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a  b  s  t  r  a  c  t

To  date,  knowledge  on  mechanisms  regarding  the  chronic  nanotoxicity  is  still  largely  minimal.  In  the
present  study,  the  effect  of  chronic  (10-day)  Al2O3-nanoparticles  (NPs)  toxicity  on  locomotion  behav-
ior  was  investigated  in  the  nematode  Caenorhabditis  elegans.  Exposure  to 0.01–23.1  mg/L  of  Al2O3-NPs
induced  a  decrease  in  locomotion  behavior,  a severe  stress  response,  and  a severe  oxidative  stress;  how-
ever, these  effects  were  only  detected  in  nematodes  exposed  to 23.1  mg/L  of  bulk  Al2O3.  Formation  of
significant  oxidative  stress  in nematodes  exposed  to Al2O3-NPs  was  due  to  both  the  increase  in ROS pro-
duction  and  the  suppression  of  ROS  defense  mechanisms.  More  pronounced  increases  in  ROS,  decreases
in SOD  activity,  and  decrease  in expression  of  genes  encoding  Mn-SODs  (sod-2  and  sod-3)  were  detected
eurotoxicity
ocomotion behavior
xidative stress
aenorhabditis elegans

in nematodes  exposed  to Al2O3-NPs  compared  with  bulk  Al2O3.  Moreover,  treatment  with  antioxidants
or  SOD-3  overexpression  not  only  suppressed  oxidative  stress  but  also  prevented  adverse  effects  on
locomotion  behaviors  from  Al2O3-NPs  exposure.  Thus,  chronic  exposure  to  Al2O3-NPs  may  have  adverse
effects  on  locomotion  behaviors  by  both  induction  of  ROS  production  and  disruption  of ROS  defense
mechanisms.  Furthermore,  sod-2  and  sod-3 mutants  were  more  susceptible  than  the  wild-type  to  chronic

toxic
Al2O3-NPs-induced  neuro

. Introduction

With the explosive growth of nanotechnology, a large number of
ovel nano-materials (1–100 nm dimensions) have been generated

or industry and biomedical applications. In addition to analysis of
cute toxicity from nanoparticles (NPs), toxicity from chronic NPs
xposure has recently been investigated [1–3]. Nevertheless, only

 few studies have been performed to evaluate the chronic toxicity
rom NPs exposure [1–4]. In particular, knowledge on mechanisms
egarding their chronic toxicity is limited.

Research directed towards invertebrate tests employing long-
erm and low-concentration exposure with chronic endpoints has
een already recommended [4].  Caenorhabditis elegans, a typical

nvertebrate model animal, has been successfully chosen as a use-

ul bioindicator and toxicity test organism because of its short
ife cycle, ease of generating mass cultures, low cost, and abil-
ty to change reproductive speed, life cycle, locomotion behavior,
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304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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ity  inhibition.
© 2012 Elsevier B.V. All rights reserved.

and other properties while exposed to toxicants or stresses [5].
Among endpoints used to evaluate toxicity, locomotion behavior
can be easily monitored under the microscope, and such an end-
point can allow us rapidly monitor the toxicity from toxicants or
effects of stressors [6].  Recently, toxicity evaluation after chronic
metal exposure has been further performed in nematodes at day
10, and metals can affect the behavior of C. elegans after chronic
exposure [3,7,8].

Among the NPs, Al2O3-NPs have been used in industry and
biomedical applications [9];  however studies on Al2O3-NPs eco-
toxicology are mainly limited to reports on acute exposure [9,10].
More recently, acute toxicity of Al2O3-NPs has been examined in
nematodes with endpoints of lethality, growth, reproduction, stress
response, and intestinal autofluorescence [11,12]. Aluminum (Al)
is a vital etiopathogenic agent responsible for the incidence of
neurodegenerative diseases [13]. In the present study, the chronic
toxicity (10-day exposure) of Al2O3-NPs, compared with that of
bulk Al2O3, was  evaluated in adult C. elegans using locomotion

behaviors as endpoints. Moreover, we examined the regulation of
oxidative stress on the formation of severe locomotion behavior
decreases after chronic exposure to Al2O3-NPs. The main aim of
this study was  to investigate the mechanisms of oxidative stress

dx.doi.org/10.1016/j.jhazmat.2012.03.083
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:dayongw@seu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2012.03.083
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n regulating the formation of locomotion behavior alterations in
ematodes after chronic Al2O3-NPs exposure.

. Materials and methods

.1. Reagents and preparation of Al2O3-NPs suspensions

Al2O3-NPs (purity, >99.99%) were from Hongchen Material Sci.
 Tech. Co., Zhoushan, China. Bulk Al2O3 (purity, >98.5%) was from
aker Chemical Co., Phillipsburg, NJ, U.S.A. Diameters of Al2O3-
Ps and Al2O3 are 60 nm and 429 nm,  respectively. Surface areas
f Al2O3-NPs and Al2O3 were re-measured by N2 sorption at 77 K
sing a NOVA 1000e instrument. The surface areas of the Al2O3-NPs
nd Al2O3 were 186 m2/g and 11.4 m2/g, respectively. All the other
hemicals were obtained from Sigma–Aldrich (St. Louis, MO,  USA).

Stock suspensions of Al2O3-NPs and bulk Al2O3
0.005–203.9 mg/L) were prepared partially as described [9].
eries of stock suspensions of Al2O3-NPs and bulk Al2O3 were
ispersed in ultrapure water by probe sonication at 100 W and
0 kHz for 30-min to form homogeneous suspensions. Size of bulk
l2O3 in stock suspensions was visualized by transmission electron
icroscopy to ensure that sonication did not break up the material

f bulk Al2O3. To avoid precipitation of Al(OH)3, the pH values of
ontrol, Al2O3-NPs and bulk Al2O3 were adjusted to 5.6, which
ad little effects on development of C. elegans because they have

 wide pH tolerance range from 3 to 12 [14]. The prepared stock
uspensions could be sustained at least 24 h. The zeta potentials
or Al2O3-NPs and Al2O3 were 34.2 and 5.9 mV,  respectively, as
nalyzed with a Nano Zetasizer (Malvern Instrument Ltd., Malvern,
K).

.2. Strain preparation and exposure conditions

Nematodes used were wild-type N2, VC433 [sod-3(gk235)],
B1072 [sod-2(ok1030)], KC136 [Phsp-16.2::gfp], and Ex(Psod-3-
od-3)  (the genetically modified nematodes were come from strain
2). They were maintained on nematode growth medium (NGM)
lates seeded with Escherichia coli OP50 at 20 ◦C [15]. Gravid nema-
odes were washed off the plates and lysed with a bleaching

ixture (0.45 M NaOH, 2% HOCl). Age synchronous populations of
oung adults were obtained as described [16]. The collected nema-
odes were washed with a modified K medium (50 mM NaCl, 30 mM
Cl, 10 mM NaOAc, pH 5.5) [17]. Acute exposures were performed
n young adults in 12-well sterile tissue culture plates for 6 h or
8 h at 20 ◦C in the presence of food. To perform chronic exposure
10 days), each prepared solution with the volume of 500 �L was
dded onto the NGM plate. The bacterial (OP50) lawn was  ringed
ith a line of 10 mg/mL  palmitic acid in ethanol to keep animals

rom crawling off the lawn. To prevent production of offspring, 5′-
uoro-2′-deoxyuridine (FUdR), a DNA synthesis inhibitor used to
revent a synchronous population from reproducing without oth-
rwise interfering with post-maturational development [18], was
dded into the NGM plates at a final concentration of 25 �M [7].  The
xposed nematodes were transferred to new NGM plates with new
repared suspension solutions every 12 h with injection needle to
nsure the homogeneous state of used suspensions. The tip of the
njection needle was wide enough to allow pick up nematodes. The
ransfer with injection needle did not influence the physiology of
ematodes

.3. Locomotion behavior
The endpoints of head thrash and body bend reflect locomotion
ehaviors of head and body of the nematodes. To assay head thrash,
very nematode was transferred into a microtiter well containing
erials 219– 220 (2012) 221– 230

60 �L of modified K medium on the top of agar. After a 1 min recov-
ery period, head thrashes were counted for 1 min. A thrash was
defined as a change in the direction of bending at the mid  body. To
assay body bend, nematodes were picked onto a second plate and
body bends were counted for 20 s. A body bend was counted as a
change in the direction of the part of nematodes corresponding to
posterior bulb of pharynx along the y axis, assuming that nematode
was moving along the x axis. The endpoints of head thrash and body
bend were used for both the acute (6 h and 48 h) and chronic (10
days) toxicity assay. Fifty nematodes were examined per replicate.
Five replicates were performed.

2.4. Analysis of transgenic strain

Stress response reflects the physiological response of animals to
a specific stress, and can be characterized by the induced synthesis
of a unique set of polypeptides, such as heat-shock proteins [19].
The KC136 strain, carrying a transgene of gfp reporter driven by hsp-
16.2 heat-shock promoter (Phsp-16.2::gfp), can reveal the presence
of toxic stress [19]. To analyze hsp-16.2 expression patterns, treated
KC136 nematodes were allowed to settle for 10 min, and pipet-
ted onto an agar pad on a glass slide, mounted and observed for
the fluorescent signals. Observations of fluorescence in the second
pharyngeal bulb were recorded and images were taken for docu-
mentation of results with Magnafire® software (Olympus, Irving,
TX, USA). Fluorescence of more than 50 nematodes was  examined
per replicate. Five replicates were performed.

2.5. Oxidative damage

The collected nematodes from at least ten large NGM plates
(9 cm)  were washed free of bacteria, pelleted and frozen for car-
bonylated protein quantification. To avoid the possible influence
of food in water, the collected nematodes in water were placed
on ice first, and then discard the supernatant with most of food
in it. Oxidative damage was analyzed using an Oxyblot assay kit
(Millipore, Billerica, MA,  USA) to detect the carbonylated proteins.
Quantification of carbonylated proteins was  obtained by taking the
ratio of DNP staining to tubulin staining. Five replicates were per-
formed.

To further quantify whether treatment increases reactive oxy-
gen species (ROS) levels, ROS production was assayed. Nematodes
were transferred to M9  buffer containing 1 �M CM-H2DCFDA to
pre-incubate for 3 h at 20 ◦C, and then mounted on agar pads for
examination with a laser scanning confocal microscope (Leica, TCS
SP2, Bensheim, Germany) at 488 nm of excitation wavelength and
510 nm of emission filter. Relative fluorescence intensities of the
second pharyngeal bulbs were semi-quantified. The semiquanti-
fied ROS was expressed as relative fluorescent units (RFU). More
than 50 nematodes were examined per replicate. Five replicates
were performed.

2.6. Superoxide dismutase (SOD) activity

SOD activity was measured at 500 nm with a commercially
available kit (kit Ransod superoxide dismutase) from Randox Lab-
oratories. To avoid the possible effect of food in solutions, the
collected nematodes in solutions were placed on ice first, and then
discard the supernatant with most of food in it. Nematodes of at
least ten large NGM plates (9 cm)  were collected. The data were
summary of three trials.
2.7. Reverse transcription-polymerase chain reaction (PCR)

Total RNA was extracted using RNeasy Mini Kit (Qiagen,
Valencia, CA, USA) from nematodes of at least ten large NGM
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ig. 1. Comparison of locomotion behaviors in nematodes exposed to Al2O3-NPs a
therwise indicated).

lates (9 cm). Total RNA (∼1 �g) was reverse-transcribed using
DNA Synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA),
nd real-time PCR was performed using primers for target
enes of sod-2 (forward primer, 5′-AGCACTCGCTGCCAGATTTA-3′;
everse primer, 5′-AGGACGGAGGAGAACCATCG-3′) and sod-3 (for-
ard primer, 5′-CTTGGCTAAGGATGGTGGAG-3′; reverse primer,

′-ATCACTATTGCGGTTCAAGG-3′), and reference gene of ubp-1
forward primer, 5′-CACTTGGTTCTTCGTCTTAG-3′; reverse primer,
′-CCTCCTTGTCTTGAATCTTG-3′). In nematodes, ubq-1 encodes an
biquitin protein, a highly conserved protein in eukaryotic organ-

sms. Relative quantification of sod-2 or sod-3 gene in comparison
o reference ubq-1 gene was determined, and the final results were
xpressed as relative expression ratio (between target gene and
eference gene) in the treatments as compared to the ratio in the
ontrol.

.8. Pharmacological assay

The day-9 Al2O3-NPs exposed (23.1 mg/L) adults were treated
ith 0.1% DMSO, an effective free radical scavenger, for 24-h [20],

0 mM ascorbate for 24 h [21] or 5 mM N-acetyl-l-cysteine (NAC)
or 24 h [21]. Ascorbate and NAC are two antioxidants and used to
reat mitochondrial dysfunction, and treatment with 10 mM ascor-
ate or 5 mM  NAC did not influence survival of nematodes [21].
raphs are representative of at least ten trials.

.9. DNA construct and germline transformation

The sod-3 (1010 bp, XbaI/KpnI) promoter fragments was sub-
loned into the pPD95 75 vector, and the sod-3 full length cDNA
ere inserted into sites of KpnI/XhoI of the pPD95 75 vector

ehind Psod-3fragments to obtain plasmid of Psod-3-sod-3. Trans-
enic worms were generated as described [22]. The plasmids were
njected as a mix  at 20 ng/�l using Pdop-1::rfp as a transgenic

arker.

.10. Statistical analysis

All data were expressed as means ± standard error of the mean
S.E.M.). Statistical analysis was performed using SPSS 12.0 (SPSS

nc., Chicago, IL, USA). Analysis of variance (ANOVA) was used
o determine the significance of differences between the groups.
robability levels of 0.05 and 0.01 were considered statistically
ignificant.
lk Al2O3 for 10-day. n = 5. Bars represent mean ± S.E.M. **P < 0.01 vs control (if not

3.  Results and discussion

In this study, we  first investigated the effects of acute expo-
sure to Al2O3-NPs and bulk Al2O3 on locomotion behaviors.
After exposure for 6-h, the significant decreases in head thrashes
(P < 0.01) and body bends (P < 0.01) were observed in nematodes
exposed to 51–203.9 mg/L of Al2O3-NPs (data not shown). Signifi-
cant decreases in head thrashes (51 mg/L, P < 0.05; 102–203.9 mg/L,
P < 0.01) and body bends (P < 0.01) were observed in nematodes
exposed to 51–203.9 mg/L of bulk Al2O3 (data not shown). Never-
theless, both head thrashes and body bends in Al2O3-NPs exposed
nematodes were lower than those in bulk Al2O3 exposed nema-
todes at concentrations of 51–203.9 mg/L (data not shown).

Moreover, after exposure for 48 h, significant decreases in head
thrashes (P < 0.01) and body bends (P < 0.01) were observed in
nematodes exposed to 30.6–203.9 mg/L of Al2O3-NPs. In contrast,
significant decreases in head thrashes (P < 0.01) and body bends
(P < 0.01) were observed in nematodes exposed to 51–203.9 mg/L
of bulk Al2O3 (data not shown). In addition, both head thrashes
and body bends in Al2O3-NPs exposed nematodes were lower
than those in bulk Al2O3 exposed nematodes at concentrations of
30.6–203.9 mg/L (data not shown). These data suggest that locomo-
tion behavior may  be a useful endpoint for evaluating the chronic
toxicity of Al2O3-NPs, and that exposure to 8.1–30.6 mg/L of Al2O3-
NPs for 6 h and 8.1–23.1 mg/L of Al2O3-NPs for 48-h does not
influence locomotion behaviors.

We further examined the 10-day chronic toxicity from
8.1–23.1 mg/L of Al2O3-NPs and bulk Al2O3 exposure on loco-
motion behavior of nematodes. The lethality of adult nematodes
exposed to Al2O3-NPs (<15.6 mg/L) or Al2O3 (<23.1 mg/L) was
not more than 20% at day 10 (Supplementary Fig. 1). As shown
in Fig. 1, significant decreases in head thrashes (P < 0.01) and
body bends (P < 0.01) were observed in nematodes exposed to
8.1–23.1 mg/L of Al2O3-NPs. In contrast, significant decreases in
head thrashes (P < 0.01) and body bends (P < 0.01) were detected in
nematodes exposed to 23.1 mg/L of bulk Al2O3. Furthermore, both
head thrashes and body bends in Al2O3-NPs exposed nematodes
were lower than those in bulk Al2O3 exposed nematodes. There-
fore, chronic exposure to 8.1–23.1 mg/L of Al2O3-NPs induces toxic
effects on locomotion behavior in nematodes. One of the impor-
tant reasons for selection of C. elegans as a bioindicator to evaluate

the chronic toxicity of NPs is its short life cycle (approximately 24-
day) of nematodes, and the use of C. elegans may largely reduce
the evaluation period of the chronic toxicity from NPs exposure
[5].
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6.2::gfp expression were observed to reflect stress response. Examination of carbo
*P  < 0.01 vs control (if not otherwise indicated).

We  next examined the toxicities from chronic (10-d) Al2O3-NPs
nd bulk Al2O3 exposure on the stress response in a transgenic
C136 strain. Chronic exposure to Al2O3-NPs at the examined
oncentrations induced a significant (P < 0.01) increase in the rela-
ive fluorescent intensities of Phsp-16.2::gfp expression, whereas
nly chronic exposure to 23.1 mg/L of bulk Al2O3 activated a

ignificant (P < 0.01) increase in the relative fluorescent intensi-
ies of Phsp-16.2::gfp expression (Fig. 2a). Noticeable differences
n the relative fluorescent intensities of Phsp-16.2::gfp expres-
ion in Al2O3-NPs exposed nematodes from those in bulk Al2O3

ig. 3. ROS production of nematodes exposed to Al2O3-NPs and bulk Al2O3 for 10-day
haryngeal bulb. (b) Comparison of ROS production in nematodes exposed to Al2O3-NPs an
OS  was expressed as relative fluorescent units (RFU). n = 5. Bars represent mean ± S.E.M
Ps and bulk Al2O3 for 10-day. Increased relative fluorescent intensities for Phsp-
d proteins reveals increased oxidative damage. n = 5. Bars represent mean ± S.E.M.

exposed nematodes were detected at the examined concentra-
tions (Fig. 2a), suggesting that chronic exposure to Al2O3-NPs
at the examined concentrations causes induction of the stress
response.

Previous studies have suggested that acute exposure to met-
als such as cadmium will induce the formation of oxidative stress

in nematodes [23]. As shown in Fig. 2b, chronic exposure to
8.1–23.1 mg/L of Al2O3-NPs caused the formation of oxidative dam-
age; however, only chronic exposure to 23.1 mg/L of bulk Al2O3
induced the formation of oxidative damage. Therefore, chronic

. (a) Pictures showing the ROS production. Asterisks indicate position of second
d bulk Al2O3. CM-H2DCFDA was used to detect ROS production, and semiquantified

. **P < 0.01 vs control (if not otherwise indicated).
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ig. 4. Superoxide dismutase (SOD) activities (a) and of sod-2 and sod-3 gene ex
xpression ratios (between sod-2 or sod-3 target gene and ubq-1 reference gene) in 

ontrol  (if not otherwise indicated).

xposure to 8.1–23.1 mg/L of Al2O3-NPs further results in the for-
ation of oxidative stress.
One possible cause of induction of oxidative stress is an increase

n ROS generation [24]. As shown in Fig. 3, after a 10-day exposure,
ignificant (P < 0.01) ROS production was observed in nematodes
xposed to 8.1–23.1 mg/L of Al2O3-NPs. In contrast, significant
P < 0.01) ROS production was only detected in nematodes exposed
o 23.1 mg/L of bulk Al2O3. ROS generation in Al2O3-NPs exposed
ematodes was higher than that in bulk Al2O3 exposed nematodes
t the examined concentrations. Therefore, ROS production can
ccur in nematodes chronically exposed to Al2O3-NPs, implying
hat one of the causes of oxidative stress induction in nematodes
hronically exposed to Al2O3-NPs is induction of ROS production.

Usually, when ROS generation increases or when ROS defense
echanisms are compromised, cells and animals are said to be

nder oxidative stress [21]. SOD is one of many antioxidant
nzymes involved in protection against stress by converting super-
xide to hydrogen peroxide in animals. As shown in Fig. 4a,
fter a 10-day exposure, significant (P < 0.01) decreases in SOD
ctivities were detected in nematodes exposed to 8.1–23.1 mg/L
f Al2O3-NPs. In contrast, significant (P < 0.01) decrease in SOD
ctivity was only detected in nematodes exposed to 23.1 mg/L of
ulk Al2O3. More interestingly, we found that after pretreatment
ith paraquat, a known oxidative stressor, exposure to Al2O3-NPs

nhanced the adverse effects of paraquat on nematodes as indi-
ated by SOD activity (Supplementary Fig. 2). In C. elegans, sod-2
nd sod-3 encodes Mn-SODs that are localized in the mitochon-
rial matrix [25]. As shown in Fig. 4b, after a 10-day exposure,
oticeable decreases in sod-2 and sod-3 expression were detected

n nematodes exposed to 8.1–23.1 mg/L of Al2O3-NPs. In contrast,
bvious decreases in sod-2 and sod-3 expression were only detected
n nematodes exposed to 23.1 mg/L of bulk Al2O3. The expression
evels of sod-2 and sod-3 genes in Al2O3-NPs exposed nematodes

ere lower than those in bulk Al2O3 exposed nematodes at the
xamined concentrations. Therefore, the formation of oxidative
tress in nematodes chronically exposed to Al2O3-NPs may  be due
o alterations in both ROS production and ROS defense mecha-
isms.

To confirm the roles of oxidative stress in induction of loco-
otion behavior decreases in nematodes chronically exposed

o Al2O3-NPs, we investigated the neurotoxic effects of antioxi-
ants on locomotion behaviors in nematodes chronically exposed
o Al2O3-NPs at the concentration of 23.1 mg/L. As indicated
bove, chronic exposure to 23.1 mg/L of Al2O3-NPs induced the

ost severe adverse effects on locomotion behavior in nema-

odes (Fig. 1). Treatment with 0.1% DMSO effectively suppressed
nduction of the stress response, formation of oxidative dam-
ge, increase in ROS generation, and decrease in SOD activities in
ons (b) in nematodes exposed to Al2O3-NPs and bulk Al2O3 for 10-day. Relative
ents are normalized to the control. n = 5. Bars represent mean ± S.E.M. **P < 0.01 vs

nematodes chronically exposed to 23.1 mg/L of Al2O3-NPs
(Fig. 5a–d). Moreover, treatment with 0.1% DMSO effectively
retrieved the neurotoxic effects on head thrashes and body bends in
nematodes chronically exposed to 23.1 mg/L of Al2O3-NPs (Fig. 5e
and f).

Some antioxidants, such as ascorbate and NAC, can be used
to treat mitochondrial dysfunction. Treatment with 10 mM of
ascorbate or 5 mM of NAC effectively inhibited the induction of
the stress response, formation of oxidative damage, increase in
ROS generation, and decrease in SOD activities in nematodes
chronically exposed to 23.1 mg/L of Al2O3-NPs (Fig. 5a–d). Fur-
thermore, treatment with 10 mM of ascorbate or 5 mM of NAC
effectively suppressed the neurotoxic effects on locomotion behav-
iors in nematodes chronically exposed to 23.1 mg/L of Al2O3-NPs
(Fig. 5e and f). Therefore, treatment with antioxidants can sup-
press the formation of oxidative stress and retrieve the defects of
locomotion behaviors in nematodes chronically exposed to Al2O3-
NPs.

To further confirm the roles of oxidative stress in induction of
locomotion behavior decreases in nematodes chronically exposed
to Al2O3-NPs, we  selected the sod-3 gene to construct a SOD-3
overexpression transgenic strain. This allowed for investigation
of the effects of SOD-3 overexpression on locomotion behaviors
in nematodes chronically exposed to Al2O3-NPs. As shown in
Fig. 6, SOD-3 overexpression effectively suppressed formation of
the stress response and oxidative damage in nematodes chronically
exposed to Al2O3-NPs (Fig. 6a and b). Moreover, SOD-3 overexpres-
sion effectively prevented the occurrence of ROS generation and
the disruption of ROS defense mechanisms formed in nematodes
chronically exposed to Al2O3-NPs (Fig. 6c and d). Furthermore,
SOD-3 overexpression effectively inhibited the decreases in loco-
motion behaviors in nematodes chronically exposed to Al2O3-NPs
(Fig. 6e and f), implying that SOD-3 overexpression can suppress
the adverse effects of chronic exposure to Al2O3-NPs on locomo-
tion behaviors by inhibiting the formation of oxidative stress. A
similar conclusion was obtained in clk mutants; clk mutants with
an extended lifespan show increased expression of SOD-2 and no
decrease in oxidative damage [26].

In C. elegans, sod-2 and sod-3 mutants are very sensitive to
oxidative stress [27]. We  next investigated the possible suscepti-
ble properties of sod-2 and sod-3 mutants to chronic Al2O3-NPs
neurotoxicity. For this purpose, we  selected the concentration of
8.1 mg/L to examine the possible susceptible properties of sod-2
and sod-3 mutants after exposure to Al2O3-NPs because, as indi-

cated above, chronic exposure to 8.1 mg/L of Al2O3-NPs induced
relatively less severe adverse effects on locomotion behavior in
nematodes (Fig. 1). As shown in Fig. 7, after chronic exposure
to 8.1 mg/L of Al2O3-NPs, mutations of sod-2 and sod-3 induced
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Fig. 5. Effects of antioxidant treatment on stress response (a), oxidative damage (b), ROS production (c), SOD activity (d), head thrash (e) and body bend (f) in nematodes
chronically exposed to 23.1 mg/L Al2O3-NPs. Increased relative fluorescent intensities for Phsp-16.2::gfp expression were observed to reflect stress response. Examination of
c  to det
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arbonylated proteins reveals increased oxidative damage. CM-H2DCFDA was used
nits  (RFU). The day-9 Al2O3-NPs exposed nematodes were treated with 0.1% DM
ean  ± S.E.M. **P < 0.01.

ore marked decreases in head thrashes and body bends compared
ith those in wild-type nematodes. These data suggest that sod-2

nd sod-3 mutants are more susceptible than wild-type to chronic
l2O3-NPs exposure-induced neurotoxicity.
We also examined the effects of chronic exposure to Al2O3-NPs
upernatant on locomotion behaviors of wild-type N2 nematodes.
s shown in Fig. 8, chronic exposure to 8.1–15.6 mg/L of Al2O3-NPs
upernatants did not obviously affect head thrashes or body bends;
ect ROS production, and semiquantified ROS was expressed as relative fluorescent
0 mM ascorbate, or 5 mM N-acetyl-l-cysteine (NAC) for 24 h. n = 5. Bars represent

however, head thrashes and body bends in nematodes chronically
exposed to 23.1 mg/L of Al2O3-NPs supernatant were moderately
decreased. In contrast, head thrashes and body bends in nematodes
chronically exposed to resuspensions of 8.1–23.1 mg/L of Al2O3-

NPs pellets were significantly decreased. Therefore, although some
metal may  be dissolved to ionic Al in prepared suspensions, the
toxicity of Al2O3-NPs can be mainly explained by NP-specific toxic
mechanisms.
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Fig. 6. Effects of SOD-3 over-expression on stress response (a), oxidative damage (b), ROS production (c), SOD activity (d), head thrash (e) and body bend (f) in nematodes
chronically exposed to 23.1 mg/L Al2O3-NPs. Increased relative fluorescent intensities for Phsp-16.2::gfp expression were observed to reflect stress response. Examination of
carbonylated proteins reveals increased oxidative damage. CM-H2DCFDA was  used to detect ROS production, and semiquantified ROS was  expressed as relative fluorescent
units  (RFU). n = 5. Bars represent mean ± S.E.M. **P < 0.01.

Fig. 7. Effects of sod-2 and sod-3 mutations on head thrashes (a) and body bends (b) in nematodes chronically exposed to 8.1 mg/L Al2O3-NPs. n = 5. Bars represent mean ± S.E.M.
*P  < 0.05, **P < 0.01.
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Fig. 8. Effects of Al2O3-NPs supernatants chronic exposure on locomotion

Considering the importance of environmental relevant con-
entrations in NPs toxicity evaluation, we finally investigated

he effects of chronic exposure to Al2O3-NPs at very low con-
entrations (0.005–1 mg/L) on locomotion behavior of wild-type
2 nematodes. Chronic exposure to 0.005 mg/L of Al2O3-NPs
id not obviously influence head thrashed and body bends of

ig. 9. Effects of chronic Al2O3-NPs exposure at very low concentrations on head thrash (a
OD  activity (f) in nematodes. Increased relative fluorescent intensities for Phsp-16.2::gfp
roteins reveals increased oxidative damage. CM-H2DCFDA was  used to detect ROS prod

 = 5. Bars represent mean ± S.E.M. *P < 0.05; **P  < 0.01.
iors in nematodes. n = 5. Bars represent mean ± S.E.M. *P < 0.05, **P  < 0.01.

nematodes; however, exposure to 0.01–1 mg/L of Al2O3-NPs sig-
nificantly decreased both head thrashes (0.01 mg/L, P < 0.05;

0.5–1 mg/L, P < 0.01) and body bends (0.01 mg/L, P < 0.05;
0.5–1 mg/L, P < 0.01) of nematodes (Fig. 9a and b). Accompa-
nying with the decreases in locomotion behaviors, a noticeable
stress response and oxidative damage occurred in nematodes

), body bend (b), stress response (c), oxidative damage (d), ROS production (e), and
 expression were observed to reflect stress response. Examination of carbonylated
uction, and semiquantified ROS was  expressed as relative fluorescent units (RFU).
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hronic exposed to 0.01–1 mg/L of Al2O3-NPs (Fig. 9c and d).
oreover, we observed significant induction of ROS production

nd reduction in SOD activities in nematodes chronic exposed to
.01–1 mg/L of Al2O3-NPs (Fig. 9e and f).

The detection limits for most methods are not sufficiently low to
etect environmentally relevant concentrations of engineered NPs

n the range of ng/L to pg/L [28]. In the present study, the exam-
ned Al2O3-NPs concentrations, such as 0.01 mg/L, are relatively
ower concentrations that still have toxic effects on organisms com-
ared with the concentrations in our previously study [3].  We  did
ot detect possible adverse effects of Al2O3-NPs on nematodes in
he range of ng/L as detected with CeO2-NPs in nematodes [29].
ublished data on the possible adverse effects of nanomaterials on
rganisms at the environmental relevant concentrations are still
ery limited.

. Conclusions

In the present study, our data confirmed the possible size effects
f Al2O3-NPs on nematodes to a certain degree compared with
ulk Al2O3; however, we found that exposure to bulk Al2O3 also
aused the neurotoxic effects on nematodes. Therefore, so far
e still cannot exclude such a possibility that the observed tox-

city in Al2O3-NPs exposed nematodes may  also largely due to
he difference of transfer or distribution from that in bulk Al2O3
xposed nematodes. In addition, the relatively large surface area of
l2O3-NPs compared with bulk Al2O3 may  also participate in the
xplanation of the differences of toxicity between Al2O3-NPs and
ulk Al2O3.

Our data further suggest that chronic exposure to Al2O3-NPs
t concentrations more than 0.01 mg/L induced decrease in loco-
otion behaviors of nematodes. This concentration is much lower

han those examined in other organisms [30–33].  Considering the
act that sod-2 and sod-3 mutants are more sensitive than wild-
ype N2 to the neurotoxicity from chronic exposure to Al2O3-NPs,
ower concentrations than 0.01 mg/L may  be detected to have toxic
ffects on organisms.

Moreover, we found that decreases in locomotion behaviors in
ematodes chronically exposed to Al2O3-NPs are associated with
oth increase in ROS generation and disruption of ROS defense
echanisms. Furthermore, chronic exposure to Al2O3-NPs may

ncrease the ROS generation and disrupt the ROS defense mech-
nisms through suppressing the activities of Mn-SODs.
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Guńko,  Y. Rochev, Long-term exposure of CdTe quantum dots on PC12 cellu-
lar  activity and the determination of optimum non-toxic concentrations for
biological use, J. Nanobiotechnol. 8 (2010) 7.

[3] S.-H. Yu, Q. Rui, T. Cai, Y.-X. Li, D.-Y. Wang, Close association of intestinal auto-
fluorescence with the formation of severe oxidative damage in intestine of
nematodes chronically exposed to Al2O3-nanoparticle, Environ. Toxicol. Phar-
macol. 32 (2011) 233–241.

[4] A. Baun, N.B. Hartmann, K. Grieger, K.O. Kusk, Ecotoxicity of engineered
nanoparticles to aquatic invertebrates: a brief review and recommendations
for  future toxicity testing, Ecotoxicology 17 (2008) 387–395.

[5]  M.C.K. Leung, P.L. Williams, A. Benedetto, A. Au, K.J. Helmcke, M.  Aschner, J.N.
Meyer, Caenorhabditis elegans: an emerging model in biomedical and environ-
mental toxicology, Toxicol. Sci. 106 (2008) 5–28.

[6] X.-J. Xing, Y.-L. Guo, D.-Y. Wang, Using the larvae nematode Caenorhabditis ele-
gans to evaluate neurobehavioral toxicity to metallic salts, Ecotoxicol. Environ.
Safe. 72 (2009) 1819–1823.

[7] L.-L. Shen, J. Xiao, H.-Y. Ye, D.-Y. Wang, Toxicity evaluation in nematodes
Caenorhabditis elegans after chronic metal exposure, Environ. Toxicol. Phar-
macol. 28 (2009) 125–132.

[8] Q.-L. Wu,  Y.-Y. Qu, X. Li, D.-Y. Wang, Chromium exhibits adverse
effects at environmental relevant concentrations in chronic toxicity
assay system of nematode Caenorhabditis elegans, Chemosphere (2012),
http://dx.doi.org/10.1016/j.chemosphere.2012.01.035.

[9] A.J. Wagner, C.A. Bleckmann, R.C. Murdock, A.M. Schrand, J.J. Schlager, S.M.
Hussain, Cellular interaction of different forms of aluminum nanoparticles in
rat alveolar macrophages, J. Phys. Chem. B 111 (2007) 7353–7359.

10] H.A. Jeng, J. Swanson, Toxicity of metal oxide nanoparticles in mammalian cells,
J.  Environ. Sci. Health A 41 (2006) 2699–2711.

11] H. Wang, R.L. Wick, B. Xing, Toxicity of nanoparticle and bulk ZnO, Al2O3

and TiO2 to the nematode Caenorhabditis elegans, Environ. Pollut. 157 (2009)
1171–1177.

12] S. Wu,  J.-H. Lu, Q. Rui, S.-H. Yu, T. Cai, D.-Y. Wang, Aluminum nanoparticle expo-
sure in L1 larvae results in more severe lethality toxicity than in L4 larvae or
young adults by strengthening the formation of stress response and intestinal
lipofuscin accumulation in nematodes, Environ. Toxicol. Pharmacol. 31 (2011)
179–188.

13] T. Halatek, H. Sinczuk-Walczak, K. Rydzynski, Prognostic significance of low
serum levels of Clara cell phospholipid-binding protein in occupational alu-
minium neurotoxicity, J. Inorg. Biochem. 99 (2005) 1904–1911.

14] N. Khanna, C.P. Cressman III, C.P. Tatara, P.L. Willimas, Tolerance of the nema-
tode Caenorhabditis elegans to pH, salinity, and hardness in aquatic media, Arch.
Environ. Contam. Toxicol. 32 (1997) 110–114.

15] S. Brenner, The genetics of Caenorhabditis elegans, Genetics 77 (1974) 71–94.
16] S.G. Donkin, D.B. Dusenbery, A soil toxicity test using the nematode Caenorhab-

ditis elegans and an effective method of recovery, Arch. Environ. Contam.
Toxicol. 25 (1993) 145–151.

17] P.L. Williams, D.B. Dusenbery, Aquatic toxicity testing using the nematode
Caenorhabditis elegans, Environ. Toxicol. Chem. 9 (1990) 1285–1290.

18] S. Gandhi, J. Santelli, D.H. Mitchell, J.W. Stiles, D.R. Sanadi, A simple method for
maintaining large, aging populations of Caenorhabditis elegans, Mech. Ageing
Dev. 12 (1980) 137–150.

19] K.W. Chu, K.L. Chow, Synergistic toxicity of multiple heavy metals is revealed by
a  biological assay using a nematode and its transgenic derivate, Aquat. Toxicol.
61  (2002) 53–64.

20] S. Wang, Y. Zhao, L. Wu,  M.  Tang, C. Su, T.K. Hei, Z. Yu, Induction of germline cell
cycle arrest and apoptosis by sodium arsenite in Caenorhabditis elegans, Chem.
Res. Toxicol. 20 (2007) 181–186.

21] J. Huang, B.D. Lemire, Mutations in the C. elegans succinate dehydrogenase iron-
sulfur subunit promote superoxide generation and premature aging, J. Mol. Biol.
387 (2009) 559–569.

22] C.C. Mello, J.M. Kramer, D. Stinchcomb, V. Ambros, Efficient gene transfer in
C.  elegans: extrachromosomal maintenance and integration of transforming
sequence, EMBO J. 10 (1991) 3959–3970.

23] D.-Y. Wang, X.-J. Xing, Pre-treatment with mild UV irradiation suppresses
reproductive toxicity induced by subsequent cadmium exposure in nematodes,
Ecotoxicol. Environ. Saf. 73 (2010) 423–429.

24] R.S. Balaban, S. Nemoto, T. Finkel, Mitochondria, oxidants, and aging, Cell 120
(2005) 483–495.

25] T. Hunter, W.H. Bannister, G.J. Hunter, Cloning, expression, and characterization
of two manganese superoxide dismutases from Caenorhabditis elegans, J. Biol.
Chem. 272 (1997) 28652–28659.

26] J.M. Van Raamsdonk, Y. Meng, D. Camp, W.  Yang, X. Jia, C. Benard, S. Hekimi,
Decreased energy metabolism extends life span in Caenorhabditis elegans with-
out  reducing oxidative damage, Genetics 185 (2010) 559–571.

27] Y. Honda, M.  Tanaka, S. Honda, Modulation of longevity and diapause by redox

regulation mechanisms under the insulin-like signaling control in Caenorhab-
ditis elegans, Exp. Gerontol. 43 (2008) 520–529.

28] M.  Hassellöv, J.W. Readman, J.F. Ranville, K. Tiede, Nanoparticle analysis and
characterization methodologies in environmental risk assessment of engi-
neered nanoparticles, Ecotoxicology 17 (2008) 344–361.

http://dx.doi.org/10.1016/j.jhazmat.2012.03.083
http://dx.doi.org/10.1016/j.jhazmat.2012.03.083
dx.doi.org/10.1016/j.chemosphere.2012.01.035


2 s Mat

[

[

[

[
Al2O3 nanoparticles: a dynamic nano-toxicity assessment of energy budget
distribution, J. Hazard. Mater. 187 (2011) 502–508.

[33] C. Garcia-Saucedo, J.A. Field, L. Otero-Gonzalez, R. Sierra-Alvarez, Low toxic-
30 Y. Li et al. / Journal of Hazardou

29]  H. Zhang, X. He, Z. Zhang, P. Zhang, Y. Li, Y. Ma,  Y. Kuang, Y. Zhao, Z. Chai,
Nano-CeO2 exhibits adverse effects at environmental relevant concentrations,
Environ. Sci. Technol. 45 (2011) 3725–3730.

30] R.J. Griffitt, A. Feswick, R. Weil, K. Hyndman, P. Carpinone, K. Powers, N.D.

Denslow, D.S. Barber, Investigation of acute nanoparticulate aluminum toxicity
in  zebrafish, Environ. Toxicol. 26 (2011) 541–551.

31] X. Zhu, L. Zhu, Z. Duan, R. Qi, Y. Li, Y. Lang, Comparative toxicity of several
metal oxide nanoparticle aqueous suspensions to zebrafish (Danio rerio) early
developmental stage, J. Environ. Sci. Health Part A 43 (2008) 278–284.
erials 219– 220 (2012) 221– 230

32] M.  Li, K.J. Czymmek, C.P. Huang, Response of Ceriodaphnia dubia to TiO2 and
ity  of HfO2, SiO2, Al2O3 and CeO2 nanoparticles to the yeast, Saccharomyces
cerevisiae,  J. Hazard. Mater. 192 (2011) 1572–1579.


	Chronic Al2O3-nanoparticle exposure causes neurotoxic effects on locomotion behaviors by inducing severe ROS production an...
	1 Introduction
	2 Materials and methods
	2.1 Reagents and preparation of Al2O3-NPs suspensions
	2.2 Strain preparation and exposure conditions
	2.3 Locomotion behavior
	2.4 Analysis of transgenic strain
	2.5 Oxidative damage
	2.6 Superoxide dismutase (SOD) activity
	2.7 Reverse transcription-polymerase chain reaction (PCR)
	2.8 Pharmacological assay
	2.9 DNA construct and germline transformation
	2.10 Statistical analysis

	3 Results and discussion
	4 Conclusions
	Acknowledgments
	Appendix A Supplementary data
	References


