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Abstract
Methionine is an essential amino acid for animals and also a functional amino
acid. In addition to participating in protein synthesis, it can also regulate cell
proliferation and differentiation, fetal growth and development, scavenge free
radicals in the body, enhance immunity, and is of great significance to the
growth, development, and reproduction of livestock and poultry. This article
summarizes the physicochemical properties, in vivo metabolism, placental trans-
port and absorption of methionine, expounds on the effects of methionine on
the reproductive performance of livestock and poultry and its underlying mech-
anisms, and provides a reference for future in-depth research and application of
methionine in livestock and poultry production.
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Abstract: Methionine is an essential amino acid in animals and also functions
as a functional amino acid. Beyond its role in protein synthesis, methionine
regulates cell proliferation and differentiation, supports fetal growth and de-
velopment, scavenges free radicals, and enhances immune function, making it
critically important for animal growth and reproduction. This review summa-
rizes the physicochemical properties of methionine, its metabolism in vivo, and
placental transport and absorption mechanisms. We also elaborate on the ef-
fects of methionine on reproductive performance in livestock and poultry and
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explore its underlying mechanisms, providing a reference for future research and
application of methionine in animal production.
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Methionine is a sulfur-containing amino acid and an essential amino acid that
limits animal growth and development. It participates in more than 80 biochem-
ical reactions and is known as a“life-sustaining amino acid”[1]. In diets where
plant-based protein ingredients serve as the primary protein source, methionine
is typically the first limiting amino acid for poultry and ruminants and the sec-
ond limiting amino acid for swine, making it crucial for livestock growth and
development [2].

Methione possesses important physiological functions. First, methionine partic-
ipates in protein synthesis as the initiating amino acid in this process. Addi-
tionally, methionine serves as a methyl donor in the synthesis of phospholipids,
DNA, and RNA [3]. In recent years, increasing evidence has demonstrated that
methionine can also scavenge free radicals, enhance immune function, and regu-
late cell proliferation and differentiation, embryo implantation, and fetal growth
and development, exerting significant influence on livestock growth and repro-
ductive performance [4-6]. However, current research on methionine’s effects
on livestock reproductive performance remains limited, and the specific mecha-
nisms are still unclear. This review summarizes research on methionine’s effects
on livestock reproductive performance and analyzes its potential mechanisms,
aiming to provide references for future research and application.

1 Physicochemical Properties of Methionine
Methionine, systematically named 2-amino-4-(methylthio)butanoic acid, has a
relative molecular mass of 149.21 and the structural formula H3C-CH2-CH2-
CH(NH2)-COOH. It is a neutral amino acid that exists as D- and L-isomers
with optical activity. D-methionine must be converted to the L-form before
it can be absorbed and utilized by the body. Methionine appears as a white
powder or flaky crystal with a distinctive odor. It is insoluble in ether but
readily soluble in water, dilute alkali, and dilute acid, and slightly soluble in
ethanol, with a relative density of 1.340 and a melting point of 281°C [7].

In practical production, industrially synthesized methionine products are widely
used to compensate for methionine deficiency in natural feed ingredients. Com-
mon industrial methionine products include: (1) DL-methionine and its sodium
salt, which appear as light yellow or white powder and flaky crystals; (2) me-
thionine derivatives, mainly including N-hydroxymethionine calcium and liquid
hydroxy analogs; (3) DL-methionine hydroxy analog, a brown or dark brown
viscous liquid; (4) DL-methionine hydroxy analog calcium salt, light brown gran-
ules or powder; and (5) microbially fermented methionine.
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2 Methionine Metabolism in the Body
The liver is the primary site of methionine metabolism. While most cells in ani-
mals exhibit methionine transmethylation and remethylation activities, transsul-
furation occurs only in specific tissues and organs such as the liver, kidneys,
intestine, and pancreas [8].

In mammals, methionine metabolism proceeds through four main pathways.
First, polypeptide and protein synthesis: methionine serves as the initiating
amino acid in protein synthesis, binding to tRNA to form methionyl-tRNA,
which then synthesizes proteins under mRNA guidance [1]. Second, trans-
methylation and remethylation: the first step in methionine catabolism
involves conversion to S-adenosylmethionine (SAM), a crucial methyl donor
that participates in methylation of proteins, DNA, and RNA [3] and regulates
gene expression [4], protein localization, and synthesis and metabolism of
biomolecules such as phospholipids [5] and neurotransmitters [6]. SAM then
transfers its methyl group under the catalysis of various methyltransferases,
forming S-adenosylhomocysteine (SAH). SAH is hydrolyzed to release adeno-
sine and becomes homocysteine (Hcy). Hcy can accept methyl groups from
betaine or N5-methyltetrahydrofolate to regenerate methionine, completing
the methionine cycle [1]. Third, transsulfuration: Hcy condenses with serine
under the action of cystathionine �-synthase to form cystathionine, which is
then metabolized to cysteine by cystathionine �-lyase, requiring vitamin B6 as
a cofactor. Cysteine can be further incorporated into sulfur-containing proteins
and glutathione, or degraded to �-ketobutyrate, taurine, and hydrogen sulfide,
or converted to sulfate for urinary excretion. Fourth, aminopropyl transfer:
SAM undergoes two decarboxylation steps to generate 5’-methylthioadenosine,
which transfers aminopropyl groups to spermidine and putrescine to form
spermine and spermidine, respectively [1, 9].

3 Methionine Regulates Nutrient Transport and Absorp-
tion in the Mammalian Placenta
The fetus obtains nutrients from the mother through the placenta to maintain
normal growth and development in utero. Amino acid transport across the
placenta represents a crucial pathway for fetal nutrition. Abnormal placental
amino acid transport may affect fetal growth and is associated with pregnancy
complications such as intrauterine growth restriction [10-11]. Amino acid trans-
port across the placenta is mediated by amino acid transporters, which are
heterodimeric protein structures composed of heavy and light chains. During
transport, the light chain primarily performs transmembrane transport, while
the heavy chain regulates the light chain’s transport activity and directs dimer
localization to the cell membrane [11].

As a neutral amino acid, methionine has the largest family of transporter mem-
bers compared to other amino acids. In placental amino acid transport sys-
tems, types A, B0, ASC, G, L, and asc can all transport methionine (Table 1 ).
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During methionine transport across the placenta, Na+-independent L-type and
Na+-dependent A-type and ASC-type amino acid transporters play particularly
important roles [11].

The L-type transporters include L-type amino acid transporter (LAT) 1, LAT2,
LAT3, and LAT4, with LAT1 being the most extensively studied. Human LAT1
protein is expressed in the small intestine, mammary gland, testis, placenta,
heart, and brain, with expression levels varying by cell type and tissue location.
Notably, LAT1 shows high expression in various hyperplastic tissues and tumor
cells [12]. The abundant expression of LAT1 in the placenta is related to fetal
nutritional requirements, as many essential amino acids and hormones depend
on LAT1 for transport. Studies have shown that LAT1 expression facilitates
development from the zygote to blastocyst stage and embryo implantation, and
is associated with proliferation, invasion, and migration of placental trophoblast
cells [13].

The A-type amino acid transporter was first discovered in Ehrlich ascites car-
cinoma cells and is encoded by three genes. During pregnancy, the activity of
A-type amino acid transporters on the placenta gradually increases, and sodium-
coupled neutral amino acid transporter 1 (ATA1) shows higher expression levels
than other isoforms on the placenta, suggesting that A-type transporters, par-
ticularly ATA1, may transport amino acids crucial for fetal growth [11].

ASC-type transporters are widely distributed in the body and include alanine-
serine-cysteine-threonine transporter (ASCT) 1 and ASCT2 isoforms, primarily
transporting neutral amino acids without large branched chains, such as alanine,
serine, and threonine [14]. Both isoforms are expressed on the placenta and are
localized exclusively on the basal membrane of trophoblast cells.

4.1 Effects of Methionine on Poultry Reproductive Performance

Conventional poultry diets contain low levels and utilization rates of methionine,
making methionine the first limiting amino acid in poultry diets. Industrially
synthesized methionine products are therefore widely used in poultry feed.

Research demonstrates that dietary methionine supplementation affects laying
performance and egg quality in hens. As dietary methionine levels increased,
Jinghong No. 1 laying hens showed significantly improved laying rate and egg
production, reduced feed-to-egg ratio, and increased hatchability and healthy
chick rate, with maximal egg production and laying rate achieved at a di-
etary methionine level of 0.43% [15]. Dietary supplementation with 0.35%
DL-methionine significantly improved laying rate, reduced feed-to-egg ratio,
and enhanced eggshell hardness, eggshell percentage, and eggshell strength in
yellow-feathered broiler breeders [16]. Additionally, methionine participates in
spermatogenesis; research indicates that a dietary DL-methionine level of 0.19%
significantly increased sperm density and viable sperm count in roosters [17]. In
Linwu ducks, low dietary DL-methionine levels (0.27%) resulted in higher feed-
to-egg ratio and feed intake with lower feed conversion efficiency. As dietary
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DL-methionine levels increased (0.32%-0.47%), feed-to-egg ratio and feed intake
decreased, improving feed utilization efficiency. The results also showed that
dietary DL-methionine levels had no significant effects on yolk color, yolk per-
centage, eggshell thickness, egg shape index, eggshell percentage, or albumen
percentage [18]. Dietary methionine supplementation at 0.25%-0.50% showed
no significant effects on egg quality in laying Magang ducks. These findings
suggest that methionine’s effects on poultry may vary depending on poultry
species, laying cycle stage, and diet composition [19].

4.2 Effects of Methionine on Ruminant Reproductive Performance

Methionine application in ruminants is increasing. To avoid degradation by
rumen microorganisms, methionine is typically administered via abomasal infu-
sion, subcutaneous injection, or as rumen-protected methionine.

In Holstein dairy cows fed diets containing 2.4% digestible DL-methionine com-
pared to control diets with 1.9% digestible DL-methionine, significant differences
were observed in gene expression of pre-implantation embryos, though whether
these differentially expressed genes benefit embryo survival and development
requires further investigation [20]. After dietary supplementation with 0.08%
digestible DL-methionine, Holstein cows showed significantly lower polymor-
phonuclear neutrophil ratios compared to controls, suggesting improved uterine
health [21]. During in vitro culture of bovine embryos, addition of 10 mmol/L
ethionine (a methionine metabolism inhibitor) at the 2-cell stage completely in-
hibited blastocyst development, while supplementation with 10 mmol/L SAM
partially restored blastocyst development [22]. Supplementation with 2 �mol/L
SAM did not affect blastocyst rate but significantly improved hatching rate [23].

4.3 Effects of Methionine on Porcine Reproductive Performance

Currently, reports on methionine’s effects on porcine reproductive performance
are limited. Existing studies indicate that dietary methionine supplementation
affects gestating and lactating sows as well as weaned piglets.

Nutritional levels in replacement gilts can influence body weight gain during ges-
tation and subsequent litter performance. Dietary supplementation with 0.12%
DL-methionine during the replacement phase significantly increased maternal
weight gain during gestation, litter weight, and piglet birth weight, suggest-
ing that methionine may affect anabolic metabolism in late gestation, though
the specific mechanisms require further investigation [24]. Within dietary DL-
methionine levels of 0.28%-0.48%, increasing methionine levels significantly re-
duced feed-to-gain ratio and increased average daily gain in weaned piglets,
while markedly decreasing serum urea nitrogen content and significantly affect-
ing methionine content in liver but not in muscle [25]. Dietary supplementation
with 0.14% DL-methionine significantly increased sulfur-containing amino acids
in plasma and fat and protein content in milk of lactating sows, improved feed
intake during suckling and post-weaning periods, and enhanced growth perfor-
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mance of weaned piglets. Furthermore, the number of goblet cells in the duode-
num and ileum of weaned piglets increased significantly, and serum glutathione
content rose markedly, thereby improving antioxidant capacity, alleviating in-
testinal damage from weaning stress, and promoting intestinal mucosal growth
and development [26].

5.1 Regulation of DNA Methylation to Promote Embryonic Cell Sur-
vival

Methionine and ATP generate SAM under the catalysis of methionine adenosyl-
transferase. The methyl group from SAM is transferred to the fifth carbon po-
sition of cytosine by methyltransferases, forming 5-methylcytosine (5mC). The
5mC protrudes into the major groove of the DNA double helix, interfering with
DNA binding to transcription factors [27].

DNA methylation/demethylation is closely related to mammalian embryonic de-
velopment. The early embryonic development stage represents one of the most
dramatic periods of DNA methylation level changes [28]. During mammalian de-
velopment, a large-scale DNA methylation reprogramming process occurs from
fertilization to early embryo implantation [29]. After fertilization, the oocyte
undergoes genome-wide DNA demethylation, followed by DNA remethylation
at a specific developmental stage (mostly at the morula or blastocyst stage;
in mice at the blastocyst stage, and in cattle at the 8-16 cell stage [30]). DNA
methylation affects early embryonic growth and development by regulating gene
expression, particularly of imprinted genes. Post-fertilization DNA methylation
changes play a decisive role in mammalian early embryonic development [31].

5.2 Metabolic Production of Polyamines to Promote Embryo Implan-
tation

SAM also participates in polyamine formation through aminopropyl transfer.
Polyamines play important roles in regulating protein synthesis, gene expres-
sion, cell signal transduction, angiogenesis, cell proliferation and differentiation,
embryonic development, and placental growth [32-33]. Additionally, polyamines
can scavenge reactive oxygen species, protecting DNA, lipids, and proteins from
oxidative damage [34].

Research has found that during the embryo implantation period, polyamines are
synthesized in large quantities, and expression of genes related to polyamine syn-
thesis increases to achieve uterine decidualization, facilitating successful blasto-
cyst implantation [35]. Endometrial decidualization is characterized by prolifer-
ation and differentiation of endometrial stromal cells, which gradually transform
into decidual stromal cells. As embryos implant and trophoblast cells invade, the
degree of decidualization plays a crucial regulatory role in maintaining normal
pregnancy, embryo implantation, and placenta formation [36]. Polyamines may
function by regulating steroid hormone production and stimulating ornithine
decarboxylase (ODC) expression, thereby influencing placental, embryonic, and
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fetal growth and development [37].

5.3 Improving Embryonic Development Environment and Reducing
Oxidative Stress Damage

Oxidative stress represents a primary cause of embryonic damage during devel-
opment [38]. Methionine’s antioxidant effects are primarily achieved through
the glutathione pathway and redox cycling.

Methionine serves as a precursor for reduced glutathione synthesis. Reduced
glutathione participates in important redox reactions and is essential for main-
taining internal environmental stability [39]. Additionally, reduced glutathione
can transform harmful substances through glutathione S-transferase and glu-
tathione peroxidase, further scavenging free radicals [40].

Methionine redox cycling plays an important role in clearing toxic substances.
Reactive oxygen species in animals can react with disulfide bonds in methionine
residues to form methionine sulfoxide (MetO), which can be reduced back to
methionine by methionine sulfoxide reductase [41-42]. This interchange between
methionine and its derivatives provides an effective pathway for clearing harmful
substances and ensures the biological activity of relevant proteins.

5.4 Promotion of Embryonic Neural Tube Closure

Neural tube defects (NTDs), the second most common birth defect after con-
genital heart disease, seriously threaten human health and population quality.
Failure of neural tube closure during weeks 3-4 of pregnancy leads to a series
of central nervous system disorders including anencephaly, craniorachischisis,
myelomeningocele, and encephalocele [43].

When rat embryos were cultured in fetal bovine serum medium, they exhibited
abnormal body curvature, anophthalmia, and encephalocele. Methionine sup-
plementation improved these early embryonic abnormalities [44-45], while other
nutrients such as cysteine and folic acid did not show these effects [46]. However,
other studies have shown that folic acid supplementation during early pregnancy
can improve pregnancy outcomes and reduce NTDs by 25%-30%, though the
specific mechanism remains unclear [47-48]. Methionine supplementation in cul-
ture medium facilitated neural tube closure in mouse embryos and improved
both developmental and morphological indices, suggesting that methionine de-
ficiency may be a potential cause of NTDs [49].

5.5 Promotion of Early Embryonic Cell Proliferation and Improve-
ment of Blastocyst Quality

During early pregnancy, fertilized eggs must proliferate rapidly to develop into
qualified blastocysts for successful uterine implantation and subsequent normal
fetal development. Research has found that methionine consumption exceeds
that of other essential amino acids during rapid cell proliferation [50]. Mouse
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blastocysts highly express betaine-homocysteine methyltransferase; knockout of
this gene causes delayed blastocyst development and significantly reduced inner
cell mass cell numbers, while methionine supplementation can ameliorate this
developmental delay, demonstrating methionine’s critical role in embryonic
development [51]. Supplementation with free methionine can promote prolifer-
ation of bovine mammary epithelial cells, with the strongest effect observed at
48 hours [52]; the percentage of mammary epithelial cells in S and G2 phases in-
creased significantly, while the percentage in G0-G1 phase decreased markedly
[53].

Methionine may promote cell proliferation through its metabolite hydro-
gen sulfide. Recent studies have shown that colon cancer cells overexpress
cystathionine-�-synthase, producing more hydrogen sulfide. Hydrogen sulfide
can maintain bioenergetics required for cancer cell growth, angiogenesis,
and vasodilation. Addition of 0.1-3.0 mmol/L SAM to cell culture medium
significantly increased hydrogen sulfide concentration, and cell proliferation
rate increased with methionine levels in the short term, though 3 mmol/L SAM
inhibited cell proliferation [53].

6 Summary
Methionine is an important functional amino acid that plays vital roles in pro-
tein anabolism, regulation of DNA methylation, synthesis of polyamines and glu-
tathione, promotion of embryonic neural tube closure, and early embryonic cell
proliferation, exerting significant influence on livestock and poultry reproduc-
tive performance. Its application in animal production is increasing. However,
systematic and in-depth research is still needed on the molecular mechanisms
through which methionine improves reproductive performance and its interac-
tions with other nutrients.
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