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ABSTRACT 

 
Three experiments were conducted for this dissertation with the goals to; 1) 

determine conjugated linoleic acid (CLA) effects on net-energy balance (EBAL) and 

milk production parameters during periods of nutrient/energy stress, and 2) investigate 

temporal CLA effects on mammary lipogenic gene expression.  Study one was designed 

to determine if abomasal CLA infusion could reduce milk fat synthesis and partition 

nutrients towards alternative milk components in feed restricted rotationally grazed dairy 

cows.  Data indicate abomasally-infusing CLA reduced milk fat synthesis in nutrient 

restricted grazing dairy cows and improved calculated EBAL and milk protein 

production.   

Another period of transitory stress experienced by the lactating dairy cow is 

immediately postpartum and study two objectives were to feed rumen inert-CLA to evoke 

milk fat depression (MFD) and investigate production and bioenergetic parameters.  Data 

indicated a high CLA dose (3 x greater than needed in established lactation) inhibited 

milk fat synthesis immediately postpartum and improved calculated EBAL in grazing 

dairy cows.  A curvilinear relationship existed between the severity of CLA-induced 

MFD and milk yield response.  Moderate CLA-induced MFD (<~35%) tended to 

increase milk yield whereas severe MFD (>~35%) diminished this response.  Previous 

research speculated that extensive MFD might decrease ∆9-desaturase (stearoyl CoA 

desaturase; SCD) and subsequent membrane fluidity to such an extent as to adversely 

affect cellular functions and inhibit milk secretion, thus decreasing milk yield.  However, 

SCD inhibition was temporally independent in the present study, offering little support 
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for the aforementioned theory.  Mammary sensitivity to CLA increased as lactation 

progressed and previous speculations attributed this to reduced contribution of de novo 

synthesised fatty acids or increased competition from circulating non-esterified fatty 

acids immediately postpartum.  However, data indicate that de novo fatty acids and milk 

fat trans-10, cis-12 CLA content don’t appreciably change during early lactation, (even 

though MFD became more severe) offering little support for either hypothesis.   

Study three investigated the effects of intravenous CLA infusion on temporal 

expression of mammary lipogenic genes to determine if trans-10, cis-12 CLA down 

regulates expression of a key gene (i.e. acetyl CoA carboxylase, ACC, the rate limiting 

enzyme in de novo fatty acid synthesis) and reduction in other mammary lipid synthesis 

genes is due to lack of substrate (i.e. malonyl CoA), or an alternative indirect mechanism.  

Data indicated however, that mammary lipogenic genes (ACC, fatty acid synthetase and 

SCD) followed a similar temporal pattern, providing more support for a global regulator 

(i.e. sterol regulatory element binding protein-1, peroxisome proliferator-activated 

receptor-γ or nuclear factor-κB) rather than a specific key enzyme effect.  
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CHAPTER ONE: 

INTRODUCTION 

Conjugated linoleic acid (CLA) refers to a group of geometric and positional 

isomers of octadecadienoic acids with conjugated double bonds, found predominantly in 

ruminant meat and dairy products (Chin et al., 1992).  Two CLA isomers, cis-9, trans-11, 

and trans-10, cis-12 are known to exert putative biological effects on carcinogenesis, 

diabetes, atherosclerosis, and body composition (see reviews by Pariza et al., 2001 and 

Belury, 2002).  Studies attempting to increase CLA levels in milk fat from dairy cows 

serendipitously discovered that CLA administration dramatically decreased milk fat yield 

and content (Loor and Herbein, 1998; Chouinard et al., 1999a).  Subsequent studies 

confirmed that CLA infusion (abomasal and intravenous), and rumen inert (RI)-CLA 

supplementation caused milk fat depression (MFD) in lactating dairy cows consuming 

both pasture and total mixed ration (TMR; Chouinard et al., 1999a; Giesy et al., 2002; 

Perfield et al., 2002; Mackle et al., 2003; Viswanadha et al., 2003; Back and Lopez-

Villabolos, 2004; Moore et al., 2005c) and identified trans-10, cis-12 CLA as a 

responsible isomer (Baumgard et al., 2000, 2002b).  

Net-energy balance (EBAL) of a lactating dairy cow is determined from energy 

intake less energy expended for lactation and maintenance (NRC, 2001).  During times of 

energy deficiency (i.e. immediately postpartum, nutrient restriction or heat stress) 

animals enter into a state of calculated negative EBAL (NEBAL), which is associated 

with metabolic disorders, reproductive failures and reduced production (Canfield and 

Butler, 1990; Drackley, 1999; Buckley et al., 2003; Collier et al., 2005).  Typically, 
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strategies attempting to alleviate NEBAL have focused on increasing the energy density 

of the diet (fats and concentrates; Schingoethe and Casper, 1991; Grummer et al., 1995) 

or increasing pasture allowance (Roche et al., 2005a), however metabolic, reproductive 

and production problems continue to exist during these times.  An alternative approach is 

to reduce milk energy output via reduced milking frequency or reduced milk fat 

synthesis.  Milk fat is the most energetically demanding milk component for dairy cows 

to synthesize and thus offers a potential strategy to improve calculated EBAL   Recently, 

it was demonstrated that CLA can inhibit milk fat synthesis immediately postpartum in 

TMR-fed cows, but the amount of CLA required is markedly greater (~ 3x) than 

necessary in established lactation (Moore et al., 2004).  To date, no research has been 

conducted evaluating CLA effects on EBAL, milk production or bioenergetic variables in 

grazing cows during the transition period or alternative times of nutrient/energy deficits.  

Recent research indicates CLA-induced lipid metabolism effects occur via modulation of 

transcription factors (i.e sterol regulatory element binding protein-1, peroxisome 

proliferator-activated receptor-γ or nuclear factor-κB; Moya-Camarena and Belury, 1999; 

Horton and Shimomura, 1999; Clarke, 2001; Roche et al., 2002a; Brown et al., 2003; 

Peterson et al., 2003; Chung et al., 2005), however, the exact mechanism remains slightly 

ambiguous.  The majority of research conducted thus far has utilized tissues or cells 

collected once lipid metabolism has been markedly altered and there is a gap in the 

scientific literature regarding early and temporal CLA effects on lipid metabolism. 

Therefore, the primary objectives of this dissertation were to determine CLA 

effects on milk production and bioenergetic parameters during periods of nutrient/energy 
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deficiency in grazing dairy cows (i.e. transition period and nutrient restriction) and to 

investigate the early and temporal CLA effects on milk fat synthesis and mammary 

lipogenic gene expression.   
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CHAPTER TWO: 

LITERATURE REVIEW 

 
Energy Balance 

Negative Energy Balance 

The transition or periparturient period in the dairy cow (arbitrarily defined as 3 

weeks prior to 3 weeks post calving) is associated with large metabolic challenges.  If the 

dairy cow cannot adapt to these challenges, the substantial energy cost of conceptus 

growth during late pregnancy and milk synthesis during early lactation, along with 

maintenance requirements, places the animal in severe net-negative energy balance 

(NEBAL; Grummer, 1995).  The severity, magnitude and day of NEBAL nadir (~4 to 9 

days in milk; DIM) are associated with metabolic disorders including milk fever, ketosis, 

retained fetal membranes, metritis, displaced abomasums and increased susceptibility of 

mastitis (Mallard et al., 1998; Drackley, 1999).  Severe NEBAL can also negatively 

impact reproduction as there is a relationship between days to energy balance (EBAL) 

nadir and days to first ovulation and decreased fertility following breeding (Canfield and 

Butler, 1990; Beam and Butler, 1997; Drackley, 1999; de Vries and Veerkamp, 2000; 

Buckley et al., 2003).  The impact of NEBAL on reproductive parameters is even more 

critical in pasture-based dairy systems (as predominate in NZ) as energy intake is often 

limited (Waghorn and Clark, 2004) and calving patterns must coincide with seasonal 

forage availability to maintain economic sustainability (Rhodes et al., 2003).   

In the NZ pasture-based dairy system, another period of transitory nutrient stress 

occurs when adverse environmental conditions reduce forage growth and/or quality.  
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Metabolic changes required during these stressful periods to maintain milk production, 

health and reproductive status are both homeostatic and homeorhetic in nature.   

Homeostatic and Homeorhetic Mechanisms 

Bauman and Currie (1980) define homeostatic control as the maintenance of 

physiological equilibrium or constant conditions in the internal environment, whilst 

homeorhetic control is the orchestrated or coordinated metabolic changes in tissues 

necessary to support a dominant physiological state (i.e. lactation).  The transition from 

gestation to lactation, or the maintenance of gestation and/or lactation during periods of 

nutrient restriction (when animals are typically in NEBAL) are classic examples of 

successful homeorhetic metabolic adaptations. Regulation and coordination of energy 

intake and postabsorptive lipid, carbohydrate and amino acid partitioning among tissues 

and organs (including the mammary gland) are key components of the homeorhetic 

adaptations required during this period (Table 3.1). 

Lipid Metabolism 

Lipid or adipose tissue represents the body’s predominant energy reserve and 

consists of triglyceride-filled cells known as adipocytes (Bell, 1995).  Within adipocytes, 

two processes, lipolysis and lipogenesis, are continuously occurring resulting in 

intracellular trigylcerides constantly being degraded and re-synthesised, respectively 

(Figure 3.1).  During lipolysis, hormone sensitive lipase (HSL) acts as a catalyst at the 

lipid droplet surface to hydrolyse fatty acids at the sn-1 and sn-3 positions.  Activation of 

HSL by lipolytic hormones is mediated by reversible phosphorylation via cAMP- 

dependent protein kinase A (PKA).  Additional regulation occurs via perilipin, a  
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Table 2.1.  Metabolic adaptations associated with negative energy balance in dairy cows 

Physiological function Metabolic changes Tissues involved 

Milk synthesis Increased use of nutrients      
(in particular glucose) Mammary gland 

Lipid metabolism Increased lipolysis 
Decreased lipogenesis Adipose tissue 

Glucose metabolism 

Increased gluconeogenesis 
Increased glycogenolysis 
Decreased glucose oxidation 
Increased lipid B-oxidation 

Liver and other body 
tissue 

Protein metabolism Mobilization of protein 
reserves 

Muscle and other body 
tissue 

Adapted from Bauman and Currie (1980).  
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hydrophobic protein associated with the lipid droplet.  Perilipin phosphorylation (via 

cAMP-dependent PKA) is believed to be essential for HSL translocation from the cytosol 

to the surface of the lipid droplet, enabling fatty acid hydrolysis to occur (Yeaman, 2004).  

Monoacylglycerol lipase then hydrolyzes the remaining fatty acid at the sn-2 position 

generating three free fatty acids and a glycerol backbone (Stipanuk, 2000).    As 

previously mentioned, triglycerides are constantly hydrolysed or re-esterified within the 

adipocyte.  However, during NEBAL, homeorhetic controls optimise non-esterified fatty 

acids (NEFA) mobilization by increasing lipolysis and decreasing lipogenesis.  

Catecholamines, such as epinephrine and norepinephrine, secreted by sympathetic nerve 

endings in adipose tissue and the adrenal medulla, respectively, act as potent lipolytic 

stimulators (Bauman and Currie, 1980).  These catecholamines act via G-proteins to 

increase adenyl cyclase production, which stimulates intracellular cAMP formation.  

cAMP then activates PKA, which phosphorylates and (as previously mentioned) activates 

the regulatory subunits of both HSL and perilipin proteins subsequently increasing 

lipolysis (Stipanuk, 2000).  Circulating growth hormone is high during early lactation 

(stimulated by low blood glucose and other bioenergetic signals) and increases the 

adipocyte responsiveness to lipolytic stimuli (Figure 3.1).  Additionally, growth hormone 

decreases lipogenesis, thus favoring NEFA mobilization (Bauman and Currie, 1980).  

Endocrine factors such as insulin, adenosine and some prostaglandins (E series) are 

associated with decreased HSL activity and subsequently increased lipogenesis (Figure 

3.1).  During the transition period however, homeorhetic signals decrease insulin 

responsiveness of extra mammary tissue, which once again facilitates NEFA mobilization  
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Figure 2.1. Schematic representation of lipid metabolism in the transition dairy cow.  
Positive signs (+) indicate stimulation and negative signs (-) indicate inhibition.  Dashed 
lines are processes that occur at low rates or only during certain physiological states.  
CPT-I = carnitine palmitoyltransferase-I, EPI = epinephrine, GH = growth hormone, 
NEFA = non-esterified fatty acids, TG = triglycerides and VLDL = very low density 
lipoproteins.  Adapted from Drackley (1999). 
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(Bell, 1995; Herdt, 2000).  Once mobilized, NEFA quickly attach to serum albumin for 

transport to various tissues.   During high rates of lipolysis the ratio of NEFA to albumin 

increases, and NEFA occupy the lower affinity binding sites on the albumin molecule. 

This weak connection favors delivery and uptake of NEFA by energy and lipid requiring 

tissues (Stipanuk, 2000).   Circulating NEFA are used in the body via three pathways. 

They are oxidized by the liver and skeletal muscle as an energy source, re-esterified to 

triglyceride in the liver or used by the mammary gland as a source of milk fat (Figure 3.1; 

Drackley, 1999).   

Fatty acid β-oxidization by hepatic cells is localized in the mitochondrial 

compartment and produces acetyl CoA and reduced forms of nicotine adenine 

dinucleotide and flavin adenine dinucleotide (NADH and FADH, respectively), which 

generate energy via ATP production in the citric acid cycle and electron transport chain 

respectively (Stipanuk, 2000).  Carnitine palmitoyltransferase-I (CPT-I) is the rate 

limiting enzyme responsible for transporting cytosolic fatty acids to the mitochondria 

(location of β-oxidation; McGarry and Brown, 1997).  During NEBAL, CPT-I activity 

and subsequent fatty acid β-oxidation rates increase, probably due to decreased 

concentrations of, and reduced sensitivity to, malonyl-CoA, a potent allosteric CPT-I 

inhibitor (Brindle et al., 1985; Jesse et al., 1986).  Malonyl Co-A is a fatty acid synthesis 

intermediate and concentrations decrease during periods of NEBAL when insulin to 

glucagon ratios are low and lipogenesis is limited (McGarry and Brown, 1997).  When 

fatty acid mobilization from adipocytes is accelerated (i.e. during NEBAL) hepatic cells 

convert excess acetyl CoA, generated from β-oxidization, into ketone bodies 
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(acetoacetate and β-hydroxybutyrate; BHBA; Herdt, 2000).  Ketone body formation rate 

is directly proportional to fatty acid oxidation rates and although acetyl-CoA conversion 

to ketone bodies, rather than complete β-oxidation, is less energetically efficient 

(Stipanuk, 2000), ketosis is an important survival mechanism for the transition or nutrient 

restricted dairy cow.  This is because during lactation, the majority (>80%) of available 

glucose is partitioned to the mammary gland (Bell, 1995), and vital organs that cannot 

metabolize fatty acids as an energy source (i.e. the brain) rely on ketone oxidation for 

survival (Stipanuk, 2000). 

An alternative pathway for hepatic NEFA oxidation is via peroxisomes, 

subcellular organelles present in most organs of the body (Singh, 1997).  However, in 

addition to acetyl CoA, peroxisomal β-oxidation produces hydrogen peroxide and heat; 

compared to mitochondrial β-oxidation which generates energy in the form of reduced 

NADH.  In addition, peroxisomes do not contain a respiratory chain linked to ATP 

formation.  Therefore, it is proposed the less energy efficient peroxisomal β-oxidation 

may play a role as an overflow pathway to oxidize fatty acids only during extensive 

NEFA mobilization (Figure 3.1; Drackley, 1999). 

The NEFA that do not undergo hepatic β-oxidization are re-esterified to 

triglyceride and released into the circulation as very low-density lipoproteins (VLDL; 

Figure 3.1).  During periods of NEBAL, hepatic capacity for fatty acid re-esterification 

increases, however the VLDL export rate from the liver remains low (Bauchart, 1993) 

possibly due to the bovine’s reduced capacity to generate Apoprotein B (Drackley, 1999), 

the key component believed to control the overall rate of VLDL synthesis and secretion 
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(Avramoglu and Adeli, 2004). Thus, during periods of NEBAL, increased hepatic NEFA 

uptake and re-esterification, combined with inefficient VLDL release can result in 

hepatocyte triglyceride accumulation, a phenomenon referred to as fatty liver.   

Peroxisome proliferator-activated receptors (PPAR) are a group of nuclear 

transcription factors involved in lipid regulation (Desvergne and Wahli, 1999; Lee et al., 

2003).  Three subtypes, PPARα, PPARδ/β and PPARγ have been identified and PPARα

has been shown to directly regulate genes involved in hepatic fatty acid uptake and β-

oxidation (Dreyer et al., 1993; Peters et al., 2001).  Gene targeting studies have 

demonstrated that PPARα is essential for up-regulating these genes during periods of 

NEBAL.  Additionally, elevated NEFA are believed to increase PPARα expression and 

action, leading to increased hepatic fatty acid β-oxidation and decreased re-esterification 

(Grum et al., 1996; Douglas et al., 1998).  Furthermore, in PPARα null mice, fasting and 

NEBAL resulted in severe hypoketonemia and elevated plasma NEFA concentrations 

indicating a defect in hepatic fatty acid uptake and β-oxidation (Kersten et al., 1999; 

Leone et al., 1999).   Regulation of lipid metabolism via PPAR isoforms will be 

discussed in more detail later in this chapter.  

Carbohydrate and Amino Acid Metabolism 

Although lipid metabolism is a key biological component in the lactating cow, 

carbohydrate and amino acid metabolism are also involved in homeorhetic controls 

evident during periods of NEBAL. Milk production requires large amounts of glucose for 

lactose synthesis and during early lactation the mammary gland can account for up to 

80% of total glucose turnover (Bauman and Currie, 1980).  Bell (1995) also reported 
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mammary gland glucose uptake immediately postpartum is 9 times higher than 7 to 9 

days prepartum.  However, in ruminants, dietary fiber and complex carbohydrates 

(primarily long glucose chains) are largely metabolized to volatile fatty acids (VFA; 

acetate, propionate, butyrate) and dairy cows depend almost exclusively upon hepatic 

gluconeogenesis as the sole source of circulating glucose (Bell, 1995).  During periods of 

NEBAL, homeorhetic coordinated responses increase circulating glucagon and decrease 

insulin, thereby stimulating hepatic gluconeogenesis and glycogenolysis (mobilization of 

glycogen) to ensure the increased glucose demands of the lactating dairy cow are met. 

Propionate, produced by ruminal carbohydrate fermentation, is the primary 

substrate for hepatic gluconeogenisis, accounting for 50 to 60% of total glucose 

synthesized in well-fed ruminants.  However, in the periparturient dairy cow that 

typically experiences decreased dry matter intake (DMI) prior to calving (Bertics et al., 

1992; Goff and Horst, 1997), and during periods of nutrient restriction, propionate 

production declines.  Consequently, the contribution of lactate, glycerol, and amino acids 

to the supply of gluconeogenic precursors increase (Bell, 1995).  During this period, 

glycerol released from adipocytes via lipolysis, and amino acid mobilization (from 

skeletal muscle), may contribute as much as 30 to 35% of the glucose demand (Bell, 

1995).  In addition to the increase supply of glycerol and amino acids, Greenfield et al.  

(2000) demonstrated that pyruvate carboxylase, a potential rate-limiting enzyme in 

hepatic gluconeogenesis, increased during the transition period, indicating an increased 

capacity for gluconeogenesis from lactate and amino acids.  Further evidence of 

homeorhetic controls functioning during times of NEBAL (in particular during the 
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transition period) is the reduction in glucose uptake by extra-mammary peripheral tissue 

(i.e. adipose and muscle), due to decreased insulin concentrations and decreased insulin 

responsiveness of these tissues (Vernon et al., 1990).  Fatty acids and ketones become 

increasingly important fuel sources in these tissues, thus sparing glucose for milk 

synthesis (Bell, 1995).   

Maladaptation 

Homeorhetic coordination of body fuel utilization and conservation, during 

transitioning or periods of nutrient restriction, allows the majority of dairy cows to 

recover from NEBAL and continue milk production without adverse effects on health or 

reproduction.  However, if the dairy cow is subjected to long periods of severe NEBAL 

and homeorhetic controls are unable to maintain metabolic balance, metabolic and 

reproductive disorders can occur.  The severity and duration of NEBAL depends on two 

major factors, energy output in milk and energy or DMI via feed.   

Dry matter intake (DMI) 

A gradual decline in DMI begins 3 weeks prepartum, with the most dramatic 

decrease occurring during the final week prepartum (Grant and Albright, 1995).  The 

extent of this decrease varies, but a 30% reduction is typical in heifers and mature cows 

(Bertics et al., 1992; Goff and Horst, 1997).  Causes for voluntary decreased DMI 

prepartum are not known but may be partly due to the numerous endocrine changes 

occurring during this period.  Briefly, placental derived estrogen increases in plasma 

during late gestation and decreases immediately at calving, plasma progesterone 

concentrations are elevated during pregnancy but decline rapidly just prior to calving and 
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glucocorticoid and prolactin concentrations increase on the day of calving and return to 

near prepartum concentrations the following day (Grummer, 1995), however the exact 

effect of these hormones on DMI is not known.  In addition to endocrine factors, in a 

TMR system (as predominates in USA) DMI can be influenced by dietary changes that 

alter rumen function (Goff and Horst, 1997).  During the late stages of pregnancy, dry 

cows are fed a high forage ration, low in energy and high in neutral detergent fiber 

(NDF), compared to lactating cows.  This results in an inefficient use of dietary energy 

due to a shift in bacterial population that favor methane production (Johnson and 

Johnson, 1995) and a reduction in rumen papillae length and subsequent rumen 

absorptive capacity (Dirksen et al., 1985).  Additionally, cows abruptly switched to a 

high-energy and highly fermentable lactation diet following calving can experience 

rumen acidosis.  Lactate producing bacteria respond to the higher energy, higher starch 

diet and produce large amounts of lactate, which is ~10 times more acidic than VFA 

(Goff and Horst, 1997).  The decreasing rumen pH, combined with the undeveloped 

rumen papillae, results in an accumulation of organic acids causing rumen pH to decline 

until protozoa and bacteria are either killed or inactivated (Goff and Horst, 1997).  The 

by-products of dying protozoa are absorbed systemically and can lead to metabolic 

acidosis or hoof wall damage resulting in clinical laminitis (Goff and Horst, 1997).  

In the NZ pasture-based dairy system, diet does not change during the transition 

period and milk production is lower than cows fed TMR (Kolver et al., 2000, 2002; Kay 

et al., 2005). However, although calving and maximum milk production usually coincides 

with peak pasture availability, pasture intake is often purposely restricted during this 
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period to ensure pasture re-growth (Waghorn and Clark, 2004) and thus grazing 

transitioning dairy cows can enter into a more severe NEBAL than typically observed in 

ad libitum TMR fed cows.   

Ketosis and Fatty Liver 

Ketosis and fatty liver are closely linked metabolic disorders associated with the 

transition period and maladaptation during periods of NEBAL (Schultz, 1968; Littledike 

et al., 1981).  As mentioned above, hepatic NEFA uptake, β-oxidation and esterification 

increase during NEBAL and ketones are produced from acetyl CoA when the amount of 

acetyl CoA generated from β-oxidation exceeds the amount entering the citric acid cycle 

(Herdt, 2000).  Prolonged periods of ketone production causes high circulating ketone 

levels and can impair hepatic gluconeogenesis, reduce DMI and thus increase the severity 

of NEBAL (Grummer, 1993; Cadorniga-Valino et al., 1997).  Fatty liver is often a 

precursor to ketosis and occurs when hepatic fatty acid uptake and esterification exceeds 

the rate of fatty acid depletion through β-oxidation and VLDL export  (Grummer, 1993).  

The role DMI plays in these metabolic disorders during the transition period is 

controversial.  Bertics et al. (1992) force feed cows via rumen canulas and found DMI 

prior to calving was negatively correlated with liver triglyceride levels immediately 

postpartum, however Rukkwamsuk et al. (1999) reported a high DMI pre-calving can 

lead to significant adipose tissue accretion, which may depress appetite post calving and 

thereby cause increased incidence of health disorders.  Finally, Goff and Horst (1997) 

reported the liver of an over-conditioned cow is more limited in ability to oxidize fatty 

acids than the liver of a thinner cow.   



32

Reproduction 

In addition to metabolic disorders, reproduction can also be adversely affected by 

NEBAL duration and magnitude (Beam and Butler, 1998; de Vries et al., 1999).  

Although the energy required for follicular ovulation, corpus luteum formation and early 

pregnancy maintenance are almost negligible compared to other energy demands of the 

lactating dairy cow (Lucy, 2003), recovery from NEBAL provides an important signal for 

initiating ovarian activity (Canfield and Butler, 1990; Beam and Butler, 1997).  Elevated 

levels of NEFA, BHBA, and liver triglyceride are all associated with impaired fertility 

and poor reproductive success (Comin et al., 2002; Marr et al., 2002).  Several studies 

have shown that early resumption of ovalatory estrous cycles results in improved fertility 

following breeding (Darwash et al., 1997).  Therefore, limiting NEBAL severity and 

decreasing days to EBAL nadir are important aspects for improving reproductive success 

in the transitioning dairy cow (Canfield and Butler, 1990; de Vries and Veerkamp, 2000).   

Alleviating Negative Energy Balance 

To date, the majority of research concentrating on NEBAL has focused on 

manipulating feed composition and milking frequency to increase energy intake or 

decrease milk production, respectively, in an attempt to alleviate NEBAL (Bertics et al., 

1992; Curruthers et al., 1993; Grant and Albright, 1995; Grummer, 1995; Grum et al., 

1996; Beam and Butler, 1998; Komaragiri et al., 1998; Rhodes et al., 1998; Davis et al., 

1999; Agenas et al., 2003).  Recently however, a potent inhibitor of milk fat synthesis, 

conjugated linoleic acid (CLA), has been considered as an alternative management tool to 

improve EBAL during times of nutrient stress by decreasing energy expended in milk fat 
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synthesis (Moore et al., 2004, 2005b; Odens et al., 2006).  The effects of CLA on milk fat 

synthesis and EBAL will be discussed later in this literature review. 

Milk Fat Synthesis 

Figure 3.2 depicts the overall milk fat synthesis and secretion processes and 

detailed descriptions of milk fat synthesis can be found in reviews by Bauman and Davis 

(1974), Moore and Christie (1979), and Barber and colleagues (1997).  Briefly, milk 

lipids are composed of triglyceride rich (~98%) globules (Stryer, 1981) and are 

synthesised within the mammary epithelial cells from glycerol and fatty acids that are 

derived from two major sources;  

1) de novo synthesis within the mammary epithelial cells  

2) circulating preformed fatty acids from diet or  tissue mobilization.   

De novo Fatty Acid Synthesis 

De novo fatty acid synthesis accounts for approximately 45 and 60% of bovine 

milk fatty acids on a weight and molar basis, respectively (Bauman and Davis, 1974).  

All milk fatty acids with carbon chains 4:0 to 14:0 and approximately one-half of the 

16:0 and 16:1 fatty acids are derived from de novo fatty acid synthesis (Bauman and 

Davis, 1974).  De novo fatty acid synthesis occurs in the mammary epithelial cell 

cytoplasm and requires two components: a carbon source and reducing equivalents to 

donate hydrogen atoms.  As mentioned previously, ruminants depend almost exclusively 

upon hepatic gluconeogenesis as the source of circulating glucose so unlike monogastric 

animals, which primarily use glucose as the carbon source for milk fat synthesis, 

ruminants use acetate and butyrate, products of rumen microbal carbohydrate  
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Figure 2.2.  Synthesis of milk fat in the ruminant mammary gland.  ACC = acetyl coA 
carboxylase; DGAT = diacylglcerol acyltransferase; FAS = fatty acid synthetase; GPAT 
= glycerol phosphate acyltransferase; LPL = lipoprotein lipase; SER = smooth 
endoplasmic reticulum; SFA = saturated fatty acids, TG = triglycerides, UFA  = 
unsaturated fatty acids and VLDL = very low density lipoproteins. Adapted from Holmes 
et al. (2002) and McGuire and Bauman (2002).  
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fermentation.  Butyrate is converted to BHBA by rumen epithelium and the liver, and 

both BHBA and acetate are taken up into the mammary epithelial cell from circulation 

(Figure 3.2).  Acetate and BHBA contribute almost equally to the first 4 fatty acid 

carbons, however, acetate is the primary carbon source for chain elongation and BHBA 

only contributes about 8% to total milk fatty acid carbons (Palmquist et al., 1969).  The 

first step in de novo fatty acid synthesis is the conversion of acetate to acetyl-CoA by 

acetyl-CoA synthetase.  Next, acetyl-CoA carboxylase (ACC; a rate limiting lipogenic 

enzyme; Mellenberger et al., 1973; Wakil et al., 1983) catalyses the production of 

malonyl-CoA from acetyl-CoA.  Additional malonyl-CoAs are added via fatty acid 

synthetase (FAS; Wakil et al., 1983), extending the fatty acid chain two carbons at a time. 

Mechanisms regulating fatty acid chain length are not fully understood, however a 

specific acyl-thioesterase present in mammary tissue catalyses fatty acid cleavage from 

the FAS complex, producing a range of fatty acids containing 4-16 carbons (Moore and 

Christie, 1979; Barber et al., 1997).  Reducing equivalents for de novo fatty acid 

synthesis come from NADPH2 (the reduced form of nicotine adenine dinucleotide 

phosphate; Dils, 1983) produced via the pentose phosphate pathway (~50%) and 

conversion of isocitrate to α-ketoglutarate via the isocitrate dehydrogenase pathway 

(~50%; Bauman and Davis, 1974). 

Preformed Fatty Acids 

The remaining 16:0 and 16:1, and almost all of the other longer chain fatty acids 

in milk (approximately 55% by weight or 45% on a molar basis) are derived from 

circulating preformed fatty acids (Bauman and Davis, 1974).  Circulating fatty acids 
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originate from dietary and microbial lipids absorbed from the digestive tract and 

incorporated into chylomicrons and VLDL, in the intestine and liver, respectively and 

from mobilized body fat reserves.  Dietary derived fatty acids provide approximately 

90% of the total milk fat preformed pool (Pullen et al., 1989), however this contribution 

can vary depending on physiological state and EBAL status (Bauman and Davis, 1974; 

Moore and Christie, 1979). Triglycerides in VLDL and chylomicrons are hydrolyzed in 

the mammary capillaries by lipoprotein lipase (LPL) and the resulting free fatty acids and 

glycerol, along with adipose-derived NEFA are taken up by the mammary epithelial cell.  

Within the mammary epithelial cells, preformed and de novo synthesized fatty acids are 

esterified to glycerol via the α-glycerol-phosphate pathway.  The resulting triglyceride 

rich lipid droplets are secreted in the milk via exocytosis (Davies et al., 1983; Figure 3.2).   

Conjugated Linoleic Acid (CLA) 

Structure and Chemistry  

CLA are geometrical and positional isomers of octadecadienoic acid (18:2) 

containing conjugated double bonds.  A number of CLA isomers are theoretically 

possible, for example trans-7, cis-9; cis-8, trans-10; cis-9, trans-11 and trans-10, cis-12 

are just four possibilities.  Figure 3.3 illustrates the structure of two of the most 

intensively investigated CLA isomers, cis-9, trans-11 CLA and trans-10, cis-12 CLA in 

comparison with linoleic acid, cis-9, cis-12 18:2.  

Health Benefits 

Putative CLA health benefits were revealed more than two decades ago when 

Pariza et al. (1979) discovered a component of ground beef inhibited mutagenic activity. 
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Figure 2.3. Chemical structure of (A) trans-10, cis-12 conjugated linoleic acid, (B) cis-9, 
trans-11 conjugated linoleic acid and (C) cis-9, cis-12 18:2 (linoleic acid).  Adapted from 
Bauman and co-workers (1999).  
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This component was later isolated and identified as CLA (Ha et al., 1987).  Since then, 

numerous health benefits of CLA have been established in animal and human models 

(Table 3.2) and substantial interest has developed with regards to its biochemical actions 

and potential use in foods and pharmaceuticals (Belury, 2002).   

Most research evaluating exogenous CLA have used synthetically synthesized 

CLA, which contains a variety of isomers. This has created difficulties in identifying 

specific CLA isomer(s) responsible for different biological effects.  However, Ip et al. 

(1999) identified cis-9, trans-11 CLA as the CLA isomer responsible for anticarcinogenic 

effects by using butter, naturally enriched in cis-9, trans-11 CLA, to prevent tumour 

development. Since then, the trans-10, cis-12 CLA isomer has also been shown to be 

effective in various cancer models (Hubbard et al., 2003; Masso-Welch et al., 2004).  

CLA Synthesis and Fatty Acid Biohydrogenation 

The most abundant dietary source of CLA for humans is from milk and meat 

products derived from ruminant animals.  The typical diet of domesticated ruminants 

consists of forages or a mixture of forages and concentrates.  Forage lipids consist mainly 

of glycolipids and phospholipids, and the major fatty acids are α-linolenic and linoleic 

acids (Bauman et al., 1999).  The lipid composition of seeds and seed oils used in 

concentrate feedstuffs is predominantly triglyceride containing linoleic and oleic acids as 

the major fatty acids (Bauman et al., 1999).  When dietary lipids enter the rumen, the 

initial rate limiting step in lipid digestion is lipolysis to produce free fatty acids, glycerol, 

and some sugar (Harfoot and Hazlewood, 1988).  Following lipolysis, ruminal 

biohydrogenation is the process in which hydrogen ions are added to unsaturated free 
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Table 2.2.  Potential health benefits of CLA 
Potential health benefit Reference 

Anticarcinogenic 

Parodi et al., 1997 
Scimeca, 1999 
Ip et al., 1999, 2003 
Belury, 2002 
Hubbard et al., 2003 
Masso-Welch et al., 2004 

Enhanced immunologic function and protection 
from catabolic effects of immune stimulation 

Cook et al., 1993 
Miller et al., 1994 
Pariza et al., 1999, 2003 

Antiatherogenic  

Lee et al., 1994  
Nicolosi et al., 1997 
Kritchevsky et al., 2000, 2002 
Toomey et al., 2003 

Antidiabetic Houseknecht et al., 1998  

Regulate plasma lipid profile 
de Deckere et al., 1999 
Gavino et al., 2000 
Martin and Valeille, 2002 

Regulate lipid metabolism 

Chin et al., 1994  
Park et al., 1997, 1999  
DeLany et al., 1999 
Terpstra et al., 2002, 2003 
Kim et al., 2002b 
Dugan et al., 1997, 2001 
Ostrowska et al., 1999, 2003 
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fatty acids, to reduce toxic effects on bacterial growth (Kemp and Lander, 1984; 

Palmquist et al., 2005).  If carried to completion, all double bonds are converted to single 

bonds and the unsaturated fatty acid becomes completely saturated.  While most 

unsaturated fatty acids are modified through rumen metabolism, saturation is not always 

complete and a variety of fatty acid intermediates result from incomplete ruminal 

biohydrogenation (Byers and Schelling, 1988).  Experiments using radiolabelled or pure 

fatty acids in vivo and in vitro have allowed identification of major biohydrogenation 

pathways (Harfoot and Hazlewood, 1988) and the responsible ruminal bacteria (Kemp 

and Lander, 1984).   

The predominant biohydrogenation pathways for linoleic and α- and γ-linolenic 

acids and the ruminal bacteria involved are presented in Figure 3.4.  Linoleic acid 

biohydrogenation consists of three major steps.  The first step involves isomerisation of 

the cis-12 double bond and is considered a prerequisite step in the biohydrogenation of 

fatty acids containing a cis-9, cis-12 double bond system (Kemp et al., 1984).  

Butyrivibrio fibrosolvens (Group A) bacteria are responsible for this step via the enzyme 

linoleate isomerase (EC 5.2.1.5).  This enzyme is bound to the B. fibrosolvens cell 

membrane and demonstrates an absolute substrate requirement for the cis-9, cis-12 diene 

system (Kepler and Tove, 1967; Kepler et al., 1970).   

The second step in the biohydrogenation process is hydrogenation of the 

conjugated acid yielding a trans octadecenoic acid, mainly trans-11 18:1 (vaccenic acid; 

VA).  This is followed by the third step, hydrogenation of the octadecenoic acid to 

produce the completely saturated derivative, stearic acid.  Group A bacteria hydrogenate  
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Figure 2.4. The biohydrogenation pathway of linoleic and α- and γ-linolenic acids to 
stearic acid.  Adapted from Harfoot and Hazlewood (1988) and Griinari and Bauman 
(1999). 
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linoleic acid, VA being their major end product, whilst Group B bacteria utilise VA as 

one of their main substrates with stearic acid being the end product (Figure 3.4; Harfoot 

and Hazlewood, 1988). Only three isolates of Group B are known; two species of 

Fusocillus and an unnamed Gram negative rod, R8/5 (Harfoot and Hazlewood, 1988). 

Similar to linoleic acid biohydrogenation, biohydrogenation of α- and γ-linolenic 

acids begins with an isomerization step followed by a sequence of hydrogenations 

leading to the formation of stearic acid (Figure 3.4).  The isomerization step and the first 

hydrogenation step of α- and γ-linolenic acids can be carried out by either Group A or B 

bacteria.  After this step, biohydrogenation differs between the two linolenic acid 

isomers.  Group A bacteria hydrogenate trans-11, cis-15 18:2, an intermediate of α-

linolenic acid, whilst Group B bacteria (Fusocillus) hydrogenate cis-6, trans-11 18:2, an 

intermediate of γ-linolenic acid, to produce VA.  VA is then utilised by Group B bacteria 

to produce stearic acid (Harfoot and Hazlewood, 1988).Although many biohydrogenation 

pathways have been identified (Harfoot and Hazlewood, 1988), these are probably not 

complete and recent research has unveiled new microbial biohydrogenation routes.  

Mosley and colleagues (2002) demonstrated that oleic acid is not only biohydrogenated 

directly to stearic acid (as previously described; Harfoot and Hazlewood, 1988), but also 

gives rise to several positional trans monoene isomers (trans 6, 7 and 9-16).  Authors 

proposed that trans monoene production from oleic acid was either via rumen bacteria 

cis/trans isomerases or simple chemical double bond migration (Mosley et al., 2002).   

Additionally, Griinari and Bauman (1999) proposed an alternative biohydrogenation 

pathway for linoleic acid producing trans-10, cis-12 CLA and trans-10 18:1 as 
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intermediates.  This CLA isomer and biohydrogenation pathway will be discussed in 

more detailed later.  Based upon the diversity in trans isomers found in ruminant milk 

and adipose lipids, there appear to be many biohydrogenation pathways that have yet to 

be identified and the simplistic aforementioned routes are probably much more complex 

than what is currently understood. 

 Cis-9, Trans-11 CLA Synthesis 

As cis-9, trans-11 CLA is an intermediate formed during linoleic acid 

biohydrogenation, it was originally assumed that milk fat cis-9, trans-11 CLA was of 

rumen origin and the original term “Rumenic acid” was proposed (Kramer et al., 1998).  

However, cis-9, trans-11 CLA is only a transient intermediate in the ruminal 

biohydrogenation process, whilst the reduced product VA, is a penultimate metabolite 

accumulating in the rumen (Keeney, 1970).  It is now known that the majority of milk fat 

cis-9, trans-11 CLA originates endogenously, from conversion of ruminally derived VA 

via mammary ∆9-desaturase (stearoyl-CoA desaturase; SCD) in cows fed pasture 

(predominantly α-linolenic acid; Kay et al., 2004; Figure 3.5) or TMR (primarily linoleic 

acid; Griinari et al., 2000; Corl et al., 2001; Piperova et al., 2002; Figure 3.5).  Trans-7, 

cis-9 CLA, the second most abundant CLA isomer found in ruminant milk, is also 

primarily produced via mammary SCD, from ruminally derived trans-7 18:1 (Corl et al., 

2002; Piperova et al., 2002).  As a consequence of the two primary CLA isomers being 

“endogenously derived” rather than of rumen origin, the original term “rumenic acid” is 

used infrequently in the literature today.   

SCD is a multienzyme system that introduces a cis double bond between carbon 9 
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Figure 2.5. Ruminal biohydrogenation of linoleic and α-linolenic acids and post-ruminal 
synthesis of cis-9, trans-11 conjugated linoleic acid (CLA).  SCD = stearoyl CoA 
desaturase or ∆9-deasturase. Adapted from Griinari and Bauman (1999). 
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and 10 of a fatty acid.  The SCD includes the terminal SCD, cytochrome b5, NAD(P)-

cytochrome b5 reductase, and molecular oxygen. The CoA ester of VA is the substrate 

for formation of cis-9, trans-11 CLA, and although a wide range of saturated and 

unsaturated acyl CoAs can serve as substrates for SCD (Enoch et al., 1976), the preferred 

substrates are palmitoyl- and stearoyl-CoA, which are converted to palmitoleoyl- and 

oleoyl-CoA, respectively (Ntambi, 1999).   However, it is unknown where VA fits in the 

hierarchy of substrates that SCD prefers. 

Trans-10, Cis-12 CLA Synthesis 

Milk fat trans-10, cis-12 CLA arises directly from ruminal production and cannot 

be endogenously produced.  Under various physiological conditions (i.e. high grain diets) 

the bacteria Megasphaera elsdenii strain YJ-4 thrives (Kim et al., 2002a).  M. elsdenii 

enzyme characteristics are similar to the linoleate isomerase in B. fibrosolvens (Kim et 

al., 2000), however M. elsdenii isomerises the cis-9 double bond of linoleic acid, instead 

of the cis-12 double bond, producing trans-10, cis-12 CLA rather than cis-9, trans-11 

CLA.  Trans-10, cis-12 CLA is then biohydrogenated to trans-10 18:1 via B. fibrosolvens 

reductase, however this occurs at one-third the rate of conversion of cis-9, trans-11 CLA 

to VA (Kepler et al., 1966).  Trans-10 18:1 is then further reduced to stearic acid 

(Griinari and Bauman, 1999; Palmquist et al., 2005; Figure 3.6). 
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Figure 2.6. Ruminal biohydrogenation pathways of linoleic acid.  Adapted from Griinari 
and Bauman (1999). 
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Milk Fat Depression (MFD) 

Based on the putative health benefits of CLA, early attempts to enhance milk fat 

CLA content in lactating dairy cows (via abomasal infusion of a CLA mixture) 

discovered that CLA decreased milk fat production (Loor and Herbein, 1998; Chouinard 

et al., 1999a).  Since then, CLA has been shown to inhibit milk fat synthesis in lactating 

rodents (Loor et al., 2003; Lin et al., 2004; Ringseis et al., 2004), sheep (Lock et al., 

2006), goats (Gulati et al., 2003; Rovai et al., 2006), pigs (Bee, 2000; Harrell et al., 2000; 

Poulos et al., 2000), and humans (Masters et al., 2002). 

In lactating dairy cows, decreased milk fat synthesis is often referred to as milk 

fat depression (MFD).  MFD was first recognized by Boussingault in 1845 while feeding 

dairy cows beets (Van Soest, 1982) and because of its traditional economic importance, 

much research has focused on understanding mechanisms behind MFD.   MFD can occur 

when diets include high levels of concentrate, finely chopped forages, pelleted 

concentrates, or high amounts of polyunsaturated fatty acids, such as plant and fish oils 

(Bauman and Griinari, 2001). Other factors that alter milk fat content include 

environmental temperature, and management and animal factors (i.e. feeding frequency, 

use of ionophores, DMI, stage of lactation and physiological state; Sutton, 1989; 

Palmquist et al., 1993). 

Reduced Lipogenic Precursor Theories  

Originally, diet-induced MFD was attributed to changes in the concentration and 

ratio of rumen VFA resulting in a limited supply of milk fat precursors (acetate and 

butyrate).  Tyznick and Allen (1951) and Balch et al. (1955) proposed that the decrease in 
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milk fat when feeding a high grain/low forage diet was due to reductions in molar ratio of 

acetate to propionate in rumen fluid.  As acetate is the primary precursor for de novo fatty 

acid synthesis in the ruminant, they speculated that reduced acetate would decrease 

carbon available for de novo fatty acids synthesis.  However, later research demonstrated 

the decreased acetate to propionate ratio was actually due to increased propionate 

production and not decreased acetate synthesis (Davis, 1967; Bauman et al., 1971; Sutton 

et al., 1985). Additionally, supplying exogenous acetate did not alleviate diet-induced 

MFD (Davis and Brown, 1970) and thus offered little support for the acetate deficiency 

theory.  

A BHBA deficiency was also proposed as the cause of MFD.  Van Soest and 

Allen (1959) speculated that during diet-induced MFD, increased propionate would 

inhibit hepatic ketone synthesis, and reduce BHBA availability.  As previously 

mentioned, BHBA contributes ~50% of the first 4 carbons in de novo fatty acid synthesis, 

therefore reduced BHBA would theoretically reduce de novo fatty acid synthesis.  

However, as previously mentioned, BHBA only provides 8% of total carbons for fatty 

acid synthesis (Palmquist et al., 1969) and BHBA turnover rates are unaffected by 

propionate levels during periods of MFD, thus little support for the BHBA theory exists.    

The glucogenic-insulin theory (McClymont and Vallance, 1962) was also 

proposed based on increased propionate production during diet-induced MFD.  

Propionate is the primary substrate for hepatic gluconeogenesis and both propionate and 

glucose result in increased insulin secretion.  Insulin acts to stimulate lipogenesis and 

inhibit lipolysis in extra-mammary tissue however the mammary gland is “insulin 
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insensitive” and does not respond to changes in circulating insulin.  Based on the 

glucogenic-insulin theory, increased insulin would stimulate extramammary uptake of 

lipogenic precursors and limit lipolysis, preferentially channelling nutrients to 

extramammary tissue and limiting precursors available for milk fat synthesis in the 

mammary gland.  However, Davis and Brown (1970) and Bauman and Griinari (2001) 

summarized numerous trials evaluating exogenous propionate and glucose infusions and 

reported a wide range (decreases and increases) of milk fat yield responses.  As insulin is 

a central regulator in glucose homeostasis, a chronic hyperinsulinemic-euglycemic clamp 

was used to increase circulating insulin while avoiding counter regulatory changes in 

glucose homeostasis.  These studies demonstrated minimal effects on milk fat synthesis 

when insulin concentrations were elevated (~4 fold greater than basal levels; McGuire et 

al., 1995; Griinari et al., 1997; Mackle et al., 1999).   Additionally, during diet-induced 

MFD, changes in milk fat content are predominantly due to decreases in de novo 

synthesized fatty acids, while the proportion of preformed fatty acids tend to increase 

(Bauman and Griinari, 2001).  This is in direct contrast to the milk fatty acid composition 

during hyperinsulinemic-euglycemic clamp studies, once again challenging the validity 

of the glucogenic-insulin theory (McGuire et al., 1995; Griinari et al., 1997; Mackle et 

al., 1999).  

Direct Inhibition Theories  

In addition to the limited lipogenic precursor theories, several theories were 

proposed based on direct inhibition of mammary lipid synthesis.  Frobish and Davis 

(1977) proposed the vitamin B12/methylmalonate theory based on the requirement of 
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vitamin B12 for conversion of methylmalonyl-CoA to succinyl-CoA during propionate 

metabolism (Elliot, 1979).  During diet-induced MFD, propionate production increases, 

vitamin B12 production decreases and consequently methylmalonyl-CoA accumulates in 

the liver.  The theory proposed that methylmalonyl-CoA would be transported to the 

mammary gland, and due to structural similarity to malonyl-CoA, would inhibit FAS 

activity.  However, administering exogenous vitamin B12 did not alleviate diet-induced 

MFD, offering little support for this theory (Elliot et al., 1979; Croom et al., 1981a, 

1981b).  

A second theory based on direct inhibition of mammary lipid synthesis was 

proposed when it was observed that milk fat depressing diets increased milk fat trans 

18:1 content (Davis and Brown, 1970). Feeding either high oil (Moore and Williams, 

1963) or high grain/low forage diets (Storry and Rook, 1965) caused MFD and increased 

milk fat trans 18:1 content.  In support of this theory, feeding or abomasal infusion of 

partially hydrogenated vegetable oil (PHVO) containing trans fatty acids decreased milk 

fat yield (Selner and Schultz, 1980; Gaynor et al., 1994; Romo et al., 1996).  However, 

due to the chemical hydrogenation manufacturing process, PHVO contains a wide range 

of fatty acids and it is difficult to attribute MFD specifically to trans 18:1 fatty acids.   

The trans theory was further challenged when studies using purified trans fatty acids had 

no effect on milk fat yield (Rindsig and Schulz, 1974; Griinari et al., 2000) and additional 

research reported that increased milk trans fatty acid content was not always correlated 

with reduced milk fat yield (Selnor and Schulz, 1980; Griinari et al., 1998).  As analytical 

techniques improved it appeared the trans theory required modification. Detailed analysis 
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of trans fatty acid profiles revealed that the pattern of trans 18:1 isomers, in particular 

trans-10 18:1, rather than total trans fatty acids, was correlated to MFD (Griinari et al., 

1998) and this was confirmed by others (Newbold et al., 1998; Offer et al., 1999, 2001; 

Piperova et al., 2000; Loor et al., 2005).  As previously mentioned, trans-18:1 fatty acids 

are produced during ruminal biohydrogenation and although an increase in trans-10 18:1 

is correlated with MFD and indicates a shift in the ruminal biohydrogenation process 

(Figure 3.6), currently there is no direct evidence that trans-10 18:1 causes MFD.  

Biohydrogenation Theory  

Based on limitations in the trans theory and the establishment of a negative 

curvilinear relationship between trans-10, cis-12 CLA and MFD, Griinari and co-workers 

(1999) and Bauman and Griinari (2001) proposed the biohydrogenation theory.  This all-

encompassing theory was based on the concept that specific dietary conditions can alter 

rumen biohydrogenation pathways to produce unique fatty acid intermediates (e.g trans-

10, cis-12 CLA; Figure 3.6) that are potent inhibitors of milk fat synthesis (Bauman and 

Griinari, 2001).   

Trans-10, Cis-12 CLA 

Initial CLA research involved abomasal infusion (to avoid ruminal 

biohydrogenation) of a mixture of CLA isomers and markedly reduced milk fat synthesis 

(Loor and Herbein, 1998; Chouinard et al., 1999a; 1999b).  Baumgard et al. (2000) were 

the first to infuse relatively pure CLA isomers to determine that trans-10, cis-12 CLA 

was a potent inhibitor of milk fat synthesis, while similar amounts of cis-9, trans-11 CLA 

had no effect. Dose response studies established a curvilinear relationship between trans-



52

10, cis-12 CLA milk fat content and percent reduction in milk fat (Baumgard et al., 2001; 

Peterson et al., 2002).  de Veth et al. (2004b) refined this relationship and compiled data 

from several abomasal infusion studies to calculate a 22% transfer efficiency for trans-

10, cis-12 CLA into milk fat.   

In order to provide a more practical/commercial approach, a preparation of rumen 

inert (RI) calcium salts of CLA, (to protect against ruminal biohydrogenation) was 

developed for commercial application.  These preparations primarily contain 4 CLA 

isomers, trans-8, cis-10; cis-9, trans-11; trans-10, cis-12 and cis-11, trans-13 CLA and 

were effective at reducing milk fat content when feed to lactating dairy cows consuming 

a variety of diets (Perfield et al., 2002; Bernal-Santos et al., 2003; Loor and Herbein, 

2003; Back and Lopez-Villalobos, 2004; Castandea-Gutierrez et al., 2005).  However, 

when RI-CLA was fed, the relationship between milk fat trans-10, cis-12 CLA content 

and percent reduction in milk fat did not fit the established curve (Perfield et al., 2002; 

Bernal-Santos et al., 2003).  This was also apparent during diet-induced MFD (high 

concentrate/low roughage diets or addition of plant and/or marine oils; Piperova et al., 

2000; Whitlock et al., 2002; Peterson et al., 2003) where the magnitude of MFD was 

greater than would be expected from the milk fat trans-10, cis-12 CLA content.  Perfield 

and colleagues (2004b) speculated that additional CLA isomers, present in calcium salt 

preparations or intermediates produced during diet-induced MFD, might also regulate 

milk fat synthesis.  Research has since eliminated trans-8, cis-10; trans-9, cis-11; cis-11, 

trans-11 and trans-10, trans-12 CLA isomers and the conjugated diene 18:3 isomers (cis-

6, trans-10, cis-12 and cis-6, trans-8, cis-12 18:3) as potential inhibitors of mammary 
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lipid synthesis (Perfield et al., 2004a, 2006; Saebo et al., 2005a, 2005b).  The only other 

fatty acids reported to exert antilipogenic effects similar to trans-10, cis-12 CLA are cis-

10, trans-12 CLA (Saebo et al., 2005b) and a mixture containing comparable amounts of 

cis-10, trans-12 and trans-11, cis-13 conjugated nonadecadienoic acids (Park and Pariza, 

2001).  It has been speculated that the position of the double bond in relation to the 

carboxyl group, and an uninterrupted carbon chain, are fundamental aspects of a fatty 

acids ability to regulate milk fat synthesis (Saebo et al., 2005b). 

Mechanisms of trans-10, cis-12 CLA 

It remains unclear whether trans-10, cis-12 CLA per se regulates lipid 

metabolism, or if biological effects are due to specific fatty acids formed during its 

metabolism, as is the case with the formation of eicosanoids from omega-3 and omega-6 

fatty acids (Jump and Clark, 1999).  Metabolism of trans-10, cis-12 CLA involves an 

initial ∆6-desaturation to produce a conjugated diene cis-6, trans-10, cis-12 18:3, 

followed by an elongation and ∆5-desaturation producing conjugated dienes cis-8, trans-

12, cis-14 20:3 and cis-5, cis-8, trans-12, cis-14 20:4, respectively.  Saebo et al. (2005a) 

demonstrated that neither cis-6, trans-10, cis-12 18:3 nor another conjugated diene (cis-6, 

trans-8, cis-12 18:3) had any effect on milk fat synthesis, thus supporting the hypothesis 

that trans-10, cis-12 CLA acts directly to alter lipid metabolism (Bauman et al., 2003; 

Pariza et al., 2003).  However, further research is required to confirm this postulation. 

Trans-10, cis-12 CLA-induced reductions in milk fat synthesis are reflected by a 

decrease in fatty acids of all chain lengths, however effects are often more pronounced 

for de novo synthesized fatty acids, especially when MFD is severe (Loor and Herbein, 
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1998; Chouinard et al., 1999a; Baumgard et al., 2000, 2001, 2002b; Mackle et al., 2003).  

Analysis of mammary tissue demonstrated that CLA- or diet-induced MFD down 

regulates mRNA expression of genes involved in fatty acid uptake and transport (fatty 

acid binding protein; FABP and LPL), de novo synthesis (ACC and FAS), desaturation 

(SCD) and triglyceride synthesis (glycerol phosphate acyltransferase; GPAT and 

acylglycerol phosphate acyltransferase; AGPAT; Piperova et al., 2000; Ahnadi et al., 

2002; Baumgard et al., 2002b; Peterson et al., 2003).  The coordinated suppression of 

lipogenic genes, and the lack of an effect on κ-casein (Peterson et al., 2003) suggests 

CLA regulation may be via a central regulator of lipid metabolism such as the sterol 

regulatory element binding protein-1 (SREBP-1), PPAR, or nuclear factor-κB (NFκB; 

Moya-Camarena and Belury, 1999; Horton and Shimomura, 1999; Roche et al., 2002a; 

Brown et al., 2003; Chung et al., 2005).  

Three members of the SREBP family have been identified and extensively 

characterized in rodent liver and adipose tissue (Shimano, 2001; Horton et al., 2002; 

McPherson and Gauthier, 2004; Pegorier et al., 2004; Yahagi and Shimano, 2005).  

SREBP-1a and SREBP-1c are produced from a single gene via alternative start sites and 

are associated with fatty acid metabolism, while SREBP-2 is encoded by a separate gene 

and is primarily responsible for cholesterol metabolism (Brown and Goldstein, 1997). 

SREBP-1 is synthesised as a precursor and remains inactive in the endoplasmic 

reticulum until proteolytic cleavage releases the amino terminal fragment for nuclear 

transport and ultimately gene regulation (i.e. LPL, FABP, ACC, FAS and SCD; Brown 

and Goldstein, 1997; Shimano, 2001; Horton et al., 2002).  Peterson and colleagues 
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(2004) were the first to determine that lactating bovine mammary cells and the MAC-T 

bovine mammary cell line contain SREBP-1 mRNA and express the SREBP-1 protein 

(SREPB-1a and 1c).  Authors also demonstrated that trans-10, cis-12 CLA reduced 14C-

acetate incorporation into total lipid and decreased mRNA abundance for ACC, FAS and 

SCD in MAC-T cells.  Although, trans-10, cis-12 CLA did not affect SREBP-1 mRNA, 

or precursor protein abundance, it decreased the activated nuclear SREBP-1 fraction.  

Authors concluded that trans-10, cis-12 CLA reduces transcriptional activation of 

lipogenic genes via inhibiting proteolytic cleavage of SREBP-1 (Peterson et al., 2004). 

These conclusions however, are based on correlations and thus it must still be determined 

if there is a direct cause-effect relationship between SREBP-1 and trans-10, cis-12 CLA 

milk fat regulation.   

PPAR, as previously mentioned, are another family of nuclear transcription 

factors involved in lipid metabolism (Desvergne and Wahli, 1999; Lee et al., 2003).  All 

three PPAR isoforms (α, γ and δ/β) can be activated by fatty acids or their metabolites, 

however, ligand activation leads to regulation of distinct downstream target gene 

expression (Desvergne and Wahli, 1999; Brown et al., 2003).  Hepatic PPARα activation 

increases expression of key regulatory catabolic β-oxidation proteins, whereas PPARγ

activation induces anabolic processes in adipocytes such as triglyceride synthesis, 

glucose and fatty acid uptake (Dreyer et al., 1992, 1993; Tontonoz et al., 1994; 

Schoonjans et al. 1996; Wu et al., 1998).   

Previous research suggested CLA antiobesity effects are possibly due to increased 

β-oxidation and energy expenditure via PPARα activation and/or decreased liogenesis 
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via PPARγ antagonism (West et al., 1998; Moya-Camerena et al., 1999a, 1999b; Delaney 

and West, 2000; Martin et al., 2000; Terpstra et al., 2002; Brown et al., 2003). However, 

studies have also shown that both trans-10, cis-12 and cis-9, trans-11 CLA isomers act as 

PPARα and PPARγ ligands, yet, CLA-induced antilipogenic effects are specific for the 

trans-10, cis-12 isomer (Park et al., 1997, 1999; Brown et al., 2001, 2003). Furthermore, 

Choi et al. (2000) reported PPARγ expression is unaffected by CLA in murine 

preadipocytes, and Peters and colleagues (2001) used PPARα null mice, to demonstrate 

that regulation of lipid metabolism by CLA can occur independently of PPARα

activation.   

A recent study indicates a role for the NFκB transcription factor in lipogenic 

regulation by trans-10, cis-12 CLA.  In a variety of in vitro models, trans-10, cis-12 CLA 

activated NFκB and extracellular signal-related kinase1/2-dependent cytokine production 

(interleukin-6 and tumor necrosis factor-α), which together suppressed PPARγ and 

GLUT4 levels and impaired glucose uptake (Chung et al., 2005).  In the last decade, 

extensive research has attempted to determine how trans-10, cis-12 CLA regulates lipid 

metabolism, however the exact mechanism(s) still remains slightly ambiguous.   

The majority of CLA gene expression studies typically do not harvest tissue 

(mammary, hepatic, adipose) or collect cells until lipid metabolism is markedly altered 

(after multiple days or weeks).  For example bovine mammary tissue was not collected 

until day 5 of trans-10, cis-12 CLA infusion, when milk fat yield was decreased by ~50% 

(Baumgard et al., 2002b) and murine hepatocytes were not harvested until 3 weeks of 

CLA feeding when body carcass fat was approximately halved (Takahashi et al., 2003).  
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Few studies have investigated the early biological effects of CLA on gene expression.   

Xu et al. (2002) analysed murine adipocytes after 4 days of CLA supplement when no 

change in body weight or body fat mass had occurred.  They determined that CLA-

induced inhibition of LPL and glucose metabolism (conversion of glucose into fatty 

acids, glycerol and CO2) may be the most important early biochemical events leading to 

subsequent body fat reduction in mice.  Authors  reported no effect on lipolysis (based on 

glycerol release) after 4 days but a significant reduction after 3 weeks of CLA 

supplement.  Additionally, Xu et al. (2002) observed no change in fatty acid ratios that 

serve as a proxy for SCD after 4 days of CLA feeding.  In another short term study, Park 

(1996) found feeding mice CLA for 1 week did not affect adipose FAS or ACC activity, 

however longer term studies have demonstrated an inhibitory effect of trans-10, cis-12 

CLA on ACC, FAS and SCD (Bretillon et al., 1999; Park et al., 2000; Tsuboyama-

Kasaoka et al., 2000; Lin et al., 2004).  These experiments indicate a need to investigate 

early biochemical effects of CLA (before phenotypic changes are apparent) on key 

lipogenic and lipolytic genes in liver, mammary and adipose tissue.  Research is needed 

to determine if trans-10, cis-12 CLA initially regulates a specific gene(s) that in turn 

alters expression of additional proteins, or if CLA regulates all genes simultaneously via 

a global transcription factor (i.e. SREBP-1, PPARγ or NFκB). 

Effects of Trans-10, Cis-12 CLA on Energy Balance 

As previously mentioned, CLA has been considered as an alternative management 

tool to improve EBAL parameters during times of nutrient stress by decreasing energy 

expended in milk fat synthesis (Moore et al., 2004, 2005b; Shingfield et al., 2004; Odens 
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et al., 2006).  In order for CLA to improve EBAL parameters and potentially alleviate 

associated metabolic disorders, reproductive failures and reduced production during the 

transition period, it must decrease milk fat synthesis immediately postpartum (i.e. 1 to 7 

days in milk).  Initial research however, demonstrated that CLA doses effective in 

established lactation (Loor and Herbein, 1998; Chouinard et al., 1999a, 1999b; Giesy et 

al., 2002; Perfield et al., 2002; Vishwandha et al., 2003; Moore et al., 2005c) failed to 

elicit a milk fat response immediately postpartum (within 3 to 4 weeks; Figure 3.7; Giesy 

et al., 1999; Bernal-Santos et al., 2003; Selberg et al., 2004; Moore et al., 2005c).  Initial 

speculations were that the mammary gland was insensitive to CLA immediately post-

partum however, Moore et al. (2004) demonstrated that a dietary CLA supplement could 

reduce milk fat synthesis at the onset of lactation but the CLA dose required was much 

greater (~3 times) than needed during established lactation.  Data indicated that reducing 

milk fat synthesis during the first few weeks of lactation, improved EBAL parameters 

(Moore et al., 2004).  Odens et al. (2006) also demonstrated a high CLA dose reduced 

milk fat synthesis immediately postpartum and additionally established positive effects 

on calculated EBAL and milk production.  Others (Bernal-Santos et al., 2003; Back and 

Lopez-Villalobos, 2004) have also reported increased milk production with moderate 

(<~30%) CLA-induced MFD during early lactation.  Mackle et al. (2003) demonstrated a 

quadratic milk yield response, increasing milk yield by 11% with a moderate CLA dose 

(40 g/d) in grazing dairy cows. These studies suggest that during times of energy 

deficiency, moderate CLA-induced MFD may spare energy that is partitioned towards 

milk production.  However, Mackle et al. (2003) also reported that at the highest CLA  
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Figure 2.7. Temporal pattern of milk fat percentage in postpartum dairy cows fed a 
control ( ), conjugated linoleic acids-supplemented ( ), or trans-C18:1 (TRANS)-
supplemented ( ) diet.  Asterisks indicate significant treatment differences * (P < 0.05), 
** (P < 0.01).  Adapted from Selberg and colleagues (2004). 
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dose (80 g/d) the positive milk yield response was eliminated.  Additionally, Chouinard 

et al. (1999a) found a linear decrease in milk yield with increasing CLA dose.  These 

authors reported the effects on milk yield were minimal apart from the highest CLA dose 

(92 g/d) that caused a 3 kg/d decrease in milk yield.  Furthermore, Bell and Kennelly 

(2003) reduced milk fat content by 40% when they abomasally infused a large CLA dose 

(150 g/d), 4 times that needed to evoke 40% MFD (Baumgard et al., 2001;  de Veth et al., 

2004b).  It must be noted however, that severe MFD does not always adversely affect 

milk yield, (Baumgard et al., 2001; Dohme et al., 2004; Shingfield et al., 2004) thus 

further research is required to examine the relationship between the magnitude of CLA-

induced MFD and the milk yield response.   

 

Summary 

This literature review provides background information on EBAL, milk fat 

synthesis, MFD, CLA, lipogenic gene expression and in particular the effects of trans-10, 

cis-12 CLA on each of these aspects.  These areas are the basis for the experimental 

research conducted during this PhD program.  The overall goals of the research were to 

determine the effects of CLA on EBAL and milk production parameters during periods of 

energy/nutrient deficiency, and investigate temporal CLA effects on mammary lipogenic 

gene expression. 
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CHAPTER THREE:  

EFFECTS OF A SUPPLEMENT CONTAINING TRANS-10, CIS-12 

CONJUGATED LINOLEIC ACID ON BIOENERGETIC AND MILK 

PRODUCTION PARAMETERS IN GRAZING DAIRY COWS OFFERED    AD 

LIBITUM OR RESTRICTED PASTURE 

 

Abstract 
Conjugated linoleic acid (CLA) reduces milk fat synthesis in grazing dairy cows 

and often improves calculated net-energy balance (EBAL).  Study objectives were to 

determine if CLA-induced milk fat depression could be utilized during times of feed 

shortage (i.e. drought) to improve bioenergetic and milk production parameters.  Twelve 

multiparous mid-lactation rumen-fistulated Holstein cows were offered ad libitum (AL) 

or restricted (R) pasture and abomasally infused twice daily with 0 (CTRL) or 50 g/d 

CLA ( CLA; mixed isomers) in a 2-period crossover design.  Treatment periods lasted 10 

d and were separated by a 10-d washout period.  Milk and plasma samples were averaged 

from d 9 and 10, and EBAL was calculated from d 6 to 10 of the infusion period. Pasture 

restriction reduced (P < 0.05) the yield of milk (3.9 kg/d; 25%) and milk components.  

CLA reduced (P < 0.01) milk fat yield by 44 and 46% in AL and R, respectively.  There 

was no effect of CLA on milk yield or milk lactose content or yield in either feeding 

regime, however CLA increased (P < 0.05) milk protein content and yield by 7 and 6% 

and 5 and 8% in AL and R, respectively.  The CLA-induced changes to milk fat and 

protein, doubled (P < 0.01) the protein:fat ratio in both AL and R.  Calculated EBAL 

improved following CLA infusion (-0.44 vs. 2.68 and 0.38 vs. 3.29 Mcal/d for AL and R, 

respectively; P < 0.05), however CLA did not alter plasma bioenergetic markers.  Data 
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indicate that during short periods of nutrient limitation, supplemental CLA may be an 

alternative management tool to enhance protein synthesis and improve the milk 

protein:fat ratio and calculated EBAL, however further studies are required to determine 

if CLA is effective at improving bioenergetic and production parameters during more 

severe or longer term nutrient restriction. 

Introduction 

Abomasally infusing conjugated linoleic acid (CLA) and supplementing rumen-

inert (RI)-CLA reduces milk fat synthesis in cows consuming pasture (Mackle et al., 

2003; Back and Lopez-Villalobos, 2004; Kay et al., 2006b) or a total mixed ration (TMR; 

Loor and Herbein, 1998; Chouinard et al., 1999a, 1999b; Giesy et al., 2002; Perfield et 

al., 2002) and can improve calculated net-energy balance (EBAL) parameters 

immediately postpartum (Moore et al., 2004; Kay et al., 2006b; Odens et al., 2006) and 

during heat stress (Moore et al., 2005b).  In a pasture-based dairy system (as dominates in 

NZ), another episode of transitory nutritional stress can occur during adverse weather 

conditions that reduce forage growth and/or quality.  During these periods of reduced 

nutrient availability, animals typically enter into a negative EBAL (NEBAL) as 

homeorhetic controls alter tissue metabolism in an attempt to support the dominant 

physiological condition (i.e. lactation; Bauman and Currie, 1980; Bauman, 2001).  

During this adaptation, energy and nutrients are partitioned to the mammary gland at the 

expense of extramammary tissue and this may result in body condition loss, metabolic 

disorders and reproductive dysfunction (Collier et al., 2005).   However, as the severity of 

NEBAL increases, homeostatic survival systems overwhelm the homeorhetic drive for 
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lactation and consequently milk and milk component production decrease in an attempt to 

minimize the adverse effects of NEBAL (Collier et al., 2005).  Previous management 

strategies to improve or alleviate NEBAL and maintain animal condition and milk 

production during feed restriction traditionally involve increasing dietary energy content 

(via dietary supplements) or decreasing energy expenditure/output (via reducing milking 

frequency).  An alternative approach is to reduce milk energy secretion, by decreasing 

milk fat production.  

In addition to alleviating calculated NEBAL, CLA-induced milk fat depression 

(MFD) has allowed for increased milk and/or milk protein yield in grazing dairy cows 

(Mackle et al., 2003) and early lactating cows (Back and Lopez-Villalobos, 2004; Kay et 

al., 2006b; Odens et al., 2006), two situations where energy is probably limiting milk 

synthesis (Baumgard et al., 2006).  Currently, the NZ milk payment system encourages 

an increased milk protein:fat ratio and many products such as caseinate, skim milk 

powder and even trim or low fat milk, have a reduced milk fat requirement.  In NZ, 

surplus milk fat is generally made into butter, which as a commodity is subject to cyclical 

variation in returns on the international market (MAF, 2003).  Back and Lopez-Villalobos 

(2004) used a simulation model to calculate dairy product yields and values, and reported 

enhanced milk value (~$0.27/kg milk solids) from cows fed CLA for 16 wks compared to 

controls.  Thus, there may be economic incentives for producing milk with an increased 

protein:fat ratio during periods of nutrient restriction.   
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Objectives of the present study were to determine if abomasal CLA infusion 

inhibits milk fat synthesis in nutrient restricted grazing dairy cows, and if the subsequent 

enhanced energetic state allows for improved production or bioenergetic variables. 

Materials and Methods 

Experimental Design, Animals and Treatments 

All procedures involving animals were approved by the Ruakura Animal Ethics 

Committee, Hamilton, NZ.  Twelve multiparous, lactating Holstein-Friesian dairy cows 

(204 ± 7 days in milk; DIM) were allocated to one of two dietary treatments; ad libitum 

(AL) or restricted (R) pasture allowance, balanced for milk production, milk composition 

and parity.  Cows were maintained on their designated pasture allowance throughout the 

entire experiment and were abomasally infused with 0 (CTRL) or 50 g/d of CLA (CLA;  

mixed isomers; CLA-60; Natural Lipids, Hovdebygda, Norway) in a 2-period crossover 

design.  Abomasal CLA infusions began on d 5 after dietary allocation and the 10-d 

treatment periods were separated by a 10-d washout interval.  Daily infusate volumes 

were loaded into two 60-mL syringes (25 mL/syringe) and infused prior to AM and PM 

milkings via polyvinyl chloride tubing (Nalgene 180 PVC; 0.47 cm i.d. x 0.78 cm OD; 

Nalge Co., Rochester, NY), which extended through the rumen fistula and sulcus omasi 

into the abomasum where it was secured by a 10-cm rubber flange (Spires et al., 1975).  

To reduce viscosity and ensure all lipid was infused, the infusate was warmed to ~ 35oC

prior to dosing and chased with 180 mL of warm water.  Fatty acid composition of the 

CLA supplement is presented in Table 4.1.  The CLA treatment provided 9 g trans-10, 

cis-12 CLA and 31 g total CLA isomers daily.  All cows were rotationally grazed and  
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Table 3.1.  Fatty acid composition of conjugated linoleic acid1 (CLA) infusate  

Fatty Acid % of total fatty acids % of total CLA 

16:0 4.2  
18:0 2.2  
18:1 cis-9 21.1  
18:2 cis-9, cis-12 6.5  
CLA (total)        (61.6)      (100.0) 
CLA cis-8, trans-10  9.2 14.9 
CLA cis-9, trans-11  14.9 24.2 
CLA trans-10, cis-12  18.5 30.0 
CLA cis-11, trans-13  10.5 17.1 
Other CLA 8.5 13.8 
Unknown2 4.4  

1CLA-60 (Natural Lipids Ltd, Novdebygda, Norway) as reported by Natural Lipids. 
2Represents unidentified fatty acids. 
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offered fresh pasture twice daily.  Different pasture allocations for AL (42 ± 6.3 kg 

DM/d) and R (22 ± 8.5 kg DM/d) treatments were offered by multiplying pregrazing 

pasture mass per m2 by desired allowance per cow (kg/d) by number of cows in each 

dietary group (n = 6).  All cows grazed within the same paddock and different allocations 

were separated by double stranded electric fences.  

Pasture Analysis and Dry Matter Intake (DMI) 

Individual DMI was estimated during the last 5 d of each infusion period utilizing 

the n-alkane technique (Mayes et al., 1986), as modified and described by Roche et al. 

(2005b).  Throughout the experiment, representative pasture samples were collected daily 

by hand-plucking pasture to predicted grazing height from paddocks immediately prior to 

grazing.  Samples were bulked every 5 d, and triplicate samples were either frozen 

immediately (-20oC) for fatty acid analysis, dried at 100oC for DM analysis or dried at 

60oC for nutrient composition analysis.  Samples for nutrient composition were dried for 

48 h, ground to pass through a 1.0 mm sieve (Christy Lab Mill, Suffolk, UK) and 

analyzed for crude protein (CP), neutral detergent fiber (NDF), acid detergent fiber 

(ADF), soluble sugars, ash and organic matter digestibility (OMD) by near infra-red 

spectroscopy (Corson et al., 1999).  Metabolizable energy (ME) was derived directly 

from predicted OMD on the basis of an in vitro cellulase digestibility assay (Roughan and 

Hollan, 1977; Dowman and Collins, 1982), which had been calibrated against in vivo 

standards (Corson et al., 1999).   

Frozen feed samples for fatty acid analysis were freeze-dried (Cuddon instrument 

model 0610, Blenheim, NZ), and ground to pass through a 0.5-mm sieve (Christy Lab 
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Mill, Suffolk, UK).  Pasture lipids were extracted and methylated according to the one-

step method of Garces and Mancha (1993) as outlined in Kay et al. (2004).  Fatty acid 

analysis was performed on a Hewlett Packard 5890 Series II gas chromatograph equipped 

with a 30 m RTX-2330 column (30 m x 0.32 mm i.d. and 0.2 µm film thickness; Restek 

Corp) and gas chromatogram conditions and fatty acid identification parameters were as 

previously described (Kay et al., 2004).   

Pasture offered consisted of 75% perennial ryegrass  (Lolium perenne L.), 4% 

white clover (Trifolium repens L.), 2% weeds and other grasses (Dactylus glomerata, 

Holcus lanatus and some Poa species) and 19% dead material on a DM basis.  The 

pasture nutrient profile and fatty acid composition are presented in Table 4.2. 

Milk Sampling and Analysis 

Cows were milked twice daily at 0600 and 1700 h.  Milk yield was recorded at 

each milking and samples were collected for analysis of fat, protein, and lactose using an 

infrared milk analyzer (FT120; Foss Electric, Hillerød, Denmark), urea using a 

commercially available kit (Boehringer Mannheim, Mannheim, Germany) and citrate 

using spectrophotometric detection (Shimadzu UV-160A, Shimadzu, Corporation, Kyoto, 

Japan) based on the method of Dagley (1974).  Total nitrogen (TN) and nitrogen (N) 

fractions were determined using macro-Kjeldahl techniques (AOAC, 2000).  Milk 

nonprotein nitrogen (NPN) consisted of N that was soluble in 12% trichloroacetic acid.  

Noncasein N (NCN) was determined according to IDF (1964) and casein (CN) was 

precipitated at pH 4.6 and removed by filtration, leaving the filtrate for N analysis.  From 

these N fractions, CP (TN x 6.38) and CN ((TN – NCN) x 6.38) were calculated.  Milk  
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Table 3.2. Nutrient and fatty acid composition of pasture1

Nutrient composition % of DM 2

CP 16.2 
Lipid 4.1 
Ash 10.4 
NDF 49.8 
ADF 25.4 
Soluble sugars 9.1 

 ME (Mcal/kg DM) 2.5 

Fatty acid composition % of total fatty acids 
14:0 0.8 
16:0 15.4 
16:1 cis-9 1.8 
18:0 6.7 
18:1 cis-9 3.1 
18:2 cis-9, cis-12 12.5 
18:3 cis-9, cis-12, cis-15 48.9 
20:0 1.9 
Unknown3 8.9 

1Data represent average from entire experimental period. 
2Dietary dry matter averaged 16.7%. 
3Represents unidentified fatty acids. 
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NCN and NPN were multiplied by 6.38 to convert to protein equivalents and allow 

comparison with other protein fractions.  On the last 2 d of the infusion periods (d 9 and 

10), milk fat was extracted from the composite samples using a modification of the 

Röese-Gottlieb technique (IDF, 1987) and stored at -20oC for fatty acid analysis. Fatty 

acids were methylated using sodium methoxide  as described by MacGibbon (1988) 

andfatty acid methyl esters were quantified by gas liquid chromatography performed on a 

gas chromatograph 17A equipped with a flame ionization detector, autosampler and 

autoinjector (Shimadzu Corporation, Kyoto, Japan).  A 120-m BPX-70 column (120 m x 

0.25 mm i.d. and 0.25 µm film thickness; SGE, Australia) was used and gas 

chromatograph conditions and fatty acid identification procedures were as described by 

Kay et al. (2004). 

Blood Sampling and Analysis 

One evacuated blood tube containing a sodium heparin pellet (100 IU sodium 

heparin/mL blood) to prevent coagulation was collected from each cow by coccygeal 

venipuncture after both milkings on d 9 and 10 of the infusion periods.  Plasma was 

harvested following centrifugation (1120 x g, 10 min at 4oC) and analyzed for non-

esterified fatty acids (NEFA), β-hydroxybutyrate (BHBA), glucose, urea and insulin.  

NEFA (colorimetric method), BHBA (BHBA dehydrogenase assay), glucose (hexokinase 

method), and urea (urease method) were performed on a Hitachi 717 analyzer (Roche, 

Basel, Switzerland) at 30oC by Alpha Scientific, Hamilton, NZ.  Inter- and intra-assay 

CV were < 2% for all assays.  Insulin was measured in duplicate by double-antibody 

radioimmunoassay with an inter- and intraassay CV < 4% (Hales and Randle, 1963).   
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Calculations 

EBAL was calculated during the last 5 d of the infusion periods (d 6 to10) using 

the following equation; EBAL = net energy intake – (net energy for maintenance; NEM +

net energy for lactation; NEL).  Net energy intake was calculated by multiplying the n-

alkane estimated DMI by the net energy of pasture (1.54 Mcal/kg DM) plus the net 

energy value of the CLA supplement (5.02 Mcal/kg DM; NRC, 2001).  NEM for pasture-

fed cows was calculated according to NRC (2001) using the following equation; NEM =

0.06 x body weight0.75 (Holmes et al., 2002).  NEL was calculated according to NRC 

(2001) by the following equation; NEL = ((0.0929 x fat %) + (0.0547 x CP %) + (0.0395 

x lactose %)) x milk production.   

Statistical Analysis 

Milk and plasma data were analyzed by repeated measures using the PROC 

MIXED procedure of SAS (2001) with an autoregressive covariance structure and day of 

infusion as the repeated effect.  The model contained period, day of infusion, pasture 

allowance, CLA dose and all possible interactions. DMI and EBAL were analyzed using 

the PROC MIXED procedure of SAS (2001).  The model contained period, pasture 

allowance, CLA dose and all possible interactions.  Standard errors of the mean are 

reported and differences considered significant when P < 0.05, unless otherwise stated. 

Results 

Pasture restriction reduced (P < 0.01) DMI (1.5 kg/d) and the yield of milk (3.9 

kg/d) and milk components but did not affect milk composition or milk metabolite levels 

(Table 4.3).  CLA induced-MFD (based on milk fat content) became significant by d 2 of  
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Table 3.3. Effect of abomasal infusion of 0 or 50 g/d conjugated linoleic acid (CLA) for 
10 d on production parameters in cows grazing ad libitum or restricted pasture1

Ad libitum 
allowance2

Restricted 
allowance3 P4

Variable CTRL5 CLA6 CTRL5 CLA6 SEM CLA A CLAxA 
DMI, kg/d 13.4 13.4 11.6 12.2 0.52 0.56 0.01 0.51
EBAL, Mcal/d7 -0.44 2.68 0.38 3.29 0.93 <0.01 0.46 0.91
Milk yield, kg/d 15.7 15.4 11.5 11.9 0.7 0.86 <0.01 0.41
Fat 

% 4.44 2.52 4.94 2.57 0.13 <0.01 0.04 0.09
kg/d 0.69 0.39 0.56 0.30 0.02 <0.01 <0.01 0.21

Protein 

% 3.31 3.55 3.20 3.36 0.05 <0.01 0.04 0.56
kg/d 0.52 0.55 0.37 0.40 0.01 0.05 <0.01 0.67

Lactose 

% 4.73 4.65 4.76 4.70 0.07 0.31 0.56 0.92
kg/d 0.74 0.72 0.55 0.57 0.04 0.69 <0.01 0.44

Total solids 

% 12.48 10.72 12.90 10.6 0.17 <0.01 0.38 0.12
kg/d 1.96 1.65 1.48 1.27 0.08 <0.01 <0.01 0.39

Protein:Fat 0.75 1.41 0.65 1.31 0.03 <0.01 <0.01 0.86
Citrate, mg/mL 1.44 1.66 1.25 1.61 0.11 0.02 0.29 0.55
Urea, mM 6.65 6.28 6.13 6.21 0.19 0.46 0.12 0.25
1Data represent average from d 9 and 10 of infusion periods. 
2Daily pasture allowance of 42 ± 6.3 kg DM/cow. 
3 Daily pasture allowance of 22 ± 8.5 kg DM/cow. 
4Significance of effects for CLA dose (CLA), pasture allowance (A) and interaction 
between CLA dose and pasture allowance (CLAxA). 
5Abomasal infusion of 0 g/d CLA. 
6Abomasal infusion of 50 g/d CLA. 
7Mean net energy balance = net energy intake – (net energy for maintenance + net-energy 
for lactation); calculated from d 6-10 of the infusion periods. 
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infusion (15%) and reached nadir by d 4 (44%; Figure 4.1A).  By 5 d post-infusion, milk 

fat content had returned to pre-infusion levels (Figure 4.1A).  By d 9 and 10, CLA 

infusion reduced milk fat content and yield by 43 and 44%, and 48 and 46% in the AL 

and R groups, respectively (Table 4.3; Figures 4.1A and B).  There was no CLA effect on 

milk yield nor milk lactose content or yield, however it increased both milk protein 

content and yield (P < 0.05) by 7 and 6%, and 5 and 8% for AL and R, respectively.  

Within the milk protein constituents, CLA increased (P < 0.05) TP, CP, CN, NPN, and 

NCN, however whey protein was not affected (Table 4.4).  The CLA-induced changes to 

milk fat and protein variables resulted in an increased (P < 0.01) protein:fat ratio of 1.41 

vs. 0.75 for AL and 1.31 vs. 0.65 for R treatment (Table 4.3).  CLA infusion increased (P

< 0.05) milk citrate levels but did not affect milk urea content (Table 4.3).   

Pasture allowance did not alter the origin (de novo vs. preformed) of milk fatty 

acids nor the content of most individual fatty acids with the exception of linoleic and 

linolenic acids, which decreased (~10%; P < 0.05) following pasture restriction (Table 

4.5).  Abomasal CLA infusion increased (P < 0.01) milk fat content of trans-8, cis-10 

CLA; cis-9, trans-11 CLA; trans-10, cis-12 CLA; cis-11, trans-13 CLA and other 

unidentified CLA isomers independent of pasture allowance (Table 4.5).  There was also 

an increase in oleic and linoleic acids following CLA infusion in both R and AL 

treatments.  CLA infusion decreased the yield (both on a grams and molar basis; data not 

presented) of all milk fatty acids similarly in both feeding regimes.  On a molar basis, de 

novo derived fatty acids accounted for 45% of the decrease, while preformed fatty acids 

and fatty acids containing 16 carbons accounted for 28 and 27% of the decrease,  
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Figure 3.1. Temporal pattern of (A) milk fat % and (B) milk fat yield (g/d).  Treatments 
were ad libitum (AL; 42 ± 6.3 kg DM/d) or restricted (R; 22 ± 8.5 kg DM/d) pasture 
allowance with abomasal infusion of 0 (CTRL) or 50 g/d CLA (CLA) for 10 d.  Values 
represent least squares means and SEM averaged 0.25 and 42.4 for A and B, respectively. 
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Table 3.4. Effect of abomasal infusion of 0 or 50 g/d conjugated linoleic acid (CLA) for 
10 d on milk nitrogen fractions in cows grazing ad libitum or restricted pasture1

Ad libitum 
allowance2

Restricted 
allowance3 P4

Variable CTRL5 CLA6 CTRL5 CLA6 SEM CLA A CLAxA
Crude protein7, % 3.62 3.89 3.50 3.68 0.06 <0.01 0.03 0.78 
True protein8, % 3.43 3.67 3.31 3.47 0.05 <0.01 0.03 0.82 
 Casein9, % 2.72 2.90 2.60 2.69 0.03 <0.01 0.01 0.98 
 Whey10, % 0.71 0.77 0.71 0.78 0.04 0.10 0.94 0.91 
NPN x 6.3811, % 0.19 0.22 0.19 0.21 0.01 0.02 0.69 0.26 
NCN x 6.3811, % 0.90 0.99 0.90 0.99 0.03 0.03 0.95 0.87 
Casein, % of TP 79.30 79.01 78.49 77.52 1.00 0.37 0.34 0.82 
NPN, % of TP 5.54 6.00 6.06 6.05 0.28 0.43 0.46 0.24 

1Data represent average from d 9 and 10 of infusion period. 
2Daily pasture allowance of 42 ± 6.3 kg DM/cow. 
3Daily pasture allowance of 22 ± 8.5 kg DM/cow. 
4Significance of effects for CLA dose (CLA), pasture allowance (A) and interaction 
between CLA dose and pasture allowance (CLAxA). 
5Abomasal infusion of 0 g/d CLA. 
6Abomasal infusion of 50 g/d CLA. 
7Crude protein (CP)  = total nitrogen (TN) x 6.38. 
8 True protein (TP) calculated as (TN – nonprotein nitrogen; NPN) x 6.38. 
9Casein protein calculated as (TN – non casein nitrogen; NCN) x 6.38. 
10Whey protein calculated as (NCN – NPN) x 6.38. 
11Multiplied by 6.38 to allow comparison with other protein fractions. 
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Table 3.5. Effect of abomasal infusion of 0 or 50 g/d conjugated linoleic acid (CLA) for 10 d on 
milk fatty acids (mg/g total fatty acids) in cows grazing ad libitum or restricted pasture1

Ad libitum 
allowance2

Restricted 
allowance3 P4

Fatty acid CTRL CLA CTRL CLA SEM CLA A CLAxA 

4:0 29.72 17.91 26.44 16.90 1.31 <0.01 0.13 0.41 
6:0 18.53 8.94 17.19 8.84 0.77 <0.01 0.37 0.43 
8:0 10.45 4.40 9.65 4.52 0.49 <0.01 0.50 0.67 
10:0 23.15 11.05 21.92 11.32 1.01 <0.01 0.65 0.47 
10:1 2.49 0.86 2.14 0.74 0.21 <0.01 0.28 0.59 
12:0 27.00 17.07 25.32 17.58 1.19 <0.01 0.63 0.37 
14:0 94.22 84.41 91.94 86.95 2.80 0.02 0.96 0.40 
14:1 c9 6.88 7.74 6.31 6.23 0.80 0.63 0.22 0.57 
15:0 14.52 14.66 15.01 15.78 0.45 0.33 0.09 0.49 
16:0 265.07 263.05 270.60 263.57 8.79 0.61 0.74 0.78 
16:1 c9 16.55 20.47 19.23 21.33 1.49 0.61 0.25 0.55 
17:0 7.17 7.83 7.58 8.42 0.26 0.01 0.07 0.75 
17:1 2.93 3.40 3.42 3.34 0.19 0.33 0.29 0.18 
18:0 106.12 117.15 105.35 120.15 6.87 0.08 0.87 0.79 
18:1 c9 183.57 204.23 192.48 207.77 6.09 <0.01 0.08 0.23 
18:1 t6-8 0.95 1.42 0.82 1.05 0.17 0.06 0.17 0.50 
18:1 t9 4.78 5.25 4.05 4.79 0.26 0.04 0.04 0.61 
18:1 t10 4.67 5.52 4.30 4.24 0.24 0.47 0.20 0.45 
18:1 t11 41.62 41.87 41.92 45.89 2.24 0.36 0.35 0.42 
18:1 t12 4.10 4.08 2.95 3.21 0.26 0.64 <0.01 0.60 
Total t 18:1 56.12 58.14 54.04 59.18 3.32 0.25 0.55 0.21 
18:2 c9, c12 12.82 17.03 11.73 15.02 0.47 <0.01 0.01 0.34 
CLA t8, c10 3.47 6.58 2.52 6.30 0.18 <0.01 <0.01 0.08 
CLA c9, t11 18.72 23.18 18.45 24.16 0.97 <0.01 0.72 0.53 
CLA t10, c12  0.98 6.43 0.90 7.35 0.22 <0.01 0.08 0.06 
CLA c11, t13 1.87 2.53 1.57 2.59 0.16 <0.01 0.44 0.28 
Other CLA 11.32 15.56 10.98 16.23 0.41 <0.01 0.44 0.03 
18:3 c9, c12, c15 10.45 11.75 9.75 10.02 0.59 0.20 0.05 0.39 
20:0 0.82 0.84 0.79 0.86 0.12 0.65 0.82 0.47 
Unknown5 75.06 74.79 74.69 64.85 2.78 0.69 0.48 0.32 
Fatty acid origin         
de novo6 226.96 167.04 215.92 168.87 7.33 <0.01 0.54 0.39 
16:0 & 16:1 281.62 283.52 289.83 284.90 9.20 0.87 0.61 0.72 
Preformed7 409.73 472.38 417.73 473.69 10.85 <0.01 0.67 0.76 
14:1/14:0 7.17 9.00 7.00 7.54 0.85 0.18 0.35 0.46 
1Data represent average from d 9 and 10 of infusion period.  2Daily pasture allowance of 42 ± 6.3 
kg DM/cow.  3Daily pasture allowance of 22 ± 8.5 kg DM/cow.  4Significance of effects for CLA 
infusion (CLA), pasture allowance (A) and interaction between CLA infusion and pasture 
allowance (CLAxA).  5Represents unidentified fatty acids.  6Sum 4:0 – 15:0.  7Sum 17:0 – 20:0. 



76

respectively (data not presented).  As a consequence, there was a shift in the fatty acid 

profile toward a decreased de novo fatty acid content and an increased proportion of 

preformed fatty acids (Table 4.5).  Based on the myristoleic to myristic acid ratio (14:1 to 

14:0), neither CLA nor feed restriction altered the ∆9-desaturase (stearoyl CoA 

desaturase; SCD) system (Table 4.5).   

Calculated EBAL (d 6-10 infusion periods) improved following CLA infusion (-

0.44 vs. 2.68 and 0.38 vs. 3.29 Mcal/d for AL and R treatments, respectively; P < 0.01; 

Table 4.3).  However, there was no CLA effect on circulating insulin, NEFA, BHBA, 

urea, or glucose levels (Table 4.6).  Similarly, there was no effect of pasture allowance on 

measured blood metabolites and hormones (Table 4.6). 

Discussion 

In a pasture-based dairy system, adverse weather conditions can decrease pasture 

growth and/or quality, thus limiting nutrient availability.  During these periods, animals 

can enter into NEBAL, which is associated with a number of metabolic, physiological, 

and reproductive disorders and often decreases in the yield of milk and milk components 

(Drackley, 1999; Baumgard et al., 2006).  Recently we demonstrated that a CLA 

supplement inhibits milk fat synthesis and improves EBAL parameters during other 

periods when nutrient intake limits production; immediately postpartum (Moore et al., 

2004; Shingfield et al., 2004; Kay et al., 2006b; Odens et al., 2006) and during heat stress 

(Moore et al., 2005b).  

In the present study the CLA supplement contained ~62% CLA and provided 17 

g/d of cis-9, trans-11; trans-8, cis-10; cis-11, trans-13 CLA (isomers that do not alter  
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Table 3.6. Effect of abomasal infusion of 0 or 50 g/d conjugated linoleic acid (CLA) for 
10 d on plasma hormones and metabolites in cows grazing ad libitum or restricted pasture 
1

Ad libitum 
allowance2

Restricted 
allowance3 P4

Variable 0 g/d 
CLA 

50 g/d 
CLA 

0 g/d 
CLA 

50 g/d 
CLA SEM CLA A CLA

xA 
Insulin, ng/mL 0.31 0.33 0.29 0.31 0.03 0.63 0.61 0.91
NEFA, mM 0.12 0.12 0.18 0.14 0.02 0.42 0.10 0.33
BHBA, mM 0.62 0.57 0.58 0.55 0.09 0.63 0.77 0.92
Urea, mM 7.23 6.95 7.11 7.13 0.32 0.69 0.93 0.64
Glucose, mM 2.73 2.78 2.63 2.63 0.26 0.95 0.63 0.92
1Data represent average from d 9 and 10 of infusion period. 
2Daily pasture allowance of 42 ± 6.3 kg DM/cow.   
3Daily pasture allowance of 22 ± 8.5 kg DM/cow.   
4Significance of effects for CLA infusion (CLA), pasture allowance (A) and interaction 
between CLA infusion and pasture allowance (CLAxA). 
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mammary lipid metabolism; Baumgard et al., 2000; Perfield et al., 2004a) and 9 g/d 

trans-10, cis-12 CLA (a potent inhibitor of milk fat synthesis; Baumgard et al., 2000, 

2002).  The CLA-induced reductions in milk fat content and yield (Table 4.3; Figures 

4.1A and B) are comparable to previous results in TMR and pasture-fed cows (Chouinard 

et al., 1999a; Mackle et al., 2003; de Veth et al., 2004b; Kay et al., 2006b).  In the present 

study, MFD  (based on milk fat content) became significant by d 2 of infusion (15%), 

reached nadir by d 4 (41%), and returned to pre-infusion levels by 5 d post infusion 

(Figure 4.1A).  Additionally, although CLA infusion decreased the content and yield 

(data not shown) of fatty acids of all chain lengths, de novo synthesized fatty acids were 

reduced to a greater extent than preformed fatty acids, which agrees with pasture (Mackle 

et al., 2003; Kay et al., 2006b) and TMR-based CLA trials (Perfield et al., 2002; Moore et 

al., 2004).  The fact that changes in the SCD system (based on the milk fat 14:1 to 14:0 

ratio; Table 4.5) were not detected is surprising, as CLA-induced severe MFD (i.e. > 

35%) typically reduces the SCD capability while a more moderate CLA-induced MFD 

(i.e. < 20%) does not usually affect this ratio (Baumgard et al., 2001; Peterson et al., 

2002; de Veth et al., 2004b). 

Milk fat content of CLA isomers, linoleic and oleic acids and most trans 

monoenes increased following CLA infusion and this reflects the fatty acid composition 

of the CLA infusate (Table 4.1) and the effect of CLA on altering the origin of milk fatty 

acids.  Interestingly the majority of milk fatty acids, and in particular cis-9, trans-11 CLA 

content, did not differ between control AL and R treatments (Table 4.5).  Decreased DMI 

is associated with decreased rumen passage rate, increased rumen retention time (Van 
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Soest, 1982) and presumably more extensive biohydrogenation (Allen, 2000).  This 

would presumably decrease the rumen accumulation of fatty acid intermediates, such as 

trans-11 18:1, and consequently decrease substrate availability for mammary synthesis of 

cis-9, trans-11 CLA via SCD (Kay et al., 2004).  However, the effects of DMI, and 

ultimately passage rate on rumen fatty acid biohydrogenation and milk fat CLA content 

have been inconsistent.  Jiang et al. (1996) reported increased milk fat cis-9 trans-11 

CLA content when cows were fed a restricted compared to ad libitum diet.  In contrast, 

Qiu et al. (2004a) demonstrated restricted DMI decreased duodenal flow of trans-11 18:1 

fatty acids but did not alter milk fat trans-11 18:1 or CLA content.  Furthermore, Qiu et 

al. (2004b) indicated high solids dilution rate (resulting in a shorter retention time) 

actually decreased trans-11 18:1 flow compared to control.  In the present experiment, 

although milk linoleic and linolenic acid content decreased with pasture restriction 

(perhaps due to more extensive biohydrogenation), there was no concomitant change in 

biohydrogenation intermediates, in particular trans-11 18:1 or completely saturated 

derivatives (i.e. stearic acid).  Therefore, based on our indirect data, it appears passage 

rate (at least small changes in passage rate due to DMI) does not have a large impact on 

milk fatty acid profiles.  

Although most CLA supplementation trials have not detected an increase in either 

milk yield or component synthesis (Perfield et al., 2002; Geisey et al., 2002) these 

experiments have typically been conducted during established lactation when cows are in 

a positive energy and nutrient balance.  Increasing ME availability wouldn’t logically 

enhance milk production if nutrient requirements were already met, however, it may 
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increase production during periods of negative energy and nutrient balance (Baumgard et 

al., 2006).  Fat is the most energetically expensive (> 50% of total milk energy) milk 

component to synthesize and thus reducing its production can improve EBAL parameters 

(Table 4.3; Moore et al., 2004; Shingfield et al., 2004; Kay et al., 2006b; Odens et al., 

2006).  Based on previous grazing research (Mackle et al., 2003; Back and Lopez-

Villalobos, 2004; Kay et al., 2006b) indicating CLA-induced MFD (abomasal infusion or 

dietary supplementation) increased milk and/or protein yield, we speculated that 

increased available energy during times of nutrient restriction would be repartitioned 

towards milk and/or milk protein synthesis.  Research suggests that spared energy (via 

CLA induced-MFD) has a more profound effect on milk production in grazing cows than 

in cows fed a more energy dense TMR (a diet that might better match energy and other 

nutrient requirements; Mackle et al., 2003).  As hypothesized, data from the present study 

demonstrated a CLA-induced increase in protein synthesis, however in contrast to 

previous reports (Mackle et al., 2003; Back and Lopez-Villalobos, 2004; Kay et al., 

2006b; Odens et al., 2006) milk yield was not altered.  

One possible reason for the lack of increase in milk yield in the present study may 

be due to the severity of the CLA-induced MFD. We’ve recently reported a curvilinear 

relationship between the severity of MFD and the increase in milk yield immediately 

postpartum (Kay et al., 2006b).  Cows supplemented with CLA tended to produce more 

milk when MFD was moderate (< 35%), however as MFD became more severe the 

positive milk yield response was lost (Kay et al., 2006b).  This supports our earlier work 

indicating a quadratic milk yield response with increasing CLA doses (Mackle et al., 
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2003).  In addition, both Chouinard et al. (1999a) and Bell and Kennelly (2003) reported 

reduced milk yield (15 and 40%, respectively), when a high CLA dose was abomasally 

infused.  These trials suggest that during times of energy deficiency (i.e. immediately 

postpartum or in grazing situations), moderate inhibition of milk fat synthesis may spare 

energy that is then partitioned for increased milk yield, however, severe CLA-induced 

MFD may sometimes adversely affect cellular mechanisms involved in milk synthesis 

and/or secretion.  It is noteworthy, however, that severe CLA-induced MFD (i.e. > 35-

40%) does not always adversely affect milk yield, (Baumgard et al., 2001; Dohme et al., 

2004; Shingfield et al., 2004) and the reasons for the inconsistencies are unknown but 

may include 1) dose and duration of CLA infusion/feeding, 2) CLA composition 

differences, 3) variations in pre-CLA treatment milk yield, 4) differences in basal diets, 

and 5) differences in the cows’ energetic and physiological states.  Further research is 

required to examine the relationship between the magnitude of CLA-induced MFD and 

the milk yield response.   

An alternative reason for the lack of a positive milk yield response in the current 

trial may be due to limitations of this particular model’s ability to mimic energy/nutrient 

deprivation.  During times of nutrient inadequacy, homeorheteric mechanisms alter tissue 

metabolism in an attempt to maintain milk production and consequently the animal enters 

into NEBAL.  These coordinated changes include increased lipolysis and decreased 

extramammary glucose uptake and utilization (Bauman and Currie, 1980; Bauman, 2001) 

and result in increased plasma NEFA, BHBA and decreased circulating glucose and 

insulin levels.  In the present study however, DMI only decreased by ~1.5 kg DM/d with 



82

pasture restriction, and neither EBAL nor plasma hormones and metabolites were 

affected by pasture allowance.  The reason changes in EBAL parameters were not 

observed as expected is probably due to the large decrease (25%) in milk yield with 

pasture restriction (Table 4.3) causing cows to subsequently remain in calculated positive 

EBAL (Table 4.3).  The lack of CLA-induced changes in bioenergetic variables is 

consistent with our previous research evaluating homeostatic parameters (both basal and 

stimulated) from cows in positive EBAL (Baumgard et al., 2002a).  Therefore, nutrient 

deprivation in the present study may not have been extensive enough to detect/measure 

milk yield and bioenergetic improvements due to increased available energy.  

Additionally, it is noteworthy that a supplemental CLA dose, high enough to evoke 

severe MFD (> 35%), did not have any apparent adverse affects on animal health. 

Although milk yield was not affected by CLA in the present experiment, the 

increase in milk protein and decrease in milk fat yield resulted in a doubling of the milk 

protein:fat ratio.  Based on the global trend for weighted milk payment schemes, which 

places a premium on milk protein, this improved component ratio could potentially 

increase milk value.  The increase casein values help validate the hypothesis that 

enhanced energy availability supports increased de novo mammary protein synthesis, as 

the content of whey protein (which is primarily of blood origin) did not change (Table 

4.4).  

Milk citrate content increased with CLA infusion, which confirms our previous 

report indicating a linear increase with increasing CLA dose (Mackle et al., 2003).  

Citrate is central to mammary cell metabolism and provides reducing equivalents 
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(reduced nicotine adenine dinucleotide phosphate; NADPH) for fatty acid synthesis via 

the isocitrate dehydrogenase pathway (Bauman and Davis, 1974).  Faulkner and Peaker 

(1982) postulated a decrease in de novo fatty acid synthesis would reduce cystolic 

NADPH use and as a consequence the isocitrate cycle (for NADPH production) would be 

reduced, resulting in increased cytoplasmic citrate concentrations.   Consistent with this 

hypothesis, Mackle et al. (2003) and the current data (Table 4.3) indicate that CLA-

induced MFD results in increased milk citrate levels.    

Conclusion 

Data from the present study demonstrates that abomasal CLA infusion inhibits 

milk fat synthesis to the same extent in cows fed ad libitum or nutrient restricted.  CLA-

induced MFD increased calculated EBAL in both AL and R treatments and available 

energy appeared to be partitioned towards milk protein synthesis.  Milk yield decreased 

with pasture restriction and did not improve with CLA treatment as hypothesized.  The 

lack of a positive CLA-induced milk yield response may be associated with the severe 

reduction in milk fat synthesis (> 35%) or potential current model limitations.  Further 

research, utilizing a model with a lower CLA dose combined with more severe nutrient 

restriction, may determine if CLA could potentially alleviate NEBAL and improve 

production and bioenergetic parameters during periods of feed shortage. 
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CHAPTER FOUR: 

EFFECTS OF DIETARY CONJUGATED LINOLEIC ACID ON PRODUCTION 

AND METABOLIC PARAMETERS IN TRANSITION DAIRY COWS GRAZING 

FRESH PASTURE 

 

Abstract 

Supplementation with a high dose of rumen inert-conjugated linoleic acid (RI-

CLA) inhibits milk fat synthesis in total mixed ration-fed dairy cows immediately post-

partum. However, effects of a high RI-CLA dose on milk fat and bioenergetic parameters 

during the transition period in grazing cows have not been investigated. Multiparous 

Holstein cows (n = 39) grazing pasture were randomly assigned to one of three 

treatments: 1) pasture (PAS), 2) PAS + 540 g/d Hyprofat (palm oil; HYPRO) and 3) PAS 

+ 600 g/d RI-CLA (RI-CLA).   HYPRO and RI-CLA supplements were isoenergetic, fed 

twice daily at 0700 and 1600 h and provided 0 and 125 g CLA/d, respectively. 

Treatments began 27 ± 10 d prepartum and continued until 36 ± 1 days postpartum.  

There was little or no overall RI-CLA effect on content or yield of milk protein and 

lactose. RI-CLA supplementation decreased overall milk fat content and yield with RI-

CLA-induced milk fat depression (MFD) becoming significant by d 3 when compared 

with PAS and by d 6 when compared with HYPRO.  MFD continued to increase in 

severity during the first 24 d postpartum after which point it reached a plateau (~40%; 

RI-CLA vs. HYPRO).  PAS cows produced less milk (19.4 kg/d) than the lipid 

supplemented groups and although there was no overall differences in milk yield between 
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RI-CLA and HYPRO (22.3 kg/d), a curvilinear relationship (R2=0.57) existed between 

the RI-CLA-induced milk yield response and extent of MFD in RI-CLA vs. HYPRO. RI-

CLA tended to increase milk yield (1.8 kg/d) compared with HYPRO until MFD 

exceeded 35% (~ d 21), after which point the positive milk yield response was lost.  Milk 

fat trans-10, cis-12 CLA content averaged 0.25 g/100 g in the RI-CLA treatment, was 

temporally independent, and was undetectable in PAS and HYPRO treatments. Based on 

the milk fat 14:1 to 14:0 ratio, RI-CLA decreased the overall ∆9-desaturase system 

compared with PAS and HYPRO. Compared to HYPRO, RI-CLA had no effect on 

plasma glucose, insulin, leptin, or non-esterified fatty acid concentrations.  Data indicate 

a high RI-CLA dose decreases milk fat synthesis and tends to increase milk yield 

immediately postpartum in pasture-fed cows, however, excessive MFD (> 35%) appears 

to be associated with a diminished milk yield response.  

Introduction 

Cows in early lactation typically cannot consume enough calories to meet the 

energetic requirements of maintenance and copious milk secretion, and consequently 

enter into negative energy balance (NEBAL).  The severity, magnitude and day of 

NEBAL nadir (~4-9 days in milk; DIM) are closely associated with metabolic disorders 

and reproductive failures (Canfield and Butler, 1990; Drackley, 1999; Buckley et al., 

2003).  The impact of NEBAL on reproductive parameters is even more critical in strict 

pasture-based systems as calving patterns must coincide with forage availability to 

maintain sustainability (Rhodes et al., 2003).  Attempts to improve or alleviate NEBAL 

traditionally involve increasing dietary energy density via the addition of concentrates or 
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fats (Schingoethe and Casper, 1991; Hayirli and Grummer, 2004).  However, the 

effectiveness of these dietary strategies is frequently inconsistent and often associated 

with potential drawbacks (i.e. acidosis and reduced dry matter intake; DMI; Hayirli and 

Grummer, 2004).  An alternative is to decrease energy expenditure/output, and two 

approaches recently evaluated are once a day milking and reduced milk fat synthesis.  Fat 

is the most energetically expensive milk component to synthesize (Bauman and Davis, 

1974) and the most easily manipulated.  Thus, governing it offers a unique opportunity to 

improve calculated net-energy balance (EBAL).  For conjugated linoleic acid (CLA) to 

improve transition success and reproductive indices it must be able to induce milk fat 

depression (MFD) immediately postpartum. 

Abomasally infusing CLA and supplementing rumen inert (RI)-CLA reduces milk 

fat synthesis in cows consuming total mixed rations (TMR; Loor and Herbein, 1998; 

Chouinard et al., 1999b; Giesy et al., 2002; Perfield et al., 2002) or pasture (Medeiros et 

al., 2000; Mackle et al., 2003).  However, CLA doses effective in established lactation 

(125-295 g/d RI-CLA) fail to induce MFD until 3-4 wks postpartum (~15-20 d post 

NEBAL nadir; Giesy et al., 1999; Bernal-Santos et al., 2003; Selberg et al., 2004; 

Castaneda-Gutierrez et al., 2005; Gervais et al., 2005).  Recently, it was demonstrated 

that CLA can inhibit milk fat synthesis immediately postpartum in TMR-fed cows, but 

the amount of CLA required (600 g/d) is markedly greater (~ 3x) than necessary in 

established lactation (Moore et al., 2004).    

Study objectives were to determine if a high dietary RI-CLA dose (600 g/d) could 

evoke MFD immediately postpartum in rotationally grazed dairy cows and to evaluate the 
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effects of CLA-induced MFD on bioenergetic parameters and production variables in 

early lactation. 

Materials and Methods  

Experimental Design, Animals and Treatments 

All procedures involving animals were approved by the Ruakura Animal Ethics 

Committee, Hamilton, NZ.  Thirty-nine multiparous, dry and gestating Holstein-Friesian 

dairy cows were allocated to one of three treatments (13 cows/trt) balanced for milk 

production and composition from the previous lactation, parity and predicted calving 

date.  Treatments were 1) pasture only (PAS); 2) pasture + 540 g/d Hyprofat (HYPRO; a 

palm fatty acid distillate; Bonimex BV., Rotterdam, The Netherlands); 3) pasture + 600 

g/d RI-CLA (RI-CLA; Bioproducts Inc., Fairlawn, OH, USA).  Lipid doses provided 520 

g fatty acids/d and RI-CLA and HYPRO treatments were isoenergetic throughout the 

experiment.  As cows were offered the same pasture allowance postcalving, the lipid-

supplemented groups were provided additional energy compared to the PAS treatment 

during lactation.  Fatty acid composition of RI-CLA and Hyprofat are presented in Table 

5.1.  The RI-CLA supplement contained 24% CLA including cis-9, trans-11; trans-8, cis-

10; cis-11, trans-13 CLA (isomers that do not alter mammary lipid metabolism, 

Baumgard et al., 2000; Perfield et al., 2004a), and trans-10, cis-12 (20.9 g/d; an isomer 

which markedly reduces milk fat synthesis, Baumgard et al., 2000, 2002a) and other 

unidentified CLA isomers.  To allow time for adaptation to the lipid supplement and the 

chance of early calving, treatments were initiated 27 ± 10 d prepartum and continued for 
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Table 4.1. Fatty acid composition of lipid supplements 
Fatty acid Hyprofat RI-CLA 

(% of fatty acids) 
12:0 7.55 1.38 

 14:0 5.17 1.10 
 16:0 45.65 23.18 
 16:1 cis-9 0.21 
 18:0 4.02 3.19 
 18:1 cis-9 27.55 37.48 
 18:2 cis-9, cis-12 9.85 4.45 
 18:2 trans-8, cis-10 CLA  2.58 
 18:2 cis-9, trans-11 CLA  3.06 
 18:2 trans-10, cis-12 CLA  4.02 
 18:2 cis-11, trans-13 CLA  4.07 
 Other CLA  10.25 
 18:3 cis-9, cis-12, cis-15 0.15 
 20:0  0.13 
 Unknown1 0.21 4.75 

1Represents unidentified fatty acids 
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36 ± 1 d postpartum.  Lipid supplements were fed to both dry and lactating cows twice 

daily in the milking parlor at 0700 and 1600 h.  To improve palatability and ensure 

complete consumption, 600 g RI-CLA and 540 g HYPRO were mixed with 300 g 

driedmolasses and 300 g copra (a coconut extract) prior to feeding.  All cows freshened 

within a 21 d window and calves were weighed within 12 h of parturition and dam body 

weight and body condition score (BCS; 1-10 scale; Roche et al., 2004) were determined 

on each animal at calving and d 36 by the same experienced assessor. 

Grazing Management and Pasture Measurements 

All cows were rotationally grazed and offered a fresh allocation of pasture twice 

daily.  Precalving, all cows grazed within the same paddock with treatments separated by 

a double stranded electric fence to control pasture allowances.  To maintain isoenergetic 

diets precalving (in an effort to ensure the observed effects postpartum were not 

confounded with precalving energetic states) different sized areas and consequently 

different pasture allocations were offered by multiplying pregrazing pasture mass per m2

by desired allowance per cow (kg/d) by number of cows in each group. Pasture mass was 

calculated as described by Roche et al. (2005a) and herbage disappearance rate (pasture 

offered less pasture remaining) was used to estimate average dry matter intake (DMI) as 

previously described (Roche et al., 2002b).  As a consequence pasture allowance was 

managed to provide 10, 8, and 8 kg DM/d for PAS, HYPRO and RI-CLA cows 

respectively, and this resulted in precalving energy intakes of ~63 MJ/d (net energy for 

lactation; NEL). Postcalving, all cows grazed together in the same paddock and were 

offered an unrestricted pasture allowance of 45 ± 8.3 kg DM/d.  Individual DMI was 
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estimated during the 4th wk of lactation utilizing the n-alkane technique (Mayes et al., 

1986) as modified by Kennedy et al. (2003). 

Throughout the entire experiment, representative pasture samples were collected 

daily by hand plucking pasture to grazing height from paddocks immediately prior to 

grazing.  Samples were bulked every two wk, and triplicate samples were either frozen 

immediately (-20oC) for fatty acid analysis, dried at 100oC for DM analysis or dried at 

60oC for nutrient composition analysis.  Nutrient composition samples were dried for 48 

h, ground to pass through a 1.0 mm sieve (Christy Lab Mill, Suffolk, UK) and analyzed 

for crude protein (CP), neutral detergent fiber (NDF), acid detergent fiber (ADF), soluble 

sugars, ash and organic matter digestibility (OMD) by near infra-red spectroscopy 

(Corson et al., 1999).  Metabolizable energy (ME) was derived directly from predicted 

OMD, on the basis of an in vitro cellulase digestibility assay (Dowman and Collins, 

1982; Roughan and Hollan, 1977), which had been calibrated against in vivo standards 

(Corson et al., 1999).   

Feed samples for fatty acid analysis were freeze-dried (Cuddon instrument model 

0610, Blenheim, NZ), and ground to pass through a 0.5-mm sieve (Christy Lab Mill, 

Suffolk, UK).  Pasture lipids were extracted and methylated according to the one-step 

method of Garces and Mancha (1993) as outlined in Kay et al. (2004).  Fatty acid 

analysis was performed on a Hewlett Packard 5890 Series II gas chromotograph equipped 

with a 30 m RTX-2330 column (30 m x 0.32 mm i.d. and 0.2 µm film thickness; Restek 

Corp) and gas chromatogram conditions were as previously described (Kay et al., 2004).   
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Pasture offered precalving consisted of 82% perennial ryegrass  (Lolium perenne 

L.), 3% white clover (Trifolium repens L.), 1% weeds and other grasses (Dactylus 

glomerata, Holcus lanatus and some Poa species) and 14% dead material on a DM basis.  

Postcalving pasture sward consisted of 81% perennial ryegrass  (Lolium perenne L.), 5% 

white clover (Trifolium repens L.), 6% weeds and other grasses (Dactylus glomerata,

Holcus lanatus and some Poa species) and 8% dead material on a DM basis.  Pre and 

postcalving pasture nutritive and fatty acid composition is presented in Table 5.2. 

Milk and Plasma Collection and Analyses 

Cows were milked twice daily at 0600 and 1700 h.  Individual yields were 

recorded daily (Westfalia Surge, Oelde, Germany) and samples obtained from each cow 

on d 3 and every third day (± 1) until 36 d postpartum.  One aliquot from each sampling 

was analyzed for fat, lactose and protein using an infrared milk analyzer (FT120; Foss 

Electric, Hillerød, Denmark).   Milk fat was extracted from a second aliquot from d 3, 9, 

15, 21, 27 and 36 (± 1) using the Röese-Gottlieb fat extraction procedure (IDF, 1987) and 

stored at -20oC until analyzed for fatty acid composition.   

Fatty acid methyl esters were prepared by the transmethylation procedure 

described by Christie (1982) with modifications (Chouinard et al., 1999a).  Fatty acid 

methyl esters were quantified using a gas chromatograph (Hewlett Packard GC system 

6890; Wilmington, DE) equipped with a flame ionization detector and a CP-7489 fused 

silica capillary column (100 m x 0.25 mm i.d. with 0.2 µm film thickness; Varian, Walnut 

Creek, CA). Gas chromatograph oven parameters, gas variables, and fatty acid peak 

identification were as previously described (Moore et al., 2004).   
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Table 4.2. Chemical and fatty acid composition of pasture offered 
Chemical analysis (% of DM) Prepartum Postpartum 

CP 19.2 25.3 
NDF 43.6 36.1 

 ADF 23.9 18.2 
 Ash 10.3 10.3 
 Soluble sugars 9.2 11.6 
 Total fatty acids 3.6 4.1 
 ME (MJ/kg of DM) 10.5 11.7 
Fatty acids (g/100g total fatty acids)  

16:0 13.0 10.3 
 16:1 cis-9 2.5 2.5 
 18:0 2.7 2.0 
 18:1 cis-9 3.5 3.9 
 18:2 cis-9, cis-12 12.5 9.2 
 18:3 cis-9, cis-12, cis-15 55.5 57.3 
 Unknown1 10.3 14.8 
1Represents unidentified fatty acids. 
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One evacuated blood tube containing a sodium heparin pellet (100 IU sodium 

heparin/ml blood) to prevent coagulation was collected from each cow by coccygeal 

venipuncture prior to treatment initiation (~d 27 ± 10 precalving), ~d 17 ± 10 precalving, 

day of calving and d 1, 2, 3, 4, 7, 14, 28 and 35 postpartum. Plasma was harvested 

following centrifugation (2,800 x g, 12 min at 4oC) and analyzed for non-esterified 

fattyacids (NEFA), glucose, leptin and insulin. NEFA (colorimetric method) and glucose 

(hexakinase method) analyses were conducted by Alpha Scientific Hamilton, NZ with 

inter-assay and intra-assay coefficient of variation < 2% for all assays.  Insulin and leptin 

were measured in duplicate by double-antibody radioimmunoassay as previously 

described by Hales and Randle (1963) and Blache et al. (2000), respectively. 

Calculations 

EBAL was calculated during the 4th wk of lactation (d 21-28) using the following 

equation; EBAL = net energy intake – (net energy for maintenance; NEM + NEL).  Net 

energy intake was calculated by multiplying the n-alkane estimated DMI by the net 

energy of pasture (6.45 MJ/kg DM) plus the net energy value of the lipid supplement 

(21.01 MJ/kg DM; NRC, 2001); molasses (7.37 MJ/kg DM; NRC, 2001) and copra (7.75 

MJ/kg DM; Miller, 1979).  Digestibility and absorbability were assumed to be similar 

between the two fat supplements.  NEM was calculated according to NRC (2001) using 

the following equation; NEM = 0.06 x body weight0.75 (Holmes et al., 2002).  NEL was 

calculated according to NRC (2001) by the following equation; NEL = ((0.0929 x fat %) 

+ (0.0547 x crude protein %) + (0.0395 x lactose %)) x milk production.   
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Statistical Analysis  

Milk and plasma data were analyzed by repeated measures using the PROC 

MIXED procedure of SAS (2001) with an autoregressive covariance structure and day of 

lactation as the repeated effect.  The model contained day of lactation, treatment and day 

of lactation x treatment interactions.  Cows were the random effect, and day of lactation, 

treatment and day of lactation x treatment interaction were the fixed effects.  DMI and 

EBAL were analyzed using the PROC MIXED procedure of SAS (2001) with treatment 

as the dependent variable and did not contain a time or repeated component.  The milk 

yield vs. MFD relationship was analyzed using the PROC CORR procedure of SAS 

(2001) using RI-CLA and HYPRO treatment means from d 3, 6, 9, 12, 15, 18, 21, 24, 27, 

30, 33 and 36 postpartum. The model contained percent change in milk yield and percent 

decrease in milk fat content.  Standard errors of the mean are reported and differences 

considered significant when P < 0.05 unless otherwise stated. 

Results 

RI-CLA supplementation decreased (P < 0.01) overall milk fat content and yield, 

with RI-CLA-induced MFD becoming significant (P < 0.05; 13%) by d 3 when 

compared with PAS and by d 6 (P < 0.01; 19%) when compared with HYPRO (Table 

5.3; Figure 5.1).  There was no overall RI-CLA treatment effect on milk protein content, 

nor protein or lactose yield.  Compared to both PAS and HYPRO treatments, RI-CLA 

slightly increased (P < 0.01; 0.13 percentage units) lactose content.  There was no overall 

difference in milk yield between HYPRO and RI-CLA treatments (22.3 kg/d), however 

cows from both lipid supplement treatments produced more (P < 0.01) milk than the PAS  
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Table 4.3. Effect of supplementing Hyprofat and rumen inert-conjugated linoleic acid for 
27 ± 10 d precalving to 36 ± 1 d postcalving on milk production parameters of pasture-
fed dairy cows1

Treatments2 P3

PAS HYPRO  RI-
CLA SEM  TRT   DAY TRTx

DAY 
Milk yield          

kg/d 19.4a 22.5b 22.1b 0.7 0.01 <0.01 0.02
Milk fat        
 % 5.12a 4.76b 3.35c 0.15 <0.01 <0.01 <0.01

kg/d 1.00a 1.05a 0.74b 0.04 <0.01 0.06 0.04
Milk protein        
 % 3.68 3.54 3.60 0.05 0.08 <0.01 0.03

kg/d 0.72 0.79 0.79 0.04 0.30 0.04 0.49
Milk lactose        
 % 4.89a 4.85a 5.00b 0.03 0.01 <0.01 0.03

kg/d 0.96 1.10 1.12 0.06 0.12 <0.01 0.28
1Average over the 36 d postpartum period. 
2Treatments were pasture only (PAS); pasture + 540 g/d Hyprofat (HYPRO); and pasture 
+ 600 g/d rumen inert-conjugated linoleic acid (RI-CLA). 
3Significance of effects for treatment (TRT), day of lactation (DAY) and interaction 
between treatment and day of lactation (TRTxDAY). 
abcValues within rows with different superscripts indicate P < 0.05. 
 



96

2

3

4

5

6

3 6 9 12 15 18 21 24 27 30 33 36

Days postpartum

M
ilk

fa
t(

%
)

PAS HYPRO RI-CLA

 

Figure 4.1. Effects of supplementing Hyprofat and rumen inert-conjugated linoleic acid 
for 27 ± 10 d precalving to 36 ± 1 d postcalving on temporal pattern of milk fat content. 
Treatments were pasture only (PAS); pasture + 540g/d Hyprofat (HYPRO); and pasture + 
600 g/d rumen inert-conjugated linoleic acid (RI-CLA). Values represent least squares 
means (n = 13/trt); SEM averaged 0.25 and ranged from 0.23 to 0.35. 
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treatment (19.4 kg/d) during the first 36 DIM (Table 5.3). There was a milk yield, 

treatment x day of lactation interaction (P < 0.02; Table 5.3) with RI-CLA tending (P <

0.09) to produce more milk (1.8 kg/d) than HYPRO for the first 20 d postpartum, at 

which point RI-CLA milk yield declined and HYPRO cows tended (P < 0.12) to produce 

more milk (2.5 kg/d) for the remainder of the 36 d experimental period (Figure 5.2).  RI-

CLA-induced MFD continued to become more severe during the first 24 d postpartum at 

which point it reached a plateau (~40%; RI-CLA vs. HYPRO; Figure 5.1).  A trend for a 

curvilinear relationship (R2 = 0.57; P < 0.07) existed between the milk fat content and 

milk yield response in RI-CLA vs. HYPRO cows (Figure 5.3).  Milk yield tended to 

increase (1.8 kg/d; P < 0.09) when MFD was moderate (less than 35%), however as MFD 

exceeded 35% (~21 DIM) the positive milk yield response declined.  Post calving pasture 

DMI, estimated by the n-alkane method during wk 4 of lactation (d 21-28), was not 

affected by treatment (11.4 ± 0.8 kg/d; Table 5.4), thus cows supplemented with lipid 

(HYPRO and RI-CLA) had a higher net energy intake (88 MJ/d; NEL) compared to PAS 

cows (75 MJ/d; NEL).   During wk 4, dietary RI-CLA supplementation improved 

calculated EBAL (Table 5.4) when compared to PAS (P < 0.01; 3.89 vs. –20.47 MJ/d) 

and tended to improve EBAL compared to HYPRO treatment (P < 0.09; 3.89 vs. -7.29 

MJ/d).  Treatment had no effect (Table 5.4) on calf body weight (37 kg) nor on BCS or 

body weight at calving (4.6 and 454 kg, respectively) or at 36 DIM (3.9 and 399 kg, 

respectively).  Milk fat concentration of most short and medium chain fatty acids (6:0 to 

16:1) were reduced by RI-CLA supplementation (Table 5.5).  There was an overall 

decrease (P < 0.01) in production of all fatty acids (Figure 5.4C), with the reduction in de  
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Figure 4.2. Effects of supplementing Hyprofat and rumen inert-conjugated linoleic acid 
for 27 ± 10 d precalving to 36 ± 1 d postcalving on temporal pattern of milk yield.  
Treatments were pasture only (PAS); pasture + 540 g/d Hyprofat (HYPRO); and pasture 
+ 600 g/d rumen inert conjugated linoleic acid (RI-CLA).  Values represent least squares 
means (n = 13/trt); SEM averaged 1.31 and ranged from 1.27 to 1.40. 
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Figure 4.3. Relationship between change in milk yield and decrease in milk fat content in 
cows supplemented with Hyprofat compared to cows supplemented with rumen inert-
conjugated linoleic acid for 27 ± 10 d precalving to 36 ± 1 d postcalving. Data points 
represent differences in treatment means from samples collected on d 3, 6, 9, 12, 15, 18, 
21, 24, 27, 30, 33 and 36 d postpartum.  Treatments were pasture + 540 g/d Hyprofat 
(HYPRO); and pasture + 600 g/d rumen inert conjugated linoleic acid (RI-CLA). 
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Table 4.4. Effects of supplementing Hyprofat and rumen inert-conjugated linoleic acid 
for 27 ± 10 d precalving to 36 ± 1 d postcalving on energetic variables of pasture-fed 
dairy cows. 
 Treatments1

PAS HYPRO RI-CLA SEM P
DMI2 (kg) 11.3 11.0 12.0 0.8 0.77 
Body weight (kg)      
 d 0 456 454 452 16 0.99 
 d 36 398 409 391 15 0.72 
BCS3 (1-10)      
 d 0 4.7 4.5 4.7 0.2 0.70 
 d 36 3.9 4.0 3.9 0.2 0.94 
EBAL4 (MJ) -20.47a -7.29b 3.89b 4.19 <0.01 
Calf body weight (kg) 36 37 37 1 0.63 
1Treatments were pasture only (PAS); pasture + 540 g/d Hyprofat (HYPRO); and pasture 
+ 600 g/d rumen inert-conjugated linoleic acid (RI-CLA). 
2Mean dry matter intake calculated via n-alkane technique from 21-28 days in milk. 
3Body condition score. 
4Mean energy balance = net energy intake – (net energy for maintenance + net energy for 
lactation): calculated from 21-28 DIM. 
abcValues within rows with different superscripts indicate P < 0.05. 
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Table 4.5. Effect of supplementing Hyprofat and rumen inert-conjugated linoleic acid for 27 ± 10 
d precalving to 36 ± 1 d post calving on milk fatty acid composition of pasture-fed dairy cows1.

Treatments2 P3

Fatty acids PAS HYPRO RI-CLA SEM TRT DAY TRTx 
DAY 

g/ 100g of fatty acids 
4:0 2.91 2.98 2.80 0.13 0.64 <0.01 <0.01 
6:0 2.72a 2.63a 2.02b 0.10 <0.01 <0.01 <0.01 
8:0 1.33a 1.26a 0.87b 0.05 <0.01 <0.01 <0.01 
10:0 2.68a 2.52a 1.70b 0.14 <0.01 <0.01 <0.01 
12:0 2.85a 2.78a 2.00b 0.14 <0.01 <0.01 <0.01 
14:0 8.87a 8.17a 6.74b 0.31 <0.01 <0.01 <0.01 
14:1 c-9 0.56a 0.45c 0.23b 0.02 <0.01 <0.01 <0.01 
15:0 0.80a 0.73ab 0.70b 0.03 0.05 0.18 0.08 
16:0 25.73a 27.84c 23.28b 0.35 <0.01 <0.01 0.04 
16:1 c-9 1.48a 1.44a 1.06b 0.66 <0.01 0.02 0.31 
17:0 0.67a 0.58b 0.60b 0.02 <0.01 <0.01 0.31 
18:0 13.31a 12.66a 15.09b 0.43 <0.01 0.24 0.30 
18:1 c-9 24.93 24.23 26.05 0.84 0.32 <0.01 <0.01 
18:1 t-6-8 0.25a 0.29c 0.46b 0.01 <0.01 <0.01 <0.01 
18:1 t-9 0.19a 0.23c 0.42b 0.01 <0.01 <0.01 <0.01 
18:1 t-10 0.25a 0.30a 0.58b 0.02 <0.01 <0.01 0.29 
18:1 t-11 2.95 3.38 3.70 0.21 0.06 <0.01 0.11 
18:1 t-12 0.31a 0.33a 0.60b 0.02 <0.01 <0.01 0.15 
18:2 c-9, c-12 1.08a 1.23a 1.79b 0.05 <0.01 <0.01 <0.01 
18:2 t-7, c-9 <0.01a <0.01a 0.04b 0.01 <0.01 0.50 0.56 
18:2 t-8, c-10 CLA 0.03a <0.01a 0.16b 0.01 <0.01 <0.01 <0.01 
18:2 c-9, t-11 CLA 0.77 0.89 0.89 0.06 0.31 <0.01 0.09 
18:2 t-10, c-12 CLA <0.01a <0.01a 0.25b 0.01 <0.01 0.19 0.13 
18:2 c-11, t-13 CLA <0.01a <0.01a 0.36b 0.02 <0.01 <0.01 <0.01 
Other CLA 0.18a 0.17a 2.12b 0.09 <0.01 0.06 0.06 
18:3 c-9, c-12, c-15 1.01ab 0.87b 1.13a 0.04 <0.01 0.31 0.14 
20:0 0.08a 0.09a 0.11b 0.01 <0.01 <0.01 0.16 
Unknown4 4.11 4.00 4.29 0.15 0.39 <0.01 <0.01 
Fatty acid origin        
 de novo5 22.75a 21.50a 17.04b 0.77 <0.01 <0.01 <0.01 
 16:0 & 16:1 31.27a 33.27c 28.62b 0.34 <0.01 <0.01 <0.01 
 Preformed65 45.99a 45.24a 54.36b 0.90 <0.01 <0.01 <0.01 
SCD ratio7

14:1/14:0 0.06a 0.06a 0.04b <0.01 <0.01 <0.01 0.50 
1Average over the 36 d postpartum period. 
2Treatments were pasture only (PAS); pasture + 540 g/cow/d Hyprofat (HYPRO); and pasture + 
600 g/cow/d RI-CLA (RI-CLA). 
3Significance of effects for treatment (TRT), day of lactation (DAY) and interaction between 
treatment and day of lactation (TRTxDAY). 
4Represents unidentified fatty acids. 
5Sum 4:0 – 15:0. 
6Sum 17:0 – 20:0. 
7Stearoyl CoA desaturase (∆9-desaturase).  
abcValues within rows with different superscripts indicate P < 0.05. 
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Figure 4.4.  Temporal pattern of fatty acid origin on a molar basis, divided into de novo 
(sum 4:0 - 15:0), de novo and preformed (sum 16:0 + 16:1) and preformed (sum 17:0 - 
20:0) for (A) pasture only (B) Hyprofat and (C) rumen-inert-conjugated linoleic acid 
supplemented for 27 ± 10 d precalving to 36 ± 1 d postcalving.  Treatments were pasture 
only (PAS); pasture + 540 g/d Hyprofat (HYPRO) and pature + 600 g/d rumen-inert 
conjugated linleic acid (RI-CLA). 
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novo synthesised fatty acids accounting for ~2/3 total reduction in milk fat.  Milk fat 

concentration of all measured CLA isomers, except cis-9, trans-11 CLA, increased (P <

0.01) with RI-CLA supplementation (Table 5.5).  Milk fat trans-10, cis-12 CLA content 

averaged 0.25 g/100 g in the RI-CLA treatment, was temporally independent, and was 

undetectable in PAS and HYPRO treatments (Figure 5.5).  Based on the overall milk fat 

14:1 to 14:0 ratio, RI-CLA supplementation decreased the ∆9-desaturase (stearoyl CoA 

desaturase; SCD) system compared to PAS and HYPRO (Table 5.5) but the extent of 

inhibition did not change over time (data not presented).  There were no overall treatment 

effects on prepartum (data not presented) or postpartum plasma glucose, insulin or leptin 

levels (Table 5.6).  Irrespective of treatment there was a day of lactation effect (P < 0.01) 

on glucose, insulin, leptin and NEFA levels as these variables demonstrated the expected 

temporal patterns of transitioning cows (data not presented).  Postpartum plasma NEFA 

levels were higher (P < 0.05) in the PAS compared to HYPRO and RI-CLA treatments, 

but did not differ between the two lipid treatments (Table 5.6).   

Discussion 

During the periparturient period, energy intake is often insufficient to meet 

maintenance and milk synthesis energy demands, and dairy cows typically enter into 

NEBAL (Drackley, 1999).  The duration, magnitude and days to NEBAL nadir are 

associated with reduced milk yield, prolonged days to first ovulation, acyclicity and 

subsequent reproductive failures (Canfield and Butler, 1990; Beam and Butler, 1999; 

Buckley et al., 2003).  Dairy cows grazing pasture can experience additional 

nutrient/energy stress during the transition period as adverse weather conditions (drought, 
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Figure 4.5. Effects of supplementing rumen inert-conjugated linoleic acid and Hyprofat 
for 27 ± 10 d precalving to 36 ± 1 d postcalving on temporal pattern of milk fat trans-10, 
cis-12 CLA content in pasture-fed dairy cows.  Treatments were pasture only (PAS); 
pasture + 540 g/d Hyprofat (HYPRO) and pasture + 600 g/d rumen-inert conjugated 
linoleic acid (RI-CLA).  Milk fat trans-10, cis-12 CLA content was undetectable in PAS 
and HYPRO treatments.  Values for RI-CLA treatment represent least squares means (n = 
13); SEM averaged 0.16 and ranged from 0.12 to 0.19.    
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Table 4.6. Effect of supplementing Hyprofat and rumen inert-conjugated linoleic acid for 
27 ± 10 d precalving to 36 ± 1 d postcalving on blood metabolites and hormones in 
pasture-fed dairy cows1

Treatments2 P3

PAS HYPRO RI-CLA SEM TRT DAY TRTx 
DAY 

Glucose (mM) 3.42 3.40 3.36 0.06 0.75 <0.01 0.04
Insulin (ng/ml) 0.28 0.33 0.30 0.02 0.38 <0.01 0.14
Leptin (ng/ml) 0.98 1.00 1.05 0.05 0.62 <0.01 0.48
NEFA (mM) 0.81a 0.62b 0.60b 0.05 0.02 <0.01 0.10
1Average over the 36 d postpartum period. 
2Treatments were pasture only (PAS); pasture + 540 g/d Hyprofat (HYPRO); and pasture 
+ 600 g/d rumen inert-conjugated linoleic acid (RI-CLA). 
3Significance of effects for treatment (TRT), day of lactation (DAY) and interaction 
between treatment and day of lactation (TRTxDAY). 
abcValues within rows with different superscripts indicate P < 0.05. 
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flooding etc.) can further restrict pasture availability, thus amplifying NEBAL severity 

and/or duration.  Furthermore, pasture dairy systems are primarily based on seasonal 

calving patterns and to attain a seasonal 12-mo calving interval, pasture-fed cows need to 

conceive by 85 d postpartum (Rhodes et al., 2003).  This magnifies the importance of 

alleviating NEBAL as soon as possible following parturition.  Feeding RI-CLA during 

established lactation decreases milk fat content and yield (Loor and Herbein, 1998, 2003; 

Chouinard et al., 1999a, 1999b; Perfield et al., 2002; Mackle et al., 2003).  However 

feeding similar levels of RI-CLA during the transition period or early lactation indicates 

CLA is ineffective at reducing milk fat synthesis until ~wk 3 to 4 postpartum in both 

TMR and pasture-fed cows (Mederios et al., 2000; Bernal-Santos et al., 2003; Selberg et 

al., 2004; Castandea-Gutierrez et al., 2005; Gervais et al., 2005).  In order for 

supplemental CLA to be used as a management tool to improve EBAL parameters in 

grazing cows as hypothesized, it must reduce milk fat synthesis immediately postpartum 

(i.e 1 to 7 DIM), when NEBAL is most severe.  Recently we demonstrated that CLA 

inhibits milk fat synthesis immediately postpartum in TMR-fed cows (Moore et al., 2004) 

but a much larger dose (~ 3x) is required.  Data presented here confirm this also applies 

to grazing dairy cows.  Milk fat content was significantly reduced by RI-CLA by 3 d 

(13%) and 6 d (19%) postpartum compared to cows grazing pasture only or cows 

supplemented with Hyprofat, respectively.  The extent of MFD increased as lactation 

progressed and maximum MFD (40 and 46%, compared with PAS and HYPRO, 

respectively) occurred on d 24 postpartum.  Consistent with the decrease in milk fat 
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content, overall milk fat yield was reduced by RI-CLA treatment (26 and 29% compared 

to PAS and HYPRO, respectively).   

In agreement with previous CLA-induced MFD trials in established lactation 

(Loor and Herbein, 1998, 2003; Chouinard et al., 1999a, 1999b; Baumgard et al., 2000, 

2002b; Perfield et al., 2002; Mackle et al., 2003) and early lactation (Bernal-Santos et al., 

2003; Moore et al., 2004; Castandea-Gutierrez et al., 2005), inhibition of milk fat 

synthesis was primarily due to a decrease in production of de novo synthesized fatty acids 

(Table 5.5; Figure 5.4).  In the present study, on a molar basis, yield of all fatty acids 

decreased but reduction in de novo derived fatty acids on d 36 accounted for more than 

65% of the reduction in total milk fat.  In addition, the temporal pattern for the decrease 

in de novo derived fatty acids (Figure 5.4C) closely mimicked the reduction in milk fat 

content (Figure 5.1) and further establishes de novo fatty acid synthesis’s central role in 

CLA-induced MFD.  

The reason CLA is less effective at reducing milk fat synthesis immediately 

postpartum is not clear, but as MFD was primarily due to a reduction in de novo fatty 

acid synthesis (especially with extensive MFD; Baumgard et al., 2001, 2002b) we 

speculated that the mammary gland’s decreased sensitivity to CLA immediately 

postpartum may be due to reduced contribution of de novo synthesized fatty acids during 

this period.  However, our data indicate fatty acid production from different origins (de 

novo vs. preformed) in the control treatments (PAS and HYPRO) didn’t appreciably 

change during the first 36 DIM (Figure 5.4).  Thus, this offers little support for our 

aforementioned hypothesis.  Alternatively, due to the high plasma NEFA levels 
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associated with NEBAL during the transition period (Table 5.6) we speculated that due to 

NEFA competition, mammary epithelial CLA uptake may be reduced and thus the reason 

why CLA is less effective at decreasing milk fat synthesis immediately postpartum.  

However, milk fat trans-10, cis-12 CLA content (and thus mammary gland trans-10, cis-

12 CLA uptake) was similar at 1 DIM compared to 36 DIM (Figure 5.5) even though the 

extent of MFD increases during this time frame.  Furthermore, the transfer efficiency rate 

(from dietary supplement to milk fat) of trans-10, cis-12 CLA was approximately 9% and 

this did not appreciably change (± 2.8) during the first 36 DIM (data not shown). Thus, 

the biological reasons why CLA is less effective in early lactation remain unanswered, 

but dose not appear to be due to decreased mammary CLA uptake. 

Treatment had no effect on pasture DMI, estimated using the n-alkane technique, 

during wk 4 of lactation (11.4 kg DM/d) and this agrees with previous TMR CLA 

transition studies (Bernal-Santos et al., 2003; Moore et al., 2004; Selberg et al., 2004) and 

pasture-based trials (Mederios et al., 2000; Mackle et al., 2003).  Although both lipid 

supplemented treatments markedly improved calculated EBAL compared to PAS, as a 

consequence of a similar pasture DMI, consuming additional energy via lipid supplement 

and severely decreasing milk fat yield, RI-CLA treated cows had a much higher (> 23.0 

MJ/d; Table 5.4) calculated EBAL compared to PAS cows.  Compared to HYPRO, CLA 

supplemented cows tended to increase (> 10.5 MJ/d) calculated EBAL which can be 

directly attributed to MFD as these cows had similar milk production and were 

consuming similar quantities of feed during this portion of the trial (21-28 DIM; Table 

5.4; Figure 5.2).  The improved calculated EBAL parameters agree with previous 
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research indicating high dietary RI-CLA doses numerically improved calculated EBAL 

during the 2nd and 3rd wk of lactation and significantly reduced days to EBAL nadir 

(Moore et al., 2004). 

The improved calculated EBAL compared to PAS was corroborated by the 

reduction (26%) in circulating NEFA levels (Table 5.6), which reflect EBAL (Bauman et 

al., 1988).  We also anticipated CLA supplemented cows would have decreased NEFA 

concentration compared to HYPRO, but this was not the case (Table 5.6).  However, this 

agrees with previous research, (Moore et al., 2004; Castandea-Gutierrez et al., 2005) and 

a reason for the lack of effect is not clear, as reducing energy output without altering 

other components of the EBAL equation should theoretically reduce the demand to 

mobilize adipose reserves. However, adipose derived NEFA contribute only about ~10% 

to the total milk fat preformed pool (Pullen et al. 1989) and even if this was 

underestimated in early lactation (~30%), detecting differences in circulating NEFA due 

to CLA-induced MFD may be difficult.   

As expected due to additional energy intake, both lipid-supplemented treatments 

produced more overall milk compared to PAS.  Although there was no overall milk yield 

difference between HYPRO and RI-CLA treatments (Table 5.3), a curvilinear 

relationship existed between severity of MFD and positive milk yield response.  RI-CLA 

cows tended to produce more milk (1.8 kg/d) during the first 20 d postpartum when MFD 

was moderate (< 35%), however as MFD became more severe (> 35%, ~d 21) the 

response was eliminated and RI-CLA cows tended to produce less milk (2.5 kg/d) than 

HYPRO fed cows during the remainder of the trial (Figure 5.2).  The increase is similar 
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to previous reports indicating RI-CLA cows had higher milk yields in early lactation 

(Geisy et al., 1999; Bernal-Santos et al., 2003).  This suggests that during a time of 

energy deficiency (i.e. early lactation), moderate inhibition of milk fat synthesis may 

spare energy that is then partitioned for increased milk yield, however severe MFD may 

adversely affect cellular mechanisms involved in milk synthesis and/or secretion.  The 

curvilinear response in milk yield is similar to a CLA dose response trial (Mackle et al., 

2003), which demonstrated an increase in milk yield with moderate CLA-induced MFD, 

but no milk yield response with a high CLA dose, an amount that caused extensive MFD 

in pasture-fed dairy cows.  Similarly, in a CLA dose trial using TMR-fed cows 

(Chouinard et al., 1999a), high CLA doses that resulted in severe MFD reduced milk 

yield by almost 3 kg/d. Furthermore, Bell and Kennelly (2003) reduced milk yield by 

almost 40% when they abomasally infused a CLA dose 4-fold higher than necessary to 

evoke 40% MFD (Baumgard et al., 2001; de Veth et al., 2004b).  Therefore, although the 

CLA dose did not change during the present study, the milk yield response appeared to 

follow a similar pattern to the aforementioned trials with milk yield response adversely 

affected by severe MFD (Figure 5.3).   The reason why severe MFD appears to adversely 

affect milk yield is unclear.   We had previously hypothesized that SCD (responsible for 

adding a cis double bond to the 9th carbon in fatty acid chains and thus a major regulator 

of cell membrane fluidity; Ntambi, 1995) which is inhibited during extensive MFD 

(Chouinard et al., 1999a; Perfield et al., 2002; Loor and Herbein, 2003; Mackle et al., 

2003), may decrease membrane fluidity to such an extent as to adversely affect cellular 

functions and inhibit milk secretion. However, although overall SCD activity/expression 
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(based on the 14:1 to 14:0 milk fat ratio) was inhibited by RI-CLA in the present study, 

inhibition was detected by d 3 postpartum and the extent of inhibition did not increase as 

lactation progressed (data not presented) even though MFD became more severe and milk 

yield declined.  However, the milk yield response is also confounded with DIM and days 

on treatment and although neither of these parameters have been associated with the loss 

of a positive milk yield effect in previous CLA research (Perfield et al., 2002; Bernal-

Santos et al., 2003; Selberg et al., 2004; Gervais et al., 2005) we currently can not 

eliminate the possibility they influenced our results. 

Although supplemental CLA has been shown to improve glucose homeostatic 

parameters in diabetic models, it paradoxically sometimes causes insulin resistance in 

non-diabetic animal models (see review by Brown and McIntosh, 2003).  Supplemental 

RI-CLA had no effect on either circulating glucose or insulin in this trial (Table 5.6).   

The lack of a CLA effect on the aforementioned variables is similar to other transition 

and long-term lactation trials (Perfield et al., 2002; Castandea-Gutierrez et al., 2005) and 

short-term experiments evaluating metabolic responses to homeostatic signals (Baumgard 

et al., 2000; 2001; 2002a).  The fact that neither CLA or HYPRO cause insulin resistance 

or disturb bioenergetic set points (even during extensive MFD) suggest that they may 

possibly be useful and safe management tools to manipulate whole animal energy status 

during the transition period. 

The CLA supplement in the current study provided 20.9 g of trans-10, cis-12 

CLA/d (an isomer known to cause MFD; Baumgard et al., 2000, 2002b) and utilizing 

established equations (de Veth et al., 2004b) we calculated that ~7 g of trans-10, cis-12 
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CLA escaped biohydrogenation and was available for intestinal absorption.  This 

represents an approximate 9% transfer efficiency rate which is higher (~2.5x) than 

previous reports utilizing TMR-fed cows in established lactation (Perfield et al., 2002) 

and slightly higher than in early lactation (Moore et al., 2004).  Nonetheless, it appears 

that (similar to TMR experiments) a majority of the RI-CLA supplement is hydrogenated 

and partially metabolized in the rumen and this is supported by the consistent increase in 

milk trans-18:1 monoenes (putative products of incomplete CLA hydrogenation) from 

cows fed RI-CLA (Table 5.5; Perfield et al., 2002; Moore et al., 2004). 

Conclusion 

The present study demonstrates that a high dietary RI-CLA dose (125 g CLA/d) 

reduces milk fat synthesis immediately postpartum and may be useful as a management 

tool to alleviate NEBAL in rotationally grazed dairy cows.  Moderate MFD appeared to 

cause a positive response in milk yield, however as lactation progressed and MFD 

became more severe, the positive milk yield response diminished. As lactation 

progresses, the mammary gland appears to become more sensitive to CLA, however the 

biological mechanism behind this remains unclear.  Further research is required to 

determine why the mammary gland demonstrates decreased MFD sensitivity to CLA 

immediately postpartum and why severe MFD appears to adversely affect milk yield.  

This study also demonstrates that HYPRO supplementation (540 g/d) may provide a 

potential management tool to alleviate NEBAL in grazing dairy cows during early 

lactation.  Cows supplemented with HYPRO had improved calculated EBAL and 

produced more milk compared to cows consuming pasture only.  Longer-term effects of 
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HYPRO supplementation on milk production and reproductive parameters and economic 

analysis require further investigation.  
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CHAPTER FIVE:  

TEMPORAL EFFECT OF TRANS-10, CIS-12 CONJUGATED LINOLEIC ACID 

ON MAMMARY LIPOGENIC GENE EXPRESSION 

 

Abstract 

The trans-10, cis-12 conjugated linoleic acid (CLA) isomer reduces milk fat 

synthesis and mammary lipogenic gene expression in lactating dairy cows.  However, it 

is unknown if these genes are collectively down regulated by a global nuclear 

transcription factor or if one key enzyme is directly affected and reduction in other 

lipogenic genes is due to lack of substrate (i.e. malonyl CoA) availability/requirement, or 

an alternative indirect mechanism.  Study objectives were to investigate the temporal 

effects (0, 12, 24 and 72 hr) of intravenous (IV) trans-10, cis-12 CLA infusion on 

mammary lipogenic gene mRNA abundance; acetyl CoA carboxylase (ACC) fatty acid 

synthetase (FAS) ∆9-desaturase (SCD) and fatty acid binding protein (FABP).  Eight 

multiparous Holstein cows were randomly assigned to IV infusion of 0  (CTRL) or 13.1 g 

trans-10, cis-12 CLA/d (CLA).  Cows were fitted with indwelling jugular catheters and 

infusates (CTRL or CLA) were administered every 4 hr for 72 hr.  Dry matter intake, 

milk yield and yield and content of milk protein and lactose were not affected by CLA 

infusion.  However, CLA infusion progressively reduced milk fat content and maximum 

MFD (49%) occurred at 72 hr.  The majority of milk fatty acids were not affected until 48 

hr after CLA infusion initiation at which point CLA reduced the secretion of fatty acids 

of all chain lengths.  Effects however, were more pronounced for de novo synthesized 
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fatty acids resulting in reduced content of de novo derived fatty acids and increased 

contribution of preformed fatty acids.  Milk fat cis-9, trans-11 CLA content was not 

affected by CLA infusion, but milk fat trans-10, cis-12 CLA content was higher in CLA 

treated cows by 12 hrs and progressively increased throughout the 72 hr experiment.  

CLA treatment increased circulating NEFA concentrations within 12 hr and levels 

remained elevated for the remainder of the 72 hr experiment.  Overall mRNA expression 

of ACC and FAS decreased and SCD tended to decrease but FABP was not altered by 

CLA infusion.  By 24 hr post infusion initiation, ACC mRNA abundance was reduced (P

< 0.05) by 44% while FAS and SCD tended (P < 0.01) to be reduced by 47 and 46%, 

respectively.  At 72 hr the magnitude of reduction and level of significance in ACC, FAS 

and SCD did not alter from the 24 hr time point even though MFD continued to progress. 

The similar temporal effects of trans-10, cis-12 CLA on ACC, FAS and SCD mRNA 

abundance in the present study suggests these lipogenic genes are down regulated directly 

by trans-10, cis-12 CLA, probably via a global modulator, rather than inhibition of a 

specific key lipogenic gene.  

Introduction 

Abomasal infusion and dietary supplementation with conjugated linoleic acids 

(CLA) reduces milk fat synthesis in a variety of species (Bauman et al., 2001) including 

lactating dairy cows fed either pasture or a total mixed ration (TMR; Chouinard et al., 

1999a, 1999b; Giesy et al., 2002; Perfield et al., 2002; Mackle et al., 2003; Kay et al., 

2006a, 2006b) and markedly alters lipid metabolism in a variety of growing species 

(House et al., 2005).  Although various CLA isomers are present in CLA supplements, 
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adipose (Park et al., 1999) and mammary lipid metabolism effects appear to be specific to 

trans-10, cis-12 CLA, as similar amounts of exogenous cis-9, trans-11; trans-8, cis-10; 

cis-11, trans-13 and trans-10, trans-12 CLA have no effect on milk fat parameters 

(Baumgard et al., 2000; Perfield et al., 2004a, 2006).  Over a range of doses, trans-10, 

cis-12 CLA decreases milk fat synthesis with effects sometimes apparent within 24 h and 

depending upon the magnitude, milk fat inhibition continues until nadir levels are 

reached at approximately 72-120 h (Baumgard et al., 2001, 2002b; de Veth et al., 2004b).  

Low doses of trans-10, cis-12 CLA evoking moderate milk fat depression (MFD; 10-

20%) inhibit both de novo fatty acid synthesis and preformed fatty acid uptake to a 

similar extent (Baumgard et al., 2001; Peterson et al., 2002; de Veth et al., 2004b).  

Higher doses of trans-10, cis-12 CLA (which induce 35-50% MFD) also reduce secretion 

of all fatty acids, however, those of de novo origin are more extensively affected (Loor 

and Herbein, 1998; Chouinard et al., 1999a, 1999b; Baumgard et al., 2000, 2001; Perfield 

et al., 2002; Mackle et al., 2003).  

In vivo and in vitro experiments have demonstrated that trans-10, cis-12 CLA 

decreases the expression of mammary enzymes involved in de novo fatty acid synthesis 

(acetyl CoA carboxylase,; ACC; fatty acid synthetase, FAS; ∆9-desaturase, SCD), 

triglyceride synthesis (acylglycerol phosphate acyltransferase, AGPAT; glycerol 

phosphate acyltransferase, GPAT) and uptake and intracellular transport of preformed 

fatty acids (fatty acid binding protein, FABP; lipoprotein lipase, LPL; Davies et al., 

1983).  Trans-10, cis-12 CLA also regulates numerous genes involved in hepatic fatty 

acid oxidation and synthesis; ACC, FAS, LPL, SCD, carnitine palmitoyltransferase-1 
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(CPT-1; Belury and Kempa-Steczko, 1997; Lee et al., 1998; Peters et al., 2001; 

Takahashi et al., 2002, 2003) and adipocyte metabolism; ACC, FAS, LPL, SCD, glucose 

transporter-4 (GLUT-4), adipocyte fatty acid binding protein, perilipin, caveolin 1, CPT-

1, tumour necrosis factor-α and caspase-3 (Tontonoz et al., 1994; Schoonjans et al., 

1996; Wu et al., 1998; Sato et al., 2002; Brown et al., 2003; House et al., 2005).   

Although it is likely CLA globally affects the aformentioned genes via a nuclear 

transcription factor such as nuclear factor-κB (NFκB; Chung et al., 2005), peroxisome 

proliferator-activated receptor-γ (PPARγ; Moya-Camarena and Belury, 1999; Horton and 

Shimomura, 1999; Clarke, 2001; Brown et al., 2003) or sterol regulatory element binding 

protein-1 (SREBP-1; Roche et al., 2002a; Peterson et al., 2003), it is also possible that 

trans-10, cis-12 CLA down regulates a key gene (i.e. ACC, the rate limiting enzyme in 

de novo fatty acid synthesis; Wakil et al., 1983) and reduction in other measured 

lipogenic genes may be due to lack of substrate (i.e. malonyl CoA) 

availability/requirement, or an alternative indirect mechanism.  However, in trials to date, 

tissues (mammary, hepatic or adipose) were not harvested/collected until lipid 

metabolism was markedly altered (after multiple days or weeks).  For example bovine 

mammary tissue was not collected until d 5 of trans-10, cis-12 CLA infusion, when milk 

fat yield was decreased by ~50% (Baumgard et al., 2002b) and rodent tissues are 

typically not harvested until two to three weeks of CLA feeding when the carcass lipid 

content can be reduced by ~50% (Takahashi et al., 2003).  Therefore, the study objective 

was to determine the temporal effects (0, 12, 24 and 72 h) of trans-10, cis-12 CLA 

treatment on expression of genes involved in mammary milk fat synthesis.   
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Materials and Methods  

Experimental Design, Animals and Treatments 

The University of Arizona Institutional Animal Care and Use Committee 

approved all procedures involving animals.  Multiparous Holstein cows (n = 8; 162 ± 50  

days in milk; DIM) were fitted with indwelling jugular catheters and randomly assigned 

to one of two treatments.  Treatments consisted of intravenous (IV) infusions of 0 

(CTRL) or 13.9 g/d CLA (13.1 g trans-10 cis-12 CLA, 0.5 g cis-9, trans-11 CLA, 0.3 g 

other CLA and 0.1 g cis-9 18:1; Natural Lipids, Hovdebyda, Norway; CLA) suspended in 

140 g of 10% intralipid (Baxter Healthcare Corporation, Deerfield, IL) and brought to 

180 mL with 0.9% saline as previously described (Viswanadha et al., 2003).  Doses were 

selected based on previous trans-10, cis-12 abomasal and IV infusion trials suggesting a 

45-50% MFD would be obtained (Baumgard et al., 2001; Viswanadha et al., 2003; de 

Veth et al., 2004b). The infusate was sonicated for 6 min in 2 min bursts to insure 

thorough mixing.  Daily infusion volumes were loaded into six syringes (30 mL/syringe) 

and infused every 4 h for 72 h.  To prevent jugular catheters from clogging, and to ensure 

all lipid was infused, each infusate was chased with 2 mL of 100% ethanol followed by 2 

mL of 0.9% saline.  The experiment was conducted over a 9-d period with CLA and 

CTRL cows simultaneously infused to eliminate any environmental variations.  Cows 

were housed in individual pens and fed a TMR formulated to meet or exceed the 

predicted requirements of energy, protein, minerals and vitamins, using CPM-Dairy 

(NRC, 2001; Table 6.1).  Alfalfa hay was the main forage source and steam-flaked corn 

was the primary concentrate.  Cows consumed feed ad libitum with equal portions of  
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Table 5.1. Ingredient profile and chemical composition of diet 1.
Composition Content 
Ingredient, % of DM  

Alfalfa hay 57.4 
 Amino Plus   6.8 
 Whole cottonseed  3.5 
 EnerGII  2.4 
 Molasses  4.3 
 Citrus pulp 8.5 
 Steam flaked corn 14.8 
 Mineral and vitamin mix2 2.3 

Chemical analysis, % of DM  
CP 18.8 

 NDF 35.3 
 ADF 25.8 

NEL Mcal/kg DM3 1.72 
1Values represent an average of samples collected and composited throughout the 72 hr 
trial. 45.1% water was added to feed mix and therefore dry matter averaged 48% for the 
diet. 
2The supplement contained 3.25% Ca, 3.5% P, 3.5% Mg, 0.5% S, 1688 mg/kg of Zn, 
1465 mg/kg of Mn, 1569 mg/kg of Fe, 428 mg/kg of Cu, 48 mg/kg of Co, 9 mg/kg Se, 
244 IU/g of vitamin A, 24 IU/g of vitamin D and 1 IU/g of vitamin E. 
3Predicted based on individual ingredient chemical analysis. 
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fresh feed provided twice daily at 0400 and 1600 h; orts were weighed and recorded daily 

at 0430 h and water was available at all times.  The TMR was sampled daily, composited 

and analyzed by wet chemistry methods (Chandler Analytical Laboratories, AZ).   

Milk Sampling and Analysis 

Cows were milked at 0300 and 1500 h; yield was recorded and milk samples 

collected from every milking.  One aliquot from each sampling was stored at 4°C with a 

preservative (bronopol tablet; D&F Control System, San Ramon, CA) and component 

content analyzed at the Arizona DHIA (Tempe, AZ) using AOAC (2000) approved 

infrared analysis equipment and procedures.  A second aliquot from 0, 12, 24, 48 and 72 

hr samples was stored at -20°C until analyzed for fatty acid composition.   

Milk fat was extracted according to Hara and Radin (1978) and fatty acid methyl 

esters were prepared by the transmethylation procedures as previously described 

(Chouinard et al., 1999a).  Fatty acid methyl esters were quantified using a gas 

chromatograph (Hewlett Packard GC system 6890; Wilmington, DE) equipped with a 

flame ionization detector and a CP-7489 fused silica capillary column (100 m x 0.25 mm 

i.d. with 0.2 µm film thickness; Varian, Walnut Creek, CA).  Gas chromatograph oven 

parameters, gas variables and fatty acid peak identification were as previously described 

(Moore et al., 2004).   

Blood Sampling and Analysis 

Blood (~10 mL) was collected via the jugular catheter immediately prior to 

infusions at 0, 12, 24, 48 and 72 hr, transferred into a heperanized vacutainer and placed 
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on ice.  Plasma was harvested following centrifugation (3,000 x g, 15 min at 4oC), 

divided into two aliquots and stored at –20oC for fatty acid and NEFA analysis.  

Plasma lipids were extracted according to procedures of Hara and Radin (1978) 

with modifications.  Briefly, 1 mL of plasma was added to a hexane-washed extraction 

tube.  To this tube, 5.4 mL of hexane:isopropanol (3:2 v/v) was added and samples were 

vortexed for 30 sec.  Next, 3.6 mL of sodium sulfate (1 g/15 mL water) was added and 

re-vortexed for 30 sec.  Samples were centrifuged for 5 min at 4οC at 800 x g. Following 

centrifugation, the top layer was transferred to a second tube containing 0.5 g sodium 

sulfate and samples were allowed to stand for 30 min.  The liquid portion was transferred 

to a pre-weighed 4 mL glass vial and dried completely under nitrogen.  Weight of lipid 

recovered was recorded and methylation (if lipid content was < 10 mg) was conducted in 

the same glass vial.  Methylation procedure was by Christie (1982) with modifications.  

Briefly, 200 µL hexane was added to dried lipid and vortexed for ~30 sec until all lipid 

was resuspended.  To samples, 20 µL methyl acetate was added, vortexed for 30 sec, then 

20 µL of methylation reagent (1.75 mL methanol and 0.4 mL NaOMe) was added and re-

vortexed for 2 min.  Samples were allowed to stand for an additional 8 min to allow 

methylation reaction to reach completion.  Following this incubation period, 30 µL

termination reagent (1 g oxalic acid and 30 mL diethyl ether) was added and vortexed for 

30 sec.  A few grains of calcium chloride were added and samples were allowed to stand 

for 60 min.  A small amount (100 µL) of sample was transferred to a GC vial with an 

insert.  Samples were stored at –20οC until analyzed.  Fatty acid methyl esters were 

quantified using a gas chromatograph (Hewlett Packard GC system 6890; Wilmington, 
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DE) equipped with a flame ionization detector and a CP-7489 fused silica capillary 

column (100 m x 0.25 mm i.d. with 0.2 µm film thickness; Varian, Walnut Creek, CA).  

Gas chromatograph oven parameters, gas variables and fatty acid peak identification were 

as previously described (Harris et al., 2005). 

Plasma NEFA concentrations were determined enzymatically using commercially 

available kits validated for use in our laboratory (NEFA C kit; Wako Chemicals USA, 

Richmond, VA, Lot # 21P2-1).  Procedures were scaled down and conducted in 96-well 

microplates (Rainin Instrument, LLC., Oakland, CA) and read using a microplate 

photometer (Multiskan Ascent, Thermo Electron Corporation, Vantaa, Finland).  The 

inter-and intra-assay coefficients for the NEFA assays were 9.1 and 9.2%, respectively. 

Mammary Gland Biopsies 

Mammary gland biopsies were performed at 0, 12, 24 and 72 h relative to 

treatment initiation according to the method of Farr et al. (1996) with minor 

modifications (Baumgard et al., 2002b).  In the present study, mammary gland biopsies 

were performed quickly (within 1 hr) after milking. Tissue collected (~400 mg) was 

immediately split into two aliquots, snap frozen in liquid nitrogen and stored at –80oC for 

subsequent RNA isolation.  Each mammary quarter was biopsied once with individual 

quarters assigned to varying time points to eliminate any bias from front and rear 

mammary quarters.    

Gene Expression Analysis 

Total RNA was extracted using Trizol reagent according to manufacture’s 

protocol (Invitrogen; Carlsbad, CA). Total RNA was then DNase treated (RNase-Free 
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DNase set; Qiagen Inc., Valencia, CA) to remove potential genomic DNA contamination.  

Total RNA concentration was determined by absorbance at 260 nm, and integrity of 28S 

and 18S RNA bands was assessed using an Agilent 2100 Bioanalyzer (Agilent 

Technologies, Palo Alto, CA) according to manufacture’s instructions and samples 

reisolated if necessary.  Total RNA was stored at –80oC until gene expression analysis.  

Total RNA (2 µg) was reverse transcribed using the SuperScript First Strand 

Synthesis System for reverse transcriptase-polymerase chain reaction (RT-PCR; 

Invitrogen, Carlsbad, CA).  Primer sets for bovine ACC, FABP, FAS and SCD and 18S 

ribosomal subunit RNA (18S) were designed using Primer Express Software (Applied 

Biosystems) based on published bovine nucleotide sequences (Table 6.2). Real time RT-

PCR was run on an ABI Prism 7000 sequence detection system (Applied Biosystems, 

Foster City, CA) using 96-well plates.  Reaction mixtures contained 12.5 µL iTaq TM 

SYBR Green supermix with ROX (Bio-Rad Laboratories, Hercules, CA) 1 µL of each 

primer, 10 ng of sample or standard cDNA and RNase/DNase nuclease free water to a 

final volume of 25 µL.  Master mix (Syber Green, primer, water) was pipetted into plate 

wells followed by addition of sample or standard curve cDNA.  For all primers, real time 

RT-PCR conditions included 1 cycle of 2 min at 50oC, 1 cycle of 10 min at 95oC, and 40 

cycles of 15 sec at 95oC followed by 1 min at 60oC (annealing temperature).  At the end 

of the real time RT-PCR plate runs, a dissociation protocol was conducted (1 cycle of 15 

sec at 95oC, 1 cycle of 30 sec at 60oC followed by one cycle of 15 at 95oC) to confirm 

only one product was amplified by a primer pair.  All sample and standard curve points 

were run in triplicate. The amplification efficiencies were determined based on a standard 
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Table 5.2. Primer sequence, product length and accession numbers of primers used for 
real time reverse transcriptase-polymerase chain reaction 

1Acetyl CoA carboxylase. 
2Fatty acid binding protein. 
3Fatty acid synthetase. 
4Stearoyl CoA desaturase or ∆9-desaturase. 
518S ribosomal RNA for normalization. 

Gene  Primer Sequence 5’ → 3’ Product Length Accession # 
ACC1 F GGGAAGGAAGAAGGACTTGG 166 NM_174224 

R CGACCTGGATGGTTCTCTGT   
FABP2 F ATTTCCTTCAAATTGGGCCAG 176 X89244 
 R TTCATGACACATTCCAGCACC   
FAS3 F GGAGGACGCTTTCCGTTACA 52 AF285607 
 R TGACCACTTTGCCGATGTGT   
SCD4 F ACAATTCCCGACGTGGCTT 254 NM_173959 
 R GGCATAACGGAATAAGGTGGC
18S5 F CCTTCCGCGAGGATCCATTG 118 AF176811 
 R CGCTCCCAAGATCCAACTAC 
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curve constructed from serially diluted cDNA and used to calculate the fold differences 

from an internal control sample (amplification efficiency taken to the power of the 

internal control CT minus the sample CT). This fold difference was then normalized to the 

expression values of 18S. Standard curves and 18S data from each 96 well plate was used 

to calculate intra and inter plate coefficients, which did not exceed 1.5%.  

Statistical Analysis 
All data were analyzed by repeated measures using the PROC MIXED procedure 

of SAS (2001) with an autoregressive covariance structure and hr as the repeated effect.  

The model contained treatment, hour, and treatment by hour interactions.  Milk yield, 

milk components, milk and plasma fatty acid compositions, DMI and NEFA data were 

reported as least square means ± SEM.  Gene expression data were presented as mean 

percentage of CTRL ± SEM.  To verify treatment effects and control for existing 

conditions, all data except DMI were covariantly adjusted for preinfusion values (0 hr 

relative to infusion initiation).   

Results 
There was no overall treatment effect on DMI (23.5 kg/d), SCC linear score (4.6) 

milk yield (28.8 kg/d) or milk protein and lactose content and yield (Table 6.3).  IV 

trans-10, cis-12 CLA infusion progressively reduced milk fat content (Figure 6.1A) with 

CLA-induced MFD approaching significance (P < 0.08; 35%) by 48 hr when compared 

to CTRL.  There was a progressive increase in severity of MFD and milk fat content was 

reduced (P < 0.05) by 42 and 49% at 60 and 72 hr, respectively. Although not significant, 

CLA infusion numerically reduced overall milk fat yield by 30% (Table 6.3) with a 
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Table 5.3. Effects of intravenous conjugated linoleic acid (CLA) infusion on production 
variables in lactating dairy cows1

Treatment2 P4

Parameter CTRL CLA3 SEM CLA HR CLAxHR
DMI, kg/d 23.36 23.62 1.02 0.81 0.15 0.67 
Milk Yield, kg/d 28.58 28.99 5.12 0.94 0.32 0.79 
Fat, % 2.94 2.41 0.16 0.09 0.18 0.04 
Fat, kg/d 0.91 0.64 0.20 0.21 0.43 0.61 
Protein, % 2.94 2.79 0.08 0.23 0.26 0.74 
Protein, kg/d 0.82 0.79 0.11 0.79 0.53 0.76 
Lactose, % 4.45 4.54 0.06 0.42 <0.01 0.08 
Lactose, kg/d 1.31 1.26 0.25 0.85 0.20 0.68 
SCC, linear score 4.65 4.44 0.54    0.71 <0.01 0.55 
NEFA, µEq/L 102 302 17 <0.01 0.09 0.12 
1Data represent average over 72 hr CLA infusion period. 
2Treatments involved intravenous infusion every 4 hr for 72 hr of 0 g/d (CTRL) or 14 g/d 

CLA (CLA).   
3CLA provided 13.1 g trans-10, cis-12 CLA and 0.5 g cis-9, trans-11 CLA. 
4Significance of effects for CLA infusion (CLA), hours on treatment (HR) and interaction 
between CLA treatment and hours on treatment (CLAxHR). 
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Figure 5.1. Temporal effects of intravenous conjugated linoleic acid (CLA) infusion on 
(A) milk fat content (%) and (B) milk fat yield (g/d).  Treatments involved intravenous 
infusion every 4 hr for 72 hr of 0 g/d (CTRL) or 14.0 g/d CLA (CLA).  CLA provided 
13.1 g trans-10, cis-12 CLA and 0.5 g cis-9, trans-11 CLA. Data represent least squares 
means (n = 4/trt) and SEM averaged 0.39 and 200 for A and B respectively.  Mammary 
biopsies were conducted at 0, 12, 24 and 72 hr post infusion initiation. Asterisks indicate 
differences between treatments within each time point; * P < 0.10, ** P < 0.05. 
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maximum reduction of 62% occurring at 72 hr (P < 0.05; Figure 6.1B).  CLA treatment 

did not alter the content of the majority of milk fatty acids until 48 hr of infusion, at 

which point, CLA treatment decreased the percentage of de novo derived milk fatty acids 

and consequently increased the proportion of preformed milk fatty acids (Tables 6.4 and 

6.5).  It wasn’t until 72 hr post infusion initiation that CLA treatment decreased (P <

0.05) the milk fat 14:1 to 14:0 ratio (a proxy for the SCD system; Table 6.5).  Milk fat 

cis-9, trans-11 CLA content was not affected by CLA infusion, but milk fat trans-10, cis-

12 CLA content was higher (P < 0.05) in CLA treated cows compared to CTRL by 12 hrs 

post infusion initiation and progressively increased in treated cows for the remainder of 

the 72 hr infusion period (Table 6.5; Figure 6.2).  Plasma lipid trans-10, cis-12 CLA 

content followed a similar temporal pattern as in milk fat (albeit at a higher 

concentration) increasing (P < 0.05) by 12 hrs from undetectable levels and continuing to 

rise for the remainder of the experiment (Figure 6.2).  CLA treatment increased 

circulating NEFA levels (P < 0.05; Table 6.3; Figure 6.3) within 12 hr after infusion 

initiation and levels remained elevated for the remainder of the 72 hr experiment.  

Infusing trans-10, cis-12 CLA decreased (P < 0.05) overall ACC and FAS mRNA 

abundance, tended to decrease (P < 0.09) overall SCD mRNA abundance but did not alter 

FABP mRNA abundance (Figure 6.4). By 12 h post infusion initiation, decreases in 

ACC, FAS and SCD mRNA abundance (28, 24, and 21% respectively, compared to 

CTRL) were noticeable but not significant (Figure 6.4).   By 24 hr post infusion 

initiation, ACC mRNA abundance was reduced (P < 0.05) by 44% while FAS and SCD 

tended to be reduced by 47 and 46%, respectively (P < 0.08; Figure 6.4).  
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Table 5.4. Effects of intravenous conjugated linoleic acid (CLA) infusion on temporal pattern of milk fatty acid composition (mg/g fatty acids) in
lactating dairy cows1

12 hours 24 hours 48 hours 72 hours P3

Fatty acid CTRL CLA2 CTRL CLA2 CTRL CLA2 CTRL CLA2 SEM CLA HR CLAxHR
mg/g fatty acids

4:0 20.89 20.66 20.39 20.14 19.94 19.46 19.07 19.13 0.75 0.84 0.17 0.94
6:0 20.79 21.01 20.04 19.78 19.42a 15.79b 19.46a 14.37b 0.62 0.05 <0.01 <0.01
8:0 11.01 11.42 10.89 10.76 10.67a 7.96b 10.57a 6.82b 0.28 <0.01 <0.01 <0.01
10:0 24.41 25.67 23.92 24.15 22.54a 17.36b 22.70a 14.94b 0.84 0.06 <0.01 <0.01
12:0 27.19 28.48 26.44 27.11 24.78 20.75 26.51a 18.77b 0.93 0.12 <0.01 <0.01
14:0 94.23 94.24 93.77 90.15 90.91 83.45 91.23 80.26 1.66 0.09 0.03 0.14
14:1 c9 5.65 5.66 5.07 4.75 5.21a 3.60b 6.27a 3.04b 0.35 0.06 <0.01 <0.01
15:0 8.99 8.95 8.84 8.98 9.29 9.40 8.85 9.05 0.14 0.62 0.13 0.71
16:0 327.95 330.23 331.80 324.70 334.10 328.10 336.59a 321.93b 3.85 0.29 0.54 0.04
16:1 c9 11.41 11.49 10.45 10.51 10.46 9.63 13.97 12.53 0.48 0.47 0.01 0.76
17:0 5.55 5.10 5.49 5.35 5.68 5.94 5.44 5.67 0.14 0.91 0.17 0.22
18:0 96.05 100.35 102.47 116.30 99.93a 136.09b 91.01a 119.27b 3.05 <0.01 <0.01 <0.01
18:1 c9 229.55 223.48 224.90 222.44 228.36 231.05 238.08a 254.12b 2.35 0.47 <0.01 0.05
18:1 t6-8 2.93 3.42 2.88 3.34 3.37 3.83 2.99a 4.09b 0.09 <0.01 0.04 0.29
18:1 t9 1.88 2.60 2.02 2.25 2.66 2.56 2.09 2.85 0.11 0.04 0.13 0.23
18:1 t10 3.86 4.33 3.88 4.10 4.59 4.45 4.27 4.64 0.21 0.46 0.25 0.73
18:1 t11 9.31 8.45 9.94 9.37 10.03 10.40 9.17 9.58 0.48 0.83 0.01 0.37
18:1 t12 3.40 3.85 3.81 4.07 4.31 4.57 3.47 4.19 0.12 0.04 0.20 0.83
18:2 c9, c12 47.28 49.10 45.59 47.55 43.99 46.45 45.01 52.67 2.87 0.45 0.07 0.32
CLA c9, t11 4.47 4.46 4.17 4.52 4.19 4.33 4.56 4.76 0.01 0.33 0.26 0.66
CLA t10, c12 NDa 1.92b NDa 2.18b NDa 3.42b NDa 4.25b 0.50 <0.01 0.04 0.04
18:3 c9, c12, c15 5.69 5.87 6.22 6.31 6.32 6.14 6.14 6.60 0.22 0.68 0.03 0.42
20:0 1.17 1.38 1.29 1.57 1.44 1.48 1.17 1.32 0.08 0.24 0.03 0.54
Unknown4 31.60 32.50 32.06 34.25 33.09 28.40 26.66 29.67 1.31 0.86 0.37 0.42

1Treatments involved intravenous infusion every 4 hr for 72 hr of 0 g/d (CTRL) or 14 g/d CLA (CLA) .
2CLA provided 13.1 g trans-10, cis-12 CLA and 0.5 g cis-9, trans-11 CLA.
3Significance of effects for CLA infusion (CLA), hours on treatment (HR) and interaction between CLA treatment and hours on treatment (CLAxHR).
4Represents unidentified fatty acids.
ND = not detected.
abcValues within each time point with different superscripts indicate P < 0.05.
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Table 5.5. Effects of intravenous conjugated linoleic acid (CLA) infusion on milk fatty acid origin (mg/g fatty acids) and ratios
in lactating dairy cows1

12 hours 24 hours 48 HOURS 72 hours P3

Fatty acid CTRL CLA2 CTRL CLA2 CTRL CLA2 CTRL CLA2 SEM CLA HR CLA*HR

mg/g fatty acids
Fatty acid origin

de novo5 213.15 216.14 209.50 205.87 202.86a 177.83b 204.76a 166.45b 4.14 0.05 <0.01 <0.01

16:0 & 16:1 338.84 342.13 341.19 335.62 344.04 338.14 334.87 350.03 4.49 0.40 0.63 0.05

Preformed6 445.80 443.68 447.44 460.46 450.99a 485.98b 443.10a 500.63b 7.05 0.05 <0.01 <0.01

SCD ratio

14:1/14:07 5.92 6.13 5.30 5.35 5.65 4.34 6.80a 3.76b 0.30 0.07 <0.01 <0.01

1Treatments involved intravenous infusion every 4 hr for 72 hr of 0 g/d (CTRL) or 14 g/d CLA (CLA).
2CLA provided 13.1 g trans-10, cis-12 CLA and 0.5 g cis-9, trans-11 CLA.
3Significance of effects for CLA infusion (CLA), hours on treatment (HR) and interaction between CLA treatment and hours on treatment
(CLAxHR).
5Sum of fatty acids < C16.
6Sum of fatty acids >C16.
7Stearoyl CoA- or ∆9-desaturase ratio; calculated from milk fatty acid (14:1/14:0) x 100.
abcValues within each time point with different superscripts indicate P < 0.05.
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Figure 5.2. Temporal effects of intravenous conjugated linoleic acid (CLA) infusion on 

milk and plasma trans-10, cis-12 CLA content (g/100 g fatty acids).  Treatments 

involved intravenous infusion every 4 hr for 72 hr of 0 g/d (CTRL) or 14.0 g/d CLA 

(CLA).  CLA provided 13.1 g trans-10, cis-12 CLA and 0.5 g cis-9, trans-11 CLA. 

Data represent least squares means (n = 4/trt) and SEM averaged 0.05 and 0.03 for milk 

and plasma respectively.  CTRL milk and plasma trans-10, cis-12 CLA content was 

undetectable (< 0.05).  Mammary biopsies were conducted at 0, 12, 24 and 72 hr post 

infusion initiation.  
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Figure 5.3. Temporal effects of intravenous conjugated linoleic acid (CLA) infusion 
on plasma NEFA content (µEq/L).  Treatments involved intravenous infusion every 4 
hr for 72 hr of 0 g/d (CTRL) or 14.0 g/d CLA (CLA).  CLA provided 13.1 g trans-10, 
cis-12 CLA and 0.5 g cis-9, trans-11 CLA. Data represent least squares means (n = 
4/trt) and SEM averaged 17.  Mammary biopsies were conducted at 0, 12, 24 and 72 
hr post infusion initiation. Asterisks indicate differences between treatments within 
each time point; ** (P < 0.05). 
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Figure 5.4. Temporal effects of intravenous conjugated linoleic acid (CLA; black 
bars) infusion as percentage of control (CTRL; grey bars) on mRNA expression for 
genes encoding ACC, FAS SCD and FABP.  Treatments involved intravenous 
infusion every 4 hr for 72 hr of 0 g/d (CTRL) or 14.0 g/d CLA (CLA).  CLA provided 
13.1 g trans-10, cis-12 CLA and 0.5 g cis-9, trans-11 CLA.  Data was covariantly 
adjusted for preinfusion values (0 hr).  Values for the CTRL cows were set equal to 
100 and values for the CLA treated cows contrasted against these on an individual 
cow basis (n = 4).  Overall SEM were 10, 10, 13 and 18 for ACC, FAS, SCD and 
FABP, respectively. Asterisks indicate differences between treatments within each 
time point; * (P < 0.10), ** (P < 0.05). 
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At 72 hr post trans-10, cis-12 CLA infusion, the magnitude of reduction and level of 

significance in ACC, FAS and SCD did not alter from the 24 hr time point (Figure 

6.4) even though MFD continued to progress (Figures 6.1A and B). 

Discussion 

The trans-10, cis-12 CLA isomer is a potent inhibitor of milk fat synthesis and 

carcass fat (content and yield) in a variety of species (see reviews by Bauman et al., 

2001; House et al., 2005).  By using milk fatty acid yield as a proxy, it was postulated 

that CLA decreases all aspects of milk fat synthesis, with the most pronounced effects 

on de novo derived fatty acids (Chouinard et al., 1999a; Baumgard et al., 2000).  This 

was later supported in vivo (Baumgard et al., 2002b) and in vitro (Peterson et al., 

2003) indicating trans-10, cis-12 CLA decreases expression of genes responsible for 

de novo fatty acid synthesis, triglyceride synthesis and fatty acid uptake and 

intracellular transport in bovine mammary epithelial cells.  However, the mechanisms 

behind trans-10, cis-12 CLA gene regulation remain ambiguous as it is unknown 

whether trans-10, cis-12 CLA is directly regulating the aforementioned genes via a 

global governor (i.e. a nuclear transcription factor that has binding capability on the 

respective gene response elements) or indirectly via down regulation of a key enzyme 

(i.e. ACC) and the subsequent reductions in down stream proteins (i.e. FAS and 

triglyceride synthesizing enzymes) are the result of reduced substrate 

availability/need.  

In the present study, effects of IV CLA infusion were specific to milk fat and 

there was no effect of CLA treatment on DMI, milk yield or milk protein, lactose 

content or yield.  This agrees with previous research using TMR fed cows in 

established lactation (and presumably in positive energy and nutrient balance) 
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irrespective of CLA delivery method (abomasal infusion, dietary CLA 

supplementation or IV infusion; Loor and Herbein, 1998; Baumgard et al., 2002b; 

Perfield et al., 2002; Geisy et al., 2002; Viswanadha et al., 2003; Moore et al., 2005c).   

CLA effects on milk fat content were progressive during the infusion period (Figure 

6.1) and the magnitude and temporal pattern of milk fat reduction in relation to the 

trans-10, cis-12 dose is in agreement with previous abomasal and IV CLA infusion 

trials (Figure 6.5; Baumgard et al., 2001; Viswanadha et al., 2003; de Veth et al., 

2004b; Moore et al., 2005c).  The trans-10, cis-12 CLA transfer efficiency (from IV 

infusion to milk fat secretion) was 22% at 12 hr post infusion initiation and was 

temporally independent (data not presented).  This indicates a constant mammary 

uptake and incorporation of trans-10, cis-12 CLA into milk fat throughout the 72 hr 

experiment and is almost identical to the transfer efficiency rate calculated from 

abomasal infusion studies involving a range of CLA doses and milk yields (de Veth et 

al., 2004b).  

Milk fatty acids originate from two sources, de novo synthesis and uptake of 

preformed lipids from circulation (Bauman and Davis, 1974; Moore and Christie, 

1979).  The majority of milk fatty acids (on a content basis) were not affected by 

trans-10, cis-12 CLA until 48 hr post infusion initiation.  At this time point, the 

content of de novo synthesized fatty acids decreased and this was accompanied by a 

corresponding increase in the proportion of preformed fatty acids.  On a molar basis, 

at 48 and 72 hr post infusion initiation, the majority of milk fatty acids were reduced, 

however the effects on de novo synthesized fatty acids were more pronounced (>50%) 

than preformed fatty acids 
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Figure 5.5. Relationship between change in milk fat content and dose of trans-10, cis-
12 CLA either abomasally or intraveneously infused in lactating cows.  Points were 
derived from present data (n) two previous IV studies (Viswanadha et al., 2003, g;
Moore et al., 2005c, ▲), and an abomasal infusion study (Baumgard et al., 2001, Ο). 
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(data not presented).  Preferential inhibition of de novo derived fatty acids when 

MFD becomes extensive, agrees with previous CLA experiments (Loor and Herbein, 

1998; Chouinard et al., 1999a; Baumgard et al., 2000, 2001, 2002b; Mackle et al., 

2003) and suggests trans-10, cis-12 CLA regulates milk fat synthesis by reducing 

lipogenesis, presumably via reductions in key lipogenic enzymes (i.e. ACC and FAS).   

ACC is the rate-limiting enzyme for de novo fatty acids synthesis and FAS is the 

enzyme responsible for de novo fatty acid chain elongation (Wakil et al., 1983).  

Overall ACC and FAS mRNA abundance were reduced by CLA infusion (40 and 

37%, respectively).  Although clearly noticeable by 12 hr, temporal patterns indicate 

that ACC and FAS mRNA abundance were not significantly reduced until 24 hr post 

infusion initiation (44 and 47%, respectively) and these levels remained abated at 72 

hr (46 and 40%, respectively).  Effects on ACC and FAS gene expression appear 

(~12-24 hr; Figure 6.4) before observed changes in milk fat content and fatty acid 

composition (~48 hr; Figure 6.1; Tables 6.4 and 6.5).  This lag/delay may partially be 

explained by the time required (~ 4 hr; Annison et al., 1967) for blood-derived acetate 

(the primary precursor for de novo fatty acid synthesis; Moore and Christie, 1979; 

Wakil et al., 1983) to be incorporated into triglycerides and secreted in milk.  

Additionally it may be due to the time required (~16 hr) for the size and composition 

of the fat pool in the mammary gland to change in response to the modified milk fat 

synthesis (Hardwick et al., 1963; Linzell et al., 1969).  In cows, residual milk contains 

~300 g of fat and a similar amount is thought to remain within the mammary 

epithelial cells.  Turnover time (half life) for these fat pools is ~16 hr. Thus, although 

lipogenic gene expression numerically decreased by 12 hr, the slow turnover of the 

milk fat pools may partially explain why effects on milk fat content and composition 
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weren’t detected until 48 hr post infusion initiation (Hardwick et al., 1963Linzell et 

al., 1969). An additional explanation may be related to the long half-life of the mature 

ACC and FAS proteins.  For example ACC half-life in the chicken and rodent liver is 

almost 50 and 70 hr, respectively (Nakanishi and Numa, 1971; Teraoka and Numa, 

1975) and FAS half-life (from cultured adipocytes) is ~50 hr (Dice and Goldberg, 

1975).  Therefore, even after the initial CLA-induced mRNA down-regulation, 

functioning lipogenic proteins (ACC, FAS, SCD) would continue to synthesize and 

desaturate de novo fatty acids temporarily.   

Once MFD was established, the molecular effects were comparable to our 

previous work demonstrating decreases in ACC (39%) and FAS (40%) mRNA 

abundance following abomasal infusion of a similar quantity of trans-10, cis-12 CLA 

for 5 d, which reduced milk fat yield by ~50% (Baumgard et al., 2002b).  Studies 

utilizing dietary induced-MFD (a situation where ruminally produced trans-10, cis-12

CLA is partially involved; Bauman et al., 2001) have also demonstrated reductions in 

ACC and FAS activity and mRNA abundance (Piperova et al., 2000; Ahnadi et al., 

2002; Peterson et al., 2003).  It appears that supplemental trans-10, cis-12 CLA- and 

dietary-induced MFD, reduce ACC and FAS mRNA abundance to a similar extent 

that reflects the magnitude of MFD.  The similar mechanisms between the two adds 

support to the “biohydrogenation theory” of MFD (Bauman and Griinari, 2000) 

suggesting that dietary- induced MFD is regulated by unique rumen derived fatty 

acids (including trans-10, cis-12 CLA).  

The SCD enzyme is responsible for adding a cis double bond onto the 9th 

carbon of fatty acids and is thus an important regulator of lipid and membrane fluidity 

characteristics (Ntambi, 1999).  Based on specific milk fatty acids (14:1 to 14:0 ratio, 
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a proxy for the SCD system) CLA infusion decreased SCD (expression and/or 

activity) by 48 hr post infusion initiation (Table 6.5).  This supports the gene 

expression data demonstrating trans-10, cis-12 CLA decreased SCD mRNA 

abundance by 12-24 hr.  Similar to ACC and FAS, the effects on SCD gene 

expression are apparent prior to changes in gross and specific milk fat variables 

(Figure 6.1, Tables 6.4 and 6.5).  Nonetheless, the magnitude of reduction agrees with 

other experiments demonstrating similar results (both milk fatty acid ratios and 

mRNA data) with extensive MFD (>~35%; Piperova et al., 2000; Baumgard et al., 

2002b; Mackle et al., 2003).  Although originally considered a key component of the 

mechanism by which CLA reduces milk fat synthesis (Bauman et al., 2001), it is now 

clear that moderate MFD occurs with little or no changes in the SCD system 

(Baumgard et al., 2001; Peterson et al., 2002; de Veth et al., 2004b) and reductions in 

the SCD system can occur independently of MFD (Perfield et al., 2006).  This agrees 

with growth trials indicating the anti-obesity effects of trans-10, cis-12 CLA take 

place independently of its effects on SCD (Kang et al., 2004).   

The FABP enzyme is involved in the uptake and intracellular trafficking of 

preformed fatty acids (Lehner and Kukis, 1996; Bernlohr, 1999).  Unlike the enzymes 

involved in de novo fatty acids synthesis (ACC, FAS) and desaturation (SCD), there 

was no CLA infusion effect on FABP mRNA abundance.  This is in contrast to others 

that have reported reductions in FABP expression with trans-10, cis-12 CLA or 

dietary- induced MFD (Baumgard et al., 2002b; Peterson et al., 2003).  Reasons for 

the discrepancies are not clear, but this variability is of interest.   

The fact that trans-10, cis-12 CLA reduces the expression of ACC, FAS and 

SCD in a similar temporal pattern and to a similar extent suggests that it regulates 
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these genes in a common fashion.  However, proposed mechanisms by which trans-

10, cis-12 CLA exerts its antilipogenic effects are diverse and sometimes conflicting. 

Most lipogenic genes contain a PPARγ and SREBP-1 response element (Shimano, 

2001; Lee et al., 2003) and both of these nuclear transcription factor systems appear to 

be modulated by trans-10, cis-12 CLA (Brown et al., 2003; Peterson et al., 2004; 

House et al., 2005).  However in contrast, studies have also reported the trans-10, cis-

12 CLA isomer to be ineffectual in modulating PPARγ (Choi et al., 2000).  Recent 

data suggests a possible role for the NFκB transcription factor in lipogenic regulation 

by trans-10, cis-12 CLA.  In a variety of in vitro models, trans-10, cis-12 CLA 

activates NFκB, which in turn down regulates PPARγ and its subsequent 

transcriptional activation properties (Chung et al., 2005).  Down regulation of the 

mature PPARγ protein would cause coordinated reductions in lipogenic genes as 

observed in the current study (Figure 6.4).  To date, research suggesting CLAs 

lipogenic effects may be mediated via NFκB and subsequent PPARγ regulation, have 

been conducted in vitro using non-differentiated and mature adipocytes, however both 

NFκB and PPARγ have been isolated from bovine mammary tissue (Sundvold et al., 

1997; Zheng et al., 2005) and further research is required to investigate this potential 

modulation pathway in the lactating dairy cow.     

IV trans-10, cis-12 CLA infusion increased plasma NEFA concentrations 

within 12 hr and these levels remained constant and elevated for the remainder of the 

infusion (Figure 6.3).  Circulating NEFA are typically the result of adipocyte 

triglyceride lypolysis and subsequent fatty acid mobilization, and represent the 

primary tissue-derived energy products utilized during periods of negative energy 

balance (Bauman and Currie, 1980).  Although a potential mechanism by which CLA 
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decreases carcass fat is via lipolysis (House et al., 2005) several in vivo studies 

indicate CLA does not alter adipocyte lipolysis (Brown et al., 2001; Xu et al., 2003) 

and only minimally increases circulating NEFA in growing animals (Ostrawska et al., 

2002).  Furthermore, the CLA-induced increase in NEFA in the present study is in 

stark contrast to numerous studies reporting little or no change in basal or stimulated 

NEFA levels with abomasal infusion or dietary CLA supplementation in lactating 

cows (Baumgard et al., 2000, 2002a; Perfield et al., 2002; Mackle et al., 2003; de 

Veth et al., 2004a; Moore et al., 2005b). However, it is in agreement with a previous 

lactation experiment (Viswanadha et al., 2003) using a similar delivery method 

indicating a linear increase in NEFA content when IV infusing increasing amounts of 

trans-10, cis-12 CLA. Viswanadha et al. (2003) suggested the increased NEFA may 

be due to a CLA-induced decrease in the extramammary LPL system (Park et al., 

1999) and thus inadequate systemic fatty acid uptake. However, although previous 

lactation experiments demonstrated that both CLA and diet-induced MFD decreases 

mammary LPL mRNA abundance (Baumgard et al., 2002b; Peterson et al., 2003), the 

mammary gland is much more sensitive to CLA than adipocytes.  For example, CLA 

at 0.5 to 2.0% of the diet is typically necessary to evoke significant reductions in 

carcass lipid content (House et al., 2005) but CLA at less than 0.05% of the diet 

induces ~50% MFD in lactating dairy cows (Baumgard et al., 2002b). Therefore, 

because the mammary gland appears ~ 10 times more sensitive to CLA than systemic 

tissues, we doubt the small amount of trans-10, cis-12 CLA utilized in the current trial 

was enough to affect the adipocyte LPL system or lipolysis machinery.  This is 

supported by the discrepancies in the temporal pattern (progressive increase) of 

plasma lipid trans-10, cis-12 CLA (Figure 6.2) compared to the temporal pattern of 
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circulating NEFA levels (Figure 6.3).  An alternative explanation may be that trans-

10, cis-12 CLA was suspended in a lipid supplement, however CTRL cows received 

the same lipid supplement, (with extra saline replacing the CLA), and thus the 

adjuvant/carrier cannot explain the NEFA effects.  Therefore, the exact reasons for the 

CLA-induced plasma NEFA increase remain unclear, nonetheless, the effect appears 

to be related to the IV delivery method as elevated NEFA are almost never observed 

in CLA abomasal infusion (Baumgard et al., 2000, 2002a; Mackle et al., 2003; de 

Veth et al., 2004a) or longer term dietary CLA supplementation trials (Perfield et al., 

2002; Moore et al., 2005b).  

Conclusion 

IV infusion of trans-10, cis-12 CLA reduced milk fat synthesis and quickly 

decreased ACC, FAS and SCD gene expression.  The similar temporal effects of CLA 

on these key lipogenic genes suggests they are down regulated directly by trans-10, 

cis-12 CLA via a global modulator (i.e. NFκB, SREBP-1 or PPARγ), rather than 

inhibiting a specific rate limiting key gene (i.e. ACC) that in turn alters expression of 

downstream lipogenic proteins (i.e. FAS and triglyceride synthesizing enzymes).  

Further research is required to determine which nuclear transcription factor is 

responsible for trans-10, cis-12 CLA’s antilipogenic actions.  
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CHAPTER SIX: 

SUMMARY 

Data obtained from this dissertation and additional research conducted in our 

laboratory has provided novel information on conjugated linoleic acid (CLA) effects 

during periods of energy/nutrient deficiency in lactating dairy cows (i.e. immediately 

postpartum, during heat stress or restricted grazing).  CLA treatment during these 

periods decreases milk fat synthesis and improves energy balance (EBAL) parameters 

(calculated EBAL and days to negative EBAL (NEBAL) nadir; Moore et al., 2004, 

2005b; Odens et al., 2006; Kay et al., 2006a, 2006b).  Signals for initiation of ovarian 

activity and days to first ovulation are highly correlated with recovery from, and days 

to NEBAL nadir, respectively (Lucy et al., 1992; Beam and Butler, 1999; Butler, 

2001).  These data along with other transition trials that indicate a trend for fewer 

days to first ovulation and reduced numbers of days open with CLA treatment 

(Medeiros et al., 2000; Bernal-Santos et al., 2003; Castaneda-Gutierrez et al., 2005) 

suggest CLA treatment in early lactation could positively impact reproductive 

success. In both high input (total mixed ration; TMR) and low input (pasture) dairy 

systems, these improvements could have large positive economic ramifications.  

Incorporating feed and CLA costs, milk production and EBAL data for the first 40 

days in milk from CLA transition trials into an economic analyses model, Moore 

(2005a) reported that increased returns per cow (due to increased milk production, 

decreased supplement costs and decreased days open) could reach $74.16 which 

equated to a return on investment (cost of feeding CLA = $10.80) of 687%. 

Improving EBAL parameters during the transition period could also have putative 

health benefits, decreasing occurrence of metabolic disorders such as ketosis and fatty 
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liver that are often associated with the transition from gestation to lactation.  To 

confirm these speculations, and validate the potential commercial benefits of CLA, 

additional research investigating milk production, reproduction, animal health and 

consequent economic returns utilizing large numbers of cows is required. 

Data from this dissertation also indicates CLA-induced milk fat depression 

(MFD) immediately postpartum allows spared energy to be partitioned towards 

increased milk production.  Odens et al. (2006) supported this finding, as have 

previous CLA research trials (Bernal-Santos et al., 2003; Back and Lopez-Villalobos, 

2004; Shingfield et al., 2004).  The relationship between trans-10, cis-12 CLA dose 

(or trans-10, cis-12 CLA milk fat content) and magnitude of MFD has been well 

defined (Baumgard et al., 2001, Peterson et al., 2002; de Veth et al., 2004b) however, 

there remains some ambiguity regarding the relationship between the extent of CLA-

induced MFD and the milk yield response.  Data from several trials, including this 

dissertation suggest that while moderate CLA-induced MFD may enhance milk yield, 

it appears that more severe MFD may adversely affect milk production (Bell and 

Kennelly, 2003; Chouinard et al., 1999a; Back and Lopez-Villabolos, 2004; Mackle et 

al., 2003; Kay et al., 2006a, 2006b).  However, there are also reports indicating severe 

MFD (~50%) has no effect on milk yield (Baumgard et al., 2001; Dohme et al., 2004; 

Shingfield et al., 2004).  Obviously the effects of CLA-induced MFD on milk yield 

are dependent on numerous variables including animals’ energetic and physiological 

state; CLA composition, dose and duration; pre treatment production and basal diet 

that need additional clarification.  

Our laboratory was the first to demonstrate a CLA-induced decrease in milk 

fat synthesis in the early stages of lactation (within days) in both TMR and pasture-
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fed dairy cows and has since published several articles regarding CLA effects during 

the transition period (see publication list below and appendix I and II).  However, 

there are still some unanswered questions regarding CLA treatment during the 

transition period.  Firstly, what are the long-term whole lactation effects of providing 

CLA treatment immediately postpartum?  Improving milk yield in early lactation and 

specifically obtaining a high peak milk yield is thought to “prime” the gland for the 

entire lactation.  Retrospective statistical analysis indicates that for every one unit 

increase at peak lactation (kg, lb or L) there will be a 127 unit increase in total 

lactation yield (Appendix II).  Thus CLA-induced improvements in milk yield during 

early lactation (1.8 kg/d for first 20 DIM; Kay et al., 2006b) may substantially 

improve whole lactation production.   

Secondly, why is the CLA-induced MFD diminsihed immediately postpartum?  

The biological reason(s) behind the decreased mammary gland sensitivity remain 

unclear, however data from this dissertation helps to disprove two theories.  Earlier 

research speculated that decreased mammary gland sensitivity to CLA immediately 

postpartum might be due to competition from high levels of circulating non-esterified 

fatty acids, which utilize the same enzymes responsible for CLA cellular uptake and 

intracellular transport.  However, milk fat CLA content was similar throughout the 36 

d experiment even though MFD became more severe during this time frame, 

indicating that decreased cellular uptake or intracellular transport of CLA was not the 

reason behind decreased mammary gland sensitivity to CLA immediately postpartum.  

Additionally, de novo fatty acid synthesis is the primary mechanism by which CLA 

inhibits milk fat synthesis, thus it had been hypothesised that decreased sensitivity to 

CLA immediately postpartum may be due to reduced contribution of de novo 
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synthesised fatty acids during this period.  However, our data indicates that fatty acids 

from different origins (de novo vs. preformed) don’t appreciably change during the 

first 5 weeks postpartum, even though MFD became more severe during this time, 

thus offering little support for this hypothesis.   

The third question that remains is; when does CLA treatment need to begin to 

evoke MFD immediately postpartum?   Data suggests that CLA treatment could begin 

on the day of calving and produce similar results as feeding 10-30 d precalving 

(Shingfield et al., 2004; Odens et al., 2006) which would improve on farm 

application, both economically and logistically (especially in a pasture-based system 

where cows are offered their supplements in the milking parlor).   

In addition to the transition period, dairy cows also face nutrient/energy deficit 

if feed allowance is inadequate, which can occur during adverse environmental 

conditions in pasture-based systems.  Data from this dissertation demonstrates CLA 

infusion evokes MFD and improves calculated EBAL in cows consuming restricted or 

ad libitum pasture.   The spared energy was partitioned towards milk protein 

synthesis, in particular milk casein. CLA treatment however, did not alleviate the 

reduced milk yield in nutrient restricted animals as hypothesized.  We believe this 

may be due to the severe MFD adversely affecting milk yield as previously mentioned 

or perhaps due to model limitations as nutrient restricted cows appeared to utilized 

homeorhetic mechanisms and decreased milk production to remained in a positive 

EBAL.  Future research could investigate the effects of more severe nutrient 

restriction and/or the effects of administering CLA prior to energy deprivation, as a 

preventative measure rather than after nutrient restriction has occurred.   
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Data from this dissertation also demonstrates intravenous (IV) CLA infusion is 

an alternative approach to abomasal or dietary CLA supplement. The IV technique 

allows accurate administration of pure CLA isomers without having to ruminally 

fistulate lactating dairy cows.  Scientific literature regarding the mechanisms behind 

trans-10, cis-12 CLA antilipogenic effects are diverse and often contradictory.  

Recent research (including data from this dissertation) indicates trans-10, cis-12 CLA 

may exert its biological effects via a global nuclear transcription factor, and main 

candidates to date include SREBP-1; PPARγ and NFκB (see review by Jump et al., 

2005).  Use of knockout models or further determination of mRNA and protein 

abundance in mammary, liver and adipose tissue may provide novel data as to the 

precise antilipogenic mechanism of trans-10, cis-12 CLA.   

In conclusion, data from this dissertation has provided novel information on 

the effects of CLA on EBAL and milk production parameters during periods of 

energy/nutrient deficiency, and temporal mammary lipogenic gene expression. This 

data combined with additional research and collaborations conducted during my 

three-year PhD program at the University of Arizona and Dexcel has resulted in the 

following publications, presentations and awards.   
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APPENDIX A: 

CALCULATING AND IMPROVING ENERGY BALANCE DURING TIMES 

OF NUTRIENT LIMITATIONS 

 

Chel E. Moore, Jane K. Kay, Matthew J. VanBaale and Lance H. Baumgard 

DEPARTMENT OF ANIMAL SCIENCES 

THE UNIVERSITY OF ARIZONA 

Summary 

• Energy balance can be estimated/assumed using a variety of techniques 

o Change in body weight 

o Change in body condition score 

o Plasma metabolites 

o Calculated using established equations 

• Conjugated linoleic acid induced milk fat depression can improve energy 

balance parameters in lactating dairy cattle 

o During the transition period 

� In TMR and pasture-fed cows 

o During periods of nutrient limitation 

� Heat stress 

o Whether the improved energy balance results in enhanced 

production or reproductive success is currently unknown 

 

Calculating Energy Balance Techniques 

Whole animal net-energy balance (EBAL) is the difference between energy 

consumed and energy used either for maintenance and/or production (milk, meat etc.).  

An animal in positive EBAL (PEBAL) should theoretically gain body weight (BW) 

and conversely, an animal in negative EBAL (NEBAL) should lose BW. 

Unfortunately, measuring energy balance (via direct or indirect calorimetry) is 
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expensive, labor intensive and logistically impractical; therefore less accurate 

estimating methods have been developed to predict EBAL. 

Body Weight     

Measuring BW change is a logical technique to predict whether or not an 

animal is in positive or negative EBAL.  Although this method works well in growing 

animals (especially monogastrics) it doesn’t work well in lactating animals, especially 

the transitioning dairy cow.  This is because in early lactation cows are mobilizing 

body tissue (i.e. losing BW) while simultaneously increasing feed intake.  Therefore, 

BW loss (and thus predicted EBAL) would be underestimated because of the 

concomitant increase in gut fill. 

Body Condition Score 

Probably a more accurate description (compared to BW) of EBAL, and 

certainly more practical and convenient is the change in body condition score (BCS).  

The BCS is primarily an assessment of subcutaneous adipose tissue and doesn’t 

effectively account for abdominal or muscular fat depots (two energy storages which 

are significantly mobilized in early lactation; Butler-Hogg et al., 1985).  Importantly, 

to utilize BCS, repeated scoring is necessary, as a single scoring provides no 

indication of tissue loss or gain.  The change in BCS is thought to be a good indicator 

of tissue mobilization and thus whole animal EBAL (Moallem et al., 2000; Pryce et 

al., 2001). 

Blood Metabolites 

Blood levels of metabolites (glucose, ketones etc.) and hormones (insulin, 

insulin- like growth factor-I, IGF-I; growth hormone, etc.) associated with energy 

metabolism may be accurate predictors of EBAL.  Adipose tissue is mobilized in the 
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form of non-esterified fatty acids (NEFA) and these are the primary body derived 

energy products utilized/oxidized by the animal during periods of NEBAL.  Blood 

NEFA levels (more than other metabolites/hormones; Reist et al., 2003) are thought to 

closely reflect calculated EBAL in lactating cows and goats (Bauman et al., 1988; 

Pullen et al., 1989; Dunshea et al., 1990).  However, plasma NEFA levels don’t 

always reflect calculated EBAL as NEFA levels do not necessarily decrease when 

calculated EBAL improves (Grummer et al., 1995; Kay et al., 2006b; Moore et al., 

2004).  Furthermore, accurately determining plasma NEFA concentrations is probably 

cost-prohibitive to be a daily management tool to monitor EBAL.  For a 

comprehensive description of the changes in metabolites and hormones during the 

transition period see review by Rhoads and colleagues (2005). 

Calculated  

The EBAL calculation method obviously depends on accurately quantifying 

the energy content of feed and milk, determining feed intake and milk produced and 

estimating the energy required for maintenance (NRC, 2001). 

 
EBAL = feed energy intake – (maintenance requirements + milk energy)  

 

The calculation for determining energy consumed relies on accurately 

determining feed intake and the net energy for lactation (NEL) value of the feed.   

Determining intakes for a pen is relatively easy in a total mixed ration (TMR) based 

system, by simply measuring feed offered minus orts to determine feed consumed, 

and especially easy in research institutes where animals are fed individually using a 

tie-stall facility or Calan gates.  However, even in controlled research facilities, 

calculated feed intake is probably overestimated as cows spill, toss or in general waste 
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a percentage (highly individual dependent) of feed.  Determining intakes in a pasture 

based system is much more difficult and is based on estimations of available feed 

when cows enter a paddock vs. an estimation of feed remaining when cows are 

removed from the paddock.  Recent efforts at increasing the accuracy of determining 

grazing cow feed intake include utilizing changes in BCS, milk energy, maintenance 

estimates and pasture energy content (Roche et al., 2005b). 

The current method of calculating the energy value of a specific feed (NRC, 

2001) is based on first estimating digestible energy concentration when fed at 

maintenance (no loss or gain of body weight) levels.  These values are then adjusted 

(usually down) for intake, to account for the increased passage rate as feed intake 

typically increases as production increases.  The adjusted digestible energy values are 

then converted to metabolizable energy, which is used to calculate NEL (Weiss, 

2002).  This system is an improvement on the 1989 NRC system (NRC, 1989), which 

was inaccurate if dry matter intake (DMI) exceeded 3X maintenance, and average 

Holsteins in the USA currently consume feed at approximately 3.5X maintenance.  

Because of this discrepancy, the 1989 NRC often overestimates energy intake (Weiss, 

2002).  For a comprehensive review of the recent changes on how a feedstuff’s net 

energy value is calculated, see companion paper by Tyrell (2005). 

In addition to the difficulty in estimating the net energy for lactation (NEL) 

content of a feedstuff (especially forages; Weiss, 2002; Tyrell, 2005) these values do 

not include the presumed increase in digestion efficiency due to supplemental dietary 

performance modifiers.  For example, ionophores, recently FDA approved for use in 

dairy cattle (see companion paper by Aguilar, 2005) alter microbial populations which 

results in increased propionate and decreased methane production (therefore 
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enhancing energy conservation).  In addition, direct fed microbials (DFM: Aspergillus 

oryzae, Saccharomyces cerevisia, Lactobacillus etc.) are thought to stabilize rumen 

pH, enhance fiber digestion and increase postrumen nutrient flow (NRC, 2001).  The 

production responses to DFM supplementation are inconsistent and thought to be 

related to the concentrate levels and differences in the primary forage fed (NRC, 

2001).  For example, DFM have been demonstrated to be more effective (based upon 

production) when concentrates are more than 50% of the TMR and more successful at 

increasing milk yield when alfalfa is the primary forage (NRC, 2001).  In addition, 

when during lactation DFM are fed, probably has a large influence on whether or not 

a production response will be observed.  For example, increasing energy availability 

(due to increased fiber digestion) would probably only increase milk yield when milk 

synthesis is limited by energy availability (i.e. periods of NEBAL). This hypothesis is 

supported by data indicating that feeding Aspergillus oryzae through the transition 

period (3 wk prior to 3 wk post calving) markedly increased milk yield in early 

lactation (i.e. 1-40 days in milk, DIM) but effects on milk yield diminished as 

lactation progressed (Baumgard et al., 2004). This is similar to the effects observed 

with ionophores in early lactation (Aguilar, 2005).  However, even if a milk yield 

response isn’t observed with ionophors and DFM, the improved digestion causes 

enhanced feed efficiency (which is desirable in all stages of lactation) and is a 

variable that may need to be taken into account when balancing rations.  

The NEL content of milk can be accurately calculated (NEL = ((0.0929 x fat 

%) + (0.0547 x crude protein %) + (0.0395 x lactose %) x milk production; NRC, 

2001) assuming the concentrations of fat, protein and lactose are available.  If milk fat 



156

is the only variable known, milk energy can be calculated as (NEL = 0.360 + (.0969 x 

fat %) as described by Tyrrell and Reid (1965).  

 Energy required for maintenance is based on an equation (net energy for 

maintenance (NEM = 0.08 x body weight0.75) that has remained unchanged for several 

years and is considered to be relatively precise (Vicini et al., 2002), at least during 

periods of thermal neutrality and is independent of production (i.e. milk yield) levels 

(Tyrrell et al., 1991).  Although unchanged for many years, recent data from the UK 

indicate that maintenance requirements may actually be underestimated in today’s 

genetically superior cows (Kirkland and Gordon, 1999).  In addition, estimating 

maintenance requirements may be inaccurate in early lactation as DMI and gut fill are 

increasing during this time and thus body weight may be overestimated (Vicini et al., 

2002).   

Heat Stress and Maintenance 

Estimating EBAL during heat stress introduces two problems independent of 

those that are inherent to normal EBAL estimations (Vicini et al., 2002).  First, 

considerable evidence suggest increased maintenance costs are associated with heat 

stress (7 to 25%; NRC, 1981), however due to complexities involved in predicting 

upper critical temperatures, no universal equation is available to adjust for this 

increase in maintenance (Fox and Tylutki, 1998).  Not incorporating a heat stress 

correction factor results in overestimating EBAL and thus inaccurately predicting 

energy status.  Secondly, a proportionate decrease in milk yield (10-15% is not 

uncommon) causes calculated EBAL to remain slightly positive and thus feed energy 

availability appears adequate.  However, despite the calculated PEBAL, cows in 

established lactation from dairy’s with modern cooling systems from semi arid 
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environments (i.e. Arizona, Middle East, etc.) will typically lose approximately 20 kg 

of BW during the course of a summer (before cooling systems were introduced, it 

wasn’t abnormal for cows to lose up to 45 kg of BW during the summer; Dennis 

Armstrong, personal communication).  The loss of body BW indicates heat stressed 

cows are actually in NEBAL (even though they’re in calculated PEBAL) and 

probably indicates that the correction factor for maintenance cost should be adjusted.   

NEBAL Parameters 

Frequently in a cows’ life cycle, there are instances when energy availability 

or more specifically a lack of available energy, may limit milk or milk component 

synthesis, reduce reproductive performance and prevent body condition replacement.  

Examples include the transition period in both TMR and pasture-based systems and 

adverse environmental situations such as heat stress and drought.  The severity and 

length of NEBAL that occurs during the transition period is associated with an 

increased risk of metabolic disorders, health problems (Goff and Horst, 1997; 

Drackley, 1999; Heuer et al., 1999) and reduced reproductive performance (Lucy et 

al., 1992; Beam and Butler, 1999). In fact, more specifically is the severity and day of 

NEBAL nadir (~5-10 DIM) that is thought to be highly associated with reproductive 

events (Beam and Butler, 1999; Butler, 2000).    

When do cows reenter PEBAL? 

Because of the strong connection between EBAL parameters and reproductive 

variables, efforts have been made to determine when (i.e. DIM) NEBAL nadir is 

established and when (i.e. DIM) animals regain PEBAL.  Days to PEBAL can be 

estimated using the equation discussed earlier, or can be grossly predicted based on 

BW or BCS changes.  Using the calculation method, cows generally return to PEBAL 
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at approximately 35-50 DIM (Pullen et al., 1989; Moallem et al., 2000; Block et al., 

2001).  Interestingly and in contrast to what is often reported (Broom, 1995; 

Veerkamp, 1998; Veerkamp et al., 2000), genetically superior or higher producing 

cows have similar calculated NEBAL parameters (severity, magnitude etc.) and blood 

energetic variables when compared to their lesser producing herd mates (Vicini et al., 

2002).  The fact that genetic selection for increased milk yield doesn’t intensify 

NEBAL parameters, jeopardize health or cause cow “burn out” is due to natural 

coordinated homeorhetic mechanisms as we recently described (Collier et al., 2005). 

Using the change in BCS (or day of BCS nadir) indicates cows usually reenter 

PEBAL at ~75-100 DIM (~30-60 days latter than is predicted using the EBAL 

equation; Pryce et al., 2001; Coffey et al., 2002, 2004; Friggins et al., 2004).  In 

addition, it is ~30-40 days latter than would be predicted using changes in BW or day 

of BW nadir (Moallem et al., 2000), but as indicated earlier, the loss in BW is 

confounded by the simultaneous increase in DMI which usually peaks between 75-

100 DIM (Moallem et al., 2000).  Not surprisingly, first lactation heifers don’t usually 

lose as much BCS as multiparous cows and the extent and DIM of BCS nadir is 

related to production levels (Gallo et al., 1996).  This is supported by data indicating 

that BCS at calving (a static measurement) is not, but changes in BCS are positively 

associated with peak and total lactation milk yield (Pedron et al., 1993).  

Reasons why the EBAL equation and changes in BCS markedly and 

consistently differ in their ability to predict when cows reestablish PEBAL are not 

clear.  Either the calculated method is overestimating or the BCS method is 

underestimating actual EBAL.  Obviously BCS is a subjective measurement and 

primarily only concentrates on subcutaneous energy storage.  As a consequence, the 
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BCS is probably not sensitive enough to detect small and slow increases in 

subcutaneous adipose mass (i.e. increases that probably occur prior to visual and/or 

palpable detection).  Furthermore, it is not clear if there is a hierarchy in the order of 

adipose replenishment once PEBAL is attained, as BCS wouldn’t detect changes 

(maybe even large increases) in abdominal or muscular adipose depots. 

Attempts to Alleviate NEBAL 

Dietary strategies to alleviate this energy deficit during the transition period 

(Schingoethe and Casper, 1991; Grummer et al., 1995) as well as during periods of 

heat stress (Knapp and Grummer, 1991; Chan et al., 1997; Drackley et al., 2003) 

traditionally include increasing the energy density of the diet with concentrates or fat 

supplements. Unfortunately, the incidence and severity of NEBAL continues to be the 

primary issue surrounding transition period failures (Beam and Butler, 1999; 

Drackley, 1999) and increased energy is unable to maintain or rescue production 

during heat stress.  An alternative approach to improving energy status is to reduce 

milk energy secretion by inducing milk fat depression (MFD) with supplemental 

rumen inert (RI) conjugated linoleic acid (CLA).  Milk fat is the major determinant of 

milk energy and thus has a large influence on calculated EBAL.  Reducing the 

nutrient demand for milk synthesis via decreasing milk fat production should 

therefore alleviate the severity and extent of NEBAL.  Improving calculated EBAL 

should theoretically reduce the demand for tissue (primarily adipose) mobilization, 

reduce condition loss, decrease the plasma metabolite levels responsible for fatty liver 

and ketosis (NEFA) and provide (probably via insulin and/or IGF-I) a signal to 

stimulate ovarian function and several other dimensions of reproductive performance.  
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For a review of how NEBAL mediates its effects on the reproductive system, see the 

companion paper by Rhoads and co-workers (2005). 

CLA and EBAL 

CLA supplements decreased milk fat synthesis during established lactation 

(Loor and Herbein, 1998; Chouinard et al., 1999a; Giesy et al., 2002; Perfield et al., 

2002), but similar amounts of CLA supplements had little or no effect at decreasing 

milk fat immediately following parturition (Giesy et al., 1999; Bernal-Santos et al., 

2003; Selberg et al., 2004; Moore et al., 2005c).  In order for supplemental CLA to be 

used as a management tool to improve EBAL parameters as we hypothesized it must 

reduce milk fat synthesis immediately postpartum (i.e 1-7 DIM).  Our hypothesis was 

that the early lactating mammary gland is less sensitive to CLA, and a larger CLA 

dose is required during this period to achieve milk fat reductions similar to those 

observed in established lactation 

UNIVERSITY OF ARIZONA STUDIES 

Study 1 

Objective of this TMR based transition study was to determine the quantity of 

dietary RI-CLA supplement required to achieve MFD immediately postpartum, 

theoretically alleviating or reducing the severity and/or duration of NEBAL during the 

transition period.  Experimental conditions have previously been described in detail 

(Moore et al., 2004), but briefly multiparous Holstein cows (n = 19) were randomly 

assigned to one of four doses of RI-CLA supplements (0, 200, 400 or 600 g/d) with 

each dose providing equal amounts of fatty acids by replacing and balancing 

treatments with a RI supplement of palm fatty acid distallate.  Doses provided a total 

of 468 g fatty acids/d and either 0, 62, 125 or 187 g of mixed (including trans-10, cis-
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12) CLA isomers/d, respectively.  To capture most of the metabolic changes and large 

fluctuations in production variables we initiated CLA feeding 10 d prior to anticipated 

parturition and continued until 21 DIM. 

Data from this study demonstrated high doses of RI-CLA supplements 

(approximately 3-times that used during established lactation) reduced milk fat 

content and yield immediately postpartum.  Effects were apparent at d 1 of lactation, 

significantly different by d 5, and became more pronounced as DIM increased.  

During the first 21 d of lactation, RI-CLA supplements decreased milk fat yield by as 

much as 33% (Figure I.1). 

We hypothesized that reducing milk fat synthesis in early lactation, a time 

when nutrient availability may limit production, may allow for energy partitioning to 

support increased protein and/or milk synthesis (Bauman et al., 2001; Baumgard et 

al., 2002c) as has been observed from cows on pasture in established lactation 

(Medeiros et al., 2000; Mackle et al., 2003).  However, yield and content of milk 

components other than milk fat were unaltered in this trial, which is similar to results 

reported in TMR-based CLA studies during established lactation (see review by 

Baumgard et al., 2002c). Although milk fat synthesis was markedly decreased in the 

early stages of lactation and there was a numerical improvement (≥ 4 Mcal/d) in 

EBAL during the 2nd and 3rd wk, overall EBAL and plasma NEFA levels were 

unaffected by CLA dose.  Although overall EBAL was not statistically different, CLA 

did decrease days to EBAL nadir compared to controls by 4.7 d for the highest dose 

(Figure I.2).  This is relevant as recovery of EBAL from its nadir in early lactation 

provides an important signal for initiating ovarian activity (Lucy et al., 1992; Beam 

and Butler, 1999) and days to NEBAL nadir is highly correlated with days to first  
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Figure A.1. Temporal pattern of milk fat yield from cows fed increasing doses of a 
rumen inert conjugated linoleic acid (CLA) supplement during early lactation.  Values 
are means, n = 4 for the 0 g/d CLA dose and n = 5 for the remaining CLA doses; SEM 
averaged 0.37 and ranged fro 0.36 to 0.41 percent and averaged 123 and ranged from 
119 to 134 g/d for milk fat content and yield, respectively. 
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Figure A.2. Temporal pattern of calculated net energy balance for cows fed increasing 

doses of a rumen inert conjugated linoleic acid (CLA) supplement during early lactation.  

To improve clarity, only the lowest and highest CLA doses are presented. Values are 

means, n = 4 for the CLA 0 g/d dose and n = 5 for the 600 g/d CLA doses; SEM 

averaged 2.6 and ranged from 2.5 to 2.8 Mcal/d. 
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ovulation (Beam and Butler, 1999).  This provides evidence suggesting that feeding 

RI-CLA supplements during the transition period may positively impact reproduction.  

The present study demonstrates that dietary RI-CLA supplements reduce milk fat 

synthesis at the onset of lactation, but the CLA dose required is much greater (i.e. 3X) 

than is necessary to cause a similar reduction in milk fat synthesis during established 

lactation.   

Study 2 

A second transition CLA study was conducted utilizing cows in a pasture 

based dairying system and data previously presented (Kay et al., 2006b).  Objectives 

of the pasture-based transition trial were to determine if a high dietary RI-CLA dose 

(600 g/d) could induce MFD immediately postpartum and determine if CLA induced 

MFD would alleviate calculated NEBAL and associated variable (i.e. NEFA, etc.) and 

improve production parameters (milk and milk component synthesis).   

Multiparous Holstein cows (n = 39) grazing pasture were randomly assigned 

to one of three treatments: 1) pasture (PAS), 2) PAS + 540 g/d Hyprofat (palm oil; 

HYPRO) and 3) PAS + 600 g/d RI-CLA.   HYPRO and RI-CLA supplements were 

isoenergetic, fed 2x/d during milking and provided 0 and 125 g CLA/d, respectively. 

Treatments began ~21 d prepartum and continued until 36 (± 1) DIM. Data indicate 

RI-CLA supplementation decreased overall milk fat content and yield with RI-CLA-

induced MFD becoming significant by d 3 when compared with PAS and by d 6 when 

compared with HYPRO.  There was little or no overall RI-CLA effect on content or 

yield of protein and lactose and n-alkane data collected during wk 4 of lactation 

indicated no difference in calculated pasture DMI.  As a consequence of the similar 

pasture DMI, consuming additional energy via lipid supplement and severely  



165

y = -0.0418x2 + 1.48x - 4.7351
R2 = 0.5737

-20

-10

0

10

20

0 10 20 30 40 50

% Decrease in milk fat content

%
C

ha
ng

e
in

m
ilk

yi
el

d

Figure A.3. Relationship between rumen inert conjugated linoleic acid (RI-CLA) 
induced milk fat depression and milk yield response compared to Hypofat (palm oil)  
treatment. 
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decreasing milk fat yield, RI-CLA treated cows had a much higher (> 7.5 Mcal/d) 

calculated/predicted EBAL compared to PAS cows.  Compared to HYPRO, CLA 

supplemented cows tended to increase (> 4.0 Mcal/d) EBAL which can be directly 

attributed to MFD as these cows were producing similar volumes of milk and 

consuming similar quantities of feed during this portion of the trial (21-28 d).  The 

improved calculated EBAL compared to PAS was corroborated by the reduction 

(26%) in circulating NEFA levels, which are thought to reflect calculated EBAL.  We 

also anticipated CLA supplemented cows would have decreased NEFA concentration 

compared to HYPRO, but this was not the case.  This result agrees with the TMR 

based transition period study, but a reason for the lack of effect on NEFA is not clear 

as reducing energy output without altering other components of the EBAL equation 

should theoretically reduce the demand to mobilize adipose reserves.  

As expected due to additional energy intake, both lipid-supplemented 

treatments produced more overall milk compared to PAS.  Although there was no 

overall milk yield difference between HYPRO and RI-CLA treatments, a quadratic 

relationship existed between severity of MFD and positive milk yield response 

(Figure I.3).  RI-CLA cows tended to produce more milk (1.8 kg/d) during the first 20 

d postpartum when MFD was moderate (< 35%), however as MFD became more 

severe (> 35%, ~d 21) the positive response was eliminated and RI-CLA cows tended 

to produce less milk (2.5 kg/d) during the remainder of the trial (Figure I.4).   This 

suggests that during a time of energy deficiency (i.e. the transition period), moderate 

inhibition of milk fat synthesis may spare energy to be partitioned to increased milk 

yield, however severe MFD may adversely affect cellular mechanisms involved in 

milk synthesis and/or secretion.  The quadratic response in milk yield is similar to a 



167

CLA dose response trial which demonstrated an increase in milk yield with moderate 

CLA-induced MFD, but no milk yield response with a high CLA dose that caused 

severe MFD in pasture-fed dairy cows in established lactation (Mackle et al., 2003).  

Similarly, in a CLA dose trial using TMR-fed cows, high CLA doses that resulted in 

severe MFD, reduced milk yield by almost 3 kg/d (Chouinard et al., 1999a).  

Furthermore, Bell and Kennelly (2003) reduced milk yield by almost 40% when they 

abomasally infused a CLA dose 4-fold higher than necessary to evoke 40% MFD 

(Baumgard et al., 2000).  Therefore, although the CLA dose did not change during the 

present study, the milk yield response followed a similar pattern to the 

aforementioned trials with increasing MFD severity as lactation progressed, probably 

due to the increasing sensitivity of the mammary gland to CLA. The present study 

demonstrates that a high dietary CLA dose reduces milk fat synthesis immediately 

postpartum and may be useful as a management tool to alleviate NEBAL in pasture-

fed dairy cows.  Moderate MFD caused a positive response in milk yield, however as 

lactation progressed and MFD became more severe, the positive milk yield response 

diminished.  The biological mechanism behind this remains unclear and further 

research is required to determine why the mammary gland demonstrates decreased 

sensitivity to trans-10 cis-12 CLA immediately postpartum and the relationship 

between magnitude of  MFD and milk yield. 

Study 3 

Heat stress negatively impacts milk synthesis and impairs reproductive 

performance (Collier et a., 2005.  As a consequence, heat stress is a significant 

financial burden in many dairy-producing areas of the USA and the world.  The 

bioenergetic mechanism by which heat stress impacts production and reproduction is 
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Figure A.4. Effects of rumen inert conjugated linoleic acid (RI-CLA) and Hyprofat 

(palm oil; HYPRO) supplementation on temporal pattern of milk yield during first 36 d 

postpartum.  Values represent least squares means (n = 13/trt); SEM averaged 1.31 and 

ranged from 1.31 to 1.41 
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partly explained by reduced feed intake, but also includes an altered endocrine status, 

a reduction in rumination and nutrient absorption and increased maintenance 

requirements (Collier et al., 2005) resulting in a net decrease in nutrient/energy 

availability for production.  This decrease in energy results in a reduction in EBAL, 

and explains why cows lose significant amounts of BW when heat-stressed.  As with 

pasture-fed cows (Medeiros et al., 2000; Mackle et al., 2003), we hypothesized that 

reducing milk fat synthesis during heat stress, a time when nutrient availability may 

limit production, may allow for energy to be partitioned to support increased protein 

and/or milk synthesis (Bauman et al., 2001; Baumgard et al., 2002c, Collier et al., 

2005).  In addition to enhancing milk yield, inhibiting milk fat synthesis and thus 

improving energy availability may improve animal well-being and reproductive 

success during periods of heat stress 

Study objectives were to evaluate whether CLA-induced MFD during heat 

stress would allow for increased milk and/or milk component synthesis.  Experimental 

procedures have been described in detail (Moore et al., 2005b) but briefly, 

multiparous cows (n = 12) averaging 97 ± 17 DIM were used in a crossover design 

during the summer (mean temperature humidity index = 75.7). Treatment periods 

were 21 d with a 7 d adaptation period prior to and between periods.  During 

adaptation, all cows received a palm fatty acid distillate supplement.  Dietary 

treatment consisted of either 250 g/d of CLA supplement (78.9 g/d CLA, mixed 

isomers [including trans-10, cis-12]; RI-CLA) or 242 g/d of palm fatty acid distillate 

(control) to provide equal amounts of fatty acids. 

In agreement with other trials feeding RI-CLA to mid and late lactating cows 

(see review by Baumgard et al., 2002c), milk fat content and yield were decreased (26 
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and 30%, respectively). However, even though the CLA-induced MFD increased 

available energy  (approximately 3.5 Mcal/d) neither protein nor total milk synthesis 

increased as hypothesized.  Even though this trial was not designed to determine the 

effects of CLA on reproduction, it is conceivable that improving EBAL could 

alleviate some of the poor reproductive performance associated with heat stress. 

Although cows in this study were experiencing significant heat stress as 

indicated by THI, respiration rates and skin temperatures; the magnitude of heat stress 

did not appear extensive enough to induce severe NEBAL (i.e. –10 to –15 Mcal/d).  

Controls in this experiment had an estimated EBAL of 3.7 Mcal/d and therefore milk 

and milk component synthesis may not have been limited by energy availability, or 

limited enough to detect/measure production improvements.  However, we must keep 

in mind, a proportionate decrease in milk yield during heat stress causes calculated 

EBAL to remain slightly positive and thus energy availability appears adequate 

because of this adjusted production level.  However, despite the calculated positive 

EBAL, irrespective of treatment, cows lost approximately 18 kg of BW during this 

trial.  In agreement, cows in established lactation from semi arid environments (i.e. 

Arizona, Middle East, etc.) typically loose 20 kg of BW during the course of a 

summer (Dennis Armstrong, personal communication).  In contradiction to the 

calculated EBAL, the loss of BW indicates cows in this trial were in NEBAL and 

illustrates the difficulty in accurately calculating EBAL in heat stress cows.  

Furthermore, cows were already heat stressed at trial initiation and it is possible the 

deleterious effects of heat stress were too severe for 21 days of RI-CLA treatment to 

overcome.  It is of interest to determine if CLA-induced MFD could prevent (in 
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contrast to remedying) the negative effects of heat stress, if provided to thermal 

neutral animals prior to heat stress initiation. 

Summary 

Our group is generating evidence suggesting exogenous dietary CLA can 

improve EBAL parameters during the transition period and when nutrient availability 

(i.e. heat stress and/or drought) may limit milk synthesis or reproductive variables. 

Whether or not the improved calculated EBAL results in increased milk synthesis, 

reduced metabolic disorders or increased reproductive success remains to be 

observed.  We are currently conducting larger and longer-term trials to answer these 

unknowns. 
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APPENDIX B: 

DOES NEGATIVE ENERGY BALANCE (NEBAL) LIMIT MILK SYNTHESIS 

IN EARLY LACTATION? 

 

Lance H. Baumgard, Laura J. Odens, Jane K. Kay, Robert P. Rhoads, Matthew 

J. VanBaale and Robert J. Collier 

DEPARTMENT OF ANIMAL SCIENCES 

THE UNIVERSITY OF ARIZONA 

Summary 

• Most cows enter NEBAL after parturition and this is a normal mammalian 

adaptation to lactation 

• Peak milk production may occur when cows are in NEBAL 

• The extent of NEBAL in early lactation is independent of genetic potential 

for milk yield 

• Milk production and energy balance slopes are in opposite direction 

immediately post-calving but parallel each other in later lactation  

• The effects of increasing metabolizable energy on production variables 

probably depends on the animals energy balance status 

Introduction 

Energy balance (EBAL) is the difference between energy consumed and 

energy used for both maintenance and production (milk, meat, reproduction, etc.). For 

a detailed description of the different methods of calculating EBAL see our recent 

review (Moore et al., 2005d).  Frequently in a cows’ life cycle, there are instances 

when energy availability, or more specifically a lack of available energy, may limit 

milk or milk component synthesis, reduce reproductive performance and prevent body 

condition replacement.  Examples include the transition period in both total mixed 
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ration (TMR) and pasture-based systems, periods of poor feed quality and adverse 

environmental situations such as heat stress and drought.  Incidentally this 

bioenergetic phenomenon is not exclusive to dairy cows; as most female mammals 

experience a similar nutrient imbalance after parturition and in fact, the severity of 

this nutrient inequality is quite minor in cows compared to a large number of other 

species (see our recent review, Collier et al., 2005). 

Cows in early lactation typically cannot consume enough calories to meet the 

energetic requirements of maintenance and copious milk secretion, and consequently 

enter into a state of negative energy balance (NEBAL). The severity, magnitude and 

day of NEBAL nadir (~4-9 days in milk; DIM) are closely associated with metabolic 

disorders and reproductive failures (Butler, 2000; Drackley, 1999; Buckley et al., 

2003; Rhoads et al., 2005).  The impact of NEBAL on reproductive parameters is 

even more critical in strict pasture-based systems as pasture allowance is restricted 

and calving patterns must coincide with forage availability to maintain farm 

sustainability (Rhodes et al., 2003).  Attempts to improve or alleviate NEBAL 

traditionally involve increasing dietary energy density via the addition of concentrates 

or fats (Schingoethe and Casper, 1991; Hayirli and Grummer, 2004).  However, the 

effectiveness of these dietary strategies is frequently inconsistent and is associated 

with potential drawbacks (i.e. acidosis and reduced dry matter intake; DMI; Hayirli 

and Grummer, 2004).  There are a number of reviews concentrating on the benefits 

and limitations of increasing the dietary content of grains and fats with regards to 

EBAL and they will not be discussed further in this paper. 

Interestingly and contrary to what is often reported (Broom, 1995; Veerkamp, 

1998; Veerkamp et al., 2000; Heuer, 2004), genetically superior or higher producing 
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cows have similar calculated NEBAL parameters (severity, magnitude etc.) and blood 

energetic variables when compared to their lesser producing herd mates (Vicini et al., 

2002; Crooker et al., 2006).  The increased milk yield associated with genetic 

progress is accompanied by homeorhetic mechanisms that favor increased feed intake 

during early lactation (Crooker et al., 2001; Crooker et al., 2006).  It is logical to 

predict that selecting animals for increased milk production simultaneously selects 

animals capable of coordinating metabolism to sustain evolutionary advantages.  

Furthermore, the fact that genetic selection for milk yield doesn’t intensify NEBAL 

parameters, jeopardize health or cause cow “burn out” is due to natural coordinated 

homeorhetic mechanisms as we recently described (Collier et al., 2005). 

Bioenegetics of Production 

It is well known that animals primarily eat to meet their energy requirements 

(Church and Pond, 1988), but this is slightly complicated in ruminants due to the 

effects of forage quality and gut fill (Van Soest, 1982).  Nonetheless, if an animal is in 

positive EBAL (PEBAL), providing additional metabolizable energy (ME) should not 

theoretically increase milk yield, but rather decrease feed intake and thus improve 

efficiency.  In contrast, if an animal is in NEBAL, adding additional ME would 

logically increase milk production without altering feed intake. Both of the above 

scenarios assume that calculated whole animal EBAL is tightly linked with the 

mammary glands energetic and nutrient requirements to synthesize milk.  Adding 

additional energy (or any nutrient for that matter), if milk synthesis wasn’t limited by 

nutrient availability, can not “push” milk as milk synthesis itself “drives/pulls” 

nutrient and energy intake (i.e. DMI; Bauman and Currie, 1980; Collier et al., 2005).  

As demonstrated in Figure II.1, predicting the effects (milk yield, DMI and feed 
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efficiency) of enhanced ME probably depends on whether or not the animal is in 

NEBAL or PEBAL.  

During established lactation, decreased energy and nutrient availability (either 

experimentally induced or due to poor feed quality [drought, heat stress, spoiled feed 

etc.]) is closely matched by a coinciding decrease in milk yield.  As a consequence of 

the reduction in milk synthesis, actual calculated EBAL remains near zero.  When 

nutrient supply or the level of nutrition increases, milk yield parallels the enhanced 

nutrient state.  Therefore, clearly in mid to late lactation, nutrient/energy availability 

can limit or restrict milk synthesis. During early lactation the connection between 

nutrient supply and milk production appears uncoupled.  This is especially obvious 

during the first 10 DIM where milk yield is increasing at a steep slope while 

calculated EBAL is simultaneously decreasing towards its nadir (see theoretical 

diagram in Figure II.1).  Milk yield continues to increase until peak (~40-70 DIM) 

while cows are still in calculated NEBAL (albeit progressing towards PEBAL; Figure 

II.1).  Obviously tissue mobilization accounts for the energy deficit in early lactation, 

but it is interesting that there is a stark contrast between dietary energy/nutrient supply 

and milk production during early versus later lactation.   Why doesn’t tissue 

mobilization compensate for the decrease in nutrient supply and thus maintain 

production in later lactation, even temporally?  Although early lactation NEBAL is 

frequently blamed for a variety of metabolic and reproductive disorders (Drackley, 

1999; Butler, 2000), whether or not it limits or prevents maximum milk yield is not 

clear.  Attaining a high milk yield in early lactation and specifically peak milk yield, 

is thought to “prime” the gland for the entire lactation, and retrospective statistical 

analysis indicates that for every one unit (kg or lb etc.) increase at peak lactation  
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Animals Eat to Meet Their Energy Requirement:

During NEBAL: ↑ metabolizable energy = ↑ milk yield

During PEBAL: ↑ metabolizable energy = ↑ efficiency

Milk Yield

Energy Balance

Days in Milk
501 200

↑ Production ↑ Efficiency  

↓ DMI & no ∆ in production

 

Figure B.1. Theoretical lactation and energy balance curves. Bioenergetics 

would predict that increasing metabolizable energy will have different effects 

on production parameters depending upon calculated energy balance status. 
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equates to a 127 unit increase in total lactation yield (Dr. Bob Everett, Cornell 

University; Personal Communication).  A variety of different approaches have 

attempted to alter or improve EBAL and they include 1) supplemental fats, 2) 

additional concentrates, 3) reduced milking frequency (i.e. 1x/d), 4) propylene glycol, 

5) monensin and 6) conjugated linoleic acid induced milk fat depression (CLA-MFD).  

The first four approaches have limitations (i.e. palatability, acidosis, mammary 

function etc.) that create difficulties when evaluating their effect on EBAL.  

A unique approach to improve transition period EBAL is to decrease the milk 

energy content, thus manipulating the energy expenditure side of the EBAL equation, 

rather than the energy intake portion.  Fat is the most energetically expensive milk 

component to synthesize (50% of total milk energy; Tyrell and Reid, 1965) and the 

milk parameter is the most easily manipulated by management (Bauman and Davis, 

1974; Bauman et al., 2001).  Therefore, governing milk fat via controlled MFD offers 

a novel technique/opportunity to improve EBAL through the transition period.   

Conjugated Linoleic Acid Transition Trials 

We’ve conducted three CLA-MFD trials during the transition period (Moore et al., 

2004; Kay et al., 2006b; Odens et al., 2006), with the two later trials designed to 

evaluate the effects of CLA-MFD on EBAL parameters and production variables. As 

we predicted (Baumgard et al., 2002c), both trials indicate that when EBAL is 

improved due to CLA-MFD, milk yield is enhanced (Figures II.2 and II.3).  As would 

bioenergetically be predicted by Figure II.1, CLA-MFD does not increase milk yield 

during established lactation when cows are in PEBAL (Geisy et al., 2002; Perfield et 

al., 2002).  Our studies demonstrate that a dietary supplement of CLA reduces milk  
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Figure B.2. Effects of pasture fed cows (PAS) supplemented with rumen inert palm oil 
(HYPRO) or rumen inert conjugated linoleic acid (RI-CLA) on milk yield in 
transitioning lactating dairy cows. Adapted from Kay et al. 2006b. 
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Figure B.3. Effects of rumen inert conjugated linoleic acid (CLA) on milk yield compared to 
cows fed a rumen inert palm oil (CTRL). Adapted from Odens et al., 2006. 
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fat synthesis immediately postpartum and may be useful as a management tool to 

alleviate NEBAL and improve milk production in TMR and pasture-fed dairy cows.   

Monensin Transition Trials: 

Another approach to improve transition EBAL that has recently become 

available to USA producers is monensin (Rumensin, FDA approved 2004, Elanco 

Animal Health, Greenfield, IN).  Feeding ionophores, specifically monensin, alters 

rumen metabolism/physiology to favor a more energetic fermentation pathway (see 

reviews by Schelling, 1983; Ipharraguerre and Clark, 2003).  A number of papers 

demonstrate an improved energy status (non-esterified fatty acids, ketones, glucose 

etc.) with monensin (Ipharraguerre and Clark 2003) and this is especially apparent in 

early lactation (Green et al., 1999; Duffield et al., 2003; Melendez et al., 2004; 

Gallardo et al., 2005).  As would bioenergtically be predicted by Figure II.1, 

monensin feeding typically increases milk to a larger extent in early lactation (Hays et 

al., 1996; Beckett et al., 1998; Gallardo et al., 2005) compared to later lactation, 

where feed efficiency is improved by monensin (see reviews by Ipharraguerre and 

Clark, 2003; McGuffey et al., 2003). 

Summary 

Based on evidence from transition period CLA-MFD and monensin trials, it 

appears that milk yield in early lactation is limited by a lack of energy intake. 

Obviously anything that increases ME during this stage of lactation would potentially 

benefit milk production, whereas increasing ME during mid to late lactation, a period 

when cows would presumably be in PEBAL, wouldn’t logically increase milk yield 

but probably increase feed efficiency. 
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