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Abstract. The biomedical application of nanomaterials is attracting a great interest due to their
special characteristics. Pronounced redox activity of nanoceria allows to use it as a regulator of
redox-dependent signaling pathways. Here, we evaluated the effects of bare and citrate-coated CeO2
on the expression of genes of oxidative metabolism in human embryonic lung fibroblasts. Cell
viability, intracellular reactive oxygen species, expression of NOX4, NRF2, and NF-«B, oxidative
DNA damage/repair, apoptosis, cell proliferation, and autophagy were studied. MTT-test,
fluorescence microscopy, real-time reverse transcription polymerase chain reaction, and flow
cytometry were used. In concentrations of 1.5 uM, bare and citrate-coated nanoceria penetrates the
cells within 1-3 hours resulting in a decrease in intracellular ROS level, oscillatory activation of the
NOX4, NRF2, NF-kB, increase in oxidative DNA damage and double-strand breaks, activation of
repair systems, inhibition of apoptosis and autophagy, and activation of proliferation. The two-
wave “oscillatory” dynamics of oxidative proteins and markers may be associated with changes in
the oxidation state of nanoceria in cells. Both are and citrate-coated nanoceria provide a regenerative
effect on human embryonic lung fibroblasts, but the effect of citrate-coated nanoparticles was more
moderate.

Keywords: citrate-coated nanoceria; oxidative metabolism genes; oxidative DNA damage;
apoptosis; cell proliferation; autophagy; human embryonic lung fibroblasts

1. Introduction

Recent advances in pharmaceutical technology have led to the development of
nanopharmaceutics as a new innovative field (Souto et al. 2020) (Wang and Yang 2023). The advances
of fundamental science put on the agenda the problem of the quality, efficacy and safety of
nanopharmaceuticals for use in practical medicine (Bisso and Leroux 2020). To weigh the benefits
and risks of their medical application, the most comprehensive examination of the biological activity
of nanopharmaceuticals in vitro and in vivo must be performed. Minerals are good candidates as
nanopharmaceuticals because they exhibit a wide variety of physicochemical properties and surface
nanostructures that can be used to actively manipulate the biomolecules (Valdre et al. 2013) (Tan et
al. 2021). Toxicity and long-term effects on genes are of particular importance especially for hardly
biodegradable and difficult-to-remove nanodrugs (Cimen et al. 2024). Safety assessment is important
not only in relation to patients, but also in relation to medical personnel and, more generally, to the
environment. Inorganic nanoparticles remain in the environment for a long time and could affect
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humans and animals. In this case, inhalation is the main route of entry of nanoparticles into the
human body.

Nanoscale cerium dioxide (nanoceria) is promising for biomedical application due to its ability
to participate in reactions with ROS (Saifi et al. 2021). The metabolism of reactive oxygen species
(ROS) is the very ancient regulatory mechanisms involved in the key processes in health and diseases
(Sun et al. 2020). ROS are involved in cell proliferation and death, immune response, carcinogenesis,
and inflammation (Sies and Jones 2020). Nanoceria is especially effective in scavenging the
superoxide anion radical like superoxide dismutase (SOD), which makes it a promising anti-
inflammatory agent and regulator of ROS metabolism (Tarnuzzer et al. 2005) (Korsvik ef al. 2007).
Next, its peroxidase-like (Ivanov et al. 2009), catalase-like (Pirmohamed et al. 2010), oxidase-like (Asati
et al. 2009; Liu et al. 2016), and phosphatase-like activities (Yao ef al. 2019) have been proven. Today,
these nanozyme properties are complemented by the discovery of fundamentally new types of
biochemical activity, including photolyase- (Tian et al. 2019), phospholipase- (K Khulbe et al. 2020),
and nuclease-like (Xu et al. 2019) activities.

Despite the promising nanozyme effects, studies on gene expression are mainly performed using
animal models (Cai ef al. 2014) (Ould-Moussa et al. 2014) (Schwotzer et al. 2018) (Mohamed 2022). For
human cells, the study of the toxicity of cerium dioxide for potential cancer treatment was carried
out mostly on malignant cells: cultures of human lung cancer (Lin et al. 2006), hepatoma (Cheng et al.
2013), neuroblastoma (Kumari et al. 2014), lung adenocarcinoma (Mittal and Pandey 2014), skin
melanoma (Al ef al. 2015), ovarian cancer (Vassie et al. 2017), leukemia cells (Montazeri et al. 2018),
(Patel et al. 2018). To sum, nanoceria exhibits toxic properties towards cancer cells. On the other hand,
nanoceria exhibits protective properties for normal cells, for example, as a neuroprotector (Das et al.
2007) or a protector of photoreceptors (Chen et al. 2006). There are numerous studies on non-tumor
cells such as skin keratinocytes (Ngoc et al. 2019) and retinal pigment epithelial cells (Ma et al. 2021).
Human embryonic lung fibroblasts present a useful in vitro model for toxicity studies due to their
sensitivity and involvement in inflammation. Lord et al. (2016) studied effects of hyaluronan-coated
nanoceria on these cells (Lord et al. 2016).

Citrate anion is widely used as a nanoparticle stabilizer (Andrade et al. 2022) (Arsalani et al. 2023)
(Nimi et al. 2018). Though biological activity of ammonium citrate is low, when associated with
nanoparticles it can significantly affect their toxicity. For example, silver nanoparticles stabilized with
citrate are more toxic than nanoparticles stabilized with polyethylene glycol (Bastos et al. 2016). On
the other hand, silver nanoparticles stabilized with citrate and polyethylene glycol showed
comparable toxicity towards hepatoma cells (Bastos et al. 2017). The toxicity of citrate-stabilized
nanoparticles is also affected by the method of preparation. (Park et al. 2014). Stabilization with citrate
had various concentration-depending effects on gold nanoparticles (Epanchintseva ef al. 2018) (Freese
et al. 2012). For mouse fibroblasts, citrate-stabilized nanoceria was more toxic than polyacrylic acid
coating (Ould-Moussa et al. 2014). All this indicates the need to study the effects of citrate on the
properties of nanoparticles towards human cells.

To sum, nanoceria exhibits an exceptionally wide range of useful biomedical properties due to
its ability to participate in reactions with ROS. Depending on the stabilizers, nanoceria can provide
cytotoxic or cytoprotective properties. Here, we aimed to study the effects of citrate-coated nanoceria
compared with bare nanoceria on oxidative metabolism genes in human embryonic lung fibroblasts
by examining: (1) cell viability, (2) intracellular oxidative stress, (3) expression of NOX4, NRF2, and
NF-«B, (4) oxidative DNA damage/repair, (5) cell proliferation, apoptosis, and autophagy.

2. Materials and Methods

2.1. Synthesis and Characterization of Citrate-Coated Cerium Dioxide Nanoparticles

CeO2 nanoparticles modified with ammonium citrate was prepared with a two-step procedure.
Pristine nanoscale CeO: was synthesized with a thermal hydrolysis of ammonium
hexanitratocerate(IV) (#215473, Sigma, St. Louis, MO, USA) (Shcherbakov et al. 2017). Briefly, the
precursor aqueous solution was kept at 95°C for a day. The precipitate formed was washed at least
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three times with isopropanol and redispersed in deionized water. The residual amount of
isopropanol was removed by boiling. This solution of unmodified nanoceria was used as a reference
sample to identify the effects of citrate stabilizer. The modifier solution was prepared by dissolving
a weighed portion of ammonium citrate (#247561, Sigma, St. Louis, MO, USA) in deionized water.
The modification of CeO: nanoparticles was performed by gradual addition (dropwise) with
continuous stirring at least 30 min of an aqueous solution of bare CeO: nanoparticles to the ligand
solution.

The concentration of the CeO:z sol was determined by the thermogravimetric method. Diffraction
patterns of dried nanoscale CeO: were recorded on a Bruker D8 Advance diffractometer (CuKa
radiation, 6-20 geometry) (Bruker, Billerica, MA, USA). Electron images were obtained with a Leo
912 AB Omega transmission electron microscope (Carl Zeiss, Oberkochen, Germany) at an
accelerating voltage of 100 kV. UV-Vis spectra of CeO: sols were recorded at room temperature using
a Cary 4000 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) in 1.0 cm quartz
cuvettes. The hydrodynamic diameter of the nanoparticles was measured with a Photocor Complex
analyzer (radiation power 25 mW, diode laser, A =650 nm) (Photocor, Moscow, Russia). The
measurements were carried out at room temperature and at the scattering angle of 90°. To measure
zeta-potentials, a Nano ZS Zetasizer (Malvern Panalytical, Malvern, Worcestershire, UK) was used
according to ISO/TR 19997:2018. Fluorescence spectra (Aex = 280 nm, slit width 5 nm) were recorded
by a FluoroLog 3 spectrofluorometer (HORIBA Jobin Yvon SAS, Kyoto, Japan).

2.2. Cell Culture

The fourth cell passage of human embryonic lung fibroblasts (HELF) were obtained from the
Research Centre for Medical Genetics. HFLFs were seeded at 1 7 x 104 cell/mL in Dulbecco's Modified
Eagle Medium (Paneco, Moscow, Russia) with 10% fetal calf serum (PAA, Vienna, Austria), 50 U/mL
penicillin, 50 ug/mL streptomycin, and 10 ug/mL gentamycin. The cells were cultured at 37°C for
24 h. Next, citrate-coated nanoceria was added to the medium. The cells with nanoceria were
incubated for 1, 3, 24, and 72 h.

2.3. MTT Test and TMRM Test

MTT test (the test with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was used
to examine cell viability. An EnSpire Plate Reader (EnSpire Equipment, Turku, Finland) was used to
measure fluorescence at 550 nm. Cells incubated with culture medium and citrate solution in
deionized water were used as negative control. As positive control, the incubation with dimethyl
sulfoxide (0.0001%-50%) was used as described elsewhere (Savinova et al. 2023). In MTT-test, the cells
were incubated with nanoceria for 72 hours. The TMRM test was carried out using a membrane-
voltage-dependent dye, tetramethylrhodamine methyl ester (Thermo Fisher, Waltham,
Massachusetts, USA). TMRM is a cell-permeant, cationic, red-orange fluorescent dye that is readily
sequestered by active mitochondria.

2.4. ROS Visualization with Fluorescence Microscopy

An AxiolmagerA2 microscope (Carl Zeiss, Oberkochen, Germany) was used for fluorescent
microscopy of cells. The cells were cultured in slide flasks. After incubation with citrate-coated
nanoceria, the medium was removed, cells were washed with PBS, and dichloro-dihydro-fluorescein
diacetate was added (a stock solution 2 mg/mL was diluted with PBS 1: 200 before using). After
incubation for 15 min, the cells were washed with PBS and immediately photographed. No less than
100 fields of view were analyzed; fluorescence intensity per a cell and the total fluorescence were
analyzed using microscope software.

2.5. Antibodies

Primary antibodies DyLight488-yH2AX (pSer139) (nb100-78356G, NovusBio, Centennial, CO,
USA), FITC-NREF2, (bs1074x-fitc, Bioss Antibodies Inc. Woburn, USA ), FITC-BRCA1 (Nb100-598F,
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NovusBio, Centennial, CO, USA), PE-8-ox0-dG (sc-393871 PE, Santa Cruz Biotechnology, Dallas, TX,
USA) CY5.5-NOX4 (bs-1091r-cy5-5, Bioss Antibodies Inc. Woburn, USA), A350-BCL2 (bs-15533r-
a350, Bioss Antibodies Inc. Woburn, MA, USA), NFKB (bs-0465r-cy7, Bioss Antibodies Inc. Woburn,
MA, USA), LC3 (NB100-2220 NovusBio, Centennial, CO, USA), BAX (Nb120-7977, NovusBio,
Centennial, CO, USA), PCNA (ab2426, Abcam plc, UK), and secondary anti-rabbit IgG-FITC (sc-2359,
Santa Cruz Biotechnology, Dallas, TX, USA), were used.

2.6. Flow Cytometry Analysis

Flow cytometry was used to quantify intracellular ROS in unfixed cells suspension. The samples
were incubated with 10 uM solution of H2DCFH-DA in PBS (Molecular Probes/Invitrogen, Carlsbad,
CA, USA) 15 min in the dark, washed PBS, resuspended in PBS and analyzed by flow cytometer in
FITC channel (CytoFlex S, Beckman Coulter, Brea, CA, USA).

To quantify proteins, cells were washed with Versene solution (Thermo Fisher Scientific,
Waltham, MA, USA), treated with 0.25% trypsin (Paneco, Moscow, Russia), washed with the culture
medium, then suspended in PBS (pH 7.4) (Paneco, Moscow, Russia). Next, the cells were fixed with
paraformaldehyde (PFA, Sigma-Aldrich, Saint Louis, USA) at 37°C for 10 min, washed three times
with 0.5% BSA-PBS, treated with 0.1% Triton X-100 in PBS for 15 min at 20°C or with 90% methanol
at 4°C, and washed 3 times with 0.5% BSA-PBS. Next, the cells were stained with conjugated
antibodies (1 pg/mL) for 2 hours at room temperature, washed with PBS and analyzed by flow
cytometer (CytoFlex S, Beckman Coulter, Brea, CA, USA). For BAX quantitation, the cells were
incubated with the unconjugated primary antibodies (1 pg/mL) overnight (+4°C), washed with 0.5%
BSA-PBS and incubated for 1 hour at room temperature with secondary antibodies (1 pg/mL),
washed three times with 0.5% BSA-PBS and analyzed by flow cytometer (CytoFlex S, Beckman
Coulter, Brea, CA, USA).

2.7. mRNA Quantitation

Total mRNA was isolated with the RNeasy Mini Kit (Qiagen, Hilden, Germany), treated with
DNAse I, and then reverse transcribed by the Reverse Transcriptase kit (Sileks, Moscow, Russia). The
qRT-PCR method with SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA)
was used for obtaining expression profiles. The mRNA was quantified using StepOnePlus (Applied
Biosystems) with TBP as a reference gene. The primers were used (Sintol, Moscow, Russia): BAX (F:
CCCGAGAGGTCTTTTTCCGAG, R: CCAGCCCATGATGGTTCTGAT); BCL2 (F:
TTTGGAAATCCGACCACTAA; R: AAAGAAATGCAAGTGAATGA); NF-xB1 (F:
CAGATGGCCCATACCTTCAAAT; R: CGGAAACGAAATCCTCTCTGTT); NRF2 (NFE2L2) (F:
TCCAGTCAGAAACCAGTGGAT, R: GAATGTCTGCGCCAAA AGCTG);, NOX4 (F:
TTGGGGCTAGGATTGTGTCTA; R: GAGTGTTCGGCACATGGGTA); BRCA1 (F:
TGTGAGGCACCTGTGGTGA, R: CAGCTCCTGGCACTGGTAGAG); CCND1 (F:
TTCGTGGCCTCTAAGATGA AGG; R: GAGCAGCTCCATTTGCAGC); and TBP (reference gene) (F:
GCCCGAAACGCCGAATAT, R: CCGTGGTTCGTGGCTCTCT).

2.8. Statistics

The experiments were performed in triplicates; the data are given as mean and standard
deviation (SD). The differences were considered significant when p <0.01 (non-parametric Mann-
Whitney test). For data analysis, the StatPlus2007 software (AnalystSoft Inc., Walnut, USA) was used.

3. Results

3.1. Citrate-Coated Cerium Dioxide Nanoparticles

According to the thermogravimetric analysis, the concentration of the colloidal solution of
cerium dioxide was 17 g/L (0.09 M). The prepared sample contained single-phase cerium dioxide
(PDF2 34-0394) with a particle size of 3 nm as determined by the Scherrer equation. The results of
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transmission electron microscopy and electron diffraction confirmed the data on the particle size and
phase composition of the obtained material. Ammonium citrate was used to functionalize the surface
of CeO: nanoparticles (1:1 molar ratio). According to dynamic light scattering data, the average
hydrodynamic diameters of bare CeOz nanoparticles and citrate-coated CeO2 were 11.3 1.1 and 16.2
+ 1.0 nm, respectively. Electrokinetic properties of the aqueous CeO2 sol proves good stability of this
colloidal system (C-potential is equal to +40.1 £ 1.3 mV) (Schramm 2005). Modification of CeO:
nanoparticles with ammonium citrate ions caused a decrease in the C potential to +13.1 + 0.7 mV.

3.2. Cell Viability

According to the MTT test, bare nanoceria showed no toxicity in a wide concentration range, but
in 55 nm-1 pM range, cell viability was slightly lower than 80%. Citrate-coated nanoceria was non-
toxic for HELFs up to 0.53 mM (Figure 1). In general, citrate coating makes nanoceria substance less
toxic towards HELFs. For next experiments, a 1.5 pM concentration of bare and citrate-coated
nanoceria was chosen.

Cell viability
N
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Cell viability

K

* N SR SRR
9 o o o ¥ o 4T & & &L ‘ 2
4] g L A M c(Ce0,) N S Qc(citrate-CEO;]
(a) Bare nanoceria (b) Citrate-coated nanoceria

Figure 1. MTT test for 72 h as absorbance at 570 nm related to the control vs concentration of CeO; in
blank experiments, cells were incubated without nanoceria. Red dashed lines indicate a viability
range (80%-100%).

3.3. Mitochondrial Potential with the TMRM Test

We tested the response of HFLF mitochondria to the exposition with bare nanoceria and citrate-
coated nanoceria using The TMRM (tetramethylrhodamine methyl ester) test and flow cytometry.
The TMRM fluorescence increased after 1-3 h of incubation. After 24 h of incubation, the fluorescence
decreased but remained higher than the control values (Figure 2).
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(a) the SSC vs. FSC dot plot (the top panel) and (b) the relative enhancement of the TMRM signal in
fluorescence of TMRM vs. FSC in the selected cells relative to the blank (medians) vs. incubation time
regions (the bottom panel for 1.5 uM bare and citrate-coated nanoceria

Figure 2. The TMRM test using flow cytometry. In blank experiments, cells were incubated without
nanoceria.
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3.4. Penetration into Cells

Nanoceria does not exhibit intrinsic fluorescence, as confirmed by photographs of HELF cells
after incubation with bare and citrate-stabilized nanoceria (1.5 uM) for 3 hours (Figure 3). To reveal
the effect of nanoparticles on cells, we stressed HELFs by adding 10 uM H20.. The stressed cells
possess autofluorescence (Figure 4(a)). These cells were incubated with 1.5 uM bare nanoceria (Figure
4(b)) and 1.5 uM citrate-stabilized nanoceria (Figure 4(c)).

Fluorescence Fluorescence
Transmitted light (450-525 nm) (600-650 nm)

Figure 3. Images of citrate-stabilized nanoceria (1.5 uM) in human fetal lung fibroblasts after 3 h of
incubation; excitation wavelength, 370 nm; magnification, 40x.

Fluorescence Fluorescence
Transmitted light (450-525 nm) (600-650 nm)

(c) Stressed cells incubated with citrate-stabilized nanoceria (1.5 uM) for 3 h

(@) Stressed cells
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Figure 4. Transmitted light and fluorescence images of bare nanoceria and citrate-stabilized nanoceria
in stressed with 10 uM H20z human fetal lung fibroblasts; magnification, 100x.

The autofluorescence of stressed cells incubated with bare nano-CeQO: and, to an even greater
extent, of citrate-stabilized nano-CeO:2 increased. Notably, the fluorescence of the nucleoli occurs,
which is, presumably, due to nanoceria that has entered the nuclei.

3.5. Intracellular ROS

HELFs were incubated with 1.5 uM bare and citrate-coated nanoceria for 1, 3, 24 and 72 hours.
The data are presented in arbitrary units relative to the control (cells cultured without nanoceria). To
assess the level of intracellular ROS, H2DCF-DA (2',7'-dichlorodihydrofluorescein diacetate) was
used as it penetrates quickly through cell membranes and becomes hydrolyzed in the cytosol to non-
fluorescent DCFH, which is oxidized by ROS to fluorescent DCF.

The addition of bare nanoceria to cells results in a decrease in intracellular ROS level after 1 hour
and a slight increase in ROS levels during 24 hours (Figure 5(a)). The addition of citrate-stabilized
nanoceria (1.5 pM) to cells results in a decrease in intracellular ROS level after 24 hours (Figure 5(b)).

Blank Citrate-stabilized  gare nanoceria @ Citratestabilized @ Bare nanoceria
7 2 nanoceria
¢
: g Ll |
5 — 1
’ e
S : :
ol
a X
4 | %
5 z
2 .
T ]
£ 0.5 ———TT T —
J 0 1 10
z o o " Incubation time, h
FSC
(a) The SSC vs. FSC dot plot (the top panel) and (b) The relative enhancement of the DCF signal in
fluorescence of DCF vs. FSC in the selected regions cells relative to the blank (medians) vs. incubation
(the bottom panel) time for 1.5 uM bare and citrate-stabilized nanoceria

Figure 5. Intracellular ROS assessed with flow cytometry, in blank experiments, cells were incubated
without nanoceria; the significant difference according to the Mann-Whitney test (p < 0.05) is marked
with *’.

Thus, bare and citrate-stabilized nanoceria added to cells during 1-24 hours act as ROS
scavengers. As in the TMRM test, citrate-stabilized nanoceria has a more moderate effect.

3.6. NOX4 Expression

NADPH oxidases are key sources of ROS in cells. Within 1-3 hours after adding nanoceria, the
expression of the NOX4 gene decreased slightly, returning to the control value after 24 hours (Figure
6(a)). Protein expression increased sharply after 1 hour, then decreased, and after 72 hours, the
expression of NOX4 was significantly lower than the control value (Figure 6(b)). Probably, the
activation of NOX4 is a compensatory response to the antioxidant effect of nanoceria (see Figure 5).
Note that the NOX4 response is like double-humped wave with a dip at 3 hours of exposition.
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Figure 6. NOX4 expression as a result of incubation of HELFs with bare and citrate-coated nanoceria

(1.5 uM) within 1-72 hours; in blank experiments, cells were incubated without nanoceria; the TBP

gene was used as an internal reference gene, the mean RNA amount was calculated from three

experiments relative to control, the significant difference according to the Mann-Whitney test (p <

0.05) is marked with “*".

3.7. NRF2 Expression

The NRF2 transcription factor is involved in the antioxidant response. For bare and citrate-
coated nanoceria, gene expression tends to increase after an hour, decrease after 3 hours, and increase
again after 24 hours. However, these changes are not statistically significant (Figure 7(a)). For protein
expression there is similar wave-like dynamics with two humps, but the changes are statistically
significant (Figure 7(b)). The amount of the phosphorylated NRF2 increased by 1.2-1.4 times after 1
hour and by 1.4-1.5 times after 24 hours. The short-term activity of the NRF2 factor is most likely
associated with the release it from protein complexes with KEAP1 and phosphorylation of NRF2
deposited in cells. Compared to bare nanoceria, citrate-coated nanoceria is “more antioxidative”.
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(a) NRF2 gene expression
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Figure 7. NRF2 expression as a result of incubation of HELFs with bare and citrate-coated nanoceria

(1.5 uM) within 1-72 hours; in blank experiments, cells were incubated without nanoceria; the TBP

gene was used as an internal reference gene, the mean RNA amount was calculated from three

experiments relative to control, the significant difference according to the Mann-Whitney test (p <

0.05) is marked with “*.

3.8. NF-xB Expression

Changes in the transcriptional activity of the NFR2 gene are usually inversely related to the
activation of transcription of the NF-xB1 gene. The NF-kB transcription factor translocates to the
nucleus and triggers the NF-«B signaling pathway in response to external influences, which leads to

reprints202412.1549.v1
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the synthesis of cytokines, adhesion molecules, and factors aimed at cell survival. The expression of
the NF-xB gene for bare and citrate-stabilized nanoceria had similar wave-like dynamics, it decreased
after 1 hour, then increased after 3 hours and returned to the control level after 24-72 hours (Figure
8 (a)). Protein expression increased significantly after 24 hours of incubation and decreased below the
control values after 72 hours (Figure 8(b)).
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Figure 8. NF-kB expression as a result of incubation of HELFs with bare and citrate-coated nanoceria
(1.5 uM) within 1-72 hours; in blank experiments, cells were incubated without nanoceria; the TBP
gene was used as an internal reference gene, the mean RNA amount was calculated from three
experiments relative to control, the significant difference according to the Mann-Whitney test (p <
0.05) is marked with “*".

3.9. DNA Oxidative Damage and Double-Strand Breaks

Excessive ROS can lead to DNA oxidation and breaks. After 1 hours of incubation with
nanoceria, the content of 8-oxo-2'-deoxyguanosine (8-oxo-dG) that is a marker of oxidative DNA
damage increased by 1.6-1.8 times. After 3 hours, the content of 8-oxo-dG decreased to the control
values, then increased and decreased after 72 hours below the control values (Figure 9 (a)). An
increase in 8-oxo-dG may cause DNA breaks. We assessed DNA double-strand breaks using the
YH2AX assay. After 1 hour of exposition with nanoceria, phosphorylated YH2AX increased by 1.5
times, which correlates with the increase in 8-oxo-dG. After 3 hours, the level of double-strand breaks
decreased. After 24 hours, it increased that decreased below the control values (Figure 9(b)). In
general, the “oscillatory” dynamics of changes in 8-oxo-dG and YH2AX are similar.
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Figure 9. Biomarkers of oxidative damage and double-strand breaks relative to control (the cells with
no nanoceria added) quantified with flow cytometry as a result of incubation of HELFs with bare and
citrate-coated nanoceria (1.5 uM) within 1-72 hours; the significant difference according to the Mann-
Whitney test (p < 0.05) is marked with *’.
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In general, the dynamics of oxidative DNA damage corresponds to the dynamics of changes in
NOX4, NRF2 and NF-«B.

3.10. DNA Repair

A decrease in DNA breaks may be due to the activation of genes involved in DNA repair. The
key repair gene is the BRCA1 gene. Changes in the BRCAI gene expression are wave-like but not
statistically significant (Figure 10(a)). Changes in protein expression have the same oscillatory
dynamics, but the changes are significant. Ater 1 hour, expression of the BRCA1 protein increased by
1.5 times (Figure 10(b)). The increased expression of the BRCA1 protein lasts for up to 24 hours.

o . - ) .
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Figure 10. BRCA1 expression as a result of incubation of HELFs with bare and citrate-stabilized
nanoceria (1.5 uM) within 1-72 hours; in blank experiments, cells were incubated without nanoceria;
the TBP gene was used as an internal reference gene, the mean RNA amount was calculated from
three experiments relative to control, the significant difference according to the Mann-Whitney test (p
< 0.05) is marked with “*.

Thus, an increase in the expression of genes and proteins involved in repair in response to DNA
breaks neutralizes the negative effect of nanoceria added to the cells.

3.11. Apoptosis

The number of cells in the population depends on the balance between cell proliferation and
apoptosis. Thus, we assessed the expression of pro-apoptotic (BAX) and anti-apoptotic (BCL2) genes
and proteins. The BCL2/BAX gene/protein ratio is the most adequate and frequently used index of
apoptosis.

After 3-24 hours of incubation with bare and citrate-stabilized nanoceria (1.5 uM), the BCL2/BAX
gene ratio did not change significantly (Figure 11(a)), but BCL2/BAX protein ratios increased by 1.5—-
2.3 times (Figure 11(b)). This indicates a decrease in apoptosis, which resulted in an increase in the
cell number after 24-72 hours of incubation.
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Figure 11. BCL2/BAX ratio as a result of incubation of HELFs with bare and citrate-stabilized
nanoceria (1.5 pM) within 1-72 hours. The mean RNA amount was calculated from three experiments
relative to control (the cells with no nanoceria added); the TBP gene was used as an internal reference
gene). Protein expression was assessed by flow cytometry. The significant difference according to the
Mann-Whitney test (p < 0.05) is marked with *".

3.12. Cell Proliferation

The addition of bare and citrate-coated nanoceria to HELFs led to an increase in the expression
of the PCNA proliferation protein after 3-72 hours by approximately 30% (Figure 12).

1.2 4

median ( FL- Pcna), fold change

0.8 — Ty — R
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Figure 12. Cell number vs. BRCA1 fluorescence in cells relative to the blank (medians) vs. incubation
time for 1.5 uM bare and citrate-coated nanoceria; in blank experiments, cells were incubated without
nanoceria; the significant difference according to the Mann-Whitney test (p < 0.05) is marked with *’.

Thus, both bare and citrate-coated nanoceria have a proliferative effect.

3.13. Autophagy

Besides apoptosis, cells may undergo autophagy. Bare and citrate-coated nanoceria (1.5 uM)
caused a significant decrease in the expression of the LC3 autophagy protein by approximately 40%
(Figure 13).
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Figure 13. LC3 expression as a result of incubation of HELFs with bare and citrate-stabilized nanoceria
(1.5 uM) within 1-72 hours; in blank experiments, cells were incubated without nanoceria; the TBP
gene was used as an internal reference gene, the mean RNA amount was calculated from three
experiments relative to control, the significant difference according to the Mann-Whitney test (p <
0.05) is marked with “*".

Comparing bare and citrate-coated nanoceria, the effect of citrate-stabilized nanoceria had
already disappeared after 72 hours, while effect of bare nanoceria still remained.

4. Discussion

The main results of the study can be summarized as follows (Table 1): 1) both bare and citrate-
coated nanoceria are non-toxic for human embryonic lung fibroblasts in a wide range of
concentrations up to millimolar range; 2) both bare and citrate-coated nanoceria acts as an antioxidant
reducing intracellular ROS in HELFs; 3) we observed a two-wave (“oscillatory”) dynamics in the
expression of the oxidative proteins and markers of oxidative damage (NOX4, NRF2, NF-«kB, 8-oxo-
dG, phos-yH2AX, BRCA1), in which the content of proteins and markers increases within the first
hour, decreases to the control values after 3 hours, increases again after 24 hours and drops below
the control value after 72 hours; 4) apoptosis was inhibited after 3-24 hours of incubation;
proliferation was activated and autophagy was inhibited within 3-72 hours; 5) the dynamics for bare
and citrate-coated nanoceria were similar, however, the stabilization with citrate improved survival

according to the MTT-test and caused a more moderate effect for intracellular ROS and expression of
NF-«B, BRCA1, PCNA, and LC3.

Table 1. The effects of bare and citrate-stabilized nanoceria (1.5 uM) on human embryonic lung

fibroblasts.
1-3 hours 72 hours
24 hours (middle-term
Parameter (short-term (long-term
effects)
effects) effects)
Intracellular ROS (DCF fluorescence) l ! l
NOX4 protein T 1 l
NREF2 protein 1l 1 l
NF-«B protein T 1 l
Oxidative DNA modification (8-oxo-dG) T 1 l
DNA double-strand breaks (phos-yH2AX protein) T 1 l
DNA repair (BRCA1 protein) T 1 l



https://doi.org/10.20944/preprints202412.1549.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 December 2024 d0i:10.20944/preprints202412.1549.v1

13
Apoptosis (BCL2/BAX protein ratio) 1 l 0**
Proliferation (PCNA protein) 1 1 i
Autophagy (LC3 protein) ! l !

* For NF-«B, the short-term effect had wave dynamics, but did not achieve significant changes. ** ‘0" means the
absence of significant difference with the control values.

Citrate-anion is a widely used nanoparticle stabilizer (Andrade et al. 2022) (Arsalani et al. 2023)
(Nimi et al. 2018). Ammonium citrate is a neutral substance, but as a coating on nanoparticles, it can
affect their toxicity. For example, silver nanoparticles coated with citrate turned out to be more toxic
to human keratinocytes than those stabilized with polyethylene glycol (Bastos et al. 2016). However,
on hepatoma cells, silver nanoparticles stabilized with citrate and polyethylene glycol exhibited
similar toxicity (Bastos et al. 2017). Moreover, the method of preparation of the suspension also affects
the toxicity (Park et al. 2014). This indicates the need to study nanoparticles with a specific stabilizer
on each cell line. Citrate coating did not interfere with the binding of oligonucleotides to gold
nanoparticles (Epanchintseva et al. 2018). However, a large amount of citrate on the surface of the
gold particles increased their toxicity, although it did not affect the penetration into endothelial or
epithelial cells (Freese et al. 2012). Citrate coating had no effect on cell viability in the case of FesOs
nanoparticles (Srivastava et al. 2011). Currently there are no reports devoted to the toxicity evaluation
of citrate-coated nanoceria on human cells or they are extremely scarce. On mouse fibroblasts, citrate-
coated nanoceria exhibited toxic properties compared to polyacrylic acid coating (Ould-Moussa et al.
2014). Previously, we studied the effect of citrate-coated nanoceria on mouse fibroblasts and showed
that the expression of antioxidant genes increased, and citrate-coated nanoceria had a proliferative
effect (Popov et al. 2016). According to this study, citrate-coated CeO: generally exhibits
cytoprotective and even regenerative properties with respect to human lung fibroblasts. Since
nanoceria penetrates the cell membranes rather quickly (within 1 hour), the citrate coating does not
interfere with penetration to fibroblasts. Stabilization with citrate improved survival according to the
MTT-test and caused a more moderate effect for intracellular ROS and expression of NF-kB, BRCA1,
PCNA, and LC3.

The fact that cerium dioxide entering the cell immediately provides an antioxidant effect is
consistent with its pronounced SOD-like activity (Korsvik ef al. 2007). Cerium dioxide acts not only
as superoxide dismutase, converting the superoxide anion radical into hydrogen peroxide, but also
exhibits catalase-like properties, neutralizing hydrogen peroxide (Pirmohamed et al. 2010). This
explains the shift of ROS metabolism inside cells to the antioxidant scales. Antioxidant shift activates
NOX4 gene expression (Guo and Chen 2015). The NOX4 enzyme catalyzes the production of the
superoxide anion radical and hydrogen peroxide, which puts it among the most important redox
regulators (Montezano et al. 2011). NOX4, in particular, stimulates the proliferation of various cells
and apoptosis, performing both positive and negative roles (Przybylska and Mosieniak 2014).
Increased NOX4 activity leads to the activation of the anti-inflammatory response NRF2 (Brewer et
al. 2011) thus protecting the cell from damage (Schroder et al. 2012). Activation of NRF2 leads to
activation of the pro-inflammatory NF-kB pathway. The negative role of NOX4 expression is
manifested in oxidative DNA damage and double-strand breaks (Avci et al. 2019; Ekin et al. 2021). In
turn, the response to DNA damage was the activation of repair systems (D'Errico et al. 2008).
According to our results, changes in NOX4, NRF2, NF-kB, oxidative DNA damage and double-strand
breaks, and DNA repair were characterized by similar two-wave dynamics, which confirms the deep
relationship of these processes.

Of interest is the two-wave dynamics of the expression of oxidative proteins and markers
(NOX4, NRF2, NF-kB, 8-ox0-dG, phos-yH2AX, BRCA1), namely, an increase after 1 hour, a decrease
after 3 hours, a further increase after 24 hours and a final decrease after 72 hours. There can be at least
two hypotheses here. First, this effect may be caused by a decrease in the number of cells after 3 hours.
However, we monitored the cell number using a microscope and specifically conducted a 3-hour
MTT test, which confirmed that the cell survival was close to 100%. Another hypothesis is that
nanoceria changes the oxidation state. Self-oscillatory kinetics (the Belousov-Zhabotinsky reaction)
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has long been known for the Ce(IIl)/Ce(IV) system (Kasuya et al. 2005). Malyukin et al. observed the
switching of oxidation state between Ce(IIl) and Ce(IV) in nanoceria in aqueous colloidal solutions
(Malyukin et al. 2017). They hypothesized that Ce(Il)—~Ce(IV) reaction inside nanoceria is triggered
by the diffusing oxygen originated from the water splitting on oxidized nanoceria surface. The
kinetics of this reaction depends on the redox conditions. Lin et al. performed studies on a culture of
human lung cancer cells (A549) with bare nanoceria, measuring the levels of intracellular ROS, lactate
dehydrogenase, glutathione, malondialdehyde, and alpha-tocopherol. They found a monotonous
increase in oxidative stress over three days, but their first measurement point was 24 hours , while
oscillatory effect in our experiments was realized within 1 — 3 hours (Lin et al. 2006). Rubio et al. also
studied the antioxidant and anti-genotoxic properties of cerium dioxide on human bronchial
epithelial cells, but they used a preliminary incubation with nanoceria for 24 hours followed by
adding KBrOs (Rubio et al. 2016). Suarez et al. studied the effect of nanoceria (that is, protein
expression of NO-synthase, superoxide dismutase, NOX4) on isolated human saphenous vein during
30 min (Guerra-Ojeda et al. 2022). Biomarkers of aging and oxidative stress were studied in
synoviocytes, but incubation was also carried out for 24 hours (Ren et al. 2023). Thus, there is little
information about the short-term effect of nanoceria on human cell culture, but the phenomenon of
short-term oscillatory expression of oxidative proteins and markers is interesting and requires
separate study.

In our experiments, cerium dioxide caused inhibition of apoptosis, which can be the reason for
the regenerative properties of CeO2 nanoparticles (Marino et al. 2017; Qian et al. 2019). In many cases,
scientists are concerned about the induction of apoptosis by nanoparticles, which can proceed in
different ways (Ma and Yang 2016; Chen et al. 2018). The ability of nanoparticles to induce apoptosis
gives grounds to consider them as anticancer drugs (Taheriazam et al. 2023) (Naseer et al. 2022) (Igbal
et al. 2021) (Paunovic ef al. 2020). Suppression of apoptosis may raise concern in terms of carcinogenic
effects (Solano-Galvez et al. 2018), which necessitates a more thorough study of the effect of apoptosis
inhibitors on cells. The short duration of the proliferative effects of nanoceria can be considered as a
beneficial feature of this material.

Regarding the toxicity and safety of nanoceria, there are contradictory data in the literature.
Studies of bare nanoceria in cultures of type II alveolar epithelial cells of rats indicate its pro-
inflammatory and oxidative stress effects (Schwotzer et al. 2018). In relation to lung cancer cells,
nanoceria caused pronounced oxidative stress, lipid peroxidation and membrane damage (Lin ef al.
2006). Similarly, Cheng et al. showed that CeO2 nanoparticles induce damage and apoptosis in human
hepatoma cells through oxidative stress and activation of MAPK signaling pathways (Cheng et al.
2013). Nanoscale ceria exhibit toxicity to human neuroblastoma cells (Kumari et al. 2014). The toxic
effect of CeO: on lung adenocarcinoma cells was demonstrated by Mittal et al. They proved ROS-
mediated DNA damage and apoptotic cell death under the action of CeO: (Mittal and Pandey 2014).
CeO: exhibited ROS-mediated toxicity to melanoma cells (Ali et al. 2015). Cerium dioxide
nanoparticles are an effective radiosensitizer of DNA damage caused by ionizing radiation in HL-60
cells (Montazeri et al. 2018). In contrast, in a study on human ovarian and colon cancer cells, CeO:
showed antioxidant and anti-inflammatory properties. The authors believe that these nanoparticles
can be used to minimize the inflammatory effects of cancer (Vassie et al. 2017). The antioxidant effect
of cerium dioxide in human monocytic leukemia cells is also considered beneficial (Patel et al. 2018).
The combined administration of CeO: and lead acetate suppresses genotoxicity, inflammation, and
ROS formation and restores the integrity of genomic DNA (Mohamed 2022).

5. Conclusions

Summing up, in human embryonic lung fibroblasts, both bare and citrate-coated nanoceria have
a short-term wave-like effect on the regulation of expression of oxidative metabolism genes and
proteins. The two-wave “oscillatory” dynamics of oxidative proteins and markers may be associated
with changes in the oxidation state of nanoceria in cells. The medium- and long-term effects of
nanoceria on HELFs lead to proliferation and regeneration of HELFs. Bare and citrate-coated
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nanoceria provide similar effects, but stabilization with citrate leads to a more moderate action of
nanoceria on HELFs.
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