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A B S T R A C T   

Bioactive substances such as β-carotene are regarded as an effective dietary aquafeed supplement to boost the 
immunity of fish cultured in high densities. The present study aimed to evaluate the influence of the dietary 
incorporation of β-carotene derived from Spirulina platensis (0, 0.5, and 1.0 g kg− 1 diets) on growth performance, 
feed efficiency, hemato-biochemical indices, immunological responses, hepatic antioxidant enzymes, and asso-
ciated immune-antioxidant genes expression in Nile tilapia, Oreochromis niloticus fingerlings (initial weight of 
5.85 ± 0.06 g) reared at two stocking densities (SD100, 100 fish m− 3 and SD200, 200 fish m− 3) for 70 days. Fish 
were randomly allocated into eighteen plastic tanks (0.5 m3 each plastic tank) in triplicate and fed three times 
per day at 9:00 a.m., 11:00 a.m., and 3:00 p.m. with three isonitrogenous and isolipidic diets. The results showed 
that there was no difference in feed intake among the experimental diets (P > 0.05). The diet containing 
0.5 g kg− 1 β-carotene increased weight gain, final body weight, specific growth rate, and feed conversion ratio of 
fish reared at SD200. Fish grown at SD100 or SD200 showed a significant increase in hematocrit and hemoglobin 
levels when fed a diet supplemented with 0.5 or 1.0 g kg− 1 β-carotene compared to those on an unsupplemented 
diet (P < 0.05). Alanine amino transferase and aspartate amino transferase levels were lowest in fish group fed 
diet containing 1.0 g kg− 1 β-carotene at SD100 as well as in fish fed diet supplemented with 0.5 and 1.0 g kg− 1 

β-carotene at SD200. Fish raised at SD200 and supplemented with 1.0 g kg− 1β-carotene showed significantly 
improvements in total protein, albumin, and growth hormone levels compared to those fed on an un- 
supplemented diets (P > 0.05). Supplementing with 0.5 or 1.0 g kg− 1 β-carotene diets significantly increased 
the concentrations of C3, C4, and IgM in fish reared at both SD100 and SD200 compared to those without sup-
plementation (P < 0.05). The hepatic antioxidant activity of malondialdehyde was lowest in fish-fed diet sup-
plemented with 1.0 g kg− 1 β-carotene at SD100. At SD200, fish fed a diet supplemented with 1.0 g kg− 1 β-carotene 
showed the highest levels of glutathione (GSH) and glutathione peroxidase (GPx) activity (P < 0.05). The highest 
activity of catalase (CAT) was in fish fed diet supplemented with 0.5 g kg− 1 β-carotene at SD200 and SD100 
whereas, the highest activity of superoxide dismutase (SOD) was in fish fed diet supplemented with 1.0 g kg− 1 

β-carotene at SD100. The same trend was seen in the associated hepatic genes expression of superoxide dismutase 
2, CAT, and GPx. When compared to other diets, fish raised at SD100 and fed a diet supplemented with 0.5 g kg− 1 

β-carotene showed the highest levels of gene expression for interleukin (IL)− 1β and interleukin-8 (IL-8) (P <
0.05). But those reared at SD200 and fed a diet without β-carotene supplementation had the lowest transcript 
expressions of IL-1β and IL-8. In conclusion, adding β-carotene up to 1.0 g kg− 1 to the basal diet improves and 
boosts growth performance, feed efficiency, immunological responses, hepatic antioxidant enzyme, and associ-
ated immune-antioxidant gene expression in Nile tilapia reared at SD200.   
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1. Introduction 

To meet the increasing global demand for fish, aquaculture must be 
intensified (Montero et al., 1999; Turnbull et al., 2005; Lupatsch et al., 
2010; Hassaan et al., 2015, 2018; Moawad et al., 2024; Abdo et al., 
2024). Stocking density is a key factor to success in aquaculture man-
agement as it directly impacts fish survival, growth, behavior, health, 
production, feed consumption, and water quality (Abdel Fattah et al., 
2020). The choice of stocking densities depends in part on economic 
factors and market demands (Rahman et al., 2016; Sachin et al., 2020). 
Increasing stocking density is essential for high productivity and can 
increase the potential economic revenue of fish farms by about 30% 
(Naderi et al., 2019; Jewel et al., 2023). However, high-stocking density 
may lead to an imbalance in the physiological processes of fish, affecting 
the growth performance and health status (Bayunova et al., 2002; Long 
et al., 2019; Sagar et al., 2019; Yadata et al., 2020). Excessive stress can 
suppress the immune system, leading to physiological problems and 
diseases that weaken the stamina of fish and cause mortality (Jeney 
et al., 1997; Hassaan et al., 2019; Bowyer et al., 2019; Hoseini et al., 
2020; Mohammady et al., 2021; Omar et al., 2022; Ibrahim et al., 2023; 
Ali et al., 2023). Growth performance, survival, behavior, and immu-
nological status of fish are important factors that researchers have 
focused on this area (El-Sayed, 2002; Huntingford et al., 2006; Ashley, 
2007; Dawood et al., 2019; Karnatak et al., 2021; Chen et al., 2021; 
Ibrahim et al., 2021; El-Badawy et al., 2022; Mohammady et al., 2022). 

Several studies shown that as stocking density increases, the growth 
efficiency of fish decreases, resulting in reduced final body weight 
(Rahman et al., 2016; Sachin et al., 2020). High stocking density has 
been found to negatively impact the immune system of farmed rainbow 
trout, Oncorhynchus mykiss (Ellis et al., 2002), European sea bass, 
Dicentrarchus labrax (Lupatsch et al., 2010), Amur sturgeon, Acipenser 
schrenckii (Ni et al., 2016), and juvenile Chinese sturgeon, Acipenser 
sinensis (Long et al., 2019), leading to decreased productivity, and feed 
conversion efficiency. Additionally, high stocking density can increase 
fish metabolic rate, leading to oxidative stress and damage to the 
integrity of the mitochondria and the cell membrane through lipid 
peroxidation (Evans and Cooke, 2004; Ahmad et al., 2000; Kucukbay 
et al., 2009). Thus, using natural immunostimulants to mitigate the 
adverse effects of crowding on fish is important for long-term sustain-
ability. Previous studies have found that dietary supplements of anti-
oxidants can improve the growth performance and health status of 
rainbow trout reared in high stocking density conditions (Kucukbay 
et al., 2009; Trenzado et al., 2008). 

Natural pigments such as carotenoids, prodigiosin, and astaxanthin 
have been found in various plants and microalgae, particularly the 
cyanobacterium, Spirulina platensis. Studies have revealed that these 
pigments can improve the performance, physiological functions, im-
mune response, and disease resistance in different fish species (Kim 
et al., 2010; Anbazahan et al., 2014; Jagruthi et al., 2014). Among these 
pigments, β-carotene is a significant source of vitamin A and has been 
reported to act as a natural immunostimulant, enhancing antioxidant 
and immunological responses in organisms (Babin et al., 2015). Several 
studies have been conducted on the role of carotenoids in enhancing 
growth, survival, and immunity as well as protecting against the harmful 
effects of lipid peroxidation in different aquatic species including 
rainbow trout (Amar et al., 2001), European bullhead, Cottus gobio 
(Dorts et al., 2012) and common carp, Cyprinus carpio (Anbazahan et al., 
2014). Also, the addition of β-carotene to the diet has been found to 
enhance the ability of various aquatic species to cope with stressors such 
as infectious hematopoietic necrosis virus in rainbow trout (Amar et al., 
2012), heavy metal toxicity in Nile tilapia, Oreochromis niloticus (Elseady 
and Zahran, 2013), cold shock in small-sclaed pacu, Piaractus meso-
potamicus (Bacchetta et al., 2020), and high temperature in yellow cat-
fish Pelteobagrus fulvidraco (Liu et al., 2019). However, the mechanism 
by which carotenoids enhance immunity and effectively scavenge free 
radicals in tilapia, requires further investigation (Sun et al., 2012; 

Anbazahan et al., 2014). Therefore, more research is needed to under-
stand how carotenoids boost fish immunity. As a result, the current 
study aimed to assess the ameliorative effects of β-carotene extracted 
from Spirulina platensis on the growth, immunological responses, hepatic 
antioxidant enzymes, and associated immune-antioxidant genes 
expression of Nile tilapia farmed at different stocking densities. 

2. Materials and methods 

2.1. Experimental approach 

A factorial experimental design (3×2) was carried out to examine the 
effects of various levels of β-carotene extracted from S. platensis (0, 0.5, 
and 1.0 g kg− 1 β-carotene diets) on the performance of mono-sex Nile 
tilapia, Oreochromis niloticus fingerlings reared in two stocking densities 
SD100 (100 fish m3) and SD200 (200 fish m3). 

2.2. β-carotene extraction 

β-carotene was obtained and extracted from S. platensis according to 
Herrero-Martínez et al. (2021). Dried S. platensis were obtained from the 
National Research Center in Egypt. Approximately 20 g of the dried 
S. platensis were suspended in 50 mL of methylene chloride, refrigerated 
at − 4◦C overnight, and then dried at 40◦C. The residue was dissolved in 
10 mL petroleum ether. The wavelength of β-carotene absorbance pre-
sent in the solution was read spectrophotometrically at 451 nm against 
the standard (tetrahydrofuran). 

2.3. Preparation of experimental diets 

A basal diet (310.9 g kg− 1 crude protein and 18.93 MJ kg− 1 gross 
energy) was formulated (Table 1) and supplemented with 0, 0.5, and 
1.0 g kg− 1 β-carotene diets. Each diet was tested at two different 
stocking densities: SD100 and SD200. Using a pelleting hand noodle 
maker, all the components were thoroughly combined with the β-caro-
tene before being formed into pellets with a diameter of 2 mm. These 
pellets were then allowed to dry overnight at room temperature and 
then kept at 4◦C. Gross energy was determined as reported by Brett 
(1973) and is shown in Table 1 along with the proximate analysis of the 
ingredients and diets as analyzed by the AOAC (2012) method. 

2.4. Fish rearing technique 

Mono-sex Nile tilapia O. niloticus fingerlings (initial weight of 5.85 ±
0.06 g) were purchased from a private farm (El-Sahaba Hatchery, Egypt) 
and acclimated in 10 m3 concrete pond (4×2×1.25 m) within a green-
house for two weeks. Fish were fed a commercial feed purchased from 
Aller Aqua company, Egypt with 30% crude protein and 6% lipid at a 
rate of 3% of the total biomass throughout the acclimation period, 
supplied at equal portions at 9:00 a.m., 11:00 a.m., and 3:00 p.m. 
Following acclimation, healthy Nile tilapia were distributed at random 
in 18 plastic tanks (0.5 m3/tank; filled with a 400 L water capacity) in 
triplicate for 70 days. The fish with an average initial body weight of 
5.85±0.06 g were randomly stocked in the first nine tanks with 100 fish 
per m3 (SD100, 585 g/m3). The other nine tanks were each allocated with 
200 fish per m3 (SD200, 1170 g/m3). Aeration, greenhouse housing, and 
automated heaters (150 watts) were all employed to keep the water 
temperature in the tanks between 26 and 28οC. Each day, the water in 
the tank was changed by about 30%. The amount of feed was calculated 
on the basis of 3% of total biomass and offered for experimental fish 
three times a day, at 9:00 a.m., 11:00 a.m., and 3:00 p.m. Fish were 
weighed every 15 days to adjust the amount of feed ration. Water quality 
parameters were monitored daily during the experiment. The tempera-
ture ranged from 26.2 to 28.2◦C, dissolved oxygen was 6.0 
±0.03 mg L− 1, the total ammonia was 0.15±0.02 mg L− 1, nitrite (NO2) 
was 0.02 ± 0.004 mg L− 1, nitrate (NO3) was 0.74 ± 0.06 mg L− 1. 
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Throughout the experiment, the water quality requirements were 
acceptable and appropriate for Nile tilapia culture (Boyed, 1990). 

2.5. Growth and feed efficiency 

Before the feeding trial and following it, each tank was counted and 
the number of fish was recorded. At the end of experiment (70 days), all 
the formulae employed to determine the growth parameters and feed 
utilization efficiency are listed as follow:  

• Weight gain (WG) = final weight (g) - initial weight (g)  
• Specific growth rate (SGR) = LnW2 - LnW1/t (days)*100, where Ln 
= the natural log; W1 = initial fish weight, W2 = final fish weight in 
grams, t = period in days (70 days)  

• Feed conversion ratio (FCR) = feed intake (g)/weight gain (g)  
• Protein efficiency ratio (PER) = weight gain (g) / protein ingested 

(g). 

2.6. Hemato-biochemical indices 

At the end of the experiment, five fish were used from each tank for 
blood collection from the caudal vein and were divided into two por-
tions (1.5 mL of blood for two portions). The first portion of selected fish 
was collected utilising 10% EDTA to the estimate haematological pa-
rameters (Rawling et al., 2009). The Rosenfeld (1947) approach was 
used to calculate the differential counting of white blood cells (WBCs). 
The second portion of selected fish was taken without the use of an 
anticoagulant, left to coagulate at 4◦C, then centrifuged at 3000 rpm for 
10 minutes to obtain the serum. The serum was collected and stored 
− 20◦C until use for measuring the serum biochemical parameters. The 

procedure outlined by Reitman and Frankel (1957) was used to assess 
the levels serum enzymatic activities of alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST). Total serum protein and albumin 
were determined according to Henry (1964) and Wotton and Freeman 
(1982), respectively. However, globulin was calculated by subtracting 
albumin from total protein according to Coles (1974). Following the 
manufacturer’s instructions, a radioimmunoassay (RIA) kit was used to 
assess the serum growth hormones (GH) (Tianjin, China). 

2.7. Immune responses 

The level of serum total immunoglobulin M (IgM) was determined by 
an ELISA assay kit (Cusabio, Wuhan, Hubei, China). The test kits were 
purchased from Shenzhen Mindray Bio-medical Electronics Co., Ltd. The 
amounts of complement component 3 (C3) and complement component 
4 (C4) were assessed using the immunoturbidimetric approach (Zhe-
jiang Yilikang Biotech Co., Ltd). 

2.8. Assessments of the liver’s antioxidant activity 

Hepatic samples (livers of three fish per replicate) were weighed, 
homogenized, and rinsed with ice-cold phosphate buffer (1:10; phos-
phate buffer: pH 7.4, 0.064 M), after anestheitzing the fish with 3-ami-
nobenzoic acid ethyl ester (MS 222, 100 mg/L, Sigma, St. Louis, MO). 
Based on the Peskin and Winterbourn (2000) method, the homogenate 
was centrifuged for 10 min at 4◦C and 4000 g, and the supernatant was 
used to assay the activity of superoxide dismutase (SOD). According to 
Dogru et al. (2008) the concentration of malondialdehyde (MDA) was 
assessed. A modified technique of Beers and Sizer (1952) was used to 
assess the catalase (CAT) activity. The activities of glutathione peroxi-
dase (GPx) and glutathione (GSH) were assessed according to Moin 
(1986) and Giustarini et al. (2013), respectively. 

2.9. Gene expressions 

After anestheitzing fish by MS 222, 100 mg/L, liver samples from 
three fish from each treatment were taken and homogenized using a 
Tissue Lyser LT apparatus (QIAGEN; Cat No. /ID: 85600). The total 
ribonucleic acid (RNA) was extracted from these tissues using RNeasy® 
Mini kit (Qiagen, Cat No. 74104), based on the manufacturer’s protocol. 
The reverse transcriptase reaction of RNA was conducted to synthesize 
complementary DNA (cDNA) synthesizing according to the protocol of 
the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Sci-
entific, Waltham, MA). The cDNA was stored at − 80◦C for further mo-
lecular analyses. The primers used in this study (Table 2) were designed 
for the genes of CAT, SOD2, and GPx antioxidants, as well as the immune 
response genes; interleukin 1β (IL-1β) and interleukin 8 (IL-8). The 
primers were designed using the software GenScript Online PCR Primers 
Designs Tool. β-actin and 18 s rRNA were used as a housekeeping gene. 

Quantitative PCR reaction contained 2.5 μL of 1 μg/μL cDNA, 12.5 μL 
SimplyGreen SYBR Green qPCR Master Mix, Low Rox (Cat SQ102–0100, 
GeneDireX, Inc), 0.3 μM of each of forward and reverse primers, 1 μL 
RNase inhibitor and RNase-Free water to a final volume of 25 μL. Re-
action was run on an AriaMax Real Time PCR (Agilent Technologies, 
USA) using a two-step protocol: hot-start at 95̊C for 10 min, followed by 
40 cycles of denaturation at 95̊C for 15 s and annealing/extension at 60̊C 
for 1 min, and ending with a melt curve from 65–95̊C. The expression 
levels of the selected target genes were normalized to those of 18SrRNA 
gene. Changes in the expression levels of the target genes were presented 
as n-fold changes relative to the corresponding controls. Relative gene 
expression ratios (RQ) were estimated using the formula: RQ = 2-ΔΔCT 
Shved et al. (2011). According to Hassaan et al. (2021), RNA template 
negative and non-template controls were performed in triplicate along 
with each assessed sample. 

Table 1 
Formulation and proximate composition of the experi-
mental diets (g kg − 1 diet, dry matter).  

Ingredients g kg− 1 

Fish meal  50 
Soybean meal  450 
Corn gluten  80 
Yellow corn  280 
Wheat bran  75 
Fish oil  40 
Premix1  25 
Total   
Chemical composition (g kg− 1) 
Protein  310.9 
Lipid  61.75 
Ash  45.32 
Fiber  48.82 
Nitrogen free extract2  533.2 
Gross energy3 (MJ kg− 1)  18.93 

1Vitamin and mineral mixture kg− 1 of a mixture contains 
4800 I.U. Vit A, 2400 IU cholecalciferol (Vit. D), 40 g Vit E, 
8 g Vit K, 4.0 g Vit B12, 4.0 g Vit B2, 6 g Vit B6, 4.0 g, 
pantothenic acid, 8.0 g nicotinic acid, 400 mg folic acid, 
20 mg biotin, 200 mg choline, 4 g copper, 0.4 g iodine, 12 g 
iron, 22 g manganese, 22 g zinc, 0.04 g selenium. Folic acid, 
1.2 mg; niacin, 12 mg; d-calcium pantothenate, 26 mg; 
pyridoxine. HCl, 6 mg; riboflavin, 7.2 mg; thiamine. HCl, 
1.2 mg; sodium chloride (NaCl, 39% Na, 61% Cl), 3077 mg; 
ferrous sulphate (FeSO4.7 H2O, 20% Fe), 65 mg; manganese 
sulphate (MnSO4, 36% Mn), 89 mg; zinc sulphate 
(ZnSO4.7 H2O, 40% Zn), 150 mg; copper sulphate 
(CuSO4.5 H2O, 25% Cu), 28 mg; potassium iodide (KI, 24% 
K, 76% I). 
2NFE (Nitrogen free extract) = 100− (crude protein + lipid 
+ ash + fibre content). 
3Gross energy was calculated using gross calorific values of 
23.63, 39.52, and 17.15 kj/g for protein, fat, and carbo-
hydrate, respectively, according to Brett (1973). 
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2.10. Data statistical analysis 

Before analysis, the data were converted using arc-sin (Zar, 1984). 
Thereafter, the SAS ANOVA technique was used to analyze all the data 
(SAS, version 6.03, Soft Inc.,Tusla, OK, USA, SAS, 1993). To ascertain 
whether there was appreciable variation among the treatments, one-way 
ANOVA was utilized. When overall variations were detected, Duncan 
(1955) test was used to examine the variances between the means. In-
dividual impacts of the two different densities, as well as different 
concentrations of β-carotene were examined using two-way ANOVA. 
Results are shown as mean values ± standard error of the means. The 
differences were deemed significant at P < 0.05. 

3. Results 

3.1. Growth and feed utilization efficiency 

Growth indices and feed utilization parameters are presented in  
Table 3. Regardless of the effect of β-carotene, FBW, WG, SGR, and PER 
were significantly greater at SD100 than at SD200 (P < 0.05). The addition 
of β-carotene significantly influenced the SGR, WG, and PER of fish 

reared at both SD100 and SD200 (P < 0.05). The highest FBW, WG, SGR, 
and PER were observed in fish fed a diet with 0.5 g kg− 1 β-carotene when 
stocked at densities of SD100 and SD200, with no significant difference (P 
< 0.05). A lower FCR was recorded in the group reared at SD200 without 
β-carotene supplementation.The best FCR was recorded in fish fed a diet 
containing 0.5 g kg− 1 β-carotene and stocked under SD100 and SD200 
without any significant difference (P < 0.05). The FI values did not differ 
significantly among groups that were fed the experimental diets (P >
0.05). 

3.2. Hemato-biochemical indices 

Table 4 shows the hematological parameters values. Even without 
β-carotene supplementation, the levels of RBCs, WBCs, and monocytes 
were higher in SD200 compared to SD100. Additionally, regardless of 
stocking density, adding 0.5 g kg− 1 of β-carotene to the diet resulted in a 
significant increase in Hb, Hct, RBCs, WBCs, and their differential 
compared to 1.0 g kg− 1 of β-carotene (P < 0.05). Fish fed a diet with 
0.5 g kg− 1 β-carotene at either SD100 or SD200 densities showed higher 
values of Hb, Hct, and RBCs with no statistically significant differences 
between them (P > 0.05). 

Table 2 
Functional group, genes name, oligonucleotide sequence and genebank accession number of primers used in quantitative real time polymerase chain reaction (qRT- 
PCR).  

Functional group Gene name Primer Sequence (5′− 3′) GenBank No. 

Immune response IL-1β F- 5′-TGCTGAGCACAGAATTCCAG-3′ 
R- 5′-GCTGTGGAGAAGAACCAAGC-3′ 

XM_019365842.2 

IL-8 F- 5′-GCACTGCCGCTGCATTAAG-3′ 
R- 5′-GCAGTGGGAGTTGGGAAGAA-3′ 

XM_019359413.2 

Antioxidant activity CAT F- 5′-TCAGCACAGAAGACACAGACA-3′ 
R- 5′-GACCATTCCTCCACTCCAGAT-3′ 

NM_001279533.1 

GPx F- 5′-ACAAGTGACATCGAGGCAGA-3′ 
R- 5′-CAAACCCAGGCCTGCTATAA-3′ 

NM_001279711.1 

SOD2 F- 5′-CTCCAGCCTGCCCTCAA-3′ 
R- 5′-TCCAGAAGATGGTGTGGTTAATGTG-3′ 

XM_003449940.3 

reference genes β-actin F- 5′-CAGTGCCCATCTACGAGGGTTAT-3′ 
R- 5′-CGGCTGTGGTGGTGAAGGAGT-3′ 

AY116536.1 

18s rRNA F- 5′-GTTGCAAAGCTGAAACTTAAAGG-3′ 
R- 5′-TTCCCGTGTTGAGTCAAATTAAGC-3′ 

AF497908.1 

F: Forward primer; R: Reverse primer. 

Table 3 
Growth performance and feed utilization of Nile tilapia O. niloticus fed diets containing β-carotene at different stocking densities for 70 days.  

Treatment β-carotene 
g kg− 1 diet 

SD* Growth and feed utilization 

IBW (g fish− 1) FBW (g fish− 1) WG (g fish− 1) SGR (% day− 1) FI (g fish− 1) FCR PER (g) 

Individual treatment means†

T1 0.0 SD100 6.00 15.5ab 9.5ab 1.58ab 16.17 1.72b 1.99a 

T2 0.5 SD100 5.95 18.95a 13a 1.91a 17.28 1.34b 2.49a 

T3 1.0 SD100 6.00 18.98a 12.97a 1.92a 17.88 1.38b 2.44a 

T4 0.0 SD200 6.15 13.5b 7.35b 1.31b 18.71 2.54a 1.31b 

T5 0.5 SD200 5.85 17.92a 12.07a 1.87a 16.25 1.35b 2.49a 

T6 1.0 SD200 6.05 17.45ab 11.4ab 1.77a 17.25 1.51b 2.20a 

Pooled ±SE 0.066 0.650 0.662 0.063 0.913 0.078 0.106 
Means of the main effect‡

0.0  6.07 14.50y 8.42y 1.44y 17.44 2.13x 1.65y  

0.5  5.90 18.43x 12.53x 1.90x 16.77 1.34y 2.49x  

1.0  6.02 18.21x 12.18x 1.84x 17.57 1.44y 2.31x   

SD100 17.95 53.43q 35.47q 5.41q 51.33 4.44q 6.92q   

SD200 18.05 48.87r 30.82r 4.95r 52.21 5.40q 6.00r 

ANOVA (P-value)    
SD  0.735 0.015 0.014 0.012 0.828 0.027 0.089 
BC**  0.359 0.022 0.021 0.012 0.865 0.002 0.008 
SD × BC 0.581 0.911 0.869 0.627 0.506 0.048 0.252 

†Treatment means represent the average values of three tanks per treatment. SD*: Stocking density; BC**: β-carotene. 
The Duncan multiple range test was conducted for individual means only if there was a significant interaction (ANOVA: P < 0.05). Means followed by the same letter in 
a column are not significantly different. 
‡Means of the main effect followed by different letters in a column are significantly different at P < 0.05 by the Duncan multiple range test; p and q for SD levels and x, y 
and z for BC levels. 
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Table 5 shows that ALT and AST values increased significantly at 
SD100, regardless of β-carotene supplementation (P < 0.05). However, 
supplementation of β-carotene significantly (P < 0.05) decreased ALT 
and AST values. The lowest ALT and AST levels were observed in fish fed 
a diet supplemented with 1.0 g kg− 1 β-carotene at SD100, followed by 
those fed a diet supplemented with 0.5 and 1 g kg− 1 β-carotene at SD200. 
Additionally, adding 0.5 g kg− 1 β-carotene at SD200 had a significant 
impact on TP, albumin, and growth hormones (P < 0.05) (Table 5). The 
highest levels of TP, albumin, globulin, and growth hormones were 
found in fish kept at SD100 and fed diets enriched with 0.5 g kg− 1 

β-carotene, as well as those offered diets supplemented with 1 g kg− 1 

β-carotene at SD200, but with no significant influence. 

3.3. Immune response parameters 

Table 6 shows the immune indices. The levels of C3, C4, and IgM 

were lower in fish under SD200 compared to fish under SD100, regardless 
of β-carotene supplementation (P < 0.05). Fish fed a diet with 0.5 or 
1.0 g kg− 1 β-carotene diet had higher levels of C3, C4, and IgM in fish 
reared at either SD100 or SD200 compared to those without supplemen-
tation. Fish fed a diet with 0.5 g kg− 1 β-carotene under SD100 and fish fed 
a diet supplemented with 1.0 g kg− 1 β-carotene under SD200 had the 
highest levels of C3, C4, and IgM, with no significant differences be-
tween them (P < 0.05). 

3.4. Hepatic antioxidant activities 

Table 7 shows that the activities of CAT, GSH, GPx and SOD were 
significantly elevated in fish at SD200 regardless of β-carotene supple-
mentation (P < 0.05). Additionally, the addition of β-carotene signifi-
cantly enhanced the activities of CAT, GSH, GPx, and SOD (P < 0.05). 
The highest activity of CAT was observed in fish that were fed a diet 

Table 4 
Hematological parameters of Nile tilapia O. niloticus fed diets containing β-carotene at different stocking densities for 70 days.  

Treatment β-carotene 
g kg− 1 diet 

SD* Hb (g/dl) Hct 
(%) 

RBCs 
(×106 cmm− 1) 

WBCs 
(×103 cmm− 1) 

Neutrophil 
(%) 

Lymphocyte (%) Monocyte 
(%) 

Acidophil 
(%) 

Individual treatment means†

T1 0.0 SD100 7.50b 19.75c 2.00b 16.65f 12.50c 81.50ab 4.00c 2.00c 

T2 0.5 SD100 9.55a 29.40a 3.25a 59.50b 18.50a 74.50d 4.50bc 3.50ab 

T3 1.0 SD100 9.50a 25.35b 3.00a 45.50c 11.00c 78.50c 4.00a 4.50a 

T4 0.0 SD200 7.50b 19.00c 3.30a 63.75a 15.50b 80.50b 4.00c 1.00c 

T5 0.5 SD200 8.40a 25.45b 3.05a 36.40e 10.50c 82.50a 5.00b 3.25b 

T6 1.0 SD200 8.25a 24.50b 3.00a 40.45d 17.00ab 73.50d 7.00a 4.25ab 

Pooled ±SE 0.4639 0.3649 0.2114 0.311 0.408 0.288 0.1178 0.1863 
Means of the main effect‡

0.0  7.50 19.73z 2.65 40.20z 14.00 81.00x 4.00z 1.50z  

0.5  8.97 27.42x 3.15 47.95x 14.50 78.50 y 4.75 y 3.37 y  

1.0  8.87 24.95 y 3.00 42.97 y 14.00 76.00z 5.50x 4.37x   

SD100 8.85 24.83 P 2.75q 40.55q 14.00 78.16 4.16q 3.33   
SD200 8.05 22.98q 3.11 P 46.86 P 14.33 78.83 5.33 P 2.83 

ANOVA (P-value)     
SD  0.268 0.011 0.266 0.0001 0.584 0.1536 0.355 0.106 
BC**  0.203 0.001 0.427 0.0001 0.729 0.0002 0.0001 0.0003 
SD × BC 0.703 0.074 0.164 0.0001 0.0001 0.0001 0.421 0.455 

†Treatment means represent the average values of three tanks per treatment. SD*: Stocking density; BC**: β-carotene. 
The Duncan multiple range test was conducted for individual means only if there was a significant interaction (ANOVA: P < 0.05). Means followed by the same letter in 
a column are not significantly different. 
‡Means of the main effect followed by different letters in a column are significantly different at P < 0.05 by the Duncan multiple range test; p and q for SD levels and x, y 
and z for BC levels. 

Table 5 
Biochemical parameters of Nile tilapia O. niloticus fed diets containing β-carotene at different stocking densities for 70 days.  

Treatment β-carotene g kg− 1 diet SD* ALT (U/L) AST (U/L) TP (g/dl) Albumin (g/dl) Globulin (g/dl) GH (ng/dL) 

Individual treatment means†

T1 0.0 SD100 121.50c 34.90b 2.85ab 1.40ab 1.45ab 1.45d 

T2 0.5 SD100 131.5b 32.10bc 3.25a 1.65ab 1.60a 2.55b 

T3 1.0 SD100 125.5bc 26.30c 2.15b 0.70c 1.45ab 2.00c 

T4 0.0 SD200 151.00a 55.00a 2.20b 1.05bc 1.15b 1.10d 

T5 0.5 SD200 126.00bc 28.75bc 2.80ab 1.10bc 1.70a 2.15c 

T6 1.0 SD200 124.00c 31.25bc 3.40a 1.75a 1.65a 3.00a 

Pooled ±SE 1.099 1.181 0.1486 0.10206 0.0623 0.0656 
Means of the main effect‡

0.0  136.25x 44.95x 2.52 1.22 1.30 y 1.27 y  

0.5  128.75 y 30.42 y 3.02 1.37 1.65x 2.35x  

1.0  124.75 y 28.77 y 2.77 1.22 1.55xy 2.50x   

SD100 126.16q 31.10q 2.75 1.25 1.50 2.00   
SD200 133.66 P 38.33 P 2.80 1.30 1.50 2.08 

ANOVA (P-value)   
SD  0.002 0.004 0.8199 0.7409 1.0000 0.4038 
BC**  0.002 0.0004 0.2314 0.6407 0.0429 0.0001 
SD × BC 0.0002 0.003 0.0191 0.0077 0.1250 0.0013 

†Treatment means represent the average values of three tanks per treatment. SD*: Stocking density; BC**: β-carotene. 
The Duncan multiple range test was conducted for individual means only if there was a significant interaction (ANOVA: P < 0.05). Means followed by the same letter in 
a column are not significantly different. 
‡Means of the main effect followed by different letters in a column are significantly different at P < 0.05 by the Duncan multiple range test; p and q for SD levels and x, y 
and z for BC levels. 
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supplemented with 0.5 g kg− 1 β-carotene whether they were stocked at 
SD100 or SD200, with no significant difference between them.The highest 
activities of GSH and GPx were recorded in fish fed a diet supplemented 
with 1.0 g kg− 1 β-carotene at SD200, while the highest activity of SOD 
was recorded in fish fed diet supplemented with 1.0 g kg− 1 β-carotene at 
SD100. Fish fed diets that included 0.5 g kg− 1 β-carotene showed greater 
SOD activity, with negligible differences between them. On the other 
hand, MDA concentration was reduced with β-carotene supplementation 
at either SD100 or SD200 (Table 7). The lowest MDA concentration was 
recorded in fish fed diet supplemented with 1.0 g kg− 1 β-carotene at 
either SD100 or SD200. 

3.5. Gene expressions 

3.5.1. The relative expression level of antioxidant enzyme genes 
The relative expressions of the antioxidant enzymes CAT, SOD2, and 

GPx genes were all significantly enhanced by β-carotene at either SD100 
or SD200 (P < 0.05) (Fig. 1). The highest transcript expressions of CAT 
and SOD2 were observed in tilapia fed a diet enriched with 1.0 g kg− 1 

β-carotene at SD200 while, the highest transcript expressions of GPx was 
observed in tilapia fed a diet enriched with 0.5 g kg− 1 β-carotene at 
SD200. 

3.5.2. The relative expression level of immune response genes 
Fig. 2 shows the relative expression profiling of immune responses 

genes IL-8 and IL-1β in tilapia that were fed a diet supplemented with 
β-carotene and reared at SD100 and SD200. Tilapia raised at either SD100 
or SD200 and given a diet supplemented with 0.5 g kg− 1 β-carotene 
showed significantly increased IL-1β and IL-8 expressions, with the 
highest values in those reared at SD100 (P < 0.05). However, those raised 
at either SD100 or SD200 and fed 1.0 g kg− 1β-carotene showed decreased 
transcript expressions. 

4. Discussion 

4.1. Growth indices and feed utilization 

High stocking density reduces growth and feed intake, leading to 
lower fish production and meat quality and financial losses in aqua-
culture (Jewel et al., 2023). This also results decreased performance, 
productivity and fish health issues (Lovell, 1989; Trenzado et al., 2008; 
Kucukbay et al., 2009; Braun et al., 2010; Hoseini et al., 2020; Jewel 
et al., 2023). According to the current findings, high stocking density 
(SD200) stress in Nile tilapia reduced feed intake, body weight gain, and 
feed efficiency. This decline in growth performance may be due to 
increased energy expenditure on swimming and competition for food 
and space (Ajani et al., 2015; Fauji et al., 2018). Also, fish reared in 
SD200 had higher FCR values, indicating that they were unable to use the 
supplied diets due to chronic stress induced by increased stocking den-
sity (Rahman et al., 2016; Sachin et al., 2020). The increased energy 
demand brought on by high-density stress may be responsible for this 
increase in FCR (Ellis et al., 2002). These results are consistent with 
previous research on various species, including tilapia (Silva et al., 2000; 

Table 6 
Immune response of Nile tilapia O. niloticus fed diets containing β-carotene at 
different stocking densities for 70 days.  

Treatment β-carotene g kg− 1 

diet 
SD* C3 (mg/ 

dL) 
C4 (mg/ 
dL) 

IgM (mg/ 
dL) 

Individual treatment means†

T1 0.0 SD100 7.50ab 0.70b 7.10b 

T2 0.5 SD100 8.05a 1.00a 8.25a 

T3 1.0 SD100 8.50a 0.90a 7.20b 

T4 0.0 SD200 5.50b 0.35c 5.50c 

T5 0.5 SD200 8.90a 0.95a 8.30a 

T6 1.0 SD200 8.85a 0.95a 7.95ab 

Pooled 
±SE      

Means of the main effect‡

0.0  6.50 y 0.52 y 6.30z  

0.5  8.47x 0.97x 8.27x  

1.0  8.67x 0.92x 7.57 y   

SD100 8.01 P 0.86 P 7.51 P   

SD200 7.75q 0.75q 7.25q 

ANOVA (P-value) 
SD   0.6697 0.1594 0.2554 
BC**   0.0448 0.0044 0.0008 
SD × BC   0.1941 0.1430 0.0103 

†Treatment means represent the average values of three tanks per treatment. 
SD*: Stocking density; BC**: β-carotene. 
The Duncan multiple range test was conducted for individual means only if there 
was a significant interaction (ANOVA: P < 0.05). Means followed by the same 
letter in a column are not significantly different. 
‡Means of the main effect followed by different letters in a column are signifi-
cantly different at P < 0.05 by the Duncan multiple range test; p and q for SD 
levels and x, y and z for BC levels. 

Table 7 
Hepatic antioxidant activities (U/g protein) of Nile tilapia O. niloticus fed diets containing β-carotene at different stocking densities for 70 days.  

Treatment β-carotene g kg− 1 diet SD* MDA CAT GSH GPX SOD 

Individual treatment means†

T1 0.0 SD100 40.50a 122.50c 144.45 f 153.50e 143.80d 

T2 0.5 SD100 31.50b 281.70a 264.35d 271.00d 261.75c 

T3 1.0 SD100 27.50d 272.10b 295.65c 292.00c 385.45a 

T4 0.0 SD200 42.50a 126.50c 187.60e 153.50e 120.00e 

T5 0.5 SD200 30.50bc 281.00a 352.50b 358.00b 359.95b 

T6 1.0 SD200 28.50 cd 275.50ab 365.40a 382.50a 376.60ab 

Pooled ±SE 0.4409 1.3302 1.818 1.711 3.078 
Means of the main effect‡

0.0  41.50x 124.50z 166.02z 153.50z 131.90z  

0.5  31.00 y 281.35x 308.42 y 314.50 y 310.85 y  

1.0  28.00z 273.80 y 330.52x 337.25x 381.02x   

SD100 33.16q 225.43 234.81q 238.83q 263.66q   

SD200 33.83 P 227.66 301.83 P 298.00 P 285.51 P 

ANOVA (P-value) 
SD  0.3262 0.2800 0.0001 0.0001 0.0024 
BC**  0.0001 0.0001 0.0001 0.0001 0.0001 
SD × BC 0.2160 0.5709 0.0011 0.0001 0.0001 

†Treatment means represent the average values of three tanks per treatment. SD*: Stocking density; BC**: β-carotene 
The Duncan multiple range test was conducted for individual means only if there was a significant interaction (ANOVA: P < 0.05). Means followed by the same letter in 
a column are not significantly different. 
‡Means of the main effect followed by different letters in a column are significantly different at P < 0.05 by the Duncan multiple range test; p and q for SD levels and x, y 
and z for BC levels. 
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Ouattara et al., 2003; Tadesse, 2007; Gibtan et al., 2008), sturgeon, Huso 
huso (Rafatnezhad et al., 2008), Chinook salmon, Oncorhynchus tsha-
wytscha (Martin and Wertheimer, 1989), African catfish (Haylor, 1991), 
Arctic charr, Salvelinus alpinus (Jørgensen et al., 1993), gilthead seab-
ream, Sparus aurata (Canario et al., 1998), rainbow trout, O. mykiss (Ellis 
et al., 2002; Kucukbay et al., 2009), Atlantic cod, Gadus morhua 
(Lambert and Dutil, 2001), European seabass, Dicentrarchus labrax 
(Saillant et al., 2003), turbot, Psetta maxima (Aksungur et al., 2007), and 
juvenile Amur sturgeon, Acipenser schrenckii (Ni et al., 2014). 

β-carotene is needed for essential functions, such as the improvement 
of growth efficiency, disease resistance, and immune response which 
have a good impact on tilapia health and performance (Anbazahan et al., 

2014; Hassaan et al., 2021; Taalab et al., 2022). Thus, the present 
findings indicated that adding β-carotene to tilapia diets reared in high 
stocking density (SD200) enhanced the growth and feed utilization, with 
no significant difference compared to tilapia reared in lower stocking 
density (SD100). Likewise, our results showed that FCR improved in fish 
fed diet enriched with 0.5 or 1.0 g kg− 1 β-carotene and reared in SD100 
and SD200, indicating the ability of fish to utilize the given feed due to 
the vital effects of β-carotene. Various scenarios may be connected to 
this improvement in growth indices and feed utilization: (1) the effec-
tiveness of β-carotene in boosting stress tolerance in tilapia raised in 
high densities; (2) higher digestive efficiency, nutritional utilization, 
protein synthesis, and assimilation in fish as consequences of the 

Fig. 1. Relative expressions profiling of antioxidant enzymes: (A) catalase (CAT), (B) superoxide dismutase 2 (SOD2), and (C) glutathione peroxidase (GPX) genes in 
the liver of Nile tilapia O. niloticus fed diets containing β-carotene at different stocking densities SD100 and SD200 for 70 days. Data were normalized using β-actin as an 
internal reference gene. T1: SD100 with 0.0 g β-carotene kg− 1 diet, T2: SD100 with 0.5 g β-carotene kg− 1 diet, T3: SD100 with 1.0 g β-carotene kg− 1 diet, T4: SD200 
density with 0.0 g β-carotene kg− 1 diet, T5: SD200 with 0.5 g β-carotene kg− 1 diet, and T6: SD200 with 1.0 g β-carotene kg− 1 diet. 

Fig. 2. Relative expressions profiling of immune responses: (A) Interleukin 1β (IL-1β) and (B) Interleukin-8 (IL-8) genes in the liver of Nile tilapia O. niloticus fed diets 
containing β-carotene at different stocking densities SD100 and SD200 for 70 days. Data were normalized relative to β-actin as an internal reference gene. T1: SD100 
with 0.0 g β-carotene kg− 1 diet, T2: SD100 with 0.5 g β-carotene kg− 1 diet, T3: SD100 with 1.0 g β-carotene kg− 1 diet, T4: SD200 density with 0.0 g β-carotene kg− 1 diet, 
T5: SD200 with 0.5 g β-carotene kg− 1 diet, and T6: SD200 with 1.0 g β-carotene kg− 1 diet. 
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bioactive compounds in β-carotene that stimulate the creation of en-
zymes in fish metabolism as opposed to being stored (Gouveia et al., 
1998; Tibaldi et al., 2015; Jagruthi et al., 2014); and (3) enhancement of 
the gut flora and its potential to break down the indigestible components 
of the feed (Eroglu et al., 2022). Similar positive effects of β-carotene 
supplementation have been observed in goldfish, Nile tilapia, and 
common carp (Aravindan et al., 2001; Hu et al., 2006; Jagruthi et al., 
2014). Previous studies have shown that Nile tilapia diets containing 
S. platensis increased the growth and enhanced FCR of fish in comparison 
to the control group (Elsayed, 2012; Abu-Elala et al., 2016). Likewise, 
dietary astaxanthin increased body growth of common carp, Cyprinus 
carpio (Jagruthi, 2014). As far as we are aware, this is the first study to 
explore the potential benefits of supplementing β-carotene in the diets of 
the Nile tilapia to mitigate the negative effects of high stocking density 
on growth efficiency. 

4.2. Hemato-biochemical indices 

Recent studies have increasingly used hematological and biochem-
ical parameters to measure fish stress levels (Barton and Iwama, 1991; 
Ajani, 2008; Kavitha et al., 2012; Fazio, 2019). The need to develop 
effective health management tools for the rapidly expanding aquacul-
ture industry has renewed interest in understanding the fish body de-
fense mechanisms and using immune system parameters to determine 
stress-related alterations (Mehdi et al., 2010). In the current study, 
RBC counts and WBC differentials of Nile tilapia increased with 
increasing stocking density (SD200), irrespective of β-carotene supple-
mentation. Regardless to β-carotene supplementation, there was a slight 
decrease in hematocrit in SD200 treatments consistent with previous 
studies on various fish species such as tilapia (Bejerano, 1984), rainbow 
trout (Kebus et al., 1992), Atlantic cod (Staurnes, 1994), European 
catfish, Silurus glanis (Docan et al., 2010), and common carp, C. carpio 
(Anbazahan et al., 2014). The supplementation of 0.5 g kg− 1 β-carotene 
or 1.0 g kg− 1 β-carotene diet elevated the values of hemoglobin and 
hematocrit in tilapia raised in SD100 and SD200 compared to those fed 
unsupplemented diets. Based on the current findings, it appears that the 
hematological parameters suggest that a diet supplemented with 
β-carotene at both levels can help Nile tilapia exposed to SD200 maintain 
their homeostasis by triggering an adaptive stress response. These re-
sults may be explained by the probable role of β-carotene in promoting 
fish health by strengthening the capacity of the immune system to 
combat stress and infection by increasing immunological parameters 
including WBCs (Nakono et al., 2003; 2016). Likewise, adding 10% 
S. platensis to a fish diet was reported to raise RBC and WBC counts 
(Abdel-Tawabe et al., 2008). 

Serum ALT and AST are found in fish mitochondria and are impor-
tant indicators of digestive function and liver damage (Abdel-Tawwab, 
2016; 2023; Abdo et al., 2024). Fish exhibit higher ALT activity due to 
metabolic adjustments that counteract increases in energy demand 
caused by stress (Cho et al., 1994; Mirghaed et al., 2017). The activity of 
ALT and AST increased in fish reared in SD200 compared to those reared 
in SD100, regardless of β-carotene (P < 0.05). Nile tilapia fed a diet with 
0.5 or 1.0 g kg− 1 β-carotene had significantly lower AST and ALT ac-
tivity (P > 0.05). This could benefit the fish’s overall health and nutri-
tional state, possibly due to the production of cytokines that protect liver 
cells. Similar results were found for ALT activity in European seabass, 
Dicentrarchus labrax and characins, Hyphessobrycon callistus, when given 
diets with β-carotene supplements (Wang et al., 2006; Sallam et al., 
2017). 

The total protein content provides insight into the nutritional re-
quirements and overall state of immunological health of the animal 
(Hwang and Lin, 2002). Serum albumin levels are essential for meta-
bolism, transferring of both exogenous and endogenous metabolites, and 
other processes (Baker et al., 2002). Globulin plays a crucial role as 
carrier and transporter For living organisms (Preeti and Seema, 2014). 
In the present study, neither stocking density stress nor β-carotene 

supplementation had significant effects on TP, albumin, and growth 
hormones (P > 0.05). However, the addition of β-carotene at SD200 had a 
significant impact on these parameters,with the group fed a diet sup-
plemented with 1.0 g kg− 1 β-carotene at SD200 recording the highest 
values (P < 0.05). Similarly, Akbary et al. (2018) and Harikrishnan et al. 
(2021b) reported that dietary supplementation of Ulva rigida methanolic 
extracts (10 g/kg) to grey mullet, Mugil cephalis and rohu, Labeo rohita at 
varied amounts significantly enhanced globulin, albumin, and total 
serum protein. 

4.3. Immune response parameters 

Immunoglobulins such as IgM and complement play significant roles 
in both nonspecific and specific immunity of fish (Jang et al., 2004; Bag 
et al., 2009). The complement, which is the humoral component of the 
innate immune system is crucial for inflammatory responses, phagocy-
tosis, microbes death, breakdown of immunological complexes, and 
antibody production (Harikrishnan et al., 2011; Devi et al., 2019). The 
primary components of the complement system are macrophages, he-
patocytes, and serum complement produced by liver cells (Lambris, 
1989; Sunyer et al., 1995; Rotllant et al., 1997). Stress reactions can lead 
to a decrease in complement contents (C3 and C4) (Lambris, 1989). In 
our data, the activities of C3, C4, and IgM were decreased (P < 0.05) in 
fish reared at SD200 conditions, regardless of β-carotene supplementa-
tion. Supplementing fish diets with 0.5 g kg− 1 β-carotene diet signifi-
cantly increased the activities of C3, C4, and IgM in fish raised at either 
SD100 or SD200 (P < 0.05). This improvement in non-specific immune 
response may be due to the complement, which helps maintain the fish 
body in a state of homeostasis (Anbazahan et al., 2014; Hassaan et al., 
2021). Similar results were observed in other studies, where the 
immunological response of fish was enhanced by adding Spirulina was 
added to their diets, such as in Nile tilapia O. niloticus (Amer, 2016; 
Mahmoud et al., 2017; Yilmaz, 2019; Taalab et al., 2022) and coral trout 
Plectropomus leopardus (Yu et al., 2018). Other studies also showed 
increased serum C3, C4, and IgM in fish fed diets with carotenoid 
sources, such as Dunaliella salina and Phaffia rhodozyma for O. mykiss 
(Amar et al., 2004) and in yellow catfish P. fulvidraco fed carotenoid- 
containing diets after exposure to extreme temperature stress (Liu et al., 
2019). Additionally, O. niloticus and L. rohita given polysaccharide ulvan 
extract from Ulva clathrata showed improved immune responses (del 
Rocío Quezada-Rodríguez and Fajer-Ávila, 2017; Harikrishnan et al., 
2021a). Furthermore, dietary supplementation with carotenoid sources 
such as Lentinula edodes mushroom extract, black cumin seed oil (Nigella 
sativa), and peppermint (Mentha piperita) increased the level of immu-
noglobulins in P. olivaceus, and kutum Rutilus frisii (Pham et al., 2014; 
Adel et al., 2015). Additional research is needed to better understand 
how β-carotene boosts fish serum IgM, C3, and C4 levels. 

4.4. Hepatic-antioxidant genes biomarker 

The balance between the generation of ROS and the antioxidant 
systems can be damaged by stress, such as high stocking density in fish 
which causes ROS to be generated more rapidly (Halliwell and Gutter-
idge, 1989; Braun et al., 2010). This excessive production of ROS due to 
high stocking density can result in oxidative destruction, including 
oxidative damage and lipid peroxidation (Halliwell and Aruoma, 1991; 
Kucukbay et al., 2009). Several studies have shown that high stocking 
density causes oxidative injury in fish (Braun et al., 2010; Kucukbay 
et al., 2009; Trenzado et al., 2008). MDA is a by-product of lipid per-
oxidation and is recognized as an indication of lipid damage caused by 
ROS (Sumida et al., 1989). Therefore, the antioxidative state of fish can 
be reflected by TAC levels as well as CAT, SOD, MDA, and GSH levels. 
Adding β-carotene to the diet of high-density stressed fish resulted in a 
reduction of MDA levels and stronger activation of liver antioxidant 
enzymes (GPx, GSH, CAT, and SOD). To further understand how 
β-carotene enhances antioxidant responses, the expression of genes 
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associated with the antioxidant defense system was studied. Results 
revealed that under the stress of high stocking density, all examined 
genes (i.e., CAT, SOD2, and GPx) (Fig. 1) encoding antioxidant enzymes 
were upregulated in fish fed a 1.0 g kg− 1 β-carotene diet. The upregu-
lation of these genes may help boost the enzyme activity of these genes 
(Hou et al., 2015). Similarly, in studies by Tayag et al. (2010) and Lin 
et al. (2010), the concentration of S. platensis extract in white shrimp 
directly boosted SOD and GPx gene expressions and enzyme activities. 
Additionally, the results emphasize the importance of β-carotene in 
reducing oxidative stress and preventing lipid peroxidation in fish 
(Kiokias et al., 2018; Taalab et al., 2022; Anbazahan et al., 2014). 
Research has shown that β-carotene can help fish under high stocking 
density stress by scavenging free radicals (Edge and Truscott, 2018; 
Black et al., 2020). 

Studies have also demonstrated the effectiveness of carotenoids in 
increasing liver antioxidant enzyme activity in various of fish species 
such as H. callistus in hypoxic and normoxic conditions, as well as 
P. olivaceus, C. carpio, D. labrax, and P. fulvidraco (Pan et al., 2010; Pham 
et al., 2014; Anbazahan et al., 2014; Sallam et al., 2017; Liu et al., 2019). 
Therefore, β-carotene may provide a comprehensive defense in terms of 
the antioxidant defense system. More research is needed to fully un-
derstand the molecular mechanism by which diets containing β-carotene 
regulate the expression of antioxidant enzyme genes. 

4.5. Gene expression levels relating to immunological responses 

Inflammation is a characteristic of immunological reactions often 
caused by cytokines released by immune cells (Zhao et al., 2013). For 
the current study, two genes from fish liver tissue, which is regarded as a 
crucial organ, were selected to examine the effects of β-carotene sup-
plemented diets at different stocking densities (SD100 and SD200) on the 
relative expression of immune response genes. IL-1β and IL-8 are pro- 
inflammatory cytokine genes crucial for controlling immunological 
and inflammation responses to infections or stresses by stimulating the 
release of more cytokines (lymphocyte activation) that activate macro-
phages, natural killer cells, and lymphocytes (Low et al., 2003; 
Secombes et al., 2001; Guzmán-Villanueva et al., 2014; Dawood et al., 
2020; Anbazahan et al., 2014). Supplementing the diet with 0.5 g 
β-carotene kg− 1 diet significantly increased the transcription of IL-1β 
and IL-8 in tilapia raised at SD100. High transcription upregulation of 
IL-1β and IL-8 was found in fish raised at SD200 and fed 0.5 g β-carotene 
kg− 1 diet. When carp C.carpio, tilapia, and yellow catfish P. fulvidraco 
were fed diets containing A. platensis, the IL-1β gene expressions also 
rose (Watanuki et al., 2006; Mahmoud et al., 2018; Liu etal., 2020). The 
improvement in beneficial gut microbiota, which produces peptide an-
timicrobials and manages the inflammatory response, is possibly con-
nected to the immune-protective properties of bioactive compounds 
derived from S. platensis, such as β-carotene (Hassaan et al., 2021; 
Anbazahan et al., 2014). The effects of cytokines on fish are highly 
complicated and poorly understood. For this reason, additional research 
is required to better understand their associated mechanisms. 

5. Conclusion 

Adding β-carotene nutritional supplements to the diet of Nile tilapia 
O. niloticus can improve growth performance and regulate oxidative 
state when reared at high stocking density (SD200). Economically, up to 
1.0 g kg− 1 of β-carotene can be added to Nile tilapia diets to enhance 
growth, feed efficiency, immune response, hemato-biochemical indices, 
hepatic antioxidant enzymes, and immune and antioxidative genes 
expression. Further research is needed to understand the biotransfor-
mation, absorption, and detection of carotenoid metabolites in the fish 
body. 
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Aquac. Res. 34, 1223–1229. 

Pan, C.H., Chien, Y.H., Wang, Y.J., 2010. The antioxidant capacity response to hypoxia 
stress during transportation of characins (Hyphessobrycon callistus Boulenger) fed 
diets supplemented with carotenoids. Aquac. Res. 41, 973–981. 

Peskin, A.V., Winterbourn, C.C., 2000. A microtiter plate assay for superoxide dismutase 
using a water-soluble tetrazolium salt (WST-1). Clin. Chim. Acta 293 (1–2), 
157–166. 

Pham, M.A., Byun, H.G., Kim, K.D., Lee, S.M., 2014. Effects of dietary carotenoid source 
and level on growth, skin pigmentation, antioxidant activity and chemical 
composition of juvenile olive flounder Paralichthys olivaceus. Aquaculture 431, 
65–72. 

Preeti, M., Seema, G., 2014. Modulatory effect of eclipta alba on biochemical parameters 
of catfish, Clarias. batrachus. World J. Pharm. Res. 3 (4), 1223–1233. 

Rafatnezhad, S., Falahatkar, B., Gilani, M.H.T., 2008. Effects of stocking density on 
haematological parameters, growth and fin erosion of great sturgeon (Huso huso) 
juveniles. Aquac. Res. 39 (14), 1506–1513. 

Rahman, M.M., Mondal, D.K., Amin, M.R., Muktadir, M.G., 2016. Impact of stocking 
density on growth and production performance of monosex Tilapia (Oreochromis 

M.A. Elashry et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref68
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref68
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref68
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref69
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref69
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref70
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref70
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref70
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref70
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref71
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref71
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref71
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref72
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref72
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref72
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref73
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref73
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref74
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref74
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref75
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref75
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref75
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref75
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref75
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref76
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref76
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref76
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref76
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref77
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref77
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref77
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref78
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref78
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref78
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref78
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref79
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref79
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref79
https://doi.org/10.1016/j.aqrep.2022.101428
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref81
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref81
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref81
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref82
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref82
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref82
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref82
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref83
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref83
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref83
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref84
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref84
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref84
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref85
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref85
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref85
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref85
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref86
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref86
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref87
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref87
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref87
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref88
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref88
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref88
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref89
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref89
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref90
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref90
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref90
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref90
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref91
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref91
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref91
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref91
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref92
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref92
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref92
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref92
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref93
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref93
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref93
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref93
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref94
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref94
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref95
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref95
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref95
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref96
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref96
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref96
https://doi
https://doi
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref98
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref98
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref98
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref98
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref99
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref99
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref100
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref100
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref100
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref101
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref101
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref101
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref102
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref102
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref102
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref102
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref103
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref103
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref103
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref103
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref104
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref104
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref104
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref104
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref104
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref105
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref105
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref105
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref105
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref106
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref106
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref107
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref107
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref107
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref107
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref108
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref108
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref108
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref108
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref109
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref109
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref109
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref110
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref110
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref110
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref111
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref111
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref111
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref111
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref112
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref112
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref112
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref112
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref112
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref113
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref113
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref113
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref114
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref114
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref114
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref115
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref115
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref115
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref115
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref116
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref116
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref117
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref117
http://refhub.elsevier.com/S2352-5134(24)00075-9/sbref117


Aquaculture Reports 35 (2024) 101987

12

niloticus) in Ponds. Asian J. Med. Biol. Res. 2, 471–476. https://doi.org/10.3329/ 
ajmbr.v2i3.30120. 

Rawling, M.D., Merrifield, D.L., Davies, S.J., 2009. Preliminary assessment of dietary 
supplementation of Sangrovit® on red tilapia (Oreochromis niloticus) growth 
performance and health. Aquaculture 294, 118–122. 

Reitman, A., Frankel, S., 1957. Determination of aspartate glutamic aminotransferase 
and alanine aminotransferase. Am. J. Clin. Pathol. 28, 56. 
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