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Abstract: The development of novel biologically active nanopharmaceuticals is a topical problem of
medicine. Water-soluble fullerene derivatives are of particular interest due to their ability to regulate
intracellular metabolism of reactive oxygen species (ROS) by direct oxidation or effects on oxidative
and signaling enzymes. Here, we studied the effect of a water-soluble chlorine-containing derivative
of Cg fullerene on human embryonic lung fibroblasts. MTT tests, intracellular ROS visualization,
detection of the ROS-associated gene and protein expression, repair, cell proliferation and cell cycle
regulation, and quantitation of oxidative DNA damage were used. Within the first three hours after
exposure, antioxidant effects were revealed. Later, oxidative damage appeared. Thus, the studied
compound had an ambiguous effect on ROS metabolism associated with a switch in the regulatory
effect, which must be taken into account when assessing its biological activity and toxicity.
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1. Introduction

The progress in nanotechnology has allowed medicine to move far ahead in phar-
macology. Among the most promising compounds considered as perspective nanodrugs
are fullerenes and their derivatives [1]. Due to electronic structures and unique physical
and chemical properties, fullerenes act both as pro-oxidants and as antioxidants [2,3]. This
ability to either suppress or generate cytotoxic free radicals, together with a small size
and a large surface area, leads to various applications in medicine [4,5]. The reactivity of
fullerenes allows targeted surface modification and synthesis of water-soluble compounds
with specified biological activity [6,7].

Chlorofullerene Cg(Clg can be used as a precursor for the synthesis of fullerene deriva-
tives with high solubility in water and pronounced antibacterial and antiviral activity,
including against human immunodeficiency virus [8-10]. Fullerene derivatives with five
organic functional groups and chlorine atom attached to the cage can be synthesized as
described elsewhere [10]. In general, organochlorine molecules are toxic (primarily hepato-
toxic and nephrotoxic), examples of which are numerous, ranging from chloromethanes to
dioxins [11] and chlorine-containing insecticides [12]. The inclusion of chlorine atoms in
the molecules aggravates the toxicity [13]. The higher number of chlorine atoms causes a
higher toxicity [14,15]. The mechanism of toxicity of halogen-containing organic substances
lies in the induction of oxidative stress through various pathways [16,17].

Oxidative stress is a pathological state, where the production of reactive oxygen species
prevails over the antioxidant defense, leading to disruption of signaling pathways, cellular
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damage, and inflammation [18,19]. The family of reactive oxygen species is extremely di-
verse and heterogeneous; it includes low-molecular-weight organic compounds, transition
metal ions, enzymes, and lipids. The network of antioxidants is also heterogeneous and
numerous. Their effects depend on localization, the presence of co-antioxidants, and many
other factors [20]. ROS metabolism are characterized by pleiotropy and double-edged
effects. At low concentrations, ROS have physiological effects, participating in signal trans-
duction, the cell cycle, and immune defense. It is the amount of ROS that determines the
switching point from physiological to pathological effects. However, the shape of the “dose-
effect” function is unique and unpredictable in each case [21]. Simultaneous participation
of reactive oxygen species in several pathways makes it very difficult to interpretate their
role in carcinogenesis [22]. Close relationships of oxidative stress, inflammation, and other
types of metabolic stress necessitate a separate study of oxidative metabolism for different
conditions and pathologies [23,24]. Understanding these mechanisms is important for
development of new therapeutic strategies for diseases associated with the dysregulation
of redox and oxidative metabolism.

The aim of the study was to investigate the effects of the Cgy derivative with one
chlorine atom attached to the fullerene cage on ROS metabolism in human embryonic lung
fibroblasts (HELF) and to examine their safety and toxicity for further application.

2. Materials and Methods
2.1. Fullerene Derivative

Water-soluble buckminsterfullerene derivative F1 (M = 1982.5) contains five residues
of potassium salt of 3-phenylglutaric acid and one chorine atom attached directly to the
fullerene cage (Figure 1). Compound F1 was synthesized in three steps from fullerene
Cepo- The details of the synthesis and the spectral data for compound F1 were published
previously [25]. The scheme of the synthesis is also given in Figure S1.

KOOC COOK
HOOC > cooH

Figure 1. The molecular formula of F1.

To reveal aggregation of the fullerene derivative in an aqueous solution, we performed
dynamic light scattering measurements using a Photocor Complex spectrometer at 23 °C
with a near infrared laser (790 nm). The fullerene derivative F1 (4 mg) was dissolved in
4 mL of deionized water. The solutions were filtered through a polyethersulfone syringe
filter (0.45 um) to 4 mL glass vial. The results are given in Figure S2. As most of the
amphiphilic fullerene derivatives, water-soluble compound F1 forms bilayer vesicles with
an average hydrodynamic radius (Ry) of ~50 nm in aqueous solutions.

The fluorescence and absorption spectra are presented in Figures S3 and 54, respectively.
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2.2. Cell Culture

Human embryonic lung fibroblasts (HELF) (4th passaging cells) were supplied by the
Research Centre for Medical Genetics. Cultivation was performed at 37 °C using a DMEM
medium (PanEco Moscow, Russia), 10% fetal calf serum (PAA, Vienna, Austria), penicillin
(50 U/mL), streptomycin (50 pg/mL), and gentamicin (10 mg/mL). The cells were cultured
for 2 or 24 h, as described previously [26,27]. The cells were incubated with the fullerene
for1h,3h,24h,and 72 h.

2.3. MTT Test

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium
reduction assay was used to assess cell viability. The details are described in [26,27]. The
cells were prepared in 96-well plates and incubated for 72 h. Fluorescence was measured at
550 nm with an EnSpire Plate Reader (EnSpire Equipment, Turku, Finland). As a negative
control, the cells were incubated with a culture medium and deionized water (a solvent
for the fullerene). As a positive control, the fullerene F1 was used in a high concentration
(600 uM).

2.4. Antibodies

DyLight488-yH2AX (pSer139) primary antibodies (nb100-78356G; NovusBio, Cen-
tennial, CO, USA), FITC-NRF2, (bs1074r-fitc; Bioss Antibodies Inc., Woburn, MA, USA),
FITC-BRCA1 (Nb100-598F; NovusBio, Centennial, CO, USA), PE- 8-oxo-dG (sc-393871 PE;
Santa Cruz Biotechnology, Dallas, TX, USA), CY5.5-NOX4 (bs-1091r-cy5-5; Bioss Antibodies
Inc., Woburn, MA, USA), A350-BCL2 (bs-15533r- a350; Bioss Antibodies Inc., Woburn, MA,
USA), BAX (Nb120-7977; NovusBio, Centennial, CO, USA), and secondary anti-rabbit
IgG-FITC (sc-2359; Santa Cruz Biotechnology, Dallas, TX, USA) were used.

2.5. Flow Cytometry

The cells were treated with Versene solutions (Thermo Fisher Scientific, Waltham,
MA, USA) and 0.25% trypsin (Paneco, Moscow, Russia). Next, the cells were washed with
culture medium and suspended in phosphate buffer solution (pH 7.4) (Paneco, Moscow,
Russia). Paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) was used for cell fixation
(37 °C for 10 min). Next, the cells were washed thrice with a BSA—PBS mixture (0.5%).
After treatment with 0.1% Triton X-100 solution in PBS for 15 min at 20 °C, the cells were
washed thrice with 0.5% BSA—PBS solutions. For staining, the cells were treated with
conjugated antibodies (1 pg/mL) for 2 h at 20 °C and washed with phosphate-buffered
saline. As for reaction with unconjugated primary antibodies to BAX, the cells were
incubated with the antibodies (1 pug/mL) for 8 h (+4 °C), washed with 0.5% BSA—PBS
solutions, incubated for 1 h at 20 °C with secondary antibodies (1 ug/mL) and washed
thrice with 0.5% BSA —PBS solutions.

A flow cytometer (CytoFlex S; Beckman Coulter, Pasadena, CA, USA) was used for
the measurements.

To assess intracellular ROS, the suspension of the cells was incubated for 15 min in
the dark with H2DCFH-DA solutions in phosphate-buffered saline (10 uM; Molecular
Probes/Invitrogen, Carlsbad, CA, USA), washed and resuspended in PBS. The measure-
ments were performed using the FITC channel of the flow cytometer.

2.6. Fluorescence Microscopy

Fluorescence imaging of the cells was performed with an Axio Scope.Al microscope
(Carl Zeiss, Jena, Germany). After fixing with 3.7% formaldehyde (20 min, +4 °C), the
cells were treated with 0.1% Triton X-100 in PBS and washed and treated with 1% albumin
solution in PBS. Next, the cells were incubated overnight at +4 °C with primary antibodies
FITC-NRF2 (bs1074r-fitc) and CY5.5-NOX4 (bs-1091r-cy5-5) (1 pg/mL in PBS + 1% BSA)
(Bioss Antibodies Inc., Woburn, MA, USA). Next, the cells were washed with PBS and
stained with DAPL
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2.7. Spectrophotometry and Spectrofluorimetry

A CLARIOstar reader (BMG Labtech, Ortenberg, Germany) was used to register fluo-
rescence and absorption spectra of F1 in aqueous solutions and culture media (Figure S3).

2.8. Immunocytochemistry

Cells on 25 cm? slides (Thermo Fisher Scientific, Waltham, MA, USA) were fixed in
paraformaldehyde (3%) at 4 °C for 20 min, then washed with phosphate-buffered saline
and permeabilized with Triton X-100 (0.1%) in phosphate-buffered saline for 15 min (20 °C).
Next, the cells were treated with BSA-PBS solutions (0.5%) for 1 h and incubated at 4 °C
with antibodies for 8 h. The cells were washed with Triton X-100 (0.1% in PBS), incubated
for 2 h (20 °C) with FITC goat anti-mouse IgG, washed with phosphate-buffered saline and
stained with DAPI (4', 6-diamidino-2-phenylindole) [26,27].

2.9. Intracellular ROS Assay

ROS detection was performed using three methods: flow cytometry, fluorescence
microscopy, and total fluorescence analysis in a 96-well plate. Cells in 96-well plates were
incubated with F1, washed with phosphate-buffered saline and treated with H2DCFH-
DA (10 uM in PBS) (Molecular Probes/Invitrogen, Carlsbad, CA, USA), and the total
fluorescence was analyzed at Aex = 503 nm and Aepy = 524 nm (EnSpire Equipment, Turku,
Finland) at 37 °C 10 times at 5 min intervals. The reaction rate constant of DCF formation
(k) was calculated using the function of DCF fluorescence vs. the incubation time with
H2DCFH-DA. The ratio k; /ky was calculated, where k; and kj are the rate constants of ROS
formation in the presence of fullerene and in the control, respectively. The average value of
DCF fluorescence for 16 wells and standard deviation were calculated and presented below.

2.10. mRNA Quantification

A RNeasy Mini Kit (Qiagen, Hilden, Germany) was used for isolation of total mRNA.
After treatment wtih DNAase I, a reverse transcriptase kit (Silex, Moscow, Russia) was used
to perform reverse transcription. qRT-PCR with SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) was applied for obtaining the expression profiles. The
measurements were performed with StepOnePlus (Applied Biosystems). The primers were as
follows (Syntol, Moscow, Russia): BRCA1 (F: TGTGAGGCACCTGTGGTGA, R: CAGCTCCTG-
GCACTGGTAGAG); NRF2 (NFE2L2) (F: TCCAGTCAGAAACCAGTGGAT, R: GAATGTCT-
GCGCCAAA AGCTG); NOX4 (F: TTGGGGCTAGGATTGTGTCTA; R: GAGTGTTCGGCA-
CATGGGTA); BRCA2 (F: CCTCTGCCCTTATCATCACTTT; R: CCAGATGATGTCTT CTC-
CATCC); CCND1 (F: TTCGTGGCCTCTAAGATGAAGG; R: GAGCAGCTCCATTTGCAGC);
CDKN1A (F: TGTCCGTCAGAACCCATGC; R: AAAGTCGAAGTTCCATCGCTC); 0 (F: ATG-
GAGCCTTCGGCTGACT; R: GTAACTATTCGGTGCGTTGGG); and TBP (a reference gene)
(F: GCCCGAAACGCCGAATAT, R: CCGTGGTTCGTGGCTCTCT).

2.11. Gene Accession Numbers

NADPH oxidase 4 [Homo sapiens (human)] (NOX4) Gene ID: 50507; NFE2 like bZIP
transcription factor 2 [Homo sapiens (human)] (NFE2L2) Gene ID: 4780; BRCA1 DNA
repair associated [Homo sapiens (human)] (BRCA1) Gene ID: 672; CCND1 cyclin D1 [Homo
sapiens (human)] (CCND1) Gene ID: 595; CDKNI1A cyclin dependent kinase inhibitor 1A
[Homo sapiens (human)] (CDKN1A) Gene ID: 1026; CDKN2A cyclin dependent kinase
inhibitor 2A [Homo sapiens (human)] (CDKN2A) Gene ID: 1029; TBP TATA-box binding
protein [Homo sapiens (human)] (TBP) Gene ID: 6908.

2.12. Statistics

The experiments were performed in triplicates. The data are given as the mean and
standard deviation (SD). The statistical significance was calculated with the nonparametric
Mann—Whitney test; the significant differences (p < 0.01) are marked with “*” in the charts.
StatPlus2007 software (AnalystSoft Inc., Walnut, CA, USA) was used for data analysis.
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3. Results
3.1. Cytotoxicity and Cell Penetration

The cytotoxic effect of F1 was assessed with a conventional MTT test. The effect
of F1 on HELF was studied in the concentration range from 0.009 pM to 600 pM. The
fullerene was added to the medium, and the cells were cultured for 1-24 h. F1 was
not toxic at concentrations below 14 uM. At concentrations from 14 uM to 171 uM, F1
caused less than 50% cell death. At concentrations above 171 pM, this compound showed
pronounced toxicity (Figure 2). The positive control was performed with dimethyl sulfoxide
(0.0001-50%) (Figure S5).
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Figure 2. MTT-test result: the absorbance at 570 nm vs. F1 concentration. Significant differences with
the negative control by the Mann—Whitney test (p < 0.01) are denoted by “*”.

The concentrations of 0.009 uM that is the lowest concentration effecting the cell
survival and 14.0 pM that is the maximum non-toxic concentration of F1 causing damage
to no more than 20% of cells restrict the interval of non-toxic and biologically active
concentrations. Thus, these concentrations were used for the study.

Fluorescence excitation spectra (Aex = 230-600 nm, Ag = 620 nm) for the solution of
F1 in the culture medium demonstrated two excitation maxima at 280 nm and 370 nm
(Figure S3a). There are three emission maxima at 436, 470, and 628 nm (Figure S3b) and
one maximum Ag = 628 nm at A¢x = 370 nm (Figure S3c).

Based on these data, we studied the penetration and the localization of F1 in cells
using the red region of the spectrum. Within 1-24 h of incubation, F1 penetrates through
the cell membrane and accumulates in the cytoplasm (Figure 3a). Flow cytofluorimetry
of unfixed HELFs (Aex = 488 nm) confirmed the results of fluorescence microscopy. The
fluorescence in cells increased with the increasing cultivation time (Figure 3b).

Thus, the fluorescence of F1 makes it possible to study its penetration into cells,
accumulation, and localization in the cytoplasm.
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Figure 3. (a) Fluorescence images of HELFs (40 x) incubated with F1 (1.5 uM) for 3 h in transmitted
light (left), fluorescence (middle), and merged mode (right) using a 575-645 nm excitation filter (#6)
and a 530-555 nm emission filter; (b) median values of FL4 signal in non-fixed cells vs. cultivation

1

time. According to the Mann—Whitney test, the signals after 3 and 24 h differed significantly

from the control value (p < 0.01).

3.2. Intracellular ROS and NOX4 Gene Expression

The compound H2DCFH-DA (2,7-dichlorodihydrofluorescein diacetate), which is
a dye that rapidly penetrates through cell membranes and is hydrolyzed fast to DCFH
in the cytosol by cell hydrolases, was used to assess intracellular ROS. Non-fluorescent
DCFH reacted to intracellular oxidative stress, being oxidized to intensely fluorescent DCF
(dichlorofluorescein) by ROS.

Figure 4 shows the rate constants of DCF synthesis in the cells at F1 concentrations of
0.009 uM and 14.0 uM vs. the control (cells cultured without fullerene) on time (1, 3, 24,
and 72 h of incubation of cells with the compound). Adding 14.0 uM F1 to the cells resulted
in a statistically significant decrease (by ~40%) of ROS after 1 and 3 h. Adding 0.009 uM
resulted in a tendency to decrease ROS by 12% and 18% after 1 and 3 h, respectively.
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Figure 4. Histograms of ROS levels in cells (the ratio of DCF synthesis rate constants k; to the control
value kj) at various F1 concentrations and incubation times (indicated in the figure). Significant
differences with the control by the Mann—Whitney test (p < 0.01) are denoted by “*”.

Thus, during the first three hours after incubation, F1 contributed to a decrease
in the intracellular ROS, but within a day this effect disappeared. Probably, because of
biochemical transformation, this compound lost its antioxidant properties, or it led
to increased expression of ROS by enzymes, in particular NADPH-oxidase, which is
the main source of physiological low-level intracellular ROS. NOX4 was expressed in
fibroblasts, and its expression was regulated at the gene level.

When the cells were exposed to F1 (0.009 uM and 14.0 uM), the NOX4 expression
increased by a factor of 1.5-2.8 at the gene and protein levels 24-72 h after the start of
incubation (Figure 5).

The increase in NOX4 protein expression after 24 h may explain the increase in
intracellular ROS after 24-72 h and the possible development of ‘prolonged’ oxidative
stress (see below).
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Figure 5. NOX4 protein (a) and NOX4 gene expression (b) relative to the control values in HELF cells
after the incubation with F1. TBP was used as an internal standard gene. Significant differences with
the control by the Mann—Whitney test (p < 0.01) are denoted by “*”.

3.3. NRF2 Expression

The transcription factor NRF2 participated in the regulation of the antioxidant response
of cells. The NRF2 gene expression increased by 8 and 10 times in 1 and 3 h, respectively,
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after adding F1 at a concentration of 14.0 uM to HELFs, while adding 0.009 uM had no
effect on NRF2 gene expression (Figure 6a).
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Figure 6. The NRF2 gene expression (a) in HELF cells incubated with F1. The NRF2 RNA amount is
a mean value from three experiments of NRF2 gene expression in the presence of F1 relative to the
control value. TBP was used as an internal standard gene. Significant differences with the control
by the Mann—Whitney test (p < 0.01) are denoted by “*”. (b) Microscopy images at a magnification
of 40x: (top to bottom) the control culture, cells after incubation with F1 (14.0 uM) for 24 h; (left to
right) visible light, DAPI staining of nuclei (340-370 nm excitation filter, 420-470 emission nm), and
fluorescence of antibodies to NRF2 (450-490 nm excitation filter (#4), 500-550 nm emission).

Flow cytofluorimetry data were confirmed by fluorescence images. After 3 h, the
NREF?2 protein level increased by approximately 2-fold when F1 (14.0 pM) was added and
by 1.5-fold after 24 h, with NRF2 localized in both nucleus and cytoplasm of the cells
(Figure 6b).

The increased NRF2 gene expression during the first hour apparently explained the
effective decrease in intracellular ROS within 1-3 h.

3.4. Oxidative Damage to DNA and Activation of Repair Genes
The possible damaging effect on the cell as a result of increased ROS synthesis can be
realized through DNA oxidative modifications and breaks.
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In the presence of F1 (0.009 uM and 14.0 uM), the DNA oxidative modifications
increased by 20-40% in 72 h compared to the control (Figure 7a), which is most likely a
consequence of the increase in intracellular ROS after 24 h in the presence of the fullerene.
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Figure 7. Histograms of DNA oxidation marker 8-oxyguanosine (a) and phosphorylated histone
form in H2AX (b) in HELFs after incubation with F1 (medians are given). Significant differences with
the control by the Mann—Whitney test (p < 0.01) are denoted by “*”.

Increased levels of 8oxodG can lead to DNA breaks. Detection of DNA double-strand
breaks is based on the phosphorylation of serine residue 139 at the DNA break site involving
ATM kinase, ATR, and DNA-PK by a conserved histone protein involved in DNA chromatin
packaging (H2AX). Bound to the labeled antibodies, phosphorylated histones YH2AX were
visualized in the cell nucleus; their enhanced accumulation proved increased levels of
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nuclear DNA double-strand breaks. Using flow cytofluorimetry (comparing the medians),
we revealed that incubation with F1 (0.009 uM and 14.0 uM) within 72 h resulted in an
increase in DNA double-strand breaks by 20-30% (Figure 7b) that correlated with raised
oxidative modifications of nuclear DNA.

As a result of DNA damage, the genes involved in DNA repair were activated, with
one of such genes being the BRCA1 gene. When cells were exposed to the incubation with
F1 (0.009 uM and 14.0 uM), the levels of BRCA1 gene and protein expression did not change

for 72 h (Figure 8).
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Figure 8. Expression of BRCA1 gene (a) and BRCAL1 protein (b) in HELF cells after incubation with F1.
The amount of BRCAI RNA is the average of three measurements related to the control values. TBP
was used as an internal standard gene. Significant differences with the control by the Mann—Whitney
test (p < 0.01) are denoted by “*”.
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3.5. Proliferation and Apoptosis

DNA breaks can be repaired with cell cycle arrest. Moreover, cells can activate a
programmed cell death program (apoptosis). Using the MTT test, we found the increased
proliferative activity of HELFs after 72 h in the presence of F1 (0.009 pM); the number of
cells in the population increased by ~20%.

At the beginning of the cell cycle, cyclin D1 protein encoded by the CCND1 gene starts
to be synthesized. Cyclin D1 triggers the G1 phase regulating cell transition to the S phase.
Cyclin-dependent kinase inhibitors belong to cell cycle regulators. The kinase inhibitor p21
negatively influences the activity of cyclin-dependent kinase (CDK) complexes in the G1
phase of the cell cycle; increased expression of the p21 gene (CDKN1A gene) can result in
G1 arrest. The CDKN2 gene encodes the p16 protein, a cell cycle regulator that, by binding
to CDK4 and CDKG®, disrupts cyclin D1 binding to CDK. The complicated system regulation
of cell cycle genes leads to either progression or inhibition of the cell cycle.

Incubation with F1 (0.009 uM) resulted in an increase in CCNDI gene expression
by 2-3 times and inhibition or no change in expression of CDKN1A and CDKN2 genes
(Figure 9a—c), which reflects an increase in cell cycle progression and explains a ~20%
increase in the cell population after 3 days of incubation in the presence of F1. When
cells were exposed to a concentration of 14.0 uM, a 2-6-fold increase in CCND1 gene was
observed for 1-3 h and inhibition of CCND1 gene expression after 24 h. At the same time,
the expression of CDKN1A and CDKN?2 genes in HELFs increased by 2-8-fold for 1-24 h
(Figure 9a—c). The high level of kinase inhibitor expression leads to a decreased cell cycle
progression and explains the ~20% decrease in the number of cells in the population after
3 days of cultivation of HELFs in the presence of F1 (14.0 uM).

The enhancement of proliferative activity of HELFs in the presence of small amounts
of F1 was indicated by the level of proliferation marker Ki-67, which increased by a factor
of 1.8-2.4 within 1-72 h after adding F1 at the concentration of 0.009 uM (Figure 9d). For
14.0 uM, the Ki-67 level increased by a factor of 1.3-2.3 within 1-3 h and decreased after
24-72 h.

Changes in the number of cells in the population depended on both cell cycle pro-
gression and apoptosis. The effect of F1 on the expression of proapoptotic (BAX) and
anti-apoptotic (BCL2) proteins has been studied.

When cells were exposed to F1 at the concentration of 0.009 uM for 1-72 h, an increase
in the expression of anti-apoptotic protein BCL2 and inhibition of ~2-fold expression of
proapoptotic protein BAX (Figure 10a), which indicates inhibition of apoptosis and increases
the number of cells in the population, were observed. For 14.0 uM, the level of proapoptotic
protein BAX was increased by 1.5-2 times, and the amount of anti-apoptotic protein BCL2
was inhibited or not changed for 1-72 h (Figure 10b). A high level of proapoptotic protein
and a decrease in the expression level of anti-apoptotic protein increased cell apoptosis and
decreased the number of cells in the population.
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Figure 9. Expression of CCND1 (a), CDKN2 (b), and CDKN1A (c) genes in HELF cells. The number of
RNA genes is the average from three experiments related to the control value. TBP was used as an
internal standard gene. The level of Ki-67 protein (d) in HELFs treated with F1 relative to control
values (cells cultured without the fullerene) is shown. Significant differences with the control by the
Mann—Whitney test (p < 0.01) are denoted by “*”.
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Mann-Whitney test (p < 0.01) are denoted by “*”.

4. Discussion
Let us summarize the main results of the study (Figure 11):

1. Within 1-24 h of incubation, F1 penetrated through the cell membrane and accumu-
lates in the cytoplasm.

2. During the first three hours after incubation, the level of intracellular ROS dropped
by about 40% (for the higher concentration). Then, within a day, it was restored to the
initial level, and then it did not change.
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3. During the first hour for the higher concentration of F1, the expression of the NRF2
gene, which was responsible for the anti-inflammatory and antioxidant response of
the cell, increased by an order of magnitude; this increase was not a compensatory
response to oxidative stress; thus, the studied compound is probably an activator of
the NRF2 pathway.

4. In contrast, NOX4 expression increased by about 2.5-fold after one day of incuba-
tion (for both concentrations studied) and remained at about the same level after
three days.

5. Oxidative damage of DNA occurred on the third day after incubation, while the
activity of repair genes did not change.

0.009 pM 14 uM

1-3h |24h 72 h 1-3h |(24h 72 h
- - - NRF2 ™~ - -

— - - ROS 2 - -

- T T NOX4 - T T
- - ™ DNA oxidative damage (8-oxodG and phosphorylated H2AX) | — - ™

- - - DNA repair (BRCA1) - - -

™ ™ ™ Cell proliferation (Ki-67) ™ - -

N N N Proapoptotic protein BAX ™ ™ ™
™ ™ ™ Antiapoptotic protein BCL2 - - -

Figure 11. Effects of F1 at the minimum effective and the maximum non-toxic concentrations on
human embryonic lung fibroblasts.

The effect of F1 on the cell cycle depended on the concentration. For a low concen-
tration, we observed inhibition of apoptosis and increased proliferation throughout the
time interval. For a high concentration, proliferation was observed in the first 1-3 h. Later,
there was activation of apoptosis, resulting in a decrease in proliferative activity to the
control level.

Two unidirectional effects are observed within the first 3 h, namely, the activation of
the NRF2 pathway and the reduction of intracellular reactive oxygen species (primarily
hydrogen peroxide). NRF2 transcription factor plays key role in regulation of the pro-
tecting expression of antioxidant proteins. In the absence of stress, NRF2 is retained in
the cytoplasm by Kelch-like-ECH-associated protein 1 (KEAP1) and Cullin 3, which by
ubiquitination degrades it [28]. Oxidative stress promotes the destruction of critical cys-
teine residues in KEAP1 molecules, thus disrupting NRF2 ubiquitination, which begins to
accumulate in cells and is transported to the nucleus, where it forms a heterodimer with
one of the musculoaponeurotic fibrosarcoma) (MAF) protein and antioxidant response
elements (ARE) included in the pro-rectal region of many antioxidant genes, which initi-
ates their transcription [29]. Hypothetically, the fullerene derivative F1 for the first 1-3 h
prevents NRF2 binding to cytoplasmic proteins and then induces the expression of cy-
toprotective proteins genes, such as NAD(P)H-quinone oxidoreductase 1, the catalytic
subunit of glutamate-cysteine ligase, the regulatory subunit of glutamate-cysteine ligase,
and hemoxygenase-1. NRF2 activation may explain the increased proliferation in the first
three hours after incubation.

Thus, in the first three hours, the scale of ROS metabolism was shifted to the “antioxi-
dant side” (for a higher concentration), which can even be considered as “antioxidative” or
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“reductive stress” in the presence of damage or pathological processes in the cell [30,31].
No significant changes were found for the lower concentration compared to the control, but
Figure 4 demonstrates a downward trend in intracellular ROS (mainly hydrogen peroxide)
during the first three hours. The NRF2 pathway is known to protect cells from hydrogen
peroxide by reducing its levels [32]. For the nanomolar concentration of F1, a sustained
increase in proliferation was observed within three days, apparently related to a sustained
inhibition of apoptosis. For the higher concentration, a proliferative effect and a simulta-
neous increase in apoptosis were observed in the first three hours, which later resulted
in compensation for this excessive proliferation. As a hypothesis explaining this dual
behavior, we can assume the induction of apoptosis due to an imbalance of OO~ /H,O,
associated with increased NRF2 activity with unchanged NOX4 activity. The ratio of these
primary reactive oxygen species is crucial for cell life, and apoptosis can result from both
an excess of hydrogen peroxide and a lack of it [33].

One day later, activation of NADPH oxidase 4 was evident. The NOX4 gene encoded
the catalytic subunit of the NADPH-oxidase complex, which catalyzed the reduction of
molecular oxygen to superoxide anion. This may be due to the compensatory in response
to “antioxidative” stress. NOX4 regulates the NRF2 pathway [34], but NRF2 also regu-
lates NOX4 expression. Thus, knockdown of NRF2 expression by miRNAs resulted in
attenuation of NOX4 expression [35]. An increase in NOX4 expression after 1 to 3 days
naturally led to oxidative DNA damage for both concentrations studied and an increase in
apoptosis for the higher concentration of F1. We can hypothesize that it is the increased
expression of this pro-oxidant enzyme that causes the later increase in intracellular ROS to
the control level.

5. Conclusions

The main feature of this compound is the ability to affect the intracellular metabolism
of ROS through an ambiguous effect on the expression of key genes of the NRF2-NOX4
system. During the first three hours, F1 derivative activated NRF2 expression, which led
to a balance shift towards ROS deficiency and inhibition of apoptosis. After 24-72 h of
cultivation of HELF in the presence of F1, increases in the NOX4 gene and NOX4 protein
expression level were observed that may be a result of compensatory process. This resulted
in active synthesis of ROS in cells and development of a “prolonged” damaging effect of
compounds on cells, expressed as increased levels of oxidative modifications and DNA
double-strand breaks of cell nuclei and increased apoptosis. In relation to the cell cycle, a
multidirectional effect of low and high concentrations of the compound was shown. The
cytotoxic effect was not characteristic for the low concentration, while the cytotoxic effect
for the high concentration appeared after 24-72 h of cultivation. This phenomenon can be
explained by the imbalance in primary reactive oxygen species associated with increased
NRF2 activity with unchanged NOX4 activity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/oxygen3010001/s1, Figure S1: Synthesis of water-soluble fullerene
derivative F1 from chlorofullerene CgoClg, Figure S2: DLS profile revealing particle size distribution in
aqueous solutions of the fullerene derivative F1. Figure S3: The excitation spectrum of the F1 solution
in the culture medium (1.5 pM) (A = 620 nm) (a); the fluorescence spectra of F1 at Aex = 280 nm (b)
and Aex = 370 nm (c). Figure S4: The absorption spectrum of the F1 solution in deionized water
(1.5 uM). Figure S5: MTT-test: the positive control with dimethyl sulfoxide (0.0001%-50%); a 96-well
scheme (a) and the cell viability vs DMSO concentration (b) [25,36].
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