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Abstract 
 

Saline tilapia farming is expanding in coastal aquaculture; however, chronic salinity 
exposure induces osmotic and oxidative stress that impairs growth and physiological 
stability. This study evaluated the effects of dietary L-proline as a functional 
osmoprotective amino acid on Nile tilapia reared under chronic salinity stress. Juvenile 
red tilapia (3.66±0.08 g) were cultured at 25 ppt for 60 days and fed four 
isonitrogenous diets containing 0, 4, 8, or 12 g kg⁻¹ proline. Dietary proline significantly 
improved growth and feed efficiency, with weight gain increasing from 23.65±0.43 g 
in the control group to 25.51–27.20 g in proline-supplemented groups and specific 
growth rate increasing from 3.35±0.09 to 3.48–3.53% BW day⁻¹. Feed conversion ratio 
decreased from 1.24 in the control to 1.09–1.11 in supplemented groups. 
Hematological indicators revealed improved physiological status, with reduced 
erythrocyte and leukocyte counts. Antioxidant capacity increased, with superoxide 
dismutase activity rising up to 2.4-fold, while catalase showed moderate 
enhancement. Gill histology showed reduced hyperplasia and lamellar deformation. 
Although fillet proximate composition was not significantly affected, fillet protein 
remained stable at 20.71–21.27%. These findings identify dietary L-proline as a 
functional nutritional strategy for improving salinity resilience in Nile tilapia.  
 

Introduction 
 

Global aquaculture production has experienced 
remarkable expansion, reaching 130.9 million tonnes in 
2022 and accounting for more than half of all fish 
consumed worldwide (FAO, 2024). Nile tilapia 
(Oreochromis niloticus) ranks second globally among 
finfish, with annual production exceeding 7.2 million 
tonnes in 2021 (Roderick, 2025). In Indonesia, its 
production reached 1.36 million tonnes in 2024, 
representing a strategic commodity for food security 
and coastal livelihoods (KKP, 2024). The widespread 

abandonment of shrimp ponds due to recurrent disease 
outbreaks has created extensive underutilized brackish-
water infrastructure, catalyzing governmental initiatives 
to develop saline tilapia farming as an economically 
viable alternative production system, formally launched 
as a national program in 2023. 

Despite considerable economic potential and the 
species' inherent euryhaline capacity, commercial-scale 
tilapia culture at elevated salinities (≥15 ppt) poses 
substantial physiological challenges that constrain 
productivity (Metwaly et al., 2025). Elevated salinity 
induces osmotic stress, oxidative imbalance, and 
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metabolic disturbances, leading to reduced feed 
efficiency and impaired growth performance (Mohamed 
et al., 2021). These challenges manifest as intestinal 
structural disruption, decreased digestive enzyme 
activity (Tran-ngoc et al., 2017), and elevated plasma 
glucose levels indicative of chronic stress (Angadi et al., 
2021). These constraints limit production efficiency and 
increase disease susceptibility, threatening the 
sustainability of brackish-water tilapia farming systems. 

Conventional feeds formulated for freshwater 
conditions inadequately support the energy-intensive 
ion regulation, osmolyte synthesis, and antioxidant 
defense activation required under chronic osmotic 
stress (Monier et al., 2025). Development of functionally 
enhanced feeds targeting stress-responsive metabolic 
pathways is therefore essential to maintain health and 
performance in brackish-water tilapia farming (Hossain 
et al., 2024).  

Proline has emerged as a promising functional 
nutrient for enhancing stress tolerance in aquatic 
organisms (Qin et al., 2022; Wang et al., 2024). This 
conditionally essential amino acid exhibits markedly 
increased endogenous synthesis during environmental 
stress (Wang et al., 2024). Some studies indicate that 
proline functions as a multifunctional molecule involved 
in osmoregulation, redox balance, protein stabilization, 
and cellular energy metabolism (Qin et al., 2022; Wang 
et al., 2024). Under osmotic stress, proline acts as a 
compatible solute, protecting cellular structures, 
stabilizing membranes, and maintaining intracellular 
hydration (Li et al., 2024). Disruption of proline 
metabolism impairs ion transport systems, weakens 
antioxidant defenses, and compromises mitochondrial 
energy production, ultimately reducing growth and 
survival (Wang et al., 2024). 

Recent studies in aquaculture species have 
demonstrated that dietary proline supplementation 
enhances antioxidant capacity, immune response, and 
stress tolerance. In Pacific white shrimp (Litopenaeus 
vannamei), proline supplementation significantly 
improved oxidative status and environmental stress 
resistance (Xie et al., 2015). In rainbow trout 
(Oncorhynchus mykiss), dietary proline attenuated 
stress-induced hyperglycemia and improved disease 
resistance, indicating enhanced stress resilience 
(Comesaña et al., 2018). Additional finfish evidence 
indicates that proline metabolism is involved in long-
term salinity adaptation in genetically improved farmed 
tilapia and in alkaline adaptation of Nile tilapia (Qin et 
al., 2022; Wang et al., 2024). Furthermore, proline 
preserves protein conformation and membrane 

integrity under hyperosmotic conditions, thereby 
sustaining cellular functionality during stress exposure 
(Liang et al., 2013). 

A clear knowledge gap therefore remains 
regarding whether dietary proline can improve 
integrated growth, hematological, antioxidant, and 
branchial responses in Nile tilapia exposed to chronic 
salinity stress. Existing studies have focused 
predominantly on crustaceans, mollusks, or stress 
models with different osmoregulatory mechanisms (Li 
et al., 2024; Xie et al., 2015; Zou et al., 2025). For Nile 
tilapia, available evidence mainly describes endogenous 
proline metabolism or salinity-responsive pathways, 
whereas dietary supplementation studies under 
sustained saline culture are still limited. No 
comprehensive investigation has simultaneously 
evaluated the integrated effects of dietary proline on 
growth performance, hematological parameters, 
antioxidant systems, digestive enzymes, and body 
composition in tilapia reared under sustained 
hyperosmotic stress. 

Accordingly, graded dietary L-proline 
supplementation (0, 4, 8, and 12 g kg⁻¹) was evaluated 
for its effects on the physiological performance, 
metabolic adaptation, and stress resilience of Nile tilapia 
reared under chronic high-salinity conditions (25 ppt) 
over a 60-day period. The study was designed to provide 
an integrated assessment of proline supplementation 
across multiple physiological systems relevant to saline-
cultured tilapia, with the aim of supporting more 
targeted functional feed formulation for brackish-water 
aquaculture systems. 

 

Materials and Methods 
 

Experimental Diets 
 
Four isonitrogenous experimental diets were 

prepared by supplementing a commercial floating feed 
(33% crude protein) with graded levels of crystalline L-
proline (Source Naturals, 99%) at 0, 0.40%, 0.80%, and 
1.20% (equivalent to 0, 4, 8, and 12 g kg⁻¹ diet), 
respectively. The basal diet served as the control (0 g 
kg⁻¹ proline supplementation), while supplemented 
diets provided increasing levels of the functional amino 
acid. The proximate composition of the basal and 
supplemented feed is presented in Table 1.  

Dietary proline was incorporated using a surface 
coating technique to preserve pellet integrity and 
prevent nutrient degradation during feed processing. 
For each batch, 100 g of feed pellets were weighed and 

Table 1. Proximate analysis of the diets (as percentage dry weight) for Oreochromis niloticus 

Proximate analysis 
Proline levels (g kg-1) 

0 4 8 12 
Moisture (%) 8.64 8.08 7.94 6.82 
Crude protein (%) 33.16 33.35 33.60 34.33 
Crude lipid (%) 7.78 8.44 7.62 7.31 
Ash (%) 8.26 8.58 8.21 8.47 
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placed in a mixing container. The required amount of 
crystalline L-proline corresponding to each treatment 
level was dissolved in distilled water (100 mL kg⁻¹ feed) 
together with lignin sulfonate (5 g kg⁻¹ feed) as a binder 
to enhance adhesion of the supplement to the pellet 
surface. 

The proline–binder solution was homogenized 
with a portable mixer, then sprayed evenly onto the 
feed pellets while continuously mixing to ensure 
uniform distribution. The coated pellets were further 
mixed by hand with a spatula to maximize coating 
uniformity and surface adhesion. After coating, the feed 
was dried in a forced-air oven at 40°C for 4 h to remove 
excess moisture while minimizing thermal damage to 
nutrients. The dried diets were packed in labeled airtight 
polyethylene bags and stored at 4°C until use to 
maintain stability and prevent oxidation. To ensure 
nutritional consistency and prevent oxidative 
deterioration, fresh feed batches were prepared 
biweekly throughout the 60-day feeding trial. 
 
Experimental Animals and Acclimation 

 
A total of 150 healthy juvenile red Nile tilapia 

(Oreochromis niloticus) were obtained from the Sumber 
Pasir Aquaculture Laboratory, Faculty of Fisheries and 
Marine Sciences, Universitas Brawijaya, Indonesia. Fish 
originated from a single spawning cohort to minimize 
genetic variability. Fish were gradually acclimated to the 
experimental salinity (25 ppt) over 14 days following a 
modified protocol from Kombat et al. (2023). Salinity 
was increased incrementally at 5 ppt every 48–72 h by 
dissolving sodium chloride in dechlorinated freshwater. 
Progression to the next salinity level was contingent 
upon normal feeding behavior and the absence of 
mortality for at least 24 h. Throughout acclimation, fish 
were maintained in 500-L fiberglass tanks with 
continuous aeration (dissolved oxygen >6 mg L⁻¹). Fish 
were fed a standard commercial diet (33% crude 
protein) at 4% body weight per day, divided into three 
feedings at 08:00, 13:00, and 18:00 h.  

Following successful acclimation, fish were fasted 
for 24 h to standardize metabolic state, then randomly 
distributed into experimental units. A 3-day tank 
adaptation period was provided before initiating dietary 
treatments, during which fish were fed the control diet 
(0 g kg⁻¹ proline). The feeding trial commenced after 
confirming consistent feed intake across all units. The 
mean initial body weight of the experimental fish was 
3.66±0.08 g. 
 
Experimental Design Chronic Salinity Exposure 

 
Chronic salinity exposure was conducted at a 

constant salinity of 25 ppt to evaluate long-term 
physiological responses. Salinity was established by 
dissolving technical-grade sodium chloride (NaCl) into 
freshwater and was monitored regularly using a 
refractometer (Atago Master-53 Brix) to ensure stability 

throughout the experimental period. A total of 120 
juvenile red tilapia were randomly distributed into 12 
glass aquaria (80x40x30 cm3) with 10 fish per aquarium 
under a completely randomized design with triplicate 
units per treatment. Continuous aeration was provided 
using air pumps to maintain adequate dissolved oxygen 
levels. The experimental period lasted 60 days. Fish 
were fed an experimental diet three times daily (08:00, 
13:00, and 17:00) at approximately 4–5% of body weight 
per day. Feeding rates were adjusted periodically 
according to biomass. 

A static water system with supplemental aeration 
was applied. To maintain water quality, approximately 
30% of the rearing water was replaced every two days 
with preconditioned water of the same salinity and 
temperature. Water quality parameters were 
monitored regularly throughout the trial to ensure 
optimal culture conditions. Temperature and dissolved 
oxygen (DO) were measured daily at 08:00 h using a 
portable multi-parameter meter (YSI Pro20), while pH 
was measured using a  portable pH meter (Eutech 
Cyberscan pH 300). Ammonium nitrogen (NH₄–N) and 
nitrate-nitrogen (NO₃⁻-N) were measured weekly using 
colorimetric test kits (Salifert B.V.).  The average water 
quality parameters recorded during the experimental 
period were as follows: DO= 6.87±0.18 mg L-1, 
pH= 7.4±0.04, temperature= 25.2±0.2°C, NH₄–N= 0.03 
mg L-1, and NO₃–N= 20.72±2.08 mg L-1. 
 
Proximate Composition of Diets and Fillet 
Determination 

 
Proximate composition of the experimental diets 

and fillet was determined following standard AOAC 
(2006) procedures. Fillets were chopped into small 
pieces and homogenized using a laboratory grinder. 
Moisture content of both feed and fillet was measured 
by oven-drying at 105°C for 24 h until constant weight. 
Crude protein was quantified using the Kjeldahl method 
(nitrogen × 6.25) with an automated digestion and 
distillation system. Crude lipid content was determined 
by Soxhlet extraction with petroleum ether (boiling 
range 60–80°C) using a Soxplus system. Ash content was 
measured by combusting samples in a muffle furnace at 
550°C for 6 h. 
 
Free Amino Acids Analysis of Experimental Diets 

 
Free amino acids (FAA) were determined following 

Fakhri et al. (2024) with minor modifications. Freeze-
dried feed samples (0.25 g) were extracted with cold 
ethanol, sonicated on ice for 10 min, and centrifuged at 
5800 × g for 5 min at 4°C. The residue was re-extracted 
twice with 80% aqueous ethanol, and supernatants 
were pooled. Chloroform and ultrapure water were 
added to remove lipophilic substances, and the aqueous 
layer was collected, evaporated under vacuum at 40°C, 
reconstituted, and filtered (0.22 μm). FAA were 
quantified using a high-speed amino acid analyzer 



645 

Aquaculture Studies, 26(6), 642-652 AQUAST3402 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(LA8080 AminoSAAYA, Hitachi High-Tech, Tokyo, Japan) 
with a cation-exchange resin column maintained at 
57°C. A sodium-citrate buffer served as the mobile 
phase, with post-column ninhydrin derivatization and 
detection at 570 nm for primary amino acids and 440 nm 
for secondary amino acids including proline. FAA 
concentrations were calculated using external standards 
and expressed as g kg⁻¹ dry matter (Table 2). 
 
Sample Collection 

 
At the end of the 60-day feeding trial, fish were 

fasted for 48 h before sampling. Individuals were 
randomly selected from each aquarium, anesthetized 
with clove oil (100 mg L⁻¹) until loss of equilibrium, and 
weighed to obtain final wet body weight. Blood samples 
(approximately 0.2–0.3 mL per fish) were collected from 
the caudal vein using sterile syringes. A portion of whole 
blood was used immediately for glucose and superoxide 
dismutase measurement, while the remaining blood 
was transferred into microtubes and centrifuged at 
3,000 rpm for 10 min at 4°C to obtain plasma. The 
plasma was collected and stored at −50°C for catalase 
analysis. Fish were subsequently euthanized by pithing 
under deep anesthesia. The liver was excised and 
weighed to calculate the hepatosomatic index, both 
expressed on a wet weight basis. The intestine was 
removed, rinsed with cold physiological saline, and used 
for digestive enzyme assays. Gill tissues were collected 
from the first branchial arch, rinsed in saline solution to 
remove blood residues, and fixed in buffered formalin 
for histological analysis. All procedures were performed 
rapidly to minimize post-mortem changes. 
 
Calculation and Laboratorial Analysis 

 
The parameters utilized to access the fish 

performance in the present study were calculated as 
follow: Calculations were performed at the aquarium 

level, and each aquarium was treated as the 
independent experimental unit for treatment-level 
analysis. 
 
Specific growth rate (%BW day-1)=100 × [ln (total final 

body WG+dead fish body weight) − ln total IBW)]∕60 
 

Weight gain (g)= final body weight (g) − initial body 
weight (g) 

 
Feed intake (g fish-1)= total amount of feed consumed (g) 

 
Feed conversion ratio= diet feed (g)/wet weight gain (g) 
 

Protein efficiency ratio= Body weight gain (g)/Protein 
intake (g) 

 
Hepatosomatic index (%)=100 × liver weight (g)/ body 

weight (g) 
 

Survival rate (%)=100 x (final number of fish/initial 
number of fish) 

 
Hematological Parameters 
 
Total Erythrocyte 

 
Total erythrocyte (RBC) counts were measured 

manually using a Neubauer hemocytometer (Fazio, 
2019). Blood was diluted in a citrate–saline solution, 
then introduced into the counting chamber. 
Erythrocytes were observed and counted under a light 
microscope (Olympus CX31, Japan), and values were 
reported as cells × 10⁶ µL⁻¹. 

 
Total Leukocyte 

 
Total leukocyte (WBC) counts were measured 

using the hemocytometer method after dilution of 

Table 2. Free amino acids composition of the experimental diets (g kg-1 dry weight) for Oreochromis niloticus 

Amino acids 
Proline levels (g kg-1) 

0 4 8 12 

Aspartic Acid 0.08 0.09 0.08 0.08 
Threonine 0.05 0.05 0.05 0.05 
Serine 0.07 0.08 0.07 0.07 
Glutamic Acid 0.06 0.06 0.06 0.06 
Glycine 0.09 0.09 0.08 0.09 
Alanine 0.17 0.18 0.17 0.17 
Valine 0.12 0.11 0.11 0.11 
Cysteine 0.05 0.04 0.04 0.04 
Methionine 0.23 0.23 0.21 0.23 
Isoleucine 0.12 0.11 0.11 0.10 
Leucine 0.14 0.14 0.15 0.16 
Tyrosine 0.09 0.09 0.08 0.08 
Phenylalanine 0.10 0.11 0.11 0.10 
Lysine 0.11 0.11 0.11 0.10 
Histidine 0.04 0.05 0.04 0.05 
Arginine 0.13 0.12 0.13 0.12 
Proline nd 4.07 8.27 12.09 
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blood with Turk’s solution (1:10, v/v). The mixture was 
gently homogenized, allowed to stand briefly at room 
temperature, and then loaded into a Neubauer 
chamber. Leukocyte numbers were determined under a 
light microscope (Olympus CX31, Japan) and expressed 
as cells × 10³ µL⁻¹ (Anderson & Siwicki, 1995). 
 
Antioxidant Analysis 

 
Superoxide dismutase (SOD) activity was 

determined using the nitroblue tetrazolium (NBT) 
photoreduction inhibition method (Beauchamp & 
Fridovich, 1971). Blood samples (200 µL) were 
homogenized with ice-cold phosphate buffer (50 mM, 
pH 7.4) and centrifuged at 12,000 rpm for 3 min at 4°C. 
The supernatant was heat-treated at 65°C for 5 min to 
obtain crude SOD extract, then mixed with NBT reaction 
buffer containing phosphate buffer (50 mM, pH 7.8), 
methionine (13 mM), NBT (75 µM), riboflavin (2 µM), 
and EDTA (0.1 mM). Reaction mixtures were exposed to 
fluorescent light (4,000 lux) for 10 min at 25°C, and 
absorbance was measured at 560 nm. One unit of SOD 
activity was defined as the enzyme amount required to 
inhibit 50% of NBT photoreduction. Catalase (CAT) 
activity was quantified using a commercial assay kit 
(Elabscience, E-BC-K031-M, Wuhan, China) based on 
H₂O₂ decomposition. Assay components were pre-
equilibrated at 37°C, and a standard curve was 
constructed using serial H₂O₂ dilutions (0–50 µM). Blood 
samples (20 µL) were mixed with assay buffer and pre-
incubated at 37°C for 5 min. The reaction was initiated 
with H₂O₂ substrate (50 mM) for 1 min, then terminated 
by adding chromogenic reagent and clarificant solution, 
followed by 10 min incubation at room temperature. 
 
Histological Analysis 

 
Gill tissues were examined to evaluate structural 

alterations. Fish were anesthetized prior to dissection, 
and gill tissues were excised and fixed in 10% neutral 
buffered formalin for 24 h (Zahran et al., 2024). Gill 
samples were subsequently decalcified using citric acid. 
After fixation, tissues were dehydrated through a 
graded ethanol series, cleared in xylene, embedded in 
paraffin, and sectioned at 5 µm thickness using a rotary 
microtome. Sections were mounted on glass slides, 

stained with hematoxylin and eosin (H&E), and 
examined under a light microscope (Olympus CX31, 
Japan) for histological assessment. 
 
Statistical Analysis 

 
All data are presented as mean±standard deviation 

(SD). Differences among treatment groups were 
analyzed by one-way analysis of variance (ANOVA). 
When significant differences were detected (P<0.05), 
means were separated using Tukey’s test. For growth, 
feed utilization, survival, and treatment-level 
physiological comparisons, the aquarium was 
considered the experimental unit to maintain 
independence among replicates. All statistical analyses 
were performed using SPSS Statistical Software 25.0. A 
significance level of P<0.05 was adopted for all tests. 

 

Results 
 

Influence of Dietary Proline on Growth and Feed 
Utilization Under Salinity Stress 

 
The effects of graded dietary proline 

supplementation on growth performance and feed 
utilization of Nile tilapia (O. niloticus) reared at 25 ppt 
salinity for 60 days are presented in Table 3. All 
experimental groups exhibited comparable initial body 
weights, ranging from 3.61 to 3.71 g, confirming 
adequate randomization at trial commencement. At 
trial conclusion, final body weights ranged from 27.30 g 
in the control (0 g kg⁻¹ proline) to 30.90 g in the 4 g kg⁻¹ 
proline group, representing an improvement of 
approximately 16%. Weight gain differed significantly 
among treatments (P<0.05), with the control group 
recording the lowest gain (23.65±0.43 g) compared with 
all proline-supplemented groups (25.51–27.20 g). 
Specific growth rate (SGR) followed the same pattern, 
with the control exhibiting the lowest value (3.35±0.09% 
BW day⁻¹) and proline-supplemented groups attaining 
significantly higher rates (3.48–3.53% BW day⁻¹). No 
significant differences in SGR were detected among 
proline-supplemented treatments (P>0.05). 

Feed conversion ratio (FCR) improved from 
1.24±0.06 in the control to 1.09–1.11 in supplemented 
groups, representing an approximately 11% reduction in 

Table 3. Growth performance, survival rate, and feed utilization of tilapia with fed with different dietary proline levels 

Parameters 
Proline levels (g kg-1) 

0 4 8 12 

Initial fish weight (g) 3.65±0.23 3.71±0.06 3.61±0.13 3.67±0.19 
Final fish weight (g) 27.30±0.61 30.90±2.56 29.12±1.22 30.15±0.45 
Weight gain (g) 23.65±0.43a 27.20±2.50b 25.51±1.09b 26.48±0.42b 
Specific growth rate (%BW day-1) 3.35±0.09a 3.53±0.12b 3.48±0.01b 3.51±0.08b 
Feed intake (g feed fish-1) 29.27±0.82 30.27±2.73 27.79±3.01 29.4±1.90 
FCR 1.24±0.06 1.11±0.07 1.09±0.07 1.11±0.07 
Fish survival (%) 86.67±5.77 96.67±5.77 90±10.0 100±0.0 
PER 2.43±0.07 2.71±0.20 2.75±0.18 2.43±0.17 
HSI (%) 1.09±0.18 1.35±0.28 1.27±0.43 1.31±0.41 
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feed required per unit of weight gained. Protein 
efficiency ratio (PER) increased from 2.43±0.07 in the 
control to 2.71–2.75 across the three supplemented 
groups, a gain of 11–13%. Because feed intake did not 
differ significantly among treatments (27.79–30.27 g 
fish⁻¹), the growth improvement suggests more efficient 
feed and nutrient utilization rather than increased 
voluntary feed consumption. Survival rate exhibited a 
positive dose-related trend, rising from 86.67±5.77% in 
the control to 96.67%, 90.0%, and 100% in the 4, 8, and 
12 g kg⁻¹ proline groups, respectively. The 
hepatosomatic index was modestly higher in 
supplemented groups, which may reflect altered hepatic 
metabolic activity during adaptation to saline conditions 
rather than a direct adverse effect. 
 
Hematological Responses to Dietary Proline Under 
Chronic Salinity Stress  

 
Hematological parameters of juvenile O. niloticus 

reared at 25 ppt salinity were significantly affected by 
dietary proline supplementation (Table 4). Total 
erythrocyte count declined significantly with increasing 
proline level (P<0.05). The control group exhibited the 
highest erythrocyte count (2.23±0.22 × 10⁶ cells µL⁻¹), 
whereas all proline-supplemented groups showed 
markedly reduced counts ranging from 1.25±0.15 to 
1.55±0.35 × 10⁶ cells µL⁻¹. Relative to the control, the 4 

g kg⁻¹ proline treatment produced a 30.5% reduction in 
erythrocyte count, with further reductions of 43.9% and 
41.3% observed at the 8 and 12 g kg⁻¹ levels, 
respectively. Erythrocyte counts in the three proline-
supplemented groups did not differ significantly from 
one another (P>0.05). 

Total leukocyte count varied significantly among 
treatments (P<0.05). The control group recorded the 
highest leukocyte count (69.7±2.40 × 10³ cells µL⁻¹). The 
4 g kg⁻¹ proline group showed the greatest reduction 
(35.0±1.60 × 10³ cells µL⁻¹), representing a 49.8% 
decrease relative to the control. Intermediate leukocyte 
counts were observed in the 8 g kg⁻¹ (47.6±5.55 × 10³ 
cells µL⁻¹) and 12 g kg⁻¹ (53.4±0.70 × 10³ cells µL⁻¹) 
groups, both of which were significantly lower than the 
control (P<0.05) but significantly higher than the 4 g kg⁻¹ 
treatment. 
 
Dietary Proline Enhances Antioxidant Defense Under 
Hypersaline Conditions  

 
Superoxide dismutase (SOD) and catalase (CAT) 

activities in Nile tilapia blood following 60 days of 
exposure to 25 ppt salinity are presented in Figure 1. 
SOD activity increased progressively and significantly 
with increasing dietary proline (P<0.05), exhibiting a 
pronounced dose-dependent response. Relative to the 
control, SOD activity was elevated by 148.8%, 198.7%, 

Table 4. Hematology parameters of juvenile Oreochromis niloticus 

Parameters 
Proline levels (g kg-1) 

0 4 8 12 

Total erythrocyte (106 cells µL-1) 2.23±0.22a 1.55±0.35b 1.25±0.15b 1.31±0.05b 
Total leukocyte (103 cells µL-1) 69.7±2.40a 35.0±1.60c 47.6±5.55b 53.4±0.70b 

 
 
 

  

  

Figure 1. Effects of dietary proline supplementation on antioxidant enzyme activities of Nile tilapia (Oreochromis niloticus) reared 
under saline conditions (25 ppt) for 60 days. (A) Superoxide dismutase (SOD) activity and (B) catalase (CAT) activity. Values are 
presented as mean±SD. Different lowercase letters above bars indicate significant differences among treatments (P<0.05). 

 



648 

Aquaculture Studies, 26(6), 642-652 AQUAST3402 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and 243.8% in the 4, 8, and 12 g kg⁻¹ proline groups, 
respectively, with each increment being statistically 
distinct from all other groups (P<0.05). The highest SOD 
activity was recorded in the 12 g kg⁻¹ proline group, 
reaching approximately 2.4-fold the control value. 

Catalase activity also increased significantly in all 
proline-supplemented groups relative to the control 
(P<0.05), rising from approximately 9.5 U mL⁻¹ in the 
control to 10.7–11.1 U mL⁻¹ across supplemented 
treatments. However, CAT activity did not differ 
significantly among the three proline-supplemented 
groups (P>0.05), and no clear dose-dependent pattern 
was observed. The divergent response pattern between 
SOD and CAT — strong dose-dependence for SOD versus 
uniformly moderate enhancement for CAT was 
consistent across all replicate tanks. 
 
Dietary Proline Modulates Gill Histological Integrity 
Under Chronic Salinity Stress 

 
Histological examination of gill tissues (Figure 2) 

revealed clear treatment-dependent differences in 
branchial architecture. Fish in the freshwater reference 
group (Figure 2A) displayed normal teleost gill 
morphology, characterized by well-organized primary 
filaments bearing arrays of thin, evenly spaced 
secondary lamellae lined with a delicate respiratory 
epithelium. The interlamellar channels were patent and 
unobstructed, consistent with optimal conditions for gas 
exchange and osmoregulation. 

Fish exposed to 25 ppt salinity without proline 
supplementation (Figure 2B) exhibited prominent 
histopathological alterations. The most conspicuous 

lesions were epithelial hyperplasia (HP) and lamellar 
curling (LC). Hyperplasia produced marked thickening of 
the lamellar epithelium and narrowing of interlamellar 
spaces, while lamellar curling disrupted the normal 
parallel arrangement of the secondary lamellae. 

Progressive histological improvement was evident 
across proline-supplemented groups. Fish fed 4 g kg⁻¹ 
proline (Figure 2C) showed partial restoration of 
lamellar architecture, with improved interlamellar 
separation and reduced epithelial thickening relative to 
the unsupplemented saline group. Fish receiving 8 g kg⁻¹ 
proline (Figure 2D) exhibited further structural recovery, 
with secondary lamellae appearing elongated, well-
separated, and closely approximating the normal 
morphology observed in the freshwater reference 
group; these were designated as normalizing secondary 
lamellae (NSL). Fish fed 12 g kg⁻¹ proline (Figure 2E) also 
showed largely preserved branchial architecture, 
though mild focal hyperplasia and slight lamellar curling 
were still detectable in some areas, with regions of near-
normal lamellae (NR) evident alongside residual LC. 
 
Effects of Dietary Proline on Fillet Proximate 
Composition Under Chronic Salinity Stress 

 
The proximate composition of Nile tilapia fillet 

following 60 days at 25 ppt salinity across dietary proline 
treatments is presented in Table 5. Crude protein 
content of the fillet showed minimal variation among 
treatments, ranging narrowly from 20.71% to 21.27%. 
The control and the 4 and 8 g kg⁻¹ proline groups-
maintained fillet protein levels between 21.16% and 
21.27%, while the highest supplementation level 

 

Figure 2. Histopathological sections of Nile tilapia (Oreochromis niloticus) gills from different experimental treatments (H&E stain, 
scale bar= 20 µm). (A) Freshwater control showing normal primary filament (PF) and secondary lamellae (SL); (B) Fish exposed to 
25 ppt salinity showing hyperplasia (HP), and lamellar curling (LC); (C) Fish fed 4 g kg⁻¹ proline under 25 ppt showing improved 
secondary lamellae; (D) Fish fed 8 g kg⁻¹ proline showing normalizing secondary lamellae (NSL); (E) Fish fed 12 g kg⁻¹ proline 
showing near-normal lamellae (NR) and lamellar curling (LC). 
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(12 g kg⁻¹) showed a marginal reduction to 20.71%; 
however, none of these differences reached statistical 
significance (P>0.05). 

Crude lipid content showed a decreasing trend 
with increasing proline supplementation, declining from 
1.60% in the control group to 1.49% at 4 g kg⁻¹ and 
reaching its lowest value of 1.27% at 8 g kg⁻¹, before 
recovering marginally to 1.35% in the 12 g kg⁻¹ group. 
Moisture content ranged from 75.00% to 76.55% with 
no consistent dose-dependent trend. Ash content 
remained relatively stable across all treatments (1.52–
1.73%) with no clear dose-dependent pattern. None of 
the proximate composition parameters other than the 
directional lipid trend differed significantly among 
treatments (P>0.05). 
 

Discussion 
 

Proline is a multifunctional amino acid with 
established roles in growth, osmotic regulation, and 
stress adaptation (Alvarez et al., 2022; Xie et al., 2015), 
yet endogenous synthesis under chronic hyperosmotic 
conditions may be insufficient to meet metabolic 
demands in euryhaline fish (Wang et al., 2024). The 
improved growth performance and feed utilization 
observed in the present study are consistent with finfish 
evidence showing that salinity alters digestive 
physiology, ion regulation, antioxidant status, and 
amino acid metabolism in Nile tilapia and other teleosts 
(Qin et al., 2022; Tran-ngoc et al., 2017; Wang et al., 
2024). The primary mechanism likely involves proline's 
function as a compatible organic osmolyte, reducing the 
energetic cost of ion regulation and redirecting 
metabolic resources toward anabolic processes (Li et al., 
2024). However, because tissue proline concentration 
and ion transporter activity were not measured directly, 
this mechanism should be interpreted as a plausible 
explanation rather than direct evidence from the 
present experiment. 

The improvements in feed conversion and protein 
efficiency ratios suggest a protein-sparing effect, 
whereby direct proline provision may reduce 
endogenous amino acid mobilization for energy and 
osmolyte synthesis, allowing greater dietary protein 
allocation to tissue growth. Comparable salinity-related 
changes in digestive function and nutrient use have 
been reported in Nile tilapia, supporting the view that 
dietary strategies targeting osmotic and metabolic 
regulation can improve performance under saline 
conditions (Monier et al., 2025; Tran-ngoc et al., 2017). 
The consistency of feed intake across treatments further 

supports the interpretation that growth improvements 
reflect enhanced metabolic efficiency rather than 
increased consumption. The elevated hepatosomatic 
index in supplemented groups may indicate greater 
hepatic involvement in amino acid metabolism and 
osmotic adaptation, although additional liver 
biochemical or molecular markers would be required to 
confirm this interpretation. 

Elevated red blood cell counts in the 
unsupplemented control are consistent with 
compensatory erythropoiesis, a well-documented 
teleost response to osmotic stress aimed at sustaining 
oxygen transport capacity (Parrino et al., 2018; Witeska, 
2013). However, stress-induced erythropoiesis carries 
energetic and oxidative costs for circulating 
erythrocytes (Seibel et al., 2021). In the present study, 
lower erythrocyte counts in proline-supplemented fish 
occurred together with improved growth, survival, 
antioxidant activity, and gill condition. Therefore, the 
decrease is more likely to reflect attenuation of a 
salinity-induced compensatory response than 
hematological depression. This interpretation should 
nevertheless be considered cautiously because 
hemoglobin concentration, hematocrit, and 
erythropoietic markers were not measured. 

Elevated leukocyte counts in the control group 
reflect immune activation and physiological strain 
characteristic of osmotic disturbance, which alters 
leukocyte distribution, immune enzyme activity, and 
inflammatory signaling (Ahmed et al., 2020; Ali et al., 
2024; Evans & Kültz, 2020). The reduction in leukocyte 
counts in proline-fed groups therefore suggests reduced 
inflammatory or stress-related activation under chronic 
salinity exposure. Because this response was 
accompanied by improved antioxidant status and better 
gill morphology, it is more appropriately interpreted as 
partial restoration of immune homeostasis rather than 
immunosuppression. This interpretation is consistent 
with the established capacity of functional amino acids 
to modulate inflammatory processes and enhance 
antioxidant defenses under environmental stress 
(Chuphal et al., 2025; Ciji & Akhtar, 2021). 

Salinity stress is well known to elevate reactive 
oxygen species (ROS) production in fish, disrupting 
cellular redox homeostasis and causing oxidative 
damage to lipids, proteins, and nucleic acids (Dawood et 
al., 2022; Hoseinifar et al., 2020). The dose-dependent 
upregulation of SOD activity observed in proline-
supplemented groups suggests that dietary proline 
reinforces the primary enzymatic antioxidant defense, 
enhancing superoxide radical removal and preventing 

Table 5. Proximate analysis of tilapia fillet  

Proximate analysis 
Proline levels (g kg-1) 

0 4 8 12 

Moisture (%) 75.07 75.00 75.12 76.55 
Crude protein (%) 21.16 21.21 21.27 20.71 
Crude lipid (%) 1.60 1.49 1.27 1.35 
Ash (%) 1.62 1.73 1.70 1.52 
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propagation of oxidative chain reactions. Similar 
stimulation of antioxidant enzyme activity by dietary 
functional nutrients under salinity stress has been 
reported across multiple fish species (Abdel-tawwab, 
2018; Li et al., 2024; Moniruzzaman et al., 2022), 
supporting the interpretation that proline acts as a 
functional nutrient capable of modulating redox balance 
rather than merely serving as a structural amino acid. 

The divergence between SOD and CAT responses 
carries physiological significance. Because SOD and CAT 
operate sequentially, SOD generating hydrogen 
peroxide from superoxide, and CAT decomposing it into 
water and oxygen (Jomova et al., 2024), the modest, 
non-dose-dependent increase in CAT activity suggests 
that basal catalase capacity was sufficient to handle the 
hydrogen peroxide load produced by enhanced SOD 
activity, without requiring further upregulation (Ciji & 
Akhtar, 2021; Hoseinifar et al., 2020). This pattern 
implies that proline primarily reinforces the first line of 
antioxidant defense rather than broadly amplifying the 
entire enzymatic cascade. 

The progressive, dose-dependent restoration of 
gill morphology with increasing proline 
supplementation aligns with these antioxidant findings. 
Epithelial hyperplasia and lamellar curling observed 
under salinity stress without supplementation are 
recognized protective responses that limit passive ion 
flux, yet excessive proliferation compromises 
respiratory efficiency (Evans et al., 2005; Mallatt, 1985). 
The improved gill architecture observed at 8 g kg⁻¹ 
proline is consistent with reduced oxidative and osmotic 
disturbance, but the present histological data do not by 
themselves prove ROS suppression as the sole 
mechanism. Proline is recognized as a multifunctional 
amino acid contributing to osmotic regulation, 
antioxidant defense, and cellular stability during 
environmental stress (Burghardt et al., 2011; Li et al., 
2024), and the histological evidence presented here 
supports this broader protective role. 

Regarding fillet composition, crude protein 
remained stable across treatments. This indicates that 
dietary proline did not negatively affect muscle protein 
deposition under chronic salinity exposure. Crude lipid 
showed a slight decreasing trend in proline-
supplemented fish, particularly at 8 g kg⁻¹. This pattern 
may reflect greater lipid mobilization during salinity 
adaptation or changes in energy partitioning. However, 
because fillet proximate composition did not differ 
significantly among treatments, the lipid pattern should 
be interpreted as a directional response rather than a 
confirmed treatment effect. 
 

Conclusions 
 

This study demonstrates that dietary proline 
supplementation effectively mitigates the adverse 
physiological effects of chronic salinity exposure in Nile 
tilapia. Proline-enhanced diets improved growth 
performance, feed utilization efficiency, survival, 

antioxidant defense, and metabolic responses, 
indicating enhanced adaptation to hyperosmotic 
conditions. The observed improvements are likely 
associated with proline’s multifunctional roles as a 
compatible osmolyte, metabolic substrate, and 
cytoprotective molecule that reduces the energetic 
costs of osmoregulation and supports cellular 
homeostasis. Among the tested doses, 4–8 g kg⁻¹ 
produced the most consistent and balanced benefits 
across growth, feed utilization, hematological 
regulation, antioxidant response, and gill condition. 
These findings provide a scientific basis for developing 
functional feeds tailored to saline tilapia culture, 
particularly in coastal aquaculture systems utilizing 
abandoned shrimp ponds. However, the study was 
conducted under controlled laboratory conditions and 
did not evaluate long-term production performance or 
economic feasibility at a commercial scale. Future 
research should investigate molecular mechanisms of 
proline-mediated osmoprotection, interactions with 
other functional nutrients, and field validation under 
intensive farming conditions. Overall, dietary L-proline 
represents a promising but dose-dependent nutritional 
strategy for improving resilience and sustainability of 
tilapia production in saline environments.   
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