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he etiology or development of many
serious diseases involves oxidative
stress, a condition where the reactive
oxygen species (ROS) produced by the aero-
bic metabolism are insufficiently buffered
by cell or tissue antioxidant defenses.! The
excess of ROS damages DNA, proteins, and
lipids, leading to cell malfunction or death
and to tissue damage,” and contributing to
pathologies such as cancer, immuno-defi-
ciencies, neurodegenerative disorders, early
aging, viral pathogenesis, diabetes, ische-
mia, sepsis, chronic inflammation, and many
others>* For this reason, in the last two
decades, antioxidant therapy is the focus
of enormous clinical interest®> and great
emphasis is given to nutritional and phar-
macological strategies to prevent or ame-
liorate human diseases by supplementing
antioxidant molecules that enhance or mi-
mic endogenous antiradical defenses.®” In
fact, the ideal antioxidant therapy is still
elusive because of many intrinsic variables,
such as the choice of the adequate antiox-
idant system and the correct dosage; excess
of ROS scavenging would be deleterious
because basal ROS are required for correct
cell and tissue functioning.®
Great expectations derive from nano-
technology approaches, including redox-
active metal oxide nanoparticles, such as
nanoceria. In CeO,, a fraction of Ce is in the
Ce*" form; the reduction in positive charge
is compensated by a corresponding num-
ber of oxygen vacancies. These defects are
enriched at the surface;>'° therefore, nano-
ceria has a relatively larger Ce>" content
with respect to micrometer-sized counter-
parts, owing to the increase in the surface-
to-volume ratio.'"'? The coexistence of
Ce*" and Ce*" ions produces redox re-
actions, resulting in catalytic activity'>'*
that makes nanoceria suitable for numerous
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ABSTRACT Antioxidant therapy is the novel frontier to prevent and treat an impressive series of
severe human diseases, and the search for adequate antioxidant drugs is fervent. Cerium oxide
nanoparticles (nanoceria) are redox-active owing to the coexistence of Ce*> " and Ce*" oxidation
states and to the fact that Ce®™ defects, and the compensating oxygen vacancies, are more
abundant at the surface. Nanoceria particles exert outstanding antioxidant effects in vivo acting as
well-tolerated anti-age and anti-inflammatory agents, potentially being innovative therapeutic
tools. However, the biological antioxidant mechanisms are still unclear. Here, the analysis on two
leukocyte cell lines undergoing apoptosis via redox-dependent or independent mechanisms revealed
that the intracellular antioxidant effect is the direct cause of the anti-apoptotic and prosurvival
effects of nanoceria. Doping with increasing concentrations of Sm>", which progressively decreased
Ce** without affecting oxygen vacancies, blunted these effects, demonstrating that Ce**/Ce* "
redox reactions are responsible for the outstanding biological properties of nanoceria.
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industrial applications, including catalysis,'”
solid oxide fuel cells,’®"” solar cells,'®
gas sensors,'® and solar fuel production.®
These redox properties have attracted the
interest of the scientific community for the
potential exploitation of nanoceria as anti-
oxidant in biological systems.?' 2*> An open
problem is decoupling the influence of the
surface defects on the nanoceria antioxi-
dant mechanisms. On one side, oxygen
vacancies may allocate oxygen moieties of
biological molecules, inhibiting a set of pro-
oxidant biological effects. On the other side,
the Ce*"/Ce*" cycles allow nanoceria to
react catalytically with superoxide and hy-
drogen peroxide, mimicking the action of
two key antioxidant enzymes, superoxide
dismutase (SOD) and catalase.”* Since
SOD and catalase mimesis are performed
by oxidation of Ce*"?* and reduction of

Ce*"?® respectively, the coexistence of
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Initial studies have shown that nanoceria is well-
tolerated by the organism,?” has anti-inflammatory
properties,”® and is neuro-*° and cardioprotective.*
At the cellular level, it generally exerts prosurvival and
antiradical effects.3'? It remains to be investigated
whether these phenomena are linked by a cau-
se—effect relationship, which is conceivable, since
apoptosis partially depends on oxidation. Apoptosis
is a homeostatic mechanism of cell suicide of super-
numerary, senescent, or damaged cells, occurring
through sophisticated signal transduction pathways
and leading to gentle cell elimination.>* Damage by
oxidative stress can trigger apoptosis;** accordingly,
oxidative pathologies imply increased apoptosis and
loss of tissue function, particularly severe in poorly
renewable tissues such as brain or in regulative com-
partments such as leukocytes in inflammation.>

Here, we investigate the antioxidant mechanism of
nanoceria in two leukocyte cell lines, each undergoing
apoptosis via either redox-dependent or independent
pathways. We demonstrate for the first time, to the
best of our knowledge, a direct cause—effect relation-
ship between the cell antiradical and prosurvival ef-
fects of nanoceria. Moreover, tailoring nanoceria with
different levels of Sm doping, which decreases Ce*"
without affecting oxygen vacancy contents, we de-
monstrate that Ce*"/Ce*" redox reactions are respon-
sible for the outstanding biological properties of
nanoceria.

RESULTS AND DISCUSSION

Nanoceria in Aqueous Suspension. The nanoceria used in
this study was synthesized using a wet-chemical
route,3® which allows obtaining nanocrystalline ceria
at room temperature; organic residues were removed
by heating to 450 °C,"” and powders prepared at this
temperature were used in this work for the biological
analyses. Particle size measured using transmission
electron microscopy (TEM) observations is in the
5—16 nm range; the BET specific surface area was
measured at 57 m? g~ ' (see previous papers for further
characterization'”%%).

Pristine nanoceria particles tend to form aggre-
gates, especially after suspension in aqueous solution,
dramatically reducing the active surface and possibly
impairing bioactivity. Figure 1A shows light micro-
graphs of different concentrations of nanoceria sus-
pensions as they appear when placed in contact with
U937 cells; the agglomerates are easily detectable (see
arrows in the figure), increasing in number and size
with increasing the nanoceria concentration (CTRL =
no nanoceria; 20, 100, and 200 ug/mL), and are ran-
domly distributed, suggesting the absence of specific
interactions with the cells. At such magnification, the
separated nanoparticles are not visible, nor it is possi-
ble to detect an eventual intracellular localization. To
assess nanoceria internalization, we performed a flow
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cytometric analysis of side scatter, a parameter that
measures intracellular dis-homogeneity. It was recently
shown that nanoparticle internalization, as detected by
TEM analysis, leads to (and strictly correlates with) an
increase in cell side scatter, and that internalization
mostly depends on the type of particles; for example,
nanotitania was among the particles that were most
efficiently internalized, whereas nanoceria was not
included in the analysis.>” Therefore, we used as a
positive control nanotitania (anatase) powder with
similar size and physicochemical characteristics as
nanoceria, already used as a control for nanoceria
activity in a previous work.>® We observed that nano-
titania, but not nanoceria, affected cell side scatter,
which is evidenced by the upward smear in the second
dot plot of Figure 1B (arrow), implying no or negligible
internalization of our nanoceria preparations. This
different behavior, which can be hardly attributed to
the similar physicochemical characteristics for both
nanoparticles, is presently under investigation.
Aggregation can be prevented by capping with
surfactants or organic molecules;®® however, these
treatments may also alter the native properties of
nanoceria, whose analysis is the scope of this study.
Therefore, we decided to avoid such modifications. The
use of pristine nanoceria required quantifying and
characterizing the fraction of bioactive nanoparticles
left after aggregation. To this purpose, nanoceria sus-
pensions were let to sediment overnight in distilled
water; colloidal nanoparticles remaining in the super-
natant were separated from the larger aggregates in
the settled cake. When the supernatant fraction was
added to the cells, no agglomerates were detectable
(Figure 1A “super”). The supernatant was dried to
collect the ultrafine powder, which was weighed out,
showing that about 10 wt % of nanoceria remained in
this fraction. The morphology of the nanoceria parti-
cles obtained from the supernatant was observed
using TEM. Figure 1 shows the typical bright field
TEM micrographs at low (Figure 1C) and high
(Figure 1D) magnifications. The powder consisted of
agglomerated polyhedral particles, characterized by
low-dimensional dispersion and mean size ranging
from 5 to 8 nm. The related electron diffraction pattern
(inset in Figure 1C) shows reflection lines compatible
with CeO, having fluorite structure (PDF-ICDD card
#34-0394, JCPDS International Center for Diffrac-
tion Data, 2000). The high-resolution micrograph
(Figure 1D) shows clear lattice fringes with d spacing
of 3 A (white lines in Figure 1D), which correspond to
the distance between the (111) lattice planes of
ceria. Overall, the sedimentation procedure in water
eliminated the original aggregates and the larger
primary particles (class 9—16 nm), as resulting from
the measurement of size distribution before and
after sedimentation (Figure 1E); this is compatible
with aggregation of particles large enough to lack
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Figure 1. Morphological analysis of the CeO, powder and suspensions. (A) Phase contrast microscopy images of U937 cells
alone (CTRL) or incubated for 24 h in the presence/absence of increasing concentrations of total nanoceria (20, 100, and 200
ug/mL) or the supernatant (super) fraction from 200 «g/mL, separated as described in the text. Black arrows indicate
nanoceria precipitated; bar = 20 um. (B) Flow cytometric analysis of forward (FSC) vs side (SSC) scatter of U937 cells incubated
for 2.5 h with 100 £g/mL nanoceria (NG, right) or 100 «g/mL nanotitania (NT, left), each with its control of untreated cells. The
mean values of SSC for each treatment are shown. Only nanotitania produces an upward smear (arrow); one of >10
experiments is shown; similar analyses on Jurkat cells gave similar results. (C) Bright field TEM image of the ceria nanoparticles
at lower magnification, and (inset) indexed electron diffraction pattern in the reciprocal space. (D) High-resolution TEM image
showing lattice fringes and d spacing related to the (111) crystalline planes. (E) Particle size distribution in the total or
supernatant fraction of nanoceria, obtained from analysis of the HR-TEM micrographs. The diameter of n > 150 randomly
selected nanoparticles from each sample was measured; values are reported as number of particles belonging to different
class sizes.

surface charge and undergo aggregation and pre-
Cipitation.

Nanoceria as Potent Antioxidant. The antioxidant effect
of the pristine nanoceria preparations was analyzed
with in vitro tests, which demonstrated that 200 ©g/mL
of nanoceria potently reduced the stable radical
galvinoxyl®® (Figure 2A). Next, we separately tested
the supernatant versus sediment fraction. The super-
natant retained all of the antioxidant activity, as shown
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by the linear dose—response obtained by incubating
galvinoxyl with increasing amount of supernatant
fraction (Figure 2B,C), whereas the sediment fraction
showed no detectable activity independently of the
amount of sample added (Figure 2C).

For the studies on cells, we chose two established
leukocytic cell lines, namely, the human tumor mono-
cytes U937, our leading model, and the human tumor T
lymphocytes Jurkat, which are suitable, complementary
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Figure 2. Antiradical effect of nanoceria is limited to the supernatant fraction. (A) EPR spectra showing galvinoxyl (10 M)
reduction by 200 «g/mL nanoceria at 2 h incubation. Nanoceria at these conditions eliminates galvinoxyl signal (100% loss) in
4/4 independent experiments performed. (B) EPR profiles of galvinoxyl (100 «M) after 2 h incubation with increasing amount
of the supernatant (super) fractions of nanoceria obtained after sedimentation from a 10 mg/mL suspension as described in
Materials and Methods. (C) Quantification of the residual galvinoxyl signal after incubation with increasing amounts of the
supernatant (dark bars) or sediment (light bars) fractions of nanoceria. Values represent the mean of four independent
experiments =+ SD; *p < 0.05 compared to the control. (D) Intracellular ROS at 24 h incubation with total nanoceria (200 x.g/mL),
with the supernatant fraction after overnight sedimentation, and with the sediment fraction, as described in Materials and
Methods. Values indicate fold increase with respect to control and represent the mean of four independent experiments + SD;

*p < 0.05 compared to the control.

models of inflammatory cells, extremely well investi-
gated in terms of redox metabolism and apoptosis.

The effect of nanoceria on the basal intracellular
redox state of U937 cells was then investigated, eval-
uating intracellular ROS levels by flow cytometric
analysis of dichlorofluorescein (DCF) stained cells. Na-
noceria is a potent antioxidant also in cells, and also in
this case, the supernatant fraction retained all of the
antioxidant activity, whereas none was detected in the
sediment fraction (Figure 2D). Considering that the
active fraction is about 10% of the total mass, this
finding allows determining that the nominal 200 ug/
mL concentration is in fact an active concentration of
about 20 ug/mL. This conclusion can be drawn since all
of the physicochemical characteristics measured for
the pristine powder and the supernatant fraction were
the same, apart from the particle size and associated
parameters. For uniformity with previous work, all of
the experiments of the present study were performed
with total (i.e., without separation by sedimentation)
nanoceria preparations, except when stated.

We characterized the intracellular antioxidant ac-
tivity of nanoceria. Within the nominal 5—200 xg/mL
concentration range, nanoceria dose-dependently re-
duced basal ROS levels after 6 h (Figure 3A). A time
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course with the 200 xg/mL concentration shows that
nanoceria reduced ROS in a time-dependent fashion in
U937 (Figure 3B) and Jurkat cells (Figure 3C), progres-
sively decreasing ROS levels, even at time points as late
as 48 and 72 h; this is a very peculiar effect that was not
observed with other widely used intracellular antiox-
idants (Figure 3D).

Nanoceria Decreases Damage-Induced Apoptosis. The ef-
fects of nanoceria on cell viability were then analyzed.
Nanoceria did not exert any cytotoxic effect in our cell
systems for up to 72 h, as shown by cell count, MTT
assay, and extent of basal apoptosis or necrosis. We
next investigated whether nanoceria could protect
against cell apoptosis. Apoptosis was induced by three
different cell-damaging agents that elicit the intrinsic
apoptotic pathway, namely, hydrogen peroxide, the
protein synthesis inhibitor puromycin (PMC), and the
topoisomerase |l inhibitor etoposide (VP-16); these
agents induce apoptosis by different kinetics and
mechanisms, which were thoroughly analyzed in pre-
vious studies.***' Figure 4A shows that nanoceria
dose-dependently decreases the extent of apoptosis
induced in U937 by the three agents, measured as the
fraction of apoptotic nuclei; micrographs of Hoechst-
stained control and VP-16-treated U937 are shown in
2011
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Figure 3. Nanoceria reduces intracellular free radicals. (A) Intracellular ROS measured as DCF signal by flow cytometry at 6 h
exposure to nanoceria (5, 20, 100, and 200 xg/mL); data represent the mean of four independent experiments + SD and are
provided as % reduction with respect to control; the inset shows the overlay of the flow cytometric profiles of cells treated
with the various nanoceria concentrations as indicated by the numbers in the legend; *p < 0.05 compared to the control. Time
course analysis of intracellular ROS levels on (B) U937 and (C) Jurkat cells upon incubation with 200 xg/mL nanoceria; data
represent the fold reduction of the DCF signal with respect to control and are the mean of four independent experiments +
SD; *p < 0.05 compared to the control. (D) Comparison of different antioxidant treatments. U937 cells were incubated at 37 °C
with 1 mM trolox, 100 uM sodium ascorbate, 10 mM sodium pyruvate, or T mM cystathionine, and 200 xg/mL nanoceria.
Intracellular basal ROS levels were evaluated by H,DCFDA staining at the indicated time points. Values are expressed as fold
reduction of the DCF signal with respect to control and are the mean of three independent experiments -+ SD; only nanoceria
shows significantly different values between 48 and 72 h (asterisk); *p < 0.05 compared to the control.

end of the process because of mitochondrial altera-
tions; but only in some types of apoptosis are ROS and
peroxides produced in pre-apoptotic cells.” In such
instances, the oxidative alterations are an integral part
of apoptotic signal transduction, and their inhibition
prevents the development of apoptosis.**** Puromy-
cin and etoposide are not direct oxidant agents but
induce cells to extrude glutathione (GSH), the main
intracellular antioxidant, depleting antioxidant de-
fenses and causing cells to autoproduce an oxidative
stress that promotes apoptosis.***® To understand
whether nanoceria reduces apoptosis because of its
radical scavenging ability, we first evaluated whether
nanoceria may scavenge ROS and peroxide produced
in pre-apoptotic cells. We found that nanoceria dose-
dependently decreased the pre-apoptotic ROS elicited
in U937 by etoposide, up to their complete inhibition
with the largest dose (the nominal 200 «g/mL) (Figure
5A); this is confirmed by the time course analysis of ROS
with the 200 ug/mL dose (Figure 5B). Also, pre-apop-
totic superoxide is completely eliminated (Figure 5C),
as well as GSH loss (Figure 5D). Also, on Jurkat cells, 200
ug/mL nanoceria prevented pre-apoptotic ROS and
superoxide generation (Figure 5E,F).

Figure 4B. These results show that nanoceria reduces
apoptosis by interfering with the apoptotic signaling
and not with the peculiar type of damage produced by
any of the inducers used. Additional means of apopto-
tic analysis in etoposide-treated U937 confirmed the
anti-apoptotic effect of nanoceria: 200 ug/mL nanocer-
ia reduces the abundance of sub-G1 cells (Figure 4C)
and cells with low mitochondria membrane potential
(Figure 4D); the corresponding increase in cell viability
was confirmed by the MTT assay (Figure 4E).

We evaluated the effect of the sedimentation pro-
tocol on the anti-apoptotic effect of nanoceria, show-
ing that also in this case the active fraction is limited to
the nanoceria remaining in the supernatant (Figure 4F).

Nanoceria also diminishes apoptotic nuclear frag-
mentation in etoposide-treated Jurkat cells in a dose-
dependent fashion and contrasts the decrease in
viability due to etoposide treatment (Figure 4G,H).

Nanoceria Completely Prevents Apoptotic ROS Formation.
We then investigated the mechanisms of nanoceria
anti-apoptotic effect, with the goal of validating the
general assumption that the anti-apoptotic action is a
consequence of nanoceria antiradical effect. It is
known that all apoptotic cells develop ROS at the
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Figure 4. Nanoceria reduces damage-induced apoptosis. (A) Effect of 5, 20, 100, and 200 «g/mL of nanoceria on apoptosis
induced by PMC, VP-16, and H,0,. U, untreated; —, apoptosis inducer; (C;—C,), apoptosis inducer in the presence of 5 (C,), 20
(C5), 100 (C3), and 200 (C,) «g/mL of nanoceria. Apoptosis values are given as the fraction of apoptotic nuclei after 150 min (VP-16),
240 min (PMC), or 18 h of recovery from H,0, and are the mean of four independent experiments + SD; *p < 0.01 compared to
the apoptosis inducer alone. (B) Fluorescence microscopy images of Hoechst-stained U937 cells + VP-16 (150 min) = 200 «g/mL
nanoceria (210 min), as indicated. White arrows indicate apoptotic cells; bar = 20 um. (C) Fraction of U937 cells with
sub-G1 DNA content (Pl staining) after treatment with VP-16 + 200 #g/mL nanoceria. (D) Fraction of U937 cells with low
mitochondrial membrane potential (MTR staining) after treatment with VP-16 - 200 xg/mL nanoceria; *p < 0.01 compared to the
etoposide alone. Results in C and D show fold increase with respect to control and are the average of three independent
experiments + SD; *p < 0.01 compared to the etoposide alone. (E) U937 cell viability after 150 min of VP-16 + 200 xg/mL
nanoceria, evaluated by the MTT assay; results indicate % variation with respect to control and are the average of four independent
experiments + SD; *p < 0.05 compared to etoposide treatment. (F) Apoptosis induced by VP-16 showed that super fraction of
nanoceria retained all of the anti-apoptotic effect of nanoceria and are the average of three independent experiments + SD.
(G) Effect of 5, 20, 100, and 200 «g/mL of nanoceria on VP-16-induced apoptosis on Jurkat cells; apoptosis values are given as
the fraction of apoptotic nuclei at 180 min of VP-16 and are the average of three independent experiments + SD; *p < 0.01
compared to etoposide alone. (H) Jurkat cell viability after 180 min of VP-16 + 200 «g/mL nanoceria, evaluated by the
MTT assay; results indicate % variation with respect to control and are the average of four independent experiments + SD;
*p < 0.01 compared to etoposide treatment.

Nanoceria Selectively Inhibit Redox-Dependent Apoptosis.
Overall, the 200 ug/mL nanoceria dose completely
abolishes the preapoptotic oxidative alterations of
etoposide; however, it only partially prevents apopto-
sis. To explain this discrepancy, we considered that
etoposide triggers two different, independent apopto-
ticroutes in U937 cells, characterized by different redox
features*? and requirements,***> occurring stochasti-
cally in the cell population; we hypothesized that
nanoceria may affect only the redox-dependent
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apoptotic pathway. To prove this assumption, we
exploited the notion that the two routes display dif-
ferent types of nuclear fragmentation,*” easily recog-
nizable after nuclear staining, namely, the cleavage and
the budding types. To confirm the link between oxida-
tion and apoptotic nuclear morphology, we performed
the following double-labeling experiments. Figure 6A
shows the fluorescence microscopy analysis of cells
double-labeled with Hoechst to identify the nuclear
morphology (top) and with the GSH-specific dye
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Figure 5. Nanoceria prevents apoptotic redox imbalance. Effect of nanoceria on intracellular ROS induced by VP-16
treatment: (A) comparison of the effect of nanoceria (5, 20, 100, and 200 xg/mL) on DCF signal of U937 cells in the presence/
absence of VP-16 (150 min, after 1 h pretreatment with nanoceria); results are expressed as fold reduction over control and are
the average of four independent experiments + SD; *p < 0.05 compared to etoposide alone; «op < 0.01 compared to the
control alone. Time course analysis of intracellular apoptotic ROS (B), apoptotic superoxide (C), and GSH content (D),
evaluated on U937 at different times of VP-16 after 1 h of preincubation with 200 «g/mL nanoceria. Values indicate fold
increase with respect to control and are each the mean of three independent experiments with similar results; the asterisks
indicate time points where values of VP16 + nanoceria significantly differ from VP16 alone; *p < 0.01. Effect of 1 h
pretreatment with 200 #g/mL nanoceria on intracellular ROS (E, DCF signal) and superoxides (F, DHE signal) produced on
Jurkat cells at 150 min of VP-16 treatment. Values indicate fold increase with respect to control. Results are the average of four
independent experiments + SD; *p < 0.01 compared to the etoposide alone; «sp < 0.01 compared to the control alone.

chloromethylfluorescein diacetate (CMFDA) to evalu-
ate intracellular GSH levels (bottom): cleavage is asso-
ciated with low GSH staining, indicating proneness to
oxidative stress, whereas budding cells have a GSH
content similar to viable cells (Figure 6B; see also ref
42). To further analyze the oxidative features of apop-
totic cells in cleavage versus budding, we performed a
double labeling (see Figure 6B) with Hoechst (top) and
the ROS dye dihydrodichlorofluorescein diacetate
(H,DCFDA, bottom): in budding cells, the dichlorofluor-
escein (DCF) signal is similar to viable cells, whereas
cells in cleavage show stronger staining, indicating an
oxidative status. Since no exception to this behavior
was found examining >300 cells in more than five
independent experiments for any of the double-labeling
experiments, these analyses show that only cleavage
develops oxidative alterations, and that the nuclear
apoptotic morphology is a reliable marker allowing
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distinguishing between redox-dependent versus inde-
pendent apoptosis. At this point, we evaluated the effect
of nanoceria on the abundance of the two apoptotic
morphologies; the results are shown in Figure 6C. Nano-
ceria strongly contrasts the cleavage morphology, up to
the point of inverting the frequency ratio between the
two morphologies with respect to etoposide alone
(Figure 6Q). Interestingly, nanoceria behaves exactly like
the antioxidant agent cystathionine, which exerts partial
reduction of apoptosis,*> complete abolishment of oxi-
dative alterations,”* and prevention of the cleavage
morphology™ (Figure 6C; complete shift of all apoptotic
cells to budding). Co-treatment of cystathionine plus
nanoceria does not further affect the system, suggesting
that the two treatments act on the same target.
Glutathione is actively extruded in the reduced
form (GSH) from the apoptosing cells,***® promoting
the oxidative dimerization and mitochondrial translocation
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Figure 6. Nanoceria inhibits only oxidation-dependent
apoptosis. Micrographs of U937 cells untreated or induced
to apoptosis, double-labeled with Hoechst (A,B, top; nuclear
morphology) and CMF (A, bottom; GSH content), or DCF (B,
bottom; ROS content). For A and B (left), viable cell; (center)
apoptotic cell in budding; (right) apoptotic cell in cleavage;
bars =10 um. Budding cells always (>300 cells examined)
show normal (i.e., equal to control) GSH and ROS levels,
whereas cells in cleavage always (>300 cells examined)
show altered oxidative parameters (low GSH and high ROS).
(C) Frequency of the apoptotic morphologies of budding
and cleavage among U937 (left) or Jurkat (right) cells
induced to apoptosis by VP-16 after pretreatment with 200
ug/mL nanoceria and/or cystathionine (cyst) for 1 h. Clea-
vage and budding frequencies among total cells were
evaluated by Hoechst staining after 120 min (U937) or 150
min (Jurkat) of VP-16. Values are the average of four
independent experiments + SD; *p < 0.05 compared to the
cleavage in etoposide alone; «op < 0.05 compared to the
budding in etoposide alone.

of Bax*® and cytochrome c¢ release*® Cystathionine is an
inhibitor of the plasma membrane GSH transporters,*
which blocks GSH efflux in many instances including
apoptosis; this decreases the extent of apoptosis by selec-
tively preventing the cleavage route.* Interestingly, plasma
membrane GSH transporters are redox-sensitive,® thus
possibly being a sensible target for the antioxidant effect
of nanoceria in apoptosis. That nanoceria mimics cystathio-
nine is suggestive of an extracellular role of nanoceria in the
vicinity of plasma membrane and is in agreement with the
finding that nanoceria is not internalized according to flow
cytometric side scatter measurements (Figure 1B).

Also, Jurkat cells display the two apoptotic mor-
phologies, which are affected in the same way as U937
cells by cystathionine and nanoceria (Figure 6C, right).

CELARDO ET AL.

These results show for the first time a cause—effect
relationship between nanoceria antiradical and anti-
apoptotic effect.

Antioxidant and Anti-apoptotic Effects of Nanoceria Correlate
with the Amount of Ce*" lons and Not with Oxygen Vacancies.
The antioxidant role played by nanoceria in biological
systems still requires a precise description in chemical
terms. Both the Ce®"/Ce*" redox couple and the
oxygen vacancies could account for the biological
antioxidant properties, but no analysis aimed at attri-
buting such effects to one or the other features of
nanoceria was performed so far, to the best of our
knowledge. We took advantage of the possibility of
altering Ce®*"/Ce*" ratio without affecting oxygen
vacancies by doping nanoceria with a second rare
earth element, samarium, which has a 3+ oxidation
state. Sm-doped ceria is already used for solid oxide
fuel cell electrolytes'’”" because Sm doping reduces
electronic conductivity caused by the presence of
Ce*"/Ce*" couples that allows polaron hopping and
increases ionic conductivity (up to a Sm content of 20
at %) owing to an increase in oxygen vacancy concen-
tration. We synthesized nanosized Sm-doped ceria
(SDC) powders,'” heating to 450 °C with Sm concen-
trations of 5, 10, and 20 at % with respect to cerium,
without affecting the oxygen vacancy content due to
the presence of Ce*" in the nanosized particles. XPS
analysis, performed to measure the Ce*"/Ce*" ratio,
showed a progressive decrease in Ce>" concentration
(Figure 7A; for details, see Supporting Information |,
Figures S1 and S2). The TEM analysis showed that the
mean grain size slightly increased up to 15 nm with
increasing the Sm content (see Supporting Information
Il, Figure S3), in agreement with crystallite size mea-
surements from XRD analysis (see Supporting Informa-
tion SlI). The XRD analysis of the powders showed a
single fluorite phase for all the samples (see Supporting
Information Il, Figure S4).

These materials were analyzed for the in vitro
antiradical properties and their biological effects on
intracellular ROS and apoptosis. Sm doping dose-de-
pendently blunts the effects of nanoceria in terms of
galvinoxyl reduction (Figure 7B), of intracellular basal
(Figure 7C) and apoptotic (Figure 7D) ROS scavenging,
and in terms of the anti-apoptotic (Figure 7E) and
prosurvival (Figure 7F) effects; similar results were
found on Jurkat cells (see Figure S5 in Supporting
InformationS5). Interestingly, the 20 at % Sm-doped
nanoceria showed, for all of the parameters tested,
values resembling those obtained in the absence of
nanoceria. This evidence shows that the antioxidant
and anti-apoptotic effects of nanoceria correlate with
the fraction of Ce®" atoms and not with oxygen
vacancies. In principle, other features of the doped
nanoparticles may influence the results. To approach
this issue, we considered the physicochemical charac-
teristics of the doped nanoparticles, which are listed in
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Figure 7. Samarium doping prevents the effects of nanoceria. (A) Ce*" content in undoped and Sm-doped nanoceria, as assessed
by XPS; 0, 5, 10, and 20 indicate the at % of Sm doping. Values are the average of three independent measurements + SD.
(B) Galvinoxyl (100 «M) reduction by plain or Sm-doped nanoceria (100 xg/mL) evaluated after 2 h of incubation. 0, 5, 10, and
20 indicate the Sm doping at % concentration. Values are given as the % reduction of galvinoxyl and are the average of four
independent experiments + SD. Intracellular (C) basal ROS levels (measured at 24 h of incubation) and (D) apoptotic ROS
levels (measured at 90 min of VP-16), after incubation with undoped or doped nanoceria. Nanoceria preparations were used
at 200 ug/mL;0, 5, 10, and 20 indicate the Sm doping at % concentration. Results indicate fold increase with respect to control.
Values are the average of four independent experiments + SD. (E) Apoptosis evaluated as the fraction of apoptotic nuclei
after 1 h preincubation with undoped or doped nanoceria (200 xg/mL) followed by 150 min of etoposide. (F) Cell viability
measured as MTT assay in the same conditions as in E. Results indicate fold increase with respect to control. Values are the
average of four independent experiments + SD; (A—F) *p < 0.05 compared to undoped nanoceria.

TABLE 1. Summary of the Main Physical—-Chemical Properties of the Nanoceria Preparations (Undoped and Doped),
Quantitatively Comparing the Main Activities as Antioxidant and Anti-apoptotic Agents?

antioxidant
features in vitro in cells anti-apoptotic
zeta-potential protection protection protection
particle size (nm)  SSA (mllg) atpH7(eV) % > (% of control) activity/SSA (% of control)  activity/SSA (% of control)  activity/SSA
nanoceria 6 57 —27.6 21 73 1.28 45 0.78 46 0.80
nanoceria w/ 5% Sm 10 58 —27.2 18 VAl 1.22 32 0.55 41 0.70
nanoceria w/ 10% Sm n 63 —265 10 61 0.97 13 0.20 2 0.34
nanoceria w/ 20% Sm 13 47 —259 6 37 0.78 5 0.10 12 0.25

“Values for each parameter are given as % decrease (protection) with respect to control. Normalization per specific surface area (SSA) does not substantially alter any of the
activities.

Table 1 together with the quantification of the anti- change with increasing the Sm concentration (Table 1),
oxidant effects. Measurements of zeta-potential were excluding its influence on biological interactions.
performed on the different powders to determine The increase in size due to doping is not influent
whether Sm doping may change surface chemistry, because normalization of all the results per surface area
resulting in different interactions with cells. The pow- of the doped nanoparticles does not substantially
ders displayed negative charges at all of the pH values change the results (Table 1). We also excluded that
investigated, as a fingerprint of the basic synthesis Sm doping decreases the fraction of nanoparticles left

method. The zeta-potential did not significantly in the colloidal, active phase after sedimentation in
_ A AN
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water, which was about 10% of the total mass, for doped
and undoped nanoceria alike. In addition, we ruled out
the possibility that Sm doping was simply “diluting” Ce,
because (a) Sm substitution as low as 20% totally
reverted the biological effects of nanoceria; (b) pure
Sm oxide nanoparticles showed effects of their own that
were not observed when Sm is present as doping
material (preliminary observations). All of these findings
convey to ascribe the anti-apoptotic effect of nanoceria
to the concentration of Ce** ions. This does not exclude
that oxygen vacancies may interfere with other types of
biological signaling. Indeed, doping nanoceria with Er, a
lanthanide resembling Smin terms of valence and redox
reactivity, failed to impair the scavenging activity of
nanoceria against H,0,,>? an effect that was attributed
to oxygen vacancies rather than to Ce** ions.

CONCLUSIONS

With this study, we meant to begin building a bridge
between the analytical studies about the chemical anti-
oxidant mechanisms of nanoceria and the accumulating
observation studies about their roles in biological systems.

On the one side, tailoring the materials properties
allowed performing a mechanistic analysis on nano-

MATERIALS AND METHODS

Preparation and Characterization of Ceramic Nanopowders. Nano-
structured oxide powders were synthesized through a wet-
chemical process at room temperature. The synthesis proce-
dure is reported in detail in previous papers for the undoped>®
and the Sm-doped nanoceria, Ce;_,SMO5 gsx_s (SDC)."
Three different compositions for Sm content were here inves-
tigated: x = 0.05, 0.10, and 0.20. The nanotitania powders were
prepared according to the procedure described elsewhere.
Phase and morphology of the produced nanopowders were
characterized using X-ray diffractometer (XRD, X'pert 1900,
Philips) and high-resolution transmission electron microscope
(HR-TEM, JEM-F2100, JEOL) operated at an acceleration voltage
of 200 kV, respectively. Specific surface area measurements
were conducted on the powders using BET analysis (AUTOSORB-1,
Quantachrome Instruments).

Materials. Hoechst 33342, etoposide (VP-16), propidium io-
dide (PI), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
(MTT), puromycin (PMC), hydrogen peroxide (H,0,), galvinoxyl
and cystathionine (cyst), sodium pyruvate, trolox, and sodium
ascorbate were purchased from Sigma-Aldrich Corp., St. Louis,
MO, USA. MTR, H,DCFDA, DHE, and CMFDA were purchased from
Molecular Probes, Invitrogen, Italy. Stock solutions: Hoechst 33342
(10 mg/mL), sodium pyruvate (10 mM), and sodium ascorbate
(100 uM) were dissolved in distilled water; etoposide (50 uM),
MTR (1 mM), CMFDA (1 mM), H,DCFDA (10 mM), and DHE
(10 mM) were dissolved in DMSO; galvinoxyl (5 mM) was dissolved
in methanol; cystathionine (10 mM) was dissolved in RPMI
1640; trolox (250 mM), Pl (5 mg/mL), MTT (5 mg/mL), and
PMC (10 mg/mL) were dissolved in sterile PBS.

Nanoceria Suspensions. Nanoceria powders were suspended in
deionized distilled water at the concentration of 1 or 10 mg/mL,
sonicated for 5 min at 30% amplitude (Branson Ultrasonic Corp.,
Danbury, CT, USA), vortexed for 20 min, and immediately added
to the culture medium. The experiments were performed
adding cerium oxide nanoparticles to the culture medium at
the nominal concentrations of 5, 20, 100, and 200 ug/mL.

CELARDO ET AL.

ceria effect on living matter. The defect type and
concentration was tailored through Sm doping, which
decreases Ce*" without affecting the oxygen vacancy
contents. The finding that samarium doping progres-
sively deprives nanoceria of its antioxidant and anti-
apoptotic abilities allows establishing that oxygen
vacancies do not contribute to the cellular antioxidant
and anti-apoptotic effects of nanoceria, which are
instead correlated to the presence of Ce>" ions. Such
findings provide strong support to the hypothesis that
Ce®*"/Ce*" redox reactions are responsible for the
outstanding biological properties of nanoceria.

On the other side, the characterization of redox-
dependent and independent apoptosis provided a
novel tool to determine the mechanism of the anti-
apoptotic effect of nanoceria, demonstrating that na-
noceria only affects the redox-dependent apoptosis
and establishing a direct cause—effect relationship
between the cell antiradical and prosurvival effects of
nanoceria.

Understanding the mechanism of the biological
effects of nanoceria will help focusing its potential
pharmacological use in consideration of clinical trials
concerning antioxidant therapy.

To separate the supernatant fraction, 10 mg of nanoceria was
suspended in H,0, sonicated as described, and let to sediment
by gravity for 18 h at 4 °C. Eight hundred microliters of super-
natant was pipetted and vacuum-dried; the powder was
weighed and characterized by TEM, as described above. For
the biological tests, the original 800 uL volume was reconsti-
tuted with H,O and used in parallel with total nanoceria,
together with rehydrated sedimented fraction. For zeta-poten-
tial measurements, the powders were suspended as described
above in deionized distilled water buffered at different pH
values. Measurements were performed using a LEZA-600 laser
zeta-potential analyzer (Otsuka Electronics. Co. Japan) and
using ELS-8000 software package (supplied by the same
manufacturer) for data visualization and analysis. The pH values
investigated were 3 (40.8% v/v HCI/CgH4(COOK)(COOH)), 7
(59.4% v/v NaOH/KH,PQ,), and 9 (42.6% v/v NaOH/KCl+H3BO3
solution). All reagents were purchased by Sigma-Aldrich (USA)
and dissolved in bidistilled water to obtain 0.2 M solutions.
Adjustments of the pH were performed when necessary by
controlled addition of HCI or NaOH.

Electron Paramagnetic Resonance Spectroscopy Measurements. A galvi-
noxyl stock solution (5 mM in ethanol 95%) was freshly pre-
pared immediately before the experiments, as described
elsewhere.>* Tests were performed with galvinoxyl solutions as
a control and on nanoceria suspensions. Nanoceria prepara-
tions were incubated in galvinoxyl solutions (10 or 100 uM as
described in the figure legends) for 2 h at room temperature. The
suspensions were drawn into glass capillaries, sealed, and mea-
sured using an ESP300 instrument (Bruker Spectrospin, Karlsruhe,
Germany) equipped with a high-sensitivity TM;¢ X-band cavity.
Radical spectra were recorded at room temperature, using 0.6 G
modulation, T mW microwave power, and a scan time of 42 s for
a 30 G spectrum. Normally, four spectra were accumulated for
each measurement to obtain a suitable signal-to-noise ratio.
The kinetics of the reaction was followed for 3 h at room
temperature or until the radical signal had disappeared.

Cell Culture. U937 cells, human tumor monocytes,> and
Jurkat cells, human tumor T lymphocytes,®® were grown at
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37 °C in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FCS), 2 mM L-glutamine, 100 IU/mL penicillin and
streptomycin, in a humidified atmosphere of 5% CO, in air. All
experiments were performed on cells in the logarithmic phase
of growth under condition of >98% viability. Cells were kept at
the concentration of 10%/mL.

Flow Cytometric Detection of Forward and Side Scatter. Cells were
incubated for 2.5 h with 100 #g/mL nanoceria or nanotitania;
forward and side scatter was evaluated by FACSCalibur flow
cytometer, and data were analyzed with WinMdi 2.9 software.

Antioxidant Treatments. U937 cells were incubated at 37 °C for
up to 72 h with either 1 mM trolox, 100 #M sodium ascorbate,
10 mM sodium pyruvate, 1 mM cystathionine, or 200 ug/mL
nanoceria. Intracellular basal ROS levels were evaluated by
H,DCFDA staining at the indicated time points.

Induction and Evaluation of Apoptosis. Apoptosis was induced by
the following agents:

(i) 10 ug/mL puromycin, a protein synthesis inhibitor that
causes premature chain termination by acting as an
analog of the 3’-terminal end of aminoacyl-tRNA. PMC
was kept throughout the experiment; nanoceria was
added 60 min prior to PMC.

(i) 1 mM hydrogen peroxide, added to medium culture for
1 h; cells were washed and placed in fresh medium for
recovery to allow apoptosis development; nanoceria
was added during recovery to avoid possible scaven-
ging of H,0, due to the antioxidant ability of nanoceria.

(iii) 100 uM etoposide, a topoisomerase Il inhibitor inducing
apoptosis via DNA damage. VP-16 was kept throughout
the experiment; nanoceria was added 60 min prior to
VP-16.

Apoptosis was quantified as follows:
(@) Fraction of apoptotic nuclei. Apoptotic cells fragment
their nuclei in vesicles easily recognizable after DNA
staining at the fluorescent microscopy.®’ The fraction of
apoptotic nuclei among the total cell population was
calculated by counting at the fluorescence microscope
at least 300 cells in at least three independent randomly
selected microscopic fields, after staining cells with the
cell-permeable DNA-specific dye Hoechst 33342 directly
added to the culture medium at the final concentration
of 10 ug/mL.

Sub-G1 apoptotic peak: apoptotic cells fragment their

DNA that exit cells after membrane permeabilization,

thus decreasing intracellular content to a sub-G1 level

(i.e., lower than cells before DNA replication), detectable

upon flow cytometric analysis after staining with the

DNA-specific dye propidium iodide;*® 10° cells were

centrifuged at 800 rpm for 5 min, resuspended in 100 uL

methanol/acetone (4:1), and incubated at 4 °C for 40 min.

Then, 500 uL of 100 «g/mL Pl were added and incubated

at room temperature for 20 min. Cells were analyzed by

FACSCalibur flow cytometer, and data were analyzed

with WinMdi 2.9 software. Cells falling in the sub-G1

region are considered as apoptotic.

Mitochondrial transmembrane potential. In apoptosis,

mitochondria lose their membrane potential, phenom-

enon that can be detected with sensitive probes and
quantified by flow cytometry.>® MitoTracker Red (MTR)

CMXRos (used as 100 nM, excitation 579 nm/emission

599 nm) is a red fluorescent dye that stains active

mitochondria according to their membrane potential.

MTR is applied to cells and kept at 37 °C for 30 min.

Mitochondria membrane potential was evaluated by

FACSCalibur flow cytometer, and data were analyzed

with WinMdi 2.9 software.

Cell Viability. Cell viability was evaluated by MTT assay;
yellow MTT is reduced to purple formazan in the mitochondria
of living cells only when mitochondrial reductase enzymes are
active. After the treatments, 100 uL cell suspension was trans-
ferred in 96-well plates, and 10 mL of MTT (5 ug/mL) was added
and incubated at 37 °C for 1 h. At the end of the incubation
period, the converted dye is solubilized with 100 uL of acidic
isopropyl alcohol (0.04 M HClI in absolute isopropyl alcohol) by

g

a
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thorough pipetting. Absorbance of the converted dye is mea-
sured at a wavelength of 570 nm by Benchmark microplate
reader (Biorad). Nanoceria slightly affected the MTT assay only
at 200 ug/mL concentration, where it increased the absorbance
values of <10%.

Detection and Quantification of Intracellular ROS, Superoxide, and
Glutathione. Reactive oxygen species were measured by 10 uM
dihydro 2,7'-dichlorofluorescin diacetate (H,DCFDA, excitation
492 nm/emission 517 nm), a cell-permeable dye that fluoresces
only when de-exterified and oxidized to dichlorofluorescein
(DCF) by a set of intracellular ROS, thus allowing their quanti-
tative assessment. Superoxide production was assayed using
5 mM dihydroethidium (DHE, excitation 370 nm/emission
420 nm), which is sensitive to oxidation by superoxide. Intra-
cellular glutathione (GSH) content was detected by staining
with the specific dye 5-chloromethylfluorescein diacetate
(CMFDA, excitation 492 nm/emission 517 nm; used at 10 nM).
H,DCFDA and DHE were added directly to the cell samples,
whereas CMFDA requires resuspending cells in serum-free
medium. All of the probes were incubated at 37 °C in the dark
for 20 min; then cells were analyzed by FACSCalibur flow
cytometer; data were analyzed with WinMdi 2.9 software; the
mean values were used for tables and graphs. Alternatively,
stained cells were observed at the fluorescence microscope.

Statistical Analysis. Data are presented as means =+ SD. Statis-
tical evaluation was conducted by a one-way ANOVA, followed
by Tukey's Multiple Comparison Test. Statistical significance was
set at p < 0.05.
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