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MINIREVIEWS

Cerium oxide nanoparticles as promising ophthalmic
therapeutics for the treatment of retinal diseases
Svetlana V Kyosseva, James F McGinnis
from oxidative stress. The retina is highly susceptible to
oxidative stress because of its high oxygen consumption
and high metabolic activity associated with exposure to
light. Many retinal diseases progress through oxidative
stress as a result of a chronic or acute rise in reactive
oxygen species. Diseases of the retina are the leading
causes of blindness throughout the world. Although
some treatments may delay or slow the development
of retinal diseases, there are no cures for most forms
of blinding diseases. In this review is summarized
evidence that cerium oxide nanoparticles can function
as catalytic antioxidants in vivo in rodent models of
age-related macular degeneration and inherited retinal
degeneration and may represent a novel therapeutic
strategy for the treatment of human eye diseases. This
may shift current research and clinical practice towards
the use of nanoceria, alone or in combination with other
therapeutics.

Svetlana V Kyosseva, Department of Biochemistry and Molecular
Biology, University of Arkansas for Medical Sciences, Little
Rock, AR 72205, United States
James F McGinnis, Department of Ophthalmology/Dean McGee
Eye Institute and Department of Cell Biology, Oklahoma Center
for Neuroscience, University of Oklahoma Health Sciences
Center, Oklahoma City, OK 73104, United States
Author contributions: Kyosseva SV and McGinnis JF contributed
equally to this work.
Supported by NIH NEI, No. R21EY018306, R01EY18724,
R01EY022111; National Science Foundation, No. CBET-0708172.
Open-Access: This article is an open-access article which was
selected by an in-house editor and fully peer-reviewed by external
reviewers. It is distributed in accordance with the Creative
Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this
work non-commercially, and license their derivative works on
different terms, provided the original work is properly cited and
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/
Correspondence to: Svetlana V Kyosseva, PhD, Department
of Biochemistry and Molecular Biology, University of Arkansas
for Medical Sciences, 4301 West Markham Street, Little Rock, AR
72205, United States. svkiosseva@uams.edu
Telephone: +1-501-5264201
Fax: +1-501-6031146
Received: May 29, 2014
Peer-review started: May 29, 2014
First decision: June 18, 2014
Revised: November 3, 2014
Accepted: November 17, 2014
Article in press: November 19, 2014
Published online: February 12, 2015

Key words: Nanoceria; Age-related macular degeneration;
Inherited retinal degeneration; Oxidative stress;
Antioxidant
© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: This review outlines the recent findings that
cerium oxide nanoparticles (nanoceria) may represent
novel and broad spectrum therapeutic agents to
treat retinal diseases including age-related macular
degeneration, retinal angiomatous, inherited retinal
degeneration, and fight inflammation and pathologies
associated with oxidative stress.

Abstract
Nanotechnology offers exciting new approaches for
biology and medicine. In recent years, nanoparticles,
particularly those of the rare metal cerium, are showing
potential for a wide range of applications in medicine.
Cerium oxide nanoparticles or nanoceria are antioxidants
and possess catalytic activities that mimic those of super
oxide dismutase and catalase, thereby protecting cells
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centrations of ROS, up-regulating the neuroprotectionassociated genes expression; down-regulating apoptosis
signaling pathways and/or up-regulating survival signaling pathways[29]. Furthermore, in an age-related macular
degeneration (AMD) model and in particular for retinal
angiomatous proliferation (RAP), the very low-density
lipoprotein receptor knockout mouse (vldlr-/-), we have
reported that cerium oxide nanoparticles stopped the
development and regression of pathological neovascularization[30]. Our data also demonstrated that nanoceria inhibited the expression of genes associated with inflammation, angiogenesis, and down-regulated MAP kinases, Akt,
ASK1 and NF-kB signaling pathways[31,32]. This review
aims to provide the recent findings and potential applications of nanoceria for the treatment of retinal diseases.

INTRODUCTION
Many retinal diseases including retinopathy of prematurity,
inherited retinal degeneration, diabetic retinopathy,
retinitis pigmentosa, glaucoma, and age-related macular
degeneration are the leading causes of blindness in
infants, adults, and the elderly, respectively. The etiology
or development of many retinal diseases involves oxidative
stress[1-4]. An imbalance between the production of reactive
oxygen species (ROS) and the detoxification of their
reactive intermediates causes oxidative stress[5]. Excessive
ROS levels can damage lipids, proteins, and nucleic acids.
This process subsequently leads to cell death unless it
is neutralized by the oxidant defense system. The retina
possesses the highest rate of oxygen metabolism and
therefore is at higher risk of oxidative damage due to
redox imbalance.
Besides traditional antioxidant agents, in recent
years special attention has been given to cerium oxide
nanoparticles or nanoceria as antioxidants in biological
systems[6,7]. Cerium (Ce) is a rare earth element in the lanthanide series of the periodic table. Cerium oxide (CeO2)
nanoparticles are used extensively in a variety of applications such as oxygen sensors[8,9]. The underlying molecular mechanism for the action of cerium oxide nanoparticles is generally thought to be their dual oxidation state,
depending on the reaction conditions[10,11]. Nanoceria
switch between Ce4+ and Ce3+ states creating an oxygen
vacancy. This capability of these nanoparticles is similar
to that of biological antioxidants[12]. Because of these
unique antioxidant properties nanoceria act as free-radical
scavenger. Free radical scavenging by nanoceria functions
by decreasing ROS and has potential uses in various biological applications[7]. It has been recently reported that
cerium oxide nanoparticles possess neuroprotective[13,14],
radioprotective[15], cardioprotective[16], anti-inflammatory[17], anti-invasive[18], pro-oxidative and antioxidative[19-23],
anti-angiogenic[24], pro-apoptotic and anti-apoptotic[21,12]
properties. During the past few years, much attention and
efforts has been made at addressing the potential use of
nanoceria as therapeutic antioxidants for the treatment of
oxidative stress related diseases[25-27]. Due to their smaller
particle size at about 5 nm in diameter, which allows for
easier passage through cell membranes, non-toxic nature
and excellent biocompatibility, cerium oxide nanoparticles
also have the potential to be used as drug carriers and delivery agents.
In the last few years, our group is involved in developing cerium oxide nanoparticles as therapeutic agents
for treatment of retinal diseases. We demonstrated for
the first time that these nanoparticles are able to prevent
the increases of intracellular ROS concentrations in vitro
using primary cell cultures of rat retina and could protect
retinal morphology and function in vivo using an albino
rat light-damage model[28]. Next, in the homozygous tubby
mutant mouse, which displays inherited early progressive
cochlear and retinal degeneration that are similar to those
of human Usher syndrome, we showed that cerium oxide
nanoparticles preserve the retina by decreasing the con-
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OXIDATIVE STRESS AND RETINAL
DISEASES
Oxidative stress is defined as a disturbance in the balance
between the production of ROS, which include hydrogen
peroxide, superoxide anion, and hydroxyl radicals, and
antioxidant defenses. Although ROS have important roles
in regulating signal transduction and cellular function[33],
their overproduction can damage lipids, proteins, and
DNA, thus affecting many cellular and physiological
mechanisms. Numerous pathological conditions have
an oxidative stress component, including cardiovascular
diseases[34], neurodegenerative diseases such as Alzheimer’s,
Parkinson’s, and Huntington’s diseases[35-37], and cancer[38].
Oxidative stress has also been implicated in retinal
diseases such as AMD, inherited retinal degeneration,
diabetic retinopathy, retinitis pigmentosa, glaucoma and
uveitis[1-4,39]. The retina is extremely vulnerable to ROS
damage[40]. ROS can be formed in many ways including
as a product of the respiratory chain in mitochondria,
photochemical and enzymatic reactions as a result of
the exposure to ultraviolet light, ionizing radiation, or
heavy metal ions[41-47]. Retinal cells have the highest rate
of oxygen metabolism of any cells and are frequently
exposed to the damaging effects of oxidative stress due to
the the excessive exposure to light.
AMD is the leading cause of severe and irreversible
loss of vision in the elderly in the world. AMD is divided
into two broad types: “dry” and “wet” that account for
about 85% and 15% of cases, respectively. “Wet” or exudative AMD, is the most severe form of AMD and is associated with subretinal neovascularization. By contrast,
“dry” also known as atrophic or non-exudative AMD,
tends to exhibit a slow progression of the disease. This
complex disease has both genetic and environmental risk
factors with a number of gene polymorphisms being
identified which increase susceptibility to environmental
risk factors such as smoking, hypertension, diet, obesity,
prolonged sun exposure, and oxidative stress[4,48,49]. While
there is currently no cure for AMD, some treatments can
prevent severe vision loss or decrease the progression of
the disease considerably. AMD treatments include anti-
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vascular endothelial growth factor (VEGF) therapy, laser
surgery, photodynamic therapy, vitamins and nutritional
supplements[50-53]. The abundance and complex interactions between the risk factors for AMD limit the effectiveness of therapeutic options. Therefore, new therapeutics is needed to target multiple pathophysiological
aspects that contribute to development of AMD, most
importantly oxidative stress.
There are other inherited and acquired diseases or disorders that may affect the retina. Retinitis pigmentosa (RP)
is a heterogeneous group of inherited ocular diseases that
result in a progressive retinal degeneration. RP is the largest Mendelian genetic cause of blindness affecting 1 in
3000 to 5000 people worldwide[54]. This disease exhibits
abnormalities in the photoreceptors or in the retinal pigment epithelium of the retina, which lead to progressive
visual loss. RP can be inherited in an autosomal dominant, autosomal recessive or X-linked manner[55]. RP may
also occur as part of Usher syndrome and Bardet-Biedl
syndrome[56]. Usher syndrome is the most common hereditary form of combined deafness and blindness in humans[55]. The oxidative stress hypothesis is supported by
several lines of evidence in experimental models of Retinitis pigmentosa[57-60]. In addition, it has been found that
Retinitis pigmentosa patients have reduced ocular antioxidant status and antioxidant imbalance in the peripheral
blood[60]. Although there is no cure for RP, treatments are
available for managing some aspects of its clinical manifestations[61].

addition, the presence of a surface coating did not prevent
the reaction between the nanocrystal surface cerium (3+)
and hydrogen peroxide[68]. Therefore, the most reactive
nanoparticles are at about 5-10 nm diameter with the
thinnest surface coating (e.g., oleic acid). The radical
scavenging properties of cerium oxide can be drastically
increased during the reduction to the nanoscale.
Cerium oxide nanoparticles used in our studies were
synthesized using wet chemical method as described
previously[12]. Briefly, cerium nitrate hexahydrate was dissolved in distilled water and the solution was oxidized using excess of hydrogen peroxide. To maintain the synthesized nanoparticles in suspension, the pH of the solution
was kept below 3.0. These cerium oxide nanoparticles
contain individual crystallites of 3-5 nm and can be diluted in aqueous and cellular media. The size and shape
of the particles was characterized using transmission
electron microscope, zeta potential of the suspension
was monitoring using dynamic light scattering and X-ray
photoelectron spectroscopy was used to determine the
surface oxidation state of the nanoparticles as reported
previously by us[69].

BIOLOGICAL PROPERTIES OF CERIUM
OXIDE NANOPARTICLES
Although cerium oxide nanoparticles have been widely
used as oxygen sensors [9] and automotive catalytic
converters[70], they have recently begun to be used in
biological systems[6,7]. The ability of these nanoparticles
to switch oxidation states and their antioxidant activity
has a unique advantage for therapeutic implications.
The biological properties using in vivo mice models of
AMD and inherited retinal degeneration and potential
applications of cerium oxide nanoparticles as ophthalmic
therapeutics are discussed below.

CERIUM OXIDE NANOPARTICLES
Cerium belongs to the lanthanide series of rare earth
elements. Although most of the rare earth elements
of the periodic table exist in the trivalent state, cerium
in an oxide nanoparticle can occur in either a 3+ (fully
reduced) or 4+ (fully oxidized) state and may flip-flop
between the two in a redox reaction. As a result of this,
cerium oxides form oxygen vacancies or defects in the
lattice structure[11,62]. It is these defects or reactive sites
on the cerium oxide nanoparticles that serve as sites
for free radical scavenging. Cerium oxide nanoparticles
react catalytically with ROS, including hydroxyl radical,
superoxide radical and hydrogen peroxide, providing
antioxidant properties[12,63]. It has been demonstrated that
cerium oxide nanoparticles act as a catalyst that mimics
enzymatic antioxidants including superoxide dismutase
(most apparent when cerium is in the 4+ state)[64] and
catalase (most apparent when cerium is in the 3+ state)[65].
Various techniques including frame spray pyrolysis[66]
and wet chemical methods [12,17] have been reported
to synthesize cerium oxide nanoparticles. The radical
scavenging activities of cerium oxide are even further
increased when synthesized as a nanoparticle. Moreover,
as the size of the cerium oxide nanoparticle decreases,
there is a concurent increase of cerium in the +3 state,
which may further enhance reducing power[67]. Smaller
diameter nanocrystals containing more cerium (+3) were
found to be more reactive toward hydrogen peroxide[68]. In
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Antioxidant properties
The antioxidant properties of nanoceria were investigated
first in primary cell cultures of dissociated rat retinas.
Chen et al[28] demonstrated by flow cytometric analysis
of dichlorofluorescein (DCF) stained retinal cells
that nanoceria particles (1, 3, 5, 10 or 20 nmol/L) can
effectively inhibit hydrogen peroxide-induced rise of
intracellular ROS. Next, we showed that cerium oxide
nanoparticles possessed radical scavenging activity in vivo
by preventing increases in retinal ROS in an albino rat
light-damage model[28]. Furthermore, we explored the
Vldlr knockout mouse, which carries a loss-of-function
mutation in the Vldlr gene[71]. Studies have revealed that
the Vldlr-/- mouse recapitulates many key characteristics
in patients with AMD who have Retinal Angiomatous
Proliferation, a form of wet AMD, and can serve as a
unique mouse model of neovascularization-associated
oxidative stress[72-74]. Our studies have revealed that a
single intravitreal injection of 1 µL of 1 mmol/L (172
ng) nanoceria suspended in saline at postnatal day (P)7
greatly reduced the amount of ROS, measured by
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two independent methods, DCF and dihydroethidium
(DHE), in the Vldlr-/- retinas three weeks later at P28[28].
Similar results were obtained with three other biomarkers
of oxidative damage, NADPH oxidase (p47phox),
nitrotyrosine and 8-hydroxy-2-deoxyguanosine (8-OHdG).
We further confirmed our previous observation by
demonstrating that acrolein, a commonly used oxidative
stress marker for detecting lipid peroxidation, is higher in
Vldlr-/- retinas and nanoceria greatly reduced the level of
acrolein[32].
Key mediators of the biological effects downstream
of ROS include several signaling pathways such as MAP
kinases, ASK1, and PI3K/Akt[75,76]. We hypothesized that
if ROS were destroyed by cerium oxide nanoparticles, the
downstream effects should be decreased. Therefore, we
determined whether MAP kinases and Akt are elevated in
the retinas of Vldlr-/- mice and whether nanoceria can inhibit their activation. Both kinases are elevated in Vldlr-/retinas and a single intravitreal injection of cerium oxide
nanoparticles for 1 wk inhibits the phosphorylation of
ERK, JNK, and the p38 MAPKs, as well as Akt almost
to control wild type (WT) mice treated with nanoceria[31].
We further examined the long-term therapeutic effects of
cerium oxide nanoparticles in Vldlr-/- retinas and showed
that phosphorylated ASK1, JNK and p38, as well as NFκB are remarkably reduced by nanoceria treatment up to
6 wk post injection[32].
In another experimental paradigm, the tubby mouse
was used as a model of inherited retinal degeneration to
test the ability of cerium oxide nanoparticles to act as direct in vivo antioxidants. Tubby mice are homozygous for a
mutation in the Tub gene and have hearing loss and retinal
degenerations, major hallmarks of Usher syndrome[77]. To
examine the ability of nanoceria to alter ROS, we determine the amounts of ROS by DCF and DHE methods
in the retina of tubby mice at P18 injected intracardially
with 20 µL of 1 mmol/L cerium oxide nanoparticles[29].
The levels of ROS in injected with nanoceria retinas were
decreased to control levels. Moreover, we demonstrated
that the expression of antioxidant-associated proteins,
thioredoxin (Trx) and nuclear factor erythroid 2-related
factor (Nrf2) is increased after nanoceria treatment.
These results clearly suggest that cerium oxide nanoparticles can scavenge ROS in the retina and thereby inhibit
oxidative stress in mice models of AMD and inherited
retinal degeneration.

determined the effect of nanoceria on VEGF protein
expression in Vldlr-/- retinas at P14 and P28. We observed
a significant decreased of VEGF in retinas of Vldlr-/- mice
after a single injection of nanoceria at P7. We examined
the localization of VEGF and found that cerium oxide
nanoparticles inhibit the ectopic expression of VEGF in
the outer nuclear cell layer (ONL) of the Vldlr-/- retina.
Furthermore, using real-time PCR we demonstrated that
cerium oxide nanoparticles dramatically decreased the
levels of Vegfa expression in Vldlr-/- retinas[31]. Our PCR
array results also showed that the expression of most of
the Fgf genes, including Fgf 1, 2, 3, 5, 7, 9, 11, 21, and
22, are increased in the retina of Vldlr-/- mice and cerium
oxide nanoparticles were able to decrease significantly
their expression. These results clearly support our
hypothesis that the rise in retinal VEGF in Vldlr-/- mice
can be prevented by the scavenging activity of cerium
oxide nanoparticles.
Anti-inflammatory properties
Oxidative stress is well known to increase not only
angiogenesis, but to drive the onset of inflammation.
There is substantial evidence to show that inflammation
play a role in AMD[78]. Although some reports have shown
that several inflammatory cytokines are elevated in Vldlr-/retinas[72,79] the expression pattern of cytokines and their
functions in the Vldlr-/- mice have not been thoroughly
determined. Therefore, we examined the cytokine
expression in the Vldlr-/- retina using a mouse cytokine
PCR array that profiles 88 key cytokine genes[31]. We found
that 37 cytokines were up-regulated and after one week
of nanoceria injection 23 cytokines were down-regulated.
Nanoceria markedly reduced the overexpression of Tlsp,
Lif, IL-3, IL-7, IL-9, IL-12b, Lep, Ifn1, and others. This
study suggests that cerium oxide nanoparticles have
significant potential as anti-inflammatory agents.
Anti-apoptotic properties
Excessive production of ROS is the key event leading
to cell death or apoptosis. The principle mechanism
underlying retinal cell death and consequent blindness in
several diseases is apoptosis. Apoptosis of neuronal cells is
common to all mutations in tubby gene family members[80].
To determine the effect of cerium oxide nanoparticles on
apoptosis in the retina of tubby mouse, the TUNEL assay
was conducted[29]. The tubby retina demonstrated many
more TUNEL positive cells that control retina. In this
study, we also demonstrated that intracardial injection with
cerium oxide nanoparticles significantly down-regulated
caspase-3, 8, 9 and Bak1 expression. Likewise, we found
that nanoceria markedly reduced the levels of caspase-3
in the retina of the Vldlr-/- mouse[32]. Taken together, it is
obvious that cerium oxide nanoparticles down-regulate
caspase-induced apoptosis in the retina of mouse models
of AMD and inherited retinal degeneration.

Anti-angiogenic properties
Angiogenesis is a process of forming new blood vessels
that is a hallmark in the pathology of many diseases
including AMD, diabetic retinopathy, and retinopathy
of prematurity. Activators of angiogenesis include the
VEGF, angiopoietins and members of the fibroblast
growth factor (FGF) family. There is considerable
evidence that increased production of ROS in the retina
participates in retinal angiogenesis. We have shown that
upregulation of retinal VEGF can be detected as early as
P14 in Vldlr-/- mice[30]. To examine if nanoceria treatment
could reduced angiogenesis by inhibiting VEGF, we
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Protection of retinal function
To examine the ability of cerium oxide nanoparticles
to protect retinal function, retinal responses to the
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mediated endocytosis, and macropinocytosis. It has been
reported that fluorescein-conjugated nanoceria were taken
up by keratinocytes via clathrin- and calveolae-mediated
endocytic pathways[84]. Recently another study indicated
that nanoceria could be also taken up into cells through
caveolae- and clathrin-mediated endocytosis. Nanoceria
were distributed throughout the cytoplasm but not into
nucleus[85].

light stimulus were determined by full field and serial
intensity electroretinography (ERG) in tubby mice at
P34[29]. Full field ERG showed that injections with cerium
oxide nanoparticles improved rod function in tubby
mice compared to control, saline injected group. Serial
intensity ERG of scotopic a- and b-waves showed that
both amplitudes were significantly increased in nanoceria
injected tubby eyes. Moreover, no changes in retinal
functions was detected in nanoceria or saline injected
rats for 9 d and even after 4 mo post injection[69]. There
were no changes in scotopic a- and b-waves, photopic
b-wave, and flicker. These data suggest that cerium oxide
nanoparticles did not have side effects in the healthy
retina.

CONCLUSION
Cerium oxide nanoparticles extended the life of photoreceptor cells and preserved vision for up to 4 mo in a
mouse with inherited retinal degeneration. Nanoceria
prevent development of pathological neovascularizations
in the Vldlr-/- mouse (a model for Wet AMD) and also
regress vascular lesions existing at the time of injection.
Nanoceria have a half-life in the retina of 417 d and had
no toxic effect on retinal structure and function when
present for over a year. Nanoceria affect multiple signal
transduction pathways by upregulating neuroprotective
genes and downregulating pro-apoptotic and proinflammatory genes. Most recently, we showed that
cerium oxide nanoparticles inhibit the growth of inherited
retinoblastoma malignancies in vivo and shrink the volume
of tumors present at the time of injection. Collectively,
these data suggest that nanoceria are global antioxidants,
which have “pan-disease” effectiveness against a number
of degenerative eye diseases in multiple animal models
and may be just as effective in the therapeutic treatment
of many human eye diseases.

Toxicity
There is always a concern regarding the potential toxicity
of nanomaterials for biological applications. Several
reports have shown that cerium oxide nanoparticles
(< 10 nm) are well tolerated by animals and are not
toxic[25,81], while others provide conflicting data about
toxicity[82,83]. Most likely this discrepancy could be due to
variation in methods of synthesis or due to differences
in physiochemical properties of nanoparticles, surface
charge, aggregation of the particles. Nanoceria used in
our studies were small in size (3-5 nm) and well dispersed.
To determine the safety of cerium oxide nanoparticles
for therapeutic use, the cytotoxic effects of the particles
intravitreally injected in rat retina after 9, 60 and 120 d
was examined[69]. We performed quantitative analyses
on superior and inferior central retina, superior and
inferior peripheral retina and we did not determine any
reduction in thickness in the layers examined for injected
with cerium oxide nanoparticles eyes. As mentioned
above there were no changes in retinal function between
nanoceria or saline injected rats. These results indicate that
cerium oxide nanoparticles synthesized according to our
procedure[12,69], are not toxic to the rat retina as evaluated
by morphology and function up to 12 mo post injection.

REFERENCES
1

2

Bio-distribution
We determined nanoceria distribution and clearance
in the eye using inductively coupled plasma mass
spectrometry[12,69]. We observed the highest concentration
of cerium oxide nanoparticles in retinal portion of the
eye. A small amount of cerium oxide nanoparticles 1
h post injection were detected in the lens and the rest
of the eye cup. We determined that approximately 70%
of injected cerium oxide nanoparticles were retained
in the rat retina more than 120 d and the elimination
half-life is calculated to be 414 d. Only trace amounts
of cerium oxide nanoparticles were detected in the
liver and kidney from 120 d injected rats. These results
strongly suggest that cerium oxide nanoparticles are
rapidly and preferentially taken up by retinal cells and the
rate of elimination is very slow. It is not yet known the
mechanism of uptake of nanoceria in retinal cells. Three
possible endocytosis pathways may be involved in uptake
of nanoparticles into cells, including caveolae-, clathrin-

WJO|www.wjgnet.com

3

4
5
6
7
8
9

27

Athanasiou D, Aguilà M, Bevilacqua D, Novoselov SS,
Parfitt DA, Cheetham ME. The cell stress machinery and
retinal degeneration. FEBS Lett 2013; 587: 2008-2017 [PMID:
23684651 DOI: 10.1016/j.febslet.2013.05.020]
Payne AJ, Kaja S, Naumchuk Y, Kunjukunju N, Koulen P.
Antioxidant drug therapy approaches for neuroprotection in
chronic diseases of the retina. Int J Mol Sci 2014; 15: 1865-1886
[PMID: 24473138 DOI: 10.3390/ijms15021865]
Wilkinson-Berka JL, Rana I, Armani R, Agrotis A. Reactive
oxygen species, Nox and angiotensin II in angiogenesis:
implications for retinopathy. Clin Sci (Lond) 2013; 124:
597-615 [PMID: 23379642 DOI: 10.1042/CS20120212]
Jarrett SG, Boulton ME. Consequences of oxidative stress in
age-related macular degeneration. Mol Aspects Med 2012; 33:
399-417 [PMID: 22510306 DOI: 10.1016/j.mam.2012.03.009]
Sies H. Oxidative stress, Introductory remarks. in: Oxidative
Stress. Sies H, ed. London: Academic Press, 1985
Celardo I, Pedersen JZ, Traversa E, Ghibelli L. Pharmacological
potential of cerium oxide nanoparticles. Nanoscale 2011; 3:
1411-1420 [PMID: 21369578 DOI: 10.1039/c0nr00875c]
Xu C, Qu X. Cerium oxide nanoparticles: a remarkably
versatile rare earth nanomaterials for biological applications.
NPG Asia Materials 2014; 6: e90 [DOI: 10.1038/am.2013.88]
Jasinski P, Suzuki T, Anderson HU. Nanocrystalline
undoped ceria oxygen sensor. Sens Actuators B Chem 2003; 95:
73-77 [DOI: 10.1016/S0925-4005(03)00407-6]
Izu N, Shin M, Matsubara I, Murayama N. Development
of resistive oxygen sensors based on cerium oxide thick
film. J Electroceram 2004; 13: 703-706 [DOI: 10.1007/
s10832-004-5179-7]

February 12, 2015|Volume 5|Issue 1|

Kyosseva SV et al . Cerium oxide nanoparticles
10

11

12

13

14

15

16

17
18

19

20

21

22

23

24

Robinson RD, Spanier JE, Zhang F, Chan SW, Herman IP.
Visible thermal emission from sub-band gap laser excited
cerium dioxide particles. J Appl Phys 2002; 92: 1936-1941 [DOI:
10.1063/1.1494130]
Dutta P, Pal S, Seehra MS, Shi Y, Eyring EM, Ernst RD.
Concentration of Ce3 and oxygen vacancies in cerium oxide
nanoparticles. Chem Mater 2006; 18: 5144–5146 [DOI: 10.1021/
cm061580n]
Karakoti AS, Monteiro-Riviere NA, Aggarwal R, Davis
JP, Narayan RJ, Self WT, McGinnis J, Seal S. Nanoceria as
Antioxidant: Synthesis and Biomedical Applications. JOM
(1989) 2008; 60: 33-37 [PMID: 20617106]
Das M, Patil S, Bhargava N, Kang JF, Riedel LM, Seal
S, Hickman JJ. Auto-catalytic ceria nanoparticles offer
neuroprotection to adult rat spinal cord neurons. Biomaterials
2007; 28: 1918-1925 [PMID: 17222903]
Estevez AY, Pritchard S, Harper K, Aston JW, Lynch A,
Lucky JJ, Ludington JS, Chatani P, Mosenthal WP, Leiter JC,
Andreescu S, Erlichman JS. Neuroprotective mechanisms
of cerium oxide nanoparticles in a mouse hippocampal
brain slice model of ischemia. Free Radic Biol Med 2011; 51:
1155-1163 [PMID: 21704154]
Tarnuzzer RW, Colon J, Patil S, Seal S. Vacancy engineered
ceria nanostructures for protection from radiation-induced
cellular damage. Nano Lett 2005; 5: 2573-2577 [PMID:
16351218]
Niu J, Azfer A, Rogers LM, Wang X, Kolattukudy PE.
Cardioprotective effects of cerium oxide nanoparticles in a
transgenic murine model of cardiomyopathy. Cardiovasc Res
2007; 73: 549-559 [PMID: 17207782]
Hirst SM, Karakoti AS, Tyler RD, Sriranganathan N, Seal S,
Reilly CM. Anti-inflammatory properties of cerium oxide
nanoparticles. Small 2009; 5: 2848-2856 [PMID: 19802857]
Alili L, Sack M, Karakoti AS, Teuber S, Puschmann K, Hirst
SM, Reilly CM, Zanger K, Stahl W, Das S, Seal S, Brenneisen
P. Combined cytotoxic and anti-invasive properties of redoxactive nanoparticles in tumor-stroma interactions. Biomaterials
2011; 32: 2918-2929 [PMID: 21269688 DOI: 10.1016/j.biomater
ials.2010.12.056]
Horie M, Nishio K, Kato H, Fujita K, Endoh S, Nakamura
A, Miyauchi A, Kinugasa S, Yamamoto K, Niki E, Yoshida
Y, Hagihara Y, Iwahashi H. Cellular responses induced by
cerium oxide nanoparticles: induction of intracellular calcium
level and oxidative stress on culture cells. J Biochem 2011; 150:
461-471 [PMID: 21693544 DOI: 10.1093/jb/mvr081]
Cheng G, Guo W, Han L, Chen E, Kong L, Wang L, Ai
W, Song N, Li H, Chen H. Cerium oxide nanoparticles
induce cytotoxicity in human hepatoma SMMC-7721 cells
via oxidative stress and the activation of MAPK signaling
pathways. Toxicol In Vitro 2013; 27: 1082-1088 [PMID:
23416263 DOI: 10.1016/j.tiv.2013.02.005]
Alili L, Sack M, von Montfort C, Giri S, Das S, Carroll KS,
Zanger K, Seal S, Brenneisen P. Downregulation of tumor
growth and invasion by redox-active nanoparticles. Antioxid
Redox Signal 2013; 19: 765-778 [PMID: 23198807 DOI: 10.1089/
ars.2012.4831]
Kumari M, Singh SP, Chinde S, Rahman MF, Mahboob
M, Grover P. Toxicity study of cerium oxide nanoparticles
in human neuroblastoma cells. Int J Toxicol 2014; 33: 86-97
[PMID: 24510415 DOI: 10.1177/1091581814522305]
Sack M, Alili L, Karaman E, Das S, Gupta A, Seal S, Brenneisen
P. Combination of conventional chemotherapeutics with redoxactive cerium oxide nanoparticles--a novel aspect in cancer
therapy. Mol Cancer Ther 2014; 13: 1740-1749 [PMID: 24825856
DOI: 10.1158/1535-7163.MCT-13-0950]
Giri S, Karakoti A, Graham RP, Maguire JL, Reilly CM, Seal S,
Rattan R, Shridhar V. Nanoceria: a rare-earth nanoparticle as
a novel anti-angiogenic therapeutic agent in ovarian cancer.
PLoS One 2013; 8: e54578 [PMID: 23382918 DOI: 10.1371/
journal.pone.0054578]

WJO|www.wjgnet.com

25
26
27

28
29

30

31

32

33
34
35
36

37

38

39
40
41
42

43

28

Celardo I, Traversa E, Ghibelli L. Cerium oxide nanoparticles:
a promise for applications in therapy. J Exp Ther Oncol 2011; 9:
47-51 [PMID: 21275265]
Wason MS, Zhao J. Cerium oxide nanoparticles: potential
applications for cancer and other diseases. Am J Transl Res
2013; 5: 126-131 [PMID: 23573358]
Das S, Dowding JM, Klump KE, McGinnis JF, Self W, Seal S.
Cerium oxide nanoparticles: applications and prospects in
nanomedicine. Nanomedicine (Lond) 2013; 8: 1483-1508 [PMID:
23987111 DOI: 10.2217/nnm.13.133]
Chen J, Patil S, Seal S, McGinnis JF. Rare earth nanoparticles
prevent retinal degeneration induced by intracellular
peroxides. Nat Nanotechnol 2006; 1: 142-150 [PMID: 18654167]
Kong L, Cai X, Zhou X, Wong LL, Karakoti AS, Seal S,
McGinnis JF. Nanoceria extend photoreceptor cell lifespan in
tubby mice by modulation of apoptosis/survival signaling
pathways. Neurobiol Dis 2011; 42: 514-523 [PMID: 21396448
DOI: 10.1016/j.nbd.2011.03.004]
Zhou X, Wong LL, Karakoti AS, Seal S, McGinnis JF. Nanoceria
inhibit the development and promote the regression of
pathologic retinal neovascularization in the Vldlr knockout
mouse. PLoS One 2011; 6: e16733 [PMID: 21364932 DOI:
10.1371/journal.pone.0016733]
Kyosseva SV, Chen L, Seal S, McGinnis JF. Nanoceria inhibit
expression of genes associated with inflammation and
angiogenesis in the retina of Vldlr null mice. Exp Eye Res 2013;
116: 63-74 [PMID: 23978600 DOI: 10.1016/j.exer.2013.08.003]
Cai X, Seal S, McGinnis JF. Sustained inhibition of
neovascularization in vldlr-/- mice following intravitreal
injection of cerium oxide nanoparticles and the role of the
ASK1-P38/JNK-NF-κB pathway. Biomaterials 2014; 35:
249-258 [PMID: 24140045 DOI: 10.1016/j.biomaterials.2013.10
.022]
Finkel T. Signal transduction by reactive oxygen species.
J Cell Biol 2011; 194: 7-15 [PMID: 21746850 DOI: 10.1083/
jcb.201102095]
Csányi G, Miller FJ. Oxidative stress in cardiovascular
disease. Int J Mol Sci 2014; 15: 6002-6008 [PMID: 24722571
DOI: 10.3390/ijms15046002]
Zhao Y, Zhao B. Oxidative stress and the pathogenesis of
Alzheimer’s disease. Oxid Med Cell Longev 2013; 2013: 316523
[PMID: 23983897 DOI: 10.1155/2013/316523]
Zuo L, Motherwell MS. The impact of reactive oxygen
species and genetic mitochondrial mutations in Parkinson’s
disease. Gene 2013; 532: 18-23 [PMID: 23954870 DOI: 10.1016/
j.gene.2013.07.085]
Gil-Mohapel J, Brocardo PS, Christie BR. The role of
oxidative stress in Huntington’s disease: are antioxidants
good therapeutic candidates? Curr Drug Targets 2014; 15:
454-468 [PMID: 24428525]
Costa A, Scholer-Dahirel A, Mechta-Grigoriou F. The role of
reactive oxygen species and metabolism on cancer cells and
their microenvironment. Semin Cancer Biol 2014; 25: 23-32
[PMID: 24406211 DOI: 10.1016/j.semcancer.2013.12.007]
O h i a S E, O p e r e C A , L e d a y A M . P h a r m a c o logical
consequences of oxidative stress in ocular tissues. Mutat Res
2005; 579: 22-36 [PMID: 16055157]
Williams DL. Oxidative stress and the eye. Vet Clin North Am
Small Anim Pract 2008; 38: 179-192, vii [PMID: 18249249 DOI:
10.1016/j.cvsm.2007.10.006]
Pieczenik SR, Neustadt J. Mitochondrial dysfunction and
molecular pathways of disease. Exp Mol Pathol 2007; 83: 84-92
[PMID: 17239370]
Madsen-Bouterse SA, Kowluru RA. Oxidative stress and
diabetic retinopathy: pathophysiological mechanisms and
treatment perspectives. Rev Endocr Metab Disord 2008; 9:
315-327 [PMID: 18654858]
Kaarniranta K, Salminen A, Eskelinen EL, Kopitz J. Heat
shock proteins as gatekeepers of proteolytic pathwaysImplications for age-related macular degeneration (AMD).

February 12, 2015|Volume 5|Issue 1|

Kyosseva SV et al . Cerium oxide nanoparticles

44

45
46

47

48

49

50
51
52

53
54

55

56
57
58

59
60

61

Ageing Res Rev 2009; 8: 128-139 [PMID: 19274853]
Wang AL, Lukas TJ, Yuan M, Du N, Tso MO, Neufeld
AH. Autophagy and exosomes in the aged retinal pigment
epithelium: possible relevance to drusen formation and agerelated macular degeneration. PLoS One 2009; 4: e4160 [PMID:
19129916 DOI: 10.1371/journal.pone.0004160]
Arden GB, Sivaprasad S. Hypoxia and oxidative stress in the
causation of diabetic retinopathy. Curr Diabetes Rev 2011; 7:
291-304 [PMID: 21916837]
McElnea EM, Quill B, Docherty NG, Irnaten M, Siah
WF, Clark AF, O’Brien CJ, Wallace DM. Oxidative stress,
mitochondrial dysfunction and calcium overload in human
lamina cribrosa cells from glaucoma donors. Mol Vis 2011; 17:
1182-1191 [PMID: 21617752]
Engin KN, Yemişci B, Yiğit U, Ağaçhan A, Coşkun C.
Variability of serum oxidative stress biomarkers relative
to biochemical data and clinical parameters of glaucoma
patients. Mol Vis 2010; 16: 1260-1271 [PMID: 20664701]
Gehrs KM, Anderson DH, Johnson LV, Hageman GS. Agerelated macular degeneration--emerging pathogenetic and
therapeutic concepts. Ann Med 2006; 38: 450-471 [PMID:
17101537]
Parmeggiani F, Sorrentino FS, Romano MR, Costagliola
C, Semeraro F, Incorvaia C, D’Angelo S, Perri P, De
Nadai K, Bonomo Roversi E, Franceschelli P, Sebastiani
A, Rubini M. Mechanism of inflammation in age-related
macular degeneration: an up-to-date on genetic landmarks.
Mediators Inflamm 2013; 2013: 435607 [PMID: 24369445 DOI:
10.1155/2013/435607]
Barakat MR, Kaiser PK. VEGF inhibitors for the treatment of
neovascular age-related macular degeneration. Expert Opin
Investig Drugs 2009; 18: 637-646 [PMID: 19388880]
Hubschman JP, Reddy S, Schwartz SD. Age-related macular
degeneration: current treatments. Clin Ophthalmol 2009; 3:
155-166 [PMID: 19668560]
Campa C, Costagliola C, Incorvaia C, Sheridan C, Semeraro
F, De Nadai K, Sebastiani A, Parmeggiani F. Inflam-matory
mediators and angiogenic factors in choroidal neovascularization: pathogenetic interactions and therapeutic implications.
Mediators Inflamm 2010; pii: 546826 [PMID: 20871825]
Agte V, Tarwadi K. The importance of nutrition in the
prevention of ocular disease with special reference to cataract.
Ophthalmic Res 2010; 44: 166-172 [PMID: 20829640]
Veltel S, Gasper R, Eisenacher E, Wittinghofer A. The
retinitis pigmentosa 2 gene product is a GTPase-activating
protein for Arf-like 3. Nat Struct Mol Biol 2008; 15: 373-380
[PMID: 18376416]
Ferrari S, Di Iorio E, Barbaro V, Ponzin D, Sorrentino FS,
Parmeggiani F. Retinitis pigmentosa: genes and disease
mechanisms. Curr Genomics 2011; 12: 238-249 [PMID:
22131869 DOI: 10.2174/138920211795860107]
Petit C. Usher syndrome: from genetics to pathogenesis.
Annu Rev Genomics Hum Genet 2001; 2: 271-297 [PMID:
11701652]
Komeima K, Rogers BS, Lu L, Campochiaro PA. Antioxidants
reduce cone cell death in a model of retinitis pigmentosa. Proc
Natl Acad Sci USA 2006; 103: 11300-11305 [PMID: 16849425]
Shen J, Yang X, Dong A, Petters RM, Peng YW, Wong F,
Campochiaro PA. Oxidative damage is a potential cause of
cone cell death in retinitis pigmentosa. J Cell Physiol 2005; 203:
457-464 [PMID: 15744744]
Yu DY, Cringle SJ. Retinal degeneration and local oxygen
metabolism. Exp Eye Res 2005; 80: 745-751 [PMID: 15939030]
Martínez-Fernández de la Cámara C, Salom D, Sequedo
MD, Hervás D, Marín-Lambíes C, Aller E, Jaijo T, DíazLlopis M, Millán JM, Rodrigo R. Altered antioxidant-oxidant
status in the aqueous humor and peripheral blood of patients
with retinitis pigmentosa. PLoS One 2013; 8: e74223 [PMID:
24069283 DOI: 10.1371/journal.pone.0074223]
Jacobson SG, Cideciyan AV. Treatment possibilities for

WJO|www.wjgnet.com

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

29

retinitis pigmentosa. N Engl J Med 2010; 363: 1669-1671 [PMID:
20961252 DOI: 10.1056/NEJMcibr1007685]
Patil S, Seal S, Guo Y, Schulte A, Norwood J. Role of trivalent
La and Nd dopants in lattice distortion and oxygen vacancy
generation in cerium oxide nanoparticles. Appl Phys Lett 2006;
88: 243110: 1-3 [DOI: 10.1063/1.2210795]
Asati A, Santra S, Kaittanis C, Nath S, Perez JM. Oxidase-like
activity of polymer-coated cerium oxide nanoparticles. Angew
Chem Int Ed Engl 2009; 48: 2308-2312 [PMID: 19130532 DOI:
10.1002/anie.200805279]
Korsvik C, Patil S, Seal S, Self WT. Superoxide dismutase
mimetic properties exhibited by vacancy engineered ceria
nanoparticles. Chem Commun (Camb) 2007; (10): 1056-1058
[PMID: 17325804]
Pirmohamed T, Dowding JM, Singh S, Wasserman B,
Heckert E, Karakoti AS, King JE, Seal S, Self WT. Nanoceria
exhibit redox state-dependent catalase mimetic activity. Chem
Commun (Camb) 2010; 46: 2736-2738 [PMID: 20369166 DOI:
10.1039/b922024k]
Stark WJ, Mädler L, Maciejewski M, Pratsinis SE, Baiker A.
Flame synthesis of nanocrystalline ceria-zirconia: effect of
carrier liquid. Chem Commun (Camb) 2003; (5): 588-589 [PMID:
12669838]
Spanier JE, Robinson RD, Zheng F, Chan S-W, Herman IP.
004. Size-dependent properties of CeO2-y nanoparticles as
studied by Raman scattering. Phys Rev B 2001; 64: 245407
[DOI: 10.1103/PhysRevB.64.245407]
Lee SS, Song W, Cho M, Puppala HL, Nguyen P, Zhu H,
Segatori L, Colvin VL. Antioxidant properties of cerium
oxide nanocrystals as a function of nanocrystal diameter
and surface coating. ACS Nano 2013; 7: 9693-9703 [PMID:
24079896 DOI: 10.1021/nn4026806]
Wong LL, Hirst SM, Pye QN, Reilly CM, Seal S, McGinnis
JF. Catalytic nanoceria are preferentially retained in the rat
retina and are not cytotoxic after intravitreal injection. PLoS
One 2013; 8: e58431 [PMID: 23536794 DOI: 10.1371/journal.
pone.0058431]
Masui T, Ozaki T, Machida K, Adachi G. Preparation
of ceria–zirconia sub-catalysts for automotive exhaust
cleaning. J Alloys Compd 2000; 303-304: 49-55 [DOI: 10.1016/
S0925-8388(00)00603-4]
Frykman PK, Brown MS, Yamamoto T, Goldstein JL, Herz
J. Normal plasma lipoproteins and fertility in gene-targeted
mice homozygous for a disruption in the gene encoding very
low density lipoprotein receptor. Proc Natl Acad Sci USA
1995; 92: 8453-8457 [PMID: 7667310]
Li C, Huang Z, Kingsley R, Zhou X, Li F, Parke DW, Cao W.
Biochemical alterations in the retinas of very low-density
lipoprotein receptor knockout mice: an animal model of
retinal angiomatous proliferation. Arch Ophthalmol 2007; 125:
795-803 [PMID: 17562991]
Hu W, Jiang A, Liang J, Meng H, Chang B, Gao H, Qiao X.
Expression of VLDLR in the retina and evolution of subretinal
neovascularization in the knockout mouse model’s retinal
angiomatous proliferation. Invest Ophthalmol Vis Sci 2008; 49:
407-415 [PMID: 18172119]
Dorrell MI, Aguilar E, Jacobson R, Yanes O, Gariano R,
Heckenlively J, Banin E, Ramirez GA, Gasmi M, Bird A,
Siuzdak G, Friedlander M. Antioxidant or neurotrophic
factor treatment preserves function in a mouse model of
neovascularization-associated oxidative stress. J Clin Invest
2009; 119: 611-623 [PMID: 19188685]
Son Y, Kim S, Chung HT, Pae HO. Reactive oxygen species
in the activation of MAP kinases. Methods Enzymol 2013;
528: 27-48 [PMID: 23849857 DOI: 10.1016/B978-0-12-4058811X.00002-1]
Navarro-Yepes J, Burns M, Anandhan A, Khalimonchuk O,
del Razo LM, Quintanilla-Vega B, Pappa A, Panayiotidis MI,
Franco R. Oxidative stress, redox signaling, and autophagy:
cell death versus survival. Antioxid Redox Signal 2014; 21:

February 12, 2015|Volume 5|Issue 1|

Kyosseva SV et al . Cerium oxide nanoparticles

77

78
79

80

81

66-85 [PMID: 24483238]
Ohlemiller KK, Hughes RM, Mosinger-Ogilvie J, Speck JD,
Grosof DH, Silverman MS. Cochlear and retinal degeneration
in the tubby mouse. Neuroreport 1995; 6: 845-849 [PMID:
7612867]
Telander DG. Inflammation and age-related macular
degeneration (AMD). Semin Ophthalmol 2011; 26: 192-197
[PMID: 21609232]
Chen Y, Hu Y, Moiseyev G, Zhou KK, Chen D, Ma JX.
Photoreceptor degeneration and retinal inflammation
induced by very low-density lipoprotein receptor deficiency.
Microvasc Res 2009; 78: 119-127 [PMID: 19281829]
Ikeda S, He W, Ikeda A, Naggert JK, North MA, Nishina PM.
Cell-specific expression of tubby gene family members (tub,
Tulp1,2, and 3) in the retina. Invest Ophthalmol Vis Sci 1999;
40: 2706-2712 [PMID: 10509669]
Hirst SM, Karakoti A, Singh S, Self W, Tyler R, Seal S, Reilly
CM. Bio-distribution and in vivo antioxidant effects of cerium

82

83

84

85

oxide nanoparticles in mice. Environ Toxicol 2013; 28: 107-118
[PMID: 21618676 DOI: 10.1002/tox.20704]
Srinivas A, Rao PJ, Selvam G, Murthy PB, Reddy PN. Acute
inhalation toxicity of cerium oxide nanoparticles in rats.
Toxicol Lett 2011; 205: 105-115 [PMID: 21624445 DOI: 10.1016/
j.toxlet.2011.05.1027]
Aalapati S, Ganapathy S, Manapuram S, Anumolu G, Prakya
BM. Toxicity and bio-accumulation of inhaled cerium oxide
nanoparticles in CD1 mice. Nanotoxicology 2014; 8: 786-798
[PMID: 23914771 DOI: 10.3109/17435390.2013.829877]
Singh S, Kumar A, Karakoti A, Seal S, Self WT. Unveiling the
mechanism of uptake and sub-cellular distribution of cerium
oxide nanoparticles. Mol Biosyst 2010; 6: 1813-1820 [PMID:
20697616 DOI: 10.1039/c0mb00014k]
Chen S, Hou Y, Cheng G, Zhang C, Wang S, Zhang J. Cerium
oxide nanoparticles protect endothelial cells from apoptosis
induced by oxidative stress. Biol Trace Elem Res 2013; 154:
156-166 [PMID: 23740524 DOI: 10.1007/s12011-013-9678-8]
P- Reviewer: Brenneisen P, Machida S S- Editor: Ji FF
L- Editor: A E- Editor: Wu HL

WJO|www.wjgnet.com

30

February 12, 2015|Volume 5|Issue 1|

Published by Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA
Telephone: +1-925-223-8242
Fax: +1-925-223-8243
E-mail: bpgoffice@wjgnet.com
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx
http://www.wjgnet.com

© 2015 Baishideng Publishing Group Inc. All rights reserved.

