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ABSTRACT 

A COMPARISON OF EFFECTS OF DIETARY GLCEROL VERSUS CORN GRAIN ON 

MILK COMPOSITION IN DAIRY COWS 

 

Diane L. Bajramaj      Advisor: 
University of Guelph, 2014     Professor John P. Cant 
 
 
 

The effects of glycerol on milk protein yield were investigated in this study. Twelve 

multiparous lactating dairy cows were assigned to diets in a repeated 3 x 3 Latin square design. 

The diets were a 70%-forage basal diet, the basal diet with ground and high-moisture corn 

replacing forages, and the basal diet with refined glycerol. The diets were fed for 28-day periods 

and milk, feed and blood samples were collected. Dry matter intake and milk production were 

stimulated on the treatment diets. Milk protein yields were stimulated by corn and further 

stimulated by glycerol. With the exception of BCAA, which were significantly depressed in 

response to the glycerol treatment, plasma concentrations of NEAA and EAA were not affected 

by dietary treatments. There was evidence that glycerol stimulated milk protein yield to a greater 

extent than corn, which was supported by the drop in BCAA on the glycerol diet. 
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CHAPTER 1 

LITERATURE REVIEW 
 

General Introduction 

Over the last few years, more and more researchers are looking into alternative 

feed sources for agricultural animals in order to lower the cost of production. There is 

abundant research in the use of by-products produced from industries that use corn. Corn 

is an established glucogenic substrate. Many studies have shown that there is an increase 

in milk protein yields in lactating dairy cattle when glucogenic substrates such as corn are 

provided. It is interesting to observe an increase in milk protein synthesis when these 

substrates are administered to cattle, since glucose is not a known substrate for protein 

synthesis. The regulation of protein synthetic pathways involved is complex and is not 

fully understood. By gaining more insight into the pathways and mechanisms that 

regulate protein synthesis, there is potential for targeting daily yields of milk protein by 

dairy cows and for the creation of a niche market of dairy products with higher protein 

levels.  

 

Effect of Glucose Infusions  

Euglycemic insulin infusion into lactating cows stimulates protein synthesis in the 

udder despite a decrease in circulating essential amino acids and reduced mammary 

amino acid uptake from blood (Mackle et al., 2000; Bequette et al., 2001). Other studies 

have reported that when glucose plus essential amino acids were infused, there was a 

substantial increase in milk protein by 25% and 33 % (Mackle et al., 2000; Toerien et al., 
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2010). Furthermore, duodenal as well as abomasal infusions of glucose have stimulated 

an increase in milk protein yield (Rulquin et al., 2004; Xue-yan et al., 2010).  

 

Effects of Concentrate Feeding 

A glucose-induced increase in milk protein yield has not only been observed 

during infusions or insulin clamps but also during feeding experiments involving high-

concentrate diets. In a study by Macleod et al. (1983), it was reported that as the 

concentrate content of dairy cow rations increased from 35 to 65% of DM with high-

moisture corn, there was a linear increase in milk protein yield of 13%. This stimulation 

of milk protein production could be partially explained by an increased efficiency of 

microbial protein synthesis and outflow from the rumen when concentrates replace 

forages in the ration (Rode et al., 1985). However, there have been studies that also found 

an increase in milk protein yield on high-concentrate compared to high-forage diets that 

was not related to microbial protein outflow from the rumen (Cameron et al., 1991; 

Klusmeyer and Clark, 1991). The previous studies conducted show evidence of an 

increase in milk protein synthesis with concentrate feeding but the mechanism by which 

concentrates elicited this response is not clear.  

 

Glycerol Production 

Biodiesel is an alternative and renewable fuel (Yang et al., 2012), which involves 

the processing of lipids derived from animal or plant sources into their methyl or ethyl 

esters (Donkin, 2008). As the production of biodiesel increases so does the production of 

the main co-product, crude glycerol (Yang et al., 2012). Globally, 200 MT of crude 
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glycerol were produced from biodiesel production in 2004 (Pagliaro and Rossi, 2008) and 

in 2008 1.224 million T were produced (Biodiesel, 2008). Glycerol is a three-carbon 

alcohol that can be obtained from many sources such as flax oil, soybean oil, or from 

animal fats (Michnick et al., 1997). The majority of biodiesel produced uses a base-

catalyzed transesterification of the oil in which monoalkyl esters are produced through a 

reaction between the triglycerides in the oil with a monohydric alcohol (Van Gerpen, 

2005). For example, when soybean oil is reacted with an equal amount of a short chain 

alcohol (methanol or ethanol) in the presence of a catalyst (such as sodium hydroxide or 

potassium hydroxide), the products are soy diesel and crude glycerol (Donkin, 2008). The 

products are then centrifuged to separate the biodiesel from the glycerol, but since a 

molar ratio of 6 to 1 of alcohol to oil is used in the reaction, methanol can be found in 

both the biodiesel as well as the glycerol (Donkin, 2008). Crude glycerol contains 

varying levels of methanol, soap, catalysts, salts, non-glycerol organic matter and water 

impurities (Yang et al., 2012). Alcohol, including glycerol, is evaporated or distilled from 

the biodiesel. However, the glycerol phase contains unused catalyst and soaps, which 

have to be neutralized by the addition of acid, to create an 80-88% pure refined glycerol 

(Donkin, 2008). In addition, due to the salt content from the alkaline catalysts (5 to 7%) 

in crude glycerol, the refining/purification process becomes more expensive (Yang et al., 

2012). Considering the reduced availability and the higher cost associated with corn 

(Osborne et al., 2009) and the current surplus of crude glycerol (Yang et al., 2012), there 

is a great potential for glycerol as livestock feed (Osborne et al., 2009).   
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Glycerol as a Feed Additive 

The use of glycerol in diets for dairy cattle is not novel and it has been used as a 

feed additive in transition cow diets since the early 1950s to treat metabolic disorders 

such as ketosis (Johnson, 1955). Glycerol was researched extensively in the 1970s and 

studies showed that cows fed glycerol lost less body weight and remained in a more 

positive energy balance those fed propylene glycol (Fisher et al., 1973). Ketosis often 

occurs with the onset of lactation, as energy requirements are rarely met by the diet 

(Baird, 1980). Few studies have been conducted to establish the feeding value of glycerol 

in lactating dairy cattle rations. Refined glycerol can be fed to cattle as a source of energy 

because it is fermented in the rumen into the volatile fatty acids (VFA) propionate and 

acetate and serves as substrate for hepatic gluconeogenesis if absorbed intact. 

 

Similarities between Glycerol and Corn Grain 

  Glycerol degradation in the rumen increases the proportions of propionate and 

butyrate at the expense of acetate (Rémond et al., 1993; Khalili et al., 1997; Ferraro et al., 

2009; Wang et al., 2009b), similar to the effects of ruminal fermentation of corn grain 

(Hess et al., 1996; Valadares et al., 1999). Thus, it is evident that there are similarities in 

ruminal fermentation and VFA profile between glycerol- and corn-containing diets. In 

addition, 30 to 50% of the starch that is found in corn grain is digested in the small 

intestine (Rémond et al., 2004; Taylor and Allen, 2005), which provides glucose directly 

into the bloodstream for absorption. By comparison, approximately 50% of the glycerol 

consumed is absorbed across the rumen wall through channels known as aquaporins, or 

using specific glycerol transporters called aquaglyceroporins (Rojek et al., 2008). Once 
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the glycerol molecule passes through the intestinal epithelium it travels to the liver where 

it is used as gluconeogenic substrate  (Rémond et al., 1993). There are similarities in the 

fermentation and the glucogenicity of both corn and glycerol but their impact on milk 

composition remains to be addressed. This study seeks to determine if the addition of 

glycerol to the diet will stimulate milk production and milk protein yield in a manner 

similar to a corn grain based diet and the potential for ration inclusion as a primary 

ingredient. Furthermore, this work seeks to determine the effect glycerol feeding on the 

efficiency of capture of dietary protein into milk protein.   

 

Effects of Glycerol Feeding 

In the past, hypercaloric dietary additions of glycerol have been made as 

preventative measures against metabolic disorders (DeFrain et al., 2004; Chung et al., 

2007; Osborne et al., 2009; Wang et al., 2009b). In these cases glycerol was administered 

as a drench, a topdress or added to the drinking water. Studies show that hypercaloric 

inclusions of glycerol up to 15% of the diet on a dry matter (DM) basis showed no effects 

on dry matter intake or milk production (DeFrain et al., 2004; Osborne et al., 2009; Wang 

et al., 2009b). Isocaloric substitutions of glycerol replacing other ingredients, up to 10% 

of the diet on a DM basis have no adverse effects on intake or microbial protein synthesis 

(Schroder and Sudekum, 1999; Donkin et al., 2008; 2009) or milk composition (Khalili 

et al., 1997; Donkin et al., 2009). However, there are a range of DMI responses to 

glycerol inclusions. A study in Nellore finishing heifers showed an increase in dry matter 

intake when 10% crude glycerin was included in the diet (D'Aurea et al., 2010). Other 

studies have found a decreased intake in cattle, presumed to be due to impurities such as 
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salts and methanol in the crude glycerol (Schroder and Sudekum, 1999; Chung et al., 

2007). Hypercaloric glycerol supplementation has stimulated milk production and milk 

protein yields when 500 ml/d of glycerol (3.1% of DM) was fed to dairy cattle (Bodarski 

et al., 2005), similar to the stimulatory effect on milk protein production reported in dairy 

cows fed high-corn diets (Macleod et al., 1983).  

 

Milk Fat Depression 

Previous studies have reported a milk fat depression in response to feeding high-

concentrate, low-fibre diets or high amounts of plant derived oils to dairy cows (Balch et 

al., 1955; Sutton, 1989; Palmquist et al., 1993; Griinari et al., 1998; Baumgard et al., 

2000). Specifically, corn grain feeding is proposed to alter the expression of genes 

associated with fatty acid synthesis, although the mechanism by which this occurs 

remains to be validated (Harvatine and Bauman, 2006). It is hypothesized that the 

mechanism behind milk fat depression involves trans fatty acid isomers that arise from 

rumen biohydrogenation of polyunsaturated fatty acids (Davis et al., 1970). One of these 

isomers is conjugated linoleic acid (CLA), which is a set of positional and geometric 

isomers of linoleic acid with conjugated double bonds (Ip et al., 1994). CLA has been 

implicated to be anticarcinogenic, antidiabetic and an immune system stimulant (Banni 

and Martin, 1998; Houseknecht et al., 1998). The main CLA isomer that is found in milk 

is cis-9, trans-11-CLA and it originates from the desaturation of trans11 C18:1 (Norgaard 

et al., 2008). Diet-induced milk fat depression corresponds to an increase in milk fat 

content of trans-10 C18:1 (Griinari et al., 1998). In addition, supplements of dietary or 
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abomasal infusions of CLA have been shown to reduce milk fat synthesis (Loor and 

Herbein, 1998; Chouinard et al., 1999; Baumgard et al., 2002; Baumgard et al., 2001).  

Milk fatty acids originate from de novo synthesis from acetate in the mammary 

glands, and mammary uptake of preformed fatty acids from blood (Baumgard et al., 

2000). Dietary CLA supplementation causes a drastic decrease in yields of fatty acids 

produced by de novo synthesis versus preformed fatty acids (Baumgard et al., 2000) by 

reducing the mRNA abundance for key enzymes involved in either milk fat synthesis 

(Bernard et al., 2006; Bauman et al., 2008) or fatty acid oxidation/lipolysis (Baumgard et 

al., 2002; Loor and Herbein, 2003). There is evidence that CLA may be inhibiting the 

activity or synthesis of key enzymes involved in de novo fatty acid synthesis, acetyl-

Coenzyme A carboxylase, glycerol-3-P acyltransferase, and fatty acid synthase 

(Baumgard et al., 2000; Peterson et al., 2003). SREBP-1 is a binding protein that is 

crucial in the regulation of lipogenic genes and with CLA supplementation there is an 

apparent down-regulation of SREBP-1 (Harvatine and Bauman, 2006; Norgaard et al., 

2008). CLA has also been shown to both inhibit the proliferation of mammary epithelial 

cells and induce apoptosis of these cells in rats (Ip et al., 1999).  

There is also evidence of a milk fat yield drop in cows that were infused with 

glucose that parallels the effect seen with grain feeding (Lemosquet et al., 1997; Hurtaud 

et al., 1998; Rigout et al., 2002). The interplay of glucose and insulin in dairy cattle are 

well documented and show an effect of increased milk protein yield and decreased milk 

fat yield. Furthermore, there is evidence that isocaloric glycerol supplementation also 

causes a decrease in milk fat percentage (Vallance and Mcclymont, 1959; Defrain et al., 

2004) similar to what has been reported with glucose infusions and concentrate feeding.  
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mTOR 

Stimulation of protein synthesis via glucogenic substrates has been documented in 

cultured cardiac myocytes (Yeshao et. al, 2005), glomerular epithelial cells (Lee et. al, 

2010) and lactating mammary glands (Toerien et al., 2010). The mechanism by which 

this occurs has not yet been established. It is hypothesized that the increase in mammary 

milk protein yield observed on glucogenic diets may be due to an intracellular signalling 

cascade. There are signalling pathways that promote protein synthesis at a transcriptional 

and translational level. One of the regulators of mRNA translation is a signalling protein 

called the mammalian target of rapamycin (mTOR) (Wang and Proud, 2006). mTOR has 

been shown to play a pivotal role in sensing a wide range of nutritional and hormonal 

stimuli, including those of insulin and amino acids, to regulate the rate of cell growth, 

proliferation and metabolism (Wullschleger et al., 2006; Ma and Blenis, 2009). TOR is a 

highly conserved protein across eukaryotes. It is a serine/threonine protein kinase that, 

when active, phosphorylates several proteins down a cascade that can cause faster protein 

synthesis. MTOR has been shown to be up-regulated in tissues that have a higher protein 

synthetic capacity such as liver, muscle, and adipose tissue (Kimball et al., 2004).  

There is much interest in understanding how mTOR works and how it is regulated 

(Figure 1). mTOR interacts with regulatory-associated protein of mTOR (raptor) to form 

a multiprotein complex known as mTOR complex 1 (mTORC1), or it interacts with 

rapamycin-insensitive companion of mTOR (rictor) to form mTOR complex 2 

(mTORC2)  (Yang, 2008). mTOR complex 1 regulates protein synthesis via a pathway 

that involves the phosphorylation of signalling proteins eukaryotic initiation factor (eIF), 
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4E binding protein 1 (4EBP1), and ribosomal protein S6 kinase (S6K1) (Burgos and 

Cant, 2010).  The phosphorylation of 4EBP1 and S6K1 causes an acceleration of the 

initiation of mRNA translation, thus causing an increased rate of protein synthesis. 

4EBPs can sequester the initiation factor eIF4E, and render it inactive (Gingras et al., 

2001) by binding to the region on eIF4E that eIF4G normally binds to when it forms the 

active eIF4F initiation complex (Wang and Proud, 2006; Gingras et al., 1999). The 

phosphorylation of eIF4E causes it to have a higher affinity for the 5’ cap on the mRNA, 

and this can regulate translation as well (Minich et al., 1994). When 4E-BP1 is 

phosphorylated, it dissociates from eIF4E, and then eIF4E can bind to eIF4G, thus 

forming a complex to allow the recruitment of ribosome (Gingras et al., 1999). Previous 

studies have shown that a lower association of eIF4E with 4EBP1 is found in lactating 

cows compared to non-lactating cows (Toerien and Cant, 2007). Furthermore, when 

S6K1 is phosphorylated it becomes activated, subsequently causing it to phosphorylate 

other components of the translational apparatus (Ma and Blenis, 2009). S6K1 abundances 

were also elevated in the mammary tissue of lactating dairy cows, which shows that 

S6K1 plays a role in regulation of mammary protein synthesis (Toerien and Cant, 2007).  

Although it has been established that mTOR plays a role in the activation of 

certain proteins required for the translation of mRNA, there is still much debate about 

what regulates mTOR. In previous studies it has been shown that stimuli such as insulin 

and amino acids affect the mTOR signalling pathway and thus promotes translational 

elongation and ribosomal recruitment (Wang and Proud, 2006). The signalling pathway 

depends on amino acid availability, cellular ATP status and hormone signals to 

potentially phosphorylate eukaryotic initiation factor and synthesize protein in the 
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mammary gland (Burgos and Cant, 2010). Studies have shown that amino acids are 

required for mTOR activation but this is done indirectly by taking mTOR into vesicles 

that contain a small G-protein activator called Rheb (Sancak and Sabatini, 2009). mTOR 

becomes activated if amino acids are available because amino acids are required as 

substrates and as direct signals to mTOR in order for it to phosphorylate 4E-BP1 and 

S6K1 (Proud, 2007). However, when there is a lack of amino acids, the cell tries to 

conserve its energy by down-regulating the rate of translation (Deldicque et al., 2005). 

Thus, it is evident that as a short-term response to an influx of nutrients (glucose, acetate, 

amino acids) and lactogenic hormones (hydrocortisone, insulin, and prolactin) the mTOR 

promotes protein synthesis in the mammary gland (Burgos and Cant, 2010).   
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Figure 1. The mammalian target of rapamycin (mTOR) signaling pathway and the 

signaling proteins S6K1 and 4EBP1, involved in the regulation of protein synthesis. 
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Amino Acid effect on Milk Protein Yield 

The availability of certain essential amino acids (EAA) can be limiting factors for 

the synthesis of milk protein by the mammary glands in dairy cattle. Methionine has been 

identified as one of the most limiting EAA for growth and milk protein production (NRC, 

2001). The efficiency of use of metabolizable protein for protein synthesis is determined 

by the amount of total EAA in the metabolizable protein, and how closely the EAA 

profile corresponds to the profile that the cow requires (NRC, 2001). Lysine and 

methionine are largely considered co-limiting EAA since increasing the post-ruminal 

supply of these two AA will increase milk protein yield (Bequette et al., 1998; Crompton 

et al., 2002). Some EAA that are taken up in excess by the mammary gland in 

comparison to their output in milk are the branched-chain amino acids (BCAA) 

isoleucine, leucine and valine (Mepham, 1982). Raggio et al., (2006) found that when a 

high-energy supply increases milk protein yield the mammary gland uses leucine uptake 

more efficiently towards milk protein secretion. Previous insulin infusion studies have 

shown plasma concentrations of AAs decrease dramatically and the BCAAs are reduced 

the most (Laarveld et al., 1981; Debras et al., 1989; Tesseraud et al., 1992; Tauveron et 

al., 1994; Griinari et al, 1997; Mackle et al., 2000). Despite the lower levels of AAs 

available, the use of AAs for milk protein synthesis is maintained, or increases, which 

shows that the udder either becomes more sensitive to the available nutrients and 

increases uptake, or the blood flow is increased (Bequette et al., 2001). Likewise, other 

studies have suggested that glucogenic substances direct AA to the mammary glands by 

stimulating mammary blood flow (Rulquin et al., 2004). However, when vasodilators 

were used, mammary blood flow did not increase milk protein yield (Lacasse and 



 
 

13 

Prosser, 2003). Therefore, increases in blood flow alone cannot explain the effect of 

glucose or insulin on milk protein yield. 

The evidence from the literature suggests that mammary gland protein synthesis is 

under the influence of the insulin-signalling cascade, which explains the stimulatory 

effect of glucose on milk protein synthesis. In muscle tissue of growing animals, the 

initiation of protein synthesis is thought to be regulated by insulin as well as by AAs 

(Davis et al., 1991; 2001) via mTOR (Escobar et al., 2006). As the AA availability 

increases, the activity of mTOR signaling proteins in mammary cells also increases, and 

this response is supposedly enhanced by lactogenic hormones (Burgos et al., 2010).  

Study Objectives  

The literature shows that milk protein yield is stimulated and milk fat yield is 

depressed when additional glucogenic precursors are provided to lactating cows. The 

mechanism behind the stimulation of milk protein yield is currently unknown. 

Furthermore, the use of glycerol in lactating dairy cow rations has been under 

consideration as a replacement for corn grain because of its fermentative products and as 

a glucogenic substrate. The objective of this study was to compare the magnitude of milk 

composition changes with the addition of corn grain or glycerol to a 70%-forage diet and 

to learn about the mechanism involved in stimulation of milk protein yield by glucogenic 

substances. These results can be used to improve ingredient utilization for capture of 

amino acids in milk protein.  
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CHAPTER 2 

ADDITION OF GLYCEROL TO LACTATING COW DIETS STIMULATES 

MILK PROTEIN YIELD TO A GREATER EXTENT THAN ADDITION OF 

CORN GRAIN 

ABSTRACT 

The objective of this study was to determine if the addition of glycerol to the diet 

of dairy cows would stimulate milk protein yield in the same manner as the addition of 

corn grain. Twelve multiparous lactating dairy cows at 81 ± 5 DIM were subjected to 3 

dietary treatments in a repeated 3 x 3 Latin square design for 28-d periods. The diets were 

a 70%-forage diet considered the basal diet, the basal diet with 19% ground and high-

moisture corn replacing forages, and the basal diet with 15% refined glycerol and 4% 

added protein supplements to be isocaloric and isonitrogenous with the corn diet. Cows 

were milked twice a day and samples were collected on the last 7 d of each period for 

compositional analysis. Within each period, blood samples were collected on days 26 and 

27, and mammary tissue was collected by biopsy on d 28 for molecular signalling 

pathway analysis. Dry matter intake increased from 23.7 kg/d on the basal diet to 25.8 

kg/d on the corn diet (P = 0.007) and to 27.2 kg/d on the glycerol diet (P < 0.001). There 

was a tendency for DMI to be higher with glycerol than corn (P = 0.06). Milk production 

increased from 39.2 kg/d on the basal diet to 43.8 kg/d on the corn diet (P < 0.001) and to 

44.2 kg/d on the glycerol diet (P < 0.001). However, there was no difference in milk yield 

between corn and glycerol diets. Milk fat significantly decreased (P < 0.001) in the 

glycerol diet compared the basal diet and tended to decrease in comparison with the corn 
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diet. Milk lactose yields significantly increased (P < 0.001) in the corn and glycerol diets 

in comparison with the basal diet. Milk protein content was 3.19, 3.33, and 3.44% on the 

basal, corn and glycerol diets, respectively, and he stimulatory effect of glycerol was 

greater than that of corn (P = 0.037). Compared to the basal diet, milk protein yield was 

increased 197 g/d by the addition of corn and 263 g/d by the addition of glycerol, and the 

glycerol effect was larger than the corn effect (P = 0.054). While dietary treatments 

showed no significant differences in plasma glucose, NEFA, TAG and BHBA levels, 

plasma acetate levels showed a decrease of 27% on the glycerol diet (P = 0.06). NEAA 

concentrations and non-BCAA EAA were not significantly affected by dietary 

treatments, but BCAA decreased 22% (P = 0.013) on the glycerol diet compared with the 

corn diet. The changes in plasma acetate and BCAA concentrations with glycerol, and the 

larger effects of glycerol than corn on milk protein and fat yields suggest that glycerol 

was more glucogenic for cows than corn grain. 

 

Key words: glycerol, milk protein synthesis, dairy cattle 

 

INTRODUCTION 

Milk protein yield in dairy cattle is stimulated by an elevated postruminal supply 

of glucose or propionate (Rulquin et al., 2004; Raggio et al., 2006), as well as higher 

inclusion levels of dietary grain (MacLeod et al., 1983). The mechanism responsible for 

this stimulation of milk protein yield is unclear. The effect of grain feeding may be 

explained in part by an increase in microbial protein outflow from the rumen (Rode et al., 
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1985), but there are instances where microbial outflow is not affected (Klusmeyer and 

Clark, 1991; Cameron et al., 1991). Insulin, which is released during glucose infusion and 

grain feeding (MacLeod et al., 1983; Rulquin et al., 2004), stimulates milk protein yield 

(Mackle et al., 2000; Bequette et al., 2001), presumably through the insulin signaling 

cascade inside mammary epithelial cells. Glucose, glucose precursors, and grains also 

depress milk fat production (Balch et al., 1955; Sutton, 1989; Lemosquet et al., 1997; 

Hurtaud et al., 1998; Rigout et al., 2002), partly through conjugated linoleic acid 

formation in the rumen (Baldwin et al., 1969; Loor and Herbein, 1998) and partly 

through insulin-mediated inhibition of mammary lipoprotein lipase activity (Mackle et 

al., 2000; Cant et al., 2002). 

Glycerol is a glucogenic precursor (Cori and Shine, 1935) that may become 

available as a feed ingredient for cattle as a co-product of biodiesel manufacture. As a 

glucogenic feedstuff, glycerol has several features in common with corn grain. 

Degradation of glycerol in the rumen increases the proportions of propionate and butyrate 

at the expense of acetate (Rémond et al., 1993; Ferraro et al., 2009; Wang et al., 2009a). 

Ruminal degradation of corn grain also increases propionate and butyrate at the expense 

of acetate (Hess et al., 1996; Valadares et al., 1999). In addition to VFA production, 30 to 

50% of the starch in corn grain is digested in the small intestine (Rémond et al., 2004; 

Taylor and Allen, 2005), providing glucose directly into the bloodstream. In a similar 

fashion, approximately half of the glycerol consumed is absorbed across the rumen wall 

into blood, where it becomes available for hepatic gluconeogenesis (Rémond et al., 

1993). Due to these similarities in fermentation pattern and glucogenicity, glycerol may 

be comparable to glucose or corn grain in its effect on milk component yields. 
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Studies show that hypercaloric inclusions of glycerol up to 15% of the diet on a 

DM basis show no adverse effects on intake or milk production (DeFrain et al., 2004; 

Osborne et al., 2009; Wang et al., 2009b). Furthermore, isocaloric inclusions of glycerol 

up to 10% of the diet on a DM basis have no adverse effects on intake, microbial protein 

synthesis (Schroder and Sudekum, 1999; Donkin et al., 2008; 2009) or milk composition 

(Khalili et al., 1997; Donkin et al., 2009). There is evidence of a positive effect to 

isocaloric glycerol supplementation on milk production and milk protein yields when 500 

ml of glycerol (3.1% of DM) is fed to dairy cattle (Bodarski et al., 2005). This 

stimulatory effect of glycerol is similar to the one seen with high corn diets. Therefore, 

our hypothesis is that there will be no adverse effects on milk production or composition 

in lactating dairy cows fed diets containing glycerol at 15% of the DM. An increase in 

milk protein yield in response to glycerol feeding similar to that of corn grain feeding is 

expected. These results would demonstrate the potential for using crude glycerol as a 

major feedstuff and as an alternative to corn grain. 

MATERIALS AND METHODS 

Animals, Housing, and Diets 

The Animal Care Committee at the University of Guelph approved all 

experimental procedures in this study. Twelve multiparous lactating cows (81 ±  5 DIM) 

were housed in a tie-stall barn and given free access to feed and water throughout the 

study. Cows were assigned to three dietary treatments (Table 1) in a replicated 3 x 3 

Latin square design of three 28-d periods. The three diets were a 70%-forage basal TMR 

(Basal), the basal TMR with 19% of the forages substituted for corn grain (Corn), and the 
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basal TMR with 19% of the forages substituted for refined glycerol from a soybean oil 

source plus protein supplements (Glycerol). The Corn and Glycerol diets were formulated 

to be isocaloric and isonitrogenous and to contain 30% NDF, compared to 38% NDF for 

the Basal diet. 

Sample Collection and Analysis 

Feed offered and refused was recorded daily for each individual cow to estimate 

feed intakes. Orts were sampled from each cow and pooled on the last week of each 

period. Samples of each diet were collected daily, pooled by period and submitted for 

nutrient composition analyses by wet chemistry at a commercial laboratory (Agri-Food 

Labs, Guelph, ON, Canada). Dry matter contents of feed and orts samples were 

determined using a forced-air oven at 60°C for 24 h. 
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Table 1. Ingredient and chemical composition of experimental diets 

 Diets 

 Basal Corn Glycerol 

Ingredient composition (% of DM)   

   Straw 7.3 5.0 5.0 

   Alfalfa silage 31.2 21.6 21.6 

   Corn silage 31.2 21.6 21.6 

   Corn, high-moisture 14.3 9.9 9.9 

   Corn, ground  0 23.4 4.3 

   Glycerol 0 0 15.3 

   Soybean meal 6.8 8.0 9.8 

   Canola 6.8 8.0 9.8 

   Corn gluten meal 0.8 0 0.4 

   Vitamin/mineral premix 1.8 2.4 2.2 

    

Chemical composition    

   CP (% of DM) 17.1 17.4 19.0 

      Solubility (% of CP) 44.3 35.2 30.6 

      NDF insolubility (% of CP) 29.6 27.5 39.3 

      ADF insolubility (% of CP) 10.2 7.6 9.2 

   NDF (% of DM) 37.9 30.7 31.6 

   ADF (% of DM) 25.7 19.4 19.8 

   Lignin (% of DM) 4.9 3.8 4.2 

   NFC (% of DM)  40.2 46.7 46.5 

   Starch (% of NFC) 35.4 51.1 29.3 

Fat (% of DM) 2.6 3.0 3.3 

Ash (% of DM) 7.2 7.0 7.1 

Calculated NELp (Mcal/kg of DM) 1.55 1.66 1.67 
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 Cows were milked at 0500 and 1530 h daily and milk yields were recorded. Milk 

samples were collected from each milking during the last 7 d of each period and 

submitted for compositional analysis by infrared spectroscopy at Laboratory Services 

Division (University of Guelph, ON, Canada). Fresh milk samples from days 23, 25, and 

27 of each period were also subjected to analysis of fat globule size distribution by 

integrated light scattering (Mastersizer S, Malvern Instruments, Southborough, MA) 

according to Roesch et al. (2004). Average volume-weighted diameter was calculated as 

d4,3 = ΣNidi
4/ΣNidi

3, and average surface-weighted diameter was calculated as d3,2 = 

ΣNidi
3/ΣNidi

2, where Ni is the number of fat globules with diameter di. Specific area of fat 

globules was calculated as 6/(0.92 × d3,2) and fat globule membrane yields were 

calculated according to Couvreur et al. (2007) as specific area (m2/g) × 10 nm membrane 

thickness × milk fat yield (g/d). 

Blood samples were collected by tail venipuncture on days 26 and 27 of each 

period into two sets of tubes coated with either heparin or EDTA and centrifuged at 2000 

g for 10 min. Plasma was transferred to polypropylene tubes for storage at -20°C. 

Samples were thawed and analyzed by enzyme-linked spectrophotometry for glucose, 

acetate, β-hydroxybutyrate (BHBA), non-esterified fatty acids (NEFA) and 

triacylglycerol (TAG) as described by Curtis et al. (2014). Plasma AA concentrations 

were analysed by UPLC (Waters Corporation, Milford, USA) according to Boogers et al. 

(2008). 

 On the last day of each period, following the morning milking, mammary tissue 

was collected by biopsy from one hindquarter of the 6 cows comprising 2 of the 3 x 3 
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Latin squares. Cows were sedated with 0.5 ml xylazine i.v., ketoprofen (3 mg/kg BW) 

was administered intramuscularly, and 5 ml lidocaine was injected subcutaneously at the 

biopsy site. Tissue was collected aseptically using the device of Farr et al. (1996). 

Samples were immediately rinsed with saline, snap-frozen in liquid N2 and stored 

at  -80°C for further processing and analysis. 

Approximately 500 mg of mammary tissue were homogenized in 1 ml RIPA lysis 

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

sodium deoxycholate) containing protease and phosphatase inhibitor cocktail (Thermo 

Scientific, Nepean, ON), and supernatants were recovered after centrifuging at 13,000 g 

for 15 min at 4°C. Supernatants were analyzed for DNA concentration with the Qubit 

dsDNA BR assay using a Qubit 2.0 Fluorometer (Life Technologies Inc, Burlington, 

ON), RNA concentration with the Qubit RNA BR assay (Life Technologies Inc, 

Burlington, ON), and protein concentration with the BCA Protein Assay Kit (Pierce, 

Rockford, IL) using bovine serum albumin as a standard. 

Supernatants of mammary samples were subjected to Western blotting as 

described by Curtis et al. (2014) with modifications. Briefly, samples containing 20 µg 

protein, along with BLUeye Prestained Protein Ladder (FroggaBio, Toronto, ON, 

Canada), were separated by 10% SDS-PAGE and transferred onto polyvinylidene 

difluoride membranes (Millipore, Mississauga, ON, Canada) prior to incubation with 

rabbit monoclonal antibodies against S6K (#ab9366, Abcam, Cambridge, MA), 

phosphorylated S6K (Thr389, #ab2571, Abcam), eIF2α (#9722; Cell Signalling 

Technology Inc, Danvers, MA), phosphorylated eIF2α (Ser51, #3597, Cell Signalling) 
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4EBP1 (#9452, Cell Signalling Technology Inc), phosphorylated 4EBP1 (Ser65, #9451, 

Cell Signalling Technology Inc), non-phosphorylated PERK (#3192, Cell Signalling 

Technology Inc), phosphorylated PERK (Thr980, #3179, Cell Signalling Technology 

Inc), eIF2Bε (#ab32713, Abcam), phosphorylated eIF2Bε (Ser539, #ab4775, Abcam), 

AMPKα (#2603, Cell Signalling Technology Inc), or phosphorylated AMPKα (Thr172, 

#2535, Cell Signalling Technology Inc). Appropriate portions of each membrane were 

also probed for β-actin (#ab6276, Abcam), as a loading control. Membranes were then 

washed, incubated at room temperature for 1 h with horseradish peroxidase-linked anti-

rabbit IgG (#7074, Cell Signaling,) and developed using enhanced chemiluminescence 

(Amersham, Arlington Heights, USA). Blot densities in scanned images were determined 

by ImageLab software (Bio-Rad Laboratories Inc., Mississauga, CA) and normalized to 

the corresponding β-actin blot density. Phosphorylation state of each protein was 

calculated as the ratio of phosphorylated to total protein blot densities. 

Statistical Analysis 

 Mean performance and plasma metabolite observations during the last week of 

each period, and western blot results, were subjected to ANOVA using PROC MIXED of 

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

Yijk = µ + cowi + perj + trtk + εijk, 

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

period (j = 1 to 3), trtk = fixed effect of treatment (k = 1 to 3), and εijk = residual error. 

Least-squares treatment means were separated using the pdiff option of SAS. Differences 

were considered significant at P ≤ 0.05 and tendencies at 0.05 < P ≤ 0.10. 
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RESULTS 

 

Intake and Lactational Performance 

There was a difference in DMI between the Basal diet compared with Corn and 

Glycerol treatments (Table 2).  On a DM basis, cows offered Corn ate 2.1 kg/d more than 

cows fed the Basal diet (P < 0.01), and cows offered Glycerol ate 3.5 kg/d more than 

those given the Basal diet (P < 0.01). The 1.4 kg/d higher DMI on Glycerol compared to 

Corn tended to be significant (P = 0.06). 

Cows that were fed the Corn diet produced 4.6 kg/d more milk than those on the 

Basal diet (P < 0.01) and cows that were fed Glycerol produced a further 0.4 kg/d more 

milk than those on the Corn diet (P < 0.01). Daily protein yield increased by 197 g/d (P < 

0.01) and 263 g/d (P < 0.01) for the Corn and Glycerol diets, respectively, in comparison 

with the Basal diet. The protein yield on Glycerol was 66 g/d higher than on Corn (P = 

0.05). Milk fat yields were not affected by addition of corn to the Basal diet but Glycerol 

depressed milk fat yield by 140 g/d (P = 0.02) compared to Basal and tended to depress 

milk fat yield by 101 g/d compared to Corn (P = 0.08). Daily lactose yield increased by 

283 g/d on the Corn diet (P < 0.01) and 285 g/d on the Glycerol diet (P < 0.01) compared 

to the Basal diet. 

Protein percentage increased by 0.14 (P < 0.01) and 0.25 (P < 0.01) units in milk 

from cows fed Corn and Glycerol, respectively, compared to Basal (Table 2). Protein 

percentage was higher on Glycerol than Corn (P = 0.04). Milk fat percentage decreased 

by 0.43 (P < 0.001) or 0.69 (P < 0.001) units with addition of Corn or Glycerol to the 

Basal diet and was lower with Glycerol compared to Corn (P = 0.05). Lactose content of 
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milk increased by 0.14 (P < 0.01) and 0.10 (P < 0.01) percentage units for Corn and 

Glycerol diets, respectively. 

 Mean milk fat globule diameter decreased by 6% (P < 0.01) between Basal and 

Glycerol diets on a volume-weighted basis, and 7% (P = 0.01) on a surface area-weighted 

basis (Table 3). Between Basal and Corn diets, there was a tendency for volume-

weighted mean fat globule size to decrease (P = 0.10) while surface area-weighted mean 

diameter decreased significantly (P = 0.03). There was no difference in mean fat globule 

size between Corn and Glycerol diets (P >  
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Table 2. DMI, milk yield and milk composition of lactating dairy cattle (n = 12) during 

the last 7 d of being fed Basal, Corn, and Glycerol diets for 28 d. 

 

 Treatments   

Item Basal Corn Glycerol SEM P 

DMI, kg/d  23.7a  25.8b  27.2b 1.01 <0.01 

Yield      

  Milk, kg/d  39.2a  43.8b  44.2b 2.10       <0.01 

  Protein, g/d  1242a  1439b  1505c 49.9 <0.01 

  Fat, g/d  1470b  1432b  1330a 66.3 0.05 

  Lactose, g/d  1864a  2148b  2150b 102.9 <0.01 

Percentage      

  Protein  3.19a  3.33b  3.44c 0.07 <0.01 

  Fat  3.76c  3.33b  3.08a 0.15 <0.01 

  Lactose  4.76a  4.90b  4.86b 0.04 <0.01 

a–cMeans within a row with different superscripts are significantly different (P ≤ 0.05). 
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0.22). The smaller fat globule sizes on Glycerol compared to Basal resulted in a greater 

membrane content per gram of milk fat, expressed either as specific area (m2/g fat; P = 

0.01) or specific weight (g/kg fat; P = 0.01). Likewise, membrane content of milk fat 

tended to be higher on Corn versus Basal (P = 0.06). However, daily milk fat globule 

membrane yield was reduced by Glycerol because of the depression in milk fat yield. 

Plasma Metabolites 

 Plasma glucose concentration was not significantly affected by Corn or Glycerol 

addition to the Basal diet (Table 3). There was, however, a drop in plasma acetate 

concentrations with Glycerol compared to either Basal (P = 0.03) or Corn (P = 0.05). 

Concentrations of BHBA tended to be lower on both Corn (P = 0.10) and Glycerol (P = 

0.08) compared to Basal, while NEFA and TAG concentrations were not affected by 

either Corn or Glycerol substitutions (P > 0.13). However, concentrations of NEFA and 

TAG tended to be lower with Glycerol compared to Corn (P = 0.09). 

Addition of Corn to the Basal diet tended to increase His (P = 0.08) and Gly (P = 

0.07) concentrations in plasma but had no effects on any other AA (P > 0.33). The 

Glycerol diet, on the other hand, caused a decrease in each of the three branched-chain 

AA (BCAA: Ile, Leu, and Val) concentrations in plasma compared with either Basal or 

Corn diets (P ≤ 0.03). The remaining AA were not affected by Glycerol (P > 0.10). 
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Table 3. Milk fat globule sizes and membrane yields from cows (n = 12) fed Basal, Corn, 

and Glycerol diets. 

 

 Treatments   

 Basal Corn Glycerol SEM P 

Mean diameter, µm      

   volume-weighted (d4,3) 3.98a 3.83ab 3.72b 0.09 0.02 

   surface area-weighted (d3,2) 3.43a 3.26b 3.22b 0.11 0.03 

Specific area, m2/g fat 1.91a 2.02ab 2.06b 0.07 0.03 

Membrane yield, g/d 27.7 28.6 27.3 1.5 0.65 

Membrane content      

   g/L milk 0.72b 0.67ab 0.62a 0.03 0.02 

   g/kg fat 19.1a 20.2ab 20.6b 0.7 0.03 
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Table 4. Plasma concentrations of metabolites in lactating dairy cattle (n = 12) fed Basal, 

Corn, and Glycerol diets for 28 d. 

 

 Treatments   

Item Basal Corn Glycerol SEM P 

Glucose, mM 3.11 3.21 3.19 0.09 0.77 

Acetate, mM 1.94a 1.88a 1.42b 0.16 0.06 

BHBA, mM 1.16 0.91 0.90 0.10 0.15 

NEFA, µM 83 87 56 13 0.17 

Triacylglycerol, µM 93 99 76 9 0.20 

a–cMeans within a row with different superscripts are significantly different (P ≤ 0.05). 
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Table 5. Plasma concentrations of amino acids (µM) in lactating dairy cattle (n = 12) fed 

Basal, Corn or Glycerol diets for 28 d. 

 

 Treatments   

AA Basal Corn Glycerol SEM P 

Arg 77 78 70 5.1 0.47 

His 33 42 36 3.9 0.21 

Ile 119a 115a 90b 7.6 <0.01 

Leu 134a 142a 103b 9.6 <0.01 

Lys 80 84 70 6.0 0.23 

Met 24 24 24 1.5 0.97 

Phe 46 45 41 2.7 0.24 

Thr 130 127 131 10.3 0.95 

Trp 49 47 49 2.6 0.87 

Val 252a 259a 209b 16.6 0.03 

Ala 267 259 232 16.0 0.23 

Asn 90 91 93 6.7 0.95 

Glu 135 149 138 11.1 0.58 

Gly 288 335 307 17.7 0.18 

Pro 89 92 85 5.4 0.68 

Ser 93 95 95 5.3 0.94 

Tyr 58 58 60 4.5 0.92 
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3-MeHis 7.4 6.9 7.6 1.4 0.95 

BCAA1 505a 517a 401b 33.4 0.01 

non-BC-EAA2 439 447 421 26.0 0.77 

EAA 944 964 822 57.7 0.15 

NEAA3 1020 1080 1011 54.2 0.77 

Total AA 1964 2043 1833 108.4 0.34 

a–cMeans within a row with different superscripts are significantly different (P ≤ 0.05). 

1BCAA = branched chain AA (Ile, Leu, and Val) 

2non-BC-EAA = non-branched chain EAA (Arg, His, Lys, Met, Phe, Thr, Trp) 

3NEAA = non-essential amino acids (Ala, Asn, Glu, Gly, Pro, Ser, and Tyr)  
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Table 6. Cell signalling proteins in mammary tissue of lactating cows (n = 6) fed Basal, 

Corn, or Glycerol diets for 28 d. 

 

 Treatments1   

 Basal Corn Glycerol SEM P 

S6K      

   Total 1.17 1.28 1.21 0.12 0.306 

   Phosphorylation state 0.39 0.35 0.41 0.07 0.640 

4EBP1      

   Total 1.10 1.15 1.00 0.17 0.152 

   Phosphorylation state 0.32 0.47 0.31 1.00 0.465 

eIF2Bε      

   Total 0.55 0.63 0.57 1.00 0.690 

   Phosphorylation state 1.38 1.18 1.22 0.24 0.476 

PERK      

   Total 0.66 0.78 0.75 0.10 0.264 

   Phosphorylation state 0.38 0.37 0.34 0.05 0.546 
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eIF2α 

     

   Total 1.52 1.54 1.38 0.15 0.437 

   Phosphorylation state 0.12 0.20 0.23 0.05 0.120 

Akt      

   Total 0.78 0.77 0.78 0.08 0.946 

   Phosphorylation state 0.88 0.90 0.94 0.20 0.862 

AMPK      

   Total 0.75a 0.90b 0.78ab 0.07 0.064 

   Phosphorylation state 0.67 0.35 0.48 0.19 0.391 

a–cMeans within a row with different superscripts are significantly different (P ≤ 0.05). 
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Figure 2.  
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Representative Western blot images of the phosphorylated forms of signaling proteins 

from mammary biopsies. B= Basal diet; C= Corn diet; G= Glycerol diet.  

 

Figure 3.  
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Representative Western blot images of the total forms of signaling proteins from 

mammary biopsies. B= Basal diet; C= Corn diet; G= Glycerol diet.  
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DISCUSSION 

As the demand for biodiesel fuels increases there will be an increased availability 

of glycerol as a co-product of biodiesel manufacture (Crandall, 2004). Glycerol has been 

used as a feed additive in transition cow diets since the early 1950s to prevent the 

metabolic disorder of ketosis in dairy cattle (Johnson, 1955). There is an increased 

interest in using glycerol to replace corn in dairy cattle rations.  

Glycerol is a known glucogenic substance similar to corn in that it is partially 

fermented in the rumen to propionate and the remainder is converted to glucose 

postruminally. Several studies in the past have indicated that the ruminal degradation of 

corn grain increases propionate and butyrate concentrations at the expense of acetate 

(Hess et al., 1996; Valadares et al., 1999). Previous glycerol studies have also found this 

effect; glycerol degradation in the rumen increases the proportions of propionate and 

butyrate at the expense of acetate (Rémond et al., 1993; Khalili et al., 1997; Ferraro et al., 

2009; Wang et al., 2009b). In agreement with these findings, we found plasma acetate 

levels were significantly decreased with the Glycerol diet compared to the other two 

diets. When measuring the concentrations of metabolites in the blood, we concluded that 

a decrease in plasma acetate concentrations with the Glycerol diet reflects a shift in 

fermentation pattern and that the production of acetate in the rumen was decreased. 

Glycerol fermentation tends to generate higher levels of propionate and lower levels of 

acetate, while the fermentation of corn grain generates a large quantity of acetate in 

addition to the propionate that it produces. It can be said that glycerol produces more 

glucogenic substrate for the cow and it is likely more glucogenic than corn grain. 
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In this study, refined glycerol did not depress DMI of dairy cows in early 

lactation, which is in accordance with previous studies (Schroder and Sudekum, 1999; 

Chung et al, 2007; Donkin et al., 2008; 2009; Osborne et al., 2009; Wang et al., 2009b). 

In fact, there was a stimulation of DMI with the Glycerol diet as previous studies showed 

(Fisher et al., 1971; Bodarski et al., 2005). The adverse effects of glycerol on DMI that 

have been reported in the past (Donkin and Doane, 2007) could be due to methanol and 

salt impurities of the glycerol used (Chung et al., 2007). We used a refined glycerol, 

therefore impurities in the sample were not a concern and intake was not negatively 

affected. Milk production increased on the Glycerol diet in comparison with the Basal 

diet, contrary to previous reports (Fisher et al., 1971, 1973; Khalili et al., 1997). 

However, the stimulation of milk production on the Glycerol diet was not significantly 

different than that produced by the Corn diet.  

Milk composition trends were more pronounced on the Glycerol diet. Due to the 

previously noted glucogenicity associated with corn and glycerol, it was expected that 

glycerol would have the same effect on milk composition as corn. We found that glycerol 

stimulated milk protein synthesis to a greater extent than corn and that milk fat content 

was more depressed by Glycerol than Corn.  

Previous studies have shown an increase in milk protein yield in response to 

concentrate feeding (Broster et al., 1978; MacLeod et al., 1983) and postruminal glucose 

infusion (Rulquin et al., 2004; Raggio et al., 2006; Rius et al., 2010; Toerien et al., 2010). 

In addition, Bodarski et al., (2005) found that when glycerol was top-dressed at 500 ml/d 

during early lactation, milk yield and milk protein content increased. In accordance with 
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Bodarski et al. (2005), our study also showed a positive effect of glycerol on milk protein 

synthesis. In previous studies, corn or barley has been replaced with food-grade glycerol 

up to 15% of DMI with no change in milk or milk component yields (Khalili et al., 1997; 

Donkin et al., 2009). However, hypercaloric inclusions of glycerol like ours have had no 

effect on milk protein yields in some studies (DeFrain et al., 2004; Osborne et al., 2009; 

Wang et al., 2009b), which may be related to the level of glycerol fed. We chose to 

include glycerol at 15% of the diet, which is higher than most studies in the past except 

for Khalili et al. (1997) and Donkin et al. (2009). 

The increase in milk protein yield observed in our study may have been a 

consequence of the higher CP intake due to the stimulation of DMI and the unexpectedly 

higher CP percentage of the Glycerol diet. However, none of the essential amino acid 

concentrations in plasma were increased by Glycerol addition to the Basal diet and, in 

fact, concentrations of each of the BCAA were decreased in plasma. A drop in BCAA 

concentrations is typical of a postruminal glucose or euglycemic insulin effect. During 

prolonged insulin infusion into lactating cows or goats, plasma concentrations of essential 

amino acids decrease dramatically and the BCAA are reduced the most (Laarveld et al., 

1981; Debras et al., 1989; Tesseraud et al., 1992; Tauveron et al., 1994; Griinari et al, 

1997; Mackle et al., 2000). Likewise, postruminal glucose infusion induces a decrease in 

plasma BCAA concentrations (Whitelaw et al., 1986; Dhiman et al., 1993; Mackle et al., 

2000; Rius et al, 2010; Toerien et al., 2010), as do glucogenic substrates (Raggio et al., 

2006; Rius et al., 2010). The reduction of plasma BCAA concentrations in the cows that 

were fed Glycerol, but not those fed Corn, suggests that glycerol is more glucogenic for 

cows than corn grain.  
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We hypothesized that the milk protein stimulation from glucose or glucogenic 

feedstuffs was mediated by the mTOR pathway or the Integrated Stress Response 

netword (ISR) in the mammary glands. However western blotting of key participants in 

these signalling pathways showed no significant treatment effects. The mTOR pathway 

may have elicited a sort term response at the start of the trial, however since mammary 

biopsies were conducted on day 28 of each period, the effect may have been missed in 

the analysis of the proteins involved.  

The observed decrease in milk fat yield from cows fed the Glycerol diet in the 

present study was in accordance with previous studies that reported glycerol 

supplementation to cause a decrease in milk fat percentage (Vallance and Mcclymont, 

1959; Defrain et al., 2004). This effect has also been reported with glucose infusions and 

concentrate feeding. When feeding high-concentrate, low-fibre diets to dairy cows there 

is evidence of a milk fat depression (Balch et al., 1955; Sutton, 1989; Griinari et al., 

1998; Baumgard et al., 2000) due to decreased mammary expression of genes associated 

with fatty acid synthesis (Harvatine and Bauman, 2006). There is also a milk fat 

percentage drop in cows infused with glucose that parallels the effect seen with grain 

feeding (Lemosquet et al., 1997; Hurtaud et al., 1998; Rigout et al., 2002). This milk fat 

depression effect occurs partly through conjugated linoleic acid formation in the rumen 

(Griinari et al., 1998; Loor et al., 1998; Rigout et al., 2002) and partly through insulin-

mediated inhibition of mammary lipoprotein lipase activity (Mackle et al., 2000; Cant et 

al., 2002).  

Interestingly, there was a significant effect on the milk fat globule sizes on the 

glycerol diet in comparison with the corn diet. Smaller milk fat globules were apparent in 
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the cows that were on the glycerol diet. The milk fat globule membrane (MFGM), which 

is the material surrounding milk fat globules has shown potential as a health ingredient 

due to its cytotoxic and apoptotic effects against colon cancer cells (Zanabria et al., 

2013). Therefore, the smaller milk fat globules have a higher proportion of membrane 

surrounding them. Further research is required to elucidate why glycerol decreased MFG 

size and if it can be implemented as a health ingredient. 

 

CONCLUSION 

Addition of glycerol to a high-forage diet for lactating dairy cows exerted similar 

effects on milk composition as addition of corn grain but the stimulation of milk protein 

yield and depression of milk fat yield were greater with glycerol. Reductions in plasma 

acetate and BCAA concentrations on the Glycerol diet but not the Corn diet, suggest that 

glycerol is more glucogenic than corn grain and that it may have been responsible for the 

larger effects on milk composition. This study has shown that there is potential for using 

refined glycerol as an alternative to corn grain in the diet of lactating dairy cattle during 

early lactation.  
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CHAPTER 3 

 

GENERAL DISCUSSION 

 

The dramatic increase in demand for fuels coupled with diminishing fossil fuel 

reserves and growing concerns about greenhouse gas emissions has spiked the interest in 

renewable energy sources. One promising alternative fuel that would lessen the public’s 

environmental concerns, is biodiesel sourced from soy or corn. As the biofuel industry 

continues to grow, there is an increased availability of the primary by-product glycerol 

(Crandall, 2004). For every 50 litres of biodiesel produced, 4.5 kg of crude glycerol are 

generated (Donkin, 2008). At the moment there is a high production cost associated with 

biodiesel production, however finding a sustainable use for the glycerol co-product could 

lower this production cost. The availability of glycerol is expected to increase, as there is 

more diversion of grains such as corn to ethanol or biodiesel production. There is an 

expected decline in price projections of glycerol, as a result of the diversion of grains to 

biodiesel production (Yazdania and Gonzalez, 2007). Glycerol has been used as a feed 

additive since the 1950s and current research highlights that isocaloric inclusions of 

glycerol up to 10% of the diet on a DMB have not presented negative effects on intake or 

protein synthesis (Schroder and Sudekum, 1999; Donkin et al., 2008; 2009) or milk 

composition (Khalili et al., 1997; Donkin et al., 2009). Glycerol is fermented in a similar 

manner to corn grain in dairy cattle, 30 to 50% of the starch in corn grain is digested in 

the small intestine (Rémond et al., 2004; Taylor and Allen, 2005), which provides 

glucose directly into the bloodstream. In addition, approximately 50% of the glycerol 
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consumed is absorbed across the rumen wall into blood, where it becomes available for 

hepatic gluconeogenesis (Rémond et al., 1993). Since glycerol and corn are both 

glucogenic and fermented in a similar manner it is expected that glycerol would have 

similar effects on milk component yields as glucose or corn grain. 

We found a stimulation of milk protein synthesis with the Glycerol diet in 

comparison with the Corn and Base diets, however the pathway that is responsible for 

this effect has not yet been identified. We originally hypothesized that this stimulation 

was due to an intracellular signalling cascade such as mTOR or the ISR network, 

however we did not find any significant treatment effects among the key participants in 

those pathways. It would be beneficial to look at other proteins involved or to conduct an 

experiment where the short-term effects of mTOR and ISR can be measured.  

Once the signalling cascade that is responsible for the stimulation of milk protein yield in 

dairy cows is established, there will be potential for the management of milk protein 

yields at the industry level. Feed formulators would be able to use the information that is 

gathered in order to use ingredients more judiciously in terms of the capture of dietary 

protein in the milk. Furthermore, improving the efficiency of protein usage can reduce 

feed costs per unit milk that is produced while at the same time maintain productivity of 

the dairy cow (NRC, 2001). If milk protein production efficiency increased, there would 

be more space in the diet for nutrients that enhance production and the concerns for 

nitrogen waste disposal would be significantly reduced (NRC, 2001). The use of 

biodiesel waste products such as glycerol has vast environmental impacts on its own. The 

added benefit of being able to manipulate the milk protein outputs through glucogenic 
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diets could greatly impact both the productive efficiency of the cows as well as reduce 

the negative nitrogen environmental effects.  
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