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Abstract

Silver nanoparticles (AgNPs) have been widely used in a variety of applications in innovative development; con-

sequently, people are more exposed to this particle. Growing concern about toxicity from AgNP exposure has

attracted greater attention, while questions about nanosilver-responsive genes and consequences for human health

remain unanswered. By considering early detection and prevention of nanotoxicology at the genetic level, this

study aimed to identify 1) changes in gene expression levels that could be potential indicators for AgNP toxicity

and 2) morphological phenotypes correlating to toxicity of HepG2 cells. To detect possible nanosilver-responsive

genes in xenogenic targeted organs, a comprehensive systematic literature review of changes in gene expression in

HepG2 cells after AgNP exposure and in silico method, connection up- and down-regulation expression analysis

of microarrays (CU-DREAM), were performed. In addition, cells were extracted and processed for transmission

electron microscopy to examine ultrastructural alterations. From the Gene Expression Omnibus (GEO) Series

database, we selected genes that were up- and down-regulated in AgNPs, but not up- and down-regulated in silver

ion exposed cells, as nanosilver-responsive genes. HepG2 cells in the AgNP-treated group showed distinct ultra-

structural alterations. Our results suggested potential representative gene data after AgNPs exposure provide

insight into assessment and prediction of toxicity from nanosilver exposure.
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INTRODUCTION

Nanotechnology has become unavoidable in modern sci-

ence, as it solves many human-related problems (1). In our

daily lives, nanoparticles with diameters of various sizes

between 1-100 nm appear in many areas (2). Silver nanopar-

ticles (AgNPs), a commonly utilized nanoparticle, exhibit

extraordinary physical, chemical, and biological properties.

Indeed, AgNPs have been widely used across medical fields

for their antimicrobial, antiviral, and antifungal properties (3-

6). Thus, it is unsurprising that nanosilver toxicity is particu-

larly concerning because of its potential cytotoxic effects.

Researchers have recently become interested in the geno-

toxicity associated with AgNP exposure. Routes by which

the human body could be exposed to AgNPs include direct

contact, inhalation, ingestion, and intraperitoneal or intrave-

nous injection, with nanoparticles subsequently accumulat-

ing in a diverse group of vital organs including lung, kidney,

spleen, brain, and liver (7). In animal studies, the highest con-

centration of AgNPs was observed in liver (8-10). According

to the limitations of using animal models, a human in vitro

system become alternative approaches for cytotoxic research.

Human hepatoma cell line (HepG2 cell) has been widely

used as a model of hepatocytes. These cells are epithelial in

morphology and display many of the genotypic features of

normal liver cells. Moreover, HepG2 cells have been used as

a cytotoxic screening cell line for several drugs and chemi-

cals, and to evaluate toxicity after AgNP exposure (11,12).

It is generally assumed that the toxicological effects of

AgNPs mainly arise from induction of cellular oxidative

stress (13). It is also accepted that the genotoxic potential of

AgNPs derives from the toxicological consequences of oxi-

dative damage induced by AgNP exposure (14). Mecha-

nisms underlying genotoxic effects of nanoparticles have

been studied using cell lines in most cases. However, poten-

tial nanosilver-responsive genes have not been established.

In addition, correlation between specific morphological

changes and genetic pathway responses remain unclear.

Thus, this study aimed to demonstrate ultrastructural alter-

ations in HepG2 cells after AgNP exposure, with particular

interest in examining correlations between ultrastructural

alterations and AgNP-responsive genes. We first conducted

an in silico screen and systematic review to detect possible

nanosilver-responsive genes that could be potential indica-

tors for AgNP toxicity. The utility of combining transmis-

sion electron microscopy (TEM) and gene detection to

evaluate toxicity after AgNP exposure was also evaluated.

Our results warrant further studies investigating the correla-

tion of molecular targets and morphological alterations.

MATERIALS AND METHODS

Systematic review of gene expression. A system-

atic review was conducted to identify relevant literature

analyzing cytotoxic effects of AgNPs in HepG2 cells in

terms of altered gene expression. We performed a litera-

ture search of three electronic databases: PubMed, Sco-

pus, and ISI Web of Science from all recorded data up to

January 2018. PubMed search terms were (“silver” or “sil-

ver nanoparticle” or “AgNP”) AND (“gene expression”

OR genotoxic*) AND (liver OR hepatocyte* OR hepg2).

Similar search terms and search strategy were used for

both Scopus and Web of Science. Two authors inde-

pendently screened titles and abstracts for studies of gene

expression after AgNP exposure in human cells and

obtained full texts. Inclusion criteria were (i) experimen-

tal study with control, (ii) use of HepG2 cells, (iii) expo-

sure to AgNPs of any size, (iv) and fold-change gene

expression (either up or down) as an outcome measure.

Selected articles were independently reviewed by two

additional authors, and data describing gene expression

responses to AgNP administration were extracted. In cases

where more than one outcome was obtained for a gene in

the study, we extracted the result of the experiment with

the most similar exposure to our morphological study.

Microarray data and data analysis. Gene expres-

sion microarray data for AgNP- and silver ion (Ag+)-

exposed HepG2 cells were obtained from the GEO (https://

www.ncbi.nlm.nih.gov/geo/) database. The search term

was “nano, nanoparticle, hepg2, and hepatocyte”. Origi-

nal studies comparing gene expression between AgNPs

and Ag+ were included. AgNP-specific genes were defined

as (1) causing up-regulation in AgNP-exposed cells and

not up-regulation in cells exposed to Ag+ and (2) causing

down-regulation in AgNP-exposed cells and not down-

regulation in cells exposed to Ag+. The eligible GEO

series accession number was GSE14452. Raw data pro-

cessed by a two-tailed Student’s t-test were used to com-

pare mean expression levels and identify AgNP-specific

genes. Statistical significance was set at p < 0.001. All sta-

tistical analysis steps were processed by Connection Up-

and Down-Regulation Expression Analysis of Microar-

rays (CU-DREAM) software. Overall overlaps in gene

expression, defined as AgNP-specific genes, were catego-

rized into two main categories by their subcellular local-

ization and molecular function.

Characterization of AgNPs. Silver nanoparticles of

particle size 10 nm in aqueous buffer, containing sodium

citrate as the stabilizer, were purchased from Sigma-

Aldrich (St. Louis, MO, USA). The particle size and shape

of AgNPs were determined using transmission electron

microscope (TEM) equipped with a charge-coupled device

(CCD) camera (Hitachi High-Technologies Corporation,

Tokyo, Japan). To characterize the surface charge and

absorption wavelength, the commercial AgNPs solution

was analyzed by Zetasizer (Malvern Instruments, Mal-
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vern, UK) and ultraviolet (UV) spectrophotometer (Beck-

man Coulter, Brea, CA, USA) respectively.

Cytotoxicity of AgNPs and their released ion. The

cytotoxicity study of AgNPs was conducted in 96-well

plates. A total of 5 × 103 cells in 45 μL DMEM were

seeded into each well and incubated overnight at 37oC

with 5% CO2. AgNPs solution at various concentrations

(1, 3, 5, 7, 10, 15, 20, 25, 30, 35, 40, 50, 75, and 100 μg/

mL) was then administered to HepG2 cells for 24 hr in

order to determine the appropriate dose for induction of

cytotoxicity. Prior to AgNPs treatment of HepG2 cells,

each dilution of AgNPs was dispersed in Dulbecco’s mod-

ified Eagle medium (DMEM) by pipetting. The treatment

concentration of AgNPs was determined by the half maxi-

mal inhibitory concentration (IC50) value. To study the

cytotoxic effect of AgNPs and their released ion, an Ag-

ion solution was prepared by incubating the AgNPs solu-

tion at IC50 dose in DMEM for 24 hr at 37oC, and then

centrifuging at 20,000 rpm for 2 hr. Supernatant was col-

lected in order to analyse the released Ag-ion content using

inductively coupled plasma optical emission spectrometry

(ICP-OES) (PerkinElmer, Waltham, MA, USA). PrestoB-

lueTM reagent (Invitrogen, Carlsbad, CA, USA), a cell-per-

meable compound that becomes highly fluorescent through

reduction by dehydrogenase, was then added to each well

and the plates were incubated at 37oC for 30 min. A quan-

titative analysis of cell viability was determined by mea-

surement of the fluorescence intensity using a fluorescence

multi-well plate reader (Varioskan Flash, Thermo Fisher

Scientific, Waltham, MA, USA) at 530 nm excitation and

590 nm emission.

Evaluation of ultrastructural changes. Ultrastructural

alterations in HepG2 cells exposed to AgNPs were visual-

ized by TEM. For preparation of samples, HepG2 cells

were seeded in 6-well plates at a density of 1 × 106 cells/

well and incubated at 37oC and 5% CO2 for 24 hr. Cells

were treated with 0.5, 2, or 6 μg/mL AgNPs (Sigma-Aldrich)

and incubated for an additional 24 hr. Cells treated with

silver nanoparticles were harvested by trypsinization and

centrifugation. Samples of HepG2 cells were fixed in 2%

glutaraldehyde for 2 hr at room temperature and then rinsed

with phosphate buffer. Next, samples were postfixed in

2% osmium tetraoxide solution and subsequently dehy-

drated with ethanol. Samples were then embedded in epoxy

resin and blocks were polymerized at 60oC overnight. After

polymerization, thick sections of samples were selected

for staining with toluidine blue and examined under a

light microscope. Ultrathin sections of these samples

were mounted on copper grids and counterstained with

2% uranyl acetate and lead citrate. Stained sections were

examined using a Hitachi transmission electron micro-

scope H-7650 at an operating voltage of 100 kV.

Analysis of death pattern. The patterns of cell death;

apoptosis and necrosis were examined by flow cytometry

(AMNIS, EDM Millipore, Darmstadt, Germany). HepG2

cells were plated in 6-well plates at a density of 1 × 106

cells/well and incubated at 37oC and 5% CO2 for 24 hr.

The cells were treated under the same conditions as those

for the ultrastructural alteration study. The control and

treated cells were harvested by trypsin and washed twice

with cold phosphate-buffered saline (PBS) before staining

with fluorescein isothiocyanate (FITC)-conjugated annexin

V and propidium iodide (PI) (BD Biosciences, Franklin

Lakes, NJ, USA) according to the manufacturer’s instruc-

tions. After staining, the cells were analyzed within 1 hr

by the ImageStream flow cytometer using emission filters

for FITC at 532/55 nm and PI at 610/30 nm. The percent-

age of  cells undergoing apoptosis or necrosis was ana-

lyzed by IDEAS®ImageStream software (AMNIS). To

study another one of the major death patterns, a promi-

nent marker microtubule-associated protein light chain 3

(LC3) protein expressions was used to indicate autophagy

by western blotting. Equal amounts of total extracted pro-

tein were loaded onto a 10% polyacrylamide gel and sepa-

rated by electrophoresis. The separated proteins were

transferred to a polyvinylidene difluoride (PVDF) mem-

brane. Afterwards, the membrane was incubated with a

1:1000 dilution of anti-LC3 antibody (rabbit polyclonal

anti-LC3; Sigma-Aldrich, St. Louis, MO, USA) overnight

at 4oC. After three times rinsed with TBS-T buffer, the

membrane was incubated for 2 hr at room temperature with

horseradish peroxidase conjugated secondary antibodies,

dilution 1:5000 (Kirkegaard & Perry Laboratories, Gaith-

ersburg, MD, USA). The immunoreactive bands were

detected with an enhanced chemiluminescence assay ECL

(GE Healthcare Life Sciences, USA) and visualized using

Image Studio Digits for C-DiGit® Blot Scanner (LI-COR

Biosciences, Lincoln, NE, USA). Equal loading of proteins

was confirmed by measuring the internal control β-actin.

RESULTS

Integration of systematic review. We identified 452

articles from our electronic search accordance with dia-

gram in Fig. 1. From abstract screening, there were nine

potential studies, seven of which involved HepG2 cells.

All seven studies met our inclusion criteria and were

included in this systematic review (Table 1). The size of

AgNPs used varied from 10-200 nm, and the dosage range

varied from 0.02-100 μg/mL. Durations of exposure included

2, 4, 6, and/or 24 hr. Overall, 36 genes were identified to

be significantly up-regulated after exposure to AgNPs,

while eight were significantly down-regulated. There were

six genes that were identified in more than one study.

Three studies demonstrated significant up-regulation of

FOS and JUN genes, whereas two studies demonstrated
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significant up-regulation of EGR1, CXCL8, HSPB1, and

MT2A genes. Fold-increases in gene expression varied

among studies. Notably, genes involved in cell prolifera-

tion, such as FOS, JUN, and EGR1, exhibited significantly

increased fold-changes with high-dosage exposures. Gene

localization and related pathways (primarily transcription

factor, metal ion binding, and chemokine/cytokine activ-

ity) are described in Table 2.

Genes up- or down-regulated in response to AgNP
exposure. To identify candidate target genes that are up-

or down-regulated only in AgNP-exposed cells, genes

expression in cells exposed to AgNPs or Ag+ were com-

pared. The number of genes in the AgNP-exposed group

that significantly intersected with the Ag+-exposed group

is shown in Table 3. The 18 genes most significantly up-

regulated and 6 genes down-regulated only in the AgNP-

exposed group were identified and sub classified. A list of

selected genes and their molecular function is shown in

Table 4. The molecular functions of selected genes were

annotated using complementary information available

from Gene-NCBI and UNIPROT databases.

Characteristics of AgNPs. To enable a proper com-

parison with the literature review, the characteristics of the

commercial AgNPs were analyzed and shown in Fig. 2.

Our results confirmed that the shapes of the nanoparticles

are near-spherical and the size of the nanoparticles is uni-

form with a mean diameter of 10 nm (Fig. 2B). UV-visi-

ble absorption peak of AgNPs was 403.3 nm (Fig. 2A)

and the average zeta potential was −20.7 mV, suggesting

the AgNPs are relatively stable and monodispersed in cul-

ture medium.

Cytotoxic effect of AgNPs. The cytotoxic effect of

AgNPs was assessed by a PrestoBlueTM cell viability assay

and the IC50 value was calculated by using commercial-

ized Graphpad Prism® software (GraphPad Software, Inc.,

San Diego, CA, USA) for the subsequent experiments. As

shown in Fig. 3A, AgNPs exert cytotoxic effects on HepG2

cells in a dose-dependent manner with IC50 value of

6.28 μg/mL. To determine whether AgNP-induced cyto-

toxicity was depended primarily on the dose of AgNPs,

we investigated the Ag-ion content released from AgNPs

at IC50 dose. As measured by ICP-OES, the Ag-ion con-

Fig. 1. Flow diagram illustrating systematic literature selection process in accordance with PRISMA guideline.
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Table 1. A systematic review of genotoxicity after AgNP exposure in HepG2 cells

Study

AgNPs exposure in HepG2 cell line

Gene name Gene symbol
Major outcome

(fold change)Particle

size (nm)

Doses

(µg/mL)

Exposure

time (hr)

Brzoska

et al. (22)
20, 200 100 2, 6, 24

Fos proto-oncogene

Early growth response 1

Selectin P ligand

Jun proto-oncogene

C-X-C motif chemokine ligand 8

Matrix metallopeptidase 10

WNT1 inducible signaling pathway protein 1

Growth arrest and DNA damage inducible alpha

Heat shock protein family B (small) member 1

Interleukin 4

CCAAT/enhancer binding protein beta

Vascular endothelial growth factor A

C-C motif chemokine ligand 2

BCL2 related protein A1

Hexokinase 2

Cyclin dependent kinase inhibitor 1B

Transferrin receptor

Growth regulation by estrogen in breast cancer 1

Forkhead box A2

FOS
a

EGR1
b

SELPLG

JUN
c

CXCL8 (IL8)
d

MMP10

WISP1

GADD45A

HSPB1
e

IL4

CEBPB

VEGFA

CCL2

BCL2A1

HK2

CDKN1B

TFRC

GREB1

FOXA2

Up-regulation (234.26)

Up-regulation (27.78)

Up-regulation (20.55)

Up-regulation (19.95)

Up-regulation (18.05)

Up-regulation (15.70)

Up-regulation (10.95)

Up-regulation (7.59)

Up-regulation (5.05)

Up-regulation (4.69)

Up-regulation (3.28)

Up-regulation (2.86)

Up-regulation (2.34)

Up-regulation (2.16)

Up-regulation (1.95)

Down-regulation (2.16)

Down-regulation (2.09)

Down-regulation (1.61)

Down-regulation (1.52)

Sahu et al.

(29)
20, 50 2.5 4, 24

Metallothionein 1M

Metallothionein 1B

Metallothionein 1G

Metallothionein 2A

Metallothionein 1F

SRY-box 4

MT1M

MT1B

MT1G

MT2A
f

MT1F

SOX4

Up-regulation (5.71)

Up-regulation (4.04)

Up-regulation (3.36)

Up-regulation (1.91)

Up-regulation (1.89)

Up-regulation (1.80)

Stepkowski

et al. (24)
20, 200 100 6

Fos proto-oncogene

Early growth response 1

Jun proto-oncogene

Heme oxygenase 1

C-X-C motif chemokine ligand 8

Interleukin 10

Interferon beta 1

Mitogen-activated protein kinase kinase kinase 1

Tumor necrosis factor superfamily member 10

Receptor interacting serine/threonine kinase 1

Interleukin 1 receptor type 1

FOS
a

EGR1
b

JUN
c

HMOX1

CXCL8 (IL8)
d

IL10

IFNB1

MAP3K1

TNFSF10

RIPK1

IL1R1

Up-regulation (247.39)

Up-regulation (26.38)

Up-regulation (24.34)

Up-regulation (24.17)

Up-regulation (18.08)

Up-regulation (5.59)

Up-regulation (2.56)

Down-regulation (1.96)

Down-regulation (1.77)

Down-regulation (1.74)

Down-regulation (1.63)

Jiao et al.

(23)
10, 100

0.2, 0.5,

1, 2
24

Jun proto-oncogene

Fos proto-oncogene

JUN
c

FOS
a

Up-regulation (2.3)

Up-regulation (2.1)

Garcia-

Reyero

et al. (27)

30 0.002-0.2 24

Superoxide dismutase 3

Signal transducer and activator of transcription 1

Tumor protein p53

Signal transducer and activator of transcription 3

Flotillin 1

Hypoxia inducible factor 1 alpha subunit

SOD3

STAT1

TP53

FLOT1

STAT3

HIF1A

Up-regulation (13.18)

Up-regulation (3.55)

Up-regulation (2.93)

Up-regulation (2.57)

Up-regulation (2.25)

Up-regulation (1.94)

Kim et al.

(33)
10 0.2 24

Catalase

Superoxide dismutase 1

CAT

SOD1

Up-regulation (11.00)

Up-regulation (4.50)

Kawata

et al. (25)
10 0.1-3 24

Metallothionein 1H

Metallothionein 2A

Metallothionein 1X

Heat shock protein family A (Hsp70) member 4 like

Heat shock protein family B (small) member 1

Heat shock protein family H (Hsp110) member 1

MT1H

MT2A
f

MT1X

HSPA4L HSPB1
e

HSPH1

Up-regulation (4.50)

Up-regulation (4.10)

Up-regulation (3.4)

Up-regulation (2.2)

Up-regulation (2.1)

Up-regulation (2.1)

a,b,c,d,e,fIndicates a gene which is present in multiple citations.
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tent released from AgNPs was 0.037 + 0.0008 μg/mL. This

released Ag-ion content accounts for 0.61 percent of the

total AgNPs solution (6 μg/mL). Compared with the con-

trol group, Ag ion-treated cells showed no significantly

changed in cell viability. The cytotoxicity was seen only in

AgNPs treated cell (Fig. 3B).

Ultrastructural alterations in HepG2 cells. In an

attempt to evaluate possible correlations between changes

in expression levels of AgNP-responsive genes and alter-

ations in the ultrastructural morphology of AgNP-treated

cells, we used TEM to observe morphological changes in

AgNP-exposed cells. AgNP-exposed cells exhibited char-

acteristics of different death patterns. Non-cytotoxic dos-

ages of AgNPs (0.5 and 2 μg/mL) were found to induce

assembly of degraded organelles in the cytoplasm. HepG2

cells exposed to AgNP at non-toxic concentrations exhib-

ited numerous initial autophagic vacuoles and multiple

vacuoles containing degradative contents, called autolyso-

somes (Fig. 4A, 4B). Furthermore, HepG2 cells exposed

to AgNP at a higher concentration (6 μg/mL) demon-

strated a distinct morphology indicating necrotic cell death.

At cytotoxic dosages, AgNPs were found to influence cell

membrane rupture and damage to organelles (Fig. 4C).

Apart from changes in ultrastructural morphology to

indicate the pattern of death, TEM images demonstrated

that AgNP-exposed cells exhibited changes in cytoplas-

mic organelles compared with unexposed cells, as shown

in Fig. 5. The control group showed normal ultrastruc-

tural morphology (Fig. 5A), while the AgNP-treated group

showed distinct morphological changes (Fig. 5B-5F) indi-

Table 2. Characteristics of selected genes with significantly increased/decreased expression after AgNP exposure, based on a
systematic review of HepG2 cells

Subcellular location Molecular function Gene

Nucleus Transcription factor FOS, JUN, STAT1, CEBPB, STAT3, HIF1A,

SOX4, FOXA2
*

, EGR1

Metal ion binding MT1M, MT1H, MT2A, MT1B, MT1X, 

MT1G, MT1F

ATP binding, Protein modification TP53, HSPB1, HSPA4L, HSPH1

Protein binding, Protein phosphate binding GADD45A, CDKN1B
*

Mitochondria Hexokinase activity, ATP binding HK2

Metal ion binding (Intracellular antioxidant activity) SOD1

Protein heterodimerization/ homodimerization activity BCL2A1

Endoplasmic reticulum Heme oxygenase activity HMOX1

Peroxisome Catalase activity, Antioxidant activity CAT

Cytoplasm Protein kinase binding MAP3K1
*

Cell membrane Protein heterodimerization activity FLOT1

Transferrin transmembrane transporter activity TFRC
*

Metal ion biding, Receptor binding TNFSF10
*

Receptor binding SELPLG

Death receptor binding, Protein serine/threonine

kinase activity

RIPK1
*

Interleukin-1 receptor activity IL1R1
*

Hormone-responsive tissues and cancer GREB1
*

Extracellular space Metal ion binding (Extracellular antioxidant activity) SOD3

Metalloendopeptidase activity, Metal ion binding MMP10

Chemokine and cytokine activity CXCL8, IL10, IL4, IFNB1, CCL2

Vascular endothelial growth factor receptor binding VEGFA

Heparin binding, Integrin binding WISP1

*Indicates when a gene is down regulated by AgNPs.

Table 3. Connection up- and down-regulation expression
analysis of microarray (CU-DREAM) results. Gene intersections
between HepG2 cells exposed to AgNPs with cysteine, astrong
ionic silver ligand, and Ag ions

Ag ion

AgNPs

Up (p < 0.001) Not up

Up (p < 0.001) 0 7

Not up 18 8,187

P-value: 9.01E-01

Ag ion

AgNPs

Down (p < 0.001) Not down

Down (p < 0.001) 7 16

Not down 6 8,183

P-value: 7.35E-293
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Table 4. Characteristics of genes specifically up- and down-regulated by AgNP, but not Ag ions

Subcellular location Molecular function Gene

Nucleus Transcription factor CEBPA, MYBL2, CD3EAP,

SUV39H1, SOX15, MAFF
*

Nucleus, Cytoplasm ATP binding CKB, RECQL4

GTPase activator activity RGS10

Cytoplasm ATP binding XYLB

ATP binding, Protein kinase activity MAP2K2

Protein homodimerization activity FASN

Cadherin binding TAGLN2

Protease binding, Structural molecule activity CSTA
*

Cell membrane ATPase coupled ion transmembrane transporter activity ATP6V0E2

ATPase activator activity RAB3A

Nucleoside transmembrane transporter activity SLC29A1

Extracellular space Erythropoietin receptor binding, Hormone activity EPO

Growth factor and cytokine activity BMP6

Enzyme inhibitor activity SCG5
*

Chemokine activity CCL20
*

Calcium ion binding, Metalloendopeptidase activity TLL1
*

Carbohydrate binding, Growth factor activity REG1A
*

Cytoskeleton Cadherin binding, Structural molecule activity EVPL

*Indicates when a gene is down regulated by AgNPs.

Fig. 2. Characterization of AgNPs. (A) UV-Vis spectrum of AgNPs. (B) Representative TEM image of AgNPs (scale bar: 50 nm).

Fig. 3. Effect of AgNPs on the viability of HepG2 cells at 24 hr. (A) A dose dependent decrease in percentage of viable cells follow-
ing AgNPs exposure. (B) Percentage of viable cells following AgNPs and Ag ions exposure. Data are the average of five replicate
samples (*p < 0.01 compared with the Ag ions-treated group, **p < 0.001 compared with the control group).
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cating unhealthy cells. As shown in Fig. 5A, untreated

cells exhibited a round nucleus with homogeneous chro-

matin, normal mitochondria, rough endoplasmic reticu-

lum (exhibiting a distinct ultrastructural appearance), and

intact nuclear membrane. Microscopic images from the

AgNP-treated group showed distortion of nuclear mem-

branes, formation of blebbed nuclei, and accumulation of

autophagic vacuoles containing degradative organelles (Fig.

5B, 5D). Ultrastructural morphology of AgNP-exposed

cells demonstrated increased numbers of mitochondria

and cytoplasmic vacuoles containing silver nanoparticles.

In addition, numerous swollen lipid droplets were observed

in the cytoplasm (Fig. 5C). Impairment of other cytoplas-

mic organelles was also apparent, including swollen mito-

chondria and disappearance of mitochondrial inner mem-

branes (Fig. 5E), and dilated Golgi saccules (Fig. 5F).

Assessment of the cell death pattern. To confirm

the dose involvement of the different pattern of cell death

upon our TEM results, double staining FITC-conjugated

annexin V and PI, and immunoblotting of LC3 were

employed to examine the three major patterns of cell death;

apoptosis, necrosis and autophagy. HepG2 cells were

treated with varying concentrations of AgNPs to demon-

strate the dose-dependent effect on the death pattern. Flow

cytometry analysis showed the 99.68% of untreated con-

trol cells were viable. At the sub-cytotoxic dosages of 0.5

and 2 μg/mL AgNPs, the majority of cells had a higher

percentage of apoptotic cells (11.1% and 21.57%, respec-

tively) compared with control while the cells treated with

the cytotoxic dose of AgNPs (6 μg/mL) was preferable to

be necrotic cells (42.4%). Results were representative of

n = 3 (Fig. 6A, 6B). As showed in Fig. 7A, 7B, the sub-

cytotoxic dosages of AgNPs showed upregulation of LC3

protein, an established molecular marker for detect auto-

phagosome formation, expression while 6 μg/mL AgNPs

induce expression of LC3 protein were not detected.

DISCUSSION

AgNPs are an influential material with increasing appli-

cations in biomedical science and commercial products.

Simultaneously, concerns about their use have recently

been increasing because of their cellular toxicity (15).

However, exactly how AgNPs affect cytotoxicity remains

unclear. Several hypotheses suggest exposure to AgNPs

induces gene alterations in mammalian cells, which can

affect cell functions and cause morphological alterations

(16,17). The results of the present study indicated target

genes responsible for the effects of exposure to AgNPs.

Most genes were located in the nucleus, where they

appear to function as transcription factors. In addition, this

report provides electron microscopic evidence of AgNP-

induced toxicity in hepatic cells. Indeed, abundant vacu-

oles and morphological changes in subcellular organelles

such as nuclear membranes, mitochondria, and golgi appa-

ratus were only observed in AgNP-exposed cells.

Based on our systematic literature review and computa-

tional analyses, 44 genes and 24 genes were found to be

Fig. 4. Morphological death patterns of cells treated with
AgNPs. Transmission electron image of HepG2 cells incubated
for 24 hr with (A) 0.5μg/mL AgNPs, (B) 2μg/mL AgNPs or (C)
6μg/mL AgNPs.
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up- or down-regulated, respectively, in response to AgNP

exposure. These 68 gene candidates were categorized by

their molecular function. Among them, the molecular

function of most genes affected by AgNPs exposure was

potentially relevant to transcriptional control. The genes in

the CCAAT enhancer binding protein (CEBP) family were

found in both methods, CCAAT enhancer binding protein

beta (CEBPB) was discovered from the systematic litera-

ture review and CCAAT enhancer binding protein alpha

(CEBPA) was discovered from the in silico analysis. The

CEBP family is an important transcription factor regulat-

ing the expression of genes involved in immune and

inflammatory responses. These two members of the CEBP

family were reported to be the key transcriptional control

of liver regeneration (18). In hepatocyte, CEBPA is highly

expressed and play critical roles in regulating many meta-

bolic liver genes, while CEBPB is up-regulated during

liver regeneration and play crucial roles in the develop-

ment of liver or acute inflammatory response (19). Inter-

ference of the expression level of these main regulators of

Fig. 5. AgNPs induced the changes in the ultrastructural morphology of cytoplasmic organelles. Cells were treated with (A) con-
trol, (B-F) AgNPs (6 μg/mL) for 24 hr and processed for TEM. Notes: Representative TEM micrograph of AgNP-treated cells showed
(B) nuclear membrane distortion (black arrow) and numerous initial autophagic vacuoles (Avi), (C) internalization of aggregated-
AgNPs in cytosolic vesicles (black stars) and swollen lipid droplets (white stars), (D) blebbed nuclei (black arrow) and accumulation
of both initial autophagic vacuoles (inset) and degradative autophagic vacuoles (Avd), (E) swollen mitochondria and mitochondrial
cristae disappear (double arrows), and (F) dilation of Golgi saccules (white arrow).



266 K. Sooklert et al.

Fig. 6. Death pattern analysis of cells treated with AgNPs. (A) Representative histograms from flow cytometry of HepG2 cells
treated with different concentrations of AgNPs. (B) Distribution of viable, apoptotic, and necrotic cells treated with different concen-
trations of AgNPs as measured by annexin V and PI staining.
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liver function by AgNPs possibly facilitates the malfunc-

tion of hepatocyte. To our knowledge, the genes in CEBP

family are of great concern when studying the cytotoxic

mechanism of AgNPs.

Although another candidate gene obtained from the sys-

tematic literature review and computational analyses were

dissimilar, their molecular functions were found to be

related. We hypothesized the differences sets of genes

found in both methods were the consequence of differ-

ence in the sizes, concentration, and stabilizer of AgNPs.

It should be noted that target genes in liver cells are

involved in gene transcription control, metal ion binding,

ATP binding, protein binding, and antioxidant activity,

among other functions.

The main finding in our systematic review and microar-

ray analysis indicated that genes changing in response to

AgNP exposure are primarily responsible for oxidative

stress, inflammation, and cell death. In this study, we

found that the proto-oncogenes FOS and JUN, which are

known to play important roles in both cell survival and the

signaling pathway involved in hepatotoxicity, were highly

up-regulated in the presence of AgNPs (20-24). In addi-

tion, heat shock protein family members HSPB1, HSPA4L,

and HSPH1 were also significantly up-regulated (22,25).

Heat shock protein is one of the molecules induced to pro-

tect cells from oxidative stress. A previous study reported

that AgNPs induced oxidative stress, and consequently

increased expression of heat shock protein and heme oxy-

genase (HMOX1) in both liver and lung cells (26). More-

over, AgNPs induced reactive oxygen species (ROS)

generation and increased the expression level of HIF1A

(27). In addition, augmentation of HIF1A expression report-

edly affected the declination of ROS levels by changing

oxidative phosphorylation to anaerobic glycolysis in lung

cancer cells (28). Genes belonging to the metallothionein

family, such as MT1M, MT1H, MT2A, MT1B, MT1X,

MT1G, and MT1F, also responded to AgNPs (25,29).

Metallothioneins, which have a high affinity for heavy

metals, provide a cytoprotective effect against oxidative

stress from metal particles including AgNPs (30-32).

Additionally, the antioxidant-related genes superoxide dis-

mutase (SOD1 and SOD3) and catalase (CAT) were also

up-regulated by exposure to AgNPs (33). As a summary

of our literature review, it was concluded that AgNPs elicit

cytotoxicity through ROS generation and oxidative stress.

Thus, our results may provide a possible biomarker for

predicting AgNP cytotoxicity. In our in silico analysis, we

also identified 24 interesting candidate genes as possible

target of AgNPs induce hepatocellular toxicity. We found

SOX15 (SRY-box 15) and TLL1 (tolloid like 1) were the

most strongly up- and down-regulated by AgNPs respec-

tively. SOX15, the nuclear gene encodes a member of the

SOX family, which acts as transcription activator involved

in the embryonic development regulation and in the cell

fate determination. In testicular embryonal cell, overex-

pression of SOX15 was reported to cause an inhibition of

cell proliferation and G0/G1 phase cell cycle arrest (34).

TLL1, the most noticeable down-regulated gene among

our results, is the gene belongs to tolloid-like proteins fam-

ily which is necessary for various developmental events.

The down regulation of this gene by prenatal chronic

stress was hypothesized that there would be associated

with the process of neurogenesis (35). Based on the pres-

ent results, AgNPs may exert cytotoxic effects through

SOX15 up regulation or TLL1 down regulation in hepatic

cell. Further research is needed to explore the mechanism

of these genes in AgNP-induced hepatotoxicity.

Evaluation of the potential risks of AgNPs from differ-

ent aspects will help the design of safer and more effec-

tive antimicrobial products. The antimicrobial effects of

AgNPs are based on oxidative stress generation, which

consequently results in cytotoxicity, genotoxicity, immu-

Fig. 7. AgNPs induce autophagy in HepG2 cells. (A) Western blot analysis of autophagy related proteins (LC3) in HepG2 cells
treated with a series of concentrations of AgNPs. (B) Quantification of the LC3-II/β-actin ratio (**p < 0.001 and ***p < 0.0001 com-
pared with the control group).
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nological responses, and even cell death (36). In this study,

we not only evaluated genomic alterations, but also the

ultrastructural morphological status of AgNP-exposed

hepatic cells to understand the mechanisms of nanocyto-

toxicity. Our results revealed that potential target genes are

mostly located within the nucleus and cytoplasm. More-

over, significant morphological changes were observed in

the nuclei and cytoplasm of AgNP-exposed cells. Changes

in gene expression in response to AgNP exposure involve

both cellular morphological changes and cell death.

We observed autophagic vacuoles, a characteristic mor-

phology of autophagic cell death, at low AgNP concentra-

tions. However, at high concentrations, we observed severe

membrane rupture typical of necrotic cell death. Autoph-

agy is considered to be a survival mechanism that regu-

lates the extent of apoptosis and necrosis (37). Deregulated

autophagy after AgNP treatment may lead to increased

cell death either independently or synergistically with

apoptosis or necrosis (38-40). These morphological obser-

vations are in accordance with our in vitro assays that

showed AgNPs triggered different modes of cell death in a

dose dependent manner. Taken together with our results,

the dose-response relationship between AgNPs and types

of cell death is a necessary for understanding the toxic

mechanism of AgNPs.

We demonstrated a possible correlation between AgNP-

responsive genes and morphological alterations. These find-

ings provide evidence for the prediction of possible target

molecules of AgNP-induced cytotoxicity. However, this

study was unable to show a direct correlation between

changes in biological markers and alterations in ultrastruc-

tural morphology of liver cells after exposure to AgNPs.

Further studies are needed to determine the exact target

genes of AgNPs and their correlation to morphological

alterations of cells. Only then will we understand the pre-

cise mechanism and major determinant factors by which

AgNPs are toxic to cells.

In summary, concerns about the toxicity of AgNPs require

estimation of its safety, and considerable studies have been

carried out to examine biomolecular and morphological

alterations induced by this nanoparticle. To the best of our

knowledge, we are the first to estimate candidate AgNP-

targeted genes and correlate these findings with biomolec-

ular responses and ultrastructural alterations in HepG2

cells after AgNP exposure. This research provides com-

prehensive and systematic analysis for identify unclear

knowledge of cellular response to AgNP cytotoxicity.
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