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In this study, the toxicological effects of perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate
(PFOS) toward the common carp, Cyprinus carpio, were evaluated by assessing the responses of five
biomarkers, including DNA single-strand breaks (COMET), vitellogenin (VTG) concentration, and the
activities of 7-ethoxyresorufin-O-deethylase (EROD), acetylcholinesterase (AChE) and catalase (CAT).
Upon PFOA exposure, both the VTG concentration and CAT activity were significantly increased, while
there was a negligible change in the responses of other biomarkers when compared to the control.
Upon PFOS exposure, a significant increase in the DNA single-strand breaks was observed, while the
responses of other biomarkers were not significantly altered when compared to the control. Standard-
ized scores of biomarker responses were visualized using star plots and computed as the integrated
biomarker response (IBR). As expected from the different biomarker responses, PFOA and PFOS showed
totally different patterns of star plots. Additionally, the IBR values were well correlated with the loga-
rithmic concentrations of PFOA and PFOS (R? =0.9434 and 0.9511, respectively). These results suggest
that the IBR might be a useful tool for quantification of various biomarker responses induced by toxic
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1. Introduction

Perfluorinated organic compounds (PFOCs) have been widely
used as lubricants, paints, cosmetics and fire-fighting foams [1].
These compounds have a high-energy carbon-fluorine (C-F) bond
that is resistant to hydrolysis, photolysis, microbial degradation
and metabolism, which makes them environmentally persistent
[2]. Among the PFOCs, perfluorooctanoic acid (PFOA) and perfluo-
rooctane sulfonate (PFOS) have been detected in the environment
and a variety of living organisms worldwide [3-5].

PFOA and PFOS have been found to increase the activities of
superoxide dismutase (SOD), catalase (CAT) and glutathione reduc-
tase (GR) while decreasing the activities of glutathione peroxidase
and glutathione-S-transferase (GST), suggesting that these com-
pounds play an important role in the production of reactive oxygen
species (ROS) [6]. It has also been demonstrated that PFOA exposure
induced substantial DNA damage in Hep G2 (human hepatocellu-
lar liver carcinoma cell line) cells [7], and that it might alter plasma
concentrations of both steroidal androgens and estrogens in fat-
head minnows [8]. Experiments with rats exposed to PFOS have
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revealed that it can decrease sperm production and increase the
rate of sperm deformity in male rats [9]. However, studies of the
toxicological effects of PFOA and PFOS in fish species have been
limited to date [10-12].

Biochemical endpoints (biomarkers) can provide valuable infor-
mation regarding the working mechanism of toxic compounds
and be used as early reporters relative to endpoints at higher
levels of biological organization. Consequently, various biomark-
ers in fish species have been used as a tool for ecotoxicological
assessments [13]. Given that more than one biomarker response
is generally observed by exposure to toxic compounds, the
use of a battery of biomarkers is likely preferred and inte-
gration of the biomarker battery is one of the key challenges
[14-16].

Therefore, the goals of this study were: (1) to evaluate
the responses of five biomarkers, 7-ethoxyresorufin-O-deethylase
(EROD), DNA single-strand breaks (COMET), acetylcholinesterase
(AChE), vitellogenin (VTG) and catalase (CAT), in common carp
(Cyprinus carpio) exposed to PFOA and PFOS and (2) to develop
an integrated biomarker response (IBR) index and star plot for
interpretation of those biomarker responses. The common carp (C.
carpio) was used in this study because this fish is one of the most
extensively used species for monitoring of freshwater contamina-
tion [17,18].
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Table 1

Mean length (ML), mean weight (MW) and hepatosomatic index (HSI) in Cyprinus carpio exposed to perfluorooctanoic acid (PFOA) for 4 days.

Nominal concentration (jg/L) Mean + SD (% nominal concentration) ML +SD (cm) MW £SD (g) HSI£SD (%)
Control ND? 13.4 +£ 0.9 278 £52 0.7 £ 0.2
50 41+4(81) 13.5+ 0.6 28.1 +£3.8 0.8 +£0.2
500 483+ 69 (97) 135 £ 0.7 264 £ 35 0.8 £ 0.2
5,000 6,582 +172(138) 13.8 £ 0.7 29.7 £43 0.8 £0.2
50,000 55,565 +8427 (118) 13.6 +£ 0.6 274 +£29 0.8 +£0.2

2 Not detected.

2. Materials and methods
2.1. Test chemicals and fish

Perfluorooctanoic acid (PFOA, 99.8% pure) and perfluorooctane
sulfonate (PFOS, 100.3% pure) were obtained from Sigma-Aldrich.
Stock solutions of the PFOA and PFOS were prepared in N,N-
dimethylformamide (<100 mg/L) and diluted with carbon-filtered
and dechlorinated tap water to give nominal concentrations of 50,
500, 5000 and 50,000 wg/L. Dechlorinated tap water was used as
a control. The exposure concentrations of PFOA and PFOS ranged
from 81 to 138% and 90 to 124% of the nominal concentrations,
respectively (Tables 1 and 2). Because not all concentrations were
within £20% of the nominal concentrations, the average of the mea-
sured concentrations of PFOA and PFOS was used when appropriate
[19].

Common carp (C. carpio) were obtained from the
Chungcheongnam-do Experimental Station for Inland Waters
Development (Nonsan City, Republic of Korea) and held in 2000 L
tanks with flowing water at 23 +2 °C. The fish in the culture tanks
were fed once a day with commercial fish food (Fishtop feed No. 2%,
Woosung Feed, Republic of Korea). The fish were starved at least
for 24 h to ensure gut clearance before the exposure experiments.

2.2. Exposure experiment

A flow-through system receiving carbon-filtered and dechlo-
rinated tap water (pH, 6.9; alkalinity, 28.0 mg/L as CaCOs; total
hardness, 47.8 mg/Las CaCO3)was used in this study. In each aquar-
ium (100 L), the water flow was set at a rate to achieve at least two
complete turnovers per day. To avoid any effects from chemicals
other than the tested compounds, all exposure systems were made
with glass, Teflon® and stainless steel components. PFOA and PFOS
were delivered to the aquaria from the concentrated stock solu-
tions using syringe pumps (Kloen Co. Ltd., USA). The flow of the
PFOA and PFOS into the test vessels was regulated to maintain the
nominal concentrations. Ten fish were held in each exposure tank
under a 16 h:8 h light: dark photoperiod and the water tempera-
ture was maintained at 23 + 1 °C. Fish were not fed during the tests
to minimize the loss of chemical concentrations in the water via
adsorption to organic particulates.

After 4 days of exposure, all fish were removed from the tanks
and then blotted on filter papers, weighed (total weight) and mea-
sured (total length). The liver tissues were dissected and weights
were taken to determine the individual fish hepatosomatic index
(HSI). The HSI was calculated as the liver weight (g)/whole fish

Table 2

weight (g) x 100. The sex of each fish was determined by observ-
ing the gonad. Liver, brain, and blood samples from each fish were
taken and stored in eppendorf tubes at —80°C.

2.3. PFOA and PFOS analyses

PFOA and PFOS concentrations were measured using combined
liquid chromatography-mass-mass spectrometry (LC/MS/MS)
according to Giesy and Kannan [4]. HPLC was conducted using a RRL
system (Agilent, USA) connected to a 6410B triple quadruple mass
spectrometer (Agilent, USA). Aliquots of 5 wL were loaded onto a
C18 guard column (5 wm, 2.1 mm x 7.5 mm, Alltech, USA). The anal-
ysis was conducted using a Zorbax Eclipse XDB Cqg column (5 um,
2.1 mm x 150 mm, Alltech, USA) at a flow rate of 0.4 mL/min. The
mobile phase was 10 mM NH40Ac (A)/CH30H (B). A gradient elu-
tion was used starting at 5% B and going to 95% B in 3 min. After
5min, the initial conditions were resumed. PFOA and PFOS were
measured under negative electrospray ionization using multiple
reactant monitoring (MRM, m/z 413 — 369/499 — 80). The dwell
time was 0.1s and the gragmentor was set at 90V for PFOA and
200V for PFOS, while the collision energy was 2V for PFOA and
55V for PFOS. The ES-capillary voltage was set at —3.5kV, while
the gas temperature was 350 °C, the gas flow was 10 L/min and the
nebulizer pressure was 40 psi.

2.4. Ethoxyresorufin-O-deethylase (EROD) activity

Liver samples were homogenized on ice with 5 volumes of phos-
phate buffer (50 mM, pH 7.8) and then centrifuged at 73,000 x g
for 30 min at 4°C. The supernatant was then centrifuged again at
16,000 x g for 60 min. Next, the pellet (microsomes)was suspended
in phosphate buffer, after which the ethoxy resorufin-O-deethylase
(EROD) activities in the microsomes were measured in the reaction
product (resorufin) using a fluorescence plate reader (Fluoroskan
Ascent, Thermo Labsystems, Finland) with excitation and emission
filters set at 530 and 590 nm, respectively. The protein concentra-
tions in the samples were measured by fluorescamine assay [20].

2.5. DNA single-strand breaks

The single cell gel electrophoresis assay (COMET assay) with fish
blood cells was conducted following previously published methods
[21]. Fish blood cells were dispersed and immobilized onto agarose
gel coated on microscope slides, which were then placed in a solu-
tion to lyse and disperse the cell components, leaving the DNA
immobilized in the agarose. Following electrophoresis, the slides

Mean length (ML), mean weight (MW) and hepatosomatic index (HSI) in Cyprinus carpio exposed to perfluorooctane sulfonate (PFOS) for 4 days.

Nominal concentration (jg/L) Mean + SD (% nominal concentration) ML +SD (cm) MW £SD (g) HSI£SD (%)
Control ND? 119 £ 0.5 190+ 1.9 0.8 £ 0.1
50 45+3(90) 12.1 £ 0.6 212 +£34 0.8 +£0.1
500 620+41(124) 12.3 £ 0.5 21.0+29 0.7 +£ 0.2
5,000 5,395+119(108) 12.0 £ 04 198 £ 1.8 0.7 £ 0.1
50,000 48,242 +1129 (96) 123 +£ 0.6 212 +£26 0.7 £ 0.2

2 Not detected.
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were rinsed in a neutral buffer and the gel and its contents were
fixed using ethanol. The DNA in the fixed slides was then stained
with ethidium bromide. A computerized image analysis system
(Komet version 4.01, Kinetic Imaging Ltd., UK) was used to deter-
mine the tail moment, which is the product of the percentage of
DNA in the tail and the tail length.

2.6. Acetylcholinesterase (AChE) activity

Brain samples were thawed, homogenized in ice with 5-10 vol-
umes of phosphate buffer (0.1 M, pH 7.6), and then centrifuged at
10,000 x g for 20 min. The supernatant (postmitochondrial super-
natant, PMS) was used to assay the acetylcholinesterase (AChE)
activities. AChE activities were expressed in terms of PMS protein
contents determined using a bicinchoninic acid (BCA) protein assay
kit (Pierce, USA), with bovine serum albumin as a standard. Activ-
ities of the PMS toward the diagnostic substrate acetylthiocholine
were assayed using the modified Ellman method [22]. A microplate
reader method was used based on the 415 nm absorbance measure-
ments.

2.7. Vitellogenin (VIG) concentration

Blood samples taken from each fish were centrifuged at 3000 x g
for 60 min at 4°C. The supernatant (plasma) was then collected
and frozen at —80 °C for later ELISA analysis. The vitellogenin (VTG)
concentrations were measured using a carp VTG enzyme-linked
immumosorbent assay kit (Biosense Lab., Norway).

2.8. Catalase (CAT) activity

Liver samples were homogenized on ice with 5-10 volumes
of phosphate buffer (50 mM, pH 7.0), after which they were cen-
trifuged at 10,000 x g for 15 min. The supernatant was then used
to assay the catalase (CAT) activity, which was measured based on
the decrease in absorbance at 240 nm due to H,O, consumption
(™M =0.0436) following the method described by Aebi [23].

2.9. Integrated biomarker response

The integrated biomarker response (IBR) was evaluated accord-
ing to Beliaff and Burgeot, with some modifications [14]. Briefly,
data were standardized to allow direct visual comparison of the
biomarker responses at the test concentrations. The standardized
data (Y) were calculated as:

_X—m
s

Y

where X=the value of each biomarker responses; m=the mean
value of the biomarker; s = the standard deviation of the biomarker.

The minimum value (min) for each biomarker was obtained from
the standardized data (Y). Finally, the score (S) was computed as
S=Y+|min|, where S > 0 and |min| is the absolute value.

Star plots were then used to visualize the biomarker results
[14]. A star plot radius coordinate represents the score of a given
biomarker. When the S; and the S;. are assigned as two consecu-
tive clockwise scores of a given star plot, nis assigned as the number
of radii corresponding to the biomarkers. Thus, the area A; obtained
by connecting the ith and the (i+1)th radius coordinates can be
calculated as:

A= % sin B(S; cos B+ Siy1 sin B)

where
2T /n; Spe1=S51.

B = Arc tan(S;, ¢ sin «/S; — Si;1 cos «); o =

The total area corresponding to a given chemical (IBR value) was
obtained as:

IBR = EH:AI»
i=1

where n =the number of biomarkers.
2.10. Statistical analyses

Statistical analyses were conducted using the SPSS statistical
package program (ver. 10.0). One-way ANOVA was used to compare
variables between the control and the treatments. The significance
level was set at P<0.05. Duncan’s multiple range test was con-
ducted to identify significant differences among groups.

3. Results and discussion
3.1. Biomarker responses in common carp

As showninTables 1 and 2, there were no significant differences
in the length, mass and hepatosomatic index (HSI) of common carp
among treatment groups (P<0.05) after 4 days of exposure to PFOA
and PFOS. Du et al. demonstrated that 250 pg/L PFOS significantly
reduced both the body weight and length of zebrafish after 70 days
of exposure [10]. Thus it seems that PFOA and PFOS did not affect
the general fitness of common carp due to the shorter duration
of exposure. However, the early biochemical effects (biomarker
responses) in common carp exposed to PFOA and PFOS were sig-
nificant (Fig. 1). The overall results showed that PFOA markedly
increased the VTG and CAT levels, while PFOS highly induced DNA
single-strand breaks when compared to the control.

Under PFOA exposure, there was no substantial induction of
DNA single-strand breaks when compared to the control (Fig. 1a).
However, DNA single-strand breaks were significantly induced in
the presence of PFOS (P<0.05), as indicated by an increase to 61.4
and 93.1% at nominal concentrations of 5,000 and 50,000 p.g/L,
respectively. These results suggest that PFOS is likely more geno-
toxic than PFOA toward the common carp. These findings are
consistent with those of a previous study in which PFOS was found
to be able to activate the DinD gene, which is inducible by DNA dam-
age in E. coli [24]. Additionally, Hoff et al. reported that PFOS could
influence the average DNA base-pair length in C. carpio, suggesting
that PFOS interferes with the homeostasis of DNA metabolism [12].

As shown in Fig. 1b, the hepatic EROD activity was substantially
induced by PFOA, but the increase was not statistically significant
(P<0.05). Recently, Watanabe et al. found that 0.1, 1 and 10 puM
PFOA did not affect the EROD activity in chicken embryo hepato-
cytes [25]. Guruge et al. also demonstrated that PFOA exposure did
notinduce the CYP1A gene inrats [26]. Similar to PFOA, PFOS did not
have a significant effect on the EROD activity. Hu et al. also found
that PFOS alone did not induce cytochrome CYP1A as measured by
EROD activity [27]. In addition, Krgvel et al. reported that there was
no evidence for direct aryl hydrocarbon receptor (AHR)-mediated
gene expression responses of PFOS when PFOS was administered
to salmon hepatocytes alone [28].

The activity of AChE was not influenced by PFOA or PFOS expo-
sure (Fig. 1c). These findings are somewhat different from those
of a previous study in which PFOS was related to the regulation
of norepinephrine concentrations in the central nervous system of
rats [29]. Furthermore, Mulkiewicz et al. reported that AChE activ-
ity was inhibited by 76.2% in response to treatment with 4,000 pM
PFOA in an in vitro test system, while there was no substantial
inhibition at lower concentrations [30].

As seen in Fig. 1d, the VTG levels in male fish exposed to PFOA
significantly increased in a concentration-dependent manner when
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Fig. 1. Biomarker responses in Cyprinus carpio exposed to perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) for 4 days: (a) DNA single-strand breaks
(COMET assay); (b) ethoxyresorufin-O-deethylase (EROD) activity; (c) acetylcholinesterase (AChE) activity; (d) vitellogenin (VTG) concentration; and (e) catalase (CAT)
activity. Values represent the mean + standard error (n=10). Significant differences (P<0.05) are marked with an asterisk.

compared to the control group (P<0.05). Wei et al. reported that
hepatic VTG levels were significantly elevated in male rare min-
nows exposed to 10 and 30 mg/L of PFOA for 14 days [31]. However,
PFOS did not significantly alter the VTG levels. These results suggest
that the estrogenic effect of PFOA is much greater than that of PFOS.

Similar to the results of VTG activity, the CAT activity was
induced only by PFOA (Fig. 1e). These results were likely due to

the production of reactive oxygen species (ROS) and subsequent
antioxidative responses in hepatocytes of carp. Sohlenius et al.
demonstrated that catalase activity was significantly upregulated
in the liver of mice exposed to PFOA [32]. Additionally, several in
vitro tests have shown that both PFOA and PFOS induced catalase
activity [6,7]. However, opposite results or no effects were also
observed in other studies [33,34].
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Fig. 2. Star plots for biomarker responses in Cyprinus carpio exposed to (a) perfluorooctanoic acid (PFOA) and (b) perfluorooctane sulfonate (PFOS) for 4 days
(EROD = ethoxyresorufin-O-deethylase; COMET = DNA single-strand breaks; AChE = acetylcholinesterase; VTG = vitellogenin; CAT = catalase).

Table 3

Standardized biomarker responses and integrated biomarker response (IBR) values
in Cyprinus carpio exposed to perfluorooctanoic acid (PFOA) and perfluorooctane
sulfonate (PFOS).

Exposure concentration (g/L) Score of biomarkers IBR value
EROD COMET AChE VTG CAT

PFOA
Control 0.00 0.00 060 000 032 O
41 052 0.67 0.74 0.01 071 0.69
483 192 084 040 036 099 233
6,582 2.15 0.62 0.50 2.01 212 6.34
55,565 213  0.85 1.00 276 3.12 11.42

PFOS
Control 1.81 0.67 060 0.00 032 1.15
45 260 140 127 0.02 0.19 325
620 299 172 131 003 027 452
5,395 261 243 142 0.07 046 6.14
48,242 3.01 335 176 0.02 0.00 893

EROD = ethoxyresorufin-O-deethylase; COMET=DNA single-strand  breaks;

AChE = acetylcholinesterase; VTG = vitellogenin; CAT = catalase.

3.2. Integration of biomarker responses

As shown in Fig. 1, the biomarker responses in common carp
were completely different in response to PFOA and PFOS. Thus, for
comparison, five biomarker responses were standardized (Table 3)
and presented as star plots (Fig. 2). PFOA and PFOS gave distinct
patterns of star plots, which can be a useful tool for identification of

13
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Fig. 3. Relationship between IBR values and exposure concentrations of perfluo-
rooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS).

these chemicals in the environment. Beliaeff and Brugeot reported
that there was a reasonable agreement between the concentrations
of PAH and PCB and patterns of the star plot for the Seine Estuary
[14].

The integrated biomarker response (IBR) values were computed
as the star plot area and given in Table 3. As the exposure con-
centrations of PFOA and PFOS increased, the IBR values tended to
increase. Given that the IBR is an indicator of environmental stress,
PFOS appeared to be more stressful than PFOA toward the common
carp at low exposure levels. Additionally, there was a quantitative
relationship between the IBR values and PFOA and PFOS concentra-
tions (Fig. 3). These findings suggest that the integrated biomarker
responses may serve as a useful tool for quantitative monitoring
of the toxicological effects of perfluorinated organic compounds
toward fish.

4. Conclusions

The results of this study showed that PFOA exposure induced
vitellogenesis and antioxidative stress in the common carp, C.
carpio, while PFOS induced DNA damage, suggesting that those bio-
logical effects should be addressed in ecological risk assessments
of PFOCs in fish. In addition, star plots of standardized biomarker
responses and the corresponding IBR index were found to be use-
ful for quantitative assessment of the toxicological effects of PFOA
and PFOS in the common carp. Thus, further studies are needed to
obtain typical biomarker profiles of different types of PFOCs and for
the application of this technique in the field.

Acknowledgements

This work was supported by a National Research Foundation of
Korea (NRF) grant (Grant code: KRF-2008-313-D00541) funded by
the Korean Government (MEST).

References

[1] B.D. Key, R.D. Howell, C.S. Criddle, Fluorinated organics in the biosphere, Envi-
ron. Sci. Technol. 31 (1997) 2445-2454.

[2] Y. Wang, P. Zhang, G. Pana, H. Chena, Ferric ion mediated photochemical
decomposition of perfluorooctanoic acid (PFOA) by 254 nm UV light, J. Hazard.
Mater. 160 (2008) 181-186.

[3] J.P. Giesy, K. Kannan, Perfluorochemical surfactants in the environment, Envi-
ron. Sci. Technol. 36 (2002) 147A-152A.

[4] J.P. Giesy, K. Kannan, Global distribution of perfluorooctane sulfonate in
wildlife, Environ. Sci. Technol. 35 (2001) 1339-1342.

[5] X. Ye, MJ. Strynar, S.F. Nakayama, ]J. Varns, L. Helfant, ]J. Lazorchak, A.B.
Lindstrom, Perfluorinated compounds in whole fish homogenates from the



400 W.-K. Kim et al. / Journal of Hazardous Materials 180 (2010) 395-400

Ohio, Missouri, and Upper Mississippi Rivers, USA, Environ. Pollut. 156 (2008)
1227-1232.

[6] C.Liy, K. Yu, X. Shi, J. Wang, P.K. Lam, R.S.S. Wu, B. Zhou, Induction of oxidative
stress and apoptosis by PFOS and PFOA in primary cultured hepatocytes of
freshwater tilapia (Oreochromis niloticus), Aquat. Toxicol. 82 (2007) 135-143.

[7] X.Z. Hu, D.C. Hu, Effects of perfluorooctanoate and perfluorooctane sulfonate
exposure on hepatoma Hep G2 cells, Acrh. Toxicol. 83 (2009) 851-861.

[8] K.D. Oakes, P.K. Sibley, ].W. Martin, D.D. MacLean, K.R. Solomon, S.A. Mabury,
G.J. Van Der Kraak, Short-term exposures of fish to perfluorooctane sulfonate:
acute effects on fatty acyl-CoA oxidase activity, oxidative stress, and circulating
sex steroids, Environ. Toxicol. Chem. 24 (2005) 1172-1181.

[9] Y.O. Fan, Y.H. Jin, Y.X. Ma, Y.H. Zhang, Effects of perfluorooctane sulfonate on
spermiogenesis function of male rats, Wei Sheng Yan Jiu 34 (2005) 37-39.

[10] Y.Du, X. Shi, C. Liu, K. Yu, B. Zhou, Chronic effects of water-borne PFOS exposure
on growth, survival and hepatotoxicity in zebrafish: a partial life-cycle test,
Chemosphere 74 (2009) 723-729.

[11] K. Ji, Y. Kim, S. Oh, B. Ahn, H. Jo, K. Choi, Toxicity of perfluorooctane sulfonic
acid and perfluorooctanoic acid on freshwater macroinvertebrates (Daphnia
magna and Moina macrocopa) and fish (Oryzias latipes), Environ. Toxicol. Chem.
27 (2008) 2159-2168.

[12] P.T. Hoff, W. Van Dongen, E.L. Esmans, R. Blust, W.M. De Coen, Evaluation of
the toxicological effects of perfluorooctane sulfonic acid in the common carp
(Cyprinus carpio), Aquat. Toxicol. 62 (2003) 349-359.

[13] M.F.Kirby, AJ.Smith, ]. Rooke, P. Neall, A.P. Scott, I. Katsiadaki, Ethoxyresorufin-
O-deethylase (EROD) and vitellogenin (VTG) in flounder (Platichthys flesus):
system interaction, crosstalk and implications for monitoring, Aquat. Toxicol.
81 (2007) 233-244.

[14] B. Beliaeff, T. Brugeot, Integrated biomarker response: a useful tool for ecolog-
ical risk assessment, Environ. Toxicol. Chem. 21 (2002) 1316-1322.

[15] K. Broeg, K.K. Lehtonen, Indices for the assessment of environmental pollution
of the Baltic Sea coasts: integrated assessment of a multibiomarker approach,
Mar. Pollut. Bull. 53 (2006) 508-522.

[16] M. Oliveira, V.L. Maria, I. Ahmad, A. Serafim, M.]. Bebianno, M. Pacheco, M.A.
Santos, Contamination assessment of a coastal lagoon (Ria de Aveiro, Portu-
gal) using defense and damage biochemical indicators in gill of Liza aurata—an
integrated biomarker approach, Environ. Pollut. 157 (2009) 959-967.

[17] L. Bervoets, K. Van Campenhout, H. Reynders, D. Knapen, A. Covaci, R. Blust,
Bioaccumulation of micropollutants and biomarker responses in cagedcarp
(Cyprinus carpio), Ecotoxicol. Environ. Saf. 72 (2009) 720-728.

[18] A.BJ.Bongers, M. Skkel, G. Gort, ]. Komen, C.J.J. Richter, Development and use of
genetically uniform strains of common carp in experimental animal research,
Lab. Anim. 32 (1993) 349-363.

[19] OECD, Daphnia sp., acute immobilisation test OECD Guideline for Testing of
Chemicals, vol. 202, OECD, Paris, 1998.

[20] S.W. Kennedy, S.P. Jones, Simultaneous measurement of cytochrome P4501A
catalytic activity and total protein concentration with a fluorescence plate
reader, Anal. Biochem. 222 (1994) 217-223.

[21] N.P. Singh, M.T. McCoy, R.R. Tice, E.L. Schneider, A simple technique for quan-
tification of low levels of DNA damage in individual cells, Exp. Cell Res. 175
(1988) 184-191.

[22] J.H. Jung, R.F. Addson, W.J. Shim, Characterization of cholinesterases in mar-
bled sole, Limanda yokohamae, and their inhibition in vitro by the fungicide
iprobenfos, Mar. Environ. Res. 63 (2007) 471-478.

[23] H. Aebi, Catalase in vitro, Methods Enzymol. 105 (1984) 121-126.

[24] W.M. De Coen, A. Vlaeminck, P.T. Hoff, K. Willems, ].P. Giesy, R. Blust, Evaluation
of the toxicological mode of action of perfluorinated chemicals using cellular
reporter assays, in: Presented at SETAC Europe, 11th Annual Meeting, Madrid,
Spain, May 6-10, 2001.

[25] M.X. Watanabe, S.P. Jones, H. Iwata, E.Y. Kim, S.W. Kennedy, Effects of
co-exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin and perfluorooctane sul-
fonate or perfluorooctanoic acid on expression of cytochrome P450 isoforms
in chicken (Gallus gallus) embryo hepatocyte cultures, Comp. Biochem. Physiol.
C: Toxicol. Pharmacol. 149 (2009) 605-612.

[26] K.S. Guruge, LW. Yeung, N. Yamanaka, S. Miyazaki, P.K. Lam, J.P. Giesy, P.D.
Jones, N. Yamashita, Gene expression profiles in rat liver treated with perfluo-
rooctanoic acid (PFOA), Toxicol. Sci. 89 (2005) 93-107.

[27] W.Hu,P.D.]Jones, W.De Coen, L.King, P. Fraker, ]. Newsted, ].P. Giesy, Alterations
in cell membrane properties caused by perfluorinated compounds, Comp.
Biochem. Physiol. C: Toxicol. Pharmacol. 135 (2003) 77-88.

[28] A.V. Krovel, L. Sefteland, B. Torstensen, P.A. Olsvik, Transcriptional effects
of PFOS in isolated hepatocytes from Atlantic salmon Salmo salar L., Comp.
Biochem. Physiol. C: Toxicol. Pharmacol. 148 (2008) 14-22.

[29] ML.E. Austin, B.S. Kasturi, M. Barber, K. Kannan, Neuroendocrine effects of per-
fluorooctane sulfonate in rats, Environ. Health Perspect. 111 (2003) 1485-
1489.

[30] E. Mulkiewicz, B. Jastorff, A.C. Skladanowski, K. Kleszczynski, P. Stepnowski,
Evaluation of the acute toxicity of perfluorinated carboxylic acids using eukary-
otic cell lines, bacteria and enzymatic assays, Environ. Toxicol. Pharmacol. 23
(2007) 279-285.

[31] Y. Wei,]. Dai, M. Liuy, J. Wang, M. Xu, J. Zha, Z. Wang, Estrogen-like properties of
perfluorooctanoic acid as revealed by expressing hepatic estrogen-responsive
genes in rare minnows (Gobiocypris rarus), Environ. Toxicol. Chem. 26 (2007)
2440-2447.

[32] AK. Sohlenius, K. Andersson, J.W. DePierre, The effects of perfluoro-octanoic
acid on hepatic peroxisome proliferation and related parameters show no sex-
related differences in mice, Biochem. J. 285 (1992) 779-783.

[33] J. Youssef, M. Badr, Activated Kupffer cells attenuate the liver response to the
peroxisome proliferator perfluorooctanoic acid, Mol. Cell. Biochem. 169 (1997)
143-147.

[34] P.T. Hoff, J. Scheirs, K. Van de Vijver, W. Van Dongen, E.L. Esmans, R. Blust,
W. De Coen, Biochemical effect evaluation of perfluorooctane sulfonic acid-
contaminated wood mice (Apodemus sylvaticus), Environ. Health Perspect. 112
(2004) 681-686.



	Integrated assessment of biomarker responses in common carp (Cyprinus carpio) exposed to perfluorinated organic compounds
	Introduction
	Materials and methods
	Test chemicals and fish
	Exposure experiment
	PFOA and PFOS analyses
	Ethoxyresorufin-O-deethylase (EROD) activity
	DNA single-strand breaks
	Acetylcholinesterase (AChE) activity
	Vitellogenin (VTG) concentration
	Catalase (CAT) activity
	Integrated biomarker response
	Statistical analyses

	Results and discussion
	Biomarker responses in common carp
	Integration of biomarker responses

	Conclusions
	Acknowledgements
	References


