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Abstract

The toxic effects of different forms of nano-
materials comprise a series of biological 
effects such as oxidative stress; DNA dam-
age; inflammatory response; activation of 
nuclear transcription factors. Some of these 
are key characteristics of human carcinogens 
and have been considered for hazard identifi-
cation of nanomaterials. In addition, epigen-
etic changes also play a key role in the 
multi-step sequential process of carcinogene-
sis. Epigenetic modifications may constitute 
changes in DNA methylation, histone modifi-
cations (methylation, acetylation etc), and 
changes in non-coding RNA, leading to an 
altered gene expression profile. In this chap-
ter, we describe the state-of-the-art of epigen-
etic modifications induced by different 
nanomaterials, from a limited number of 
in vitro- in vivo and human studies, a majority 
of which is primarily focused on DNA meth-
ylation. We also highlight the potential chal-
lenges and future directions in the field of 
epigenetics research in nanomaterial 
toxicology.
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9.1	 �Introduction

Different aspects of nanotoxicology has been dis-
cussed in the previous chapters, and it has become 
abundantly clear that nanoparticles (NPs) can 
induce oxidative stress [30, 53, 60, 75], DNA dam-
age [30, 59, 76], alter DNA repair efficiency [11, 
91], induce an inflammatory response [75, 76], can 
potentially be immunomodulatory/immunosup-
pressive [13, 42, 62, 66] and can affect cell death/
cell proliferation [1, 21, 48, 72, 79, 95]. While, it is 
also clear that the field of nanotoxicology research 
is quickly emerging and there are significant 
knowledge gaps, some of the observed effects 
reported for one or more nanoparticle align with 
the “Key Characteristics of Carcinogens as a 
Basis for Organizing Data on Mechanisms of 
Carcinogenesis” described by Smith et al. [92]. In 
addition, the “10 key characteristics” identified by 
Smith et al. [92] towards organization of mecha-
nistic data, also included epigenetic alterations.

Epigenetic alterations are defined (by NCI) as 
changes “in the chemical structure of DNA that 
does not change the DNA coding sequence” 
[19]. In other words, epigenetic alterations are 
broadly considered heritable changes that do not 
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involve a change in the DNA sequence itself. 
Epigenetic alterations, such as DNA/RNA meth-
ylation, histone modifications (methylation, 
acetylation), non-coding RNA regulate gene 
expression by regulating chromatin structure and 
accessibility. Such alterations/signatures play a 
crucial role in proper cellular function, differen-
tiation, development and are influenced by a 
wide range of endogenous and exogenous fac-
tors. One of the most studied epigenetic altera-
tion is DNA methylation (and demethylation), 
where a methyl-group (CH3) is covalently added 
to position 5 of the cytosine pyrimidine ring, and 
a family of DNA methyltransferase (DNMT) 
and ten-eleven translocation (TET) enzymes 
play important role in the maintenance of meth-
ylation pattern [40, 46, 100]. It is generally 
accepted that CpG islands (regions with a high 
frequency of CpG sites) in promoter regions of 
genes are predominantly unmethylated which 
activate gene transcription [4, 5]. Besides, DNA 
methylation, histone modifications play crucial 
role in maintaining chromatin conformation, and 
these processes are tightly coupled [12, 27, 40]. 
These post-translational covalent modifications 
of histone mainly studied in the tail domains of 
H3 and H4, include modifications such as acety-
lation and methylation of lysine and arginine 
among other [12, 27, 40]; and are regulated by 
enzyme families such as histone acetyl transfer-
ase (HAT), histone deacetylase (HDAC), Histone 
methyltransferase (HMT). Another group of key 
regulators are the non-coding RNAs and regulate 
gene expression at the transcriptional and post-
transcriptional levels [26, 99], and closely inter-
act with the DNA methylation and histone 
modification machinery [41, 102].

From the standpoint of environmental and 
occupational diseases and that of chemical 
induced carcinogenesis, it is considerably well 
established that epigenetic modifications play a 
crucial role. Epigenetic changes induced by 
genotoxic environmental carcinogens have 
been systematically reviewed by Chappell et al. 
[14]. While epigenetic changes can be used as 
biomarker of exposure, or as marker of disease 
and disease progression [52] they can also be 
used as potential therapeutic targets [50]. This 

is particularly relevant for NP toxicology, 
where rate of NP production far exceeds the 
hazard identification and risk assessment, while 
an increasing number of workers and consum-
ers are being exposed to these diverse group of 
materials [8, 38].

Despite considerable progress in the field of 
epigenetics and disease biology and cancer epi-
genetics, major gaps remain in understanding of 
chemical induced epigenetic alterations. This is 
also true for the field of nanotoxicology. This 
chapter will therefore summarize the state-of-the-
art and developments in understanding NP induced 
epigenetic changes and comment briefly on future 
direction. While the NPs discussed in the chapter 
is not exhaustive, it is representative of some of the 
most produced and studied particles in relation to 
toxicology. We have identified studies that have 
evaluated one or more epigenetic endpoints, how-
ever no mechanistic conclusion for individual par-
ticle or NP as a group has been made in the chapter 
due to the limited number of comparable studies 
(differences in particle properties, experimental 
design, test system and cell types).

9.2	 �Epigenetic Changes Induced 
by Metal and Metal Oxide 
Nanoparticles

While the evidence stream on epigenetic changes 
induced by metal and metal oxide nanoparticle 
are relatively scarce, some studies have observed 
epigenetic modifications induced by TiO2-NPs, 
ZnO-NPs, CuO-NPs, SiO2 NPs, silver and gold 
nanoparticles among others. In this section we 
discuss briefly, the distinct mechanistic evidence 
exhibited by each of these NPs and at the same 
time try to identify the commonality exhibited by 
these particles.

9.2.1	 �TiO2 Nanoparticles

TiO2-NPs are one of the most abundantly pro-
duced nanomaterials, with considerable evidence 
regarding oxidative stress, cyto-genotoxicity, 
impaired DNA repair efficiency and limited evi-
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dence on immunotoxicity, in  vitro and in  vivo 
[20, 39, 74, 88, 10, 63]. While limited by number, 
in this section (Table 9.1), we discuss the grow-
ing number of studies that have identified some 
of the underlying epigenetic mechanism.

Pogribna et  al. [80], studied global (5-mC) 
and gene specific (EpiTect array) changes in 
DNA methylation, induced by TiO2-NP 
(Aeroxide TiO2 P25; 100  μg/mL) in Caco-2, 
HepG2, NL20 and A-431 cell lines. The authors 
observed global hypomethylation after 72 h of 
exposure, for A-431, HepG2 and Caco-2 cells 
and promoter specific methylation changes in 
several genes associated with apoptosis and cell 
cycle modulatory effects. Changes were 
observed in all cell line for CDKN1A and 
SCARA3, while genes like GADD45A, 
DNAJC15, TP53 were also differentially meth-
ylated in one or more of the cell lines [80]. In 
the same study, while the expression of the epi-
genetic regulators (DNMT1, DNMT3A, 
DNMT3B, MBD2, UHRF1) were altered, it was 
not consistent among the cell types. Given that 
there is epigenetic heterogeneity among tissues 
and cell types, such studies using multiple cell 
line (of relevance to the exposure route, and tar-
get) can be very important.

Despite evidences of the influence of TiO2 
crystal phase on toxicity, the effect of crystal 
phase on epigenetic changes is not well studied. 
In our study we reported significant global DNA 
hypomethylation (5-mC), and a decrease in 
global hydroxymethylation (5-hmC) induced by 
different crystal phase of TiO2-NP (NM-102/
Anatase, NM-104/Rutile, and NM-105/Anatase-
rutile) at sub cytotoxic concentrations in 16-HBE 
cells [32] however such changes were not mecha-
nistically linked to other toxicity endpoints. In 
another study the authors used surfaced coated 
TiO2-NP, to study the effect on DNA methyla-
tion, in A549 cells, in addition to other cyto-
genotoxic endpoints [93]. The authors observed 
significant decrease in Long Interspersed Nuclear 
Element-1 (LINE-1) methylation after 72  h of 
exposure to silica and citrate coated TiO2-NP, 
while no significant changes were observed after 
48 h of exposure.

Patil et  al. [77] also reported global DNA 
(5-mC) hypomethylation, in MRC-5 cells after 
24 and 48  h exposure to TiO2-NP (<100  nm, 
mixture of rutile and anatase, 1 and 8 μg/mL). 
They also observed reduced mRNA expression 
of DNA methyltransferases DNMT1, DNMT3A, 
and DNMT3B [77]. These changes in DNA meth-
ylation were associated with induction of oxida-
tive stress. The influence of TiO2-NP (<25 nm, 
24 h) induced oxidative stress on DNA methyla-
tion was also reported by Bai et al. [2], in A549 
cells, where they observed significant DNA 
hypermethylation in the promoter region of 
PARP-1 (encoding poly (ADP-ribose) poly-
merase 1, involved in DNA repair). Based on the 
other endpoints (cyto-genotoxic and oxidative 
stress), Stoccoro et al. [93] suggested that oxida-
tive stress could be a primary event in inducing 
genotoxicity and epigenotoxicity. While most 
studies have evaluated DNA methylation as a pri-
mary epigenetic endpoint, Jayaram and Payne 
[45], studied the effect of TiO2-NP induced intra-
cellular superoxide on HDAC9 (histone deacety-
lase 9) expression, they used SOD-TiO2-NPs 
(SOD corona), and passivated TiO2-NP.  Both 
passivated and SOD particles did not result in 
intracellular ROS production. SOD-TiO2-NPs 
were able to scavenge superoxide and the expres-
sion of HDAC9 were comparable to control. 
Similar results were observed for the passivated 
TiO2-NPs [45]. In a study by the same group, a 
decrease in HDAC9 expression, and an increase 
in HDAC10 expression was observed; induced by 
food-grade TiO2 particles [44]. While food grade 
TiO2 particle, more specifically E171 may not be 
primarily a nanoparticle, electron microscopy 
analysis shows that at least 36% of the particles 
(by number) are below 100  nm [29, 97]. In 
another study [57], in addition to oxidative stress, 
the authors observed significant global DNA 
hypomethylation in A549 and 16HBE cells at dif-
ferent concentrations (0.1–100 μg mL − 1, 48 h) 
of TiO2-N25 and TiO2-A60. Both TiO2-N25 and 
TiO2-A60 exposure resulted in significant 
changes in the mRNA and protein expression lev-
els of methylation related genes (DNMT3B, 
TET1, TET2 and TET3) in A549 and 16HBE 
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cells. While, most studies have observed oxida-
tive stress and changes in DNA methylation 
induced by TiO2-NP, in one study [56] the 
authors did not observe significant changes in 
global DNA methylation/hydroxymethylation or 
LINE1 methylation in TiO2-NP (21 nm) exposed 
THP-1, SAEC, RAW264.7 cells at subtoxic con-
centrations (0.5 and 30 μg/mL for 24 h). Studies 
reporting the effect of long-term exposure to 
TiO2-NP on epigenetic changes are limited. 
Sierra et al. [90] observed changes in DNA meth-
ylation (21 CpG sites- corresponding to 22 
genes), in TiO2-NP (NM-101; 20.99 ± 6.4 nm) 
exposed BEAS-2B cells after a period of up to 
4 weeks. Since the number of differentially meth-
ylated genes were few, further enrichment analy-
sis was not performed on the set.

In an in vivo study [58], the effect of anatase 
TiO2-NP (25 nm), after 30 day-intranasal instil-
lations in young (5-week) and adult (10-week) 
mice was investigated and observed that the lung 
of young mice were more susceptible, compared 
to the adult mice. While, inflammatory markers 
were upregulated in both young and adult mice, 
significant global DNA hypomethylation and 
decrease in DNA hydroxymethylation were 
observed in young mice. Significant changes in 
sequence specific methylation of TNF-α pro-
moter (2 positions) and Thy-1 (cell surface anti-
gen) were also observed. Expression of DNMT 
mRNAs (DNMT1, DNMT3A and DNMT3B) 
were significantly upregulated in the young mice 
as well. Changes in DNA methylation, DNMT 
expression, and changes in expression of genes 
associated with pathways in cancer indicated the 
importance of epigenetic regulation and the 
potential to be used as biomarker for exposure 
and disease [58]. Additionally, in a cross-
sectional study, Liou et al. [54], investigated the 
effect of TiO2 exposure in workers handling 
(n  =  26) TiO2-NP and observed an increase in 
oxidative stress, but no changes in global DNA 
methylation were observed.

Overall, the studies reporting epigenetic alter-
ations induced by TiO2-NP, primarily investi-
gated DNA methylation changes. Despite the 
heterogeneity in particle and cell types used is 
such studies, evidence indicate towards disrup-

tion of DNA methyltransferase (DNMT) activity 
and DNA hypomethylation, often associated with 
increased oxidative stress. Since oxidative stress 
and oxidative DNA damage has been shown to 
interfere with the ability of DNMTs to efficiently 
interact with DNA [104], resulting in DNA hypo-
methylation and genomic instability, oxidative 
stress induced epigenetic mechanisms warrant 
further investigation.

9.2.2	 �Zinc and ZnO Nanoparticles

Previous studies have identified ZnO-NP 
induced cyto-genotoxicity and oxidative stress, 
in  vitro and in  vivo, and a major attribute of 
ZnO-NP toxicity is ionization/dissolution [96, 
101]. However, only a handful of studies have 
investigated epigenetic alteration. In a study 
(Table  9.2) which also evaluated epigenetic 
effect of TiO2-NP, Patil et  al. [77] reported 
DNA hypomethylation and changes in mRNA 
expression of DNMT1, DNMT3A, and DNMT3B, 
in MRC-5 cells for ZnO-NP (<100  nm, 1 and 
8  μg/mL, 24 and 48  h exposure). Choudhury 
et  al. [84] investigated the effect of ZnO-NP 
(90 ± 2 nm) in human embryonic kidney cells 
(HEK-293) on several key endpoints and 
observed a significant increase in oxidative 
stress and apoptosis. The authors observed a 
significant DNA hypomethylation, sequence 
specific demethylation of LINE1 and an increase 
in DNA hydroxymethylation, and a significant 
increase in expression of Ten-Eleven 
Translocation (TET) [84]. Another in vitro study 
in HaCaT cells, exposed to ZnO-NP revealed 
significant increase in H3K9 methylation and a 
decrease in H4K5 acetylation [28]. These 
changes were associated with an increase in 
expression of pro-apoptotic genes and increased 
oxidative stress and DNA damage and G2/M 
cell cycle arrest. While, the limited number of 
studies provide some evidence regarding oxida-
tive stress induced epigenetic alteration, further 
studies (both in vitro and in vivo) are required to 
evaluate the epigenetic changes induced by 
ZnO-NP taking into account physicochemical 
attributes such as dissolution.
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9.2.3	 �Silica Nanoparticles

Only few studies have reported epigenetic altera-
tions induced by silica nanoparticles (Table  9.3). 
One such evidence comes from the study by Seidel 
et al. [86] in Bhas 42 cell, exposed to Min-U-Sil® 
5 (crystalline silica, 15 and 25 μg/cm2) or NM-203 
(pyrogenic amorphous silica, 2 and 5 μg/cm2). The 
authors observed significant global DNA hypo-
methylation and significant changes in the DNMT 
expression (increased DNMT3A and DNMT3B) 
[86] and an increase in Histone H4 acetylation and 
significant changes in HDAC expression by Min-
U-Sil® 5, but not for NM-203. For Min-U-Sil® 5, 
the authors also observed increased acetylated his-
tone H3 lysine 4 (H3K4Ac), histone H3 lysine 9 
(H3K9Ac) and acetylated histone H3 lysine 27 
(H3K27Ac) on c-Myc promoter, which plays 
important role in cellular metabolism and prolifera-
tion and in cell transformation [86]. Epigenetic 
alterations were also studied in HaCaT cells, 
exposed to Sio2 NP (15 nm) [36]; where the authors 
observed significant increase in promoter methyla-
tion of Poly [ADP-ribose] polymerase 1 (PARP-1), 
which plays key role in chromatin remodelling and 
multiple DNA damage repair pathways [82]. Using 
a DNMT1 knockdown, the authors confirmed the 
role of DNMT1 in the observed Sio2 NP mediated 
effect. Sio2 NP exposure (5 μg/mL, 30 passage) in 
BEAS-2B cells also induced significant changes in 
DNA methylation including PI3K-Akt and 
sequence specific hypermethylation of CREB3L1 
and Bcl-2 promoters indicating the role of mito-
chondria mediated apoptosis [105]. In a cross-
sectional study Liou et  al. [54], observed an 
increase in oxidative stress markers in a group of 
workers handling SiO2 (n  =  31), but changes in 
DNA methylation was not observed. Based on 
these studies, it can be suggested that Sio2 NP can 
induce epigenetic changes to the DNA and histone, 
and these changes are primarily associated with 
cell cycle regulation and proliferation. However, 
important aspect of SiO2 NP toxicity such as the 
crystal structure and surface silanols have not been 
addressed by these studies.

9.2.4	 �Copper and Copper Oxide 
Nanoparticles

In an in vitro study [56], the authors evaluated 
effect of CuO NP (58.7  nm, 0.5 and 30 μg/m, 
24  h) in different cell lines (THP-1, SAEC, 
RAW264.7) and observed small but significant 
changes in LINE 1 methylation, while no 
changes in global DNA methylation/hydroxy-
methylation were observed (Table  9.4). In a 
study aimed at identifying anticancer effect of 
green synthesized CuO NP, the authors observed 
significant inhibition of HDAC family [47] in 
A549 cells, however description of exposure was 
not very well defined for further interpretation. 
Most evidence regarding epigenetic changes 
induced by copper and copper oxide nanoparti-
cles come from in  vivo studies. While several 
key endpoints were evaluated, here we discuss 
the epigenetic endpoints of interest. In an in vivo 
study [55] on BALB/c male mice, using the 
same CuO NP (58.7 nm) particle as mentioned 
above [56], the authors observed an Increase in 
5-mC levels and 5-hmC levels in lung tissue, 
hypermethylation of SINE B1 elements in the 
alveolar macrophages; and methylation of 
LINE-1 remained unchanged. In their study on 
female ICR (Institute of Cancer Research) mice, 
Rosner et al. [83] observed no significant change 
in global DNA methylation upon whole-body 
inhalation exposure to CuO NPs (3  days, 
6  weeks, and 3  months). Enriched pathways, 
based on results of miRNA -mRNA expression 
changes were associated with lysosomal func-
tion, adherens and tight junction, pathways in 
cancer among others. In another study, Ognik 
et  al. [67] observed an increase in oxidative 
stress markers (lipid peroxides, MDA), a 
decrease in catalase, total glutathione and global 
DNA hypomethylation for animals receiving Cu, 
CuNP through their diet. Through their results 
the authors suggested that Cu deficiency could 
impair oxidative defence, and that CuNP supple-
mentation in the diet reduces protein oxidation, 
nitration, DNA oxidation and methylation [67].
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9.2.5	 �Silver Nanoparticles

While silver nanoparticles are one of the most 
studied, both for its biomedical application and to 
identify its toxicity, the studies reporting epigen-
etic alterations are limited (Table 9.5). Gonzalez-
Palomo et  al.[37] in a study on EA.hy926 
endothelial cells, observed global hypermethyl-
ation, downregulation of some miRNAs 
(miRNA -126, −155, and − 146) and increase in 
some inflammatory markers and levels of vascu-
lar cell adhesion molecule 1 (VCAM-1). Very few 
changes in DNA methylation were observed in 
BEAS-2B cells, exposed for a period of up to 
6 weeks to Ag-NP (1 μg/mL), while significant 
changes in the transcriptome was observed [35]. 
Brzóska et  al. [9] reported changes in miRNA 
expression (miR-499a, miR-1-3p), however 
DNA methylation were not altered in HepG2 
cells, exposed to Ag-NP (20 nm, 10 μg/mL) for 
24  h. In mouse hippocampal neuronal cell line 
(HT22), Mytych et al. [64] observed a significant 
increase in DNMT activity and global DNA 
methylation after 48  h of Ag-NP exposure and 
also after a recovery period of 96 h. In another 
study the authors observed significant H3 deacet-
ylation and global DNA hypermethylation in 
A549 cells, exposed to higher concentration of 
PVP-coated Ag-NP [7]. While only a small per-
centage of PVP was part of particle preparation 
(99.9% Ag, 0.3% PVP), like in most epigenetic 
studies the influence of surface coating was not 
very clear [7]. Another study addressed the effect 
of Ag-NP on phosphorylation of histone H3 
[103] in different cell lines (HaCaT, A549, MCF-
7), where significant p-H3S10 (phosphorylation 
of histone H3 at serine 10) was observed, and 
was associated with cellular uptake of the parti-
cles. In contrast to other metal (oxide) nanopar-
ticles, most studies on Ag-NP reported DNA 
hypermethylation, either at a global or sequence 
specific levels. However, the mechanistic expla-
nation behind such changes have not been 
reported. Additionally, toxicologically relevant 
properties for silver nanoparticles such as effect 
of shape/size and ionization have also not been 
reported.

9.2.6	 �Gold Nanoparticles

Among metal nanoparticles, gold (Au-NP) has 
been studied rather extensively for epigenetic 
mechanism (Table 9.6), however with a focus, pri-
marily on therapeutic properties for biomedical 
application. Majority of the particles used in such 
studies are biosynthesized, and are surface coated 
with citrate, PLGA etc. for specific application. In 
this section, we try to discuss the evidence on 
such epigenetic changes, focusing on the toxico-
logical aspect where possible. However, it would 
be important to remember that surface coating of 
particle has an influence on uptake and thereby on 
the observed effects. Therefore, these results can-
not be generalized for Au-NP as a group. Patil 
et al. [78] reported DNA methylation changes in 
human normal skin fibroblast (hypermethylation 
after 24 h, hypomethylation after 48 h) and A375 
cells (hypomethylation after 24 and 48  h) and 
aberrant DNMT expression (DNMT1, DNMT3A 
and DNMT3B) exposed to biosynthesized Au-NP 
[78]. In another study the authors reported the 
reduction of cell cycle related protein expression 
and histone deacetylase activity in HepG2 cells 
treated with “gold-quercetin loaded into poly(DL-
lactide-co-glycolide)” nanoparticles, however due 
to presence of multiple chemicals [6] such effect 
cannot be directly attributed to Au-NP. In another 
in  vitro study, in human embryonic stem cells 
(hESCs), the authors investigated several cyto-
genotoxicity and epigenetic endpoints for coated 
Au-NPs of different size (mercaptosuccinic acid 
coated-1.5, 4 nm, and citrate coated 14 nm) [87]. 
These nanoparticles exhibited global DNA hypo-
methylation (5-mC) and an increase in DNA 
hydroxymethylation (5-hmC) at sublethal con-
centrations. This effect was most prominent for 
Au-NP (4  nm) with 31,000 CpG sites showing 
demethylation [87]. However, no further interpre-
tation on pathways were provided. In HepG2 
cells, exposed to citrate coated Au-NP (10 μg/mL) 
for 24  h, Brzóska et  al. reported changes in 
miRNA expression (miR-499a, miR-491-5p etc) 
however DNA methylation were not altered [9]. 
In a separate study, Ng et  al. [65] reported that 
Au-Np (21 nm, citrate reduction) downregulated 

9  Epigenetic Mechanisms in Understanding Nanomaterial-Induced Toxicity
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the expression of PROS1 (Vitamin K-dependent 
protein S) gene, mediated by the up-regulation of 
microRNA-155 (miR-155) but no change in 
methylation was observed for PROS1.

From the limited in vivo evidence, it is also 
clear that Au-NPs can induce epigenetic altera-
tions in different tissue/cell types. In a study by 
our group [94], in BALB/c mice exposed to dif-
ferent sizes of citrate coated Au-NP (5, 60, 
250  nm), while no changes were observed on 
the level of global DNA methylation (5-mC) 
and hydroxymethylation (5-hmC), Au-NP 
(60  nm) induced CpG hypermethylation in 
ATM, CDK and GSR genes and hypomethyl-
ation in GPX, GSR and TRP53. These changes 
were also associated with deregulations in 
immune markers. In another study, transplacen-
tal miRNA expression changes associated with 
cell proliferation, apoptosis, inflammation etc. 
were also observed in liver and lung of mice 
foetus, for Au-NP (40, 100  nm) administered 
intraperitonially (3.3 mg/Kg) [3].

9.3	 �Epigenetic Changes Induced 
by Carbon Nanotubes

Due to the growing evidence of toxicity induced 
by carbon nanotubes (CNTs), and the increasing 
emphasis on high aspect ratio, and the asbestos 
analogy [49, 81], there has been considerable 
research on epigenetic changes compared to 
other NPs. Classification of “MWCNT-7” as 
“Possibly carcinogenic to humans” (International 
Agency for Research on Cancer- IARC Group 
2B) [43] and growing emphasis on mechanistic 
evidence for potential carcinogenicity, has also 
highlighted the need of epigenetic study. In this 
section we discuss the studies (Table  9.7) that 
have used different types of CNTs (MWCNT- 
Multi wall, SWCNT- Single wall) to evaluate epi-
genetic alterations, and where possible try to 
draw parallels with that of evidence available for 
asbestos.

From our study, in human bronchial epithelial 
cells (16HBE), we observed significant changes 
in DNA methylation induced by MWCNTs (JRC 
NM400; diameter 11  nm, length 846  nm) and 

SWCNTs (NIST SRM:2483; diameter 0.8  nm, 
length 8000 nm) [69]. While we did not observe 
global DNA methylation changes [33, 69] and 
sequence specific changes in LINE1 methylation 
[33], we observed significant changes in individ-
ual CpG sites for MWCNT (2398 genes were 
hypomethylated at gene promoters), and SWCNTs 
(589 CpG sites hypo- or hypermethylated), asso-
ciated with pathways such as p53 signaling, DNA 
damage repair and cell cycle. We also were able to 
identify sequence specific changes in DNA meth-
ylation of several important genes such as NPAT/
ATM, PIK3R2, DNMT1, HDAC4, SKI and GSTP1 
[33, 69]. We did not observe significant changes 
in miRNA expression, which could however be 
due to the smaller number of replicates [33]. In a 
subsequent study we compared the epigenetic 
alterations observed for CNTs to that induced by 
asbestos in 16 HBE cells (Esra [24]), and mostly 
observed no significant changes in global DNA, 
however sequence specific methylation was 
altered for ATM (chrysotile, SWCNT, and 
MWCNT), CDKN1A (SWCNT, MWCNT, and 
amosite) and TRAF2 (only SWCNT) (Esra [24]) 
all of which play important role in pathways asso-
ciated with DNA damage and apoptosis. In our 
study we also did not observed significant changes 
in global RNA methylation, which is a post-a 
translational modification with important role in 
gene regulatory processes. Our analysis of 
genome wide methylation changes induced by 
asbestos fibers (amosite, crocidolite and chryso-
tile) in 16HBE cells [70] also revealed significant 
changes in methylation pattern (associated with 
MAPK signaling pathway, pathways in cancer, 
WNT gene family and homeobox group) and 
some of the altered pathways were similar to that 
observed for CNTs. Differentially methylated 
regions including HOX genes have also been 
reported by Kettunen et  al. [51] for asbestos-
exposed patients. In a recent study, we reported 
the effect of long-term CNT and amosite expo-
sure and recovery on DNA methylation, and we 
found that SWCNTs/amosite induced hypermeth-
ylation at CpG sites and MWCNT induced hypo-
methylation at CpG sites [71]. Moreover, 
spontaneous DNA methylation changes were 
observed during the recovery period [71]. 

9  Epigenetic Mechanisms in Understanding Nanomaterial-Induced Toxicity
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However, the induction of DNA methylation 
changes for the chronic exposure period was less 
pronounced compared to our acute exposure 
experiment and such difference could be due to 
both the lower concentration of exposure for the 
chronic phase and possibly due to tolerance and 
adaptation. While in our study we observed fewer 
DNA methylation changes, in a long-term study 
in BEAS-2B cells, with MWCNT (NM401) expo-
sure period of up to 4  weeks, Sierra et  al. [90] 
observed a significant hypomethylation of 697 
CpG, primarily associated with functions such as 
cell adhesion. The difference between the two 
long terms studies could primarily be due to the 
difference in lower exposure concentration 
(0.25 μg/ml) used in our study [71] compared to 
that reported by Sierra et al. [90] (20 μg/ml), but 
also due to the difference in cell lines used.

From one of our study, in BALB/c mice, intra-
tracheal administration of MWCNT and SWCNT 
resulted in a sequence specific DNA methylation 
in ATM [94]. Such changes have been observed 
in other cell types as well. For instance, in one of 
our studies in THP1 monocytes, while we 
observed no changes in global methylation or 
hydroxymethylation, significant gene specific 
methylation associated with pathways such as 
platelet activation, VEGF receptor signaling 
pathway, chromatin organization, pathways in 
cancer, MAPK signaling pathway, PI3K-Akt sig-
naling pathway were observed [68]. In another 
study, Saarimäki et  al. [85] reported significant 
changes in transcriptome and epigenome (DNA 
methylation) associated with pathways related to 
immune system, cell cycle and signal transduc-
tion, in differentiated THP1 monocyte exposed to 
rigid MWCNT.

In an in vitro study, Chatterjee et al. [15] criti-
cally evaluated the effect of MWCNT diameter 
and length in BEAS-2B and HepG2 cells. In the 
study, the authors observed a global DNA hyper-
methylation in HepG2 cells while a global DNA 
hypomethylation was observed for BEAS-2B 
cells [15]. These changes were in line with 
DNMT1 and DNMT3B expression in both cell 
lines. Of the different forms of MWCNT studied, 
long-narrow and short-narrow forms induced the 

most significant epigenetic changes, associated 
with other oxidative stress and inflammatory 
markers. In another study, significant global 
hypomethylation was observed in lung tissue of 
C57BL/6 mice, exposed to MWCNTs of differ-
ent length and diameter by oropharyngeal aspira-
tion [18]. In the study narrow diameter and long 
length MWCNT induced the most significant 
effect [18], in line with the observation made by 
Chatterjee et al. [15]. The authors also reported 
significant sequence specific promoter hypo-
methylation of IL-1ß, IL-6, and TNF-α at 24 h, 
associated with increase in the inflammatory 
markers, followed by a reversal of the trend 
7 days post exposure [18]. These two studies [15, 
18] taken together, provide significant evidence 
regarding the influence of diameter and aspect 
ratio on CNT induced toxicity and epigenotoxic-
ity. Another evidence in support of the asbestos 
analogy and high aspect ratio fiber toxicity comes 
from the in  vivo study of Chernova et  al. [16], 
where the authors used long and short forms of 
Amosite and carbon nanotubes. In the study the 
authors observed induction of mesothelioma, by 
pleural injection of long CNT and long amosite 
asbestos fibers, preceded by hypermethylation of 
overlapping genes p16/Ink4a and p19/Arf [16], 
which are often inactivated in different forms of 
cancer.

In addition, studies have identified consider-
able evidence of occupational exposure to CNTs, 
and has been presented in a recent review by 
Canu et  al. [38]. In a study by our group [31], 
while we did not observe any significant differ-
ence in global methylation (5-mC), hydroxy-
methylation (5-hmC) and LINE1 methylation; 
we observed significant changes in CpG methyl-
ation for DNMT1, ATM, SKI, and HDAC4 in 
MWCNT exposed workers. These sequence spe-
cific methylation changes were also observed in 
our in vitro studies as discussed above. In another 
cross-sectional study, Shvedova et  al. [89] 
observed significant enrichment of miRNA-
lncRNA-mRNA changes in inflammation, fibro-
sis, tumor promotion and cancer progression 
pathways in MWCNT exposed workers. While 
these studies do not allow for a definitive inter-

9  Epigenetic Mechanisms in Understanding Nanomaterial-Induced Toxicity



218

pretation regarding the cause or dose response 
relationship, some other cross-sectional studies 
have shown significant changes in inflammation 
and effect on cardiovascular and lung health [25, 
34, 98]. These studies provided the first set of 
evidence of epigenetic alterations induced by 
occupational exposure to CNTs, but larger longi-
tudinal population studies are needed to provide 
more detailed inside.

9.4	 �Summary and Perspectives

From the studies presented above, it is clear that 
NPs can induce epigenetic changes both at toxic 
and sub- cytotoxic concentrations. In the studies 
discussed above, with the exception of Ag-NP, 
most of the particles induced global DNA hypo-
methylation. DNA hypomethylation is observed 
in carcinogenesis and is highly correlated with 
methylation of DNA repeat elements [22]. 
Methylation of repeat elements such as LINE 1 
and Alu represent approximately 50% of global 
methylation levels and hypomethylation has been 
associated with genomic instability and therefore 
can be used to study epigenetic alterations induced 
by NPs. Additionally, it has been established that 
global DNA methylation levels are modulated by 
oxidative stress[61, 73], and these mechanisms 
share one-carbon metabolism as the common 
denominator. This was observed for several of the 
NPs, but mostly for TiO2-NP, as discussed above. 
In a relatively small number of studies and pri-
marily in case of Ag-NP DNA hypermethylation 
has been observed as well. DNA hypermethyl-
ation at global level and at specific loci has been 
implicated in large number of diseases including 
cancer [23]. Sequence specific DNA hypermeth-
ylation of GSTP1, TP53, p16, p21, ATM among 
other important genes, increased phosphorylation 
of H3 and concurrent mRNA dysregulation has 
been observed for the nanoparticles, similar to 
that observed for other genotoxic carcinogens 
such as formaldehyde, benzene [14]. While these 
findings are extremely interesting, it limits further 
mechanistic interpretation due to certain study 
limitations discussed further. While most epigen-
etic changes have been observed at a sub cyto-

toxic concentration, the observed results are 
representative of a single time window. Given that 
epigenetic changes are highly dynamic, and most 
of the nanoparticles were studied for shorter dura-
tion of exposure, the results cannot provide infor-
mation of a chronic exposure scenario or that 
resulting from a change in exposure conditions. 
Therefore, to understand the dynamic nature of 
such changes, studies need to be designed taking 
into account- chronic low exposure, different 
time windows and an inclusion of recovery period. 
Another important aspect of a study design, aimed 
at understanding epigenetic effect should be the 
selection of appropriate cell type, representative 
of the exposure and elimination route. Despite the 
limited evidence, this is something that has been 
observed for NPs [80] and is extremely important 
as epigenetic changes are cell type specific. 
Additional experimental conditions, relevant for 
nanotoxicological experiments in general, such as 
physico-chemical properties, dispersion condi-
tion, shape of material, aspect ratio of fibres, sur-
face coating and functionalization are equally 
important in the interpretation of epigenetic 
changes. Furthermore, these changes observed in 
mostly in vitro studies must be validated in vivo 
and if possible, in exposed human population. 
Epigenetic alterations can be valuable in provid-
ing key mechanistic insight which can play 
important role in risk assessment, regulation, and 
classification based on mechanistic evidences by 
agencies such as the IARC [17, 92].
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