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Abstract
Juvenile black sea bream, Acanthopagrus schlegelii, were exposed to waterborne zinc (Zn) at concentrations of 0, 200,
and 400 μg/L, at temperatures of 18 or 26 °C for 4 weeks. Superoxide dismutase (SOD) activities in the liver and gill of A.
schlegelii significantly increased following exposure to waterborne Zn. Significant reduction in glutathione S-transferase
(GST) activity in the liver and gill was observed following exposure to waterborne Zn. Glutathione (GSH) concentrations
in the liver and gill also significantly decreased following exposure to waterborne Zn. Phagocytosis and lysozyme in the
plasma and kidney were significantly increased following exposure to waterborne Zn. High water temperature increased
alterations in the antioxidant and immune responses. The results of the present study suggest that waterborne Zn
induced significant alterations in oxidative stress, increased immune responses and high temperature that
trigger Zn toxicity.
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Background
Zinc (Zn) is an essential trace metal in fish, providing a
vital structural and catalytic function to more than 300
proteins integral to piscine growth, reproduction, development, and immune function (Bury et al. 2003). However,
Zn is released into aquatic environments as a result of industrial activities and exposure to high concentrations of
Zn that induces toxicity in fish (Hogstrand et al. 2002).
Waterborne Zn induces histological aberrations in fish,
such as leukocyte infiltration, epithelial cell proliferation,
necrosis, hypertrophy, and mucus secretion (Wood 2001).
In addition, Zn exposure is particularly toxic to fish as it
inhibits calcium uptake, which creates an internal imbalance and results in hypocalcemia and disturbance of acidbase regulation (Santore et al. 2002).
Exposure to metal stimulates the production of reactive
oxygen species (ROS), leading to oxidative metabolism injury and oxidative stress (Lushchak 2011). Exposure to Zn
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specifically leads to ROS generation, oxidant injury, excitation of inflammation, and cell death (Xia et al. 2008). The
influence of metal exposure on ROS generation differs according to the exposure period and route of uptake
(Coteur et al. 2005). ROS produced by aerobic organisms
readily reacts with most biological molecules; thus, high
concentrations of ROS production induce pathophysiological damage, such as arthritis, diabetes, inflammation,
cancer, and genotoxicity (Senevirathne et al. 2006).
Non-specific immune responses in fish are considered
a response to stressors, and metal exposure is associated
with changes in the fish immune system (Kim and Kang
2016a). The non-specific immune system is considered a
first line of defense against toxicants (Saurabh and
Sahoo 2008). Given that immune parameters are influenced by aquatic toxins, metals, pesticides, hydrocarbons, and other chemicals, they can be used as
important indicators to evaluate toxic effects in fish exposed to toxic substances.
Black sea bream, Acanthopagrus schlegelii, is a member of the family Sparidae. This species inhibits the inshore shelf of East Asia countries, such as South Korea
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and Japan at depths of 50 m. The species is omnivorous
and protandrous, and breeds from February to May,
dopositing eggs in the demersal zone. A. schlegelii is one
of the most commonly cultured fish species and highly
sought after in South Korea. The optimum temperature
for growth and development of A. schlegelii is 18 °C;
however, during the Korean summer, seawater
temperature reaches 26 °C. The degree of waterborne
Zn-induced toxicity in aquatic animals depends on water
temperature and water chemistry, as well as the life
stages of individuals (McGeer et al. 2000). However, information on the relationship between Zn toxicity and
water temperature is scarce. Therefore, the present study
evaluated the toxic effects of exposure to waterborne Zn
and the influence of water temperature on Zn-induced
toxicity using the antioxidant and non-specific immune
responses of A. schlegelii.

Methods
Experimental fish and conditions

Black sea breams, Acanthopagrus schlegelii, were obtained
from a local fish farm in Tongyeong, Korea. Fish were acclimatized for 3 weeks under laboratory conditions
(Table 1). Fish were fed a commercial diet twice daily
(Woosungfeed, Daejeon City, Korea). After acclimatization,
72 fish (body length, 17.8 ± 1.5 cm; body weight, 96.7 ±
6.8 g) were selected for study. Waterborne Zn exposure
took place in 20-L glass tanks, containing 6 fish per treatment group. Water temperature was adjusted from ambient at a rate of ±1 °C/day until a final temperature of 26 °C
was reached. The acclimation period commenced once the
final temperature had been sustained for 24 h. Zinc oxide
(Sigma, St.Louis, MO, USA) solution was dissolved in respective glass tanks. Zn concentrations were 0, 200, and
400 μg/L (at 18 and 26 °C). An extremely high concentration of 400 μg/L Zn is much higher than that in nature,
but this exposure experiment focused on Zn toxicity in
experimental fish. Glass tank water was completely replaced once per 2 days and made the same concentration
in respective glass tank. At the end of each period (at 2
and 4 weeks), fish were anesthetized in buffered 3aminobenzoic acid ethyl ester methanesulfonate (Sigma
Chemical, St. Louis, MO).
Waterborne Zn analysis

Seawater samples were digested in 65% (v/v) HNO3 and
dried at 120 °C. The procedure was repeated until total

digestion. The entirely digested samples were diluted in
2% (v/v) HNO3. The samples were filtered through a
0.2-μm membrane filter (Advantec mfs, Ins.) under pressure for analysis. For determination of total Zn concentrations, the digested and extracted solutions were
analyzed by ICP-MS. The ICP-MS measurements were
performed using an ELAN 6600DRC ICP-MS instrument
with argon gas (Perkin-Elmer). Total Zn concentrations
were determined by external calibration. ICP multielement standard solution VI (Merck) was used for standard curve. The Zn concentrations were expressed as
microgram per liter (Table 1).
Antioxidant response analysis

Liver and gill tissues were excised and homogenized
with 10 volumes of ice-cold homogenization buffer using
Teflon-glass homogenizer (099CK4424, Glass-Col,
Germany). The homogenate was centrifuged at 10,000g
for 30 min under refrigeration, and the obtained supernatants were stored at −80 °C for analysis.
Superoxide dismutase (SOD) activity was measured with
50% inhibitor rate about the reduction reaction of WST-1
using SOD Assay kit (Dojindo Molecular Technologies,
Inc.). One unit of SOD is defined as the amount of the enzyme in 20 μl of sample solution that inhibits the reduction reaction of WST-1 with superoxide anion by 50%.
SOD activity was expressed as unit mg protein−1.
* WST-1 = 2-(4-lodophenyl)-3-(4-nitrophenyl)-5-(2,4disulfophenyl)- 2H -tetrazolium, monosodium salt
Glutathione-S-transferase(GST) activity was measured according to the method of modified Habig et al. (1974).
The reaction mixture consisted of 0.2 M phosphate buffer
(pH 6.5), 10 mM glutathione (GSH) (Sigma), and 10 mM
1-chloro-2,-dinitrobenzene, CDNB (Sigma). The change
in absorbance at 25 °C was recorded at 340 nm, and the
enzyme activity was calculated as 340 nm, and the enzyme
activity was calculated as nmol min−1 mg protein−1.
Reduced glutathione was measured following the
method of Beutler (1984). Briefly, 0.2 ml fresh supernatant was added to 1.8 ml distilled water. Three milliliters of the precipitating solution (1.67 g metaphosphoric
acid, 0.2 g EDTA, and 30 g NaCl in 100 ml distilled
water) was mixed with supernatants. The mixture was
centrifuged at 4500g for 10 min. 1.0 mL of supernatant
was added to 4.0 ml of 0.3 M NaHPO4 solution, and
0.5 mL DTNB (5,5′-dithiobis-2-nitrobenzoic acid) was
then added to this solution. Reduced glutathione was

Table 1 Analyzed waterborne zinc concentration (mg/kg) from each source
Exposure seawater (μg/L)
Concentrations (μg/L)

0 (18 °C)

0 (26 °C)

200 (26 °C)

200 (26 °C)

400 (18 °C)

400 (26 °C)

Zinc concentrations

0

0

200

200

400

400

Actual zinc levels

8.6

9.8

212.5

208.7

421.3

418.5
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measured as the difference in the absorbance values of
samples in the presence and the absence of DTNB at
412 nm. GSH value was calculated as μmol mg protein−1
in the tissues.
Non-specific immune response analysis

Blood samples were collected within 35–40 s through
the caudal vein of the fish in 1-ml disposable heparinized syringes. The blood samples were centrifuged to
separate serum from blood samples at 3000g for 5 min at
4 °C. Kidney tissues were obtained using sterilized dissecting tools, and the excised tissues were homogenizing with
10 volumes of ice-cold homogenization buffer (0.004 M
phosphate buffer, pH 6.6) using Teflon- glass homogenizer
(099CK4424, Glass-Col, Germany). Homogenate was centrifuged at 10,000g for 10 min under refrigeration, and the
obtained supernatant was stored at −70 °C for analysis.
Protein content was determined by the Bio-Rad Protein
Assay Kit (Bio-Rad Laboratories GmbH, Munich,
Germany) based on Bradford dye-binding procedure,
using bovine serum albumin as standard.
Phagocytosis was measured with phagocytosis assay kit
(Cell biolabs, Inc.). Briefly, we added 10 μl of Escherichia
coli suspension in 100 μl plasma sample of 96-well plate.
The samples were mixed well, and we immediately
transferred the plate to a cell culture incubator at 37 °C
for 3–6 h. Each sample including a negative control
without E. coli particles was assayed in duplicate. After,
we added 200 μl of cold 1× PBS to each well and
promptly removed PBS solution by centrifugation and
gentle aspiration. We added 100 μl of fixation solution
by centrifugation and gentle aspiration and then washed
the sample twice with 1× PBS. We added 100 μl of prediluted 1× blocking solution to each well, incubated the
sample for 30 min at room temperature on an orbital
shaker, and promptly removed blocking solution by centrifugation and gentle aspiration. The sample was
washed three times with 1× PBS. We added 100 μl of
prediluted 1× permeabilization solution to each well,
and incubated the sample 5 min at room temperature.
We promptly removed permeabilization solution by centrifugation and gentle aspiration, and the sample was
washed twice with 1× PBS. We promptly removed the
PBS by centrifugation and gentle aspiration, initiated the
reaction by adding 100 μl of substrate, and incubated
the sample for 10–30 min at room temperature. We
then stopped the reaction by adding 100 μl of the stop
solution and mixed it by placing the plate on an orbital
plate shaker for 30 s. Finally, we read the absorbance of
each well at 450 nm.
Lysozyme activity was determined by a turbidimetric
method (Ellis 1990) using Micrococcus lysodeikticus
(Sigma) as substrate (0.2 mg/ml 0.05 M phosphate buffer, pH 6.6 for kidney sample and pH 7.4 for plasma). A
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standard curve was made with lyophilized hen egg white
lysozyme (Sigma), and the rate of change in turbidity
was measured at 0.5-min and 4.5-min intervals at
530 nm. The results were expressed as microgram per
milliliter and microgram per gram equivalent of hen egg
white lysozyme activity (Anderson and Siwicki 1994).
Statistical analysis

The experiment was conducted in exposure period for
4 weeks and performed triplicate. Statistical analyses were
performed using the SPSS/PC+ statistical package (SPSS
Inc, Chicago, IL, USA). Significant differences between
groups were identified using one-way ANOVA and
Tukey’s test for multiple comparisons or Student’s t test
for two groups. The significance level was set at P < 0.05.

Results
Antioxidant responses

Antioxidant responses such as SOD activity, GST activity, and GSH concentration were analyzed to assess the
oxidative stress by the waterborne Zn exposure depending on water temperature. Liver and gill SOD activity of
the A. schlegelii is presented in Fig. 1. The liver SOD activity was significantly increased in 400 μg/L Zn at 18 °C
and in 100 and 200 μg/L Zn at 26 °C after 2 weeks. After
4 weeks, a significant SOD activity in the liver was observed in the fish exposed to waterborne Zn greater than
200 μg/L at 18 and 26 °C. The gill SOD activity was substantially increased in 400 μg/L Zn at 26 °C after 2 weeks,
and there was no significant alteration at 18 °C after
2 weeks. After 4 weeks, the gill SOD activity was notably
increased in 400 μg/L Zn at 18 and 26 °C.
Liver and gill GST activity of the A. schlegelii is presented in Fig. 2. A significant decrease in the liver GST
activity was observed in 400 μg/L at 18 °C and in 200,
400 μg/L at 26 °C after 2 weeks. After 4 weeks, the liver
GST was significantly decreased in 400 μg/L at 18 and
26 °C. In the gill tissue, the GST activity was notably decreased in 400 μg/L at 18 and 26 °C after 2 and 4 weeks.
Liver and gill GSH activity of the A. schlegelii is demonstrated in Fig. 3. The liver GSH concentration was
substantially decreased in 400 μg/L Zn at 18 and 26 °C
after 2 weeks. After 4 weeks, a significant decrease in
the liver GSH concentration was observed in the concentration of 400 μg/L Zn at 18 °C and 200, 400 μg/L
Zn at 26 °C. The gill GSH concentration was notably decreased in 400 μg/L Zn at 18 and 26 °C. After 4 weeks,
the gill GSH concentration was significantly decreased
in 400 μg/L Zn at 18 °C and 200, 400 μg/L Zn at 26 °C.
Non-specific immune responses

Non-specific immune responses such as phagocytosis
and lysozyme activity were analyzed to evaluate the effects on the immune responses by the waterborne Zn
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Fig. 1 Changes of SOD activity in the liver and gill of black sea bream, A. schlegelii, exposed to two different concentrations. Vertical bar denotes
a standard error. Values with different superscript are significantly different (P < 0.05) as determined by Tukey’s multiple range test

exposure depending on water temperature. Plasma and
kidney phagocytosis activity of the A. schlegelii is shown
in Fig. 4. The phagocytosis activity in the plasma was
significantly increased in 400 μg/L at 18 and 26 °C after
2 weeks. After 4 weeks, the phagocytosis activity was
substantially increased in 400 μg/L at 18 and 200, and
400 μg/L at 26 °C. The phagocytosis activity in the kidney was significantly increased in 400 μg/L at 18 and
200, and 400 μg/L at 26 °C after 2 weeks. After 4 weeks,
a notable increase in the phagocytosis activity was observed in 400 μg/L at 18 and 26 °C.
Plasma and kidney lysozyme of the A. schlegelii is
demonstrated in Fig. 5. The lysozyme activity in the
plasma was significantly increased in 400 μg/L at 26 °C
after 2 weeks. But, there was no notable change at 18 °C
after 2 weeks. After 4 weeks, a significant increase in the
lysozyme activity was observed in 400 μg/L at 18 and
26 °C. The lysozyme activity in the kidney was also significantly increased in 400 μg/L at 18 and 26 °C after 2
and 4 weeks.

Discussion
Oxygen is an essential component of various metabolic
processes in aerobic organisms. However, organisms that
are reliant on oxygen must also resist its toxicity, as concentrations of ROS cause substantial damage to cell structures (Ahmad et al. 2004). Similarly, high concentrations
of metal exposure cause redox reactions, free radical production, and ROS in fish tissues (Brucka-Jastrzebska
2010). Liver and gill tissues are generally used to assess
antioxidant responses for oxidative stress (Kim and Kang
2016b; Kim et al. 2017; Kim and Kang 2017).
Several antioxidant responses are observed in fish, for
example, superoxide dismutase (SOD), which catalyzes
the transformation of superoxide anion to hydrogen peroxide (H2O2) (Ozturk-Urek et al. 2001). In the present
study, exposure to waterborne Zn resulted in significant
increases in SOD activities in the liver and gill of A.
schlegelii. Farombi et al. (2007) also reported significant
increases in the SOD activity in African cat fish, Clarias
gariepinus, exposed to metals and a metalloid, including

Fig. 2 Changes of GST activity in the liver and gill of black sea bream, A. schlegelii, exposed to two different concentrations. Vertical bar denotes a
standard error. Values with different superscript are significantly different (P < 0.05) as determined by Tukey’s multiple range test
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Fig. 3 Changes of GSH activity in the liver and gill of black sea bream, A. schlegelii, exposed to two different concentrations. Vertical bar denotes a
standard error. Values with different superscript are significantly different (P < 0.05) as determined by Tukey’s multiple range test

zinc, copper, cadmium, arsenic, and lead. Accumulation
of metal may generate superoxide anions, which activates SOD to scavenge superoxide radicals. GlutathioneS transferase (GST) catalyzes the conjugation of glutathione (GSH) to various electrophiles and functions as a
critical defense mechanism against ROS and xenobiotics
(White et al. 2003). In this study, exposure to waterborne Zn significantly decreased GST activity in A. schlegelii. Significant decreases in the GST activity have also
been reported in Nile tilapia, Orechromis niloticus, exposed to copper, with the removal of ROS by other enzymes in the antioxidant system possibly compensating
for GST (Kanak et al. 2014). GSH, a thiol-containing
peptide associated with cellular defense against the toxic
effects of xenobiotics, such as metals, is a known substrate for GST activity (Lange et al. 2002). Pandey et al.
(2008) reported a significant decrease in GSH levels in
spotted snakehead, Channa punctate, that were exposed
to multiple metals. Decreased GSH concentrations were
related to decreases in GSH-dependent enzymes, such

as GST, glutathione reductase (GR), and glutathione peroxidase (GPx). Sanchez et al. (2005) suggested that GSH
concentrations are reduced by a cellular response that
chelates and detoxifies metals, protecting cells from
metal exposure. Loro et al. (2012) reported that exposing
killifish, Fundulus heteroclitus, to waterborne Zn induced oxidative stress and changes in antioxidant enzymes; the release of Zn ions triggered the increased
expression of genes coding for antioxidant enzymes.
Similar to previous studies, exposure to waterborne Zn
induced significant changes in antioxidant responses in
A. schlegelii in this study. Based on these results, exposure to waterborne Zn should manifest in the experimental fish as oxidative stress.
Temperature is an important factor affecting oxidative
stress, and a higher temperature can amplify oxidative
stress (Lushchak and Bagnyukova 2006). Kim et al. (2007)
reported that thermal stress, combined with metal exposure, induced significant increases in SOD activity in the
disk abalone, Haliotis discus discus. Similarly, thermal stress

Fig. 4 Changes of phagocytosis in the plasma and kidney of black sea bream, A. schlegelii, exposed to two different concentrations. Vertical bar
denotes a standard error. Values with different superscript are significantly different (P < 0.05) as determined by Tukey’s multiple range test
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Fig. 5 Changes of lysozyme activity in the plasma and kidney of black sea bream, A. schlegelii, exposed to two different concentrations. Vertical
bar denotes a standard error. Values with different superscript are significantly different (P < 0.05) as determined by Tukey’s multiple range test

significantly decreased GST in Channa punctata, as the elevated temperature decreased GSH concentrations (Kaur et
al. 2005). Moreover, in O. niloticus, waterborne arsenic significantly decreased gill GSH, and this effect was more pronounced at a higher temperature (Min et al. 2014).
Several studies have indicated that metal exposure affects various parameters in the host immune system, increasing susceptibility to infection and allergy (Bernier et
al. 1995). In addition, Arunkumar et al. (2000) suggested
that metal exposure induces immune responses in fish,
either directly, by binding the tertiary structures of biologically active molecules, or indirectly, by acting as
stressors that influence corticosteroid concentrations.
Kidney and plasma function in immune systems, and the
samples are generally used to assess immune responses(Kim and Kang 2015; 2016c; 2016d; 2016e).
Phagocytosis is an important immune response wherein
pathogenic particles are engulfed by intracellular vacuoles,
and, removed. Therefore, it is a critical immunological
parameter for evaluating the health status and immunity
of fish exposed to toxicants (Risjani et al. 2014; Nagasawa
et al. 2015). In this study, phagocytosis activity in A. schlegelii significantly increased with exposure to waterborne
Zn. Pillet et al. (2000) also reported substantial increases
in phagocytic activity in harbor seals, Phoca vitulina, and
grey seals, Halichoerus grypus, exposed to Zn. Of the various non-specific immune responses, lysozyme is a key
component of the innate immune response in fish and is
stimulated by exposure to aquatic toxins (Bols et al. 2001).
In this study, exposure to waterborne Zn caused a significant increase in lysozyme activity in A. schlegelii. SanchezDardon et al. (1999) also reported notable elevations in
the serum lysozyme in rainbow trout, Oncorhynchus
mykiss, exposed to Zn, cadmium, mercury, and metal mixtures. Celik et al. 2012 reported increases in both phagocytic and lysozyme activity in Mozambique tilapia,

Oreochromis mossambicus, exposed to Zn. Given that
lysozyme is a reliable parameter for monitoring the influence of environmental changes in innate immunity in fish
(Bols et al. 2001), our results suggest that exposure to
waterborne Zn can be considered an environmental stressor for A. schlegelii.
In the present study, a combination of high
temperature (26 °C) and Zn concentration significantly
affected the immune responses of A. schlegelii. As fish
are ectothermic, their physiology and immune function
is directly affected by water temperature (Morvan et al.
1998). Parry and Pipe (2004) also reported a significant
increase in phagocytosis in the blue mussel, Mytilus edulis, at a higher temperature. Furthermore, high water
temperatures were associated with increased lysozyme
activity in Pacific abalone, Haliotis discus hannai, exposed to nickel.

Conclusions
In conclusion, exposure to waterborne Zn significantly affected antioxidant responses (SOD, GST, and GSH) in A.
schlegelii. Non-specific immune responses such as phagocytosis and lysozyme activity were also substantially influenced by exposure to waterborne Zn. Rising water
temperatures from global warming may exacerbate the seasonal increases in water temperature in Korea, and changes
in water temperature are an important aspect of waterborne Zn toxicity in these coastal waters. The results of the
present study indicate that exposure to waterborne Zn affects fish such as A. schlegelii, and that water temperature
is a critical factor in the toxicity of waterborne Zn.
Abbreviations
GSH: Glutathione; GST: Glutathione S-transferase; SOD: Superoxide dismutase;
Zn: Zinc

Kim et al. Fisheries and Aquatic Sciences (2017) 20:11

Acknowledgements
This work was supported by a Research Grant of Pukyong National University
(year 2016).
Authors’ contributions
HJ and KW carried out the environmental toxicity studies and manuscript
writing. JH participated in the design of the study and data analysis. JC
participated in its design and coordination and helped to draft the
manuscript. All authors read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
All experimental animals used in this study were maintained under a
protocol approved by the Institutional Animal Care and Use Committee of
the Pukyong National University.
Disclosure
The dataset(s) supporting the conclusions of this article is not included in
the article.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.
Author details
1
West Sea Fisheries Research Institute, National Institute of Fisheries Science,
Incheon 22383, Korea. 2Department of Aquatic Life Medicine, Pukyong
National University, Busan 48513, Korea.
Received: 12 January 2017 Accepted: 11 June 2017

References
Ahmad I, Pacheco M, Santos MA. Enzymatic and nonenzymatic antioxidants as
an adaptation to phagocyte-induced damage in Anguilla anguilla L. following in
situ harbor water exposure. Ecotoxicol Environ Saf. 2004;57:290–302.
Anderson DP, Siwicki AK. Simplified assays for measuring nonspecific defense
mechanisms in fish. In: Fish Health Section. Am. Fisheries Soc. Meeting,
Seattle, WA. 1994. p. 26.
Arunkumar RI, Rajasekaran P, Michael RD. Differential effect of chromium
compounds on the immune response of the African mouth breeder
Oerochromis mossambicus (Peters). Fish Shellfish Immunol. 2000;10:667–76.
Bernier J, Brousseau P, Krzystyniak K, Tryphonas H, Fournier M. Immunotoxicity of
heavy metals in relation to Greak Lakes. Environ Health Perspect. 1995;103:23–34.
Beutler E. A manual of biochemical methods. In: Beuter E, editor. Red cell
metabolism. Philadelphia: Greene and Straton; 1984. p. 72–136.
Bols NC, Brubacher JL, Ganassin RC, Lee LEJ. Ecotoxicology and innate immunity
in fish. Dev Comp Immunol. 2001;25:853–73.
Brucka-Jastrzebska E. The effect of aquatic cadmium and lead pollution on lipid
peroxidation and superoxide dismutase activity in freshwater fish. Pol J
Environ Stud. 2010;19:1139–50.
Bury NR, Walker PA, Glover CN. Nutritive metal uptake in teleost fish. J Exp Biol.
2003;206:11–23.
Celik ES, Kaya H, Yilmaz S, Akbulut M, Tulgar A. Effects of zinc exposure on the
accumulation, haematology and immunology of Mozambique tilapia,
Oreochromis mossambicus. Afr J Biotechnol. 2012;12:744–53.
Coteur G, Danis B, Dubois P. Echinoderm reactive oxygen species (ROS)
production measured by peroxidase, luminol-enhanced chemiluminescence
(PLCL) as an immunotoxicological tool. Echinodermata. 2005;39:71–83.
Ellis AE. Lysozyme assay. In: Stolen JS, Fletcher TC, Anderson DP, Roberson BS,
editors. Techniques in fish immunology. Fair Haven, NJ: SOS Publications;
1990. p. 101–3.
Farombi EO, Adelowo OA, Ajimoko YR. Biomarkers of oxidative stress and heavy metal
levels as indicators of environmental pollution in African cat fish (Clarias gariepinus)
from Nigeria Ogun River. Int J Environ Res Public Health. 2007;4:158–65.

Page 7 of 8

Habig WH, Pabst MJ, Jakoby WB. Glutathione S-transferases the first enzymatic
step in mercapturic acid formation. J Biol Chem. 1974;249:7130–9.
Hogstrand C, Balesaria S, Glover CN. Application of genomics and proteomics for
study of the integrated response to zinc exposure in a non-model fish
species, the rainbow trout. Comp Biochem Physiol B. 2002;133:523–35.
Kanak EG, Dogan Z, Eroglu A, Atli G, Canli M. Effects of fish size on the response
of antioxidant systems of Oreochromis niloticus following metal exposures.
Fish Physiol Biochem. 2014;40:1083–91.
Kaur M, Atif F, Ali M, Rehman H, Raisuddin S. Heat stress-induced alterations of
antioxidant in the freshwater fish Channa punctata Bloch. J Fish Biol. 2005;67:
1653–65.
Kim JH, Kang JC. Oxidative stress, neurotoxicity, and non-specific immune
responses in juvenile red sea bream, Pagrus major, exposed to different
waterborne selenium concentrations. Chemosphere. 2015;135:46–52.
Kim JH, Kang JC. Effects of sub-chronic exposure to lead (Pb) and ascorbic acid
in juvenile rockfish: antioxidant responses, MT gene expression, and
neurotransmitters. Chemosphere. 2017;171:520–7.
Kim KY, Lee SY, Cho YS, Bang IC, Kim KH, Kim DS, Nam YK. Molecular
characterization and mRNA expression during metal exposure and thermal
stress of copper/zinc- and manganese- superoxide dismutases in disk
abalone, Haliotis discus discus. Fish Shellfish Immunol. 2007;23:1043–59.
Kim JH, Kang JC. The toxic effects on the stress and immune responses in
juvenile rockfish, Sebastes schlegelii exposed to hexavalent chromium. Environ
Toxicol Pharmacol. 2016a;43:128-133.
Kim JH, Kang JC. Oxidative stress, neurotoxicity, and metallothionein (MT) gene
expression in juvenile rock fish Sebastes schlegelii under the different levels of
dietary chromium (Cr6+) exposure. Ecotoxicol Environ Saf. 2016b;125:78-84.
Kim JH, Kang JC. The toxic effects on the stress and immune responses in
juvenile rockfish, Sebastes schlegelii exposed to hexavalent chromium. Environ
Toxicol Pharmacol. 2016c;43:128-133.
Kim JH, Kang JC. The immune responses in juvenile rockfish, Sebastes schlegelii
for the stress by the exposure to the dietary lead (II). Environ Toxicol
Pharmacol. 2016d;46:211-216.
Kim JH, Kang JC. The immune responses and expression of metallothionein (MT) gene
and heat shock protein 70 (HSP 70) in juvenile rockfish, Sebastes schelgelii, exposed
to waterborne arsenic (As3+). Environ Toxicol Pharmacol. 2016e;47:136-141.
Kim JH, Park HJ, Kim KW, Hwang IK, Kim DH, Oh CW, Lee JS, Kang JC. Growth
performance, oxidative stress, and non-specific immune responses in juvenile
sablefish, Anoplopoma fimbria, by changes of water temperature and
salinity. Fish Physiol Biochem. 2017. doi: 10.1007/s10695-017-0382-z.
Lange A, Ausseil O, Segner H. Alterations of tissue glutathione levels and
metallothionein mRNA in rainbow trout during single and combined
exposure to cadmium and zinc. Comp Biochem Physiol C. 2002;131:231–43.
Loro VL, Jorge MB, Silva KRD, Wood CM. Oxidative stress parameters and antioxidant
response to sublethal waterborne zinc in a euryhaline teleost Fundulus
heteroclitus: protective effects of salinity. Aquat Toxicol. 2012;110–111:187–93.
Lushchak VI. Environmentally induced oxidative stress in aquatic animals. Aquat
Toxicol. 2011;101:13–30.
Lushchak VI, Bagnyukova TV. Temperature increase results in oxidative stress in
goldfish tissues. 2. Antioxidant and associated enzymes. Comp Biochem
Physiol C: Toxicol Pharmacol. 2006;143:36–41.
McGeer JC, Szebedinszky C, McDonald DG, Wood CM. Effects of chronic sublethal
exposure to waterborne Cu, Cd or Zn in rainbow trout. 1: Iono-regulatory
disturbance and metabolic costs. Aquat Toxicol. 2000;50:231–43.
Min E, Jeong JW, Kang JC. Thermal effects on antioxidant enzymes response in
Tilapia, Oreochromis niloticus exposed Arsenic. J Fish Pathol. 2014;27:115–25.
Morvan CL, Troutaud D, Deschaux P. Differential effects of temperature on
specific and nonspecific immune defences in fish. J Exp Biol. 1998;201:165–8.
Nagasawa T, Somamoto T, Nakao M. Carp thrombocyte phagocytosis requires
activation factors secreted from other leukocytes. Dev Comp Immunol. 2015;
52:107–11.
Ozturk-Urek R, Bozkaya LA, Tarhan L. The effects of some antioxidant vitaminand trace element-supplemented diets on activities of SOD, CAT, GSH-Px
and LPO levels in chicken tissues. Cell Biochem Funct. 2001;19:125–32.
Pandey S, Parvez S, Ansari RA, Ali M, Kaur M, Hayat F, Raisuddin S. Effects of
exposure to multiple trace metals on biochemical, histological and
ultrastructural features of gills of a freshwater fish, Channa punctata Bloch.
Chem Biol Interact. 2008;174:183–92.
Parry HE, Pipe RK. Interactive effects of temperature and copper on
immunocompetence and disease susceptibility in mussel (Mytilus edulis).
Aquat Toxicol. 2004;69:311–25.

Kim et al. Fisheries and Aquatic Sciences (2017) 20:11

Page 8 of 8

Pillet S, Lesage V, Hammil M, Bouquegneau J-M, Fournier M. In vitro exposure of
seal reripheral blood leukocytes to different metals reveal a sex-dependent
effect of zinc on phagocytic activity. Mar Pollut Bull. 2000;40:921–7.
Risjani Y, Yunianta, Couteau J, Minier C. Cellular immune responses and
phagocytic activity of fishes exposed to pollution of volcano mud. Mar
Environ Res. 2014;96:73e80.
Sanchez W, Palluel O, Meunier L, Coquery M, Porcher JM, Ait-Aissa S. Copperinduced oxidative stress in three-spined stickleback: relationship with hepatic
metal levels. Environ Toxicol Pharmacol. 2005;19:177–83.
Sanchez-Dardon J, Voccia I, Hontela A, Chilmonczyk S, Dunier M, Boermans H,
Blakley B, Fournier M. Immunomodulation by heavy metals tested
individually or in mixtures in rainbow trout (Oncorhynchus mykiss) exposed in
vivo. Environ Toxicol Chem. 1999;18:1492–7.
Santore RC, Mathew R, Paquin PR, DiToro D. Application of the biotic ligand
model to predicting zinc toxicity to rainbow trout, fathead minnow, and
Daphnia magna. Comp Biochem Physiol C: Toxicol Pharmacol. 2002;133:271–85.
Saurabh S, Sahoo PK. Lysozyme: an important defence molecule of fish innate
immune system. Aquacult Res. 2008;39:223–39.
Senevirathne M, Kim SH, Siriwardhana N, Ha JH, Lee KW, Jeon YJ. Antioxidant
potential of ecklonia cavaon reactive oxygen species scavenging, metal
chelating, reducing power and lipid peroxidation inhibition. Food Sci
Technol Int. 2006;12:27–38.
White CC, Viernes H, Krejsa CM, Botta D, Kavanagh TJ. Fluorescence-based
microtiter plate assay for glutamate-cysteine ligase activity. Anal Biochem.
2003;318:175–80.
Wood CM. Toxic responses of the gill. In: Schlenk D, Benson WH, editors. Target
Organ Toxicity in Marine and Freshwater Teleosts. London, UK: Taylor and
Francis; 2001. p. 1–89.
Xia T, Kovochich M, Liong M, Madler L, Gilbert B, Shi H, Yeh JI, Zink JI, Nel AE.
Comparison of the mechanism of toxicity of zinc oxide and cerium oxide
nanoparticles based on dissolution and oxidative stress properties. ACS
Nano. 2008;2:2121–34.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

