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Simple Summary: Copper is an essential element for the aquatic organisms for a number of biological
processes. However, it may be toxic at high concentrations. The present study revealed that the levels
of Cu in gills of all Cu-exposed tilapia significantly increased during the first few days, and then
gradually decreased, matching the control at D4-D5. The concentration of metallothionein (MT) and
the activities of superoxide dismutase (SOD) and catalase (CAT) in the gills of Cu-exposed fish were
in line with the accumulated Cu. The increase of MT, SOD, and CAT during the first few days might
be the adaptive response of the animal to Cu toxicity. MT binds the elevated Cu, while SOD and
CAT scavenge the increased free radicals due to the increasing level of Cu. Cu does not affect the
malondialdehyde (MDA) concentration in gills of fish, which suggests the SOD, CAT and MT as
antioxidant defense systems were able to completely scavenge the increased free radicals.

Abstract: In the present study, we investigated the effects of waterborne copper (Cu) on the levels of
metallothionein (MT) and malondialdehyde (MDA), as well as activities of superoxide dismutase
(SOD) and catalase (CAT) in gills of cichlid fish Oreochromis niloticus. The Cu concentrations in
gills were measured using an atomic absorption spectrometer. The sandwich-ELISA was used to
measure MT, SOD, CAT, and MDA. The Cu concentrations in gills of fish that were exposed to 1,
5, and 10 mg Cu/L were significantly increased at day 1 (D1), then gradually decreased starting
from D2, and reaches the similar value with the controls at D5. A similar tendency has been observed
in the MT levels in the gills. All of the Cu-exposed fish showed the highest level of MT on D1,
and then decreased at D3 and a plateau at D4 and D5. The levels of SOD and CAT in gills in all
Cu-exposed fish showed a similar pattern: increased significantly at D1, then gradually decreased
starting from D2, and increased again at D4 and D5. The levels of MDA in gills of all Cu-exposed
fish showed no significant difference. The indifference levels of MDA in gills of all Cu-exposed fish
suggested the antioxidant defense systems (SOD and CAT) combined with the induction of MT were
able to completely scavenge the increased ROS.
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1. Introduction

Copper is commonly found in aquatic systems as a result of both natural (such as geological
deposits, volcanic activity, weathering and erosion of rocks and soils), and anthropogenic sources (such
as mining activities, agriculture, metal and electrical manufacturing, and pesticide use) [1]. In most
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natural waters, copper is usually present in sublethal concentrations; however, in polluted waters,
it can reach 0.85–7.75 mg/L [2–5], and have, in some cases, been reported as higher as 200 mg/L in and
near mining areas [1,6,7].

Copper is an essential element for aquatic organisms, including fish [8,9]. It can be utilized by a
number of processes, such as cellular respiration, iron oxidation, pigment formation, connective-tissue
biogenesis, peptide amidation, neurotransmitter biosynthesis, and free-radical defense and cellular
metabolism [10,11]. However, Cu is also a very toxic element when its cellular level is elevated [11,12].
Therefore, maintaining the homeostasis of body Cu levels needs to be done in order to guard against
Cu deficiency and toxicity [13,14]. The maintenance of body Cu balance involves the strict regulation
of uptake, distribution, metabolism, detoxification, and excretion [13,15].

Freshwater fish uptake waterborne Cu mainly through the gills, followed by the skin and
intestine [16]. From toxicological studies it has been demonstrated that elevated copper concentration
in water can lead to increased copper levels in the gills [17,18], and it alters the function of the gills by
causing severe ion regulation, gas exchange, and excretion of metabolic waste products [19–24].

The accumulation of metals in organs does not always cause harmful effects so long as the
organisms are able to protect themselves from metal toxicity by increasing excretion, sequestering
among organs and by intercellularly binding metals with metallothionein (MT) [25,26]. Studies suggest
that antioxidants may also play an important role in reducing hazardous effects of metals [27–29].
Antioxidant enzymes superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT)
are considered to be vital defenses against reactive oxygen species (ROS) toxicity due to the change
in metal levels [25,28–31]. However, when the production of ROS surpasses the capacity of cells to
remove them, excessive ROS can provoke oxidative stress, which induces lipid peroxidation (LPO).
Malondialdehyde (MDA) is one of the final products of LPO and it is responsible for cell membrane
damage [31–33].

In the present study, we investigated the concentrations of MT and MDA, as well as the activities
of SOD and CAT in the gills of fish Oreochromis niloticus after exposure to waterborne copper.

2. Materials and Methods

2.1. Fish Acclimation

The fish O. niloticus, which were approximately 10.7 ± 0.4 cm length and 15.2 ± 0.6 g, weight
were obtained from a commercial farm in Pasuruan, East Java Province, Indonesia. The fish were
transferred to the laboratory of Department of Biology, Universitas Airlangga, Indonesia, and kept for
two weeks for adaptation in a large fiberglass tank (250 L) that was supplied with a continuous flow of
dechlorinate freshwater (FW) through gravel, sand, and sponge filter. Illumination was maintained at
12 h light, with a 12 h dark cycle using fluorescent tubes as a light sources. During the acclimation
fish were fed twice a day to satiation with Takari commercial pellets (30% protein, 3% fat, and 4%
fiber). The experiments in the present study were conducted in accordance with the principles and
procedures that were approved by the Institutional Animal Care of Universitas Airlangga.

2.2. Determination 96-h LC50 of Copper

Before used as experimental animals, the fish were starved 48 h. A static bioassay was performed
to determine the median lethal concentration (96h L C50) of Cu to O. niloticus. Fish were exposed
to nominal copper concentrations: 0 (control), 2.5, 5, 10, 20, 40, and 80 mg/L in 63 L plastic tanks
(each tank contains 50 L of testing media). We used a total of 140 O. niloticus with 10 fish per tank
and two tanks per group. A stock solution of Cu (1000 mg/L) was prepared by dissolving 3.845 g
CuSO4.5H2O (Merck, Germany) in 1000 mL deionized water. During the toxicity test, media were
continuously aerated, but were not renewed. The fish were not fed during the toxicity test. Regular
observations were made, and fish mortality was recorded daily. The 96 h LC50 and 95% confidence
intervals were calculated while using the trimmed Spearman–Karber method [34]. The 96 h LC50 and
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95% confidence intervals of Cu to O. niloticus were 26.02 (20.89–32.41) mg/L. The Cu concentrations
that were used in this study were 1, 5, and 10 mg/L. According to the ecotoxicological point of view,
these concentrations can potentially be found by fish in their natural environment [1].

2.3. Treatment with Sublethal Cu

After acclimation, 160 individuals were randomly selected from the holding tank and distributed
among 32 tanks, with five fish per each tank. Each tank contains 50 L of selected testing media: 1,
5, and 10 mg Cu/L, and the control (without Cu). There were two tanks per concentration and time.
The experiment was conducted in a static system with 80% of test solutions being renewed every 48 h.
The Cu treatment was conducted for 120 h, gills samplings were done at the intervals of 24 h (D1
group), 48 h (D2 group), 72 h (D3 group), 96 h (D4 group), and 120 h (D5 group) using five fish that
were randomly collected from two tanks of Cu treatment, while gills sampling from the control group
was conducted after 24 h (Table 1). The gills of fish in the control group were not sampled daily, since
the concentration will not change. Before being euthanized, fish were anesthetized with 200 mg/L
clove solution [35], then the gills were sampled for MT, SOD, CAT, and MDA measurement. The detail
of gills preparation was described in Sections 2.5 and 2.6.

Table 1. The experimental design and number of fish analyzed from each experiment group.

Copper Concentration (mg/L) Number of Tanks Used Treatment Day
(Fish Sampled/Total Fish)

D1 D2 D3 D4 D5
0 2 5/10 - - - -
1 10 5/10 5/10 5/10 5/10 5/10
5 10 5/10 5/10 5/10 5/10 5/10

10 10 5/10 5/10 5/10 5/10 5/10

Note: Five fish were randomly collected from two tanks of each treatment (1, 5 and 10 mg Cu/L) at the intervals of
24 h (D1 group), 48 h (D2 group), 72 h (D3 group), 96 h (D4 group), and 120 h (D5 group). The sampling from the
control group was conducted at once (after 24 h).

2.4. Water Quality

The temperature was measured using mercury-in-glass thermometer (◦C), pH while using a
pH meter (Hanna Model HI 98150, Beijing, China), and the dissolved oxygen (DO) using the DO
meter (Lutron DO 5510, Taiwan). The values of temperature, pH, and dissolved oxygen during the
experiment were 27–29 ◦C, 7.65–8.10, and 7.0–7.5 mg/L, respectively.

2.5. Determination of Cu

After the fish were sacrificed, the gills were dissected and stored at−20 ◦C until a Cu determination,
as described by Ruaeny et al. [36]. Prior to the analysis, the gills were thawed at room temperature and
then kept in the oven at 65 ◦C for 48 h to a constant weight. The dried sample was then ground into a
fine powder using agate mortar and pestle. Approximately 2 g of the homogenized tissue sample was
thoroughly homogenized and digested while using 5 mL concentrated HNO3 at 100 ◦C for 3 h in the
microwave digester (Mars 6, CEM Corporation, North Carolina, USA). After cooling, the sample was
diluted to 50 mL with deionized water. An aliquot was taken for Cu detection while using an atomic
absorption spectrometer (ZEEnit 700, Analytik Jena AG, Jena, Germany). The Cu concentrations were
expressed as mg/kg dry weight (dw). Analytical blanks were run in the same way as the samples,
and the concentrations were determined using standard solutions that were prepared in the same acid
matrix. The accuracy of the Cu determination was verified using dogfish muscle reference material
(DORM-2) provided by the National Research Council of Canada (Ottawa, Canada), with Cu recovery
of 109% and a detection limit of 0.002 mg/kg dw.
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2.6. Determination of MT, SOD, CAT and MDA

The sandwich-ELISA was used to measure MT, SOD, CAT, and MDA. All the micro-titer plates
that were provided in the kits were pre-coated with an antibody specific to MT, SOD, CAT, and MDA,
respectively. The measurement protocol followed the instructions from Bioassay Technology Laboratory
(Shanghai, China), as described below.

On the last day of the experiment, the fish were sacrificed, the gills were carefully excised, weighed,
and minced into small pieces, rinsed thoroughly in ice-cold phosphate-buffered saline (PBS, 0.01 M,
pH = 7.4) to remove excess blood, and stored at −20 ◦C until analysis (≤5 days). One gram of tissue
pieces were weighed and homogenized in PBS with a motorized mini handheld homogenizer on ice.
The homogenates were then centrifuged at 3000 RPM for 20 min to obtain the supernatant.

To measure the levels of MT and MDA, and the activities of SOD and CAT, all of the samples
experienced the following treatments: 50 µL of standard and 40 µL sample was added to each well,
then immediately 10 µL of a biotin-conjugated anti-Fish (MT, MDA, SOD, and CAT, respectively)
antibody was added to each well, and then 50 µL of streptavidin horseradish was added to the sample
and standard well and mixed well. The plate was then covered with a sealer that was provided by kit
manufacture and incubated for 60 min at 37 ◦C.

After conducting the above procedure, the plates were aspired, washed five times with wash
buffer, and then soaked with wash buffer (approximately 350 µL/well) for one minute. Any remaining
wash buffer was removed by aspirating or decanting. Further, 50 µL of substrate solution A and 50 µL
of substrate solution B were added to each well. Subsequently, the wells were covered with new sealers
and incubated for 10 min at 37 ◦C in the dark. To terminate the enzyme reaction, 50 µL of stop solution
was added to each well, and the blue color would immediately change into yellow. The optical density
of each well was determined using an automatic microplate reader (Bio-Rad, model iMark, Japan) at
450 nm within 10 min after adding the stop solution. The concentrations of MT and MDA, and the
activities of SOD and CAT were determined while using the appropriate standard curves and data
were expressed as ng/mL for MT and SOD, mU/mL for CAT, and nmol/mL for MDA. Afterwards,
all data should be normalized to the weight of the gills.

2.7. Statistical Analysis

The data were tested for distribution using the Kolmogorov–Smirnov test. Subsequently, the data
were subject to two-way ANOVA to evaluate the effects of waterborne Cu exposure, time, and Cu-time
interaction on the level of Cu, MT, and MDA, as well as the activities of SOD and CAT in gills,
respectively. Tukey’s test was employed for multiple means comparisons at a significance level of 0.05
when significant differences were detected (p < 0.05).

3. Results

No fish mortality was noted during the experiments. Two-way ANOVA revealed that there were
significant Cu (p = 0.000), time (p = 0.000), and Cu-time interaction effects (p = 0.025) on the levels of
Cu in gills of O. niloticus. Figure 1 presents the daily changes of Cu levels in the gills of fish after being
exposed to 1, 5, and 10 mg Cu/L. The changes of Cu levels in the gills of fish that were exposed to all
copper levels had almost similar pattern. When compared to the control group, the Cu concentrations
in gills of all Cu-exposed fish were significantly increased at D1, then gradually decreased starting
from D2 to D4, and its concentration reaches the same value with the control at D5. The levels of Cu
in gills in fish exposed to 1, 5, and 10 mg Cu/L were not significantly different at the D1, D2, D3, D4,
and D5 groups, respectively.

This experiment showed the significant effects of Cu (P = 0.000), time (P = 0.000), and Cu-time
interaction (P = 0.014) on the levels of MT in the gills of tilapia. The changes of MT levels in the gills of
the fish exposed to all copper levels had relatively the same pattern. The levels of MT in gills of all
Cu-exposed fish gradually increased, starting from D1, reached the highest level at D2, then decreased



Animals 2019, 9, 353 5 of 11

at D3, and reached an apparent plateau at D4 and D5. At D5, only fish that were exposed to 1 mg Cu/L
were not significantly different with the control group (Figure 2).Animals 2019, 9, x 5 of 12 
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Figure 2. Mean concentration of metallothionein (MT) (ng/g) in gills of O. niloticus of the control group
and after exposed to 1, 5, and 10 mg Cu/L. Different lowercase letter indicates significance difference
according to Tukey multiple comparison test (P < 0.05).

This experiment showed that the effects of Cu (P = 0.000), time (P = 0.000), and Cu-time interaction
(P = 0.000) on the activities of SOD in the gills of O. niloticus were significant. The activities of SOD
of fish that were exposed to all Cu concentrations significantly increased at D1 when compared to
the control, then gradually decreased from D2 to D3, and increased again at D4 and D5 (Figure 3).
The activities of SOD of all treatments on D5 were not significantly different and higher than those of
the controls. The lowest SODs were demonstrated in fish that were exposed to 1 mg Cu/L at D3 and
exposed to 5 mg Cu/L at D2, respectively.
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Figure 3. Activity of superoxide dismutase (SOD) (mU/g) in gills of O. niloticus of the control group
and after exposed to 1, 5, and 10 mg Cu/L. Different lowercase letter indicates significance difference
according to Tukey multiple comparison test (P < 0.05).

This study demonstrated that there was a significant Cu effect (P = 0.000) and time effect (P = 0.000)
on the activities of CAT in gills of O. niloticus. However, the effects of Cu-time interaction on the
activities of CAT in gills (P = 0.613) were not significant. When compared to the control, the activities
of CAT of gills significantly increased at D1 in fish exposed to all Cu concentrations. Subsequently,
the values gradually decreased from D2 to D3, and increased again at D4 and D5. The activities of
CAT of all Cu-exposed fish on D5 were higher than the control group (Figure 4).
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Figure 4. Activity of catalase (CAT) (nmol/g) in gills of O. niloticus of the control group and after
exposed to 1, 5, and 10 mg Cu/L. Different capital letter indicates significance difference of time effect on
CAT according to Tukey multiple comparison test (P < 0.05). Asterisk indicates significance difference
of Cu effect on CAT for each time group as compared to the control (P < 0.05) according to Tukey
multiple comparison test.

According to the two-way ANOVA, there were significant time effects (P = 0.000) on the level of
MDA in the gills of tilapia. Meanwhile, the effects of Cu (P = 0.104) and Cu-time interaction (P = 0.468)
on the levels of MDA in gills were not significant. The levels of MDA in gills of fish exposed to all Cu
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concentrations for all times showed no significant difference (Figure 5). Their levels were relatively
similar to the control.
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exposed to 1, 5, and 10 mg Cu/L. Different capital letter indicates significance difference between the
experimental day (time) for each treatment group on MDA (P < 0.05) according to Tukey multiple
comparison test.

4. Discussion

The concentrations of Cu in the gills of fish exposed to three Cu concentrations significantly
increased on the first day (D1), then gradually decreased, and reached the same value with the control
on D5. The highest value of Cu in gills on the first day (D1) after exposure to all Cu concentrations could
be the initial shock phase of animal in response the waterborne Cu. This phase usually corresponds
to a period of physical damage, primarily occurs in the gills, and results in the disturbances of
internal physiological homeostasis. This damage phase is usually short-timed [37]. In our study,
depending on the level of waterborne Cu, the recovery phase starts on D2, and it takes place between
two and four days; however, at D5, the Cu level in gills of all Cu-exposed fish reached the control
value. A similar pattern was observed in the gills of juvenile of rainbow trout (Oncorhynchus mykiss),
Cu uptake increased during the first 1–2 h of radiolabelled copper incubation, after 2 h, branchial
64Cu level considerably decreased [17]. Recovery usually begins in conjunction with the increase in
biosynthetic process (such as elevated protein synthesis, mitosis), which support improving the tissue
damage and to correct the physiological disruptions [37,38]. Inherent within the recovery phase is
the massive production of metal binding proteins, such as MT [39,40], to impede the harmful effect
of metal [38]. Hogstrand and Haux [41] prompted that, if metal ions enter the cell, the synthesis of
MT will increase, and homeostasis will be restored by aggregation of metal into MT. MT has been
proposed to reduce Cu toxicity in fish by sequestering Cu away from metabolically important enzyme
systems [19]. The present study showed that the induction of MT in the gills was proportional with the
accumulated Cu; however, its increase was one day slower than the increase of Cu in the gills. Starting
from D3, the level of MT gradually declined, and showed the plateau at D4 and D5; however, at D5,
its level was still higher than the control. The higher level of MT in gills of D5 than the control, which
suggests that it is in a temporary state of MT imbalance, and it might indicate that MT regulation is not
yet down-regulated. The present study revealed that Cu did not induce serious gill damage for at least
five days of Cu exposure. Apparently MTs are involved in regulating the Cu as an essential metal,
and the MT binding capacity to Cu has not been exceeded [42,43]. MT can also act as non-toxic metal
reserves for metalloenzyme synthesis, protect against ionizing radiation, and play an important role as
an antioxidant [44,45].
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The accumulation of metal leads to enhanced ROS level, leading to the damage of cellular
constituent [31,46]. In organism, ROS are continuously produced and eliminated to maintain a balance
of ROS concentration. ROS are generally under the tight control of antioxidant defense system [33].
The levels of SOD and CAT as the vital first-line defenses against ROS toxicity in gills of fish that
were exposed to all Cu concentrations significantly increased on D1, then gradually decreased on D2
and/or D3, and increased again on D4 and D5. The levels of SOD and CAT on D5 were still higher
than the control. Our results suggest that Cu exposure might significantly increase free radicals in
the first few days and lead to the production of ROS, causing oxidative stress in fish. It is likely that
the increase of SOD and CAT was an adaptive response of the animal to Cu toxicity and it served
to neutralize the impact of increased ROS generation [31,33,46,47]. Carvalho et al. [48] revealed
that SOD and CAT had prominent roles in the scavenging of free radicals to protect the organisms
from oxidative stress. SOD is an early produced antioxidant to protect the cells against superoxide
anions (O2

•−) by decomposing these superoxide radicals to hydrogen peroxide (H2O2) and O2 [48,49].
CAT decomposed H2O2 to non-toxic H2O and O2 [30,48,50]. While, the decrease of SOD and CAT
on D3 may be attributed to the inactivation of these enzymes and the inhibition of de novo enzyme
protein synthesis after the continuous and high production of these enzymes in the first few days
in response Cu stress [51], or some other antioxidants, such as glutathione peroxidase, glutathione,
and glutathione-related enzymes may be active to scavenge ROS [30,33,49,52]. Furthermore, higher
levels of SOD and CAT on D5 suggested that these enzymes were not yet down-regulated, since the
levels of Cu in gills on D5 were not significantly different with D0 (the control).

When the production of ROS in cell exceeds the antioxidant generation, excessive ROS can destroy
biomolecules through free radical attaches to polyunsaturated fatty acid side chains in cell membranes
and it leads to LPO [32]. LPO is a highly destructive process that increases the rigidity and decreases
the fluidity of cellular membranes [53]. It has been reported that the levels of MDA increased as a result
of oxidation of lipoprotein and lipids in cell membranes during oxidative stress [47,54]. The current
results showed that the level of MDA in the gills of all Cu-exposed fish were not significantly different
with the control. Regarding to the present MDA values, we suggest that, although Cu exposure resulted
in the generation of ROS and antioxidant defense systems (SOD and CAT); however, these defenses,
combined with the increase in the MT response, were able to completely scavenge the increased ROS,
which prevent LPO.

5. Conclusions

The present study revealed that the levels of Cu in gills of all Cu-exposed tilapia (1, 5, and 10 mg
Cu/L) significantly increased during the first few days, then gradually decreased, returning to control
at D4-D5. The levels of MT, SOD, and CAT in the gills of Cu-exposed fish were parallel with the
accumulated Cu. The increase of MT, SOD, and CAT during the first few days might be the adaptive
response of the animal to Cu toxicity. MT binds the elevated Cu, while SOD and CAT scavenge the
increased free radicals due to the increasing level of Cu. Waterborne copper, even at 10 mg/L, does not
increase the MDA concentration in the gills of tilapia, suggesting the antioxidant defense systems (SOD
and CAT) combined with the induction of MT were able to completely scavenge the increased ROS,
which prevent LPO.

Author Contributions: F.M., A.S., B.I. conceived and designed the study; F.M., M.R.S., and T.W.C.P. performed
the laboratory work and laboratory analyses, A.S. supervised the laboratory work, and F.M., M.R.S., and A.S.
largely wrote this paper.

Funding: This research was funded by Direktorat Riset dan Pengabdian Masyarakat (Directorate of Research and
Community Service), Kementerian Riset, Teknologi dan Pendidikan Tinggi Indonesia (Indonesian Ministry of
Research, Technology and Higher Education) through the Contract No. 691/UN3.14/LT/2019.

Acknowledgments: The authors would like to thank Setiyanto for technical assistance during experiment.

Conflicts of Interest: The authors declare no conflict of interest.



Animals 2019, 9, 353 9 of 11

References

1. USEPA. Aquatic Life Ambient Freshwater Quality Criteria—Copper; EPA-822-R-07-001; 2007 revision;
US Environmental Protection Agency: Washington, DC, USA, 2007.

2. Wong, C.K. Effects of cadmium, copper, nickel, and zinc on longevity and reproduction of the cladoceran
Moina macrocopa. Bull. Environ. Contam. Toxicol. 1993, 50, 633–639. [CrossRef] [PubMed]

3. Saager, P.M.; De Baar, H.J.W.; De Jong, J.T.M.; Nolting, R.F.; Schijf, J. Hydrography and local sources of
dissolved trace metals Mn, Ni, Cu, and Cd in the northeast Atlantic Ocean. Mar. Chem. 1997, 57, 195–216.
[CrossRef]

4. Soegianto, A.; Charmantier-Daures, M.; Trilles, J.-P.; Charmantier, G. Impact of copper on the structure of
gills and epipodites of the shrimp Penaeus japonicus. J. Crust. Biol. 1999, 19, 209–223. [CrossRef]

5. Boran, M.; Altinok, I. A review of heavy metals in water, sediment and living organisms in the Black Sea.
Turk. J. Fish. Aquat. Sci. 2010, 10, 565–572. [CrossRef]

6. Davis, A.; Ashenberg, D. The aqueous geochemistry of the Berkeley Pit, Butte, Montana, USA. Appl. Geochem.
1989, 4, 23–36. [CrossRef]

7. Robins, R.G.; Berg, R.B.; Dysinger, D.K.; Duaime, T.E.; Metesh, J.J.; Diebold, F.E.; Twidwell, L.G.; Mitman, G.G.;
Chatham, W.H.; Huang, H.H.; et al. Chemical, physical and biological interactions at the Berkeley Pit, Butte,
Montana. In Proceedings of the Tailings and Mine Waste, Colorado State University, Fort Collins, CO, USA,
13–17 January 1997.

8. Ogino, C.; Yang, G.Y. Requirements of carp and rainbow trout for dietary manganese and copper. Bull. Japan
Soc. Sci. Fish. 1980, 46, 455–458. [CrossRef]

9. Satoh, S.; Yamamoto, H.; Takeuchi, T. Effects on growth and mineral composition of carp of deletion of trace
elements or magnesium from fish meal diet. Bull. Jpn. Soc. Sci. Fish. 1983, 49, 431–435. [CrossRef]

10. Solomon, E.I.; Lowery, M.D. Electronic structure contributions to function in bioinorganic chemistry. Science
1993, 259, 1575–1581. [CrossRef]

11. Pena, M.M.O.; Lee, J.; Thiele, D. A delicate balance: Homeostatic control of copper uptake and distribution.
J. Nutr. 1999, 129, 1251–1260. [CrossRef]

12. Harris, Z.I.; Gitlin, J.D. Genetic and molecular basis for copper toxicity. Am. J. Clin. Nutr. 1996, 63, 8365–8415.
[CrossRef]

13. Kamunde, C.; Clayton, C.; Wood, C.M. Waterborne vs. dietary copper uptake in rainbow trout and the effects
of previous waterborne copper exposure. Am. J. Physio-Reg. I 2002, 283, R69–R78. [CrossRef] [PubMed]

14. Bury, N.R.; Walker, P.A.; Glover, C.N. Nutritive metal uptake in teleost fish. J. Exp. Biol. 2003, 206, 11–23.
[CrossRef] [PubMed]

15. Wang, X.; Wang, W.-X. Homeostatic regulation of copper in a marine fish simulated by a physiologically
based pharmacokinetic model. Environ. Pollut. 2016, 218, 1245–1254. [CrossRef] [PubMed]

16. Carvalho, C.S.; Fernandes, M.N. Effect of copper on liver key enzymes of anaerobic glucose metabolism
from freshwater tropical fish Prochilodus lineatus. Comp. Biochem. Physiol. 2008, 51A, 437–442. [CrossRef]
[PubMed]

17. Grosell, M.; Wood, C.M. Copper uptake across rainbow trout gills: Mechanisms of apical entry. J. Exp. Biol.
2002, 205, 1179–1188. [PubMed]

18. Soegianto, A.; Irawan, B.; Usman, N. Effects of sublethal copper concentrations on gills of white shrimp
(Litopenaeus vanamei, Boone 1931). Bull. Environ. Contam. Toxicol. 2013, 91, 630–634. [CrossRef]

19. Lauren, D.J.; McDonald, D.G. Acclimation to copper by rainbow trout, Salmo gairdneri: Biochemistry. Can. J.
Fish. Aquat. Sci. 1987, 44, 105–111. [CrossRef]

20. Reid, S.D.; McDonald, D.G. Effects of cadmium, copper and low pH on ion fluxes in the rainbow trout, Salmo
gairdneri. Can. J. Fish. Aquat. Sci. 1988, 45, 244–253. [CrossRef]

21. Cerqueira, C.C.C.; Fernandes, M.N. Gill tissue recovery after copper exposure and blood parameter responses
in the tropical fish, Prochilodus scrofa. Ecotoxicol. Environ. Saf. 2002, 52, 83–89. [CrossRef]

22. Monteiro, D.A.; Rantin, F.T.; Kalinin, A.L. Inorganic mercury exposure:toxicological effects, oxidative stress
biomarkers and bioaccumulation in thetropical freshwater fish matrinxa, Brycon amazonicus (Spix and
Agassiz, 1829). Ecotoxicology 2010, 19, 105–123. [CrossRef]

23. Usman, N.; Irawan, B.; Soegianto, A. Effect of copper on survival and osmoregulation in different life stages
of white shrimp Litopenaeus vannamei Bonne, 1931. Cah. Biol. Mar. 2013, 54, 191–197.

http://dx.doi.org/10.1007/BF00194655
http://www.ncbi.nlm.nih.gov/pubmed/8490268
http://dx.doi.org/10.1016/S0304-4203(97)00038-8
http://dx.doi.org/10.2307/1549227
http://dx.doi.org/10.4194/trjfas.2010.0418
http://dx.doi.org/10.1016/0883-2927(89)90056-5
http://dx.doi.org/10.2331/suisan.46.455
http://dx.doi.org/10.2331/suisan.49.431
http://dx.doi.org/10.1126/science.8384374
http://dx.doi.org/10.1093/jn/129.7.1251
http://dx.doi.org/10.1093/ajcn/63.5.836
http://dx.doi.org/10.1152/ajpregu.00016.2002
http://www.ncbi.nlm.nih.gov/pubmed/12069932
http://dx.doi.org/10.1242/jeb.00068
http://www.ncbi.nlm.nih.gov/pubmed/12456693
http://dx.doi.org/10.1016/j.envpol.2016.08.080
http://www.ncbi.nlm.nih.gov/pubmed/27613316
http://dx.doi.org/10.1016/j.cbpa.2007.04.016
http://www.ncbi.nlm.nih.gov/pubmed/17537655
http://www.ncbi.nlm.nih.gov/pubmed/11919277
http://dx.doi.org/10.1007/s00128-013-1113-5
http://dx.doi.org/10.1139/f87-013
http://dx.doi.org/10.1139/f88-029
http://dx.doi.org/10.1006/eesa.2002.2164
http://dx.doi.org/10.1007/s10646-009-0395-1


Animals 2019, 9, 353 10 of 11

24. Asih, A.Y.P.; Irawan, B.; Soegianto, A. Effect of copper on survival, osmoregulation, and gill structures of
freshwater prawn (Macobrachium rosenbergii, de Man) at different development stages. Mar. Freshwat.
Behav. Physiol. 2013, 46, 75–88. [CrossRef]

25. Bervoets, L.; Knapen, D.; De Jonge, M.; Campenhout, K.V.; Blust, R. Differential hepatic metal and
metallothionein levels in three feral fish species along a metal pollution gradient. PLoS ONE 2013, 8, e60805.
[CrossRef] [PubMed]

26. Nursanti, L.; Nofitasari, E.; Hayati, A.; Hariyanto, S.; Irawan, B.; Soegianto, A. Effects of cadmium on
metallothionein and histology in gills of tilapia (Oreochromis niloticus) at di fferent salinities. Toxicol. Environ.
Chem. 2017, 99, 926–937. [CrossRef]

27. Elia, A.C.; Galarini, R.; Taticchi, M.I.; Dörr, A.J.M.; Mantilacci, L. Antioxidant responses and bioaccumulation
in Ictalurus melas under mercury exposure. Ecotoxicol. Environ. Saf. 2003, 55, 162–167. [CrossRef]

28. Atli, G.; Canli, M. Response of antioxidant system of freshwater fish Oreochromis niloticus to acute and
chronic metal (Cd, Cu, Cr, Zn, Fe) exposures. Ecotoxicol. Environ. Saf. 2010, 73, 1884–1889. [CrossRef]
[PubMed]

29. Saglam, D.; Atli, G.; Dogan, Z.; Baysoy, E.; Gurler, C.; Eroglu, A.; Canli, M. Response of the antioxidant
system of freshwater fish (Oreochromis niloticus) exposed to metals (Cd, Cu) in differing hardness. Turk. J.
Fish. Aquat. Sci. 2014, 14, 43–52. [CrossRef]

30. Wang, J.; Zhang, P.; Shen, Q.; Wang, Q.; Liu, D.; Li, J.; Wang, L. The effects of cadmium exposure on the
oxidative state and cell death in the gill of freshwater crab Sinopotamon henanense. PLoS ONE 2013, 8, e64020.
[CrossRef]

31. Shofiatun, S.; Handayani, K.S.; Suryani, H.; Irawan, B.; Soegianto, A. Oxidative stress responses in gills
of white shrimp Litopenaeus vannamei Boone, 1931 following exposure to cadmium at different salinities.
Cah. Biol. Mar. 2017, 58, 461–466. [CrossRef]

32. Rodrıguez-Ariza, A.; Alhama, J.; Dıaz-Mendez, F.M.; Lopez Barea, J. Content of 8-oxodG in chromosomal
DNA of Sparus aurata fish as biomarker of oxidative stress and environmental pollution. Mutat. Res. 1999,
438, 97–107. [CrossRef]

33. Valko, M.; Rhodes, C.J.; Moncol, J.; Izakovic, M.; Mazur, M. Free radicals, metals and antioxidants in oxidative
stressinduced cancer. Chem.-Biol. Interact. 2006, 160, 1–40. [CrossRef] [PubMed]

34. Putranto, T.W.C.; Andriani, R.; Munawwaroh, A.; Irawan, B.; Soegianto, A. Effect of cadmium on survival,
osmoregulation and gill structure of the Sunda prawn, Macrobrachium sintangense (De Man), at different
salinities. Mar. Freshwat. Behav. Physiol. 2014, 47, 349–360. [CrossRef]

35. Soegianto, A.; Adhim, M.A.; Zainuddin, A.; Putranto, T.W.C.; Irawan, B. Effect of different salinity on
serum osmolality, ion levels and hematological parameters of East Java strain tilapia Oreochromis niloticus.
Mar. Freshwat. Behav. Physiol. 2017, 50, 105–113. [CrossRef]

36. Ruaeny, T.A.; Hariyanto, S.; Soegianto, A. Contamination of copper, zinc, cadmium and lead in fishs pecies
captured from Bali Strait, Indonesia, and potential risks to human health. Cah. Biol. Mar. 2015, 56, 89–95.

37. McDonald, D.G.; Wood, C.M. Branchial mechanisms of acclimation to metals in freshwater fish. In Fish
Ecophysiology; Rankin, J.C., Jensen, F.B., Eds.; Chapman & Hall: London, UK, 1993; pp. 297–321.

38. Mc Geer, J.C.; Szebedinszky, C.; McDonald, D.G.; Wood, C.M. Effects of chronic sublethal exposure to
waterborne Cu, Cd or Zn in rainbow trout 2: Tissue specific metal accumulation. Aquat. Toxicol. 2000, 50,
247–258.

39. Bradley, R.W.; DuQuesnay, C.; Sprague, J.B. Acclimation of rainbow trout, Salmo gairdneri Richardson, to
zinc: Kinetics and mechanisms of enhanced tolerance induction. J. Fish Biol. 1985, 27, 367–379. [CrossRef]

40. Hogstrand, C.; Wood, C.M. The physiology and toxicology of zinc in fish. In Toxicology of Aquatic Pollution:
Physiological, Cellular and Molecular Approaches; Taylor, E.W., Ed.; Cambridge University Press: Cambridge,
UK, 1996; pp. 61–84.

41. Hogstrand, C.; Haux, C. Binding and detoxification of heavy metals in lower vertebrates with references to
metallothionein. Comp. Biochem. Physiol. 1991, 100C, 137–141. [CrossRef]

42. Brown, D.A.; Parsons, T.R. Relationship between cytoplasmic distribution of mercury and toxic effects to
zooplankton and chum salmon (Oncorhynchus keta) exposed to mercury in a controlled ecosystem. J. Fish.
Res. Board Can. 1978, 35, 880–884. [CrossRef]

43. Coyle, P.; Philcox, J.C.; Carey, L.C.; Rofe, A.M. Metallothionein: The multipurpose protein. Cell. Mol. Life Sci.
2002, 59, 627–647. [CrossRef]

http://dx.doi.org/10.1080/10236244.2013.793471
http://dx.doi.org/10.1371/journal.pone.0060805
http://www.ncbi.nlm.nih.gov/pubmed/23556004
http://dx.doi.org/10.1080/02772248.2017.1315120
http://dx.doi.org/10.1016/S0147-6513(02)00123-9
http://dx.doi.org/10.1016/j.ecoenv.2010.09.005
http://www.ncbi.nlm.nih.gov/pubmed/20870289
http://dx.doi.org/10.4194/1303-2712-v14_1_06
http://dx.doi.org/10.1371/journal.pone.0064020
http://dx.doi.org/10.21411/CBM.A.C64CCCDC
http://dx.doi.org/10.1016/S1383-5718(98)00156-9
http://dx.doi.org/10.1016/j.cbi.2005.12.009
http://www.ncbi.nlm.nih.gov/pubmed/16430879
http://dx.doi.org/10.1080/10236244.2014.940703
http://dx.doi.org/10.1080/10236244.2017.1333391
http://dx.doi.org/10.1111/j.1095-8649.1985.tb03186.x
http://dx.doi.org/10.1016/0742-8413(91)90140-O
http://dx.doi.org/10.1139/f78-141
http://dx.doi.org/10.1007/s00018-002-8454-2


Animals 2019, 9, 353 11 of 11

44. Di Giulio, R.T.; Meyer, J.N. Reactive oxygen species and oxidative stress. In The Toxicology of Fishes;
Di Giulio, R.T., Hilton, D.E., Eds.; CRC Press: Boca Raton, FL, USA, 2008; pp. 273–326.

45. Simonato, J.D.; Mela, M.; Doria, H.B.; Guiloski, I.C.; Randi, M.A.F.; Carvalho, P.S.M.; Meletti, P.C.; Silva de
Assis, H.C.; Bianchini, A.; Martinez, C.B.R. Biomarkers of waterborne copper exposure in the Neotropical
fish Prochilodus lineatus. Aquat. Toxicol. 2016, 170, 31–41. [CrossRef]

46. Lushchak, V.I. Environmentally induced oxidative stress in aquatic animals. Aquat. Toxicol. 2011, 101, 13–30.
[CrossRef] [PubMed]

47. Abdel-Tawwab, M.; Hamed, H.S. Effect of bisphenol A toxicity on growth performance, biochemical variables,
and oxidative stress biomarkers of Nile tilapia, Oreochromis niloticus (L.). J. Appl. Ichthyol. 2018. [CrossRef]

48. Carvalho, C.S.; Bernusso, V.A.; Fernandes, M.N. Copper levels and changes in pH induce oxidative stress in
the tissue of curimbata (Prochilodus lineatus). Aquat. Toxicol. 2015, 167, 220–227. [CrossRef] [PubMed]

49. Liu, N.; Wang, L.; Yan, B.; Li, Y.; Ye, F.; Li, J.; Wang, Q. Assessment of antioxidant defense system responses
in the hepatopancreas of the freshwater crab Sinopotamon henanense exposed to lead. Hydrobiologia 2014,
741, 3–13. [CrossRef]

50. Romeo, M.; Bennani, N.; Gnassia-Barelli, M.; Lafaurie, M.; Girard, J.P. Cadmium and copper display different
responses towards oxidative stress in the kidney of the sea bass Dicentrarchus labrax. Aquat. Toxicol. 2000,
48, 185–194. [CrossRef]

51. Verma, S.; Dubey, R.S. Lead toxicity induces lipid peroxidation and alters the activities of antioxidant
enzymes in growing rice plants. Plant Sci. 2003, 164, 645–655. [CrossRef]

52. Fatima, R.A.; Ahmad, M. Certain antioxidant enzymes of Allium cepa as biomarkers for the detection of
toxic heavy metals in wastewater. Sci. Total Environ. 2005, 346, 256–273. [CrossRef]

53. Wei, K.; Yang, J. Oxidative damage induced by copper andbeta-cypermethrin in gill of the freshwater crayfish
Procambarus clarkia. Ecotoxicol. Environ. Saf. 2015, 113, 446–453. [CrossRef]

54. Moghaddam, H.S.; Samarghandian, S.; Farkhondeh, T. Effect of bisphenol A on blood glucose, lipid profile
and oxidative stress indices in adult male mice. Toxicol. Mech. Meth. 2015, 25, 507–513. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.aquatox.2015.11.012
http://dx.doi.org/10.1016/j.aquatox.2010.10.006
http://www.ncbi.nlm.nih.gov/pubmed/21074869
http://dx.doi.org/10.1111/jai.13763
http://dx.doi.org/10.1016/j.aquatox.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26361357
http://dx.doi.org/10.1007/s10750-014-1806-8
http://dx.doi.org/10.1016/S0166-445X(99)00039-9
http://dx.doi.org/10.1016/S0168-9452(03)00022-0
http://dx.doi.org/10.1016/j.scitotenv.2004.12.004
http://dx.doi.org/10.1016/j.ecoenv.2014.12.032
http://dx.doi.org/10.3109/15376516.2015.1056395
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Fish Acclimation 
	Determination 96-h LC50 of Copper 
	Treatment with Sublethal Cu 
	Water Quality 
	Determination of Cu 
	Determination of MT, SOD, CAT and MDA 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

