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ARTICLE INFO ABSTRACT
Keywords: In a society focused on sustainability, green technologies expand the use of Rare Earth Elements (REEs). Cerium
Cell progeny dioxide nanoparticles (CeO2NPs) possess redox/catalytic activity but raise inhalation concerns. We evaluated

Mitochondrial impairment
DNA damage

'H NMR metabolomics
Homeostatic mechanisms

their effects in alveolar A549 cells exposed to 25 and 60 pg/mL, equal to 37 % and 89 % of the IC50, respectively.
Acute exposure was evaluated at 24 h, whereas sub-chronic exposure spanned 35 days, besides recovery was
assessed in cell progeny grown in CeO:NPs absence. A multiparametric strategy combined MTT viability, ROS,
mitochondrial membrane potential (A¥m), DNA damage (Comet assay), cell replication index (WCRI), and
untargeted 'H NMR metabolomics. MTT showed dose-dependent cytotoxicity (ICs0=67.7 pg/mL). Both
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concentrations increased ROS and decreased A¥m, with partial recovery only at 25 pg/mL. DNA damage was
negligible at 25 pg/mL but persisted at 60 pg/mL during sub-chronic exposure, whereas WCRI declined with
dose. Metabolomics indicated adaptive responses at 25 pg/mL (elevated glycolytic/TCA/redox metabolites), and
depletion in metabolite levels at 60 pg/mL, consistent with early mitochondrial dysfunction. After 35 days of
exposure, both doses caused reduction of glycine, cysteine, serotonin, acetylcholine, betaine, glucose, and suc-
cinate, and accumulation of lactate, malonate, and glutamine, indicating Warburg shift and TCA disruption.
Glutathione exhibited a biphasic response. Recovery of metabolism and function occurred only at the sub-toxic
dose. Overall, CeO2NPs trigger concentration- and time-dependent cytotoxic, oxidative, mitochondrial, geno-
toxic, and metabolic alterations in A549 cells. These mechanistic findings support the dual antioxidant/pro-
oxidant role of nanoceria and its classification as an emerging inhalable pollutant of concern for human health.

1. Introduction

In a society increasingly focused on the sustainability, green tech-
nologies are gaining ground, becoming the emerging technologies par
excellence. These require massive use of the so-called Rare Earths Ele-
ments (REEs), particularly needed in the production of clean energy
production such as wind turbines, solar panels, and electric vehicles [1].
Although REEs are widespread in the Earth’s crust, mainly in the form of
oxides, their mobilization could have a significant impact on both eco-
systems and human health [2] due to their metallic nature, which allows
them, once released, to remain permanently in the environment.
Therefore, REEs have been suggested as contaminants of emerging
concern worldwide [3-6].

Among these elements, also referred to as lanthanides, cerium
(atomic number 58) is abundantly present, in particular as dioxide
(Ce03). This compound, able to self-assemble as crystalline nano-
particles (CeO,NPs) and more commonly referred to as nanoceria, is to
be considered a metal-based nanomaterial that can be used as it is or
further engineered through functionalisation [7]. Similarly to all
nanomaterials, the extremely small dimensions confer specific proper-
ties to CeO,NPs that are absent in the bulk material [8,9]. This is
attributable to the nanoscale size which, by significantly increasing the
surface area, makes the nanoparticles extremely reactive per unit of
mass [10].

Thanks to its peculiar features, including its marked catalytic prop-
erties, nanoceria is increasingly used in a variety of applications both in
industry and in the manufacturing of several products, such as chemical
mechanical polishing for optical elements, planarization for semi-
conductor wafers, UV-shielding, solar cells, toner, fuel additives, fuel
cells, electrochemical devices for everyday use, automotive catalytic
converters (ACCs), diesel particulate filters (DPFs), production of
nanocomposites, etc. With an annual global production equal to 68,500
tonnes in 2019, CeO, is the most used oxide of the lanthanides [11].

The occupational exposure is therefore not negligible, while an un-
intentional exposure of individuals, previously solely due to CeOs use as
a fuel additive in diesel engines, is believed to increase significantly in
the near future. This will also be caused by the disposal into the envi-
ronment of the various devices in which the compound is used, making
the potential negative effects attributable to the overtime nanoceria
release into the environment no longer negligible.

The increased cerium use in emerging technologies is due to its
electronic configuration. It exhibits the ability to be oxidised and
reduced very rapidly and efficiently (redox behaviour), and the changes
of the oxidation state between Ce3" and Ce*t give it exceptional cata-
lytic and enzyme-like characteristics. While the oxido-reduction cycle
makes nanoceria powerful scavengers of reactive oxygen species (ROS),
the dual role of Ce®" should be considered. Analogously to transition
metals, in HyO, presence, Ce>* has a powerful pro-oxidant effect by
catalysing the production of °OH in Fenton/Haber Weiss reactions [12].
The redox changes, occurring exclusively on the particle surfaces, are
inversely related to size and are due to Ce3*/Ce*t, which in turn is
regulated by the nanoceria production process, during which O va-
cancies are formed, modifying the nanoceria redox behaviour [8].

Furthermore, similarly to all nano-sized particles, both natural and

released into the environment as a result of anthropic activities, nano-
ceria can easily cross biological membranes and internalise into organ-
isms, including humans [3,4,13,14-16]. This makes it of fundamental
importance to evaluate its biological effects.

Depending on all the above-reported variables, the data present in
the literature are extremely discordant and, in addition to a powerful
free radical scavenging effect observed by some [17-19], others instead
underlined a significant pro-oxidant effect of nanoceria, as reported in
the comprehensive review of Yokel et al. [20], to which we refer.
Considering that the redox imbalance is at the root of the pathogenesis
of nearly all non-communicable diseases (NCD), the scavenging function
of nanonoceria is particularly intriguing and has drawn the attention of
several researchers for potential medical applications, also by resorting
to doped nanoceria [7,21]. However, even aside from medical use, the
toxicological characterisation of nanoceria is essential, particularly in
light of toxicokinetic studies demonstrating that only trace amounts of
nanoceria are eliminated in urine and faeces following intravenous
treatment [22].

Therefore, we performed an in vitro study by exposing a human
alveolar cell line to CeO3NPs. Considering that both occupational and
unintentional exposure to environmental pollution are prolonged over
time, in addition to short-term effects, we assessed the impact of the sub-
chronic exposure. To this aim, we simulated the actual exposure con-
ditions, extending the nanoceria treatment up to 35 days in subsequent
subcultures of the exposed cells and, in order to assess the ability of the
cell progeny to restore basal conditions, our experiments were also
performed in subcultures obtained from cells sub-chronically exposed
but grown in its absence for a week.

In addition to classical toxicological endpoints such as cell viability,
oxidative stress and mitochondrial function, we also investigated the
intracellular metabolomic profile of exposed cells. Metabolomics is a
rapidly expanding area of “omics” science focused on the accurate
detection and characterization of low molecular weight metabolites
[23]. In toxicological research, it provides a valuable tool to explore
early biochemical perturbations, uncover potential mechanisms of
toxicity, and identify relevant biomarkers associated with exposure to
environmental contaminants [13,14,24-26]. By analysing the levels of
key metabolites involved in redox balance, energy production, and
membrane turnover, we aimed to better characterize the cellular
response to nanoceria exposure and identify potential metabolic signa-
tures associated with both reversible and persistent damage, as well as to
elucidate the mechanisms underlying long-term metabolic adaptation
and cellular reprogramming.

2. Materials and methods
2.1. Exposure conditions and cell models

A commercial cerium oxide nano-powder (CeO3NP) that had a me-
dian primary particle diameter of 50 nm (Sigma-Merck, n° code 700290;
Milan, Italy) was used starting from a stock suspension (10 mg/mL) in
phosphate buffered solution (PBS). The working suspensions were
freshly prepared in the cell medium and submitted to sonication to
prevent particle aggregation. To characterize these working
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suspensions, hydrodynamic diameter measurements and (-potential
were detected by dynamic light-scattering (DLS) analyses using the
Zetasizer 3000 instrument (Malvern, Worcestershire, UK), equipped
with a 632nm HeNe laser, operating at a 173-degree detector angle
[27].

The A549 epithelial cell line (ATCC CCL-185 ™) was used since it is
the model of choice for in vitro studies of airborne pollutants. The cells
were cultured in F-12K medium (Gibco™ 21127022) supplemented
with 2 mM of L-glutamine, 10 % of inactivated fetal bovine serum (FBS),
and 1 % penicillin/streptomycin/amphotericin. The cells were grown in
monolayer at 37 °C in a 5% C0O2/95 % air humidified atmosphere and
subcultured on a regular basis (usually every 4 days). Experiments were
performed by exposing cell monolayers to CeOoNP for the time and
doses specified in the experimental protocol. In particular, for the
assessment of short-term effects, the cells were exposed for 24 h. Sub-
chronic exposure was performed by starting from the cells CeO;NP
treated for 24 h and subculturing 2 x 104/cm? cells in fresh nanoceria
suspension added to growth media. Weekly, always using the same
number of cells, subcultures were set up by using fresh CeO,NP sus-
pensions in growth medium. The procedure was repeated for 5 consec-
utive weeks, using the remaining aliquot of cells to assess the effects of
exposure at 7, 14, 21, 28, and 35 days. In order to enable nearly
continuous exposure of the cells to the specified nanoceria dosages,
twice a week the nanoceria suspension in growth medium was replaced
with a fresh suspension, subsequent to rinsing the monolayers with PBS
to eliminate any residual CeO2NPs. In parallel, the same experimental
protocol was used for the control cells in which the CeO2NP stock sus-
pension was replaced by PBS. Based on this, the experimental design
involved examining CeOy;NP-induced effects on five sequential cell
progenies, each derived from the preceding progeny. Further experi-
ments were performed on the subcultures obtained by cell progenies
treated for 28 days. In particular for these experiments, two subcultures
were performed, one of which was incubated for 7 days in growth media
without nanoceria suspension, in order to assess the ability of the
progeny, obtained from cells sub-chronically exposed to the xenobiotic,
to restore basal conditions. All experiments were performed in triplicate.

2.2. Cytotoxicity assays and uptake assessment

Preliminarily, acute cytotoxicity of CeOoNPs was evaluated in the
range of 1.65-200 pg/mL through the colorimetric MTT assay that is
based on the reduction of 3-(4,5-dimethiazol-2)-2,5-difeniltetrazolium
bromide, catalysed by cellular dehydrogenase. Briefly, after verifying
the absence of particle interference in the spectrophotometric detection
through abiotic tests, the assay was performed in cells cultured for 24 h
in 96-well microplates. The appropriate volume of the stock suspension
of CeO,NPs (10 mg/mL) was added to the cell medium (100 pL/well).
After 24 h, using our standard protocol [28], the enzymatic activity of
viable cells was quantified by spectrophotometric measurement at
540 nm using a microplate reader (Tecan Italia; Milan, Italy). Dimethyl
sulfoxide (DMSO, 10 %) and PBS were used as positive and negative
control, respectively.

To evaluate CeO,NP uptake, the endocytic apparatus (late endo-
somes and lysosomes) was examined using the metachromatic fluoro-
chrome Acridine Orange (AO). The red fluorescence emitted by AO in
the acidic compartment, contrasted with the green fluorescence in the
cytosol and nucleus, allows the red/green ratio to reflect both the uptake
of exogenous material and the diminished cytoplasmic green fluores-
cence, indicative of acidic compartment leakage [29]. The in-
vestigations were conducted on semi-confluent A549 monolayers grown
on chamber slides and treated for 2 and 5 h with CeO,;NP suspensions at
concentrations of 25 and 60 ug/mL. Subsequent to the elimination of the
medium and multiple washes with PBS, an AO solution (5 pg/mL) was
added, and Confocal Laser Scanning Microscopy (CLSM) observations
were performed using the Leica TCS SP2 apparatus (Leica Microsystems,
Wetzlar, Germany), alongside Leica Confocal software (version 2.0) and
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the Leica DM IRB fluorescence microscope. The image-processing pro-
gram Image (imagej.nih.gov/ij/index.html, accessed on 30 January
2025) was utilized to quantify the acid compartment by assessing the
cellular area displaying red fluorescence and its intensity. A minimum of
100 cells was analyzed for each slide. Cells exposed to CeO,-free me-
dium served as negative controls. The percentage change (%A) in the
product of area and emission intensity relative to negative controls was
calculated.

2.3. Assessment of ROS production after acute and sub-chronic exposure
and detection of ROS-induced effects

To assess the acute and sub-chronic effect, all tests were performed
on cell aliquots treated with 25 and 60 pg/mL of CeO,NPs for the times
foreseen by the experimental protocol. It is important to note that all
experiments were performed on live cells (i.e., adherent cells), whereas
all supernatants were gathered to evaluate the percentage of dead cells.

ROS were measured by using the 2’,7’-dichlorofluorescein-diacetate
(DCF-DA) probe (Merck Life Science S.r.l.; Milan, Italy). Briefly, after
repeated washing with PBS, cell suspensions were loaded with the probe
solution (1 pM) prepared in PBS containing 10 mM of D-glucose (pH 7.4)
and, after incubation at 37 °C for 30 min, the fluorometric readings were
carried out at the excitation and emission wavelengths of 485 and
535 nm. For all spectrofluometric measurements, a microplate reader
(Tecan; Milan, Italy) was used, and results were expressed as % change
(%A) in comparison to control cells.

CeO2NP-induced mitochondrial impairment was detected by the
fluorescent probe rhodamine 123 (R123) (Invitrogen Molecular Probes;
Eugene, OR, USA). This cationic fluorochrome measures transmembrane
potential (A¥Ym) since it is stored only in the matrix of functional
mitochondria where an active proton gradient is preserved during
oxidative phosphorylation. The probe solution (10 pM final concentra-
tion) was added to the aliquots of control and treated cell suspensions,
that were incubated for 10 min at 37 °C. After washing with PBS, fluo-
rimetric readings were carried out using 535 and 595 nm as the exci-
tation and emission wavelengths, respectively.

DNA damage induced by CeO,NP exposure was evaluated in control
and treated cells by using the alkaline version of the Comet assay. Tests
were performed in duplicate, using 2 x 104 cells for each spot, and the
electrophoresis was run for 30 min at 25 V and 300 mA (0.86 V/cm). The
samples were stained with ethidium bromide (20 pg/mL) and imaged
using a DMIRB fluorescence microscope (Leica Microsystems), equipped
with a digital camera (Power Shot S50, Canon; Milan, Italy) at 400X
total magnification. The Comet Assay Project (CASP) (http://ww25.cas
plab.com/?subid1=20230810-1122-084e-8a7d-57f935e2 83f5) pro-
gram was used to evaluate the images of 100 cells per slide that were
randomly obtained. The Tail Moment (TM) was used as the metric for
assessing DNA damage.

The cytotoxicity, triggered by sub-chronic exposure to nanoceria,
was evaluated by fluorimetric detection of cells detached from mono-
layers by using propidium iodide (PI) as probe. These, present in the
supernatant, were incubated with PI solution (3 ug/mL) at 4 °C for
5min, then the fluorescence of dead cells was measured using 535 and
615 nm as the excitation and emission wavelengths, respectively. By cell
count, the weekly cell replication index (WCRI) was also evaluated.

2.4. Metabolomic analysis

2.4.1. Extraction of cellular metabolites

For proton Nuclear Magnetic Resonance (*H NMR)-based metab-
olomic analysis, cells exposed to both concentrations of CeO;NPs for
24 h and 35 days, and those incubated for 7 days without nanoceria after
sub-chronic exposure were evaluated. For each time point, three inde-
pendent biological replicates were performed, and each sample was
analyzed in duplicate technical runs. The entire pellet obtained from
treated and untreated A549 cells, grown in T25 culture flasks, was used
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for metabolomic extraction.

Intracellular polar metabolites were extracted using a biphasic
methanol/chloroform/water protocol adapted from previously vali-
dated methods [14,26]. Briefly, metabolic activity was quenched by
adding 650 pL of cold 80 % methanol directly to the culture flasks. Cells
were scraped, transferred to microcentrifuge tubes containing 0.5 mm
glass beads, and vortexed for 1 min to promote mechanical lysis. Sub-
sequently, 260 uL of chloroform was added, followed by an additional
260 uL of chloroform and 220 pL of water. Each step was followed by
vortex mixing and samples were incubated on ice for 10 min. Phase
separation was achieved by centrifugation at 2000 x g for 15min at
4 °C. The upper aqueous phase (~400 pL), containing the hydrophilic
metabolites, was carefully collected, dried using a centrifugal vacuum
concentrator (Eppendorf 5301), and then stored at —80 °C. Prior to NMR
analysis, the dried intracellular extracts were reconstituted in 600 uL of
0.1 M sodium phosphate buffer (pH 7.0) containing 10 % D20 and 1 mM
2,2-dimethyl-2-silapentane-5-sulfonate (DSS; Sigma-Aldrich), and
transferred into 5 mm NMR tubes for spectral acquisition.

2.4.2. 'H NMR metabolomics and spectral pre-processing

The polar intracellular extracts were analysed by 'H NMR spectros-
copy using a Varian-500 spectrometer (499.74 MHz, 298 K). One-
dimensional 'H NMR spectra were acquired at 25 °C using a NOESY-
presaturation (noesyprld) sequence to suppress the water signal, with
a 120 ms mixing time, 2 s relaxation delay, 256 transients, 11.68 ppm
spectral width, and 32,768 data points with digital quadrature detec-
tion. Spectral processing included 0.5Hz line broadening, Fourier
transformation, manual phase and baseline correction, as well as
chemical shift calibration to DSS (0.00 ppm), all performed using Che-
nomx Processor v12.0 (Chenomx Inc., Canada). Metabolites were
identified via chemical shifts, signal multiplicity, and comparison to the
Chenomx 500 MHz library and public databases. Quantification was
performed using DSS as the internal reference standard [30-35].

2.4.3. Pathway enrichment and network analyses

To support the biological interpretation of the metabolomic profile
alterations observed in nanoceria-exposed A549 cells, a functional
metabolic analysis was performed using MetaboAnalyst 6.0
(https://www.metaboanalyst.ca) [36]. Lists of significantly altered
intracellular metabolites (p < 0.05, ANOVA with Dunnett’s post-test vs.
control) were uploaded after 'H NMR quantification, and annotated
using the Human Metabolome Database (HMDB) identifiers.

For the pathway enrichment analysis, the Small Molecule Pathway
Database (SMPDB) library (99 metabolite sets based on normal human
metabolic pathways) was selected. Over-representation analysis (ORA)
was carried out using the hypergeometric test with false discovery rate
(FDR) correction. Pathways were ranked by statistical significance
(—log1o p-value) and enrichment ratio.

For the pathway topology and network analysis, the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) Homo sapiens pathway library
was employed. Topology analysis was based on node centrality (degree
and betweenness), integrating enrichment with pathway connectivity. A
significance threshold of p < 0.05 (FDR-corrected) was applied. Results
were visualized as dot plots (enrichment) and network graphs (topol-
ogy), where node size indicates enrichment ratio and node colour cor-
responds to statistical significance.

2.5. Statistical analyses

All data are presented as mean + standard deviation (SD) based on at
least three independent experiments. Analyses were performed using the
software GraphPad Prism (version 10). The relationships between
different parameters were assessed by using the Pearson correlation
coefficient, while the Student’s t-test was used to assess the differences
between samples. ANOVA was used to statistically analyze the NMR
data, and the Dunnett’s post-test was then used to assess changes among
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each treatment groups in relation to the control group. Pathway
enrichment and network analyses were carried out in MetaboAnalyst
6.0, using over-representation analysis (hypergeometric test with FDR
correction) for SMPDB pathways and topology-based analysis for KEGG
pathways. Additionally, a correlation matrix in the form of a heatmap
was constructed using MetaboAnalyst to highlight the variation in
metabolite concentrations across samples and experimental conditions.
Principal Component Analysis (PCA) was also performed in Metab-
oAnalyst 6.0 after log-transformation and Pareto scaling of metabolomic
data to evaluate global variance structure and clustering patterns across
exposure groups. Significance was accepted at p < 0.05.

3. Results
3.1. CeO2NP characterization

The analyses performed to test the colloidal stability of CeOzNP in
PBS and cell culture medium enabled us to investigate the influence of
concentration and the biological environment on the surface charge and
size distribution of the particles. At physiological pH and osmotic
pressure, the zeta potential test revealed no surface charges on the
particles. This resulted in a pronounced tendency for the particles to
aggregate, simultaneously highlighting their significant hydrophobicity
and, hence, their enhanced capacity to interact with biological mem-
branes. Dimensional analysis at doses of 25 and 60 ug/mlL validated
aggregation, especially in cell culture medium, notwithstanding the
pronounced colloidal instability of the suspensions, confirmed by the PI,
always approximately equal to 1.00. In PBS, the DLS spectra indicated
the existence of nanoaggregates with average diameters of 116.6 nm
only at a concentration of 60 ug/mL. Instead, at a concentration of
25 ug/mlL, the average diameter of 64.2 was somewhat greater than the
manufacturer's certification (Figure S1 in Supplementary Materials).
The tendency toward aggregation was more pronounced in the cell
medium, distinguished by the presence of nutrients, including complex
ones, such as FBS (10 % in growth medium). In this condition at the
same doses of CeO:NP, the spectra revealed the presence of peaks at
390.2 and 779.6nm respectively (Figure S1 in Supplementary
Materials).

3.2. CeO2NP cytotoxicity and uptake

To assess the acute cytotoxic effect of nanoceria, MTT test was per-
formed on monolayers of A549 cell lines at 24 h. The assayed doses
ranged from 1.65 to 200 pg/mL. CeO2NP suspension had a moderate
cytotoxicity (Figure S2 in Supplementary Materials), which was posi-
tively related to the exposure dose (r = 0.887, p < 0.05). The IC50 value
of CeO,NP was 67.69 ug/mL.

Based on the cytotoxic data, for the assessment of acute and sub-
chronic effects of CeO,NPs, two doses, termed as sub- and toxic dose,
were selected. These doses were 25 and 60 ug/mlL, equal to 37 % and
89 % of the IC50, respectively, chosen in order to assess the homeostatic
capabilities of the selected cell model, highlighting a possible adaptation
of the cellular progeny.

The uptake of CeOoNP by A549 cells was assessed analysing the
endocytic compartment by the metachromatic fluorophore AO. The re-
sults of confocal microscopy observations (Fig. 1) distinctly demon-
strated a very fast internalization of nanoceria in mature endosomes.
Following just two hours of treatment, a notable dose-dependent in-
crease of the endocytic compartment was recorded and %A values were
30.1 and 50.9 for sub- and toxic doses, respectively (p < 0.05). A sub-
sequent light increase (i.e., a bigger cell surface emitting in red) was
noted exclusively at sub-toxic doses. Instead, at toxic doses, a significant
reduction in the endocytic compartment was observed at 5h (p < 0.01).
Concurrently, a decrease in green emission was noted in these cells
(%A-16), signifying a partial cytoplasmic acidification due to disruption
of the phagolysosomal membranes, resulting in leakage of the engulfed
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control cells

CeO,NP 60pg/mL 5h

Fig. 1. Results of CLSM analyses with representative images of treated and untreated A549 cells by employing AO to evaluate the endocytic apparatus (red emitted
fluorescence) and other cellular compartments (green emitted fluorescence). After treatment for 2 and 5 h with CeO,NP (25 and 60 pg/mL), the acid compartment
was quantified by assessing the cellular area displaying red fluorescence and its intensity. A minimum of 100 cells was analyzed for each slide. In the graph the

average (+ SD) of %A in comparison to control cells is reported (* p < 0.05; ** p < 0.01).

A

%A ROS

%ATM
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T g Bl 60 pg/mL
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Bl 25 pg/mL
* ** ** > Bl 60 pg/mL
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%A

o

Cell mortality: Treated/Control

Bl 25 pg/mL
Bl 60 pg/mL

Days

Days

Bl 25 ug/mL
Bl 60 pg/mL

Fig. 2. Biological effects of acute and sub-chronic exposure to sub-toxic and toxic doses of CeO2NPs. (A) The pro-oxidant effect of the xenobiotic was assessed by
measuring ROS levels. The percentage changes (%A) were dose-dependent, and a significant ROS overproduction at the two doses was observed. (B) Evaluation of
mitochondrial impairment by detecting transmembrane potential (A¥m). The %A values underline the dose dependent mitochondrial dysfunction, which even in the
absence of exposure to the xenobiotic for seven days persisted in cell progeny. (C) Results of Comet assay, used for the assessment of CeO,NP-induced DNA damage.
The values, expressed as %A of Tail Moment (TM) and adjusted for cell mortality, highlight the distinct pattern between the two nanoceria doses. (D) Spectro-
fluorimetric detection of cell mortality, measured by the probe PI in the cell detached from monolayers. The values, expressed as Treated/Control ratio highlight the
irreversible damage in cell progeny induced by the higher dose assayed (* p < 0.05; ** p < 0.01).
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material.
3.3. Acute and sub-chronic effects of nanoceria

The pro-oxidant effect of nanoceria exposure is reported in Fig. 2A.
ROS levels, expressed as percentage change (%A) were dose-dependent,
and a significant ROS overproduction (p = 0.045 and 0.009 at the two
doses, respectively) was observed. Compared to the levels recorded at
24 h (%A = 79.0 and 190.4 for the lower and higher doses, respec-
tively), for both the tested doses a partial adaptation of the cellular
progeny was observed starting from the 14th day. In particular, while in
the first two weeks the cell progeny exposed to the toxic dose showed
consistently very high levels of %A (averaging 187.1), in those exposed
to 25 ug/mL CeO2NPs the ROS values increased slightly, reaching a
maximum at 14 days (more than double compared to the control).
Subsequently, the ROS levels gradually decreased for both doses,
without reaching the basal condition at 35 days (%A = 52.7 and 83.3,
respectively). For both doses, however, ROS production returned to
basal levels in the cell progeny grown for 7 days in the absence of
nanoceria.

To verify whether ROS overproduction was directly attributable to
the pro-oxidant capabilities of the xenobiotic or induced by mitochon-
drial impairment, transmembrane potential (A¥Ym) was measured.
Fig. 2B reports the observed values expressed as %A that underline the
dose dependent decrease of A¥m. After acute nanocera exposure, the
%A were —20.3 and —30.2 after exposure to the low and high CeO;NP
dose, respectively. Initially, a partial adaptation of the cell progeny was
observed which, however, was temporary, highlighting a significant
mitochondrial impairment after three weeks (p < 0.01 for both doses).
Up to the 35th day of observation, basal conditions were not restored
and, surprisingly, even in the absence of exposure to the xenobiotic for
seven days, a non-negligible mitochondrial dysfunction was still
observed.

To assess DNA damage, the alkaline version of the Comet assay was
performed. Fig. 2C reports the results expressed as %A of TM. After
adjusting for cell mortality, the values highlighted both the significant
dose-effect correlation (p = 0.03) and the distinct pattern between the
two nanoceria doses. While the DNA damage induced by the sub-toxic
dose was very reduced and no longer appreciable by the 14th day, the
one caused by the toxic dose significantly increased starting from the
14th day and remained consistently elevated throughout the observa-
tion period. In the post-exposure subculture, DNA damage, although not
massive, was still significant (p < 0.01).

The cytotoxicity, triggered by sub-chronic exposure to nanoceria,
was evaluated measuring spectrofluorimetrically the cells detached
from monolayers and PI loaded. Fig. 2D reports the results after acute
and sub-chronic exposure. As expected, after acute exposure the % of
detached cells was 1.18 and 1.45-fold higher than control cells at the
two doses, confirming the MTT results. After sub-chronic exposure,
nanoceria caused an average of 20 % more cell mortality at the sub-toxic
dose while, at the higher dose, a steady rise in cellular mortality was
observed until the second week (% of death cells about 4 times higher;
p = 0.011). Prolonging the exposure, the values slightly decreased, but
remained significantly high throughout the examined period, high-
lighting the irreversible cell damage. This was confirmed by the values
observed in the cell progeny grown for a week in the absence of the
toxic. Unlike the progeny of cells exposed to the sub-toxic dose, where
there was a complete return to baseline conditions, cell mortality was
still 56 % higher in the progeny of cells exposed to the highest dose.

During the acute and sub-chronic exposure, the weekly cell replica-
tion index (WCRI) was also evaluated to confirm the cytotoxic effects of
the two CeO,NP doses assayed. To this aim, for each subculture the same
number of cells was incubated and, in comparison to control cells, the
nanoceria exposure at sub-toxic dose caused a moderate decrease of the
WCRI value (5.58 + 1.05 vs. 6.01 £ 0.85) recording on average 7 %
drop. Instead, at the toxic dose of CeO2NPs, the WCRI was only 4.99

Journal of Hazardous Materials 504 (2026) 141239

+ 1.20, highlighting a decrease equal to 17 %.

3.4. 'H NMR metabolic profile of cell extracts

A representative 'H NMR spectrum of A549 cell extracts from the
control group is shown in Fig. 3. Several polar metabolites were iden-
tified, including amino acids such as glycine, glutamine, cysteine, pro-
line, valine, leucine, and isoleucine; osmolytes and methyl donors such
as betaine; energy-related metabolites such as glucose, lactate, and
succinate; intermediates of the tricarboxylic acid cycle (TCA), including
malonate and isocitrate; and signaling-related compounds including
choline, acetylcholine, and serotonin.

3.4.1. Pathway enrichment and biological networks

A global pathway enrichment analysis was conducted by integrating
all significantly altered metabolites (p < 0.05) across doses (25 and
60 pg/mL CeO:NP) and experimental conditions, including acute
exposure (24 h), sub-chronic exposure (examining at 35 days the 5th cell
progeny), and recovery in cell progeny grown in CeO2NP absence. This
integrative approach allowed the identification of the metabolic path-
ways most consistently affected by CeO:NP exposure over time and
across doses (Fig. 4 A). Specifically, the pathway enrichment analysis
(SMPDB, 99 sets) demonstrated that nanoceria exposure induces a co-
ordinated reprogramming of A549 cell metabolism. The most signifi-
cantly CeOy NP-affected pathways involved the TCA cycle, pyruvate
metabolism, and glycolysis/gluconeogenesis, consistent with 'H NMR
evidence of altered glucose, lactate, succinate, and isocitrate, pointing to
mitochondrial dysfunction and impaired oxidative metabolism. Pertur-
bations in glutathione, glycine/serine/threonine, and arginine/proline
metabolism reflected redox imbalance and amino acid depletion, while
enrichment of the Warburg effect confirmed a shift toward aerobic
glycolysis. Additional alterations in betaine metabolism, phosphatidyl-
ethanolamine biosynthesis, and nicotinate/nicotinamide metabolism
indicated changes in membrane remodeling, osmoprotection, and redox
cofactor balance. The enrichment dot plot (Fig. 4 A) ranked these
pathways by significance, highlighting energy metabolism and antioxi-
dant defences as the most impacted clusters. Network analysis (Fig. 4B)
reinforced this view, identifying the TCA cycle, pyruvate metabolism,
glutathione metabolism, and glycine/serine/threonine metabolism as
central hubs connecting bioenergetics, redox regulation, and amino acid
turnover. Together, these analyses demonstrate that CeO-NP exposure
remodels the metabolic landscape through integrated disruption of
mitochondrial, redox, and amino acid pathways, reflecting a balance
between transient adaptive responses and persistent dysfunction under
prolonged or higher dose conditions.

3.4.2. Multivariate analysis of metabolomic profiles

A Principal Component Analysis (PCA) was performed to evaluate
global variance structure and the overall similarity of metabolic profiles
across exposure conditions. The PCA score plot (Fig. 5 A) revealed a
clear dose- and time-dependent separation among the experimental
groups, in agreement with the univariate findings. After 24 h, cells
exposed to 60 pg/mL diverged markedly from both control and 25 pg/
mL samples. Sub-chronic exposure further amplified these differences
as, at the toxic dose, the subculture examined at 35 days clustered in a
distinct region of the PCA space. In contrast at 25 pg/mL, the one
examined at 35 days remained closer to controls. Recovery dynamics
were also captured by the PCA. Progeny previously exposed to 25 pg/mL
and subsequently grown for 7 days in nanoparticle-free medium clus-
tered near control samples. Conversely, progeny recovered after sub-
chronic exposure to 60 pg/mL remained clearly separated from both
control and 25 pg/mL groups. The PCA loading vectors (Fig. 5B) high-
lighted metabolites like lactate, betaine, cysteine, serotonin, and
acetylcholine, together with glutathione and glutamine, as major con-
tributors to the separation among groups, mirroring the patterns
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Fig. 3. A representative 1-D 500 MHz 'H NMR spectrum of human alveolar A549 control cells, from which the residual water resonances (4.5-5.0 ppm) were
removed, and with (A) showing the aliphatic region, and (B) an expansion of the aromatic region. Keys: (0) DSS, (1) branched chain amino acids (BCAA: isoleucine,
leucine and valine), (2) ethanol, (3) lactate, (4) alanine, (5) arginine, (6) lysine, (7) acetate, (8) proline, (9) glutamate, (10) glutamine (11) succinate, (12) malate,
(13) isocitrate, (14) aspartate, (15) N,N-Dimethylglycine, (16) glutathione (17) malonate, (18) choline, (19) acetylcholine, (20) betaine, (21) trimethylamine N-oxide
(TMAO), (22) taurine, (23) glucose, (24) maltose, (25) glycine, (26) creatine, (27) ATP/ADP, (28) serotonin, (29) tyrosine, and (30) methylhistidine.
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Fig. 4. (A) Global pathway enrichment analysis of human alveolar A549 cells exposed to CeOzNP (< 50 nm) under different exposure conditions: acute (24 h) and
sub-chronic exposure (35 days of continuous exposure) at 25 and 60 pg/mL CeO2NP, and recovery in cell progeny grown in CeO2NP absence. The analysis (SMPDB,
99 sets; over-representation analysis, hypergeometric test, FDR correction) was based on all significantly altered metabolites (p < 0.05) across conditions and
identified the most consistently affected pathways related to energy metabolism, redox regulation, and amino acid turnover. (B) Pathway network analysis of
enriched pathways (KEGG database; topology-based analysis, p < 0.05, FDR correction). Central hubs (TCA, pyruvate, glutathione metabolism) highlight coordi-
nated disruption of mitochondrial, redox, and amino acid pathways.
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tween groups.
identified through the heatmap and enrichment analyses.

3.4.3. Cell metabolome changes

Several metabolic pathways were found to be affected in A549 cells
following exposure to nanoceria. In particular, 'H NMR-based metab-
olomic analysis revealed dose- and time-dependent alterations in key
metabolites involved in energy production, redox balance, and mem-
brane turnover (Fig. 6). The fluctuations in metabolite concentrations
across samples and experimental conditions were further clarified
through a correlation heatmap (Fig. 7), which displayed distinct clus-
tering patterns among control, sub-toxic (25 pg/mL), and toxic (60 pg/
mL) groups. The heatmap clearly highlighted coordinated variations in
metabolite levels, illustrating the progressive metabolic shift induced by
CeO:NP exposure over time and with increasing concentration.

After 24 h of exposure, metabolite profile changed according to the
two tested CeOaNP doses. At the lower dose (25 pg/mL), a significant
increase (p < 0.05) compared to control cells was observed in several
metabolites, including glucose, lactate, succinate, isocitrate, malonate,
glycine, glutamine, glutathione, cysteine, acetylcholine, serotonin, and
betaine, except for choline whose levels were similar to those of control
cells. Conversely, an opposite trend was recorded in cell samples
exposed to the higher CeOoNP concentration (60 pg/mL), where mostly
metabolites showed a decrease in respect to control cells (Fig. 6).

Notably, after 35 days of continuous exposure, the cell progeny
exhibited a distinctly impaired metabolic profile, with a reduction in
glycine, cysteine, serotonin, acetylcholine, glucose, and succinate levels
at both CeO,NP concentrations in respect to control cells. In parallel, the
levels of lactate, malonate, and glutamine were elevated than in control
cells. Interestingly, other metabolites showed a biphasic trend, such as
glutathione that increased at 25 pg/mL CeO,NP exposure and dropped
at 60 pg/mL, and choline and betaine that exhibited an opposite
behaviour. Only isocitrate was found unchanged after 35 days of
exposure in all the conditions tested (Fig. 6).

After a 7-day recovery period in the absence of exposure, cell prog-
eny of previously sub-chronically exposed cells for 28 days at the two
CeO,NP doses showed a differential metabolic response. Cell progeny
previously treated with 25 pg/mL CeO,NP and then grown for 7 days in

the absence of nanoceria, exhibited mostly of the investigated metabo-
lites with levels superimposable with those registered after 35 days of
exposure, except for a significant increase recorded in the level of
glutamine in respect also to the control cells. However, in the cells
previously exposed to the toxic dose, a partial recovery was observed,
with glucose, glycine, isocitrate, and glutathione levels increased,
reaching values close to those of control cells, while cysteine, ace-
thylcholine, and serotonin remained steady. Additionally, lactate and
betaine showed levels higher than those of the control cells, whereas a
significant reduction in choline levels was noticed, resulting in the same
concentration recorded in control cells (Fig. 6).

4. Discussion

With the aim to improve our understanding of the potential biolog-
ical effects of inhaled nanoceria, in this study we used an in vitro model
resembling both acute and sub-chronic exposure of the human respira-
tory tract. Since all persistent environmental pollutants are responsible
for prolonged exposure over time, we consider our approach particularly
useful.

The analysis of CeO2NP in a biological environment emphasized its
strong bioavailability, despite the formation of nano/microaggregates.
The absence of surface charges in a biological environment is attribut-
able to both pH and osmotic pressure. The observations of Mu et al. [37]
support this, indicating that a pH of 7.4 in water yields a {-potential of
+ 10-15 mV. The nanoparticles' low surface charge is likely neutralized
in a biological environment by the salts in the PBS and cell medium,
making both solutions isotonic.

The strong nanoceria hydrophobicity, resulting from the absence of
surface charges, enhanced its capacity to interact with biological
membranes, as shown by the fast uptake, previously demonstrated on
the same cell line for other hydrophobic xenobiotic particles, such as
carbon nanotubes and micro- and nanoplastics [15,38,39].

The quick dose-dependent absorption of CeO,NPs by alveolar
epithelial cells, achieved high values after just 2 h, which increased
minimally with prolonged exposure, and only for the subtoxic dose.
Instead, the damages to endocytic compartment observed at toxic dose,
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and shown by the decrease in green emission, would seem to highlight
how even mechanical injury, causing acidification of the cytosol, can
contribute to the increased cell mortality [15].

It is still crucial to emphasize that the analyses of endocytic
compartment may underestimate uptake since it excludes the internal-
ization of nanoparticles by passive diffusion across the phospholipid
bilayer, resulting in their presence both individually and in aggregates
inside the cytosol. Given the high hydrophobicity of CeO;NPs in a

biological context, this mechanism of 'internalization' should not be
disregarded [39].

Interestingly, the combination of conventional toxicological assays
and metabolomics-based approaches provided a comprehensive picture
of the impact of CeO3NPs on human alveolar cells. In general, the
nanoceria particles tested induced dose- and time-dependent effects on
cellular functionality, highlighted by standard toxicity tests, and
confirmed by the fluctuations in the levels of specific metabolites. In
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particular, the moderate cytotoxicity and slight increase in ROS and
ROS-induced effects observed through toxicological assays after 24 h at
the subtoxic dose was confirmed by the metabolic profile suggesting an
initial adaptive response. The generalized metabolic activation is likely
aimed at meeting energy demands, counteracting oxidative stress, and
promoting repair of cellular structures. Several upregulated metabolites,
such as glucose, lactate, succinate, glutamate, glutamine, glycine, and
glutathione, play key roles in sustaining the metabolic plasticity of A549
cells, which heavily rely on glycolysis and glutaminolysis to support
proliferation and survival [40,41]. In particular, the accumulation of
lactate reflects the Warburg effect, whereby glucose is preferentially
converted to lactate even under normoxic conditions [42], a hallmark of
A549 and other lung cell lines that supports rapid ATP production and
NAD* regeneration [43,44]. Conversely, the depletion of metabolite
levels at the toxic dose (60 pg/mL CeO2NPs) confirmed the most severe
early mitochondrial dysfunction, consistent with initial signs of bio-
energetic failure as shown by the reduced metabolic capacity. The
suppression of key metabolites such as glucose, succinate, choline,
glutathione, and amino acids suggests an impaired ability to sustain
oxidative metabolism and energy production (i.e. a dyshomeostasis
status). Such metabolic shutdowns, confirmed by the A¥m values and
the higher level of cell mortality, have previously been associated with
mitochondrial depolarization and apoptotic induction in lung cell
models [38,45-47].
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Toxicological tests over time validated the significant dose-effect
correlation and the enhanced capacity of cell progeny exposed to the
sub-toxic dose to counteract the overproduction of ROS and the ensuing
ROS-induced cytotoxic effects, as highlighted by the full recovery of
DNA damage and the partial recovery of mitochondrial dysfunction,
despite a transient increase in values in the first phase of sub-chronic
exposure. Conversely, as shown by the highest treated/control mortal-
ity ratio, the effects induced by the toxic dose was irreversible for a
consistent portion of the exposed cell progeny, suggesting tissue damage
in exposed individuals following the exhaustion of regenerative capac-
ity. This ultimately results in the gradual substitution of functioning
epithelium with fibrotic tissue, leading to significant respiratory failure.
Several airborne xenobiotics have been increasingly implicated in
impairing lung tissue function, through pro-fibrotic myofibroblast
expansion. This irreversibly narrows the airways causing pulmonary
fibrosis and chronic obstructive pulmonary disease (COPD) [48].

As expected, a progressively compromised metabolic profile was
observed after sub-chronic exposure, with marked reductions at 35 days
in glycine, cysteine, serotonin, and acetylcholine at both concentrations.
Glycine and cysteine are central precursors for glutathione biosynthesis,
and their depletion, not coupled with increased glutathione production,
as observed at the toxic dose, reflects a profound redox imbalance and
exhaustion of antioxidant reserves [33,49-51]. The biphasic trend of
glutathione, with increased levels at 25 pg/mL but significant depletion
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at 60 pg/mL CeO2NPs in respect to control cells, highlights as the lower
dose triggers an antioxidant response able to counteract, although not
completely, the biological effects of nanoceria.

The decrease in serotonin and acetylcholine levels may indicate
disrupted signaling and biosynthetic stress, potentially contributing to
impaired cell viability and communication. The increased choline level
at the toxic dose of CeONPs was indicative of phospholipid degradation
and membrane damage processes, as confirmed by the rise of dead cells
and previously documented by Pan et al. [43] in the same cell line. These
alterations were accompanied by significant decreases in glucose and
succinate, along with marked increases in lactate and malonate at the
toxic dose, and glutamine at both doses, suggesting a metabolic shift
toward anaerobic glycolysis and disruption of the tricarboxylic acid
(TCA) cycle. The significant accumulation of glutamine at sub-toxic dose
suggest compensatory activation of glutaminolysis, likely as a survival
mechanism in response to mitochondrial dysfunction, as previously
demonstrated in metabolomic studies of A549 cells exposed to fumed
silica nanoparticles [52]. Beyond their role in cellular energy genera-
tion, mitochondria and the TCA cycle provide critical molecular hubs for
a variety of cellular functions, including biosynthesis, signaling,
apoptosis, and immune responses [53-57]. This explains as the meta-
bolic profile is related to the mitochondrial collapse, more marked at the
higher dose and previously observed in the same cell line exposed to
tetrabromobisphenol A (TBBPA) [58]. Overall, the metabolomic alter-
ations following sub-chronic exposure were in agreement with the
dose-related levels of cytotoxicity, oxidative stress, mitochondrial
impairment, and decreased replication index. Disruption of metabolic
and redox homeostasis was strongly linked to the observed inhibition of
cell regeneration and proliferation [59], and consistent with findings
from other in vitro study investigating the cytotoxic responses of lung
cells to metal-based compounds [60].

Post-exposure experiments further confirmed the differential re-
sponses at the two CeO,NP doses. At 25 pg/mlL, toxicological results and
metabolite levels in general, underlined a good recovery of baseline
values, showing cellular adaptation to this nanoceria dose. Conversely,
at 60 pg/mL CeOy NPs, the recovery was very limited. Despite the par-
tial reactivation of the antioxidant system, shown by the increased levels
of glycine and glutathione and confirmed by ROS values, approaching
control values, cysteine and serotonin remained depleted. This suggests
that full redox balance was not restored. The exposure at the toxic dose
of CeO,NPs did not allow to restore DNA integrity and mitochondrial
functionality in cell progeny grown in absence of nanoceria while, at the
metabolic level, reduction in choline and betaine levels suggest ongoing
membrane remodelling processes, which may reflect structural recovery
attempts. These post-exposure metabolic shifts underscore the impact of
sub-chronic nanoceria exposure on cellular homeostasis and may serve
as potential metabolic signatures of irreversible damage versus effective
adaptation.

In line with these findings, pathway enrichment and network ana-
lyses provided a systems-level confirmation, consistently highlighting
mitochondrial energy metabolism, redox regulation, and amino acid
turnover as central hubs reprogrammed by nanoceria exposure.

5. Conclusions

These findings confirm that CeO:NP exposure significantly alters
cellular metabolism, causing several biological effects strongly related
with both dose and exposure duration. Specifically, the combination of
conventional toxicological tests and metabolomic analysis allowed us to
highlight as fluctuations in specific metabolites may be interpreted
either as transient adaptive responses or, conversely, as indicators of
persistent damage, particularly under conditions of prolonged high-dose
exposure. Despite a variable capacity for cellular homeostasis was
evident, the results shed light on the potential risks of exposure to these
ubiquitous xenobiotics to human health.

However, it is likely that the doses of nanoceria tested do not allow
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us to infer the results obtained for the general population, as pollution
levels of this emerging xenobiotic are poorly known, and even less
predictable are the exposures in the near future. Considering the pecu-
liarities of the nanoceria, it is nonetheless plausible to expect its more
widespread and higher inhalation exposure, both occupational and for
the general population. The pathogenic role of airborne respirable par-
ticles (PM 2.5 and 0.1 pm) in both respiratory and systemic diseases is
well known, therefore a more comprehensive understanding of the
toxicological potential of nanoceria is quite crucial, making our results a
useful starting point.

Environmental Implication

In a society focused on sustainability, green technologies expand
usage of Rare Earth Elements. Cerium dioxide nanoparticles (CeO2NPs)
possess redox/catalytic activity but raise inhalation concerns. This study
unveils the CeO:NPs effects in alveolar A549 cells exposed to 25 and
60 pg/mL as 37 % and 89 % of IC50, respectively, for 24 h (acute
exposure) and 35 days (sub-chronic exposure), besides evaluating re-
covery in progeny of exposed cells grown in CeO2NPs absence. Nano-
ceria triggered concentration- and time-dependent cytotoxic, oxidative,
mitochondrial, genotoxic, and metabolic alterations in A549 cells. Due
to its dual antioxidant/pro-oxidant role, nanoceria is an emerging
inhalable pollutant for human health.
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