:' frontiers ‘ Frontiers in Bioengineering and Biotechnology

ORIGINAL RESEARCH
published: 16 June 2022
doi: 10.3389/fbioe.2022.927036

OPEN ACCESS

Edited by:
Jia Yu,
Mayo Clinic, United States

Reviewed by:

Chengyong He,

Xiamen University, China

Junfa Yin,

Research Center for Eco-
Environmental Sciences (CAS), China

*Correspondence:
Shiyong Qi
qsymanu@126.com
Liqun Chen
ligun.chen@tju.edu.cn

TThese authors have contributed
equally to this work and share first
authorship

Specialty section:

This article was submitted to
Nanobiotechnology,

a section of the journal
Frontiers in Bioengineering and
Biotechnology

Received: 23 April 2022
Accepted: 31 May 2022
Published: 16 June 2022

Citation:

Chen Y, Sheng F, Wang X, Zhang Z,
Qi S and Chen L (2022) Early
Epigenetic Responses in the Genomic
DNA Methylation Fingerprints in Cells in
Response to Sublethal Exposure of
Silver Nanoparticles.

Front. Bioeng. Biotechnol. 10:927036.
doi: 10.3389/fbioe.2022.927036

®

Check for
updates

Early Epigenetic Responses in the
Genomic DNA Methylation
Fingerprints in Cells in Response to
Sublethal Exposure of Silver
Nanoparticles

Yue Chen'?, Fei Sheng %!, Xingyu Wang', Zhihong Zhang', Shiyong Qi'* and Liqun Chen®*

" Department of Urology, Tianjin Institute of Urology, The Second Hospital of Tianjin Medical University, Tianjin, China,
2Department of Urology, Nanjing First Hospital, Nanjing Medical University, Nanjing, China, >Academy of Medical Engineering and
Translational Medicine, Tianjin University, Tianjin, China

With the rapid development of nanotechnology and nanoscience, nanosafety assessment
has raised public concern. Although many studies have illustrated that nanomaterials could
lead to genotoxicity, the early alterations of DNA methylation with nanomaterials under low-
dose exposure have not been completely clear. In this study, we investigated the potential
effect and molecular mechanism of AgNPs on the alternation of DNA methylation
fingerprints in HEK293T cells under sublethal exposure. Intriguingly, silver nanoparticle
treatment increased 5-mC level and changed methylation-related enzyme contents.
Mechanistically, we scrutinized the changes in the molecular signaling and biological
functions by means of MeDIP-Seq and RNA-seq. Our results revealed that AQNPs might
undermine a number of vital regulatory networks including the metabolic processes,
biological regulation and other cellular processes. More specifically at the DNA methylation
fingerprints, there were 12 up-regulated and simultaneous hypomethylated genes, and
22 down-regulated and concomitant hypermethylated genes in HEK293T cells
responding to AgNPs. Notably, these genes were primarily involved in lipid metabolism
and ion metabolism. Together, these responsive genes might be used as early sensitive
indicators for the variations of early epigenetic integrity through changing the DNA
methylation fingerprints, as reflective of biological risk and toxicity of silver
nanoparticles under realistic exposure scenarios.

Keywords: silver nanoparticles, epigenetic, DNA methylation, sublethal exposure, cell metabolism

INTRODUCTION

With the rapid development of nanotechnology and nanoscience, nanosafety assessment has raised
public concern regarding their toxic effect on human health. Mounting studies have investigated the
genotoxicity of various nanomaterials over the past few years in vitro and in vivo (Turkez et al., 2017;
Elespuru et al.,, 2018), however, their biological effects on the epigenome remains limited and
inconclusive.

Epigenetic alterations are associated with the development and progression of numerous
pathological states and diseases (Feinberg, 2007; Gonzélez-Becerra et al, 2019). As one of the
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epigenetic mechanisms, DNA methylation is responsible for
proper gene expression related with cellular homeostasis in a
cell-specific manner (Jones, 2012). Silver nanoparticles (AgNPs),
as one of the nanomaterials, have been widely used in production
and life due to its inherent properties (Ravikumar et al., 2009).
Many studies have been reported to discuss the epigenetic toxicity
of AgNPs under toxic doses (Smolkova et al., 2015; Babele et al.,
2019). In our previous study, it has been shown that AgNPs
induce global genome-wide DNA methylation changes under
sublethal dose (Chen et al., 2017). But direct nanotoxicity and
indirect impact could inevitably produce distinct toxic or
biological effects. Thus, there is a great deal of necessity for
explore of epigenetic biomarkers to better identify the early
response and molecular mechanisms under sublethal exposure
to AgNPs.

In this study, we aimed to investigate the potential effect and
molecular mechanism of AgNPs on the alternation of DNA
methylation in HEK293T cells under sublethal exposure. Our
work illustrated that AgNPs could induce DNA methylation
changes and gene expression differences after non-toxic
treatment. In addition, we also found AgNPs could alter
various cellular processes through influencing the level of
DNA methylation in HEK293T cells, such as metabolic
process, biological regulation and so on. These findings
provided epigenetic reference in evaluating potential toxicity
and health risk of AgNPs.

MATERIALS AND METHODS

Characterization of AgNPs

25 nm spherical AgNPs modified by polyvinylpyrrolidone were
purchased from Huzheng Nanotechnology Co., Ltd., (Shanghai,
China). The AgNPs used in our experiment were kept away from
light at 4°C. Transmission electron microscopy (TEM; Hitachi
H7500, Japan) was applied to observe the size and shape of
AgNPs. The zeta potential and hydrodynamic diameter in water,
medium, and complete medium were examined using a Zetasizer
(Malvern Nano Series, United Kingdom).

Cell Culture

Human kidney-derived HEK293T cells were purchased from the
Shanghai Cell Bank of Type Culture Collection (Shanghai,
China). Cells were cultured in Roswell Park Memorial
Institute 1640 medium (C11875500BT; Gibco) contained with
10% fetal bovine serum (10099-141C; Gibco) and 100 U/mL
penicillin-streptomycin ~ (§V30010; Hyclone). Cells were
cultured in a cell incubator (Thermo Fisher Scientific) at 37°C
under humidified air with 5% CO,.

Cell Viability Assessment

Cells were treated with AgNPs at different concentrations (1, 2, 4,
8, 10, 15, 20 pg/ml) for 24 h. Cell viability was assayed by 3-(4,5-
dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide (MTT)
assay using 96-well plates. In brief, HEK293T cells were cultured
in 96-well plates and then exposed to AgNPs at different doses for
24 h. After cells were incubated with 10 pL MTT solution (5 mg/
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ml) for 4 h, 100 pL dimethyl sulfoxide was added into every well.
The intensity was detected with a 570 nm absorption wavelength
with a microplate reader (Thermo Fisher Scientific).

Dot-Blotting Assay

Genomic DNA concentrations were quantified by Nanodrop
2000 (Thermo Fisher Scientific, United States). The equal
amount of DNA were denatured at 95°C for 10 min, and
twofold serial dilutions of DNA were spotted on the
nitrocellulose membranes soaked with 2x saline sodium citrate
(2x SSC) bulffer. Thereafter, the nitrocellulose membranes were
baked at 80°C for 2 h, followed by blocking with 5% skimmed
milk at room temperature for 1h. The membranes were
incubated with anti-5-mC (1:1000, from the Active Motif,
United States) at 4°C overnight. After incubation with
secondary Ab, autoradiogram images were measured using a
ChemiDoc X-ray Raman scattering (XRS) chemiluminescence
system (Bio-RAD, United States).

UPLC-MS/MS Analysis of 5-mC and 5-hmC

Levels in Genomic DNA

Genomic DNA was extracted from cells posttreated with AgNPs
using a DNA isolation kit (Qiagen, Germany), followed by
UPLC-MS/MS analysis as described previously (Chen et al,
2017).

Genome-Wide Methylated DNA

Immunoprecipitation Sequencing
Genome-wide methylated DNA immunoprecipitation
sequencing (MeDIP-seq) was performed by the BGI Tech,
Inc. (http://www.bgi.com/us/). Genomic DNA for each
sample was isolated and purified, and the sample was
sonicated into 100-500 bp fragments. DNA-end repair was
implemented through 3’-A overhang and ligation of
sequencing adaptors. DNA samples were denatured at 95°C
for 10min, and an aliquot (5ug) of DNA was
immunoprecipitated with anti-5-mC Ab at 4°C overnight.
The eluted products were separated and the extracted DNA
was amplified with PCR. The following process and
bioinformatics analysis of the sequencing libraries were
performed at the BGI Tech.

RNA Sequencing Analysis

RNA sequencing (RNA-seq) was carried out by the BGI Tech,
Inc. (http://www.bgi.com/us/). Total RNA was extracted in
cells treated to AgNPs for RNA-seq analysis. Differentially
expressed genes were defined by changes of gene expression of
2-fold greater or lower in AgNPs-exposed cells compared to
the control.

Gene Ontology and Pathway Analysis

Gene ontology was analyzed using quick GO database within the
Interpro bioinformatics database (http://www.geneontology.org).
The Pathway analysis was performed using the KEGG database
(http://www.genome.jp/kegg).
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FIGURE 1 | Characterization of silver nanoparticles. (A) Representative
TEM image of AgNPs applied in this study. The scale bar is 50 nm. (B)
Hydrodynamic diameter and zeta potentials of 4 ug/ml AgNPs in water,
serum-free medium and complete culture medium.

Cellular Localization of AgNPs by TEM
After treatment with AgNPs for 24 h, cells were collected and

washed three times with phosphate buffer saline (PBS), and fixed
in 2.5% glutaraldehyde. And the samples were further treated
with pure resin and embedded into beem capsules with pure
resin. Ultrathin sections (70 nm) were cut and stained with 1%
lead citrate and 0.5% uranyl acetate and then observed with a
high-resolution transmission electron microscope (JEOL JEM
2010F, Hitachi, Japan).

Western Blot Analysis

After cells posttreatment were collected, these cells were washed
with cold PBS and were then lysed with RIPA lysis buffer
containing the protease inhibitor cocktail (Roche, Switzerland).
Same amounts of total proteins were subjected to 8%-12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), followed by Western blotting, as previously
described (Chen et al, 2020). Primary Abs were against
GAPDH (1:1000, Santa Cruz Biotechnology, United States),
DNMT1 (1:1000, Cellular Signaling ~ Technology,
United States), DNMT3A (1:1000, Santa Cruz Biotechnology,
United States), TET1 (1:1000, GeneTex, United States), TET2 (1:
200, Santa Cruz Biotechnology, United States). Autoradiogram
signal was examined on a ChemiDoc XRS chemiluminescence
system.

Detection of 8-Oxo-G for DNA Damage

The levels of 8-0x0-7,8-dihydro- 2'-deoxyguanosine (8-oxo-
G) were used to evaluate DNA damage. Cell culture medium
was seperated after AgNPs treatment for 24 h, and the
supernatants after centrifugation were wused to the
evaluation of 8-oxo-G with a commercial kit (Dongge
Biotechnology, China).

AgNPs Influencing DNA Methylation

Evaluation of ROS Level
HEK293T cells exposed to AgNPs or Ag ions was incubated with

10 uM dichlorofluorescein diacetate (DCF-DA) in the dark for
30 min. Then cells was washed with PBS three times and DCF
fluorescence was detected using a microplate reader. The
excitation and emission wavelength were 488 and 525nm
H,0, was used as a positive control.

Statistical Analysis

Data were shown in mean + standard error. Independent t-test
was used to determine the difference between two samples, while
one-way ANOVA was for comparing the difference among
multiple (>2) samples. p-values were used to calculate the
statistical significance.

RESULTS

Physicochemical Characteristics of ANPs
and Cytotoxicity Evaluation in
HEK293T Cells

The AgNPs used in our study revealed a spherical structure and
well dispersed observed by TEM imaging (Figure 1A). The
hydrodynamic diameter of AgNPs was about 68 nm in the
medium and the zeta potential of AgNPs are negatively
charged in different mediums (Figure 1B). These results
indicated that the AgNPs had relatively stable physicochemical
property for the following researches.

Considering the essential excretion way of AgNPs through
urine, kidney-derived HEK293T cells were used in this study.
To select the sublethal dosage of AgNPs that will not cause
overt cytotoxicity to HEK293T cells, we first carried out
cytotoxicity assessment in cells treated with AgNPs for 24 h
through MTT assay. The results showed that there were no
significant cytotoxicity (cell viability decreased slightly by less
than 10%) in AgNPs-exposed HEK293T cells at 1, 2, and 4 pg/
ml, compared with the untreated control cells (Figure 2A). In
view of Ag ions released from silver nanoparticles and its
possible toxicity in cells (Pratsinis et al., 2013), we examined
the cytotoxicity of Ag ion to HEK293T cells. As shown in
Figure 2B, Ag ion did not affect cell viability at no more than
1.0 pg/ml according to about 10% dissolution of AgNPs. To
sum up, we applied 1, 2, and 4 pg/ml AgNPs to perform the
following research.

Effect and Distribution of DNA Methylation
Changes Upon AgNPs in HEK293T Cells

DNA methylation is known as an early sensitive indicator in
response to various endogenous and exogenous stimuli
including nanomaterials (Borchiellini et al., 2019). The
amounts  of  5-methylcytosine  (5-mC) and  5-
hydroxymethylcytosine (5-hmC) reflect the status of DNA
methylation (Meng et al., 2015). In order to study the effect of
AgNPs on genomic DNA methylation, Dot blotting and
ultraperformance liquid chromatography-tandem mass
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FIGURE 2 | Cell viability evaluation and DNA methylation detection in HEK293T cells after AgNPs exposure. (A) Cell viability was detected with the Alamar Blue
assay in HEK293T cells exposed to AgNPs at different concentrations for 24 h (n = 6). (B) Cytotoxicity was examined in HEK293T cells dealt with Ag ions at various
concentrations for 24 h through the Alamar Blue assay. (C) Dot-blotting analysis of 5-mC values in HEK293T cells upon exposure to AgNPs at different concentrations
for 24 h. (D) Relative quantitative analysis of 5-mC and 5-hmC levels in genomic DNA detected by UPLC-MS/MS in HEK293T cells upon AgNPs exposure at
various concentrations for 24 h (n = 3-4).

spectrometry (UPLC-MS/MS) were used to measure the levels
of 5-mC and 5-hmC. First, the dot-blotting results
demonstrated significant increases of the 5-mC level in
AgNPs-exposed cells, especially at 2, and 4 ug/ml, while Ag
ion treatment did not cause apparent changes (Figure 2C).
Analogous to the results from the Dot blotting assay, the
quantitative analysis of UPLC-MS/MS also revealed the
similar changes of 5-mC and 5-hmC levels upon AgNPs
exposure, compare to the control (Figure 2D). As depicted
in bar graph, 5-mC significantly increased in HEK293T cells,
particularly at 2 pg/ml and 4 pg/ml respectively (p < 0.05).
Differently, AgNPs resulted in no obvious changes of 5-hmC
in HEK293T cells (Figure 2D). These results together
validated that sublethal AgNPs exposure promoted the 5-
mC levels in genome-wide DNA in HEK293T cells.

As illustrated in sketch diagram, to investigate the
molecular mechanisms of DNA  methylation in
HEK293T cells exposed to AgNPs, we continued to
perform genome-wide methylated DNA
immunoprecipitation sequencing (MeDIP-Seq) and RNA
sequencing (RNA-seq) to evaluate the property of
differentially methylated gene and differentially expressed

gene in cells responding to 4 pg/ml AgNPs (Figure 3A).
MeDIP-Seq results showed that the genomic DNA
methylation level was higher in cells treated with AgNPs
than in untreated control, which was consistent with the
results from Dot boltting and UPLC-MS/MS assay
(Figure 3B). Additionally, levels of DNA methylation were
all elevated in upstream, intragenic regions and downstream
regions, which suggested the distribution of DNA
hypermethylation was a universal increase in the genome
(Figure 3B). The methylation distribution analysis
manifested that the peaks was mainly increased in the CDS
regions and in introns regions (Figure 3C). Subsequently, to
define the distribution of abnormal methylated genes in the
genome, hypermethylated genes and hypomethylated genes
were classified in different regions (Figure 3D). As shown in
Figure 3D, the number of hypermethylated genes was two to
three times greater than that of hypomethylated genes in
AgNPs-exposed cells. In addition, a majority of
methylation changes were located in CDS and introns of
genes in HEK293T in response to AgNPs (Figure 3D),
consistent with the results of 5-mC peak distribution.
Together, above results explained the distribution pattern
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of DNA methylation changes in HEK293T cells upon AgNPs
exposure.

Ontology Analysis of Differentially
Expressed Genes in HEK293T Cells Upon

AgNPs Treatment

DNA methylation changes frequently drove the gene abnormal
expression, which was involved in a series of biological process. To
identify the possible differential expression in gene transcription
due to DNA methylation changes upon AgNPs exposure, we
further carried out RNA sequencing to assess the levels of gene
expression. As depicted in Figure 4A, there were 315 up-regulated
genes and 213 down-regulated genes in HEK293T cells after 4 pg/
ml AgNPs exposure. Then, functional classification for
differentially expressed genes were carried out through gene
ontology analysis. The analytic results revealed that most
differentially expressed genes were involved in various aspects
of cell dynamic balance, such as metabolic processes, biological
regulation, multicellular organismal process and response to
stimulus (Figure 4B). With above findings, we hypothesized
these differentially expressed genes might originat from DNA
methylation changes in AgNPs-treated cells. Therefore, we

further ~compared differentially expressed genes with
differentially methylated genes in cells with AgNPs treatment.
In general, DNA methylation increase usually results in
inhibited mRNA transcription, while DNA demethylation
reversely promotes enhanced gene expression (Meng et al,
2015). The Venn diagram demonstrated that there were 12
both upregulated and hypomethylated genes, and 22 both
downregulated and hypermethylated genes in response to
AgNPs, respectively (Figure 5A). The gene names and folds for
these differentially expressed and methylated genes were listed in
Figure 5B. Among the all differentially expressed genes, IGFNI,
CYP4F11, KCNN3, CYP26A1, and ATP8A1 were much more
significant up or downregulated genes, which mainly participated
in cell metabolism processes. For instance, CYP4F1l, and
CYP26A1 primarily catalyze many reactions involved in drug
metabolism, synthesis of cholesterol, steroids and other lipids
(Wang et al, 2010; Sun et al.,, 2015; Qiu et al, 2017). KCNN3
and ATP8Al are mainly responsible for ions metabolism,
including the activation and transport of potassium ion, calcium
ion and heavy metal ion (Jing et al., 2019; Rahm et al., 2021). These
findings suggested that AgNPs sublethal treatment could result in
change of cell metabolism drove by DNA methylation change,
including lipid metabolism and ion metabolism.
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expressed genes with relevant methylation change in HEK293T cells upon AgNPs. (B) The list and the fold for the differential expressed and methylated genes.

Possible Mechanisms of DNA Methylation

Changes by AgNPs in HEK293T Cells
Prev10us studies have confirmed that the effects of
nanomaterials  are  closely  associated  with  their

physicochemical properties and subcellular localization (Lew

et al., 2018; Ovais et al., 2019). To analyze the possible reasons
of DNA methylation change induced by AgNPs in
HEK293T cells, we first evaluated the cellular localization of
AgNPs. TEM images displayed the intracellular and nuclear
localization of AgNPs in HEK293T cells (Figure 6A),
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consistent with previous work (Chen et al., 2020). DNA
methylation and demethylation were mainly conducted by
methyltransferases (DNMTs) and ten-eleven translocation
(TETs) (Meng et al, 2015). Thereafter, we detected the
protein contents of DNMTs and TETs to define the role of
AgNPs in DNA methylation change. As shown in Figure 6B,
AgNPs increased the protein levels of DNMT1 at 2 and 4 pg/ml,
and there was a slight drop for DNMT1 in HEK293T cells upon
AgNPs at 1 pg/ml. Additionally, there was also a moderate
increase for DNMT3a upon AgNPs at all three concentrations.
By contrast, the concentration of TET1 and TET2 in
HEK293T cells by AgNPs did not manifest a clear decline or
increase in a dose-dependent manner. These results suggested
that AgNPs-mediated DNA hypermethylation might be
partially attributed to the expression levels of DNA
methylation related enzymes caused by AgNPs. In view of
the impact of DNA damage in epigenetic modification, we
examined the production of 8-0xo-G in cells treated with
AgNPs. The results indicated that no DNA oxidative damage
was observed in cells upon AgNPs exposure at 1, 2,and 4 ug/ml,
compared with the control cells (Figure 6C). Oxidative stress is
one of the common mechanisms for AgNPs-mediated effects
(Hou et al.,, 2021). Accordingly, we assayed intracellular ROS
level in cells exposed to AgNPs. No obvious ROS was induced
in cells response to AgNPs compared to the control cells
(Figure 6D). These results indicated that sublethal AgNPs-
caused DNA methylation change was not on account of DNA
oxidative damage and oxidative stress.

DISCUSSION

In recent years, AgNPs has been gradually applied in the field of
biomedical science with the development of nanotechnology and
nanomedicine (Chen et al., 2018). In addition to antibacterial
effect, the toxic effects of AgNPs have attracted extensive
attention, regardless of direct or indirect toxicity. Many studies
explored the cellular injury and toxicity of AgNPs under higher
exposure dose (Mao et al, 2016; Riaz Ahmed et al., 2017).
However, the toxic mechanisms of AgNPs remain
incompletely clear, particularly under chronic sublethal dose
exposure. Moreover, traditional toxicity evaluation assays can
not take effect at sublethal or relatively low dose. Thus, searching
for early warning biomarkers are urgently needed to verify the
potential toxic effects of low dose AgNPs exposure.

DNA methylation is one of the most intensely studied
epigenetic modifications in mammals. In normal cells, it
assures the proper regulation of gene expression and stable
gene silencing (Kulis and Esteller, 2010). Different from DNA
damage, DNA methylation is a more sensitive index in response
to external stimuli (Sriraman et al., 2020). Although many reports
have illustrated that nanomaterials could lead to genotoxicity, the
alterations of DNA methylation with nanomaterials under low
dose exposure have not been fully understood (Chen et al., 2017).
At present, our previous and some preliminary studies suggested
that AgNPs and other nanomaterials might affect DNA
methylation (Chen et al., 2017). In the current study, we
discussed deeply the potential molecular mechanism of DNA
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methylation change in HEK293T cells treated with AgNPs under
sublethal exposure. Except for the role in the alternation of DNA
methylation, we also revealed the changes of molecular signaling
and function by means of MeDIP-Seq and RNA-seq under
AgNPs sublethal exposure. Importantly, the study found that
AgNPs might influence the metabolic process, biological
regulation and other cellular processes based on the role of
these differentially expressed genes in keeping cell homeostasis.

According to the integrated results from MeDIP-Seq and
RNA-seq, there were 12 wupregulated and simultaneous
hypomethylated genes, and 22 downregulated and
concomitant hypermethylated genes in response to AgNPs,
which suggested the consistency between gene expression and
DNA methylation. Of course, there might be some genes that
were not consistently changed at the mRNA level compared with
DNA methylation or demethylation. We found that some more
obviously upregulated or downregulated genes (including IGFN1,
CYP4F11, KCNN3, CYP26A1, and ATP8A1) consistent with
DNA methylation change mainly participated in lipid
metabolism and ion metabolism. These epigenetic related
molecules could be regarded as early warning biomarker to
evaluate the potential toxic effects of low dose AgNPs exposure.

Additionally, our study showed intracellular and nuclear
localization of AgNPs, elevated protein levels of DNMT1 and
DNMT3a and slightly decreased concentration of TET2 in
HEK293T cells, conforming to the findings of 5-mC and 5-hmC.
We also confirmed that sublethal AgNPs treatment resulted in no
significant changes in DNA damage and ROS production, which
consistent with previous study at similar exposure concentrations of
AgNPs (Chen et al,, 2020). Above findings indicated that sublethal
AgNPs-mediated DNA methylation change could be partially
attributed to DNA methylation related enzymes, independent of
DNA damage and oxidative stress.

CONCLUSION

In a word, our research clarified the molecular mechanisms
responsible for AgNPs-induced DNA methylation alterations.
Furthermore, our findings deciphered in-depth the alteration
of cell metabolism and related signaling induced by AgNPs
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