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Abstract 12 

Analyzing effects of metal mixtures is important to obtain a realistic understanding of the impact 13 

of mixed stress in natural ecosystems. The impact of a one-week exposure to a sublethal metal 14 

mixture containing copper (4.8 µg/L), cadmium (2.9 µg/L) and zinc (206.8 µg/L) was evaluated 15 

in the common carp (Cyprinus carpio). To explore whether this exposure induced oxidative stress 16 

or whether defense mechanisms were sufficiently fitting to prevent oxidative stress, indicators of 17 

apoptosis (expression of caspase 9 [CASP] gene) and of oxidative stress (malondialdehyde 18 

[MDA] level and xanthine oxidase [XO] activity) were measured in liver and gills, as well as 19 

activities and gene expression of enzymes involved in antioxidant defense (superoxide dismutase 20 

[SOD], catalase [CAT], glutathione peroxidase [GPx], glutathione reductase [GR] and 21 

glutathione-S-transferase [GST]). The total antioxidative capacity (T-AOC) was also quantified. 22 

No proof of oxidative stress was found in either tissue but there was indication of apoptosis in the 23 

liver. CAT, GPx, GR and GST total activities were reduced after 7 days, suggesting a potential 24 

decrease of glutathione levels and risk of increased free radicals if the exposure would have 25 

lasted longer. There were no major changes in the total activities of antioxidant enzymes in the 26 

gills, but the relative expression of the genes coding for CAT and GR were triggered, suggesting 27 

a response at the transcription level. These results indicate that C. carpio is well equipped to 28 

handle these levels of metal pollution, at least during short term exposure.  29 

 30 
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stress 32 
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I. Introduction 34 

Metal pollution has increased for decades around the world. During many years, metals from 35 

mines and industries were released directly into the aquatic environment (Stohs and Bagchi, 36 

1995), but intensive agriculture, household waste and traffic have been important contributors to 37 

metal pollution as well (Burger, 2008; Sevcikova et al., 2011). The metal contamination of the 38 

aquatic environment is problematic because these elements are bioaccumulative, non-39 

biodegradable and toxic (Feng et al., 2015). Some metals, such as copper (Cu) or zinc (Zn) are 40 

essential elements. They have numerous functions in cellular biochemistry, acting for example as 41 

cofactor of superoxide dismutase, cytochrome oxidase and other enzymes (Radi and Matkovics, 42 

1988) and Zn can even act as an antioxidant (Powell, 2000). But ultimately they may become 43 

inhibitory or toxic at higher concentrations (Eyckmans et al., 2011; Saddick et al., 2017; Sanchez 44 

et al., 2005). Deleterious effects of essential and non-essential metals such as cadmium (Cd) have 45 

been investigated on diverse aquatic organisms in numerous studies; e.g. from algae (Jamers et 46 

al., 2013) or invertebrates (Benali et al., 2017; Gaete et al., 2017; Jerome et al., 2017; Kerambrun 47 

et al., 2016), to fish species (Giguère et al., 2005; Hansen et al., 2006a; Hansen et al., 2007; 48 

Hansen et al., 2006b; Komjarova and Bury, 2014; Li et al., 2013). Each metal has different 49 

effects on organisms and these impacts vary according to the species and the metal bioavailable 50 

concentration. The common point of these three metals is their toxicity associated with the 51 

induction of oxidative stress. For example, excessive Cu can alter protein mechanisms promoting 52 

oxidative stress (Grosell and Wood, 2002) or interfere with metabolic pathways such as the Krebs 53 

cycle (Couture and Rajender Kumar, 2003; dos Santos Carvalho and Fernandes, 2008; Handy, 54 

2003). Excessive zinc concentration is known to induce oxidative stress (Zheng et al., 2016) and 55 

to lead to mortality (Bengtsson, 1974). Cd disturbs the antioxidant (Stohs and Bagchi, 1995) 56 



system, interferes with gene regulation (Wang et al., 2004), induces apoptosis (Gonzalez et al., 57 

2006), inhibits the electron transport chain and thus increases ROS production and reduces ATP 58 

production (Livingstone, 2001; Wood et al., 2011b).  59 

Highly reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), superoxide anion 60 

radical (O2
-•) or hydroxyl radical (OH•), are metabolically produced under normal conditions as 61 

side products of aerobic metabolism, but also in cytosol by some oxidases such as xanthine 62 

oxidase (XO) (Halliwell and Gutteridge, 1999; Livingstone, 2001). Oxidative stress appears 63 

when the rate of ROS generation exceeds the antioxidant defense system (Livingstone, 2001; 64 

Lushchak, 2011). The disturbance of the steady-state ROS concentration is due to several 65 

parameters: inhibition of antioxidant enzymes, alteration of the mitochondrial electron transfer 66 

chain, additional formation of ROS (via the Fenton reaction) or depletion of cellular glutathione 67 

(GSH) (Beg et al., 2015; Huang et al., 2007; Wang et al., 2004). Oxidative stress might cause 68 

osmoregulatory dysfunctions, tissues damage via the oxidation of protein and lipids (lipid 69 

peroxidation) and alteration of gene expression (Livingstone, 2001; Lushchak, 2011; Radi and 70 

Matkovics, 1988). When cells undergo severe oxidative stress, they often undergo apoptosis 71 

(Pellegrini and Baldari, 2009). Apoptosis is induced by distinct intracellular signalling pathways 72 

molecules and transmembrane receptors that lead to its execution (Chu et al., 2018; Song et al., 73 

2017). Some major molecules, such as caspase 9 (CASP), mediated apoptosis through the 74 

mitochondrial pathway (Wang et al. 2018; Wang et al. 2019). Antioxidant defense systems, 75 

including various antioxidant enzymes, are present to prevent ROS from causing adverse effects. 76 

Superoxide dismutase (SOD, EC 1.15.1.1) is the first line of defense by scavenging O2
-•. Catalase 77 

(CAT, EC 1.11.1.6) and glutathione peroxidase (GPx, EC 1.11.1.9) convert H2O2 originated from 78 

the previous reaction into water (Atli and Canli, 2010; Weydert and Cullen, 2010). These three 79 

enzymes deal directly with ROS, but other enzymes contribute to the maintenance of the level of 80 



GSH, another antioxidant. Glutathione reductase (GR, EC 1.6.4.2) catalyses the reduction of 81 

glutathione disulphide (GSSG) to maintain GSH/GSSG ratio, and glutathione-S-transferase 82 

(GST, EC 2.5.1.18) metabolizes lipid hydroperoxides (Dautremepuits et al., 2009; Weydert and 83 

Cullen, 2010). These antioxidant enzymes are considered sensitive bioindicators of metal 84 

contamination but they can vary according to the metal type and concentration (Atli and Canli, 85 

2010; Huang et al., 2007). 86 

Our first objective was to investigate the effect of mixed metal stress (Cu/Zn/Cd) on oxidative 87 

stress and antioxidant defense processes in common carp (Cyprinus carpio). We hypothesized 88 

that an increase of these two parameters due to metal exposure would occur. In a natural 89 

environment, organisms are exposed to diverse contaminants with different toxic potentials. 90 

Therefore it is important to assess the interaction of mixtures with living species (Altenburger et 91 

al., 2004; Beg et al., 2015). Secondly, the present study aimed to understand the time course of 92 

these processes over a week of exposure in the two main target organs, liver and gills of 93 

C. carpio, hypothesizing that the damage would accumulate and therefore responses would 94 

become more important with time. Cyprinus carpio is a freshwater fish species which is 95 

economically important around the world, and often used as bioindicator in environmental 96 

pollution studies (Altun et al., 2017; Rajeshkumar et al., 2017). Its populations can be threatened 97 

by severe metal contamination (Ahmad et al., 2015). This species has been well studied to assess 98 

among others the effects of metal pollution on bioaccumulation (Bervoets et al., 2009), apoptosis 99 

(Cols Vidal et al., 2008; Gao et al., 2013b), energy status (De Boeck et al., 1995b; Kunwar et al., 100 

2009), lipid metabolism (Meng et al., 2018), immune function (Zhang et al., 2017) or oxidative 101 

stress (Cortes-Diaz et al., 2017; Dugmonits et al., 2013; García-Medina et al., 2017). Our study is 102 

the first to examine the combined effects of Cu, Zn and Cd mixtures on C. carpio. Here, we 103 

measured indicators of apoptosis (expression of CASP, an apoptosis pathway signaling molecule) 104 



and of oxidative stress (MDA content analyses and XO activity), as well as the total antioxidative 105 

capacity (T-AOC) and several enzymatic biomarkers (SOD, CAT, GPx, GR and GST). 106 

  107 



II. Material and methods 108 

A. Experimental animals 109 

Fish individuals (around 4 months old) were obtained from the fish hatchery at the Agricultural 110 

University of Wageningen (The Netherlands). They were kept in 1000 L aquaria at 20°C and 111 

under 12 h light and 12 h dark photoperiod conditions for eight months before being used in 112 

experiments. For acclimation, 200 individuals were distributed into four 200 L polyethylene tanks 113 

(50 fish per tank) supplied with medium hard water (pH 8.2 ± 0.2). As defined by the US 114 

Environmental Protection Agency (USEPA, 2002), medium hard water was reconstituted with 115 

deionized tap water (Aqualab, VWR International, Leuven, Belgium) supplemented with 96 116 

mg/L NaHCO3, 60 mg/L CaSO4.2H2O, 123 mg/L MgSO4.7H2O and 4 mg/L KCl (VWR 117 

Chemicals). Each tank was equipped with a recirculating water system and water quality was 118 

ensured through a biofilter containing wadding, glass stones and plastic balls. In each tank, 119 

oxygen was provided by an individual air stone, the temperature was maintained at 20°C and the 120 

photoperiod was 12 h light and 12 h dark. Fish were maintained in these tanks for 2 weeks before 121 

the experiment and were fed ad libitum once a day with commercial pellets (Hikari® Staple™, 122 

Klundert, The Netherlands) during this period. In addition, fish were starved two days prior the 123 

experiment. 124 

Experimental methods complied with regulation of the Federation of European Laboratory 125 

Animal Science Associations and were approved by the local ethics committee, University of 126 

Antwerp (Permit Number: 2015-94, Project 32252). 127 

 128 



B. Experimental design 129 

For the metal exposure, the experimental scheme is presented in Fig. 1. Fish (length = 65.2 ± 130 

7.4 mm; weight = 3.6 ± 1.2 g) were exposed to a metal mixture (Cu: 4.8 µg/L; Cd: 2.9 µg/L and 131 

Zn: 206.8 µg/L) for 1 day, 3 days and one week. The used concentrations correspond to the 10% 132 

of the 96 h LC50 of the fish, determined on a similar batch of fish with a size of 2.6 ± 1.0 g in 133 

medium hard water at 20°C (Delahaut et al., personal communication). The experimental set up 134 

consisted of ten 10 L double-walled polypropylene buckets (5 for control and 5 for treatment, 6 135 

fish per bucket) filled with 9 L of medium hard water. Stock solutions of copper sulfate (0.22 136 

g/L, Sigma), cadmium chloride (0.13 g/L, Merck) and zinc chloride (9.31 g/L, Sigma) were 137 

prepared in MilliQ water and added to the exposure water to reach the desired concentrations. In 138 

each bucket, oxygen was provided by an individual air stone. To avoid accumulation of waste 139 

products (such as ammonia), 8 L of water were replaced with fresh water containing the same 140 

concentration of metals each day. To minimize disturbance to the fish, the inner bucket was lifted 141 

from the outer bucket. The fish and one liter of water stayed behind in the inner bucket, and the 142 

remaining 8 L of water in the outer bucket could easily be replaced after which the inner bucket 143 

was reinserted. To check the stability of the conditions, 10 mL of water were sampled in each 144 

bucket every day, before and after the water replacement. Concentrations of metals were 145 

measured in the water samples by inductively coupled plasma mass spectrometry (7700x ICP-146 

MS, Agilent Technologies, Santa Clara, CA, USA) after acidification of the sample by adding 147 

150 µL of nitric acid (67-69%, trace metal grade, Fisher Chemical). The recorded metals 148 

concentrations during the experiment ranged from 0 to 1.5 µg/L for Cu, 0 to 0.6 µg/L for Cd and 149 

0 to 6.3 µg/L for Zn in control buckets and from 2 to 7.2 µg/L for Cu, 0.4 to 4.5 µg/L for Cd and 150 

78.6 to 466 µg/L for Zn in treatment buckets. Fish were not fed during the experiment to avoid 151 



differences in appetite that could have made difficult the comparisons among treatments and 152 

increase the inter-individuals variability. 153 

At day 1, 3 and 7, fish were anaesthetized with neutralized MS222 (pH 7.0, ethyl 3-154 

aminobenzoate methane-sulfonic acid, 300 mg/L, Acros Organics, Geel, Belgium). Liver and gill 155 

tissues were sampled, immediately frozen in liquid nitrogen and stored at -80°C until further 156 

analysis. Ten exposed fish and 10 control fish (two from each bucket) were sampled at each 157 

exposure time. 158 

 159 

C. Enzyme activities 160 

Liver and gill samples were weighted (wet mass) and homogenized in 10 volumes of phosphate 161 

buffered saline solution (PBS, pH 7.5) containing 0.1% Triton X-100 and 1 mM methylene 162 

diamine tetra-acetic acid (EDTA). Samples were homogenized using a MagNALyser (Roche, 163 

Vilvoorde, Belgium) and then centrifuged (16000 g) for 30 min. The supernatant was recovered 164 

and divided into aliquots for enzyme activity determinations.  165 

The activities of CAT, GPx, SOD, GR, GST (antioxidant defense) and XO (index of oxidative 166 

stress) were measured in both tissues. CAT activity was determined according to Aebi (1984) by 167 

measuring the rate of decomposition of H2O2 at 240 nm. GPx activity was assayed according to 168 

Paglia and Valentine (1967) as modified by Janssens et al. (2000), by monitoring the 169 

consumption of NADPH at 340 nm. SOD activity was quantified according to Marie et al. (2006) 170 

adapted from Flohé and Ötting (1985). A standard curve using known units of SOD enzyme 171 

under identical conditions against the percentage of cytochrome c reduction at 550 nm was used. 172 

GR activity was determined according to Carlberg and Mannervik (1985) by recording the 173 

oxidation of NADPH at 340 nm. GST was analyzed according to Habig et al. (1974) by 174 



measuring the production of GS-DNB at 340 nm. XO activity was assayed according to Beckman 175 

et al. (1989) by recording the production of uric acid at 295 nm. 176 

All activity measurements were scaled down for semi-high throughput using a micro-plate reader 177 

(Synergy Mx, Biotek Instruments Inc., Vermont, USA). For all enzymatic assays, substrate and 178 

cofactor concentrations yielding optimal reaction velocities were used with homogenates diluted 179 

to obtain linear reaction slopes for 5 min, at 25°C. Total protein concentrations were determined 180 

using the Lowry method modified by Peterson (1977). All chemicals were obtained from Sigma-181 

Aldrich®. Total and specific enzymatic activities were measured and expressed as U 182 

(μmol/min)/g of wet tissue and U/mg of protein, respectively. All analyses were performed in 183 

duplicate using standard methods adapted for a microplate reader.  184 

 185 

D. Total antioxidative capacity 186 

The T-AOC was quantified in tissue homogenates using the ferric reducing ability of plasma 187 

(FRAP) method (Benzie and Strain, 1996) and expressed as Trolox (±-6-hydroxy-2,5,7,8-188 

tetramethylchromane-2-carboxylic acid) equivalents. The principle of this method is based on the 189 

oxidation of ferrous ions to ferric ions by the activity of hydroperoxides. The reaction results in 190 

the formation of a blue compound, when the iron is reduced, which absorbs at 593 nm. Standard 191 

curve was obtained by diluting Trolox solution. All analyses were performed in duplicate using 192 

standard methods adapted for a microplate reader. 193 

 194 

E. Products of oxidative stress 195 

Malondialdehyde (MDA) content, a secondary product of lipid peroxidation, was quantified 196 

using the thiobarbituric acid reactive substances (TBARS) assay, according to Devasagayam et 197 



al., 2003. The principle of this method is the estimation of the aldehydic products by their ability 198 

to react with thiobarbituric acid. The reaction produces pinkish red chromogen thiobarbituric 199 

acid-malondialdehyde complexe that is recorded by spectrophotometry at 532 nm. The 200 

absorbance at 600 nm was also recorded as a correction factor for nonspecific turbidity. All 201 

analyses were performed in duplicate using standard methods adapted for a microplate reader. 202 

 203 

F. Gene expression 204 

Total RNA was extracted from ~20 mg of tissues using TRIzol™ (Invitrogen, Merelbeke, 205 

Belgium) following the manufacturer's instructions and Macedo and Ferreira (2014). Ribonucleic 206 

acid quantity and integrity were determined respectively using a NanoDrop spectrophotometer 207 

(NanoDrop Technologies, Wilmington, DE) and a 1% agarose gel with ethidium bromide 208 

(500 μg/mL). The RNA purity was checked by OD260/OD280 nm absorption ratio and was always 209 

higher than 1.8. A DNase treatment was applied to 1 µg of extracted RNA using DNase I, RNase 210 

free kit from Thermo Fisher Scientific (Waltham, MA, USA). This DNase treated RNA was 211 

analyzed with qPCR to check the entire removal of genomic DNA. Immediately after the DNase 212 

treatment, RNA was transcribed to cDNA using Reverse Transcriptase Core kit (Eurogentec, 213 

Seraing, Belgium). Reverse transcription was performed in a total volume of 10 μL containing 214 

4 µL of 5× reaction buffer, 1 µL of RiboLock RNase inhibitor, 2 µL  of 10 mM dNTP mix, 1 µL  215 

of ReverAid H minus and 100 ng of RNA. The thermal steps of reverse transcription (Eppendorf 216 

MasterCycler® Gradient, Hamburg, Germany) were 5 min at 25°C, followed by 60 min at 42°C 217 

and 5 min at 70°C. The quantity and purity of cDNA were verified using a NanoDrop 218 

spectrophotometer (NanoDrop Technologies, Wilmington, DE). Complementary DNA samples 219 

were separated into aliquots and kept frozen at -20°C until further analysis. 220 



Real-time PCR was performed using Takyon™ Low Rox SYBR® MasterMix dTTP Blue kit 221 

(Eurogentec, Seraing, Belgium). 222 

The relative expression of 6 target genes (CAT, SOD, GPx, GR, GST and CASP) was measured in 223 

tissue samples (10 per each exposed and control group). Gene encoding for elongation 224 

factor 1-alpha (EF1α) was used as reference gene. The mRNA sequences for reference and target 225 

genes were available in the GenBank database (Table 1). Oligonucleotides primers were designed 226 

using NCBI resources Primer blast (except for EF1α and GR, already designed by Sinha et al. 227 

(2012) and Wu et al. (2014) respectively) and synthesized as highly purified salt-free "OliGold" 228 

primers by Eurogentec (Eurogentec, Seraing, Belgium). On test samples of both tissue, each 229 

amplicon obtained with the different primers was amplified by real-time PCR using Takyon™ 230 

Low Rox SYBR® MasterMix dTTP Blue kit (Eurogentec, Seraing, Belgium). Melting curves 231 

were performed to check the presence of unique PCR product in each reaction. Integrity and size 232 

of PCR products were verified on 2% agarose gel with ethidium bromide (500 μg/mL). 233 

Sequences for these primers are presented in Table 1.  234 

Real-time PCR analyses for each gene were performed in duplicate in a total volume of 20 μL 235 

containing 10 µL of Takyon™ master mix, 100 nM of each primer (reverse and forward), 3.5 µL 236 

of sterile water and 50 ng of cDNA (Eurogentec, Seraing, Belgium). The thermal cycling of 237 

qPCR (Stratagene Mx3005P, Agilent Technologies, Waldbronn, Germany) was initiated with a 238 

Takyon™ activation at 95°C for 3 min. Forty-five PCR cycles were then performed, each of 239 

which consisted of a denaturation step at 95°C for 10 s. and an annealing/extension step at 62°C 240 

for 60 s. A final cycle (95°C for 1 min, 62°C for 30 s. and 95°C for 30 s.) was performed to 241 

obtain a dissociation curve. 242 

Quantification cycles (Cq) values were automatically calculated on the log curve for each gene 243 

with MxPro QPCR software (Agilent Technologies, Waldbronn, Germany). Stability of EF1α 244 



expressions was tested by two-ways ANOVA in liver (for duration F[2;53] = 2.645 and P = 0.080; 245 

for condition F[1;53] = 2.676 and P = 0.108; and for interaction F[2;53] = 1.113 and P = 0.336) and 246 

gills (for duration F[2;54] = 1.007 and P = 0.372; for condition F[1;54] = 2.464 and P = 0.122; and 247 

for interaction F[2;54] = 0.882 and P = 0.420).  248 

Quantification of the target genes relatively to the reference genes was calculated following the 249 

Pfaffl method (Pfaffl, 2001; Pfaffl et al., 2002) but using the formula: 250 

 251 

𝑔𝑒𝑛𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =
𝐸

∆

𝐸
∆  252 

 253 

where Cq value corresponds to the number of cycles at which the fluorescence emission 254 

monitored in real-time exceeded the threshold limit. ΔCq is the mean Cq of the control group 255 

(individuals non exposed to metals) minus the Cq of each sample. E is PCR efficiency (Table 1) 256 

determined by standard curve using serial dilution of cDNA and calculated according to the 257 

equation:  258 

 259 

𝐸 = 10  260 

 261 

Results for the gene expression are expressed as fold expression relative to EF1α. 262 

 263 

G. Statistical analysis 264 

Normality and homogeneity of variances were verified by Shapiro and Levene tests. Data were 265 

log or square transformed to avoid heteroscedasticity when necessary. Two-way ANOVAs were 266 



used to test the effects of metal exposure and duration of this exposure on all measured 267 

parameters in C. carpio. When significant effects were found, a posteriori Tukey tests were used 268 

to compare means (α = 0.05). Analyses for simple main effects were applied to the data when 269 

there was no interaction effect (Tybout and Sternthal, 2001). Student t-tests were applied to test 270 

the effect of exposure at each sampling time. One-way ANOVAs were performed to analyze the 271 

effect of exposure duration for each condition, followed by Tukey post-hoc test when a 272 

significant effect was found.  273 

Pearson's correlations between total and specific enzymatic activity responses were verified for 274 

all enzymes.  275 

When normalization of the data was not possible, non-parametric equivalent tests were used. All 276 

statistical analyses were performed with R software. 277 

  278 



III. Results 279 

Specific and total activities measured in both tissues of C. carpio exposed to the metal mixture 280 

are significantly correlated (R between 0.64 and 0.98 depending of the enzyme, P<0.001). Total 281 

activity is presented here because it is best suited to be related to transcription activity. Specific 282 

activities and others parameters expressed per mg of protein can be found in supplementary 283 

Tables A and B. 284 

 285 

A. Protein content 286 

Compared to the control group, fish exposed to metals contained significantly lower protein 287 

concentrations after 7 days, 14% and 24% in liver and gills respectively (Fig. 2). The protein 288 

concentration for the control group was stable during the experiment. It was more variable in the 289 

group exposed to metals: in the liver, the drop in protein levels was gradual and therefore the 290 

concentration in the exposed fish was significantly higher at day 1 compared to the end of the 291 

experiment, whereas in the gills the protein concentration were variable with a transient 292 

significant increase at day 3 compared to day the exposed fish at day 1 and 7. 293 

 294 

B. Indicators of apoptosis and oxidative stress 295 

The relative expression of CASP was 2.6 fold significantly higher in C. carpio exposed to metals 296 

compared to the control group after one day (Fig. 3A). However, due to the high variability 297 

within the exposed groups, there was no difference between exposed and control fish for the 298 

other sampling dates. In gills, metal exposure did not significantly impact the relative expression 299 

of CASP (Fig. 3B). However, the duration of the exposure had an effect within the group exposed 300 



to metals. In this group, CASP was significantly more expressed at day 1 compared to day 7, with 301 

intermediate expression at day 3. 302 

In the liver and the gills of C. carpio, exposure to metal did not affect the total activity of XO or 303 

TBARS, when we compared the control group to the exposed group (Fig. 4). However, in both 304 

tissues, the duration of the exposure had a significant impact on the TBAR level in control and 305 

exposed groups. These levels were slightly decreased after 7 days in both groups.  306 

The duration of metal exposure also affected the total activity of XO in the gills of fish in the 307 

group exposed to metal. The XO total activity showed a tendency to decrease progressively in 308 

both control and exposed group, but in the exposed group this became a significant difference 309 

between day 3 and 7.  310 

 311 

C. Antioxidant defense 312 

In the liver and the gills of C. carpio, the T-AOC remained stable during the exposure to the 313 

metal mixture (Fig. 5).  314 

In the liver of C. carpio, SOD total activity (Table 2) and relative expression (Table 3) remained 315 

unchanged during the experiment. The total activity of CAT was transiently but significantly 316 

reduced by 33% in the group exposed to metal compared to the control group at day 3, but 317 

remained stable at day 1 and 7 (Table 2). Even if no difference was observed between the control 318 

and the exposed group, the relative expression of CAT within the exposed group increased 319 

progressively during the experiment and became significantly higher at day 7 (Table 3).  320 

The glutathione enzymatic system was impacted by the metal exposure in the liver. All three 321 

enzymes involved (GPx, GR and GST) showed significant reduced total activities after several 322 

days in fish exposed to metals compared to the control group (Table 2). The total activities of 323 



GPx and GST decreased by respectively 51% and 29% after 7 days, whereas the total activity of 324 

GR started to decrease after 3 days (reduction by 31% at day 3 and 37% at day 7). Within the 325 

exposed group, the progressive decrease of GR total activity was marked by a significant 326 

difference between total activity at day 1 and 7. Significant changes were also observed in the 327 

relative expression of GPx, GR and GST but only within the group exposed to metals (Table 3). 328 

GPx and GST presented a higher relative expression at days 3 and 7 compared to day 1. The same 329 

pattern was observed for the relative expression of GR, except that the increase was more 330 

progressive and that the difference between days of exposure was significant only between day 1 331 

and day 7 (Table 3). 332 

In the gills of C. carpio, we observed less response. The exposure to metal had no effect on the 333 

total activities of SOD and CAT because no difference was observed between control and 334 

exposed groups during the experiment (Table 2). However, the duration of the exposure 335 

decreased significantly the SOD total activity within the exposed group after 7 days. The relative 336 

expression of SOD remained unchanged during the experiment (Table 3). On the contrary, metal 337 

exposure increased significantly the relative expression of CAT after 3 days (Table 3).  338 

Concerning the glutathione enzymatic system in the gills, metal exposure had no effect on the 339 

total activities of GPx, GR and GST. However, duration of the experiment affected the GPx total 340 

activity in the exposed group and the GST total activity in the control group (Table 2). In both 341 

situations, total activities were significantly suppressed at day 7 compared to day 3, with 342 

intermediate total activity at day 1. The relative expressions of GPx and GST remained 343 

unchanged during the experiment (Table 3). At day 3, the group exposed to metal had a 344 

significantly higher relative expression of GR compared to controls (Table 3). 345 

  346 



IV. Discussion 347 

In this study, C. carpio were exposed during one week to a mixture of metal pollutants. The 348 

concentrations used in the mixture (Cu: 4.8 µg/L; Cd: 2.9 µg/L and Zn: 206.8 µg/L) were 349 

equivalent to 10% of their individual 96 h LC50 measured for C. carpio (Delahaut et al., personal 350 

communication). No mortality was observed during the experiment, confirming that 351 

concentrations used, taking into account possible additive or synergistic effects, were also 352 

sublethal when combined in a mixture. These concentrations are environmentally relevant and 353 

correspond to the concentrations recorded in the field. In Flanders, the Flemish Environmental 354 

Agency (VMM) measured concentrations, independent of each other, ranging from 1.27 to 355 

34.32 µg/L for Cu, 0.05 to 3.37µg/L for Cd and 7.84 to 330.17 µg/L for Zn (VMM, 2014). In a 356 

parallel experiment with the same size-class C. carpio exposed to these concentrations of metals, 357 

accumulation of Cu, Cd and Zn was measured (Castaldo et al., personal communication). While 358 

Zn did not seem to accumulate to any significant level in the tissues, Cu and Cd concentrations 359 

increased after the exposure to metals. The same kind of results was observed in fish species 360 

along a polymetallic gradient by Andres et al. (2000). In the present study, Cu was significantly 361 

higher in the liver and gills of the C. carpio after respectively seven and one day and there was 362 

significant and progressive increase of Cd in both tissues from day 1 onwards. 363 

 364 

Metal mixture had an impact on the protein content of C. carpio. Not only the concentration of 365 

protein was reduced after a week in the group exposed to metals, but the variability during the 366 

experiment was much more important in this group. Previous studies have shown inhibitory 367 

effects of metals on protein content. Radi and Matkovics (1988) recorded a decrease of protein 368 

content in tissue of C. carpio in presence of Cu (from 5 to 50 ppm) and they linked this effect 369 



with the appearance of lipid peroxidation. However, no sign of lipid peroxidation was recorded in 370 

the present study. The decrease in protein content could also be the result of the breakdown of 371 

protein into amino-acids to meet higher energy demands during stressing conditions, as suggested 372 

by Tripathi et al. (2012) who also reported a decrease of protein content in Colisa fasciatus after 373 

30 days of sublethal 6.22 mg/L Zn exposure (corresponding to 10% of the LC50 of this species). 374 

De Boeck et al. (1995a) also showed an increase in the use of protein as demonstrated by a higher 375 

ammonia quotient in C. carpio exposed to 0.34 and 0.84 µmol/L Cu. Disturbance of 376 

osmoregulation, a well-known impact of Cu (Grosell and Wood, 2002), could also increase the 377 

water content of tissues and decrease the concentration of proteins on a per weight basis. All 378 

these hypotheses can explain our results. It implies that the mixture of metals used in our 379 

experiment, even at relatively low concentrations, actually did become stressful for C. carpio 380 

after a few days. 381 

In our study, the variation of the protein concentration had an effect on the specific enzymatic 382 

activity (expressed as U/mg of protein) results, as significant differences observed with in the 383 

total activity results were no longer seen in the specific activity result. The higher variability and 384 

the decrease of protein at day 7, either due to inhibitory effect of metal, higher energy demand in 385 

stressing conditions or a higher water content in the tissue, counteracted the decrease of total 386 

activity often observed at the same day. 387 

 388 

Some signs of apoptosis signaling were observed at the beginning of the experiment, especially in 389 

liver, but C. carpio acclimated and CASP expression returned to normal after a few days. Hossain 390 

et al. (2009), in cell culture, and Risso-de Faverney et al. (2004), in C. carpio, found that Cd (at 391 

respectively 25-100 µM and 2-10 µM), especially at low concentrations, induces an activation of 392 

caspase 9. Gonzalez et al. (2006) also discovered that apoptotic genes were up-regulated in 393 



D. rerio exposed to 2-10 µg/L Cd. These results from previous studies confirm that metals can 394 

increase CASP expression, as seen in the present study. Apoptosis is an important regulatory 395 

process for the cell, by destroying damaged or infected cells that may interfere with normal 396 

function (Gao et al., 2013a). In previous single metal exposure experiments in fish, apoptosis has 397 

been associated with oxidative stress and DNA damage (Choi et al., 2010; Risso-de Faverney et 398 

al., 2004; Zheng et al., 2014). In our study, DNA damage was not measured and we did not 399 

notice any sign of lipid peroxidation. Other oxiradicals (such as H2O2 or OH•) could also be 400 

responsible for oxidative stress followed by apoptosis. The increase of CASP, an initiator of 401 

apoptosis, at the beginning of our experiment suggests an increase of apoptosis to reduce 402 

accumulation of damaged cells and avoid potential damage; however the cause of apoptosis still 403 

needs to be explored in a further study. Apoptosis processes are complex and cannot be explained 404 

by analyzing CASP expression only. Here, CASP is one among other mitochondrial apoptosis 405 

pathway signaling molecules (Wang et al., 2018; Wang et al. 2019) and is not an executioner of 406 

apoptosis. Nevertheless, measuring CASP expression is an interesting first approach to 407 

understand apoptosis processes under metal exposure. 408 

 409 

No sign of oxidative stress was observed in the liver and the gills of C. carpio during a week of 410 

exposure to these concentrations, even if the responses were more variable in the group exposed 411 

to metals. The two indices measured, XO activity and lipid peroxidation (MDA) remained 412 

unchanged during the experiment. These results are interesting knowing that several previous 413 

studies showed an induction of oxidative stress in diverse fish species exposed to higher 414 

concentrations of metals. In the liver, C. carpio showed elevated O2
-• levels when exposed to 10 415 

mg/L Cd2+ (Dugmonits et al., 2013), elevated MDA levels when exposed to 0.41-2.06 mg/L Cd 416 

or 2.5 μM Cd2+ (Jia et al., 2011; Zhang et al., 2017) and increased lipid peroxidation in gills and 417 



liver when exposed to 0.01 mg/L mercury (García-Medina et al., 2017). Lipid peroxidation levels 418 

increased with metals in Channa punctatus exposed to heavy metals in canals (Javed et al., 419 

2016), in Galaxias maculatus exposed to 2.5 and 10 μg/L Cd (McRae et al 2018) and in 420 

Dicentrarchus labrax kidney when exposed to 500 mM Cd or 200 mM Cu (Roméo et al., 2000). 421 

Lipid peroxidation can be highly deleterious, causing organs or tissue damages (Lushchak, 2011).  422 

Tissues show different responses facing oxidative stress (Martínez-Álvarez et al., 2005), but gills 423 

(directly in contact with environmental stressors) and liver seem more sensitive to it 424 

(Dautremepuits et al., 2009). However, the stress applied in our experiment appears to be minor 425 

and C. carpio is able to avoid oxidative stress during one week at these sublethal concentrations. 426 

Although opposite to the basic principle, Eyckmans et al. (2011) found no sign of oxidative stress 427 

in adult C. carpio exposed to 50 µg/L Cu during a one month exposure and Giguère et al. (2005) 428 

found similar results in Perca flavescens collected along a metal contamination environmental 429 

gradient (0.02-2.3 nmol/L Cu, 0.3-6.7 nmol/L Cd, 10-26000 nmol/L nickel and 20-110 nmol/L 430 

Zn) and even associated a reduced lipid peroxidation to an increasing Cu accumulation in the 431 

liver. As there was also an accumulation of Cu in a parallel experiment (Castaldo et al., personal 432 

communication), the same link could be made about our results. The absence of oxidative stress 433 

in our study could be either due to the metal concentrations being too low to increase the 434 

production of ROS or to the efficiency of the oxidative defenses, which were clearly responding. 435 

These results suggest that, even as a mixture, an exposure to 10% LC50 Cu/Cd/Zn (previously 436 

measured on the individual metals) could be considered safe for the C. carpio, at least during our 437 

short term exposure.  438 

 439 

To counteract the negative effect of ROS, organisms have antioxidant enzymatic and non-440 

enzymatic defense processes, involving for example SOD, CAT, GPx or reduced glutathione 441 



(GSH) (Halliwell and Gutteridge, 1999; Lushchak, 2011), and all having specific role in the 442 

T-AOC. Some of these parameters were measured in our study and the absence of oxidative 443 

stress is confirmed by the stability of the T-AOC during the experiment and the response of 444 

antioxidant defense system.  445 

 446 

The response of antioxidant defenses was measured at the enzymatic and the genomic levels in 447 

our study and their response pattern was different at the two levels. At the genomic level in the 448 

liver, CAT, GPx, GR and GST mRNA levels remained stable while total activities decreased, 449 

suggesting their regulation may occur at a post-translational level (Hansen et al., 2006b; Zheng et 450 

al., 2016). On the other hand, in the gills increases in the expression of CAT and GR were 451 

accompanied by unchanged enzymatic total activities, suggesting they might be regulated at a 452 

translational level (Defo et al., 2015). This discrepancy was observed previously with MT 453 

(Gonzalez et al., 2006), CAT, SOD and GPx (Banni et al., 2011; Zheng et al., 2016) in D. rerio 454 

exposed to Cd, or with SOD and CAT  in S. trutta exposed waterborne Cu/Zn (Hansen et al., 455 

2006a; Hansen et al., 2007). Several hypotheses can be proposed to explain these differences. It 456 

could be explained by a time delay in the responses at different levels, or by an impact of metals 457 

on transcriptional or translational mechanisms (Nikinmaa and Rytkönen, 2011). The increase in 458 

gene expression without post-transcriptional changes could also represent a pre-adaptation 459 

mechanism. If the concentration of contaminant increases or the duration of stress last longer, the 460 

organism would be prepared to increase the antioxidant defense activity when necessary. This 461 

adaptive capacity of C. carpio is confirmed by previous findings of Martinez et al. (2004) 462 

who showed the recovery of some disturbed parameters to control values in continued pollutant 463 

exposure. The differences of response between the genomic and enzymatic levels show how 464 



important it is to analyze both responses in order to have complementary results on the occurring 465 

defense processes (Hansen et al., 2007). 466 

 467 

At the enzymatic level, no increase was observed in the total activities of antioxidant enzymes. 468 

On the contrary, only decreasing total activities of some enzymes were recorded. The high total 469 

activities observed, especially in the liver, are sufficient to avoid oxidative stress and potential 470 

damages to C. carpio at these metal concentrations. The liver is the organ where most of the 471 

responses were observed, confirming that antioxidant defenses are more expressed in the liver 472 

(Atli and Canli, 2010).  473 

The combined action of SOD and CAT is considered as the first line of defense against ROS: 474 

SOD catalyzes the dismutation of the superoxide radical into H2O2 and CAT reduces H2O2 into 475 

nontoxic H2O and O2. In this study, both enzymes had almost stable total activity. SOD total 476 

activity remained unchanged in the liver and the gills during the experiment. The Cu/Cd/Zn 477 

mixture used did not seem to impact this enzyme, even if previous studies with C. carpio 478 

recorded different responses in SOD activity according to the concentration of metal and the 479 

exposure time: it increased after 12 h exposed to 65 µg/L Cu (Eyckmans et al., 2011) or at 480 

exposure below 0.7 mg/L Cd but was inhibited by 1-2 mg/L Cd in liver (Jia et al., 2011) or after 5 481 

days when exposed to 1.5-5 mg/L Zn2+ and 0.5-1.5 mg/L Pb2+ (Dimitrova et al., 1994). SOD 482 

activity was increased in studies with D. labrax (Díaz-de-Alba et al., 2017) or S. trutta (Hansen 483 

et al., 2006b) in presence of Cu and with Oreochromis niloticus exposed Zn (Abdel-Khalek et al., 484 

2015). On the contrary, inhibition of SOD activity by Cu was recorded in Gasterosteus aculeatus 485 

after Cu exposure (Sanchez et al., 2005) and in D. rerio after Cd exposure (Pan et al., 2018). 486 

CAT activity has been reported to be stimulated by metal but this response seems to vary 487 



according to the metal concentrations and the tissues involved. In our study, CAT total activity 488 

decreased only at day 3 in the liver of C. carpio and then returned to normal, showing that the 489 

mixture impact is either low or that C. carpio is able to adapt CAT activity really fast. However, 490 

CAT activity has also been reported to be reduced by Cd exposure (from 1 µM) in D. labrax 491 

(Roméo et al., 2000). On the contrary, CAT activity increased after 24 h in C. carpio exposed to 492 

65 µg/L Cu (Eyckmans et al., 2011) or after 4 days in S. trutta exposed to a Cu-contaminated 493 

river (Hansen et al., 2006b). Inhibitory response of SOD and CAT have been described as a 494 

signal of contamination (Díaz-de-Alba et al., 2017; Hansen et al., 2007; Wood et al., 2011a) and 495 

might be caused by a direct binding of Cu to -SH group on this enzyme (Abdel-Khalek et al., 496 

2015; Atli and Canli, 2007; Sanchez et al., 2005) or by elevated ROS concentrations due to the 497 

Fenton like reaction (Atli and Canli, 2010; Eyckmans et al., 2011; Pan et al., 2018). Moreover, 498 

Cd proved to induce misfolding of CAT and SOD and contributed to their reduced activities 499 

(Wang et al., 2015). In our study, SOD and CAT total activities remained almost unchanged, as 500 

well as the T-AOC. These activities seemed sufficient to neutralize excess ROS, as no sign of 501 

oxidative stress was noticed, thus allowing C. carpio to avoid oxidative damage. However, metal 502 

exposure induced a decrease in some enzyme total activities and this could lead to potential 503 

future oxidative stress and tissue damage.  504 

The total activity of enzymes involved in the glutathione system (GPx, GR and GST) decreased 505 

after 3 or 7 days in liver of C. carpio exposed to metal mixture. The metal mixture had a direct 506 

impact on the glutathione system and the antioxidative capacity of C. carpio may be reduced. 507 

Previous studies showed the same inhibition, with a decline in GPx activity in C. carpio injected 508 

with 10 mg/kg CuSO4 (Varanka et al., 2001), in O. niloticus acutely and chronically exposed to 509 

diverse metals (Atli and Canli, 2010), or in D. rerio exposed to increasing waterborne 5 and 510 

25 µg/L Cd concentrations (Pan et al., 2018). Decrease in GR activity was also observed in 511 



Cottus gobio exposed to 0.01 mg/L Cd (Dorts et al., 2012), P. flavescens exposed to metal 512 

gradient (Giguère et al., 2005), in O niloticus chronically exposed to 20 µM Cd or Zn (Atli and 513 

Canli, 2010) and decline in GST activity was recorded in C. carpio with increasing concentration 514 

of Cu (Dautremepuits et al., 2004) or in O. niloticus acutely exposed to diverse metals (Atli and 515 

Canli, 2010). However, other studies found opposite result with increase in GPx and GR activity 516 

recorded in S. trutta exposed to Cu (Hansen et al., 2006a) and in O. niloticus chronically exposed 517 

to Zn (Abdel-Khalek et al., 2015; Atli and Canli, 2010). These three enzymes have different roles 518 

in the antioxidant defense system. GPx reduces both H2O2 and organic peroxides (Halliwell and 519 

Gutteridge, 1999). On the other hand, GR and GST are not involved in the antioxidant defense in 520 

the same way than the previous enzymes. They do not directly detoxify the cell but act in 521 

combination with GSH. GR catalyses the reduction of GSH and maintains GSH/GSSG 522 

homeostasis (Winston and Di Giulio, 1991), when its activity increases, more GSH is produced 523 

and the antioxidant power of the cell increases. GST prevents oxidative damages by conjuging 524 

breakdown products of lipid peroxides to GSH (Choi et al., 2008; Hayes and Strange, 1995). 525 

Glutathione levels were not measured in our study but the decrease of these enzymes suggests a 526 

reduction of its level.  527 

The total activity of CAT was also reduced in C. carpio exposed several days to metal mixture. 528 

The combined decreases of CAT and GPx total activities might become a problem at longer term. 529 

If H2O2 is not converted into water any more (or at least not enough), oxidative stress will appear. 530 

  531 



V. Conclusion 532 

Overall, the results suggest an ability of C. carpio to avoid oxidative stress when exposed to a 533 

mixture of Cu, Cd and Zn at low concentrations. After a week, the levels of antioxidant defenses 534 

were still high enough to control the ROS steady-state and avoid other potential damages. 535 

However, the glutathione system was reduced at the end of the week, suggesting possible adverse 536 

health effects if the exposure was prolonged (Livingstone, 2001). But, as already described in 537 

previous study (Martinez et al., 2004) C. carpio has some ability to acclimate. The effect of 538 

longer exposures needs to be investigated further to fully understand how C. carpio cope with 539 

metal mixture. 540 

In the field, antioxidant enzymes have been used as biomarkers to oxidative stress, because they 541 

are very sensitive indicators, even before hazardous effects appear in fish (Atli and Canli, 2010; 542 

Gul et al., 2004). Nevertheless, their variable responses (Atli and Canli, 2007; Saddick et al., 543 

2017; Sanchez et al., 2005) make the impacts of mixtures even more difficult to interpret. Future 544 

studies need to deepen research to better understand the oxidative stress processes at gene and 545 

protein levels in fish exposed to metal pollution. 546 

  547 
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Table 1: Set of primers (f = forward; R = reverse) designed for Cyprinus carpio using Primer 841 

blast (NCBI) and used for gene expression analysis by quantitative RT-PCR. Reference gene: 842 

elongation factor 1α; target genes: superoxide dismutase Cu-Zn (SOD), catalase (CAT, 843 

glutathione peroxidase (GPx), glutathione reductase (GR), glutathione S-transferase (GST) and 844 

caspase 9 (CASP) 845 

Gene 
accession 
number 

primer 5'--> 3' 
Tm 
°C 

% 
GC 

amplicon 
length 

% 
efficiency 

EF1α AF485331.1 F - TGGAGATGCTGCCATTGT 60.1 50,0 
178 96.3 

    R - TGCAGACTTCGTGACCTT 60.2 50,0 
SOD 
Cu-Zn 

XM_019111694.1 F - CTGTGTGGGCACTGTCTTCTT 60.5 52.4 
100 95.3 

    R - GACACACACACATCCTGTCCG 61.2 57.1 
CAT GQ376154.1 F - CCCTCTGATTCCTGTGGGAC 59.5 60,0 

172 105.3 
    R - CCGATGCCTATGTGTGTCCG 60.9 60,0 
GPx GQ376155.1 F - CGTCGCTTTGAGGCACAAC 60.1 57.9 

125 100.3 
    R - GGCATTCTCCTGATGTCCGAA 60.1 52.4 
GR JF411607.1 F - GAGAAGTACGACACCATCCA 60,0 50,0 

52 94.6 
    R - CACACCTATTGAACTGAGATTGAG 48.9 41.7 
GST DQ411314.1 F - ACCCTGAACACACCAGCAAC 60.8 55,0 

180 83.0 
    R - GAGTTCACAAATAAAGCGGCCC 60.4 50,0 
CASP KC676314.1 F - TTGAGGAGAATGCTGCCACG 60.7 55,0 

176 94.3 
    R - TCCCACTGCAGCAAAAAGTG 59.3 50,0 

 846 



Table 2: Total enzymatic activity (U/g of wet tissue) of superoxide dismutase, catalase, glutathione peroxidase, glutathione reductase 847 

and glutathione S-transferase in liver and gills of Cyprinus carpio exposed to Cu/Cd/Zn mixture for 1, 3 or 7 days (mean ± standard 848 

error, N = sample size; (N) (in parenthese) = sample size when N was different from the treatment). Asterisks indicate a significant 849 

difference between the control and the exposed group for the same day (*p < 0.05 and **p < 0.01); different letters indicate significant 850 

difference between the groups exposed for different duration, within the same condition (p < 0.05). 851 

Enzyme Day 1 Day 3 Day 7 
Control Exposed Control Exposed Control Exposed 

N 10 10 10 10 10 10 
Mass 3.38 ± 0.32 3.25 ± 0.25 3.59 ± 0.41 3.73 ± 0.42 4.12 ± 0.41 3.64 ± 0.57 
Length 62.94 ± 1.82 63.2 ± 1.53 64.75 ± 2.23 65.99 ± 2.61 68.15 ± 2.34 66.1 ± 3.33 

Liver SOD 5005 ± 286 5418 ± 632 (9) 5057 ± 547 (8) 5540 ± 455 (9) 5829 ± 608 5453 ± 826 (8) 
CAT 5749 ± 517 5643 ± 776 (9) 7347 ± 873 (9) 4905 ± 399* 7288 ± 712 6054 ± 611 
GPx 8566 ± 901 8169 ± 685 10612 ± 1091 8008 ± 494 10208 ± 588 5044 ± 986* 
GR 1195 ± 117 1172 ± 130a 1260 ± 137 865.5 ± 77.3*ab 1064 ± 68.3 674 ± 85.6**b 
GST 0.27 ± 0.02 0.28 ± 0.03 0.33 ± 0.04 0.26 ± 0.02 0.35 ± 0.02 0.25 ± 0.03* 

Gills SOD 4232 ± 614 (8) 4034 ± 526a 4095 ± 385 (9) 4047 ± 489a 2918 ± 583 (9) 2118 ± 458b 
CAT 172 ± 36 (8) 197.1 ± 35.53 (8) 159.8 ± 19.2 151.2 ± 32.1 194 ± 37 131.4 ± 18.3 (9) 
GPx 1227 ± 278 (9) 1152 ± 152.9ab 994.1 ± 159 1379 ± 223a 598.4 ± 55.3 595.6 ± 128b 
GR 593.6 ± 33.9AB 647.9 ± 23.6 (9) 638.5 ± 25.3A 657.6 ± 29.1 530 ± 22.7B 563.2 ± 48.8 
GST 0.11 ± 0.01 0.12 ± 0.01 0.12 ± 0.01 0.12 ± 0.01 0.11 ± 0.01 (9) 0.1 ± 0.01 
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Table 3: Relative expression of superoxide dismutase, catalase glutathione peroxidase, glutathione reductase and glutathione 854 

S-transferase mRNA in liver and gills of Cyprinus carpio exposed to Cu/Cd/Zn mixture for 1, 3 or 7 days (mean ± standard error, N = 855 

sample size; (N) (in parenthese) = sample size when N was different from the treatment). Asterisks indicate a significant difference 856 

between the control and the exposed group for the same day (*p < 0.05 and **p < 0.01); different letters indicate significant difference 857 

between the groups exposed for different duration, within the same condition (p < 0.05). 858 

Gene Day 1 Day 3 Day 7 
Control Exposed Control Exposed Control Exposed 

N 10 10 10 10 10 10 
Mass 3.38 ± 0.32 3.25 ± 0.25 3.59 ± 0.41 3.73 ± 0.42 4.12 ± 0.41 3.64 ± 0.57 
Length 62.94 ± 1.82 63.2 ± 1.53 64.75 ± 2.23 65.99 ± 2.61 68.15 ± 2.34 66.1 ± 3.33 

Liver SOD 1.07 ± 0.12 (9) 0.91 ± 0.15 (9) 1.17 ± 0.24 (9) 0.99 ± 0.18 1.17 ± 0.21 1.28 ± 0.2 (8) 

CAT 1.05 ± 0.11 (9) 0.64 ± 0.08a 1.19 ± 0.21 (9) 1.52 ± 0.32a 1.69 ± 0.26 2.67 ± 0.3b (8) 

GPx 1.08 ± 0.15 (9) 0.86 ± 0.1a 1.58 ± 0.38 2.01 ± 0.33b (9) 1.45 ± 0.32 (9) 1.86 ± 0.28b (9) 

GR 1.09 ± 0.18 (9) 0.64 ± 0.18a 0.91 ± 0.16 (9) 1.34 ± 0.27ab (9) 1.36 ± 0.33 2.08 ± 0.29b (8) 

GST 1.05 ± 0.1 (9) 0.56 ± 0.1a 2.46 ± 0.76 (7) 3.21 ± 0.86b 1.99 ± 0.55 2.33 ± 0.45b (9) 

Gills SOD 0.94 ± 0.19 (9) 1.01 ± 0.22 1.05 ± 0.11 1.54 ± 0.41 (9) 1.11 ± 0.19 1.07 ± 0.26 (9) 
CAT 1.19 ± 0.36 (9) 1.18 ± 0.19 1.03 ± 0.08 2.25 ± 0.4** (9) 1.07 ± 0.12 2.13 ± 0.39* (9) 
GPx 1.12 ± 0.33 (9) 1.5 ± 0.36 1.11 ± 0.19 1.85 ± 0.52 (9) 1.15 ± 0.19 1.78 ± 0.33 (9) 
GR 1.1 ± 0.34 (9) 1.88 ± 0.42 1.02 ± 0.08 2.46 ± 0.53** (9) 1.04 ± 0.1 1.86 ± 0.54 (9) 
GST 0.85 ± 0.3 (8) 0.92 ± 0.18 1.07 ± 0.12 0.98 ± 0.14 1.14 ± 0.16 0.56 ± 0.09 (9) 
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Figure captions: 860 

Figure 1: General experimental schema for the one-week sublethal exposure of Cyprinus carpio 861 

to tertiary Cu/Cd/Zn metal mixture 862 

 863 

Figure 2: Protein concentration (mg/g of wet tissue) in liver (A) and gills (B) of Cyprinus carpio 864 

exposed to Cu/Cd/Zn mixture for 1, 3 or 7 days (mean ± standard error, n = 10). Asterisks 865 

indicate a significant difference between the control and the exposed group for the same day 866 

(*p < 0.05 and **p < 0.01); different letters indicate significant difference between the groups 867 

exposed for different duration, within the same condition (p < 0.05). 868 

 869 

Figure 3: Relative expression of caspase 9 mRNA in liver (A) and gills (B) of Cyprinus carpio 870 

exposed to Cu/Cd/Zn mixture for 1, 3 or 7 days (mean ± standard error). Asterisks indicate a 871 

significant difference between the control and the exposed group for the same day (*p < 0.05); 872 

different letters indicate significant difference between the groups exposed for different duration, 873 

within the same condition (p < 0.05). 874 

 875 

Figure 4: Total enzymatic activity (U/g of wet tissue) of xanthine oxidase (XO) and level of 876 

thiobarbituric substances (TBARS, nmol/g of wet tissue) in liver (A) and gills (B) of Cyprinus 877 

carpio exposed to Cu/Cd/Zn mixture for 1, 3 or 7 days (mean ± standard error). Different letters 878 

indicate significant difference between the groups exposed for different duration, within the same 879 

condition (p < 0.05). 880 
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Figure 5: Total antioxidative capacity expressed as Trolox equivalent (µmol/g of wet tissue) in 882 

liver (A) and gills (B) of Cyprinus carpio exposed to Cu/Cd/Zn mixture for 1, 3 or 7 days (mean 883 

± standard error).  884 


