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Abstract Many aquatic species are vulnerable to warming water temperatures. Nonetheless, data on
the physiological impact of global warming on cultured freshwater fish species are limited compared
to marine species. This study investigated the effect of heat stress on oxidative stress response in red
hybrid tilapia, Oreochromis spp. (total length 37.0 ± 3.2 cm, body weight 500.0 ± 15.0 g). Fish were
assigned randomly and exposed to gradual increment of water temperature (1°C. 8 h-1) from 28 to 31°C
in aerated and thermoregulated fibreglass tanks for 2 weeks. Oxidative stress response was determined
based on malondialdehyde levels and activities of antioxidant enzymes: superoxide dismutase, catalase
and gluthathione s-transferase in the muscle, liver and kidney on day 1, 7 and 14. The heat-stressed group
showed significantly increased malondialdehyde levels in the muscle, liver and kidney in parallel to the
exposure period. The highest malondialdehyde level was observed in the liver tissue. Activity of superoxide
dismutase was significantly decreased in the muscle over the course of the exposure period, in contrast
to liver and kidney. Catalase activity was significantly higher in the muscle and liver, while gluthathione
s-transferase activity was significantly increased in the muscle and liver but decreased in the kidney.
The level of malondialdehyde strongly correlated with superoxide dismutase, catalase and gluthathione
s-transferase activities in the liver compared with the muscle and kidney. Microscopic examination of liver
showed congestion and hepatocytes with karyorrhexis indicating progress of necrosis. Our results suggest
that liver is more susceptible to heat stress-induced oxidative damage compared with muscle and kidney.
Red hybrid tilapia showed narrow upper thermal tolerance, implicating high vulnerability to the rise in
water temperature.
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Introduction
Global warmig has been one of the major environmental issues facing the world for decades and will
remain as one of the biggest threats to human existence for many years to come. Water temperature acts as
a major driver for metabolic responses that affect the performance of aquatic animals (Mjoun et al. 2010).
The adverse impacts of global warming are inevitable particularly on the marine ecosystem (Jones et al.
2013; Wernberg et al. 2016; Henson et al. 2017). In the freshwater ecosystems, the thermal responses of
temperate species are unimodal, in other words, no great variations among different taxonomic groups
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and species within a group (Kärcher et al. 2019). Comparatively, the tropical species have received less
attention and sparsely explored for the negative impact of global warming.
Quantitative thermal effect evaluation model based on physiological response is yet to be established
for aquatic animals, thus making it difficult to predict their resilience to global warming impacts. Teleosts
of temperate regions possess a wider physiological tolerance to changes of water temperature through
modulation of metabolism towards homeostasis (Angilletta 2009; Gardiner et al. 2010; Payne et al. 2016).
On the contrary, although the physiological impacts of thermal changes on several tropical freshwater
fish species have been studied over the past decade (Patra et al. 2007; McDonnell and Lauren 2016), the
physiological tolerances of some commercially cultured tropical fish species are arguable. In addition,
species sensitivity to global warming is closely related to species’s thermal range, thermal distribution and
preferred temperature (Markovic et al. 2017). This may imply that the species with a small thermal range
and low critical temperature are prone to rising temperatures.
Tilapias are native to Africa and the Middle East. Their adaptability to a wide variety of conditions have
resulted in them being introduced in many parts of the world such as Southeast Asia, including Malaysia
(Jayaprasad et al. 2011), where they may encounter a wide range of temperatures during warm (28 to 34°C)
and rainy or cold (22 to 26°C) seasons. We have previously found that red hybrid tilapia exposed to water
temperature of 31°C displayed higher cortisol levels compared to non-exposed group (Nadirah et al. 2017),
implicating thermal stressed condition.
In the context of world food security amid global warming, it is important to determine how the world’s
major food fish will be affected by climate crisis. This study was therefore, designed to investigate the effect
of heat-related oxidative stress response onred hybrid tilapia Oreochromis spp, one of the most cultured
food fish in the world, based on lipid peroxidation (malondialdehyde, MDA) and activities of antioxidant
enzymes i.e. superoxide dismutase (SOD), catalase (CAT) and glutathione S-transferase (GST), as well as
histopathological changes. The baseline findings will help address tilapia farming problem resulting from
rising water temperature due to global warming, through improvement of fish husbandry practices.
Materials and methods
Fish and experimental protocol
This study was performed in accordance with the international guidelines for protection of animals used for
experimental purposes (Directive 2010/63/EU). Healthy male red hybrid tilapia (total length 37.0 ± 3.2 cm,
body weight 500.0 ± 15.0 g) purchased from a local farm were acclimated in 1000-L recirculating fibreglass
tanks thermoregulated at 28 °C, prior to commencement of trials. During the acclimation period and trials,
the fish were fed at 3 % of their body weight with a commercial tilapia diet (Star Feedmills Sdn Bhd).
Experimental Design
The thermal tolerance limits (24 h) of red hybrid tilapia in terms of lethal temperature (LT50) and loss of
equilibrium temperature, also known as critical thermal maximum (CTmax) were previously determined to
be 33.6 °C and 31.6 °C (Hazza et al. 2014) based on Souchon and Tissot (2012) and Beitinger et al. (2000)
, Ospina and Mora (2004), respectively. For the oxidative stress response trials, fish (n = 15) were exposed
to heat stress up to 31 °C by gradually increasing the water temperature from 28 °C at a constant increment
rate of 1°C 8 h-1 (Beitinger et al. 2000) in 750 L water in 1000-L aerated fibreglass tank, and maintained for
2 weeks (Meeuwig et al. 2004). Control group (n = 15) was kept in similar condition as per the treatment
group except that the water temperature was maintained at 28 °C. The pH and oxygen saturation levels were
maintained within 6.9 to 7.2 and 64.9 to 70.9% for both groups, respectively, with no significant difference
(P > 0.05) among different temperature treatments.
Five fish were randomly sampled from each group on day 1, 7 and 14 to obtain abdominal muscle, liver
and kidney and stored in ice-cold condition . Tissue samples (200 mg) were assayed for protein content
estimation, MDA and enzymes activities (SOD, CAT and GST) following Bradford (1976), Ohkawa (1979),
McCord and Fridovich (1969), Habig et al. (1974), and Beers and Sizer (1952), respectively. All assay kits
(Sigma-Aldrich, USA) were used as per manufacturer’s instructions.
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For histopathological analysis, abdominal muscle, liver and kidney tissues were cut into small pieces,
rinsed in physiological saline and fixed in 10% formalin for 24 h. The fixed tissues were dehydrated in ethyl
alcohol series of ascending concentrations, embedded in paraffin and sectioned at 5 mm thick. The tissue
sections were stained with hematoxylin and eosin (H&E) following Al Darwesh et al. (2014).
Statistical analyses
T-test was performed to compare the means between control and heat-stressed groups across day 1, 7 and
14 for each parameter. Data were reported as mean ± standard deviation (SD). A one-way between subjects
ANOVA (single factor) was conducted to compare the effect of thermal stress on oxidative stress response
on day 1, 7 and 14. The data were examined for normality and variance homogeneity prior to ANOVA test.
Post hoc test was conducted based on Bonferroni correction. Correlation between heat-stress treatment in
association with lipid peroxidation and antioxidant enzyme activities in different tissues were analysed
through Pearson correlation test. Statistical analyses were performed using IBM SPSS Statistics version
20.0 and the level of significance for all tests were set at P < 0.05.
Results
On day 14, the cumulative lipid peroxidation in heat-stressed group was highest in the liver as indicated
by MDA level (0.46 nmol.mg-1.min-1.total protein-1), followed by kidney (0.20) and muscle (0.19) (Fig.
1). T-test showed significantly higher (P < 0.05) MDA level in the liver of heat-stressed group compared
with control right from day 1, and was consistently higher until day 14. In comparison, significantly
higher (P < 0.05) MDA levels were observed in the muscle and kidney on day 7 and 14.
The SOD activities varied among normal tissues with the highest value observed in muscle, followed
by liver and kidney (Fig. 2). The SOD activities in control group were between 57.0 - 59.0, 31.5 32.0 and 13.4 - 14.3 U.mg-1.min-1.total protein-1 in muscle, liver and kidney, respectively. T-test showed
significantly higher (P < 0.05) SOD activity in muscle of heat-stressed group on day 1 but significantly
reduced (P < 0.05) on day 14 compared with control. The SOD activities in liver and kidney were
significantly higher (P < 0.05) than control on day 7 and 14.
Similarly, CAT activities also varied among normal tissues (control group) with the highest level found
in muscle (73 - 74.3), followed by liver (33.3 - 33.7) and kidney (12.6 - 13.5). T-test showed significantly
higher (P < 0.05) activity in the muscle of heat-stressed group, but significantly lower (P < 0.05) in kidney
at each duration point. In contrast, day 1 and day 7 recorded significantly lower CAT activities in liver but
significantly higher on day 14 (Fig. 3).
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The levels of GST activity in muscle (24.4 - 25.7), liver (24.5 - 26.57) and kidney (28.7 - 30.4) of
control group were pretty much the same (Fig. 4). Day 7 and 14 recorded significantly higher (P < 0.05)
activities in the muscle and liver of heat-stressed group, while GST activities were significantly higher
(P < 0.05) in kidney on day 1 and 7.
There was a significant positive-correlation (P < 0.05) between MDA level and thermal exposure
duration for muscle (F (2,42) = 178.71, P = 0.000), liver (F (2,42) = 1009.2, P = 0.000) and kidney
(F(2,42) = 156.02, P = 0.000) due to the accumulation of MDA with the progress of time (duration of
thermal exposure). Post hoc comparisons indicated that the mean MDA in each tissue on day 1 was
significantly different from day 7 and day 14. The SOD level in muscle was however significantly
reduced as time went by (F (2,42) = 22.362, P = 0.000), contrary to those in liver and kidney, which
increased with the progress of thermal exposure. The CAT levels in muscle and liver were also positively
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correlated with time (F (2,42) = 12.959, P = 0.000 and F (2,42) = 111.697, P = 0.000, respectively). The
CAT level in kidney was however, not affected by exposure duration. Activity of GST was increased as
thermal duration increased as found in muscle (F (2,42) = 46.042, P = 0.000) and kidney (F(2,42) = 273.355,
P = 0.000) but decreased in kidney as thermal duration increased (F (2,42) = 155.37, P = 0.000). A strong
correlation (P < 0.05) exist between SOD and GST with r coefficient of - 0.621 and 0.762, respectively, in
relation to MDA levels in muscle. The level of MDA in liver also strongly correlated (P < 0.05) with SOD,
CAT and GST levels with r coefficient of 0.889, 0.886 and 0.792, respectively. On the other hand, in the
kidney, SOD and GST levels were highly correlated with MDA level with a correlation coefficient (r) of
0.811 and - 0.817, respectively.
However, histopathologically, the abdominal muscle and kidney samples did not show any morphological
alteration compared to liver. Thus, only the pathological changes of liver were shown. In general, the liver
parenchyma of the control group was primarily composed of polyhedral shaped hepatocytes with distinct
cytoplasmic lipid droplets (Fig. 5). In the heat stress treatment group, alterations were observed in the
liver on day 14, with generally blurred liver parenchyma, sinusoidal congestion and dilatation, venous
congestion (Fig. 6), and hepatocytes undergoing karyorrhexis (Fig. 7).
Discussion
Global warming and climate change are inevitable and foreseen to impact the global food security, making
food production and supply more challenging than before. Therefore, the knowledge on thermal tolerance of
aquatic animals is particularly important in order to understand the impacts of global warming and climate
change on the population dynamics of aquatic animals (Kimball et al. 2004; Kimura 2004), and to extrapolate
the species of aquatic animals that are vulnerable to environmental changes (Jiguet et al. 2007; Schulte
2013). The increase in atmospheric carbon dioxide (CO2) contributes to the rise in global temperature, thus
affecting the water temperature of the aquatic ecosystems. Increased uptake of atmospheric CO2 by oceans
also leads to ocean acidification (Huertas et al. 2017; Merlivat et al. 2017). Exposures of aquatic animals to
both rising water temperature and ongoing decrease in pH accelerate certain biochemical and metabolism
pathways, and augment the production of reactive oxygen species (ROS), also known as free radicals.
Excess production of ROS results causes oxidation of essential cellular biomolecules (including lipids,
proteins and nucleic acids). When ROS degrades polyunsaturated lipids through lipid peroxidation (Parihar
et al. 1996), MDA is released, which therefore serves as a prominent biomarker for oxidative stress level
in organisms (Davey et al. 2005; Del Rio et al. 2005). The current analysis observed a significant increase
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of MDA level in liver, kidney and muscle tissues of tilapia. The most significant increase of MDA in liver
inferred higher sensitivity and vulnerability of this organ to heat stress. As a central immunological organ
linked to gut-associated lymphoid tissue, the importance of liver is attributed to its distinct local immune
environment that contributes to immune surveillance (Bode et al. 2012; Trivedi and Adams 2016; Wu et
al. 2016). Innate immune cells predominate in liver are continuously exposed to antigens and endotoxins
in circulating blood, in which activation of innate immune responses is signified by the increase in innate
immune transcripts in liver (Wu et al. 2016).
High water temperatures have been associated with occurrence of certain aquatic animal disease such as
warm water streptococcosis. For instances, high water temperatures (31 - 32 °C) in Kenyir Lake, Malaysia
have been linked to increased susceptibility of cage cultured red hybrid tilapia to streptococcal infections
that caused massive mortality (Siti-Zahrah et al. 2008; Najiah et al. 2012). Thus, the current findings
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postulate that increased water temperature leads to oxidative damage of liver through lipid peroxidation,
which may in turn overwhelm the innate immune cells such as resident macrophages (Kupffer cells) with
removal of necrotic or apoptotic cells. Moreover, MDA, a reactive electrophile species released during lipid
peroxidation also causes toxic stress in cells, and impairs innate immune cell functions, which consequently
increases the host susceptibility to infections. High water temperatures have also been reported to affect
osmoregulatory system of many fish species (Staurnes et al. 2001; Metz et al. 2003; Vargas-Chacoff et
al. 2009), and induce sterility in fish (Ito et al. 2003). Elevated water temperatures lower availability of
dissolved oxygen, disrupt metabolism and accelerate oxygen demands of fishes. Heat stress can significantly
increase the generation of ROS as indicated by increased level of thiobarbituric acid-reactive substances
as reported in eelpout (Heise et al. 2006), salmon (Nakano et al. 2014) and koi carps (Dasgupta 2020).
Antioxidant enzymes are the main defense components against oxidative stress. Antioxidant enzymes can
be activated to counteract the adverse effects of ROS to cope with oxidative stress (Cui et al. 2014). Among
the antioxidant enzymes in fish that act in physiological defense mechanisms against oxidative stress are
SOD, CAT and GST (Lushchak and Bagnyukova 2006; Madeira et al. 2016). Insufficient production of
antioxidant enzymes to counter the production of pro-oxidants will result in disturbance and oxidative
damage of tissues or organs (Poljšak and Fink 2014). Under severe oxidative stress, the damages of enzymes
further result in loss in the compensatory mechanisms (Zhang et al. 2004).
Our current analysis also revealed that although SOD seems to be a critical antioxidant enzyme in
oxidative stress response (Ibtisham et al. 2018), its activity in liver tissues appeared to change simultaneously
with CAT and GST activities. However, the opposite was observed in muscle tissues where SOD activity
decreased while CAT and GST activities increased. Nevertheless, it has been reported that alterations of
SOD and GST activities are tissue-specific (Lushchak and Bagnyukova 2006). Interestingly, the control
group in the present study exhibited constantly higher SOD and CAT activities in muscle tissue throughout
the course of experiment, suggesting SOD and CAT as the main antioxidant enzymes in muscle tissues
under normal physiological conditions compared with liver and kidney. The constant GST activity recorded
in all tissue samples of control group, inferring that GST activity is tissue-independent under normal
physiological conditions.
Being the vital organ for accumulation, storage and biotransformation of many metabolic compounds,
the alterations in liver structure can be significant towards evaluation of fish health (Myers et al. 1998).
Liver also plays a central role in degradation of metabolic products in vertebrates, thus susceptible to many
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free radicals. Nonetheless, the degree of heat stress damage is found to be dependent on water temperature
and exposure time. In the present study, day-14 liver sample showed apparent high-temperature induced
damages. The results of this study are consistent with the previous findings reported in Wuchang bream
Megalobrama amblycephala with structural alterations in hepatocytes and nuclei (Liu et al. 2016). In
amphibian, Liu et al. (2018) observed that upon prolonged exposure to heat stress, the liver sinusoids in
giant spiny frog appeared dilated while the percentage of melanomacrophage centres (MMCs) also changed
markedly. Thus, our histopathological examination further supports that liver is more vulnerable to heat
stress-induced oxidative damage compared to abdominal muscle and kidney.
Conclusion
The present study demonstrated varied heat stress induced oxidation responses in the muscle, liver
and kidney of red hybrid tilapia, with the most notable lipid peroxidation observed in the liver, which,
together with the pathological changes of hepatic structure, could consequently impair its physiological
function and performance. These also indicated higher vulnerability of liver to prolonged heat stress.
This as such postulates that red hybrid tilapia has a narrow upper thermal limit. The baseline findings
from this study will help mitigate tilapia farming problems resulting from global warming, in particular,
the cage culture system, through advancement of fish husbandry approach.
Competing Interests The authors declare that they have no conflict of interest.
Authors’ contributions Nadirah Musa participated in the design of the study, performed the statistical analysis and drafted the
manuscript. Hazza Roshada Ramli and Mohammad Tajuddin Abdul Manaf carried out the experimental studies, and participated in
the analysis. Chen-Fei Low , Najiah Musa and Alia Syafiqah Aznan participated in the analysis. Chen- Fei Low, Kok-Leong Lee and
Shau-Hwai Aileen Tan helped to revise the manuscript. All authors read and approved the final manuscript.
Acknowledgement This work was financially supported by research grant given by Ministry of Higher Education of Malaysia
(Fundamental Research Grant Scheme, FRGS/1/2015/WAB01/UMT/03/5 vote no. 59400) awarded to the first author/corresponding
author.
Data Availability Statement The data that support the findings of this study are available from the corresponding author, upon
reasonable request.
References
Al-Darwesh AA, Al-Shabbani MAA, Faris BH (2014) Diagnostic and pathological study of Argulus japonicas in goldfish (Carassius
auratus). Glob J BioSci Biotechnol 3:384–387
Angilletta MJ (2009) Thermal adaptation: A theoretical and empirical synthesis. Oxford University Press. 302 pp. https://doi.
org/10.1093/acprof:oso/9780198570875.001.1
Beers RF, Sizer IW (1952) A spectrophotometric method for measuring the breakdown of hydrogen peroxide by catalase. J Biol Chem
195:133-140
Beitinger TL, Wayne AB, Robert WM (2000) Temperature tolerances of North American freshwater fishes exposed to dynamic
changes in temperature. Environ Biol Fishes 58: 237–275. https://doi.org/10.1023/A:1007676325825
Bode JG, Ute A, Dieter H, Peter CH, Fred S (2012) Hepatic acute phase proteins-Regulation by IL-6-and IL-1-type cytokines
involving STAT3 and its crosstalk with NF-κ B-dependent signaling. Eur J Cell Biol 91: 496–505. https://doi.org/10.1016/j.
ejcb.2011.09.008
Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem 72:248–254
Cui Y, Liu B, Xie J, Xu P, Habte-Tsion HM, Zhang Y (2014) Effect of heat stress and recovery on viability, oxidative damage, and heat
shock protein expression in hepatic cells of grass carp (Ctenopharyngodon idellus). Fish Physiol Biochem 40: 721–729. https://
doi.org/10.1007/s10695-013-9879-2
Dasgupta P (2020). Impact of transient temperature disturbance on the oxidative stress indices and glucose levels of juvenile Koi carps
(Cyprinus carpio var koi). J Basic Appl Zool 81:4. https://doi.org/10.1186/s41936-020-0142-y
Davey MW, Stals E, Bart P, Johan K, Swennen RL (2005) High-throughput determination of malondialdehyde in plant tissues. Anal
Biochem 347: 201–207. https://doi.org/10.1016/j.ab.2005.09.041
Del Rio D, Amanda JS, Nicoletta P (2005). A review of recent studies on malondialdehyde as toxic molecule and biological marker of
oxidative stress. Nutr Metab Cardiovasc Dis 15:316–28. https://doi.org/10.1016/j.numecd.2005.05.003
Directive 2010/63/EU The European Parliament and of the council on the protection of animals used for scientific purposes. https://
eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:276:0033:0079:en:PDF Accessed 18 August 2020
Gardiner NM, Philip LM, Göran EN (2010) Counter-gradient variation in respiratory performance of coral reef fishes at elevated
temperatures. PloS One 5:e13299. https://doi.org/10.1371/journal.pone.0013299
Habig WH, Michael, JP, William BJ (1974) Glutathione s-transferases the first enzymatic step in mercapturic acid formation. J Biol

Int Aquat Res (2021) 13:109-118

117

Chem 249:7130–39
Hazza RR, Harun N, Rahman SHA, Ghani MSHA, Kamarudin KA, Yusof RM, Abdullah R, Najiah M, Nadirah M (2014) Direct
exposure to high temperature affect mortality and behavioural response of male red hybrid tilapia. Paper presented at International
Conference on Aquaculture and Environment: A Focus in the Mekong Delta, Can Tho University, Vietnam, 22-24 March 2014
Heise K, Puntarulo S, Nikinmaa M, Abele D, Portner HO (2006) Oxidative stress during stressful heat exposure and recovery in the
North Sea eelpout Zoarces viviparus L. J Exp Biol 209:353-363. https://doi.org/10.1242/jeb.01977
Henson SA, Claudie B, Tatiana I, Jasmin GJ, Matthew L, Roland S, Jerry T, Jorge LS (2017) Rapid emergence of climate change in
environmental drivers of marine ecosystems. Nature Comm 8:14682. https://doi.org/10.1038/ncomms14682.
Huertas E, Flecha S, Murata A, Garcia Lafuente J, Pérez FF (2017) Natural and anthropogenic decadal pH decrease in the North
Atlantic and Mediterranean sea waters. In: Abstracts of American Geophysical Union Fall Meeting (AGUFM) Dec. 2017.
OS21A-1352
Ibtisham F, Zhao Y, Nawab A, Liguang H, Wu J, Xiao M, Zhao Z, An L (2018) The effect of high temperature on viability,
proliferation, apoptosis and anti-oxidant status of chicken embryonic fibroblast cells. Brazilian J Poult Sc 20:463-470. https://doi.
org/10.1590/1806-9061-2017-0685
Ito LS, Michiaki Y, Carlos AS (2003) Histological process and dynamics of germ cell degeneration in pejerrey Odontesthes Bonariensis
larvae and juveniles during exposure to warm water. J Exp Zool A Comp Exp Biol 297: 169–79. https://doi.org/10.1002/jez.a.10249
Jayaprasad PP, Srijaya TC, Jose D, Papini A, Hassan A, Chatterji AK (2011) Identification of diploid and triploid red tilapia by using
erythrocyte indices. Caryologia 64:485–492
Jiguet F, Anne SG, Romain J, Stuart EN, Denis C (2007) Climate envelope, life history traits and the resilience of birds facing global
change. Glob Chang Biol 13: 1672–84. https://doi.org/10.1111/j.1365-2486.2007.01386.x.
Jones MC, Stephen RD, Jose AF, Thomas LF, John KP, Rachel W, William WL (2013) Predicting the impact of climate change on
threatened species in UK waters. PLoS One 8: e54216. https://doi.org/10.1371/journal.pone.0054216.
Kärcher O, Hering D, Frank K, Markovic D (2019) Freshwater species distributions along thermal gradients. Ecol Evol 9: 111– 24.
https://doi.org/10.1002/ece3.4659
Kimball ME, John MM, Paula EW, Jonathan AH (2004) Thermal tolerance and potential distribution of invasive lionfish (Pterois
volitans/miles complex) on the East Coast of the United States. Mar Ecol Prog Ser 283:269–78. https://doi.org/10.3354/
meps283269
Kimura MT (2004) Cold and heat tolerance of drosophilid flies with reference to their latitudinal distributions. Oecologia 140: 442–
49. https://doi.org/10.1007/s00442-004-1605-4
Liu B, Xu P, Brown PB, Xie J, Ge X, Miao L, Zhou Q, Ren M, Pan L (2016) The effect of hyperthermia on liver histology, oxidative
stress and disease resistance of the Wuchang bream, Megalobrama amblycephala. Fish Shellfish Immunol 52:317-324. doi:
https://doi.org/10.1016/j.fsi.2016.03.018
Liu ZP, Gu WB, Tu DD, Zhu QH, Zhou YL, Wang CW, Zhi S, An M (2018) Effects of both cold and heat stresses on the liver of
giant spiny frog Quasipaa spinosa: stress response and histological changes. J Exp Biol 221 :jeb186379. https://doi.org/10.1242/
jeb.186379
Lushchak VI, Bagnyukova TV (2006) Temperature increase results in oxidative stress in goldfish tissues. 2. antioxidant and associated
enzymes. Comp Biochem Physiol C Toxicol Pharmacol 143:36–41. https://doi.org/10.1016/j.cbpc.2005.11.018
Madeira D, Catarina V, Mário SD (2016) Are fish in hot water? effects of warming on oxidative stress metabolism in the commercial
species Sparus aurata. Ecol Indic 63:324–31. https://doi.org/10.1016/j.ecolind.2015.12.008
Markovic D, Carrizo SF, Kärcher O, Walz A, David JNW (2017) Vulnerability of European freshwater catchments to climate
change. Glob Chang Biol 23:3567–3580. https://doi.org/10.1111/gcb.13657
McCord JM, Fridovich I (1969) Superoxide dismutase: an enzymic function for erythrocuprein (hemocuprein). J Biol Chem,
244:6049–6055
McDonnell LH, Lauren JC (2016). Effects of thermal increase on aerobic capacity and swim performance in a tropical inland fish.
Comp Biochem Physiol A Mol Integr Physiol 199:62–70. https://doi.org/10.1016/j.cbpa.2016.05.018
Meeuwig MH, Dunham JB, Hayes JP, Vinyard GL (2004). Effects of constant and cyclical thermal regimes on growth and feeding of
juvenile cutthroat trout of variable sizes. Ecol Freshwater Fish 13:208–216. https://doi.org/10.1111/j.1600-0633.2004.00052.x
Merlivat L, Jacqueline B, David A, Laurence B, Melek G, Vincenzo V (2017) Increase of dissolved inorganic carbon and decrease of
pH in near surface waters of the Mediterranean sea during the past two decades. Biogeosci 15:5653–62. https://doi.org/10.5194/
bg-15-5653-2018
Metz JR, Erwin HVDB, Sjoerd EWB, Gert F (2003) Regulation of branchial Na+/K+-ATPase in common carp Cyprinus carpio L.
acclimated to different temperatures. J Exp Biol 206:2273–80. https://doi.org/10.1242/jeb.00421
Mjoun K, Kurt A, Brown Michael L (2010) Tilapia: Environmental biology and nutritional requirements. South Dakota Cooperative
Extension Service, FactSheet 963(2):1–7. https://openprairie.sdstate.edu/cgi/viewcontent.cgi?article= 1163&context=extension_
fact. Accessed 21 Sept 2020
Myers MS, Johnson LL, Hom T,  Collier TK,  Stein JE, Varanasi U (1998) Toxicopathic hepatic lesions in subadult English sole from
Puget Sound, WA; relationship to other indicators of contaminant exposure. Mar Environ Res 45:47-67. https://doi.org/10.1016/
S0141-1136(97)00021-4
Nadirah M, Ramly HR, Abdul Manaf MT, Razzak LA, Najiah M (2017) High water temperature impairs physiological responses in
red hybrid tilapia: effects on cortisol and its regulation. AACL Bioflux 10:1297–1308
Najiah M, Aqilah NI, Lee KL, Khairulbariyyah Z, Mithun S, Jalal KCA, Shaharom-Harrison F, Nadirah M (2012) Massive mortality
associated with Streptococcus agalactiae infection in cage-cultured red hybrid tilapia Oreochromis niloticus in Como River,
Kenyir Lake, Malaysia. Pak J Biol Sci 12:438–42. https://doi.org/10.3923/jbs.2012.438.442
Nakano T, Kameda M, Shoji Y, Hayashi S, Yamaguchi T, Sato M (2014) Effect of severe environmental thermal stress on redox state
in salmon. Redox Biol 2:772-776. https://doi.org/10.1016/j.redox.2014.05.007
Ohkawa H, Ohishi N, Yagi K (1979) Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal Biochem
95:351–358

118

Int Aquat Res (2021) 13:109-118

Ospina AF, Mora C (2004) Effect of body size on reef fish tolerance to extreme low and high temperatures. Environ Biol
Fishes 70(4):339–343. https://doi.org/10.1023/B:EBFI.0000035429.39129.34
Parihar MS, Dubey AK, Javeri T, Prakash P (1996) Changes in lipid peroxidation, superoxide dismutase activity, ascorbic acid and
phospholipid content in liver of freshwater catfish Heteropneustes fossilis exposed to elevated temperature. J Therm Biol 21:323–
30. https://doi.org/10.1016/S0306-4565(96)00016-2
Patra RW, Chapman JC, Lim RP, Gehrke PC (2007) The effects of three organic chemicals on the upper thermal tolerances of four
freshwater fishes. Environ Toxicol Chem Inter J 26:1454–59. https://doi.org/10.1897/06-156R1.1
Payne NL, James AS, Dylan EVDM, Matthew DT, Yuuki YW, Akinori T, Teagan AM, Charles A G, Gwenael C, Iain MS (2016)
Temperature dependence of fish performance in the wild: links with species biogeography and physiological thermal tolerance.
Functional Ecol 30:903–12. https://doi.org/10.1111/1365-2435.12618
Poljšak B, Fink R (2014) The protective role of antioxidants in the defence against ROS/RNS-mediated environmental pollution. Oxid
Med Cell Longev 2014:671539. https://doi.org/10.1155/2014/671539
Schulte PM (2013) Evolution of tolerance to multiple interacting stressors in fish. Integr Comp Biol 53:E191--E191.
Siti-Zahrah A, Padilah B, Azila A, Rimatulhana R, Shahidan H (2008) Multiple streptococcal species Infection in cage-cultured red
tilapia but showing similar clinical signs. In: Diseases in Asian Aquaculture VI. Manila: Fish Health Section, Asian Fisheries
Society 313–320
Staurnes M, Trygve S, Torbjørn Å, Grete B (2001) Effects of a temperature shift on seawater challenge test performance in Atlantic
Salmon (Salmo salar) smolt. Aquaculture 201:153–59. https://doi.org/10.1016/S0044-8486(01)00654-8
Souchon Y, Tissot L (2012) Synthesis of thermal tolerances of the common freshwater fish species in large Western Europe rivers.
Knowl Manag Aquat Ecosyst 405:1–48. https://doi.org/10.1051/kmae/2012008
Trivedi PJ, Adams DH (2016) Gut-Liver Immunity. J Hepatol 64:1187–1189. https://doi.org/10.1016/j.jhep.2015.12.002
Vargas-Chacoff L, Arjona FJ, Ruiz-Jarabo I, Páscoa I, Gonçalves O, Martín del Río MP, Mancera Luis JM (2009) Seasonal variation
in osmoregulatory and metabolic parameters in earthen pond-cultured gilthead sea bream Sparus auratus. Aquac Res 40: 1279–
1290. https://doi.org/10.1111/j.1365-2109.2009.02226.x
Wernberg T, Scott B, Russell CB, Thibaut DB, Katherine C, Martial D, Francois D (2016) Climate-driven regime shift of a temperate
marine ecosystem. Science 353:169–72. https://doi.org/10.1126/science.aad8745.
Wu N, Yu LS, Bei W, Xiang YZ, Xu JZ, Ya LW, Ying YC, Dan DC, Xiao QX, Yi SL, Yong AZ (2016) Fish gut-liver immunity
during homeostasis or inflammation revealed by integrative transcriptome and proteome studies. Sci Rep 6:36048. https://doi.
org/10.1038/srep36048
Zhang J, Shen H, Wang X, Wu J, Xue Y (2004) Effects of chronic exposure of 2,4-dichlorophenol on the antioxidant system in liver of
freshwater fish Carassius auratus. Chemosphere 55:167–174. https://doi.org/10.1016/j.chemosphere.2003.10.048
Publisher’s Note
IAU remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

