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In this study, three different sizes of cerium oxide (CeO,) nanoparticles were synthesized and exposed to
Caenorhabditis elegans to investigate the potential harmful effect of CeO, nanoparticles on the environment.
The effects of the CeO, nanoparticles on C. elegans were assessed at multiple levels, such as with respect to
stress response gene expression, growth, reproduction and mortality. Moreover, to test the ecotoxicological
relevance of CeO-induced gene expression. The overall results suggest that CeO, nanoparticles may provoke
ecotoxicity in C. elegans especially with respect to gene expression, reproduction and survival, which can com-
prise an important contribution to knowledge on the ecotoxicity of CeO, nanoparticles, about which little data
are available. Thisis particularly valuable in the biomarker research on ecotoxicology, as ecological relevance
is a crucia criterion for the applicability of the biomarker in field biomonitoring and ecological risk assess-

ment.
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INTRODUCTION

Nanoparticle toxicity studies are among the fastest
growing areas of environmental toxicology research,
because of the fast applications of the nanotechnolo-
gy in awide variety of fields(Nohynek et al., 2007;
Rogueda and Traini, 2007; Warheit et al., 2007). The
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potential health and environmental risks related to
the widespread production and use of the nanoma-
terials created by these technologies, need to be inve-
stigated in terms of their toxic mechanism, as well as,
long term consequences which will cause a physi-
ological response in the organism that can ater the
fitness of certain organisms, and ultimately leads to
population/community level changes. Ecotoxicologi-
cal studies with NPs (nanoparticles) are much more
limited with few reports on the toxic effects of NPs
to aguatic organisms, such as, Fish and Daphnia us-
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ing organism level endpoints (Hund-Rinke and Si-
mon, 2006; Lovern and Klaper, 2006; Lovern et al.,
2007; Smith et al., 2007). However, few studies have
been performed on the ecotoxicity of soil organism.
In the current study, ecotoxicologica assessments of
nanoparticles were conducted on soil nematode, Ca-
enorhabditis elegans, including sub-organism level
endpoint.

C. elegans, a free-living nematode that lives main-
ly in the liquid phase of sails, is the first multicellular
organism to have its genome completely sequenced.
The genome showed an unexpectedly high level of
conservation with the vertebrate genome and fun-
ctional genomic tools (gene knock out and RNA in-
terference), which makes C. elegans an ideal system
for biological studies, such as those in genetics, mo-
lecular biology, and development biology (Bettinger
et al., 2004; Leacock et al., 2006; Schafer, 2006;
Schroeder, 2006). Due to its abundance in soil eco-
systems, its convenient handling in the laboratory,
and its sensitivity to different kinds of stresses, it is
frequently used in ecotoxicological studies utilizing
various exposure media, including soil and water
(Williams and Dusenbery 1990; Peredney and Willi-
ams 2000; Boyd and Williams 2003)

As model nanoparticle, cerium oxide (CeO) was
selected as the cerium oxide is one of the most im-
portant rare-earth oxides that have been widely in-
vestigated due to the unique properties and multiple
applications, such as, acting as the three-way cataly-
sts in vehicle emission-control systems, electrolyte
materials of solid oxide fuel cells, and ultraviolet
blocking materials (Yu et al., 2001; Corma et al.,
2004). In this study, CeO, NPs were synthesized and
exposed to C. elegans. Effect of CeO, NPs was asse-
ssed on stress-related gene expression growth, repro-
duction, and mortality in C. elegans.

MATERIALSAND METHODS

1. Organisms

The wild-type C. elegans Bristol strain N2 was
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used. C. elegans (Caenorhabditis Genetics Center,
USA) were maintained on nematode growth medium
(NGM) plates seeded with Escherichia coli strain
OP50, at 20°C, using the standard method previously
described by Brenner (1974). Young adults (3 days
old) from an age-synchronized culture were used in
all the experiments. Worms were incubated at 20°C
for 24 h without a food source, and were then sub-
jected to the analysis.

2. Sample preparation

The cerium oxide was prepared as described pre-
viously (Park et al., 2008). Nematodes were exposed
to CeO, NPs prepared in a K-medium (0.032 M KCl,
0.051 M NaCl, Williams and Dusenbery, 1990) for
assessment of 4 types of endpoints (stress-related
gene expression, growth, reproduction, and mortali-
ty). For homogeneous dispersion of NPs, CeO,
containing K-media was pretreated with 20 min of
sonification prior to introduction of C. elegans. Three
replicates for each treatment and a control were con-
ducted for all the test types.

3. RNA extraction and semi-quantitative rever se
transcription-polymerase chain reaction

Total RNA was prepared by phenol-chloroform
extraction, according to the manufacturer’s standard
protocol. RNA concentrations were determined by
the absorbance at 260 nm. The two-step reverse tran-
scription-polymerase chain reaction (RT-PCR) method
was used with RT Premix (Bioneer Co., Seoul,
Korea) and PCR Premix kits (Bioneer Co.), using a
PTC-100 thermal cycler (MJ Research, Lincoln, MA,
USA). The primers were designed on the basis of the
sequences retrieved from the C. elegans database
(www.wormbase.org). Actin mMRNA was used for
expression-level normalization of the studied genes.
The PCR products were separated through electro-
phoresis on 1.5% agarose gel (Promega, Madison,
WI, USA) and were visualized with ethidium bro-
mide (Bioneer Co.). All the tests were replicated at
least three times, and the relative densities of each
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band were determined with the use of a Kodak EDAS
290 image analyzer (Kodak, Rochester, NY, USA),
with a TFX-20.M UV transilluminator (Vilber Lour-
mat, Marne la Vallee, France).

4. Growth reproduction and mortality

Following the 24 h incubation with exposure to the
test solution of each nanoparticle size, growth repro-
duction and mortality were assessed. Growth was
assessed by measuring the length of the worms that
had been killed by the heat through microscopy, with
a scaed lens in each sample. The average length of
the unexposed control worm was in the range of 1.0
~ 1.2 mm. Reproduction was assessed by counting
the eggs of each worm through the microscopic in-
spection of the transparent C. elegans body in each
sample. Although this procedure differs from more
commonly used reproduction tests of offspring coun-
ting from an age-synchronized single worm, this
simple detection method seems appropriate for the
rapid screening of the reproduction effect (Roh et al.,
2006). The average number of eggs per worm in the
unexposed controls was in the range of 10~ 25. One
hundred worms were examined per treatment for
growth and reproduction experiments. Mortality was
assessed by counting the numbers of live and dead
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worms, which were determined through visual inspe-
ction by probing the worms with a platinum wire un-
der adissecting microscope.

5. Data analysis

The statistical differences between the control and
treated worms were determined with the aid of the
parametric t test.

RESULTS AND DISCUSSION

1. Stress-related gene expression analysis

Recently, Gene expression as environmental stress
response has been increasingly used in modern eco-
toxicolgy, as it offers high sensitivity and mechani-
stic values for diagnose environmental contamination
(Snell et al., 2003; Lee et al., 2006; Roh et al., 2006,
2007; Poynton et al., 2007). However, relating such a
molecular level response to ecologica effects repre-
sents a substantial challenge that can only be met by
alarge scale investigation with an appropriate group
of organisms at all scales(molecular, individua orga
nism and population level). C. elegans is an attrac-
tive animal model for the study of the ecotoxicol ogi-
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Fig. 1. Stress response gene expression in CeO, NPs exposed C. elegans for 24 h (control =1, number=3; mean+ stansdard

error of the mean; *p<0.05).
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cal relevance of chemical-induced molecular-level
responses (Menzel et al., 2005; Reichert and Menzel,
2005). In this study, stress-related gene expression
was investigated as toxicity of CeO, NPs in C. ele-
gans. Stress-related gene expression profiling analy-
sis was conducted on the selected genes, based on
our previous studies (Roh et al., 2006, 2007). We
investigated alteration on the gene expression of heat
shock proteins (hsp-16.1, hsp-16.2), metal response
proteins (mtl-1, cdr-1), xenobiotic metabolism enzy-
mes (cyp35a2, gst-4), antioxidant enzymes (sod-1,
ctl-2), tumor suppressor and apoptosis proteins (cep-
1, ape-1) and vitellogenins (vit-2, vit-6) in CeO, ex-
posed C. elegans(Fig. 1). Anincrease in the express-
ion of hspl6-1, hspl6-2, and gst-4 was observed. In-
crease of cyp35a2 gene was also observed, but with
much lesser degree. Although some minor fluctua-
tion was observed, expression of other genes was not
significantly changed by CeO. NPs exposure. It se-
ems that the expression of hsp was increased also by
CeO> NPs, which was expected since this protein is
known to be induced by various environmental sti-
muli. The phase Il enzyme, gst seems to play impor-
tant role in CeO; toxicity in C. elegans, as the expre-
ssion of this gene was the most pronounced. How-
ever, our tested gene sets are rather limited to fully

100 1 (A)
g
g 751
<]
=
ke
g
€ 501
2
&
B —@— Control
g 251 --y-- CeO,45nm
(@) --g-- Ce0, 30nm
(-~ Ce0z 15nm
0 L T T
14 16

Body length (mm)

Voal. 23, No. 2

understand transcriptional level toxicity by CeO, ex-
posure in C. elegans, response was assessed only
from 12 genes with 24 h exposure. If the more genes
with longer exposure period had been tested, this
could probably be better evaluated and explained. In
this regard, in order to investigate unbiased and ge-
nome-wide response on CeO, induced gene express-
ion, microarray experiment may be needed, which is
ongoing project of our laboratory.

2. Growth and reproduction

As growth indicator, the changes in the worms'
body lengths after CeO, NPs exposure are presented
in Fig. 2A. No significant effect of CeO, NPs expo-
sure was observed on the body length. As far as re-
production indicator, we counted the number of eggs
per worm (Fig. 2B). Significant decrease in egg num-
ber was observed in CeO, treated worms compared
to control. Reduced reproduction capacity may be
explained as a part of defense and/or compensatory
mechanism to metabolite and/or detoxify the toxicity
induced by CeO, NPs.

In this study potential harmful effect of CeO, NPs
was investigated in C. elegnas. Overall result suggest
NPs, CeO, may provoke toxicity in C. elegans espe-
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Fig. 2. Growth (A) and reproduction (B) indicators examined in the young adult of C. elegans exposed to CeO, nano-

particlesfor 24 h.
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cialy on gene expression, growth and reproduction.
This is particularly valuable in the biomarker resear-
ch on ecotoxicology, as ecological relevanceis a cru-
cia criterion of the applicability of the biomarker in
field biomonitoring and ecological risk assessment.
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