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GENE EXPRESSION, AND METABOLISM OF PERIPARTURIENT DAIRY COWS 
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Experiments using periparturient Holstein cows were conducted to evaluate how 

supplemental fat sources enriched in specific fatty acids affected production, immunity, hepatic 

gene expression, and metabolism of periparturient dairy cows. In Experiment 1, fat supplements 

enriched with C18:1 (sunflower oil), Ca salt of trans C18:1, C18:2 (Ca salt of palm and soybean 

oils), or C18:3 (linseed oil) were fed (1.35 to 1.75% of dietary DM) in isolipid diets from 30 d 

before to 105 d post calving to 22 primiparous and 32 multiparous animals. Cows fed C18:3 

tended to produce more 3.5% fat-corrected milk due to an improvement in concentration of milk 

fat compared to cows fed the C18:2 source. Supplementation with trans C18:1 increased trans 

C18:1 in plasma, milk fat, and liver fat. Supplementation with C18:2 increased C18:2 in plasma 

and milk fat. Supplementation with C18:3 increased C18:3 in plasma, milk fat, and liver fat. 

Animals fed C18:3 had greater plasma NEFA concentrations at wk 2 and 5 postpartum which 

were accompanied by upregulation of mRNA pyruvate carboxylase and phosphoenolpyruvate 

carboxykinase in the liver during this same time period.  Concentrations of plasma IGF-1 and 

expression of hepatic IGFBP-3 mRNA increased at a faster rate postpartum for animals fed 

C18:2 or C18:3 compared to those fed cis or trans C18:1; this was accompanied by a faster rate 

of increase for plasma insulin of multiparous cows fed C18:2 or C18:3 sources. Primiparous 
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cows supplementated with C18:3 had fewer neutrophils in the uterine flushing at 40 d 

postpartum. Trans C18:1 may have had immunostimulatory effects as evidenced by increasing 

concentrations of plasma acid soluble protein and haptoglobin of primiparous cows compared to 

those fed cis C18:1.  

In Experiment 2, fat supplements enriched with C18:2 (Ca salt of safflower oil) or C20:5 

and C22:6 (Ca salt of palm and fish oils) were fed (1.5% of dietary DM) as well as a no-fat 

supplement control diet from 34 d before to 49 d post calving to 16 primiparous and 29 

multiparous animals. Animals fed fish oil tended to consume less DM (% of body weight) and 

produce less milk fat compared to animals fed C18:2. Mean values for dry matter intake 

prepartum, milk yield, milk protein yield and concentration, body weight, body condition score, 

and plasma concentrations of glucose, nonesterified fatty acids, beta hydroxybutyrate, and 

prostaglandin F metabolite were unchanged across the 3 diets. Concentrations of plasma 

progesterone increased earlier in primiparous cows fed fish oil compared to safflower oil fed 

cows and return to first ovulation was improved by 6 day across parities. Consumption of fish oil 

appeared to have immunosuppressive effects. A greater proportion of the animals fed fish oil 

were diagnosed with a more severe case of metritis at 5 and 10 d postpartum, had lower blood 

concentrations of white blood cells and neutrophils and had circulating neutrophils that 

consumed fewer E. coli per neutrophil on -18, 0, 7, and 40 d postpartum. Primiparous cows fed 

fish oil had lower plasma concentrations of ceruloplasmin. In addition, animals fed fish oil had 

circulating lymphocytes that produced fewer cytokines when isolated and stimulated in vitro on 

10, 20, and 30 d postpartum. On the other hand, the C18:2 fat source had immunostimulatory 

effects. Cows had a greater humoral response of IgG concentrations in serum postpartum to 

repeated ovalbumin injections, did not experience the decrease in concentration of blood 
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neutrophils at 7 d postpartum that occurred in the other treatments, and multiparous cows had 

increased fibrinogen concentrations in plasma. Based upon greater plasma concentrations of 

acute phase proteins, primiparous cows were under greater stress from parturition and lactation 

compared to multiparous cows.   

In conclusion enrichement of the diet with specific fatty acids during the periparturient 

period were reflected in the incorporation of these fatty acids into different tissues. Omega-3 

fatty acids attenuated immune responses compared to omega-6 supplementation and shortened 

return to first ovulation.  
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CHAPTER 1 
INTRODUCTION 

One of the most challenging periods in the life of the amazing dairy cow is the transition 

from pregnancy to lactation. During this period the dairy cow undergoes dramatic physiological 

changes and most of the metabolic and infectious diseases (ketosis, hepatic lipidosis, displaced 

abomasum, hypocalcemia, retained fetal membranes, and mastitis) take place in part due to a 

suppression of the immune system (Goff and Horst, 1997).  

There is a marked reduction in dry matter intake as parturition approaches and the increase 

in intake in the early postpartum period is not sufficient to support milk production. As a 

consequence of the sharp peripartal decrease in DMI coupled with the progressive energy and 

nutrient demand by the growing fetus, fetal membranes, and the uterus as well as by the 

mammary gland to initiate lactogenesis, the transition dairy cow develops severe negative energy 

balance (Goff and Horst, 1997; Jorritsma et al., 2003) that may reach -16 Mcal/d (Doepel et al., 

2002). In an attempt to supply energy for milk production, the cow uses body reserves, mainly 

adipose tissue, as a source of energy to support milk production. As a result, a greater 

concentration of nonesterified fatty acids is found in plasma of dairy cows around parturition and 

impacts the transition into lactation.  

Lipid supplementation is an excellent nutritional tool to influence several functions in 

different species. For instance, profile of plasma fatty acids is affected by different sources of 

lipid supplemented to dairy cows. Petit (2003) reported that mid lactation cows (29 wk 

postpartum) fed flaxseeds had greater concentrations of C18:3 and C20:5 and a lower n-6/n-3 

ratio in plasma compared to cows fed sunflower seeds; however, concentrations of C20:3 and 

C20:5 were not affected. Gonthier et al. (2005) reported that cows fed flaxseeds had greater 

concentration of C18:3 in plasma compared to cows fed a control diet without flaxseeds. Loor et 
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al. (2005a) reported that cows fed linseed oil had increased concentration of C18:3 in plasma 

compared to cows fed sunflower oil but concentrations of C20:3 and C20:5 were not different. 

Ponter et al. (2006) also reported an increase in plasma concentration of C18:3 of cows fed 

linseed oil.  

The change in the fatty acid profile of plasma will affect the pool of fatty acids reaching 

the mammary gland which in turn influences the milk fatty acid profile. Kalscheur  et al. (1997) 

fed a high oleic acid sunflower oil and a partially hydrogenated vegetable shortening enriched in 

trans C18:1 to lactating dairy cows at 3.7% of dietary DM.  Concentrations of cis C18:1in milk 

fat were 28.5% and 25.9% for cows fed sunflower oil and shortening, respectively. An increased 

concentration of C18:1 trans isomers in milk fat was reported when Holstein cows were 

supplemented with C18:1 trans isomers (Griinari et al., 1998; Selberg et al., 2004).  Cows fed 

Megalac-R (rich in C18:2) at 2.5% of dietary DM had greater concentration of C18:2 in milk fat 

compared to cows fed a saturated fat supplement (3.7 vs. 2.6%; Harvatine and Allen, 2006b).  

Bilby et al. (2006) reported that lactating Holstein cows fed a Ca salt mixture of palm and fish oil 

(1.9% of dietary DM) from 17 to 94 ± 12 DIM had greater incorporation of C20:5 and C22:6 

into milk fat compared to cows fed whole cottonseeds.  

In addition to influencing plasma and milk fatty acid profile, lipid supplementation also 

influenced the incorporation of the specific fatty acid into several tissues such as the 

endometrium. Bilby et al. (2006c) reported that cows fed a Ca salt mixture of palm and fish oil 

(1.9% of dietary DM) from 17 DIM until 94 ± 12 DIM had greater incorporation of C20:5 (0.10 

vs. <0.01%) and C22:6 (1.42 vs. 0.92%) in endometrium compared to cows fed whole 

cottonseeds. Similarly, Childs et al. (2008) fed crossbred beef primiparous cows increasing 

amounts of a partially rumen-protected fish oil at 0, 1.04, 2.08 or 4.15% of dietary DM and 
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reported a linear increase in the concentration of C20:5 and C22:6 in endometrial tissue collected 

at slaughter. In addition, Mattos et al. (2004) reported a 7- and 5-fold increase in the 

concentration of C20:5 and C22:6, respectively in the caruncle of dairy cows fed fish oil at 2% of 

dietary DM during the last 3 wk prior to calving.  

Arachidonic acid (an omega-6 fatty acid) is the precursor for PGF2α synthesis. Fatty acids 

of the omega-3 family compete with the omega-6 fatty acids for elongases and desaturases in the 

tissues. By changing the fatty acid profile of the endometrium with more precursor it is plausible 

to expect an increase in PGF2α synthesis. Ewes infused with either soybean oil (50% C18:2) or 

olive oil (16% C18:2) had greater serum PGF metabolite concentrations than ewes infused with 

saline (Burke et al., 1996). In postpartum beef primiparous cows, infusion of lipid containing 

20% of soybean oil through the jugular vein increased systemic concentrations of C18:2 and 

PGF metabolite after oxytocin injection (Filley et al., 1999). In contrast, by incorporating more 

omega-3 fatty acids (C20:5 and C22:6) into the tissues, the precursors for PGF2α synthesis are 

reduced. Cows fed fish oil at 2% of dietary DM from 3 wk prepartum calving until parturition 

and at 1.8% of dietary DM during the postpartum period had reduced concentration of PGF 

metabolite around parturition compared to cows fed olive oil at the same inclusion rate for the 

pre and postpartum period (Mattos et al., 2004). In bovine endometrial cells, incubation with 

arachidonic acid increased secretion of PGF2α whereas C20:5 was inhibitory (Mattos et al., 

2003). This illustrates the competition of precursors for processing by the prostaglandin H 

synthase (PGHS) enzymes involved in prostanoid synthesis. The reduced secretion of PGF2α 

observed in cells incubated with C20:5 is likely a result of a shift of the PGHS pathway from 

synthesis of prostanoids from the 2 series to synthesis of prostanoids of the 3 series. In the 

presence of C20:5, less of the arachidonic acid present will be converted to PGF2α. 
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The PGF2α is an important eicosanoid that regulates corpus luteum lifespan and might 

influence retention of fetal membranes and subsequent uterine health (Santos et al., 2008) and 

immunocompetence of the cow (Thatcher et al., 2006) especially around parturition when the 

immune system is suppressed (Goff and Horst, 1997). 

The objective of this dissertation was to evaluate how different dietary fat sources will 

influence fatty acid profile of milk and tissue, production, immunity, hepatic gene expression, 

and metabolism of periparturient dairy cows. 
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CHAPTER 2 
LITERATURE REVIEW 

Fatty Acids Nomenclature 

Just as amino acids are the individual units making up the class of nutrients called 

proteins, so fatty acids are the major individual units of measure of what is broadly called lipids. 

Just as each amino acid has a distinct structure and function in protein building, so each fatty 

acid (FA) has a distinct structure and possibly function in metabolism (Staples et al., 2002). 

Fatty acids are carboxylic acids with a carboxyl group (COOH) at one end and a methyl 

(CH3) group at the other end (Voet and Voet, 2004). The FA may contain no double bond 

(saturated) or contain one or more double bonds (unsaturated). When it contains two or more 

double bonds, it is said to be a polyunsaturated FA (PUFA). Generally the double bonds are 

spaced in the more common FA at intervals of three carbons (Table 2.1). When counting carbons 

in FA, the carboxyl (COOH) carbon is always carbon number 1. Alternatively letters of the 

Greek alphabet are used to refer to specific carbons in a FA. For example, the carbon next to the 

number one (carboxyl) carbon is always called the alpha (α) carbon which is followed by beta 

(β) carbon, gamma (γ) carbon and so on. On the other side, the terminal methyl end (CH3) is 

always designated the omega (ω, the last letter in the Greek alphabet) carbon regardless of the 

length of the FA (See Figure 2.1). This omega system was originated by Holman (Holman, 

1960b). The double bond location is designated by counting carbons beginning at the number 1 

carboxyl carbon. For example, linoleic acid contains 2 double bonds located between carbons 9 

and 10 and 12 and 13 while linolenic acid contains 3 double bonds located between carbons 9 

and 10, 12 and 13, and 15 and 16 (Figure 2.1). In the literature, linoleic acid is referred to as 

C18:2, n-6 (C18:2ω-6) and linolenic acid is referred to as C18:3, n-3 (C18:3ω-3). The “n” refers 
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to the location of the first double bond from the terminal methyl group (omega carbon) (Table 

2.1). 

There are several omega families but the most important are ω-9, ω-6, and ω-3. Each 

family has a parent FA that is converted to other biologically-active acids within the same omega 

family (Figure 2.2). The only parent family that can be made by body tissues is the ω-9 FA, oleic 

acid. The ω-6 and ω-3 parent compounds (linoleic and linolenic acids) cannot be synthesized by 

body tissues and therefore must be in the diet. Thus, linoleic and linolenic acids are regarded as 

essential fatty acids (EFA) because they are required for normal function but cannot be 

synthesized by body tissues. Even though arachidonic acid is synthesized from linoleic acid, it is 

also considered by some researchers as an EFA.  

Fatty Acid Metabolism 

In 1929, Burr and Burr first described a condition characterized by eczema, loss of 

weight, increased water consumption and poor reproduction in rats kept on a fat-free diet. These 

symptoms could be reversed by the addition of certain PUFA, “essential” FA (EFA), to the diet. 

Later on it was recognized that there were at least three major EFA: linoleic, linolenic, and 

arachidonic acid. Linoleic is the most common but not necessarily the most important of the 

three (Alfin-Slater and Aftergood, 1971).  

Linoleic (18:2ω-6) and linolenic (18:3ω-3) acids can undergo further desaturation and 

chain elongation to give two series of derivatives, the ω-6 and ω-3 series (Figure 2.2). The 

enzyme systems involved in these processes appear to have been lost in metazoan evolution even 

though linoleic acid is essential for vertebrate and invertebrate nutrition (Alfin-Slater and 

Aftergood, 1971). The enzymes necessary to synthesize the EFA from nonessential FA are 

present only in plants (Groff et al., 1995). Competitive inhibition occurs between the ω-6 and ω-
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3 series of PUFA and the balance of derivatives is determined by the ratio, 18:2ω-6 and 18:3ω-3 

in the diet. 

Regarding the metabolism of EFA, it is important to emphasize the difference between 

ruminant and monogastric species. In monogastric species, the FA composition of body fat 

reflects the FA composition of the diet. However in ruminants, ingested PUFA are 

biohydrogenated to a large extent by ruminal microorganisms, resulting in a more saturated body 

fat (McDowell, 2000). In a recent review about the effects of dietary FA on incorportation of 

long chain FA and conjugated linoleic acid in lamb, beef and pork meat, Raes et al. (2004) 

reported that an increase in the omega-3 FA content of animal meats can be achieved by 

including fish oil/fish meal in the diet. Diets enriched in linolenic acid resulted in an increased 

concentration of linolenic acid, eicosapentaenoic acid (EPA), and docosapentaenoic acid (DHA) 

in the meat. Increasing DHA content in meat was mainly achieved when fish oil/fish meal was 

included in the animal diet. In most studies, an increased ω-3 FA content in the intramuscular fat 

was accompanied with a decreased ω-6 FA deposition, mainly due to a lower dietary ω-6 FA 

supply among the treatments. This resulted in a more favorable ω-6/ω-3 FA ratio in the meat 

while the PUFA/saturated FA ratio was less affected.  

A South Carolina study (Lundy et al., 2004) used four different oil supplements (2.45% 

soybean oil (SBO), 2.75% calcium salt of SBO, 2.75% amide of SBO or 2.75% of a mixture of 

the calcium salt and amide (80:20 wt/wt) of SBO). Supplements contained similar concentrations 

of C18:2 and C18:3 fatty acids (54.7 and 6.2, 52.2 and 4.6, 52.5 and 4.7, and 51.1 and 4.1 g/100 

g of fat supplement respectively for the treatments cited above). Ruminal biohydrogenation of 

18:2ω-6 ranged from 92 to 95% and did not differ among diets when ruminal biohydrogenation 

was calculated based on the total grams of FA “lost” from the rumen (C18:2 consumed minus 
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C18:2 in omasal flow) as a percentage of FA consumed. Losses of C18:2 and C18:3 from the 

mouth to the duodenum in ruminant species averaged from 80 to 92%, respectively in a data set 

containing more than 100 observations from published studies (Doreau and Chilliard, 1997). 

The EFA can be metabolized by mammalian tissues. In the omega-6 family, linoleic acid 

(C18:2) undergoes desaturation (∆6 - insertion of double bond at carbon number 6) to form γ-

linolenic acid (C18:3ω-6) (Figure 2.2). Then γ-linolenic acid (C18:3 omega-6) undergoes 

elongation (addition of 2 carbons) to produce dihomo-γ-linolenic acid (C20:3 omega-6; member 

of the eicosanoids). This FA is desaturated (∆5 desaturase) and forms arachidonic acid (20:4ω-6) 

that undergoes elongation to form adrenic acid (C22:4) and then another desaturation (∆4) step 

occurs to produce EPA (C22:5, omega-6). The adrenic acid is the precursor of C20:4 omega-6 

and C22:5 omega-6 in rats (Sprencher, 1967). Formation of these fatty acids from linoleic and 

arachidonic acid has been demonstrated in vivo (Mead, 1961; Davis and Coniglo, 1966).  

In the omega-3 family, α-linolenic acid (C18:3) undergoes desaturation (∆6 desaturase) 

to produce C18:4 that elongates and forms C20:4ω-3. This FA is desaturated (∆-5) and forms 

EPA (C20:5). The fatty acids C20:4 ω-3 and C20:5 ω-3 are classified as eicosanoids. The EPA 

elongates and forms C22:5 (member of docosanoids) that undergoes desaturation (∆-4) and 

forms DHA (C22:6) (docosanoids) (Figure 2.2).  The addition of DHA and EPA to a culture of 

mixed ruminal microorganisms from ruminally fistulated Holstein cows caused a reduction in 

C18:1 and C18:2 biohydrogenation compared to cows not fed FA (AbuGhazaleh and Jenkins, 

2004a). Indeed, DHA is the compound in fish oil that promotes vaccenic acid accumulation in 

mixed ruminal cultures when incubated with linoleic acid (AbuGhazaleh and Jenkins, 2004b).  

In the omega-9 family, oleic acid (C18:1) undergoes desaturations and elongations to 

form several fatty acids (Figure 2.2). Eicosatrienoic acid (C20:3ω-9) is important to the 



 

31 

triene:tetraene ratio (C20:3 ω-9/C20:4 ω-6). In addition, the concentration of eicosatrienoic acid 

formed from oleic acid is markedly reduced when the diet is supplemented with linoleic or 

linolenic acid. Holman (1960a), studying the ratio of trienoic-tetraenoic acids in tissue lipids of 

rats fed EFA-deficient diets, proposed the use of the C20:3/C20:4 ratio as a measure of a linoleic 

acid deficiency. Later on, Mohrhauer and Holman (1963) reported that a triene to tetraene ratio 

of 0.4 or less indicated that the animal was ingesting adequate amounts of linoleic acid. The 

ingestion of linoleic acid at 1% of the calories promoted EFA adequacy as judged by the ratio of 

C20:3/C20:4 in rats (Mohrhauer and Holman, 1963), in guinea pigs (Reid et al., 1964), and in 

swine (Sewell and McDowelll, 1966). When ingestion of C18:2 is < 1% of the calories, the 

conversion of linoleic acid to arachidonic acid is depressed, and the synthesis of eicosatrienoic 

acid from oleic acid and from palmitoleic acid (C16:1 omega-7) is increased (Alfin-Slater and 

Aftergood, 1971). Arachidonic acid is approximately three times more effective than linoleic 

acid in preventing deficiency sumptoms since arachidonic acid maintains the C20:3/C20:4 ratio 

below 0.4 when it was fed at 0.3% of calories. However, there are instances when the 

measurement ratio is inappropriate. For example, when the formation of C20:3 is limited owing 

to inactivity of the necessary desaturase or when significant amounts of dietary ω-3 PUFA are 

present in the diet (Sanders, 1988). 

The extent to which the parent EFA is converted to more unsaturated derivatives also 

depends on the affinity of the parent FA for the other metabolic pathways. Chain length and 

degree of unsaturation influences the rate of oxidation of PUFA and affinity for acyl transferases. 

The rate of oxidation of FA decreases with increasing chain length. Thus, linoleic acid is 

oxidized at a faster rate than γ-linoleic or arachidonic acid. However C18:3ω-3 is oxidized at a 

faster rate than C18:2. This may be because C18:3 is not readily incorporated into phospholipids 
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and C20:4 and C22:6 are avidly incorporated into phospholipids and are poor substrates for β-

oxidation (Sanders, 1988). 

The greater activity of arachidonic acid as an EFA was also shown by Alfin-Slater and 

Kaneda (1962) in studies where the effectiveness of arachidonic acid in reducing the elevated 

plasma and liver cholesterol concentration of cholesterol fed-rats was more than twice that of 

linoleic acid. Dietary cholesterol also affects the transformation of linoleic acid to arachidonic 

acid. When cholesterol was fed to rats, a marked decrease in PUFA was observed in liver lipids 

with a virtual disappearance of arachidonic acid from serum (Klein, 1959).  Cholesterol in the 

diet evidently interferes with the enzymes involved in the conversion of linoleic acid to 

arachidonic acid in aortic lecithin since an increase in linoleic acid and dihomo-γ-linolenic acid 

(C20:3) (Alfin-Slater and Kaneda, 1962; Alfin-Slater and Aftergood, 1968) and a decrease in 

arachidonic acid (Morin, 1968) has been reported when cholesterol was fed.  

Species differences exist in the capacity to convert the parent EFA to their longer-chain 

derivative. For example, cats are unable to synthesize C20:4 in sufficient quantities and have a 

requirement for C20:4 because they lack ∆6 desaturase and only can form C20:4 from C18:2 via 

an alternative pathway involving ∆8 desaturation of C20:2 omega-6 (MacDonald et al. 1984). 

Regarding humans, it has been argued that the activity of ∆6 desaturase may be low under 

certain conditions and that this “metabolic block” may be overridden by consuming C18:3 

(Manku et al., 1982). In a study of vegans whose diets are devoid of EFA, Sanders et al. (1978) 

suggested that the conversion of C18:2 to C20:4 occurs readily in man but that of C18:3 into 

C22:6 may be limited by a slow rate of ∆4 desaturation. Indeed, the proportion of C22:6 in 

plasma phospholipids was not increased by additional C18:3 in the diet (Sanders and Younger, 
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1981). Moreover, dietary C20:5 failed to increase the proportion of C22:6 in plasma and 

erythrocyte phospholipids in humans (Von Schacky and Weber, 1985). 

In addition to the species differences, there are sex differences in response to EFA 

deficiency and in EFA requirements. In the original study of Burr and Burr (1929), they 

observed that female rats retained more fat than did males when both were placed on fat-

deficient diets. Later on Greenberg et al. (1950) revealed that the male rat required much greater 

levels of linoleic acid than did the female to prevent deficiency symptoms. The minimum 

linoleic acid requirement of the female rat was estimated as 0.5% of dietary calories whereas that 

of the male rat was estimated as 1.3%. When studying the requirements of the female rat for 

linoleic and linolenic acids, Pudelkiewicz et al. (1968) reported that the FA of female rat tissues 

contained 1.3 – 1.6 times more PUFA than those of male rats. The dietary requirement for the 

hen was estimated at approximately 2% as C18:2 for egg production but only 1% as C18:2 for 

hatchability of fertile eggs (Menge, 1968).  

Fatty Acid Sources 

The availability of fats for feeding to dairy cows is extensive and includes oilseeds, 

rendered fats such as tallow and yellow grease, vegetable oils, mixtures of animal and vegetable 

oils, marine oils, and protected fats (which are modified to reduce their metabolism by ruminal 

microorganisms). The major fatty acid composition of some fat sources is shown in Table 2.2.  

In summary, linoleic acid is found in a variety of plant sources. Soybeans, cottonseeds and 

sunflower seeds as well as corn oil are particularly rich in linoleic acid and are good dietary 

sources. Linolenic acid is found in green leafy forages and linseed (also called flaxseed). 

Flaxseed oil has a high concentration of linolenic acid. Plant oils containing PUFA may be 

protected partially to reduce rumen biohydrogenation in order to deliver more EFA to the small 
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intestine. Fish meal and oil contains high concentrations of EPA and DHA and can provide a 

source of ruminally undegradable protein. 

Effect of supplemental fat on feed intake and production 

In a review by Allen (2000), dry matter intake (DMI) was affected often by the inclusion 

of fat in the diet and it was related to the type of fat as well as the type and amount of forage 

used. The depression in intake was credited to ruminal fill due to inhibition of fiber digestion by 

fat, decreased palatability, and metabolic regulation of DMI by cholescystokinin on brain satiety 

centers, among others. However, no effect of lipid supplementation was detected when protected 

fats were fed at up to 5% of dietary DM (Moallem et al., 2000; Schroeder et al., 2003). Allred et 

al. (2006) reported that cows fed a Ca salt mixture of palm and fish oils at 2.7% of dietary DM 

had similar intake as cows not fed fat or cows fed extruded full-fat soybeans at 5% of dietary 

DM. However, decreased DMI was reported when dairy cows were fed an unprotected mix of 

sunflower and fish oils at 4.5% of dietary DM (Shingfield et al., 2006) or when unprotected fish 

oil was infused ruminally compared to a ruminal infusion of a Ca salt mix of fish and palm oils 

at equal deliveries of fish oil of 145 g/d (Castaneda-Gutierrez et al., 2007).  

Andersen et al. (2008) reported no effect of feeding a highly saturated fat (6.6% of 

dietary DM) or linseeds (16% of dietary DM) from 5 wk prepartum to calving on DMI of Danish 

Holstein dairy cows. When vegetable oils having similar C18:2 but different C16:0, C18:1, and 

C18:3 proportions were fed to early lactating Holstein cows at 2% of dietary DM, DMI was not 

different among treatment groups (Zheng et al., 2005).  In addition, abomasal infusion of canola 

oil (high C18:1), soybean oil (high C18:2), or sunflower oil (high C18:2, low C18:3) did not 

affect DMI of Holstein cows in early lactation (Christensen et al. 1994).   

The PUFA can cause modifications in the ruminal environment and changes in the 

microbial population that result in decreased fiber digestibility and a reduction in DMI (Doreau 
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and Chilliard, 1997). Calcium salts of unsaturated fatty acids prevent rapid modifications of the 

ruminal environment due to the slow release of unsaturated fatty acids (Fotouhi and Jenkins, 

1992). As free unsaturated fatty acids are removed from the free fatty acid pool, Ca salts of 

PUFA will further dissociate to maintain the balance between dissociated and undissociated 

unsaturated fatty acids, which confer ruminal inertness and minimize the fat effect on fiber 

digestion. 

Fat supplementation has had conflicting results on milk yield and composition. Bharathan 

et al. (2008) reported that cows fed fish oil at 0.5% of dietary DM had lower (3.3 vs. 3.6%) milk 

fat concentration and yield of ECM (32.1 vs. 34.5 kg/d) compared to cows fed a control diet 

without fish oil. In contrast, Bu et al. (2007) reported that cows supplemented with soybean oil 

or flaxseed oil at 4% of dietary DM had greater milk yield without milk fat depression compared 

to cows fed a control diet without fat although concentration of milk fat was numerically lower 

for cows fed oil. The difference between the results of Bharathan et al. (2008) and Bu et al. 

(2007) may have been due to the greater feed intake (25 vs. 16 kg/d) by cows used in the 

Bharathan et al. (2008) study. Cows supplemented with Ca salts of conjugated linoleic acid 

(CLA) or Trans monounsaturated fatty acids (MUFA) had similar milk and FCM production to 

that of cows not fed fat (Selberg et al., 2004). Dhiman et al. (2000) reported that cows fed linseed 

oil at 4.4% of dietary DM produced less 3.5% FCM (25.2 kg/d) compared to cows not fed fat 

(29.2 kg/d) or fed linseed oil at 2.2% of dietary DM (30.3 kg/d). Chouinard et al. (1998) reported 

that the degree of unsaturation in the Ca salts made of canola oil (56% C18:1), soybean oil (55% 

C18:2) or linseed oil (51% C18:3) had a linear effect on FCM production with cows fed Ca salts 

of linseed oil producing more FCM (35.2 kg/d) compared to cows fed Ca salts of soybean oil 

(31.4 kg/d) or canola oil (30.1 kg/d). 
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Different fat sources, quantities, and forms (protected vs. unprotected) influence ruminal 

fermentation by microorganisms differently which, in turn, affect milk composition distinctly. 

Trans C18:1 fatty acids produced during microbial biohydrogenation (Pennington and Davis, 

1975) or escaping from microbial biohydrogenation in the rumen and absorbed in the small 

intestine, can directly inhibit de novo synthesis of lipid in the mammary gland.  Ahnadi et al. 

(2002) reported that mammary tissue from midlactation Holstein cows fed a diet of 3% protected 

fish oil had decreased mRNA abundance of lipogenic enzymes such as acetyl CoA carboxylase 

(ACC), fatty acid synthase (FAS), and stearoyl-Coa desaturase.  Accordingly, Piperova et al. 

(2002) reported a reduction in FA synthesized de novo in mammary tissue from cows fed a milk 

fat-depressing diet characterized by increased formation of trans FA in the rumen and greater 

incorporation of trans FA into milk fat.  In addition, the reduction in de novo synthesis of lipid in 

the mammary gland was consistent with a reduction in ACC and FAS activity and ACC mRNA 

relative abundance.  

Cows fed fish oil at an increasing rate of 0.33, 0.67, and 1.00% of dietary DM with 

soybeans to provide the balance of 2% added fat in the diet had lower milk fat compared to cows 

fed a control diet without fat supplement (Whitlock et al., 2006). Moate et al. (2008) reported a 

positive quadratic relationship between intake of fish oil fatty acids and production of total trans 

octadecenoic acids, with the maximum production of the trans isomers occurring with an intake 

of approximately 350 g/d of fish oil fatty acids. 

Abughazaleh et al. (2003b) reported that cows fed diets enriched in C18:2 (1% fish oil 

plus 4.3% sunflower seeds) tended to have lower (P = 0.08) milk fat concentration (2.64 vs. 

3.09%) compared to cows fed diets enriched in C18:3 (1% fish oil plus 5% flax seeds).  They 

also reported that cows fed a supplemental C18:1 source (sunflower seeds) tended to have a 
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lower milk fat concentration (2.74%) compared to cows fed supplemental C18:3 or C18:0 

(3.10%).  

Conflicting results on the effect of fat supplementation on DMI and milk yield are due to 

several differences among experiments such as proportion of fat in the diet, protection of the fat, 

degree of saturation of the fatty acids, source of fat, stage of lactation of the animal.  

Effect of Supplemental Fat Source on Fatty Acid Profile 

Milk 

Milk fat contains fatty acids derived from de novo synthesis by the mammary gland (C4:0 

to C14:0 plus a portion of C16:0) and from mammary uptake of preformed fatty acids (a portion 

of C16:0 and all longer chain fatty acids). Source of fat supplement affects some of the short and 

medium chain fatty acids synthesized. 

Fat source, time of initiation of the supplementation, inclusion rate, length of 

supplementation, and biohydrogenation extent will differentially affect the incorporation of the 

long chain fatty acids into milk fat of dairy cows.  

The PUFA are biohydrogenated by ruminal microorganisms to a great extent. Loor et al. 

(2004; 2005a) reported that the ruminal biohydrogenation of C18:3 ranged from 93.2 to 97.1% 

when linseed oil was supplemented in the diet from 3 to 6% of dietary DM.  Harvatine and Allen 

(2006a) reported that the extent of biohydrogenation of C18:2 in diets containing fat supplements 

differing in saturation varied from 84.5 to 86.6%.  Even though most of the dietary C18:2 was 

likely biohydrogenated by ruminal microorganisms, some was escaping, being absorbed in the 

small intestine, and incorporated in milk fat.  

Lundy et al. (2004) reported that ruminal biohydrogenation of linoleic acid averaged 95% 

for unprotected soybean oil and 92% for the Ca salts of soybean oil leading to an additional 14 

g/d of C18:2 delivered to the omasum. Harvatine and Allen (2006a) supplemented Ca salts of 
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unsaturated fatty acids and used a kinetic approach to estimate the extent of ruminal 

biohydrogenation in lactating cows. They reported that protection of the 18-carbon PUFA from 

biohydrogenation was minimal in a commercial source of protected fat (Ca salts of fatty acids). 

Likewise in sheep, Fotouhi and Jenkins (1992) observed the extent of ruminal biohydrogenation 

of linoleic acid was 93% for free linoleic acid and 95% for Ca salts of linoleic acid and did not 

differ among treatments. Despite the extensive biohydrogenation of C18:2 in the rumen, 

sufficient quantities left the rumen to increase the C18:2 concentration in milk fat. 

Kalscheur  et al. (1997) fed a high oleic acid sunflower oil and a partially hydrogenated 

vegetable shortening enriched in trans C18:1 to lactating dairy cows at 3.7% of dietary DM.  

Concentration of cis C18:1in milk fat was 28.5% and 25.9% for cows fed sunflower oil and 

shortening respectively with a SEM of 1.0%. An increased concentration of C18:1 trans isomers 

in milk fat was reported when Holstein cows were supplemented with C18:1 trans isomers 

(Griinari et al., 1998; Selberg et al., 2004) or infused abomasally with C18:1 trans isomers 

(Romo et al., 2000).  Cows fed Megalac-R (2.5% of dietary DM) had greater concentration of 

C18:2 in milk fat compared to cows fed a saturated fat supplement (3.7 vs. 2.6%) (Harvatine and 

Allen, 2006b).  In contrast, Kelly et al. (1998) reported that cows fed sunflower oil (69.4% 

C18:2) had less C18:2 in milk fat compared to cows fed linseed oil (LSO) (51.4% C18:3) but 

greater than cows fed peanut oil (51.5% cis-9 C18:1).  Even though most of the dietary C18:2 

was likely biohydrogenated by ruminal microorganisms, some was escaping, being absorbed in 

the small intestine, and incorporated in milk fat. Mid lactation dairy cows fed extruded soybeans 

at 2% of dietary DM had a greater concentration of C18:2 in milk fat compared to cows fed fish 

oil at the same proportion of the diet (AbuGhazaleh et al., 2002). When lactating dairy ewes 

were supplemented with sunflower oil at a greater proportion (6% of dietary DM), concentration 
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of C18:2 in milk fat increased (3.76 vs. 2.87%) compared to ewes fed a control diet without fat 

(Hervás et al., 2008). Ponter et al. (2006) reported that cows fed extruded linseed (2 kg/cow/day) 

had increased concentrations of C18:3 in milk fat.  Midlactation cows fed linseed oil at 5.3% of 

dietary DM had greater concentration of C18:3 in milk fat compared to cows fed sunflower oil 

(69.4% C18:2) (Kelly et al., 1998).   

Concentration of C20:5 and C22:6 in milk fat are strongly and positively related to the 

intake of fish oil fatty acids (Moate et al., 2008). Bharatan et al. (2008) reported a slight increase 

in concentration of C20:5 and a tendency (P = 0.07) for increasing C22:6 in milk fat of cows fed 

fish oil at 0.5% of dietary DM. Similarly, Shingfield et al. (2006) reported that cows fed fish oil 

at 1.5% of dietary DM had greater concentration of C20:5 and C22:6 in milk fat compared to 

cows fed a control diet. In contrast, Bilby et al. (2006c) reported only increased concentrations of  

C22:6 in milk fat of cows fed a Ca salt of palm and fish oils compared to cows fed whole 

cottonseed but no treatment effect on concentration of C20:5 in milk fat was detected.  

The cis-9, trans-11 CLA isomer is produced endogenously (Griinari et al., 2000) by a delta 

9 desaturase in the mammary gland directly from the C18:1 trans-11 isomer (about 80% of milk 

fat cis-9, trans-11 CLA originates endogenously from C18:1 trans-11; Mosley et al., 2006). 

Researchers have reported that the C18:1 trans-11 isomer is the major trans isomer in ruminal 

fluid (Loor et al., 2005a) and in duodenal digesta (Piperova et al., 2002; Loor et al., 2004). 

Linoleic acid can be converted to trans-10 cis-12 CLA when ruminal ruminal pH is more acidic 

(Griinari et al., 1998; Bauman and Griinari, 2003; Loor et al, 2004). Harvatine and Allen (2006b) 

also reported an increase in trans-10, cis-12 CLA in milk fat of cows fed Megalac-R. 

 AbuGhazaleh et al. (2002) reported no effect of fish oil supplementation on proportion 

of cis-9, trans-11 CLA in milk fat but concentration of trans-10, cis-12 CLA was increased 
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compared to cows fed extruded soybeans. Bharathan et al. (2008) reported a 47% increase in 

total CLA concentration in milk fat of cows fed fish oil (0.5% of dietary DM) compared to cows 

not fed fish oil. Juchem et al. (2008) fed Ca salts of fish and palm oils or tallow at 0.95 and 

0.90% of dietary DM, respectively, for the first 25 DIM and at 1.90 and 1.80% thereafter until 

145 DIM. Cows supplemented with Ca salts of fish and palm oil had greater concentration of cis-

9, trans-11 CLA in milk fat (0.76 vs. 0.53%) compared to cows fed tallow. Ruminal infusion of 

fish oil at 1.2% of dietary DM (276 g of menhaden oil) increased 5 fold the concentration of cis-

9, trans-11 CLA in milk fat compared to those fed a control diet without fat (Loor et al., 2005b). 

Lipid supplementation can be used to improve the quality of the human diet. The n6/n3 

fatty acid ratio present in the diet of industrial societies has increased as a result of the greater 

consumption of vegetable oils rich in n-6 fatty acids and a reduced consumption of fish and plant 

sources of n-3 fatty acids (Connor, 2000).  This shift has been associated with coronary heart 

disease and other human ailments (Simopoulos, 2004).  Reduction of the n6/n3 ratio in milk fat 

is a potential strategy to improve the quality of the human diet. 

Cows infused with linseed oil into the duodenum (500 g/d) or fed linseed at 6.7% of 

dietary DM had a lower ratio of n6/n3 in milk fat compared to animals fed a mixture of linseed 

and fish oil or Ca salts of palm oil (Petit et al., 2002).  Petit (2003) reported that the n6/n3 fatty 

acid ratio in milk fat also was reduced in mid to late lactation Holstein cows that were fed a diet 

enriched in C18:3 (flaxseed supplementation) compared to cows fed a diet enriched in C18:2 

(sunflower seed supplementation).  

In summary, despite the greater ruminal biohydrogenation of the fatty acids, lipid 

supplementation is an important nutritional tool to manipulate milk fatty acids. 
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Plasma 

Phospholipids and cholesteryl esters are the major components of blood lipid and account 

for about 95% of the total lipids in plasma of ruminant animals. Lipids are transported in plasma 

in the form of lipoproteins for metabolism at various sites in the body. Plasma lipid composition 

collected from any given site in the body will be dependent on the extent of metabolism 

(Christie, 1981).  Triglycerides and free fatty acids represent <5% and 1% of total plasma lipid, 

respectively (Christie, 1981). Polyunsaturated fatty acids that escape ruminal biohydrogenation 

are preferentially converted to the plasma cholesteryl esters and phospholipids (Christie, 1981). 

The latter two fractions are the most active metabolically, supplying fatty acids to many other 

organs (e.g. mammary gland and adipose tissue). This appears to account for the comparatively 

low proportions of PUFA reaching the mammary gland and adipose tissue (Christie, 1981).  

Plasma cholesteryl esters and phospholipids have comparatively slow turnover, whereas 

triglyceride and free fatty acids fractions have a rapid turnover and supply fatty acids to other 

tissues such as the mammary gland and adipose tissue (Christie, 1981). Therefore, the profile of 

fatty acids of plasma triglycerides represents the profile of fatty acids available to the mammary 

gland. Although the most abundant single fatty acid circulating in plasma of lactating dairy cows 

is linoleic acid (up to 55% of total fatty acid), less than 1% of this is in the triglyceride form 

which is available for milk fat incorporation.  The specific transfer of this fatty acid to the plasma 

phospholipids and cholesteryl esters may be a mechanism for conserving it for the essential 

functions elsewhere in the animal (Christie, 1981). 

Abomasal infusion of C18:1 trans fatty acids increased to a greater extent the 

concentration of C18:1 trans fatty acids in plasma compared to cows infused with high oleic 

sunflower oil (Gaynor et al., 1994).   
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Interestingly, the proportion of PUFA in plasma lipid is about 9 fold greater than in milk 

fat and C18:2 makes up about 44% of total identified FA in the plasma which is in the range 

reported by other researchers of up to 55% (Christie, 1981; Petit, 2003; Harvatine and Allen, 

2006b). Petit (2003) reported that mid lactation cows (29 wk postpartum) fed flaxseeds had 

greater concentrations of C18:3 and C20:5 and a lower n-6/n-3 ratio in plasma compared to cows 

fed sunflower seeds; however, concentrations of C20:3 and C20:5 were not affected.  Gonthier et 

al. (2005) reported that cows fed flaxseeds had a greater concentration of C18:3 in plasma 

compared to cows fed a control diet without flaxseeds.  Loor et al. (2005a) reported that cows 

fed linseed oil had an increased concentration of C18:3 in plasma compared to cows fed 

sunflower oil but concentrations of C20:3 and C20:5 were not different.  Ponter et al. (2006) also 

reported an increase in plasma concentration of C18:3 of cows fed linseed oil.  Interestingly, 

linseed oil supplementation reduced the plasma concentration of C22:5 and C22:6 compared to 

sunflower oil.  Linseed oil shifted the proportion of unsaturated fatty acids to n-3 fatty acids at 

the expense of n-6, primarily C18:2.  

Zheng et al. (2005) reported that cows fed a control diet without supplemental fat had 

lower total lipid content in plasma (1.2 mg/mL) compared to cows fed supplemental oils at 2.1% 

of dietary DM (cottonseed (2.8 mg/mL), soybean (2.9 mg/mL), or corn (2.8 mg/mL)). Childs et 

al. (2008) fed crossbred beef primiparous cows increasing amounts of a partially rumen protected 

fish oil at 0, 1.04, 2.08 and 4.15% of dietary DM and reported a linear increase in the 

concentration of C20:5 and C22:6 in plasma. 

Lipid supplementation affects plasma fatty acids moderately. The change in specific fatty 

acids in plasma will likely relate to the inclusion of the fat in the diet, protection of the fat, and 

stage of lactation among others. 
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Liver 

Concentration of total lipid in liver ranges over time from 10 to 40% (DM basis) (Rouser 

et al., 1969; O’Kelly and Reich, 1975; Grum et al., 1996; Dann et al., 2005).  Hepatic lipid 

composition in the early postpartum period can be altered by prepartum diets or by the extensive 

mobilization of body fat around parturition (Drackley et al., 2001).  Grum et al. (1996) reported 

that dietary fat supplementation during the nonlactating period was associated with decreased 

accumulation of peripartum hepatic lipid.  However, reduced DMI and loss of BCS in cows fed 

fat prepartum reduced the benefit of feeding supplemental fat during the prepartum period.  Later 

the same laboratory (Douglas et al., 2004) reported that feeding supplemental fat during the 

nonlactating period did not affect peripartal lipid accumulation in liver and suggested that there 

was little clear benefit (or detriment) to peripartal health. The decrease in peripartal 

concentrations of total hepatic lipid in the earlier study seemed unlikely to be attributable directly 

to the supplemental fat used in that study.  However, Grum et al., (1996) fed fat at 6.5% of the 

dietary DM whereas Douglas et al. (2004) fed at 4% of the dietary DM.  Recently Douglas et al. 

(2006) reported that cows fed supplemental fat at 4% of dietary DM during the far–off dry period 

(60 d before expected parturition) and at 3.6% of the dietary DM during the close-up dry period 

(2 wk before expected parturition) tended (P < 0.10) to have lower accumulation of hepatic lipid 

than cows fed a control diet without fat. 

Five fatty acids combine to make up over 90% (DM basis) of the identified fatty acids in 

liver fat of lactating dairy cows: C16:0, C18:0, C18:1, C18:2, and C20:4 (Rukkwamsuk et al., 

1999; 2000; Moussavi et al., 2007a). Proportions of the various fatty acids in the liver are 

influenced basically by the liver uptake of fatty acids from the circulating blood and to a lesser 

extent by their metabolism, i.e., de novo synthesis, desaturation and chain elongation of fatty 
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acids within the liver (Sato el al., 2004). Synthesis (Emery et al., 1992) as well as desaturation 

(Bell, 1981; John et al., 1991) of fatty acids are limited in the ruminant liver. 

Fat supplementation influences the pool of fatty acids that are taken up by the liver. Cows 

fed fish meal at 5% of dietary DM from 5 to 50 DIM had a greater concentration of C22:6 in 

liver samples taken at 21 DIM compared to cows not supplemented with fish meal but no 

differences among treatments were detected for hepatic concentrations of C20:5 (Moussavi et al., 

2007).  Nevertheless, the n6/n3 ratio in the liver was lowered for cows fed fish meal at 5% of 

dietary DM. Bilby et al. (2006c) reported that cows fed Ca salts of palm and fish oil at 1.9% of 

dietary DM from 17 DIM until 94 ± 12 DIM had greater hepatic concentration of C20:5 and 

C22:6 than cows fed whole cottonseed. 

Concentration of fatty acids in the liver will likely be influenced by stage of lactation 

mainly due to mobilization of adipose tissue to support milk yield. However, lipid 

supplementation influences the uptake of fatty acids by the liver and the response of lipid 

supplementation depends on the proportion of fat in the diet, the protection of the fatty acid, and 

stage of lactation. More studies are needed to investigate the effects of lipid supplementation on 

the uptake of fatty acids by the liver. 

Caruncle 

The predominant fatty acid in the endometrium of dairy (Bilby et al., 2006c) and beef 

cows (Burns et al., 2003) is C18:0, followed by cis-9 C18:1, C16:0, C18:2, and C20:4  

 Bilby et al. (2006c) reported that cows fed a Ca salt mix of palm and fish oils had greater 

incorporation of C20:5 (0.10 vs. <0.01%) and C22:6 (1.42 vs. 0.92%) in the endometrium of 

lactating dairy cows. Similarly, Childs et al. (2008) fed crossbred beef primiparous cows 

increasing amounts of a partially rumen-protected fish oil at 0, 1.04, 2.08 and 4.15% of dietary 

DM and reported a linear increase in the concentration of C20:5 and C22:6 in endometrial tissue 
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collected at slaughter. In addition, Mattos et al. (2004) reported a 7 and 5 fold increase in the 

concentration of C20:5 and C22:6 in the caruncle of dairy cows fed fish oil at 2% of dietary DM 

during the last 3 wk prior to calving. Fish meal supplementation at 1.25, 2.5, or 5% of dietary 

DM or Ca salts of fish oil at 2.3% of dietary DM increased endometrial composition of C20:5 

and C22:6 as much as 3-fold compared to control cows fed no fish products (Moussavi et al., 

2007). 

Fish oil or meal supplementation increases the concentration of C20:5 and C22:6 in 

caruncle of dairy and beef cows. 

Effect of Supplemental Fat Source on Hormones and Metabolites  

Prostaglandin F2α 

Lipid supplementation can affect hormones and metabolites directly or indirectly by 

changing the fatty acids in the membrane of tissues that synthesize hormones, by affecting 

animal metabolism or by affecting gene expression. 

Arachidonic acid is the precursor of PGF2α secreted by the endometrium. Fat sources 

enriched in omega-6 fatty acids likely increase prostaglandin concentrations in plasma. Infusions 

of lipids have shown positive effects on PGF Metabolite (PGFM) concentrations in plasma. 

Ewes infused with either soybean oil (50% C18:2) or olive oil (16% C18:2) had greater serum 

PGFM concentrations than ewes infused with saline (Burke et al., 1996). In postpartum beef 

primiparous cows, infusion of lipid containing 20% soybean oil through the jugular vein 

increased systemic concentrations of C18:2 and PGFM after oxytocin injection (Filley et al., 

1999).  

In contrast, supplementation of lipids enriched with omega-3 fatty acids has shown 

positive or negative effects on PGFM. Parturition is a proinflamatory process which is 

characterized by an increased secretion of PGF2α by the endometrium. In order to test the 
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concept that fish oil fatty acids reduce PGF2α secretion by the endometrium using the natural 

challenge of parturition, Mattos et al. (2004) fed pregnant cows fish oil or olive oil at 2% of 

dietary DM from – 3 wk relative to calving until parturition and at 1.8% of dietary DM during 

the postpartum period. Cows fed fish oil had reduced concentration of PGFM in the first 2.5 

DIM compared to cows fed olive oil. Fish meal supplementation to dairy cows at 2.6, 5.2, or 

7.8% of dietary DM reduced PGFM response after an oxytocin challenge (Mattos et al., 2002).   

Several others have reported reduced concentration of PGFM when dairy cows were fed 

supplemental fish meal (Thatcher et al., 1997), whole flaxseed (Petit et al., 2004), or fish oil 

(Petit et al., 2002). In contrast, Moussavi et al. (2007) reported that fish meal supplementation 

from 5 to 50 DIM did not affect PGFM after an oxytocin challenge carried out at 49 DIM. 

Similarly, Wamsley et al. (2005) observed that fish meal supplementation had no effect on the 

secretion of PGF2α in nonlactating primiparous cows having normal progesterone concentrations 

but decreased PGF2α in those having reduced progesterone concentration. 

Although in vitro studies have documented that ω-3 fatty acids C20:5 and C22:6 are very 

potent inhibors of PGFM secretion by bovine endometrial cells, effects of lipid supplementation 

on PGFM secretion in vivo have had conflicting results mainly due to different methodologies 

used such as oxytocin challenge during mid-lactation vs. parturition as the natural challenge, 

infrequent blood sampling, low inclusion of fat in the diet, etc. More studies are needed to 

investigate the effects of lipid supplementation on PGFM.  

Progesterone 

Fat supplementation to cattle has consistently increased plasma concentrations of 

cholesterol (Ryan et al., 1992; Hawkins et al., 1995; Staples et al., 1998). Cholesterol is a 

precursor for the synthesis of progesterone by ovarian cells (Grummer and Carrol, 1991). Childs 

et al. (2008) reported that the overall mean concentration of progesterone in plasma of beef 
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primiparous cows fed a diet of 4.15% rumen-protected fish oil was greater during the 16 d of the 

estrous cycle than that of primiparous cows fed the fish oil at 1.04% of dietary DM. Authors 

attributed this increase to increased concentration of plasma cholesterol and a larger CL on day 7 

of the cycle. The hypercholesterolemia may increase CL steroidogenesis which in turn increases 

progesterone concentrations in plasma. Fat feeding not only increased plasma progesterone 

concentration but also reduced progesterone clearance (Hawkins et al., 1995). Staples and 

Thatcher (2005) summarized the effects of fat supplementation on the size of the dominant 

follicle and reported an average increase of 3.2 mm (23%) in the dominant follicle of cows fed 

supplemental fat compared to control cows not fed fat. A larger dominant follicle will form a 

larger CL which in turn synthesizes more progesterone (Vasconcelos et al., 1999; Sartori et al., 

2002). Other researchers (Bilby et al., 2006b, Moussavi et al., 2007) reported no effect of fish oil 

supplementation on plasma concentration of progesterone of dairy cows. It is important to 

emphasize that the differences in the response to fat supplementation is likely due to the 

proportion of fat in the diet, duration of fat feeding, time of initiation of fat feeding, stage of 

lactation, or days of the estrous cycle, all of which could influence the uptake of the fatty acids 

by the tissues as well as their turnover.  

Lipid supplementation has shown to increase progesterone concentrations. However, 

more studies are needed to evaluate the effects of specific fatty acids on progesterone 

concentrations of dairy cows. 

Growth hormone and IGF-1 

Nutrient partitioning for lactogenesis is mediated and sustained by alterations in the GH-

IGF axis.  Under physiological conditions, pituitary-derived GH induces hepatic synthesis of 

IGF-1 via receptor-mediated signaling (Bichell et al., 1992) and consequently systemic IGF-1 

negatively regulates GH production (Le Roith et al., 2001).  However, in situations of high 
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nutrient demand from the body such as after parturition, the state of NEB uncouples the GH-IGF 

axis in the liver (Thissen et al., 1994). This is associated with a reduction in total circulating IGF-

1 and elevated GH concentrations (Vanderhaar et el., 1995).  Severe NEB reduces plasma 

concentrations of IGF-1 and hepatic expression of IGFBP-3 compared to mild NEB (Fenwick et 

al., 2008). Almost all IGF secreted from the liver circulates as a bound complex and the majority 

of it (> 90%) is associated with IGFBP-3 (Clemmons, 1997).  The IGFBP-3 is produced mainly 

in the liver and is the major transporter of IGF-1 in the peripheral circulation (Burger et al., 

2005). The increase in IGFBP-3 mRNA expression in the liver prevented IGF-1 degradation and 

potentially increased availability to other tissues by providing a reservoir of IGF-1 (Boisclair et 

al., 2001).  Li et al. (1999) reported that rats fed omega-3 fatty acids had greater concentrations 

of IGFBP-3 in plasma compared to rats fed omega-6 fat or a no-fat control diet.  Castanheda-

Gutierrez et al., (2007) reported an increase in the concentrations of IGF-1 in plasma of cows fed 

CLA (7.1 g/d of each of the cis-9, trans-11 and trans-10, cis-12 isomers) compared to cows not 

fed fat but the mechanism by which CLA increases IGF-1 is unknown.  During NEB in early 

lactation the liver is refractory to GH, resulting in low concentrations of circulating IGF-1, but 

greater insulin availability restores coupling of the GH-IGF-1 axis increasing circulation of IGF-

1 (Butler et al., 2003). Castanheda-Gutierrez et al. (2007) speculated that the effects of CLA to 

increase plasma IGF-1 in lactating cows may be mediated by subtle changes of hepatic 

sensitivity to insulin. Robinson et al. (2002) reported that cows fed nonenzymatically browned 

full fat soybeans had greater concentrations of IGF-1 around the time of peak surge in LH 

compared to cows not supplemented with fat or those fed linseeds but there was no effect of fat 

source on insulin concentrations in plasma. Low circulating concentration of IGF-1 has been 

reported for cows fed prilled saturated fat (Grum et al., 1996; Beam and Butler, 1998) and young 
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primiparous cows fed a high linoleic acid (sunflower seeds) diet compared to animals not fed 

supplemental fat (Garcia et al., 2003).  In contrast, fat supplementation did not affect IGF-1 in 

plasma of lactating primiparous cows after 4 h of canola oil and oleamide feeding (DeLuca and 

Jenkins, 2000), or Holstein cows infused postruminally from d 17 before expected calving date 

to d 21pospartum (Gagliostro et al., 1991).  The discrepancy in the effects of lipid 

supplementation on IGF-1 concentration might be due to differences in the fat source, 

physiological state of the animal, and concentration of fat in the diet. More studies are needed to 

examine the relative importance of these factors. 

Concentrations of IGF-1 in plasma may be a good indicator to monitor reproductive 

responsiveness to postpartum dietary treatments in high production dairy cows (Thatcher et al., 

2006). If feeding PUFA increases IGF-1 concentration in plasma with increasing DIM early 

postpartum, this may stimulate estradiol secretion by the thecal and granulosa cells of the follicle 

and consequently promote cell proliferation and follicular growth. At timed AI (~ 79 DIM), the 

size of the dominant follicle was increased and CL volume was larger in cows fed PUFA 

compared to cows fed MUFA (Bilby et al., 2006a). Becú-Villalobos et al. (2007) reported no 

differences in plasma concentrations of GH of cows fed partially hydrogenated fat compared to 

cows fed no supplemental fat.  The lack of response of GH to fat supplementation has been 

reported in beef cattle fed 0 or 7.8% sunflower seeds (sampled every 28 d, Lammoglia et al., 

2000), beef cattle fed 0 or 1.55 kg/d of safflower seeds (Bottger et al., 2002) and dairy cows fed 

diets of 0, 4.5, 9.0, 13.2, or 17.4% canola seeds (Khorasani et al., 1992).  However, other 

researchers have shown an increase in GH concentration in plasma of late lactation cows infused 

with 1 kg/d of rapeseed oil into the abomasum (Gagliostro et al., 1991) or mid lactation cows fed 

Energy Booster at 3% of dietary DM (Grum et al., 1996). Feeding a mixture of Ca salts of palm 
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oil and fish oil did not increase plasma concentrations of GH of lactating dairy cows when 

injections of bST were not given (Bilby et al., 2006a). However when cows were injected with 

bST, cows fed the supplemental fat had a greater rise in plasma concentrations of GH compared 

to cows fed whole cottonseeds (Bilby et al., 2006a). 

Glucose 

Glucose concentrations in plasma are not usually affected by fat supplementation (Staples 

et al., 1998). Selberg et al. (2004) reported that supplementation of Ca salts of CLA or trans-

octadecenoic acid isomers did not affect plasma concentrations of glucose compared to cows fed 

no supplemental fat. Similarly, Moallem et al. (2007) reported that supplementation with 

saturated or unsaturated fat did not affect concentration of plasma glucose prepartum (65.4 vs. 

66.1 mg/dL) or postpartum (59.7 vs. 59.7 mg/dL). However Andersen et al. (2008) reported that 

cows fed whole linseeds (16% of dietary DM) prepartum had lower concentrations of plasma 

glucose postpartum compared to cows not fed fat or those fed a saturated fat source. On the other 

hand, Moussavi et al. (2007a) reported that cows fed fish meal at 5% of dietary DM or Ca salts 

of a mix of palm oil and fish oil at 2.3% of dietary DM from 5 to 50 DIM had greater 

concentration of glucose in plasma (57.6  and 57.3 mg/dL, respectively for fish meal and Ca salts 

of palm and fish oil) than cows fed fish meal at 2.5% of dietary DM (51.1 mg/dL) or a control 

group not fed fat (53.4 mg/dL) but did not differ from cows fed fish meal at 1.25% of dietary 

DM (55.3 mg/dL). The authors attributed the increase in plasma glucose to a greater production 

of propionate in the rumen of cows fed fish oil as reported by others (Wachira et al., 2000 and 

Fievez et al., 2003). Since propionate is the single most important substrate for gluconeogenesis 

in ruminants (Drackley et al., 2001), fish oil apparently shifts ruminal fermentation by decreasing 

methanogenesis that conserves energy and yields more propionate (Fievez et al., 2003). These 

http://jds.fass.org/cgi/content/full/90/1/136#DRACKLEY-ETAL-2001�
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effects seemed to be determined by the amount of the unique PUFA (i.e., EPA and DHA) present 

in fish oil products rather than simply by the total amount of PUFA fed.  

More studies are required to evaluate the effects of lipid supplementation on concentration 

of glucose in plasma of dairy cows. 

Insulin 

Concentration of plasma insulin usually reflects energy intake. It increases gradually as 

days postpartum increase and as DMI of dairy cows increase.  Fat supplementation has had 

mixed results on circulating concentration of plasma insulin (Staples et al., 1998).  In studies in 

which fat supplementation depressed plasma insulin (8 out of 17 studies reviewed by Staples et 

al., 1998), the diet and day differences were eliminated when energy balance was used as a 

covariate in the statistical model suggesting that insulin differences among diets were due to 

differences in EB. In rodents, feeding n-3 long chain PUFA (4.9% fish oil), as compared to a 

high fat diet, lowered concentrations of plasma insulin by sustaining glucose transporter protein 

GLUT4 receptors in the muscle, by preventing decreased expression of GLUT4 in adipose 

tissue, and by inhibiting both activity and expression of liver glucose-6-phosphatase that 

increased glucose uptake and metabolism (Delarue et al., 2004). Xiao et al. (2006) reported that 

different fatty acid profiles affected glucose-induced insulin secretion in humans differently.  

Mashek et al. (2005) reported that cows infused intravenously with linseed oil had a lower 

insulin concentration in plasma compared with cows intravenously supplied with tallow.  Cows 

fed whole linseed prepartum (16% of dietary DM) had reduced concentrations of plasma insulin 

prepartum compared to cows fed a saturated fat (6.6% of dietary DM) or no fat diet from 5 wk 

relative to calving until parturition (Andersen et al., 2008).  In addition, feeding a Ca salt mixture 

of palm and fish oils reduced insulin concentration in plasma of dairy cows (Bilby et al., 2006c).  
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Interpretation of effects of lipid supplementation on plasma insulin should be cautions and 

EB should be included in the model (Staples et al., 1998). 

Nonesterified fatty acid 

When the energy needed for maintenance and lactation is greater than the energy provided 

in the diet, the dairy cow will begin to mobilize her body fat stores to lessen the energy deficit.  

Hormone sensitive lipase (HSL) is a key enzyme in the mobilization of fatty acids from the TG 

in adipose tissue (Holm et al., 2000).  Hormone sensitive lipase is dephosphorylated and 

inactivated by insulin whereas an increment in the cAMP concentration and activation of protein 

kinase A by glucagon, epinephrine, and ACTH promote phosphorylation of HSL (Holm et al., 

2000) which is activated when translocated from a cytosolic compartment to the surface of the 

lipid droplet (Egan et al., 1992; BrasaemLe et al., 2000).  A second enzyme, adipose triglyceride 

lipase (ATGL), catalyzes the initial step in triglyceride (TG) hydrolysis (Zimmermann et al., 

2004).  Thus, ATGL and HSL coordinately catabolize stored TG in adipose tissue of mammals 

(Zimmermann et al., 2004).  Nonesterified fatty acids (NEFA) are released into the blood from 

adipose tissue and transported to hepatic and non-hepatic tissues. 

Gavino and Gavino (1992) studied the HSL-mediated release of fatty acids from TG in 

cultured preadipocytes containing PUFA-enriched triglyceride. They found that cultured 

preadipocytes challenged with 10 µM of norepinephrine tended to release more omega-6 and 

omega-3 PUFA than saturated fatty acids.  Indeed, crude preparations of HSL released C18:3 

from the TG substrates twice as fast as cis-9 C18:1.  Raclot et al. (2001) evaluated the fatty acid 

specificity of HSL in lipid emulsions and reported that HSL is slightly affected by the degree of 

unsaturation of the fatty acid in the TG.  Thus, this selectivity could affect the individual fatty 

acid supply from the tissues (Raclot, 2003).  
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In a review of 50 treatment comparisons, Chilliard (1993) reported an average increase in 

concentration of plasma NEFA of 41 μM (P < 0.005) over controls when supplemental fat was 

fed.  Likewise, Drackley (1999) reported an average increase in concentration of plasma NEFA 

of 81 μM over controls when supplemental fat was fed after reviewing seven studies.  This 

increase due to dietary fat supplementation is much less than what is typically observed during 

the transition period when NEFA concentrations may increase up to 1 mM or more (Grummer, 

1993). 

Selberg et al. (2004) reported that cows fed a CLA supplement had greater concentrations 

of NEFA in plasma at wk 1 postpartum compared to cows fed trans fatty acids or a control diet 

without fat.  However, Baumgard et al. (2000, 2002) showed little or no effect of supplemental 

CLA on plasma NEFA concentrations.  Moallem et al. (2007) reported no effect of saturated or 

unsaturated fat supplementation to lactating dairy cows on concentrations of NEFA in plasma 

(588 vs. 600 µEq/L). Fish meal or Ca salts of palm and fish oil supplemented to multiparous 

Holstein cows from 5 to 50 DIM did not affect concentration of NEFA in plasma (Moussavi et 

al., 2007). In contrast, Petit et al. (2007) reported that multiparous cows fed saturated fat at 1.7 

and 3.5% of dietary DM pre and postpartum respectively had greater concentration of NEFA in 

plasma compared to multiparous cows fed whole flaxseed at 3.3 and 11.0% of dietary DM 

during the pre and postpartum period, respectively, but diets had no effect on concentration of 

NEFA in plasma of primiparous cows (parity by treatment interaction). 

In summary, lipid supplementation increases NEFA. However, the effects fat sources 

enriched in different fatty acids on concentrations of NEFA in plasma of dairy cows merits 

further investigation.  
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Effect of Supplemental Fat Source on Health and Immunity 

Uterine Health 

Uterine function is often compromised by bacterial contamination of the uterine lumen 

after parturition. Pathogenic bacteria frequently persist, causing uterine disease, a key cause of 

infertility (Sheldon and Dobson, 2004). Bacteria can be cultured from samples collected from the 

uterine lumen of most dairy cattle in the first 2 wk after parturition in many situations. Although 

many cows eliminate these bacteria during the first 5 wk after parturition, persistence of bacterial 

infection causes uterine disease detectable by physical examination in 10 to 17% of animals (Le 

Blanc et al., 2002). The presence of pathogenic bacteria in the uterus causes inflammation, 

histological lesions of the endometrium, delays in uterine involution, and perturbs embryo 

survival (Sheldon et al., 2006). Thus, uterine disease is associated with lower conception rates, 

increased intervals from calving to first service or conception, and more cattle culled for failure 

to conceive.  

During parturition, eicosanoids are produced in substantial quantities and play an 

important role in the regulation and control of parturition, and expulsion of the placenta and 

uterine contents through opening of the cervix and contractions of the uterus (Santos et al., 

2008). Prostaglandin F2α is an important eicosanoid involved in the regulation of CL lifespan and 

likely influences retention of fetal membranes and consequently uterine health. Arachidonic acid 

(C20:4, ω-6) is the precursor of the potent prostaglandin PGF2α. The more C20:4 in the 

endometrial tissue available for eicosanoid synthesis, the more PGF2α is likely to be secreted, 

which in turn may influence uterine health.  

Omega-3 fatty acids have been reported to suppress PGFM concentrations (Mattos et al., 

2004; Petit et al., 2004) and reduce neutrophil function during the early postpartum period 

(Thatcher et al., 2006).  Recent studies have confirmed the effects of in vivo exposure to PGs on 
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the in vitro response of lymphocytes (Ramadan et al., 1997; Lewis, 2003; Wulster-Radcliffe et 

al.,. 2003). The PGF2α has been reported to enhance immune function in vitro (Hoedemaker et 

al., 1992). In addition, PGF2α increased in vitro bactericidal activity of neutrophils from 

ovariectomized mares (Watson, 1988).  

Cox et al. (1995) reported that low numbers of neutrophils in vitro was due to clearance of 

apoptotic neutrophils by macrophage engulfment during inflammation which might influence 

endometrial repair (Kaitu'u-Lino et al., 2007) in the pospartum period.  

Seals et al. (2002) reported that postpartum concentrations of plasma PGFM were 

inversely related to emergence of uterine infections; that is, postpartum cows with depressed 

PGFM concentrations were more likely to develop uterine infections. In addition, aberrant PGF2α 

and PGE2 production has been associated with retained placenta (Gross et al., 1987; Heuwieser 

et al., 1992), which in turn is associated with increased incidence of uterine infections. 

Omega-3 fatty acids are well known for being immunosuppressive (Calder, 1997; Pizato et 

al., 2006; Calder, 2007). Thatcher et al. (2006) reported that cows fed a rich source of C18:2 

(28% C18:2) at 2% of dietary DM starting 4 wk  prior to calving until 14 wk postpartum had 

greater concentration of PGFM in plasma and fewer health problems in the first 10 days 

postpartum compared to cows not fed fat prepartum. The authors reported that the uterus and 

cells of the immune system had greater potential to secrete prostaglandins because of the 

increase in the supply of linoleic acid to tissues which likely enhanced postpartum uterine health 

and immunocompetence of the cow.  

More studies on the effect of lipid supplemention (starting on the dry period) on early 

postpartum uterine and how it will influence reproductive performance later on during lactation 

merits further investigation. 
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Neutrophils 

Calder et al. (1990) reported that macrophages enriched with C20:5 and C22:6 had lower 

phagocytic activity than what would be expected due to the degree of unsaturation of the fatty 

acid. Ballou and DePeters (2008) fed 51 Jersey bull calves (5 ± 1 d of age) milk replacers 

supplemented with 2% fatty acids having a 3:1 mix of corn and canola oils, a 1:1 mix of fish oil 

and the 3:1 mix of corn and canola oils, or fish oil only. Authors reported that fish oil 

supplementation had no effect on the ability of blood neutrophils from the calves to phagocytose 

E. coli. According to Calder (2007), studies that investigate the number or proportion of 

phagocytes involved in engulfing the target material are not likely to detect an effect of PUFA 

because it is unlikely that such manipulation will completely stop phagocytes from engaging in 

the process of phagocytosis. However, PUFA might affect the phagocytic activity, i.e. the 

amount of target material engulfed by those cells that are active (Calder, 2007). 

The production of reactive oxygen species by the action of NADPH oxidase of neutrophils 

is a critical mechanism to kill phagocytized bacteria, a process called oxidative burst. 

Supplementing rabbits with a high dose (5 g/kg/d) of fish oil decreased neutrophil oxidative burst 

by approximately 30%; however, a lower dose (0.22 g/kg/d) of fish oil had no influence on 

superoxide generation (D’Ambola et al., 1991). In contrast, elderly men supplemented with 

either a low (1.35 g/d), moderate (2.7 g/d), or high (4.05 g/d) dose of C20:5 had suppressed 

oxidative burst by neutrophils but no effect was detected in young men (Rees et al., 2006). 

Bartelt et al. (2008) reported that healthy males, aged 18 to 40 years supplemented daily with 

capsules containing fish oil (166 mg of C20:5 and 119 mg of C22:6) for 8 wk had an immune-

stimulating effect on neutrophil oxidative burst  compared to  subjects supplemented with olive 

oil. Discrepancies in the effects of the omega-3 fatty acids on immune function are likely due to 

http://jds.fass.org/cgi/content/full/91/9/3488#DAMBOLA-ETAL-1991�
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the methodology used for measuring the immune status such as isolation of the neutrophils from 

whole blood prior to lipid incubation vs. analysis in whole blood, duration of lipid 

supplementation, age related effects, etc. 

More studies on the effect of lipid supplementation on neutrophil concentration and 

function of periparturient dairy cows are necessary. 

Production of Cytokines by Lymphocytes 

One characteristic of inflammatory responses is the great induction of diverse cytokines 

(Grinble, 1998). Cytokines are soluble proteins that are released from immune cells (mainly 

monocytes and macrophages) in response to infection, injury, or foreign substances. Liberation 

of cytokines is indispensable for the initiation of the immune response and for the regulation of 

the multidirectional communication between the different cells involved (Seematter et al., 2004). 

The main pro-inflammatory cytokines are interleukin-1 (IL-1b), interleukin-6 (IL-6), interleukin-

2 (IL-2), interleukin-8 (IL-8), TNF-α, and IFN-γ (Grinble, 1998), while the anti-inflammatory 

ones are IL-1ra, IL-4, IL-10, and IL-13 (Zhang and An, 2007). 

Dietary supplementation with EPA and DHA for 1 to 6 mo in humans diminished (Endres 

et al., 1989; Meydani et al. 1991; and Caughey et al., 1996) or did not affect (Cooper et al., 1993, 

Kew et al., 2004) ex vivo production of TNF-α by peripheral blood mononuclear cells. Sierra et 

al. (2008) reported that lymphocytes from mice fed diets enriched in EPA and DHA produced 

less TNF-α compared to mice fed a diet containing 53.8% C18:2. Lessard et al. (2004) fed 

flaxseed (5.9% of dietary DM), Ca salts of palm oil (2.7% of dietary DM) or micronized 

soybeans (9.4% of dietary DM) to Holstein cows from 6 wk prepartum until 6 wk postpartum. 

They reported that stimulated lymphocytes isolated from primiparous cows secreted more TNF-α 

compared to those from multiparous cows but supplemental fat source had no effect on TNF-α 

secretion. Lymphocytes isolated from physically stressed swimmers receiving 2.5 g of fish oil 
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per day (0.9 g of EPA and 0.5 g of DHA) for 6 wk produced less TNF-α and IFN-γ compared to 

those receiving a placebo (mineral oil) (Andrade et al., 2008).  Discrepancies among experiments 

could be due to difference between species, amount and source of n-3 PUFA added to diets, and 

physiological state of animals and humans. 

Differences in blood composition of omega-3 and omega-6 PUFA may influence 

production of mediators such as leukotrienes and prostaglandins which are known to help 

regulate cytokine production and consequently the response of immune cells to stimuli. Fatty 

acids are precursors of prostaglandins. The omega-3 and omega -6 fatty acids are precursors of, 

respectively, the series 3 and series 2 prostaglandins (Yaqoob and Calder, 1995). Moreover, 

many effects mediated by PUFA on immune cells appear to be exerted in an eicosanoid-

independent manner. The n-3 and n-6 PUFA may affect immune cell functions by regulating the 

expression of key genes encoding for molecules involved in the signal transduction pathway 

such as nuclear transcription factor-κ B and peroxisome proliferator- activated receptors (Calder 

et al., 2002).  

There is limited data in the literature on the effects of lipid supplementation to 

periparturient dairy cows and production of cytokines by lymphocytes. Mores studies are needed 

for a better understanding of the effects of lipid on immune function of periparturient dairy cows. 

Humoral Response 

The acquired immune response involves lymphocytes and is highly specific to a certain 

antigen. Following activation, several days are needed for lymphocytes to become effective but 

the response persists after removal of the source of the initiating antigen. This persistence gives 

rise to immunological memory which is the basis for a stronger and more effective immune 

response to re-exposure to the same antigen. The humoral response deals with extracellular 
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pathogens through B lymphocytes which are characterized by their ability to produce 

immunoglobulins specific for an individual antigen (Calder, 2007). 

Lessard et al. (2003) fed primiparous (n = 8) and multiparous (n = 22) Holstein cows 

whole flaxseed (10.4% of dietary DM), Megalac (3.8% of dietary DM), or micronized soybean 

(17.7% of dietary DM) from calving to 105 DIM. At insemination (between 60 and 72 DIM), 

cows were injected with ovalbumin and  serum samples were taken at 0, 10, 20, and 40 d post AI 

for analysis of immunoglobulin response to ovalbumin. Diet did not affect this humoral 

response. In another study to evaluate the effect of fat feeding during the prepartum period on 

humoral response, Lessard et al. (2004) injected cows with ovalbumin. They reported that 

multiparous cows fed micronized soybeans at 9.4% of dietary DM from 6 wk prior to calving 

until parturition had greater IgG concentration in colostrum compared to cows fed Megalac 

(2.7% of dietary DM) or flaxseed (5.9% of dietary DM) but there was no effect of diet on 

antibody secretion against ovalbumin in serum. Data on the effect of different fat sources on 

humoral immunity of periparturient dairy cows are scarce. 

Acute Phase Proteins 

Acute phase proteins are produced in the liver in response to inflammation or stress and are 

released in the blood to help the immune system.  Haptoglobin acts in plasma as a scavenger 

molecule for free hemoglobin (Lim et al., 2000).  Haptoglobin concentrations in plasma were 

increased in cows with fatty liver (Yoshino et al., 1992; Nakagawa et al., 1997; Petersen et al., 

2004) or mastitis (Grönlund et al., 2005; Eckersall et al., 2006; Åkerstedt et al., 2007).   

Bazinet et al. (2004) reported that pigs supplemented with omega-3 fatty acids had reduced 

haptoglobin concentrations in plasma compared to a control group fed a diet rich in omega-6. 

Haptoglobin was not affected by energy or starch concentrations in newly received feedlot calves 
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(Berry et al., 2004).  Diets enriched in omega-3, omega-6 or omega-9 did not affect plasma 

concentrations of haptoglobin in beef primiparous cows (Farran et al., 2008).  

Acid soluble protein (also called alpha 1-acid glycoprotein) is an anti-inflammatory agent 

that controls inappropriate or extended activation of the immune system (Jafari et al., 2006) and 

inhibits prostaglandin E2 generation in plasma of rats (Matsumoto et al., 2007). Acid soluble 

protein is a minor acute phase protein constitutively expressed by the liver, usually found in 

blood (Lecchi et al., 2008) and is increased with systemic inflammation (Hochepied et al., 2003). 

Acid soluble protein has a dual immunomodulatory effect in which it can activate monocytes and 

induce cytokine secretion or cause immunosuppression (Bennet and Schmid, 1980) in order to 

control immune status. 

Mouthiers et al. (2004) reported that alpha 1-acid glycoprotein gene was activated by 

retinoic acid through a DR-responsive element that involves retinoic X receptor (RXR).  Since 

fatty acids are known to modulate gene expression through RXR nuclear receptors, the effect of 

FA supplementation on acid soluble protein could be mediated via RXR. In addition, interleukins 

are modulators of the alpha 1-acid glycoprotein (Fournier et al., 2000).  

Ceruloplasmin is a protein that binds copper and helps prevent oxidative damage to 

endothelial cells during inflammation (Uriu-Adams and Keen, 2005). Normal values in cattle 

range from 16.8 to 34.2 mg/dl (The Merck Veterinary Manual, 1997). Ceruloplasmin 

concentrations in plasma increased with increased bacterial contamination of the uterus during 

the first 2 wk postpartum compared to cows with low bacterial infection (Sheldon et al., 2003). 

Fibrinogen is a sticky, fibrous protein used to make fibrin for blood clotting and tissue 

repair (Gentry, 2004). In addition, prostaglandins induce blood clotting. Normal values in cattle 

range from 100 to 600 mg/dl (The Merck Veterinary Manual, 1997). One mechanism by which 
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FA supplementation with omega-6 FA might increase fibrinogen concentrations in cows was 

likely due to up regulation of IL-6 (Meerarani et al., 2003) which is the major inducer of 

fibrinogen in hepatocytes (Albrecht et al., 2007). 

Studies on the effects of lipid supplementation on acute phase proteins response in dairy 

cows are scarce and merits further investigation. 
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Table 2-1.  Common fatty acids (adapted from Voet and Voet, 2004) 
Symbola Common 

Name 
Systematic nameb Structure

Saturated Fatty Acid 
12:0 Lauric acid Dodecanoic acid CH3(CH2)10COOH 
14:0 Myristic 

acid 
Tetradecanoic acid CH3(CH2)12COOH 

16:0 Palmitic 
acid 

Hexadecanoic acid CH3(CH2)14COOH 

18:0 Stearic acid Octadecanoic acid CH3(CH2)16COOH 
20:0 Arachidic 

acid 
Eicosanoic acid CH3(CH2)18COOH 

22:0 Behenic 
acid 

Docosanoic acid CH3(CH2)20COOH 

24:0 Lignoceric 
acid 

Tetracosanoic acid CH3(CH2)22COOH 

Unsaturated Fatty Acid 
16:1 n-7 Palmitoleic 

acid 
9-hexadecanoic acid CH3(CH2)5CH=CH(CH2)7COOH 

18:1 n-9 Oleic acid 9-octadecenoic acid CH3(CH2)7CH=CH(CH2)7COOH 
18:2 n-6 Linoleic 

acid 
9,12-octadecadienoic 
acid 

CH3(CH2)4(CH=CHCH2)2(CH2)6COOH 

18:3 n-3 α-Linolenic 
acid 

9,12,15-octadecatrienoic 
acid 

CH3CH2(CH=CHCH2)3(CH2)6COOH 

18:3 n-6 γ-Linolenic 
acid 

6,9,12- octadecatrienoic 
acid 

CH3(CH2)4(CH=CHCH2)3(CH2)3COOH 

20:4 n-6 Arachidonic 
acid 

5,8,11,14-
eicosatetraenoic acid 

CH3(CH2)4(CH=CHCH2)4(CH2)2COOH 

20:5 n-3 EPA 5,8,11,14,17-
eicosapentaenoic acid 

CH3CH2(CH=CHCH2)5(CH2)2COOH 

22:6 n-3 DHA 4,7,10,13,16,19-
docosahexenoic acid 

CH3CH2(CH=CHCH)6CH2COOH 

a Number of carbon atoms: number of double bounds. For unsaturated fatty acids, n is the 
number of carbon atoms, n-x is the double-bonded carbon atom and x is the number of that 
carbon atom counting from the methyl terminal (ω) end of the chain. 
b Numbers before the name indicate the double bound position in the carbon chain from the 
carboxyl end. 
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Table 2-2. Major fatty acid composition of some fat sources. 
Fatty Acid C16:0 C18:0 C18:1 C18:2 C18:3 C20:5 C22:6 

Tallow1 25 22 37 2 <1  ND2 ND 
Yellow grease1 17 10 44 17 1 ND ND 
Choice white grease3 24 11 48 12 1 ND ND 
Megalac4 44 5 39 9 <1 ND ND 
Flaxseed meal4 8 3 18 16 53 ND ND 
Flaxseed4 6 4 18 14 57 ND ND 
Soybean meal5 16 5 16 44 7 ND ND 
Fish meal5 22 5 7 ND <1 9 9 
Energy booster 1006 28 51 8 1 <1 ND ND 
Megalac-R6 17 2 34 30 2 ND ND 
Linseed oil7 5 3 20 16 55 ND ND 
Safflower oil7 7 2 9 80 <1 ND ND 
Soybean oil7 8 3 24 58 8 ND  ND 
Sunflower oil7 6 4 20 66 <1 ND ND 
Menhaden fish oil7 17 3 7 1 1 11 12 
1 Oldick et al.,1997. 
2 ND = not detected. 
3 Onetti et al., 2001. 
4 Petit et al., 2001. 
5 Abu-Ghazaleh et al., 2001 
6 Moallem et al., 2007. 
7 Staples, 2006. 
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 Linolenic acid (numeric designation) 
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Figure 2-1. Structural formula of linoleic (omega-6) and linolenic acid (omega-3) linoleic acid 

(numeric designation). 
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Figure 2-2. Parent fatty acid and major metabolites within each of the three omega fatty acid 
families (partially adapted from Mattos et al., 2000). 
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Figure 2-3. Synthesis of the various prostaglandin (PG) series from fatty acid precursors 
(Adapted from Mattos et al., 2000). 
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CHAPTER 3 
EFFECT OF DIETS ENRICHED IN DIFFERENT FATTY ACIDS ON PLASMA, MILK, AND 
LIVER FATTY ACID PROFILE OF LACTATING HOLSTEIN COWS DURING SUMMER 

Abstract 

The objective of the study was to evaluate how dietary fat sources enriched with oleic, 

trans-octadecenoic, linoleic, or linolenic acids affected plasma, liver, and milk fatty acid profiles 

of Holstein primiparous (n = 22) and multiparous cows (n = 32) during the summer season. Fat 

supplements were the following: 1) high oleic sunflower oil (HOSFO - Trisun, Humko Oil, 80% 

cis C18:1), 2) Ca salt of trans-octadecenoic acids (CaTRANS- EnerG TR, Virtus Nutrition, 61% 

trans C18:1), 3) Ca salt of vegetable oils (CaVeg- Megalac-R, Church & Dwight Co, 29% 

C18:2), and 4) linseed oil (LSO- Archer Daniels Midland, 55% C18:3 and 16% C18:2).  

Supplemental fats were fed at 1.35% of dietary DM beginning at 30 ± 7 d prior to actual calving 

date. After calving, fats were fed at 1.5% (oils) and 1.75% (Ca salts) of dietary DM for 15 wk. 

Three blood samples collected on a Monday-Wednesday-Friday schedule between 21 and 28 

DIM were analyzed for fatty acids using gas chromatography. Liver samples were taken via 

biopsy on 2, 14 ± 2, and 28 ± 2 DIM, immediately frozen in liquid nitrogen and kept at -80oC for 

fatty acid analysis. Milk without preservative was collected at 2 consecutive milkings at 7, 8, and 

9 wk postpartum, composited based upon milk production, and frozen for fatty acid analysis. 

Feeding supplemental oleic acid increased the cis C18:1 content of plasma but not of liver fat. 

Oleic acid in milk fat of multiparous but not primiparous cows was increased by feeding 

supplemental oleic acid. Cows fed TRANS fats had greater concentrations of trans C18:1 

isomers in plasma (1.5%), liver fat (1.4%), and milk fat (5.8%) compared to cows fed HOSFO. 

Concentrations of C18:2 in plasma (44.4%) and milk fat (4.5%) were greater in cows fed CaVeg 

compared to cows fed LSO (41.8 and 3.7% for plasma and milk fat, respectively). Cows fed LSO 

had greater concentrations of C18:3 in plasma (4.9 vs. 2.3%), liver (1.4 vs. 1.0%) and milk (1.0 
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vs. 0.6%) compared to cows fed CaVeg. Accordingly, LSO supplementation increased C20:5 in 

plasma (0.7 vs. 0.5%), liver (0.9 vs. 0.5%), and milk (0.036 vs. 0.017%) compared to CaVeg-fed 

cows. Feeding dietary fats enriched with particular fatty acids in moderate amounts (1.5% of 

dietary DM) resulted in increased concentrations of those fatty acids in plasma, liver fat, and/or 

milk fat of dairy cows. 

Key Words: fatty acid, milk, liver, plasma 

Introduction  

Milk enriched in some PUFA has demonstrated anticarcinogenic effects and a wide range 

of potential health benefits in biomedical studies with animal models (Pariza, 2004; Bhattacharya 

et al., 2006). Nutritional strategies to increase the “healthy fatty acids” in the milk can have a 

dramatic impact on human health. 

However, most PUFA consumed by dairy cows are biohydrogenated by ruminal 

microorganisms to more saturated fatty acids before incorporation into milk fat (Kalscheur et al., 

1997). Thus, knowing the extent of transfer of dietary PUFA to the small intestine in order to 

increase the incorporation of specific fatty acids into tissues will be beneficial to understand the 

effects of lipid supplementation on dairy cow physiology (Petit et al., 2007), reproduction (Bilby 

et al., 2006a; Petit and Twagiramungu, 2006), and immune function (Lessard et al., 2004). 

Ahnadi et al. (2002) reported that midlactation Holstein cows fed a diet of 3% gluataraldehyde-

protected fish oil had decreased mRNA abundance of mammary lipogenic enzymes such as 

acetyl CoA carboxylase (ACC), fatty acid synthase (FAS), and stearoyl-Coa desaturase. Flowers 

et al. (2008) evaluated the effects of varying amounts of linseed oil in midlactation grazing dairy 

cows and reported a linear increase in the concentration of C18:3 in milk and a quadratic effect 

on milk fat of cows fed linseed oil compared to cows not supplemented with fat.  
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However, comparison of various lipid supplements during the periparturient period on the 

fatty acid composition of plasma, liver, and milk of lactating Holstein cows during summer has 

not being evaluated to our knowledge. The objective of the study was to evaluate the effects of 

diets enriched in oleic acid, trans-octadecenoic acid, linoleic acid, or linolenic acid on fatty acid 

composition of plasma, liver, and milk of lactating Holstein cows during summer. 

Material and Methods 

Animals, Treatments, and Sampling 

Experiment was conducted at the University of Florida dairy research unit (Hague, FL) during 

the months of May through December 2004.  All experimental animals were managed according 

to the guidelines approved by the University of Florida Animal Care and Use Committee.  

Periparturient Holstein primiparous (n = 22) and multiparous cows (n = 32) were sorted 

according to calving date, parity (primiparous or multiparous), BW, and milk production of the 

previous year for multiparous and then assigned to treatment at 30 ± 7 d prior to their due date.  

Dietary supplemental treatments were the following: 1) high oleic sunflower oil from genetically 

modified sunflower (HOSFO; Trisun, Humko Oil, Memphis, TN; 80% C18:1), 2) Ca salt of 

trans-octadecenoic acids (CaTRANS; EnerG TR, Virtus Nutrition, Fairlawn, OH, 61% trans 

C18:1 isomers: 20.62% trans 6-8, 10.47%  trans-9, 10.62% trans-10, 7.05% trans-11, and 8.73% 

trans-12), 3) Ca salt of vegetable oils (CaVeg; Megalac-R, Church & Dwight Co, Princeton, NJ; 

36% C16:0 and 29% C18:2), and 4) linseed oil (LSO; Archer Daniels Midland, Redwing, MN, 

55% C18:3 and 16% C18:2).  Supplemental fats were fed at 1.35% of dietary DM during the 

prepartum period (Table 1).  After calving, fats were fed at 1.5% (oil sources) and 1.75% (Ca salt 

sources) of dietary DM for 15 wk to allow equal concentration of dietary lipid (Table 2).  

Prepartum cows were housed in sod-based pens equipped with fans, sprinklers, and shaded Calan 

gates (American Calan Inc., Northwood, NH).  Postpartum cows were housed in a sand-bedded, 
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free-stall barn equipped with fans, sprinklers, and Calan gates.  Intake of DM was measured 

daily.  Cows were fed a TMR twice daily at 0900 and 1300 h to allow 5 to 10% feed refusals 

daily.  Corn silage was collected weekly and immediately dried for 1 h using a Koster® (Koster 

Crop Tester, Inc., Strongsville, OH) to calculate the concentration of DM in order to maintain the 

formulated forage to concentrate ratio in the ration.  Cows were milked thrice daily at 0100, 

0900, and 1700 h.  Cows were weighed and body condition scored (Edmonson et al., 1989) 

weekly after the 0900 h milking and before feeding.  Ethoxiquin (Fisher Scientific, Hampton, 

NH, USA) was used as an antioxidant by adding 0.32 g / kg of concentrate mix resulting in a 

dietary concentration of 0.015 and 0.020% for nonlactating and lactating cows, respectively (DM 

basis). 

Sample Collection and Analysis 

Representative samples of corn silage, bermudagrass hay, alfalfa hay, and concentrate 

mixes were collected on a weekly basis.  Weekly samples were composited on a monthly basis 

and ground through a 1-mm Wiley mill screen (A. H. Thomas, Philadelphia, PA). Composited 

feed samples were analyzed for minerals and fat (acid hydrolysis for grain mixture containing 

CaVeg and LSO) composition (Dairy One, Ithaca, NY), NDF (Mertens, 2002), ADF (AOAC, 

1995), and CP using a macro elemental analyzer vario MAX CN (Elementar Analysensystene 

GmbH, Hanau, Germany).  

Blood (10 mL) was collected at 0700 h on Monday, Wednesday, and Friday from 

coccygeal vessels into sodium heparinized tubes (Vacutainer, Becton Dickinson, Franklin Lakes, 

NJ) from calving until 47 ± 3 DIM.  Samples were put immediately on ice until centrifuged at 

2619 x g at 5°C for 30 min (RC-3B refrigerated centrifuge, H 600A rotor, Sorvall Instruments, 

Wilmington, DE).  Plasma was separated and frozen at -20oC for subsequent fatty acid analyses.   
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On 2, 14 ± 2, and 28 ± 2 DIM, liver samples were collect via biopsy, rinsed with sterile 

saline, snap-frozen in liquid N, and stored at -80oC until analyzed for fatty acids.  

Milk samples were collected weekly from 2 consecutive milkings using bronopol-B-14 as 

a preservative.  Milk was measured for fat, true protein, and SCC by Southeast Milk lab 

(Belleview, FL) using a Bently 2000 NIR analyzer.  Final concentrations of fat and protein were 

calculated after adjusting for milk production during those milkings.  Milk without preservative 

was collected at 2 consecutive milkings at 7, 8, and 9 wk postpartum, pooled based upon milk 

production, and frozen for fatty acid analysis.   

To determine the fatty acid profile of milk fat, milk samples were composited (final 

volume of 45 mL) from wk 7, 8, and 9 postpartum according to milk production.  Fat was 

isolated from milk by centrifugation of thawed milk at 17,800 x g for 30 min at 8ºC.  Fatty acids 

from about 325 mg of manually isolated fat were extracted using a 3:2 (vol/vol) 

hexane/isopropanol solvent mixture (18 mL / g of fat).  The extracted fatty acids were converted 

to methyl esters (Chouinard et al., 1999).  Approximately 200 mg of the methyl esters were 

transferred into an acid-washed 15-mL glass tube to which 2 mL of hexane and 40 µl of methyl 

acetate (Fisher Scientific, Hampton, NH, USA) were added.  The tube was vortexed until fat was 

dissolved.  Forty µl of sodium methylate solution (Fisher Scientific, Hampton, NH, USA) was 

added, the tube contents were vortexed, and allowed to react for 10 min at room temperature.  

Sixty µl of oxalic acid solution (Fisher Scientific, Hampton, NH, USA) was added to terminate 

the reaction and the tubes were centrifuged at 2,000 x g for 5 min at 5oC.  The top hexane layer 

containing the fatty acids in the methyl ester form was transferred to 2-mL crimp-top vials 

(Fisher Scientific, Hampton, NH, USA) for milk and liver analysis and 100 µl crimp-snap vials 

(Fisher Scientific, Hampton, NH, USA) for plasma analysis..  
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The fatty acid extraction and methylation procedures (Kramer et al., 1997) were the same 

for fat supplements, liver, and plasma samples.  Fat supplements (approximately 200 mg), liver 

samples (approximately 200 mg of fresh weight), and plasma samples (3 blood samples collected 

during wk 4 of lactation were pooled to make up 1.5 mL) were freeze-dried for 24 h.  One mg of 

internal standard (C19:0) was added in order to calculate total fatty acid concentration.  Lipid 

was extracted by adding 2 mL of sodium methoxide (Acros, New Jersey, USA), vortexing, and 

incubating in a 50oC water bath for 10 min.  After cooling for 5 min, 3 mL of 5% methanolic 

HCl (Fisher Scientific, Hampton, NH, USA) were added and the tubes vortexed.  The tubes were 

incubated in an 80oC water bath for 10 min, removed from water bath, and allowed to cool for 7 

min.  One mL of hexane and 7.5 mL of 6% K2CO3 were added.  The tubes were vortexed and 

centrifuged at 194 x g for 5 min. The upper layer was transferred into 10 mL glass tubes.  The 

solvent was evaporated completely under N gas. Hexane (100 µl) was added in order to redisolve 

methylated fatty acids and the solution was transferred to the crimp-top vial. 

Fatty acid methyl esters were determined using a Varian CP-3800 gas chromatograph 

(Varian Inc., Palo Alto, CA) equipped with auto-sampler (Varian CP-8400), flame ionization 

detector, and a Varian capillary column (CP-Sil 88, 100 m x 0.25 mm x 0.2 µm).  The carrier gas 

was He, the split ratio was 10:1, and the injector and detector temperatures were maintained at 

230oC and 250oC, respectively.  One µl of sample was injected via the auto-sampler into the 

column.  The oven temperature was set initially at 120°C for 1 min, increased by 5°C/min up to 

190°C, held at 190°C for 30 min, increased by 2°C/min up to 220°C, and held at 220°C for 40 

min.  The peak was identified and calculated based on the retention time and peak area of known 

standards.  
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The desaturase index for cis-9 C16:1 and cis-9 C18:1 was defined as follows: [product of ∆9 

desaturase] / [product of ∆9 desaturase + substrate of ∆9 desaturase]. For example, the cis-9 C16:1 

desaturase index would be calculated as [cis-9 C16:1] / [cis-9 C16:1 + C16:0] (Kelsey et al., 

2003). 

Statistical Analysis 

Measurements of daily DMI during the pre and postpartum periods, milk production, and 

milk composition were reduced to weekly means before statistical analyses were performed. 

Repeated measures data (DMI, milk production, milk fat, milk protein, BW, BCS, liver 

fatty acids) were analyzed using PROC MIXED procedure of SAS according to the following 

model: 

Yijkl = μ + Fi + Pj + FPij +Ck (i j) +Wl + FWil + PWjl + FPWijl + Eijkl   

where Yijkl is the observation, μ is the overall mean, Fi is the fixed effect of dietary fat 

source (i = 1, 2, 3, and 4), Pj is the fixed effect of parity (j = 1 and 2), FPij is the interaction of fat 

source and parity, Ck (i j) is random effect of cow within fat source and parity (k = 1, 2, …n), Wl 

is the fixed effect of week (l = 0, 1, 2, …14), FWil is the interaction of fat source and week, PWjl 

is the interaction of parity and week, FPWijl is the three way interaction of fat source, parity and 

week, and Eijkl is the residual error.   

Data were tested to determine the structure of best fit, namely AR (1), ARH (1), CS, or 

CSH, as indicated by a lower Schwartz Baesian information criterion value (Littell et al., 1996).  

Orthogonal contrasts used to detect treatment differences were the following: 1) HOSFO + 

CaTRANS vs. CaVeg + LSO, 2) HOSFO vs. CaTRANS, and 3) CaVeg vs. LSO.  For liver 

samples collected at DIM not equally spaced (2, 14, and 28 DIM), the IML procedure of SAS 

was used to generate coefficients for testing of linear and quadratic day effects. After testing for 
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the level of order that best fit up to quadratic, single degree of freedom contrasts of treatment by 

DIM were tested. 

Milk and plasma fatty acids were analyzed using PROC GLM of SAS.  The model 

contained treatment, parity and treatment by parity interaction.  The orthogonal contrasts 

mentioned above were also used to test for treatment effects.  Differences were considered to be 

significant at P < 0.05 for all analyses. 

Results and Discussion 

Fat sources differed in FA profile, with HOSFO containing from 3 to 6 times more cis-9 

C18:1 than the other sources, CaTRANS containing mainly C18:1 trans isomers (61%), CaVeg 

containing 2 to 14 times more C18:2 than the other sources, and LSO containing mainly C18:3 

(55.2%) at a much greater concentrations than others (Table 3.3).  

DMI, Milk Production, and Milk Composition 

Orthogonal contrasts of treatment by parity interactions were not significant for any 

dependent variable except for SCC (HOSFO vs. CaTRANS by parity interaction, P = 0.04; 

Table 3.4) so only main effects of treatment will be discussed.  

As expected, multiparous cows consumed more DM compared to primiparous cows (42 

and 23% greater in the pre and postpartum periods, respectively. Table 3.4) although DMI 

expressed as a % of BW was not different between parities. In addition, pattern of DMI (kg/d) 

over time did not differ among the dietary treatment groups (Figure 3.1). However, DMI 

expressed as % of BW appeared to increase for a longer period of time for animals fed LSO 

compared to cows fed CaTRANS (Figure 3.2; treatment by week interaction, P < 0.001). 

Andersen et al. (2008) reported no effect of feeding a highly saturated fat (6.4% of dietary DM) 

or linseeds (16% of dietary DM) from 5 wk prepartum to calving on DMI of Danish Holstein 

dairy cows. When vegetable oils having similar C18:2 but different C16:0, C18:1, and C18:3 



 

75 

proportions were fed to early lactating Holstein cows at 2% of dietary DM, DMI was not 

different among treatment groups (Zheng et al., 2005).  In addition, abomasal infusion of canola 

oil (high C18:1), soybean oil (high C18:2), or sunflower oil (high C18:2, low C18:3) did not 

affect DMI of Holstein cows in early lactation (Christensen et al. 1994).   

Yield of milk averaged 30.4 and 37.2 kg/d for primiparous and multiparous cows, 

respectively (Table 3.4). Fat source did not influence yield of milk, FPCM, or ECM over the 15-

wk postpartum period neither was pattern of milk yield over time influenced by diet (Figure 3.3).  

Cows fed LSO tended (P = 0.08) to have a greater production of FCM (33.2 vs. 29.6 kg/d) 

compared to cows fed CaVeg. Chouinard et al. (1998) reported that the degree of unsaturation in 

the Ca salts made of canola oil (56% C18:1), soybean oil (55% C18:2) or linseed oil (51% 

C18:3) had a linear effect on FCM production with cows fed Ca salts of linseed oil producing 

more FCM (35.2 kg/d) compared to cows fed Ca salts of soybean oil (31.4 kg/d) or canola oil 

(30.1 kg/d). Dhiman et al. (2000) reported that cows fed linseed oil at 4.4% of dietary DM 

produced less 3.5% FCM (25.2 kg/d) compared to cows not fed fat (29.2 kg/d) or fed linseed oil 

at 2.2% of dietary DM (30.3 kg/d). Bu et al. (2007) also reported that cows fed soybean oil (4% 

of dietary DM) or flaxseed oil (4% of dietary DM) had similar ECM. Cows supplemented with 

Ca salts of CLA or Trans MUFA had similar milk and FCM production to that of cows not fed 

fat (Selberg et al., 2004).  

Although concentration (2.76%) and yield (0.90 kg) of milk protein were unchanged by 

fat source, cows fed LSO had greater (P = 0.04) milk fat concentration (3.60 vs. 3.25%) and 

tended to have (P = 0.09) greater yield of milk fat (1.16 vs. 0.99 kg/d) compared to cows fed 

CaVeg.  Abughazaleh et al. (2003b) reported that cows fed diets enriched in C18:2 (1% fish oil 

plus 4.3% sunflower seeds) tended to have lower (P = 0.08) milk fat concentration (2.64 vs. 
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3.09%) compared to cows fed diets enriched in C18:3 (1% fish oil plus 5% flax seeds).  

Abughazaleh et al. (2003b) also reported that cows fed a supplemental C18:1 source (sunflower 

seeds) tended to have a lower milk fat concentration (2.74%) compared to cows fed 

supplemental C18:3 or C18:0 (3.10%). Although we did not compare HOSFO to LSO in the 

current study, a similar decline in milk fat concentration for cows fed HOSFO was observed 

(3.30 vs 3.60 %). This decrease in milk fat concentration due to CaVeg supplementation might 

have been due to an increase in the isomerization of C18:2 to trans-10, cis-12 C18:2 in the 

rumen which is responsible for milk fat depression (Bauman and Griinari, 2003; Mosley et al., 

2002; Shingfield et al., 2006).  The increased proportion of trans-10, cis-12 C18:2 in milk fat of 

cows fed CaVeg compared to cows fed LSO (Table 3.5) supports this speculation.  

Feed efficiency averaged 1.68 kg of 3.5% FCM per kg of DMI across the 15 wk 

postpartum period and did not differ among treatment groups. 

Multiparous cows lost BW in the first 6 wk postpartum and then plateaued whereas 

primiparous cows lost BW up to 4 wk and then plateaued (Figure 3.4). Multiparous cows were 

heavier (639 vs. 499 kg) than primiparous cows over the weeks of the study (P < 0.001). All 

animals lost body condition until wk 5 postpartum and then plateaued. Treatments did not affect 

BW or BCS. 

Mean or pattern of energy balance did not differ among treatments. All animal groups 

were in negative energy balance for the first 3 wk postpartum and then in a positive energy 

balance until 15 wk postpartum (Figure 3.6).  

Fatty Acid Profile in Milk, Blood, and Liver 

Milk 

The fatty acid profile of milk differed somewhat between parities.  Compared to 

multiparous cows, the milk fat of primiparous cows contained a greater (P < 0.02) proportion of 
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trans C18:1 (4.4 vs. 3.6%) and cis-9, trans-11 C18:2 (1.2 vs. 1.0%).  In addition, they had a 

greater (P = 0.04) concentration of C18:0 (13.3 vs. 12.3%) and tended to have a lower (P = 

0.06) concentration of C18:2 (3.8 vs. 4.1%) compared to cows.   

Parity by treatment interactions for milk fatty acids were predominantly nonsignificant 

(Table 3.5). A few notable exceptions are to be mentioned.  The concentration of cis C18:1was 

increased in milk fat from cows (26.5 vs. 24.5%) but an opposite response was detected in 

primiparous cows (24.3 vs. 27.1%) fed HOSFO vs. CaTRANS (parity by HOSFO vs. CaTRANS 

interaction, P = 0.03).  Kalscheur  et al. (1997) also fed a high oleic acid sunflower oil and a 

partially hydrogenated vegetable shortening enriched in trans C18:1 to lactating dairy cows but 

at 3.7% of dietary DM.  Concentrations of cis C18:1in milk fat were 28.5% and 25.9% for cows 

fed sunflower oil and shortening, respectively with a SEM of 1.0% supporting our results with 

cows. Two additional parity by treatment interactions are to be mentioned.  Compared to animals 

fed CaVeg, feeding LSO lowered (P = 0.03) the concentration of C16:0 in milk fat of cows 

(32.0% vs. 28.3%) but not of primiparous cows (30.7 vs. 31.9%) but increased (P = 0.03) the 

concentration of C18:0 in milk fat of cows (11.5 vs. 13.8%) but not of primiparous cows (13.9 

vs. 13.1%).  The multiparous animals in this study followed the expected response of milk fatty 

acids to fat supplementation source in that LSO is 94% C18 and 6% C16 whereas Ca Veg is 63% 

C18 and 36% C16 (Table 3.3). 

Milk contains fatty acids derived from de novo synthesis by the mammary gland (C4:0 to 

C14:0 plus a portion of C16:0) and from mammary uptake of preformed fatty acid (a portion of 

C16:0 and all longer chain fatty acids). Source of fat supplement affected some of the short and 

medium chain fatty acids.  Cows fed HOSFO had greater concentrations of C6:0, C8:0, and 

C10:0 in milk fat (P < 0.03) and tended (P = 0.06) to have a greater concentration of C12:0 
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compared to cows fed CaTRANS.  This might be due to an effect of the trans C18:1 fatty acids 

on mammary gland activity.  Trans C18:1 fatty acids produced during microbial 

biohydrogenation (Pennington and Davis, 1975) or escaping from microbial biohydrogenation in 

the rumen and absorbed in the small intestine, can directly inhibit de novo synthesis of lipid in 

the mammary gland.  Ahnadi et al. (2002) reported that mammary tissue from midlactation 

Holstein cows fed a diet of 3% protected fish oil had decreased mRNA abundance of lipogenic 

enzymes such as acetyl CoA carboxylase (ACC), fatty acid synthase (FAS), and stearoyl-Coa 

desaturase.  Accordingly, Piperova et al. (2002) reported a reduction in FA synthesized de novo 

in mammary tissue from cows fed a milk fat-depressing diet characterized by increased 

formation of trans FA in the rumen and greater incorporation of trans FA into milk fat.  In 

addition, the reduction in de novo synthesis of lipid in the mammary gland was consistent with a 

reduction in ACC and FAS activity and ACC mRNA relative abundance. Feeding CaTRANS 

also increased (P = 0.02) cis-9 C16:1 in milk fat compared to HOSFO (1.10 vs. 0.97%).  Cows 

fed supplemental MUFA (HOSFO + CaTRANS) had increased (P < 0.001) C18:1 trans isomers 

in milk fat compared to cows fed supplemental PUFA (CaVeg + LSO). This increase was due 

mainly to that of trans C18:1 feeding. Cows fed CaTRANS had a greater concentration (P = 

0.01) of C18:1 trans isomers (5.6 vs. 4.0%) and cis-9, trans-11 C18:2 (1.22 vs. 0.98%) in milk 

fat compared to cows fed HOSFO. An increased concentration of C18:1 trans isomers in milk fat 

were reported when Holstein cows were supplemented with C18:1 trans isomers (Griinari et al., 

1998; Selberg et al., 2004) or infused abomasally with C18:1 trans isomers (Romo et al., 2000).  

The cis-9, trans-11 CLA isomer is produced endogenously (Griinari et al., 2000) by a delta 9 

desaturase in the mammary gland directly from the C18:1 trans 11 isomer (about 80% of milk fat 

cis-9, trans-11 CLA originates endogenously from C18:1 trans-11) (Mosley et al., 2006).  In the 
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present experiment, we were unable to detect the specific trans isomers. However, researchers 

have reported that the C18:1 trans-11 isomer is the major trans isomer in ruminal fluid (Loor et 

al., 2005a) and in duodenal digesta (Piperova et al., 2002; Loor et al., 2004).  

As expected, cows fed CaVeg had a greater (P < 0.01) concentration of C18:2 in milk fat 

compared to cows fed LSO (4.4 vs. 3.6%).  Harvatine and Allen (2006a) reported that the extent 

of  biohydrogenation of C18:2 in diets containing fat supplements differing in saturation varied 

from 84.5 to 86.6%.  Likewise, cows fed Megalac-R (2.5% of dietary DM) had greater 

concentration of C18:2 in milk fat compared to cows fed a saturated fat supplement (3.7 vs. 

2.6%) (Harvatine and Allen, 2006b).  In contrast, Kelly et al. (1998) reported that cows fed 

sunflower oil (69.4% C18:2) had less C18:2 in milk fat compared to cows fed LSO (51.4% 

C18:3) but greater than cows fed peanut oil (51.5% cis-9 C18:1).  Even though most of the 

dietary C18:2 was likely biohydrogenated by ruminal microorganisms, some was escaping, being 

absorbed in the small intestine, and incorporated in milk fat.  The increase (P < 0.01) in CLA 

trans-10, cis-12 in milk fat of cows fed CaVeg compared to cows fed LSO (0.05 vs. 0.02%) 

support the finding of several researchers (Griinari et al., 1998; Bauman and Griinari, 2003; Loor 

et al, 2004) who reported that C18:2 can be converted to trans-10, cis-12 CLA when ruminal 

ruminal pH is more acidic.  Harvatine and Allen (2006b) also reported an increase in trans-10, 

cis-12 CLA in milk fat of cows fed Megalac-R.  In contrast to our result, they also detected an 

increase in the cis-9, trans-11 CLA for cannulated cows fed Megalac-R. 

Expectedly, cows fed PUFA had greater concentrations of C18:3 (0.77 vs. 0.40%) and 

C20:5 (0.026 vs. 0.006%) in milk fat compared to cows fed the MUFA.  Supplementation with 

LSO almost doubled the concentration of C18:3 in milk fat compared to CaVeg (0.97 vs. 

0.57%).  Ponter et al. (2006) reported that cows fed extruded linseed (2 kg/cow/day) had 
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increased concentrations of C18:3 in milk fat.  Midlactation cows fed linseed oil at 5.3% of 

dietary DM had greater concentration of C18:3 in milk fat compared to cows fed sunflower oil 

(69.4% C18:2) (Kelly et al., 1998).  Loor et al. (2004; 2005a) reported that the ruminal 

biohydrogenation of C18:3 ranged from 93.2 to 97.1% when linseed oil was supplemented in the 

diet from 3 to 6% of dietary DM.  Even though a great percentage of C18:3 is biohydrogenated 

in the rumen, LSO supplementation contributed to the incorporation of C18:3 into the milk.  

Linolenic acid can be desaturated by a Δ6 desaturase (a membrane bound, acyl-CoA desaturase) 

to C18:4 n-3.  This fatty acid can be elongated to C20:4 n-3 and desaturated (Δ5 desaturase) to 

C20:5 n-3 (Gurr et al., 2002).  The two-fold increase in the concentration of C20:5 in milk fat of 

cows fed LSO compared to cows fed CaVeg (0.036 vs. 0.017%) is likely explained by the 

desaturase and elongase activites on C18:3 in the mammary gland. 

The n6/n3 fatty acid ratio present in the diet of industrial societies has increased as a result 

of the greater consumption of vegetable oils rich in n-6 fatty acids and a reduced consumption of 

fish and plant sources of n-3 fatty acids (Connor, 2000).  This shift has been associated with 

coronary heart disease and other human ailments (Simopoulos, 2004).  Reduction of the n6/n3 

ratio in milk fat is a potential strategy to improve the quality of the human diet.  The n6/n3 ratio 

in milk fat for cows fed LSO was half of that of cows fed CaVeg (5.0 vs. 9.8) as expected due to 

the increase in the concentration of C18:3 and C20:5 in the milk fat of cows fed LSO.  Likewise, 

cows infused with linseed oil into the duodenum (500 g/d) or fed linseed at 6.7% of dietary DM 

had a lower ratio of n6/n3 in milk fat compared to animals fed a mixture of linseed and fish oil or 

Ca salts of palm oil (Petit et al., 2002).  Petit (2003) reported that the n6/n3 fatty acid ratio in 

milk fat also was reduced in mid to late lactation Holstein cows that were fed a diet enriched in 
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C18:3 (flaxseed supplementation) compared to cows fed a diet enriched in C18:2 (sunflower 

seed supplementation).  

Plasma 

Phospholipids and cholesteryl esters are the major components of blood lipid and account 

for about 95% of the total lipids in plasma of ruminant animals. Lipids are transported in plasma 

in the form of lipoproteins for metabolism at various sites in the body. Plasma lipid composition 

collected from any site in the body will be dependent upon the extent of FA metabolism 

(Christie, 1981).  Triglycerides and free fatty acids represent <5% and 1% of total plasma lipid, 

respectively (Christie, 1981). Polyunsaturated fatty acids that escape ruminal biohydrogenation 

are preferentially incorporated into plasma cholesteryl esters and phospholipids (Christie, 1981). 

Plasma cholesteryl esters and phospholipids have comparatively slow turnover, while 

triglyceride and free fatty acids fractions have a rapid turnover and supply fatty acids to other 

tissues such as the mammary gland and adipose tissue (Christie, 1981). Therefore, the profile of 

fatty acids of plasma triglycerides represents the profile of fatty acids available to the mammary 

gland. Although the most abundant single fatty acid circulating in plasma of lactating dairy cows 

is linoleic acid (up to 55% of total fatty acid), less than 1% of this is in the triglyceride form 

which is available for milk fat incorporation.  The specific transfer of this acid to the plasma 

phospholipids and cholesteryl esters may be a mechanism for conserving it for essential 

functions elsewhere in the animal (Christie, 1981). 

When diets enriched in PUFA are fed to ruminants, those unsaturated components that 

escape biohydrogenation in the rumen appear to be selectively taken up and esterified to the 

plasma phospholipids and cholesterol ester fractions as opposed to the triglycerides or 

unesterified fatty acids. The latter two fractions are the most active metabolically, supplying fatty 

acids to many other organs (e.g. mammary gland and adipose tissue). This appears to account for 
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the comparatively low proportions of PUFA reaching the mammary gland and adipose tissue 

(Christie, 1981).  For instance, Bilby et al. (2006c) reported an increase in the concentration of 

C20:5 and C22:6 in the endometrium, liver, and mammary tissue, but only C22:6 was increased 

in milk fat of cows fed fish oil compared to cows fed whole cottonseed. This effect was only true 

for primiparous cows (1.70 vs. 0.99%) and not for cows (0.95 vs. 0.96%; parity by MUFA vs. 

PUFA interaction, P = 0.02). 

The 3 parity by orthogonal treatment contrasts were not significant for any identified FA in 

plasma in Table 3.6 with the exception of C18:1 trans and C20:0. Therefore, P values for these 

contrasts were not included in Table 3.6 but are discussed where considered relevant.  

Cows fed MUFA (HOSFO + CaTRANS) had greater (P =0.02) plasma concentrations of 

C18:1 trans isomers than cows fed PUFA (CaVeg + LSO) (1.32 vs. 0.97%; Table 3.6). This 

increase in the concentration of C18:1 trans fatty acids in plasma in animals fed MUFA vs. 

PUFA was primarily detected in primiparous cows (MUFA vs. PUFA by parity interaction, P = 

0.02). Plasma concentrations of C18:1 trans fatty acids in primparous cows were greater when 

MUFA was fed instead of PUFA (1.70 vs. 0.99%) but multiparous cows had similar 

concentrations (0.95 vs. 0.96%). Abomasal infusion of C18:1 trans fatty acids increased to a 

greater extent the concentration of C18:1 trans fatty acids in plasma compared to cows infused 

with high oleic sunflower oil (Gaynor et al., 1994).  Supplementation with HOSFO increased (P 

= 0.03) the concentration of cis-9 C18:1 in plasma compared to that of CaTRANS 

supplementation (12.3 vs. 10.7%).  Gaynor et al. (1994) reported a greater increase in cis-9 

C18:1 in plasma of cows infused abomasally with high oleic sunflower oil compared to cows 

infused with C18:1 trans isomers.  
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Interestingly, the proportion of PUFA in plasma lipid is about 9-fold greater than in milk 

fat and C18:2 makes up about 44% of total identified fatty acid in the plasma which is in the 

range reported by other researchers of up to 55% (Christie, 1981; Petit, 2003; Harvatine and 

Allen, 2006b).  In the present experiment, cows fed LSO had a lesser concentration of C18:2 

(41.8 vs. 44.4%), greater concentrations of the n-3 fatty acids (C18:3 (4.9 vs. 2.3%), C20:3 (0.06 

vs. 0.04%), C20:5 (0.71 vs. 0.46%), and C22:5 (0.65 vs. 0.53%)), and lower n-6/n-3 ratio (7.5 vs. 

15.0) in plasma compared to cows fed CaVeg.  Similarly, Petit (2003) reported that mid lactating 

cows (29 wk postpartum) fed flaxseeds had greater concentrations of C18:3 and C20:5 and a 

lower n-6/n-3 ratio in plasma compared to cows fed sunflower seeds; however, concentrations of 

C20:3 and C20:5 were not affected.  Gonthier et al. (2005) reported that cows fed flaxseeds had 

greater concentration of C18:3 in plasma compared to cows fed a control diet without flaxseeds.  

Loor et al. (2005a) reported that cows fed linseed oil had increased concentration of C18:3 in 

plasma compared to cows fed sunflower oil but concentrations of C20:3 and C20:5 were not 

different.  Ponter et al. (2006) also reported an increase in plasma concentration of C18:3 of 

cows fed linseed oil.  Interestingly, linseed oil supplementation reduced the plasma concentration 

of C22:5 and C22:6 compared to sunflower oil.  Linseed oil shifted the proportion of unsaturated 

fatty acids to n-3 fatty acids at the expense of n-6, primarily C18:2.  

Total lipid content of plasma (1.34, 1.31, 1.36, and 1.25 mg/mL for HOSFO, CaTRANS, 

CaVeg, and LSO respectively) was lower than expected for lactating dairy cows (range from 

2.24 to 4.84 mg/mL as reviewed by Christie, 1981). Zheng et al. (2005) reported that cows fed a 

control diet without supplemental fat had lower total lipid content in plasma (1.2 mg/mL) 

compared to cows fed supplemental oils at 2.1% of dietary DM (cottonseed (2.8 mg/mL), 

soybean (2.9 mg/mL), or corn (2.8 mg/mL)). The findings of Noble and O’Kelly (1974) that 
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exposure of cattle to high temperature produce a steady decline in the plasma total lipid 

concentration support the lower lipid content of plasma detected in this experiment in cows fed 

different sources of fat supplements during the summer months in Florida. The lower proportion 

of fat in the diet in the present experiment (1.5% of dietary DM) also likely explains the lower 

lipid content in plasma of cows fed different fat sources.  

Liver  

Concentration of total lipid in liver ranged over time from 15 to 31% (DM basis) with a 

mean of 21.2%.  This is in the lower range reported by other researchers (Rouser et al., 1969; 

O’Kelly and Reich, 1974; Grum et al., 1996; Dann et al., 2005).  Grum et al. (1996) reported that 

dietary fat supplementation during the nonlactating period was associated with decreased 

accumulation of peripartum hepatic lipid.  However, reduced DMI and loss of BCS in cows fed 

fat prepartum confounded the effect of feeding supplemental fat during the prepartum period.  

Later the same laboratory (Douglas et al., 2004) reported that feeding supplemental fat during the 

nonlactating period did not affect peripartal lipid accumulation in liver and suggested that there 

was little clear benefit or detriment to peripartal health. The decrease in peripartal concentrations 

of total lipid seemed unlikely to be attributable directly to the supplemental fat used in that study.  

However, Grum et al., (1996) fed fat at 6.5 % of the dietary DM whereas Douglas et al. (2004) 

fed at 4% of the dietary DM.  Recently Douglas et al. (2006) reported that cows fed 

supplemental fat at 4% of dietary DM during the far–off dry period and at 3.6% of the dietary 

DM during the close-up dry period tended (P < 0.10) to have lower accumulation of hepatic lipid 

than cows fed a control diet without fat. 

Five fatty acids combined to make up over 90% (DM basis) of the identified fatty acids in 

liver fat.  The average proportion of each of these fatty acids in the current study was the 

following:  29.0% C16:0, 17.4% C18:0, 21.7% C18:1, 12.3% C18:2, and 9.9% C20:4.  These 
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proportions were similar to those reported for lactating dairy cows by Rukkwamsuk et al. (1999; 

2000), and Moussavi et al. (2007). All other fatty acids identified were present at < 3.5% of liver 

DM. 

Hepatic lipid composition in the early postpartum period can be altered by prepartum diets 

or by the extensive mobilization of body fat around parturition (Drackley et al., 2001).  

Concentration of fat in liver peaked at 14 DIM, being 19.0, 24.7, and 19.7% (DM basis) at 2, 14, 

and 28 DIM (effect of DIM, P < 0.01).  This peak was likely due to the greater uptake of NEFA 

mobilized from adipose tissue during the early postpartum weeks when energy balance is most 

negative.  The pattern of the individual fatty acids detected in liver over DIM supports this idea.  

The fatty acids that are most common in adipose tissue (C16:0 and C18:1 cis) were at their 

lowest concentration (P = 0.001) at 28 DIM; namely 29.1, 31.8, and 26.1% (SE = 1.0%) for 

C16:0 and 22.7, 23.2, and 19.3% (SE = 0.7%) for C18:1 at 2, 14, and 28 DIM, respectively.  The 

fatty acids that would be absorbed in greater amounts postpartum from increasing intake of DM 

were in greater concentration (P = 0.001) at 28 DIM; namely 17.5, 15.2, and 19.5% (SE = 0.8%) 

for C18:0 and 11.9, 11.9, and 13.2% (SE = 0.3%) for C18:2 at 2, 14, and 28 DIM, respectively.  

In addition, the proportion of C20:4, which is synthesized from C18:2, was greatest at 28 DIM as 

well (P = 0.001), being 9.9, 8.6, and 11.2% (SE = 0.6%) at 2, 14, and 28 DIM, respectively.  

Although making up a much smaller proportion of the fatty acids in liver, the concentration of all 

other individual fatty acids also changed or tended to change over DIM, with the exceptions of 

C20:0 and C20:3, indicating that the liver has an extensive turnover of fatty acids during the first 

28 d postpartum.  Collectively, the proportion of MUFA was lower (24.3, 25.2 and 21.8%) and 

that of PUFA was greater at 28 DIM (25.6, 23.9, and 28.8% for 2, 14, and 28 DIM, respectively; 

P < 0.001).  The proportion of saturated fatty acids remained fairly constant at 50% across DIM. 
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Across DIM, multiparous cows had more fat (P = 0.02) in their liver than primiparous 

cows (25.8 vs. 16.6% of DM).  This was likely due to greater mobilization of fat from adipose to 

the liver by multiparous cows due to their greater production of milk and more negative energy 

status.  The average concentration of C16:0 fits this explanation, being 31.7% for multiparous 

cows and 26.3% for primiparous cows (SE = 1.3%; parity, P < 0.01) although average 

concentration of liver C18:1 was not different between parities (21.8 and 21.7% for multiparous 

and primiparous cows, respectively).  Likewise, concentration of C18:2 was not different 

between multiparous and primiparous cows (12.8 vs. 11.9%, SE = 0.4%).  Average concentration 

of C20:4 was lower in liver fat of multiparous compared to primiparous cows (8.5 vs. 11.3%; SE 

= 0.7%) suggesting that multiparous cows were less efficient in converting C18:2 to C20:4 or 

that multiparous cows were utilizing a greater proportion of C20:4 in the synthesis of 

prostaglandins than were primiparous cows. Alternatively, the additional intake of C18:3 by 

cows fed LSO may have suppressed the conversion of C20:4 to PGF2α because liver 

concentration of C20:4 was greater at 2 DIM (Table 3.7). Parity by DIM interaction was not 

significant for any of these major fatty acids. 

The only liver fatty acids for which a significant (P < 0.05) treatment contrast by parity 

interaction or a treatment contrast by parity by day interaction was detected were those found in 

small concentrations (< 1.85% of tissue DM).  The interaction of CaVeg vs. LSO by parity was 

significant (P = 0.03) for C17:0 and C20:3.  Also the MUFA vs. PUFA by parity interaction was 

significant (P = 0.05) for trans C18:1.  The liver fat of primiparous cows contained more trans 

C18:1 when fed unsaturated fat supplements of HOSFO and CaTRANS compared to those fed 

the PUFA fat supplements of CaVeg and LSO (1.41 vs. 0.99%) but the liver fat of multiparous 

cows was unchanged when fed these diets (0.93 vs. 1.00%).  A significant interaction of 
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treatment by parity by DIM was detected only for C15:0, trans C18:1, trans-10, cis-12 C18:2, 

and C22:6.  Therefore columns of probability values for these 2-way and 3-way interactions are 

not included in Table 3.7. 

Proportions of the various fatty acids in the liver are influenced basically by the liver 

uptake of fatty acids from the circulating blood and to a lesser extent by their metabolism, i. e., 

de novo synthesis, desaturation and chain elongation of fatty acids within the liver (Sato el al., 

2004).  Generally, synthesis (Emery et al., 1992) as well as desaturation (Bell, 1981; John et al., 

1991) of fatty acid is limited in the ruminant liver. 

Feeding fat sources enriched in certain fatty acids did result in increased concentration of 

those fatty acids in liver fat (Table 3.7).  Feeding CaTRANS increased the trans C18:1 content of 

liver fat compared to the feeding of HOSFO (1.38 vs. 0.96%; P = 0.01).  Feeding LSO increased 

the C18:3, C20:5, and C22:6 contents of liver fat compared to the feeding of CaVeg (1.38 vs. 

0.97%, 0.87 vs. 0.44%, and 0.20 vs.0.07%, respectively, P ≤ 0.01).  As a result of these shifts in 

n-3 fatty acids, the n-3 to n-6 ratio was lower for cows fed LSO compared to those fed CaVeg 

(5.3 vs. 8.0; P < 0.001).  Cows fed fish meal at 5% of dietary DM from 5 to 50 DIM had greater 

concentration of C22:6 in liver samples taken at 21 DIM compared to cows not supplemented 

with fish meal but no differences among treatment were detected for hepatic concentrations of 

C20:5 (Moussavi et al., 2007).  Nevertheless, the n6/n3 ratio in the liver was lowered also for 

cows fed fish meal at 5% of dietary DM (Moussavi et al., 2007). Feeding a fat enriched in C18:1 

did not increase C18:1 in liver fat.  Feeding a Ca salt enriched in C18:2 resulted in a greater 

concentration of C18:2 in liver fat at 14 DIM compared to feeding LSO (13.3 vs. 10.6%; Figure 

3.7; CaVeg vs. LSO by quadratic DIM interaction, P < 0.001).  This shift may have been due 

more to effects of LSO on liver lipid profiles than of CaVeg.  This is explained in more detail in 
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the following paragraph.  Dietary fat source did not influence total lipid content of the liver.  

This may be due to the considerable variation in the quantity of lipid in liver tissue among cows 

(Kinsella and Butler, 1970). The CV was 47, 70, and 45%, respectively for 2, 14, and 28 DIM 

(Table 3.7).  

Effect of fat source on liver was influenced in some cases by DIM.  Cows fed LSO 

experienced a larger increase in liver fat from 2 to 14 DIM (15.9 vs. 28.1%) compared to cows 

fed CaVeg (18.5 vs. 19.7%; CaVeg vs. LSO by quadratic DIM interaction, P = 0.06).  This 

increase in total liver lipid was likely due to a greater mobilization of fatty acids from adipose 

tissue to liver in cows fed LSO.  This is supported by the fact that the proportion of C16:0 in 

liver fat had a greater increase from 2 to 14 DIM when animals were fed LSO (27.2 vs. 34.4%) 

compared to those fed CaVeg (30.3 vs. 30.2%; CaVeg vs. LSO by quadratic DIM interaction, P 

< 0.01).  Likewise the proportion of cis C18:1 in liver fat had a greater increase from 2 to 14 

DIM when animals were fed LSO (21.2 vs. 24.8%) compared to those fed CaVeg (23.2 vs. 

22.0%; CaVeg vs. LSO by quadratic DIM interaction, P < 0.01).  As a result of these changes, 

the proportion of 2 other major fatty acids responded by decreasing in concentration at 14 DIM 

compared to 2 DIM as a matter of dilution.  The proportion of C18:0 in liver fat decreased from 

2 to 14 DIM when animals were fed LSO (18.9 vs. 12.7%) compared to those fed CaVeg (16.6 

vs. 16.2%; CaVeg vs. LSO by quadratic DIM interaction, P < 0.01).  Likewise the proportion of 

C20:4 in liver fat decreased from 2 to 14 DIM when animals were fed LSO (11.3 vs. 6.9%) 

compared to those fed CaVeg (9.3 vs. 9.0%; CaVeg vs. LSO by quadratic DIM interaction, P < 

0.01).   

Conclusions 

Supplementing periparturient dairy cows with diets enriched in oleic, trans-octadecenoic, 

linoleic, or linolenic acids affected the fatty acid composition of plasma, liver, and milk 
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postpartum. Trans-octadecenoic supplementation increased C18:1 trans fatty acids in plasma, 

liver, and milk. Diet enriched in linoleic acid increased this fatty acid in milk fat but not in 

plasma or liver fat. Enrichment of linolenic acid in the diet resulted in greater incorporation of 

C18:3 and C20:5 in plasma, liver, and milk fat but C22:6 was detected in increased concentration 

only in liver. LSO supplementation likely suppressed the conversion of C20:4 to PGF2α early 

postpartum because liver concentration of C20:4 was greater at 2 DIM. Feeding supplemental 

oleic acid did increase the C18:1 content of plasma but not of liver fat. Oleic acid in milk fat of 

multiparous but not primiparous cows was increased by feeding supplemental oleic acid. 

Supplementation of fats enriched in different fatty acids influenced the preferential incorporation 

of specific fatty acids into plasma, liver, and milk fat without compromising cow performance. 
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Table 3-1. Ingredient and chemical composition of TMR fed to Holstein cows during the 
prepartum period. 

 Treatments1 
  HOSFO CaTRANS CaVeg LSO 

Ingredient (% of dietary DM)     
     Corn silage 45.0 45.0 45.0 45.0 
     Bermudagrass hay 15.0 15.0 15.0 15.0 
     Ground corn 14.5 14.5 14.5 14.5 
     Citrus pulp 5.2 5.2 5.2 5.2 
     Soybean meal 12.5 12.5 12.5 12.5 
     Trace mineralized salt 2  0.1 0.1 0.1 0.1 
     Mineral and Vitamin premix3 6.5 6.5 6.5 6.5 
     Ethoxiquin4 0.015 0.015 0.015 0.015 
     High oleic sunflower oil 1.35 … … … 
     CaTRANS … 1.35 ... ... 
     CaVeg … … 1.35 … 
     Linseed oil … … ... 1.35 
     
Component     
     NEL, Mcal/kg of DM 1.57 1.56 1.56 1.57 
     CP, % of DM 14.9 14.8 15.2 14.9 
     NDF, % of DM 38.9 38.7 38.5 38.9 
     ADF, % of DM 20.8 20.8 21.0 21.2 
     Ether extract, % DM 4.6 4.2 4.1 4.3 
     Ca, % of DM 1.91 1.93 2.06 1.80 
     P, % of DM 0.33 0.32 0.33 0.33 
     Mg, % of DM 0.33 0.31 0.35 0.32 
     K, % of DM 1.41 1.38 1.40 1.42 
     Na, % of DM 0.19 0.18 0.20 0.19 
     S, % of DM 0.42 0.42 0.42 0.42 
     Cl, % of DM 0.76 0.78 0.80 0.63 
     Fe, mg/kg of DM 328 307 316 312 
     Zn, mg/kg of DM 50 46 55 47 
     Cu, mg/kg of DM 19 19 22 20 
     Mn, mg/kg of DM 40 39 42 42 
1 HOSFO = high oleic sunflower oil (Trisun, Humko Oil, Memphis, TN); CaTRANS = Ca salts of trans C18:1 (EnerG TR, 
Virtus Nutrition, Fairlawn, OH); CaVeg = Megalac-R (Church & Dwight Co, Princeton, NJ); LSO = linseed oil (Archer Daniels 
Midland, Redwing, MN); 
2 Trace mineralized salt contained minimum concentrations of 40% Na, 55% Cl, 0.25% Mn, 0.2% Fe, 0.033% Cu, 0.007% I, 
0.005% Zn, and 0.0025% Co (DM basis). 
3 Mineral and vitamin premix contained 22.8% CP, 22.9% Ca, 0.20% P, 0.2% K, 2.8% Mg, 0.7% Na, 2.4% S, 8% Cl, 147 mg/kg 
of Mn, 27 mg/kg of Fe, 112 mg/kg of Cu, 95 mg/kg of Zn, 7 mg/kg of Se, 8 mg/kg of I, 11 mg/kg of Co, 268,130 IU of vitamin 
A/kg, 40,000 IU of vitamin D/kg, and 1129 IU of vitamin E/kg (DM basis). 
4 Fisher Scientific, Hampton, NH, USA. 
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Table 3-2. Ingredient and chemical composition of TMR fed to Holstein cows during the 
postpartum period. 

 Treatments1 
  HOSFO CaTRANS CaVeg LSO 

Ingredient (% of dietary DM)     
     Corn silage 37.5 37.5 37.5 37.5 
     Alfalfa hay 10.0 10.0 10.0 10.0 
     Cottonseed hulls 2.4 2.4 2.4 2.4 
     Ground corn 21.9 21.6 21.6 21.9 
     Citrus pulp 5.1 5.1 5.1 5.1 
     Soybean meal 9.6 9.6 9.6 9.6 
     Soyplus2 6.9 6.9 6.9 6.9 
     Mineral and vitamin mix3 4.7 4.7 4.7 4.7 
     Biophos4 0.4 0.4 0.4 0.4 
     Ethoxiquin5 0.015 0.015 0.015 0.015 
     High oleic sunflower oil 1.50 … … 1.50 
     CaTRANS … 1.75 ... ... 
     CaVeg … … 1.75 … 
     Linseed oil … … ... 1.50 
     
Component     
     NEL, Mcal/kg of DM 1.68 1.68 1.68 1.68 
     CP, % of DM 17.0 17.0 17.2 16.7 
     NDF, % of DM 31.7 32.0 32.4 33.7 
     ADF, % of DM 18.7 18.9 18.9 18.9 
     Ether extract, % DM 4.3 5.1 4.8 4.4 
     Ca, % of DM 1.17 1.26 1.16 1.03 
     P, % of DM 0.49 0.47 0.45 0.46 
     Mg, % of DM 0.29 0.28 0.27 0.27 
     K, % of DM 1.50 1.48 1.49 1.48 
     Na, % of DM 0.47 0.45 0.40 0.40 
     S, % of DM 0.24 0.22 0.23 0.23 
     Cl, % of DM 0.42 0.35 0.41 0.43 
     Fe, mg/kg of DM 276 281 274 272 
     Zn, mg/kg of DM 118 107 105 105 
     Cu, mg/kg of DM 19 19 17 17 
     Mn, mg/kg of DM 83 89 67 69 
1 HOSFO = high oleic sunflower oil (Trisun, Humko Oil, Memphis, TN); CaTRANS = Ca salts of trans C18:1 (EnerG TR, 
Virtus Nutrition, Fairlawn, OH); CaVeg = Megalac-R (Church & Dwight Co, Princeton, NJ); LSO = linseed oil (Archer Daniels 
Midland, Redwing, MN). 
2 West Central Soy, Ralston, IA. 
3 Mineral and vitamin mix contained 26.4% CP, 10.2% Ca, 0.90% P, 3.1% Mg, 1.5 % S, 5.1% K, , 8.6 % Na, 11698 mg/kg of Zn, 
512 mg/kg of Cu, 339 mg/kg of Fe, 2231 mg/kg of Mn, 31 mg/kg of Co, 26 mg/kg of I, 7.9 mg/kg of Se, 147,756 IU of vitamin 
A/kg, and 787 IU of vitamin E/kg (DM basis). 
4 IMC-Agrico, Bannockburn, IL. 
5 Fisher Scientific, Hampton, NH, USA. 
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Table 3-3. Fatty acid profile of the fat supplements (% of identified fatty acids). 
 Fat supplements1 
  HOSFO CaTRANS CaVeg LSO 

C14:0 ND2 0.3 0.9 ND 
C16:0 4.6 15.0 36.3 6.0 
cis-9 C16:1  ND 0.1 ND ND 
C17:0 ND 0.1 0.1 ND 
C18:0 2.7 8.3 3.9 3.2 
C18:1 trans family ND 61.0 0.6 ND 
cis-9 C18:1 78.8 13.0 26.1 19.6 
C18:2 n-6 13.7 2.0 28.5 16.0 
CLA ND ND ND ND 
  cis-9, trans-11 ND 0.2 0.5 ND 
  trans-10, cis-12 ND ND 0.1 ND 
C18:3 n-3 0.2 ND 3.0 55.2 
1 HOSFO = high oleic sunflower oil (Trisun, Humko Oil, Memphis, TN); CaTRANS = Ca salts of trans C18:1 
(EnerG TR, Virtus Nutrition, Fairlawn, OH); CaVeg = Megalac-R (Church & Dwight Co, Princeton, NJ); LSO = 
linseed oil (Archer Daniels Midland, Redwing, MN). 
2 ND = not detected. 
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Table 3-4.  Dry matter intake, milk yield, milk composition, feed efficiency, energy balance, postpartum body weight, and postpartum 
body condition score of Holstein cows fed diets supplemented with high oleic sunflower oil (HOSFO), calcium salts of 
trans fatty acids (CaTRANS), calcium salts of vegetable oil (CaVeg) or linseed oil (LSO) from 4 wk prepartum to 15 wk 
postpartum. 

  Treatments1         Orthogonal contrasts 2, P = 

Measure HOSFO CaTRANS CaVeg LSO SE Parity Week Treatment*Week A B C D E F 

 P3 M4 P M P M P M           
Dry matter intake 
(kg/d)                   
        Prepartum 7.00 10.55 7.57 10.76 7.07 10.35 8.07 10.76 0.66 <0.001 <0.001 0.10 0.85 0.55 0.31 0.69 0.78 0.66 
        Postpartum 15.46 17.69 14.00 18.45 14.18 17.43 14.77 18.45 0.90 <0.001 <0.001 0.60 0.76 0.69 0.39 0.92 0.21 0.82 

Dry matter intake     
(% BW)                   
        Postpartum 2.96 2.86 2.83 2.91 3.01 2.88 3.11 3.03 0.17 0.64 <0.001 <0.001 0.34 0.82 0.48 0.70 0.57 0.89 
Milk yield, kg/d 32.35 35.58 29.65 38.55 27.81 34.81 29.53 36.68 2.05 <0.001 <0.001 0.92 0.30 0.89 0.40 0.79 0.15 0.69 
3.5% FCM, kg/d5 30.64 34.58 26.96 36.54 26.77 32.49 29.94 36.41 1.90 <0.001 <0.001 0.51 0.57 0.64 0.08 0.80 0.13 0.85 
3.5% FPCM6 
(kg/d) 29.90 33.59 26.54 36.25 26.72 31.79 28.89 35.81 1.76 <0.001 <0.001 0.860 0.54 0.84 0.10 0.78 0.09 0.61 

ECM7 (kg/d) 30.22 33.95 26.83 36.64 27.01 32.13 29.21 36.20 1.78 <0.001 <0.001 0.60 0.54 0.84 0.10 0.78 0.09 0.61 
Milk fat, % 3.22 3.36 3.02 3.26 3.35 3.15 3.65 3.55 0.16 0.97 <0.001 0.07 0.16 0.34 0.04 0.31 0.95 0.98 
Milk protein, % 2.75 2.76 2.79 2.76 2.70 2.80 2.76 2.80 0.08 0.58 <0.001 1.00 0.98 0.83 0.75 0.51 0.81 0.76 
Milk fat yield, 
kg/d 1.03 1.18 0.87 1.22 0.91 1.08 1.06 1.27 0.07 <0.001 0.25 0.71 0.97 0.62 0.09 0.56 0.20 0.34 
Milk protein 
yield, kg/d 0.88 0.97 0.81 1.06 0.77 0.95 0.80 1.03 0.05 <0.001 <0.001 0.93 0.37 0.67 0.63 0.78 0.13 0.22 
Milk SCC, x 
1000/mL 116 310 307 88 148 178 65 101 21 0.82 <0.001 0.64 0.27 0.79 0.22 0.56 0.04 0.82 
Feed eficiency 8 1.68 1.68 1.65 1.71 1.69 1.60 1.73 1.72 0.11 0.91 <0.001 0.69 0.88 0.97 0.48 0.64 0.81 0.70 
Energy balance9 
(Mcal/d) 3.78 4.68 3.60 4.49 4.20 5.18 4.32 5.48 1.25 0.28 <0.001 0.33 0.46 0.88 0.87 0.92 1.00 0.95 
BW, kg 533 640 500 650 479 632 482 635 22 <0.001 <0.001 0.93 0.13 0.61 0.89 0.44 0.32 1.00 

BCS 3.14 3.11 3.37 3.13 2.86 2.98 2.94 3.19 0.16 0.82 <0.001 0.11 0.08 0.42 0.37 0.14 0.49 0.70 
1 HOSFO = high oleic sunflower oil (Trisun, Humko Oil, Memphis, TN); CaTRANS = Ca salts of trans C18:1 (EnerG TR, Virtus Nutrition, Fairlawn, OH); 
CaVeg = Megalac-R (Church & Dwight Co, Princeton, NJ); LSO = linseed oil (Archer Daniels Midland, Redwing, MN). 
2 Orthogonal contrast of means were the following: A = MUFA (HOSFO + TRANS) vs. Poly (CaVeg + LSO), B = HOSFO vs. TRANS, C = CaVeg vs. LSO, D 
= contrast A by parity interaction, E = contrast B by parity interaction, and F = contrast C by parity interaction. 
3 Primiparous cows. 
4 Multiparous cows. 
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5 3.5% FCM = (0.4324*milk yield) + (16.216*milk fat yield).  
6 3.5% Fat and protein corrected milk = (12.82 * kg of fat) + (7.13 * kg of protein) + (0.323 * kg of milk). 
7Energy corrected milk = (0.327 * milk kg) + (12.95 * kg of fat) + (7.20 * kg of protein). Tyrrel and Reid, 1965. 
8 Feed efficiency = kg of 3.5% FCM / kg of DMI. 
9 Energy balance = net energy of intake – (net energy of maintenance + net energy of lactation). NRC, 2001. 
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Table 3-5. Effect of supplemental fat source on concentration of identified fatty acids of milk fat. 

Fatty acid 
Treatments1         

HOSFO CaTRANS CaVeg LSO S.E. Parity Contrast2 
 ------% of identified fatty acids------   A B C D E F 

C4:0 3.18 4.32 3.88 4.43 0.54 <0.001 0.46 0.14 0.50 0.52 0.03 0.21 
C6:0 1.11 0.92 0.90 1.03 0.06 0.15 0.40 0.02 0.15 0.60 0.51 0.59 
C8:0 0.61 0.48 0.49 0.57 0.04 0.34 0.70 0.02 0.15 0.63 0.69 0.97 
C10:0 1.29 1.00 1.03 1.16 0.09 0.28 0.57 0.02 0.31 0.36 0.87 0.75 
C12:0 1.51 1.25 1.26 1.37 0.10 0.32 0.51 0.06 0.45 0.23 0.99 0.60 
C14:0 11.95 10.92 10.54 11.23 0.54 0.99 0.32 0.18 0.40 0.12 0.81 0.35 
C15:0 0.33 0.34 0.34 0.33 0.02 0.21 0.83 0.76 0.64 0.08 0.20 0.59 
C16:0 30.13 30.12 31.32 30.05 0.73 0.15 0.45 0.99 0.24 0.99 0.70 0.03 
cis-9 C16:1 0.97 1.10 0.97 0.94 0.04 <0.001 0.07 0.02 0.68 0.29 0.16 0.59 
C17:0 0.69 0.73 0.72 0.70 0.02 <0.001 0.87 0.09 0.52 0.81 0.01 0.18 
C18:0 12.87 12.33 12.66 13.47 0.47 0.04 0.33 0.41 0.25 0.77 0.75 0.03 
C18:1 trans 
family 3.96 5.59 3.50 3.07 0.36 0.02 <0.001 <0.001 0.41 0.14 0.12 0.95 

cis-9 C18:1 25.92 24.95 26.02 25.58 1.10 0.82 0.74 0.52 0.79 0.03 0.91 0.15 
C18:2 n-6 3.73 3.97 4.43 3.65 0.15 0.06 0.23 0.26 0.01 0.50 0.47 0.55 
CLA             
  cis-9, trans-11 0.98 1.22 0.99 1.12 0.06 0.01 0.49 0.01 0.16 0.49 0.98 0.86 
  trans-10, cis-12 0.03 0.03 0.05 0.02 0.01 0.62 0.28 0.72 0.01 0.20 0.63 0.97 
C18:3 n-3 0.44 0.46 0.57 0.97 0.03 0.71 <0.001 0.65 <0.001 0.37 0.62 <0.01 
C20:4 n-6 0.27 0.23 0.26 0.24 0.02 0.82 0.93 0.09 0.44 0.18 0.59 0.67 
C20:5 n-3 0.008 0.004 0.017 0.036 0.006 0.27 0.01 0.65 0.04 0.24 0.82 0.90 
C22:6 n-3 0.000 0.001 0.001 0.001 0.001 0.15 0.65 0.18 0.84 0.19 0.91 0.84 
SAT3 63.7 62.4 63.2 64.3 1.3 0.40 0.60 0.49 0.54 0.22 0.64 0.17 
MUFA4 30.8 31.6 30.5 29.6 1.2 0.31 0.33 0.63 0.62 0.13 0.55 0.20 
PUFA5 5.5 5.9 6.3 6.1 0.2 0.55 0.03 0.15 0.39 0.33 0.60 0.35 
PUFA/MUFA 0.18 0.19 0.21 0.21 0.01 0.18 0.01 0.62 0.84 0.04 0.32 0.56 
n6/n3 ratio6 10.8 11.5 9.8 5.0 0.3 0.28 <0.001 0.09 >0.001 0.82 0.91 0.01 
Desaturase index7            
   cis-9 C16:1  0.03 0.03 0.03 0.03 0.01 0.05 0.14 0.15 0.76 0.45 0.52 0.27 
   cis-9 C18:1  0.67 0.67 0.67 0.65 0.01 0.13 0.61 0.86 0.24 0.05 0.96 0.71 
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1 HOSFO = high oleic sunflower oil (Trisun, Humko Oil, Memphis, TN); CaTRANS = Ca salts of trans C18:1 (EnerG TR, Virtus Nutrition, Fairlawn, OH); 
CaVeg = Megalac-R (Church & Dwight Co, Princeton, NJ); LSO = linseed oil (Archer Daniels Midland, Redwing, MN). 

2 Orthogonal contrasts: A) HOSFO + CaTRANS vs. CaVeg + LSO; B) HOSFO vs. CaTRANS, C) CaVeg versus LSO, D) Contrast A by parity interaction, E) 
Contrast B by parity interaction, and F) Contrast C by parity interaction. 

3 SAT = C4:0 + C6:0 + C8:0 + C10:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0; 
4 MUFA = cis-9 C16:1 + C18:1 trans family + cis-9 C18:1. 
5 PUFA = C18:2 + C18:3 + cis-9, trans-11 CLA + trans-10, cis-12 CLA + C20:4 + C20:5 + C22:6. 
6 n-6/n-3 ratio = (C18:2 + cis-9, trans-11 CLA + trans-10, cis-12 CLA + C20:4) / (C18:3 + C20:5 + C22:6). 
7 Desaturase indexes are ratios of the ∆9-desaturase product divided by the sum of the ∆9-desaturase product and substrate. For example, the desaturase index 

for cis-9 C16:1 would be (cis-9 C16:1)/( cis-9 C16:1 + C16:0). 
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Table 3-6. Effect of supplemental fat source on concentration of identified fatty acids of plasma. 
 Treatments1 

S.E. Parity Contrast2 
Fatty acid HOSFO CaTRANS CaVeg LSO 

 ------------% of identified fatty acid--------   A B C 
C14:0 0.71 0.68 0.7 0.67 0.04 0.58 0.77 0.56 0.59 
C15:0 0.38 0.37 0.36 0.35 0.02 0.08 0.32 0.94 0.81 
C16:0 16.6 16.2 17.2 16.4 0.4 0.19 0.36 0.47 0.21 
cis-9 C16:1  0.66 0.71 0.65 0.71 0.03 <0.001 0.84 0.26 0.21 
C17:0 0.55 0.6 0.58 0.59 0.02 0.01 0.57 0.21 0.84 
C18:0 15.5 15.0 15.2 15.7 0.3 0.67 0.39 0.20 0.29 
C18:1 trans family 1.15 1.51 0.90 1.05 0.14 0.01 0.02 0.07 0.47 
cis-9 C18:1 12.3 10.7 11.6 11.2 0.5 0.09 0.79 0.03 0.67 
C18:2 n-6 43.4 45.3 44.4 41.8 0.9 0.04 0.16 0.12 0.05 
C18:3 n-3 2.37 2.46 2.32 4.89 0.17 0.11 <0.001 0.69 <0.001 
cis-9, trans-11 CLA 0.13 0.13 0.16 0.14 0.01 0.01 0.01 0.73 0.22 
CLA trans-10, cis-12 0.04 0.04 0.03 0.05 0.01 <0.001 0.97 0.78 0.11 
C20:3 0.06 0.05 0.04 0.06 0.01 <0.001 0.58 0.07 0.02 
C20:4 n-6 4.89 5.11 4.72 4.83 0.25 0.13 0.37 0.52 0.77 
C20:5 n-3 0.53 0.53 0.46 0.71 0.05 0.14 0.28 0.97 0.01 
C22:5 n-3 0.55 0.55 0.53 0.65 0.03 <0.001 0.16 0.99 0.01 
C22:6 n-3 0.08 0.06 0.06 0.08 0.01 0.01 0.51 0.29 0.28 
SAT3 33.8 32.9 34.2 33.8 0.5 0.20 0.18 0.15 0.60 
MUFA4 14.2 12.9 13.1 13.0 0.5 0.01 0.35 0.10 0.87 
PUFA5 52.0 54.2 52.7 53.2 0.9 0.34 0.86 0.08 0.70 
PUFA/MUFA 3.71 4.27 4.21 4.28 0.25 0.24 0.32 0.11 0.85 
n6/n3 ratio6 13.8 14.0 15.0 7.5 0.5 <0.001 <0.001 0.69 <0.001 
Desaturase index7          
      di161 0.04 0.04 0.04 0.04 0.01 0.01 0.56 0.24 0.14 
      di181 0.44 0.42 0.43 0.41 0.01 0.10 0.54 0.17 0.51 
Total lipid (mg/mL) 1.34 1.31 1.36 1.25 0.08 0.01 0.83 0.78 0.38 
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1 HOSFO = high oleic sunflower oil (Trisun, Humko Oil, Memphis, TN); CaTRANS = Ca salts of trans C18:1 (EnerG TR, Virtus Nutrition, Fairlawn, OH); CaVeg = Megalac-R (Church & Dwight 
Co, Princeton, NJ); LSO = linseed oil (Archer Daniels Midland, Redwing, MN). 

2 Orthogonal contrasts: A) HOSFO + CaTRANS vs. CaVeg + LSO; B) HOSFO vs. CaTRANS, C) CaVeg versus LSO. 
3 SAT = C14:0 + C15:0 + C16:0 + C17:0 + C18:0; 
4 MUFA = cis-9 C16:1 + C18:1 trans family + cis-9 C18:1. 
5 PUFA = C18:2 + C18:3 + cis-9, trans-11 CLA + CLA trans-10, cis-12 + C20:4 + C20:5 +C22:5 + C22:6. 
6 n-6/n-3 ratio = (C18:2 + cis -9, trans-11 CLA + CLA trans-10, cis-12+ C20:4) / (C18:3 + C20:5 +C22:5 + C22:6). 
7 Desaturase indexes are ratios of the ∆9-desaturase product divided by the sum of the ∆9-desaturase product and substrate. For example, the desaturase index for cis-9 C16:1 would be (cis-9 

C16:1)/(cis-9 C16:1  + C16:0). 
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Table 3-7. Effect of supplemental fat source on liver fatty acid profile on days 2, 14, and 28 postpartum. 
      Treatments1 (Trt)   Effects  Contrast2  

Fatty acid HOSFO CaTRANS CaVeg LSO S.E. Parity Day Trt x 
day 

Trt x 
parity 
x day 

A B C 

   DIM of biopsy         
      2 14 28 2 14 28 2 14 28 2 14 28                 
   ---------------------------------------------% of identified fatty acid------------------------------------------         

C14:0 2.47 2.79 2.47 2.68 3.21 2.52 2.52 2.64 2.45 2.38 3.40 2.62 0.32 0.001 <0.001 0.37 0.26 0.94 0.55 0.52 
C15:0 0.15 0.18 0.17 0.16 0.20 0.23 0.14 0.16 0.21 0.16 0.20 0.21 0.02 0.19 <0.001 0.40 0.02 0.98 0.20 0.38 
C16:0 28.74 30.83 24.69 30.33 31.66 25.26 30.30 30.24 27.34 27.16 34.44 26.97 2.06 0.01 <0.001 0.06 0.17 0.65 0.68 0.93 
cis-9 C16:1 0.73 0.87 1.05 0.97 1.31 1.14 0.83 0.92 1.13 0.76 1.08 0.91 0.13 0.52 0.01 0.52 0.52 0.49 0.07 0.78 
C17:0 0.73 0.80 0.93 0.69 0.69 0.84 0.70 0.68 0.80 0.65 0.62 0.83 0.06 0.02 <0.001 0.82 0.37 0.27 0.31 0.76 
C18:0 17.80 16.17 20.74 16.77 15.74 19.39 16.61 16.24 18.54 18.89 12.68 19.34 1.66 0.04 0.001 0.01 0.21 0.62 0.63 0.94 
C18:1 trans 
family 0.78 0.83 1.27 0.98 1.23 1.94 0.81 1.11 1.06 0.79 0.97 1.24 0.17 0.05 <0.001 0.46 0.04 0.14 0.01 0.96 
cis-9 C18:1 23.28 23.10 19.08 23.31 21.96 18.28 23.12 22.40 20.21 21.03 25.22 19.81 1.44 0.96 <0.001 0.08 0.46 0.70 0.70 0.95 
C18:2 n-6 12.16 11.65 13.17 11.47 11.92 13.77 12.25 13.29 13.63 11.90 10.61 12.38 0.69 0.20 <0.001 0.01 0.23 0.99 0.94 0.12 
cis-9, trans-
11 CLA 0.47 0.41 0.35 0.47 0.42 0.37 0.51 0.49 0.50 0.50 0.49 0.42 0.04 0.01 0.001 0.55 0.90 0.06 0.85 0.51 
CLA trans-
10, cis-12 0.02 0.01 0.03 0.00 0.02 0.01 0.02 0.01 0.02 0.01 0.00 0.00 0.01 0.50 0.67 0.53 0.40 0.32 0.31 0.23 
C20:0 0.02 0.04 0.02 0.04 0.03 0.02 0.02 0.02 0.03 0.02 0.03 0.05 0.01 0.26 0.84 0.35 0.51 1.00 0.81 0.36 
C18:3 n-6 0.99 0.82 0.76 0.99 0.86 0.87 1.02 0.96 0.93 1.34 1.36 1.44 0.07 0.05 0.10 0.40 0.27 <0.001 0.45 <0.001 
C20:3 0.04 0.05 0.04 0.05 0.03 0.07 0.02 0.03 0.03 0.08 0.05 0.09 0.02 0.01 0.38 0.80 0.09 0.68 0.77 0.02 
C20:4 n-6 9.83 9.33 12.06 9.07 9.02 11.99 9.30 9.05 10.68 11.29 6.90 9.99 1.23 0.01 0.001 0.04 0.17 0.53 0.80 0.86 
C20:5 n-3 0.40 0.40 0.89 0.52 0.51 0.86 0.35 0.41 0.56 0.80 0.57 1.23 0.12 0.06 0.001 0.25 0.38 0.50 0.56 0.01 
C22:5 n-3 1.45 1.32 1.76 1.41 1.35 1.95 1.37 1.47 1.58 1.95 1.27 2.09 0.19 0.001 0.001 0.01 0.24 0.63 0.79 0.23 
C22:6 n-3 0.05 0.11 0.10 0.10 0.08 0.19 0.08 0.06 0.07 0.29 0.09 0.22 0.04 0.001 0.02 0.01 0.01 0.38 0.44 0.01 
MUFA3 24.76 24.88 21.32 25.29 24.39 21.38 21.77 24.41 22.40 22.58 27.28 21.97 1.51 0.86 <0.001 0.08 0.59 0.85 0.98 0.97 
PUFA4 25.41 24.24 29.18 24.03 24.08 30.10 24.94 25.83 28.04 28.15 21.34 28.01 2.00 0.08 <0.001 0.01 0.13 0.94 0.98 0.88 
PUFA/MUFA 1.11 1.02 1.46 1.03 1.12 1.59 1.07 1.14 1.45 1.32 0.83 1.49 0.17 0.44 <0.001 0.01 0.23 0.95 0.80 0.97 
n6/n3 ratio5 7.73 8.18 7.63 7.11 7.74 6.93 8.01 8.12 8.00 5.67 5.54 4.80 0.42 0.001 0.03 0.63 0.09 0.02 0.22 <0.001 
Desaturase index6                    
   cis-9 C16:1 0.02 0.03 0.04 0.03 0.04 0.04 0.03 0.03 0.04 0.03 0.03 0.03 0.01 0.02 <0.001 0.94 0.65 0.41 0.04 0.86 
   cis-9 C18:1 0.57 0.60 0.49 0.58 0.58 0.49 0.58 0.58 0.53 0.53 0.66 0.51 0.04 0.19 <0.0001 0.24 0.68 0.64 0.99 0.90 
Total lipid  
(% dry 
weight) 

19.20 20.22 14.66 22.48 30.88 21.39 18.48 19.71 20.98 15.94 28.16 21.88 4.52 0.02 0.01 0.20 0.76 0.77 0.27 0.68 
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1 HOSFO = high oleic sunflower oil (Trisun, Humko Oil, Memphis, TN); CaTRANS = Ca salts of trans C18:1 (EnerG TR, Virtus Nutrition, Fairlawn, OH); 
CaVeg = Megalac-R (Church & Dwight Co, Princeton, NJ); LSO = linseed oil (Archer Daniels Midland, Redwing, MN). 

2 Ortogonal contrasts: A) HOSFO + CaTRANS vs. CaVeg + LSO; B) HOSFO vs. CaTRANS, C) CaVeg versus LSO. 
3 MUFA = cis-9 C16:1 + C18:1 trans family + cis-9 C18:1. 
4 PUFA = C18:2 + C18:3 + cis -9, trans-11 CLA + trans-10, cis-12 CLA + C20:4 + C20:5 +C22:5 + C22:6. 
5 n-6/n-3 ratio = (C18:2 + cis -9, trans-11 CLA + trans-10, cis-12 CLA + C20:4) / (C18:3 + C20:5 + C22:5 + C22:6). 
6 Desaturase indexes are ratio of the ∆9-desaturase product divided by the sum of the ∆9-desaturase product and substrate.  For example, the desaturase index 

for cis-9 C16:1 would be (cis-9 C16:1)/(cis-9 C16:1 + C16:0). 
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Figure 3-1.  Least squares means for dry matter intake of primiparous (A) and multiparous (B) 
Holsteins cows fed diets supplemented with high oleic sunflower oil (HOSFO), 
calcium salts of trans fatty acids (CaTRANS), calcium salts of vegetable oil (CaVeg) 
or linseed oil (LSO) from 4 wk prepartum to 15 wk postpartum. Parities differed (P 
<0.001).  
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Figure 3-2.  Least squares means for dry matter intake as % of BW of  Holsteins cows fed diets 
supplemented with high oleic sunflower oil (HOSFO), calcium salts of trans fatty 
acids (CaTRANS), calcium salts of vegetable oil (CaVeg) or linseed oil (LSO) from 4 
wk prepartum to 15 wk postpartum. There was a treatment by week interaction (P < 
0.01). Cows fed CaTRAN had less DMI at week 13 compared to cows fed LSO (P < 
0.001). 
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Figure 3-3.  Least squares means for milk yield of primiparous (A) and multiparous (B) Holstein 
cows fed diets supplemented with high oleic sunflower oil (HOSFO), calcium salts of 
trans fatty acids (CaTRANS), calcium salts of vegetable oil (CaVeg) or linseed oil 
(LSO) from 4 wk prepartum to 15 wk postpartum.  Parities differed (P < 0.001). 
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Figure 3-4.  Least squares means for body weight of primiparous (A) and multiparous (B) 

Holstein cows fed diets supplemented with high oleic sunflower oil (HOSFO), 
calcium salts of trans fatty acids (CaTRANS), calcium salts of vegetable oil (CaVeg) 
or linseed oil (LSO) from 4 wk prepartum to 15 wk postpartum.  Parities differed (P < 
0.001). 
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Figure 3-5.  Least squares means for BCS of Holstein cows fed diets supplemented with high 

oleic sunflower oil (HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium 
salts of vegetable oil (CaVeg) or linseed oil (LSO) from 4 wk prepartum to 15 wk 
postpartum. Treatments did not differ.  
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Figure 3-6.  Least squares means for energy balance of Holstein cows fed diets supplemented 
with high oleic sunflower oil (HOSFO), calcium salts of trans fatty acids 
(CaTRANS), calcium salts of vegetable oil (CaVeg) or linseed oil (LSO) from 4 wk 
prepartum to 15 wk postpartum.  Treatments did not differ. 
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Figure 3-7. Concentration of C18:2 in liver of Holstein cows fed diets supplemented with high 
oleic sunflower oil (HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium 
salts of vegetable oil (CaVeg) or linseed oil (LSO) from 4 wk prepartum to 15 wk 
postpartum.  The asterisk at day 14 indicates that cows fed CaVeg had a greater 
concentration of C18:2 in liver compared to cows fed LSO (CaVeg vs. LSO by DIM 
quadratic interaction; P < 0.001). 
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CHAPTER 4 
EFFECT OF DIETS ENRICHED IN DIFFERENT FATTY ACIDS ON HORMONES, 

METABOLITES, ACUTE PHASE PROTEINS, AND HEPATIC GENE EXPRESSION OF 
LACTATING HOLSTEIN COWS DURING SUMMER 

Abstract 

The objective of the study was to evaluate how dietary fat sources of oleic, trans-

octadecenoic, linoleic, or linolenic acids affected hormones, metabolites, acute phase proteins, 

and hepatic gene expression of Holstein primiparous cows (n = 22) and cows (n = 32) during the 

summer season. Fat supplements were the following: 1) high oleic sunflower oil (HOSFO; 

Trisun, Humko Oil, 80% C18:1), 2) Ca salt of trans-octadecenoic acids (CaTRANS; EnerG TR, 

Virtus Nutrition, 61% trans C18:1), 3) Ca salt of vegetable oils (CaVeg; Megalac-R, Church & 

Dwight Co, 30% C18:2), and 4) linseed oil (LSO; Archer Daniels Midland, 56% C18:3 and 16% 

C18:2). Supplemental fats were fed at 1.35% of dietary DM beginning at 29 d prior to expected 

calving date. After calving, fats were fed at 1.5% (oils) and 1.75% (Ca salts) of dietary DM for 

15 wk. Blood samples were taken thrice weekly during 7 wk for measurement of insulin, bST, 

IGF-1, haptoglobin, acid soluble protein. Weekly samples from calving until 7 wk postpartum 

were analyzed for NEFA, glucose, BUN, and BHBA. Primiparous cows fed PUFA tended to 

have greater concentration of plasma NEFA and lower concentrations of insulin than 

primiparous cows fed MUFA. Primiparous cows fed MUFA had a faster decline in GH 

concentrations in plasma compared to those had PUFA whereas no treatment differences were 

detected among multiparous cows. Concentrations of IGF-1 increased at a faster rate for animals 

fed PUFA compared to those fed MUFA. Cows fed CaVeg had greater concentrations of glucose 

in plasma at wk 1 and 2 compared to cows fed LSO. However, hepatic mRNA expression of the 

gluconeogenic enzymes, pyruvate carboxylase and phosphoenolpyruvate carboxykinase, were 

upregulated in cows fed LSO compared to cows fed CaVeg. Primiparous cows fed CaTRANS 
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had greater concentration of haptoglobin and acid soluble protein compared to primiparous cows 

fed HOSFO suggesting a proinflammatory effect. Dietary fatty acids altered hormones, 

metabolites, acute phase proteins, and gene expression of lactating dairy cows differently.  

Key Words: fatty acid, acute phase protein, hormone, gene expression 

Introduction 

Fat supplementation is a common nutritional tool used by dairy nutritionists to increase 

the energy density of the diet and to influence reproduction (Staples et al., 1998; Bilby et al. 

2006c; Petit and Twagiramungu, 2006, Moussavi et al., 2007b), metabolism (Petit et al., 2007; 

Andersen et al., 2008), milk yield (Bu et al., 2007), milk composition (Bilby et al., 2006c, Huang 

et al., 2008), and health of dairy cows (Lessard et al. 2004; Rodriguez-Sallaberry et al., 2007).  

Inconsistent effects of lipid supplementation on performance of dairy cows may be 

partially explained by differences in the profile of specific fatty acids fed, by the form in which 

the fat was fed (oil or Ca salt form), the rate of lipid inclusion in the diet, and the time of 

initiation of fat feeding, among others. The effects of dietary PUFA on plasma hormones and 

metabolites have been inconsistent and the studies have not included all the same measurements. 

Researchers have reported that fat supplementation increased (Robinson et al., 2002), decreased 

(Grum et al., 1996; Beam and Butler, 1998; Garcia et al., 2003) or had no effect (Gagliostro et 

al., 1991; DeLuca and Jenkins, 2000) on IGF-1 concentration in plasma. Becú-Villalobos et al. 

(2007) reported no difference in GH concentrations in plasma of cows fed partially hydrogenated 

fat compared to cows fed no supplemental fat. The lack of response of fat supplementation on 

GH has been reported in beef (Lammoglia et al., 2000; Bottger et al., 2002) and dairy cows 

(Khorasani et al., 1992). However, other researchers reported an increase in GH concentration in 

plasma of cows fed different sources of fat (Gagliostro et al., 1991; Grum et al., 1996; Bilby et 

al., 2006b).  
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Mashek et al. (2005) reported that cows infused intravenously with linseed oil had lower 

insulin concentrations in plasma compared with cows intravenously supplied with tallow. Cows 

fed a 16% linseed diet prepartum had reduced concentrations of plasma insulin prepartum 

compared to cows fed a highly saturated fat or control diet from 5 wk before calving until 

parturition (Andersen et al., 2008). In addition, a Ca salt of palm oil and fish oil supplement 

reduced insulin concentration in plasma of dairy cows (Bilby et al., 2006b). 

Glucose concentrations in plasma have been affected by dietary fat supplementation 

(Moallem et al., 2007; Moussavi et al., 2007a; Andersen et al., 2008). However, studies 

examining the effects of fat supplementation on the hepatic mRNA of gluconeogenic enzymes of 

periparturient dairy cows are scarce.  

Lipids are important modulators of immune function (Calder, 2007). However, little is 

known about the effects of source of fatty acid supplementation on secretion of acute phase 

proteins by the liver of periparturient dairy cows. 

The objective of this study was to evaluate the effects of dietary fat sources rich in oleic, 

trans-octadecenoic, linoleic, or linolenic acids on hormones, selected metabolites, acute phase 

proteins, and hepatic gene expression of periparturient Holstein cows during summer.  

Material and Methods 

Animals, Treatments, and Sampling 

Experiment was conducted at the University of Florida dairy research unit (Hague, FL) during 

the months of May through December 2004.  All experimental animals were managed according 

to the guidelines approved by the University of Florida Animal Care and Use Committee.  

Periparturient Holstein primiparous (n = 22) and multiparous (n = 32) cows were assigned to 

treatment at 30 ± 7 d prior to their calving date.  Dietary supplemental treatments were the 

following: 1) high oleic sunflower oil from genetically modified sunflower (HOSFO; Trisun, 
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Humko Oil, Memphis, TN; 80% C18:1), 2) Ca salt of trans-octadecenoic acids (CaTRANS; 

EnerG TR, Virtus Nutrition, Fairlawn, OH, 61% trans C18:1 isomers), 3) Ca salt of vegetable 

oils (CaVeg; Megalac-R, Church & Dwight Co, Princeton, NJ; 36% C16:0 and 29% C18:2), and 

4) linseed oil (LSO; Archer Daniels Midland, Redwing, MN, 55% C18:3 and 16% C18:2).  

Supplemental fats were fed at 1.35% of dietary DM during the prepartum period (refer to Table 

3.1).  After calving, fats were fed at 1.5% (oil sources) and 1.75% (Ca salt sources) of dietary 

DM for 15 wk to allow equal concentration of dietary lipid (refer to Table 3.2 in the previous 

chapter).  Calculated calving date, parity (primiparous or multiparous), BW, and milk production 

of the previous year for multiparous cows were similar among treatment groups.  Prepartum 

cows were housed in sod-based pens equipped with fans, sprinklers, and shaded Calan gates 

(American Calan Inc., Northwood, NH).  Postpartum cows were housed in a sand-bedded, free-

stall barn equipped with fans, sprinklers, and Calan gates.  Intake of DM was measured daily.  

Cows were fed TMR twice daily at 0900 and 1300 h to allow 5 to 10% feed refusals daily.  Corn 

silage was collected weekly and immediately dried for 1 h using a Koster® (Koster Crop Tester, 

Inc., Strongsville, OH) to calculate the concentration of DM in order to maintain the formulated 

forage to concentrate ratio in the ration.  Cows were milked thrice daily at 0100, 0900, and 1700 

h.  Cows were weighed and body condition scored (Edmonson et al., 1989) weekly after the 

0900 h milking and before feeding.  Ethoxiquin (Fisher Scientific, Hampton, NH, USA) was 

used as an antioxidant by adding 0.33 g / kg of concentrate mix resulting in a dietary 

concentration of 0.015 and 0.020% for nonlactating and lactating cows, respectively (DM basis). 

Sample Collection and Analysis 

Blood (10 mL) was collected at 0700 h on Monday, Wednesday, and Friday from 

coccygeal vessels into sodium heparinized tubes (Vacutainer, Becton Dickinson, Franklin Lakes, 

NJ) from calving until 47 ± 3 DIM.  Samples were put immediately on ice until centrifuged at 
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2619 x g at 5oC for 30 min (RC-3B refrigerated centrifuge, H 600A rotor, Sorvall Instruments, 

Wilmington, DE).  Plasma was separated and frozen at -20oC for subsequent metabolite and 

hormone analyses.   

Plasma concentrations of NEFA (NEFA-C kit; Wako Fine Chemical Industries USA, Inc., 

Dallas, TX; as modified by (Johnson, 1993) were determined once weekly for 7 wk.  A 

Technicon Autoanalyzer (Technicon Instruments Corp., Chauncey, NY) was used to determine 

weekly concentrations of plasma BUN (a modification of Coulombe and Favreau, 1963 and 

Marsh et al., 1965) and plasma glucose (a modification of Gochman and Schmitz, 1972). 

A double antibody radioimmunoassay (RIA) was used to determine plasma concentrations 

of insulin (Badinga et al., 1991; Malven et al., 1987), growth hormone (GH) (Badinga et al., 

1991), and IGF-1 (Badinga et al., 1991) on every plasma sample collected.  The sensitivity of the 

assays were 1 ng/mL, 1 ng/mL, and 14 pg/mL for insulin, somatotropin, and IGF-1, respectively.  

The intra- and interassay CV were 9.9% and 3.7%, 6.6% and 11.6%, and 3.1% and 7.5%, 

respectively for insulin, GH, and IGF-1.  Concentrations of progesterone were determined on 

every plasma sample collected using Coat-A-Count Kit (DPC® Diagnostic Products Inc., Los 

Angeles, CA) solid phase 125I RIA.  The sensitivity of the assay was 0.1 ng/mL and the intra- and 

interassay CV were 4.9 and 7.8%, respectively.  A polyethylene glycol RIA procedure described 

by Meyer et al. (1995) was used to analyze for the concentration of 15-keto-13,14-dihydro-

prostaglandin F2 metabolite (PGFM) in each plasma sample collected during the first 10 DIM.  

Sensitivity of the assay was 31.2 pg/mL and the intra- and interassay CV were 8.1 and 4.3%, 

respectively.  Haptoglobin concentrations  of plasma were determined by measuring 

haptoglobin/hemoglobin complexing (Makimura and Suzuki, 1982).  Acid soluble protein was 
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extracted from plasma with 0.6 M perchloric acid and analyzed with the bicinchoninic acid kit 

(Sigma-Aldrich, Saint Louis, MO). 

On 2, 14 ± 2, and 28 ± 2 DIM, liver samples were collect via biopsy, rinsed with sterile 

saline, snap-frozen in liquid N, and stored at -80oC until analyzed for mRNA abundance.  

Total cellular RNA was isolated from liver (approximately 250 mg, wet basis) by pipeting 

3 mL of TriZol (Invitrogen, Carlsbad, CA) into a 15-mL sterile tube containing the liver sample.  

The sample was blended using a homogenizer (PowerGen 700, Fisher Scientific, Hampton, NH, 

USA) coupled with a generator sawtooth (7 mm x 195 mm) (Fisher Scientific, Hampton, NH, 

USA) and incubated for 5 min at room temperature with 200 µl of chloroform.  Tubes were 

centrifuged at 12,000 x g for 15 min at 4o C.  The aqueous upper layer was transferred to a 1.5-

mL microfuge tube, 500 µl of isopropanol added, and the tubes mixed by inversion and 

incubated at room temperature for 10 min.  The supernatant was decanted and 1 mL of 75% 

ethanol was added to the RNA pellet.  The tubes were centrifuged at 12,000 x g for 3 min at 4o 

C.  Supernatant was decanted and the remaining ethanol evaporated at room temperature for 5 

min.  The RNA pellet was suspended in 25 µl of sterile water and the RNA concentration was 

quantified.  Ten µg of RNA was fractionated in 1% agarose-formaldehyde gel and blotted to a 

BioTrans 0.2 micron nylon membrane (MP Biomedical, Irvine, CA) by capillary action.  The 

RNA was cross-linked to the membrane by UV irradiation and baked at 80°C for 1 h.  Two sets 

of BioTrans nylon membranes were generated from the same extracted RNA sample in order to 

probe three genes in each set.  The first set of RNA filters were hybridized consecutively with 

random primer-labeled pyruvate carboxylase (PC), IGF Binding Protein-II (IGFBP-II), and 

phosphoenolpyruvate carboxykinase (PEPCK) cDNA and the second set of RNA filters were 

hybridized with random primer labeled IGF-1, IGFBP-III and IGF-II cDNA probes.  After 
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hybridization, RNA filters were washed twice for 20 min in 30 mL of 2x saline sodium citrate 

and 0.1% SDS at 50°C, followed by one 15-min wash in 0.1x saline sodium citrate, and 0.1% 

SDS at 50°C.  The filters were blotted dry and exposed to x-ray films for 24 h (IGFBP-II), 48 h 

(PEPCK, IGF-1, and IGF-2), and 72 h (PC and IGBP-III) at –80°C.  Hybridization signals for 

each target gene were quantified by densitometric analysis. 

At 40 ± 2 DIM, a single assessment of uterine cytology was conducted.  Cows were 

flushed using a 53.3 cm silicon Foley catheter (i.e., 18 Fr and 5 cc).  The vulva was cleaned with 

chlorhexidine diacetate (Nolvasan, Fort Dodge, WI) and dried with a paper towel.  The catheter 

was introduced through the cervix into the previously pregnant uterine horn.  The air balloon was 

placed approximately 1 cm past the bifurcation of the uterine horn and inflated with air to a 

volume consistent with the size of the uterine horn. Sterile saline (20 mL of 0.9%) was infused 

into the uterine horn and aspirated back using a syringe with a Foley connector.  The aspirated 

solution was placed into a sterile 50-mL conical tube and vortexed. A 50-µl aliquot of mixed 

flush was placed into a bullet tube and mixed with 50 µl of a trypan blue solution (0.4%) for 1 

min.  A 10 µl sample of the solution was placed in each side of the hemacytometer in order to 

count total white blood cells (WBC) and to determine cell viability using a magnification of 40x.  

Cells not stained were considered live and cells stained with trypan blue were considered dead.  

Concentration of WBC was determined by counting 5 squares (i.e., each square = 0.2 * 0.2 mm2) 

from each side of the hemocytometer in the large middle square using a magnification of 40x.  

Concentration of WBC was calculated as follows: WBC (number / mL) = total WBC count in 10 

squares/2 * 50,000 * dilution factor 2. Proportion of cell viability was calculated as follows: cell 

viability (%) = (number of WBC not stained (viable) / number of stained and not stained WBC) 

* 100. After determination of total and viable WBC, 20 μl of mixed flush was pipetted onto a 
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glass slide and smeared (2 slides per flush). Smear was air-dried and stained using the Diff-

Quick (Fisher Diagnostics, Middletown, VA) stain.  Slides were examined for WBC and 

neutrophil numbers at magnification of 40x.  Number of total WBC as well as number of 

neutrophils were counted and percent of neutrophils calculated as follows: % neutrophils = total 

number of neutrophils / total number of WBC * 100. 

The percentage of neutrophils was used to estimate the number of neutrophils per mL of 

flush solution using the hemacytometer results as follows: number of neutrophils / mL of flush = 

total WBC count / mL (hemacytometer) * % neutrophils. 

Statistical Analysis 

Repeated measures data (plasma concentrations of NEFA, BUN,  and glucose, liver 

mRNA expression for PC, PEPCK, IGF-1, IGF-II, IGFBP-II, and IGFBP-III) were analyzed 

using the PROC MIXED procedure of SAS according to the following model: 

Yijkl = μ + Fi + Pj + FPij +Ck (i j) +Wl + FWil + PWjl + FPWijl + Eijkl   

where Yijkl is the observation, μ is the overall mean, Fi is the fixed effect of dietary fat 

source (i = 1, 2, 3, and 4), Pj is the fixed effect of parity (j = 1 and 2), FPij is the interaction of fat 

source and parity, Ck (i j) is random effect of cow within fat source and parity (k = 1, 2, …n), Wl 

is the fixed effect of week (l = 0, 1, 2, …14), FWil is the interaction of fat source and week, PWjl 

is the interaction of parity and week, FPWijl is the three way interaction of fat source, parity and 

week, and Eijkl is the residual error.   

Data were tested to determine the structure of best fit, namely AR (1), ARH (1), CS, or 

CSH, as indicated by a lower Schwartz Baesian information criterion value (Littell et al., 1996).  

Orthogonal contrasts used to detect treatment differences were the following: 1) HOSFO + 

CaTRANS vs. CaVeg + LSO, 2) HOSFO vs. CaTRANS, and 3) CaVeg vs. LSO.  For liver 

samples collected at DIM not equally spaced (2, 14, and 28 DIM), the IML procedure of SAS 
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was used to generate coefficients for testing of linear and quadratic day effects. After testing for 

the level of order that best fit up to cubic, single degree of freedom contrasts of treatments by 

week were tested. 

Data that did not have a common DIM at the time of collection (plasma concentrations of 

insulin, IGF-1, GH, and progesterone) were modeled using the CS structure as a polynomial 

function of time using regression analysis and coefficients were obtained to plot the curves after 

the level of order (linear, quadratic, cubic, or quartic) that best fit the data was determined.  

Homogeneity of regression was performed to determine if the curves differed for each of the 

orthogonal contrasts cited above. 

Acute phase proteins and log of total neutrophil counts were analyzed using Proc 

Glimmix of SAS since the data did not have a normal distribution. 

Results and Discussion 

Metabolites and Hormones 

Glucose  

Animals fed LSO had (P < 0.05) lower concentrations of glucose in plasma at weeks 1 and 

2 postpartum compared to CaVeg-fed cows (Figure 4.1).  Petit et al. (2007) reported that cows 

fed saturated fat at 1.7% of dietary DM starting 6 wk prior to calving had lower plasma glucose 

concentrations at weeks 1, 2, and 4 postpartum compared to cows fed a control diet without fat 

supplement or a diet supplemented with flaxseed at 3.3% of dietary DM.  The authors attributed 

the hypoglycemia to the lower DMI and more negative energy balance of the cows fed saturated 

fat.  In the present study, there were no treatment differences for either DMI or energy balance 

(Chapter 3) but concentration of plasma NEFA were greater at wk 2 for cows fed LSO.  

Consistent with our data, Andersen et al. (2008) reported that cows fed a high linseed diet 

prepartum had lower concentration of glucose in plasma compared to cows fed a highly saturated 
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fat or control diet.  Conversely, Moussavi et a. (2007a) found that cows fed Ca salts of fish oil at 

2.3 % of dietary DM had greater glucose concentrations in plasma compared to cows fed a 

control diet or a diet of  2.5% (dietary DM) menhaden fish meal.  In another study (Moallem et 

al., 2007), plasma concentrations of glucose did not differ among cows fed Megalac-R, saturated 

fat, or a control diet. 

Mashek and Grummer (2003) reported that gluconeogenesis was reduced in hepatocytes 

incubated with C22:6 compared to other LCFA.  In the present study, cows fed LSO had greater 

hepatic concentration of C22:6 compared to cows fed CaVeg and thus may explain the decrease 

in plasma glucose concentrations.   

Blood urea nitrogen 

Plasma concentrations of BUN were high at calving likely due to the aminoacid break 

down from the uterus, declined until wk 2 and then gradually increased until wk 7 in primiparous 

and multiparous cows (Figure 4.2). Plasma concentrations of BUN did not differ among 

treatments as reported by others feeding multiple fat sources (Petit et al., 2007).  

NEFA  

When the energy needed for maintenance and lactation is greater than the energy provided 

in the diet, the dairy cow will begin to mobilize her body fat stores to lessen the energy deficit.  

Hormone sensitive lipase (HSL) is a key enzyme in the mobilization of fatty acids from the TG 

in adipose tissue (Holm et al., 2000).  Hormone sensitive lipase is dephosphorylated and 

inactivated by insulin whereas an increment in the cAMP concentration and activation of protein 

kinase A by glucagon, epinephrine, and ACTH to promote phosphorylation and activation of 

HSL (Holm et al., 2000) which is translocated from a cytosolic compartment to the surface of the 

lipid droplet (Egan et al., 1992; BrasaemLe et al., 2000).  A second enzyme, adipose triglyceride 

lipase (ATGL), catalyzes the initial step in triglyceride (TG) hydrolysis (Zimmermann et al., 
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2004).  Thus, ATGL and HSL coordinately catabolize stored TG in adipose tissue of mammals 

(Zimmermann et al., 2004).  Nonesterified fatty acids (NEFA) are released into the blood from 

adipose tissue and transported to hepatic and non-hepatic tissues. Animals fed LSO had a greater 

concentration of NEFA in plasma at wk 2 (P = 0.02) and 5 (P = 0.08) postpartum compared to 

animals fed CaVeg (treatment by DIM interaction) (Figure 4.3). Because animals at wk 2 

appeared to have similar intakes of DM, production of milk and loss of BW, it is difficult to 

explain this difference in NEFA values. In addition, primiparous cows fed PUFA (CaVeg or 

LSO) tended to have greater mean concentration of plasma NEFA than primiparous cows fed 

MUFA (HOSFO or CaTRANS) (611 vs. 436 mEq/L) whereas cows fed these supplements did 

not differ (564 vs. 522 mEq/L; Table 4.1) (parity by [HOSFO + CaTRANS] vs. [CaVeg + LSO] 

interaction, P = 0.08).  Others have reported that liver lipid accumulation occurs in the presence 

of increased plasma concentration of NEFA at calving (Skaar et al., 1989; Vazquez-Anon et al., 

1994).  The concentrations of plasma NEFA in the present study were not high enough to cause 

hepatic lipid accumulation (Drackley, 2001).   

Selberg et al. (2004) reported that cows fed a CLA supplement had greater concentrations 

of NEFA in plasma at wk 1 postpartum compared to cows fed trans fatty acids or a control diet 

without fat.  However, Baumgard et al. (2000, 2002) showed little or no effect of supplemental 

CLA on plasma NEFA concentrations.  Moallem et al. (2007) reported that cows fed 215 g/d of 

Megalac-R starting at 256 d of pregnancy through 110 d postpartum had greater concentration of 

NEFA in plasma postpartum compared to cows not fed fat but did not differ from cows fed a 

saturated fat source.  In contrast, Petit et al. (2007) reported that multiparous cows fed a saturated 

fatty acid source starting prepartum had a greater concentration of NEFA in plasma at wk 1, 2, 

and 4 compared to cows supplemented with flaxseed or not supplemented with fat but there was 
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no effect of fat source on NEFA of primiparous cows.  DeFrain et al. (2005) evaluated the effect 

of feeding propionate with and without Ca salts of fatty acids on hormone and metabolites of 

periparturient dairy cows.  Cows supplemented with 178 g/d of propionate and 154 g of LCFA 

had lesser concentration of NEFA in plasma compared to cows fed 120 g/d of propionate and 93 

g of LCFA (623 vs. 875 µEq/L).  Andersen et al. (2008) reported that feeding linseed at 1.5% of 

dietary DM increased the prepartum concentrations of plasma NEFA compared to cows fed a 

low fat control diet but did not differ from cows fed a highly saturated fat diet. However, 

postpartum concentrations of NEFA in plasma did not differ among treatments.  

Fat supplementation influences the fatty acid profile of adipose tissue in dairy cows 

(Chilliard et al., 1991), beef cattle (Ducket et al., 1993; Garcia et al., 2003; Gillis et al., 2004) 

and sheep (Bolte et al., 2002; Cooper et al., 2004).  We speculate that fat supplementation 

starting prepartum changed the fatty acid profile of the adipose tissue in such way that 

primiparous cows fed PUFA had a higher proportion of PUFA on the TG in the adipose tissue 

which in turn were preferentially hydrolyzed by the HSL and increased the NEFA concentration 

in plasma compared to primiparous cows fed MUFA. 

Insulin  

Concentration of plasma insulin usually reflects energy intake. It increases gradually as 

days postpartum increase and as DMI of dairy cows increase.  Fat supplementation has had 

mixed results on circulating concentration of plasma insulin (Staples et al., 1998).  In studies in 

which fat supplementation depressed plasma insulin (8 out of 17 studies reviewed by Staples et 

al., 1998), the diet and day differences were eliminated when energy balance was used as a 

covariate in the statistical model suggesting that insulin differences among diets were due to 

differences in EB.  In the present study, there was no difference in mean EB among treatments 

(Chapter 3) but the dietary treatment effect was significant for plasma insulin concentrations. 
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Primiparous cows fed PUFA tended to have lower mean concentrations of insulin in plasma 

compared to primiparous cows fed MUFA (0.44 vs. 0.51 ng/mL) whereas multiparous cows 

experienced the opposite effect (0.47 vs. 0.41 ng/mL; MUFA vs. PUFA by parity interaction (P 

= 0.06) (Table 4.2).  The lower concentration of insulin in plasma probably stimulated HSL and 

thus TG hydrolysis in the adipose tissue leading to increased NEFA concentrations in plasma. 

This was most evident in primiparous cows. Gavino and Gavino (1992) studied the HSL-

mediated release of fatty acids from TG in cultured preadipocytes containing PUFA-enriched 

triglyceride. They found that cultured preadipocytes challenged with 10 µM of norepinephrine 

tended to release more omega-6 and omega-3 PUFA than saturated fatty acids.  Indeed, crude 

preparations of HSL released C18:3 from the TG substrates twice as fast as cis-9 C18:1.  Raclot 

et al. (2001) evaluated the fatty acid specificity of HSL in lipid emulsions and reported that HSL 

is slightly affected by the degree of unsaturation of the fatty acid in the TG.  Thus, this selectivity 

could affect the individual fatty acid supply from the tissues (Raclot, 2003). Feeding n-3 long 

chain PUFA, as compared to a high fat diet, lowered concentrations of plasma insulin in rodents 

by sustaining glucose transporter protein GLUT4 receptors in the muscle, by preventing 

decreased expression of GLUT4 in adipose tissue, and by inhibiting both activity and expression 

of liver glucose-6-phosphatase that increased glucose uptake and metabolism (Delarue et al., 

2004).  Xiao et al. (2006) reported that different fatty acid profiles affected glucose-induced 

insulin secretion in humans differently.  Mashek et al. (2005) reported that cows infused 

intravenously with linseed oil had a lower insulin concentration in plasma compared with cows 

intravenously supplied with tallow.  Cows fed linseed prepartum had reduced concentrations of 

insulin prepartum compared to cows fed a saturated fat or no fat diet from 5 wk relative to 

calving until parturition (Andersen et al., 2008).  In addition, fish oil supplementation reduced 
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insulin concentration in plasma of dairy cows (Bilby et al., 2006c). Multiparous cows fed the 

MUFA supplements experienced a slower increase in plasma concentrations of insulin compared 

to those fed the PUFA supplements whereas the increase over time for primiparous cows did not 

differ (MUFA vs. PUFA by parity by DIM interaction, P = 0.01; Figure 4.5). This interaction 

was due mostly to the effect of feeding CaTRANS.  Multiparous cows fed the CaTRANS 

supplement experienced a slower increase in plasma concentrations of insulin compared to those 

fed HOSFO whereas the increase over time for primiparous cows did not differ (HOSFO vs. 

CaTRANS by parity by DIM interaction, P = 0.03; Figure 4.6).   

Growth hormone and insulin-like growth factor-1 

Nutrient partitioning for lactogenesis is mediated and sustained by alterations in the GH-

IGF axis.  Under physiological conditions, pituitary-derived GH induces hepatic synthesis of 

IGF-1 via receptor-mediated signaling (Bichell et al., 1992) and consequently systemic IGF-1 

negatively regulates GH production (Le Roith et al., 2001).  However, in situations of high 

nutrient demand from the body such as after parturition, the state of NEB uncouples the GH-IGF 

axis in the liver (Thissen et al., 1994). This is associated with a reduction in total circulating IGF-

1 and elevated GH concentrations (Vanderhaar et el., 1995).  Severe NEB reduces plasma 

concentrations of IGF-1 and hepatic expression of IGFBP-3 compared to mild NEB (Fenwick et 

al., 2008).  

Plasma concentrations of IGF-1 increased at a faster rate postpartum in animals fed PUFA 

compared to those fed MUFA (PUFA vs. MUFA by DIM interaction, P < 0.05; Figure 4.7 and 

4.8) regardless of similar NEB among treatments.  Almost all IGF secreted from the liver 

circulates as a bound complex and the majority of it (> 90%) is associated with IGFBP-3 

(Clemmons, 1997).  Cows fed PUFA experienced a rise in the expression of hepatic IGFBP-3 

mRNA overtime (Figure 4.28) compared to that of cows fed MUFA which remained unchanged. 
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This would be expected based upon IGF-1 results. IGFBP-3 is produced mainly in the liver and 

is the major transporter of IGF-1 in the peripheral circulation (Burger et al., 2005).  The increase 

in IGFBP-3 mRNA expression in the liver prevented IGF-1 degradation and potentially 

increased availability to other tissues by providing a reservoir of IGF-1 (Boisclair et al., 2001).  

Li et al. (1999) reported that rats fed omega-3 fatty acids had greater concentrations of IGFBP-3 

in plasma compared to rats fed omega-6 fat or a no-fat control diet.  Castanheda-Gutierrez et al., 

(2007) reported an increase in the concentrations of IGF-1 in plasma of cows fed CLA (7.1 g/d 

of each of the cis-9, trans-11 and trans-10, cis-12 isomers) compared to cows not fed fat but the 

mechanism by which CLA increases IGF-1 is unknown.  During NEB in early lactation the liver 

is refractory to GH, resulting in low concentrations of circulating IGF-1, but greater insulin 

availability restores coupling of the GH-IGF-1 axis increasing circulation of IGF-1 (Butler et al., 

2003).  In the present study, mean concentrations of insulin in plasma tended to be greater for 

multiparous cows fed PUFA compared to cows fed MUFA but the opposite was true for 

primiparous cows (Figure 4.2 and 4.3).  Castanheda-Gutierrez et al. (2007) speculated that the 

increase in plasma IGF-1 due to feeding CLA to lactating cows may be mediated by subtle 

changes on hepatic sensitivity to insulin.  This is in agreement with the effects of supplementing 

PUFA to multiparous cows in the present experiment.  Robinson et al. (2002) reported that cows 

fed nonenzymatically browned full-fat soybeans had greater concentrations of IGF-1 around the 

time of peak surge in LH compared to cows not supplemented with fat or those fed linseeds but 

there was no effect of fat source on insulin concentrations in plasma.  Low circulating 

concentration of IGF-1 has been reported for cows fed prilled saturated fat (Grum et al., 1996; 

Beam and Butler, 1998) and young primiparous cows fed a high linoleic acid (sunflower seeds) 

diet compared to animals not fed supplemental fat (Garcia et al., 2003).  In contrast, fat 
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supplementation did not affect IGF-1 in plasma of lactating Jersey cows fed a mixture of canola 

oil and oleamide (DeLuca and Jenkins, 2000), or Holstein cows infused postruminally with 

rapeseed oil (1.0 to 1.1 kg/d) from d 17 before expected calving date to d 21pospartum 

(Gagliostro et al., 1991).  The discrepancy in the effects of lipid supplementation on IGF-1 

concentration might be due to differences in the fat source, physiological state of the animal, and 

concentration of fat in the diet. 

Concentrations of IGF-1 in plasma may be a good indicator of reproductive responsiveness 

to postpartum dietary treatments in high production dairy cows (Thatcher et al., 2006).  If 

feeding PUFA increases IGF-1 concentration in plasma with increasing DIM early post partum 

as observed in the current study, this may stimulate estradiol secretion by the thecal and 

granulosa cells of the follicle and consequently promote cell proliferation and follicular growth. 

At TAI (~ 79 DIM) the size of the dominant follicle was increased in cows fed PUFA compared 

to cows fed MUFA in a previously published portion of the present study (Bilby et al., 2006a).  

Subsequently, CL volume was larger in cows fed PUFA (Bilby et al., 2006a).  Prior to AI, 

accumulated concentrations of progesterone between animals fed PUFA and those fed MUFA 

did not differ (Figure 4.9). Primiparous cows fed HOSFO had a faster rise in plasma 

progesterone than those fed TRANS (SFO vs. TRANS by parity by DIM interaction; P < 0.01) 

(Figure 4.9).  However, there was no treatment effect on day to fist ovulation, ranging from 20.8 

to 26.6 DIM (Figure 4.10).  

Mean concentrations of GH ranged from 5.9 to 8.3 ng/mL of plasma (Table 4.2) and did 

not differ among treatments nor was treatment by parity interaction significant.  However the 

patterns of plasma concentrations of GH over DIM were affected by diet.  Multiparous cows fed 

CaVeg had greater concentrations of plasma GH during the first 4 wk after calving compared to 
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cows fed LSO whereas the GH concentrations of primiparous cows fed CaVeg were not different 

soon after calving but were more persistent over DIM (Figure 4.11 and 4.12). Becú-Villalobos et 

al. (2007) reported no differences in plasma concentrations of GH of lactating cows fed partially 

hydrogenated fat compared to cows fed no supplemental fat.  The lack of response of GH to fat 

supplementation has been reported in beef cattle fed 0 or 7.8% sunflower seeds and sampled 

every 28 d (Lammoglia et al., 2000), beef cattle fed 0 or 1.55 kg/d of safflower seeds (Bottger et 

al., 2002) and dairy cows fed diets of 0, 4.5, 9.0, 13.2, or 17.4% canola seeds (Khorasani et al., 

1992).  However, other researchers have shown an increase in GH concentration in plasma of 

late lactation cows infused with 1 kg/d of rapeseed oil into the abomasum (Gagliostro et al., 

1991) or mid lactation cows fed Energy Booster at 3% of dietary DM (Grum et al., 1996). 

Feeding a mixture of Ca salts of palm oil and fish oil did not increase plasma concentrations of 

GH of lactating dairy cows when injections of bST were not given (Bilby et al., 2006a) which 

agrees with data in the current study.  However when cows were injected with bST, cows fed the 

supplemental fat had a greater rise in plasma concentrations of GH compared to cows fed whole 

cottonseeds (Bilby et al., 2006a) and IGF-1 was less indicating on un-coupling response due to 

fish oil. 

Insulin-like growth factor / growth hormone ratio 

The inability of GH to stimulate hepatic IGF-1 production during periods of NEB is 

termed “GH resistance” (Donaghy and Baxter, 1996) or uncoupling of the GH-IGF axis. The 

ratio of IGF-1:GH indicates how coupled the GH-IGF axis is. A lower ratio indicates a greater 

degree of uncoupling. Multiparous cows fed PUFA had a greater IGF-1:GH ratio over time than 

those fed MUFA (PUFA vs. MUFA by parity by DIM interaction, P < 0.01) (Figure 4.14 and 

4.15) whereas the response over time was not differen for primiparous cows. These results are in 

agreement with the insulin data (Figure 4.2 and 4.3). Butler et al. (2003) reported that early 
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lactation cows subjected to a hyperinsulinemia-euglycemic clamp had a linear increase in the 

concentrations of IGF-1 in plasma compared to cows infused with saline. The increase in IGF-1 

in plasma was associated with an increase in hepatic GHR 1A, which indicated that insulin can 

be an important metabolic signal for the GH-IGF axis. The effect of insulin was likely mediated 

directly by increasing IGF-1 gene expression or indirectly by stimulating an increase in hepatic 

GHR expression which in turn allows GH to act through its receptor in order to mediate IGF-1 

secretion and keep the GH-IGF axis coupled. Primiparous cows fed LSO had a faster increase in 

the IGF-1/GH ratio compared to primiparous cows fed CaVeg but no differences were detected 

among multiparous cows (CaVeg vs. LSO by parity by DIM interaction, P <0.05) (Figure 4. 16) 

Progesterone 

Concentration of accumulated progresterone increased at a faster rate in primiparous cows 

fed HOSFO compared to primiparous cows fed CaTRANS (HOSFO vs. CaTRANS by parity by 

DIM interaction (Figure 4.9, P < 0.05) but did not differ between multiparous cows. Usually fat 

supplementation increases plasma concentrations of cholesterol (Ryan et al., 1992; Hawkins et 

al., 1995) and cholesterol is a precursor for the synthesis of progesterone by ovarian cells 

(Grummer and Carrol, 1991). The mechanism by which primiparous cows fed HOSFO had 

greater concentrations of accumulated progesterone in plasma compared to CaTRANS fed-

primiparous cows is unknown and merits further investigation, although day to first ovulation 

was not affected (Figure 4.10).  

Prostaglandin F2α metabolite 

The patterns over time of concentrations of plasma PGFM of multiparous cows were not 

different among treatments (Figure 4.17). However primiparous cows fed the CaTRANS fat 

source had greater concentrations initially and then decreased at a faster rate over the next 7 d 

compared to those fed HOSFO (CaTRANS vs. HOSFO by parity by DIM interaction, P < 0.05; 
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Figure 4.17). Rodriguez-Sallaberry et al. (2007) fed Ca salts of trans fatty acids at 1.8% of 

dietary DM or saturated fat at 1.5% of dietary DM from approximately 28 d before calculated 

calving date and continued through 21 DIM.  They reported that multiparous cows fed Ca salts 

of trans fatty acids had greater concentration of PGFM from calving through 7 DIM compared to 

cows fed saturated fat but no differences between treatments were detected in primiparous cows. 

Authors suggested that the response in cows was related to a greater susceptibility of multiparous 

cows to hypocalcemia (Goff and Horst, 1997) which likely affected signaling mechanisms within 

the cell and altered animal’s ability to respond to hormonal or dietary treatment. The fact that we 

detected the difference among primiparous cows that are much less susceptible to hypocalcemia 

than multiparous cows suggests that hypocalcemia likely did not account for the treatment 

differences. However, the impact of dietary octadecaenoic acids on PGFM of periparturient dairy 

animals is consistent. 

Gene Expression 

Pyruvate carboxylase and phosphoenol pyruvate carboxykinase 

Liver of cows fed LSO had upregulated mRNA of gluconeogenic enzymes (PC, Figure 

4.18; and PEPCK, Figure 4.20) compared to cows fed CaVeg (treatment by day linear; P < 0.05).  

Accordingly, Rozance et al. (2007) reported an upregulation of PEPCK in hypoglycemic fetal 

livers of sheep compared to control fetal liver possibly through peroxisome proliferator-activated 

receptor-γ coactivator-1α (PGC1α) and cAMP response element binding protein (CREB).  Thus, 

soon after the upregulation of the PC and PEPCK (after 2 wk postpartum), concentrations of 

blood glucose did not differ among treatments.  Selberg et al. (2004) reported that liver of cows 

fed supplemental trans-C18:1 monoenes had increased PC mRNA expression at 2 and 28 but not 

at 14 DIM compared to cows fed CLA supplement or a control diet without fat.  In contrast to 

PC, hepatic PEPCK mRNA transcripts were upregulated in cows fed trans-C18:1 monoenes only 
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at 14 DIM.  Despite differences in the expression of the gluconeogenic enzymes in the liver, 

plasma glucose concentrations were not increased maybe due to the differences between the 

peripheral processing of glucose and the enzymatic activity of the gluconeogenic enzymes 

(Goodridge, 1987).  As reported by others (Greenfield et al., 2000; Williams et al., 2006, 

Pershing et al., 2002; Loor et al., 2006), PC was elevated at calving and decreased overtime 

during the postpartum period (Figure 4.19) whereas changes in PEPCK mRNA are delayed until 

after calving when DMI has increased (Figure 4.21).  The influence of different fat sources on 

gluconeogenic enzyme expression in the liver merits further investigation.  

The difference in the glucose concentrations in plasma might be due to an influence of the 

fat supplements on the expression of gluconeogenic enzymes in the liver since this metabolic 

pathway is the major contributor of glucose to the ruminant, as well as differences in enzyme 

activity, the availability of gluconeogenic substrates to the liver, or less use of the glucose for 

milk production.   

Insulin-like growth factor family 

Hepatic mRNA expression of IGF-2 was upregulated on 14 DIM compared to 2 and 28 

DIM (Figure 4.22). Hepatic content of IGF-2 mRNA did not change over DIM in cows fed LSO 

but was maximal at 14 DIM in cows fed CaVeg (LSO vs. CaVeg by DIM interaction; P = 0.01) 

(Figure 4.23). In addition, the liver of primiparous cows had greater expression of IGF-2 mRNA 

compared to those of multiparous cows (Figure 4.24).   

Expression of IGFBP-2 increased from 2 to 14 DIM but decreased at 28 DIM (Figure 

4.25), with the decrease being greater for liver of cows fed MUFA compared to the cows fed 

PUFA (MUFA vs. PUFA by DIM quadratic interaction, P = 0.02) (Figure 4.26).  Liver of 

primiparous cows had greater expression of IGFBP-2 mRNA compared to those of multiparous 

cows (Figure 4.27) . 
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Hepatic expression of IGFBP-3 was only different at 28 DIM with cows fed PUFA 

expressing greater IGFBP-3 than those fed MUFA (PUFA vs. MUFA by DIM linear interaction, 

P = 0.01) (Figure 4.28). 

Uterine Health 

Uterine function is often compromised in cattle by bacterial contamination of the uterine 

lumen after parturition, and pathogenic bacteria often persist, causing uterine disease, a key 

cause of infertility in cattle.  The presence of pathogenic bacteria in the uterus causes 

inflammation, histological lesions of the endometrium, delays uterine involution, and perturbs 

embryo survival (Sheldon et al., 2006).  Subclinical endometritis can be defined as endometrial 

inflammation of the uterus, usually determined by cytology, in the absence of purulent material 

in the vagina. In animals without signs of clinical endometritis, subclinical endometritis is 

diagnosed by measuring the proportion of neutrophils present in a sample collected by flushing 

the uterine lumen.  Subclinical endometritis has been defined by the presence of >18% 

neutrophils in uterine cytology samples collected 20 to 33 d postpartum or > 10% neutrophils at 

34 to 47 days postpartum (Kasimanickam et al., 2004).  Nutritional strategies to reduce the 

incidence of uterine infection should improve reproductive performance. In the present 

experiment, primiparous cows fed LSO had lower neutrophil counts based upon uterine cytology 

compared to primiparous cows fed CaVeg (3.1 vs. 6.5 log units) whereas those of multiparous 

cows did not differ (5.0 vs. 5.2 log units; CaVeg vs. LSO by parity interaction, P = 0.04; Table 

4.3). This suggests that primiparous cows fed LSO had a healthier uterine environment compared 

to primiparous cows fed CaVeg. This was unexpected since omega-3 fatty acids have been 

reported to suppress PGFM concentrations (Mattos et al., 2004; Petit et al., 2004) and reduce 

neutrophil function during the early postpartum (Thatcher et al., 2006).  Another explanation is 

that the lower number of neutrophils in primiparous cows fed LSO was due to a reduction or 
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clearance of apoptotic neutrophils by macrophage engulfment during inflammation (Cox et al., 

1995).  This might delay endometrial repair (Kaitu'u-Lino et al., 2007) in the pospartum period.  

Acute Phase Proteins 

Acute phase proteins are produced in the liver in response to inflammation or stress and are 

released in the blood to help the immune system.  Haptoglobin acts in plasma as a scavenger 

molecule for free hemoglobin (Lim et al., 2000).  Haptoglobin concentrations in plasma were 

increased in cows with fatty liver (Yoshino et al., 1992; Nakagawa et al., 1997; Petersen et al., 

2004) or mastitis (Grönlund et al., 2005; Eckersall et al., 2006; Åkerstedt et al., 2007).  However, 

little is known about the effects of lipid supplementation on acute phase proteins in dairy cows.  

Across treatments, plasma concentrations of haptoglobin were greater during the first 5 

DIM (DIM, Figure 4.29, P < 0.001) whereas those of acid soluble protein were greater the first 2 

wk postpartum (DIM, Figure 4.32, P = 0.09), possibly reflecting the stress of parturition.  The 

stress of calving and adjustments associated with lactation appeared to be greater for primiparous 

compared to multiparous cows as evidenced by greater (P < 0.001) mean plasma concentrations 

of haptoglobin (0.0247 vs. 0.0187 arbitrary units) and acid soluble protein (3.55 vs. 3.40 µg/mL; 

Table 4.3, Figure 4.31, and 4.34, respectively for haptoglobin and acid soluble protein).  

Primiparous cows fed CaTRANS tended to have greater mean concentrations of haptoglobin in 

plasma compared to those fed HOSFO (0.029 vs. 0.023) whereas multiparous cows did not differ 

(0.017 vs 0.018, HOSFO vs. CaTRANS by parity interaction, P = 0.06; Figure 4.30).  In contrast 

to the present experiment, Bazinet et al. (2004) reported that pigs supplemented with omega-3 

fatty acids had reduced haptoglobin concentrations in plasma compared to a control group fed a 

diet rich in omega-6.  Haptoglobin was not affected by energy or starch concentrations in newly-

received feedlot calves (Berry et al., 2004).  Diets enriched in omega-3 (ground flaxseed), 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kaitu'u-Lino%20TJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus�
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omega-6 (soybeans) or omega-9 (tallow) fatty acids did not affect plasma concentrations of 

haptoglobin in beef steers injected i.v. with E. coli lypopolysaccharide (LPS) (Farran et al., 

2008).  

Acid soluble protein (also called alpha 1-acid glycoprotein) is a minor acute phase protein 

constitutively expressed by the liver and usually found in blood (Lecchi et al., 2008) and is 

increased with systemic inflammation (Hochepied et al., 2003). As in the case of haptoglobin, 

primiparous cows fed TRANS had greater mean plasma concentrations of acid soluble protein 

compared to primiparous cows fed HOSFO (37.9 vs. 33.2 ng/mL) (HOSFO vs. TRANS by parity 

interaction; P = 0.03) but the opposite was true for cows (28.5 vs. 33.3 ng/mL; Figure 4.33).  

This effect might be mediated through the nuclear receptor retinoid X receptor (RXR) as shown 

by Mouthiers et al. (2004).  The authors reported that alpha 1-acid glycoprotein gene was 

activated by retinoic acid through a DR1 responsive element that involves RXR.  Since fatty 

acids are known to modulate gene expression through RXR nuclear receptors, the effect of the 

TRANS supplement on acid soluble protein could be mediated via RXR. In addition, interleukins 

are modulators of the alpha 1-acid glycoprotein (Fournier et al., 2000). More studies on the 

effects of fat source on cytokines and acute phase proteins warrant investigation.  

Fat supplementation affects animal performance during different stages of the production 

cycle.  The effects are mediated by changes in hormone, metabolites, gene expression, and 

markers of immune function.  The integration of nutrition, physiology, endocrinology, and 

immune function of the dairy cow will lead to significant advances in field of dairy science. 

Further investigations on the mechanisms by which different fat sources influence metabolism 

will be beneficial to dairy nutritionists for maximizing the nutritional effects of lipid 

supplementation on integrated performance of periparturient dairy cows. 
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Conclusions 

The CaTRANS supplement had a proinflammatory effect on primiparous cows as 

evidenced by increased mean concentrations of plasma haptoglobin and acid soluble protein.  

The PUFA supplements also appeared to be proinflammatory, but only in the first few days after 

calving based upon greater plasma concentrations of haptoglobin.  The omega-3 supplement may 

have had anti-inflammatory effects later in lactation based upon fewer numbers of neutrophils 

recovered from a uterine flushing.  Mean concentrations of plasma insulin were lower for 

primiparous cows fed PUFA accompanied by increased mean concentrations of plasma NEFA.  

Indeed, concentration of plasma NEFA were greater at 2 wk postpartum for all parities fed the 

omega-3 fat source.  Concentrations of plasma IGF-1 rose at a faster rate after calving when 

animals were fed PUFA sources.  However this faster rise did not result in an earlier return to 

ovarian activity or a greater calculated accumulation of progesterone over time.  Accompanying 

the more rapid rise in IGF-1 concentrations was an increased expression of mRNA for IGFBP-3 

in liver tissue as well as an increased rise in PC and PEPCK in liver tissue when animals were 

fed the omega-3 versus the omega-6 fat source.  Supplementing fat sources that differ in fatty 

acid profile can modulate the concentrations of plasma metabolites, plasma hormones associated 

with the IGF system, and expression of mRNA of gluconeogenic enzymes and IGF-binding 

proteins of the hepatic tissue of lactating dairy cows.  In several cases, primiparous cows 

responded differently than multiparous cows to the fat supplements.  These changes have the 

potential to impact production, immunity, and reproduction of lactating dairy animals. 
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Table 4-1. Concentration of plasma metabolites of Holstein cows fed diets supplemented with high oleic sunflower oil (HOSFO), 
calcium salts of trans fatty acids (CaTRANS), calcium salts of vegetable oil (CaVeg) or linseed oil (LSO) from 4 wk 
prepartum to 15 wk postpartum. 

  Treatments1         Orthogonal contrasts 2, P value 

Measure 
HOSFO TRANS CaVeg LSO SE Parity Time Treatment*Time 

A B C D E F 

 P3 M4 P M P M P M     

Glucose, 
mg/dl 62.5 56.5 65.1 55.9 65.5 59.1 59.2 58.3 2.6 0.01 <.001 0.09 0.79 0.70 0.20 0.26 0.50 0.27 

Blood urea 
nitrogen, 
mg/dl 

8.7 9.4 9.4 9.3 8.3 8.7 8.7 8.5 0.7 0.69 <0.001 0.38 0.18 0.67 0.88 0.85 0.54 0.69 

NEFA, 
meq/L 401 588 472 541 588 421 635 624 86 0.75 <0.001 0.05 0.28 0.89 0.16 0.08 0.48 0.38 

1 HOSFO = high oleic sunflower oil (Trisun, Humko Oil, Memphis, TN); CaTRANS = Ca salts of trans C18:1 (EnerG TR, Virtus Nutrition, Fairlawn, OH); CaVeg = Megalac-R (Church & Dwight 
Co, Princeton, NJ); LSO = linseed oil (Archer Daniels Midland, Redwing, MN). 

2 Orthogonal contrast of means were the following: A = MUFA (HOSFO + TRANS) vs. Poly (CaVeg + LSO), B = HOSFO vs. TRANS, C = CaVeg vs. LSO, D = contrast A by parity, E = contrast B 
by parity, and F = contrast C by parity. 

3 Primiparous cows. 
4 Multiparous cows. 
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Table 4-2. Concentration of plasma hormones of Holstein cows fed diets supplemented with high oleic sunflower oil (HOSFO), 
calcium salts of trans fatty acids (CaTRANS), calcium salts of vegetable oil (CaVeg) or linseed oil (LSO) from 4 wk 
prepartum to 15 wk postpartum. 

  Treatments1     Orthogonal contrasts 2, P value 

Measure HOSFO TRANS CaVeg LSO SE Parity A B C D E F 

 P3 M4 P M P M P M         

Insulin, ng/mL 0.52 0.41 0.50 0.42 0.44 0.50 0.44 0.44 0.04 0.36 0.86 0.88 0.58 0.06 0.82 0.54 

IGF-1, ng/mL 144 99 135 134 116 133 146 129 11 0.10 0.63 0.20 0.20 0.10 0.04 0.09 

GH, ng/mL 7.9 7.3 8.2 6.7 7.0 7.5 6.1 5.9 1.1 0.54 0.26 0.87 0.27 0.42 0.67 0.75 

IGF-1/GH ratio 24.2 18.5 22.2 24.7 21.1 25.2 29.6 28.0 4.8 0.95 0.30 0.65 0.26 0.68 0.38 0.56 

1 HOSFO = high oleic sunflower oil (Trisun, Humko Oil, Memphis, TN); CaTRANS = Ca salts of trans C18:1 (EnerG TR, Virtus Nutrition, Fairlawn, OH); CaVeg = Megalac-R (Church & Dwight Co, 
Princeton, NJ); LSO = linseed oil (Archer Daniels Midland, Redwing, MN). 
2 Orthogonal contrast of means were the following: A = MUFA (HOSFO + TRANS) vs. Poly (CaVeg + LSO), B = HOSFO vs. TRANS, C = CaVeg vs. LSO, D = contrast A by parity, E = contrast B by 
parity, and F = contrast C by parity. 
3 Primiparous cows. 
4 Multiparous cows.  
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Table 4-3. Log of total neutrophil count in the uterine flusing and acute phase proteins of Holstein cows fed diets supplemented with 
high oleic sunflower oil (HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium salts of vegetable oil (CaVeg) or 
linseed oil (LSO) from 4 wk prepartum to 15 wk postpartum. 

  Treatments1         Orthogonal contrasts 2, P = 

Measure HOSFO TRANS CaVeg LSO SE Parity Time Treatment*Time A B C D E F 

 P3 M4 P M P M P M     

Log of Total 
Neutrophils 7.3 5.6 6.7 5.0 6.5 5.2 3.1 5.0 0.8 0.25 - - 0.30 0.98 0.01 0.20 0.79 0.04 

Haptoglobin 
(Arbitrary 
units) 

0.0232 0.0179 0.0288 0.0172 0.0246 0.0221 0.0224 0.0179 0.0022 <0.001 <0.001 0.03 0.42 0.10 0.13 0.11 0.07 0.50 

Acid soluble 
Protein 
(µg/mL) 

33.2 33.3 37.9 28.5 31.8 29.0 36.5 29.3 1.1 <0.001 0.09 0.74 0.15 0.76 0.16 0.46 0.03 0.27 

1 HOSFO = high oleic sunflower oil (Trisun, Humko Oil, Memphis, TN); CaTRANS = Ca salts of trans C18:1 (EnerG TR, Virtus Nutrition, Fairlawn, OH); CaVeg = Megalac-R (Church & Dwight 
Co, Princeton, NJ); LSO = linseed oil (Archer Daniels Midland, Redwing, MN). 

2 Orthogonal contrast of means were the following: A = MUFA (HOSFO + TRANS) vs. Poly (CaVeg + LSO), B = HOSFO vs. TRANS, C = CaVeg vs. LSO, D = contrast A by parity, E = contrast B 
by parity, and F = contrast C by parity. 

3 Primiparous cows. 
4 Multiparous cows. 
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Table 4-4. Least squares means for hepatic PC, PEPCK, IGF-2, IGFBP-2, and IGFBP-3 mRNA abundance normalized to 18S rRNA 
of cows fed diets supplemented with high oleic sunflower oil (HOSFO), calcium salts of trans fatty acids (CaTRANS), 
calcium salts of vegetable oil (CaVeg) or linseed oil (LSO) from 4 wk prepartum to 15 wk postpartum. 

  Treatments1         Orthogonal contrasts 2, P value 

Measure3 HOSFO TRANS CaVeg LSO     

A B C D E F 
 DIM of liver biopsy     

 2 14 28 2 14 28 2 14 28 2 14 28 SE Parity Day Treatment*Day 

PC 
mRNA 0.89 0.83 0.78 0.81 0.74 0.75 0.75 0.72 0.71 0.76 0.77 0.80 0.07 0.57 <0.001 0.01 0.33 0.29 0.49 0.94 0.79 0.99 

PEPCK 
mRNA 1.01 1.01 0.97 0.93 0.94 0.94 0.88 0.94 0.93 0.99 0.98 1.06 0.06 0.23 0.06 0.01 0.93 0.43 0.24 0.89 0.67 0.69 

IGF-2 
mRNA 0.83 0.85 0.73 0.72 0.75 0.69 0.69 0.77 0.66 0.76 0.74 0.75 0.06 <0.01 0.01 0.07 0.57 0.38 0.63 0.38 0.61 0.99 

IGFBP-2 
mRNA 0.82 0.87 0.81 0.78 0.79 0.77 0.75 0.80 0.78 0.78 0.83 0.85 0.04 0.09 0.01 0.16 0.82 0.39 0.48 0.54 0.82 0.57 

IGFBP-3 
mRNA 1.16 1.17 1.12 1.07 1.07 1.06 1.01 1.10 1.11 1.20 1.18 1.28 0.11 0.29 0.14 0.07 0.72 0.58 0.35 0.80 0.69 0.80 

1 HOSFO = high oleic sunflower oil (Trisun, Humko Oil, Memphis, TN); CaTRANS = Ca salts of trans C18:1 (EnerG TR, Virtus Nutrition, Fairlawn, OH); CaVeg = Megalac-R (Church & Dwight Co, 
Princeton, NJ); LSO = linseed oil (Archer Daniels Midland, Redwing, MN). 
2 Orthogonal contrast of means were the following: A = MUFA (HOSFO + TRANS) vs. Poly (CaVeg + LSO), B = HOSFO vs. TRANS, C = CaVeg vs. LSO, D = contrast A by parity, E = contrast B by 
parity, and F = contrast C by parity. 
3 All measures are normalized to 18S rRNA. 
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Figure 4-1.  Least squares means for plasma glucose of Holstein cows fed diets supplemented 

with high oleic sunflower oil (HOSFO), calcium salts of trans fatty acids 
(CaTRANS), calcium salts of vegetable oil (CaVeg) or linseed oil (LSO).  The 
asterisks indicate that animals fed CaVeg had higher plasma glucose concentration 
than animals fed LSO at weeks 1 (P = 0.03) and 2 (P = 0.04) postpartum. 
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Figure 4-2. Least squares means for plasma BUN from lactating primiparous (A) and 
multiparous (B) Holstein cows fed diets supplemented with high oleic sunflower oil 
(HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium salts of vegetable 
oil (CaVeg) or linseed oil (LSO).  Treatments did not differ. 
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Figure 4-3.  Concentration of NEFA in plasma of lactating Holstein cows fed diets supplemented 
with high oleic sunflower oil (HOSFO), calcium salts of trans fatty acids 
(CaTRANS), calcium salts of vegetable oil (CaVeg) or linseed oil (LSO). The 
treatment x parity x week interaction was significant (P =0.03).  The asterisks 
indicates tha cows fed LSO had greater concentrations of NEFA in plasma at wk 2 (P 
= 0.02) and 5 (P = 0.08). 
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Figure 4-4.  Polynomial regression curves (first order) of concentrations of plasma insulin from 
lactating primiparous (A) and multiparous (B) Holstein cows fed diets supplemented with 
high oleic sunflower oil (HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium 
salts of vegetable oil (CaVeg) or linseed oil (LSO). The data was best described by a first 
order polynomial.  The HOSFO vs. CaTRANS x parity x DIM interaction was significant 
(P < 0.05).  
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Figure 4-5.  Polynomial regression curves (first order) of concentrations of plasma insulin from 

lactating primiparous (A) and multiparous (B) Holstein cows fed diets supplemented 
with MUFA (HOSFO + CaTRANS) or PUFA (CaVeg + LSO). The data was best 
described by a first order polynomial.  The MUFA vs. PUFA x parity x DIM 
interaction was significant (P < 0.05). 
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Figure 4-6.  Polynomial regression curves (first order) of concentrations of plasma insulin from 
lactating primiparous (A) and multiparous (B) Holstein cows fed diets supplemented 
with MUFA (HOSFO + CaTRANS) or PUFA (CaVeg + LSO). The data was best 
described by a first order polynomial.  The HOSFO vs. CaTRANS x parity x DIM 
interaction was significant (P < 0.05). 
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Figure 4-7.  Polynomial regression curves (first order) of concentrations of plasma IGF-1 from 
lactating primiparous (A) and multiparous (B) Holstein cows fed diets supplemented 
with high oleic sunflower oil (HOSFO), calcium salts of trans fatty acids 
(CaTRANS), calcium salts of vegetable oil (CaVeg) or linseed oil (LSO).  The data 
was best described by a first order polynomial.  The MUFA vs. PUFA x parity x DIM 
interaction was significant (P < 0.05). 
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Figure 4-8.  Polynomial regression curves (first order) of concentrations of plasma IGF-1 from 
lactating Holstein cows fed diets supplemented with MUFA (HOSFO + CaTRANS) 
or PUFA (CaVeg + LSO).  MUFA vs. PUFA x DIM interaction was significant (P < 
0.001). 
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Figure 4-9.  Polynomial regression curves (second order) of concentrations of plasma 
accumulated progesterone from lactating primiparous (A) and multiparous (B) 
Holstein cows fed diets supplemented with high oleic sunflower oil (HOSFO), 
calcium salts of trans fatty acids (CaTRANS), calcium salts of vegetable oil (CaVeg) 
or linseed oil (LSO). The data includes anestrous cows. The proportion of anestrous 
cows was not different among treatments. The data was best described by a second 
order polynomial.  The HOSFO vs. CaTRANS x parity x DIM interaction was 
significant (P < 0.05). 
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Figure 4-10.  Days to first ovulation of lactating primiparous (A) and multiparous (B) Holstein 
cows fed diets supplemented with high oleic sunflower oil (HOSFO), calcium salts of 
trans fatty acids (CaTRANS), calcium salts of vegetable oil (CaVeg) or linseed oil 
(LSO).  The data includes anestrous cows. The proportion of anestrous cows was not 
different among treatments. Effect of treatment was not significant. 
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Figure 4-11.  Polynomial regression curves (first order) of concentrations of plasma growth 
hormone from lactating primiparous (A) and multiparous (B) Holstein cows fed diets 
supplemented with high oleic sunflower oil (HOSFO), calcium salts of trans fatty 
acids (CaTRANS), calcium salts of vegetable oil (CaVeg) or linseed oil (LSO).  The 
data was best described by a first order polynomial.  The MUFA vs. PUFA x parity x 
DIM interaction was significant (P < 0.05). 
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Figure 4-12.  Polynomial regression curves (first order) of concentrations of plasma growth 
hormone from lactating primiparous (A) and multiparous (B) Holstein cows fed diets 
supplemented with high oleic sunflower oil (HOSFO), calcium salts of trans fatty 
acids (CaTRANS), calcium salts of vegetable oil (CaVeg) or linseed oil (LSO).  The 
data was best described by a first order polynomial.  The Caveg vs. LSO x parity x 
DIM interaction was significant (P < 0.05).   
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Figure 4-13.  Polynomial regression curves (first order) of concentrations of plasma growth 
hormone from lactating primiparous (A) and multiparous (B) Holstein cows fed diets 
supplemented with high oleic sunflower oil (HOSFO), calcium salts of trans fatty 
acids (CaTRANS), calcium salts of vegetable oil (CaVeg) or linseed oil (LSO).  The 
data was best described by a first order polynomial.  The MUFA vs. PUFA x parity x 
DIM interaction was significant (P < 0.05). 
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Figure 4-14.  Polynomial regression curves (second order) of ratio of IGF-1/GH from lactating 
primiparous (A) and multiparous (B) Holstein cows fed diets supplemented with high 
oleic sunflower oil (HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium 
salts of vegetable oil (CaVeg) or linseed oil (LSO).  The data was best described by a 
second order polynomial.  The Caveg vs. LSO x parity x DIM interaction was 
significant (P < 0.05).  PUFA vs. MUFA by parity by DIM interaction was significant 
(P < 0.05). 
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Figure 4-15.  Polynomial regression curves (second order) of ratio of IGF-1/GH from lactating 
primiparous (A) and multiparous (B) Holstein cows fed diets supplemented with high 
oleic sunflower oil (HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium 
salts of vegetable oil (CaVeg) or linseed oil (LSO).  The data was best described by a 
second order polynomial. PUFA vs. MUFA by parity by DIM interaction was 
significant (P < 0.05). 
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Figure 4-16.  Polynomial regression curves (second order) of ratio of IGF-1/GH from lactating 
primiparous (A) and multiparous (B) Holstein cows fed diets supplemented with high 
oleic sunflower oil (HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium 
salts of vegetable oil (CaVeg) or linseed oil (LSO).  The data was best described by a 
second order polynomial.  The Caveg vs. LSO x parity x DIM interaction was 
significant (P < 0.05). 
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Figure 4-17.  Polynomial regression curves (second order) of concentrations of plasma 
prostaglandin F2α  metabolite from lactating primiparous (A) and multiparous (B) 
Holstein cows fed diets supplemented with high oleic sunflower oil (HOSFO), 
calcium salts of trans fatty acids (CaTRANS), calcium salts of vegetable oil (CaVeg) 
or linseed oil (LSO).  The data was best described by a second order polynomial.  The 
HOSFO vs. CaTRANS x parity x DIM interaction was significant (P < 0.05). 
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Figure 4-18.  Effect of supplemental fat source on pyruvate carboxylase (PC) mRNA expression 
in liver of Holstein cows (n = 8 per treatment) biopsied at 2, 14, and 28 DIM. Dietary 
fat supplements were high oleic sunflower oil (HOSFO), calcium salts of trans fatty 
acids (CaTRANS), calcium salts of vegetable oils (CaVeg), and linseed oil (LSO).  
Ten micrograms of total cellular RNA were subjected to Northern blot analysis (A).  
Representative Northern blots for PC mRNA expression are shown.  The CaVeg vs. 
LSO x DIM interaction was significant (P = 0.04). 

A 

B 
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Figure 4-19.  The mRNA expression of pyruvate carboxylase (PC) in liver of Holstein cows (n = 
8) biopsied at 2, 14, and 28 DIM. Dietary fat supplements were high oleic sunflower 
oil (HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium salts of 
vegetable oils (CaVeg), and linseed oil (LSO).  Ten micrograms of total cellular RNA 
were subjected to Northern blot analysis (A).  Representative Northern blots for PC 
mRNA expression are shown.  The linear effect of DIM was significant (P = 0.001). 

A 

B 
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Figure 4-20.  Effect of supplemental fat source on phosphoenolpyruvate carboxykinase (PEPCK) 
mRNA expression in liver of Holstein cows (n = 8 per treatment) biopsied at 2, 14, 
and 28 DIM. Dietary fat supplements were high oleic sunflower oil (HOSFO), 
calcium salts of trans fatty acids (CaTRANS), calcium salts of vegetable oils 
(CaVeg), and linseed oil (LSO).  Ten micrograms of total cellular RNA were 
subjected to Northern blot analysis (A).  Representative Northern blots for PEPCK 
mRNA expression are shown.  The CaVeg vs. LSO x DIM quadratic interaction was 
significant (P = 0.01). 
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Figure 4-21.  The mRNA expression of phosphoenolpyruvate carboxykinase (PEPCK) in liver of 
Holstein cows (n = 8) biopsied at 2, 14, and 28 DIM Dietary fat supplements were 
high oleic sunflower oil (HOSFO), calcium salts of trans fatty acids (CaTRANS), 
calcium salts of vegetable oils (CaVeg), and linseed oil (LSO).  Ten micrograms of 
total cellular RNA were subjected to Northern blot analysis (A).  Representative 
Northern blots for PEPCK mRNA expression are shown.  The DIM effect was 
significant (P = 0.03). 
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Figure 4-22.  The mRNA expression of insulin-like growth factor-2 (IGF-2) in liver of Holstein 
cows (n = 8) biopsied at 2, 14, and 28 DIM. Dietary fat supplements were high oleic 
sunflower oil (HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium salts 
of vegetable oils (CaVeg), and linseed oil (LSO).  Ten micrograms of total cellular 
RNA were subjected to Northern blot analysis (A).  Representative Northern blots for 
IGF-2 mRNA expression are shown.  The DIM effect was significant (P = 0.01). 
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Figure 4-23.  Effect of supplemental fat source on insulin-like growth factor-2 (IGF-2) mRNA 
expression in liver of Holstein cows (n = 4 per treatment) biopsied at 2, 14, and 28 
DIM. Dietary fat supplements were high oleic sunflower oil (HOSFO), calcium salts 
of trans fatty acids (CaTRANS), calcium salts of vegetable oils (CaVeg), and linseed 
oil (LSO).  Ten micrograms of total cellular RNA were subjected to Northern blot 
analysis (A).  Representative Northern blots for IGF-2 mRNA expression are shown.  
The CaVeg vs. LSO by DIM quadratic interaction was significant (P = 0.01). 
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Figure 4-24.  Effect of parity on insulin-like growth factor-2 (IGF-2) mRNA expression in liver 
of Holstein cows (n = 4 per treatment) biopsied at 2, 14, and 28 DIM. Dietary fat 
supplements were high oleic sunflower oil (HOSFO), calcium salts of trans fatty 
acids (CaTRANS), calcium salts of vegetable oils (CaVeg), and linseed oil (LSO). 
The parities differed (P < 0.001). 
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Figure 4-25.  The mRNA expression of insulin-like growth factor binding protein-2 (IGFBP-2) 
in liver of Holstein cows (n = 8) biopsied at 2, 14, and 28 DIM. Dietary fat 
supplements were high oleic sunflower oil (HOSFO), calcium salts of trans fatty 
acids (CaTRANS), calcium salts of vegetable oils (CaVeg), and linseed oil (LSO).  
Ten micrograms of total cellular RNA were subjected to Northern blot analysis (A).  
Representative Northern blots for IGFBP-2 mRNA expression are shown.  The DIM 
effect was significant (P = 0.03). 
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Figure 4-26.  Effect of supplemental fat source on insulin-like growth factor binding protein-2 
(IGFBP-2) mRNA expression in liver of Holstein cows (n = 8 per treatment) biopsied 
at 2, 14, and 28 DIM. Dietary fat supplements were high oleic sunflower oil 
(HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium salts of vegetable 
oils (CaVeg), and linseed oil (LSO).  Ten micrograms of total cellular RNA were 
subjected to Northern blot analysis (A).  Representative Northern blots for IGFBP-2 
mRNA expression are shown.  The MUFA vs. PUFA x DIM linear interaction was 
significant (P = 0.02). 
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Figure 4-27.  Effect of parity on insulin-like growth factor binding protein-2 (IGFBP-2) mRNA 
expression in liver of Holstein cows (n = 8 per treatment) biopsied at 2, 14, and 28 
DIM. Dietary fat supplements were high oleic sunflower oil (HOSFO), calcium salts 
of trans fatty acids (CaTRANS), calcium salts of vegetable oils (CaVeg), and linseed 
oil (LSO).  Primiparous cows tended (P = 0.09) to have higher IGFBP-2 mRNA 
expression than multiparous cows. 
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Figure 4-28.  Effect of supplemental fat source on insulin-like growth factor binding protein-3 
(IGFBP-3) mRNA expression in liver of Holstein cows (n = 4 per treatment) biopsied 
at 2, 14, and 28 DIM. Dietary fat supplements were high oleic sunflower oil 
(HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium salts of vegetable 
oils (CaVeg), and linseed oil (LSO).  Ten micrograms of total cellular RNA were 
subjected to Northern blot analysis (A).  Representative Northern blots for IGFBP-3 
mRNA expression are shown.  The monounsaturated fatty acids (HOSFO + 
CaTRANS; MUFA) vs. polyunsaturated fatty acids (CaVeg + LSO; PUFA) x DIM 
linear interaction was significant (P = 0.01). 
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Figure 4-29.  Concentrations of plasma haptoglobin from lactating Holstein cows fed diets 
supplemented with high oleic sunflower oil (HOSFO), calcium salts of trans fatty 
acids (CaTRANS), calcium salts of vegetable oil (CaVeg) or linseed oil (LSO).  The 
data was best described by a second order polynomial.  Effect of treatment was not 
significant. 
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Figure 4-30.  Concentrations of plasma haptoglobin from lactating primiparous (A) and 
multiparous (B) Holstein cows fed diets supplemented with high oleic sunflower oil 
(HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium salts of vegetable 
oil (CaVeg) or linseed oil (LSO).  The HOSFO vs. CaTRANS x parity interaction 
tended (P = 0.06) to be significant. 
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Figure 4-31.  Mean concentration of plasma haptoglobin from lactating primiparous and 
multiparous Holstein cows fed diets supplemented with high oleic sunflower oil 
(HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium salts of vegetable 
oil (CaVeg) or linseed oil (LSO). Parities differed (P < 0.001).  

Multiparous 
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Figure 4-32.  Concentration of plasma acid soluble protein from lactating Holstein cows fed diets 
supplemented with high oleic sunflower oil (HOSFO), calcium salts of trans fatty 
acids (CaTRANS), calcium salts of vegetable oil (CaVeg) or linseed oil (LSO). 
HOSFO vs. CaTRANS by parity interaction was significant (P = 0.03). 
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Figure 4-33.  Mean concentration of plasma acid soluble protein from lactating primiparous (A) 
and multiparous (B) Holstein cows fed diets supplemented with high oleic sunflower 
oil (HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium salts of 
vegetable oil (CaVeg) or linseed oil (LSO). HOSFO vs. CaTRANS by parity 
interaction was significant (P = 0.03). 
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Figure 4-34.  Mean concentration of plasma acid soluble protein from lactating primiparous and 
multiparous Holstein cows fed diets supplemented with high oleic sunflower oil 
(HOSFO), calcium salts of trans fatty acids (CaTRANS), calcium salts of vegetable 
oil (CaVeg) or linseed oil (LSO). Parities differed (P < 0.001). 
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CHAPTER 5 
EFFECT OF OMEGA-3 AND OMEGA-6 SUPPLEMENTATION ON ACUTE PHASE 

PROTEINS IN PLASMA OF PERIPARTURIENT DAIRY COWS 

Abstract 

The objective of the study was to evaluate if dietary supplemental PUFA, enriched in 

omega-6 or omega-3 fatty acids, can regulate and improve the immunosuppressive state that is 

typical of periparturient Holsteins primiparous (n=16) and multiparous (n=29) cows. Treatments 

were: 1) Control (CO, no fat supplement), 2) Ca salts of fatty acids made from safflower oil 

(Omega-6, 63% C18:2, PreQuil-21™ ), and 3) Ca salts of fatty acids made from palm oil and 

fish oil (Omega-3, 11% C20:5 plus C22:6, StrataG™). Supplemental fats (Virtus Nutrition, 

Corcoran, CA) were fed at 1.5% of dietary DM during pre and postpartum periods. Blood 

samples were taken daily from calving through 10 DIM for determination of PGFM and thrice 

weekly (Monday-Wednesday-Friday) thereafter through 50 DIM for determination of acute 

phase proteins (haptoglobin, ceruloplasmin, α-acid soluble protein, and fibrinogen). Multiparous 

cows fed Omega-6 had greater concentrations of plasma fibrinogen (259 vs 206 mg/dl) 

compared to Omega-3-fed cows, but values were not different for primiparous cows (226 vs. 254 

mg/dl; Omega-6 vs. Omega-3 by parity interaction, P < 0.05). Primiparous cows fed Omega-3 

had reduced concentrations of plasma ceruloplasmin compared to Omega-6-fed primiparous 

cows (10.5 vs. 11.9 mg/dl) but values were not different for cows (11.4 vs. 11.1 mg/dl; Omega-6 

vs. Omega-3 by parity interaction; P < 0.05). Multiparous cows fed fat supplements had greater 

(59.8 µg/mL) concentrations of acid soluble protein in plasma during the first 3 wk postpartum 

compared to CO cows (42.9 µg/mL), but this was reversed for primiparous cows (51.7 vs. 45.0 

mg/dl; CO vs. fats by parity by DIM interaction; P = 0.06). In conclusion, animals fed Omega-3 

fatty acids had attenuated acute immune response compared to Omega-6 fed animals but this 

effect varied with parity. 
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Introduction 

During the transition period the immune status of dairy cows is partially suppressed (Goff 

and Horst, 1997). Nutritional management to improve immune status around parturition is 

desired in order to reduce incidence of diseases during the postpartum period. Dietary fatty acids 

can alter innate and acquired immunity through several mechanisms (Calder, 2007). Fatty acid 

supplementation influenced the production of cytokines in humans (Han et al., 2002), antibodies 

in bovids (Lessard et al., 2003), and prostaglandins which are involved in uterine involution in 

bovids (Mattos et al., 2004). Cytokines produced by macrophages and neutrophils, especially 

tumor necrosis factor alpha (TNF-α), stimulates the liver to produce acute phase proteins as an 

acute response to inflammation or other sources of stress (Calder, 2007). Some of the acute 

phase proteins are haptoglobin, ceruloplasmin, fibrinogen, and acid soluble protein. Haptoglobin 

binds hemoglobin so that the iron in hemoglobin is not available to pathogenic bacteria for 

replication. Haptoglobin is involved in lipid metabolism (Nakagawa et al., 1997). Haptoglobin 

locus in human chromosome 16 is close to the loci of lipid-related enzymes such as 

lecithin:cholesterol acyltransferase (Reeders and Hildebrand, 1989). Haptoglobin can modulate 

the synthesis of prostaglandin in vitro (Jue et al., 1983, Frohlander et al., 1991) which is 

influenced by omega-3 fatty acid supplementation (Mattos et al., 2004). Ceruloplasmin is a 

protein that binds copper and helps prevent oxidative damage to endothelial cells during 

inflammation (Uriu-Adams and Keen, 2005). Ceruloplasmin concentrations in plasma increased 

with increased bacterial contamination of the uterus during the first 2 wk postpartum compared 

to cows with low bacterial infection (Sheldon et al., 2003). Acid soluble protein is an anti-

inflammatory agent that helps control inappropriate or extended activation of the immune system 

(Jafari et al., 2006). It reduced concentration of prostaglandin E2 in plasma of rats (Matsumoto et 
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al., 2007). Fibrinogen is a sticky, fibrous protein used to make fibrin for blood clotting and tissue 

repair (Gentry, 2004). In addition, prostaglandins induce blood clotting (Marx, 1977).  

Polyunsaturated fatty acids (PUFA) of the n-3 and n-6 family can be important modulators 

of immune reactions (Calder et al., 2002). Dietary fats rich in n-3 or n-6 PUFA modulated the 

inflammatory responses of guinea pigs (Pomposelli et al., 1989) and of humans experiencing 

chronic disease (Stenson et al., 1992). In mice fed an enriched n-3 PUFA diet, inflammatory 

reactions were reduced, and different types of antibody response to antigenic stimulations were 

developed compared with mice fed an n-6 enriched diet (Albers et al., 2002).  However, little is 

known about the effects of omega-3 and omega-6 fatty acids on acute phase proteins 

concentrations in plasma of newly-calved dairy cows. 

Objective of this experiment was to determine if source of dietary supplemental PUFA 

enriched in omega-6 or omega-3 fatty acids would influence the acute phase response by dairy 

cows around parturition such that the immunosuppressive state that is typical of periparturient 

cows may be improved. We hypothesized that the acute phase proteins associated with 

prostaglandin would be reduced in animals fed omega-3-enriched diets.  

Material and Methods 

Animals, Treatments, and Sampling 

Experiment was conducted at the University of Florida dairy research unit (Hague, FL) 

during the months of October 2006 through April 2007.  All experimental animals were managed 

according to the guidelines approved by the University of Florida Animal Research Committee.  

Periparturient Holstein primiparous (n = 16) and multiparous (n = 29) cows were assigned to 

treatment at approximately 34 ± 7 d prior to their actual calving date.  Dietary treatments were 

the following: 1) control diet (CO; no fat supplement), 2) Ca salts of fatty acids made from 

safflower oil (Omega-6, 63% linoleic acid; EnerG HL, Virtus Nutrition, Corcoran, CA), and 3) 
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Ca salts of fatty acids made from palm oil and fish oil (Omega-3, 11% eicosapentaenoic acid 

[EPA] and docosahexaenoic acid [DHA], StrataG 0.5, Virtus Nutrition, Corcoran, CA).  

Supplemental fats were fed at 1.5% of dietary DM during the prepartum and postpartum periods. 

Parity (primiparous or multiparous), BW, and milk production of the previous year for 

multiparous cows were used to assign cows to the 3 treatment groups.  Prepartum cows were 

housed in pens with a sod base and feeding area equipped with fans, sprinklers, and shaded 

Calan gates (American Calan Inc., Northwood, NH).  Postpartum cows were housed in a sand-

bedded, free-stall barn equipped with fans, sprinklers, and Calan gates.  Cows were milked twice 

daily at 1030 and 2230 h. Prepartum cows were fed TMR twice daily at 1000 and 1400 h 

whereas postpartum cows were fed twice daily at 0900 and 1300 h to allow 5 to 10% feed 

refusals.  One sample of corn silage was collected weekly and immediately dried for 1 h using a 

Koster® (Koster Crop Tester, Inc., Strongsville, OH) to calculate the concentration of DM in 

order to maintain the formulated forage to concentrate ratio in the ration. Prepartum diets 

consisted of ~32% corn silage, 12 to 19% bermudagrass hay, and 49 to 56% concentrate in order 

to feed isocaloric diets whereas postpartum diets consisted of 38% corn silage, 12% alfalfa hay, 

and 50% concentrate (DM basis). Representative samples of corn silage, bermudagrass hay, 

alfalfa hay, and concentrate mixes were collected on a weekly basis.  Weekly samples were 

composited on a monthly basis and ground through a 1-mm Wiley mill screen (A. H. Thomas, 

Philadelphia, PA).  Blood (10 mL) was collected at 0700 h daily from coccygeal vessels into 

sodium heparinized tubes (Vacutainer, Becton Dickinson, Franklin Lakes, NJ) from day of 

parturition until 10 DIM and on a Monday, Wednesday, and Friday schedule thereafter until 47 ± 

3 DIM. Samples were put immediately on ice until centrifuged at 2619 x g at 5°C for 30 min 

(RC-3B refrigerated centrifuge, H 600A rotor, Sorvall Instruments, Wilmington, DE).  Plasma 
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was separated and frozen at -200C for subsequent analysis of prostaglandin F metabolite on days 

1 to 10 pospartum and for haptoglobin, ceruloplasmin, fibrinogen, and acid soluble protein on 

the thrice weekly samples.  

Sample Analysis 

Feed samples (corn silage, bermudagrass hay, alfalfa hay, and concentrate mixes) were 

analyzed for mineral and fat composition (Dairy One, Ithaca, NY), NDF (Mertens, 2002), ADF 

(Van Soest et al., 1991), and CP using a macro elemental analyzer vario MAX CN (Elementar 

Analysensysteme GmbH, Hanau, Germany). Prepartum diets contained 1.61, 1.62, and 1.63 

Mcal of NEL; 14.9, 14.9, and 14.9% CP and 4.6, 5.5, and 5.4% EE. Postpartum diets contained 

1.77, 1.83, and 1.83 Mcal of NEL; 18.1, 18.4, and 18.7% CP; 4.5, 5.8, and 5.8% EE for control, 

Omega-6 and Omega-3 diets, respectively.  

Plasma Hp concentrations were determined in duplicate samples by measuring 

haptoglobin/hemoglobin complexing by the estimation of differences in peroxidase activity 

(Makimura and Suzuki, 1982). Results are expressed as arbitrary units resulting from the 

absorption reading at 450 nm.  Plasma ceruloplasmin oxidase activity was measured 

in duplicate samples using colorimetric procedures described by Demetriou et al. (1974). The 

intra-assay CV of duplicate samples was controlled to values <10%. Ceruloplasmin 

concentrations were expressed as mg/dL as described by King (1965). Inter-assay variation of 

both acute phase protein assays were controlled by CV limits <10%, as a result of a control 

sample analyzed in duplicate within each individual assay run. When the inter-assay CV of any 

specific run exceeded 10%, all samples contained in the individual run were re-analyzed. Plasma 

acid soluble protein was extracted from plasma with 0.6 M perchloric acid and analyzed with the 

bicinchoninic acid kit (Sigma-Aldrich, Saint Louis, MO). Plasma fibrinogen concentrations were 
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determined using a fibrinogen determination kit (Sigma Diagnostics, St. Louis, MO). The 

intraassay CV was <5%. 

Statistical Analysis 

Repeated measures data (PGFM) were analyzed using the MIXED procedure of SAS (SAS 

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

Yijkl = μ + Ti + Pj + TPij +Ck (i j) +Dl + TDil + PDjl + TPDijl + Eijkl   

where Yijkl is the observation, μ is the overall mean, Ti is the fixed effect of treatment (i = 

1, 2, and 3), Pj is the fixed effect of parity (j = 1 and 2), TPij is the interaction of treatment and 

parity, Ck (i j) is random effect of cow within treatment and parity (k = 1, 2, …n), Dl is the fixed 

effect of DIM (l = 0, 1, 2, …10), TDil is the interaction of treatment and DIM, PDjl is the 

interaction of parity and DIM, TPDijl is the three way interaction of treatment, parity and DIM, 

and Eijkl is the residual error.   

Orthogonal contrasts used to detect treatment differences were the following: 1) Control 

vs. Omega-6 + Omega-3 and 2) Omega-6 vs. Omega-3. 

Acute phase protein data (plasma concentrations of Hp, ceruloplasmin, acid soluble 

protein, and fibrinogen) did not have a normal distribution and were analyzed by PROC 

GLIMMIX of SAS. 

Results and Discussion 

The postpartum pattern of plasma concentrations of the acute phase proteins indicate that 

parturition is a proinflammatory event.  Immediately after calving, plasma concentrations of all 

acute phase proteins rose but thereafter their pattern thereafter differed among the acute phase 

proteins (Figure 5.1). After peaking at 3 DIM, haptoglobin decreased gradually until plateauing 

at approximately 11 DIM.   Acid soluble protein concentrations peaked at about 7 DIM and 

continued to decline until 21 DIM at which time concentrations leveled off. Likewise plasma 
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concentrations of fibrinogen increased rapidly during the first week but, unlike acid soluble 

protein, concentrations continued to increase slowly for the next 6 wk.   Ceruloplasmin appears 

to be an exception to the other acute phase proteins in that the pattern of the plasma 

concentrations appeared relatively constant during the 7 wk postpartum after the first rise.  

Therefore ceruloplasmin may not be a sensitive marker to the stress of early lactation.   

Fat supplementation did not affect the pattern over time (treatment by DIM interaction) 

or mean concentrations of plasma haptoglobin (Figure 5.3). A diet enriched in omega-3 fatty 

acids, mainly C18:3, reduced plasma concentrations of haptoglobin in pigs (Bazinet et al., 2004). 

In ruminants, however, the biohydrogenation of the omega-3 fatty acids in the rumen might not 

allow the escape of sufficient amounts of PUFA to tissues that will influence prostaglandin 

secretion or haptoglobin concentration in plasma as seen in the present experiment. Indeed, there 

was no treatment effect on plasma concentrations of PGFM in the present study (Figure 5.2).  

In vitro studies using bovine endometrial cells incubated with different fatty acids 

showed that EPA and DHA suppressed synthesis of PGF2α (Mattos et al., 2003). Using an in vivo 

model, Mattos et al. (2004) fed diets containing either fish oil or olive oil from 21 d before the 

expected calving date until parturition (2% of dietary DM) and from parturition until 21 d 

postpartum (1.8% of dietary DM). Authors reported that cows fed fish oil had reduced 

concentration of plasma PGFM in the first 2.5 DIM compared with cows fed olive oil. 

Midlactation multiparous Holstein cows were fed Megalac (2.8% of dietary DM), formaldehyde-

treated whole linseed (6.7%), a 50:50 (oil basis) mixture of formaldehyde-treated whole linseed 

and fish oil (4.6% of dietary DM) or were infused with linseed oil into the duodenum (500 g/d; 

Petit et al. 2002).  Cows were injected i.v. with oxytocin to stimulate the uterus to release PGF2α. 

Cows receiving fish oil tended to have a greater concentration of plasma PGFM than those fed 
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linseeds alone or infused with linseed oil. Moussavi et al. (2007b) reported no effect of fish meal 

(1.25, 2.5, or 5% of dietary DM) or Ca salts of a mxture of palm oil and fish oil (2.3% of dietary 

DM) on plasma concentration of PGFM of multiparous cows given oxytocin i.v. on d 15 of a 

synchronized estrous cycle. Wamsley et al. (2005) observed that fish meal supplementation had 

no effect on the secretion of PGF2α by nonlactating primiparous cows having normal 

concentrations of plasma progesterone and only decreased plasma PGF2α in those having reduced 

progesterone concentrations. 

Mean ceruloplasmin concentrations in plasma of primiparous cows fed supplemental 

omega-3 fatty acids were reduced compared to primiparous cows fed supplemental omega-6 

fatty acids (Figure 5.4A, P < 0.05) but did not differ in multiparous cows were (Omega-6 vs. 

Omega-3 by parity interaction, Figure 5.4B, P < 0.05). This could indicate a better immune 

status of primiparous cows fed Omega-3 or indicate a reduced ability of animals to resist 

infection. Animals fed the omega-3 fat source were diagnosed with a more severe infection of 

metritis at 5 and 10 DIM compared to those fed the omega-6 fat source (Table 6.10) suggesting 

that the latter explanation was true. 

Plasma concentrations of acid soluble protein rose right after parturition and were greater 

in primiparous cows on 3, 5, and 7 DIM (parity by DIM interaction; Figure 5.5, P < 0.05) 

compared to cows which might indicate that parturition was a more severe stressor in 

primiparous cows than in cows.  

Mean plasma concentrations of acid soluble protein tended (P = 0.06) to be reduced in 

primiparous cows fed supplemental fat compared to primiparous cows fed the control diet (45.0 

vs. 51.7µg/mL) but the opposite occurred in multiparous cows (54.2 vs. 42.5 µg/mL; parity by 

control vs. fat interaction). Acid soluble protein has a dual immunomodulatory effect in which it 
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can activate monocytes and induce cytokine secretion (Su and Yeh, 1996) or can cause 

immunosuppression (Bennet and Schmid, 1980). Thus, primiparous cows fed the control diet 

could possibly have experienced a greater challenge on the immune system such that acid soluble 

protein was increased to regulate normal immune status. On the other hand, fat could have had 

an immosuppresive effect such that acid soluble protein increased to normalize the immune 

system.  If PUFA sources were stimulating the immune system of multiparous cows, then the 

circulating concentrations of acid soluble protein were elevated in order to modulate this 

stimulatory effect.  Dietary PUFA may be having the opposite effect in lactating primiparous 

cows.  That is, the PUFA were partially suppressing the immune system of primiparous cows 

and so the circulating concentrations of acid soluble protein were lower.  This appears to match 

the ceruloplasmin response for the primiparous cows fed the Omega-3 fat source.  A lower 

plasma concentration of ceruloplasmin may suggest an immunosuppressive effect of the Omega-

3 fat source. 

We hypothesized that animals fed Omega-6 would have greater fibrinogen concentrations 

in plasma via stimulation of prostaglandins by the Omega-6 fatty acid supplementation. Despite 

a lack of effect of Omega-6 on PGFM, multiparous cows fed Omega-6 had greater (259 vs. 206 

mg/dL) concentrations of fibrinogen in plasma compared to multiparous cows fed Omega-3 but 

no treatment effect was detected in primiparous cows (226 vs. 254 mg/dL, figure 5.7). One 

mechanism by which Omega-6 supplementation could increase fibrinogen concentrations in 

cows may be due to up regulation of IL-6 (Meerarani et al., 2003) which is the major inducer of 

fibrinogen in hepatocytes (Albrecht et al., 2007). 

Conclusions 

In summary, the feeding of fat to primiparous cows (the parity that exhibited greater stress 

due to parturition and lactation, Figure 5-5), resulted in lower circulating concentrations of acid 
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soluble protein (Figure5-6A). This suppressive response agreed with the suppressive effects of 

omega-3 fat on concentrations of plasma ceruloplasmin of primiparous cows (Figure 5-4A). In 

the case of multiparous cows, feeding fat was immunostimulatory (Figure 5-6B). Likewise, 

omega-6 fats were immunostimulatory in multiparous cows based upon fibrinogen 

concentrations in plasma (Figure 5-7B). Although the effects of PUFA were not identical across 

parities, this study supplies evidence to demonstrate that supplementing with omega-6 fatty acids 

can stimulate the production of acid soluble protein and fibrinogen whereas supplementation 

with omega-3 fatty acids can suppress the production of ceruloplasmin and acid soluble protein. 

Whether these effects have a beneficial effect on the health of the early postpartum cow needs 

further investigation. 
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Figure 5-1. Average plasma concentrations of acute phase proteins of Holstein cows after 
calving. The average is across all treatments.  
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Figure 5-2. Effect of supplemental fat source on concentrations of prostaglandin F metabolite 
(PGFM) in plasma of primiparous (A) and multiparous (B)Holstein cows fed control 
(open circle), omega-6 (open square), or omega-3 (closed triangle). There was no 
treatment effect on PGFM secretion. Primiparous cows fed omega-3 fatty acids had 
greater concentrations of PGFM in plasma at 6 DIM compared to omega-6 fed 
primiparous cows (panel A; Treatment by parity interaction: P < 0.05). However, 
there was no difference among treatments in multiparous cows (panel B). 
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Figure 5-3. Mean plasma concentrations of haptoglobin from lactating Holstein cows fed control 
(white bar), omega-6 (black bar), or omega-3 (gray bar) from calving through 48 
DIM. There was no treatment effect on mean plasma concentrations of haptoglobin. 
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Figure 5-4. Plasma concentrations of ceruloplasmin from lactating Holstein primiparous (A) and 
multiparous (B) cows fed no supplemental fat (Control, white bar), Omega-6 (black 
bar), or Omega-3 (gray bar) diets. Primiparous cows supplemented with Omega-3 
fatty acids had reduced concentrations of ceruloplasmin in plasma compared to 
Omega-6 fed primiparous cows (panel A) whereas that of multiparous cows were not 
affected by diet (panel B). (treatment by parity interaction, P < 0.05). 
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Figure 5-5. Concentration of acid soluble protein in plasma of primiparous and multiparous 
cows. Primiparous cows (closed circle) had greater concentration of acid soluble 
protein on 3, 5 and 7 DIM compared to multiparous cows (open diamond) (Parity 
effect: P < 0.05).  
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Figure 5-6. Plasma concentrations of acid soluble protein from lactating Holstein primiparous 
(A) and multiparous (B) cows fed control (open circle), omega-6 (open square), or 
omega-3 (closed triangle). Primiparous cows fed control diet tended to have greater 
concentrations of acid soluble protein in plasma compared to cows fed supplemental 
fat (panel A; Control vs. fat by parity interaction: P = 0.06). However, cows fed 
control diet had lower concentration of acid soluble protein in plasma compared to 
cows fed supplemental fat source (panel B). 
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Figure 5-7. Plasma concentrations of fibrinogen from lactating Holstein primiparous (A) and 
multiparous (B) cows fed control (white bar), omega-6 (black bar), or omega-3 (gray 
bar). Multiparous cows fed omega-3 fatty acids had reduced concentrations of 
ceruloplasmin in plasma compared to omega-6 fed multiparous cows (panel B; 
Treatment by parity interaction: P < 0.05). However, there was no difference among 
treatments in primiparous cows (panel B). 
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CHAPTER 6 
EFFECT OF OMEGA-3 AND OMEGA-6 SUPLLEMENTATION ON IMMUNITY AND 

PERFORMANCE OF PERIPARTURIENT DAIRY COWS 

Abstract 

Objective was to evaluate two sources of supplemental lipid enriched in omega-6 or 

omega-3 fatty acids for influence on production, metabolism, milk composition, and immunity of 

periparturient Holsteins primiparous (n=16) and multiparous cows (n=29). Treatments were the 

following: 1) Control diet (no fat supplement), 2) Ca salts of fatty acids made from safflower oil 

(Omega-6, 63.6% linoleic acid; EnerG HL), and 3) Ca salts of fatty acids made from palm oil 

and fish oil (Omega-3, 5.4% C20:5 and 5.3% C22:6, StrataG 0.5).  Supplemental fats (Virtus 

Nutrition, Corcoran, CA) were fed at 1.5% of dietary DM. Blood was taken daily for first 10 

DIM for PGFM analysis and thrice weekly thereafter until 49 DIM for measures of plasma 

metabolites. Phagocytotic and oxidative burst activities of neutrophils were measured using flow 

cytometry in whole blood samples taken at -18, 0, 7, and 40 DIM. Milk yield was recorded twice 

daily and weekly samples were taken for milk composition. Milk samples from wk 5, 6, and 7 

were pooled for fatty acid analysis. Orthogonal contrasts were Control vs. (Omega-6 + Omega-3) 

and Omega-6 vs. Omega-3. Animals fed Omega-3 tended to consume less DM (% of BW) and 

produce less milk fat compared to animals fed Omega-6.  Mean values for DMI prepartum (13.4, 

13.7, and 13.5 kg/d; SE = 0.6), milk yield (32.8, 34.4, and 31.3 kg/d; SE = 1.5), milk protein 

concentration (3.0, 2.9, and 2.9%; SE = 0.1), BW (603, 593 and 593 kg; SE = 18), BCS (3.12, 

3.26, and 3.15; SE = 0.10), plasma glucose (68.8, 69.5, and 69.5 mg/dL; SE = 1.8), plasma 

NEFA (459, 391, and 433 µEq/L; SE = 38), and plasma BHBA (5.7, 5.7, and 5.9 mg/dL; SE = 

0.5) for treatments Control, Omega-6, and Omega-3, respectively were not different among 

treatment groups. Concentration of milk fat from cows fed Omega-6 (3.52%) or Omega-3 

(3.21%) was lower than that from control cows (3.76%) and that of Omega-3 was lower than 



 

188 

Omega-6. These decreases were likely due to greater milk fat concentrations of CLA isomers 

and C18:1 trans-10. Omega-3 had immunosuppressive effects; namely, lowering blood 

concentrations of WBC (8,796 vs. 11,492 WBC/µL; P = 0.06) and neutrophils (2463 vs. 3495 

per µL; P < 0.01), decreasing the intensity of neutrophil action against E. coli, and decreasing the 

production of cytokines by isolated lymphocytes in vitro.   The omega-6 enriched fat had 

immunostimulatory effects, namely preventing the decrease in concentration of blood 

neutrophils at 7 DIM that occurred in the other treatments and stimulating the humoral response 

(IgG) postpartum to ovalbumin injections. It also appeared to have immunosuppressive effects 

on production of cytokines by concanavalin-A-stimulated lymphocytes, similar to that of cows 

fed the omega-3 fat source. 

Introduction 

Because of their high energy density, fats are incorporated into dairy cow diets to improve 

production, growth, and reproduction. However, due to the essentiality of specific fatty acids and 

their role as precursors of hormones or on gene expression, it is possible that reproduction 

(Santos et al., 2008) and immune function (Calder, 2007) may be influenced more by the type of 

fat fed than by feeding fat per se.  

Fat sources differ in the composition of their fatty acids which in turn can differentially 

affect production and composition of milk (Juchem et al., 2008), incorporation of specific fatty 

acids in several tissues of dairy (Bilby et al., 2006c) and beef cows (Burns et al., 2003), 

circulating concentrations of hormones such as progesterone (Staples et al., 1998) and 

prostaglandins (Mattos et al., 2004), and consequently can affect cells of the immune system 

(Calder, 2007). 

Bharatan et al. (2008) reported increases in C20:5 and a tendency (P = 0.07) for increases 

in C22:6 in milk fat of cows fed fish oil at 0.5% of dietary DM. Shingfield et al. (2006) reported 
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that cows fed fish oil at 1.5% of dietary DM had greater concentrations of C20:5 and C22:6 in 

milk fat compared to cows fed a control diet. Mid lactating dairy cows fed extruded soybeans at 

2% of dietary DM had greater concentration of C18:2 in milk fat compared to cows fed fish oil at 

the same proportion of the diet (AbuGhazaleh et al., 2002). Bilby et al. (2006c) reported that 

cows fed fish oil had greater incorporation of C20:5 (0.10 vs. <0.01%) and C22:6 (1.42 vs. 

0.92%) into endometrium of dairy cows compared to those fed whole cottonseed. The increase in 

the omega-3 fatty acids incorporated into the endometrium is concomitant with a decrease in the 

C20:4 proportion in the endometrium of cows fed fish oil. Since C20:4 is the precursor of PGF2α, 

fish oil supplementation reduced PGF2α secretion in early postpartum dairy cows compared to 

olive oil supplementation (Mattos et al., 2004). 

Childs et al. (2008) reported that the overall mean concentration of progesterone in 

plasma of beef primiparous cows fed diets of 6.67% fish oil was greater during the 16 d of the 

estrus cycle than that of cows fed fish oil at 1.67% of dietary DM. This may be due to an 

increase in the concentrations of cholesterol in plasma which has been consistently shown in fat 

supplemented cows (Staples et al., 1998). 

Many effects mediated by PUFA on immune cells appear to be exerted in an eicosanoid-

independent manner. There is now evidence that the omega-3 fatty acids have 

immunosuppressive effects (Shaikh and Edidin, 2008) whereas the omega-6 fatty acids are 

immunostimulators of immune cells (Kang et al., 2007). 

The objective of this experiment was to evaluate the effects of two sources of supplemental 

lipid enriched in omega-6 or omega-3 fatty acids on production, metabolism, milk composition, 

and immunity of periparturient Holstein cows.  
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Material and Methods 

Animals, Treatments, and Sampling 

Experiment was conducted at the University of Florida’s dairy research unit (Hague, FL) 

during the months of October 2006 through April 2007.  All experimental animals were managed 

according to the guidelines approved by the University of Florida’s Animal Reseach Committee.  

Periparturient Holstein primiparous (n = 16) and multiparous (n = 29) cows were assigned to 

treatment at approximately 34 ± 7 d prior to their actual calving date.  Dietary treatments were 

the following: 1) Control diet (CO; no fat supplement), 2) Ca salts of fatty acids made from 

safflower oil (Omega-6, 63% linoleic acid; EnerG HL, NutriScience, Fairlawn, OH), and 3) Ca 

salts of fatty acids made from palm oil and fish oil (Omega-3, 5.4% eicosapentaenoic acid [EPA] 

and 5.3% docosahexaenoic acid [DHA], StrataG 0.5, Virtus Nutrition, Corcoran, CA).  

Supplemental fats were fed at 1.5% of dietary DM during the pre- (Table 6.1) and postpartum 

period (Table 6.2). Mean values for calculated calving date, parity (primiparous or multiparous), 

BW, and milk production of the previous year for multiparous cows were similar among 

treatment groups.  Prepartum animals were housed in sod-based pens equipped with fans, 

sprinklers, and shaded Calan gates (American Calan Inc., Northwood, NH).  Postpartum animals 

were housed in a sand-bedded, free-stall barn equipped with fans, sprinklers, and Calan gates. 

Prepartum cows were fed TMR twice daily at 1000 and 1400 h and postpartum cows were fed 

twice daily at 0900 and 1300 h to allow 5 to 10% feed refusals. Intake of DM was measured 

daily. Corn silage was collected weekly and immediately dried for 1 h using a Koster® (Koster 

Crop Tester, Inc., Strongsville, OH) to calculate the concentration of DM in order to maintain the 

formulated forage to concentrate ratio in the ration. Animals were milked twice daily at 1030 and 

2230 h.  Cows were weighed and body condition scored (Edmonson et al., 1989) at -8, -5, -3, and 

0 weeks relative to calving. After calving cows were weighed and body condition scored weekly 
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after the 1030 h milking and before eating. Rectal temperature was measures at 4, 7, and 12 

DIM. 

Energy balance was calculated using the following equation: 

Energy balance = net energy of intake – (net energy of maintenance + net energy of  

lactation) 

Net energy of intake was calculated by multiplying weekly DMI by the calculated energy 

value of the diet. Energy requirement for body maintenance was calculated using the following 

equation (NRC, 2001): 

Net energy of maintenance = 0.08 x BW0.75 

Milk energy was estimated by the following equation: 

Net energy of lactation = [(0.0920 x %fat) + (0.0547 x %protein) + 0.192] x milk weight 

Feed efficiency was calculated as follows:  

Feed efficiency = kg of 3.5% FCM / kg of DMI. 

Sample Collection and Analysis 

Representative samples of corn silage, bermudagrass hay, alfalfa hay, and concentrate 

mixes were collected on a weekly basis. Weekly samples of concentrates were composited on a 

monthly basis and ground through a 1-mm Wiley mill screen (A. H. Thomas, Philadelphia, PA) 

whereas forage samples were ground first and then composited. Composited feed samples were 

analyzed for mineral and fat (acid hydrolysis) composition (Dairy One, Ithaca, NY), NDF 

(Mertens, 2002), ADF (AOAC, 1995), and CP using a macro elemental analyzer vario MAX CN 

(Elementar Analysensysteme GmbH, Hanau, Germany). 

Caruncles were collected from all cows in the study within 12 h after calving by manual 

extraction via the vagina. Briefly, the perineal area was washed with chlorhexidine diacetate 

(Novalsan, Fort Dodge, WI), iodine, and dried with paper towel. A shoulder-length sleeve was 
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used with sterile lubrication to access the caruncle intravaginally and manually remove it. After 

collection, caruncles were washed with saline, dried with sterile filter paper, snap frozen in liquid 

nitrogen, and stored at -80oC until fatty acid analysis. 

Milk samples were collected weekly from 2 consecutive milkings using bronopol-B-14 as 

a preservative.  Milk was measured for fat, true protein, and SCC by Southeast Milk lab 

(Belleview, FL) using a Bently 2000 NIR analyzer.  Daily concentrations of fat and protein were 

calculated after adjusting for milk production during those 2 milkings.  Milk without preservative 

was collected at 2 consecutive milkings at 5, 6, and 7 wk postpartum, and frozen for fatty acid 

analysis.  

To determine the fatty acid profile of milk fat, milk samples were composited (final 

volume of 45 mL) from wk 5, 6, and 7 postpartum according to milk production.  Fat was 

isolated from milk by centrifugation of thawed milk at 17,800 x g for 30 min at 8ºC.  Fatty acids 

from about 325 mg of isolated fat were extracted using a 3:2 (vol/vol) hexane/isopropanol 

solvent mixture (18 mL / g of fat).  The extracted fatty acids were converted to methyl esters 

(Chouinard et al., 1999).  Approximately 200 mg of the methyl esters were transferred into an 

acid-washed 15-mL glass tube to which 2 mL of hexane and 40 µl of methyl acetate (Fisher 

Scientific, Hampton, NH, USA) were added.  The tube was vortexed until fat was dissolved.  

Forty µl of sodium methylate solution (Fisher Scientific, Hampton, NH, USA) was added, the 

tube was vortexed, and allowed to react for 10 min at room temperature.  Sixty microliters of 

oxalic acid solution (Fisher Scientific, Hampton, NH, USA) was added to terminate the reaction 

and the tubes were centrifuged at 2,000 x g for 5 min at 5oC.  The top hexane layer containing 

the fatty acids in the methyl ester form was transferred to 2 mL crimp-top vials (Fisher 

Scientific, Hampton, NH, USA) for fatty acid analysis.  
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The fatty acid extraction and methylation procedure (Kramer et al., 1997) were the same for 

dietary fat supplements and caruncle.  Fat supplements (approximately 200 mg) and caruncle 

tissue (approximately 200 mg of fresh weight) were freeze-dried for 24 h.  One mg of internal 

standard (C19:0) was added in order to calculate total fatty acid concentration.  Lipid was 

extracted by adding 2 mL of sodium methoxide (Acros, New Jersey, USA), vortexing, and 

incubating in a 50oC water bath for 10 min.  After cooling for 5 min, 3 mL of 5% methanolic 

HCl (Fisher Scientific, Hampton, NH, USA) were added and the tubes vortexed.  The tubes were 

incubated in an 80oC water bath for 10 min, removed from water bath, and allowed to cool for 7 

min.  One mL of hexane and 7.5 mL of 6% K2CO3 were added.  The tubes were vortexed and 

centrifuged at 194 x g for 5 min. The upper layer was transferred into 10 mL glass tubes.  The 

solvent was completely evaporated under N gas. Hexane (100 µl) was added in order to redisolve 

methylated fatty acids and the solution was transferred to a crimp-top vial. 

Fatty acid methyl esters were determined using a Varian CP-3800 gas chromatograph 

(Varian Inc., Palo Alto, CA) equipped with an auto-sampler (Varian CP-8400), flame ionization 

detector, and a Varian capillary column (CP-Sil 88, 100 m x 0.25 mm x 0.2 um).  The carrier gas 

was He, the split ratio was 10:1, and the injector and detector temperatures were maintained at 

230°C and 250°C, respectively.  One µl of sample was injected via the auto-sampler into the 

column.  The oven temperature was initially set at 120°C for 1 min, increased by 5°C/min up to 

190°C, held at 190°C for 30 min, increased 2°C/min up to 220°C, and held at 220°C for 40 min.  

The peak was identified and calculated based on the retention time and peak area of known 

standards.  

The desaturase index for cis-9 C16:1 and cis-9 C18:1 was defined as follows: [product of ∆9 

desaturase] / [product of ∆9 desaturase + substrate of ∆9 desaturase]. For example, the cis-9 C16:1 
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desaturase index would be calculated as [cis-9 C16:1] / [cis-9 C16:1 + C16:0] (Kelsey et al., 

2003). 

Blood (10 mL) was collected at 0700 h daily from parturition until 10 DIM and on 

Monday, Wednesday, and Friday thereafter until 47 ± 3 DIM from coccygeal vessels into sodium 

heparinized tubes (Vacutainer, Becton Dickinson, Franklin Lakes, NJ). Samples were put 

immediately on ice until centrifuged at 2619 x g at 5°C for 30 min (RC-3B refrigerated 

centrifuge, H 600A rotor, Sorvall Instruments, Wilmington, DE). Plasma was separated and 

frozen at -200C for subsequent metabolite, and hormone analysis.  Plasma concentrations of 

NEFA (NEFA-C kit; Wako Fine Chemical Industries USA, Inc., Dallas, TX; as modified by 

Johnson, 1993) and β-hydroxy butyric acid (BHBA) (Pointe Scientific Inc., Lincoln Park, MI) 

were determined once weekly for 7 wk.  A Technicon Autoanalyzer (Technicon Instruments 

Corp., Chauncey, NY) was used to determine weekly concentrations of plasma BUN (a 

modification of Coulombe and Favreau, 1963 and Marsh et al., 1965) and plasma glucose (a 

modification of Gochman and Schmitz, 1972).  

Concentrations of progesterone were determined on every plasma sample collected using 

Coat-A-Count Kit (DPC® Diagnostic Products Inc., Los Angeles, CA) solid phase 125I RIA.  The 

sensitivity of the assay was 0.1 ng/mL and the intra- and interassay coefficients of variation were 

5.1 and 7.3%, respectively.  A polyethylene glycol RIA procedure described by Meyer et al. 

(1995) was used to analyze for the concentration of 15-keto-13,14-dihydro-prostaglandin F2 

metabolite (PGFM) in each plasma sample collected during the first 10 DIM.  Sensitivity of the 

assay was 31.2 pg/mL and the intra- and interassay coefficients of variation were 9.3 and 5.9%, 

respectively.    
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Immune Status  

Neutrophil function  

Blood (6 mL) collected in vacutainer (Vacutainer, Becton Dickinson, Franklin Lakes, NJ) 

tubes containing acid citrate dextrose were collected from coccygeal vessels at – 18, 0, 7, and 40 

DIM. Neutrophil numbers and function were accessed within 3 h after blood collection. 

Neutrophil concentration in whole blood was estimated using a hemacytometer. In order to 

measure phagocytosis and oxidative burst of neutrophils, whole blood (100 µl) was pipeted into 

each of 3 tubes. Then, 10 µl of 50 µM dihydrorhodamine 123 (DHR) (Sigma-Aldrich, Saint 

Louis, MO) was added to all tubes.  Tubes were vortexed and incubated in oven at 37oC for 10 

min with constant rotation using the Clay Adams nutator (BD, San Jose, CA).  Ten µl of 20 

µg/mL solution of phorbol 12-myristate, 13-acetate (PMA) (Sigma-Aldrich) was added to tube 

number 2 only. An Escherichia coli bacterial suspension (106 cells/mL) labeled with propidium 

iodide (Sigma-Aldrich) was added to tube number 3 to establish a bacteria to neutrophil ratio of 

40:1.  Tubes were vortexed and incubated in oven at 37oC for 30 min with constant rotation 

using the Clay Adams nutator (BD, San Jose, CA).  Then all tubes were removed and placed 

immediately on ice to stop phagocytosis and oxidative burst activity.  Tubes were processed in a 

Q-Prep Epics immunology workstation on the 35 sec cycle.  Cold distilled water (500 µl) and 

0.4% tryphan blue (10 µl) were added to each tube.  Then tubes were vortexed, kept on ice, and 

10,000 cells were read at the Facsort flow cytometer (BD biosciences, San Jose, CA). The 

amount of bacteria that each neutrophil phagocytized was measured by median fluorescence 

intensity (MFI) using the flow cytometer. 

Bovine peripheral blood mononuclear cell (PBMC) isolation and stimulation 

Six tubes of blood (10 mL each) were collected from each cow from the coccygeal vessels 

using heparinized tubes (Vacutainer, Becton Dickinson, Franklin Lakes, NJ) on 10, 20, and 30 
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DIM.  The samples were transported to the laboratory at ambient temperature and isolation of the 

PBMC was initiated within 3 h after blood collection. Tubes were centrifuged (Damon/IEC 

Division, IEC HN-SII Centrifuge) at 1006 x g for 30 min at room temperature. The buffy coat was 

removed from 2 vacutainer tubes of the same cow and transferred with sterile transfer pipettes to 

one 13 mL tube (Sarstedt Inc., Newton, NC) containing 2 mL of medium 199 (M-199) (Sigma-

Aldrich, Saint Louis, MO).  The buffy coats and M-199 were mixed by pipetting up and down 

several times.  This cell suspension was transferred slowly on top of 2 mL of Fico/Lite 

LymphoH (Atlanta Biologicals, Lawrenceville, GA) to prevent mixing.  The cell 

suspension/Fico/Lite LymphoH solution was centrifuged at 252 x g for 30 min at room 

temperature.  Mononuclear cells were collected from the Fico/Lite interface and transferred to 

pre-labeled 13 mL culture tubes containing 2 mL of Red Blood Cell Lysing Buffer (Sigma-

Aldrich, Saint Louis, MO).  Exactly 20 sec after transferring, the solution was neutralized with 8 

mL 1X DPBS (Sigma-Aldrich, Saint Louis, MO).  The solution was centrifuged at 252 x g for 15 

min at room temperature.  The supernatant was removed by aspiration with a sterile glass pipette 

attached to a vacuum pump and the pellet (mononuclear cells) was resuspended in 2 mL of M-

199 by pipetting up and down 10 times with a sterile transfer pipette.  The solution was 

centrifuged at 112 x g for 3 min at room temperature.  The supernatant was removed and the 

pellet was resuspended in modified M-199 (M-199 supplemented with 5% horse serum, 500 

U/mL penicillin, 0.2 mg/mL streptomycin, 2 mM glutamine, 10-5 M β-mercaptoethanol (all 

reagents from Sigma-Aldrich, Saint Louis, MO)).  The PBMCs were counted using the Trypan 

blue dye (Sigma-Aldrich, Saint Louis, MO) exclusion method.  The cell suspension was adjusted 

to 2 x 106 cells/mL. Cell suspension was plated in duplicate with modified M-199 media and  

stimulated or not stimulated with 10 µg/mL of concanavalin A (ConA) (Sigma-Aldrich, Saint 
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Louis, MO) on a 6-well plate (Corning Inc., Corning, NY) for production of the cytokines: 

interferon-gamma (IFN-γ) and tumor necrosis alpha (TNF-α). 

Ovalbumin challenge 

All cows were injected s.c. with 1 mg of ovalbumin (Sigma-Aldrich, Saint Louis, MO) diluted 

in Quil A adjuvant (0.5 mg of Quil A/ mL of PBS) (Accurate chemical & Scientific Corp. 

Westbury, NY) at -8 wk relative to calving and at parturition. At -5 wk relative to calving 

ovalbumin was mixed in the JVac (Merial, Athens, GA) vaccine so that the total amount of 

ovalbumin injected was 1 mg.  Blood samples for serum analysis of IgG were collected at -8, -5, 

-3, 0, 1, 2, 3, 4, and 7 wk relative to calving. Samples were taken in vacutainer (Vacutainer, 

Becton Dickinson, Franklin Lakes, NJ) tubes containing no anticoagulant before the ovalbumin 

injection. Serum concentration of anti-ovalbumin IgG was measured by an Enzyme Linked 

ImmunoSorbent Assay (ELISA) as described by Mallard et al. (1997). Briefly, flat bottom 96-

well polystyrene plates (Immulon 2, Dynex Tech., Chantilly, VA) were coated with a solution of 

OVA dissolved in carbonate-bicarbonate coating buffer (1.4 mg OVA/ mL of carbonate-

bicarbonate buffer). Plates were incubated at 4°C for 48 h, then washed with PBS and 0.05% 

Tween-20 solution (pH = 7.4). Plates were blocked with a PBS-3% Tween-20 and bovine serum 

albumin (Sigma Chemical, St. Louis, MO) solution and incubated at room temperature for 1 h. 

Plates were washed and diluted sera samples and control sera (l/50 and l/200) were added in 

duplicate using a quadrant system (Wright, 1987). Positive and negative control sera to anti-

ovalbumin IgG were obtained from a pool of sera of known high (21 d after the third injection of 

ovalbumin) and low (pre-ovalbumin injection) concentrations, respectively. All samples from the 

same cows were analyzed in the same plate and plates contained balanced number of animals 

from each diet group. Plates were incubated at room temperature for 2 h and washed with 
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previously described buffer solution. Subsequently, alkaline phosphatase conjugate rabbit anti-

bovine IgG whole molecule (Sigma Chemical, St. Louis, MO) was dissolved in wash buffer, 

added to the plates and incubated for 2 h at room temperature. After incubation, plates were 

washed 4 times and substrate solution [P-Nitrophenyl Phosphate Disodium (Sigma Chemical, St. 

Louis, MO)] was added and the plate was incubated at room temperature for 30 min. Plates were 

read on an automatic ELISA plate reader (MRX Revelation; Dynex Technologies Inc., Chantilly, 

VA) and the optical density was recorded at 405 nm and the reference at 650 nm. Prior to the 

initiation of experimental serum sample analyses, 3 plates containing positive controls for anti-

OVA IgG were analyzed at 1/50 and 1/200 dilutions in order to calculate an initial mean and SD. 

Further positive controls obtained from plates containing experimental samples were 

subsequently added to calculate the total mean and standard deviation. Plates with positive 

control mean above or below 1.5 SD of total accumulated positive controls were repeated. Inter 

assay CV for positive control samples was 9%. Plates were also repeated when the CV of 

positive control samples were above 20% within a plate. A correction factor was calculated for 

each plate by dividing the total mean from the accumulated positive control results to the total 

mean of the positive controls from each plate. Experimental sample results were obtained from 

the product of the sum of the average of each duplicated sample dilution by the correction factor 

of each plate.  

Cytokines (IFN-γ, and TNF-α) were analyzed by Enzyme-Linked ImmunoSorbent Assays 

(ELISA).  The IFN- γ (Mabtech, Cincinnati, OH), and TNF-α (Endogen, Rockford, IL) cytokines 

were analyzed as recommended by the manufacturer. 

Vaginoscopy 

Cows were evaluated for cervical discharge on days 5 and 10 postpartum using the 

metricheck® (Metricheck, Simcro, New Zealand). The vulva was first cleaned using a povidone-
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iodine scrub (0.75% titratable iodine and 1% povidone solution, Agripharm, Memphis, TN, 

USA) and dried off with a clean paper towel. The metricheck was inserted in the vagina all the 

way close to the cervix. The floor of the vagina was scraped, the discharge collected in a 50-ml 

conical tube (Fisher Diagnostics, Middletown, VA), and assigned a score of 0 (clear or 

translucent mucus), 1 (mucus containing flecks of white or off-white pus), 2 (discharge 

containing ≤ 50% white or off-white mucupurulent material), or 3 (discharge containing ≥ 50% 

purulent material usually white or yeallow but occasionally sanguineous) according to Sheldon et 

al. (2006).  

Uterine cytology 

At 37 ± 3 DIM, a single assessment of uterine cytology was conducted.  Cows were 

flushed using a 53.3 cm silicon Foley catheter (i.e., 18 Fr and 5 cc).  The vulva was cleaned with 

chlorhexidine ciacetate (Nolvasan-Fort Dodge, Overland Park, KS) and dried with a paper towel.  

The catheter was introduced through the cervix into the previously pregnant uterine horn.  The 

air balloon was placed approximately 1 cm past the bifurcation of the uterine horn and inflated 

with air to a volume consistent with the size of the uterine horn. Sterile saline (20 mL of 0.9%) 

was infused into the uterine horn and aspirated back using a syringe with a Foley connector.  The 

aspirated solution was placed into a sterile 50-mL conical tube and vortexed. A 50-µl aliquot of 

flushed solution was placed into a bullet tube and mixed with 50 µl of a trypan blue solution 

(0.4%) for 1 min.  A 10 µl sample of the solution was placed in each side of a hemacytometer in 

order to count total white blood cells (WBC) and to determine cell viability using a microscope 

set to a magnification of 40x.  Cells not stained were considered live and cells stained with 

trypan blue were considered dead.  Concentration of WBC was determined by counting 5 

squares (i.e., each square = 0.2 * 0.2 mm2) from each side of the hemocytometer in the large 

middle square using a magnification of 40x.  Concentration of WBC was calculated as follows: 
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WBC (number / mL) = total WBC count in 10 squares/2 * 50,000 * dilution factor 2. Proportion 

of cell viability was calculated as follows: cell viability (%) = number of WBC not stained 

(viable) / number of stained and not stained WBC * 100. After determination of total and viable 

WBC, 20 μl of flushed solution was pipetted onto a glass slide and smeared (2 slides per uterine 

flush). Smear was air-dried and stained using the Diff-Quick (Fisher Diagnostics, Middletown, 

VA) stain.  Slides were examined for WBC and neutrophil numbers at magnification of 40x. 

Number of total WBC as well as number of neutrophils were counted and percent of neutrophils 

calculated as follows: % neutrophils = total number of neutrophils / total number of WBC * 100. 

The percentage of neutrophils was used to estimate the number of neutrophils per mL of 

flush solution using the hemacytometer results as follows: number of neutrophils / mL of flush = 

total WBC count / mL (hemacytometer) * % neutrophils. 

Statistical Analysis 

Measurements of daily DMI during the pre and postpartum periods, milk production, and 

milk composition were reduced to weekly means before statistical analyses were performed. 

Repeated measures data (DMI, milk production, milk fat, milk protein, BW, BCS, rectal 

temperature, IFN-γ, TNF-α, concentration of plasma NEFA, BHBA, BUN, glucose, 

progesterone, and serum IgG) were analyzed using MIXED procedure of SAS (SAS Institute 

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

Yijkl = μ + Fi + Pj + FPij +Ck (i j) +Wl + FWil + PWjl + FPWijl + Eijkl   

where Yijkl is the observation, μ is the overall mean, Fi is the fixed effect of dietary fat 

source (i = 1, 2, and 3), Pj is the fixed effect of parity (j = 1 and 2), FPij is the interaction of fat 

source and parity, Ck (i j) is random effect of cow within fat source and parity (k = 1, 2, …n), Wl 

is the fixed effect of week (l = 0, 1, 2, …7), FWil is the interaction of fat source and week, PWjl 
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is the interaction of parity and week, FPWijl is the three way interaction of fat source, parity and 

week, and Eijkl  is the residual error.   

Data were tested to determine the structure of best fit, namely AR (1), ARH (1), CS, or 

CSH, as indicated by a lower Schwartz Baesian information criterion value (Littell et al., 1996).  

Orthogonal contrasts used to detect treatment differences were the following: 1) Control vs. 

(Omega-6 + Omega-3) and 2) Omega-6 vs. Omega-3.  

Vaginoscopy data were analyzed using proc logistic of SAS. Data that did not have a 

normal distribution (uterine cytology data, and blood neutrophils and WBC) were analyzed by 

proc Glimmix of SAS using Poisson distribution. 

Progesterone data (cyclic, DIM at first ovulation, number of cycles, peak progesterone in 

the first cycle, first cycle length, mean progesterone concentration in the first cycle, and total 

progesterone concentration of first cycle) were analyzed using PROC GLM of SAS. 

Milk and caruncle fatty acids were analyzed using PROC GLM of SAS.  The model 

contained treatment, parity and treatment by parity interaction.  The orthogonal contrasts 

mentioned above were also used to test for treatment effects.  Differences were considered to be 

significant at P < 0.05 for all analyses. 

Results and Discussion 

The omega-6 fat source was an excellent source of C18:2, containing 63.6% C18:2; other 

fatty acids present in relative high concentrations were C18:1 at 16.7% and C16:0 at 12.9% 

(Table 6.3).  The omega-3 fat source contained 12.5% omega-3 fatty acids (sum of C18:3, C20:5, 

C22:5, and C22:6; Table 6.3).  Other fatty acids present in significant concentrations were C16:0 

(38.7%) and C18:1 (30.8%).  
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DMI, Milk Production, and Milk Composition 

As expected, primiparous cows had lower DMI prepartum (11.3 vs. 15.8 kg/d) and 

postpartum (15.3 vs. 20.4 kg/d) compared to multiparous cows (parity effect; P < 0.001) (Figure 

6.1). Dry matter intake did not differ among treatments during the prepartum or postpartum 

period (Table 6.4). However, postpartum intake of diets containing the omega-3 supplement 

tended to be lower (P = 0.09) compared to cows fed diets containing the omega-6 supplement 

when expressed as a percentage of BW (2.93 vs. 3.22%).  Allred et al. (2006) reported a 

nonsignificantly lower DM intake by lactating dairy cows fed the same fat source as used in the 

current study at 2.7% of dietary DM compared to cows fed no fat supplement (28.6 vs. 26.9 

kg/d). Andersen et al. (2008) reported no effect of fat supplementation up to 1.5% of dietary DM 

on prepartum DMI. In addition, Allred et al. (2006) reported that cows fed Ca salts of a mixture 

of palm and fish oils at 2.7% of dietary DM had similar intakes as cows not fed this fat source. 

Decreased DMI was reported when dairy cows were fed an unprotected mix of fish oil and 

sunflower oil  (1:2) at 4.5% of dietary DM (Shingfield et al., 2006). Infusing unprotected fish oil 

into the rumen of lactating dairy cows also depressed DM intake compared to ruminal infusion 

of a Ca salt mix of fish oil and palm oil at equal deliveries of fish oil of 145 g/d (Castaneda-

Gutierrez et al., 2007).  

Fat supplementation did not influence milk yield over the 7-wk postpartum period (Table 

6.4; Figure 6.2). Although mean concentration of milk protein (3.0, 3.0, and 2.9%), yield of milk 

protein (0.96, 0.99, and 0.92 kg of protein/d), 3.5% FCM (33.8, 35.3, and 29.7 kg/d) (Figure 6.3), 

3.5% FPCM (33.02, 34.4, and 29.3 kg/d) and ECM (33.4, 34.8, and 29.6 kg/d, respectively for 

control, Omega-6, and Omega-3 treatments) were unchanged by fat supplementation, cows fed 

Omega-6 tended to have greater milk fat concentration (3.5 vs. 3.2%; P = 0.06) and milk fat 

yield (1.19, and 1.00 kg of fat/d; P = 0.10) compared to cows fed Omega-3. In addition, cows fed 
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Omega-6 fat had greater concentration of milk fat at wk 1, 2, and 3 postpartum compared to 

Omega-3-fed cows (Omega-6 vs. Omega-3 by week interaction; P < 0.05) (Figure 6.4). 

Similarly, Bharathan et al. (2008) reported that cows fed fish oil at 0.5% of dietary DM had 

lower (3.3 vs. 3.6%) milk fat concentration and yield of ECM (32.1 vs. 34.5 kg/d) compared to 

cows fed a control diet without fish oil. In contrast, Bu et al. (2007) reported that cows 

supplemented with soybean oil or flaxseed oil at 4% of dietary DM had similar ECM yield 

compared to cows fed a control diet without fat which was likely due to the lack of effect of oil 

supplementation on milk fat concentration although it was numerically lower for cows fed oils 

(3.3%) compared to control (3.5%). The difference between the results of Bharathan et al. (2008) 

and Bu et al. (2007) may have been due to the greater feed intake (25 vs. 16 kg/d) by cows used 

in the Bharathan et al. (2008) study.  Greater feed intake may have resulted in a more acidic 

ruminal environment, which leads to greater formation of the CLA and trans C18:1 isomers that 

are associated with milk fat depression. Cows fed fish oil at an increasing rate of 0.33, 0.67, and 

1.00% of dietary DM with soybeans to provide the balance of 2% added fat in the diet had lower 

milk fat compared to cows fed a control diet without fat supplement (Whitlock et al., 2006). 

The milk fat depression is likely due to greater concentration of trans-10, cis-12 CLA 

(0.065 vs. 0.036%) in milk fat of cows fed Omega-3 compared to that of Omega-6 fed cows 

(Table 6.5). These isomers had potent effects on lowering milk fat concentration when infused 

postruminally (Baumgard, et al., 2000).  

Mean energy balance was lower for multiparous cows compared to primiparous cows (P 

< 0.001; Figure 6.5). Multiparous cows were in NEB during all 7 wk postpartum whereas 

primiparous cows returned to positive EB at least once between wk 4 and 7 postpartum although 

parity by time interaction was not significant. Mean EB across 7 wk postpartum was not different 
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among treatments (Figure 6.5). Primiparous cows fed Omega-3 had a numerically higher EB 

through wk 4 compared to primiparous cows fed Omega-6.  

Feed efficiency declined from wk 1 (2.2 kg of 3.5% FCM/ kg of DMI) until 6 wk 

postpartum (1.6 kg of 3.5% FCM/ kg of DMI) (Figure 6.6) but did not differ among the 

treatments (Table 6.4). In early lactation feed efficiency reflects BW losses, high milk fat 

percentages, and low DMI. The lowest feed efficiency occurs in late lactation where cows divert 

more of their DMI to BW gain, support of reproduction and growth in young animals than for 

milk production. The decrease in feed efficiency during late lactation is more from a decrease in 

milk production without a proportion decrease in feed intake. Mean feed efficiency across 7 wk 

postpartum was not different among treatments. Similarly, Bharathan et al. (2008) reported no 

effect of feeding fish oil (0.5% of dietary DM) on feed effiency of lactating Holstein cows. 

Primiparous cows had lower feed efficiency (1.73 vs. 2.00 kg of 3.5% FCM/ kg of DMI) than 

multiparous cows which was likely due to the usage of nutrients from the diet for growth as well 

as for milk by primiparous cows. 

As expected, multiparous cows were heavier (673 vs. 520 kg) than primiparous cows 

(parity effect, P < 0.001). Primiparous cows lost BW (Figure 6.8) in the first 2 wk postpartum 

whereas multiparous cows lost BW through 3 wk postpartum. Mean body condition decreased 

through the first 3 wk postpartum and then plateaued until 7 wk postpartum. Loss of body 

condition averaged 0.4 units.  

Fatty Acid Profile  

Milk 

Milk fat contains fatty acids derived from de novo synthesis by the mammary gland (C4:0 

to C14:0 plus a portion of C16:0) and from mammary uptake of preformed fatty acids (a portion 

of C16:0 and all longer chain fatty acids). Fat supplementation decreased (P < 0.05) the 
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concentration of most of the fatty acids synthesized de novo [C6:0 (1.67 vs. 2.02%), C8:0 (1.19 

vs. 1.49%), C10:0 (2.57 vs. 3.40%), C12:0 (2.89 vs. 3.82%), C14:0 (10.81 vs. 12.12%), and 

C16:0 (28.58 vs. 31.10%)], tended (P = 0.06) to decrease C15:0 (0.97 vs. 1.07%) but did not 

affect C4:0 (1.58 vs. 1.64%; Table 6.5). Fatty acids synthesized de novo (C4 to C14) were 

reduced by 15% and the long chain fatty acids (C16 to C22) increased by 14% in cows 

supplemented with fat compared to control cows (Table 6.5). Exogenous fatty acids compete for 

esterification with newly synthesized short-chain fatty acids in mammary cells, and could lead to 

feedback inhibition of lipogenic enzymes. Thus, greater uptake and secretion of dietary and 

rumen-derived fatty acids may account for the majority of the reduction in de novo synthesis in 

cows fed unsaturated oils (Palmquist et al., 1993) likely due to a decrease in abundance of the 

nuclear sterol regulatory element-binding protein 1 (Peterson et al., 2004) and consequent 

reduction in the mammary acetyl-CoA carboxylase and fatty acid synthase activity as well as a 

reduction in acetyl-CoA carboxylase mRNA abundance (Piperova et al., 2000). Consequently, 

milk fat of cows fed supplemental fat had a 22 and 21% increase in MUFA and PUFA, 

respectively.  

Moate et al. (2008) reported that there is a positive quadratic relationship between intake 

of fish oil fatty acids and production of total trans octadecenoic acids with the maximum 

production of the trans isomers occurring with an intake of approximately 350 g/d of fish oil 

fatty acids. This supports our findings of the increase of C18:1 isomers trans 6 to 8 (0.044 vs. 

0.032%), trans-10 (7.92 vs. 6.18%), and a tendency (P = 0.10) for increasing trans-9 (0.80 vs. 

0.70%) in cows fed Omega-3 compared to cows fed Omega-6. Recent evidence from principal 

component and multivariate analysis of milk long chain fatty acid composition during milk fat 

depression indicated that trans 6-8 C18:1 might be more important than trans-10 C18:1 in 



 

206 

inducing milk fat depression (Kadegowda et al., 2008). Thus, the lower mik fat concentration of 

cows fed Omega-3 was also likely due to an increase in trans 6-8 C18:1 in milk fat compared to 

cows fed Omega-6. However, increases in concentration of octadecaenoic acids alone does not 

appear to be sufficient to depress milk fat as evidenced by greater concentration of these fatty 

acids in milk fat of cows fed the omega-6 supplement compared to that of control cows yet 

without changes in milk fat concentration.  The trans-10, cis-12 CLA isomer may be a more 

potent agent than the octadecaenoic acids as concentration of this CLA isomer was only different 

for the group of cows experiencing milk fat depression, namely those fed omega-3 fats.  

Production of C20:5 and C22:6 in milk fat are strongly and positively related to the 

intake of fish oil fatty acids (Moate et al., 2008). The concentration of C20:5 and C22:6 

increased 4 and 94 fold, respectively, in milk fat of cows fed Omega-3 compared to cows fed 

Omega-6 (Table 6.5). Bharatan et al. (2008) reported a slight increase in concentration of C20:5 

and a tendency (P = 0.07) for increasing C22:6 in milk fat of cows fed fish oil at 0.5% of dietary 

DM. It is important to note that in the present experiment fish oil was fed in the form of Ca salts 

which might explain the greater incorporation of C20:5 and C22:6 into milk fat. Similarly, 

Shingfield et al. (2006) reported that cows fed fish oil at 1.5% of dietary DM had greater 

concentration of C20:5 and C22:6 in milk fat compared to cows fed a control diet. In contrast, 

Bilby et al. (2006c) reported increased concentrations of  C22:6 in milk fat of cows fed a Ca salt 

of palm and fish oils compared to cows fed whole cottonseed but no treatment effect on 

concentration of C20:5 in milk fat was detected. 

Concentration of C18:2 in milk fat was greater (3.83 vs. 3.50%) in animals fed fat 

compared to controls but did not differ between animals fed the fat sources (3.94 vs. 3.72%, 

respectively for Omega-6 and Omega-3). This effect was due to multiparous cows. The 
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concentration of C18:2 was increased in milk fat of multiparous cows (4.30 vs. 3.41%) but not 

primiparous cows (3.35 vs. 3.57%) fed control vs. fat supplements (parity by control vs. fat 

interaction, P < 0.001). This may be explained by the results of AbuGhazaleh and Jenkins (2004) 

who reported that the addition of either EPA or DHA to mixed ruminal cultures resulted in 

reduced biohydrogenation of C18:2. When lactating dairy ewes were supplemented with 

sunflower oil at a greater proportion (6% of dietary DM), concentration of C18:2 in milk fat 

increased (3.76 vs. 2.87%) compared to ewes fed a control diet without fat (Hervás et al., 2008). 

Mid lactation dairy cows fed extruded soybeans at 2% of dietary DM had a greater concentration 

of C18:2 in milk fat compared to cows fed fish oil at the same proportion of the diet 

(AbuGhazaleh et al., 2002). The lack of a larger response of Omega-6 supplementation on the 

concentration of C18:2 in milk fat was likely due to the biohydrogenation of C18:2 in the rumen. 

Lundy et al. (2004) reported that ruminal biohydrogenation of linoleic acid averaged 95% for 

unprotected soybean oil and 92% for the Ca salts of soybean oil leading to an additional 14 g/d 

of C18:2 delivered to the omasum. Harvatine and Allen (2006a) supplemented Ca salts of 

unsaturated fatty acids and used a kinetic approach to estimate the extent of ruminal 

biohydrogenation in lactating cows. They reported that protection of the 18-carbon PUFA from 

biohydrogenation was minimal in a commercial source of protected fat (Ca salts of fatty acids). 

Likewise in sheep, Fotouhi and Jenkins (1992) observed the extent of ruminal biohydrogenation 

of linoleic acid was 93% for free linoleic acid and 95% for Ca salts of linoleic acid. Despite the 

extensive biohydrogenation of C18:2 in the rumen, sufficient quantities left the rumen to increase 

the C18:2 concentration in milk fat. 

Concentration of cis-9, trans-11 CLA (0.42, 0.86, and 1.13%, respectively for control, 

Omega-6, and Omega-3) was increased in milk fat of cows supplemented with fat and the 
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increase was greater in cows fed Omega-3 compared to cows fed Omega-6 (P < 0.001). In 

contrast, AbuGhazaleh et al. (2002) reported no effect of fish oil supplementation on proportion 

of cis-9, trans-11 CLA in milk fat but concentration of trans-10, cis-12 CLA was increased 

compared to cows fed extruded soybeans. Bharathan et al. (2008) reported a 47% increase in 

total CLA concentration in milk fat of cows fed fish oil (0.5% of dietary DM) compared to cows 

not fed fish oil. Juchem et al. (2008) fed Ca salts of fish and palm oils or tallow at 0.95 and 

0.90% of dietary DM, respectively, for the first 25 DIM and at 1.90 and 1.80% thereafter until 

145 DIM. Cows supplemented with Ca salts of fish and palm oil had greater concentration of cis-

9, trans-11 CLA in milk fat (0.76 vs. 0.53%) compared to cows fed tallow. Ruminal infusion of 

fish oil at 1.2% of dietary DM (276 g of menhaden oil) increased 5 fold the concentration of cis -

9, trans-11 CLA in milk fat compared to those fed a control diet without fat (Loor et al., 2005b). 

As a result of these shifts in omega-6 and omega-3 fatty acids, cows fed Omega-3 had a 

lower (7.18 vs. 10.90) n6/n3 ratio in milk fat compared to Omega-6-fed cows as reported by 

others (Bilby et al., 2006c; Petit et al., 2007). 

The desaturase index is a measurement of the Δ9-desaturase activity. The Δ9 desaturase 

acitivity regulates the conversion of C16:0 into C16:1 cis-9 and C18:0 into cis-9 C18:1 (Bauman 

et al., 1999). Kelsey et al. (2003) defined the desaturase index using the following equation: 

(product of Δ9-desaturase)/ (product of Δ9-desaturase + substrate of Δ9-desaturase).  

The desaturase indices for C18:1 (di 181) and C16:1 (di 161) were greater (P = 0.01) for 

cows fed Omega-3 compared to cows fed Omega-6 (0.66 vs. 0.61 and 0.023 vs. 0.019 for di 181 

and di 161 for Omega-3 and Omega-6, respectively). It is interesting to note that the increase in 

the di 181 was mainly due to the efficiency of the desaturase enzyme to produce cis C18:1 from 

smaller concentrations of substrate C18:0 for cows fed Omega-3 compared to those fed Omega-6 
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(10.49 vs. 13.10%; P < 0.001) although no difference existed for cis C18:1 product between 

cows fed Omega-3 or Omega-6 fat supplements (20.67 vs. 20.46%). In contrast, di 161 was 

greater for cows fed Omega-3 compared to those fed Omega-6 due to an increase in the product 

formed cis C16:1 (0.70 vs. 0.54%; P < 0.001) although no difference existed in the substrate 

(29.13 vs. 28.03%). Chouinard et al. (1999) reported that di 161 and di 181 were increased 

linearly in milk fat of cows fed increasing doses of CLA supplements (0, 50, 100, or 150 g/d of 

CLA supplement). Perfield et al. (2006) reported that cows infused with CLA trans-10, trans-12 

(5 g/d) into the abomasum had lower di 161 (0.032) and di 181 (0.590) compared to those 

infused with ethanol (0.39 and 0.66 for di 161 and di 181, respectively) or with trans-10, cis-12 

CLA (0.37 and 0.63 for di 161 and di 181, respectively).  

The fatty acid profile differed somewhat between parities. Compared to multiparous 

cows, the milk fat of primiparous cows contained a greater (P < 0.01) proportion of C15:0 (1.07 

vs. 0.93%), C17:0 (0.79 vs. 0.74%), C20:0 (0.20 vs. 0.16%), trans-10, cis-12 CLA (0.049 vs. 

0.038%) and tended (P < 0.10) to have a greater proportion of C18:0 (12.31 vs. 11.45%) and 

C20:5 (0.049 vs. 0.039%). In addition, primiparous cows had a lower (P < 0.05) concentration of 

cis-9 C18:1 (19.83 vs. 21.85%), of C18:2 (3.43 vs. 4.00%), of PUFA (4.94 vs. 5.60), of the n6/n3 

ratio (8.40 vs. 9.53), and of di 181 (0.62 vs. 0.65) in milk fat compared to multiparous cows.  

Similarly, the proportion of cis-9, trans-11 CLA and PUFA were increased (P < 0.05) in 

milk fat of multiparous cows (1.09 vs. 0.36% and 6.18 vs. 4.43%, respectively for proportion of 

cis-9, trans-11 CLA and PUFA) but not primiparous cows (0.49 vs. 0.90% and 4.80 vs. 5.02%, 

respectively for proportion of cis-9, trans-11 CLA and PUFA) fed control vs. fat supplements 

(parity by control vs. fat interaction, P < 0.05).  
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Caruncle 

The predominant fatty acid in caruncular tissue (Table 6.6) was C18:0 (25.63%), 

followed by cis-9 C18:1 (19.38%), C16:0 (18.79%), C18:2 (13.61%), and C20:4 (10.58%) which 

are similar to the major fatty acids found in the endometrium of dairy (Bilby et al., 2006c) and 

beef cows (Burns et al., 2003). 

Cows fed supplemental fat had a lower (P < 0.05) concentration of C15:0 (1.81 vs. 

2.04%) and C16:0 (18.31 vs. 19.76%) but a greater concentration of cis-9 C16:1 (0.53 vs. 0.47%) 

in caruncular tissue compared to cows fed the control diet. Due to the greater concentration of 

the product (cis C16:1) and lower concentration of the substrate (C16:0), cows fed supplemental 

fat had greater di 161 (P < 0.001) compared to control cows. Primiparous cows fed the control 

diet had greater concentration of C16:0 (19.82 vs. 17.19%) in caruncular tissue compared to 

those fed fat but C16:0 did not differ among multiparous cows (19.69 vs. 19.42%; parity by 

control vs. fat interaction, P < 0.01). In addition multiparous cows fed Omega-3 tended to have 

greater concentration of C16:0 (20.29 vs. 18.57%) in caruncular tissue compared to multiparous 

cows fed Omega-6 but C16:0 did not differ among primiparous cows (17.25 vs. 17.13%; parity 

by Omega-6 vs. Omega-3 interaction, P = 0.07). Multiparous cows fed Omega-3 tended to have 

a lower concentration of C18:0 (23.19 vs. 26.37%) compared to multiparous cows fed Omega-6 

but C18:0 did not differ among primiparous cows (25.98 vs. 25.76%; parity by Omega-6 vs. 

Omega-3 interaction, P = 0.10).  

All C18:1 trans isomers detected in caruncles (trans-9 C18:1 (0.14, 0.16, and 0.24%),  

trans-10 C18:1 (0.61, 1.34, and 2.02%), and trans-11 C18:1 (0.11, 0.22, and 0.34%, for control, 

Omega-6 and Omega-3, respectively)) were greater (P < 0.01) in cows fed fat compared to 

control cows and the increase was greater (P < 0.001) in cows fed Omega-3 compared to cows 

fed Omega-6. In addition, concentration of cis-9, trans-11 CLA in caruncles of cows followed 
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this same pattern. This increase in cis-9, trans-11 CLA was likely due to the greater production 

of this isomer in the rumen via microbial biohydrogenation and preferential incorporation of this 

fatty acid into the caruncle. Similarly, the increase of cis-9, trans-11 CLA in milk fat of cows fed 

Omega-3 compared to cows fed Omega-6 was due likely to greater production of cis-9, trans-11 

CLA in the rumen as well as the conversion of C18:1 trans-11 into cis-9, trans-11 CLA by Δ9 

desaturase in the mammary gland (Griinari et al., 2000). 

Incorporation of C18:2 into the caruncle was greater (P < 0.001) for cows fed Omega-6 

(14.87%) or Omega-3 (14.29%) compared to control cows (11.66%) but did not differ between 

cows fed the fat sources. This was possibly due to partial inhibition of biohydrogenation of 

C18:2 in the rumen by the presence of C20:5 and C22:6 (AbuGhazaleh and Jenkins, 2004) or 

greater elongation and desaturation of C18:2 into C20:4 for cows fed Omega-6 compared to 

Omega-3-fed cows (10.81 vs. 9.40%; P = 0.02). Concentration of C20:4 in caruncular tissue was 

greater for cows not fed fat compared to those fed supplemental fat (11.54, 10.81, and 9.40%, 

respectively for control, Omega-6, and Omega-3). 

Caruncles from cows fed Omega-3 had a greater (P = 0.001) proportion of the omega-3 

fatty acids, C18:3 (0.47 vs. 0.37%), C20:5 (1.22 vs. 0.88%), C22:5 (2.49 vs. 1.87%), and C22:6 

(1.06 vs. 0.41%) compared to cows fed Omega-6 (Table 6.6). As a result the n6/n3 ratio was 

lower (P < 0.001) in caruncles from cows fed the Omega-3 compared to those fed the Omega-6 

fat source (4.6 vs. 7.4). Similarly, Bilby et al. (2006c) reported that cows fed a Ca salt mix of 

palm oil and fish oil had greater incorporation of C20:5 (0.10 vs. <0.01%) and C22:6 (1.42 vs. 

0.92%) in endometrium of lactating dairy cows.  

Fat supplementation increased (P = 0.005) the proportion of PUFA (29.24 vs. 26.86%) in 

caruncle compared to control cows mainly due to the incorporation of PUFA from the dietary 
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sources. Therefore, the PUFA/MUFA ratio tended to be greater (P = 0.06) in caruncles from 

animals fed the fat supplements. 

The fatty acid profile of caruncles differed somewhat between parities. Compared to 

multiparous cows, primiparous cows had lower concentrations of C16:0 (18.07 vs. 19.52%), 

trans-9 C18:1 (0.16 vs. 0.20%) and trans-11 C18:1 (0.21 vs. 0.24%), and tended (P = 0.08) to 

have a lower concentration of C18:2 (13.13 vs. 14.09%). In contrast, primiparous cows had 

greater (P < 0.05) concentrations of trans-10 C18:1 (1.41 vs. 1.23%), C22:5 (2.20 vs. 1.98%), 

and C22:6 (0.67 vs. 0.58%).  

Hormones and Metabolites 

Glucose 

Concentrations of glucose in plasma decreased dramatically from calving to the first week 

postpartum, then plateaued until 4 wk and slightly increased until 7 wk postpartum (Figure 6.10). 

However, treatments did not affect mean plasma concentration of glucose (Table 6.7). As 

expected, multiparous cows had lower (P < 0.001) concentrations of glucose (66 vs. 73 mg/dl) in 

plasma compared to primiparous cows (Figure 6.11). Selberg et al. (2004) reported that 

supplementation of Ca salts of CLA or trans-octadecenoic acid isomers did not affect plasma 

concentrations of glucose compared to cows fed no supplemental fat. Similarly, Moallem et al. 

(2007) reported that supplementation with saturated (Energy Booster 100, Milk Specialties, 

Dundae, IL) or unsaturated (Megalac-R, Church and Dwight, Princeton, NJ) fat did not affect 

concentration of plasma glucose prepartum (65.4 vs. 66.1 mg/dL) or postpartum (59.7 vs. 59.7 

mg/dL). Moussavi et al. (2007) reported that cows fed fish meal at 5% of dietary DM or Ca salts 

of a mix of palm oil and fish oil at 2.3% of dietary DM from 5 to 50 DIM had greater 

concentration of glucose in plasma (57.6  and 57.3 mg/dL, respectively for fish and Ca salts of 

fish oil) than cows fed fish meal at 2.5% of dietary DM (51.1 mg/dL) or a control group not fed 
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fat (53.4 mg/dL) but did not differ from cows fed fish meal at 1.25% of dietary DM (55.3 

mg/dL). The authors attributed the increase in plasma glucose to a greater production of 

propionate in the rumen of cows fed fish oil as reported by others (Wachira et al., 2000 and 

Fievez et al., 2003). Since propionate is the single most important substrate for gluconeogenesis 

(Drackley et al., 2001), fish oil apparently shifts ruminal fermentation by decreasing 

methanogenesis that conserves energy and yields more propionate (Fievez et al., 2003). These 

effects seemed to be determined by the amount of the unique PUFA (i.e., EPA and DHA) present 

in fish oil products rather than simply by the total amount of PUFA fed.  

Blood urea nitrogen 

Cows fed supplemental fat tended (P = 0.06) to have lower mean concentration (12.9 vs. 

13.8 mg/dL) of plasma BUN compared to control cows (Table 6.7). In contrast, other researchers 

reported no effect of fat supplementation on plasma concentrations of BUN (Moussavi et al., 

2007; Petit et al., 2007). Feeding fat often has a negative effect on protozoal numbers in the 

rumen (Onetti et al., 2001). If that happened in the current study, then engulfment of bacteria 

would be reduced and possibly result in a reduction in ammonia produced in the rumen. The 

concentration of plasma BUN changed overtime (P < 0.001; Figure 6.12). Concentrations were 

high initially, possibly due to the catabolism of tissue protein for gluconeogenesis, then 

decreased by wk 1 followed by a gradual increase over the remaining weeks due to increasing 

intake of dietary protein as DMI increased.  

Beta hydroxy butyric acid 

Concentration of plasma BHBA averaged 5.8 mg/dL across 7 wk postpartum and did not 

differ among treatments (Table 6.7). Concentrations of BHBA generally decreased with 

increasing week postpartum (Figure 6.13) reflecting an improving energy balance. As expected, 

multiparous cows had a greater mean (P = 0.01) plasma concentration (6.5 vs. 5.0 mg/dL) of 

http://jds.fass.org/cgi/content/full/90/1/136#DRACKLEY-ETAL-2001�
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BHBA compared to primiparous cows (Figure 6.14) due to a more negative energy balance. In 

addition, multiparous cows experienced an initial rise followed by a gradual decrease in plasma 

concentration of BHBA whereas that of primiparous cows remained farily constant (parity  by 

week interaction, P = 0.04; Figure 6.14). 

Nonesterified fatty acid 

Concentration of plasma NEFA declined from calving (807 µEq/L) through 7 wk 

postpartum (197 µEq/L) (Figure 6.15) and did not differ among treatments (Table 6.7). Moallem 

et al. (2007) reported no effect of saturated or unsaturated fat supplementation to lactating dairy 

cows on concentrations of NEFA in plasma (588 vs. 600 µEq/L). Fish meal or Ca salts of palm 

and fish oil supplemented to multiparous Holstein cows from 5 to 50 DIM did not affect 

concentration of NEFA in plasma (Moussavi et al., 2007). In contrast, Petit et al. (2007) reported 

that multiparous cows fed saturated fat at 1.7 and 3.5% of dietary DM pre and postpartum 

respectively had greater concentration of NEFA in plasma compared to multiparous cows fed 

whole flaxseed at 3.3 and 11.0% of dietary DM during the pre and postpartum period, 

respectively, but diets had no effect on concentration of NEFA in plasma of primiparous cows 

(parity by treatment interaction). As expected, multiparous cows mobilized more fat (P < 0.001) 

than primiparous cows (503 vs. 353 µEq/L) across the 7 wk postpartum (Figure 6.16) as reported 

by others (Vandehaar et al., 1999; Petit et al., 2007). 

Progesterone  

A greater proportion of primiparous cows had an estrous cycle during the first 42 DIM 

when a fat supplement was fed compared to those not fed fat (50 vs. 90%) whereas fat 

supplements had the opposite effect on multiparous cows (75 vs. 100%, Table 6.8; parity by 

control vs. fat interaction; P = 0.02).  As a result, the number of cycles followed the same pattern 

(P = 0.03). Primiparous cows fed supplemental fat had more cycles (1.25 vs. 0.7 cycles) during 
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the 7 wk postpartum compared to those fed a control diet (Table 6.8) whereas multiparous cows 

did not differ (1.0 vs. 1.3 cycles; parity by control vs. fat interaction, P < 0.03). If an animal did 

not cycle, she was assigned 42 DIM as the day of first cycle.  Animals fed the omega-3 fat 

source cycled about 6 d earlier than those fed the omega-6 fat source (17.8 vs. 24 DIM, P = 

0.05).  The pattern of accumulated concentrations of plasma progesterone supports this earlier 

return to estrus by omega-3-fed animals (Figure 6.17).  This earlier return may have been due to 

a better energy status for this group of cows during the first 4 wk postpartum (Figure 6.5).  

Primiparous cows fed the omega-3 fat experienced the most rapid rise in plasma progesterone 

followed by those fed the omega-6 fat followed by the control cows.  However the rise in plasma 

progesterone for multiparous cows was more similar among treatments although those fed the 

omega-6 fat appeared to lag behind those fed the other two treatments (parity by treatment by 

DIM interaction, P < 0.01; Figure 6.17).  Childs et al. (2008) reported that the overall mean 

concentration of progesterone in plasma of beef primiparous cows fed a diet of 4.15% rumen-

protected fish oil was greater during the 16 d of the estrous cycle than that of primiparous cows 

fed the fish oil at 1.04% of dietary DM. Authors attributed this increase to increased 

concentration of plasma cholesterol and a larger CL on day 7 of the cycle. An increase in the 

concentration of cholesterol in plasma has been shown consistently in fat-supplemented cows 

(Ryan et al., 1992; Hawkins et al., 1995; Staples et al., 1998). Cholesterol is a precursor for the 

synthesis of progesterone by ovarian cells (Grummer and Carrol, 1991). Thus, the 

hypercholesterolemia may increase CL steroidogenesis which in turn increases progesterone 

concentrations in plasma. Fat feeding not only increased plasma progesterone concentration but 

also reduced progesterone clearance (Hawkins et al., 1995). Staples and Thatcher (2005) 

summarized the effects of fat supplementation on the size of the dominant follicle and reported 
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an average increase of 3.2 mm (23%) in the dominant follicle of cows fed supplemental fat 

compared to control cows not fed fat. A larger dominant follicle will form a larger CL which in 

turn synthesizes more progesterone (Vasconcelos et al., 1999; Sartori et al., 2002). Other 

researchers (Bilby et al., 2006b, Moussavi et al., 2007) reported no effect of fish oil 

supplementation on plasma concentration of progesterone of dairy cows. It is important to 

emphasize that the differences in the response to fat supplementation are likely due to the 

proportion of fat in the diet, duration of fat feeding, time of initiation of fat feeding, stage of 

lactation, or days of the estrous cycle, all of which could influence the uptake of the fatty acids 

by the tissues as well as their turnover. 

The remaining 3 measures of progesterone and length of first cycle in Table 6.8 included 

only those cows that ovulated. Length of the first cycle (16.1, 15.1, and 16.6 d), peak 

concentration of progesterone in the first cycle (5.9. 5.9, and 6.7 ng/mL), mean concentration of 

progesterone in the first cycle (3.9, 3.1, and 3.3 ng/mL), and total concentration of progesterone 

in the first cycle postpartum (23.6, 18.5, and 21.9 ng/mL) did not differ among treatments (Table 

6.8). Therefore the CL activity from the first ovulation of cycling cows was not affected by diet. 

Ultrasonography of ovaries was not done in the current study and first cycle responses may not 

be good indicators of later cycle dynamics.    

Neutrophil Concentration and Function in Whole Blood 

Peripheral blood neutrophil function of periparturient dairy cows is impaired relative to 

non-parturient cows (Kehrli et al., 1989; Cai et al., 1994). Blood neutrophil function begins to 

decline prior to parturition, reaches a nadir shortly after parturition, and returns to prepartum 

activity by about 4 wk postpartum (Kehrli et al., 1989). Neutrophil phagocytosis is the initital 

and most important defense mechanism in the control of bacterial and fungal infections.  
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Parity did not influence any of the immune responses measured in this study, nor was the 

test of parity by treatment interaction significant. Therefore only results of treatment and day of 

sampling will be reported. The concentration of blood neutrophils changed overtime with the 

greatest concentrations occurring at calving (effect of day, P < 0.01; Figure 6.18). The mean 

concentration of blood neutrophils across days was lower (P < 0.01) for animals fed the omega-3 

fat source compared to those fed the omega-6 fat source (2463 vs. 3462 neutrophils/µL of blood)  

with the greatest difference occurring at 7 DIM (1808 vs. 3620 neutrophils/µL of blood, P < 

0.01; Figure 6.18). The lack of change in neutrophil concentration between 0 and 7 DIM (3834 

vs. 3620 neutrophils/µL of blood) for the omega-6 fat-fed group may reflect an 

immunostimulatory effect. On the other hand, as expected, neutrophil concentrations decreased 

from 0 to 7 DIM for both control cows (4604 vs. 2762 neutrophils/µL of blood) and those fed the 

omega-3 fat source (3046 vs. 1808 neutrophils/µL of blood; P < 0.01).  

The proportion of neutrophils in whole blood that phagocytized labeled E. coli (Figure 

6.19) was greater (P = 0.01) at calving (82, 91, 82, and 83% for -18, 0, 7, and 40 DIM) but did 

not differ among the treatments (85, 86, and 83%, respectively for control, Omega-6, and 

Omega-3). Calder et al. (1990) reported that macrophages enriched with C20:5 and C22:6 had 

lower phagocytic activity than what would be expected due to the degree of unsaturation of the 

fatty acid. Similar to our results, Ballou and DePeters (2008) fed 51 Jersey bull calves (5 ± 1 d of 

age) milk replacers supplemented with 2% fatty acids having a 3:1 mix of corn and canola oils, a 

1:1 mix of fish oil and the 3:1 mix of corn and canola oils, or fish oil only. Authors reported that 

fish oil supplementation had no effect on the ability of neutrophils from the calves to 

phagocytose E. coli. According to Calder (2007), studies that investigate the number or 

proportion of phagocytes involved in engulfing the target material are not likely to detect an 
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effect of PUFA because it is unlikely that such manipulation will completely stop phagocytes 

from engaging in the process of phagocytosis. However, PUFA might affect the phagocytic 

activity, i.e. the amount of target material engulfed by those cells that are active (Calder, 2007). 

Indeed, the amount of bacteria that each neutrophil phagocytized as measured by the median 

fluorescence intensity tended (P = 0.07) to be lower for Omega-3 compared to Omega-6-fed 

cows (263 vs. 335) (Figure 6.20) which indicates a lower phagocytic efficiency for neutrophils 

from cows fed Omega-3. In addition, phagocytic efficiency was greater (P < 0.01) at calving 

compared to prepartum or postpartum phagocytic efficiencies (266, 355, 282, and 271 for -18, 0, 

7, and 40 DIM) (Figure 6.20). 

The production of reactive oxygen species by the action of NADPH oxidase of neutrophils 

is a critical mechanism to kill phagocytosed bacteria, a process called oxidative burst.The ability 

of the neutrophils to undergo oxidative burst (Figure 6.21) was greater at calving (day effect; P < 

0.01) but did not differ among treatments (85, 88, and 87%, respectively for control, Omega-6, 

and Omega-3). Supplementing rabbits with a high dose of fish oil decreased neutrophil oxidative 

burst by approximately 30%; however, a lower dose of fish oil had no influence on superoxide 

generation (D’Ambola et al., 1991) which corroborates the results of this experiment in which 

cows were fed the Ca salt of fatty acids at only 1.5% of dietary DM. In contrast, elderly men 

supplemented with either a low (1.35 g/d), moderate (2.7 g/d), or high (4.05 g/d) dose of EPA 

had suppressed oxidative burst by neutrophils but no effect was detected in young men (Rees et 

al., 2006). Bartelt et al. (2008) reported that healthy males, aged 18 to 40 years supplemented 

daily with capsules containing fish oil (166 mg of C20:5 and 119 mg of C22:6) for 8 wk had an 

immune-stimulating effect on neutrophil oxidative burst  compared to  subjects supplemented 

with olive oil. Discrepancies in the effects of the omega-3 fatty acids on immune function are 

http://jds.fass.org/cgi/content/full/91/9/3488#DAMBOLA-ETAL-1991�
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likely due to the methodology used for measuring the immune status such as isolation of the 

neutrophils from whole blood prior to lipid incubation vs. analysis in whole blood, amount and 

duration of lipid supplementation, age related effects, etc.  

White Blood Cells in Whole Blood 

As in the case of neutrophil concentration, concentration of WBC in whole blood tended 

(P = 0.07) to be lower for Omega-3 compared to Omega-6-fed cows (8,796 vs. 11,290 WBC/ µl) 

(Figure 6.22). This effect was likely due to changes in composition of plasma fatty acids which 

in turn may influence the production of mediators such as leukotrienes and prostaglandins that 

regulate lymphocyte function (Rocca and FitzGerald, 2002).  

Rectal Temperature 

Increased rectal temperature is an indication of infection or inflammation. Mean rectal 

temperature on any one day was not greater than 38.90 C indicating that cows were mostly 

healthy. Rectal temperature taken on 4, 7, and 12 DIM did not differ among treatments (Figure 

6.23).  

Uterine Flushing 

Endometritis in dairy cows occurs during the postpartum period and is associated primarily 

with contamination of the reproductive tract involving Arcanobacter pyogenes together with 

Gram-negative anaerobes (Dhaliwal et al., 2001). The presence of pathogens triggers an innate 

immune response including neutrophil migration, cytokine release, macrophage, and lymphocyte 

increases in order to overcome the local infection. Concentration of alive WBC (21.8, 4.2, and 

1.4 x 1,000 cells/mL, respectively for control, Omega-6, and Omega-3) or dead WBC (1.4, 2.7, 

and 1.0 x 1,000 cells/mL, respectively for control, Omega-6, and Omega-3) or cell viability (73, 

50, and 60%, respectively for control, Omega-6, and Omega-3) in the uterine flushing at 37 ± 3 

DIM did not differ among treatments (Table 6.9). In the present experiment, the concentration of 
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neutrophils in the uterine flushing (9.6, 1.9, and 0.3 x 1,000 cells/mL, respectively for control, 

Omega-6, and Omega-3), neutrophil as a proportion of total cells (13.3, 12.3, and 12.4) or as a 

proportion of WBC (17.3, 15.6, and 18.8%), and proportion of other WBC (58.6, 60.3, and 

53.2%) did not differ among treatments (Table 6.9). The lack of treatment effect was likely due 

to the high SE associated with the variables. However, the concentration of neutrophils in the 

uterine flushing of cows fed fat was numerically lower (P = 0.21) than for cows fed no fat. 

Others have reported an immunosuppressive effect of dietary fish oil (Calder, 1997; Pizato et al., 

2006; Calder, 2007). Thatcher et al. (2006) reported that periparturient dairy cows fed a fat 

source enriched in C18:2 (28% C18:2) at 2% of dietary DM had a slower decline in 

concentration of PGFM in plasma and fewer health problems in the first 10 d postpartum 

compared to cows not fed fat prepartum. The authors reported that the uterus and cells of the 

immune system had greater potential to secrete prostaglandins because of the increase in the 

supply of linoleic acid to tissues which likely enhanced postpartum uterine health and 

immunocompetence of the cow.  

Proliferation of endometrial epithelial cells in vivo occurs in response to estrogens and is 

inhibited by progesterone (Clarke and Sutherland, 1990). Although the proportion of epithelial 

cells (22, 28, and 33%) in the uterine flushing did not differ among treatments, primiparous cows 

had a greater (P = 0.01) proportion (34.5 vs. 20.6%) of epithelial cells compared to multiparous 

cows. This was likely due to a lower (P < 0.10) concentration of progesterone in plasma 

compared to multiparous cows (Table 6.9). 

Cytokines Produced By Lymphocytes 

One characteristic of inflammatory responses is the great induction of diverse cytokines 

(Grinble, 1998). Cytokines are soluble proteins that are released from immune cells (mainly 

monocytes and macrophages) in response to infection, injury, or foreign substances. Liberation 
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of cytokines is indispensable for the initiation of the immune response and for the regulation of 

the multidirectional communication between the different cells involved (Seematter et al., 2004). 

The main pro-inflammatory cytokines are interleukin-1 (IL-1b), interleukin-6 (IL-6), interleukin-

2 (IL-2), interleukin-8 (IL-8), TNF-α, and IFN-γ (Grinble, 1998), while the anti-inflammatory 

ones are IL-1ra, IL-4, IL-10, and IL-13 (Zhang and An, 2007). 

Lymphocytes were isolated from whole blood at 10, 20, and 30 DIM and stimulated with 

concanavalin A or not stimulated (control) for cytokine production. The difference between 

cytokine production of the stimulated and control was used for statistical analysis. TNF-alpha 

secretion by lymphocytes increased over time across treatments (day effect; P < 0.01). 

Lymphocytes isolated from cows fed supplemental fat and stimulated with concanavalin A 

secreted less (P < 0.05) TNF-α (80 vs. 165 pg/mL, Figure 6.24) and IFN-γ (2531 vs. 4313 

pg/mL, Figure 6.25) compared to cows not supplemented with fat. In addition, lymphocytes 

isolated from primiparous cows secreted less IFN-γ compared to those from multiparous cows 

(2230 vs. 3976 pg/mL) (parity effect; P < 0.05). Dietary supplementation with EPA and DHA for 

1 to 6 mo in humans diminished (Endres et al., 1989; Meydani et al. 1991; Caughey et al., 1996) 

or did not affect (Cooper et al., 1993, Kew et al., 2004) ex vivo production of TNF-α by 

peripheral blood mononuclear cells. Sierra et al. (2008) reported that lymphocytes from mice fed 

diets enriched in EPA and DHA produced less TNF-α compared to mice fed a diet containing 

53.8% C18:2. Lessard et al. (2004) fed flaxseed (5.9% of dietary DM), Ca salts of palm oil 

(2.7% of dietary DM) or micronized soybeans (9.4% of dietary DM) to Holstein cows from 6 wk 

prepartum until 6 wk postpartum. They reported that stimulated lymphocytes isolated from 

primiparous cows secreted more TNF-α compared to those from multiparous cows but 

supplemental fat source had no effect on TNF-α secretion. Discrepancies among experiments 
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could be due to difference among species, amount and source of n-3 PUFA added to diets, and 

physiological state of the animal. Lymphocytes isolated from physically stressed swimmers 

receiving 2.5 g of fish oil per day (0.9 g of EPA and 0.5 g of DHA) for 6 wk produced less TNF-

α and IFN-γ compared to those receiving a placebo (mineral oil) (Andrade et al., 2008).  

Differences in blood composition of n-3 and n-6 PUFA may influence production of 

mediators such as leukotrienes and prostaglandins which are known to help regulate cytokine 

production and consequently the response of immune cells to stimuli. Fatty acids are precursors 

of prostaglandins. The n-3 and n-6 fatty acids lead, respectively, to the synthesis of series 3 and 

series 2 prostaglandins (Yaqoob and Calder, 1995). Moreover, many effects mediated by PUFA 

on immune cells appear to be exerted in an eicosanoid-independent manner. The n-3 and n-6 

PUFA may affect immune cell functions by regulating the expression of key genes encoding for 

molecules involved in the signal transduction pathway such as nuclear transcription factor-κ B 

and peroxisome proliferator- activated receptors (Calder et al., 2002).  

Humoral Response 

The acquired immune response involves lymphocytes and is highly specific to a certain 

antigen. Following activation, several days are needed to become effective but the response 

persists after removal of the source of the initiating antigen. This persistence gives rise to 

immunological memory which is the basis for a stronger and more effective immune response to 

re-exposure to the same antigen. The humoral response deals with extracellular pathogens 

through B lymphocytes which are characterized by their ability to produce immunoglobulins 

specific for an individual antigen (Calder, 2007). 

As expected, all treatment groups had the same IgG concentration (0.18 OD) at -8 wk 

relative to calving, just before the first ovalbumin injection. Cows were injected (s.c.) with 

ovalbumin at -8 and -3 wk relative to calving and at parturition. Mean concentration of IgG 
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across weeks was greater for animals consuming the omega-6 fat source compared to those fed 

the omega-3 fat source (0.65 vs. 0.49 OD; P < 0.01). This increase was evident at 7 of the 8 

times points after initial injection (Figure 6.27). After calving, the ovalbumin response was 49% 

greater in cows fed Omega-6 compared to cows fed Omega-3. Cows fed Omega-3 had lower 

humoral response as measured by antibody secretion against ovalbumin challenge compared to 

cows fed Omega-6. According to SLICE analysis, treatments differed at wk 1 (P = 0.05), 2 (P = 

0.07), and 4 (P < 0.01) postpartum with cows fed the omega-6 fat source having greater 

concentrations than cows fed the other 2 treatments. Lessard et al. (2003) fed primiparous (n = 8) 

and multiparous (n = 22) Holstein cows whole flaxseed (10.4% of dietary DM), Megalac (3.8% 

of dietary DM), or micronized soybean (17.7% of dietary DM) from calving to 105 DIM. At 

insemination (between 60 and 72 DIM), cows were injected with ovalbumin and  serum samples 

were taken at 0, 10, 20, and 40 d post AI for analysis of immunoglobulin response to ovalbumin. 

Diet did not affect this humoral response. In another study to evaluate the effect of fat feeding 

during the prepartum period on humoral response, Lessard et al. (2004) injected cows with 

ovalbumin at 6 and 3 wk before parturition. They reported that multiparous cows fed micronized 

soybeans at 9.4% of dietary DM from 6 wk prior to calving until parturition had greater IgG 

concentration in colostrum compared to cows fed Megalac (2.7% of dietary DM) or flaxseed 

(5.9% of dietary DM) but there was no effect of diet on antibody secretion against ovalbumin in 

serum.  

Vaginoscopy 

In dairy cows, uterine function is often compromised by bacterial contamination of the 

uterine lumen after parturition. Pathogenic bacteria frequently persist, causing uterine disease, a 

key cause of infertility (Sheldon and Dobson, 2004). Bacteria can be cultured from samples 

collected from the uterine lumen of most dairy cattle in the first 2 wk after parturition in many 
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situations. Although many cows eliminate these bacteria during the first 5 wk after parturition, in 

10 to 17% of animals, persistence of bacterial infection causes uterine disease detectable by 

physical examination (Le Blanc et al., 2002). The presence of pathogenic bacteria in the uterus 

causes inflammation, histological lesions of the endometrium, delays uterine involution, and 

perturbs embryo survival (Sheldon et al., 2006). Thus, uterine disease is associated with lower 

conception rates, increased intervals from calving to first service or conception, and more cattle 

culled for failure to conceive.  

During parturition, eicosanoids are produced in substantial quantities and play an 

important role in the regulation and control of parturition, and expulsion of the placenta and 

uterine contents through opening of the cervix and contractions of the uterus (Santos et al., 

2008). Prostaglandin F2α is an important eicosanoid involved in the regulation of CL lifespan and 

likely influences retention of fetal membranes and consequently uterine health. Arachidonic acid 

(C20:4, omega-6) is the precursor of the potent prostaglandin PGF2α. The more C20:4 in the 

endometrial tissue available for eicosanoid synthesis, the more PGF2α is likely to be secreted, 

which in turn may influence uterine health. Fat supplementation did not affect the incidence of 

metritis as measured by the vaginoscopy scores (83.9, 84.4, and 83.3%, respectively for control, 

Omega-6, and Omega-3; Table 6.10). However, the severity of metritis was lower (63.0 vs. 92%) 

for cows fed Omega-6 compared to cows fed Omega-3. In the present experiment, cows fed 

Omega-6 had a greater concentration of C20:4 in caruncular tissue compared to cows fed 

Omega-3 (Table 6.6). Even though the concentrations of PGF2α metabolite (PGFM) in plasma 

did not differ among treatments, cows fed Omega-6 had better uterine health and immune-

competence compared to cows fed Omega-3. Similarly, Cullens et al. (2004) reported that cows 

supplemented with Ca salts of PUFA rich in omega-6 fatty acids starting at 4 wk prepartum had 
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reduced incidence of postpartum diseases including retained placenta, metritis and mastitis (8.3 

vs. 42.9%) compared with cows not fed fat prepartum. Juchem (2007) reported that cows fed 

diets of 2% Ca salts of long chain fatty acids of either palm oil or a blend of C18:2 prepartum 

had reduced odds of puerperal metritis (8.8 vs. 15.1%) although the incidence of retained 

placenta did not differ between treatments and averaged 6.6%.  

Conclusions 

Supplementing periparturient dairy cows with diets enriched in omega-6 or omega-3 fatty 

acids affected postpartum performance as well as endocrine and immunological variables. Cows 

fed the omega-3 fat source tended to consume less DM (% of BW) and produce less milk fat due 

to a depression in milk fat concentration when compared to cows fed the omega-6 fat source. 

This reduction in milk fat likely was due to increased production of trans fatty acids in the rumen 

as reflected by increased concentration of trans fatty acids in milk fat. Milk and caruncular fatty 

acids reflected the increased feeding of omega-6 and omega-3 fat sources. Based upon 

concentrations of plasma progesterone, animals fed the omega-3 fat source cycled about 6 d 

earlier than those fed the omega-6 fat source. The Omega-3 enriched dietary fat had 

immunosuppressive effects, namely lowering the concentration of blood neutrophils and WBC 

postpartum, decreasing the intensity of neutrophil action against E. coli in blood, and decreasing 

the production of cytokines by isolated and in vitro stimulated lymphocytes. The omega-6 

enriched fat had immunostimulatory effects, namely preventing the decrease in concentration of 

blood neutrophils at 7 DIM that otherwise occurred in the other treatments and stimulating the 

humoral response (IgG) postpartum to ovalbumin injections. It also appeared to have 

immunosuppressive effects on production of cytokines by stimulated lymphocytes, similar to that 

of cows fed the omega-3 fat source. 
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Table 6-1. Ingredient and chemical composition of TMR fed to Holstein cows during the 
prepartum period. 

 Treatments 
  Control Omega-6 Omega-3 

Ingredient (% of dietary DM)    
     Corn silage 32.0 31.2 31.2 
     Bermudagrass hay 11.5 18.6 18.6 
     Ground corn 11.4 10.0 10.0 
     Citrus pulp 12.7 6.5 6.5 
     Soybean meal 13.5 13.8 13.8 
     Soy Plus1 2.4 1.7 1.7 
     Cottonseed hulls 10.1 10.4 10.4 
     Mineral and vitamin premix2 6.4 6.3 6.3 
     EnerG HL3 - 1.5 - 
     StrataG 0.54 - - 1.5 
    
Component    
     NEL, Mcal/kg of DM 1.61 1.62 1.63 
     CP, % of DM 14.9 14.9 14.9 
     NDF, % of DM 37.0 38.1 37.5 
     ADF, % of DM 24.0 24.7 23.5 
     Ether extract, % DM 4.63 5.50 5.41 
     Ca, % of DM 2.2 2.31 2.31 
     P, % of DM 0.34 0.34 0.36 
     Mg, % of DM 0.33 0.33 0.35 
     K, % of DM 1.67 1.72 1.74 
     Na, % of DM 0.17 0.17 0.19 
     S, % of DM 0.53 0.52 0.52 
     Cl, % of DM 0.87 0.89 0.92 
     Fe, mg/kg of DM 222 245 264 
     Zn, mg/kg of DM 46 49 45 
     Cu, mg/kg of DM 21 24 24 
     Mn, mg/kg of DM 40 46 47 

1 West Central Soy, Ralston, IA. 
2 Mineral and vitamin premix contained 22.8% CP, 22.9% Ca, 0.20% P, 0.2% K, 2.8% Mg, 0.7% Na, 2.4% S, 8% Cl, 147 

mg/kg of Mn, 27 mg/kg of Fe, 112 mg/kg of Cu, 95 mg/kg of Zn, 7 mg/kg of Se, 8 mg/kg of I, 11 mg/kg of Co, 268,130 IU of 
vitamin A/kg, 40,000 IU of vitamin D/kg, and 1129 IU of vitamin E/kg (DM basis). 

3 Calcium salts of fatty acids made from safflower oil (Virtus Nutrition, Corcoran, CA). 
4 Calcium salts of fatty acids made from palm oil and fish oil (Virtus Nutrition, Corcoran, CA).   
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Table 6-2. Ingredient and chemical composition of TMR fed to Holstein cows during the 
postpartum period. 

 Treatments 
  Control Omega-6 Omega-3 

Ingredient (% of dietary DM)    
     Corn silage 38.0 38.0 38.0 
     Alfalfa hay 12.0 12.0 12.0 
     Ground corn 22.4 20.6 20.6 
     Citrus pulp 5.0 5.0 5.0 
     Soybean meal 9.0 9.1 9.1 
     Soyplus1 9.0 9.2 9.2 
     Mineral and vitamin mix2 4.6 4.6 4.6 
     EnerG HL3 - 1.5 - 
     StrataG 0.54 - - 1.5 
    
Component    
     NEL, Mcal/kg of DM 1.77 1.83 1.83 
     CP, % of DM 18.1 18.4 18.7 
     NDF, % of DM 26.7 26.8 26.6 
     ADF, % of DM 17.3 17.6 17.4 
     Ether extract, % DM 4.52 5.80 5.75 
     Ca, % of DM 1.23 1.29 1.32 
     P, % of DM 0.48 0.39 0.39 
     Mg, % of DM 0.30 0.34 0.36 
     K, % of DM 1.72 1.88 1.85 
     Na, % of DM 0.46 0.49 0.52 
     S, % of DM 0.24 0.22 0.23 
     Cl, % of DM 0.42 0.35 0.41 
     Fe, mg/kg of DM 242 199 213 
     Zn, mg/kg of DM 122 116 129 
     Cu, mg/kg of DM 39 38 45 
     Mn, mg/kg of DM 90 96 129 

1 West Central Soy, Ralston, IA. 
2Mineral and vitamin mix contained 26.4% CP, 10.2% Ca, 0.90% P, 3.1% Mg, 1.5 % S, 5.1% K, , 8.6 % Na, 1500 mg/kg of 

Zn, 512 mg/kg of Cu, 339 mg/kg of Fe, 2231 mg/kg of Mn, 31 mg/kg of Co, 26 mg/kg of I, 7.9 mg/kg of Se, 147,756 IU of 
vitamin A/kg, and 787 IU of vitamin E/kg (DM basis). 

3 Calcium salts of fatty acids made from safflower oil (Virtus Nutrition, Corcoran, CA). 
4 Calcium salts of fatty acids made from palm oil and fish oil (Virtus Nutrition, Corcoran, CA).   
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Table 6-3. Fatty acid profile of the fat supplements (% of identified fatty acids). 
 Fat supplements1 
  Omega-6 Omega-3

C14:0 1.01 4.53 
C16:0 12.92 38.67 
cis-9 C16:1  0.13 0.03 
C17:0 0.11 0.32 
C18:0 4.16 4.63 
cis-9 C18:1 16.70 30.82 
C18:2 n-6 63.62 8.01 
C18:3 0.20 0.95 
C20:4 ND2 0.40 
C20:5 0.61 5.40 
C22:5 ND 0.90 
C22:6 0.36 5.26 

1 Omega-6 = Calcium salts of fatty acids made from safflower oil (EnerG HL, Virtus Nutrition, Corcoran, CA), 
and Omega-3 = Calcium salts of fatty acids made from palm oil and fish oil (StrataG 0.5, Virtus Nutrition, 
Corcoran, CA).   

2 ND= non detected. 
 

 

 



 

 

229

Table 6-4.  Dry matter intake, milk yield, milk composition, feed efficiency, postpartum body weight, and postpartum body condition 
score of Holstein cows fed control diet (CO) and diets supplemented with omega-6 (Omega-6) or omega-3 (Omega-3) fatty 
acids from 4 wk prepartum to 7 wk postpartum. Treatment by parity by time interaction was not significant (P < 0.05) for 
any dependent variable.  

  Treatments1         Contrasts 2, P values 

Measure 
Control Omega-6 Omega-3 SE Parity Week Treatment*Week 

A B C D 

 P3 M4 P M P M     
Dry matter intake, 
kg/d               
        Prepartum 10.90 15.90 11.24 16.18 11.85 15.21 0.90 <0.001 <0.001 0.77 0.78 0.84 0.60 0.38 
        Postpartum 15.15 20.86 16.34 21.00 14.49 19.29 1.07 <0.001 <0.001 0.69 0.80 0.13 0.59 0.95 

Dry matter intake,  
% BW               
        Postpartum 2.92 3.05 3.14 3.29 2.92 2.94 0.15 0.43 <0.001 0.72 0.50 0.09 0.88 0.71 
Milk yield, kg/d 26.87 38.73 27.18 41.68 24.16 38.41 2.12 <0.001 <0.001 0.87 0.97 0.17 0.48 0.96 
3.5% FCM5, kg/d 27.06 40.62 26.20 41.90 22.57 37.32 2.57 <0.0001 <0.0001 0.29 0.41 0.13 0.71 0.86 

3.5% FPCM6, kg/d 26.65 39.39 25.80 40.82 22.39 36.80 2.37 <0.0001 <0.0001 0.29 0.45 0.13 0.63 0.90 

ECM7, kg/d 26.94 39.81 26.08 41.26 22.63 37.20 2.4 <0.0001 <0.0001 0.29 0.45 0.13 0.63 0.90 
Milk fat, % 3.55 3.83 3.34 3.70 3.01 3.39 0.15 <0.01 <0.001 0.02 0.02 0.06 0.76 0.93 
Milk protein, % 3.09 2.95 2.94 2.96 2.90 2.98 0.08 0.85 <0.001 0.90 0.33 0.93 0.19 0.77 
Milk fat yield, kg/d 0.95 1.47 0.89 1.49 0.73 1.28 0.11 <0.0001 <0.0001 0.20 0.22 0.10 0.78 0.81 
Milk protein yield, 
kg/d 0.80 1.12 0.79 1.19 0.70 1.13 0.07 <0.0001 <0.0001 0.50 0.81 0.30 0.41 0.88 
Milk SCC score 1.98 0.16 0.26 0.48 2.25 0.32 0.03 0.11 <0.001 0.76 0.98 0.37 0.27 0.20 
Feed efficiency8 1.92 1.96 1.70 2.05 1.58 1.99 0.12 <0.01 <0.001 0.80 0.21 0.46 0.06 0.79 
BW, kg 525 681 522 664 512 673 25 <0.001 <0.001 0.46 0.65 1.00 0.92 0.72 

BCS 2.94 3.31 3.34 3.17 3.00 3.29 0.14 0.15 <0.001 0.19 0.51 0.47 0.21 0.14 
1 Control diet = no supplemental fat; Omega-6 = Calcium salts of fatty acids made from safflower oil (EnerG HL, Virtus Nutrition, Corcoran, CA), and 

Omega-3 = Calcium salts of fatty acids made from palm oil and fish oil (StrataG 0.5, Virtus Nutrition, Corcoran, CA).   
2 Orthogonal contrast of means were the following: A = Control vs. fat (Omega-6 + Omega-3), B = Omega-6 vs. Omega-3, C = contrast A by parity 

interaction, and D = contrast B by parity interaction. 
3 Primiparous cows. 
4 Multiparous cows. 
5 3.5% FCM = (0.4324*milk yield) + (16.216*milk fat yield).  
6 3.5% fat and protein corrected milk = (12.82 * kg of fat) + (7.13 * kg of protein) + (0.323 * kg of milk). 
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7 Energy corrected milk = (0.327 * milk kg) + (12.95 * kg of fat) + (7.20 * kg of protein). Tyrrel and Reid, 1965. 
8 Feed efficiency = kg of 3.5% FCM / kg of DMI. 
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Table 6-5. Effect of supplemental fat source on concentration of identified fatty acids of milk fat. 

Fatty acid 
Treatments1      

Control Omega-6 Omega-3 S.E. Contrasts2, P values 
 ------% of identified fatty acids-----  A B C D 

C4:0 1.64 1.64 1.52 0.08 0.58 0.33 0.56 0.41 
C6:0 2.02 1.81 1.59 0.10 0.01 0.11 0.74 0.67 
C8:0 1.49 1.26 1.12 0.07 <0.001 0.15 0.68 0.60 
C10:0 3.40 2.70 2.44 0.17 <0.001 0.29 0.34   0.70 
C12:0 3.82 3.00 2.78 0.18 <0.001 0.39 0.19 0.76 
C14:0 12.12 10.88 10.74 0.36 <0.001 0.79 0.03 0.31 
C15:0 1.07 0.96 0.98 0.04 0.06 0.83 0.01 0.49 
C16:0 31.10 28.03 29.13 0.49 <0.001 0.13 0.02 0.42 
cis-9 C16:1  0.43 0.54 0.70 0.03 <0.001 <0.001 0.19 0.93 
C17:0 0.77 0.70 0.83 0.02 0.89 <0.001 0.88 0.99 
C18:0 12.07 13.10 10.49 0.41 0.59 <0.001 0.76 0.38 
trans 6 to 8 C18:1  0.019 0.032 0.044 0.003 <0.001 0.01 0.43 0.99 
trans-9 C18:1  0.32 0.70 0.80 0.04 <0.001 0.10 0.46 0.40 
trans-10 C18:1  2.34 6.18 7.92 0.53 <0.001 0.03 0.92 0.62 
trans-11 C18:1  1.23 2.35 2.29 0.10 <0.001 0.69 0.67 0.80 
cis-9 C18:1 21.38 20.46 20.67 1.03 0.51 0.89 0.11 0.35 
C18:2 n-6 3.50 3.94 3.72 0.11 0.01 0.17 <0.001 0.94 
CLA         
  cis-9, trans-11 0.42 0.86 1.13 0.06 <0.001 0.01 0.04 0.93 
  trans-10,cis-12 0.029 0.036 0.065 0.004 <0.001 <0.001 0.34 0.09 
C18:3 n-3 0.41 0.39 0.43 0.02 0.95 0.09 0.04 0.87 
C20:0 0.16 0.18 0.20 0.01 0.01 0.19 0.62 0.19 
C20:4 n-6 0.19 0.16 0.12 0.01 <0.001 <0.001 0.03 0.57 
C20:5 n-3 0.023 0.022 0.088 0.005 <0.001 <0.001 0.68 0.94 
C22:5 n-3 0.044 0.050 0.103 0.007 <0.001 <0.001 0.63 0.22 
C22:6 n-3 0.001 0.001 0.094 0.006 <0.001 <0.001 0.66 0.78 
MUFA3 25.73 30.27 32.42 1.06 <0.001 0.16 0.11 0.50 
PUFA4 4.62 5.45 5.75 0.14 <0.001 0.16 <0.001 0.95 
PUFA/MUFA 0.18 0.18 0.18 0.01 0.96 0.84 0.21 0.63 
n6/n3 ratio5 8.81 10.90 7.18 0.30 0.54 <0.001 0.16 0.45 
Desaturase index (di)6        
di 181 0.64 0.61 0.66 0.01 0.73 0.01 0.20 0.83 
di 161 0.014 0.019 0.023 0.001 <0.001 0.012 0.11 0.87 

1 Control diet = no supplemental fat; Omega-6 = Calcium salts of fatty acids made from safflower oil (EnerG HL, 
Virtus Nutrition, Corcoran, CA), and Omega-3 = Calcium salts of fatty acids made from palm oil and fish oil 
(StrataG 0.5, Virtus Nutrition, Corcoran, CA).   

2 Orthogonal contrast of means were the following: A = Control vs. fat (Omega-6 + Omega-3), B = Omega-6 vs. 
Omega-3, C = contrast A by parity, and D = contrast B by parity. 

3 MUFA = cis-9 C16:1 + C18:1 trans family + cis-9 C18:1. 
4 PUFA = C18:2 + C18:3 + cis-9, trans-11 CLA + trans-10, cis-12 CLA + C20:3 + C20:4 + C20:5 + C22:6. 
5 n-6/n-3 ratio = (C18:2 + cis-9, trans-11 CLA + trans-10, cis-12 CLA  + C20:4) / (C18:3 + C20:3 + C20:5 + 

C22:6). 
6 Desaturase indexes are ratios of the ∆9-desaturase product divided by the sum of the ∆9-desaturase product and 

substrate. For example, the desaturase index for cis-9 C16:1 would be (cis-9 C16:1)/( cis-9 C16:1 + C16:0). 
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Table 6-6. Effect of supplemental fat source on concentration of identified fatty acids of caruncle. 

Fatty acid 
Treatments1      

    Control       Omega-6        Omega-3 S.E. Contrasts2, P values 
 ------% of identified fatty acids-----         A        B       C       D 

C14:0 0.96 1.55 0.94 0.28 0.41 0.14 0.41 0.05 
C15:0 2.04 1.79 1.84 0.08 0.04 0.65 0.48 0.12 
C16:0 19.76 17.91 18.71 0.35 0.01 0.12 0.01 0.07 
cis-9 C16:1  0.47 0.50 0.57 0.02 0.03 0.04 0.55 0.93 
C17:0 1.64 1.56 1.71 0.04 0.92 0.02 0.80 0.64 
C18:0 26.24 26.07 24.59 0.70 0.29 0.15 0.20 0.10 
trans-9 C18:1  0.14 0.16 0.24 0.01 0.01    <0.001 0.05 0.27 
trans-10 C18:1  0.61 1.34 2.02 0.08 <0.001    <0.001 0.86 0.66 
trans-11 C18:1  0.11 0.22 0.34 0.01 <0.001    <0.001 0.07 0.28 
cis-9 C18:1 20.39 18.69 19.05 0.50 0.02 0.62 0.95 0.20 
C18:2 n-6 11.66 14.87 14.29 0.46 <0.001 0.39 0.97 0.64 
CLA         
  cis-9, trans-11 0.09 0.13 0.17 0.01 <0.001 0.01 0.80 0.72 
  trans-10, cis-12 0.024 0.022 0.030 0.004 0.75 0.18 0.03 0.68 
C18:3 n-3 0.39 0.37 0.47 0.01 0.15    <0.001 0.37 0.88 
C20:0 0.78 0.84 0.85 0.03 0.07 0.70 0.09 0.68 
C20:4 n-6 11.54 10.81 9.40 0.41 0.01 0.02 0.70 0.45 
C20:5 n-3 0.86 0.88 1.22 0.07 0.03      0.001 0.29 0.15 
C22:5 n-3 1.91 1.87 2.49 0.06 <0.001 <0.001 0.65 0.42 
C22:6 n-3 0.39 0.41 1.06 0.04 <0.001 <0.001 0.39 0.03 
MUFA3 21.71 20.92 22.21 0.52 0.82 0.09 0.97 0.19 
PUFA4 26.86 29.36 29.13 0.66 0.01 0.81 0.82 0.37 
PUFA/MUFA 1.24 1.42 1.33 0.06 0.06 0.23 0.85 0.18 
n6/n3 ratio5 6.63 7.41 4.62 0.25 0.05 <0.001 1.00 0.37 
Desaturase index (di)6        
di 181  0.44 0.42 0.44 0.01 0.59 0.25 0.50 0.11 
di 161 0.023 0.027 0.030 0.001 <0.001 0.14 0.07 0.37 

1 Control diet = no supplemental fat; Omega-6 = Calcium salts of fatty acids made from safflower oil (EnerG HL, Virtus Nutrition, Corcoran, CA), and 
Omega-3 = Calcium salts of fatty acids made from palm oil and fish oil (StrataG 0.5, Virtus Nutrition, Corcoran, CA).   

2 Orthogonal contrast of means were the following: A = Control vs. fat (Omega-6 + Omega-3), B = Omega-6 vs. Omega-3, C = contrast A by parity, and D = 
contrast B by parity. 
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3 MUFA = cis-9 C16:1 + C18:1 trans family + cis-9 C18:1. 
4 PUFA = C18:2 + C18:3 + cis-9, trans-11 CLA + trans-10, cis-12 CLA + C20:3 + C20:4 + C20:5 + C22:6. 
5 n-6/n-3 ratio = (C18:2 + cis-9, trans-11 CLA + trans-10, cis-12 CLA + C20:4) / (C18:3 + C20:3 + C20:5 + C22:6). 
6 Desaturase indexes are ratios of the ∆9-desaturase product divided by the sum of the ∆9-desaturase product and substrate. For example, the desaturase index 

for cis-9 C16:1 would be (cis-9 C16:1)/( cis-9 C16:1 + C16:0). 
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Table 6-7. Concentration of plasma metabolites from calving to 49 DIM of Holstein cows fed control diet (CO) and diets 
supplemented with omega-6 (Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk prepartum to 7 wk postpartum. 
Treatment by parity by time interaction was not significant (P < 0.05) for any dependent variable.  

  Treatments1         Contrasts 2, P value 

Measure      Control         Omega-6      Omega-3 
    

SE 
     

Parity         Time Treatment*Time 
interaction   A   B    C     D 

     P3     M4       P     M      P     M    

Glucose, 
mg/dl 72 66 74 65 73 66 3 0.001 <0.001 1.00 0.73 0.99 0.70 0.81 

Blood urea 
nitrogen, 
mg/dl 13.3 14.2 12.8 13.2 12.6 12.9 0.5 0.24 <0.001 0.05 0.06 0.63 0.59 0.85 

BHBA, 
mg/dL 5.3 6.1 4.4 7.1 5.4 6.4 0.7 0.01 0.11 0.94 0.89 0.83 0.40 0.24 

NEFA, 
meq/L 412 506 320 462 326 539 54 0.001 <0.001 0.78 0.32 0.45 0.38 0.52 
1 Control diet = no supplemental fat; Omega-6 = Calcium salts of fatty acids made from safflower oil (EnerG HL, Virtus Nutrition, Corcoran, CA), and Omega-3 
= Calcium salts of fatty acids made from palm oil and fish oil (StrataG 0.5, Virtus Nutrition, Corcoran, CA).   
2 Orthogonal contrasts of means were the following: A = Control vs. fat (Omega-6 + Omega-3), B = Omega-6 vs. Omega-3, C = contrast A by parity, and D = 
contrast B by parity. 
3 Primiparous cows.  
4 Multiparous cows 
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Table 6-8. Cyclicity, interval to first ovulation, number of cycles, and progesterone concentrations during the first cycle of Holstein 
cows fed control diet (CO) and diets supplemented with omega-6 (Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk 
prepartum to 7 wk postpartum. 

  Treatments1     Contrasts 2, P values 

Measure Control Omega-6 Omega-3 SE Parity A B C D 
 P3 M4 P M P M   
Cyclicity (# of 
animals cycling/ total 
# of animals) 

0.5 
(3/6) 

1.0 
(9/9) 

1.0 
(5/5) 

0.7 
(8/11) 

0.8 
(4/5) 

0.8 
(7/9) 0.1 0.58 0.56 0.63 0.02 0.42 

Number of cycles 0.7 1.3 1.3 1.0 1.2 1.0 0.2 0.77 0.53 0.83 0.03 0.83 

DIM at first 
ovulation5 25.0 23.1 25.6 22.4 16.5 19.1 3.0 0.75 0.27 0.05 0.78 0.33 

Peak progesterone in 
the first cycle, ng/ml 5.3 6.1 5.4 6.4 6.7 6.7 1.2 0.56 0.62 0.53 0.88 0.67 

First cycle length, d 13.3 19.0 14.2 16.1 14.3 19.0 2.7 0.07 0.92 0.58 0.62 0.60 

Mean progesterone 
concentration in the 
first cycle, ng/ml 

3.7 3.8 2.7 3.5 2.5 4.1 0.5 0.09 0.30 0.78 0.31 0.53 

Total progesterone 
concentration of first 
cycle, ng/ml 

21.2 24.0 16.2 20.9 15.4 28.5 5.6 0.16 0.64 0.56 0.55 0.47 

1 Control diet = no supplemental fat; Omega-6 = Calcium salts of fatty acids made from safflower oil (EnerG HL, Virtus Nutrition, Corcoran, CA), and Omega-3 
= Calcium salts of fatty acids made from palm oil and fish oil (StrataG 0.5, Virtus Nutrition, Corcoran, CA).   
2 Orthogonal contrasts of means were the following: A = Control vs. fat (Omega-6 + Omega-3), B = Omega-6 vs. Omega-3, C = contrast A by parity, and D = 
contrast B by parity. 
3 Primiparous cows. 
4 Multiparous cows. 
5 DIM at first ovulation was determined as the average of the 2 sampling d in which concentrations of progesterone were consecutively greater than 1 ng/ml. 
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Table 6-9. Uterine cytology (37 ± 3) of Holstein cows fed control diet and diets supplemented with omega-6 (Omega-6) or omega-3 
(Omega-3) fatty acids from 4 wk prepartum to 7 wk postpartum. 

  Treatments1     Contrasts 2, P value 

Measure Control Omega-6 Omega-3 SE Parity 
A B C D 

 P3 M4 P M P M   

Alive white blood 
cells (x1,000/mL) 11.6 41.1 1.4 12.2 2.8 0.7 20 0.73 0.33 0.99 0.42 0.90 

Dead white blood 
cells (x1,000/mL) 0.3 6.1 6.0 1.2 1.2 0.7 3.5 0.97 0.82 0.60 0.41 0.65 

Cell viability (%) 80.2 67.0 52.8 48.3 62.8 57.6 12.6 0.92 0.11 0.34 0.80 0.30 

Neutrophil 
concentration 
(x1,000/mL) 

4.0 23.2 0.5 7.8 0.8 0.1 11.6 0.84 0.21 0.93 0.33 0.62 

Other white blood 
cells (%) 57.6 59.7 56.2 64.4 48.6 57.8 7.6 0.31 0.78 0.36 0.62 0.95 

Epithelial cells (%) 33.6 10.4 33.6 21.6 36.2 29.7 6.4 0.01 0.15 0.41 0.22 0.68 

Neutrophil  
(% of total cells) 8.4 21.2 10.6 14.3 17.0 9.0 5.3 0.64 0.95 0.91 0.14 0.16 

Neutrophil  
(% of white blood 
cells) 

13.2 22.8 13.5 18.1 27.7 12.8 6.6 0.88 0.96 0.96 0.18 0.19 

1 Control diet = no supplemental fat; Omega-6 = Calcium salts of fatty acids made from safflower oil (EnerG HL, Virtus Nutrition, Corcoran, CA), and 
Omega-3 = Calcium salts of fatty acids made from palm oil and fish oil (StrataG 0.5, Virtus Nutrition, Corcoran, CA).   

2 Orthogonal contrasts of means were the following: A = Control vs. fat (Omega-6 + Omega-3), B = Omega-6 vs. Omega-3, C = contrast A by parity, and D = 
contrast B by parity. 

3 Primiparous cows. 
4 Multiparous cows. 
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Table 6-10. Incidence and severity of metritis as measured by vaginoscopy scores at 5 and 10 DIM of Holstein cows fed control diet 
(CO) and diets supplemented with omega-6 (Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk prepartum to 7 wk 
postpartum. 

 Treatments1 AOR (95% CI)2 

 Control Omega-6 Omega-3 Control vs. Fat Omega-6 vs. Omega-3 

 --------------------------% (no./no.)--------------------------   

Incidence3 83.9 (26/31) 84.4 (27/32) 83.3 (25/30) 0.94 (0.06, 17.74) 0.78 (0.30, 5.03) 

Severity 4,5 76.9 (20/26) 63.0b (17/27) 92.0a (23/25) 0.64 (0.05, 7.67) 0.15 (0.03, 0.78) 

1 Control =  no supplemental fat; Omega-6 = Calcium salts of fatty acids made from safflower oil (EnerG HL, Virtus Nutrition, Corcoran, CA), and Omega-3 = 
Calcium salts of fatty acids made from palm oil and fish oil (StrataG 0.5, Virtus Nutrition, Corcoran, CA).   
2 AOR = adjusted odds ratio; CI = confidence interval. 
3 Vaginoscopy scores 2 and 3 were considered infected compared to scores 0 and 1 (not infected). 
4 Vaginoscopy score 3 was considered severe compared to score 2. 
5 The incidence of puerperal metritis (metritis associated with rectal temperature ≥ 39.5oC within the first 12 DIM) was 7% (1/15), 0% (0/16), and 0% (0/14) for 
Control, Omega-6, and Omega-3, respectively.  
a,b Superscripts in the same row differ (P < 0.05). 
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Figure 6-1.  Least squares means for dry matter intake of primiparous (A) and multiparous (B) 
Holsteins cows fed control diet (no fat supplement) or diets supplemented with 
omega-6 (Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk prepartum to 7 wk 
postpartum. Parities differed (P < 0.001). 
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Figure 6-2.  Least squares means for milk yield of primiparous (A) and multiparous (B) 
Holsteins cows fed control diet (no fat supplement) or diets supplemented with 
omega-6 (Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk prepartum to 7 wk 
postpartum. Parities differed (P < 0.001). 
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Figure 6-3.  Least squares means for 3.5% fat corrected milk (FCM) by Holsteins cows fed 
control diet (no fat supplement) or diets supplemented with omega-6 (Omega-6) or 
omega-3 (Omega-3) fatty acids from 4 wk prepartum to 7 wk postpartum. Cows fed 
Omega-6 tended (P = 0.13) to have greater production of 3.5% FCM compared to 
cows fed Omega-3. 
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Figure 6-4.  Least squares means for concentration of fat in milk of Holsteins cows fed control 
diet (no fat supplement) or diets supplemented with omega-6 (Omega-6) or omega-3 
(Omega-3) fatty acids from 4 wk prepartum to 7 wk postpartum. The asterisks 
indicate that cows fed Omega-6 had greater (P < 0.05) concentration of fat in milk at 
wk 1, 2, and 3 postpartum compared to cows fed Omega-3 (Omega-6 vs. Omega-3 by 
week interaction; P < 0.05). 
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Figure 6-5.  Least squares means for energy balance of primiparous (A) and multiparous (B) 
Holsteins cows fed control diet (no fat supplement) or diets supplemented with 
omega-6 (Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk prepartum to 7 wk 
postpartum. Parities differed (P < 0.001). 
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Figure 6-6.  Least squares means for feed efficiency of Holsteins cows fed control diet (no fat 
supplement) or diets supplemented with omega-6 (Omega-6) or omega-3 (Omega-3) 
fatty acids from 4 wk prepartum to 7 wk postpartum. Effect of treatment was not 
significant.  
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Figure 6-7.  Least squares means for body weight of Holsteins cows fed control diet (no fat 
supplement) or diets supplemented with omega-6 (Omega-6) or omega-3 (Omega-3) 
fatty acids from 4 wk prepartum to 7 wk postpartum. Effect of treatment was not 
significant.  
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Figure 6-8.  Least squares means for body weight of Holsteins primiparous (open triangle) and 
multiparous (closed square) cows fed control diet (no fat supplement) or diets 
supplemented with omega-6 (Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk 
prepartum to 7 wk postpartum. Parities differed (P < 0.01).  
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Figure 6-9.  Least squares means for body condition score of Holsteins cows fed control diet (no 
fat supplement) or diets supplemented with omega-6 (Omega-6) or omega-3 (Omega-
3) fatty acids from 4 wk prepartum to 7 wk postpartum. Effect of treatment was not 
significant.  
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Figure 6-10.  Least squares means for concentration of plasma glucose of Holstein cows fed 
control diet (no fat supplement) or diets supplemented with omega-6 (Omega-6) or 
omega-3 (Omega-3) fatty acids from 4 wk prepartum to 7 wk postpartum. Effect of 
treatment was not significant.  

 

 



 

248 

 

Figure 6-11.  Least squares means for plasma glucose of Holstein cows fed control diet (no fat 
supplement) or diets supplemented with omega-6 (Omega-6) or omega-3 (Omega-3) 
fatty acids from 4 wk prepartum to 7 wk postpartum. Parities differed (P < 0.001). 
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Figure 6-12.  Least squares means for plasma BUN of Holstein cows fed control diet (no fat 
supplement) or diets supplemented with omega-6 (Omega-6) or omega-3 (Omega-3) 
fatty acids from 4 wk prepartum to 7 wk postpartum. Effect of treatment was not 
significant.  
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Figure 6-13.  Least squares means for plasma BHBA of Holstein cows fed control diet (no fat 
supplement) or diets supplemented with omega-6 (Omega-6) or omega-3 (Omega-3) 
fatty acids from 4 wk prepartum to 7 wk postpartum. Effect of treatment was not 
significant.  
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Figure 6-14.  Least squares means for plasma BHBA of Holstein primiparous (open diamond) or 
multiparous (closed square) cows fed control diet (no fat supplement) or diets 
supplemented with omega-6 (Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk 
prepartum to 7 wk postpartum. Parities differed (P < 0.05). Parity by week differed (P 
= 0.04). 
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Figure 6-15.  Least squares means for plasma NEFA of Holstein cows fed control diet (no fat 
supplement) or diets supplemented with omega-6 (Omega-6) or omega-3 (Omega-3) 
fatty acids from 4 wk prepartum to 7 wk postpartum. Effect of treatment was not 
significant.  
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Figure 6-16.  Least squares means for plasma NEFA of Holstein primiparous (open triangle) or 
multiparous (closed square) cows fed control diet (no fat supplement) or diets 
supplemented with omega-6 (Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk 
prepartum to 7 wk postpartum. Parities differed (P < 0.001). 
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Figure 6-17.  Least squares means for acucumulated progesterone in plasma of Holstein 
primiparous (A) or multiparous (B) cows fed control diet (no fat supplement) or diets 
supplemented with omega-6 (Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk 
prepartum to 7 wk postpartum. Primiparous cows fed Omega-3 started had greater 
concentration of accumulated progesterone earlier than primparous cows fed Omega-
6 (treatment by parity by DIM interaction; P < 0.01). Anestrus cows were included in 
the data. 
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Figure 6-18.  Least squares means for concentration of neutrophils in blood of Holstein cows at -
18, 0, 7, and 40 DIM fed control diet (no fat supplement) or diets supplemented with 
omega-6 (Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk prepartum to 7 wk 
postpartum. Cows fed omega-3 had lower concentration of neutrophils in blood 
compared to cows fed omega-6 (P < 0.01). Concentration of neutrophil decreased 
between 0 and 7 DIM for control cows and those fed Omega-3 but were unchanged 
for cows fed Omega-6 (P < 0.05). 
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Figure 6-19.  Least squares means for percentage of neutrophils that carried out phagocytosis of 

E. coli in vitro in blood of Holstein cows fed control diet (no fat supplement) or diets 
supplemented with omega-6 (Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk 
prepartum to 7 wk postpartum. Treatments did not differ (P > 0.05). Effect of day was 
significant (P < 0.01). 
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Figure 6-20.  Least squares means for median fluorescence intensity of neutrophils in blood of 
Holstein cows fed control diet (no fat supplement) or diets supplemented with omega-
6 (Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk prepartum to 7 wk 
postpartum. Median fluorescence intensity was measured at -18, 0, 7 and 40 days 
relative to calving. Neutrophils from cows fed omega-3 tended (P = 0.07) to 
phagocytize less bacteria compared to cows fed the omega-6 fat source. Effect of day 
was significant (P < 0.01). 
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Figure 6-21.  Least squares means for oxidative burst of neutrophils in blood of Holstein cows 
fed control diet (no fat supplement) or diets supplemented with omega-6 (Omega-6) 
or omega-3 (Omega-3) fatty acids from 4 wk prepartum to 7 wk postpartum. 
Oxidative burst was measured at -18, 0, 7 and 40 days relative to calving. Effect of 
treatment was not significant. Effect of day was significant (P < 0.01). 
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Figure 6-22.  Least squares means for concentration of white blood cells in blood of Holstein 
cows fed control diet (no fat supplement) or diets supplemented with omega-6 
(Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk prepartum to 7 wk 
postpartum. White blood cells were measured at -18, 0, 7 and 40 days relative to 
calving. Cows fed omega-3 tended (P = 0.07) to have lower concentrations of white 
blood cells compared to cows fed omega-6. Effect of day was not significant (P > 
0.05).  
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Figure 6-23.  Least squares means for rectal temperature of Holstein primiparous (A) and 
multiparous (B) cows fed control diet (no fat supplement) or diets supplemented with 
omega-6 (Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk prepartum to 7 wk 
postpartum. Treatments did not differ (P > 0.05).  
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Figure 6-24.  Least squares means for production of tumor necrosis factor alpha (TNF-α) 
produced by lymphocytes isolated at 10, 20, and 30 DIM from blood of Holstein 
cows fed control diet (no fat supplement) or diets supplemented with omega-6 
(Omega-6) or omega-3 (Omega-3) fatty acids from 4 wk prepartum to 7 wk 
postpartum and stimulated in vitro with concanavalin A or not stimulated. TNF-alpha 
concentration is expressed as the difference in the concentration of TNF-alpha of the 
stimulated cells and not stimulated cells. Lymphocytes from cows fed supplemental 
fats had reduced secretion of TNF-α compared to cows fed control diet (P < 0.05). 
Effect of day was significant (P < 0.01). 
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Figure 6-25.  Least squares means for production of interferon gamma (IFN-γ) produced by 
lymphocytes isolated at 10, 20, and 30 DIM from blood of Holstein cows fed control 
diet (no fat supplement) or diets supplemented with omega-6 (Omega-6) or omega-3 
(Omega-3) fatty acids from 4 wk prepartum to 7 wk postpartum and stimulated in 
vitro with concanavalin A. Lymphocytes from cows fed supplemental fats had 
reduced secretion of IFN-γ compared to cows fed control (P < 0.05). Treatment by 
DIM interaction was significant (P < 0.05).  
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Figure 6-26.  Least squares means for production of interferon gamma (IFN-γ) produced by 
lymphocytes isolated at 10, 20, and 30 DIM from blood of Holstein cows fed control 
diet (no fat supplement) or diets supplemented with omega-6 (Omega-6) or omega-3 
(Omega-3) fatty acids from 4 wk prepartum to 7 wk postpartum and stimulated in 
vitro with concanavalin A. Parities differed (P < 0.05). 
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Figure 6-27.  Least squares means for production of immunoglobulin G by Holstein cows fed 
control diet (no fat supplement) or diets supplemented with omega-6 (Omega-6) or 
omega-3 (Omega-3) fatty acids from 4 wk prepartum to 7 wk postpartum and 
challenged with injections of ovalbumin at -8, -3, and 0 wk relative to calving. Cows 
fed Omega-6 had greater response to ovalbumin challenge compared to cows fed 
Omega-3 (P < 0.05). The asterisks indicate that omega-6 fed cows had greater 
response to ovalbumin challenge at wk 1 (P = 0.05), 2 (P = 0.07), and 4 (P < 0.01) 
postpartum compared to those fed the other 2 treatments according to SLICE 
analysis.  
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CHAPTER 7 
GENERAL DISCUSSION AND CONCLUSION 

Lipid by definition is any of various substances that are soluble in nonpolar organic 

solvents (as chloroform and ether), that are usually insoluble in water, that with proteins and 

carbohydrates constitute the principal structural components of living cells.  Lipids include fats, 

waxes, phosphatides, cerebrosides, and related and derived compounds. Just as amino acids are 

the individual units making up the class of nutrients called proteins, so fatty acids (FA) are the 

major individual units of measure of what is broadly called lipids. Just as each amino acid has a 

distinct structure and function in protein building, so each FA has a distinct structure and 

possibly function in metabolism (Staples et al., 2002). Thus, from a nutritional standpoint, the 

term “lipid” is a general term which lacks specificity for the modern nutritionist who is interested 

in the fatty acid composition of lipids. 

In 1929, George O. Burr and his wife were the first to describe the essentiality of FA in 

rats (Burr and Burr, 1929; 1930). The authors reported that growing rats fed diets devoid in fat 

ceased growing and experienced health problems and irregular ovulation, which were reversed 

after feeding fat sources rich in the PUFA, C18:2 and C18:3 (Burr and Burr, 1930). At that time, 

the concept of essential FA (EFA) was established. Later it was understood that C18:2 and C18:3 

could not be synthesized by mammalian cells due to the lack of desaturase enzymes active 

beyond the 9th carbon in the acyl chain. Thus, due to the essentiality of these 2 FA and the role of 

specific FA on several processes, supplemental lipid sources enriched with specific FA have 

been the gold key in nutrition to improve incorporation of specific FA in milk, and tissues, and 

influence several physiological processes such as reproduction and immune function. However, 

accomplishing this in ruminant animals is made more challenging due to the population of 
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ruminal microorganisms that biohydrogenate unsaturated FA such that the uptake of specific 

unsaturated FA is reduced considerably compared to its content in the diet.  

Don Palmquist, working at The Ohio State University, was the pioneer in developing the 

Ca salt form of lipids.  This product was a dry product which allowed fats to be fed more easily.  

More importantly, lipids in the Ca salt form provided some protection of the unsaturated FA 

from microbial biohydrogenation. Others have developed protective mechanisms such as 

creating amides of FA (Tom Jenkins at Clemson University) or harnassing the Maillard reaction 

by steaming cracked oil seeds with a xylose solution to prevent microbial biohydrogenation 

(Abel-Caines et al., 1998).  Regardless of the method used to “protect” the FA, biohydrogenation 

of unsaturated FA still exceeds 60%, and often reaches 90% (Loor et al., 2005; Harvatine and 

Allen, 2007a). However, supplementation with these more inert fat sources has increased the 

incorporation of specific FA into milk, plasma, liver, and caruncles of dairy cows.  How these 

changes may influence physiological processes such as reproductive and immune functions are 

of current interest in animal biology. 

The work of Cullens et al. (2004) at the University of Florida documented that initiating 

fat supplementation prior to calving was advantageous.  The feeding of a Ca salt of a fat source 

enriched in C18:2 (2% of dietary DM) was initiated either 4 wk prepartum, at parturition, at 28 

DIM or not at all. Authors reported that cows supplemented with this fat source (Megalac-R) 

starting prepartum had a lower incidence of diseases including retained fetal membranes, 

metritis, and mastitis compared with cows not fed fat prepartum. In addition, cows fed fat 

prepartum produced more milk in the subsequent lactation compared to cows which were started 

on fat postpartum. 
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Initial results from a study by Juchem et al. (2008) indicated that a Ca salt mixture of 

trans C18:1 isomers and C18:2 improved embryo quality and pregnancy rate of lactating dairy 

cows.  As a result, we designed a study to evaluate the effect of feeding lipid sources, starting 

prepartum, enriched in either trans C18:1 isomers (CaTRANS), C18:2 (Ca salt of palm and 

soybean oils), or C18:3 (linseed oil, LSO). A fourth diet served as a positive control, in that it 

contained a lipid source enriched in cis C18:1 (a genetically engineered sunflower plant whose 

seeds would produce an oil very high in C18:1). Therefore, 2 monounsaturated FA (MUFA) and 

2 PUFA sources were evaluated.  Fats were fed at 1.35% of dietary DM prepartum and 1.5 to 

1.75% of dietary DM postpartum until 105 DIM. We wanted to know if feeding these particular 

FA at relatively low feeding rates to Holstein cows would affect DMI, milk production and 

composition, and change the FA profile of plasma, liver, and milk (Chapter 3), influence plasma 

concentrations of hormones, metabolites, acute phase proteins, and hepatic gene expression 

(Chapter 4), and influence oocyte quality and follicular development (Bilby et al., 2006a). In a 

second study, different dietary fat sources were fed to Holstein cows from approximately 4 wk 

prior to calving through 7 wk postpartum. Greater amounts of C18:2 were supplemented by 

using a premarket version of a Ca salt of safflower oil (63% C18:2).  In addition, a different 

source of omega-3 FA was fed; namely, a marketed Ca salt mixture of palm and fish oils (11% 

C20:5 and C22:6).  Fats were fed at 1.5% of dietary DM and were compared against a negative 

control group not fed supplemental fat.  The influence of these fat supplements on cow 

performance, FA profiles of milk and caruncles, plasma hormones and metabolites, and immune 

status were of measured.  In both studies, primiparous and multiparous animals were used and 

parity by fat supplement interactions occurred for several dependent variables.  
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Cows fed the omega-3 fat source, LSO, consumed more DM (% of BW) towards the end 

of the study compared to cows fed CaTRANS.  In addition they tended to produce more 3.5% 

fat-corrected milk due to an improvement in concentration of milk fat compared to cows fed the 

C18:2 fat source. However, when the omega-3 fat source was of marine origin (Chapter 6) rather 

than of vegetable origin (Chapter 3), DMI (% of BW) and concentration of milk fat tended to be 

lower compared to cows fed the omega-6 fat source.  As reported by other researchers, the FA, 

C20:5 and C22:6, can be potent nutrients that reduce milk fat synthesis.  Body weight, BCS, nor 

energy balance were affected by fat source in either study. 

Feeding increasing amounts of a FA often resulted in an increased concentration of that 

FA in milk/tissues of animals.  In Chapter 3, feeding supplemental C18:1 increased the C18:1 

content of plasma fat but not of liver fat. Oleic acid in milk fat of multiparous but not 

primiparous cows was increased by feeding supplemental oleic acid.  Cows fed CaTRANS fats 

had greater concentrations of trans C18:1 isomers in plasma (1.5%), liver fat (1.4%), and milk 

fat (5.8%) compared to cows fed cis C18:1. Feeding supplemental C18:2 increased 

concentrations of C18:2 in milk fat (Chapter 3 and 6) and in caruncles (Chapter 6) but not in 

liver fat or plasma fat (Chapter 3).  Arachidonic acid (C20:4) is synthesized from C18:2 in 

tissues.  However feeding additional C18:2 did not increase concentrations of C20:4 in fat of 

milk, plasma, liver, or caruncles in either study. Enrichment of the diet with C18:3 using LSO 

resulted in greater incorporation of C18:3 and C20:5 in plasma, liver, and milk fat but C22:6 was 

detected in increased concentration only in liver, thus demonstrating that tissues can synthesize 

C20:5 from C18:3. When the unique FA of fish oil were fed in study 2, concentrations of C20:5 

increased in milk fat by 400% and in caruncles by 50% whereas that of C22:6 increased in milk 

fat from 0.001 to 0.094% and in caruncles by 270%.  Although the proportional increases are 
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impressive, concentrations of C20:5 and C22:6 never got above 1.2% of the total FA. Lastly, 

concentrations of CLA were increased routinely by supplementation with PUFA, indicating that 

these sources of PUFA were acting as modifiers of “normal” biohydrogenation pathways. 

Concentrations of cis-9, trans-11 CLA in milk fat and caruncles were increased by both 

supplemental C18:2 and fish oil when compared against cows not fed supplemental fat (Chapter 

6). However when all cows were fed a fat supplement (study 1), concentrations of cis-9, trans-11 

CLA in fat of milk or plasma were unchanged.  Only hepatic concentrations of cis-9, trans-11 

CLA were increased when cows were fed C18:2 or LSO.  In summary, the FA profile of milk, 

caruncles, and liver of dairy cows can be modified to reflect the FA profile of dietary FA 

supplements fed at relatively low amounts but most changes are not substantial. 

Most plasma metabolites measured during the first 7 wk postpartum were unchanged by 

feeding fat.  Mean plasma concentrations of glucose, BUN, and BHBA were not different among 

treatments in either study.  Plasma concentrations of NEFA were unchanged in Chapter 6, but 

were elevated at 2 and 5 wk postpartum of animals fed LSO in Chapter 4; however they were not 

high enough to be indicative of metabolic stress. Indeed, these variables indicate that cows fed 

these fat sources at these rates were not in a subketotic or energy-deprived state. These increases 

in plasma NEFA concentrations of cows fed LSO were accompanied by the upregulation of the 

mRNA of key enzymes for synthesis of glucose (pyruvate carboxylase and phosphoenolpyruvate 

carboxykinase) at the liver during this same time period. These responses of lipid mobilization 

and gluconeogenesis suggest a coordinated effort by the cow’s metabolism to meet metabolic 

energy needs in the early postpartum period.  

Plasma concentrations of the insulin family of hormones were measured only in Chapter 

4 and they were positively affected by the feeding of PUFA sources. Concentrations of plasma 
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IGF-1 increased at a faster rate postpartum for animals fed PUFA vs. MUFA sources; this was 

accompanied by a faster rate of increase in plasma insulin of multiparous cows fed PUFA 

sources. Almost all IGF secreted from the liver circulates as a bound complex and the majority 

of it (> 90%) is associated with IGFBP-3 (Clemmons, 1997).  Cows fed PUFA experienced a 

rise in the expression of hepatic IGFBP-3 mRNA overtime compared to cows fed MUFA which 

remained unchanged. This would be expected based upon IGF-1 results. IGFBP-3 is produced 

mainly in the liver and is the major transporter of IGF-1 in the peripheral circulation (Burger et 

al., 2005).  The increase in IGFBP-3 mRNA expression in the liver possibly prevented IGF-1 

degradation and potentially increased availability to other tissues by providing a reservoir of 

IGF-1.  This faster rise in plasma IGF-1 did not result in an earlier return to ovarian activity or a 

greater calculated accumulation of progesterone over time for these cows.  However in Chapter 

6, animals fed fish oil cycled about 6 d earlier than those fed the omega-6 fat source. If PUFA 

supplements can improve IGF-1 status of cows early in lactation, improved fertility may ensue. 

The effect of fat supplements on the health of the cow was examined mainly in Chapter 

6.  Indicators of a responsive immune system that were examined included acute phase proteins, 

neutrophil numbers and activity, immunoglobulins, and cytokine production. Prostaglandins are 

mediators of inflammation as they are produced by macrophages and are thought to be an 

attractant for neutrophils to the site of infection. At the time of parturition PGF2α is produced by 

the uterus and its concentration is measured as its metabolite (PGFM) in plasma.  The secretion 

of PGF2α is associated with involution of the uterus and to help reduce the risk of uterine 

infection during this vulnerable time. Those cows exhibiting greater plasma concentrations of 

PGFM around parturition may be better able to combat pathogenic microorganisms due to a 

greater production of PGF2α. The precursor of PGF2α is arachidonic acid (C20:4) which is made 
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from C18:2.  Concentrations of plasma PGFM were greater at parturition and decreased at a 

faster rate postpartum in primiparous cows fed CaTRANS vs. those fed oleic acid in Chapter 4 

which agrees with the work of Rodriguez-Sallaberry et al. (2007) at Florida.  However fat source 

did not affect plasma PGFM in study 2.  Therefore feeding additional omega-6 as a precursor of 

PGFM or feeding omega-3 as a suppressor of PGFM did not occur in these studies. Nevertheless, 

uterine health was affected.  Feeding LSO in study 1 resulted in fewer neutrophil numbers in 

uterine flushing collected at 40 DIM from primiparous cows.  In study 2, neutrophil 

concentrations were numerically but not significantly lower in uterine flushings from animals fed 

fat (16.4, 5.2, and 0.3 x 1000 neutroophils/mL for control, omega-6, and omega-3 treatments, 

respectively).  A greater proportion of the animals fed fish oil in study 2 were diagnosed with a 

more severe case of metritis at 5 and 10 DIM compared to the other treatments.  It appears that 

consumption of omega-3 supplements were suppressive of the immune system.  

Measures of immune status in the blood of cows in Chapter 6 also support this effect of 

omega-3 on immunity of dairy cows. Cows fed fish oil had lower blood concentrations of WBC 

and neutrophils and had circulating neutrophils that consumed fewer E. coli per neutrophil when 

measured on -18, 0, 7, and 40 DIM. In addition, these same cows had circulating lymphocytes 

that produced fewer cytokines when isolated and stimulated in vitro on 10, 20, and 30 DIM. On 

the other hand, the omega-6 enriched fat fed in Chapter 6 had immunostimulatory effects on 

lactating dairy cows. These cows did not experience the decrease in concentration of blood 

neutrophils at 7 DIM that occurred in the other treatments. In addition, these cows had a greater 

humoral response of IgG concentrations in serum postpartum to ovalbumin injections. 

Unexpectedly, the lymphocytes from these cows collected on 10, 20, and 30 DIM produced 

fewer cytokines when stimulated in vitro, similar to that of cows fed the omega-3 fat source. 
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Cytokines are soluble proteins that are released from immune cells (mainly monocytes 

and macrophages) in response to infection, injury, or foreign substances. Liberation of cytokines 

is indispensable for the initiation of the immune response and for the regulation of the 

multidirectional communication between the different cells involved. Cytokines stimulate the 

liver to produce acute phase proteins as an acute response to inflammation or other sources of 

stress which circulate in the blood. Plasma concentrations of acute phase proteins measured in 

both studies included haptoglobin and acid soluble protein whereas fibrinogen and ceruloplasmin 

were added in Chapter 5. Based upon greater plasma concentrations for these acute phase 

proteins, primiparous cows were under greater stress from parturition and lactation compared to 

multiparous cows. Concentrations of plasma haptoglobin were not influenced by fat supplements 

in either study although primiparous cows fed CaTRANS tended to have greater values than 

those fed oleic acid in Chapter 4. This may be linked to the greater concentrations of plasma 

PGFM early postpartum in this group of cows. In agreement was the response of concentrations 

of plasma acid soluble protein, with greater values for primiparous cows fed CaTRANS in study 

1. In study 2, evidence of immunosuppressive effects of fish oil was detected in that plasma 

ceruloplasmin was lower in primiparous cows whereas the omega-6 fat source appeared 

stimulatory based upon elevated concentrations of plasma fibrinogen in multiparous cows. 

Lipid supplementation of a specific FA influences the FA profile of several tissues which 

in turn differentially influences metabolism and physiology of the dairy cow. The challenge of 

the ruminant nutritionist is to understand and manage the extent of biohydrogenation in the 

rumen of unsatured FA so that more of a specific FA can be deposited into blood and tissues.  

These changes may improve the physiological point of interest such as reproduction or immunity 
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which will be mediated by hormones, metabolites, and gene expression among other things. The 

physiological state of the animal such as parity will affect the impact of FA. 
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