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Objective. Nanographene oxide, an oxidation derivative of graphene, is considered to be one of 
the nanomaterials attractive for biomedical applications, although this nanomaterial is toxic. The 
increasing exploitation of graphene-based materials necessitates a comprehensive evaluation of the 
potential impact of these materials on the human health. Moreover, it is necessary to investigate in 
detail the mechanisms of its toxic effect on living cells particularly at the genome level. The present 
study aimed to evaluate the impact of low doses of nanographene oxide on the expression of key 
regulatory genes in normal human astrocytes.

Methods. Normal human astrocytes, line NHA/TS, were exposed to low doses of nanographene 
oxide (1 and 4 ng/ml) for 24 h. RNA was extracted from the cells and used for cDNA synthesis. The 
expression levels of NAMPT, TSPAN13, BCAR3, BRCA1, PTGS2, P4HA1, and P4HA2 mRNAs as 
well as microRNAs were measured by quantitative polymerase chain reaction.

Results. It was found that the low doses of nanographene oxide induced a dysregulation in the 
expression of the key regulatory genes in normal human astrocytes in dose-dependent (1 and 4 
ng/ml) and gene-specific manner. Nanographene oxide also strongly suppressed the expression of 
NAMPT, BCAR3, and TSPAN13 genes and significantly up-regulated BRCA1, PTGS2, P4HA1, and 
P4HA2 ones with a more significant effect in P4HA1 and P4HA2 genes. The expression of miR-96-
5p and miR-145-5p was also down-regulated in astrocytes treated with nanographene oxide in a 
dose-dependent manner.

Conclusion. The data obtained demonstrate that the low doses of nanographene oxide dis-
turbed the genome functions by changing the expression levels of key regulatory genes in gene-
specific and dose-dependent manner. Moreover, a higher dose of nanographene oxide induced 
more pronounced changes in expression of genes indicating for both genotoxic and neurotoxic 
possible effects in the normal human astrocytes.
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Nanographene and its oxide are nanomaterials, 
which have exceptional physiochemical properties 
currently considered to be very promising of their 
great application potential in different industries. 
Nanographene oxide, an oxidation derivative of 

graphene, is considered to be one of the nanoma-
terials attractive for biomedical applications in the 
field of drug delivery, cancer therapy, and diagnostics 
(Avitabile et al. 2018; Backes et al. 2021; Cellot et al. 
2021; Cui et al. 2021; Dash et al. 2021). The increasing 
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exploitation of nanographene-based materials, i.e., 
unique carbon nanoparticles, requires a compre-
hensive evaluation of their potential impact on the 
environment and the human health (Ema et al. 2017; 
Fadeel et al. 2018; Jia et al. 2019; Malhotra et al. 2020; 
Li et al. 2021). The hazardous impact of various carbon 
nanotubes (carbon nanomaterials with breakthrough 
properties significantly enhancing the physical 
properties of other materials) on the environment and 
the human health has also been recognized (Francis 
and Devasena 2017; Kavosi et al. 2018; Minchenko et 
al. 2018; Yan et al. 2019; Jiang et al. 2020; Rudnytska 
et al. 2021). Actually, the toxic potential of carbon 
nanotubes has been reported in numerous cell lines 
and animal models and their long-term toxicity has 
ever led to an increasing concern (Ahmadi et al. 2017; 
Eldawud et al. 2018; Yang and Zhang 2019).

It has also been shown that nanographene oxide 
and carbon nanotubes are able to penetrate over 
the air-blood and blood-brain barriers as well as 
the cell membranes and accumulate in the nucleus, 
which permits their use in the health sciences as a 
carrier of chemical compounds in cancer therapy 
and imaging probes (Mendonca et al. 2015; Aragon 
et al. 2017; Ema et al. 2017; Su et al. 2020). However, 
nanographene oxide is not biodegradable, which 
consequently restricts its use in medicine and biology 
since the raising concerns of its chronic genome 
toxicity (Ahmadi et al. 2017; Yang and Zhang 2019; 
Jiang et al. 2020). Previously, it was shown that 
carbon nanoparticles may interfere with an immune 
response, because of their strong suppressing effect 
on the expression of cell surface glycoproteins, such as 
HLA-DRA (major histocompatibility complex, class 
II, DR alpha) and HLA-DRB1. It also dysregulates the 
level of microRNAs, such as miR-190b and miR-7, 
which possibly contribute to the down-regulation of 
both HLA-DRA and HLA-DRB1 mRNA expressions 
(Minchenko et al. 2018). Furthermore, single walled 
carbon nanotubes deregulate the expression of 
LMNB1 (lamin B1), which participate in the control 
of genome stability. However, genotoxic effect of 
these nanoparticles has also been indicated in many 
other genes (Minchenko et al. 2018).

Recently, we have also shown that carbon nanotubes 
may affect the expression of genes associated with 
endoplasmic reticulum stress and cell prolifera-
tion, cell survival, and cancerogenesis in normal 
human astrocytes. These changes were dissimilar in 
magnitude and direction in the dysregulation of the 
genome stability (Rudnytska et al. 2021). At the same 
time, detailed mechanisms of the toxicity of this 
type of carbon nanoparticles have not been still fully 

identified. One of their possibly toxicity mechanisms 
may include signaling pathways of the endoplasmic 
reticulum stress as it has been shown for different 
nanoparticles (Boran and Ulutas 2016; Cao et al. 2017; 
Scherzad et al. 2017; Simon et al. 2017; Chen et al. 
2020). There are data demonstrating that modulation 
of the endoplasmic reticulum stress by chemicals 
alters the toxicity of some nanoparticles (Simon et al. 
2017; Cao et al. 2020). Chemical compound 4-phen-
ylbutyric acid repressed most effects of nanoparticles, 
particularly the titanium dioxide nanoparticles, 
through the relief of some aspects of the endoplasmic 
reticulum stress signaling (Simon et al. 2017; Hu et al. 
2018). However, the literature data dealing with the 
behavioral, reproductive, and developmental toxicity 
potential as well as genotoxicity of nanographene 
oxide particles are very limited (Ema et al. 2017; 
Fadeel et al. 2018; Jia et al. 2019; Malhotra et al. 2020; 
Li et al. 2021). However, it is very important to note 
that understanding of the molecular mechanism, by 
which the carbon nanoparticles may induce toxicity, 
is significant for both nanotoxicology and nanomedi-
cine spheres.

For the present study, several genes encoding key 
regulatory proteins such as nicotinamide phosphori-
bosyltransferase (NAMPT) also known as pre-B-cell 
colony-enhancing factor (PBEF), tetraspanin 13 
(TSPAN13), BCAR3 adaptor protein, NSP family 
member (BCAR3), breast cancer 1, early onset 
(BRCA1), prostaglandin-endoperoxide synthase 2 
(PTGS2) also known as cyclooxygenase 2 (COX2), 
prolyl 4-hydroxylase subunit alpha 1 (P4HA1), and 
prolyl 4-hydroxylase alpha polypeptide II (P4HA2) 
were selected. The NAMPT is a rate-limiting 
component in the mammalian NAD biosynthesis 
pathway involved in many important biological 
processes including metabolism, stress response, 
and circadian clock function. It can also interact 
with TLR4 and many other proteins (Xu et al. 2017; 
Minchenko et al. 2020; Gasparrini et al. 2022). 
Furthermore, the NAMPT is a proinflammatory 
marker of adipose tissue associated with systemic 
insulin resistance (Chang et al. 2010). The TSPAN13 
protein mediates the signal transduction events 
playing a role in the regulation of cell development, 
growth, and motility and has a relation to cancero-
genesis (Jiang et al. 2019; Li et al. 2019; Qi et al. 
2020). The breast cancer anti-estrogen resistance 3 
protein (BCAR3) is an adapter protein downstream 
of several growth factor receptors. It promotes cell 
proliferation and migration and is also involved in 
the insulin signaling pathway (Oh et al. 2013; Pan et 
al. 2019; Zhang et al. 2021). There are data indicating 
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that BCAR3, as a SH2-containing signal transducer, 
is implicated in tumorigenesis and is related to the 
glioma pathological grade (Pan et al. 2019; Zhang 
et al. 2021). Protein BRCA1 is a nuclear phospho-
protein that plays an important role in maintaining 
the genomic integrity and stability and it has the E3 
ubiquitin-protein ligase activity, which is required 
for its tumor suppressor function (Jhanwar-Uniyal 
2003; Takaoka and Miki 2018; Tahir et al. 2020). 
The PTGS2 enzyme is associated with resistance to 
apoptosis and tumor growth, migration, and inva-
siveness (Lin and Wu 2018; Zhu et al. 2020; Ravinder 
et al. 2022). The prolyl 4-hydroxylase is a key enzyme 
in collagen synthesis and deposition. In collagen and 
related proteins, the prolyl 4-hydroxylase catalyzes 
the formation of 4-hydroxyproline that is essential 
to the regulation of metabolism through post-trans-
lational modification of the human proteome and is 
also required for the tumor growth and metastasis 
(Chakravarthi et al. 2014; Wang et al. 2019; Cao et al. 
2020; Zhou et al. 2020).

The microRNAs (miRNAs) are a class of 
endogenous small single-stranded non-protein 
coding RNA molecules, which play a critical role in 
the control of gene expression at the posttranscrip-
tional level mainly through the interaction with the 
3’-untranslated regions of target messenger RNAs 
and subsequent induction of their degradation or 
translational repression. It is important to note that 
microRNAs play an important role in the regulation 
of all metabolic processes and neurodevelopment (Li 
et al. 2019; Ma et al. 2019; Pan et al. 2019; Yapijakis 
2020).

This study was aimed to reveal the impact of low 
doses of nanographene oxide on the expression of 
key regulatory genes such as NAMPT, TSPAN13, 
BCAR3, BRCA1, PTGS2, P4HA1, and P4HA2 as well 
as microRNAs in normal human astrocytes line 
NHA/TS.

Materials and methods

Cell culture and treatment. NHA cells (normal 
human astrocytes; Cambrex Bio Science, Walkersville, 
MD, USA) were immortalized by Sasai et al. (2007). 
The immortalized normal human astrocytes (NHA/
TS cell line) were received from Dr. K. Sasai and Dr. 
S. Tanaka (Japan) and left grown at 37°C under a 
humidified atmosphere of 95% air and 5% CO2 (Sasai 
et al. 2007). These astrocytes were treated with nanog-
raphene oxide (1 and 4 ng/ml) for 24 h. Nanographene 
oxide (2 mg/ml, dispersion in water) was received 
from Sigma-Aldrich Chemie GmbH, Germany.

RNA extraction and cDNA synthesis. Total RNA 
was extracted from NHA/TS cells using TRIZOL 
reagent as described previously (Auf et al. 2013; 
Rudnytska et al. 2021). The RNA pellets were washed 
with 75% ethanol and dissolved in nuclease-free 
water. For additional purification the RNA samples 
were re-precipitated with 95% ethanol containing 
sodium acetate and pellets were dissolved again in 
nuclease-free water. RNA quantity as well as spectral 
characteristics were measured using NanoDrop 
One (Thermo Scientific). Thermo Scientific Versco 
cDNA Synthesis Kit was used for the mRNA reverse 
transcription. For polyadenylation and microRNA 
reverse transcription, a Mir-X miRNA a First-Strand 
Synthesis Kit (Takara, Japan) was used.

Real-time quantitative polymerase chain 
reaction. The expression levels of mRNAs and 
microRNAs were measured by real-time qPCR using 
“QuantStudio 5 Real-Time PCR System” (Applied 
Biosystems) using Absolute qPCR SYBRGreen mix 
for mRNAs and Mir-X miRNA qRT-PCR SYBR 
Kit (Takara, Japan) for microRNAs. For analysis of 
mRNA expressions, four different RNA samples 
for each experimental group as well as pairs of the 
specific primers (Table 1) received from Sigma-
Aldrich (St. Louis, MO, USA) were used. For analysis 
of microRNA expressions, a universal qPCR reverse 
primer and specific for each miRNA forward primers 
were used (Table 1). Polymerase chain reaction was 
performed in triplicates. The quality of amplification 
products was analyzed by melting curves and electro-
phoresis in 2% agarose gel and visualized by SYBR* 
Safe DNA Gel Stain (Life Technologies, Carlbad, 
CA, USA). Quantitative PCR analysis was performed 
using a special computer program “Differential 
Expression Calculator”. The values of mRNA and 
microRNA expression were normalized to the level 
of ACTB and U6 RNA, respectively, and presented as 
a percentage of control (100 %).

Statistical analysis. All values are expressed as 
mean ± SEM obtained from triplicate measurements 
performed in 4 independent experiments. Statistical 
analysis was performed according to Student’s 
t-test using Excel program as described previously 
(Rudnytska et al. 2021). A value of p<0.05 was 
considered statistically significant.

Results

We investigated the impact of nanographene 
oxide on the genome function by measuring the 
expression level of mRNAs, which encode regulatory 
proteins and enzymes related to the control of 
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metabolism, cell proliferation and cancerogenesis. 
As shown in Figure 1, the 24-h exposure of normal 
human astrocytes line NHA/TS to 2 different doses 
of nanographene oxide (1 and 4 ng/ml) led to a 
significant down-regulation of the NAMPT mRNA 
expression levels by –58% and –71%, respectively. 
The suppressive effect of nanographene oxide was 
also shown on the TSPAN13 mRNA expression levels 
(Figure 2). The exposure of normal human astrocytes 
to a lover nanographene oxide dose (1 ng/ml) 
decreased the TSPAN13 mRNA expression by –37%, 
but their exposure to a higher dose (4 ng/ml) of these 
nanoparticles induced more significant changes at 
the level of the above-mentioned mRNA expression 
(–53%). The impact of nanographene oxide on the 
expression of breast cancer, anti-estrogen resistance 3 
(BCAR3) mRNA was also dose-dependent, decrease 
by –49% for 1 ng/ml and –62% for 4 ng/ml (Figure 3). 
At the same time, strong dose-dependent up-regu-
lation was detected in the expression of BRCA1, 
PTGS2, P4HA1, and P4HA2 mRNAs in the normal 
human astrocytes 24 h after the nanographene 
oxide treatment (Figures 4–7). The expression level 
of BRCA1 mRNA in astrocytes treated with 1 and 
4 ng/ml of nanographene oxide was significantly 
increased by +87 and +123%, respectively (Figure 4). 
The impact of nanographene oxide exposure on the 
expression of prostaglandin-endoperoxide synthase 
2 was also dose-dependent, but less pronounced: at 

Figure 1. The impact of nanographene oxide (1 and 4 ng/ml, 
treated for 24 h) on the nicotinamide phosphoribosyltransfer-
ase-NAMPT mRNA (known also as a pre-B-cell colony-enhanc-
ing factor-PBEF) expression in normal human astrocytes line 
NHA/TS versus not treated (control) cells. Values of this mRNA 
expression were normalized to the ACTB mRNA level; n=4.

Table 1. 
Primers characteristics used in the quantitative real-time polymerase chain reaction.

Gene symbol Gene name Primer’s sequence Nucleotide number  
in sequence

GeneBank accession 
number

NAMPT
(PBEF)

Nicotinamide hosphoribosyltransferase  
(pre-B-cell colony-enhancing factor)

F: 5’- gttacaagttgctgccacct
R: 5’- agacgttaatcccaaggcca

1118–1137
1339–1320

NM_005746.3

TSPAN13 Tetraspanin 13 F: 5’- gcaaccacaggttccaagat
R: 5’- ctcggagactggaaatcagc

196–215
346–327

NM_014399.3 

BCAR3 BCAR3 adaptor protein, NSP family 
member

F: 5’- cctcccataaggtcctgtga
R: 5’- gtccatgatgtgcctctcct

426–445
635–616

NM_003567.4

BRCA1 Breast cancer 1, early onset F: 5’- tgaagaaagaggaacgggct
R: 5’- tggctcccatgctgttctaa

4145–4164
4384–4365

NM_007294.4

PTGS2
(COX2)

Prostaglandin-endoperoxide synthase 2 
(cyclooxygenase 2)

F: 5’- tgaaacccactccaaacaca
R: 5’- gagaaggcttcccagctttt

333–352
519–500

NM_000963.4

P4HA1 Prolyl 4-hydroxylase subunit alpha 1 F: 5’- ggcagccaaagctctgttac
R: 5’- ggcttgttccatccacagtt

520–539
703–684

NM_000917.4 

P4HA2 Prolyl 4-hydroxylase alpha polypeptide 
II

F: 5’- gggtttccaaaagctcctgg
R: 5’- ttccccgtccctaaatgctt

1552–1571
1759–1740

NM_004199.3

ACTB beta-actin F: 5’- catccgcaaagacctgtacg
R: 5’- cctgcttgctgatccacatc

948–967 
1165–1146

NM_001101.5

miR-96 microRNA-96-5p F: 5’- tttggcactagcacatttttgct 9–31 NR_029512.1
miR-145 microRNA-145-5p F: 5’- gtccagttttcccaggaatccct 16–38 NR_029686.1
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Figure 2. Dose-dependent impact of nanographene oxide (1 
and 4 ng/ml, treated for 24 h) on the tetraspanin 13 (TSPAN13) 
mRNA expression in the normal human astrocytes versus con-
trol cells. TSPAN13 mRNA expression values were normalized 
to the ACTB mRNA levels; n=4.

Figure 3. The impact of nanographene oxide (1 and 4 ng/ml, 
treated for 24 h) on the expression of BCAR3 adaptor protein, 
NSP family member (BCAR3) mRNA in NHA/TS cells versus 
control cells. Values of BCAR3 mRNA expression were nor-
malized to the level of ACTB mRNA; n=4.

Figure 4. The impact of nanographene oxide (1 and 4 ng/ml, 
treated for 24 h) on the expression of the breast cancer 1, early 
onset (BRCA1) mRNA in normal human astrocytes versus 
control cells. Values of BRCA1 mRNA expression were nor-
malized to the level of ACTB mRNA; n=4.

Figure 5. Dose-dependent impact of nanographene oxide (1 
and 4 ng/ml, treated for 24 h) on the expression of prostaglan-
din-endoperoxide synthase 2 (PTGS2) also known as cycloox-
ygenase 2 (COX2) mRNA in normal human astrocytes versus 
control cells. Values of PTGS2 mRNA expression were normal-
ized to the level of ACTB mRNA; n=4.
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Figure 7. The impact of nanographene oxide (1 and 4 ng/ml, 
treated for 24 h) on the expression level of prolyl 4-hydroxylase 
alpha polypeptide II (P4HA2) mRNA in the normal human as-
trocytes versus no treated cells (control). Values of this mRNA 
expression were normalized to the level of ACTB mRNA; n=4.

Figure 6. The impact of nanographene oxide (1 and 4 ng/ml, 
treated for 24 h) on the expression of prolyl 4-hydroxylase sub-
unit alpha 1 (P4HA1) mRNA in NHA/TS cells versus control 
cells. Values of P4HA1 mRNA expression were normalized to 
the level of ACTB mRNA; n=4.

dose of 1 ng/ml increased by 37%, and at a higher 
dose (4 ng/ml) – by 105% (Figure 5). Analysis of 
P4HA1 and P4HA2 mRNAs expression showed a 
sharp induction of both mRNAs in normal human 
astrocytes due to the action of nanographene oxide 
at both lower (1 ng/ml: +92 and +146%, respectively) 
and higher (2 ng/ml: +116 and +174%, respectively) 
doses (Figures 6, 7). Nanographene oxide particles 
at very low quantities dysregulate the expression of 
mRNA, which encode important regulatory enzymes 
and proteins in normal human astrocytes in a dose-
dependent and gene-specific manner.

We also studied the impact of nanographene 
oxide on the expression of microRNAs including 
miR-96-5p and miR-145-5p, which have binding sites 
in 3’-untranslated regions of NAMPT and TSPAN13 
mRNAs, respectively. As shown in Figure 8, the 
exposure of normal human astrocytes to lower dose 
(1 ng/ml) of nanographene oxide led to a significant 
down-regulation of the miR-96-5p expression level by 
+45%. More pronounced increase in the expression 
of this microRNA (+98%) was detected in astrocytes 
treated with higher dose of these carbon nanoparti-
cles (Figure 8). As shown in Figure 9, the lower dose of 
nanographene oxide (1 ng/ml) increased the level of 
miR-145-5p by 56% and the larger dose (4 ng/ml) by 
161%. The exposure of normal human astrocytes to 
low doses of nanographene oxide had strong impact 
on the expression of both miR-96-5p and miR-145-5p 
genes in dose-dependent manner.

Discussion

In this study, we investigated a set of genes, which 
encode important regulatory enzymes and proteins 
related to the control of metabolism, cell prolif-
eration, and cancerogenesis. It was found that the 
exposure of normal human astrocytes to very low 
quantities of nanographene oxide particles signifi-
cantly alters their mRNA as well as microRNA 
expression, which participate in the post-transcrip-
tional regulation of corresponding mRNA levels. 
The results of this investigation clearly demonstrate 
that exposure of normal human astrocytes to nanog-
raphene oxide particles dysregulates the genome 
function that leads to significant dose-dependent and 
gene-specific changes in the expression of important 
regulatory factors and enzymes including NAMPT, 
TSPAN13, BCAR3, BRCA1, PTGS2, P4HA1, P4HA2, 
and microRNAs.

The observed dose-dependent changes in the 
expression of the studied genes in the normal 
human astrocytes treated by the nanographene oxide 
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particles indicate for their possible toxic effect that is 
in agreement with the data of other authors dealing 
with the toxicity of graphene-based nanomaterials 
(Ou et al. 2016; Ema et al. 2017; Fadeel et al. 2018; Jia et 

al. 2019; Chen et al. 2020; Li et al. 2021). It is possible 
that the toxic effect of nanographene oxide particles 
might be realized through the endoplasmic reticulum 
stress, which is consistent with the numerous data 

Figure 8. The impact of nanographene oxide (1 and 4 ng/ml, 
treated for 24 h) on the expression of microRNA miR-96-5p 
in NHA/TS cells versus control cells. Values of this microRNA 
expression were normalized to the level of U6 RNA; n=4.

Figure 9. The impact of nanographene oxide (1 and 4 ng/ml, 
treated for 24 h) on the expression level of microRNA miR-
145-5p in the normal human astrocytes line NHA/TS versus 
control cells. Values of miR-145-5p expression were normal-
ized to the level of U6 RNA; n=4.

Figure 10. Schematic demonstration of changes in the expression profile of NAMPT, TSPAN13, 
BCAR3, BRCA1, PTGS2, P4HA1, P4HA2 genes and miR-96-5p and miR-145-5p microRNAs in nor-
mal human astrocytes line NHA/TS treated with nanographene oxide (4 ng/ml) for 24 h.
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concerning the molecular mechanisms of various 
nanoparticles impact on the genome function 
(Simon et al. 2017; Hu et al. 2018; Cao et al. 2020). 
Since the functional activity of all studied genes 
is altered in the most malignant tumors, there is a 
great probability that it may be associated with the 
endoplasmic reticulum stress (Li et al. 2019; Pan et al. 
2019; Cao et al. 2020; Minchenko et al. 2020; Qi et al. 
2020; Tahir et al. 2020; Zhou et al. 2020; Zhang et al. 
2021; Ravinder et al. 2022).

In this study, we showed that the expression of 
NAMPT, TSPAN13, and BCAR3 genes is down-regu-
lated in normal human astrocytes treated with the 
nanographene oxide particles, but the expression of 
other genes including BRCA1, PTGS2, P4HA1, and 
P4HA2 were significantly up-regulated (Figure 10). 
It is noteworthy that PTGS2, P4HA1, and P4HA2 
genes encode proteins with pro-proliferative and 
pro-oncogenic properties. However, the BRCA1 
gene, which expression is also up-regulated in cells 
treated by nanographene oxide, operates preferen-
tially as a tumor suppressor and play an important 
role in maintaining the genomic stability (Jhanwar-
Uniyal 2003; Takaoka and Miki 2018). At the same 
time, the expression of NAMPT, TSPAN13, and 
BCAR3 genes is significantly suppressed, whereas 
proteins encoded by these genes exhibit pro-prolif-
erative properties (Oh et al. 2013; Xu et al. 2017; 
Jiang et al. 2019; Li et al. 2019; Pan et al. 2019; Zhang 
et al. 2021 Gasparrini et al. 2022). The NAMPT 
and BCAR3 proteins are involved in the insulin 
signaling pathway (Chang et al. 2010; Minchenko et 
al. 2020; Qi et al. 2020).

Most of the proteins encoded by the above-
mentioned genes are known as multifunctional 
proteins that are involved in various cell functions. In 
this regard, it is difficult to determine the functional 
significance of those gene expression changes that we 
found in the normal astrocytes induced by the nanog-
raphene oxide particles. We assume that in normal 
human astrocytes, very low quantity of the nanogra-
phene oxide particles may dysregulate the expression 
of mRNAs and microRNAs, encoding important 
regulatory enzymes and proteins, in dose-depen-
dent manner. It is presumable that the gene-specific 
response observed in the present study induced by 
nanographene oxide may reflect functional dysregu-
lation of this genome. Similar results have also been 
reported with carbon nanotubes (Minchenko et al. 
2018; Rudnytska et al. 2021).

We also found that nanographene oxide particles 
affected the expression of miR-96-5p and miR-145-5p 
microRNAs in normal human astrocytes. The binding 

site for miR-96-5p was identified in 3’-untranslated 
regions of NAMPT mRNA and for miR-145-5p in 
TSPAN13 mRNA. Results of this study demonstrated 
significant up-regulation of both microRNAs in 
astrocytes treated with nanographene oxide particles, 
which correlate with down-regulation of NAMPT 
and TSPAN13 mRNA expression (Figure  10). It is 
possible that these microRNAs participate in the post-
transcriptional regulation of NAMPT and TSPAN13 
mRNAs expression. These data are in agreement with 
the results of other researchers data (Lin and Wu 
2018; Minchenko et al. 2018; Goldewski et al. 2019; Li 
et al. 2019; Ma et al. 2019; Rudnytska et al. 2021), who 
have demonstrated that microRNA plays an essential 
role in the regulation of gene expression and thus 
regulates different physiological and pathophysiolog-
ical processes in various cells and tissues including 
the brain tissue.

Many mechanisms regarding diversity of 
the carbon nanoparticle toxic effects have been 
described, but mechanisms of toxicity of the nanog-
raphene oxide particles are still unidentified. One 
of the possible signaling pathways might include 
the endoplasmic reticulum stress as it has already 
been shown in different nanoparticles (Boran and 
Ulutas 2016; Cao et al. 2017; Scherzad et al. 2017; 
Simon et al. 2017; Chen et al. 2020). It has been 
demonstrated that modulation of the endoplasmic 
reticulum stress by chemicals may alter the toxicity 
of some nanoparticles (Simon et al. 2017; Cao et 
al. 2020). It is possible that most of the changes 
introduced by nanographene oxide are mediated by 
signaling pathways of the endoplasmic reticulum 
stress reprogramming the genome function. 
miRNAs have also emerged as key regulators of the 
endoplasmic reticulum homeostasis and important 
players in the unfolded protein response-dependent 
signaling (Maurel and Chevet 2013). Finally, the 
fact that endoplasmic reticulum stress can regulate 
the miRNA expression supports the assumption 
that endoplasmic reticulum stress is an important 
component of the nanographene oxide outcome 
similar to other nanoparticles (Maurel and Chevet 
2013; Simon et al. 2017; Chen et al. 2020).

In conclusion, we revealed that very small 
quantities of the nanographene oxide particles 
exert a dose-dependent genotoxicity in normal 
human astrocytes and disturb their genome 
function through up- or down-regulation of genes 
encoding the key regulatory proteins and enzymes. 
Currently, little is known about the genotoxicity of 
the nanographene oxide or many other nanoparti-
cles. Better understanding of the detailed molecular 
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mechanisms of the nanographene oxide, so unique 
carbon nanomaterial, is important not only from the 
view of its promising therapeutic application, but 
also its potential risk associated with use for human 
health. The present data indicate that likewise in 
other sorts of nanoparticles, more caution is also 
needed in the nanographene oxide biomedical 
applications.
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