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A B S T R A C T

Background: Trace elements of copper (Cu) are one of the main forms of ecological noxious waste in freshwater
systems that affect the survival and development of organisms. The objective of the current study was to in-
vestigate the effects of chronic exposure to Cu on the growth, oxidative stress, immune and biochemical response
in the Nile tilapia, Oreochromis niloticus.
Methods: Three groups ofO. niloticuswere tested as follows; the first group was used as the control (not treated with Cu
in water), while the 2nd and 3rd groups were exposed to (low) 40 μg L−1 and (high) 400 μg L−1 concentrations of Cu
added to water, respectively. The duration of the experiment, which was conducted in triplicate, was 60 d. End points
were evaluated on days 30 and 60. Following 30 d and 60 d of exposure to Cu, the fish were removed from experi-
mental tanks to determine growth. Consequently, blood samples were collected from caudal veins at the end of the trial
period (30 d and 60 d) and serum was separated to evaluate different immunological parameters, such as lysozymes
(LYZ), respiratory burst activity (RBA) and myeloperoxidase (MPO). Gill and liver tissues were collected for evaluation
of Cu and certain biochemical parameters as follows: antioxidant enzymes such as superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx) and glutathione-S-transferase (GST); non-enzymatic antioxidants such as glu-
tathione (GSH) and metallothionein (MT), and oxidative stress indicators such as malondialdehyde (MDA) and protein
carbonyl (PCO). The results pertaining to treatments and the control were compared using two-way ANOVA and
Tukey’s HSD test. The level of significance was set at P ≤ 0.05. Data were expressed as mean ± SD.
Results: Chronic exposure to Cu did not induce any mortality in fish during the test period. However, following
exposure to Cu, growth of fish in the exposed groups was affected more than that in the control group (un-
exposed to Cu). In addition, accumulation of Cu in the liver tissue was higher than that in the gill tissues of fish
exposed to Cu, compared to that in the control. Gill and liver tissues of Cu-exposed fish showed a significant (P≤
0.05) reduction in the activities of the antioxidant enzymes, SOD, CAT, GPx, and GST, compared to those of
unexposed fish. Non-enzymatic antioxidants, GSH and MT, in gill and liver tissues were significantly increased (P
≤ 0.05) in fish exposed to both concentrations of Cu, compared to those in unexposed fish. Oxidative stress
indicators, MDA and PCO in gills and liver of Cu-exposed fish was significantly (P ≤ 0.05) at both tested
concentrations, when compared to control group. Non-specific immune response of LYZ, RBA, and MPO activity
in serum decreased significantly (P ≤ 0.05) in Cu-exposed fish, compared with that of unexposed fish.
Conclusion: Overall, the present results highlighted that chronic exposure to Cu ions may exert a strong effect on
the antioxidant and immune responses of O. niloticus. Changes in antioxidant enzymes, oxidative stress effects
and immune parameters during post-chronic metal exposure may indicate the potential of these parameters as
biomarkers of metal toxicity in aquatic ecosystems.

https://doi.org/10.1016/j.jtemb.2019.06.011
Received 27 December 2018; Received in revised form 31 May 2019; Accepted 17 June 2019

⁎ Corresponding author.
E-mail address: vaseeharanb@gmail.com (B. Vaseeharan).

Journal of Trace Elements in Medicine and Biology 55 (2019) 170–179

0946-672X/ © 2019 Elsevier GmbH. All rights reserved.

T



1. Introduction

In recent years, environmental contaminants have increased con-
siderably due to industrial and agricultural activities. Environmental
contamination due to metals is a major environmental health concern
[1]. Currently, an increasing number of studies are being conducted on
copper (Cu) contamination in freshwater organisms [2]. Cu, a trace
element acting as a cofactor for many enzymes and proteins, is essential
for the regulation of bio-cellular functions [3–5]. Modification of Cu
metabolism may interrupt regular cellular functions, leading to dis-
orders in antioxidant based immune defense systems and enhancement
of other pathological issues in aquatic animals and humans [6–8].

Cu salts are used in aquatic ecosystems to manage undesirable or-
ganisms, including microbial pathogens [9,10]. Cu may be used as a
disinfectant against protozoan ecto-parasites, such as Cryptocarion and
Amyloodinium, as well as against bacteria [11]. Therefore, it is im-
portant to evaluate Cu toxicity in fish. Cu at high concentrations shows
a tendency to accumulate in fish tissue. Between 0.2 to 30mg L−1 of Cu
are found naturally in unpolluted freshwater [12]. However, Cu may
become toxic when its concentration rises above a certain level. Earlier
reports indicated that dissolved Cu concentrations ranging from 50 to
560mg L-1 were lethal to several aquatic species [13,14]. High levels of
Cu can cause deleterious effects as well as biochemical and physiolo-
gical disorders in freshwater organisms [15–17].

Deleterious effects of xenobiotics are difficult to detect in living
systems due to long-term mechanisms at play. Hence, early-warning
signals, or environmental biomarkers are used to detect biochemical
responses triggered by contaminants, including toxic metals, in fresh-
water organisms [18].

Oreochromis niloticus, a freshwater teleost fish cultivated worldwide,
is commonly used in toxicological investigations and is frequently used
as pollution bioindicator. It is easy to maintain under controlled con-
ditions, and suitable for use as a model for assessing metal toxicity. The
aquaculture industry accounts for 75% of the world's tilapia production
and 5% of the total finfish aquaculture [19,20]. Currently research on
effects of Cu in aquatic organisms appears to focus on acute Cu ex-
posure rather than on long term exposure to Cu. Therefore, the current
study evaluated the toxic effect of Cu accumulation on the growth of O.
niloticus. The effect of chronic Cu exposure on non-specific immune
parameters and biochemical responses of enzymatic and non-enzymatic
antioxidants, and oxidative stress in O. niloticus, were also evaluated.

2. Material and methods

2.1. Experimental animal

A sample of 90 O. niloticus (45 males and 45 females), with a mean
body length of 8 ± 0.3 cm and a mean weight of 31 ± 0.4 g, were
obtained from a home fish culturing area in Karaikudi, India. The fish
were acclimatized for 2 weeks in cement tanks (1000 L) and fed com-
mercial diet (52% crude protein, 16.0% crude ash, 12% crude lipids,
12% water, 5% Ca, 3.0% crude fiber, 0.5% P, ≥ 2.3% lysine and ≤
3.8% sodium chloride) twice a day at the rate of 5% of body weight
(Tairoun Feed Company, Taipei, Taiwan). Feces and unconsumed feed
were siphoned out frequently. Aeration was provided to prevent stress
and physical as well as chemical parameters of the water were su-
pervised during the acclimation period using a multiparameter water
quality meter (HORIBA U-52, Japan) as follows:
Temperature= 29.4 ± 1.1 °C; pH=7.5 ± 0.3; salinity= 0.25 ±
0.05 ppt; total ammonia=0.09 ± 0.01mg N-NH4 L−1; dissolved
oxygen= 6.9 ± 0.4mg O2 L-1; conductivity= 342.6 ± 16.2 μs/cm;
total hardness= 136.5 ± 9.6mg CaCO3/L, alkalinity= 42.7 ±
6.2mg CaCO3/L; and Cu concentration= 3.9 μg L-1 respectively. These
physico-chemical parameters, with the exception of Cu concentrations,
were not disturbed throughout the experimental period [21].

2.2. Experimental design

Fish used in the present scientific study were cultured and sacrificed
according to the terms of animal use stipulated and permitted by the
Committee of Animal Care and Use, Alagappa University, India.
Following acclimation, fish were randomly divided into three experi-
mental groups in nine, 100 L capacity Fiberglass Reinforced Plastic
(FRP) tanks containing 80 L of fresh water. The 1st, 2nd and 3rd groups
were exposed to concentrations of 0 (control), 40 (low) and 400 (high)
μg Cu L−1, respectively. Each treatment was carried out in 3 tanks,
containing 10 fish amounting to 30 fish per treatment group (n=30).
The control group was treated with tap water containing no addition of
added Cu (3.9 μg L−1), whereas fish from the remaining groups were
exposed to 40 μg Cu L−1 and 400 μg Cu L−1 under laboratory condi-
tions. The lowest Cu concentration (40 μg L−1) was selected based on
the ecologically significant concentrations and highest Cu concentra-
tion (400 μg Cu L-1) was defined for toxicity induced on O. mossambicus,
as reported earlier [13,22]. Cu solutions were prepared using copper
sulfate (CuSO4; Merck, Darmstadt, Germany). Cu concentrations were
delivered daily in the morning following a change of water, with sub-
stitute water containing the same Cu concentration as that of the re-
placed water. The experiment was performed in triplicate and spanned
60 d. In order to minimize hunger during the waterborne Cu exposure
period, the fish were hand fed with commercial diet (Tairoun Feed
Company) twice a day at the rate of 5% of body weight. Aeration of
water was maintained during the experimental period. Feces and un-
consumed feed were siphoned out frequently. Temperature, pH, sali-
nity, dissolved oxygen, total ammonia, conductivity, alkalinity, and
total hardness were evaluated daily and maintained at values similar to
those recorded during the acclimation period. Water samples were
collected weekly to determine total and dissolved Cu concentrations in
water samples, which were either filtered or not filtered through a
0.45 μm syringe filter (Millipore Millex HV/PVDF). For analyses, sam-
ples were acidified using HNO3 and stored at 4 °C. Cu concentrations
were determined using an atomic absorption spectrometer (AAS) from
Perkin Elmer (PerkinElmer, Inc. Waltham, USA) with a detection limit
of 0.0014 g L−1 [23]. The concentrations of metals are expressed as
microgram per liter (μg L−1) for water samples. Following 30 d and 60
d of Cu exposure, total lengths and body weights of 3 fish from each
tank (n=9 per group) were recorded, after which these fish were used
for all biochemical and immunological parameter analyses.

At the end of the 30 d and 60 d exposure periods, 3 fish (n=9 in
each group) randomly selected from each tank were subjected to fasting
for 24 h prior to sampling, in order to minimize contamination from
metabolic waste and ensure a healthy environment. The fish were in-
stantaneously anesthetized in 0.05% tricaine methane sulfonate (MS-
222, Sigma Diagnostics INS, St. Louis, MO) [24]. Blood samples drawn
from the caudal vein of each fish using a sterile syringe were stored at
4 °C in a heparinized tube and centrifuged at 3000 g for 10min to se-
parate serum from blood and stored at −80 °C. until needed for the
analysis of immune parameters as described below. After the collection
of blood, the gill and liver of the sampled fish were removed and pre-
served in an ultra-freezer at −80 °C until needed for analysis of bio-
chemical parameters.

2.3. Measurements of Cu in tissues

Cu content in gill and liver tissues was measured after drying for
24 h at 60 °C. All samples were of a constant weight after drying. Dried
tissue samples were completely digested in HNO3 (5 N) (Suprapur,
Merck, Darmstadt, Germany) using 10mL of acid for 1 g of tissue at
60 °C. Fifty μl of the completely digested tissue solution was analyzed
using an Atomic Absorption Spectrophotometer (AAS) from Perkin
Elmer [25]. The wavelength for Cu measurements was 324.5 nm.
Samples were analyzed in triplicate and Cu concentrations were ex-
pressed as μg g−1 dry weight (d.w.). Determination of Cu was

N. Gopi, et al. Journal of Trace Elements in Medicine and Biology 55 (2019) 170–179

171



conducted using DOLT-2 Dogfish liver and DORG-2 Dogfish gill as
standard reference material while simultaneously testing the control.

2.4. Antioxidant, non-enzymatic antioxidant and oxidative stress
parameters

Gill and liver samples were weighed and homogenized (10mL g−1

tissue) in phosphate buffer solution (0.1M; pH 7.2). The homogenates
were then centrifuged at 15,000 g for 30min at 4 °C. The supernatant
was used for analysis of oxidative stress as well as enzymatic and non-
enzymatic antioxidant assays. All biochemical and immunological
parameter related optical density values were determined using a mi-
croplate reader (FlexStation® 3, Molecular Devices, California, USA).
Protein concentrations in gill and liver homogenates were measured
using bovine serum albumin as the standard according to the method
described by Lowry et al., [26].

Biochemical activities of gill and liver tissues were measured using
kits existing in the market (SG Mitalia Co., USA and Stanbio LDH (UV-
Rate) USA). SOD activity at 560 nm was determined according to the
colorimetric assay described by Suzuki [27], where the superoxide
detector used was water soluble tetrazolium salt. SOD activity was
expressed as U mg−1 protein. CAT activity was measured via assess-
ment of decomposition of H2O2 by measuring absorbance at 240 nm
[28]. CAT activity was expressed as U mg−1 protein. Activity of GPx
was measured as a function of GSH oxidation at 340 nm, according to a
method previously described by Rotruck et al., [29]. GPx activity was
revealed as nmol NADPH min-1mg protein-1. Bioactivity of GST was
measured using the spectrophotometric method at 340 nm [30] with 1-
chloro 2, 4-dinitrobenzene (CDNB) (Sigma-Aldrich, Inc., St. Louis, MO,
USA) as the reducing substrate. GST activity was recorded as μmol
CDNB min-1mg protein-1. GSH content was observed using the spec-
trometric method [31] where it’s content was quantified for reaction
with DTNB at 412 nm. GSH content was expressed as nmol L-1. Me-
tallothionein (MT) levels were observed at 412 nm as per Viarengo
et al., [32]. MT content was expressed as μg MT g-1 tissue. LPO content
was assessed by determining thiobarbituric acid responsive substances
at 532 nm (TBARS) via the method described by Buege and Aust [33].
LPO content was expressed as nmol MDA mg-1 tissue. 1, and 1′, 3, 3′-
tetramethoxy propane was used as the standard. Quantification of
protein carbonyl content was measured at 360 nm as per Reznick and
Packer [34]. PCO content was expressed as nmol mg−1 protein. Details
of analyses pertaining to all biochemical parameters have been de-
scribed in our previous publications [21].

2.5. Non-specific immune parameters

2.5.1. Lysozyme activity
Lysozyme activity was evaluated according to the assay of Ellis

[35]. Briefly, 2mL of Micrococcus lysodeikticus (Sigma, ATCC 4698) at a
concentration of 0.02% (w/v) in biological phosphate buffer solution
(0.05M, pH 6.2) was mixed with 100 μL of serum. After 0.5 and 4.5 min
of reaction time, change in the absorbance was recorded at 530 nm.
Results were calculated as U mL−1.

2.5.2. Respiratory burst activity
Respiratory burst activity was calculated based on the methods

described by Secombes, [36]. Fifty microlitre of serum was loaded into
a 96 well plate and incubated for 60min at 30 ± 1 °C. The plate was
washed thrice with PBS solution (pH 7.2). Next, the wells were treated
with 50 μL of NBT (0.2%) and incubated for 60min. The cells were
fixed using absolute methanol for 3min and washed thrice with me-
thanol solution (30%, W/V). The plates were air-dried and 60 μL of
potassium hydroxide (2 N) was added, followed by 70 μL of dimethyl
sulphoxide (DMSO). Absorbance was read at 540 nm using a spectro-
photometer. RBA activity was expressed as slope min−1.

2.5.3. Myeloperoxidase (MPO) activity
MPO activity was quantified using an assay technique described by

Kumari and Sahoo [37]. Dilution of serum to 10 μL was performed
using Hank’s Balanced Salt solution (HBSS) in 96-well plates. Samples
were then treated with peroxidase substrate [35 μL of 20mM 3, 3′, 5, 5′-
tetramethylbenzidine hydrochloride (TMB) and 5mM H2O2 (Hydrogen
peroxide)] and incubated for 30min at 30 °C. Next, 35 μL of sulphuric
acid (H2SO4, 4M) were added to stop the color reaction, and absor-
bance read at 450 nm using a spectrophotometer. A standard without
serum was used as the blank. A unit of MPO activity was defined as
μmol of H2O2 reduced by a liter of serum at 30 °C. MPO activity was
expressed as U mL−1.

2.6. Statistical analysis

The experiment was planned via an absolutely randomized design.
The research was repeated thrice (n=9 per treatment), and each
measurement was done in triplicate. Prior to commencing statistical
analyses, all data were tested for normality using the Shapiro–Wilk test
and for homogeneity of variance using Levene’s test. Two-way ANOVA
followed by Tukey's HSD test was performed to test the effects of time
and concentration of Cu concentration on biochemical and im-
munological parameters in each organ. The interaction effect between
time and concentration of Cu treatment was also analyzed. The sig-
nificance level was set at P≤ 0.05. Data were expressed as mean ± SD
values. Statistical analysis was performed using STATISTICA version
12.0 for Windows (STATSOFT, Inc.).

3. Results

3.1. Growth parameters

Total and dissolved Cu concentrations in the experimental aquaria
during the chronic exposure period were consistent with nominal
concentrations (Table 1). Therefore, the current study exposed O. ni-
loticus to 3 different ecologically relevant Cu concentrations of 0, 40,
and 400 Cu L−1 for 60 d. Exposure of fish to these concentrations did
not result in mortality rates any different than those of unexposed fish.
Cu concentrations in the experimental water did not differ significantly
from the nominal concentrations added to the water over the experi-
mental exposure period (Table 1). Cu was not detected in the experi-
mental water of the controls. Fish exposed to 400 μg Cu L-1 exhibited a
mean weight that was significantly lower than that exhibited by control
fish after 30 d and 60 d. The growth of fish exposed to 40 μg Cu L-1 was
not significantly different (P≤ 0.05) compared to that of control fish
after 30 d and 60 d. The growth of Cu exposed fish decreased sig-
nificantly (P≤ 0.05) for both exposure time and tested dose over 60 d,
compared to that of unexposed groups (Table 2).

3.2. Metal accumulation in tissues

Cu accumulation in the gills and liver of O. niloticus is shown
(Table 3). When the time of exposure was lengthened to 60 d, a

Table 1
Total and dissolved Cu concentrations in tap water measured following ex-
posure to varying Cu levels (0 (control), 40 (low) and 400 (high) μg Cu L−1) in
Oreochromis niloticus for 60 d.

Nominal Cu concentration (μg Cu L−1)

Control 20 μg Cu L−1 100 μg Cu L−1

Total measured ND 19.5 ± 0.3 98.6 ± 0.8
Dissolved ND 20.4 ± 0.1 99.8 ± 0.5

ND: not detected.
Data are expressed as mean ± SE.
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corresponding increase in Cu accumulation was noticed in the tissues of
O. niloticus. The accumulation of Cu in the liver was higher than that in
the gills. Cu accumulation in the liver after 60 d was 29.40 and 42.6 μg
g−1 at 40 μg Cu L−1 and 400 μg Cu L−1, respectively, while Cu accu-
mulation in the gills after 60 d was 27.50 and 38.60 μg g−1 at 40 and
400 μg Cu L−1, respectively.

3.3. Enzymatic and non-enzymatic antioxidant activities

Interestingly, a significant (P≤ 0.05) difference in SOD activity was
observed between Cu exposed fish and Cu unexposed fish. The liver of
Cu exposed groups showed lower SOD activity compared to the gills.
SOD activity in the gills following 30 d of exposure to Cu was 0.233 U
mg−1 protein at 40 μg Cu L−1. This decreased to 0.168 U mg−1 protein
when exposed to 40 μg Cu L−1 for 60 d. A significant (P≤ 0.05) de-
crease in SOD activity (0.166 and 0.098 U mg-1 protein) was observed
in the gills at 400 μg Cu L-1 after 30 d and 60 d, compared to that in the
control group. SOD activity in the liver was 0.186 and 0.135 U mg−1

protein at 40 μg Cu L−1 for 30 d and 60 d, respectively. SOD activity in
the liver was 0.135 and 0.084 U mg−1 protein at 400 μg Cu L−1 after 30
d and 60 d, respectively (Fig. 1a).

CAT activity in the gill and liver tissue of O. niloticus was sig-
nificantly (P≤ 0.05) decreased after 60 d in the Cu exposed groups,
compared to that in the unexposed group. Interestingly, CAT activity in
the liver was comparatively lower than that in the gills at both con-
centrations of Cu. Catalase activity in the gills was 0.245 and 0.159 U
mg−1 protein at 40 μg Cu L−1, after 30 d and 60 d, respectively
(Fig. 1b). Following 30 d and 60 d, a significant (P≤ 0.05) reduction in
catalase activity (0.153 and 0.092 U mg-1 protein respectively) was
observed in the gills at 400 μg Cu L-1. CAT activity in the liver at 40 μg
Cu L−1 was 0.175 and 0.152 U mg−1 protein after 30 d and 60 d,
respectively. At 400 μg Cu L-1, CAT activity in the liver was reduced
from 0.147 U mg-1 protein (30 d) to 0.083 U mg-1 protein (60 d).

Both GPx and GST activities were significantly (P≤ 0.05) reduced
in the gill and liver tissues of Cu exposed fish compared to those of
unexposed fish. Greater inhibition of GPx and GST activities were ob-
served after 60 d in the groups exposed to both concentrations of Cu (40
and 400 μg Cu L−1) compared to those in the control group (Fig. 1c and
d). After 60 d, GPx activities in the gills were 0.308 and 0.155 nmol
NADPH min-1 mg protein -1 at 40 and 400 μg Cu L-1, respectively,
whereas in the liver, after 60 d, they were 0.246 and 0.135 nmol
NADPH min-1 mg protein -1, at 40 and 400 μg Cu L-1 respectively. After
60 d, GST activity in the gills were 0.327 and 0.238 μmol min-1 mg
protein -1 at 40 and 400 μg Cu L-1 respectively. However, after 60 d the
activity in the liver was 0.324 and 0.186 μmol min-1 mg protein -1 at 40
and 400 μg Cu L-1, respectively.

GSH concentrations in gill and liver tissue of Cu exposed O. niloticus
groups increased significantly (P≤ 0.05) in comparison with those of
the control group (Fig. 2a). Notably GSH concentrations in Cu exposed
groups were higher at 60 d compared to 30 d. After 30 d, gill and liver
GSH concentrations were 0.272 and 0.329 nmol L−1 at 400 μg Cu L−1,
respectively. However, after 60 d, gill and liver GSH concentrations
were markedly increased to 0.655 and 0.975 nmol L-1 at 400 μg Cu L-1,
respectively.

No significant differences were observed between MT concentra-
tions in the gill and liver tissues of Cu exposed groups and those of the
control group, after 30 d. By contrast, significant (P≤ 0.05) differences
were observed in the MT concentrations of gill and liver tissues after 60
d. Interestingly, liver tissue showed higher MT concentrations than
those of gills. After 30 d, MT concentrations in gill and liver tissues were
0.216 and 0.242 μg MT g−1 tissue, respectively, at 400 μg Cu L−1. MT
concentrations in gill and liver tissue were significantly increased
(0.535 and 0.668 μg MT g-1 tissue at 400 μg Cu L-1, respectively) after
60 d (Fig. 2b).

3.4. Oxidative stress

MDA concentrations in the groups exposed to Cu were increased
significantly (P≤ 0.05) compared to those of the control group
(Fig. 3a). MDA concentrations in the liver were higher than that in the
gills. The livers of fish exposed to 40 and 400 μg L−1 Cu showed 0.235
and 0.538 nmol MDA mg-1 tissue after 30 d, while MDA concentrations
increased to 0.543 and 0.992 nmol MDA mg-1 tissue, respectively, after
60 d. However, MDA levels in the gills were lower than those in the
liver at 40 and 400 μg L-1 after 30 d and 60 d, respectively. After 30 d,
the gills showed 0.185 and 0.402 nmol MDA mg-1 tissue at 40 and
400 μg L−1 respectively. In the gills, this was increased to 0.484 and
0.787 nmol MDA mg-1 tissue at 40 and 400 μg L−1 respectively after 60
d.

The control showed no significant differences in PCO after 30 d and
60 d. However, PCO concentrations in the Cu exposed groups were
significantly increased (P≤ 0.05); (Fig. 3b). After 30 d, PCO level in
the liver was 0.196 nmol mg−1protein at 40 μg Cu L−1. It was increased
to 0.483 nmol mg−1 protein after 60 d. A significant increase (P≤
0.05) in liver PCO was observed at 400 μg Cu L−1, after 30 d
(0.361 nmol mg−1 protein) and 60 d (0.755 nmol mg−1 protein). PCO
levels in the gills were 0.152 and 0.391 nmol mg-1 protein at 40 μg Cu L-
1 after 30 d and 60 d, respectively. PCO in the gills were 0.332 and
0.696 nmol mg-1 protein at 400 μg Cu L-1 after 30 d and 60 d, respec-
tively.

3.5. Non-specific immune response

The non-specific immune parameters, LYZ, RBA and MPO, of O.
niloticus were significantly affected in the groups exposed to Cu, com-
pared to those in the control group.

There was no significant difference in LYZ activity of O. niloticus
between the control and 40 μg Cu L−1 (0.208 and 0.218 U mL−1 re-
spectively) groups after 30 d. Interestingly, it was reduced to 0.171 U
mL-1 at 400 μg Cu L-1 after 30 d (Fig. 4a). However, after 60 d, LYZ
activity was significantly (P≤0.05) decreased to 0.176 and 0.113 U
mL-1 at 40 and 400 μg Cu L-1, respectively, in groups exposed to CU,
compared to the control group.

RBA activity of tilapia was significantly (P≤ 0.05) increased (0.284
slope min−1) at 40 μg Cu L-1 after 30 d, compared to that of 400 μg Cu
L-1 (0.158 slope min−1); (Fig. 4b). After 60 d, RBA activity was sig-
nificantly (P≤ 0.05) inhibited at 40 and 400 μg Cu L-1 (0.174 and
0.079 slope min−1) respectively.

There was no significant difference between MPO activities of O.
niloticus at 40 and 400 μg Cu L−1 (0.221 and 0.202 U mL−1 respec-
tively) after 30 d (Fig. 4c). However, after 60 d, MPO activity was
significantly decreased (P≤ 0.05) at both 40 and 400 μg of Cu L-1

(0.152 and 0.098 U mL−1) respectively.

Table 2
Growth parameters of Oreochromis niloticus exposed to varying Cu levels (0
(control), 40 (low) and 400 (high) μg Cu L−1) in tap water for different ex-
posure periods (30 d and 60 d).

Parameter Control 40 μg Cu L−1 as
CuSO4

400 μg Cu L−1 as
CuSO4

Survival 100 a 100 a 100 a

Initial weight (g) 31.8 ± 0.5 a 31.4 ± 0.5 a 31.6 ± 0.5 a

Final weight (g)
(After 30 d)

33.5 ± 2.3 b 28.7 ± 2.1c 24.3 ± 2.4d

Final weight (g)
(After 60 d)

37.5 ± 2.3 b 25.7 ± 2.1c 20.3 ± 2.4d

Values are presented as mean ± SE of three replicates (n= 9 fish in each
group). Within a row, significant differences (P≤ 0.05) between Cu exposed
groups and the control group are indicated by different superscript letters (two
way ANOVA followed by Tukey’s HSD test).
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4. Discussion

Analysis of chronic toxicity is useful for evaluating the continuous
effect of pollutants on aquatic systems, as also for defining tolerable
limits of chemicals used to protect aquatic biota [38]. In this study, Cu-
exposed O. niloticus groups survived completely. Atli and Canli [39]
reported similar findings, where no mortality was observed in O. nilo-
ticus following chronic exposure to selected metal ions (Cd, Cu, Cr, Zn,
and Fe). Furthermore, in this study, significant reduction in the growth
of O. niloticus was recorded at 400 μg Cu L−1 after 60 d, which may
have been due to over accumulation of Cu in the exposed groups. A
similar reduction in growth was observed by Kim and Kang [40], who
reported that, even at low concentrations, increased accumulation of Cu
was associated with increased malformation of growth, compared to
that in the control. Reduced growth response is reportedly due to me-
tabolic activity being increased to enable the removal of accumulated
Cu and maintain homeostasis [41].

The present study showed that increased Cu2+ concentration and
longer exposure time directly increased the accumulation of Cu in gill
and liver tissues, indicating that the rate of Cu absorption was greater
than the elimination of Cu in the fish. Gill tissues are the primary target
organs for metal pollution, which disturbs ion regulatory mechanisms
in the gills. This is due to Cu being deposited first in the gills, before
moving to other vital organs such as the liver [42]. In the current study,
at a concentration of 400 μg Cu L−1, Cu deposition in the liver was
significantly higher compared to that in the gills, after 60 d. Similarly,
Cogun et al., reported that the liver acts as the prime organ for

deposition of trace metals [43].
Antioxidant enzymes play an important role in the defense me-

chanism against oxidative stress [44]. Cellular enzymatic and non-en-
zymatic antioxidant defenses are activated in aquatic animals exposed
to toxicants, leading to the production of free radicals. SOD and CAT
enzymes act as a first line of defense against ROS, thus protecting or-
ganisms from oxidative stress [45]. The present study showed that SOD
and CAT enzymes were significantly reduced in gill and liver tissues of
O. niloticus after 60 d of Cu exposure. Lengthy exposure to metals leads
to the accumulation of metals in organisms. Such accumulation of
metals enhances the generation of high superoxide radicals (O2•−), or
their derivatives such as hydrogen peroxide (H2O2), resulting in oxi-
dation of cysteine in SOD, which deactivates SOD. Hence, decreased
SOD activity may be caused by the overproduction of ROS which da-
mage the SOD enzyme. These results were supported by the observa-
tions of Vutukuru et al., [46], indicating that exposure to Cu reduced
the activity of SOD in the liver of Esomus danricus. Our results were also
substantiated by those of Ruijuan et al., (2014) who reported that SOD
activity was reduced in Carassius auratus exposed to zinc [47]. Pandey
et al., noted that CAT activity was suppressed in the liver of Channa
punctatus [48]. Generally, CAT activity inhibition is related to binding
of metal ions to –SH groups of the enzyme, which increases O2•− or
H2O2 [49,50]. In the current study, reduction in SOD and CAT activity
was due to Cu promoting excessive generation of ROS via the Fenton
reaction [51].

The activity of glutathione related enzymes such as GPx and GST in
gill and liver tissues of O. niloticus was reduced following exposure to
Cu. The current study indicates that GPx activity in O. niloticus was
potentially inhibited by exposure to waterborne Cu at 40 and 400 μg Cu
L−1 after 60 d. GPx is a peroxidase enzyme which is important for
detoxifying hydroperoxide into water (H2O) and hydroxyl compounds
[52]. The present study observed that the activity of CAT and GPx was
reduced indicating that they had failed to protect tissues from H2O2
production [53]. Moreover, previous studies reported that GPx activity
was inhibited in fish exposed to pollutants [54,55]. Glutathione-S-
transferase (GST) plays a major role in the detoxification of harmful
electrophilic xenobiotics such as environmental toxicants [56]. The
current study showed that GST activity of O. niloticus was potentially
inhibited by exposure to waterborne Cu at 40 and 400 μg Cu L−1 after
60 d. This was supported by the work of Atli and Canli [39] who re-
ported that the GST activity was decreased after chronic exposures to
metals in O. mossambicus.

Non-enzymatic antioxidant response of GSH plays a role in reducing
xenobiotic pollutants [57]. At the end of the experimental period (60

Table 3
Accumulation of Cu in the gills and liver tissues of Oreochromis niloticus exposed
to varying Cu levels (0 (control), 40 (low) and 400 (high) μg Cu L−1) in tap
water during different exposure periods (30 d and 60 d).

Cu in tissues
(μg/g d.w.)

Duration (d) 40 μg Cu L−1 400 μg Cu L−1

Gill 0 7.43 ± 0.01a 7.43 ± 0.03a

30 14.87 ± 0.45b 23.31 ± 0.21c

60 27.50 ± 0.20d 38.60 ± 0.32e

Liver 0 8.70 ± 0.40a 8.70 ± 0.06a

30 18.20 ± 0.32b 30.1 ± 0.25c

60 29.40 ± 0.52d 42.6 ± 0.62e

Values are presented as mean±SE of three replicates (n=9 fish in each group).
Significant differences (P≤0.05) between Cu exposed and control groups are
indicated by different superscript letters (two way ANOVA followed by Tukey’s
HSD test).

Fig. 1. Antioxidant parameters of Superoxide
dismutase (a), Catalase (b), Glutathione per-
oxidase (c) and Glutathione-S-transferase (d)
in Oreochromis niloticus exposed to varying Cu
levels (0 (control), 40 (low) and 400 (high) μg
Cu L−1) in tap water, for different exposure
periods (30 d and 60 d). G denotes gills and L
denotes liver. Data are presented as
mean ± S.E of three replicates (n=9).
Within treatment groups, values with different
letters are significantly different (P≤ 0.05) as
per two way ANOVA followed by Tukey’s HSD
test.
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d), GSH activity was increased in the gills and tissues of O. niloticus
exposed to 40 and 400 μg Cu L−1 compared to that of the control. The
present study revealed that the observed reduction in glutathione de-
pendent enzymes, such as GST and GPx, following exposure to Cu, was
directly proportional to the increase or decrease of GSH, which is an
essential cofactor of GST and GPx. In addition, glutathione, which is a
direct scavenger of oxyradicals, regulates the cellular detoxification
mechanism [58].

Metallothionein (MT) is a protein which maintains homeostasis of
essential metals, and also plays a role in the removal of heavy metals
from the environment [59,60]. MT acts as a biomarker of metal ex-
posure and is therefore studied and considered as a vital biochemical
useful for understanding mechanisms underlying toxicity in aquatic
animals [61]. At the end of the study, MT activity in the liver of O.
niloticus exposed to 40 and 400 μg Cu L−1 was significantly increased
compared to that in the gills. Amiard et al., and Filipovi and Raspor
reported that increased activity of MT in organs like the gills and liver
indicated its involvement in the ingestion and excretion of pollutants
[61,62]. MT Synthesis is directly proportional to the increase in metal
concentration mediated by regulatory factors. Our findings were posi-
tively correlated with the findings of Simonato et al. [63], which de-
monstrated that MT concentration in the liver was increased in juvenile

Prochilodus lineatus following exposure to Cu at concentrations of 5, 9
and 20 g L−1.

Malondialdeyde (MDA) is the final product of lipid peroxidation.
Peroxidation of membrane polyunsaturated fatty acids during Cu ex-
posure leads to elevated MDA levels [64]. In the current study, O. ni-
loticus exposed to 40 and 400 μg Cu L−1 showed a substantial increase
in MDA levels in the gills and liver after 30 d and 60 d. According to
Halliwell and Gutteridge [65] reduced activity of CAT, SOD and GPx
results in oxidative stress leading to the overproduction of free radicals,
thereby stimulating MDA.

These highly oxidizable lipids attack nearby proteins to form protein
carbonyls that are used as biomarkers of environmental impact [64].
Generally, elevated protein carbonyl levels indicate an alteration in
normal protein metabolism due to over accumulation of metals [66]. In
the present study, the protein carbonyl levels in O. niloticus increased,
causing a significant increase in ROS which in turn leads to oxidative
damage to proteins. Similar findings were reported by De Boeck et al.,
who observed that protein levels in the freshwater common carp were
reduced following exposure to waterborne Cu [67].

Non-specific immune systems are sensitive to environmental con-
tamination and therefore may serve as potential biomarkers [18].
Among non-specific immune responses, lysozyme activity in fish acts as

Fig. 2. Non-enzymatic antioxidant parameters of Glutathione (a) and Metallothionein (b) in Oreochromis niloticus exposed to varying Cu levels (0 (control), 40 (low)
and 400 (high) μg Cu L−1) in tap water during different exposure periods (30 d and 60 d). G denotes gills and L denotes liver. Data are presented as mean ± S.E of
three replicates (n=9). Within treatment groups, values with different letters are significantly different (P≤ 0.05) as per two way ANOVA followed by Tukey’s HSD
test.
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a valuable parameter of the impact of toxic metals on fish and their
immune regulatory functions [68]. In the present study, exposure of O.
niloticus to waterborne Cu at 40 and 400 μg Cu L−1 for 60 d reduced
lysozyme activity. Similarly, Shariff et al., [69] reported decreased ly-
sozyme activity in Puntius gonionotus following exposure to Cu.

In fish, phagocytes constitute the primary defense apparatus, which
destroys invading pathogens by producing ROS, which can be quanti-
fied via method of respiratory burst activity [70]. Previously, re-
spiratory burst activity was proposed as an indicator of fish health [71].
For example, exposure to Cu inhibited the respiratory burst activity in
the rainbow trout, Oncorhynchus mykiss [72]. Findings of the current
study indicated that Cu concentrations at 40 and 400 μg Cu L−1 re-
duced respiratory burst activity in O. niloticus.

Myeloperoxidase is a microbicidal enzyme. Reduced or elevated
levels of peroxidase may indicate pathological situations induced by
stressful conditions [73]. In this study, peroxidase activity in O. niloticus
was reduced following exposure to waterborne Cu at 40 and 400 μg Cu
L−1 after 60 d. Similarly, Kim and Kang [74] reported that Pagrus major
exposed to waterborne Se at higher concentration showed a decrease in
myeloperoxidase activity.

5. Conclusion

The present study concludes that, the growth of O. niloticus was
significantly reduced following prolonged exposure to Cu at 40 and
400 μg Cu L−1 for 60 d. Activities of SOD, CAT, GPx, and GST in gill and
liver tissues of O. niloticus declined following exposure to 40 and 400 μg
Cu L-1 during the period between 30 d and 60 d. An increase in the
levels of non-enzymatic antioxidants, GSH, and MT may overcome in-
creased ROS production in gill and liver tissues of O. niloticus. Inhibition
of antioxidant enzymes indicated a failure in protection against ROS
production, which may have generated a large amount of free radicals.
Non-enzymatic antioxidants were activated in order to cope with these
free radicals. However, the non-enzymatic antioxidant mechanism was
insufficient to prevent oxidative stress as evidenced by a significant
increase in MDA and PCO levels in gill and liver tissues of O. niloticus.
The results of the present study demonstrated that exposure to water-
borne Cu markedly regulated the immune response of O. niloticus, in-
cluding LYZ, MPO and RBA activity. Thus, fish under stress due to metal
exposure may serve as important biomarkers of metal pollution in
aquatic ecosystems. Therefore, discharging trace metal elements into
aquatic bodies must be controlled and remedial techniques should be
applied to remove metal pollution from freshwater ecosystems.

Fig. 3. Oxidative stress parameters of lipid peroxidation (a) and protein carbonyls (b) in Oreochromis niloticus exposed to varying Cu levels (0 (control), 40 (low) and
400 (high) μg Cu L−1) in tap water during different exposure periods (30 d and 60 d). G denotes gills and L denotes liver. Data are presented as mean ± S.E of three
replicates (n=9). Within treatment group, values with different letters are significantly different (P≤ 0.05) as determined by two way ANOVA followed by Tukey’s
HSD test.
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