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Abstract

In the nanotechnology era, nanotechnology applications have been intensifying their prospects to embrace all the vigorous sectors per-
suading human health and animal. The safety and concerns regarding the widespread use of engineered nanomaterials (NMs) and their
potential effect on human health still require further clarification. Literature elucidated that NMs exhibited significant adverse effects
on various molecular and cellular alterations. Epigenetics is a complex process resulting in the interactions between an organism’s en-
vironment and genome. The epigenetic modifications, including histone modification and DNA methylation, chromatin structure and
DNA accessibility alteration, regulate gene expression patterns. Disturbances of epigenetic markers induced by NMs might promote
the sensitivity of humans and animals to several diseases. Also, this paper focuses on the epigenetic regulators of some dietary nutrients
that have been confirmed to stimulate the epigenome and, more exactly, DNA histone modifications and non-histone proteins modula-
tion by acetylation, and phosphorylation inhibition, which counteracts oxidative stress generations. The present review epitomizes the
recent evidence of the potential effects of NMs on histone modifications, in addition to in vive and in vitro cytosine DNA methylation and
its toxicity. Furthermore, the part of epigenetic fluctuations as possible translational biomarkers for uncovering untoward properties of
NMs is deliberated.
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Recently, nanotechnology has received substantial
attention and has stretched to various fields in our life

graphene (GN) nanoparticles are common in structural
fiber uses and sportive equipment due to their high intrin-

and environment (Gupta and Xie, 2018). Ten thousand
commercial nanoparticle products have been created
and developed for their application in several purposes,
including medicine, water bioremediation, food and
cosmetic products, drug delivery, and agricultural uses
(Ghosh et al., 2022). The coating forms of silica (SDNPs)
and titanium (TDNPs) dioxide nanoparticles have been
employed in medical products, agricultural, industrial
protection products and cosmetics (Kiany et al., 2022).
Other nanomaterials such as carbon nanotubes (CNt) and

sic mechanical features, little densities, and high electri-
cal /thermal conductivities (Eom et al., 2021).

While the nanoparticles of rhodium, cerium oxide,
palladium, and platinum, are involved in vehicle cata-
lytic convertors to decrease detrimental automobile ex-
haust. Because of the powerful antimicrobial properties
of copper nanoparticles (CuNPs) and silver nanoparticles
(AgNPs), they are commonly used in clothes, bedsheets,
towels, and carpets (Gharpure et al., 2020). As a result of
the extensive usage of nanomaterials (NMs) in several
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fields, humans and animals are exposed to those NMs, so
it is interesting to study the potential effects of nanoma-
terials on animal and human health.

Consequently, over the last decades, the biological
properties of nanomaterials and their toxicological ef-
fects have been extensively examined and they are still
investigated (Shyamasundar et al., 2015; Missaoui et al.,
2018; Ameh and Sayes, 2019; Schulte et al., 2019; Xiaoli
et al., 2020). Nevertheless, the consequence of NMs on
the epigenome is an emerging area with inconclusive and
restricted data in the area of nanotoxicological research
and various unanswered questions (Shyamasundar et al.,
2015; Sierra et al., 2016). The impacts of several NMs
exposure on two main epigenetic mechanisms, histone
modifications and DNA methylation, and the possi-
ble role of epigenetic variations in the nanomaterial’s
toxicity mechanisms are summarized in this review ar-
ticle.

DNA methylation

The methylation of DNA is one of the most consid-
ered alterations of epigenetics constituents. In addition,
it is a hereditary epigenetic spot relating the covalent
transfer of a methyl group to the C-5 position of the cyto-
sine ring of DNA via DNA methyltransferases (DNMT)
(Figure 1). This previous process can lead to 5-methyl-
cytosine (5-meC) in DNA. Likewise, it is well known
as a covalent modulation of DNA cytosine residues. The
methylation of DNA is a well-stable process and self-mo-
tivated reaction concerning cellular DNA demethylation
and the responses of DNA methylation (Ooi et al., 2009).
The de novo DNA methylation occurs at cytosines of di-
nucleotides of CpG, where Dnmt3a and Dnmt3b are the
enzymes accountable for this action.
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Figure 1. The machinery system of epigenetics includes DNA meth-

ylation, acetylation ubiquitination, and phosphorylation. H3, histone

3; H4, histone H4 acetylation; H2B, histone H2B (ubiquitination) in
the cellular system

Further, the DNA methyltransferase DNMT1 conser-
vation sustains it through the replication of DNA (Ooi et
al., 2009). This DNA modification is related to several bi-
ological events. Scientists suggested that enzymes of the
ten-eleven translocation family can catalyze the stepwise

oxidation of 5-meC in DNA to 5-hmC and additional oxi-
dation yields, not only causing new epigenetic characters
but moreover introducing active or passive demethyla-
tion ways (Figure 2) (Wu and Zhang, 2017). The key epi-
genetic machinery is complicated with an expression of
the regulatory gene. DNA methylation consists of adding
a methyl group in cytosine in a cytosine—phosphate—gua-
nine (CpQG) dinucleotide. This process comprises several
vital processes, including methylation, acetylation, and
phosphorylation
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Figure 2. The key epigenetic machinery is complicated with an
expression of the regulatory gene. DNA methylation consists of adding
a methyl group in cytosine in a cytosine—phosphate—guanine (CpG)
dinucleotide. This process comprises several vital processes, including
methylation, acetylation, and phosphorylation

Effects on DNA methylation (in vitro model)
As mentioned above, several nanomaterials have
been explored in in-vitro models (Table 1 and Figure 3).

Carbon nanoparticles

Carbon nanoparticles (CNP) have attracted abundant
consideration owing to their distinctive structural vari-
ety. Multiple authors have reported the potential effects
of CNP on in vitro models (Sima et al., 2020; Oner et
al., 2020). The research conducted by Sima et al. (2020)
clarified that exposing human embryonic lung fibroblast
(HEL 12469 cells) to different levels of carbon dots for
24 h (with an average of 10-500 pg/mL) did not exhibit
a significant influence on the methylation of DNA (Sima
et al., 2020).

Carbon nanomaterials have been broadly applied in
pharmaceutical sciences for drug delivery, diagnosis, and
distinct biological interaction in the past few years. How-
ever, until now, their possible toxicity and consequence
on the epigenome of organisms have been poorly discov-
ered. Studies have conveyed that of either human THP-1
monocytic cells (Oner et al., 2020) or human 16HBE14
bronchial epithelial cells (Ghosh et al., 2018) exposure
to multi-walled (MWCNTs) or single carbon nanotubes
(SWCNTs) for 24 h at 25-100 pg/mL could induce con-
siderable hypomethylation of 1127 genes (Oner et al.,
2017).
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Table 1. Effects of different nanomaterials on DNA methylation (in vitro models)

Nanomaterials Cells Doses The main findings Reference
1 2 3 4 5
SWCNTs, Human bronchial epithelial 25 and 100 pg/mL e No significant effect on global DNA methylation (5-mC Oner et al.,
MWCNTs cells (16HBE) of CNTs for 24 h and 5-hmC). 2018
e Of 2398 genes was altered and induced DNA hypome-
thylation.
e Some gene-specific DNA methylation was induced, in-
cluding SK1, NF1, AKPSL, GSTP1, FOXK2, EIF4E and
SHROOM?2.
CNTs Human monocytes (THP-1) 25 and 100 pg/ml e No significant effect on global DNA methylation (5-mC  Oner et al.,
cells CNTs for 24 h and 5-hmC). 2017
o It showed a hypomethylation effect induced by NPs (es-
pecially in some genes including WNT5B, PRKCZ, JAK3-
STAT6, VEGFA, TE, NAP2K2, AKTINOTCHI, NOTCH4,
SH2D24, SFRP1, NOSS, STAT54, FGFRI, and MEISI).
SWCNTs Human bronchial epithelial  0.25 pg/mL of e Results showed no modifications in the global DNA Oner et al.,
and MWCNTs cells (16HBE) MWCNTSs or SWC- methylation (5-mc) were detected inl 6HBE cells. 2020
NTs for one month e Exposing cells to SWCNT resulted in hypermethylation
of KLF3, PRSS3, KLK3, and HPCALI1 genes.
CNTs: Human bronchial epithelial 25 and 100 pg/mL. @ There were no changes in DNA methylation markers, Ghosh et al.,
SWCNTs, cells 1l6HBE of SWCNTs and including 5-mC and 5-hmC. 2018
MWCNTs MWCNTs for24h e SWCNTSs induced significant changes in NPAT/ATM,
MYOI1C, DNMTI1, while MAP3K10, HDAC4 were
induced by MWCNTs exposure.
e [t showed that the differentially methylated for both
nanomaterials triggered hypermethylation of ATM/
NPAT promoter.
SWCNTs, Human bronchial epithelial 25 and 100 ug/mL ~ ® MWCNTs brought substantial dose-dependent damage Emerce et al.,
MWCNTs cells 16HBE of SWCNTs and to DNA methylation. 2019
MWCNTs for 24 h
CDs Human embryonic lung 10-500 pg/mL of e No change in the global DNA methylation marker Sima etal.,
fibroblasts HEL12469 negatively or posi- (5-mC). 2020

Silica nanopar-
ticles (SNPs)

TiNPs

Human bronchial epithelial
cells BEAS-2B

Human HaCaT cells

Mouse Bhas 42 cells

Human HaCaT cells

Human MRCS lung
fibroblasts

Human lung epithelial cells
(A549)

Human small airway
epithelial cells

Human lung (NL20), skin

(A-431), hepatic (HepG2),
and colon (CaCo-2) cells

tively charged CDs
for 24 h

5 ng/mL for 30 pas-
sages (prolonged
exposure)

2.5-10 pg/mL SiO,-
NPs for 24 h

15 or 25 pg/cm? of
the crystalline silica
particles Min-U-
Sil® 5 for 48 h

10 pg/mL and
100 pg/mL of SiO,-
NPs for 24 h

0.5 or 4 ng/mL for
24 and 48 h

TiO, NPs
40 pg/cm? for 48
and 72 h

0.5 and 30 pg/mL
for 24 h

100 pg/mL for 24
and 72 h

e Results revealed that the global DNA hypermethylation
was hypermethylated CpG loci.

e Moreover, the hypermethylation of Bcl-2 and CREB3L1
gene promoters.

e [t was shown that the global DNA hypomethylation
decreased significantly. There was a significant reduc-
tion of DNMT3A, DNMT]1, and MBD2 levels (methyl
GpG binding protein 2).

® Results indicated a substantial reduction in global DNA
methylation (~80%).

o Both DNMT3A and DNMA3B significantly increased
response to SiO,-NPs exposure.

® Decreased methylation of Alu repetitive fundamentals.
Results clarified promoter hypermethylation and dimin-
ished transcript of PARP1 protein.

e Global DNA hypomethylation.
e Reduced total DNA methyltransferase activity.

e Hypomethylation in DNA.
e Demethylation of LINEI repetitive essentials.

e Demethylation of SINE Bl repetitive.

e DNA hypomethylation in some cell lines, including
HepG2, Caco-2, and A-431 cells.

e Up-regulation of some methylation genes such BNIP3 ,
CDKNIA4, DNAJCI15, GADD454, SCARA3, GDF15,
INSIG1, TPS53.

e Additionally, altered transcript of DNMT3B, MBD2,
DNMTI1, DNMT3A, and UHRF genes.

Zou et al., 2016

Gong et al.,
2010

Seidel et al.,
2017

Sooklert et al.,
2019; Gong et
al., 2012

Patil et al.,
2016

Stoccoro et al.,
2017

Luetal, 2016
a,b

Pogribna et al.,
2020
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Table 1 — contd.

1 2 | 3 4 5
Au-NPs Human kidney embryonic 100 ug/mL e Hypomethylation in global DNA. Sooklert et al.,
(HEK293 cells) of Au-NPs for 72 h 2019
Au-NPs Human skin fibroblasts 62.5 ng/mL for 24 e Global DNA hypomethylation. Patil et al.,
and 48 h 2019
Au-NPs Human breast cancer (SK- 3 pg/mL for 24,48, e No effect on global DNA methylation. Smolkova et
BR-3) cells and 72 h al., 2016
Au-NPs Human hepatic HepG2 10 pg/mL for 24 h e No effect on global DNA methylation. Brzoska et al.,
2019
Au-NPs Human fetal fibroblasts 1 nM of AuNPs for e No effect on global DNA methylation. Ngetal., 2011
(MRC5) 48 and 72 h
Ag-NPs HT22 hippocampal mouse ~ 1-20 pg/mL e Increase in DNA methyltransferases DNMT1, DNM- Mytych et al.,
of Ag-NPs for 48 h T3A, and DNMT3B. 2017
Ag-NPs Human BEAS-2B 1 pg/mL Ag-NPs for e Marginal effects on DNA methylation: one differen- Gliga et al.,
6 weeks tially methylated gene promoter corresponding to a gene 2018

(ENSG00000250358), six differentially methylated CpG
sites and five differentially methylated tiling regions.

Ag-NPs Human lung (A549) 10-200 pg/mL e Global DNA hypermethylation. Blanco et al.,
Ag-NPs for 48 and 2017
72h
Ag-NPs Human hepatic cell (HepG2) 10 pg/mL Ag-NPs, e No changes in promoter methylation of genes related to Brzoska et al.,
Au-NPs 10 pg/mL Au-NPs, inflammation and apoptosis for any NPs studied. 2019
Magnetite 5 pg/mL SPIONs
(Fe,0,) for24 h
SPIONs
ZnNPs Human MRCS lung fibro- 4 or 8 pg/mL for 24 e Global DNA hypomethylation decrease in total DNA Patil et al.,
blasts and 48 h methyltransferase activity. 2016
ZnNPs Human embryonic kidney 25 or 50 pg/mL for e Global DNA (5-mC) hypomethylation. Choudhury et
(HEK293) 48 h Increase in DNA hydroxymethylation (5-hmC) associat- al., 2017

ed with increased expression of 7ET and TET2 genes.

Molecular alterations \
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{ HDACS, HDACS, and 3
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Figure 3. Potential impacts of nanomaterial on the histone modifications, some specific gene expression and histone-modifying enzymes collected
from in vitro and in vivo studies
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Moreover, in other studies on MWCNTs, hypermeth-
ylation in 2398 and 501 genes was observed in the indi-
vidual CpG sites and the promoter and genomic regions of
the body, respectively, including the GSTP1, SHROOM?2,
SKI, and NFIgene as evidenced by multiple authors
(Oner et al., 2017; Ghosh et al., 2018).

After exposure to SWCNTs, at minimum, one site
of CpG has methylated in MYOIC, DNMT1, MAP3K10
and HDAC4; subsequently, exposure to MWCNTs, and
in PIK3R2 and NPAT/ATM after exposure to SWCNTs in
addition to MWCNTs. On the opposite side of gene-spe-
cific alterations through DNA methylation, no variations
in the global cytosine DNA methylation level were de-
tected in MWCNTs and SWCNTs-subjected cells (Ghosh
et al., 2018; Oner et al., 2018). Nevertheless, Emerce et
al. (2019) revealed that in 16HBE14 cells subjected to
MWCNTs, significant damage to global DNA methyla-
tion was detected.

Silica nanoparticles (SNPs)

Like other nanomaterials, exposing human HaCaT
cells to silica nanoparticles (SNPs) at levels 2.5-10 pg/
mL induced reduction in the DNMT3A and DNMT]1
proteins expression, in terms of global DNA hypometh-
ylation (Gong et al., 2010). The changes of DNMT1
might be associated with developing various syndromes
in human body, therefore demonstrating a promising
therapeutic mark. According to previous investigations
(Seidel et al., 2017; Sooklert et al., 2019), similar effects
of SNPs-induced DNA hypomethylating were detected
in other human cells, indicating the negative effects of
SNPs on DNA methylation.

In a previous study conducted on mice, it was ob-
served that the global DNA methylation was decreased
significantly (80%) associated with augmented DN-
MT3B and DNMT3A proteins levels subjected to SNPs
(15 or 25 pug/em?) for two days (Seidel et al., 2017).
Moreover, treating human HaCaT cells with SNPs (10
pg/mL) induced hypermethylation and reduced tran-
script of PARP1 protein (Gong et al., 2012). Zou et al.
(2016) reported that the SNPs sub-cytotoxic treatment
of BEAS-2B cells (human bronchial epithelial, five pg/
mL) presented significant DNA hypermethylation altera-
tions, which was manifest by a principal quantity (1973)
of hypermethylated CpG loci over 223 hypomethyl-
ated CpG loci. The same authors revealed that the BCL-
2 and CREB3LI gene promoters were hypermethylated
with significantly reduced BEAS-2B cells (human bron-
chial epithelial) transcriptomic alteration.

Titanium dioxide nanoparticles (TiNPs)

Titanium dioxide nanoparticles (TiNPs) are com-
monly used in various industrial products and water pu-
rification. Many studies have clarified that global DNA
methylation is considered one of the main epigenetic
modifications induced by TiNPs exposure (Patil et al.,
2016; Stoccoro et al., 2017; Pogribna et al., 2020). For
instance, Stoccoro et al. (2017) explored the methyla-

tion of cellular DNA in lung epithelium (A549) after hu-
man exposure to TiNPs. They found a substantial lack
of global DNA methylation, as proved by noteworthy
demethylation of LINE1 repetitive essentials, through
the soundest upshot shown by TiNPs. In another study,
the application of 0.5 or 4 pg/mL TiNPs for one or two
days to the lung fibroblast cells (MRCS) induced a re-
duction in the global DNA methylation, as supported by
Patil et al. (2019). Generally, it is accepted that a decrease
in DNA methyltransferase activity escorts these changes
in DNA methylation. Recently, Pogribna et al. (2020)
clarified that non-toxic dosages of TiNPs were observed
in human colon (Caco-2), liver (HepG2), lung (NL20),
and skin (A-431) cells for 1-3 days. They concluded that
TiNPs considerably decreased the global DNA meth-
ylation as previously mentioned cells. Conversely, the
same authors illustrated that the genetic methylation of
GADD454, DNAJC15, INSIGI, CDKNIA, SCARA3,
GDF15, TP53, and BNIP3 was augmented in human cells
(Pogribna et al., 2020). In addition, maintaining DNA
methylation genes (MBD2, DNMT3B, UHRF DNMTI,
and DNMT3A) were upregulated in human cell lines as
a response to exposure to TiNPs (Pogribna et al., 2020).
Based on the molecular and cellular influences, such as
the genotoxic effects of the exposure of TiNPs have been
widely explored. However, their epigenetic properties
still lack decisive information.

Zinc oxide nanoparticles

Parallel to TiNPs, the zinc oxide nanoparticles (Zn-
NPs) significantly influenced global DNA methylation
and induced DNA damage when exposed for long peri-
ods. After ZnNPs treatment (either 4 or 8 pg/mL) for 24
and 48 h, this DNA damage was markedly decreased in
lung fibroblast cells (MRCS) (Patil etal., 2016). Similarly,
ZnNPs caused DNA demethylation through a noticeable
reduction in locus-specific-DNA hypomethylation levels.
In addition, 5-meC in DNA escorted by the downregula-
tion of DNMT3B and DNMT1 genes in HEK293 cells (a
type of human embryonic kidney) treated with ZnNPs
(25 or 50 pg/mL) for 48 h was described by Choudhury
et al. (2017). Remarkably, ZnNPs (50 pg/mL) induced
a considerable upsurge in the 5-hmeC levels in DNA,
which was accompanied by augmented transcripts of cer-
tain genes, including TET1 and TET2. These changes in
the methylation of DNA were associated with a decrease
in DNA methyltransferase action.

Gold and silver nanoparticles

Plasmonic metal-originated nanoparticles have
a high possibility for biological and chemical sensor
applications because of their sensitive, ethereal reacti-
vity to the environment surrounding the surface of na-
noparticles and ease of light signal monitoring owing to
their strong absorption or scattering (Lee and El-Sayed,
2006). Several studies have inspected the impacts of gold
(AuNPs) and silver (AgNPs) nanoparticles on cytosine
DNA methylation. As reported previously, human em-



620

H.K. Aldal’in et al.

bryonic kidney (HEK293) cells exposed to high levels
of AuNPs (100 pg/mL) for three days exhibited a con-
siderable lowering in global DNA methylation (Sooklert
et al., 2019). On the contrary, AuNPs had no consider-
able effects on DNA demethylating activity in numerous
studied cell lines, for example, MRCS5 fetal fibroblasts
(Ng et al., 2011), human breast cancer cells (SK-BR-3;
Smolkova et al., 2016), as well as HepG2 hepatic can-
cer cells (Brzoska et al., 2019). These disturbances of the
impacts of AgNPs on global DNA methylation might be
associated with the type of cell line, level of NMs, exper-
imental conditions, duration of exposure, and synthesis
of nanomaterial (such as chemical or biogenic methods).
Gold nanoparticles (AuNPs) have been applied techno-
logically in different biomedical sciences. For this con-
cept, exploring the potential effects of genomics altera-
tion is interesting. In another study on mice, Mytych et
al. (2017) clarified that hippocampal neuronal (HT22)
cells exposed to AgNPs (5 pg/mL) triggered noticeable
DNA hypermethylation of genomic cytosine. Moreover,
the same work found a significant up-regulation of DNA
methylation-related genes such as DNMT3A, DNMT1
and DNMT3B (Mytych et al., 2017). Additionally, high
levels of AgNPs (200 pg/mL) induced a significant aug-
mentation in the global cytosine DNA methylation of
A549 human lung adenocarcinoma cells. In addition,
Gliga et al. (2018) established a slight impact of AgNPs
(1 pg/mL) for six weeks on the methylation of DNA in
human BEAS-2B cells. Many previous investigations
have revealed that Ag-NPs (up to 100 pg/mL) did not
substantially affect the global cytosine DNA methylation
in human cell cancers (Blanco et al., 2017; Brzoska et al.,
2019). It is clear that AgNPs have disturbing results on
DNA methylation, which might be the different AgNPs
levels, duration of exposure, type of cell lines and ad-
ditional topics are required.

Effects on DNA methylation (in vivo model)

There is a lack of information about nanomaterial’s
potential effects on DNA methylation in in vivo experi-
ments (Table 2 and Figure 3).

In mice, significant hypomethylation of global DNA
and considerable reduction of Tnf-a and Ifn-y genes were
noticed in leukocytes and lung tissue as a response to the
exposure to a 50 pug of single oropharyngeal MWCNTs
instillation for one week (Brown et al., 2016). Both genes
Tnf-a and Ifn-y are associated with inflammation. In mice
exposed to a single intra-tracheal instillation of AgNPs
for 24 h (Lu et al., 2016 a, b), an increase by 25% and
50% for global 5-meC and 5-hmeC, respectively. Moreo-
ver, the activation of a 5-hmeC promotion in the treated
mice lung tissue was associated with the increased ex-
pression of both SINEBI and LINEI genes. Recently,
carbon NPs (10 or 30 pg/mL with 50 nm) produced
a noticeable improvement in the methylation of cytosine
DNA, nevertheless significant methylation of gene pro-
moters (Teleostean IL11b, lepb, and cd248b) in zebrafish
(Zhou et al., 2019).

Parallel with previous studies, Hu et al. (2019) lately
reported that changes in DNA methylation were observed
when zebrafish were exposed to 2, 10, and 50 pg /L of
NPs for seven days, which caused a considerable in-
crease in global DNA methylation.

The last authors (Hu et al.,, 2019) theorized that
5-hmeC rise was related to reduced Tetl gene tran-
scription, which codes a chief TETI (methylcytosine-
deoxygenase). This pattern could consecutively trans-
form 5-meC into 5-hmeC, consequently converting into
SmC and 5fC (5-formyl cytosine) throughout the active
demethylation of DNA (Chouke et al., 2022). Still, we
need further explorations for support and evidence of the
potential effects of carbon dots on DNA methylation in
in-vitro models for being safer and more peaceful when
using those materials.

Moreover, Tabish et al. (2017) investigated the im-
pacts of AuNPs on lung gene-specific methylation in
mice. Authors observed that a single instillation in the
trachea (AuNPs 60 nm for 48 h after instillation) induced
hypomethylation of Gpx and hypermethylation of Cdk,
Gsr, and Atm in mice lung tissues. Moreover, the previous
study found that up-regulation of 17 genes was reported
after the administration of AgNPs in mice. Xenobiotic
experiences frequently trigger these genes. Exposure of
mice to copper nanoparticles (2.5 mg/kg BW) for one
day reduced considerable hypermethylation of DNA (Lu
etal., 2016 a, b). Moreover, the indicators of DNA meth-
ylation including DNMT3b, Dnmt3a, Tetl, and Dnmtl
were significantly reduced in lung tissues. However, only
one study had the opposite results. In contrast, Rossner
et al. (2020) observed non-significant variation in global
DNA methylation, despite the noticeable alterations of
transcription.

Human studies

In 2004, the Nanotechnology Research Center
(NTRC) was established by the National Institute for Oc-
cupational Safety and Health (NIOSH) to address health
concerns and occupational safety linked with engineered
nanomaterials (Fischman et al., 2011). Once in the envi-
ronment, nanomaterials may interrelate with metabolic
systems and cellular ingredients in various human tis-
sues. The study of Liou et al. (2017) investigated the
degree of DNA methylation in white blood cells from
Taiwan workers (n=31 vs n=43 for control one) who had
worked in nanomaterial manufacturing and/or handling
factories. Considerable reduction in global DNA methyl-
ation was found in people who worked in these industrial
regions (Liou et al., 2017).

Rossnerova et al. (2020) found significant shifts in
CpG methylation, with 341 CpG sites turning hypometh-
ylated and 364 getting hypermethylated in people exposed
to NMs. Moreover, the levels of DNA oxidative mark-
ers such as 8-OHdG (8-hydroxy-2'-deoxyguanosine) in
white blood cells (WBCs) and urine fluid exposed to
NMs were altered. Moreover, Ghosh et al. (2022) dis-
covered a substantial alteration in methylation at in-
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dividual CpG sites situated in the promoter districts
of the HDAC4, SKI, ATM, and DNMT1 genes in people
exposed to MWCNTs. On the other hand, Rossnerova
et al. (2020) discovered that short-time exposure had
no impact on DNA methylation in the WBCs of 20 work-
ers.

Effects on histone modifications

Another epigenetic change as a response to nanoma-
terial exposure is histone modifications. It was previous-
ly reported that NMs induced significant results on global
DNA methylation in animals and humans. Histone modi-
fications, which include phosphorylation, methylation,
and acetylation of the N-terminal tails of histone proteins,
are further main machinery of the epigenetic regulatory
system. Generally, histone modifications are catalyzed

by precise enzymes in various involving amino acids, in-
cluding arginine, serine, lysine, threonine, tyrosine, etc.
In addition, histone methylation has either transcription-
ally oppressive or permissive features, contingent on the
position of targeted amino acid residues in the histone tail
and/or the additional quantity of methyl groups (Alaskhar
Alhamwe et al., 2018). For histone acetylation regularly
leads to greater post-transcription (Torres and Fudjimori,
2015). Histone has various aspects, such as histone phos-
phorylases, methyltransferases, and acetyltransferases.
These features introduce specific chemical modifications,
whereas histone “erasers”, such as histone phosphatases,
demethylases, and deacetylases, are responsible for eras-
ing chemical alterations. Studies have found that aberrant
histone modification outlines are closely connected with
various syndromes based on in vitro or in vitro trials.

Table 2. Effects of different nanomaterials on DNA methylation (in vivo models)

Nanomaterials Cells Doses The main findings | Reference
CNTs (MWCNTs) Workers (n=24)  Occupationally exposed to the @ No difference in global DNA methylation (5-mC) Ghosh et al.,
MWCNTs for seven days or DNA hydroxymethylation (5-hmC). 2017

SiO,-NPs Worker (n=31) Handling factories in Taiwan
exposed to SiO,-NPs
SiO,-NPs Workers (n=20, Long-term occupational expo-

white blood cells) sure (mean time 14.5 years) to
nanocomposite materials con-

taining up to 20% SiO,-NPs

CNTs: MWCNTs C57BLJ6 mice 25 ul of MWCNTs

Carbon Adult zebrafish CNPs (0, 10 and 30 pg/mL)
nanoparticles (Danio rerio) suspensions for 60 days
(CNPs)

Nano-graphene  Zebrafish
quantum nanodots

(M-GQDs)

Laser printer-emit- BALB/c mice
ted nanoparticles

2, 10, and 50 mg/L nano-
graphene quantum dots for
seven days

Single intra-tracheal instilla-
tion of 2.5 mg/kg body weight
of laser printer-emitted engi-
neered nanoparticles for 24 h.

5-, 60- and 250-nm Au-NPs at
2.5(intratracheal administra-
tion) and 0.25 mg/mL for 48 h

Au-NPs BALB/c mice

Copper (II) oxide BALB/c mice (lung 2.5 mg/kg of copper (II) oxide
NPs (CuO-NPs) tissue) (CuO)-NPs

CuO-NPs 8x10° CuO-NPs in a whole-
body inhalation chamber for

two days to three months

Female ICR mice

Changes at individual CpG sites in the promoter
region of DNMT1, ATM, SKI, HDACA4.

o Global DNA hypomethylation. Liou et al., 2017

Rossnerova et
al., 2020

e Long-term exposure caused changes in CpG
methylation: 341 CpG sites hypomethylated,
364 CpG sites hypomethylated.
Short-term exposure did not affect DNA methyla-
tion patterns.

e Genes hypomethylation in lung tissue and blood.  Patil et al., 2016
Decrease in EFN-y methylation.
® TNF-a promotor hypomethylation.

e Increase of methylation in 7/y-/ promotor.

e Upregulation of dnmt3b and Tet2 in heart tissue
Dose-dependent decreases in the mRNA expres-
sion of dnmtl, dnmt3a, and Tetl.

e Promoter demethylation of lebp, cd248b, and il11
Increase in transcriptions for lebp and cd248b in
the high-dose group.

Zhou et al., 2019

e Global DNA hypermethylation (tissue-specific
and dose-dependent).

Huetal., 2019

e Increase in the global level of 5-meC by 25% and Lu et al., 2016

5-hmeC by 50%. a,b

e No effect on global DNA methylation and DNA  Tabish et al.,
hydroxymethylation. 2017
Promotor hypermethylation in Atm, Cdk,
and Gsr genes in mouse lung tissue.
Promotor hypomethylation in Gpx gene in mouse
lung tissue.

e Global DNA hypermethylation. Luetal., 2016
Reduced expression of DNA methyltransferas- a,b

es, Dnmtl, Dnmt3a, and DNMT3b, and Tetl.

e No changes in global DNA methylation. Rossner et al.,

2020
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Histone H2AX phosphorylation

The phosphorylation of histone H2AX at serine-139
(y-H2AX) has been presented to be associated with mi-
totic chromosome condensation. For the impacts of NMs
on y-H2AX, multiple reports indicated that NMs en-
hanced the synthesis of y-H2AX, which might attributed
to the augmented intracellular oxidation, which could
encourage oxidative DNA lesion (Zhao et al., 2016; Liu
et al., 2017; Kopp et al., 2018; Kdénen-Adigiizel et al.,
2018).

One of the early DNA damage reactions, y-H2AX is
widely known to be produced in response to many kinds
of DNA damage (Kopp et al., 2018). Research shows
that exposing human cancer cells to 1.0 g/mL Ag-NPs
for 4 hours caused the development of y-H2AX in human
breast adenocarcinoma (MCF-7) cells and lung adenocar-
cinoma (A549) cells, while no considerable effects were
detected in human skin keratinocytes (HaCaT) (Zhao et
al., 2016). Moreover, Blanco et al. (2017) revealed that
A549 cells treated with Ag-NPs (10-200 g/mL) for 23
days induced y-H2AX. Similar effects of Ag-NPs, TiO,-
NPs showed significant induction of y-H2AX in several
human cell lines, including dermal, skin fibroblasts, and
intestinal Caco-2 cells (Prasad et al., 2013; Setyawati et
al., 2013; Tarantini et al., 2015).

Examples of the y-H2AX modifications brought on
by exposure to well-known nanomaterials are shown in
Table 2 in both in vitro and in vivo sceneries.

As indicated by many investigations (Kung et al.,
2015; Koénen-Adigiizel et al., 2018; Liu et al., 2018;
Surapaneni et al., 2018), exposing various cells of hu-
mans has a considerable effect on increasing y-H2AX
levels as influenced by Au-NPs, zinc oxide (ZnNPs), ar-
senic trioxide (As,0,-NPs), cerium dioxide (CeO,-NPs),
and copper oxide (CuO)-NPs. The results based on the
literature regarding the effects of NMs on y-H2AX are
still conflicting and need further clarification. Moreover,
the association between H2AX and oxidative-related
markers is unexplored.

In addition to y-H2AX induction, NMs and NPs pro-
duce other histone alterations (Table 2).

Both histones H3 and H4, as well as the HDAC2 pro-
tein acetylation, were significantly augmented in mice
exposed to SNPs (15 or 25 pg/cm?), while the levels of
HDAC! and HDACG6 protein were reduced (Seidel et al.,
2017). HDAC?2 is an important regulator of Arg2 tran-
script, thus regulating different biological actions of the
cell cycle, apoptosis, differentiation, and cancers. Moreo-
ver, H3K27ac, H3K9ac, H3K4ac, and H4Kme3 singling
were augmented at the over-expressed c-myc gene pro-
moter domain (Seidel et al., 2017). Furthermore, human
A549 cells treated with 50 pg/mL SNPs for 3—12 hours
resulted in HDAC, SIRT6 mRNA destabilization, and in-
ferior SIRT6 protein and transcript (Zhang et al., 2018).
In another experiment, Lv et al. (2015) used human
adipose-derived stem cells (hASCs) and treated them
with TiO, nanotubes (70 nm) to induce osteogenic dif-
ferentiation. Consequently, the osteogenic differentiation

of hASCs, as affected by exposure to TiO, nanotubes,
was related to augmented osteogenic genes and RUNX2
histone H,K, methylation and further histone demethyl-
ase RBP2 was repressed by TiO, treatment. Studies have
shown the potential effects of AuNPs on histone modi-
fications in many in vivo models (Shyamasundar et al.,
2015). For instance, studies have revealed that the NMs
such as AuNPs or arsenic trioxide NPs (0.2-0.8 uM)
resulted in a significant reduction in histone H3 lysine
27 trimethylation (Shyamasundar et al., 2015), and his-
tone H4K16 in HEK293 (human early-stage kidney) or
HeLa cells (Liu et al., 2015). Conversely, exposure at the
level of 100-500 pg/mL of AuNPs positively charged
AuNPs caused increased acetylation of H3K9/H3K 14
and phosphorylation of histone H3Ser10 (Surapaneni et
al., 2018).

Additionally, several studies have confirmed that the
different levels of AgNPs (0.3, 1, 10, 200 pg/mL) affected
human HaCaT, A549, and MCF-7 cells (Johansen and
Johansen, 2006; Zhao et al., 2016; Blanco et al., 2017)
through increased histone H3 serine 10 (H3Ser10ph) phos-
phorylation, deacetylation histone H3 deacetylation, DNA
lesion, a mitotic chromatin condensation-associated modi-
fication (Zhao et al., 2019). Significant reductions in spe-
cific DNA methylation genes such as HDACS, HDACS3,
HDAC2, HDACI1, and HDACI11 were noticed in A549
cells treated with CuNPs for 36 h (Kalaiarasi et al., 2018).
The same results were evidenced by Qian et al. (2015),
who clarified that a noticeable reduction in levels of global
and B-globin gene-specific H3K79mel (histone H3 lysi-
ne 79 monomethylation) and H,K,me3 (histone H3 lysine
4 trimethylation) were detected in erythroleukemia cells of
mouse treated with AgNPs (8 pg/mL) for 72 h.

ZnNPs are another nanoparticle that has been widely
used in several industrial fields. For this reason, it is in-
teresting to explore the potential effects of this NM on
histone modification in in vivo models. Moreover, cla-
rification implemented by Gao et al. (2016) has found
the manifest H4KS5 (histone H4 lysine 5) deacetylation
and augmented demethylation of H.K  (histone H3 ly-
sine 9) in HaCaT cells treated with ZnNPs (20 or 50 pg/
mL) for 24 h. This modification might be associated with
the down-regulation of CBP, P300, and GCNS5, histone
acetyltransferase genes and increased methyltransferase
genes such as G9a and GLP (Gao et al., 2016). Recen-
tly, human bladder cancer (T24 cells) exposed to ZnNP
(10 pg/mL) had diminished the histone H3K27 trimethy-
lation levels and at the RUNX3 gene promoter (Zhang
et al., 2020). They suggested that these fluctuations of
histone modifications might be associated with the down-
-regulation of histone H3K27 methyltransferase EZH2.
Data is scarce recounting the toxicity of NMs used in ani-
mal and human studies.

Nanomaterials-induced DNA methylation and hi-
stone modification

Changes in epigenetic machineries are complicated
by the etiology and the development of several syndro-
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mes comprising cancer, metabolic, neurological compla-
ints and cardiovascular syndromes (Alaskhar Alhamwe
et al., 2018; Musolino et al., 2022). However, in the nor-
mal physiological state of a cell, epigenetic actions are
developed and naturally occur. In other abnormal cases,
such as exposing cells to NMs, could alter the coding
RNA and non-coding RNAs as well as post-transcriptio-
nal regulatory genes. Studies have clarified the faultless
maintenance of cytosine DNA methylation and histone
modifications as a response to NMs in various mam-
malian cells, comprising the status of intracellular me-
tabolism, the suitable function of chromatin-modifying
proteins, particularly chromatin integrity, and one-car-
bon metabolism (Fischman et al., 2011; Musolino et al.,
2022). Based on many kinds of literature (Figure 4), it
was concluded that the main prevalent reflection speci-
fic to the majority of trials is the initiation of apoptosis,
inflammation and increase in the synthesis of oxidative
stress (Wan et al., 2012; Brown et al., 2016; Hanot-Roy
et al., 2016; Dusinska et al., 2017).

The previous events, including oxidative stress, inflam-
mations, and apoptosis, might affect the chromatin intact-
ness and lead to DNA methylation and histone modifications
changes (Figure 4), as reported by several investigations
(Dusinska et al., 2017; Long et al., 2019; Jiang et al., 2020).

Trials (Valinluck et al., 2004; Sahafnejad et al., 2023;
Szczepanek et al., 2023) have shown several DNA le-
sions including 5-hmeC, 8-OHdG and constrained me-
thylation capability of DNA methyltransferases, causing
global DNA hypomethylation due to exposure to NMs.

Furthermore, the outcomes of various independent
reports have confirmed that NMs and NPs, e.g., TiONPs,
ZnNPs, MWCNTs, etc., can diminish the anti-oxidative
defense in the cellular system as well as trigger the in-
flammation/oxidative signaling (Patil et al., 2016; Long
et al., 2019). These alterations could start a bundle of
intracellular reactions ending up with the demethylation

Nanomaterials

of DNA and histone alterations (Wu and Zhang, 2017,
Oner et al., 2018; Sima et al., 2020). Moreover, based
on Chouke et al. (2022), the inflammation in the cellu-
lar system triggered the DNA lesion and finally modified
the DNA methylation or caused hypomethylation. Since
previously unmethylated CpG sites can imitate 5-meC
and be directly methylated, the prevalence of inflamma-
tion-mediated halogenated cytosine damage products in
DNA, such as 5-chlorocytosine and 5-bromocytosine,
encourages aberrant hypermethylation (Valinluck and
Sowers, 2007). Furthermore, it has been shown that oxi-
dative DNA damage can cause both DNA demethylation
and the creation of new methylation sites at unmethyla-
ted CpG sites (Jiang et al., 2020). However, the machine-
ries of action by which the NMs could trigger epigenetic
toxicity are not yet entirely understood and need further
exploration.

Safety of nanomaterials and the epigenetic roles

The uses of nanoparticles are increasingly relevant in
various fields, including cosmetic, industrial, construc-
tion, electronic, and environmental arenas. Thus, asses-
sing the toxicological danger accompanying NMs sho-
uld be reflected as an important part of their design and
manufacture to ensure our environment’s safety, trades
and workers in the fields. Studies have revealed that NMs
illustrate epigenetic changes, which may be applied to
distinguish toxicity effects brought on by designed nano-
materials and, more crucially, to anticipate in preclinical
evaluations (Francés et al., 2023; Lebre et al., 2022). Ho-
wever, numerous in vitro and in vivo experiments have
been achieved focusing on the toxicity of NMs on mam-
malian cells (Lv et al., 2015; Zou et al., 2016; Seidel et
al., 2017), the research on nanotoxicology is still in its
beginning. Moreover, there are gaps in comprehending
the nanoparticle’s effects and its relation with human and
environmental risks.
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Figure 4. Nanomaterials (high doses) induced oxidative stress and inflammation biomarkers in the cellular system. This leads to DNA damages,
and triggers hypermethylation of DNA and alters the global DNA methyltransferase activities. Moreover, nanomaterials increased y-H2AX and
induced changes in histone modification through disturbances of histone-modifying enzymes
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This can be demonstrated by the damage of global
DNA methylation found in rats, humans and other cell
lines after silica nanoparticles treatment in vitro (Seidel
etal.,2017; Sooklert et al., 2019; Liou et al., 2017) which
presented a notable decrease in global cytosine DNA me-
thylation in white blood cells from workers dealing with
SiNPs. Inclusively, the previous data provided the first
set of the argument of epigenetic modifications triggered
by exposure to nanomaterials. However, more longitudi-
nal population investigations are needed to provide more
comprehensive data.

Epigenetic manipulators

Based on the findings mentioned above, it is clear that
several biological and pathological situations complicate
nanomaterials. For instance, nanomaterials induced mul-
ti-epigenetics changes, including DNA damage, histone
modification and DNA methylation, chromatin structu-
re and DNA accessibility alteration, whereby regulating
gene expression patterns. Studies have evidenced that
many dietary regimens have demonstrated a remarka-
ble effect in epigenetic modulation for alleviating the
potential effects of nanomaterials. Likewise, the modu-
lating effect of dietary factors alongside DNA methyla-
tion and epigenetics changes could depend on serving as
a cofactor in metabolic pathways (Romanek, 2013; Sa-
eed et al., 2017 a, b; Samiec and Skrzyszowska, 2018).
Distinct genetic modifications and epigenetic situations
of some specific genes are reversible and can be chan-
ged by extrinsic and intrinsic features. In nutrigenomics
and nutrigenetics, some nutritional compounds presented
epigenetic roles comprising nutrients precisely targeting
histone modifications and DNA methylation (Skrzy-
szowska and Samiec, 2020; Semik-Gurgul et al., 2022).

Phytochemicals

The augmentation of H3K9 and HDACS inhibition
at the proximal region of p27 and p21 promoters indi-
cated a notable up-regulation of p21 and p27 transcripts
by tocotrienols (Huang et al., 2017). Moreover, in ano-
ther study, Jou et al. (2015) found that the administra-
tion of y-bisabolene decreased the DNA phosphorylation
marker (HDAC2) while boosting the transcript of p53,
ERK1/2 and PP1 (protein phosphatases 1). Consequen-
tly, y-bisabolene, as a powerful phytochemical agent, is a
possible epigenetic modifier that can be assessed further
for developing epigenetics enhancers (Abd El-Hack et
al., 2018; Gado et al., 2019).

As reported above, NMs lessen the action of histone
methyl transferases accompanied by H3K27me3 reduc-
tion. Luteolin has dual inhibitory activity against histone
methyltransferases and DNA methyltransferases (Kan-
wal et al., 2016). Additionally, luteolin has a high affi-
nity to inhibit HDACS8 (Mira and Shimizu, 2015). This
indicates that luteolin has the potential to be discovered
further for expanding as a therapeutic mediator alongside
various ailments (Zuo et al., 2018). Several other phyto-
chemical compounds are evidenced by their significant

role in epigenetic modifiers, such as epigallocatechin,
garcinol, garlic, quercetin, and apigenin (Alagawany et
al., 2014, 2016; Saeed et al., 2017 a, b, 2018; Abdel-Mo-
neim et al., 2020). Those previous compounds could pre-
sent as DNA hypermethylating agents (Abd El-Hack et
al., 2016, 2018, 2020, 2021; Khafaga et al., 2019; Gupta
et al., 2020; Mehana et al., 2022).

Micronutrients

Generally, micronutrients such as vitamins and mine-
rals are an indispensable portion of the diets of animals
or humans, which show an imperative function in meta-
bolism and absorption and might regulate certain vital
events by acting as a cofactor. Based on the screening
studies, the best micronutrient is folic acid, which is used
to modify the methylenetetrahydrofolate gene (Pascoal
etal., 2022).

DNA methylation through DNMT catalyzes the me-
thyl group transfer from S-adenosyl methyltransferase to
specific regions in DNA segments (Kanwal et al., 2016).
Vitamins such as B, B,,, choline, folic acid, and methio-
nine highlight the role of vitamins in the epigenetic ma-
chinery (Fenech, 2008). Regarding minerals, selenium
is documented as an epigenetic modulator in animals
(Pascoal et al., 2022). The previous study reported that
dietary selenium supplementation showed a significant
role against obesity-induced deregulation of epigenetic
variables (Dnmt3a) in spermatogenesis in a rat model.
Moreover, some evidence suggested that selenium sup-
plementation has an epigenetic modulator owing to its
powerful antioxidant action, DNA-repairing mechanism,
and pro-apoptotic capability (Liang et al., 2022).

Moreover, selenium displays DNA demethylation
and recurrence of GSTP1 genes in some cell lines. Se-
lenium also augments the acetylation of H3K9 declines
and histone deacetylase activity (Ghanghas et al., 2022).
Correspondingly, zinc and magnesium are chief micro-
minerals as cofactors in DNA repair genes (OGGI), DNA
polymerases responsible for oxidized guanine removal
(Fenech, 2008). The potentiality of using the other essen-
tial microelements as epigenetic regulators are unexplo-
red and needs further explorations in the upcoming years.

Conclusions and future remarks

Based on the collected information from several stu-
dies regarding the use of designed nanomaterials which
were widely described, their stability was tested before
use in vitro or in vivo. Moreover, clarifying the influence
of NMs on the epigenome will allow for outlining latent
toxicity and consequently describing more precisely the
toxicity of these NMs. Nanomaterials demonstrated si-
gnificant adverse effects on various molecular and cel-
lular alterations. The epigenetic modifications, including
histone modification and DNA methylation, chromatin
structure and DNA accessibility alteration, regulate gene
expression as a response to NMs. This is connected to the
fact that numerous investigations have utilized various
human cell types as cell lines or animal models, various
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exposure times, occasionally highly toxic doses of nano-
materials, and various procedures in the investigation of
epigenetic modifications, ranging from straightforward
methods of global DNA methylation examination to the
genome-wide association. Therefore, it is unclear whether
NMs and NPs exposure directly impacted epigenome or
if the alterations associated with exposure were brought
on by cellular toxicity. Accordingly, epigenetic effects
triggered by NMs should always be considered during
nano-toxicity investigations and during the development
and assessment of novel epigenetic drugs. Some epigene-
tic modulators helped restore the epigenetic changes by
NMs, such as phytochemical and microelements. Future
well-controlled and well-designed studies are required to
understand better the machinery and processes connected
with epigenetic modifications by nanomaterials.
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