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Overproduction of reactive oxygen species (ROS) is a well-known
phenomenon experienced by ruminants, especially during the transition from
late gestation to successful lactation. This overproduction of ROS may lead to
oxidative stress (OS), which compromises the immune and anti-inflammatory
systems of animals, thus predisposing them to health issues. Besides, during the
periparturient period, metabolic stress is developed due to a negative energy
balance, which is followed by excessive fat mobilization and poor production
performance. Excessive lipolysis causes immune suppression, abnormal
regulation of inflammation, and enhanced oxidative stress. Indeed, OS plays
a key role in regulating the metabolic activity of various organs and the
productivity of farm animals. For example, rapid fetal growth and the
production of large amounts of colostrum and milk, as well as an increase in
both maternal and fetal metabolism, result in increased ROS production and an
increased need for micronutrients, including antioxidants, during the last
trimester of pregnancy and at the start of lactation. Oxidative stress is
generally neutralized by the natural antioxidant system in the body. However,
in some special phases, such as the periparturient period, the animal’'s natural
antioxidant system is unable to cope with the situation. The effect of rumen-
protected limiting amino acids and choline on the regulation of immunity,

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.1042895/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1042895/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1042895/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1042895/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1042895/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1042895/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1042895/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.1042895&domain=pdf&date_stamp=2023-01-12
mailto:caozhijun@cau.edu.cn
https://doi.org/10.3389/fimmu.2022.1042895
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.1042895
https://www.frontiersin.org/journals/immunology

Khan et al.

10.3389/fimmu.2022.1042895

antioxidative, and anti-inflammatory status and milk production performance,
has been widely studied in ruminants. Thus, in the current review, we gathered
and interpreted the data on this topic, especially during the perinatal and
lactational stages.

KEYWORDS

oxidative stress, periparturient period, ruminants, antioxidants, immunity, limiting

amino acids

1 Introduction

Under normal physiological conditions, the antioxidant
system’s capacity to neutralize and eliminate reactive oxygen
species (ROS) produced during metabolic activities is usually
sufficient. Metabolic alterations during pregnancy and calving
have been shown to increase ROS generation above the level that
the antioxidant system can cope with (1, 2). When there is an
imbalance between the generation of ROS and the availability of
antioxidant molecules, oxidative stress arises, exposing cattle to a
variety of illnesses (3, 4). An excessive generation of ROS results
in lipid peroxidation, oxidative stress, tissue damage, and
changes in the quantity of reduced glutathione (GSH), a key
component of glutathione metabolism (3, 5). When the pro/
antioxidant balance is disrupted, damage to the structure and
function of cellular macromolecules (lipids, proteins, and nucleic
acids) occurs, resulting in oxidative stress. A preponderance of
oxidation over reduction processes leads to metabolic disorders

and diseases in dairy cows (6). Maintaining redox homeostasis in
dairy cows during the periparturient and peak lactation stages is
therefore critical (4, 7, 8). Parturition-related oxidative stress
may contribute to immunological and inflammatory
abnormalities, which increase the risk of metabolic and
infectious disorders (2, 9).

Metabolic stress during the periparturient period is another
key factor that exposes animals to immune depression, abnormal
regulation of the inflammatory response, and oxidative stress.
During the periparturient period, metabolic stress causes
excessive mobilization of lipids followed by oxidative stress
(10). The oxidative stress compromises the immunity and
inflammatory status in dairy cattle, as shown in Figure 1.

Another critical factor is the abnormal regulation of
immunity and inflammation caused by metabolic and
oxidative stress (11-14), which predisposes dairy animals to
various infections. In addition, the productive efficiency of
animals is compromised by oxidative and metabolic stress,

(Abnormal regulation of immunity and inﬂammation]
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FIGURE 1

Interlink between metabolic stress, oxidative stress, immunity, and inflammation; nuclear factor kappa-B (NF-kB) signaling is used by oxidative
stress to promote inflammation and immune system malfunction. Improper inflammatory regulation promotes the synthesis of tumor necrosis
factor-alpha in non-phagocytic cells, leading to an excess of OS and excessive lipolysis. Oxidative stress increases the level of NEFAs, which is
correlated with excessive lipid mobilization. The excessive lipid mobilization may elevate the level of NEFAs and BHB, which are the key factors

in the abnormal regulation of the immune and inflammatory response.
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resulting in negative energy balance, immune suppression, and
low productive efficiency (15-17). Several nutritional strategies
have been adopted to overcome these issues during the
periparturient period in ruminants.

The role of amino acids in the regulation of intestinal
immunity and inflammation has been discussed previously
(18). In brief, He et al. (18) reported that amino acid
supplementation regulates the expression of anti-inflammatory
cytokines and suppresses the apoptosis of enterocytes, as well as
the expression of pro-inflammatory cytokines in intestinal
inflammation. Furthermore, it was noted that several anti-
inflammatory-related pathways, such as nuclear factor-kappa-
B (NF-»B), mitogen-activated protein kinase (MAPK), inducible
nitric oxide synthase (iNOS), mechanistic target of rapamycin
(mTOR), nuclear erythroid-related factor 2 (Nrf2), and
angiotensin-converting enzyme 2 (ACE2), are regulated by
amino acid supplementation (18, 19).

Rumen-protected amino acid (methionine and lysine) and
choline supplementation has been widely studied for its role in
the maintenance of the antioxidant status, immunity status, and
anti-inflammatory ability of dairy cattle (11, 20-25). Amino
acids such as lysine, choline, and methionine are considered
important sources of antioxidants in the diets of ruminants
because of their positive role in relieving oxidative stress, which
is associated with better health and productive efficiency (22, 23,
26). Thus, in the current review, we summarize the effect of
rumen-protected first-limiting amino acids (methionine and
lysine) and choline on the regulation of immunity,
antioxidative, and anti-inflammatory status, especially during
the periparturient period in dairy cattle in which they experience
severe oxidative stress followed by depressed immunity and anti-
inflammatory status.

2 Effect of rumen-protected first-
limiting amino acids (methionine
and lysine) and choline on the
antioxidant, immunity, anti-
inflammatory, and health

status of ruminants

2.1 Effect of rumen-protected first-
limiting amino acids (methionine and
lysine) and choline supplementation on
the antioxidant status of ruminants

2.1.1 Effect of methionine and choline
supplementation on the antioxidant
status of ruminants

The availability of key methyl donors, such as methionine
and choline, is limited due to extensive microbial degradation in
the peripartal dairy cow (27). If, for any reason, an imbalance of
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negative methyl donor occurs it will compromise the synthesis of
critical compounds, such as carnitine and phosphatidylcholine
(PC), which are required for methyl donors in cells and tissues
(28). The biosynthesis of PC from endogenous supplementation
of methionine and choline could prevent the incoming fatty
acids produced from the lipolysis of adipose tissue. It has been
documented that the disproportionate infiltration of hepatic
fatty acid can negatively influence the normal function of the
liver (29). Moreover, the excessive fat infiltration in the liver may
suppress intracellular antioxidants, such as glutathione (GSH)
and alternatively oxidative stress, which may lead to extensive
tissue damage (11, 30, 31). The methyl donors are considered the
most important extracellular source of the antioxidants
glutathione (GSH) and taurine (32). During the periparturient
period, the increased oxidative stress enhances inflammation,
resulting in suppressed leukocyte responses. To overcome these
challenges and for cells to synthesize sulfur-containing
antioxidants, the supplementation of methionine and choline
could be beneficial.

Rumen-protected limiting amino acids, such as methionine,
are necessary for the biosynthesis of S-adenosylmethionine
(SAM) (33). SAM is required for many biological processes,
such as transsulfuration, polyamine biosynthesis, and DNA
methylation (34). Thus, the need for methyl donors, including
choline and methionine, is increased at the onset of the lactation
period (35, 36). It has been well-documented that DNA
methylation regions are associated with the regulation of gene
expression. These epigenetic changes are partly driven by betaine
and methionine through SAM. A study documented that
rumen-protected choline enhances the expression of genes
associated with the synthesis of betaine, phosphatidylcholine,
acetylcholine, muscarinic, and nicotinic acetylcholine receptors
(37). Interestingly, betaine has been found to work as a methyl
donor and help in the regeneration of methionine and SAM (38).
In addition, phosphatidylcholine has been found to be involved
in the export of low-density protein, which is followed by a
decrease in hepatic fat accumulation (39). Furthermore, a study
found that methionine supplementation is necessary for the
regulation of the nuclear receptor peroxisome proliferator-
activated receptor alpha (PPARa), which plays a key role in
reducing the inflammatory response, improving fatty acid
oxidation, and preventing liver triacylglycerol (TAG)
accumulation (40).

According to the available literature, rumen-protected
choline and methionine are considered as valuable
antioxidants in ruminant nutrition (41). Recent evidence
suggests that methionine plays a role in glutathione formation
(42), which could improve the antioxidant status of both animals
and their products. Consistently, a study reported that
methionine alone or in combination with choline alleviates
oxidative stress by enhancing glutathione transferase (GST)
activity in the plasma of periparturient ewes (43).
Furthermore, another study documented that methionine in
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combination with choline enhances glutathione and amino acid
levels in dairy cows during the perinatal period (44).

2.1.2 Effect of methionine and lysine
supplementation on the antioxidant
status of ruminants

Methionine is attacked by many of the ROS generated in
biological systems and is considered one of the more readily
oxidized residues in proteins (45-47). Methionine has a
scavenging ability, and various ROS combine with methionine
to form methionine sulfoxide. The cells contain methionine
sulfoxide reductases, which catalyze the thioredoxin-dependent
reduction of methionine sulfoxide back to methionine (47).
Methionine acts as a catalytic antioxidant and protects protein
and macromolecules from the action of ROS in which they
are present.

The antioxidant role of lysine and methionine has been widely
studied in ruminants (48-51). Furthermore, it has been highlighted
that amino acids enhance metabolism, antioxidant status, and
immunity to improve production and disease resistance.
Consistent with this, it has been well established that amino acids
play a key role in cellular oxidative balance (52) because they
participate in taurine and glutathione (GSH) biosynthesis (53-55).
GSH using glutathione transferase (GST) and hydrogen peroxide
neutralization via glutathione peroxidase (GSH-Px) causes cellular
detoxification. Glutathione transferases (GSTs, EC 2.5.1.18) are
some of the most important antioxidant enzymes for regulating
the cell’s redox state (56-58). Similarly, a reduced level of
glutathione (a potent intracellular antioxidant) was reported in
liver tissue in response to methionine treatment (59).

It has been reported that methionine supplementation
enhances very low-density lipoprotein (VLDL) to promote
vitamin E in circulation (60). Consequently, the detrimental effect
of lipid peroxidation by-products, such as malondialdehyde
(MDA), can be suppressed with supplementation with rumen-
protected amino acids (60). Furthermore, antioxidant systems,
which can be split into enzymatic and non-enzymatic (e.g.,
metabolites), control ROS (56, 61). The effect of methionine and
lysine supplementation on oxidative stress has been studied in ewes
(21). It was further noted that methionine supplementation reduces
the expression of MDA and improves the level of superoxide
dismutase (SOD), CAT, GPH, and GST in the plasma of ewes (21).

A few studies, through in vitro experiments, reported that
methionine supplementation decreases the process of apoptosis and
necrosis and inhibits lipid peroxidation in the bovine mammary
glands (62, 63). Moreover, they documented that methionine
supplementation enhances the level of antioxidant-associated genes
(superoxide dismutase and glutathione peroxidase) and the
cytoprotective effect against hyperthermia (62, 63).
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2.2 Effect of methionine and lysine
supplementation on inflammation
and immunity in ruminants

Parturition has been characterized as the stage of
inflammatory change during which the level of haptoglobin is
elevated, thus decreasing the concentration of albumin (64).
Moreover, albumin levels have been reported to decrease around
parturition and are also considered as a key biomarker for
inflammation in dairy cattle. The higher the level of albumin,
especially during the periparturient period, the healthier the
animal (65). A higher concentration of albumin has been
reported in response to methionine supplementation in dairy
cattle (64). Moreover, by binding to non-esterified fatty acids
and bilirubin, albumin takes on a detoxifying function and
alleviates inflammation (66), which is the critical factor that
exposes periparturient dairy cattle to infections. Haptoglobin is
another key acute-phase protein, which usually increases around
parturition because of inflammatory events and parenchymal
cell stimulation by fatty acid infiltration of the liver.
Furthermore, it has been demonstrated that methionine
supplementation significantly downregulates the level of
haptoglobin, which is associated with improved antioxidant
and anti-inflammatory levels during parturition in dairy cattle
(64). Furthermore, Zhou et al. (64) found that dairy cattle
supplemented with methionine were less susceptible to
infections during the periparturient period because of
suppressed inflammatory changes and improved
antioxidant status.

Previous studies have proved experimentally that
methionine supplementation enhances the anti-inflammation
and anti-oxidative status in periparturient dairy cattle (59, 67,
68) and neonatal calves (69). In a recent study, Hu et al. reported
that methionine and arginine significantly regulates milk protein
synthesis, thereby alleviating a potential inflammatory and pro-
oxidant state in transitioning dairy cattle (70). In addition, a few
studies have reported that the supplementation of methionine
with arginine plays an important role in anti-inflammation and
improves the antioxidant status of transition dairy cattle (68, 71).
Moreover, methionine and arginine supplementation has been
associated with the regulation of immunity and relief of
oxidative stress caused by bacterial lipopolysaccharide (LPS) in
bovine mammary cells (71).

It has been reported that rumen-protected lysine and
methionine feeding before parturition to transition dairy cows
may affect the immunity of calves (69). In an experimental trial,
it has been reported that the oftspring (calves) of rumen-
protected methionine and lysine-fed cows show higher passive
immunity, including a higher concentration of immunoglobulin
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G, higher serum total protein, and a higher growth rate than an
unsupplemented group of dairy cows (69). Lee et al. (72)
reported that supplementation with lysine and methionine
positively reduces milk somatic cell count (SCC) and improves
the immunity and health status of dairy cattle. Consistent with
this, a study proved experimentally that methionine
supplementation tends to decrease metabolic stress and milk
SCC and improve udder health in goats (73).

2.3 Effect of methionine and choline
supplementation on the inflammation
and immunity of ruminants

It has been well established through experimental trials that
treatment with a combination of choline and methionine can regulate
the antioxidative state, thereby increasing the anti-inflammatory and
cytoprotective effect against oxidative stress in neonatal Holstein
calves (74). Consistent with this, a study reported that
supplementation with choline and methionine improves the
immunometabolic state, blood polymorphonuclear leukocyte
phagocytosis capacity, and the anti-inflammatory effect upon
pathogen challenge, and enhances the antioxidative capacity of
peripartal cows (75). During the periparturient period, the liver
functionality index (LFI) is the key indicator that is used to assess
immune and inflammatory status, as well as metabolic profiles in
dairy cattle (44, 59, 76). In addition, a study reported that a low LFI
and low amino acids in circulating plasma indicates a difficult
transition from gestation to lactation (30). The supplementation of
a combination of choline and methionine enhances the level of the
LFI, resulting in an improved immunity and anti-inflammatory
status in dairy cattle (44). Moreover, ketosis was also found to be
positively associated with a low LFI, while combined supplementation
of choline and methionine significantly reduces the chances of ketosis
by alleviating oxidative stress in dairy cattle (77).

Choline supplementation in the transition diet may be partially
useful for reducing the deleterious effects of an inflammatory-like
condition on the hepatic function of transition cows. The non-
esterified fatty acids (NEFA) and B-hydroxybutyric acid (BHB) may
lead to oxidative stress followed by an enhancement of the lipolysis
process (78). Additionally, rumen-protected choline
supplementation has been found to reduce the concentration of
liver triacylglycerol and metabolic stress, resulting in an improved
immune and antioxidative state (79, 80). Consistent with this,
choline supplementation also lowers BHBH levels and the body
condition score, which is the best indicator of health in dairy cattle
during the periparturient period (81, 82). Furthermore, it has been
reported that excessive production of NEFA and BHB may
compromise immunity, resulting in abnormal regulation of
immune and inflammation responses (83). The high levels of
NEFA and BHB followed by oxidative stress and dysfunctional
immunity have been reported as major contributory factors of
mastitis in dairy cattle (10). Several studies have demonstrated that
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choline supplementation significantly reduces the level of NEFA
and BHB, resulting in enhanced immunity and maintenance of the
anti-inflammatory state in dairy cows (84-87).

During early lactation, catabolic changes are initiated and lead
to the utilization of body energy reserves (non-esterified fatty acids
and amino acids). The excessive utilization of NEFA is
incorporated into VLDL by the liver. A high level of VLDL is
associated with oxidative stress and fatty liver syndrome (88).
Furthermore, supplementation of rumen-protected choline
enhances the function of the liver by improving VLDL
exportation from the liver and relieving oxidative stress (88). By
increasing the expression of fatty acid transport protein 5 and
carnitine transporter SLC22A5 in the liver and endorsing apo B-
containing lipoprotein assembly, rumen-protected choline
supplementation reduces the harmful effects of hepatic lipidosis
in periparturient dairy cattle (89). Consistent with this, a study
reported that choline significantly decreases the level of postpartal
liver TAG and enhances the biosynthesis of VLDL through the
regulation of PPARo targets apolipoprotein B (APOB) and
microsomal triglyceride transfer protein (MTTP) (89).

It has been well demonstrated that heat stress compromises
immunity and regulates the inflammatory system in an abnormal
way, affecting the production performance of dairy cattle (90, 91).
Nutritional intervention with methionine and choline has been
reported to enhance the immune response to heat stress and play a
key role in improving the health of animals (92-94). Furthermore,
choline supplementation improves lipid and energy metabolism
and alleviates the inflammatory response (95). Rumen-protected
choline feeding during the periparturient period is the key focus
because of its key role in preventing liver lipid accumulation
through VLDL export. Moreover, it has been reported that choline
plays an important role in the regulation of immune function and
also mitigates inflammatory changes in transition dairy cows (93),
enhances immune function in calves (94), and adjusts the
responses of immune cells to LPS ex vivo (37). Consequently, it
has been documented that choline deficiency may lead to
intestinal morphology and lipid metabolism impairment in rats
(96). The antioxidant, anti-inflammatory and immune regulatory
role of limiting amino acids (methionine and lysine) and choline
has been summarized in Table 1. Based on the available data, we
concluded that choline supplementation maintains the
inflammatory response in immune cells and relieves metabolic
stress during the periparturient period in dairy cattle.

2.4 Rumen-protected limiting amino
acids (methionine and lysine) and
choline-regulated genes are associated
with the immunity, antioxidant, and anti-
inflammatory status of ruminants

The molecular response associated with health regulation in
response to rumen-protected limiting amino acids in dairy
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TABLE 1 Summary of studies in dairy ruminants investigating the influence of rumen-protected limiting amino acids (methionine and lysine) and
choline on immune function and the oxidative and anti-inflammatory status of ruminants.

Species/
Amino acid supple- tissues/
mentation Main outcomes cells Author
Rumen-protected Alleviates inflammation and oxidative stress, resulting in improved liver function Plasma
methionine supplementation Enhances oxidative burst and neutrophil phagocytosis (cattle) Batistel et al. (68)
Methionine is utilized by cells for the synthesis GSH and taurine synthesis
Increases metabolism and decreases oxidative stress, inflammation, and enhanced
immunity Liver and

Methionine and choline
supplementation

Methionine supplementation

Improves liver function
Improves oxidative burst and neutrophil phagocytosis

Enhances antioxidant status and improves the immune and anti-inflammatory response in
periparturient dairy cattle

plasma (Dairy
cattle)

Dairy cattle

Zhou et al. (59);
Zhou et al. (64)

Zhou et al. (44)

Decreases inflammation and enhances immunity during a transition period and reduces

Jacometo et al.

Methionine supplementation  the chances of infection Dairy calves (97)
Methionine and choline Decreases inflammation and enhances immunity during a transition period, and reduces Abdelmegeid et al.
supplementation the chances of infection Dairy calves (74)

Methionine or lysine

Enhances innate immunity

Tsiplakou et al.
(43); Tsiplakou et

supplementation Decreases inflammation and relieved oxidative stress Sheep al. (98)

Zinc and methionine Decreases inflammation, lowers milk SCC, and prevents mastitis by enhancing immunity

supplementation and alleviating inflammation Goats Salama et al. (73)
Enhances CD4"/CD8" T
lymphocyte ratio and improves immunity and anti-oxidative status

Choline and methionine Regulates hepatic lipid metabolism and relief of metabolic stress

supplementation Improves immunity Dairy cattle Sun et al. (60)

Hydroxyselenomethionine Increases antioxidant response followed by the relief of oxidative status and improved anti-

supplementation inflammatory response in dairy cattle during the periparturient period Dairy cattle Li et al. (99)

N-acetyl-I-methionine
supplementation (NALM)

NALM supplementation

Methionine supplementation

Relieves oxidative stress in lactating dairy cows
Increases concentrations of total protein and globulin in plasma and significantly reduces
plasma malonaldehyde concentration

Improves metabolism and enhances milk production

Upregulates the expression of genes involved in the metabolism of antioxidants
Increases the expression of NFE2L2 (a major antioxidant transcription factor) and
improves the immune and anti-inflammatory response

Dairy cattle

Dairy cattle

Dairy cattle

Liang et al. (100)

Fagundes et al.
(101)

Han et al. (48)

Methionine supplementation

Methionine and choline
supplementation

Methionine supplementation

Methionine supplementation

Methionine and choline
supplementation

Methionine supplementation

Methionine supplementation

Enhances mRNA expression of genes related to antioxidative status and GSH metabolism

Enhances the expression of genes associated with the immune and anti-inflammatory
response and reduces oxidative stress

Improves whole-blood neutrophil phagocytosis and decreases oxidative stress, resulting in
enhanced immunity

Enhances 1-carbon metabolism and increases the antioxidative status. In addition,
methionine increases liver GSH and decreases concentrations of plasma biomarkers of
inflammation.

Blocks the hyper response of IL-1f during LPS challenge, resulting in improved
antioxidant ability

Increases the expression of genes associated with immunity and antioxidant response

The expression of inflammation- and oxidative stress-associated genes is significantly
reduced by methionine supplementation

Dairy cattle

Dairy cattle

Dairy cattle

Dairy cattle

Dairy cattle

Dairy cattle

Dairy cattle

Liang et al. (100)

Lopreiato et al.
(102)

Osorio et al. (103)

Osorio et al. (42);

Osorio et al. (67)

Vailati-Riboni et
al. (104)

Zhou et al. (105)

Zhou et al. (75)

(Continued)
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TABLE 1 Continued

Amino acid supple-
mentation

Main outcomes

10.3389/fimmu.2022.1042895

Species/
tissues/

cells Author

Enhances the metabolism of carnitine and B-oxidation of fatty acids and improves

cholesterol and lipoprotein metabolism
Improves 1-carbon metabolism of cystathionine
Methionine supplementation

Choline supplementation

Rumen-protected choline
and methionine

supplementation immunity

Alleviates fatty liver and relieves metabolic stress

Beta-synthase activity of cystathionine followed by enhancement of antioxidant synthesis

Decreases oxidative stress, followed by enhancement of antioxidant capacity and improved

Zhou et al. (105);
Alharthi et al.

Decreases liver triacylglycerol concentration of plasma and improves immunity

Choline supplementation

Reduces the incidence of subclinical hypocalcemia

Dairy cattle (106)

Guretzky et al.
Dairy cattle (107)

Tsiplakou et al.
Sheep (43)
Dairy cattle Bollatti et al. (108)

ruminants has been well documented (21). It has been reported
that heat stress upregulates miR-34a, miR-92a, miR-99, and miR-
184. In addition, the upregulation of microRNA in the mammary
gland by heat stress is related to cell growth arrest and apoptosis
and inhibition of fat synthesis (109). Consistent with this, it has
been documented that miR-34a overexpression induces apoptosis
in Hep2 cells (110) and mammary cells (111) and inhibits cell
proliferation (110). Salama et al. proved through experimental
trials that methionine and arginine supplementation
downregulates the expression of miR-34a, miR-92a, miR-99,
and miR-184 in the mammary gland. Furthermore, they
documented that methionine and arginine treatment regulates
most of the genes that are associated with insulin signaling (AKT2
and IRSI), transcription and translation (MAPKI, MTOR,
SREBFI1, RPS6KBI, and JAK2), amino acid transport (SLCIAS
and SLC7AI), and cell proliferation (MKI67) in the mammary
glands of dairy cattle (109). Heat stress also upregulates genes
associated with apoptosis (BAX), translation inhibition
(EIF4EBPI), and lipogenesis (PPARG, FASN, and ACACA) and
decreases the expression of the anti-apoptotic gene BCL2LI in the
mammary glands of dairy cattle (109). The above effects caused by
heat were reversed with methionine and arginine supplementation
in dairy cattle (109).

71, reported that bacterial LPS significantly downregulates the
expression of SLC36A1 and SLC7AI and genes associated with
antioxidant response (NFE2L2, NQOI, GPX1, ATG7, and GPX3),
and upregulates SOD2 and NOS2 (71). Furthermore, they noticed
that arginine and methionine supplementation enhances
antioxidative gene expression and increases the signaling level of
NFE2L2 in mammary gland cells. Ma et al. (112) found that
NFE2L2 signaling plays a critical role in the cellular antioxidant
defense system. It might be possible that arginine and methionine
treatment significantly enhances the antioxidative response in
mammary gland cells via the NFE2L2 pathway (112). Consistent
with this, it has been found that methionine-treated mammary
gland cells show increased expression of CSN1SI, CSN1S2, CSN2,
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CSN3, LALBA, JAK2, STAT5, and MTOR, which are positively
linked to milk protein synthesis (113, 114). Methionine
supplementation significantly regulates the transsulfuration
pathways that play a key role in taurine and glutathione
biosynthesis. Taurine and glutathione biosynthesis alleviates the
oxidative stress that is caused by negative energy balance in neonatal
Holstein calves (115), as demonstrated in Figure 2.

Garcia et al. experimentally proved that choline supplementation
regulates the genes that are associated with muscarinic and nicotinic
acetylcholine (37). The muscarinic and nicotinic acetylcholine
receptors have been detected in innate and adaptive immune cells
(116). Garcia et al. identified several genes involved in choline
metabolism (SLC5A7, CHDH, CHKA, ACHE, CHRMS5, and
CHRNA?) and inflammatory responses (TLR4, NFKBI, TNFA,
ELANE, H2A, CASP3, and CASP7) in the neutrophils and
monocytes of lactating dairy cattle, which are regulated in response
to rumen-protected choline supplementation (37). Inflammatory
genes (TLR4, NFKBI, and TNFA) are significantly upregulated in
LPS-challenged immune cells; however, the opposite trend is
observed for these genes in choline-treated immune cells (37).

Methionine supplementation elevates the expression of genes
associated with inflammation (ILIB, TLR2, NF-kB, and STAT3)
and oxidative stress (glutathione synthase, GPX1, CBS, and SOD2)
in polymorphonuclear leukocytes (PMNLs) and enhances taurine
in the plasma of dairy cattle (75). These findings suggest that
methionine supplementation improves the anti-inflammatory and
antioxidative status of periparturient dairy cattle. Furthermore,
PMNLs treated with LPS reveal the hyper response of IL-1f,
resulting in oxidative stress (104). Rumen-protected methionine
supplementation suppresses the hyper response of IL-1p, resulting
in a decreased inflammatory response and oxidative stress (104).
Consistent with this, it has been documented that the combination
of methionine and choline significantly upregulates the expression
of genes involved in pathogen recognition mechanisms (TLR2 and
L-selectin [SELL]) and lowers the expression of genes associated
with inflammation (cysteine sulfinic acid decarboxylase [CSAD],
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Transsulfuration Signaling
Cystein
Cell Proliferation and Cell Growth
FIGURE 2

Rumen-protected limiting amino acids (lysine and methionine) and choline supplementation regulate mTOR signaling, which controls protein and
nucleotide synthesis. In addition, amino acids mediate transsulfuration pathways that further facilitate taurine and glutathione biosynthesis. Taurine and
glutathione biosynthesis plays a key role in alleviating oxidative stress in dairy cattle. Additionally, amino acid supplementation regulates mTOR signaling
and pyrimidine and polyamine synthesis, and thus plays an essential role in controlling cell proliferation and growth processes.

cystathionine gammalyase [CTH], myeloperoxidase [MPO],
glutathione reductase [GSR], GSS, IL6, IL10, and IL1B), resulting
in an improved anti-inflammatory and antioxidative status in dairy
cattle (102). Additionally, methionine downregulates the expression
of several genes potentially associated with oxidative stress (SODI,
GSS, and GCLC) (42). Furthermore, Osorio et al. (42) reported
higher expression of haptoglobin (HP), S-adenosylhomocysteine
hydrolase (SAHH), adenosyltransferase 1A (MATIA) cytosine-5-

methyltransferase 3 alpha (DNMT3A), and DNMT] in response to
methionine supplementation. Furthermore, they reported lowered
oxidative stress and a mild inflammatory status in dairy cattle (42).
Consistent with this, methionine and lysine combination treatment
significantly reduces the level of TLR4, pro-inflammatory cytokines
(TNF-o and IL-1B), chemokine (CXCL-16), and BHBA content in
ewes (117). The summary of the genetic response to rumen-
protected limiting amino acids (lysine and methionine) and
choline is shown in Table 2.

TABLE 2 Summary of studies that investigated the rumen-protected limiting amino acid (methionine and lysine)- and choline-regulated genes
associated with the immunity, antioxidative, and anti-inflammatory status of dairy ruminants.

Species/
Treatment Genetic effect Biological function tissues Author
Increases expression of NFE2L2, NQOI, GPX1, GPX3, SLC36A1, Induces anti-inflammation and BMECs in
Methionine SLC7A1, SOD2, and NOS2 and decreases expression of RELA, IL1B, NF- anti-oxidative responses against dairy
supplementation | kb, and CXCL2 LPS cattle Dai et al. (71)
Upregulates the expression of AKT1 and mTORCI signaling, PPARG,
FASN, ACACA, BCL2L1, MAPK1, MTOR, SREBF1, RPS6KBI, JAK2, and Alleviates oxidative status and BMECs in
Methionine MKI67 and downregulates the expression of HSPAIA, BAX, and regulates immunity and anti- dairy Salama et al.,
supplementation | EIF4EBPI inflammatory status cattle (109)
Methionine and Enhances innate immunity,
lysine Upregulates JunD and downregulates the expression of genes associated resulting in a reduction of Tsiplakou et
supplementation | with inflammation (IL-10, MyD88, STAT-3, and IL-10) inflammatory changes Ewes al. (98)
Reduces inflammatory changes and
Methionine and | Lowers the expression of pro-inflammatory cytokines (IL-18 and TNF- enhances the immune response,
lysine a), the chemokine CXCL-16, and pathogen recognition receptor-4 (TLR- | resulting in the alleviation of Tsiplakou et
supplementation | 4) and suppresses B-hydroxybutyric acid (BHBA) content mastitis Ewes al. (117)
(Continued)
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TABLE 2 Continued

Species/

Treatment Genetic effect tissues Author

Biological function

Increases homocysteine synthesis,
resulting in enhanced antioxidative

Methionine and | Unregulates GCLC, GPXI, and adenosylhomocysteinase (SAHH) and status, and reduces inflammatory Neonatal
choline lowers the expression of CXCRI, IL10, IL6, IRAKI, NFKBI, NR3ClI, changes and cytoprotection against | Holstein Abdelmegeid
supplementation | SELL, TLR4, and TNFA in polymorphonuclear leukocytes oxidative stress calves et al. (74)
Decreases the expression of pro-inflammatory cytokines IL1B, CXCLS,
and TNF caused by LPS in peripheral blood leucocytes
Choline Enhances the level of blood neutrophils undergoing phagocytosis and Decreases inflammation and Holstein Zenobi et al.
supplementation | oxidative burst improves immunity cows (93)
Reduces the level of oxidative stress associated with MDA, CAT, and Plays a critical role in the
Methionine SOD regulation of antioxidant activity Mavrommatis
supplementation | Enhances the level of antioxidant genes (GST and GPH) against oxidative stress Ewes et al. (21)
Lowers the expression of genes related to inflammation (IL1B, TLR2, NF-
KB, and STAT3)
Methionine Reduces the expression of genes associated with oxidative stress Improves anti-inflammatory and Dairy Zhou et al.
supplementation | (glutathione synthase, GPX1 CBS, and SODI) antioxidative status cattle (75)
Methionine and | Enhances the expression of SELL and TLR2 Improves the antioxidant ability
choline Lowers the expression of CSAD, CTH, MPO, GSR, GSS, IL6, IL10, and and suppresses inflammatory Dairy Lopreiato et
supplementation | ILIB changes cattle al. (102)
Rumen- Decreases inflaimmation
protected Decreases the expression of genes associated with inflammation (TLR4, Improves the health of
choline NFKBI, TNFA, ELANE, H2A, CASP3, and CASP?) in neutrophils and periparturient dairy cattle and Dairy Garcia et al.
supplementation | monocytes treated with LPS alleviates mastitis cattle (37)
Reduces the level of inflammation-associated genes (SELL, CXCR2,
NFKBIA, MYD88, TLR4, TLR2, GSS, GPX1, TNF, and IL1B), and
suppresses genes involved in the oxidative stress (MPO and SODI) of Improves immunity and
Methionine polymorphonuclear leukocytes antioxidative ability and reduces Holstein Jacometo et al.
supplementation | Enhances the level of antioxidant-linked genes (NFE2L2 and NOS2) inflammatory alterations calves 97)
Decreases oxidative stress,
Enhances the level of methionine adenosyltransferase 1A (MATIA), enhances immunity, and reduces
glutamate-cysteine ligase (GCLC), glutathione reductase (GSR), metabolic stress, which is
adenosylhomocysteinase (AHCY; also known as SAHH), and DNA responsible for abnormal
Methionine (cytosine-5-)-methyltransferases (DNMT1, DNMT3A, and DNMT3B) regulation of immunity and Holstein Jacometo et al.
supplementation | Lowers the expression of cysteine sulfinic acid decarboxylase (CSAD) inflammation calves (115)
Upregulation of hepatic PPARA
Upregulates peroxisome proliferator- has been reported to be associated
Methionine activated receptor alpha (PPAR«)-associated genes (ANGPTL4, FGF21, with lipid metabolism and immune = dairy Osorio et al.
supplementation | and PCKI) function cattle (118)
Regulates PPARG0, fatty acid Desaturase 2 (FADS2), CBS, glutathione S- Enhances cell metabolism, reduces
transferase omega 1 (GSTOI), GPX1, metabolic and oxidative stress,
Rumen- MAPK and MTOR activator LAMTOR2, relieves inflammation and
protected mammary serum amyloid (SAA), peroxisome proliferator-activated enhances immunity in Holstein Holstein Palombo et al.
methionine receptor gamma (PPARG), and forkhead box O1 (FOXO1) Ccows cows (119)
Upregulates the expression of genes associated with amino acid transport
(SLC38A1, SLC38A2, and SLC7AI) and valyl-tRNA (VARS), isoleucyl-
tRNA synthetases (IARS), glucose transport solute carrier family 2
member 3 (SLC2A1), glucose transport solute carrier family 2 member 3 Enhances metabolism, increases
(SLC2A3), and casein o-s1 (CSN1SI) the level of plasma amino acids,
Elevates the expression of Janus kinase 2 (JAK2) and the and decreases metabolic stress and
Methionine phosphorylation status of AKT, protein phosphatase 1, and regulatory inflammation Holstein Ma et al.
supplementation | subunit 15A (PPPIRI5A) Improves milk production cows (112)

Frontiers in Immunology 09

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1042895
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Khan et al.

3 Conclusions

Based on published data, we conclude that rumen-protected
limiting amino acids (lysine and methionine) and choline
supplementation alleviate oxidative stress, which is the primary
cause of several diseases in ruminants. Moreover, oxidative stress,
particularly during the periparturient period, compromises
immunity, production performance, and metabolism in dairy
ruminants. The supplementation of rumen-protected amino acids
and choline, especially during the periparturient period, enhances
antioxidative ability, resulting in the regulation of immunity and anti-
inflammation status in dairy ruminants. Thus, supplementation with
a sufficient quantity of rumen-protected amino acids (lysine and
methionine) and choline is highly recommended for protecting
animals from diseases and enhancing their productive abilities.
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