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Abstract 

Background: Endocrine-disrupting chemicals 
are of great public and scientific concern, since 
these chemicals can mimic, block, or interfere with 
hormones in the body and can subsequently induce 
detrimental effects on reproductive processes in 
wildlife and in humans. Estrogenic compounds such 
as 17 β-estradiol can reach the aquatic environment 
because wastewater treatment plants are not 
sufficiently effective in reducing and/or removing 
these contaminants, damaging the organisms living 
there. This study aimed to evaluate the oxidative 
stress induced by 17 β-estradiol in gill, brain, liver, 
kidney and blood of C. carpio.

Methods and findings: Carp were exposed at 
environmentally relevant concentrations (1 ng 
L-1, 1 µg L-1 and 1 mg L-1) for different exposure 
periods (12, 24, 48, 72 and 96 h), and the following 
biomarkers were evaluated: hydroperoxide content 
(HPC), lipid peroxidation (LPX), protein carbonyl 
content (PCC), and the activity of the antioxidant 
enzymes superoxide dismutase (SOD), catalase 
(CAT) and glutathione peroxidase (GPx). Statistically 
significant increases with respect to the control group 
(P<0.05) were observed in HPC, LPX and PCC at 
all concentrations particularly in kidney and blood of 
exposed specimens. SOD, CAT and GPx activity also 
increased at all concentrations in the same organs 
with respect to the control group.

Conclusion: The estrogenic compound 17 
β-estradiol induce oxidative stress in common carp 
(Cyprinus carpio).

Keywords: 17 -estradiol; Cyprinus carpio; Oxidative 

stress; Biomarkers.

1. Introduction

A variety of chemical contaminants, such as 
pesticides, hydrocarbons, personal care products, 
solvents, detergents and pharmaceutical agents, 
enter the aquatic environment through the discharge 
of wastewater of pharmaceutical industry, hospitals 
and homes. Pharmaceuticals once administered 
can be excreted as the parent compound or active 
metabolites, and can reach the environment to 
variable extents (Zuccato). Has been shown current 
wastewater treatment systems are not sufficiently 
effective in reducing and/or removing these 
contaminants [1]. Once in the environment, these 
compounds are considered “emerging contaminants”. 
Richards define these as unregulated compounds 
that can pose a risk to aquatic ecosystems [2].

Such emerging contaminants include estrogens, a 
heterogeneous group of environmental contaminants 
able to influence and modify endocrine functions in 
animals, and are thus termed endocrine disrupting 
chemicals (EDCs) [3]. EDCs have been defined 
by the Organization of Economic and Cooperative 
Development (OECD) as “an exogenous substance 
or mixture that alters the function(s) of the endocrine 
systems and consequently causes adverse health 
effects in an intact organism, or its progeny or (sub) 
populations” [4]. In this broad class of chemicals are 
included the synthetic steroids (17-α-ethinylestradiol 
(EE2), mestranol) are used as contraceptives [5], the 
natural estrogens, such as estrone (E1), 17β-estradiol 
(E2), and estriol (E3) (Zhu et al.), are predominantly 
female hormones, responsible for the maintenance 
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of the health of reproductive tissues, breast, skin and 
brain [6].

Cytochrome P450 plays a critical role in the oxidative 
metabolism of endogenous compounds such 
as steroids and other xenobiotics [7]. Estrogens 
undergo hydroxylation, reduction, methylation or 
oxidation reactions followed by conjugation in the liver, 
in order to be excreted [8]. E2 is the major estrogen 
secreted by the ovaries and further oxidized into estriol 
for elimination. E2 is naturally excreted in female as 
2.3-259 μg/person/day and in male as 1.6 μg/person/
day [9].

The hormones can end up in the environment 
through sewage discharge or animal waste disposal 
[10]. EDCs are found in aquatic environments at 
concentrations ranging from ng L-1 to μg L-1 [11,12]. In 
the raw sewage of the Brazilian STPs was detected 
E2 at 21 ng L-1 [13]. Average concentrations of E2 
in influents of six Italian activated sludge STPs was 
12 ng L-1 [14]. The concentrations of this hormone in 
influents of Japanese STPs ranged from 30 to 90 ng 
L-1 in autumn and from 20 to 94 ng L-1 in summer [15]. 
The concentration detected of E2 in surface waters of 
South Florida coastal was 1.8 ng L-1 [16]. In lake Van 
of Turkey, the concentrations in water and sediment 
were 0.996 ng L-1 and 0.098 ng g-1, respectively [17]. 
In sewage effluents of “Río de la Plata”, Argentina, 
concentrations detected of E2 were between 122 
and 631 ng L-1, and in surface waters at 369 ng L-1 
[18]. In Mexico, studies on the occurrence of this type 
of compounds have been carried out in Xochimilco 
wetland, concentrations from 0.11 ng µL-1 to 1.72 ng 
µL-1 have been detected [19].

Although pharmaceuticals are designed to target 
humans, the steroid hormones are of special concern 
due to their potency because aquatic organisms with 
the right receptors could also experience pharmaco-
dynamic effects. Secondary effects not considered 
important in the treatment of humans may have major 
implications for non-mammalian aquatic organisms 
[20]. These compounds can induce biological effects 
at very low concentrations of 0.1 ng L-1 [21].

Diverse studies have reported E2-induced toxicity in 
aquatic organisms, since these organisms are more 
susceptible to toxic effects due to their continued 
exposure to wastewater discharges throughout 
the life cycle [22]. E2 induce oxidative stress in 
Dicentrarchus labrax L. and Lateolabrax japonicus 
[23,24], also generates induction of vitellogenin and 
vitelline envelope proteins [25,26], altered/abnormal 
blood hormone levels, reduced fertility and fecundity, 
masculinization of females and feminisation of males 
[27-30]. 

A variety of biomarkers have been used to monitor 

the effect of E2 on fish such as genotoxicity, lipid 
peroxidative damage and antioxidant responses 
[23,31]. A biomarker is a cellular, molecular, genetic 
or physiologic response altered in an organism 
or population in response to a chemical stressor 
[32]. Xenobiotics present in the environment can 
stimulate the production of reactive oxygen species 
(ROS), which results in oxidative damage to aquatic 
organisms [33]. ROS include the superoxide anion 
radical (O2

.), its conjugated acid, hydroperoxide 
(HO.

2), hydroxyl radicals (OH.) and the radical 
species hydrogen peroxide (H2O2) [34]. Oxidative 
stress (OS) results from the metabolic reactions that 
use oxygen and represents an imbalance between 
ROS production and antioxidant systems in living 
organisms [35]. ROS production can be decreased 
or reversed by several enzymes, called antioxidant 
enzymes, such as superoxide dismutase (SOD), 
catalase (CAT) and glutathione peroxidase (GPx) 
[36]. Nevertheless, at high concentrations, ROS can 
be important mediators of damage to cell structures, 
nucleic acids, lipids and proteins [37].

Bioindicators can be used to evaluate the toxic 
impact of contaminants in water bodies. Fish have 
been recognized as major vectors for contaminant 
transfer to humans [38]. The common carp Cyprinus 
carpio is frequently used as a bioindicator species 
[39] in toxicological assays due to its commercial 
importance and wide geographic distribution as 
well as its easy maintenance and handling in the 
laboratory [40,41]. Therefore, the present study 
aimed to evaluate the oxidative stress induced by 17 
β-Estradiol in gill, brain, liver, kidney and blood of C. 
carpio. 

2. Methods

2.1 Specimen collection and maintenance

Common carp (Cyprinus carpio) 18.39 ± 0.31 cm in 
length and weighing 50.71 ± 7.8 g were obtained from 
the aquaculture facility in Tiacaque, State of Mexico. 
Fish were safely transported to the laboratory in well-
sealed polyethylene bags containing oxygenated 
water, then stocked in a large tank with dechlorinated 
tap water (previously reconstituted with salts) and 
acclimated to test conditions for 30 days prior to 
beginning of the experiment. During acclimation, 
carp were fed Pedregal Silver™ fish food, and three-
fourths of the tank water was replaced every 24 h to 
maintain a healthy environment. The physicochemical 
characteristics of tap water reconstituted with salts 
were maintained, i.e. temperature 20 ± 2°C, oxygen 
concentration 80-90%, pH 7.5-8.0, total alkalinity 
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17.8 ± 7.3 mg L-1, total hardness 18.7 ± 0.6 mg L-1. A 
natural light/dark photoperiod was maintained.

Oxidative stress determination

Test systems consisting in 120 × 80 × 40 cm 
glass tanks filled with water reconstituted from the 
following salts: NaHCO3 (174 mg L-1, Sigma-Aldrich), 
MgSO4

 (120 mg L-1, Sigma-Aldrich), KCl (8 mg L-1, 
Vetec) and CaSO4.2H2O (120 mg L-1, Sigma-Aldrich) 
were maintained at room temperature with constant 
aeration and a natural light/dark photoperiod. Static 
systems were used and no food was provided 
to specimens during the exposure period. Three 
environmentally relevant concentrations were tested 
(1 ng L-1, 1 µg L-1, and 1 mg L-1). Kinetics was run 
for the following exposure periods: 12, 24, 48, 72 
and 96 h. A 17 β-estradiol-free control system with 
six carp was set up for each exposure period, and 
sublethal assays were performed in triplicate. A total 
of 180 fish were used in these assays. At the end 
of the exposure period, fish were removed from the 
systems and placed in a tank containing 50 mg L-1 
of clove oil as an anaesthetic [42]. Anesthetized 
specimens were placed in a lateral position. Blood 
was removed with a heparinized 1 mL hypodermic 
syringe by puncture of the caudal vessel performed 
laterally near the base of the caudal peduncle, at mid-
height of the anal fin and ventral to the lateral line.

After puncture, specimens were placed in an ice bath 
and sacrificed. The gill, brain, liver and kidney were 
removed, placed in phosphate buffer solution pH 7.4 
and homogenized. The supernatant was centrifuged 
at 12,500 rpm and –4ºC for 15 min. The following 
biomarkers were then evaluated: HPC, LPX, PCC 
and the activity of the antioxidant enzymes SOD, 
CAT and GPX. All bioassays were performed on the 
supernatant.

Determination of HPC: HPC was determined by the 
Jiang et al. method [43]. To 100 µL of supernatant 
(previously deproteinized with 10% trichloroacetic 
acid) (Sigma-Aldrich) was added 900 µL of the 
reaction mixture [0.25 mM FeSO4 (Sigma-Aldrich), 25 
mM H2SO4 (Sigma-Aldrich), 0.1 mM xylenol orange 
(Sigma-Aldrich) and 4 mM butyl hydroxytoluene 
(Sigma-Aldrich) in 90% (v/v) methanol (Sigma-
Aldrich)]. The mixture was incubated for 60 min at 
room temperature, and absorbance was read at 560 
nm against a blank containing only reaction mixture. 
Results were interpolated on a type curve and 
expressed as nanomolars cumene hydroperoxide 
(CHP; Sigma-Aldrich) per milligram of protein. 

Determination of LPX: LPX was determined by the 
Büege and Aust method [44]. To 100 mL of supernatant 
was added Tris-HCl buffer solution pH 7.4 (Sigma-
Aldrich) to attain a volume of 1 mL. Samples were 

incubated at 37°C for 30 min; 2 mL thiobarbituric acid 
(TBA)-trichloroacetic acid (TCA) reagent [0.375% 
TBA (Sigma-Aldrich) in 15% (TCA, Sigma-Aldrich)] 
was added, and samples were shaken in a vortex. 
They were then heated to boiling for 45 min, allowed 
to cool, and the precipitate removed by centrifugation 
at 3,000 rpm for 10 min. Absorbance was read at 535 
nm against a reaction blank. Malondialdehyde (MDA) 
content was calculated using the molar extinction 
coefficient (MEC) of MDA (1.56 × 105 M cm-1). Results 
were expressed as nanomolars of MDA per milligram 
of protein. 

Determination of PCC: PCC was determined using 
the method of Levine et al. [45] as modified by 
Parvez and Raisuddin [46]. To 100 µL of supernatant 
was added 150 µL of 10 mM DNPH (Sigma-Aldrich) 
in 2 M HCl (Sigma-Aldrich), and the resulting 
solution was incubated at room temperature for 1 h 
in the dark. Next, 500 µL of 20% trichloroacetic acid 
(Sigma-Aldrich) was added, and the solution was 
allowed to rest for 15 min at 4°C. The precipitate 
was centrifuged at 11,000 rpm for 5 min. The bud 
was washed several times with 1:1 ethanol:ethyl 
acetate (Sigma-Aldrich), then dissolved in 1 mL of 
6 M guanidine (Sigma-Aldrich) solution (pH 2.3) and 
incubated at 37°C for 30 min. Absorbance was read 
at 366 nm. Results were expressed as micromolar 
reactive carbonyls formed (C=O) per milligram of 
protein, using the MEC of 21,000 M cm-1.

Determination of SOD activity: SOD activity was 
determined by the Misra and Fridovich method 
[47]. To 40 µL of supernatant in a 1 cm cuvette was 
added 260 µL carbonate buffer solution [50 mM 
sodium carbonate (Sigma-Aldrich) and 0.1 mM EDTA 
(Vetec)] pH 10.2, plus 200 µL adrenaline (30 mM, 
Bayer). Absorbance was read at 480 nm after 30 s 
and 5 min. Enzyme activity was determined using the 
MEC of SOD (21 M cm-1). Results were expressed as 
millimolars SOD per milligram of protein. 

Determination of CAT activity: CAT activity was 
determined by the Radi et al. method [48]. To 20 
mL of supernatant was added 1 mL isolation buffer 
solution [0.3 M saccharose (Vetec), 1 mL EDTA 
(Vetec), 5 mM HEPES (Sigma-Aldrich) and 5 mM 
KH2PO4 (Vetec)], plus 0.2 mL of a hydrogen peroxide 
solution (20 mM, Vetec). Absorbance was read at 
240 nm after 0 and 60 s. Results were derived by 
substituting the absorbance value obtained for each 
of these times in the formula: CAT concentration= 
(A0-A60) /MEC), where the MEC of H2O2 is 0.043 mM 
cm-1, and were expressed as micromolars H2O2 per 
milligram of protein. 

Determination of GPx activity: GPx activity was 
determined by the Gunzler and Flohe-Clairborne [49] 
method as modified by Stephensen et al. [50]. To 
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100 μL of supernatant was added 10 μL glutathione 
reductase (2 U glutathione reductase, Sigma-Aldrich) 
plus 290 μL reaction buffer [50 mM K2HPO4 (Vetec), 
50 mM KH2PO4 (Vetec) pH 7.0, 3.5 mM reduced 
glutathione (Sigma-Aldrich), 1 mM sodium azide 
(Sigma-Aldrich), 0.12 mM NADPH (Sigma-Aldrich)] 
and 100 µL H2O2 (0.8 mM, Vetec). Absorbance was 
read at 340 nm at 0 and 60 s. Enzyme activity was 
estimated using the equation: GPx concentration= 
(A0-A60) /MEC), where the MEC of NADPH=6.2 mM 
cm-1. Results were expressed as millimolars NADPH 
per milligram of protein. 

Determination of total protein: Total protein was 
determined by the Bradford method [51]. To 25 μL of 
supernatant were added 75 μL deionized water and 
2.5 mL Bradford’s reagent [0.05 g Coommassie Blue 
dye (Sigma-Aldrich), 25 mL of 96 % ethanol (Sigma-
Aldrich), and 50 mL H3PO4 (Sigma-Aldrich), in 500 
mL deionized water]. The test tubes were shaken 
and allowed to rest for 5 min prior to the reading of 
absorbance at 595 nm and interpolation on a bovine 
albumin (Sigma-Aldrich) curve.

2.3 Statistical analysis

Results of sublethal toxicity assays were statistically 
evaluated by one-way analysis of variance (ANOVA), 
and differences between means were compared 
using the Tukey-Kramer multiple comparisons test, 
with P set at <0.05. Statistical determinations were 
performed with SPSS v10 software (SPSS, Chicago 
IL, USA).

3. Result

3.1 HPC

HPC results are shown in Figure 1. A significant 

increase with respect to the control group (P<0.05) 
was observed at 1 ng in brain (12, 24, 48 and 72 h), 
liver (24, 48, 72 and 96 h), kidney (24 and 48 h) and 
blood (12, 48, 72 and 96 h), at 1 µg in gill, brain, liver, 
kidney (all exposure times) and blood (12, 24 h), and 
at 1 mg in gill, brain, liver (all exposure times), kidney 
(24, 48 and 72 h) and blood (24 and 96 h). 

3.2 LPX

Figure 2 shows the results obtained for LPX. 
Significant increases with respect to the control 
group (P<0.05) were observed at 1 ng in gill (12, 24 
and 48 h), brain and blood (96 h), liver (24, 48, 72 
and 96 h), kidney (12, 24, 48, 96), at 1 µg in gill, liver 
(all exposure times), brain (12 h), kidney (12, 24 and 
48 h) and blood (96 h), at 1 mg in gill (12, 24, 48, 72 
h), brain, liver and kidney (all exposure times), blood 
(12, 24, 72 and 96 h). 

3.3 PCC

PCC results are shown in Figure 3. A significant 
increase with respect to the control group (P<0.05) 
was observed at 1 ng in gill (12 and 24 h), liver and 
kidney (all exposure times), blood (24, 48, 72 and 96 
h), at 1 µg in gill (12 and 96 h), brain, liver, kidney (all 
exposure times) and blood (12, 24, 48 and 96 h), at 1 
mg in gill (12, 72 and 96 h), brain (12, 48, 72 and 96 
h), liver, kidney and blood (all exposure times). 

3.4 SOD activity

SOD activity results are shown in Figure 4. Significant 
increases with respect to the control group (P<0.05) 
were found at 1 ng in gill (12, 24 and 72 h), brain 
(48, 72 and 96 h), liver (24, 48, 72 and 96 h), kidney 
(12, 24, 72 and 96 h) and blood (12, 24 and 96 h), at 
1 µg in gill (12, 48, 72 and 96 h), brain and liver (all 

Figure 1. Hydroperoxide content (HPC) in gill, brain, liver, kidney and blood of C. carpio exposed to 17β-estradiol for 12, 
24, 48, 72 and 96 h. Values are the mean of three replicates ± SE. CHP=Cumene Hydroperoxide. 
*Significantly different from control values, ANOVA and Tukey Kramer (P<0.05) aP<0.05 (Significant difference with respect to 1 ng)bP<0.05 (Significant difference with respect to 1 µg)cP<0.05 (Significant difference with respect to 1 mg)
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Figure 2. Lipid peroxidation (LPX) in gill, brain, liver, kidney and blood of C. carpio exposed to 17β-estradiol for 12, 24, 
48, 72 and 96 h. Values are the mean of three replicates ± SE. MDA=Malondialdehyde. 
*Significantly different from control values, ANOVA and Tukey Kramer (P<0.05) aP<0.05 (Significant difference with respect to 1 ng) bP<0.05 (Significant difference with respect to 1 µg)cP<0.05 (Significant difference with respect to 1 mg)

Figure 3. Protein carbonyl content (PCC) in gill, brain, liver, kidney and blood of C. carpio exposed to 17β-estradiol for 
12, 24, 48, 72 and 96 h. Values are the mean of three replicates ± SE. 
*Significantly different from control values, ANOVA and Tukey Kramer (P<0.05) aP<0.05 (Significant difference with respect to 1 ng)bP<0.05 (Significant difference with respect to 1 µg)cP<0.05 (Significant difference with respect to 1 mg)

Figure 4. Superoxide dismutase (SOD) activity in gill, brain, liver, kidney and blood of C. carpio exposed to 17β-estradiol 
for 12, 24, 48, 72 and 96 h. Values are the mean of three replicates ± SE.
 *Significantly different from control values, ANOVA and Tukey Kramer (P<0.05)aP<0.05 (Significant difference with respect to 1 ng) bP<0.05 (Significant difference with respect to 1 µg) cP<0.05 (Significant difference with respect to 1 mg)
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exposure times), kidney (12 and 24 h) and blood (24 
h), at 1 mg in gill (12, 48 and 72 h), brain (24, 48, 72 
and 96 h), liver (all exposure times), kidney (24, 48, 
72 and 96 h) and blood (12, 24, 48 and 96 h). 

3.5 CAT activity

CAT activity is shown in Figure 5. Significant 

increases with respect to the control group (P<0.05) 
occurred at 1 ng in gill (12 and 24 h), brain and blood 
(all exposure times), liver (24, 48, 72 and 96 h), 
kidney (12, 24, 48, 72 h), at 1 µg in gill (12 and 24 
h), brain, liver and kidney (all exposure times), blood 
(12, 24, 48 and 96 h), at 1 mg in gill (12, 24 and 48 
h), brain (12, 48, 72 and 96 h) and liver, kidney and 
blood (all exposure times). 

3.6 GPx activity

Gpx activity results are shown in Figure 6. Significant 
increases with respect to the control group (P<0.05) 
were recorded at 1 ng in gill (all exposure times), 
brain (48 h), liver and kidney (24, 48, 72 and 96 h), 
blood (24 and 96 h), at 1 g in gill, brain, liver and 
kidney (all exposure times), blood (96 h), at 1 mg in 
gill, liver and kidney (all exposure times), brain (72 
and 96 h) and blood (12, 24, 48, 72 h). 

4. Discussion

Hormones are present at varying levels in effluents 
from sewage treatment works in countries around the 
world [52]. The Food and Drug Administration (FDA) 
does require ecological testing and evaluation of 
pharmaceuticals when environmental concentration 
exceeds 1 μg L-1. Also, according to the current 
European Regulatory Guidance set by the European 

Medicines Agency [53], the approval procedure of new 
human pharmaceuticals requires an environmental 
risk assessment based on standard toxicity tests (to 
algae, Daphnia magna and fish) if the environmental 
concentration of the active ingredient is >10 ng L-1. 

Estrogens are chemical pollutants that can disrupt 

the endocrine system of animals by binding to 
and activating the estrogen receptor(s) [28]. E2 is 
excreted through the urine in an inactive conjugated 
form [54,55], but can be reconverted to an activate 
form possibly by the action of certain bacteria present 
in sewage [56]. Mammalian CYP enzymes are 
critical for E2 metabolism, including those belonging 
to the CYP1A, CYP1B, and CYP3A subfamilies. The 
liver is the major site of E2 metabolism; all CYP1s 
and CYP3As are known to be expressed in the 
liver of mammals [57] and fish [58,59]. Metabolism 
of E2 leads to the production of semiquinones and 
quinones, which produce free radicals through redox 
cycling, and a subsequent cellular damage [60].

Molecular biomarkers are used to test for oxidative 
damage induced in macromolecules by ROS and 
RNS [61]. ROS are constantly generated under 
normal conditions as a consequence of aerobic 
respiration [62]. These species are essentials for 
a number of biochemical reactions involved in the 
synthesis of prostaglandins, hydroxylation of proline 
and lysine, oxidation of xanthine and other oxidative 
processes [63]. ROS are capable of oxidizing cell 
constituents such as DNA, proteins, and lipids, 
thereby incurring oxidative damage to cell structures 
[64]. In the LPX, polyunsaturated fatty acids of the 
cell membrane react with ROS, particularly with the 
OH. and the reactive nitrogen species peroxynitrite 

Figure 5. Catalase (CAT) activity in gill, brain, liver, kidney and blood of C. carpio exposed to 17β-estradiol for 12, 24, 48, 
72 and 96 h. Values are the mean of three replicates ± SE.
*Significantly different from control values, ANOVA and Tukey Kramer (P<0.05)aP<0.05 (Significant difference with respect to 1 ng)bP<0.05 (Significant difference with respect to 1 µg)cP<0.05 (Significant difference with respect to 1 mg)
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(ONOO-), through a chain reaction mechanism. 
Hydroperoxides are formed as the primary products 
in lipid peroxidation and are then degraded to low 
molecular weight products, including MDA [65,66]. 
An increase in HPC (Figure 1) was observed in 
all organs at all concentrations tested, the kidney 
displaying the highest value for this biomarker. 
Furthermore, the level of damage to lipids is shown 
in Figure 2, where increased LPX is evident in all 
organs at the 3 concentrations and is highest in 
kidney. This may be explained by the fact that in the 
biotransformation of E2 are formed ROS such as 
OH., studies have suggested that teleost fish kidney 
contains rather high cytochrome P-450-dependent 
activities compared with those of the liver [67]. Fishes 
are rich in unsaturated membrane lipids, the most 
susceptible lipids to oxidative damage, and directly 
exposed to estrogenic compounds such E2 [32]. 

Results obtained in the present study are consistent 
with those reported in previous studies. Maria et al. 
report that intraperitoneal injection of E2 increases 
the LPX in juvenile sea bass (Dicentrarchus labrax) 
[8], while Thilagam et al. Report increased LPX in 
Japanese sea bass (Lateolabrax japonicus) with 
exposure to E2 [24]. The main metabolites of E2 
include 2-, 4-, and 16α-hydroxyestradiol [68-70]. The 
2- and 4-hydroxylated catechols contain the hydroxyl 
groups in a vicinal position, which predisposes 
them to further oxidation. Both can be oxidized to 
semiquinones, which in the presence of molecular 
oxygen are oxidized to quinones with formation of 
O2

. [71]. The latter radical reacts rapidly with the 
nitric oxide (NO) derived from arginine metabolism, 
forming ONOO− [72] which has a high binding affinity 

for lipids and proteins. Proteins are major targets 
of oxidative modifications in cells. The side chains 
of all amino acid residues of proteins, in particular 
cysteine and methionine residues of proteins are 
susceptible to oxidation by the action of ROS and 
reactive nitrogen species (RNS) [73]. Carbonyls can 
be formed as a consequence of secondary reactions 
of some amino acid side chains with lipid oxidation 
products, such as 4-hydroxy-2-nonenal (HNE) [74]. 
The concentration of carbonyl groups is a good 
measure of ROS-mediated protein oxidation [35]. As 
can be seen in Figure 3, PCC increased in all organs 
evaluated at all concentrations tested, the blood 
displaying the highest value for this biomarker. This 
may be due to the presence of O2

., OH. and ONOO−. 
In particular, ONOO− is highly reactive and has a 
great capacity for binding to proteins and oxidizing 
them. Blood is susceptible of oxidative damage 
since, in addition to fulfilling diverse functions such 
as the transport of xenobiotics throughout the body, it 
also transports proteins and other biomolecules to all 
body tissues. In freshwater fish, the gills are known 
as a place where the enzymatic activity is enhanced, 
which promotes oxidative metabolism and favors the 
production of ROS [75]. The brain is also a target of 
oxidative damage since it contains a large number 
of proteins that are essential for brain functions 
and uses high quantities of O2 with the possibility 
of production of ROS, which bind to proteins and 
oxidize them [76,77].

ROS and RNS can remove protons from methylene 
groups in amino acids, leading to formation of 
carbonyls that tend to ligate protein amines and also 
induce damage to nucleophilic centers, sulfhydryl 

Figure 6. Glutathione peroxidase (GPx) in gill, brain, liver, kidney and blood of C. carpio exposed to 17β-estradiol for 12, 
24, 48, 72 and 96 h. Values are the mean of three replicates ± SE. 
*Significantly different from control values, ANOVA and Tukey Kramer (P<0.05)aP<0.05 (Significant difference with respect to 1 ng)bP<0.05 (Significant difference with respect to 1 µg)cP<0.05 (Significant difference with respect to 1 mg)
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group oxidation, disulfide reduction, peptide 
fragmentation, modification of prosthetic groups and 
protein nitration [78]. These modifications lead to 
loss of protein function [79,80] and therefore also of 
body integrity [46].

Antioxidants are substances that either directly or 
indirectly protect cells against adverse effects of 
xenobiotics. Antioxidant levels initially increase in 
order to offset OS, but prolonged exposure leads 
to their depletion [81]. The activities of antioxidant 
enzymes such as SOD, CAT and GPx are important 
biomarkers for investigating the cellular redox milieu 
[32]. SOD is the first mechanism of antioxidant 
defense and the main enzyme responsible for the 
conversion of superoxide anion (O2

.) to hydrogen 
peroxide (H2O2) [82], which is metabolized to O2 
and water by CAT and GPx [83]. The increases in 
SOD activity in all organs (Figure 4) were induced by 
release of the anion radical O2

. [84]. In contrast, SOD 
activity decreased in gill, brain with respect to the 
control group. This may be due to the fact that when 
high concentrations of reactive species are present, 
antioxidant enzymes are inactivated, inducing major 
damage on cell components [85]. Figures 5 and 6 
show CAT and GPx activity, respectively. CAT and 
GPx activities increase in all organs, however the 
increase was higher in CAT. These increases can be 
attributed to the antioxidant capacity of organisms to 
offset H2O2-induced oxidative damage.The SOD, CAT 
and GPx increases, represent an efficient modulation 
of the cellular defense mechanism against oxidative 
stress and cellular damage in the fishes exposed to 
E2 [32].

Carrera et al. showed CAT activity inhibition in 
Sparus auratus after E2 treatment [7], whereas 
Solé et al. reported GPX and CAT activity decrease 
in E2 injected carp [86]. Maria et al. observed E2 
pro-oxidant potential in D. labrax gills and liver [8]. 
Finally, Costa el al. conclude that CAT and SOD 
increases, represent an efficient modulation of the 
cellular defense mechanism against OS and cellular 
damage in the fishes exposed to E2 [32].  

In conclusión, 17 β-estradiol induced oxidative stress 
in gill, brain, liver, kidney and blood of common 
carp. The set of assays used in the present study 
constitutes a reliable early warning biomarker for 
use in evaluating the toxicity induced by emerging 
contaminants in Cyprinus carpio.
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