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ABSTRACT 
 
 
 
 

REGULATION OF TRANSLATION BY ESSENTIAL AMINO ACIDS AND GLUCOSE 

IN MAMMARY GLANDS AND SKELETAL MUSCLE OF LACTATING DAIRY COWS 

 
 

Kelly Nichols                               Advisor: 
University of Guelph, 2015                            Professor John P. Cant 
 
 
 
The effect of glucose on protein synthesis in mammary and muscle when supplied with 884 g/d 

or 1126 g/d of essential amino acid (EAA) was tested on 5 early lactation Holstein cows fed a 

12% CP diet and abomasally infused for 5 d in a Latin square design.  EAA infusion increased 

mammary uptake of EAA from plasma and led to higher milk protein yield.  Addition of glucose 

decreased arterial Ile, Leu, and Val, and did not affect mammary uptake or milk protein yield.  

Mammary mRNA translation was activated by EAA infusion, and was depressed when glucose 

was added to EAA infusates.  In skeletal muscle, mRNA translation was activated by EAA 

infusion, and stimulated further by the addition of glucose.  Data presented in this thesis support 

amino acid partitioning towards skeletal muscle when glucose is infused into cows, stimulating 

protein synthesis in muscle rather than in the mammary glands.     
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CHAPTER 1 
 

GENERAL INTRODUCION 
 

Improving efficiency of nutrient use in production animals is an area of study that attracts 

great attention.  A modestly producing dairy cow is able to yield upwards of 20 kg of milk per 

day – with many high-producing cows typically producing double that amount – and secretes 

protein, carbohydrate, and fat into milk which translates into revenues for producers.  Providing a 

ration that meets the nutritional requirements to support this level of production but that can also 

be used efficiently by the animal is of paramount importance to ensure economic returns for 

producers, and is an important area of focus for researchers.             

 The healthful properties of milk have important implications for human nutrition, 

especially in regard to the protein quality.  Unfortunately, the dairy industry is also a large 

contributor to nitrogen (N) pollution, which negatively affects the environment.  In addition to 

the environmental impacts of N, dietary protein – the source of waste N – is an expensive 

nutrient, representing approximately 42% of the cost of North American lactating cow rations 

(Arriola Apelo et al., 2014).  Although a costly ingredient, there is great potential for 

manipulation of amino acid (AA) and energy supply in dairy cow rations to optimize dietary 

protein use and increase output of milk and milk protein.  The objective of this study was to 

contribute to the understanding of the interaction between protein and energy in dairy cow diets 

and how excess AA are partitioned between milk protein synthesis in the mammary gland and 

protein synthesis in peripheral tissues, and investigate potential metabolic and cellular 

mechanisms responsible for this protein synthesis. 
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LITERATURE REVIEW 
 

Introduction 

 Protein output in milk is responsive to variations in both the essential amino acid (EAA) 

and energy supply to the lactating mammary gland. Increasing energy supply to the mammary 

gland has been suggested as a plausible nutritional intervention to stimulate mammary protein 

synthesis and to increase N efficiency; however, it is often suggested that when protein yield fails 

to rise in response to increased energy, it is due to an insufficient supply of EAA to meet the 

increased demands of a greater protein yield.   The rate of protein synthesis at the tissue level is 

regulated by precursor supply, with cellular machinery being responsive to specific nutrients and 

hormones.  Recent work has implicated signaling pathways involved in mRNA translation in the 

response of milk protein yield to EAA and energy.  Identification of the molecular pathways 

responsible for controlling milk protein synthesis could open up new avenues to improve animal 

efficiency. 

The present literature review is focused on AA and energy metabolism in the lactating 

dairy cow, with emphasis on the provision of EAA and energy precursors in the diet to support 

efficient milk protein production, and specifically on how post-ruminal EAA and glucose supply 

to the animal affects mammary and muscle metabolism and cellular control in support of protein 

synthesis.   
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NUTRITION FOR PROTEIN SYNTHESIS  
 
Amino Acid Nutrition  
 
 Essential amino acids and N must be absorbed in sufficient quantities from the 

gastrointestinal tract to support the synthesis of milk protein and the maintenance of body tissues 

in the lactating cow.  Dietary protein can be classified as either rumen-degradable (RDP) or 

rumen-undegradable (RUP) based on its susceptibility to microbial attack.  Proteolytic enzymes 

secreted by microbes in the rumen break down RDP to produce ammonia and amino acids, which 

are captured by the microbes and used to form microbial protein.  RUP will escape ruminal 

alteration and travel into the abomasum and small intestine where it, along with microbial protein 

from RDP sources and a small amount of endogenous protein, is hydrolyzed into AA.  The 

duodenal flow – RUP, microbial protein, and endogenous protein – makes up the metabolizable 

protein (MP) that can be made available from a particular diet.  AA and small peptides are then 

absorbed through the small intestine into blood and are available for use in various metabolic and 

physiological processes such as milk protein synthesis in the mammary glands, gluconeogenesis 

in the liver, or catabolism in skeletal muscle and the gut (Figure 1).  There is a certain level of 

unavoidable N loss associated with feeding dairy cows to support milk protein synthesis.  When 

excess AA are metabolized in the liver, a certain fraction of N waste is released as urea, which 

upon entering circulation can be recycled back to the rumen, or will be excreted in the milk, 

urine, or feces.  Reduction in the urea content of either of these excretion outlets can indicate that 

dietary protein is being used in a more efficient manner.    

 Manipulation of EAA supply can have a substantial effect on milk and protein yields from 

dairy cows, whereas the non-essential amino acids (NEAA) do not seem to limit milk protein 

synthesis, even when MP supply is deficient relative to accepted requirements (Metcalf et al., 

1996; Doepel and Lapierre, 2010).  Abomasal infusions of complete EAA profiles have been 
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shown to increase total milk and protein yields (Clark et al., 1977; Whitelaw et al., 1986; Doepel 

and Lapierre, 2010; Galindo et al., 2011).  The corollary is that low total AA supply can impair 

lactation performance, as observed by Raggio et al. (2004) with a 12.7% crude protein (CP) diet 

supplying 1922 g/d MP causing significantly lower milk and protein yields compared with a 

16.6% CP diet supplying 2517 g/d MP, and Haque et al. (2012) who improved N efficiency and 

efficiency of protein utilization with duodenal infusion of EAA compared with infusion of only 

Glu, regardless of whether the cows consumed 13.6 or 15.2% CP diets.  

   

 

 

Figure 1. Overview of dietary protein digestion and amino acid (AA) partitioning for 

protein synthesis in the lactating dairy cow. 
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Energy Nutrition 

 The main component of dairy cow rations is carbohydrate.  Non-structural carbohydrates, 

consisting of primarily starch, and structural cellulose and hemicellulose, are hydrolyzed into 

mono and disaccharides in the rumen by microbial amylases, cellulases and hemicellulases.  

Rumen microbes consume mono and disaccharides to yield adenosine triphosphate (ATP) for 

microbial work, and volatile fatty acids (VFA) as waste products, which are absorbed through the 

walls of the rumen and enter the blood stream.  Acetate, the 2-carbon VFA, is used primarily by 

the mammary gland as the main source of ATP to support milk protein, fat and lactose synthesis.  

The 3-carbon VFA, propionate, is converted primarily to glucose in the liver via 

gluconeogenesis.   This endogenous glucose is used in the mammary glands as a precursor for 

lactose synthesis, as a reducing agent for nicotinamide adenine dinucleotide phosphate (NADPH) 

production, and as a source of ATP (Figure 2).   

The efficiency of metabolizable energy (ME) capture is greater from starch derived from 

cereal grains compared with cellulose derived from forage.  ME utilization is also greater when 

starch is digested in the small intestine and absorbed directly as glucose, rather than being 

converted to VFA in the rumen and back into glucose in the liver (Reynolds, 2006). Infusion of 

starch directly into the abomasum can increase milk yield (Rius et al., 2010).  Increasing the 

absorptive supply of glucose or glucogenic precursors such as propionate (Raggio et al., 2006) 

stimulates both milk and protein yields when dietary supply of post-ruminal starch is low, such as 

with a grass silage-based diet (Hurtaud et al., 2000; Rigout et al., 2003). 

Aside from their use as milk protein precursors, AA have gluconeogenic potential for 

ruminants.  Gluconeogenesis, the endogenous production of glucose, is a major metabolic 

process that has the potential to consume a portion of supplied AA in competition with protein 

synthesis; however, the true amount that is converted into glucose depends highly on the supply 
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of energy and AA to the animal, and seems to vary across the literature.  Lindsay (1980) 

predicted that no more than 20% of glucose synthesized by the liver is derived from AA, 

estimating that maximally 3% of hepatic EAA flux and 10 to 25% of hepatic NEAA flux would 

undergo gluconeogenesis.  In practice, Danfær et al. (1995) reported the proportion of glucose 

derived from AA by the liver to be 36% in lactating goats infused with AA into the mesenteric 

vein.  Galindo et al. (2011) suggested that the increase in whole-body glucose appearance rate 

when AA supply was increased originated from hepatic glucose synthesis, while Blouin et al. 

(2002) did not observe an effect of MP supply on glucose release from splanchnic tissues.   

 

 
 

 
 
 
 

Figure 2. Overview of dietary non-structural carbohydrate (NS-CHO) digestion to support 

milk synthesis in the lactating dairy cow. 
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EFFICIENCY OF AMINO ACID USE FOR PROTEIN SYNTHESIS 
 
 

EAA supplied to the ruminant are removed from general circulation by splanchnic (liver 

and portal-drained viscera) and peripheral tissues (mammary glands and muscle), with net uptake 

by individual tissues being a function of arterial supplies, blood flow, and cellular sequestration 

activity.  AA have the potential for anabolic (protein synthesis) or catabolic (oxidation) fates, and 

the way they are partitioned between these two fates determines their efficiency of use for 

productive purposes.  Increasing supply of EAA typically results in a milk protein yield response; 

however, achieving a balance between high protein output and high efficiency of transfer of 

dietary protein into milk requires knowledge of how EAA supply to the animal affects whole-

body metabolism, and subsequently alters nutrient supply to and extraction by the mammary 

glands.  Many studies have been designed to elucidate the interactions between individual tissues 

in the lactating ruminant and their efficiency of use of MP, with the overall goal being to 

maximize milk protein yield while minimizing N losses. The efficiency of MP utilization can be 

viewed as the difference between the AA used for protein synthesis and those that are catabolized 

to produce urea (Lapierre et al., 2002).  Usually, factors other than absorbed AA supply limit 

milk protein production, and the efficiency of absorbed AA utilization is lower than the 

theoretical maximum.  It is challenging to predict true AA supply to ruminant animals because of 

their capacity to alter and recycle dietary components in the rumen.    

All tissues in the lactating cow use AA for protein synthesis, but the mammary glands 

maintain the highest net use (Doepel and Lapierre, 2010).  Current research focuses on the role of 

EAA as both substrates and regulators of protein synthesis in the lactating animal, most 

importantly in the mammary glands, but also in peripheral and splanchnic tissues that receive AA 

in concentrations dictated in part by what the mammary glands have used.  Post-ruminally, there 

are various parameters that contribute to the overall efficiency with which protein is used in the 
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dairy cow, such as mammary uptake based on AA type and its relationship to mammary uptake 

based on nutritional manipulation, and the fate of AA when not used for milk protein synthesis.  

It is well established that individual AA have different fates in the body with regards to 

mammary use for protein synthesis.  While the mammary gland appears to have particular 

stoichiometric “set points” for uptake of specific AA, nutritional manipulation can alter the 

uptake of groups of AA based on the mammary gland’s requirement to balance substrate supply 

for protein synthesis.  It is well known that the efficiency with which the mammary gland 

incorporates AA into milk protein is low (Hanigan et al., 1998; Rius et al., 2010).  Thus, the 

metabolism of excess AA outside of the mammary gland, or catabolism of AA by the gland, 

contribute to a large portion of whole-body efficiency.            

 

Mammary Amino Acid Uptake 

Stoichiometric Transfer 

The fate of individual AA is dependent on their type and supply, and they can be 

classified into 3 groups based on their relationship to mammary uptake (Mepham, 1982).  Group 

I AA (Met, His, Trp, Phe, and Tyr) are taken up from the arterial supply in the same rate at which 

they are output into milk.  These AA are often investigated as potential limiters of milk protein 

synthesis due to their tight economy of use and high extraction efficiency by the mammary 

glands.  Removal of His from a complete AA infusion dropped milk protein yield to the same 

level as on a saline infusion (Cant et al., 2001), and Doelman et al. (2015) reported significant 

decreases in milk protein yield when Met, His, and Phe were deficient in EAA infusions.   

Group II AA, those that are extracted by the mammary gland in excess of what is output 

in milk, consist of Lys, Thr, and Arg, and also the branched-chain amino acids (BCAA), Ile, Leu, 

and Val.  Leu is considered to be the most potent activator of the protein synthetic pathway in all 
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body tissues (Kim, 2009).  The BCAA are unique with regards to their capacity for hepatic 

metabolism.  All other AA enter the liver and, if not partitioned towards anabolic pathways, are 

used for gluconeogenesis or broken down into N waste products, whereas the BCAA largely 

bypass hepatic metabolism.  When AA are consumed at high levels, hepatic enzymes responsible 

for AA catabolism can become saturated, especially those for BCAA, as expression levels are 

already very low in the liver (Lapierre et al., 2002).  Organ specificity for BCAA catabolism is 

due to the difference in expression of two important catabolic enzymes, branched-chain amino 

acid transferase (BCAT) and the branched-chain α-keto acid dehydrogenase (BCKDH) complex 

(Figure 3), with BCAT being more abundant in skeletal muscle compared with liver tissue and 

the BCKDH complex being more abundant in liver compared with muscle.  These enzymes have 

also been identified in non-ruminant mammary and adipose tissues (Tovar et al., 2001; Herman et 

al., 2010).  Considering this evidence, BCAA specifically have a greater potential for availability 

to peripheral and splanchnic labile pools at times of EAA surplus. 

 The excess group II AA that are not output into milk can be used locally by the 

mammary gland to synthesize the NEAA required for milk protein.  The NEAA are classified as 

group III AA (Mepham, 1982).  Thus, very little of arterial NEAA supply is taken up by the 

mammary gland in proportion to what is output into milk. When exogenous NEAA are supplied 

with EAA to the ruminant, they are often directed towards gluconeogenesis through the liver, 

while EAA are used primarily for protein synthesis (Vanhatalo et al., 2003).  

 

Nutritional Alteration  

While individual AA generally maintain this stoichiometric uptake by the mammary, 

uptake of these groups in relation to each other can change based on the arterial concentration of 

individual AA and the rate of blood flow through the mammary gland.  Mammary plasma flow 
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(MPF) is the rate of plasma volume passing through the mammary gland over a particular period 

of time.  Changes in MPF are presumed to be controlled by vasodilators released by endothelial 

cells of the mammary gland (Prosser et al., 1996), which is hypothesized to be regulated with the 

purpose of maintaining a balance between cellular ATP production and utilization (Cant et al., 

2002). When EAA were infused, Doepel and Lapierre (2010) reported decreased MPF and 

greater mammary EAA uptake, to match an increased milk protein yield compared with NEAA 

infusion.  Galindo et al. (2011) observed no change in MPF with infusion of casein, but did 

observe increases in total milk, protein, and lactose yields.  Raggio et al. (2004) fed three levels 

of dietary MP and a linear increase in total milk and protein yield was observed.  BCAA in 

plasma were elevated with increasing MP supply, as well as mammary gland uptake of BCAA.  

In contrast, Bequette et al. (2001) observed no change in BCAA uptake by the mammary gland 

when total AA were intravenously infused into lactating goat.  Thus, MPF has the potential to 

change under conditions of altered supply of milk component precursors in order to regulate their 

availability to the mammary gland for uptake.     

 

 

Figure 3.  The branched-chain amino acid (BCAA) catabolic pathway through the branched-

chain keto-acid dehydrogenase complex (BCKDH). 
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Extra-Mammary Amino Acid Partitioning  

AA that enter the body that are not converted into milk protein either undergo catabolism 

or are retained in the body as tissue gain.  Although milk protein synthesis takes priority for use 

of dietary AA, many studies have observed no increase in milk protein yield when protein supply 

meets or exceeds requirements (Bequette et al., 1996; Mackle et al., 1999; Rius et al., 2010; 

Appuhamy et al., 2011).  Bequette et al. (1996) fed either a basal or a protein-supplemented diet 

for 21-d periods and observed no difference in milk protein yields, but did report increased Leu 

oxidation by the mammary gland.  In a follow-up study, Bequette et al. (1996) infused a complete 

AA mixture with the exclusion of Leu over a 10.5% CP diet.  AA infusion increased mammary 

Leu oxidation and was not associated with any increase in protein synthesis in the mammary 

gland, but Leu flux across the whole body was unaffected.  Whole-body Leu oxidation decreased, 

indicating that Leu utilization for whole-body protein synthesis increased, despite no change in 

milk protein yield.  Decreased arterial Leu concentration paired with no change in whole-body 

Leu availability indicated that Leu was being removed from circulation by extra-mammary 

tissues.  Similarly, under conditions of high MP supply, Lapierre et al. (2002) reported the 

increase in whole-body protein synthesis to be greater than the increase in milk protein output, 

suggesting that the metabolic activity of other tissues had been stimulated.  Appuhamy et al. 

(2011) observed no change in milk protein yield when BCAA were added to an abomasal 

infusion of Met and Lys, but did observe lower milk urea nitrogen (MUN) concentrations and an 

increase in plasma 3-Methylhistidine (3M-His).  The lack of response in milk protein yield, 

reduction in MUN, and increase in 3M-His indicates that the BCAA could have been associated 

with muscle protein turnover, rather than simply oxidized and excreted.    

   The majority of protein synthesis occurring in the lactating animal occurs in the 

mammary gland, although there is considerable evidence to support AA partitioning towards 
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labile protein pools, such as skeletal muscle or tissues of the gastrointestinal tract.  A direct 

relationship between dietary protein supply and extra-mammary protein synthesis is not well 

defined except to say that when MP provision to a lactating cow is high, AA have the potential to 

be used for protein synthesis outside of the mammary gland.  This partitioning of AA towards 

labile protein pools may contribute to the low efficiency of AA transfer into milk protein.               

 
 
EFFECT OF ENERGY ON PROTEIN EFFICIENCY 

Alterations in the supply of energy to a lactating cow can affect their ability to synthesize 

milk and protein to their maximum potential.  Aside from AA themselves, ATP is the major 

substrate to allow protein synthesis to occur.  When AA are in abundant supply with limiting 

energy, the dairy cow must either mobilize body reserves for gluconeogenesis, or will down-

regulate milk protein synthesis and use AA as energy precursors, depending on the severity of the 

negative energy balance.  When glucose is directly infused into cows, their energy balance is 

improved such that milk protein synthesis is no longer inhibited.  The NRC (2001) model for 

milk protein output predicts that an increase in output in response to dietary energy can only 

occur if additional MP is available to support the increase in milk protein.  Additionally, Hanigan 

et al. (1998) suggested that while energy supply effects the capacity for milk protein synthesis, it 

does not necessarily affect the efficiency of conversion of dietary protein into milk protein when 

cows are fed at or below N requirements.  

When MP is fed at or above requirements, the effect of energy is variable.  It has been 

discussed that if not used for milk protein synthesis, excess AA can be directed towards extra-

mammary peripheral depots, an arguably more efficient use than the alternative excretion as urea. 

It is possible that energy supply can alter the fate of excess amino acids towards their more 

efficient uses.     
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Energy Metabolism 

Energy partitioning in the lactating ruminant varies in relation to stage of lactation, the 

source and level of supply, and interactions with other nutrients.  Evidence suggests that in early 

lactation, glucose transporters GLUT1 and GLUT4 in muscle may be less sensitive to insulin 

compared with monogastric animals (Duhlmeier et al., 2005; Spachmann et al., 2013), with the 

purpose of directing glucose towards the mammary gland to support milk synthesis.  At times of 

low energy balance, stored triglycerides can be mobilized from adipose into non-esterified fatty 

acids (NEFA) that undergo β-oxidation into acetyl-CoA and ketone bodies.  Energy demanding 

tissues, such as the mammary gland, can use acetyl-CoA and ketone bodies as alternative sources 

of energy when glucose is limiting.      

With glucose being the main precursor for lactose synthesis, increasing the supply of 

glucose to the mammary gland typically supports increased total milk yield; however, the effects 

of glucose on mammary gland activity are inconsistent across the literature. While some studies 

have found an increase in milk protein yield, many have found no stimulation of protein yield 

with glucose provision.  Clark et al. (1977) observed no response in milk, fat, or protein yield 

during abomasal glucose infusion. Curtis et al. (2014) reported an increase in milk and lactose 

yield in response to 6 d of jugular glucose infusion, but no increase in protein yield.  After 10 h of 

arterial glucose infusion to the mammary gland, Cant et al. (2002) did not observe any increase in 

milk yield.  Hurtaud et al. (2000) carried out two duodenal glucose infusions with glucose 

volumes ranging from 250 – 2250 g/d.  Total milk and protein yield increased up to 1500 g/d of 

glucose infusion, after which point yield remained constant or began to decrease.  Rulquin et al. 

(2004) also observed an increase in milk and protein yield with increasing levels of duodenal 

glucose infusion that followed a quadratic pattern – peaking at 963 g/d of glucose infusion, and 

decreasing with 2398 g/d to match the negative control.  The varying responses in total milk and 
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component yield observed with high levels of glucose infusion have been proposed to be due to 

inhibition in the lactose synthetic pathway with high levels of glucose (Rigout et al., 2002), or 

because other nutrients or metabolites are limiting, specifically for protein and fat synthesis. 

 

Redirection of Excess Amino Acids 
 

When AA supply is deficient compared with the demand for protein synthesis in the 

mammary glands, during transition or because of an inadequately formulated ration, AA can be 

mobilized from labile protein stores to synthesize milk protein or to provide substrate for hepatic 

gluconeogenesis.  Conversely, there is evidence to suggest that when nutritional status of the cow 

with regards to protein and energy supply is positive, AA flux may be repartitioned into 

peripheral and splanchnic labile protein pools.   

It has been well established that increasing MP supply on its own will increase milk and 

protein yields, and many have observed the positive effects of energy supply on performance and 

postabsorptive N efficiency.  Cows fed 16.6% and 14.6% CP diets both with 1.6 Mcal NEL/kg 

DM produced 220 g/d and 160 g/d more milk protein respectively compared with cows fed 1.4 

Mcal NEL/kg dry matter (DM; Ruis et al., 2010).  When 300 g/d of glucose and casein were 

abomasally infused together, increases in milk and protein yields were greater than when these 

nutrients were infused separately to cows fed grass silage (Vanhatalo et al., 2003).  Cows 

undergoing a hyperinsulinemic-euglycemic clamp during abomasal infusion of casein produced 

more milk and milk protein than those not subject to the clamp procedure (Mackle et al., 2000).   

Clark et al. (1977) reported an improved efficiency of conversion of absorbed nitrogen into milk 

nitrogen when glucose was added to abomasal casein infusions.  Raggio et al. (2006) stimulated 

milk protein synthesis with infusions of casein into the duodenum and propionate into the rumen 

separately and together, with a greater increase observed for casein infusion and an additive 
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effect when infused together.  

It is in cases such as Clark et al. (1977) and others (Curtis et al., 2014; Hurtaud et al., 

1998; Lemosquet et al., 2004), when EAA concentrations decrease in plasma in response to 

energy but no milk protein yield response is observed, that the hypothesis is put forward that 

uptake of AA by muscle tissue is stimulated.   Greater quantities of AA removal by the mammary 

gland in the absence of milk protein synthesis would likely increase AA degradation within the 

tissue (Bequette et al., 1996).  Conversely, a reduction in MUN concentration can be indicative of 

lower AA catabolism by the mammary glands, and overall improved whole-body N efficiency 

(Broderick et al., 2008).  If protein turnover is stimulated in extra-mammary tissues, reduction in 

plasma AA concentrations and reduced N losses might be expected. 

 

CELLULAR REGULATION OF PROTEIN SYNTHESIS  
 
 

Cellular synthetic machinery plays an important role in milk protein synthesis and 

responds to the nutritional status of the whole animal.  Protein synthesis at the cellular level is an 

energy-demanding process that is highly regulated, which contributes to the variable efficiency of 

AA use. Cells have highly sensitive and complex mechanisms to control global protein synthesis 

to ensure the efficient use of cellular resources.  Regulation of mRNA translation elongation and 

initiation factors, binding proteins, and catabolic enzymes ultimately controls the rate of protein 

synthesis in response to nutrient availability and cellular energy status.  Over time, cells can 

respond to environmental changes by altering gene expression, which can change the abundance 

of particular mRNAs.   
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Mammalian Target of Rapamycin Pathway 
 
 The mammalian target of rapamycin (mTOR) network is a highly conserved signaling 

pathway found in all eukaryotic cells.  A serine/threonine kinase, mTOR is a member of the 

phosphatidylinositol kinase-related kinase protein family that controls translation initiation in 

response to cellular environmental cues (Wullschleger et al., 2006). The mTOR complex is 

associated with two multi-protein complexes – mTOR complex 1 (mTORC1) and mTORC2 (Ma 

and Blenis, 2009).  It is the mTORC1 complex that regulates the energy-demanding process of 

protein synthesis through its downstream effectors, including the eukaryotic initiation factor 4E-

binding factor (4EBP1), the eukaryotic initiation factor 4E (eIF4E), and the 40S ribosomal 

protein S6 kinase 1 (S6K1) (Ma and Blenis, 2009).   

 Upstream from the mTOR complex, 5’ AMP-activated protein kinase (adenosine 

monophosphate, AMPK) serves as a sensor for energy status of the cell.  In response to an 

increase in the ratio of AMP to ATP, phosphorylated AMPK turns on ATP-generating processes 

in the cell while inhibiting ATP-consuming functions, such as protein synthesis through 

mTORC1 (Ma and Blenis, 2009).  A second upstream regulator of the mTOR complex is protein 

kinase B (Akt), a member of the phosphoinositide 3-kinase (PI3K) pathway stimulated by 

insulin, which when activated phosphorylates the 40 kDa Pro-rich Akt substrate (PRAS40) and 

lifts its inhibitory effect on mTORC1 through its dissociation from the complex (Ma and Blenis, 

2009).  Amino acids, particularly Leu, have been well documented as mediators of mTOR 

activity.  It is known that AA signal to mTOR through the RAS-related GTP-binding protein 

(RAG) family of small GTPases, and several mechanisms have been proposed for how AA signal 

to RAGs and thus mTOR.  Active RAGs initiate a Rheb (Ras homologue enriched in brain)-

mTOR interaction, and modulate the mTOR-Raptor (regulatory-associated protein of mTOR) 

interaction (Kim, 2009; Shimobayashi and Hall, 2014).  Despite recognition of these 
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mechanisms, it is still unclear how AA directly stimulate mTOR activation.   

 When energy and AA are in sufficient supply, mTORC1 applies its downstream effects 

on translation initiation factors and ribosomal kinases to mediate protein synthesis.  The initiation 

of mRNA translation is a multi-step process, controlled largely by the formation of a functional 

eIF4F complex to begin cap-dependent translation.  In order for the eIF4F complex to become 

functional, its subunits eIF4E and eIF4G must interact with mRNA to initiate recruitment of 

other factors to begin protein synthesis.  An important regulatory point in this initiation of 

translation is controlled by 4EBP1.  4EBP1 in its unphosphorylated state interacts with eIF4E to 

block the binding site of eIF4G, which prevents the association of eIF4E with eIF4G, inhibiting 

formation of the eIF4F complex and subsequent 5’-cap-dependent translation.  When 4EBP1 

becomes phosphorylated, its affinity for eIF4E is lost which allows eIF4G to bind and mRNA 

translation to begin, ultimately leading to protein synthesis (Tee and Blenis, 2005).   

 Ribosomal kinase S6K1 activity and its contributions to protein synthesis are well 

characterized; however, the specific mechanisms by which S6K1 signaling modulates its many 

physiological effects remain unclear.  S6K1 is a downstream effector of mTOR, and its activity is 

dependent on mTORC1-mediated phosphorylation at Thr389, which results in phosphorylation at 

Thr229 by phosphoinositide-dependent kinase 1 (PDK1) and activation of S6K1 (Ma and Blenis, 

2009).  The active form of S6K1 has been shown to play a role in translation through modulation 

of many initiation factors, regulation of ribosome biogenesis, activation of elongation factors, and 

splicing of mRNA (Jastrzebski et al., 2007; Ma and Blenis, 2009; Magnuson et al., 2012).     

 Figure 4 outlines the mTOR signaling pathway highlighting potential points of regulation 

in both mammary and muscle that could be modified by post-ruminal AA and glucose.    
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Mammary 

 mTOR signaling has been characterized in bovine mammary tissue both in vitro and in 

vivo, in response to nutritional and hormonal manipulation.  Burgos et al. (2010) observed an 

increase in S6K1 and 4EBP1 phosphorylation when mammary epithelial acini were treated with a 

total AA mixture at high levels, which corresponded with a 50% increase in protein synthesis.  In 

contrast, the provision of glucose and acetate to mammary acini in this study did not affect 

protein synthesis or phosphorylation of mTOR targets.  Incubation of mammary tissue slices with 

complete EAA treatment increased phosphorylation of 4EBP1 and S6K1, and increased the 

fractional synthesis rate of protein compared with restricted EAA treatments (Appuhamy et al., 

2011).  When mammary tissue was incubated with glucose or EAA, AMPK phosphorylation was 

reduced, although glucose treatment on its own had no effect on mTOR phosphorylation 

(Appuhamy et al., 2014).  In fasted lactating cows, Toerien et al. (2010) observed 66% 

phosphorylation of mammary S6K1 when a complete EAA mixture and glucose were 

intravenously infused together for 6 h, but no significant response of S6K to glucose when it was 

infused by itself.  Similarly, the ratio of phosphorylated to total abundance of mammary mTOR 

was higher with a combination of 860 g/d of casein and 2 kg/d of starch, compared with either of 

these nutrients infused individually (Ruis et al., 2010). 

 

Muscle 

 While its activity in bovine mammary tissue has been under investigation for the past 

number of years, literature characterizing mTOR activity in bovine muscle tissue appears to be 

non-existent at this time.  In non-ruminants, mTOR activity has been extensively studied in 

muscle tissue during times of short-term nutritional manipulation or exercise stress. Intravenous 

infusion of Leu increased phosphorylation of 4EBP1 and S6K1, and decreased the amount of 
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eIF4E associated with 4EBP1 in the longissimus dorsi (LD) muscle of neonatal pigs compared 

with saline infusion (Escobar et al., 2006).  The fractional rate and efficiency of protein synthesis 

were also increased in LD muscle.  Jeyapalan et al. (2007) observed no increase in 

phosphorylation abundance of AMPK, S6K1, or 4EBP1 in LD muscle of neonatal pigs when 

glucose was infused, and suggest that the effect of glucose on muscle protein synthesis occur via 

mTOR- and AMPK-independent pathways that increase the formation of the active eIF4E�eIF4G 

complex.  Bolster et al. (2002) reported reduced phosphorylation of S6K1 and 4EBP1 and 

reduced association of eIF4E with eIF4G in rat muscle when increased AMPK activity was 

pharmacologically stimulated.   

 

 
 

 

Figure 4. The mammalian target of rapamycin (mTOR) pathway. 



 20 

Integrated Stress Response Network 
 
 In addition to mTOR, the integrated stress response (ISR) network is a cellular 

mechanism used to control protein synthesis in response to nutritional status (Figure 5).  The ISR 

network is a pathway involving eukaryotic initiation factor 2 (eIF2) and its exchange of 

guanosine diphosphate (GDP) to guanosine triphosphate (GTP) by the guanine nucleotide 

exchange factor eIF2Bε.  Through eIF2, GDP is changed into its translationally active eIF2-GTP 

form, an exchange that is regulated by eIF2B.  In its GTP-bound state, eIF2 forms a complex 

with methionyl-tRNAi and binds to the 40S subunit.  It is the anticodon of this tRNA that 

recognizes the start codon within the mRNA, allowing translation and elongation of the peptide 

chain to continue.  A subunit of eIF2, eIF2α, is controlled by 4 kinases, 2 of which respond to 

nutritional stressors within the cell, such as AA or glucose deficiency.  Protein-like endoplasmic 

reticulum kinase (PERK) is responsive to ATP-status and endoplasmic reticulum stress, and 

general control nonderepressible 2 kinase (GCN2) is responsive to AA deprivation.  When the 

cell becomes stressed, eIF2α is phosphorylated and becomes a competitive inhibitor of eIF2B, so 

that the exchange from eIF2-GDP to eIF2-GTP is compromised resulting in reduced eIF2-GTP 

levels and decreased global protein synthesis (Proud, 2005; Muaddi et al., 2010; Baird and Wek, 

2012).   

In recent years, cross-talk between the ISR network and the mTOR pathway has been 

suggested through Akt and glycogen synthase kinase 3 (GSK3) to regulate mRNA translation 

(Rommel et al., 2001; Proud et al., 2005).  Phosphorylated GSK3 is a known inhibitor of eIF2B 

activity to reduce protein translation; however, Akt inhibits GSK3 in response to insulin, which 

links the regulation of the ISR network and mTOR through the insulin signaling cascade.  
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Mammary 

 In cultured bovine mammary epithelial cells treated with a complete mixture of EAA, 

eIF2α phosphorylation was reduced compared with no EAA treatment, and there was no further 

change when insulin was added to the media (Appuhamy et al., 2011).  In vivo, eIF2α 

phosphorylation decreased when glucose was infused on its own or with the inclusion of EAA 

(Toerien et al., 2010), which corresponded with the increase in milk protein yield observed.  

Doelman et al. (2015) present the first report of eIF2Bε measurements in lactating bovine 

mammary tissue, and observed increased total abundance of the enzyme under complete EAA 

infusion.       

 

Muscle 

 Regulation of eIF2Bε and eIF2α has been demonstrated in muscle cells in response to 

EAA supply.  Increased phosphorylation of eIF2α was matched by a decrease in eIF2Bε activity, 

and vice versa, in myoblasts when cells were deprived of His and Leu (Kimball et al., 1998). 

When neonatal pigs were subject to a glucose-BCAA clamp, no difference in eIF2Bε activity was 

observed at fasted or fed levels of insulin and amino acid infusion (O’Connor et al., 2003).  

Bolster et al. (2002) reported an 80% decrease in phosphorylation of eIF2α when AMPK was 

activated in rat muscle, but no change in eIF2B activity.  Wilson et al. (2010) observed an 

increase in protein synthesis rate when parenteral Leu infusion was supplemented with a 

complete profile of AA; however, phosphorylation of eIF2α under these conditions was not 

affected, but was decreased when Leu was infused on its own allowing for an increase in 

ribosomal tRNA-binding, but with no measured response in protein synthesis.      

 
 
 



 22 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Eukaryotic initiation factors eIF2 and eIF2B regulate protein synthesis 

through the integrated stress response (ISR) network.  
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RESEARCH RATIONALE AND OBJECTIVES 
 

Assessment of the appropriate amino acid and energy supply to the lactating ruminant has 

been extensively studied.  Many of the responses observed are contradictory, and it is clear that 

the mechanism and control of protein synthesis in mammary tissue has yet to be fully 

characterized.  There are many variable factors that contribute to transfer efficiency of supplied 

MP into milk protein output, such as ME supply and the AA profile absorbed from the lower gut.  

The inconsistencies regarding the effect of glucose on milk protein synthesis may be due to 

limiting amounts of EAA to support the potential for increased milk protein yield, with evidence 

suggesting that energy may also play a role in EAA direction towards extra-mammary peripheral 

protein pools.  

 

Therefore, the objectives of the study presented in this thesis are: 

1. to use a post-ruminal infusion system paired with a low crude protein diet to investigate 

exclusively the effects of glucose infusion on protein synthesis when EAA supply is not 

limiting to the animal, 

2. to enhance the understanding of the molecular pathways responsible for the control and 

regulation of protein synthesis and, 

3. to compare mRNA translation in mammary glands and skeletal muscle of lactating cows 

in response to glucose and EAA.  
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CHAPTER 2 

 

REGULATION OF TRANSLATION BY ESSENTIAL AMINO ACIDS AND GLUCOSE 

IN MAMMARY GLANDS AND SKELETAL MUSCLE OF LACTATING DAIRY COWS 

 
 
 
ABSTRACT 
 

To determine how glucose modulates protein synthesis when EAA are supplied in excess, 

5 early-lactation Holstein dairy cows (78 ± 13 DIM) were abomasally infused for 5 d with EAA 

and glucose solutions in a 5 x 5 Latin square design. Treatments were saline, 844 g/d EAA (in the 

profile of casein), 1126 g/d EAA, 844 g/d EAA + 1000 g/d glucose, or 1126 g/d EAA + 1000 g/d 

glucose.  Cows were fed a diet containing 6.96 MJ/kg NEL and 12% CP.  During each period, 

arterial and venous blood samples were taken on d 4 for plasma flow and uptake calculations, and 

mammary and longissimus dorsi tissue was collected by biopsy on d 5 for assay of signalling 

proteins.  While no differences were observed between levels of EAA, infusion of EAA led to 4.1 

kg/d greater total milk yield, 256 g/d more milk protein, and 70% more milk urea nitrogen 

compared with saline (P < 0.001).  The addition of glucose to EAA infusate had no effect on 

protein yield (P = 0.318), tended to decrease protein content (P = 0.097), and reduced milk urea 

nitrogen by 17% (P < 0.001).  EAA infusion increased arterial concentrations of total EAA 3- to 

4-fold (P < 0.001) and increased mammary uptake of EAA by 65% (P < 0.001).  The addition of 

glucose to the EAA infusates decreased arterial Ile, Leu, and Val concentrations by 29% (P < 

0.001) but did not affect mammary uptake of any amino acids (P > 0.600).  Plasma concentration 

of 3-Methylhistidine increased by 50% with EAA infusion compared with saline (P = 0.054) and 

was not affected by glucose, suggesting stimulation of muscle protein turnover.  Infusion of EAA 

increased the mammary abundance of S6K1 by 46% (P = 0.012), and tended to increase 
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phosphorylated S6K1 abundance by 35% (P = 0.094), indicating activation of mRNA translation.  

Addition of glucose to EAA infusates tended to increase the mammary abundance of 

phosphorylated eIF2α by 45% (P = 0.086), and decrease the total abundance of eIF2α by 21% (P 

= 0.07), both of which are inhibitory to mRNA translation.  In muscle tissue, EAA infusion 

increased the phosphorylation state of 4EBP1 by 41% (P = 0.024), and BCKDH kinase 

abundance was reduced by 14% (P = 0.022), stimulating mRNA translation and branched-chain 

amino acid catabolism, respectively. When glucose was added, the phosphorylation state of 

4EBP1 increased further by 16% (P = 0.119), and total S6K1 abundance tended to increase by 

17% (P = 0.115).  Thus, EAA activated regulators of mRNA translation in both mammary and 

skeletal muscle, while the addition of glucose directed branched-chain amino acids towards 

skeletal muscle and activated pathways of mRNA translation in muscle tissue instead of in the 

mammary glands. 

 

Key Words: amino acid, glucose, protein synthesis, mammary, muscle, mRNA translation 
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INTRODUCTION 

When lactating dairy cows are fed protein, the majority of the supply is not captured in 

milk. NRC (2001) assumes 67% capture of dietary N into milk N, but the practical capture can be 

as low as 10%, and generally ranges from 25 to 35% (Hanigan et al., 1998).  Most of the N loss 

occurs at the postabsorptive level, where a large fraction of the AA not output in milk could be 

partitioned into skeletal muscle, other labile protein pools, or catabolized.  Thus, increased 

mammary uptake and use of AA for milk protein synthesis would improve efficiency of use by 

the mammary gland, lowering ingredient expense for producers and reducing N loss to the 

environment.  Since protein synthesis is an energy-demanding process, increasing the energy 

supply to the mammary gland may support increased milk protein yield and efficiency of N 

capture.  However, the protein synthetic response to glucose provision is varied.  Although 

several studies report positive milk yield responses to glucose infusion alone (Hurtaud et al., 

2000; Rulquin et al., 2004) and during a hyperinsulinemic-euglycemic clamp (Mackle et al., 

2000; Bequette et al., 2001), there are also many instances where glucose did not stimulate milk 

protein synthesis, with or without AA infusion (Clark et al., 1977; Vanhatalo et al., 2003; Curtis 

et al., 2014).  It is possible that the inconsistent responses to energy are caused by limiting EAA 

supply to match an increase in energy substrate for protein synthesis.  

Protein synthesis is regulated in part by the mTOR signaling cascade. The mTORC1 

kinase integrates various cellular stimuli, including AA availability and insulin, to regulate 

mRNA translation through phosphorylation of S6K1 and 4EBP1 (Wullschleger et al., 2006). 

Inhibition of mTOR with rapamycin prevents its stimulation by Leu (Anthony et al., 2000; 

Suryawan et al., 2008) and inhibition of pancreatic insulin release with somatostatin also blocked 

the stimulatory effect of Leu on muscle protein synthesis (Anthony et al., 2002).  It is well 

established that mTORC1 is responsible for postprandial up-regulation of muscle protein 
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synthesis in young growing animals in response to infused AA, specifically Leu, glucose, and 

insulin, at levels to mimic the fed state (Anthony et al., 2002; O’Connor et al., 2003; Jeyapalan et 

al., 2007). 

In mammary epithelial cells, mTORC1 is activated in vitro by AA and Akt-activators 

insulin and IGF-1 (Moshel et al., 2006; Burgos et al., 2010; Appuhamy et al., 2011), and is 

inhibited by AMPK (Appuhamy et al., 2014).  In vivo, 5-d abomasal EAA infusion increased 

S6K1 phosphorylation (Doelman et al., 2015), but 6-d i.v. glucose infusion decreased abundance 

of phosphorylated and total S6K1 (Curtis et al., 2014).  Mammary mTORC1 was activated by 9 h 

i.v EAA and glucose infusions that also increased milk protein yield (Toerien et al., 2010).  

Glucose-only infusion enhanced milk protein yield but failed to activate mTORC1, and instead 

inhibited constituents of the ISR network, a translation repression pathway (Toerien et al., 2010).  

The ISR network slows initiation of mRNA translation through phosphorylation on the α-subunit 

of eIF2, inhibiting the eIF2B-mediated conversion of eIF2-GDP to eIF2-GTP, to suppress protein 

synthesis.  Activity of eIF2B is also inhibited by GSK3-mediated phosphorylation, which is lifted 

by insulin-activated Akt (Proud, 2005).  Doelman et al. (2015) reported increased eIF2Bε 

abundance during 5-d EAA infusions into lactating cows. 

The objective of this study was to further the understanding of the mechanisms 

controlling milk protein yield and AA partitioning in the body of lactating dairy cows by 

investigating which translation participants in mammary and muscle are affected by high levels 

of EAA and glucose.  Doelman et al. (2015) infused EAA at 563 g/d in the same profile as 

Metcalf et al. (1996), and observed a positive milk protein yield response. To maximize the milk 

protein response in this experiment, cows were fed a low-protein diet and EAA were abomasally 

infused at 1.5 and 2 times this level.   
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MATERIALS & METHODS 

Animals and Housing 

All experimental procedures were approved by Animal Care Committees at the University 

of Guelph and Nutreco Canada Agresearch, adhering to guidelines set forth by the Canadian 

Council for Animal Care.  Five rumen-fistulated, multiparous Holstein cows began the 

experiment at 78 ± 13 days in milk (DIM) and 576 ± 70.3 kg body weight (BW) and were housed 

in a tie stall barn at the Nutreco Canada Agresearch farm (Burford, ON).  Cows had individual 

free access to feed and water throughout the study and were milked twice daily at 0500 and 1600 

h.  A total mixed ration (TMR; Table 1) was formulated to provide an NEL of 1.66 Mcal/kg DM 

and 12% crude protein.  Cows were fed the TMR ad libitum during a 14 d adaptation prior to the 

start of the experiment and average dry matter intakes (DMI) of each cow during the last 7 d of 

adaptation were recorded. During the experiment, cows were offered this fixed amount of TMR 

once daily at 0700 h.  Feed refusals were measured daily and feed samples were taken on a 

weekly basis, stored at – 20 °C, pooled, and subsampled for proximate composition analysis 

using near-infrared spectroscopy (Nutreco Canada Inc., St. Hyacinthe, QC, Canada). Silages were 

monitored weekly for DM content and the TMR was adjusted accordingly.  Cows were weighed 

and scored for body condition prior to the start of each infusion period and at the end of the 

experiment.   
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Table 1. Ingredient and chemical composition of total mixed ration. 

1Obtained from Shur-Gain Feed Mill (St. Mary's, ON, Canada). 
 

 

 

Component Content, % of DM 
Ingredient Composition  
       Corn silage 49.8 
       Haylage 17.0 
      Corn, ground 15.7 
      Wheat shorts 6.1 
       Straw, chopped 5.3 
       Mixed hay 2.6 
      Stay fat  1.2 
      TOP SOY1 1.1 
      Vitamins and minerals  1.1 
      Urea 0.003 
Nutrient Analysis  
      CP 12.4 
      NDF 28.7 
      ADF 18.6 
      NFC 46.8 
      Crude fat  5.3 
      Ash 6.8 
      Ca 0.71 
      P 0.39 
      NEL (Mcal/kg) 1.66 
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Treatments 
 

Cows were randomly assigned to a 5 x 5 Latin square design where each period 

consisted of a 5-d continuous abomasal infusion followed by 2 d of rest with no infusion.  

Abomasal infusion lines were placed through the rumen cannula 1 d prior to the first 

experimental period and remained in place until the end of the experiment with daily checks 

for patency.  Infusion treatments were 0.9% saline (SAL), or complete mixtures of EAA with 

the same profile and amount as found in 1.5 and 2 kg casein according to Metcalf et al. 

(1996), with or without the inclusion of 1 kg glucose (1.5EAA, 2EAA, 1.5+GLC, and 

2+GLC, respectively).  Treatment solutions were prepared daily in 10-L batches, and a 

multichannel peristaltic pump (Watson-Marlow, Wilmington, MA, USA) was used to 

continuously administer infusate into cows at a rate of 6.95 ml/min, delivering 884 g/d and 

1126 g/d EAA for 1.5EAA and 2EAA treatments, respectively.  Amino acids were infused at 

the following rates (g/d) for the 1.5 and 2 EAA treatments, respectively: L-Arg (59 and 78), 

L-His (48 and 64), L-Ile (86 and 115), L-Val (96 and 128), L-Leu (141 and 188), L-Phe (141 

and 188), DL-Met (41 and 55), L-Lys (147 and 196), L-Thr (63 and 85), and L-Trp (21 and 

28).  Infusions were started at 1000 h on d 0 of infusion and ended at 1000 h on d 5 of 

infusion. 

 

Milk Sampling  

Cows were milked twice daily at 0500 and 1600 h using a modified claw bucket 

milker modified to collect milk from the front and rear quarters separately.  Milk weights 

from the front and rear halves were recorded at each milking.  During infusions, samples were 

taken separately from both the front and rear halves at each milking, stored at 4°C, and 

analyzed within 3 d for fat, protein, lactose (Laboratory Services Division, University of 
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Guelph, Guelph, ON), and milk urea nitrogen (MUN; CanWest DHI Ontario DHI Milk 

Analysis Centre, Guelph, ON) by infrared spectroscopy (AOAC International, 1996). 

        

Blood Sampling  

Blood samples were taken concurrently from the coccygeal vessels and the subcutaneous 

mammary abdominal vein into sodium heparin and potassium EDTA Vacutainers (Becton-

Dickinson, Rutherford, NJ) on d 4 of the infusion period at 0800, 1000, 1200 and 1400 h.  

Collection tubes were immediately placed in ice and then centrifuged at 3000 × g for 15 min.  

Plasma was transferred into polypropylene tubes for storage at -20°C.   

 

Muscle Biopsies 

 Following morning milking on d 5 of each infusion period, muscle tissue samples were 

collected via biopsy from the left or right longissimus dorsi muscle in the L1 to L6 vertebral 

region, alternating sides with each experimental period.  Cows were sedated with 0.5 mL 

intravenous xylazine and 10 mL lidocaine was injected anterior to the biopsy site as an intercostal 

nerve block.  An incision approximately 3 cm in length was made through the skin in the 

intercostal space perpendicular to the vertebrae and approximately 500 mg muscle tissue was 

removed with a 6-mm biopsy punch (Integra Miltex, Burlington, ON, Canada).  Muscle samples 

were immediately rinsed in saline and snap frozen in liquid N2 before storage at -80°C.  

 

Mammary Biopsies 

Immediately following muscle biopsies, approximately 500 mg mammary tissue was 

collected via biopsy according to the method of Farr et al. (1996) from the left or right rear 

quarters of the udder, alternating sides with each experimental period.  5 mL lidocaine was 
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injected subcutaneously at the biopsy site prior to incision. Upon collection, mammary samples 

were immediately rinsed with saline and snap frozen in liquid N2 before storage at -80°C.  

Ketoprofen (3 mg/kg BW) was administered intramuscularly after both biopsy procedures were 

complete. 

 

Plasma Analysis and Mammary Uptake Calculations 

Arterial or venous plasma samples were pooled over time for each cow by period and 

analyzed for glucose, β-hydroxybutyrate (BHBA), non-esterified fatty acids, triacylglycerol 

(TAG), acetate, and urea as described by Weekes et al. (2006), and free glycerol according to 

Buccolo et al. (1973).  Insulin was analyzed by immunoassay (Crystal Chem Inc., Illinois, USA).  

Long-chain fatty acid (LCFA) concentrations were calculated on a molar basis as 3  × TAG + 

NEFA. AA concentrations in the plasma samples collected at 1000, 1200 and 1400 h were 

analyzed using Ultra Performance Liquid Chromatography in conjunction with Empower 

Chromatography Data Software (Waters Corporation, Milford, USA) according to the protocol 

described by Boogers et al. (2008). A 250-µM 3-methyl-L-His (3M-His) standard solution was 

also run to quantify plasma 3M-His concentrations. 

 Mammary plasma flow (MPF) was estimated according to the Fick principle using Phe 

and Tyr as internal markers (Cant et al., 1993), where MPF (L/h) = milk Phe + Tyr output 

(µmol/h)/arteriovenous Phe + Tyr difference (µmol/L).  Milk output of Phe + Tyr was estimated 

from the d-4 afternoon milk protein yield corresponding to the blood samples taken that day 

using Phe and Tyr contents reported by Mepham (1987).  Uptakes of nutrients across the 

mammary glands were calculated as the product of their plasma arteriovenous differences and 

MPF.  A positive uptake indicates removal from plasma whereas a negative uptake indicates net 

release from the mammary glands. 
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Cell Signaling Analysis 

Approximately 50 mg of mammary and muscle tissues were homogenized for 10 s in 0.5 

ml lysis buffer (1% Triton X-100, 0.1% SDS, 50 mM Tris-HCl pH 8.0, 150 mM NaCl, and 0.5% 

sodium deoxycholate) containing protease and phosphatase inhibitors (Thermo Scientific, 

Nepean, ON).  Homogenates were inverted for 1 h at 4°C, and then centrifuged at 13 000 × g for 

20 min at 4°C.  Mammary and muscle supernatants were diluted with lysis buffer to 1.5 µg/µL 

and 3 µg/µL, respectively, and diluted to a final concentration of 0.75 µg/µL and 1.5 µg/µL, 

respectively, with sample buffer (4% SDS, 20% glycerol, 10% beta-mercaptoethanol, 0.125 M 

Tris HCL, and 0.004% bromophenol blue), before boiling at 90°C for 5 min.  20 µl of boiled 

mammary sample and 10 µl of boiled muscle sample, both containing 15 µg total protein, along 

with BLUeye Prestained Protein Ladder (FroggaBio, Toronto, ON, Canada) were separated by 6, 

8, or 12% SDS-PAGE according to the protein size at 120 V for approximately 90 min.  Proteins 

were electrotransferred (Mini Trans-Blot, Bio-Rad Laboratories Inc., Mississauga, ON, Canada) 

onto polyvinylidene difluoride membranes (Millipore, Mississauga, ON, Canada) at 100 V for 60 

min.  All membranes were incubated at room temperature for 1 h in Tris-buffered saline-Tween 

(TBST) buffer containing 5% nonfat dry milk before incubation at room temperature with rabbit 

or mouse monoclonal antibodies to phosphorylated and total proteins as listed in Table 2.  All 

primary antibodies were diluted using 1% milk TBST buffer.  Membranes were rinsed with 

TBST buffer and incubated at room temperature for 1 h with horseradish peroxidase-linked anti-

rabbit or anti-mouse IgG (rabbit: NA934V, GE Healthcare Life Sciences, Canada; mouse: #7076, 

Cell Signaling) diluted in TBST buffer.  Following six 5-min washes of the membranes in TBST 

buffer, proteins were developed using chemiluminescence (Clarity Western ECL Substrate, 

BioRad). All membranes first probed with proteins of interest underwent three 5-min washes in 

TBST buffer and appropriate portions were re-probed with antibodies against β-actin (ab6276, 
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Abcam) in mammary tissue or GAPDH (glyceraldehyde 3-phosphate dehydrogenase; ab8245, 

Abcam) in muscle tissue as loading controls.  Blot densities in scanned images were determined 

by ImageLab software (BioRad) and normalized to the corresponding loading control blot 

density.  Phosphorylation state of each protein was calculated as the ratio of phosphorylated to 

total blot densities.            

 

Table 2. Antibodies used for primary incubation of mammary and muscle proteins.  

Protein1 Phosphorylated Antibody Product No. Total Antibody Product No. 
PERK 31792 31922 

eIF2α 35972 5324XP2 

eIF2Bε ab47753 35952 

Akt 92712 92722 

AMPK 25352 58312 

S6K1 92062 27082 

4EBP1 94512 94522 

BCAT1 – 128222 

BCKDH-K – ab1289353 

1eIF2α = eukaryotic initiation factor 2, α subunit; eIF2Bε = eukaryotic initiation factor 2B, ε subunit; 

PERK = protein kinase-like endoplasmic reticulum kinase; 4EBP1 = eukaryotic initiation factor 4E-

binding protein 1; S6K1 = ribosomal protein S6 kinase 1; Akt = protein-kinase B; AMPK = AMP-

activated protein kinase; BCAT1 = branched-chain amino acid transferase 1; BCKDH-K = branched-

chain α-keto acid dehydrogenase kinase 

2purchased from Cell Signaling Technologies Inc., Danvers, MA, USA 

3purchased from Abcam, Cambridge, MA, USA 
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RNA Extraction, Primer Design and Evaluation, and PCR 

Total RNA was isolated from approximately 100 mg of mammary and muscle tissues 

using 1 ml TRizol Reagent (Invitrogen), according to manufacturer’s instructions.  Quality of the 

RNA was checked on a 1% agarose TBE gel (40 mM Tris base, 40 mM boric acid, 0.2% 0.5M 

EDTA pH 8.0) by staining with ethidium bromide. Primers were designed to yield PCR 

amplification products of 100 to 200 bp (Table 3).  cDNA was synthesized from 500 ng of 

extracted total RNA with random hexamers using High Capacity cDNA Reverse Transcription 

Kit (Applied BioSystem, Waltham, MA), following manufacturer’s instructions.  qPCR was 

carried out using PerfeCta SYBR Green FastMix (Quanta BioScience, Gaithersburg, MD) with 

an Applied Biosystems 7300 Real Time PCR instrument. Fold changes in gene expression 

relative to saline were calculated by the 2ΔΔCt method (Livak and Schmittgen, 2001) after 

normalizing to H3F3A and GAPDH as reference genes for mammary and muscle, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 36 

Table 3. Primer sequences for qPCR in bovine mammary and muscle tissue. 

Database Gene Protein Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’) Product 

Size NM_175813 EIF2S1 eIF2a TACAGAAACCATGCCCATCA TGCAAGTTCGGTCTCATCTG 205 

NM_174310 EIF4E eIF4E CAGTGCTGTGCCTTATTGGA TGCATGGGACTGATAACCAA 206 

XM_002684878 
 

EIF2B5 eIF2Bε ACTGACAAAGGCCAGCAGTT GACGGTGGTCACTCATCCTT 195 

NM_205816 
 

RPS6KB1 S6K1 TGACAGCCCAGATGACTCAG TGGGCTGCCAATAATCTTC 151 

NM_001109802 
 

PRKAA1 AMPK AGCCCTTCCTTCTCTTGCTC AGGATGCCTGAAAAGCTTGA 246 

NM_001098086 
 

EIF2AK3 PERK GGCTGAAAGATGACAGCACA AGAACTGGCTCTCGGATGAA 195 

NM_001083644 BCAT1 BCAT1 GGCCCCACGATGAAGGATT 
 

AACGGTGGCTCGTGTGATTA 120 

NM_174506 BCKDHA BCKDH TTTGGAGACCAAGTCGAGGC GAAATCTAGCCAGCCCACGA 81 

NM_001014389 
 

H3F3A H3F3A CATGGCTCGTACAAAGCAGA TAATTTCACGGAGTGCCACA 158 

NM_001034034 
 

GAPDH GAPDH GGGTCATCATCTCTGCACCT GGTCATAAGTCCCTCCACGA 176 
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Statistical Analysis 

Milk yield, milk composition, and DMI were averaged over the final 2 days of each 

period.  Plasma AA concentrations were averaged over the 3 sampling times on d 4 of each 

period.  Variances in cow performance, plasma concentrations, mammary uptakes, protein 

abundance and gene expression were analyzed using the MIXED procedure of SAS (SAS 

Institute Inc., Cary, NC) according to the following model: 

Yijk = µ + cowi + perj + trtk + εijk 

where µ = overall mean, cowi = random effect of cow (i = 1 to 5), perj = fixed effect of period (j 

= 1 to 5), trtk = fixed effect of treatment (k = 1 to 5), and εijk = experimental error.  Effects of 

EAA were estimated as linear contrasts of 0, 1.5EAA and 2EAA without glucose, using 

coefficients calculated with PROC IML of SAS. Effects of GLC were estimated from orthogonal 

contrasts between EAA treatments with and without GLC.  Differences were considered 

significant at P ≤ 0.05 and tendencies at 0.05 < P ≤ 0.15.   No significant differences were found 

between 1.5EAA and 2EAA by a Tukey means separation procedure.  Interactions between EAA 

and GLC were not estimable due to the incomplete factorial design of the experiment.  

  

RESULTS 

Dry Matter Intake and Milk Yield 

 Metabolizable protein supply from the diet was estimated using NRC (2001) to be 1322 

g/d on average and 2170 and 2432 g/d including the EAA infusate (844 and 1126 g/d, 

respectively). Cows consumed an average of 17 kg/d DMI during EAA infusion and DMI 

decreased by 0.6 kg/d with the addition of GLC to the infusates (P = 0.04; Table 4).  Milk yield 

increased 4.1 kg/d with EAA infusion compared to saline (P < 0.001), and addition of GLC 

tended to increase milk yield an additional 1.5 kg/d (P = 0.057).  EAA infusion tended to increase 
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milk fat yield (P = 0.123) and had no effect on milk fat percentage (P =0.447) while GLC 

infusion decreased milk fat yield by 99 g/d (P = 0.038) and content by 0.42 percentage units (P = 

0.007).  Compared with SAL, cows receiving EAA produced 256 g/d more milk protein resulting 

in a stimulation of milk protein content by 0.4 percentage units (P < 0.001).  Addition of GLC to 

EAA infusates had no effect on protein yield (P = 0.318) and tended to decrease protein content 

(P = 0.097).  Lactose content was not significantly affected by EAA or GLC infusion, but lactose 

yield was increased with EAA infusion by 179 g/d (P = 0.002) and by a further 83 g/d when GLC 

was added to the infusate.  MUN content increased 70% (P < 0.001) with EAA infusion 

compared to SAL, and decreased 17% with addition of GLC. 

 

Metabolite and Hormone Concentrations 

 Arterial plasma glucose concentration was not affected by EAA (P = 0.681) and increased 

16% (P < 0.001) when GLC was added to EAA infusates (Table 5).  BHBA and acetate in 

plasma decreased with GLC infusion by 63 (P = 0.008) and 34% (P = 0.012), respectively.  

Arterial NEFA concentration increased 32% (P = 0.004) with EAA infusion, and decreased to 

SAL levels (P < 0.001) with the addition of GLC.  TAG concentration was not affected by 

treatment but total LCFA concentration tended to decrease when GLC was added to EAA 

infusions (P = 0.123).  Plasma urea concentration in cows receiving EAA infusion increased to 2 

times the concentration of cows receiving SAL (P < 0.001) while GLC addition had no effect on 

urea concentration.  Plasma insulin concentration was not affected by EAA (P = 0.494) and 

increased 53% (P = 0.019) when GLC was added to EAA infusates.  Mammary gland uptakes of 

all metabolites (Table 6) were unaffected by EAA or GLC infusion with the exception of glucose, 

the uptake of which tended to be 20% higher when GLC was infused (P = 0.127).  
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Table 4. Performance of lactating dairy cows (n = 5) receiving abomasal infusions of EAA and 

GLC for 5 d1.  

1Data are least-squares means from the final 2 d of each period.  

2SAL = saline; EAA = essential amino acids; GLC = glucose 

3PEAA = linear effect of EAA without GLC; PGLC = effect of GLC 

 

 

 

 

 Treatment2  P3 

  Saline 1.5EAA 2EAA 1.5+GLC 2+GLC SEM EAA GLC 

DMI (kg/d) 17.1 17.0 17.1 16.7 16.1 0.9 0.979 0.040 

Yield         

  Milk (kg/d) 30.0 33.8 34.4 35.4 35.8 1.3 <0.001 0.057 

  Fat (g/d) 914 1023 995 914 907 120 0.123 0.038 

  Protein (g/d) 868 1118 1130 1139 1156 54 <0.001 0.318 

  Lactose (g/d) 1418 1589 1604 1677 1682 53 0.002 0.046 

Composition (%)         

  Fat 3.08 3.03 2.91 2.56 2.54 0.35 0.447 0.007 

  Protein 2.90 3.31 3.28 3.22 3.23 0.09 <0.001 0.097 

  Lactose 4.73 4.71 4.67 4.74 4.70 0.08 0.136 0.280 

MUN (mg/dL) 4.1 6.7 7.3 5.6 6.0 1.0 <0.001 0.021 

BW (kg) 581 582 586 585 584 31 0.406 0.868 

BCS 2.45 2.45 2.48 2.53 2.48 0.09 0.594 0.207 



 40 

Table 5. Arterial plasma concentrations of metabolites and insulin in lactating dairy cows (n = 5) 

receiving abomasal infusions of EAA and GLC for 5 d1. 

 Treatment2  P3 

  Saline 1.5EAA 2EAA 1.5+GLC 2+GLC SEM EAA GLC 

Glucose, mM 2.87 2.67 2.90 3.03 3.45 0.09 0.681 <0.001 

BHBA, mM      0.57 1.00 0.73 0.33 0.31 0.23 0.301 0.008 

Acetate, mM 1.78 1.80 1.48 1.05 1.12 0.22 0.387 0.012 

NEFA, µM 131 171 176 117 130 12 0.004 <0.001 

TAG, µM 46 46 42 47 52 5 0.675 0.300 

LCFA, µM 270 310 303 259 286 21 0.195 0.123 

Glycerol, µM 37 22 28 23 19 6 0.210 0.508 

Urea, mM 0.62 1.11 1.48 1.06 1.28 0.15 <0.001 0.363 

Insulin, µg/L 0.74 0.90 0.89 1.39 1.35 0.22 0.494 0.019 

1Data are least-squares means from d 4 of each period.  

2SAL = saline; EAA = essential amino acids; GLC = glucose 

3PEAA = linear effect of EAA without GLC; PGLC = effect of GLC 
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Table 6. Mammary uptakes of plasma metabolites (mmol/h) in lactating dairy cows (n = 5) 

receiving abomasal infusions of EAA and GLC for 5 d1. 

 Treatment  P3 

    Saline 1.5EAA 2EAA 1.5+GLC 2+GLC SEM EAA GLC 

Glucose 360 359 395 424 531 60 0.738 0.107 

BHBA 128 167 98 75 101 64 0.884 0.417 

Acetate 390 543 340 414 392 70 0.927 0.592 

NEFA -29.0 -19.0 -18.0 -42.0 -18.0 10.8 0.283 0.156 

TAG 19.1 20.2 15.2 29.0 20.4 4.6 0.668 0.151 

LCFA 28.5 41.1 27.7 45.2 43.1 17.7 0.888 0.569 

Glycerol 7.2 0.01 4.8 -0.3 -0.5 2.7 0.291 0.316 

1Data are least-squares means from d 4 of each period.  

2SAL = saline; EAA = essential amino acids; GLC = glucose 

3PEAA = linear effect of EAA without GLC; PGLC = effect of GLC 
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Amino Acids 

 Infusion of EAA increased the arterial concentrations of each EAA to approximately 3.5 

times that of the SAL treatment (P < 0.001; Table 7), and decreased concentrations of most 

NEAA by 20% (P < 0.001) except Asp (P = 0.746), Gln, which only tended to decrease (P = 

0.114), and Glu and Tyr, which increased (P < 0.015).  The addition of GLC to EAA infusates 

decreased arterial BCAA concentrations by 29% (P < 0.001), tended to decrease Arg and Lys 

18% (P < 0.150) and increased Thr 38% (P < 0.001).  Other EAA concentrations were not 

affected by GLC (P > 0.530).  The addition of GLC to EAA increased Ser concentration 25% (P 

< 0.001), decreased Pro 10% (P = 0.028), and tended to decrease Gln and Glu in plasma by 14 

and 7%, respectively (P < 0.100). 

 Plasma concentration of 3M-His in cows infused with EAA tended to increase 50% 

compared with SAL (P = 0.054; Table 7).  Addition of GLC had no effect on circulating 3M-His 

concentration.   

 Mammary plasma flow (MPF) was unaffected by treatment (P > 0.260; Table 8).  

Mammary uptakes of individual EAA increased by 47 to 91% with infusion of EAA compared to 

SAL (P < 0.001).  Met uptake was affected the least and Val the most.  EAA infusion decreased 

uptakes of Asp (P < 0.001), Glu (P = 0.002), and Ser (P = 0.035) by 65, 34, and 30%, 

respectively, but did not affect uptakes of other NEAA.  The addition of GLC to EAA infusates 

had no effect on the uptake of total EAA, BCAA, non-BCAA, or NEAA but tended to decrease 

mammary uptakes of His, Trp, and Val by 20, 23, and 16%, respectively (P < 0.1), and increase 

the uptake of Asp by 56% (P = 0.089).       
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Table 7. Arterial plasma concentrations of AA and 3M-His (µM) in lactating dairy cows (n = 5) 

receiving abomasal infusions of EAA and GLC for 5 d1. 

 Treatment1  P3 

  Saline 1.5EAA 2EAA 1.5+GLC 2+GLC SEM EAA GLC 

Arg 62 128 152 104 126 16 <0.001 0.074 

His 19 108 121 100 139 18 <0.001 0.671 

Ile 105 286 348 181 252 22 <0.001 <0.001 

Leu 107 391 499 240 365 33 <0.001 <0.001 

Lys 60 185 243 144 208 27 <0.001 0.142 

Met 17 92 117 94 125 10 <0.001 0.530 

Phe 41 152 191 142 204 17 <0.001 0.936 

Thr 84 213 241 294 334 22 <0.001 <0.001 

Trp 32 53 58 50 60 3 <0.001 0.872 

Val 183 643 833 429 656 42 <0.001 <0.001 

Ala 234 164 133 169 154 12 <0.001 0.122 

Asn 38 32 27 27 27 2 0.001 0.233 

Asp 9 9 9 9 9 0.4 0.746 0.617 

Gln 185 146 165 129 139 12 0.114 0.098 

Glu 125 141 146 133 135 13 0.007 0.076 

Gly 418 352 278 378 308 39 0.005 0.332 

Pro 80 62 54 54 51 3 <0.001 0.028 

Ser 102 69 65 88 79 4 <0.001 <0.001 

Tyr 42 66 63 68 80 10 0.015 0.146 
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BCAA4 394 1319 1681 849 1274 94 <0.001 <0.001 

EAA5 708 2250 2803 1779 2471 167 <0.001 0.033 

N-BCAA6 315 931 1122 929 1197 101 <0.001 0.681 

NEAA7 1234 1042 940 1055 982 37 <0.001 0.313 

TAA8 1942 3292 3743 2833 3453 170 <0.001 0.040 

3M-His 17 27 24 23 23 4 0.054 0.406 

1Data are least-squares means from d 4 of each period.  

2SAL = saline; EAA = essential amino acids; GLC = glucose 

3PEAA = linear effect of EAA without GLC; PGLC = effect of GLC 

4 BCAA = Branched-chain amino acids (Ile, Leu, and Val) 

5 EAA = Essential amino acids (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val) 

6 N-BCAA = Non-branched-chain amino acids (Arg, His, Lys, Met, Phe, Thr, Trp) 

7 NEAA = Nonessential amino acids (Ala, Asn, Asp, Glu, Gly, Gln, Pro, Ser, and Tyr). 

8 TAA = EAA + NEAA 
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Table 8. Mammary plasma flow (L/h) and mammary uptakes of AA (mmol/h) in lactating dairy 

cows (n = 5) receiving abomasal infusions of EAA and GLC for 5 d1. 

 Treatment1  P3 

  Saline 1.5EAA 2EAA 1.5+GLC 2+GLC SEM EAA GLC 

Plasma flow 672 625 580 756 643 78.6 0.438 0.241 

AA         

  Arg 19.5 23.0 24.5 30.0 25.5 4.00 0.366 0.345 

  His      7.5 11.6 11.3 8.7 9.5 1.22 0.016 0.057 

  Ile 17.4 31.8 29.6 31.3 34.6 2.09 <0.001 0.125 

  Leu 28.8 48.8 44.8 47.3 51.8 2.80 <0.001 0.235 

  Lys 25.0 43.3 46.2 44.3 47.8 5.17 0.006 0.800 

  Met 6.8 10.0 10.0 9.2 9.0 0.94 0.010 0.302 

  Phe 12.0 19.4 20.9 22.0 21.5 1.09 <0.001 0.141 

  Thr 15.4 23.6 22.9 21.2 22.9 2.50 0.024 0.628 

  Trp 2.9 4.3 4.8 3.5 3.5 0.61 0.034 0.093 

  Val 26.4 50.9 50.0 39.3 45.2 4.80 0.001 0.095 

  Ala 21.2 17.6 15.3 14.4 10.0 4.10 0.272 0.257 

  Asn 7.0 8.1 5.3 7.8 6.4 0.96 0.417 0.612 

  Asp 2.3 0.7 0.9 1.6 0.9 0.27 <0.001 0.089 

  Gln 32.8 33.1 30.0 36.9 30.0 6.80 0.830 0.784 

  Glu 31.2 23.3 17.7 24.6 20.0 3.64 0.002 0.478 

  Gly 8.9 32.8 -0.6 12.4 7.5 10.42 0.999 0.518 

  Pro 9.4 8.5 5.8 8.0 6.2 1.40 0.093 0.959 



 46 

  Ser 17.5 13.2 11.3 15.8 12.2 2.10 0.035 0.379 

  Tyr 11.1 9.8 8.8 8.3 9.4 1.56 0.177 0.707 

  BCAA4 72.7 131.5 124.4 117.9 131.6 7.85 <0.001 0.603 

  EAA5 161.6 266.6 265.1 256.3 271.3 15.38 <0.001 0.869 

  N-BCAA6 89.0 135.0 140.7 138.5 139.7 10.51 0.001 0.899 

  NEAA7 141.5 147.2 93.4 129.8 102.5 18.67 0.197 0.808 

  TAA8 303.1 413.8 359.5 386.1 373.8 25.70 0.042 0.795 

1Data are least-squares means from d 4 of each period.  

2SAL = saline; EAA = essential amino acids; GLC = glucose 

3PEAA = linear effect of EAA without GLC; PGLC = effect of GLC 

4 BCAA = Branched-chain amino acids (Ile, Leu, and Val) 

5 EAA = Essential amino acids (Arg, His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val) 

6 N-BCAA = Non-branched-chain amino acids (Arg, His, Lys, Met, Phe, Thr, Trp) 

7 NEAA = Nonessential amino acids (Ala, Asn, Asp, Glu, Gly, Gln, Pro, Ser, and Tyr). 

8 TAA = EAA + NEAA 
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Translational Proteins 

Mammary 

 EAA increased the total abundance of S6K1 in mammary tissue (P = 0.012; Table 9) and 

tended to increase phosphorylated S6K1 abundance (P = 0.094), but had no effect on the 

phosphorylation state of S6K1. The phosphorylation state of eIF2Bε tended to increase with EAA 

infusion (P = 0.124), and total Akt abundance tended to decrease (P = 0.107).  Addition of GLC 

to EAA tended to decrease the abundance of total eIF2α (P = 0.070), increase the abundance of 

phosphorylated eIF2α (P = 0.086), and double the phosphorylation state of eIF2α (P = 0.079). 

Abundances of total and phosphorylated PERK, 4EBP1, and AMPK were not affected by EAA 

or GLC.  Representative immunoblots are shown in Figure 6. 

 

Muscle 

 EAA increased phosphorylation state of 4EBP1 in muscle tissue compared to SAL (P = 

0.024; Table 10), decreased abundance of BCKDH-K (P = 0.022), and tended to increase the 

phosphorylation state of eIF2Bε over SAL (P = 0.105).  GLC addition tended to further increase 

the phosphorylation state of 4EBP1 compared to EAA infusion alone (P = 0.119), and total S6K1 

abundance tended to increase (P = 0.115).  Abundances of eIF2α, AMPK, Akt, and BCAT were 

not affected by EAA or GLC treatments. Representative immunoblots are shown in Figure 7.      
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Table 9. Translational protein abundances (arbitrary units) in mammary tissue of lactating dairy 

cows (n = 5) receiving abomasal infusions of EAA and GLC for 5 d1. 

 Treatment2  P3 

  Saline 1.5EAA 2EAA 1.5+GLC 2+GLC SEM EAA GLC 

eIF2α         

  phosphorylated 0.94 0.87 1.33 1.50 1.68 0.61 0.457 0.086 

  total 2.32 2.83 2.75 2.24 2.16 0.53 0.253 0.070 

  phosphorylation state 0.33 0.33 0.57 0.82 1.03 0.34 0.600 0.079 

eIF2Bε            

phosphorylated 1.14 0.94 1.39 1.28 1.05 0.44 0.750 0.994 

total 1.89 1.73 2.13 1.82 1.40 0.66 0.644 0.155 

phosphorylation state 1.15 1.28 1.33 1.11 1.29 0.55 0.124 0.244 

PERK         

phosphorylated 0.41 0.36 0.56 0.46 0.48 0.12 0.334 0.896 

total 1.59 1.55 2.21 2.11 2.56 0.40 0.295 0.156 

phosphorylation state 0.43 0.23 0.26 0.32 0.20 0.12 0.245 0.912 

4EBP1                               

phosphorylated 1.03 1.31 1.49 1.93 1.06 0.34 0.260 0.749 

total 2.17 1.26 2.30 2.03 1.68 0.33 0.695 0.783 

phosphorylation state 0.63 1.04 0.63 1.05 0.70 0.18 0.641 0.820 

S6K1                                    

phosphorylated 1.17 1.53 1.62 1.64 1.46 0.57 0.094 0.890 

total 1.29 1.68 2.08 1.94 1.66 0.26 0.012 0.683 
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phosphorylation state 0.85 0.92 0.78 0.84 0.90 0.29 0.850 0.901 

Akt                                    

phosphorylated 0.60 0.71 0.53 0.53 0.66 0.11 0.878 0.807 

total 0.80 0.69 0.61 0.58 0.63 0.21 0.107 0.568 

phosphorylation state 1.15 1.51 1.12 1.15 1.39 0.24 0.743 0.804 

AMPK         

phosphorylated 0.90 0.80 0.70 0.67 0.66 0.12 0.112 0.297 

total 0.74 0.87 0.49 0.62 0.67 0.20 0.577 0.880 

phosphorylation state 2.03 1.47 1.59 1.22 1.36 0.59 0.481 0.653 

1Data are least-squares means from d 5 of each period.  

2SAL = saline; EAA = essential amino acids; GLC = glucose 

3 PEAA = linear effect of EAA without GLC; PGLC = effect of GLC 
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Figure 6. Representative immunoblot images of the phosphorylated and total forms of 

mTOR and ISR translational proteins in mammary tissue of lactating cows receiving 

abomasal EAA and GLC for 5 d.  
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Table 10.  Translational and BCAA catabolic protein abundances (arbitrary units) in skeletal 

muscle tissue of lactating dairy cows (n = 5) receiving abomasal infusions of EAA and GLC for 5 

d1. 

 Treatment2  P3 

  Saline 1.5EAA 2EAA 1.5+GLC 2+GLC SEM EAA GLC 

eIF2α         

  phosphorylated 1.43 1.78 1.81 2.02 1.92 0.50 0.296 0.522 

  total 0.52 0.53 0.51 0.55 0.48 0.06 0.956 0.799 

  phosphorylation state 2.79 3.42 3.54 3.56 4.04 0.85 0.193 0.446 

eIF2Bε            

phosphorylated 0.63 0.72 0.75 0.71 0.91 0.08 0.216 0.230 

total 0.84 0.86 0.79 0.77 0.84 0.06 0.507 0.506 

phosphorylation state 0.77 0.83 1.01 0.99 1.11 0.14 0.105 0.175 

4EBP1         

phosphorylated 0.51 0.57 0.67 0.66 0.74 0.13 0.171 0.272 

total 1.94 1.67 1.58 1.50 1.48 0.42 0.173 0.495 

phosphorylation state 0.35 0.47 0.52 0.49 0.66 0.13 0.024 0.119 

S6K1         

phosphorylated 0.47 0.50 0.45 0.59 0.52 0.13 0.861 0.115 

total 0.51 0.49 0.70 0.59 0.54 0.20 0.249 0.738 

phosphorylation state 1.24 1.17 0.97 1.13 1.55 0.35 0.498 0.286 

Akt         

phosphorylated 0.64 0.57 0.74 0.72 0.63 0.29 0.696 0.858 
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total 1.18 1.17 1.18 1.31 1.01 0.24 0.997 0.941 

phosphorylation state 0.69 0.65 0.68 0.89 0.71 0.41 0.953 0.332 

AMPK         

phosphorylated 1.12 1.63 1.40 1.68 1.99 0.55 0.410 0.365 

total 0.49 0.57 0.74 0.61 0.71 0.12 0.144 0.997 

phosphorylation state 2.49 3.05 2.07 3.15 2.55 0.99 0.835 0.614 

BCAT1         

total 2.93 2.47 2.54 2.84 2.79 0.74 0.538 0.552 

BCKDH-K         

total 1.63 1.43 1.36 1.35 1.39 0.33 0.022 0.765 

1Data are least-squares means from d 5 of each period.  

2SAL = saline; EAA = essential amino acids; GLC = glucose 

3PEAA = linear effect of EAA without GLC; PGLC = effect of GLC 
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Figure 7. Representative immunoblot images of the phosphorylated and total forms of 

mTOR and ISR translational proteins and BCAA catabolic enzymes in muscle tissue of 

lactating cows receiving abomasal EAA and GLC for 5 d. 
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mRNA Expression  

Mammary 

 Expression of mTOR- and ISR-related genes in mammary tissue was largely unaffected 

by EAA and GLC infusion (Table 11).  Expression of eIF2Bε was elevated when GLC was added 

to the EAA infusates (P = 0.018), and expression of AMPK tended to increase with GLC addition 

(P = 0.097). 

 

Muscle 

 Expression of BCAT1 in muscle tissue tended to increase in cows infused with EAA 

compared with SAL (P = 0.138; Table 12).  When GLC was added to the EAA infusate, BCAT1 

expression decreased (P = 0.031).  Expression of mTOR- and ISR-related genes in muscle tissue 

was not affected by EAA and GLC infusion. 
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Table 11. Mammary gland expression (arbitrary units) of protein synthesis-regulating genes in 

lactating dairy cows (n = 5) receiving abomasal infusions of EAA and GLC for 5 d1. 

 Treatment  P3 

  Saline 1.5EAA 2EAA 1.5+GLC 2+GLC SEM EAA GLC 

eIF2α 1.00 1.07 1.06 1.24 1.03 0.07 0.489 0.344 

eIF4E 1.00 1.02 1.16 1.12 1.04 0.17 0.473 0.960 

eIF2Bε    1.00 1.16 1.11 1.42 1.39 0.10 0.341 0.018 

S6K 1.00 1.12 1.02 1.07 1.25 0.09 0.530 0.183 

AMPK 1.00 0.88 0.90 1.03 1.09 0.11 0.404 0.097 

PERK 1.00 1.23 1.12 1.19 1.21 0.10 0.215 0.814 

1Data are least-squares means from d 5 of each period.  

2SAL = saline; EAA = essential amino acids; GLC = glucose 

3PEAA = linear effect of EAA without GLC; PGLC = effect of GLC 
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Table 12. Skeletal muscle expression (arbitrary units) of protein synthesis and catabolism-

regulating genes in lactating dairy cows (n = 5) receiving abomasal infusions of EAA and GLC 

for 5 d1. 

 Treatment  P3 

  Saline 1.5EAA 2EAA 1.5+GLC 2+GLC SEM EAA GLC 

eIF2α 0.80 0.90 0.80 0.86 0.93 0.11 0.805 0.623 

eIF4E 0.80 0.83 0.62 0.84 0.97 0.15 0.475 0.163 

eIF2Bε    0.96 1.33 0.83 0.95 0.97 0.26 0.953 0.488 

S6K 0.88 0.96 0.88 0.78 0.89 0.06 0.725 0.161 

AMPK 0.78 0.80 0.85 0.78 0.96 0.13 0.663 0.596 

BCAT1 0.59 1.03 0.93 0.47 0.67 0.18 0.138 0.031 

BCKDH-K 0.76 1.31 0.86 0.80 0.87 0.18 0.357 0.165 

1Data are least-squares means from d 5 of each period.  

2SAL = saline; EAA = essential amino acids; GLC = glucose 

3PEAA = linear effect of EAA without GLC; PGLC = effect of GLC 
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DISCUSSION 
 

EAA Supply and Partitioning 

In this study, cows were abomasally infused with a high level of EAA on a low crude 

protein, corn-based diet to test the effect of glucose when EAA were not limiting for protein 

synthesis.  To the authors’ knowledge, 1126 g/d is the highest reported level of a complete EAA 

mixture to be infused into cows.  Metcalf et al. (1996) infused 208 g/d of EAA without NEAA 

into the jugular vein of cows, fed a 14.5%-CP diet, and stimulated milk protein yield by 143 g/d.  

When Doelman et al. (2015) infused 563 g/d of exclusively EAA on an 11.2%-CP diet, milk 

protein yield increased by 175 g/d.  Our infusion of 1126 g/d EAA-only increased plasma EAA 

concentration 3.5-fold and stimulated milk protein yield by 262 g/d. 

 Intakes of the basal diet on the 5 different treatments provided 1346 g/d MP, which would 

support a milk protein yield of approximately 330 g/d according to the requirement equations of 

NRC (2001).  During saline treatment, the actual milk protein yield of 868 g/d in comparison to 

the 343 g/d MP-allowable milk protein yield, suggests that milk protein yield was supported by 

an additional 525 g/d MP from spared catabolism and labile MP sources within the body, 

including muscle, splanchnic, and circulating protein and peptide pools.  

When 1126 g/d EAA were infused, milk protein yield rose to 1130 g/d, of which the 

dietary MP allowed for 333 g/d according to NRC (2001) equations.  The difference between 

actual and dietary MP-allowable milk protein yield was 797 g/d, of which 402 g/d were EAA. 

Those 402 g/d EAA could have come entirely from the infusate, mitigating the need for MP 

mobilization from labile pools and the need for sparing of AA catabolism that was apparent 

during saline infusion. In fact, if the 402 g/d came from the EAA infusate, then 724 g/d of the 

infused EAA were still available to further replenish labile MP stores or be catabolized. 

Some of the 724-g/d excess EAA must have been used to synthesize NEAA in the 
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mammary glands because NEAA output in milk protein increased on 2EAA compared to saline, 

even though mammary NEAA uptake decreased. Between 2EAA and saline treatments, 

mammary uptake of EAA increased 332 g/d, which is 200 g/d more than the 132 g/d increase in 

EAA output in milk protein, and is sufficient to account for the mammary NEAA deficit. 

In addition to the MP balance, other evidence that EAA infusion stimulated deposition of 

protein into labile pools and catabolism of AA was our finding that plasma NEAA concentrations 

declined. Because NEAA were not included in the infusates, the decline in concentrations means 

that NEAA utilization was stimulated. The mammary uptake data show that this stimulation did 

not occur at the mammary glands. However, elevated milk and plasma urea concentrations 

indicate that AA catabolism was indeed stimulated.  Typically, when incomplete AA profiles are 

infused into cows or fed to non-ruminants, there is increased catabolism of all AA, including 

those not included in the supplement (Cant et al., 2003).  While we have no direct evidence that 

AA deposition into labile protein pools also increased, the elevation of plasma 3M-His is 

indicative of greater protein degradation in skeletal muscle when EAA were infused. The 3M-His 

concentration in saline-treated cows was 17 µM, which is similar to 14 µM reported for cows at 

12 weeks of lactation (Blum et al. 1985).  On EAA treatment, 3M-His increased 40% to 24 µM.  

Appuhamy et al. (2011) reported plasma 3M-His levels of 10.4 µM for saline-treated cows that 

increased by 13% when jugular infusions of Met and Lys were supplemented with BCAA.  Our 

observation might suggest that mobilization of EAA and NEAA out of skeletal muscle was 

higher during EAA infusion compared to saline.  However, that suggestion is not consistent with 

the improvement in MP balance and the drop in NEAA concentrations.  From labelled Leu 

kinetics, Bequette et al. (2002) found that protein synthesis and degradation rates in the hind limb 

of lactating goats both increased in response to infusion of a complete mix of AA, although 

synthesis was affected more, resulting in an increase in net AA gain.  It is likely that a similar 
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stimulation of both protein synthesis and degradation in skeletal muscle occurred in our EAA-

infused cows, producing a net gain of protein, which reconciles the rise in circulating 3M-His 

concentration with the higher MP balance and the lower plasma NEAA concentrations. 

The increase in plasma NEFA concentrations during EAA infusion is indicative of either 

faster mobilization out of adipose tissue or slower utilization in the body. The lack of a treatment 

effect on plasma concentrations of the lipogenic precursors acetate and BHBA suggests that net 

fat mobilization from adipose was not affected. NEFA release from the mammary glands was 

also not affected. Alternatively, catabolism of AA and glucose derived from AA could have 

spared NEFA utilization for ATP synthesis in tissues. 

In summary, milk production and plasma metabolite responses to the increase in EAA 

supply indicate that synthesis of protein in the mammary glands and skeletal muscle increased, 

degradation of muscle protein increased, net protein gain in muscle may have increased, AA 

catabolism increased, and NEFA utilization in the body declined. 

 

Glucose Effect on EAA Partitioning 

When glucose was added to EAA infusions, DMI decreased approximately 1 kg/d and 

dietary MP supply decreased from 1341 to 1290 g/d. Assuming an NEL content of 2.75 Mcal/kg 

glucose (Hurtaud et al., 1998), the NEL supply to the animal increased by 1.5 Mcal/d. Glucose 

did not stimulate milk protein production, leaving an excess of 62% of EAA from the infusate 

that was not output into milk. 

Although several reports document a positive milk protein yield response to provision of 

additional energy in the form of glucose, propionate or acetate (Rulquin et al., 2004;  Raggio et 

al., 2006; Safayi and Nielsen, 2013), there are also many instances of no milk protein response  

(Clark et al., 1977; Vanhatalo et al., 2003; Purdie et al., 2008; Curtis et al., 2014).  When glucose 



 60 

was infused, mammary uptake of all AA remained unchanged, including BCAA despite a 

decrease in their arterial concentrations, and Thr despite an increase in its concentration. MPF, 

which is a determinant of the arterial supply of EAA for mammary uptake, was not affected by 

glucose infusion. Thus, it appears that during EAA excess, mammary uptakes of EAA were 

affected by neither EAA concentrations in plasma nor MPF, and were instead determined by the 

mammary AA-sequestering processes of milk protein secretion and AA catabolism. 

While glucose had no effect on mammary utilization of AA, changes in milk urea and 

plasma AA concentrations suggest that glucose affected AA metabolism elsewhere. Milk urea 

concentration decreased significantly but plasma urea did not. Milk and plasma urea 

concentrations are typically in equilibrium but milk samples were collected at a different time 

than plasma samples, which potentially affected the ability to detect a treatment effect. In any 

case, the decline in milk urea concentration indicates that AA were catabolized less in the body 

during glucose infusion. Decreased utilization of AA leads to increased AA concentrations in 

plasma, and those that increased in plasma when glucose was infused were the glucogenic AA 

Thr and Ser. Others have found the same AA-sparing effect of postruminal glucose (Lemosquet 

et al., 2004; Raggio et al., 2006). Thus, it seems that glucose infusion suppresses gluconeogenesis 

from AA. 

Of the EAA in plasma, only the BCAA decreased significantly in concentration as a result 

of glucose infusion. Many others have found a suppressive effect of glucose or insulin on BCAA 

concentrations in lactating cows (Clark et al., 1977; Hurtaud et al., 1998; Mackle et al., 2000; 

Raggio et al., 2006; Curtis et al., 2014), and it has often been suggested that partitioning of 

BCAA into skeletal muscle could account for their lower plasma concentrations (Clark et al., 

1977; Hurtaud et al., 1998; Curtis et al., 2014).  The BCAA were infused at 431 g/d on the 2EAA 

treatment, which elicited an increase in plasma BCAA concentration of 1287 µM.  Based on this 
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rate:state relationship, the 401 µM decrease in BCAA due to GLC corresponds to a total BCAA 

efflux of 136 g/d.  According to the BCAA content of bovine skeletal muscle (Early et al., 1990), 

1.2 kg/d of muscle protein would be synthesized from 136 g/d BCAA.  Protein loss from the 

body of dairy cows between 14 d prepartum and 60 DIM ranges from 0.1 to 0.6 kg/d (Komaragiri 

et al., 1997; Phillips et al., 2003; Chibisa et al., 2008).  Botts et al. (1979) reported repletion of 

0.4 kg/d of body protein when cows were re-fed a 22%-CP diet after consuming 9% CP for 6 

weeks.  Thus, 1.2 kg of net gain of muscle protein each day is double the highest reported rate of 

net loss or gain. However, whole-body protein synthesis based on Leu kinetics has been 

estimated at 3.7 kg/d when lactating cows were fed a high-MP diet (Lapierre et al. 2002). 

The absence of an effect of GLC on 3M-His concentration in plasma indicates that 

skeletal muscle protein degradation was not affected.  Euglycemic insulin administration to 

lactating goats decreased whole body proteolysis in one study (Tesseraud et al., 1993) and had no 

effect on hind limb protein degradation in another (Bequette et al., 2002) although net protein 

gains were increased in both. Hyperaminoacidemia did not affect the protein degradation or 

accretion responses to insulin in either of these studies (Tesseraud et al., 1993; Bequette et al., 

2002). Based on higher insulin concentration and BCAA utilization during glucose infusion in 

our study, we propose that muscle protein synthesis and accretion increased. 

Another possible route for BCAA loss is gut metabolism.  Lapierre et al. (2006) estimated 

that endogenous protein synthesis and AA catabolism in the gut accounts for 35% of net 

digestible EAA utilization.  Loss of 136 g/d BCAA out of 431 g/d infused constitutes a 31% loss 

of total BCAA so the gut could reasonably account for it all. 

The problem with attributing the observed decrease in BCAA concentrations to 

sequestration in a protein pool is the absence of an effect of GLC on the other EAA in circulation 

that a protein loss would engender. The question to answer is why the BCAA in particular are 



 62 

subjected to faster utilization. Catabolism of the BCAA differs from that of the other AA in that it 

occurs in the peripheral tissues and not predominantly in the liver (Lapierre et al., 2002). This 

segregation of catabolic pathways may allow them to be differentially regulated so that only 

BCAA would decline in plasma if peripheral catabolism were up-regulated. BCAA catabolism is 

initiated by the sequential actions of BCAT1 and BCKDH, the latter of which is deactivated by 

BCKDH-K. EAA infusion decreased abundance of BCKDH-K in longissimus dorsi, which is 

consistent with an elevated catabolism of BCAA during AA excess, while glucose addition had 

no effect. BCAT1 mRNA expression in muscle tended to increase when EAA were infused and 

decreased with glucose addition. While these effects were not detected at the BCAT1 protein 

level, the depression in mRNA expression does not support a possibility that BCAA catabolism 

was up-regulated in skeletal muscle during glucose infusion. Similarly, when infusion of the 

glucogenic precursor propionate stimulated milk protein yield in cows and caused plasma BCAA 

concentrations to fall, whole-body oxidation of labelled Leu to CO2 was not accelerated (Raggio 

et al., 2006). 

The other major peripheral tissue to consider is adipose.  The decreases in acetate, BHBA, 

and NEFA concentrations in plasma due to glucose infusion indicate that adipose lipogenesis was 

stimulated, as expected from the insulin response (Eisemann and Huntington, 1994; Rigout et al., 

2002; Lemosquet et al., 2009; Ruis et al., 2010).  It has recently come to light that plasma BCAA 

concentrations decrease as much as NEFA during a glucose tolerance test and that obesity and 

insulin resistance states reduce the magnitude of NEFA and BCAA responses to insulin equally 

(Shaham et al., 2008; Geidenstam et al., 2013).  From flux of Val through BCKHD in explants, 

Herman et al. (2010) estimated that adipose tissue of mice could catabolize 950 nmol BCAA/h, 

compared with 830 nmol/h in skeletal muscle. Branched-chain keto acids decarboxylated by 

BCKDH can serve as primers for de novo fatty acid synthesis by fatty acid synthase in adipose 
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(Su et al., 2015) so effects of insulin on adipose lipogenesis would affect concentrations of 

BCAA in plasma in conjunction with other lipogenic precursors. In support of a role for adipose 

tissue in BCAA utilization, transplantation of adipose tissue from wild-type mice into BCAT2 

knockout littermates caused plasma BCAA concentrations to fall (Herman et al., 2010).  The only 

study of BCAA metabolism in ruminant adipose tissue we are aware of showed that BCAA-C 

was incorporated into fatty acids by adipose tissue from adult sheep in vitro at 2.8% of the rate 

that acetate-C was utilized (Vernon et al., 1985). 

Milk production and plasma metabolite responses to addition of glucose to EAA infusions 

show that amino acid uptake and incorporation into protein in the mammary glands were not 

affected while protein synthesis in skeletal muscle possibly increased, hepatic catabolism of AA 

for gluconeogenesis decreased, and utilization of BCAA by adipose tissue likely increased. 

 

Regulation of Mammary Protein Synthesis 

 Abundance and phosphorylation states of proteins involved in regulation of global mRNA 

translation, and mRNA expression of their genes, were measured in mammary tissue in an 

attempt to identify the pathway by which milk protein yield was stimulated by EAA supply, 

investigating specifically those involved in signaling through mTORC1 and the ISR network.  

According to the canonical pathways, active, phosphorylated AMPK inhibits mTORC1 when 

cellular ATP is low, and phosphorylated Akt stimulates mTORC1 as part of a signaling cascade 

stimulated by insulin (Wullschleger et al., 2006).  EAA, particularly Leu, activate parts of the 

insulin signaling cascade to stimulate mTORC1.  Through mTORC1, 4EBP1 and S6K1 become 

phosphorylated to accelerate global mRNA translation.  Independently of mTOR, when cellular 

energy and AA concentrations are low, PERK and GCN2 phosphorylate eIF2α, which inhibits 

the eIF2B-mediated conversion of eIF2-GDP to eIF2-GTP to suppress protein synthesis (Proud, 
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2005).  Phosphorylation of eIF2Bε is depressed by insulin through Akt and GSK3, thereby 

increasing its activity and stimulating mRNA translation (Hardt et al., 2004).   

 The only significant effect of EAA infusion on mammary translation participants was an 

increase in total S6K1 abundance. S6K1 stimulates cell growth by phosphorylating a diverse 

array of substrates involved in transcription, translation, protein folding, lipogenesis, and 

apoptosis (Magnuson et al., 2012). Some populations of highly proliferative mammary cancer 

cells express elevated levels of the S6K1 protein (Maruani et al., 2012). Kinase activity of S6K1 

requires that it be phosphorylated on 3 sites, one of which is the mTORC1 site that tended to be 

phosphorylated in greater abundance in response to EAA. This finding is in agreement with the in 

vitro effects of EAA mixtures on S6K1 phosphorylation by mTORC1 in mammary epithelial 

cells (Burgos et al., 2010; Appuhamy et al., 2011). Likewise, although we previously found no 

effect of 5 d of abomasal EAA infusion at a lower rate of 563 g/d on phosphorylated S6K1 

abundance in mammary tissue of lactating cows, its phosphorylation state was elevated, 

indicating mTOR activation (Doelman et al., 2015).  In the current experiment, abundance of 

phosphorylated AMPK tended to be reduced by EAA infusion, which may have contributed, 

along with EAA, to the elevation of phosphorylated S6K abundance.  Phosphorylation state of 

Akt was not affected, and total Akt abundance actually tended to decline, likely due to the lack of 

an insulin response to EAA infusion.  Thus, insulin was not responsible for the activation of 

mTOR during EAA infusion.  In fact, prolonged stimulation of S6K1 down-regulates insulin 

signaling in cells (Um et al., 2004) so the decrease in Akt abundance may have been related to 

the S6K1 effect. Low Akt abundance may have also contributed to the tendency for 

phosphorylation state of eIF2Bε to increase, as insulin, through the PI3K/Akt pathway, inhibits 

eIF2Bε phosphorylation by GSK3 (Hardt et al., 2004). 

The increase in total S6K1 protein abundance of almost 50% as a consequence of EAA 
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infusion is not an established effect of mTOR activation.  Curtis et al. (2014) reported a decrease 

in total mammary S6K1 abundance after 6 d of i.v. glucose infusion, suggesting that cellular 

abundance of S6K1 is responsive to nutritional manipulation. S6K1 mRNA expression was not 

affected by EAA infusion but the endopeptidase caspase-3 degrades the S6K1 protein when 

apoptosis is activated (Dhar et al., 2009; Piedfer et al., 2013), so the EAA induction of S6K1 may 

have been related to a down-regulation of apoptosis in the mammary glands in support of higher 

milk production. 

There were no significant effects on mammary translational proteins when glucose was 

infused. However, the abundance of total eIF2α tended to decrease, while abundance of the 

phosphorylated form tended to increase.  Both of these effects are putatively inhibitory to 

initiation of mRNA translation, although milk protein yield was not depressed during glucose 

infusion. Similarly, Curtis et al. (2014) observed a decrease in mammary abundance of the 

translation regulator S6K1 during glucose infusion, but no effect on milk protein yield. In 

contrast, after just 9 h of glucose infusion at 100 g/d into 22-h fasted, lactating cows, mammary 

abundance of phosphorylated eIF2α decreased 62% and milk protein yield increased 27% 

(Toerien et al., 2010). The mechanism of the glucose-induced eIF2α dephosphorylation was not 

explored but the involvement of the ER-resident eIF2α kinase PERK as a regulator of secretory 

protein translation was proposed.  PERK abundance and phosphorylation state were not affected 

by GLC in the current experiment, which rules out a role for PERK in the elevation of eIF2α 

phosphorylation. 

The changes in S6K1 and eIF2α abundances did not reflect effects on expression of their 

respective mRNA. Pearson correlation coefficients between mRNA expression and protein 

abundance ranged from 0.14 to 0.39 across all the proteins examined (data not shown).  Such low 

correlations of mRNA and protein abundance are common and have been attributed to post-
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transcriptional regulation of mRNA translation and protein degradation, and to the smaller 

technical error typically associated with qPCR analysis compared with the immunoblot (Gygi et 

al., 1999; Greenbaum et al., 2003).  Since this appears to be, to our knowledge, the first report of 

mTOR- and ISR-related gene expression alongside protein abundance, the significant increases 

observed in eIF2Bε and AMPK expression with glucose treatment have little precedent. 

Indicators that mammary mRNA translation was affected by 5-d nutrient infusions were 

an up-regulation of S6K1 by EAA and a depression of eIF2α by glucose.  Milk protein yield 

increased 256 g/d with EAA infusion and was not affected by glucose.  While the mammary 

mTOR activation and elevated S6K1 abundance observed with EAA treatment are consistent 

with the observed response in protein yield, it is unlikely that the S6K1 effect accounted entirely 

for the 30% increase in protein yield.  Similarly, the decrease in eIF2α abundance and its higher 

phosphorylation with glucose treatment suggests that protein translation was inhibited, but no 

change in milk protein yield was observed.  These discrepancies between cell signaling and 

protein yield responses suggest that mTOR and ISR networks are not responsible for long-term 

effects of nutrition on rates of synthesis of protein in the bovine mammary glands.  As 

alternatives to the canonical pathways of translation regulation, milk protein synthesis could be 

elevated by increased expression of milk protein mRNA per cell, increased number of ribosomes 

per cell, or increased mammary cell number. These possibilities will have to be explored in the 

future.  

 

Regulation of Muscle Protein Synthesis 

 To explore the hypothesis that EAA were partitioned into muscle for protein synthesis, 

mRNA and protein expression of mTORC1 and ISR network-related proteins were measured for 

the first time in vivo in bovine longissimus dorsi.  While our mammary results suggest that 
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unidentified signaling pathways may be responsible for nutritional regulation of milk protein 

synthesis, the role of mTOR in nutritional regulation of muscle protein synthesis has been highly 

characterized in vivo in non-ruminants, particularly in response to Leu and insulin under short-

term treatment or postprandially (O’Connor et al., 2003; Escobar et al., 2006; Wilson et al., 

2010).  In our experiment, EAA increased the phosphorylation state of 4EBP1, indicating 

activation of mTORC1, and glucose tended to increase it further, along with increasing the 

abundance of phosphorylated S6K1.  These results are in agreement with increases in 

phosphorylation of both 4EBP1 and S6K1 in longissimus dorsi of neonatal pigs after 2 h of 

infusion of a combination of glucose, insulin, and AA (Jeyapalan et al., 2007).  When just insulin 

was increased in plasma of neonatal pigs from 0.24 to 1.2 µg/L, without changing glucose or AA 

concentrations, phosphorylation state of S6K1 in muscle increased but that of 4EBP1 did not 

change (O’Connor et al., 2003). Complete AA infusions to double plasma BCAA concentrations, 

at a constant insulin concentration of 1.2 µg/L, increased phosphorylation states of both S6K1 

and 4EBP1 (O’Connor et al., 2003).  Although plasma insulin in our lactating cows did not 

change in response to glucose by the same margin as in the neonatal pig experiment, and an 

increase in Akt phosphorylation in muscle was not detected, tendencies arose for activation of 

both mTOR targets in muscle. Similar to the findings in young, growing pigs, EAA induced a 

larger mTOR response in adult, bovine muscle compared to insulin or glucose.  Bequette et al. 

(2002) also found that protein synthesis in the hind limb of lactating goats was more responsive 

to AA than insulin. 

Unlike mammary, no changes in total abundance or mRNA expression were observed for 

any of the translational proteins measured in muscle.  This lack of a long-term treatment effect on 

expression of mTOR- and ISR network-related genes in muscle lends further support to the 

notion that nutritional regulation of protein synthesis may be different in the mammary glands, 



 68 

where cell number is under nutritional control (Capuco et al., 2001), than in the muscle where the 

role of mTOR is more clearly established. 

Based on the higher MP balance of cows infused with EAA, reduced plasma NEAA 

concentrations, and elevated 3M-His concentrations, we suggested that protein synthesis was 

stimulated in skeletal muscle. Similarly, the decrease in MUN and plasma BCAA concentrations 

during glucose infusion, while milk protein yield was not affected and plasma insulin rose, 

suggested that AA may have been directed into muscle protein.  The activation of mTORC1 by 

both EAA and glucose supports the contention that some of the excess EAA from the infusates 

was partitioned into muscle protein rather than into milk. 

An underlying question that remains is how protein synthetic activity is altered in 

response to long-term dietary treatment.  Many studies focusing on control of protein synthesis in 

tissues of non-ruminants are conducted with short-term treatments intended to mimic 

postprandial responses by temporarily raising circulating insulin or AA concentrations to levels 

associated with the fed state (O’Connor et al., 2003; Escobar et al., 2006; Jeyapalan et al., 2007).  

Elucidating details of the long-term protein synthetic control mechanism is particularly relevant 

in ruminant animals, as they do not experience large fluctuations in absorptive nutrient flux 

throughout a day, in contrast to a monogastric animal.  Our group has documented short-term 

translational changes in mammary tissue both in vitro and in vivo in response to hormone, EAA, 

and glucose treatments consistent with the prandial responses of muscle of non-ruminants 

(Burgos et al., 2010; Toerien et al., 2010). However, mammary responses to several days of EAA 

and glucose treatment of lactating cows have been variable and inconsistent (Curtis et al., 2014; 

Doelman et al., 2015), indicating that mTOR and mRNA translation are not contributing 

significantly to the long-term increase in milk protein yield caused by nutritional intervention. In 

one of the longer monogastric infusion experiments, the rate of protein synthesis increased in 
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muscle after 24 h of Leu infusion i.v., and increased further with complete AA infusion over 24 

h, but phosphorylation of S6K1 and 4EBP1 were not affected by complete AA infusion 

compared with Leu alone (Wilson et al., 2010).  Thus, while Leu is sufficient for mTOR 

activation, mTOR signaling was not solely responsible for increasing the rate of muscle protein 

synthesis.  In lactating cows, Toerien et al. (2010) observed a similar phenomenon.  Infusions of 

single EAA for 9 h stimulated mammary mTOR to the same degree as a complete mix of EAA + 

glucose, but the latter produced double the milk protein yield.  In the current experiment, 5 d of a 

high level of EAA infusion stimulated milk protein yield, but mammary mTORC1 activity only 

tended to increase. 

One objective of this study was to contribute to the understanding of the control of milk 

protein synthesis in lactating cows.  The results suggest that molecular markers of the mTORC1 

and ISR signaling pathways do not fully reflect changes in milk protein yield, and that further 

study is warranted to investigate how mammary protein synthesis rate is altered under long-term 

nutritional manipulation. 
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Conclusion 

 In the present study, our objective was to assess the mammary protein synthetic response 

to glucose when EAA were not limiting, and investigate the proposed partitioning of AA towards 

skeletal muscle in lactating dairy cows.  Mammary protein synthesis was stimulated with EAA 

infusion; however, discrepancies between cell signaling and milk protein yield indicate that 

alternatives to the canonical pathways of translation regulation should be investigated in 

mammary glands during long term nutritional intervention. Decreased plasma NEAA, elevated 

3M-His concentrations, and increased mRNA translation through mTORC1 in cows infused with 

EAA suggest that protein synthesis was also stimulated in skeletal muscle. Glucose did not 

stimulate mRNA translation or protein synthesis in mammary glands when EAA were in excess 

supply but did alter whole-body metabolism to support excess EAA direction towards labile body 

pools, predominantly muscle, and possibly into the gut and adipose tissue.  Decreased MUN and 

plasma BCAA concentrations, increased plasma insulin, and further stimulation of mTORC1 

suggest that AA may have been directed into muscle protein during 5-d EAA and glucose 

infusions.      
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CHAPTER 3 
 

 
GENERAL DISCUSSION 

 

 Protein is often the most expensive ingredient in dairy cow rations, yet it is essential for 

maintenance of lactational performance of a herd.  The conversion efficiency of dietary protein 

into milk protein is low at approximately 10-25% (Hanigan et al., 1998; Arriola Apelo et al., 

2014), with the remainder being excreted in feces, and urine, or retained as body protein.  This N-

loss is not only of detriment to cost efficiency of dairy rations, but it also significantly effects the 

environmental sustainability and therefore the public image of dairy farming.  Substantial 

research has focused on minimizing the CP content of dairy rations while maintaining acceptable 

total milk and protein yields, which involves fundamental understanding of how the protein 

synthetic mechanism is altered by AA supply, and how AA interact with other nutrients, such as 

energy, to alter whole-body metabolism and mammary output.  Mathematical models have been 

developed to predict output in relation to nutritional input, and are incorporated into feed 

formulation software in an attempt to build rations for cows that will satisfy nutrient requirements 

for desirable production while optimizing productive capacity by the animal and revenue for 

producers.  Current models fail to include parameters addressing amino acid utilization post-

absorption, such as protein synthesis at the cellular level in mammary and muscle.  With greater 

knowledge of the interaction between energy and protein supply and how they alter the potential 

for milk component synthesis at the molecular level, modeling could facilitate more accurate 

feeding of dairy cows to promote production at the highest possible level of milk N efficiency.   

 It is well accepted that increasing MP supply to the mammary gland will increase milk 

protein yield to a degree (Raggio et al., 2004; Doepel and Lapierre, 2010; Doelman et al., 2015).  

Milk protein synthesis also requires energy, and many studies have produced results that support 
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the ability of glucose to increase milk protein yield (Hurtaud et al., 2000; Rulquin et al., 2004; 

Toerien et al., 2010), while many have also observed no stimulation of milk protein synthesis 

(Clark et al., 1977; Cant et al., 2002; Curtis et al., 2014; chapter 2).  EAA can be limiting for milk 

protein synthesis when glucose is supplied at high levels, confounding the true effect of 

additional energy; however, in this experiment, supplementing glucose under excess EAA supply 

did not change the milk protein yield observed when EAA was infused alone, which eliminates 

inadequate substrate supply as an explanation for the lack of stimulation by glucose. If not used 

at the mammary gland to stimulate milk protein synthesis, circulating EAA could alternatively be 

directed towards synthesis in labile protein pools, or towards catabolism and N excretion.  The 

evidence presented in this thesis suggest that protein synthesis was stimulated in skeletal muscle 

of cows infused with EAA, and a portion of the excess AA were used to support muscle 

accretion.   

The degree of post-absorptive loss of dietary AA and the use of EAA by extra-mammary 

tissues illustrates how many gaps remain to be filled regarding the regulation of protein synthesis 

in the mammary glands.  With greater investigation of mRNA translation over long-term 

treatment periods, it is becoming evident that the molecular markers for protein translation do not 

always reflect observed changes in protein synthesis.  Here we report that that translational 

regulation through mTORC1 and the ISR network in mammary tissue cannot account for all, if 

any, of the response observed at the production level when a nutritional intervention has been 

applied for several days. 

The mammary gland of a dairy cow is unique compared with other organs, as it undergoes 

rapid proliferation and steady cell apoptosis during lactation until involution in the dry period – a 

cycle that repeats itself with each calving. Many of the constituents of the mTOR signaling 

pathway, specifically S6K1, are implicated in a diverse array of cell activities involved in protein 
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folding, lipogenesis, and cell turnover and apoptosis, that have not yet been investigated in 

bovine mammary glands in vivo, but have great precedent.  Future study should focus on these 

alternative regulatory mechanisms in the mammary glands, and their potential implication in 

long-term adaptation to nutritional changes to influence milk protein synthesis.  
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