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The rise of nanotechnology and widespread use of engineered nanomaterials in everyday human life has led to con-
cerns regarding their potential effect on human health. Adverse effects of nanomaterials and nanoparticles on various
molecular and cellular alterations have been well-studied. In contrast, the role of epigenetic alterations in their toxicity
remains relatively unexplored. This review summarizes current evidence of alterations in cytosine DNA methylation
and histone modifications in response to nanomaterials and nanoparticles exposures in vivo and in vitro. This review
also highlights existing knowledge gaps regarding the role of epigenetic alterations in nanomaterials and nanopar-
ticles toxicity. Additionally, the role of epigenetic changes as potential translational biomarkers for detecting adverse

effects of nanomaterials and nanoparticles is discussed.
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Introduction

In recent years, the rise of nanotechnology has become
an essential component of everyday human life and our
environment [1]. Several online repositories, e.g. Nano-
database [2], Nanowerk [3] and StatNano [4], list thou-
sands of commercially manufactured nanotechnology
products. Currently, nanoparticles (NPs), sized between
1 and 100 nm, and nanomaterials (NMs), a collection
of nanoparticles having at least one dimension in the
nanometer range, are widely used in household items,
building materials, food and cosmetic products, sun-
screens, water purification, toys, sports equipment, and
medicine [1]. For example, coatings with silica dioxide
nanoparticles (SiO,-NPs) and titanium dioxide nano-
particles (TiO,-NPs) are used to create self-cleaning,
water-repelling, and heat-resistant surfaces; graphene
nanoparticles and carbon nanotubes are widely used as
composite materials to add strength with minimal weight
to sporting equipment, such as tennis rackets, golf balls
and clubs, and bicycles; silver nanoparticles (Ag-NPs)
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and copper nanoparticles (Cu-NPs), due to their strong
antimicrobial properties, are widely used in clothing,
linens, rugs, and towels, whereas platinum, palladium,
rhodium, and cerium oxide nanoparticles are used in
automobile catalytic converters to make vehicle exhaust
less harmful.

Because of the widespread use of nanomaterials and
nanoparticles, their biological effects on organisms and
toxicity have been extensively studied over the past sev-
eral years [5-9], however, their effect on the epigenome
remains a developing area in the field of nanotoxicology
research with limited and inconclusive data as well as
many unanswered questions [10, 11]. This review sum-
marizes the current knowledge about the effects of expo-
sure to various nanomaterials and nanoparticles on two
major epigenetic mechanisms, DNA methylation and
histone modifications, and highlights the potential role of
epigenetic changes in the mechanisms of nanomaterials
and nanoparticles toxicity.
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Effect of nanomaterials and nanoparticles

on cytosine DNA methylation

DNA methylation, a covalent modification of cytosine
residues in DNA, is a major component of the cellular
epigenetic regulatory mechanism (Fig. 1a), and one of
the most studied epigenetic modifications. The DNA
methylation reaction is the addition of a methyl group
from S-adenosyl-L-methionine to carbon five of cyto-
sine resulting in the formation of 5-methylcytosine
(5-meC) in DNA [12]. Methylation of DNA is a dynamic
and well-balanced process between DNA methyla-
tion and DNA demethylation reactions. DNA meth-
ylation is initiated and established by the family of de
novo DNA methyltransferases DNMT3 (DNMT3A and
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DNMT3B) and is maintained during DNA replication
by the maintenance DNA methyltransferase DNMT1
[13]. In somatic mammalian cells, methylation of DNA
occurs solely at CpG dinucleotides. DNA demethyla-
tion is achieved through two different mechanisms (i)
a “passive” replication-dependent mechanism during
cell division and (if) an “active” replication-independent
mechanism. During active DNA demethylation, a family
of ten-eleven-translocation (TET) proteins sequentially
oxidizes 5-meC to 5-hydroxymethylcytosine (5-hmeC)
and 5-carboxycytosine, which are later removed and
replaced by cytosine via a base excision DNA repair
mechanism [14].

Research in recent years has documented the effects
of different types of nanomaterials and nanoparticles on
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Fig. 1 Epigenetic regulations in normal cells and after exposure to nanomaterials and nanoparticles. In normal cells, epigenetic mechanisms are
well controlled and maintained by coordinated functioning of chromatin-modifying proteins, e.g., DNA methyltransferases, DNA demethylases,
histone protein “writers”and “erasers” In general, the epigenetic landscape of the normal genome consists of short unmethylated cytosine (white
circles) enriched domains containing histone transcription activating modifications, including histone H3K4me3, H3K36me3, H3K9ac, and H3K27ac
(green hexagons), predominantly located at the 5/-gene regions. These regions are embedded in a matrix of long methylated cytosine (red circles)
domains containing both histone transcription activating (green hexagons) and transcription inactivating marks (yellow hexagons). The accurate
balance between these epigenetic modifications is critical for the proper maintenance of chromatin structure and gene expression. a Exposure to
NMs and NPs reshapes the epigenetic genome landscape by increasing cytosine DNA methylation (red circles) and histone transcription inactivating
modifications (yellow hexagons), including increased histone H3K9 and H3K27 methylation, decreased histone K3K4 and H3K36 methylation, and
loss of histone acetylation at the 5/-gene regions. Additionally, exposure to NMs and NPs causes damage to DNA (red triangle) across the genome
and demethylation of cytosines (white circles) of previously methylated DNA domains. All these exposure-related events result in compromised
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DNA methylation (Fig. 1b) in various mammalian cells
and mammalian organisms. Table 1 lists examples of
changes in global and gene-specific DNA methylation
induced by the exposure to well-known nanomaterials
and nanoparticles in vitro and in vivo.

DNA methylation alterations induced by exposure
to nanomaterials and nanoparticles in vitro

Carbon nanoparticles

Oner et al. [15] reported that exposure of human THP-1
monocytic cells to 25 and 100 pg/mL of single-walled
carbon nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTs) for 24 h resulted in promoter
hypomethylation of 1127 genes. In later studies, they
reported a similar gene-specific cytosine DNA methyla-
tion response after exposing human 16HBE14 bronchial
epithelial cells to SWCNTs and MWCNTs [16, 17]. Spe-
cifically, exposure to MWCNTs resulted in promoter
hypomethylation of 2398 genes, whereas exposure to
SWCNTs predominantly caused hypomethylation of
individual CpG sites in 501 genes residing in the gene
body and promoter regions, including the SKI, GSTPI,
SHROOM?2, and NF1 genes. Significant changes in gene-
specific DNA methylation were reported in another
study after 24 h of exposure of 16HBE14 bronchial epi-
thelial cells to SWCNTs and MWCNTs [18]. At least one
CpG site was differentially methylated (while some of
the CpG sites were hypomethylated, others were hyper-
methylated, often within the same gene promoter region)
in DNMT1 and MYOIC after exposure to SWCNTs, in
HDAC4 and MAP3KIO after exposure to MWCNTs,
and in NPAT/ATM and PIK3R2 after exposure to both
MWCNTs and SWCNTs. In contrast to alterations in
gene-specific DNA methylation, no changes in the level
of global cytosine DNA methylation were found in SWC-
NTs- and MWCNTs-exposed cells [16, 18]. However, in
a study by Emerce et al. [19] the authors demonstrated a
significant loss of global DNA methylation in 16HBE14
cells exposed to MWCNTs.

Carbon dots

Carbon dots (CDs), one of the newer types of engineered
NM, smaller than 10 nm but with a larger surface area.
They are now widely used in medicine for drug deliv-
ery, bioimaging, and many other applications, but their
potential toxicity and effect on epigenome are yet poorly
understood. In a recent study by Sima et al. [20], the
authors demonstrated that treatment of human embry-
onic lung fibroblast HEL 12469 cells, with various con-
centrations (10-500 pg/mL) for 24 h of positively or
negatively charged CDs did not affect DNA methylation,
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even though the expression mRNA and miRNA were
impacted.

Silica nanoparticles

Treatment of human HaCaT cells with 2.5-10 pg/mL
SiO, nanoparticles (SiO,-NPs) for 24 h induced dose-
dependent global DNA hypomethylation accompanied
by reduction of DNMT1 and DNMT3A proteins [21]. A
similar DNA hypomethylating effect of silica nanoparti-
cles was found in two other studies [22, 23]. Seidel et al.
[22] reported that treatment of mouse Bhas 42 cells with
15 or 25 pg/cm? of the crystalline silica particle Min-U-
Sil® 5 resulted in a dramatic decrease, (~80%), in global
DNA methylation after 48 h and this was accompanied
by increased levels of DNMT3A and DNMT3B pro-
teins. Sooklert et al. [23] found reduced methylation of
Alu repetitive elements 72 h after exposing HaCaT cells
to 10 pg/mL and 100 pg/mL of SiO,-NPs. Gong et al.
[24] investigated the effect of SiO,-NPs on gene-specific
methylation and demonstrated that the treatment of
human HaCaT cells with 10 pg/mL SiO,-NPs for 24 h
resulted in promoter hypermethylation and decreased
expression of PARP1 protein.

Zou et al. [25] investigated changes in DNA methyla-
tion in response to prolonged exposure to silica nano-
particles. They reported that prolonged treatment, 30
passages, of human bronchial epithelial BEAS-2B cells
with silica nanoparticles at a low non-cytotoxic concen-
tration of 5 ug/mL resulted in marked DNA hypermeth-
ylation, which was evident by a predominant number
(1973) of hypermethylated CpG loci over 223 hypometh-
ylated CpG loci. Hypermethylation of the CREB3LI and
BCL-2 gene promoters was accompanied by significant
down-regulation of gene expression.

Titanium dioxide nanoparticles

Titanium dioxide nanoparticles (TiO,-NPs) are pro-
duced in large quantities and broadly used worldwide.
The cellular and molecular effects, including genotoxic,
of TiO,-NPs exposure have been extensively investi-
gated, although there is a lack of conclusive information
on their epigenetics effects. Several independent studies
demonstrated that the loss of global DNA methylation is
one of the major exposure-related epigenetic alterations
caused by TiO,-NPs [26-29]. In particular, Patil et al.
[26] showed that treatment of MRC5 lung fibroblast cells
with 0.5 or 4 pg/mL TiO,-NPs for 24 and 48 h reduced
the level of global DNA methylation. These DNA meth-
ylation changes were accompanied by a decrease in total
DNA methyltransferase activity. In a separate study, Stoc-
coro et al. [27] investigated DNA methylation after expo-
sure of human alveolar epithelial type-II-like A549 cells
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to silica- and citrate-coated TiO,-NPs. Exposure of A549
cells to 40 pg/cm? of silica- or citrate coated TiO,-NPs for
72 h resulted in a loss of global DNA methylation, as evi-
denced by significant demethylation of LINE1 repetitive
elements, with the strongest effect exhibited by citrate-
coated TiO,-NPs. A similar demethylating effect on SINE
B1 repetitive elements was found in human small airway
epithelial cells (SAEC) after 24 h of exposure to 0.5 and
30 pg/mL TiO,-NPs, while no changes in the extent of
LINE1 methylation were found [28]. Pogribna et al. [29]
examined the effect of TiO,-NPs on global and gene-spe-
cific DNA methylation in several human cell lines: skin
(A-431), lung (NL20), liver (HepG2), and colon (Caco-
2). Cells were treated with TiO,-NPs at nontoxic doses
for 24 and 72 h. Treatment with TiO,-NPs decreased
global DNA methylation in Caco-2, HepG2, and A-431
cells, while methylation of the CDKNIA, DNAJCIS,
GADD45A, GDFI5, INSIG1, SCARA3, TP53, and BNIP3
genes increased in all four cell lines. Additionally, treat-
ment with TiO,-NPs increased the expression of genes
involved in establishing and maintaining DNA methyla-
tion patterns (DNMT1, DNMT3A, DNMT3B, MBD2, and
UHRF) in a cell-type- and time-dependent manner, with
the greatest effects found in NL20 and A-431 cells.

Gold nanoparticles

Sooklert et al. [23] found reduced global DNA meth-
ylation 72 h after exposure of human kidney embryonic
HEK293 cells to 100 pg/mL of gold nanoparticles (Au-
NPs). Similar findings of DNA demethylating activity
of AuNPs were reported by Patil et al. [30]; however, no
changes to the extent of global DNA methylation were
found in Au-NPs-treated SK-BR-3 human breast cancer
cells [31], HepG2 human liver cancer cells [32], or MRC5
human fetal fibroblasts [33]. Likewise, no changes in the
DNA methylation status of the down-regulated PROS1
gene were found in Au-NPs-treated MRC5 cells [33].

Silver nanoparticles

Several studies have investigated the effect of Ag-NPs
on cytosine DNA methylation. Mytych et al. [34] dem-
onstrated that treatment of mouse hippocampal neu-
ronal HT22 cells with 5 pg/mL Ag-NPs for 48 h induced
marked genomic cytosine DNA hypermethylation
and increased protein levels of DNMT1, DNMTS3A,
and DNMT3B. Importantly, these changes persisted
for 144 h, with cytosine DNA methylation continuing
to increase, after removal of Ag-NPs from the culture
media. Blanco et al. [35] reported increased global cyto-
sine DNA methylation in response to the exposure of
human lung adenocarcinoma A549 cells to 200 pg/mL
Ag-NPs for 72 h, while no changes were found in cells
exposed to the lower concentrations of Ag-NPs ranging
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from 10 to 100 pug/mL. Brzdska et al. [32] reported simi-
lar findings with no effect of Ag-NPs on human liver
cancer HepG2 cells, and Gliga et al. [36] demonstrated a
minimal effect on DNA methylation in human BEAS-2B
cells exposed to 1 ug/mL Ag-NPs for 6 weeks.

Zinc oxide nanoparticles

Similar to TiO-NPs, the major exposure-related effect of
zinc oxide (ZnO)-NPs is the loss of global DNA methyla-
tion. Treatment of MRC5 lung fibroblast cells with ZnO-
NPs at concentrations of 4 or 8 pug/mL for 24 and 48 h
markedly reduced the level of global DNA methylation
[26]. These DNA methylation changes were accompa-
nied by a decrease in total DNA methyltransferase activ-
ity. Likewise, a profound DNA demethylating effect of
ZnO-NPs, evidenced by a marked decrease in the levels
of 5-meC in DNA and locus specific- DNA hypomethyla-
tion, accompanied by the reduced expression of DNMT1
and DNMT3B genes in human embryonic kidney
HEK293 cells treated with 25 or 50 pg/mL of ZnO-NPs
for 48 h was reported by Choudhury et al. [37]. Interest-
ingly, treatment with 50 pg/mL of ZnO-NPs resulted in
a substantial increase in the levels of 5-hmeC in DNA,
which was associated with increased expression of the
TETI and TET2 genes.

DNA methylation alterations induced

by exposure to nanomaterials and nanoparticles

in experimental animal models in vivo

Carbon nanoparticles

Brown et al. [38] reported global DNA hypomethyla-
tion in lung tissue and white blood cells in C57BL/6 mice
7 days after a single otopharyngeal instillation of 50 pg
of MWCNTs. Assuming that a mouse weighs 25-30 g,
this dose would equal 1.7-2 mg/kg body weight. In
addition to a decrease of global DNA methylation, they
found decreased methylation in Ifu-y and Tuf-a genes.
In contrast, Lu et al. [39] reported a significant increase
in the global level of 5-meC by 25% and 5-hmeC by 50%
in the lung tissue of male BALB/c mice 24 h after a sin-
gle intra-tracheal instillation of 2.5 mg/kg body weight
of laser printer-emitted engineered nanoparticles. They
hypothesized that the elevation of 5-hmeC was associ-
ated with diminished expression of the Tetl gene which
encodes a major TET1 methylcytosine-deoxygenase
that sequentially converts 5-meC into 5-hmeC and then
further into 5-formylcytosine and 5-carboxycytosine
during active DNA demethylation. Interestingly, an ele-
vation of 5-hmeC in the lung tissue of treated mice was
accompanied by reactivation of major LINE1 and SINE
B1 repetitive elements. In a recent report, Zhou et al.
[40] demonstrated that prolonged (60 days) exposure of
zebrafish (Danio rerio) to 10 and 30 pg/mL black carbon
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NPs (50 nm) markedly enhanced global cytosine DNA
methylation, but reduced gene promoter methylation
of lepb, cd248b, and illla in heart tissue. Similar DNA
methylation changes were recently reported by Hu et al.
[41], who demonstrated that exposure of zebrafish to 2,
10, and 50 mg/L modified reduced, hydroxylated, or ami-
nated nano-graphene quantum dots for 7 days resulted
in dose-dependent and tissue-specific increase in global
DNA methylation.

Gold nanoparticles

Tabish et al. [42] studied the effects of different doses and
sizes of Au-NPs on gene-specific methylation in mouse
lungs. They found that a single intra-tracheal instillation
of 60 nm Au-NPs to BALB/c mice induced hypermethyl-
ation of Atm, Cdk, and Gsr, and hypomethylation of Gpx
in lung tissue 48 h after instillation. Additionally, there
were differences in Gsr and Trp53 methylation between
low (0.25 mg/kg body weight) and high (2.5 mg/kg body
weight) doses of Au-NPs, and differences in Trp53 meth-
ylation relative to the nanoparticle size.

Copper oxide nanoparticles

Exposure-related DNA methylation changes, charac-
terized by DNA hypermethylation and concomitant
reduced expression of DNA methyltrasferases, Dnmtl,
Dunmt3a, and DNMT3b, and Tetl were found in the lung
tissue of male BALB/c mice 24 h after a single intra-tra-
cheal instillation of 2.5 mg/kg body weight of copper (II)
oxide (CuO)-NPs [39]. In contrast, no changes in global
DNA methylation, despite the marked transcriptomic
changes, were found in female ICR mice exposed to
8x10° CuO-NPs in a whole-body inhalation chamber for
either 3 days, 2 and 6 weeks, or 3 months [43].

DNA methylation alterations induced by exposure
to nanomaterials and nanoparticles in humans

In contrast to more extensive experimental in vitro and
in vivo studies on DNA methylation alterations caused
by exposure to nanomaterials and nanoparticles, there is
limited evidence on the effects of engineered nanomate-
rials and nanoparticles on DNA methylation in humans.
Liou et al. [44] investigated the status of DNA methyla-
tion in white blood cells in 31 workers from nanomate-
rial manufacturing and/or handling factories in Taiwan
exposed to SiO,-NPs. They found a significant decrease
in global DNA methylation in SiO,-NPs-exposed work-
ers compared to control individuals (n=43). Importantly,
this loss of global DNA methylation inversely corre-
lated with the levels of 8-hydroxy-2’-deoxyguanosine
(8-OHdG), a marker of oxidative DNA damage [45],
in urine and white blood cells of exposed workers. In
contrast, Ghosh et al. [46] did not find a difference in
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the levels of DNA methylation in blood cells in work-
ers (n=24) occupationally exposed to MWCNTs in the
workplace compared to control individuals (n=43);
however, the authors found a significant change in meth-
ylation at individual CpG sites located in the promoter
regions of the DNMT1, ATM, SKI, and HDAC4 genes.
Recently, Rossnerova et al. [47] investigated global and
gene-specific epigenetic DNA methylation in white blood
cells in 20 workers with long term occupational exposure
(mean time 14.5 years) to nanocomposite materials con-
taining epoxide resin with up to 20% SiO,. They found
that long-term exposure caused substantial changes in
CpG methylation, in which 341 CpG sites were hypo-
methylated and 364-hypermethylated. In contrast, short
term exposures did not affect DNA methylation patterns.

Effects of nanomaterials and nanoparticles

on histone modifications

In addition to alterations in DNA methylation induced by
nanomaterials and nanoparticles, disruption of normal
patterns of histone modifications is another epigenetic
response. Histone modifications, posttranslational cova-
lent modifications of the amino-terminal tails of histone
proteins, including phosphorylation, methylation, and
acetylation, are additional major components of the epi-
genetic regulatory mechanism (Fig. 1a). Like methylation
of DNA, histone modifications are a dynamic process
tightly controlled by the balance between “writers” and
“erasers” [48]. “Writers’, including histone phosphory-
lases, acetyltransferases, and methyltransferases, intro-
duce a particular chemical histone modification, whereas
“erasers’, including histone phosphatases, deacetylases,
and demethylases are responsible for removal of chemi-
cal modifications. Accumulated evidence demonstrates
substantial disruption of the histone modification pat-
terns as a result of exposure to nanomaterials and nano-
particles (Fig. 1b).

Alterations of histone modifications induced

by exposure to nanomaterials and nanoparticles

in vitro

Effect of nanomaterials and nanoparticles

on phosphorylation of histone H2AX

One of the most consistent alterations induced by expo-
sure to a broad range of nanomaterials and nanoparticles
is increased phosphorylation of histone H2AX at ser-
ine-139 (y-H2AX). It is well-documented that y-H2AX is
generated as a response to various types of DNA lesions
and is one of the earliest DNA damage responses [49].
Table 2 lists examples of the y-H2AX changes induced by
exposure to well-known nanomaterials and nanoparticles
in vitro and in vivo.
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Table 2 Effect of various nanoparticles on histone H2AX phosphorylation

Page 10 of 18

Nanomaterials (NMs)
and Nanoparticles (NPs)

In vitro orin vivo Experimental design

Epigenetic effect

Reference

Si0,-NPs

TiO,-NPs

TiO, -NPs and Nano-cobalt (Nano-Co)

TiO,-NPs

TiO,-NPs

TiO, -NPs

Ag-NPs

Ag-NPs

Au-NPs

CuO-NPs

Cerium dioxide NPs (CeO,-NPs)

Arsenic trioxide NPs (As,05-NPs)

ZnO-NPs

Iron oxide nanoparticles (S-ION) silica
coated

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

In vitro

Human intestinal CaCo-2 cells
exposed to quartz, SiO,-55 nm or
SiO,-15 nm at 4, 16, 32 and 64 pg/
mL or 15 nm at 64 pg/mL for 24 h

Human lung adenocarcinoma
epithelial cells A549 exposed to
50-1000 pg/mL or 1-100 pg/mL
TiO,-NPs for 1, 24,and 48 h

Human lung adenocarcinoma epithe-
lial cells A549, exposed to 5-15 ug/
mL TiO,-NPs and nano-Co for 12 h

Human lung adenocarcinoma
epithelial cells A549, macrophage-
likeTHP-1 cells, and human pulmo-
nary microvascular endothelial cells
HPMEC-ST1.6R were exposed to 5,
200, and 800 pg/mL TiO,-NPs for 4
and 24 h

Human dermal fibroblasts isolated
from neonatal foreskins, exposed to
100, 30, 10, 3, and 1 pg/mL TiO,-NPs
for24 h

Human skin fibroblasts cell line (BJ),
exposed to 10, 25, 50, 100, 250, 500,
and 1000 pg/mL TiO,-NPs for 24 h

Human lung adenocarcinoma
epithelial cells A549, exposed to
10-200 pg/mL Ag-NPs for 48 and
72h

Human skin keratinocytes (HaCaT),
human lung (A549) and human
breast adenocarcinoma cells (MCF-
7) treated with 1.0 ug/mL Ag-NPs
for4 h

Human MDA-MB-231 and MDA-
MsB-468 breast cancer cells
exposed to 100, 250, and 500 ug/
mL positively (+) and to 250 and
500 pg/mL negatively (-) charged
Au-NPs for 24 h

Human hepatocellular carcinoma
cells HepG2 (well-differentiated)
and SK-Hep-1 (poorly differentiated)
were exposed to Cu-NPs at 0, 10, 25,
50, 75,and 100 pg/mL for 24 h

Human peripheral blood lympho-
cytes were exposed to CeO,-NPs at
6,12,and 18 pg/mL for 3-24 h

Human embryonic kidney HEK293
or Hel a cells were exposed to
As,03-NPs at 0.2-0.8 pM for 24, 48,
and 72 h

Invivo and invitro - Chickens fed diets containing ZnO-

in vitro

NPs at 10-200 mg/kg for 24 weeks,
then artificially inseminated, embry-
onic development monitored, and
ovarian cells cultured

Human A-172 glioblastoma cells
exposed to various concentration of
S-ION (5-100 pg/ml) for 3 and 24 h

Increase in y-H2AX

Increase in y-H2AX independent of
oxidative stress

Increase in y-H2AX

Increase in y-H2AX in THP-1 and
HPMEC-ST1.6R cells

Increase in y-H2AX

Increase in y-H2AX

Increase in y-H2AX

Increase in y-H2AX in A549 and
MCF-7 cells.

Increase in y-H2AX

Increase in y-H2AX, especially in
SK-Hep-1 cells, in dose-dependent
manner

Increase in y-H2AX

Increase in y-H2AX

Increase in y-H2AX

Increase in H2AX at 50 and 100 pg/ml
S-IOP for 24 h

[56]

(51]

[55]

(35]

(50]

(59]

[60]

(62]
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Several reports have shown that exposure of mamma-
lian cells to Ag-NPs results in y-H2AX induction. Zhao
et al. [50] reported that treatment of human cancer cells
with 1.0 pg/mL Ag-NPs for 4 h induced formation of
y-H2AX in lung adenocarcinoma A549 cells and human
breast adenocarcinoma MCEF-7 cells, but not in human
skin HaCaT keratinocytes. Dose-dependent induction of
y-H2AX was found in A549 cells treated with 10-200 pg/
mL Ag-NPs for 48 or 72 h [35]. Induction of y-H2AX was
also reported in A549 cells [51-53], human dermal fibro-
blasts [54], and human skin fibroblasts [55] treated with
TiO,-NPs, and in human intestinal Caco-2 cells treated
with SiO,-NPs [56]. Increased y-H2AX has also been
shown in human cells after exposure to Au-NPs [57], and
other NPs, including copper oxide (CuO)-NPs, cerium
dioxide (CeO,-NPs), arsenic trioxide (As,O3-NPs), zinc
oxide (ZnO-NPs), and iron oxide NPs [58—62].

In the majority of these studies, increased formation of
y-H2AX was accompanied by the induction of oxidative
stress; however, phosphorylation of histone H2AX inde-
pendent of oxidative stress was also shown.

Effect of nanomaterials and nanoparticles

on histone phosphorylation, acetylation,

and methylation

In addition to induction of y-H2AX, exposure to nano-
materials and nanoparticles resulted in other types of his-
tone modifications (Table 3).

Silica nanoparticles

Seidel et al. [22] showed that the treatment of mouse
Bhas 42 cells with 15 or 25 pg/cm? of the crystalline silica
particle Min-U-Sil®5 increased acetylation of histones
H3 and H4, increased the level of HDAC2 protein, and
decreased levels of HDAC1 and HDACS6 proteins. Addi-
tionally, the levels of transcription activating histone
modifications, histone H4Kme3, H3K4ac, H3K9ac, and
H3K27ac marks, were increased at the promoter region
of the over-expressed c-myc gene. Additionally, it has
been demonstrated that treatment of human A549 cells
with 50 pg/mL SiO,-NPs for 3—12 h destabilizes histone
deacetylase (HDAC) SIRT6 mRNA resulting in decreased
levels of SIRT6 transcript and protein [63].

Titanium dioxide nanoparticles

Lv et al. [64] investigated the effect of TiO, nanotubes on
human adipose-derived stem cells (hASCs) and reported
an osteogenic differentiation of hASCs exposed to TiO,
nanotubes with a diameter of 70 nm. Mechanistically, the
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osteogenic differentiation of hASCs was associated with
increased histone H3K4 methylation at the promoter
region of osteogenic genes RUNX2 and osteocalcin (OC)
and with the inhibition of histone demethylase RBP2
expression.

Gold and arsenic nanoparticles

Several types of altered histone modifications have been
reported upon exposure to Au-NPs. Shyamasundar et al.
[10] demonstrated that exposure of small airway epithe-
lial cells to 20 nm Au-NPs for 72 h decreased histone
H3 lysine 27 trimethylation (H3K27me3), and Surap-
aneni et al. [57] showed that treatment of human MDA -
MB-231 breast cancer cells with 250 and 500 pg/mL
negatively charged Au-NPs for 24 h resulted in deacety-
lation of histone H3K9/H3K14 and dephosphorylation
of histone H3Ser10, whereas treatment of the same cells
with 100, 250 and 500 pg/mL positively charged Au-NPs
caused increased H3K9/H3K14 acetylation and histone
H3Ser10 phosphorylation. Liu et al. [60] reported the
reduction of global histone H4K16 acetylation in human
embryonic kidney HEK293 or HeLa cells exposed to
arsenic trioxide NPs (As,O;-NPs) at 0.2-0.8 uM for 24,
48, and 72 h.

Silver nanoparticles

Zhao et al. [65] demonstrated that treatment of human
A549, MCF-7, and HaCaT cells with 0.3 pg/mL Ag-NPs
for 24 h resulted in increased phosphorylation of histone
H3 serine 10 (H3Ser10ph), a modification associated
with mitotic chromatin condensation [66] and the activa-
tion of Aurora kinases. This finding was confirmed in a
subsequent study showing that exposure of A549 cells to
1.0 pg/mL Ag-NPs for 10 h caused an increased level of
histone H3Ser10ph that was independent of DNA dam-
age [67]. In another study, Blanco et al. [35] reported that
treatment of A549 cells with 10-200 pug/mL Ag-NPs for
48 or 72 h induced dramatic deacetylation of histone H3.
A marked decrease in levels of global and p-globin gene-
specific histone H3 lysine 4 trimethylation (H3K4me3)
and histone H3 lysine 79 monomethylation (H3K79mel)
was found in mouse erythroleukemia cells treated with
8 pg/mL Ag-NPs for 72 h [68].

Zinc oxide nanoparticles

Gao et al. [69] demonstrated marked deacetylation of his-
tone H4 lysine 5 (H4K5) and increased demethylation of
histone H3 lysine 9 (H3K9) in HaCaT cells treated with
20 and 50 pg/mL ZnO-NPs for 24 h. Similar exposure-
related global histone hypoacetylation was reported after
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exposure of human breast cancer cells to cadmium tel-
luride quantum dots [70]. Recently, Zhang et al. [71]
reported that treatment of human bladder cancer T24
cells with 10 pg/mL ZnO-NPs for 48 h decreased the
level of global histone H3K27 trimethylation and at the
RUNX3 gene promoter. Mechanistically, these changes
were attributed to the down-regulation of histone H3K27
methyltransferase EZH2. Additionally, increased expres-
sion of G9a and GLP histone methyltransferase genes
and down-regulation of GCN5, P300, and CBP histone
acetyltransferase genes were observed in HaCaT cells
treated with ZnO-NPs [69].

Copper oxide nanoparticles

Kalaiarasi et al. [72] reported a dramatic decrease of total
HDAC activity in A549 cells treated with CuO-NPs for
36 h, which was accompanied by a reduction in the lev-
els of HDACI1, HDAC2, HDAC3, HDACS, and HDACI1
mRNA transcripts.

Mechanisms of DNA methylation and histone
modification alterations induced by nanomaterials
and nanoparticles

In normal cells, epigenetic mechanisms are well con-
trolled and maintained (Fig. 1a) but undergo substantial
abnormal alterations upon exposure to NMs and NPs
resulting in aberrant expression of protein-coding and
protein-non-coding genes (Fig. 1b).

The mechanism of alterations in cytosine DNA methyl-
ation and histone modifications upon exposure to nano-
materials and nanoparticles remains unclear; more than
a single mechanism is very likely contributing to these
changes (Fig. 2). It is well established that several fac-
tors are involved in the accurate maintenance of cytosine
DNA methylation and histone modifications, including
the proper function of chromatin-modifying proteins,
the status of intracellular metabolism, especially one-car-
bon metabolism, and chromatin integrity. Many studies
of DNA methylation or histone modification response to
NMs and NPs exposure attempt to link observed changes
in DNA methylation and histone modifications to altered
functioning of chromatin-modifying proteins; however,
the results of these studies are inconclusive. In contrast,
one common observation specific to the majority of stud-
ies is the induction of oxidative stress and inflammation
[38, 52, 53, 73]. It is well established that these two events
affect the integrity of chromatin and lead to changes in
DNA methylation and histone modifications [74-76].
Specifically, the presence in DNA oxidative stress-
induced DNA lesions, such as 8-OHdG and 5-hmeC,
inhibits methylation capacity of DNA methyltrans-
ferases, leading to global DNA hypomethylation [74], a
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DNA methylation change often induced by nanomateri-
als and nanoparticles. Additionally, the results of several
independent studies have demonstrated that exposure
to NMs and NPs, e.g., TiO,-NPs, ZnO-NPs, MWCNTs,
etc., resulted in depletion of glutathione [26, 77], a main
non-enzymatic cellular antioxidant, loss of which triggers
a number of intracellular events leading to demethylation
of DNA and histone alterations [78, 79].

Alterations in gene-specific DNA methylation also
occur. This change in DNA methylation may be attrib-
uted to inflammation-induced DNA damage. The pres-
ence of inflammation-mediated halogenated cytosine
damage products in DNA such as 5-chlorocytosine and
5-bromocytosine can mimic 5-meC and direct methyla-
tion to previously unmethylated CpG sites, which pro-
motes aberrant hypermethylation [75]. Furthermore, it
has been reported that oxidative DNA damage can simul-
taneously induce DNA demethylation and generation of
new methylation sites at unmethylated CpG sites [76].

Role of epigenetic alterations in the safety
assessment of nanomaterials and nanoparticles
The field of nanotoxicology is rapidly expanding to
define key events associated with toxicity of nanoma-
terials and nanoparticles. Accumulated evidence from
experimental and epidemiological studies demonstrates
that epigenetic alterations may be used to detect toxic-
ity caused by engineered nanomaterials and nanopar-
ticles and, more importantly, to predict their toxicity
in preclinical assessments. Several in vitro and in vivo
experimental studies have documented an associa-
tion between toxicity and epigenetic alterations after
exposure to certain nanomaterials and nanoparticles
[22, 27, 64, 80]. This suggests that epigenetic altera-
tions can be valuable indicators of nanomaterials and
nanoparticles toxicity and can be potential translational
biomarkers for detecting adverse effects of nanomate-
rials in humans. This can be illustrated by the loss of
global DNA methylation found in human and mouse
cells after exposure to silica nanoparticles in vitro [22,
23] and confirmed by the elegant independent study
of Liou et al. [44] which showed a significant reduc-
tion in global cytosine DNA methylation in white blood
cells from workers exposed to SiO,-NPs. In the stud-
ies presented in this review, engineered nanomaterials
were extensively characterized, and their stability was
tested before use in vitro or in vivo. However, despite
these promising findings, a long list of unanswered
questions remains. Specifically, the main limitation of
many existing studies focused on the effect of nanoma-
terials and nanoparticles on epigenetic mechanisms, is
that the causal mechanistic relationship has not been
established. In particular, one of the main concurrent
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Fig. 2 Mechanism of DNA methylation and histone modification alterations induced by nanomaterials and nanoparticles. Exposure to NMs and
NPs alters the functioning of chromatin-modifying proteins, e.g.,, DNA methylation and demethylation machinery, and histone-modifying enzymes,
causing changes in the pattern of DNA methylation and histone modifications. One of the most common effects of NMs and NPs is the induction
of cellular stress, e.g., oxidative and endoplasmic reticulum stress, and metabolic disturbances, e.g., one-carbon metabolism and the citric acid cycle.
These events are causing DNA damage and repair response and metabolic alterations affecting the functioning of chromatin-modifying enzymes.
Any or all of these events may result in hypomethylation of DNA and altered histone modification patterns. Additionally, exposure to NMs and NPs

causes activation of the inflammatory response that, in turn, may cause DNA hypermethylation and histone modification changes

findings in the studies on the effects of NMs and NPs
is cell toxicity. Therefore, it is not clear if NMs and NPs
exposure directly affected epigenome, or the observed
exposure-related changes are caused by cell toxicity.
Extra caution should be taken in the interpretation of
the significance and role of observed exposure-related
changes in the mechanism of NMs and NPs toxic-
ity. This is related to the fact that many experimental
studies have used different cell lines or animal mod-
els, different times of exposure, various, sometimes
highly toxic doses, of NMs and NPs, and different
methodologies in the analysis of epigenetic alterations,
ranging from simple techniques of global DNA meth-
ylation analysis to highly sophisticated array-based or
next-generation sequencing technologies. Further-
more, most of the current studies in the field of epige-
netic toxicology have focused on the epigenetic effects
of overall NMs and NPs exposure without taking into
consideration the role of different shape, charge, size,
composition, and surface chemical modifications of
NMs and NPs on the epigenome response. Addition-
ally, majority of the existing studies present rather a
snapshot of exposure-related epigenetic alterations. All
of these make it difficult to determine the significance

of epigenetic abnormalities in the mechanisms of tox-
icity of nanomaterials and nanoparticles, especially to
distinguish the role of epigenetic alterations as one of
the driver events of toxicity or just as one of the tran-
sitory non-specific cellular responses. Future well-
designed and well-controlled studies are needed for
better understanding of the mechanisms and processes
associated with epigenetic alterations induced by the
nanoparticles and nanomaterials to establish the foun-
dation for the role of epigenetic alterations as biomark-
ers of nanoparticles and nanomaterials toxicity.
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