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ABSTRACT 
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NUTRIENT UTILIZATION IN LACTATING DAIRY COWS   

 
 
 

Richelle V. Curtis              Advisor: Dr. J. P. Cant 
University of Guelph, 2018 
 
 
 
 The main objective of this thesis was to investigate effects of nutritional status, 

particularly of carbohydrate and protein, on lactational performance, mammary nutrient 

utilization and gene expression in dairy cows. The first experiment was conducted to 

characterize mammary transcriptional response to starch level on low- and high-protein 

diets in eight lactating dairy cows. Cows consuming the high-starch diets had greater 

milk protein yields (MPY) and greater expression of a translational machinery-related 

gene, indicating that starch stimulates MPY through increases in translational capacity in 

mammary secretory cells. The objective of the second experiment was to investigate 

mammary utilization of blood metabolites, as well as further characterize mammary and 

muscle gene expression in twelve lactating dairy cows receiving infusions of glucose and 

two levels of branched-chain amino acids (BCAA) consuming a low-protein diet. 

Glucose infusions increased milk and MPY, reduced total and BCAA plasma 

concentrations but did not affect mammary uptakes of amino acids. Provision of BCAA 

caused reduced MPY, decreased circulating non-branched-chain essential amino acids, as 

well as mammary uptake, and did not affect plasma urea concentrations. Results indicate 

that the glucose effect on MPY was not limited by low BCAA concentrations, and that 



 
 

stimulation of non-mammary peripheral tissue use of non-branched-chain essential amino 

acids by BCAA led to a decrease in MPY. Finally, mammary gene expression was found 

to be unaffected by infusions or dietary protein and although select expression of genes in 

the muscle were affected, it was difficult to make any definitive conclusions. The 

research conducted here in this dissertation has shown that low plasma BCAA are not 

responsible for the poor stimulation of MPY in response to glucose. Furthermore, it has 

demonstrated that elevated plasma BCAA concentrations appear to stimulate protein 

synthesis in non-mammary peripheral tissues rather than in the mammary glands of 

lactating dairy cows.   
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CHAPTER 1  

INTRODUCTION AND LITERATURE REVIEW 
 

1.1 General Introduction  
 

Postruminal utilization and efficiency of macronutrients for the production of 

milk protein in lactating dairy cows has been a significant area of research over the last 

few decades. The component of milk that is protein not only holds an economic value to 

the dairy producer, but also a high nutritional value to the consumer and these have  

facilitated the interest in improving milk protein yield through nutrition of the dairy cow. 

Furthermore, the rising nitrogen (N) pollution that the dairy industry is responsible for is 

becoming a significant environmental concern, prompting further understanding of 

postruminal N-efficiency. 

Studies have established dietary carbohydrate and protein to be key dietary factors 

that can influence both milk protein synthesis in the mammary gland and whole body N-

efficiency. Various metabolic and cellular mechanisms that are involved in the 

manipulation of milk protein synthesis by these dietary components have been previously 

studied, yet there still remain a great number of unknowns. The objective of my research 

was to further contribute to the understanding of metabolic and cellular mechanisms 

responsible for the milk protein response to postabsorptive energy and protein. 

Furthermore, we will be one step closer to having the capability to enhance N-efficiency 

and utilization in the lactating dairy cow through nutritional intervention. The impact of 

this research has the potential to reduce the amount of protein fed to dairy cows, thereby 

increasing producers’ profitability, as well as reducing the environmental impact of the 
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dairy industry, which will concurrently improve consumers’ views of current Canadian 

dairy practices. 

The present literature review focuses on the metabolism of energy and AA in the 

lactating dairy cow, emphasizing the utilization of these dietary nutrients in the 

production of milk protein and their effects on other important factors to consider when 

investigating milk protein synthesis, such as AA partitioning. Furthermore, discussed are 

several mechanisms that have either been found to, or have the potential to, explain how 

energy and AA are able to manipulate milk protein synthesis at the cellular level. 

1.2 Brief Overview of Energy and AA Metabolism in the Dairy Cow 

1.2.1 Energy Metabolism  
 
 Non-structural carbohydrates (NSC) including sugars and starch that are 

consumed by the dairy cow are rapidly digested in the rumen and are of particular interest 

when looking at mammary protein synthesis. The mono- and di-saccharides that are 

hydrolysed by microbial amylases in the rumen are exploited by rumen microbes for the 

production of: 1) waste products called volatile fatty aids (VFA); 2) adenosine 

triphosphate (ATP), an energy source in the rumen; and 3) microbial protein. The 3-C 

VFA propionate is converted to glucose in the liver via gluconeogenesis to be used in the 

mammary glands primarily for lactose production, but also for fat production and as an 

energy source. The mammary glands extract acetate, a 2-C VFA, from the bloodstream 

for the synthesis of milk fat. The microbial protein that is a product of microbes 

consuming NSC is broken down into individual AA in the small intestine, which then go 

on to be used in the mammary gland for synthesizing milk proteins.  



 3 

1.2.2 AA Metabolism  
 
  Dietary protein is characterized by the location of digestion in the dairy cow: 

rumen-degradable protein (RDP) and rumen-undegradable protein (RUP); the former 

being of more importance in relation to milk protein production. Enzymes in the rumen 

break down RDP to produce ammonia and amino acids, which are utilized by ruminal 

microbes to form microbial protein. RUP bypasses the rumen, as the name suggests, and 

enters the abomasum to be hydrolyzed into AA, along with the microbial protein from the 

rumen. The AA and small peptides travel into the small intestine where they are absorbed 

into the bloodstream and can then be utilized by the mammary glands for milk protein 

synthesis, or other metabolic and physiological processes such as catabolism in the gut 

and skeletal muscle and gluconeogenesis in the liver. Surplus AA that are catabolized in 

the liver for glucose production releases urea as a N waste product, which upon entering 

circulation can be recycled to the gastrointestinal tract or excreted from the body via 

milk, feces or urine.  

1.3 Energy and AA for Mammary Protein Synthesis 

1.3.1 AA Influence on Milk Protein Synthesis   
 
 The mammary gland is the highest net user of AA in the lactating animal, with 

mammary and milk protein making up 20 to 40% of whole body protein synthesis in 

dairy cows (Champredon et al., 1990) and goats (Bequette et al., 1996a). Manipulation of 

essential amino acid (EAA) supply has considerable effects on milk and milk protein 

yields. Many studies have demonstrated that infusing complete EAA profiles into the 

abomasum of lactating dairy cows increases milk and milk protein yields (Doepel and 

Lapierre, 2010; Galindo et al., 2010). Moreover, reducing the available metabolizable 
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protein (MP) to cows has been shown to have detrimental effects on milk and milk 

protein yields (Raggio et al., 2004).  

Milk nitrogen efficiency (MNE) is the conversion of dietary N into milk N (milk 

N yield/dietary N intake) and is typically low, between 25 to 35% in the lactating dairy 

cow (Murphy et al., 1987; Cant et al., 1991; Lynch et al., 1991; Christensen et al., 1993). 

Several factors can affect MNE, including diet, cow lactational performance, stage of 

lactation, production system and the environment (Muhammad et al., 2017). The 

provision of a balanced EAA mix into the duodenum of cows improved N efficiency and 

efficiency of protein utilization compared with the control (Glu only), regardless of 

dietary CP level. Furthermore, cows consuming diets lower in CP demonstrated a greater 

efficiency of dietary N capture in milk (Olmas Colmenero ad Broderick, 2006; 

Mutsvangwa et al., 2016). It appears as though there is certainly an opportunity to 

increase this efficiency value through altering dietary protein, as well as dietary 

carbohydrate.  

1.3.2 Milk Protein Yield Response to Energy Substrates  
 
 In the lactating dairy cow, glucose is necessary for milk synthesis as it is the main 

precursor for lactose production in the mammary gland and lactose influences milk yield 

via an osmotic pressure mechanism (Linzell and Peaker, 1971). It has been demonstrated 

through various studies that glucose not only can manipulate milk protein yields, but it 

can improve MNE as well. Supplementing glucose to abomasal casein infusions 

increased the efficiency of conversion of absorbed N into milk N (Clark et al., 1977). 

More recently, Curtis et al. (2014) increased MNE up to 38% when infusing 900 g/d 
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glucose intravenously. These initial findings led to an array of experiments conducted to 

further understand and explain energy’s influence on milk protein synthesis.  

 There have been numerous reports of infused glucose either by abomasal or 

jugular administration, or the glucose precursor propionate, significantly increasing milk 

protein yields in lactating dairy cows (Raggio et al., 2006a; Toerien et al., 2010; Rius et 

al., 2010). Several theories have been put forth in an attempt to explain the stimulation of 

milk protein yield in response to glucose. The mammary gland is a major net user of 

EAA for the synthesis of milk proteins as well as for synthesizing non-essential amino 

acids (NEAA). It was thought that milk protein stimulation was a direct result of a larger 

supply of EAA to the mammary glands due to an increased microbial protein outflow 

when dairy animals were fed a larger proportion of energy concentrates (Macleod et al., 

1983; Sahn et al., 2002, Min et al., 2005). However, a study found no difference in 

microbial nitrogen output in cows fed a control versus starch diet and a urea verses urea + 

starch diet (Cameron et al., 1991), thereby discrediting the increased EAA supply theory.   

Another theory was based on the limitation of certain EAA for protein synthesis 

in the mammary glands, such as Lys, Met and His which have all been considered 

important limiting factors in milk protein synthesis (Bequette et al., 1998; Vanhatalo et 

al., 1999; Crompton et al., 2002). However, as previously mentioned, glucose does not 

influence absorptive AA supply and therefore this limiting EAA explanation fails to 

explain the milk protein stimulation by glucose.  

Increased mammary uptakes of glucose and EAA are often seen in glucose infusion 

studies, which could perhaps also be related to the increased mammary blood flow 

(MBF), as increased blood flow increases the supply of nutrients for mammary gland 
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utilization in milk protein synthesis (Rulquin et al., 2004; Raggio et al., 2006b; Rius et 

al., 2010). However, glucose mammary uptake in a propionic acid infusion study 

remained unchanged despite stimulation of milk protein yield, indicating increased 

glucose and EAA uptakes by the mammary glands does not stimulate milk protein 

synthesis (Lemosquet et al., 2009).  

Despite the numerous theories studied to reveal the mechanism behind how 

glucose influences milk protein synthesis, there are many other studies that have found 

glucose to have little or nil effects on milk protein yield (Hurtaud et al., 1998; Curtis et 

al., 2014; Nichols et al., 2016). It is reasonable to assume that energy does not elicit its 

effects on the synthesis of milk protein in the mammary glands through one simple 

mechanism, but rather through numerous interacting cellular pathways and mechanisms, 

which will be further discussed.  

1.3.3. Plasma BCAA Response to Supplemental Energy Sources  
 

Branched-chain amino acids (BCAA) comprising of leucine, isoleucine and 

valine, are essential amino acids (EAA) that play an important role in the regulation of 

AA and protein metabolism. In the mammary glands of lactating dairy cows, BCAA are 

taken up for the utilization in cellular and milk protein synthesis and constitutes 50% of 

the EAA that make up milk protein (Mackle et al., 1999). Furthermore, BCAA provide 

metabolic intermediates and energy within the mammary glands, as extraction of these 

particular AA from circulation is greater than the output in milk. It has been reported that 

lactating cows supplemented with either glucose or glucose precursors have reduced 

plasma BCAA concentrations (Raggio et al., 2006a; Curtis et al., 2014; Nichols et al., 

2016) which could contribute to the small or nil changes in milk protein yield observed in 
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these same studies. BCAA and Leu subtraction studies have found milk protein yield to 

decline when plasma concentrations of Leu dropped to 42 or 48 µM and total BCAA 

concentrations decreased to 245 µM (Rulquin and Pisulewski, 2006; Doelman et al., 

2015b), while no milk protein depression was reported when plasma Leu and BCAA 

concentrations dropped to 63 and 297 µM, respectively (Weekes et al., 2006). According 

to these observations, there appears to be threshold plasma levels below which the supply 

of plasma Leu and BCAA become detrimental to milk protein yields and may limit 

glucose-induced milk protein production.   

There is now evidence that proposes that instead of directing BCAA towards the 

mammary glands for milk protein synthesis, glucose actually directs BCAA to non-

mammary tissues in the body of lactating dairy cows. Studies have observed reduced 

BCAA plasma concentrations concurrently with an absence of increased mammary 

BCAA uptakes during glucose infusion (Raggio et al., 2006b; Nichols et al., 2016). Due 

to these findings, one can conclude that if the mammary gland is not taking up BCAA for 

utilization in milk protein production, then these AA are being used elsewhere in the 

body. Alternative pools in the body for BCAA include skeletal muscle, oxidative 

catabolism and adipose TAG. When Nichols et al. (2016) infused 1 kg/d glucose in 

addition to complete mixtures of EAA, they estimated that approximately 136 g/d BCAA 

were being diverted to non-mammary, peripheral tissue while ruling out the possibility of 

oxidative catabolism due to decreases in N excretion. They also found stimulation of 

skeletal muscle accretion via increased insulin signalling, further supporting their theory 

of BCAA being utilized in peripheral tissues.  
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1.4 Cellular Regulation of Mammary Protein Synthesis  

1.4.1 Short-Term Translational Regulation 
 

Mammalian target of rapamycin (mTOR) signalling pathway and the integrated 

stress response (ISR) network are two major cellular mechanisms involved in the protein 

synthesis regulation through altering translational rates and efficiency. Within these 

pathways are downstream target proteins that when phosphorylated in response to 

nutritional and/or hormonal stimuli, either stimulate or inhibit protein synthesis. These 

cellular mechanisms have been of recent interest in glucose and AA infusion studies in an 

effort to explain milk protein yield response to the provision of nutrients.  

Mammary mTOR stimulation through the phosphorylation of mTOR-related 

proteins has been previously seen in cows subjected to a 36 h abomasal infusion of starch 

(Rius et al., 2010). On the other hand, a shorter glucose infusion of 9 h in fasted cows did 

not affect mammary mTOR activity (Toerien et al., 2010). Furthermore, Curtis et al. 

(2014) found mTOR was not activated and, in fact, was potentially depressed in cows 

receiving 1 kg/d glucose over a 4 d period. It is worth noting that this study also showed 

reduced circulating BCAA in response to glucose infusions. Leucine is a potent 

stimulator of protein synthesis via mTOR (Appuhamy et al., 2012) and the reduction in 

BCAA concentrations may have played a role in inhibiting mTOR by decreasing plasma 

leucine to activate this pathway, as the author suggested.  

The ISR network has also seen conflicting results with the supplementation of 

glucose to lactating dairy cows. Phosphorylation of an ISR-related protein that acts to 

inhibit protein synthesis, was found to decrease in cows receiving glucose, suggesting 

glucose elicits its stimulatory effects on milk protein via ISR pathway (Toerien et al., 

2010).  On the other hand, adding glucose to a complete EAA mix over a 5 d period 
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tended to increase the phosphorylation of the same ISR-related protein, contradicting 

previous findings (Nichols et al., 2017).  

The phosphorylation cascade mediated by mTOR and ISR networks is operational 

in mammary epithelial cells in the first minutes to hours after exposure to nutritional 

stimuli, despite inconsistent findings (Burgos et al., 2010; Toerien et al., 2010; 

Appuhamy et al., 2011). However, these translational effects tend not to persist after 

several days of treatment, which leads us to consider that milk protein synthesis response 

to long-term effects of elevated nutritional status may be under the control of factors 

other than the translational control of mTOR and ISR pathways.  

1.4.2 Long-Term Transcriptional Regulation  
 

Since the translational control of mTOR and ISR pathways cannot fully explain 

how nutrients such as glucose and AA are exerting its effects on milk protein synthesis, it 

is necessary to take a step back to consider transcriptional control. Transcription is the 

first step in gene expression which involves a specific segment of DNA being copied to 

messenger RNA (mRNA). Transcription can be considered a long-term response to 

nutritional stimuli, which has the potential to be responsible for increased milk protein 

yields in chronic nutritional studies where translational activity was found to be inactive. 

Greater milk protein mRNA per cell, more ribosomes per cell, larger secretory capacity 

per cell or simply greater mammary cell numbers could all contribute to greater milk 

capacity for protein synthesis at the transcriptional level.  

The expression of milk protein genes in secretory cells is influenced by a variety 

of factors including circulating hormone levels, nutritional intervention and even 

frequency of milking. Transition cows consuming a high-forage diet that were energy-
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restricted decreased milk protein yield from 1001 to 547 g/d and expression of mammary 

CSN3 and LALBA relative to a reference gene decreased as well (Dessauge et al., 2011). 

In contrast, a 30% energy restriction caused no mammary CSN3 and LALBA expression 

change, despite a milk protein yield reduction of 22% (Boutinaud et al., 2008). Similar 

results have also been seen in goats, where dietary addition of rapeseed oil caused milk 

yield to drop 10% while expression of mammary LALBA, CSN2 or CNS3 remained 

unchanged (Ollier et al., 2009). Inconsistent evidence for milk protein gene expression 

changes implies that the provision of energy source do not elicit their effects on milk 

protein yield through altered mammary gene expression.   

The protein synthesis capacity of milk secretory cells is determined by the number 

of ribosomes and translation factors present in the secretory cells to carry out translation. 

Increases in translational capacity have been demonstrated by increases in the expression 

of S6K mRNA during a 6-day growth hormone treatment in lactating dairy cows 

(Sciascia et al., 2013). More recently however, a 5-day EAA infusion study failed to 

stimulate mammary expression of genes related to ribosomal protein or translation factors 

in lactating cows, despite an increase in milk protein yield (Nichols et al., 2017). Thus 

far, it appears as though the transcription of genes related to translational machinery are 

not involved in the energy or protein-induced changes in milk protein, but should be 

investigated further due to inconsistent findings. 

Terminally differentiated secretory cell number is determined by three important 

cellular events: proliferation, apoptosis and differentiation. As lactation persists in dairy 

cattle, the gradual decline in milk production is largely due to the decrease in number of 

mammary epithelial cells within the mammary glands due to continual death by 
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apoptosis, approximately 50% over the 305-d lactation. Restricted energy intake of dairy 

cows causes a decline in milk yield, which has been suggested to be a cause of reduced 

numbers of milk secretory cells (Norgaard et al., 2008; Dessauge et al., 2011). Norgaard 

et al. (2005) observed lower proportion of cells staining positive for proliferation cell 

nuclear antigen (PCNA) on lower-energy diets, indicating less cell proliferation. On the 

other hand, a 20% feed restriction in another study did not affect mammary epithelial cell 

proliferation, but instead increased cell apoptosis markers (Dessauge et al., 2011). The 

period of time in which nutritional restriction is implemented has in fact shown evidence 

of short-term transcriptional effects on mammary cell turnover. Two weeks of a 40% feed 

restriction detected no change in mammary expression of proliferation or apoptosis 

markers; however, after only 16 hours a decrease in proliferation marker CCND1 was 

observed (Seymour et al., 2016).  

1.4.3 Unfolded Protein Response 
 

The synthesis, folding and maturation of at least one third of all proteins within 

cells occurs in the endoplasmic reticulum (ER) prior to transit farther downstream in the 

secretory pathway. Specialized secretory cells, such as mammary cells that secrete milk 

proteins, are known to contain a large, well-developed ER (Hetz et al., 2015). The rate at 

which proteins enter the ER as unfolded polypeptide chains is influenced by factors such 

as cell differentiation, environmental conditions and the cells’ physiological state. Often, 

there becomes an imbalance between the load of unfolded proteins entering the ER and 

the cellular machinery that handles this load. This imbalance is referred to as ‘ER stress’. 

Cells have evolved the ability to alter the protein-folding capacity of the ER through the 
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action of a signal transduction pathway called the ‘unfolded protein response’ (UPR) to 

orchestrate the recovery of homeostasis, or apoptosis if the ER stress is severe.  

 The UPR has three distinct domains or ‘arms’ that are defined by the ER-resident 

transmembrane proteins inositol-requiring protein-1 (IRE1-α), protein kinase RNA 

(PKR)-like ER kinase (PERK), and activating transcription factor-6 (ATF6-α) which act 

as sensors of ER stress. When misfolded proteins accumulate in the ER lumen, a key ER 

chaperone protein called binding immunoglobulin protein (BiP) normally bound to the 

UPR sensors, dissociates and binds to the ER luminal misfolded proteins. Following this 

dissociation, each arm has unique mechanisms that rapidly reduce protein import into the 

ER to achieve homeostasis. (Rutkowski and Hegde, 2010).  

PERK is the best described mechanism that nonspecifically inhibits most mRNA 

translation. In the circumstance of ER stress, BiP releases from the luminal domain of 

PERK and the protein kinase domain in the cytoplasm oligomerizes and is activated by 

trans-phosphorylation. PERK then phosphorylates the α-subunit of eukaryotic translation 

initiation factor-2 (eIF2) on Ser51, leading to the inhibition of eIF2B, the guanine 

nucleotide exchange factor which recycles eIF2 to its active GTP-bound form (Ron and 

Walter, 2007). Consequently, this phosphorylation causes a decrease in global protein 

synthesis to help reduce ER stress. Transcriptional activation is also affected by PERK-

mediated eIF2α phosphorylation in the UPR by expression of activating transcription 

factor-4 (ATF4), which controls the expression of genes involved in protein folding, 

amino acid transporters, anti-oxidant responses, and apoptosis. Two important target 

genes of ATF4 include DDIT3, encoding the pro-apoptotic protein CHOP and 

PPP1R15A, which encodes the growth arrest and DNA-damage inducible protein-34 
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(GADD34) protein. GADD34 is responsible for creating a feedback mechanism to 

initiate protein synthesis once ER homeostasis has returned, by stimulating CHOP to 

dephosphorylate eIF2α, thereby counteracting the inhibition effects of PERK on EIF2B.  

The second arm of the UPR involves IRE1which has the ability to control gene 

expression at the transcriptional and post-transcriptional levels. Similar to PERK, its 

domain undergoes oligomerization and trans-phosphorylation after dissociation of BiP 

which leads to the precise cleavage of a single known mRNA that encodes a transcription 

factor in higher eukaryotes called X-box binding protein-1 (XBP1) or homologous to 

ATF/CREB (Hcl1) in yeast. This cleavage causes an intron to be removed from the XBP1 

mRNA, generating a spliced XBP1 mRNA (XBP1s) that activates UPR target genes 

involved in protein folding, secretion, ER-associated degradation (ERAD) and lipid 

synthesis. Furthermore, IRE1 trans-phosphorylation recruits tumour necrosis factor 

receptor-associated fator-2 (TRAF2), resulting in the alternation of intracellular 

signalling involving insulin resistance though the activation of the Jun N-terminal kinase 

(JNK; Ron and Walter, 2007). Cell death and caspase-12 activation, known to be 

necessary for ER stress-induced apoptosis, has also been linked to the IRE1-TRAF2 

complex (Yoneda et al., 2001).  

ATF6-α is an ER transmembrane transcription that is able to sense ER stress from 

its ER luminal domain, which under normal conditions is bound to the ER chaperone, 

BiP. During ER stress, BiP dissociates and ATF6-α is transported to the Golgi apparatus. 

Here, this protein is first cleaved by the luminal site 1 protease (S1P), followed by the 

intra-membrane site 2 protease (S2P) to release the ATF6 fragment (ATF6f; Ron and 

Walter, 2007). This cytosolic domain then enters the nucleus to activate ER-associated 



 14 

genes including XBP1, DDIT3 and the gene encoding for BiP, HSPA5 (Hetz et al., 2015). 

Deletion of the mammary-specific XBP1 gene in mice limits the increase in ER 

formation and complexity in mammary epithelial cells at the beginning of lactation 

(Davis et al., 2016). 

Currently, there is limited evidence implicating the UPR in nutrition-induced milk 

protein yield changes, specifically by means of modifying mammary cell differentiation. 

Invernizzi et al. (2012) demonstrated that early lactation cows expressed higher levels of 

BiP and ATF4 compared to late lactation cows and dry cows, suggesting differentiation is 

faster during early lactation when mammary gland growth and mammary cell 

differentiation is at its peak. Nichols et al. (2017) were the first to implicate the UPR in 

the long-term nutritional regulation of milk protein synthesis in dairy cows. Abomasal 

infusion of EAA for 5 days caused an increase of 4.1 kg/d milk yield and 262 g/d milk 

protein yield, as well as an increase in the spliced form of XBP1 mRNA, which activates 

transcription of ER biogenesis-related genes.  
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CHAPTER 2 

RESEARH RATIONALE AND OJECTIVES 
 
 

There has been extensive research conducted in lowering dietary CP fed to 

lactating dairy cows without compromising milk components, for the purpose of 

maximizing producers’ profits, reducing environmental N pollution and improving 

consumers’ views of current dairy practices. Both energy and protein have the ability to 

manipulate milk protein yield, but many of the responses observed are contradictory. 

Several cellular mechanisms have been explored to shed light on how nutrition ultimately 

affects milk protein synthesis in the lactating dairy cow, but there still remain significant 

gaps in our comprehension of this process. While we have made some advances in 

understanding the short-term regulation of milk protein yield by energy and protein, 

chronic nutritional status effects on milk protein have yet to be characterized. 

 The general objective of the present thesis was to investigate the effects of long-

term provision of nutrients, specifically dietary carbohydrate and protein to lactating 

dairy cows on lactational performance, mammary utilization of nutrients, as well as gene 

expression in both the mammary gland and skeletal muscle tissues. The broad hypothesis 

of the proposed work is that changes related to milk protein mRNA, translational capacity 

of milk secretory cells and the number of milk secretory cells present in the mammary 

gland are responsible for the milk protein yield responses to chronic, exogenous 

carbohydrate and protein supplementation in lactating dairy cows. Furthermore, I 

hypothesize that the poor stimulation of milk protein yield by exogenous glucose is 

related to lowered plasma BCAA concentrations. 
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The explicit objectives of the studies presented in this thesis are: 

 

1. To characterize the transcriptional response in the mammary gland of lactating 

dairy cows when fed two levels of starch and two levels of dietary crude protein 

(Chapter 3); 

2. To investigate the effects of BCAA replacement on lactational performance when 

glucose is infused postruminally into lactating dairy cows consuming a low-CP 

diet (Chapter 4);  

3. To test the hypothesis that low BCAA concentrations are responsible for the poor 

stimulation of milk protein yield by glucose (Chapter 4); and  

4. To further characterize transcriptional responses in the mammary gland and 

skeletal muscle of lactating dairy during jugular infusion of glucose and BCAA 

(Chapter 5). 
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CHAPTER 3 

DIETARY STARCH STIMULATES MILK PROTIEN SYNTHESIS THOUGH 
INCREASED EXPRESSION OF A TRANSLATIONAL MACHINERY-RELATED 

GENE IN LACTATING DAIRY COWS 
 

3.1 Abstract 
 

Prospective cellular mechanisms including mammalian target of rapamycin 

(mTOR) and the integrated stress response (IRS) pathways have not fully accounted for 

the various effects dietary carbohydrate and protein elicit on milk protein synthesis in 

dairy cows. In an effort to build on our current knowledge of the mechanisms responsible 

for nutritional effects on milk protein yield, real-time qPCR analysis was performed to 

quantify gene expression changes in mammary tissues collected from eight lactating dairy 

cows after consuming experimental diets for 21 d. Dietary treatments included low-

starch, low-protein (LSLP); low-starch, high-protein (LSHP); high-starch, low-protein 

(HSLP); and high-starch, high-protein (HSHP). In response to high protein level diets, 

milk protein yield tended to increase but there was a decrease in CSN2 and LALBA 

expression, on a per RNA basis. To quantify gene expression per milk secretory cell, 

genes were normalized to the average of milk protein gene markers, CSN2 and LALBA. 

The mammary mRNA expression of multiple translational machinery-related genes 

significantly increased when cows were switched from low- to high-protein diets. These 

findings suggest that the observed increase in milk protein yield in response to dietary 

protein can in part be explained by faster milk protein synthesis through increased 

translational initiation factor and ribosomal protein mRNA, assuming subsequent 

translation of these genes. 
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3.2 Introduction 
 

Milk protein synthesis in the lactating dairy cow is an energy-demanding process 

that is governed by nutritional status of the animal. Increases in either starch or protein 

intake have the ability to positively affect milk protein yield (Reynolds et al., 2001; Rius 

et al., 2010), although the intracellular mechanisms are yet to be fully understood. 

Signalling pathways regulating global protein synthesis, including the mammalian target 

of rapamycin complex 1 (mTORC1) and the integrated stress response (ISR), have been 

studied for their role in the facilitation of nutritional effects on milk protein yield. 

Although many studies confirm the responsiveness of these signalling pathways in 

mammary glands to nutritional stimuli such as glucose and AA (Rius et al., 2010; Toerien 

et al., 2010), changes in milk protein yield have not always been associated with 

increased translational activation, such as when imbalanced AA mixtures were 

administered to cows (Doelman et al., 2015a,b).    

As an alternative to regulation of mRNA translational efficiency through 

mTORC1 and ISR signalling pathways, faster synthesis of milk protein in response to 

dietary starch or protein could be an outcome of amplified expression of milk protein 

mRNA per secretory cell, increased number of mRNA translation-related proteins in 

secretory cells, or greater secretory cell number brought about through changes in cell 

proliferation, differentiation or death.  Gene expression is considered one of the most 

fundamental molecular processes in cells that requires an extensive use of resources, 

including energy and amino acids, to be successfully executed (Gingold and Pilpel, 

2011). This heavy investment of scarce resources leads to the assumption that changes in 

mRNA expression in cells are intended to produce changes in rates of the processes in 
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which the gene products are involved. Thus, levels of mRNA expression of genes for 

specific pathways can indicate whether those pathways are up- or down-regulated. The 

objective of this experiment was to use mRNA expression profiles to probe milk protein-

stimulating effects of dietary starch and protein on mammary expression of genes coding 

for milk proteins, translational machinery and proteins involved in milk secretory cell 

turnover.  

3.3 Materials and Methods 

3.3.1 Animals, diets, and experimental design 
 

All animal procedures were reviewed and approved by the Animal Policy and 

Welfare Committee of the University of Alberta. Eight multiparous Holstein cows began 

the experiment at 61 ± 7 DIM and 571 ±�65.9 kg body weight (BW). Cows were housed 

in a tie-stall barn at the University of Alberta Dairy Research and Technology Centre and 

milked twice daily at 0430 and 1430 h. The experimental design consisted of a replicated 

4 x 4 Latin square with 21-d periods. Energy source and MP supply were tested in a 2 x 2 

factorial design, with the following dietary treatments: low-starch, low-protein (LSLP); 

low-starch, high-protein (LSHP); high-starch, low-protein (HSLP); and high-starch, high-

protein (HSHP). Diets were formulated to meet 100% of the NEL requirement, and either 

100% (HP) or 70% (LP) of MP requirement (NRC, 2001). Low-starch diets contained 

added fat to remain isocaloric with high-starch diets. Ingredient and chemical 

compositions of experimental diets are presented in Table 3.1. Cows were fed ad libitum 

once daily for the first 16 d of each period and were fed every 6 h for the last 5 d at a rate 

equal to the average daily intake from d 13 to 16. Feed intake was measured daily and 
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feed ingredients were collected weekly, pooled by period, and sent for composition 

analyses to the Dairy One Forage Testing Laboratory (Ithaca, NY).  

3.3.2 Milk sampling and analysis  
 

During the last 4 d of each period, milk samples were collected at both milking 

times for analyses of lactose, protein, fat and milk urea nitrogen by infrared spectroscopy 

at the Central Milk Testing Laboratory (Edmonton, AB). 

3.3.3 Mammary Biopsies 
 

On d 21 of each period, following morning milking, mammary samples were 

collected from alternating hind quarters in successive periods via biopsy as described by 

Toerien et al. (2010). Cows were restrained in a squeeze-chute, sedated with xylazine i.v. 

and 5 ml lidocaine were injected subcutaneously at the biopsy site. Approximately 500 

mg mammary tissue were collected, rinsed in saline and immediately snap-frozen in 

liquid N2 and stored at - 80°C. Samples were sent to the University of Guelph following 

the completion of the study for further analysis. 

3.3.4 Real-Time qPCR 
 

Total RNA was extracted from 100 mg mammary tissue with the PureLink RNA 

Mini Kit (Invitrogen, Carlsbad, CA) following the TRizol reagent protocol, with on-

column DNase Treatment (Promega, Madison, WI) to remove any residual DNA 

contamination. cDNA was synthesized from 500 ng extracted total RNA with random 

hexamers using High Capacity cDNA Reverse Transcription Kit (Applied BioSystem, 

Waltham, MA), following manufacturer’s instructions. Primers were designed against 

mRNA sequences of Bos taurus using publicly accessible data from the National Center 
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for Biotechnology Information (NCBI; www.ncbi.nlm.nih.gov). A conserved sequence 

between five different variants of WNT4 was used to design the WNT4 primer. Primers 

were created by Integrated DNA Technologies (Antwerp, Belgium) and purified using a 

standard desalting method to eliminate truncated products and small organic 

contaminants. A complete list of primer sequences is presented in Table 3.2. qPCR was 

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

MD) with an Applied Biosystems 7300 Real Time PCR instrument. To select appropriate 

reference gene(s) for normalization of cycle threshold (Ct) values, stability of expression 

of all 19 genes analyzed across cow, period and treatment was evaluated by ANOVA 

according to Nichols et al. (2017). Expression of rps6kb1, encoding ribosomal protein S6 

kinase 1, had the lowest coefficient of variation. This transcript has previously been 

identified as suitable for real-time qPCR normalization (Eisenberg and Levanon, 2013; 

Nichols et al., 2017). Alternatively, to evaluate gene expression per milk secretory cell, 

gene expression was normalized to the arithmetic mean of csn2 and lalba expression, as 

these 2 genes, coding for β-casein and α-lactalbumin, respectively, are expressed only in 

terminally differentiated milk secretory cells. Fold-changes in normalized gene 

expression relative to the LSLP treatment were calculated by the 2ΔΔCt method (Livak and 

Schmittgen, 2001). 

3.3.5 Statistical analyses  
 

Variances in milk production variables averaged over the last 4 d of each period, 

and natural log-transformed gene expression data (Yijk) were analyzed using the MIXED 

procedure of SAS (SAS Institute Inc., Cary, NC) according to the following model: 

Yijk = µ + cowi + perj + starchk + proteinl + starch x proteinkl + εijk 
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where µ = overall mean, cowi = random effect of cow (i = 1 to 8), perj = fixed effect of 

period (j = 1 to 4), starchk = fixed effect of dietary starch level (k = 1 to 2), proteinl = 

fixed effect of dietary protein level (l = 1 to 2), starch x proteinkl = interaction between 

starchk and proteinl, and εijk = experimental error. Effects were considered significant at P 

≤ 0.05 and tendencies at 0.05 < P ≤ 0.10.  

3.4 Results 

3.4.1 Animal health and production 
 

There was no interaction between protein level and dietary starch level for any of 

the milk production variables (Table 3.3). Milk yield was on average 4.7 kg/d higher 

with HS diets than with LS diets (P < 0.01). Protein and lactose yields increased an 

average of 191 and 238 g/d, respectively, with HS diets (P < 0.01), whereas fat yield was 

unaffected (P = 0.17) by energy source. High starch diets significantly decreased milk fat 

content an average of 0.8 percentage units (P < 0.01) and increased protein and lactose 

contents by 0.16 (P < 0.01) and 0.08 (P = 0.01) percentage units, respectively, compared 

to LS diets. When feeding the HS diet, MUN was 4.12 mg/dL lower (P < 0.01) than 

when cows were fed the LS diet. Milk fat (P = 0.03) and protein yields (P = 0.11) were 

increased by HP an average of 123 and 37 g/d, respectively, compared to LP. The 

remaining milk component yields and percentages were unaffected by level of dietary 

protein, but MUN was elevated an average of 7.2 mg/dL (P < 0.01) on the HP diets 

compared to the LP diets. 

3.4.2 mRNA expression 
 

When normalized to rps6kb1, expression of genes related to milk proteins, 

translational machinery and secretory cell turnover, with the exception of ppp1r15a, was 
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not affected by starch level (Table 3.4). The HS diet caused a 42% increase (P = 0.02) in 

expression of ppp1r15a compared to LS, but only at the LP level, resulting in an 

interaction effect (P = 0.04). There were no interactions between energy source and 

protein level for any of the other genes. Level of protein affected both milk protein-

related genes csn2 and lalba, encoding for β-casein and α-lactalbumin, respectively. High 

protein diets caused lower (P = 0.05) csn2 gene expression compared to LP diets. There 

was also a tendency for decreased (P = 0.09) expression of lalba when cows were 

switched from LP to HP diets. Expression of all other investigated genes remained 

constant across dietary treatments, except ddit3, which tended to decrease (P = 0.07) in 

expression on the HP diets.  

When gene expression was normalized to the average of milk protein genes csn2 

and lalba, expression of ppp1r15a increased by 28% when cows were switched from LS 

to HS (Table 3.5). However, this increase only occurred on the LP level indicating an 

interaction effect (P = 0.04). No other genes were affected by energy source. Dietary 

protein level had significant effects on multiple translational machinery-related genes, 

with the exception of ddit4, ppp1r15a, rpl15 and yars (P > 0.10). High-protein diets 

significantly increased expression levels of eif2s1, eif2b5, eif4e, rna45s5, rps6 and rps9 

(P < 0.05) by 32, 23, 32, 26, 29, and 30%, respectively. Of the secretory cell turnover 

genes, there was a tendency for a 23% increase in ddit4 expression upon switching to the 

HP diet from the LP diet. High protein diets significantly increased (P = 0.03) myc 

expression 44% compared to levels on LP diets, regardless of energy source. Expression 

of ccnd1, ddit3, e2f1, wnt4, and yars were not statistically different between LS and HS 

diets.  
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3.5 Discussion  

3.5.1 Gene expression 
 

The mRNA expression of genes coding for proteins of milk, the mRNA 

translational apparatus, and pathways that lead to altered numbers of milk secretory cells 

was studied in mammary tissue from cows fed LSLP supplemented with starch or protein 

or both starch and protein. One casein (csn2) and one whey protein (lalba) were chosen 

as candidate milk protein genes. The α-lactalbumin protein encoded by lalba is also a 

subunit of the lactose synthase enzyme responsible for synthesis of lactose that draws 

water into milk and largely determines daily milk yield. Candidate genes chosen as 

markers of cell proliferation and apoptosis for the evaluation of secretory cell number 

were ccnd1, ddit3, e2f1 and wnt4. To evaluate the number of mRNA translation-related 

proteins in secretory cells, candidate genes ddit4, eif2s1, eif2b5, eif4e, ppp1r15a, 

rna45s5, rpl15, rps6, rps6kb1, rps9 and yars were selected. 

Putative housekeeping genes h3f3a, rps9 and gapdh ranked 5th, 6th and 13th for 

stability, respectively, and therefore were not chosen for normalization of gene 

expression. Instead, mammary gene expression was normalized to rps6kb1 to represent 

fold changes in gene expression relative to sample RNA content, as rps6kb1 had the 

lowest coefficient of variation among the 19 genes of interest when RNA content of 

qPCR reactions was held constant across samples. A recent investigation of gene 

expression in mammary tissue of lactating cows receiving abomasal infusions of glucose 

and essential amino acids (EAA) also found rps6kb1 to be ranked first in expression 

stability across cow, period and treatment (Nichols et al., 2017). We also chose to 

quantify gene expression on a mammary secretory cell basis, because mammary biopsy 

samples include cells other than milk secretory cells, such as those of connective and fat 
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tissue. Milk protein genes are expressed in terminally differentiated milk secretory cells, 

making csn2 and lalba suitable reference genes for expressing mRNA levels of candidate 

genes relative to secretory cell number. Gene expression levels relative to total RNA and 

to milk secretory cell number are discussed below. 

3.5.2 Normalization to rps6kb1 
 

The expression of milk protein genes coding for β-casein and α-lactalbumin 

decreased when cows were switched from LP to HP diets, but only at the low starch 

level. In contrast to our findings, cows fed a nutrient-restricted diet that included a 

reduction of dietary protein content from 15.4 to 12.6%, showed lower expression of 

genes coding for κ-casein and α-lactalbumin, accompanied by lower milk production 

(Dessauge et al., 2011). Milk protein yields did not decrease in our study, despite the drop 

in milk protein gene expression. Furthermore, stimulation of milk protein yield by HS 

diets was not accompanied by an increase in csn2 or lalba expression. Nichols et al. 

(2017) supplied lactating cows with EAA and, although there was increased milk protein 

yield of 256 g/d, expression of csn2 and lalba was not affected. Similarly, a 

hyperinsulinemic euglycemic clamp for 48 h, which normally increases milk protein 

yield, was not accompanied by an increase in csn1 expression (Gross et al., 2015), 

restricting cows to 70% of energy requirement for 2 wks had no effect on csn3 and lalba 

expression despite a 22% drop in milk protein yield (Boutinaud et al., 2008), and adding 

rapeseed to goat diets caused milk protein yield to drop 10% but had no effect on 

mammary lalba, csn2 or csn3 expression (Ollier et al., 2009). These findings, along with 

our own, suggest that nutritional effects on milk protein yield can occur by mechanisms 

other than a change in milk protein gene expression per unit of mammary RNA. 



 26 

Of the remaining candidate genes, ddit3 expression tended to be decreased by HP, 

ppp1r15a expression tended to be increased by HS, and none of the others were affected. 

The DDIT3 gene codes for the pro-apoptotic protein CHOP. Similar to lower ddit3 

expression on HP compared to LP diets, a decrease in mammary ddit3 expression was 

observed when cows were abomasally infused with a complete mixture of EAA (Nichols 

et al., 2017). These findings support a reduction in apoptosis signalling in mammary 

tissue of cows supplied additional MP through either the diet or infusion. There has also 

been evidence of dietary energy level affecting markers of apoptosis and proliferation. 

Dietary energy-restriction studies from Boutinaud et al. (2008) and Norgaard et al. (2005) 

found no effect of dietary energy on mammary cell apoptosis markers, yet Dessauge et al. 

(2011) found the expression of transcripts involved in apoptotic pathways to be increased 

with energy restriction. Seymour et al. (2016) demonstrated a change in the proliferation 

marker CCND1 in cows that were feed restricted within the first 16 h, but not after 2 

weeks, indicating a short-term proliferation response to energy level.  

The expression of ppp1r15a tended to increase on HS compared to LS diets at 

both levels of dietary protein. Its product, GADD34, is an activatory subunit of the PP1 

phosphatase that dephosphorylates eIF2α, a protein that inhibits initiation of mRNA 

translation when phosphorylated (Brush et al., 2003). Thus, increased mammary 

expression of ppp1r15a is consistent with greater milk protein yields on HS diets. When 

22-h fasted cows were infused i.v. with glucose for 9 h, milk protein yield increased and 

abundance of the inhibitory phospho-eIF2α protein in mammary tissue decreased 

(Toerien et al., 2010). A lack of change in abundance of phosphorylated S6K1 indicated 

that there was no effect of glucose on mammary mTORC1 activity. The mechanism of a 
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glucose effect on eIF2α phosphorylation remains unclear, but Vander Mierde et al. (2007) 

reported that a similar eIF2α dephosphorylation effect of glucose in pancreatic β-cells 

was due to activation of a PP1 phosphatase, and not suppression of an eIF2α kinase. Our 

finding that expression of ppp1r15a encoding a PP1 phosphatase activator increased on 

HS diets is consistent with a stimulation of milk protein synthesis through eIF2α 

dephosphorylation. Regulation of ppp1r15a expression has been studied most in relation 

to ER stress, where pro-apoptotic CHOP, encoded by ddit3, stimulates ppp1r15a 

expression, to restore protein synthesis to normal once ER stress is alleviated (Rutkowski 

et al., 2006). We did not observe a significant effect of dietary starch on ddit3 expression, 

which may indicate that other regulators of ppp1r15a expression are at play. 

3.5.3 Normalization to csn2 and lalba 
 

If csn2 and lalba are expressed constitutively in milk secretory cells, their lower 

expression on HP versus LP diets may indicate a decrease in total secretory cell number 

in the mammary glands, or it may be a consequence of unrepresentative sampling of the 

mammary epithelium.  To express transcript abundance on a per-secretory-cell basis, 

csn2 and lalba were used as reference genes. According to this normalization procedure, 

expression of multiple genes coding for components of the translational machinery 

increased per milk secretory cell in cows that switched from LP to HP diets, regardless of 

energy source. Enhanced expression of these genes indicates an increased capacity for 

mRNA translation (Kimball et al., 2004) although there was only a small effect of HP 

feeding on milk protein yield. A similar disconnect was observed for the HS effect, that 

included a stimulation of milk protein yield with no change in global translational 

machinery expression per secretory cell. The only translation-related gene whose 
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expression was affected by HS was ppp1r15a, which increased relative to csn2 + lalba, 

much as it did relative to rps6kb1, supporting a conclusion that ppp1r15a expression was 

stimulated by starch supplementation. 

3.6 Conclusions  
 

Quantification of mammary gene expression was used to explore potential 

intracellular mechanisms responsible for dietary carbohydrate- and protein-induced 

changes in milk protein yields. Previous research indicated that modulation of mammary 

mTORC1 and ISR signalling pathways did not account for long-term, considered days or 

weeks, stimulatory effects of glucose or mixtures of EAA on milk protein yield. 

Alternative explanations include amplified expression of milk protein mRNA per 

secretory cell, increased number of mRNA translation-related proteins in secretory cells, 

or greater secretory cell number brought about through changes in cell proliferation, 

differentiation or death. In our study, we assessed the expression of genes related to these 

functions per total RNA, as well as per mammary secretory cell. We found that dietary 

stimulation of milk protein yield was not associated with higher expression of milk 

protein genes or those associated with secretory cell proliferation. Expression of the pro-

apoptotic ddit3 gene was decreased by protein feeding, although milk protein yield was 

not affected. Cows consuming the high-starch diets had greater milk protein yields and 

greater expression of the translational machinery-related gene ppp1r15a, indicating that 

starch stimulates MPY through increases in translational capacity in mammary secretory 

cells. 
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Table 3.1. Ingredient and chemical composition of experimental diets fed to lactating 
dairy cows 

 Treatments1	

 LSLP LSHP	 HSLP	 HSHP 
Ingredient, % of DM 	 	 	 	
   Barley silage  49.9 49.9 20.0 20.0 
   Alfalfa grass hay 15.0 15.0 15.0 15.0 
   Oat hulls, ground 5.0 5.0 --- --- 
   Barley grain, rolled 5.0 4.0 17.0 18.0 
   Barley grain, ground 3.0 3.2 13.2 11.0 
   Corn grain, rolled 11.1 5.0 27.0 20.9 
   Soybean meal 2.2 5.0 2.0 8.0 
   Corn gluten meal 0.5 5.3 --- 2.0 
   Rumen protected fat2 3.0 2.4 3.0 2.5 
   Tallow 2.0 2.0 --- --- 
   Calcium diphosphate  0.70 0.47 0.39 0.22 
   Limestone 1.21 1.31 1.00 1.08 
   Magnesium oxide 0.30 0.30 0.26 0.26 
   Salt 0.10 0.10 0.10 0.10 
   Sodium bicarbonate	 0.80 0.80 0.74 0.74 
   Vit/min premix3 0.10 0.10 0.10 0.10 
Chemical, % DM      
   CP  13.0 17.5 11.8 17.3 
   NDF 40.9 39.3 29.2 29.3 
   ADF  26.3 25.5 16.0 17.4 
			Lignin	 4.2 4.7 3.3 3.4 
   Starch 16.0 13.2 37.2 27.1 
   Fat 7.2 7.0 5.6 4.9 
   Calculated NEL (Mcal/kg of DM)4 1.66 1.66 1.64 1.64 

1LSLP = high fibre-high fat, low protein; high fibre-high fat, high protein; HSLP = high starch, low protein; 
HSHP = high starch, high protein  
2Energizer RP10 (IFFCO, Johar, Malaysia) 
3Supplied the following per kg of diet: 1.50 mg Co, 25 mg Cu, 0.9 mg I, 45 mg Mn, 0.23 mg Se, 75 mg Zn, 
7,500 IU Vit. A, 750 IU Vit. D, 25 IU Vit. E 
4Calculated from average DMI for each treatment; see Table 3.2 
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Table 3.2. Primer sequences for quantitative real-time PCR in bovine mammary tissue1 

Gene Protein Primer sequence Accession number 
reference  

CCND1 

 
CSN2 

 
DDIT3 

 
DDIT4 

 
E2F1 

 
EIF2S1 

 
EIF2B5 

 
EIF4E 

 
GAPDH 

 
LALBA 

 
MYC 

 
PPP1R15A 

 
RNA45S5 

 
RPL15 

 
RPS6 

 
RPS6KB1 
 
RPS9 

 
WNT4 

 
YARS 

 

Cyclin D1 

 
β-casein 

 
CHOP 

 
REDD1 

 
E2F1 

 
eIF2α 

 
eIF2Bε 

 
eIF4E 
  
GAPDH 

 
α-lactalbumin 

 
c-Myc 

 
GADD34 

 
45S pre-rRNA 

 
RPL15 

 
RPS6 

 
S6K 
 
RPS9 

 
Wnt4 

 
Tyrosyl-tRNA  
synthetase 

 

5’-GCTCCTGTGCTGCGAGATG 
3’-GCTCTTTTTCACGGGCTCCA 
5’-CAGGCCTTTCTGCTGTACCA 
3’-CAAAAGTGAGGAGGGGGCAT 
5’-CAAAGCCGGAACCTGAGGAG 
3’-TCCTGCAGGTCCTCATACCA 
5’-AGCCTTTGGGATCGCTTCTC 
3’-GCTGATTTGGGGTGGGAGTT 
5’-TGAGGAGAGTGTGGGTGGAA 
3’-CCGGGAAAGCAGAGGTTCTT 
5’-TACAGAAACCATGCCCATCA 
3’-TGCAAGTTCGGTCTCATCTG 
5’-ACTGACAAAGGCCAGCAGTT 
3’-GACGGTGGTCACTCATCCTT 
5’-CAGTGCTGTGCCTTATTGGA 
3’-TGCATGGGACTGATAACCAA 
5’-GGGTCATCATCTCTGCACCT 
3’-GGTCATAAGTCCCTCCACGA 
5’-AGTCCTTTCGTCCCAGCACTA 
3’-AACCGGAGTCTGCTTGATGA 
5’-GTAGTAATTCCAGCGAGAGGCA 
3’-TAGGCTAGCTCGGCTCTTCC 
5’-CAACCAGGAGACACAGAGGA 
3’-ACTCTGGGTCTGAAGGGAGG 
5’-TATGCCTGTCTGAGCGTCAC 
3’-CGAACATCGCTGGGTCTGTA 
5’-ACACTATTGGTGGCTCTCGC 
3’-ACAAACATCACGTGTTAGCGG 
5’-TGTGCGAAAGCCCCTAAACA 
3’-GGAGTCACGAGACGCTGAAT 
5’-TGACAGCCCAGATGACTCAG 
3’-TGGGCTGCCAATAAATCTTC 
5'-CTGAAGCTGATCGGCGAGTA 
3'-GGGTCTTTCTCATCCAGCGT 
5’-GTCATACACGGGAAGGGCAA 
3’-CCCTGTGTCCTGTGAAACGA 
5’-AAGTTGCTGGATCCCATCCG 
3’-TTGAGGGATCTGGGTAGGCA 

 

NM_001046273 

 
M16645 

 
BC123397 

 
NM_001075922 

 
NM_001206079 

 
NM_175813 

 
XM_002684878 

 
NM_174310 

 
NM_001034034 

 
JN258330 

 
NM_001046074 

 
 NM_001046178 

 
NR_046257 

 
59858414 

 
NM_001015548 

 
NM_205816 

 
NM_001101152 

 
XM_010826681 

 
AF087021 
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Table 3.3. Continued            
1 DDIT3 = DNA damage inducible transcript 3; CHOP = C/EBP homologous protein; DDIT4 = DNA 
damage inducible transcript 4; REDD1 = regulated in DNA damage and development 1; E2F1 = E2F 
transcription factor 1; EIF2S1 = eukaryotic translation initiation factor 2A; EIF2B = eukaryotic translation 
initiation factor 2B; EIF4E = eukaryotic translation initiation factor 4e; GAPDH = ; MYC = proto-oncogene, 
BHLH transcription factor; PPP1R15A = protein phosphatase 1 regulatory subunit 15A; GADD34 = growth 
arrest and DNA damage-inducible 34; RN45S5 = 45S ribosomal RNA; RPL15 = ribosomal protein L15; 
RPS6 = ribosomal protein S6; RPS6KB1 = ribosomal protein S6 kinase b1; S6K1 = 70-kDa ribosomal 
protein S6 kinase; RPS9 = ribosomal protein S9; WNT4 = wnt family member 4; YARS = tyrosyl-TRNA 
synthetase  
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Table 3.3 Performance of lactating dairy cows (n=8) receiving high-fibre or high-starch concentrate at a low or high 
crude protein level 

 Treatment1 P value 
Item LSLP LSHP HSLP HSHP SEM E P E�× P 

DMI, kg/d 18.0 19.0 22.0 23.4 0.93 <0.01      0.06  0.76 
Yield         

   Milk, kg/d 28.9 29.8 33.3 34.8 1.08 <0.01 0.16 0.69 

   Fat, g/d 1219 1378 1184 1270 66.9 0.17 0.03 0.48 

   Protein, g/d 825.6 851.1 1005 1054 28.7 <0.01 0.11 0.60 

   Lactose, g/d 1312 1352 1545 1595 55.1 <0.01 0.31 0.91 

Milk composition, %         
   Fat 4.32 4.59 3.56 3.76 0.192 <0.01 0.13 0.81 

   Protein 2.90 2.87 3.05 3.04 0.036 <0.01 0.43 0.83 

   Lactose 4.52 4.54 4.64 4.58 0.038 0.01 0.55 0.22 

MUN, mg/dL 9.8 16.3 5.0 12.8 1.05 <0.01 <0.01 0.38 
1LSLP = low-starch, low-protein; LSHP = low-starch, high-protein; HSLP = high-starch, low-protein; HSHP = high-starch, 
high-protein  
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Table 3.4. Mammary gland expression (arbitrary units) of genes for milk protein, translational machinery and secretory cell 
turnover in lactating dairy cows receiving high-fibre or high-starch concentrate at a low- or high-crude protein level normalized 
to RPS6KB1 

 Treatment1 P value 
Gene LSLP LSHP HSLP HSHP SEM E P E × P 

Milk protein mRNA         
csn2 1.07 0.70 0.83 0.85 0.105 0.57 0.05 0.12 

lalba 1.08 0.59 0.77 0.66 0.137 0.33 0.09 0.09 

Translational machinery   	 	 	 	 	 	
ddit4	 1.06	 0.86	 1.23	 1.17	 0.168	 0.15	 0.23	 0.67	
eif2s1 1.02 1.18 1.19 1.15 0.078 0.40 0.34 0.19 

eif2b5 1.00 1.04 1.12 1.04 0.037 0.18 0.64 0.22 

eif4e    1.03 1.02 0.94 0.96 0.101 0.65 0.97 0.65 

ppp1r15a	 1.11	 1.21	 1.72	 1.28	 0.244	 0.08	 0.57	 0.48	
rna45s5    1.14 1.08 1.12 1.36 0.227 0.84 0.57 0.42 

rpl15 1.08 1.15 1.17 1.14 0.186 0.81 0.72 0.72 

rps6   1.03 1.17 1.47 1.21 0.195 0.27 0.82 0.32 

rps9 1.03 1.26 1.29 1.22 0.108 0.41 0.42 0.16 

yars	 1.09	 1.09	 1.51	 1.05	 0.234	 0.34	 0.40	 0.39	
Secretory cell turnover   	 	 	 	 	 	
ccnd1 1.10 0.99 1.47 0.79 0.223 0.74 0.11 0.43 
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Table 3.4 Continued 	 	 	 	 	 	 	 	
ddit3 1.08 0.93 1.74 1.03 0.244 0.23 0.07 0.21 
e2f1 1.15 0.83 1.27 1.05 0.193 0.37 0.28 0.56 

myc 1.31 1.49 2.02 1.66 0.444 0.22 0.37 0.47 

wnt4 1.08 1.14 1.47 2.01 0.421 0.17 0.62 0.15 
1LSLP = low-starch, low-protein; LSHP = low-starch, high-protein; HSLP = high-starch, low-protein; HSHP = high-starch, high-
protein  
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Table 3.5. Mammary gland expression (arbitrary units) of genes for milk protein, translational machinery and secretory cell 
turnover in lactating dairy cows receiving high-fibre or high-starch concentrate at a low- or high-crude protein level normalized 
to csn2 and lalba 

 Treatment1 P value 
Gene LSLP LSHP HSLP HSHP SEM E P E × P 

Translational machinery         
ddit4 1.05 1.45 1.29 1.55 0.158 0.32 0.10 0.66 

eif2s1 1.11 2.00 1.46 1.77 0.232 0.75 0.02 0.14 

eif2b5 1.04 1.74 1.47 1.55 0.151 0.50 0.03 0.09 

eif4e    1.09 1.71 1.04 1.43 0.192 0.53 0.02 0.66 

ppp1r15a 1.11 1.77 2.26 1.77 0.227 0.02 0.57 0.04 

rna45s5    1.16 1.82 1.39 1.65 0.288 0.98 0.02 0.74 

rpl15 1.09 1.61 1.67 1.54 0.231 0.49 0.32 0.21 

rps6   1.04 1.95 1.63 1.84 0.199 0.33 0.05 0.09 

rps6kb1 1.04 1.66 1.36 1.51 0.155 0.68 0.03 0.15 

rps9 1.08 2.08 1.60 1.79 0.192 0.60 0.03 0.10 

yars 1.09 1.96 1.43 1.60 0.245 0.51 0.29 0.16 

Secretory cell turnover         

ccnd1 1.14 1.58 1.81 1.23 0.255 0.46 0.76 0.08 

ddit3 1.13 1.61 1.94 1.68 0.295 0.42 0.84 0.16 

e2f1 1.23 1.29 1.70 1.41 0.257 0.35 0.72 0.72 

myc 1.38 2.64 1.14 1.86 0.276 0.90 0.03 0.49 
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Table 3.5 Continued          
wnt4 1.06 1.10 1.04 2.04 0.232 0.30 0.19 0.14 

1 LSLP = low-starch, low-protein; LSHP = low-starch, high-protein; HSLP = high-starch, low-protein; HSHP = high-starch, 
high-protein  
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CHAPTER 4 

MAINTENANCE OF PLASMA BRANCHED-CHAIN AMINO ACID 
CONCENTRATIONS DURING GLUCOSE INFUSION DIRECTS ESSENTIAL 
AMINO ACIDS TO EXTRA-MAMMARY TISSUES IN LACTATING DAIRY 

COWS 
 

4.1 Abstract 
 

The objectives of this study were to investigate the effects of branched-chain AA 

(BCAA) supplementation on lactational performance when glucose is infused 

postruminally into lactating dairy cows consuming a low-CP diet, and to test the 

hypothesis that low BCAA concentrations are responsible for the poor stimulation of 

milk protein yield by glucose. Twelve early-lactation Holstein cows were randomly 

assigned to 15% and 12% crude protein diets in a switch-back design of 6-week periods. 

Cows consuming the 12% CP diet received 96-h continuous jugular infusions of saline 

and 1 kg/d glucose with 0, 75 and 150 g/d BCAA in a Latin square sequence of 

treatments. Compared to saline, glucose infusion did not affect dry matter intake, but 

increased milk yield 2.2 kg/d, and milk protein and lactose yields 63 and 151 g/d, 

respectively. Mammary plasma flow increased 36% during glucose infusion compared to 

saline, possibly as a consequence of a 31% decrease in total acetate plus β-

hydroxybutyrate concentrations. Circulating concentrations of total essential and BCAA 

decreased 19 and 31%, respectively, during infusion of glucose, yet net mammary 

uptakes of AA remained unchanged compared to saline. The addition of 75 and 150 g/d 

BCAA to glucose infusions increased arterial concentrations of BCAA to 106 and 149%, 

respectively, of the concentrations in saline-infused cows, but caused a decrease in 
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concentrations of non-branched-chain essential AA in plasma, as well as their mammary 

uptakes and milk protein yields. Plasma urea concentration was not affected by BCAA 

infusion, indicating no change in catabolism of AA. The lack of mammary and catabolic 

effects leads us to suggest that BCAA exerted their effects on plasma concentrations of 

the other essential AA by stimulating utilization in skeletal muscle for protein accretion. 

Results indicate that the glucose effect on milk protein yield was not limited by low 

BCAA concentrations, and that a stimulation of extra-mammary use of non-branched-

chain essential amino acids by BCAA led to a decrease in milk protein yield. 

4.2 Introduction 
 

Of the total digestible EAA that makes it into portal blood from the 

gastrointestinal tract of the lactating dairy cow, approximately 50% is taken up by the 

mammary glands and used for milk protein production (Lapierre et al., 2012). The 

remaining half enters into body protein or is catabolized in the liver to produce glucose 

and ATP. Provision to the cow of additional glucose, precursors of glucose like 

propionate, or euglycemic insulin spares NEAA from entering into gluconeogenesis 

(Lemosquet et al., 2004; Curtis et al., 2014) and directs EAA into protein of both the 

muscle and the mammary glands (Clark et al., 1977; Bequette et al., 2002; Rulquin et al., 

2004). However, evidence of glucose or glucose precursors effectively stimulating milk 

protein yield has been inconsistent, as some studies show a positive effect (Rulquin et al., 

2004; Raggio et al., 2006a) while other studies do not (Hurtaud et al., 1998; Curtis et al., 

2014; Nichols et al., 2016). 

Concentrations in plasma of the branched-chain amino acids (BCAA) Ile, Leu, 

and Val decline when glucose or propionate is supplied (Raggio et al., 2006a; Curtis et 
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al., 2014; Nichols et al., 2016) which may contribute to small or nil milk protein yield 

responses to glucose. Nichols et al. (2016) estimated that approximately 136 g/d BCAA 

were diverted into non-mammary tissues as a result of infusing 1 kg/d glucose. When 215 

g/d BCAA were subtracted from 1475 g/d MP, milk protein yield decreased 123 g/d 

(Doelman et al., 2015b), suggesting that a loss of 136 g/d BCAA is sufficiently large to 

interfere with the ability of glucose to stimulate milk protein production. 

The present experiment was designed to investigate the effects of BCAA 

replacement when glucose is infused postruminally into lactating dairy cows consuming a 

low-CP diet and to test the hypothesis that low BCAA concentrations are responsible for 

the poor stimulation of milk protein yield by glucose. Circulating concentrations and net 

mammary uptakes of energy metabolites and amino acids were measured during 75 and 

150 g/d BCAA infusion to quantify the supply of post-ruminal BCAA needed to 

counteract the decrease in plasma BCAA concentrations elicited by 1 kg/d glucose, and 

to gather evidence as to which pathways of BCAA utilization are responsible for the loss.  

4.3 Materials and methods 

4.3.1 Animals, diets and feeding management 
 
 All experimental procedures were approved by the Animal Care Committee at the 

University of Guelph. Twelve Holstein cows in their second lactation began the 

experiment at 80	± 22 d of lactation and weighed 700	± 44.3 kg. Cows were housed in 

tie stalls, were given individual free access to water and feed throughout the study, and 

were milked twice daily at 0500 and 1700 h. Two TMRs were formulated at 15% and 

12% CP to meet 105 and 87% of MP requirements and 105 and 101% of ME 

requirements, respectively, for 36 kg/d milk (NRC, 2001). The mean balances for MP, 
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RDP, and RUP for the normal- and low-CP diets, respectively, were formulated to be 

127.5 and -339 g/d, -32.3 and 265.2 g/d, and 143 and -309.7 g/d. Additionally, mean 

balances for EAA, Met and Lys for the normal- and low-CP diets, respectively, were 

formulated at 76 and -143.6 g/d, 0.75 and -10.3 g/d, and 1.2 and 29.5 g/d. The 15% 

(normal-CP) ration represented a characteristic corn/alfalfa silage-based diet fed to 

Ontario dairy cattle for the purpose of establishing normal milk production and protein 

efficiency values with which to compare responses to glucose and BCAA infusions on 

the 12% (low-CP) TMR. Cows were fed at 1200 h daily, and feed offered and refused 

was weighed to determine daily ad libitum feed intakes of individual cows. Samples of 

each ration were collected daily, stored at -20°C and pooled bi-weekly over the 16-week 

study for nutrient composition analysis by wet chemistry at a local commercial laboratory 

(Agri-Food Labs, Guelph, ON). Feed refusal samples were collected daily from 

individual cows, stored at -20°C and pooled on a weekly basis. Dry matter contents of 

feed and refusal samples were determined using a forced-air oven at 55°C for 48 hours. 

 

4.3.2 Experimental design, catheterizations and jugular infusions 

 Cows were assigned the normal- and low-CP diets in a switch back design of two 

6-week periods. The first 2 wks were allocated for diet adaptation and cows assigned to 

the low-CP diet were subjected to a series of infusions for the remaining 4 weeks. Each of 

these 4 weeks consisted of 96 h of continuous infusion, followed by 72 h of washout with 

no infusion, in a randomized, Latin square sequence of treatments. Cows on the normal-

CP diet did not receive infusions. 
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 Infusion treatments on the low-CP diet were 0.9% saline (SAL), 1 kg/d glucose 

(GLC), 1 kg/d GLC + 75 g/d BCAA (GLC+75) or 1 kg/d GLC + 150 g/d BCAA 

(GLC+150). The BCAA were supplied in a 1:1:1 ratio by weight of Leu:Ile:Val. 

Treatment solutions were mixed daily by completely dissolving GLC and BCAA in 4 L 

water set to pH 12.0 with 10 M NaOH, adjusting pH to 7.4 with HCl, followed by 

sterilization via 0.2-um filtration. SAL was autoclaved for sterilization. Infusion 

treatments were administered through jugular catheters via peristaltic pump at a rate of 

approximately 2.78 ml/min. Infusions began and ended on d 1 and d 5, respectively, of 

each infusion sub-period at 1200 h. 

Approximately 3 d prior to the onset of infusions, cows on the low-CP diet were 

fitted with long-term catheters (14 gauge, 20 cm; MILA International, Inc., Erlinger, KY) 

in a jugular vein. Catheters were checked daily and were replaced in the opposite jugular 

vein in the case of patency failure. Ceftiofur (1 mg/kg BW; Zoetis Canada, Kirkland, QC) 

was administered subcutaneously for 3 consecutive days during infusion weeks.  

4.3.3 Milk, blood sampling and tissue biopsies 
 
 During infusion sub-periods, milk samples were collected at 0500 and 1700 h on 

the last 3 d of infusion. Samples were stored at 4°C, and submitted within 24 h for fat, 

protein and lactose analysis by infrared spectroscopy (AOAC, 1996; Laboratory Services 

Division, University of Guelph, Guelph, ON).  Blood samples were collected according 

to Nichols et al. (2016). Briefly, four bihourly sets of blood samples were taken 

simultaneously by needle puncture from the subcutaneous mammary abdominal vein and 

a coccygeal vessel into potassium EDTA and sodium heparin VacutainersTM (Becton-

Dickinson, Rutherford, NJ) on d 4 of each infusion sub-period, commencing at 0800 h. 
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Collection tubes were immediately placed on ice and centrifuged at 3000 x g for 15 min 

for the separation of blood plasma. Plasma was aliquoted into polypropylene tubes to be 

stored at -20°C for further analysis. Longissimus dorsi, subcutaneous adipose and 

mammary biopsy samples were collected on the last day of each 96-h infusion sub-period 

following the morning milking for a companion study (Chapter 5). Milk, blood, and 

tissue samples were collected from normal-CP cows after 4 wks on the diet, equivalent in 

time to infusion sub-period 2. 

4.3.4 Plasma analysis 
 
 Plasma samples for each cow were pooled over time by sub-period and analyzed 

for glucose, insulin, acetate, BHB, non-esterified fatty acids (NEFA) and triacylglycerol 

(TAG) as described by Weekes et al. (2006) and free glycerol was analyzed according to 

Buccolo et al. (1973). Urea nitrogen was analyzed according to Sampson et al. (1980) and 

insulin was analyzed by ELISA (Crystal Chem Inc. Downers Grove, IL). Plasma AA 

concentrations for each time point 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). 

4.3.5 Calculations and statistical analysis 
 
 Energy balance of cows was estimated as NEINTAKE – NEMILK – NEMAINT, where 

NEINTAKE was calculated from observed DMI and its estimated NE content. NE supplies 

from GLC, GLC+75 and GLC+150 infusates were estimated to be 2.75, 3.05 and 3.36 

Mcal/d, respectively, based on 2.75 Mcal/kg glucose (Hurtaud et al., 1998) and 4.06 

Mcal/kg BCAA, equal to 64% of their summed heats of combustion. NEMILK was 
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obtained from the regression equation of Tyrrell and Reid (1965) against observed milk 

fat, protein, and lactose yields, and NEMAINT = 0.08BW0.75 (NRC, 2001). 

 Mammary plasma flow (MPF) was predicted in accordance with the Fick 

principle using both 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). Using 

Phe and Tyr contents reported by Lapierre et al. (2012), Phe + Tyr output in milk was 

predicted from 0.965 ´ milk protein yield during the blood sampling interval. Mammary 

uptakes of individual metabolites were calculated as the arteriovenous concentration 

difference (AVD) × MPF. Net removal from plasma by the mammary gland is indicated 

by a positive uptake, while net release from the mammary gland is indicated by a 

negative uptake. Hydrolysis of TAG in the capillary lumen releases NEFA that are 

available for mammary uptake in addition to NEFA from the arterial inflow. Total arterial 

long-chain fatty acid concentrations (LCFA) were calculated as 3 × TAG AVD + arterial 

[NEFA]. Mammary clearance of metabolites was calculated as uptake/venous 

concentration (Cant et al., 2016). 

 Dry matter intake, milk yield and milk composition were averaged over the last 2 

d of each infusion sub-period. Plasma AA concentrations were averaged over the 4 

sampling times on d 4 of each infusion sub-period. Variances in cow performance, 

plasma concentrations, mammary uptakes and clearances were analyzed as an incomplete 

randomized block design with cow, period, and sub-period as blocking factors. The 4 

infusion treatments on low-CP diets were distributed evenly across all 4 sub-periods, 

while measurements on the high-CP treatment were taken during sub-period 2 only, 
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representing the middle of the 6-wk period. The following model was solved using the 

MIXED procedure of SAS (SAS Institute Inc., Cary, NC): 

Yijk = µ + cowi + perj + subk + trtl + εijkl 

where µ = overall mean, cowi = random effect of cow (i = 1 to 12), perj = fixed effect of 

6-wk period (j = 1 to 2), subk = fixed effect of infusion sub-period (k = 1 to 4), trtl = fixed 

effect of treatment (l = 1 to 5), and εijkl = experimental error. Due to sampling difficulty 

from one cow, plasma concentrations, mammary uptakes and clearances of metabolites 

and AA have a sample size of 11. Effects were considered significant at P ≤ 0.05 and 

tendencies at 0.05 < P ≤ 0.15. Least-squares treatment means were separated using the 

pdiff option of SAS when overall treatment P < 0.05. Effects of BCAA were estimated as 

pre-planned linear contrasts between GLC, GLC+75, and GLC+150, and were declared 

significant when P-values for quadratic contrasts were not significant.   

4.4 Results 

4.4.1 Dry matter intake and milk yield and composition 
 
 DMI tended to decrease 1.0 kg/d with GLC (P = 0.07) compared to SAL (Table 

2), but addition of BCAA to GLC had no effect on DMI (P = 0.14). Calculated intakes of 

NEL were not different between SAL, GLC, GLC+75, and GLC+150. GLC increased 

milk, protein, and lactose yields 2.2 kg/d, 63 g/d, and 151 g/d, respectively (P ≤ 0.05), 

and had no effect on fat yield (P � 0.43), compared to SAL. The addition of BCAA to 

GLC infusions elicited linear decreases in all component yields and total milk yield (P ≤ 

0.05). Milk concentrations of fat, protein and lactose, NEL balance, and protein efficiency 

were unaffected by infusion treatments, with the exception of GLC increasing lactose 

concentration by 0.18 percentage units (P = 0.04) compared to SAL. 
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Cows on the normal-CP diet consumed an average of 6.1 kg/d more DMI (P < 0.01) and 

7.3 Mcal/d more NEL (P < 0.01) than cows on low CP, and produced 4.9 kg/d more milk 

(P < 0.01). NEL balance was 4.9 Mcal/d more positive (P < 0.01), on average. Daily milk 

protein yield was an average of 259 g higher (P < 0.01) and lactose yield was 195 g/d 

higher (P < 0.05) when cows were fed the normal-CP ration. Protein percentage was 

elevated (P < 0.01) and fat percentage reduced (P < 0.02) in milk of cows fed normal-CP 

compared to low-CP. Yield of fat and protein efficiency were unaffected by dietary CP 

content. 

4.4.2 Arterial insulin and metabolite concentrations 

 Infusion treatments on the low-CP diet did not affect plasma insulin, glucose, 

glycerol, NEFA, TAG, LCFA, or urea concentrations compared to SAL (P ≥ 0.18). While 

infusion of GLC did not significantly affect acetate or BHB concentrations, there was a 

decrease in total C2 concentration with GLC (P = 0.01) and GLC+150 (P = 0.01) 

infusions, and GLC+75 tended (P = 0.07) to decrease plasma C2 concentration, 

compared to SAL. 

GLC decreased (P ≤ 0.016) plasma concentrations of the EAA Arg, Ile, Leu, Lys, 

and Val so that total circulating EAA and BCAA concentrations decreased 19 and 31%, 

respectively (P ≤ 0.01), compared to SAL. Non-branched chain EAA (NBEAA) 

concentrations were not different between GLC and SAL (P = 0.16). Of the individual 

NEAA, plasma concentrations of Orn decreased (P < 0.04) and Ser increased (P = 0.01) 

with GLC infusion. Total AA concentrations were not different between GLC and SAL 

(P = 0.62). 
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There was no effect of BCAA on insulin, energy metabolite, or urea 

concentrations in plasma. Infusion of BCAA caused a linear increase in plasma 

concentrations of Ile, Leu, and Val (P < 0.01) to levels that were not different from SAL 

at 75 g/d BCAA (P > 0.1) and to levels higher than SAL at 150 g/d (P < 0.01). The 

NBEAA Met, Thr, and Trp declined linearly in concentration (P < 0.05) as BCAA 

infusion rate increased, and Arg, Lys, and Phe concentrations tended to decline (P ≤ 

0.15), so that total NBEAA concentrations decreased (P = 0.002). The increases in 

concentrations of BCAA were greater than the decreases in NBEAA, resulting in linear 

increases in total EAA concentrations (P ≤ 0.01) due to BCAA infusion. Of the NEAA, 

Pro and Tyr decreased linearly (P ≤ 0.05) with BCAA infusion but total NEAA was not 

affected (P = 0.13). Total AA concentration in plasma tended to increase linearly with 

BCAA infusion rate (P = 0.08). 

Arterial concentrations of BHB, 2C, TAG, and urea were higher on the normal-CP diets 

compared to low CP (P < 0.03). Dietary CP level did not affect insulin, glucose, acetate, 

glycerol, or NEFA concentrations. An elevation in plasma concentrations of all EAA 

except Phe, Thr, and Trp was observed in cows on normal- versus low-CP diets. Of the 

NEAA, only Asn, Orn, Pro and Tyr concentrations increased, and total NEAA 

concentration was not affected by dietary CP level. Total AA concentration was not 

higher on the normal-CP diet. 

4.4.3 Mammary plasma flow and metabolite uptakes 
 
 MPF increased 36% with GLC infusion compared to SAL (P < 0.01) but net 

mammary uptakes of energy metabolites was not affected (P > 0.10). Mammary net 

uptakes of amino acids, both individually and as groups, remained similar between GLC 
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and SAL infusions (P > 0.24). A linear increase due to BCAA infusion was observed in 

net mammary uptakes of Val, Ile, and Leu (P < 0.03) while net uptakes of Arg, Lys, Met, 

Phe, Ala, and total NBEAA linearly decreased due to BCAA infusion (P ≤ 0.05). 

MPF and mammary net uptakes of energy metabolites remained similar between 

dietary CP levels. Mammary net uptakes of all EAA except His and Trp, and the NEAA 

Asn, Orn, and Ser, were higher on the normal-CP diet, compared to low CP (P < 0.05), 

resulting in elevated net uptakes of all groups of EAA and total AA. 

Infusions did not affect rate constants for net clearance of energy metabolites 

from plasma by the mammary glands (P > 0.10). However, GLC infusion stimulated an 

increase in net mammary clearance of EAA (P = 0.04), which was due entirely to an 

increase in BCAA clearance  (P < 0.01). None of the NBEAA clearances were affected 

by GLC. Similarly, addition of BCAA to GLC infusions did not affect NBEAA 

clearances except for a tendency for Arg clearance to decline (P = 0.09). Infusing BCAA 

linearly decreased clearances of Val, Ile, Leu, and Ala (P ≤ 0.01), linearly increased Tyr 

clearance (P = 0.02) and tended to increase Glu clearance  (P = 0.08). 

 Mammary clearances of energy metabolites remained similar between dietary CP 

levels. Higher clearances of Thr, Asn, and Ser (P ≤ 0.05) were observed in cows on the 

normal-CP diet, compared to the low-CP diet. Total AA clearance was elevated on the 

higher CP diet (P < 0.02). 

4.5 Discussion 

4.5.1 Glucose infusion caused a decrease in plasma BCAA concentrations  
 
 The main objective of our study was to determine if small or negligible milk 

protein yield responses to glucose are due to the depletion of BCAA from plasma. A low-
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CP ration was chosen as the base diet to intensify effects on milk protein yield of 

infusion-induced changes in circulating AA concentrations. The i.v. infusion of 1 kg/d 

GLC induced a modest 63 g/d, or 8% over basal, increase in milk protein yield, despite a 

drop in exogenous MP and EAA supply due to 1 kg/d lower DMI, and a 31% drop in 

concentration of BCAA in plasma. These results indicate that GLC improved the 

efficiency of capture of MP in milk protein. Previously, postruminal glucose or 

propionate supplementation stimulated milk protein yield in some studies (Rulquin et al., 

2004; Raggio et al., 2006a; Al-Trad et al., 2009) and had no effect in others (Hurtaud et 

al., 1998; Curtis et al., 2014; Nichols et al., 2016). In all experiments, though, efficiency 

of capture of MP in milk protein was improved by glucose. 

 Net mammary uptakes of AA were not affected by GLC, which suggests that 

instead of diverting dietary AA to the mammary glands, as has been observed in previous 

studies (Rulquin et al. 2004; Raggio et al., 2006b), GLC caused AA taken up by the 

mammary glands to be partitioned more into milk protein and less into catabolism. 

Euglycemic insulin infusion has a similar effect where milk protein synthesis is 

stimulated despite a reduction in net AA uptakes by the mammary glands (Mackle et al., 

2000; Bequette et al., 2001).  

 Uptakes of BCAA, Lys, and Arg did not decrease even though their arterial 

concentrations dropped. The improvement in efficiency of uptake of BCAA from 

extracellular fluid was large enough to be detected in the clearance parameters. MPF and 

clearance are positively associated (Madsen et al., 2015) so the 36% increase in MPF 

during GLC infusion may have contributed to these higher clearances. Increases in MPF 

of 24 and 36% were previously observed in cows infused for 14 d with 1 kg/d duodenal 
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glucose or ruminal propionate (Rulquin et al., 2004; Raggio et al., 2006b). Euglycemic 

insulin infusion also increases MPF (Mackle et al., 2000; Bequette et al., 2001). These 

hyperemias can be attributed to glucose- or insulin-induced decreases in circulating 2C 

concentrations observed in this and other studies (Eisemann and Huntington, 1994; 

Rigout et al., 2002; Lemosquet et al., 2009) if it is assumed, according to Cieslar et al. 

(2014), that 1) net mammary uptakes of energy metabolites are dependent on their 

respective arterial concentrations and MPF, 2) intramammary ATP production is 

dependent on energy metabolite uptakes, and 3) vasodilator release into the mammary 

interstitium is a function of intracellular ATP balance. Combined, these hypotheses 

predict that MPF will increase to maintain intramammary energy balance when the total 

concentration of energy metabolites in plasma decreases, or vice versa (Cant et al., 2003). 

The decrease in plasma 2C concentration during glucose or insulin infusion is due to 

stimulation of lipogenesis and FA esterification in adipose tissue (Vernon, 1985), anti-

ketogenic effects in the liver, and BHB utilization in non-hepatic tissues (Ørskov et al., 

1999). 

 Although the increase in MPF may have prevented a drop in uptakes of BCAA, 

Lys, and Arg during GLC infusion, it did not cause an increase in net mammary uptakes 

or clearances of the other EAA. If additional NBEAA were transported into mammary 

cells as a consequence of the faster MPF, they apparently were not used and must have 

returned to the venous circulation without contributing to net uptake. This disregard of 

available NBEAA suggests that milk protein synthesis was under the control of other 

factors, possibly the BCAA supply. BCAA and Leu subtraction studies have shown a 

reduction in milk protein yield when plasma concentrations of Leu dropped to 42 or 48 
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µM and total BCAA concentrations decreased to 245 µM (Rulquin and Pisuleski, 2006; 

Doelman et al., 2015b), while no milk protein depression was reported when plasma Leu 

and BCAA concentrations dropped to 63 and 297 µM, respectively (Weekes et al., 2006). 

Plasma concentrations of Leu and BCAA of 59 and 232 µM, respectively, in the present 

study were at or below milk protein-depressing levels and may have limited the GLC-

induced increase in milk protein yield.  

 The decline in plasma BCAA concentrations when glucose is delivered post-

ruminally to dairy cattle is well documented in the literature (Hurtaud et al., 1998; Raggio 

et al., 2006a; Rius et al., 2010; Nichols et al., 2016). The absence of an increase in 

mammary BCAA uptakes during glucose infusions in this and other studies (Raggio et 

al., 2006b; Nichols et al., 2016) indicates that glucose directs BCAA to non-mammary 

tissues. Possible sinks for the BCAA are skeletal muscle protein, oxidative catabolism, 

and adipose TAG. Skeletal muscle protein contains 2.2, 5.7, and 3.1 g/100 g Ile, Leu, and 

Val, respectively, but it is richer in Lys, Thr, and Phe, which account for 9.1, 4.5, and 4.3 

g/100 g, respectively (Early et al., 1990). Considering, in addition, that portal 

appearances of BCAA are greater than or equal to appearances of Lys, Thr, and Phe 

(Lapierre et al., 2006), stimulation of muscle protein deposition by glucose should not 

affect plasma concentrations of BCAA more than it affects concentrations of Lys, Thr, 

and Phe. BCAA concentrations were affected to a much stronger degree than Lys, Thr, 

and Phe, so muscle protein deposition does not seem to account for their specific loss. 

Nichols et al. (2016) found no effect on expression in muscle of genes involved in BCAA 

catabolism and suggested that glucose stimulates BCAA utilization for lipogenesis in 
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adipose tissue and thereby decreases plasma BCAA concentrations in the same manner 

that it causes a decrease in 2C and NEFA concentrations. 

 When 75 and 150 g/d BCAA were added to glucose infusions, plasma BCAA 

concentrations returned to 106 and 149%, respectively, of the concentrations in SAL 

cows. A linear interpolation indicates that 60 g/d BCAA would have been necessary to 

maintain plasma BCAA levels when 1 kg/d glucose was infused. Nichols et al. (2016) 

estimated the utilization of BCAA induced by 1 kg/d glucose on a high plane of EAA 

nutrition to be 136 g/d, using a linear relationship between rate of BCAA infusion and 

plasma BCAA concentration.  The difference between estimates may be related to plasma 

BCAA concentrations on the control without glucose, which averaged 1500 µM in the 

study by Nichols et al. (2016) and 336 µM in ours. 

4.5.2 BCAA infusion caused a decrease in plasma NBEAA concentrations  
 
 If loss of BCAA into extra-mammary tissues during glucose infusion was 

preventing glucose from stimulating milk protein yield, then yield should have been 

higher on GLC+75 compared to GLC, when BCAA concentrations were returned to SAL 

levels by infusion. Milk protein yield actually decreased when BCAA were replaced, and 

decreased even further at GLC+150, as evidenced by a linear effect of BCAA infusion. 

When BCAA concentrations in plasma increased due to BCAA infusion, there was an 

increase in net BCAA uptake by the mammary glands but there was a decrease in net 

mammary BCAA clearance, indicating that not all of the available BCAA were used. 

Additional BCAA taken up by the mammary glands must have been catabolized because 

sequestration in milk protein was reduced. This catabolism may have provided N for Ala 
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synthesis, the net uptake of which decreased linearly with BCAA infusion, and also likely 

yielded ATP for milk synthesis. 

  BCAA infusion caused a 17% decline in NBEAA concentrations in plasma. In 

particular, Lys, Met, and Thr concentrations dropped 15, 24, and 26%, respectively, in 

cows receiving 150 vs. 0 g/d BCAA. Although DMI was not significantly affected by 

BCAA infusion, mean DMI was 5% lower on GLC+150 compared to GLC, which may 

have contributed to some of the reduction in NBEAA concentrations.  The remainder of 

the decline was not due to faster or more efficient mammary uptakes and outputs of 

NBEAA in milk protein. Effects of BCAA infusion on plasma urea concentrations were 

not detected in this study, suggesting that catabolism was also not contributing to a 

reduction in plasma concentrations of NBEAA. The lack of mammary and catabolic 

effects leads us to suggest that BCAA exerted their effects on plasma NBEAA by 

stimulating utilization in skeletal muscle for protein accretion.  

There is much supporting evidence for a stimulatory effect of BCAA on muscle 

protein deposition. Leu is a potent activator of the mechanistic target of rapamycin 

complex 1 (mTORC1) pathway that up-regulates protein synthesis in skeletal muscle of 

growing animals (Escobar et al., 2006). In lactating cows, 5 d of abomasal infusion of 

EAA increased mTORC1 target phosphorylation in skeletal muscle (Nichols et al., 2017). 

This mTORC1 effect may be the mechanism by which i.v. infusion of a complete mix of 

AA stimulated muscle protein synthesis in lactating goats (Bequette et al., 2002). A 

stimulatory effect of BCAA on muscle protein deposition explains the drop in plasma 

concentrations of Lys, Arg, Thr and Met observed by Rulquin and Pisulewski (2006) in 

cows receiving duodenal Leu infusions during which milk protein yield was not affected, 
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and the decrease in milk urea concentrations observed in cows abomasally infused with 

BCAA when milk protein yield was also not affected (Appuhamy et al., 2011). When 

BCAA were omitted from a complete EAA mix infused into the abomasum of lactating 

cows, milk protein yield did not decrease and it was suggested that loss of the anabolic 

signal from BCAA in muscle diverted AA from muscle into milk (Weekes et al., 2006). 

Combined, these responses give precedent to the suggestion that NBEAA concentrations 

decreased because of a stimulatory effect of 75 and 150 g/d BCAA on muscle protein 

deposition. 

 The 17% decrease in plasma NBEAA concentrations during BCAA infusion 

appears to have been responsible for the observed 12% depression in milk protein yield. 

Studies where single EAA subtractions from postruminal infusates negatively affect milk 

protein yield have shown that His is deficient at a plasma concentration of 13 µM, Lys is 

deficient at 56 µM, Met at 10 µM, and Phe at 25 µM (Weekes et al., 2006; Lapierre et al., 

2009; Doelman et al., 2015a,b; Doepel et al., 2016). Concentration of Lys in cows on the 

GLC treatment in our experiment was below its deficient value, at 48 µM, and 

concentrations of His, Met and Phe were not much above, at 14, 17, and 35 µM, 

respectively. The significantly decreased concentrations of Lys and Met to lower than 

deficient levels during BCAA infusion suggests that milk protein yield was depressed by 

reduced arterial concentrations of these AA. 

 It is interesting that BCAA infusion appears to have stimulated muscle protein 

synthesis but did not stimulate milk protein synthesis, despite evidence that a portion of 

the additional BCAA were taken up by the mammary glands and therefore available to 

stimulate milk protein synthesis. Both Leu and Ile are stimulatory to mTORC1 and 
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protein synthesis in mammary cells in vitro (Moshel et al., 2006; Appuhamy et al., 2012; 

Arriola Apelo et al., 2014). Correction of a BCAA deficiency in lactating cows increased 

mammary abundances of mRNA translation regulators, which was suggested to be a 

consequence of mTORC1 activation in vivo. The diversion of NBEAA away from milk 

protein and into muscle suggests that protein synthesis is more sensitive to BCAA 

concentrations in muscle than in the mammary glands of lactating cows. Using labelled 

Leu kinetics to estimate protein synthesis rates, Bequette et al. (2002) noted a similar 

difference between skeletal muscle and mammary glands in sensitivity to intravenous 

infusion of a complete AA mixture in goats, where the anabolic effect was stronger in 

muscle. 

4.5.3 Glucose + BCAA did not overcome NBEAA shortfalls  
 

A normal-CP diet was included in the present study to establish normal milk 

production and mammary uptake values with which to compare low-CP diet 

observations. Cows on the normal-CP diet had 263 g/d higher milk protein yields 

compared to cows on the low-CP, SAL treatment. As expected, supplying more dietary 

CP produced higher plasma concentrations and net mammary uptakes of EAA. GLC 

infusion on the low-CP diet stimulated milk protein yield a modest 63 g/d but not through 

an increase in mammary uptake of EAA or NEAA. Addition of BCAA to GLC infusions 

caused a decrease in mammary uptake of NBEAA that paralleled their loss out of 

circulation to extra-mammary tissues. Mammary BCAA uptakes on the low-CP, 

GLC+150 treatment were not different from those on the high-CP diet but NBEAA and 

NEAA uptakes and milk protein yield remained 40%, 46%, and 299 g/d lower, 



 55 

respectively. The combination of 1 kg/d glucose and 150 g/d BCAA was stimulatory to 

extra-mammary utilization of NBEAA to the detriment of milk protein production.  

4.6 Conclusions 
 
 In the present study, we demonstrated that infusion of 1 kg/d glucose into the 

jugular vein of lactating dairy cows consuming a diet of 12% CP increased milk protein 

yield 63 g/d and reduced plasma BCAA concentrations 31%. Returning BCAA 

concentrations to the level observed without glucose infusion did not further stimulate 

milk protein yield, indicating that the glucose effect was not limited by low BCAA 

concentrations. Interpolation of the response in plasma BCAA concentrations to infusions 

of 0, 75 and 150 g/d BCAA yielded an estimate of 60 g/d for the glucose-stimulated 

BCAA loss. BCAA were not taken up by the mammary glands to a greater extent during 

glucose infusion, and stimulation of muscle protein deposition would be expected to 

influence Lys, Thr and Phe concentrations to a greater extent than BCAA concentrations, 

which was not observed. It is possible that BCAA concentrations were reduced by the 

same mechanism that reduced acetate + BHB concentrations. Supplementing glucose 

infusions with BCAA triggered a decrease in milk protein yield that appeared to be a 

consequence of lower concentrations of NBEAA in circulation. Constant plasma urea 

concentrations across infusion treatments suggests that NBEAA did not disappear by 

catabolism. It is likely that BCAA infusions directed NBEAA into the protein of skeletal 

muscle, rather than that of milk. 
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Table 4.1 Ingredient composition and nutrient analysis of the two experimental diets 

Component (% of DM)  Low-CP	 Normal-CP	
Ingredient   

   Haylage 45.4	 28.5	
   Corn silage 21.7	 34.7	
   Corn, high-moisture 26.7	 20.5	
   Straw, long chop 3.6	 3.6	
   Soy plus  0 4.7 
   Soybean meal  0 3.0 

   Canola meal  0 1.5 

   Fish meal  0 0.5 
   Biuret  0 0.1 

   Urea  0.2 0.03 

   Vitamin/mineral mix1  2.4 2.8	
Nutrient   
    CP   12.6  14.9 

    Soluble CP (% of CP)  32.8  39.1 

    NDICP2 (% of CP)  23.0  21.7 
    ADICP3 (% of CP)  10.1  8.4 

    NDF  35.0  32.8 

    ADF  21.8  20.4 

    Lignin  10.5  9.6 
    NFC  45.9  46.5 

    Starch (% of NFC)  56.6  55.0 

    Ether extract  3.1  3.1 
    NEL

4 (Mcal/kg)   1.52  1.59 
1Obtained from Floradale Feed Mill (Floradale, ON, Canada) and consisted of 
calcium (6.6%), phosphorus (5.0%), sodium (12.5%), sulphur (2.7%), magnesium 
(6.5%), iron (2,900 mg/kg), zinc (2,833 mg/kg), manganese (2,244 mg/kg), fluorine 
(483 mg/kg),) monensin sodium (460 mg/kg), copper (414 mg/kg), iodine (33.7 
mg/kg), cobalt (33.3 mg/kg), selenium (12 mg/kg), vitamin A (436 KIU/kg), vitamin 
D (70.3 KIU/kg), and vitamin E (1,287 IU/kg). 
2NDICP = neutral detergent-insoluble CP. 
3ADICP = acid detergent-insoluble CP. 
4 Calculated according to NRC (2001). 
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Table 4.2 Performance of lactating dairy cows (n = 12) consuming a normal-CP diet, or a low-CP diet with i.v. glucose (GLC) 
and branched-chain AA (BCAA) for 96 h1  

  Treatment2 

  
Low CP	     

Item Normal CP	 Sal	 GLC	 GLC+75	 GLC+150	 SEM P-value 

DMI, kg/d 25.9a 20.8b 19.8bc 19.4c 18.9c 0.65 <0.01 
NEL intake (Mcal/d) 39.4a 31.7b 32.8b 32.6b 32.1b 0.98 <0.01 

Yield        

  Milk kg/d 31.9a 26.3c 28.5b 27.0bc 26.2c 2.02 <0.01* 

  Fat (g/d) 1142 1131 1172 1124 1070 70.1 0.39* 

  Protein (g/d) 1030a 767c 830b 756c 731c 46.1 <0.01* 

  Lactose (g/d) 1492a 1230c 1381b 1310bc 1266c 100.6 <0.01* 
Composition (%) 

         Fat 3.69a 4.40b 4.15b 4.26b 4.22b 0.207 0.01 

  Protein 3.33a 2.96b 2.97b 2.86b 2.87b 0.127 <0.01 
  Lactose 4.70 4.67 4.85 4.82 4.81 0.067 0.15 

NEL balance (Mcal/d) 6.7a 1.7b 1.4b 2.3b 2.6b 0.99 <0.01 

Protein efficiency, % 30.6 27.9 31.8 29.4 29.5 1.40 0.12 
a,b Values within a row with different subscripts differ significantly at P ≤ 0.05. 
1Data are least squares means from the final 2 d of each period. 
2Infusion treatments were 0.9% saline (SAL), 1 kg/d glucose (GLC), 1 kg/d glucose + 75 g/d BCAA (GLC+75) or 1 kg/d glucose + 150 g/d BCAA 
(GLC+150). BCAA (Val, Leu and Ile) were infused in a 1:1:1 weight ratio.  
*Linear effect of BCAA at P ≤ 0.05.
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Table 4.3 Arterial plasma concentrations of metabolites and insulin in lactating dairy cows (n = 11) consuming a normal-CP diet, 
or a low-CP diet with i.v. glucose (GLC) and branched-chain AA (BCAA) for 96 h1  

 Treatment2   
  Low CP	   

Item Normal CP	 Sal	 GLC	 GLC+75	 GLC+150	 SEM P-value 

 Insulin, ng/ml 4.4 4.5 5.1 4.3 4.6 1.10 0.42 
 Glucose, mM 2.95 3.06 3.06 3.26 3.30 0.182 0.56 

 Acetate, mM 1.21 1.31 1.06 1.11 1.04 0.105 0.25 

 BHB, mM 0.88 0.74 0.57 0.65 0.58 0.082 0.12 

 2C3, mM 2.92a 2.85a 2.09b 2.41ab 2.21b 0.193 0.03 
 Glycerol, µM 13.7 21.7 18.7 20.6 22.4 2.15 0.11 

 NEFA, µM 116.7 73.4 88.2 81.2 69.4 15.44 0.44 

 TAG, µM 29.8a 17.6b 21.1b 19.8b 19.9b 2.05 0.01 
 LCFA4, µM 204a 110b 129b 121b 101b 16.8 0.02 

 Urea, mM 1.05a 0.60b 0.60b 0.60b 0.62b 0.082 <0.01 

Amino Acids, µM 

        TAA5 2531a 2195bc 2157c 2319b 2288bc 68.5 <0.01† 
 EAA 852a 658c 528d 642c 740b 32.3 <0.01* 

 BCAA 445a 321b 216c 342b 486a 21.7 <0.01* 

 NBEAA 407a 337b 312b 300b 254c 16.8 <0.01* 
 NEAA 1679a 1537b 1629ab 1677a 1548b 49.8 0.03 
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Table 4.3 Continued       
 Arg 88a 58b 49c 48c 43c 3.5 <0.01 
 His  29a 14b 11b 11b 10b 1.9 <0.01 

 Ile 114a 80b 51c 78b 105a 5.8 <0.01* 

 Leu 103a 79b 55c 81b 113a 4.5 <0.01* 

 Lys 84a 56b 44c 43c 37c 3.5 <0.01† 
 Met 24a 19b 16b 16b 12c  1.3 <0.01* 

 Phe 37ab 39a 36ab 35b 33b 1.5 0.04 

 Thr 105a 115a 118a 111a 85b 10.1 <0.01* 
 Trp 40 38 38 37 34 1.4 0.06* 

 Val 228b 162c 110d 182c 268a 12.0 <0.01* 

 Ala 289a 232b 209c 222bc 216bc 13.6 <0.01 

 Asn 52a 42bc 43bc 44b 40c 1.8 <0.01 
 Gln 414 395 435 461 411 17.8 0.08 

 Glu 157a 82b 74b 85b 65b 12.1 <0.01 

 Gly 416a 484ab 550b 544b 507b 29.7 0.01 
 Orn 84a 51b 42c 41c 36c 4.0 <0.01 

 Pro 102a 73b 69b 69b 63c 3.0 <0.01* 

 Ser 115a 138a 164b 174b 178b 9.9 <0.01 
 Tyr 49a 41bc 43ab 37cd 32d 2.2 <0.01* 
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Table 4.3 Continued       
a-d Values within a row with different superscripts differ (P ≤ 0.05). 
1Data presented as least squares means from d 4 of each period. 
2Infusion treatments were 0.9% saline (SAL), 1 kg/d glucose (GLC), 1 kg/d glucose + 75 g/d BCAA (GLC+75) or 1 kg/d glucose + 150 g/d BCAA 
(GLC+150). BCAA (Val, Leu and Ile) were infused in a 1:1:1 weight ratio.  
32C = acetate + 2 ´ BHB. 
4arterial LCFA = 3 ´ TAG AVD + arterial NEFA. 
5TAA = total amino acids (EAA + NEAA); NEAA = non-essential amino acids (Asn, Ser, Gln, Gly, Glu, Ala, Pro, Orn, and Tyr); EAA = essential 
amino acids (His, Arg, Thr, Lys, Met, Val, Ile, Leu, Phe, and Trp); BCAA = branched-chain amino acids (Val, Ile, and Leu); NBEAA = EAA – 
BCAA. 
*Linear effect of BCAA at P ≤ 0.05. 
†Linear effect of BCAA at P ≤ 0.10. 
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Table 4.4 Mammary plasma flows (L/h) and net uptakes of metabolites (mmol/h) in lactating dairy cows (n = 11) consuming 
a normal-CP diet, or a low-CP diet with i.v. glucose (GLC) and branched-chain AA (BCAA) for 96 h1 

  Treatment2	   
   Low CP	     
Item Normal CP	 Sal	 GLC	 GLC+75	 GLC+150	 SEM P-value 

Mammary plasma flow 1008ab 863a 1162bc 1111b 1310c 75.5 <0.01 
Net mammary uptakes       

 Glucose 645 445 665 554 890 156.1 0.41 

 Acetate 596 619 754 775 796 104.2 0.65 

 BHB 251 146 184 233 237 32.3 0.12 
 2C3 1169 910 1098 1246 1243 121.6 0.22 

 Glycerol -0.3 3.6 3.5 7.0 9.9 3.06 0.17 

 NEFA 3.3 -9.8 3.5 -3.0 -15.7 7.59 0.40† 
 TAG 19.9a 9.5b 14.2ab 14.4ab 14.2ab 1.86 0.05 

 LCFA 65.8a 18.7c 46.8ab 40.2abc 26.7bc 8.82 0.05 

Amino Acids 

        TAA4 485a 284b 305b 271b 288b 33.4 <0.01 
 EAA 250a 173b 175b 174b 187b 12.6 <0.01 

 BCAA 122a 84b 83b 87b 107a 6.9 <0.01* 

 NBEAA 128a 89b 92b 87bc 80c 6.1 <0.01* 
 NEAA 236a 111b 130b 97b 101b 26.0 0.01 
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Table 4.4 Continued        
 Arg 26.9a 17.6bc 18.4b 17.7bc 15.3c 1.39 <0.01* 
 His  10.6a 7.6b 7.4b 6.9b 7.2b 0.66 <0.01 

 Ile 31.7a 21.8b 20.7b 23.4b 28.8a 1.82 <0.01* 

 Leu 46.4a 32.6c 32.2c 32.6c 37.5b 2.48 <0.01* 

 Lys 41.5a 29.1b 28.4b 26.3bc 24.6c 2.02 <0.01* 
 Met 8.9a 6.9bc 6.9b 6.3bc 5.7c 0.56 <0.01* 

 Phe 15.6a 12.1bc 12.8b 12.0bc 11.2c 0.83 <0.01* 

 Thr 21.3a 13.9b 15.4b 14.3b 12.7b 1.66 0.01 
 Trp 3.2 2.2 2.8 2.9 3.3 0.41 0.44 

 Val 

 

43.5a 29.6b 29.8b 31.2b 41.0a 3.09 <0.01* 

 Ala 33.9a 23.7abc 25.9ab 15.4bc 13.2c 4.63 0.04* 

 Asn 9.8a 4.7b 5.4b 4.1b 4.2b 0.82 <0.01 
 Gln 56.1 39.5 40.1 41.5 37.8 7.86 0.67 

 Glu 20.4 8.7 15.1 -2.9 5.6 8.78 0.54 

 Gly 34.9 -6.0 2.3 7.7 5.8 13.68 0.45 
 Orn 31.8a 23.0b 21.8b 20.9b 20.9b 1.66 <0.01 

 Pro 9.5 7.2 8.2 7.2 6.9 1.35 0.74 

 Ser 24.1a -0.5b 0.2b -6.4b -3.4b 3.77 <0.01 

 Tyr 14.8a 10.2b 10.9b 10.1b 10.2b 0.83 <0.01 
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Table 4.4 Continued       
a-c Values within a row with different subscripts differ significantly at P ≤ 0.05. 
1Data presented as least squares means from d 4 of each period. 
2Infusion treatments were 0.9% saline (SAL), 1 kg/d glucose (GLC), 1 kg/d glucose + 75 g/d BCAA (GLC+75) or 1 kg/d glucose + 150 g/d BCAA 
(GLC+150). BCAA (Val, Leu and Ile) were infused in a 1:1:1 weight ratio.  
32C = acetate + 2 × BHB. 
4TAA= total amino acids (EAA + NEAA); NEAA = non-essential amino acids (Asn, Ser, Gln, Gly, Glu, Ala, Pro, Orn, and Tyr); EAA = essential 
amino acids (His, Arg, Thr, Lys, Met, Val, Ile, Leu, Phe, and Trp); BCAA = branched-chain amino acids (Val, Ile, and Leu); NBEAA = EAA – 
BCAA. 

*Linear effect of BCAA at P ≤ 0.05. 
†Linear effect of BCAA at P ≤ 0.10. 
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Table 4.5 Mammary clearances (L/h) of metabolites in lactating dairy cows (n = 11) consuming a normal-CP diet, or a low-CP diet 
with i.v. glucose (GLC) and branched-chain AA (BCAA) for 96 h1  

  Treatment2	     
  

 

Low CP	     

Item Normal CP	 Sal	 GLC	 GLC+75	 GLC+150	 SEM P-value 

 Glucose 314 171 281 213 403 84.1 0.39 
 Acetate 2386 1944 2450 2369 2561 712.9 0.98 

 BHB 664 187 888 719 1269 328.4 0.24 

 2C3 811 664 1182 998 1040 173.4 0.16 

 TAG 2436 3714 2968 3350 2492 1636.1 0.98 
LCFA 569 217 505 458 318 85.0 0.10 

Amino Acids 

        TAA4 246a 155b 165b 132b 144b 19.4 <0.01 
 EAA 468ab 392bc 486a 373bc 224c 40.3 <0.01* 

 BCAA 426b 424b 650a 366b 278b 60.0 <0.01* 

 NBEAA 513 388 412 401 427 36.5 0.08 

 NEAA 165a 81b 90b 62b 72b 18.5 0.02 
 Arg 500 491 657 595 547 76.7 0.09† 

 His  927 1595 1722 1849 2152 301.2 0.06 

 Ile 448b 458b 750a 470b 369b 69.5 <0.01* 
 Leu 1012b 897b 1354a 693bc 459c 124.6 <0.01* 
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Table 4.5 Continued        
 Lys 1208 1407 1656 1483 1486 144.4 0.21 
 Met 566 743 880 750 833 117.9 0.38 

 Phe 854a 508b 535b 510b 471b 64.7 <0.01 

 Thr 289a 157b 160b 158b 181b 27.8 0.01 

 Trp 90ab 64a 80ab 88ab 102b 12.1 0.29 
 Val 266b 262b 400a 224b 182b 45.6 0.01* 

 Ala 149ab 122abc 151a 79bc 59c 25.7 0.04* 

 Asn 241a 130b 143b 102b 118b 23.0 <0.01 
 Gln 181 117 96 103 115 25.3 0.33 

 Glu 163 161 329 133 117 90.5 0.49 
 Gly 73 -11 11 18 16 26.7 0.43 
 Orn 753 1009 1062 1011 1110 107.1 0.15 

 Pro 106   115 139 121 127 24.9 0.92 

 Ser 215a 3b 13b -35b -20b 26.4 <0.01 

 Tyr 458 381 330 376 438 38.7 0.07* 
a-d Values within a row with different subscripts differ significantly at P ≤ 0.05. 
1Data presented as least squares means from d 4 of each period. 
2Infusion treatments were 0.9% saline (SAL), 1 kg/d glucose (GLC), 1 kg/d glucose + 75 g/d BCAA (GLC+75) or 1 kg/d glucose + 150 g/d BCAA 
(GLC+150). BCAA (Val, Leu and Ile) were infused in a 1:1:1 weight ratio.  
32C = acetate + 2 × BHB. 
4TAA = total amino acids (EAA + NEAA); NEAA = non-essential amino acids (Asn, Ser, Gln, Gly, Glu, Ala, Pro, Orn, and Tyr); EAA = essential 
amino acids (His, Arg, Thr, Lys, Met, Val, Ile, Leu, Phe, and Trp); BCAA = branched-chain amino acids (Val, Ile, and Leu); NBEAA = EAA – 
BCAA. 
*Linear effect of BCAA at P ≤ 0.05. 
†Linear effect of BCAA at P ≤ 0.10. 
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CHAPTER 5 

EFFECTS OF INTRAVENOUS GLUCOSE AND BRANCHED-CHAIN AMINO 
ACID INFUSION ON MAMMARY AND MUSCLE GENE EXPRESSION IN 

LACTATING DAIRY COWS  

5.1 Abstract 
 

Milk protein yield responses to dietary carbohydrate and protein, particularly 

glucose and AA, have been shown to be moderately regulated by protein synthesis 

pathways mammalian target of rapamycin (mTOR) and the integrated stress response 

(ISR) network. However, these signalling cascades have failed to be activated in studies 

of prolonged exposure to such nutrients despite observed milk protein yield responses. 

Therefore, other cellular mechanisms must be involved in milk protein synthesis 

stimulation by exogenous dietary nutrients. Twelve early-lactation Holstein cows were 

randomly assigned to 15% and 12% crude protein diets in a switch-back design of 6-

week periods. Within each period, cows consuming the 12% CP diet received 96-h 

continuous jugular infusions (sub-periods) of saline and 1 kg/d glucose with 0, 75 and 

150 g/d BCAA in a Latin square sequence of treatments. Mammary and muscle tissue 

samples were collected on the last day of each infusion sub-period and used to perform 

gene expression analysis via qPCR for evidence of transcriptional regulation on milk 

protein yield induced by glucose and BCAA. Tissue samples were also collected from 

normal-CP cows after 4 wks on the diet, equivalent to sub-period 2 of the experimental 

period. In mammary tissue, expression of all genes investigated were unaffected by 

dietary or infusion treatments when evaluated per RNA, as well as per milk secretory 

cell. In response to glucose, expression of BCAT2 decreased and PDK4 mRNA 
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expression increased in the muscle, compared to SAL. BCAA infusions elicited a linear 

increase in mRNA expression of both BCKDK and TRIM63. Cows consuming the 

normal-CP diet showed decreased levels of BCAT2 mRNA expression and increased 

SLC38A2 and PIK3R1 mRNA expression compared to those on the low-CP diets. 

Overall, our findings suggest that glucose and BCAA-induced changes in milk protein 

yield are not under transcriptional control in the mammary glands of lactating dairy cows.   

5.2 Introduction 
 

Milk protein yield is affected by dietary nutrients, particularly glucose and AA; 

however the cellular mechanism responsible for these nutrient-induced milk protein 

responses are still under scrutiny. Pathways involved in global protein synthesis including 

mammalian target of rapamycin (mTOR) and integrated stress response (ISR) network 

have been shown to be involved in the short-term regulation of glucose and EAA-induced 

changes of milk protein through phosphorylation of proteins that regulate the translation 

of milk proteins (Rius et al., 2010; Toerien et al., 2010). However, these mammary 

responses lack consistency during long-term exposure to nutrients (Doelman et al., 

2015b; Nichols et al. 2017), signifying other factors may be controlling milk protein 

synthesis during chronic levels of nutritional stimuli. 

A recent EAA and glucose infusion study by Nichols et al. (2017) explored gene 

expression changes in mammary tissue to determine whether transcriptional control was 

responsible for nutrition-induced milk protein responses. It was concluded that EAA did 

not up-regulate genes related to milk protein mRNA, ribosome biogenesis nor cell 

proliferation. However, EAA did activate two of the three arms of the unfolded protein 

response (UPR) by increasing expression of XBP1s, encoding a transcription factor 
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involved in endoplasmic reticulum (ER) biogenesis and decreased mRNA expression of 

genes encoding for the pro-apoptotic protein CHOP and downstream target GADD34. 

Signalling cascades within the UPR help to maintain ER homeostasis, thereby playing an 

important role in cell differentiation as the ER drastically expands during this 

developmental stage (Rutkowski and Hedge, 2010). It is feasible that energy and AA-

induced changes in milk protein yield could be a result of changes in gene expression 

which up-regulates the ‘proactive’ arms of the UPR to promote secretory cell 

differentiation for increased milk protein synthesis. Due to the novelty of mammary gene 

expression in relation to energy and protein-induced milk protein manipulation, there is 

still potential to observe changes in genes related to cell turnover, milk mRNA and 

ribosomal biogenesis (or transcriptional control) despite the findings of Nichols et al. 

(2017).  

To further investigate the possibility of transcriptional regulation being involved 

in milk protein response to nutritional stimuli, particularly of glucose and BCAA, we 

measured gene expression in both mammary and muscle tissue. Mammary utilization 

findings from Chapter 4 implicated BCAA infusions with diverting non-branched chain 

essential AA away from the mammary gland and potentially into protein of skeletal 

muscle. We therefore wanted to explore transcriptional regulation within these tissues to 

find evidence to further support our theory that BCAA reduce milk protein yield by 

partitioning AA to skeletal muscle for protein deposition. Candidate genes analyzed in 

mammary tissue comprised of genes related to milk protein mRNA, translational 

machinery, secretory cell differentiation and turnover, BCAA catabolism and insulin 

response. There is yet to be discovered a distinct ‘marker’ of muscle protein synthesis; 

therefore, we analyzed a variety of genes in skeletal muscle tissue related to translational 
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machinery, BCAA catabolism, cell turnover and glucose/insulin response. We found that 

glucose and BCAA do not appear to manipulate milk protein yield changes through 

transcriptional control of mammary gene expression related to the UPR, nor any of the 

other genes investigated in this study. 

5.3 Materials and methods 

5.3.1 Animals, diets and experimental design 
 

The Animal Care Committee at the University of Guelph approved all 

experimental procedures conducted in this study, an extension from the previous study 

(Chapter 4). Briefly, 12 Holstein cows in their second lactation began the experiment at 

80	± 22 d of lactation and were milked twice daily. Cows were assigned the normal- and 

low-CP diets in a switch back design of two 6-week periods, which were formulated at 

15% and 12% CP to meet 105 and 87% of MP requirements and 105 and 101% of ME 

requirements, respectively, for 36 kg/d milk (NRC, 2001). More detailed information on 

formulation and nutrient content of diets are described in Chapter 4. After two weeks of 

diet adaptation, low-CP cows were subjected to a series of 96 h continuous infusions, 

which were considered to be sub-periods, in a randomized, Latin square sequence of 

treatments. Infusion treatments during the low-CP period were 0.9% saline (SAL), 1 kg/d 

glucose (GLC), 1 kg/d GLC + 75 g/d BCAA (GLC+75) or 1 kg/d GLC + 150 g/d BCAA 

(GLC+150). Collection and analysis of milk and blood samples are described in Chapter 

4 and results are reported in Tables 4.2-4.5.  

5.3.2 Tissue collection 
 

Muscle and mammary samples were collected on the last day of each infusion 

sub-period following morning milking via tissue biopsies. Muscle tissue was collected 
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from the left or right longissimus dorsi muscle in the L1 to L6 vertebral region. Cows 

were sedated with 0.5 ml intravenous xylazine and 8 ml lidocaine was injected as an 

intercostal nerve block anterior to the biopsy site. Concurrently, 5 ml of lidocaine was 

subcutaneously injected at the mammary biopsy site. Five hundred milligrams of muscle 

tissue was collected according to a protocol described by Nichols et al. (2016). 

Immediately following muscle collection, 500 mg mammary tissue was extracted from 

the right or left rear mammary gland via biopsy as described by Farr et al. (1996), 

alternating sides with each infusion period. Ketoprofen (3 mg/kg BW) was administered 

intramuscularly after all biopsy procedures were completed. Muscle and mammary 

samples were collected from normal-CP cows after 4 wks on the diet, equivalent to sub-

period 2 of the experimental period. 

5.3.3 Quantitative real-time PCR  
 

Approximately 100 mg each of mammary and muscle tissue was used to isolate 

RNA using 1 mL of TRIzol reagent (Invitrogen, Life Technologies, Burlington, ON, 

Canada) in accordance to the manufacturer’s protocol. Following RNA isolation, removal 

of DNA contamination was performed using DNase (Invitrogen) according to the 

manufacturer’s protocol. Quality of RNA for each sample was quantified using an 

Agilent 2100 Bioanalyzer (Agilent Technologies, Mississauga, ON, Canada) and RNA 

integrity number (RIN) > 6 was deemed acceptable for use. 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 the 

manufacturer’s instructions and was stored at -80°C until qPCR was performed using 

PerfeCTa SYBR Green FastMix (Quanta BioSciences, Gaithersburg, MD) with an 



 71 

Applied Biosystems 7300 Real Time PCR instrument. Primers (Integrated DNA 

Technologies, Coralville, IA) were designed to yield PCR amplification of 100 to 300 bp 

(Table 4.1) with efficiency of 90% or greater.  

Of the candidate genes (Table 5.1) chosen for analysis of expression in mammary 

and skeletal muscle tissue (17 and 30, respectively), the most stably expressed genes were 

chosen to be the ‘reference genes’ for normalization. To determine gene stability, 

variance in cycle threshold (Ct) value due to cow, period and treatment was calculated 

and the coefficient of variation for each examined gene was calculated by dividing the 

total sum of squares due to cow + period + treatment by degrees of freedom of 18 and the 

mean Ct value. Genes with the lowest coefficient of variation were UXT for mammary 

tissue and EMD for skeletal muscle. Fold changes in gene expression were calculated by 

the 2ΔΔCt method (Livak and Schmittgen, 2001) using the respective reference gene. As in 

Chapter 2, we also wanted to assess gene expression per mammary secretory cell; 

therefore, normalization to the average of both CSN2 and LALBA gene expression was 

used to determine the expression of the candidate genes per mammary secretory cell.  

5.3.4. Statistical Analyses 
 

Variances in natural log-transformed gene expression data were analyzed as an 

incomplete randomized block design with cow and sub-period as blocking factors. The 4 

infusion treatments in low-CP periods were distributed evenly across all 4 sub-periods, 

while measurements on the high-CP treatment were taken during sub-period 2 only, 

representing the middle of the period. The following model was solved using the MIXED 

procedure of SAS (SAS Institute Inc., Cary, NC): 

Yijk = µ + cowi + perj + trtk + εijk 
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where µ = overall mean, cowi = random effect of cow (i = 1 to 12), perj = fixed effect of 

sub-period (j = 1 to 4), trtk = fixed effect of treatment (k = 1 to 5), and εijk = experimental 

error. Due to sampling errors, outliers were removed from gene expression data. Effects 

were considered significant at P ≤ 0.05 and tendencies at 0.05 < P ≤ 0.10. Least-squares 

treatment means were separated using the pdiff option of SAS when overall treatment P < 

0.05. Effects of BCAA were estimated as linear contrasts between GLC, GLC+75, and 

GLC+150, and were declared significant when P-values for quadratic contrasts were not 

significant. 

5.4 Results 

5.4.1 Mammary mRNA expression     
 

When normalized to UXT, expression of candidate genes in all categories were 

found to be unaffected by infusion of GLC compared to the mRNA expressions on the 

SAL treatment (P > 0.22; Table 5.2). Infusion of BCAA failed to linearly increase or 

decrease mRNA expression of candidate genes (P > 0.17). It was also found that cows on 

the normal-CP diet showed no change (P > 0.11) in expression of mammary mRNA 

compared to the low-CP diet, absent of any infusions. Similar infusion and dietary 

treatment results were found when genes were normalized to csn2 and lalba (GLC, P > 

0.20; BCAA, P > 0.33; dietary treatment P > 0.17; Table 5.3) 

5.4.2 Muscle mRNA expression    
 

Infusion treatments on the low-CP diet did not affect any genes related to 

translational machinery compared to SAL (P > 0.15; Table 5.4). GLC decreased 

expression of bcat2 28% (P = 0.01) and increased pdk4 mRNA expression by 48% 

compared to SAL (P < 0.01). BCAA did elicit a linear increase in mRNA expression of 
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bckdk (P = 0.02) under the BCAA catabolism category and an increase in trim63 

expression, belonging to the cell turnover-related gene category (P = 0.04). All other 

genes remained unaffected by GLC and BCAA infusions (P > 0.13).  

There was no effect on translational machinery or cell turnover-related gene 

expression in cows on the normal-CP diet compared to cows on low-CP diets (P > 0.11). 

mRNA expression changes to dietary treatments fell under the BCAA catabolism and 

glucose/insulin response-related genes categories. Cows consuming the high-CP diets 

showed decreased levels of bcat2 mRNA expression (P = 0.01) by 36% and increased 

slc38a2 mRNA expression (P < 0.01) by 45% compared to those on the low-CP diets. A 

32% increase in the expression of pik3r1 was found when cows consumed the normal-CP 

diet compared to the low-CP diet. All other genes were unaffected by level of CP in the 

diet (P > 0.16). 

5.5 Discussion  

5.5.1 Mammary mRNA Expression Unaffected by Glucose or BCAA 
 

We found no change in mammary mRNA expression of cows receiving 96-h 

continuous infusions of 1 kg/d glucose, despite a significant increase in milk protein 

yield. Furthermore, the linear decrease in milk protein yield we observed during BCAA 

infusions was not accompanied by any mammary gene expression response. In agreement 

with our study, the EAA infusions of Nichols et al. (2017) failed to elicit mammary gene 

expression changes of similar candidate genes related to milk protein mRNA, cell 

proliferation and ribosome biogenesis in dairy cows, despite an increase in milk protein 

yield of approximately 250 g/d. However, EAA did increase the proportions of 

xbp1s:xbp1u and xbp1s:xbp1t. The gene XBP1 encodes for a protein involved in the 
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‘unfolded protein response’ (UPR), a cellular mechanism that responds to stress-related 

and non-stress related physiological stimuli to help maintain endoplasmic reticulum (ER) 

homeostasis. In circumstances where ER stress becomes irreversible, signalling will lead 

to what is termed the ‘terminal UPR’, driving cells into apoptosis (Hetz et al., 2010). In 

the stage of cell development, including differentiation, there is considerable ER 

expansion but this event leads to a ‘proactive UPR’ that anticipates the impending 

demand on the ER so it can adjust cellular physiology before dysfunction in the ER 

occurs. Nichols et al. (2017) were able to associate non-stress-related, adaptive 

capabilities of the UPR in the long-term nutritional regulation of milk protein yield based 

on xbp1s mRNA findings. We however, were unable to detect any evidence to further 

support this novel theory. Expression of xbp1s may not be as sensitive to BCAA as it is to 

the other EAA that were infused in the Nichols et al. (2017) study, which could explain 

why they observed changes in proportions of xbp1s:xbp1u and xbp1s:xbp1t and we did 

not.  

Energy source also has shown an effect on UPR-related gene expression. Infusing 

1 kg/d of glucose had a tendency to stimulate increases in mammary ddit3 and ppp1r15a 

mRNA expression, although milk protein yield was unaffected (Li et al., 2017). DDIT3 

and PPP1R15A encode for CHOP and GADD34, respectively, which are involved in a 

negative feedback loop within the UPR that ultimately re-initiates global protein 

synthesis. These findings indicate that up-regulation of mRNA expression of ddit3 and 

ppp1r15a did not cause an increase in milk protein yield. In contrast, our study found that 

infusion of 1 kg/d glucose did not change ddit3 and ppp1r15a mRNA levels despite there 

being an increase of 63 g/d milk protein compared to control cows. Discrepancy in these 

findings could be due to factors that differed between the Li et al. (2017) study and our 
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own, such dietary CP content (16.1 vs. 12.6%, respectively) or level of net energy for 

lactation (1.42 vs 1.52 Mcal/kg, respectively). Given the novelty of exploring mammary 

gene expression in response to exogenous nutrients, further research should be conducted 

to reach a more definite conclusion.    

5.5.2 Glucose and BCAA do not appear to stimulate muscle BCAA catabolism 
 

It has been speculated that disappearance of plasma BCAA in response to glucose 

infusions when milk protein yield is either unaffected or decreased could be due to their 

utilization elsewhere, such as in skeletal muscle. Expression of BCAA catabolism-related 

genes in the mammary gland did not change, despite evidence of stimulated milk protein 

synthesis and reduction of plasma BCAA. We would then expect some level of BCAA 

catabolism to be occurring in skeletal muscle; however, we did not find such evidence. 

Instead, expression of bcat2, a gene encoding for branched-chain aminotransferase 2 

which catalyzes the first step in BCAA metabolism, was decreased by 28% compared to 

control cows. Li et al. (2017) abomasally infused 1.1 kg/d and 2.2 kg/d of glucose and 

found bcat2 expression to decrease in cows on the lower glucose infusion compared to 

control cows. Infusion of 1.1 kg/d of glucose is comparable to our own experimental 

glucose infusion, so it is not surprising similar findings were found. However, these 

findings fail to support the theory of BCAA catabolism in skeletal muscle when milk 

protein yield is stimulated and plasma BCAA concentrations are reduced. An expected 

insulin/glucose response to a 12-h glucose infusion was found in lactating dairy cows by 

which pdk4 mRNA expression in skeletal muscle was decreased to facilitate glucose 

metabolism (Li et al., 2017). Studies conducting hyperglycemic-euinsulinemic clamps in 

humans have also found pdk4 expression to be suppressed after 3 to 4 hours (Meugnier et 



 76 

al., 2007; Tsintzas et al., 2013). After 96-h continuous glucose infusion, cows 

demonstrated a stimulatory response in pdk4 expression, indicating an inhibitory effect 

on glucose metabolism in our study, which was not expected.  

The effects of BCAA infusion on gene expression in skeletal muscle were limited, 

but the effects that were observed on mRNA expression were confounding. The product 

of TRIM63 plays an important role in the regulation of muscle protein degradation via 

ubiquitination during amino acid starvation. We found an increase in trim63 expression in 

cows receiving exogenous BCAA, indicating muscle proteins were being catabolized to 

provide amino acids elsewhere in the body. Although plasma BCAA concentrations of 

cows on the 12% CP diet during BCAA infusions returned and exceeded concentrations 

of the saline control cows, the overall lower plasma non-branched chain essential amino 

acid levels (Chapter 4) may have elicited muscle degradation through TRIM63. On the 

other hand, muscle bckdk mRNA expression was found to decrease with BCAA 

infusions, which indicates reduced BCAA catabolism through inhibition of BCKDHA. It 

does indeed appear that exogenous BCAA has the capability to affect muscle gene 

expression in lactating dairy cows. However, due to there being such little research on 

muscle gene expression manipulation through glucose and BCAA in dairy cows, it is 

difficult to make any definitive conclusions from our current findings.  

5.5.3 Normal-CP diets stimulate cellular uptake of AA in skeletal muscle 
 

Finally, dietary CP level did provoke changes in muscle mRNA expression, 

particularly of genes relating to BCAA catabolism and a glucose/insulin response. Cows 

consuming the normal-CP diets demonstrated higher mRNA levels of slc7a5, a gene 

encoding a transporter protein for the uptake of large neutral amino acids, particularly the 



 77 

BCAA as well as tyrosine and phenylalanine, as well as pharmaceutical drugs (Dickens et 

al., 2017). Cows on the normal-CP diet had overall greater plasma total AA 

concentrations, including BCAA (Chapter 3), compared to cows on the low-CP diet, 

which can be attributed to a greater dietary AA supply. Therefore, it is expected that 

slc7a5 mRNA expression in the muscle would increase in response to this plasma AA 

increase. Contrary to this finding, bcat2 expression was found to be significantly lower in 

cows on normal-CP diets compared to low-CP diets, indicating BCAA catabolism in the 

muscle is being up regulated when dietary protein is reduced. Expression of pik3r1, 

which encodes a protein necessary for the insulin-stimulated glucose uptake and glycogen 

synthesis in insulin-sensitive tissues, was higher in cows consuming the normal-CP diet 

versus low-CP diets.  

5.6 Conclusions  
 

In the present study, the response of mammary gene expression to infusions of 

glucose or BCAA was not different, nor was it affected when feeding normal- and low-

CP diets. This suggests that exogenous glucose and BCAA, as well as dietary CP content 

had minimal impact on the transcriptional control of milk protein synthesis in lactating 

dairy cows. However, other studies have demonstrated evidence supporting nutrient 

involvement in the transcriptional regulation of milk protein synthesis, particularly 

through the novel UPR signalling cascade. Due to the novelty of this discovery, 

additional research should be conducted to contribute further evidence to either confirm 

or disprove the notion that UPR may be implicated with glucose and/or AA-induced 

changes in milk protein yield. 
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Table 5.1 Primer sequences for qPCR analysis in bovine mammary and skeletal muscle tissue1 

Gene Protein Primer Sequence NCBI Reference 

ACADL ACADL 5’- ATGCCCGTGTCCAGACAATC 
3’- GGGATGTGGGCAGATGTCTACT 

NM_001076936 
 

ACADM  ACADM 5’- GAGTGCCCAAGGAAAATGTTTT 
3’- ATGCTCCCATTGCAATTTTGA 

3 ’- 

NM_001075235 
 

ACADS ACADS 5’- CAGTGGGTTGCTCCCTTCAC 
3’- TGGTTCACTGAGGGCAAAGC 

NM_001034401 
 

ACADSB ACADSB 5’- GCGCTGCTACGAAGAAACTTC 
3’- TTGTCGCTTTGAGCTGAGCTT 

NM_001017933 
 

ACSS1 ACSS1 5’- GAGCGAGATGAGCCTGGAACT 
3’- GGCGGACTCCATACCTCTTG 

NM_174746 

ATF3 ATF3 5’- CCTGCAGAAAGAGTCGGAGAA 
3’- CCTCAATCTGCGCCTTCAG 

NM_001046193 

ATG4B ATG4B 5’- CAAGAAGCTGGCTGTCTTCGA 
3’- TGCTCCTGCATAACCTCCTGAT 

NM_001001170 

BCAT1 BCAT1 5’- TGGCCCCACGATGAAGGATT 
3’- AACGGTGGCTCGTGTGATTA 

NM_001083644 

BCAT2 BCAT2 5’- GACGGCATCATCCTACCTGG 
3’- CAGTGCCTGAACCGAAGACT 

NM_001013593 

BCKDHA BCKDH E1-α 5’- TTTGGAGACCAAGTCGAGGC 
3’- GAAATCTAGCCAGCCCACGA 

NM_174506 

BCKDK  BCKDK 5’- CACTCCAACCATGATGCTCTATTC 
3’- AGCGATCCTCACTGGCAACT 

NM_001045906 

CCND1 cyclin D1 5’- GCTCCTGTGCTGCGAGATG 
3’- GCTCTTTTTCACGGGCTCCA 

NM_001046273 
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Table 5.1 Continued   
CSN2 β-casein 5’- CAGGCCTTTCTGCTGTACCA 

3’- CAAAAGTGAGGAGGGGGCAT 
KC993858 

DDIT3 CHOP 5’- CAAAGCCGGAACCTGAGGAG 
3’- TCCTGCAGGTCCTCATACCA 

NM_001078163 

DDIT4 REDD1 5’- AGCCTTTGGGATCGCTTCTC 
3’- GCTGATTTGGGGTGGGAGTT 

NM_001075922 

EMD  Emerin 5’- GCCCTCAGCTTCACTCTCAGA 
3’- GAGGCGTTCCCGATCCTT 

NM_203361 
 

FBXO32  FBXO32 5’- ACCCGTGCACAGCCAATAAC 
3’- GTGCTGTCATGTGCTGGGATT 

NM_001046155 

HADHA  HADHA 5’- CAGGAAGGAGTTGGCCCTAAG 
3’- CGACATCCACACCACCTTCA 

NM_174335 

HK2  Hexokinase 2 5’- GGGTCGACGGCTCAGTCTAC 
3’- CCGCACGGTCTTGTGAAGA 

XM_015465313 

HSPA5 BiP 5’- TGAACGACCCCTGACGAAAG 
3’- TGCGCTCCTTGAGCTTTTTG 

NM_001075148 

IGF1  IGF1 5’- AGAGGGAGTGCAGGAAACAAGA 
3’- AACTCGTGCAGAGCGAAGGA 

NM_001077828 

IGF1R IGF1R 5’- ATGGCCAGAACCTGAGAATCC 
3’- CTCCTGTCTGGACACACATTCC 

NM_001244612 

IVD  IVD 5’- GGCAATGGCTACATCAACGA 
3’- TGACGAGCCGCCTCACTT 

NM_001034382 

LALBA α-lactalbumin 5’- AGTCCTTTCGTCCCAGCACTA 
3’- AACCGGAGTCTGCTTGATGA 

JN258330 

LARS  LARS 5’- GCCATGGCAGATGCAGGTA 
3’- TATTGGCAGGACCACTTCTTAGG 

NM_001102492 

PDK4 PDK4 5’- CAGGTGGACAGGGCAGTCTAG 
3’- TCCTCCTTTTCCATCTTTCTTCTTT 

NM_001101883 
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Table 5.1 Continued   
PIK3R1 PIK3R1 5’- CACCTCGACCCCTTCCTGTT 

3’- GGTGCGAACTGCTCTGCAA 
NM_174575 

POLR2A POLR2A 5’- ACTCCATCGCTGATTCTAAGACTTATC 
3’- CTCGTTGTTATGTGCCTTCTCAA 

NM_001206313 

PPIA  PPIA 5’- TTATGTGCCAGGGTGGTGACT 
3’- GCCAGGACCTGTATGCTTCAA 

NM_178320 

PPP1R15A GADD34 5’- CAACCAGGAGACACAGAGGA 
3’- ACTCTGGGTTGAAGGGAGG 

NM_001046178 

RNA45S5 45S pre-ribosomal 
RNA 

5’- CTCGCCAAATCGACCTCGTA 
3’- TGCTTTCGAAGTGTCGGTGA 

NR_046257 

RPL14 RPL14 5’- TCTCCATATGCTGCCATGTTG 
3’- GCCCAGCTCCTTGCATCTC 

NM_001077830 
 

RPL22 RPL22 5’- GGATCAAGGTGAATGGAAAAGC 
3’- GAAAAGGGCACCTCGGAAGT 

XM_019976637 
 

RPS6KB1 S6K1 5’- TGACAGCCCAGATGACTCAG 
3’- TGGGCTGCCAATAATCTTC 

NM_205816 

SLC38A2 SLC38A2 5’- GCTGGTGGTTTGGGCCGTGT 
3’- GTAGTCGCCGCCCGACTTGG 

3’-  

NM_001082424 
 

SLC7A5  SLC7A5 5’- CAAGCCGGTGGTCATCTTG 
3’- AACCCGGCCAGTCCAATAG 

 

NM_174613.2 
 

TRIM63 TRIM63 5’- TGTGGCCCTTGGATATGGTT 
3’- GGTTGTCGCTGAGCTCTGTG 

 

NM_001046295 
 

UXT  UXT 5’- TGCTGAGTCCGCAGCAGGTG 
3’- AGAATGCCCAACAGGATGTC 

 

NM_001037471 

XBP1T XBP1 total 5’-  TTCAGCCCCTCAGAGAAAGA 
3’- CTCCCAAGAATGGTCTGCAT 

BC102639 

XBP1S XBP1 spliced 5’-  TGCTGAGTCCGCAGCAGGTG 
3’-  AGAATGCCCAACAGGATGTC 

BC102639 
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Table 5.1 Continued   
XBP1U XBP1 unspliced 5’-  AGACTACGTGCACCTCTGCAG 

3’-  AGAATGCCCAACAGGATGTC 
BC102639 

1ACADL = acyl-CoA dehydrogenase, long chain; ACADM = acyl-CoA dehydrogenase, C-4 to C-12 straight chain, ACADS = acyl-
CoA dehydrogenase, C-2 to C-3 short chain, ACADSB = acyl-CoA dehydrogenase, short/branched chain; ACSS1 = acyl-CoA 
synthetase short-chain family member 1; ATF3 = activating transcription factor 3; ATG4B = autophagy related 4B cysteine peptidase; 
BCAT1 = branched-chain amino acid transaminase 1; BCAT2 = branched-chain amino acid transaminase 2; BCKDH E1-α = branched-
chain keto-acid dehydrogenase e1 = α subunit; BCKDK = branched-chain ketoacid dehydrogenase kinase; DDIT3 = DNA damage 
inducible transcript 3; CHOP = C/EBP homologous protein; DDIT4 = DNA damage inducible transcript 4; REDD1 = regulated in 
DNA damage and development 1; FBXO32 = F-box protein 32; HADHA = hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA 
thiolase/enoyl-CoA hydratase (trifunctional protein) alpha subunit;  HSPA5 = heat-shock protein A5; IGF1 = insulin-like growth factor 
1; IGF1R = insulin-like growth factor 1 receptor; IVD =  isovaleryl-CoA dehydrogenase; LARS = leucyl-TRNA synthetase; PDK4 = 
pyruvate dehydrogenase kinase 4; PIK3R1 = phosphoinositide-3-kinase regulatory subunit 1; POLR2A = RNA polymerase II subunit a; 
PPIA = peptidylprolyl isomerase A; PPP1R15A = protein phosphatase 1 regulatory subunit 15A; GADD34 = growth arrest and DNA 
damage-inducible 34; RN45S5 = 45S ribosomal RNA; RPL14 = ribosomal protein L14; RPL22 = ribosomal protein L22, RPS6KB1 = 
ribosomal protein S6 kinase b1; S6K1 = 70-kDa ribosomal protein S6 kinase; SLC38A2 = solute carrier family 38 member 2; 
SLC38A2 = solute carrier family 7 member 5; TRIM63 = tripartite motif containing 63; UXT = ubiquitously expressed prefoldin like 
chaperone; XBP1 = X-box binding protein 1  

 
 

 

 

 

 

 

 



 82 

Table 5.2 Mammary tissue expression (arbitrary units) of genes for milk protein mRNA, translational machinery, 
secretory cell differentiation, secretory cell turnover, BCAA catabolism and insulin response in lactating dairy cows 
receiving i.v. infusions of  GLC and BCAA for 4 d1 

  Treatment1 

  
Low CP     

 
Normal CP 

 

 

Sal GLC GLC+75 GLC+150 SEM P-value 
Gene n=11 n=11 n=11 n=11 n=10   
Milk protein mRNA        
csn2 0.46 0.66 0.60 0.48 0.58 0.223 0.85 
lalba 2.79 2.12 1.07 2.74 1.36 0.684 0.53 

Translational machinery         

rna45s5 0.67 1.02 0.83 1.01 0.86 0.161 0.18 
rps6kb1 1.40 0.90 0.99 0.98 1.09 0.145 0.21 

Secretory cell  
differentiation  

       

ddit3 1.63 1.13 1.13 1.31 1.40 0.188 0.33 

ddit4 1.21 1.03 0.98 1.45 0.77 0.238 0.34 

hspa5 1.79 1.54 1.01 0.65 0.95 0.535 0.57 

ppp1r15a 0.87 1.25 0.80 0.91 0.80 0.205 0.59 
xbp1t 0.46 1.25 0.87 1.7 1.12 0.365 0.27 

xbp1u 0.76 1.23 1.10 1.99 1.36 0.387 0.20 

xbp1s 0.45 0.69 0.79 0.73 0.82 0.179 0.25 
xbp1s/xbp1u 0.54 0.72 0.65 0.52 0.60 0.080 0.69 
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Table 5.2 Continued        
xbp1s/xbp1t 0.45b,c 0.62a,b 0.68a 0.47c 0.65a 0.0511 0.04 
xbp1u/xbp1t 0.85 1.19 1.10 1.03 1.36 0.182 0.70 
Secretory cell turnover        

ccnd1 0.87 1.09 1.10 1.22 0.88 0.131 0.70 

BCAA catabolism         
bcat1 1.29 1.32 1.42 1.23 1.31 0.250 0.82 

bcat2 0.68b 1.05a,b 0.70b 1.21a 1.06a,b 0.201 0.08 

bckdha 0.87 1.04 0.77 1.02 0.83 0.123 0.34 

bckdk 0.87 0.93 0.88 0.98 1.02 0.082 0.63 
Insulin response         
pik3r1 0.96 0.98 0.89 0.86 0.98 0.113 0.81 

a-c Values within a row with different subscripts differ significantly at P ≤ 0.05. 
1Data presented as least squares means from mammary tissue collected on d 4 of each infusion period. Fold changes in gene expression were 
calculated using the 2Δ ΔCt method after normalization to the housekeeping gene UXT. 
2Infusion treatments were 0.9% saline (SAL), 1 kg/d glucose (GLC), 1 kg/d glucose + 75 g/d BCAA (GLC+75) or 1 kg/d glucose + 150 g/d BCAA 
(GLC+150). BCAA (Val, Leu and Ile) were infused in a 1:1:1 weight ratio.  
*Linear effect of BCAA at P ≤ 0.05. 
†Linear effect of BCAA at P ≤ 0.10.  
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Table 5.3 Mammary tissue expression (arbitrary units) of genes for milk protein mRNA, translational machinery, secretory 
cell differentiation, secretory cell turnover, BCAA catabolism and insulin response in lactating dairy cows receiving i.v. 
infusions of  GLC and BCAA for 4 d1 

  Treatment1 

  
Low CP     

 
Normal CP 

 

 

Sal GLC GLC+75 GLC+150 SEM P-value 
Gene n=11 n=11 n=11 n=11 n=10   
Translational machinery         
rna45s5 2.24 3.05 2.73 2.32 2.25 0.501 0.73 
rps6kb1 3.18 3.44 3.46 2.67 3.28 0.690 0.93 

Secretory cell differentiation       

ddit3 1.90 2.02 1.86 1.70 1.85 0.456 0.69 
ddit4 2.38 2.82 2.90 2.60 1.73 0.604 0.57 

hspa5 1.14 1.15 0.99 0.84 1.26 0.266 0.83 

ppp1r15a 2.29 1.40 1.32 1.28 1.07 0.317 0.78 

xbp1t 1.55 1.28 1.33 1.44 1.00 0.285 0.91 
xbp1u 0.93 1.65 1.34 1.46 1.32 0.340 0.87 

xbp1s 1.33 1.98 1.75 1.62 1.60 0.337 0.72 

xbp1s/xbp1u 1.35 1.78 1.61 1.29 1.50 0.199 0.70 
xbp1s/xbp1t 1.12b,c 1.54a,b 1.69a 1.17c 1.61a 0.128 0.04 

xbp1u/xbp1t 0.85 1.19 1.10 1.03 1.36 0.182 0.70 
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Table 5.3 Continued        
Secretory cell turnover        
ccnd1 2.41 1.67 1.93 1.44 1.33 0.436 0.53 
BCAA catabolism         

bcat1 3.84 3.95 4.29 4.33 4.00 1.091 0.90 

bcat2 2.36 2.41 2.44 2.39 2.24 0.459 0.95 
bckdha 2.64 2.82 2.57 2.16 2.02 0.484 0.84 

bckdk 3.63 3.08 2.23 2.47 2.96 0.660 0.96 

Insulin response         

pik3r1 2.85 3.53 3.53 2.62 3.43 0.742 0.90 
1Data presented as least squares means from mammary tissue collected on d 4 of each infusion period. Fold changes in gene expression were 
calculated using the 2Δ ΔCt method after normalization to the milk protein gene CSN2 and LALBA. 
2Infusion treatments were 0.9% saline (SAL), 1 kg/d glucose (GLC), 1 kg/d glucose + 75 g/d BCAA (GLC+75) or 1 kg/d glucose + 150 g/d BCAA 
(GLC+150). BCAA (Val, Leu and Ile) were infused in a 1:1:1 weight ratio.  
*Linear effect of BCAA at P ≤ 0.05. 
†Linear effect of BCAA at P ≤ 0.10.  
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Table 5.4 Muscle expression (arbitrary units) of genes for BCAA catabolism, translational machinery, secretory cell turnover 
and glucose/insulin response in lactating dairy cows receiving i.v. infusions of  GLC and BCAA for 4 d1 

  Treatment2 

  
Low CP     

 
Normal CP Sal GLC GLC+75 GLC+150 SEM P-value 

Gene n=12 n=11 n=12 n=12 n=11   
BCAA catabolism         
  acadl 0.68b 0.85b 0.77b 1.08a 0.83b 0.093 0.06 

  acadm 0.97 0.83 0.74 1.10 0.87 0.105 0.14 

. . . . . . 
 

  acads 1.16 1.07 1.15 1.71 1.67 0.347 0.63 

  acadsb 0.67 0.87 0.67 0.87 0.77 0.097 0.40 

  bcat1 1.03 1.17 0.92 1.09 1.20 0.167 0.66 

  bcat2 0.55b 0.86a 0.62b 0.63b 0.75a,b 0.073 0.05 
  bckdha 1.52 1.03 1.06 1.10 1.22 0.144 0.25 

  bckdk 0.65b 1.14b 1.24b 2.36a 2.22a 0.335 <0.01* 

  hadha 0.80 0.68 0.81 1.24 0.90 0.218 0.26 
  ivd 0.62a,b 0.86a 0.61b 0.77a,b 0.59b 0.080 0.05 

  slc7a5 2.75a 1.51b,c 1.26b,c 1.02c 1.82b 0.381 <0.01 

  slc38a2 0.95 1.17 1.22 0.97 1.24 0.151 0.42 

Translational machinery         
  atf3 1.23 1.03 1.02 1.49 1.37 0.266 0.43 

  lars 1.10 1.20 0.98 1.17 1.53 0.253 0.70 
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Table 5.4 Continued         
  rna45s5 0.21a 0.50a,b 0.29b 0.57a 0.49a 0.075 0.04 
  rpl14 1.09 1.06 0.82 0.85 0.99 0.138 0.54 
  rpl22 1.01 1.08 0.96 0.97 1.15 0.085 0.46 

  rps6kb1 1.17 0.98 0.98 0.91 1.08 0.091 0.33 

Cell turnover        
  atg4b 1.11 1.00 0.87 1.19 1.03 0.201 0.89 

  ddit3 0.95 0.97 0.92 0.90 1.11 0.132 0.42 

  ddit4 2.31 1.31 1.90 2.22 2.16 0.408 0.45 

  fbxo32 1.49 1.11 1.29 1.45 1.32 0.211 0.24 
  trim63 1.75a 0.96a,b 0.91b 1.79a,b 1.72a 0.301 0.08* 

Glucose/insulin response        

  hk2 1.04 0.72 0.75 0.99 1.00 0.178 0.49 

  ifg1 0.96 0.84 0.96 1.32 0.96 0.142 0.27 

  ifg1r 1.06 0.68 1.10 1.27 0.98 0.199 0.23 

  pdk4 1.18b,c 1.53c 2.95a 2.41a,b 3.20a 0.388 <0.01 

  pik3r1 1.54a 1.05b 1.22a,b 1.06b 1.44a 0.114 0.04 
a-c Values within a row with different subscripts differ significantly at P ≤ 0.05. 
1Data presented as least squares means from muscle tissue collected on d 4 of each infusion period. Fold changes in gene expression were calculated using 
the 2Δ ΔCt method after normalization to the housekeeping gene EMD. 
2Infusion treatments were 0.9% saline (SAL), 1 kg/d glucose (GLC), 1 kg/d glucose + 75 g/d BCAA (GLC+75) or 1 kg/d glucose + 150 g/d BCAA 
(GLC+150). BCAA (Val, Leu and Ile) were infused in a 1:1:1 weight ratio.  
*Linear effect of BCAA at P ≤ 0.05. 
†Linear effect of BCAA at P ≤ 0.10. 
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CHAPTER 6 

GENERAL DISCUSSION 
 
 
 The studies presented in this thesis have been conducted to expand our knowledge 

on the utilization of dietary nutrients in the lactating dairy cow for the purpose of 

producing milk protein. More specifically, this research was carried out to address the 

unanswered question ‘through what cellular mechanisms does dietary carbohydrate and 

protein elicit its effects on milk protein synthesis in dairy cows?’ Despite many studies 

having explored this issue prior to our own, there still remains a great number of 

uncertainties and inconsistencies in the literature, which justifies further research. 

Understanding precisely what cellular pathways or mechanisms these dietary nutrients 

are exploiting to regulate protein synthesis in the mammary glands would ultimately aid 

in the overall goal of reducing dietary protein in diets of lactating cows. 

 Dietary protein is the most expensive feed ingredient in dairy rations, representing 

42 to 50% of the total feed cost to producers, which makes it a significant factor in 

regards to farm profitability. Based on guidelines set out by the National Research 

Council, it is recommended to feed CP at 17.5 to 19% of the diet to support high levels of 

milk production (NRC, 2001). However, feeding these levels has been considered to be 

‘overfeeding’ protein and negatively impacts both cow performance and the environment. 

Milk N efficiency (MNE), which is the conversion of dietary CP to milk protein, is 

typically low, between 25 to 35% in the lactating dairy cow (Murphy et al., 1987; Cant et 

al., 1991; Lynch et al., 1991; Christensen et al., 1993) and, consequently, 65 to 80% of 

dietary N intake is lost in the feces and urine which contributes to environmental 
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pollution (Cowling and Galloway, 2002; Hristov et al., 2011). Therefore, the interest in 

feeding dairy rations of lower CP content has been fueled by the demand for the dairy 

industry to reduce its impact on the environment. Current ration formulation software 

including NRC (2001), CPM Dairy and other proprietary models account for most of the 

digestive tract losses and assume post-absorptive losses are a constant fraction of milk 

protein yield, which is not the case. Greater knowledge of energy and protein supply 

post-absorptive interactions and how they modify milk component synthesis at the 

molecular level would improve the current mathematical models behind feed formulation 

software, resulting in more accurate feeding of protein to dairy cows to reduce dietary CP 

content, as well as increase milk nitrogen efficiency.  

 Current research has been heavily focused on examining the translational control 

of milk protein through cellular mechanisms that are involved in global protein synthesis 

regulation, including mammalian target of rapamycin and the integrated stress response 

network. To date, findings have confirmed that these pathways are indeed involved in 

energy and protein-induced changes in milk protein yield, particularly as an immediate 

response to dietary perturbation. The purpose of further investigation into this field of 

research stems from the fact that although translational regulation of milk protein can 

often explain the short-term response to nutritional manipulation, it does not hold true 

when examining long-term responses.  

Prior to mRNA being translated into a protein, a copy of DNA must first be 

created, called messenger RNA (mRNA), through the process called transcription. In this 

thesis, we hypothesized that transcriptional control was involved in the milk protein 

responses to long-term energy and protein provision to lactating dairy cows. Our first 
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study on gene expression found a stimulatory effect of high dietary protein on genes 

related to translational machinery (Chapter 3), particularly on those encoding for 

translation initiation factors and ribosomal proteins. In our second experiment (Chapter 

5), we demonstrated that glucose and/or BCAA infusions did not affect gene expression 

in the mammary glands of lactating cows consuming low-CP diets. Other recent studies 

have implicated milk protein response to nutrient provision to dairy cows with enhanced 

secretory cell differentiation through the unfolded protein response (UPR) network 

(Nichols et al., 2017; Li et al., 2017). Our second experiment quantified mammary gene 

expression of similar UPR-related genes but did not observe any changes, contradicting 

those findings. However, the UPR has potential to explain how long-term nutrient supply 

influences milk protein yield and should not be dismissed due to our opposing findings. 

Although the results in our studies were generally inconclusive, transcriptional regulation 

in the mammary glands for explaining how nutrients affect milk protein synthesis is still a 

relatively novel theory and therefore, there is justification in conducting more 

experiments to further our understanding.  

 Valine, leucine and isoleucine (collectively referred to as the BCAA) are the most 

important essential amino acids for milk protein synthesis, as they comprise 50% of the 

AA in milk proteins (Mackle et al., 1999). Various studies have observed plasma BCAA 

reductions when exogenous energy substrates, including glucose and propionate, were 

supplied to lactating dairy cows (Raggio et al., 2006a; Curtis et al., 2014; Nichols et al., 

2016). One might predict that the mammary gland is extracting BCAA from the blood for 

utilization in milk protein synthesis; however, these studies saw modest or no milk 

protein yield responses to the provision of glucose or glucose precursors. One of the 
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hypotheses addressed in this thesis suggests that depletion of plasma BCAA contributes 

to the poor stimulation of milk protein yield by glucose. In our experiment, glucose 

infusions did indeed reduce plasma BCAA levels, but actually caused a modest increase 

in milk protein yield. However, replenishing BCAA concentrations to the levels observed 

without glucose infusion did not further stimulate milk protein yield, indicating that the 

glucose effect on milk protein yield is not limited by low BCAA concentrations and 

thereby disproves the hypothesis.  

Replacing BCAA that are depleted in the blood of lactating dairy cows due to 

postruminal glucose infusions was of great interest to us, as no other experiments have 

been conducted to examine the effects of BCAA replenishment in cows to our 

knowledge.  First and foremost, we wanted to determine the amount of infused BCAA 

required to maintain plasma concentrations during infusion of 1 kg/d glucose, which we 

calculated to be 60 g/d of BCAA. Nichols et al. (2017) estimated that the utilization of 

BCAA induced by 1 kg/d glucose to be 136 g/d, but this was on a high plane of EAA 

nutrition, while our study was conducted on a low-CP ration. Interestingly enough, the 

delivery of supplemental BCAA to cows, in which exceeded plasma BCAA levels seen 

without glucose infusion, negatively affected milk protein yield. This was an unexpected 

observation, as we predicted milk protein synthesis would in fact be stimulated by the 

replenished BCAA concentrations. However, milk protein yield response to BCAA 

infusions was consistent with the findings of overall lower circulating non-branched 

chain EAA levels, as well as lower mammary uptakes of these AA. It appears as though 

supplementing BCAA to lactating dairy cows in early lactation directs these EAA away 

from the mammary gland. To further build on this theory, we were able to rule out the 
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possibility of AA being catabolized in the body by measuring plasmas urea levels which 

were consistent across infusion treatments, leading us to believe that these non-branched 

chain EAA are being directed to another large protein pool in the body, the skeletal 

muscle, for the synthesis of protein.  

Through this research, we have expanded our understanding of AA utilization and 

partitioning in lactating dairy cows receiving exogenous supplies of glucose and BCAA. 

There is potential for the use of BCAA in the manipulation of milk protein yield. In early 

lactating cows, body fat reserves are mobilized to support milk production, as nutrition 

alone does not supply enough substrates to match milk production demands. It is 

important to increase body condition during late lactation through nutrition, but not so 

much that cows become over conditioned, as they will experience metabolic problems 

such as ketosis or fatty liver. Perhaps a similar situation could be generated to increase 

body protein reserves to subsequently allow for greater AA mobilization at the onset of 

lactation to either increase milk protein yield, or potentially maintain protein yields for a 

longer duration during lactation. Based on our experimental findings, provision of BCAA 

(treated to be rumen-protected) in combination with a low-CP diet during late lactation 

would re-direct non-branched chain essential AA towards skeletal muscle for the purpose 

of increasing body protein deposition in cows. After parturition, when demands for 

energy and protein for milk production are at their highest, this larger protein pool would 

supply more AA for utilization in milk protein synthesis. To achieve greater milk protein 

yields through this nutritional intervention, milk secretory cell capacity would be required 

to substantially increase via transcription and translation, which may not be possible from 

a biological standpoint. On the other hand, maintaining milk protein yields throughout 
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lactation via prolonged mobilization of AA from skeletal muscle would seem a more 

feasible process which would result in a higher total milk protein yield for a 305-d 

lactation.      

Overall, this thesis and the studies presented here in have contributed to 

expanding the knowledge on how milk protein yield in lactating dairy cows is influenced 

by dietary carbohydrate and protein. Transcriptional regulation of energy and protein-

induced changes in milk protein yield is an emerging theory that requires further 

investigation as it has potential to aid in our understanding of nutritional control on milk 

protein, despite our studies’ inconclusive findings. We now can verify that low BCAA 

concentrations are not responsible the poor stimulation of milk protein yield in response 

to glucose. Furthermore, we have elucidated the effects of BCAA supplemental to 

lactating dairy cows: BCAA direct other EAA away from the mammary glands and 

conceivably to skeletal muscle for protein synthesis, which explains observed milk 

protein yield reductions. It is with the discoveries of this work that we are that much 

closer to understanding nutrient utilization in milk protein synthesis to ultimately lower 

dietary protein in rations of lactating dairy. 
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