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ABSTRACT

Fullerenes are one of the most popular nanomaterials, and C_ fullerene is the
second most common fullerene after C_ buckminsterfullerene. Minor modification
of fullerenes derivatives can change their biological effects and antioxidant
properties. A plethora of water-soluble derivatives can be synthesised based on
buckminsterfullerenes. In the present study, we synthesised three water-soluble
C , fullerene derivatives with thiophene-based solubilising addends and tested their
cytotoxicity and the transcriptional activity of genes, which regulate an oxidative
metabolism. Aliphatic chain length in the structure of the solubilising addend
of the water-soluble fullerene derivative has been varied, and we revealed that a
longer chain resulted in more pronounced antioxidant activity. Thus, the surface
modification enhances the antioxidant properties of the compound and changes
the nanoparticles impact on the genetic apparatus of the cell. Interestingly, even
slight modifications of the functional addend’s structure can significantly affect
the final cell response. The data obtained can be harnessed to develop novel and
efficient medications for the management of ischaemia, stress-related conditions,
the prevention of ageing, and the resolution of other practical healthcare challenges.
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1. Introduction

Almost 40 years have passed since the remarkable
discovery of fullerene by Kroto etal.! in 1985. The
legacy of this finding and other nanomaterials
breakthroughs bring the scientific society to
the nano world so attractive for application in
biomedical tasks.>* Fullerenes are one of the most
popular nanomaterials utilised in this field due to
their antiviral and antibacterial activity and other
promising properties that allow to use them as
components of drug delivery systems, as active
agents with prospective antioxidant activity, and
as photosensitizers for photodynamic therapy.>”

C, fullerene is the second most common
fullerene after C_ buckminsterfullerene which
can be obtained by formal ‘insertion’ of ten more
carbon atoms along the equator of C . Thus,
the molecule takes the form of an elongated
spheroid, and the additional carbon ‘belt
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contains atoms with the maximum chemical
activity because of the unpaired electrons.®
While biological effects and mechanisms of
action for C, and its water-soluble derivatives
are extensively studied, for C_ there exists a big
gap in the knowledge, and only a small portion
of works touched the compound bio-effects.
In general, there are three main characteristics
which influence impact of fullerenes on various
bio-objects: lipophilicity, which determines
the membranotropic properties of fullerenes,
electron deficiency, which is one of the reasons
behind the interaction of fullerene molecule with
free active radicals, and the ability in an excited
state to transfer the energy to other molecules.’
Polyoxometalate nanomaterials have emerged
as potent agents for quenching reactive oxygen
species (ROS)," carbon quantum dots have been
widely used in biomedical applications owing to
their ROS scavenging ability.'?
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Zhou et al.”® had shown that C,| modified with L-lysin or
f-alanine promoted the protection from a chemotherapy-
induced hepatotoxicity and cardiotoxicity on a mice model.
The comparison of compounds revealed that fullerene
modified with L-lysine was more prospective in terms of
ROS scavenging ability — 87% against 49% for -alanine. The
detected effect is most likely associated with the molecules
charge! and proteins corona surrounding all nanoparticles
and affecting nanomaterials penetration into cells.’* One more
study demonstrated an antiviral activity of polycarboxylic
derivatives of fullerenes C, is comparable with C_.'°
Decacationic malonate ester C fullerene [> M(C,N *C,),] was
tested as a photosensitizer to induce photokilling in harmful
bacteria cells and cancer cells.”” The results showed that C_ is
more efficient in terms of ROS production than C, modified in
the same way. Looking back, many researchers made multiple
attempts to fight coronavirus disease 2019 (COVID-19), and
fullerenes C, | were also tested for the chance to inhibit the
main severe acute respiratory syndrome-related coronavirus 2
(SARS-CoV-2) virus protease.!® Several works demonstrated
an effective scavenging of ROS and antioxidant properties of
C,,-'"* Based on the abovementioned, the great potential of
C,, water-soluble fullerenes application in biological systems is
obvious, so the next set of studies should shed the light on the
mechanisms and probably more beneficial effects.

Possibility to attach functional groups to the fullerene cage
via substitution of the chlorine atoms in the chlorofullerenes
structure, such as for example C Cl and C CI,, allows to
obtain a wide range of various fullerene derivatives.?""?* At the
same time, attachment of excessive number of functionalities
to the fullerene cage disrupts the system of the double bonds
thus decreasing the ability of the cage to interact with ROS
and, as a result, antioxidant properties. Thus, a compromise
should be found for the best combination of water-solubility
and antioxidant activity.

Extensive studies of biomedical effects of thiophene-based
derivatives have been performed as well. Due to the simple
heterocyclic system with the well-developed chemical
approaches for accurate positioning of functionalities, a big
variety of thiophene-based chemical structures have been
developed. A review by Roman® contains more than 300
different thiophene-based compounds, and their potential
antimicrobial activity is extensively discussed. Several other
review articles also revealed biological activity of thiophene-
based structures.”*?* Several studies describe the inhibition of
carbonic anhydrase I and II targeting carbon dioxide under the
treatment with thiophene-based derivatives, so the authors
proposed an effective application of the synthesised chemicals
for healing of neurological diseases, mountain sickness,
glaucoma, and osteoporosis.””” The research conducted by
Xu et al. revealed that the primary mechanism underlying
the action of the thiophene derivative naturally occurring in
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Echinops grijsii root extracts is based on the production of
ROS and the induction of apoptosis in cells.?® This peculiarity
of a natural healing is used in a traditional Chinese medicine
for breast, lung and colon cancer treatment. Simulation studies
were done to reveal step-by-step reactions of thiophene and
its derivatives with ROS, photo-degradation sequence and
processes of reactive oxygen generation.’' In addition,
antiviral properties have been successfully tested on thiophene-
based fullerenes C_ and C_. The broad panel of viruses was
tested in vitro and in vivo.*

In the present study, we explore the in vitro effects of three
C,, fullerene derivatives bearing thiophene substituents to
determine whether the combination of these thiophene radicals
with the C,  cage yields promising biological outcomes. For that
purpose, a standard cytotoxicity assay and tests for intracellular
ROS counting were performed with flow-cytometry and
fluorescence microscopy. Furthermore, a comprehensive
analysis of a wide range of genes and their protein expression
patterns associated with ROS was conducted with the aim of
detecting molecular alterations in cellular processes. Thus,
the present study presents an in-depth examination of three
nanosubstances, focusing on their antioxidant properties and
their potential use in translational medical applications.

2. Methods

2.1. Synthesis and characterisation of fullerene
derivatives

C,, fullerene derivatives with thiophene-based solubilising
addends were synthesised at the Federal Research Centre for
Problems of Chemical Physics and Medicinal Chemistry of RAS
(Chernogolovka, Russian Federation) from chlorofullerene
C,,Cl,. Detailed synthesis and characterisation are described in
our previous works.**** Molecular structures of the synthesised
compounds are demonstrated in Figure 1. As could be seen,
the only difference between chemical structures is the length
of the aliphatic chains attached to the thiophene heterocycle.
Fullerene-based potassium salts can dissociate in water,
resulting in the formation of fullerene-based carboxylates and
K* ions.

2.2. Cell culture

Human embryonic lung fibroblasts (4" passage) were
obtained from the Biobank collection of the Research Centre
for Medical Genetics. Cells were validated by short tandem
repeat profiling profiling and tested negative for mycoplasma.
Human embryonic lung fibroblast is a highly sensitive cell
line, which is why it is widely used in cytotoxic assays for
novel pharmaceuticals, particularly in the context of fullerene
research.*

Cultivation was performed in Petri dishes (Eppendorf,
Hamburg. Germany) at standard conditions (37°C, 5% CO))

'Higher School of Economics, Moscow, Russia; “Department of Molecular Biology, Research Centre for Medical Genetics, Moscow, Russia; *Department of
Normal Physiology, .M. Sechenov First Moscow State Medical University (Sechenov University), Moscow, Russia; ‘Department of Kinetics and Catalysis,
Federal Research Centre for Problems of Chemical Physics and Medicinal Chemistry of RAS, Chernogolovka, Russia; *Zhengzhou Research Institute of HIT,
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Figure 1. Molecular structures of the tested thiophene-based compounds F1, F2 and F3. Created with ChemSketch software.

in a humidified incubator. DMEM (PanEco, Moscow, Russia)
with 10% fetal calf serum (PAA, Vienna, Austria) and addition
of 50 U/mL penicillin (PanEco), 50 pg/mL streptomycin
(PanEco), 10 mg/mL gentamicin (PanEco) was applied for cell
culturing. The media was refreshed every 2-3 days.

In order to assess the effect of fullerenes, the cells were tested
at 1, 3, 24, and 72 hours after incubation.

2.3. Cytotoxicity test

The cells were grown in a 96-well plate (Eppendorf) for 72
hours at standard conditions (37°C, 5% COZ) in a humidified
incubator. Cell viability was assessed by the colorimetric
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) test (Biolot, Sankt-Petersburg, Russia).
Fluorescence assay was measured with EnSpire Plate Reader
(EnSpire Equipment, Turku, Finland) at 550 nm wavelength.

2.4. Assessment of intracellular ROS

Intracellular ROS was detected with 2,7-dichlorodihydrofluorescein
diacetate  (DCFH-DA) (Molecular  Probes/Invitrogen,
Carlsbad, CA, USA), which is oxidized by ROS to form
fluorescent 2,7-dichlorofluorescein. ROS were detected by two
methods - fluorescence microscopy and flow cytometry.

2.4.1. Fluorescence microscopy

Fluorescence microscopy was performed using AxioVert
microscope (Carl Zeiss, Oberkochen, Germany). A 3.7%
solution of formaldehyde was used for cell fixation, which was
applied for 20 minutes at a temperature of 4°C. Subsequently,
the cells were subjected to treatment with 0.1% Triton X-100
(PanEco) in a buffered saline solution (PBS; PanEco). The cells
were subsequently washed using 1% albumin in PBS.
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2.4.2. Flow cytometry

To prepare cells for flow cytometry, cells were firstly treated
with Versene (Thermo Fisher Scientific, Waltham, MA,
USA) and 0.25% trypsin (Paneco) solution. For cell washing,
Dulbecco’s modified Eagle medium (DMEM) culture medium
and PBS were applied. Paraformaldehyde reagent (Sigma-
Aldrich, St. Louis, MO, USA) was employed for subsequent
fixation (duration: 10 minutes). Following three rounds
of washing, the cells were subjected to a treatment with a
0.1% solution of Triton X-100 in PBS, which lasted for 15
minutes at room temperature. At the last step, cells again were
washed three times with 0.5% bovine serum albumin (BSA)—
PBS solutions. Flow-cytometry was performed with Partec
CyFlow® ML, Germany.

2.5. Assessment of gene and protein expression

The assessment of gene expression was carried out using
real-time polymerase chain reaction. Following exposure to
fullerenes, RNA was extracted from cells using YellowSolve
kits (Klonogen, Moscow, Russia) in accordance with the
standard protocol. This was followed by phenol-chloroform
extraction and precipitation using chloroform and isopropyl
alcohol in a 49:1 ratio. The concentration of RNA was
determined using the Quant-iT RiboGreen reagent (MoBiTec,
Gottingen, Germany) on an EnSpire plate reader (Finland)
with A_ =487 nm and A, = 524 nm. Reverse transcription was
performed using Sileks reagents (Moscow, Russia) following
the standard procedure. Polymerase chain reaction was
performed using appropriate primers from Synthol (Moscow,
Russia) and the intercalating dye SybrGreen from Helicon
(Moscow, Russia) on a StepOnePlus apparatus from Applied
Biosystems (Waltham, MA, USA). The primer sequences are
shown in Table 1.
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Table 1. Primer sequences

Gene Primer sequence (5'-3)

BCL2 Forward: TTTGGAAATCCGACCACTAA
Reverse: AAAGAAATGCAAGTGAATGA

CCND1 Forward: TTCGTGGCCTCTAAGATGAAGG
Reverse: GAGCAGCTCCATTTGCAGC

CDKNI1A Forward: GGAAGACCATGTGGACCTGT
Reverse: ATGCCCAGCACTCTTAGGAA

DKN2 Forward: ATGGAGCCTTCGGCTGACT
Reverse: GTAACTATTCGGTGCGTTGGG

BRCAI Forward: GGCTATCCTCTCAGAGTGACATTTTA
Reverse: GCTTTATCAGGTTATGTTGCATGGT

BAX Forward: CCCGAGAGGTCTTTTTCCGAG
Reverse: CCAGCCCATGATGGTTCTGAT

HOI1 (HMOX1) Forward: TCCTGGCTCAGCCTCAAATG

Reverse: CGTTAAACACCTCCCTCCCC

LC3 Forward: AACATGAGCGAGTTGGTCAAG
Reverse: GCTCGTAGATGTCCGCGAT

NFKB1 Forward: CAGATGGCCCATACCTTCAAAT
Reverse: CGGAAACGAAATCCTCTCTGTT

NOX4 Forward: TTGGGGCTAGGATTGTGTCTA
Reverse: GAGTGTTCGGCACATGGGTA

NQO Forward: AGCGAGTGTTCATAGGAGAGT
Reverse: GCAGAGAGTACATGGAGCCAC

NRF2 Forward: TCCAGTCAGAAACCAGTGGAT
Reverse: GAATGTCTGCGCCAAAAGCTG

SOD1 Forward: AGGGCATCATCAATTTCGAGC
Reverse: GCCCACCGTGTTTTCTGGA

TBP (reference) Forward: GCCCGAAACGCCGAATAT

Reverse: CCGTGGTTCGTGGCTCTCTCT

The quantification of protein expression was achieved through
the use of flow cytometry, employing specific antibodies on a
Cytoflex S (Beckman Coulter’s, Indianapolis, IN, USA). The
following antibodies were used: CY5.5-NOX4 (Bioss Inc.,
Woburn, MA, USA, Cat# bs-1091r-cy5-5); NRF2pSer40 (Bioss
Inc., Cat# bs2013); PE-80HdG (Santa Cruz Biotechnology,
Dallas, TXs, USA, Cat# sc-393871 PE); DyLight488-yH2AX
(pSer139) (NovusBio, St. Charles, MO, USA, Cat# nb100-
78356G); FITC-BRCAI, (NovusBio, Cat#NB100-598F);
LC3 ( NovusBio, Cat# NB2220G (DyLight 488)); Ki-67
(NovusBio, Cat# sc-23900 FITC). Incubation lased overnight
at 4°C. Secondary mouse anti-rabbit [gG-FITC (Santa Cruz
Biotechnology, Cat# sc-2359), incubation lasted 1 hour at
room temperature.

2.6. Statistical analysis

The experiments were performed in triplicate. The data
are expressed as mean and standard deviation (SD). The
significance of differences was analyzed using non-parametric
Mann-Whitney U criterion. P < 0.01 was considered as
statistically significant. StatPlus2007 software (AnalystSoft
Inc., Alexandria, VA, USA) was used for data analysis.

3.Results
3.1. Cytotoxicity and cell uptake of fullerenes

In order to assess cytotoxicity, we conducted a standard MTT
assay for 72 hours of incubation with the fullerenes under
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investigation. Despite the great potential of various simulations
of drugs cytotoxicity and so-called in silico methods, there is
still an urgent need to test new drugs cytotoxicity in the living
systems.¥ ¥

To compare the fullerene cytotoxicity, we have found an
IC,, (inhibitory concentration) value at which 50% of cells
are alive compared to the control group without addition of
any compound. F1 showed the lowest IC_ value of 83 pg/mL
(Figure 2A - green line), which means that cells are quite
sensitive to this fullerene derivative. At the same time, F2
and F3 demonstrated almost similar IC, values — 478 and 451
ug/mL, respectively. Such remarkable difference (5 fold) in a
cytotoxic response may be a result of the different dissociation
rate of fullerenes in water, a longer aliphatic chain is leading
to a slower rate of dissociation.*”’ Based on the MTT data, the
limiting non-toxic concentration (28 ug/mL) with 90% cell
viability for all fullerenes was chosen for the further studies
and visualisation. Up to 28 pg/mL concentration the graphs for
F1, F2 and F3 have the same profiles as depicted in Figure 2A.

All of the tested compounds have an intrinsic fluorescence
with a maximum peak in the range of 620-625 nm. Using flow
cytometry, we were able to observe the fullerenes penetration
into the cells after incubation. It should be noted, that only
after 1 hour of incubation the fullerenes were observed inside
the cells by flow cytometry and the value was significantly
different from the control value for all of the tested structures.
After three hours, we observed the peak of fullerene intensity
within the cells, while subsequent time points, namely 24 and
72 hours, revealed a reduction in intensity. After 72 hours of
incubation, the fluorescence intensity was the same as after 1
hour, which probably means that somehow fullerenes degrade
inside cells over time (Figure 2C).

The results which have been obtained by flow cytometry
were supported by fluorescence microscopy (Figure 3). Cells
were incubated with the compounds during 1 hour before
the visualisation of fullerenes localisation inside the cells.
Most of the fullerene molecules were located in the centre of
cells around the nuclei, there was no evidence of fullerenes
translocation through the nuclear membranes. Almost no
fullerenes were observed at the cell periphery, lamellipodia or
filopodia. This result allows us to suggest that the diffusion of
fullerenes through the cell membrane occurs during several
minutes and is thermodynamically beneficial which is also
supported by the previous data.*"*

3.2. Intracellular ROS evaluation in fullerenes

ROS are important signalling molecules in cells playing a role
in cell proliferation, apoptosis and cell-to-cell crosstalk.* On
another hand, an excessive synthesis of ROS by cells because
of the disruption of the intracellular processes and/or external
influences cause cell death or cell damage.* Thus, the imbalance
of ROS concentration in one or the other side is an indicator of
changes in cell metabolism.*

Figure 2B presents the findings of an assessment ofROS
levels in cells using flow cytometry. ROS concentration in
cells was assessed with DCFH-DA method.* Non-fluorescent
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Figure 2. (A) cytotoxicity for fullerenes F1-F3 in human embryonic lung fibroblasts after 72 hours of incubation. (B) Intracellular ROS detection
after incubation after 1, 3, 24, and 72 hours. (C) Fluorescent intensity of fullerenes penetrated inside cells. The data are expressed as mean + SD.

*P < 0.01, vs. control (non-parametric Mann-Whitney U test).

DCFH in the cytoplasm is a highly sensitive marker to ROS
and it is oxidised by free radicals to intensely fluorescent
2,7-dichlorofluorescein that could be detected.

The cells were incubated with fullerenes for a period of 72 hours.
However, the reaction of the cells was monitored from the
start of the incubation period at 1 hour (Figure 2B). In general,
all the fullerenes tested showed a significant reduction in ROS
levels in cells, although the duration of effect development
varied. Significant difference compared to the control group
was found after 3 hours for fullerene F1, while for fullerenes
F2 and F3 the significant reduction in ROS was observed only
after 24 hours. This result is supported by our previous MTT
data where we revealed a remarkable difference in IC, values
— F1 acts more rapidly at lower doses than F2 and F3. Thus,
ROS reduction and difference in cell viability probably is a
consequence of different bioavailability of fullerenes. After 72
hours all of the tested compounds had shown the significant
decrease of ROS in the range of 26-32% that proves the ability
of the thiophene-based fullerenes to promote a long-term anti-
oxidant effect.

Figure 4 demonstrates ROS generation with the same
DCFH-DA method by fluorescence microscopy. Green colour
on the second column demonstrates ROS distribution and
visualizes “black dots” after fullerenes addition. Red colour on
third column indicates fullerenes localisation in cells, “black
dots” are red-coloured and filled by fullerenes.

Aside from the revealed antioxidant properties of fullerenes,
there is still a probability of ROS generation by fullerenes
under light illumination.”*® Besides, there is a chance that
thiophene-based compounds may act as ROS creators, as

Biomater Transl. 2025, 6(3), 359-370

was previously shown in some studies.*”° Summing up, we
propose the presence of two competing processes in human
embryonic lung fibroblasts in response to fullerenes treatment
- inhibition of ROS generation that was already proved in the
previous series of experiments, and ROS production. The last
hypothesis should be carefully checked through the assessment
of expression of genes and proteins associated with ROS.

3.3. Genes and proteins expression as a response to
incubation with fullerenes

Investigation of genes and protein expression was performed
at four time points — 1, 3, 24 and 72 hours. In general, the genes
and proteins can be divided into two broad categories based on
the degree of expression changes (Table 2).

The heat maps mentioned that in common, the profile
and tendencies are the same for all of the tested fullerenes
(Figure 5). The highest modification is notable after 24 and 72
hours. For F1 no changes were found after 1 hour, meanwhile
for F2 and F3 compounds we were able to register changes in
CCND1 gene expression. CCNDI gene was activated in cells
incubated with F1 only after 3 hours. At that time point, the
decrease in NOX4 protein was detected in cells treated with F1.
For F2 and F3 after 3 hours we have found several changes in
gene/protein expressions — Nox4, NRF2, and NRF2. For F2 we
also found an increased level of 8-0xo-guanine (80x0G), when
for F3 HOI expression was increased.

Principally, the division into two groups demonstrated in
Table 2 is very similar for the tested fullerenes, and only small
deviations are notable. NOX4, NRF2 and NRF2 are in the first
group with the greatest changes for all of the tested fullerenes.
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Figure 3. Effect of fullerenes F1-3 on morphology human embryonic lung fibroblasts after 1-hour incubation. Left column visualises optical
light microscopy images of cells, the middle column shows the fluorescence photo (fluorescence of the fullerenes inside cells), and the right one

demonstrates the merged images. Scale bars: 20 um.

NOX4 enzyme, one of the crucial NADPH oxidases, which
is catalysing the synthesis of hydrogen peroxide and is
one of the main sources of ROS in fibroblasts.’! Thus, the
NOX4 gene and protein activate as a response to stimuli,
promoting oxidative stress in cells and inducing fibrosis.*
As can be observed in Table 1, the expression of the NOX4
gene undergoes a marked increase, whereas the alterations
in its protein expression exhibit a lesser degree, resulting in a
decrease relative to the baseline level. The time of activation
for the NOX4 gene differs depending on the isoform: for F2
and F3, it is 3 hours; for F1, the level of gene expression
becomes active after 24 hours.

To conclude, NOX4 gene responsible forROS generation,
exhibits a rapid activation in fibroblasts in the presence of F2
and F3. Conversely, for F1 a marked increase in the NOX4
expression occurs only over a period of 24 hours.

364

Conversely, both the gene and protein expression of the
NRF2 are in the same first category, indicating a highly
active response of these elements. NRF2 is a leucine zipper
transcription factor, which is known for more than 20 years
because of its significant role in antioxidant protection of cells.
53 The primary role of NRF2 is to orchestrate a cellular response
to a variety of oxidants.** The activation of the NRF2 gene and
the upregulation of its protein expression place these entities
in the first group, indicating that the cells have initiated the
antioxidant response.

For F1, the expression of the gene and protein is increased
after 24 hours in parallel to NOX4, so the counteraction of
two processes is taking place in the cells. For F2 and F3, a
substantial increase is observed after 3 hours, which persists
up to 24 hours for both the gene and the protein. Moreover,
for F3, there is also a marked shift towards an increase after

www.biomat-trans.com
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Figure 4. Effect of fullerenes on ROS-scavenging properties in human embryonic lung fibroblasts. Optical microscopy (first column) and
fluorescence microscopy (second, third and fourth columns) images of cells incubated with the fullerenes (red) during 25 hours and dye for ROS
(DCFH-DA) (green). Second column visualizes the coloring of the cells with dye for ROS, third column shows fluorescence of the fullerenes,
the last column demonstrates both fluorescence events. Scale bars: 20 um.

Table 2. Classification of genes and proteins according to their
expression after fullerenes addition

Group Compound Gene/protein
1 F1 NOX4, NRF2, NRF2, HO1, NQO, BRCA1,
CCND1, CDKNIA, LC3
F2 NOX4, NRF2, NRF2, HO1, NQO, BRCAI,
CDKNIA
F3 NOX4, NRF2, NRE2, HO1, NQO, BRCAI,
CCND1, LC3, LC3
2 F1 NOX4, SOD1, 80x0G, H2Ax, CDKN2,
BCL2/BAX, Ki-67, LC3
F2 NOX4, SOD1, 80x0G, H2Ax, CCND1,
CDKN2, BCL2/BAX, Ki-67, LC3, LC3
F3 NOX4, SOD1, 80x0G, H2Ax, CDKNIA,

CDKN2, BCL2/BAX, Ki-67

Notes: Group 1 — changes of expression are higher or equal 50%; and group 2 — expression
variability is less than 50% compared to the control value. F1, F2, F3 indices three
fullerenes, and their structural formulae are shown in the Figure 1. Green means the
increased expression, red color meansthe decreased expression; and black means no
significant change.

72 hours, indicating the prolonged antioxidant activity of that
compound.

Searching for the relation between NOX4 and NRF2, we have
found a study where the activation of NRF2 was mediated
by NOX4 in cardiac cells.*® Another study describes how the
activation of NRF2 under the action of NOX4 promotes the
survival in cancer associated fibroblasts and tumorigenesis.*
Thus, there is a close correlation between these two genes,

Biomater Transl. 2025, 6(3), 359-370

and in healthy fibroblasts, their balance should be perfectly
harmonious. In our study, we observed a decrease in the
expression of the NOX4 protein, which is responsible for
regulating the production ofROS, when the NOX4 gene is
upregulated. Therefore, we have ample evidence to suggest
that the NOX4 gene may be involved in the activation of NRF2
triggered anti-oxidant pathway.

It has been previously demonstrated that NRF2 initiates the
so-called NRF2-ARE pathway, which is responsible for the
activation of defence mechanisms in cells and their subsequent
protection.”” Thus, NRF2 triggers the activation of the NQO1
gene, which is involved in cellular protection against ROS,
leading to a significant alteration in its expression towards
an increase. Similarly, NRF2 enhances the expression of the
HO1 gene.”® Both NQOI and HOI serve as markers of cellular
modifications aimed at eliminating ROS, representing a crucial
aspect of antioxidant activity. These enzymes are classified
as belonging to the first group in Table 2.*® The HOI gene
becomes activated at both 24- and 72-hour intervals for all
fullerenes. However, an elevated level was also detected after
3 hours in the case of F3 (Figure 5). For NQO1 we found a
similar response in cells — the increased level of expression
after 24 and 72 hours.

Another gene, SOD1, was subjected to testing for its expression
due to the capacity of superoxide dismutase-1 to metabolise
superoxide radicals into molecular oxygen. We have found
that in response to the incubation with fullerenes, cells
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Figure 5. Heat maps of genes and proteins expression in human embryonic lung fibroblasts in response to the incubation with the fullerenes F1,
F2 and F3. *P < 0.01, vs. control (non-parametric Mann-Whitney U test).

Abbreviations: 80xodG: 8-o0x0-2’-deoxyguanosine; BCL2: B-cell lymphoma 2; BAX: Bcl-2-like protein 4; BRCA1: Breast cancer 1; CCNDI1:
Cyclin D1; CDKN1A: Cyclin-dependent kinase inhibitor 1A; CDKN2: Cyclin-dependent kinase inhibitor 2A; H2Ax: H2A histone family
member X; HO1: Heme oxygenase 1; Ki-67: Antigen Kiel 67; LC3: Light chain 3 protein; NOX4: NADPH oxidase 4; NQO1: NAD(P)H quinone
dehydrogenase 1; NRF2: Nuclear factor erythroid 2-related factor 2; SOD1: Superoxide dismutase 1.

activate SODI to reduce intracellular ROS. The variations
in its expression are less than 50%, which is why we have
categorised it as the second group in Table 2. The activation
of its expression was observed after a period of 24 hours for all
derivatives of fullerene.

80x0G is aresult of ROS interaction with DNA, which makes it
an efficient marker of DNA oxidative damage.®! For F1 and F3
we found its decrease after 72 hours. This fact can be explained
by our previous data - possibly, activated NRF2 inhibits ROS
that results in 80xoG decrease. For F2, we observed the
same general trend, with the exception of the 3-hour mark,
where there is an increase of 80x0G. It is possible that such an
increase is associated with a concurrent rise in the expression
of the NOX4 gene. In general, based on the 8-0xoG marker,
there appears to be reduction of oxidative damage to DNA
after fullerenes addition to the cells.

In order to investigate the presence of double-strand DNA
breaks, we conducted an analysis of the H2AX histone protein
that is phosphorylated at the sites of damage.®* For all of
the tested fullerenes, we observed the decreased level of the
protein. For F1 and F3 the decreased level was also observed
after only 24 hours, for F2 - after 72 hours.

By analysis of CCNDI, CDKNIA and CDKN2, we have
examined the alterations in the progression of the cell cycle.
CCND1 facilitates the transition of cells from the G1 phase to
the S phase, which is a precursor to mitosis.”® The fullerenes
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demonstrated the increased level of the gene expression
meaning the successful cell cycle progression. F1 and F3
fullerenes produced significant changes and we placed this
gene in group 1, when F2 induced weaker changes in its
expression and we placed it in group 2 (Table 2). As shown in
Figure 5, CCND1 expression increased in 1 hour after F2 and
F3 addition reflecting the better cells sensitivity to fullerenes
with the addends containing longer carbon chain. Compared
to F2 and F3, F1 changed CCND1 gene expression later, only
after 3 hours.

CDKNI1A coding p21 protein is a cell cycle inhibitor which
arrests the cycle progression and inhibits cyclin-dependent
kinases.** In general, all three fullerenes enhanced the
expression level, but the changes were more pronounced for
F1 and F2 (Table 2). It should be noted that CCND1 expression
changes after 3 hours while CDKNIA after 24 and 72 hours
(Figure 5), therefore the activated life cycle progression in
a short-period results in activation of cell arrest in a longer
perspective.

CDKN2 is a well-known tumour-suppressing gene inhibiting
uncontrolled cellular growth and division.®® The expression of
that gene increased after all fullerenes and because its changes
were less than 50% it belongs to the second group (Table 2).
De facto, CDKN2 becomes activated in concert with CDKN1A
following a period of 24 hours, thus they collaborate in halting
the progression of the cell cycle. Furthermore, we explored
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the expression of the Ki67 gene, as it is also implicated in
the processes of mitosis, regulating the formation of mitotic
chromosome periphery compartment and preventing their
clustering.® We have demonstrated a reduction in the level
of its expression for all the compounds under investigation,
indicating a mitotic inhibition in the cells. The changes occur
after 24 or 72 hours and the value of changes corresponds to
group 2 (Table 2).

Another gene indirectly related to the cell cycle progression
and DNA repair is BRCA1.?” It was shown that mutations in that
gene result in oncogenic transformation in cells, which cannot
repair their genome.*® This gene expression was significantly
activated and it was placed in the first group for all fullerenes
(Table 2). BRCAI gene expression has started after 24 hours
and continued until 72 hours (Figure 5).

BCL2 is a protein that acts as an apoptosis inhibitor, effectively
neutralising the activity of the pro-apoptotic protein BAX.%"!
The BCL2/BAX balance governs the cell’s decision-making
process — whether to undergo apoptosis or not. In our
experiments, there was no discernible shift towards either
an increase or a decrease. Therefore, the outcome indicates
a harmonious equilibrium between pro-apoptotic and anti-
apoptotic dynamic within the cells.

Autophagy was investigated with LC3 gene and protein
expression. It is worth noting that for the F3 compound, both
protein and gene expressions underwent significant alterations
and were categorised in the first group (Table 2). For F2, the
changes in the expression were non-significant. After F1,
changes of LC3 protein expression were more pronounced
than of LC3 gene. Thus, for F1 and F3 we noticed an increase
of autophagy meaning that cells utilise some of their damaged
or useless organelles to construct the new ones after 72 hours.”

4, Discussion

Overall, based on the extensive research, we conclude the
antioxidant effect of fullerene derivatives in the following
sequence according to their gene/protein expression - F3
< F2 < F1. Fullerene with the greater carbon chain, or F3,
demonstrated the rapid activation of the panel of antioxidant
factors - NRF2, HO1, NQO1, and SODI. This led to a reduction
of the DNA damage markers — 80x0G and H2AX. The initial
stimulation of the cell-division cycle progression by CCND1
only after 1 hour is a signal of suitable conditions for cells
division. Later inhibition of the cell cycle by CDKN1A, CDKN2,
Ki-67 and BRCAI is an adequate response to the preliminary
activated gene of cell cycle progression devoted to stop
cell overgrowth. The delayed induction of autophagy is a
mechanism employed by cells to conserve precious resources
and restore their structural integrity.

A similar overall pattern was observed for the compound F2,
but the level of antioxidant gene activation does not reach the
same degree as that observed for F1. For example, NRF2 and
HOL1 expression was lower by 20-30%. Due to the postponed
activation of the NRF2 gene, we positioned F1 at the end of
the series of compounds under investigation in terms of their
antioxidant capacity.
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To recapitulate all the data, a decline in intracellular ROS
detected by flow cytometry revealed that the F1 effect was more
rapid than the F2 and F3 effects in terms of antioxidant activity
(Figure 2B). Probably, the observed reduction in intracellular
ROS can be attributed to a decrease in the expression of the
NOX4 protein (Figure 5). Intracellular fluorescence of F1
fullerene has a maximum intensity after 3 hours, but we were
not able to register the associated changes in gene/protein
expression. It is possible that F1 has been able to capture ROS in
the intracellular space. Nonetheless, the results of cytotoxicity
assay conducted in the present study revealed a 5-fold increase
in the toxicity of compound F1 compared to other two
compounds, thus rendering it highly detrimental to cells.

Compounds F2 and F3 are very similar in terms of their
biological effects on Human embryonic lung fibroblasts.
Their profiles of cytotoxicity and cell viability are very close.
For both compounds significant intracellular ROS decrease
was determined after 24 hours. A discrepancy in the gene/
protein expression patterns was observed between F2 and
F3 compounds. In the case of F3, the genes maintained an
elevated level of expression even after 72 hours, suggesting a
protracted F3 effect. Variability between F2 and F3 was found
in gene/protein expressions. In case of F3 the genes continued
to have an increased level of expression after 72 hours, so the
compound effect is also prolonged.

5. Conclusions

The biological effects of the water-soluble thiophene-based C |
fullerene derivatives were extensively studied on human embryo
lung fibroblasts. Intracellular oxidative stress, cytotoxicity
response and the expression of key genes and proteins were
tested to reveal if the compounds have an antioxidant effect.
The solubilising addends in the investigated compounds were
only different in the length of the aliphatic chain. Nonetheless,
this subtle alteration had a profound impact on the antioxidative
properties of fullerene derivatives. Thus, we have found that the
antioxidant activity of fullerenes can be ranked in descending
order of potency based on gene/protein expression, with F3
being the most potent, followed by F2 and then F1. The longer
carbon chain resulted in a pronounced antioxidant activity
prolonged up to 72 hours. The revealed effect is fundamentally
different from the effect of the pristine C, fullerene on cells,
which exhibits prooxidant properties. Thus, modification
of the surface with substituents that enhance the antioxidant
properties of the substance leads to a change in the mechanism
of the effect of nanoparticles on the genetic apparatus of the
cells. The findings obtained can be utilised in forecasting the
anti-oxidative properties of fullerenes, which could contribute
to the development of innovative pharmaceuticals for
addressing ischemic disorders, stress-induced conditions, age-
related issues, and other practical healthcare challenges.
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