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The increasing demand for high-quality protein products has driven substantial progress in dairy cow nutrition, with a focus on optimizing amino acid supply to enhance productivity and health. Methionine (Met), a key essential amino acid, plays multifaceted roles in supporting growth, lactation, and reproduction, as well as maintaining metabolic and immune homeostasis in ruminants. Recent evidence highlights the regulatory potential of dietary Met—particularly in its rumen-protected form (RPM)—on intestinal integrity and systemic metabolic function in dairy cows. This review provides a comprehensive synthesis of the molecular properties and functional roles of Met and its derivatives in ruminant physiology. We evaluate current research on Met’s influence on the microbial, chemical, mechanical, and immunological components of the intestinal barrier, as well as its effects on milk synthesis, reproductive performance, and metabolic modulation during the periparturient period. While the benefits of Met supplementation are well-recognized, critical knowledge gaps remain regarding its mechanisms of action, interactions with gut microbiota, optimal dosing strategies, individual variability in response, and long-term outcomes across lactations. To address these gaps, future studies should adopt integrative multi-omics and microbiota-metabolite profiling approaches, develop precision nutrition models, and explore synergistic interactions with other nutrients. Advancing our understanding of Met’s roles in dairy cow nutrition will support the development of targeted supplementation strategies aimed at improving gastrointestinal health, reproductive efficiency, and overall productivity in commercial dairy systems.
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1 Introduction

Amino acids (AAs), the fundamental monomeric units of proteins, are indispensable components in meeting the nutritional requirements of dairy cattle. AAs are categorized into essential amino acids (EAAs), which cannot be synthesized endogenously, and non-essential amino acids (NEAAs), which can be synthesized de novo within the animal (1). Among the EAAs, methionine (Met) plays a pivotal role in maintaining gastrointestinal integrity, modulating nutrient metabolism, and supporting productive and reproductive performance in dairy cows. As such, Met constitutes a critical determinant of bovine health and nutritional adequacy. Met exists in two stereoisomeric forms—L-Met and D-Met—with only the L-isomer being biologically active in protein synthesis (2). Met is derived from multiple sources, and natural L-Met occurs in various plant- and animal-derived feed ingredients, whereas synthetic DL-Met is industrially produced through the chemical reaction of methyl mercaptan, acrolein, and hydrogen cyanide. In commercial applications, DL-Met is often converted into N-acetyl-DL-Met, which is subsequently subjected to enzymatic resolution via L-aminoacylase to yield enantiomerically pure L-Met. Additionally, L-Met can be produced through microbial fermentation or enzymatic biotransformation of suitable precursors (2, 3). However, due to the complexity of microbial fermentation and its susceptibility to feedback inhibition, chemically synthesized Met remains the predominant form used in commercial ruminant feeds.

To enhance its bioavailability and prevent ruminal degradation, various rumen-protected Met (RPM) formulations have been developed. These include lipid- or polymer-coated DL-Met products, such as those encapsulated with ethylene–vinyl acetate (EVA), which offer high ruminal bypass efficiency. Methionine hydroxy analogs (MHAs), primarily in the form of 2-hydroxy-4-(methylthio) butanoic acid, exhibit substantial ruminal stability and are commonly incorporated into low-cost feeding programs. Furthermore, Met-based chelated mineral complexes, such as zinc methionine (Zn-Met), enable the simultaneous delivery of amino acids and trace elements with enhanced bioavailability, reduced antagonism, and improved metabolic efficiency. The expanding diversity of Met formulations reflects its critical role in optimizing health, metabolism, and production in modern dairy systems (3).



2 Materials and methods


2.1 Literature retrieval strategy

A systematic literature search was conducted across three English-language databases—Web of Science, PubMed, and X-MOL covering studies published between 1966 and 2025. The search included a combination of subject terms and free-text keywords, covering all available publications up to June 30, 2025. The primary subject terms used included “methionine,” “gastrointestinal health,” dairy cows,” “reproductive performance,” and “milk production.” The comprehensive search strategy incorporated the following Boolean logic: (“methionine “) AND (“microbial regulation “OR “short chain fatty acid” OR “tight junction” OR “immune regulation”) AND (“dairy cows”) AND (“reproduction performance” OR “lactation performance” OR “milk protein” OR “milk yield”).



2.2 Inclusion and exclusion criteria

Inclusion Criteria:(1) Studies where methionine is the primary additive; (2) Studies involving dairy cows as experimental subjects; (3) Studies investigating the methionine metabolism or its effects on dairy cows.

Exclusion Criteria: (1) Non-original research articles (e.g., reviews, commentaries); (2) Duplicate publications; (3) Studies for which the full text could not be obtained; (4) Articles not aligned with the primary research objectives of this review.



2.3 Literature screening and data extraction

All retrieved records were imported into Zotero 7.0 for reference management. Duplicate entries were removed, followed by a preliminary screening of titles and abstracts to assess relevance. Subsequently, full-text screening was performed to determine eligibility based on the inclusion criteria. Additionally, reference lists of the included articles were manually searched to identify further relevant studies. All processes of literature searching, screening, and data extraction were independently conducted by the first author.



2.4 Results

A total of 508 articles were identified through the initial search. After removing 118 duplicates, 390 articles remained for screening. Based on the inclusion and exclusion criteria, 110 studies were ultimately included in this review. Among these, methionine was predominantly administered through feed, with intervention periods lasting more than two weeks.




3 Structure and biochemical properties of met

Met is a sulfur-containing essential amino acid that serves as a critical determinant of protein conformation, cellular metabolism, and redox homeostasis. As the canonical initiating amino acid for eukaryotic protein synthesis, Met also contributes substantially to the hydrophobic architecture of proteins due to its nonpolar side chain –CH₂–CH₂–S–CH₃, which confers pronounced hydrophobicity and facilitates stable integration within the hydrophobic cores of tertiary and quaternary protein structures (4). The sulfur atom within this thioether moiety is chemically labile and readily undergoes oxidation to yield methionine sulfoxide (MetO), thereby introducing a polar functional group that alters the physicochemical properties of the molecule (5).

The oxidation of Met to MetO and its subsequent reduction back to Met constitute a reversible redox cycle with significant biological implications. This process exhibits stereospecificity and is catalyzed by distinct enzymatic systems. Methionine sulfoxide reductase A (MsrA), a bifunctional enzyme, specifically reduces the S-epimer (Met-S-O) of methionine sulfoxide, whereas the monooxygenase Mical catalyzes the oxidation of Met to the R-epimer (Met-R-O) (6). The existence of parallel enzymatic pathways for these stereoisomeric forms enables Met to act as a dynamic redox sensor and regulator within the broader context of oxidative stress and cellular signaling. Beyond its structural and redox functions, Met exerts pleiotropic effects on physiological processes relevant to dairy production. Evidence from in vitro studies demonstrates that Met enhances the synthesis of milk protein and lipid, as well as the proliferation of bovine mammary epithelial cells (BMECs), through activation of the SNAT2-PI3K signaling cascade (7). In vivo, periparturient supplementation with rumen-protected Met has been associated with significant improvements in milk yield, milk protein content, and milk fat concentration (8, 9). Furthermore, Met serves as a key precursor for the biosynthesis of critical biomolecules such as reduced GSH and taurine, both of which are integral to antioxidant defense and osmotic regulation (10). Additionally, Met functions as a primary methyl group donor in one-carbon metabolism, a pathway central to nucleotide biosynthesis, epigenetic regulation, and transmethylation reactions (11). Collectively, these multifaceted biochemical properties underscore Met’s indispensable role in optimizing the metabolic, antioxidative, and productive capacities of dairy cows.



4 Effects of met on gastrointestinal health in dairy cows

The gastrointestinal tract plays a fundamental role in nutrient absorption, immune surveillance, and host defense. Central to these functions is the integrity of the intestinal barrier, which acts as a multifaceted defense system against luminal antigens and pathogenic microorganisms. This barrier operates as a selectively permeable interface that facilitates the absorption of nutrients while restricting the translocation of pathogens and toxins, thereby preserving mucosal and systemic homeostasis. Structurally, the intestinal barrier comprises four interrelated components: the microbial barrier, chemical barrier, mechanical barrier, and immunological barrier—each contributing to the maintenance of intestinal integrity and function (12). The microbial barrier consists of commensal, symbiotic, and probiotic microorganisms that competitively exclude pathogens and produce antimicrobial compounds such as bacteriocins and short-chain fatty acids (SCFAs), which suppress the proliferation of pathogenic taxa. The chemical barrier, comprising SCFAs, mucins, and antimicrobial peptides (e.g., cathelicidins), contributes to the modulation of local immune responses, epithelial renewal, and pH homeostasis (12). The mucus layer, composed primarily of highly glycosylated mucin proteins secreted by goblet cells, serves as the first line of defense by physically separating the luminal microbiota from the epithelial surface. Dysregulation of mucin biosynthesis or structure has been implicated in the pathogenesis of various gastrointestinal diseases, including colorectal carcinoma and ulcerative colitis (13, 14). The mechanical barrier includes epithelial cells and tight junctions that function cooperatively to prevent pathogen infiltration. The epithelial barrier, formed by a monolayer of intestinal epithelial cells connected by tight junction (TJ) proteins, functions as a dynamic physical and biochemical interface that regulates paracellular permeability and immune signaling (15). Lastly, the immunological barrier is composed of gut-associated lymphoid tissue (GALT), intraepithelial lymphocytes, and various antigen-presenting cells, which collectively orchestrate innate and adaptive immune responses to luminal antigens and maintain immunological tolerance. Perturbations in any of these barrier systems compromise intestinal integrity and have been mechanistically linked to a wide spectrum of pathological conditions, including inflammatory bowel disease, metabolic syndromes and neuroimmune disorders (16–18). Met has emerged as a critical modulator of gut health by promoting mucosal integrity, supporting epithelial cell turnover, and regulating local immune function. Through these mechanisms, Met contributes to the preservation of intestinal barrier function and the prevention of barrier dysfunction-associated diseases.


4.1 Modulation of the microbial barrier

The gastrointestinal microbiota represents a metabolically active and immunologically engaged community that is essential for host digestion, immune regulation, and colonization resistance. In dairy cows, the microbiota plays a particularly critical role in fermentative digestion and nutrient extraction from fibrous feeds. Met, owing to its metabolic versatility and regulatory functions, has been shown to influence the structural composition and functional capacity of the gut microbiome, thereby contributing to microbial homeostasis and host resilience. During the periparturient period—characterized by profound physiological, metabolic, and immunological shifts—dietary interventions targeting gut microbial ecology are of particular importance. Supplementation with RPM has gained global attention for its ability to enhance metabolic efficiency and mitigate periparturient stress in high-producing dairy cows (19–22). Emerging evidence indicates that approximately 10% of supplemented Met escapes rumen protection and becomes available for microbial metabolism in the rumen ecosystem (23). This microbial utilization of Met has been associated with shifts in microbial community structure, including increased relative abundance of beneficial taxa such as Lactobacillus, Ruminococcus, and Faecalibacterium. These alterations suggest that RPM exerts prebiotic-like effects, selectively promoting the proliferation of commensal and probiotic microorganisms that contribute to improved gut health, enhanced short-chain fatty acid production, and competitive exclusion of opportunistic pathogens (23). As shown in Table 1, RPM supplementation during the transition period significantly modulates microbial diversity and ecological stability, which may translate into improved nutrient absorption, strengthened barrier integrity, and attenuated systemic inflammation. These findings underscore the potential of Met not only as a limiting amino acid for protein synthesis but also as a strategic modulator of the gut microbiota–host interface. Of note, the observed differences in the prevalence of certain bacterial taxa may reflect both the type of diet provided and the extent to which methionine escapes rumen degradation. While RPM can influence microbial populations by altering amino acid availability in the small intestine, other factors such as dietary composition, feeding management, and interactions with other nutrients also play important roles in shaping the rumen microbiota. Therefore, observed microbial shifts likely result from a combination of methionine supplementation and broader dietary and environmental influences.


TABLE 1 Summary of studies on the effect of met supplementation on the abundance of gastrointestinal microbes in dairy cows.


	Supplementation level and duration
	Observed abundance improvement
	Reference

 

 	RPM 0.08% of Dry Matter Intake (DMI) (from 23 days prepartum to 30 days postpartum) 	↑Fibrobacter succinogenes; ↓Selenomonas ruminantium 	(23)


 	455 mg Zn-Met/d (2 weeks) 	↑Veillonellaceae, ↑Akkermansia muciniphila, ↑Bifidobacterium adolescentis; ↓Acinetobacter lwoffii 	(90)


 	6.12 g/d of RPM (10 weeks) 	↑Succiniclasticum, ↑Selenomonas, ↑Clostridium_XlVa 	(91)


 	L-Met 0.28% (in vitro culture) 	↑Campilobacterota, ↑Proteobacteria; ↓Verrucomicrobiota 	(92)


 	80 mg Zn-Met/d (2 weeks) 	↑Bacteroides, ↑Lactobacillus, ↑Faecalibacterium; ↓Proteobacteria 	(93)


 	Met 0.09% of DMI (28 days prepartum to 42 days postpartum) 	↑Ruminococcus Dialister, ↑Fusobacterium, ↑Fusobacteriaceae, ↑Fusobacteriales; ↓Actinomyces, ↓Bifidobacterium ↓Bifidobacteriales, ↓Prevotella and Burkholderiales 	(25)




 


4.1.1 Enhancement of beneficial microbial populations

As indicated in Table 1, supplementation with RPM leads to a marked increase in the abundance of Eubacterium ruminantium and Selenomonas ruminantium, with the latter’s abundance nearly doubling. Selenomonas ruminantium, a core symbiotic bacterium in the rumen microbiome, can comprise up to 51% of the total viable microbial population in the rumen of ruminants (23, 24). This increase in microbial abundance is associated with improved energy metabolism within the intestinal epithelium, enhanced gut motility, improved nutrient absorption, and the prevention of gastrointestinal disturbances such as diarrhea. Additionally, Ruminococcus Dialister and Ruminococcus albus, which are involved in the degradation of phytates and cellulose, respectively, play critical roles in improving intestinal barrier integrity and mitigating inflammation (25). Met supplementation also exerts a significant modulatory effect on the growth of beneficial intestinal bacteria, including Lactobacillus species (LAB) and Bifidobacterium. LAB, through the fermentation of carbohydrates, produces lactic acid, which lowers intestinal pH and inhibits the growth of pathogenic microbes. Furthermore, LAB have demonstrated anti-inflammatory effects and contribute to the maintenance of gut barrier integrity while modulating immune responses, thereby enhancing pathogen resistance, particularly during the periparturient period in dairy cows (26–28). Specific strains of Bifidobacterium, such as Bifidobacterium breve M1 and M2, have been shown to alleviate inflammation in DSS-induced colitis by producing conjugated linoleic acid, suppressing pro-inflammatory cytokines, and preserving intestinal epithelial integrity (29–33).



4.1.2 Inhibition of pathogenic bacterial proliferation

Enterotoxigenic Escherichia coli (ETEC), a pathogenic strain of E. coli, is a major causative agent of watery diarrhea in neonatal calves (34). Similarly, Salmonella, a Gram-negative bacterium from the Enterobacteriaceae family, is recognized as a significant pathogen in cattle, leading to systemic illnesses such as enteritis, septicemia, and abortion. Salmonella strains exhibit resistance to various antibiotics, including tetracycline, ampicillin, and sulfamethoxazole, complicating treatment strategies (35). Infections with Salmonella in dairy cattle contribute to severe clinical syndromes, including gastroenteritis and systemic infections (36). Met has demonstrated substantial inhibitory effects on the proliferation of harmful intestinal pathogens, including E. coli and Salmonella typhimurium, in other animal species (37). By modulating the gut microbial composition, met supplementation helps optimize microbial balance and enhance gut resilience against pathogenic invasion. This effect is of considerable practical significance in dairy farming, as the strategic inclusion of Met in the diet can help improve intestinal microbial ecology, bolster the gut’s defensive capabilities, and thereby elevate overall animal health. The antimicrobial properties of met make it a key component in enhancing gut health and protecting dairy cattle from enteric infections (37).




4.2 Chemical barrier in the intestine

Short-chain fatty acids (SCFAs), which are produced by microbial fermentation of dietary fiber, play a central role in regulating the expression of mucin (MUC) genes at the transcriptional level. SCFAs, including acetate, propionate, and butyrate, enhance the synthesis and secretion of mucins, which are essential components of the intestinal chemical barrier. The mucous layer, primarily composed of MUC proteins, acts as a critical defense mechanism by physically blocking the entry of pathogens and limiting damage to the intestinal epithelium. Moreover, SCFAs contribute to maintaining intestinal homeostasis by enhancing mucosal function and promoting epithelial cell turnover (38). Met influences the metabolic pathways within intestinal epithelial cells by donating methyl groups through its conversion to S-adenosylmethionine (SAM). SAM, a critical methyl donor, supports the methylation of homocysteine (Hcy) and facilitates the biosynthesis of essential metabolites such as cysteine and GSH. These metabolites are integral for maintaining cellular redox balance, supporting antioxidant defenses, and promoting immune function. Through methylation, SAM contributes to the glycosylation and post-translational modification of mucins, ensuring the integrity and function of the intestinal mucosal layer. Additionally, Met metabolism provides cysteine, a key precursor for mucin synthesis, which is vital for the repair and maintenance of the mucosal barrier (38). Furthermore, dietary supplementation with Zn-Met has been shown to enhance the expression of MUC2 and other mucin genes, thereby strengthening the intestinal chemical barrier. The increased synthesis of mucins via Zn-Met supplementation not only improves the mechanical barrier but also reinforces the chemical defense by promoting the production of antimicrobial peptides and enhancing gut resilience to pathogen invasion (39, 40). These findings emphasize the critical role of Met and its derivatives in modulating both microbial and chemical barriers to maintain intestinal health and function (Tables 2–5).


TABLE 2 Summary of the effects of met supplementation on the chemical barrier function in the gastrointestinal tract of dairy cows.


	Supplementation level and duration
	Observed effects
	Reference

 

 	Met at 0.09% of DM (28 days prepartum to 42 days postpartum) 	↑Short-chain fatty acid (SCFA) production 	(25)


 	6.12 g/d of RPM Dipeptide (10 weeks) 	↑Acetate, and valerate concentrations in the rumen 	(91)


 	6 g/d of DL-Met (5 weeks) 	↑Acetic acid but no effect on other SCFA 	(94)


 	455 mg Zn-Met/d (2 weeks) 	↑Propionate, butyrate, and isovalerate; promoted mucin synthesis 	(90)




 


TABLE 3 Summary of studies investigating the effects of met and its derivatives on intestinal mechanical barrier function in holstein dairy cows.


	Maternal supplementation level and duration
	Effects on intestinal barrier function
	Reference

 

 	455 mg Zn-Met/d (2 weeks) 	↑ACOX1, FABP2, and PPAR-γ in the jejunal mucosa; ↑Lipid metabolism; ↑mechanical barrier integrity 	(90)


 	455 mg Zn-Met/d (2 weeks) 	↑Ileal villus height; ↑tight junction proteins claudin-1, occludin, and ZO-1; ↓gut permeability 	(48)


 	0.9 g RPM/kg DMI(4 weeks) 	↑Glucose and amino acid transporter protein in the jejunal mucosa 	(57)


 	80 mg Zn-Met/d (2 weeks) 	↓Diarrhea incidence 	(93)


 	455 mg Zn-Met/d (2 weeks) 	↑Zinc transporter protein ZIP4 in the jejunal mucosa 	(95)




 


TABLE 4 Summary of studies investigating the effects of met and its derivatives on immune function in holstein dairy cows.


	Supplementation level and duration
	Comprehensive immunological effects
	Reference

 

 	60 mg/kg DM of Zn-Met (60 days until parturition) 	↑IL-2 and IL-6; ↑B cell proliferation and differentiation 	(96)


 	RPM at 0.09 and 0.10% of DMI (28 days prepartum to 30 days postpartum) 	↑GPX1, GPX3, GSTM1, and GSTA4; ↑GSH metabolism and the antioxidant NFE2L2 signaling pathway 	(97)


 	RPM at 0.09 and 0.10% of DMI (28 days prepartum to 60 days postpartum) 	↑PMN oxidative burst and phagocytic activity; ↓oxidative stress and inflammation 	(82)


 	RPM at 0.08% of DM (21 days prepartum to 30 days postpartum) 	↑redox function of polymorphonuclear leukocytes (PMNLs); ↓inflammation and oxidative stress 	(98)


 	RPM at 0.08% of DM (21 days prepartum to 30 days postpartum) 	↑PMNL and monocyte phagocytic capacity; ↑oxidative burst activity 	(22)


 	RPM at 0.08% of DM, Lys: Met ratio 2.8:1 (21 days prepartum to 73 days postpartum) 	↓IL-1β, IL-6, and IL-8; ↑immune homeostasis 	(99, 100)


 	RPM at 0.09% of DM (28 days prepartum to 50 days postpartum) 	↑PMN phagocytic activity; ↑oxidative burst capacity 	(101)




 


TABLE 5 Summary of studies investigating the effects of met with or without lysine supplementation on lactation performance in dairy cows.


	Supplementation level and duration
	Observed effects
	Reference

 

 	RPL 100 g/day and RPM 30 g/day (8 weeks) 	↑Milk yield under a low-protein diet (14.2% CP) 	(102)


 	RPL 110 g/day and RPM 31 g/day (8 weeks) 	↑Milk yield; ↑milk protein yield in cows fed a 15% CP diet 	(103)


 	RPL 60 g/day and RPM 25 g/day (3 weeks) 	Maintained milk yield and composition under a severely MP-deficient diet 	(104)


 	Met 16.5 g/day (11 weeks) 	↑Milk protein yield in spring-calving cows 	(105)


 	0.17% RPM and 0.41% RPL of DM (22 to 150 DIM) 	↑Postpartum DMI, milk yield, and milk protein production 	(106)


 	Rumen-protected Met+Lys (RPML) 107 g/day (6 weeks) 	↑Milk yield in mid-lactation, without altering milk composition 	(107)


 	RPM (Smartamine M, 9 g/day Met) (3 weeks) 	↑Milk protein concentration 	(108)


 	Met 30 g/day (NALM) (13 weeks) 	↑Milk yield; ↓lipid peroxidation during mid-lactation 	(109)




 

Antimicrobial peptides (AMPs), such as defensins and cathelicidins, are secreted by Paneth cells, and exhibit broad-spectrum antimicrobial activity against antibiotic-resistant bacteria. These peptides disrupt the integrity of bacterial cell membranes, leading to bactericidal effects (41). The permeabilization of microbial cell membranes is a hallmark of the antimicrobial activity mediated by defensins. In the bovine small intestine and colon, β-defensins are electrostatically adsorbed to the anionic sites on target cell membranes, promoting the aggregation and polymerization of defensins. Under the influence of the membrane potential, the positively charged defensins insert into the lipid bilayer of the cell membrane, disrupting osmotic pressure and ionic balance, ultimately leading to bacterial cell death (42). Studies on defensin-mediated antimicrobial activity have demonstrated that after pathogenic infection, the concentration of defensins in the intestinal mucosa increases, contributing to antibacterial responses (43, 44). Mechanistic target of rapamycin (mTOR), a key nutrient-sensing factor, is a critical regulator of immune responses (33). When S-adenosylmethionine (SAM), produced through Met metabolism, binds to SAMTOR (S-adenosylmethionine sensor for mTOR), it inhibits the interaction between SAMTOR and GATOR1, thereby activating mTOR complex 1 (mTORC1). This activation enhances cell proliferation and the production of defensins (45). Although some studies investigate mechanisms in humans, similar pathways may potentially occur in cattle; however, direct evidence in ruminants is currently limited. Therefore, the extrapolation of these mechanisms to dairy cows should be interpreted cautiously and requires further investigation.



4.3 Strengthening of the intestinal mechanical barrier

In randomized trials, the use of Zn-Met supplementation was compared to zinc oxide (ZnO) supplementation and a control group (CON) to evaluate its effects on intestinal permeability and epithelial barrier integrity in dairy calves. The results demonstrated that Zn-Met supplementation significantly reduced intestinal permeability and improved the integrity of the intestinal epithelial barrier (46–48). Zn-Met supplementation promoted the proliferation and differentiation of intestinal mucosal cells, providing a sufficient cellular source for the growth of intestinal villi, thereby increasing the surface area available for nutrient absorption. Key parameters such as villus height (V), crypt depth (C), and the villus-to-crypt ratio (V/C) are critical for optimizing nutrient absorption in dairy cattle (49, 50). Notably, supplementation with Zn-Met, but not ZnO, exerted a significant effect on the morphology of the small intestine in postpartum Holstein calves. However, the villus height, crypt depth, and V/C ratio of the duodenum and jejunum were unaffected by either Zn-Met or ZnO supplementation (48).

Tight junction (TJ) proteins, including claudins, occludin, and zonula occludens (ZO) proteins, play a central role in maintaining the intestinal epithelial barrier. These proteins are linked to the actin cytoskeleton through cytoplasmic plaque proteins such as TJP1/ZO-1, TJP2/ZO-2, TJP3/ZO-3 (51). Disruption of the TJ barrier, accompanied by a reduction in the expression of TJ proteins, results in increased intestinal permeability, allowing the translocation of microorganisms and harmful water-soluble molecules into the epithelial cells, which can lead to inflammatory bowel disease (IBD) (52–54). Studies have shown that Met supplementation promotes the expression of intestinal TJ proteins by activating the JAK2/STAT3 signaling pathway (55). Furthermore, DL-Met has been shown to activate the Wnt/β-catenin signaling pathway, which controls cell proliferation and differentiation, thereby enhancing the expression of TJ proteins (56). Supplementation with Zn-Met significantly increased the transcriptional levels of claudin-1, occludin, and ZO-1 in the jejunal mucosa, subsequently reducing intestinal permeability and decreasing the incidence of diarrhea in postpartum dairy cows (48, 57). These findings underscore the critical role of Met and its derivatives, such as Zn-Met, in enhancing intestinal barrier function and overall gut health in dairy cattle.



4.4 Immune function

The immune system is a pivotal component of the bovine immune response, playing a crucial role in defending against pathogen invasion and maintaining intestinal microbial homeostasis. Antimicrobial peptides (AMPs), such as defensins and cathelicidins, are key effectors within the immune barrier, exerting broad-spectrum antimicrobial activity. Upon pathogen challenge, the NF-κB signaling pathway is activated, leading to an upregulation of pro-inflammatory cytokines (e.g., IL-1β, TNF-α, and IL-8), thereby enhancing the host immune response (58). In parallel, the mitogen-activated protein kinase (MAPK) pathway is implicated in the regulation of cytokine gene expression and subsequent protein secretion, thereby contributing to the systemic inflammatory response. Evidence suggests that cathelicidin-BF modulates macrophage phagocytic activity through the activation of STAT-1 signaling, which in turn facilitates the production and secretion of interleukins (IL) and interferons (IFN), thus orchestrating immune modulation (59).

Met serves as a critical modulator of the immune functions in dairy cattle, principally through its influence on immune cell activation and the secretion of immune mediators. The immune system can be classified into innate and adaptive components, which are interlinked through cytokine signaling pathways. Adaptive immunity is characterized by humoral factors and the activation of T and B lymphocytes, whereas the innate immune response involves cellular players such as macrophages, dendritic cells, and polymorphonuclear leukocytes (PMNs) (60, 61). Macrophages, during the process of pathogen phagocytosis, generate cytokines, including IFN-γ, IL-6, and TNF-α, which activate both innate and adaptive immune pathways. This response enhances the recruitment of PMNs to the site of infection, while also promoting pro-inflammatory and antimicrobial activities essential for pathogen clearance (62, 63).

Met, via its metabolic pathway, is a primary contributor to the synthesis of GSH, the predominant endogenous antioxidant in the body, known for its capacity to neutralize free radicals and reactive oxygen species (ROS). Supplementation with Met has been shown to enhance T lymphocyte proliferation and improve the bactericidal activity of neutrophils, thus potentiating the immune response through augmented oxidative burst capacity. Furthermore, the administration of RPM during mid-lactation (28 days) has been reported to significantly enhance the proliferative capacity of peripheral blood T lymphocytes, thereby bolstering the adaptive immune response (64). Additionally, Met supplementation has been linked to reduced brain phospholipid concentrations and a concomitant reduction in the synthesis of pro-inflammatory cytokines, such as IL-6, thereby alleviating inflammatory responses. Metabolic byproducts of Met, including taurine, GSH, and homocysteine (Hcy), are integral to enhancing immune modulation in dairy cows. Supplementation with RPM has been shown to elevate total antioxidant capacity, glutathione peroxidase (GPX) activity, and vitamin E levels, which are recognized biomarkers of oxidative stress amelioration (33, 65). Moreover, sufficient Met availability has been demonstrated to significantly augment the growth and cellulolytic activity of rumen microorganisms, further enhancing gut health and microbial balance (66). To date, direct evidence linking methionine supplementation to intestinal immune function in dairy cattle is limited. The precise mechanism by which methionine may influence intestinal outcomes in dairy cows remains unclear. Methionine is a key methyl donor and contributes to antioxidant defense, protein synthesis, and cellular signaling, which could potentially affect gut immune function. However, direct mechanistic studies in ruminants are limited, and further research is required to elucidate these pathways.




5 Impact of met on milk production and reproductive performance


5.1 Effects on milk production performance

Extensive research has investigated the effects of RPM supplementation on milk production. While several individual studies have reported improvements in milk yield as well as milk fat and protein concentrations (67–70), a recent meta-analysis indicated that the most consistent benefits of RPM supplementation are observed in milk protein and fat percentages, with limited or inconsistent effects on overall milk yield when compared with a basal diet (71). These findings suggest that the primary advantage of RPM lies in improving milk composition rather than markedly increasing milk volume. More recently, a systematic review and meta-analysis by Zanton and Toledo (72) reported that RPM supplementation before and after calving was associated with increased milk yield, particularly during early lactation. Taken together, these findings suggest that while meta-analytic evidence has varied depending on study selection and methodological approaches, the overall consensus supports a consistent benefit of RPM for milk composition, with potential yield responses under specific physiological conditions such as the transition period. Nonetheless, in practical applications, particularly during the periparturient period, the inclusion of RPM in combination with rumen-protected lysine (RPL) in the diet has been shown to more effectively enhance milk yield than the provision of single amino acids (72, 73). This suggests that the synergistic effects of multiple amino acids may optimize dairy cattle performance beyond the effects of a single AA supplementation. However, the optimal dose, timing, and duration of Met supplementation to maximize lactation performance remain to be clearly defined.



5.2 Impact on reproductive performance


5.2.1 Influence on pregnancy rates and embryonic development

Met plays an essential role in the formation of embryonic tissues and organs during gestation, with early embryonic development often being closely associated with Met concentrations (74–76). Numerous studies have demonstrated that supplementation with RPM can effectively reduce pregnancy loss and improve embryonic size in multiparous dairy cows over specific periods of gestation (77). Furthermore, reproductive trait analysis, utilizing pregnancy-specific protein B (PSPB) concentrations, has substantiated that RPM supplementation significantly mitigates the incidence of pregnancy loss during critical stages of gestation. RPM supplementation has also been shown to enhance lipid deposition in embryos, providing a crucial energy source for early-stage embryonic development. This process contributes to improved embryonic viability and quality, thereby reducing the risk of miscarriage and congenital anomalies (76). However, it is noteworthy that recent studies found that periparturient supplementation with MHA does not yield significant improvements in offspring growth or final pregnancy rates (78, 79). In addition, Peñagaricano et al. (80) demonstrated that maternal methionine supplementation during early reproductive stages can alter the transcriptome of bovine preimplantation embryos. Their study showed that approximately 72% of differentially expressed genes were downregulated, which the authors suggested may result from increased DNA methylation due to higher levels of methyl donors, potentially suppressing fetal gene expression. These findings highlight that while methionine can positively influence reproductive performance, its role in early embryonic development may involve complex epigenetic regulation that warrants further investigation. In this regard, the individual variability in response to Met supplementation—potentially due to genetic background, diet composition, health status, or environmental conditions—needs to be characterized in the future.



5.2.2 Influence on periparturient health

Periparturient health problems in dairy cows refer to the physiological and metabolic disorders that commonly occur during the transition period, which spans from three weeks before to three weeks after calving. This is a critical time, as cows undergo significant hormonal, metabolic, and nutritional changes to support calving and the onset of lactation. Health problems during this period can severely impact milk production, reproduction, and overall animal welfare. RPM supplementation significantly alleviates oxidative stress associated with parturition, mitigating exaggerated inflammatory responses and improving the periparturient immune-metabolic function of dairy cows (81). Furthermore, RPM supplementation reduces the oxidative stress associated with iron metabolism and lowers plasma levels of reactive oxygen metabolites (ROMs). Concurrently, it increases plasma concentrations of key antioxidant biomarkers, including β-carotene, tocopherol, total glutathione, and reduced GSH, thereby bolstering the antioxidant defense system (82).

Studies suggest that early postpartum Met supplementation benefits Holstein cows affected by bacterial endometritis (83). Additionally, polymorphonuclear neutrophil (PMN) function is associated with uterine infections, including retained placenta (RP), endometritis, and uterine infections. Experimental evidence indicates that Met supplementation enhances PMN phagocytic and oxidative burst activity in dairy cows following pathogen exposure, thus improving uterine inflammation outcomes (22). Recent studies have demonstrated that supplementing RPM in the diet 21 days prior to calving and 30 days postpartum effectively enhances hepatic GSH levels, improves liver function, and modulates plasma biomarkers of inflammation. These changes contribute to increased neutrophil phagocytic activity and oxidative burst capacity (9, 22, 33).

Dairy cows in the periparturient period often experience a state of negative energy balance. Met participates in the one-carbon metabolic pathway, providing methyl groups via methylation reactions that facilitate the synthesis of SAM. SAM serves as a critical methyl donor for purine and pyrimidine synthesis, thereby supporting cellular energy metabolism and gene expression (31, 32). Additionally, Met is heavily involved in the sulfur cycle, where it is enzymatically converted into L-Met sulfoxide, playing an essential role in protein translation, GSH synthesis, and taurine production (7, 84, 85). Research investigating the individual responses of dairy cattle to RPM supplementation has revealed that it significantly enhances AA metabolism. Key indicators include increased mammary blood flow (MBF), elevated mammary gland AA uptake and clearance rates, and improved AA uptake-to-output ratios, all of which provide evidence of enhanced metabolic efficiency in lactating cows (86). Moreover, during the periparturient period, increased demands for milk protein synthesis and gluconeogenesis drive enhanced amino acid recycling, with experimental findings showing elevated plasma concentrations of multiple amino acids (Ala, Arg, Lys) and their derivatives, such as cysteine, in Met-supplemented dairy cows (87–89). Met also contributes to phospholipid synthesis, facilitating the transport of triglycerides from the liver in lipoprotein form to peripheral tissues, thereby reducing hepatic fat accumulation.





6 Conclusion

This review offers a comprehensive evaluation of the roles of Met and its derivatives in dairy cow nutrition, with particular emphasis on their beneficial effects on intestinal barrier function, periparturient physiological performance, and systemic metabolic health. Accumulating evidence underscores the potential of Met, particularly in its rumen-protected form, as a critical dietary component for enhancing gut integrity, modulating immune responses, and supporting reproductive function in high-producing dairy cattle. Despite these advancements, several important knowledge gaps persist.

First, the precise molecular and cellular mechanisms by which Met influences intestinal and reproductive physiology remain incompletely understood, particularly in the context of immune signaling pathways, epithelial restitution, and endocrine regulation. Second, the interactions between dietary Met and the gut microbiota—including changes in microbial composition, metabolite production, and their subsequent effects on host nutrient absorption and barrier function—warrant further investigation. Third, the optimal dose, timing, and duration of Met supplementation to maximize physiological benefits remain to be clearly defined, particularly during the transition period. Fourth, individual variability in response to Met supplementation—potentially due to genetic background, diet composition, health status, or environmental conditions—is not well characterized. Finally, the long-term impacts of sustained RPM use on animal health, reproductive lifespan, and productive efficiency across multiple lactations remain largely unexplored.

To address these gaps, future research should employ integrative multi-omics approaches (e.g., transcriptomics, proteomics, metabolomics) to elucidate the mechanistic underpinnings of Met action in gut and reproductive tissues. Concurrently, microbiota-metabolite profiling may provide insight into host-microbiome interactions mediated by Met. The development of precision nutrition models that incorporate real-time physiological and metabolic data will allow for individualized supplementation strategies. Furthermore, exploring synergistic effects of Met with other functional nutrients (e.g., choline, lysine, trace elements) may yield novel strategies for enhancing gastrointestinal and reproductive function. Finally, translational research conducted under commercial dairy production conditions is essential to validate experimental findings and support the development of evidence-based dietary guidelines for methionine supplementation. Collectively, these research directions will advance the understanding and application of Met as a functional nutrient in dairy cow nutrition.



Author contributions

WH: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft. YL: Conceptualization, Investigation, Methodology, Writing – review & editing. CW: Data curation, Formal analysis, Investigation, Methodology, Project administration, Software, Supervision, Validation, Writing – review & editing. HD: Conceptualization, Data curation, Investigation, Methodology, Software, Supervision, Validation, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This project was supported by Henan University of Animal Husbandry and Economy Doctoral Research Start-up Funding Project (2019HNUAHEDF039).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References
	 1. Spinler,MS, Woodworth,JC, Tokach,MD, Goodband,RD, DeRouchey,JM, Frobose,HL , et al. Evaluation of precision feeding standardized ileal digestible lysine and other amino acids to determine and meet the lactating sow's requirement estimates. J Anim Sci. (2024) 102:skae285. doi: 10.1093/jas/skae285 
	 2. Willke,T. Methionine production—a critical review. Appl Microbiol Biotechnol. (2014) 98:9893–914. doi: 10.1007/s00253-014-6156-y 
	 3. Zhao,JB, Liu,P, Huang,CF, Liu,L, Li,EK, Zhang,G , et al. Effect of wheat bran on apparent total tract digestibility, growth performance, fecal microbiota and their metabolites in growing pigs. Anim Feed Sci Technol. (2018) 239:14–26. doi: 10.1016/j.anifeedsci.2018.02.013
	 4. Brosnan,JT, Brosnan,ME, Bertolo,RFP, and Brunton,JA. Methionine: a metabolically unique amino acid. Livest Sci. (2007) 112:2–7. doi: 10.1016/j.livsci.2007.07.005
	 5. Aledo,JC. Methionine in proteins: the cinderella of the proteinogenic amino acids. Protein Sci. (2019) 28:1785–96. doi: 10.1002/pro.3706
	 6. Lim,JC, You,Z, Kim,G, and Levine,RL. Methionine sulfoxide reductase a is a stereospecific methionine oxidase. Proc Natl Acad Sci USA. (2011) 108:10472–7. doi: 10.1073/pnas.1106207108
	 7. Qi,H, Meng,C, Jin,X, Li,X, Li,P, and Gao,X. Methionine promotes milk protein and fat synthesis and cell proliferation via the SNAT2-PI3K signaling pathway in bovine mammary epithelial cells. J Agric Food Chem. (2018) 66:11027–33. doi: 10.1021/acs.jafc.8b03425
	 8. Ordway,RS, Boucher,SE, Whitehouse,NL, Schwab,CG, and Sloan,BK. Effects of providing two forms of supplemental methionine to periparturient Holstein dairy cows on feed intake and lactational performance. J Dairy Sci. (2009) 92:5154–66. doi: 10.3168/jds.2009-2105
	 9. Osorio,JS, Ji,P, Drackley,JK, Luchini,D, and Loor,JJ. Supplemental smartamine M or metasmart during the transition period benefits postpartal cow performance and blood neutrophil function. J Dairy Sci. (2013) 96:6248–63. doi: 10.3168/jds.2012-6415
	 10. Atmaca,G. Antioxidant effects of sulfur-containing amino acids. Yonsei Med J. (2004) 45:776–88. doi: 10.3349/ymj.2004.45.5.776
	 11. Finkelstein,JD. Methionine metabolism in mammals. J Nutr Biochem. (1990) 1:228–37. doi: 10.1016/0955-2863(90)90070-2 
	 12. Li,E, Horn,N, and Ajuwon,KM. Mechanisms of deoxynivalenol-induced endocytosis and degradation of tight junction proteins in jejunal IPEC-J2 cells involve selective activation of the MAPK pathways. Arch Toxicol. (2021) 95:2065–79. doi: 10.1007/s00204-021-03044-w
	 13. Johansson,ME, Phillipson,M, Petersson,J, Velcich,A, Holm,L, and Hansson,GC. The inner of the two Muc2 mucin-dependent mucus layers in colon is devoid of bacteria. Proc Natl Acad Sci USA. (2008) 105:15064–9. doi: 10.1073/pnas.0803124105 
	 14. Chanez-Paredes,SD, Abtahi,S, Zha,J, Li,E, Marsischky,G, Zuo,L , et al. Mechanisms underlying distinct subcellular localization and regulation of epithelial long myosin light-chain kinase splice variants. J Biol Chem. (2024) 300:105020. doi: 10.1016/j.jbc.2024.105643
	 15. Wang,Y, Li,Z, Chen,G, Xing,Y, Wang,J, Zhao,Y , et al. Dietary Galacto-oligosaccharides enhance growth performance and modulate gut microbiota in weaned piglets: a sustainable alternative to antibiotics. Animals. (2025) 15:1508. doi: 10.3390/ani15111508 
	 16. Li,E, Horn,N, and Ajuwon,KM. EPA and DHA inhibit endocytosis of claudin-4 and protect against deoxynivalenol-induced intestinal barrier dysfunction through PPARγ dependent and independent pathways in jejunal IPEC-J2 cells. Food Res Int. (2022) 157:111420. doi: 10.1016/j.foodres.2022.111420 
	 17. Li,E, Li,C, Horn,N, and Ajuwon,KM. Pparγ activation inhibits endocytosis of claudin-4 and protects against deoxynivalenol-induced intestinal barrier dysfunction in IPEC-J2 cells and weaned piglets. Toxicol Lett. (2023) 375:8–20. doi: 10.1016/j.toxlet.2022.12.015
	 18. Li,E, and Ajuwon,KM. Mechanism of endocytic regulation of intestinal tight junction remodeling during nutrient starvation in jejunal IPEC-J2 cells. FASEB J. (2021) 35:e21356. doi: 10.1096/fj.202002098R
	 19. Lee,C, Giallongo,F, Hristov,AN, Lapierre,H, Cassidy,TW, Heyler,KS , et al. Effect of dietary protein level and rumen-protected amino acid supplementation on amino acid utilization for milk protein in lactating dairy cows. J Dairy Sci. (2015) 98:1885–902. doi: 10.3168/jds.2014-8742
	 20. Li,C, Batistel,F, Osorio,JS, Drackley,JK, Luchini,D, and Loor,JJ. Peripartal rumen-protected methionine supplementation to higher energy diets elicits positive effects on blood neutrophil gene networks, performance and liver lipid content in dairy cows. J Anim Sci Biotechnol. (2016) 7:18. doi: 10.1186/s40104-016-0086-7
	 21. Osorio,JS, Jacometo,CB, Zhou,Z, Luchini,D, Cardoso,FC, and Loor,JJ. Hepatic global DNA and peroxisome proliferator-activated receptor alpha promoter methylation are altered in peripartal dairy cows fed rumen-protected methionine. J Dairy Sci. (2016) 99:234–44. doi: 10.3168/jds.2015-9756
	 22. Zhou,Z, Bulgari,O, Vailati-Riboni,M, Trevisi,E, Ballou,MA, Cardoso,FC , et al. Rumen-protected methionine compared with rumen-protected choline improves immunometabolic status in dairy cows during the peripartal period. J Dairy Sci. (2016) 99:8956–69. doi: 10.3168/jds.2016-11340
	 23. Abdelmegeid,MK, Elolimy,AA, Zhou,Z, and Loor,JJ. Rumen-protected methionine during the peripartal period in dairy cows and its effects on abundance of major species of ruminal bacteria. J Anim Sci Biotechnol. (2018) 9:17. doi: 10.1186/s40104-018-0224-4
	 24. Caldwell,DR, and Bryant,MP. Medium without rumen fluid for nonselective enumeration and isolation of rumen bacteria. Appl Microbiol. (1966) 14:794–801. doi: 10.1128/am.14.5.794-801.1966 
	 25. Elolimy,A, Alharthi,A, Zeineldin,M, Parys,C, Helmbrecht,A, and Loor,JJ. Supply of methionine during late-pregnancy alters Fecal microbiota and metabolome in neonatal dairy calves without changes in daily feed intake. Front Microbiol. (2019) 10:2159. doi: 10.3389/fmicb.2019.02159 
	 26. Ma,Y, Gao,X, Elsabagh,M, Shen,X, Wang,Y, Tian,X , et al. Anti-inflammatory potential of lactic acid bacteria for dairy cows during the periparturient period. Anim Feed Sci Technol. (2025):116234. doi: 10.1016/j.anifeedsci.2024.116234
	 27. Aleri,JW, Hine,BC, Pyman,MF, Mansell,PD, Wales,WJ, Mallard,B , et al. Periparturient immunosuppression and strategies to improve dairy cow health during the periparturient period. Res Vet Sci. (2016) 108:8–17. doi: 10.1016/j.rvsc.2016.07.005
	 28. Barreto,MO, Soust,M, Moore,RJ, Olchowy,TWJ, and Alawneh,JI. Systematic review and meta-analysis of probiotic use on inflammatory biomarkers and disease prevention in cattle. Prev Vet Med. (2021) 194:105433. doi: 10.1016/j.prevetmed.2021.105433 
	 29. Chen,Y, Jin,Y, Stanton,C, Ross,RP, Zhao,J, Zhang,H , et al. Alleviation effects of Bifidobacterium breve on DSS-induced colitis depends on intestinal tract barrier maintenance and gut microbiota modulation. Eur J Nutr. (2021) 60:369–87. doi: 10.1007/s00394-020-02176-0
	 30. Chen,Y, Chen,H, Ding,J, Stanton,C, Ross,RP, Zhao,J , et al. Bifidobacterium longumameliorates dextran sulfate sodium-induced colitis by producing conjugated linoleic acid, protecting intestinal mechanical barrier, restoring unbalanced gut microbiota, and regulating the TLR4/NF-κB signaling pathway. J Agric Food Chem. (2021) 69:14593–608. doi: 10.1021/acs.jafc.1c03942 
	 31. Vance,DE, Walkey,CJ, and Cui,Z. Phosphatidylethanolamine N-methyltransferase from liver. Biochim Biophys Acta. (1997) 1348:142–50. doi: 10.1016/s0005-2760(97)00083-3
	 32. Ye,C, Sutter,BM, Wang,Y, Kuang,Z, and Tu,BP. A metabolic function for phospholipid and histone methylation. Mol Cell. (2017) 66:180–93. doi: 10.1016/j.molcel.2017.03.003
	 33. Coleman,DN, Lopreiato,V, Alharthi,A, and Loor,JJ. Amino acids and the regulation of oxidative stress and immune function in dairy cattle. J Anim Sci. (2020) 98:S175–93. doi: 10.1093/jas/skaa278
	 34. Wang,J, Tang,L, Wang,Y, Xing,Y, Chen,G, Jiang,Q , et al. Effects of enzymatic hydrolysate of cottonseed protein on growth performance, nutrient digestibility, blood indexes and fecal volatile fatty acids of weaned piglets. J Anim Physiol Anim Nutr. (2025) 109:1062–71. doi: 10.1111/jpn.14121 
	 35. European Food Safety Authority, European Centre for Disease Prevention and Control. The European Union summary report on antimicrobial resistance in zoonotic and indicator bacteria from humans, animals and food in 2017/2018. EFSA J. (2020) 18:e06007. doi: 10.2903/j.efsa.2020.6007 
	 36. Agbaje,M, Begum,RH, Oyekunle,MA, Ojo,OE, and Adenubi,OT. Evolution of Salmonella nomenclature: a critical note. Folia Microbiol. (2011) 56:497–503. doi: 10.1007/s12223-011-0083-4
	 37. Tang,Y, Tan,B, Xiong,X, Li,F, Ren,W, Kong,X , et al. Methionine deficiency reduces autophagy and accelerates death in intestinal epithelial cells infected with enterotoxigenic Escherichia coli. Amino Acids. (2015) 47:2199–204. doi: 10.1007/s00726-015-2035-7
	 38. Mastrototaro,L, Sponder,G, Saremi,B, and Aschenbach,JR. Gastrointestinal methionine shuttle: priority handling of precious goods. IUBMB Life. (2016) 68:924–34. doi: 10.1002/iub.1577
	 39. Pearce,SC, Sanz Fernandez,MV, Torrison,J, Wilson,ME, Baumgard,LH, and Gabler,NK. Dietary organic zinc attenuates heat stress-induced changes in pig intestinal integrity and metabolism. J Anim Sci. (2015) 93:4702–13. doi: 10.2527/jas.2015-9036
	 40. Chang,Y, Tang,H, Zhang,Z, Yang,T, Wu,B, Zhao,H , et al. Zinc methionine improves the growth performance of meat ducks by enhancing the antioxidant capacity and intestinal barrier function. Front Vet Sci. (2022) 9:774160. doi: 10.3389/fvets.2022.774160 
	 41. Verma,C, Seebah,S, Low,SM, Zhou,L, Liu,SP, Li,J , et al. Defensins: antimicrobial peptides for therapeutic development. Biotechnol J. (2007) 2:1353–9. doi: 10.1002/biot.200700117
	 42. Tarver,AP, Clark,DP, Diamond,G, Russell,JP, Erdjument-Bromage,H, Tempst,P , et al. Enteric beta-defensin: molecular cloning and characterization of a gene with inducible intestinal epithelial cell expression associated with Cryptosporidium parvum infection. Infect Immun. (1998) 66:1045–56. doi: 10.1128/IAI.66.3.1045-1056.1998
	 43. Jones,DE, and Bevins,CL. Paneth cells of the human small intestine express an antimicrobial peptide gene. J Biol Chem. (1992) 267:23216–25. doi: 10.1016/S0021-9258(18)50079-X
	 44. Stolzenberg,ED, Anderson,GM, Ackermann,MR, Whitlock,RH, and Zasloff,M. Epithelial antibiotic induced in states of disease. Proc Natl Acad Sci USA. (1997) 94:8686–90. doi: 10.1073/pnas.94.16.8686 
	 45. Gu,X, Orozco,JM, Saxton,RA, Condon,KJ, Liu,GY, Krawczyk,PA , et al. SAMTOR is an S-adenosylmethionine sensor for the mTORC1 pathway. Science. (2017) 358:813–8. doi: 10.1126/science.aao3265 
	 46. Han,F, Lu,Z, Liu,Y, Xia,X, Zhang,H, Wang,X , et al. Cathelicidin-BF ameliorates lipopolysaccharide-induced intestinal epithelial barrier disruption in rat. Life Sci. (2016) 152:199–209. doi: 10.1016/j.lfs.2016.03.048
	 47. Yi,H, Zhang,L, Gan,Z, Xiong,H, Yu,C, Du,H , et al. High therapeutic efficacy of cathelicidin-WA against postweaning diarrhea via inhibiting inflammation and enhancing epithelial barrier in the intestine. Sci Rep. (2016) 6:25679. doi: 10.1038/srep25679 
	 48. Ma,FT, Wo,YQ, Shan,Q, Wei,JY, Zhao,SG, and Sun,P. Zinc-methionine acts as an anti-diarrheal agent by protecting the intestinal epithelial barrier in postnatal Holstein dairy calves. Anim Feed Sci Technol. (2020) 270:114686. doi: 10.1016/j.anifeedsci.2020.114686
	 49. Teixeira,AG, Stephens,L, Divers,TJ, Stokol,T, and Bicalho,RC. Effect of crofelemer extract on severity and consistency of experimentally induced enterotoxigenic Escherichia coli diarrhea in newborn Holstein calves. J Dairy Sci. (2015) 98:8035–43. doi: 10.3168/jds.2015-9598
	 50. Oladele,P, Li,E, Lu,H, Cozannet,P, Nakatsu,C, Johnson,T , et al. Effect of a carbohydrase admixture in growing pigs fed wheat-based diets in thermoneutral and heat stress conditions. J Anim Sci. (2021) 99. doi: 10.1093/jas/skab254 
	 51. Li,E, Feng,N, Zeng,Q, Sanchez-Tacuba,L, Kawagishi,T, Branham,G , et al. Rhesus rotavirus NSP1 mediates extra-intestinal infection and is a contributing factor for biliary obstruction. PLoS Pathog. (2024) 20:e1012609. doi: 10.1371/journal.ppat.1012609 
	 52. Li,E, Li,C, Horn,N, and Ajuwon,KM. Quercetin attenuates deoxynivalenol-induced intestinal barrier dysfunction by activation of Nrf2 signaling pathway in IPEC-J2 cells and weaned piglets. Curr Res Toxicol. (2023) 5:100122. doi: 10.1016/j.crtox.2023.100122 
	 53. Fu,Y, Li,E, Casey,TM, Johnson,TA, Adeola,O, and Ajuwon,KM. Impact of maternal live yeast supplementation to sows on intestinal inflammatory cytokine expression and tight junction proteins in suckling and weanling piglets. J Anim Sci. (2024) 102:skae008. doi: 10.1093/jas/skae008 
	 54. Laukoetter,MG, Bruewer,M, and Nusrat,A. Regulation of the intestinal epithelial barrier by the apical junctional complex. Curr Opin Gastroenterol. (2006) 22:85–9. doi: 10.1097/01.mog.0000203866.44382.8b
	 55. Chen,MJ, Zhou,JY, Chen,YJ, Wang,XQ, Yan,HC, and Gao,CQ. The in ovo injection of methionine improves intestinal cell proliferation and differentiation in chick embryos by activating the JAK2/STAT3 signaling pathway. Anim Nutr. (2021) 7:1031–8. doi: 10.1016/j.aninu.2021.06.006
	 56. Zhong,C, Tong,DQ, Zhang,YR, Wang,XQ, Yan,HC, Tan,HZ , et al. DL-methionine and DL-methionyl-DL-methionine increase intestinal development and activate Wnt/β-catenin signaling activity in domestic pigeons (Columba livia). Poult Sci. (2022) 101:101644. doi: 10.1016/j.psj.2022.101644
	 57. Batistel,F, Alharthi,AS, Wang,L, Parys,C, Pan,YX, Cardoso,FC , et al. Placentome nutrient transporters and mammalian target of rapamycin signaling proteins are altered by the methionine supply during late gestation in dairy cows and are associated with newborn birth weight. J Nutr. (2017) 147:1640–7. doi: 10.3945/jn.117.249685
	 58. Zhang,J, Xin,L, Zhang,A, and Song,J. NF-κB is involved exclusively under inflammatory conditions in the regulation of cathelicidin 3 expression in bovine mammary glands through phosphorylation of p65. J Anim Sci. (2025) 103:skaf112. doi: 10.1093/jas/skaf112 
	 59. Yi,H, Yu,C, Zhang,H, Song,D, Jiang,D, Du,H , et al. Cathelicidin-BF suppresses intestinal inflammation by inhibiting the nuclear factor-κB signaling pathway and enhancing the phagocytosis of immune cells via STAT-1 in weanling piglets. Int Immunopharmacol. (2015) 28:61–9. doi: 10.1016/j.intimp.2015.02.004
	 60. Marshall,JS, Warrington,R, Watson,W, and Kim,HL. An introduction to immunology and immunopathology. Allergy Asthma Clin Immunol. (2018) 14:49. doi: 10.1186/s13223-018-0347-4
	 61. Turvey,SE, and Broide,DH. Innate immunity. J Allergy Clin Immunol. (2010) 125:S24–32. doi: 10.1016/j.jaci.2009.10.029
	 62. Chaplin,DD. Overview of the immune response. J Allergy Clin Immunol. (2010) 125:S3–S23. doi: 10.1016/j.jaci.2009.12.980 
	 63. Benoit,M, Desnues,B, and Mege,JL. Macrophage polarization in bacterial infections. J Immunol. (2008) 181:3733–9. doi: 10.4049/jimmunol.181.6.3733
	 64. Soder,KJ, and Holden,LA. Lymphocyte proliferation response of lactating dairy cows fed varying concentrations of rumen-protected methionine. J Dairy Sci. (1999) 82:1935–42. doi: 10.3168/jds.S0022-0302(99)75512-5
	 65. Sun,F, Cao,Y, Cai,C, Li,S, Yu,C, and Yao,J. Regulation of nutritional metabolism in transition dairy cows: energy homeostasis and health in response to post-ruminal choline and methionine. PLoS One. (2016) 11:e0160659. doi: 10.1371/journal.pone.0160659 
	 66. Higgs,RJ, Chase,LE, Schwab,CG, Sloan,B, Luchini,D, LaPierre,PA , et al. Balancing dairy cattle diets for rumen nitrogen and methionine or all essential amino acids relative to metabolizable energy. J Dairy Sci. (2023) 106:1826–36. doi: 10.3168/jds.2022-22143
	 67. Awawdeh,MS. Rumen-protected methionine and lysine: effects on milk production and plasma amino acids of dairy cows with reference to metabolisable protein status. J Dairy Res. (2016) 83:151–5. doi: 10.1017/S0022029916000162
	 68. Ardalan,M, Vargas-Rodriguez,CF, Zanton,GI, Vázquez-Añón,M, Bradford,BJ, and Titgemeyer,EC. Relative availability of metabolizable methionine from 2 ruminally protected sources of methionine fed to lactating dairy cattle. J Dairy Sci. (2021) 104:1811–22. doi: 10.3168/jds.2020-19134
	 69. Sun,H, Zhang,XM, Wang,X, Luo,Y, Bi,X, Li,H , et al. Effect of supplementing rumen-protected methionine on milk performance of dairy cow and economic benefits analysis. China Dairy Cattle. (2010) 11:7–11.
	 70. Patton,RA. Effect of rumen-protected methionine on feed intake, milk production, true milk protein concentration, and true milk protein yield, and the factors that influence these effects: a meta-analysis. J Dairy Sci. (2010) 93:2105–18. doi: 10.3168/jds.2009-2793
	 71. Wei,C, He,T, Wan,X, Liu,S, Dong,Y, and Qu,Y. Meta-analysis of rumen-protected methionine in milk production and composition of dairy cows. Animals (Basel). (2022) 12:1505. doi: 10.3390/ani12121505 
	 72. Zanton,GI, and Toledo,MZ. Systematic review and meta-analysis of dairy cow responses to rumen-protected methionine supplementation before and after calving. JDS communications. (2024) 5:293–8. doi: 10.3168/jdsc.2023-0512 
	 73. Robinson,PH. Impacts of manipulating ration metabolizable lysine and methionine levels on the performance of lactating dairy cows: a systematic review of the literature. Livest Sci. (2010) 127:115–26. doi: 10.1016/j.livsci.2009.07.010
	 74. Zanton,GI, Bowman,GR, Vázquez-Añón,M, and Rode,LM. Meta-analysis of lactation performance in dairy cows receiving supplemental dietary methionine sources or postruminal infusion of methionine. J Dairy Sci. (2014) 97:7085–101. doi: 10.3168/jds.2014-8319
	 75. Ikeda,S, Sugimoto,M, and Kume,S. Importance of methionine metabolism in morula-to-blastocyst transition in bovine preimplantation embryos. J Reprod Dev. (2012) 58:91–7. doi: 10.1262/jrd.2012-24
	 76. Acosta,DAV, Denicol,AC, Tribulo,P, Rivelli,MI, Skenandore,C, Zhou,Z , et al. Effects of rumen-protected methionine and choline supplementation on the preimplantation embryo in Holstein cows. Theriogenology. (2016) 85:1669–79. doi: 10.1016/j.theriogenology.2015.12.017
	 77. Toledo,MZ, Baez,GM, Garcia-Guerra,A, Lobos,NE, Guenther,JN, Trevisol,E , et al. Effect of feeding rumen-protected methionine on productive and reproductive performance of dairy cows. PLoS One. (2017) 12:e0189117. doi: 10.1371/journal.pone.0189117 
	 78. Redifer,CA, Loy,DD, Youngs,CR, Wang,C, Meyer,AM, Tucker,HA , et al. Evaluation of peripartum supplementation of methionine hydroxy analogue on beef cow-calf performance. Transl Anim Sci. (2023) 7:txad046. doi: 10.1093/tas/txad046 
	 79. Moriel,P, Vedovatto,M, Palmer,EA, Oliveira,RA, Silva,HM, Ranches,J , et al. Maternal supplementation of energy and protein, but not methionine hydroxy analog, enhanced postnatal growth and response to vaccination in Bos indicus-influenced beef offspring. J Anim Sci. (2020) 98:skaa123. doi: 10.1093/jdsci/skaa123
	 80. Peñagaricano,F, Souza,AH, Carvalho,PD, Driver,AM, Gambra,R, Kropp,J , et al. Effect of maternal methionine supplementation on the transcriptome of bovine preimplantation embryos. PLoS One. (2013) 8:e72302. doi: 10.1371/journal.pone.0072302 
	 81. Zhou,Z, Trevisi,E, Luchini,DN, and Loor,JJ. Differences in liver functionality indexes in peripartal dairy cows fed rumen-protected methionine or choline are associated with performance, oxidative stress status, and plasma amino acid profiles. J Dairy Sci. (2017) 100:6720–32. doi: 10.3168/jds.2017-12929
	 82. Batistel,F, Arroyo,JM, Garces,CIM, Trevisi,E, Parys,C, Ballou,MA , et al. Ethyl-cellulose rumen-protected methionine alleviates inflammation and oxidative stress and improves neutrophil function during the periparturient period and early lactation in Holstein dairy cows. J Dairy Sci. (2018) 101:480–90. doi: 10.3168/jds.2017-13809
	 83. Sheldon,IM, Lewis,GS, LeBlanc,S, and Gilbert,RO. Defining postpartum uterine disease in cattle. Theriogenology. (2006) 65:1516–30.
	 84. Rezzi,S, Ramadan,Z, Fay,LB, and Kochhar,S. Nutritional metabonomics: applications and perspectives. J Proteome Res. (2007) 6:513–25. doi: 10.1021/pr060506r
	 85. MacKay,DS, Brophy,JD, McBreairty,LE, McGowan,RA, and Bertolo,RF. Intrauterine growth restriction leads to changes in sulfur amino acid metabolism, but not global DNA methylation, in Yucatan miniature piglets. J Nutr Biochem. (2012) 23:1121–7. doi: 10.1016/j.jnutbio.2011.06.001
	 86. Wei,ZH, Liang,SL, Gu,FF, Wamatu,J, and Sun,HZ. Self-control design reveals varied lactation and metabolic responses to rumen-protected methionine in dairy cows. Animal Nutriomics. (2025) 2:e5. doi: 10.1017/anr.2024.25
	 87. Larsen,M, and Kristensen,NB. Precursors for liver gluconeogenesis in periparturient dairy cows. Animal. (2013) 7:1640–50. doi: 10.1017/S1751731113000991
	 88. Zhou,Z, Vailati-Riboni,M, Luchini,DN, and Loor,JJ. Methionine and choline supply during the periparturient period alter plasma amino acid and one-carbon metabolism profiles to various extents: potential role in hepatic metabolism and antioxidant status. Nutrients. (2016) 9:10
	 89. Vailati-Riboni,M, Zhou,Z, Jacometo,CB, Minuti,A, Trevisi,E, Luchini,DN , et al. Supplementation with rumen-protected methionine or choline during the transition period influences whole-blood immune response in periparturient dairy cows. J Dairy Sci. (2017) 100:3958–68. doi: 10.3168/jds.2016-12451
	 90. Yu,X, Wo,Y, Ma,F, Zhang,S, Jiang,L, Song,J , et al. Zinc methionine improves the lipid metabolism that is associated with the alteration of intestine mucosal proteomes and microbiota of newborn Holstein dairy calves. Anim Res One Health. (2024) 2:71–85. doi: 10.1016/j.aroh.2024.01.006
	 91. Wei,X, Han,N, and Liu,H. Supplementation of methionine dipeptide enhances the milking performance of lactating dairy cows. Animals. (2024) 14:1339. doi: 10.3390/ani14091339 
	 92. Hassan,FU, Guo,Y, Li,M, Tang,Z, Peng,L, Liang,X , et al. Effect of methionine supplementation on rumen microbiota, fermentation, and amino acid metabolism in in vitro cultures containing nitrate. Microorganisms. (2021) 9:1717. doi: 10.3390/microorganisms9081717 
	 93. Chang,MN, Wei,JY, Hao,LY, Ma,FT, Li,HY, Zhao,SG , et al. Effects of different types of zinc supplement on the growth, incidence of diarrhea, immune function, and rectal microbiota of newborn dairy calves. J Dairy Sci. (2020) 103:6100–13. doi: 10.3168/jds.2019-17956
	 94. Wu,Y, Zhu,Y, Guo,X, Wang,X, Yuan,W, Ma,C , et al. Methionine supplementation affects fecal bacterial community and production performance in sika deer (Cervus nippon). Animals. (2023) 13:2606. doi: 10.3390/ani13162606 
	 95. Ma,F, Wo,Y, Li,H, Chang,M, Wei,J, Zhao,S , et al. Effect of the source of zinc on the tissue accumulation of zinc and jejunal mucosal zinc transporter expression in Holstein dairy calves. Animals (Basel). (2020) 10:1246. doi: 10.3390/ani10081246 
	 96. Chen,F, Li,Y, Shen,Y, Guo,Y, Zhao,X, Li,Q , et al. Effects of prepartum zinc-methionine supplementation on feed digestibility, rumen fermentation patterns, immunity status, and passive transfer of immunity in dairy cows. J Dairy Sci. (2020) 103:8976–85. doi: 10.3168/jds.2020-18296
	 97. Liang,Y, Batistel,F, Parys,C, and Loor,JJ. Glutathione metabolism and nuclear factor erythroid 2-like 2 (NFE2L2)-related proteins in adipose tissue are altered by supply of ethyl-cellulose rumen-protected methionine in peripartal Holstein cows. J Dairy Sci. (2019) 102:5530–41. doi: 10.3168/jds.2018-15671
	 98. Zhou,Z, Ferdous,F, Montagner,P, Luchini,DN, Corrêa,MN, and Loor,JJ. Methionine and choline supply during the peripartal period alter polymorphonuclear leukocyte immune response and immunometabolic gene expression in Holstein cows. J Dairy Sci. (2018) 101:10374–82. doi: 10.3168/jds.2018-14923
	 99. Lopreiato,V, Vailati-Riboni,M, Bellingeri,A, Khan,I, Farina,G, Parys,C , et al. Inflammation and oxidative stress transcription profiles due to in vitro supply of methionine with or without choline in unstimulated blood polymorphonuclear leukocytes from lactating Holstein cows. J Dairy Sci. (2019) 102:10395–410. doi: 10.3168/jds.2019-16230
	 100. Guadagnin,AR, Velasco-Acosta,DA, Stella,SL, Luchini,D, and Cardoso,FC. Methionine supply during the peripartum period and early lactation alter immunometabolic gene expression in cytological smear and endometrial tissue of Holstein cows. Theriogenology. (2021) 173:102–11. doi: 10.1016/j.theriogenology.2021.04.033
	 101. Alharthi,AS, Lopreiato,V, Dai,H, Bucktrout,R, Abdelmegeid,M, Batistel,F , et al. Short communication: supply of methionine during late pregnancy enhances whole-blood innate immune response of Holstein calves partly through changes in mRNA abundance in polymorphonuclear leukocytes. J Dairy Sci. (2019) 102:10599–605. doi: 10.3168/jds.2019-16889
	 102. Shirmohammadi,S, Taghizadeh,A, Hosseinkhani,A , et al. Effect of low protein diets supplemented with rumen-protected methionine, lysine and choline on Holstein dairy cows' productive and reproductive performance. Anim Sci Res. (2021)
	 103. Wang,M, Li,Y, Yang,Z, Shen,Y, Cao,Y, Li,Q , et al. Effects of rumen-protected lysine and methionine supplementation in low-crude protein diets on lactation performance, nitrogen metabolism, rumen fermentation, and blood metabolites in Holstein cows. Anim Feed Sci Technol. (2022) 292:115427. doi: 10.1016/j.anifeedsci.2022.115427
	 104. Seleem,MS, Wu,ZH, Xing,CQ, Zhang,Y, Hanigan,MD, and Bu,DP. Effects of rumen-encapsulated methionine and lysine supplementation and low dietary protein on nitrogen efficiency and lactation performance of dairy cows. J Dairy Sci. (2024) 107:2087–98. doi: 10.3168/jds.2023-23143
	 105. Melendez,P, Möller,J, Arevalo,A , et al. The effect of rumen-protected lysine and methionine on milk yield, milk components, and body weight in grazing Holstein cows during spring calving season in the southern hemisphere. Livest Sci. (2023) 272:105230. doi: 10.1016/j.livsci.2022.105230
	 106. Elsaadawy,SA, Wu,Z, and Bu,D. Feasibility of supplying ruminally protected lysine and methionine to periparturient dairy cows on the efficiency of subsequent lactation. Front. Vet. Sci. (2022) 9:892709. doi: 10.3389/fvets.2022.892709 
	 107. Abreu,MB, Valldecabres,A, Marcondes,MI, Correa,A, Lobos,NE, Peterson,CB , et al. Implications of supplementing mid-lactation multiparous Holstein cows fed high by-product low-forage diets with rumen-protected methionine and lysine in a commercial dairy. Anim. (2023) 17:100749. doi: 10.1016/j.animal.2023.100749 
	 108. Zang,Y, Samii,SS, Phipps,ZC , et al. Comparative effects of multiple sources of rumen-protected methionine on milk production and serum amino acid levels in mid-lactation dairy cows. Prof Anim Sci. (2017) 33:692–9. doi: 10.15232/pas.2017-01763
	 109. Liang,SL, Wei,ZH, Wu,JJ , et al. Effect of N-acetyl-l-methionine supplementation on lactation performance and plasma variables in mid-lactating dairy cows. J Dairy Sci. (2019) 102:5182–90. doi: 10.3168/jds.2018-15925


Copyright
 © 2025 Huo, Lin, Wang and Deng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Methionine and its derivatives in dairy cow nutrition: implications for intestinal barrier function, periparturient performance, and metabolic health



		1 Introduction



		2 Materials and methods



		2.1 Literature retrieval strategy



		2.2 Inclusion and exclusion criteria



		2.3 Literature screening and data extraction



		2.4 Results









		3 Structure and biochemical properties of met



		4 Effects of met on gastrointestinal health in dairy cows



		4.1 Modulation of the microbial barrier



		4.1.1 Enhancement of beneficial microbial populations



		4.1.2 Inhibition of pathogenic bacterial proliferation









		4.2 Chemical barrier in the intestine



		4.3 Strengthening of the intestinal mechanical barrier



		4.4 Immune function









		5 Impact of met on milk production and reproductive performance



		5.1 Effects on milk production performance



		5.2 Impact on reproductive performance



		5.2.1 Influence on pregnancy rates and embryonic development



		5.2.2 Influence on periparturient health















		6 Conclusion



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		References



















OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Methionine and its derivatives in
dairy cow nutrition: implications
for intestinal barrier function,
periparturient performance, and
metabolic health












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






