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abstract
the main objective of the current trial was to investigate the impacts of tilapia diets supplemented with S-methylmethionine sulfonium 
chloride (MMSC) on the growth performance, feed efficiency, body analysis, blood biochemistry and regulation of myostatin (MSTN) 
and insulin-like growth factor-1 (iGF-1) genes of nile tilapia (Oreochromis niloticus). The experimental fish (n=180) weighing 22.4±0.17 g 
were allocated randomly into three equal groups in triplicate as follows; the control group received an un-supplemented diet; the other 
two groups received two different levels of MMSC (0.2 and 0.4 g/kg) for eight weeks. The obtained findings demonstrated that tilapia diets 
enriched with small dosages of MMSC considerably (P<0.05) enhanced all assessed growth performance and feed efficiency indicators 
when compared with the control group. When compared to the control group, tilapia meals supplemented with 0.2 g MMSC significantly 
(P<0.05 or 0.01) raised blood protein profile, particularly total protein and globulin levels. Contrarily, blood creatinine levels were sig-
nificantly (P<0.01) reduced in the group of tilapia fed diets containing MMSC (0.2 or 0.4 g/kg) compared to the group without receiving 
any supplementation. Whereas, fish body analysis showed higher significant increases in crude protein and ether extract levels (P<0.01) 
as well as reduced ash content (P<0.05) in the fish group that received lower MMSC doses in comparison to other treated and control 
groups. In addition, MMSC dietary supplementation significantly downregulated the expression of mstn and upregulated igf-1 mrna 
expression compared with the control group. additionally, both dosages of mmSc supplementation modestly enhanced the intestinal vil-
lus histomorphometric score indices with observed tall, thick, and various broad tips in comparison to the control group. in conclusion, 
it could be recommended that fish diets supplemented with 0.2 g MMSC per kg diet may promote the growth and general health status 
of nile tilapia.
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Recently, the aquaculture sector has grown remark-
ably in comparison to other food production industries, 
mostly to meet the growing demand for fish as food, 
notably in a few underdeveloped countries where fish is 
regarded as the primary source of protein (FAO, 2018). 
Nile tilapia (Oreochromis niloticus) is regarded as one of 
the most important cultured species of tilapia because of 
its rapid growth rate, high survival rate in high-density 
crops, and high resistance to disease (El-Sayed, 2006; 
Sheikhzadeh et al., 2022). In recent years, higher produc-
tion costs, primarily the feed, in addition to other produc-
tion challenges, have led to decreased profit margins and 
account for approximately 70% of total costs (Macfady-
en and Dawson, 2012; El-Sayed et al., 2015; Eltholth et 
al., 2015). Besides, stocking fish at high densities under 
intensive culture systems increases the risk of infectious 

diseases, leading to economic losses owing to higher 
chemotherapeutic costs and mortality rates (Naiel et al., 
2021 a; Raza et al., 2022). 

Furthermore, overuse of antibiotics in fish therapy 
causes antibiotic resistance in fish, which is considered 
to be a major hazard to human public health since anti-
biotic-resistant genes may transmit to animals, humans, 
and other aquatic species (Abdel-Latif et al., 2022; Naiel 
et al., 2023 b). Hence, it is intended to reduce the risk 
of pathogens in farmed fish by boosting their resistance 
to infections through the administration of better nutri-
tional formulations, vaccinations, and immunostimulants 
(Naiel et al., 2021 c; Negm et al., 2021).

DL-methylmethionine sulfonium chloride (MMSC) is 
a naturally occurring amino acid derivative of methio-
nine that exists in many plants, such as cabbage (Bourgis 
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et al., 1999; Kubińska et al., 2014). Although MMSC is 
not a true vitamin, it is categorized as vitamin U because 
of its role in preventing and curing gastrointestinal ulcers 
(Oztay et al., 2020). This property has led to the wide-
spread use of MMSC as an effective therapy to prevent 
gastrointestinal ulcers (Kopinski et al., 2007). It has pre-
viously been reported that MMSC dietary supplementa-
tion increased weight gain and reduced feed conversion 
rate in various fish species (Rónyai et al., 2001).

Expression of the insulin-like growth factor-1  
(IGF-1) gene provides an almost-instantaneous indicator 
of the growth status of Nile tilapia (Brown et al., 2012). 
Also, it is well reported that the correlation between IGF-
1 mRNA levels in plasma or hepatic tissue and growth 
is remarkably strong and highly significant in tilapia fish 
(Zhong et al., 2022). Besides, alterations in blood IGF 
and hepatic IGF-1 mRNA levels may also be detected 
after two weeks of feeding fish under various dietary 
regime impacts (Cruz et al., 2006). In addition, MMSC 
is involved in producing various tissues, including mus-
cles and bone (Bikle et al., 2015). The relative accuracy 
and efficiency of quantification of liver messenger RNA 
(mRNA) has been established for MMSC as a growth-
regulating compound and its applicability as a growth 
indicator or marker in tilapia (Brown et al., 2012).

Therefore, this study sought to evaluate the effec-
tiveness of an MMSC-supplemented diet in Nile tilapia 
on growth performance, feed efficiency, and serum bio-
chemical indicators. The study also explored the possible 
involvement of specific genes that can promote weight 
gain, such as IGF-1 and MSTN.

material and methods

preparation of experimental diets
Three iso-nitrogenous diets (30% crude protein con-

tent) were formulated, containing three tested levels of 
MMSC (0.0, 0.2 and 0.4 g per kg diet), designated as 
T0, T0.2, and T0.4, respectively. The MMSC product was 
purchased from Sigma-Aldrich Co. LLC., USA (MW, 
199.70 g/mol; impurities, ≤0.002% heavy metals). The 
MMSC examined doses were chosen based on previous 
findings (Rónyai et al., 2001). In addition, the contents of 
Table 1 disclosed the ingredients and chemical analysis 
of the diets that were prepared. The feed ingredients were 
mechanically mixed well to ensure that the MMSC level 
harmonized well with the other feedstuffs, and then pel-
letized using a meat mincer with a 1.5-mm diameter, as 
described by Ibrahim et al. (2020). Then, the prepared 
diets were dried to a constant weight at 40°C and kept in 
a plastic bag at −4°C until further usage.

Experimental fish and feeding regime
A healthy Nile tilapia (O. niloticus) was obtained 

from the breeding pond of a commercial hatchery. The 
experimental fishes were maintained for three weeks to 
adjust from the fishery to farm conditions, and then the 

fish (22.4±0.17 g) were randomly distributed to floating 
cages (1 × 1 × 1 m3). The fish were randomized into three 
cages as a control group and two treatment groups, with 
20 fish in each group and three replications of each group 
(180 fish total: 60 controls and 120 treated fish; 60 for 
each diet group of 0.2 g/kg or 0.4 g/kg). For the feed test, 
three cement tanks were used, each with a water volume 
of 8 cubic meters. Each cement tank consists of three 
floating cages (one for each treatment).

Table 1. Ingredients and proximate chemical composition (% on dry 
matter basis) of diets containing different levels of vitamin U (S-me-

thyl methionine)

Ingredients Experimental diets (g/kg)
T0.0                         T0.2                                        T0.4

Fish meal 100 100 100

Soybean meal 432 432 432

Ground corn 205 205 205

Wheat bran 160 160 160

Starch 35 34.8 34.6

Cod fish oil 23 23 23

Corn oil 15 15 15

Mineral premix1 20 20 20

Vitamin premix2 10 10 10

Vitamin U 00 0.2 0.4

Total 1000 1000 1000

Proximate chemical analysis (%)

dry matter 91.72 91.77 91.75

crude protein 30.15 30.11 30.02

ether extract 8.10 8.13 8.20

crude fiber 4.83 4.71 4.86

total ash 8.22 8.40 8.45

NFE3 48.7 48.65 48.47

GE (Kcal/100 g)4 446.67 446.52 445.93
1Mineral premix (per kg of premix): CaHPO4·2H2O, 727.2 g; 

MgCO3·7H2O, 127.5 g; KCl 50.0 g; NaCl, 60.0 g; FeC6H5O7·3H2O, 25.0 
g; ZnCO3, 5.5 g; MnCl2·4H2O, 2.5 g; CuCl2, 0.785 g; CoCl3·6H2O, 0.477 g; 
CaIO3·6H2O, 0.295 g; CrCl3·6H2O, 0.128 g; AlCl3·6H2O, 0.54 g; Na2SeO3, 
0.3 g. 

2Vitamin premix (per kg of premix): thiamine, 2.5 g; riboflavin, 2.5 g; 
pyridoxine, 2.0 g; inositol, 100.0 g; biotin, 0.3 g; pantothenic acid, 100.0 g; 
folic acid, 0.75 g; para-aminobenzoic acid, 2.5 g; choline, 200.0 g; nicotinic 
acid, 10.0 g; cyanocobalamine, 0.005 g; α-tocopherol acetate, 20.1 g; me-
nadione, 2.0 g; retinol palmitate, 100,000 IU; cholecalciferol, 500,000 IU. 

3Nitrogen free extract (NFE) = 100 – (protein % + lipid % + total ash 
% + crude fiber %).

4Gross energy (GE) was calculated according to NRC (1993) as 5.64, 
9.44, and 4.11 kcal/g for protein, lipid, and NFE, respectively. (T0, T0.2 and 
T0.4 are 0.0, 0.2 and 0.4 S-methylmethionine g/kg diet) respectively.

The water in each cement tank was exchanged at  
a rate of 10% per day. Throughout the experiment,  
a 5-HP blower (Everest Industries, New Delhi, India) 
was used to continuously provide aeration.

Fish sampling was conducted every two weeks by 
collecting all the fish stocked in each cage to measure 
body weight. During the feeding trial, the water quality 
parameters were controlled bi-weekly, with no significant 
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difference caused by the addition of MMSC. The average 
water temperature was 28.61±1.04°C, dissolved oxygen 
was 5.64±0.46 mg/L, pH was 7.10±0.23, and total am-
monia concentration was 0.22±0.02 mg/L.

growth performance, feed utilization, and sur-
vival rate

During 56 days feeding trial period, examined diets 
were offered twice daily (9:00 and 17:00 h) until appar-
ent satiation. The amount of satiation was validated by 
apparent visual satiety. Diets were carefully handed out, 
ensuring no pellets remained on the bottom of the cage. 
While, the surviving fish were weighed every two weeks 
to determine consumed feeds and estimate biomass 
weight. Fish growth indicators, utilization of consumed 
feed, and survival rate were calculated as follows:

Weight gain (WG, g) = FW − IW
Specific growth rate (SGR; % g per day) = 100 x ((ln 

FW − ln IW) ÷ T)

Where IW is the initial weight (g), FW is the final 
weight (g), and T is the experimental period (days).

Feed intake (g feed/fish) = total feed consumed 
throughout the experiment ÷ fish number per cage.

Feed conversion ratio (FCR, g/g) = feed intake (g) ÷ 
weight gain (g).

Protein efficiency ratio (PER, g/g) = weight gain (g) 
÷ protein intake (g).

Apparent protein utilization (APU, %) = 100 x (pro-
tein gain ÷ protein intake).

Energy utilization (EU, %) = 100 x (energy gain ÷ 
energy intake).

Survival rate (SR, %) = 100 x (final fish number ÷ 
initial fish number).

proximate analyses
For proximate fish flesh and diet analysis, total 

moisture content was estimated applying the hot air 
oven by drying the sample at 105±2°C until a fixed 
weight was reported (AOAC, 1990). While, total lipid 
was assessed using Bligh and Dyer procedure apply-
ing chloroform/methanol (1/1, v/v) (Bligh and Dyer, 
1959). Crude protein concentrations were calculated 
by converting the nitrogen content obtained using 
Kjeldahl’s procedure (N×6.25) (AOAC, 1990). Fi-
nally, ash content was estimated after combustion in 
muffle for 20 h at 550°C (AOAC, 1990). All analyses 
were carried out on three different fish selected from 
each cage. The proximate composition of fish flesh and 
diet samples was determined in triplicate following 
Ayanda et al. (2019). 

histopathological and morphometric assessment 
of intestine

At the experiment’s end, three fish from each treated 
group were anesthetized with buffered tricaine mesylate 
(30 mg/L), and the interior part of the intestines was dis-

sected and extracted to measure the intestinal morphol-
ogy. The intestine samples were fixed in 15% neutral 
formalin buffer for 48 hours, dehydrated in ethanol 
(70−100%), cleared in xylene, and embedded in paraf-
fin. A microtome (Leica RM 2155, UK) was used to 
cut a paraffin thickness of 5 microns. Next, the slices 
were prepared by routine staining with hematoxylin 
and eosin (H&E) dyes for histopathological examina-
tion (Suvarna et al., 2018). All cross-sectional photos 
were photographed with a Leica microscope and an 
AmScope digital microscope camera. The lesion scor-
ing system was designed as follows: 0, no lesions 
(0%); 1, minimal (0−25%); 2, mild (30−50%); and 3, 
moderate to severe (>50%) lesions detectable on his-
topathology.

Serum biochemical parameters analysis
After the termination of the feeding trial, three fish 

were randomly collected from each treatment, maintained 
in a fasting condition for 24 hours before blood collec-
tion, and anesthetized by adding a few drops of clove oil 
to the water. A sterile syringe placed in a centrifuge tube 
was used to collect a blood sample from the tail vein. The 
sample was allowed to clot at room temperature and then 
centrifuged at 2000×g for 10 minutes to collect serum, 
which was then stored at −20°C until analysis.

A specific kit (Biodiagnostic Company, Dokki, Giza, 
Egypt) was used to measure total protein albumin (Low-
ry et al., 1951). Globulin was determined by subtracting 
albumin from total proteins, and the albumin/globulin ra-
tio was determined by dividing the albumin value by the 
globulin value.

rna extraction and real time-polymerase chain 
reaction

Qiazol reagent was used to extract total RNA 
from liver and muscle samples. The concentration 
and purity of RNA were determined by spectropho-
tometry at 260/280 nm. A Quanti Tect Reverse Tran-
scription Kit (Qiagen, Valencia, California, USA) 
was used to reverse transcribe 1 µg of total RNA into 
complementary single-stranded DNA in a two-step 
real-time-polymerase chain reaction (RT-PCR) us-
ing random hexamer primers. The first step was to 
use a Wipeout Buffer to remove any genomic DNA 
contamination. The housekeeping genes β-Actin and 
GAPDH were applied as an internal reference con-
trol. Table 2 shows the sequences of all used PCR 
primers. The thermal cycling conditions were as fol-
lows: incubate at 95°C for 5 minutes; then perform 
40 cycles: 94°C for 20 s and 60°C for 30 s, and 72°C 
for 30 s. The identity and specificity of PCR products 
was confirmed by applying melting curve analysis. 
A Rotor-Gene Q (Qiagen) was used to collect data 
automatically and then analyze the threshold cycle 
value (Ct). The 2-ΔΔCt protocol was applied to obtain 
the relative expression of both the MSTN and IGF-1 
mRNA.
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Statistical analysis
All results were expressed as the mean ± standard  

error of the mean of the three replicates of each mea- 
surement variable. All data analysis was performed  
by one-way analysis of variance (ANOVA) to eva- 
luate the effect of MMSC supplementation; the dif-
ference between the means was tested at a probability  
level of 5%, with the use of Duncan’s test as a post-test. 
Data and the uniformity of variance were determined  
by the Kolmogorov-Smirnov test. All statistical analy- 
ses were performed using the statistical software pack- 
age SPSS version 20 (SPSS, Richmond, Virginia,  
USA).

results

Growth performance and feeding efficiency
After 8 weeks of feeding with MMSC, both the 

growth performance (defined by final weight, weight 
gain, and specific growth rate) and the feed utilization 
efficiency parameters (defined by feed conversion ratio, 
protein efficiency ratio, and apparent protein utilization) 
were significantly improved (P<0.05) for the treatment 
groups at both dietary levels (0.2 g/kg and 0.4 g/kg) com-
pared with the control group (Table 3).

proximate analysis
The whole-body composition of Nile tilapia was 

significantly affected (P<0.05) by dietary MMSC sup-
plementation, except for moisture content (Table 4). 
Body protein and lipid content significantly increased 
(P<0.05), whereas ash content decreased, increasing with 
supplementation up to 0.4 g/kg. 

Serum biochemical parameters analysis
The results showed no significant differences be-

tween the control group and groups that received 0.2 g/kg 
and 0.4 g/kg MMSC in the serum level of ALT enzyme  
activity, calcium, magnesium and phosphorus (Table 5). 
In comparison to the control group, supplemented tilapia 

diet with 0.2 g/kg or 0.4 g/kg MMSC considerably in-
creases total protein and globulin levels, while low dose  
of MMSC significantly increases albumin and A/G  
ratio.

histological examination
The histological examination of H&E-stained fish in-

testine (Figure 1) revealed partial villi development, with 
tall and broad tip formations, as well as intact villus tips 
with microvilli, and mildly intraepithelial lymphocytic 
infiltrations in the fish group that received 0.2 g MMSC 
supplemented diets. While fish fed diets supplemented 
with 0.4 g MMSC/kg showed the enhanced formation  
of intestinal villi, tall and thick with notable wide tips,  
and increased absorptive surface characterizations, as 
well as prominent inter-epithelium lymphocytic infil- 
trations and spindle cells in the lamina propria. Further-
more, nutritional treatment with MMSC increased the 
villus height and crypt depth of the jejunum mucosa  
(Table 6).

iGF-1 and mStn mrna expression
The group with 0.2 g MMSC supplementation sho- 

wed significantly (P≤0.05) upregulated IGF-1 mRNA 
expression compared with the control group. In con-
trast, the 0.4% MMSC supplementation group showed 
non-significantly decreased IGF-1 mRNA expression 
compared with the control group and highly signifi- 
cant downregulation compared with the 0.2% group 
(Figure 2).

Regarding MSTN, the 0.2% MMSC supplementa-
tion group showed downregulated MSTN mRNA ex- 
pression significantly (P≤0.05) by 1.5-fold compared 
with controls. In contrast, the 0.4% MMSC supplemen-
tation group showed no significant decrease in MSTN 
mRNA expression compared with controls and high- 
ly significant downregulation compared with the 0.2% 
group (Figure 2). In addition, MMSC supplemen- 
tation significantly (P≤0.05) downregulated MSTN 
mRNA expression compared with the control group (Fi- 
gure 2).

Table 2. The PCR primers sequences

Gene Primer sequence Accession number Size (pb)

IGF-1-F 5ʹ AGTTTGTCTGTGGAGAGCGA3ʹ NM_001279503.1 549

IGF-1-R 5ʹ CACAGTACATCTCAAGGCGC3ʹ

MSTN-F 5ʹ CACTGTGGACTTCGAGGACT3ʹ FJ972683.1 2413

MSTN-R 5ʹ CTCTGGGGTTGGCTTTGTTC3ʹ

β-actin-F 5ʹ ACCTTCAACACCCCCGCCAT 3ʹ EU887951.1 543

β-actin-R 5ʹ ACAGGGACAGCACAGCCTGGAT 3ʹ

GAPDH-F 5ʹ GGAGAAAGCTGCTAA 3ʹ NM_008084 1257

GAPDH-R 5ʹ ACGACCTGGTCCTCGGTGTA 3ʹ

IGF-1, insulin-like growth factor-1; MSTN, myostatin gene; β-actin, beta-actin.
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Table 3. Growth performance parameters, survival rate, and feed efficiency of Nile tilapia fish fed diets supplemented with graded amounts of 
vitamin U (S-methylmethionine) for 56 days

Parameters
Experimental diets (g/kg)

P value
T0.0 T0.2 T0.4

IW (g) 22.48±0.17 22.28±0.04 22.36±0.08 0.124

FW (g) 49.41±0.37 c 54.37±0.35 a 52.50±0.18 b 0.045

WG (g) 26.93±0.36 c 32.09±0.38 a 30.14±0.25 b 0.001

SGR (% g/day) 1.41±0.02 c 1.59±0.09 a 1.52±0.03 b 0.041

TFI (g/fish) 41.88±0.84 a 45.04±0.55 b 44.95±0.21 b 0.014

FCR (g/g) 1.56±0.19 a 1.40±0.19 c 1.49±0.09 b 0.010

PER 1.74±0.28 c 1.95±0.01 a 1.84±0.08 b 0.042

APU (%) 3.16±0.08 c 7.84±0.17 a 6.34±0.12 b 0.021

EU (%) 0.58±0.03 a 0.51±0.01 c 0.54±0.03 b 0.003

SR (%) 100 100 100 0.894

IW, initial weight; FW, final weight; WG, weight gain; SGR, specific growth rate; SR, survival rate; TFI, total feed intake; FCR, feed conversion ratio; 
PER, protein efficiency ratio; APU, apparent protein utilization; EU, energy utilization. T0, T0.2 and T0.4 are 0.0, 0.2 and 0.4 S-methylmethionine g/kg diet, 
respectively. Values in the same row with different letters are significantly different at P<0.05. SEM: standard error of the mean.

Table 4. Body chemical analysis (% on dry matter basis) of Nile tilapia fish fed diets supplemented with graded amounts of vitamin U (S-
methyl methionine) for 56 days

Parameters
Experimental diets (g/kg)

P value
T0.0 T0.2 T0.4

DM 24.12±0.06 24.72±0.01 24.61±0.04 0.652

CP 59.37±0.32 c 61.17±0.9 a 60.42±0.03 ab 0.005

EE 18.24±0.40 b 19.64±0.13 a 18.72±0.05 ab 0.012

Ash 22.21±0.23 a 18.19±0.42 b 19.92±0.47 b 0.022

DM, dry matter; CP, crude protein; EE, ether extract. Values in the same row with different letters are significantly different at P<0.05. T0, T0.2 and T0.4 
are 0.0, 0.2 and 0.4 S-methylmethionine g/kg diet, respectively.

Table 5. Blood biochemical constituents of Nile tilapia fish fed diets supplemented with graded amounts of vitamin U (S-methylmethionine) for 
eight weeks

Parameters
Experimental diets (g/kg)  P value

T0.0 T0.2 T0.4

TP (g/dl) 5.3±0.45 b 5.9±0.24 a 5.02±0.31 b 0.011

Albumin (g/dl) 1.1±0.04 b 1.0±0.01 b 1.50±0.02 a 0.034

Globulin (g/dl) 4.2±0.14 b 4.9±0.31 a 3.52±0.21 ab 0.021

A/G ratio 0.26±0.01 b 0.20±0.01 b 0.43±0.02 a 0.042

Creatinine (g/dl) 1.09±0.01 a 0.75±0.01 b 0.80±0.001 b 0.005

ALT (U/L) 25.01±1.5 24.12±1.4 24.05±1.6 0.067

Calcium (mg/dl) 8.8±0.45 9.1±0.23 9.3±0.78 0.321

Magnesium (mg/dl) 3.01±0.21 3.02±0.15 3.11±0.16 0.087

Phosphorus (mg/dl) 10.1±0.41 9.96±0.31 9.53±0.52 0.164

TP, total protein; ALB, albumin; GLOB, globulin; A/G ratio, albumin/globulin ration; ALT, alanine aminotransferase. Values in the same row with dif-
ferent letters are significantly different at P<0.05. T0, T0.2 and T0.4 are 0.0, 0.2 and 0.4 S-methylmethionine g/kg diet, respectively.

Table 6. Score of enhancing of the intestine limit alteration in 0.0, 0.2 and 0.4 S-methylmethionine supplemented groups

Organ Alterations T0.0 T0.2 T0.4

Intestine Destructed tips 3 0 0

Short villi 3 2 0

Goblet cell hyperplasia 1 2 1

Intraepithelial lymphocytic infiltrations 1 2 3

Broad tips 0 2 3

(0 = no detectable histopathological lesion, 1 = minimal, 2 = mild, 3 = moderate to severe).
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Discussion

Vitamin U is widely known as S-methylmethio-
nine, or methylmethionine sulfonium (El-Saway et al., 
2022). It is produced biologically from L-methionine 
and S-adenosylmethionine by the enzyme methionine S-
methyltransferase in hepatocytes (Bradbury et al., 2014). 
Moreover, methionine or its derivatives were shown to 
be an important amino acid in most of plant ingredients 
applied into fish feed (Ceccotti et al., 2022). Therefore, 
the main purpose of this feeding investigation was to 
evaluate the effects of methionine-derived MMSC sup-
plementation on performance, feed efficiency, blood 
constituents, body chemical composition and intestinal 
morphometric characteristics of Nile tilapia, as well as 
to investigate the key molecular mechanisms of the ob-
served alterations.

Results show that a low dose of MMSC supplementa-
tion can effectively promote weight gain, and efficiency 
of consumed feed, and diminish the feed conversion ratio 
compared with an un-supplemented fish group. Also, the 
addition of MMSC to the tilapia diet enhances the pro-
tein efficiency ratio, apparent protein consumption, and 
energy utilization. Despite the fact that fish experiment 
trial data are scarce, it has previously been shown that 
including 25 mg MMSC/kg into broiler feed significantly 
increased weight gain by 3.6% and reduced feed conver-
sion ratio by approximately 2.0% when compared to the 
control group (Shaw et al., 2009). Also, Kovaleva (1986) 
demonstrated that supplementing broiler diets with 
MMSC improved body weight by 11% while decreasing 
food consumption by 4.8% compared with an un-supple-
mented group. Moreover, the inclusion of naturally oc-
curring sulfonium compounds (such as vitamin U) in fish 

Figure 1. Representative photomicrographs of H&E-stained fish intestine in: A) control group, showing apparent villi (arrows); C) 0.2 g/kg group, 
showing partial development of the villi, with tall and broad tips formations (arrows); D) 0.2 g/kg group, showing intact villus tips with microvilli 
(arrow) in addition to mildly intraepithelial lymphocytic infiltrations; E) 0.4 g/kg group showing more development of intestinal villi, with tall and 
thick with marked broad tips (arrows), and increased absorptive surface characterizations; and F) 0.4 g/kg group showing marked inter-epithelium 

lymphocytic infiltrations (star), in addition to spindle cells in the lamina propria (arrow)
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Figure 2. mRNA expression of IGF-1 and MSTN of juvenile Nile tilapia fed on diets supplemented with vitamin U (S-methylmethionine) for 
eight weeks. Values with different superscripts are significantly different at P<0.05. (T0, T0.2 and T0.4 are 0.0, 0.2 and 0.4 S-methylmethionine 

g/kg diet, respectively)
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diet ingredients enhanced the growth and development 
of various teleost species, including rainbow trout, Afri-
can catfish, red sea bream, carp, and goldfish (Nakajima, 
1991; Rónyai et al., 2001). These findings suggest that the 
methyl group transferring pathway stimulates the release 
of both di-methylthetin-homocysteine (DMT-Hcys) and 
betaine-homocysteine (Bet-Hcys) S-methyltransferases 
enzymes from livers, which contribute significantly to 
the stimulation of growth and swimming movements of 
both red sea bream and yellowtail fish (Nakatsuru et al., 
1987; Nakajima, 1993).

There is a substantial relationship between the physi-
cal anatomy of the gastrointestinal tract and the dietary 
practices of fish (Naiel et al., 2023 a). Also, it is possible 
to develop a fish immune defense system against infec-
tious diseases by providing a balanced diet that supports 
gut health and digestion (Dawood, 2021; Abdelnour et 
al., 2023). In the present investigation, dietary MMSC 
supplementation resulted in increased villus height and 
crypt depth of the intestine. According to Hu et al. (2023), 
rice field eel (Monopterus albus) offered diets enriched 
with methionine significantly increased lipid digestion and 
absorption while also improving gut microbial balance. 
Furthermore, Gao et al. (2019) demonstrated that inade-
quate levels of methionine reduced the height of intestinal 
villus and microvilli, as well as the quantity of goblet cells 
in turbot (Scophthalmus maximus L.). This beneficial ef-
fect on the intestinal structure was shown to be strongly 
associated with higher levels of digestibility and absorp-
tion of essential nutrients, and it could boost growth per-
formance (Negm et al., 2021). Besides, this impact might 
be attributed to MMSC’s ability to heal and protect the gut 
from ulcer erosion (Elbers et al., 1995). Hence, because of 
its ability to improve gut health and physical structure, the 
MMSC might be used as a dietary growth stimulant for 
Nile tilapia.

Changes in total plasma or serum protein levels have 
been widely employed as a broad clinical indication of 
terrestrial and aquatic creatures’ health status, stress, and 
welfare (Coeurdacier et al., 2011; Naiel et al., 2021 b). 
For instance, globulins, particularly gamma globulins, 
are critical for fish immune response and general health 
status (Naiel et al., 2022 a). Consequently, increasing 
blood globulin levels is regarded to be an important in-
nate reaction in fish (Kumar et al., 2013; El-Bab et al., 
2022). On the other hand, because fish can excrete cre-
atinine via the kidney, creatinine blood levels might be 
employed to assess renal filtration performance (Gharib 
et al., 2022; Naiel et al., 2022 b). According to our find-
ings, a small dosage of dietary MMSC supplementation 
increased total protein and globulin levels as well as de-
creased creatinine concentration compared with control 
group. The observed findings were found to be consistent 
with Azeredo et al. (2017) findings that treating Euro-
pean seabass cells with methionine improved immune 
responses via increased innate immune defenses such as 
nitric oxide and superoxide anion generation, as well as 
increased ATP yields.

It is generally understood that the flavor of fish flesh 
is directly connected to its protein and fat content, and 
that differences in these elements are key determinants 
of both customer choice and the quality of the processed 
products (Doğan and Ertan, 2017; Naiel et al., 2022 c). 
Early evidence revealed that methionine is a unique sul-
fur-based amino acid that can be utilized to build proteins 
and has a direct association with the cause or prevention 
of fatty liver (Peres and Oliva-Teles, 2001; Toohey, 2014; 
Ayanda et al., 2019). These prior findings supported our 
results that dietary MMSC supplementation at low doses 
significantly improved the crude protein and crude fat 
content of fish flesh. Besides, recent research indicates 
that sulfur-based substances, at appropriate low concen-
trations, may prevent fatty liver (Toohey, 2014). These 
benefits may be connected to the effectiveness of MMSC 
in boosting protein synthesis and enhancing meat quality, 
including fat content via stimulating IGF-1 gene path-
ways (Espe et al., 2016).

The process of muscle growth is called myogenesis, 
which is a complex regulatory process that includes the 
interaction of several proteins. Myogenic regulatory fac-
tors and myocyte-enhancing factor 2 (MEF2) are two im-
portant transcriptional proteins that are positively related 
to skeletal muscle development (Xiao et al., 2017). Both 
MSTN and IGF-1 are considered myogenic regulatory 
factors (Naya and Olson, 1999; Zanou and Gailly, 2013). 
The IGF-1 downstream signaling cascade includes genes 
that play an important role in cellular proliferation and 
protein synthesis (Adams, 2002). As a powerful negative 
myogenic modulator, MSTN can cause muscle mass loss. 
While changing the composition of muscle fiber types, 
MSTN modulates the expression of myogenic differentia-
tion factor 1 and MEF2 (Hennebry et al., 2009). Therefore, 
inhibition of its expression leads to increased muscle mass 
(Wang and McPherron, 2012). In addition, downregula-
tion of MSTN expression can lead to muscle and muscle 
fiber hypertrophy (Wang and McPherron, 2012), whereas 
its overexpression decreases the quality and size of skel-
etal muscle fibers (Reisz-Porszasz et al., 2003).

Compared with the control group, the MMSC-sup-
plemented groups at lower doses significantly increased 
the expression of IGF-1 mRNA in liver, and this in-
creased expression was accompanied by an increase in 
body weight. These findings are consistent with those 
for chickens as reported by Zhai et al. (2012) and Wen 
et al. (2017). They observed that the methionine sup-
plementation upregulates IGF-1 expression and thus can 
improve breast muscle weight and growth performance. 
Moreover, another study documented that the MMSC ad-
ministration (1.4 g/kg diet) in chicks with a low level of 
choline or methionine can improve growth performance 
compared with controls (Augspurger et al., 2005). Fur-
thermore, other research has shown that the addition of 
encapsulated methionine to the pelleted feed and the 
extruded feed significantly increases the expression of 
IGF-1 in the muscle, whereas the addition of crystalline 
methionine only numerically increases the expression of 
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IGF-1 (Shan et al., 2017; Nazeemashahul et al., 2020). 
These results can be attributed to the stimulating effect 
of methionine on the gene expression of IGF-1 encoding 
growth-related hormones, as well as its inhibitory effect 
on the expression of genes related to protein degradation 
and negative muscle regulators, such as myostatin (Del 
Vesco et al., 2015).

In addition, the results of the current trial indicate 
that supplemented tilapia diets with low levels of MMSC 
negatively regulates the expression of MSTN mRNA 
compared with control and fish group fed diets contain-
ing high level of MMSC. In support of these results, other 
studies note that methionine supplementation decreases 
MSTN mRNA expression in chickens (Wen et al., 2014). 
This effect is due to the methylation of the MSTN gene 
in the presence of methionine, which reduces its mRNA 
expression (Liu et al., 2010). Furthermore, the impact of 
lowering MSTN mRNA expression was discovered to be 
associated with body weight alteration, with the group 
supplemented with low MMSC levels achieving signifi-
cant weight gain. Finally, it is possible that dietary me-
thionine reduces MSTN mRNA expression via increasing 
methylation of an MSTN exon region (Liu et al., 2010).

conclusions
This study suggests that incorporating a low dose of 

MMSC (0.2 g/kg) into tilapia diet significantly improves 
final weight gain, feed conversion ratio, and IGF-1 expres-
sion when compared to the control group. This improve-
ment was linked to elevated IGF-1 mRNA expression, en-
hanced intestinal morphological structure, and diminished 
MSTN mRNA expression. When MMSC-treated groups 
were compared to the control group, serum biochemical 
measures were not altered. Thus, further research is required 
to study the molecular signals involved in the impact of 
MMSC supplementation. In addition, research is desired to 
identify the exact optimal dosage of MMSC concentrations 
for enhancing tilapia production.
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