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Abstract Perfluorooctanoic acid (PFOA) is considered a per-
sistent environmental pollutant. The aim of this study was to
assess the potential toxicity of PFOA to earthworms (Eisenia
fetida) in artificial soil. The activities of superoxide dismutase
(SOD), catalase (CAT), peroxidase (POD), and glutathione S-
transferase (GST) as well as the contents of malondialdehyde
(MDA) were measured after exposure to 0, 5, 10, 20, and
40 mg kg7l PFOA in soils for 7, 14, 21, and 28 days. The
results showed that SOD activity increased at 14 days and
decreased from 21 to 28 days; MDA levels were highest in
the treatment with 40 mg kg ™' PFOA after 28 days of expo-
sure. In contrast, CAT and POD activities increased after 14—
21 days of exposure and significantly decreased with long-
term exposure (28 days). GST activity increased significant-
ly from 14 to 28 days. Our results indicate that PFOA has
biochemical effects on E. fetida, thereby contributing to
our understanding of the ecological toxicity of PFOA on
soil invertebrates.
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Introduction

Polyfluorinated chemicals (PFCs) are being increasingly used
as surfactants in furniture, clothing, and various other industry
sectors due to their unique chemical properties, such as high
chemical stability and extremely low surface tension. They are
also components of firefighting foam (Jensen and Leffers
2008). The most commonly PFCs used are perfluorooctane
sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA)
(Zhang et al. 2008). In 2001, the company 3M, one of the
world’s leading manufacturers of PFCs, decided to voluntarily
eliminate the production of perfluorooctane sulfonyl surfac-
tants due to an increased detection of PFOS worldwide (Giesy
and Kannan 2002). With the discontinuation of
perfluorooctane sulfonate and its derivatives, PFOA gradually
becomes the most produced and emitted perfluoroalkyl acid
compound, with higher detection levels than PFOS. Between
1950 and 2000, an estimated 500 metric tons of PFOA existed
in the environment (Lau et al. 2007). The Yangtze River was
moderately contaminated with both chemicals: median con-
centration was 4.2 ng L™ for PFOS and 5.4 ng L™' for PFOA,
and a remarkably high concentration of PFOA was found at
two sampling sites of the Yangtze River (110.6 and
297.5 ng L") (Jin et al. 2009). Toxicological tests carried
out in Italy and Greece detected PFOA in all plasma samples
taken from different groups of adults and women of reproduc-
tive age (Vassiliadou et al. 2010; De Felip et al. 2015).
Meanwhile, Jin et al. (2015) have observed that PFOA was
still the major chemical in use at a main fluorochemical
manufacturing park in China.

Perfluorooctanoic acid (CgHF;50,, PFOA) is a strong, or-
ganic acid, with a solid, crystalline form at room temperature.
It is considered a persistent organic pollutant in the environ-
ment, majorly because it is difficult to be hydrolyzed, photo-
lyzed, and degraded by microbial populations (Cui et al.
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2012). According to Olsen et al. (2007), the half-life of PFOA
in the human blood serum is as long as 3.8 years.

Perfluorooctanoic acid is widely distributed in aquatic en-
vironments, including groundwater and surface waters.
Generally, PFOA contaminates aquatic bodies in one of the
two following ways: (1) through industrial wastewater (Liu
et al. 2016b); e.g., according to Wang et al. (2012), industrial
waste discharged into the Haihe River and the Liaohe River
could be the cause of the higher PFC levels in the two major
Chinese cities: Tianjin and Liaoning. (2) Through long-
distance migration from the atmospheric environment,
PFOA in the atmosphere could eventually reach soils and
water via wet and dry settlements (Liu et al. 2016b).

Recently, the presence of PFOA in soil and its impacts on
the ecology have been receiving increased attention. For ex-
ample, unusually high level of PFOS, PFOA, and other
fluorine-containing compounds in agricultural soils in
Decatur, Alaska, USA, has caused significant concerns
(Renner 2009). Contamination with PFOA, especially in soils,
has become the focus of a number of studies. For example,
Zhang et al. (2013b) have reported decreased enzymatic ac-
tivities in PFOA-polluted soils, He et al. (2016) have observed
PFOA induced weight loss and bioaccumulation in
earthworms, and Zhu (2015) has determined acute toxic ef-
fects of PFOA on Eisenia fetida: after 7 and 14 days of expo-
sure in artificial soil, LDsq of earthworm was 964.85 and
932.79 mg kg ', respectively. Despite much effort directed
to the impact of PFOA on E. fetida, the relationship between
the damage of the antioxidant enzymatic system of E. fetida
and PFOA-polluted soils remains unknown.

A number of studies have focused on the toxicity of PFOA,
especially hepatotoxicity, which has been demonstrated in ex-
periments using rodents and fish (Cui et al. 2012). Liu et al.
(2007) have shown that PFOA can induce primary, cultured
Tilapia (Oreochromis niloticus) hepatocytes to produce oxida-
tive stress and induce apoptosis with involvement of caspases:
significant induction of reactive oxygen species (ROS) ac-
companied by increases in activities of superoxide dismutase
(SOD), catalase (CAT), and glutathione reductase (GR) was
found, while activities of glutathione peroxidase (GPx) and
glutathione S-transferase (GST) were decreased. Chen et al.
(2017) have found that PFOA can inhibit luteal function via
oxidative stress and apoptosis in pregnant mice: PFOA admin-
istration inhibited activities of SOD and CAT, increased gen-
eration of hydrogen peroxide and malondialdehyde (MDA),
and downregulated level of Bel-2 and upregulated p53 and
BAX proteins. Yang (2010) also found that PFOA may induce
peroxisomal fatty acid oxidation and impose the oxidative
stress through the alteration of cellular oxidative homeostasis
in the liver of male Japanese medaka (Oryzias latipes): a sig-
nificant inhibition of CAT activity at high doses with no
changes of SOD or GPx activities in the liver. In a similar
study, Panaretakis et al. (2001) indicated that PFOA induces
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the production of ROS and thereby impacts the
mitochondrion-mediated pathway in human HepG-2 cells.
Jantzen et al. (2017) have shown that chronic, low-dose expo-
sure of zebrafish to PFOA significantly altered normal devel-
opment, survival, and fecundity.

In this study, we investigated the damages to the antioxi-
dant system (SOD, CAT, peroxidase (POD)) and GST of
E. fetida caused by exposure to PFOA in artificial soil under
standard laboratory conditions. The main goal of this study
was to enhance our understanding of the effects of PFOA on
E. fetida and to provide a basis for ecological risk assessment
and early warning indicators of soils contaminated with
PFOA.

Material and methods
Chemicals and earthworms

Perfluorooctanoic acid (98% purity) was purchased from
Beijing Bailingwei Technology Co., Ltd. (Beijing). Other
chemicals used in this study were also of analytical grade
and purchased from local commercial sources. Glassware
was meticulously cleaned to reduce any background of
PFOA contamination. All chromic acid-washed glassware
was placed in an oven at 300 °C overnight, after cooling
until use.

Earthworms (E. fetida) were provided by Shijiazhuang
Zhongxiang earthworm breeding professional cooperatives.
We selected vigorous earthworms with obvious reproductive
bands, between 250 and 350 mg, and 2 months old. The
worms were precultured in an incubator at 20 = 1 °C, with
75 £ 2% humidity, for 7 days prior to the experiments.

PFOA exposure

To evaluate the toxic effects of PFOA on earthworms
(E. fetida), we conducted artificial soil tests according to the
OECD normal method (OECD 1984). The artificial soil was
mixed with 10% sphagnum peat, 20% kaolin clay (more than
50% of kaolin), and 70% industrial quartz sand (containing
50% or more of fine particles of 0.05-0.2 mm). Soil pH was
adjusted to 6.0 £ 0.5 by adding calcium carbonate. The artifi-
cial soil was air-dried, passed through a 2-mm nylon sieve,
and divided into 500 g portions. For the toxicity tests, we used
PFOA concentrations of 0, 5, 10, 20, and 40 mg
PFOA kg ' soil '. The PFOA was dissolved in distilled water
and thoroughly mixed into the artificial soil to obtain the dif-
ferent concentrations. All soils were rehydrated to 35% mois-
ture and kept for 1 day to equilibrate. The artificial soil was
transferred to 1000-mL beakers, with each beaker containing
500 g of soil. Each concentration gradient consisted of three
replicates.
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The earthworms were cultivated for 24 h in untreated arti-
ficial soil and then placed in the PFOA-contaminated artificial
soil. Ten worms with uniform body lengths and weights were
randomly divided into the five treatment groups, with three
replicates per treatment. The beakers were sealed with a plas-
tic film containing holes for respiration and placed in an arti-
ficial light incubator at 20 + 1 °C, 75 + 2% humidity, and a
photoperiod of 12-h light/12-h dark.

Preparation of earthworm extracts

A single earthworm was collected from each replicate beaker
on the 7th, 14th, 21st, and 28th day after PFOA application
and then washed and weighed. Subsequently, the earthworms
were individually placed into a 25-mL glass homogenizer and
0.05 M phosphate buffer (pH 7.8) was added; the mass vol-
ume of earthworm weight and phosphate buffer was 1:10
(gzmL). The worms were homogenized under ice-cold condi-
tions and subsequently transferred to 15-mL centrifuge tubes.
Centrifugation was performed at 10,000 r min~" for 20 min at
4 °C, and the supernatant was stored at —20 °C until analysis.

SOD activity

SOD activity was determined by measuring its ability to in-
hibit the photochemical reduction of nitroblue tetrazolium
(NBT) chloride, as described by Song et al. (2009), with slight
modifications. The reaction mixture (3 mL) contained 50 mM
phosphate buffer (pH 7.8), 100 uM ethylene diamine tetra
acetic acid disodium salt (EDTA-Na,), 130 mM methionine,
750 uM NBT, 20 uM riboflavin, and 50 uL enzyme extract.
Riboflavin was added last, and the tubes were shaken and
illuminated with 4000-1x fluorescent tubes. The reaction was
allowed to proceed for 30 min; subsequently, the lights were
switched off and the tubes were covered with a black cloth.
Absorbance of the reaction mixture was read at 560 nm. One
unit (U) of SOD activity was defined as the amount of enzyme
required to cause 50% inhibition of the NBT photoreduction
rate; the result was expressed as units per milligram protein.

POD activity

POD activity was determined according to the method
established by Kochba et al. (1977), with slight modifications.
The reaction mixture was prepared by adding 28 uL guaiacol
and 19 puL of 30% hydrogen peroxide (H,0,) to 50 mL phos-
phate buffer (100 mM, pH = 6.0). Subsequently, 20 uL of the
supernatant was added to 3 mL of the reaction mixture; absor-
bance was measured spectrophotometrically at 470 nm every
30 s, with a total of six readings.

CAT activity

CAT activity was determined according to the method
established by Mueller et al. (1997), with slight modification.
At room temperature, the reference cell contained 10 pL en-
zyme extract and 3.0 mL phosphate buffer I; the sample cell
contained 10 L enzyme extract and 3.0 mL H,O,-phosphate
buffer II. Phosphate buffer I was deionized water dissolved in
3.522 g KH,PO,4 and 14.612 g Na,HPO,4 12H,0, with the
volume brought up to 1 L. The H,O,-phosphate buffer II,
160 uL H,O, (30%, w/v), was diluted to 100 mL with phos-
phate buffer I. The reference and sample cells were measured
every 5 s at 0 to 60 s, using a 250-nm, 1-cm quartz cuvette to
determine enzyme activity.

GST activity

GST activity was determined according to the method of
Habig et al. (1974). Various substrates were used in assays
to further characterize GSTs, using 1-chloro-2,4-dinitroben-
zene (CDNB) as a substrate. The assays were carried out by
monitoring the appearance of the conjugated complex of
CDNB and GSH at 340 nm. The homogenization buffer
contained 75.6 mL of 0.2 M Na,HPO, and 14.4 mL of
0.2 M NaH,PO, solution; subsequently, 20 mL glycerol,
0.0585 g EDTA, 0.0031 g dithiothreitol, and 2 mL of
100 mM PMSF solution were added; pH was adjusted to
7.5. The mixture was stirred with a glass rod and brought to
a volume of 200 mL.

Protein content

Determination of the protein content was necessary to calcu-
late SOD, CAT, and POD activities. Enzyme assay are mostly
based on the protein content change. The protein content was
determined according to the method established by Bradford
(1976). Bovine serum albumin (BSA) was used as the stan-
dard. The absorbance was measured at 595 nm. The standard
curve was plotted with the protein concentration (mg mL ™) as
the abscissa and the absorbance as the ordinate. Take 0.1 mL
enzyme solution and determine the absorbance by the above
method.

MDA content

MDA content is usually measured by the addition of thiobar-
bituric acid and subsequent spectrophotometry (Esterbacer
and Zollner 1989). This method is frequently referred to as
the thiobarbituric acid-reactive substance (TBARS) assay
(Lykkesfeldt and Svendsen 2007). The reaction mixture
(4.4 mL) contained 0.2 mL of 8.1% SDS, 0.2 mL of
100 mM phosphate buffer (pH 7.8), 1.5 mL of 20% acetate
buffer, 1.5 mL of 0.5% barbituric acid solution, and 1 mL
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deionized water. The control and sample treatment solution
were heated up to 95 °C in a water bath for 1 h and cooled
immediately, and absorption was measured at 532 nm on a
spectrophotometer. Malondialdehyde was calculated using the
molar extinction coefficient: e = 1.56 x 10° M~ cm™!
(Gonzalez Flecha et al. 1991); MDA (nmol mg

protein ') = (OD / (e x ¢).
Statistical analysis

The relationships between PFOA concentration and SOD,
POD, CAT, and GST activity and MDA content were tested
by analysis of variance (ANOVA). Significance level was set
at p < 0.05; values represent mean + SD. All analyses were
performed using the software package SPSS (Standard ver-
sion 13.0, SPSS Inc.).

Results
SOD activity

Figure 1 shows that SOD activity changed with PFOA con-
centration and exposure time. SOD activity in earthworms
showed a trend of activation at the beginning and an inhibition
towards the end. In comparison with the control, SOD activity
was significantly increased on day 14. After 21 to 28 days of
exposure, SOD activity significantly decreased, reaching the
highest inhibition rate in the 40 mg kg ' treatment group as
the concentration increased.

CAT activity

The CAT activity changed with PFOA concentration and ex-
posure duration (Fig. 2). It was significantly inhibited after
7 days of exposure. In comparison with the control, CAT
activity of earthworms significantly increased from days 14
to 21. After 14 days of exposure, the highest activation rate
was achieved in the 20 mg kg ' treatment group. After 28 days
of exposure, CAT activity decreased with increasing
concentration.

POD activity

Changes in the activity of POD are presented in Fig. 3. After
7 days of exposure, POD activity was inhibited, although the
difference to the control group was not significant. The POD
activity significantly increased from 14 to 21 days of expo-
sure, reaching maximum activation rates in the 20 mg kg '
treatment group compared to the control. After 28 days of
exposure, POD activity was inhibited by increasing PFOA
concentrations, with the highest inhibition rates in the
40 mg kg ! treatment.
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Fig. 1 SOD activity of the earthworm E. fetida exposed to varying
concentrations of PFOA and measured each week for 28 days

GST activity

Figure 4 shows the changes in GST activity in the different
treatments. Overall, GST activity was significantly stimulated
by the treatments, compared to the control group, except at
7 days of exposure. After 28 days of exposure, GST activity
significantly increased, except in the 20 and 40 mg kg ' treat-
ment groups.

Protein content

The effect of different PFOA doses on the concentration of
soluble protein in earthworms is shown in Fig. 5. After 7 days,
compared with the control group, soluble protein content was
not significantly different. After 21 days of exposure, soluble
protein content increased with increasing concentration, with
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Fig. 2 CAT activity of the earthworm E. fetida exposed to varying
concentrations of PFOA and measured each week for 28 days
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Fig. 3 POD activity of the earthworm E. fetida exposed to varying
concentrations of PFOA and measured each week for 28 days

a significant increase in the treatment with 20 mg kg ' PFOA.
After 28 days of exposure, compared to the control group,
soluble protein content was significantly decreased, except
in5and 10 mg kg

MDA content

The effect of different PFOA doses on the concentration of
MDA in earthworms is shown in Fig. 6. Levels of MDA
increased with exposure time and PFOA concentration.
After 14 days, MDA content was significantly increased in
the treatment with 20 mg kg ' PFOA. After 21 days of expo-
sure, the MDA content increased with increasing concentra-
tion, with a significant increase in the treatment with
40 mg kg ' PFOA. After 28 days of exposure, compared to
the control group, MDA was significantly increased in all
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Fig. 4 GST activity of the earthworm E. fetida exposed to varying
concentrations of PFOA and measured each week for 28 days
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treatment groups, reaching maximum levels in the treatment
with 40 mg kg™

Discussion

The present study investigated the effect of PFOA in soil on
enzyme activities in earthworms. Our results show that enzy-
matic activity is impacted by different concentrations of
PFOA and exposure times. The molecular response of the
organisms can be used as an early warning index to assess
the potential adverse effects of pollutants on the environment
(Gao et al. 2007). In soil environments, earthworms are an
important component of the ecosystem and have an enrich-
ment effect on organic pollutants. Because of their relatively
large size, a number of parameters in the earthworm life cycle

6
ol 5772 106 205 40

C

ST =

- b b=
[-® —
%D 4 a a E
s =
£ —
S =
37 =
Q —
= —
(=} —
Q —|
< 2f —
g =
= =
1k —

0 =

28

Treatment times/d

Fig. 6 MDA content of the earthworm E. fetida exposed to varying
concentrations of PFOA and measured each week for 28 days
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can be easily measured, making earthworms important indi-
cators of environmental pollution (Thompson 1971).

Enzymatic systems include SOD, CAT, POD, GSH-Px and
other antioxidant enzymes, while nonenzymatic systems in-
clude GSH and other nonenzymatic substances. SOD, CAT,
POD and GSH-Px activities are often used as biomarkers to
indicate ROS production and are involved in ROS detoxifica-
tion (Wen etal. 2011; Caverzan et al. 2016). There is a positive
correlation between CAT and SOD, which operate together
(Flnkel and Holbrook 2000). Superoxide dismutase
dismutates superoxide radical (O, ') to H,O, and oxygen.
However, hydrogen peroxide is also toxic to cells and has to
be further detoxified by catalase and peroxidases to water and
oxygen (Singh et al. 20006).

SOD plays an important role in protecting cells against
oxygen free radicals by decomposing the superoxide radi-
cal (O, ) into H,O, and oxygen (Anju et al. 2013). In this
study, after 7 days of PFOA exposure, SOD values were
not significantly increased. Our results are in agreement
with the findings of Liu et al. (2015), who found that in
ecarthworms exposed to certain concentrations of
bromadiolone, the SOD activity had slight change in most
groups at 7 days. However, after 14 days, SOD was signif-
icantly higher in 540 mg kg ' compared to the control
group. From 21 to 28 days of exposure, SOD was signifi-
cantly inhibited, indicating that PFOA causes earthworms
to produce active radicals such as peroxides or hydrogen
peroxides. Increased SOD levels, induced by ROS, prevent
the organisms from damage. With increasing PFOA con-
centrations, SOD activities decreased, indicating that the
antioxidant defense system could not tolerate excessive
ROS levels induced by PFOA stress, leading to cell dys-
function. Oxidative stress after prolonged exposure to con-
taminants can quickly and easily destroy the balance be-
tween O, formation and removal under normal physiolog-
ical conditions maintained by SOD (Du et al. 2015a).
Wang et al. (2017) also found that in earthworms exposed
to dimethomorph, the SOD activity at higher doses was
significantly inhibited on days 14 and 28.

H,0, is the main metabolite of the SOD catalysis process;
itis cytotoxic and is further removed by CAT and POD (Zhang
et al. 2013a). POD catalyzes the oxidation of various organic
and inorganic compounds, such as hydrogen peroxide or re-
lated compounds (Dunford and Stillman 1976). In our study,
POD activity was significantly increased from 14 to 21 days
of exposure; after 28 days, POD activity decreased with in-
creasing PFOA concentration, with the highest inhibition in
the 40 mg kg™ ' treatment. Similar findings have been ob-
served previously (Xu et al. 2013). Towards the end of our
study, POD activity in the treatments with high PFOA dosages
and long exposure times was significantly lower compared
with the control group. This may have been due to a decreased
enzyme protein synthesis or irreversible inactivation of
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enzyme proteins due to increased production of free radicals
(Jafari 2007).

CAT plays an important role in the antioxidant system. It
protects cells from damage by converting H,O, to water and
oxidizing it to molecular oxygen (Zamocky et al. 2008).
Changes in CAT activity in cells reflect changes in oxidative
stress induced by contaminants (Cao et al. 2013). In our study,
the CAT activity in earthworms was inhibited after PFOA-
treated groups during early exposure. Similar results have
been reported by Xu et al. (2013) after exposure to PFOS;
CAT activities in earthworms were significantly lower from
2 to 7 days of exposure. From 14 to 21 days, CAT activity
significantly increased, indicating that earthworms have the
ability to resist oxidative stress. In other words, increased
H,0, levels will lead to higher CAT activity in earthworms.
Imre et al. (1984) found that in 5-month-old mice fed with
low-dose aqueous H,O,, CAT activity in the liver increased
significantly. After exposure for 28 days, CAT activity was
inhibited compared with the control group, indicating that
after long-term exposure to a high dose of PFOA, the exces-
sive ROS levels destroyed the antioxidant enzyme system of
earthworms, thereby inhibiting CAT.

GST is a family of multifunctional enzymes involved in
cell detoxification and excretion of physiologically and exog-
enous substances (Wilce and Parker 1994) and has a wide
range of functions, such as the removal of reactive oxygen
species and the regeneration of S-thiolated protein (both of
which are the consequence of oxidative stress), catalysis of
the combination of endogenous ligands, and catalysis of met-
abolic reactions unrelated to detoxification (Sheehan et al.
2001). In the potential biomarker, earthworm GST enzymes
respond to toxin exposure (LaCourse et al. 2009). Based on
our results, GST activity in earthworms was significantly
inhibited after 7 days of exposure to PFOA. Similarly, Wang
et al. (2016) have reported that GST activity in E. fetida was
inhibited at the early exposure to different concentrations of
imidaclothiz, possibly as GST is also one of the pathways in
cellular oxidative stress reaction (Leiers et al. 2003).
Inhibition of GST activity might result from changes in en-
zyme synthesis and inactivation of GSH and glutathione
(Zhang et al. 2017). In our study, PFOA could stimulate
GST activity from 14 to 28 days, where an increase in GST
activity indicated that GST has detoxification and antioxidant
capacity. However, after 28 days of exposure, GST activity
was significantly increased, except in the 20-40 mg kg ' treat-
ment. Zhang et al. (2015) showed that GST activity in E. fetida
was inhibited after 28 days of exposure to high concentrations
of spirotetramat. Aly and Schroder (2007) have pointed out
that herbicides may, to a certain extent, be detoxified by earth-
worms; however, they are also potent stress factors. High
doses or prolonged exposure might negatively affect earth-
worms and limit their viability. Thus, decreased GST activities
may be due to the impacts of high concentrations of PFOA on
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earthworm biosynthesis. However, this hypothesis needs to be
tested in further studies.

Earthworm biomarkers include the decrease of protein
content and enzyme activities in response to agrochemicals
(Mosleh et al. 2003). Protein content also can be used as a
biomarker in response to organic pollutants. In our study,
after 21 days of exposure, soluble protein content increased
with increasing concentration, with a significant increase
in the treatment with 20 mg kg ' PFOA. The increase in
protein contents of earthworms might be due to increased
synthesis of metabolic enzymes and stress proteins. Our
results are in agreement with the findings of Tripathi
et al. (2010), who observed that in earthworms exposed
to carbofuran, the protein content increased significantly
in all treatment groups of three species earthworms. With
longer exposure times, compared to the control group, sol-
uble protein content was significantly decreased, except in
5 and 10 mg kg '. With the decrease in protein content of
earthworms at higher doses PFOA, to overcome the stress
situation, earthworms require high energy and this energy
demand may have led to the simulation of protein catabo-
lism (Ribeiro et al. 2001).

MDA is a major product of the oxidation reaction between
free radicals and unsaturated fatty acids in cellular membranes
(Du et al. 2015b). It is commonly used as a measure of lipid
hydroperoxides, which has led to the term “lipid peroxidation”
(Lykkesfeldt and Svendsen 2007). Malondialdehyde may
cause some degree of cell damage, and the MDA assay has
been found to be one of the better predictors of oxidative dam-
age, which is believed to be the most reliable biomarker of lipid
oxidation (Morrow 2000). In our study, MDA contents
changed slightly during early exposure (7-14 days). With lon-
ger exposure times, MDA contents significantly increased in all
treatment groups and reached a maximum accumulation at
40 mg kg '; the other treatments (5, 10, and 20 mg kg ")
showed no obvious changes. This pattern may be due to the
successful defense of earthworm antioxidant enzymes and de-
toxification enzymes under low PFOA doses. However, with
increased PFOA doses and exposure times, the antioxidant
enzymes cannot cope with the excessive free radicals, leading
to lipid peroxidation and increased MDA contents. Our results
are in agreement with the findings of Liu et al. 2016a), who
observed that in earthworms exposed to ionic liquid
[omim]PFg, the MDA content increased significantly at higher
doses rather than at lower doses.

Conclusion

In the present study, several indicators were used to assess the
potential toxicity of PFOA to earthworms (E. fetida) in artifi-
cial soils. These results provide a theoretical basis to explain
the physiological mechanism of organic pollutant

accumulation. We found that PFOA was causing the increased
antioxidant and detoxification activities. The activity of SOD
was stimulated at 14 days of exposure time, while activities
of CAT, POD, and GST were significantly increased from
14 to 21 days. However, with longer exposure times, SOD,
CAT, and POD activities decreased. Compared with the
controls, MDA contents changed slightly during early ex-
posure (7—14 days); with longer exposure times, MDA
contents significantly increased in all treatment groups.
Overall, our results show that PFOA has a potential bio-
chemical toxic effect on E. fetida.
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