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ARTICLE INFO ABSTRACT

Editor: Lawrence Lash Potential genotoxicity and carcinogenicity of carbon nanotubes (CNT), as well as the underlying mechanisms,
remains a pressing topic. The study aimed to evaluate and compare the genotoxic effect and mechanisms of DNA
damage under exposure to different types of CNT.

Immortalized human cell lines of respiratory origin BEAS-2B, A549, MRC5-SV40 were exposed to three types
of CNT: MWCNT Taunit-M, pristine and purified SWCNT TUBALL™ at concentrations in the range of
0.0006-200 pg/ml. Data on the CNT content in the workplace air were used to calculate the lower concentration
limit. The genotoxic potential of CNTs was investigated at non-cytotoxic concentrations using a DNA comet
assay. We explored reactive oxygen species (ROS) formation, direct genetic material damage, and expression of a
profibrotic factor TGFB1 as mechanisms related to genotoxicity upon CNT exposure.

An increase in the number of unstable DNA regions was observed at a subtoxic concentration of CNT (20 pg/
ml), with no genotoxic effects at concentrations corresponding to industrial exposures being found.

While the three test articles of CNTs exhibited comparable genotoxic potential, their mechanisms appeared to
differ. MWCNTs were found to penetrate the nucleus of respiratory cells, potentially interacting directly with
genetic material, as well as to enhance ROS production and TGFB1 gene expression. For A549 and MRC5-SV40,
genotoxicity depended mainly on MWCNT concentration, while for BEAS-2B — on ROS production. Mechanisms
of SWCNT genotoxicity were not so obvious. Oxidative stress and increased expression of profibrotic factors
could not fully explain DNA damage under SWCNT exposure, and other mechanisms might be involved.
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1. Introduction 2021a), nanobiotechnology (Chen et al., 2003; Cherukuri et al., 2004;

Liu et al., 2009). CNTs are used in composites to enhance corrosion

The incorporation of novel nanomaterials into industrial practices
necessitates a comprehensive understanding of their implications for
both human health and the environment. Carbon nanotubes (CNT)
possess unique physicochemical properties that have led to their
expanded production and application. CNTs improve the mechanical,
electrical, and thermal properties of composite materials (Eatemadi
et al., 2014; Nurazzi et al., 2021a). The distinct properties exhibited by
CNTs have opened up extensive opportunities for their integration into
the fields of construction (Eatemadi et al., 2014; Nurazzi et al., 2021a),
nanoelectronics (Ajori et al., 2015; Zhou et al., 2018; Nurazzi et al.,

protection (Hassan et al., 2020; Souto and Soares, 2020), applied in solar
cell technologies (Chen et al., 2017; Chen et al., 2019a; Chen et al.,
2018; Chen et al., 2020), chemical sensors (Janudin et al., 2018; Maity
et al., 2018; Nurazzi et al., 2021b), and storage batteries (Chen et al.,
2019b; Guo et al., 2019). Given the increasing commercial potential of
CNTs, it becomes imperative to conduct safety research on this type of
nanomaterials.

Potential genotoxicity of nanomaterials, including carbon nano-
tubes, is among the primary concerns. Experiments conducted on lab-
oratory animals have demonstrated the carcinogenic properties of multi-
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walled carbon nanotubes (MWCNT) MWCNT-7 (Mitsui Ltd., Japan) and
MWCNT-N (NIKKISO, Japan), leading to the formation of mesotheli-
oma, bronchiolo-alveolar adenoma, and adenocarcinoma (Chernova
et al., 2017; Hojo et al., 2022; Nagai et al., 2013; Sakamoto et al., 2009;
Sargent et al., 2014; Snyder-Talkington et al., 2016; Suzui et al., 2016;
Takagi et al., 2008; Takagi et al., 2012). MWCNT-7 (Mitsui Ltd., Japan)
have been classified as a possible human carcinogen (group 2B) by the
International Agency for Research on Cancer (IARC) (Grosse et al.,
2014). However, the carcinogenicity of single-walled carbon nanotubes
(SWCNT) in experiments in vivo was not proven. Meanwhile, potential
pulmonary toxicity is associated with SWCNTs, which manifests in acute
and chronic inflammation, granuloma formation, collagen deposition,
and fibrosis development (Ema et al., 2017; Erdely et al., 2013; Mutlu
et al., 2010; Poland et al., 2008; Shvedova et al., 2005; Shvedova et al.,
2007; Shvedova et al., 2008; Shvedova et al., 2013; Shvedova et al.,
2014; Teeguarden et al., 2011; Wang et al., 2010; Wang et al., 2016), has
been reported.

The investigation of the genotoxic and carcinogenic capabilities of
CNTs, as well as the underlying mechanisms, remains a pressing topic.
The inhalation route of entry identifies the respiratory system as the
most likely target of the toxic effects of industrial CNTs. Several in vivo
and in vitro studies have demonstrated the genotoxic potential of
MWCNTs and SWCNTs in relation to the respiratory system (Di Ianni
et al., 2021; Lan et al., 2014; Lindberg et al., 2013; Poulsen et al., 2016;
Solorio-Rodriguez et al., 2023; Wils et al., 2021a], while opposite results
were obtained in other experiments (Honda et al., 2017; Knudsen et al.,
2019; Louro et al., 2016; Pothmann et al., 2015; Rahman et al., 2017;
Solorio-Rodriguez et al., 2023; Vales et al., 2016). Discrepancies in
experimental data might indicate that a risk assessment should be car-
ried out for each type of CNTs.

The direct genotoxicity mechanism of CNTs can manifest when they
enter the cell nucleus (Samadian et al., 2020). Notably, a specific gen-
otoxicity mechanism of CNTs involves microtubule mimicry and
disruption of the mitotic spindle functionality (Sargent et al., 2012;
Siegrist et al., 2014). Further, it is widely acknowledged that CNT induce
an increase in free radicals within animal tissues and cells (Shvedova
etal., 2012; Mgller et al., 2014). Experiments conducted both in vivo and
in vitro have demonstrated the potential profibrogenic activity of CNTs
(Dong and Ma, 2019; He et al., 2011; Manke et al., 2014; Mercer et al.,
2013; Mishra et al., 2012; Shvedova et al., 2005; Snyder-Talkington
et al., 2016; Vietti et al., 2016; Wang et al., 2011; Wang et al., 2015).
Accumulating evidence indicates a close relationship between fibrosis
and carcinogenesis (Dong and Ma, 2019), suggesting that this patho-
logical scenario can also be considered as a mechanism parallel to
genotoxicity potentially leading to carcinogenesis.

Earlier, our group explored the adverse effects of pristine MWCNT
Taunit-M in concentrations relevant to occupational exposure through in
vitro and in vivo experiments, as well as in an epidemiological study.
Investigations conducted on mice have provided evidence of the fibro-
genic potential of MWCNT Taunit-M (Khaliullin et al., 2015b). In
concordance with these findings, the epidemiological study utilizing a
bioinformatics approach has revealed an augmented likelihood of
fibrogenic and carcinogenic events in workers who were occupationally
exposed to MWCNT (Fatkhutdinova et al., 2016; Shvedova et al., 2016).

In this particular study, three commercially available CNTs with
distinct physicochemical characteristics were chosen as the focal point
of study; specifically, Taunit-M multi-walled carbon nanotubes, as well
as pristine and purified TUBALL™ single-walled carbon nanotubes. All
selected CNTs possess a high level of industrial production (Pre-
dtechenskiy et al., 2022a; Predtechenskiy et al., 2022b; Tkachev et al.,
2013) and require elaborate study of toxicity and potential genotoxic
effects.

The aim of our study was to evaluate and compare the genotoxic
effect and mechanisms of DNA damage under exposure to Taunit-M
MWCNT and TUBALL™ SWCNT in cells of the human respiratory
system.
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2. Materials and methods
2.1. Test materials

Pristine and purified from metal impurities single-walled carbon
nanotubes TUBALL™ (manufacturer - OCSiAl Group Company) and
multi-walled carbon nanotubes Taunit-M (manufacturer - NanoTech-
Center LLC) were used as the material for the study. The physico-
chemical characteristics of the materials used are presented in Table 1.

2.2. Preparation and characterization of CNT dispersion

Biocompatible CNT dispersions were prepared following the same
protocol employed in previously published studies (Timerbulatova
et al., 2020). Briefly, CNTs were suspended in Dulbecco's modified Ea-
gle's medium (DMEM) (PanEco, S410P, Russia) supplemented with 10%
fetal bovine serum (BioSera, France) and antibiotics penicillin and
streptomycin (25,000 U and 25,000 pg, 100-fold lyophilized prepara-
tion, PanEco, Russia). Stock dispersions with a concentration of 200 pg/
ml were sonicated in a biological safety cabinet using Sonic Vibra Cell
Sonicator (Sonics&Materials, USA) at the following operating parame-
ters: 750 W, 20 kHz, 40% amplitude, pulse 5/6, time 30 min (Time-
rbulatova et al., 2020); other concentrations were obtained by dilution.

The characteristics of biocompatible stock dispersions were evalu-
ated by dynamic light scattering (DLS) (Zetasizer Nano-ZS analyzer,
Malvern Instruments, UK) and transmission electron microscopy (Hita-
chi HT7700 Exalens, Japan). Each sample was analyzed at least three
times, with one measurement consisting of 15 repetitions of 10 s each.

CNT suspensions and vehicle medium were tested for the presence of
bacterial endotoxin using the LAL reagent (lyzed amoebocytes from
Limulus Polyphemus) (Endosafe KTA, series K2422L) by the kinetic
turbidimetric method (State Pharmacopoeia of the Russian Federation,
2018).

2.3. Cell culture and treatments

Three immortalized cell lines, originating from the human respira-
tory system, were selected as cell models: two cell lines modeling
epithelial cells of respiratory system, such as human bronchial epithe-
lium cell line BEAS-2B (Cell Applications, Inc., USA) and human lung
adenocarcinoma cell line A549 (CLS Cell Lines Service, Germany), and
SV40-transformed cells from diploid human lung fibroblasts MRC5
representing stromal cells (cells kindly provided by Dr. Chernyak B.V.,
A.N. Belozersky Research Institute of Physical Chemistry, Moscow State
University). Cells were cultured in DMEM with 10% fetal bovine serum
and antibiotics penicillin and streptomycin; grown in a humidified at-
mosphere, with 5% COs, at 37 °C; seeded in cell culture dishes or 96-well
plates depending on the assay and allowed to adhere for 48 h before the
experiments.

Data on the CNT content in the air of the working area of enterprises
producing the studied nanomaterials were used to calculate the lowest
limit of concentration for in vitro experiments. The concentrations of
SWCNTs at various production sites of the manufacturing enterprise

Table 1
Physico-chemical characteristics of purified and unpurified SWCNTs and
MWCNT.

Physico-chemical Pristine SWCNT Purified SWCNT MWCNT
characteristics * TUBALL™ TUBALL™ Taunit-M
Metal impurities, % 14 + 1 (Fe) <1 (Fe) <5 (Co)
Length, pm >5 >5 >2
Average CNT diameter, 1.6 £ 0.4 1.6 £ 0.4 8-15
nm
Total surface area, m?/ 410 490 300-320
g

* as provided by the manufacturers.
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were much lower than the reference level provided by the National
Institute for Occupational Safety and Health of the USA (NIOSH Current
Intelligence Bulletin 65, 2013), i.e. 1 pg/m3 (REL NIOSH): the highest 8-
h TWA air concentration of SWCNT TUBALL™ estimated by the surface-
enhanced Raman spectroscopy (Dresselhaus et al., 2005) was <5% of
REL NIOSH. As for the MWCNT production site, the 8-h TWA EC con-
centrations (respirable size fraction) were in the range of 0.7-1.3 pg/m>
except for one workplace with a concentration of 2.8 pg/m> (Fat-
khutdinova et al., 2016). Using CNT aerosol mass concentration of 1 pg/
m? [NIOSH REL] and considering the simulated deposition in the alve-
olar zone of the human respiratory tract by the MPPD software (Multiple
Path Particle Dosimetry V3.04), we calculated the deposited dose of CNT
in human lungs over 25 years of work (250 shifts per year) with sub-
sequent recalculation per 1 em? of human alveolar epithelium and
calculation of the required administered doses and concentrations
(taking into account the area and volume of the plate well) for intro-
duction into cell cultures. The calculated deposited dose in the lungs was
2000 pg, which corresponded to the concentration of 0.0006 pg/ml; the
upper concentration limit was chosen as 200 pg/ml (Timerbulatova
et al., 2021).

2.4. Cytotoxicity

The cytotoxicity of CNTs was determined by the MTS assay (Prom-
ega, USA), evaluating the metabolic activity and viability of cells, and
the LDH assay (LDH Assay Kit, Abcam, UK), evaluating the integrity of
the plasma membrane. For the MTS assay, cells were incubated with 18
concentrations from 0.0006 to 200 pg/ml for each type of CNTs studied
over a 72-h period. Considering interference in formazan-based cyto-
toxicity assay caused by nanoparticles, each well plate was rinsed with
PBS to remove the remaining carbon nanotubes before adding reagents
for MTS assay (Esfandiary et al., 2014). The optical density of the
samples in 3 replicates was assessed using Multiskan™ FC Microplate
Photometer (Thermo Fisher Scientific, USA) at the wavelength of 492
nm. When analyzing the results of the MTS test, CNTs were considered to
have the cytotoxic potential shown on this cell type when the viability of
the cell culture decreased to <70% compared to the control, for which
the viability was set to conditionally equal to 100% (ISO 10993-5:2009).

For the LDH assay, cells were exposed to four concentrations of each
CNT type (100, 50, 0.03, and 0.0006 pg/ml) for 72 h. Considering the
suspected interference, preliminary experiments were carried out in a
cell-free medium; no interference was detected (Fig.S4-S6). LDH activity
was determined in the supernatant of cells exposed to CNTs. After cells
were exposed to CNT, the medium was collected and centrifuged. The
supernatant was diluted by buffer at a ratio of 1:25 and assayed
following the manufacturer's instructions. Cells without CNT exposure
were used as negative controls and cells exposed to 1% Triton X-100
were used as positive controls for cytotoxicity. The optical density of the
samples in 3 replicates was determined on Multiskan™ FC Microplate
Photometer (Thermo Fisher Scientific, USA). The measurements were
carried out every 10 min for 1 h in total; LDH activity was calculated
from the change in the amount of NADH between 20 and 50 min. The
change in LDH activity in the samples was calculated by taking into
account the results for positive and negative controls using the following
equation (Ursini et al., 2014):
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stranded and double-stranded breaks, DNA oxidation, and alkylation,
which has shown its effectiveness and is widely used in assessing the
genotoxicity of nanomaterials (Azqueta and Dusinska, 2015; Di lanni
et al., 2021; Garcia-Rodriguez et al., 2019). Genotoxicity was assessed
using the alkaline variant of DNA comet assay (Trevigen, USA). Two
concentrations of CNT (20 and 0.0006 pg/ml) were studied in the
experiment at an exposure time of 72 h. 1 mM/ml doxorubicin was used
to initiate DNA damage and untreated cells were used as a negative
control. A suspension of incubated cells at a concentration of at least 2 x
10° cells/ml was mixed with low-melting agarose in a ratio of 1:10 and
applied to glasses. Further manipulations with the micropreparation
included the stages of lysis, alkaline denaturation, electrophoresis, and
fixation according to the assay manufacturer's instructions. The micro-
preparations were stained with SybrGreen fluorescent dye (Invitrogen,
USA), and comets were visualized using a fluorescent microscope
(Olympus BX63, Japan) at a wavelength of 425-500 nm. Digital images
were analyzed using the CaspLab software (v.1.2.3), assessing at least
100 randomly selected comets per micropreparation. The results were
expressed as the percentage of DNA in the comet tail (% DNA in the
comet tail).

2.6. TEM analysis

Subcellular localization of nanoparticles in cells was analyzed by
transmission electron microscopy after incubation of cells with 100 pg/
ml CNT dispersion over a 72 h period. The samples were fixed succes-
sively in glutaraldehyde and osmium tetroxide, dehydrated, and poly-
merized into Epon epoxy resin (Electron Microscopy Sciences, USA).
Using a Leica UC7 ultramicrotome (Leica, Germany), sections of samples
with a thickness in the range of 50-80 nm were obtained. Sections were
then sequentially stained with saturated aqueous uranyl acetate and
lead citrate on copper meshes with a Formvar/Carbon backing. Samples
were visualized using a Hitachi HT 7700 Exalens transmission electron
microscope (Hitachi, Japan).

2.7. Determination of reactive oxygen species (ROS)

Intracellular ROS were detected by 2,7-dichlorofluorescein diacetate
(DCFH-DA) assay using the Cellular Reactive Oxygen Species Assay Kit
DCFDA (Abcam, UK). Five concentrations of CNT (100, 50, 20, 0.03,
0.0006 pg/ml) were studied in three types of cell cultures after 72 h
exposure. Tert-butyl hydroperoxide (TBHP) was used as a positive
control, and untreated cells were used as a negative control. Fluores-
cence of the samples in 3 replicates was measured at 485/535 nm using a
Varioskan LUX microplate reader (Thermo Fisher Scientific, Germany).
The level of ROS was expressed as a fold increase relative to the negative
control.

2.8. Gene expression

TGF-p1 stands out as a profibrotic marker and is widely studied in
experiments in vivo and in vitro when assessing the toxicity of CNTs
(Manke et al., 2014; He et al., 2011; Mishra et al., 2015; Wang et al.,
2011; Wang et al., 2015). The mRNA levels of the TGFBI gene were
assessed in cells exposed to 4 concentrations (100, 50, 0.03, 0.0006 pg/
ml) of all types of CNT after 72 h exposure. Total RNA was obtained from

Cytotoxicity, % = (mean (cells exposed to CNT) — mean(control) )/ (mean(positive control) — mean(control) ).

2.5. Comet assay

The DNA comet assay is a sensitive method for studying single-

cell suspensions by the phenol-chloroform extraction method using the
TRIzol™ reagent (Invitrogen, USA). The resulting mRNA samples were
stored at —20 °C. The quality and quantity of the isolated RNA were
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Table 2
- Nucleotide sequence of specific primers and annealing temperature conditions.
Gene Primer sequence (from 5’ to 3') Annealing
Forward Reverse temperature, °C
TGFB1 GCT GAG GTA TCG TAC CTG AAC CCG 55.5
CCA GGA AT TGT TGC TC
GAPDH  GAC CAC AGT CCA TCC ACC ACC CTG 63
TGC CAT CA TTG CTG TA

assessed using Nanodrop Lite (ThermoFisher, USA). The subsequent
cDNA synthesis was carried out using the MMLV RT kit (Evrogen,
Russia) according to the manufacturer's instructions. The mRNA level
was assessed by real-time PCR. To assess TGFB1 gene expression, ex-
periments were carried out in which the number of cycles and the
annealing temperature of the primers varied. Amplification conditions
and primer sequences are shown in Table 2. The GAPDH housekeeping
gene was used as a reference gene. The synthesis of oligonucleotide
primers, according to the given sequences, was carried out at Evrogen
(Russia). Amplification of obtained cDNA was carried out using a
commercial mixture for PCR 5x qPCRmix-HS SYBR (Evrogen, Russia)
and a thermal cycler CXF96 (BioRad, USA) with following conditions:
denaturation at 96 °C for 3 min; further 40 cycles, including denatur-
ation at 96 °C for 10 s, annealing and visualization according to the
selected annealing temperatures for each primer, and melting to eval-
uate the reaction. Each sample was performed in three repetitions. The
level of gene expression was calculated using the 222 method relative
to the control for each cell line (Livak and Schmittgen, 2001). Results of
gene expression were reported as log2 fold change.

2.9. Statistical analysis

All experiments were repeated independently at least three times. All
numerical values are represented as the mean + SD. Microsoft Excel
2016 and R software (v.4.2.3) were used for figures and statistical
processing. The Student's t-test was employed to compare the two groups
in terms of cytotoxicity, ROS levels, and gene expression. The outcomes
of the DNA comet assay were evaluated using the Kruskal-Wallis test.
Additionally, multiple linear regression analysis with a backward pro-
cedure was performed to examine the impact of various CNT-related
factors on the DNA damage level and TGFB1 gene expression. CNT
type, concentration, and ROS level were used as factors in regression
models, while DNA in the comet's tail or TGFB1 expression - as out-
comes. Differences were considered statistically significant at p-values
<0.05. For the MTS assay, an additional criterion was used, i.e., only the
reduction of cell viability below 70% was considered significant (ISO
10993-5:2009, 2009).

Table 3

Size distribution of CNT agglomerates (DLS) and bundles (TEM) in dispersions
based on the DMEM culture medium supplemented with 10% FBS according to
DLS and TEM results.

CNT type DLS results TEM results
Average size of CNT CNT outer CNT length,
agglomerates, nm diameter, nm um
MWCNT 242.37 £ 3.11 12.90 + 2.60 0.49 + 0.06
Pristine 604.4 + 23.07 12.99 + 1.12 1.38 + 0.29
SWCNT
Purified 847.43 + 27.30 12.65 + 3.15 1.33 +0.12
SWCNT

Results are reported as mean value + standard deviation.
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3. Results
3.1. Characterization of dispersed CNTs

The results of testing vehicle medium and CNT dispersions for the
presence of bacterial contamination demonstrated an acceptable level of
bacterial endotoxins (below 0.01 EU/ml), which confirmed the correctly
chosen mode of processing the materials and observance of the condi-
tions preventing the contamination of dispersions being prepared.

Dynamic light scattering (DLS) revealed the presence of CNT in stock
suspensions in two distinct forms: agglomerates and bundles. Table 3
provides details regarding the average size of the agglomerates and the
morphometric characteristics of CNT bundles. In all three CNT types, the
primary peak was observed within the range of 100 to 1000 nm.
Furthermore, for MWCNT and pristine SWCNT, a secondary peak was
identified within the range of 1000 to 10,000 nm. The average size of
MWCNT agglomerates in dispersions was several times smaller in size
than those of both types of SWCNTs. DLS results are shown in Supple-
mentary materials (Fig.S1-S3).

Transmission electron microscopy (TEM) was used to obtain images
of individual nanotubes, bundles, and clusters of CNT in biocompatible
dispersions (Fig. 1). MWCNT appeared as individual carbon nanotubes,
while SWCNTs were often observed to form bundles and agglomerates.
In addition, metallic impurities were visualized in pristine SWCNT but
not in purified SWCNT. Morphometric characteristics of the carbon
nanotubes in dispersions are shown in Table 3. The outer diameters of all
CNTs under study were comparable, indicating the grouping of SWCNT
into bundles. The length of bundles of purified and unpurified SWCNTs
was similar, while the length of MWCNTs was three times shorter.
Nevertheless, the measured average length of both MWCNT and pristine
SWCNT bundles, as visualized in the dispersion, was found to be shorter
than the specifications provided by the manufacturer. This discrepancy
can be attributed to the tendency of nanotubes to adhere to each other
and undergo twisting, which is inherent to their flexible structure.

3.2. Cytotoxicity of CNTs

Determination of the cytotoxic range is necessary for studies of the
genotoxicity of nanomaterials to avoid false positive results when
assessing genotoxic effects. Previously, we showed cytotoxic effects of
pristine SWCNT and MWCNT in concentrations of 50-200 pg/ml and of
purified SWCNT in the range of 25-200 pg/ml for BEAS-2B cells; there
was no observed cytotoxicity from both SWCNT and MWCNT in A549
cells (Gabidinova et al., 2022).

The viability of MRC5-SV40 cells experienced a decline below 70%
in response to MWCNT, starting at a concentration of 0.1 pg/ml
(Fig. 2A), while cytotoxic concentrations resulting from exposure to
SWCNT were higher, commencing from 6 pug/ml (Fig. 2B,C). Addition-
ally, according to the results of the LDH assay, an increase in membrane
permeability was observed at all concentrations of CNTs examined,
including those corresponding to industrial exposures (Fig. 3).

3.3. Genotoxicity of CNTs

In bronchial epithelial cells, alveolar epithelial cells, and lung fi-
broblasts, exposure to all examined CNT types at a concentration of
0.0006 pg/ml, which corresponds to the upper limit of industrial
exposure over a 72-h incubation period, did not result in a substantial
elevation in the percentage of DNA in the tail in the comet assay (Fig. 4).

In BEAS-2B cell, exposure to CNTs at a concentration of 20 pg/ml led
to a significant increase in the percentage of DNA in the tail (Fig. 4A).
Although A549 cells exhibited no cell viability reduction up to a CNT
concentration of 200 pg/ml, outcomes from the DNA comet assay
demonstrated significant DNA damage upon exposure to all CNT types at
a concentration of 20 pg/ml and higher, with the percentage of DNA in
the tail in cells incubated with CNT being comparable to doxorubicine as
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Fig. 1. TEM images of MWCNT (A), pristine SWCNT (B), and purified SWCNT (C) dispersions based on the DMEM culture medium supplemented with 10% FBS.

the positive control (Fig. 4B); all CNT exhibited a comparable DNA
fragmentation level. Exposure of MRC5-SV40 cells to MWCNT and pu-
rified SWCNT at a concentration of 20 pg/ml for 72 h resulted in a
notable increase in the percentage of DNA in the tail when compared to
the control, whereas exposure to pristine SWCNT did not elicit a similar
effect (Fig. 4C).

3.4. ROS in cells after CNT exposure

Evaluation of cellular ROS levels using the DCFH-DA test revealed a
dose-dependent escalation in ROS levels within bronchial epithelial cells
in response to all types of CNT, with a significant increase observed from
a concentration of 20 pug/ml upwards (Fig. 5A). Notably, exposure to
pristine SWCNT at a concentration of 20 pg/ml resulted in a higher level
of oxidative stress in BEAS-2B cells compared to MWCNT and purified
SWCNT (p < 0.01). However, at higher concentrations, this effect almost
smoothed out. In A549 alveolar epithelial cells, a significant increase in
ROS levels was also evident upon exposure to all CNTs at concentrations
of 20, 50, and 100 pg/ml, and discrepancies in the ability of different
CNTs to induce oxidative stress were more distinct (Fig. 5B). Pristine
SWCNT exhibited an over twofold increase in ROS levels compared to
MWCNT, even at higher concentrations (p < 0.05). Similar results to
those observed in the A549 cell culture were obtained in MRC-SV40
fibroblasts (Fig. 5C).

3.5. The effect of ROS on DNA damage in cells after CNT exposure

Multiple linear regression models were built to assess the effect of the
level of reactive oxygen species on DNA damage upon exposure to
different types of CNTs. Initially, the type of CNT, CNT concentrations,
and the level of oxidative stress were chosen as independent variables.
Table 4 presents the regression models linking CNT concentration, CNT
type, ROS level, and the percentage of DNA in the comet tail for each cell
line. Exposure of all types of cells to all types of CNT under study was
linked to a higher percentage of damaged DNA compared to the control,
but the mechanisms involved were different. The findings of the study
demonstrated that an elevation in ROS level corresponded to an increase
in the percentage of damaged DNA in BEAS-2B and A549 epithelial cells.
Moreover, ROS production seemed to be the mechanism that best ex-
plains the DNA damage in BEAS-2B cells exposed to MWCNT. SWCNT
increased the DNA fragmentation in BEAS-2B cells, not being dependent
on the level of oxidative stress. For A549 cells, the dose along with ROS
production, regardless of the type of CNT, were parameters increasing
the percentage of damaged DNA. Conversely, contrasting outcomes
were observed for MRC5-SV40 fibroblasts in comparison to epithelial
cells. Specifically, an increase in the concentration of CNT also corre-
lated with an increase in DNA damage, but an inverse association with
the level of ROS was found. At the same concentrations, MRC5-SV40
fibroblasts were less sensitive to MWCNT than to SWCNT exposure.



L.M. Fatkhutdinova et al.

Toxicology and Applied Pharmacology 482 (2024) 116784

120
©
= 100 | &
§ ]:III***
- 80 Low s 2 5 1 w0 s .
£ 60 B ¥ Y
= y: >
T 40
4]
>
%20
O
0
D © — ® © T WO WU - M N 0O O © N 1O O o 9O
2 © 9 © 9 O N O 5 & S -« - N B o o
c 9 9 9 °© g <9 o - o
S © o o o (=)
O o
MWCNT concentration (ug/ml)
A
120
©
ngI .
: LELEELEy
S 80 T I**
5 L T
£ 60 1 i
>
= 1 o
§40 III
>
%20
O
0
BLO\—C”)(O\—LDLO‘—(VDI\LDOO(ONLOOOO
2 @ 9 ©9 9@ © N © 5 &5 S5 « - A B O ©
c 2 <2 2 <2 g 2 o - A
Sgooo o
Pristine SWCNT concentration (ng/ml)
B
120
S
= 100 | ¢f
c
8 . IITT .o
Y= *
c:: =1 cE -—II_I;T****
2 60 1 _HmE
=
§40
>
= 20
O
0
T © = O © = 0 - M N 0 ®M® O N W o O O
S © 9 © © o A O S S o« - N O O O
c 9 @ 2 2 g 2 o - o
88“000 o
Purified SWCNT concentration (ng/ml)
C

Fig. 2. MTS assay: MRC5-SV40 cell viability after 72-h exposure to MWCNT (A), pristine SWCNT (B), purified SWCNT (C); mean value + standard deviation of
metabolic activity of cells. The threshold line indicates a level of 70% cell viability. * - p < 0.05 compared to control.

Thus, a schematic summary of the processes that can lead to DNA
damage when exposed to CNT is presented in Supplementary Materials
(Table S1).

3.6. CNT interaction with cells

We successfully demonstrated the interaction of MWCNT with the
nuclear membrane of A549 cells (Fig. 6). Nanoparticles formed clusters

near the nuclear membrane and traversed its barrier. Single MWCNT
were even found within the nucleus, suggesting a potential direct impact
of this type of CNT on DNA (Fig. 6).

Similar results were obtained in MRC5-SV40 fibroblasts: all CNTs
also penetrate cells, while MWCNT tend to form clusters in the cyto-
plasm of cells (Fig. 7). Single MWCNT penetrating the nuclear mem-
brane of MRC5-SV40 cells were found (Fig. 8).



L.M. Fatkhutdinova et al.

140
120
100
80
60 *

Cytotoxicity, %

20

0 I

Control 0.0006

-20

Toxicology and Applied Pharmacology 482 (2024) 116784

0.03 50 100

CNT concentration (ug/ml))

MWCNT

Pristine SWCNT

Purified SWCNT

Fig. 3. LDH assay: Cytotoxicity in MRC5-SV40 cells after 72-h exposure to MWCNT, pristine SWCNT, purified SWCNT; mean value + standard deviation. * - p < 0.05

compared to control.

3.7. TGFB1 expression upon exposure to CNTs

When assessing the gene expression related to fibrosis in bronchial
epithelial cells, it was observed that exposure to MWCNT at concen-
trations of 0.0006 and 0.03 pg/ml for 72 h led to upregulation of the
TGFB1 gene in BEAS-2B cells - p < 0.05 for comparison with the control
(Fig. 9); at higher concentrations TGFB1 gene was comparable with the
control. Opposite trends were observed for two types of SWCNT, with an
increase in TGFB1 gene expression at a concentration of 100 pg/ml (p <
0.05 for comparison with the control for pristine SWCNT), preceded by a
decrease in TGFB1 gene expression at lower concentrations. In A549
alveolar epithelial cells, positive expression of the TGFB1 gene was
observed upon exposure to CNTs at all concentrations (p < 0.05 for all
comparisons with the control) (Fig. 10). In MRC5-SV40 fibroblasts,
expression of the TGFB1 gene in cells exposed to all types of CNT did not
differ from the control, except downregulation of TGFB1 gene upon
exposure to pristine SWCNT at a concentration of 0.0006 pg/ml
(Fig. 11).

Table 5 shows multiple linear regression models relating indepen-
dent variables such as ROS level, CNT concentration, and CNT type to
the level of TGFBIgene expression in three cell lines. BEAS-2B cells
exposed to MWCNT showed the highest level of TGFB1 gene expression
compared to both types of SWCNT at all concentrations under study; a
negative correlation of TGFB1 gene expression to the level of ROS pro-
duction was revealed. In contrast, in A549 cells, the level of TGFBI gene
expression was positively correlated with oxidative stress, regardless of
the type of CNT. According to the linear regression model considering
not only CNT types but other parameters, expression of the TGFB1 gene
in MRC5-SV40 fibroblasts exposed to MWCNT was significantly lower
compared to the control. A summary of different CNT-related factors
increasing the TGFB1 gene expression in three types of cells is demon-
strated in Supplementary materials (Table S2).

4. Discussion

The genotoxic potential of three different types of industrial CNTs in
human respiratory system cells has been investigated. Before examining
the genotoxic effects of the materials, an essential preliminary stage
involves assessing cytotoxicity (Kohl et al., 2020). Due to the potential
interference that may arise with DNA break detection methods, it is
advised to conduct comet DNA assay at non-cytotoxic concentrations
(Kohl et al., 2020). To estimate the cytotoxicity range, two distinct tests,
namely the MTS assay and the LDH assay, which evaluate different

mechanisms of toxicity, were applied. In our previous research, we
observed cytotoxic effects at high concentrations (50-200 pg/ml) in
BEAS-2B cells and no cytotoxic effects induced by CNTs in A549 cells
(Gabidinova et al., 2022). The latest results revealed cytotoxicity at all
concentrations studied (the LDH assay) in MRC5-SV40 human lung
fibroblasts.

Currently, a specific threshold for cytotoxicity that results in inter-
ference with genotoxicity assessment has not been established. One of
the reasons contributing to this absence of consensus is the utilization of
different cytotoxicity assessment methods. The recommended limit of
25% cytotoxicity has been suggested, and it has been reported that DNA
fragmentation does not impact the results of the DNA comet assay in
samples with a cell viability decrease of <45% (Azqueta et al., 2022).
Hence, in our study, we set the endpoints of the genotoxicity investi-
gation at concentrations of 0.0006 pg/ml and 20 pg/ml. The first con-
centration aligns with the reference level proposed by the US NIOSH of
1 pg/m® (REL NIOSH). Exposure to CNT at this concentration did not
result in a decrease in cell viability of >25%, according to the MTS test
in any of the cell cultures examined. The second subtoxic concentration
was chosen such that the cell viability, determined by the MTS test, was
at least 55%.

Our results from the DNA comet assay demonstrated no genotoxic
effects of the CNT at the concentration corresponding to industrial ex-
posures (0.0006 pg/ml). However, an increase in the number of unstable
DNA regions was observed at the subtoxic concentration of CNT equal to
20 pg/ml. Previous studies that investigated the genotoxicity of different
types of CNT at concentrations mainly higher than those utilized in our
study have yielded inconsistent results. These discrepancies might arise
from variations in cell sensitivity to CNT (Di Ianni et al., 2021; Lindberg
et al., 2013; Louro et al., 2016; May et al., 2022) and the physico-
chemical characteristics of the CNT under investigation (Di Giorgio
etal., 2011; Louro et al., 2016; May et al., 2022; Mgller et al., 2021; Oner
et al., 2018; Siegrist et al., 2019; Wils et al., 2021a).

The next step of our study was to investigate the mechanisms by
which various types of CNT induce genotoxic effects in cells of the
human respiratory system. Oxidative stress (Di Giorgio et al., 2011;
Fukai et al., 2018; He et al., 2012; Shvedova et al., 2012; Wils et al.,
2021a; Wils et al., 2021b), direct interaction of CNT with genetic ma-
terial (Di Giorgio et al., 2011; Oner et al., 2018), cellular transformation,
and fibrogenic effects (He et al., 2012; Polimeni et al., 2016; Vales et al.,
2016; Ventura et al., 2022; Wang et al., 2010) have been proposed as
possible mechanisms contributing to the potential genotoxicity and
carcinogenicity of CNT.
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Fig. 4. The percentage of DNA in the comet tail in cells BEAS-2B (A), A549 (B), MRC5-SV40 (C) according to the results of the DNA comet assay after 72-h exposure
to CNT; mean value + standard deviation. * - p < 0.05 in comparison with the control.

The generation of free radicals is widely recognized as the primary
mechanism underlying genotoxicity (van Berlo et al., 2012; Samadian
et al., 2020). Our experimental findings, as determined through DCFH-
DA assay, revealed a noteworthy increase in intracellular ROS produc-
tion following 72 h of exposure to all types of CNT, beginning at a
concentration of 20 pg/ml. Regression analysis further exhibited a
positive correlation between DNA damage and oxidative stress levels in

respiratory epithelial cells upon exposure to CNT at a concentration of
20 pg/ml upwards. However, a direct relationship was not observed for
human lung fibroblasts, indicating the potential activation of distinct
mechanisms of CNT genotoxic effects in different cell types. While in
epithelial cells ROS production might play a direct role in increasing the
number of cells with DNA fragmentation, in human lung fibroblasts
exposure to CNT seemed to block ROS-depended cell regulatory
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pathways. Similar observations of increased free radical production and
genotoxic effects resulting from CNT exposure have been reported by
other research groups across various cell types, including FE1-MML
mouse lung epithelial cells, BEAS-2B human bronchial epithelial cells,
MCL-5 lymphoblastoid cells, RAW264.7 mouse macrophages, L929
mouse fibroblasts, and human peripheral blood lymphocytes (Alarifi

and Ali, 2015; Di Giorgio et al., 2011; Fraser et al., 2020; Fukai et al.,
2018; Kim and Yu, 2014; Kim et al., 2015; Manshian et al., 2013;
Migliore et al., 2010; Vales et al., 2016; Wils et al., 2021a). Meanwhile,
these conclusions were based rather on qualitative than quantitative
assessment. Notably, several studies have reported no direct association
between increased free radical production and DNA damage, as assessed
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Table 4
Multiple linear regression models: effects of CNT concentration, CNT type, and ROS level on the percentage of DNA in the comet's tail in three types of cells.
DNA in the comet's Concentration, CNT type vs control ROS level, ROS level x CNT type R? P
tail (%) in different pg/ml (B £ SE [CI 2.5%; 97.5%]) fold change (B £ SE [CI 2.5%; 97.5%])
11 1i B + SE [CI 2.5%; B + SE [CI
EENT l::;é d factors (97 5% ])[ ? MWCNT Pristine Purified (2 50%: e MWCNT Pristine Purified
: SWCNT SWCNT o SWCNT SWCNT
97.5%])
3.83 &
11.10 + 1.81
. —0.06 = 0.16 2.68 3.14 + 1.47 3.48 + 1.56 . 4.99 + 1.91
BEAS-28 [-0.39; 0.25] [-1.43; [0.25; 6.03] [0.41; 6.56] [7.55; [1.23; 8.74] - B 0.46 <0.001
14.65]
9.08]
0.68 + 0.10 2.19 + 0.87
A4 [0.47; 0.87] B - B [0.47;3.911 - - 032 <0.001
—2.28 +
- —-1.35+1.08 —3.01 + 0.64
0.59 + 0.07 1.12 - ~1.76 + 1.07 *
MRC5-SV40 [0.46; 0.73] [—4.49; [—3.46; [-3.85; 0.34] [—4.27; - - - 0.14 <0.001
0.08] 0.76] ~1.761

B + SE - standardized regression coefficient + standard error for CNT-related factors left in the model after backward procedure; CI 2.5%; 97.5% - confidence interval.
Full regression models for each cell type are presented below:
Variables shown in bold were considered statistically significant (p < 0.05).

" BEAS-2B: TailDNAPercentage = —9.99 + 11.10ROS _level — 0.06Concentration + 3.83MWCNT + 3.14Pristine SWCNT + 3.48Purified_SWCNT + 4.99ROS x
MWCNT.

™ A549: TailDNAPercentage = 1.50 + 2.19ROS_level + 0.68Concentration.
" MRC5-SV40: TailDNAPercentage = 11.22-3.01ROS_level + 0.59Concentration — 2.28MWCNT — 1.35Pristine SWCNT — 1.76Purified_ SWCNT.

Fig. 6. Interaction of MWCNT with the nucleus of A549 cells at a concentration of 100 pg/ml after 72 h of exposure on images obtained by transmission electron
microscopy. Images captured at different magnifications: A — x6, B — x10, C — x20, D — x20. Arrows indicate carbon nanotubes.
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B

Fig. 7. TEM images of MRC5-SV40 cells: A — control without exposure, B — after 72 h of exposure to MWCNT at a concentration of 100 pg/ml. Arrows indicate

carbon nanotubes.

A

Fig. 8. Interaction of MWCNT with the nucleus of MRC5-SV40 cells at a concentration of 100 pg/ml after 72 h of exposure on images obtained by transmission
electron microscopy. Images captured at different magnifications: A — x15, B — x12. Arrows indicate carbon nanotubes.
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Fig. 9. Log2 fold change values for TGFB1 gene expression in BEAS-2B cells after 72-h exposure to CNT: mean value + standard deviation. * - p < 0.05 in comparison

with the control.
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comparison with the control.

through DNA comet assay, micronucleus test, and H2AX phosphoryla-
tion (Manshian et al., 2013; Vales et al., 2016). The data indicate that
iron impurities present in CNT facilitate ROS formation through the
metal-dependent Fenton reaction (Murray et al., 2009; Shvedova et al.,
2003). Such disparities suggest the involvement of additional pathways,
beyond oxidative stress, in the manifestation of CNT toxicity depending
on different CNT-related factors.

We have demonstrated the features of uptake and deposition of CNT
in the cells of the human respiratory system. Our previous investigations
have provided evidence of CNT entry into the human bronchial and
alveolar epithelial cells, revealing an inclination towards invagination of
the cell membrane (Gabidinova et al., 2022). In the current study,
MWCNT exhibited a propensity to accumulate near the nuclear mem-
brane, raising the possibility of subsequent nuclear uptake, as confirmed
by TEM. This direct mechanistic pathway of genotoxicity should be
taken into consideration. Conversely, the intranuclear SWCNT uptake in
human respiratory cells was not observed in our investigation. However,
it is important to recognize that there were differences in cell uptake
between MWCNT and SWCNT, as the latter did not form extensive
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intracellular accumulations. Other researchers have reported both
MWCNT and SWCNT contact with the cell nucleus (Di Giorgio et al.,
2011; Fujita, 2021; Oner et al., 2018; Sargent et al., 2012; Siegrist et al.,
2014; Siegrist et al., 2019). Moreover, some of them used quantitative
measurements (Oner et al., 2018; Siegrist et al., 2019). When consid-
ering the CNT uptake into the cellular nucleus, it is of utmost importance
to clear up some concerns. The unique capability of CNT to disrupt the
functionality of nuclear structures like microtubules and centrosomes
was demonstrated (Sargent et al., 2012; Siegrist et al., 2014; Siegrist
et al., 2019), although sufficient information is yet to be obtained for
comprehensive characterization of the CNT associated with such capa-
bility. Subsequently, investigators face the challenge of quantitatively
assessing the extent to which CNT penetrate the nucleus and elucidating
the correlation between this parameter and their toxic properties. For
instance, Oner et al. demonstrated that a greater deposition of SWCNT in
the nucleus of 16HBE human bronchial epithelial cells subsequently
induced greater genotoxicity when compared to MWCNT (Oner et al.,
2018).

Our research also demonstrates that the investigated CNTs exhibit
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Table 5
Multiple linear regression models: effects of CNT concentration, CNT type, and ROS level on the TGFB1 expression in three types of cells.
TGFB1 Concentration, CNT type vs control Concentration x CNT type vs ROS ROS level x CNT type R? P
gene pg/ml (B £ SE [CI 2.5%; 97.5%]) control, level, (B £ SE [CI 2.5%; 97.5%])
expression (8 &+ SE [CI (B + SE [CI 2.5%; 97.5%]) fold
in diff t 2.5%; 97.5% h
1:;11 llirfé:[; ’ oD MWCNT Pristine Purified MWCNT  Pristine Purified EB Ti; MWCNT Pristine Purified
SWCNT SWCNT SWCNT SWCNT SWCNT SWCNT
CNT [CI
related 2.5%;
factors 97.5%])
10.66 + —0.28 + —-0.43 + 0.44 + 0.01 + —-0.53 —9.09 + 0.04 +
0.04 + 0.02 2.34 0.63 0.49 0.13 0.02 + 0.27 2.49 0.36
BEAS-2B [-0.01;0.10]  [3.22; [-2.29;  [-200;  [0.0%  [-0.08; [-1.3%  [-17.00; [-1.09; 088 0.04
18.11] 1.74] 1.14] 0.87] 0.07] 0.33] —1.18] 1.18]
34.13 + 3.91 + 24.82 + 19.97
—0.95 £+ 0.48 41.31 41.41 40.42 + 6.90
A o — — - - - - - . .12
549 [—2.09; 0.20] [-63.56; [—94.01; [-70.76; [3.66; 0.40 0125
131.82] 101.83] 120.40] 36.28]
MRC5- —0.77 + —-0.49 + —0.50 + 0.02 +
SV40 0.004 + 0.005 0.32 0.32 0.32 _ _ 0.07 _ B 0.42 011
[-0.007; 0.02]  [—1.53; [—1.25; [-1.25; [—0.14; - -
—0.003]  0.27] 0.25] 0.18]

B + SE - standardized regression coefficient + standard error for CNT-related factors left in the model after backward procedure; CI 2.5%; 97.5% - confidence interval.

Full regression models for each cell type are presented below:
Variables shown in bold were considered statistically significant (p < 0.05).

" BEAS-2B: TGFB1_expression_level = 1.53-0.53R0S_level + 0.04Concentration + 10.66MWCNT — 0.28Pristine SWCNT — 0.43Purified SWCNT - 9.09ROS X
MWCNT + 0.04ROS x Pristine_ SWCNT + 0.44Concentration x MWCNT - 0.01Concentration x Pristine SWCNT.

A549: TGFB1_expression_level = —18.97 + 19.97R0S_level - 0.95Concentration + 34.13MWCNT - 3.91Pristine_ SWCNT - 24.82Purified SWCNT.

" MRC5-SV40: TGFB1_expression_level = 0.98 + 0.02ROS_level + 0.004Concentration — 0.77MWCNT — 0.49Pristine SWCNT — 0.50Purified SWCNT.

profibrogenic properties in BEAS-2B and A549 epithelial cells. We
observed an upregulation of TGFB1 expression in bronchial epithelial
cells at non-cytotoxic concentrations of MWCNT and high cytotoxic
concentrations of pristine SWCNT. Regression analysis detected
increased TGFB1 expression in BEAS-2B bronchial epithelial cells after
MWCNT exposure inversely depending on the ROS level. Similarly, all
types of CNT at the studied concentrations induced an increased
expression of a profibrotic factor in A549 cells, and this effect was
dependent on the level of ROS generation. We observed that none of the
three types of CNT upregulate TGFB1 in MRC5-SV40 human fibroblasts.
Moreover, expression of the TGFB1 gene in MRC5-SV40 fibroblasts
exposed to MWCNT was significantly lower compared to the control.
These findings align with previous studies where exposure to MWCNT
resulted in increased TGFBI gene expression in BEAS-2B cells (He et al.,
2011; Mishra et al., 2012; Wang et al., 2011; Wang et al., 2015). The
crucial role of oxidative stress in initiating fibrosis was also shown (Azad
et al., 2013; Bargagli et al., 2009; Chakravarthy et al., 2018; Inghilleri
et al., 2006; Ma, 2010). A number of studies have demonstrated that
oxidative stress induced by CNT enhanced the production and activation
of profibrotic factors, including TGF-pl (He et al., 2011; Ma, 2010;
Manke et al., 2014). Collectively, these findings emphasize the pivotal
role of oxidative stress as a key regulator of CNT-induced fibrogenesis.
However, in our study, we demonstrated a linear relationship only for
A549 cells, while for other cell types, the relationship between ROS and
TGFB1 expression turned out to be more complicated.

Our findings also imply the potential contribution of multiple
mechanisms in the induction of DNA damage upon exposure to various
types of CNT. MWCNT are characterized by a range of mechanisms that
result in genetic material damage, including direct exposure to CNT,
high level of ROS, and increased expression of TGFB1. SWCNT exhibited
genotoxicity comparable to MWCNT and possess a greater ability to
generate ROS, regardless of the presence/absence of metal impurities;
these findings come alongside those of Fraser et al. (2020). Pristine
SWCNT, when present in high concentrations, induce an upregulation of
TGFBI1 expression. However, despite previous studies demonstrating the
penetration of SWCNT into the cellular cytoplasm (Gabidinova et al.,
2022), we were unable to observe their entry into the cell nucleus. No
direct quantitative relationship between DNA damage or TGFBI

13

expression with the level of oxidative stress upon exposure to SWCNT
was shown, which suggests that the genotoxic effects of SWCNT are
dependent on their physicochemical properties and implies the
involvement of alternative mechanisms such as apoptosis, ferroptosis,
and reactive nitrogen species (RNS).

Previous in vivo and 2D in vitro studies hypothesized that epithelial
cells inducing the production of TGF-pl1 could trigger epithelial-
mesenchymal transition and indirectly activate fibroblasts, leading to
the release of growth factors and cytokines (Kalluri and Weinberg, 2009;
Pardali et al., 2017; Polimeni et al., 2016; Vietti et al., 2016), ultimately
contributing to fibrosis development. Our results revealed the increased
expression of profibrotic factor TGFB1 in epithelial cells, however, the
application of monoculture without the presence of fibroblasts does not
allow for verification of profibrogenic outcomes under CNT exposure.
The findings obtained in the current study indicate the potential sig-
nificance of applying advanced co-culture models, including 3D cell
models, in modeling the interplay between epithelial cells and fibro-
blasts and studying their role in fibrogenesis.

The utilization of CNT dispersions containing predominantly
agglomerated CNT can complicate the interpretation of toxicity results
in dispersed nanotubes (Mercer et al., 2013; Sager et al., 2009). Mercer
et al. demonstrated the ability of larger MWCNT particles to undergo
dissociation, leading to the formation of smaller structures and indi-
vidual CNT within the alveolar septa and subpleural lung tissue of mice
(Mercer et al., 2013). In our study, we validated the presence of indi-
vidual CNT within the targeted cellular entities, thereby suggesting the
potential for disintegration of CNT agglomerates upon cellular entry. It
should be noted that within 48 h, a major part (up to 85%) of the
administered dose of CNT interact with cells (Septiadi et al., 2019). The
features of CNT behavior in biological systems must be taken into ac-
count when planning and conducting toxicological experiments.

5. Conclusion

Results from the DNA comet assay demonstrated no genotoxic effects
of the CNT on three cell lines (BEAS-2B human bronchial epithelial cells,
A549 alveolar epithelial cells, MRC5-SV40 human fibroblasts) at con-
centrations corresponding to registered occupational exposures.
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However, an increase in the number of unstable DNA regions was
observed at subtoxic concentrations of CNT equal to 20 pg/ml, sug-
gesting a dose-dependent genotoxicity of the materials.

ROur study revealed that CNT with different characteristics exert a
comparable genotoxic potential, albeit through distinct mechanisms.
MWCNT were found to penetrate the nucleus of respiratory system cells,
potentially interacting directly with genetic material, as well as to
enhance ROS production and TGFBI gene expression. For alveolar
epithelial cells and fibroblasts, genotoxicity depended mainly on
MWCNT concentration, while for bronchial epithelial cells — on their
oxidative potential. Meanwhile, the mechanisms of SWCNT genotoxicity
are not so obvious Oxidative stress and increased expression of profi-
brotic factors could not fully explain DNA damage under SWCNT
exposure, and other mechanisms might be involved.

The enumeration of the quantity of MWCNT and SWCNT that suc-
cessfully pass through the nuclear membrane of cells of the respiratory
system and the juxtaposition of this parameter with the magnitude of
DNA damage and levels of ROS and profibrotic factors has the potential
to offer novel insights into comprehending the mechanistic un-
derpinnings of the genotoxicity induced by various CNTs.
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