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SUMMARY  
Isoleucine is a branched-chain essential amino acid in pig nutrition that 

regulates protein metabolism, fat deposition, and glucose utilisation, and serves as 
an energy substrate for immune protein synthesis, thereby enhancing immune 
function. It also improves growth performance, feed intake, and nutrient 
utilisation. However, the optimal standardized ileal digestible (SID) 
isoleucine:lysine ratio for young pigs remains controversial. This study aimed to 
determine the optimal SID isoleucine:lysine ratio for pigs weighing 7–30 kg. 
Four groups of piglets were fed diets with SID isoleucine:lysine ratios of <0.5, 
0.5, 0.55, and 0.6. The results demonstrated that a ratio of 0.55 was optimal, 
increasing live weight at 70 days of age by 8.8% (p<0.05) without adverse 
physiological effects. This ratio reduced serum glucose, creatinine, urea, total 
cholesterol, low-density lipoprotein cholesterol, and triglycerides, while 
increasing total protein and high-density lipoprotein cholesterol and decreasing 
ALT and AST activity. A ratio of 0.5 was less effective but still increased live 
weight by 6.2% (p<0.05) and decreased serum glucose, creatinine, urea, and 
triglycerides, with a concomitant rise in total protein. In contrast, increasing the 
ratio to 0.6 did not improve body weight and altered protein and lipid 
metabolism, as evidenced by increased total protein and globulins, decreased 
albumins and albumin-to-globulin ratio, elevated cholesterol due to higher low-
density lipoproteins, and reduced ALT and AST activity. 

Keywords: SID isoleucine:lysine, pigs, live weight, protein, triglycerides, 
glucose 
 

INTRODUCTION 

Excessive nitrogen emissions from pigs raised on modern farms have 

detrimental effects through their contribution to acidification and eutrophication 
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of sensitive ecosystems, as well as odour emissions (Almeida et al., 2024). 

Reducing crude protein in pig diets has been shown to reduce these negative 

effects by improving nitrogen use efficiency, positively affecting both 

performance and animal health, and reducing environmental impacts (Chae et al., 

2024). However, this feeding strategy should be combined with an adequate 

supply of amino acids in quantity and quality to meet the genetic potential of the 

animals for protein deposition (Adhikari et al., 2025). Until now, NRC (2012) has 

been the guideline for ensuring adequate amino acid requirements in pig diets. 

However, recent studies on various animals (Sychov et al., 2022; Plyska et al., 

2021; Shkarban and Sychov 2025; Sychov et al., 2025) have shown that the 

standardized ileal digestibility (SID) ratio of amino acids to lysine has changed 

significantly over the past two decades, while some publications on pigs have 

reported contradictory results (Kwon et al., 2022; Goodarzi et al., 2022; Habibi et 

al., 2022a; Zong et al., 2022). Therefore, a more precise study is necessary, 

considering each factor that affects the amino acid requirements (especially the 

limited amino acids) in pig feeding. 

Among the essential amino acids, tryptophan, valine, isoleucine, and 

methionine play important roles in several biological functions of porcine 

metabolism. In particular, isoleucine belongs to the group of essential branched-

chain amino acids (BCAA), which are interdependent amino acids that affect the 

incorporation rate of other limiting amino acids. Isoleucine is a branched-chain 

amino acid that is essential for pigs and can regulate protein metabolism, fat 

deposition and glucose utilisation in the body (Nie et al., 2018; Le Couteur et al., 

2020; Zhao et al., 2024). In addition, isoleucine serves as an important energy 

substrate and is required for the synthesis of immune proteins (Gu et al., 2019). 

Previous studies have shown that isoleucine can improve growth parameters, feed 

intake and utilisation, and relative intestinal length and morphology in pigs 

(Wang et al., 2024). In addition, it can regulate intestinal immune function by 

increasing the secretion of β-defensins through the activation of the 

Sirt1/ERK/90RSK signalling pathway (Ren et al., 2016; Zhang et al., 2024). 

Given the numerous functions that isoleucine performs in the body of pigs, 

over the past decades, many scientists have been devoted to establishing the 

optimal SID ratio of isoleucine:lysine in their diet. In particular, Goodarzi P. et al. 

(2022) recommend an optimal SID Ile:Lys ratio of 0.30–0.55 for pigs with a live 

weight of up to 25 kg. However, in subsequent studies, the authors increased the 

recommended SID Ile:Lys ratio to 0.29–0.60 (Goodarzi et al. 2023). 

According to Habibi M. et al. (2022a), to maintain the normal 

physiological state of the pigs' body, it is necessary to maintain the SID Ile:Lys 

ratio at the level of 0.31–0.55. While Soumeh E. A. et al. (2014) and Nørgaard J. 

V. et al. (2013) recommend a SID Ile:Lys of 0.42–0.62, and Nørgaard J. V. and 

Fernández J. A. (2009) recommend 0.53–0.62. At the same time, Clark A. B. et 

al. (2016) suggest an even higher SID Ile:Lys ratio of 0.40–0.63 to maintain 

optimal growth parameters in pigs. According to Soumeh E.A. et al. (2014), for 

piglets with a body weight ranging from 11 to 25 kg, the optimal SID Ile:Lys 
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ratio in diets is between 0.42 and 0.62, whereas Barea R. et al. (2009) recommend 

a ratio of 0.46 to 0.65. For piglets with a body weight of 15–30 kg, Lazzeri D. B. 

et al. (2017) consider the optimal SID Ile:Lys ratio to be 0.45–0.73, and 

according to Waguespack, A. M. et al. (2012) SID Ile:Lys for young pigs 20–45 

kg should be 0.52–0.61. For pigs with a live weight of 25 to 50 kg, Clizer D. A. et 

al. (2022) established an optimal SID Ile:Lys ratio of 0.55–0.75. However, 

Kerkaert H.R. and colleagues (2021) suggest a lower SID Ile:Lys ratio for pigs of 

this body weight, ranging from 0.61 to 0.66. 

Summarising and generalising the data described in the literature, the 

optimal SID Ile:Lys ratio in pigs up to 11 kg live weight is between 0.58 and 0.65 

(Chae et al, 2024). These higher requirements compared to the NRC 

recommendation (2012) and several articles in the literature (Htoo et al, 2014; 

Soumeh et al, 2014; Clark et al, 2017) can be explained by the previous 

assessment related to genetic improvement and excessive inclusion of leucine or 

valine in the piglet diet. For piglets with a live weight of 11 to 25 kg, the optimal 

SID Ile:Lys ratio ranged from 0.55 to 0.61, and for young pigs with a live weight 

of 25 to 50 kg, it ranged from 0.55 to 0.58 (Chae et al, 2024). These results are 

also higher than those reported in the literature (Waguespack et al, 2012; 

Gloaguen et al, 2013; Nørgaard et al, 2013; Lazzeri et al, 2017) regarding the 

needs of the SID Ile:Lys ratio for pigs. Thus, despite a fairly large number of 

studies on determining the optimal SID Ile:Lys ratio in the diet of pigs with 

different body weights, i.e. for different periods of growth, the established values 

are contradictory and fluctuate in a fairly wide range. Therefore, this study aimed 

to establish the optimal SID Ile:Lys ratio in the diet of pigs aged 24 to 70 days 

with a body weight of 7–30 kg, which would provide the necessary growth 

parameters and maintain the normal physiological state of their body. 
 

MATERIAL AND METHODS 
Ethics. Experiments with experimental animals were performed following 

the rules of the European Convention for the Protection of Vertebrate Animals 
(Official Journal of the European Union L276/33, 2010) and the Order of the 
Ministry of Economy of Ukraine «On approval of the requirements for the 
welfare of farm animals during their housing» of February 18, 2021, were 
organised. The local Commission approved the experimental protocol on 
Bioethics of the National University of Life and Environmental Sciences of 
Ukraine. 

Experimental Treatment Groups. From young pigs of the industrial herd, 
Danish selection (♀Landrace/Large White X ♂Dyurek) aged 24 days, 4 groups of 
piglets were formed (all animals were either half-brothers or half-sisters), which 
were kept in 10 m² pens on a slatted floor. Each pen was equipped with a 2.5 m² 
cover with a heating lamp, which was used in the first week of life after weaning. 
The experiment was conducted in December 2024 and January 2025. 

The housing conditions (microclimate parameters, functioning of automatic 
drinkers) and the health status of the experimental animals were monitored daily. 
Before the start of the experiment, the premises were disinfected, and the 
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experimental pigs were subjected to preventive deworming. The average daily air 
temperature in the pigsty where the experimental pigs were kept was at 30-23 °C, 
depending on the period of detention, the relative humidity fluctuated within 70–
75%. 

The experimental design is presented in Table 1. 
 

Table 1. Experimental design 

Groups Characteristics of feed SID isoleucine:lysine 

1 (control) Basic feed (BF) <0.5 

Experimental 2 Basic feed (BF) 0.5 

Experimental 3 Basic feed (BF) 0.55 

Experimental 4 Basic feed (BF)  0.6 

 
Piglets were fed manually using a TR-4 ROTECNA feeding device. 1 

feeding device per group (hopper volume – 120 l, intended for piglets 6–40 kg, 

feeding type – dry, number of animals served by 1 hopper – 30 animals, feeding 

place width 18.7 cm. Feeding principle: every morning from 9.00 to 10.00 – the 

rest of the feed from the previous day was taken out, weighed and a new amount 

of feed was poured in. 

The differences between the groups concerned only the composition of the 

diet, namely the ratio of SID isoleucine to lysine. Thus, in piglets of the Con 

group, the SID isoleucine:lysine ratio in the diet was unlimited and less than 0.5, 

in piglets of the Ile: Lys 0.5 group the SID isoleucine:lysine ratio was 0.5, in the 

Ile: Lys 0.55 group ‒ 0.55, respectively, and in the Ile: Lys 0.6 group ‒ 0.6. 

Zootechnical records. Throughout the rearing period, the number of piglets 

removed from the experiment (due to mortality and culling) was recorded. Also, 

every seven days, the live weight of pigs was determined on the AXIS 

BDU300C-0608X scales (Ukraine). Electronic scales AXIS BDU300C-0608X 

(manufactured in Ukraine) are intended for weighing animals (in particular 

piglets) and general cargo, with a maximum capacity of 300 kg and a minimum 

load of 1 kg, a readability and verification scale interval of 50 g, a medium 

accuracy class, and a tare compensation range up to 100% of the maximum 

capacity.  

Blood sampling. Blood sampling was performed from 8 pigs (♀4 & ♂4) of 

each group at the end of the experiment. The sampling was performed from the 

axillary vein, and 1.0–1.5 ml of blood was taken into a K2 EDTA tube. Blood 

sampling, as well as the selection of randomised individuals, was performed 

according to generally accepted methods. 

Haematological methods. Haematological parameters of pig blood were 

determined on the IDEXX ProCyte Dx haematological analyser (IDEXX Europe 

B.V.) at the LLC "Veterinary Diagnostics Centre". The following parameters 

were determined: erythrocyte, leukocyte, and platelet counts - by impedance 

change (conductometric method); haemoglobin concentration - by the 

spectrophotometric method. 
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Biochemical parameters and enzyme activity of piglet blood serum were 

determined on an automatic Beckman Coulter biochemical analyser (USA) in the 

laboratory of LLC "Centre for Veterinary Diagnostics" using the manufacturer's 

original test systems and commercial diagnostic kits High Technology Inc. 

(USA). Determination of the main serum metabolites (High Technology Inc., 

USA). The following reagent sets were used to determine the concentrations of 

metabolites: glucose – set HT-G242 (method: glucose oxidase, endpoint; λ=500 

nm); total protein – HT-T251 (biuret reaction, endpoint; λ=540 nm); calbumin – 

HT-A203 (reaction with bromocresol green; λ=630 nm); creatinine – HT-C225 

(Jaffe method, kinetic; λ=510 nm); urea – HT-U254 (Trinder/uricase method, 

endpoint; λ=520 nm); inorganic phosphorus – HT-P244 (ammonium molybdate 

method; λ=340 nm). calcium – HT-C216 (orthocresolphthalein method, endpoint; 

λ=570 nm); ALT (alanine aminotransferase) – HT-A206 (IFCC method, kinetic; 

λ=340 nm). The methods were performed according to the kit manufacturer's 

instructions. 

Statistical analysis of biometric data was carried out on a PC using 

Statistica 10. The significance of differences between groups was assessed using 

one-way analysis of variance (ANOVA) and the Tukey–Kramer multiple 

comparison test as a post hoc procedure. The normality of the sample data 

distribution was tested using the Shapiro-Wilk, Kolmogorov-Smirnov, and Box-

Plot tests. If the data distribution was significantly different from normal, the 

nonparametric Mann-Whitney U-test was used. Differences between groups were 

considered significant at p<0.05. 
 

RESULTS AND DISCUSSION 

The experimental young pigs were fed complete mixed feeds, balanced in 

all nutrients, in which the main nutritional indicators, including the levels of the 

first essential amino acids (lysine, methionine + cystine, tryptophan, valine) 

covered the needs of the recommendations of the CVB (2023). Before compiling 

the diets, the main ingredients (wheat, barley, soybean meal, soybean concentrate 

and dry aerosol-dried haemoglobin) were analysed for the content of dry matter, 

crude protein, crude fibre, starch, fat and crude ash. Based on the indicators 

obtained, the nutritional value of the main ingredients in the feed was calculated 

according to the formulas and nutritional matrices of the CVB database (2018). 

The nutritional value of the mixed feed used for feeding piglets is given in Tables 

2–4. 

 

Table 2. Nutritional value of the diet for young pigs from 24 to 38 days of age 

Indicator 
Group of piglets 

Con Ile:Lys0.5 Ile:Lys0.55 Ile:Lys0.6 

1 2 3 4 5 

Dry matter, g. 904.1 904.2 904.2 904.3 

Humidity, g.  95.9  95.8  95.8  95.7 
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Crude protein, g. 179.5 179.9 180.2 180.6 

Crude fibre, g.  43.1  43.1  43.1  43.0 

Raw ash, g.  47.9  47.9  47.9  47.9 

Crude fat, g.  70.1  70.0  70.0  70.0 

Starch according to Evers 390.7 390.2 389.8 389.4 

Net energy, kcal 2605.1 2605.0 2605.0 2605.0 

Net energy, MJ.  10.9  10.9  10.9  10.9 

Lysine, g.  13.2  13.2  13.2  13.2 

Methionine, g.  5.0  5.0  5.0  5.0 

Methionine + Cystine, g.  8.1  8.1  8.1  8.1 

Threonine, g.  9.8  9.8  9.8  9.8 

Tryptophan, g.  3.0  3.0  3.0  3.0 

Valine, g.  9.5  9.5  9.5  9.5 

SID Lysine, g.  12.1  12.1  12.1  12.1 

SID Methionine, g.  4.7  4.7  4.7  4.7 

SID Methionine + Cystine, g.  7.3  7.3  7.3  7.3 

SID Threonine, g.  8.5  8.5  8.5  8.5 

SID Tryptophan, g. 2.7 2.7 2.7 2.7 

SID Valine, g. 8.3 8.3 8.3 8.3 

SID Isoleucine, g. 5.3 6.1 6.7 7.3 

SID Leucine, g. 12.1 12.1 12.1 12.1 

SID Isoleucine/Lysine 0.439 0.5 0.55 0.6 

SID Leucine/ Lysine 1.0 1.0 1.0 1.0 

Calcium, g. 6.0 6.0 6.0 6.0 

Total phosphorus, g. 5.0 5.0 5.0 5.0 

Absorbable phosphorus, g. 3.8 3.8 3.8 3.8 

Sodium, g. 3.0 3.0 3.0 3.0 

Iron, mg. 110.0 110.0 110.0 110.0 

Zinc, mg. 150.0 150.0 150.0 150.0 

Manganese, mg. 72.0 72.0 72.0 72.0 

Copper, mg. 150.0 150.0 150.0 150.0 

Iodine, mg. 0.8 0.8 0.8 0.8 

Selenium, mg. 0.4 0.4 0.4 0.4 

Vit. A, IU 15000 15000 15000 15000 

Vit. D3, IU 2500 2500 2500 2500 

Vit. E, mg. 200.0 200.0 200.0 200.0 

Vit. K3, mg. 2.5 2.5 2.5 2.5 

Vit. B1 (Thiamine), mg. 1.875 1.875 1.875 1.875 
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Vit. B2 (Riboflavin), mg. 6.25 6.25 6.25 6.25 

Vit. B3 (Niacin), mg. 25.0 25.0 25.0 25.0 

Choline, mg. 300.0 300.0 300.0 300.0 

Vit. B5 (Pantothenic acid), mg. 12.5 12.5 12.5 12.5 

Vit. B6 (Pyridoxine), mg. 3.75 3.75 3.75 3.75 

Vit. H (Biotin), mcg. 125.0 125.0 125.0 125.0 

Vit. B9 (Folate), mg. 0.625 0.625 0.625 0.625 

Vit. B12 (Cyanocobalamin), mcg. 31.25 31.25 31.25 31.25 

 
Table 3. Nutritional value of the diet for young pigs from 39 to 55 days of age 

Indicator 
Group of piglets 

Con Ile:Lys0.5 Ile:Lys0.55 Ile:Lys0.6 

1 2 3 4 5 

Dry matter, g. 895.6 895.6 895.7 895.7 

Humidity, g. 104.4 104.4 104.3 104.3 

Crude protein, g. 174.9 175.3 175.6 176.0 

Crude fibre, g.  42.4  42.4  42.4  42.4 

Raw ash, g.  46.7  46.7  46.7  46.7 

Crude fat, g.  57.4  57.2  57.0  56.7 

Starch according to Evers 426.7 426.5 426.3 426.1 

Net energy, kcal 2509.0 2509.0 2509.0 2509.0 

Net energy, MJ.  10.5 10.5 10.5 10.5 

Lysine, g.  12.7  12.7  12.7  12.7 

Methionine, g.  4.9  4.9  4.9  4.9 

Methionine + Cystine, g.  7.7  7.7  7.7  7.7 

Threonine, g.  8.7  8.7  8.7  8.7 

Tryptophan, g.  2.8  2.8  2.8  2.8 

Valine, g.  9.0  9.0  9.0  9.0 

SID Lysine, g.  11.5  11.5  11.5  11.5 

SID Methionine, g.  4.5  4.5  4.5  4.5 

SID Methionine + Cystine, g.  6.9  6.9  6.9  6.9 

SID Threonine, g.  7.5  7.5  7.5  7.5 

SID Tryptophan, g.  2.5  2.5  2.5  2.5 

SID Valine, g.  7.8  7.8  7.8  7.8 

SID Isoleucine, g.  5.2  5.8  6.3  6.9 

SID Leucine, g.  11.5  11.5  11.5  11.5 

SID Isoleucine/Lysine 0.452 0.5 0.55 0.6 

SID Leucine/Lysine 1.0 1.0 1.0 1.0 

Calcium, g. 5.5 5.5 5.5 5.5 
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Total phosphorus, g. 5.0 5.0 5.0 5.0 

Absorbable phosphorus, g. 3.5 3.5 3.5 3.5 

Sodium, g. 2.5 2.5 2.5 2.5 

Iron, mg. 110.0 110.0 110.0 110.0 

Zinc, mg. 150.0 150.0 150.0 150.0 

Manganese, mg. 72.0 72.0 72.0 72.0 

Copper, mg. 150.0 150.0 150.0 150.0 

Iodine, mg. 0.8 0.8 0.8 0.8 

Selenium, mg. 0.4 0.4 0.4 0.4 

Vit. A, IU 15000 15000 15000 15000 

Vit. D3, IU 2500 2500 2500 2500 

Vit. E, mg. 200.0 200.0 200.0 200.0 

Vit. K3, mg. 2.5 2.5 2.5 2.5 

Vitamin B1 (Thiamine), mg. 1.875 1.875 1.875 1.875 

Vit. B2 (Riboflavin), mg. 6.25 6.25 6.25 6.25 

Ex. B3 (Niacin), mg. 25.0 25.0 25.0 25.0 

Choline, mg. 400.0 400.0 400.0 400.0 

Vit. B5 (Pantothenic acid), mg. 12.5 12.5 12.5 12.5 

Vit. B6 (Pyridoxine), mg. 3.75 3.75 3.75 3.75 

Vit. H (Biotin), mcg. 125.0 125.0 125.0 125.0 

Vit. B9 (Folate), mg. 0.625 0.625 0.625 0.625 

Vit. B12 (Cyanocobalamin), mcg. 31.25 31.25 31.25 31.25 

 
Table 4. Nutritional value of the diet for young pigs from 56 to 70 days of age 

Indicator 
Group of piglets 

Con Ile:Lys0.5 Ile:Lys0.55 Ile:Lys0.6 

1 2 3 4 5 

Dry matter, g. 895.0 895.0 895.0 895.1 

Humidity, g. 105.0 105.0 105.0 104.9 

Crude protein, g. 173.8 174.0 174.4 174.7 

Crude fibre, g.  39.2  39.2  39.1  39.1 

Raw ash, g.  51.2  51.2  51.2  51.2 

Crude fat, g.  46.9  46.7  46.5  46.3 

Starch according to Evers 412.5 412.4 412.2 412.1 

Net energy, kcal 2348.0 2348.0 2348.0 2348.0 

Net energy, MJ.  10.2  10.2  10.2  10.2 

Lysine, g.  12.2  12.2  12.2  12.2 

Methionine, g.  4.5  4.5  4.5  4.5 
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Methionine + Cystine, g.  7.5  7.5  7.5  7.5 

Threonine, g.  8.3  8.3  8.3  8.3 

Tryptophan, g.  2.7  2.7  2.7  2.7 

Valine, g.  8.4  8.4  8.4  8.4 

SID Lysine, g.  11.0  11.0  11.0  11.0 

SID Methionine, g.  4.2  4.2  4.2  4.2 

SID Methionine + Cystine, g.  6.6  6.6  6.6  6.6 

SID Threonine, g.  7.2  7.2  7.2  7.2 

SID Tryptophan, g.  2.4  2.4  2.4  2.4 

SID Valine, g.  7.2  7.2  7.2  7.2 

SID Isoleucine, g.  5.2  5.5  6.1  6.6 

SID Leucine, g.  11.0  11.0  11.0  11.0 

SID Isoleucine/Lysine 0.473 0.5 0.55 0.6 

SID Leucine/Lysine 1.0 1.0 1.0 1.0 

Calcium, g. 5.5 5.5 5.5 5.5 

Total phosphorus, g. 5.4 5.4 5.4 5.4 

Absorbable phosphorus, g. 3.4 3.4 3.4 3.4 

Sodium, g. 2.5 2.5 2.5 2.5 

Iron, mg. 110.0 110.0 110.0 110.0 

Zinc, mg. 150.0 150.0 150.0 150.0 

Manganese, mg. 72.0 72.0 72.0 72.0 

Copper, mg. 100.0 100.0 100.0 100.0 

Iodine, mg. 0.8 0.8 0.8 0.8 

Selenium, mg. 0.4 0.4 0.4 0.4 

Vit. A, IU 15000 15000 15000 15000 

Vit. D3, IU 2500 2500 2500 2500 

Vit. E, mg. 200.0 200.0 200.0 200.0 

Vit. K3, mg. 2.5 2.5 2.5 2.5 

Vitamin B1 (Thiamine), mg. 1.875 1.875 1.875 1.875 

Vit. B2 (Riboflavin), mg. 6.25 6.25 6.25 6.25 

Ex. B3 (Niacin), mg. 25.0 25.0 25.0 25.0 

Choline, mg. 300.0 300.0 300.0 300.0 

Vit. B5 (Pantothenic acid), mg. 12.5 12.5 12.5 12.5 

Vit. B6 (Pyridoxine), mg. 3.75 3.75 3.75 3.75 

Vit. H (Biotin), mcg. 125.0 125.0 125.0 125.0 

Vit. B9 (Folate), mg. 0.625 0.625 0.625 0.625 

Vit. B12 (Cyanocobalamin), mcg. 31.25 31.25 31.25 31.25 
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The effect of using different SID isoleucine to lysine ratios in diets for 

young pigs on their body weight 

Isoleucine has traditionally been considered an essential amino acid for 

pigs, as it cannot be synthesised in their body (Wang et al., 2024). Optimal 

isoleucine intake positively affects growth performance and the physiological 

status of pigs (van Milgen et al., 2012). According to the ideal protein concept, 

the requirement for isoleucine is determined by the SID isoleucine:lysine ratio, 

with lysine typically being the first limiting amino acid, and isoleucine thus 

considered the second limiting amino acid when assessing its requirement 

(Soumeh et al., 2014; van Milgen et al., 2012). 

In this study, four different SID isoleucine:lysine ratios, ranging from less 

than 0.5 to 0.6, were used for young pigs with a live weight of 7–30 kg. At the 

beginning of the experiment, at 24 days of age, the body weights of young pigs 

were 7.40–7.43 kg, with no significant difference between the groups (Table 5). 

Thus, piglets were selected for the control and experimental groups, which were 

similar in age and body weight. 

 

Table 5. Body weight of piglets depending on the ratio of SID isoleucine to 

lysine in the diet, kg, M±SEM, n=21/group 
Age, 

days 

Group of piglets 

Con Ile:Lys0.5 Ile:Lys0.55 Ile:Lys0.6 

24 7.43±0.048a 7.42±0.045a 7.40±0.043a 7.42±0.045a 

38 11.08±0.149a 11.49±0.138b 11.67±0.193bc 11.13±0.147ab 

55 18.42±0.230a 19.35±0.23b 19.79±0.289bc 18.70±0.179ab 

70 27.57±0.332a 29.27±0.357b 30.00±0.434bc 28.27±0.262ab 
Note: Values are presented as mean ± SEM (n=21 per group). Means within a row with different 

superscript letters differ significantly (P<0.05, Tukey–Kramer test) 

 

However, during the growing period, the effect of different SID 

isoleucine:lysine ratios due to the addition of synthetic isoleucine on the body 

weight of young pigs was revealed. In particular, at 38 days of age, the body 

weight of piglets in the Ile:Lys0.5 group was 3.7% higher (P<0.05), at 55 days it 

was 5.0% higher (P<0.05), and at 70 days it was 6.2% higher (P<0.05), compared 

to the Con group. Young pigs in the Ile:Lys0.55 group were characterized by a 

higher body weight at 38 days of age by 5.3% (P<0.05), at 55 days of age by 

7.4% (P<0.05), and at 70 days of age by 8.8% (P<0.05), compared to the Con 

group. 

At the same time, no statistically significant differences were observed 

between the Ile:Lys0.55 and Ile:Lys0.5 groups at any stage of the experiment. 

Furthermore, piglets in the Ile:Lys0.6 group did not differ significantly in body 

weight from the Con, Ile:Lys0.5, or Ile:Lys0.55 groups throughout the 

experimental period. 

The obtained data are consistent with the meta-analysis published by van 

Milgen J. et al. (2012), in which the authors concluded that the SID Ile:Lys level 

for maximising pig growth parameters should be 0.50–0.55. In general, studies on 
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the effect of the dose-dependent SID isoleucine:lysine ratio in diets without the 

addition of blood products on growth parameters of pigs with a live weight of 7–

30 kg are few (Wiltafsky et al., 2009). However, it is known that excessive 

isoleucine intake can increase BCAA metabolism and thus negatively affect 

growth parameters in pigs (Soumeh et al., 2014). Thus, according to Nørgaard J. 

V. et al. (2013), pigs fed a diet containing excessive levels of isoleucine are 

characterised by reduced feed intake and reduced body weight gains. The 

negative consequences of excessive isoleucine intake may be due to interactions 

among BCAAs. Wiltafsky M. K. et al. (2009) also found that too high a SID 

isoleucine:lysine ratio can lead to reduced performance in pigs, and suggested 

that the synthesis of α-keto-β-methylvalerate by excessive isoleucine may 

activate the branched-chain ketoacid dehydrogenase complex, which can catalyse 

all irreversible steps of BCAA catabolism, and thus limit leucine metabolism. 

 

Biochemical profile of piglets depending on the ratio of SID isoleucine 

to lysine in diets 

Serum biochemical parameters can reflect the metabolic function in the pig 

body (Oliveira et al., 2025). This study showed that when using all the studied 

SID isoleucine:lysine ratios in the diet for young pigs, namely from < 0.5 to 0.6, 

the clinical biochemistry parameters of their serum were within the physiological 

norm (Table 5). However, certain differences were still observed within the 

reference intervals depending on the ratios mentioned above. In particular, a 

slight increase in the concentration of total protein in the serum of piglets was 

found in proportion to the increase in the SID isoleucine:lysine ratio in the diet. 

Thus, in the young pigs of the Ile:Lys0.5 group, the concentration of total protein 

in the serum was lower by 1.9 % (p<0.05), and in the group Ile: Lys 0.55 - by 

4.8% (p<0.05), while in piglets of the Ile:Lys0.6 group - by 5.1% (p<0.05), 

compared to the Con group. 

 

Table 6. Biochemical parameters of piglet blood serum depending on the ratio of 

SID isoleucine to lysine in the diet, M±SEM, n=8/group 

Indicator 
Group of piglets 

РІ1 
Con Ile:Lys0.5 Ile:Lys0.55 Ile:Lys0.6 

Total protein, g/L 56.7±0.31a 57.8±0.45b 59.4±0.55c 59.6±0.46c 33‒63 

Albumin, g/L 31.5±0.87a 29.5±0.76a 31.5±0.69a 29.5±0.95a 20‒39 

Glucose, mmol/L 7.5±0.21a 6.2±0.24b 5.4±0.25c 7.7±0.36a 5.l‒8.3 

Creatinine, μmol/L 98.8±2.78a 89.8±2.73b 88.9±2.32c 101.9±2.46a 73‒111 

Urea, mmol/L 3.8±0.48a 1.9±0.49b 1.5±0.42b 2.6±0.32c 0.5‒3.8 

Uric acid, μmol/L 3.6±0.34a 3.5±0.27a 3.7±0.22a 3.2±0.31a ‒ 

Calcium, mmol/L: 

- general 

- ionised 

 

2.8±0.07a 

1.3±0.02a 

 

2.8±0.06a 

1.4±0.01a 

 

2.9±0.08a 

1.4±0.01a 

 

2.6±0.09a 

1.3±0.02a 

 

2.4‒3.3 

‒ 

Phosphorus, mmol/L 4.3±0.07a 4.4±0.03a 4.3±0.05a 4.2±0.03a 2.6‒4.0 

Note: Values are presented as mean ± SEM (n=21 per group). Means within a row with different 

superscript letters differ significantly (P<0.05, Tukey–Kramer test). 1 RI - reference intervals 

according to Egeli A. K. et al. (1998) 
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Glucose is the primary source of energy and carbon for most eukaryotic 

cells, as it can be oxidised to provide energy and has a wide range of effects on 

cell function (Gaster et al., 2000). Amino acids can be involved in the regulation 

of glucose levels. BCAAs, and especially isoleucine, improve glucose uptake and 

utilisation. Isoleucine can suppress increased blood glucose concentration (Doi et 

al., 2003). According to Zhang, S. et al. (2016), the intake of isoleucine alone can 

increase glucose utilisation in pigs. In this study, a decrease in serum glucose 

concentration was observed in young pigs with an increase in the SID 

isoleucine:lysine ratio in the diet. Thus, in the young pigs of the Ile:Lys0.5 group, 

the concentration of glucose in the blood serum was lower by 17.3% (p<0.05), 

and in the young pigs of the Ile:Lys0.55 group - by 2.1 mmol/l or 28.0% 

(p<0.05), compared to the Con group. However, a further increase in the SID 

isoleucine:lysine ratio in the diet caused an increase in the concentration of 

glucose in the blood serum of piglets to the level of the Con group. The 

hypothesis of the mechanism by which isoleucine and leucine regulate the level 

of glucose in the blood serum may be associated with an increase in glucose 

uptake by muscles, glucose oxidation in the body and a decrease in 

gluconeogenesis in the liver of pigs (Doi et al., 2007; Zhang et al., 2016). 

Glycogen, which is synthesised and stored in the liver and skeletal muscle, plays 

an important role in the control of blood glucose levels. BCAAs promote glucose 

uptake by the liver and muscle and enhance glycogen synthesis. Isoleucine lowers 

plasma glucose levels by increasing muscle glucose uptake by activating the 

glucose transporter. This involves phosphatidylinositol-3-kinase and protein 

kinase C, which are insulin-independent (Doi et al., 2005). BCAAs, in addition to 

mediating muscle glucose uptake and upregulating glycogen synthesis through 

activation, are also involved in fat and energy metabolism. e above statement is 

generally consistent with evidence indicating that isoleucine can reduce glycemia 

by enhancing skeletal muscle glucose uptake and activating glucose transport, 

including through PI3K/PKC signaling pathways, partially in an insulin-

independent manner, thereby potentially supporting glycogen synthesis and 

storage in muscle. These effects were demonstrated in classic studies by Doi et 

al., where isoleucine administration in rats reduced plasma glucose levels and 

increased muscle glucose uptake; subsequent work further clarified the 

involvement of PI3K-dependent pathways and effects on glucose oxidation and 

hepatic gluconeogenesis (Doi et al., 2005; 2007).  

Also, within the physiological norm, a decrease in the serum concentration 

of creatinine in young pigs was observed when diets with a SID isoleucine:lysine 

ratio of 0.5 and 0.55 were used for their feeding. In the piglets of the Ile:Lys0.5 

group, the creatinine concentration in the serum was 9.1% lower (p<0.05), while 

in the other group, it was 10.0% lower (p<0.05), compared to the Con group. 

However, further increasing the SID isoleucine:lysine ratio in the diet to 0.6 

resulted in an opposite effect, with the creatinine level in the serum of piglets in 

the Ile:Lys0.6 group rising to levels comparable to those of the Con group. Your 

observation that feeding young pigs diets with SID isoleucine:lysine ratios of 0.5 
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and 0.55 lowered serum creatinine within the physiological range, but increasing 

the ratio to 0.6 restored creatinine to control levels, aligns with emerging 

evidence that amino acid balance affects nitrogen metabolism and renal 

biomarkers indirectly rather than directly altering creatinine metabolism. Recent 

work indicates that functional amino acids such as isoleucine can influence 

overall nitrogen utilization, protein turnover, and metabolic health in growing 

pigs, which may in turn modulate serum creatinine concentration as part of 

broader metabolic shifts rather than a direct renal effect. For example, a 2024 

study on dietary functional amino acid supplementation reported improvements in 

growth and health indicators in pigs, suggesting that balanced dietary amino acids 

can optimize protein metabolism and reduce metabolic stress markers (e.g., 

metabolites related to protein catabolism) without necessarily altering renal 

function directly (França et al., 2024). In another recent analysis of SID 

branched-chain amino acid (BCAA) requirements, meta-analysis models 

confirmed that appropriate Ile:Lys ratios support optimal growth performance and 

efficient amino acid utilization in growing pigs, which likely reflects more 

efficient muscle protein synthesis and reduced amino acid catabolism — 

processes that could decrease creatinine release from muscle turnover. 

Additionally, a 2023 study on optimal Ile:Lys ratios in piglets found similar 

recommendations around the mid-range of ratios (close to ~0.5–0.55) for 

performance and physiological balance, supporting your empirical finding that 

moderate proportions are beneficial (Kerkaert et al., 2021). From a mechanistic 

standpoint, serum creatinine in pigs tends to reflect lean tissue mass and protein 

turnover more than acute dietary changes. Thus, the reduction in creatinine at SID 

Ile:Lys ratios of 0.5 and 0.55 may indicate more efficient amino acid utilization 

and reduced muscle protein breakdown, whereas the return to control levels at 0.6 

suggests that exceeding the optimal balance does not further improve nitrogen 

metabolism and may instead increase amino acid catabolism back to baseline. 

This interpretation is consistent with broader literature showing that maintaining 

amino acid balance near predicted requirements minimizes unnecessary 

catabolism and supports growth efficiency (França et al., 2024; Sarri et al., 2024; 

Bertoliniт et al., 2026). 
Enriching the pig diet with isoleucine reduces blood urea and affects lipid 

metabolism (Spring et al., 2020; Habibi et al., 2022b). The mechanisms by which 
isoleucine regulates nitrogen utilisation and lipid metabolism in pigs are still 
poorly understood. However, in support of this, this study showed that increasing 
the SID isoleucine:lysine ratio in the diet for young pigs was associated with a 
decrease in serum urea concentrations within the physiological norm. Urea is a 
serum by-product of protein catabolism and a key indicator of the efficiency of 
amino acid utilisation in pigs (Marín-García et al., 2022). In young pigs of the 
Ile:Lys0.5 group, the concentration of urea in the blood serum was lower by 
50.0% (p<0.05), and in the Ile:Lys0.55 group - by 60.5 % (p <0.05), compared to 
the Con group. However, a further increase in the SID isoleucine:lysine ratio 
caused, on the contrary, an increase in the serum urea level of piglets of the Ile: 
Lys0.6 group to the values of the Con group, which indicates a negative effect of 
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excessive isoleucine consumption on the efficiency of protein utilisation in the 
body of pigs. This effect can be explained by the fact that pigs fed a balanced diet 
demonstrate a low level of urea in the blood, which indicates a decrease in protein 
catabolism, a more efficient use of total nitrogen and, consequently, a decrease in 
urea synthesis (Waguespack et al., 2012; Toledo et al., 2014). Increased blood 
urea concentration is associated with decreased protein synthesis and increased 
protein catabolism, and its level is negatively correlated with amino acids and 
protein utilisation efficiency (Heo et al., 2008). Isoleucine deficiency leads to 
decreased protein synthesis, which may promote deamination of other amino 
acids and subsequently to increased blood urea levels (Kwon et al., 2019).  

The reduction in serum urea seen at moderate SID isoleucine:lysine ratios 
followed by a return to control levels at the higher ratio aligns with contemporary 
evidence that blood urea nitrogen (BUN) reflects the efficiency of nitrogen and 
amino acid utilization in pigs, rather than acute changes in crude protein alone. 
Recent studies have confirmed that BUN concentration is a reliable marker of 
protein degradation and nitrogen utilization, with lower values generally 
indicating improved matching of dietary amino acid supply to metabolic 
requirements and reduced excess amino acid catabolism. Such decreases in serum 
urea are interpreted as evidence of enhanced nitrogen retention and more efficient 
use of dietary amino acids for protein synthesis, as pigs on diets with better 
balanced amino acid profiles exhibit reduced hepatic ureagenesis and nitrogen 
excretion. Furthermore, current pig nutrition research underscores that oversupply 
or imbalance of indispensable amino acids, including branched-chain amino 
acids, can diminish the efficiency of nitrogen utilization, often resulting in higher 
urinary nitrogen outputs and less favorable metabolic profiles. The observed 
pattern in your data, where moderate optimization of Ile:Lys improved nitrogen 
metabolism but further increases had no additional benefit, is consistent with 
meta-analytical findings pointing to evolving and refined standardized ileal 
digestible amino acid requirements that support nitrogen efficiency only within 
an optimal range (Wang et al., 2024; Chae et al., 2024). 

The activity of serum enzymes in piglets was within the physiological 
norm (Table 6). However, certain differences were still observed within the 
reference interval. In particular, in young pigs of the group Ile: Lys 0.55 showed a 
decrease in ALT activity by 20.5% (p<0.05) and AST by 11.7% (p<0.05), and in 
piglets of the group Ile: Lys 0.6 ‒ ALT by 24.2% (р<0.05) and AST ‒ by 13.1% 
(р<0.05), compared to the Con group. 
 
Table 7. Activity of serum enzymes in piglets depending on the ratio of SID 
isoleucine to lysine in the diet, IU/L, M±SEM, n=8/group 

Enzyme 
Group of piglets  

РІ1 Con Ile:Lys0.5 Ile:Lys0.55 Ile:Lys0.6 

ALT 82.5±4.33a 73.5±3.23a 65.6±3.28b 62.5±4.11b 15‒108 

AST 83.0±2.74a 81.8±3.01a 73.3±3.11b 72.1±2.98b 8‒84 
Note: Values are presented as mean ± SEM (n=21 per group). Means within a row with different 

superscript letters differ significantly (P<0.05, Tukey–Kramer test). 1 RI - reference intervals 

according to Egeli A. K. et al. (1998) 
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BCAA, especially isoleucine, is involved in the regulation of amino acid 
and fatty acid profiles of the pig body (Doudou et al., 2022). This study 
confirmed that changes in the SID isoleucine:lysine ratio in the diet of young pigs 
affect the protein profile of their blood serum (Table 7). In particular, no 
differences were found in the concentration of serum albumins and globulins, as 
well as in the individual globulin fractions and the albumin-globulin ratio, in the 
piglets of the Con, Ile:Lys0.5, and Ile:Lys0.55 groups. However, in the piglets of 
the Ile:Lys0.6 group, a 12.7% decrease in albumins (p<0.05), a 13.2% increase in 
globulins (p<0.05), and a 0.45% reduction in the albumin-globulin ratio (p<0.05) 
were observed, compared to the Con group. The increase in globulins in the 
serum of piglets in the Ile:Lys0.6 group was due to an increase in all fractions, 
except for β-globulins. Specifically, there was a 2.5% increase in α1-globulins 
(p<0.05), a 6.3% increase in α2-globulins (p<0.05), and a 3.2% increase in γ-
globulins (p<0.05), compared to the Con group. 

Branched-chain amino acids, particularly isoleucine, not only influence 
lipid and nitrogen metabolism but also affect systemic protein profiles in growing 
pigs, with serum albumin and globulin fractions serving as sensitive indicators of 
metabolic balance and immune modulation. In the present study, no differences 
were detected in albumins, total globulins, individual globulin fractions, or the 
albumin–globulin ratio among piglets fed control or moderate SID Ile:Lys diets, 
underscoring metabolic stability when amino acids are balanced within 
recommended ranges. However, at a higher SID Ile:Lys ratio (0.6), a marked 
decrease in albumin and concomitant increases in total globulins ‒driven by 
elevated α1-, α2-, and γ-globulin fractions ‒suggest a shift in hepatic protein 
synthesis and possibly mild activation of immune-related protein production. This 
interpretation is supported by recent research showing that alterations in dietary 
protein and amino acid supply can significantly affect serum protein fractions in 
pigs, with both albumin and globulin responding in nonlinear ways to nutritional 
imbalances (Hlathini et al., 2024). Moreover, contemporary studies on amino 
acid–balanced diets demonstrate that dietary protein and amino acid composition 
shape nitrogen metabolism and blood biochemical profiles, including serum 
proteins, and that deviations from ideal patterns can lead to compensatory 
responses in immune-related protein fractions. 

 
Table 8. Protein profile of piglet blood serum depending on the ratio of SID 
isoleucine to lysine in the diet, %, M±SEM, n=8/group 

Indicator 
Group of piglets 

Con Ile:Lys0.5 Ile:Lys0.55 Ile:Lys0.6 

Albumins 52.2±1.13a 53.5±1.35a 50.5±1.67a 39.5±1.42b 

Globulins 47.3±1.12a 46.5±1.36a 49.5±1.31a 60.5±1.21b 

ά1-globulins 2.5±0.27a 3.2±0.29a 2.5±0.22a 5.0±0.26b 

ά2-globulins 4.5±0.57a 5.0±0.21a 5.8±0.49a 10.8±0.22b 

β-globulins 15.0±0.85a 14.3±0.77a 15.5±0.57a 16.2±0.73a 

γ- globulins 25.3±0.56a 24.0±0.97a 25.7±0.73a 28.5±0.67b 

Albumin-globulin 

ratio 
1.12±0.048a 1.25±0.196a 1.03±0.074a 0.67±0.061b 

Note: Values are presented as mean ± SEM (n = 21 per group). Means within a row with different 

superscript letters differ significantly (P < 0.05, Tukey–Kramer test) 
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BCAAs are known to be involved in fatty acid metabolism (Cheng et al., 

2010). Insufficient or excessive levels of BCAA in the diet can negatively affect 

lipid metabolism in pigs (Zhang et al., 2017). Serum triglyceride and total 

cholesterol levels are related to lipid absorption, and low-density lipoprotein and 

high-density lipoprotein levels are related to lipid breakdown and transport in 

pigs (Heng et al., 2020). Therefore, at the final stage of this study, the serum lipid 

profile of young pigs was analysed depending on the SID isoleucine:lysine ratio 

in their diet (Table 8). It was found that the content of total cholesterol in the 

serum of young pigs using all the studied SID isoleucine:lysine ratios in the diet 

was within the physiological norm. However, certain differences were still 

observed within the reference intervals. In particular, in young pigs of the Con 

and Ile:Lys0.5 groups, the concentration of total cholesterol was at the same 

level. In the piglets of the Ile:Lys0.55 group, the total cholesterol content was 

8.7% lower (p<0.05) compared to the Con group. However, in the piglets of the 

Ile:Lys0.6 group, a 10.6% increase in serum cholesterol levels (p<0.05) was 

observed, compared to the Con group. 

 

Table 9. Lipid profile of piglet blood serum depending on the ratio of SID 

isoleucine to lysine in the diet, mmol/L, M±SEM, n=8/group 

Indicator 
Group of piglets 

РІ 
Con Ile:Lys0.5 Ile:Lys0.55 Ile:Lys0.6 

Total cholesterol 2.65±0.063a 2.68±0.031a 2.42±0.094b 2.93±0.063с 1.6‒4.31 

Triglycerides 0.58±0.049a 0.37±0.019b 0.30±0.038b 0.46±0.053b 0.2‒2.251 

High-density 

lipoproteins 
0.88±0.028a 0.95±0.033a 0.99±0.026b 0.93±0.02ab 0.59‒2.102 

Low-density 

lipoproteins 
1.62±0.059a 1.61±0.019a 1.28±0.062b 1.81±0.042с 0.42‒3.722 

Very low-density 

lipoproteins 
0.15±0.021a 0.12±0.024a 0.15±0.019a 0.19±0.024a ‒ 

Note: Values are presented as mean ± SEM (n = 21 per group). Means within a row with different 

superscript letters differ significantly (P < 0.05, Tukey–Kramer test).1 RI - reference intervals 

according to Egeli A. K. et al. (1998); 2 RI - reference intervals according to Sucheong S. et al. 

(2012). 

 

High-density lipoproteins, known as “good cholesterol,” are a type of 

lipoprotein that transports excess cholesterol from the body tissues of pigs to the 

liver for further removal (Kiss et al., 2025). Its amount in young pigs of the Con 

and Ile:Lys0.5 groups was at the same level within the physiological norm. In 

young pigs of the Ile: Lys 0.55 group, the level of high-density lipoproteins was 

12.5% higher (p<0.05) compared to the Con group. With a further increase in the 

SID isoleucine:lysine ratio in the diet of young pigs, no differences in the serum 

content of high-density lipoproteins were observed in pigs of the Ile: Lys 0.6 

group. As for low-density lipoproteins, their concentration in the blood serum of 

young pigs of the Con and Ile:Lys0.5 groups was at the same level within the 

physiological norm. While in young pigs of the Ile:Lys0.55 group there was a 
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decrease in the content of low-density lipoproteins by 21.0% (p<0.05) compared 

to the Con group. Further increase in the SID isoleucine:lysine ratio in the diet of 

young pigs of the Ile: Lys 0.6 group was accompanied by an increase in the 

content of low-density lipoproteins in their blood serum by 11.7% (p<0.05) 

compared to the Con group. 

Serum triglyceride content is related to lipid absorption (Wang et al., 

2024). Isoleucine deficiency is known to dramatically increase fat mobilisation in 

white adipose tissue and reduce fat quality (Du et al., 2012). Excess isoleucine in 

the diet of pigs can enhance the synthesis of monounsaturated fatty acids and fat 

accumulation in skeletal muscle by regulating lipid metabolism (Luo et al., 

2019). Therefore, isoleucine may play a potential role in the regulation of lipid 

metabolism. Oxidative metabolism by isoleucine can reduce lipid accumulation 

in cells (Solon-Biet et al., 2019). Furthermore, excessive BCAA intake may lead 

to increased catabolism of all BCAAs, and studies have shown that excessive 

isoleucine may have an antagonistic effect and negatively affect adipose tissue 

function and lipid metabolism (Morales et al., 2016; Zhang et al., 2021). This 

study revealed changes, within the physiological norm, in serum triglyceride 

concentrations in young pigs depending on the SID isoleucine:lysine ratio in their 

diet. Thus, in piglets of the Ile:Lys0.5 group, serum triglyceride concentrations 

were 36.2% lower (p<0.05) compared to the Con group. Young pigs of the 

Ile:Lys0.55 group were characterised by an even lower serum triglyceride 

concentration, namely 48.3% (p<0.05) compared to the Con group. However, 

with a further increase in the SID isoleucine:lysine ratio in the diet of piglets in 

the Ile: Lys 0.6 group, a decrease in serum triglyceride concentration was found 

by only 25.9% (p<0.05) compared to the Con group. The increase in triglyceride 

content is associated with increased serum BCAA levels, insulin resistance in 

muscles and impaired glucose utilisation, which clearly links BCAA oxidation 

with glucose and fat metabolism (She et al., 2007). Isoleucine reduces muscle 

triglyceride levels and increases free fatty acid oxidation in skeletal muscle and 

liver by promoting the expression of peroxisome proliferator-activated receptor 

(PPAR-alpha) and uncoupling protein. These results indicate that isoleucine may 

prevent the development of visceral obesity and high insulin levels by affecting 

white adipose tissue, liver, and muscle adiposity (Nishimura et al., 2010). 

Inhibition of fat synthesis in adipose tissue has also been reported by many other 

studies, using animal models or cell lines under conditions of BCAA deficiency 

(Du et al., 2012; Freudenberg et al., 2013) or excess (Bong et al., 2010; Vianna et 

al., 2012). 

 
CONCLUSIONS 

Based on the obtained findings, for pigs (7–30 kg), the optimal SID Ile:Lys 

was 0.55, which increased live weight at 70 days by 8.8% (p<0.05) without 

negative physiological effects. At this ratio, serum glucose decreased by 28.0% 

(p<0.05), creatinine by 10.0% (p<0.05), urea by 60.5% (p<0.05), total cholesterol 

by 8.7% (p<0.05), low-density lipoproteins by 21.0% (p<0.05), triglycerides by 
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48.3% (p<0.05), ALT activity by 20.5% (p<0.05), and AST by 11.7% (p<0.05), 

whereas total protein increased by 4.8% (p<0.05) and high-density lipoproteins 

by 12.5% (p<0.05). The 0.5 ratio was less effective, increasing body weight by 

6.2% (p<0.05) and reducing glucose by 17.3% (p<0.05), creatinine by 9.1% 

(p<0.05), urea by 50.0% (p<0.05), and triglycerides by 36.2% (p<0.05), while 

total protein increased by 1.9% (p<0.05). Increasing the ratio to 0.6 did not affect 

growth but led to a 5.1% rise in total protein (p<0.05), a 12.7% decrease in 

albumins (p<0.05), a 13.2% increase in globulins (p<0.05), and a 10.6% elevation 

in total cholesterol (p<0.05) due to higher low-density lipoproteins, which 

increased by 11.7% (p<0.05). ALT activity decreased by 24.2% (p<0.05) and 

AST by 13.1% (p<0.05). 

The results of this study demonstrate that the ratio of standardized ileal 

digestible (SID) isoleucine to lysine in pig diets significantly influences growth 

performance and metabolic indicators in young pigs. 

 

ACKNOWLEDGEMENTS 

The research was carried out within the framework of the state scientific 

theme of the Ministry of Education and Science of Ukraine 04493706 No. 

0124U000924. 

 

REFERENCES 
Adhikari, R., Rochell, S. J., Kriseldi, R., Silva, M., Greiner, L., Williams, C., Matton, 

B., Anderson, A., Erf, G. F., Park, E., Haydon, K., & Lee, J. (2025). Recent 
advances in protein and amino acid nutritional dynamics in relation to 
performance, health, welfare, and cost of production. Poultry Science, 104(3), 
104852. https://doi.org/10.1016/j.psj.2025.104852 

Almeida, A., Latorre Gorriz, M., & Álvarez-Rodríguez, J. (2024). Productive, 
physiological, and environmental implications of reducing crude protein content 
in swine diets: A review. Animals, 14, 3081. 
https://doi.org/10.3390/ani14213081 

Barea, R., Brossard, L., Le Floc’h, N., Primot, Y., & Van Milgen, J. (2009). The 
standardized ileal digestible isoleucine-to-lysine requirement ratio may be less 
than fifty percent in eleven- to twenty-three-kilogram piglets. Journal of Animal 
Science, 87(12), 4022–4031. https://doi.org/10.2527/jas.2009-1964 

Bertolini, F., Bovo, S., Bolner, M., Schiavo, G., Ribani, A., Zambonelli, P., Dall’Olio, 
S., Gallo, M., & Fontanesi, L. (2026). Identification of biomarkers for feed 
efficiency and growth rate by exploring the plasma metabolome of divergent 
heavy pigs. Animal, 20(1), 101725. 
https://doi.org/10.1016/j.animal.2025.101725 

Bong, H. Y., Kim, J. Y., Jeong, H. I., Moon, M. S., Kim, J., & Kwon, O. (2010). Effects 
of corn gluten hydrolyzates, branched chain amino acids, and leucine on body 
weight reduction in obese rats induced by a high fat diet. Nutrition Research and 
Practice, 4(2), 106–113. https://doi.org/10.4162/nrp.2010.4.2.106 

Chae, B., Poaty, D., Isaac, C. J., Lee, A.-L., Tak, J., Cheon, I., & Choi, N.-J. (2024). 
Estimation of requirements of the standardized ileal digestible tryptophan, valine, 
isoleucine and methionine on young pigs (~50 kg) feed efficiency: A meta-
regression analysis. Animals, 14(19), 2884. https://doi.org/10.3390/ani14192884 



Growth performance and blood serum parameters of piglets using diets with different ratios… 327 

Cheng, Y., Meng, Q., Wang, C., Li, H., Huang, Z., Chen, S., Xiao, F., & Guo, F. 

(2010). Leucine deprivation decreases fat mass by stimulation of lipolysis in 

white adipose tissue and upregulation of uncoupling protein 1 in brown adipose 

tissue. Diabetes, 59(1), 17–25. https://doi.org/10.2337/db09-0929 

Clark, A. B., Tokach, M. D., DeRouchey, J. M., Dritz, S. S., Goodband, R. D., 

Woodworth, J. C., Touchette, K. J., & Bello, N. M. (2017). Modeling the effects 

of standardized ileal digestible isoleucine to lysine ratio on growth performance 

of nursery pigs. Translational Animal Science, 1(4), 437–447. 

https://doi.org/10.2527/tas2017.0048 

Clark, A. B., Tokach, M. D., DeRouchey, J. M., Dritz, S. S., Touchette, K., Goodband, 

R. D., & Woodworth, J. C. (2016). Effects of dietary standardized ileal digestible 

isoleucine:lysine ratio on nursery pig performance. Kansas Agricultural 

Experiment Station Research Reports, 2(8), 12. https://doi.org/10.4148/2378-

5977.1289 

Clizer, D. A., Tostenson, B. J., Tauer, S. K., Samuel, R. S., & Cline, P. M. (2022). 

Impact of increasing standardized ileal digestible valine:lysine in diets containing 

30% dried distillers grains with solubles on growing pig performance. Journal of 

Animal Science, 100(9), skac228. https://doi.org/10.1093/jas/skac228 

CVB. (2018). Booklet of feeding tables for pigs (English ed.). Stichting CVB. 

CVB. (2023). Booklet of feeding tables for pigs (English ed.). Stichting CVB. 

Doi, M., Yamaoka, I., Fukunaga, T., & Nakayama, M. (2003). Isoleucine, a potent 

plasma glucose-lowering amino acid, stimulates glucose uptake in C2C12 

myotubes. Biochemical and Biophysical Research Communications, 312, 1111–

1117. https://doi.org/10.1016/j.bbrc.2003.11.039 

Doi, M., Yamaoka, I., Nakayama, M., Mochizuki, S., Sugahara, K., & Yoshizawa, F. 

(2005). Isoleucine, a blood glucose-lowering amino acid, increases glucose 

uptake in rat skeletal muscle in the absence of increases in AMP-activated 

protein kinase activity. The Journal of Nutrition, 135(9), 2103–2108. 

https://doi.org/10.1093/jn/135.9.2103 

Doi, M., Yamaoka, I., Nakayama, M., Sugahara, K., & Yoshizawa, F. (2007). 

Hypoglycemic effect of isoleucine involves increased muscle glucose uptake and 

whole body glucose oxidation and decreased hepatic gluconeogenesis. American 

Journal of Physiology-Endocrinology and Metabolism, 292(6), E1683–E1693. 

https://doi.org/10.1152/ajpendo.00609.2006 

Doudou, X., Wang, Y., Zhang, X., Yang, E., Hu, L., Wang, L., Ma, C., Zhang, P., & 

Yang, J. (2022). Dietary valine/isoleucine ratio impact carcass characteristics, 

meat edible quality and nutritional values in finishing crossbred Duroc × 

Landrace × Yorkshire pigs with different slaughter weights. Frontiers in 

Nutrition, 9, 899871. https://doi.org/10.3389/fnut.2022.899871 

Du, Y., Meng, Q., Zhang, Q., & Guo, F. (2012). Isoleucine or valine deprivation 

stimulates fat loss via increasing energy expenditure and regulating lipid 

metabolism in white adipose tissue. Amino Acids, 43, 725–734. 

https://doi.org/10.1007/s00726-011-1123-8 

Egeli, A. K., Framstad, T., & Morberg, H. (1998). Clinical biochemistry, haematology 

and body weight in piglets. Acta Veterinaria Scandinavica, 39, 381–393. 

https://doi.org/10.1186/BF03547786 



Shylo and Otchenashko 

 
328 

França, I., Valini, G. A. C., Arnaut, P. R., Ortiz, M. T., Silva, C. A., de Oliveira, M. J. 

K., Paulino, G. S. C., Marçal, D. A., Melo, A. D. B., Htoo, J. K., Brand, H. G., 

Andretta, I., & Hauschild, L. (2024). Dietary supplementation with functional 

amino acids improves the capacity of growing pigs to cope with a health 

challenge. Animal Feed Science and Technology, 318, 116148. 

https://doi.org/10.1016/j.anifeedsci.2024.116148 

Freudenberg, A., Petzke, K. J., & Klaus, S. (2013). Dietary L-leucine and L-alanine 

supplementation have similar acute effects in the prevention of high-fat diet-

induced obesity. Amino Acids, 44, 519–528. https://doi.org/10.1007/s00726-

012-1363-2 

Gaster, M., Franch, J., Staehr, P., Beck-Nielsen, H., Smith, T., & Schrøder, H. D. 

(2000). Induction of GLUT-1 protein in adult human skeletal muscle fibers. 

American Journal of Physiology-Endocrinology and Metabolism, 279(5), 

E1191–E1195. https://doi.org/10.1152/ajpendo.2000.279.5.E1191 

Gloaguen, M., Le Floc’h, N., Primot, Y., Corrent, E., & Van Milgen, J. (2013). 

Response of piglets to the standardized ileal digestible isoleucine, histidine and 

leucine supply in cereal–soybean meal-based diets. Animal, 7(6), 901–908. 

https://doi.org/10.1017/S1751731112002339 

Goodarzi, P., Habibi, M., Gorton, M. W., Walsh, K., Tarkesh, F., Fuhrig, M., & 

Pezeshki, A. (2023). Dietary isoleucine and valine: Effects on lipid metabolism 

and ureagenesis in pigs fed protein-restricted diets. Metabolites, 13(1), 89. 

https://doi.org/10.3390/metabo13010089 

Goodarzi, P., Wileman, C. M., Habibi, M., Walsh, K., Sutton, J., Shili, C. N., Chai, J., 

Zhao, J., & Pezeshki, A. (2022). Effect of isoleucine and added valine on 

performance, nutrients digestibility and gut microbiota composition of pigs fed 

very low protein diets. International Journal of Molecular Sciences, 23(23), 

14886. https://doi.org/10.3390/ijms232314886 

Gu, C., Mao, X., Chen, D., Yu, B., & Yang, Q. (2019). Isoleucine plays an important 

role in maintaining immune function. Current Protein & Peptide Science, 20(7), 

644–651. https://doi.org/10.2174/1389203720666190305163135 

Habibi, M., Goodarzi, P., Shili, C. N., Sutton, J., Wileman, C. M., Kim, D. M., Lin, D., 

& Pezeshki, A. (2022a). A mixture of valine and isoleucine restores the growth 

of protein-restricted pigs likely through improved gut development, hepatic IGF-

1 pathway, and plasma metabolomic profile. International Journal of Molecular 

Sciences, 23(6), 3300. https://doi.org/10.3390/ijms23063300 

Habibi, M., Shili, C. N., Sutton, J., Goodarzi, P., & Pezeshki, A. (2022b). Dietary 

branched-chain amino acids modulate the dynamics of calcium absorption and 

reabsorption in protein-restricted pigs. Journal of Animal Science and 

Biotechnology, 13, Article 1–16. https://doi.org/10.1186/s40104-021-00669-w 

Heo, J. M., Kim, J. C., Hansen, C. F., Mullan, B. P., Hampson, D. J., & Pluske, J. R. 

(2008). Effects of feeding low protein diets to piglets on plasma urea nitrogen, 

faecal ammonia nitrogen, the incidence of diarrhoea and performance after 

weaning. Archives of Animal Nutrition, 62(5), 343–358. 

https://doi.org/10.1080/17450390802327811 

Hlathini, V., Ncobela, N., Thabethe, F., & Chimonyo, M. (2024). Influence of dietary 

protein contents on serum biochemical profiles of growing Windsnyer pigs. 

South African Journal of Animal Science, 54, 606–619. 

https://doi.org/10.4314/sajas.v54i5.07 



Growth performance and blood serum parameters of piglets using diets with different ratios… 329 

Htoo, J. K., Zhu, C. L., Huber, L., de Lange, C. F. M., Quant, A. D., Kerr, B. J., 

Cromwell, G. L., & Lindemann, M. D. (2014). Determining the optimal 

isoleucine:lysine ratio for ten-to twenty-two-kilogram and twenty-four-to thirty-

nine-kilogram pigs fed diets containing nonexcess levels of leucine. Journal of 

Animal Science, 92(8), 3482–3490. https://doi.org/10.2527/jas.2013-6934 

Kerkaert, H. R., Cemin, H. S., Woodworth, J. C., DeRouchey, J. M., Dritz, S. S., 

Tokach, M. D., Goodband, R. D., Haydon, K. D., Hastad, C. W., & Post, Z. B. 

(2021). Improving performance of finishing pigs with added valine, isoleucine, 

and tryptophan: Validating a meta-analysis model. Journal of Animal Science, 

99(1), skab006. https://doi.org/10.1093/jas/skab006 

Kiss, I., Neuwert, N., Oberle, R., Hengstschläger, M., Osmanagic-Myers, S., & Stangl, 

H. (2025). Hepatic lipoprotein metabolism: Current and future in vitro cell-based 

systems. Biomolecules, 15(7), 956. https://doi.org/10.3390/biom15070956 

Kwon, W. B., Soto, J. A., & Stein, H. H. (2022). Effects of dietary leucine and 

tryptophan on serotonin metabolism and growth performance of growing pigs. 

Journal of Animal Science, 100(1), skab356. https://doi.org/10.1093/jas/skab356 

Kwon, W. B., Touchette, K. J., Simongiovanni, A., Syriopoulos, K., Wessels, A., & 

Stein, H. H. (2019). Excess dietary leucine in diets for growing pigs reduces 

growth performance, biological value of protein, protein retention, and serotonin 

synthesis. Journal of Animal Science, 97(10), 4282–4292. 

https://doi.org/10.1093/jas/skz259 

Lazzeri, D. B., Castilha, L. D., Costa, P. B., Nunes, R. V., dos Santos Pozza, M., & 

Pozza, P. C. (2017). Standardized ileal digestible isoleucine requirement of 

barrows (15–30 kg) fed low crude protein diets. Semina: Ciências Agrárias, 

38(5), 3283–3294. https://doi.org/10.5433/1679-0359.2017v38n5p328 

Le Couteur, D. G., Solon-Biet, S. M., Cogger, V. C., Ribeiro, R., de Cabo, R., 

Raubenheimer, D., Cooney, G. J., & Simpson, S. J. (2020). Branched chain 

amino acids, aging and age-related health. Ageing Research Reviews, 64, 

101198. https://doi.org/10.1016/j.arr.2020.101198 

Luo, Y. H., Zhang, X., Zhu, Z. P., Jiao, N., Qiu, K., & Yin, J. D. (2019). Surplus dietary 

isoleucine intake enhanced monounsaturated fatty acid synthesis and fat 

accumulation in skeletal muscle of finishing pigs. Journal of Animal Science and 

Biotechnology, 9, 88. https://doi.org/10.1186/s40104-018-0306-5 

Marín-García, P. J., Llobat, L., López-Lujan, M. C., Cambra-López, M., Blas, E., & 

Pascual, J. J. (2022). Urea nitrogen metabolite can contribute to implementing 

the ideal protein concept in monogastric animals. Animals, 12(18), 2344. 

https://doi.org/10.3390/ani12182344 

Morales, A., Arce, N., Cota, M., Buenabad, L., Avelar, E., & Htoo, J. K. (2016). Effect 

of dietary excess of branched-chain amino acids on performance and serum 

concentrations of amino acids in growing pigs. Journal of Animal Physiology 

and Animal Nutrition, 100(1), 39–45. https://doi.org/10.1111/jpn.12327 

Nie, C., He, T., Zhang, W., Zhang, G., & Ma, X. (2018). Branched chain amino acids: 

Beyond nutrition metabolism. International Journal of Molecular Sciences, 

19(4), 954. https://doi.org/10.3390/ijms19040954 

Nishimura, J., Masaki, T., Arakawa, M., Seike, M., & Yoshimatsu, H. (2010). 

Isoleucine prevents the accumulation of tissue triglycerides and upregulates the 

expression of PPARα and uncoupling protein in diet-induced obese mice. The 

Journal of Nutrition, 140(3), 496–500. https://doi.org/10.3945/jn.109.108977 



Shylo and Otchenashko 

 
330 

Nørgaard, J. V., & Fernández, J. A. (2009). Isoleucine and valine supplementation of 
crude protein-reduced diets for pigs aged 5–8 weeks. Animal Feed Science and 
Technology, 154(3–4), 248–253. 
https://doi.org/10.1016/j.anifeedsci.2009.08.010 

Nørgaard, J. V., Shrestha, A., Krogh, U., Sloth, N. M., Blaabjerg, K., Poulsen, H. D., 
Tybirk, P., & Corrent, E. (2013). Isoleucine requirement of pigs weighing 8 to 18 
kg fed blood cell–free diets. Journal of Animal Science, 91(8), 3759–3765. 
https://doi.org/10.2527/jas.2012-5998 

NRC. (2012). Nutrient requirements of swine (11th rev. ed.). National Academies Press. 
Oliveira, F. F. A., Brito, L. F., Silva-Vignato, B., Nery Ciconello, F., Almeida, V. V., & 

Mello, A. C. S. (2025). Expression quantitative trait loci associated with 
performance traits, blood biochemical parameters, and cytokine profile in pigs. 
Frontiers in Genetics, 16, Article 1533424. 
https://doi.org/10.3389/fgene.2025.1533424 

Plyska, A., Ibatullin, I., & Sychov, M. (2021). Influence of distillers dried grains with 
solubles on quail meat productivity. Acta Universitatis Agriculturae et 

Silviculturae Mendelianae Brunensis, 69(3), 319–326. 
https://doi.org/10.11118/actaun.2021.029 

Ren, M., Zhang, S., Liu, X., Li, S., Mao, X., Zeng, X., & Qiao, S. (2016). Different 
lipopolysaccharide branched-chain amino acids modulate porcine intestinal 
endogenous β-defensin expression through the Sirt1/ERK/90RSK pathway. 
Journal of Agricultural and Food Chemistry, 64(16), 3371–3379. 

https://doi.org/10.1021/acs.jafc.6b00968 
Sarri, L., Balcells, J., Seradj, A. R., & de la Fuente, G. (2024). Protein turnover in pigs: 

A review of interacting factors. Journal of Animal Physiology and Animal 
Nutrition, 108(2), 451–469. https://doi.org/10.1111/jpn.13906 

She, P., Van Horn, C., Reid, T., Hutson, S. M., Cooney, R. N., & Lynch, C. J. (2007). 
Obesity-related elevations in plasma leucine are associated with alterations in 

enzymes involved in branched-chain amino acid metabolism. American Journal 
of Physiology-Endocrinology and Metabolism, 293(6), E1552–E1563. 
https://doi.org/10.1152/ajpendo.00134.2007 

Shkarban, V., & Sychov, M. (2025). The effect of complete and partial replacement of 
soybean meals with high-protein sunflower concentrate in broiler chicken diets 
on growth parameters, meat productivity and meat quality. Agriculture and 

Forestry, 71(4). https://doi.org/10.17707/AgricultForest.71.4.05 
Solon-Biet, S. M., Cogger, V. C., Pulpitel, T., Wahl, D., Clark, X., Bagley, E., 

Raubenheimer, D., Cooney, G. J., de Cabo, R., & Simpson, S. J. (2019). 
Branched chain amino acids impact health and lifespan indirectly via amino acid 
balance and appetite control. Nature Metabolism, 1, 532–545. 
https://doi.org/10.1038/s42255-019-0059-2 

Soumeh, E. A., Van Milgen, J., Sloth, N. M., Corrent, E., Poulsen, H. D., & Nørgaard, 
J. V. (2014). The optimum ratio of standardized ileal digestible isoleucine to 
lysine for 8–15 kg pigs. Animal Feed Science and Technology, 198, 158–165. 
https://doi.org/10.1016/j.anifeedsci.2014.09.007 

Spring, S., Premathilake, H., Bradway, C., Shili, C., DeSilva, U., Carter, S., & Pezeshki, 

A. (2020). Effect of very low-protein diets supplemented with branched-chain 
amino acids on energy balance, plasma metabolomics and fecal microbiome of 
pigs. Scientific Reports, 10, Article 1–16. https://doi.org/10.1038/s41598-020-
72816-8 



Growth performance and blood serum parameters of piglets using diets with different ratios… 331 

Sucheong, Y., Seong-Yong, C., Chung-Gyu, P., & Wang-Jae, L. (2012). Analysis of 

reference interval and age-related changes in serum biochemistry and 

hematology in specific pathogen-free miniature pigs. Laboratory Animal 

Research, 28(4), 245–253. https://doi.org/10.5625/lar.2012.28.4.245 

Sychov, M., Ilchuk, I., & Orishchuk, O. (2022). Slaughter parameters of broiler 

chickens at different levels and ratios of arginine and lysine in compound feed. 

Acta Fytotechnica et Zootechnica, 25(4), 285–293. 

https://doi.org/10.15414/afz.2022.25.04.285-293 

Sychov, M., Osadcha, Y., Ilchuk, I., Pitera, V., & Voznik, R. (2025). Use of high-

protein sunflower concentrate in laying hens feeding. Agriculture and Forestry, 

71(3), 137–154. https://doi.org/10.17707/AgricultForest.71.3.09 

Toledo, J., Furlan, A., Pozza, P., Piano, L., Carvalho, P., Peñuela-Sierra, L., & Huepa, 

L. (2014). Effect of the reduction of the crude protein content of diets 

supplemented with essential amino acids on the performance of piglets weighing 

6–15 kg. Livestock Science, 168, 94–101. 

https://doi.org/10.1016/j.livsci.2014.07.006 

Van Milgen, J., Gloaguen, M., Le Floc’h, N., Brossard, L., Primot, Y., & Corrent, E. 

(2012). Meta-analysis of the response of growing pigs to the isoleucine 

concentration in the diet. Animal, 6(10), 1601–1608. 

https://doi.org/10.1017/S1751731112000420 

Vianna, D., Resende, G. F. T., Torres-Leal, F. L., Pantaleão, L. C., Donato, J., Jr., & 

Tirapegui, J. (2012). Long-term leucine supplementation reduces fat mass gain 

without changing body protein status of aging rats. Nutrition, 28(2), 182–189. 

https://doi.org/10.1016/j.nut.2011.04.004 

Waguespack, A. M., Bidner, T. D., Payne, R. L., & Southern, L. L. (2012). Valine and 

isoleucine requirement of 20- to 45-kilogram pigs. Journal of Animal Science, 

90(7), 2276–2284. https://doi.org/10.2527/jas.2011-4454 

Wang, J., Liu, S., Ma, J., Dong, X., Long, S., & Piao, X. (2024). Growth performance, 

serum parameters, inflammatory responses, intestinal morphology and 

microbiota of weaned piglets fed 18% crude protein diets with different ratios of 

standardized ileal digestible isoleucine to lysine. Animal Nutrition, 16, 313–325. 

https://doi.org/10.1016/j.aninu.2023.11.008 

Zhang, L., Li, F., Guo, Q., Duan, Y., & Yin, Y. (2021). Different proportions of 

branched-chain amino acids modulate lipid metabolism in a finishing pig model. 

Journal of Agricultural and Food Chemistry, 69(24), 7037–7048. 

https://doi.org/10.1021/acs.jafc.1c02001 

Zhang, S., Yang, Q., Qiao, S., He, P., Li, D., & Zeng, X. (2016). Effects of isoleucine 

on glucose uptake through the enhancement of muscular membrane 

concentrations of GLUT1 and GLUT4 and intestinal membrane concentrations 

of Na+/glucose cotransporter 1 and GLUT2. British Journal of Nutrition, 116(4), 

593–602. https://doi.org/10.1017/S0007114516002439 

Zhang, S., Zeng, X., Ren, M., Mao, X., & Qiao, S. (2017). Novel metabolic and 

physiological functions of branched chain amino acids: A review. Journal of 

Animal Science and Biotechnology, 8, 10. https://doi.org/10.1186/s40104-016-

0139-z 

Zhang, Y., Zhan, L., Zhang, L., Shi, Q., & Li, L. (2024). Branched-chain amino acids in 

liver diseases: Complexity and controversy. Nutrients, 16(12), 1875. 

https://doi.org/10.3390/nu16121875 



Shylo and Otchenashko 

 
332 

Zhao, R., Jiang, C., Yuan, Y., Zhang, S., Ghonaim, A. H., Che, C., Li, X., Jin, M., Jin, 

E., & Zeng, X. (2024). Isoleucine enhanced the function of the small intestinal 

mucosal barrier in weaned piglets to alleviate rotavirus infection. Animals, 

14(21), 3146. https://doi.org/10.3390/ani14213146 

Zong, E., Huang, P., Zhang, W., Li, J., Li, Y., Ding, X., Xiong, X., Yin, Y., & Yang, H. 

(2018). The effects of dietary sulfur amino acids on growth performance, 

intestinal morphology, enzyme activity, and nutrient transporters in weaning 

piglets. Journal of Animal Science, 96(3), 1130–1139. 

https://doi.org/10.1093/jas/skx003 


