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Introduction

The periparturient period is one of the most challenging periods
in dairy cows and encompasses the 3 wk prior to and 3 wk after
parturition. The nutrient requirements of dairy cows change
greatly during this time, largely due to the exponential growth of
the gravid uterus and fetus, followed by the demands of lactation
(NRC, 2001). Inflammation, oxidative stress, and adipose tissue
mobilization lead to a reduction in dry matter intake (DMI)
during the periparturient period. This reduction in DMI leads to a
negative nutrient balance (NNB), with a shortfall in the nutrient
availability for the cow and fetus (Ingvartsen and Andersen,
2000). Additionally, this reduction in DMI also increases the
risk of metabolic (ketosis, fatty liver, milk fever) and immune-
related disorders. The risk of these diseases, poor reproduction,
and low efficiency is greatly impacted by the degree and length
of time during which these systems (metabolism and immune
response) remain out of balance (Loor et al., 2013a). Much of the
research over the last decade have examined these biological
interactions to identify the mechanisms behind the metabolic,
physiologic, and immune adaptations that occur during the
periparturient period (Loor et al., 2013a, 2013b; Roche et al., 2013;
Bradford et al., 2015).

It is now known that nutrients, such as amino acids (AA),
serve functional roles outside of their use as building blocks
for proteins and have immunomodulatory properties and
interact through common biochemical pathways (e.g., 1-carbon
metabolism; Figure 1). This concept has been well explored
in nonruminant species (Li et al., 2007; Sikalidis, 2015). With

nutritional management during the periparturient period
continuing to be an active area of research, it is important to
develop a system understanding the potentialimmunometabolic
role that dietary AA may play during this period. Thus, the
objective of this review is to provide an overview of physiological
adaptations during the periparturient period, the immune
system, and methods to assess immune function and oxidative
stress. This will be followed by a more specific discussion of the
immunometabolic roles of specific AA and their potential effects
in dairy cow during the periparturient period. The potential
effects of enhanced AA supply during the preweaning period
will also be discussed briefly.

Biological Adaptations in the Transition
Cow—a Brief Overview

During the NNB associated with the periparturient period,
biological mechanisms coordinate the mobilization of body
reserves in order to support fetal growth and milk production
(Bauman and Currie, 1980; Ingvartsen, 2006); insulin
concentrations are reduced and the response of hormone-
sensitive lipase in adipose tissue (e.g., low insulin, high
growth hormone and catecholamines, or high glucocorticoid
concentrations) is greater to facilitate lipid mobilization.
This periparturient period is also characterized by a state of
inflammation encompassing an increase in hepatic production
of positive acute-phase proteins (APP), such as haptoglobin
and serum amyloid A (SAA), and a decrease in the production
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Abbreviations:

AA amino acids

AKT protein kinase B

APP acute-phase proteins

ASCT?2 alanine-serine-cysteine transporter 2

BCAA branched-chain amino acids

BCAT branched-chain amino transferases

BCKA branched-chain a-ketoacids

BHMT betaine homocysteine
methyltransferase

BMEC bovine mammary epithelial cells

BSA bovine serum albumin

CBS cystathionine f3-synthase

CSAD cysteine sulfinic acid decarboxylase

CTH cystathionine gamma-lyase

DMI dry matter intake

GATOR1 GTPase-activating protein activity
towards Rags 1

GCL glutamate cysteine ligase

GCLC glutamate cysteine ligase catalytic

GPX glutathione peroxidase

GSH glutathione

GSR glutathione reductase

GSS glutathione synthase

IL interleukin

iNOS inducible NOS

KEGG Kyoto Encyclopedia of Genes and
Genomes

KLH keyhole limpet hemocyanin

LPS lipopolysaccharide

MPO myeloperoxidase

MTOR mechanistic target of rapamycin

MTORC1 MTOR complex 1

MTR S-methyltetrahydrofolate-
homocysteine methyltransferase

NFE2L2 nuclear factor erythroid 2-like-2

NF-xB nuclear factor kappa b

NNB negative nutrient balance

NOS nitric oxide synthase

PC phosphatidylcholine

PMN polymorphonuclear neutrophils

PMNL polymorphonuclear leukocytes

p-MTOR phosphorylated MTOR

RNS reactive nitrogen species

ROM reactive oxygen metabolites

ROS reactive oxygen species

RPM rumen-protected Met

SAA serum amyloid A

SAHH S-adenosyl homocysteine hydrolase

SAM S-adenosyl methionine

SAMTOR S-adenosylmethionine sensor
upstream of MTOR

SELL L-selectin

SHMT serine hydoxymethyltransferase

SLC1A1 solute carrier family 1 member 1

SLC1A5 solute carrier family 1 member 5

SOD superoxide dismutase

STAT signal transducer and activator of
transcription

TAG triacyglycerol

Th T-helper

TLR toll-like receptors

TNF-a tumor necrosis factor-a

VLDL very-low-density lipoproteins

of negative APP, such as albumin (Bertoni et al., 2008). It has
been well established that these responses are mediated by
the pro-inflammatory cytokines interleukin (IL)-6, IL-1f, and
tumor necrosis factor-a (TNF-a) (Kindt et al., 2007). Additionally,
oxidative stress also occurs during this period and is driven
by the imbalance between the production of reactive oxygen
metabolites (ROM), reactive nitrogen species (RNS), and the
neutralizing capacity of antioxidant mechanisms in tissues
and blood. Some of the well-established cellular antioxidants
include glutathione (GSH), taurine, superoxide dismutase (SOD),
and vitamins A and E (Bernabucci et al., 2005). When oxidative
stress overwhelms cellular antioxidant capacity, ROM induce an
inflammatory response that is controlled via changes in mRNA
abundance of transcription regulators (e.g., signal transducer
and activator of transcription 3 [STAT3], nuclear factor-kappa
b [NF-xB]). The increase in oxidative stress and inflammation
during this period is also negatively associated with a reduction
in liver functionality, and measurement of APP can provide
a useful tool to assess liver function as well as inflammation
(Bertoni and Trevisi, 2013).

During the periparturient period, AA metabolism is also
altered, with moderate carcass protein losses reported even
when animals are fed to their predicted metabolizable protein
requirements (Bell et al., 2000). Additionally, circulating AA
concentrations change dramatically, with favorable circulating
profiles of many AA not being restored until 28 d postpartum
(Zhou et al., 2016b). Furthermore, the total concentration of AA
in plasma reaches a nadir around day 1 postpartum (Zhou et al.,
2016b), which corresponds to a peak in total disease incidence
during early lactation (Ingvartsen, 2006). This decrease in
circulating AA is likely associated with the increased use of
AA for gluconeogenesis as well as for hepatic production of
APP. Thus, it is important to investigate how supplemental AA
during the periparturient period may modulate metabolism
and immune responses to promote production and reduce
susceptibility to disease.

General Overview of the Immune System

The immune system consists of both the adaptive and innate
immune responses, which are linked together through signaling
molecules such as cytokines. The innate immune system is
the first line of defense and includes physical barriers such
as epithelial cell layers that express tight cell junctions and
the mucus layer of the respiratory, gastrointestinal, and
genitourinary tracts (Chaplin, 2010). Cells involved in the innate
immune response include: macrophages, polymorphonuclear
neutrophils (PMN), dendritic cells, mast cells, eosinophils,
natural killer cells, and natural killer T cells (Turvey and Broide,
2010). The focus of the present review is on the effects of AA
on phagocytic cells, that is, cells that engulf and kill such as
macrophages and PMN. Macrophages not only phagocytose
invading pathogens but also produce cytokines such as ILs and
TNF-o, which initiate innate and adaptive immune responses
and recruit PMN to the site of infection (Chaplin, 2010).

The adaptive immune response consists of T lymphocytes,
B Lymphocytes, and humoral factors (Marshall et al., 2018).
There are two types of T lymphocytes: cytotoxic T cells (CD8*
cells) and T-helper (Th) cells (CD4* cells) (Marshall et al., 2018).
Cytotoxic T cells detect and eliminate infected cells, while Th
cells produce ILs and interferon-y (Ingvartsen and Moyes, 2013).
The B lymphocytes are cells that produce antibodies that bind
to antigens on the surface of pathogens to mark them for
destruction (Marshall et al., 2018).



AA, Immune Function, and Oxidative Stress

During the periparturient period, the metabolic status is
associated with the inflammatory regulation of peripheral blood
mononuclear cells, with a more pronounced inflammatory
response in those cells during the NNB immediately postpartum
(Agrawal et al.,, 2017; Mann et al,, 2019). This period is also
associated with altered signaling of nutrient-sensing kinases
in immune cells, such as the protein kinase B (AKT) and
mechanistic target of rapamycin (MTOR) pathway, which may
modulate cytokine production (Mann et al., 2018). AA can directly
and indirectly alter the immune system. Besides being used in
energy metabolism reactions and the synthesis of proteins, AA
are critical for the synthesis of other functional molecules such as
the antioxidants GSH and taurine, NO, histamine, and hydrogen
peroxide (Li et al., 2007). Thus, this section of the review will
focus on the role that AA play in modulating immune function
and oxidative stress in dairy cows during the periparturient
period. A special focus will be placed on AA involved in 1-carbon
metabolism, as this represents an interconnected route through
which AA could impact molecular events such as epigenetic
regulation, protein synthesis via MTOR, energy metabolism,
and antioxidant synthesis. A summary of studies investigating
the effects of AA on immune function and oxidative stress in
dairy cows is provided in Table 1. A summary model of how AA
might alter immune function and oxidant status is depicted in
Figure 2.
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Methionine

Methionine not only is essential for protein synthesis but also
serves as a functional nutrient that is needed for the production
of the antioxidants GSH and taurine (Atmaca, 2004) and
provision of methyl groups (Finkelstein, 1990). These features are
exemplified by the central role of Met in 1-carbon metabolism
(Figure 1). In these pathways, Met is used to synthesize
S-adenosyl methionine (SAM), which can be used to methylate
DNA and to support phosphatidylcholine (PC) and carnitine
synthesis for fatty acid metabolism (Vance et al., 1997). During
the periparturient period, triacyglycerol (TAG) accumulate in the
liver leading to mitochondrial dysfunction, inflammation, and
reduced liver function (Li et al., 2015; Du et al., 2018). PC is the
main phospholipid component of very-low-density lipoproteins
(VLDL) (Vance, 2002). Thus, enhancing PC synthesis through
greater Met supply may help improve VLDL synthesis and
reduce hepatic TAG accumulation.

As part of 1-carbon metabolism, homocysteine can be
remethylated to Met using betaine or folate as methyl donors
via betaine homocysteine methyltransferase (BHMT) and
5-methyltetrahydrofolate-homocysteine methyltransferase
(MTR), respectively. Homocysteine is also used to synthesize
cystathionine via cystathionine f-synthase (CBS) in the first
reaction of the transsulfuration pathway (Banerjee et al.,
2003). Cystathionine is used to make Cys, which is utilized to
synthesize the antioxidants taurine or GSH. CBS is allosterically
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Figure 1. Interrelationships among components of the 1-carbon metabolism pathway (Methionine cycle, Folate cycle, and Transsulfuration pathway). 5-Mthf,
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activated by SAM (Banerjee et al., 2003). Therefore, enhanced
SAM production with increased Met supply can help enhance
the flux of the transsulfuration pathway, increasing taurine and
GSH production to help reduce oxidative stress.

In dairy cattle, low levels of serum Met postpartum are
associated with severe hepaticlipidosis (Shibano and Kawamura,
2006) and other than His, Met is the only AA for which net
uptake by the liver increased pre- and postpartum (Larsen
and Kristensen, 2013). Therefore, enhancing post-ruminal Met
supply during the periparturient period is of interest to increase
circulating concentrations of Met for its functional roles in the
body. The work from Dalbach et al. (2011) demonstrated that
rumen-protected Met (RPM) can be used to increase serum
concentrations of Met in the first 2-wk postpartum, which
will enhance the availability of Met for protein synthesis and
metabolism via the 1-carbon pathways. In terms of production,
supplementation of Met during the peripartal period
concomitantly increases milk yield, milk protein, and milk
fat soon after calving (Ordway et al., 2009; Osorio et al., 2013).
These responses are in large part driven by enhancing Met

availability and by the additional flux of Met through the Met
cycle in the liver, which consequently increases the production
of downstream compounds such as SAM, PC, GSH, and taurine.
Additionally, work feeding RPM during the periparturient period
has detected positive responses in maintaining consistent rates
of DMI prepartum (last 21 d) and faster and greater rates of DMI
during the first 30 to 60 d after calving (Osorio et al., 2013; Zhou
et al.,, 2016c; Batistel et al., 2017). The same milk production
response was also observed when Met was supplemented
postpartum as the isopropyl ester of 2-Hydroxy-4-(methylthio)-
butanoic acid (St-Pierre and Sylvester, 2005).

As described earlier, the transient inflammatory-like status
around parturition appears to be a “normal” aspect of the
adaptations to lactation. As cows approach parturition, those
with greater (but still subclinical) concentrations of circulating
cytokines have greater inflammation and oxidative stress, and
lower liver function, along with lower milk yield and lower
postpartum DMI (Bertoni et al., 2008). In addition to their
function in the immune system, cytokines, interferons, and
TNF-a also elicit pathophysiological effects, leading to “sickness

Table 1. Summary of studies in dairy cows investigating the effects of supplemental AA on immune function, oxidative stress, and inflammation

Tissue/cells Treatment Main outcome Reference
Plasma RPM for 28 d prepartum and 60 d  Improvements in plasma biomarkers indicating reduced oxidative Batistel et al. (2018)
postpartum stress and inflammation and enhanced liver function. Increased
neutrophil phagocytosis and oxidative burst.
Plasma Abomasal infusion of Glu for first  Infusions of Gln increased the abundance of CD4 T-cells on day 4  Doepel et al. (2006)
21 d postpartum postpartum and increased the abundance of monocytes.
Mammary RPM for 28 d prepartum and 60d  Methionine supply upregulated expression of genes involved in Han et al. (2018)
gland postpartum antioxidant metabolism and increased activation of NFE2L2.
Plasma Intravenous infusions of GIn for 5 Glutamine infusion decreased plasma haptoglobin and increased Jafari et al. (2006)
d post-calving LPS-binding protein and SAA.
Subcutaneous RPM for 28 d prepartum and 60 d  Enhanced Met supply increased mRNA and protein abundance of Liang et al. (2019a)
adipose postpartum enzymes related to GSH metabolism.
PMNL Incubation with Met and/or Supplemental Met coupled with adequate choline enhanced gene Lopreiato et al.
choline expression of pathogen recognition mechanisms. Methionine (2019)
ameliorated the increased inflammation and oxidative stress
observed when cells were incubated without choline.
Plasma and Protected Gln for 21 d postpartum Increased total blood protein and albumin, decreased plasma Nemati et al. (2018)
milk aspartate aminotransferase, and milk somatic cell count.

Whole blood RPM for 21 d prepartum and 30 d

Increased whole blood neutrophil phagocytosis on day 21
postpartum with supplemental Met.
Methionine supply altered flux through 1-carbon metabolism via
changes in mRNA to support antioxidant and Met synthesis.
Methionine increased liver GSH and decreased concentrations of
plasma biomarkers of inflammation.

Increased proliferative ability of peripheral blood T lymphocytes
with supplemental Met.

Increased antioxidant capacity of plasma and CD4*/CD8* T
lymphocyte ratio with Met supply.

Methionine damped the hyper-response of IL-13 during an LPS
challenge through improvements in oxidative stress.

Arginine alleviated LPS-triggered inflammation by decreasing IL-6, Zhao et al. (2018a)
inducible NOS, and LPS-binding protein

Infusion of Arg promoted antioxidant mechanisms during LPS-
triggered inflammation by increasing total antioxidant capacity

Osorio et al. (2013a)

Osorio et al. (2014a)

Osorio et al. (2014b)

Soder and Holden
(1999)

Sun et al. (2016)

Vailati-Riboni et al.

(2017)

Zhao et al. (2018b)

and GSH peroxidase activity and decreasing malondialdehyde.

Increased hepatic GSH and improved plasma biomarkers of liver
function and inflammation with Met. Neutrophil phagocytosis

Zhou et al. (2016a)

capacity and oxidative burst were also increased with Met.

postpartum
Liver RPM for 21 d prepartum and 30 d
postpartum
Liver and RPM for 21 d prepartum and 30 d
plasma postpartum
Plasma RPM for 28 d during mid-lactation
Plasma RPM for 21 d prepartum and
postpartum
Whole blood RPM for 21 d prepartum and 30 d
postpartum
Plasma Jugular infusion of Arg and LPS in
mid-lactation cows
Serum Jugular infusion of Arg and LPS in
mid-lactation cows
Liver and RPM for 21 d prepartum and 30 d
plasma postpartum
Liver RPM for 21 d prepartum and 30 d
postpartum
PMNL RPM for 21 d prepartum and 30 d

postpartum

Enhanced Met supply increased mRNA expression of genes
associated with PC and antioxidant synthesis.

Decreased expression of genes related to inflammation and
oxidative stress.

Zhou et al. (2017Db)

Zhou et al. (2018b)
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behaviors,” whose primary manifestation is satiety (Larson
and Dunn, 2001). An example of this behavior in dairy cows is
the reduction in DMI around calving. In mice, these cytokines
have been shown to reduce meal size and duration as well as
decrease meal frequency and prolong inter-meal intervals
(Plata-Salaman, 1995). Furthermore, cytokines directly affect the
hypothalamus. IL-1f and IFN act directly and specifically on the
glucose-sensitive neurons in the brain “satiety” and “hunger”
sites (Plata-Salaman, 1995).

In addition to increases in DMI and milk production, RPM
supplementation during the periparturient period has been
associated with positive health responses. Across four studies
(Osorio et al., 2014b; Sun et al., 2016; Zhou et al., 2016a; Batistel
et al, 2018), there have been consistent improvements in
the concentrations of plasma biomarkers of inflammation,
where IL-1f and haptoglobin have decreased and albumin has
increased (summarized in Table 2). Improvements in biomarkers
of oxidative stress have also been observed with enhanced Met
supply during the periparturient period. In the study by Batistel
etal. (2018), plasma concentrations of ferric-reducing antioxidant
power, 3-carotene, tocopherol, and total and reduced GSH were
increased with RPM, while ROM were lower. Sun et al. (2016) also
observed an improvement in blood antioxidant status, with RPM
increasing total antioxidant capacity, glutathione peroxidase
(GPX) activity, and vitamin E. A similar effect was observed in
liver tissue by Osorio et al. (2014b), where cows fed RPM had
greater hepatic concentrations of total and reduced GSH.

From a mechanistic standpoint, changes in the mRNA
abundance of S-adenosyl homocysteine hydrolase (SAHH), MTR,
SOD1, glutamate cysteine ligase catalytic (GCLC) subunit, and
DNA methyltransferase 3A suggested alterations in flux through
1-carbon metabolism (Osorio et al., 2014a). Importantly, SAHH, the
enzyme thatmakeshomocysteine from S-adenosylhomocysteine,
was upregulated with Met, which would support a supply of
homocysteine to be used for antioxidant and Met synthesis.

Furthermore,in the study by Zhou et al. (2016a), greater Met supply
compared with rumen-protected choline increased antioxidant
concentration in liver tissue, despite a lower concentration
of PC. Those responses were due to the greater abundance of
phosphatidylethanolamine methyltransferase (the enzyme
that utilizes SAM and phosphatidylethanolamine to make PC)
and CBS (Zhou et al., 2017b). Additionally, enhanced Met supply
during the periparturient period was observed to increase mRNA
and protein abundance of enzymes related to GSH metabolism
in subcutaneous adipose tissue, suggesting greater activation of
those pathways (Liang et al.,, 2019a). A greater dietary supply of
choline did not change the mRNA abundance of BHMT and MTR
in cows (Zhou et al., 2017b).

A positive effect of Met supplementation on mammary gland
antioxidant mechanisms was observed by Han et al. (2018);
mRNA abundance of GPX1, GCLC, glutamate cysteine ligase (GCL)
modifier subunit, malic enzyme 1, ferrochelatase and ferritin
heavy chain 1, and genes involved in GSH and iron metabolism
were upregulated. Protein abundance of phosphorylated
nuclear factor erythroid 2-like-2 (NFE2L2):total NFE2L2 was also
increased (Han et al., 2018). NFE2L2is a regulator of transcription
of antioxidant genes; hence, an increase in phosphorylated
NFE2L2 suggested greater activation of antioxidant systems
and is likely one of the mechanisms behind the changes in
mRNA abundance. Lastly, across studies, there has also been
a consistent improvement in the concentrations of plasma
biomarkers of liver function such as increases in paraoxonase
and cholesterol with RPM (Osorio et al., 2014b; Zhou et al., 2016a;
Batistel et al., 2018), which is likely linked to the reduction in
inflammation and oxidative stress. Thus, the consistent changes
across studies in metabolites and plasma biomarkers, as well
as mRNA abundance across tissues, indicate that enhanced Met
supply during the periparturient period reduces oxidative stress
and inflammation. However, more work is needed to verify the
exact mechanisms behind the observed changes.
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Enhanced post-ruminal supply in the form of RPM during the
periparturient period has been associated with improvements
in immune cell function. When RPM was provided for 21 d
prepartum and 30 d postpartum, whole blood neutrophil
phagocytosis was increased compared with control cows at 21
d postpartum (Osorio et al., 2013). In the study by Zhou et al.
(2016c¢), RPM supplementation from day -21 prepartum to day
30 postpartum increased neutrophil phagocytosis capacity
and oxidative burst activity (Zhou et al.,, 2016a). This same
improvement in neutrophil immune function was observed
when RPM was supplied from day -28 prepartum to day 60
postpartum (Batistel et al., 2018). Furthermore, an increase in
the proliferative ability of peripheral blood T lymphocytes was
observed when RPM was supplemented to mid-lactation cows
(Soder and Holden, 1999).

Zhou et al. (2018b) isolated polymorphonuclear leukocytes
(PMNL) and observed lower abundance of genes related to
inflammation (IL1B, TLR2, NF-xB, and STAT3) and oxidative
stress (CBS, GPX1, glutathione synthase [GSS], and SOD2) as
well as an increase in plasma taurine with supplemental Met,
suggesting a better redox and inflammatory status of those
cells. Additionally, those same cows were used for an ex vivo
whole blood challenge with lipopolysaccharide (LPS) to further
investigate immune cell responses. During this challenge, a

Table 2. Summary of additional beneficial effects of feeding RPM
during the transition period and early lactation

Biomarker Response'? Site Biological function
Metabolism
Carnitine 1 Liver p-oxidation of fatty
acids
Cholesterol " Plasma Lipoprotein
metabolism
One-carbon metabolism
Cystathionine 1 Liver Antioxidant
beta-synthase synthesis
activity
Cystathionine 1 Plasma H,S biosynthesis,
redox status
Cystine 1 Plasma Redox status
Homocysteine 1 Plasma Methylation
reactions
Inflammation
IL-1beta 1 Plasma Pro-inflammatory
cytokine
Haptoglobin W Plasma Inflammation
signal
Albumin 1 Plasma Acute-phase
response
Oxidative stress
ROM /| Plasma Peroxides,
superoxide,
OH-radicals
GSH I Liver, blood Antioxidant
Taurine /1 Plasma Antioxidant
Antioxidant /1 Plasma Total antioxidants
capacity in blood
Paraoxonase " Plasma Antioxidant
enzyme

11, beneficial increase; |, beneficial decrease; <, no change in
concentration.

?Relative to a control or rumen-protected choline supplemented
diet (Osorio et al., 2014b; Zhou et al., 2016a; Sun et al., 2016; Batistel
et al., 2018); Vailati-Riboni et al., 2019).

hyper-response in IL-1f was observed around parturition, which
likely arose from oxidative stress (Vailati-Riboni et al., 2017).
However, RPM supplementation dampened this hyper-response,
likely through improvements in oxidative stress (Vailati-Riboni
etal., 2017).

The recent work by Lopreiato et al. (2019) investigated the
effects of incubating bovine PMNL with Met and/or choline
and observed that supplemental Met coupled with adequate
choline enhanced gene expression of TLR2 and L-selectin
(SELL), which are pathogen recognition mechanisms. In the
same experiment, cells incubated without choline had greater
mRNA abundance of IL1B, IL6, IL10, and myeloperoxidase
(MPO), glutathione reductase (GSR), GSS, cystathionine gamma-
lyase (CTH), and cysteine sulfinic acid decarboxylase (CSAD),
indicating greater inflammation and oxidative stress; this
effect, however, was ameliorated by supplementing additional
Met (Lopreiato et al., 2019). Thus, the increased DMI and milk
production observed when feeding RPM can be partly explained
by a reduction in inflammation as it directly (at the hepatic
level and by dampening the immune cell overresponse) and
indirectly (reducing oxidative stress) decreases circulating pro-
inflammatory cytokines.

Enhanced Met supply during the periparturient period
has also been associated with changes in MTOR signaling.
MTOR is a serine/threonine kinase that plays a central role in
integrating environmental cues from growth factors, nutrients
(particularly AA), and energy (Powell et al., 2012). In dairy cattle,
MTOR has traditionally been studied in the context of its role in
regulating protein synthesis; however, work from humans and
nonruminant species has indicated that MTOR is an important
regulator of immune responses (Powell et al., 2012; Jones and
Pearce, 2017). When activated by AA, MTOR directs an activation
of anabolic metabolism, which allows growth, proliferation, and
development. This makes the activation of MTOR in immune
cells particularly important for maintaining proliferation and
without proper activation, cells may enter periods of growth
arrest (Jones and Pearce, 2017). Methionine specifically may
interact with MTOR via the production of SAM. Specifically, SAM
can bind to S-adenosylmethionine sensor upstream of MTOR
(SAMTOR), a protein that inhibits MTOR complex 1 (MTORC1)
by interacting with GTPase-activating protein activity towards
Rags 1 (GATOR1) (Gu et al., 2017). When SAM binds to SAMTOR,
it inhibits the association of SAMTOR and GATOR1, allowing
MTORC1 to be activated (Gu et al., 2017).

To our knowledge, there is only one study investigating
the expression of MTOR signaling proteins in immune cells in
dairy cattle, and work is also lacking in nonruminant species.
In periparturient cows, the activation of AKT/MTOR signaling
in immune cells was reduced postpartum compared with
prepartum (Mann et al., 2018). Importantly, Agrawal et al. (2017)
also identified the expression of AA transporters and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways related
to 1-carbon metabolism and MTOR in PMNL from peripartal
cows. A list of these transporters and KEGG pathways related
to AA and 1-carbon metabolism are summarized in Table 3.
Together, these studies support the potential importance of AA
for nutrient signaling in immune cells.

Recent work indicating that enhanced Met supply activates
MTOR signaling in the mammary gland supports its role in
enhancing protein synthesis. For example, in vitro, enhancing
Met supply to immortalized bovine mammary epithelial
cells (BMEC) by varying the ratio of Lys to Met increased the
concentration and utilization of essential AA, particularly
branched-chain AA (BCAA; Dong et al, 2018). This change



was potentially mediated by alterations in AA transporters
controlled by MTOR (Dong et al., 2018). Other studies with BMEC
have also revealed a potential for greater MTOR activation when
Met supply is enhanced (Nan et al., 2014; Sala ma et al., 2019).
In vivo, the effects of supplemental Met during the
periparturient period on MTOR signaling were explored using
cows from the study by Batistel et al. (2017). In the mammary
gland, cows receiving RPM had lower protein abundance of
total mTOR and phosphorylated MTOR (p-MTOR) compared
with control cows on day 21 postpartum, but the ratio of
p-MTOR:total MTOR was not different, suggesting that there
was no difference in MTOR activation between treatments (Ma
et al,, 2019). However, changes in AA transporters and insulin
signaling indicated that insulin sensitivity of the mammary
gland was enhanced with supplemental Met (Ma et al., 2019). In
subcutaneous adipose tissue, the mRNA and protein abundance
of some AA transporters and p-MTOR were upregulated with
enhanced Met supply, while changes in insulin signaling and
plasma glucose also indicated that Met helped improve insulin
sensitivity (Liang et al., 2019b). Thus, enhancing Met supply
during the periparturient period may lead to MTOR activation
in immune cells, as well as improved nutrient uptake, which
could help to support proliferation and development. Additional
work in ruminants and nonruminants is needed to understand
whether Met modulates MTOR signaling in immune cells.

Cysteine

Cysteine can be synthesized endogenously from homocysteine
(as described earlier) and is needed to synthesize GSH and
taurine. GSH is synthesized via two enzymes, GCL and GSS
(Lushchak, 2012). To synthesize taurine, cysteine sulfinic acid is
first synthesized from cysteine by cysteine dioxygenase and can
then be utilized by CSAD to produce taurine (Park et al., 2017).
Dietary Cys has been explored as a way to improve health in
nonruminant species and humans under a variety of conditions,
including type-2 diabetes, cardiovascular disease, and liver
disease to name a few (Yin et al.,, 2016). Across these studies,
increased dietary Cys increased the concentrations of taurine
and GSH, helping reduce oxidative stress as well as decrease
the concentrations of proinflammatory cytokines (Yin et al,,
2016). Work with rodents and humans has also identified Cys
as a limiting factor for growth and proliferation of lymphocytes
(Sikalidis, 2015). However, to our knowledge, there are no
published studies with dairy cows investigating the role of Cys
supply on oxidative stress and immune function. In growing
pigs, stimulation of the immune system with LPS has recently
been observed to increase GSH synthesis and plasma Cys flux
(Rakhshandeh et al., 2019), indicating that there is an increased
need for Cys during periods of immune activation. In a similar
study with growing pigs, immune activation by LPS was also
observed to increase the amount of dietary Cys needed (Litvak
etal., 2013). In dairy cows, plasma concentrations of cystine were
decreased around parturition, while taurine and GSH increased
(Zhou et al., 2017c). Together, these data suggest that the need
for Cys may also be increased in dairy cattle during periods of
immune activation such as the periparturient period.

Arginine

Arginine (Arg) can be synthesized from citrulline in nearly
all cell types via arginosuccinate synthase and lyase (Wu and
Morris, 1998). One of the pathways of Arg catabolism is the
arginase pathway, which produces polyamines (Wu et al., 2009).
In this pathway, decarboxylated SAM is needed to synthesize
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two polyamines, spermidine and spermine (Wu et al., 2009),
providing a link between Met and Arg metabolism. The
polyamines that are produced in Arg catabolism are involved in
cell proliferation and death, DNA replication, and can activate
toll-like receptors (TLR) that detect microbes and activate innate
immunity (Handa et al., 2018). One of the other major pathways
of Arg catabolism is in the production of nitric oxide (NO) via

Table 3. Nutrient transporters and KEGG pathways related to AA
and 1-carbon metabolism detected in dairy cow immune cells via
transcriptomics analysis (Agrawal et al., 2017; Mann et al., 2018)

Transporter and gene symbol KEGG pathways

Neutral AA (SLC1A4) Metabolic pathways
Neutral AA (SLC1AS5) Nucleotide metabolism
Glu/Asp (SLC1A6) Energy metabolism
Heavy chain AA (SLC3A2) Carbohydrate metabolism

Taurine (SLC6A6)
Gly (SLC6A9)
Branched-chain and aromatic

Amino acid metabolism
Immune-related pathways
NO and ROS production in

AA (SLC7A5) macrophages
Dibasic and neutral AA (SLC7A6)  iNOS signaling
Neutral AA (SLC7A7) Acute-phase response signaling
Branched-chain and aromatic Genetic information processing
AA (SLC7A8)
His, di-, and tri-peptides Transcription
(SLC15A4)
Trp, Pro, and Ala (SLC36A4) Translation
Neutral AA (SLC38A1) Folding, sorting, and
degradation
Neutral AA (SLC38A2) Replication and repair

Gln, His, Asn, and Ala (SLC38A3) Organismal systems

Sodium-dependent AA Immune system
(SLC38A6)

Glu. Gln, His, Ser, Ala, and Asn
(SLC38A7)

Sodium-dependent AA, Ala, Gln, Cellular processes
Glu, and Asp (SLC38A10)

Neutral AA (SLC43A1)

Sodium-independent, Leu, Phe,
Val, and Met (SLC43A2)

Glucose, galactose, mannose
(SLC2A1)

Glucose, galactose, mannose,
maltose (SLC2A3)

Glucose/fructose (SLC2A4)

Glucose (SLC2A6)

Glucose and fructose (SLC2A8)

Glucose (SLC2A10)

Glucose cotransporter
(SLC2A13)

Glucose, fructose, and mannose
(SLC5A9)

Long-chain fatty acid (SLC27A1)

Long-chain fatty acid (SLC27A2)

( )
( )

Endocrine system

Cell growth and death
Cell communication

Cell transport and catabolism

Long-chain fatty acid (SLC27A3
Long-chain fatty acid (SLC27A4
Carnitine (SLC22A5)

Thiamine (SLC19A2)

Choline (SLC44A1)

Choline (SLC44A2)

Choline (SLC44A4)

Betaine (SLC6A12)

Folate (SLC19A1)

Multivitamin (SLC5A6)
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nitric oxide synthase (NOS) (Wu et al., 2009). There are three
isoforms of NOS: NOS1, NOS2 or inducible NOS (iNOS), and NOS3
(Wu et al., 2009). All three of these forms of NOS are sensitive
to Arg concentrations, but most pertinent to this review is
iNOS, which can be activated by cytokines and is particularly
important in immune cells where it is used to kill pathogens
and promotes their proliferation (Bogdan, 2015). The availability
of nutrients such as glucose and AA to immune cells can be
regulated by Arg through its role as a secretagogue for insulin,
growth hormone, prolactin, and insulin-like growth factor 1
(Newsholme et al., 2005). Additionally, Arg can activate MTOR
by binding to cytosolic arginine sensor for mTORC1 subunit
1 (Chantranupong et al., 2016). As described earlier, MTOR is
an important regulator of immune cell responses, providing
another link between Arg and immune cell function.

During periods of inflammation and immune system
activation, Arg catabolism is increased, while supplies are
decreased (Flynn et al., 2002). When the immune system of sheep
was activated by an infusion of LPS, the plasma concentrations
of Arg decreased (Hoskin et al., 2016; McNeil et al., 2016). Infusion
with LPS in sheep also increased both net hepatic removal of Arg
and net total splanchnic appearance of Arg (McNeil et al., 2016).
Thus, despite Arg being synthesized endogenously, it is critical
to provide it via diet to maintain production and health.

In nonruminants, there is evidence that enhanced Arg
supply attenuates inflammation and enhances immune
function during periods of infection such as an LPS challenge,
for example, in weaned pigs (Zhu et al., 2013), broiler chickens
(Tan et al., 2014), fish (Jiang et al., 2015), and mice (Calkins et al.,
2001). However, to date, there are no studies in periparturient
dairy cows investigating the potential effects of enhanced
dietary Arg supply on immune function and oxidative stress.
Evidence of the beneficial role for Arg in dairy cows was first
reported in a study with BMEC incubated with or without
LPS and treated with or without Arg (Wu et al., 2016); Arg
attenuated the inflammatory response induced by LPS by
reducing the abundance of NF-xB and decreasing the secretion
of IL-6, IL-1f, and TNF-a, while also enhancing MTOR signaling
(Wu et al., 2016). It is noteworthy that after 12 h of incubation,
the abundance of iNOS and NO content in BMEC was lower
with Arg, further suggesting that it may be able to alleviate
inflammatory injury during LPS-induced inflammation (Wu
et al., 2016). While this change would be unexpected due to
Arg fueling NO production, it has previously been observed in
rodent and human cells that supplying NO either exogenously
via NO donors or synthesized endogenously can downregulate
iNOS abundance through a negative feedback loop (Griscavage
et al,, 1993; Hinz et al., 2000). Furthermore, in human microglial
cells NO inhibited LPS-induced iNOS abundance (Colasanti
et al., 1995). Thus, despite the lower concentration of NO and
abundance of iNOS, it is possible that in the experiment of Wu
et al. (2016), the concentrations of NO increased due to Arg
supplementation during the LPS challenge.

In an in vivo study, mid-lactation cows received jugular
infusions of Argalone and/or LPS and Arg alleviated LPS-triggered
inflammation by decreasing IL-6, iNOS, and LPS-binding protein
(Zhao et al., 2018a). Compared with cows challenged with LPS,
Arg attenuated the drop in DMI associated with LPS, while also
numerically increasing milk yield (Zhao et al., 2018a). Infusions of
Arg to dairy cows during an LPS infusion also increased the total
antioxidant capacity and activity of GPX, while malondialdehyde
concentrations were decreased, indicating an improvement in
antioxidant mechanisms (Zhao et al., 2018b). Thus, supplying
Arg during periods of inflammation and oxidative stress, such as

the periparturient period, may be a viable option to help support
immune and antioxidant responses.

Heat stress is also known to induce inflammation and
reduce immune function (Bradford et al., 2015). These responses
have been observed to be associated with changes at the
transcriptome level in immune cells. Contreras-jodar et al. (2018)
exposed lactating dairy goats to chronic heat stress and detected
a downregulation in the abundance of genes associated with
hematopoiesis, leukocyte diapedesis, and lipid metabolism in
whole blood cells, while nucleotide metabolism was activated.
These changes provided a mechanistic link between heat stress
and its reduction in immune function. When Arg was supplied to
heat-stressed BMEC, mammary cell proliferation was increased
and there was an increase in the abundance of genes related to
transcription and translation (Sala ma et al., 2019). Thus, it is
possible that providing AA, such as Arg, could help to alter these
responses to heat stress in immune cells.

Vicini et al. (1988) performed abomasal and intravenous
infusions of Arg in lactating cows and observed an increase
in somatotropin, prolactin, insulin, and placental lactogen
compared with cows receiving infusions of saline. Furthermore,
work with BMEC has also shown that enhanced Arg supply
upregulated mRNA abundance of MTOR and the signaling
proteins STAT 5, and ribosomal protein S6 kinase and Janus
kinase 2, suggesting greater activation of MTOR signaling
(Wang et al., 2014). While these studies did not directly examine
immune function or oxidative stress, these observed responses
under “non-stressful” conditions may help to promote a better
response to an immune challenge. More studies are needed
that specifically examine immune responses and whether
changes observed in BMEC correspond to changes in immune
cell mRNA abundance. Overall, available data suggest that
Arg supplementation during the periparturient period may be
beneficial to promote production, reduce inflammation, and
enhance immune function.

Glutamine and glutamate

Glutamine (Gln) and glutamate (Glu) are two nonessential AA
whose metabolism is interrelated due to the ability of Gln to
be catabolized via glutaminolysis (Newsholme et al., 1999). Gln
has a variety of roles beyond protein synthesis: it is a precursor
of purines and pyrimidines, it is needed for NO and cytokine
production, lymphocyte cell division, production of NADPH
for superoxide production in macrophages, and it may also be
one of the main sources of fuel for immune cells (Yassad et al.,
1997; Newsholme et al., 1999; Furukawa et al., 2000). The fact
that purines and pyrimidines are essential for cell proliferation
renders GIn supply critical for immune cells. Glutamine has also
been observed to protect neutrophils from events associated
with triggering and executing apoptosis (Pithon-Curi et al., 2003).
Lastly, Gln is well known as a modulator of the transcription and
production of cytokines and transcription of genes responsible
for heat shock proteins and respiratory burst (see reviews
by Newsholme (2001) and Curi et al. (2007)). Because of these
critical roles related to promoting immune function, the uptake
of GIn by immune cells and tissues increases during the periods
of immune challenge (Holtenius et al., 2004).

Glu is needed for the conversion of cysteine to y-glutamyl
cysteine during the synthesis of GSH (Wu et al.,, 2004) and
is also used by glutamate dehydrogenase to synthesize
alpha ketoglutarate. Furthermore, Glu is also needed for the
synthesis of gamma-aminobutyrate, the primary inhibitory
neurotransmitter (Newsholme et al., 2003). In immune cells,
Glu is needed for AA transamination, NADPH production,



and is a precursor for ornithine (Newsholme et al., 2003).
Ornithine, as mentioned in a previous section, is needed for the
synthesis of polyamines, underscoring the potential role of Glu
in promoting cell proliferation and division. Lastly, work with
alanine-serine-cysteine transporter 2 (ASCT2), a transporter
of GIn, has indicated an important role of Gln and Glu with
regard to oxidative stress and inflammation, particularly during
cancer (Liu et al., 2018). For example, in a study with human
gastric cancer cells, knockdown for ASCT2 reduced Gln uptake
and GSH production, increased the concentration of reactive
oxygen species (ROS), and induced apoptosis (Wang et al., 2019).
Together, these functions of Gln and Glu point at their role in
reducing oxidative stress and inflammation and promoting
energy metabolism and proliferation in immune cells.

To our knowledge, the effects of GIn on immune cell function
and oxidative stress in dairy cows during the periparturient
period have not been studied. However, several studies have
observed that circulating concentrations of Gln decrease during
the periparturient period (Doepel et al., 2006; Zhou et al., 2017c),
likely due to a combination of the increased metabolic demands
and the transient inflammatory-like status that occurs.
Thus, increasing the supply of Gln during the periparturient
period may be beneficial for improving immune function and
antioxidant responses to reduce inflammation and the risk
of disease in early lactation. Intravenous infusions of Gln in
dairy cows at three doses (0, 106, or 212 g/d) starting 1 d post-
calving for 7 d decreased plasma haptoglobin concentrations
while increasing LPS-binding protein and SAA (Jafari et al.,
2006). While there were no changes in DMI or milk yield with
Gln, the changes in APP suggested a potential priming effect of
Gln; however, the mechanisms behind these effects could not
be determined (Jafari et al., 2006). In a recent study, supplying
rumen-protected Gln for the first 21 d postpartum seemed to
induce beneficial effects on health; total blood protein and
plasma albumin concentrations were increased while plasma
aspartate aminotransferase and milk somatic cell counts
decreased (Nemati et al., 2018). Additionally, abomasal infusions
of Gln during the first 21 d of lactation increased the abundance
of CD4 T-cells on day 4, suggesting a short-term improvement
in immunocompetence (Doepel et al., 2006). Gln also increased
the abundance of monocytes but did not alter T lymphocyte
proliferation, abundance of CD8 T-cells, DMI, or milk yields
(Doepel et al., 2006). Therefore, Gln may play a role in promoting
immune cell proliferation in dairy cattle.

With regard to Glu, there are no studies in periparturient dairy
cows investigating its effects on oxidative stress and immune
function. However, in weaned pigs, Glu supplementation
decreased plasma concentration of malondialdehyde during an
intraperitoneal challenge with hydrogen peroxide (Duan et al.,
2016). Similarly, in piglets challenged with deoxynivalenol (a
mycotoxin), Glu supplementation reduced oxidative stress and
attenuated the inhibition of MTOR signaling that was induced
by a mycotoxin challenge (Wu et al.,, 2014). Lin et al. (1999)
reported that dietary Glu enhanced lymphocyte proliferation
in rats recovering from a period of immunosuppression. In fish,
Glu supplementation during an LPS challenge reduced oxidative
damage in the intestine via increased GSH concentration and
increased activity of SOD, GPX, and GSR, while also reducing
mRNA abundance of cytokines and NF-«B p65 (Jiang et al., 2017).
Thus, there is potential for enhanced dietary Glu supply to elicit
beneficial effects, particularly on oxidative stress, in dairy cattle.

Histidine
Histidine (His) is another AA with a variety of roles related to
the immune system. One of the major routes of His catabolism
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is conversion to histamine via histidine decarboxylase
(Grohmann and Bronte, 2010). Histamine is a mediator of
inflammatory reactions that are produced by many immune
cells, including mast cells, basophils, macrophages, and T
lymphocytes, but can only be stored in mast cells and basophils
(Dy and Schneider, 2004). The effects of histamine include
increased dendritic cell migration, increased pro-inflammatory
cytokine production, and promotion of Th2 cell activity (Branco
et al., 2018). Trans-urocanic acid can also be made from His
and can be used to synthesize Glu, which can then be used
to synthesize alpha-ketoglutarate or GSH as described earlier
(Glinton et al., 2018). This renders His as a potentially important
in promoting energy metabolism and antioxidant responses.
Additionally, His has the ability to scavenge hydroxyl radicals
and singlet oxygen (Wade and Tucker, 1998), which is another
way that His may enhance antioxidant responses. Lastly, one
of the important functions of His is the synthesis of His-rich
glycoproteins. These proteins are abundant in plasma and are
involved in a variety of processes related to the immune system,
including clearance of antibody complexes, phagocytosis, and
cell migration and adhesion (Wakabayashi, 2013).

Most studies in dairy cows have focused on the supply of
His related to the changes in metabolizable protein and the
effects on production. However, in one study with late-lactating
cows receiving a mastitis challenge, a jugular injection of His
led to the lower antioxidant capacity of plasma from 6 to 12 h
after the induction of mastitis (Chaiyotwittayakun et al., 2002).
Unlike ruminants, there have been a number of studies in
nonruminants exploring the effects of His on immune response
and oxidative stress. In the gills of fish, His deficiency inhibited
NFE2L2 signaling, upregulated pro-inflammatory cytokines,
and reduced antioxidant capacity with less GSH and lower
antioxidant enzyme activity (Jiang et al., 2016). However, an
excess supply of dietary His resulted in similar effects with
an impairment of the structural integrity of the gills of fish
(iang et al., 2016). In broiler chickens, supplementation with
His increased the activity of GPX in plasma and SOD activity
of erythrocytes, suggesting an improvement in antioxidant
capacity (Kope¢ et al., 2013). Using mice, Andou et al. (2009)
induced colitis and observed a reduction histologic damage of
the colon and decreased TNF-a expression when dietary His
supply was enhanced. Additionally, in the same experiment, they
isolated mouse peritoneal macrophages and incubated them
with or without His and LPS; His attenuated the production of
TNF-a and IL-6 and the activation of NF-kB by LPS (Andou et al.,
2009). Together, these studies suggest a potential for enhanced
His supply to attenuate oxidative stress and inflammation. Due
to the potential pro-inflammatory effects of histamine, it would
be important to ascertain how much histamine is produced
in response to dietary His supply, and the potential effects of
increased histamine on immune responses.

BCAA: leucine, isoleucine, and valine

BCAA such as Leu, Ile, and Val play critical roles in the regulation
of energy homeostasis, nutrition metabolism, gut health,
immunity, and disease in humans and animals. As the most
abundant of essential AA, BCAA serve as substrates for the
synthesis of nitrogenous compounds, as well as signaling
molecules regulating the metabolism of glucose, lipid, and
protein synthesis, intestinal health, and immunity via special
signaling networks, especially phosphoinositide 3-kinase/
AKT/mammalian target of rapamycin (PI3K/AKT/mTOR) signal
pathway (Neinast et al., 2019). In mammals, the BCAAs are
initially transaminated by branched-chain aminotransferases
(BCAT) to form branched-chain a-ketoacids (BCKA), representing
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the first step of BCAA catabolism. The last step of BCAA
catabolism provides carbon skeletons that are either lost as CO,
or enter the TCA cycle.

Interest on the effects of AA on immune function is
continuously growing and little is known about the impact of
changes in BCAA availability on immune system functionality
both in ruminants and in nonruminants. However, in human
studies, it has been reported that immune cells incorporate
BCAA into proteins; incorporation of Ile is the greatest into
lymphocytes, followed by eosinophils and then neutrophils
(Skaper et al., 1976), which implies cell-specific differences in
protein-synthetic rates and in the types of proteins synthetized.
BCAA deficiency is known to impair innate immune function
in mammals due to a shortage of lymphocytes and white blood
cells, which increases susceptibility to pathogens (Ma et al.,
2018); however, this has primarily been studied in monogastric
species. In cirrhotic patients, the supplementation of BCAA
led to a restoration of host defense mechanisms such as the
phagocytic function of neutrophils and natural killer cell activity
(Nakamura, 2014). In addition, BCAAs have been observed to
stimulate IgA secretion to enhance the mucosal surface defense
in monogastric species and can also inhibit pathogen invasion
into the lamina propria to improve host immunity (Ma et al.,
2018). Studies in rodents reported that the amount of BCAA in
the diet can affect killer-cell activities, mainly those involved
in the elimination of virus or tumor cells. Thus, both human
and rodent studies have been able to enlighten the relationship
between BCAA availability and the immune function response
with similar outcomes (Jose and Good, 1973; Petro and
Bhattacharjee, 1981; Tsukishiro et al., 2000; Bassit et al., 2002).

Leucine regulates the immune system mainly through
the MTOR signaling pathway. As already described in this
review (see the Methionine section), MTOR plays a key role in
linking the development of immune response, the surrounding
environment, and cellular metabolism (Powell et al., 2012),
regulating the innate and adaptive immune responses and also
several immune functions such as promoting differentiation,
activation, and functioninT cells, B cells, and antigen-presenting
cells. Particularly in T cells, a primary role of MTOR signalingis to
sense and integrate for Th1 and Th17 differentiation from native
T cells upon T cell receptor engagement (Lo et al., 2014). For
instance, supplying Leu (40 mg/mL) to mice enhanced protective
immunity against mucosal infection with herpes simplex virus
type 1 (Uyangaa et al., 2012). In grass carp (Ctenopharyngodon
idella), it has also been demonstrated that deficiency of Leu could
impair immune status, upregulate pro-inflammatory cytokines,
and downregulate anti-inflammatory cytokines of grass carp
by the NF-kB and MTOR signaling pathways (Deng et al., 2016).
These effects were reversed by optimum Leu supplementation
(Deng et al., 2016).

In contrast to Leu, Ile has a strong correlation with the
excretion of B-defensin. Indeed, 25 or 50 pg/mL Ile increases
the mRNA and protein expressions of f-defensin 1, 2, and 3
in intestinal porcine enterocyte J2 cell line (Mao et al., 2013).
Furthermore, in mice infected with tuberculosis, treatment with
250 pg of intratracheal L-Ile every 48 h induced a significant
increase of p-defensins 3 and 4 associated with decreased
bacillary loads and tissue damage (Rivas-Santiago et al., 2011).

Regarding the effect of Val, several studies underscored a
regulatory effect of this AA on immune function pathways. In
fact, Val supplementation improved dendritic cell function in
cirrhotic patients (Kakazu et al., 2007), whereas a deficiency of
Valin fish led to decreased growth and intestinal immune status
by increasing pro-inflammatory cytokines (IL-8 and TNF-o0) and

decreasing anti-inflammatory cytokines (IL-10 and TGF-B1),
which might be caused by changes in the NF-kB and MTOR
signaling pathways (Luo et al., 2014). However, it is noteworthy
that some studies reported the little effect of Val on innate or
adaptive immunity in broilers (Thornton et al., 2006).

Nutritional modulation of intestinal health represents a novel
approach for disease control and prevention, especially in those
animals (particularly piglets and young calves) with the high
risk of disorders when facing the transition from a nutritional
phase to another (e.g., weaning). Supplementing BCAA (0.1% L-
Leu, 0.34% L-Val, and 0.19% L-Ile) in a protein-restricted diet (17%)
was shown to improve intestinal immune defense functions
with an increase of intestinal immunoglobulins (IgA and sIgA)
in weaned piglets (Ren et al., 2015).

There is one study in dairy cattle investigating the potential
for rumen-protected BCAA supplementation during the
transition period to alter nutrient signaling and inflammatory
responses (Mann et al., 2018). However, no measurable effects
of BCAA on the AKT and MTOR signaling pathway or cytokine
mRNA expression were detected (Mann et al., 2018). Although
still unclear, overall, these studies support the use of BCAA in
improving health and preventing infectious diseases in animals
and humans by regulating the immune system. In our opinion,
the similar responses reported for laboratory (rodents) and
nonruminant livestock underscore the need for studies with
dairy cows involving the use of BCAA during the periparturient
period.

Glycine and serine

Gly and Ser are two nonessential AA whose metabolism is
interconnected due to their ability to be interconverted. Serine is
derived endogenously from glucose and Glu (Wang et al., 2013),
while Gly can be synthesized from several precursors, including
Ser, Thr, and choline (Wang et al., 2013). Serine is converted to
Gly via the enzyme serine hydroxymethyltransferase (SHMT)
using tetrahydrofolate. This reaction is reversible and also
represents a route of catabolism of both Gly and Ser.

The functions of Gly include protein synthesis, bile acid
conjugation, purine synthesis, and heme synthesis (Wang et al.,
2013). With relation to immune cells, Gly is needed for Gly-gated
chloride channels in leukocytes and macrophages; the activation
of these channels by Gly reduces cellular calcium, which is
needed for the production of cytokines and superoxide, leading
to potential anti-inflammatory effects (Zhong et al., 2003). Its
need for purine synthesis also underscores the importance of
Gly for promoting cell proliferation and differentiation. Glycine
also plays a role in regulating oxidative stress due to its need for
GSH synthesis; it is combined with y-glutamylcysteine to GSH
via GSS (Chen et al., 2013).

While the effects of Gly on immune function and oxidative
stress have not been widely studied in ruminant species, it
has been investigated as a therapeutic agent in nonruminant
species and humans. In LPS-stimulated macrophages from rats,
Gly activated Gly-gated chloride channels to reduce the influx of
calcium ion, thereby blunting the production of IL-1, superoxide,
and TNF-a (Wheeler and Thurman, 1999). Additionally, in rat
lymphocytes stimulated with anti-CD3 antibody, Gly supply did
not alter the production of IL-2, but by attenuating the increase in
calcium levels it inhibited proliferation; however, the latter was
a dose-dependent effect (Stachlewitz et al., 2000). In chickens
treated with LPS, a deficiency of dietary Gly was associated with
impaired immune responses (Konashi et al., 2000). Furthermore,
in rats, feeding diet containing Gly improved survival to an
endotoxin shock (lethal injections of LPS) through a reduction



in TNF-a and a reduction in liver damage (Ikejima et al., 1996).
Glycine has also been observed to help ameliorate metabolic
syndrome in obesity and diabetes, with growing evidence that
Gly supplementation may have therapeutic benefits through
improving insulin sensitivity, enhancing antioxidant capacity,
and reducing pro-inflammatory cytokines (reviewed previously
by Wang et al., 2013). For example, when sucrose feeding was
used to induce insulin resistance, rats supplemented with
Gly had improved insulin sensitivity and increased hepatic
concentrations of GSH, Cys, and vy-glutamylcysteine, which
could help reduce oxidative stress (El-Hafidi et al., 2018).

Besides its need for protein synthesis and synthesis of Gly,
Ser is catabolized in the production of Cys; Ser is needed by CBS
to convert homocysteine to cystathionine (Zhu et al., 2018). This
function gives Ser a role in promoting the entry of homocysteine
into the transsulfuration pathway to enhance GSH and
taurine production. Serine is also utilized in the production
of phosphatidylserine, ceramide, and glucose (Li et al., 2007).
This is important in terms of immune function since glucose
is a major fuel of lymphocytes and macrophages (Newsholme
et al., 1999). Additionally, in the conversion of Ser to Gly,
tetrahydrofolate is converted to methylene-tetrahydrofolate,
which is subsequently used to make methyl-tetrahydrofolate.
The use of tetrahydrofolate in this reaction gives Ser a role
in fueling the folate cycle, to provide methyl groups for the
remethylation of homocysteine to Met via MTR (Figure 1).

In mouse and human T cells, Ser has been identified as
an essential metabolite, with Ser metabolism being rapidly
increased upon activation to supply glycine and maintain
1-carbon metabolism to support proliferation (Ma et al., 2017).
Furthermore, restriction of Ser impairs pathogen-driven
expansion of T cells (Ma et al,, 2017), and in broiler chickens,
there is also evidence that dietary restriction of Ser reduces
immune responses (Konashi et al., 2000). In humans, stimulation
of immune cells increased sharply the activity of SHMT just
before a rise in cell number (Thorndike et al., 1979), hence,
underscoring both the importance of this enzyme and the
increased need of Ser during an immune response. Additionally,
when lymphocytes are cultured with Ser, apoptosis was reduced,
while cell growth and antibody production were stimulated
(Duval et al.,, 1991; Fran¢k and Srdmkova, 1996). In mice, Ser
supplementation attenuated the effects of oxidative stress
induced by treatment with diquat, a bipyridyl herbicide which
generates ROS, by supporting GSH synthesis and the methionine
cycle (Zhou et al, 2017a). In the same experiment, mouse
hepatocytes were cultured with diquat and Ser alone, or with
diquat and Ser, while CBS was inhibited via RNA interference.
Compared with incubation with diquat and Ser alone, when CBS
was inhibited, Ser supply did not alleviate oxidative stress and
GSH synthesis was inhibited, indicating that the effects of Ser
on oxidative stress are mediated by its promotion of CBS activity
(Zhou et al., 2017a). Additionally, in mice, Ser supplementation
helped reduce oxidative stress and steatosis induced by feeding
a high-fat diet through epigenetically modulating the abundance
of genes for GSH synthesis to promote synthesis and reduce ROS
(Zhou et al., 2018a).

Overall, studies in rodents and humans have indicated the
potential benefits of Gly and Ser supplementation with regard
to immune function and oxidative stress, with effects linked to
their involvement in 1-carbon metabolism. While studies are
lacking in both nonruminant and ruminant livestock species,
available data suggest that there may be potential benefits in
livestock species as well when the dietary supply of Gly or Ser
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are enhanced. Thus, future studies on the effects of these two
AA in both ruminant and nonruminant species are encouraged.

Threonine

Outside of protein synthesis, Thr is another essential AA with
a link to 1-carbon metabolism, through its role as a precursor
for Gly as described earlier. By promoting Gly synthesis, Thr
may alter GSH synthesis as well as exert effects on immune
function. Threonine can also be catabolized via Thr dehydratase
to a-ketobutyrate, which can subsequently be used to produce
propionyl-CoA and fuel the TCA cycle (House et al.,, 2001).
Additionally, Thr is needed for mucin (Corfield, 2015) and
immunoglobulin synthesis (Li et al., 2007). While mucin is a
component of the mucus that covers many of the surfaces in the
body, much of the research with Thr have focused on the effects
of Thr in promoting gut health (Ruth and Field, 2013). This is
partly due to evidence that Thr has a high retention rate in the
intestine, suggesting an important role there (Stoll et al., 1998).
In fact, dietary Thr restriction has been observed to decrease
mucin synthesis, particularly in the intestine, in a variety of
species (Faure et al., 2005; Law et al., 2007; Horn et al., 2009).

Studies on Thr in ruminants are lacking; however, there
have been studies in a variety of nonruminant species on the
effects of Thr on immune responses. In young pigs challenged
with Escherichia coli, increasing dietary Thr increased antibody
concentrations in serum and in the jejunal mucosa (Wang et al.,
2006). In fish (Megalobrama amblycephala) fed deficient, optimal
or excess amounts of Thr, the optimal amount increased
plasma immunoglobulin M, SOD, GPX, CAT and total iron
binding capacity (Habte-Tsion et al.,, 2016). Furthermore, in
the hepatopancreas of those fish, optimal dietary Thr not only
upregulated the expression of NFE2L2, CAT, SOD, and GPX1
but also upregulated TNF-o (Habte-Tsion et al., 2016). Similar
effects of optimal Thr on immune function and health were
also observed in the fish intestine in another study by the same
group (Habte-Tsion et al., 2015).

In broiler chicks challenged with feed withdrawal and a
coccidial vaccine, a Thr-deficient diet increased oocyst shedding,
impaired gut integrity, decreased immunoglobulin A production,
and reduced lymphocyte numbers in the cecum, suggesting
an important role of Thr in the response to vaccines (Zhang
et al., 2016). In growing pigs fed increasing levels of Thr, serum
immunoglobulin G increased, but there were no differences in
the circulating levels of Gly (Defa et al., 1999). Due to its use as
antigen in immunological tests to assess humoral immunity,
Defa et al. (1999) also injected bovine serum albumin (BSA) in
pigs prior to feeding increasing levels of Thr. They observed
that the enhanced supply of Thr increased concentration of
anti-BSA antibody 7 d after the injection of BSA, suggesting
an improvement in the humoral immune response. In another
study, Pekin ducks were fed graded levels of Thr from hatch to 21
d of age and were challenged with BSA on day 11; increasing Thr
improved mucin-2 gene expression in the ileum on day 21 and
increased serum immunoglobulin A concentration; however,
there were no effects of Thr on the response to BSA (Bi et al,,
2018). Additionally, when feeding laying hens low crude protein
diets, Thr was observed to have beneficial effects on immune
responses, decreasing ileal expression of IL-2, IL-6, and IL-1f
and increasing mucin-2 gene expression (Azzam et al., 2017).
Lastly, in one study with dairy calves, adding three levels of Thr
to milk replacer for 5 wk did not improve average daily gains
or efficiency, but no measures of immune function or oxidative
stress were measured in this study (Hill et al., 2008).
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intestinal immune responses in nonruminant species. However,
more work is needed in ruminant species to understand the
effects of Thr on intestinal immune responses. Work in both



ruminants and nonruminants on the potential regulation of
oxidative stress by Thr is also encouraged.

AA and Dairy Galves

Calves are characterized by an immune system with a slow
development process, including functions such as phagocytosis
and respiratory burst, which requires several weeks to months to
reach a mature state (Kampen etal., 2006). Thus, itis worth noting
that AA may have beneficial effects on calf health as well. In a
recent study from our laboratory (Alharthi et al., unpublished),
we detected the abundance of various AA transporters, AKT
and MTOR in PMNL isolated from whole blood at birth (before
colostrum), 21, 42 (weaning), and 50 d of age (Figure 3). The
abundance of AA transporters changed over time, with solute
carrier family 1 member 1 (SLC1A1) and solute carrier family 1
member 5 (SLC1A5) decreasing from birth to 21 d of age, while
solute carrier family 38 member 11 and solute carrier family 43
member 2 increased over time. Importantly, these calves were
all born to multiparous dams that were fed the same diet during
the last 45 d of gestation. Of particular interest are the changes
in SLC1A1 and SLC1A5; SLC1Al is a transporter of Glu, while
SLC1AS (also known as ASCT2) is a transporter of Gln. Therefore,
the fact that the expression of these two transporters is greatest
in PMN at birth suggests a reliance on Gln and Glu for their
roles in promoting immune function and reducing oxidative
stress as described earlier. Furthermore, we speculate that the
decrease in SLC1A1 and SLC1AS5 over time indicates a reduction
in the reliance of calf PMN on Gln and Glu. This change is likely
due to the greater dietary supply of these and other AA as the
calf grows and the rumen becomes functional. Thus, changes
in the expression of AA transporters are likely indicative of the
developing immune system of calves and the importance of AA
for their function. Additionally, the detection of AKT and MTOR
also suggests that AA and their signaling pathways play a role
in the regulation of immune function in neonatal calves. While
more work is needed to understand the mechanisms behind
changing the expression of AA transporters and signaling over
time, these data suggest that AA supply during late pregnancy
or during the preweaning period may alter immune function
and oxidative stress to help improve calf health and reduce
stress during the neonatal and weaning periods.

With regard to maternal AA supply and calf development, a
nutritional strategy that our group has been investigating is the
enhancement of maternal Met supply during the last 3 to 4 wk
prepartum. Throughout the preweaning period, calves born to
dams supplemented with RPM during late gestation had greater
in vitro neutrophil phagocytosis, suggesting a priming effect
of maternal Met supplementation on calf immune function
(Alharthi et al., 2019b). Maternal Met supply also increased
the hepatic activity of CBS and the concentrations of taurine
compared with control calves, suggesting a greater flux of the
transsulfuration pathways and a better antioxidant response
with maternal Met supply (Alharthi et al., 2019a). Additionally, in
another study, maternal Met supply during late gestation led to
lower expression of TNF-a and MPO in PMNL at birth, while TLR2,
NOS 2, and cell adhesion molecule 1 were lower throughout the
preweaning period (Jacometo et al., 2018). During a whole blood
challenge with LPS, a lower basal concentration of IL-1f was
detected in RPM calves (Jacometo et al., 2018), indicating that
Met attenuates the proinflammatory response and confirming
data obtained from Vailati-Riboni et al. (2017) in peripartal dairy
cows. Lastly, there were also changes in blood biomarkers with
maternal Met, such as lower ROM, MPO, and ceruloplasmin, that
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suggested a lower oxidative stress and better health status of
those calves compared with controls (Jacometo et al., 2016).
Thus, maternal Met supply during late gestation may enhance
calf immune function and antioxidant responses during the
preweaning period.

When looking at the preweaning period, there is limited
information on the effects of supplemental AA on dairy calf
immune function and oxidative stress. However, Hill et al. (2008)
reported that Lys and Met are limiting AA for the newborn
animal. On this basis, to improve calf performance, it is crucial
to supplement milk protein-based milk replacers with those
AA, particularly Met. As detailed earlier, it is often reported the
great involvement of Met to drive the regulation of the immune
system of periparturient cows. Methionine has also been
linked with the regulation of monocytes and neutrophils in
dairy calves. Abdelmegeid et al. (2017) supplied Met to isolated
PMNL from neonatal calves and observed a modulatory effect
of Met on decreasing the expression of NF-xB1, TNF-a, IL-10, and
SELL, indicating that Met supply during the preweaning period
may reduce inflammation and promote immune function.
Furthermore, the enhanced supply of Met to bovine neonatal
hepatocytes decreased mRNA abundance of BHMT and MTR,
suggesting less remethylation of homocysteine to Met (Chandler
and White, 2017), which could increase the flux of homocysteine
to the transsulfuration pathway for antioxidant synthesis.
Additionally, Fligger et al. (1997) provided supplemental Arg
in colostrum and then in milk replacer for the first 4 wk of
age, while also immunizing calves against keyhole limpet
hemocyanin (KLH). While calves receiving Arg had increased
average daily gain, they had lower total and KLH-specific
immunoglobulins in plasma, as well as decreased circulating
leukocytes (Fligger et al., 1997). While this suggests a potential
decrease in adaptive immune responses, no measures of NO
production, phagocytosis, or oxidative burst were performed to
better asses innate or antioxidant responses.

Glutamine has also been observed to be beneficial in
calves that were weaned at 41 d of age; intravenous infusions
of Gln increased CD2* and CD4* lymphocytes and the ratio of
CD4*:CD8* lymphocytes, as well as serum concentrations of
immunoglobulins A and G (Zhou et al., 2012). Similarly, infusing
three doses of Gln to dairy calves for 2 wk following weaning
quadratically increased the abundance of CD4+ cells, monocytes,
and the ratio of CD4*:CD8* (Hu et al., 2013). Thus, while more
work is needed, available data suggest that enhanced AA supply
to dairy calves may promote a better basal inflammatory status
(e.g., lower pro-inflammatory signaling), which could greatly
help these animals that possess an underdeveloped immunity,
especially in a period of high susceptibility to environmental
pathogens (i.e., the postnatal stage).

Conclusions

In addition to their need for protein synthesis, AA serve as
functional nutrients with a variety of roles in regulating key
metabolic and immunological pathways such as one-carbon
metabolism. These unique functions render the modulation
of dietary AA supply during periods of stress such as the
periparturient and preweaning periods a viable option for
reducing oxidative stress and improving immune function. The
data supporting the use of supplemental AA, particularly Met,
Arg, and GlIn, to enhance immune function and antioxidant
responses during the periparturient period are strong.
However, there is a paucity of information on the molecular
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mechanisms by which AA may alter immune responses in
dairy cattle. To understand these mechanisms and their
benefits to the animal, a systems biology approach will be
needed, combining production data with high-throughput
“omics” techniques such as transcriptomics, proteomics,
and metabolomics. The development of robust “protection”
technologies that limit the ruminal metabolism of the target
AA, but allow high bioavailability in the small intestine, will
also be key to furthering this research. Emphasis on nutritional
programming, either during pregnancy or early life, is
continuing to grow in the dairy industry, with evidence that
maternal supply of nutrients (including AA) plays an important
role in modulating calf growth and development. While
alterations in maternal Met supply during late-gestation have
been shown to alter dairy calf growth and immune response,
more work is needed to uncover the effects of other AA and the
underlying mechanisms. Integrating nutritional programming
research with periparturient cow research in the context of
functional AA will be key as we seek to offer diets that are
formulated for the dual purpose of promoting the health and
performance of both cow and calf.
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