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ABSTRACT
Background: Bile acids (BAs) are made from cholesterol in the liver and are then coupled with taurine or glycine 
before being expelled by the hepatocyte. BAs are very important for the emulsification of dietary fat for easy nutrient 
absorption processes.
Aim: The aim of this study is to investigate the effects of dietary BA supplementation and dietary fat percent on the 
growth performance, morphology of the intestine, immune-physiological responses, and transcriptomic responses of 
Nile tilapia (Oreochromis niloticus). 
Methods: Using diets containing three different inclusion levels of fat (5%, 7%, and 9%) with or without BA 
supplementation (0.4 g/kg), fish were fed for 90 days. 
Results: BA supplementation significantly (p < 0.05) improved growth performance and feed utilization, with fish-fed 
BA-supplemented diets exhibiting higher final weight (FW), weight gain (WG), and feed conversion ratio. Dietary fat 
levels also significantly affected growth performance, with higher fat levels leading to higher FW, WG, and specific 
growth rate. BA supplementation also positively (p < 0.05) affected intestinal morphology, immune response, and 
antioxidant capacity. Fish-fed BA-supplemented diets had higher intestinal villus height, lysozyme activity, superoxide 
dismutase (SOD) and catalase (CAT) activities, and lower malonaldehyde concentration. Gene expression analysis 
revealed that BA supplementation upregulated (p < 0.05) the expression of antioxidant-related genes (SOD, glutathione 
peroxidase, and CAT, growth-related genes (GHr1 and insulin growth factor 1), and intestinal mucin gene (MUC2) 
while downregulating (p < 0.05) the expression of fatty acid synthase and pro-inflammatory genes (interleukin 1β and 
tumor necrosis factor alpha). 
Conclusion: BA dietary supplementation accompanied with 7% fat can be a valuable tool for improving Nile tilapia’s 
growth performance, feed utilization, intestinal health, immune function, and antioxidant capacity.
Keywords: Bile acid, Fat, Growth, Immune-oxidative response, Oreochromis niloticus.

Introduction
The State of World Fisheries and Aquaculture reported 
that there was an increase in total aquaculture production 
by 4.4% in 2022 compared to 2020. Furthermore, the 
2022 production reached up to 223.2 million tonnes 
from which 185.4 million tonnes were finfish and 
shellfish and the rest was algae (FAO Report, 2024). 
The rapid growth of aquaculture has led to an increased 
demand for protein sources in feed production. In 
addition to providing energy, lipids and carbohydrates 
also have a “protein-sparing” impact (Arenas et  al., 
2021). However, consuming excessive amounts of fats 

and carbohydrates in the diet can result in the buildup 
of fat in the liver, impair the body’s antioxidant and 
immune functions, and impact the growth and quality 
of meat in farmed fish (Ahmedou et al., 2025). 
Dietary lipids are crucial in fish feed due to their 
importance as the main energy source and provider of 
critical fatty acids (Ding et  al., 2020). Several studies 
have shown a correlation between high-lipid diets and 
enhanced fish growth (Boujard et  al., 2004; Martins 
et al., 2007). Recently, there has been an increased use 
of high-lipid diets in different aquaculture systems and 
advanced fish farming techniques for cost-efficiency, 
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indicating potential benefits for improving protein 
utilization and maximizing nitrogen retention in fish 
(Boujard et al., 2004). This may be attributed to bile acid 
(BA), which can promote the synthesis of healthy lipids 
and reduce abnormal lipid accumulation (Borges et al., 
2009; Li and Apte, 2015). On the other hand, Lee et al. 
(2002) and Tibbetts et al. (2005) stated that providing 
farmed fish with a high-fat diet for a long time can 
disturb their lipid metabolism, leading to unfavorable 
effects on their growth and physiological well-being.
The liver is where BAs are first produced; they are 
physiological deodorants. As molecular signals, 
they can control energy metabolism and state of 
health in addition to accelerating the absorption and 
transportation of lipid and lipid-soluble nutrients (Wang 
et al., 2023a,b). Cholic acid and cyprinol are the most 
common BAs and alcohols, respectively. Bile consists 
of amphipathic molecules produced in the liver from 
cholesterol and kept in the gallbladder. Bile contains 
smaller quantities of fats (0.4%–0.5%), including 
phospholipids, cholesterol, and fatty acids. Biliverdin 
and bilirubin are responsible for the yellowish-to-green 
color of bile (Hofmann et al., 2010). Bile is discharged 
into the beginning of the intestine and works as a 
surfactant by breaking down lipids into micelles. By 
increasing the number of locations where lipase can 
break down lipid molecules, digestion is enhanced 
(Liu et al., 2024). Furthermore, the activation of “bile-
salt activated lipase”, which exhibits a broad substrate 
specificity, is dependent on the presence of bile 
(Romano et al., 2020). Bile also improves the uptake 
of other fat-soluble nutrients such as carotenoids, 
astaxanthin, and vitamins A, D, E, and K (Sallam et al., 
2017). In addition, bile assists in removing harmful 
substances such as cholesterol and other metabolites 
that can be dangerous if they accumulate, especially 
bilirubin, a byproduct of hemoglobin (Hb) breakdown 
in old red blood cells (RBCs) (Hofmann et al., 2010). 
BAs are synthesized from cholesterol in the liver and 
then conjugated with taurine or glycine before being 
excreted by the hepatocyte (Yeo et  al., 2023). One 
of the most important tasks carried out by BAs is the 
movement of cholesterol in bile from the hepatocyte 
to the intestinal lumen for elimination (Vourakis et al., 
2021). BAs play important roles in manipulating the 
gut microbiota, as well as in the absorption of lipids 
and fat-soluble vitamins, and nutrient digestion (Zhao 
et al., 2024). Therefore, in the 1980s, BA was used as a 
powerful emulsifying agent and approved as a common 
feed additive in 2014 in the field of aquaculture for 
its strong antioxidant, immunostimulant, growth-
promoting, and physiological modulator of various 
body functions (Romano et al., 2020).
Because of its prompt growth and strong ability to 
survive, Nile tilapia has become a significant freshwater 
species in semi-intensive aquaculture systems globally 
(Ponzoni et al., 2011). Lowering production costs and 
increasing profitability for this fish has been achieved 

by creating cost-effective feed using alternative 
ingredients such as soybean meal, cottonseed meal, 
rapeseed meal, or unconventional protein sources such 
as meat and bone meal, blood meal, and feather meal, 
along with plant seed oil (El-Naggar et  al., 2021). 
Therefore, a crucial obstacle for the feed sector is to 
enhance the growth performance and health of Nile 
tilapia feed (Jiang et al., 2018; Elkaradawy et al., 2022). 
Hence, the objective of this research was to assess the 
effects of BA and fat percentage dietary supplements 
on growth performance, body composition, blood 
health, immune response, antioxidant capacity, 
transcriptomic response, liver histomorphology, and 
intestine morphometry in Nile tilapia.

Materials and Methods
Fish husbandry 
The Nile tilapia (Oreochromis niloticus) used in this 
research was obtained from the New Hope Egypt 
Aquatic fish farm located in the Baltem district of Kafr 
El-Sheikh governorate, Egypt. Fish were housed in 
concrete tanks for a period of two weeks to acclimate 
to the specific conditions of the ponds, including a 
temperature of 26.48°C ± 1.07°C, pH of 7.8 ± 0.31, 
dissolved oxygen (DO) levels at 7.55 ± 0.74 mg/l, and 
total ammonia nitrogen (TAN) at 0.045 ± 0.006 mg/l. 
The duration of light and dark periods was adjusted to 
12 hours each in the photoperiod; 2,700 fish, weighing 
an average of 30 ± 1.069 g each, were randomly placed 
in triplicates in a 21 m3 concrete pond (7×3×1 m) at a 
rate of 150 fish per each pond. The fish were placed 
haphazardly among 18 cement ponds. Every pond had 
access to a constant supply of aeration provided by air 
stones. Approximately 30% of the pond’s water volume 
was refreshed every 2 days to maintain a consistent 
water level. Fish were given experimental diets until 
they were full twice a day at 8:00 and 14:00 for a 
period of 90 days. The uneaten food in every pond was 
gathered, dried, and measured following each feeding. 
Fish that died in every pond were promptly gathered 
and the daily mortality data were reported.
Experimental design and diet preparation
The research included two sets of variables: one 
control group (C) and one experimental group (BA). 
The control group was divided into three additional 
subgroups, each given a standard diet with different fat 
levels (5%, 7%, and 9%) and 0 g BA. More precisely, 
sub-group C1 was given a basal diet containing 5% 
fat and 0 g BA, sub-group C2 was given a basal diet 
containing 7% fat and 0 g BA, and sub-group C3 was 
given a basal diet containing 9% fat and 0 g BA. The 
ingredients and composition of each feed type are 
reported in Table 1. The study used BA from Shangdong 
Longchang Animal Health Product Co., Ltd., in Jinan, 
China, with a purity level of 30%. The BA mixture 
included 17% CDCA, 77% HDCA, and 5% CA. 
Conversely, the control group was given a basic diet 
with matching fat levels (5%, 7%, and 9%), along with 
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an extra 0.4 g/kg of BA supplementation. This group 
was further categorized into three sub-groups: BA1 got 
a basal diet with 5% fat and 0.4 g/kg BA; BA2 got a 
basal diet with 7% fat and 0.4 g/kg BA; and BA3 got a 
basal diet with 9% fat and 0.4 g/kg BA. There are three 
replicates for each subgroup.
Fish growth performance, feed utilization efficiency, 
and biometric indices
To assess the growth of the fish, they were caught with 
appropriate nets after 90 days and sedated with clove 
oil (Merck, Germany, 50 μl/ l). The fish’s final weight 
(FW) was determined by individually weighing each 
one. Each fish’s total length (l) was measured with a 
measuring board from the front tip of the mouth to the 
extended tip of the tail fin. The growth performance 
was evaluated, and feed utilization, as well as biometric 
indices, was determined in the following manner: 
The formula for body weight gain (BWG) is calculated 

by subtracting the initial body weight (W0) from the 
final body weight (W1). The formula for weight gain 
rate (WG %) is equal to the difference between the FW 
(W1) and the initial weight (W0), divided by the initial 
weight (W0) and multiplied by 100. Specific growth rate 
(SGR % /day) = 100 × (lnW1−lnW0) / the experimental 
period (days). Protein efficiency ratio is calculated as 
the ratio of weight gain (in grams) to protein intake (in 
grams). The formula for feed conversion ratio (FCR) 
is equal to feed intake (in grams) divided by BWG (in 
grams). The condition factor (K) = 100 × (W1/l3).
Blood sampling and separation of the serum
At the end of the experiment, blood samples were 
collected from the caudal vein of 15 fish in each 
experimental group and stored in vacuum tubes. Two 
clean tubes were used for collecting the obtained 
blood. The first type was designed for hematological 
testing and included ethylenediaminetetraacetic acid 

Table 1. Composition and chemical analysis of experimental basal diets.

Ingredients C1 C2 C3
Brocken rice 140 140 140
Wheat middling 80 80 80
Soft rice whole powder 77.8 60.8 40.8
Soft wheat bran 80 --- ---
Rice bran 30 120 120
Soya oil 10 17 37
Chicken meat meal (55% CP) 110 110 110
Soybean meal (46% CP) 350 350 350
Dried distillers grain solids (DDGS) 70 70 70
Corn gluten meal (60% CP) 30 30 30
Monocalcium phosphate (22.7%) 15 15 15
Lysine (98.5%) 1.2 1.2 1.2
DL-methionine (99%) 0.4 0.4 0.4
Choline chloride (60%) 2 2 2
Butylated hydroxytoluene (10%) 0.2 0.2 0.2
Vitamin C (35%) 0.4 0.4 0.4
1Mineral premix 0.2% 2 2 2
2Vitamin premix 0.1% 1 1 1
Proximate composition (%) 
°Moisture % 10.64 10.32 10.15
°Crude protein % 30.16 30.18 30.18
°Fat % 5 7 9
°Fiber % 8.3 7.56 6.68
°Ash % 7.47 7.43 7.11

1Mineral premix (g/kg premix): manganese 7.5, magnesium 12, zinc 16, iron 42, cupper 2.5, iodine 0.5, 
selenium 0.15, cobalt 0.075, calcium carbonate carrier up to 1.
2Vitamin premix (g or IU/kg premix): VA 900000, VD3 3000000, VE 80, VK3 6, VB1 9.6, VB2 12, VB6 15, 
VB12 0.02, VB3 40, VB5 36, folic acid 5.76.
The premixes are provided by New Hope, Singapore Premix Pte Ltd.
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as an anticoagulant. The second type included tubes 
without anticoagulant that were used for collecting 
blood serum. Following a 15 minutes centrifugation 
at 4°C and 3,000 rpm using an Eppendorf centrifuge 
(SIGMA 4-16 K refrigerated centrifuge, Sigma 
Laborzentrifugen, Germany), the serum supernatant 
was separated and preserved in plastic Eppendorf tubes 
at −20°C for further examination.
Hematological analysis
Thrall et  al. (2004) employed a method to assess 
the overall white blood cell (WBC) and RBC count, 
Hb content through the cyanomet Hb method with 
Drabkin’s solution, and packed cell volume (PCV) 
using the microhematocrit method. Differential 
leukocytic count (lymphocyte, heterophil, and 
monocyte) was determined by preparing thin blood 
films, drying them in air, fixing with methanol for 3–5 
minutes, staining with Gimsa stain for 8–10 minutes, 
and finally allowing to dry. One hundred WBCs were 
counted in every blood smear as described by Thrall 
et al. (2004).
Serum biochemical analysis
Aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) levels were measured via the 
colorimetric method at 540 nm using kits following the 
manufacturer’s instructions (Reitman and Frankel, 1957). 
Serum urea and creatinine levels were measured using 
the colorimetric method with commercially available kits 
(Heinegård and Tiderström, 1973). Serum triglyceride 
and total cholesterol levels were assessed using the GPO-
PAP and CHOD-PAP methods with commercial clinical 
kits as per the manufacturer’s instructions. Trinder (1969) 
stated that serum glucose levels were assessed by using 
commercially available glucose enzymatic PAP kits from 
Bio-Merieux, France. Protein and albumin levels were 
analyzed using the method outlined by Doumas et  al. 
(1981). Mathematical calculation was used to determine 
the level of globulin in the sample.
Digestive enzymes activity
As per the manufacturer’s guidelines, diagnostic 
reagent kits from Cusabio Biotech Co., Ltd., Wuhan, 
Hubei, China, were used to assess the digestive 
enzyme activity in serum (9 fish/ group). The functions 
of the digestive enzymes (lipase and amylase) were 
investigated following the methods described in Abdel-
Tawwab et  al. (2018). Moss and Henderson (1999) 
conducted colorimetric tests for lipase and amylase 
activity at 660 and 580 nm, respectively.
Antioxidant capacity	
The activity of catalase (CAT), superoxide dismutase 
(SOD), and malondialdehyde (MDA) levels were 
assessed in the serum of nine fish per treatment using 
ELISA kits. Specific kit for each enzyme (CAT, 
SOD, and MDA kits) from Inova Biotechnology, 
China, was used for the estimation of each specific 
enzyme following the manufacturer’s instructions. A 
microplate ELISA reader (BIO-RAD 680 Microplate 
Reader) at a wavelength of 450 nm was used to read 

and interpret data following the protocol described by 
Abdel-Tawwab et al. (2018).
Immune response
To examine how BA and fat percentage in diet impact 
the immune response of fish, nine fish per treatment 
were selected at random way for this study. As per 
the technique outlined by Demers and Bayne (1997), 
serum lysozyme activity was measured using ELISA at 
450 nm using a microplate ELISA reader.
Histological observation
To conduct histopathological examination, tissue 
samples from the anterior, middle, and posterior parts 
of the intestine, along with the hepatopancreas, were 
collected from five fish per treatment while under 
deep anesthesia induced by 40% ethyl alcohol. The 
specimens were immersed in a 10% formaldehyde 
solution for 24–48 hours and subsequently dried out 
with increasing levels of ethyl alcohol (from 70% to 
pure alcohol). The dried specimens were clarified 
using xylene and encased in paraffin wax. Sections 
measuring 4–5 µm were stained with hematoxylin and 
eosin (H&E) for histopathological and morphometric 
analysis as described by Moustafa et  al. (2020). 
Two pathologists carried out the evaluation of 
histopathological liver lesions. Intestinal villi length 
and width, as well as crypt depth, were assessed with 
image analysis software (NIH, Bethesda, MD).
RNA extraction, cDNA synthesis, and quantitative real-
time PCR
RNA extraction was conducted according to the 
manufacturer’s instructions with the TRIzol reagent. 
The RNA was converted into cDNA through reverse 
transcription with the MultiScribe RT enzyme kit. 
The cDNA was analyzed using real-time triplication 
Polymerase Chain Reaction (PCR) with Power SYBR 
Green PCR Master Mix on a 7,500 Real-Time PCR 
System from Applied Biosystems in Foster City, 
California, USA. To compare the mRNA expression 
fold changes of various genes, the Ct values of the target 
genes were compared with those of a control sample. 
Normalization of the fold change was conducted with 
respect to the housekeeping gene β-actin expression. 
The researchers used the 2-∆∆Ct method, where they 
compared the Ct values of the target gene to the 
β-actin housekeeping gene (Livak and Schmittgen, 
2001). Table 2 presents the primer sequences and gene 
accession number used in the research.
Water quality analysis
Both the OxyGuard handy Polaris DO and temperature 
meter and the HACH PHC725-pH meter were used 
to monitor DO, temperature, and pH levels in each 
pond twice per day (9 am and 4 pm). With a portable 
photometer (Martini MI 405), samples of water (20 ml) 
were collected from the middle point of each pond in 
order to determine the TAN once per day (1 pm). 10 
ml of the water sample was used in the measurement 
of TAN in the photometer glass tube with the addition 
of five drops of Nessler reagents A and B. The reaction 
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takes place within 3 minutes and the value of TAN could 
be obtained from the photometer monitor. Unionized 
ammonia (UIA) was calculated mathematically with 
reference to pH and temperature values for each 
measurement (https://www.svl.net/unionized-amonia-
calculator/).
Statistical analysis
The normality of the data was assessed, and it was 
validated through analysis of the residuals. Percentage data 
were processed after applying an arcsine transformation. 
Graph Pad Prism 6 (Graph Pad Prism v6.0, San Diego, 
CA) was used to conduct statistical analysis of the data. 
Two-way ANOVA was used to compare the main impacts 
of fat percentage and BA. Tukey’s multiple comparison 
test was used to analyze the interaction of the two factors 
in cases where it was relevant. The significance level was 
determined as p <0.05.
Ethical approval
The Institutional Aquatic Animal Care and Use in 
Research Committee at the Faculty of Aquatic and 
Fisheries Sciences, Kafrelsheikh University, Egypt 
reviewed and approved the protocol for this study 
(approval number: IAACUC-KSU-0161-2022).

Results
Fish growth performance, feed utilization efficiency, 
and biometric indices
Fish that were given diets with BA supplementation 
showed significantly higher FW and WG compared 
to the control group (p < 0.05). Likewise, an elevated 
fat diet led to increased FW and WG. There was a 
noteworthy interaction detected between dietary fat level 
and BA supplementation (p < 0.05). Dietary fat levels 
significantly affected SGR, while BA supplementation 
did not have a significant impact. BA supplementation 
and dietary fat levels both had a significant impact on 
feed intake (p < 0.05), showing increased intake in 
diets with BA supplementation and higher fat levels 
(Table 3). It is noteworthy that fish given the control 
diet containing 5% fat exhibited a notably higher 
viscerosomatic index (VSI), hepatosomatic index 
(HSI), and final length (FL) compared to fish fed diets 
containing 7% and 9% fat (p < 0.05) (Table 4). There 
was no significant variation (p > 0.05) in the condition 
factor (K) between the different treatment groups.

Table 2. The sequences of applicable primers used for real-time q-PCR investigation of gene expression.

Target 
gene Forward Reverse Accession 

number Ref

β-actin CAGCATCATGAAGTGCGACG ACTCCTGCTTGCTGATCCAC KJ126772 (Qiang et al., 
2014) 

GHr1 ACATCATCAGCCCGATCGAC TCAGCAGCAAGATTCCCGTT AY973232.1 (Hassaan et al., 
2015)

SOD TCACAGCAAGCACCATGCTA GCAACCTGTGTTGTCACGTC JF801727 (Hassaan et al., 
2015)

IL-8 ATTGTCAGCTCCATCGTGGT TTAGGATCTGCTGGACATGATCT NM_001279704.1 (Yilmaz et al., 
2020)

IL-1β TCTGGGCATCAAAGGCACAA TCGCTTTCAGCGCTTATCCT KF747686.1 (Qiang et al., 
2014)

IGF1 GCAGATTGCTGATGGCATGG TCATTCCGAAGTCGCCGAT EU272149.1 (Abo-Raya et al., 
2021)

MUC2 CAACTGTTTTTGAGA-
CAACTTCAGA

CTGAAGTGACCGTGGAAGG XM_025902524.1 (Wang et al., 
2023a,b)

GPx GTGCCCTGCAATCAGTTTGG CGAGGAGCTGGAACTTTGGT GQ853451 (Aanyu, 2016)
TNF-α ACAAGGCCAGAAAGGATGAC GCCAGTGTTCTTCGCCTTTA AY428948.1 (Qiang et al., 

2016)
CAT AGCTCTTCATCCAGAAACGC GACGTCAGGCGTCACATCTT JF801726 (Abdo et al., 

2022)
FAS CAGCCACAGTGAGGTCATCC TGAGGACATTGAGCCAGACAC GU433188 (El-Kassas et al., 

2020)
LPL GGACGCTTGAAGTTGCACTC CAGCAAATCTCATATGTGTCCAGT FJ623077 (El-Kassas et al., 

2020)

CAT = catalase; FAS = fatty acid synthase; GHr1 = growth hormone; GPx = glutathione peroxidase; IGF1 = insulin growth factor 1; IL-8 = 
interleukin -8; IL-1 β = interleukin -1 beta; LPL = lipoprotein lipase; MUC2 = mucin 2; SOD = superoxide dismutase and TNF-α = tumor 
necrosis factor-alpha.
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Hematological analysis
The research investigated how different levels of dietary 
fat and supplementation of BA affect the hematological 
parameters of fish. The outcomes are displayed in Table 
5. Findings indicated that fish given a diet containing 
7% fat displayed notably elevated levels of RBCs, 
Hb concentration, PCV, and WBCs compared to the 
control group, with a statistical significance (p < 0.05). 

Nonetheless, there were no significant differences 
(p > 0.05) in lymphocyte, neutrophil, or monocyte 
proportions across any of the treatment categories.
Serum biochemical analysis
The research investigated how dietary fat levels and 
BA supplementation affect the serum biochemical 
parameters of fish. The findings revealed that fish given 
a diet with 7% fat supplemented with BA had notably 

Table 3. Growth performance and feed utilization efficiency of Nile tilapia feed different fat percentage with or without BA for 90 
days.

IW (g) FW (g) WG (g) SGR (%/day) Total FI (g) FCR SR (%)
Control
Fat 5% 40.18a 141.9a 101.7a 2.103a 14951a 1.066a 94.22
Fat 7% 39.96a 141.9a 102.0a 2.113a 15466a 1.147a 91.56
Fat 9% 40.36a 145.3a 104.9a 2.134a 15776a 1.121a 92.44
BA
Fat 5% 40.67A 146.6B 105.9B 2.137B 15517A 1.103B 91.78
Fat 7% 40.24A 149.5A 109.3A 2.187A 15164A 1.022A 93.11
Fat 9% 40.50A 146.2B 105.7B 2.140B 15099A 1.067B 92.22
SEM 0.386 1.780 1.783 0.025 163.4 0.015 1.419
p-value
control 0.401 0.397 0.319 0.242 0.224 0.579 0.747
BA 0.178 0.002 0.004 0.012 0.154 0.001 0.655
interaction 0.819 0.042 0.048 0.153 0.001 0.001 0.154

Means within a column and effect that lack common superscripts differ significantly (Tukey’s multiple comparison test, p ≤ 0.05). 
FCR = feed conversion ratio; FI = feed intake; FW = final weight; IW = initial weight; SEM = standard error of the mean; SGR = specific growth 
rate; SR = survival rate and WG = weight gain.

Table 4. Biometric indices of Nile tilapia feed different fat percentage with or without BA for 90 days.

VSI HSI FL (cm) K (CF)
Control
Fat 5% 9.872a 3.232 16.90 2.943
Fat 7% 8.063b 2.692 17.13 2.830
Fat 9% 9.368ab 3.071 17.47 2.728
BA
Fat 5% 8.759 2.717 17.53B 2.722
Fat 7% 8.814 3.281 17.83A 2.650
Fat 9% 8.003 2.891 17.50B 2.777
SEM 0.496 0.284 0.328 0.143
p-value
control 0.049 0.998 0.425 0.612
BA 0.053 0.832 0.023 0.165
interaction 0.009 0.029 0.301 0.366

Means within a column and effect that lack common superscripts differ significantly (Tukey’s multiple comparison test, 
p ≤ 0.05). 
FL = final length; HSI = hepatosomatic index; K = condition factor; SEM = standard error of the mean and VSI = 
visceralsomatic index. 
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elevated levels of total protein (TP), albumin, and 
ALT activity (p < 0.05). Still, there were no significant 
differences (p > 0.05) observed in globulin, AST 
activity, creatinine, glucose, cholesterol, or triglyceride 
levels. The control diets showed elevated glucose 
levels, decreased cholesterol levels, and reduced 
triglyceride levels. There were no notable variations (p 
> 0.05) in levels of creatinine, glucose, cholesterol, or 
triglycerides across the treatment groups. The findings 
are shown in Table 6.

Digestive enzymes activity
This research explored how the activity of digestive 
enzymes in O. niloticus is affected by different levels 
of dietary fat and supplementation with BA. Figure 1A 
and B displays the findings. Fish that were given the 
BA-supplemented diet with 5% fat showed a notably 
higher level of amylase activity (Fig. 1A) compared 
to all other groups (p < 0.05). Fish fed the control 
diet containing 5% fat showed a significantly higher 
amylase activity compared to the group fed the control 

Table 5. Hematological analysis of Nile tilapia feed different fat percentage with or without BA for 90 days.

RBCs 
(×106/ mm3) Hb (g/dl) PCV 

 (%)
WBCs  

(×103/ mm3)
Lymphocytes 

(%)
Neutrophils 

(%)
Monocytes 

(%)
Control
Fat 5% 2.017b 9.463a 28.67a 115.9a 28.67 58.67 6.600
Fat 7% 2.363a 10.13ab 26.33b 112.5a 30.00 60.00 7.300
Fat 9% 1.997b 9.267a 29.33a 102.0b 31.67 59.33 7.533
BA
Fat 5% 2.158B 10.09B 28.17 114.3 30.33 60.17 6.883
Fat 7% 2.433A 10.70A 26.67 119.1 30.00 62.00 7.567
Fat 9% 1.990B 9.723B 29.00 108.6 30.33 61.33 7.500
SEM 0.069 0.369 0.857 4.216 1.953 1.785 0.593
p-value
control 0.001 0.005 0.001 0.002 0.549 0.462 0.145
BA 0.099 0.015 0.739 0.123 0.922 0.085 0.618
interaction 0.334 0.948 0.769 0.303 0.559 0.974 0.914

Means within a column and effect that lack common superscripts differ significantly (Tukey’s multiple comparison test, p ≤ 0.05). 
PCV = packed cell volume; RBCs = red blood cells; SEM= standard error of the mean and WBCs = white blood cells.

Table 6. Serum biochemical analysis of Nile tilapia feed different fat percentage with or without BA for 90 days.

TP

(gm/dl)
Albumin 
(gm/dl)

Globulin 
(gm/dl)

AST 
(IU/l)

ALT 
(IU/l)

Creatinine 
(mg/dl)

Glucose 
(mg/dl)

Cholesterol 
(mg/dl)

Triglycerides 
(mg/dl)

Control
Fat 5% 3.633ab 1.767a 1.867 164.3 19.00b 0.357 55.67b 167.0 229.0
Fat 7% 3.733a 1.600b 2.133 170.7 20.33b 0.366 58.00a 172.7 223.7
Fat 9% 3.533b 1.700a 1.833 176.0 22.00a 0.365 60.33a 176.3 241.7
BA
Fat 5% 3.667 1.733B 1.933 168.3 18.83 0.387 55.33A 171.8 199.2A

Fat 7% 4.067 2.133A 1.933 172.0 20.00 0.384 47.67B 172.7 190.3B

Fat 9% 3.600 1.567C 2.033 174.0 20.67 0.378 59.67A 176.7 202.3A

SEM 0.165 0.105 0.208 5.335 1.245 0.020 3.397 3.709 8.418
p-value
Control 0.021 0.014 0.644 0.086 0.035 0.964 0.019 0.038 0.056
BA 0.137 0.043 0.854 0.731 0.402 0.091 0.044 0.428 0.001
Interaction 0.382 0.001 0.394 0.730 0.775 0.849 0.077 0.594 0.725

Means within a column and effect that lack common superscripts differ significantly (Tukey’s multiple comparison test, p ≤ 0.05).  
ALT = alanine aminotransferase; AST = aspartate aminotransferase; SEM= standard error of the mean and TP = total protein.
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diet with 9% fat (p < 0.05). Fish that were fed the BA-
supplemented diet containing 7% fat had noticeable 
higher levels of lipase activity (Fig. 1B) compared to 
all other groups (p < 0.05).
Antioxidant capacity
This research investigated how different levels of 
dietary fat and dietary inclusion of BA affect the 
antioxidant capacity of O. niloticus. The findings are 
displayed in Figure 2A–C. Fish fed a diet containing 
5% fat and BA supplement showed significantly higher 
SOD activity compared to the control group with 7% 
fat (p < 0.05). Fish fed diets containing 5% and 7% 
fat supplemented with BA showed significantly lower 
MDA concentration compared to the control group 
with 5% fat (p < 0.05). Fish fed diet with 5% fat and 
BA supplementation had significantly higher CAT 
activity than the control group with 9% fat (p < 0.05).
Immune response
This research analyzed how different levels of dietary 
fat and the addition of BA impact lysozyme activity 
in O. niloticus (Fig. 3). Fish fed the diet with 7% 
fat supplemented with BA had significantly higher 
lysozyme activity compared to all other groups (p < 
0.05). 
Histological observation
The liver parenchyma of fish of all groups is primarily 
composed of polyhedral hepatocytes with central nuclei 
with glycogen and fat deposition. The hepatocytes were 
radiating from the central vein in a fan-shaped pattern. 
The hepatic sinusoids are lined with endothelial cells 
forming a very thin cytoplasmic sheet. The exocrine 
pancreatic tissue consists of clusters of pyramidal 
cells organized in acini. The pancreatic cells have a 
dark basophilic cytoplasm, distinct basal nuclei, and 
many large eosinophilic zymogen granules. The liver 
of all groups showed steatosis which ranged from 

mild degrees in the BA1, BA2, and BA3 groups to 
severe steatosis and vacuolation in the C3 group. The 
hepatocytes of the C1, C2, and C3 groups appeared 
swollen (Fig. 4). The scoring of histopathological 
lesions was summarized in Table 7. An analysis of 
the intestine’s tissue showed that a layer of simple 
columnar epithelium with goblet cells lines the 
intestinal wall, while the core of intestinal villi consists 
of loose connective tissue with a lamina muscularis and 
tunica serosa on the exterior. The length and branching 
of intestinal villi were markedly noticed in BA2, BA3, 
C3, BA1, C1, and C2 groups, respectively, especially in 
the anterior, middle, and posterior parts of the intestine 
as displayed in Figures 5–7. The data of morphological 
analysis of different parts of the intestine are presented 
in Table 8.
Transcriptomic response 
The mRNA gene expression of genes linked to 
antioxidants, the BA supplementation groups in 
contrast to the control groups (C2 and C3), BA2, and 
BA3 showed significant hepatic overexpression of 
SOD, glutathione peroxidase (GPX), and CAT. BA2 
group fed a diet containing 7.0% fat and 0.4 mg/kg BA 
had the highest value (p < 0.05), while BA1 showed 
lower mRNA levels of SOD, GPX, and CAT than the 
control group (C1) (p < 0.05) (Fig. 8). Additionally, 
as shown in Figure 9, the growth-related genes growth 
hormone (GHr1) and insulin growth factor 1 (IGF1) 
were significantly upregulated in the BA2 and BA3 
groups supplemented with 7.0% and 9.0% fat and 0.4 
mg/kg BA compared to the control groups (C2 and 
C3) (p < 0.05). In contrast, BA1 showed lower mRNA 
levels of GHr1 and IGF1 than the C1 group (p < 0.05). 
Genes associated with lipid metabolism showed that 
the control groups (C1, C2, and C3) had significantly 
greater levels of fatty acid synthase (FAS) mRNA 

Fig. 1. Effects of dietary lipid levels and BA on digestive enzymes activity in O. niloticus. Where amylase (A) and 
lipase (B). Data are presented as the means ± SEM. Different letters above the bars denote significant differences 
among the groups at the (p < 0.05. Bars bearing the same letters are not significantly different (p > 0.05).
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Fig. 2. Effects of dietary lipid levels and BA on antioxidant capacity in O. niloticus. Where (A) SOD and (B) MDA. 
Data are presented as the means ± SEM. Different letters above the bars denote significant differences among the 
groups at the p < 0.05. Bars bearing the same letters are not significantly different (p > 0.05).

Fig. 3. Effects of dietary lipid levels and BA on lysozyme activity in O. niloticus. Data are presented as the means ± 
SEM. Different letters above the bars denote significant differences among the groups at the p < 0.05. Bars bearing 
the same letters are not significantly different (p > 0.05).
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Fig. 4. Photomicrograph of H&E stained panel of hepatopancreas of C1 “Fat 5%” (A) C2 “Fat 7%” (B), C3 “Fat 
9%” (C), BA1 “Fat 5%” (D), BA2 “Fat 7%” (E), and BA3 “Fat 9%” (F) groups showing normal hepatic architecture 
with CV, polyhedral shaped hepatocytes (H) arranged in cord-like pattern and separated by blood sinusoids (S) in 
addition to pancreatic acini (P), steatosis of hepatocytes (arrows).

Table 7. Scoring of histopathological lesions of hepatopancreas.

Groups lesion
Control BA

Fat 5% Fat 7% Fat 9% Fat 5% Fat 7% Fat 9%
Macro-steatosis ++ ++ +++ + + +
Swelling of hepatocytes ++ ++ +++ ++ + +

Lesion scoring: (-) none, (+) Mild, (++) moderate, (+++) severe.
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expression compared to the groups supplemented 
with BA BA1, BA2, and BA3 (p < 0.05). Conversely, 
fish fed diets supplemented with BAs showed greater 
levels of lipoprotein lipase (LPL) mRNA expression, 
particularly in the BA2 and BA3 groups, compared to 
the control groups (p < 0.05). On the other hand, BA1 
had lower mRNA levels of (LPL) than the C1 group 
(p < 0.05). as shown in Figure 10. Figure 11 shows a 
decrease in liver mRNA expression of interleukin 1β 
(IL-1β) and tumor necrosis factor alpha (TNF-α) in 
all BA-supplemented groups compared to the control 
groups (p < 0.05), while IL-8 had no significant changes 
in mRNA expression across all BA-supplemented and 
control groups (p > 0.05). In Figure 12, the levels of 
intestinal mucin (MUC2) mRNA were higher in the 
BA1, BA2, and BA3 groups supplemented with 5.0%, 
7.0%, and 9.0% fat and 0.4 mg/kg BA compared to 

the control groups C1, C2, and C3 (p < 0.05), with 
the BA2 group exhibiting the greatest amount of gene 
expression (p < 0.05).
Water quality analysis
This study examined how dietary fat levels and BA 
supplementation impacted the water quality parameters 
in fish ponds (Table 9). There were no notable 
differences in temperature, DO, pH, TAN, or UIA 
across all treatment groups.

Discussion
Fats and BAs are essential in fish diets, aiding in energy 
storage, cell membrane formation, and fat-soluble 
vitamin absorption. According to Tocher (2003), fats 
are a concentrated energy source for fish that supply 
vital fatty acids needed for development and breeding. 
BAs help in the breakdown and uptake of fats by turning 

Fig. 5. Photomicrograph of H&E stained panel of anterior part of intestine of C1 ‟Fat 5%” (A), 
C2 ‟Fat 7%” (B), C3 ‟Fat 9%” (C), BA1 ‟Fat 5%” (D), BA2 ‟Fat 7%” (E), and BA3 ‟Fat 9%” 
(F) groups showing intestinal wall composed tunica mucosa of simple columnar epithelium 
(black arrows) which have finger-like intestinal villi which show branching in some groups 
(arrow heads), lamina propria (yellow arrows) and lamina muscularis (red arrows). 
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them into smaller droplets that are better absorbed by 
the lining of the intestines (Macierzanka et al., 2019). 
Recognizing the significance of fats and BAs in fish 
nutrition is crucial for creating good quality diets that 
support healthy growth and overall fish welfare in 
aquaculture industries.
The results of this study demonstrate that dietary BA 
inclusion may enhance the growth performance and 
feed utilization of fish. This is likely due to the positive 
effects of BA on gut health and nutrient absorption 
(Zhao et  al., 2024). BA promotes the development 
and maintenance of the intestinal epithelium, leading 
to increased nutrient absorption and improved growth 
(Ticho et al., 2019). The observed increase in FI in fish-
fed BA-supplemented diets may be due to the increased 
metabolic demands associated with faster growth (Liu 

et  al., 2024b). However, the improved FCR suggests 
that BA supplementation allows fish to use feed more 
efficiently even with increased intake. The lack of 
significant interaction between BA supplementation 
and dietary fat level on most parameters suggests that 
the positive effects of BA are independent of dietary 
fat content. The biometric indices data suggest that BA 
supplementation may also have some positive effects 
on the internal organ development and metabolism of 
fish. This may be attributed to when fish are fed diets 
supplemented with BAs, it can lead to improved lipid 
digestion and absorption efficiency, which in turn can 
promote better growth and development of internal 
organs such as the liver, pancreas, and intestines (Li 
et al., 2023). Overall, the findings of this study suggest 
that BA supplementation can be a valuable tool for 

Fig. 6. Photomicrograph of H&E stained panel of middle part of intestine of C1 “Fat 5%” (A), 
C2 “Fat 7%” (B), C3 “Fat 9%” (C), BA1 “Fat 5%” (D), BA2 “Fat 7%” (E), and BA3 “Fat 9%” 
(F) groups showing intestinal wall composed tunica mucosa of simple columnar epithelium 
(black arrows) which have finger-like intestinal villi which show branching in some groups 
(arrow heads), lamina propria (yellow arrows) and lamina muscularis (red arrows). 
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improving the growth performance, feed utilization, 
and potentially the general health of fish in aquaculture. 
Hematological parameters can provide valuable insights 
into the health and nutritional status of fish. RBCs, Hb, 
and PCV are all involved in oxygen transport, while 
WBCs are involved in immune function. The higher 
RBC count and Hb concentration observed in fish fed 
the BA-supplemented diet with 7% fat may indicate 
improved oxygen-carrying capacity in these fish (Wells 
et  al., 2003). This could be beneficial for growth and 
performance, as oxygen is essential for cellular respiration 
(Mallya, 2007). The higher WBC count observed in fish 
fed the BA-supplemented diet with 7% fat may indicate 
enhanced immune function in these fish (Jin et  al., 
2019). This could help to protect them from disease and 
infection. This result is in line with Jin et al. (2019) who 
showed enhanced immunity with a BA-supplemented 

diet of seabream (Acanthopagrus schlegelii). The lack 
of significant differences in lymphocyte, neutrophil, and 
monocyte percentages suggests that BA supplementation 
and dietary fat level did not have a major impact on the 
relative proportions of different types of WBCs. Overall, 
the results of this study suggest that BA supplementation 
may have some positive effects on the hematological 
parameters of fish, particularly when combined with a 
diet containing 7% fat. 
Serum biochemical parameters offer valuable 
information on the fish’s health and nutritional status. 
Proteins including TP, albumin, and globulin play a 
crucial role in regulating blood osmotic pressure and 
facilitating the transport of nutrients (Mathew et  al., 
2023). AST and ALT are enzymes that are discharged 
into the blood when hepatocytes are injured (Contreras-
Zentella and Hernández-Muñoz, 2016). Creatinine is 

Fig. 7. Photomicrograph of H&E stained panel of posterior part of intestine of C1 “Fat 
5%” (A), C2 “Fat 7%” (B), C3 “Fat 9%” (C), BA1 “Fat 5%” (D), BA2 “Fat 7%” (E), 
and BA3 “Fat 9%” (F) groups showing intestinal wall composed tunica mucosa of 
simple columnar epithelium (black arrows) which have finger-like intestinal villi which 
show branching in some groups (arrow heads), lamina propria (yellow arrows) and 
lamina muscularis (red arrows). 
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a byproduct generated from muscle metabolism and 
eliminated from the body through the kidneys (Kashani 
et al., 2020). According to Perego et al. (2019), glucose 
serves as a primary source of energy for cells, while 
cholesterol and triglycerides play a crucial role in the 
structure and function of cell membranes. The increased 
levels of protein and albumin in fish consuming the BA-
supplemented diet with 7% fat suggest the important 
function of BA in fat and fat-soluble vitamin digestion 
and absorption in the gut (Di Ciaula et  al., 2018). 
Adding BAs to the diet improves the digestion and 
absorption of fat, increasing the utilization of dietary 
proteins (Yin et al., 2021). The enhanced breakdown 
of fats can lead to a higher production of proteins and, 
consequently, elevated levels of TP and albumin in 
the fish. Fish fed a diet with 7% fat and supplemented 

with BA showed lower ALT activity, potentially 
suggesting better liver health in these fish (Naiel et al., 
2023). Fish that were fed BA-supplemented diets 
showed lower levels of cholesterol and triglycerides, 
suggesting enhanced lipid metabolism in these fish 
which coincided with previous research (Naiel et al., 
2023). This may be advantageous in lowering the risk 
of heart disease. This finding aligns with the study by 
Yin et al. (2021), which showed that BA can improve 
certain serum biochemical parameters in juvenile 
largemouth bass (Micropterus salmoides). Overall, 
these findings suggest that BA supplementation may 
have some positive effects on the serum biochemical 
parameters of fish, particularly when combined with a 
diet containing 7% fat.

Table 8. Morphometric analysis of the intestine of Nile Tilapia that feed different fat doses, with or without BA for 90 days.

Groups 
parameters

Control BA
SEM

p-value
Fat 5% Fat 7% Fat 9% Fat 5% Fat 7% Fat 9% Control BA interaction

Anterior part
°Villi length 
(µm)

312.1b 278.9b 713.1a 583.5B 833.4A 815.4A 32.23  0.0001 0.001 0.0523

°Crypt depth 
(µm)

83.17b 64.09b 129.4a 89.53A 68.13 B 96.94A 6.47 0.0017 0.002 0.062

°Villi width (µm) 98.51b 75.61c 159.4a 123.3C 130.6B 141.3A 9.59 0.0001 0.0032 0.105
°Villi length/
crypt depth

4.44 b 4.39b 5.93a 6.63C 12.4A 8.58 B 0.62 0.0001 0.0001 0.0732

°Villi surface 
area (µm2)

33,930b 27,648b 117,108a 71,102C 103,681B 115,824A 1,398 0.0001 0.0001 0.0698

Middle part
°Villi length 
(µm)

413.2b 411.9b 598.8a 526.3B 555.7A 544.2 B 44.92 0.0122 0.0321 0.0871

°Crypt depth 
(µm)

104.9b 121.5 a 93.5b 77.99A 76.02A 76.5A 7.37 0.0008 0.1640 0.2825

°Villi width (µm) 110.7b 140.0a 121.7b 121.9A 125.4A 108.0B 8.11 0.0624 0.0374 0.9142
°Villi length/
crypt depth

3.97b 3.43b 6.55a 6.72B 7.54A 7.65A 0.53 0.0002 0.0180 0.0671

°Villi surface 
area (µm2)

55,202 61,677b 8,3871 63,867 83,550 87,851 1,671 0.1281 0.2161 0.4251

Posterior part
°Villi length 
(µm)

157.4b 137.6b 251.7a 223.2B 291.0A 189.0C 17.92 0.0001 0.0001 0.0819

°Crypt depth 
(µm)

43.93b 42.43b 65.99a 61.7A 62.94A 48.14B 4.66 0.0017 0.0042 0.2510

°Villi width (µm) 98.93b 99.19b 163.5a 137.9C 125.0B 108.3A 7.39 0.0006 0.0021 0.1003
°Villi length/
crypt depth

3.61 3.24 3.95 3.64 4.86 3.94 0.22 0.1214 0.2811 0.5033

°Villi surface 
area (µm2)

16,199 12,781 12,422 36,616A 33,839B 23,019C 677.2 0.1216 0.0001 0.0832

Means within the same raw and lack common superscripts differ significantly (Tukey’s multiple comparison test, p ≤ 0.05). 
SEM = standard error of the mean.
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Digestive enzymes are essential for the breakdown 
and absorption of nutrients from food. Amylase breaks 
down carbohydrates, while lipase breaks down fats 
(Kumar and Chakravarty, 2018). The higher amylase 
activity observed in fish fed the BA-supplemented 
diet with 5% fat suggests that BA supplementation 
may improve carbohydrate digestion in these fish (Liu 
et al., 2024a). This could be beneficial for growth and 
performance, as carbohydrates are a major energy 
source for fish. The higher lipase activity observed in 
fish fed the BA-supplemented diet with 7% fat suggests 
that BA supplementation may improve fat digestion 
in these fish (Liu et  al., 2024a). These could also be 
beneficial for growth and performance, as fats are a 
high-energy nutrient source. This results are in line 
with Liu et al. (2024a) where dietary supplementation 
of BAs enhances digestive enzyme activities of spotted 
seabass (Lateolabrax maculatus). The results of this 
study suggest that BA supplementation may improve 
the activity of digestive enzymes in fish and that the 
optimal dietary fat level for BA supplementation may 
differ depending on the enzyme in question. 
Antioxidants play a crucial role in safe-guarding cells 
against harm triggered by free radicals. Highly reactive 
molecules called free radicals can harm DNA, proteins, 
and lipids (Tvrdá and Benko, 2020). SOD, MDA, and 
CAT play crucial roles as antioxidants. SOD changes 
superoxide radicals into hydrogen peroxide, and CAT 
then changes it into water and oxygen (Weydert and 
Cullen, 2010). MDA serves as an indicator for lipid 
peroxidation, a harmful process that can result in damage 
to cellular membranes (Całyniuk et  al., 2016). The 
results show that adding BA to fish diets may enhance 
their antioxidant capacity, as evidenced by increased 
SOD and CAT activities and decreased MDA levels. 
BAs may decrease free radical production and boost 
fish antioxidant capacity by enhancing lipid digestion 
and absorption to reduce lipid oxidation in the gut. This 
finding is consistent with a previous study (Li et  al., 
2024) that showed how adding BAs to the diet of fish 
can improve their antioxidant levels. The same results 
were reported in O. niloticus by Bhusare et al. (2023) 
indicating that high dietary lipids might generate more 
reactive oxygen species (ROS) which probably could be 
responsible for cellular damage and for neutralizing this 
and the enzymatic antioxidant defense system of the body 
probably could be activated with BAs which increased 
activities of SOD and CAT enzymes. The findings of 
this research indicate that adding BA supplements could 
enhance the antioxidant capabilities of fish.
Lysozyme is a protein that makes lysis to the cell 
membranes of bacteria. It plays a crucial role in the 
innate immune system, the body’s initial protection 
against infections (Ferraboschi et  al., 2021). The 
increased lysozyme activity seen in fish given the 
7% fat BA-supplemented diet indicates that BA 
supplementation could enhance immune function in 
these fish. BAs, when added to fish feed, can increase 

Fig. 8. Effects of dietary lipid levels and BA on the relative 
expression of antioxidant enzymes such as SOD, GPX, and 
CAT in O. niloticus. Data are presented as the means ± SEM. 
Different letters above the bars denote significant differences 
among the groups at the p < 0.05. Bars bearing the same 
letters are not significantly different (p > 0.05).
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the production of antimicrobial peptides in the intestine, 
which are crucial in the fish’s immune response (Wang 
et al., 2023a,b). These peptides kill or inhibit pathogens, 
thus boosting the fish’s immune system and protecting 
them from infections (Valero et al., 2020). This could 
help to protect them from disease and infection. This 
result is similar to Abdel-Tawwab et al. (2023) where 
BAs, when added to fish feed, enhance the immunity 
of thinlip mullet, Liza ramada. The results of this study 
suggest that BA supplementation may be a valuable 
tool for improving the immune function of fish.
The intestine is crucial for fish to take in and absorption 
of nutrients. The growth and development of fish 
are influenced by the integrity of gut structure. The 
research showed that boosting the height of intestinal 
folds in salmon can amplify the surface area for 
digestive enzyme and nutrient interaction, leading 
to improved absorption and utilization of nutrients 
(Refstie et al., 2000). Previous studies on fish showed 
that a diet high in fat can harm gut health by affecting 
intestinal structures and normal microbiota but adding 
external BA could reduce the negative impact caused 
by the high-fat diet (Ma et al., 2018; Peng et al., 2019). 

Additionally, Yin et  al. (2021) found that BA could 
enhance the morphology and digestive functions of the 
fish intestine. The current findings indicate that adding 
BA supplements can significantly enhance the height 
of intestinal folds when compared to control groups, 
aligning with the previous experimental results. 
Therefore, the growth of the fish fed 7% fat with the 
BA group may be due to enhanced intestinal health, 
leading to better absorption and utilization of lipids.
The current findings showed that the liver of all 
groups showed steatosis which ranged from mild 
degree in BA supplemental groups to severe steatosis, 
and vacuolation and swelling in the groups lack BA 
supplementation; these results were similar to that 
described by Jin et  al. (2019), while the outcomes 
are different to those reported in striped catfish 
(Pangasianodon hypophthalmus) (Adam et al., 2023). 
These results validated that high levels of dietary BA 
supplementation are harmful to hepatocytes, but the 
exact mechanism is still unclear.
According to some research studies (Dai et al., 2019; 
Guo et  al., 2019), a diet high in fat may change 
how energy is metabolized, potentially leading to 

Fig. 9. Effects of dietary lipid levels and BA on the relative expression of growth such as GHr and IGF-1 in O. 
niloticus. Data are presented as the means ± SEM. Different letters above the bars denote significant differences 
among the groups at the p < 0.05. Bars bearing the same letters are not significantly different (p > 0.05).

Fig. 10. Effects of dietary lipid levels and BA on the relative expression of lipid metabolism such as FAS and LPL in 
O. niloticus. Data are presented as the means ± SEM. Different letters above the bars denote significant differences 
among the groups at the p < 0.05. Bars bearing the same letters are not significantly different (p > 0.05).
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the storage of fat, oxidative damage to lipids, and 
ultimately triggering inflammation, cell death, and the 
generation of ROS in both fish and mammals. Boosting 
the levels of antioxidant enzymes such as SOD, GPX, 
and CAT is the main approach to combatting harmful 
ROS production and protecting the organism (Lesser, 

2006). During this research, it was observed that a 
high-fat diet caused a reduction in the expression of 
SOD, GPX, and CAT genes, while an additional intake 
of BA increased this expression. These results indicated 
that the antioxidant system of O. niloticus was affected 
by a high-fat diet and that increasing BA intake helped 
counteract the negative effects. Comparable results 
were seen in large yellow croakers given high-fat diets, 
with dietary BA also improving the fish’s antioxidant 
capacity (Ding et  al., 2020; Yin et  al., 2021). To 
corroborate our finding, similar results were found 
by Yin et al. (2021) that in large largemouth bass fed 
high-lipid diets, the hepatic gene expression of SOD 
and GSH-Px was decreased with the high-fat diet and 
increased with supplemental BA, indicating that the 
antioxidant system of largemouth bass was damaged 
by high-fat diet, and the damage was alleviated by 
supplemental BA. In addition, the same results were 
detected in large yellow croaker fed high-lipid diets, in 
which dietary BAs also could promote the antioxidant 
capacity of fish (Ding et  al., 2020). Therefore, the 
improved capacity to fight oxidation could account 
for the strong growth performance. The GHr and IGF-
1 genes in the liver of O. niloticus showed increased 
expression levels in all groups given BA compared 
to control groups. This upregulation can be attributed 
to the impact of BA supplementation on weight gain. 
Similar outcomes were reported by Guo et al. (2019) 
and Romano et al. (2022), who found that dietary BA 
may help reduce hepatic inflammation and provide 
protection, as observed in M. salmoides. This research 
also discovered that by adding BA to the diet, there was 
a noteworthy increase in the mRNA expression of LPL 
in the liver. The findings confirmed earlier research 
in fish and mammals indicating that LPL serves as 
a significant indicator of lipid metabolism capacity 
(Wang and Eckel, 2009; Ding et al., 2020) and may also 
hinder the build-up of too much cholesterol in non-liver 
tissues. Lowering FAS mRNA levels decreases liver 
FAS, which, in turn, slows liver lipid accumulation. 
An elevated FAS expression reduces adipogenesis. 
The results were similar to those documented by Ning 
et al. (2016) and Ding et al. (2020). Genes linked to 
inflammation, such as IL-1β and TNF-α, were less 
active in the BA-supplemented groups than in the 
control groups fed a fat-supplemented diet, mirroring 
findings in the study by Jin et al. (2019). In this study, 
it was discovered that adding BA to the diet resulted in 
higher levels of intestinal mucin (MUC2) expression 
in all fish groups compared to control. This finding 
aligns with previous research by Sveen et  al. (2017) 
and Wang et  al. (2023a), suggesting the significance 
of this gene in regulating mucus production in various 
environmental conditions, and also, our findings were 
matched with Wang et  al. (2023b) that found the 
increase of MUC2 expression in O niloticus.
The measured water quality parameters are all crucial 
for the health and well-being of fish in this study. 
Temperature and DO are essential for fish metabolism 

Fig. 11. Effects of dietary lipid levels and BA on the relative 
expression of inflammatory response such as IL-1β, TNF-α, 
and IL-8 in O. niloticus. Data are presented as the means 
± SEM. Different letters above the bars denote significant 
differences among the groups at the p < 0.05. Bars bearing 
the same letters are not significantly different (p > 0.05).

http://www.openveterinaryjournal.com


http://www.openveterinaryjournal.com 
Y. Yuan et al.� Open Veterinary Journal, (2025), Vol. 15(1): 222-243

239

and respiration, while pH affects the toxicity of 
ammonia and other chemicals (Parvathy et al., 2023). 
TAN and UIA are waste products produced by fish, 
and high levels can be harmful (Gyamfi et al., 2024). 
The lack of significant differences in water quality 
parameters among the treatment groups suggests that 
neither dietary fat level nor BA supplementation had a 
major impact on the water quality in the fish pond. This 
is a positive finding, as it indicates that these dietary 
interventions can be used without compromising the 
health of the fish or the quality of the water. BAs are 
biodegradable compounds that can be broken down 

by bacteria present in aquatic environments (Neves 
et al., 2020; Doden et al., 2021). This means that when 
fish excrete BAs into the water after consuming feed 
containing them, these compounds can be naturally 
degraded over time. Additionally, the dilution effect of 
large volumes of water in fish ponds helps to further 
minimize any potential negative impact of BAs on 
water quality.

Conclusion
Adding BA to the diet of Nile tilapia can improve their 
growth rate, food efficiency, gut health, immune system, 

Fig. 12. Effects of dietary lipid levels and BA on the relative expression of mucin (MUC2) in 
O. niloticus. Data are presented as the means ± SEM. Different letters above the bars denote 
significant differences among the groups at the p < 0.05. Bars bearing the same letters are not 
significantly different (p > 0.05).

Table 9. Water quality analysis of Nile tilapia feed different fat percentage with or without BA for 90 days.

Temp. (°C) DO (mg/l) pH TAN (mg/l) UIA (mg/l)
Control
Fat 5% 27.1 6.1 8 0.20 0.012
Fat 7% 27 6.2 8.1 0.18 0.014
Fat 9% 27.2 6.1 7.9 0.17 0.009
BA
Fat 5% 27 6.2 8.1 0.21 0.016
Fat 7% 27.05 6.1 8.2 0.23 0.022
Fat 9% 27.1 5.9 8 0.19 0.012
SEM 1.22 0.42 0.61 0.032 0.005
p-value
Control 0.126 0.081 0.062 0.135 0.521
BA 0.203 0.072 0.091 0.081 0.505
Interaction 0.317 0.106 0.219 0.072 0.072

DO = dissolved oxygen; SEM = standard error of the mean; Temp = temperature; TAN = total ammonia nitrogen and 
UIA = unionized ammonia.
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and ability to fight off oxidative stress. This is because 
of its beneficial impacts on the health of the digestive 
system, absorption of nutrients, and metabolism. BA 
supplementation increased digestive enzyme activity, 
leading to improved nutrient absorption and growth. It 
also enhanced immune function by increasing lysozyme 
activity and antioxidant capacity. Gene expression 
analysis showed that BA supplementation upregulated 
genes involved in antioxidant defense, growth, and 
intestinal health while downregulating genes involved 
in FAS and inflammation. Therefore, it is recommended 
to use BA as a dietary supplementation for improving 
tilapia growth and immune-physiological responses. 
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