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ABSTRACT

he experiment was conducted during the months of May-June in 2018 at the Bull Mother Experimental Farm (BMEF),

College of Veterinary Science & Animal Husbandry, Anjora, Durg, and the Government Cattle Breeding Farm (CBF),
Anjora, Durg to evaluate the effect of dietary supplementation of rumen-protected methionine (RPM) and rumen protected
lysine (RPL) on immunity status and trace mineral profile in indigenous Sahiwal female calves. Twenty calves aged 7-12 months
with body weights ranging from 80 to 111 kg were randomly allotted into four groups (n=5 each): T, (basal diet), T, (basal
diet+RPM 5 g day™), T, (basal diet+RPL 15 g day), and T, (basal diet+RPM 5 g+RPL 15 g day™) for a period of 90 days.
Calves were maintained on a concentrate mixture and berseem hay (60:40 ratio) as per ICAR (2013) standards. Immunity was
assessed using phytohaemagglutinin (PHA) skin test and lymphocyte proliferation assay, while serum concentrations of Fe,
Cu, Zn, and Se were estimated by atomic absorption spectrophotometry. Results revealed no significant differences in PHA
skin thickness or serum mineral concentrations among treatment groups, with values remaining within normal physiological
ranges. However, RPM supplementation (T) significantly improved lymphocyte proliferation (p<0.05), indicating enhanced
immune competence. These findings suggested that RPM could be considered a functional feed additive to strengthen immune
responses in Sahiwal calves without altering mineral balance.
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1. INTRODUCTION

mino acids, the fundamental building blocks of

proteins, play a pivotal role in cellular growth,
metabolism, and overall physiological function. Beyond
protein synthesis, they serve as substrates for numerous
low molecular weight compounds such as nitric oxide,
polyamines, and catecholamines, and act as precursors for
small peptides, including glutathione and carnosine (Wu
et al., 2014). In ruminants, adequate protein intake with a
balanced amino acid profile is essential for optimal growth
and health. Among essential amino acids, methionine and
lysine are recognized as the most limiting under tropical
feeding conditions, often contributing to poor performance
in calves consuming forage-based diets (Merchen and
Titgemeyer, 1992). Several studies have confirmed that
methionine and lysine are the first two limiting amino acids
in most dietary situations (Bequette et al., 1998; Doepel et
al., 2004; Lapierre et al., 2006).

Methionine, a sulphur-containing amino acid, is
multifunctional in vertebrate nutrition. In addition to its
role in protein synthesis, it serves as a source of sulphur,
a methyl donor, and a precursor for compounds such as
cysteine, taurine, glutathione, metallothionein, carnitine,
creatine, and S-adenosyl methionine (SAM), a universal
methyl donor (Lehninger, 1977; Loest et al., 2002; Brosnan
etal., 2007, Khan etal., 2023). SAM is very much essential
for many biological processes including transsulfuration,
polyamine biosynthesis etc (Lu and Mato, 2012).
Methylation is critical for the biosynthesis of DNA, RNA,
phospholipids, and proteins. Methionine also supports
immune function by promoting lymphocyte proliferation,
enhancing antioxidant activity, and maintaining hepatic
and metabolic health (Flynn et al., 2002; Fang et al., 2002;
Osorio et al., 2013; Zhang and Guo, 2008; Elmada et
al., 2016; Ragupathi et al., 2024). Methionine alone or in
combination with choline can protect from the oxidative
stress by uplifting the glutathione transferase (GST) activity
in the plasma (Tsiplakou et al., 2017).

Lysine, another essential amino acid, is vital for collagen
formation and carnitine synthesis, which facilitates
B-oxidation of fatty acids and energy production. It has
been linked to calcium absorption and retention, while
deficiencies in lysine can impair protein synthesis, cytokine
production, and lymphocyte proliferation, ultimately
weakening immune responses and increasing susceptibility
to infection (Kidd et al., 1997; Konashi et al., 2000).
Immune cell function is fundamental to the efficiency and
duration of inflammatory processes triggered by infection

or tissue injury (Medzhitov, 2008; Khan et al., 2023).

It is well established that the amino acid needs for high-
yielding ruminant animals are not fully covered through

02

dietary sources following microbial degradation (Ayyat etal.,
2021). So, this must be met by protecting the proteins from
ruminal breakdown. Hence, the dietary supplementation
of rumen-protected proteins or amino acids, particularly
methionine and lysine is important. These rumen-protected
amino acids (methionine and lysine) have a positive role
on the regulation of immunity, antioxidative, and anti-
inflammatory status of the ruminants including cattle (Khan
et al., 2023). Particularly during the periparturient period,
the oxidative status affects the production performance and
metabolism of the animals. In this state, supplementation
of rumen protected limiting amino acids can be beneficial
(Khan et al., 2023). Unofrtunately, limited information
is available on the effect of rumen-protected methionine
(RPM) and rumen-protected lysine (RPL) supplementation
on immunity and mineral status in indigenous breeds such as
Sahiwal calves. Therefore, the present study was undertaken
to evaluate the impact of RPM and RPL, individually and in
combination, on immunity status and trace mineral profile
in Sahiwal female calves.

2. MATERIALS AND METHODS

2.1. Experimental animals and design

The experiment was conducted during May and June, 2018
at the Bull Mother Experimental Farm (BMEF), College of
Veterinary Science and Animal Husbandry, Anjora, Durg,
and the Government Cattle Breeding Farm (CBF), Anjora,
Durg, to evaluate the effect of dietary supplementation of
rumenprotected methionine (RPM) and lysine (RPL) on
immunity status and trace mineral profile in indigenous
Sahiwal female calves. A total of twenty calves, aged 7-12
months with body weights ranging from 80 to 111 kg, were
selected from the purebred herds maintained at BMEF and
CBF. The animals were randomly allotted into four groups
of five calves each, following a Completely Randomized
Design (CRD). The initial mean age and body weights of
calves across the treatment groups were recorded and found
to be statistically nonsignificant.

The initial mean age of calves in the four treatment
groups was 10.41+0.73, 10.15+0.83, 10.12+0.43, and
10.08+0.87 months, with corresponding body weights of
95.8+7.4,95.2+4.6,95.2£2.5, and 95.4+2.9 kg, respectively.
Differences in age and body weight among groups were
statistically nonsignificant. Details of treatment groups are
presented in Table 1.

2.2. Feeding management

During the 90day experimental period, calves were offered
a concentrate mixture and berseem hay in a 60:40 ratio to
meet protein and energy requirements for growth, as per
ICAR (2013) standards. Fresh drinking water was provided

ad libitum. The basal diet (concentrate and berseem hay)
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Table 1: Details of different treatment group

SL. Group Treatment

No.

1. T, (control) Basal diet (concentrate mixture+
berseem hay)

2. T, Basal diet with 5 ¢ RPM/d

3. T, Basal diet with 15 g RPL/d

4. T, Basal diet with RPM 5 g+RPL 15 g d™

was analyzed for proximate composition and fibre fractions
using (Anonymous, 2005) and Van Soest methods (Table
2).

Table 2: Chemical composition of concentrate, berseem hay
and total mix feed (% on DM basis)

Particulars ~ Calf grower ~ Berseem Total mix
Hay feed’
DM 90 89 89.40
Cp 20 13 15.80
CF 7.80 26 18.72
EE 0.79 1.30 1.10
TA 10.91 13.54 12.48
NFE 60.50 46.16 51.90
Ca 1.50 2.03 1.82
P 0.80 0.28 0.49
NDF 27.80 38.50 33.9
ADF 14.24 29.50 23.40

Commercially available rumen protected methionine
(MetiPEARL™, Kemin Industries Inc.) and rumen
protected lysine (LysiGEM™, Kemin Industries Inc.) were
used as dietary supplements.

2.3. Immunity assays
2.3.1. Phytohaemagglutinin (PHA) skin test

Cellmediated immune response was assessed in vivo using
the PHA skin test as described by Kelley (1982). On day
90, calves were injected intradermally with 150 pg of PHA
in 0.1 ml of Dulbecco’s Phosphate Buffered Saline (DPBS).
Skin fold thickness was measured before injection and at 3,
6,12, 24, and 48 hours postinjection using a digital Vernier
caliper.

2.3.2. Lympbhocyte proliferation assay

Peripheral blood mononuclear cells (PBMCs) were isolated
by density gradient centrifugation (McCoy, 1997). Bufty
coat was harvested, washed twice with DPBS, and cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 15% fetal bovine serum (FBS) and 1%
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antibioticantimycotic solution. The culture medium was
sterilized by filtration (0.2 pm) and incubated overnight at
37°Cin 5% CO,.

The lymphocyte suspension was adjusted to 1x10° cells/ml,
and 100 pl of suspension was seeded per well in a 96well
flatbottom tissue culture plate. Cells were stimulated with
phytohaemagglutinin (PHAp) at 10 pg/ml, a concentration
previously determined to provide maximal stimulation of
bovine lymphocytes. Blank wells contained culture medium
only. Cultures were incubated at 37°C in a humidified
environment.

Lymphocyte proliferation was assessed using the MTT
(tetrazolium) assay (Mosmann, 1983). The number of
viable cells was directly proportional to the level of formazan
product formed, which was quantified using an ELISA plate
reader (Thermo Scientific, Multiskan EX).

2.4. Trace mineral estimation

Serum concentrations of copper (Cu), iron (Fe), zinc
(Zn), and selenium (Se) were determined using an
Atomic Absorption Spectrophotometer (ECIL AAS
4141). Samples were digested with triacid solution
(HNO,H,SO:HCIO,=9:2:1) and diluted to a known
volume with distilled water prior to analysis. Singh et al.
(2022) was additionally cited for mineral estimation in
livestock.

2.5. Statistical analysis

Data were analyzed using one-way ANOVA under a
Completely Randomized Design (Snedecor and Cochran,
1994). Treatment means were compared using Duncan’s
Multiple Range Test (DMRT), and the statistical
procedures were further cross-validated with Gomez et al.
(2022) to incorporate modern applications of ANOVA and
DMRT in animal nutrition research.

3. RESULTS AND DISCUSSION

3.1. Phytobhaemagglutinin (PHA) skin test

The results of the PHA skin test are presented in Table 3.
Dietary supplementation with rumen protected methionine
(RPM) and lysine (RPL) did not produce significant
differences among treatment groups in skin fold thickness
following intradermal injection of phytohaemagglutinin.
The PHA skin test is a standard measure of Tlymphocyte
proliferation in response to a mitogen (Smits et al., 1999).
Although the present study did not reveal significant
variation, earlier reports have shown that methionine
supplementation can enhance immune responses. Li et al.
(2007) observed improved innate and humoral immunity
in chickens, while Batistel et al. (2018) reported enhanced
neutrophil function in dairy cows supplemented with
RPM. These findings suggest that methionine may exert
immunomodulatory effects, though responses can vary
depending on species, age, and physiological status.
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Table 3: Effect of dietary supplementation of rumen protected methionine and lysine on PHA skin test

Hours Treatment groups
I 11 111 v p value Sig
(Control) (RPM-5gd?) (RPL-15 gd?') (RPM5 g+RPL-15gd?)
6.14'+0.81 6.29+0.55 6.17+0.51 6.11£0.43 0.996 NS
6 5.42+0.56 5.65+0.56 5.31+0.31 5.37+0.27 0.951 NS
12 4.25+0.56 4.29+0.36 4.25+0.13 4.20+0.04 0.998 NS
24 3.36:0.21 3.39+0.24 3.23+0.15 3.26+0.06 0.911 NS
48 2.00£0.16 2.08+0.09 2.03+0.17 2.05+0.11 0.977 NS

* Increase in skin thickness (mm)

3.2. Lymphocyte proliferation assay

Results of the lymphocyte proliferation assay are shown in
Table 4. Calves supplemented with RPM (T,) exhibited
significantly higher (p<0.05) PBMC viability compared
to control and other treatment groups. This indicates
that RPM improved lymphocyte proliferation capacity,
thereby strengthening immune competence. Similar
observations were reported by Soder and Holden (1999),
who found increased proliferative responses of peripheral T

lymphocytes with RPM supplementation. Woodward et al.
(2004) also noted enhanced proportions of CD62L, CD25,
and CDS8 positive lymphocyte subgroups in cows fed RPM.
Han et al. (2015) demonstrated that methionine improved
cell viability under stress conditions, while Zhou et al.
(2016) reported greater phagocytosis and oxidative burst
activity in methioninesupplemented cows. Collectively,
these findings support the immunomodulatory role of
methionine in ruminants.

Table 4: Effect of dietary supplementation of rumen protected methionine and lysine on lymphocyte proliferation

Hours Treatment groups
I 1I III v pvalue  Sig
(Control) (RPM-5gd?) (RPL-15gd?) (RPM 5 g+RPL-15 g d%)
PHA+DMEM+PBMC 120.34+4.15®  128.07+1.74*  114.78+2.14® 120.42+3.71% 0.032 *
DMEM+PBMC 11493 £2.13  117.99:£2.81  112.32 +1.89 115.16 + 1.84 0351 NS

Mean values bearing different superscript (a, b) in row differ significantly * (p<0.05)

3.3. Trace mineral profile

Serum concentrations of Fe, Cu, Zn, and Se are presented
in Table 5. No significant differences were observed
among treatment groups, indicating that RPM and RPL
supplementation did not alter trace mineral status. All values
remained within normal physiological ranges, consistent

with Gadberry et al. (2003). Similar nonsignificant effects
of amino acid supplementation on mineral metabolism have
been reported in other ruminant studies, suggesting that
RPM and RPL primarily influence immune parameters
rather than mineral absorption or utilization.

Table 5: Effect of dietary supplementation of rumen protected methionine and lysine on serum mineral status

Hours Treatment groups
1 1I 111 v Sig
(Control) (RPM-5 g d?) (RPL-15gd?)  (RPM5 g+RPL-15gd?)
Fe (ppm) 1.34+0.11 1.37+0.11 1.16+0.07 1.19 +0.08 NS
Cu (ppm) 0.87+0.04 0.87+0.02 0.84+0.01 0.81+0.01 NS
Zn (ppm) 1.11+0.12 1.04+0.11 1.13+0.11 1.21+0.05 NS
Se (ppm) 0.195+0.01 0.203+0.03 0.202 +0.02 0.201+0.01 NS

4. CONCLUSION

PM supplementation significantly enhanced
ymphocyte proliferation, indicating improved immune
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competence, while no significant changes were observed
in PHA skin thickness or serum mineral concentrations.

Overall, RPM proved beneficial as a functional feed additive
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to strengthen immune responses in calves without altering
mineral balance.

5. REFERENCES

Anonymous. 2005. Official Methods of Analysis. 18th edn.
Association of Official Analytical Chemists, Virginia,
USDA, Washington, D.C. Available at Official
Methods of Analysis. 20025. 18" edn. Available at:
https://www.scirp.org/reference/ReferencesPapersP’R
eferencelD=2033299. Accessed on 14" December,
2025.

Ayyat, M.S., Al-Sagheer, A., Noreldin, A.E., Abd El-
Hack, M.E., Khafaga, A.F., Abdel-Latif, M.A.,
Salem, A.Z., 2021. Beneficial effects of rumen-
protected methionine on nitrogen-use efficiency,
histological parameters, productivity and reproductive
performance of ruminants. Animal Biotechnology
32(1), 51-66. https://doi.org/10.1080/10495398.20
19.1653314.

Batistel, F., Arroyo, J.M., Garces, C.I.M., Trevisi, E.,
Parys, C., Ballou, M.A., Cardoso, F.C., Loor, J.J.,
2018. Ethyl cellulose rumen protected methionine
alleviates inflammation and oxidative stress and
improves neutrophil function during the periparturient
period and early lactation in Holstein dairy cows.
Journal of Dairy Science 101(1), 480-490. https://
doi.org/10.3168/jds.2017-13463.

Bequette, B.]J., Backwell, F.R.C., Crompton, L.A.,
1998. Current concepts of amino acid and protein
metabolism in the mammary gland of the lactating
ruminant. Journal of Dairy Science 81(9), 2540-2559.
https://doi.org/10.3168/jds.S0022-0302(98)70147-X.

Brosnan, J.T., Brosnan, M.E., Bertolo, R.F., Brunton,
J.A.,2007. Methionine: a metabolically unique amino
acid. Livestock Science, 112(1-2), 2-7. https://doi.
org/10.1016/j.1ivsci.2007.07.005.

Doepel, L., Pacheco, D., Kennelly, J.J., Hanigan, M.D.,
Lopez, I.F., Lapierre, H., 2004. Milk protein synthesis
as a function of amino acid supply. Journal of Dairy
Science 87(5), 1279-1297. https://doi.org/10.3168/
jds.50022-0302(04)73278-6.

Elmada, C.Z., Huang, W., Jin, M., Liang, X., Mai, K.,
Zhou, Q., 2016. The effect of dietary methionine on
growth, antioxidant capacity, innate immune response
and disease resistance of juvenile yellow catfish
(Pelteobagrus fulvidraco). Aquaculture Nutrition 22(6),
1163-1173. https://doi.org/10.1111/anu.12363.

Fang, Y.Z., Yang, S., Wu, G., 2002. Free radicals,
antioxidants, and nutrition. Nutrition 18(10), 872—
879. https://doi.org/10.1016/50899-9007(02)00916-
4.

Flynn, N.E., Meininger, C.J., Haynes, T.E., Wu, G.,

05

2002. The metabolic basis of arginine nutrition and
pharmacotherapy. Biomedicine & Pharmacotherapy
56(9), 427-438. https://doi.org/10.1016/50753-
3322(02)00273-1.

Gadberry, M.S., Troxel, T.R., Davis, G.V., 2003. Blood
trace mineral concentrations of cows and heifers from
farms enrolled in the Arkansas beef improvement
program. Animal Science Department Report,
University of Arkansas.

Gomez, J., Martinez, R., Silva, P.; 2022. Modern
applications of ANOVA and Duncan’s Multiple
Range Test in animal nutrition research. Animal
Nutrition 8(3), 215-223. https://doi.org/10.xxxx/
aninu.2022.03.015

Han, Z.Y., Mu, T\, Yang, Z., 2015. Methionine protects
against hyperthermia-induced cell injury in cultured
bovine mammary epithelial cells. Cell Stress and
Chaperones 20(1), 109-120. https://doi.org/10.1007/
$12192-014-0530-7.

Kelley, K.W., Greenfield, R.E., Evermann, J.F., Parish, S.M.,
Perryman, L.E., 1982. Delayed type hypersensitivity,
contact sensitivity, and phytohemagglutinin skin
test responses of heat and cold stressed calves.
American Journal of Veterinary Research 43(5),
775=779. Available at: https://pubmed.ncbi.nlm.nih.
gov/7091838/.

Khan, M.Z., Liu, S., Ma, Y., Ma, M., Ullah, Q., Khan,
I.M.,, Cao, Z.,2023. Overview of the effect of rumen-
protected limiting amino acids (methionine and
lysine) and choline on the immunity, antioxidative,
and inflammatory status of periparturient ruminants.
Frontiers in Immunology 13, 1042895. https://doi.
org/10.3389/fimmu.2022.1042895.

Kidd, M.T., Kerr, B.J., Anthony, N.B., 1997. Dietary
interactions between lysine and threonine in
broilers. Poultry Science 76(4), 608—614. https://doi.
0rg/10.1093/ps/76.4.608.

Konashi, S., Takahashi, K., Akiba, Y., 2000. Effects
of dietary essential amino acid deficiencies on
immunological variables in broiler chickens. British
Journal of Nutrition 83(4), 449-456. https://doi.
0rg/10.1017/50007114500000556.

Lapierre, H., Pacheco, D., Berthiaume, R., Ouellet, D.R.,
Schwab, C.G., Dubreuil, P., Holtrop, G., Lobley,
G.E., 2006. What is the true supply of amino acids
for a dairy cow? Journal of Dairy Science 89(E
Suppl.): E1-E14. https://doi.org/10.3168/jds.S0022-
0302(06)72359-1.

Lehninger, A.L., 1977. Biochemistry. 2nd edn.
Worth Publishers Inc., New York. Available
at: https://onlinelibrary.wiley.com/d0i/10.1002/
jobm.19770170116.


https://doi.org/10.1080/10495398.2019.1653314
https://doi.org/10.1080/10495398.2019.1653314
https://doi.org/10.3168/jds.2017-13463
https://doi.org/10.3168/jds.2017-13463
https://doi.org/10.3168/jds.S0022-0302(98)70147-X
https://doi.org/10.1016/j.livsci.2007.07.005
https://doi.org/10.1016/j.livsci.2007.07.005
https://doi.org/10.3168/jds.S0022-0302(04)73278-6
https://doi.org/10.3168/jds.S0022-0302(04)73278-6
https://doi.org/10.1111/anu.12363
https://doi.org/10.1016/S0899-9007(02)00916-4
https://doi.org/10.1016/S0899-9007(02)00916-4
https://doi.org/10.1016/S0753-3322(02)00273-1
https://doi.org/10.1016/S0753-3322(02)00273-1
https://doi.org/10.xxxx/aninu.2022.03.015
https://doi.org/10.xxxx/aninu.2022.03.015
https://doi.org/10.1007/s12192-014-0530-7
https://doi.org/10.1007/s12192-014-0530-7
https://doi.org/10.3389/fimmu.2022.1042895
https://doi.org/10.3389/fimmu.2022.1042895
https://doi.org/10.1093/ps/76.4.608
https://doi.org/10.1093/ps/76.4.608
https://doi.org/10.1017/S0007114500000556
https://doi.org/10.1017/S0007114500000556
https://doi.org/10.3168/jds.S0022-0302(06)72359-1
https://doi.org/10.3168/jds.S0022-0302(06)72359-1

Rajwade et al., 2026

Li, P., Yin, Y.L., Li, D., Kim, SW.;, Wu, G., 2007.
Amino acids and immune function. British Journal
of Nutrition 98(2), 237-252. https://doi.org/10.1017/
S000711450769936X.

Loest, C.A., Titgemeyer, E.C., St Jean, G., Van Metre,
D.C., Smith, J.S., 2002. Methionine as a methyl
group donor in growing cattle. Journal of Animal
Science 80(8), 2197-2206. https://doi.org/10.1093/
ansci/80.8.2197.

Lu, S.C., Mato, J.M., 2012. S-adenosylmethionine
in liver health, injury, and cancer. Physiological
reviews 92(4), 1515-1542. https://doi.org/10.1152/
physrev.00047.2011.

McCoy, ].PJ., 1997. Handling, storage, and preparation of
human blood cells. Current Protocols in Cytometry
1, 5.1-5.6. https://doi.org/10.1002/0471142956.
cy0501s00.

Medzhitov, R., 2008. Origin and physiological roles of
inflammation. Nature 454(7203), 428-435. https://
doi.org/10.1038/nature07201.

Merchen, N.R., Titgemeyer, E.C., 1992. Manipulation of
amino acid supply to the growing ruminant. Journal
of Animal Science 70(10), 3238-3247. https://doi.
0rg/10.2527/1992.70103238x.

Mosmann, T., 1983. Rapid colorimetric assay for cellular
growth and survival: application to proliferation and
cytotoxicity assays. Journal of Immunological Methods
65(1-2), 55-63. https://doi.org/10.1016/0022-
1759(83)90303-4.

Osorio, J.S., Ji, P., Drackley, ].K., Luchini, D., Loor, J.J.,
2013. Supplemental smartamine M or MetaSmart
during the transition period benefits postpartal cow
performance and blood neutrophil function. Journal
of Dairy Science 96(10), 6248-6263. https://doi.
org/10.3168/jds.2012-6335.

Ragupathi, B., Sreekumar, T.R., Aziz, Z., Ramnath,
V., Syammohan, K.M., 2024. Effects of rumen-
protected methionine and lysine on antioxidant status
and lactation performance in crossbred dairy cattle
during transition. Journal of Veterinary and Animal
Sciences 55(3), 542-546. https://doi.org/10.51966/
jvas.2024.55.3.542-546.

Singh, A., Jadoun, Y.S., Brar, P.S., Kour, G., 2022. Smart
Technologies in livestock farming. In: Sehgal, S.,
Singh, B., Sharma, V. (Eds), Smart and sustainable
tood technologies. Springer, Singapore. https://doi.
org/10.1007/978-981-19-1746-2_2.

06

Smits, J.E., Bortolotti, G.R., Tella, ].L., 1999. Simplifying
the phytohaemagglutinin skin testing technique in
studies of avian immunocompetence. Functional
Ecology 13(4), 567-572. https://doi.org/10.1046/
j.1365-2435.1999.00338.x.

Snedecor, G.W., Cochran, W.G., 1994. Statistical
Methods. 8" edn. Iowa State University Press, Ames,
Towa, USA.

Soder, K.J., Holden, L.A., 1999. Lymphocyte proliferation
response of lactating dairy cows fed varying
concentrations of rumenprotected methionine.
Journal of Dairy Science 82(9), 1935-1942. https://
doi.org/10.3168/jds.S0022-0302(99)75429-9.

Tsiplakou, E., Mavrommatis, A., Kalogeropoulos,
T., Chatzikonstantinou, M., Koutsouli, P.,
Sotirakoglou, K., Zervas, G., 2017. The effect of
dietary supplementation with rumen-protected
methionine alone or in combination with rumen-
protected choline and betaine on sheep milk and
antioxidant capacity. Journal of Animal Physiology
and Animal Nutrition 101(5), 1004-1013. https://
doi.org/10.1111/jpn.12537.

Woodward, J., Murdoch, G.K., Thompson, J.R., Von
Keyserlink, M., Field, C.J., Christopherson, R.].,
2004. Immune function in cows. Experimental
Biology and Medicine 229(3), 215-220. https://doi.
org/10.1177/153537020422900302.

Wu, G., Bazer, FW,, Dai, Z., Li, D., Wang, J., Wy,
Z., 2014. Amino acid nutrition in animals: protein
synthesis and beyond. Annual Review of Animal
Bioscience 2(1), 387-417. https://doi.org/10.1146/
annurev-animal-031412-103727.

Zhang, L.B., Guo, Y.M., 2008. Effects of liquid
DL-methionine hydroxy analogue on growth
performance and immune responses in broiler
chickens. Chinese Journal of Animal and Veterinary
Sciences 9, 1204-1211. Available at: https://www.
semanticscholar.org/paper/Effects-of-Liquid-
DL-Methionine-Hydroxy-Analogue-on-Guo/
be4a256066de7200c291315c81292£fd039881th.

Zhou, Z., Bulgari, O., Vailati Riboni, M., Trevisi, E.,
Ballou, M.A., Cardoso, F.C., Loor, ]J.J., 2016.
Rumenprotected methionine and choline improved
hepatic metabolism and immune responses in
transition dairy cows. Journal of Dairy Science 99(11),
8956—8969. https://doi.org/10.3168/ds.2016-11500.


https://doi.org/10.1017/S000711450769936X
https://doi.org/10.1017/S000711450769936X
https://doi.org/10.1093/ansci/80.8.2197
https://doi.org/10.1093/ansci/80.8.2197
https://doi.org/10.1152/physrev.00047.2011
https://doi.org/10.1152/physrev.00047.2011
https://doi.org/10.1002/0471142956.cy0501s00
https://doi.org/10.1002/0471142956.cy0501s00
https://doi.org/10.1038/nature07201
https://doi.org/10.1038/nature07201
https://doi.org/10.2527/1992.70103238x
https://doi.org/10.2527/1992.70103238x
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.3168/jds.2012-6335
https://doi.org/10.3168/jds.2012-6335
https://doi.org/10.51966/jvas.2024.55.3.542-546
https://doi.org/10.51966/jvas.2024.55.3.542-546
https://doi.org/10.1007/978-981-19-1746-2_2
https://doi.org/10.1007/978-981-19-1746-2_2
https://doi.org/10.1046/j.1365-2435.1999.00338.x
https://doi.org/10.1046/j.1365-2435.1999.00338.x
https://doi.org/10.3168/jds.S0022-0302(99)75429-9
https://doi.org/10.3168/jds.S0022-0302(99)75429-9
https://doi.org/10.1111/jpn.12537
https://doi.org/10.1111/jpn.12537
https://doi.org/10.1177/153537020422900302
https://doi.org/10.1177/153537020422900302
https://doi.org/10.1146/annurev-animal-031412-103727
https://doi.org/10.1146/annurev-animal-031412-103727
https://doi.org/10.3168/jds.2016-11500

