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Abstract Ionic liquids that are not that “green” to many or-
ganisms have recently been identified. This study examined
the subchronic toxicity of the ionic liquid 1-octyl-3-
methylimidazolium hexafluorophosphate ([omim]PF6) to
earthworms (Eisenia fetida). Earthworms were exposed for a
28-day period (sampled on days 7, 14, 21, and 28) at concen-
trations of 0, 5, 10, 20, and 40 mg/kg. The levels of reactive
oxygen species (ROS), antioxidant enzymes (superoxide dis-
mutase (SOD), catalase (CAT), guaiacol peroxidase (POD)),
detoxifying enzyme (glutathione S-transferase (GST)), lipid
peroxidation, and DNA damage were measured. ROS signif-
icantly accumulated in all the treatment groups; the maximum
ROS content was 51.9 % higher than the control at 40 mg/kg
[omim]PF6 on day 28. Increased SOD activities attenuated
over the time of exposure, while the CAT activities of the
treatment groups were similar to the controls, except on day
14. Furthermore, the activities of POD and GST were stimu-
lated. Lipid peroxidation in earthworms was not apparent at 5
and 10 mg/kg [omim]PF6 but was quite obvious at 40 mg/kg
[omim]PF6. In addition, DNA damage was dose- and time-

dependent. In conclusion, [omim]PF6 caused oxidative stress
and genotoxicity in earthworms.
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Introduction

Ionic liquids (ILs) have been a “green” substitute for tradition-
al solvents in technological and scientific applications. They
are a class of chemicals consisting of an organic cation that is
typically a bulky molecule, such as imidazolium, pyridinium,
or alkylammonium and typical anions, which are often weakly
coordinating halogen anions, such as chlorine, tetrafluorobo-
rate, hexafluorophosphate, or bromide (Bubalo et al. 2014;
Earle and Seddon 2000). These solvents possess a number
of unique characteristics, such as negligible vapor pressure,
high thermal stability, and excellent solvation ability
(Moosavi and Daneshvar 2014). Due to these excellent prop-
erties, ILs have been claimed to be environmentally benign
and have a wide range of use in various industries (Lawes
et al. 2010; Li et al. 2013; MacFarlane et al. 2010; Ueno
et al. 2008; Ueno and Watanabe 2011).

ILs are unlikely to be air contaminants, but when they leach
from landfill or via effluents, their final destinations are water
and soil. Previous studies have shown that some ILs have
strong lethal effects on test organisms and that their toxicity
is equal or even higher than some traditional organic solvents
(Wu et al. 2013; Tsarpali and Dailianis 2015). Most research
has focused on ILs in aquatic organisms, enzymes, cells, and
plants (Bubalo et al. 2014; Liu et al. 2014; Liu et al. 2015;
Tsarpali et al. 2015). Tsarpali et al. (2015) studied the cytotox-
ic, oxidative, and genotoxic effects of [bmim][BF4] and
[omim][BF4] on the marine mussel Mytilus galloprovincialis
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at different concentrations. Deng et al. (2015) investigated the
toxicity of [C4mim][Cl] toward the alga Scenedesmus
quadricauda over a range of concentrations (0.1–1.0 mM).
Furthermore, Li et al. (2010) and Luo et al. (2009, 2010)
evaluated the toxicity of 1-methyl-3-octylimidazolium bro-
mide ([C8mim]Br) to earthworms. According to their results,
the 7- and the 14-day LC50 of [C8mim]Br were 206.8 and
159.4 mg/kg of artificial soil, respectively. [C8mim]Br was
also indirectly shown to induce the formation of reactive ox-
ygen species (ROS) and then harm the earthworms.

Earthworms account for 60–80 % of the total soil
biomass in the ecosystem, and they play a critical role
in the system. The Organization for Economic Co-
operation and Development (OECD) has used the earth-
worm (Eisenia fetida) as a bioindicator for testing the
toxicity of chemicals.

Little information of the biochemical responses and
DNA damage in earthworms exposed to [omim]PF6 is
available. Therefore, in the present study, the ROS con-
tent, antioxidant enzymes (superoxide dismutase (SOD),
catalase (CAT), and guaiacol peroxidase (POD)), detox-
ifying enzyme (glutathione S-transferase (GST)),
malondialdehyde (MDA), and comet assay were deter-
mined at sublethal dose of [omim]PF6 during a 28-day
period. Recently, Guo et al. (2015) studied the content
change of [C8mim]Cl in artificial soil. According to that
study, on day 28, the [C8mim]Cl concentration in 5, 10,
20, and 40 mg/kg [C8mim]Cl-exposed treatments
changed 1.2, 2.3, 4.2, and 4.4 %, respectively, com-
pared to the initial content. Moreover, Stolte et al.
(2011) have showed that the [PF6]

− was recalcitrant to
biodegradation, while only the elongated alkyl side
chain (C8) can be degraded. Therefore, the content
change in [omim]PF6 may be similar to that of
[C8mim]Cl.

Via the investigation and discussion of the biochem-
ical and genotoxic effects in earthworms exposed to
[omim]PF6, the present study aims to provide a scien-
tific basis and support for further evaluating the
ecotoxicity of ILs.

Materials and methods

Chemicals

The [omim]PF6 (purity 99.0 %) was purchased from the
Shanghai Cheng Jie Chemical Co., Ltd. (Shanghai, China).
All other reagents were of analytical grade and obtained from
the Sigma Chemical Co. (St. Louis, MO, USA), the Beijing
Chemical Co. (Beijing, China), and the Shanghai Sangon
Biological Engineering Technology and Service Co., Ltd.
(Shanghai, China).

Earthworms and artificial soil

Earthworms were obtained from the earthworm farm at
Shandong Agriculture University. They were matured adults
with well-developed clitella. Each weighed between 300 and
600 mg and was maintained in mixed sphagnum and cattle
feces for 2 weeks. OECD and International Organization for
Standardization (ISO 11268-1 1993) artificial soil was used in
the toxicological tests, the composition of which (dry weight)
was 70 % industrial sand, 20 % kaolin, and 10 % sphagnum
peat moss. The pH of the artificial soil was adjusted to 6.0±
0.5 by CaCO3 (OECD 1984; ISO 11268-1 1993). The earth-
worms were acclimatized for 24 h in artificial soil before
toxification.

Experimental procedures

Conditions and treatment

Four concentrations (5, 10, 20, and 40 mg/kg) of [omim]PF6
and a control in artificial soil (dry weight) were chosen for the
subchronic toxicity tests according to Li et al.(2010). There
were three replicates for each concentration. Fifteen dried and
weighed earthworms were added to a beaker (1000 ml, 750 g
of artificial soil) that was then covered by plastic containing
holes. All containers were maintained in an incubator at 20±
1 °Cwith a light-dark cycle between 12 h/12 h and 16 h/8 h for
28 days. To maintain the worms during the exposure period,
the worms in each container were fed weekly on the soil
surface with 0.5g wetted cattle manure per worm (Liu et al.
2009). After 7, 14, 21, and 28 days, three earthworms were
sampled from each beaker. One earthwormwas used for ROS;
one for the antioxidant enzymes, GST, and MDA; and one for
the comet assay. Each concentration had three replicates. The
earthworms were removed 12 h before testing and stored in
Petri dishes on filter paper soaked with normal saline (in the
dark at 20±1 °C) to void gut contents.

Sample preparation and measurements

ROS production was determined according to the 2′,7′-
dichlorofluorescin diacetate (DCFH-DA) method (Lawler
et al. 2003; Zhang et al. 2013a). Three earthworms were ho-
mogenized in 100 mM ice-cold potassium phosphate buffer
(pH 7.4) at 3000×g for 10 min. Then, the supernatants were
recentrifuged at 20,000×g for 10 min (Eppendorf, Centrifuge
5804), and after the pellet was resuspended, the mitochondria
suspension was obtained. All the procedures described above
were carried out at 4 °C. The resuspension liquid mixed with
DCFH-DA at a final concentration of 2μMwas cultivated in a
water bath for 30 min (37 °C). The fluorescence of the sample
was detected by a fluorescence spectrophotometer (Shimadzu,
RF-5301PC) at an excitation wavelength of 488 nm and an
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emission wavelength of 522 nm. The protein content was
determined by the Sigma Bradford method (Bradford 1976).
Bovine serum albumin (BSA) was used as the standard sub-
stance. The ROS levels are expressed as the fluorescence in-
tensity per milligram of protein.

To determine the enzyme activities, MDA content, and
protein content, three earthworms were homogenized in
ice-cold Tris-phosphate buffer (1:9, w/v, pH 7.5). The homog-
enates were centrifuged at 2500×g for 5 min and then were
transferred to another centrifuge tube and centrifuged again at
3000×g at 4 °C for 10 min (Eppendorf, Centrifuge 5804).
Then, the supernatants were collected and used as soon as
possible. The course of enzyme extraction and storage was
strictly set at 4 °C. The protein content was determined by
the Sigma Bradford method (Bradford 1976). BSA was used
as the standard.

SOD activity was assayed by the inhibition of the photo-
chemical reduction of nitroblue tetrazolium (NBT) (Sun et al.
1988; Song et al. 2009). The reaction mixture consisted of
50 mM phosphate buffer (pH 7.8), 130 mM methionine,
750 μM NBT, 100 μM ethylenediaminetetraacetic acid
(EDTA), 20 μM riboflavin, and 50 μl of enzyme extract.
Then, all the tubes were mixed thoroughly and illuminated
under a 4000-lx fluorescent lamp for 20 min. The absorbance
of the reaction mixture was determined at 560 nm. One unit
(U) of SOD activity was expressed as the quantity of the
enzyme that inhibited half of the NBT photoreduction rate.

CAT activity was determined by assessing the decrease of
H2O2 absorbance at 240 nm based on Song et al. (2009). First,
the H2O2-phosphate buffer ii was prepared, which included
160 μl H2O2 (30 % w/v) and 100 ml of phosphate buffer i
(0.067M, pH 7.0). Ten microliters of enzyme extract and 3 ml
of phosphate buffer i were added to the reference cell. The
sample cell contained 10 μl of enzyme extract and 3 ml of
H2O2-phosphate buffer ii. The absorbance of H2O2-phosphate
buffer ii was approximately 0.500 at 240 nm. The CAT activ-
ity was calculated as the ultraviolet absorption decrease from
the decomposition H2O2 by CAT at 250 nm in unit time.

The POD activity was determined following Song et al.
(2009). Guaiacol can be oxidized to dark brown by H2O2.
The reaction mixture contained 50 ml of potassium phosphate
buffer (100 mM, pH 6.0), 19 ml of 30 % H2O2, and 28 ml of
guaiacol. The supernatant (20 μl) was added to a 3-ml reaction
mixture as sample; the potassium phosphate buffer (100 mM,
pH 6.0) containing the reaction mixture served as the control.
The absorbance at 470 nm for 3 min was determined.

The GST activity measurement was carried out according
to Habig et al. (1974) and Zhu et al. (2011) by measuring the
rate of absorbance increase of the combination of GSH and 1-
chloro-2,4-dinitro-benzene (CDNB). The control contained
0.2 ml of enzyme extract, 2.6 ml of phosphate buffer (0.1 M
sodium phosphate buffer, pH 7.5, containing 1 mM ethylene-
diaminetetraacetic acid (EDTA), 0.1 mMdithiothreitol (DTT),

and 0.1 mM phenylmethylsulfonyl fluoride (PMSF)), and
0.2 ml of CDNB (15 mM). The sample contained 0.2 ml of
enzyme extract, 2.4 ml of phosphate buffer, 0.2 ml of CDNB
(15 mM), and 0.2 ml of glutathione (15 mM). The changes in
absorbance were recorded at 340 nm for 3 min. A millimolar
extinction coefficient of 9.6/mM/cm was used to obtain the
activity measurements.

The MDA content was measured by the thiobarbituric acid
assay (Han et al. 2014). An enzyme sample (0.2 ml) was
mixed with the reaction mixture (0.2 ml of 8.1 % SDS,
1.5 ml of 20 % acetic acid, pH 3.5, 1 % of TBA, and 1 ml
of deionized water) and then was incubated at 90 °C for 1 h.
Themixtures were allowed to cool down and were centrifuged
at 3000 rpm for 15 min (Eppendorf, Centrifuge 5804). The
MDA content in the supernatant was determined by measur-
ing the absorbance at 532 nm. Themolar extinction coefficient
was 1.56×105/M/cm.

Single-cell gel electrophoresis (SCGE) was performed ac-
cording to Singh et al. (1988) and Song et al. (2009) with
slight modifications. Three earthworms from every treatment
secreted coelomocytes spontaneously in the cell extraction.
The cells were collected by centrifugation at 5315 rpm for
10 min (Eppendorf, Centrifuge 5804) and then were
suspended in phosphate-buffered saline (PBS) at 4 °C for
SCGE. SCGE was performed based on the methods of
Singh et al. (1988) and Song et al. (2009) with slight modifi-
cations. An appropriate amount of cell suspension mixed with
500 μl of 0.5 % low melting agar (LMA) in PBS at 37 °C and
80 μl of the mixture was pipetted onto a fully solidified pre-
coated layer of 100 μl 0.8 % normal melting agar (NMA).
After solidification, a third layer of 85 μl LMA was added
and covered with a coverslip before it solidified. The
microslides were immerged into analysis solution (2.5 M
NaCl, 10 mM Tris, 100 mM Na2EDTA (pH 10.0), 1 % Na
sarcosinate, 10% dimethyl sulfoxide (DMSO), and 1%Triton
X-100) for 1 h. After cleanup, they were incubated in 500 ml
Na2EDTA and 500 ml NaOH for 20 min before electrophore-
sis at 25 V (300 mA) for 15 min. The microslides were then
neutralized at 0.4 M Tris-HCl, dehydrated in ethanol at 4 °C
for an hour, and stained with 40 μl ethidium bromide
(13 mg/ml) for fluorescence microscopy analysis (Olympus
BX51 fluorescence microscope). The slides were triplicates
per treatment, and the images were scored using a digital im-
aging system.

Statistical analysis

Each treatment was performed in triplicate. All values are
presented as means±standard deviation (SD). One-way anal-
ysis of variance (ANOVA) followed by a calculation of least
significant differences (LSDs) at p<0.05 was used to evaluate
the statistical significance of the results between the exposed
and control groups by using SPSS 18.0. A bi-factorial
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ANOVAwas performed by SPSS 18.0 to analyze biochemical
responses in terms of the concentration, time of exposure, and
their interaction. And, a post hoc test by least significant dif-
ference (LSD) calculation at p<0.05 was preceded for
bi-factorial ANOVA results. If a significant interaction be-
tween both factors exists, one-way ANOVA followed by
LSD was conducted to evaluate the statistical significance of
the results among the treatments at the same sample times.

Results

ROS content

Figure 1 shows that in all the [omim]PF6 treatments, the ROS
content underwent a monotonic increase compared to the con-
trols with increasing concentration and time. The maximum
ROS content (2.02×103/mg protein) was 51.9 % higher than
the control (1.33×103/mg protein) at 40 mg/kg on day 28.
Therefore, the generation of ROS was stimulated by all
treatments.

Antioxidant enzymes activities and detoxifying enzyme
activity

According to Fig. 2a, the SOD activity of the exposure groups
was stimulated at first and then was gradually inhibited. All of
the treatments on day 7 had distinct activating effects com-
pared with the control groups, and the maximum SOD activity
was 29.6 % higher than the control. On day 14, almost no
obvious difference was visible between the treatments and
the control group. However, on days 21 and 28, the SOD
activity inhibition of all treatment groups was pronounced

compared to the control group. The minimum SOD activities
on days 21 and 28 were 15.2 and 21.8 % lower than the
controls, respectively.

As shown in Fig. 2b, CAT activities in all treatment groups
were the same as in the control except on day 14. On that day,
the contaminated groups underwent significant inhibition
compared to the control group.

In Fig. 2c, the POD activity in the lowest concentration
group (5 mg/kg) was significantly stimulated on day 7 and
day 14 compared to the control groups, while it was restored
to the control level on day 21 and day 28. In the other treat-
ment groups (10, 20, and 40 mg/kg), POD activity was sig-
nificantly higher than the control groups, which suggested
significant stimulation of the POD enzyme.

Figure 2d shows that on day 7, the GST activities of all
treatment groups were not distinct from the control. After this
time point, the GST activities of the treatment groups were at
least 10 % higher than the control, except for the 5 mg/kg
treatment group on days 14 and 21.

Oxidative damage

MDA content

Figure 3 shows that, at the early [omim]PF6 exposure time (on
days 7 and 14), the MDA contents were not obviously differ-
ent from the control at the lower concentrations (5 and
10 mg/kg). However, the MDA contents were higher than
the control in the 20 and 40 mg/kg treatments. With longer
exposure times, the MDA content in only the 40 mg/kg treat-
ment was higher than the control; the other treatments (5, 10,
and 20 mg/kg) showed no obvious change compared to the
control.

DNA damage

The images were obtained using the CASP software package
and show the effect of [omim]PF6 on the olive tail moment
(OTM) of coelomocyte DNA by [omim]PF6 as in Fig. 4.
Representative pictures of the comet assay are shown in
Fig. 5. Figure 4 shows that the OTM of all treatment groups
was greatly elevated compared to the control groups. The
elevation increased with increased concentration and extended
time, which indicated that [omim]PF6 caused dose- and
time-dependent DNA damage in earthworms. The maximum
OTMwas observed at 40mg/kg on day 28 and was 5.97 times
higher than the relative control.

Bi-factorial ANOVA results of biochemical responses

Because a significant interaction between [omim]PF6 concen-
tration and exposure time was found (Table 1), changes in the
biomarkers should be the result of the combined effects of
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these two factors. Both [omim]PF6 concentration and expo-
sure time were associated with significant changes for all the
biomarkers except CAT activity. As shown in post hoc test

results (Table 2), exposure dose and time have a different
effect on biomarkers. Under different doses, only ROS and
DNA damage were significantly different. As the exposure
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time lengthened, ROS, MDA, and DNA damage were differ-
ent from controls.

Discussion

Effects of ROS and oxidative stress

ROS, comprising superoxide anion (O2·
−), hydrogen peroxide

(H2O2), and hydroxyl radicals (OH·), are always present under
normal conditions in organisms. Various conditions can
change this balance. In these experiments, the ROS level
was elevated significantly in all the [omim]PF6 treatment
groups. Our results demonstrate that the ROS balance was
disrupted by external [omim]PF6. A similar result was found
in the study of Du et al. (2012), who studied the toxic effect of
ILs on zebrafish (Danio rerio). In conclusion, ROS levels in
organisms could be elevated after exposure to [omim]PF6.
When the ROS cannot be scavenged by antioxidative en-
zymes, the excess ROS may cause oxidative stress, lipid per-
oxidation, and DNA damage in earthworms.

SOD is the first defense line against O2
−, catalyzing the

dismutase of O2
− into H2O2 and O2 (Bowler et al. 1992; Qu

et al. 2010). In the present study, on day 7, the activity of SOD
in the treatment groups was significantly stimulated.
Therefore, the increase in SOD activity may be due to a pro-
tective strategy against a potential increase of ROS production
and an adjustment in response to the oxidative conditions (Wu
et al. 2013). On days 21 and 28, SOD activities were

decreased in all the treatment groups. The decrease in SOD
activity may be caused by the excess ROS, which exceeded
the antioxidative capacity of the earthworms (Wang et al.
2006). Previous studies of the toxic effect of ILs in Lemna
minor and Physa acuta have reported similar results (Zhang
et al. 2013a, b; Ma et al. 2014). Then, H2O2 was taken over by
CAT. CAT is a tetrameric heme-containing enzyme with the
potential to directly transform H2O2 into H2O and O2

(Blokhina et al. 2003; Gill and Tuteja 2010). The CAT activ-
ities of the treatments were the same as the control on day 7.
However, they became inhibited on day 14 and then recovered
to the control level. The decrease in CAT activity may be due
to the stress conditions, by reducing the rate of protein turn-
over (Liu et al. 2011). On days 21 and 28, the CAT activities
recovered to the control level, perhaps caused by an adaptive
mechanism. That trend was similar to the study of Li et al.
(2010), who studied the toxic effects of [C8mim]Br on earth-
worms. Guaiacol peroxidase (Kronfuss et al. 1996; Liu et al.
2011) is important to catalyze the removal of H2O2, and POD
activities were elevated significantly during the experiment in
most treatment groups. That result may be due to the differ-
ences in their mechanisms of H2O2 removal. The CAT reac-
tion is H2O2 dismutation, while the POD reaction is an oxida-
tion with other substrates (Vidossich et al. 2012). A significant
elevation in POD activity was also found by Zhang et al.
(2013a, b), who studied the toxicity of [C8mim]Br to L. minor.

Therefore, [omim]PF6 caused oxidative damage in earth-
worms. Furthermore, the change in antioxidant enzyme activ-
ities, not only the increase in the rate of superoxide and/or

a b c d e 

Fig. 5 Comets with different OTM induced by various concentrations of ionic liquid [omim]PF6 exposure in earthworms: a control, b 5 mg/kg, c
10 mg/kg, d 20 mg/kg, and e 40 mg/kg

Table 1 ANOVA results for
biochemical responses of
earthworms exposed to
[omim]PF6 on days 7, 14, 21,
and 28

Biomarkers Dose Time Dose × time

df F p df F p df F p

ROS 4 232.953 0.000* 3 123.185 0.000* 12 15.471 0.000*

SOD 4 9.549 0.000* 3 293.428 0.000* 12 16.141 0.000*

CAT 4 2.394 0.073 3 42.216 0.000* 12 4.442 0.000*

POD 4 61.953 0.000* 3 56.561 0.000* 12 6.579 0.000*

GST 4 16.629 0.000* 3 169.375 0.000* 12 60118 0.000*

MDA 4 25.166 0.000* 3 82.696 0.000* 12 2.774 0.011*

OTM 4 1820.005 0.000* 3 2116.479 0.000* 12 365.840 0.000*

*Stand for a significant effect of [omim]PF6 concentration, time of exposure, and their interaction on biochemical
responses (p<0.05)
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hydrogen peroxide generation, but also the decrease in the
antioxidant levels could result in oxidative damage (Escobar
et al. 1996).

Effects of detoxifying enzyme

GSTs can detoxify xenobiotics and endogenous metabolic by-
products via enzymatic glutathione conjugation, glutathione-
dependent peroxidase activity, or isomerization reactions, to
protect organisms from oxidative damage (Feng et al. 1999;
LaCourse et al. 2009). In our study, on day 7, the GST activ-
ities of all treatment groups were not different compared to the
control. That result may suggest that GSTs could handle the
excess ROS with the help of antioxidant enzymes. From day
14, GST activities were stimulated, which may be related to
the excess ROS. This result was similar to Yu et al. (2008),
who studied [C8mim]Br toxicity to mouse liver and found an
increase in GST activity. Therefore, our study showed that
[omim]PF6 could induce oxidative stress in earthworms.

Effects of oxidative damage

During lipid peroxidation (LPO), products can transform from
polyunsaturated precursors including small hydrocarbon frag-
ments such as ketones to MDA and related compounds (Garg
and Manchanda 2009). The MDA content in organisms indi-
rectly reflects the degree of intracellular injury (Bacanlı et al.
2014; Sharma et al. 2005). The MDA contents were not ob-
viously different to the control in the lower-concentration
treatments (5 and 10 mg/kg). The MDA contents in the
20 mg/kg treatment group were higher than the control on
day 7 and 14 and then recovered to the control level. This
patternmay be caused by the successful defense of antioxidant
enzymes and detoxifying enzymes. Moreover, the MDA con-
tents in the 40 mg/kg treatment were always higher than the
control. The increase inMDA content may be attributed to the

failure of antioxidant enzymes and detoxifying enzymes to
defend against excess ROS. Our result was similar to Lin
et al. (2012), who found that when earthworms were exposed
to contamination, the content of MDA significantly increased
at the higher doses but not at the lower doses. Previous studies
and the present results all showed that ILs could cause LPO in
earthworms.

In addition to LPO, the runaway ROS may induce many
other negative effects, such as DNA strand breaks or removal
of nucleotides during oxidative stress (Cooke et al. 2003).
DNA containing breaks can form a comet-like image when
viewed by fluorescence microscopy (Azqueta et al. 2009;
Collins 2014). Single-cell gel electrophoresis (SCGE) is a
useful tool to determine DNA damage (Reinecke and
Reinecke 2004; Wada et al. 2014). Furthermore, the olive tail
moment (OTM) of the test was chosen for evaluating DNA
damage in earthworms (Olive et al. 1990; Hu et al. 2010). In
Fig. 4, DNA damage showed a dose- and time-dependent
effect. This result could be explained as the failure of antiox-
idant enzymes when defending against ROS. The results were
similar to the outcomes of some former studies. Du and Dong
(Dong et al. 2013; Du et al. 2012) discussed the genotoxicity
of ILs to zebrafish (D. rerio). In addition, DNA damage was
more sensitive than LPO.

Conclusion

The present study reveals the biochemical responses and DNA
damage in earthworms exposed to [omim]PF6. At first,
[omim]PF6 induced excess ROS. Then, antioxidant enzymes
and detoxifying enzyme cooperated to scavenge excess ROS.
In the variations of antioxidant enzymes and detoxifying en-
zyme, SOD, POD, and GST were more activated than CAT.
The unscavenged excess ROS finally caused LPO and DNA
damage in earthworms. LPO was observed at concentrations
of 40 mg/kg from days 7 to 28, while DNA damage was
obviously observed for all the treatment groups during the
entire exposure period. In addition, SOD was more sensitive
to ROS than the other enzymes studied, and the comet assay
was more sensitive than MDA for the detection of oxidative
damage.
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