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Beyond the traditional use of ceria as an abrasive, the scope of nanoceria applications now extends into fuel cell
manufacturing, diesel fuel additives, and for therapeutic intervention as a putative antioxidant. However, the bi-
ological effects of nanoceria exposure have yet to be fully defined, which gave us the impetus to examine its sys-
temic biodistribution and biological responses. An extensively characterized nanoceria (5 nm) dispersion was
vascularly infused into rats, which were terminated 1 h, 20 h or 30 days later. Light and electron microscopic tis-
sue characterizationwas conducted and hepatic oxidative stress parameters determined.Weobserved acute ceria
nanoparticle sequestration by Kupffer cells with subsequent bioretention in parenchymal cells as well. The inter-
nalized ceria nanoparticles appeared as spherical agglomerates of varying dimension without specific organelle
penetration. In hepatocytes, the agglomerated nanoceria frequently localized to the plasma membrane facing
bile canaliculi. Hepatic stellate cells also sequestered nanoceria. Within the sinusoids, sustained nanoceria biore-
tention was associated with granuloma formations comprised of Kupffer cells and intermingling CD3+ T cells. A
statistically significant elevation of serum aspartate aminotransferase (AST) levelwas seen at 1 and 20 h, but sub-
sided by 30 days after ceria administration. Further, elevated apoptosis was observed on day 30. These findings,
together with increased hepatic protein carbonyl levels on day 30, indicate ceria-induced hepatic injury and ox-
idative stress, respectively. Such observations suggest a single vascular infusion of nanoceria can lead to persistent
hepatic retention of particles with possible implications for occupational and therapeutic exposures.

© 2012 Elsevier Inc. All rights reserved.
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Introduction

Ceria (CeO2) has enjoyed a long history of industrial application as
an abrasive. Wide-ranging uses have been developed for ceria, partic-
ularly when its redox characteristics are combined with preparation
on a nanoscale. These include uses as a catalyst, in fuel cells and bat-
teries and in potential nanomedicine applications (Alphonse and
Ansart, 2009; Amin et al., 2011; Chen et al., 2006; HEI, 2001; Hirst
et al., 2009; Masui et al., 2000; Park et al., 2008). While there is little
indication of nanoceria-induced adverse environmental impact, inter-
est in possible biological responses to this engineered nanomaterial
(ENM) has been heightened.

Nanoceria has been shown to have poor oral bioavailability (He
et al., 2010), although its uptake from both oral and pulmonary routes
can result in some translocation into the vascular system through
which it can be distributed to multiple organs and tissues (He et al.,
2010). For therapeutic applications it may therefore require iv admin-
istration and so we have chosen to assess its distribution and biolog-
ical responses after iv administration in this study. We previously
observed ceria accumulation in the liver and spleen, and a relative

http://dx.doi.org/10.1016/j.taap.2012.02.008
mailto:mttsen01@louisville.edu
mailto:x0lu0003@louisville.edu
mailto:x0duan02@louisville.edu
mailto:sarita.hardas@uky.edu
mailto:rsult2@uky.edu
mailto:peng.wu@uky.edu
mailto:jason.unrine@uky.edu
mailto:graham@caer.uky.edu
mailto:dabcns@uky.edu
mailto:eric.grulke@uky.edu
mailto:ryokel@email.uky.edu
http://dx.doi.org/10.1016/j.taap.2012.02.008
http://www.sciencedirect.com/science/journal/0041008X


174 M.T. Tseng et al. / Toxicology and Applied Pharmacology 260 (2012) 173–182
lack of systemic tissue injury up to 20 h following a single, large dose
of iv ceria infusion (Yokel et al., 2009). We also determined that ceria
induced dose-dependent activation of Kupffer cells with subsequent
nanoceria uptake into hepatocytes (Yokel et al., 2009). Kupffer cells
residing along the hepatic sinusoidal lining are known to be the first
macrophages to contact xenobiotic materials, such as an infusion of
nanoceria, entering the liver from the hepatic portal vein (Dai et al.,
2006; Sadauskas et al., 2009; Zhang et al., 2005). Additionally, the
liver is known to be a major immunological organ affecting systemic
responses in animals in response to xenobiotics, in part because of the
abundance of mononuclear phagocytes (Si-Tayeb et al., 2010). In ad-
dition to phagocytosis and the eradication of foreign materials, the
liver phagocytic system also produces an array of mediators, includ-
ing arachidonic acid metabolites, cytokines, and reactive oxygen spe-
cies, which protect the host against invasion by foreign organisms
and xenobiotic chemicals (Algood et al., 2005; Ladel et al., 1995; Si-
Tayeb et al., 2010).

For these reasons we chose to focus on the liver in our study of the
systemic distribution and biological effects of an extensively charac-
terized ceria nanoparticle. After a single iv infusion of 5 nm ceria,
rats were examined for up to 30 days to determine acute, and possi-
ble longer term, hepatocellular responses to this metal oxide ENM.
We observed persistent bioaccumulation of nanoceria with acute
serum transaminase elevation, liver granuloma formation, elevated
apoptosis, and increased levels of oxidative stress in the liver, which
highlights potential nanoceria-induced adverse long term biological
consequences.

Methods

Nanoscale ceria synthesis and characterization. Nanoscale ceria was
synthesized as described previously (Masui et al., 2000). Synthesized
ceria was centrifuged, washed with deionized ultra-filtered water,
and air dried overnight to generate a powder sample for Brunauer,
Emmett, and Teller (BET) surface area determination. The particle hy-
drodynamic diameter distribution of the synthesized ceria dispersion,
as well as the ceria ENM morphology, crystallinity, surface area and
zeta potential were determined as reported (Dan et al., 2012). Elec-
tron energy loss spectroscopy (EELS) was used to determine the ceri-
um ion Ce(III)/Ce(IV) ratio from the M5/M4 ionization edges using a
JEOL 2010-F Field Emission transmission electron microscopy
(TEM). Scanning TEM (STEM) images were acquired using the high
resolution probe at 2 Angstrom (Å) and EELS was performed using
the 0.2 Å probe, alpha of 30 mrad, and a beta of 6 mrad. To avoid a
possible electron beam interaction that could reduce cerium ions to
the Ce(III) state, a less focused beam was used (Winterstein et al.,
2008).

Animal care. For this study 58 male Sprague Dawley rats that
weighed 324±29 g (mean±SD) at the time of experimentation,
were obtained from Harlan Laboratories Inc. (Indianapolis, IN).
Rats were housed individually prior to study and after vascular can-
nula removal, which occurred a few days after the iv infusion. Ani-
mals were housed at the University of Kentucky Division of
Laboratory Animal Resources facility and given a 12 h light: dark
cycle at a temperature of 70±8 °F, and between 30 and 70% humid-
ity. The rats had ad libitum access to 2018 Harlan diet and reverse
osmosis water. Animal work was approved by the University of
Kentucky Institutional Animal Care and Use Committee. The re-
search was conducted in accordance with the Guiding Principles in
the Use of Animals in Toxicology.

Nanoscale ceria infusion. A PE50 (0.023 in ID x 0.038 in OD) cannu-
la was surgically inserted into the femoral veins of rats anesthetized
with 75 mg/kg ketamine and 5 mg/kg xylazine ip, that was sup-
plemented with 5 mg/kg ketamine ip as needed to maintain depth
of anesthesia. Both femoral cannulae terminated in the vena cava,
and one cannula was deliberately left 2 cm longer than the other.
They were connected to an infusion pump via a flow-through swivel
connector. This enabled administration of the ceria and observation
of its effects in awake, mobile rats. The day after cannulation, un-
anesthetized rats were infused iv via the shorter cannula with a
citrate-stabilized ceria dispersion. Rats were given approximately
85 mg/kg ceria as a 4% dispersion in water (estimated concentration
of 40 mg/ml) delivered in a volume of 2 ml/kg over 1 h, or an equal
volume of water as control with pH adjusted to 8 (Hardas et al.,
2010). The dose of 85 mg/kg was selected as an initial dose to deter-
mine the long term distribution and effects of this nanoceria as we
found in preliminary studies that this dose, delivered by this route
of administration, was well tolerated by rats. To compensate for iv ad-
ministration of a considerable volume of water, which may lead to
grossly hypotonic ceria dispersion, we gave rats a concurrent iv infu-
sion of an equal volume and rate of 1.8% sodium chloride solution in
water through the longer cannula. Serum from rats euthanized at
1 h or 20 h after ceria infusion was clear, indicating that these infu-
sions did not produce hemolysis. Ceria-infused rats were terminated
at 1 h (n=11), 20 h (n=12) or 30 days (n=10) after the end of
the infusion. There were 7, 8, and 10 control rats per experimental
group respectively.

Animal termination, tissue processing, and histopathology analysis.
After termination of ketamine-anesthetized rats liver samples
harvested from the tip of the median lobe were fixed in 10% neutral
buffered formalin and processed for histopathology analysis. Sections
(5 μm)were stained with hemotoxylin and eosin, and were examined
for qualitative and quantitative changes. The size of the hepatic gran-
ulomata was digitally recorded, and the size of the involved liver tis-
sue was measured with Neurolucida software (MBF Bioscience,
Williston, VT) in a Nikon Eclipse E-800 microscope to tabulate granu-
lomata density. The lesions were assessed on coded slides by an ob-
server unaware of the experimental treatment.

Tissue ceria assay. Ceria concentrations were determined by mea-
suring total cerium ion (Ce) analysis using microwave-assisted nitric
acid/hydrogen peroxide digestion, and inductively coupled plasma
mass spectrometry (ICP-MS) as described previously (Yokel et al.,
2009). The mean method detection limit (MDL) of Ce in tissue was
reported in that study as 0.089 mg/kg. Cerium concentrations that
did not reach the MDL were reported here as 50% of the MDL for
the purpose of data analysis.

Immunohistochemistry (IHC). Mononucleated cells in the liver pa-
renchyma were determined by IHC using anti-CD3 rabbit monoclonal
antibody (clone EP449E, Thermo Scientific, Fremont, CA). Briefly, 6 μm
sections were deparaffinized, boiled in hot citrate buffer for antigen
retrieval, and incubated with anti-CD3 antibody (at a concentration
of 1:125) for 30 min at room temperature. Immunoreactive com-
plexes were detected using the avidin–biotin affinity system (Santa
Cruz Biotechnology, Santa Cruz, CA), and visualized with 3,3′-
diaminobenzidine tetrahydrochloride (Zymed Laboratories, San Fran-
cisco, CA) as a substrate. The sections were counterstained with
Mayer's hematoxylin and mounted with a cover slip. Controls includ-
ed substitution of primary antibody with phosphate buffered saline
and human thymus tissue as a positive tissue control.

Cell proliferation, degeneration, and apoptosis analyses. Possible
nanoceria-induced cellular proliferation and degeneration were
studied by proliferating cell nuclear antigen (PCNA) immuno-
staining and apoptosis by the terminal transferase-mediated dUTP
nick end-labeling (TUNEL) method for determining DNA nicks, re-
spectively. PCNA IHC detecting nuclear antigen synthesized in early
G1 and S-phases of the cell cycle, and was used to assay for possible
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nanoceria-induced cellular proliferation. Slides were boiled in hot
citrate buffer for antigen retrieval, endogenous peroxidase activity
was quenched with a 3% hydrogen peroxide solution, and non-
specific binding was blocked with IgG-free bovine serum albumin
(Jackson ImmunoResearch Laboratories, West Grove, PA). Sections
were immunostained using a monoclonal anti-PCNA antibody
(Santa Cruz Biotechnology) at dilution of 1:200 overnight at 4 °C.
Signal was visualized using the avidin–biotin–peroxidase ABC kit
(Vector Labs, Burlingame, CA) and 3, 3′-diaminobenzidine tetra-
hydrochloride (Vector Labs, Burlingame, CA) as the chromogen. Con-
trols included substitution of primary antibody with phosphate
buffered saline and human melanoma tissue as a positive tissue con-
trol. Deparaffinized slides were prepared for TUNEL assay according
to the protocol supplied with the ApopTag Plus Peroxidase In Situ
Apoptosis Detection Kit (S7101) (Millipore, Billerica, MA) and
using a positive reaction control of DNase treatment, negative reac-
tion control created by deleting the TdT enzyme, and positive tissue
control with known active apoptotic components supplied by the
manufacturer.

Serum biochemistry. To assess possible hepatotoxicity serum aspar-
tate aminotransferase (AST) was measured using a commercial spec-
trophotometric diagnostic kit (Thermo Scientific). Briefly, blood
samples were centrifuged at 1000×g for 10 min within 1 h after col-
lection to generate serum, which was stored at −80 °C. Serum AST
activity was determined by measuring ultraviolet kinetics, and read
in a Biotek Synergy HT Plate reader (MTX Lab Systems, Inc., Vienna,
VA), and the results expressed as U/L.

Electron microscopy. Immediately after excision, thin strips of liver
samples were cut into 3 mm3 pieces, dehydrated, and embedded in
Araldite 502. Polymerized blocks of tissue were sectioned at 1 μm
thickness and stained with toluidine blue for light microscopy screen-
ing. Selected blocks were sectioned, mounted on 200-mesh copper
grids, and examined with a Phillips CM-10 electron microscope
equipped with a LaB6 cathode (Phillips Electronic Instruments Co.
Eindhoven, The Netherlands) operated at 60 kV. For high resolution
microscopy (HR-TEM), sections were collected on Formvar/carbon
coated copper grids (200 mesh, Ted Pella Inc. Redding, CA) without
staining for analysis in STEMmode, energy-dispersive X-ray spectros-
copy (EDS), and EELS analysis in a JEOL 2010 TEM operated at 200 kV.

Pro-/anti-oxidative stress assessment. Liver samples obtained from
rats at 30 days after ceria or saline treatment were evaluated for oxi-
dative stress using methods previously described (Hardas et al.,
2010). Briefly, each sample was individually thawed, homogenized
using a 550 sonic dismembrator (Fisher Scientific) for 10–20 s on ice.
Equal amounts of protein (250 ng) from control and treated samples
were used in each antibody-based assay of the oxidative stress
markers, protein carbonyls (PC), 3-nitrotyrosine, and protein bound
4-hydroxy-2-trans-nonenal. To determine the level of specific redox-
related proteins, catalase, glutathione reductase (GR), glutathione
peroxidase (GPx), manganese superoxide dismutase (MnSOD), heat
shock protein (Hsp)32 (Hsp-32 or HO-1), andHsp70were determined
by Western blot analysis, using 75 μg of sample per well. The activity
of catalase, GR, GPx and MnSOD was determined in 10–20 μg sample
aliquots.

Data analysis and statistics. For cell proliferation and degeneration
analysis, the number of positive cells per high power field was tabu-
lated. Statistical differences between two groups of parametric data
were determined by one-way ANOVA and Tukey's multiple compari-
son post hoc tests for estimation of stochastic probability in inter-
group comparisons (GraphPad Prism 5, La Jolla, CA). Comparison of
oxidative stress results between groups was analyzed by one-tailed
Student's t-test (SPSS, Chicago, Ill, USA). All results are presented as
means±SEM. Differences were considered to be statistically signifi-
cant when the p values were less than 0.05.

Results

Nanoceria characterization

HR-TEM/HR-STEM analysis showed the ceria ENM was crystalline
with polyhedral morphology (shape), with a number-average prima-
ry ceria particle size of approximately 5 nm (Fig. 1A). Dynamic light
scattering (DLS) measurements showed that the average primary
particle diameter was approximately 7.6 nm for both number- and
volume-based (first peak) measurements. These data confirm a nar-
row particle size distribution with few agglomerates in the liquid
phase (Figs. 1B and C). The ceria ENM surface area of the collected
dried powder was 121 m2/g, as measured by nitrogen adsorption
(BET). Taking the density of ceria as 7600 kg/m3 this surface area con-
verts to an average primary particle diameter of 6.5 nm, which is in
good agreement with the size measured by TEM and DLS methods.
The mean of the lognormal model is shown as the average particle di-
ameter (Fig. 1B). Volume-based ENM diameter averages are more
meaningful regarding the dose received by the organism. Volume-
based DLS results showed a bimodal distribution with one peak cen-
tered at 7.3 nm (98%) and another at 17.2 nm (2%) with most of
nanoparticles well dispersed in water (Fig. 1C). The X-ray diffraction
pattern analysis showed the ceria to be face-centered cubic with cor-
responding Miller indices of the most common faces of (111), (210)
and (200). Zeta potential of the particles was −53±7 mV at a pH
of approximately 7.35.

Ten batches of aqueous ceria dispersion were analyzed in dupli-
cate for Ce content by ICP-MS. This analysis showed the content to
be 4.35±0.20% in aqueous solution, indicating that the delivered
dose was approximately 85 mg/kg. DLS analysis showed no change
in average particle hydrodynamic diameter in 10% sucrose or in
0.9% saline over 20 h at room temperature, or at physiological tem-
perature (37 °C) after 1 h.

HR-TEM-EELS spectra for ceria displayed two sharp features at
883 and 901 eV, corresponding to the cerium M5 and M4 ionization
edges, respectively. EELS showed sharp intense M5 and M4 edges
for both the as-synthesized 5 nm ceria (collected powder) (Fig. 1D),
and ceria agglomerates in liver 30 days after infusion into rats
(Figs. 2A and B). Differences in the peak height in EELS results are
caused by the sample thickness in the mounted tissue material. The
M5 andM4 ionization edge ratios showed very similar valence reduc-
tion of Ce ions for both the as-synthesized powder and the hepatic
ceria agglomerates, with ratios of 1.09 and 1.20 respectively, suggest-
ing significant oxygen vacancies exist in the ceria lattice.

Tissue ceria concentration

The cerium concentrations at 1 h, 20 h or 30 days after ceria infusion
were 424±297, 1007±264, and 578±336 mg/kg wet weight respec-
tively in liver, and 270±79, 12±9, and 0.11±0.16 mg/l respectively in
blood. Using an estimated rat blood volume of 7% of its body weight,
27% and 22% of ceria was in blood and liver respectively at 1 h, 1.3%
and 51% at 20 h, and 0.01% and 44% by 30 days after completion of
ceria infusion. These data show clearance of ceria ENM from the blood
into liver, and the persistence of ceria ENM in the liver. The remaining
ceria was dispersed in other organs, including the spleen. Results from
a similarly conducted study of a 30 nm ceria showed a distribution of
33%, 27%, 12%, 2.4%, 1.8%, 0.2%, and 0.2% of the ceria dose in the liver,
bone marrow, spleen, skeletal system, lung, blood, and kidney respec-
tively, with less than 0.2% in each of 8 other measured organs/body
fluids 1 day after ceria infusion (Yokel et al., 2012). Of the 25 control
rats, 5 had liver cerium concentration that exceeded the MDL, with
levels ranging from 0.24 to 1.5 mg/kg.



Fig. 1. Characterization of the as-synthesized 5 nm ceria. HR-TEM features of as synthesized ceria ENM (A). Number-based particle size distribution of ceria nanoparticles, as de-
termined by TEM and DLS is shown (B). Diamond represents TEM data, and solid line is lognormal model. Dotted line represents the hydrodynamic diameter of ceria determined
using DLS (B). The number-based hydrodynamic diameter of ceria nanoparticles determined by DLS is shown (C). EELS analysis showing ceria distinct M5 and M4 peaks before in
vivo cellular uptake (D).
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Hepatic response — light microscopy

In animals terminated 1 h or 20 h after ceria ENM infusion, the archi-
tecture of the liver (hepatocellular cords with distinct portal triads and
central veins) appeared similar to those of the non-ceria infused con-
trols (Fig. 3A). Neither Kupffer cells nor hepatocytes contained cytoplas-
mic particulates that were observable by light microscopy. However, in
rats terminated on day 30 after ceria infusion, activated Kupffer cells
had clearly visible accumulations of cytoplasmic particulates and
Fig. 2. Characterization of 5 nm ceria in liver. The agglomerated ceria ENM in a hepatocyte a
agglomerate is illustrated (B).
were, intermingled with surrounding mononucleated cells to form
granulomatous lesions (Figs. 3B, C). Similar sinusoidal granulomatous
accumulations punctuated all ceria-infused rat livers examined at day
30. The size of the granulomata ranged from 132 to 4780 μm2, with an
average area of 1201±104 μm2. The average frequency of the granulo-
ma was 0.89±0.59 granuloma/mm2. By comparison, no granulomata
were found in vehicle-infused rats. In addition to the granulomata,
solitary Kupffer cells filled with nanoceria were identified without the
encircling mononucleated cells, and were present in the hepatic
t 30 days after infusion (A), and an EELS spectrum with M5 and M4 peaks from similar

image of Fig.�2


Fig. 3. Light microscopy features of the liver after ceria infusion. Normal histology was seen at 1 h and 20 h after control infusion. An image at 20 h is shown in A. Granulomatous
formations (arrow) appeared only in 30-day samples in ceria-infused rats (B). At higher magnification cellular constituents of a granuloma, including large Kupffer cells, small lym-
phocytes with a round nucleus [arrow], and a surrounding endothelial cell [arrowhead] are shown C. Besides granulomatous formations, liver parenchyma also contained some
dispersed Kupffer cells (arrow) (D).
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sinusoids of 30-day rats (Fig. 3D). The nature of the encirclingmononu-
cleated cells in the hepatic granuloma was partially revealed by IHC
with a pan T-cell antibody, anti-CD3, commonly used in immunopheno-
typing of lymphomas in paraffin sections (Wang et al., 2009). Our
results show that CD3+ cells were a component of the cellular
ensheathment typical of ceria-induced granulomata (Figs. 4A, B).
Fig. 4. Light microscopy, IHC and TEM features of ceria-exposed liver tissue. A population of
tion, perivascular accumulation of CD3+ cells (B). Biodistribution of ceria appeared as large, e
ceria in the Space of Disse (arrows), but none in an erythrocyte (RBC) (C). Large agglomerat
An HR-TEM/STEM image from a similar area demonstrates heterogeneity of the ceria agglo
Hepatic response — electron microscopy

At the ultrastructural level, uptake of nanoceria by Kupffer cells,
stellate cells, and hepatocytes was detected at 1 h, 20 h or 30 days
after nanoceria infusion. The infused ceria appeared as free flowing
nanoceria agglomerates, which penetrated the subendothelial space
brown staining, CD3+, mononucleated cells in a granuloma (A). At a lower magnifica-
lectron dense cytoplasmic agglomerates in a Kupffer cell (K), the presence of strands of
es punctuated by a lightly stained cytoplasmic component are illustrated by TEM (D1).
merate (D2).

image of Fig.�3
image of Fig.�4
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of Disse, took on the appearance of a lacy network of electron dense
particulates. One hour after infusion, the uptake of ceria in Kupffer
cells ranged from small nanometer-sized clusters that included only
a few ceria particles to agglomerates larger than 1 μm (Fig. 4C)
appeared. The large agglomerates were made up of highly electron
dense spherical to oblong-shaped ceria accumulations consisting of
closely packed ceria particles. The large ceria agglomerates were
typically separated by an amorphous, less electron dense, matrix ma-
terial (Fig. 4D1). The ceria particles appeared as bright agglom-
erates against the dark background in HR-TEM/STEM imaging mode
(Fig. 4D2). The circulating nanoceria particulates often abutted
erythrocytes, but they appeared not to be retained by circulating
erythrocytes. Careful examination of the surface of the hepatocyte
revealed endocytosis of nanoceria through flask-shaped caveolar
pits (Fig. 5A). Once internalized, the agglomerated particles were
not often membrane enclosed. In the subendothelial space, some
hepatic stellate cells also exhibited nanoceria uptake. They can be
differentiated from other cells by their spindle profile and the
trend of containing one or more large lipid droplets (Warren et al.,
2011) (Fig. 5B). Beyond the vascular compartment, nanoceria pene-
trated the hepatocytes, where internalized ceria rarely appeared as
individual primary 5 nm particles, and cytoplasmic agglomerates
appeared more uniform in dimension but seldom exceeded 150 nm
in diameter.

At 20 h after ceria infusion, hepatocyte retention of ceria contin-
ued. The cytoplasmic distribution of the accumulated ceria agglomer-
ates appeared random. They were not retained in mitochondria
or within the cell nucleus (Fig. 5C). Although many agglomerates
appeared near the bile canaliculi, active translocation of ceria parti-
cles into the biliary system was not observed. When viewed in HR-
TEM/STEM mode the ceria ENM agglomerates appeared brightly lit
against the background cytoplasm (Fig. 5D). A few ceria particles
were occasionally found within a lysosome (Fig. 5D, inset).

In day 30 liver samples, large ceria-agglomerate-engulfing Kupffer
cells together with encircling smaller mononucleated cells formed
Fig. 5. Ultrastructure features of the cellular processing of nanoceria. Ceria nanoparticle upta
hepatic stellate cell with fat droplets (L) and ceria agglomerate (arrow) is shown (B). Nanoc
A similar view of a ceria-containing hepatocyte by HR-TEM/STEM is shown (D). The inset d
sinusoidal granulomata. Within a single granuloma, one or more
Kupffer cells were found (Fig. 6A). Electron dense ceria agglomerates
were most abundant in Kupffer cells, and at times occupied a large
portion of the phagocyte's cytoplasm (Fig. 6B). The size of these
agglomerates exceeded 2 μm in diameter at times. Some ceria ag-
glomerates were membrane-enclosed with heterogeneous electron
dense particles. Many Kupffer cell nuclei appeared pyknotic, with
large patches of heterochromatin. Although some non-Kupffer cells
also enclosed ceria nanoparticles, they were devoid of large agglom-
erates (Fig. 6C). Aside from the presence of large sinusoidal granulo-
ma, solitary Kupffer cells with electron dense ceria agglomerates
also persisted. In the hepatocellular plate, the majority of hepatocytes
adjacent to these solitary Kupffer cells were devoid of ceria particu-
lates (Fig. 6D).
Liver enzyme activity and hepatic cell turnover

Elevated serum AST levels indicate acute hepatotoxicity. Serum
AST levels at 1 h and 20 h after ceria infusion were statistically signif-
icantly higher than controls. However, the AST elevation subsided by
day 30 in ceria infused rats. One way ANOVA with Tukey's
multiple comparison post-hoc analysis showed statistical difference
(pb0.05) among the following study groups: 1 h ceria vs control;
20 h ceria vs control; 1 h ceria vs 30-day ceria; and 20 h ceria vs 30-
day ceria (Fig. 7A). Nanoceria also affected hepatocellular pro-
grammed cell death in liver as revealed by TUNEL assay. Apoptotic
cells were seen in all samples after the ceria infusion. While the ma-
jority of apoptotic cells were hepatocytes, degenerating mononucle-
ated cells were also found in the granulomata. The persistence of
ceria in the liver at 30 days after ceria infusion was associated with
significant elevation of apoptotic cell counts (Fig. 7B). In spite of the
nanoceria-induced increased programmed cell death, PCNA cell pro-
liferation analysis showed no clear trend. Immunohistochemistry
data indicated the percentage of proliferating cells was slightly
ke through endocytic vesicles is indicated by arrows (A). Adjacent to a hepatocyte (H) a
eria agglomerates accumulated in hepatocytes (arrow) are illustrated (C). N = nucleus.
emonstrates inclusion of a few ceria particles in a lysosome.

image of Fig.�5


Fig. 6. Ultrastructural features of ceria-induced hepatic granuloma. Cellular heterogeneity of a granuloma is illustrated in panel A. The boxed area enlarged shows cells with patches
of nuclear heterochromatin and a complement of large ceria agglomerates (B). Several mononucleated cells lacking ceria uptake are shown in C. Adjacent to the granuloma, a he-
patocyte without ceria retention is shown (D). Note the large round nucleus (N), the highly developed rough endoplasmic reticulum (RER) and a contiguous Kupffer cell laden with
ceria ENM (arrows).
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elevated at 1 h and 20 h after ceria infusion, before settling to a level
comparable to those of the controls on day 30 (Fig. 7C).

Oxidative stress assessment

Oxidative stress parameters in liver samples obtained following
ceria treatment in rats were evaluated after 30 days only, as marked
hepatocellular changes with persisting ceria accumulation were seen
at this time point. Among the markers assessed (PC, 3-nitrotyrosine,
and protein bound 4-hydroxy-2-trans-nonenal), a significant increase
was observed only in PC levels (Fig. 8A). There was also a slight, but
significant, decrease in liver catalase and GPx activities at 30 days
after ceria infusion (Figs. 8B and C). Among the six antioxidant-
related proteins analyzed (catalase, GR, GPx, MnSOD, Hsp32 and
Hsp70), only Hsp32 levels were elevated significantly in the liver fol-
lowing ceria treatment compared with controls (Fig. 8D).

Discussion

This time-course study of ceria ENM bioaccumulation in the liver
was conducted using an in-house synthesized and extensively-
characterized nanoceria. In contrast to our earlier report using a
30 nm nanoceria (Yokel et al., 2009), the cellular uptake of the 5 nm
ceria could not be discerned by light microscopy. This finding is con-
sistent with previous reports concerning the influence of the size,
shape, and surface properties on bioreactivity of nanomaterials
(Alexis et al., 2008; Limbach et al., 2005; Wick et al., 2007). While
the infused 5 nm ceria appeared to be rapidly taken up by the sinusoi-
dal Kupffer cells, a portion of it remained in circulation for 20 h. Dur-
ing this time nanoceria appeared as large patches of electron dense
material, or as a lacy network of particulates that penetrated the fen-
estrated endothelium of the sinusoids. Small caveolae-like vesicles
observed on ceria-containing cell surfaces suggested a caveolae-
dependent endocytosis cellular uptake (Peng et al., 2011; Sadauskas
et al., 2007).
The observed nanoceria penetration was temporally correlated
with an initial elevation of AST. Elevation of another liver transami-
nase, alanine aminotransferase, has also been reported after intratra-
cheal cerium oxide instillation in rats (Nalabotu et al., 2011). In
addition to Kupffer cell and endothelial cell affinity for nanoceria,
the hepatic stellate cells also showed nanoceria accumulation. Inter-
estingly, even as they accumulated nanoceria, they still retained a
spindle-shaped cell profile, although their role in the metabolic pro-
cessing of the infused nanoceria remains to be defined. It is plausible
that the continued presence of nanoceria in hepatic stellate cells
could trigger liver fibrosis over time (Zhan et al., 2006).

Analysis of hepatocellular ceria uptake showed that nanoceria dis-
played no specific organelle affinity, and remained as spherical, or
irregularly-shaped, cytoplasmic agglomerates. The majority of the in-
ternalized nanoceria in hepatocytes showed little lysosomal interac-
tion, although some lysosomes contained a few nanoceria particles.
The relative lack of hepatic injury is consistent with the findings of
lesser toxicity associated with cytoplasmic distribution of internal-
ized nanoparticles versus those abundantly contained in the lysosom-
al compartment (Asati et al., 2010).

Frequent alignment of ceria agglomerates near the bile canaliculi
suggested possible disposal or clearance attempts by hepatocytes to
send ceria particles into the biliary system via bile canaliculi. Howev-
er, consistent with our ICP-MS ceria assay data using 30 nm ceria
(Yokel et al., 2012), ceria was not significantly excreted through this
effluent pathway.

In spite of the trend of increased hepatocellular apoptosis, cell pro-
liferation did not ensue, as indicated by the PCNA data. Moreover, ne-
crotic foci within the liver were not observed. This is consistent with a
lack of elevated AST on day 30. Nevertheless, continued presence of
nanoceria particles causing increased hepatotoxicity could not be
ruled out should the study duration is extended beyond 30 days.
The lack of frank necrosis, is however, tempered by the formation of
sinusoidal granulomata.

The presence of hepatic granulomata containing enduring nano-
ceria in Kupffer cells is an important observation. The formation of
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Fig. 7. Ceria induced changes in serum enzyme level and cell kinetics. Levels of AST at
1 h, 20 h and 30 days after ceria infusion (A) (*pb0.05). Density of apoptotic cells at
1 h, 20 h and 30 days after ceria infusion (B) (*pb0.05). PCNA labeled cell density in
control and ceria-infused groups (C).
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inflammatory granulomata is an innate immune response designed to
isolate xenobiotics. As foci for recruiting and concentrating foreign
materials, these phagocytic cell-rich aggregates limit inflammatory
or host tissue damage (Kaufmann et al., 1995; Ohtomo et al., 2000).
Inhalation of nanosized metal oxide containing single wall carbon
nanotubes (SWCNTs) has been known to induce granulomatous
formations in the lung, with parallel cytokine and chemokine modu-
lations (Lam et al., 2004; Park et al., 2011). Thus, the nanoceria-
induced granuloma formation in hepatic sinusoids could carry similar
significant health implications. To document their presence, we used
a combination of light microscopy, TEM and HR-TEM/STEM/EDS to
provide a clear view of their cellular constituents, to confirm the ele-
mental nature of the agglomerates, and through CD3 immunohisto-
chemistry, demonstrate a link to the host immunological system.
In our study, neutrophils were not histologically prominent.
Mononuclear phagocytes (primarily resident macrophages) predomi-
nated to form the multinucleated core of these focal collections of
aggregated cells. Critical to the generation and maintenance of a pro-
tective mycobacterial granuloma is the crosstalk between antigen-
specific CD4+ T cells and infected macrophages that produce an effec-
tor response in the macrophages to prevent replication and/or medi-
ate killing of intracellular bacteria (Hansch et al., 1996; Ladel et al.,
1995). Similar to our observation of the clearing of infused nanoceria
in the vasculature, Bacille Calmette-Guérin was rapidly cleared from
the blood through direct capture and phagocytosis by Kupffer cells
(Kaklamanos et al., 2011; Kaufmann et al., 1995). And like our find-
ings with nanoceria, these infected phagocytes persisted in the liver
for several weeks after infection. The granulomatous response appar-
ently evolved in host antimicrobial defense as a specialized tissue
mechanism quite separate from abscess formation, and is capable of
exerting largely beneficial but also potentially destructive actions. In
our study the persistent bioaccumulation of nanoceria, like those pro-
vided by a spectrum of microbes (Beattie et al., 2010; Murray and
Nathan, 1999; Saunders and Cooper, 2000), could serve as an intracel-
lular pathogen/irritant associated with granulomatous inflammation.
The presence of CD3+ T cells, and other additional critical cells, such
as antigen-presenting dendritic cells or cytokine-secreting T cells,
may be essential for granuloma formation (Schreiber et al., 2010).
Lastly, it should be pointed out that the uptake of nanoceria by hepat-
ic stellate cells, a cell subpopulation known to be associated with
chronic liver diseases (Kim et al., 2010), may lead to fibrosis and cir-
rhosis over longer period of ceria exposure/bioretention.

Our analysis of oxidative stress parameters revealed reduced ac-
tivity of catalase and GPx enzyme activities in liver tissue 30 days
after ceria ENM treatment, in contrast to the elevated levels of PC
and Hsp32. Other investigators have reported decreased GPx activity
in mammalian liver upon treatment with ROS or RNS donor agents
(Asahi et al., 1995; de Haan et al., 1998; Taniguchi et al., 1999), and
that decreasing the activity of GPx made cells more susceptible to hy-
drogen peroxide-induced oxidative stress (Toussaint et al., 1993). In a
rat model, inhibition of catalase by aminotriazole resulted in acute
nephrotoxicity (Shaikh et al., 1999), whereas induction of catalase
by an adenovirus gene delivery method showed protection against
carbon tetrachloride- and ischemia-induced hepatic cell injury
(Ushitora et al., 2010). Nanoceria has been reported to act like a
SOD mimetic, that is, it is able to dismutate superoxide radicals into
hydrogen peroxide (H2O2) and oxygen (Korsvik et al., 2007). Cerium
ions are redox active and reported to undergo a Fenton-type reaction
to produce hydroxyl radicals in the presence of H2O2 (Heckert et al.,
2008). Catalase and GPx can reduce H2O2 into water and oxygen,
therefore reduction in their activity may increase cellular H2O2 levels.
According to our EELS analysis, the 5 nm ceria ENM had enriched Ce
III, which may induce hydroxyl radical generation from such in-
creased H2O2 levels. The observed increase in PC levels in the liver
at 30 days after ceria treatment is consistent with this hypothesis. A
caveat of this latter statement is that the relative increases in oxida-
tive stress markers are small. Hence, caution should be exercised to
not over-interpret these results.

Induction in oxidative stress markers and imbalance in oxidative
stress may serve as an initiator for cytoprotective signal transduction,
such as induction of stress-induced heat shock proteins (Goldberg,
2003; Poon et al., 2004). Investigators reported that cytotoxic effects
of cobalt chloride treatment resulted in decreased catalase and GPx
activities, which were compensated for by Hsp32 induction in rat
liver (Llesuy and Tomaro, 1994). Hsp32 is a component of a cytopro-
tective pathway against oxidative stress and inflammation as shown
in various animal and cell models (Poon et al., 2004; Siciliano et al.,
2011; Yun et al., 2010). In the current study employing 5 nm ceria,
Hsp32 levels in the liver were significantly upregulated in ceria
ENM-treated rats. This induction of Hsp32 could be a response to ox-
idative stress, in particular a response to the decreased catalase and
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Fig. 8. Ceria-induced oxidative stress marker changes. Levels of PC (A), catalase activity (B), (*pb0.05) GPx activity (C) (**pb0.005) and Hsp32 (D) (***pb0.001) are shown. The
intensity of the Hsp32 band was normalized to the control (actin) band.
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GPx activities, as well as increased PC levels. Tissue injury, including
apoptosis, has been linked to reactive oxygen species formation in
cadmium-induced hepatic dysfunction and in fetal cardiac myocytes
(Pal et al., 2011; Sinha-Hikim et al., 2011).

The morphological delineation of nanoceria uptake and translo-
cation coupled with the study of oxidative indices from this time-
course study clearly indicate that once ceria ENM gains systemic en-
trance to an organ rich in reticuloendothelial cells, it can persist for
an extended period causing hepatic toxicity, cell turnover, lingering
oxidative stress, and some immunologic responses. The prevalent
granuloma formation at 30 days after a single nanoceria exposure
and the increased apoptosis suggest the inability to eliminate nano-
ceria, which is supported by our unpublished metabolic data, and
that the persistent retention of the internalized metal oxides
among the surviving cells is undesirable. The reported hepatotoxici-
ty in rats that received one intratracheal instillation of nanoceria and
the decline in cognitive measurements in rats exposed to diesel ex-
haust nanoparticles, lend support to the issue of adverse biological
consequences of xenobiotic retention (Nalabotu et al., 2011;
Yokota et al., 2011). Hepatic damage induced by nanoceria in this
study was indicated by the elevation of AST at 1 h and 20 h after
ceria infusion. Decreasing levels of hepatic transaminases, and a
well-maintained hepatic cytology offer hope that the observed hep-
atotoxicity may be limited. The lack of organelle penetration by ceria
ENM may contribute to the relative lack of long-term cytotoxicity
and could allow this ENM to function as an intracellular free radical
scavenger (Chen et al., 2006; Pierscionek et al., 2010). While indica-
tion of similar health effects in the human has not been reported, our
study, together with reports on nanoparticle-induced granuloma
formation in the lung (Liao et al., 2008; Park et al., 2009), suggests
a need for additional investigation of the potential health effects of
nanoceria. In light of the increasing industrial, and proposed medi-
cal, applications of nanoceria, the observed hepatotoxicity raises
safety concerns and invites future discovery of novel solutions for
the enhanced metabolic processing of this and other ENMs by hepa-
tocytes, Kupffer cells and stellate cells.
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