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Abstract: Background: Fullerenes and metallofullerenes can be considered promising nanopharma-
ceuticals themselves and as a basis for chemical modification. As reactive oxygen species homeosta-
sis plays a vital role in cells, the study of their effect on genes involved in oxidative stress and anti-
inflammatory response is of particular importance. Methods: Human fetal lung fibroblasts were
incubated with aqueous dispersions of Ce, C7o, and Gd@Cs: in concentrations of 5 nM and 1.5 uM
for 1, 3, 24, and 72 hours. Cell viability, intracellular ROS, NOX4, NFxB, PRAR-y, NRF2, heme oxy-
genase 1, and NAD(P)H quinone dehydrogenase 1 expression have been studied. Results & con-
clusion: The aqueous dispersions of Ceo, C7o, and Gd@Cs: fullerenes are active participants in ROS
homeostasis. Low and high concentrations of AFDs have similar effects. Czo was the most inert sub-
stance, Ceo was the most active substance. All AFDs have both a “prooxidant” and “antioxidant”
effect, but with a different balance. Gd@Cs: was a substance with more pronounced antioxidant and
anti-inflammatory properties, while Cz0 had more pronounced “prooxidant” properties.
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oxidative stress, NOX4, Nrf2, PRAR-y, heme oxygenase 1, NAD(P)H quinone dehydrogenase 1,
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1. Introduction

Nanomaterials are increasingly used in medicine. According to the PubMed data-
base, more than 3500 reviews are related to the terms “nanoparticles” or “nanomedicine”
in article titles over the past five years. Fullerenes are increasingly being used in various
biomedical fields owing to their unique, size-dependent functions and physicochemical
properties [1] [2] [3]. The possibility of modifying the surface of fullerenes [4] and incor-
porating heteroatoms into a carbon cage (endohedral fullerenes) [5] opens up prospects
for synthesizing substances with targeted biochemical properties. Thus, fullerenes and
their derivatives are used as drug-delivery systems for anticancer therapy [6], antimicro-
bial agents [7], and antiviral agents [7]. Among metallofullerenes, gadolinium-containing
endohedral fullerenes represent a new class of effective relaxation agents for magnetic
resonance imaging (MRI) [8].

Fullerenes are efficient antioxidants (Ceo is even called a “free radical sponge”) [9]
[10], which allows them to be considered neuroprotective [11], anti-inflammatory, and
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anti-ischemic [12] agents. When applied topically, Ceo and its derivatives were used to
treat cartilage degeneration, bone destruction, intervertebral disc degeneration, vertebral
bone marrow disorder, and radiculopathy [13]. Antioxidant effects of water-soluble car-
boxyfullerene have been proved in vivo [14]. The possibility of fullerenes acting as mito-
chondria protonophores allows them to be considered anti-aging antioxidants [15] [16].
Hydroxylated Gd@Cs: has antineoplastic activity simultaneously with low toxicity [17]
[18].

Reactive oxygen species (ROS) homeostasis is a complex metabolic system, which
involves many sources of ROS, the activity of which depends on the expression of the
respective genes. The most important enzymes of ROS homeostasis are NADPH oxidases,
respiratory chains of mitochondria and endoplasmic reticulum, peroxidases, catalase, su-
peroxide dismutase, and others. ROS homeostasis is closely related to inflammation, car-
cinogenesis, apoptosis, and cell proliferation. Several proinflammatory and anti-inflam-
matory signaling pathways are ROS-dependent. Therefore, studying the role of fullerenes
in ROS homeostasis should include research on the effect of fullerenes on signaling path-
ways and gene expression.

Several studies were devoted to the effect of fullerenes on genes, primarily from the
point of view of toxicity. Fullerene Ce derivatives cause the activation of several genes in
cells [19,20], and the cell response depends on the functional groups of the fullerene. Stud-
ying the gene expression in rat lungs after whole-body inhalation exposure to Ceo fullerene
revealed that few genes involved in the inflammatory response, oxidative stress, apopto-
sis, and metalloendopeptidase activity were upregulated at both three days and a month
post-exposure. Some genes associated with the immune system process, including major
histocompatibility complex-mediated immunity, were upregulated [21]. The exposure to
hydroxylated fullerenes caused shifts in gene regulation involved in circadian rhythm,
kinase activity, vesicular transport, and immune response [22]. A water-soluble pyrroli-
dinium fullerene derivative, Ceo-bis (N, N-dimethylpyrrolidinium iodide), markedly in-
duced apoptosis of JAK2 V617F mutant-induced transformed cells through a novel mech-
anism, inhibiting c-Jun N-terminal kinase (JNK) activation pathway [23]. Administration
of CeoHyFn in HHcy mice significantly reduces serum homocysteine level, neuronal apop-
tosis, and the expression level of TRPM2 gene [24]. Cso(OH)24 may attenuate oxidative
stress-induced apoptosis via augmentation of Nrf2-regulated cellular antioxidant capac-
ity, thus providing insights into the mechanisms of antioxidant properties of Ceo(OH)24
[25]. Fullerenes mediate proliferation and cardiomyogenic differentiation of adipose-de-
rived stem cells via the modulation of MAPK pathway and cardiac protein expression
[26]. Fullerenols (hydroxylated fullerenes) inhibit the crosstalk between bone marrow-de-
rived mesenchymal stem cells and tumor cells by regulating MAPK signaling [27].

For biological applications, the surface of fullerenes should be hydrophilized by, for
example, hydroxylation [28]. Fullerenols have a pronounced antioxidant activity with rel-
atively low toxicity [29]. Moreover, pristine fullerenes can form stable hydrophilic nCeo
aggregates in water [30]. Previously, we reported on a green, scalable, and sustainable
approach to preparing aqueous fullerene dispersions (AFD) of Ce, C7, and Gd@Cs2 and
their derivatives using sonication with an immersed ultrasonic probe [31]. Despite the
apparent advantages of aqueous dispersions of pristine fullerenes, their biochemical
properties have been studied exceptionally poorly. AFD stimulated the natural hetero-
trophic bacterioplankton and inhibited the bactericidal activity of antibiotics [32]. We have
shown that AFDs of Ceo, C70, and Cs2 are moderate scavengers of superoxide anion radicals
[33]. We failed to find systemic studies on the effect of aqueous dispersions of pristine
fullerenes and endohedral fullerenes on the oxidative stress in cells and the cell cycle.

Here, we have studied the effects of the aqueous dispersions of Ce, C7, and Gd@Cs:
on ROS homeostasis in human fetal lung fibroblasts concerning: (1) cell toxicity, (2) NOX4
regulation, (3) NRF2 pathway modulation, (4) oxidative DNA damage and reparation,
and (5) cell proliferation and cell cycle.

2. Results
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2.1. Preparation of Aqueous Fullerene Dispersions

AFDs have been prepared by direct ultrasound sonication of pristine Cso, C7, and
Gd@Cs2 (Cz) in ultrapure water. The direct sonication procedure without solubilizing
agents was previously developed to synthesize fullerene derivatives [35]. We used an im-
mersion ultrasound probe made of titanium. Despite the formation of titania nanoparti-
cles during ultrasonication, this procedure produces efficiently dispersed nanoparticles
[36]. According to ICP-AES, a prolonged ultrasound exposure of fullerene Ceo—water mix-
tures resulted in the concentration of total titanium as low as 3.50 + 0.05 ppm. Cellulose
syringe filters with a pore diameter of 0.45 and 0.22 um were used to purify the disper-
sions from titanium. As a result, all the prepared samples contained less than 1 ppm tita-
nium dioxide. The details of the prepared samples are presented in Table 1.

Table 1. Concentrations (c), size, and zeta-potential (C) of the AFDs.

Particle size after a

Fullerene ¢, mM 0.22 um filter, nm C-potential, mV
Ceo 0.083! 110 +5 -28.4+0.2
Cn 0.081! 113 £2 -295+0.3

Gd@Cs: 0.0222 95+5 -32.3+03

! measured by UV/vis spectroscopy.
2 measured by ICP-AES.

2.2. MALDI Spectra

The purity of the obtained AFDs was checked by the MALDI method. The spectra
are given in the Supplementary. All the spectra contain an intense molecular ion M and
adducts of M with C2 (M + 24n) (Figure 1). The presence of adducts in the mass spectra of
aqueous fullerene dispersions can be explained by the coalescence phenomenon [37].
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Figure 1. MALDI positive-ion mass spectra of AFDs of (a) C60, b (C70), and (c) Gd@C82 in an a-cyano-4-hydroxycinnamic
acid matrix.
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2.3. Cell viability

Cell viability was examined by a conventional MTT assay. Aqueous dispersions of
Cso, Cro, and Gd@Cs were studied in a wide concentration range from 15 pM to 8.2 uM,
from 15 pM to 9.1 uM, and from 0.2 pM to 105 nM, respectively. The fullerenes were in-
cubated with cells for 72 hours.

For all studied concentrations, the aqueous dispersion of Ce did not have toxic effects
on cells and only at 8.2 uM decreased cell viability by 20% (Figure 2a). The aqueous dis-
persion of Cr decreased cell viability by less than 20% at 15 pM - 1.4 nM concentrations.
Interesting in concentrations of 1.4 nm - 9.1 pM, Cn stimulated cells. Cell viability in-
creased approx. at 20% (Figure 2b). Adding Gd@Cs:2 was the least favorable for cells. Start-
ing from 0.9 pM, this compound decreased cell viability by 20% (Figure 2c). To sum, Ceo
and Cn AFDs were non-toxic in concentrations less than 9 uM and Gd@Cs: was non-toxic
in concentrations less than 0.1 uM.
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Figure 2. The MTT test: cell viability in versus concentrations of Ceo (a), C7o (b), and Gd@Cs2 (c) after 72 h of incubation. In
blank experiments, cells were incubated without the AFDs.

2.4. Mitochondrial potential

The MTT test is commonly used to assess cellular metabolic activity, mainly to assess
mitochondrial functionality. Next, we analyzed the response of HFLF mitochondria to the
addition of AFDs. Using flow cytometry, we found that the intensity of the TMRM signal
in the mitochondria increased by a factor of 2.4 after 1 h of incubation with 1.5 pM Ceo.
After 3 h of incubation, the signal level returned to the blank values. After 24 h of incuba-
tion, we observed a slight increase in the signal level. In concentrations of 5 nM, Ceo did
not significantly affect the mitochondrial potential (Figure 3a).

Fullerene C (both 5 nM and 1.5 pM) and Gd@Cs: (1.5 pM) after 1 h of incubation
decreased the mitochondrial potential. After 3 h of incubation, the mitochondrial potential
increased. After 24 h of incubation, the mitochondrial potential reached blank values.
Cd@Cs at a concentration of 5 nM did not have a statistically significant effect on the mi-
tochondrial potential (Figures 3b and 3c).
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Figure 3. The mitotracker test with TMRM using flow cytometry: the relative enhancement of the mitotracker signal in
cells relative to the blank versus incubation time with C60 (a), C70 (b), and Gd@C82 (c). In blank experiments, cells were
incubated without AFDs. Concentrations are indicated in the figure.

Decreasing the TMRM signal in cells can be caused by two processes. The first cause
is quenching the mitotracker by fullerene; the second is capturing energy by Crn and
Gd@Cs: from the TMRM dye. These processes can occur given the close contact of fuller-
ene molecules with a mitotracker provided in mitochondria. This conclusion is confirmed
by several studies on the localization of fullerenes in mitochondria [38] [39].

2.5. Intracellular ROS

After incubation with AFDs, intracellular ROS were detected with H2DCFH-DA (2,7-
dichlorodihydrofluorescein diacetate) using a flow cytometer. After permeation into a
cell, the compound is deacetylated with intracellular esterases. Free radicals oxidize the
nonfluorescent H2DCFH in the cytoplasm to the highly fluorescent 2',7'-dichlorofluores-
cein. Figure 4 shows the histograms of DCF production in the cells after adding Ceo, Cz,
and Gd@Cs: related to blank cells versus the incubation time.
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Figure 4. The histograms of intracellular ROS production on the incubation time. Concentrations of C60, C70, and Gd@C82
are indicated in the figure; flow cytometry was used. (*) denotes significant differences with the blank cells, p <0.01, a

nonparametric U-test.

Coo added to the cells tends to decrease the ROS level in cells after 1 and 3 h regardless
of the concentration. Intracellular ROS is lowered despite the high activity of the NOX4
enzyme (see below, subsection 3.5) and mitochondria, which promote ROS synthesis. Af-
ter 24 h of incubation, the ROS level increased above the control values (Figure 4a).

Incubation with C (1.5 uM) caused a significant increase in the ROS level (p <0.01)
after 1, 3, and 24 h incubations. At a nanomolar concentration (5 nM), the ROS level did
not increase significantly (Figure 4b).

Incubation with Gd@Cs: resulted in a slightly increased ROS level after 3 h of incu-
bation. After 24 h, a decrease in the ROS level was observed, specially marked for mi-
cromolar concentrations (Figure 4c).

2.6. NOX4 expression

One of the primary sources of ROS in cells is NADPH oxidases (NOX), which are
predominantly localized in endosomes [40]. We studied the expression of NOX4 gene and
protein in the cells following their incubation with AFDs of Ceo, C70, and Gd@Css.

For 1.5 uM Ceo, the NOX4 protein level increased by 3 (p <0.01) after 1 h of incubation
and remained increased by a factor of 1.5-2.8 within 3-24 h. After 72 h of incubation,
NOX4 protein decreased to a lower value than the blank. At a concentration of 5 nM, Cso
caused an increase in NOX4 after 24 h of incubation by a factor of 2 (p <0.01). The NOX 4
protein decreased below the blank after 72 h of incubation (Figure 5a). For 1.5 uM C, the
NOX4 protein level increased by a factor of 1.6-1.4 (p <0.01) within 3-24 h and decreased
to a value lower than the blank by 40% (p <0.01) after 72 h of incubation. At a concentration
of 5nM, Cn did not cause significant changes in NOX4 protein expression within 72 h of
incubation (Figure 5c). Fullerene Gd@Cs: only at a concentration of 1.5 uM caused an in-
crease in the NOX4 level after 24 h of incubation by a factor of 2.5 (p <0.01) and an almost
twofold decrease (p <0.01) below the blank values after 72 h (Figure 5d).

The NOX4 expression is regulated by its transcription. The NOX4 protein level and
NOX4 gene transcriptional activity changes agreed. The NOX4 transcription caused by
the studied fullerenes changed synchronously with the change in the protein expression
level but slightly ahead of time (Figure 5b, 5d, and 5f).
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Figure 5. The NOX4 protein level in cells treated with (a) C60, (c) C70, and (e) Gd@C82 at the concentrations of 5 nM and
1.5 uM. The expression of the NOX4 gene in cells incubated with (b) C60, (d) C70, and (f) Gd@C82 at the concentration of
5nM and 1.5 uM. The NOX4 RNA level is the mean from three replicates related to the NOX4 gene expression in the blank
cells. The TBP gene was used as an internal-standard gene. The blank cells were incubated without the AFDs. (*) denotes
significant differences with the blank cells, p <0.01, a nonparametric U-test.

2.7. NFxB Pathway and PRAR-y

We have not found effects of Ceo, Cro, and Gd@Cs: on the NF«B pathway either for
the expression of NFKBI gene or for the NFkB transcription factor. We also have not found
any effects on the expression of target genes of NFxB pathway such as TNFA, IL-6, and
IL-1B.

The peroxisome proliferator-activated receptor-y (PPAR-v) is involved in the antiox-
idant response. It inhibits the NF«B signaling pathway, which leads to a decrease in the
expression of proinflammatory mediator genes [41] [42]. Ceo (1.5 uM) increased the PPAR-
v expression after 24 h of incubation. Ceo (5 nM) increased the PPAR-y expression after 1
h of incubation by a factor of 2.5 (p <0.01) (Figure 7a). Fullerenes C7» and Gd@Cs: caused
an increase in PPAR-y expression by a factor of 1.4 — 1.8 after 72 h of incubation (p <0.01)
(Figure 6b and 6c).
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Figure 6. The PRAR-y protein level in cells treated with (a) C60, (b) C70, and (c) Gd@C82 at the concentrations of 5 nM
and 1.5 pM. The blank cells were incubated without the AFDs. (*) denotes significant differences with the blank cells, p
<0.01, a nonparametric U-test.

2.8. NRF2 Pathway

Cellular ROS are regulated by ROS production systems and antioxidant response
systems such as the transcription factor NRF2, a component of the anti-inflammatory
pathway.

The expression of NRF2 protein increased by a factor of 1.5 — 1.8 after 1 h of incuba-
tion with all the studied AFDs both in nanomolar and micromolar concentrations (except
for 5nM Co). After 3 h of incubation with Ceo and Cr, the NRF2 expression did not change.
AFD Gd@Cs: slightly increased the NRF2 expression (Figure 8). After 24 h, the NRF2 ex-
pression in the cells incubated with Ceo for both concentrations increased by 30-50% and
gradually decreased in 72 h (Figure 7a). AFD Cr did not affect the NRF2 expression after
24 or 72 h (Figure 7c). After 24 h, Gd@Cs: in micromolar concentration caused an increase
in the NRF2 level by a factor of 1.8 (p <0.01). After 72 h of incubation, the NRF2 expression
decreased to the blank values (Figure 7e).

After 1 h of incubation, the expression of the NRF2 gene did not increase while NRF2
protein increased. That fact indicates the activation of NRF2 that already existed in the
cells. After 24 h of incubation, the expression of the NRF2 gene increased due to incubation
with Ceo in both concentrations and Gd@Cs: at 1.5 uM, which leads to an increase in the
transcriptional activity of the NRF2 gene in cells (Figure 7b, 7d, and 7f).
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Figure 7. The NRF2 protein level in the cells treated with (a) C60, (c) C70, and (e) GA@C82 at the concentrations of 5 nM
and 1.5 uM related to the blank cells incubated without the AFDs. The expression of the NRF2 gene in cells incubated with
(b) C60, (d) C70, and (f) GA@C82 at the concentration of 5 nM and 1.5 uM. The NRF2 RNA level is the mean from three
replicates related to the NOX4 gene expression in the blank cells. The TBP gene was used as an internal-standard gene. (¥)
denotes significant differences with the blank cells, p <0.01, a nonparametric U-test.
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2.9. Heme oxygenase 1 and NAD(P)H quinone dehydrogenase 1

We have studied the transcriptional activity of the HO-1 gene (HMOX1), which en-
codes heme oxygenase 1 and is the target gene of the transcription factor NRF2. An in-
crease in the expression of the HMOX1 gene has been found after 24 h of incubation with
Ce (5nM and 1.5 pM) and Gd@Cs: (1.5 uM) (p <0.01). This fact is also evidence of the
transcriptional activity of the NRF2 gene in the cells (Figure 8).
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Figure 8. The expression of the HMOX1 gene in cells incubated with (a) C60, (b) C70, and (c) GA@C82 at the concentration
of 5nM and 1.5 uM. The HMOX1 RNA level is the mean from three replicates related to the NOX4 gene expression in the
blank cells. The TBP gene was used as an internal-standard gene. (*) denotes significant differences with the blank cells,
p <0.01, a nonparametric U-test.

The NAD(P)H quinone oxidoreductase 1 (NQO1) gene is also a target gene for the
NREF?2 transcription factor. We found an increase in the expression of the NQO1 gene after
24 h of incubation with Ceo (5 nM and 1.5 uM) (p <0.01) and after 24 h of incubation with
Gd@Cs: (1.5 uM) (p < 0.01), which also confirms the activation of NRF2 in the cells (Figure
9).
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Figure 9. The expression of the NQO1 gene in cells incubated with (a) C60, (b) C70, and (c) GA@C82 at the concentration
of 5 nM and 1.5 pM. The NQO1 RNA level is the mean from three replicates related to the NOX4 gene expression in the
blank cells. The TBP gene was used as an internal-standard gene. (*) denotes significant differences with the blank cells,
p <0.01, a nonparametric U-test.

3. Discussion

We incubated human fetal lung fibroblasts with aqueous fullerene dispersions Ceo,
Crn, and Gd@Cs: for 1, 2, and 24 h and investigated the expression of genes and proteins
of oxidative stress and anti-inflammatory response. We studied two concentrations in the
nanomolar and micromolar ranges since it is known that the regulation of ROS homeosta-
sis depends on the concentration of substances. The main results are summarized in Fig-
ure 10.

Oxidative factors

Mitochondrial potential (24 h)
Intracellular ROS (24 h)

NOX4 (72 h)

NFKB (72 h)

PRAR-y (72 h)

NRF2 (72 h)

Heme oxygenase 1 (24 h)

NAD(P)H quinone
dehydrogenase 1 (24 h)

Antioxidative factors

Figure 10. The dynamics of changes in the studied parameters over time (the time range is indi-
cated in the first column) for two concentrations of the aqueous fullerene dispersions. Solid lines
denote significant changes and dashed lines, trends.

We have studied two somewhat different concentrations to assess whether the effect
of fullerenes on genes is monotonic or there is a switching point. It is known that ROS-
active substances exhibit pro- or antioxidant features depending on their concentration
[43]. All the studied aqueous fullerene dispersions were safe for cells in a wide range of
concentrations. AFDs of Ce and Cn did not cause cell death up to a concentration of 10
puM; however, metalofullerene Gd@Cs: was less safe and caused the death of 20% cells at
100-fold lower concentrations (0.1 pM). We have selected the same concentrations for all
AFDs to compare their effects. Therefore, we studied 1.5 uM, the safe upper concentration
for Gd@Cs:. A concentration of 5 nM was selected because this concentration still affects
the genes and proteins.
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The MTT test is commonly used to assess the metabolic activity of cells, mainly to
mitochondrial functionality. Therefore, we studied the effects of AFDs on the mitochon-
dria of HFLF cells using flow cytometry. Tetramethylrhodamine, methyl ester (TMRM),
is a cell-permeant, cationic fluorescent dye that is readily sequestered by active mitochon-
dria with intact membrane potentials. This dye is a lipophilic cation accumulated by mi-
tochondria in proportion to AW [44] [45]. The mitochondrial membrane potential is a
global indicator of mitochondrial function and the metabolic state of cells. Upon loss of
the mitochondrial membrane potential, TMRM accumulation will cease, and the signal
will dim or disappear.

Both concentrations of Ceo and Cz showed similar dynamics. For the first hour, Ceo
activated mitochondria; then, their metabolism returns quickly to the initial level. A
higher concentration of Ce had a more significant effect. For Cr, on the contrary, the me-
tabolism was suppressed, then returned and increased by the end of the 24-h period. The
metalofullerene acted similarly in a high concentration but did not affect a low concentra-
tion. The mechanism of activation of metabolism by fullerenes is challenging to explain
without considering the spatial distribution of nanoparticles in the cell, which requires
further microscopic experiments.

Mitochondrial respiratory chains are the primary intracellular sources of ROS be-
cause, in oxidative phosphorylation, superoxide anion radicals leak from the chain. After
24 h of incubation, Ce and Cz caused an increase in the activity of mitochondria. Thus,
they can be considered mitochondrial “prooxidants”.

We have previously shown that concerning the superoxide anion radical fullerenes
can be arranged in the row Gd@Cs2 > Ceo > Cro for the ability to scavenge SAR; and Ceo and
Cro differ in the mechanism of interaction with SAR from SOD, which allows them to be
instead considered superoxide scavengers, in contrast to Gd@Csz, which, presumably, is a
SOD mimic [33]. This result is consistent with the electron affinity row Ceo < Cz < Gd@Cs2.
The insertion of Gd into a Cs2 cage increases the electron affinity to 3.3 eV [46]. Moreover,
the high polarizability of fullerenes facilitates the attachment of radicals to their surface
[47].

As for intracellular ROS, Ceo and C7 showed a similar trend (Figures 4a and 4b). After
24 h of incubation, ROS increased. However, these changes were significant for a high
concentration of Cr, possibly because Ce is a stronger antioxidant for the superoxide an-
ion radical. Metallofullerene is an even stronger antioxidant than Ceo. It also did not have
an activating effect on mitochondria. Perhaps that is why, after incubation with Gd@Csz,
intracellular ROS decreased.

Besides mitochondrial electron transport chains, NADPH oxidases are critical
sources of ROS. Trends in protein and gene expression were similar. Both concentrations
of Ceo caused an increase in NOX4 expression. The effect of Cro and Gd@Cs: was achieved
for a higher concentration. Therefore, Ceo is a more active stimulus for the NOX4 system.

The studied fullerenes do not affect the NF«B, but they do affect the expression of
PPAR-vy, which is sensitive to oxidized lipids [48]. Czo and Gd@Cs2 had a pronounced effect
after 72 h of incubation, and Ce acted much more actively in the first hours. We have
previously found that Ceo is a very weak inducer of lipid peroxidation (unpublished data),
while Cn and Gd@Cs: at the studied concentrations did not induce lipid peroxidation. This
behavior may explain the rapid increase in the expression of this gene in response to in-
cubation with Ceo.

Summing up the “prooxidant part,” all studied fullerenes directly affect mitochon-
drial metabolism and activate NOX4, with Ceo having the most significant effect. Perhaps
this is due to its smaller molecule size. The incubation with fullerenes led to an increase
in intracellular ROS, except for Gd@Csz. Perhaps this is due to the balance of its pro- and
antioxidant properties. Gd@Cs: is a weaker prooxidant and a stronger antioxidant con-
cerning the superoxide radical. Moreover, it exhibits SOD-like properties [33].

The development of intracellular oxidative stress leads to the activation of the NRF2
anti-inflammatory pathway. NRF2 in normal cells in the complex with the cytoskeleton
protein KEAP1 is inactive. This complex lies mostly in a cytoplasm [49] [50] [51]. After
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modifying KEAP with ROS, NRF2 dissociates from KEAP and moves into the nucleus. In
the nucleus, NRF2 reacts with ARE (antioxidant response elements) of genes, coding the
enzymes for detoxication and cytoprotective proteins such as NAD(P)H quinone dehy-
drogenase 1 (NQO1) and heme oxygenase 1 (HO-1) [51].

The incubation of cells with all AFDs activated this pathway within one hour. Ceo and
Gd@Cs: had a long-term effect of up to 24 h. The effect of Cn was expressed within one
hour, and no gene expression was found. An increase in the transcriptional activity of the
NRF2 gene in cells is also evidenced by an increase in the transcriptional activity of the
HMOX1 and NQOI1 genes, which are the target genes of the NRF2 transcription factor. A
significant increase in expression was obtained for Ceo and Gd@Css, but not for Cz. Sum-
ming up the “antioxidant part”, we can say that Cso and Gd@Cs: were more effective in-
ducers of the anti-inflammatory pathway than Cr.

4. Materials and Methods
4.1. AFD preparation and characterization
4.1.1. Reagents

Pristine Ceo and Cro (>99.5%) fullerenes were purchased from Limited Liability Scien-
tific and Production Company NeoTechProduct (Russia). The soot containing the Gd@Cza
endohedral metal fullerenes (total content of Gd atoms up to 4 wt.% checked by ICP-AES,
and the value of total Gd was recalculated to the general formula of the molecule), Gd@Cs:
has been synthesized by the evaporation of the composite graphite electrodes com-
pounded by gadolinium in the electric arc reactor as we previously described elsewhere
[34]. Standard reference materials and quality control standards of required elements with
certified values (Inorganic Ventures™, USA) were used to conduct ICP-AES measure-
ments. A 20 ppm (in 5 wt.% HNO:s) scandium solution was used as an internal standard.
Ultrapure water Milli-Q® Type (Merck, Germany) was applied during the research (TOC
<3 ppb).

4.1.2. Preparation of aqueous fullerene dispersions by direct ultrasound probe sonication

AFDs were prepared by the direct sonication with a commercially available off-the-
shelf ultrasound probe with a timer MEF93.T (LLC MELFIZ-ul’'trazvuk, Russia). Ultra-
sonic tip (surface areas 0.63 + 0.02 cm?) and electrical-power mode (0.6 kW) were used.
Ultrasound tips were made of titanium alloys, grade TM3 (ISO 28401:2010). The weighted
fullerene portion of ca. 0.05 g, 10 mL of toluene, and 50 mL of ultrapure water were sub-
sequently added to a conical flask (250 mL). The solution was exposed to ultrasonic treat-
ment for 12 h with a pause for 30 min every 60 min. The prepared solution was filtered
through a 0.45 pm cellulose filter and diluted to the mark with 50 mL of ultrapure water.

4.1.3. Characterization

The colloidal characteristics of aqueous fullerene dispersions (particle size distribu-
tion and C-potential) were determined by dynamic light scattering using a ZetaSizer Nano
7S (Malvern Instruments, UK) operating at 25°C, the angle of backscattering 173° accord-
ing to ISO 22412:2017. An Agilent 720 ICP-OES spectrometer (Agilent, Australia) with an
axial view was used for elemental analysis.

MALDI MS spectra were recorded using AutoFlex II MALDI TOF/TOF mass spec-
trometer (Bruker Daltonics, Billerica, MA, USA). MALDI-ToF spectra were acquired by 50
shots in the positive and negative ion reflector mode with 337 nm molecular nitrogen laser
at 80 % its power within a mass range from 400 to 1600-5000 Da. a-Cyano-4-hy-
droxycinnamic acid in a mixture of 30:70 (v/v) acetonitrile : 0.1% trifluoroacetic acid in
water was used as a matrix on an MTP 384 ground steel plate.

4.2. Cell Culture

The Research Centre for Medical Genetics (RCMG) provided human fetal lung fibro-
blasts (HFLF) (the 2nd—6th cell passage). Approval#5 was obtained from the Committee
for Medical and Health Research Ethics of RCMG. Cells were seeded at 1.7 x 10* per mL
in DMEM (Paneco, Moscow, Russia) with a 10% fetal calf serum (PAA Laboratories,
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Vienna, Austria), 50 U/mL penicillin, 50-pg/mL streptomycin, and 10-pg/mL gentamycin
(all the reagents were from Sigma-Aldrich, St. Louis, MO, USA) and cultured at 37 °C for
2 or 24 h, as described elsewhere [20] [19]. Various concentrations of AFDs were added to
the cells. The cells were incubated for time intervals ranging from 1 h to 72 h.

4.3. MTT Assay and Mitotracker Test

Cell viability was assessed with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay, as described previously [20] [19]. Cells were incubated with
AFDs in a 96-well plate for 72 h. The plates were read at 550 nm with EnSpire plate reader
(EnSpire Equipment, Turku, Finland). MTT was purchased from Sigma-Aldrich, St. Louis,
MO, USA.

The mitotracker test was carried out using a membrane-voltage-dependent dye, tet-
ramethylrhodamine methyl ester (TMRM) (Thermo Fisher, Waltham, Massachusetts,
USA). TMRM is a cell-permeant, cationic, red-orange fluorescent dye that is readily se-
questered by active mitochondria.

4.4. Reactive Oxygen Species Assays

Protein expression was assessed with flow cytometry using specific antibodies on a
flow cytometer CyFlow Space (Partec, Meckenheim, Germany). Cells were washed with
a Versene solution (Thermo Fisher Scientific, Waltham, MA, USA), treated with 0.25%
trypsin (Paneco, Moscow, Russia), washed with the culture medium, and suspended in
phosphate buffer solution (pH 7.4) (Paneco, Moscow, Russia). The cells were fixed with
paraformaldehyde (PFA, Sigma-Aldrich, Saint Louis, MO, USA) at 37 C for 10 min, then
washed three times with 0.5% BSA-PBS and permeabilized with 0.1% Triton X-100 (BSA
and Triton X-100 were from Sigma-Aldrich, Saint Louis, MO, USA) in PBS for 15 min at
20°C or with 90% methanol (Sigma-Aldrich, Saint Louis, MO, USA) at 4°C, then washed
with 0.5% BSA-PBS (3 times). The cells were stained with conjugated antibodies (1 pg/mL)
for 2 h at room temperature, washed with PBS, and analyzed by a flow cytometer (Cy-
toFlex S, Beckman Coulter, Brea, CA, USA).

4.5. Quantification of mRNA Levels

Gene expression was assessed by real-time polymerase chain reaction (PCR). After
exposure to fullerenes, RNA was isolated from the cells using YellowSolve kits (Klonogen,
St.-Petersburg, Russia) according to the standard procedure, followed by phenol-chloro-
form extraction and precipitation with chloroform and isoamyl alcohol (49 : 1). The RNA
concentration was determined using the Quant-iT RiboGreen RNA reagent (MoBiTec,
Gottingen, Germany) on a plate reader (EnSpire equipment, Turku, Finland), Aex=487 nm,
An =524 nm. According to the standard procedure, the reverse transcription reaction was
carried out using reagents from Sileks (Moscow, Russia). PCR was performed using the
appropriate primers (Synthol) and the SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA, USA) on a StepOnePlus device (Applied Biosystems, Foster City, CA,
USA). The technical error was approximately 2%. TBP was used as a reference gene.

4.6. Statistical Analysis

Experiments were repeated in triplicate. In FCA, the medians of the signal intensities
were analyzed. Figures show the mean and standard deviation (SD). The significance of
the observed differences was analyzed with the nonparametric Mann-Whitney U-test.
The p-values < 0.01 were considered statistically significant and marked on figures with
the “+” sign. The data were analyzed with Excel, Microsoft Office (Microsoft, Redmond,
USA), Statistica 6.0 (Dell Round Rock, Texas, USA), and StatGraphics (Statgraphics Tech-
nologies, The Plains, Virginia, USA).

5. Conclusions
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The aqueous dispersions of Ce, Cro, and Gd@Cs2 fullerenes are active participants in
ROS homeostasis. Low and high concentrations of AFDs have similar effects, and we can
hypothesize that these effects are monotonic within the cell viability range. The studied
effects were various in strength. Czo was the most inert substance, Ceo was the most active
substance. They all have both a “prooxidant” and “antioxidant” effect, but with a different
balance. Presumably, Gd@Cs: was a substance with more pronounced antioxidant and
anti-inflammatory properties, while Cr, on the contrary, had more pronounced “prooxi-
dant” properties. A more comprehensive understanding of the role of fullerenes will be
obtained after studying their effect on DNA damage and the adaptive response (activation
of repair systems, autophagy, and apoptosis), which is the aim of our subsequent studies.
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