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Abstract
Per�uorooctanoic acid (PFOA) has been identi�ed widely in aquatic environments, while there are few
reports detailing the environmental risk of wood vinegar (WV) on freshwater ecosystems. We used
freshwater planarians, Dugesia japonica, to evaluate the combined effects of PFOA and WV by examining
the adverse in�uence of enzymatic activities, DNA damage and gene transcription on planarians.
Compared with control and PFOA groups, the malonaldehyde content was lower in planarians treated
with WV. In addition, WV enhanced the activities of antioxidant enzymes and mitochondrial enzymes,
relieving the toxicity effects of PFOA. We also studied the genotoxicity of PFOA and WV on planarians
using the comet assay. WV decreased the proportion of DNA in the tail and the olive tail moment.
Furthermore, expression of gpx, gst and gr genes in planarians was signi�cantly altered following
exposure to both PFOA and WV, compared with individual exposure. Our results suggest that WV could
alleviate the adverse effects of PFOA on the aquatic environment, but ecological risk assessments and
toxicological safety evaluations of WV are necessary.

Introduction
Wood vinegar (WV), also called pyroligneous acid, is a byproduct of wood carbonization during slow
pyrolysis. It is a reddish-brown aqueous liquid rich in oxygenated compounds (Mathew and Zakaria,
2015). Although WV is recognized as safe, the environmental and biological risks of WV need to be
further evaluated because of its complex composition (Zulkarami et al. 2011). WV has a variety of
biological activities, such as antioxidant, antibacterial, antifungal and termiticidal (Petchpoung et al.,
2020; Yang et al., 2016; Oramahi and Yoshimura, 2013; Akakabe et al., 2006), and is also thought to
regulate gene expression (Huo, et al., 2016), promote plant growth (Polthanee et al., 2015) and improve
animal health (Yan et al., 2012). Biochar blended with WV can be used as a soil amendment to reduce the
potential environmental risks of herbicides to aquatic environments (Zhang et al., 2020; Hagner et al.,
2013). WV enters soil and water environments through production activities or emissions. Previous
studies have focused on the biological activities of WV. However, there are no reports focusing on the
potential environmental and ecological risks to freshwater organisms and ecosystems. Per�uorooctanoic
acid (PFOA) has been discovered in organisms and the environment, particularly as an environmental
pollutant in aquatic environments (Lindstrom et al., 2011; Hu et al., 2016), resulting in a variety of
toxicological effects (Li et al., 2017). PFOA causes acute toxic effects (Yuan et al., 2015), oxidative stress
(Feng et al., 2017), cell apoptosis (Liu et al., 2007), mitochondrial dysfunction (Yuan et al., 2016) and
decreased enzymatic activities (Yuan et al., 2014). Therefore, evaluation of the combined effects of WV
and PFOA on aquatic organisms is important.

Dugesia japonica is an ideal model organism for risk assessment and toxicological research in
freshwater ecosystems (Ireland et al., 2020). Planaria showed a series of sensitive and reliable responses
to environmental pollutants and environmental pressure (Yuan et al., 2017). The research also shows that
the behavior and regeneration of planarians have changed in the face of environmental pollutants (Yuan
et al., 2015). Thus, through employment of planarians, we can better understand the antioxidative effects,
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environmental risks and combined in�uence of WV and PFOA on freshwater organisms. In a previous
study, we analyzed the chemical composition, antioxidant capacities and free radical scavenging
capacities of WV (Wang et al., 2020). In the current study, we investigated the effects of exposure to WV
and PFOA individually or together on (1) malonaldehyde (MDA) content, catalase (CAT) and superoxide
dismutase (SOD) activities; (2) glutathione S-transferase (GST), glutathione peroxidase (GPx) and
glutathione reductase (GR) activities; (3) cytochrome oxidase (COX), succinate dehydrogenase (SDH) and
monoamine oxidase (MAO) activities; (4) DNA damage; and (5) transcription of glutathione-S-transferase
(gst), glutathione peroxidase (gpx) and glutathione reductase (gr) genes. We used these biomarkers to
provide a preliminary assessment of the ecotoxicological risks of WV and deepen our understanding of
the impact of WV on the aquatic environment.

Methods

Materials and Animal handling
The D. japonica was collected as described previously (Yuan et al., 2016). PFOA was purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA) and dissolved in autoclaved distilled water containing
0.005% (v/v) dimethyl sulfoxide (DMSO) to the desired concentrations. WV was prepared from blended
wood and re�ned for the following experiments.

Intact planarians were soaked in autoclaved tap water supplemented with 0 or 15 mg/L PFOA, 1 mg/L
WV, 15 mg/L PFOA + 1 mg/L WV or 15 mg/L PFOA + 0.83 mg/L WV, respectively. Each treatment
contained 90 planarians and was repeated three times. The solutions of all treatment groups were
changed every 12 h. Planarians were collected from all treatment groups and examined according to the
methods below on days 1, 3, 7 and 10.

MDA levels and antioxidant enzyme activities
MDA levels and enzyme activities in tissue homogenate supernatants were measured using assay kits
according to manufacturer’s instructions (Beyotime, Shanghai, China). Activities of CAT and SOD were
measured using the method of Yuan et al. (2014). The Bradford method with bovine serum albumin as a
standard was used to measure protein contents in tissue homogenate.

Mitochondrial enzyme activities
Mitochondria of all treatment groups were isolated using a Mitochondria Isolation Kit (Beyotime,
Shanghai, China). Activities of SDH, COX and MAO were determined using the method of Yuan et al.
(2016). Protein contents were determined using the Bradford method.

Comet assay
Planarians were shredded and rinsed three times in a 1.5 mL microcentrifuge tube containing phosphate-
buffered saline (PBS) buffer. Tissues were digested for 10 min at 20°C using trypsin solution (1 mL, 1%,
v/v). The supernatant was discarded, and cells were resuspended in 1 mL PBS buffer after low
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temperature centrifugation for 5 min at 2,000 g. The cell suspension was �ltered using a cell sieve.
Following centrifugation for 5 min at 2,000 g and 4°C, cells were resuspended in 20 µL PBS buffer. A
mixture of 50 µL low melting point agarose (0.5%, w/v) and 5 µL trypsin-treated cell suspension were
spread on slides (Trevigen, MD, USA) and allowed to solidify. These slides were immersed in cell lysing
solution (10 mM Tris-HCl, 2.5 M EDTA, 1% SDS, 1% Triton X-100 and 10% DMSO, pH 10) for 60 min at
4°C. The slides were then rinsed three times using PBS buffer and immediately immersed in alkaline
electrophoresis buffer (1 mM EDTA, 300 mM NaOH, pH 13) to unwind DNA for 0.5 h at 4°C. Slides were
subjected to electrophoresis for 20 min at 30 V and then placed in cold neutralization buffer (0.4 M Tris-
HCl, pH 7.5) for 10 min. The slides were then stained with 1 mg/mL DAPI for 40 min and washed twice
for 5 min each time at 4°C. Subsequently, the slides were examined using a �uorescence microscope
(Olympus DP80, Tokyo, Japan). A total of 150 cells were analyzed for each treatment using the comet
assay software project (CASP, version 1.2.3b1, San Francisco, CA, USA). The concentration of DNA in the
tail and the olive tail moment related to DNA damage were determined.

Quantitative reverse-transcription PCR (qRT-PCR)
Total RNA was extracted using Trizol reagent (Thermo Scienti�c, Waltham, MA, USA), and cDNA was
synthesized using ReverTra Ace qPCR RT Master Mix (Toyobo, Osaka, Japan). qRT-PCR was carried out
on an LightCycler 480 II real-time PCR system (Roche, Basel, Switzerland) using a SYBR real-time PCR
mixture (BioTeke, Beijing, China). Primer sequences of genes to be tested and the internal reference gene
(β-actin) for qRT-PCR are listed in Table 1. Relative expression levels were calculated from three replicates
of each sample for all treatment groups.

Table 1
Genes and primers used in SYBR quantitative RT-PCR analysis.

Genes Forward primers (5’-3’) Reverse primers (5’-3’)

gpx AAGCAAGAGCCACAAAC GGATATTCGGATTGGTC

gst CATTGGCTTATGGGTGAA CTTCGCAATAGGCTCCA

gr GCCTGAAGAAGATGCTA ACAATCATTATCGCCTC

Djβ-actin ACACCGTACCAATCTATG GTGAAACTGTAACCTCG

Statistical analysis
Statistical comparisons were made by one-way analysis of variance (ANOVA) using the Statistical
Package for the Social Sciences for Windows (SPSS, version 16.0; Chicago, IL, USA), and P < 0.05 was
considered to be signi�cant. Data were recorded as mean and standard deviation (SD).

Results

MDA levels and antioxidant enzyme activities
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MDA levels in after exposure to PFOA or WV are shown in Fig. 1. Compared with the control, MDA levels
were signi�cantly higher in the PFOA treatment group (P < 0.05). At �rst, MDA levels of the WV group were
only slightly lower than those in the control, but they were signi�cantly lower from days 7 to 10 (P < 0.01).
Moreover, co-application of PFOA and WV signi�cantly decreased MDA levels compared with the control
after day 7 (P < 0.01). MDA levels in the WV group were signi�cantly lower than those in the PFOA group
across the whole experimental period. From day 7, MDA levels were signi�cantly lower in the two co-
application groups than in the PFOA group. These results showed that WV can alleviate increased MDA
contents caused by PFOA.

Changes in activities of �ve antioxidant-related enzymes after planarians were exposed to PFOA or WV
are shown in Fig. 2 and Fig. 3. SOD activities were higher on day 3 and then inhibited at later timepoints
(P < 0.05) in the PFOA group compared with the control (Fig. 2a). Signi�cant increases in SOD activity
were observed in the WV treatment group compared with the control group on day 10 (P < 0.01). However,
SOD activity was signi�cantly higher than that of the control on day 7 (P < 0.05) and day 10 (P < 0.01) in
the two co-application groups. WV induced higher SOD activity than PFOA from day 7 (P < 0.01).
Interestingly, SOD activities in the co-application groups were signi�cantly lower than that in the PFOA
group on day 3 (P < 0.05), but were signi�cantly higher during the second half of the experiment (P < 
0.01). CAT activities were inhibited in the PFOA group (Fig. 2b) and not signi�cantly higher in the WV
group before day 10, compared with the control (P < 0.05). CAT activity in the 1 mg/L WV co-application
group was higher than that in the control on day 1 (P < 0.05). CAT activity in the WV group was higher on
days 1 and 10 (P < 0.01) compared with that in the PFOA group. Moreover, signi�cantly higher CAT
activities compared with those in the PFOA group were observed in the 1 mg/L WV co-application group
on days 1 and 10 (P < 0.01), and in the other WV co-application group on day 1 (P < 0.05) and day 10 (P < 
0.01). These results were consistent with the results of MDA content.

In comparison with the control, GPx activity showed a trend of inhibition and then increase with
prolonged exposure to PFOA (Fig. 3a). However, WV signi�cantly increased GPx activities compared with
the control from day 1 to day 10 (P < 0.01). Co-application of WV and PFOA also induced signi�cantly
higher GPx enzyme activity (P < 0.01) on day 10. GPx activities were signi�cantly higher under WV
treatment (P < 0.05) than under PFOA treatment. In the two co-application groups, GPx activities were
signi�cantly higher on days 3 and 10 than those in the PFOA group (P < 0.01). Overall, GPx activities were
signi�cantly higher than those of the control in all groups involving WV application.

As shown in Fig. 3b, GST activities showed a trend of activation in all groups with treatment time. PFOA
treatment resulted in signi�cantly higher GST activities on day 3 (P < 0.05) and day 10 (P < 0.01)
compared with the control. Meanwhile, WV application alone or in combination with PFOA caused
signi�cant activation of enzyme activity compared with the control on day 7 (P < 0.05) and day 10 (P < 
0.01). There were no signi�cant differences in GST activity between WV and PFOA treatments. However, 1
mg/L WV co-application treatment produced lower GST activities than that in the PFOA group on day 3
(P < 0.05) and day 10 (P < 0.05), with similar results observed in the 0.83 mg/L WV co-application group
on day 3 (P < 0.05) and day 10 (P < 0.01).
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Changes in GR activity are presented in Fig. 3c. GR activities were inhibited on day 1 and then activated
on day 7 (P < 0.05) in the PFOA group compared with the control. However, WV alone signi�cantly
increased GR activities compared with the control from day 3. Co-application of 1mg/L WV and PFOA
resulted in higher GR activities than those in the control. GR activities in the 0.83 mg/L WV co-application
group were signi�cantly higher on day 1 (P < 0.01) and day 7 (P < 0.01) than those in the control. In
comparison with the PFOA group, GR activities were signi�cantly higher in the WV group and the WV co-
application group within 10 days of treatment. Meanwhile, co-application treatment with 0.83 mg/L WV
resulted in higher GR activities on day 1 (P < 0.01) and day 7 (P < 0.05) compared with the PFOA group.
These results show that WV attenuated the effects of PFOA owing to the antioxidant capacity of WV.

COX, MAO and SDH activities
COX, MAO and SDH activities after planarians were exposed to PFOA or WV are shown in Fig. 4. Before
day 7, COX activities after exposure to PFOA were signi�cantly lower than those in the control (P < 0.05;
Fig. 4a). WV treatment induced higher COX activities on day 1 (P < 0.01) and day 7 (P < 0.01). Co-
application of 1 mg/L WV and PFOA resulted in signi�cantly lower COX activity on day 3 and then higher
activity after day 7 (P < 0.01), compared with the control. In the 0.83 mg/L WV co-application group, COX
activities also were signi�cantly lower than those in the control until day 3 (P < 0.01) and were then higher
after day 7 (P < 0.05). In comparison with the PFOA group, WV caused signi�cantly higher COX activities
(P < 0.01). Co-application of 1 mg/L WV with PFOA resulted in a general increase in COX activity, but
inhibition of activity on day 3 (P < 0.01). Co-application of 0.83 mg/L WV with PFOA resulted in lower COX
activity than that observed in the PFOA group on day 3 but higher activity on day 10 (P < 0.01).

MAO activity was activated by PFOA before day 7 and then inhibited by PFOA on day 10 (P < 0.05),
compared with the control (Fig. 4b). WV signi�cantly enhanced MAO activities compared with the control
on day 10 (P < 0.05). MAO activities showed no signi�cant difference from those of the control in co-
application groups. In comparison with the PFOA group, MAO activity in the WV group was signi�cantly
inhibited on day 3 and then enhanced on day 10 (P < 0.01). In the two WV co-application groups, MAO
activities were lower than those in the PFAO group on day 1 (P < 0.05) and then higher on day 10 (P < 
0.05).

PFAO signi�cantly inhibited SDH activities compared with those of the control (Fig. 4c). SDH activity was
signi�cantly higher on day 10 in the WV group compared with the control (P < 0.05). Signi�cant inhibition
on days 1 (P < 0.05) and 3 (P < 0.01) and then an increase in SDH activity compared with the control on
day 10 was detected in the two co-application groups. WV signi�cantly increased SDH activity compared
with that in the PFOA group on days 3 (P < 0.01) and 10 (P < 0.05). In the two co-application groups, SDH
activities were signi�cantly higher than those in the PFOA group from day 3.

DNA damage
DNA damage measurements after planarians were exposed to PFOA or WV are presented in Fig. 5. The
percentage of DNA in the tail was higher on days 3 and 7 (P < 0.01) in the PFOA group compared with the
control (Fig. 5a). WV caused a signi�cant increase in DNA in the tail at �rst, which then decreased. Co-
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application of PFOA and WV only resulted in more DNA in the tail compared with the control on day 3.
Compared with the PFOA group, we observed signi�cantly less DNA in the tail on days 3 and 7 in the WV
group and the two co-application groups (P < 0.01). Olive tail moment was consistent with DNA in the tail
(Fig. 5b). These two DNA damage parameters indicated that a low concentration of WV can alleviate DNA
damage caused by PFOA.

Gene expression
We analyzed expression pro�les of three genes related to glutathione metabolism (gpx, gst and gr) by
qRT-PCR (Fig. 6). Treatment with PFOA resulted in a signi�cant decrease in gpx expression compared
with the control before day 10 (P < 0.01) and on day 10 (P < 0.05) (Fig. 6a). WV decreased gpx expression,
but this was not signi�cant on day 10. Co-application of 1 mg/L WV with PFOA decreased gpx expression
compared with the control before day 10 (P < 0.01) and then enhanced expression on day 10. In the 0.83
mg/L WV co-application group, gpx expression was lower than that in the control and only higher on day
3 (P < 0.05). Treatment with WV alone produced higher gpx expression than PFOA on days 1 and 3 (P < 
0.01). In co-application of PFOA with 1 mg/L WV, gpx expression was signi�cantly higher on day 3 (P < 
0.05), 7 (P < 0.01) and 10 (P < 0.01) compared with that with PFOA alone. Co-application of 0.83 mg/L
WV and PFOA �rst caused higher (P < 0.01) and then lower gpx expression compared with PFOA
treatment alone.

gst gene expression was signi�cantly down-regulated �rst (P < 0.01) and then up-regulated (P < 0.01) over
time in all treatment groups (Fig. 6b). Meanwhile, compared with the PFOA group, gst expression was �rst
lower in the WV group (P < 0.05) and then higher (P < 0.01). In the two WV co-application groups, gst
expression was signi�cantly higher than that int eh PFOA group from day 3 to day 10 (P < 0.05).

gr expression was lower in the PFOA group than in the control (P < 0.01), except on day 3 (Fig. 6c).
Compared with the control, WV signi�cantly reduced gr expression on days 1, 7 and 10 (P < 0.01).
However, co-application of PFOA and WV signi�cantly up-regulated gr expression on days 3 and 7 (P < 
0.01). Compared with the PFOA group, WV cause higher gr expression on days 1 and 10, but lower
expression on days 3 and 7. In the two co-application groups, gr expression was higher than that in the
PFOA group, except on the third day (P < 0.01). WV therefore alleviated the adverse effect on gene
expression caused by PFOA to some extent.

Discussion
A variety of different organic products can be produced by pyrolysis reactions of biomass at high
temperature (Mathew et al., 2015). Therefore, the composition of WV is complex. Many studies have
indicated that WV is rich in phenolic compounds (Ma et al., 2011), which endows WV with antioxidant
capacity (Yang et al., 2016) as well as scavenging radical capacity (Loo et al., 2007). Free radicals can
destroy lipids, proteins and DNA through oxidative damage (Pietta, 2000). Therefore, there is a desire to
discover natural compounds that can remove reactive oxygen species and have strong scavenging
capacity. The scavenging effects of WV are in the order of superoxide anion radical > diphenyl bitter acyl
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radicals > hydroxyl radical (Wei et al., 2010). Our previous research showed that WV signi�cantly
decreases superoxide radical contents and the IC50 value was 18.306 mg/mL (Wang et al., 2020). WV is
therefore more effective at scavenging O2− radicals than DPPH or •OH radicals.

These results indicate that WV could potentially be a natural antioxidant and relieve oxidative stress (Wei
et al., 2010; Cai et al., 2012). However, there are no reports on the effect of WV on antioxidant enzyme
activities in freshwater organisms. MDA and antioxidant enzymes activities indicate levels of oxidative
stress and redox in organisms, and both are impacted by PFOA (Stahl et al., 2011; Yuan, et al., 2017). In
this study, lipid peroxidation was alleviated by application or co-application of WV. SOD activities showed
a signi�cant change at the same time. H2O2 produced in the process of SOD catalysis can be removed by
CAT (Xu et al., 2013). CAT activities decreased with PFOA exposure of 1 to 10 days. These results indicate
that PFOA destroyed the antioxidant enzyme system. However, CAT activities were increased in WV and
co-application groups, indicating that WV attenuated the inhibition of PFOA and activated enzyme
activities.

GPx can increase the content of GSH, and then GSH can inhibit lipid peroxidation and reduce the content
of MDA (Feng et al., 2015; Stockwell et al., 2017). However, the activity of GPx was inhibited by PFOA in
our study, leading to an increase in MDA content. At the same time, WV activated enzyme activities and
attenuated the inhibition of PFOA in WV co-application groups. GST is involved in detoxi�cation in cells.
In our study, GST activities were increased in all treatment groups with WV or PFOA. Changes in GST
activities may be due to the toxicity of PFOA and complex chemical constituents of WV. Therefore,
alteration of GST activities indicates that PFOA and WV affected oxidative stress-related processes in
planarians. GR maintains the reduced status of glutathione (GSH) in cells. PFOA treatment resulted in
oxidative stress and inhibited GR activities. WV, as a free radical scavenger, may have elevated levels of
GSH and improved tolerance to PFOA by activating GR activities in WV co-application groups.

COX, MAO and SDH are localized to the mitochondrial membrane. PFOA induces dysregulation resulting
in oxidative stress (Yuan et al., 2016). COX binds to the mitochondrial membrane and participates in
electron transfer (Srinivasan and Avadhani, 2012). PFOA and WV increase the activities of COX. These
changes in enzymatic activities may be due to mitochondrial dysfunction caused by PFOA (Huang et al.,
2013). WV probably increased the activities of COX because it is rich in organic acids and participates in
the pumping out of protons. MAO is a key enzyme in the outer mitochondrial membrane and plays a role
in amine metabolism (Lisa et al., 2009). In this study, MAO activities were signi�cantly activated at �rst
and then inhibited by PFOA, implying that MAO activities increased due to PFOA stress and then
decreased as a result of tolerance to PFOA. Because WV is an acid liquid, it can increase MAO enzyme
activity. The activity of SDH is closely related to the function of mitochondria. In this study, increase in
SDH activity indicated that mitochondrial function was increased under PFOA tress. By contrast, WV
decreased SDH activity. This may have been due to antioxidant activities of WV. In general, the above
experimental results show that WV functions in biochemical protection of planarians.
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We determined DNA damage using comet assays after exposure of planarians to PFOA or WV. PFOA
exerts genotoxic effects on paramecium (Kawamoto et al., 2010), HepG2 cells (Wielsøe et al., 2015) and
humans (Franken et al., 2017) through DNA oxidative damage caused by intracellular reactive oxygen
species. WV reduced the olive tail moment and DNA in the tail (%), thus alleviating DNA damage caused
by PFOA. The alleviating effects of WV may be closely related to its free radical scavenging abilities. The
mechanism of free radical scavenging abilities of WV in planarians remains to be further studied. We
observed signi�cant effects on gpx, gst and gr gene expression by treatment with PFOA or WV. Changes
in gpx expression were consistent with changes in enzyme activities. There was a trend of gene
expression being down-regulated by PFOA treatment and then up-regulated. WV stabilized gpx expression
to protect planarians against oxidative stress. gst mRNA expression was down-regulated and then up-
regulated following co-application of PFOA and WV. These results showed that gst is involved in
alleviating stress caused by PFOA through detoxi�cation. Our experimental data showed that GR
activities and gr expression levels were inhibited under PFOA stress at the beginning of the experiment.
Moreover, gr gene expression was signi�cantly increased in groups administered WV but maintained a
similar trend to that in the control group. However, the regulation of gene expression needs further
research due to the complex components of WV.

Conclusion
Oxidative stress biomarkers, including MDA content, antioxidative enzymatic activities, DNA oxidative
damage and antioxidative gene expression, were examined in planarians after exposure to WV and/or
PFOA. The antioxidant capacity of WV could reduce the adverse effects of PFOA by improving enzymatic
activities, protecting DNA from damage and regulating gene expression. Therefore, WV could be used as
a source of antioxidants, but ecological risk assessments and toxicological safety evaluations of WV are
necessary. It is also necessary to investigate the effects of WV on other biomarkers of organism health in
future studies.
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Figure 1

Evaluation the MDA contents of planarians after exposed to PFOA and WV. * and ** represent
signi�cance as compared to control; # and ## represent signi�cance as compared to the PFOA group.
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Figure 2

The enzyme activities changes of planarians after exposed to PFOA and WV: (a) SOD and (b) CAT. * and
** represent signi�cance as compared to control; # and ## represent signi�cance as compared to the
PFOA group.
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Figure 3

The activities changes of enzyme associated with glutathione in planarians after exposed to PFOA and
WV: (a) GPx, (b) GST and (c) GR. * and ** represent signi�cance as compared to control; # and ##
represent signi�cance as compared to the PFOA group.
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Figure 4

The enzyme activities changes in mitochondrion of planarians after exposed to PFOA and WV: (a) COX,
(b) MAO and (c) SDH. The mitochondria were isolated and the activities were determined by kit. * and **
represent signi�cance as compared to control; # and ## represent signi�cance as compared to the PFOA
group.
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Figure 5

The DNA damage (a) DNA in tail (%) and (b) Olive tail moment were measured by CASP comet analysis
software in planarians after exposed to PFOA and WV. * and ** represent signi�cance as compared to
control; # and ## represent signi�cance as compared to the PFOA group.
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Figure 6

The relative expression levels of genes associated with glutathione in planarians after treatment with
PFOA and WV: (a) gpx, (b) gst and (c) gr genes. qRT-PCR and β-actin of planarians as internal reference
gene were used to measure the changes of gene expression with the delta-ct method. * and ** represent
signi�cance as compared to control; # and ## represent signi�cance as compared to the PFOA group.


