (ligand) c\ Protein (protein kinase) A4 Protein (protein phosphatase)

—e— Binding = - o> Biomarker
—=—> Genetic change

-»—> Regulation

? Protein (receptor) Q Protein (transcription factor) I:I Protein (transporter) o Small molecule

——> Direct regulation

——> Mol transport —e&— Promoter binding —#— Prot modification

—=—> Expression Functional association

—=—> Quantitative change

Figure 3 Signaling pathways associated with specifically regulated genes 28 days after cAgNP exposure.

Notes: Pathway Studio was used to explore the interactions among differentially expressed genes. (A) Cell process-related pathways with the genes identified 28 days after
exposure were analyzed in the context of AgNPs. (B) Disease-related pathways with the genes are indicated in a purple box. Up- and downregulated genes 28 days after
cAgNP exposure are highlighted in red and blue, respectively. The green highlight indicates AgNP-associated cell processes, diseases, or related genes.

Abbreviation: cAgNP, citrate-coated silver nanoparticle.

exposure (Figure 2A and B). The results supported previous
observations that a high dose of cAgNPs might result in
higher amounts of MDA and 4-HNE, which slightly decrease
over time. Detecting these end-products of lipid peroxidation
is a very reliable assay of oxidative damage, and they are also
accepted as oxidative stress markers. Moreover, intracellular
ROS production results in DNA damage, lipid peroxidation,
and protein oxidation,* which leads to cellular component
damage to tissues. Likewise, our results showed that a high
dose of cAgNPs produced more DNA strand breaks than a
low dose. Interestingly, recovery from DNA damage after
28 days was unclear in the high-dose treated groups, with a
similar pattern in the MDA level. The in vivo comet assay
results revealed that oxidative stress is a major mechanism
for cAgNP-mediated toxicity in rabbit liver tissue, suggesting
continuous genomic instability due to a single cAgNP expo-
sure that persists (28 days in this study). Indeed, a wealth of

evidence indicates that accumulation of DNA damage leads
to loss of genomic integrity, which can induce carcinogenesis.
Thus, DNA damage is considered as an initial hallmark of
cancer.’' 3 It is conceivable that the consequences of cAgNP
toxicity include increased risk of cancer.

Results of transcriptomic analysis in the assessment
of toxicogenomic responses can help explain molecular
mechanisms and signaling pathways and help discover
toxicant-related biomarkers valuable in chemical risk
assessment.”* To date, there have been only a few gene
expression studies implicating AgNPs as a toxic substance
in mammalian cell lines or animal models including mouse,
rat, and daphnia.>>*® The present findings reveal that cAgNP-
induced damages can persist. The gene expression profile
was explored using cDNA microarray to investigate the
toxic effects of AgNPs 28 days after a single injection of
5 ug/mL AgNPs. A total of 244 genes were differentially
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Figure 4 Molecular relationships among the cAgNP-affected genes 28 days after exposure.
Notes: Ingenuity Pathway Analysis was used for understanding the biological interactions between up- and downregulated genes induced 28 days after cAgNP exposure
(highlighted in red and blue, respectively). The green highlight represents the upstream regulators predicted by Ingenuity Pathway Analysis. The pink-bordered elements are

related to hepatic system diseases.
Abbreviation: cAgNP, citrate-coated silver nanoparticle.

expressed with biological significance (fold change >1.5
and P-value <0.05). Knowledge-based network analysis
using Pathway Studio and Ingenuity Pathway analysis
tools revealed that similar to the toxicity test results, genes
involved in cell death, apoptosis, and oxidative stress were
affected by the presence of cAgNPs. In disease-related
pathway analysis, the genes identified were involved in
inflammation, toxicity, and cancer. These data are consistent
with other reports and indicate potential responses involv-
ing differentially expressed genes at different time periods
after cAgNP exposure.

However, the analyzed pathways were too compli-
cated to identify specific important genes among the
cAgNP-responsive genes. Accordingly, the pathways were
carefully curated with various considerations including the

number of references, connectivity with other data, and
association with liver tissue. Major networks were sorted
and key proteins were identified as potential biomarker
candidates of cAgNP toxicity. After validation, CDKI,
SERPINEI, VWF, ADORA3, and GOS2 were determined
as key proteins. GOS2 also has a protective function as a
proapoptotic factor in human cancer cells,’’ although it is
known to be a master regulator of lipolysis in adipose and
liver tissues.’®* ADORAJ3 is one of the G-protein-coupled
receptors with a crucial role in intracellular signaling path-
ways.® Various studies have demonstrated its protective role
in inflammation-related diseases® %> and that downregulation
of ADORA3 induces abnormal signal transduction causing
tissue damage. Also, SERPINE] (also known as plasminogen
activator inhibitor-1) and V'WF, which were upregulated in
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Notes: The simplified pathway shows major associations among the genes related to the toxicity of retained cAgNPs and was carefully curated based on the number of
references and connectivity. The pathway is derived from previous complex interactions analyzed by Pathway Studio or Ingenuity Pathway Analysis. Red and blue highlights
indicate up- and downregulated genes, respectively. The green highlight indicates AgNP-associated cell processes, diseases, or related genes.

Abbreviation: cAgNP, citrate-coated silver nanoparticle.

the presence of cAgNPs, have been reported as diagnostic
biomarkers of inflammation,® and both genes induce oxida-
tive stress under toxic conditions.®*% Indeed, the correlation
between AgNPs and the induction of inflammation and oxi-
dative stress was reported in a human liver cell line.®* CDK 1
has a recognized role in cell cycle checkpoints at the G1/S
and G2/M phase transitions.?’ It was upregulated by cAgNP
treatment. Interestingly, its overexpression is strongly associ-
ated with carcinogenesis.®** The present data from toxicity
tests also suggest the potential carcinogenicity of cAgNPs in
terms of continuous genomic instability. Our results suggest
that induced gene expression up to 28 days after a single
injection of cAgNPs leads to toxic dysfunction of liver tissue.
These genes could be considered as potential biomarkers for
assessing the toxicity of accumulated cAgNPs.

Our results showed that cAgNPs were toxic to rabbit
liver. Rabbit is a proven toxicity model for several human
conditions. To our knowledge, no previous information
regarding cAgNP-induced genotoxicity or its carcinogenic
risk in a rabbit model has been reported. We chose liver as
the target organ because of its central role in metabolism
and it is vital in the clearance of toxic compounds from the
body. We analyzed apoptosis, oxidative stress, and DNA
damage, which can be used to assess NP toxicity in vivo.
We successfully evaluated cAgNP toxicity in rabbit liver
and discovered potential biomarkers for prolonged cAgNP
toxicity using microarray analysis, bioinformatics network
analysis, and qRT-PCR. Taken together, the results suggest
that toxicogenomic analysis in the rabbit in vivo model is
suitable for assessing the risks of accumulated AgNPs to
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Figure 6 Validation of potential biomarkers of cAgNP exposure in rabbit liver tissue using qRT-PCR.
Notes: (A and B) lllustrate expression of up- and downregulated genes, respectively. Bars indicate the gene expression levels measured using qRT-PCR. The Y-axis denotes

the fold-expression change of the respective genes.
Abbreviation: cAgNP, citrate-coated silver nanoparticle.

human health. Furthermore, the present study provides new
evidence for understanding prolonged hepatotoxicity of
cAgNPs, particularly DNA damage and oxidative stress.
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