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A B S T R A C T   

Climate change is fueling the perilous combination of heatwaves and prolonged drought and is now a reality 
affecting living organisms, including fish. The study aimed to investigate the effects of four dietary supplements 
on the European seabass, Dicentrarchus labrax, during an experimental heatwave. A total of 240 fish were 
allocated randomly to 15 tanks. Fish were fed for 56 days with diets supplemented with vitamins C (4.0 g kg-1) & 
E (3.5 g kg-1), propolis (4.5 g kg-1), phycocyanin (0.03 g kg-1), β-glucan (3.0 g kg-1) and a control diet, and then 
exposed to a 18 days heatwave (32 oC). Multilayer of physiological parameters were measured before and after 
extreme warm exposure. Before the experimental heatwave, fish weight gain did not differ significantly between 
the four tested diets and the control group. However, during extreme warm exposure, serum triglycerides, total 
protein, cholesterol, and expression of Igf1 and TNF-1α were significantly higher in fish fed diets supplemented 
with vitamins C & E, propolis, and phycocyanin than in fish fed control diet (p < 0.05). In contrast, serum 
cortisol, AST, ALT, LDH, ɣGGT, BUN, and creatine levels were found to be significantly lower (P<0.05) in fish fed 
diets supplemented with vitamins C & E, propolis, and phycocyanin. After heat stress, HSP70, and GLUT2 
expression increased at varying degrees in fish fed all tested diets in comparison to the control diet, whereas 
FADS2 expression decreased. Nevertheless, the gene expression response was different in the kidneys. Overall, 
most of the tested parameters indicate that diets supplemented with vitamins C & E, propolis, or phycocyanin are 
beneficial for European seabass during exposure to extremely warm temperatures (32◦C). These supplements 
alleviated the adverse effects of the heatwave, improving weight gain and metabolic activities at the cellular and 
molecular levels.   

1. Introduction 

Climate change is a global threat to the environment, biodiversity, 
and ecosystems that is becoming more prevalent (Weiskopf et al., 2020). 
Anthropogenically-driven climate change is increasing the frequency 
and intensity of heatwaves and is predicted to become more severe in the 
future (IPCC, 2018; Korell et al., 2020; Weiskopf et al., 2020). Heat-
waves in Europe have resulted in record-breaking temperatures (Lhotka 
and Kyselý, 2022; Molina et al., 2023; Sánchez-Cueto et al., 2023). 
Moreover, Europe is rapidly warming, twice the rate of the global 
average over the last four decades, with devastating consequences 
(Turnau et al., 2022; Vautard et al., 2023). The consequences were 
particularly severe in the last couple of years, with widespread droughts 
and heatwaves impacting agriculture and aquaculture. For example, 

France saw its driest January-to-September period ever recorded, and 
Spain’s water reserves plummeted to just over 40% capacity (Paddison, 
2023). Heatwave stress in Europe poses significant challenges to aqua-
culture and fisheries, affecting the health of aquatic ecosystems, and the 
productivity of aquaculture industries (Geffroy et al., 2023; Lattos et al., 
2022; Sánchez-Cueto et al., 2023). The Mediterranean region, for 
example, is one of the most vulnerable to climate change (Intergov-
ernmental Panel on Climate Change, 2023). In the southern part of the 
Mediterranean, an increased pattern of extreme heatwaves and droughts 
has been observed, creating hydrological stress (Pérez-Palazón et al., 
2018; Pisano et al., 2020; Raymond et al., 2019; Seager et al., 2019). 
Consequently, in this region, both wild and aquaculture fish have been 
facing environmental and physiological challenges (Brierley and King-
sford, 2009; Islam et al., 2020a; Weiskopf et al., 2020). For instance, 
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during periods of exceptionally high summer temperatures, entire 
intertidal coastal communities have experienced a collapse across 
thousands of kilometers in the Northwest Mediterranean region (Gar-
rabou et al., 2009; Sorby et al., 2018). As a major abiotic factor, tem-
perature affects fish physiology from genes to cells and to metabolic 
pathways, organs, and individuals (Islam et al., 2021b; Madeira et al., 
2016; Tejpal et al., 2014). However, the potential cascading effects of 
extreme heatwaves on fish and how to mitigate them are poorly un-
derstood (Dahlke et al., 2020; Islam et al., 2022; Weiskopf et al., 2020). 
Thus, effective adaptation measures are essential for building resilience 
and ensuring the long-term sustainability of aquaculture and fisheries in 
the face of climate change. 

Several management approaches (e.g. pond shedding, shifting 
aquaculture depths or sites, selecting more heat-tolerant species) can be 
employed to mitigate the effect of extreme heatwaves on fish (Gal-
appaththi et al., 2020; Maulu et al., 2021). However, these options are 
not always feasible. Dietary management strategies such as supple-
mentation of functional feed ingredients have also been reported as a 
promising option to ameliorate the response to heatwave-exerted stress 
in teleosts (Hassaan et al., 2019; Kumar et al., 2018; Turchini and Nie, 
2021; Župan et al., 2015). Dietary ingredients such as vitamin C, vitamin 
E, pyridoxine, propolis, lecithin, phycocyanin, tryptophan, and β-glucan 
are effective in mitigating stress effects in fishes (Alrashada et al., 2023; 
Bahi et al., 2023; Do-Huu et al., 2023; Rahman et al., 2023; Singh et al., 
2023; Xu et al., 2023). For example, an improvement in growth and 
physiological responses was observed in gilthead seabream Sparus aur-
ata (Ibarz et al., 2010), Indian carp Cirrhinus mrigala (Tejpal et al., 2014) 
and Labeo rohita (Kumar et al., 2018, 2014), and tilapia Oreochromis 
niloticus (Dawood et al., 2020; Hassaan et al., 2019) fed diets supple-
mented with the above-mentioned ingredients. Dietary supplements and 
immunostimulants, e.g. beehive extracts (reviewed in Farag et al., 2021) 
as propolis, (Alrashada et al., 2023) algae extracts as phycocyanin 
(AbdAllah et al., 2023; Mamun et al., 2023; Sayed et al., 2023; Youssef 
et al., 2023), and vitamins C (ascorbic acid) and E (tocopherol) (Chen 
et al., 2003; Harabawy and Mosleh, 2014; Ortuño et al., 2003) have been 
getting increased attention for the mitigation of thermal stress in fishes. 
For fishes, several studies reported general beneficial effects using 
vitamin C at 0.05–4.0 g kg-1; vitamin E at 1.2–3 kg-1 (Gao et al., 2014); 
propolis at 2–10 g kg-1 (Farag et al., 2021; Islam et al., 2022); phyco-
cyanin at 0.2–0.50 g kg-1 (Elabd et al., 2020; Hassaan et al., 2021; Jin 
et al., 2020; Zhang et al., 2020); and β-glucan at 0.5–5 g kg-1 (Hassaan 
et al., 2021; Neamat-Allah et al., 2021; Yang et al., 2021). However, 
there is limited knowledge regarding the impact of these supplements on 
fish under heatwave-induced stress. 

Propolis (beehive extract) is rich in antiseptic, antimicrobial, anti-
oxidant, and anti-inflammatory substances. Animals fed propolis- 
supplemented diets show improved growth, antioxidative, and im-
mune functions (Alrashada et al., 2023; Kaplan and Erdoğan, 2021a; 
Kelestemur et al., 2012). Diets supplemented with phycocyanin (Spir-
ulina platensis and other algae extract) have been found to improve the 
physiology, immunity, and growth of fish (Kizhakkekarammal 
Puthiyedathu et al., 2022; Rahman et al., 2023; Yap et al., 2021). In 
animals, phycocyanin can inhibit inflammation by blocking proin-
flammatory cytokines and also ameliorate oxidative stress (AbdAllah 
et al., 2023; Mamun et al., 2023; Sayed et al., 2023; Xu et al., 2024). 
However, the direct use of phycocyanin has not been widely used as a 
feed supplement to mitigate thermal stress in fish. Besides, vitamins C & 
E are considered natural antioxidants to safeguard against oxidative 
damage in animals. Due to synergistic effects, the combined use of these 
two vitamins is recommended in animal diets (Chen et al., 2004; 
Dawood and Koshio, 2018; Gao et al., 2014; Shiau and Hsu, 2002). 
Moreover, β-glucan extracted from yeast, specifically Saccharomyces 
cerevisiae, has been found effective in animals including fish to improve 
physiological performances, growth, and immunity (Do-Huu et al., 
2023; Neamat-Allah et al., 2021; Porter et al., 2023). 

European seabass, Dicentrarchus labrax, is a eurythermic and 

euryhaline fish, and it ranks among the most significant aquaculture 
species in both Europe and the Mediterranean area. This fish grows best 
between 22 and 24 oC (Person-Le Ruyet et al., 2004; Vinagre et al., 
2012c). Feed intake, physiology, and growth have all been reported to 
be reduced in European seabass exposed to temperatures above 29 oC 
(Person-Le Ruyet et al., 2004). Fish exposed to temperatures above 32 oC 
have a higher mortality rate (Islam et. al., 2020a). However, during the 
summer, the water temperature of shallow waterbodies can sometimes 
exceed 32–33 oC, making resident fish including the European seabass 
vulnerable to these extreme heatwave events and compromising their 
physiological ability (Dülger et al., 2012; Islam et al., 2020b; Moyano 
et al., 2017). Thus, it is important to increase the ability of this fish to 
endure summer heatwaves, especially in farming conditions (Gal-
appaththi et al., 2020; Heath et al., 2012; Holsman et al., 2020; Turchini 
and Nie, 2021). In a previous study with the same species, we observed 
that fish fed diets enriched with vitamins C, E, propolis, and phycocy-
anin exhibited improved resilience during heatwave events, as evi-
denced by growth performance, blood cell counts, erythrocytic 
abnormalities, and oxidative stress response (Islam et al., 2021a). This 
initial finding motivated us to go deeper down by analyzing additional 
tissues, organs, and parameters from the same experiment. Our focus 
extended to key physiological processes that were not previously 
explored, all of which are addressed in this study. 

Due to the interactive relationship among growth, metabolism, 
physiology, and molecular networks, a multilayer of biomarkers [ions 
(Na+, k+, Cl-), metabolites (glucose, triglycerides, protein, cholesterol, 
urea, creatinine), and cellular enzymes (aspartate transaminase, alanine 
transaminase, lactate dehydrogenase, and ɣ-glutamyl transaminase) are 
considered reliable to assess stress status in fish (Esmaeili, 2021; Islam 
et al., 2022). Moreover, the expression of HSP70, TNF-α, and Igf1 genes 
are considered good indicators for stress, immunity, and fish growth 
(Islam et al., 2022). Besides, FADS2, SREBP1, and GLUT2 gene expres-
sion is considered a reliable indicator of metabolic responses in fish 
(Castro et al., 2015; Geay et al., 2010). Experimental exposure to 
extreme heatwave events indicates that the European seabass is not 
capable to endure this stress (Islam et al., 2020b; Vinagre et al., 2012a). 
Thus, for this fish, sustainable aquaculture management strategies are 
essential to face climate change-induced extreme heatwave events 
(Galappaththi et al., 2020; Sarà et al., 2018). Exploration of nutrient 
supplementation that may mitigate the effect of extreme heatwave 
events is essential in this respect (D’Abramo and Slater, 2019; Herrera 
et al., 2019; Kumar et al., 2018; Maulu et al., 2021). This study inves-
tigated the effects of diets supplemented with propolis, vitamins C (as 
ascorbic acid) and E (α-tocopherol), β-glucans, and phycocyanin on 
European seabass to test whether these help fish to fare better during 
extreme heatwave events. A range of parameters linked with growth, 
metabolism, and physiological fitness were measured to test this 
hypothesis. 

2. Materials and methods 

2.1. Source of experimental dietary supplements and formulation 

The data presented in this study were generated from a previously 
published experiment (Islam et al., 2021a). Pure propolis (Bioland, 
Germany), vitamin C (ascorbic acid), and vitamin E (tocopherol) (Sigma 
Aldrich, Germany) were used as dietary supplements. Spirulina platensis 
extract (Spirulysat®, MiAL, Germany) was used as phycocyanin 
(99.99%) supplement. Highly pure β-D-glucan extracted from brewers’ 
yeast (100% Saccharomyces cerevisiae) was used as β-glucan supplement. 
Five diets meeting the nutritional requirements of European seabass, but 
differing in supplementary contents [propolis, phycocyanin, β-glucan, 
vitamin C & E together, and without supplement (control diet), 
respectively] were formulated following Islam et al. (2021a) (Table 1). 
Ingredients were finely mixed and pelleted (2.0 mm) following the cold 
extrusion method and stored at -4 oC until use. The formulated diets are 
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hereafter mentioned as “propolis,” “vitamin C & E,” “phycocyanin,” 
“β-glucan,” and “control”. The nutritional compositions of formulated 
diets were tested by SPAROS, the company that prepared them, ac-
cording to AOAC (1995). 

2.2. Experimental fish and rearing conditions 

The experiment took place at the Alfred Wegener Institute for Polar 
and Marine Research (AWI) in Bremerhaven, Germany. The facility used 
a temperature-controlled recirculatory aquaculture system with fifteen 
fiberglass rectangular tanks with a 60 L water holding capacity. The 
tanks were supplied with a continuous flow of filtered seawater at a rate 

of 4.0 L per minute. Water quality was maintained with biofilters, UV 
lights, lava stones, continuous aeration, and thermostatically controlled 
heaters and coolers. European seabass fingerlings (approximately 7 g in 
weight) were sourced from Les Poissons du Soleil Hatchery, located in 
France. After two weeks of acclimatization to the experimental setup 
(22 oC, 30 PSU, 14:10 h light: dark regime), 240 juvenile fish (initial 
body weight: 8.92 ± 1.34 g, max=13.0, min=6.4, n=240) were 
randomly assigned into 15 tanks (5 treatments x 3 replicates; 16 fish 
tank-1). The tested diets were randomly applied to triplicate fish groups 
(Fig. 1). After 56 days of feeding trial, fish were exposed to a simulated 
extreme heatwave event (32 oC). To simulate extreme heatwave stress, 
the water temperature was increased (~3.5 oC day-1) from 22 oC to 32 oC 
and was maintained for 18 days. The duration of the heatwave stress was 
counted since the temperature reached 32◦C. Throughout the experi-
ment, fish were hand-fed with tested diets twice a day (9.00 and 16.00 h) 
to apparent visual satiety. Uneaten feed and faces were cleaned daily. To 
ensure optimal water quality, the following parameters were main-
tained: DO (>6.0 ppm), NH3 (<0.05 mg L-1), NO3

- , and NO2
- (<0.2 mg L- 

1). Additionally, about 50–60% of temperature-adjusted seawater was 
exchanged two times a week to limit the buildup of nitrogenous excre-
tion. The experiment was conducted following the EU directive for an-
imal experiments (EU Directive 2010/63/EU) approved by the Animal 
Ethics Committee (authorization code TVA 153). 

2.3. Sample collections 

Following 56 days of feeding, a total of three fish were collected per 
replicate tank. Fish were sampled at three designated sampling points: 
the day before the onset of heatwave stress, as well as on day 9 and day 
18 of heatwave exposure at 32◦C. These three-time points are subse-
quently denoted as "Day 0," "Day 9," and "Day 18," respectively. Each 
sampling point resulted in nine fish per treatment. Before sampling, fish 
underwent a 24-h fasting period to ensure they were dissected in the 
post-absorptive condition. Immediately before sampling, fish were 
anesthetized by immersion in an overdose of tricaine methane sulfonate 
(MS-222, 50 mg L-1). Following anesthesia, measurements of fish length 
and weight were taken, and two blood samples were drawn through a 
caudal vein puncture. The first portion of the blood sample was used in 
the previously published study (Islam et al., 2021a), and the second 
potion was analyzed for this study. Blood samples obtained from in-
dividuals of each replicate tank were pooled together to get a sufficient 

Table 1 
Formulation of experimental diets and nutritional profile (g kg-1).  

Dietary 
ingredients (g kg- 

1) 

Dietary formulation 

Control Vitamins 
C&E 

Propolis Phycocyanin β-glucan 

Fishmeal LT 280.00 280.00 280.00 280.00 280.00 
Fishmeal 60 200.00 200.00 200.00 200.00 200.00 
Fish hydrolysate 25.0 25.0 25.0 25.0 25.0 
Soya concentrate 50.0 50.0 50.0 50.0 50.0 
Gluten (wheat) 55.0 55.0 55.0 55.0 55.0 
Gluten (corn) 50.0 50.0 50.0 50.0 50.0 
Soybean meal 90.0 90.0 90.0 90.0 90.0 
Wheatmeal 55.0 55.0 55.0 55.0 55.0 
Peas (Whole) 50.0 50.0 50.0 50.0 50.0 
Fish oil 135.0 135.0 135.0 135.0 135.0 
Vitamin and 

minerals 
10.0 10.0 10.0 10.0 10.0 

Vitamin-C - 4.0 - - - 
Vitamin-E - 3.5 - - - 
Propolis - - 4.5 - - 
Phycocyanin - - - 0.03 - 
β-glucan - - - - 3.0 
Nutritional composition (g 

kg-1)     
Dry matters 951.10 964.10 932.20 974.90 967.70 
Crude proteins 549.10 540.70 553.00 534.30 540.30 
Crude lipids 189.20 183.40 170.10 160.50 177.10 
Ash 108.60 105.60 109.30 107.50 108.60 
Carbohydrate 153.10 170.30 144.00 197.70 174.60 
Phosphorous 14.40 13.90 14.40 14.00 141.00 
Gross energy (kJ 

g-1) 
233.10 231.50 232.10 230.40 232.00  

Fig. 1. Design of experiment and sampling: Fish were sampled on day 0, day 9, and day 18 of heatwave exposure (32 oC). The feeding trial took place from days 1–56 
at 22◦C. On day 56, the 1st sampling was conducted (the day before initiating heatwave stress, Basal, "Day-0"). Temperature was gradually increased to 32◦C from 
days 56–59, followed by the heatwave stress from days 60–77 at 32◦C. On day 68, the second sampling occurred (stress day 9, Day 9), and on day 77, the third 
sampling was performed (stress day 18, "Day 18"). 
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amount for analysis of measured parameters (Dawood et al., 2020; 
Hossain et al., 2016). Serum was obtained from blood through centri-
fugation at 4000xg for 15 min. To lessen the effect of handling stress on 
hematological parameters, blood withdrawal was completed within 
5 mins of anesthetizing the fish. Samples for Kidney and liver (mid-part) 
were collected from the same fish used to get the blood samples. Tissue 
samples were rapidly frozen in liquid N2 and then preserved at -80 oC 
until further analyses. 

2.4. Measurement of growth, metabolic, and cellular stress responses 

Fish lengths and weights were recorded at the beginning of the 
feeding experiment and prior to the initiation of heatwave stress to test 
whether the diet supplements affected growth in the absence of heat 
stress. To calculate the average weight of fish in each replicate tank, the 
bulk weight of all fish in the tank was divided by the individual number. 
Weight gain (%) was calculated as [(final weight− initial weight) × 100/ 
initial weight] (Islam et al., 2021a). Our previously published study 
(Islam et al., 2021a) showed that diet supplements have an effect on 
growth during the heatwave event, so these analyses are not repeated 
here. Serum metabolic products (glucose, triglycerides, cholesterol, 
protein, lactate, urea, creatin, and urea), serum osmotic ions (Na+, K+, 
Cl-), and cellular enzymes [aspartate transaminase (AST), alanine 
transaminase (ALT), lactate dehydrogenase (LDH), ɣ-glutamyl trans-
aminase (γGGT)] were measured using an automated blood analyzer 
(Fuji Dri-CHEM NX500i). Serum cortisol content was measured with a 
commercial kit (Cortisol Saliva ELISA, IBL International, Germany) 
previously used and validated for the same species used in this experi-
ment following the manufacturer’s instructions (Islam et al., 2020a). 

2.5. Gene expression 

We selected specific genes as representatives to assess specific mo-
lecular responses across various physiological networks. HSP70 was 
chosen to investigate heat shock protein response (Clerico et al., 2019), 
TNF-α for immune system activity (Azeredo et al., 2015), IGF1 for 
growth-related responses (Islam et al., 2022), and FADS2 and SREBP1 
for lipid metabolism (Geay et al., 2010). GLUT2 was selected to assess 
energy metabolism (Castro et al., 2015), specifically carbohydrate 
metabolism. Using sterile scissors and forceps, around ~45 mg of tissue 
samples for the Kidney and liver (mid-part) were also collected from the 
same fish used to get the blood samples. Tissue samples were rapidly 
frozen in liquid N2 and then preserved at -80 oC until gene expression 
analysis. Total RNA was extracted following the manufacturer’s rec-
ommendations using RNA Miniprep (Monarch, USA). Around ~30 mg 
tissue sample was used to extract total RNA. Genomic DNA contami-
nation was reduced with the kit provided DNAase I. RNA quality and 
quantity were assessed using gel electrophoresis alongside a 1.0 kb DNA 
ladder and spectrophotometry (Tecan, Switzerland). Complementary 

DNA (cDNA) synthesis was carried out using 1 μg of the obtained total 
RNA employing RevertAid cDNA synthesis kit (Thermo Fisher Scientific) 
and oligo (dT) 18 primer. Gene expression levels were quantified 
through real-time quantitative PCR (qPCR) using CFX Manager™ 
(Bio-Rad, USA). The analyses were conducted with a mixture consisting 
using 1 μl of the diluted cDNA (1:10), 0.5 μl of each primer (10 μM), 
SYBR Green (12.5 μl), 5.5 μl DEPC-treated water (Thermo Fisher Sci-
entific) resulting in a total volume of 20 μl. Previously used and vali-
dated gene primers used for the same species were employed in the 
present study (Table 2). Thermal cycling began with an initial incuba-
tion at 95◦C for 3 min, followed by 40 cycles consisting of denaturation 
at 95◦C for 15 s, annealing at 59◦C, for 30 s, and extension at 72◦C for 
20 s. Following the PCR cycle, melting curves were monitored to verify 
the amplification of a single fragment. Quantification of target mRNA 
expression was conducted using the elongation factor 1α (El 1α) gene as 
the reference. To reduce interindividual variability, mRNA expression 
analyses were conducted on pooled muscle and pooled liver samples 
(Assefa et al., 2020). To add more statistical robustness, technical rep-
licates were not pooled during gene expression calculation. Finally, 
quantitative mRNA expression was determined by employing the 2̂(-delta 

delta CT) method following the principles of normalized relative quanti-
fication (Rao et al., 2013; Steibel et al., 2009). 

2.6. Statistical analysis 

Data were checked for normality and homoscedasticity with 
Kolmogorov-Smirnov and Levene tests, respectively. In cases of viola-
tion of the homoscedasticity assumption and normal distribution, data 
were log-transformed to better meet the assumption of normality. To 
understand the effects of diet, heatwave stress, and their interactions, all 
data were statistically compared with a two-way MANOVA, where a 
2×2 factorial design was followed with diet and duration as fixed fac-
tors. For growth data, a one-way ANOVA was used to assess growth 
performances among dietary groups. Both types of ANOVA were fol-
lowed by the Bonferroni correction for multiple comparisons. A statis-
tical significance level of 0.05 was employed to reject the null 
hypothesis. 

3. Results 

3.1. Growth performance 

Before starting the temperature increase, fish fed diet supplemented 
with propolis exhibited higher weight gain (%) compared to the control 
diet (Fig. 2), but this difference was not statistically significant 
(p=0.258) and growth performance was not affected by the diet overall 
before the start of the heatwave. 

Table 2 
Realtime RT-PCR primers details.  

Gene Primer sequence (5΄-3΄) Fragment length (bp) Annealing Temp Primer efficiency Accession No. References 

HSP70 Forward: GTCTGGACAAAGGCAAGAGC  181 59 oC  104.0% MG711592.1 (Enes et al., 2006) 
Reverse: TTGTGAGAGGGCCAAGAGAA 

TNF-α Forward: GCCAAGCAAACAGCAGGAC  77 60 oC  105.0% DQ200910 (Azeredo et al., 2015) 
Reverse: ACAGCGGATATGGACGGTG 

Igf1 Forward: ATGTACTGTGCACCTGCCAA  106 59 oC  90.0% GQ924783.1 (Islam et al., 2020a) 
Reverse: CTTTGTGCCCTGCGGTACTA 

SREBP1 Forward: CTGGAGCCAAAACAGAGGAG  100 60 oC  101.0% FN677951 (Geay et al., 2010) 
Reverse GACAGGAAGGAGGGAGGAAG 

GLUT2 Forward: GAGCCCACGGTACCTTTACA  165 60 oC  101.5% EF014277 (Castro et al., 2015) 
Reverse CGGATCAAAGAAAGGATGGA 

FADS2 Forward: CCTTCACTGCTTTCATCCCAA  202 60 oC  104.0% EU439924 (Geay et al., 2010) 
Reverse CCCAGGTGGAGGCAGAAGAA 

El-1α Forward: AGATGACCACGAGTCTCTGC  127 60 oC  105.0% FM019753 (Mitter et al., 2009) 
Reverse: CTTGGGTGGGTCGTTCTTG  
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3.2. Serum osmotic parameters 

Before starting the thermal stress (Day 0), significantly decreased 
Na+, K+, and Cl- content was observed in fish fed vitamins C & E sup-
plemented diets (p<0.05). On days 9 and 18 of heatwave stress, 
significantly higher Na+ and Cl- content was observed (p<0.05) in the 
fish fed control diet, followed by diets supplemented with vitamins C & 
E, propolis, phycocyanin, and β-glucan. During heatwave stress, K+
content was found to be significantly lower (p<0.05) in fish fed control 
and β-glucan supplemented diets. Osmotic ion concentrations signifi-
cantly varied (p < 0.05) among sampling days (Table 3).  

3.3. Serum energy storage parameters 

On days 9 and 18 of heatwave exposure, cortisol was significantly 
lower (p<0.05) in fish fed vitamin C & E, propolis, and phycocyanin 
supplemented diets compared to fish fed control diet (Fig. 4 A). Serum 
triglycerides level was also significantly affected by dietary supple-
ments. On day 0, triglyceride content was found to be significantly 
decreased (p<0.05) in fish fed propolis, vitamins C & E, and β-glucan 
supplemented diets compared to fish fed control diet. In contrast, on 
days 9 and 18, decreased triglyceride values were observed in fish fed 
with control and β-glucan supplemented diets (Fig. 4B). Serum protein 
content did not have an effect prior to the heatwave stress (Fig. 4 C). 
During heatwave stress, higher protein content was observed in fish fed 
with propolis, phycocyanin, and vitamin C & E supplemented diets, but 
this difference was not significant (Fig. 4C). On day 0, total cholesterol 
was found to be significantly higher in control diet fed fish. In contrast, 
on days 9 and 18, cholesterol content was significantly decreased in fish 
fed to control and β-glucan supplemented diets (Fig. 4D). Energy storage 
content differed significantly (p < 0.05) among sampling days (Table 3). 

3.4. Serum metabolites 

Before starting thermal stress (Day 0), fish fed with tested diets did 
not differ significantly in blood urea nitrogen (BUN) and creatine levels 
(Fig. 5). On days 9 and 18 of heatwave stress exposure, BUN and creatine 
content were significantly lower (p<0.05) in fish fed diets supplemented 
with vitamin C & E, propolis, and phycocyanin compared to fish fed 
control diet and β-glucan supplementation (Fig. 5 A, B). Moreover, sig-
nificant differences were observed in the tested metabolites measured at 
different sampling days (Table 3). 

3.5. Cellular stress responses 

On day 0, AST content was higher in fish fed diets supplemented with 
vitamins C & E, followed by propolis, control, phycocyanin, and 
β-glucan supplemented diets. However, on days 9 and 18, the AST 
content was significantly lower in fish fed diets containing vitamins C & 
E, propolis, phycocyanin, and β-glucan supplemented diet compared to 
those fed the control diet (Fig. 6 A). For ALT content, before the heat-
wave stress, the values were significantly influenced by dietary sup-
plements compared to the control. However, on days 9 and 18, the ALT 
level was significantly lower in fish feed diets supplemented with 
propolis, vitamins C & E, and phycocyanin compared to the control diet 
(Fig. 6 B). On day 0, LDH and γ-GGT values were not influenced by di-
etary supplements. However, on days 9 and 18, fish fed diets supple-
mented with vitamins C & E, propolis, and phycocyanin had 
significantly lower LDH and γ-GGT levels compared to fish fed control 
diet (Fig. 6 C, D). Moreover, significant differences were noted in the 
cellular stress responses measured at different sampling days (Table 3). 

3.6. Relative gene expression 

3.6.1. Stress, growth, and metabolic genes in muscle and liver 
On days 0 and 9, HSP70 expression (a marker of stress) in the muscle 

and liver did not significantly vary within treatments and tended to stay 
stable until day 9. On day 18, HSP70 expression in fish muscle and liver 
of all tested dietary groups tended to increase. On day 18, HSP70 
expression in fish fed with propolis was significantly higher than in other 
tested diets, including the control (Fig. 7 A). Expression of muscle and 
liver FADS2 [a protein responsible for LC-PUFA biosynthesis] and 
SREBP1 were affected by dietary supplementation. On day 18, relatively 
higher expression of FADS2 was observed in fish fed with vitamins C & E 
supplemented diet. Whereas, on days 9 and 18, relatively higher 
expression of SREBP1 was observed in fish fed with vitamins C & E 
supplemented diet (Fig. 7 B, C). During extreme warm heat exposure, 
fish fed control diets and the diet supplemented with vitamins C & E 
exhibited higher expression of SREBP-1 compared to fish fed propolis, 
phycocyanin, and β-glucan supplemented diets (Fig. 7 C). Expression of 
GLUT type 2 (GLUT2) responded to dietary supplementation. On day 0, 
GLUT2 was higher in fish fed β-glucan, followed by phycocyanin and 
propolis. On days 9 and 18, significant upregulation of GLUT2 was 
observed in fish fed propolis diet (p<0.05) compared to fish fed control 
diet. Besides, both β-glucan and phycocyanin contributed to GLUT2 
upregulation compared to the control (Fig. 7 D). On day 0 (prior stress), 
IGF1 expression levels increased in fish fed the vitamins C & E supple-
mented diet compared to fish fed the control diet. On day 9, fish fed 
propolis and phycocyanin supplemented diets exhibited significantly 
higher expression of IGF1 than fish fed control diet (p<0.05). Whereas, 
on day 18, fish fed propolis exhibited significantly higher (p<0.05) 
levels of IGF1 expression (Fig. 7 E). On day 0, dietary treatments did not 
affect TNF-1α, expression. In contrast, on days 9 and 18, a significant 
increase in TNF-1α transcripts was observed in fish fed phycocyanin and 
propolis supplemented diets, compared to the fish fed control diet (Fig. 7 
F). The differences in gene expression on different sampling days are 
reported in Table 3. 

3.6.2. Stress, growth, and metabolic genes in the kidney 
On days 0 and 9, HSP70 expression in the kidneys of fish fed with five 

tested diets did not differ significantly and tended to stay stable until day 
9. On day 18, HSP70 mRNA expression levels in fish from all diet groups 
tended to increase. By day 18, significant upregulation of HSP70 mRNA 
was observed in fish fed propolis and β-glucan supplemented diets 
compared to those fed control diet (Fig. 8 A). Expression of the FADS2 
gene was not affected in this tissue by any dietary treatment (Fig. 8 B), 
but mRNA transcripts of SREBP1 and GLUT2 were affected in fish of all 
five dietary groups. On day 0, fish fed vitamin C & E supplemented diet 
showed significantly higher upregulation of SREBP1 and GLUT2 than 

Fig. 2. Weight gain (%) during the 56-day acclimation period (prior to starting 
the heatwave stress) of European seabass juveniles fed the test diets. Values are 
means of triplicate group ± SD, n=3. Different letters refer to significantly 
different values. 
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Table 3 
Two-way MANOVA test results of measured parameters in European seabass, Dicentrarchus labrax fed control, vitamins C & E, propolis, phycocyanin, and β-glucan supplemented diets after following an experimental 
heatwave exposure (32 oC). Probability values (p) <0.05 were considered significant.   

Measured parameters Days Diets Days x Diets 

DF DF (Error) F-statistic p-value Π2 (Partial) DF DF (Error) F-statistic p-value Π2 (Partial) DF DF (Error) F-statistic p-value Π2 (Partial) 

Serum ions Na+ 2  30  4.549  0.019  0.233  4  30  164.090  <0.001  0.956  8  30  66.716  <0.001  0.947  
Cl-  2  30  132.017  <0.001  0.898  4  30  102.782  <0.001  0.932  8  30  36.376  <0.001  0.907  
K+ 2  30  78.194  <0.001  0.839  4  30  28.794  <0.001  0.793  8  30  28.025  <0.001  0.882 

Serum Triglycerides  2  30  88.101  <0.001  0.855  4  30  23.336  <0.001  0.757  8  30  15.509  <0.001  0.805 
metabolites Total Protein  2  30  22.348  <0.001  0.598  4  30  4.049  <0.001  0.351  8  30  3.085  0.012  0.451  

γGGT  2  30  121.132  <0.001  0.890  4  30  43.847  <0.001  0.854  8  30  14.731  <0.001  0.797  
BUN  2  30  75.286  <0.001  0.834  4  30  35.557  <0.001  0.826  8  30  8.192  <0.001  0.686  
ALT  2  30  23.123  <0.001  0.607  4  30  93.578  <0.001  0.926  8  30  13.392  <0.001  0.781  
LDH  2  30  0.149  0.862  0.010  4  30  37.606  <0.001  0.834  8  30  24.951  <0.001  0.869  
AST  2  30  0.893  0.420  0.056  4  30  10.547  <0.001  0.584  8  30  7.212  <0.001  0.658  
Cholesterol  2  30  200.093  <0.001  0.930  4  30  16.667  <0.001  0.690  8  30  15.848  <0.001  0.809  
Creatine  2  30  78.627  <0.001  0.840  4  30  30.077  <0.001  0.800  8  30  11.619  <0.001  0.756  
Cortisol  2  30  112.362  <0.001  0.882  4  30  22.802  <0.001  0.752  8  30  10.310  <0.001  0.733 

Liver HSP70  2  30  50.452  <0.001  0.771  4  30  4.671  0.005  0.384  8  30  4.287  0.002  0.533 
tissue TNF-1α  2  30  8.184  0.001  0.353  4  30  7.002  <0.001  0.483  8  30  8.479  <0.001  0.693  

Igf1  2  30  26.977  <0.001  0.643  4  30  24.413  <0.001  0.765  8  30  12.608  <0.001  0.771  
FADS2  2  30  14.555  <0.001  0.492  4  30  4.873  0.004  0.394  8  30  3.700  0.004  0.497  
GLUT2  2  30  6.537  0.004  0.304  4  30  4.139  0.009  0.356  8  30  1.650  0.152  0.306  
SREBP1  2  30  4.076  0.027  0.214  4  30  5.161  0.003  0.408  8  30  0.967  0.480  0.205 

Kidney HSP70  2  30  123.003  <0.001  0.891  4  30  3.823  0.013  0.338  8  30  1.618  0.161  0.301 
tissue TNF-1α  2  30  0.574  0.569  0.037  4  30  3.273  0.024  0.304  8  30  0.611  0.761  0.140  

Igf1  2  30  6.528  0.004  0.303  4  30  1.320  0.285  0.150  8  30  1.266  0.297  0.252  
FADS2  2  30  0.191  0.827  0.013  4  30  1.833  0.149  0.196  8  30  1.472  0.209  0.282  
GLUT2  2  30  5.692  0.008  0.275  4  30  0.769  0.554  0.093  8  30  1.091  0.396  0.225  
SREBP1  2  30  18.642  <0.001  0.554  4  30  0.509  0.730  0.064  8  30  1.239  0.312  0.248  
Igf1  2  30  4.549  0.019  0.233  4  30  164.090  <0.001  0.956  8  30  66.716  <0.001  0.947 

MANOVA results (Wilks’ lambda, λ)                              
Effects 50  12  23.239  <0.001  0.990  100  26.325  11.264  <0.001  0.976  200  61.583  5.816  <0.001  0.943  
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fish fed control diet (p<0.05, Fig. 8 C). For these genes, decreasing 
trends in expression were observed during extreme warm stress, with no 
significant differences among treatments (Fig. 8 C, D). On day 0, IGF1 
transcripts were found to be up-regulated in fish fed vitamins C & E, 
phycocyanin, propolis, and β-glucan supplemented diets. Whereas, on 

day 18, IGF1 was found to be downregulated in all tested diets compared 
to days 0 and 9 (Fig. 8 E). TNF-1α was found to be higher in fish fed 
vitamins C & E, propolis, phycocyanin, and β-glucan supplemented diets 
during the non-stress period (day 0) (Fig. 8 F). On day 18 of heatwave 
exposure, fish fed on diets supplemented with vitamins C & E, and 
β-glucan diets exhibited higher expression of TNF-1α compared to fish 
fed control diet, although these differences were not significant (Fig. 8 
F). The differences observed with studied genes in different sampling 
days are reported in Table 3. 

4. Discussion 

Current and projected global climate change trends are one of the 
foremost concerns for the aquaculture industry. Ongoing global warm-
ing is becoming one of the major challenges for sustainable aquaculture 
development worldwide as species are often farmed at temperatures 
close to their upper physiological thresholds (Le et al., 2020). Extreme 
heatwaves exerted by climate change already have negative effects on 
aquaculture in some regions and are predicted to become more severe 
and frequent (Geffroy et al., 2023; Lattos et al., 2022; Sánchez-Cueto 
et al., 2023). As the aquaculture industry is moving forward with the 
agenda to increase and diversify aquaculture production, rising tem-
peratures will impact fish farming, affecting fish health and welfare. 
Temperature directly affects fish physiology and can result in disease 
outbreaks and increased mortality within aquaculture systems, or 
decreased production, with significant financial impacts (Alfonso et al., 
2020; Cheung and Frölicher, 2020; Madeira et al., 2016; Piatt et al., 
2020; Smith et al., 2023). Previous studies have highlighted the adverse 
effects of extreme heatwave events on European seabass and other 
cultured fishes (Ashaf-Ud-Doulah et al., 2020; Islam et al., 2022, 2020b, 
2020a; Majharul et al., 2020; Shahjahan et al., 2022, 2017). The impact 
of climate change on aquaculture varies by species and ecoregion. These 
changes will have direct, indirect, and complex impacts on the physi-
ology, productivity, and survival of aquaculture species and associated 
ecological processes. One of the keys to maintain future aquaculture 
productivity is to mitigate the effect of climate-change-induced extreme 
temperatures. To alleviate the detrimental effects of extreme tempera-
ture events, it is important to prioritize research in the development of 
new aquafeed formulations to aid aquaculture species to overcome the 
physiological stress exerted by heatwaves. Our study focused on 
exploring dietary supplementation strategies to mitigate the adverse 
impacts on fish during extreme heatwaves. Before implementation of 
effective dietary mitigation measures, on-farm experiments are essential 
to assess their effect. However, considering the inherent uncertainties 
and uncontrollable confounding factors in on-farm experiments, com-
prehending the impacts of dietary supplementation to mitigate heat-
wave stress in fish proves exceedingly challenging. Thus, understanding 
the effectiveness of dietary interventions necessitates further research 
before on-farm experimentation and dissemination of findings to the 
aquafarmers. The findings from the current study highlight that fish 
diets enriched with propolis (0.45%), vitamins C (0.35%) & E (0.40%), 
and phycocyanin (0.03%) have the potential to improve fish physio-
logical performance during extreme heatwave events. In a prior study, 
European seabass fed diets enriched with vitamins C, E, propolis, and 
phycocyanin, exhibited enhanced resilience during heatwave events. 
This was substantiated by improved growth performance, blood cell 
counts, erythrocytic abnormalities, and oxidative stress response (Islam 
et al., 2021a). This observation prompted us to conduct a more 
comprehensive analysis by examining additional tissue and organs with 
different parameters from the same experiment to substantiate and 
validate the findings further. 

In the present study, in agreement with the measured biochemical, 
metabolic, cellular, and molecular responses to stress and metabolism, 
fish weight gain (growth performance) was comparatively higher in fish 
fed a diet supplemented with propolis. However, for this study, before 
the onset of heatwave stress, fish growth performance among tested 

Fig. 3. Serum ionic concentrations in European seabass juvenile fed the test 
diets while acclimatized for 56 at 22 oC days following 18 days of heatwave 
stress (32 oC). A. Na+, B. K+, and C. Cl-. Values are presented as triplicates 
(mean ± SD, n=3). Different letters indicate statistically significant differences. 
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Fig. 4. Responses of serum energy storage in European seabass juvenile fed the test diets while acclimatized for 56 days at 22 oC following 18 days of heatwave stress 
(32 oC). A. cortisol, B. Triglycerides, C. Total protein, and D. Total cholesterol. Values are presented as triplicates (mean ± SD, n=3). Different letters indicate 
statistically significant differences. 

Fig. 5. Responses of serum metabolites in European seabass juveniles fed the test diets while acclimatized for 56 days at 22 oC following 18 days of heatwave stress 
(32 oC). A. BUN, B. Creatine, C. Cortisol, and D. Lactate. Values are presented as triplicates (mean ± SD, n=3). Different letters indicate statistically significant 
differences. 
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dietary groups did not differ significantly compared to the control diet. 
Thus, the tested supplements do not appear to have a confounding effect 
outside of the heatwave stress. A comparatively higher, albeit not sig-
nificant so, weight gain was observed in fish fed with propolis supple-
mented diet. This may be attributed to the improved intestinal health, 
immunity, digestion, and absorption resulting from the supplementation 
of this ingredient (Abdelnour et al., 2020; Do-Huu et al., 2023; Panettieri 
et al., 2020). Several studies have been conducted to explore the impacts 
of supplementation with vitamin C, 0.05–4.0 g kg-1; vitamin E, 
1.2–3 kg-1 (Gao et al., 2014); propolis, 2–10 g kg-1 (Farag et al., 2021; 
Islam et al., 2022); phycocyanin, 0.2–0.50 g kg-1 (Elabd et al., 2020; 
Hassaan et al., 2021; Jin et al., 2020; Zhang et al., 2020); β-glucan, 
0.5–5 g kg-1 (Hassaan et al., 2021; Neamat-Allah et al., 2021; Yang et al., 
2021). These dosages were applied to a range of fishes with varying 
experimental designs and objectives (Alfons et al., 2023; Bahi et al., 
2023; Mamun et al., 2023; Satiro et al., 2024; Singh et al., 2023; Xu 
et al., 2023). However, there is limited knowledge regarding the impact 
of these supplements on fish under heatwave-induced stress. However, 
the influences of tested dietary supplements on European seabass coping 
with heatwave stress have not yet been widely reported. As a result, 
direct comparisons of our research results with those of others were not 
always possible. However, these ingredients were observed to enhance 
fish fitness to a certain extent. This was evident through improvements 
in growth performance, and survival rate during the heatwave, along 
with enhanced liver function and metabolic activities at both cellular 

and molecular levels (Islam et al., 2021a). 
In this study, during extreme warm stress exposure, European sea-

bass fed with control diet exhibited significantly higher sodium and 
chloride ions, which was in contrast to potassium concentration. In fish, 
higher concentrations of sodium and chloride ions during thermal stress 
indicate ionic dysfunction (Hwang et al., 2011; Islam et al., 2020b; 
Vargas-Chacoff et al., 2018). Potassium is essential for maintaining the 
osmotic balance between cells and their surroundings, regulating 
acid-base balance, transmitting neural impulses, and facilitating 
muscular contraction. Changes in potassium homeostasis have the po-
tential to disrupt the neurological system and cause cardiac disruption 
(Evans, 1993; Gonzalez and Mcdonald, 2000; Palmer, 2014; 
Vargas-Chacoff et al., 2018). Temperature has a significant impact on 
electrolyte and osmotic balance in aquatic ectotherms. This is due to the 
fact that metabolically-driven ion transport is substantially more 
responsive to temperature fluctuations compared to passive ionic 
diffusion (Gonzalez and Mcdonald, 2000). For the present study, fish fed 
with control and β-glucan supplemented diets might be unable to 
maintain osmotic balance, which requires activating ionic pumps to 
maintain osmotic homeostasis. This stressor or disturbance in fish has 
the potential to activate the hypothalamic–pituitary–adrenal axis within 
the neuroendocrine system, leading to the release of stress hormones 
such as corticosteroids. Thus, in turn, initiates alteration in electrolyte 
concentrations and osmoregulation (Hassaan et al., 2019). Increased 
cortisol levels are associated with ionic imbalances, necessitating 

Fig. 6. Responses of cellular enzymatic activities in European seabass juvenile fed the test diets while acclimatized for 56 days at 22 oC following 18 days of 
heatwave stress (32 oC). A. AST, B. ALT, C. LDH D. γ-GGT. Values are presented as triplicates (mean ± SD, n=3). Different letters indicate statistically significant 
differences. 
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Fig. 7. Genes expression in liver of European seabass fed tested diets prior (Day 0) and after heatwave exposure (Days 9, and 18) of heatwave exposure (32 oC). A. 
HSP70, B. FADS2, C. SREBP-1, D. GLUT2, E. Igf1, and F. TNF-1α. On each sampling day, bars labeled with different letters refer significant differences among the 
dietary groups (p < 0.05). Values are presented as mean ± SD, n=6. 

M.J. Islam et al.                                                                                                                                                                                                                                 



Aquaculture Reports 36 (2024) 102168

11

Fig. 8. Genes expression in kidney of European seabass fed tested diets prior (Day 0) and after heatwave exposure (Days 9, and 18) of heatwave exposure (32 oC). A. 
HSP70, B. FADS2, C. SREBP-1, D. GLUT2, E. Igf1, and F. TNF-1α. On each sampling day, bars labeled with different letters refer to significant differences among the 
dietary groups (p < 0.05). Values are presented as mean ± SD, n=6. 
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increased energy to maintain osmotic balances leading to compromised 
growth (Árnason et al., 2013; Bœuf and Payan, 2001; Islam et al., 
2020b). Furthermore, reduced serum protein and elevated cortisol, 
BUN, and creatine support ionic dysfunction. Consistent with previous 
research findings, fish are required to expend additional energy to 
maintain physiological homeostasis in adverse environments. This 
increased energy expenditure can lead to reduced growth, physiological 
imbalances, and disruptions in ionic regulation (Alfons et al., 2023; 
Herrera et al., 2009; Islam et al., 2020b). Previous studies based on the 
impact of these ingredients on fish have focused on feed acceptability, 
growth performance, and physiological responses (Alrashada et al., 
2023; Do-Huu et al., 2023; Medagoda et al., 2023; Porter et al., 2023; 
Singh et al., 2023; Xu et al., 2023; Youssef et al., 2023). However, the 
combined effect of thermal stress and remediation through dietary 
manipulation is largely unexplored. We know less about the joint effects 
of dietary supplementation and fish’s physiological responses to extreme 
temperatures in terms of ionic regulation. Further studies are required to 
unveil the mechanisms. 

Measurement of blood biochemistry provides information on phys-
iological responses and nutritional state (Esmaeili, 2021; Shahjahan 
et al., 2022). To the best of our knowledge, no prior studies have 
investigated the impacts of diets enriched with vitamins C & E, propolis, 
phycocyanin, and β-glucan on serum metabolites, energy storage, 
cellular stress responses, and gene expression in fish exposed to extreme 
heatwaves. In this study, before starting extreme temperature stress (day 
0), serum cortisol content was significantly lower than on days 9 and 18. 
This indicates that none of the diets trigger cortisol responses. During 
extreme warm exposure, the highest cortisol level was found in fish fed 
the control diet and the lowest in fish fed propolis, phycocyanin, and 
vitamins C & E supplemented diets. In the present study, the increased 
cortisol levels in fish fed the control diet while exposed to heatwave 
stress could be attributed to thermal adaptation leading to the higher 
enzymatic and metabolic reaction rate (Alfons et al., 2023; Alfonso 
et al., 2020; Tang et al., 2022). Energy storage (glucose) and anaerobic 
metabolites (lactate) levels were significantly influenced by the diets 
tested, the duration of extreme temperatures of exposure, and the in-
teractions between these factors (Islam et al., 2021a). This could 
potentially indicate an increased energy demand required to counteract 
the stress effects (Alfons et al., 2023; Barton, 2002; Schreck and Tort, 
2016). A comparable trend was reported for European seabass subjected 
to temperature fluctuation (Islam et al., 2020a; Varsamos et al., 2006) 
and in other species reviewed in Islam et al. (2022). The effect of 
propolis (Alrashada et al., 2023; Eslami et al., 2022; Hassaan et al., 
2019; Hassanien et al., 2023) and phycocyanin (Abdel-Latif et al., 2022; 
Hassaan et al., 2021; Sayed et al., 2023) on cortisol levels in fish sub-
jected to stress has been reported. The authors suggested that aquafeed 
supplemented with propolis and phycocyanin might inhibit oxidative 
stress and peroxidation of unsaturated fatty acids, thus preventing the 
reduction of cholesterol in fish exposed to thermal stress. In our study, 
on days 9 and 18 of temperature stress, the reduced concentration of 
cholesterol in fish fed diets supplemented with vitamins C&E, propolis, 
and phycocyanin substantiates the potent antioxidant activity of these 
supplements. On days 9 and 18, fish fed diets supplemented with vita-
mins C & E and propolis demonstrated notably decreased serum anti-
oxidant responses in comparison to those fed the control diet (Islam 
et al., 2021a) further supporting decreased oxidative stress. 

The current study exhibited that triglycerides and cholesterol con-
tent tend to decrease in fish fed all four diets, but during heatwave 
exposure, fish fed vitamins C & E, propolis, and phycocyanin supple-
mented diets were able to maintain relatively higher triglycerides and 
cholesterol levels. From this output, we anticipated that fish fed with 
diets supplemented with vitamins C & E, propolis, and phycocyanin 
could maintain higher energy storage during thermal stress to respond 
to extreme warm stress. The transfer of triglycerides and cholesterol 
from the liver to peripheral cells lessens lipid peroxidation damage 
caused by heat shock (Fredenrich and Bayer, 2003; Gomez Isaza et al., 

2019). Thus, the rise in serum triglyceride and cholesterol levels in this 
study revealed that vitamins C & E, propolis, and phycocyanin play an 
essential role in the protection of liver tissue damage. Triglycerides and 
cholesterol are primarily generated in the liver and are monitored to 
assess nutritional, and (lipid) metabolic states (Greene and Selivonchick, 
1987; Madeira et al., 2016; Rossi et al., 2017). Under long-term warm 
and heatwave stress, deviation in normal triglycerides levels is consid-
ered an indicator of liver dysfunction, disrupted lipid, and fatty acid 
mobilization as well as circulation among the organs and tissue (Castro 
et al., 2015; Greene and Selivonchick, 1987; Liu et al., 2019). These 
changes enhance hepatic aminotransferase activity, subsequently 
amplifying the cortisol stress response, and promoting catabolism of 
protein at the expense of normal physiological activity and develop-
ment, implying stressful situations in animals (Eslami et al., 2022; 
Jentoft et al., 2005). Interestingly, in the current study, a reduction in 
total plasma protein was seen in fish fed with control and β-glucan diets, 
a good indicator to assume the activation of protein catabolism. When 
protein catabolism occurs, the fish suffers from immunological 
dysfunction and protein breakdown, which predisposes the fish to dis-
eases and death (Chadwick and McCormick, 2017; Nemova et al., 2016; 
Pérez-Sánchez et al., 2017). For this study, significantly higher expres-
sion of upregulation of the immune gene (TNF-1α) and growth gene 
(IGF1) in fish fed with propolis and phycocyanin supplemented diets 
indicated that fish were in better condition during extreme warm stress. 

Changes in hepatic enzyme activity, such as ALT, AST, LDH, and ɣ- 
GGT, serve as indicators of changes in liver function (Mahmoud et al., 
2023; Shahjahan et al., 2022). During heatwave simulation, fish fed 
vitamins C & E, propolis, and phycocyanin supplemented diets resulted 
in decreased activities of ALT, AST, LDH, and ɣ-GGT. Increased eryth-
rocytic abnormalities, lysozyme activities, and white blood cell count 
were observed in fish fed the control diet and β-glucan supplemented 
diet (Islam et al., 2021a) corroborating with the present findings of a 
higher cellular stress response. The increased liver enzymatic activity of 
in fish fed control diet indicates the production of hepatic transferase 
and enzyme leakage due to thermal stress (Farag et al., 2021; Mahmoud 
et al., 2023). Our findings are consistent with previous research on 
European seabass (Šegvić-Bubić et al., 2013), and Nile tilapia, 
O. niloticus (Alrashada et al., 2023; Hassaan et al., 2019), which found 
that fish fed with propolis supplemented diet had decreased levels of 
liver enzymes. Reductions in ALT, AST, ALP, and LDH in fish fed with 
vitamins C & E, propolis, and phycocyanin supplemented diets demon-
strated that these ingredients have hepatoprotective roles. Unchanged 
BUN and creatine levels in fish fed these diets further support the 
assumption. A decreased amount of BUN and creatine also refers to 
better liver and kidney function and metabolic function as well (Islam 
et al., 2021b; Peres et al., 2014; Roche and Bogé, 2000; Wagner and 
Congleton, 2004). We propose that the absence of changes in liver 
functioning pertains to the safe use of vitamins C & E, propolis, and 
phycocyanin in European seabass feeding. Besides, we recommend 
exploring other ingredients like betaine, dietary seaweed (Dictyota 
dichotoma), dietary dragonhead fish, and Myristica fragrans (nutmeg) 
alongside probiotics in future studies. These readily available in-
gredients have already shown promise in improving fish growth, stress 
tolerance, and immune response, making them worthy candidates for 
further investigation against temperature stress (Heshmatfar et al., 
2023; Mahmoudi et al., 2022; Musavi et al., 2022; Safari et al., 2022b, 
2022a; Vakili et al., 2023). 

In general, farmed fish receive abundant and high-quality nutrition, 
resulting in a substantial concentration of polyunsaturated fatty acids 
(PUFA) (Castro et al., 2015; Martins et al., 2021; Zak and Manzon, 
2019). In our study, prior to starting warm stress, comparatively higher 
upregulation of liver FADS2 and SREBP1 genes was observed in fish fed 
with control diet than in fish fed propolis, phycocyanin, and β-glucan 
supplemented diets. In the normal metabolic state, this high amount of 
PUFA requires more antioxidants to protect lipids from oxidative dam-
age (Araújo-Luna et al., 2018; Zak and Manzon, 2019). However, the 
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present research has shown that during the initial stages of experimental 
heatwave, fish feed intake drops (Md J Islam, personal observation), 
resulting in decreased antioxidant intake from dietary sources, 
rendering fish more susceptible to the adverse effects of heat stress 
events. As a consequence, aquaculture fish become more susceptible to 
oxidative stress during heatwave events (Islam et al., 2022; Torno et al., 
2018; Truzzi et al., 2018). Thermal exposure activates antioxidant ma-
chinery in different tissues of European seabass (Islam et al., 2022; 
Pereira et al., 2017; Vinagre et al., 2012b), largemouth bass, Micropterus 
salmoides (Sun et al., 2020), and rock goby, Gobius paganellus (Choe 
et al., 2017; Paul et al., 2021). In this study, fish fed diets supplemented 
with propolis, vitamins C & E, and phycocyanin exhibited reduced 
transaminase activity and serum metabolites. This indicates a decreased 
level of (oxidative) stress and physiological dysfunction in European 
seabass. Conversely, during heatwave exposure, fish fed the control and 
β-glucan diets demonstrated significantly higher levels of cortisol, AST, 
ALT, LDH, ɣGGT, BUN, and creatine, justifying the increased physio-
logical stress and metabolic dysfunction. Antioxidants protect PUFA and 
lipids against oxidation (Firsov et al., 2019; Pokorný and Parkányiová, 
2019). Vitamins C and E have been shown to protect oxidation and 
promote stress tolerance (Li et al., 2023; Medagoda et al., 2023; Rathore 
et al., 2023; Singh et al., 2023; Xu et al., 2023). This might be due to the 
protective effects of vitamins C and E on fish during extreme warm 
stress. L-ascorbate (vitamin C) inhibits/reduces tocopheroxy free radi-
cals and regenerates α-tocopherol (vitamin E) (Hajirezaee et al., 2020; 
Pokorný and Parkányiová, 2019; Xiao et al., 2023; Xu et al., 2023). The 
recycling process is thermodynamic and exergonic (Amorati et al., 2002; 
Vissers and Das, 2018). Temperature dependence impedes vitamin E 
regeneration during extreme warm exposure, and fishes necessitate a 
higher dosage of vitamins C and E to prevent/reduce oxidative stress. 
Further research into measuring vitamin C and E levels in the various 
tissues of fish subsequently feeding with different dosages of vitamins C 
and E supplemented diets might help to better understand this. Propolis 
contains a range of antioxidants, vitamins, and minerals that have been 
shown to increase digestive enzyme cofactors (reviewed in de la 
Cruz-Cervantes et al., 2018; Farag et al., 2021). These combinations 
promote improved digestion and absorption, resulting in improved 
growth. Other studies have found that the inclusion of propolis in fish 
diets boosted fish growth, immunity, and physiological performance in 
European seabass (Hassaan et al., 2019; Islam et al., 2021a), Nile tilapia, 
T. niloticus (Alrashada et al., 2023; Mafra et al., 2022), sturgeon, Huso 
huso (Eslami et al., 2022), African Catfish, Clarias gariepinus (Alfons 
et al., 2023; Nowosad et al., 2023), sea bream, Sparus aurata (Kaplan and 
Erdoğan, 2021b), and rainbow trout, Oncorhynchus mykiss (Liu et al., 
2020). The present study also found considerably decreased blood 
transaminase and metabolites in fish fed with propolis and phycocyanin 
supplemented diets, which is consistent with earlier research (de Mattos 
et al., 2019; Hassaan et al., 2021). Phycocyanin, propolis, and β-glucan 
are likewise antioxidants and immunomodulators (Bacha et al., 2017; 
Bonfim-Mendonça et al., 2017; De Morais et al., 2018; Elabd et al., 
2020). However, in this study, β-glucan was unable to manage or avoid 
extreme heatwave stress. This might be attributed to reduced antioxi-
dant capacity compared to vitamin C & E, propolis, and phycocyanin, or 
the dosages employed in this study were inadequate. Further research is 
necessary to determine the β-glucan quantity required to generate the 
desired effects. 

HSP70, a molecular chaperone and a highly conserved protein with a 
broad protective function in animals is essential for cellular and protein 
homeostasis. This gene prevents protein denaturation, and aggregation 
and aids in the refolding of misfolded proteins (Clerico et al., 2019; 
Fernández-Fernández and Valpuesta, 2018). On days 0 and 9, HSP70 
was stable, which indicates either, fish were able to maintain physio-
logical homeostasis prior to the onset of extreme heatwave stress or fish 
were incapable of activating this. During excessive stress periods, ani-
mals sometimes fail to activate the molecular mechanism to check the 
unfolded protein (Cho et al., 2021; Place et al., 2004; Yamashita et al., 

2010). In contrast, on day 18 of heatwave exposure, higher HSP70 
expression was observed in liver and kidney tissues of fish fed vitamins C 
& E, propolis, phycocyanin, and β-glucan supplemented diets, indicating 
a relatively higher protein repairing activity than fish fed the control 
diet. On days 9 and 18, both IGF1 and TNF-1α genes were upregulated in 
fish fed propolis and phycocyanin supplemented diets, corroborated 
with HSP7 expression. Significantly decreased expression of HSP70 and 
upregulation Igf1 gene in fish fed vitamins C & E, propolis, and 
phycocyanin supplemented diets were also observed in the muscle tissue 
of European seabass (Islam et al., 2021a) further justifying the findings 
in this study. Fish respond to stressors at the cellular level by stimulating 
proteins, energy metabolism, and phospholipid de novo synthesis, as 
well as stimulating nuclear and mitochondrial transcription (Eymann 
et al., 2020; Hassaan et al., 2021; O’Brien, 2011). Furthermore, among 
others, fish stimulate the FADS2, SREBP1, and GLUT2 genes to maintain 
balances in energy metabolism, antioxidant levels, tissue repair, and 
immunity (Bouaziz et al., 2017; Donaldson et al., 2008; Geay et al., 
2010; Shi et al., 2018; Vanderplancke et al., 2014). Increased mito-
chondrial activity leads to increased ATPase activity, which enhances 
energy demand and HSP70 operation to safeguard cell machinery. A 
crucial mechanism for protecting cells from heat stress and disposing of 
damaged proteins via the ubiquitination and proteolysis pathways in the 
cell is the activation of HSP70 (Esmaeili et al., 2021; Lüders et al., 2000). 
In the present study, higher levels of serum cortisol, liver transaminase 
activities, FADS2, SREBP1, and GLUT2 gene upregulation in the liver 
were observed in fish fed vitamins C & E, propolis, phycocyanin, and 
β-glucan supplemented diets. These findings suggest that the elevated 
energy demands resulting from increased metabolic activities during 
warm stress were adequately addressed. Consequently, the heightened 
cortisol levels impact the release of growth hormone (GH) into the 
bloodstream, which is the primary mediator for Igf1 (Islam et al., 
2020b). During extreme warm exposure (from days 9–18), increased 
Igf1 regulation was measured in fish fed propolis, justifying better 
growth and physiological performances. However, in the kidney, these 
gene expressions did not show the same shifting pattern as described 
above, nor did they demonstrate any synergism. Overall, on days 9 and 
18 of heatwave exposure, decreased blood cortisol, transaminase, de-
hydrogenase, metabolites, and a comparatively higher upregulation of 
growth and immune genes were measured in fish fed with vitamins C & 
E, propolis, and phycocyanin. These contrasting tendencies suggest that 
European seabass fed with diets enriched with these ingredients fare 
substantially better during extreme warm exposure, a possible way to 
formulate climate-smart aquafeeds to lessen extreme weather events in 
aquaculture. 

5. Conclusions 

In conclusion, dietary incorporation of vitamins C & E, propolis, and 
phycocyanin through supplemented diets proved to be beneficial for 
European seabass subjected to extreme heat waves. During extreme 
warm exposure, diets supplemented with high levels of vitamin E 
(0.40%) and vitamin C (0.35%) together, or propolis (0.45%), or 
phycocyanin (0.030%) demonstrated the ability to lessen and mitigate 
the negative impact of heatwave stress responses. These ingredients 
were observed to enhance fish fitness to a certain extent, as indicated by 
improvements in weight gain during the heatwave (Islam et al., 2021a), 
liver function, and metabolic activities at both cellular and molecular 
levels. However, given the experimental design, the specific ingredients 
used, and the parameters measured, it is important to mention that the 
present study represents the initial exploration of these factors. There-
fore, further research is necessary to gain a deeper understanding of the 
immunostimulatory and antioxidant properties of tested ingredients, as 
well as their optimal supplementation in summer diets for European 
seabass and other fish. Additional research on proteomic and metab-
olomic responses across various tissues could offer a more comprehen-
sive understanding of fish physiology and nutritional status during 
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exposure to extreme warm stress. Moreover, to get practical insights 
tailored to real-world conditions, validate research outcomes, and pro-
mote stakeholder involvement, on-farm experiments are essential. This 
will allow the assessment of possible constraints, enable long-term 
monitoring, and inform evidence-based decision-making for sustain-
able aqua farming practices. 

CRediT authorship contribution statement 

Md Jakiul Islam: Conceptualization, Formal analysis, Investigation, 
Methodology, Software, Validation, Visualization, Writing – original 
draft, Writing – review & editing. Andreas Kunzmann: Conceptuali-
zation, Funding acquisition, Investigation, Methodology, Project 
administration, Supervision, Writing – review & editing. Oscar Puebla: 
Conceptualization, Methodology, Resources, Supervision, Validation, 
Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

Data will be made available on request. 

Acknowledgements 

We wish to acknowledge the Alfred-Wegener- Institute, Helmholtz 
Center for Polar and Marine Research, 27570 Bremerhaven, Leibniz 
Centre for Tropical Marine Research (ZMT), Germany (Grant ID: 4413- 
JI) and German Academic Exchange Service (DAAD) to conduct this 
research. 

References 

AbdAllah, H.M.L., Hamed, A.-A.S., Bakry, M.A., Eldin, I.M.G., AbdElal, M.N.A., 
Mohamed, D.T., Mohamady, S.N., 2023. Impact of Spirulina Supplementation On 
Some Immune And Biochemical Parameters Of Nile Tilapia Under Cold Stress. Alex. 
J. Vet. Sci. 79, 107. https://doi.org/10.5455/AJVS.164820. 

Abdel-Latif, H.M.R., El-Ashram, S., Sayed, A.E.D.H., Alagawany, M., Shukry, M., 
Dawood, M.A.O., Kucharczyk, D., 2022. Elucidating the ameliorative effects of the 
cyanobacterium Spirulina (Arthrospira platensis) and several microalgal species 
against the negative impacts of contaminants in freshwater fish: A review. 
Aquaculture 554, 738155. https://doi.org/10.1016/j.aquaculture.2022.738155. 

Abdelnour, S.A., Swelum, A.A., Salama, A., Al-Ghadi, M.Q., Qattan, S.Y.A., Abd El- 
Hack, M.E., Khafaga, A.F., Alhimaidi, A.R., Almutairi, B.O., Ammari, A.A., El- 
Saadony, M.T., 2020. The beneficial impacts of dietary phycocyanin 
supplementation on growing rabbits under high ambient temperature. Ital. J. Anim. 
Sci. 19, 1046–1056. https://doi.org/10.1080/1828051X.2020.1815598. 

Alfons, M.S., Ibrahim, A.T.A., Harabawy, A.S.A., Al-salahy, M.B., Badr, G., 2023. 
Cytoprotective effect of propolis on heat stress induces alteration to histological, 
ultrastructural, and oxidative stress in catfish (Clarias gariepinus). Environ. Sci. 
Pollut. Res. 30, 114152–114165. https://doi.org/10.1007/s11356-023-30386-y. 

Alfonso, S., Gesto, M., Sadoul, B., 2020. Temperature increase and its effects on fish 
stress physiology in the context of global warming. J. Fish. Biol. https://doi.org/ 
10.1111/jfb.14599. 

Alrashada, Y.N., Hassanien, H.A., Abbas, A.O., Alkhamis, S.A., Alkobaby, A.I., 2023. 
Dietary propolis improves the growth performance, redox status, and immune 
response of Nile tilapia upon a cold-stress challenge. PLoS One 18, e0293727. 
https://doi.org/10.1371/journal.pone.0293727. 

Amorati, R., Ferroni, F., Lucarini, M., Pedulli, G.F., Valgimigli, L., 2002. A quantitative 
approach to the recycling of α-tocopherol by coantioxidants. J. Org. Chem. 67, 
9295–9303. https://doi.org/10.1021/jo026501f. 

AOAC, 1995. Official Methods of Analysis of the Association of Official Analytical 
Chemists. Association of Official Analytical Chemists., 16th ed. AOAC International, 
Arlington, VA, USA.  

Araújo-Luna, R., Ribeiro, L., Bergheim, A., Pousão-Ferreira, P., 2018. The impact of 
different rearing condition on gilthead seabream welfare: Dissolved oxygen levels 
and stocking densities. Aquac. Res. 49, 3845–3855. https://doi.org/10.1111/ 
ARE.13851. 
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Castro, C., Corraze, G., Pérez-Jiménez, A., Larroquet, L., Cluzeaud, M., Panserat, S., 
Oliva-Teles, A., 2015. Dietary carbohydrate and lipid source affect cholesterol 
metabolism of European sea bass ( Dicentrarchus labrax) juveniles. Br. J. Nutr. 114, 
1143–1156. https://doi.org/10.1017/S0007114515002731. 

Chadwick, J.G., McCormick, S.D., 2017. Upper thermal limits of growth in brook trout 
and their relationship to stress physiology. J. Exp. Biol. 220, 3976–3987. https://doi. 
org/10.1242/jeb.161224. 

Chen, R., Lochmann, R., Goodwin, A., Praveen, K., Dabrowski, K., Lee, K.J., 2004. Effects 
of dietary vitamins C and E on alternative complement activity, hematology, tissue 
composition, vitamin concentrations and response to heat stress in juvenile golden 
shiner (Notemigonus crysoleucas). Aquaculture 242, 553–569. https://doi.org/ 
10.1016/j.aquaculture.2004.09.012. 

Chen, R., Lochmann, R., Goodwin, A., Praveen, K., Dabrowski, K., Lee, K.J., 2003. 
Alternative complement activity and resistance to heat stress in golden shiners 
(Notemigonus crysoleucas) are increased by dietary vitamin C levels in excess of 
requirements for prevention of deficiency signs. J. Nutr. 133, 2281–2286. https:// 
doi.org/10.1093/jn/133.7.2281. 
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Öçal, N., 2012. Thermal tolerance of European Sea Bass (Dicentrarchus labrax) 
juveniles acclimated to three temperature levels. J. Therm. Biol. 37, 79–82. https:// 
doi.org/10.1016/j.jtherbio.2011.11.003. 

Elabd, H., Wang, H.-P., Shaheen, A., Matter, A., 2020. Nano spirulina dietary 
supplementation augments growth, antioxidative and immunological reactions, 
digestion, and protection of Nile tilapia, Oreochromis niloticus, against Aeromonas 
veronii and some physical stressors. Fish. Physiol. Biochem. 46, 2143–2155. https:// 
doi.org/10.1007/s10695-020-00864-y. 

Enes, P., Panserat, S., Kaushik, S., Oliva-Teles, A., 2006. Rapid metabolic adaptation in 
European sea bass (Dicentrarchus labrax) juveniles fed different carbohydrate sources 
after heat shock stress. Comp. Biochem. Physiol. - A Mol. Integr. Physiol. 145, 73–81. 
https://doi.org/10.1016/j.cbpa.2006.05.002. 

Eslami, M., Zaretabar, A., Dawood, M.A.O., Mohammadzadeh, S., Ahmadifar, E., 
Sheikhzadeh, N., Shahriari Moghadam, M., Hoseinifar, S.H., Van Doan, H., 2022. 
Can dietary ethanolic extract of propolis alter growth performance, digestive enzyme 
activity, antioxidant, and immune indices in juvenile beluga sturgeon (Huso huso)? 
Aquaculture 552. https://doi.org/10.1016/j.aquaculture.2022.737939. 

Esmaeili, M., 2021. Blood performance: a new formula for fish growth and health. Biol. 
(Basel) 10, 1236. https://doi.org/10.3390/BIOLOGY10121236/S1. 

Esmaeili, M., Carter, C.G., Wilson, R., Walker, S.P., Miller, M.R., Bridle, A., Symonds, J. 
E., 2021. Proteomic investigation of liver and white muscle in efficient and 
inefficient Chinook salmon (Oncorhynchus tshawytscha): Fatty acid metabolism and 
protein turnover drive feed efficiency. Aquaculture 542, 736855. https://doi.org/ 
10.1016/j.aquaculture.2021.736855. 

Evans, D.H., 1993. Osmotic and ionic regulation in fish, CRC Marine science series. CRC- 
press, Boca Raton, Florida. US.  

Eymann, C., Götze, S., Bock, C., Guderley, H., Knoll, A.H., Lannig, G., Sokolova, I.M., 
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Martins, N., Diógenes, A.F., Magalhães, R., Matas, I., Oliva-Teles, A., Peres, H., 2021. 
Dietary taurine supplementation affects lipid metabolism and improves the oxidative 
status of European seabass (Dicentrarchus labrax) juveniles. Aquaculture 531, 
735820. https://doi.org/10.1016/j.aquaculture.2020.735820. 

Maulu, S., Hasimuna, O.J., Haambiya, L.H., Monde, C., Musuka, C.G., Makorwa, T.H., 
Munganga, B.P., Phiri, K.J., Nsekanabo, J.D.M., 2021. Climate Change Effects on 
Aquaculture Production: Sustainability Implications, Mitigation, and Adaptations. 
Front. Sustain. Food Syst. https://doi.org/10.3389/fsufs.2021.609097. 

Medagoda, N., Chotikachinda, R., Hasanthi, M., Lee, K.J., 2023. Dietary 
Supplementation of a Mixture of Nucleotides, β-Glucan and Vitamins C and E 
Improved the Growth and Health Performance of Olive Flounder, Paralichthys 
olivaceus, 302 8, 302 Fishes 2023 Vol. 8. https://doi.org/10.3390/FISHES8060302. 

Mitter, K., Kotoulas, G., Magoulas, A., Mulero, V., Sepulcre, P., Figueras, A., Novoa, B., 
Sarropoulou, E., 2009. Evaluation of candidate reference genes for QPCR during 
ontogenesis and of immune-relevant tissues of European seabass (Dicentrarchus 
labrax). Comp. Biochem. Physiol. - B Biochem. Mol. Biol. 153, 340–347. https://doi. 
org/10.1016/j.cbpb.2009.04.009. 

Molina, M.O., Gutiérrez, C., Ortega, M., Sánchez, E., 2023. Summer heatwaves, wind 
production and electricity demand in Southern Europe: Climatic conditions and 
impacts. Environ. Res. Commun. 5, 085005 https://doi.org/10.1088/2515-7620/ 
acec37. 

Moyano, M., Candebat, C., Ruhbaum, Y., Álvarez-Fernández, S., Claireaux, G., 
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L.P., Pontigo, J.P., Morera, F.J., Vargas-Chacoff, L., Rubio, V.C., Sánchez-Vázquez, F. 
J., Madrid, J.A., Bodinier, C., Lorin-Nebel, C., Charmantier, G., Boulo, V., 
Masroor, W., Farcy, E., Gros, R., Lorin-Nebel, C., 2018. Effect of combined stress 
(salinity and temperature) in European sea bass Dicentrarchus labrax osmoregulatory 
processes. Comp. Biochem. Physiol. -Part A Mol. Integr. Physiol. 215, 550–559. 
https://doi.org/10.1111/jfb.13683. 

Varsamos, S., Flik, G., Pepin, J.F., Bonga, S.E.W., Breuil, G., 2006. Husbandry stress 
during early life stages affects the stress response and health status of juvenile sea 
bass, Dicentrarchus labrax. Fish. Shellfish Immunol. 20, 83–96. https://doi.org/ 
10.1016/j.fsi.2005.04.005. 
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