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ABSTRACT 

Background: Nanoceria exhibits unique catalytic activity toward reactive oxygen species (ROS), mimicking the functions 

of natural enzymes—a property that underlies its biomedical applications, given the essential role of ROS in living 

organisms. Carnosine is a pH buffer with intrinsic antioxidant properties; it chelates metals and binds carbonyl compounds.  

Objective(s): Using human embryonic lung fibroblast model, this study investigates the impacts of carnosine-conjugated 

nanoscale CeO2 on cell survival, cellular oxidative status, ROS-induced DNA oxidation, dual-strand DNA breaks, 

activation of DNA repair response, and gene and protein expression of NOX4, NRF2, STAT3, as well as proliferation and 

autophagy markers.  

Results: Carnosine-conjugated nanoceria proved to be non-cytotoxic at millimolar concentrations. Its effects on 

cytotoxicity, genotoxicity, DNA repair, mitochondrial membrane potential, autophagy, and NOX4 and NRF2 expression 

were similar to those of bare nanoceria. The principal differences were observed in the expression of STAT3, PCNA, and 

BCL2 proteins, where carnosine‑coated nanoceria induced a pronounced activating impact after 24 h of exposure, thus 

promoting proliferation and increasing concentration of the PCNA proliferation marker.  

Conclusion: We hypothesize that carnosine‑coated nanoceria directly activates the STAT3/BCL2 axis. These findings 

may facilitate the development of new molecular models for studying signaling pathways and advance in characterization 

of the nanoceria’s biochemical roles in regulating ROS‑driven cellular pathways. Moreover, carnosine‑coated nanoceria 

could be considered a potential agent for enhancing the survival of cell cultures—such as hematopoietic cultures intended 

for transplantation—through activation of the STAT3/BCL2 axis. 
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INTRODUCTION 
Cerium dioxide nanoparticles (nanoceria) exhibit 

unique catalytic activity toward reactive oxygen species 
(ROS), mimicking natural enzymes—a property that 
underlies all biomedical applications of nanoceria, given 
the crucial role of ROS in living systems (1) (2). 
Depending on the surface coating and environmental 
conditions, nanoceria may exert either anti‑ or 
pro‑oxidant effects. In cancer cells under low‑pH 
conditions, nanoceria functions as an ROS generator, 
cytotoxic agent, and even radiosensitizer (3) (4). 
Additionally, nanoceria generates molecular oxygen 
within tumors, sensitizing malignant cells to light- and 
radio-based therapy, as well as to chemotherapeutic 
interventions (5). In normal cells, nanoceria has 
anti‑inflammatory and antibacterial activity, supporting 
its use in tissue engineering (6). Both bare and 
functionalized nanoceria demonstrate strong potential 
to accelerate healing in acute and chronic wounds (7). 
Furthermore, nanoceria has been proposed as an 
antidiabetic agent (3) and a protective drug in retinal 
macular degeneration (8).  

The application of nanoceria carries toxicological 
risks that depend on the route of exposure, dose, and 
chemical composition of the nanoparticles. Being a non-
degradable compound, nanoceria persists in organs for 
a long time (at least for several months) with slow 
elimination rates. The acute toxicity of nanoceria is quite 
low, but accumulated nanoparticles can cause 
granuloma and fibrosis in the lungs and granuloma in the 
liver (9). Owing to its biostability, there is a risk of 
adverse effects from prolonged exposure to this 
nanomaterial; consequently, surface modification of 
ceria nanoparticles is generally required for biomedical 
applications. 

Carnosine is an essential endogenous dipeptide 
predominantly found in skeletal muscle, the central 
nervous system, olfactory neurons, and the lens of the 
eye in various vertebrates, including humans (10). It 
functions as a pH buffer and possesses intrinsic 
antioxidant properties; it chelates metals such as iron 
and copper and binds to carbonyl compounds, which are 
advanced glycation and lipoperoxidation end products 
(11) (12) (13). Carnosine has been shown to improve 
muscle function in athletes (14), myocardial function 
(15), and vascular health (16). Additionally, it plays active 
roles in bone physiology and biochemistry (17), acts as a 
neuroprotector (18), and inhibits oxidative stress (19). 
Carnosine activates the NRF2 anti-inflammatory 
pathway (20) (21), which contributing to its beneficial 
effects (22) (23). Moreover, carnosine exhibits anti-aging 
properties (24), slowing the aging process of cultured 

human diploid fibroblasts by modulating protein 
metabolism (25) (26). Cells cultured in the presence of 
carnosine display a slower rate of telomere shortening 
and an extended lifespan (27).  

Carnosine is also utilized to functionalize various 
nanomaterials. For example, carnosine functionalization 
significantly increases the solubility of carbon 
nanotubes, enhancing their biomedical applications 
(28). It enhances the antibacterial activity of graphene 
oxide (29). Magnetic nanoparticles coated with L-
carnosine have been developed to amplify the 
chemotherapeutic efficacy of the dipeptide (30). 
Furthermore, Fe3O4 magnetic nanoparticles 
functionalized with L-carnosine and loaded with 
dexamethasone have emerged as an effective drug 
delivery platform in ischemic stroke (31). Hydrolyzed 
polyacrylonitrile nanofibers functionalized with L-
carnosine and loaded with zinc oxide nanoparticles have 
been employed in the development of an anti-
melanoma wound dressing (32).  

Therefore, carnosine-coated nanoceria represents a 
promising hybrid compound that combines the 
advantageous biochemical properties of both carnosine 
and nanoceria. Understanding how surface 
modifications influence the performance and 
biocompatibility of nanoscale CeO2 is essential to 
evaluate its advantages and risks associated with its 
biomedical applicability. However, studies on the 
impacts of carnosine-coated nanoceria on human gene 
expression are scarce or nonexistent. Human embryonic 
lung fibroblasts represent a robust and sensitive in vitro 
system for investigating the genetic effects of 
nanosubstances. Using human embryonic lung 
fibroblasts, this study investigates the impacts of 
carnosine-conjugated nano-CeO2 on cell survival, 
cellular oxidative status, ROS-induced DNA oxidation, 
dual-strand DNA breaks, activation of DNA repair 
response, and gene and protein expression of NADPH-
oxidase 4 (NOX4), nuclear factor erythroid 2-related 
factor 2 (NRF2), signal transducer and activator of 
transcription 3 (STAT3), as well as proliferation and 
autophagy markers. 

 
MATERIALS AND METHODS 
Preparation of pristine and carnosine-conjugated CeO2 
nanoparticles 

An aqueous cerium dioxide (CeO₂) sol was prepared 
by thermal hydrolysis of (NH₄)₂[Ce(NO₃)₆] (#215473, 
Sigma, St. Louis, MO, USA) (33). Briefly, a 100 g/L salt 
solution was incubated at 95 °C for 24 hours, resulting in 
the precipitation of cerium dioxide. The precipitate was 
subjected to three consecutive washes with isopropanol 
and redispersed in distilled water. Remaining 
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isopropanol was boiled off at 100°C under constant 
stirring for 1 h. 

A solution of L-carnosine (β-alanyl-L-histidine, 
#305-84-0, Sigma, St. Louis, MO, USA) was prepared by 
dissolving carnosine in distilled water. 
Carnosine-conjugated nano-CeO₂ was synthesized by 
gradual addition the CeO₂ sol to the ligand solution 
under constant stirring. The molar ratio of components 
in the final CeO₂ sol was 1:1. The pH adjustment of the 
suspension to 7.4 was performed using aqueous NH3. 

 
Materials characterization 
Concentration Determination  

Quantification of the CeO₂ sol concentration was 
performed gravimetrically. Portions were transferred 
into pre-weighed crucibles, evaporated in a box furnace, 
and subsequently heated at 900 °C for 240 min until 
constant weight. 

 
X-Ray Powder Diffraction (XRD)  

Using a Bruker D8 Advance diffractometer (CuKα 
line), XRD characterization of the dried CeO₂ samples 
was performed across a 2θ angular range of 3 to 120°, at 
step sizes between 0.01° and 0.02°, with data acquisition 
lasting at least 0.3 seconds for each step. 

 
Particle Size Distribution and ζ-Potential 

Particle size range characterization and ζ-potential 
were measured on a Photocor Compact-Z analyzer 
(Photocor, Moscow, Russia) using a 636.65 nm laser at 
20 °C. For each sample, the autocorrelation function was 
obtained by averaging 10 individual runs (20 s each). The 
hydrodynamic radius was calculated using the 
regularization algorithm implemented in DynalS 
software. 

 
UV–Visible Spectroscopy  

Using 10-mm quartz cuvettes, UV–Vis absorption 
was measured from 200 to 800 nm at 1 nm intervals on 
an SF‑2000 spectrophotometer (OKB SPECTR LLC, St. 
Petersburg, Russia) employing a deuterium–halogen 
lamp. 

 
Fourier Transform Infrared Spectroscopy (FTIR) 
Binding of ligand molecules to the nanoparticle 

surface was assessed using FTIR spectroscopy. Spectra 
were acquired in the 400–4000 cm⁻¹ range at 2 cm⁻¹ 
resolution with an InfraLUM FT-08 spectrometer 
(Lyume’ks, St. Petersburg, Russia). 

 
Cultivation of cells 

The 4th-passage human embryonic lung fibroblasts 
were obtained from the Research Centre for Medical 

Genetics (Moscow, Russia) and maintained in 
Dulbecco’s Modified Eagle’s Medium (DMEM; PanEco, 
Moscow, Russia) containing 10% fetal bovine serum 
(PAA, Vienna, Austria), 50 U/mL penicillin, 50 µg/mL 
streptomycin, and 10 µg/mL gentamicin. Cells were 
suspended at a concentration of 17,000 cells/mL. The 
cells were maintained in culture at 37 °C for 24 hours 
before nanoparticle exposure. Uncoated nanoceria or 
carnosine-conjugated nanoceria were then added, next 
cells were incubated for 1, 3, 24, or 72 h. Negative 
controls used cell cultures without nanoparticles. 
Positive controls included 10% dimethyl sulfoxide 
(Sigma, St. Louis, MO, USA) for the MTT assay and 
interleukin-6 (10 ng/mL, Sigma, St. Louis, MO, USA) to 
evaluate the induction of the STAT3 signaling cascade. 

 
Viability of cells and evaluation of mitochondrial 
membrane potential 

Cell viability determination was performed via a 72-
hour MTT assay with 3′-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide. Absorbance at 550 nm 
was measured using an EnSpire plate reader 
(PerkinElmer, Turku, Finland). Control cells were 
maintained nanoparticle-free. 

Mitochondrial membrane potential was evaluated 
using tetramethylrhodamine methyl ester (TMRM; 
Thermo Fisher Scientific, Waltham, MA, USA) according 
to previously described protocols (34). 

 
Fluorescence microscopy 

Fluorescence micrographs were captured using an 
Axio Imager A2 microscope (Carl Zeiss, Oberkochen, 
Germany). Approximately 5 × 10⁵ cells were plated in 
slide-bottom flasks. Cells were washed with PBS 
(phosphate-buffered saline) following medium removal, 
then incubated with 2′,7′-dichlorodihydrofluorescein 
diacetate (H₂DCFDA; stock concentration 2 mg/mL in 
PBS, diluted 1:200) for 15 min, and washed again with 
PBS. No fewer than 100 fields, selected at random, were 
examined. Signal collection lasted from 6 to 10 seconds. 
Images were processed using the ZEN 3.10 software 
platform (Carl Zeiss, Oberkochen, Germany). 

 
Flow cytometric measurement 
Cellular reactive oxygen species 

Cellular reactive oxygen species were quantified with 
flow cytometry. Cells were incubated with 10 µM 
H₂DCFH-DA in PBS (Molecular Probes/Invitrogen, 
Carlsbad, CA, USA) for 15 minutes in darkness, followed 
by PBS washing, resuspension in PBS, and flow 
cytometric analysis in the FITC channel on a CytoFLEX S 
flow cytometer (Beckman Coulter, Brea, CA, USA). 
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Expression of proteins and markers 
Following washing with Versene solution (Thermo 

Fisher Scientific, Waltham, MA, USA), cells were 
incubated with 0.25% trypsin (PanEco, Moscow, Russia), 
washed with culture medium, resuspended in PBS with 
pH 7.4 (PanEco, Moscow, Russia), and fixed using 
paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) at 
37°C for 10 min. Cells were subjected to three washes 
with 0.5% BSA-PBS, permeabilized either by 0.1% Triton 
X-100 in PBS for 15 minutes at room temperature (20 °C) 
or by 90% methanol at 4 °C, and subsequently washed 
three additional times with 0.5% BSA-PBS. The cell 
samples were treated with 1 µg/mL conjugated primary 
antibodies for 2 hours at room temperature, followed by 
PBS washing and flow cytometric analysis. 

Primary antibodies were as follows: DyLight488-
γH2AX (pSer139) (nb100-78356G, NovusBio, Centennial, 
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), LC3 (NB100-2220 
NovusBio, Centennial, CO, USA), and PCNA (ab2426, 
Abcam plc, Cambridge, UK). 

Secondary antibody: anti-rabbit IgG-FITC (sc-2359, 
Santa Cruz Biotechnology, Dallas, TX, USA). 

 
Quantitative mRNA analysis 

Total RNA was isolated using the RNeasy Mini Kit 
(Qiagen, Hilden, Germany), treated with DNase I, and 
reverse-transcribed using the Reverse Transcriptase Kit 
(Sileks, Moscow, Russia). Quantitative reverse 
transcription PCR (qRT-PCR) with SYBR Green PCR 
Master Mix (Applied Biosystems, Foster City, CA, USA) 
was performed on a StepOnePlus system (Applied 
Biosystems), using TBP as the reference gene. 

Primers were as follows (Sintol, Moscow, Russia): 
BAX (F: CCCGAGAGGTCTTTTTCCGAG, R: 
CCAGCCCATGATGGTTCTGAT); BCL2 (F: 
TTTGGAAATCCGACCACTAA; R: 
AAAGAAATGCAAGTGAATGA); NRF2 (NFE2L2) (F: 
TCCAGTCAGAAACCAGTGGAT, R: GAATGTCTGCGCCAAA 
AGCTG); NOX4 (F: TTGGGGCTAGGATTGTGTCTA; R: 
GAGTGTTCGGCACATGGGTA); STAT3 (F: 
GGGTGGAGAAGGACATCAGCGGTAA, R: 
GCCGACAATACTTTCCGAATGC); Ki-67 (F: 
ACGCCTGGTTACTATCAAAAGG; R: 
CAGACCCATTTACTTGTGTTGGA); NF-κB1 (F: 
CAGATGGCCCATACCTTCAAAT; R: 
CGGAAACGAAATCCTCTCTGTT); BRCA1 (F: 
TGTGAGGCACCTGTGGTGA, R: 

CAGCTCCTGGCACTGGTAGAG); and TBP (reference 
gene) (F: GCCCGAAACGCCGAATAT, R: 
CCGTGGTTCGTGGCTCTCT). 

 
Statistics 

Results represent the mean ± standard deviation of 
three separate experiments. The non‑parametric 
Mann–Whitney U test with Bonferroni correction was 
applied to assess statistical significance. Taking the 
Bonferroni correction into account, a p-value below 
0.004 indicated statistical significance. The calculations 
were performed with StatPlus 2007 Pro v4.9.2 software 
(AnalystSoft Inc., Walnut, CA, USA). 

 
RESULTS 
Synthesis and physicochemical characterization of 
nanoparticles 

Bare cerium dioxide samples were prepared via 
thermal hydrolysis of a solution containing 
(NH₄)₂[Ce(NO₃)₆] (33). The resulting cerium dioxide sol 
had a concentration of 0.130 ± 0.004 mol/L (22 g/L). 

Figure S1a (see Supplementary Information, Figure 
S1a) presents the X-ray diffraction (XRD) patterns for 
cerium dioxide sols dried at 50°C and for pure carnosine. 
XRD patterns confirmed that both bare and carnosine-
modified CeO2 sols consist of single-phase fluorite-
structured cerium dioxide (PDF2 34-0394). Full-pattern 
analysis of XRD results indicated that the coherent 
scattering region dimensions of the CeO₂ powders 
ranged from 2.7 to 3.4 nm (Table 1). Thus, modification 
of the CeO₂ sol with carnosine did not affect the phase 
composition of the solid phase, as evidenced by the 
unchanged positions of the (111), (200), (220), and (311) 
reflections (see Supplementary Information, Figure S1a). 

Table 1. Particle size and ζ-potential of bare and carnosine-coated 
CeO2 nanoparticles 

Sample Particle size, nm ζ, mV 

Bare CeO2 2.7 ± 0.2 32.6 ± 0.5 

Carnosine-coated CeO2 3.4 ± 0.1 5.4 ± 0.2 

 
Figure S1b (see Supplementary Information, Figure 

S1b (after references section)) presents the size 
distribution of cerium dioxide particles in aqueous 
solutions measured by dynamic light scattering (DLS). 
The bare CeO₂ sol contained aggregates with sizes 
ranging from 10 to 30 nm. Functionalization of the 
cerium dioxide sol with carnosine resulted in larger 
aggregates, with size modes of approximately 65 nm 
and 335 nm. 

For bare CeO₂ nanoparticles, the ζ-potential was 
+32.6 ± 0.5 mV (Table 1), indicating high electrostatic 
stability of the colloidal system. Coating CeO₂ 
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nanoparticles with carnosine reduced the ζ-potential to 
approximately +5.4 mV (Table 1). Partial neutralization 
of the nanoparticle surface charge decreases 
electrostatic repulsion, allowing particles to approach 
one another more closely and promoting the formation 
of larger aggregates (see Supplementary Information, 
Figure S1b). This is further supported by the broader 
dispersion observed in the hydrodynamic diameter 
distribution. 

To confirm the reproducibility of the synthesis and 
long-term stability of sol, we established that gradually 
adding a diluted CeO2 sol to an equal volume of ligand 
solution is essential for obtaining a stable carnosine-
coated cerium dioxide sol. This protocol proved highly 
reproducible across multiple batches (n = 3). The sol 
retained its aggregate stability without visible 
precipitation for at least two months, as supported by 
zeta potential monitoring. The measured values were 
+23.7 ± 0.3 mV (day 1), +5.4 ± 0.2 mV (month 2), and 
+1.01 ± 0.03 mV (month 3). Despite this gradual 
decrease, which we attribute to the slow oxidation of 
the ligand molecules, the colloidal stability was 
maintained for this period. 

 
Spectral characterization 

Figure S1c (see Supplementary Information, Figure 
S1с) presents the UV–Vis absorption spectra of CeO2 
solutions and pure carnosine. Both bare and 
carnosine-coated CeO₂ sols display an absorption band 
in the 280–300 nm range, characteristic of nanoscale 
cerium dioxide, which is consistent with previous 
reports  (35). Hence, coating CeO₂ nanoparticles with 
carnosine did not change the sol’s optical absorption 
properties. 

The infrared spectrum of pristine cerium oxide (see 
Supplementary Information, Figure S1d) includes a 
broad absorption band at 3550–3200 cm⁻¹, 

corresponding to antisymmetric and symmetric O–H 
stretching vibrations (36, 37). The band in the 1630–
1600 cm⁻¹ range is assigned to H–O–H bending 
vibrations. Low-intensity bands at 1440 cm⁻¹ and 
1280 cm⁻¹ correspond to with residual nitrate ions 
adsorbed on the CeO₂ surface (36, 37). The Ce–O bond 
stretching vibrations appear in the 480–430 cm⁻¹ region. 

The FTIR spectrum of carnosine (see Supplementary 
Information, Figure S1d) shows a band at 3240 cm⁻¹ 
characteristic of –NH₂ stretching vibrations (38, 39), 
overlapping with a broad O–H stretching band. 
Asymmetric and symmetric stretching of carboxylate 
anions are observed at 1563 cm⁻¹ and 1406 cm⁻¹, 
respectively. A peak at 2855 cm⁻¹ is attributed to 
symmetric C–H stretching  (38), and the band at 
1643 cm⁻¹ is characteristic of absorbed water (38) (40). 
In the FTIR spectrum of carnosine-coated nanoceria (see 
Supplementary Information, Figure S1d), a new 
absorption band appears at 477 cm⁻¹, corresponding to 
Ce–O stretching vibrations, confirming the presence of 
CeO₂ in the composite. The composite spectrum also 
shows shifts in the carnosine carboxylate bands from 
1563 to 1553 cm⁻¹ and from 1406 to 1384 cm⁻¹, 
indicating interaction between the ligand and the CeO₂ 
nanoparticle surface. Similar spectral shifts have been 
reported for carnosine-coated iron oxide 
nanoparticles (38). 

 
Cell viability and mitochondrial potential 

A standardized 72-h MTT assay 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) was used to evaluate cytotoxicity (Figure 1a), 
and the TMRM assay (tetramethylrhodamine methyl 
ester) was employed to assess mitochondrial membrane 
potential (Figure 1b). Carnosine-coated nanoceria 
exhibited cytotoxicity at concentrations above 0.53 mM. 

 
 

Fig. 1. (A) Cell viability of carnosine-coated nanoceria assessed using the 72-h MTT assay, where the brown dotted lines indicate the viability 
limits of 80%–120%; the green circle marks the 1.5 µmol/L concentration selected for further experiments; (B) mitochondrial membrane 

potential in cells exposed to bare and carnosine-coated nanoceria (1.5 µmol/L) compared with control values. Here, asterisks denote 
statistically significant differences in the Mann–Whitney U test with Bonferroni correction (p = 0.004). Both in panels A and B, control cells 

were incubated without nanoparticles. 
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In selecting concentrations for studying gene and 
protein expression, we primarily relied on a proven 
safe concentration and existing literature data. In in 
vitro models, concentrations around 1 µmol/L are 
typically used, which ensure system homogeneity, 
absence of nanoparticle agglomeration, and cell safety 
(41) (42). In numerous preliminary experiments, we 
studied nanoceria concentrations ranging from 0.1 to 
10 µmol/L and demonstrated a linear effect within this 
range. Thus, for subsequent experiments, a non-toxic 
concentration of 1.5 µmol/L—within the middle of the 
tested range—was selected (highlighted with a green 
circle in Figure 1a).  

Regarding mitochondrial membrane potential, bare 
and carnosine-coated nanoceria produced similar 
effects at 3 h and 24 h; however, carnosine 
functionalization attenuated the impact. Bare 
nanoceria changed the fluorescence probe intensity by 
0.70 times (p = 0.0006) and 2.81 times (p < 0.0001) 
after 1 and 3 hours of exposure, respectively. 
Carnosine-coated cerium increased the fluorescence 
probe intensity by 1.26 times (p = 0.002) after 1 hour of 
exposure, by 1.78 times (p = 0.001) after 3 hours of 

exposure, and by 0.57 times (p = 0.0009) after 24 hours 
of exposure. 

 
Visualization and assessment of intracellular ROS 
quantity  

Since nanoceria exhibits intrinsic red fluorescence  
(43), we obtained fluorescence micrographs of cells 
incubated with 1.5 µmol/L nanoparticles for 3 h. The 
images indicate that carnosine-coated CeO₂ 
nanoparticles successfully enter the cells (Figure 2) 

The internalization was studied by measuring the 
fluorescence of cells in the red channel of a flow 
cytometer (Figure 3). The data indicate that the 
nanoparticles are efficiently internalized into the cells.  

Quantification of intracellular reactive oxygen 
species was performed by flow cytometry employing 
2′,7′-dichlorodihydrofluorescein diacetate (H₂DCFH-
DA). Pristine CeO2 exhibited an antioxidant impact 
after 1 h and 3 h of incubation (fluorescence intensity 
decreased to 71.8% (p = 0.0012) and 75.5% (p = 0.0011) 
of control, respectively), whereas carnosine‑coated 
nanoceria induced a 28.0% increase in ROS levels after 
24 h (p = 0.0007). (Figure 4) 

 
 

 
Fig. 2. Visualization of cells during nanoparticle internalization — transmitted‑light images (left column) and fluorescence images obtained 

using a blue filter (middle column, passband 450–525 nm) and a red filter (right column, passband 600–650 nm). The top row shows images 
of human fetal lung fibroblasts incubated without nanoparticles (control cells); the middle row shows cells after 3 h of exposure to bare 

nanoceria (1.5 µmol/L); the bottom row shows cells after 3 h of exposure to carnosine‑coated nanoceria (1.5 µmol/L); magnification, 100×. 
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Fig. 3. Fluorescence of cells relative to the control (cells incubated without nanoparticles) after 1, 3, and 24 h of exposure to bare 

nanoceria and carnosine-coated nanoceria (1.5 µmol/L); asterisks denote statistically significant differences in the Mann–Whitney U 
test with Bonferroni correction (p = 0.004). 

 

 
Fig. 4. Intracellular ROS levels relative to control, measured by flow cytometry with dichlorofluorescein (DCF). Cells were exposed to 
bare or carnosine-coated nanoceria (1.5 µmol/L) for 1, 3, or 24 h; asterisks denote statistically significant differences in the Mann–

Whitney U test with Bonferroni correction (p = 0.004). Control cells were incubated without nanoparticles. 

Genotoxicity 
To assess genotoxicity, quantification of 8-oxo-

2′-deoxyguanosine (8-oxo-dG), a biomarker for 
oxidative DNA damage, and phosphorylated 
γH2AX, a marker for DNA double-strand breaks, 
was performed (Figure 5a,b). The DNA repair 
system function was analyzed through BRCA1 
(breast cancer type 1 susceptibility protein) 
expression measurement (Figure 5c). 

For oxidative DNA damage, differences were 
observed after 1 h of exposure: bare nanoceria 
reduced oxidative damage to 53.7% of control 
(p = 0.001) (interquartile range [51.2%; 56.0%]), 
whereas carnosine-coated nanoceria increased it 
1.29-fold (p = 0.002) (Figure 5a). In contrast, for 
DNA double-strand breaks and BRCA1 protein 

expression, the response dynamics were similar, 
with carnosine functionalization exerting a 
mitigating effect (Figure 5b,c). After 24 hours, 
γH2AX expression increased 1.38‑fold (p = 0.002) in 
cells incubated with bare nanoceria and 1.34‑fold 
(p = 0.002) in cells incubated with carnosine‑coated 
nanoceria. After 72 hours, γH2AX expression 
decreased to 23.9% of the control level for bare 
nanoceria (p < 0.0001) and to 78.7% for 
carnosine‑coated nanoceria (p = 0.0038). The 
expression of the DNA repair marker — BRCA1 
protein decreased to 56.5% after 1 hour of 
exposure (p = 0.001) and to 68.3% after 72 hours 
(p = 0.003) for bare nanoceria. For 
carnosine‑coated nanoceria, BRCA1 expression did 
not differ significantly from the control.
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Fig. 5. (A) Concentrations of 8-oxo-2′-deoxyguanosine (8-oxo-dG) relative to control, (B) expression of phosphorylated γH2AX protein 

relative to control, and (C) expression of BRCA1 protein relative to control values. In all cases, the cells were exposed to bare or 
carnosine-coated nanoceria (1.5 µmol/L) for 1–72 h; asterisks denote statistically significant differences in the Mann–Whitney U test 

with Bonferroni correction (p = 0.004); control cells were incubated without nanoparticles. 

ROS-mediated and inflammatory signaling pathways 
NOX4 (NADPH oxidase 4) is a major oxidant 

enzyme, whereas NRF2 (nuclear factor erythroid 
2-related factor 2) is a key regulator of 
anti-inflammatory and antioxidant responses. For 
pristine nanoceria, NOX4 expression showed a slight 
increase after 3 hours of exposure (1.23-fold, p = 0.004) 
and decreased to 64% of control levels after 72 hours 
(p = 0.002) (Figure 6a). For carnosine-coated nanoceria, 
NOX4 expression decreased to 76.8% of control levels 
after 72 hours (p = 0.003). Changes in NRF2 expression 
did not reach statistical significance at 1, 3, or 24 h 
(Figure 6b). Overall, the impacts of pristine and 
carnosine-conjugated nanoceria were qualitatively 
similar, although carnosine functionalization again 
resulted in a less pronounced cellular response. 

For STAT3 (signal transducer and activator of 
transcription 3), bare nanoceria elicited the activating 
response after 1 h of incubation (1.27-fold increase in 
expression, p = 0.002), followed by a decline to 26.9% 
of control levels by 72 hours (p < 0.0001). In contrast, 
carnosine-coated nanoceria induced STAT3 activation 
predominantly after 24 hours of exposure, when 
expression increased 1.30-fold (p = 0.001) (Figure 6c). 
 

Proliferation and autophagy 
LC3 (microtubule-associated protein 1 light 

chain 3) and BECLIN-1 are established autophagy 
biomarkers. Exposure to either bare or 
carnosine-coated nanoceria did not result in 
significant changes in their expression, except for a 
slight decrease in BECLIN-1 levels at 3 h (to 67.4% 
for bare nanoceria, p = 0.003, to 70.0% for 
carnosine-coated nanoceria, p = 0.003) and 72 h (to 
70.0% for bare nanoceria, p = 0.003) (Figure 7a,b). 

For the proliferation marker PCNA (proliferating 
cell nuclear antigen), bare nanoceria induced an 
increase in PCNA expression after 1 hour of 
incubation by 1.26-fold (p = 0.003), however, 
expression subsequently decreased to 63.9% 
(p = 0.0001) and 23.9% (p < 0.0001) of control levels 
at 24 and 72 hours, respectively. Carnosine-coated 
nanoceria caused a decrease in PCNA expression 
after 3 h of exposure to 74.0% of control levels 
(p = 0.003) and after 72 h of exposure to 42.1% of 
control levels (p < 0.0001). A sharp increase in PCNA 
expression was observed after 24 hours of 
exposure, reaching 2.36-fold (p < 0.0000) 
(Figure 7c).
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Fig. 6. (A) Expression of NOX4 protein relative to control, (B) expression of NRF2 protein relative to control, and (C) expression of STAT3 
protein relative to control. In all cases, the cells were exposed to bare or carnosine coated nanoceria (1.5 µmol/L) for 1–72 h; asterisks 

denote statistically significant differences in the Mann–Whitney U test with Bonferroni correction (p = 0.004); control cells were 
incubated without nanoparticles. 

 

  

 
 

Fig. 7. (A) Expression of LC3 protein relative to control, (B) expression of BECLIN-1 protein relative to control, (C) expression of PCNA 
protein relative to control, and (D) expression of BCL-2 protein relative to control. In all cases, cells were exposed to bare or 
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carnosine-coated nanoceria (1.5 µmol/L) for 1–72 h; asterisks denote statistically significant differences in the Mann–Whitney U test 
with Bonferroni correction (p = 0.004); control cells were incubated without nanoparticles. 

An anti-apoptotic protein BCL-2 (B-cell 
lymphoma 2) was differentially affected. Bare 
nanoceria caused an increase in the expression of 
this protein by 1.26-fold after 3 hours of exposure 
(p = 0.003), followed by a sharp decrease to 12.6% 
of control levels after 72 hours (p < 0.0000). In 
contrast to bare nanoceria, carnosine-coated 
nanoceria significantly upregulated BCL-2 
expression at at all exposure times (Figure 7d). The 
expression increase was 1.33-fold (p = 0.002), 1.28-
fold (p = 0.003), 1.87-fold (p = 0.0001), and 1.25-
fold (p = 0.003) after 1, 3, 27, and 72 hours of 
exposure, respectively.   
 
Gene expression 

We subsequently assessed the expression of 
selected genes to evaluate whether the observed 
changes occurred in protein levels were regulated 
at the transcriptional level. The primary targets 
included STAT3, BAX, BCL2, Ki-67 (encoding the 
proliferation marker protein), BRCA1, as well as 
NOX4, NF-κB, and NRF2. Based on the pronounced 
activation of the STAT3/BCL2 axis at 1 h and 24 h, 
these two exposure times were selected for 
analysis (Figure 8).  

The results confirmed activation of STAT3, BCL2, 
and Ki-67 gene expression at 24 h, with minimal or 
no effect on the ROS-dependent genes NOX4, 
NF-κB, and NRF2, and no effect on the 
pro-apoptotic BAX or DNA repair BRCA1 genes. 
After 24 h, STAT3 mRNA expression increased 
1.73-fold (p < 0.0001), BCL2 gene expression 
increased 1.96-fold (p = 0.002), and Ki-67 gene 
expression increased 2.21-fold. (p < 0.0001) These 

findings support the hypothesis that 
carnosine-coated nanoceria activates the 
STAT3/BCL2 axis, most likely through a direct 
mechanism independent of ROS-mediated 
pathways. 

To sum, carnosine functionalization modifies 
the cellular response to nanoceria, enhancing 
survival‑ and proliferation‑associated signaling 
through the STAT3/BCL2 axis while maintaining low 
overall cytotoxicity, thus highlighting its potential 
as a targeted nanobiomaterial for biomedical 
applications. 
 
DISCUSSION 

The experimental data reveal that carnosine-
coated nanoceria exhibits many similarities to bare 
nanoceria in terms of cytotoxicity, genotoxicity, 
DNA repair, mitochondrial potential, autophagy, as 
well as NOX4 and NRF2 protein expression. 
However, notable differences arise in the activation 
of STAT3, PCNA, and BCL2 proteins, where 
carnosine-coated nanoceria induces a pronounced 
activating effect after 24 hours of exposure. 
Additionally, carnosine-coated nanoceria. creates a 
more oxidative intracellular environment following 
24 hours of exposure. It should be noted that 
excessive intracellular reactive oxygen species did 
not lead to oxidative DNA damage, and overall, the 
studied nanoparticles do not exhibit genotoxicity. 
The absence of oxidative DNA damage indicates 
sufficient antioxidant capacity within the cell, 
possibly enhanced by the antioxidant potential of 
carnosine. 

 

 
Fig. 8. Relative gene expression in cells exposed to carnosine-coated nanoceria (1.5 µmol/L) for 1 h and 24 h, compared with control 

values. ‘*’ denotes statistically significant differences in the Mann–Whitney U test with Bonferroni correction (p = 0.005). Control cells 
were incubated without nanoparticles. 
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STAT3 is a pivotal component of the JAK/STAT 
signaling cascade. Upon activation by 
phosphorylation, STAT3 translocates to the 
nucleus, where it regulates gene transcription. 
STAT3 is extensively studied as a prospective target 
for therapy in cancer due to its frequent 
overexpression across diverse tumor types, where 
it promotes cancer cell proliferation, survival, 
invasion, stemness, angiogenesis, and resistance to 
chemotherapy (44) (45). The JAK/STAT cascade, 
especially involving Janus kinases associated with 
cytokine receptors, plays an important role in 
mediating inflammatory signaling downstream of 
IL-6 and IL-10 cytokines in inflammation and cancer 
(46) (47). Beyond oncology, STAT3 inhibition is 
being explored as a potential treatment strategy for 
neurodegenerative diseases (48), cardiac fibrosis 
(49), and bone diseases (50), although effective 
clinical antagonists remain under development 
(51). 

The JAK/STAT3 signaling pathway interacts 
closely with other major signaling cascades such as 
PI3K/AKT/mTOR and MAPK/ERK (52), and its 
activity is finely modulated by oxidative stress (53). 
Specifically, hydrogen peroxide can inhibit 
intracellular tyrosine phosphatases, which leads to 
enhanced STAT3 tyrosine phosphorylation (54). 
Interestingly, oxidative stress not only activates 
STAT3 but also maintains cytokine-induced STAT3 
phosphorylation and its active state in the nucleus 
(55). Antioxidants like alantolactone and 
resveratrol have been shown to effectively reduce 
STAT3 activation by counteracting oxidative stress 
(56), (57). In our study, while intracellular hydrogen 
peroxide levels were elevated after exposure to 
carnosine-coated nanoceria, the lack of significant 
changes in NOX4 and NRF2 expression casts some 
doubt on oxidative stress being the sole cause of 
STAT3 activation. his suggests that the STAT3 
activation observed may stem from a direct effect 
of the carnosine coating itself, possibly through 
mechanisms independent of classical ROS signaling. 
Nevertheless, the increased oxidative environment 
may still contribute to sustaining or supporting 
STAT3 activation alongside this direct activation. 
This nuanced interplay points to a complex 
regulatory network where carnosine-coated 
nanoceria modulates STAT3 activity both directly 
and indirectly, highlighting its potential for targeted 
modulation of cellular survival and proliferation 
pathways. 

The close association between STAT3, BCL2, and 
PCNA expression in our study is well supported by 
extensive literature demonstrating their 
interconnected roles in regulating cell survival, 

proliferation, and apoptosis inhibition. Alas et al. 
showed that Bcl-2 expression is controlled by the 
STAT3 signaling pathway, which is modulated by 
endogenously secreted IL-10 (58). Primary B-cell 
lymphoma tissues demonstrated a strong linkage 
between STAT3 expression or phosphorylation and 
Bcl-2 levels (59). Phospholipase D regulates Bcl-2 
expression through activation of the STAT3 
signaling pathway (60). STAT3 inactivation reduced 
PCNA, CyclinD1, and Bcl2 expression in glioma cells 
(61). STAT3 inhibitor ethanol extract of Spica 
Prunellae resulted in an increase in the 
proapoptotic Bax/Bcl-2 ratio and a decrease in the 
expression of proproliferative Cyclin D1 and CDK4 
ultimately leading to the activation of apoptosis 
and inhibition of cell proliferation in colorectal 
cancer (62). Activation of STAT3 in a mouse model 
of photocarcinogenesis led to increased 
transcription of the proliferative and antiapoptotic 
genes PCNA, Cyclin-D1, Bcl-2, and Bcl-xl (63). STAT 
3 activation following polyamine depletion 
enhances transcription and expression of Bcl-2 and 
IAP anti-apoptotic proteins and consequently 
enhancing resistance to tumor necrosis factor-
alpha-induced apoptosis (64). Phosphatidic acid 
increases Bcl-2 expression via STAT3 activation (65). 
The JAK2/STAT3 signaling cascade plays a critical 
role in the proliferation of damaged vessel wall 
cells, which is accompanied by an increase in PCNA 
(66). Thus, the close association of STAT3 and BCL2 
allows their integration into the IL-10/STAT3/BCL2 
axis (67) and TYK2/STAT3/Bcl2 (68), which are the 
basis of chemoresistance and inhibition of 
apoptosis. The synergistic change in the expression 
of STAT3, BCL2 and PCNA in our studies indicates 
that carnosine-coated nanoceria does indeed affect 
this signaling pathway.  

There is some data on the anti-proliferative 
effect of carnosine in cancer, although the full 
mechanism is unclear. Rybakova et al. showed that 
carnosine selectively inhibited the proliferation of 
human glioblastoma cells compared to breast and 
oral cavity cancer cells (69). In cultured rat 
pheochromocytoma cells, carnosine led to a 
slowdown in cell proliferation (70). Carnosine 
inhibited the proliferation of human colon cancer 
HCT116 cells (71). Carnosine suppressed the 
proliferation of human colorectal cancer cells 
through reduction of beta-catenin/Tcf-4 signaling, 
induction of both autophagy and necroptosis, and 
inhibition of angiogenesis-related processes (72). 
Carnosine demonstrates significant suppression on 
the proliferation of human cervical carcinoma cells 
via effects on mitochondrial bioenergetics and 
glycolytic pathways and the cell cycle (73). 
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On the other hand, L-carnosine contributes 
significantly to apoptosis inhibition by activating 
the anti-apoptotic protein BCL2. Neuronal 
apoptosis induced by acute cerebral ischemia was 
suppressed by carnosine through activation of the 
STAT3/Bcl2 signaling cascade (74). Carnosine was 
effective in protecting rat liver from ethanol 
damage by maintaining glutathione levels and BCL2 
expression (75), and in protecting the retina from 
ischemic damage also by increasing BCL2 
expression (76). The neuroprotective effect of 
carnosine in a mouse model of aging is based on a 
decrease in malondialdehyde and ROS levels and an 
increase in BCL2 expression (77). Carnosine 
treatment significantly increased BCL2 levels in 
lipopolysaccharide-treated Caenorhabditis elegans, 
protecting them from apoptosis (78). Carnosine 
inhibited apoptosis in H2O2-damaged human kidney 
tubular epithelial cells (79). In a rat acute kidney 
injury model, carnosine decreased Bax expression 
and increased Bcl2 expression, inhibiting renal 
tissue damage and improving survival (80). In 
frozen and thawed cattle embryos, addition of 
carnosine to the preservation solution significantly 
reduced reactive oxygen species production, 
decreased apoptosis, and increased Bcl2 mRNA 
expression (81). Thus, the increase in BCL2 and 
PCNA expression in our experiments is consistent 
with literature data indicating the anti-apoptotic 
and proliferative effect of carnosine. 

Thus, we suppose that the activation of STAT3, 
BCL2 and PCNA is a single pathway and occurs 
precisely due to carnosine. According to our 
findings, carnosine-coated nanoceria is found to be 
an activator of the STAT3/BCL2 axis, which should 
be taken into account when developing 
applications. Although the activation of the 
STAT3/BCL2 axis often needs to be suppressed, 
since this pathway is associated with increased 
cancer cell survival, anti-apoptosis, angiogenesis, 
and chemoresistance (82) (83), in some cases the 
active STAT3/BCL2 pathway is necessary to inhibit 
apoptosis. Oritani et al. showed that STAT3/BCL2 
activation inhibits IL-6-induced apoptosis of 
macrophages (84). Sepulveda et al. proved that IL-
6-mediated STAT3 activation supports an anti-
apoptotic beneficial effect in human cord blood 
CD34+ cells, primarily due to bcl-2 overexpression, 
which is useful for optimizing ex vivo cultures for 
clinical applications (85). Lee et al. demonstrated 
that Deficiency in Stat3 may predispose T cells to 
apoptosis by attenuating Bcl-2 and Bcl-xL (86). We 
propose that carnosine-coated nanoceria, as an 
activator of the STAT3/BCL2 pathway with 

negligible impact on the oxidative intracellular 
balance, may be considered a potential agent for 
promoting the survival of ex vivo cell cultures or 
organs. Thus, several biomedical scenarios can be 
proposed for the future practical application of the 
studied hybrid nanomaterial: a) optimizing ex vivo 
expansion and transplantation of hematopoietic 
stem cells, b) host defense and intestinal epithelial 
maintenance, where STAT3 activation regulates 
antimicrobial peptide expression and suppresses 
apoptosis, supporting barrier integrity and defense 
against intestinal infections, c) under conditions of 
stress or nutrient deficiency, STAT3 pathway 
activation will promote cell survival, which may be 
useful in tissue regeneration and wound healing 
after injuries. However, additional research is 
necessary to comprehensively understand the 
biological capabilities of this nanomaterial. 
 
LIMITATIONS 

In our study, we proposed the hypothesis of 
proliferation activation via the STAT3/BCL2 
signaling pathway, based on measurements of 
reporter gene and signaling pathway protein 
expression under exposure to carnosine-coated 
nanoceria. However, to confirm this hypothesis, 
mechanistic experiments using inhibitors or specific 
siRNA/shRNA knockdown of key signaling 
components should be conducted. 
 
CONCLUSIONS  

Using an in vitro model of human embryonic 
lung fibroblasts, we investigated the impacts of 
carnosine-coated nanoceria on cell survival, cellular 
uptake, intracellular ROS balance, genotoxicity and 
DNA repair systems, markers of proliferation and 
autophagy, and expression of NOX4, NRF2, and 
STAT3 proteins and genes. Carnosine-conjugated 
nanoceria exhibits no cytotoxicity up to 0.53 mM. 
Within 3 h, both pristine and carnosine-conjugated 
CeO₂ nanoparticles were efficiently internalized by 
cells. Carnosine-coated nanoceria behaved 
similarly to bare nanoceria with respect to 
cytotoxicity, genotoxicity, DNA repair, effects on 
mitochondrial membrane potential and autophagy, 
and regulation of NOX4 and NRF2 proteins. The 
main differences were observed in the expression 
of STAT3, PCNA, and BCL2 proteins, where 
carnosine-coated nanoceria induced a pronounced 
activating effect after 24 h of exposure. In addition, 
carnosine-coated nanoceria generated an oxidative 
intracellular environment after 24 h. We 
hypothesize that carnosine-coated nanoceria 
directly activates the STAT3/BCL2 axis while 
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exerting minimal effect on intracellular oxidative 
metabolism. These findings may aid the 
development of new molecular models for studying 
signaling pathways and contribute to biochemical 
mechanisms of nanoceria as a regulator of cell 
metabolism. From a practical perspective, 
carnosine-coated nanoceria, as an activator of the 
STAT3/BCL2 pathway with negligible impact on 
intracellular oxidative balance, may be considered 
a potential agent for promoting the survival of ex 
vivo cell cultures or organs. However, additional 
research is necessary to comprehensively 
understand the biological capabilities of this 
nanomaterial. 
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SUPPLEMENTARY INFORMATION 
 

  
(a) (b) 

 
(c) 

 
(d) 

Fig. S1. (a) XRD patterns of the dried ceria sols and pure carnosine; (b) UV-Vis absorption spectra of the ceria sols and pure carnosine; 
(c) hydrodynamic diameter distributions of the ceria sols; (d) FTIR spectra of the nanoceria sols and pure carnosine. 
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