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Abstract
Objective—Cerium oxide (CeO2) nanoparticles have been shown to protect cells in culture from
lethal stress. Cardiac-specific expression of monocyte chemoattractant protein (MCP)-1 in mice
causes ischemic cardiomyopathy associated with activation of endoplasmic reticulum (ER) stress.
The aim of this study was to assess the effects of CeO2 nanoparticles on cardiac function and
remodeling as well as ER stress response in this murine model of cardiomyopathy.

Methods—MCP-1 transgenic mice (MCP mice) and wild-type controls were administered
intravenously 15 nmoles of CeO2 nanoparticles or vehicle only twice a week for two weeks. Cardiac
function, myocardial histology, nitrotyrosine formation, expression of cytokines, and ER stress-
associated genes were evaluated.

Results—Treatment with CeO2 nanoparticles markedly inhibited progressive left ventricular
dysfunction and dilatation in MCP mice and caused a significant decrease in serum levels of MCP-1,
C-reactive protein, and total nitrated proteins. The infiltration of monocytes/macrophages,
accumulation of 3-nitrotyrosine, apoptotic cell death, and expression of proinflammatory cytokines,
tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 in the myocardium were markedly
inhibited by CeO2 nanoparticles. Expression of the key ER stress-associated genes, including
glucose-regulated protein 78 (Grp78), protein disulfide isomerase (PDI), and heat shock proteins
(HSP25, HSP40, HSP70), were also suppressed by CeO2 nanoparticles.

Conclusions—CeO2 nanoparticles protect against the progression of cardiac dysfunction and
remodeling by attenuation of myocardial oxidative stress, ER stress, and inflammatory processes
probably through their autoregenerative antioxidant properties.
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1. Introduction
Over the recent years, inflammation and oxidative stress have been widely implicated in the
pathogenesis of ischemic heart disease [1–3]. An increase in levels of many pro-inflammatory
cytokines, such as tumor necrosis factor-α, interleukin (IL)-1, IL-6, monocyte chemoattractant
protein-1 (MCP-1), and oxidative stress that results from an increased generation of reactive
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oxygen species or from a reduction of antioxidants are thought to contribute to the initiation
and progression of cardiac dysfunction and remodeling of the extracellular matrix in the heart
[2–5]. Recently, endoplasmic reticulum (ER) dysfunction/stress which in turn evokes the
unfolded protein responses, such as induction of molecular chaperones in the ER, translational
attenuation, and ER-associated protein degradation [6,7], has been also reported to be
associated with a range of diseases, including neurodegeneration [8,9], diabetes mellitus [9,
10], hepatic disease [11,12], and heart disease [13–18]. It can be activated by various stresses
such as oxidative stress, hypoxia, and ischemia [19,20], and lead to initiate of systemic
inflammatory response and pathological cell death and dysfunction [9,21]. We recently
reported that transgenic mice with cardiac-specific expression of MCP-1 display a well-defined
syndrome of ischemic cardiomyopathy as evidenced by myocardial inflammation (monocyte/
macrophage infiltration and production of proinflammatory cytokines), thrombolic
vasculopathy, cardiac remodeling (left ventricular chamber dilatation, interstitial fibrosis, and
cardiac myocyte degeneration), ventricular dysfunction and mortality with heart failure by
about 6 months of age [22–25]. Microarray analysis of gene expression profile changes during
the development of heart failure in this mouse model revealed transcriptional activation of a
set of ER stress-associated genes in the myocardium [13]. Quantitative real-time polymerase
chain reaction (PCR) validated the upregulation of several of ER stress-associated genes. The
expressions of the key ER stress proteins glucose-regulated protein 78 (Grp78 also known as
Bip) and protein disulfide isomerase (PDI) as well as 25-kDa-, and 40-kDa heat shock proteins
(HSP25, HSP40) were also found to be induced in the hearts, suggesting activation of ER stress
in the development of heart disease in this model [13].

Cerium oxide, CeO2 nanoparticles are widely used in various applications such as oxygen
sensors [26,27] and automotive catalytic converters [28]. The best-known mechanism
underlying the action of these nanoparticles is generally thought to be their dual oxidation state
[29–30]. The loss of oxygen and the reduction of Ce4+ to Ce3+ are accompanied by creation
of an oxygen vacancy. Recently, this group of nanoparticles has been used to modulate
oxidative stress in biological system as a free radical scavenger [30]. For example, studies have
demonstrated that CeO2 nanoparticles are able to rescue HT22 cells from oxidative stress-
induced cell death [31], and protect normal human breast cells from radiation-induced
apoptotic cell death [32]. However, no research has addressed the effects of this group of
nanoparticles on any stress induced diseases in vivo. Here, we report that intravenously
administration of CeO2 nanoparticles attenuates myocardial oxidative and/or ER stress and
inflammatory processes and thereby inhibits the progression of left ventricular dysfunction and
remodeling in this murine model of heart failure.

2. Materials and methods
2.1. Animals

Transgenic mice with cardiac-specific expression of MCP-1 were produced from the FVB/N
strain and were bred, and maintained at the transgenic animal facility of the University of
Central Florida. Detailed descriptions for the development and characterization of these
transgenic mice line were reported previously [22]. The age-matched FVB/N strain mice
purchased from Harlan Laboratories (Indianapolis, Indiana) were used as wild-type controls.
Male mice were used for all experiments. The experimental procedures in mice and protocols
used in this study were approved by Animal Care and Use Committee of the University of
Central Florida, conforming with the Guide for the care and use of laboratory animals
published by the US National Institutes of Health (NIH Publication No. 85–23, revised 1996).
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2.2. Cerium oxide nanoparticles
A desired amount of NanoActive™ cerium oxide nanoparticles (NanoScale materials, Inc,
USA) average particles size 7 nm in diameters were added in phosphate-buffered saline (PBS)
solution. PBS was degassed in argon gas prior to use. CeO2 was mixed, vortexed and sonicated
using Branson Sonifier 450 (Danbury, CT) for 2 minutes. The CeO2-PBS solution was sterile
filtered through a 0.2 μm syringe filter.

2.3. Study protocol
The MCP-1 transgenic mice (referred to MCP mice) and wild-type FVB/N mice (referred to
WT mice), 5-week-old, body weight of 20–25g, were divided into four experimental groups
as follows: (a) MCP + vehicle group (n=6): MCP mice received 100 μl of PBS intravenously
via tail vein twice a week for 2 weeks starting at 5 weeks of age. (b) MCP + CeO2 group (n=6):
MCP mice received 100 μl of 0.15mM CeO2 nanoparticles intravenously via tail vein twice a
week for two weeks starting at 5 weeks of age. (c) WT + vehicle group (n=6): FVB/N mice
received 100 μl of PBS intravenously via tail vein twice a week for 2 weeks starting at 5 weeks
of age. (d) WT + CeO2 group (n=6): FVB/N mice received 100 μl of 0.15mM CeO2
nanoparticles intravenously via tail vein twice a week for two weeks starting at 5 weeks of age.
The timing of the CeO2 nanoparticles treatment was based on our previous studies that showing
ER stress-associated genes were induced significantly in the early stage of disease in this model
[13], and the dosage of the CeO2 nanoparticles was based on our preliminary experiments that
showing there was no dose-dependent effects observed in CeO2 nanoparticles treatment, and
some animals died at early stage after treatment with the highest concentrations of CeO2
nanoparticles.

The animals were sacrificed at 6 months of age. The histological and biochemical parameters
and mRNA levels of ER stress-associated genes and proinflammatory cytokines in the hearts
were evaluated.

2.4. Assessment of cardiac function and structure
To evaluate the effect of CeO2 nanoparticles treatment on the progression of cardiac
remodeling and ventricular dysfunction in MCP mice, LV dimensions and left ventricular
fractional shortening were measured by noninvasive transthoracic echocardiography with 15-
MHz high frequency transducer (Agilent Technologies SONOS 4500, Philips Medical System,
Germany) at the beginning of the treatment and at 4, 5, and 6 months of age. Mice were lightly
anesthetized via a nose cone and maintained with 0.5~2.0% isoflurane (AErrane, Baxter, USA)
mixed with oxygen. Normothermia was maintained with a heating pad. A two-dimensional
short-axis view of the left ventricle was obtained at the level of the papillary muscles, and two-
dimensionally targeted M-mode tracings were recorded at a sweep speed of 100 mm/s.
Parameters were determined using the American Society for echocardiography leading-edge
technique. The percentage of left ventricular fractional shortening (FS) was calculated as: FS
(%) = [(LVEDD-LVESD)/LVEDD]× 100, where LVEDD and LVESD indicate left ventricular
end-diastolic and end-systolic dimension, respectively. Data from three to five consecutive
selected -cardiac cycles were analyzed and averaged.

2.5. Histology, immunohistochemistry and TUNEL assay
At 6 months of age, following functional analyses, all animals were sacrificed and the hearts
were removed, weighed, and fixed by immersion in 10% phosphate-buffered formaldehyde or
snap-frozen in liquid nitrogen for RNA/protein analysis. The hearts fixed in 10% phosphate-
buffered formaldehyde were routinely processed and paraffin embedded. Sections (5 μm) were
stained with hematoxylin and eosin (H.E), and Masson’s trichrome using standard protocols
for histopathological analysis.
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Immunohistochemistry was performed in sections to determine cellular infiltration, expression
of 3-nitrotyrosine (a biomarker of peroxynitrite formation and indicator for oxidative stress),
and proinflammatory cytokines in site. Briefly, after deparaffinization and rehydration,
sections (5 μm) were pretreated with 3% H2O2/methanol solution to quench endogenous
peroxidase activity, and incubated with blocking buffer (PerkinElmer, Boston, MA) to block
non-specific binding. Sections were then incubated with anti-mouse monocyte/macrophage
(MAB1852, Chemicon), anti-3-nitrotyrosine (3-NT, Upstate Biotechnology), anti-interleukin
(IL)-1β, anti-IL-6, and anti-tumor necrosis factor (TNF)-α antibodies (Santa Cruz
Biotechnology, CA) overnight at 4°C, followed by reaction with TSA™ fluorescence systems
(PerkinElmer, Boston, MA) or diaminobenzing visualizing system. Primary antibody omission
incubation with blocking solution was performed as controls. On control sections, no specific
immunoreactivity was detected. Photomicrographs were obtained at 400 × magnification.
Monocyte/macrophage infiltration was quantified in five randomly selected fields of view for
each animal and five animals were studied per group. Expression of 3-nitrotyrosine was
quantified from 5 sections per animal, and the positive area of staining were measured and
expressed as the percentage of total LV area by using the Metamorph Series 6.2 image analysis
program (University Imaging, West Chester, PA).

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end-labeling (TUNEL)
staining was performed in sections with an in site cell death detection kit, TMR red (Roche,
Indianapolis, USA) according to the manufacture’s instructions. In this procedure, nuclei
undergoing apoptosis were labeled with red fluorescence. The number of TUNEL-positive
cells was manually counted in five randomly selected fields of view under 400× magnification
for each animal and five animals were studied per group.

2.6. Reverse transcriptase-polymerase chain reaction (RT-PCR) for proinflammatory
cytokines

Total RNA was isolated from frozen cardiac tissues obtained from MCP mice and age-matched
WT controls using TRIzol reagent (Invitrogen, Carlsbad, CA). Total RNA (1 μg) was reverse
transcribed to cDNA using the SuperScript First-Strand Synthesis System (BioRad-IScript,
USA) in 40 μl reverse transcription reaction mix (42 °C/30 min). The reaction was stopped by
heat inactivation (85 °C/5 min) and the mixture was chilled on ice. Subsequently 1 μl of the
resulting cDNA was amplified with the following primers for detecting TNF-α, IL-1β, and
IL-6 genes. Primer pairs used were as follows: TNF-α: forward 5′-
ACTCAACAAACTGCCCTTCTGAG-3′, reverse 5′-
TTACAGCTGGTTTCGATCCATTT-3′; IL-1β: forward 5′-
TGTGGCTGTGGAGAAGCTGT-3′, reverse 5′-CAGCTCATATGGGTCCGAGA-3′; IL-6:
forward 5′-CACGGCCTTCCCTACTTCAC-3′, reverse 5′-
TGCAAGTGCATCATCGTTGT-3′. Similarly, β-actin primers: forward 5′-
AAATCGTGCGTGACATCAAAG-3′, reverse 5′-TGTAGTTTCATGGATGCCACAG-3′
were used in PCR reactions under the same conditions which included an initial denaturation
(94 °C/5 min), followed by a cycle of denaturation (94 °C/30 sec), annealing (60 °C/30 sec),
and extension (72 °C/30 sec). Each sample was subjected to 35 cycles followed by a final
extension (72 °C/10 min). PCR products were separated and visualized on 1.5% agarose
ethidium bromide stained gel. Band intensity was assessed using imaging software
(Alphaimager 2200), normalized to β-actin expression in each sample. The relative gene
expressions expressed as the ratio of β-actin expression.

2.7. Real-time PCR assay for ER stress-associated genes
Total RNA samples used in RT-PCR analysis were also used for quantitative real-time PCR.
cDNA was synthesized from one nonogram of RNA using the SuperScript First-Strand
Synthesis System (BioRad-IScript, USA). A total of three samples were run for each
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experimental group and all PCR sample were in duplicate. Relative levels of mRNA transcripts
for ER stress-associated genes, Grp78, PDI, HSP25, HSP40 were quantified by real-time PCR
as we described previously [13]. Primer pairs used were as follows: Grp78 (accession number:
NM022310; size: 232bp), forward 5′-ACCTGGGTGGGGAAGACTTT-3′, reverse 5′-
TCTTCAAATTTGGCCCGAGT-3′; PDI (accession number: AW045202; size: 156bp),
forward 5′-AACGGGAGAAGCCATTGTA-3′, reverse 5′-
AGGTGTCATCCGTCAGCTCT-3′; HSP25 (accession number: NM013560; size: 276bp),
forward 5′-CCTCTTCGATCAAGCTTTCG-3′, reverse 5′-
GCCTTCCTTGGTCCTCACTG-3′; HSP40 (accession number: NM018808; size: 148bp),
forward 5′-CGGTTCCGAATCAAAGTTGT-3′, reverse 5′-
GGGAAATATGGACCTTGTG-3′; HSP70 (accession number: AJ002387; size: 157bp),
forward 5′-TGCAGCAGGACATCAAGTTC-3′, reverse 5′-
TACGCCTCAGCAGTCTCCTT-3′; β–actin, forward 5′-GAAACAGCTTCAGCCCAAA-3′,
reverse 5′-ACGTCAGGTGACTGCTGAA-3′.

2.8. Western blot analysis
Tissue samples from the LV were homogenized in a buffer containing 20 mM Tris-HCl, pH
6.8, 1 mM EDTA, 1% SDS, 1 mM PMSF, and 1× protease inhibitor cocktail (Roche,
Mannheim, Germany). Equal amounts of protein from each sample were separated with a 10%
or 12.5% SDS-PAGE as we described previously [13]. The separated proteins were transferred
onto polyvinylidene difluoride membranes (Immobilon-P, Millipore, MA), and the membranes
were blocked for 1hr with 5% milk, then incubated overnight at 4 °C with one of the following
antibodies: Grp78, diluted 1:5000; PDI, diluted 1:1000; HSP25, diluted 1:4000; HSP40, diluted
1:1000 (Stressgene Biotechnologies, Canada) and MCP-1, diluted 1:1000 (Santa Cruz
Biotechnology, CA). After being washed, the membrane was incubated with the corresponding
secondary antibody conjugated to horseradish peroxidase. Immunoreactive bands were
visualized with the SuperSignal West Pico enhanced chemiluminescence kit (Pierce, Rockford,
IL) according to the manufacture’s instructions. Protein loading was evaluated by the
glyceraldehydes-3-phosphate dehydrogenase (GAPDH) band visualized with a monoclonal
antibody (Novus Biological, Littleton, CO). Band intensities were quantified using a
densitometer equipped with a multi-analyst software program (Alpha innotech, San Leandro,
CA).

2.9. Circulating levels of CRP, MCP-1, and NOX
Whole blood was collected at sacrifice. The circulating levels of C-reactive protein (CRP) and
MCP-1 were determined with the commercially available ELISA kit (Kamiya Biomedical
Company, seattle, WA) according the manufacture’s recommendations. Circulating levels of
NOx, evaluated as total nitrated proteins (nitrite and nitrate), were measured by Griess reagent
kit (Invitrogen)

2.10. Statistical analysis
All values are presented as mean ± standard error. The results were analyzed by one-way
analysis of variance (ANOVA) followed by a Bonferroni post-test for multiple comparisons.
A p-value of less than 0.05 was considered significant.

3. Results
3.1. Effects of CeO2 nanoparticles on cardiac function

To evaluate the effects of CeO2 nanoparticles treatment on the progression of cardiac
dysfunction, LVEDD and FS were measured by echocardiography. All animals showed the
same echocardiographic parameters at the beginning of the experiment when they were 5 weeks
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of age. LVEDD, and FS were similar in WT, vehicle-treated MCP, and CeO2 –treated MCP
mice (Fig. 1, A, B). Serial echocardiographic examination revealed that as animal aged the
progressive LV dilatation and contractile impairment occurred in the vehicle-treated MCP mice
compared to wild-type controls, whereas these changes were attenuated by the treatment with
CeO2 nanoparticles (Fig. 1, A and B). LV end-diastolic diameter increased and LV fractional
shortening decreased in a time-dependent manner in the vehicle-treated MCP mice. CeO2
nanoparticles treatment significantly inhibited the progressive increase in LV end-diastolic
diameter and the decrease in LV fractional shortening. This observation was also reflected by
the decreased heart/body weight ratio in CeO2-treated MCP mice compared to vehicle-treated
MCP mice, although the magnitude of reduction in HW/BW ratio did not reach that observed
in WT controls (Fig. 1C).

3.2. Effects of CeO2 nanoparticles on MCP-1 expression-induced inflammation
To evaluate the effect of CeO2 nanoparticles on MCP-1 expression-induced myocardial
inflammation, we investigated the cardiac histology and the production of proinflammatory
cytokines. Shown in Fig. 2A are representative photomicrographs of H&E and Masson’s
staining. Staining patterns demonstrated that the cellular infiltration, interstitial fibrosis, and
cardiac myocytes degeneration occurred in the heart of MCP mice were significantly
suppressed by CeO2 treatment. As shown in Fig. 2B, MAB1852-positive monocyte/
macrophage diffusely infiltrated the interstitial space of the myocardium in vehicle-treated
MCP mice. The number of immunopositive cells per section was significantly greater in the
myocardium of vehicle-treated MCP mice than in WT controls, whereas the number of
MAB1852-positive cells were markedly reduced in the myocardium of CeO2-treated MCP
mice (Fig.2C). Quantitative analysis apoptotic cell death in TUNEL-stained sections showed
that there was an almost 6-fold increase in the number of TUNEL-positive nuclei in the
myocardium of vehicle-treated MCP mice (20.2 ± 2.8 cells/per field, n=5) compared with age-
matched wild-type controls (3.8 ± 1.2 cells/per field, n=3), whereas the number of TUNEL-
positive cells were significantly decreased in the myocardium of CeO2-treated MCP mice (9.3
± 2.6 cells/per field, n=5) (Fig. 2D).

Production of proinflammatory cytokines TNF-α, IL-1β, and IL-6 in mice myocardium were
evaluated by measuring the levels of their mRNA transcripts using RT-PCR. The expression
of these proinflammatory cytokines in the myocardial tissues markedly increased in the
vehicle-treated MCP mice compared to the wild-type controls, whereas the elevation of mRNA
levels of these cytokines was significantly reduced in the myocardium of CeO2 treated MCP
mice (Fig. 3, A to D). The expression of these proinflammatory cytokines in the myocardium
was confirmed by immunohistochemistry. The infiltrated inflammatory cells in the interstitial
of myocardium were defined as the main cellular source of TNF-α and IL-1β production;
however, cardiac myocytes were a main cellular source of IL-6 production (Fig. 3, E).
Furthermore, CeO2 treatment markedly suppressed the expression of MCP-1 in the
myocardium of MCP mice (Fig. 4, A and B) and inhibited the production of circulating levels
of MCP-1 and CRP, although the magnitude of the reduction in circulating levels of MCP-1
and CRP did not reach exactly the levels observed in WT controls (Fig. 4, C and D).

3.3. CeO2 nanoparticles attenuates myocardial oxidative stress
We performed immunohistochemistry to examine peroxynitrite formation (a marker of
oxidative stress) by detecting nitrosylated tyrosine residues on proteins with anti-3-
nitrotyrosine (3-NT) antibody [33]. As shown in Fig. 5A, nitrated proteins were positively
stained mainly in the cardiac myocytes as well as the infiltrated polymorphonuclear leukocytes.
Staining with 3-NT was barely detectable in the myocardium of WT controls, whereas the
intensity and the extent of immunoreactivity was prominent in the myocardium of vehicle-
treated MCP mice. However, treatment with CeO2 nanoparticles resulted in markedly
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decreased intensity of 3-NT staining. Quantitative analysis revealed that CeO2 treatment
significantly suppressed peroxynitrite formation in the myocardium of MCP mice compared
to the vehicle-treated MCP mice (Fig. 5B). Furthermore, the administration of CeO2
nanoparticles also significantly attenuated the levels of NOx, evaluated as serum levels of total
nitrated proteins (Fig. 5C), suggesting that treatment with CeO2 nanoparticles attenuated
myocardial oxidative stress.

3.4. CeO2 nanoparticles attenuates myocardial ER stress
To determine whether CeO2 nanoparticles attenuated myocardial ER stress we measured the
expression levels of the key ER stress-associated genes. As shown in Fig. 6A, real-time PCR
analysis demonstrated that expression of ER stress-associated genes, Grp78, PDI, HSP25,
HSP40, and HSP70 mRNA was significantly upregulated in the myocardium of the vehicle-
treated MCP mice compared to the WT controls (P<0.001). The increased expression of these
ER stress-associated genes mRNAs in the myocardium of MCP mice was significantly
suppressed by treatment with CeO2 nanoparticles (P<0.05 versus vehicle-treated group).

Western blot analysis was also performed to see whether the changes in the transcript levels
were reflected in the protein levels. Consistent with the transcript levels, expression of ER
stress-associated proteins Grp78, PDI, HSP25, and HSP40 in the myocardium of MCP mice
was significant downregulated by treatment with CeO2nanoparticles (Fig. 6, B and C).

4. Discussion
Recent studies have provided evidence that cerium and yttrium oxide nanoparticles act as direct
antioxidants to protect cells from various forms of lethal stress in vitro [30–32]. Here we
demonstrate that treatment with CeO2 nanoparticles inhibited monocyte/macrophage
infiltration and suppressed the production of proinflammatory cytokines (TNF-α, IL-1β, IL-6,
and MCP-1) in the myocardium. Furthermore, we show that CeO2 nanoparticles inhibited
peroxynitrite formation and levels of NOx, and suppressed the induction of ER stress-
associated genes in the hearts. Thus, it is likely that CeO2 nanoparticles suppresses myocardial
inflammatory process and oxidative and ER stress and thereby inhibits the progression of left
ventricular dysfunction and remodeling in this transgenic mouse model. Yttrium oxide
nanoparticles, that have also been reported to protect neurons from death because of their
antioxidant activity, were not tested in the current murine model.

A pathogenic role for oxidative stress in acute myocardial injury as well as progressive cardiac
and vascular disease is becoming increasingly apparent [2–4]. Oxidative stress could lead to
activation of redox-sensitive transcription factors and induction of transcription of
proinflammatory cytokines TNF-α, IL-6 and chemokine MCP-1 and IL-8 [5,34,35]. We have
previously demonstrated that monocyte/macrophage infiltration and increased transcription of
proinflammatory cytokines play a critical role in the development of heart failure in this mouse
model [24,25]. Macrophages are sites of production of reactive oxygen and reactive nitrogen
species [36]. Nitration of protein tyrosine residues, producing 3-nitrotyrosine (3-NT), is an
unique feature of reactive nitrogen species that has been recognized as a key oxidant species
in the initiation and/or progression of a wide array of cardiac pathologies [33,37,38]. In the
present study, we observed a significant increase in the number of monocyte/macrophage and
the presence of protein-3NT in the myocardium of MCP mice with heart failure compared with
age-matched WT controls. Treatment with CeO2 nanoparticles significantly decreased the
circulating levels of NOx, the infiltration of monocyte/macrophage, and the accumulation of
3-NT in the myocardium resulting in preservation of cardiac function, suggesting that cardiac
oxidative stress may contribute to the progression of heart failure in this model. Our data are
consistent with the previous observations regarding the effect of CeO2 nanoparticles on
oxidative stress [30–32]. It has been suggested that the potent antioxidant property of CeO2
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nanoparticles may be because of its presence of the mixed valence state of Ce3+ and Ce4+ that
could result in an autoregenerative reaction cycle (Ce3+ → Ce4+ → Ce3+) [30–32].

Oxidative stress activates redox-sensitive transcription factors (NF-kB and activating
protein-1), which in turn lead to the transcription of many inflammation-related genes.
Proinflammatory cytikines as TNF-α, IL-1β and IL-6 have been identified as contributors to
the underlying cardiomyopathyic processes of progressive cardiac dysfunction [1,5,39].These
cytokines are produced by all nucleated cell types residing in the myocardium possibly through
mechanisms such as reactive oxygen species (ROS)-induced intracellular signal transduction
(e.g., NF-kB activation) [34,35]. Both TNF-α and IL-6 are also the central mediator of the
acute phase response and the main inducer of C-reactive protein production in liver, which,
along with TNF-α and IL-6, has been associated with coronary heart disease and heart failure
(39). Our data showed that the infiltrated inflammatory cells in the interstitial of myocardium
were the main cellular source of TNF-α and IL-1β production, whereas cardiac myocytes were
a main cellular source of IL-6 production. The production of cytokines TNF-α, IL-1β, and IL-6
were significantly increased at mRNA transcript in the myocardium of MCP mice, and the
increased production of these cytokines in the myocardium of MCP mice were significantly
suppressed by treatment with CeO2 nanoparticles. We also showed that the increased levels of
circulating CRP and MCP-1 in the MCP mice were also markedly reduced by CeO2
nanoparticles treatment. The circulating levels of MCP-1 may be produced by targeted
expression of MCP-1 transgene in the myocardium and as the result of the inflammatory
process caused by the expression of the MCP-1 gene. The observed reduction in circulating
MCP-1 levels as well as the reduction in CRP levels probably represent the anti-inflammatory
effects of CeO2 nanoparticles due to its potential autoregenerative antioxidant properties.

Recently, ER stress pathways have been reported to also be activated by various stresses such
as oxidative stress, hypoxia, and ischemia [19,20]. Studies have demonstrated that pressure
overload induces prolonged ER stress which contributes to cardiac myocyte apoptosis during
the progression of cardiac hypertrophy to failure [16]. We previously showed that ER stress is
involved in the pathophysiology of the development of heart failure in this mouse model
[13]. Although the causative role has been demonstrated in most of these disease conditions,
possible mechanisms by which ER stress could initiate or promote a disease state is not
completely understood. ER stress has been shown to promote apoptosis through the activation
of the transcription factor GADD153/CHOP and caspase-12 [9,40,41]. In the present study,
ER stress-associated genes Grp78, PDI, HSP25, HSP40 as well as HSP70 mRNA and protein
levels were significantly increased in the myocardium of the vehicle-treated MCP mice that is
consistent with the histological finding showing extensive apoptotic cell death in the
myocardium. Treatment with CeO2 nanoparticles markedly suppressed the expression of above
ER stress-associated genes at mRNA and protein levels and attenuated apoptotic cell death in
the myocardium, resulting in significant preservation of LV dimension with less ventricular
dilatation and slightly decreased fractional shortening. Since CeO2 nanoparticles acts as a free
radical scavenger, the important findings that emerged in the present study is that treatment
with CeO2 nanoparticles might prevent pathological inflammatory disorders by blocking
oxidative stress and the resulting ER stress. This hypothesis was supported by the recent
findings that ER stress activates cleavage of CREBH to induce a systemic inflammatory
response [21].

In summary, this represents the first demonstration that treatment with CeO2 nanoparticles
attenuated the progressive cardiac dysfunction and remodeling in a murine model of ischemic
cardiomyopathy. The beneficial effect of CeO2 nanoparticles is a result of its inhibition of
myocardial oxidative stress, ER stress and inflammatory processes through its potential
autoregenerative antioxidant properties.
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Fig. 1.
Effects of CeO2 nanoparticles on left ventricular function and remodeling. LV end-diastolic
dimensions (LVEDD) (A) and percent fractional shortening (%FS) (B) were depicted from 2
to 6 months of age. The progressive LV dilatation and LV dysfunction in the vehicle-treated
MCP mice were attenuated by treatment with CeO2 nanoparticles. *P<0.001 versus wild-type
controls; #P < 0.05 versus vehicle-treated MCP mice; n=6 per group and per time point. Heart
weight to body weight ratio (HW/BW) was depicted at 6 months of age (C). *P<0.001 versus
wild-type controls; #P < 0.05 versus vehicle-treated MCP mice; n=5 per group.
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Fig. 2.
Effects of CeO2 nanoparticles on myocardial inflammation. (A) Histopathological
photomicrographs of LV obtained from wild-type control, vehicle- and CeO2-treated MCP
mice. Upper panel, H.E staining; Lower panel, Masson’s trichrome staining, blue represents
collagen deposition. (B) Representative immunohistochemical photomicrographs of
monocyte/macrophage infiltration in the myocardium. Green denotes infiltrated monocyters/
macrophages. (C, D) Histograms showing the number of MAB1852-positive cells and
TUNEL-positive cells in the myocardium of different group of mice, respectively. *P < 0.001
versus wild-type controls; #P<0.05 versus vehicle-treated MCP mice; n=5 per group.
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Fig. 3.
Effects of CeO2 nanoparticles on TNF-α, IL-1β, and IL-6 gene expression in the myocardium
of MCP mice. (A) Expression of TNF-α, IL-1β, and IL-6 mRNA in the myocardium of wild-
type control, vehicle- and CeO2-treated MCP mice were assayed by RT-PCR. (B–D) Bands
were quantified by densitometric analysis and normalized by β-actin. *P < 0.001 versus wild-
type controls; #P<0.05 versus vehicle-treated MCP mice; n=5 per group. (E) Representative
photomicrographs of in site immunohistochemical staining demonstrating production of
proinflammation cytokines TNF-α, IL-1β, and IL-6 in the myocardium. Positive-stained cells
were visualized with diaminobenzidine (brown).
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Fig. 4.
Effects of CeO2 nanoparticles on MCP-1 expression and release. (A) Immunoblot showing
levels of MCP-1 in the myocardium of wild-type control, vehicle-, and CeO2-treated MCP
mice. (B) Summary of densitometric analysis of data in A. *P < 0.001 versus wild-type
control; #P<0.05 versus vehicle-treated MCP mice and wild-type controls; n=5 per group. (C–
D) Circulating levels of MCP-1 and CRP assayed by ELISA. *P < 0.001 versus wild-type
control; #P<0.05 versus vehicle-treated MCP mice and wild-type controls; n=6 per group.
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Fig. 5.
Effects of CeO2 nanoparticles on myocardial oxidative stress. (A)
Representativeimmunohistochemical photomicrographs of 3-NT in the myocardium of wild-
type control, vehicle-, and CeO2-treated MCP mice. (B) Histograms showing the accumulation
of nitrotyrosine formation in the myocardium of different group of mice. *P < 0.001 versus
wild-type controls; #P<0.05 versus vehicle-treated MCP mice and wild-type controls; n=5 per
group. (C) Serum levels of NOx (total nitrate and nitrite in proteins) assayed by Griess reagent.
*P < 0.001 versus wild-type controls and CeO2-treated MCP mice; n=6 per group.

Niu et al. Page 16

Cardiovasc Res. Author manuscript; available in PMC 2008 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Effects of CeO2 nanoparticles on myocardial ER stress. (A) Relative mRNA levels of ER stress-
associated genes Grp78, PDI, HSP25, HSP40, and HSP70 were measured by real-time PCR.
*P < 0.001 versus wild-type controls; #P<0.05 versus vehicle-treated MCP mice and wild-type
controls; n=5 per group. (B) Immunoblot showing levels of ER stress-associated proteins
Grp78, PDI, HSP25, and HSP40 in the myocardium of wild-type controls, vehicle-, and
CeO2-treated MCP mice. (C) Summary of densitometric analysis of data in B. *P < 0.001
versus wild-type controls; #P<0.05 versus vehicle-treated MCP mice and wild-type controls;
n=5 per group.
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