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ABSTRACT 
THE EFFECTS OF ARGININE ON GENE EXPRESSION IN BOVINE MAMMARY 

AND LONGISSIMUS DORSI TISSUES

 

Madison K. Fox                                                                                             Advisor: 
University of Guelph, 2022                                                                           Professor John P. Cant 
 

The objective of this study was to determine effects of Arg supply on the expression of a 

select set of genes related to AA metabolism, vascular function, cellular regulation of protein 

synthesis, and cell differentiation and turnover between the mammary and longissimus dorsi 

tissues. Six rumen-cannulated, lactating Holstein cows were used in a replicated 3 × 3 Latin 

square design with 14-d periods. Treatments were continuous abomasal infusion that supplied 0 

(ARGx0), 49.2 (ARGx1), and 98.4 (ARGx2) g/d Arg in an otherwise complete AA mixture at 

1054 g/d. Arg appeared to support milk production and maintain the protein synthesis setpoint in 

the mammary glands through up-regulation of genes related to NEAA synthesis, AA transport, 

and protein synthesis regulators, whereas gene expression in muscle was consistent with an 

optimized response to Arg supply and supported the milk production setpoint by acting as a 

buffer to supply additional AA to the mammary glands. 

  



 

 
 

iii 

ACKNOWLEDGEMENTS 

To everyone who has supported me through my graduate studies, thank you for all your 

contributions, advice, and guidance through this amazing journey. I could not have done it 

without the help from all of you.  

To my advisor, Dr. John Cant, thank you for offering me this incredible opportunity and 

life experience. Learning from your expertise and knowledge on nutrition and metabolism has 

been invaluable. I am so grateful for having been able to work with and learn from you on this 

project. To my committee member, Dr. Lee-Anne Huber, thank you for your advice and help 

through the completion of my graduate degree. To Dr. Daniel Ouellet, my other committee 

member and mentor in Sherbrooke, merci beaucoup. Thank you for your guidance and support 

during my time in Sherbrooke and over the course of my graduate degree. It was such a pleasure 

to learn from you during the animal phase of the project.  

To the Agriculture and Agri-Food Canada team in Sherbrooke, merci beaucoup tout le 

monde. A big thank you to everyone who worked on this project, as it could not have happened 

without you. Thank you to Dr. Hélène Lapierre for her guidance during my time in Sherbrooke. 

Thank you to Marie-Éve Bouchard and all the barn staff for working very hard, caring for the 

cows, and collecting feed samples. Thank you to Danielle Bournival, Mario Léonard, and Lynda 

Marier for all your hard work in preparing for this project, collecting samples, teaching me 

different lab analyses, and support. I would also like to thank Dr. Eric Martineau for collecting 

the biopsy samples during the project.  

To my friends and everyone in the Cant Lab, thank you for all your support through my 

graduate degree and making life as a graduate student so enjoyable. I greatly appreciate all the 

chats, advice, and sharing of your experiences along the way. Dr. Julie Kim, thank you for all 



 

 
 

iv 

your help in lab and guidance on completing lab work. Your laboratory skills are impeccable and 

something I have always admired. Thank you to Boning Li for your help and chats in lab about 

PCR work. Thank you to the best roommate I have ever had and my dearest friend in 

Sherbrooke, Silvia Giorgi. I do not think I would have enjoyed my time in Sherbrooke as much if 

I had not met you and I cannot wait to come visit you in Italy.  

To my partner, Jacobus Jansen van Rensburg, thank you for supporting me, your 

encouragement, and for believing in me when I did not. Thank you to my Southern Ontario 

family, The Jansen van Rensburg’s, for their support, care, and encouragement. Lastly, thank 

you to my Thunder Bay family for supporting me on this adventure and always being a facetime 

away to listen to my progress and encouraging me through the challenging times.   



 

 
 

v 

TABLE OF CONTENTS 
 

ABSTRACT .................................................................................................................................... ii 
ACKNOWLEDGEMENTS ........................................................................................................... iii 
TABLE OF CONTENTS ................................................................................................................ v 
LIST OF TABLES ....................................................................................................................... viii 
LIST OF FIGURES ....................................................................................................................... ix 
LIST OF ABBREVIATIONS ......................................................................................................... x 
LIST OF APPENDICES ............................................................................................................... xv 
CHAPTER 1: GENERAL INTRODUCTION AND LITERATURE REVIEW ........................... 1 

GENERAL INTRODUCTION ................................................................................................... 1 
LITERATURE REVIEW ........................................................................................................... 2 

INTRODUCTION .................................................................................................................. 2 
PHYSIOLOGICAL FUNCTIONS OF ARGININE ............................................................... 6 

Arginine Metabolism .......................................................................................................... 6 
1. Production of Ornithine .......................................................................................... 6 
1a. Production of Putrescine and Other Polyamines ..................................................... 9 
1b. Production of Non-Essential Amino Acids ............................................................. 11 
2. Production of Citrulline ........................................................................................ 15 
2a. Citrulline Recycles back to Arginine ...................................................................... 17 
3. Production of Agmatine ........................................................................................ 18 
3a. Production of Putrescine from Agmatine ............................................................... 19 

Amino Acid Metabolism and Milk Protein Production .................................................... 19 
Nitrogen Metabolism ........................................................................................................ 22 
Energy Metabolism ........................................................................................................... 24 
Hormone Secretagogue ..................................................................................................... 27 
Reproduction and Growth ................................................................................................. 29 
Inflammation and Immune System Modulator ................................................................. 31 

NUTRIENT PARTITIONING ............................................................................................. 32 
Vascular Function ............................................................................................................. 32 
Amino Acid Transport and Uptake ................................................................................... 36 

Mammary Uptake .......................................................................................................... 39 
Muscle Uptake .............................................................................................................. 40 

CELLULAR REGULATION OF PROTEIN SYNTHESIS ................................................ 41 



 

 
 

vi 

Cellular Signaling and Transcription Regulation ............................................................. 41 
Mammalian Target of Rapamycin Complex 1 Pathway and Regulation ......................... 43 
Translation Regulation ...................................................................................................... 48 
Unfolded Protein Response Pathway ................................................................................ 50 

CELL CYCLE ...................................................................................................................... 53 
Cell Differentiation and Turnover .................................................................................... 53 
Production of Putrescine and Polyamines ......................................................................... 55 

RESEARCH RATIONALE AND OBJECTIVES .................................................................... 56 
CHAPTER 2: THE EFFECTS OF ARGININE ON GENE EXPRESSION IN BOVINE 
MAMMARY AND LONGISSIMUS DORSI TISSUES ............................................................. 57 

INTRODUCTION .................................................................................................................... 57 
MATERIALS AND METHODS .............................................................................................. 60 

Animals and Housing ............................................................................................................ 60 
Treatments ............................................................................................................................. 61 
Milk Sampling ...................................................................................................................... 63 
Tissue Biopsies ..................................................................................................................... 63 
Other Procedures ................................................................................................................... 63 
Post-Operative Care .............................................................................................................. 64 
RNA Isolation ....................................................................................................................... 64 
Primer Design and Evaluation .............................................................................................. 65 
Real-Time Quantitative PCR ................................................................................................ 69 
Statistical Analysis ................................................................................................................ 69 

RESULTS ................................................................................................................................. 70 
Body Weight, Dry Matter Intake, and Milk Yield ................................................................ 70 
Arterial Concentrations ......................................................................................................... 71 
mRNA Expression ................................................................................................................ 71 

Mammary .......................................................................................................................... 71 
Muscle ............................................................................................................................... 75 

DISCUSSION ........................................................................................................................... 80 
Arginine Increased Mammary Expression of Genes for NEAA Synthesis .......................... 80 
Arginine Up-Regulated Genes Involved in Mammary Vascular Function .......................... 82 
Arginine Modified Mammalian Target of Rapamycin Complex 1 Regulation .................... 83 
The Amino Acid Response was Stimulated in Mammary Tissue by Arg ............................ 86 
Mammary Cell Number Regulation was not Affected by Arg ............................................. 88 
Deficiency and Excess of Arg Produced Similar Transcriptotypes in Skeletal Muscle ....... 89 



 

 
 

vii 

Expression of Milk Proteins in the Muscle Tissue ............................................................... 91 
CONCLUSION ......................................................................................................................... 92 

CHAPTER 3: GENERAL DISCUSSION .................................................................................... 93 
REFERENCES ............................................................................................................................. 95 
APPENDICES ............................................................................................................................ 110 
 
  



 

 
 

viii 

LIST OF TABLES 

Table 1: Ingredient and nutrient analysis of total mixed ration (TMR) ........................................ 61 

Table 2: L-Amino acid infusion rates ........................................................................................... 62 

Table 3: Primer sequences for qPCR in Bos Taurus mammary and muscle tissues ..................... 66 

Table 4: Body weight, dry matter intake, and milk yield of lactating dairy cows (n = 6) receiving 

abomasal amino acid infusion and arginine treatment for 14 d1 ................................................... 71 

Table 5: Arterial plasma concentrations of nitrogenous metabolites in lactating dairy cows (n = 

6) receiving abomasal amino acid infusion and arginine treatment for 14 d1 .............................. 71 

Table 6: Mammary gene expression1 normalized to SRM and RHEB in lactating dairy cows (n = 

6) receiving abomasal amino acid infusion with the arginine treatments for 14-d2 ..................... 73 

Table 7: Muscle gene expression1 normalized to BCKDHA in lactating dairy cows (n =6) 

receiving abomasal amino acid infusion with the arginine treatments for 14-d2 .......................... 76 

 

  



 

 
 

ix 

LIST OF FIGURES 

Figure 1: Functions of arginine ....................................................................................................... 5 

Figure 2: Arginine metabolism ....................................................................................................... 7 

Figure 3: Urea cycle ...................................................................................................................... 23 

Figure 4: mTORC1 regulation pathway ....................................................................................... 44 

Figure 5: mTORC1 regulation on protein translation ................................................................... 49 

Figure 6: Unfolded protein response and amino acid response .................................................... 52 

Figure 7: The effect of arginine infusion on arginine metabolism ............................................... 81 

Figure 8: Arginine’s effect on mTORC1 regulation ..................................................................... 85 

Figure 9: The effect of arginine infusion on the unfolded protein response and amino acid 

response ......................................................................................................................................... 87 

Figure 10: The effects of arginine infusion on mTORC1 regulation of protein translation ......... 90 

 

  



 

 
 

x 

LIST OF ABBREVIATIONS 

List 1: General abbreviations  

AA: amino acid, 1 
AAFC: Agriculture and Agri-Food Canada, 60 
AAR: amino acid response, 86 
ABAL: γ-aminobutyraldehyde, 10 
ADMA: asymmetric dimethylarginine, 16 
ADP: adenosine diphosphate, 25 
Agm: agmatine, 6 
AMP: adenosine monophosphate, 25 
Arg: Arginine, 1 
ARS: argininosuccinate, 17 
ATF: activating transcription factors, 42 
ATP: adenosine triphosphate, 17 
BCAA: branch-chain amino acids, 8 
BCAT: branched-chain amino acid transaminase, 14 
BCKA: branched-chain α-keto acids, 26 
BCKD: branched-chain α-keto acid dehydrogenase, 27 
BMEC: bovine mammary epithelial cells, 8 
BW: body weight, 60 
C: carbon, 12 
Cit: citrulline, 6 
CO2: carbon dioxide, 6 
Cr: creatine, 5 
Cret: creatinine, 26 
DCAM: S-adenosylmethioninamine, 9 
DDAH: dimethylarginine dimethylaminohydrolase, 16 
DIM: days in milk, 60 
DMA: dimethylamine, 17 
DMI: dry matter intake, 4 
EAA: essential amino acid, 2 
eNOS: endothelial nitric oxide synthase, 15 
ER: endoplasmic reticulum, 35 
FA: fatty acids, 13 
FADH2: flavin adenine dinucleotide, 25 
Fum: fumarate, 17 
GA: guanidinoacetate, 26 
GABA: γ-amino-butyric acid, 10 
Glu-5-SA: Glu-5-semialdehyde, 12 
GTP: guanosine triphosphate, 25 
HKG: house keeping gene, 70 
iNOS: inducible nitric oxide synthase, 15 
Isc: isocitrate, 14 
L: linear, 70 
LPS: lipopolysaccharide lipase, 31 



 

 
 

xi 

MBF: mammary blood flow, 32 
MEC: mammary epithelial cells, 29 
MP: metabolizable protein, 1 
mTORC1: mammalian target of rapamycin complex 1, 11 
N: nitrogen, 1 
N1-ASPD: N1-acetyl-spermidine, 10 
N1-ASPM: N1-acetyl-spermine, 10 
NADH: nicotinamide adenine dinucleotide, 25 
NAG: N-acetylglutamate, 23 
NEAA: non-essential amino acid, 2 
NMMA: N-monomethylarginine, 16 
nNOS: neuronal nitric oxide synthase, 15 
NO: nitric oxide, 5 
NOHA: NG-hydroxy-L-arginine, 16 
NOS: nitric oxide synthase, 6 
Orn: ornithine, 6 
Oxa: oxaloacetate, 15 
P5C: pyrroline-5-carboxylate, 12 
P5CR: pyrroline-5-carboxylate reductase, 6 
PCr: phosphocreatine, 26 
Putr: putrescine, 6 
Q: quadratic, 70 
RDP: rumen-degradable protein, 19 
RIN: RNA integrity number, 65 
RT: reverse transcription, 65 
RUP: rumen-undegradable protein, 19 
SAM: S-adenosylmethionine, 9 
SDMA: symmetric dimethylarginine, 16 
SerRS: Ser tRNA, 43 
SI: small intestine, 12 
Spd: spermidine, 9 
Spm: spermine, 9 
Suc: succinate, 10 
TMR: total mixed ration, 60 
TSC complex: TSC1and TSC2 complex, 45 
UPR: unfolded protein response, 50 
α-KG: α-ketoglutarate, 25 
 
List 2: Gene and protein abbreviations  

ACACA/ACACA: acetyl-CoA carboxylase α, 43 
ADC/ADC: arginine decarboxylase, 6 
AGMAT/AGMAT: agmatinase, 6 
AKT1/AKT1: protein kinase B, 42 
ALDH4A1/P5CDh: pyrroline-5-carboxylate dehydrogenase, 6 
ALDH9A1/ALDH9A1: aldehyde dehydrogenase 9 family member A1, 10 



 

 
 

xii 

ALH18A1/P5CS: pyrroline-5-carboxylate synthetase, 12 
AMD1/AMD1: adenosylmethionine decarboxylase, 9 
ANGPT1/ANGPT1: angiopoietin 1, 34 
ANGPT2/ANGPT2: angiopoietin 2, 34 
AOC1/DAO: diamine oxidase, 10 
ARG1/ARG1: arginase 1, 6 
ARG2/ARG2: arginase 2, 8 
ASL/ASL: argininosuccinate lyase, 6 
ASNS/ASNS: asparagine synthetase, 6 
ASS1/ASS1: argininosuccinate synthetase, 6 
ATF4/ATF4: activating transcription factor 4, 52 
ATF6/ATF6: activating transcription factor 6, 51 
BAX/BAX: BCL2-associated X, apoptosis regulator, 54 
BCAT1/BCAT1: branched-chain amino acid transaminase 1, 26 
BCAT2/BCAT2: branched-chain amino acid transaminase 2, 26 
BCKDHA/BCKDHA: branched-chain α-keto acid dehydrogenase E1subunit α, 26 
BCKDK/BCKDK: branched-chain α-keto acid dehydrogenase kinase, 27 
BCL2/BCL2: BCL2 apoptosis regulator, 54 
BDKRB1/BDKRB1: bradykinin receptor B1, 36 
BDKRB2/BDKRB2: bradykinin receptor B2, 36 
BMT2/SAMTOR: base-methyltransferase of 25S RRNA 2 homolog, 11 
CAD/CAD: carbamoyl phosphate synthetase 2, 49 
CASP3/CASP3: caspase 3, 54 
CASTOR1/CASTOR1: cytosolic arginine sensor for mTORC1 subunit 1, 46 
CASTOR2/CASTOR2: cytosolic arginine sensor for mTORC1 subunit 1, 46 
CCND1/CCND1: cyclin D1, 53 
CK/CK: creatine kinase, 26 
CPS1/CPS1: carbamoyl phosphate synthetase 1, 22 
CSN1S1/CSN1S1: αS1-casein, 20 
CSN1S2/CSN1S2: αS2-casein, 20 
CSN2/CSN2: β-casein, 20 
CSN3/CSN3: κ-casein, 20 
DDAH1/DDAH1: dimethylarginine dimethylaminohydrolase 1, 16 
DDAH2/DDAH2: dimethylarginine dimethylaminohydrolase 2, 16 
DDIT3/CHOP: C/EBP-homologous protein, 51 
DDIT4/REDD1: regulated in DNA damage and development 1, 48 
DEPDC5/DEPDC5: GATOR1 complex protein DEP domain containing 5, 46 
DHPS/DHPS: deoxyhypusine synthase, 50 
DOHH/DOHH: deoxyhypusine hydroxylase, 50 
EEF2K/EEF2K: eukaryotic elongation factor 2 kinase, 49 
EIF2AK3/PERK: protein kinase RNA-like endoplasmic reticulum kinase, 51 
EIF2B/eIF2B: eukaryotic translation initiation factor 2B, 51 
EIF2S1/eIF2α: eukaryotic translation initiation factor 2 subunit α, 51 
EIF4B/EIF4B: eukaryotic translation initiation factor 4B, 49 
EIF4E/eIF4E: eukaryotic translation initiation factor 4E, 48 
EIF4EBP1/4EBP1: eukaryotic translation initiation factor 4E binding protein 1, 45 



 

 
 

xiii 

EIF4G/eIF4G: eukaryotic initiation factor 4G, 49 
EIF5A/EIF5A: eukaryotic translation initiation factor 5A, 50 
ERN1/IRE1α: inositol-requiring kinase, 51 
FASN/FASN: fatty acid synthase, 43 
FLT1/VEGFAR1: vascular endothelial growth factor A receptor 1, 35 
FOS/C-FOS: Fos proto-oncogene, 42 
GATM/AGAT: arginine; glycine amidinotransferase, 26 
GH1/GH: growth hormone, 27 
GLS/GLS: glutaminase, 14 
GLUD1/GLUD1: glutamate dehydrogenase, 25 
GLUL/GLUL: glutamine synthetase, 6 
GMAT/GMAT: guanidinoacetate N-methyltransferase, 26 
GOT2/GOT2: aspartate aminotransferase 2, 15 
HSPA5/BiP: heat shock protein family A5, 50 
IDH/IDH: isocitrate dehydrogenase, 14 
IGF1/IGF1: insulin-like growth factor 1, 27 
INS/INS: insulin, 25 
ITGB1/ITGB1: β1-integrin, 41 
JAK2/JAK2: janus kinase 2, 41 
JUN/C-JUN: Jun proto-oncogene, 42 
KDR/VEGFAR2: vascular endothelial growth factor A receptor 2, 35 
LALBA/LALBA: α-lactalbumin, 20 
LAMTOR4/LAMTOR4: late endosomal / lysosomal adaptor, MAPK, and mTOR activator 4, 47 
LGB/LGB: β-lactoglobulin, 20 
LPIN1/Lipin1: lipin 1, 43 
MAPK/MAPK: mitogen-activated protein kinase, 31 
MIOS/MIOS: meiosis regulator for oocyte development, 47 
MKI67/MKI67: marker of proliferation Ki-67, 53 
MTOR/MTOR: mammalian target of rapamycin, 45 
MYC/C-MYC: MYC proto-oncogene, 43 
NAGS/NAGS: N-acetylglutamate synthase, 23 
NFKB1/NFκB1: nuclear factor kappa B subunit 1, 17 
NOS1/NOS1: nitric oxide synthase 1, 15 
NOS2/NOS2: nitric oxide synthase 2, 15 
NOS3/NOS3: nitric oxide synthase 3, 15 
NOSTRIN/NOSTRIN: nitric oxide synthase trafficker, 33 
NPRL2/NPRL2: NPR2 like, GATOR1 complex subunit, 46 
NPRL3/NPRL3: NPR3 like, GATOR1 complex subunit, 46 
OAT/OAT: ornithine aminotransferase, 6 
OAZ2/OAZ2: ODC1-antizyme 2, 18 
ODC1/ODC1: ornithine decarboxylase 1, 6 
OTC/OTC: ornithine carbamoyltransferase, 12 
PAOX/PAOX: polyamine oxidase, 10 
PIK3R1/PI3K: phosphoinositide-3-kinase regulatory subunit 1, 42 
PPP1CA/PP1C: protein phosphate 1 catalytic subunit A, 52 
PPP1R15A/GADD34: growth arrest and DNA damage-inducible 34, 52 



 

 
 

xiv 

PRKAA11/AMPKα1: AMP-activated protein kinase, 25 
PRL/PRL: prolactin, 27 
PRLR/PRLR: prolactin receptor, 28 
PRMT1/PRMT1: protein arginine methyltransferase 1, 16 
PRMT2/PRMT2: protein arginine methyltransferase 2, 16 
PRODH/PRODH: proline dehydrogenase, 13 
PTGIS/PTGIS: prostacyclin synthase, 35 
PTGS1/COX1: mitochondrially encoded cytochrome C oxidase 1, 35 
PYCR1/P5CR1: pyrroline-5-carboxylate reductase 1, 13 
PYCR2/P5CR2: pyrroline-5-carboxylate reductase 2, 13 
PYCR3/P5CR3: pyrroline-5-carboxylate reductase 3, 14 
RARS1/RARS1: arginyl-tRNA synthetase-1, 50 
RHEB/RHEB: Ras homolog, 45 
RPS6/RPS6: 40S ribosomal protein S6, 49 
RPS6KB1/S6K1: ribosomal protein S6 kinase 1, 45 
RRAG(A,B,C,D)/RAG: Rag GTPase, 45 
SAT1/SAT1: spermidine/spermine N1-acetyltransferase 1, 9 
SAT2/SAT2: spermidine/spermine N1-acetyltransferase 2, 9 
SCD/FADS5: stearoyl-CoA desaturase, 43 
SEC13/SEC13: SEC13 homolog nuclear pore and COPII coat complex, 47 
SEH1L/SEH1L: SEH1 like nucleoporin, 47 
SESN2/SESN2: sestrin 2, 39 
SLC25A15/ORNT1: ornithine transporter 1, 24 
SLC38A2/SNAT2: sodium-coupled neutral amino acid transporter 2, 38 
SLC38A9/SNAT9: sodium-coupled neutral amino acid transporter 9, 38 
SLC3A2/SLC3A2: solute carrier family 3 member 2, 55 
SLC7A1/CAT1: cationic amino acid transporter 1, 36 
SLC7A2/CAT2: cationic amino acid transporter 2, 36 
SLC7A3/CAT3: cationic amino acid transporter 3, 36 
SLC7A5/LAT1: L-type amino acid transporter 1, 37 
SLC7A8/LAT2: L-type amino acid transporter 2, 38 
SMOX/SMOX: spermine oxidase, 9 
SMS/SMS: spermine synthase, 6 
SREBF1/SREBF1: sterol regulatory element binding transcription factor 1, 43 
SRM/SRM: spermidine synthase, 6 
STAT5A/STAT5A: signal transducer and activator of transcription 5A, 41 
STAT5B/STAT5B: signal transducer and activator of transcription 5B, 41 
TEK/TEK: TEK receptor tyrosine kinase / angiopoietin 1 receptor, 34 
TIE1/TIE1: tyrosine kinase with immunoglobulin like and EGF like domains 1, 34 
TSC1/TSC1: hamartin, 47 
ULK1/ATG1: autophagy-related protein 1 homolog, 45 
VEGFA/VEGFA: vascular endothelial growth factor A, 34 
WDR24/WDR24: GATOR2 complex protein WD repeat domain 24, 46 
WDR59/WDR59: WD repeat domain 59, 46 
WNT4/WNT-4: Wnt family member 4, 53 
XBP1/XBP1: X-box binding protein 1, 51 



 

 
 

xv 

LIST OF APPENDICES 

Appendix 1: Protocols ................................................................................................................. 110 
 

  



 
 

1 
 

CHAPTER 1: GENERAL INTRODUCTION AND LITERATURE REVIEW 

GENERAL INTRODUCTION 

The Canadian dairy industry strives to improve production efficiency and environmental 

sustainability without negatively impacting farm revenue and milk production yields. Protein is 

the most valuable component of milk, and research focused on optimizing protein production and 

increasing the conversion efficiency of dietary nutrients into milk is of great importance to the 

dairy industry. Daily milk protein production by a cow is influenced by many factors including 

hereditary genetic potential, environment, and nutrition. Discovering the role of nutrition in gene 

expression may unlock production benefits by improving ration formulation based on nutrient-

driven production triggers. Amino acids (AA) are one of many factors to influence gene 

expression. Therefore, developing a better understanding of the role of individual AA in protein 

synthesis and metabolism may improve production yields. Improving the AA composition of 

dairy cow rations to better match the nutritional requirements that stimulate beneficial gene 

expression can promote sustainable productivity and revenue for producers.  

High-producing dairy cows are often fed high protein diets to support production. 

However, this can lead to increased nitrogen (N) excretion. Reducing the N pollution emitted by 

the dairy industry is one goal that research targets. The N utilization efficiency may be enhanced 

by better matching the formulation of dietary protein supply to the requirements of AA and 

metabolizable protein (MP). Further knowledge on AA requirements could improve the 

formulation of dairy cow rations, which could improve N utilization efficiency and reduce N 

release into the environment. The objective of this study was to develop a better understanding of 

the effects of the AA arginine (Arg) on gene expression in the mammary and muscle tissue of a 

lactating dairy cow.
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LITERATURE REVIEW 

INTRODUCTION 

All proteins are made up of 20 AA, including 10 non-essential amino acids (NEAA), 

which can be synthesized endogenously, and 10 essential amino acids (EAA) that must be 

obtained from dietary protein. Arg, one of the EAA, is typically classified as conditionally 

essential since most mammals, including dairy cows (Black et al., 1957), can synthesize it de 

novo. It has been over 90 years since it was identified in rats that Arg can be endogenously 

synthesized based on the observation that tissue accretion used 2- to 3-fold more Arg than that 

supplied in the diet (Scull and Rose, 1930). Arg is endogenously synthesized at different rates 

among various species (Ball et al., 2007), while some species such as cats and birds have limited 

to no capacity for Arg synthesis (Klose et al., 1938; Morris and Rogers, 1978). For the Arg-

synthesizing species, many studies have reported that the rate of endogenous Arg synthesis in 

dogs, guinea pigs, immature rats, pigs, rabbits, and humans (Ha et al., 1978; Castillo et al., 1993) 

is not sufficient to support growth and physiological functions, especially during times of stress, 

illness, neonatal life, or under high production level (Ball et al., 2007; Castillo et al., 1993). This 

draws the question as to whether dairy cows are capable of sufficient Arg de novo synthesis and 

how the dependency on synthesis changes during lactation, as this still needs to be quantified.  

Many factors influence the Arg requirement, including protein deposition, urea cycle 

function, and the synthesis of additional metabolites. There is not necessarily a dietary Arg 

requirement, but a metabolic Arg requirement that must be met by the Arg pool (Ball et al., 

2007). According to Ball et al. (2007), the metabolic Arg requirement is the total use of Arg for 

all obligatory functions including protein deposition, obligatory oxidation, and synthesis of non-

protein products. The Arg pool that supplies the metabolic Arg requirement is replenished by 
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dietary Arg, ranging from deficient to excess, protein catabolism, and the endogenous synthesis 

that can vary among individuals (Ball et al., 2007; Urschel et al., 2006). Doepel et al. (2004) 

estimated the endogenous synthesis of Arg in dairy cows to be around 30 g/d based on their Leu 

fluxes and proportions retrieved in sheep and humans. This indicates the importance of the 

endogenous Arg synthesis for dairy cows as the optimal flux of digestible Arg was estimated 

around 100 g/d for cows producing less than 750 g of milk protein (Doepel et al., 2004. 

However, the endogenous synthesis of Arg is likely insufficient to meet the metabolic 

requirement of a high-producing dairy cow while supporting basic physiological functions 

(NRC, 2001). The Arg metabolic requirement still needs to be determined for the dairy cow. 

The dietary Arg requirement makes up the difference between the metabolic Arg 

requirement and the rate of endogenous Arg synthesis (Ball et al., 2007). However, literature 

reports ruminants to have a low dietary Arg requirement as it is presumed ruminants with a 

developed rumen will receive adequate AA from the diet and by rumen microbial protein 

synthesis (Ball et al., 2007), or a suckling ruminant will receive enough AA from milk (Williams 

and Hewitt, 1979). The estimated dietary Arg requirement for a calf based on the EAA:Lys ratio 

of the carcass was found to be 8.5 g/d, which was noted to be higher than previous calf estimates 

(Williams and Hewitt, 1979). However, carcass analysis only estimates the Arg requirement for 

tissue accretion, so this must still underestimate the total metabolic Arg requirement (Ball et al., 

2007). In addition, while Williams and Hewitt (1979) found milk provides sufficient EAA to 

meet requirements for all other EAA, it only contributes to 60% of a calf's Arg requirement for 

protein deposition, and leaves the remaining 40% a demand to be endogenously synthesized by 

the calf or a limitation on physiological function. Furthermore, the Arg requirement for 

formulating dairy cow rations is not clear and estimates range from 3.1 - 4.8% of absorbed 
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protein supply (Haque et al., 2013). This uncertainty and variability of the dietary Arg use can 

result in a limitation or surplus for efficient production and could contribute to N pollution.  

The lack of knowledge on Arg metabolism is likely responsible for the large variation in 

Arg targets for formulating dairy cow rations. Research still needs to quantify the de novo 

synthesis rate and determine if there is a limitation so that rations can then be formulated to make 

up the appropriate difference. Although, with ruminants, supplying an appropriate amount of Arg 

can be difficult since the rumen microbial degradation and synthesis of Arg also needs to be 

accounted for. Furthermore, individual cows may differ in their requirements. Research needs to 

investigate how much the intestinal microflora contributes to the synthesis of Arg and how the 

supply and demand for Arg influence the de novo synthesis. Additionally, research is not clear 

about how much dairy cows rely on the endogenous synthesis of Arg for protein synthesis, and if 

different dietary Arg inclusion levels will change the dependency on de novo synthesis, gene 

expression, and protein production. 

The primary demand for metabolic Arg is for protein deposition (Alkaitis et al., 2016; 

Ding et al., 2018). Arg and the other 19 AA are precursors for protein, but they also function as 

regulators of protein synthesis. Understanding regulatory effects of Arg on milk protein synthesis 

is important for improving requirements and formulating dairy cow rations. It has been 

previously hypothesized that multiple EAA simultaneously regulate milk protein synthesis by 

affecting cellular signals in bovine mammary cells (Appuhamy et al., 2012). The mammary 

glands’ capacity for milk protein synthesis is not solely determined by nutrient supply but also 

by the cow’s genetic potential, demand for milk (infant or milking frequency), stage of lactation, 

and dry matter intake (DMI). The Arg pool supplies the whole body and partitioning of Arg to 

non-mammary protein sinks needs to be considered, including signaling effects in different 
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tissues. To our knowledge, there are no other studies comparing the effects of Arg on gene 

expression in mammary and muscle tissue in dairy cows. Future research needs to investigate the 

minimum and maximum responses to Arg supplementation and the impact on metabolic 

function.  

In addition to use for protein synthesis and metabolism (Ball et al., 2007; Hu et al., 

2019), Arg is a versatile AA and has many important roles in physiology (Figure 1) such as 

ammonia detoxification (Ding et al., 2019; Wu, 1995), energy metabolism (Morris, 2007; Wu et 

al., 2012), hormone secretagogue (Davenport et al., 1990; Chew et al., 1984), reproduction and 

growth (Mateo et al., 2007; Yao et al., 2008), immune function (Zhao et al., 2018a; Zhao et al., 

2018b), blood flow and vascular function (Holanda et al., 2019; Liu et al., 2012), protein 

synthesis regulation (Chantranupong et al., 2016), and cell differentiation and turnover (Greene 

et al., 2013; Ma et al., 2018; Salama et al., 2019). The plasma Arg pool is the source of Arg that 

the body can use to support oxidation and synthesis of protein and nonprotein products such as 

creatine (Cr), nitric oxide (NO), polyamines, and urea (Ball et al., 2007; Flynn et al., 2002). The 

purpose of this literature review is to outline the candidate genes of interest and relevant research 

regarding Arg effects. For clarity, the first mention of each gene will appear as the full name 

followed by, in brackets, the italicized gene- and non-italicized protein-abbreviation. The gene- 

and protein-abbreviations will be used when referring to gene vs. protein function, respectively. 

 
Figure 1: Functions of arginine  
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PHYSIOLOGICAL FUNCTIONS OF ARGININE 

Arginine Metabolism  

The Arg pathway (Figure 2) consists of multiple directions by which Arg can be 

consumed to produce intermediates that function in various other pathways. The main products 

include: 1) ornithine (Orn) and the by-product urea by the arginase enzymes, 2) citrulline (Cit) 

and NO from the nitric oxide synthase (NOS) enzymes, and to a lesser degree 3) agmatine 

(Agm) and by-product carbon dioxide (CO2) by the enzyme arginine decarboxylase (ADC/ADC). 

These three main pathways leading from the catabolism of Arg can be extended to products 

including: 1a) putrescine (Putr) and additional polyamines produced from Orn by enzymes 

ornithine decarboxylase 1 (ODC1/ODC1), spermidine synthase (SRM/SRM), and spermine 

synthase (SMS/SMS), 1b) production of NEAA from Orn by enzymes including ornithine 

aminotransferase (OAT/OAT), pyrroline-5-carboxylate reductase (P5CR) isozymes, pyrroline-5-

carboxylate dehydrogenase (ALDH4A1/P5CDh), glutamine synthetase (GLUL/GLUL), and 

asparagine synthetase (ASNS/ASNS), 2a) Cit can be recycled back to Arg by enzymes including 

argininosuccinate synthetase (ASS1/ASS1) and argininosuccinate lyase (ASL/ASL), and lastly 

3a) Agm can produce Putr by the enzyme agmatinase (AGMAT/AGMAT).  

1. Production of Ornithine  

There are at least two isoforms of the arginase enzyme known to exist in mammals, and 

they differ by tissue distribution, subcellular localization, and pathway function. Arginase 1 

(ARG1/ARG1), the cytosolic unidirectional enzyme (Mezl and Knox, 1977) that converts Arg to 

Orn and urea is predominantly expressed in the liver as a major enzyme of the urea cycle 

(Didelija et al., 2017). Not only is ARG1 expressed in the liver but it is also expressed in 

extrahepatic tissues such as the kidneys and the mammary glands. The literature shows that the 
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Figure 2: Arginine metabolism  

 

*Note: the Michaelis-Menten affinity constant follows some genes in parentheses with units of mM.
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level of expression within the mammary glands of different species varies. Clark et al. (1975) 

found low expression within lactating mammary glands of dairy cows. Evidence showed high 

expression of ARG1 in porcine (O’Quinn et al., 2002) and rat mammary tissue (Jenkinson and 

Grigor, 1996; Yip and Knox, 1972). According to Yip and Knox (1972), the expression of ARG1 

in lactating rat mammary glands reached an activity level higher than that present in any tissue 

except for the liver. The arginase activity was found to increase 3-fold in rat mammary tissue 

during lactation (Jenkinson and Grigor, 1996). Similarly, the expression can be changed by the 

Arg supply. Hu et al. (2019), found that a 4-fold Arg treatment in vitro improved arginase gene 

expression and translation in bovine mammary epithelial cells (BMEC), but this decreased when 

Arg was increased further. The inhibition of ARG1 in lactating dairy cows with a specific 

chemical inhibitor caused a decrease in the synthesis of casein (Ding et al., 2018). ARG1 appears 

to mediate casein synthesis through transcriptional regulation and cellular proliferation (Hu et 

al., 2019). Hu et al. (2019), hypothesized that ARG1, the main pathway using Arg, merits further 

research as it might be an avenue for improved mammary acinar tissue development. 

Arginase 2 (ARG2/ARG2), the second isoform, has a similar function as ARG1 to 

convert Arg to Orn, but is localized in the mitochondria (Mezl and Knox, 1977). ARG2 is also 

expressed in the liver, mammary glands, and especially the kidneys (Morris et al., 1997). ARG2 

was found in the greatest quantities during midlactation in bovine mammary glands (Bequette et 

al., 1998). O’Quinn et al. (2002) found high ARG2 expression in porcine mammary glands that 

was 54% greater expression than ARG1. Arginase activity appeared to be partially inhibited by 

high concentrations of Pro in BMEC (Basch et al., 1997). Furthermore, a rat study found that 

Pro, Orn, Lys, and branched-chain amino acids (BCAA) inhibited the arginase enzymes (Fuentes 

et al., 1994). ARG1 and ARG2 function differently by the pathway they divert Arg to, which 
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includes the production of polyamines or NEAA, respectively, which will be discussed next.  

1a. Production of Putrescine and Other Polyamines 

The Orn produced by cytosolic ARG1 within the bovine mammary glands can be further 

metabolized to polyamines (Ding et al., 2018; Greene et al., 2013). The small production of 

polyamines by this Arg-using pathway has influence on DNA synthesis, cell proliferation, 

differentiation, and cell survival (Bolander, 2004; Hu et al., 2019). Inhibiting the expression of 

ARG1 resulted in a reduction in polyamine production, whereas overexpression of ARG1 

increased them (Morris, 2007). 

ODC1 is a cytosolic enzyme responsible for converting Orn to Putr and CO2 (Morris, 

2007; Sessa and Perin, 1994). It has low expression in bovine mammary tissue (O’Quinn et al., 

2002). Putr acts as a precursor for additional polyamines such as spermidine (Spd) and spermine 

(Spm) (Bekebrede et al., 2020; Bolander, 2004). The cytosolic enzymes, SRM and SMS, are 

responsible for the conversions of Putr to Spd and Spd to Spm, respectively (O’Quinn et al., 

2002). Both SRM and SMS require S-adenosylmethioninamine (DCAM) as a cofactor to donate 

an aminopropyl-group to produce Spd and Spm (Bekebrede et al., 2020). DCAM is produced 

from the decarboxylation of S-adenosylmethionine (SAM) by the intermediate enzyme for 

polyamine synthesis called adenosylmethionine decarboxylase 1 (AMD1/AMD1).  

Direct oxidation of Spm to Spd occurs in the nucleus and cytosol by spermine oxidase 

(SMOX/SMOX) (Bekebrede et al., 2020). Spd cannot be directly oxidized and must first undergo 

acetylation by spermidine/spermine N1-acetyltransferase 1 and 2 (SAT1/SAT1 and SAT2/SAT2), 

where SAT1 has higher catalytic activity for Spd and SAT2 has equal activity for Spd and Spm 

(Bekebrede et al., 2020; Sessa and Perin, 1994). Acetylation of polyamines is important for 

increasing ODC1 activity and regulating the flux through this pathway (Bekebrede et al., 2020). 
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After acetylation, polyamines can become oxidized by polyamine oxidase (PAOX/PAOX), a 

cytosolic peroxisome enzyme that catabolizes polyamines (Sessa and Perin, 1994). PAOX is 

responsible for the oxidative deamination of N1-acetyl-spermine (N1-ASPM) and N1-acetyl-

spermidine (N1-ASPD) to produce Spd and Putr, respectively (Bjelakovic et al., 2012). One 

study reported there is no knowledge on the presence of PAOX in mammary tissue (Morgan and 

Toothill, 1985). However, another study reports PAOX is present in all vertebrate tissues as it is 

the key enzyme in polyamine catabolism (Bjelakovic et al., 2012). Diamine oxidase 

(AOC1/DAO) catalyzes the deamination of Putr, histamine, Spm, and Spd (Sessa and Perin, 

1994). The deamination of Putr produces γ-aminobutyraldehyde (ABAL), which can be 

converted to γ-amino-butyric acid (GABA) by aldehyde dehydrogenase 9 family member A1 

(ALDH9A1/ALDH9A1) (Sessa and Perin, 1994) and can become the citric acid cycle 

intermediate, succinate (Suc) (Bardócz et al., 1998; Bekebrede et al., 2020). However, the Putr 

deamination pathway has not been studied in mammary or muscle tissue.  

Polyamine concentrations and production are regulated in multiple ways in the cell. 

Through feedback regulation, Putr can negatively regulate ODC1 mRNA translation, decrease 

the half-life of the enzyme, and induce an enzyme inhibitor, ODC1-antizyme (Bolander, 2004), 

resulting in a decrease of Putr production. Histamine, DAO (Sessa and Perin, 1994), and S-

nitrosylated NO can act as negative regulators of ODC1 (Bolander, 2004; Hu et al., 2019). The 

synthesis of Spd and Spm is regulated by AMD1 and in turn, AMD1 expression and activity are 

regulated by the polyamines (Bekebrede et al., 2020). Putr binds AMD1 and promotes the 

activation of the catalytic site, while Spd and Spm influence the half-life and Spm alone has a 

greater effect on the translation (Bekebrede et al., 2020). Cortisol has been shown to increase 

Spd levels by stimulating AMD1 and promoting polyamine synthesis (Bolander, 2004). Cortisol 
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may exert this effect through influencing the mammalian target of rapamycin complex 1 

(mTORC1) as it has been found that AMD1 is regulated by mTORC1 (Zabala-Letona et al., 

2017). Furthermore, a deficiency of Met will reduce SAM levels and result in an increase in the 

Met sensor called base-methyltransferase of 25S rRNA 2 homolog (BMT2/SAMTOR), which 

can inhibit mTORC1 and polyamine production (Wu et al., 2020). Hu et al. (2019) found ODC1 

expression and translation in BMEC in vitro was highest at 2-fold Arg treatment. They also 

found a negative cubic trend between the gene expression of ODC1 and the increasing Arg 

supply. They hypothesized that the regulation of ODC1 during high Arg supply may prevent 

overproduction of polyamines. 

1b. Production of Non-Essential Amino Acids  

The Orn produced by ARG2, unlike ARG1, primarily functions in the production of 

NEAA including mainly Pro, Glu, and Gln (Ding et al., 2018; Greene et al., 2013; Marini et al., 

2011; Yip and Knox, 1972). In addition, ARG2 has a higher Michaelis-Menten affinity constant 

at 50 mM than ARG1 at 18 mM (Basch et al., 1997), indicating a lower affinity for Arg. ARG2 

is colocalized with OAT in the mitochondria directing Arg towards Pro synthesis by P5CR and 

Glu via P5CDh in the mammary glands (Yip and Knox, 1972; Mezl and Knox, 1977). In sheep 

and goat mammary glands perfused with labelled isotopes, Cit, Arg, and Orn contributed 

approximately 20% to casein-Pro (Verbeke et al., 1968) showing the importance of these 

enzymes in the production of NEAA for milk production. Under low Arg supply, arginase 

activity may increase to maintain the rate of conversion of Arg to Orn (Alkaitis et al., 2016). 

Inhibition of ARG2 resulted in an increased contribution of plasma Orn, dietary Gln and Pro to 

the production of Cit (Marini et al., 2011). This would allow more Cit to cycle back to Arg to 

support the intracellular Arg pool. In comparison to the mammary metabolism, ARG2 in the 
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small intestine (SI) is colocalized with OAT, ODC1, and ornithine carbamoyltransferase 

(OTC/OTC). Thus, the Orn produced by ARG2 in accordance with these three enzymes present 

in the SI can be used to synthesize Pro, polyamines, and Cit, respectively (Marini et al., 2011). 

However, as noted by Marini et al. (2011), the Orn produced is mostly directed to the 

mitochondrial OTC pathway for the generation of Cit, which can be converted back to Arg in the 

kidneys (Wu, 1995). In contrast, mammary tissue diverts Arg towards a different major pathway 

to produce NEAA by OAT.  

OAT is a mitochondrial enzyme highly expressed in lactating mammary glands (Basch et 

al., 1995; Manjarin et al., 2014; O’Quinn et al., 2002), which is responsible for the bidirectional 

conversion of Orn to Glu-5-semialdehyde (Glu-5-SA), where Glu-5-SA can cyclize to pyrroline-

5-carboxylate (P5C) (Basch et al., 1995; Smith et al., 1980; Ventura et al., 2009). Besides the 

urea cycle, much of the Orn synthesized from Arg will be metabolized by OAT to generate P5C 

(Hemat, 2003). OAT is present in many tissue types, including mammary tissue and acts as a 

carbon (C) skeleton shuttle to produce Pro and Glu from Arg (Basch et al., 1995; Roets et al., 

1979; Shiono et al., 1986; Yip and Knox, 1972). Bovine mammary OAT is reported to produce 

approximately 960 nmol/min/g of tissue under maximum velocity and has a two-fold greater 

specific activity than rat mammary tissue (Basch et al., 1995). P5C can then be converted to Pro 

by P5CR (Basch et al., 1996) or to Glu by P5CDh enzymes (Clark et al., 1975). Hu et al. (2019) 

found the in vitro abundance of bovine OAT mRNA and enzyme followed a negative cubic 

response, with their middle Arg treatments 1- and 2-times normal concentrations causing the 

highest expression. 

Extra-mammary tissues express additional genes to aid in the synthesis of NEAA through 

P5C. Pyrroline-5-carboxylate synthetase (ALH18A1/P5CS) is not expressed in mammary tissue 
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(Hemat, 2003; Hu et al., 2019; Manjarin et al., 2014; O’Quinn et al., 2002), but is expressed in 

the intestinal mucosa, colon, pancreas, thymus, and brain (Hemat, 2003; Hu et al., 2019). This 

enzyme is responsible for the conversion of Glu to P5C for the beginning of Pro synthesis in 

some tissues (Menzies et al., 2009). Similarly, proline dehydrogenase (PRODH/PRODH) is a 

mitochondrial enzyme responsible for Pro degradation by converting Pro to P5C (Manjarin et al., 

2014; O’Quinn et al., 2002). However, this enzyme has also not been reported to exist in 

mammary tissue (Hemat, 2003; Manjarin et al., 2014; Mezl and Knox, 1977; O’Quinn et al., 

2002; Rezaei et al., 2016), and is primarily found in the liver, SI, and kidneys (Hemat, 2003). 

There are two P5CR isozymes in the mitochondria, P5CR1 (PYCR1) and P5CR2 

(PYCR2), which are present in the mammary glands and responsible for the conversion of P5C to 

Pro (Menzies et al., 2009; Smith et al., 1980). In mice, the four enzymes (ARG2, OAT, P5CR, 

and P5CDh) appear to develop coordinately in the mammary glands in proportion to the increase 

in milk production, suggesting their importance for NEAA synthesis (Mezl and Knox, 1977). 

The specific activity of P5CR was found by Basch et al. (1996) to be one-half that of OAT 

within the bovine mammary mitochondrial fraction. They reported the potential Pro production 

by P5CR operating near maximum velocity to be about 610 nmol/min/g of tissue, which is 

approximately two-thirds of the P5C produced from OAT. Polyamines further stimulate P5CR 

and increase the activity of the mitochondrial enzyme more than the cytosolic enzyme activity 

(Basch et al., 1996). The mitochondrial P5CR enzymes are inhibited by Pro about 2-fold more 

than the cytosolic isozyme under laboratory settings (Basch et al., 1996). P5CR can also be 

inhibited by palmitoyl-CoA and stearoyl-CoA, which are major end products of mammary 

lipogenesis and also arise from dietary fats. However short to medium-chain fatty acids (FA) 

have little inhibitory effect on P5CR (Basch et al., 1996; Cant et al., 1993). P5CR enzymes 
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require NADPH, which can be regenerated by isocitrate dehydrogenase (IDH/IDH) catalyzing 

oxidative decarboxylation of isocitrate (Isc) to α-KG (Basch et al., 1997). P5C can also be 

exported to the cytosol, where it can be converted to Pro by the cytosolic isozyme pyrroline-5-

carboxylate reductase 3 (PYCR3/P5CR3) (Basch et al., 1996; Manjarin et al., 2014). Literature 

shows this gene to have high expression in the mammary glands (O’Quinn et al., 2002). The 

yield of P5CR in the cytosol was highest among all the subcellular fractions, suggesting the 

activity of P5CR3 is the greatest out of the P5CR family (Basch et al., 1996). Long-chain 

Coenzyme A products inhibit P5CR3 to a greater extent than mitochondrial isozymes (Basch et 

al., 1996). P5CR has greater activity than P5CDh and as a result, Arg derived P5C is converted 

to Pro in greater proportions than Glu or Gln (O’Quinn et al., 2002). 

The unidirectional mitochondrial enzyme, P5CDh, is responsible for converting P5C to 

Glu. P5CDh is the only enzyme expressed in the bovine mammary tissue capable of synthesizing 

Glu endogenously, since glutaminase (GLS/GLS), which catalyzes the conversion of Gln to Glu 

in the mitochondria, is absent in mammary tissue (Li et al., 2009; Rezaei et al., 2016). The 

ALDH4A1 gene coding for P5CDh has low expression in porcine mammary glands (O’Quinn et 

al., 2002) and high expression in rat mammary tissue (Mezl and Knox, 1977). One study 

reported ALDH4A1 to not be expressed in the bovine mammary tissue (Rezaei et al., 2016). 

GLUL is the enzyme responsible for converting Glu to Gln and has been shown to be expressed 

in porcine mammary tissue (Li et al. 2009), but there is no evidence to our knowledge that it is 

expressed in bovine. As a sequential reaction with branched-chain AA transaminase (BCAT), N 

and Glu from BCAA can be used for Gln synthesis in the mammary glands and skeletal muscle 

(Li et al. 2009). As a contributor to the mammary glands’ ability to synthesize NEAA, the 

enzyme ASNS is involved in Asn synthesis by converting Asp to Asn. The expression of this 
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gene has been detected in porcine mammary tissue (Manjarin et al., 2014), but evidence appears 

to be lacking for bovine mammary tissue. Aspartate aminotransferase 2 (GOT2/GOT2) is an 

inner-membrane mitochondrial enzyme that has a role in Asn synthesis by converting 

oxaloacetate (Oxa) to Asp, the substrate for ASNS. Evidence shows it is present in porcine 

mammary tissue (Manjarin et al., 2014) but has not been extensively looked at in bovine.  

2. Production of Citrulline  

There are three main NOS enzymes that will be discussed. Nitric oxide synthase 3 

(NOS3/NOS3) is the most common one to be studied, and Arg is the substrate for endogenous 

NO synthesis in a reaction also producing Cit. NOS3 is also known as eNOS as it is associated 

with the endothelium. NOS3 mRNA expression and enzyme activity in BMEC in vitro increased 

with Arg supplementation and with arginase inhibition (Hu et al., 2019). Similarly, Holanda et 

al. (2019) found higher NOS3 levels in mammary tissue of lactating sows during the first few 

days of Arg supplementation. In contrast, one study reported that sows receiving Arg had 

decreased NOS3 expression in the umbilical vein of the fetuses and decreased sow plasma NOS3 

concentrations by 17% compared to control (Liu et al., 2012). Evidence showed that micro-

RNAs including miR-221 and miR-222 indirectly regulated the expression of NOS3 (Liu et al., 

2012). 

Nitric oxide synthase 1 (NOS1/NOS1) and 2 (NOS2/NOS2) both produce Cit and NO 

from Arg. NOS1 is also called neuronal nitric oxide synthase (nNOS), which is the only isoform 

present in mitochondria. It is highly expressed in the brain and skeletal muscle (Rubach et al., 

2015), but lowly in the mammary glands (O’Quinn et al., 2002). NOS2 is also called inducible 

nitric oxide synthase (iNOS) and is reported to have low expression in mammary tissue 

(O’Quinn et al., 2002). NOS2 is suspected to produce more NO since it is inducible by cytokines 
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and lipopolysaccharides (Wu and Morris, 1998). Studies have found that limited Arg 

supplementation resulted in decreased expression of NOS2 in astrocyte cultures (Lee et al., 2003) 

and macrophages (El-Gayar et al., 2003). The important physiological function of NO will be 

discussed in the section entitled Nutrient Partitioning: Blood Flow Regulation. 

In extrahepatic tissues, there is competition for Arg between the arginases and NOS 

enzymes. At certain intracellular Arg concentrations, arginases may affect NO synthesis by NOS 

(Hu et al., 2019; Jahangir et al., 2009). NOS has about 1000-fold greater affinity than arginases 

for Arg. However, the Vmax of the arginases is about 1000-fold greater than the NOS enzymes 

(Wu and Morris, 1998). Therefore, the arginases should effectively be able to compete with and 

restrict NO production (Morris, 2007), but this may not always be the case. NO acts as an 

inhibitor of ODC1, preventing the catabolism of Orn, which can inhibit arginase activity 

(Bolander, 2004; Hu et al., 2020). The accumulation of an intermediate product during high 

production of NO called NG-hydroxy-L-arginine (NOHA) in cell culture acts as a potent 

inhibitor of the arginases (Morris, 2007). However, this regulation has not been demonstrated in 

vivo. Endogenous inhibitors of NOS include methylarginine metabolites, asymmetric 

dimethylarginine (ADMA) and N-monomethylarginine (NMMA) (Bedford and Clarke, 2009; 

Dayoub et al., 2003). Arg in proteins can be methylated into NMMA, which can be further 

broken down to symmetric dimethylarginine (SDMA) by the enzyme called protein arginine 

methyltransferase 2 (PRMT2/PRMT2) or to ADMA by isozyme 1 (PRMT1/PRMT1) (Bedford 

and Clarke, 2009). Both PRMT1 and PRMT2 are responsible for generating free form 

metabolites, and free form ADMA can be catabolized by two dimethylarginine 

dimethylaminohydrolase (DDAH) isozymes, where DDAH1 (DDAH1) is cytosolic and DDAH2 

(DDAH2) is mitochondrial (Bedford and Clarke, 2009; Dayoub et al., 2003). DDAH enzymes 
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metabolize and regulate ADMA and NMMA concentrations by breaking down ADMA into Cit 

and dimethylamine (DMA) (Dayoub et al., 2003; Hemat, 2003). ADMA and SDMA can both 

regulate Arg transport into the cell (Weinberg et al., 2014), whereas ADMA can also inhibit NO 

production (Bedford and Clarke, 2009; Dayoub et al., 2003), and the majority of SDMA and 

some of ADMA are excreted via the kidneys (Weinberg et al., 2014). PRMT2 also contributes to 

cell apoptosis and inhibiting Nuclear Factor Kappa B Subunit 1 (NFKB1/NFκB1) (Bedford and 

Clarke, 2009). It has been found that overexpression of DDAH1 in humans and in vitro led to an 

increase of NOS activity (Dayoub et al., 2003). The Cit produced from hydrolyzing the 

methylarginines can recycle back to Arg. 

2a. Citrulline Recycles back to Arginine 

Cit is a major intermediate of the urea cycle, but in extrahepatic tissues, it can act to 

regenerate Arg. In mice, more than 95% of plasma Cit flux is used to regenerate Arg (Alkaitis et 

al., 2016). Cit can be recycled back to Arg by ASS1 and ASL enzymes, thereby providing NOS 

and the arginases with substrate (Erez et al., 2011; Flam et al., 2001). ASS1 is a urea cycle 

enzyme that is cytosolic and responsible for the conversion of Cit, with cofactors Asp and 

adenosine triphosphate (ATP), to argininosuccinate (ARS) (Alkaitis et al., 2016). This is the first 

enzyme in the Arg biosynthesis pathway. The literature reports the presence of this enzyme in 

extrahepatic tissues. Clark et al. (1975) reported low to absent activity of this enzyme in 

mammary glands. In addition, Hemat (2003) stated ASS1 is present to some degree in all cell 

types. ASS1 expression increased due to Arg starvation in human cell culture through unknown 

mechanisms at the transcription level (Jackson et al., 1998). 

ASL is also a cytosolic enzyme that is known to be a part of the urea cycle and 

responsible for the conversion of ARS to Arg and fumarate (Fum) (Hemat, 2003; Marini et al., 
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2015). The mammary glands do not have a full functioning urea cycle, but they have what 

literature refers to as a partial urea cycle (Bequette et al., 1998). This enzyme has been detected 

in the mammary glands of dairy cows, but at low to absent expression in different studies 

(Hemat, 2003; Clark et al., 1975). The mammary glands can convert Cit to Arg, but they cannot 

metabolize Orn back into Arg as the urea cycle does (Clark et al., 1975). ASL has been shown to 

be an essential enzyme for NO synthesis since the loss of ASL prohibits NO production due to 

impaired Arg de novo synthesis and use of extracellular Arg (Erez et al., 2011).  

3. Production of Agmatine  

ADC is responsible for the synthesis of Agm from Arg in the first step of mitochondrial 

polyamine synthesis (Piletz et al., 2013; Wu and Morris, 1998). This enzyme is known to be 

active in the brain, kidneys, liver, adrenal glands, SI, and macrophages (Flynn et al., 2002). 

However, ADC has not been identified in the mammary glands. In BMEC in vitro, 8-times 

normal Arg concentration caused a decrease in arginase, OAT, and ODC1 activity, which was 

suggested to be because other pathways such as the production of Agm by ADC were activated 

(Hu et al., 2019). In addition, Agm regulates polyamine production by inducing the translation of 

the ODC1-antizyme 2 (OAZ2/OAZ2), which inhibits ODC1 activity and causes a decline in 

arginase activity (Hu et al., 2019; Piletz et al., 2013). Although, Flynn et al. (2002) hypothesized 

that the higher activity of the arginase enzymes is more likely to determine the use of Arg. The 

highest concentration of Agm has been found to exist in the stomach and brain of rats and tends 

to increase in response to stress (Piletz et al., 2013). Agm has a protective role in mitochondria 

by modulating membrane potential and stimulating NFκB1, which might also benefit cells under 

stress or protect tissue by inducing apoptosis (Piletz et al., 2013). Agm can be converted by 

DAO to Agm-aldehyde, which is an inhibitor of NOS2 and thereby regulates NO production 
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(Piletz et al., 2013).  

3a. Production of Putrescine from Agmatine  

AGMAT is a mitochondrial enzyme that converts Agm to Putr and urea (Morris, 2007). 

As a result, it is involved in polyamine production and regulation by modifying the levels of 

Agm, which initiates the OAZ2 antizyme. The significant role of polyamines will be discussed in 

the Cell Cycle: Production of Putrescine and Polyamines section. 

 

Amino Acid Metabolism and Milk Protein Production 

The lactating dairy cow has a requirement for sufficient EAA and N to support the high 

demands of milk protein synthesis while maintaining body composition. Thus, the EAA supply 

must come from protein flux absorbed by the gastrointestinal tract. Dietary protein composition 

is important to ensure maximum supply of AA and is categorized based on the ability for rumen 

microbial attack, including rumen-degradable (RDP) or rumen-undegradable protein (RUP). 

RDP is broken down by microbial proteolytic enzymes into AA and ammonia, which can be 

used by the microbes to build microbial protein, whereas RUP cannot. Metabolizable protein for 

the cow, consisting of RUP, endogenous protein, and microbial protein, will travel out of the 

rumen and be hydrolyzed to AA and then absorbed in the SI. The AA and small peptides that are 

absorbed by the SI will enter the blood to supply the body’s extracellular AA pool, which can be 

used for many physiological functions including protein synthesis, gluconeogenesis by the liver, 

or catabolism. Formulating a diet to meet the exact Arg requirements of a dairy cow is difficult 

because of the rumen microbial attack, which can greatly change the quantity of Arg absorbed by 

the SI. Rumen-protected Arg is not commercially available to dairy farmers as a supplement 

option. N-carbamoyl glutamate is one alternative that is resistant to rumen degradation, has 
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positive effects on N utilization in ruminants, and can indirectly produce Arg by the urea cycle, 

as it is a structural analogue of N-acetyl glutamate (Chacher et al., 2013; Gu et al., 2021).  

The ruminal microbes can deaminate Arg or convert it to Orn, which reduces the delivery 

of Arg to the SI for absorption. Arg absorbed by enterocytes can be directly transported to the 

plasma, or it may be converted to Orn and Cit by enteral arginase and OTC, respectively 

(Alkaitis et al., 2016). Arg degradation in the SI can also occur by converting it to Glu from 

enteral OAT, which is noted as one way for Arg to not be converted to Cit (Flynn et al., 2002). 

The intestine seems to be the primary organ in the production of Cit from Arg and Pro, but is 

unable to metabolize the Cit to other metabolites (Windmueller and Spaeth, 1981). The pool of 

Cit produced in the SI is known to travel to the kidneys, where both ASS1 and ASL are highly 

active and can convert it to Arg (Wu, 1995). The kidneys have been identified to be the primary 

organ of whole-body Arg synthesis and the Arg released is directly related to the Cit uptake by 

the kidneys (Windmueller and Spaeth, 1981; Dhanakoti et al., 1990). 

All tissues undertake protein synthesis and require AA, but during lactation the mammary 

glands possess the highest net use in cows (Doepel and Lapierre, 2011). The lactating mammary 

tissue increases mRNA translation, of which a significant component is the translation of milk 

proteins (Bionaz and Loor, 2007). The main milk proteins are caseins (β-casein (CSN2/CSN2), 

αS1-casein (CSN1S1/CSN1S1), αS2-casein (CSN1S2/CSN1S2), κ-casein (CSN3/CSN3)), and 

whey proteins (α-lactalbumin (LALBA/LALBA), β-lactoglobulin (LGB/LGB), bovine serum 

albumin, and immunoglobulins) (Bionaz et al., 2012). The milk fat globule membrane also 

contains proteins, which are involved in the milk fat globule secretion, but they only account for 

1 - 4% of total milk proteins (Cavaletto et al., 2008).  

The genetics of the animal is the main determinant of the quantity and composition of 
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proteins in milk (Bionaz et al., 2012). However, milk yield and composition can be altered by 

nutritional, health, and environmental factors. A determining factor for protein synthesis is the 

availability of EAA. Specifically, Met and Lys are considered commonly limiting EAA for the 

lactating bovine mammary glands (Bequette et al., 1998). The literature is not clear whether Arg 

could also be deficient since supplemental Arg increased milk yield and a deficiency of Arg 

caused a reduction in milk yield in one experiment (Tian et al., 2017), while other studies did not 

find this (Doepel and Lapierre, 2011; Haque et al., 2013). Hypoargininemia can arise from a 

reduced Arg appearance from non-Arg sources, and this can cause Orn depletion, which can 

affect the mammary glands’ ability to endogenously synthesize NEAA (Alkaitis et al., 2016). 

Arg production from non-Arg sources includes Gln, Glu, and Pro by extra-mammary tissues. The 

Arg pool present in the mammary glands is not solely for protein synthesis, but for many other 

functions and to act as a precursor for the endogenous synthesis of NEAA including Pro, Glu, 

and Gln, which are important for milk protein synthesis.  

CSN2 makes up 35% of caseins and has a high proportion of Pro (Huppertz et al., 2018). 

Pro uptake by the mammary glands is much lower than its output in milk (Mepham, 1982) and so 

this requires the mammary glands to endogenously synthesize Pro. About 13% of Pro residues in 

casein are synthesized from plasma Orn (Molenaar et al., 1992; Roets et al., 1979). Pro synthesis 

from Arg may be limited because the key enzyme, OAT, has a high Michaelis-Menten affinity 

constant (8.4 mM), which would require high concentrations of Orn to achieve maximal rates of 

conversion (Basch et al., 1995). This high Michaelis-Menten affinity constant may decrease 

efficiency for Pro synthesis and impose a barrier for milk production. However, the requirement 

for de novo synthesis of Pro for milk production may restrict the availability of Arg for other 

functions (Bequette et al., 1998). Although, under sufficient Arg levels, it is thought that OAT 
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and ODC1 play a regulatory role in preventing the overproduction of polyamines and Pro (Hu et 

al., 2019). Pro supplementation is another alternative to Arg supplementation as Pro can be used 

to endogenously synthesize Arg, increase the Arg pool (Alkaitis et al., 2016; Urschel et al., 

2006), and was shown to reduce Arg contribution to Pro production (Harduf et al., 1985). Pro 

can also support milk production as it was found milk protein yield increased by 16% and 

decreased mammary Arg uptake by 50% in a reversal design using two mid-lactation cows given 

duodenal Pro infusions at 80 g/d (Bruckental et al., 1991).  

 

Nitrogen Metabolism 

Dairy cows can utilize dietary N and convert it into milk protein. However, the process is 

ineffective to maintain extensive milk protein yield. The proportion of N intake recovered in 

milk protein is only about 25-30% (Bequette et al., 1998). The efficiency of dietary N capture 

varies depending on genetics, environment, and nutrition. Dairy cattle are ureotelic mammals 

with an Arg-dependent urea cycle. Toxic ammonia is produced from ruminal fermentation, 

excessive dietary AA supply or body protein catabolism and is carried to the liver. The ammonia 

can become metabolized by the urea cycle (Figure 3) in the liver to produce urea, which is 

released back into the circulation to be excreted in milk, urine, or feces, but it can also be 

recycled into the rumen for microbial protein production (Marini and Van Amburgh, 2003). 

Carbamoyl phosphate synthetase 1 (CPS1/CPS1) is found in the liver and is the first committed 

step of the urea cycle (Haskins et al., 2016). It is a mitochondrial and nuclear enzyme 

responsible for synthesizing carbamoyl phosphate from ammonia and bicarbonate (Haskins et 

al., 2016). This enzyme is not found in bovine mammary tissue according to Yip and Knox 

(1972). However, Clark et al. (1975) found it expressed in rat mammary tissue. N-
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acetylglutamate synthase (NAGS/NAGS) is a mitochondrial urea cycle enzyme that is 

allosterically activated by Arg to synthesize N-acetylglutamate (NAG) from Glu and acetyl-CoA 

(Chacher et al., 2013; Haskins et al., 2016; Wu and Morris, 1998). NAG functions as a required 

cofactor for CPS1. NAGS does not exist in mammary tissue, hence it is restricted to the liver and 

gastrointestinal mucosa (Haskins et al. 2016; Hemat, 2003). OTC is a mitochondrial enzyme 

responsible for converting carbamoyl phosphate plus Orn to Cit. This enzyme catalyzes a step of 

the urea cycle in the liver, but is also used in enterocytes to produce Cit from dietary Arg 

(Hemat, 2003; Marini et al., 2010). Studies have found no expression of OTC in mammary tissue 

(Clark et al., 1975; O’Quinn et al., 2002; Yip and Knox, 1972). As part of the hepatic urea cycle,  

 
Figure 3: Urea cycle 
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mitochondrial Cit is transported to the cytosol by ORNT1 (SLC25A15) transporter and is 

condensed with Asp into ARS by the ASS1. Next, ASL breaks down ARS into Arg and Fum. 

Then Arg can be converted into Orn, producing urea that can enter the circulation. The literature 

suggests that a partial urea cycle is present in the mammary glands (Bequette et al., 1998) since 

there are three urea cycle enzymes known to be present (ASS1, ASL, and ARG1). However, the 

main function of the urea cycle in the liver is to convert ammonia to urea and excrete it into the 

circulation as waste or to be recycled, while the function of these three enzymes in mammary 

metabolism is for producing Orn for polyamine or NEAA synthesis and for converting Cit to Arg 

(Bequette et al., 1998). 

A functional urea cycle in the liver of dairy cows requires adequate Arg concentrations to 

maintain normal N metabolism along with other metabolic pathways. Hyperammonemia is a 

potential metabolic consequence due to insufficient Arg intake (Brunton et al., 1999; Ha et al., 

1978; Morris and Rogers, 1978). During lactation, energy and N intake are often insufficient to 

support high milk protein production, and consequently body protein reserves, although limited, 

are required to supplement dietary and microbial protein AA to maintain adequate AA supply to 

the mammary glands (Bequette et al., 1998). A study examining piglets’ metabolic response to 

Arg intake from deficient to more than adequate resulted in a slow but steady decline in plasma 

ammonia with intakes greater than the minimum requirement (Brunton et al., 1999). Similarly, 

many studies have found that Arg-deficient diets cause hyperammonemia and that Arg 

supplementation reduces plasma ammonia (Kim et al., 2004; Ha et al., 1978; Morris and Rogers, 

1978; Urschel et al., 2006; Wilkinson et al., 2004). 

  

Energy Metabolism  
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Protein synthesis requires AA but also energy to support this active and energetically 

costly process (Bionaz et al., 2012). Using a modeling approach with data originating from 

goats, it was found that approximately 88% of the total daily protein synthesized in the 

mammary glands was non-milk protein and accounted for about half of the mammary ATP 

expenditure (Hanigan et al., 2009). Greater dietary energy typically elicits an insulin (INS/INS) 

response, which has beneficial effects on protein synthesis (Schmidt, 1966). The mammary 

glands can also benefit from AA in an energy-producing way as the AA can enter the citric acid 

cycle to produce high energy intermediate molecules (e.g., nicotinamide adenine dinucleotide 

(NADH), flavin adenine dinucleotide (FADH2), and guanosine triphosphate (GTP)) (Bequette et 

al., 1998; Mepham, 1982). Arg contributes to energy metabolism as it can be converted to Glu, 

which can be used to make α-ketoglutarate (α-KG), a citric acid cycle intermediate, by the 

mitochondrial enzyme glutamate dehydrogenase (GLUD1/GLUD1). GLUD1 is allosterically 

activated by adenosine diphosphate (ADP) and inhibited by GTP and ATP (Smith et al., 2001). 

Polyamines, specifically Putr, can also contribute to energy production by converting to Suc, 

which can enter the citric acid cycle. Approximately 33% of Putr was converted to Suc in the 

enterocytes of fed rats and the proportion increased during fasting (Bardócz et al., 1998). This 

possibility has not been studied in bovine mammary or muscle tissue.  

AMP-activated protein kinase (PRKAA11/AMPKα1) is the cellular energy sensor that 

becomes activated by an increase in the ratio of adenosine monophosphate (AMP):ATP due to 

low energy reserves or hypoxia. AMPKα1 activation will activate energy-producing pathways, 

and inhibit energy-consuming pathways, such as protein synthesis. The ratio of phosphorylated 

to unphosphorylated AMPKα1 was found to be lower with Arg treatment of BMEC in vitro (Hu 

et al., 2020), suggesting that Arg enhances energy balance. Additional dietary Arg will spare the 
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utilization of energy and N for the synthesis of Arg (Ball et al., 2007). Arg:Gly 

amidinotransferase (GATM/AGAT) is a mitochondrial enzyme involved in Cr biosynthesis from 

Arg and Gly (Jahangir et al., 2009; Wu and Morris, 1998) that produces guanidinoacetate (GA), 

which transports to the cytosol (Jahangir et al., 2009). In the cytosol, GA gets converted to Cr by 

the enzyme guanidinoacetate N-methyltransferase (GMAT/GMAT) (Paddon-Jones et al., 2004). 

Cr is mainly synthesized in the liver, kidneys, and pancreas, whereas the majority of the body’s 

Cr stores (90-95%) are in the skeletal muscle and two-thirds are as phosphocreatine (PCr) 

(Paddon-Jones et al., 2004). Creatine kinase (CK/CK) is the enzyme responsible for 

phosphorylating Cr, and this phosphorylated form is important in energy metabolism (Paddon-

Jones et al., 2004). Both PCr and Cr can produce creatinine (Cret) (Paddon-Jones et al., 2004). A 

human study found that a much larger proportion of Arg flux is directed towards the pathway to 

produce Cr by AGAT (Jahangir et al., 2009) than consumed by NOS. Cr is important for energy 

metabolism in skeletal muscle (Flynn et al., 2002). However, in BMEC it has been found that 

AGAT is down-regulated during lactation to conserve and direct Arg and Gly towards milk 

protein synthesis rather than Cr synthesis (Menzies et al., 2009). 

There are two BCAA transaminase isozymes, cytosolic BCAT1 (BCAT1) and 

mitochondrial BCAT2 (BCAT2), which function in the catabolism of BCAA (Leu, Ile, and Val) 

and can provide substrate for energy production. Specifically, the transaminases act in the 

bidirectional conversion of α-KG and BCAA to their respective branched-chain α-keto acids 

(BCKA) and Glu (Webb et al., 2020). Both BCAT1 and BCAT2 are expressed in muscle and 

mammary tissue. Wu et al. (2020) found that expression of BCAT1 and BCAT2 was higher in 

porcine mammary tissue than in SI, liver, or muscle. Branched-chain α-keto acid dehydrogenase 

E1 subunit α (BCKDHA/BCKDHA) is a part of the branched-chain α-keto acid dehydrogenase 
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complex (BCKD), which is an inner mitochondrial enzyme responsible for the second major step 

in catabolizing the BCAA (Rezaei et al., 2016). Upon activation, BCAA catabolism will result in 

the formation of energy metabolites including acetyl-CoA and succinyl-CoA, but also carbon 

skeletons that can be used for de novo synthesis of AA and FA (Manjarin et al., 2014). High 

plasma INS and low BCAA levels will result in BCKDHA becoming phosphorylated and 

inactivated by the regulator branched-chain α-keto acid dehydrogenase kinase 

(BCKDK/BCKDK). 

 

Hormone Secretagogue 

Hormones play a major role in the regulation of lactation and metabolic functions. 

Hormones including prolactin (PRL/PRL), growth hormone (GH1/GH), glucagon, INS, and 

insulin-like growth factor 1 (IGF1/IGF1) have regulatory roles in metabolism as well as in gene 

expression. Arg supplementation has been reported to increase hormone secretion including 

PRL, GH, glucagon, and INS in dairy cows (Chew et al., 1984). 

PRL increases in circulation at the onset of lactation and primarily acts on the mammary 

glands to promote lactation (Finucane et al., 2008). Chew et al. (1984) found the infusion of Arg 

increased PRL levels dramatically within the first 15 min of the infusion in dairy cows compared 

to the saline infusion control. Increased PRL and milk yield due to Arg supplementation may be 

associated with the role of Arg in cell survival by suppressing apoptosis (Holanda et al., 2019) 

and the possible effects on the epithelial and stromal components of the growing mammary 

tissue (Rezaei et al., 2016). PRL has been found to decrease the ODC1-antizyme and stimulate 

ODC1 and arginase, resulting in an increase in polyamine concentration in the cell by increasing 

their transport by 2.5-fold (Bolander, 2004), which might support cell proliferation and survival. 
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One study found hydrocortisone and PRL played a role in casein transcription and mRNA 

stabilization (Menzies et al., 2009). PRL signals through the prolactin receptor (PRLR/PRLR) 

and triggers cellular pathways to promote milk protein expression and increase protein synthesis 

(Bolander, 2004; Cant et al., 2018; Murney et al., 2015; Wang et al., 2014). One study found the 

expression of the PRLR was reduced in sows given Arg (Holanda et al., 2019), which could be a 

negative feedback loop response to PRL signaling.  

GH, a somatotropin/prolactin family hormone, has a role in growth control and 

stimulating the secretion of IGF1 from the liver and other tissues, but is also reported to act 

synergistically with PRL (Chew et al., 1984). Studies have shown that exogenous treatment with 

GH causes a dramatic increase in the rate of mammary AA uptake and milk protein synthesis 

(Calsamiglia et al., 2010; Baldwin and Knapp, 1993). The response is associated with an 

increased protein synthetic capacity of the mammary glands, indicated by increased RNA:DNA 

ratio (Baldwin and Knapp, 1993). Arg treatment increased GH secretion in dairy cows (Chew et 

al., 1984; Paddon-Jones et al., 2004), and in sows (Liu et al., 2012). 

IGF1 is structurally and functionally similar to INS and is involved in cell signaling, 

growth, and development. Exogenous IGF1 has been shown to stimulate global protein 

synthesis, blood flow, milk protein yield in dairy cows (Bequette et al., 2001; Bionaz et al., 

2012; Cant et al., 2003), and casein synthesis in cultured bovine mammary cells (Collier et al., 

1993). Similarly, IGF1 enhances BMEC proliferation and is regulated by other hormones such as 

GH and estrogen, but also from positive feedback by proliferating cells (Rezaei et al., 2016). 

Holanda et al. (2019) found no change in mammary IGF1 and a tendency to increase IGF1 

receptor expression in sows fed Arg. Another study found no change in INS and IGF 

concentrations in response to Arg deficient or supplemented treatments (Doepel and Lapierre, 
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2011). A different dairy cow study reported that Arg infusion caused a rapid initial decrease in 

INS within the first 15 min to an undetectable point before a rapid increase (Chew et al., 1984). 

A human study found that Arg increased glucose uptake by skeletal muscle due to a prolonged 

INS response during exercise than compared to the control group (McConell et al., 2006), 

suggesting Arg may affect INS signaling. One mechanism through which Arg affects INS 

signaling is via NO production, as NO increases blood flow, INS sensitivity, and glucose uptake 

by the skeletal muscle (Flynn et al., 2002). INS has been found to stimulate ODC1 and P5CR2 in 

the mammary tissue, which might support the ability for cell proliferation and survival but also 

supports Pro synthesis for milk production (Menzies et al., 2009). The synergistic effects of 

hormones, which can be enhanced by Arg, have been speculated to stimulate mammary 

epithelial cell (MEC) proliferation, which can result in higher milk production (Holanda et al., 

2019; Rezaei et al., 2016). However, the mechanisms of how Arg influences hormone secretion 

are not fully understood and warrant further research. 

 

Reproduction and Growth 

Since EAA cannot be synthesized endogenously, an adequate supply of dietary EAA is 

required to grow and thrive. Deficiency in any one or more of the EAA can lead to reduced 

production efficiency and increased body protein catabolism. Arg supplementation to a dam or 

directly to the offspring has been shown in many studies to support growth, protein synthesis, 

reproduction, fetal development, and survival (Ball et al., 2007; Holanda et al., 2019; Liu et al., 

2012; Wu et al., 2020; Yao et al., 2008). Insufficient dietary Arg will reduce growth rates in 

carnivorous fish and birds (Ball et al., 2007). Enterally fed piglets receiving a deficient Arg diet 

(0.20 g/kg/d) were able to survive. However, despite maximum rates of endogenous Arg 
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synthesis, they had elevated plasma ammonia and urea concentrations and low plasma Arg 

(Wilkinson et al., 2004). To normalize these parameters, Ball et al. (2007) suggested that Arg 

should be supplied at greater than the minimum Arg requirement for survival. During Arg 

deficiency, Pro contributes to the synthesis of Arg in enterocytes of immature animals, whereas 

the kidneys have the primary role of endogenous Arg synthesis in adults via Cit (Wilkinson et 

al., 2004). The growth of piglets has been reported to increase with feeding milk replacer 

containing additional Arg, supporting the contention that endogenous synthesis and milk intake 

are not sufficient to meet the metabolic needs for Arg (Kim et al., 2004). Similarly, Williams and 

Hewitt (1979) suggested that calves consuming only dam’s milk will receive an adequate 

quantity of all the EAA required for growth except for Arg, suggesting that further Arg 

supplementation may be beneficial for growing animals.   

It is hypothesized that Arg also improves placental transfer of nutrients by being a 

precursor for NO and polyamines (Ball et al., 2007). Placenta angiogenesis is important for 

essential nutrient transfer and support of a developing fetus (Wu et al., 2012). High polyamines 

in milk may act as mediators to assist a growing animal’s cells to continue proliferating and 

differentiating but could also provide an antimicrobial function due to PAOX activity producing 

amino aldehydes and H2O2 in milk (Bjelakovic et al., 2012). Arg supplementation supports 

embryo and fetal survival and growth in nonruminants and sheep (Mateo et al., 2007; Lassala 

et al., 2011). Calves fed milk replacer supplemented with Arg had greater weaning weights, 

plasma Arg concentrations, and lower plasma urea concentrations than calves not supplemented 

(Fligger et al., 1997). Research by Marini et al. (2015), discovered that the growth of mice in 

response to the supply of Arg was inversely related to the expression level of OTC in the gut, 

suggesting a reduction in Cit and endogenous synthesis of Arg impacts growth. 
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Inflammation and Immune System Modulator 

Recent literature has identified Arg as an immune modulator with direct and indirect 

effects. Studies have found Arg to increase glutathione peroxidase activity and the total 

antioxidant capacity of the serum of cows given a lipopolysaccharide lipase (LPS) challenge 

(Zhao et al., 2018b), but also reduced the somatic cell count while improving milk production 

(Zhao et al., 2018a). Arg is known to be important for wound healing and infection control 

(Flynn et al., 2002). The production of NO by Arg is a key mediator in the immune response 

(Wu, 2013), where NO acts as a regulator of the innate and adaptive immune responses (Li et al., 

2008). Furthermore, Arg can modulate the immune response through the regulation of cellular 

pathways, including mTORC1 and mitogen-activated protein kinase (MAPK/MAPK) in 

immunocytes (Wu, 2013). Also, Arg enhances the proliferation and survival of lymphocytes and 

the generation of antibodies during an immune response, thus enhancing disease control (Wu, 

2013). Arg was found to increase the stability of the T cell receptor z chain, thereby supporting T 

cell function and proliferation (Rodriguez et al., 2002). Recognition of pathogens leads to the 

activation of proinflammatory pathways including NFκB1 to enhance the expression of 

proinflammatory genes (Dai et al., 2020). Data from Dai et al. (2020) suggest that 

supplementation of Arg and Met alleviates the proinflammatory response by controlling the 

activity of NFκB1, and thus, proinflammatory cytokine and chemokine production. Arg 

influences cytokine production by reducing the production of IL-1, IL-6, and TNFa (Ding et al., 

2018). Spm can modify the release of proinflammatory cytokines and was shown to down-

regulate NOS2 in LPS-stimulated macrophages (Mössner et al., 2001). NFκB1 targets NOS2 

expression and Dai et al. (2020) predicted that the increased Spm may have caused the observed 

suppression of NFκB1 activation, which resulted in NOS2 expression reduction.   
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NUTRIENT PARTITIONING  

Vascular Function 

The mammary blood flow (MBF) rate is a major determinant of the rate at which AA and 

other nutrients are supplied to the mammary glands for milk synthesis (Davis and Collier, 1985). 

There are uncertainties in the literature as to whether the MBF responds to changes in the 

mammary metabolism or to direct regulators of milk synthesis (Bell and Bauman, 2006). Lacasse 

and Prosser (2003) suggested that mammary metabolism controls MBF, rather than blood flow 

controlling mammary metabolism. Furthermore, literature often hypothesizes that MBF is 

regulated by mechanisms to maintain nutrient supply for energy (ATP) and O2 but also the 

removal of CO2 (Cant and McBride, 1995). The mammary glands of smaller animals (e.g., mice) 

have a greater uptake of oxygen per gram than larger animals (e.g., dairy cows) (Linzell, 1972), 

and the weight-specific capacity for milk synthesis is also greater for rodents than dairy cows 

(Bionaz et al., 2012), suggesting that nutrient supply is a major factor for milk production.  

INS infusion studies have shown MBF to increase, which also resulted in an increase in 

the mammary fractional extraction of arterial BCAA by 48% and both Arg and Lys by 20% 

(Mackle et al., 2000). Mackle et al. (2000) suggested the milk yield effects may correspond to 

the increased blood flow. A goat study showed that INS infusion increased MBF by 42%, while 

INS and AA both increased blood flow in the hindlimb by 29-52% and 25%, respectively 

(Bequette et al., 2001). Doepel and Lapierre (2011) found that the MBF decreased with the 

subtraction of Arg from the infusate, but this did not affect milk yields. As the literature 

suggests, changes in blood nutrient concentration and AA availability in the mammary glands 

may result due to changes in MBF (Bequette et al., 2000; Bequette et al., 2001). Arg acts in the 

regulation of blood flow through the synthesis of NO by eNOS, which is theorized to contribute 
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to controlling nutrient and oxygen delivery to the mammary glands. 

A major function of NO is as a signaling molecule and its ability to regulate blood flow 

by causing vasodilation. The mammary vascular epithelium and the epithelial cells lining the 

alveoli and ducts have functioning NOS3 activity (Lacasse et al., 1996; Manjarin et al., 2014). 

The NO produced may diffuse to vascular smooth muscle and cause vasodilation of the 

mammary microvasculature and alter the capillary blood flow (Lacasse et al., 1996; Prosser et 

al., 1996). Therefore, it is hypothesized that the mammary glands may have the ability to control 

their nutrient supply for milk production by regulating the blood flow (Bequette et al., 1998; 

Lacasse and Prosser, 2003; Prosser et al., 1996). NO production may be attenuated by factors 

including arginase activity (Morris, 2007) and other inhibitor molecules. Inhibition of NOS 

leading to an impairment of NO production can occur through insufficient availability of 

tetrahydrobiopterin, which is an essential cofactor for NOS (Rubach et al., 2015), and also 

through the accumulation of endogenous ADMA and NMMA inhibitors due to low DDAH 

activity (Weinberg et al., 2014). Nitric oxide synthase trafficker (NOSTRIN/NOSTRIN) 

attenuates NOS3 activity by binding it and causing it to translocate into vesicle-like subcellular 

structures from the plasma membrane (Finucane et al., 2008). Finucane et al. (2008) found 

mammary NOSTRIN is up-regulated between late pregnancy and early lactation, and they 

proposed that NO is not solely responsible for stimulating blood flow to the mammary glands 

during lactation. The production of NO must be regulated to maintain a homeostatic NO level for 

proper function. Severe cases of reduced NO synthesis, as seen in malaria, can result in impaired 

vasodilation of the endothelium, dysregulation of tight junctions, reduced nutrient flux (Alkaitis 

et al., 2016), hypertension, and ischemia (Flynn et al., 2002). An overproduction of NO can 

cause hypotension and can be fatal in severe cases of sepsis, for example (Flynn et al., 2002). 
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Both angiopoietin isoforms, ANGPT1 (ANGPT1) and ANGPT2 (ANGPT2), compete for 

the same receptor, TEK receptor tyrosine kinase / angiopoietin 1 receptor (TEK/TEK). TEK is a 

cell surface receptor for isoforms 1, 2, and 4 of ANGPT, which regulates angiogenesis, 

endothelial cell survival, proliferation, and migration (Holanda et al., 2019). ANGPT1 

specifically promotes blood vessel stabilization by promoting intracellular adhesion and reducing 

vascular permeability (Holanda et al., 2019). Tyrosine kinase with immunoglobulin like and 

EGF like domains 1 (TIE1/TIE1) can inhibit ANGPT1 signaling through TEK receptor, thereby 

playing an important regulatory role in angiogenesis and blood vessel stability (Hanahan, 1997). 

Regulation by ANGPT2 can also occur by phosphorylating TEK and preventing ANGPT1 from 

binding (Hanahan, 1997). ANGPT2 may induce apoptosis in the absence of other angiogenic 

inducers (e.g., vascular endothelial growth factor A (VEGFA/VEGFA)) or mediate endothelial 

cell migration and proliferation in concert with VEGFA (Holanda et al., 2019). One study found 

ANGPT2 expression did not change in sows given an Arg supplemented diet. These sows 

showed reduced ANGPT1 and TEK and the ANGPT2:ANGPT1 mRNA ratio tended to increase. 

They concluded that these results may account for possible destabilization and reconstruction of 

the mammary vascular network due to Arg supplementation (Holanda et al., 2019). 

VEGFA protein is a potent endothelial survival factor and plays a role in vasculogenesis 

and angiogenesis. VEGFA induces endothelial cell proliferation and angiogenesis during 

ischemic conditions (Thuringer et al., 2002). VEGFA can also induce vasodilation by 

stimulating NO production (Liu et al., 2012). Studies have shown Arg to affect microRNA 

including miR-15b, miR-222 (Chacher et al., 2013; Liu et al., 2012), miR-16, and miR-221 (Liu 

et al., 2012), which target VEGFA and NOS3 gene expression for angiogenesis. They also found 

that sows supplemented with Arg had increased VEGFA expression (Liu et al., 2012). VEGFA 
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stimulates angiogenesis by two receptors, vascular endothelial growth factor A receptor 1 

(FLT1/VEGFAR1) and 2 (KDR/VEGFAR2). VEGFAR2 is the main receptor to initiate 

endothelial proliferation, migration, and survival when bound by a VEGFA. VEGFAR1 has a 

higher affinity for VEGFA and can regulate free VEGFA to modulate KDR activation. Holanda 

et al. (2019) did not find any expression difference for these two receptors between sows given 

an Arg supplemented or control diet. However, to our knowledge expression of FLT1 and KDR 

has not been studied in bovine tissues.  

Holanda et al. (2019) found a 1.85-fold increase of mitochondrially encoded cytochrome 

C oxidase 1 (PTGS1/COX1) gene expression in mammary glands of sows given an Arg 

supplemented diet. This increase in COX1 could result in increased prostaglandin synthesis in 

the mammary tissue, which can trigger calcium influx and promote cell differentiation, 

proliferation, angiogenesis, anti-apoptotic periods, and NO production from NOS3 since it 

depends on the interaction with calmodulin in the mammary tissue (Holanda et al., 2019). 

Prostacyclin synthase (PTGIS/PTGIS) is an endoplasmic reticulum (ER) membrane protein that 

acts to convert prostaglandin H2 to prostacyclin. Prostacyclin is a potent vasodilator and 

inhibitor of platelet aggregation. Cant et al. (2018) suggested that MBF can increase or decrease 

depending on the protein synthesis rate due to oxidative metabolism and ATP synthesis products 

being released into the mammary interstitium, which activates the endothelial synthesis of NO 

and prostacyclin. 

Bradykinin, a peptide, can induce vasodilation by binding to luminal receptors on 

endothelial cells and initiate the release of NO to the smooth muscle layer to promote 

vasodilation (Flam et al., 2001). Bradykinin is also responsible for promoting angiogenesis under 

ischemic conditions in skeletal muscle (Li et al., 2008). When bradykinin receptor B1 
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(BDKRB1/BDKRB1) is activated, it can increase VEGFA to promote angiogenesis. Typically, an 

increase in expression of BDKRB1 infers inflammation including increased cytokine release, 

immune cell flux, and increased vascular permeability (Li et al., 2008). This receptor can also 

induce hypotension due to increased peripheral vasodilation (Li et al., 2008). Alternatively, 

bradykinin receptor B2 (BDKRB2/BDKRB2), has a role in activating and promoting the 

production of NOS3 in endothelial cells, which can induce vasodilation and angiogenesis (Li et 

al., 2008). 

 

Amino Acid Transport and Uptake 

Blood flow is one determinant of the rate at which cells are supplied with AA for protein 

synthesis. AA transporters are responsible for bringing the AA into cells. Protein synthesis likely 

regulates AA uptake by modifying the transporter’s level of expression or activity, rather than 

the transporter’s capacity being the limiting factor for acquisition and utilization of AA 

(Bequette et al., 2000). Studies have found Arg supplementation to increase the expression of 

AA transporters and milk protein synthesis (Ding et al., 2018; Tian et al., 2017). The cellular 

uptake of AA is mediated by an array of Na+-dependent and Na+-independent transporters 

(Shennan et al., 1997).  

Cationic amino acid transporter 1 (SLC7A1/CAT1), cationic amino acid transporter 2 

(SLC7A2/CAT2), and cationic amino acid transporter 3 (SLC7A3/CAT3) are unidirectional 

sodium-independent AA transporters responsible for the cellular uptake of Arg, Lys, and Orn in 

non-hepatic tissues (Greene et al., 2013; Hu et al., 2020; Manjarin et al., 2014). CAT1 acts as an 

important Arg transporter for the mammary glands (Wu et al., 2020). SLC7A1 expression 

increases at the onset of lactation (Manjarin et al., 2014) and Arg supplementation decreased 
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SLC7A1 expression in BMEC in vitro (Hu et al., 2020). However, another study found no 

change to SLC7A1 and SLC7A2 expression in MEC of sows supplemented with Arg (Krogh et 

al., 2020). According to Morris (2007), the concentration of Arg altered the translation 

efficiency, where a lower Arg concentration increased the translation of CAT1. CAT1 is 

colocalized with NOS3 in the plasma membrane caveolae, which can specifically direct 60 – 

80% of Arg to the production of NO (Flam et al., 2001). In contrast, CAT2 directs Arg towards 

NOS2 (Hemat, 2003) and thereby competes with CAT1, which may limit the Arg directed to 

NOS3 by CAT1 (Morris, 2007). However, CAT2 is a low-affinity, high-capacity transporter and 

has less affinity for Arg than CAT1 (Manjarin et al., 2014). Furthermore, CAT3 diverts Arg 

towards NOS1 (Hosokawa et al., 1999) and is coexpressed with CAT1 and CAT2 in peripheral 

tissues but with low expression in human mammary tissue (Vékony et al., 2001).  

SLC7A5 is a gene coding for a highly expressed L-type amino acid transporter 1 (LAT1) 

that is present in the mammary glands of dairy cows (Wu et al., 2020) and is important for bi-

directional exchange of a wide range of AA, specifically AA with large, branched sidechains. 

Arg supplementation has been shown to increase SLC7A5 expression (Ding et al., 2018). 

However, Hu et al. (2020) found that increasing Arg supplementation down-regulated SLC7A5 

in BMEC in vitro. LAT1 is activated by mTORC1 when extracellular AA supplementation 

increases (Hu et al., 2020). Hu et al. (2020) hypothesized that increased Arg or Met 

supplementation to the BMEC could influence milk protein synthesis through increased 

transcription of these AA transporter genes. In the absence of LAT1, mTORC1 becomes 

dephosphorylated and inhibited but, upon re-expression of LAT1, mTORC1 activity will return 

(Wu et al., 2020). Similar to SLC7A5, SLC7A8, coding for the L-type amino acid transporter 2 

(LAT2), is also highly expressed in bovine mammary tissue (Wu et al., 2020). LAT2 transports 
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Arg in addition to other small and large neutral AA. The expression of SLC7A8 has been shown 

to increase due to Arg supplementation, which can lead to the promotion of cell growth and 

proliferation through the activation of mTORC1 in BMEC (Ding et al., 2018). 

Sodium-coupled neutral amino acid transporter 2 (SLC38A2/SNAT2) functions to 

transport many AA including Pro, Gln, and Ala (Manjarin et al., 2014). Hu et al. (2020) found 

no effect on SLC38A2 expression in BMEC in vitro with increasing Arg concentration. The 

activation of mTORC1 was decreased when SNAT2 was inhibited in bovine mammary cells and 

it was suggested this could be due to decreased uptake of Met (Qi et al., 2018). SLC38A9 codes 

for sodium-coupled neutral amino acid transporter 9 (SNAT9), a lysosomal AA transporter with 

a preference for polar AA. SNAT9 interacts with and leads to the activation of Ragulator and 

Rag GTPases in response to AA supply, which can lead to the recruitment and activation of 

mTORC1 at the lysosome (Graber et al., 2017; Wang et al., 2015). SNAT9 participates in AA 

homeostasis. SNAT9 is known as an Arg sensor because it depends on Arg binding to regulate 

the release of AA from the lysosomes to the cytosol, where they can be used to synthesize 

proteins (Wang et al., 2015; Wyant et al., 2017). Furthermore, activation of mTORC1 by Arg 

requires SNAT9 (Dyachok et al., 2016; Wyant et al., 2017) and overexpression of SLC38A9 

causes mTORC1 signaling to be insensitive to AA deprivation (Wang et al., 2015). Primarily 

Arg, but also Gln and Lys, are sensed by this transporter. Wyant et al. (2017) found that Lys can 

promote the interaction between SNAT9 with Rag-Ragulator, although Arg served as a better 

ligand and was more potent than Lys. SLC38A9 expression in BMEC was not affected by 

increasing Arg concentration in the media (Hu et al., 2020). Another important function of 

SNAT9 is the release of Leu from lysosomes, which can stimulate the cytosolic mTORC1 

activators, Sestrin1 and Sestrin2 (SESN2/SESN2) (Wyant et al., 2017).  
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Mammary Uptake 

The net mammary fractional extraction of most AA from blood is very high compared to 

that of the muscle (Bell and Bauman, 2006). Free AA in the arterial blood are taken up by the 

mammary glands through membrane transport systems. Over 80% of net amino acid uptake is 

output in milk protein (Clark et al., 1978; Mackle et al., 2000). However, mammary protein 

degradation also provides a significant amount of AA for mammary protein synthesis, 

accounting for 2 to 5 times the AA output in milk (Bequette et al., 1998; Hanigan et al., 2009). It 

is well documented that a deficiency in total AA or EAA supply will result in a reduction of milk 

protein synthesis and secretion (Guinard and Rulquin, 1994).  

Mepham (1982) described the uptake of AA by lactating mammary glands into three 

classes in accordance with their ratio of uptake to output in milk protein. Class 1 has EAA with 

an uptake:output ratio of 1.0 and includes His, Met, Phe, Trp, and Tyr. Class 2 includes Arg, 

Lys, Thr and the BCAA (Ile, Leu, Val), which are taken up in excess of protein output. Class 3 

are the NEAA, which are taken up at less than their output in milk protein. Transamination of 

class 2 AA contributes to the NEAA intracellular pool (Clark et al., 1978; Mackle et al., 2000). 

Pro as a class 3 AA must be synthesized within the mammary glands from class 2 EAA in order 

to supply the high amounts needed for casein synthesis (Clark et al., 1975; Roets et al., 1979; 

Yip and Knox, 1972). The mammary uptake of Arg is relatively high compared to the amount 

output in milk protein (Lapierre et al., 2012) and much of the excess is used for the synthesis of 

NEAA, such as Pro, Gln, and Glu (Clark et al., 1975; Roets et al., 1979; Yip and Knox, 1972). 

Orn is readily taken up by the mammary glands and can also serve as a precursor to support Pro 

synthesis (Clark et al., 1975; Mepham, 1982). The AA taken up are not only used for milk 

protein but have many additional metabolic fates.  
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Muscle Uptake 

Unlike the mammary glands, the fractional rate of protein synthesis in skeletal muscle is 

slow. However, like the mammary glands, muscle protein deposition is unlikely to be limited by 

carrier-mediated transport of AA since the unidirectional uptake of AA is in excess of protein 

deposition and the rate of protein synthesis and AA uptake are similar (Hoskin et al., 2003). 

Hoskin et al. (2003) found that the muscle uptake efficiency is not determined by transporter 

activity, but more by the increased supply of plasma AA and increased blood flow to the tissue. 

It is hypothesized that net protein accretion is more likely limited by the inefficient uptake of a 

single AA, where the uptake of the other AA are in excess for protein synthesis needs (Hoskin et 

al., 2003). It is hypothesized that hormone stimulation is a key regulator for muscle protein 

synthesis since intake increased both AA uptake and export, in addition to increased protein 

turnover (Hoskin et al., 2003). However, the net uptake of BCAA in the muscle is in excess of 

protein deposition and is consistent with findings of extensive catabolism of BCAA (Webb et al., 

2020). Studies have shown the plasma EAA concentrations decrease in response to increased 

energy supply, but no response in milk yield, which may indicate that the EAA are being 

directed to muscle protein rather than the mammary tissue (Doepel et al., 2004). The 

mechanisms by which AA are partitioned between the mammary glands and skeletal muscle are 

not well characterized.
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CELLULAR REGULATION OF PROTEIN SYNTHESIS  

Cellular Signaling and Transcription Regulation  

Before proteins can be translated from mRNA, the genes must be transcribed to mRNA. 

Transcription is a highly regulated process modulated by transcription factors that are themselves 

regulated by many factors including nutrients, hormones, cell-to-cell adhesion, and the 

extracellular matrix.  

PRL signals through the PRLR and activates the janus kinase 2 (JAK2/JAK2) – signal 

transducer and activator of transcription 5 (STAT5A/STAT5A and STAT5B/STAT5B) pathway 

(Finucane et al., 2008; Murney et al., 2015), which requires cellular interaction with the 

extracellular matrix (Rosen et al., 1999). The JAK2-STAT5 pathway is prominent during 

lactation due to stimulation by PRL, other lactogenic growth factors, and cytokines (Bolander, 

2004; Murney et al., 2015; Wang et al., 2014). JAK2 activation will phosphorylate and create 

docking sites for STAT5 proteins. The phosphorylation of STAT5A and STAT5B results in their 

dimerization, translocation to the nucleus, and binding upstream of several genes, including the 

milk protein genes, to initiate transcription (Murney et al., 2015, Rudolph et al., 2007; Tian et 

al., 2017). Wang et al. (2014), found an increased expression of JAK2 and STAT5 in BMEC in 

vitro treated with excess Arg (3.2 mM) but decreased in expression at the highest Arg treatment 

(12.8 mM). Arg has been shown to stimulate BMEC proliferation and increase casein synthesis, 

which may be due to the activation of JAK2-STAT5 (Tian et al., 2017; Zhao et al., 2018a). 

STAT5 activity is highly correlated with the abundance of milk protein mRNA (CSN1S1, CSN2, 

LALBA, LGB) and level of β1-integrin (ITGB1/ITGB1) (Murney et al., 2015). ITGB1 is involved 

in tissue structure and is important for mammary proliferation and integrity. Mouse knockout 

models found mammary gland development is dependent on ITGB1, but ITGB1 is also essential 
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for sustained STAT5 activation (Naylor et al., 2005). Murney et al. (2015) suggested that, as in 

mice, the level of ITGB1 may influence the responsiveness of BMEC to PRL. The decrease in 

ITGB1 during involution is followed by a decrease in STAT5 activation (Murney et al., 2015; 

Singh et al., 2005). These results suggest that STAT5 and ITGB1 signaling pathways are linked 

and play a role in the regulation of milk protein gene expression. 

Protein kinase B (AKT1/AKT1) is a serine-threonine protein kinase that is activated by 

phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1/PI3K) following insulin, IGF-1, and 

PRL stimulation, which activates cellular processes including lipogenesis, protein synthesis, 

proliferation, cell survival, growth, and angiogenesis (Greene et al., 2013; Qi et al., 2018). AKT1 

phosphorylation is increased in cells with higher ODC1 levels (Greene et al., 2013). It was 

suggested that Arg increased the activity and phosphorylation of AKT1 through polyamines 

and/or NO (Greene et al., 2013). However, a different study by Hu et al. (2020) found a lower 

phosphorylated to unphosphorylated ratio of AKT1 under a high Arg treatment to media of in 

vitro BMEC. Similarly, Nichols et al. (2017) found a lower abundance of AKT1 protein when 

EAA were infused into lactating cows. 

The Jun proto-oncogene (JUN/C-JUN) is involved in regulating cell proliferation and 

differentiation. JUN isoforms can homodimerize, but can also heterodimerize with activating 

transcription factors (ATFs) or the Fos proto-oncogene (FOS/C-FOS), to form the AP-1 

transcription factor complex (Shen et al., 2006). A human endothelial cell study found that Arg 

treatment alone had no effect on JUN expression. However, treatment with Arg plus antioxidants 

reduced JUN expression (De Nigris et al., 2004). C-FOS is only capable of forming heterodimers 

with JUN isoforms (Shen et al., 2006). FOS expression is mediated by NO and can also be 

reduced by N(G)-nitro-L-arginine methyl ester, a NOS inhibitor (Wu et al., 2020). The MYC 
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proto-oncogene (MYC/C-MYC) also has a role in vascular development, cellular progression, 

transformation, and apoptosis (Shi et al., 2014). The mTORC1 pathway influences cell 

proliferation through the regulation of translation of mRNA for genes such as cyclins, MYC, and 

ODC1 (Morita et al., 2015). C-MYC can bind to the VEGFA promoter to initiate translation and 

support angiogenesis (Shi et al., 2014). Findings from Shi et al., (2014) suggest that tRNASer 

(SerRS) competes with C-MYC for the DNA binding site to regulate VEGFA expression.  

Sterol regulatory element binding transcription factor 1 (SREBF1/SREBF1) is a regulator 

of cholesterol and FA metabolism. As an ER membrane protein, it becomes cleaved and 

activated at the Golgi before entering the nucleus to activate the expression of lipogenic genes 

including acetyl-CoA carboxylase α (ACACA/ACACA), fatty acid synthase (FASN/FASN), and 

stearoyl-CoA desaturase (SCD/FADS5) (Salama et al., 2019). The activity of SREBF1 is 

regulated by mTORC1 and its nuclear access is controlled by lipin 1 (LPIN1), where up-

regulation of LPIN1 inhibits SREBF1. The supply of Arg or Met reversed the negative effects of 

heat stress on FA metabolism and up-regulated SREBF1 in one study (Salama et al., 2019).  

 

Mammalian Target of Rapamycin Complex 1 Pathway and Regulation 

Many studies have reported Arg to influence mTORC1 and associated pathways (Figure 

4). mTORC1 is a downstream effector of many signaling pathways and is involved in many 

aspects of cell function and growth, including cell cycle control, ribosome biogenesis, and 

mitochondrial metabolism and biogenesis (Laplante and Sabatini, 2009; Morita et al., 2015). 

mTORC1 responds to nutrients (AA, energy), growth-promoting factors, stress status, cytokines, 

oxygen, and hormones (IGF1, PRL) to facilitate cell growth in a coordinated way (Bionaz et al., 

2012; Cant et al., 2018; Dyachok et al., 2016, Greene et al., 2014; Laplante and Sabatini, 2009). 
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Figure 4: mTORC1 regulation pathway 
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mTOR (MTOR) is a protein kinase associated with two different protein complexes (Yang et al., 

2006). mTORC1 is composed of mTOR, raptor, mLST8, PRAS40, and deptor, where deptor 

inhibits mTOR in the absence of stimuli and raptor activates mTOR when it becomes 

phosphorylated by stimuli (Dyachok et al., 2016). Stimulation promotes the interaction of mTOR 

with Rag GTPase (RRAG(A,B,C,D)/RAG) proteins, which function to relocalize mTORC1 to the 

lysosomes where mTORC1 is stimulated by Ras Homolog (RHEB/RHEB) (Dyachok et al., 

2016; Wang et al., 2015; Wu et al., 2020; Wyant et al., 2017). RHEB availability for mTORC1 

activation is controlled by many stimulatory and inhibitory factors that target the PI3K-AKT1 

pathway or TSC1/TSC2 complex (TSC complex), respectively (Dyachok et al., 2016).  

Protein synthesis can also be induced by certain AA, and mTORC1 is known to be 

primarily responsible for this effect (Kim, 2009). Dyachok et al. (2016) found that Arg is one of 

the few AA (Asn, Gln, Thr, Arg, Gly, Pro, Ser, Ala, and Glu) that primes mTOR for activation 

carried out by other activating AA (Leu, Met, Ile, and Val). The important role of the priming 

and activating AA is to move cytosolic mTORC1 to the outer lysosomal membrane. Activation 

of mTORC1 by AA causes the phosphorylation and activation of ribosomal protein S6 kinase 1 

(RPS6KB1/S6K1), and inhibition of eukaryotic translation initiation factor 4E binding protein 1 

(EIF4EBP1/4EBP1) (Wang and Proud, 2006) and autophagy-related protein 1 homolog 

(ULK1/ATG1) (Dyachok et al., 2016).  

Many studies have reported MTOR expression to increase with Arg supplementation 

(Ding et al., 2018; Wang et al., 2014). However, Hu et al. (2020) found no difference in 

expression with increased Arg treatment of BMEC in vitro. Other in vitro studies found Arg 

increased casein synthesis in BMEC, which was suggested to be caused by the increase in 

MTOR, JAK2, and STAT5 expression (Wang et al., 2014; Zhao et al., 2018a). Hu et al. (2020) 
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found the phosphorylated:unphosphorylated ratio of mTOR nearly doubled with Arg treatment in 

BMEC in vitro. Similarly, the phosphorylation of mTOR in BMEC was reduced 49% with the 

omission of Arg (Appuhamy et al., 2012). Arg not only activates mTORC1 in mammary tissue 

but also the intestine (Ban et al., 2004) and muscle cells (Yao et al., 2008).  

The effects of Arg on mTORC1 may be regulated by the Arg sensors SNAT9 and 

cytosolic arginine sensor for mTORC1 subunit 1 (CASTOR1/CASTOR1), which both relay the 

availability of Arg to mTORC1 (Chantranupong et al., 2016) and initiate the activation of RAG 

complex (Dyachok et al., 2016). Arg can cause the dissociation of CASTOR1 from GATOR2. 

CASTOR1 is part of the AA sensing component of mTORC1 signaling, and functions to inhibit 

mTORC1 by binding and inhibiting the GATOR2 complex as a homodimer or heterodimer with 

CASTOR2 (CASTOR2). However, Arg allosterically disrupts the interaction and allows 

GATOR2 to inhibit GATOR1 and activate mTORC1 by RHEB at the lysosome (Hu et al., 2020; 

Wu et al., 2020). One study found a correlation between increased Arg supply, lower mRNA 

abundance of CASTOR1, and increased mTOR phosphorylation, which was suggested to be due 

to the higher Arg supply causing CASTOR1 to dissociate from GATOR2 and activate mTORC1 

(Hu et al., 2020). The same study also found that Met treatment alone without Arg increased 

CASTOR1 expression in BMEC in vitro. 

The GATOR complex, composed of GATOR1 and GATOR2 subcomplexes, is an 

upstream regulator of mTORC1. GATOR1 is composed of GATOR1 complex protein DEP 

domain containing 5 (DEPDC5/DEPDC5), NPR2 like, GATOR1 complex subunit 

(NPRL2/NPRL2), and NPR3 like, GATOR1 complex subunit (NPRL3/NPRL3). Whereas 

GATOR2 is composed of GATOR2 complex protein WD repeat domain 24 (WDR24/WDR24), 

WD repeat domain 59 (WDR59/WDR59), meiosis regulator for oocyte development 
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(MIOS/MIOS), SEH1 like nucleoporin (SEH1L/SEH1L), and SEC13 homolog, nuclear pore and 

COPII coat complex (SEC13/SEC13). The major role of GATOR2 is to inhibit GATOR1, which 

results in mTORC1 activation (Hu et al., 2020). GATOR2 acts as an AA sensing centre where 

signals from AA sensors converge to regulate mTORC1 activation (Chantranupong et al., 2016). 

GATOR1 possesses Rag GTPase activating protein activity and in response to AA depletion will 

inhibit mTORC1 activity (Wyant et al., 2017). The negative regulation on GATOR1 by 

GATOR2 is carried out through an unknown mechanism (Wang et al., 2015).  

Like CASTOR proteins, the SESN2 protein can interact with GATOR2 when it binds 

cytosolic Leu (Wyant et al., 2017), but can also respond to other AA (Wu et al., 2020). In the 

absence of Leu, phosphorylated SESN2 will bind GATOR2 and prevent mTORC1 activation 

(Wu et al., 2020). Similarly, overexpression of SESN2 has been linked to a decrease in mTORC1 

activity and the synthesis of casein in mammary cells (Wu et al., 2020). SNAT9 is necessary for 

transporting Leu from lysosomal proteolysis to the cytosol, where it can bind SESN2 (Wyant et 

al., 2017). Similarly, late endosomal/lysosomal adaptor, MAPK, and mTOR activator 4 

(LAMTOR4/LAMTOR4) is one of the LAMTOR proteins that make up the Ragulator complex, 

which is involved in AA sensing, mTORC1 signaling, and promoting cell growth in response to 

energy and AA sufficiency (Graber et al., 2017). Activation of Ragulator by AA will cause it to 

activate RAG, which will recruit mTORC1 to the lysosome for activation (Graber et al., 2017). 

Hamartin (TSC1/TSC1) interacts and stabilizes the GTPase activating protein TSC2. The 

TSC complex functions to inhibit nutrient- and growth factor-stimulated phosphorylation of 

S6K1 and 4EBP1 by inhibiting mTORC1 signaling through negative regulation on RHEB 

(Dyachok et al., 2016; Laplante and Sabatini, 2009; Wang et al., 2015). The mTORC1 pathway 

is sensitive to AA in cells that lack TSC1 or TSC2, so it has been suggested that the activation of 
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mTORC1 by AA is independent of the TSC complex (Laplante and Sabatini 2009). Growth 

factors, energy status, proinflammatory mediators (TNFα), oxygen status, and AA stimulate the 

phosphorylation of TSC2 by AKT1 and S6K1, which leads to inactivation of the TSC complex 

and therefore activation of mTORC1 (Hu et al., 2020; Laplante and Sabatini, 2009). Conversely, 

AMPKα1 and the protein called regulated in DNA damage and development 1 (DDIT4/REDD1) 

are responsible for activating the TSC complex, which inhibits mTORC1 during hypoxic or low 

energy events (DeYoung et al., 2008). Arg has been suggested to promote TSC complex 

dissociation from the lysosome to enhance mTORC1 activation, as Arg treatment caused higher 

phosphorylation and inactivation of TSC2 in BMEC (Hu et al. 2020).  

 

Translation Regulation  

Translation is the process of synthesizing proteins from mRNA. Translation regulation 

(Figure 5) is coordinated by a group of enzymes called eukaryotic initiation factors. Activation 

of mTOR by stimulatory factors (growth factors, AA, etc.) can lead to the phosphorylation of 

eukaryotic initiation factor regulators, such as 4EBP1 (Kimball and Jefferson, 2006). 

Dissociation of 4EBP1 from the eukaryotic translation initiation factor 4E (EIF4E/eIF4E) occurs 

upon 4EBP1 phosphorylation, initiating translation (Laplante and Sabatini, 2009). INS and PRL 

appear to synergistically promote the phosphorylation of 4EBP1 in bovine mammary tissue 

(Menzies et al., 2009). Similarly, the infusion of EAA caused an increase in expression and 

phosphorylation of 4EBP1 in the skeletal muscle of dairy cows (Nichols et al., 2017) and in 

bovine and murine MEC (Moshel et al., 2006). However, high Arg supplementation caused a 

decrease in the expression of 4EBP1 (Wang et al., 2014; Tian et al., 2017). In addition, 

supplemented Arg was shown to increase the phosphorylation of mTOR and 4EBP1 in skeletal 
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muscle of piglets (Yao et al., 2008). The Arg treatment reduced the formation of the inactive 

complex (4EBP1- eIF4E) and increased the presence of the active complex (eIF4E- eukaryotic 

translation initiation factor 4G (EIF4G/eIF4G)) in the muscle (Yao et al., 2008). 

 
Figure 5: mTORC1 regulation on protein translation 

 
 

S6K1 becomes phosphorylated by active mTORC1 (Cant et al., 2018; Dyachok et al., 

2016), thus S6K1 is frequently used as an indicator of mTORC1 activity (Appuhamy et al., 

2012). It regulates protein synthesis by phosphorylating eukaryotic translation initiation factor 

4B (EIF4B/EIF4B), 40S ribosomal protein S6 (RPS6/RPS6), and eukaryotic elongation factor 2 

kinase (EEF2K/EEF2K) (Dyachok et al., 2016; Morita et al., 2015) and contributes to the 

translation of ribosomal proteins and cell survival by repressing pro-apoptotic proteins (Cant et 

al., 2018; Laplante and Sabatini, 2009). S6K1 also promotes cell growth and proliferation by 

inducing pyrimidine synthesis through carbamoyl phosphate synthetase 2 (CAD/CAD) 

activation. Exogenous GH increased the abundance of S6K1 in the mammary tissue (Cant et al., 

2018) and its phosphorylation (Calsamiglia et al., 2010). Similarly, glucose was shown to 

increase mammary mRNA expression of RPS6KB1 (Nichols et al., 2017). Expression of 

RPS6KB1 in longissimus muscle of pigs did not change in response to Arg supplementation (Yao 
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et al., 2008), whereas Wang et al., (2014) found increased RPS6KB1 expression at the 2x Arg 

treatment in BMEC in vitro. Arg has been shown to induce and regulate the activation of S6K1 

in intestinal epithelial cells, although this activation was inhibited by NOS inhibitors (Ban et al., 

2004). As suggested by Ban et al. (2004) these NOS inhibitors also inhibit cationic AA 

transporters, which could be one of the mechanisms by which Arg regulates mTORC1 signaling. 

The omission of Arg in the media of BMEC resulted in reduced phosphorylation of RPS6 

(Appuhamy et al., 2012).  

Polyamines can also regulate translation. They are responsible for activating eukaryotic 

translation initiation factor 5A (EIF5A/EIF5A) by post-translational modification of a specific 

Lys residue to hypusine (Park and Wolff, 2018). Spd donates an aminobutyl group that is 

attached to Lys by the sequential activities of deoxyhypusine synthase (DHPS/DHPS) and 

deoxyhypusine hydroxylase (DOHH/DOHH) in the cytosol and thereby allows EIF5A to bind 

ribosomes enabling translation (Schuller et al., 2017). tRNA molecules are important for 

translation. The arginyl-tRNA synthetase 1 (RARS1/RARS1) for Arg is suggested to potentially 

act as another Arg sensor in the cell according to the ratio of charged:uncharged tRNAArg 

molecules (Morris, 2007). But it also plays a role in ubiquitin-dependent protein degradation 

(Ferber and Ciechanover, 1987). Another translation regulator is heat shock protein family A5 

(HSPA5/BiP), a luminal ER protein which has a role in interacting with and monitoring protein 

transport through the ER (Het et al., 2015). Responsible for regulating protein folding and 

degrading misfolded proteins, BiP also acts to initiate the unfolded protein response (UPR) (Hetz 

et al., 2015).  

 

Unfolded Protein Response Pathway  
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Unfolded protein accumulation in the ER will initiate the UPR, a cellular response to 

control ER stress (Figure 6). ER stress can cause the release of the molecular chaperone BiP 

from three luminal domain sensors, activating transcription factor 6 (ATF6/ATF6), inositol-

requiring kinase (ERN1/IRE1α), and protein kinase RNA-like endoplasmic reticulum kinase 

(EIF2AK3/PERK) (Hetz et al., 2015; Nichols et al., 2017). The UPR first aims to restore ER 

balance by inhibiting further protein synthesis, degrading the misfolded proteins, and increasing 

expression of chaperones and ER proteins that are involved in protein folding and restoring ER 

function. If these restoration methods fail, then the cell will opt for apoptosis. 

Once BiP is cleaved from ATF6, a cytosolic fragment is cleaved and ATF6 enters the 

nucleus to transcribe ER-associated genes including X-box binding protein 1 (XBP1/XBP1), 

C/EBP-homologous protein (DDIT3/CHOP), and HSPA5 (Hetz et al., 2015). During ER stress, 

XBP1 acts as an important transcription factor to induce the UPR pathway target genes including 

genes for ER chaperones and ER-associated degradation components, which assist in 

establishing homeostasis in the ER (Hetz et al., 2015). After BiP dissociates from IRE1α, IRE1α 

becomes phosphorylated and capable of splicing a 26-base intron from the XBP1 mRNA, which 

is translated to the transcription factor XBP1s (Davis et al., 2016). XBP1s activates the 

transcription of genes involved in ER biogenesis and secretory maturation (Davis et al., 2016). 

EAA were found to increase the proportion of XBP1s to XBP1u and XBP1s to XBP1t (Nichols 

et al., 2017).  

PERK functions to depress global protein synthesis induced by ER stress. Once activated 

by BiP dissociation, PERK will phosphorylate and inactivate eukaryotic translation initiation 

factor 2 subunit α (EIF2S1/eIF2α), which inhibits eukaryotic translation initiation factor 2B 

(EIF2B/eIF2B) from converting eIF2α-GDP to eIF2α-GTP, thereby slowing translation initiation 
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(Proud, 2005). Translation of activating transcription factor 4 (ATF4/ATF4) is promoted by the 

phosphorylation and inactivation of eIF2α (Killberg et al., 2009). The PERK-ATF4 arm of the 

UPR regulates the activation of DDIT3, Growth arrest and DNA damage-inducible 34 

(PPP1R15A/GADD34), and ASNS (Rutkowski et al., 2006). CHOP stimulates cell apoptosis, 

while the up-regulation of PPP1R15A during the UPR will act to counteract PERK and resume 

protein synthesis upon ER balance (Nichols et al., 2017). As a regulatory component of protein 

phosphatase 1 catalytic subunit A (PPP1CA/PP1C), GADD34 is responsible for 

dephosphorylating eIF2α, which will promote cell recovery from stress and resume protein 

synthesis once ER balance is restored (Nichols et al., 2017). ATF4 is responsible for increasing 

the expression of PPP1R15A. Wang et al. (2014) found the expression of PPP1R15A increased 

in the highest Arg treatment. Infusion of EAA into cows caused 40% and 30% decreased 

expression of PPP1R15A and DDIT3, respectively, in the mammary tissue (Nichols et al., 2017).  

 
Figure 6: Unfolded protein response and amino acid response 
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CELL CYCLE 

Cell Differentiation and Turnover 

It is suggested that prolonged mTORC1 activation from the infusion of AA results in 

faster secretory cell differentiation and accumulation (Nichols et al., 2017). Arg is thought to 

promote cell growth through the activation of mTORC1 (Greene et al., 2013; Tian et al., 2018; 

Wu et al., 2013). The mTORC1 pathway also plays a role in controlling the translation of 

mRNAs for proteins that promote cell proliferation such as ODC1, cyclins (e.g., cyclin D1 

(CCND1/CCND1)), and C-MYC (Morita et al., 2015). Other important proteins for cell 

proliferation include marker of proliferation Ki-67 (MKI67/MKI67) and Wnt family member 4 

(WNT4/WNT-4), which have a role in the regulation of the cell cycle and balance between cell 

proliferation and apoptosis (Brisken et al., 2000; Scholzen and Gerdes, 2000). Finucane et al. 

(2008), found mammary MKI67 expression to be higher in late pregnancy than in early lactation. 

The interaction between ARG1 and ODC1 is required for DNA synthesis and protein 

metabolism. It is this interaction that Hu et al. (2019) hypothesized might be associated with the 

Arg-enhanced proliferation of mammary acinar tissue, which would benefit casein synthesis and 

overall milk protein production. ODC1 activity increases with cell differentiation, resulting in 

higher production of Putr and other polyamines (Bolander, 2004).  

Milk secretory cell number is a consequence of the balance between cell proliferation, 

differentiation, and apoptosis. There are many cellular regulators for cell proliferation and 

apoptosis and Arg, along with other AA, appears to regulate many of these cellular signaling 

pathways (e.g., MAPK, mTOR, and AMPKα1) (Wu et al., 2012). MAPK stimulates CK2 

autophosphorylation, which is then activated by Spd to CDK2, a component involved in the cell 

cycle (Bolander, 2004). MAPK is involved in many cellular processes such as proliferation, 
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differentiation, apoptosis, cytoskeleton arrangement, transcription regulation and development, 

nutrient metabolism, and inflammatory response (Wu et al., 2012). Cell proliferation is regulated 

by MAPK (Clark et al., 1975) and mTOR through activating CAD (Morita et al., 2015). CAD 

increases in expression during early lactation, along with ODC1, for promoting cell proliferation. 

CAD is a trifunctional protein that has a role in the first three enzymes of the six-step pathway to 

synthesize pyrimidines. It was found expressed in rat mammary tissue (Clark et al., 1975) but 

evidence is lacking for it in bovine mammary tissue.  

Cell turnover is influenced by the ratio of BCL2-associated X (BAX/BAX) to BCL2 

apoptosis regulator (BCL2/BCL2) during an apoptotic event. BCL2 is an anti-apoptotic, integral 

outer mitochondrial membrane protein that prevents cell death by controlling the permeability of 

the mitochondrial membrane (Greene et al., 2013). Under apoptotic conditions, BAX will embed 

into the mitochondrial membrane with BCL2 and disrupt the membrane potential (Greene et al., 

2013). The disruption to the membrane potential is caused by the opening of the mitochondrial 

voltage-dependent anion channels, which leads to the release of cytochrome c and activation of 

Caspase 3 (CASP3/CASP3) (Tebbe et al., 2021). CASP3 is a protease that has a role in initiating 

the cascade responsible for apoptosis execution (Tebbe et al., 2021). One study in human 

endometrial cells found that in vitro Arg supplementation increased the phosphorylation of 

proapoptotic proteins, which inhibited their apoptotic function and promoted anti-apoptotic 

BCL2 function (Greene et al., 2013), suggesting Arg prevents apoptosis by maintaining 

mitochondrial membrane potential. CHOP is another pro-apoptotic factor that becomes activated 

upon ER stress and will initiate cell cycle arrest and apoptosis (Rutkowski et al., 2006). Up-

regulation of DDIT3 is initiated by the PERK-ATF4 pathway of the UPR, which can lead to cell 

death by stimulating the transcription of pro-apoptotic genes (e.g., BAX) and inhibiting 
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transcription of anti-apoptotic genes (e.g., BCL2) (Sano and Reed, 2013). Expression of bovine 

mammary DDIT3 has been shown to decrease with EAA infusion (Nichols et al., 2017). 

 

Production of Putrescine and Polyamines 

Putr, Spd, Spm are collectively known as polyamines, as outlined in the Physiological 

Functions of Arginine section. These polycationic compounds are important for cell 

proliferation, differentiation, and apoptosis (Flynn et al., 2002). They can improve cell survival 

by inducing mitophagy to help remove damaged organelles (Bardócz et al., 1998; Bekebrede et 

al., 2020). Putr concentrations are elevated during the active replication phase of cell growth 

when ODC1 activity is high and AOC1 activity is low, but this switches during the 

differentiation process (Sessa and Perin, 1994). Polyamine concentration is a marker for cell 

proliferation since an increase in polyamine concentration and the expression of arginase 

enzymes and ODC1 promote cell proliferation, whereas the inhibition of these enzymes and 

depletion of polyamine concentration confer cell growth arrest (Flynn et al., 2002). Intracellular 

polyamine concentrations are regulated by their biosynthesis, degradation, and transport between 

cells (Bekebrede et al., 2020). While the transporter system for the uptake of polyamines by 

mammalian cells has not been identified, the transporter to export polyamines is known to be 

solute carrier family 3 member 2 (SLC3A2/SLC3A2) (Bekebrede et al., 2020). SLC3A2 is a 

diamine transporter responsible for exporting L-type AA and Putr, while importing Arg 

(Bekebrede et al., 2020). Hu et al., (2020) found that SLC3A2 decreased in BMEC treated with 

Arg. 
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RESEARCH RATIONALE AND OBJECTIVES 

Current research has outlined the many potential avenues by which Arg can influence cell 

and organ functions like AA metabolism, blood flow and vascular function, cellular regulation of 

protein synthesis, and cell differentiation and turnover. Much of the present literature 

demonstrates that the mechanisms of regulation of Arg-mediated functions are still unknown and 

need further investigation. With more research on Arg, we will develop a better understanding of 

its role in physiology and metabolism, which may improve the formulation of dairy rations to 

include Arg at a desirable level to increase production efficiency, potentially reduce pollution, 

and be of economic value to the farmer. 

 

The objectives of this project are to try to answer questions, including: 

1. Which metabolic pathways are affected by Arg in the mammary and muscle tissues?  

2. Based off the gene expression, which tissue appears to be more responsive to Arg? 

3. How does the supply of Arg influence the gene expression?  
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CHAPTER 2: THE EFFECTS OF ARGININE ON GENE EXPRESSION IN 

BOVINE MAMMARY AND LONGISSIMUS DORSI TISSUES 

INTRODUCTION 

The body of a lactating dairy cow must balance the demands for producing milk while 

maintaining normal physiological function. Arg is a highly versatile conditionally EAA with 

many important roles to balance in physiology such as Arg and AA metabolism (Ball et al., 

2007; Hu et al., 2019), ammonia detoxification (Ding et al., 2019; Wu, 1995), energy 

metabolism (Morris, 2007; Wu et al., 2012), hormone secretagogue (Davenport et al., 1990; 

Chew et al., 1984), reproduction and growth (Mateo et al., 2007; Yao et al., 2008), immune 

function (Zhao et al., 2018a; Zhao et al., 2018b), blood flow and vascular function (Holanda et 

al., 2019; Liu et al., 2012), protein synthesis regulation (Chantranupong et al., 2016), and cell 

differentiation and turnover (Greene et al., 2013; Ma et al., 2018; Salama et al., 2019), but is also 

highly relied upon by the mammary glands during lactation. Arg is taken up by the mammary 

glands in quantities that greatly exceed its output in milk protein, whereas Pro uptake is far less 

than its output in milk protein (Guinard and Rulquin, 1994; Mepham, 1982). Pro is the most 

abundant AA in caseins and constitutes 10% of total milk protein (Lapierre et al., 2020). A major 

use for this excess Arg is in the synthesis of NEAA, particularly Pro by enzymes including 

ARG2, OAT, and P5CR (Basch et al., 1996, Clark et al., 1975). Further research needs to 

investigate how the supply of Arg influences the expression of genes involved in Arg and AA 

metabolism including Pro synthesis within the mammary glands.  

Post-ruminal Arg supplementation of lactating cows had beneficial effects on milk 

production in one study (Ding et al., 2019) but not others (Hopkins et al., 1994; Zhang et al., 

2020). Likewise, one study found subtraction of Arg from post-ruminal EAA infusions decreased 
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milk protein yield (Tian et al., 2017) but other studies have not found this (Doepel and Lapierre, 

2011; Haque et al., 2013). Extra-mammary tissues, including the skeletal muscle, support the 

milk production setpoint by providing additional nutrients (energy, AA) to the mammary glands 

(Bell, 1995; Mann et al., 2016). However, these same tissues may also utilize nutrients for their 

own use and maintenance (Doepel et al., 2004). Partitioning of Arg between organs and 

physiological functions that take precedence for utilizing the extracellular Arg pool are not well 

understood.  

Blood flow is one determinant for the rate at which nutrients are supplied to tissues. The 

production of NO from Arg acts as a signaling molecule and causes vasodilation through the 

relaxation of smooth muscle lining the endothelium (Lacasse et al., 1996; Manjarin et al., 2014). 

Studies hypothesize that Arg may have a role in MBF regulation to support milk production by 

increasing the exchange of nutrients (Lacasse et al., 1996; Prosser et al., 1996). Furthermore, 

Doepel and Lapierre (2011) found MBF tended to decrease with the subtraction of Arg from the 

infusate. Further research is needed to understand the regulation around Arg use in NO 

production, vascular function, and blood flow regulation.  

Blood flow may control the rate at which nutrients are supplied to tissues but AA 

transporters are responsible for the uptake of AA into the cells. The literature reports similar and 

contradicting results on AA transport expression due to Arg treatment (Dai et al., 2020; Ding et 

al., 2019; Hu et al., 2020; Krogh et al., 2020; Salama et al., 2019). The effects of Arg supply on 

expression of AA transporters warrants further research. AA transporters do not determine the 

rate of protein synthesis (Hoskin et al., 2003), as this is controlled by other cellular regulators.  

Protein synthesis is controlled by other regulatory mechanisms such as cell signalling, 

transcription, mTORC1, and translation, which work together to maintain proteostasis. AA, 
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including Arg, have been found to influence protein synthesis. Many Arg sensors of the cell, 

including CASTOR proteins and SNAT9, have also been hypothesized to activate protein 

synthesis through mTORC1 (Chantranupong et al., 2016). Arg effect on mTORC1 has been 

suggested to also influence cell differentiation and turnover (Ma et al., 2018; Salama et al., 

2019), which can also affect milk production potential.  

The mechanisms on how Arg benefits milk production are still not well known and 

warrant further research. In addition, it is not clear how the mammary tissue compared to the 

muscle tissue responds to different supply of Arg. Therefore, the objectives of this present study 

are to identify key differences in the gene expression between the mammary and muscle tissues 

in relation to certain metabolic pathways encompassing Arg catabolism, vascular function, 

cellular regulation of protein synthesis, and cell differentiation and turnover.
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MATERIALS AND METHODS 

Animals and Housing  

The experiment was carried out at the Agriculture and Agri-Food Canada (AAFC), 

Sherbrooke Research and Development Centre (Sherbrooke, QC, Canada). The animal phase and 

experimental procedures were approved by the institutional animal care committee of AAFC 

Sherbrooke Research and Development Centre. Two second-lactation and four third-lactation, 

rumen-cannulated Holstein cows at 99 + 7 days in milk (DIM), producing an average of 45.6 + 

5.35 kg/d of milk, and 697 + 44.5 kg of body weight (BW) were used in a replicated 3 × 3 Latin 

square design with 14-d periods. Cows were housed in individual tie stalls and allowed 21 d of 

adaptation to the total mixed ration (TMR) and top-dressed concentrate (Table 1) prior to the 

trial. The diet was formulated to supply 100% of the net energy requirement and 75% of the 

metabolizable protein requirement according to NRC (2001). During the adaptation period, 2 

kg/d protein supplement (corn gluten meal, heat-treated soybean meal, canola meal, corn dry 

distillers grain with soluble; composition not shown) were incorporated into the TMR to mitigate 

a negative N balance before beginning AA infusions. Cows were fed 12 equal meals each day at 

2-h intervals by automatic feeders and had free access to water. For each cow, daily feed intake 

and refusals were measured throughout the trial. Samples of the feed ingredients were collected 

and stored at -20°C for later nutrient analysis by wet chemistry (Cargill Animal Nutrition, 

Strathroy, ON, Canada). Daily refusals were also sampled and stored at -20°C for DM analysis 

(AAFC Sherbrooke Research and Development Centre, Sherbrooke, QC, Canada) and DMI 

calculation. Cows were weighed at the beginning and end of each period and trial, which were 

used to calculate a BW percent difference.   
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Table 1: Ingredient and nutrient analysis of total mixed ration (TMR) 

Component  Content (%DM) 

Ingredient Composition   

   Grass silage 39.80 

   Grass hay 3.23 

   Ground shelled corn 32.14 

   Ground wheat 6.72 

   Soybean hulls 5.75 

   Dried beet pulp sugar 5.49 

   Megalac 2.66 

   Molasses 0.99 

   Urea 0.57 

   Oil 0.04 

   Minerals and vitamins 2.49 

   Atractine  0.10 

   Tap Water 0.02 

Nutrient Analysis   

   Dry Matter (% as-fed) 56.36 

   Crude Protein 12.13 

   Neutral Detergent Fibre 35.59 

   Acid Detergent Fibre 21.66 

   Non-Fibrous Carbohydrates 39.85 

   Ether extract 5.17 

   Ash 7.26 

   NEL (Mcal/kg)1 1.57 

   Ca 1.44 

   P 0.39 
1Net energy for lactation calculated according to NRC (2001) 

 

Treatments 

The cannulas were surgically inserted prior to the start of the trial and followed the 

technique described in Martineau et al. (2015). One day prior to use, abomasal infusion lines 

were inserted via the rumen cannula and placement was verified daily thereafter. Treatments 

were continuous abomasal infusions of an otherwise balanced AA mixture at 1054 g/d (Table 2) 
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in 6 L/d that supplied either 0, 49.2, or 98.4 g/d of L-Arg (ARGx0, ARGx1, and ARGx2, 

respectively). The infusate with the addition of ARGx1 matched the rumen microbial AA profile 

(Lapierre et al., 2020) and brought the total metabolizable protein supply from diet plus infusate 

to 100% of daily requirement (NRC, 2001). Infusions began at 13:00 on the 1st experimental day 

of each period and continued until the 14th experimental day after tissue biopsies were collected. 

Flow rates were calculated (infusate weight divided by the duration of time that past) 

periodically throughout each experimental day to ensure the infusion rate was maintained at the 

intended 4.17 ml/min. 

 

Table 2: L-Amino acid infusion rates  

Amino Acids Inclusions (g/d) 

   His∙HCl∙H2O 26.8 

   Ile 62.9 

   Leu 83.1 

   Lys∙HCl∙H2O 116.7 

   Met 23.7 

   Phe 105.5 

   Thr 56.0 

   Trp 12.3 

   Val 61.9 

   Ala 66.4 

   Asp 24.1 

   Asn∙H2O 109.2 

   Cys∙HCl∙H2O 27.3 

   Glu 23.6 

   Gln 110.9 

   Gly 56.4 

   Pro 38.4 

   Ser 48.6 

Total 1054 
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Milk Sampling  

Cows were milked twice a day at 07:00 and 19:00 in their stall using a DeLaval DelPro 

MU480 milking system with a 32-L stainless steel collection jug, which was used to weigh and 

sample the milk. Milk production was recorded at each milking and 8 samples were collected 

from the 9th experimental-evening to the 13th experimental-morning. Milk samples are currently 

frozen at -20°C for later analysis by IR spectroscopy for protein, lactose, and fat (University of 

Guelph, Guelph, ON, Canada). 

 

Tissue Biopsies 

Biopsies were collected on d 14 of each period following the morning milking and began 

with obtaining approximately 700 mg of mammary tissue from a rear quarter. The quarter for the 

first period was randomly selected and alternated thereafter. Cows were given 0.5 ml of 

detomidine∙HCl (10 mg/ml, dormosedan, Zoetis Canada, Kirkland, QC, Canada) in the 

coccygeal vein before being weighed and moved to the surgery chute. A 1 ml lidocaine was 

injected subcutaneously and then 4 ml lidocaine were injected into the tissue before the skin was 

incised. Mammary tissue were collected with a sterile reusable metal trocar, immediately washed 

in saline, weighed, snap frozen in liquid nitrogen, and stored at -80°C until analysis. 

After mammary biopsies, approximately 700 mg muscle tissue were collected from the 

longissimus dorsi according to Nichols et al. (2017) on either the right or left side, alternating 

with each period. Biopsy samples were immediately rinsed with saline, weighed, snap frozen in 

liquid nitrogen, and stored at -80°C until further analysis.  

 

Other Procedures 
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The present gene expression study was a component of a larger project including 5 h of 

jugular infusion of 15N- and 13C-labelled Arg and Cit, collection of blood samples from 

coccygeal (considered as artery vessel regardless if the vein was sampled) and subcutaneous 

mammary abdominal veins, and expulsion of residual mammary milk with oxytocin injection for 

three cows on the 12th experimental day and the remaining three cows on the 13th experimental 

day. The results from these procedures are not available to be discussed in this thesis (except 

arterial plasma concentrations of nitrogenous metabolites urea, Arg, Cit, and Orn) and are 

assumed to have not biased the observed treatment effects on gene expression. 

 

Post-Operative Care 

Cows were given 0.5 mg/kg BW meloxicam (Metacam, Boehringer Ingelheim Animal 

Health Canada, Burlington, ON, Canada.) subcutaneously and 7 ml/100 kg of Depocillin 

(Intervet Canada Corporation, Kirkland, QC, Canada) intramuscularly twice a day for three to 5-

d after biopsies to minimize pain, inflammation, and infection, respectively. Rectal temperatures, 

milk yields, and feed intakes were recorded for 5-d post-operatively. 

 

RNA Isolation 

Mammary and muscle samples remained at -80°C for approximately one year until the 

beginning of RNA isolation. All tissue was ground with a clean mortar and pestle while being 

kept frozen with liquid nitrogen. Ground tissue was weighed to approximately 100 mg and 

placed into a labelled frozen 2.0 mL Fisherbrand microtube (Cat no. 05-408-138, Fisher 

Scientific, Whitby, ON, Canada) and placed back at -80°C for later RNA isolation.  

RNA isolation was performed using PureLink RNA Mini Kit (Cat no. 12183018A, 
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Invitrogen, Life Technologies, Burlington, ON, Canada) following the manufacturer’s protocol 

but with modified steps (Appendix I). After extraction, RNA concentration and absorbance ratios 

(A260/A280 and A260/A230) were quantified on a Nanodrop One Spectrometer (Thermo Fisher 

Scientific, Waltham, MA, USA). RNA samples were considered pure with A260/A280 values 

between 1.95 and 2.15, and A260/A230 between 1.80 and 2.34. RNA integrity number (RIN) was 

determined by either Agilent TapeStation 4150 or Aglient Bioanalyzer 2100 at the Advanced 

Analysis Centre, University of Guelph, Guelph, ON, Canada. All isolates had RIN ≥ 7.  

Removal of genomic DNA was carried out with Invitrogen Turbo DNA-Free Kit (Cat no. 

AM1907, Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturer’s 

protocol. In 20 μL total reaction volume, 700 ng of each sample were reverse transcribed (RT) 

using Applied Biosystems High Capacity cDNA Reverse Transcription Kit with RNase Inhibitor 

(Cat no. 4374966, Thermo Fisher Scientific, Waltham, MA, USA) by following the 

manufacturer’s protocol. The cDNA produced was subsequently diluted to 5 ng/μL, aliquoted 

into multiple microtubes to prevent repeated freeze-thaw cycles, and stored at -80°C until further 

analysis.  

 

Primer Design and Evaluation  

qPCR primers (Table 3) were selected and checked specifically for sequence identity and 

specificity in the Bos taurus transcriptome using BLAST on the NCBI database 

(https://www.ncbi.nlm.nih.gov/ and https://blast.ncbi.nlm.nih.gov/Blast.cgi). All primers were 

evaluated for qPCR by running trial standard curves and negative controls without cDNA or 

reverse transcriptase to verify primer efficiency, the potential for primer dimer formation, and 

DNA contamination, respectively.
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Table 3: Primer sequences for qPCR in Bos Taurus mammary and muscle tissues 

Gene Protein Forward Primer (5’-3’) Reverse Primer (5’-3’) Product Database 

AKT1 AKT1 GGTGATCCTGGTGAAGGAGA GAGTACTTCAGGGCCGTCAG 159 XM_024981592.1 

ALDH4A1 P5CDh GGATAAGGACGTTCTCCGGG TTGTCATTGGTTCCCGAGGC 138 NM_001105646.1 

ANGPT1 ANGPT1 TTGGACTGGGAAGGAAACCG TGTGACCCTTCAAATACAACCTGT 94 NM_001076797.1 

ANGPT2 ANGPT2 TGACATGGAAACGGGTGGAG GGGTTCCCGAATCCCACTTT 108 NM_001098855.1 

ARG1 ARG1 TAATGGAAGTGAATCCGTCTC ACTTTGGTGGGCTAAGGTAAT 144 NM_001046154.1 

ARG2 ARG2 TACGACCAACTTCCAACTCCC TCTGTCACCACAAACGCCTCA 135 NM_001017942.1 

ASL ASL ATCGGAGAGCGGGAAGCTAT GTCGTACGTGATGGACGAGT 88 NM_001034428.1 

ASNS ASNS GTGATATCCAGAGAGAGCCTGG ACAGAAAGGCAGTCATCGCT 83 NM_001075653.1 

ASS1 ASS1 GAGGAGCTCGTGAGCATGAA ACCTTGTTCTGGAGGCGATG 113 NM_173892.4 

ATF4 ATF4 CATCATGGGTTCTCCTGCGA GGAGAAAGCATCCTCCTTGC 99 NM_001034342.2 

ATF6 ATF6 GAGTTACTGGGCAGGGGAAC AACAGGGCAGAATCCCAGTC 122 XM_024989877.1 

BAX BAX GCCCTTTTGCTTCAGGGTTT ACAGCTGCGATCATCCTCTG 179 NM_173894.1 

BCAT1 BCAT1 TGGCCCCACGATGAAGGATT AACGGTGGCTCGTGTGATTA 121 NM_001083644.1 

BCAT2 BCAT2 CGGCATTGAGGCAGATTTGGAT GAGGCTCCTGTGTCATTTCCA 126 NM_001013593.2 

BCKDHA BCKDHA TTTGGAGACCAAGTCGAGGC GAAATCTAGCCAGCCCACGA 81 NM_174506.1 

BCKDK BCKDK CACTCCAACCATGATGCTCTATTC AGCGATCCTCACTGGCAACT 100 NM_001045906.2 

BCL2 BCL2 GAGTTCGGAGGGGTCATGTG GGGCCATACAGCTCCACAAA 158 NM_001166486.1 

BDKRB1 BDKRB1 ACCACATCCTGTGACGAAGC ACGAGGAAGACGGACAACAC 125 NM_001109999.1 

BDKRB2 BDKRB2 CCTGGTGTACGTGATCGTGG GCTCCACAGAGATGGAGGTC 149 NM_001192126.1 

CASP3 CASP3 AGCGTCGTAGCTGAACGTAA CTGCATCCACGTCTGTACCA 247 NM_001077840.1 

CASTOR1 CASTOR1 TCTGGCTCTACACTCACCCG GGATGGGGGCAGCTCTTTGA 140 NM_001081514.1 

CASTOR2 CASTOR1 GTCGCCAAGGAGAGTATCCC TCCGAAGAGGGCAGTTCAAG 158 XM_002698179.6 

CCND1 CCND1 GCTCCTGTGCTGCGAGATG GCTCTTTTTCACGGGCTCCA 280 NM_001046273 
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CSN2 CSN2 ATGAAGGTCCTCATCCTTGCC GATGCGTGTAATAGATTCCTCACTG 123 XM_010806178.2 

DDIT3 CHOP CAAAGCCGGAACCTGAGGAG TCCTGCAGGTCCTCATACCA 172 NM_001078163 

DDIT4 REDD1 AGCCTTTGGGATCGCTTCTC GCTGATTTGGGGTGGGAGTT 70 NM_001075922.1 

DEPDC5 DEPDC5 GTGCGACTGGAACAGGCAGA CAGGTTGATGGCCTCCAGGTA 84 521542 

EIF2AK3 PERK GGCTGAAAGATGACAGCACA AGAACTGGCTCTCGGATGAA 195 NM_001098086 

FLT1 VEGFAR1 ACGGTAGCCATCAGCAGTTC GCTTTGCAGTGATACACGCC 188 NM_001191132.4 

FOS C-FOS CGGGGACAGTCTCTCCTACT GGCAGTCACTGTTGGGATGA 130 NM_182786.2 

HPRT1 HPRT1 CACTGGGAAGACAATGCAGA GGGCATATCCCACAACAAAC 164 NM_001034035.2 

IGF1 IGF1 CCAAGGCTCAGAAGGAAGTACA GGTAACTCGTGCAGAGCGAA 141 NM_001077828.1 

JAK2 JAK2 TGGAATAGCTCGAGGTGCTG TTGTAGCTGAGCAAAAAGGTAAG 73 XM_024996130.1 

JUN C-JUN CGGCCAATATGCTCAGGGAA TTTTCTCCGTTGCCCCTCAG 144 NM_001077827.1 

KDR VEGFAR2 TGGAAAGGAAGACGCTGACT ATGAGAAGAGCACGCAACCT 156 NM_001110000.3 

LALBA LALBA AGTCCTTTCGTCCCAGCACTA AACCGGAGTCTGCTTGATGA 100 JN258330 

LAMTOR4 LAMTOR4 ACCTAGAGCTGCGATGACTT CTCCAGATCCCCAGATGACG 115 NM_001166607.1 

MKI67 MKI67 GAGACAGCCCAGGACACTTC CCTGGTTCTCTGCACCATGT 114 XM_015460791.2 

MTOR mTOR TGGAGCTCCGAGAGATGAGT GGCTGGCTATGGCCAAAATG 129 XM_002694043.6 

MYC C-MYC GTAGTAATTCCAGCGAGAGGCA TAGGCTAGCTCGGCTCTTCC 72 NM_001046074.2 

NFKB1 NFκB1 CAGTGGCACCTCCTTGCTAA GTTCCTCGAAGCACCCTTGA 175 NM_001076409.1 

NOS1 NOS1 ACCAGTTGGTGAAGGTGGAG TACTCCTGCAGACCCTTGCT 232 XM_024977753.1 

NOS2 NOS2 CAGAAGGCCAAAGGGGATCT CCGGGGTCCTATGGTCAAAC 87 NM_001076799.1 

NOS3 NOS3 GCATGGATGAGTATGACGTGGTGT GAAGCGGATCTTGTAACTCTTGTGC 185 NM_181037.3 

OAT OAT GAGGACAGGCTAGTTGGTCG GCAAACGCGCTAGTTTGGAA 70 NM_001034240.1 

ODC1 ODC1 GATATTGGTGGTGGCTTTCCT GTCCAGTGCTGGGTTGATTAC 84 NM_174130.2 

PIK3R1 PIK3R1 CACCTCGACCCCTTCCTGTT GGTGCGAACTGCTCTGCAA 100 NM_174575.1 

PPP1R15A GADD34 CAACCAGGAGACACAGAGGA ACTCTGGGTCTGAAGGGAGG 222 NM_001046178 

PTGS1 COX1 CTGCTTCTCCTGCTGCTGT CTGGTGCTGGCATGGATAGT 99 NM_001105323.1 

PYCR1 P5CR1 CGGTGCCAGCTGAGAGG GGTTCACCCCCATCTTCCTG 197 NM_001014957.1 



 
 

68 
 

PYCR2 P5CR2 CCCTGCACTTCCTAGAGAGC GGACTGCAGCTCTCGTGTTC 89 NM_001075181.1 

PYCR3 P5CR3 CCTCATCCAAGCAGGAAAAGTG AAGACGAGGGAGCAGCTATG 141 NM_001014906.1 

RHEB RHEB CTGAGGAGGCCGCTAAGATG CAACGAGGATTTCCCCACAGA 83 NM_001031764.2 

RNA18S1 RNA18S1 GATGGTAGTCGCTGTGCCTA AATTACAGGGCCCCGAAAGA 188 NR_036642.1 

RPS6KB1 S6K1 AGATGGACGTGACGATGAGC TTGTACGGTCCGGAGTTTGG 73 NM_205816.1 

SESN2 SESN2 TTCCGTGCCCGGGATTATAC GGCTGCCTGGAACTTCTCAT 102 NM_001024507.1 

SLC38A2 SNAT2 GAACCCAGACCACCAAGGCAG GTTGGGCAGCGGGAGGAATCG 99 NM_001082424.1 

SLC38A9 SNAT9 GAGAACTCAAGGGGCTGTGG AAGAAGTCAGTCCTGGGTGT 90 NM_001102163.1 

SLC7A1 CAT1 TCAACCAGCCTCCTAGCACT GGCACCTTGAATGAGAGCTT 188 NM_001135792 

SLC7A2 CAT2 CTCGCTCCTCCGTGATAAAT ATTCAGCGATCACCTCCATT 191 XM_010820288 

SLC7A5 LAT1 GTCTGGTGGAGAGACAAGCC TGGTTCTGGTCGCTTACGTC 112 NM_174613.2 

SLC7A8 LAT2 TCATCGCACTGGCTTTCCTT GGGGACATTGCAGTGACGTA 181 NM_001192889.3 

SMS SMS GCACAGCACCCTCGACTTCA CTCAAATTGGCAAAGCTGCCGT 171 NM_001035471.1 

SREBF1 SREBF1 TGACCGACATAGAAGACATGC GTAGGGCGGGTCGAATAGG 77 NM_001113302.1 

SRM SRM TTGGACGGCGTTATCCAGTG CCCAATGATCAGCACCTTGC 111 NM_001303623.1 

STAT5A STAT5A ACGGTACCTTCTTGTTGCGC CAGGTTACGGTCAGAGAGTCAAAC 85 NM_001012673 

STAT5B STAT5B TGTGGATACAAGCCCAGCAG TCAAGATCTATTGAGTCCCAAGC 139 AJ237933.1 

TEK TEK ACCTAGGAGGACAGGCGAAT ACCGTCCACTGTTGCAGAAA 173 NM_173964.2 

VEGFA VEGFA CTTGCAGATGTGACAAGCCG CTGGTGAGACGTCTGGTTCC 85 NM_001316992.1 

WDR24 WDR24 TGGATACAGCCGAGCGTTAC CGTCTGAGCCACCTGGTTAC 107 NM_001045973.2 

XBP1s XBP1s TGCTGAGTCCGCAGCAGGTG AGAATGCCCAACAGGATGTC 114 BC102639 

XBP1t XBP1t TTCAGCCCCTCAGAGAAAGA CTCCCAAGAATGGTCTGCAT 228 BC102639 

XBP1u XBP1u AGACTACGTGCACCTCTGCAG AGAATGCCCAACAGGATGTC 121 BC102639 
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Real-Time Quantitative PCR 

The qPCR was carried out on an Applied Biosystems 7300 real-time PCR instrument in 

duplicates, for most genes, of a 20-μL total reaction using 1 μL cDNA, 10 μL PowerUp SYBR 

Green Master Mix (Cat no. A25743, Thermo Fisher Scientific), 0.4 μL of primer at a 

concentration of 200 nM, and 8.2 μL DNase-/RNase-free water. The first 17 genes analyzed 

(HPRT1, RPS6KB1, RNA18S1, ARG1, ASL, ASS1, BCAT1, BCAT2, MYC, DEPDC5, IGF1, 

JAK2, SLC7A8, NOS3, PYCR1, PYCR3, and ALDH4A1) were completed with 2 μL cDNA, 10 

μL PowerUp SYBR Green, 0.4 μL primer at 200 nM, and 7.2 μL DNase-/RNase-free water 

before changing to 1 µL cDNA in order to have sufficient volume to complete all the target 

genes of interest. This volume difference should not interfere with relative gene expression 

results because each gene is compared to its own within-plate control. The qPCR was 

programmed in fast cycling mode with a melt curve after each amplification to confirm product 

specificity. The relative fold change in gene expression was calculated from cycle threshold 

observations by the Pfaffl Method (Pfaffl, 2001), relative to mean ARGx0 values, and 

normalized to SRM and RHEB for mammary or BCKDHA for muscle. 

 

Statistical Analysis  

Variation in observations of cycle thresholds, relative gene expression, BW, DMI, and 

milk production was analyzed with Proc Glimmix of SAS (SAS Institute Inc., Cary NC, USA) 

according to the following model:  

Yijk = μ + Cowi + Periodj + Treatmentk + eijk 

where Yijk = observation, μ = overall mean, Cowi = random effect of cow (i = 1 to 6), Periodj = 

fixed effect of period (j = 1 to 3), Treatmentk = fixed effect of arginine level (k = 1 to 3), and eijk 
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= experimental error. The model was used to select appropriate housekeeping genes (HKG) for 

normalization of mammary and muscle expression of target genes, as those with the lowest 

variation in cycle threshold due to cow, period, and treatment. The geometric mean of SRM and 

RHEB for mammary and BCKDHA for muscle were the most stable and therefore were used for 

normalization. Muscle gene expression data had one outlier determined by interquartile range in 

the ARGx0 treatment and was not used in the relative gene expression calculations and statistics. 

The appropriate variance distribution for each gene was selected by comparing the residual plots 

for normality as lognormal transformed vs. untransformed data. The effects of the Arg treatments 

were estimated as orthogonal linear (L) and quadratic (Q) effects. Differences were considered 

significant at P < 0.05 and tendencies at 0.05 < P < 0.15. Due to the number of treatments, L 

effects were determined from the difference between ARGx2 and ARGx0, without considering 

intermediate ARGx1 observations, and could potentially represent a significant Q effect. Thus, 

when Q was found significant, any L effect was ignored. Results are expressed as least squares 

means with the standard error.  

 

RESULTS 

Body Weight, Dry Matter Intake, and Milk Yield  

Cows consumed an average of 24.5 + 2.53 kg/d DMI during the experiment. DMI was 

increased by Arg supply in a quadratic fashion (PQ = 0.008; Table 4), ARGx1 treatment showed 

the highest intake. The BW percent difference of the cows did not change. Excess Arg supply 

caused a quadratic decrease in milk yield (PQ = 0.004), with ARGx1 having the lowest yield.  
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Table 4: Body weight, dry matter intake, and milk yield of lactating dairy cows (n = 6) 

receiving abomasal amino acid infusion and arginine treatment for 14 d1 

 Treatment2  P-value3 

 ARGx0 ARGx1 ARGx2 SEM L Q 

BW (% difference) 0.61 2.29 0.31 1.0 0.842 0.186 

DMI (kg/d) 24.4 24.8 24.4 1.0 0.763 0.008 

Milk Yield (kg/d) 43.9 41.9 42.9 1.8 0.074 0.004 

1Data are least square means from the last 6 d of each period for DMI and last 4 d for milk 
2ARGx0 = 0g/d of arginine; ARGx1 = 49.2 g/d of arginine; ARGx2 = 98.4 g/d of arginine  
3L = linear; Q = quadratic  

 

Arterial Concentrations 

The arterial concentration (Table 5) of urea increased linearly with a quadratic tendency 

(PL = 0.004; PQ = 0.086). Infusion of Arg increased the arterial concentrations of Arg linearly 

(PL < 0.001). Cit and Orn were not affected by the Arg supply (P ≥ 0.247). 

 

Table 5: Arterial plasma concentrations of nitrogenous metabolites in lactating dairy cows 

(n = 6) receiving abomasal amino acid infusion and arginine treatment for 14 d1 

 Treatment2  P-value3 

 ARGx0 ARGx1 ARGx2 SEM L Q 

Urea (mM) 4.94 5.27 7.16 0.40 0.004 0.086 

Arg (µM) 67 83 106 4 <0.001 0.399 

Cit (µM) 109 118 120 16 0.576 0.825 

Orn (µM) 50 63 62 10 0.247 0.452 

1Data are least square means from the 12th and 13th experimental day in each period  
2ARGx0 = 0g/d of arginine; ARGx1 = 49.2 g/d of arginine; ARGx2 = 98.4 g/d of arginine  
3L = linear; Q = quadratic  

 

 
mRNA Expression  

Mammary 
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The infusion of Arg caused a linear increase in BCAT1 (PL = 0.037; Table 6), OAT (PL = 

0.036), and PYCR1 (PL = 0.012) although expression of OAT was highest at ARGx1 and tended 

to be quadratic with respect to Arg level (PQ = 0.056). Of the genes related to AA metabolism, 

BCKDHA (PQ = 0.122) and BCKDK (PQ = 0.139) tended to increase in a quadratic fashion with 

the highest expression on ARGx1, while ASNS (PL = 0.121) tended to increase linearly. NOS1 

(PQ = 0.144) and NOS3 (PQ = 0.081), involved in Arg metabolism and vascular function, 

exhibited positive quadratic tendencies. Other genes involved in vascular function also increased 

in a quadratic fashion (FLT1 (PQ = 0.012)) or tended to increase in a quadratic way (KDR (PQ = 

0.113); TEK (PQ = 0.117)). AA transporters SLC7A1 (PL = 0.001), SLC7A5 (PL = 0.003), and 

SLC7A8 (PL = 0.025) increased linearly, while SLC38A2 exhibited a tendency to increase 

linearly (PL = 0.055) and SLC38A9 decreased linearly (PL = 0.035). Of the milk protein genes, 

expression of CSN2 tended to follow a quadratic increase (PQ = 0.110) while LALBA was not 

affected (PQ > 0.318). Regarding transcription factors, ATF4 increased linearly (PL = 0.025), 

whereas ATF6 (PQ = 0.072) and STATB (PQ = 0.146) tended to increase quadratically with the 

highest expression for ARGx1, and FOS decreased in a quadratic fashion with ARGx1 treatment 

having the lowest expression (PQ = 0.046). The mTORC1 regulators CASTOR1 (PL = 0.018; PQ 

= 0.072) and LAMTOR4 (PL = 0.029) increased linearly, while the mTORC1 inhibitor DDIT4 

tended towards a linear increase (PL = 0.071), and the mTORC1-regulator GATOR2-component, 

WDR24, tended to increase in a quadratic fashion (PQ = 0.113). Ribosomal RNA18S1 increased 

linearly (PL = 0.044; PQ = 0.065) where ARGx1 produced the highest expression. Genes related 

to cell differentiation PPP1R15A (PL = 0.093) and XBP1t (PL = 0.059) showed positive linear 

trends.  
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Table 6: Mammary gene expression1 normalized to SRM and RHEB in lactating dairy 

cows (n = 6) receiving abomasal amino acid infusion with the arginine treatments for 14-d2 

 Treatment3  P-value4 

 ARGx0 ARGx1 ARGx2 SEM L Q 

Arginine and Amino Acid Metabolism 

   ALDH4A1 1.00 0.95 1.04 0.19 0.789 0.551 

   ARG1 1.00 1.32 1.10 0.16 0.693 0.280 

   ARG2 1.00 1.03 1.00 0.07 0.970 0.723 

   ASL 1.00 1.21 1.11 0.09 0.408 0.244 

   ASNS 1.00 1.49 1.40 0.86 0.121 0.193 

   ASS1 1.00 1.23 1.18 0.09 0.156 0.220 

   BCAT1 1.00 1.36 1.48 0.11 0.037 0.442 

   BCAT2 1.00 1.17 1.12 0.10 0.317 0.323 

   BCKDHA 1.02 1.14 1.10 0.08 0.192 0.122 

   BCKDK 1.00 1.18 1.14 0.05 0.122 0.139 

   NOS1 1.00 1.45 1.26 0.18 0.226 0.144 

   NOS2 1.10 0.94 0.99 0.14 0.442 0.387 

   NOS3 1.00 1.46 1.25 0.12 0.175 0.081 

   OAT 1.00 1.17 1.14 0.06 0.036 0.056 

   ODC1 1.00 1.06 0.97 0.07 0.779 0.380 

   PYCR1 1.00 1.29 1.43 0.08 0.012 0.312 

   PYCR2 1.01 1.08 1.07 0.05 0.445 0.525 

   PYCR3 1.00 1.11 1.14 0.07 0.158 0.605 

   SMS 1.08 1.13 1.12 0.08 0.659 0.771 

Vascular Function 

   ANGPT1 1.00 0.91 1.13 0.16 0.593 0.444 

   ANGPT2 1.00 1.20 1.25 0.18 0.325 0.723 

   BDKRB1 1.00 1.29 1.20 0.33 0.682 0.688 

   BDKRB2 1.15 0.93 0.88 0.23 0.407 0.763 

   FLT1 1.00 1.50 1.28 0.07 0.045 0.012 

   KDR 1.00 1.18 1.11 0.08 0.174 0.113 

   PTGS1 1.11 1.12 1.07 0.19 0.791 0.842 

   TEK 1.00 1.31 1.22 0.09 0.123 0.117 

   VEGFA 1.00 1.12 1.14 0.11 0.415 0.713 

Cellular Regulation of Protein Synthesis 

   Amino Acid Transportation 
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     SLC38A2 1.02 1.20 1.31 0.10 0.055 0.727 

     SLC38A9 1.00 0.98 0.84 0.17 0.035 0.234 

     SLC7A1 1.04 1.28 1.42 0.05 0.001 0.412 

     SLC7A2 1.00 1.11 0.94 0.21 0.832 0.610 

     SLC7A5 1.00 1.52 1.67 0.09 0.003 0.181 

     SLC7A8 1.00 1.69 1.75 0.15 0.025 0.158 

   Cellular Signaling and Transcription Regulation 

     AKT1 1.00 1.10 1.09 0.05 0.243 0.335 

     ATF4 1.00 1.19 1.34 0.08 0.025 0.718 

     ATF6 1.00 1.16 1.05 0.05 0.538 0.072 

     FOS 1.09 0.58 1.15 0.19 0.851 0.046 

     IGF1 1.00 1.05 1.19 0.17 0.473 0.870 

     JAK2 1.00 1.11 1.13 0.10 0.331 0.677 

     JUN 1.00 1.04 1.02 0.10 0.751 0.647 

     MYC 1.01 0.97 0.89 0.09 0.379 0.884 

     NFKB1 1.10 1.20 1.15 0.09 0.628 0.484 

     PIK3R1 1.01 1.15 1.11 0.10 0.446 0.415 

     SREBF1  1.00 1.12 1.16 0.10 0.301 0.765 

     STAT5A  1.00 1.10 1.10 0.07 0.361 0.620 

     STAT5B 1.02 1.18 1.06 0.09 0.722 0.146 

   mTORC1 Pathway and Regulation 

     CASTOR1 1.00 1.38 1.34 0.07 0.018 0.072 

     CASTOR2 1.00 1.23 1.34 0.14 0.203 0.704 

     DEPDC5 1.00 1.15 1.00 0.08 0.972 0.187 

     DDIT4 1.03 1.35 1.47 0.15 0.071 0.594 

     LAMTOR4 1.00 1.17 1.17 0.04 0.029 0.183 

     MTOR 1.00 1.08 0.99 0.07 0.951 0.347 

     SESN2 1.17 1.19 1.47 0.22 0.338 0.645 

     WDR24 1.00 1.11 1.04 0.05 0.457 0.113 

   Translation Regulation 

     EIF2AK3 1.00 1.08 1.05 0.06 0.572 0.492 

     RNA18S1 1.03 1.29 1.23 0.06 0.044 0.065 

     RPS6KB1 1.00 1.13 1.05 0.07 0.627 0.247 

   Milk proteins       

     CSN2 1.06 1.34 1.27 0.08 0.105 0.110 

     LALBA 1.04 1.22 1.04 0.20 0.987 0.318 

Cellular Differentiation and Turnover 
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1Genes are categorized based on, but not exclusive to, the major metabolic activity 

2Data are least square means from the 14th experimental day of each period  
3ARGx0 = 0g/d of arginine; ARGx1 = 49.2 g/d of arginine; ARGx2 = 98.4 g/d of arginine  
4L = linear; Q = quadratic  

 

Muscle  

Arg treatment generally caused a quadratic decreasing pattern for muscle gene expression 

with ARGx1 being the lowest. A significant quadratic decrease in expression of genes related to 

Arg and AA metabolism was observed for ARG2 (PQ = 0.040; Table 7), ASL (PQ = 0.040), ASS1 

(PQ = 0.001), BCAT1 (PQ = 0.047), BCAT2 (PQ = 0.049), and SMS (PQ = 0.029), while ARG1 

had only a tendency for quadratic decrease (PQ = 0.092). Expression of the PYCR1 gene for Pro 

synthesis from Arg tended to follow a quadratic decrease (PQ = 0.055) with ARGx1 having the 

lowest expression, while expression of its isomer PYCR2 tended to increase linearly (PL = 

0.111). Infusion of Arg influenced genes involved in vascular function. BDKRB2 (PQ < 0.0001) 

and TEK (PQ = 0.028) decreased quadratically, whereas ANGPT2 (PQ = 0.111) and VEGFA (PQ 

= 0.112) had a quadratic decreasing tendency. Expression of the AA transporter genes SLC38A2 

(PQ = 0.148) and SLC7A5 (PQ = 0.111) also tended to decrease in a quadratic fashion. It was 

   BAX 1.05 1.10 1.11 0.10 0.527 0.799 

   BCL2 1.00 1.06 1.23 0.20 0.326 0.798 

   CASP3 1.00 1.05 1.09 0.16 0.339 0.962 

   CCND1 1.00 1.23 1.21 0.12 0.287 0.443 

   DDIT3 1.00 1.02 1.40 0.16 0.175 0.470 

   HPRT1 1.03 1.00 1.07 0.08 0.731 0.649 

   MKI67 1.14 0.69 0.86 0.22 0.388 0.290 

   PPP1R15A 1.00 1.07 1.21 0.07 0.093 0.789 

   XBP1s 1.00 0.95 0.89 0.14 0.555 0.943 

   XBP1t 1.00 1.08 1.14 0.06 0.059 0.789 

   XBP1u 1.00 1.06 1.10 0.06 0.331 0.897 

     XBP1s: XBP1u 1.00 0.90 0.81 0.17 0.405 0.993 

     XBP1s: XBP1t 1.00 0.88 0.78 0.13 0.203 0.999 

     XBP1u: XBP1t 1.03 0.98 0.97 0.07 0.398 0.800 
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found that the milk protein genes CSN2 and LALBA were expressed in muscle but expression did 

not change with Arg infusion (PL ≥ 0.17). For the transcription factors, ATF6 decreased in a 

quadratic fashion (PQ = 0.020), NFKB1 tended to decrease quadratically (PQ = 0.120), FOS 

tended to increase linearly (PL = 0.129), and JUN increased linearly (PL = 0.003). As for genes 

involved in cellular signaling, JAK2 exhibited a quadratic decrease (PQ = 0.048), whereas IGF1 

(PQ = 0.125) and PIK3R1 (PQ = 0.120) tended to decrease in a quadratic fashion. As for 

mTORC1 and translation regulation MTOR (PQ = 0.081), EIF2AK3 (PQ = 0.148), and RPS6KB1 

(PQ = 0.061) all had tendencies for quadratic decrease. Genes involved in muscle cell 

differentiation and turnover including anti-apoptotic BLC2 tended to increase linearly (PL = 

0.050), whereas BAX tended to decrease in a quadratic fashion (PQ = 0.126). Other genes 

encompassing cell cycle and regulation such as CASP3 (PQ = 0.110), CCND1 (PQ = 0.121), 

DDIT3 (PQ = 0.102), HPRT1 (PQ = 0.085), and XBP1s (PQ = 0.145) all tended to decrease in a 

quadratic way, with ARGx1 having the lowest expression. The XBP1s:XBP1u (PL = 0.084) and 

XBP1s:XBP1t (PL = 0.147) ratios tended to decrease linearly. 

 

Table 7: Muscle gene expression1 normalized to BCKDHA in lactating dairy cows (n = 5) 

receiving abomasal amino acid infusion with the arginine treatments for 14-d2 

 Treatment3  P-value4 

 ARGx0 ARGx1 ARGx2 SEM L Q 

Arginine and Amino Acid Metabolism 

   ALDH4A1 1.25 1.34 1.45 0.21 0.274 0.933 

   ARG1 0.99 0.71 1.00 0.13 0.953 0.092 

   ARG2 1.05 0.76 1.02 0.16 0.772 0.040 

   ASL 1.02 0.85 1.00 0.13 0.788 0.040 

   ASNS 1.07 1.18 1.14 0.23 0.801 0.733 

   ASS1 1.14 0.86 1.14 0.14 0.959 0.001 

   BCAT1 1.00 0.37 0.87 0.51 0.723 0.047 
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   BCAT2 1.00 0.72 0.85 0.13 0.196 0.049 

   BCKDK 1.04 1.07 1.14 0.08 0.161 0.695 

   NOS1 1.11 1.01 1.03 0.20 0.781 0.777 

   NOS2 1.03 0.78 1.00 0.25 0.940 0.361 

   NOS3 1.02 0.90 1.08 0.11 0.741 0.324 

   OAT 0.88 0.72 0.70 0.20 0.196 0.468 

   ODC1 1.19 1.15 1.30 0.13 0.314 0.255 

   PYCR1 0.92 0.59 0.70 0.28 0.126 0.055 

   PYCR2 0.99 1.05 1.16 0.06 0.111 0.745 

   PYCR3 1.04 0.97 1.02 0.07 0.845 0.378 

   SMS 1.29 0.80 1.69 0.27 0.250 0.029 

   SRM 1.03 1.07 1.18 0.08 0.309 0.756 

Vascular Function 

   ANGPT1 1.12 1.10 1.06 0.15 0.676 0.916 

   ANGPT2 1.04 0.64 0.82 0.18 0.350 0.111 

   BDKRB1 1.01 0.67 0.67  0.18 0.177 0.400 

   BDKRB2 0.92 0.71 1.01 0.17 0.005 <0.0001 

   FLT1 1.20 0.99 1.37 0.18 0.486 0.177 

   KDR 1.03 0.80 0.87 0.13 0.354 0.258 

   PTGS1 1.07 0.97 1.10 0.12 0.868 0.459 

   TEK 1.11 0.78 0.98 0.12 0.268 0.028 

   VEGFA 1.08 1.03 1.15 0.07 0.223 0.112 

Cellular Regulation of Protein Synthesis 

   Amino Acid Transportation 

     SLC38A2 1.04 0.95 1.28 0.14 0.200 0.148 

     SLC38A9 1.09 0.91 1.01 0.18 0.516 0.205 

     SLC7A1 1.07 0.82 1.01 0.18 0.789 0.219 

     SLC7A2 1.15 0.87 1.33 0.34 0.583 0.154 

     SLC7A5 0.85 0.43 0.53 0.35 0.160 0.111 

     SLC7A8 0.95 0.84 1.15 0.27 0.582 0.441 

   Cellular Signaling and Transcription Regulation 

     AKT1 1.07 0.89 1.06 0.10 0.941 0.196 

     ATF4 1.19 1.21 1.28 0.18 0.545 0.827 

     ATF6 1.04 0.83 1.07 0.11 0.670 0.020 

     FOS 0.97 1.91 1.99 0.28 0.129 0.388 

     IGF1 0.99 0.51 0.85 0.34 0.695 0.125 

     JAK2 1.00 0.74 0.96 0.15 0.723 0.048 
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     JUN 1.16 1.38 1.70 0.19 0.003 0.380 

     MYC 0.98 0.89 1.21 0.26 0.606 0.528 

     NFKB1 1.09 0.87 1.20 0.17 0.566 0.120 

     PIK3R1 1.02 0.81 1.08 0.14 0.683 0.120 

     SREBF1  1.04 1.00 1.07 0.10 0.825 0.597 

     STAT5A  0.96 0.74 0.77 0.10 0.215 0.298 

     STAT5B 1.12 1.01 1.25 0.18 0.538 0.291 

   mTORC1 Pathway and Regulation 

     CASTOR1 1.02 1.00 1.16 0.11 0.463 0.550 

     CASTOR2 1.23 1.28 1.56 0.21 0.215 0.526 

     DEPDC5 1.00 0.96 1.09 0.05 0.257 0.211 

     DDIT4 0.97 1.29 1.01 0.16 0.861 0.233 

     LAMTOR4 1.04 0.99 1.06 0.06 0.690 0.340 

     MTOR 1.00 0.84 1.02 0.09 0.815 0.081 

     RHEB 1.03 1.12 1.21 0.07 0.172 0.934 

     SESN2 1.01 0.83 1.06 0.11 0.755 0.156 

     WDR24 1.01 0.90 1.01 0.09 0.991 0.348 

   Translation Regulation 

     EIF2AK3 1.02 0.55 0.78 0.28 0.462 0.148 

     RNA18S1 1.10 0.94 1.15 0.17 0.808 0.265 

     RPS6KB1 1.04 0.87 1.02 0.07 0.766 0.061 

   Milk Protein       

     CSN2 0.78 0.41 0.46 0.44 0.170 0.186 

     LALBA 1.05 0.49 0.60 0.25 0.247 0.270 

Cellular Differentiation and Turnover 

   BAX 1.11 0.81 1.13 0.16 0.929 0.126 

   BCL2 1.05 1.06 1.52 0.12 0.050 0.181 

   CASP3 1.20 0.82 1.35 0.24 0.616 0.110 

   CCND1 1.07 0.58 0.84 0.27 0.495 0.121 

   DDIT3 1.08 0.75 1.23 0.19 0.573 0.102 

   HPRT1 1.27 1.06 1.41 0.26 0.421 0.085 

   MKI67 1.57 0.87 1.26 0.79 0.750 0.495 

   PPP1R15A 1.19 1.14 2.11 0.37 0.254 0.398 

   XBP1s 0.90 0.49 0.53 0.30 0.098 0.145 

   XBP1t 1.02 0.63 0.79 0.27 0.443 0.214 

   XBP1u 0.94 0.71 0.75 0.22 0.411 0.418 

     XBP1s: XBP1u 1.04 0.73 0.72 0.10 0.084 0.244 
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     XBP1s: XBP1t 0.91 0.87 0.69 0.17 0.147 0.467 

     XBP1u: XBP1t 0.94 1.13 0.95 0.12 0.923 0.229 

1Genes are categorized based on, but not exclusive to, the major metabolic activity 

2Data are least square means from the 14th experimental day of each period  
3ARGx0 = 0g/d of arginine; ARGx1 = 49.2 g/d of arginine; ARGx2 = 98.4 g/d of arginine  
4L = linear; Q = quadratic
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DISCUSSION 

This study set out with objectives to understand the effects Arg has on the gene 

expression between the mammary and muscle tissues of lactating dairy cows. The three different 

amounts of Arg (0 (ARGx0), 49.2 (ARGx1), and 98.4 (ARGx2) g/d) supplied abomasally over 

14-d, in accordance with 1054 g/d of an otherwise balanced AA mixture, represented a range 

from deficient to a surplus of Arg. The expression of genes relating to categories, including Arg 

and AA metabolism, vascular function, cellular regulation of protein synthesis, and cell 

differentiation and turnover were evaluated to determine and compare the effects of Arg supply 

between the mammary and muscle tissues.  

This study found infusion of Arg to cause a quadratic decrease in milk yield and a 

quadratic increase for DMI, with ARGx1 treatment having the lowest yield and highest intake. In 

addition, Arg caused a linear increase in the plasma urea of the cows. Without further results on 

milk composition, arterial AA concentrations, protein analysis, mammary AA uptake, and 

mammary blood flow, we cannot fully interpret these results. Therefore, this discussion is limited 

to only the gene expression and identification of pathways that appeared to be affected by the 

Arg treatments and the possible implications to lactation performance, nutrient partitioning, and 

metabolism in the mammary and muscle tissues. 

 

Arginine Increased Mammary Expression of Genes for NEAA Synthesis  

At least 20% of the Pro output in milk protein is synthesized from Arg through ARG2, 

OAT, and P5CR1 located in the mitochondria (Verbeke et al., 1968; Yip and Knox, 1972). In 

this study, ARG2 expression did not change but OAT and PYCR1 were both up-regulated (Figure 

7; orange arrows). Hu et al. (2019) found a similar increase in expression of OAT mRNA in
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Figure 7: The effect of arginine infusion on arginine metabolism  

 

*Note: the Michaelis-Menten affinity constant follows some genes in parentheses with units of mM.



 

 

82 

 

BMEC cultured with increasing levels of Arg in the media from 400 to 1600 μM. Whereas 

BMEC from lactating dairy cows restricted feed short-term found no expression change in OAT 

(Sigl et al., 2014). Another study found the overexpression of OAT in the liver of mice decreased 

Orn levels but did not affect plasma Gln or Arg concentrations (Ventura et al., 2009). In addition 

to Pro synthesis, OAT is also involved in mammary synthesis of Glu from Arg (Yip and Knox, 

1972; Clark et al., 1975). Furthermore, Arg treatment increased mRNA expression of the 

enzyme, ASNS, responsible for interconversion of Asp and Asn, and increased expression of 

BCAT1, BCKDHA, and BCKDK involved in BCAA catabolism. The mammary glands take up 

BCAA in higher quantities than their output in milk protein (Mepham, 1982) and the excess is 

shunted through BCAT1 and BCKDHA for N and C transfer to NEAA (Wohlt et al., 1977; 

Webb et al., 2020). Our gene expression results indicate a greater capability for NEAA synthesis 

from EAA in the mammary glands as Arg supply increased. 

 

Arginine Up-Regulated Genes Involved in Mammary Vascular Function 

Arg catabolism through the NOS enzymes produces the potent vasodilator and signalling 

molecule, NO. Mammary NOS1 and NOS3 tended to increase in a quadratic fashion, with 

ARGx1 exhibiting the highest expression. While NOS1 codes for neuronal NOS and NOS3 codes 

for endothelial NOS, both isoforms are involved in local regulation of blood flow in many tissues 

(Costa et al., 2016). In the mammary glands, NO synthesis plays an important role in linking 

blood flow rate to the ATP balance of mammary cells (Cieslar et al., 2014). Together with the 

observed quadratic increase in expression of receptors for the key angiogenic factors ANGPT 

(TEK) and VEGFA (FLT1 and KDR), it is evident that increasing Arg supply from ARGx0 to 

ARGx1 promoted mammary vascularization and blood flow control. Previously, NOS3 mRNA 
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expression and enzyme activity in BMEC in vitro were found to increase with Arg addition to 

media (Hu et al., 2019), while Holanda et al. (2019) did not detect higher NOS3 levels in 

mammary tissue of lactating sows supplemented with Arg. Holanda et al. (2019) also did not 

find any expression difference for VEGFA, FLT1 or KDR, and ANGPT1 and TEK expression 

decreased, even though blood vessel number and volume increased. These results may be related 

to the quadratic nature of the Arg effect on gene expression that we observed where Arg 

supplementation above ARGx1 or 83 μM plasma Arg had little effect.  

Despite increases in angiogenic and NOS gene expression, an increase in mammary 

blood flow rate is not expected from simply increasing Arg supply, unless milk component 

synthesis is stimulated, because flow is regulated according to metabolic activity in the 

mammary glands (Cieslar et al., 2014). Mammary blood flow rates have not been affected by 

Arg supplementation of sows (Krogh et al., 2017) or cows (Doepel and Lapierre, 2011). Perhaps 

the resilience of blood flow control to perturbations, such as changes in cell protein production, 

is improved after Arg supplementation. 

 

Arginine Modified Mammalian Target of Rapamycin Complex 1 Regulation 

Synthesis of milk protein involves expression and translation of the milk protein genes. 

We found a tendency for the expression of CSN2 to be up-regulated quadratically on ARGx1 and 

ARGx2 but LALBA was not affected. This equivocal response of milk protein gene expression to 

Arg infusion has been noted previously in cows (Zhang et al., 2020) although supraphysiological 

Arg added to incubation media increased expression of all four bovine casein genes in BMEC 

(Chen et al., 2013; Wang et al., 2014). 

One of the main regulators of protein synthesis in eukaryotic cells is the mTORC1 that 
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phosphorylates key initiation factors and associated proteins to accelerate protein synthesis 

(Laplante and Sabatini, 2009). Arg activates mTORC1 by binding to CASTOR1 and causing 

Arg:CASTOR1 dissociation from GATOR2, which then suppresses the mTORC1 inhibitor 

GATOR1 (Chantranupong et al., 2016). In conjunction with an increase in Arg supply and 

plasma concentration, we observed an increase in WDR24 (GATOR2) expression (Figure 8; 

orange arrows), suggesting that the competition between Arg and GATOR2 for CASTOR1 

binding was not affected. The two ligands might have occupied more spots on CASTOR1, 

except that expression of CASTOR1 also increased. The net effect of Arg, GATOR2, and 

CASTOR1 appears to have kept the equilibrium at a similar state across Arg treatments. 

Likewise, the SLC38A9 mRNA, which was down-regulated by Arg in our experiment, codes for 

another mTORC1-activating Arg sensor, the SNAT9 lysosomal Leu exporter (Graber et al., 

2017; Wang et al., 2015). The effect of this change would also be to offset potential activation of 

mTORC1 during Arg infusion. The increased expression of the gene for the mTORC1 inhibitor, 

DDIT4, has the same attenuating effect (DeYoung et al., 2008), while increases in expression of 

the plasma membrane Arg and Leu transporters CAT1, LAT1, and LAT2 would be stimulatory 

to mTORC1 (Ding et al., 2018; Graber et al., 2017; Wu et al., 2020). 

The combination of positive and negative effects on mTORC1 regulators is consistent 

with the concept of a setpoint for daily milk protein yield that the lactating female is attempting 

to maintain (Bauman and Currie, 1980; Baumgard et al., 2017) in the face of fluctuations in milk 

precursor supply (Cant et al., 1999). To our knowledge, mammary expression of these mTORC1 

regulators in vivo has not been studied previously, although in vitro, supraphysiological Arg 

increased DEPDC5 (GATOR1) and decreased WDR24 (GATOR2) and CASTOR1 expression 

(Hu et al., 2020). These in vitro results contrast with our particular findings but they also work 
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Figure 8: Arginine’s effect on mTORC1 regulation  
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against potential activation of mTORC1 by Arg. 

The mTORC1 phosphorylation cascade increases protein production in the short term, 

and long-term stimulation causes cells to increase ribosome biogenesis (Wang and Proud, 2006). 

The RNA18S1 rRNA was measured as a potential reference gene for normalization of target gene 

expression (Eisenberg and Levanon, 2013), but it was unsuitable for this purpose because it 

increased linearly across Arg levels. Changes in expression of 18S rRNA have been used to 

indicate ribosome biogenesis in exercising muscle (Figueiredo et al., 2015; Kotani et al., 2021). 

Thus, it appears that Arg infusion increased mammary ribosome number in this study. 

 

The Amino Acid Response was Stimulated in Mammary Tissue by Arg 

In addition to mTORC1 signaling, AA supply can affect gene expression through the 

amino acid response (AAR) that is triggered by the transcription factor ATF4 (Kilberg et al., 

2009) as part of a so-called integrated stress or UPR. Our mammary gene expression results 

reflect an up-regulation of genes associated with the AAR (Figure 9; orange arrows). Mammary 

ATF4 expression increased linearly, along with its targets SLC38A2, SLC7A1, SLC7A5, 

PPP1R15A, DDIT4, and ASNS. These targets primarily code for AA transporters and AA 

synthesizing enzymes and are usually up-regulated by ATF4 during AA scarcity to restore 

protein synthesis (Kilberg et al., 2009; Krokowski et al., 2013; Park et al., 2017). For example, 

Arg depletion of BMEC in culture stimulated expression of ATF4 target genes SLC7A1, 

SLC38A2, and ASNS (Edick et al., 2021). Another study found activation of autophagy by GCN2 

caused a depletion of intracellular Arg, whereas Arg supplementation reversed the activation of 

GCN2 in primary BMEC (Xia et al., 2016b). However, there are alternate mechanisms besides 

AA depletion by which ATF4 can be activated including endoplasmic reticulum stress (Hetz et 
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al., 2015; Kilberg et al., 2009) and mTORC1 activation (Park et al., 2017). Obviously, crosstalk 

between ATF4 and mTORC1 networks is important for AA balance. In fact, ATF4 activation 

increases expression of the mTORC1 inhibitor DDIT4 (Whitney et al., 2009), which we 

observed, and stimulates ribosome biogenesis (Smirnova et al., 2005), which we also observed 

as an increase in RNA18S1. For our study, we suggest that Arg infusion activated expression of 

AA transporters and rRNA through ATF4, and mTORC1 regulators were adjusted accordingly to 

maintain proteostasis. 

 
Figure 9: The effect of arginine infusion on the unfolded protein response and amino acid 
response 
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Another arm of the UPR pathway (Figure 9) involves ATF6 activation, which leads to the 

expression of XBP1, a master regulator of genes involved in ER biogenesis (Hetz et al., 2015), 

which is important for secretion of milk components by the mammary glands (Davis et al., 

2016). The present study showed ATF6 and XBP1 tended to increase as Arg supply increased. 

Regulation of ATF6 expression is not well characterized but Li et al. (2020) reported that AA up-

regulated ATF6 expression in cardiomyocytes in vitro. 

The third arm of the UPR involves IRE1-mediated cleavage of XBP1u mRNA to release 

spliced XBP1s that codes for the XBP1 transcription factor (Hetz et al., 2015). We observed no 

effect on expression of XBP1s or the XBP1s:XBP1t ratio. Our finding that Arg infusion into 

cows stimulated the ATF4 and ATF6 arms of the mammary UPR, but not the IRE1 arm, 

contrasts with the response to infusion of all 10 EAA into cows that resulted in suppression of 

mammary ATF4 and activation of IRE1 (Nichols et al., 2017). Perhaps these differences account 

for the contrast in milk yield responses. The complete EAA infusion increased milk yield 4.1 

kg/d (Nichols et al., 2017) while Arg by itself decreased milk yield in this study (Table 4). 

 

Mammary Cell Number Regulation was not Affected by Arg 

One of the mechanisms deployed by mammary glands to reach a setpoint for milk 

production based on demand and physiological and nutritional state is to change the total number 

of secretory cells by modifying rates of proliferation, differentiation, and/or apoptosis (Capuco et 

al., 2001; Cant et al., 2018). Arg infusion in our experiment did not change expression of 

markers of proliferation (CCND1, MK167), differentiation (XBP1s:XBP1t) or apoptosis (BAX, 

BCL2, CASP3, DDIT3), suggesting that secretory cell number was not affected. In culture, 

however, Arg has been shown to stimulate MEC proliferation and increase casein synthesis 
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(Wang et al., 2014; Ma et al., 2018; Zhou et al., 2021), possibly as a consequence of activation 

of the JAK2-STAT5 signalling pathway (Wang et al., 2014). The JAK2-STAT5 pathway is 

prominent in lactation as the route by which PRL promotes expression of milk protein genes that 

all contain upstream STAT5 binding sites (Rosen et al., 1999). We found no effect on JAK 

expression and only a tendency for an 18% increase in STAT5B expression, while Zhang et al. 

(2020) found over 3-fold changes in mammary JAK2 and STAT5 expression in cows infused with 

38 g/d Arg. Results of Arg addition to BMEC incubation media vary from increases in JAK2 and 

STAT5 (Wang et al., 2014) to no change (Salama et al., 2019) and a decrease in STAT5 (Dai et 

al., 2020). In vivo, Arg can stimulate pituitary release of PRL (Chew et al., 1984), which likely 

contributes to differences between infusion and cell culture responses. 

 

Deficiency and Excess of Arg Produced Similar Transcriptotypes in Skeletal Muscle 

The expression of our genes of interest had a different response to Arg in the muscle than 

in the mammary tissue (Figures 7 - 10; blue arrows). The muscle responded to increasing Arg 

levels with a quadratic decrease in expression of 28 out of 32 differentially expressed genes, all 

with the lowest expression at ARGx1. In mammary tissue, only 12 of the 27 differentially 

expressed genes exhibited a quadratic response to Arg with the highest value at ARGx1 for 11 of 

those 12. The quadratic effect in muscle was not related to expression levels of the HKG genes 

used to normalize relative gene expression because it was detected by ANOVA on the CT values 

before normalization (data not shown). Thus, there appears to have been increased activity of 

many of the pathways evaluated at both extremes of Arg supply - deficiency and excess. This 

pattern is consistent with the concept of muscle acting as a buffer in the lactating female for 

ensuring supply of nutrients to the mammary glands in support of a setpoint for milk synthesis 
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(Bell, 1995; Mann et al., 2016). 

Processes with up-regulated gene expression at both low and high Arg supply relative to 

ARGx1 were Arg synthesis (ASS1, ASL), Arg catabolism (ARG1, ARG2), Pro synthesis (PYCR1) 

 
Figure 10: The effects of arginine infusion on mTORC1 regulation of protein translation  

 

 

polyamine synthesis (SMS), BCAA transamination (BCAT1, BCAT2), angiogenesis (ANGPT2, 

BDKRB2, TEK, VEGFA) but not NOS transcription, transduction of signals from INS, IGF-1, 

GH, and cytokines (MTOR, RPS6KB1, PIK3R1, IGF1, JAK2, NFKB1), all 3 arms of the UPR 

(SLC38A2, SLC7A5, EIF2AK3, XBP1s, DDIT3, ATF6), proliferation (CCND1), and apoptosis 

(BAX, CASP3, DDIT3). Some of these processes run counter to each other, like Arg synthesis 

and catabolism, or cell proliferation and apoptosis, and indicate faster cycling which could help 

with making rapid adjustments to net rates of Arg sequestration or muscle mass, for example. 

The deficiency of Arg at ARGx0 creates an imbalance with the other EAA, which would be in 

surplus relative to Arg, potentially stimulating expression of genes for Arg synthesis and 

catabolism, BCAA transamination, angiogenesis, protein synthesis, and proliferation. Similarly, 

the ARGx2 treatment presented a surplus of Arg compared to the other EAA and its potency as a 
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signaling compound could stimulate those same processes. One study found similar up-regulated 

expression of MTOR, RPS6KB1, and DDIT3 in lactating bovine longissimus dorsi with deficient 

MP compared to greater MP supply (Tebbe et al., 2021). AA imbalance such as the two Arg 

extremes in this study appeared to increase cell activity to compensate for the AA imbalance, 

whereas a more balanced ratio of Arg:EAA (ARGx1) had down-regulated many cell processes.  

 

Expression of Milk Proteins in the Muscle Tissue 

We were surprised to find that the muscle tissue of lactating dairy cows expressed the 

milk protein genes (CSN2 and LALBA). To confirm this finding the CSN2 and LALBA genes 

were also tested on different bovine neck muscle tissue collected during another study’s 

slaughter. The Genotype-Tissue Expression (GTEx) Analysis Release V8 (dbGaP Accession 

phs000424.v8.p2) documents CSN2 and LALBA expression in human skeletal muscle but protein 

expression has not been detected (Human Protein Atlas proteinatlas.org). Furthermore, insertion 

of transgenes with milk protein promoters results in low levels of transgene mRNA expression in 

skeletal muscle (Roberts et al., 1992; Wen et al., 1995; Naruse et al., 2006).  
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CONCLUSION 

The aim of this study was to assess the effects of Arg supply on the expression of genes 

related to Arg and AA metabolism, vascular function, cellular regulation of protein synthesis, 

and cell differentiation and turnover between the mammary and muscle tissues. Gene expression 

appeared to be consistent with supporting milk production and the maintenance of the mammary 

milk production setpoint. In contrast, the muscle demonstrated similar transcriptotypes between 

the Arg deficient and excess treatments supporting the setpoint for milk synthesis by acting as a 

buffer to regulate the nutrient supply to the mammary glands. We found milk yield was lowest at 

ARGx1, however mammary CSN2 expression was highest at ARGx1. In addition, muscle 

exhibited expression of the milk protein genes but were unaffected by Arg. Mammary up-

regulated genes involved in Arg catabolism, NEAA synthesis, and vascular function in response 

to increasing Arg supply. In addition, the ATF6 arm of the UPR and ATF4 of the AAR were 

stimulated by Arg in the mammary tissue. The increased expression of ATF4 activated 

expression of AA transporters (SLC7A1, SLC7A5, SLC7A8, SLC38A2), rRNA (RNA18S1), and 

other ATF4 targets (PPP1R15A, DDIT4, ASNS), while mTORC1 regulators (CASTOR1, DDIT4, 

WDR24, SLC38A9) were adjusted accordingly to maintain mammary proteostasis.  
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CHAPTER 3: GENERAL DISCUSSION  

Milk protein is of great value to the producer, however dietary protein conversion to milk 

protein is inefficient in dairy cows. To support high production levels, dairy cows are often fed 

high protein diets, but this comes at a cost of being more expensive and often increases N 

excretion, which is an environmental concern. Past research attempts to improve protein 

production without feeding high protein diets has typically been unsuccessful (Bell and Bauman, 

2006). The availability of AA, post-hepatically, is suggested to not be limiting, however 

approximately only 30% is converted into milk protein (Bequette et al., 1998). The body’s 

partitioning of nutrients across tissues, such as the skeletal muscle, may contribute to the 

mammary glands’ low efficiency of converting dietary protein into milk protein. Furthermore, 

possible limitations with the mammary glands’ capacity to synthesize milk protein due to gene 

expression, hormones, cell number, and cell capacity are likely also involved. The exploration 

and comparison of gene expression across tissues can unfold differences in metabolism in 

response to nutrient supply.  

Research on individual AA is revealing that some are not just for protein synthesis, but 

also contribute to a broad range of physiological functions. This is the case for Arg as it has an 

array of functions in metabolism and physiology. This thesis expands the current knowledge of 

the effects Arg has on gene expression and provides evidence to support the importance of Arg 

during lactation. The Arg requirement for formulating rations is not clear and can often range 

from 3.1 – 4.8% of protein supply (Haque et al., 2013). Formulating dairy cow rations in 

accurate proportions to meet requirements that optimize milk protein production is beneficial for 

the dairy industry. Understanding the role AA and other nutrients have on gene expression can 

improve formulation of rations to better match the inclusion levels that elicits beneficial gene 
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expression. An Arg dose dependent study, such as this present one, is a step towards discovering 

the dose dependent effects on gene expression and the differences between tissues.  

This study demonstrated that increasing Arg supply up-regulated Pro synthesis, AA 

transport, and influenced mTORC1 regulators, which all support milk protein production. 

Further investigation is warranted to reveal further Arg effects on gene expression relating to 

protein synthesis and metabolism. In addition, it would be interesting to investigate the gene 

expression response to further Arg supply or increase the supply of the other EAA with an 

increased Arg supply. Studies could compare the short-term gene expression effects of Arg 

infusions, since this study only examined a long-term gene expression response from Arg 

infusion over 14-d. Protein phosphorylation analysis would also be beneficial to support gene 

expression findings and activity status of the protein. Also, future studies should compare gene 

expression across other tissues, such as the liver, kidneys, and intestines, as these organs have an 

important role in Arg metabolism.  
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APPENDICES  

Appendix 1: Protocols 

Modified Manufacturer’s Protocol “Using Trizol® Reagent with the PureLink® RNA Mini Kit”  

 

Materials Needed: 

- Ice 

- TRIzol Reagent  

- Chloroform 

- 70% Ethanol (in RNase-free water) 

- Microcentrifuge  

- 2.0 mL RNase-free microcentrifuge tubes  

- 0.6 mL RNase-free microtubes for nanodrop sample 

- RNase-free pipette tips  

- Homogenizer  

- PureLink® RNA Mini Kit 

- Timer 

 

Lysate Preparation: 

- Immediately add 1.25 mL TRIzol reagent to frozen ground tissue sample  

- Vortex 10-15 secs  

- Homogenize until no visible clumps for 1 min at 15 sec intervals and rest back on ice  

 

Phase Separation with TRIzol: 

1. Mammary: Incubate the lysate with TRIzol reagent at room temperature for 5 mins 

1. Muscle: Incubate the lysate with TRIzol reagent at room temperature for 4 mins, vortex 

30 secs, and incubate for another 4 mins  

2. Spin down the sample with TRIzol at 12,000 x g for 1 min then place supernatant into a 

new microtube  

3. Add 400 µL of chloroform, shake by hand vigorously (do not vortex)  

4. Incubate for 4 mins at room temperature  

5. Centrifuge at 12,000 x g at 4°C for 15 mins 

a. Note: mixture separates into lower, red phenol-chloroform phase (proteins), an 

interphase (DNA), and a colourless, upper phase containing the RNA  

6. Carefully transfer 600 µL of the RNA supernatant to a new tube  
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7. Add an equal volume (600 µL) of 70% ethanol to obtain a final ethanol concentration of 

35%. Vortex well.  

8. Invert the tube, flick the bottom to disperse the ethanol and precipitate that may form  

 

Binding, Washing, and Eluting: 

1. Transfer <700 µL of the sample to a spin cartridge (with collection tube), allow sample to 

sit on cartridge for 1 min 

2. Centrifuge at 12,000 x g for 15 secs at room temperature, discard the flow-through and 

reinsert into the same collection tube  

3. Repeat steps 1-2 until the entire sample is processed 

4. Add 700 µL of ice-cold Wash Buffer I to the spin cartridge, let it sit for 1 min before 

centrifuging at 12,000 x g for 15 secs at room temperature. Discard the flow-through and 

insert the cartridge into a new collection tube 

5. Add 500 µL Washer Buffer II (with the added ethanol pg.11 of the manufacturer’s 

manual) and allow it to sit for 1 min  

6. Centrifuge at 12,000 x g for 15 sec at room temperature. Discard the flow-through and 

reinsert the spin cartridge into the same collection tube 

7. Repeat steps 5-6, one more time 

8. Centrifuge the spin cartridge at 12,000 x g for 1 min at room temperature to dry the 

membrane with the bound RNA. 

9. Discard the flow-through and reinsert into the same collection tube and repeat step 8 

10. Discard the collection tube and insert the cartridge into a recovery tube  

11. Add 30 µL (muscle) or 50 µL (mammary) RNase-free water to the centre of the spin 

cartridge  

12. Incubate at room temperature for 1 min  

13. Centrifuge spin cartridge and recovery tube for 1 min at >12,000 x g at room temperature  

14. Take 5 µL of RNA and put into 0.6 mL microtube for analyzing RNA yield and quality  

15. Store RNA at -80°C  

 
 
 


