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Abstract

Cerium oxide nanoparticles have widespread use in the materials industry, and have recently come
into consideration for biomedical use due to their potent regenerative antioxidant properties. Given
that the brain is one of the most highly oxidative organs in the body, it is subject to some of the
greatest levels of oxidative stress, particularly in neurodegenerative disease. Therefore, cerium
oxide nanoparticles are currently being investigated for efficacy in several neurodegenerative
disorders and have shown promising levels of neuroprotection. This review discusses the basis for
cerium oxide nanoparticle use in neurodegenerative disease and its hypothesized mechanism of
action. The review focuses on an up-to-date summary of /n7 vivo work with cerium oxide
nanoparticles in animal models of neurodegenerative disease. Additionally, we examine the
current state of information regarding biodistribution, toxicity, and safety for cerium oxide
nanoparticles at the /n vivo level. Finally, we discuss future directions that are necessary if this
nanopharmaceutical is to move up from the bench to the bedside.
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Introduction & Overview

Cerium oxide nanoparticles (CeONPs) have widespread use in the materials industry as
glass polishing agents,! fuel additives to improve combustion,? electrolytes for solid oxide
fuel cells,3 ultraviolet absorbents,# and oxygen sensors.® Their utility in these applications
arises from their regenerative antioxidant functions and their ability to act as an “electron
sponge”, shuffling ions through the nanoparticle matrix. However in addition to their
materials applications, CeONPs show promising biomedical applications in treatment of
diseases associated with oxidative stress, particularly those associated with
neurodegeneration.5-16 This review will focus on the in vivo efficacy of CeONPs in
treatment of diseases associated with the brain, including ischemia, traumatic brain injury,
Alzheimer’s Disease (AD), Parkinson’s disease (PD), multiple sclerosis (MS), and other
neurodegenerative disorders. Initially, reports on the biological utility of CeONPs in treating
conditions associated with oxidative stress outpaced the literature on safety and potential
toxicities, however this has slowly been changing. This review will also encompass reports
of safety and toxicity of CeONPs, at the in vivo level, with an up-to-date discussion of what
is known, and what remains to be elucidated.

Cerium is a rare earth element of the lanthanide series, having 2 partially filled subshells of
electrons, 4f and 5d, with several excited substates hypothesized.1” The cerium atom can
exist in two valence states, either +4 (fully oxidized) or +3 (fully reduced), and alternates
between the two in redox reactions.1’-19 In the nanoparticle form, cerium is bound to
oxygen in a crystalline fluorite lattice structure, which exhibits oxygen vacancies or defects
(or simply put, electron holes) in the lattice structure, which arise through loss of oxygen
and/or its electrons. Thus in addition to the cerium atom being capable of shifting between
+3 and +4, the stoichiometry of the nanoparticle can change from CeO, to CeO,..18 Based
on changes in redox state and oxygen vacancies, CeONPs interact with numerous free
radicals, detoxifying their deleterious activity. Further, because of the lattice structure and
ease of electronic conversions with other ionic species at the quantum level, CeONPs are
capable of regenerating their redox-active matrix, allowing repetitive free radical
interactions, as shown in Figure 1. Couple these potent redox capabilities with the
dramatically increased surface area and quantum effects of nano-scale particles, and the
result is a highly efficient nano-scale free radical scavenging reactor.

Although this review will focus primarily on /n vivo activity of CeONPs, it is worth a brief
recap of the /n vitro findings that ultimately led to the biomedical applications of CeONPs in
neurodegenerative diseases. Early studies by our group and others found that a single dose of
CeONPs were readily taken up by brain cells.® Through their potent and regenerative
antioxidant effects, CeONPs extended the lifespan of cortical and spinal neurons in culture,
decreased cell dysfunction associated with oxidative stressors, increased neurite outgrowth,
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increased transcription of genes associated with neuroprotection, and increased dopamine
secretion.6-9: 15,16, 20-24 |n comparison to other free radical scavengers such as r-acetyl
cysteine, vitamins E and C, and melatonin, CeONPs provided superior protection in terms of
neuronal survival and maintenance of normal calcium signaling in response to oxidative
stress.b: 7 These studies paved the ground for initiation of /7 vivo studies and movement of
CeONPs along the bench to bedside pipeline.

Considerations for Use of CeONPs in Medicine

As movement of CeONPs into the realm of /i vivo studies increases, we must remember that
CeONPs are nanoparticles, and quite different from the standard pharmaceuticals. At the
biochemical level, function is derived from the basic chemical structure. In contrast, the
physical, electronic, and quantum effects take precedence with CeONPs and other
nanoparticles. Additionally, we must realize we are not dealing with a simple chemical, per
se, but rather are utilizing a physical entity with distinct structure, form, and properties — a
mini-reactor.

Physico-Chemical Characterization is Critical

Size, surface area, valence states, bond lengths, and shape all convey different levels of
activity to CeONPs.16:19. 25 |t cannot be stressed enough how critical physical and chemical
particle characterization is to any experiment. In a 2011 study, we compared particle size,
valence state, oxygen vacancies, and chemical reactivity (rate constant for dissociation of
H,0,) to cellular activity in terms of protection from challenge with superoxide or H,0,,
using mixed organotypic neuronal cultures.? Interestingly, the beneficial biological effects
were not solely related to particle size. Several samples of 5 and 7 nm particles, prepared by
university engineering labs, had a small toxic effect as measured by increased propidium
iodide uptake in cells exposed to these nanoparticles. We speculate that these small but
significant deleterious effects may be due to alterations in lattice parameters that promote
radical generation, rather than radical scavenging. Alternatively, the presence of endotoxin
or other protein contaminants, which are readily adsorbed by CeONPs, may have caused
these effects. For the particles tested, the beneficial biological effects on hydroxyl or
superoxide radical scavenging were also not clearly related to Ce3* content, but there
appeared to be a range of Ce3* content, from 31-33%, which produced the best general
antioxidant activity. Likewise, 7-10 nm particle sizes also appeared to provide the most /n
vitro neuroprotection.

Mechanism of Action and Cerium Valence State

A basic mechanism of action for CeONPs is shown in Figure 1. However /in vivo few
conditions of oxidative stress are likely to produce only superoxide and H,O,. CeONPs have
also demonstrated the ability to scavenge hydroxyl, nitric oxide radicals, and peroxynitrite,
which would also fuel the cycle shown in Figure 1.6:9.12. 26,27 15 yjtrg. CeONPs display
multiple redox enzyme mimetic properties including superoxide dismutase,28 catalase,?®
peroxidase,30 oxidase,3! and phosphatase.32 However there has been some controversy
regarding the contribution of the 3+ vs. 4+ valence states of cerium and its biological activity
and toxicity. /n vitro studies reported that smaller sized particles (=5 nm), having a higher
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content of Ce3*, scavenge primarily superoxide,28 while those containing a higher Ce**
content scavenge primarily H,0,.29 Several reports suggested that the cerium in the 3+ state
imparts enhanced toxicity 33 34, So a somewnhat closer look at the /7 vitro physical chemistry
involved is warranted.

In the case of purely stoichiometric CeO, nanoparticles, cerium is octahedrally coordinated
to the nearest eight oxygen atoms with each oxygen tetrahedrally coordinated to the nearest
four cerium atoms in a fluorite crystal structure.1® Defects in CeONPs exist in the form of
oxygen vacancies present at the surface to compensate for deficiencies in positive charge
from the presence of Ce3*.35 Particle size plays a role in the amount of Ce3* and Ce**
present in CeONPs in that as particle size decreases, Ce3* content increases while Ce**
declines.19: 2

Celardo and coworkers proposed that superoxide interacts with available oxygen vacancies
at the surface36: 37 in the presence of available protons possibly from the hydration

shell, 18: 38 to produce hydrogen peroxide. Pirmohamed and coworkers discovered that /in
vitro, CeONPs exhibit catalase mimetic activity dependent upon the +4 valence state.29 An
improved ability for hydrogen peroxide degradation occurred with CeONPs having a higher
+4 concentration, a result opposite of findings presented when CeONPs act as SOD mimics
(a higher ratio of +3/+4 cerium atoms acted as a more efficient SOD mimic). H,O» produced
by CeONPs acting as SOD mimics could then enter into the catalase mimetic cycle to
produce less harmful molecular oxygen (O,) and H,0,37 with the caveat that both enzyme
mimetic cycles are working in tandem and the degradation rate of H,O, is equal to or greater
than its formation (Figure 1).

Celardo et al. synthesized CeONPs with altered Ce3*/Ce?* ratios, without changing the
existing oxygen vacancies on the surface, by doping with samarium (Sm).36: 37 Ce3*
concentration and antioxidant efficacy decreased as a function of Sm content. The authors
concluded this was a function of decrease in Ce3* content since oxygen vacancies were
unchanged at the surface by X-Ray Diffraction analysis (XRD).36 In a related study Dunnick
and coworkers synthesized CeONPs doped with gadolinium (Gd,O3) resulting in an increase
in Ce3*/Ce** concentration by XRD (contrary to Sm doped CeONPs but explained by the
ability of Gd,03 to incorporate more Ce3* content). Despite the increased Ce3* content,
these particles demonstrated a decrease in antioxidant behavior.3% The decreased efficacy as
an antioxidant was attributed to the inability of Gd-doped CeONPs to oscillate between
valence states, and not the ratio of Ce3*/Ce** in that anti-oxidant behavior decreased with
increasing Ce3* content and increasing dopant.3° To complicate matters further, a study by
Cafun et al. 40 indicated that Ce3* may not truly form with any stability at all, due to rapid
redox cycling. This underscores the cycling between cerium valence states and oxygen
vacancies in the effective function of CeONPs as a biological antioxidant, rather than the
absolute concentrations of 3+ vs. 4+,

A most important concept that we see emerging is that redox cycling and thus the
antioxidant efficacy or toxicity of CeONPs is directly related to its environment. For
example, the formation of oxygen vacancies at the surface of CeONPs is both dynamic and
variable, resulting from changes in oxygen partial pressure,19 electrical field variations,*!
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temperature,1” surface stresses,1® and ionic species present. This has demonstrated by
Kuchibhatla and coworkers who showed that by tuning environmental conditions, the
structure of nanoparticles could be reversibly altered.*2

Furthermore, and perhaps somewhat more important, the biological environment in terms of
ionic species plays a critical role in CeONP activity. Even though one may administer a
CeONP with a high +3/+4 ratio, the cycling shown in Figure 1 will still occur. It is unlikely
to remain as stable 3+ in the biological environment, but rather will cycle depending on the
local ionic environment shown in Figure 1. Biologically, what may cause a preponderance of
+3 vs. +4 would be the types of radicals present. For example, looking at Figure 1, if a
CeONP were in an area with high superoxide concentrations and little H,O,, the redox cycle
could not be completed and more cerium would remain in the +4 state and H,O, may
accumulate, affecting toxicity. Likewise, if more HoO, were present, the reactions on the left
side of the cycle shown would predominate, causing more of the +3 state. These
considerations should be taken into account, rather than the absolute 3+/4+ ratio of the
starting material, as they are likely to regulate biological effect /n vivo. Importantly, the free
radicals available to fuel the CeONP cycle may differ in disease states vs. normal conditions,
in that disease states may have abundant radicals to fuel the redox cycle of the nanoparticle.

This structural dependence of CeONPs on environmental conditions makes it difficult to
pinpoint one particular feature affecting antioxidant ability, and invariably leads to
inconsistencies in the literature. These considerations may be responsible for the seemingly
differential /n vivoactivities of CeONPs. For example, the Minarchick group found
differences in CeONP activity in different vascular beds, particularly when given to animals
with high oxidative stress, as compared to normal levels of oxidative stress.43: 44 It may be
that the beneficial biological activity of CeONPs are most evident in cases of high oxidative
stress, as occurs in disease.

In summary, we must move our thinking outside the box and realize that we are dealing with
a mini-reactor that requires input from all elements of the cycle shown in Figure 1 to
function efficiently. If one element of the cycle is perturbed, then aberrant activity and
toxicity may occur. Further, as discussed by Fronzi et al. 38 and Aneggi et al., 18 the
hydration shell which forms around CeONPs is also critical to its radical scavenging and
regenerative properties, as ionic species in water may serve as final electron or proton
acceptors. Once again, this underscores the need for consideration of the complex biological
environment encountered /n vivo, when considering mechanism of action of CeONPs and
potential beneficial vs. toxic effects.

Oxygen Storage Capacity

In the materials industry, CeONPs are known for their oxygen storage capacity — their ability
to take up and release oxygen in a redox reaction, through the creation and annihilation of
oxygen vacancies.*> 46 In the biomedical realm, we appear to have neglected to think about
this aspect of CeONPs when considering their action /in vivo. When a valence change from
+4 to +3 occurs, oxygen is usually released to the environment, depending on the oxygen
partial pressure.?” This capacity of CeONPs needs to be considered when examining in vivo
activity, as release of oxygen can be important in conditions such as ischemia, where tissue
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oxygen is lacking. Alternatively, production of excess oxygen can be associated with an
increase in oxidative stress. Oxygen partial pressure will also dictate the reformation of Ce**
from Ce3*, which may be different in the cellular compartment vs the arterial or venous
circulation.

Agglomeration

Depending on the solution CeONPs are in, it is well known that nanoparticles may
agglomerate into larger clumps. Agglomeration produces larger sized particles of CeONPs
that may not have the same /n vivo properties as their smaller counterparts. Agglomerated
particles may block vasculature or display altered delivery to tissues, and may interfere with
cellular uptake. In any /n vivo experiment, aggregation in the delivery vehicle must be
avoided. By examining transmission electron micrographs (TEM) of 7 nm CeONP in water
mixed by vortexing vs. sonication® it was shown that the non-sonicated suspension formed
large clumps of unevenly dispersed CeONPs, while the sonicated suspension had a more
even distribution of particles. For this reason, adequate sonication just prior to delivery is
utilized by many to assure a uniform delivery suspension of non-agglomerated particles.

However in addition to sonication, uniform size dispersions for /n vivo applications can be
improved by attention to delivery vehicle. Xue et al. demonstrated that CeONPs bind
phosphate when suspended in phosphate buffers, forming cerium phosphate on the surface
of the nanoparticle.*® This interferes with cerium cycling between the +3 and +4 states,
dampening redox activity. We have found that suspension of stock CeONP in saline-citrate
buffer produces a uniform, non-agglomerated delivery solution that effectively distributes /n
vivo. Other groups have utilized citrate capping and citrate-EDTA coating to eliminate
agglomeration during injection??: 0, Regardless, the “as delivered” CeONP solution should
always be assessed for agglomeration prior to /n vivo delivery, and of course fully
characterized as to physico-chemical properties.

CeONPs as Neuroprotectants In Vivo

The brain in the most highly oxidative organ in the body and is subjected to some of the
highest levels of oxidative stress.>! Multiple endogenous pathways detoxify oxidative stress,
including superoxide dismutase, catalase, glutathione/glutathione peroxidase, and single
molecule antioxidants such as vitamins C and E. However in many disease states, the
production of free radicals exceeds the endogenous defense mechanisms, resulting in states
of high oxidative stress. Most neurodegenerative diseases including Alzheimer’s,
Parkinson’s, Huntington’s, Multiple Sclerosis, ischemia, traumatic brain injury and aging
itself are associated with excessive oxidative stress in the brain. However to date, the use of
antioxidants to improve outcome in neurodegenerative disease has met with only limited
success. Our current pharmacological armament of antioxidants utilizes compounds which
scavenge a single free radical and are destroyed in the process. Thus repetitive dosing is
required, which is still not sufficient to handle the level of radicals generated. Based on
CeONPs superior role as a regenerative antioxidant, it was logical to make the progression to
utilization of CeONPs in neurodegenerative disease.
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Experimental Autoimmune Encephalomyelitis (EAE)

Eitan et al. tested CeONPs (3-5 nm) in a mouse model of EAE, which is representative of
the disease Multiple Sclerosis (MS) in humans.11 CeONPs were delivered after induction of
EAE, in multiple 1V doses of 1 mg/kg in phosphate buffered saline, and were compared to
lenalidomide, a drug used to decrease EAE severity. In some animals, a combined treatment
of CeONPs + lenalidomide was used. When given alone, lenalidomide delayed symptom
onset, but did not prevent the eventual development of disease. Administration of CeONPs
alone had no effect on symptom onset, but significantly improved recovery late in the
disease. However combination of CeONPs + lenalidomide eliminated development of
clinical symptoms, reduced white matter damage, and decreased CNS inflammation, making
CeONPs a good potential choice for combination therapy in MS. However we would note in
this study, CeONPs were delivered in phosphate buffer, which is known to interfere with
redox activity of CeONPs as discussed above. In this case, it did not appear to interfere with
disease-modifying effects of CeONPs, but further improvement in efficacy may be found
with delivery in a vehicle that promotes non-aggregation, such as saline-citrate.

Heckman et al. also examined the utility of CeONPs in the mouse EAE model.#® For these
experiments, a citrate/EDTA “stabilized” CeONP was used, which presumably would result
in greater delivery to the brain. However the precise mechanism regarding the “stabilization”
was not described. CeONPs utilized were uniform 2.9 nm particles and were delivered as
either a preventive or therapeutic dose. The preventative dose consisted of one dose
delivered IV before disease induction, followed by maintenance doses every 7 days
thereafter. The therapeutic dose was initiated 3 days after disease induction and followed by
maintenance doses thereafter. Doses utilized were 10, 20, and 30 mg/kg, higher than in the
Eitan study.1l CeONPs were compared to a standard MS treatment drug, fingolimod, and to
vehicle-treated animals. Both fingolimod and the preventative 30 mg/kg treatment regimen
delayed disease onset and decreased disease severity, with CeONPs being equivalent to
fingolimod, although the two work by different mechanisms. The 30 mg/kg dose of CeONPs
also improved motor function using rotarod, hanging wire, and balance beam tasks for both
preventive and therapeutic treatment, and again, were similar to fingolimod. In addition,
CeONPs reduced the levels of reactive oxygen species in the brain late in the disease (day
42) whereas fingolimod had no effect on levels of reactive oxygen species, but decreased
inflammatory cell populations in the brain. So in this case, the CeONPs were equivalent to a
standard drug, fingolimod. However it would be interesting to see the results of studies
combining the two drug treatments, to determine if effects were additive, as in the Eiten
study.11

Although the citrate/EDTA coating did increase levels of cerium in the brain as compared to
a prior study by the authors, the primary sites of CeONP distribution were in the liver, spleen
and kidney. Deposition in those tissues remained some 10-100 fold higher than in brain. It is
interesting to note that in the Eitan study 11, CeONPs were given at a 1 mg/kg dose in
phosphate buffer, which should have theoretically inactivated some of the CeONP redox
activity. The particles used in the Heckman study“® were citrate/EDTA stabilized to
hopefully improve brain distribution, yet produced seemingly equivalent results. This
underscores importance of another variable, protein coating during biodistribution, discussed
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below. Despite our efforts to maintain stabilized, well dispersed CeONPs, protein coating in
the body may redirect our best efforts. Taken together, these results present a clear potential
for the use of CeONPs in treatment of MS.

The production of free radicals after stroke is substantial, and has been associated with a
cascade of free radical events, as recently reviewed, 14 making CeONPs of potential utility
in treatment.

Although not purely an 77 vivo study per se, Esteves et al.12 tested CeONPs in a rat stroke
model, using brain slices. Here, commercially prepared 10 nm CeONPs were utilized,
suspended in distilled water with sonication. Using concentrations of 0.2-1pg/ml, CeONPs
dose-dependently reduced ischemic cell death in brain slices by over 50%, and reduced the
concentrations of NO and superoxide by 15%. TEM showed CeONPs localized to lipid
membranes, mitochondria, and neurofilaments, all sites of potential free radical damage.
One of the most significant findings in this study was the reduction of 3-nitrosotyrosine, a
protein adduct formed by interaction of peroxynitrite (or its precursors NO and superoxide)
with tyrosine residues on proteins. These results imply that CeONPs may reduce free radical
damage to cellular molecules in ischemia. Importantly, administration of CeONPs up to 4
hrs post-stroke still provided significant neuroprotection. Interestingly, CeONPs also
improved cell survival in control brain slices not exposed to stroke, likely by decreasing
oxidative stress incurred by slice preparation.

In a study by Kim et al.13 3.3 nm CeONPs prepared in their laboratory were PEGylated
(polyethylene glycol conjugated) to improve circulation time in the blood stream, and tested
in a rat stroke model (although the article does not describe the precise model used).13
CeONPs were given at IV doses of 0.1 — 0.5 mg/kg (vehicle was not described) prior to
stroke. CeONP pretreatment significantly reduced infarct volumes at the 0.5 mg/kg dose,
and decreased the number of TUNEL positive cells in brain sections. Higher doses of 1 and
1.5 mg/kg showed no protection. Possibly, the higher doses altered biodistribution, as
discussed below. However one may question why a 0.5 mg/kg dose worked, and a 1 mg/kg
dose did not, since this is only a 2- fold change. When thinking of dose, we must remember
that the reactive sites of a nanoparticle come from its surface area, which is large and highly
irregular. So although going from 0.5 to 1.0 mg/kg is a doubling in weight, the surface area
change is likely over 100-1000 fold more. In fact, Sayes and Warheit>2 have proposed a
change in dose-metrics for nanoparticles, based on surface area, which at this point appears
warranted.

One interesting point of the Kim study?3 is that the authors found that CeONPs did not
penetrate the brain of normal animals. Rather, CeONPs entered the brain after stroke,
suggesting that a possible breakdown of the blood-brain barrier enabled the nanoparticles to
enter the brain tissue. However PEGylation may not be the best method to promote brain
entry of nanoparticles, as studies with PEG-conjugated superoxide dismutase also exhibited
difficulties crossing the blood brain barrier, and were elevated only after the blood-brain
barrier had been damaged.53
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Athough the retina is not considered the brain, per se, retinal neurons project directly to the
brain, and the two are in close contact. Numerous studies have been done examining the
effects of CeONPs on retinal degeneration in several models, which have been reviewed in
depth!® and will be summarized briefly here. A single intravitreous injection of 2 nMols
CeONP (15 nm size) delivered 3 weeks prior to light damage in the rat, reduced
photoreceptor cell death and decreased production of TNFa and microglial activation in the
retina.>* The mutant fubby mouse undergoes extensive photoreceptor loss during its lifetime,
with 2/3 cell loss by postnatal day 49.%° In this model, CeONP (3-5 nm) delivered as a
single intravitreal injection of 172 ng in saline, preserved photoreceptor cells and increased
expression of several genes associated with oxidative stress and antioxidant defense. The
VIdr-/- mouse (low density lipoprotein receptor knockout) is a model for human retinal
angiomatous proliferation, a form of “wet” macular degeneration.? Again, using a single
172 ng intravitreal injection in saline, CeONPs prevented retinal photoreceptor cell death
and reduced abnormal levels of VEGF observed in this knockout mouse, decreasing it to
levels seen in wild type controls.?6: 57 The P23H-1 rat, another photoreceptor degeneration
model, is autosomal dominant for retinitis pigmentosa.8 Intravitreal injection of CeONP as
described above increased rod and cone cell functions for up to 3 weeks after injection, and
reduced lipid peroxidation in the retinas of CeONP-treated animals.>8 Wong et al. examined
the residence time of CeONPs in the retina, finding 90% retained for at least 120 days,
decreasing somewhat after that.58 Given the low doses of CeONPs used, the intravitreal
injection delivery, and relative retention in the retina, CeONPs show excellent potential as a
future treatment of diseases of retinal degeneration.

Disease (AD) and Parkinson’s Disease (PD)

Both AD and PD are associated with high levels of oxidative stress, making them a target for
treatment with CeONPs. The hallmark of AD is initial death of cortical cholinergic neurons,
while in PD, the hallmark is death of dopaminergic nigrostriatal neurons. To date, no /in vivo
studies with CeONPs have been performed in AD animal models, but several /n7 vitro studies
show excellent potential and will be mentioned here. We first described the potential for
benefit of CeONPs in AD, using electron paramagnetic resonance to demonstrate that it
scavenged free radicals produced /7 vitro during AB1_4» aggregation.” In these studies,
aggregated AP1_4» induced rapid death of pure rat cortical neuronal cultures, which was
blocked by 10 nm CeONPs (10 nM), strongly suggesting the utility of CeONPs in AD
animal models. Subsequently, Dowding et al.2” showed similar results for 3-5 nm CeONPs,
and demonstrated that they also blocked mitochondrial fragmentation produced by AB1_4».
Further experimentation will be necessary to determine any beneficial effects in animal
models of AD.

PD is also associated with high levels of oxidative stress, causing death in neurons of the
substantia nigra and striatum. Our group has examined the utility of CeONPs in treating PD,
with /n vivo models. Using a Drosophila model of PD which involves exposure to the redox
cycling agent paraquat, our group demonstrated that pretreatment of flies with 10 nM and 1
M CeONPs improved survival and preserved motor function.®: @ For these studies we used
10 nm CeONPs, commercially prepared, pharmaceutical grade, from Nanophase, Inc.
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(Romeoville, Illionois). The particles were received as a non-agglomerated 1.2% suspension
in water, with a pH of 3.5. Particles were tested to be endotoxin-free, an important criteria
for our studies as described below. For Drosophila studies, nanoparticles were diluted in
water containing 0.01% docusate sodium to assure adequate dispersal in Drosphila feeding
medium.

We also conducted studies using the MPTP mouse model of PD. For these studies, we
utilized the same CeONPs as described above, but the particles were dissolved in saline-
citrate buffer for delivery (without docusate sodium), which we have shown to eliminate
agglomeration.® In our initial studies, mice were pretreated with 0.05 — 50 mg/kg CeONP in
saline citrate via IV injection. Five days after the last dose, we induced PD with MPTP,
followed by examination of brain dopamine and histochemistry at 7 days after disease
induction. We found that CeONPs from 0.05-5 mg/kg dose dependently blocked the MPTP-
induced decline in striatal dopamine, and preserved dopaminergic neurons in the substantia
nigra. Levels of striatal dopamine and dopaminergic neuronal number in the substantia nigra
were equivalent to controls with the 0.5 and 5.0 mg/kg dose. However the 50 mg/kg dose
was without effect, possibly due to particle agglomeration in the blood and lack of delivery
to the brain. A representative result of preservation of dopaminergic neurons in the
substantia nigra is shown in Figure 2.

We went on to test the efficacy of CeONPs when delivered 24 hrs after disease induction
with MPTP. We found that CeONPs preserved striatal dopamine by 52%, when delivered 24
hrs after MPTP, and preserved dopaminergic neurons in the substantia nigra after MPTP
challenge, to 84-87% of the levels seen in controls.89 These results suggest that CeONPs
may be a disease-modifying future therapy for PD.

Traumatic Brain Injury

Our in vivo studies on CeONPs in traumatic brain injury (TBI) were prompted by our /n
vitro studies using a tissue culture model of TBI. In the tissue culture model, pretreatment,
or post-injury treatment up to 6 hrs after injury, preserved neuronal number and improved
dysfunctional calcium signaling normally observed in injured cultures.”- ® Therefore, we
tested the efficacy of CeONPs in improving the outcome of lateral fluid percussion brain
injury in the rat, a model for human TBI. In these studies, we pretreated rats with 0.14
mg/kg CeONPs (10 nm) in saline-citrate, and delivered a moderate head injury 48 hrs
later.61 Cognitive function was assessed with the Morris water maze, examining the rate at
which rats learn the location of a hidden platform, shown in Figure 3A. Vestibulomotor
function was tested after injury by a simple beam balance task, shown in Figure 3B. CeONP
pretreatment enhanced performance in both tasks, compared to injured vehicle-treated
animals, and the rate of recovery improved substantially. By 4 days post-injury, injured
animals treated with CeONPs demonstrated motor performance on the beam balance similar
to sham animals. In the water maze, animals treated with CeONPs displayed enhanced
cognitive recovery as indicated by reduced goal proximity across 5 days of water maze data
acquisition.

Experiments completed to date demonstrated that post-injury administration of CeONPs
reduced oxidative stress, protein nitrosylation, and lipid peroxidation, as well as led to
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cognitive improvement (Rzigalinski & VandeVord, in submission). These studies suggest
that CeONPs may be a promising treatment for human head injury, resulting in decreased
brain damage and improved functional recovery.

Considering the /n vivo evidence thus far, CeONPs are a promising target for
neurodegenerative diseases in which oxidative stress plays a major role. However forward
progress requires the appropriate supporting studies. Given an IV dose of CeONPs,
distribution is likely to the entire organism, so biodistribution, safety, and toxicity merit
equal consideration.

Biodistribution and Pharmacokinetics

Although the target for treatment of neurodegenerative disorders is the brain, biodistribution
to other organs must be examined, since concentrations in these organs were higher than
concentrations in brain. For CeONPs, biodistribution is generally measured by inductively
coupled plasma mass spectrometry (ICP-MS) for cerium. Of course, this does not directly
measure the nanoparticle itself, but measures its presence by virtue of the element cerium. It
should be noted that all tissues usually have some background level of cerium. Although
many studies convert ICP-MS cerium levels to weight levels of CeONPs, this derivation is
not necessarily appropriate and should be used with caution. In addition, the detection limits
of the particular instrument should be established using CeONP spiked samples, prior to
experimentation. Failure to do so may result in underestimation of tissue cerium.

The Yokel group compared biodistribution of a range of CeONP sizes (5, 15, 30 and 55)
infused into rats at doses of 85-100 mg/kg, and analyzed 1, 20 or 720 hrs later.52 Liver and
spleen were the primary organs of deposition, with little clearance at the 720 hr time point.
The larger particles (15, 30, and 55 nm) were rapidly cleared from the blood, while the 5 nm
particles remained in the circulation longer. In this study, although 5 nm particles were
found in the brain in higher concentrations than larger sized particles, the authors state that
they were not in the brain per se, but were in the vasculature, and had not crossed the blood
brain barrier, as evidenced from electron microscopy (EM). Similar results were reported in
a subsequent paper in which citrate capped 5 nm CeONPs were given at the 85 mg/kg dose
and rats were examined 30 days after exposure.>0

A study by Hirst et al. examined CeONPs biodistibution in mice using oral, intraperitoneal
(IP), and IV routes, with once weekly dosing for 2 or 5 weeks.53 A dose of 0.5 mg/kg was
used, with PBS as vehicle. PBS is known to interfere with CeONP valence cycling in vitro,
as phosphate groups bind the surface cerium ions of the nanoparticle causing agglomeration.
Their findings indicated that the most tissue distribution arose from the IP and IV routes,
with little absorption orally. Tissue accumulations persisted through the 5 weeks of this
study.

An examination of distribution, retention, and effectiveness of CeONPs after IV
administration was reported by Heckman et al., 4 using 2.9 nm CeONP and ICP-MS. Major
organs of biodistribution were again liver, kidney and spleen. CeONPs (as cerium) could still
be detected 5 months post-administration, including levels of < 0.1 pg/g in brain, consistent
with our low dose studies discussed below.
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We examined biodistribution of CeONPs specifically at the doses used in our head injury
and PD studies, to ascertain the biodistribution of biomedically relevant doses. Rats were
utilized, as mouse tissues did not provide enough material for ICP-MS analysis at these low
dose ranges. ICP-MS analyses were performed by Cerium Labs (Austin, Tx). Prior to
analysis, the “as injected” volumes were exhaustively analyzed, as well as spiked tissue
samples to assure detection limits were adequate and CeONPs were appropriately detected.
Rats were injected IV with 0.05-5 mg/kg CeONP (10 nm, in saline-citrate). Tissues were
collected for biodistribution studies 2 days or 6 months after injection into the rat. As shown
in Figure 4, the biodistribution of CeONP differs depending on the dose, but remains in the
low ng/g range. We would note that tissue cerium was detected even in control rats, animals
not subjected to CeONPs and sequestered from CeONP treated rats. Two days after delivery
in the rat, the 0.5 pg/g dose (black bars on Figure 4a) produced a 10 fold elevation in brain
cerium, a 3 fold elevation in heart, and a 1.6 fold elevation in the lung. The most substantial
elevations in tissue cerium were the liver (28 fold), kidney (10 fold) and spleen (53 fold),
consistent with other studies that found extensive accumulation in these organs. A ten-fold
higher dose, 5 ug/g, did not produce significantly higher levels of cerium in the brain or
heart (light grey bars). In contrast to the 0.5 pg/g dose, the 5.0 pg/g dose appeared to
distribute primarily to lung, liver, kidney, and spleen, where cerium accumulation was
highest. This is consistent with several published reports in which injection of milligram
quantities of CeONP accumulate primarily in liver, lung, and spleen, with little brain
accumulation detectable.50. 63-65

Thus, low therapeutic single doses may bioaccumulate somewhat differently. The hypothesis
for the differential accumulation with dose may relate to removal by the reticuloendothelial
system. It is known that upon entering the blood, nanoparticles are rapidly coated with
plasma proteins.%6 We hypothesize that low doses (5 mg/kg and below) are coated with such
proteins allowing their ready distribution to tissues. However once the quantity of particles
delivered at one time exceeds the capacity of plasma protein coating, or they are coated with
different proteins, the nanoparticles become subject to interaction with the
reticuloendothelial and immune systems, and move to different organs such as liver and
spleen. Alternatively, the protein coating that results in brain delivery may be limited, and
higher doses exceed the coating capacity. This altered biodistribution at high doses may
explain why higher doses do not work as effectively in neuroprotection paradigms, as we
have observed in our previous studies. It would be interesting to examine the biodistribution
with repetitive sub-micromolar doses, to determine if a low repetitive dosing parameter
would promote bioaccumulation in the brain, or possibly cause a more even biodistribution,
without the majority of material moving to liver and spleen. It is interesting to note that even
in cases where nanoparticles were coated, the low distribution to the brain, as opposed to
spleen, liver, and kidney, was still evident.4?

Our early reports on biodistribution show persistence of CeONPs for at least 3 months.®
Biodistribution was also assessed 6 months after CeONP injection, as shown in Figure 4B,
using 0.5 and 5.0 mg/kg doses. In 6 month old controls (which received saline-citrate
vehicle), tissue cerium content, except for the lung, was below detection limit. An obvious
question that arises is why cerium could be detected in control animals from the 2-day study
above, and not in 6 month controls. However one must remember that we are measuring

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rzigalinski et al.

Page 13

cerium, not the nanoparticles directly. Tissue cerium can arise from many sources including
glass leachings from water bottles, water sources, air (particularly if exhaust fumes are
present), catalytic converter residues, combustion of fossil fuels, food, bedding, and
numerous other sources. Once present in our animal housing facility, we try to maintain a
low cerium environment. So during the 6 month housing in our facility, background cerium
declined in these animals. It remains unknown as to whether this represents other cerium
compounds, or CeONPs from outside sources.

In animals treated with CeONPs at both low (<5 mg/kg) and high (>50 mg/kg) doses, we see
persistence of cerium in the tissues at 6 months. In fact, the cerium content of all tissues
analyzed for animals treated with CeONP is increased at 6 months, compared to the 2 day
study. This is likely due to redistribution from interstitial fluids or other areas of the body
not initially analyzed. As can be seen from Figure 4, cerium content of all organs analyzed
increased during the 6 month post-administration period. For the low dose, 0.5 mg/kg, the
largest increases are in brain, heart, and lung.

At the 5.0 mg/kg dose, we see little change in brain and liver cerium content, but large
increases in kidney and spleen concentrations (although there was high variability between
animals as evidenced by the large SE). Again, this may be due to redistribution or removal
by the reticuloendothelial system. Nonetheless, the biodistribution appears to be dose-
dependent.

In summary, although biomedical efficacy for treatment of neurodegenerative disorders is
high for CeONPs, the major sites of bioaccumulation of an administered 1V dose are liver,
kidney, and/or spleen. Again, this may be related to dose, delivery vehicle,
functionalizatiom, or nanoparticle size. Nonetheless it appears prudent that further
toxicological investigation into CeONPs effects on these organs is necessary.

Biodistribution and the Protein Corona

A critical component of biodistribution, for which there is little information regarding
CeONP, is the protein corona. When a nanoparticle enters a biological system, it is well-
accepted that it is immediately surrounded by a protein coating.5” However “protein corona”
may not be quite descriptive, as the coating likely also contains lipids and sugars. Although a
comprehensive discussion of protein coating of nanoparticles is beyond the subject of this
review, detailed information is presented in several excellent review publications. 66-69

The lack of translation from /n vitro effects of CeONPs to /n vivo actions may be due, in
part, to the biological coatings that a nanoparticle encounters as it enters the circulation.
Such coatings may drive the accumulation of the nanoparticle into different tissues,
including crossing the blood-brain barrier.66 Although we know that nanoparticles are
coated by plasma proteins and other biomolecules, we have no idea what these proteins,
lipids and sugars are /n vivo, and it is likely they differ with different nanoparticles,
physicochemical characteristics, and coatings. Thus, regardless of the coatings we place on
nanoparticles of various sizes dispensed in various vehicles, once they enter body systems,
the corona is likely to determine its fate. Some speculate that complement activation,
opsonization, and acute phase proteins may coat nanoparticles and mediate inflammation.1°

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rzigalinski et al.

Page 14

Yet the biological and toxicological studies do not demonstrate inflammation at 1V
biomedical doses (see below), and no /n vivo evidence suggests these coatings will
predominate. Adsorption of large, bulky, hydrophilic proteins such as serum albumin have
been shown to stabilize some nanoparticles against aggregation, and may be responsible for
delivery to the brain.®8: 6 Future work will undoubtedly shed light on this issue, but at
present, we must be mindful of this phenomenon when comparing different studies with
different CeONP constructs.

Toxicity / Safety

Due to their widespread use, need for exposure and toxicity studies with CeONP has been
noted. The review by Cassee et al.2 placed emphasis on both CeO microparticles and
CeONPs, noting that differences in effects could be expected due to differences in
physicochemical properties.

For the present review, /n vitro safety studies, even when using neural cells, are not
discussed because they are not relevant when whole organism effects are endpoints of value
or concern. When applied to cultured cells, consideration of absorption, distribution and
elimination are not part of the evaluation, yet it is the contribution of these pharmacokinetic
factors that are of importance to the patients that could be given CeONPs as
neuroprotectants. /n vitro experiments have value, however, for identifying and describing
molecular and cellular mechanisms associated with the protective and detrimental effects of
CeONP, even if they only provide a small window about what may be occurring in the body
as a whole. For example, cytotoxicity, oxidative stress and changes in intracellular signaling
have been noted and reported to be different in tissues extracted from exposed animals and
then compared to tissues from control rodents.*4

Mechanism of toxicity /n vivo have been suggested in several reports. This includes
measureable endpoints of oxidative stress 30 days after IV administration of 70-85 mg/kg
CeONP (ceria) to rats.”%71 Multiple endpoints have been used to identify oxidative stress as
the mechanism of toxicity in high-dose studies. For example, increased oxidative stress in
the brain was demonstrated as CeONP administration elevated Hsp70 levels in the
hippocampus and cerebellum, and 3-nitrostyrosine and iNOS levels in the cortex. Further,
the GSH:GSSG ratios were decreased in the hippocampus and cerebellum.”2:73 Hardas et
al.”® reported that endpoints of oxidative stress were no longer present 90 days after
exposure, and recognized that CeONPs have both oxidative and antioxidative properties. In
contrast, only antioxidant properties were reported in mice given CeONP by the 1V or the
intraperitoneal routes at much lower dosages (0.5 mg/kg weekly for 2 to 5 weeks).83

The Yokel group has performed some extensive studies using well-characterized CeONPs at
concentrations much higher than those used for neurodegenerative disease, but necessary to
establish toxicological limits,0:62:64.65.71-73 Thege investigators thoroughly characterized
the particles they administered by IV infusion, noting difference in effects based on size and
time after administration. For their studies, doses of 100 mg/kg were often used, with
recognition that this high dose allowed detection by ICP-MS of the administered compound
up to 90 days after administration, as that group has interest in CeONP persistence. The
product infused was laboratory synthesized, citrate-stabilized to prevent agglomeration, and
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characterized by transmission electron microscopy (TEM). This dosing paradigm was not
detrimental to the rats, as the investigators noted only lower body weight shortly after
administration and some white spots seen on the spleen at the time of necropsy.

Yokel et al.” provide a comprehensive review summarizing systemic effects following
CeONP exposure by 1V, intraperitoneal, pulmonary, oral, dermal and ocular routes,
including identification of gaps in available data collected following single and multiple
exposures. This review and other reports’%75-77 noted that CeONP could be detected in
brain after inhalation exposure, a most likely route for environmental exposures, but
quantities were much less than those measured in lung.

Many toxicity studies with nanomaterials in general have examined effects after the
environmentally relative respiratory route of exposure, often by use of bronchoalveolar
lavage.”8-80 Inflammation and pulmonary fibrosis have been reported. Much of this
information is included in the extensive review by Yokel et al.”*

Most published studies on the toxicity and/or distribution of CeONPs after administration by
extra-respiratory routes have used doses considerably higher than those that are
neuroprotective (compare studies described in this section with those described above in
neuroprotective section of this review). Oral exposure studies, for example, looked at
comparative toxicity of cerium oxide micro and nanoparticles (~190 nm) in rats following
high doses (30, 300 and 600 mg/kg/day) for 28 days.81 This would provide cumulative
exposures of 0.84, 8.4 or 16.8 grams, which is far above what has been demonstrated to be
neuroprotective (see above). The two highest doses of the nanoparticulates resulted in some
adverse effects on liver and spleen but nothing was noted after administration of
microparticles. However, rats did lose weight as feed intake was reduced. To have such a
large proportion of rat food intake consist of CeONPs could very likely diminish their intake
of feed with nutrients. Distribution of CeONP to brain occurred after administration of these
high doses, genotoxicity of leukocytes and liver cells was reported, and considerable
excretion in the urine early after administration was noted. These authors also reported
genotoxicity to leuokocytes after a single oral dose of 1 gm/kg, and again noted detrimental
effects on liver after CeONP administration.82

The need for high oral doses to demonstrate any deleterious effects suggests that CeONP are
not well absorbed from the gastrointestinal tract. This is not unexpected, and has been
reported before,”*77 as suspensions in aqueous vehicles used in experiments described in the
previous paragraph, are generally less likely to be systemically absorbed than test substance
in solution.83 Crossing cell membranes is required for absorption into the systemic
circulation, and this usually requires at least limited solubility in the aqueous-based
secretions of the gastrointestinal tract or in the vehicle used to administer a drug in solid
form. For example, in our Drosophila studies with CeONPs, the CeONPs are mixed with the
food. To assure adequate dosing to the flies, we incorporate 0.1% docusate sodium into the
CeONP suspension, to ensure adequate dispersal and oral absorption by Drosphila, as
discussed above.
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Additional studies in which CeONPs have been administered by extrapulmonary routes have
been done in mice as well as rats. For example, Poma et al.8* noted increases in weight of
Peyer’s patches and numbers of lymphocytes and used these as indicators of inflammation
after single oral doses that they stated were 2000 — 5000 mg/kg CeONP. However, review of
information presented in tabular form in this manuscript, which provided data on mouse
weights, concentration of CeONPs in stock solution and pL injected, suggests that doses
administered for acute toxicity testing were actually between 2 and 5 mg/kg. No lethalities
occurred during the 7 day post-administration observation period following the single doses
used to provide acute toxicity data. Repeated-day experiments used mice given doses the
authors noted to be between 0.05 — 5 mg/kg, prepared as a suspension in phosphate buffered
saline and given by the intraperitoneal route for 14 days. Volume of injection and
concentration of the dosing solution were not provided for these experiments. Following
repeated days of dosing, some indices of possible effects on kidneys were reported. Dose
response relationships were not linear. Source and size of the ceria dosed were not noted in
this manuscript, and CeONP concentrations in tissues were not quantitated. Clinical
pathology endpoints were expressed as percentage of variation compared to negative control,
making it difficult to interpret results.

The doses used by Hirst et al.53 in their 1V, intraperitoneal and oral biodistribution studies
presented above are lower than those used in many studies, and are within the range
considered neuroprotective as discussed in the previous section of this review. We recently
examined safety of CeONP in C557BL/6 mice, which, when dosed with 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), provide the animal model for Parkinson’s
Disease.8> Mice were given, by IV administration, a single efficacious (neuroprotective)
dose of 0.5 ug/g (0.5 mg/kg) and a dose 10-fold higher (5 mg/kg). They were assessed for
CeONP-induced neurotoxicity by evaluation of behavioral changes 2, 4, 7, 9, 11 and 14 days
after dosing, with tissues collected for histopathological examination 2 and 14 days after
CeONP administration. Behavioral assessment was based on a Functional Observational
Battery designed for rats, but modified for use in mice.86 The evaluation included
comparison of untreated and CeONP-mice for activity, coat and tail condition, presence or
absence of ataxia, presence or absence of tremors/convulsions, vocalizations, stool
consistency, presence or absence of oral and nasal discharges, piloerection, cyanosis, ability
to stay on a rotating wooden rod, body temperature and weight. No differences between
control and treated mice were observed; results did not differ whether mice were given 0.5
or 5 mg/kg. Tissues collected for histopathological examination at 2 and 14 days included
heart, lung, ribs and mediastinum (containing thymus and/or mediastinal lymph nodes),
kidney, adrenal, spleen, liver, large intestine and brain. No CeONP-related lesions were
noted at the light microscopic level.

Rats given 0.5 and 5 mg/kg IV CeONP in our laboratory were also examined
histopathologically two days and 6 months after IV dosing with the same techniques used
for mice given these doses. Other than common background changes seen in adult/older rats,
no evidence of CeONP-induced injury was detected.

In summary, studies to date suggest that CeONP have a low profile of toxicity, as single 1V
doses as high as 100 mg/kg or oral doses even higher did not appear to cause serious
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detrimental effects in rodents. CeONP appear to have potential, however, to be retained in
body organs such as liver and spleen, especially after multiple and/or high doses, but even in
such cases notable toxicity to exposed rodents was not clinically evident. Toxicity of
nanomaterials such as CeONPs that have potential to be medically useful as
neuroprotectants, however, still need evaluation for distribution and interactions inside the
body at efficacious doses.8” With neuroprotective doses so much lower (0.5 mg/kg) than
those used in toxicity studies, potential to evaluate retention, especially over long term,
becomes far more difficult as concentrations approach limits of detection of current
analytical instrumentation.

Summary and Future Directions

The research thus far demonstrates a clear utility for CeONPs in neurodegenerative disease,
at therapeutic doses. These are seriously debilitating diseases, for which we do not have
highly effective treatment. But the question of safety also arises. To date, there is little
evidence of toxicity at doses used to treat neurodegenerative diseases. However
biodistribution studies clearly demonstrate that the major organs of accumulation are liver,
kidney, and spleen. Nonetheless, there has been little to no toxicity demonstrated in these
organs at therapeutic doses and accumulated doses in these organs remain low, in the ng/g
range. Future studies should encompass investigation of biochemical changes in these
organs, such as alterations of signaling pathways, particularly since CeONPs have been
shown to persist in these organs, possibly for years. In contrast such persistence is a facet of
what enables CeONPs to be highly protective agents in neurodegenerative diseases.

Another issue that needs to be addressed regards the question of how much free radical
scavenging is too much? Free radicals are known to participate in many normal signaling
events, NO contribution to blood pressure control being one of them.88-90 To date, aside
from a series of studies done by Minarchik et al., 344 there are few studies examining the
effects of CeONPs in the vasculature. Activation of protein phosphatases and function of
skeletal muscle also employ free radicals for normal signaling.? The effects of therapeutic
doses on these systems is in need of investigation, particularly in long term studies.

As discussed in a previous section, the actions of CeONPs depend on completion of a
reactive cycle, and disruption or stalling of that cycle could theoretically result in
accumulation of radical species. Therefore, the biochemical environment of the tissue in
which CeONPs reside must also be considered. For example, CeONPs may have different
effects on the redox environment in normal brain, where oxidative stress is low, compared to
a brain with neurodegenerative disease, where oxidative stress is high. Additional examples
comes from studies by Minarchick et al.#3 who found differing actions of CeONPs in
different vascular beds, some resulting in vasodilation while other displayed vasconstriction
and distinct vascular dysfunction. In one study, CeONPs improved vascular function in rats
that already had high levels of oxidative stress (the spontaneously hypertensive rat), while
having more detrimental actions on vascular dysfunction in controls.#344 The beneficial
effects of CeONPs may be limited to those conditions in which high oxidative stress
predominates, such as neurodegenerative disease or hypertension. In this regard, they do not
differ from most pharmaceutical agents used today — they are used to treat a disease state. In
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the case of CeONPs, this state would be high oxidative stress, and benefits of having a
superior antioxidant nanopharmaceutical may outweigh the risks of disease. In summary,
although addition work needs to be done, CeONPs show promise as a potential
nanopharmaceutical in the treatment of neurodegenerative diseases in the brain.
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Figure 1. Hypothesized M echanism of Action of CeONPs
In a given CeONP, the cerium atom exists in the 3+ and 4+ valence states, bound to oxygen

and containing oxygen vacancies (Oy). When exposed to a superoxide radical, it exhibits
SOD-mimetic activity, and Ce3+ is converted to Ce4+, with a corresponding change in
oxygen vacancies. There is also likely a contribution to this reaction from the hydration shell
around the CeONP. Superoxide is converted to H»O,. Via a catalase-mimetic activity
involving Ced+, H,0, is converted to O, + 4H*, and cerium valence to +3 (with
corresponding changes in oxygen vacancies), regenerating the origin CeONP state. Again,
there is a likely contribution from ions present in the water hydration shell. In the biological
milieu, this action exists in a continuous cycle, depending on the ionic species exposed to
the CeONPs, the hydration shell, oxygen partial pressure, and any surrounding ionic species.
Although we utilized superoxide and H,O, as examples, radicals scavenged could be any
number of biologically relevant free radicals.
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Control MPTP

CeONP (0.5 ng/g) CeONP (0.5 ug/g) + MPTP

Figure 2. CeONP Preserves TH+ Neuronsin the Substantia Nigra of MPTP-Challenged Mice
Mice (C57BI/6) were pretreated with the indicated dose of 10 nm CeONP in saline-citrate,

followed by MPTP challenge 5 days later (6 animals per group). Animals were euthanized 7
days after MPTP administration, brains were perfusion fixed, and stained for tyrosine
hydroxylase (TH+, brown), a marker of dopaminergic neurons. Nuclei are counterstained
with Nissl (blue). Note the almost complete destruction of dopaminergic neurons by MPTP
(upper rt panel), which was abrogated in CeONP-treated mice (lower 2 panels).
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Figure 3. Pretreatment with CeONPsimprove latency to goal in the Morris Water Maze, and
Beam Balance performance after moder ate lateral fluid percussion brain injury

Male Long-Evans rats were pretreated with 0.14mg/kg CeONPs followed by a moderate
lateral fluid percussion brain injury 3 days later (6 animals per group). Sham animals
received CeONPs and the surgery for lateral fluid percussion brain injury, without delivery
of the brain injury. On the indicated day post-injury, rats were tested for latency to platform
in the Morris Water Maze task (A) and for Beam Balance Latency To Fall (B). Note the
significant improvement, to near-sham levels, with CeONP pretreatment. Results represent
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mean £ SE for 6 animals per group. *Significant from sham, p<0.01; **Significant from
Sham and Injury+CeONP; #Significant from Injury+\Vehicle and Sham.
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Figure 4. Biodistribution of CEONPsto selected organs 2 days (A) and 6 months (B) after |V

injection

Rats were treated with the indicated doses of CeONPs as described in the text. Two days or
6 months after treatment, animals were euthanized and tissues collected for ICP-MS analysis
of cerium. Results represent mean + SE for 6 animals.
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