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Abstract 

Skeletal muscle accounts for approximately 40% of body mass and 50%–75% of whole-body protein, playing a cen‑
tral role in meat production and quality. Efficient protein synthesis in skeletal muscle relies on an adequate supply 
of nutrient substrates and a balanced amino acid profile. Branched-chain amino acids (BCAA), including leucine 
(Leu), isoleucine (Ile), and valine (Val), are the most abundant essential amino acids in skeletal muscle and contrib‑
ute to both protein synthesis and oxidative energy production. Additionally, BCAA function as signaling molecules 
that regulate gene expression and protein phosphorylation cascades, which significantly influence physiological pro‑
cesses, such as protein synthesis and degradation, glucose and lipid metabolism, and cell apoptosis and autophagy. 
These processes are primarily mediated through the PI3K/AKT/AMPK/mTOR signaling pathways. This review sum‑
marizes BCAA transporters and catabolic metabolism, their role as signaling molecules in regulating protein metabo‑
lism and glucose and lipid equilibrium, and applications in animal production. These findings offer both theoretical 
insights and practical guidelines for the precise regulation of feed efficiency and production performance through tai‑
lored dietary BCAA supplementations.
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Graphical Abstract

Introduction
Meat yield is a determinant of production efficiency in 
animal husbandry and together with meat quality gov-
erns the economic benefits of farming. Skeletal muscle 
contributes approximately 40% of total body weight and 
50%–75% of whole-body protein in livestock, serving 
not only as a major structural component but also as an 
essential metabolic tissue involved in various biochemi-
cal processes and physiological functions [1, 2]. Under-
standing the metabolic mechanisms of skeletal muscle 
and its regulatory factors is essential for optimizing pro-
duction efficiency in livestock systems. Recent studies 
have increasingly examined the influence of nutrients on 
skeletal muscle metabolic pathways, growth, and meat 
quality, with particular emphasis on the roles of essential 
amino acids (EAA) and their metabolites [3, 4]. Among 
these, branched-chain amino acids (BCAA) constitute a 
distinct family of EAA that play critical roles on animal 
growth, metabolism, and overall health.

Branched-chain amino acids, which include leucine 
(Leu), isoleucine (Ile), and valine (Val), are essential for 
protein synthesis, accounting for approximately 20% 
of the total amino acids (AA) in muscle tissue, 35% of 
EAA, and 50% of the EAA in milk proteins [5–7]. The 
side chains of BCAA are nonpolar, branched hydrocar-
bon chains that are small and hydrophobic, preventing 
them from forming hydrogen bonds with water mol-
ecules. These unique properties enable them to stabilize 
hydrophobic core regions, promote proper folding, and 
enhance structural rigidity [8]. Beyond serving as sub-
strates for protein synthesis, BCAA function as signal-
ing molecules that regulate gene expression and protein 
phosphorylation cascades in livestock [9]. Leucine, in 
particular, acts as a key activator of the mammalian tar-
get of rapamycin (mTOR), stimulating muscle protein 
synthesis, inhibiting protein degradation, and promoting 
muscle growth through signaling pathways such as PI3K/
AKT/mTOR [10].
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Besides BCAA, BCAA metabolites (such as β-hydroxy-
β-methylbutyrate and 3-hydroxyisobutyrate) also play 
vital roles in regulating muscle function, including reduc-
ing protein degradation, enhancing muscle protein syn-
thesis efficiency, and modulating energy metabolism 
[10]. Understanding how BCAA and their metabolites 
influence muscle growth and metabolism is essential 
for developing more effective nutritional strategies. This 
review examines the biochemical pathways and signal-
ing networks through which BCAA and their metabo-
lites regulate protein metabolism, as well as glucose and 
lipid metabolism. Furthermore, it discusses the practical 
applications of these findings in animal production, offer-
ing a theoretical foundation and technical support for the 

sustainable development of animal husbandry and the 
improvement of meat yield and quality.

Transporters involved in BCAA metabolism
AA transporters are membrane-bound proteins that 
facilitate the movement of AA across cellular and orga-
nelle membranes. The expression of transporters varies 
among different tissues and organelles, where they per-
form essential functions, such as neurotransmitter trans-
port, acid–base balance, and cellular metabolism. BCAA 
transport within the body is a complex process regulated 
by multiple transport proteins (Fig. 1). Although previous 
work suggested that some AA could be absorbed through 
the rumen epithelium [11], to the best of our knowledge 

Fig. 1  The BCAA transporter systems across cellular and organelle membranes. MCT1, monocarboxylate transporter 1; MCT4, monocarboxylate 
transporter 4 (SLC16A4); LAT1, L-Type amino acid transporter 1; LAT2, L-Type amino acid transporter 2; GNG, Gluconeogenesis; G6P, Glucose 
6-phosphate; GLUT4, glucose transporter 4; GLUT2, glucose transporter 2; SNAT2, sodium-coupled neutral amino acid transporter 2; SNAT3, 
sodium-coupled neutral amino acid transporter 3; SNAT4, sodium-coupled neutral amino acid transporter 4
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BCAA transporters have not been reported to be present 
in the rumen wall. In the small intestine, proteins are 
digested into peptides and AA, which are subsequently 
absorbed into the bloodstream through intestinal epi-
thelial cells. The absorption of BCAA in the small intes-
tine primarily relies on system L transporters (LAT1 and 
LAT2) and system B0 transporters [12]. LAT1 and LAT2 
are antiporters that mediate the uptake of neutral AA in 
exchange for another amino acid that was concentrated 
in the cells in a Na-dependent manner. LAT1 is expressed 
on both the apical and basolateral membranes of intesti-
nal epithelial cells, facilitating BCAA transport from the 
intestinal lumen into epithelial cells. From the epithelial 
cells, BCAA are released into the bloodstream via LAT1-
4F2hc complexes located on the basolateral membrane 
[13]. The LAT1-4F2hc complex, a heterodimer formed 
by LAT1 and the 4F2hc protein (CD98), promotes cell 
growth by stimulating mTORC1 signaling and inhibit-
ing integrated stress responses [14] (Fig.  1). LAT2 also 
contributes to BCAA absorption, particularly in the 
transport of AA across the intestine wall and into other 
tissues. Additionally, the B0AT1 (SLC6A19) transporter, 
expressed in the proximal intestine, duodenum, jejunum, 
and ileum, facilitates BCAA transport from the intes-
tinal lumen into epithelial cells [15]. B0AT2 (SLC6A15), 
a member of the solute carrier 6 (SLC6) gene family of 
membrane transport proteins, is known as the neu-
rotransmitter transporter. It is expressed in the brain, 
where it transports BCAA and influences feed intake in 
animals [15].

After being absorbed into the portal vein, BCAA are 
primarily catabolized in skeletal muscle, gut, and mam-
mary glands but not the liver. This is because the liver 
expresses only minimal amounts of BCAA amino trans-
ferase (BCAAT), which is responsible for the first step 
of BCAA catabolism [16]. However, a portion of BCAA 
are catabolized by the gut tissue [16]. The resulting 
branched-chain keto acids are released into the portal 
vein and subsequently cleared by the liver. Any BCAA 
not metabolized by the gut or liver enter general circula-
tion and are distributed to peripheral tissues. In skeletal 
muscle, BCAA are mainly transported into cells through 
LAT1 and LAT2 [17]. In other tissues, such as mammary 
glands, kidney, fat, and pancreatic cells, BCAA uptake 
involves multiple transporters from the LAT family 
(LAT1, LAT2, LAT3, and LAT4). The relative contribu-
tion of each transporter depends on the tissue type and 
regulatory conditions [18, 19]. LAT1 and LAT2 require 
heterodimerization with the heavy chain 4F2hc (SLC3A2) 
to be functionally expressed at the plasma membrane, 
whereas LAT3 and LAT4 operate independently as 
monomeric transporters. This structural distinction may 
contribute to differences in their transport efficiency 

[20, 21]. Within the cell, BCAA are transported into the 
mitochondria via the SLC25A44 coded transporter for 
the initial step of metabolism. The resulting branched-
chain α-keto acids (BCKA) are then exported from cells 
by monocarboxylate transporters (MCTs) [22, 23]. The 
mitochondrial transporter encoded by SLC25A44 has 
been reported in BCAA catabolism in brown adipo-
cytes [22], suggesting a potential role in other metaboli-
cally active tissues such as skeletal muscle and mammary 
glands. Monocarboxylate transporters, particularly 
MCT1 (SLC16A1) and MCT4 (SLC16A4), are expressed 
in both liver and skeletal muscle [23], where they mediate 
BCKA transport between skeletal muscle and the liver. 
Notably, MCT1 and MCT4 also facilitate bidirectional 
BCKA transport across membranes in brain tissue and 
oocytes [24].

BCAA also serve as essential nitrogen donors for the 
synthesis of glutamic acid (Glu), alanine (Ala), and glu-
tamine (Gln) in skeletal muscle. Synthesized Gln is 
transported into hepatocytes via two secondary active 
transport systems: system A (SLC38A2 or SLC38A4) 
and system N (SLC38A3 and SLC38A5) [25] (Fig.  1). 
Glu is transported into mitochondria via SLC25A22 or 
SLC25A12 encoded transporters [15]. In the liver, SNAT2 
(SLC38A2), SNAT3 (SLC38A3), and SNAT4 (SLC38A4) 
are highly expressed [26]. SNAT2 facilitates the transport 
of both Ala and Gln, while SNAT3 specifically transports 
Gln, and SNAT4 primarily mediates Ala transport [27].

BCAA catabolism in the body
BCAA metabolism in ruminants is initiated by rumen 
microbial preprocessing, which leads to a net loss of die-
tary BCAA for the host animal. While dietary proteins 
are degraded into ammonia, AA, and peptides for micro-
bial protein synthesis, this process is inefficient for BCAA 
conversion. Consequently, 30%–50% of the absorbed 
BCAA in ruminants is derived from microbial protein, 
with the remainder originating from dietary sources that 
escape ruminal degradation [28, 29]. While microbial 
protein serves as an important amino acid source, this 
inherent inefficiency can lead to a BCAA shortfall. This 
contrasts sharply with monogastric animals (e.g., pigs, 
poultry), where gastric and pancreatic proteases liber-
ate free BCAA that are absorbed directly into portal cir-
culation without microbial intermediation. This results 
more efficient absorption but greater dietary AA sensi-
tivity in monogastric species. After being absorbed in 
the small intestine via sodium-dependent AA transport-
ers, approximately 93% of absorbed Leu bypasses hepatic 
first-pass metabolism in ruminants and directly enters 
the peripheral circulation, indicating that only about 
7% is utilized by splanchnic tissues [30]. Ruminant liver 
exhibits limited BCAA clearance (< 5%–10%) due to low 
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activity of key enzymes like BCAT and branched-chain 
α-keto acid dehydrogenase complex (BCKDC), shifting 
BCAA catabolism to peripheral tissues (e.g., mammary 
glands and muscle) [31, 32]. In contrast, monogastric liv-
ers exhibit greater BCAA catabolic capacity. Porcine liv-
ers clear 9% of portal Leu [33], converting BCAA carbon 
skeletons into keto acids or TCA cycle intermediates for 
energy production. Although this represents a measura-
ble contribution, skeletal muscle remains the primary site 
of BCAA catabolism.

Lobley et al. [31] demonstrated that approximately 25% 
of whole-body Leu irreversible loss occurs in the por-
tal-drained viscera (PDV), with the mesenteric-drained 
viscera (MDV) accounting for nearly 40% of this oxida-
tion metabolism. In sheep, net PDV absorption rates of 
Leu, Ile, and Val (0.56, 0.61, and 0.59  mmol/h, respec-
tively) were consistently lower than those of other EAA 
such as lysine, histidine, methionine, and phenylalanine, 
indicating a small proportion of local BCAA utilization 
by forestomaches, hindgut, pancreas, and spleen [31]. 
Approximately 93% of absorbed BCAA enter systemic 
circulation, with mammary tissues receiving around 25% 
of blood flow of cardiac output and extracting up to 45% 
of circulating BCAA. These findings suggest mammary 
and splanchnic tissues utilize comparable amounts of 
BCAA, though splanchnic uptake involves post-absorp-
tive recycling rather than first-pass metabolism [30, 34].

The complete catabolism of BCAA occurs primar-
ily in mitochondria through the sequential action of 
two key enzymes BCAT and BCKDC [35]. BCAT exists 
in two isoforms. BCAT1 is located in the cytoplasm, 
and BCAT2 resides in the mitochondria. While both 
isoforms are highly active and reversible, their tissue 
distributions are mutually exclusive [36]. BCAT1 is pre-
dominately expressed in the brain, ovaries, and placenta 
[37, 38], whereas BCAT2 is found in tissues such as 
skeletal muscle, kidneys, pancreas, stomach, and colon 
[39–41]. Despite its widespread distribution, BCAT 
shows peak expression in skeletal muscle with minimal 
activity in liver, establishing muscle as the primary site of 
BCAA transamination [42]. Conversely, BCKDC exhib-
its a complementary distribution with highest activity in 
liver, intermediate levels in heart and kidneys, and mini-
mal activity in skeletal muscle [38]. Consequently, most 
metabolites generated in skeletal muscle following BCAT 
catalysis undergo further oxidation in the liver.

As illustrated in Fig.  1, BCAA catabolism occurs 
predominantly in skeletal muscle [43]. Val, Leu, and 
Ile are converted into α-ketoisovaleric acid (KIV), 
α-ketoisocaproic acid (KIC), and α-keto-β-methylvaleric 
acid (KMV), respectively, by BCAT2 in the mitochon-
dria [43, 44] (Fig.  2). Subsequently, BCKA undergo a 
series of irreversible enzymatic reactions, entering the 

bloodstream for further catabolism in other tissues. 
Specifically, α-ketoglutarate (α-KG) acts as the primary 
acceptor of the amino group to form Glu [42]. Alterna-
tively, the amino group can be transferred to pyruvate 
to generate Ala or reattached to glutamate to form Gln, 
which functions as a detoxification pathway for ammo-
nia. These metabolites are released into circulation. 
Glutamine can activate mTORC1 through a mechanism 
independent of Rag GTPase, directly stimulating protein 
synthesis [45]. This underscores the role of elevated glu-
tamine levels in maintaining efficient protein synthesis in 
skeletal muscle.

The oxidative decarboxylation of BCKA occurs in mul-
tiple tissues but primarily in the liver mitochondria [16, 
46]. BCKDC is located to the inner mitochondrial mem-
brane and comprises three subunits: a heterotetrameric 
(α2-β2) branched-chain α-keto acid decarboxylase (E1), a 
dihydrolipoyl transacylase (E2), and a dihydrolipoamide 
dehydrogenase (E3). During this process, KMV, KIV, and 
KIC are converted into α-methylbutyryl-CoA, isobutyryl-
CoA, and isovaleryl-CoA, respectively (Fig. 2). The irre-
versible oxidative decarboxylation catalyzed by BCKDC 
constitute the rate-limiting step of BCAA degradation. 
Its activity is regulated by BCKDC kinase (BCKDK) 
and protein phosphatase Mg2+/Mn2+-dependent 1  K 
(PP2Cm) [47, 48]. BCKDK phosphorylates the E1α 
subunit of BCKDC to inhibit its activity, while PP2Cm 
dephosphorylates it, activating BCKDC [47, 48]. PP2Cm 
is a soluble protein localized in the mitochondrial matrix 
with tissue-specific distribution. It is highly expressed 
in the brain, liver, kidneys, and heart, but exhibits lower 
expression in skeletal muscle. Nutritional status, exer-
cise, and hormones modulate BCAA catabolism through 
BCKDK. Arp et al. [49] demonstrated that reactive nitro-
gen species inhibit BCKDC activity, thereby suppressing 
BCAA oxidation in both myotubes and myoblasts.

The next step of BCAA catabolism involves the con-
version of α-methylbutyryl-CoA, isobutyryl-CoA, and 
isopivaloyl-CoA into acetyl-CoA and methylmalonyl-
CoA, which enter the tricarboxylic acid (TCA) cycle to 
generate ATP for cellular energy production (Fig. 2). Fol-
lowing the formation of α-methylbutyryl-CoA, Ile under-
goes sequential reactions, including dehydrogenation 
by branched-chain acyl-CoA dehydrogenase, hydrolysis 
by short-chain enoyl-CoA hydratase, and cleavage by 
2-methyl-3-hydroxybutyryl-CoA dehydratase, generat-
ing acetyl-CoA and propionyl-CoA. Propionyl-CoA is 
subsequently converted to succinyl-CoA via propionyl-
CoA β-subunit carboxylase and methylmalonyl-CoA 
mutase. Similarly, Val metabolism begins with the con-
version of isobutyryl-CoA, followed by dehydrogena-
tion by isobutyryl-CoA dehydrogenase, hydration by 
short-chain enoyl-CoA hydratase, and hydrolysis by 
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3-hydroxyisobutyryl-CoA hydrolase, leading to the for-
mation of 3-hydroxyisobutyrate (3-HIB), a key regulator 
of glucose and lipid metabolism [50]. Additionally, 3-HIB 
is further catalyzed by 3-HIB dehydrogenase to produce 
methylmalonyl aldehyde, which is then converted into 
β-aminoisobutyric acid (BAIBA) by 4-aminobutyrate 
transaminase [51]. BAIBA is then ultimately degraded 
to succinyl-CoA. Leucine catabolism proceeds through 
a series of enzymatic reactions catalyzed by isovaleryl-
CoA dehydrogenase, 3-methylcrotonyl-CoA carboxylase, 
3-methyl-glutaconyl-CoA hydratase, and 3-hydroxy-
3-methylglutaryl-CoA lyase, resulting in the production 
of acetoacetate and acetyl-CoA. Acetoacetate and acetyl-
CoA serve as critical intermediates in several metabolic 
pathways, including the TCA cycle, fatty acid synthesis, 
and ketogenesis.

Overall, BCAA catabolism provides carbon units to 
metabolic pathways such as the TCA cycle, ketone body 
metabolism, and lipid synthesis. Valine is glucogenic 

(succinyl-CoA is a gluconeogenic precursor), Leu is 
ketogenic, and Ile is both glucogenic and ketogenic [8]. 
These AA play a key role in regulating lipid metabo-
lism, glucose metabolism, AA metabolism, and oxidative 
energy supply in the body.

Signal pathways of BCAA and their metabolites
BCAA on the mTOR pathway
BCAA serve dual metabolic roles as both direct sub-
strates for protein synthesis and potent signaling mol-
ecules regulating anabolic processes. As structural 
precursors, they facilitate transcription and translation 
to support muscle protein accretion. Additionally, BCAA 
function as key nutrient signals that activate the mecha-
nistic target of rapamycin (mTOR) pathway. The 280 kDa 
serine/threonine kinase mTOR belongs to the phos-
phatidylinositol kinase-related kinase family and exists 
in two functional distinct complexes with unique struc-
tures and functions [52]. mTORC1 primarily promotes 

Fig. 2  The metabolic pathways of BCAA catabolism modified according to Mann et al. [36]. α-KIC, α-ketoisocaproic acid; α-KMV, 
α-keto-β-methylvaleric acid; α-KIV, α-ketoisovaleric acid; BAIBA, β-aminoisobutyric acid; OCFA, odd-chain fatty acids; HMB, 
β-hydroxy-β-methylbutyrate; BCAT, branched-chain amino acids transaminase; BCKDC, branched-chain α-keto acid dehydrogenase complex; BCFA, 
branched-chain fatty acids; BCKDK, BCKDC kinase; PP2Cm, protein phosphatase Mg2+/Mn2+-dependent 1 K
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protein synthesis through S6K1/4E-BP1 activation while 
suppressing autophagy. mTORC2 serves as downstream 
effector of insulin/PI3K signaling, primarily regulat-
ing glucose metabolism, cytoskeleton organization, cell 
migration, and adhesion [53].

As illustrate in Fig.  3, intracellular BCAA activate 
mTORC1 signaling through the GATOR regulatory net-
work, with Sestrin2 acting as the primary Leu sensor 
[54]. In the absence of Leu, Sestrin2 binds and inhibits 
GATOR2. However, upon Leu binding, Sestrin2 dissoci-
ates with GATOR2 [55]. Notably, some studies reported 
that Sestrin1 may play a more prominent role than Ses-
trin2 in Leu-related mTORC1 activation through similar 
GATOR2 dissociation mechanisms [56]. The GATOR 
system operates through coordinated molecular inter-
actions. GATOR2 promotes mTORC1 signaling by 
inhibiting GATOR1 [57], whereas GATOR1 suppresses 
mTORC1 by maintaining RagA/B GTPases in their 

inactive state [58]. The KICSTOR complex spatially 
organizes this regulatory cascade by tethering GATOR1 
to the lysosomal surface, ensuring compartmentalized 
control of mTORC1 activity [59, 60]. While Leu supple-
mentation stimulates mTORC1 and promotes skeletal 
muscle regeneration, excessive Leu levels may paradoxi-
cally inhibit mTOR in myocytes, reducing cell prolifera-
tion and protein synthesis [61].

mTORC1 activation at the lysosomal membrane is reg-
ulated by two small GTPases, Rheb and Rag-GTP [62]. 
Efficient mTORC1 signaling depends on the coordinated 
input of growth factors and AA, as maximal activation 
occurs when both Rheb and Rag-GTP are in their active 
states. At the cellular level, mTORC1 activity exhibits a 
graded response. Increasing concentrations of growth 
factors or AA elevate the proportion of active Rheb and 
Rag-GTP, respectively, leading to a higher probability 
of mTORC1 activation.  Additionally, BCAA promote 

Fig. 3  The critical roles of BCAA in modulating the upstream signaling pathways of mTOR. The mTORC1 and mTORC2 complexes are regulated 
by diverse signaling pathways. Intracellular molecules are activated through various signaling cascades, leading to the formation of either mTORC1 
or mTORC2 complexes. IRS-1, insulin receptor substrate 1; LKB1, liver kinase B1; mTORC1/2, mechanistic target of rapamycin complex 1/2; GLUT4, 
glucose transporter 4; PI3K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol-diphosphate; PIP3, phosphatidylinositol-3,4,5-trisphosphate: 
PETN, phosphatase and tensin homologue; Rag, ras-related GTP binding; Rheb, ras homolog enriched in brain; TSC, tuberous sclerosis complex; 
REDD1, transcriptional regulation of DNA damage response 1; AMPK, AMP-activated protein kinase; S6K1, S6 kinase 1; MORG1, WD-domain repeat 
protein; V-ATPase, vacuolar H-ATPase
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β-cell proliferation upon their transport into pancreatic 
cells by the SNAT2 and LAT1 transporters [63]. For this 
reason, BCAA and insulin/insulin-like growth factor 1 
(IGF-1) signaling synergistically enhance mTOC1 activa-
tion [53]. Rag GTPases (Rag A/B and Rag C/D) are cru-
cial for mTORC1 signaling by promoting its recruitment 
to the lysosomal membrane via the Ragulator complex 
[64, 65]. Under high AA conditions, Rag GTPases facili-
tate mTORC1 translocation to the lysosomal membrane, 
where its activation is further potentiated by Rheb-GTP 
[66] (Fig. 3).

BCAA and IGF-1 are critical regulators of muscle pro-
tein synthesis [67]. Insulin resistance is associated with 
dysregulated BCAA metabolism [68] and increased 
mTORC1 activity [69, 70]. Upon binding to their recep-
tors, insulin and IGF-1 trigger phosphorylation of insulin 
receptor substrate 1 (IRS-1), which activates mTORC2 
through the PI3K pathway. mTORC2 then stimulates 
mTORC1 signaling through AKT-mediated phospho-
rylation [52]. As displayed in Fig.  4, activated mTORC1 
phosphorylates 4E-binding protein 1 (4E-BP1), releasing 
eukaryotic initiation factor 4E (eIF4E) to initiate transla-
tion and promote protein synthesis [57, 71]. Additionally, 
ribosomal protein S6 kinase 1 (S6K1) stimulates protein 

synthesis by activating eIF4B (a positive regulator of cap-
dependent translation) while promoting the degradation 
of programmed cell death 4 (PDCD4) inhibitor eIF4A 
[57]. To prevent hyperactivation, S6K1 phosphorylates 
IRS-1 in a negative feedback loop, dampening the insu-
lin-mediated PI3K-AKT pathway [72, 73].

Leucine is uniquely potent in stimulating mTORC1 
signaling, with studies showing that Leu alone can acti-
vate mTORC1 as effectively as a complete AA mixture 
[74]. Ospina-Rojas et  al. [75] found that supplementing 
broiler diets with Leu significantly increased the mRNA 
expression of mTOR and S6K1 genes in muscle tissue, 
whereas supplementing with Val had no effect on the 
mRNA expression of these genes, highlighting Leu’s dis-
tinct role in mTOR pathway activation. Hao et  al. [76] 
reported that Ile can stimulate milk protein and fat syn-
thesis in mammary epithelial cells through the PI3K-
BRG1-mTOR/SREBP-1c pathway in a dose-dependent 
manner. Similarly, Arriola Apelo et al. [77] demonstrated 
that Ile linearly increased mTOR and S6K1 phosphoryla-
tion in the mammary tissue of dairy cows, underscoring 
its role in lactation-related anabolic signaling.

Recent studies have uncovered novel mediators 
in mTOR signaling, revealing additional layers of 

Fig. 4  The major downstream pathways of mTORC1 signaling regulate protein synthesis, lipid synthesis, aerobic glycolysis, glucose homeostasis, 
and apoptosis. AKT, protein kinase B; S6K1, ribosomal protein S6 kinase 1; 4EBP1, eukaryotic translation initiation factor 4E-binding protein 1; eIF4E, 
eukaryotic initiation factor 4E; eIF4B, eukaryotic initiation factor 4B; PDCD4, programmed cell death 4; eIF4A, eukaryotic initiation factor 4 A; SREBPs, 
sterol-regulatory element binding proteins; Lipin-1, lipid phosphate phosphohydrolase 1; PPARγ, peroxisome proliferator-activated receptor gamma; 
HIF1α, hypoxia-inducible factors; SGK, serum and glucocorticoid induced kinase; GSK3B, glycogen synthase kinase 3 β; ULK1, unc-51-like kinase 1; 
NADK, NAD kinase
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complexity in its regulation. Jiang et  al. [78] identified 
Wnt-1-induced secreted protein 3 (WISP3) as a poten-
tial new signaling factor linking mTOR with AA, mak-
ing it a crucial regulator of AA-mediated milk protein 
synthesis and cell growth. Further expanding the regula-
tory landscape, Hayatine, a newly discovered mTOR-Rag 
A/C interaction inhibitor, was shown to suppress AA-
induced mTORC1 activation [79], providing a poten-
tial therapeutic target for mTOR-related disorders. Luo 
et al. [80] found that Glycyl-tRNA synthase (GlyRS) is a 
key mediator in AA-induced mTOR expression and acti-
vation in bovine mammary epithelial cells, suggesting a 
direct connection between translational machinery and 
mTOR signaling. Beyond canonical pathways, Son et al. 
[81] demonstrated that downstream metabolites of Leu, 
such as acetyl-CoA, can independently activate mTORC1 
by promoting EP-300-mediated acetylation of Raptor, 
bypassing traditional Leu-sensing mechanisms. As more 
key regulators of the mTOR signaling pathway are dis-
covered, our understanding of this complex network will 
continue to expand, offering new insights into its role in 
metabolism, protein synthesis, and cell growth.

Inhibition of protein degradation
Protein deposition in skeletal muscle is a dynamic bal-
ance between protein synthesis and degradation, influ-
enced by nutritional and hormonal cues [82]. The 
primary mechanisms of protein degradation include the 
ubiquitin–proteasome system (UPS), the autophagy-lys-
osomal system, calcium-activated proteases, and cysteine 
proteases [83, 84]. Among these, the UPS is the domi-
nant pathway, accounting for over 80% of skeletal mus-
cle protein degradation [85]. In this system, degradation 
begins with the activation of ubiquitin by the ubiquitin-
activating enzyme E1 (UBE1), which forms a thioester 
bond between the C-terminal glycine of ubiquitin and 
the cysteine of E1. The activated ubiquitin is then trans-
ferred to the ubiquitin-conjugating enzyme E2 (UBE2) 
via a trans-thiolation reaction. Finally, ubiquitin ligase 
enzyme E3 (UBE3) facilitates the attachment of ubiqui-
tin to the lysine residues of the target protein, marking 
them for proteasomal destruction [86]. The ubiquitinated 
protein is then recognized and processed by the protea-
some, where it is broken down into short peptides or 
AA through protease catalyzed hydrolysis. Although the 
UPS is the primary degradation pathway, the autophagy-
lysosomal system becomes critical during nutrient dep-
rivation or metabolic stress. Importantly, mTORC1 
suppresses both UPS and autophagy via downstream 
effectors (e.g., ULK1 and PIK3C3 complex), thereby shift-
ing the balance toward net protein accretion and mus-
cle preservation. As displayed in Fig. 5, BCAA-activated 

mTORC1 orchestrates a multi-tiered suppression of pro-
tein degradation pathways [36]. Specifically, mTORC1 
suppresses autophagy by phosphorylating and inhibiting 
key autophagy regulators, such as unc-51 like autophagy 
activating kinase 1 (ULK-1) [87], autophagy related 13 
Gene (ATG13) [88], transcription factor EB (TFEB) 
[89], and beclin-1-regulated autophagy (AMBRA1) 
[90]. mTORC1 prevents autophagosome formation by 
phosphorylating ATG13 and ULK1, thereby inhibit-
ing their activity. Additionally, it blocks autophagosome 
maturation by phosphorylating autophagy related 14 
(ATG14) [91]. TFEB, a key transcription factor, regu-
lates the expression of genes essential for autophagy and 
lysosome biogenesis [92]. During nutrient deprivation 
or rapamycin-induced mTORC1 inhibition, dephos-
phorylated TFEB and related transcription factor E3 
(TFE3) translocate to the nucleus to activate lysosomal 
and autophagy genes [57]. Conversely, nutrient-replete 
conditions promote mTORC1-mediated TFEB phospho-
rylation, sequestering it in the cytoplasm and suppressing 
autophagic flux [93]. This sophisticated regulatory net-
work demonstrates how mTORC1 coordinately inhibits 
autophagy at multiple molecular levels, from initial vesi-
cle formation to lysosomal gene expression.

mTORC1 exerts indirect control over the UPS through 
its regulation of AKT and FOXO signaling cascades. As 
the primary effector of PI3K-mediated insulin signal-
ing, AKT mediates cellular proliferation and metabolic 
reprogramming via FOXO1/3a and NAD kinase (NADK) 
[94, 95]. The regulatory network extends to  autophagy 
control through serum and glucocorticoid-regulated 
kinase (SGK), where mTORC2-SGK-1 inhibition potently 
induces autophagic flux in Caenorhabditis elegans [96]. 
AKT further coordinates metabolic responses by inacti-
vating glycogen synthase kinase 3β (GSK3β) to support 
cell survival and glucose metabolism [57]. Crucially, AKT 
serves as a signaling nexus between mTOR complexes. It 
can phosphorylate tuberous sclerosis complex (TSC2) to 
activate mTORC1 while modifying mSin1 to modulate 
mTORC2 assembly and function [97, 98].

Under normal physiological conditions, skeletal mus-
cle maintains proteostasis through balanced protein deg-
radation and synthesis [99]. However, catabolic states 
such as fasting trigger accelerated proteolysis via the 
UPS and the autophagy-lysosomal system, leading to net 
muscle loss [100]. In response to diseases, inactivity, or 
acute endotoxemia, BCAA or Leu administration inhib-
its protein degradation through the UPS [101] and the 
autophagy-lysosomal system [102]. Zi et al. [103] revealed 
that mTORC1 phosphorylates serine/threonine kinase 
11 interacting protein (STK11IP) to regulate lysosomal 
vacuolar-ATPase (V-ATPase) activity, providing a direct 
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link between mTORC1 signaling and autophagy control. 
These findings establish BCAA as potent inhibitors of 
atrophy-induced proteolysis, suggesting their therapeutic 
potential for muscle preservation during energy deficit 
through dual modulation of major degradation pathways.

Physiological functions of BCAA metabolites
Leucine metabolite: HMB
Leu and its metabolites play pivotal roles in regulat-
ing protein metabolism, energy homeostasis, and cel-
lular signaling. As the most metabolically active BCAA, 
approximately 80% of Leu is directly utilized for protein 
synthesis in pigs, while the remaining 20% undergoes 
conversion to α-KIC and β-hydroxy-β-methylbutyrate 
(HMB) in skeletal muscle [104]. Notably, endogenous 
HMB production represents only 0.66% of total Leu 
turnover [105]. In the liver mitochondria, about 90% of 

α-KIC is oxidized to isovaleryl-CoA (IVA-CoA), forming 
β-hydroxy-β-methylglutaryl-CoA (HMG-CoA), which is 
further metabolized to acetoacetate and acetyl-CoA. The 
remaining α-KIC is oxidized to HMB in the cytoplasm 
via α-KIC dioxygenase (KICD). HMB is cleared by the 
kidneys or metabolized into HMG-CoA, a precursor for 
cholesterol synthesis [106, 107].

As a leucine metabolite, HMB activates mTORC1 signal-
ing via AKT phosphorylation to promote protein synthesis 
while suppressing degradation pathways [108, 109], though 
this occurs independently of IRS-1 [110]. Given its mecha-
nistic overlap with Leu, HMB effectively substitutes for Leu 
in enhancing muscle protein synthesis [107, 111]. HMB 
concurrently reduces muscle catabolism and apoptosis by 
inhibiting the UPS and autophagy-lysosomal pathways [112, 
113]. Cohen-Or et al. [114] demonstrated that HMB could 
induce myogenesis in C2C12 cells independently of AKT 

Fig. 5  The mechanism of autophagy regulated by mTORC1. Autophagy initiation is coordinated by two kinases, ULK1 and PIK3C3. mTORC1 
inhibits the activity of the ULK1 complex by phosphorylating ULK1 and Atg13. Additionally, mTORC1 suppresses the nucleation step of autophagy 
by phosphorylating Atg14, AMBRA1, and NRBF2 within the PI3KC3 complex. Furthermore, mTORC1 inhibits Vps34 activity and LC3 lipidation 
by phosphorylating p300 and WIPI2, thereby disrupting the recruitment of phosphatidylinositol phosphates and the LC3 conjugation 
system required for the autophagosome elongation. In addition, lipids play a crucial role in binding phosphatidylethanolamine (PE) to LC3, 
promoting the formation of autophagosome. Finally, mTORC1 negatively regulates the fusion of the autophagosomes with the lysosomes 
through the phosphorylation of UVRAG and Pacer. ULK1, unc-51-like kinase 1; ATG13, autophagy-related gene 13; TFEB, transcription factor EB; 
AMBRA1, autophagy and beclin 1 regulator 1
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and mTOR, via phospholipase D2 (PLD2) activation of p70 
ribosomal protein S6 kinase and ribosomal protein S6. Fur-
thermore, HMB promotes muscle growth by stimulating 
the IGF-1 axis [115], enhancing AKT phosphorylation, and 
inhibiting autophagy.

Growing evidence from poultry and swine indicates 
that HMB modulates lipid metabolism and intestinal 
health in a dose and tissue-dependent manner. In broil-
ers, dietary supplementation of approximately 0.10% 
HMB reduced hepatic fat deposition in parallel with 
shifts in gut microbial communities, suggesting involve-
ment of the gut–liver axis in lipid regulation [116]. Fur-
thermore, HMB alters muscle fatty acid composition in 
a muscle-specific manner. In leg muscle, 0.10%–0.15% 
HMB supplementation increased monounsaturated fatty 
acids (MUFA) while decreasing polyunsaturated fatty 
acids (PUFA), associated with the downregulation of lipo-
genic genes like SREBP-1c and reduced activities of lipid-
metabolizing enzymes [117]. In breast muscle, 0.10% 
HMB exhibited an even stronger suppressive effect on 
lipogenesis, indicating distinct tissue-specific responses 
[117]. The benefits for intestinal integrity are supported 
by studies in weaned piglets, where HMB supplementa-
tion enhanced tight junction function, increased diges-
tive enzyme activity, and modulated gut microbiota and 
short-chain fatty acid production, particularly under an 
LPS-induced inflammatory challenge [118]. Collectively, 
these findings demonstrate HMB’s potential to attenuate 
fat accumulation and maintain intestinal homeostasis.

Valine metabolites: 3‑HIB and BAIBA
The catabolism of Val generates 3-hydroxyisobutyrate 
(3-HIB) through the action of 3-hydroxyisobutyryl-CoA 
hydrolase on its precursor 3-hydroxyisobutyryl-CoA. 
This muscle-derived metabolite has emerged as a signifi-
cant contributor to systemic insulin resistance through 
its effect on lipid metabolism [119]. 3-HIB stimulates 
fatty acid uptake in muscle tissue, leading to lipid accu-
mulation and subsequent metabolic dysfunction. Jang 
et al. [120] indicated that 3-HIB could activate endothe-
lial fatty acid transport, facilitating lipid uptake into 
muscle and promoting metabolic dysfunction in mice. 
Importantly, inhibition of 3-HIB synthesis has been 
shown to block peroxisome proliferators-activated recep-
tor γ coactivator l α (PGC-1α) mediated endothelial fatty 
acid uptake. Recent studies further implicate HIBCH and 
3-HIB in regulating lipid accumulation in the muscle and 
adipose tissues [121], with 3-HIB now recognized as a 
novel adipocyte-specific regulatory molecule. Its associa-
tion with obesity, insulin resistance, and type 2 diabetes 
underscores the growing appreciation of BCAA metabo-
lites as key modulators of meat quality. Che et  al. [122] 

demonstrated that 3-HIB supplementation in late-gesta-
tion sows improved maternal-to-fetal fatty acid transport 
and neonatal oxidation, as evidenced by increased pla-
cental triglycerides and fatty acid transporters (SLC27A1 
and FABP3), elevated piglet plasma MUFA and PUFA, 
and greater muscle CPT-1.

3-HIB is further metabolized to form methylmalonate 
semialdehyde, which interacts with 4-aminobutyrate 
aminotransferase to produce β-aminoisobutyric acid 
(BAIBA). This downstream metabolite exhibits signifi-
cant metabolic benefits, particularly in enhancing mus-
cle function through multiple mechanisms [123]. BAIBA 
exerts its effects primarily via the AMPK pathway. Jung 
et  al. [124] found that moderate BAIBA levels not only 
increase AMPK phosphorylation but also reduce pro-
inflammatory cytokines (TNFα and MCP-1) in LPS 
treated fibroblast cells, thereby mitigating inflammation 
associated insulin resistance. Beyond its anti-inflamma-
tory properties, BAIBA improves lipid metabolism and 
induces white adipose tissue browning by upregulat-
ing the expression of peroxisome proliferator-activated 
receptor-α (PPARα) and uncoupling protein 1 (UCP-1) 
[125]. Minato et al. [126] further revealed that L-BAIBA 
treatment enhances AMPK and AKT phosphorylation, 
underscoring its beneficial effects on the liver, skel-
etal muscle, and adipose tissue. The beneficial effects 
of enhancing AKT and AMPK signaling are distinct yet 
complementary, with direct implications for body com-
position and muscle mass. However, their specific effects 
and mechanisms in livestock species require further 
investigation.

Critical roles of BCAA in glucose and lipid 
metabolism
Role of BCAA in glucose metabolism
The liver is a central metabolic organ that regulates 
energy homeostasis by coordinating the metabolism of 
skeletal muscle, adipose tissue, and other organs. BCAA 
regulate glucose and lipid metabolism primarily through 
the PI3K-AKT-mTOR pathway [10]. In skeletal muscle, 
elevated BCAA levels activate mTORC1/S6K1 signal-
ing axis, which inhibits the PI3K/AKT pathway, thereby 
impairing insulin signaling and sensitivity [70, 127]. 
Experimental evidence supports this mechanism across 
diverse models. Leal Yepes et al. [128] reported that add-
ing 550 g/d of rumen-protected BCAA into diets signifi-
cantly increased plasma insulin levels in lactating cows. 
Conversely, Rivera et  al. [129] found that excess BCAA 
reduces insulin sensitivity in cultured myotubes. Lynch 
and Adams [130] proposed an alternative perspective, 
arguing that increased BCAA may not directly induce 
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insulin resistance but instead serve as a biomarker of 
underlying metabolic dysfunction.

Beyond direct signaling, BCAA metabolites also con-
tribute to metabolic regulation. The metabolite BCKA 
has been implicated in insulin resistance [131]. Further-
more, impaired catabolism of BCAA and BCKA in the 
liver may disrupt systemic glucose homeostasis. This is 
demonstrated by liver-specific knockout of  Ppm1k, a 
positive regulator of BCAA metabolism. Nishi et al. [132] 
found that Ppm1k knockout in mice impaired BCKA 
catabolism, leading to metabolite accumulation. This 
buildup suppressed the conversion of glycolytic precur-
sors (pyruvate and lactate) into glucose via gluconeo-
genic pathways. While these findings suggest a potential 
mechanistic link between BCAA metabolism and insulin 
resistance, further research is needed to clarify whether 
BCAA directly drive insulin resistance or if their metabo-
lites primarily contribute to metabolic dysregulation, as 
well as to disentangle their roles as causative agents ver-
sus biomarkers of impaired insulin action.

BCAA, particularly Leu, stimulate insulin secretion by 
allosterically activating glutamate dehydrogenase (GDH) 
[133]. In pancreatic β-cells, Leu uptake is mediated pri-
marily by the LAT1 transporter, which is essential for 
Leu-stimulated insulin release. While Leu enhances insu-
lin secretion, Ile and Val regulate glucose homeostasis 
through distinct mechanisms. Isabel et al. found that Ile 
and Val inhibit hepatic glucose production, though this 
regulatory effect diminishes following high-fat diet treat-
ment [134]. A study in pigs fed low-protein diets demon-
strated that supplementing BCAA increases uncoupling 
protein 3 (UCP3) expression in glycolytic skeletal muscle 
fibers, likely through activation of the AMPK-SIRT1-
PGC-1α pathway [135]. Since UCP3 facilitates glucose 
transporter 4 (GLUT4) translocation, this mechanism 
links BCAA metabolism to improved glucose uptake in 
the skeletal muscle [135]. The metabolic impact of BCAA 
depends on their availability. On one hand, BCAA defi-
ciency can disrupt glucose metabolism [136]. On the 
other hand, chronic BCAA accumulation downregulates 
the hexosamine biosynthetic pathway (HBP), leading to 
pyruvate dehydrogenase complex (PDH) inactivation and 
reduced glucose oxidation [137].

Additionally, mTORC1 enhances glycolysis by upregu-
lating glycolytic enzymes via hypoxia-inducible factor 1α 
(HIF1α) activation [138, 139]. Conversely, AMPK plays 
a key role in maintaining systemic energy balance [140]. 
When cellular energy levels are low, AMPK is phospho-
rylated and activated by liver kinase B1 (LKB1) [141, 
142]. Once activated, AMPK improves insulin sensitivity 
and promotes adipose tissue mobilization. Meanwhile, it 
also upregulates BCAA catabolic mechanisms in the skel-
etal muscle [143] and shifts metabolism toward increased 

catabolism and reduced anabolism by phosphorylating 
key proteins involved in mTORC1, lipid homeostasis, 
glycolysis, and mitochondrial function [144]. Collectively, 
these findings emphasize the significant role of BCAA 
and their metabolites in insulin sensitivity through its 
interactions with both mTORC1 and AMPK pathways. 
This understanding underscores the potential for tar-
geted nutritional interventions to modulate these path-
ways for improved metabolic health in farm animals.

Role of BCAA in lipid metabolism
BCAA catabolism influences lipid synthesis by contrib-
uting to the synthesis of N-acyl amino acids, branched-
chain fatty acids, and odd-chain fatty acids [8]. Both 
white and brown adipocytes are functionally connected 
to circulating BCAA levels and systemic insulin resist-
ance regulation [119]. Specifically, during adipogenesis, 
enzymes involved in BCAA catabolism increase, and 
BCAA oxidation supplies intermediates for cholesterol 
and odd-chain fatty acid synthesis. Elevated BCAA levels 
increase lipid accumulation during adipocyte differen-
tiation [145]. Sterol-regulatory element binding proteins 
(SREBP) regulate lipogenesis [146], and BCAA activate 
mTORC1, which promotes SREBP1/2 nuclear transloca-
tion and processing via the S6K1-dependent mechanism, 
thereby stimulating lipogenesis. Additionally, mTORC1 
phosphorylates Lipin-1, inhibiting its nuclear transloca-
tion and consequently relieving its suppression of SREBP-
mediated lipogenic activity [147]. While these findings 
establish a clear connection between BCAA metabolism 
and lipid synthesis, it should be noted that current evi-
dence primarily comes from studies on brown adipose 
tissue or in  vitro models. Further research is needed to 
determine whether these mechanisms similarly operate 
in white adipose tissue of livestock.

While BCAA promote lipogenesis through mTORC1-
SREBP signaling in adipocytes, emerging evidence 
reveals contrasting effects in other tissues and physi-
ological contexts.  Dietary BCAA supplementation 
paradoxically reduces lipid accumulation in the liver of 
largemouth bass (Micropterus salmoides) [148], suggest-
ing tissue-specific regulatory mechanisms. This dichot-
omy extends to skeletal muscle, where Leu enhances fatty 
acid oxidation and mitochondrial biogenesis via AMPK 
and SIRT1 activation, as demonstrated in C2C12 myo-
tubes in mice [149]. Similarly, dietary BCAA supple-
mentation in laying hens suppressed de novo lipogenesis 
[150]. The isolated administration of Ile alone to obese 
mice further illustrates this complexity, showing selective 
reduction in white adipose tissue mass [151].

Emerging evidence demonstrates that BCAA defi-
ciency substantially impacts systemic lipid metabolism. 
A Leu-deficient diet significantly suppresses hepatic 
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lipogenesis, promotes lipolysis in white adipose tissue, 
and increases UCP1 expression in brown adipose tissue, 
collectively enhancing fat mobilization [152]. This phe-
nomenon extends to other BCAA, as Ile or Val deficient 
diets similarly promote lipid catabolism while inhibit-
ing hepatic lipid synthesis, reinforcing the crucial role of 
BCAA homeostasis in regulating adiposity [153]. These 
findings reveal a biphasic relationship between BCAA 
availability and lipid metabolism. While adequate BCAA 
levels support metabolic homeostasis, both deficiency 
and excess induce significant alterations in fat deposition 
and mobilization patterns. This dose-dependent response 
suggests an optimal range of BCAA intake for metabolic 
health. The regulation window likely varies by species, 
metabolic state, and individual BCAA composition, war-
ranting further investigation to establish precise nutri-
tional guidelines.

Applications of dietary supplementation of BCAA 
on animal production
Effects of BCAA supplementation on swine and poultry 
production
Dietary protein content is a key determinant of growth 
performance. Habibi et  al. [154] reported that supple-
menting high levels of BCAA in protein-restricted diets 
partially mitigated the negative effects of protein restric-
tion on growth performance in swine. Piglets fed a low-
protein diet (LP, 17.1% crude protein) had lower serum 
BCAA levels, whereas piglets fed an LP + BCAA diet 
had BCAA concentrations comparable to those fed a 
normal-protein diet (20.9% crude protein). Supplement-
ing BCAA in the LP diet improved growth performance, 
gut development, and intestinal AA transport protein 
expression in weaned piglets [155]. BCAA supplementa-
tion increased average daily gain (ADG) and feed intake 
in piglets, likely by modulating the hypothalamic general 
AA control or mTOR pathways, which could enhance 
feed intake and promote growth [156]. Tian et  al. [157] 
demonstrated that BCAA deficiency may suppress feed 
intake by regulating AA T1R1/T1R3 receptors in the 
intestine or activating the hypothalamic general control 
nonderepressible 2 (GCN2)/eIF2α pathway. The intesti-
nal T1R1/T1R3 receptors regulate food intake by modu-
lating the release of gut hormones such as GLP-1, PYY, 
and CCK [158]. Specifically, BCAA deficiency upregu-
lates intestinal T1R1/T3R3 expression, stimulating CCK 
secretion and subsequent feed intake reduction. At the 
central level, BCAA deficiency leads to accumulation 
of uncharged tRNAs that activate the GCN2 pathway, 
increasing eIF2α phosphorylation in the brain [159]. This 
hypothalamic eIF2α signaling is a well-established ano-
rexigenic pathway [160], as evidenced by significantly 

elevated eIF2α phosphorylation in piglets fed BCAA-
deficient diets.

Beyond appetite regulation, BCAA supplementation 
significantly impacts swine production. Zhang et al. [161] 
found that dietary supplementation of 0.4% Leu can pre-
vent the reduction of loin eye area caused by low crude 
protein diets in fattening pigs. Luo et  al. [162] reported 
that adding extra 35% of Ile improved pork quality by 
increasing intramuscular fat, reducing drip loss and shear 
force without affecting growth performance in crossbred 
barrows. Xu et al. [163] reported that the combination of 
low Val (SID Val = 0.31%) and high Ile (SID Ile = 0.53%) 
minimized drip loss. Conversely, a high Val diet is detri-
mental to meat quality, particularly reducing water hold-
ing capacity.

Balanced BCAA ratios can enhance growth and muscle 
synthesis while reducing lipid deposition in poultry. Wu 
[164] reported that the ideal BCAA profile in 10-day-old 
chicks follows a Leu:Val:Ile to Lys ratio of 1.13:0.68:0.58. 
Strategic reduction of crude protein with balanced BCAA 
supplementation has been shown to improve growth per-
formance, meat tenderness, and carcass yield in broil-
ers [165]. The anabolic effects of BCAA are primarily 
mediated through leucine’s ability to stimulate muscle 
protein synthesis via mTOR and S6K1 gene expressions 
in the muscle tissue signaling [166]. However, excessive 
Leu supplementation negatively affected overall growth 
performance, carcass weight, breast muscle weight, and 
body mineral content [167]. These negative effects stem 
from BCAA antagonism, where high Leu levels competi-
tively inhibit the transport and functions of Val and Ile 
through shares AA transporters. This antagonism can 
be effectively counterbalanced by maintaining appropri-
ate Val and Ile supplementation levels [168]. Ma et  al. 
[169] found that dietary Ile supplementation improved 
growth performance and meat quality in broilers fed 
a low protein diet. Moreover, Ile reduced lipid deposi-
tion by activating the AMPK/mTOR and Leptin/JAK2/
STAT3 pathways, which suppressed fat synthesis, pro-
moted hepatic fat breakdown, and inhibited abdominal 
fat cell differentiation and proliferation [169]. Similarly, 
Jian et al. [150] found that high BCAA diets could inhibit 
de novo lipogenesis in laying hens by suppressing the 
tryptophan-ILA-AHR axis and MAPK9 signaling, while 
promoting fatty acid β-oxidation through PPAR-RXR 
activation and autophagy. These findings highlight the 
importance of maintaining precise BCAA levels in poul-
try nutrition to simultaneously optimize protein accre-
tion and lipid metabolism while avoiding the detrimental 
effects of BCAA imbalance.
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Effects of BCAA supplementation on ruminant animal 
production
The effects of BCAA supplementation on ruminant 
growth and production performance varies across spe-
cies and dietary conditions. Crucially, because free BCAA 
are quickly degraded in the rumen, dietary supplements 
must be rumen-protected to increase arterial BCAA 
concentrations and exert systemic effects. In goats, a 
low-protein diets (8.27% CP) reduced ADG, whereas 
supplementation with rumen-protected Leu significantly 
increased ADG [170, 171]. Similarly, supplementing 
6 g/100 kg BW of Leu daily improved ADG in beef cat-
tle, with altered plasma AA profiles, and increased free 
Leu bioavailability [3]. Dietary Leu supplementation also 
improved meat quality by reducing subcutaneous fat 
thickness and increasing marbling score and crude pro-
tein content in the longissimus pectoral muscle. However, 
supplementing 7.1 g/kg of Leu in 5-day-old lambs’ milk 
replacer had no effect on feed intake or ADG but low-
ered plasma urea nitrogen levels [172]. This suggests that 
young ruminants may have different Leu utilization pat-
terns compared to growing or finishing animals.

In dairy cows, BCAA constitute approximately 40% of 
EAA supplied to the mammary glands [173]. Abomasal 
infusion of EAA without BCAA suppressed mTOR-
mediated activation of eIF2Bε and eIF2α in the mammary 
glands, leading to decreased milk protein production in 
dairy cows [174]. However, studies suggest that BCAA 
supplementation may not directly enhance milk protein 
production when methionine and lysine are adequately 
supplied. Appuhamy et al. [175] found that, in the pres-
ence of adequate methionine and lysine, BCAA supple-
mentation did not significantly enhance milk protein 
synthesis but reduced milk urea nitrogen levels, likely 
due to the activation of alternative protein synthesis 
pathways. Chen et al. [176] observed that adding 10.6 g/d 
rumen-protected Leu to diets significantly increased 
ADG without affecting milk yield in lactating goats. 
Similarly, Leal Yepes et  al. [177] reported that postpar-
tum supplementation with 550  g/d of BCAA only mar-
ginally increased milk yield and protein content, possibly 
because BCAA are preferentially metabolized for energy 
rather than protein synthesis in the mammary glands. In 
a parallel study, Leal Yepes et al. [128] demonstrated that 
supplementing 550 g/d of rumen-protected BCAA from 
calving to day 35 of lactation increased plasma insulin 
concentrations and reduced hepatic lipidosis. Overall, 
BCAA serve as critical substrates for transamination and 
nitrogen donation, supporting the de novo synthesis of 
non-EAA required for milk protein production [28].

Recent studies highlight  the complex relationship 
between BCAA metabolism, residual feed intake (RFI), 
and metabolic disorders in cattle. Jorge-Smeding et  al. 

[178] found that high-RFI cattle fed a high-starch diet 
exhibited BCAA accumulation, insulin resistance, and 
obesity, whereas these traits were not observed with 
high-fiber diets. In a follow-up work, Jorge-Smeding 
et al. [179] reported that elevated plasma BCAA in low-
efficiency animals were associated with enhanced lipo-
genesis and fat deposition, possibly due to the ketogenic 
effects of Leu and Ile. Supporting these findings, a meta-
analysis conducted by Duarte et al. [180] identified BCAA 
degradation as the sole metabolic pathway significantly 
correlated with RFI in beef cattle. These findings collec-
tively position BCAA as key metabolic regulators of feed 
efficiency. Optimizing BCAA supplementation strategies 
could help mitigate metabolic inefficiencies and improve 
sustainability in ruminant production systems.

Conclusion
BCAA serve primarily as substrates for protein synthe-
sis. Beyond this role, they also function as key regula-
tors in processes such as protein metabolism, energy 
homeostasis, and cellular signaling. Mechanistically, 
BCAA catabolism generates keto acids that enter the 
tricarboxylic acid cycle, directly supplying substrates for 
ATP production. Beyond energy provision, BCAA exert 
systemic metabolic control by regulating insulin secre-
tion, glycogen synthesis, glycolysis, and fatty acid oxida-
tion, thereby contributing to glucose-lipid equilibrium. 
At the molecular level, BCAA activate mTOR signaling 
pathways, driving cell proliferation and protein synthesis 
while suppressing autophagy, thus coordinating anabolic 
processes. These multifunctional properties establish 
BCAA as key theoretical targets for optimizing pro-
duction efficiency, animal health, and product quality. 
Empirically, dietary BCAA supplementation consistently 
enhances growth performance and ADG, particularly in 
low-protein diets where their metabolic compensation 
effects are maximized. However, optimal BCAA supple-
mentation levels vary significantly depending on animal 
species, developmental stage, and dietary nutrient com-
position. Ruminants often require rumen-protected tech-
niques to bypass ruminal microbial degradation, whereas 
monogastric animals efficiently absorb BCAA post-intes-
tinally. Despite these advancements,  critical knowledge 
gaps remain, particularly regarding tissue-specific BCAA 
utilization kinetics and long-term effects of supplementa-
tion levels. Future research employing integrated omics 
approaches and dose–response trials will enable preci-
sion feeding strategies that fully and sustainably harness 
the potential of BCAA.
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