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ABSTRACT 
 
 The major bioactive omega-3 (n-3) fatty acids (FA) are eicosapentaenoic acid (EPA; 20:5 

n-3) and docosahexaenoic acid (DHA; 22:6 n-3). These 2 FA are derived from desaturation and 

elongation of the essential FA alpha-linolenic acid (ALA; C18:3 n-3). Low conversion rates of 

ALA into EPA and DHA indicate that dairy cows may benefit from direct supplementation of 

these conditionally essential FA, especially during periods of prolonged inflammation such as the 

transition period (Pawlosky et al., 2001; dos Santos Neto et al., 2024; Bradford et al., 2015). The 

first experiment in this thesis evaluated the effect of increasing abomasal infusion doses of DHA 

on milk and plasma FA as well as milk production responses. Correlations between DHA 

absorption and milk and plasma DHA were calculated to determine potential biomarkers of DHA 

absorption. Abomasal infusion of DHA linearly reduced milk somatic cell count (SCC) and 

increased DHA in milk fat as well as total plasma lipids, phospholipids (PL), triacylglycerols 

(TAG), and cholesterol esters (CE). DHA absorption was positively correlated with DHA in total 

plasma lipids, PL, TAG, and milk fat. The second experiment in this thesis evaluated the effect of 

feeding a calcium salt enriched in EPA and DHA to dairy cows during the 3 weeks before and 3 

weeks after parturition on milk production, plasma metabolites, and milk FA during the first 3 

weeks of lactation. Carryover effects of n-3 FA on milk production were also evaluated for 6 

weeks post-supplementation. The diet containing EPA and DHA reduced milk fat yield for the 

first 5 weeks of lactation and tended to reduce yields of 3.5% fat-corrected milk (FCM) and 

energy-corrected milk (ECM). Supplementing EPA and DHA also reduced yields of de novo and 

mixed FA in milk. The results from our two studies will help to inform dairy farmers, 

nutritionists, and researchers on strategies to feed EPA and DHA and estimate absorption of these 

bioactive FA in dairy cows. 
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CHAPTER 1 

INTRODUCTION 

Fatty acids (FA) are nutrients utilized in cell membrane structure, energy production and 

storage, and cell signaling (Nelson et al., 2021). Each individual FA is comprised of a carboxylic 

acid head group and a hydrocarbon chain that can vary in length. Saturated FA (SFA) have no 

double bonds in the hydrocarbon chain, and unsaturated FA (UFA) have one or more double 

bonds (Nelson et al., 2021). In mammals, there are 2 essential FA that cannot be synthesized by 

the body and must be supplied in the diet. These are the omega-6 (n-6) FA linoleic acid (LA; 

18:2 n-6) and the omega-3 (n-3) FA alpha-linolenic acid (ALA; 18:3 n-3) (Cook & McMaster, 

2002). The dietary ratio of n-6:n-3 is of particular interest since reducing this ratio has been 

linked to reducing the risk and pathogenesis of cardiovascular disease, cancer, and inflammatory 

diseases in humans (Simopoulos, 2002).  

 ALA is converted into eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), 

which are more bioactive than ALA and exhibit anti-inflammatory effects (Palmquist, 2009).  

The synthesis of these longer-chain n-3 FA from ALA is inefficient in humans as only ~0.2% of 

plasma ALA is utilized for the synthesis of EPA (Pawlosky et al., 2001). In dairy cows, abomasal 

infusion of ALA for 20 d did not increase plasma content of DHA (dos Santos Neto et al., 2024). 

This may indicate a need to directly supplement EPA and/or DHA to dairy cows. Since EPA and 

DHA are anti-inflammatory, there is interest in feeding these n-3 FA to dairy cows during the 

transition from gestation to lactation. Dairy cows experience extensive inflammation during the 

transition period, which has been linked to increased disease risk and decreased whole-lactation 

milk production (Bradford et al., 2015). Several studies have indicated that feeding n-3 FA to 
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dairy cows during early lactation may be beneficial for improving health, reproduction, and milk 

production (Greco et al., 2015; Sinedino et al., 2017; France et al., 2022).   

The primary challenge of feeding EPA and DHA is delivery of these FA to the small 

intestine for absorption. Unsaturated FA such as EPA and DHA are toxic to rumen microbes 

(Maia et al., 2007) and rumen bacteria biohydrogenate them into either trans unsaturated FA or 

saturated FA (Palmquist, 2009). This makes it difficult to determine how much n-3 FA are 

available for absorption by the cow. Therefore, it is hard to determine the impact of specific 

amounts of n-3 FA on dairy cow metabolism and health. To the best of our knowledge, there 

have been no studies that have analyzed the effect of increasing abomasal infusion doses of DHA 

in dairy cows. Previous studies that abomasally infused EPA and/or DHA used non-physiological 

doses (Rico et al., 2021; Casteñeda-Gutiérrez et al., 2007). Therefore, the objective of Chapter 3 

is to evaluate the effect of increasing abomasal infusion doses of DHA in dairy cows on plasma 

FA, milk FA, and production responses and to determine potential biomarkers for DHA 

absorption.  

Despite the potential for feeding EPA and DHA to dairy cows during the transition 

period, no studies have fed EPA and DHA during the 3 weeks before and 3 weeks after calving 

and studied subsequent carryover effects into peak-lactation post-supplementation. In Chapter 4, 

we fed a calcium salt enriched in EPA and DHA to dairy cows during the 3 weeks before and 3 

weeks after calving to evaluate effects on milk production, plasma metabolites, milk FA, and 

carryover milk production. Our results will help researchers better understand how n-3 FA are 

transported and utilized in the dairy cow so that well-informed decisions can be made regarding 

the nutrition of transition dairy cows to support their health and productivity.  
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CHAPTER 2 

LITERATURE REVIEW 

Introduction: Essential Fatty Acids 

Fatty acids (FA) are important biomolecules that play key roles in cell membrane 

development, energy production and storage, synthesis of other biomolecules, and cell signaling. 

FA are typically named and classified by carbon chain length, number of double bonds, and 

location of their double bonds (Nelson et al., 2021). Table 2.1 describes important FA in 

biological systems along with their common names and biochemical and nutritional 

nomenclature.  

Of particular interest in nutrition are polyunsaturated fatty acids (PUFA) that contain 

multiple double bonds in their hydrocarbon chain. Mammals cannot synthesize all of these FA de 

novo, so they are required in the diet and are considered to be essential. The 2 essential FA are 

linoleic acid (LA; 18:2 n-6) and alpha-linolenic acid (ALA; 18:3 n-3) (Cook & McMaster, 2002). 

The absolute requirement of these essential FA was first reported in the 1930’s when rats were 

fed diets with or without LA and ALA (Burr and Burr 1930; Burr et al., 1932). LA is an omega-6 

(n-6) FA, which means its first double bond on the hydrocarbon chain is 6 carbons away from the 

methyl end. ALA is an omega-3 (n-3) FA, which means its first double bond is 3 carbons away 

from the methyl end.  

LA and ALA are further desaturated and elongated in the body to produce long chain 

polyunsaturated fatty acids (LCPUFA); (Cook & McMaster, 2002). Of these LCPUFA, 

eicosapentaenoic acid (EPA; 20:5 n-3) and docosahexaenoic acid (DHA; 22:6 n-3) are of 

particular interest since they are known to have potent biological effects on human health 

including the reduction of cardiovascular disease, inhibition of carcinogenesis, and the mediation 
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of chronic inflammation (Palmquist, 2009). EPA and DHA are considered to be conditionally 

essential since production of these FA may be inadequate under certain conditions (Strijbosch et 

al., 2012). 

Research in the field of human nutrition and medicine has led to interest in investigating 

EPA and DHA supplementation in dairy cow diets to improve reproduction, mediate 

inflammatory challenges to improve overall health, and increase yield of milk and milk 

components. This literature review will explain how EPA and DHA can be provided in the diet, 

the role of EPA and DHA in the physiology of the dairy cow, the challenges of feeding them, and 

potential benefits of n-3 supplementation to dairy cows. 

Feed Sources of EPA and DHA  

The only feed sources that are abundant in EPA and DHA are fish oil or algal oil. Fish oil 

has been the most frequently investigated source of EPA and DHA in dairy cow diets. Marine 

fish are an excellent source of n-3 FA, although fish species and processing methods 

differentially affect fish oil FA profile (Merkle et al., 2017).  

Fish meal can also be fed as a source of EPA and DHA. In addition to supplying essential 

FA, fish meal provides high amounts of rumen undegraded protein and limiting amino acids such 

as lysine and methionine (NASEM, 2021). One study using early lactation dairy cows supplied 

~14 g/d of EPA and 9 g/d of DHA when 5% fish meal was fed in the diet (Heravi Moussavi et al., 

2007). Although positive effects have been observed when feeding fish meal to cows, this by-

product is seldom used in dairy rations due to its inclusion in pet foods and aquaculture 

(NASEM, 2021). 

In recent years, there has been interest in providing microalgae or seaweed to livestock as 

an alternative vegetarian source of n-3 FA. Fish do not synthesize n-3. Instead, they obtain these 
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essential FA by consuming microalgae or other fish. Algal oil is rich in DHA, but it contains 

minimal EPA (Stamey et al., 2012). Research has shown that feeding microalgae and seaweed to 

ruminants can provide multiple benefits, but inclusion of these ingredients in feed is uncommon 

(Makkar et al., 2016; Madeira et al., 2017). Examining effects of DHA on dairy cow physiology 

is an active area of research interest that could increase focus on algae supplements in dairy cow 

diets. 

Rumen Biohydrogenation and Protection of PUFA 

PUFA are toxic to rumen microbes (Maia et al., 2007). To combat the large amount of 

PUFA in the diet, rumen bacteria biohydrogenate unsaturated fatty acids (UFA) into either trans 

UFA or saturated fatty acids (SFA) (Palmquist, 2009). It is estimated that over 80% of all dietary 

UFA are either fully or partially biohydrogenated (Palmquist, 2009). This presents a challenge 

when feeding EPA and DHA to dairy cattle because rumen bypass of these FA is limited. Most 

dietary LCPUFA are either partially or fully biohydrogenated in the rumen. A meta-analysis by 

Jenkins and Bridges (2007) suggested that increasing unsaturation increases biohydrogenation. 

The ruminal disappearance of EPA and DHA happens very fast. A study by Abu Ghazaleh et al. 

(2002) fed fish oil and examined the rumen digesta of cows. They observed that 73% of the EPA 

and 77% of the DHA disappeared by 3 hours post-feeding when cows were supplied with 2% 

fish oil (% diet DM) and observed similar results with 1% fish oil in the diet (Abu Ghazaleh et 

al., 2002). Doreau and Chilliard (1997) sampled the duodenal contents of cows that were 

ruminally infused with fish oil and results indicated that over 90% of the EPA and DHA were 

biohydrogenated in the rumen.  

Due to the interest in increasing post-rumen delivery of EPA and DHA, rumen protection 

technologies have been investigated. The most common commercially available rumen-protected 
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product that provides EPA and DHA are calcium salts of fish oil. There is limited research on the 

efficacy of calcium salts protecting EPA and DHA from rumen biohydrogenation. Castañeda-

Gutiérrez et al. (2007) observed no differences in n-3 plasma or milk FA content from cows fed 

calcium salts of fish oil compared to a ruminal infusion of fish oil. However, the calcium salt’s 

slower release of the n-3 FA reduced negative effects in the rumen that were observed with the 

ruminal infusion of fish oil (Castañeda-Gutiérrez et al., 2007). Other rumen-protection 

technologies for PUFA are either under development or are not commercially available (Jenkins 

& Bridges, 2007).  

Biohydrogenation makes it difficult to study the effects of EPA and DHA since the 

delivery of these FA to the small intestine is uncertain in feeding scenarios. Abomasal infusion of 

these FA can be used to study the effects of known amounts of UFA on the animal. Most of these 

studies used fish oil (Castañeda-Gutiérrez et al., 2007) or high-ALA flaxseed oil (dos Santos 

Neto et al., 2024) although one study used algal oil (Rico et al., 2021). More research is needed 

in this area to better understand the effects of n-3 FA, especially DHA, since there is limited 

research with this particular FA in dairy cows. In Chapter 3, we delivered known amounts of 

DHA past the rumen to measure physiological effects on dairy cows. 

Absorption and Transport of n-3 FA 

The majority of FA are absorbed in the small intestine as nonesterified FA (NEFA) 

(Noble, 1981). Digestibility of FA varies by degree of saturation and chain length (Pantoja et al., 

1996; Boerman et al., 2015), but digestibility of LCPUFA like DHA remains largely unstudied in 

ruminants. Absorbed FA are re-esterified into triacylglycerols (TAG) and transported in 

chylomicrons or very low-density lipoproteins (VLDL) (Palmquist, 2009). These FA flow 

through the lymph and are eventually delivered into the blood (Noble, 1981). Most plasma FA 
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are transported within lipoprotein particles that include chylomicrons, VLDL, low density 

lipoproteins (LDL), or high density lipoproteins (HDL). EPA and DHA are mostly transported in 

high density lipoproteins (HDL) (Offer et al., 2001).  

There are four plasma lipid classes present in the blood: cholesterol esters (CE), 

phospholipids (PL), TAG, and NEFA. These classes are described in more detail in Table 2.2. FA 

are incorporated differently into each plasma lipid class (Tyburczy et al., 2007; Figure 2.1). DHA 

is preferentially incorporated into PL while EPA is more commonly incorporated into CE 

although enrichment of both fractions has been observed with fish oil supplementation (Urrutia 

et al., 2023; Offer et al., 2001). There is minimal incorporation of these FA in TAG or NEFA 

(Urrutia et al., 2023). These factors limit uptake of these preformed FA into the mammary gland 

which obtains most FA from TAG (Moore & Christie, 1981). Future research examining 

relationships between n-3 intake and enrichment in plasma FA fractions in dairy cows is 

warranted. Chapter 3 will explore the effects of abomasal infusion of DHA on n-3 enrichment in 

each plasma lipid class. 

Incorporation of n-3 FA into Tissues and Cells  

FA are transferred from plasma and incorporated into cell membranes, where 

hydrocarbon chain length and number of double bonds influence cell membrane fluidity, 

permeability, and stability (Cook & McMaster, 2002). Therefore, DHA with 6 double bonds is 

highly prevalent in fluid tissues such as the brain and retina (Arterburn et al., 2006). Bilby et al. 

(2006) analyzed the FA profile of various tissues of dairy cows and both EPA and DHA were 

present in the liver, muscle, endometrium, and mammary gland in small amounts. EPA was not 

detected in adipose tissue, but DHA was found in internal adipose tissue at low levels. Fish oil 

supplementation increased the incorporation of EPA and DHA into most of these tissues (Bilby et 
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al., 2006). The low incorporation of EPA and DHA into adipose tissue suggests limited storage of 

these FA which may indicate a need for dietary supplementation (Arterburn et al., 2006). 

Both EPA and DHA are also incorporated into the phospholipid membrane of immune 

cells, where they play a role in regulating gene expression and modification of protein structure 

and function (Calder, 2008). In humans, enrichment can occur as soon as 1 day after 

supplementation if the dose is high enough (Faber et al., 2011). Silvestre et al. (2011b) observed 

a 5-fold enrichment of EPA and 15-fold enrichment of DHA in neutrophils in cows fed a calcium 

salt of fish oil for 50 days compared to control cows fed a calcium salt of palm oil.  

Conversion of ALA into EPA and DHA  

ALA is the most abundant n-3 FA in dairy cow diets, comprising 25-40% of total FA 

content in most forages (NASEM, 2021). Certain oilseeds such as flaxseed also supply ALA. 

Chain elongation of FA takes place in the endoplasmic reticulum and mitochondria (Cook & 

McMaster, 2002). This conversion pathway is outlined in Figure 2.2. The rate-limiting step is the 

conversion of ALA into stearidonic acid (SDA; 18:4n-3) and is accomplished by the delta-6 

desaturase enzyme, which incorporates a new double bond into the hydrocarbon chain 

(Palmquist, 2009). SDA is further elongated into eicosatetranoic acid (20:4n-3) and is then 

desaturated by delta-5 desaturase into EPA. Further elongation leads to the production of 

docosapentanoic acid (DPA; 22:5n-3). Two carbons are added to DPA, and delta-6 desaturase 

then adds another double bond to the hydrocarbon chain. Finally, the FA is transferred to the 

peroxisome where beta-oxidation takes place to remove two carbons to yield DHA (Calder, 

2013). The rate of this conversion can be influenced by the n-6:n-3 ratio since both LA and ALA 

compete for the same delta-6 desaturase enzyme (Cook & McMaster, 2002).  
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As a result of this mechanism, conversion rates of ALA into EPA and DHA are extremely 

low. Conversion of ALA into DHA in humans is estimated to be less than 1% (Arterburn et al., 

2006; Pawlosky et al., 2001). A meta-regression by Arterburn et al. (2006) found that ALA 

supplementation did not increase plasma phospholipid levels of DHA in humans. These results 

agree with research conducted in dairy cows where short-term abomasal infusions of ALA from 

flaxseed oil increased plasma EPA but not DHA, indicating that cows are likely no more efficient 

than humans when it comes to n-3 conversion (Moallem et al., 2012a; dos Santos Neto et al., 

2024).  

Although ALA supplementation did not increase plasma levels of DHA in the 

aforementioned studies, long-term supplementation with ALA may accomplish this goal. Gnott 

et al. (2020) abomasally infused cows with ALA from flaxseed oil from 9 weeks prepartum to 9 

weeks postpartum and analyzed effects on plasma FA. Interestingly, plasma DHA content was 

increased by the ALA treatment after 9 weeks of supplementation and 1 d after calving, but 

plasma DHA levels were lower at 28 d postpartum. These results suggest that cows may be more 

efficient in DHA conversion around calving (Gnott et al., 2020). 

Retroconversion of DHA back to EPA also occurs and has been estimated to be ~9% in 

humans (Conquer & Holub, 1997). A study with dairy cows replaced fish oil in the diet with 

algae at increasing levels and reported no differences in milk EPA or DHA between the different 

treatments (Abughazaleh et al., 2009). This confirms that cows are able to convert DHA into EPA 

and that algae products rich in DHA may be a sustainable vegetarian option to supply long-chain 

n-3 FA. Due to increased interest in algae as a supplement, more research focusing specifically 

on DHA is needed in dairy cows. In Chapter 3, we utilize an algae-derived source of DHA. 
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Biosynthesis of PUFA Derivatives  

 The n-3 FA, especially EPA and DHA, play important roles in the immune system, which 

are summarized in Table 2.3. Of particular interest are the synthesis of bioactive lipid mediators 

for which both n-6 and n-3 FA are precursors (Calder, 2008). These lipid mediators are oxidized 

byproducts known as oxylipids and are essential in the regulation of the inflammatory response 

(Contreras et al., 2017). Each oxylipid plays a unique role in the inflammatory process, but their 

functions are often interrelated and difficult to define (Putman et al., 2022). Figure 2.3 outlines 

PUFA within phospholipids and summarizes key oxylipid derivatives and their primary 

functions.  

Both LA and arachidonic acid (ARA; 20:4 n-6) are precursors in the production of 

primarily pro-inflammatory oxylipids, and are the most common FA substrates for oxylipid 

synthesis (Contreras et al., 2017). During immune activation or lipolysis, FA are released from 

cellular phospholipids in a reaction catabolized by phospholipase and are enzymatically oxidized 

through the lipoxygenase pathway, the cyclooxygenase pathway, or the cytochrome P450 

pathway (Mavangira & Sordillo, 2013). Inflammatory oxylipids derived from ARA include 

prostaglandins, thromboxanes, and leukotrienes (Calder, 2012). Although most derivatives of n-6 

are considered to be pro-inflammatory, PGE2 has been shown to have both pro- and anti-

inflammatory actions (Calder, 2009). ARA is also a precursor to anti-inflammatory lipoxins 

(Levy et al., 2001). 

During resolution of inflammation, cells begin to produce more anti-inflammatory 

oxylipids. EPA and DHA are precursors to the production of resolvins, protectins, and maresins 

(Spite et al., 2014). Resolvins produced from EPA are known as the E-series resolvins, while D-

series resolvins are produced from DHA (Spite et al., 2014). These lipid mediators resolve 
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inflammation and stimulate tissue regeneration (Spite et al., 2014).  Enrichment of DHA into 

phospholipids is of particular interest because there are more oxylipid products produced from 

DHA than from EPA (Raphael & Sordillo, 2013). Increasing the content of n-3 FA in the 

phospholipids of cell membranes may contribute to faster resolution of inflammation due to 

increased production of pro-resolving oxylipids (Calder, 2008). 

Effects of EPA and DHA on Inflammation in Cows 

An area of growing interest in the dairy industry are strategies to modulate inflammation 

and improve cow health, especially during the transition period, which is defined as the 3 weeks 

before and 3 weeks after parturition (Drackley, 1999). Inflammation is a healthy and normal 

response after parturition, but fast resolution of inflammation is key to ensure a successful 

transition (Bradford et al., 2015). More than 50% of cows in the fresh period suffer from a 

subclinical disorder, and strong links have been found between a chronic, heightened 

inflammatory response and early-lactation metabolic disorders (Bradford et al., 2015; Sordillo & 

Raphael, 2013). Unresolved inflammation also contributes to reduced DMI, fertility, and 

productivity (Bradford et al., 2015). Therefore, mitigating inflammation in the early postpartum 

period may improve cow health as well as other outcomes.  

Both EPA and DHA are known to have anti-inflammatory effects. An in vitro study by 

Contreras et al. (2012) demonstrated that supplementation with n-3 FA altered the FA 

composition of bovine endothelial cells and reduced the expression of pro-inflammatory 

cytokines, adhesion molecules, and reactive oxygen species. The cell cultures supplemented with 

n-3 FA also had increased synthesis of anti-inflammatory eicosanoids (Contreras et al., 2012).  

There are limited in vivo studies examining the effects of supplementing EPA and DHA 

to transition dairy cows on immune function and inflammation. Greco et al. (2015) conducted an 
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intramammary lipopolysaccharide (LPS) infusion and observed an attenuated immune response 

in cows fed higher levels of n-3 FA. Another study observed that n-3 FA supplemented cows 

spent less time in a fevered state post-LPS infusion, indicating a faster resolution of the 

inflammatory response (Winters, 2023).  An intravenous infusion of fish oil administered to cows 

12, 24, and 48 hours post-calving reduced plasma haptoglobin and increased DMI and milk yield 

in the first week after calving (Mezzetti et al., 2022).  

Heat stress is another concern in the dairy industry where systemic inflammation plays a 

key role and contributes to the adverse outcomes observed during heat stress events (Most & 

Yates, 2021). Ruiz-Gonzalez et al. (2022) abomasally infused fish oil to heat-stressed lactating 

dairy cows and observed that the n-3 supplemented cows experienced a 2 kg/d recovery in milk 

yield compared to heat-stressed cows supplemented with corn oil. The n-3 FA supplementation 

also reduced rectal temperature by 1°C, reduced LPS binding protein, and increased anti-

inflammatory oxylipid intermediates in plasma (Ruiz-Gonzalez et al., 2022). 

Effects of EPA and DHA on Dry Matter Intake and Milk Yield 

Production responses to the supplementation of EPA and DHA have been highly variable. 

These various effects are likely explained by the amount supplemented, the form of the 

supplement, diet composition, stage of lactation, and production level of cows. Most positive 

effects of EPA and DHA on milk yield have been observed when fed during early lactation. 

Some of these early lactation studies are described in Table 2.4. Greco et al. (2015) fed calcium 

salts of fish oil, palm oil, and safflower oil to achieve differing dietary ratios of n-6:n-3 from 14 

days postpartum. Cows fed higher levels of EPA and DHA with a lower n-6:n-3 ratio had a 

higher DMI and higher peak milk yield (Greco et al., 2015). A similar result for milk yield was 

observed when cows were fed 10 g/d of DHA from an algae supplement from 14-120 DIM 
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(Sinedino et al., 2017) and 44 g/d of DHA from 3 weeks prepartum to 84 DIM (Hostens et al., 

2011). A recent study feeding a calcium salt enriched in EPA and DHA during the transition 

period observed that the n-3 supplement increased yields of energy corrected milk (ECM) in the 

first 4 weeks postpartum (France & McFadden, 2022). More research is needed to better 

understand how feeding n-3 FA influences production responses in early lactation, particularly 

around calving, as most of these studies did not supplement n-3 FA during this critical time 

period. These studies also did not examine carryover effects of supplementing n-3 FA. In Chapter 

4, we study n-3 FA supplementation in cows during the close-up and fresh period and follow 

cows until peak lactation to examine potential carryover effects. 

Feeding unprotected fish oil at over 1% diet DM has resulted in negative effects on DMI 

(Cant et al., 1997; Whitlock et al., 2002; AbuGhazaleh et al., 2002). A dose-response study of 

dietary fish oil inclusion by Donovan et al. (2000) showed that feeding fish oil at 1% of the diet 

did not reduce DMI and increased milk yield compared to the control diet. Both DMI and milk 

yield were reduced when fish oil was fed at 2% and 3% diet DM (Donovan et al., 2000). The 

effects of fish oil on DMI are likely a combination of decreased diet palatability (Donovan et al., 

2000) and increased gut satiety peptides that are often observed when higher levels of UFA are 

fed (Relling & Reynolds, 2007). 

Fish oil supplementation interacts with other dietary factors including starch and total 

PUFA to affect milk production results. Pirondini et al. (2015) fed diets containing 0.8% fish oil 

to mid-lactation cows. Fish oil inclusion interacted with dietary starch level as fish oil increased 

ECM in low-starch (24% diet DM) diets, but not in high-starch diets (28% diet DM) (Pirondini 

et al., 2015). Peravian et al. (2022) looked at the interaction between n-3 supplementation and 

dietary PUFA concentration. When a calcium salt of fish oil was fed at 0.56% diet DM, they 
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observed that n-3 supplementation reduced milk yield when higher levels of PUFA (2.67% diet 

DM) were fed compared to lower levels of PUFA (2.12% diet DM; Peravian et al., 2022).   

When EPA and DHA positively affect milk yield, it is possible this is an indirect effect 

due to the anti-inflammatory nature of n-3 FA. Activation of the immune system utilizes a lot of 

nutrients and energy, and inflammation redirects nutrient partitioning away from milk production 

(Bradford et al., 2015). Lochmiller and Deerenberg (2000) proposed that immune activation 

increases energetic costs from 10-40% as a percentage of basal metabolic rate. Kvidera et al. 

(2017) estimated that the activated immune system of a dairy cow utilizes over 1 kg of glucose 

within 12 hours. Therefore, mitigating a chronic inflammatory state may restore nutrient 

partitioning to milk production (Bradford et al., 2015). More research is needed to understand 

how feeding n-3 impacts cows during the transition period. Chapter 4 will explore the effects of 

feeding a FA supplement enriched in EPA and DHA to dairy cows during the transition period. 

Effects of EPA and DHA on Milk Fat 

Effects of EPA and DHA on milk fat in early lactation cows are summarized in Table 2.4. 

Milk fat depression (MFD) is one of the most common concerns when EPA and DHA are fed. 

Supplying EPA and DHA can alter biohydrogenation pathways of 18-carbon FA. Donovan et al. 

(2000) observed that feeding increasing levels of fish oil resulted in a linear reduction in stearic 

acid (C18:0) and a linear increase in trans C18:1 and C18:2 isomers in milk fat. Further in vitro 

work has also observed that both EPA and DHA inhibit the biohydrogenation of LA and ALA to 

stearic acid and increase biohydrogenation intermediates in both cow and ewe rumen cultures 

(Toral et al., 2017). Among these biohydrogenation intermediates produced is trans-10, cis-12 

conjugated linoleic acid (CLA). This isomer induces MFD by inhibiting de novo milk fat 

synthesis and preformed FA uptake (Baumgard et al., 2000; Harvatine & Bauman, 2006). 
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Although MFD is a risk when feeding EPA and DHA, this may be reduced by feeding a rumen-

protected form, by providing adequate levels of fiber, and by limiting the amount of LCPUFA 

fed. Reducing the negative effects of n-3 on milk fat yield, should continue to be a major focus 

of n-3 FA research in dairy cows. 

To reduce the risk of MFD, EPA and DHA can be fed in the form of a calcium salt of fish 

oil. First developed at The Ohio State University in the 1980’s, calcium salts have been fed to 

protect UFA and avoid fermentation problems that often occur when feeding additional PUFA 

(Jenkins & Bridges, 2007). Developed to be insoluble at rumen pH, calcium salts dissociate at 

the low pH in the abomasum to make FA available for absorption and improve fiber digestibility 

compared to unprotected UFA (Jenkins & Palmquist, 1984). Castañeda-Gutierrez (2007) 

observed that feeding calcium salts of fish oil did not negatively affect DMI or milk fat yield, 

providing rumen inertness not observed with ruminal infusions of fish oil. Feeding calcium salts 

of fish oil also maintained similar milk fat and plasma concentrations of stearic acid compared to 

an abomasal infusion of fish oil, indicating that biohydrogenation pathways of 18-carbon FA 

were not inhibited or altered. Despite this positive aspect, the calcium salt treatments did not 

deliver any more n-3 past the rumen as indicated by plasma and milk n-3 concentrations 

(Castañeda-Gutiérrez et al., 2007).  

Extensive research has been conducted using EPA and DHA to increase milk fat content 

of n-3 FA for human consumption, however, there has been little success due to a transfer 

efficiency of less than 4% (Lock & Bauman, 2004). This is due to high rates of biohydrogenation 

as well as low incorporation into plasma TAG, which is the main circulating lipid source of 

preformed FA for the mammary gland (Lock & Bauman, 2004). Feeding LCPUFA does typically 

alter biohydrogenation pathways in the rumen, which leads to increased secretion of CLA in milk 
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fat (Donovan et al., 2000). Among these include the cis-9, trans-11 CLA, which has been shown 

to have anticarcinogenic and atherogenic effects (Lock & Bauman, 2004).  

Effects of EPA and DHA on Reproduction 

PUFA are essential for various reproductive functions, and n-3 FA can be fed to improve 

outcomes (Palmquist, 2009). Sinedino et al. (2017) observed that feeding an algae product as a 

source of DHA improved pregnancy per artificial insemination (AI) on days 32 and 60 post-AI. 

They also reported that feeding algae nearly doubled the rate of pregnancy within primiparous 

cows and tended to increase the rate of pregnancy in multiparous cows (Sinedino et al., 2017). 

Another study fed a calcium salt of fish oil from 30-160 DIM and observed an overall reduction 

in pregnancy loss in cows fed fish oil (Silvestre et al., 2011a).  

There are several theories as to how n-3 FA supplementation improves reproduction, but 

a likely mechanism is through altering prostaglandin synthesis. Feeding fish meal has been 

shown to reduce plasma and uterine prostaglandin F2a (PGF2a) and feeding fish oil increased EPA 

and DHA in the endometrium of dairy cows (Mattos et al., 2004; Bilby et al., 2006). PGF2a is 

secreted by the uterus to induce luteolysis. Maternal recognition of the embryo must occur before 

luteolysis since the corpus luteum is essential for the production of progesterone and 

continuation of pregnancy (Senger, 2012). A reduction in PGF2a gives the embryo more time to 

notify the uterus of its presence. There is also evidence to suggest that feeding n-3 FA improves 

oocyte quality and folliculogenesis although the influence on follicular dynamics is inconsistent 

and not well understood (Moallem et al., 2013; Moallem, 2018). One theory is that increasing the 

incorporation of n-3 FA into cell membranes increases membrane fluidity which may improve 

transfer of nutrients into the cell (Moallem et al., 2013). Oocyte and embryo growth and 

development rates were enhanced in an in vitro study when only 1 µM of DHA was 
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supplemented, but 100 µM of DHA negatively affected these parameters, indicating a dose-effect 

(Oseikria et al., 2016). 

There is also evidence that EPA and DHA impact reproduction in bulls. DHA comprises 

around 20% of FA in sperm, and supplementation of fish oil increased concentrations of DHA 

after 5 weeks of feeding. Supplementation with fish oil, however, negatively impacted sperm 

motility and morphology compared to bulls fed flaxseed oil (Moallem et al., 2015).  

Benefits of EPA and DHA Supplementation During Gestation 

 DHA is critically important for fetal neurodevelopment during the last trimester of 

pregnancy, and there is likely an increased requirement for EPA and DHA during pregnancy 

(Greenburg et al., 2008). EPA and DHA supplementation during gestation may also have 

epigenetic effects on offspring (Heberden & Maximin, 2017). Although most fetal programming 

studies with n-3 FA were performed in rodent models, there have been a few studies in ruminants 

examining the effect of n-3 supplementation during late gestation on offspring. In one study in 

beef cattle, cows were supplemented with either a control diet rich in palmitic and oleic acid, or a 

diet enriched in n-6 and n-3 FA during the last 50 days in gestation. Calves born to n-3 and n-6 

supplemented cows tended to have improved growth and carcass characteristics (Marques et al., 

2017). Another study fed EPA and DHA to sheep in late gestation and observed that maternal 

supplementation altered gene expression in the hypothalamus of lambs, which may have led to 

increased growth rate in the offspring (Martin et al., 2018).  

One study in late gestation dairy cows observed that calves born to cows fed fish oil had 

greater plasma DHA concentrations compared to control and flaxseed-fed cows although the 

results suggested a low placental transfer efficiency of most long-chain FA (Moallem & Zachut, 

2012). Another study in dairy cattle observed that n-3 or n-6 FA supplementation to cows during 
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late gestation increased IgG concentrations in colostrum, and calves born to cows fed fat 

experienced greater average daily gain than the control group (Jolazadeh et al., 2019a). The cows 

fed fat also experienced benefits with higher milk yield, lower blood NEFA, and reduced 

incidence of health disorders, while the n-3 supplement reduced somatic cell count (SCC) 

(Jolazadeh et al., 2019a, b). The effects of PUFA supplementation on ruminants in late gestation 

are not well understood, and more studies are needed to better understand these mechanisms.  

EPA and DHA for Calves 

Calves are the future of the dairy herd, but they are also highly susceptible to increased 

morbidity and mortality (Karcher et al., 2014). Since EPA and DHA impact immunity and 

inflammation, there has been interest in supplementing fish oil or algae to calves. Fish oil was 

shown to attenuate the acute phase response in Jersey calves following an LPS challenge (Ballou 

et al., 2008). Dairy calves fed fish oil had lower blood lactate, serum haptoglobin, and lower 

concentrations of inflammatory cytokines compared to calves fed canola oil (Melendez et al., 

2022). Flaga et al. (2019) observed that DHA supplementation with algae benefitted the immune 

system of calves when 9 g/d of DHA was provided. Supplementation of n-3 FA in colostrum 

increased expression of anti-inflammatory oxylipids in calves in the first week after birth 

(Oppengorth et al., 2020). Despite the benefits on immune function, supplementation with EPA 

and DHA may reduce average daily gain and feed efficiency in dairy calves, especially at higher 

doses (Karcher et al., 2014; Flaga et al., 2019). 

 Requirements for EPA and DHA 

 Although there are no established dietary requirements for EPA and DHA, there are 

recommendations that vary across stage of life. Calder et al. (2020) recommended consuming 

250 mg/d of EPA/DHA to support optimal function of a human’s immune system. Based on this 
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recommendation, this would equate to about 2.5 g/d of EPA/DHA to be absorbed by a 700 kg 

dairy cow if the weight of an average dairy cow is 10 times the weight of an average human.  

Due to biohydrogenation rates being challenging to estimate, the ideal feeding rate of 

EPA and DHA for cows is uncertain. Low levels of EPA and DHA have been shown to have 

potent biological effects (Sinedino et al., 2017). An in vitro dose titration study observed a 

maximum reduction in secretion of PGF2a in cells treated with only 40 µM of EPA or DHA 

(Mattos et al., 2003). More research is needed to determine a realistic target of post-ruminal n-3 

delivery in vivo to optimize bioactive effects. 

The feeding studies that observed the most positive effects on milk yield tended to 

supplement only 10-25 g/d of EPA/DHA in the form of a calcium salt of fish oil or an algae 

product (Greco et al., 2015; Sinedino et al., 2017; Heravi-Moussavi et al., 2007). When 

considering a biohydrogenation rate of 70-90% (Palmquist, 2009; Jenkins & Bridges, 2007), 

only 2.5-7.5 g/d of n-3 would be supplied to the small intestine for absorption if 25 g/d were fed.  

Conclusions 

 Both EPA and DHA are conditionally essential nutrients that play important biological 

roles. Understanding how dietary n-3 FA impact DMI, milk yield, milk fat synthesis and FA 

profile, reproduction, and inflammation, in the dairy cow can help scientists find strategies to 

supply these nutrients and observe optimal responses. The goal of Chapter 3 was to determine an 

optimal dose of DHA by observing the impacts of abomasal infusions of DHA on production 

responses and plasma FA profile to find potential biological markers for DHA absorption. In 

Chapter 4, our goal was to determine immediate and carryover effects of supplementing a 

calcium salt of fish oil to transition cows during the close-up and fresh period. The results from 

these two studies will help to improve the understanding of how EPA and DHA impact dairy cow 
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physiology and performance and will assist in developing practical feeding strategies and 

recommendations. 
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CHAPTER 3 

EFFECT OF ABOMASAL INFUSIONS OF DOCOSAHEXAENOIC ACID ON 

PRODUCTION RESPONSES AND PLASMA FATTY ACIDS OF MID-LACTATION 

DAIRY COWS 

Abstract 

Our objective was to evaluate the effect of abomasal infusions of increasing doses of 

docosahexaenoic acid (DHA; C22:6 n-3) on plasma and milk fatty acids and milk production of 

mid-lactation dairy cows. Eight multiparous ruminally cannulated Holstein cows (97 ± 37 DIM, 

49.2 ± 3.3 kg/d milk) were used in a 4x4 Latin Square design. Treatments were abomasal 

infusions of 0, 2, 4, and 6 g/d of DHA with 11-d treatment periods and 10-d washout periods. 

DHA was provided via an enriched algal oil (64.5% DHA) and suspended in ethanol (~200 g/d). 

Samples were collected during the last 4 d of each infusion period. The statistical model included 

the random effect of cow nested within square and fixed effects of treatment, square, period, and 

their interactions. Preplanned contrasts tested the linear, quadratic, and cubic effects of 

increasing doses of DHA. Results are presented in the following order: 0, 2, 4, 6 g/d of DHA. 

There was no effect of treatment on yields of milk, FCM, ECM, milk fat, or milk protein. 

Increasing DHA dose linearly decreased SCC (13.3, 12.0, 10.4, 10.8 x 103/mL; P = 0.05). 

Increasing DHA dose linearly increased DHA in plasma phospholipids (0.30, 0.50, 0.64, 0.82 

g/100g FA; P < 0.01), triacylglycerols (0.09, 0.25, 0.40, 0.51 g/100g FA; P < 0.01), and 

cholesterol esters (0.04, 0.04, 0.05, 0.06 g/100g FA; P < 0.01). Increasing dose of DHA linearly 

increased milk fat content of DHA (0.01, 0.04, 0.06, 0.08 g/100g FA; P < 0.01), total n-3 fatty 

acids (0.56, 0.57, 0.63, 0.63 g/100g FA; P < 0.05), and the yield of DHA in milk (0.19, 0.58, 

0.91, 1.18 g/d; P < 0.01). Correlation results are presented as Pearson correlation coefficients. 
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DHA content in plasma PL and TAG and milk fat were linearly correlated with DHA absorption 

(0.70, 0.92, 0.93; P < 0.0001). In conclusion, increasing abomasal infusions of DHA did not 

impact short-term production responses of mid-lactation cows, but increased DHA content of 

key plasma lipids and milk fat, and reduced milk SCC. Plasma or milk fat DHA content may be 

used to estimate DHA absorption in feeding scenarios. 

Introduction 

 All mammals require essential fatty acids (FA) in their diet because they cannot be 

synthesized de novo. The two essential FA are the omega-6 (n-6) linoleic acid (LA; 18:2 n-6) 

and omega-3 (n-3) alpha-linolenic acid (ALA; 18:3 n-3). In humans, reducing the dietary ratio of 

n-6:n-3 FA has been shown to reduce the risk and pathogenesis of many diseases in humans 

including cardiovascular disease, cancer, and inflammatory diseases (Simopoulos, 2002). 

Common conventional dairy cow feed ingredients such as corn and soybeans are high in LA 

(NASEM, 2021). Therefore, there is interest in supplementing additional n-3 FA to provide a 

better balance of essential polyunsaturated FA (PUFA) in the diet. In dairy cows, decreasing the 

dietary ratio of n-6:n-3 has increased DMI and the yields of milk and milk components (Greco et 

al., 2015; France et al., 2022). Feeding more n-3 and less n-6 also attenuated the acute phase 

response after an intramammary LPS challenge (Greco et al., 2015).  

 ALA is desaturated and elongated in the body into eicosapentaenoic acid (EPA; 20:5 n-3) 

and docosahexaenoic acid (DHA; 22:6 n-3), which are precursors in the biosynthesis of pro-

resolving lipid mediators such as resolvins and protectins (Spite et al., 2014; Raphael & Sordillo, 

2013). This synthesis pathway is inefficient as only about 0.2% of plasma ALA is utilized for the 

synthesis of EPA (Pawlosky et al., 2001). Abomasal infusion of ALA in dairy cows for 20 d did 



 23 

not increase plasma concentrations of DHA (dos Santos Neto et al., 2024). Therefore, there may 

be a need to directly supplement these bioactive n-3 FA to dairy cows.  

The FA profile of cellular phospholipids can impact the production of transcription 

factors that modulate inflammation, with EPA and DHA playing a critical role in inhibiting pro-

inflammatory transcription factors (Calder, 2013). When including EPA and DHA in the diet of 

dairy cows, immune cell membranes were enriched in these FA (Silvestre et al., 2011b). 

Therefore, there is emphasis on these long chain derivatives of ALA and how to increase their 

content in plasma and cell membranes. Fish oil is one of the only dietary sources of EPA and 

DHA. With increasing concerns about the sustainability of fish oil production, algae may be a 

promising substitute as a rich source of DHA (Bartek et al., 2021). Providing DHA in the diet by 

feeding algae increased milk yield and improved reproduction outcomes in dairy cows (Sinedino 

et al., 2017). DHA is also a potential dietary source of EPA due to the retroconversion of DHA 

into EPA (Conquer & Holub, 1997). 

 Increasing the availability of PUFA to the cow is challenging due to the extensive 

biohydrogenation of UFA in the rumen. Typically, over 80% of all dietary UFA are either fully 

or partially biohydrogenated (Palmquist, 2009). Because rumen microbes saturate most PUFA, 

the direct effects of DHA in cows are unknown. To date, there has been no study that has 

analyzed the effect of increasing abomasal infusion doses of DHA in dairy cows. Therefore, the 

objective of our study was to evaluate the effect of increasing abomasal infusion doses of DHA 

on plasma FA, milk FA, and short-term milk production responses in dairy cows using 

biologically relevant doses. We hypothesized that increasing DHA dose would increase plasma 

DHA in all lipid fractions, reduce the plasma n-6:n-3 ratio, and increase the content of n-3 FA in 

milk fat.  
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Materials and Methods 

Study Design and Treatments 

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee at Michigan State University, East Lansing. Eight ruminally cannulated mid-lactation 

multiparous Holstein cows from the Michigan State University Dairy Cattle Teaching and 

Research Center were assigned randomly to a treatment sequence in a 4 x 4 Latin Square design. 

At the beginning of the study, cows averaged (mean ± SD) 97 ± 37 DIM and 49.2 ± 3.3 kg/d 

milk yield.  Two squares, each with 4 cows, were formed based on lower- [milk yield (mean ± 

SD) 46.4 ± 1.5 kg/d] and higher-production cows [milk yield (mean ± SD) 52.0 ± 1.5 kg/d]. 

Cows were then randomly assigned to a treatment sequence. Treatment periods lasted 11 d with a 

10 d washout period between each treatment period.  

Treatments were 0, 2, 4, and 6 g/d of DHA infused into the abomasum. For the infusions 

we used algal oil containing 65% DHA (DSM Nutritional Products; Table 3.1). The dose range 

was selected based on expected DMI, biohydrogenation estimates (Doreau & Chilliard, 1997; 

AbuGhazaleh et al., 2002), predicted metabolic requirements based on human literature 

recommendations (Calder et al., 2020), and dose levels used in previous n-3 cow feeding studies 

(Greco et al., 2015; Sinedino et al., 2017; Heravi-Moussavi et al., 2007). Daily treatments were 

suspended in ethanol in individual glass jars to equal a total daily infusion amount of 200 g/d. 

Cows on the 0 g/d treatment received 200 g/d of ethanol. The infusate solution was divided into 

4 equal infusions per d that were provided every 6 hours. Abomasal infusion devices were 

inserted into the abomasum 5 d before the beginning of the study. Infusion lines (0.5-cm 

diameter polyvinyl chloride tubing) passed through the rumen fistula and sulcus omasi into the 

abomasum (Lock et al., 2007; Prom et al., 2021). Lines were checked daily throughout the study 
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to ensure proper placement. Infusate solutions were delivered into infusion lines using 60-mL 

plastic syringes, and lines were flushed with warm water before and after delivery of treatment 

(dos Santos Neto et al., 2024) 

All cows received a common diet throughout the entire study (Table 3.2) which were 

formulated to meet nutritional requirements according to NASEM (2021). Dry matter 

concentration of forages was determined twice weekly, and diets were adjusted when necessary. 

Cows were housed in individual tie stalls at the Michigan State University Dairy Cattle Teaching 

and Research Center (East Lansing, MI) throughout the experiment and milked thrice daily 

(0400, 1200, and 2000 h). Access to feed was blocked from 0600 to 0800 h for collection of orts 

and offering of new feed. Feed intake was recorded, and cows were offered 115% of expected 

intake at 0800 h daily. Water was available ad libitum in each stall, and stalls were bedded with 

sawdust and cleaned thrice daily. 

Data and Sample Collection 

      Production data and samples were collected during the last 4 d of each treatment period (d 8-

11). Diet ingredients (~0.5 kg) and orts samples (~12.5%) were collected daily and composited 

by period and cow for further analysis. Milk yield and intake were recorded daily. Two milk 

samples were collected at each milking; one aliquot was collected in a tube with preservative 

(Bronolab W-II liquid, Advanced Instruments, Norwood, MA) and stored at 4ºC for milk 

component analysis, and the second was collected and stored at -20ºC for milk FA analysis. 

Blood samples were collected every 9 h and centrifuged at 3,000 x g for 15 min at 4ºC for 

plasma extraction. Fecal samples were collected every 9 h and composited by cow and period. 

Body weight (BW) was measured twice during the last two days of each treatment period, and 

body condition score (BCS) was recorded on the last day of each treatment period by 3 trained 
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investigators according to Wildman et al. (1982). An additional blood sample was taken the day 

before the start of each treatment period to determine potential carryover effects of treatments on 

plasma FA. 

Sample Analysis and Transfer Efficiency Calculation 

      Feed ingredients, orts and fecal samples were dried for 72 h at 55ºC in a forced-air oven to 

determine DM content. Samples were ground in a Wiley mill (1 mm screen; Arthur H. Thomas, 

Philadelphia, PA), and analyzed for NDF, 240-h indigestible NDF (iNDF), starch, and CP, 

according to Boerman et al. (2017). Feed ingredients, orts, and fecal samples were analyzed for 

FA profile according to Bales et al. (2024). Indigestible NDF was used as an internal marker to 

estimate fecal output to determine apparent total-tract digestibility of nutrients (Cochran et al., 

1986). Milk samples were analyzed for fat, true protein, lactose, somatic cell count (SCC), and 

milk urea nitrogen (MUN) by mid-infrared spectroscopy (AOAC, 1990, method 972.160; 

Central Star DHI, Grand Ledge, MI). Yields of 3.5% FCM (FCM), energy-corrected milk 

(ECM), and milk components were calculated from each milking using milk yield and 

component concentrations, summed for a total daily yield, and averaged for each treatment 

period. Milk samples for FA analysis were composited by cow and period based on milk fat 

yield. Milk lipids were extracted, and FA methyl esters prepared and analyzed by gas 

chromatography as described by Lock et al. (2013). Transfer efficiency of DHA to milk was 

calculated on an individual cow basis by dividing the mean milk fat yield of DHA by the amount 

of DHA provided by the infusion treatment or the amount of DHA absorbed. Plasma insulin was 

determined by ELISA (Bovine Insulin ELISA; Mercodia AB, Uppsala, Sweden) at the 

Diagnostic Center for Population and Animal Health at Michigan State University (East Lansing, 

MI).  
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 Plasma was composited by cow and period and lipid extraction was performed using a 

modified method of Folch et al. (1957) using chloroform and methanol. For FA content of total 

plasma lipids, sodium methoxide and boron trifluoride in methanol were used for methylation 

using a modified method of Nuernberg et al. (2007). After drying samples under N2 gas, a 1% 

hexane solution was prepared, and samples were analyzed using GLC as described by Lock et al. 

(2013). For FA content of individual plasma lipid fractions, plasma lipids were separated using 

solid phase extraction (SPE) chromatography (Agren et al., 1992). A vacuum manifold fitted 

with aminopropyl (N2) SPE columns (1 g / 6 mL) was used to separate cholesterol ester (CE), 

triacylglycerol (TAG), nonesterified fatty acid (NEFA), and phospholipid (PL) fractions of each 

sample. The column was loaded with plasma lipidsand flushed with 14.0 mL of hexane to elute 

the CE fraction. The column was then washed with 8.0 mL of hexane:chloroform:ethyl acetate 

(100:5:5) to elute the TAG fraction. Columns were washed with 6.0 mL of 

chloroform:isopropanol (2:1) to remove the waste fraction. Columns were subsequently washed 

with 8.0 mL of chloroform:methanol:acetic acid (100:2:2) to elute the NEFA fraction and with 

10.0 mL of methanol:chloroform:water (10:5:4) to elute the PL fraction. The chloroform layer 

containing the PL fraction was separated using 5% sodium chloride solution. All fractions were 

dried under N2 gas, weighed to determine yield, and reconstituted in 0.5 mL tolulene prior to 

methylation. Methylation of all fractions was performed using methanolic hydrochloric acid and 

sodium methoxide according to Bales and Lock (2024). The FAME were reconstituted in hexane 

to obtain a 1% solution for GLC analysis as described by Lock et al. (2013).  

Statistical Analysis  

All data were analyzed using the GLIMMIX model procedure of SAS (Version 9.4, SAS 

Institute Inc.) according to the following model: 
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Yijkl = μ + C(S)i(j) + Sj + Pk + Tl + eijkl, 

where Yijkl = dependent variable, μ = overall mean, C(S)i(j) = random effect of cow nested within 

square (i= 1–4), Sj = fixed effect of square (j = 1–2), Pk = fixed effect of period (k = 1–4), Tl = 

fixed effect of treatment (l = 1–4), and eijkl = residual error. Interactions between period and 

treatment, period and square, and square and treatment were initially included in the model and 

removed when P > 0.10 (de Souza et al., 2020). Normality of the residuals was checked with 

normal probability and box plots, and homogeneity of variances with plots of residuals versus 

predicted values. Treatment effects were declared significant at P ≤ 0.05, and tendencies were 

declared at 0.05 < P ≤ 0.10. Three preplanned orthogonal contrasts were used to determine the 

linear, quadratic, and cubic effects of increasing doses of DHA. All data are expressed as least 

squares means and standard error of the means.  

Plasma FA profiles were initially tested using the baseline sample from each washout 

period as a covariate, but it was not significant and was removed from the model. We also had 3 

missing samples from the washout period, so we opted not to use it in the final model and instead 

used treatment by period in the model if significant to adjust for carryover effects. Including the 

covariate did not alter the interpretation of our results. 

 Pearson correlation coefficients between absorbed DHA and DHA content in total plasma 

lipids, plasma TAG, plasma PL, plasma CE, and milk fat were calculated using the CORR model 

procedure of SAS. Regression analyses were performed using the GLIMMIX model procedure 

considering the random effects of cow and period. 

Results 

 Treatment effects on nutrient digestibility, milk production, and plasma and milk FA 

profiles are reported here. Effects of abomasal infusions of DHA on immune responses, oxylipid 
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profiles, and insulin sensitivity in adipose tissue are discussed in our companion papers 

(Reisinger et al., unpublished; Contreras et al., unpublished). 

Nutrient Digestibility 

 Digestibility results are reported in Table 3.3. There was no effect of DHA infusion on 

DMI or digestibility of DM, NDF, or total FA. DHA infusion linearly increased intake, 

digestibility, and absorption of 22-carbon FA (P < 0.01), but intake and absorption of total FA 

were not affected. There was no effect of treatment on DHA digestibility, but absorption of DHA 

was increased linearly with increasing DHA dose (P < 0.01). 

Milk and Milk Components 

 Production responses are reported in Table 3.4. Increasing abomasal infusions of DHA 

linearly reduced somatic cell count (SCC) (P = 0.05). There was no effect of treatment on the 

yields of milk, milk fat, milk protein, milk lactose, FCM, or ECM. Infusion of DHA tended to 

quadratically increase milk fat content (P = 0.10) and milk protein content (P = 0.07) and 

linearly increased lactose content (P < 0.01). There was no effect of treatment on BCS, BW, or 

plasma insulin concentration. 

Fatty Acid Profile of Plasma Lipids 

 Total plasma FA results are reported in Table 3.5. Results in the text are reported here as 

percent increases or decreases in plasma FA content compared to control in the following order: 

2, 4, 6 g/d of DHA. Abomasal infusion of DHA linearly increased 22:6 n-3 content (69%, 108%, 

131%, P < 0.01). Treatment also linearly increased 20:2 n-6 (P < 0.01) and 22:5 n-6 (P = 0.01). 

A cubic effect was observed for 18:1 n-9 (P = 0.03) and a quadratic effect was observed for 22:0 

(P = 0.02). There were no effects of treatment on plasma content of total n-3, total n-6, or the 

ratio of n-6:n-3. 
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Fatty Acid Profile of Plasma Phospholipids 

Plasma PL results are reported in Table 3.6. Within plasma PL, abomasal infusion of 

DHA linearly increased the content of both C22:6 n-3 (67%, 114%, 174%) and total n-3 FA (5%, 

9%, 16%) (P < 0.01) and reduced the ratio of n-6:n-3 (6%, 9%, 15%) (P < 0.01). Abomasal 

infusion of DHA quadratically reduced 18:3n-3 (P = 0.01). Increasing doses of DHA also 

linearly increased 22:5 n-6 (P < 0.01) and linearly reduced 18:1 n-9 (P < 0.01).  

Fatty Acid Profile of Plasma Cholesterol Esters 

 Plasma CE results are reported in Table 3.7. Abomasal infusion of DHA linearly 

increased C22:6 n-3 (19%, 38%, 54%; P < 0.01). DHA infusion also linearly increased the 

content of 18:2 n-6 (P = 0.02) and total n-6 (P = 0.03). Increasing DHA linearly reduced the 

content of 18:0 (P = 0.01) and 18:1 n-9 (P < 0.01). Abomasal infusion of DHA quadratically 

affected the content of 18:3 n-3, total n-3, and the ratio of n-6:n-3 (P < 0.01). Quadratic effects 

were also observed for 14:0, 16:1 n-7, and 20:3 n-6 (P < 0.05).  

Fatty Acid Profile of Plasma Triacylglycerols 

 Plasma TAG results are reported in Table 3.8. Abomasal infusion of DHA linearly 

increased C22:6 n-3 (195%, 367%, 503%, P = 0.001). Treatment linearly reduced plasma content 

of 18:1 n-9 (P = 0.04) and linearly increased 18:0, 22:5 n-3, and 22:5 n-6 (P < 0.05). Increasing 

abomasal infusions of DHA reduced the ratio of n-6:n-3 (P < 0.001).  

Fatty Acid Profile of Plasma NEFA 

 NEFA results are reported in Table 3.9. We only detected 22:6 n-3 in a few samples 

(n=3). In the majority of samples it was below detectable limits. As a result we were unable to 

perform statistical analysis of 22:6 n-3 in NEFA. Abomasal infusion of DHA linearly decreased 
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12:0 (P = 0.03) and tended to linearly increase 18:0 (P = 0.10). Cubic effects were observed for 

16:1 n-7, 20:4 n-6, and total n-6 content in NEFA (P < 0.05).  

Milk Fatty Acid Contents and Yields 

 Milk FA contents are reported in Table 3.10.  Sources of FA were classified as de novo 

(< 16 carbons), mixed (16-carbon), and preformed (> 16 carbons). There were no effects of 

treatment on sources of milk FA. Increasing doses of DHA linearly increased 22:6 n-3 content 

(182%, 346%, 482%) and total n-3 content of milk fat (2%, 9%, 12%) (P < 0.01). The n-6:n-3 

ratio was linearly reduced by DHA treatment (2%, 9%, 12%) (P < 0.01). Abomasal infusion of 

DHA linearly increased milk FA content of both 22:5 n-6 and 22:5 n-3 (P < 0.01).  

 Yields of milk FA are reported in Table 3.11. There was no effect of treatment on yields 

of milk FA by source. Increasing abomasal infusion of DHA linearly increased the yields of 22:6 

n-3 (0.39, 0.72, 0.99 g/d; P < 0.01) and total n-3 in milk (0.36, 1.13, 1.00 g/d; P < 0.01). 

Treatment also linearly increased the yields of both 22:5 n-6 and 22:5 n-3 (P < 0.05). Abomasal 

infusion of DHA linearly reduced apparent transfer efficiency of DHA into milk from the 2 to 6 

g/d treatment based on the amount infused (28.8%, 22.8%, 19.7%; P < 0.0001) and on the 

amount absorbed (30.6%, 24.1%, 20.8%; P < 0.0001).  

Pearson Correlation Coefficients 

 The Pearson Square is shown in Table 3.12. DHA in total plasma lipids was positively 

correlated with DHA in plasma phospholipids (0.72, P < 0.01). Milk DHA content was 

positively correlated with DHA in plasma triacylglycerols (0.95, P < 0.01) and plasma 

phospholipids (0.81, P < 0.01). Absorbed DHA was positively correlated with the DHA in total 

plasma (0.42, P < 0.05), plasma PL (0.70, P < 0.01), plasma TAG (0.92, P < 0.01), and milk fat 

(0.93, P < 0.01).  
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Regression 

 Based on results in Table 3.12, we assessed linear relationships between several 

variables. We observed a positive linear relationship between DHA in plasma and plasma PL 

(Figure 3.1; R2 = 0.52; P < 0.0001), and DHA in plasma TAG and milk fat (Figure 3.2; R2 = 

0.89; P < 0.0001). Increasing DHA absorption was positively and linearly related to DHA 

content in milk fat (Figure 3.3; R2 = 0.86; P < 0.0001), plasma TAG (Figure 3.3; R2 = 0.85; P < 

0.0001), and plasma PL (Figure 3.3; R2 = 0.49; P < 0.0001). 

 
Discussion 

 To the best of our knowledge, no previous studies have examined the effect of increasing 

abomasal infusion doses of long-chain n-3 FA in dairy cows. Abomasal and duodenal infusions 

of algal and fish oil have been utilized previously (Rico et al., 2021; Castañeda-Gutiérrez et al., 

2007; Doreau & Chilliard, 1997), but none used doses as low as those in our current study, and 

only one of them examined a dose-response effect (Doreau & Chilliard, 1997). The doses of n-3 

FA from these studies were non-physiological as they exceed plausible delivery to the small 

intestine when translated to a feeding scenario. Rico et al. (2021) abomasally infused 143 g/d of 

DHA and measured effects on FA digestibility, plasma lipids, and milk FA. Castañeda-Gutiérrez 

et al. (2007) provided ~17 g/d of EPA and ~21 g/d of DHA either infused in the abomasum or 

rumen or fed as a calcium salt of fish oil and compared transfer efficiency of n-3 FA to milk fat 

(Castañeda-Gutierrez et al., 2007). Doreau and Chilliard (1997) duodenally infused fish oil to 

cows at doses of 185 (~30 g/d EPA, ~10 g/d DHA), 276 (~44 g/d EPA, ~15 g/d DHA), and 370 

(~59 g/d EPA, ~21 g/d DHA) g/d. Although these studies have provided valuable insights into 

how n-3 FA impact nutrient digestibility and milk fat, our objective was to determine the impact 
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of abomasal infusions of increasing doses of DHA to study the impact on cow physiology at 

amounts we feel could be supplied to dairy cows in a feeding scenario. 

The doses we chose were based on previous n-3 cow feeding studies, biohydrogenation 

estimates, and predicted metabolic requirements based on human literature recommendations. 

These doses reflect realistic levels that could be supplied to lactating dairy cows when feeding an 

n-3 FA supplement. Greco et al., (2015) fed 21.3, 14.9, and 10.0 g/d of EPA and DHA to 

lactating dairy cows in the form of a calcium salt of fish oil. These doses increased EPA and 

DHA in plasma and milk fat, indicating that some of the EPA and DHA escaped rumen 

biohydrogenation. There are very few studies examining duodenal flows of EPA and DHA. A 

meta-analysis by Jenkins and Bridges (2007) suggested that the degree of biohydrogenation of 

unsaturated FA is increased with increasing levels of unsaturation ruminal losses of ALA are 

estimated to be ~85% (Jenkins & Bridges, 2007). They also estimated that cattle fed control diets 

with no added fat only had ~ 5 g/d duodenal flow of ALA (Jenkins & Bridges, 2007). From these 

estimates, we determined that feeding approximately 20 g/d of EPA/DHA would result in post-

ruminal flow of 2-4 g/d of these n-3 FA. We also considered n-3 supplementation 

recommendations for humans when choosing our doses. While there are no NIH 

recommendations for EPA and DHA intakes, Calder et al., (2020) recommended 250 mg/d of 

EPA+DHA to support an optimally functioning immune system. Based on this recommendation, 

a 700 kg dairy cow would need approximately 2.5 g/d of post-ruminal EPA/DHA if the weight 

of the average dairy cow is 10 times the weight of the average human. Based on these different 

approaches, we are confident that our chosen doses of DHA (2, 4, & 6 g/d) provided a sound test 

of our hypothesis. 
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FA digestibility was high for all treatments at ~80%. This is likely due to the low FA 

content of our diet. We chose to provide no extra supplemental fat in the diet in order to avoid 

potential interactions with our infusion treatments, and our FA intakes were around 600 g/d. A 

meta-regression by Boerman et al. (2015) demonstrated that as total FA intake decreases, total 

FA digestibility increases. Control diets without supplemental fat tended to have the highest FA 

digestibility (Boerman et al., 2015). DHA digestibility was over 90% for all infusion treatments. 

There are few studies that have examined digestibility of DHA in dairy cows. When Rico et al. 

(2021) infused DHA at 143 g/d, they observed 22 carbon FA digestibility to be >99% (Rico et 

al., 2021). We acknowledge that this not directly comparable to our study since the infusion dose 

was much higher than ours. PUFA are more readily incorporated into micelles in the small 

intestine, and FA with higher degrees of unsaturation are more digestible (Pantoja et al., 1996; 

Boerman et al., 2015). Since UFA improve micelle formation, they can also increase digestibility 

of saturated FA as demonstrated by abomasal infusions of oleic acid (18:1n-9) (Prom et al., 

2021). Our DHA infusions did not improve digestibility of total FA, which is likely due to the 

low FA content of our diet and the fact that digestibility was already very high. Further research 

is needed to determine potential effects of DHA on digestibility of FA in higher fat diets. 

Although we did not observe any treatment effects on milk production responses, our 

study was not designed with production measures as the primary objective. With only 8 post-

peak cows in short term infusion periods, we did not expect DHA to impact the yields of milk or 

milk components as has been observed in studies that utilized early-lactation cows (Greco et al., 

2015; Sinedino et al., 2017). It is, however, important to note that we did observe a linear 

reduction in SCC, which was likely due to the anti-inflammatory effects of n-3 FA. In humans, 

supplementation with cod liver oil rich in EPA and DHA reduced neutrophil and monocyte 
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chemotaxis (Schmidt et al., 1989). Leukotrine B4 is a major signaling molecule that promotes 

neutrophil chemotaxis, and its production is reduced by n-3 PUFA supplementation (Sperling et 

al., 1993).  Somatic cells in the mammary gland of a healthy cow include macrophages as the 

dominant cell type, while neutrophils are the first and predominant responder to an immune 

challenge during early inflammation due to the production of chemotactic mediators (Riollet et 

al., 2000). In dairy cows, two studies have supplemented EPA and DHA during the dry period 

and observed reductions in SCC in the subsequent lactation (Jolazadeh et al., 2019; Badiei et al., 

2014). Our results and results from these studies warrant further investigation to the determine 

the effects of DHA and other n-3 FA on inflammatory responses and resolution of inflammation 

in dairy cows to maintain cow health and milk quality. 

Abomasal infusion of DHA increased the content of DHA in all plasma lipid fractions 

except for NEFA. DHA content in NEFA was below limits of detection, and we were unable to 

perform statistical analysis. The PL and CE lipid fractions account for the largest proportion of 

plasma FA in ruminants and serve as a mobile store for essential FA, while the TAG and NEFA 

fractions typically supply FA for secondary roles such as energy	storage,	milk fat secretion, or 

beta-oxidation (Jenkins et al., 1988; Christie, 1981). Previous studies have indicated that n-3 FA 

are preferentially incorporated into PL and CE fractions (Urrutia et al., 2023; Offer et al., 2001; 

dos Santos Neto et al., 2024). It is likely that ruminants do this to conserve essential FA in these 

low-turnover lipid fractions to prevent deficiency and offset the low availability of n-3 FA from 

the diet due to biohydrogenation (Caldari-Torres et al., 2016). In our study, we observed a 

significant linear increase of DHA in plasma PL. Directly supplementing DHA as a source of n-3 

FA may be beneficial to cows as abomasal infusions of 43 g/d of ALA for 20 d did not increase 

DHA content in plasma PL (dos Santos Neto et al., 2024). With 6 double bonds in the 
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hydrocarbon chain, DHA is used to increase cell membrane fluidity within different tissues and 

cell populations (Cook & McMaster, 2002; Arterburn et al., 2006). Of particular interest are the 

PL profiles of immune cell membranes, which influence the expression of pro- and anti-

inflammatory genes and proteins as well as synthesis of lipid mediators (Calder, 2008; Raphael 

& Sordillo, 2013). Higher n-3 content in immune cell PL promotes a more anti-inflammatory 

phenotype (Raphael & Sordillo, 2013). In humans, total plasma DHA content was positively 

correlated with DHA content in the cell membranes of peripheral blood mononuclear cells 

(PBMC) (Grindel et al., 2013). Providing more dietary n-3 FA to dairy cows and enriching the n-

3 FA content of PL in cell membranes may be beneficial during times of inflammatory 

challenges such as the transition period (Bradford et al., 2015). Although our treatments did 

increase the content of DHA in plasma CE, the content of DHA in this lipid fraction is very low, 

which is consistent with findings from other studies (Urrutia et al., 2023; Offer et al., 2001). One 

likely reason for this is that the lecithin cholesteryl ester acyl transferase (LCAT) enzyme 

responsible for synthesizing CE has a low affinity for DHA (Subbaiah et al., 1993).  

Abomasal infusion of DHA increased the content of DHA in plasma TAG. Since TAG is 

typically the first plasma lipid fraction that FA enter after absorption in the small intestine 

(Noble, 1981), it is unsurprising that increasing the absorption of DHA increased DHA 

enrichment in plasma TAG. It is unlikely that DHA remains in this fraction for very long after 

absorption as a singular bolus infusion of fish oil resulted in peak plasma TAG levels of DHA 6 

hours post-infusion, which returned to baseline levels 30 hours post-infusion (Urrutia et al., 

2023). Since we were infusing DHA every 6 hours for 11 d, we likely reached a steady state of 

DHA in TAG for each treatment during infusion periods. Without dietary supplementation of 

DHA, plasma TAG content of DHA is close to zero (Tyburczy et al., 2008). Our 0 g/d treatment 
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had 0.09 g DHA /100 g FA in plasma TAG, which is likely higher than most cows that are not 

supplemented with DHA due to the observed carryover effects and treatment by period 

interactions in the current study. 

The incorporation of DHA into milk fat was also increased with increasing DHA 

infusion. Although statistically significant, actual increases of DHA in milk fat were numerically 

small. The mammary gland obtains preformed FA from the blood and exhibits preferential 

uptake of FA from TAG compared to CE or PL. (Moore & Christie, 1981). The plasma TAG 

fraction is significantly smaller than the CE and PL fractions (Offer et al., 2001), so the total 

available DHA in TAG was very low, which likely limited the transfer of DHA into milk fat. 

Nevertheless, our results are consistent with other studies that reported transfer efficiencies for 

DHA of 18-25% into milk fat with abomasal infusions of fish oil (Castañeda-Gutierrez et al., 

2007; Urrutia et al., 2023). Our 2 g/d dose had a transfer efficiency of ~29% of DHA into milk 

fat while our 6 g/d dose had a transfer efficiency of ~20%.  

Although abomasal infusion of DHA increased DHA content in total plasma lipids, it did 

not increase total plasma n-3 content or alter the ratio of n-6:n-3. This could partially be due to 

the fact that the algal oil infusate contained ~13% of the n-6 FA docosapentaenoic acid (DPA; 

22:5 n-6). The abomasal infusion treatments linearly increased content of 22:5 n-6 in total 

plasma, plasma PL, and plasma TAG. Another explanation is that DHA infusion linearly 

increased LA (18:2 n-6) content in the CE fraction, and quadratically reduced ALA in both CE 

and PL. LA within CE makes up a substantial proportion of total plasma FA (Tyburczy et al., 

2008), so it is unsurprising that the n-6:n-3 ratio in total plasma lipids was unaffected. However, 

the mechanism of how this occurs is unknown. It is possible that DHA displaced some of the LA 

within cellular phospholipids and allowed for recycling of LA into circulation within CE. DHA 



 38 

infusion did reduce the n-6:n-3 ratio in plasma PL by 15% as it increased total n-3 FA content in 

this fraction. Future research is needed to understand the mechanisms behind these substitutions 

and relationships between CE and PL in dairy cows. 

We assessed linear relationships between several different variables including DHA 

absorption, total plasma DHA content, DHA content within TAG, PL, and CE, and milk DHA 

content. The goal of this analysis was to examine the efficacy of potential markers for DHA that 

could be used to estimate DHA absorption in future feeding studies and in commercial settings. 

Interestingly, milk DHA content was the variable most highly correlated with DHA absorption 

(0.93) although DHA in plasma TAG was similar (0.92). Since separating plasma lipid fractions 

is a time-consuming and difficult process, examining milk DHA content may be a viable method 

to estimate DHA absorption, especially since milk DHA content is minimal when cows are fed 

traditional dairy cow diets (Lock & Bauman, 2004). However, it may be easier to collect blood 

from individual cows on large dairy farms. DHA content in total plasma lipids was not as highly 

correlated with DHA absorption (0.42). Most plasma DHA was incorporated into the PL lipid 

fraction, and we analyzed the linear relationship between total plasma lipid DHA content and 

DHA content in plasma PL (0.72). Analyzing total plasma DHA content could be used to assess 

plasma PL content; however, milk DHA content had a stronger relationship with plasma PL 

DHA (0.80).  

While our study is novel, we acknowledge it has some limitations. By using mid-lactation 

cows, we were unable to examine the effect of DHA on dairy cows during an immunologically 

and metabolically challenging stage of lactation. Since one of the main goals of feeding n-3 FA 

is to reduce inflammation, we were not able to directly observe those effects since cows were in 

positive energy balance and not experiencing any major inflammatory challenges. Therefore, we 
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could not measure the true bioactive effect of DHA on production responses. Despite this 

limitation, effects on production responses were not our primary objective. We chose to use post-

peak cows in a Latin square design to reduce variation and the number of animals used while 

examining the effects of four different treatments. A major goal of our study was to assess low 

doses of DHA and determine potential markers for DHA absorption that could be used in future 

work. We acknowledge that this study design has some limitations since there was a potential for 

carryover effects. We attempted to minimize these effects with randomized treatment sequences, 

balancing treatment sequences for carryover effects, adjusting for treatment by period 

interactions in the statistical model, and using 10 d washout periods. We observed treatment by 

period interactions for several variables including DHA content in total plasma lipids, PL, TAG, 

and milk fat. Control cows in periods 2-4 had higher plasma and milk DHA content than the 

control cows in period 1. In our recent study, abomasal infusion of ALA for 20 d increased 

plasma PL and CE content of EPA, which had carryover effects that lasted for 20 d following 

cessation of infusions (dos Santos Neto et al., 2024). Nevertheless, the carryover effects we 

observed do not alter the interpretations of our study as we still observed strong linear 

relationships between infusion dose and DHA content in milk and plasma. Future research is 

warranted to examine effects of long-term abomasal infusions of DHA on enrichment of plasma 

lipid fractions and subsequent carryover effects. 

Conclusion 

Our results show that abomasal infusion of DHA in mid-lactation dairy cows at 2, 4, and 

6 g/d reduced SCC and increased DHA and total n-3 content in plasma phospholipids, plasma 

cholesterol esters, plasma triacylglycerols, and milk fat compared to a control treatment. Milk fat 

and plasma DHA content were highly correlated with DHA absorption and may be used as 
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markers to estimate DHA absorption in future studies. Our results can be used to better 

understand how DHA impacts dairy cow physiology to aid in the development of feeding 

recommendations to optimize cow health and productivity. Further research is needed to develop 

and assess rumen protection methods to deliver n-3 FA to the small intestine for absorption, and 

should also focus on developing feeding strategies to supply n-3 FA to cows during nutritionally 

and immunologically challenging stages such as the transition period.  
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CHAPTER 4 

EFFECT OF FEEDING A CALCIUM SALT ENRICHED IN EPA AND DHA TO DAIRY 

COWS DURING THE LATE PREPARTUM AND EARLY POSTPARTUM PERIOD ON 

MILK PRODUCTION RESPONSES AND MILK FATTY ACID PROFILES 

Abstract 

Our objective was to evaluate the effect of supplemental omega-3 fatty acids (FA) during 

the close-up and fresh period on production responses and metabolites in early lactation dairy 

cows. Thirty-five multiparous cows were used in a randomized incomplete block design. 

Treatments were: 1) a control diet containing a calcium salt of palm oil fed during the close-up 

and fresh periods at 0.59% and 0.58% of diet DM, respectively (CON); 2) a diet containing a 

calcium salt enriched in EPA and DHA fed during the close-up and fresh periods at 0.86% and 

0.87% of diet DM, respectively (N3). Close-up period treatment diets were fed beginning 21 

days prior to due date. After calving, cows were fed the fresh period treatment diets for 23 days. 

All cows were switched to a common diet after the fresh period to evaluate carryover effects. 

The statistical model included random effects of block, cow nested within block and treatment, 

and Julian date and fixed effects of treatment, time, and the interaction of treatment and time. 

Results are presented in the following order: CON, N3. There was no effect of treatment on 

DMI, milk yield, BCS, or BW during the fresh period. N3 reduced milk fat yield (2.12, 1.94 

kg/d; P = 0.05) and tended to reduce milk fat content (4.91, 4.66%; P = 0.10) and yields of ECM 

(52.7, 49.7 kg/d; P = 0.10) and FCM (53.1, 49.7 kg/d; P = 0.09) during the fresh period. No main 

effects of treatment were observed during the carryover period on milk production results, but 

treatment interacted with time for N3 to reduce milk fat yield and milk fat content during weeks 

4 and 5 of lactation. There were no effects of treatment on plasma concentrations of insulin, 
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glucose, NEFA, or BHB. N3 reduced the yields of de novo (416, 375 g/d; P = 0.01) and mixed 

(663, 584 g/d; P < 0.01) milk FA sources during the fresh period. N3 also increased milk EPA 

(0.03, 0.07 g/100 g FA; P < 0.0001) and DHA content (0.00, 0.05 g/100 g FA). In conclusion, 

feeding a calcium salt enriched in EPA and DHA to dairy cows during the 3 weeks before and 3 

weeks after parturition did not impact DMI or yields of milk but decreased milk fat yield during 

the fresh period and first two weeks of the carryover period and tended to decrease ECM and 

FCM yields. 

Introduction 

 Defined as the 3 weeks before and 3 weeks after parturition, the transition period of dairy 

cows is marked by negative energy balance where nutrient intake is exceeded by the dramatic 

increase in demand for energy and nutrients to support milk production (Drackley, 1999). In 

addition to negative energy balance, periparturient cows also experience systemic inflammation, 

which has been linked to increased disease risk and decreased whole-lactation milk production 

(Bradford et al., 2015). Strategies such as the use of non-steroidal anti-inflammatory drugs have 

been shown to reduce inflammation post-calving and increase whole-lactation milk production 

(Carpenter et al., 2016). This has led to research focused on nutritional strategies to reduce the 

negative effects of inflammation in transition dairy cows. Some nutritional strategies that have 

been investigated in transition cows include methyl donors such as choline and methionine, live 

yeast and yeast-based products, and bioactive phytoproducts from plants (Lopreiato et al., 2020). 

 The bioactive omega-3 (n-3) fatty acids (FA), eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA), exhibit anti-inflammatory properties and have been studied 

extensively in multiple species, particularly in humans and rodent models as well as cell culture 

(Palmquist, 2009). Supplementing these polyunsaturated FA (PUFA) has been shown to reduce 
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leukocyte chemotaxis, decrease production of pro-inflammatory eicosanoids and inflammatory 

cytokines, and increase production of pro-resolving lipid mediators such as resolvins, protectins, 

and anti-inflammatory endocannabinoids (Calder, 2013; Zaloga, 2021). This has led to interest in 

examining potential benefits of n-3 FA in dairy cattle. Greco et al., (2015) altered the dietary 

ratio of n-6:n-3 FA and observed an increase in FCM yield when cows were fed a diet with the 

highest n-3 content from 14-104 DIM.  

Increases in the yields of milk and milk components could be due to an increase in 

nutrient partitioning to milk production as a result of a reduction in energy and nutrient 

expenditure for immune activation and maintenance of a proinflammatory state. A review by 

Lochmiller and Deerenberg (2000) proposed that immune activation increases energetic costs 

anywhere between 10-40% as a percentage of basal metabolic rate, and over 1 kg of glucose is 

estimated to be utilized within 12 hours in the activated immune system of the dairy cow 

(Kvidera et al., 2016). Therefore, immune activation redirects nutrient partitioning away from 

milk production, and regulating inflammation in the dairy cow could help to alleviate some of 

these potential limitations (Bradford et al., 2015). For example, feeding 10 g/d of DHA to dairy 

cows from 27-147 DIM increased milk yield and improved reproductive performance (Sinedino 

et al., 2017). 

 Despite the potential of feeding EPA and DHA to transition cows, very few studies 

investigating these FA have been reported during this period. Most studies started 

supplementation after 14 DIM (Greco et al., 2015; Silvestre et al., 2011; Sinedino et al., 2017). 

Some studies investigated n-3 FA supplementation during the dry period (Jolazadeh et al., 2019; 

Badiei et al., 2014), but did not examine subsequent effects of postpartum supplementation with 

EPA and DHA. To the best of our knowledge, no studies have investigated whether feeding EPA 
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and DHA during the transition period has carryover effects into peak lactation. Therefore, the 

objective of our study was to determine the effect of feeding a calcium salt rich in EPA and DHA 

to dairy cows during the 3 weeks before and 3 weeks after calving on milk production responses 

and milk FA and evaluate carryover effects into peak lactation post-supplementation. We 

hypothesized that feeding EPA and DHA to dairy cows during the transition period would 

increase yields of milk and milk components in the fresh and carryover period and increase n-3 

FA content in milk. 

Materials and Methods 

Animal Housing and Care 

 This is the first paper from an experiment that evaluated the effects of feeding a calcium 

salt enriched in EPA and DHA to dairy cows during the close-up and fresh periods. This paper 

describes the effect of these diets on DMI, yield of milk and milk components, plasma 

metabolites, and milk FA profiles. Our companion papers (Reisinger et al., unpublished; 

Contreras et al., unpublished) describe effects on immune parameters, reproductive measures, 

oxylipid profiles, and gene expression and insulin sensitivity in adipose tissue.  

All experimental protocols were approved by the Institutional Animal Care and Use 

Committee at Michigan State University, East Lansing. The study began on September 13, 2023, 

and ended on April 12, 2024. Cows were housed in individual tie stalls throughout the 

experiment and milked thrice daily (0400, 1200, and 2000 h). Access to feed was blocked from 

0600 to 0800 h for collection of orts and offering of new feed. Feed intake was recorded, and 

cows were offered 115% of expected intake at 0800 h daily. Water was available ad libitum in 

each stall, and stalls were bedded with sawdust and cleaned thrice daily. Standard reproduction 

and herd health protocols were maintained throughout this study. 
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Study Design and Treatment Diets 

 Thirty-six Holstein cows from the Michigan State University Dairy Cattle Teaching and 

Research Center were used in a randomized complete block design. Cows were blocked into 18 

blocks by previous lactation 305-d mature-equivalent milk yield (within 1,500 kg), BCS at ~28 d 

before expected parturition date (up to 0.50-unit difference), and parity (up to 2 lactation 

difference). We had 3 distinct feeding phases in our study. The close-up (CU) period started 21 

days before expected calving date. The fresh (FR) period started after calving and lasted for 23 d. 

The carryover (CO) period started at 24 DIM and lasted until 63 DIM during which all cows 

were fed a common diet. Cows within each block were randomly assigned to 1 of 2 treatments 

fed in the CU and FR periods. The treatments were: (1) control (CON) diet containing a calcium 

salt of palm FA containing no EPA or DHA (0.59% diet DM CU; 0.58% diet DM FR) (n=18) (2) 

diet supplemented with a calcium salt containing EPA and DHA (0.86% diet DM CU; 0.87% diet 

DM FR) (N3) (n=18). Treatment groups were not different in terms of 305-d mature-equivalent 

yield (P = 0.29; 12564 ± 1881 kg)	or BCS (P = 0.65; 3.34 ± 0.17) pre-calving. Cows were 

removed from the study if they were on the CU treatment diet for < 14 d or >28 d. Cows were 

fed typical CU and FR diets that were supplemented with 2 different commercially available 

calcium salts which were provided in concentrate mixes for the CU (Table 4.1) and FR diets 

(Table 4.2). Treatment diets were mixed daily in a tumble-mixer. The ingredient and nutrient 

composition of all diets are described in Table 4.3. All rations were formulated to meet or exceed 

predicted animal requirements according to NASEM (2021). Dry matter concentration of forages 

was determined twice weekly, and diets were adjusted when necessary. From this point forward, 

the acronyms CON and N3 will be used to refer to the treatment diets, and n-3 will be used to 

refer to omega-3 FA. 
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Data and Sample Collection 

 All samples and body measurements were collected or recorded on the same day of the 

week, so all collection days are ± 2 d relative to parturition. Colostrum yield was recorded, and 

samples were taken at first milking within 6 hours after calving. Feed intake and milk yield were 

recorded daily throughout the entire experiment. Samples of feed ingredients and orts from each 

cow during the CU and FR periods were collected once per week during the experiment and 

stored in plastic bags at -20°C until processed. Milk samples were collected twice weekly during 

the fresh period at each milking. Samples were collected with preservative (Bronolab W-II 

liquid, Advanced Instruments, Norwood, MA) and stored at 4ºC for milk component analysis. 

Additional milk samples were collected at 7, 14, and 21 DIM and stored at -20ºC for milk FA 

analysis. During the carryover period, milk samples were collected once weekly at each milking 

for milk component analysis. Body weight was recorded at parturition and subsequently recorded 

3 times per week postpartum. Body condition was scored weekly after calving (starting at 3 

DIM) by 3 trained investigators on a 5-point scale as described by Wildman et al. (1982). Blood 

samples were collected at 21 d prepartum before treatment diets began, at 10 d prepartum, and at 

3, 7, 14, 21, and 42 DIM. After collection, blood samples were centrifuged at 3,000 x g for 15 

min at 4ºC for plasma extraction. Plasma was stored at -20ºC until further analysis.  

Sample Analysis 

Feed and orts samples were dried in a 55°C forced-air oven for 72 h, and DM content was 

calculated. Before drying, feed ingredients were composited by month. Feed samples were ground 

in a Wiley mill (1 mm screen; Arthur H. Thomas, Philadelphia, PA), and analyzed for NDF, starch, 

CP, and FA profile according to Boerman et al. (2017). Milk samples were analyzed for fat, true 

protein, lactose, SCC, and milk urea nitrogen (MUN) by mid-infrared spectroscopy (AOAC, 1990, 



 47 

method 972.160; Central Star DHI, Grand Ledge, MI). Yields of 3.5% FCM (FCM), energy-

corrected milk (ECM), and milk components were calculated from each milking using milk yield 

and component concentration, summed for a total daily yield, and averaged for each week. Milk 

samples used for FA analysis were composited by day and cow based on milk fat yield. Milk lipids 

were extracted and FA methyl esters prepared and analyzed by gas chromatography as described 

by Lock et al. (2013).  

 Plasma metabolites were measured at 3, 7, 14, and 21 DIM. Plasma insulin was analyzed 

using a bovine-specific ELISA (no. 10-1201-01; Mercodia). Plasma glucose (catalog no. 997-

03001; Fujifilm), BHB (H7587-01-962; Pointe Scientific, Inc), and NEFA (633-52001; Fujifilm 

Wako) were analyzed using enzymatic methods.  

Statistical Analysis 

 We removed one cow from analysis due to an early calving date. Data were analyzed 

separately for the CU, FR, and CO periods. All weekly data were analyzed using the GLIMMIX 

procedure of SAS (Version 9.4, SAS Institute Inc.) according to the following model: 

Yijklm = μ + Tk +Wj + TkWj + Bi + C(BiTk)l + Jm + eijklm 

Where μ = overall mean, Tk = fixed effect of treatment, Wj = fixed effect of week, TkWj = fixed 

effect of interaction between treatment and week, Bi = random effect of block, C(BiTk)l = random 

effect of cow nested within block and treatment, Jm = random effect of Julian date, and eijklm = 

residual error. DMI for the close-up period was analyzed using days prepartum as the fixed effect 

of time rather than the effect of week. The model did not include the effect of time for variables 

recorded once per period. 

 The covariance structure used for weekly analysis was the first-order autoregressive 

structure because it resulted in the lowest Bayesian information criterion for most variables. The 
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spatial power covariance structure was used for plasma metabolite data because the time between 

some measurements was not equal. The VC covariance structure was used for DMI during the 

CU period because it was the only covariance structure that would run for that variable. Pre-

calving BCS was used as a covariate for post-calving BCS and BCS change while BW at calving 

was used as a covariate for post-calving BW and BW change. BW change was calculated using 

regression analysis of BW recorded 3x per week. BCS change was calculated using regression 

analysis of average BCS from each week of lactation. Normality of residuals was checked with 

normal probability and boxplots and homogeneity of variances with box plots with plots of 

residuals versus predicted values. Effects were declared significant at P ≤ 0.05 for main effects 

and P ≤ 0.10 for interactions while tendencies were declared at P ≤ 0.10 for main effects and P ≤ 

0.15 for interactions. When interactions were P ≤ 0.15, the slice option was used to evaluate 

treatment effects within week. 

Results 
Close-up Period DMI  

There was no effect of treatment for DMI during the CU period (P = 0.78). Average DMI 

for CON was 15.9 kg/d and average DMI for N3 was 15.7 kg/d (SEM = 0.57 kg/d). The effect of 

time was significant (P < 0.0001), but there was no treatment by time interaction (P = 0.45). 

Fresh Period Production Data 

 Production results from the FR period are reported in Table 4.5. N3 reduced colostrum 

yield at first milking (1.2 kg, P = 0.05). There was no effect of treatment on milk yield (P = 0.81) 

or DMI (P = 0.62). N3 tended to reduce FCM (3.4 kg/d, P = 0.09) and ECM yield (3.0 kg/d P = 

0.10). N3 also reduced milk fat yield (0.18 kg/d, P =0.05, Figure 4.1) and tended to reduce milk 

fat content (0.25%, P = 0.10, Figure 4.2). There was no effect of treatment on milk protein yield, 

SCC, BW, or BW change. Treatment tended to interact with time for BCS as N3 increased BCS 
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during the second week of lactation (P = 0.13, Figure 4.3), but not during the other weeks. BCS 

change was not affected by treatment. 

Carryover Period Production Data 

 Production results from the CO period are reported in Table 4.6. A treatment by time 

interaction was observed for DMI (P = 0.07) where N3 tended to reduce DMI in week 9 by 1.0 

kg/d, but there were no treatment differences for the other weeks during the CO period. 

Treatment interacted with time to impact milk fat yield (P = 0.10, Figure 4.1) and milk fat 

content (P < 0.01, Figure 4.2). N3 reduced milk fat yield and content during weeks 4 and 5 of 

lactation. From weeks 6-9, there were no significant differences in milk fat yield and milk fat 

content between N3 and CON. There was no effect of treatment on the yields of milk, milk 

protein, FCM, or ECM, BW, BW change, BCS, or BCS change (P > 0.20).  

Plasma Metabolites 

 Plasma content of insulin, glucose, NEFA, and BHB are reported in Table 4.7. N3 did not 

impact plasma concentrations of insulin, NEFA, and BHB during the fresh period. We observed a 

treatment by time interaction for plasma glucose where N3 reduced plasma glucose 

concentrations at d 14 (P < 0.01). 

Milk FA Contents and Yields 

 Milk FA contents are reported in Table 4.8. Sources of FA were classified as de novo (< 

16 carbons), mixed (16-carbon), and preformed (> 16 carbons). Treatment did not affect sources 

of milk FA. N3 increased milk fat content of most trans 18:1 isomers (trans-6-8 C18:1, trans-9 

C18:1, trans-11 C18:1 P < 0.01) and increased milk fat content of cis-9, trans-11 C18:2. N3 

increased milk fat concentrations of C20:5 n-3 and C22:5 n-3 (P < 0.0001). A treatment by time 

interaction was observed for trans-10 C18:1 where N3 increased its concentration during week 3 
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(Figure 4.4). Milk fat concentrations of C22:6 n-3 were below detectable limits for most cows on 

the control treatment. Because of this, we were unable to achieve normality when performing our 

statistical test, so only the means and standard error of the mean are reported for this FA. N3 

increased milk fat content of C22:6 n-3 (0.05 g/100 g FA). N3 treatment also increased milk fat 

content of total n-3 FA and reduced the ratio of n-6:n-3 in milk fat (P < 0.0001). 

 Milk FA yields are reported in Table 4.9. N3 reduced the yields of de novo (41 g/d; P = 

0.01) and mixed FA (79 g/d; P < 0.01). There was no effect of treatment on the yield of 

preformed FA (P = 0.14). N3 increased the yields trans-9 C18:1, trans-11 C18:1, and cis-9, 

trans-11 C18:2 (P < 0.01) and tended to increase yields of trans-6-8 C18:1 and trans-10 C18:1 

(P < 0.10). N3 reduced milk FA yields of C16:0, cis-9 C18:1, C18:2 n-6, C18:3 n-3, and total n-6 

(P < 0.05) and increased the yields of C20:5 n-3, C22:5 n-3 (P < 0.0001), and C22:6 n-3 (0.88 

g/d).  

Discussion 

 To the best of our knowledge, our study is the first to feed a calcium salt enriched with 

EPA and DHA to dairy cows in the 3 weeks before and 3 weeks after calving and subsequently 

examine carryover effects through peak lactation. Some studies have examined feeding EPA and 

DHA during the dry period (Jolazadeh et al., 2019; Badiei et al., 2014), and others have fed n-3 

FA during early lactation (Heravi-Moussavi et al., 2007; Hostens et al., 2011; Swanepoel & 

Robinson, 2020) although many did not start until after the first 2 weeks of lactation (Greco et 

al., 2015; Sinedino et al., 2017; Juchem et al., 2008; Silvestre et al., 2011). One study did feed 

unprotected fish oil to dairy cows during the same time period that we chose, but their feeding 

rates were very high (~130 g/d EPA & DHA) and induced milk fat depression (MFD) (Mattos et 

al., 2004). A recent abstract fed cows a calcium salt of fish oil similar to the supplement we used 
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during the close-up and immediate postpartum periods to evaluate potential interactions with 

supplemental rumen-protected methionine, but they did not evaluate subsequent carryover effects 

and only fed ~1 g/d during the prepartum period and ~6 g/d of EPA and DHA during the fresh 

period (France et al., 2022). Therefore, we saw a need to examine the effects of feeding a 

calcium salt enriched in EPA and DHA to cows during the transition period and evaluate 

potential carryover effects. We formulated our diets to feed ~18 g/d of EPA and DHA during the 

CU period and ~26 g/d during the FR period. 

 Our treatment diets were very similar and were typical for close-up and fresh diets fed in 

the Midwestern United States. The only difference was the inclusion of the 2 different calcium 

salts. We chose to formulate our diets in a way to balance the FA profile as much as possible. In 

order to achieve this, we used different inclusion levels for our calcium salts since they were 2 

commercially available products and not custom FA blends. We were particularly interested in 

keeping the ratio of palmitic acid (16:0) to oleic acid (18:1n-9) as similar as possible. Previous 

work from our lab has shown that the ratio of palmitic to oleic acid has significant impact on cow 

productivity, particularly in transition cows (de Souza et al., 2021) and high-producing cows (de 

Souza et al., 2019; Western et al., 2020). The CON FR diet was formulated to provide ~190 g/d 

of palmitic acid and ~170 g/d of oleic acid while the N3 FR diet was formulated to provide ~170 

g/d of palmitc acid and ~165 g/d of oleic acid. This resulted in ratios of palmitic:oleic to be 1.1 

and 1.0 for CON and N3, respectively. These ratios were similar for the CU diets, but the FA 

intakes were lower. After taking the ratio of palmitic to oleic into account, we chose a target 

feeding rate of EPA and DHA. We chose our feeding rate based on previous feeding studies with 

n-3 FA (Greco et al., 2015; Heravi-Moussavi et al., 2007) where feeding ~20-25 g/d of EPA and 

DHA resulted in higher yields of milk and milk fat. Our previous dose-response study with 
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abomasal infusions of DHA described in Chapter 3 also informed our targeted post-ruminal 

supply of n-3 FA. For this study, we aimed to feed ~18 g/d and ~26 g/d of EPA and DHA during 

the CU and FR periods, respectively, to target a post-ruminal supply of 4-5 g/d. This feeding rate 

assumes an 80% biohydrogenation rate (Palmquist, 2009; Jenkins & Bridges, 2007). These 

considerations led us to formulate our diets with calcium salt inclusion rates of 0.58% diet DM 

for the CON diet, and 0.85% diet DM for the N3 treatment diet. Total dietary FA contents were 

similar between the two treatment groups at ~3.0% for the CU diets and ~3.7% for the FR diets.  

 A major concern when feeding PUFA is their delivery to the small intestine and 

subsequent absorption. Since ~70-90% of dietary PUFA are biohydrogenated in the rumen 

(Palmquist, 2009; Jenkins & Bridges, 2007), this limits the amount of PUFA that can be 

delivered to the cow. We examined the FA profile of milk from our experimental cows, and our 

N3 treatment increased milk EPA and DHA content by 0.04 and 0.05 g/100 g FA, respectively, 

compared to control. These results indicate we were able to successfully deliver some of our EPA 

and DHA treatments to the cow and are consistent with other studies that examined milk FA 

profile after feeding a calcium salt of fish oil (Greco et al., 2015; Juchem et al., 2008; Bilby et 

al., 2006). A challenge in our study - along with most other transition cow studies - was that we 

were not able to measure how much EPA and DHA were delivered to the small intestine. Since 

cows on our control diet had below detectable levels of DHA in milk, we can estimate DHA 

absorption using milk DHA content as a marker of post-ruminal DHA delivery. Cows on our N3 

treatment had milk DHA content of 0.05 g/100 g FA. Considering results from our DHA 

abomasal infusion study where milk DHA content was positively correlated with DHA 

absorption (0.93), we can estimate that our N3 treatment successfully delivered ~3 g/d of DHA 

to the small intestine during the FR period. If we assume that biohydrogenation rates of EPA are 



 53 

similar, we likely also delivered ~3 g/d of EPA post-ruminally. If we assume biohydrogenation 

rates during the CU period were similar to those in the FR period, we can estimate that we 

delivered ~4 g/d of EPA and DHA to the small intestine for absorption since inclusion levels of 

the calcium salts were similar and DMI during the CU period was 70% of DMI during the FR 

period. 

 Feeding a calcium salt enriched in EPA and DHA to dairy cows during the CU period 

reduced colostrum yield by over 1 kg compared to a calcium salt of palm oil. On a percentage 

basis, this was a dramatic decrease of ~33%. Since limited research has been performed feeding 

EPA and DHA to dairy cows during the dry period, not much is known about effects on 

colostrum synthesis. Jolazadeh et al. (2019) did not observe any effects of EPA and DHA on 

colostrum yield compared to a calcium salt of soybean oil or a non-fat supplemented control. We 

plan to analyze colostrum composition and FA profile from this study before drawing further 

conclusions on how EPA and DHA may affect colostrum synthesis in cattle.  

 We did not observe any treatment effects on milk yield, which is contrary to previous 

studies that observed increases in milk yield with n-3 FA supplementation (Greco et al., 2015; 

Heravi-Moussavi et al., 2007; Sinedino et al., 2017). One explanation may be due to our feeding 

rates of n-3 being different from other studies. Sinedino et al. (2017) provided 10 g/d of DHA 

while feeding an algae product, and the DHA treatment increased milk yield compared to 

control. Greco et al. (2015) provided three treatments at differing levels of EPA and DHA that 

supplied ~21, ~15, and ~10 g/d of EPA and DHA and the treatment providing the most n-3 FA 

resulted in the highest milk yield. Our target feeding rate was ~26 g/d of EPA and DHA. Another 

explanation could be timing of supplementation. Greco et al. (2015) did not start feeding n-3 FA 

until 14 DIM, while Sinedino et al. (2017) started feeding at 27 DIM. Heravi-Moussavi et al. fed 
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EPA and DHA at ~25 g/d starting at 5 DIM. These studies also did not provide EPA and DHA 

during the close-up period like we did. France et al. (2022) did provide EPA and DHA during the 

close-up period, and also did not observe an increase in milk yield, which agrees with our results. 

A third explanation may relate to different control treatments used. The diets in Greco et al. 

(2015) all had differing blends of calcium salts of palm oil, safflower oil, and fish oil that altered 

the dietary FA profile. All of their diets provided EPA and DHA, since their study focused on the 

dietary ratio of n-6:n-3 (Greco et al., 2015). Sinedino et al. (2017) provided their treatments in a 

robot milking parlor, so their control treatment was simply a pellet with no algae or FA 

supplement. Heravi-Moussavi et al. (2007) used a calcium salt of palm oil as their control similar 

to what we used. The underlying mechanisms of how timing of n-3 FA supplementation and 

feeding rates affect milk yield are unclear, and more research is needed to better understand this.  

 Feeding supplemental EPA and DHA to cows during the close-up and fresh period 

reduced milk fat yield during the fresh period and tended to reduce yields of ECM and FCM. It is 

not unusual to see a reduction in milk fat when feeding supplemental n-3 FA, especially when 

unprotected (Donovan et al., 2000; Mattos et al., 2004). Castañeda-Gutiérrez et al. (2007) 

demonstrated that feeding a calcium salt of fish oil reduced the negative impacts of a ruminal 

infusion of fish oil on milk fat content and yield. In our study, N3 reduced yields of de novo and 

mixed FA in milk. Most de novo FA are derived from acetate and butyrate production in the 

rumen from microbial fiber digestion. Approximately half of mixed FA (C16:0) are also derived 

from de novo FA synthesis (Mansbridge & Blake, 1997). Providing fish oil to dairy cows has 

been shown to reduce the yield of de novo and mixed FA in milk (Loor et al., 2005). Although 

calcium salts are intended to release FA more slowly at rumen pH (Jenkins & Palmquist, 1984), 

it has been observed that calcium salts of longer chain FA tend to dissociate more easily (Sukhija 
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& Palmquist, 1990). Therefore, the protection of PUFA is not as effective compared to calcium 

salts of palm oil high in oleic acid (Jenkins & Bridges, 2007). 

Feeding increased levels of PUFA can shift rumen biohydrogenation pathways, which 

leads to the production of 18-carbon FA trans isomers that can induce MFD by inhibiting milk 

fat synthesis (Griinari et al., 1998; Bauman et al., 2011). EPA and DHA in particular increase 

production of 18-carbon FA trans isomers as they act to inhibit the final biohydrogenation step 

from trans C18:1 to C18:0 (Toral et al., 2017). The most potent inhibitor of milk fat synthesis is 

trans-10, cis-12 C18:2 conjugated linoleic acid (CLA) (Baumgard et al., 2000). Although we did 

not detect this CLA isomer in the milk fat of our treatment cows, we did detect greater levels of 

several trans C18:1 isomers in milk of our treatment cows, indicating shifts in biohydrogenation 

pathways. This is consistent with Juchem et al. (2008) who fed a calcium salt enriched with EPA 

and DHA to dairy cows. Swanepoel and Robinson (2020) fed a fish oil supplement providing 

~11 g/d of EPA and DHA and observed similar reductions in milk fat yield with increased milk 

fat content of trans C18:1 isomers. Similar to our study, they did not observe changes in milk fat 

content of trans-10, cis-12 C18:2 CLA (Swanepoel & Robinson, 2020). Trans-10 C18:1 can be 

used as a marker for mild MFD as reduction in milk fat is highly correlated with milk fat content 

of this FA (Bauman et al., 2011; Lock et al., 2007). We observed a treatment by time interaction 

for this isomer where N3 increased its content in milk fat during week 3, which may indicate a 

build-up of biohydrogenation intermediates over time. N3 also increased the yield of this FA in 

milk.  

To meet increased nutrient demands at the onset of lactation, transition dairy cows 

mobilize adipose tissue (Contreras & Sordillo, 2011). Some nutritional interventions such as 

increasing dietary content of oleic acid during the transition period can reduce lipolysis and body 
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weight loss compared to diets higher in palmitic acid (de Souza et al., 2021) Abomasal infusion 

of oleic acid also improved insulin sensitivity and reduced lipolysis in adipose tissue of 

periparturient dairy cows (Abou-Rjeileh et al., 2023). During this period of negative energy 

balance, cows experience impaired insulin sensitivity in adipose tissue, which reduces plasma 

insulin concentrations and increases plasma NEFA levels (Herdt, 2000). Supplementing n-3 FA 

can increase insulin sensitivity and reduce lipolysis and inflammation in adipose tissue (Sinha et 

al., 2023). Although we did see a tendency for an interaction between treatment and time for 

BCS at week 2 indicating that our N3 cows may be losing less body condition compared to our 

control cows, we observed this difference for only one week of the study, and we did not see any 

differences in plasma NEFA. We also did not see differences in BW, BW change, insulin levels, 

or preformed milk FA. Based on these results, we do not think that the reduction in milk energy 

output from feeding EPA and DHA was a result of reducing lipolysis or altering adipose tissue 

biology. The reduction in milk fat yield is better explained by production of trans 18:1 

biohydrogenation intermediates in the rumen since the reductions in milk fat yield were de novo 

and mixed FA sources and not preformed FA. 

The decreases in milk fat yield resulted in a tendency for our N3 treatment to reduce 

ECM and FCM yield during the FR period. Since ECM and FCM are calculated from milk yield 

and component contents, it is unsurprising that we observed these results. Effects of feeding EPA 

and/or DHA to early lactation dairy cows on ECM and FCM have varied depending on how milk 

fat synthesis and milk yield were affected. Greco et al., (2015) observed increases in both milk 

yield and fat yield, which subsequently increased FCM yield in a diet higher in n-3 content. 

Sinedino et al. (2017) observed no changes in ECM or FCM when feeding an algae supplement 

due to a reduction in milk fat content and an increase in milk yield. Hostens et al., (2011) also 
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fed algae to cows and observed no changes in fat- and protein-corrected milk yield during the 

first 12 weeks of lactation since algae supplementation increased milk yield but decreased milk 

fat content and yield.  

We observed an interaction of treatment and time during the CO period for milk fat yield 

and content. At weeks 4 and 5 of lactation, CON continued to maintain higher milk fat yields 

compared to our N3 treatment despite all cows being fed a common diet. From week 6 onward, 

there were no treatment differences in milk fat yield and content. Since cows normally recover 

from MFD 2-3 weeks after induction (Rico & Harvatine, 2013), we expected milk fat yields 

from the N3 treatment group to increase around week 6 or 7 following the removal of EPA and 

DHA from the diet. Despite this hypothesis, we did not see this effect. Our CO effects indicate 

that our N3 treated cows may have synthesized less milk fat than expected due to the removal of 

the calcium salt. The N3 calcium salt provided palmitic acid, which is beneficial to increasing 

milk fat production (dos Santos Neto et al., 2021). Our CO results also indicate that the FA 

profile of our control fat supplement may have been more optimal to support milk fat production 

than our N3 supplement. FA supplementation during the immediate postpartum can affect 

subsequent lactation performance as demonstrated by de Souza et al. (2021). Carryover effects 

on milk production may be explained by increases in mammary cell number (Akers, 2002) or 

cell secretory activity (Nørgaard et al., 2005). After 2 weeks without the FA supplement, our 

CON treated cows had lower yields of milk fat and were similar to the milk fat yields of our N3 

treated cows, which were consistent over time. This suggests that removing the FA supplement 

rich in palmitic and oleic acid had detrimental effects on milk fat yield. More research on FA 

supplementation during the transition period and subsequent carryover effects is needed to better 

understand these results. 
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A limitation of our study is that the inclusion levels of our calcium salts were different 

across treatments. We acknowledge that this could have affected our results. As previously 

explained in this discussion, we chose to use different inclusion levels in order to balance FA 

profiles as much as possible. Despite this decision, we did not observe major treatment 

differences in FA intakes. Total FA content was 3.67% diet DM for CON and 3.75% for N3, and 

mean DMI was the same for both treatments at 22.3 kg/d. Another limitation of this study is that 

we did not evaluate digestibility, which would have given us a more accurate idea of FA intake 

and absorption to better interpret our results. Evaluating nutrient digestibility may have also 

helped us to better explain our results since our treatment did not impact DMI or BW change but 

did impact milk energy output.  

Our next steps include looking at immune and reproductive effects from this study as 

well as adipose tissue gene expression and insulin sensitivity, which will be reported in separate 

papers. Results from previous studies have indicated a need for n-3 FA to reduce inflammation 

and improve reproductive performance in dairy cows (Greco et al., 2015; Sinedino et al., 2017). 

If our results did reduce inflammation, the spared nutrients did not go towards supporting milk 

production. The results from these analyses will help us to determine future work in order to 

provide blends of FA that can optimize supply of biologically important FA so that we can 

improve immune function and reproductive performance of dairy cows without sacrificing 

production of milk and milk components.  

Conclusion 

In conclusion, feeding a calcium salt enriched in EPA and DHA to dairy cows during the 

close-up and fresh period did not affect DMI or milk yield, but reduced milk fat yield in the fresh 

period and early carryover period compared to feeding a calcium salt of palm oil. Our EPA and 
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DHA treatment also tended to reduce yields of colostrum, ECM, and FCM during the fresh 

period. Feeding EPA and DHA increased milk n-3 content. Future research should focus on 

optimal timing of n-3 FA supplementation and feeding rates as well as examining effects of n-3 

FA on nutrient digestibility.  
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CHAPTER 5 

CONCLUSION 

 The long-chain n-3 FA, EPA and DHA, are conditionally essential nutrients that play 

important roles in the immune and reproductive systems. Supplementing these FA to dairy cows 

may be beneficial, but also presents several challenges. Understanding optimal feeding and 

delivery rates of these FA are of primary interest. Other key areas of focus include investigating 

how n-3 FA are transported in the blood and how they affect digestibility of nutrients and 

transition cow productivity and health. To our knowledge, no studies have investigated 

increasing abomasal infusion doses of DHA in dairy cows or potential in vivo markers to 

estimate DHA absorption. We are also not aware of any studies that have supplemented EPA and 

DHA to dairy cows during the close-up and fresh periods and evaluated carryover effects through 

peak lactation. Therefore, the objective of our studies was to evaluate the effects of increasing 

abomasal infusion doses of DHA on plasma lipids, milk FA, nutrient digestibility, and milk 

production responses in dairy cows, and to evaluate the effects of feeding a calcium salt enriched 

in EPA and DHA to dairy cows during the transition period on milk production responses and 

milk FA. 

 In Chapter 3, we determined that abomasal infusions of 2, 4, and 6 g/d of DHA linearly 

increased DHA content in plasma phospholipids, triacylglycerols, and cholesterol esters. 

Phospholipids had the largest DHA content, but the triacylglycerol fraction had the highest 

percent increase compared to control. Abomasal infusion of DHA also linearly reduced milk 

SCC and linearly increased DHA content in milk fat. DHA content in triacylglycerols and milk 

fat were highly correlated with DHA absorption and may potentially be useful as markers to 

estimate DHA absorption in future studies as well as in commercial farm settings. 



 61 

 In Chapter 4, we fed a calcium salt enriched in EPA and DHA to dairy cows during the 3 

weeks prepartum and 3 weeks postpartum. Feeding EPA and DHA to dairy cows did not affect 

milk or milk protein yield, but reduced the yield of milk fat, which tended to reduce the yields of 

ECM and FCM during the fresh period. When feeding a common diet to all cows from weeks 4 

to 9 postpartum, we observed carryover effects where our EPA and DHA treatment reduced milk 

fat yield during weeks 4 and 5. Feeding EPA and DHA reduced the yields of de novo and mixed 

FA sources in milk fat and increased the yields of n-3 FA and trans 18:1 isomer in milk. 

 Overall, the results from these studies provide insights on how n-3 FA affect dairy cow 

physiology and how supplementation may be used on-farm. Although results from our abomasal 

infusion study indicate that DHA may improve milk quality by reducing SCC and cow health by 

increasing phospholipid content of n-3 FA, caution must be taken when feeding n-3 FA to dairy 

cows. Results from our transition cow study indicate that feeding a calcium salt of EPA and DHA 

resulted in a mild milk fat depression that reduced the yields of FCM and ECM. Since dairy 

farmers are predominantly paid based on the yield of milk components, future research should 

focus on methods to effectively supply essential n-3 FA to dairy cows during the transition period 

without compromising milk fat production. Other areas of interest include examining effects of 

n-3 on immune function in cows, developing more effective rumen-protection technologies to 

maintain milk fat production and increase n-3 delivery, and determining optimal feeding rates of 

n-3 to dairy cows to investigate if cows benefit from additional n-3 supplementation. Emphasis 

should be placed on investigating blends of FA that optimize dairy cow health, reproduction, and 

productivity to maintain farm profit and sustainability. 

  



 62 

REFERENCES 

Abou-Rjeileh, U. dos Santos Neto, J. M., Chirivi, M., O’Boyle, N., Salcedo, D., Prom, C., 
Laguna, J., Parales-Giron, J., Lock, A. L., & Contreras, G. A. (2023). Oleic acid abomasal 
infusion improves insulin sensitivity in adipose tissue from periparturient dairy cows. J. 
Dairy Sci. 106(6) 4306-4323. doi: 10.3168/jds.2022-22402 

AbuGhazaleh, A. A., Schingoethe, D. J., Hippen, A. R., Kalscheur, K. F., & Whitlock, L. A. 
(2002). Fatty acid profiles of milk and rumen digesta from cows fed fish oil, extruded 
soybeans or their blend. J. Dairy Sci. 85(9), 2266-2276. doi: 10.3168/jds.S0022-
0302(02)74306-3 

AbuGhazaleh, A. A., Potu, R. B., & Ibrahim, S. (2009). Short communication: The effect of 
substituting fish oil in dairy cow diets with docosahexaenoic acid-micro algae on milk 
composition and fatty acids profile. J. Dairy Sci. 92(12), 6156-6159. Doi: 
10.3168/jds.2009-2400 

Agren, J. J., Julkunen, A., & Penttilä, I. (1992). Rapid separation of serum lipids for fatty acid 
analysis by a single aminopropyl column. Journal of Lipid Research. 33(12), 1871-1876. 
Doi: 10.1016/S0022-2275(20)41345-8 

Akers, R. M. (2002). Lactation and the Mammary Gland. Iowa State University Press, Ames, IA.  

Arterburn, L. M. Hall, E. B., & Oken, H. (2006). Distribution, interconversion, and dose 
response of n-3 fatty acids in humans. Am. J. Clin. Nutr. 83(6 Suppl), 1467-1476. Doi: 
0.1093/ajcn/83.6.1467S. 

Badiei, A., Aliverdilou, A., Amanlou, H., Beheshti, M., Dirandeh, E., Masoumi, R., Moosakhani, 
F., & Petit, H. V. (2014). Postpartum responses of dairy cows supplemented with n-3 fatty 
acids for different durations during the peripartal period. J. Dairy Sci.97(10), 6391-6399. 
Doi: 10.3168/jds.2013-7743 

Bales, A. M., Cinzori, M. E. & Lock, A. L. (2024). Increasing palmitic acid and reducing stearic 
acid content of supplemental fatty acid blends improves production performance of mid-
lactation dairy cows. J. Dairy Sci. 107: 278-287. doi: 10.3168/jds.2023-23874 

Bales, A. M. & Lock, A. L. (2024). Effect of increasing dietary inclusion of high oleic soybeans 
on milk production of high-producing dairy cows. J. Dairy Sci. In press. doi: 
10.3168/jds.2024-24781 

Ballou, M. A., Cruz, G. D, Pittroff, W., Keisler, D. H., & DePeters, E. J. (2008). Modifying the 
acute phase response of Jersey calves by supplementing milk replacer with omega-3 fatty 
acids from fish oil. J. Dairy Sci. 91(9), 3478-3487. Doi: 10.3168/jds.2008-1016 

Bartek, L., Strid, I., Henryson, K., Junne, S., Rasi, S., Eriksson, M. (2021). Life cycle assessment 
of fish oil substitute produced by microalgae using food waste. Sustainable Production 
and Consumption. 27, 2002-2021. Doi: 10.1016/j.spc.2021.04.033  

https://doi.org/10.3168/jds.2022-22402
https://doi.org/10.3168/jds.2023-23874
https://doi.org/10.3168/jds.2024-24781
https://doi.org/10.1016/j.spc.2021.04.033


 63 

Bauman, D. E., Harvatine, K. J., & Lock, A. L. (2011). Nutrigenomics, rumen-derived bioactive 
fatty acids, and the regulation of milk fat synthesis. Annu. Rev. Nutr. 31, 299-319. Doi: 
10.1146/annurev.nutr.012809.104648 

Baumgard, L. H., Corl, B. A., Dwyer, D. A., Saebø, A., & Bauman, D. E. (2000). Identification 
of the conjugated linoleic acid isomer that inhibits milk fat synthesis. Am. J. Physiol. 
Regulatory Integrative Comp. Physiol. 278(1), R179-84. 
doi:10.1152/ajpregu.2000.278.1.R179. 

Bilby, T. R., Jenkins, T., Staples, C. R., & Thatcher, W. W. (2006). Pregnancy, bovine 
somatotropin, and dietary n-3 fatty acids in lactating dairy cows: III. Fatty acid 
distribution. J. Dairy Sci.89(9), 3386-3399. doi: 10.3168/jds.S0022-0302(06)72375-X 

Boerman, J. P., Firkins, J. L., St-Pierre, N. R., & Lock, A. L. (2015). Intestinal digestibility of 
long-chain fatty acids in lactating dairy cows: a meta-analysis and meta-regression. J. 
Dairy Sci. 98(12), 8889-8903. Doi: 10.3168/jds.2015-9592 

Boerman, J. P., J. de Souza, and A. L. Lock. (2017). Milk production and nutrient digestibility 
responses to increasing levels of stearic acid supplementation of dairy cows. J. Dairy Sci. 
100:2729–2738. Doi: 10.3168/jds.2016-12101 

Bradford, B. J., Yuan, K., Farney, J. K., Mamedova, L. K., & Carpenter, A. J. (2015). Invited 
review: inflammation during the transition to lactation: new adventures with an old 
flame. J. Dairy Sci. 98(10), 6631-6650. doi: 10.3168/jds.2015-9683 

Burr, G. O. & Burr, M. M. (1930). On the nature and role of the fatty acids essential in nutrition. 
J. Biol. Chem. 86(587). 

Burr, G. O., Burr, M. M., & Miller, E. S. (1932). On the fatty acids essential in nutrition III. J. 
Biol. Chem. 97(1), 587-621.  

Caldari-Torres, C., Mcgilliard, M. L., & Corl, B. A. (2016). Esterification of essential and non-
essential fatty acids into distinct lipid classes in ruminant and non-ruminant tissues. 
Comp. Biochem. & Physiol. 200, 1-5. Doi: 10.1016/j.cbpb.2016.04.009 

Calder, P. C. (2008). The relationship between the fatty acid composition of immune cells and 
their function. Prostaglandins, Leukotrines, and Essential Fatty Acids. 79, 101-108. Doi: 
10.1016/j.plefa.2008.09.016 

Calder, P. C. (2009). Polyunsaturated fatty acids and inflammatory processes: New twists in an 
old tale. Biochimie. 91(6), 791-795. Doi: 10.1016/j.biochi.2009.01.008 

Calder, P. C. (2012). Fatty acids: Long-chain fatty acids and inflammation. Proceedings of the 
Nutrition Society. 72, 284-289. Doi: 10.1017/S0029665112000067 

Calder, P. C. (2013). Omega-3 polyunsaturated fatty acids and inflammatory processes: Nutrition 
or pharmacology? British Journal of Clinical Pharmacology. 75(3), 645-662. Doi: 
10.1111/j.1365-2125.2012.04374.x 



 64 

Calder, P. C., Carr, A. C., Gombart, A. F. Eggersdorfer, M. (2020). Optimal nutritional status for 
a well-functioning immune system is an important factor to protect against viral 
infections. Nutrients. 12(1181), 1-10. Doi: 10.3390/nu12041181 

Cant, J. P., Fredeen, A. H., MacIntyre, T., Gunn, J., Crowe, N. (1997). Effect of fish oil and 
monensin on milk composition in dairy cows. Can. J. Anim. Sci. 77(1), 125-131. doi: 
10.4141/A95-125   

Carpenter, A. J., C.M. Ylioja, C.F. Vargas, L.K. Mamedova, L.G. Mendonça, J.F. Coetzee, L.C. 
Hollis, R. Gehring, B.J. Bradford. (2016). Hot topic: Early postpartum treatment of 
commercial dairy cows with nonsteroidal antiinflammatory drugs increases whole-
lactation milk yield. J. Dairy Sci. 99(1), 672-679. Doi: 10.3168/jds.2015-10048 

Castañeda-Gutiérrez, E.Deveth, M. J., Lock, A. L., Dwyer, D. A., Murphy, K. D., & Bauman, D. 
E. (2007). Effect of supplementation with calcium salts of fish oil on n-3 fatty acids in 
milk fat. J. Dairy Sci. 90(9), 4149-4156. doi: 10.3168/jds.2006-856 

Christie, W. W. (1981). The composition, structure, and function of lipids in the tissues of 
ruminant animals. Christie, W. W. Lipid Metabolism in Ruminant Animals. Pages 95-190. 
Pergamon Press 

Cochran, R. C., Adams, D. C., Wallace, J. D., & Galyean, M. L. (1986). Predicting digestibility 
of different diets with internal markers: evaluation of four potential markers. J. Anim. Sci. 
63(5), 1476-1483. Doi: 10.2527/jas1986.6351476 

Contreras, G. A., & Sordillo, L. M. (2011). Lipid mobilization and inflammatory responses 
during the transition period of dairy cows. Comparative Immunology, Microbiology, and 
Infectious Diseases. 34(3), 281-289. Doi: 10.1016/j.cimid.2011.01.004 

Contreras, G. A., Mattmiller, S. A., Raphael, W., Gandy, G. C., & Sordillo, L. M. (2012). 
Enhanced n-3 phospholipid content reduces inflammatory responses in bovine 
endothelial cells. J. Dairy Sci. 95(12), 7137-7150. Doi: 10.3168/jds.2012-5729 

Contreras, G. A., Strieder-Barboza, C. de Souza, J., Gandy, J., Mavangira, V., Lock, A. L., & 
Sordillo, L. M. (2017). Periparturient lipolysis and oxylipid biosynthesis in bovine 
adipose tissues. PLOS One. 12(12). Doi: 10.1371/journal.pone.01888621 

Conquer, J. A. & Holub, B. J. (1997). Dietary docosahexaenoic acid as a source of 
eicosapentaenoic acid in vegetarians and omnivores. Lipids. 32(3), 341-345. Doi: 
10.1007/s11745-997-0043-y 

Cook, H. W. & McMaster, C. R. (2002). Fatty acid desaturation and chain elongation in 
eukaryotes. Vance, D. E. & Vance, J. E. Biochemistry of Lipids, Lipoproteins and 
Membranes (4th Edition). 181-204. Elsevier.  

de Souza, J., St-Pierre, N. & Lock, A. L. (2019). Altering the ratio of dietary C16:0 and cis-9 
C18:1 interacts with production level in dairy cows: Effects on production responses and 
energy partitioning. J. Dairy Sci. 102(11), 9842-9856. Doi: 10.3168/jds.2019-16374 

https://doi.org/10.4141/A95-125
https://doi.org/10.4141/A95-125
https://doi.org/10.1007/s11745-997-0043-y
https://doi.org/10.3168/jds.2019-16374


 65 

de Souza, J., Prom, C. M., & Lock, A. L. (2021). Altering the ratio of dietary palmitic and oleic 
acids affects production responses during the immediate postpartum and carryover 
periods in dairy cows. J. Dairy Sci. 104(3), 2896-2909. Doi: 10.3168/jds.2020-19311 

de Souza, J., Western, M., & Lock, A. L. (2020). Abomasal infusion of an exogenous emulsifier 
improves fatty acid digestibility and milk fat yield of lactating dairy cows. J. Dairy Sci. 
103(7), 6167-6177. Doi: 10.3168/jds.2020-18239 

Donovan, D. C., Schingoethe, D. J., Baer, R. J., Ryali, J., Hippen, A. R., & Franklin, S. T. (2000). 
Influence of dietary fish oil on conjugated linoleic acid and other fatty acids in milk fat 
from lactating dairy cows. J. Dairy Sci. 83(11), 2620-2628. Doi: 10.3168/jds.S0022-
0302(00)75155-1  

Doreau, M. & Chilliard, Y. (1997). Effects of ruminal or postruminal fish oil supplementation on 
intake and digestion in dairy cows. Reprod. Nutr. Dev. 37(1), 113-124. Doi: 
10.1051/rnd:19970112 

dos Santos Neto, J. M., de Souza, J., & Lock, A. L. (2021). Nutrient digestibility and production 
responses of lactating dairy cows when saturated free fatty acid supplements are included 
in diets: A meta-analysis. J. Dairy Sci. 104(12), 12628-12646. Doi: 10.3168/jds.2021-
20699 

dos Santos Neto, J. M., Prom, C. M., & Lock, A. L. (2023). Comparison of rumen and abomasal 
infusions of an exogenous emulsifier on fatty acid digestibility of lactating dairy cows. J. 
Dairy Sci. 106(10), 6789-6797. Doi: 10.3168/jds.2022-23143 

dos Santos Neto, J. M., Worden, L C., Boerman, J. P., Bradley, C. M., & Lock, A. L. (2024). 
Long-term effects of abomasal infusion of linoleic and linolenic acids on the enrichment 
of n-6 and n-3 fatty acids into plasma lipid fractions of lactating cows. J. Dairy Sci. 
Doi:  10.3168/jds.2024-24907 

Drackley, J. K. (1999). ADSA foundation scholar award: biology of dairy cows during the 
transition period: the final frontier?. J. Dairy Sci. 82(11), 2259-2273. Doi: 
10.3168/jds.s0022-0302(99)75474-3 

Faber, J. Berkhout, M., Vos, A. P., Sijben, J. W. C., Calder, P. C., Garssen, J., & van Helvoort, A. 
(2011). Supplementation with a fish oil-enriched, high-protein medical food leads to 
rapid incorporation of EPA into white blood cells and modulates immune responses 
within one week in healthy men and women. J. Nutrition. 141(5), 964-970. Doi: 
10.3945/jn.110.132985 

Flaga, J., Korytkowski, Ł., Górka, P., & Kowalski, Z. M. (2019). The effect of docosahexaenoic 
acid-rich algae supplementation in milk replacer on performance and selected immune 
system functions in calves. J. Dairy Sci. 102(10), 8862-8873. Doi: 10.3168/jds.2018-
16189 

https://doi.org/10.3168/jds.2020-18239
https://doi.org/10.1051/rnd:19970112
https://doi.org/10.3168/jds.2022-23143
https://doi.org/10.3168/jds.2024-24907


 66 

Folch, J., M. Lees, and G. H. Sloane-Stanley. (1957). A simple method for the isolation and 
purification of total lipids from animal tissues. J. Biol. Chem. 226(1), 497–509. Doi: 
10.1016/S0021-9258(18)64849-5 

France, T. L., Juarez-Leon, K. S., Javaid, A., Vogellus, M. G., & McFadden, J. W. (2022). Effects 
of feeding rumen-protected methionine and calcium salts enriched in omega-3 fatty acids 
on lactation in periparturient dairy cows. ADSA Abstract.  

Gnott, M., Vogel, L., Kröger-Koch, C., Dannenberger, D., Tuchscherer, A., Tröscher, A., Trevisi, 
E., Stefaniak, T., Bajzert, J., Starke, A., Mielenz, M., Bachmann, L., Hammon, H. M. 
(2020). Changes in fatty acids in plasma and association with the inflammatory response 
in dairy cows abomasally infused with essential fatty acids and conjugated linoleic acid 
during late and early lactation. J. Dairy Sci. 103(12), 11889-11910. Doi: 
10.3168/jds.2020-18735  

Greco, L. F., Neves Neto, J. T., Pedrico, A., Ferrazza, R. A., Lima, F. S., Bisinotto, R. S., 
Martinez, N., Garcia, M., Ribeiro, E. S., Gomes, G. C., Shin, J. H., Ballou, M. A., 
Thatcher, W. W., Staples, C. R., & Santos, J. E. P. (2015). Effects of altering the ratio of 
dietary n-6 to n-3 fatty acids on performance and inflammatory responses to a 
lipopolysaccharide challenge in lactating Holstein cows. J. Dairy Sci. 98(1), 602-617. 
Doi: 10.3168/jds.2014-8805 

Greenberg, J. A., Bell, S. J., & Van Ausdal, W. (2008). Omega-3 fatty acid supplementation 
during pregnancy. Reviews in Obstetrics & Gynecology. 1(4), 162-169. PMID: 19173020; 
PMCID: PMC2621042 

Griinari, J. M., Dwyer, D. A., Mcguire, M. A., Bauman, D. E., Palmquist, D. L., & Nurmela, K. 
V. V. (1998). Trans-octadecenoic acids and milk fat depression in lactating dairy cows. J. 
Dairy Sci. 81(5), 1251-1261. Doi: 10.3168/jds.S0022-0302(98)75686-3 

Grindel, A., Staps F., & Kuhnt, K. (2013). Cheek cell fatty acids reflect n-3 PUFA in blood 
fractions during linseed oil supplementation: a controlled human intervention study. 
Lipids in Health and Disease. 173(12). Doi: 10.1186/1476-511X-12-173 

Harvatine, K. J. & Bauman, D. E. (2006). SREBP1 and thyroid hormone responsive spot 14 
(s14) are involved in the regulation of bovine mammary lipid synthesis during diet-
induced milk fat depression and treatment with CLA. The Journal of Nutrition. 136(10), 
2468-2474, Doi: 10.1093/jn/136.10.2468 

Heberden, C., Maximin, E. (2017). Epigenetic effects of n-3 polyunsaturated fatty acids. in: 
Patel, V., Preedy, V. (eds) Handbook of Nutrition, Diet, and Epigenetics. Springer, Cham. 
Doi: 10.1007/978-3-319-31143-2_45-1 

Heravi Moussavi, A. R., Gilbert, R. O., Overton, T. R., Bauman, D. E., & Butler, W. R. (2007). 
Effects of feeding fish meal and n-3 fatty acids on milk yield and metabolic responses in 
early lactating dairy cows. J. Dairy Sci. 90(1), 136-144. Doi: 10.3168/jds.s0022-
0302(07)72615-2 

https://doi.org/10.1016/S0021-9258(18)64849-5
https://doi.org/10.1093/jn/136.10.2468
https://doi.org/10.1007/978-3-319-31143-2_45-1


 67 

Herdt, T. H. (2000). Ruminant adaptation to negative energy balance: influences on the etiology 
of ketosis and fatty liver. Metabolic Disorders of Ruminants. 16(2), 215-230. Doi: 

Hostens, M., Fievez, V., Vlaeminck, B., Buyse, J., Leroy, J., Piepers, S., De Vliegher, S., & 
Opsomer, G. (2011). The effect of marine algae in the ration of high-yielding dairy cows 
during transition on metabolic parameters in serum and follicular fluid around parturition. 
J. Dairy Sci. 94(9), 4603-4615. Doi: 10.3168/jds.2010-3899 

Huang, G., Zhang, Y., Xu, Q., Zheng, N., Zhao, S., Liu, K., Qu, X., Yu, J., & Wang, J. (2020). 
DHA content in milk and biohydrogenation pathway in rumen: a review. PeerJ. Doi: 
10.7717/peerj.10230 

Jenkins, T. C. & Palmquist, D. L. (1984). Effect of fatty acids or calcium soaps on rumen and 
total nutrient digestibility of dairy rations. J. Dairy, Sci. 67(5), 978-986. Doi: 
10.3168/jds.S0022-0302(84)81396-X 

Jenkins, K. J., Griffith, G., & Kramer, J. K. G. (1988). Plasma lipoproteins in neonatal, 
preruminant, and weaned calf. J. Dairy Sci. 71(11); 3003-3012. Doi: 10.3168/jds.S0022-
0302(88)79898-7 

Jenkins, T. C., Thies, E. J., & Mosley, E. E. (2001). Direct methylation procedure for converting 
fatty acid amides to fatty acid methyl esters in feed and digesta samples. J. Agric. Food 
Chem. 49(5), 2142-2145. Doi: 10.1021/jf001356x  

Jenkins, T. C. & Bridges, W. C. (2007). Protection of fatty acids against ruminal 
biohydrogenation in cattle. Eur. J. Lipid Sci. Technol. 109(8), 778-789. Doi: 
10.1002/ejlt.200700022 

Jolazadeh, A. R., Mohammadabadi, T., Dehghan-banadaky, M., Chaji, M., & Garcia, M. (2019a). 
Effect of supplementation fat during the last 3 weeks of uterine life and the preweaning 
period on performance, ruminal fermentation, blood metabolites, passive immunity and 
health of the newborn calf. British Journal of Nutrition. 122(12), 1346-1358. Doi: 
10.1017/S0007114519002174 

Jolazadeh, A. R., Mohammadabadi, T., Dehghan-banadaky, M., Chaji, M., & Garcia, M. (2019b). 
Effect of supplementing calcium salts of n-3 and n-6 fatty acid to pregnant nonlactating 
cows on colostrum composition, milk yield, and reproductive performance of dairy cows. 
Anim. Sci. Feed and Technology. 247, 127-140. Doi: 10.1016/j.anifeedsci.2018.11.010 

Juchem, S. O., Santos, J. E. P., Cerri, R. L. A., Chebel, R. C., Galvão, K. N., Bruno, R., DePeters, 
E. J., Scott, T., Thatcher, W. W., & Luchini, D. (2008). Effect of calcium salts of fish and 
palm oils on lactational performance of holstein cows. Anim. Sci. Feed and Technology. 
140, 18-38. Doi: 10.1016/j.anifeedsci.2007.01.018 

Karcher, E. L., Hill, T. M. Bateman, H. G. Schlotterbeck, R. L. Vito, N., Sordillo, L. M., 
VandeHaar, M. J. (2014). Comparison of supplementation of n-3 fatty acids from fish and 
flax oil on cytokine gene expression and growth of milk-fed Holstein calves. J. Dairy Sci. 
97(4), 2329-2337. Doi: 10.3168/jds.2013-7160 

https://doi.org/10.3168/jds.2010-3899
https://doi.org/10.3168/jds.S0022-0302(84)81396-X
https://doi.org/10.3168/jds.S0022-0302(88)79898-7
https://doi.org/10.3168/jds.S0022-0302(88)79898-7
https://doi.org/10.1021/jf001356x


 68 

Kvidera, S. K., Horst, E. A., Abuajamieh, M., Mayorga, E. J., Sanz Fernandez, M. V., Baumgard, 
L. H. (2017). Glucose requirements of an activated immune system in lactating Holstein 
cows. J. Dairy Sci. 100(3), 2360-2374. Doi: 10.3168/jds.2016-12001 

Levy, B. D., Clish, C. B., Schmidt, B., Gronert, K., & Serhan, C. N. (2001). Lipid mediator class 
switching during acute inflammation: signals in resolution. Nature Immunology. 2(7), 
612-619. Doi: 10.1038/89759 

Lochmiller, R. L. & Dereenberg, C. (2000). Trade-offs in evolutionary immunology: just what is 
the cost of immunity? Oikos. 88(1), 87-88. Doi: 10.1034/j.1600-0706.2000.880110.x 

Lock, A. L. & Bauman, D. E. (2004). Modifying milk fat composition of dairy cows to enhance 
fatty acids beneficial to human health. Lipids. 39(12), 1197-1206. Doi: 10.1007/s11745-
004-1348-6 

Lock, A. L. Tyburczy, C., Dwyer, D. A., Harvatine, K. J., Destaillats, F., Mouloungui, Z. Candy, 
L., & Bauman, D. E. (2007). Trans-10 octadecenoic acid does not reduce milk fat 
synthesis in dairy cows. The Journal of Nutrition. 137(1), 71-76. Doi:10.1093/jn/137.1.71  

Lock, A. L., C. L. Preseault, J. E. Rico, K. E. DeLand, and M. S. Allen. (2013). Feeding a C16:0-
enriched fat supplement increased the yield of milk fat and improved conversion of feed 
to milk. J. Dairy Sci. 96(10), 6650–6659. Doi: 10.3168/jds.2013-6892 

Loor, J. J., Doreau, M., Chardigny, J. M., Ollier, A., Sebedio, J. L., & Chilliard, Y. (2005). Effects 
of ruminal or duodenal supply of fish oil on milk fat secretion and profiles of trans-fatty 
acids and conjugated linoleic acid isomers in dairy cows fed maize silage. Animal Feed 
Science and Technology. 119(3-4), 227-246. Doi: 10.1016/j.anifeedsci.2004.12.016  

Lopreiato, V. Mezzetti, M., Cattaneo, L., Ferronato, G., Minuti, A., & Trevisi, E. (2020). Role of 
nutraceuticals during the transition period of dairy cows: a review. Journal of Animal 
Science and Biotechnology. 96(11). Doi: 10.1186/s40104-020-00501-x 

Madeira, M. S., Cardoso, C., Lopes, P. A., Coelho, D., Afonso, C., Bandarra, N. M., & Prates, J. 
A. M. (2017). Microalgae as feed ingredients for livestock production and meat quality: a 
review. Livestock Science. 205, 111-121. Doi: 10.1016/J.LIVSCI.2017.09.020 

Maia, M. R. G., Chaudhary, L. C., Figueres, L., & Wallace, R. J.. (2007). Metabolism of 
polyunsaturated fatty acids and their toxicity to the microflora of the rumen. Antonie van 
Leeuwenhoek. 91(4), 303-314. Doi: 10.1007/s10482-006-9118-2 

Makkar, H. P. S., Tran, G., Heuzé, V., Giger-Reverdin, S., Lessire, M., Lebas, F., & Ankers, P. 
(2016). Seaweeds for livestock diets: a review. Animal Feed Science and Technology. 
212, 1-17. Doi: 10.1016/J.ANIFEEDSCI.2015.09.018 

Mansbridge, R. J. & Blake, J. S. (1997). Nutritional factors affecting the fatty acid composition 
of bovine milk. British Journal of Nutrition. 78(1), S37-S47. Doi: 10.1079/BJN19970133 

https://doi.org/10.1034/j.1600-0706.2000.880110.x


 69 

Marques, R. S., Cooke, R. F., Rodrigues, M. C., Brandão, A. P., Schubach, K. M., Lippolis, K. 
D., Moriel, P., Perry, G. A., Lock, A., Bohnert, D. W. (2017). Effects of supplementing 
calcium salts of polyunsaturated fatty acids to late-gestating beef cows on performance 
and physiological responses of the offspring. J. Anim. Sci. 95(12), 5347-5357. Doi: 
10.2527/jas2017.1606 

Martin, A. C. C., Coleman, D. N., Garcia, L. G., Furnus, C. C., & Relling, A. E. (2018). 
Prepartum fatty acid supplementation in sheep. III. Effect of eicosapentaenoic acid and 
docosahexaenoic acid during finishing on performance, hypothalamus gene expression, 
and muscle fatty acids composition in lambs. J. Anim. Sci. 96(12), 5300-5310. Doi: 
10.1093/jas/sky360 

Mattos, R., Guzeloglu, A., Badinga, L., Staples, C. R., & Thatcher, W. W. (2003). 
Polyunsaturated fatty acids and bovine interferon-τ modify phorbol ester-induced 
secretion of prostaglandin F2α and expression of prostaglandin endoperoxide synthase-2 
and phospholipase-A2 in bovine endometrial cells. Biology of Reproduction. 69(3), 780-
787. Doi: 10.1095/biolreprod.102.015057 

Mattos, R., Staples, C. R., Arteche, A., Wiltbank, M. C., Diaz, F. J., Jenkins, T. C., & Thatcher, 
W. W. (2004). The effects of feeding fish oil on uterine secretion of PGF 2α, milk 
composition, and metabolic status of periparturient Holstein cows. J. Dairy Sci. 87(4), 
921-932. Doi: 10.3168/jds.S0022-0302(04)73236-1 

Mavangira, V. & Sordillo, L. M. (2018). Role of lipid mediators in the regulation of oxidative 
stress and inflammatory responses in dairy cattle. Research in Veterinary Science. 116, 4-
14. Doi: 10.1016/j.rvsc.2017.08.002 

Melendez, P., Roeschmann, C. F., Baudo, A., Tao, S., Pinedo, P., Kalantari, A., Coarsey, M., 
Bernard, J. K., & Naikare, H. (2022). Effect of fish oil and canola oil supplementation on 
immunological parameters, feed intake, and growth of Holstein calves. J. Dairy Sci. 
105(3), 2509-2520. Doi: 10.3168/jds.2021-21134 

Merkle, S., Giese, E., Rohn, S., Karl, H., Lehmann, I., Wohltmann, A., & Fritsche, J. (2017). 
Impact of fish species and processing technology on minor fish components. Food 
Control. 73, 1379-1387. Doi: 10.1016/j.foodcont.2016.11.003 

Mezzetti, M., Piccioli-Cappelli, F., Minuti, A., & Trevisi, E. (2022). Effects of an intravenous 
infusion of emulsified fish oil rich in long-chained omega-3 fatty acids on plasma total 
fatty acids profile, metabolic conditions, and performances of postpartum dairy cows 
during the early lactation. Frontiers in Veterinary Science. 9, 1-15. Doi: 
10.3389/fvets.2022.870901 

Moallem, U., Vyas, D., Teter, B. B., Delmonte, P., Zachut, M., & Erdman, R. A. (2012). Transfer 
rate of α-linolenic acid from abomasally infused flaxseed oil into milk fat and the effects 
on milk fatty acid composition in dairy cows. J. Dairy Sci. 95(9), 5276-5284. Doi: 
10.3168/jds.2012-5415 



 70 

Moallem, U. & Zachut, M. (2012). Short communication: The effects of supplementation of 
various n-3 fatty acids to late-pregnant dairy cows on plasma fatty acid composition of 
the newborn calves. J. Dairy Sci. 95(7). 4055-4058. Doi: 10.3168/jds.2012-5457 

Moallem, U., Shafran, A., Zachut, M., Dekel, I., Portnick, Y., & Arieli, A. (2013). Dietary alpha-
linolenic acid from flaxseed oil improved folliculogenesis and IVF performance in dairy 
cows, similar to eicosapentaenoic and docosahexaenoic acids from fish oil. Reproduction. 
146(6), 603-614. Doi: 10.1530/REP-13-0244 

Moallem, U., Neta, N., Zeron, Y., Zachut, M., & Roth, Z. (2015). Dietary α-linolenic acid from 
flaxseed oil or eicosapentaenoic and docosahexaenoic acids from fish oil differentially 
alter fatty acid composition and characteristics of fresh and frozen-thawed bull semen. 
Theriogenology. 83(7), 1110-1120. Doi: 10.1016/j.theriogenology.2014.12.008 

Moallem, U. (2018). Invited review: roles of dietary n-3 fatty acids in performance, milk fat 
composition, and reproductive and immune systems in dairy cattle. J. Dairy Sci. 101(10), 
8641-8661. Doi: 10.3168/jds.2018-14772 

Moore, J. H. & Christie, W. W. (1981). Lipid metabolism in the mammary gland of ruminant 
animals. Christie, W. W. Lipid Metabolism in Ruminant Animals. Pages 227-278. 
Pergamon Press 

Most, M. S. & Yates, D. T. (2021). Inflammatory mediation of heat stress-induced growth 
deficits in livestock and its potential role as a target for nutritional interventions: a review. 
Animals. 11(3539). Doi: 10.3390/ani11123539 

National Academies of Sciences, Engineering, and Medicine. (2021). Nutrient Requirements of 
Dairy Cattle: Eighth Revised Edition. Washington, DC: The National Academies Press. 
https://-doi .-org /-10 .-17226 /-25806.  

Nelson, D. L., Cox, M. M., & Hoskins, A. A. (2021). Principles of Biochemistry: Eighth Edition. 
New York, NY: Macmillan Learning 

Noble, R. C. (1981). Digestion, absorption, and transport of lipids in ruminant animals. Christie, 
W. W. Lipid Metabolism in Ruminant Animals. Pages 57-94. Pergamon Press 

Nørgaard, J., Sørensen, A., Sørensen, M. T., Andersen, J. B., & Sejrsen, K. (2005). Mammary 
cell turnover and enzyme activity in dairy cows: effects of milking frequency and diet 
energy density. J. Dairy Sci. 88(3), 975-982. Doi: 10.3168/jds.S0022-0302(05)72765-X 

Nuernberg, K., Dannenberger, D., Ender, K., & Nuernberg, G. (2007). Comparison of different 
methylation methods for the analysis of conjugated linoleic acid isomers by silver ion 
hplc in beef lipids. J. Agric. Food Chem. 55(3), 598-602. Doi: 10.1021/jf061865k 

Offer, N. W., Speake, B. K., Dixon, J., & Marsden, M. (2001). Effect of fish oil supplementation 
on levels of (n-3) polyunsaturated fatty acids in the lipoprotein fractions of bovine 
plasma. Animal Science. 73(3), 523-531. doi:10.1017/S1357729800058495 

https://doi.org/10.3168/jds.S0022-0302(05)72765-X


 71 

Opengorth, J., Sordillo, L. M., Lock, A. L., Gandy, J. C., & VandeHaar, M. J. (2020). Colostrum 
supplementation with n-3 fatty acids alters plasma polyunsaturated fatty acids and 
inflammatory mediators in newborn calves. J. Dairy Sci. 103(12), 11676-11688. Doi: 
10.3168/jds.2019-18045 

Oseikria, M., Elis, S., Maillard, V., Corbin, E., & Uzbekova, S. (2016). N-3 polyunsaturated fatty 
acid DHA during IVM affected oocyte developmental competence in cattle. 
Theriogenology. 85(9), 1625-1634. Doi: 10.1016/j.theriogenology.2016.01.019 

Palmquist, D. L. (2009). Omega-3 fatty acids in metabolism, health, and nutrition and for 
modified animal product foods. The Professional Animal Scientist. 25, 207-249. Doi: 
10.15232/S1080-7446(15)30713-0 

Pantoja, J., Firkins, J. L., Eastridge, M. L., & Hull, B. L. (1996). Fatty acid digestion in lactating 
dairy cows fed fats varying in degree of saturation and different fiber sources. J. Dairy 
Sci.79(4), 575-584. Doi: 10.3168/jds.S0022-0302(96)76402-0 

Pawlosky, R. J., Hibbeln, J. R., Novotny, J. A., & Salem, N. (2001). Physiological 
compartmental analysis of α-linolenic acid metabolism in adult humans. Journal of Lipid 
Research. 42(8), 1257-1265. Doi: 10.1016/S0022-2275(20)31576-5  

Peravian, P., Mirzaei-Alamouti, H., Dehghan-Banadaky, M., Patra, A. K., Amanlou, H., 
Vazirigohar, M., & Rezamand, P. (2022). Effects of altering the ratio of n-6 to n-3 fatty 
acids and concentrations of polyunsaturated fatty acids in diets on milk production and 
energy balance of Holstein cows. Applied Animal Science. 38(6), 581-591. Doi: 
10.15232/aas.2022-02310 

Pirondini, M., Colombini, S., Mele, M., Malagutti, L., Rapetti, L., Galassi, G., & Crovetto, G. M. 
(2015). Effect of dietary starch concentration and fish oil supplementation on milk yield 
and composition, diet digestibility, and methane emissions in lactating dairy cows. J. 
Dairy Sci. 98(1), 357-372. Doi: 10.3168/jds.2014-8092 

Prom, C. M., dos Santos Neto, J. M., Newbold, J. R., & Lock, A. L. (2021). Abomasal infusion 
of oleic acid increases fatty acid digestibility and plasma insulin of lactating dairy cows. 
J. Dairy Sci. 104(12), 12616-12627. Doi: 10.3168/jds.2021-20954 

Putman, A. K., Gandy, J. C., Contreras, G. A., & Sordillo, L. M. (2022). Oxylipids are associated 
with higher disease risk in postpartum cows. J. Dairy Sci. 105(3). 2531-2543. Doi: 
10.3168/jds.2021-21057 

Raphael, W. & Sordillo, L. M. (2013). Dietary polyunsaturated fatty acids and inflammation: the 
role of phospholipid biosynthesis. Int. J. Mol. Sci. 14, 21167-21188. Doi: 
10.3390/ijms141021167 

Relling, A. E. & Reynolds, C. K. (2007). Feeding rumen-inert fats differing in their degree of 
saturation decreases intake and increases plasma concentrations of gut peptides in 
lactating dairy cows. J. Dairy Sci. 90(3), 1506-1515. Doi: 10.3168/jds.S0022-
0302(07)71636-3 

https://doi.org/10.3168/jds.2019-18045
https://doi.org/10.1016/S0022-2275(20)31576-5


 72 

Rico, D. E. & Harvatine, K. J. (2013). Induction of and recovery from milk fat depression occurs 
progressively in dairy cows switched between diets that differ in fiber and oil 
concentration. J. Dairy Sci. 96(10), 6621-6630. Doi: 10.3168/jds.2013-6820 

Rico, J. E., Myers, W. A., Javaid, A., Gervais, R., & McFadden, J. W. (2021). Effects of 
abomasal infusions of fatty acids and 1-carbon donors on apparent fatty acid digestibility 
and incorporation into milk fat in cows. J. Dairy Sci. 104(6), 6677-6687. Doi: 
10.3168/jds.2020-19643 

Riollet, C., Rainard, P., & Poutrel, B. (2000). Cells and cytokines in inflammatory secretions of 
bovine mammary gland. Adv. Exp. Med. Biol. 480, 247-258. Doi: 10.1007/0-306-46832-
8_30 

Ruiz-Gonzalez, A., Ramirez-Mella, M., Chouinard, P. Y., Gervais, R., & Rico, D. E. (2022). 
Abomasally infused fish oil n-3 fatty acids increase milk production and reduce clinical 
signs of heat stress in dairy cows. Abstracts / Animal - Science Proceedings. 13, 440-441. 
Doi: 10.1016/j.anscip.2022.07.169. 

Schmidt, E. B. Pedersen, J. O., Ekelund, S., Grunnet, N., Jersild, C., & Dyerberg, J. (1989). Cod 
liver oil inhibits neutrophil and monocyte chemotaxis in healthy males. Atherosclerosis. 
77, 53-57. Doi: 10.1016/0021-9150(89)90009-9 

Senger, P.L. 2012; Pathways to Pregnancy & Parturition: Third Edition. Redmond, OR: Current 
Conceptions, Inc.  

Silvestre, F. T., Carvalho, T. S. M., Francisco, N., Santos, J. E. P., Staples, C. R., Jenkins, T. C., 
& Thatcher, W. W. (2011a). Effects of differential supplementation of fatty acids during 
the peripartum and breeding periods of Holstein cows: I. Uterine and metabolic 
responses, reproduction, and lactation. J. Dairy Sci. 94(1), 189-204. Doi: 
10.3168/jds.2010-3370 

Silvestre, F. T., Carbalho, T. S. M., Crawford, P. C., Santos, J. E. P., Staples, C. R., Jenkins, T., & 
Thatcher, W. W. (2011b). Effects of differential supplementation of fatty acids during the 
peripartum and breeding periods of Holstein cows: II. Neutrophil fatty acids and function, 
and acute phase proteins. J. Dairy Sci. 94(5), 2285-2301. Doi: 10.3168/jds.2010-3371 

Simopoulos, A. P. (2002). The importance of the ratio of omega-6/omega-3 essential fatty acids. 
Biomedicine & Pharmacotherapy. 56(8), 365-379. Doi: 10.1016/S0753-3322(02)00253-6 

Sinedino, L. D. P., Honda, P. M., Souza, L. R. L., Lock, A. L., Boland, M. P., Staples, C. R., 
Thatcher, W. W., & Santos, J. E. P. (2017). Effects of supplementation with 
docosahexaenoic acid on reproduction of dairy cows. Reproduction. 153(5), 707-723. 
Doi: 10.1530/REP-16-0642 

Sinha, S. Haque, M., Lugova, H., & Kumar, S. (2023). The effect of omega-3 fatty acids on 
insulin resistance. Life. 13(6), 1322. Doi: 10.3390/life13061322 

https://doi.org/10.3168/jds.2013-6820
https://doi.org/10.1007/0-306-46832-8_30
https://doi.org/10.1007/0-306-46832-8_30
https://doi.org/10.1016/S0753-3322(02)00253-6
https://doi.org/10.3390%2Flife13061322


 73 

Sordillo, L. M. & Raphael, W. (2013). Significance of metabolic stress, lipid mobilization, and 
inflammation on transition cow disorders. Vet Clin Food Anim. 29(2), 267-278. Doi: 
10.1016/j.cvfa.2013.03.002 

Sperling, R. I., Benincaso, A. I., Knoell, C. T., Larkin, J. K. Austen, K. F., & Robinson, D. R. 
(1993). Dietary omega-3 polyunsaturated fatty acids inhibit phosphoinositide formation 
and chemotaxis in neutrophils. J. Clin. Invest. 91(2), 651-660. Doi: 10.1172/JCI116245 

Spite, M., Clària, J., Serhan, C. N. (2014). Resolvins, specialized pro-resolving lipid mediators 
and their potential roles in metabolic diseases. Cell Metab. 19(1), 21-36. Doi: 
10.1016/j.cmet.2013.10.006 

Stamey, J. A., Shepherd, D. M., deVeth, M. J., & Cori, B. A. (2012). Use of algae or algal oil rich 
in n-3 fatty acids as a feed supplement for dairy cattle. J. Dairy Sci. 95(9), 5269-5275. 
Doi: 10.3168/jds.2012-5412 

Strijbosch, R.A., Lee, S., Arsenault, D.A., Andersson, C., Gura, K.M., Bistrian, B.R., & Puder, 
M. (2008). Fish oil prevents essential fatty acid deficiency and enhances growth: clinical 
and biochemical implications. Metabolism. 57(5):698-707. doi: 
10.1016/j.metabol.2008.01.008. 

Subbaiah, P. V., Kaufman, D., & Bagdade, J. D. (1993). Incorporation of dietary n-3 fatty acids 
into molecular species of phosphatidyl choline and cholesteryl ester in normal human 
plasma. 58(3), 360-368. Doi: 10.1093/ajcn/58.3.360 

 
Sukhija, P. S. & Palmquist, D. L. (1990). Dissociation of calcium soaps of long-chain fatty acids 

in rumen fluid. 73(7), 1784-1787. Doi: 10.3168/jds.S0022-0302(90)78858-3 
 
Swanepoel, N. & Robinson, P. H. (2020). Impacts of feeding a fish-oil based feed supplement 

through 160 days in milk on reproductive and productive performance, as well as the 
health, of multiparous early-lactation Holstein cows. Animal Feed Science and 
Technology. 268, 114618. Doi: 10.1016/j.anifeedsci.2020.114618 

 
Toral, P. G., Hervás, G., Carreño, D., Leskinen, H., Belenguer, A., Shingfield, K. J., & Frutos, P. 

(2017). In vitro response to EPA, DPA, and DHA: Comparison of effects on ruminal 
fermentation and biohydrogenation of 18-carbon fatty acids in cows and ewes. J. Dairy 
Sci. 100(8), 6187-6198. Doi: 10.3168/jds.2017-12638 

Tyburczy, C., Lock, A. L., Dwyer, D. A., Destaillats, F., Mouloungui, Z., Candy, L. & Bauman, 
D. E. (2008). Uptake and utilization of trans octadecenoic acids in lactating dairy cows. 
J. Dairy Sci. 91(10), 3850-3861. Doi: 10.3168/jds.2007-0893 

Urrutia, N. L., Baldin, M., Egolf, S. R., Walker, R. E., Ying, Y., Green, M. H., & Harvatine, K. J. 
(2023). Kinetics of omega-3 fatty acid transfer to milk differs between fatty acids and 
stage of lactation in dairy cows. Prostaglandins, Leukotrines, and Essential Fatty Acids. 
192, 1-11. Doi: 10.1016/j.plefa.2023.102573 

https://doi.org/10.3168/jds.s0022-0302(90)78858-3
https://doi.org/10.1016/j.anifeedsci.2020.114618


 74 

Western, M. M., de Souza, J., & Lock, A. L. (2020). Milk production responses to altering the 
dietary ratio of palmitic and oleic acids varies with production level in dairy cows. J. 
Dairy Sci. 103(12), 11472-11482. Doi: 10.3168/jds.2020-18936 

Whitlock, L. A., Schingoethe, D. J., Hippen, A. R., Kalscheur, K. F., Baer, R. J., Ramaswamy, 
N., & Kasperson, K. M. (2002). Fish oil and extruded soybeans fed in combination 
increase conjugated linoleic acids in milk of dairy cows more than when fed separately. J. 
Dairy Sci. 85(1), 234-243. Doi: 10.3168/jds.S0022-0302(02)74072-1 

Wildman, E. E., G. M. Jones, P. E. Wagner, R. L. Boman, H. F. Troutt Jr., and T. N. Lesch. 1982. 
A dairy cow body condition scoring system and its relationship to selected production 
characteristics. J. Dairy Sci. 65:495–501. Doi: 10.3168/jds .S0022-0302(82)82223-6 

Winters, B. V. (2023). Supplementation of omega-3 fatty acids as a strategy to regulate 
postpartum inflammation in dairy cows. MSc Thesis. Department of Animal Biosciences, 
University of Guelph, Canada. https://hdl.handle.net/10214/27441 

Zaloga, G. P. (2021). Narrative review of n-3 polyunsaturated fatty acid supplementation upon 
immune functions, resolution molecules, and lipid peroxidation. Nutrients. 13(2). Doi: 
10.3390/nu13020662  

 
  

https://hdl.handle.net/10214/27441


 75 

APPENDIX 

Table 2.1 Nomenclature of common fatty acids in dairy cattle nutrition 
Common Name Abbreviation Biochemical 

Designation 
Nutritional 
Designation 

Classification Major Dietary 
Sources 

Palmitic acid PA 16:0 16:0 saturated some fat supplements 
  

Stearic acid SA 18:0 18:0 saturated some fat 
supplements, 

biohydrogenation of 
18:1, 18:2, 18:3 

  
Oleic acid OA cis-9 18:1 18:1 n-9 monounsaturated, omega-9 corn, high-oleic 

soybeans, calcium 
salts 

  
Linoleic acid LA cis-9, cis-12 18:2 18:2 n-6 polyunsaturated, omega-6  corn, soybeans, seed 

oils 
  

Alpha-linolenic 
acid 

ALA cis-9, cis-12, cis-15 
18:3  

18:3 n-3 polyunsaturated, omega-3 leafy forages, 
flaxseed oil 

  
Arachidonic acid ARA cis-5, cis-8, cis-11, cis-

14 
  

20:4 n-6 polyunsaturated, omega-6  none 

Eicosapentaenoic 
acid  

EPA cis-5, cis-8, cis-11, cis-
14, cis-17 

  

20:5 n-3 polyunsaturated, omega-3  fish oil 

Docosahexaenoic 
acid 

DHA cis-4, cis-7, cis-10, cis-
13, cis-16, cis-19 

22:6 n-3 polyunsaturated, omega-3 fish oil, algae 
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Table 2.2 Plasma lipid classes in cattle 

Item 
Lipoprotein  
Transport1 Major FA1 

Proportion 
in Plasma 

(%)1 Major source2 Biological Role2  
Cholesterol ester HDL, LDL 18:2 n-6, 18:3 n-3 57.0 esterification of FA 

from TAG in liver 
cholesterol transport,  

conservation of essential FA  

Phospholipid HDL, LDL 16:0,18:0,18:1 n-9, 
18:2 n-6 

24.8 generated from 
TAG in  

endoplasmic 
reticulum  

  

form phospholipid monolayer 
in lipoprotein particles, 

cell membrane development 

Triacylglycerol chylomicrons, 
some VLDL 

16:0,18:0,18:1 n-9 4.8 dietary fats fat storage, energy source,  
milk fat secretion 

NEFA none (attached 
to serum 
albumin) 

16:0,18:0,18:1 n-9 2.4 released from 
adipose tissue 

energy source, milk fat 
secretion 

1Source: Christie (1981). Reported as % of total lipids in plasma 
2Source: Nelson et al. (2021) 
  



 77 

Table 2.3 Role of EPA and DHA in inflammation and immunity1  

Anti-inflammatory effect Likely mechanism involved 
Reduced leukocyte chemotaxis Decreased production of chemo-attractants 

and down-regulated expression of chemo-
attractant receptors 

  

Reduced adhesion molecule expression and  
decreased leucocyte-endothelium 
interaction 

Down-regulated expression of adhesion  
molecule genes 

  

 
Decreased production of eicosanoids from 
arachidonic acid 

Lowered membrane content of arachidonic 
acid; Inhibition of arachidonic acid 
metabolism 

  

Decreased production of arachidonic acid  
containing endocannabinoids 

Lowered membrane content of arachidonic 
acid 

  

Increased production of 'weak' eicosanoids 
from EPA 

Increased membrane content of EPA 

  
Increased production of anti-inflammatory 
EPA and DHA containing 
endocannabinoids 

Increased membrane content of EPA and 
DHA 

  

Increased production of pro-resolution 
resolvins and protectins 

Increased membrane content of EPA and 
DHA 

  

Decreased production of inflammatory  
cytokines 

Down-regulated expression of inflammatory 
cytokine genes 

  
Decreased T-cell reactivity Disruption of cell membrane rafts due to 

increased membrane content of EPA and 
DHA 

1Source: Calder (2012)
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Table 2.4 Summary of effects of EPA and DHA on milk production of cows when supplemented during early lactation 

n-3 
Supplement 

Amount 
EPA/DHA fed 

(g/d) 

Control Duration of n-3 
Feeding 

Milk Yield Fat Yield Source 

algae ~10 g/d pellets with no 
algae 

  

27-147 DIM +0.9 kg/d -0.04 kg/d Sinedino et al. (2017) 

calcium salt 
of fish oil  

~25 g/d calcium salt of 
palm oil  

5-50 DIM +4.0 kg/d +0.10 kg/d Heravi Moussavi et al. 
(2007) 

  
calcium salt 
of fish oil 

~21 g/d calcium salt of 
safflower oil 

  

14-104 DIM +3.6 kg/d +0.18 kg/d Greco et al. (2015) 

calcium salt 
of fish oil 

~20 g/d calcium salt of 
palm oil 

  

30-160 DIM unaffected not measured Silvestre et al. (2011) 

calcium salt 
of fish oil 

  

~20 g/d tallow 26-145 DIM unaffected unaffected Juchem et al. (2008) 

calcium salt 
of fish oil 

~6 g/d calcium salt of 
palm oil  

21 d prepartum 
to 28 DIM 

unaffected +0.13 kg/d France et al. (2022 
ADSA abstract) 

  
fish oil ~128 g/d olive oil 21 d prepartum 

to 21 DIM 
unaffected -0.46 kg/d Mattos et al. (2004) 

 
algae 

 
~44 g/d 

 
concentrate with 

no algae 

 
21 d prepartum 

to 84 DIM 

 
+3.0 kg/d 

 
-0.31 kg/d 

 
Hostens et al. (2011) 

 
fish oil-based 
supplement 

 
~11 g/d 

 
unsupplemented 

TMR 

 
~14-160 DIM 

 
+2.5 kg/d 

 
-0.09 kg/d 

 
Swanepoel & Robinson 

(2020) 
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Figure 2.1 Distribution of major fatty acids in plasma lipid fractions (Tyburczy et al., 2008)1 

 
1 PL = Phospholipids, CE = Cholesterol esters, TG = Triglycerides, NEFA = Nonesterified fatty 
acids  
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Figure 2.2 Desaturation and elongation pathway for, ALA, EPA and DHA. (Huang et al., 2020). 
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1 LA = linoleic acid (n-6), ΑA = arachidonic acid (n-6), EPA = eicosapentaenoic acid (n-3), DHA = docosahexaenoic acid (n-3) 
2 HEPE = hydroxyeicosapentaenoic acid, HETE = hydroxyeicosatetraenoic acid, HODE = hydroxyoctadienoic acid, LT = leukotriene, 
LX = lipoxin, MaR= maresin, PG = prostaglandin, Rv = resolving, PD = protectin, TX = thromboxane 
3 Oxylipid functions: pro-inflammatory (orange), resolving (blue), variable function (green)

Figure 2.3 Synthesis pathway of major PUFA1, oxylipid derivatives2, and functions3 (Raphael & Sordillo, 2013). 
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Table 3.1 Fatty acid profile and content of infusate Algal Oil1 

Total FA content, % DM 92.9 
FA Profile (g/100 g FA)  

16:0 11.5 
18:0 0.70 
18:1 n-9 6.20 
18:2 n-6 0.52 
18:3 n-3  0.19 

        20:5 n-3 0.42 
22:5 n-6 12.9 

        22:6 n-3 65.3 
1 Life’s DHATM, DSM-Firmenich (Basel, Switzerland). 
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Table 3.2 Ingredients and nutrient composition of diet Diet 
Ingredient, % DM  

Corn Silage  41.7 
Alfalfa Silage 15.3 
Ground Corn 20.2 
Soybean Meal 9.21 
Soybean Hulls 5.39 
Vitamin and Mineral Mix1 2.04 
Protein Mix2 5.76 
Potassium Carbonate3 0.46 

  

Nutrient Composition, % DM  
NDF 28.7 
Forage NDF 21.8 
CP 16.6 
Starch 29.1 
FA 1.86 
FA Profile (g/100 g FA)  
   16:0 15.0 
   18:0 2.79 
   18:1 n-9  18.5 
   18:2 n-6 52.7 
   18:3 n-3  9.31 

1Vitamin and mineral mix contained 20.4% calcium carbonate, 12.5% calcium phosphate, 4.47% sodium 
sesquinate, 14.1% white salt, 15.7% calcium magnesium carbonate (Min AD, Min ad Inc), 0.03% vitamin A, 
0.01% Vitamin 500, 0.34% vitamin E, 14.7 % corn grain, 0.92% Energizer Tallow, 0.51% trace minerals 
(Micro5, Micronutrients), 2.36% selenium, 0.15% magnesium oxide, and 4.70% magnesium sulfate. 
2Contains 41.3% heat-treated soybean meal (Amino Plus, Ag Processing Inc), 11.9% calcium carbonate, 
18.6% blood meal (Caledonia Pass, Papillon), 10.2% corn grain, 1.04% rumen-protected methionine 
(Smartamine M, Adisseo), 14.6% sodium sesquinate, and 2.45% urea. 
3Ion Plus (D&D Ingredients, LLC; Delphos, Ohio)
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Table 3.3 Total tract apparent nutrient digestibility of cows abomasally infused with increasing amounts of DHA (n=8)1 
 

Treatment2 
 

P-value3 

Item 0 2 4 6 SEM Linear Quadratic Cubic 
DMI, kg/d 32.5 32.0 32.6 31.4 0.77 0.13 0.31 0.11 
Intake, g/d         
   Total FA 617 610 624 607 14.8 0.59 0.51 0.14 
   16-carbon FA 91.3 90.1 91.9 89.0 2.15 0.28 0.43 0.1109 
   18-carbon FA 515 507 516 499 12.3 0.20 0.53 0.14 
   22-carbon FA 1.20 3.56 6.03 8.37 0.03 <0.0001 0.59 <0.01 
Digestibility, %         
   DM 68.4 68.2 68.8 68.5 0.657 0.75 0.91 0.41 
   NDF 47.3 47.4 48.2 48.3 1.39 0.25 0.96 0.74 
   Total FA 81.4 79.8 79.2 82.5 2.55 0.70 0.13 0.70 
   16-carbon FA 78.5 75.4 76.3 77.9 1.86 0.91 0.15 0.63 
   18-carbon FA 84.5 83.1 82.4 85.8 2.66 0.64 0.14 0.62 
   22-carbon FA 76.6 88.2 89.9 91.5 0.650 <0.0001 <0.0001 <0.01 
   DHA n/a 95.0 93.7 94.6 0.557 0.60 0.13 n/a 
Absorbed, g/d         
   Total FA 503 490 495 501 22.7 0.95 0.36 0.68 
   16-carbon FA 71.7 68.4 70.3 69.3 2.57 0.42 0.43 0.24 
   18-carbon FA 435 424 426 428 19.9 0.60 0.40 0.70 
   22-carbon FA 0.92 3.14 5.42 7.66 0.03 <0.0001 0.67 0.50 
   DHA 0.00 1.88 3.77 5.72 0.01 <0.0001 0.03 0.38 

1Feed ingredients and orts samples were collected on the last four days of each infusion period. Orts samples were composited by cow and period. Fecal 
samples were collected every 9 hours and composited by cow and period. 
2Treatments consisted of abomasal infusions of 0, 2, 4, or 6 g/d of docosahexaenoic acid (DHA). 
3P-values associated with contrasts: (1) the linear effect of increasing DHA; (2) the quadratic effect of increasing DHA; and (3) the cubic effect of 
increasing DHA. 
 
 



 85 

 
Table 3.4 Milk production and plasma insulin of cows abomasally infused with increasing amounts of DHA (n=8)1 

 Treatment2    P-value3   
Item 0 2 4 6 SEM Linear Quadratic Cubic 
Yields, kg/d         
   Milk 45.8 45.7 45.4 45.3 1.37 0.28 1.00 0.87 
   FCM4 44.9 45.3 45.0 44.7 1.59 0.84 0.66 0.81 
   ECM5 44.9 45.2 44.9 44.6 1.48 0.70 0.69 0.86 
   Fat 1.54 1.57 1.56 1.55 0.06 0.96 0.50 0.75 
   Protein 1.40 1.39 1.39 1.37 0.04 0.28 0.79 0.88 
   Lactose 2.26 2.26 2.29 2.26 0.10 0.93 0.63 0.44 
Content, %         
   Fat 3.42 3.50 3.51 3.45 0.06 0.49 0.10 0.95 
   Protein 3.08 3.09 3.08 3.03 0.09 0.04 0.07 0.70 
   Lactose 4.94 4.94 4.95 4.97 0.02 <0.01 0.18 0.46 
SCC, 1000/mL 13.3 12.0 10.4 10.8 1.97 0.05 0.38 0.59 
BCS6 3.06 3.09 3.07 3.05 0.07 0.61 0.31 0.63 
BW, kg7 731 734 727 729 19.4 0.39 1.00 0.17 
Plasma Insulin, uIU/mL 14.5 15.3 15.6 15.6 1.43 0.27 0.61 1.00 

1Milk yield was recorded and samples were collected on the last 4 days of each infusion period and composited by cow and period. 
2Treatments consisted of abomasal infusions of 0, 2, 4, or 6 g/d of docosahexaenoic acid (DHA). 
3P-values associated with contrasts: (1) the linear effect of increasing DHA; (2) the quadratic effect of increasing DHA; and (3) the cubic effect of 
increasing DHA. 
43.5% FCM = [(0.4324 × kg of milk) + (16.216 × kg milk of fat)] (NRC, 2001). 
5ECM = (0.327 × kg of milk) + (12.95 × kg of milk fat) + (7.20 × kg of milk protein). This equation corrects milk to a 0.68 Mcal/kg energy basis (Tyrrell and Reid, 
1965). 
6Body condition score was recorded on the last day of each infusion period. 
7Body weight was measured on the last 2 days of each infusion period. 
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Table 3.5 Fatty acid (FA) content of plasma lipids of cows abomasally infused with increasing amounts of DHA (n=8)1 
 

Treatment2 
 

P-value3 

Item 0 2 4 6 SEM Linear Quadratic Cubic 
Selected Individual FA4, g/100 g FA 

        

   14:0  0.54 0.53 0.52 0.55 0.02 0.74 0.04 0.36 
   16:0 9.51 9.92 9.62 10.2 0.33 0.16 0.71 0.22 
   16:1 n-7 1.00 1.00 0.98 1.00 0.02 0.95 0.45 0.42 
   18:0 16.3 16.5 16.3 16.3 0.59 0.88 0.87 0.73 
   18:1 n-9 4.59 4.60 4.28 4.33 0.11 <0.01 0.67 0.03 
   20:0 0.026 0.024 0.028 0.033 0.002 0.04 0.12 0.63 
   22:0 0.020 0.016 0.019 0.023 0.001 0.12 0.02 0.60 
   ∑ n-6 56.5 55.0 55.8 55.5 0.81 0.58 0.45 0.35 
     18:2 n-6 50.4 49.9 50.6 50.5 0.73 0.78 0.80 0.56 
     18:3 n-6 0.72 0.71 0.70 0.61 0.10 0.06 0.31 0.71 
     20:2 n-6 0.069 0.071 0.071 0.076 0.004 <0.01 0.48 0.34 
     20:3 n-6 2.35 2.36 2.40 2.13 0.10 0.21 0.20 0.47 
     20:4 n-6 1.58 1.53 1.63 1.46 0.13 0.66 0.66 0.46 
     22:4 n-6 0.29 0.28 0.30 0.25 0.03 0.27 0.51 0.40 
     22:5 n-6 0.08 0.10 0.12 0.13 0.01 <0.001 0.31 0.70 
   ∑ n-3 3.94 3.84 4.07 3.74 0.27 0.7 0.59 0.37 
     18:3 n-3 3.20 3.33 3.44 3.21 0.15 0.84 0.25 0.65 
     20:5 n-3 0.26 0.23 0.26 0.21 0.03 0.39 0.67 0.15 
     22:5 n-3 0.35 0.32 0.35 0.28 0.03 0.16 0.40 0.21 
     22:6 n-3 0.13 0.22 0.27 0.30 0.02 <0.001 0.22 0.88 
   n-6:n-3 13.9 13.7 13.1 14.0 0.72 0.93 0.40 0.54 

1 Blood collections occurred every 9 hours on the last four days of each infusion period and composited by cow and period. 
2 Treatments consisted of abomasal infusions of 0, 2, 4, or 6 g/d of docosahexaenoic acid (DHA). 
3 P-values associated with contrasts: (1) the linear effect of increasing DHA; (2) the quadratic effect of increasing DHA; and (3) the cubic effect of 
increasing DHA. 
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Table 3.5 (cont’d) 

4A total of approximately 60 individual fatty acids were quantified. Only select fatty acids are reported in the table. 
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Table 3.6 Fatty acid (FA) content of plasma phospholipids (PL) of cows abomasally infused with increasing amounts of 
DHA (n=8)1  

Treatment2 
 

P-value3 

Item 0 2 4 6 SEM Linear Quadratic Cubic 
Selected Individual FA4, g/100 g FA 

        

   14:0  0.16 0.15 0.16 0.16 0.01 0.30 0.34 0.93 
   16:0 12.4 12.6 12.5 12.6 0.21 0.12 0.63 0.52 
   16:1 n-7 0.83 0.83 0.85 0.83 0.03 0.70 0.42 0.25 
   18:0 23.9 23.8 23.9 23.9 0.25 1.00 0.82 0.46 
   18:1 n-9 5.70 5.60 5.29 5.18 0.21 <0.0001 0.95 0.26 
   ∑ n-6 43.1 43.2 43.3 43.1 0.17 0.88 0.64 0.73 
     18:2 n-6 36.1 35.9 36.0 36.0 0.25 0.98 0.84 0.70 
     18:3 n-6 0.03 0.02 0.02 0.02 0.00 0.26 0.05 0.76 
     20:2 n-6 0.10 0.10 0.11 0.11 0.01 0.10 0.43 0.71 
     20:3 n-6 4.04 4.08 4.04 3.88 0.14 0.08 0.11 0.84 
     20:4 n-6 2.24 2.31 2.29 2.32 0.09 0.17 0.59 0.30 
     22:4 n-6 0.52 0.51 0.52 0.52 0.04 0.68 0.75 0.84 
     22:5 n-6 0.15 0.20 0.23 0.27 0.01 <0.0001 0.08 0.51 
   ∑ n-3 3.17 3.33 3.45 3.69 0.11 <0.0001 0.41 0.41 
     18:3 n-3 1.63 1.57 1.57 1.65 0.06 0.61 0.01 0.96 
     20:5 n-3 0.35 0.35 0.34 0.35 0.02 0.85 0.89 0.67 
     22:5 n-3 0.89 0.91 0.89 0.87 0.08 0.29 0.13 0.53 
     22:6 n-3 0.30 0.50 0.64 0.82 0.04 <0.0001 0.52 0.21 
   n-6:n-3 13.9 13.1 12.6 11.8 0.47 <0.0001 0.99 0.55 
1 Blood collections occurred every 9 hours on the last four days of each infusion period and composited by cow and period. 
2 Treatments consisted of abomasal infusions of 0, 2, 4, or 6 g/d of docosahexaenoic acid (DHA). 
3 P-values associated with contrasts: (1) the linear effect of increasing DHA; (2) the quadratic effect of increasing DHA; and (3) the cubic effect of 
increasing DHA. 
4A total of approximately 50 individual fatty acids were quantified. Only select fatty acids are reported in the table. 
  



 89 

Table 3.7 Fatty acid (FA) content of plasma cholesterol esters (CE) of cows abomasally infused with increasing amounts 
of DHA (n=8)1  

Treatment2 
 

P-value3 

Item 0 2 4 6 SEM Linear Quadratic Cubic 
Selected Individual FA4, g/100 g FA 

        

   14:0  0.92 0.87 0.86 0.88 0.04 0.07 0.03 0.98 
   16:0 3.30 3.20 3.16 3.20 0.09 0.25 0.31 0.91 
   16:1 n-7 1.03 0.98 0.92 0.96 0.06 0.01 0.02 0.23 
   18:0 0.89 0.71 0.60 0.45 0.13 0.01 0.86 0.81 
   18:1 n-9 1.98 1.92 1.81 1.78 0.07 0.0001 0.58 0.33 
   ∑ n-6 78.4 79.1 79.6 79.3 0.56 0.02 0.13 0.78 
     18:2 n-6 76.7 77.4 77.8 77.6 0.55 0.03 0.14 0.76 
     18:3 n-6 0.04 0.04 0.04 0.04 0.00 0.91 0.38 0.82 
     20:3 n-6 0.49 0.50 0.51 0.49 0.02 0.41 0.02 0.49 
     20:4 n-6 1.12 1.15 1.15 1.15 0.04 0.19 0.47 0.77 
   ∑ n-3 7.08 6.95 7.00 7.19 0.23 0.14 0.01 0.85 
     18:3 n-3 6.64 6.50 6.55 6.74 0.23 0.15 0.01 0.88 
     20:5 n-3 0.38 0.39 0.38 0.38 0.02 0.58 0.35 0.60 
     22:5 n-3 0.02 0.02 0.02 0.02 0.00 0.59 0.82 0.41 
     22:6 n-3 0.04 0.04 0.05 0.06 0.01 <0.01 0.86 0.96 
   n-6:n-3 11.22 11.53 11.49 11.09 0.50 0.38 0.00 0.99 
1 Blood collections occurred every 9 hours on the last four days of each infusion period and composited by cow and period. 
2 Treatments consisted of abomasal infusions of 0, 2, 4, or 6 g/d of docosahexaenoic acid (DHA). 
3 P-values associated with contrasts: (1) the linear effect of increasing DHA; (2) the quadratic effect of increasing DHA; and (3) the cubic effect of 
increasing DHA. 
4A total of approximately 45 individual fatty acids were quantified. Only select fatty acids are reported in the table. 
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Table 3.8 Fatty acid (FA) content of plasma triacylglycerols (TAG) of cows abomasally infused with increasing amounts 
of DHA (n=8)1  

Treatment2 
 

P-value3 

Item 0 2 4 6 SEM Linear Quadratic Cubic 
Selected Individual FA4, g/100 g FA 

        

   14:0  1.88 1.81 1.88 1.81 0.11 0.59 0.98 0.36 
   16:0 15.7 16.4 17.4 16.8 0.73 0.19 0.35 0.54 
   16:1 n-7 1.28 1.29 1.28 1.22 0.06 0.34 0.50 0.89 
   18:0 24.9 27.1 29.1 29.1 1.56 0.04 0.44 0.80 
   18:1 n-9 5.97 5.96 5.89 4.96 0.33 0.04 0.12 0.56 
   ∑ n-6 27.1 23.7 20.2 22.0 2.62 0.12 0.33 0.67 
     18:2 n-6 25.7 22.3 18.8 20.6 2.58 0.12 0.33 0.64 
     20:2 n-6 0.01 0.02 0.02 0.01 0.01 0.23 0.10 0.29 
     20:3 n-6 0.58 0.51 0.63 0.54 0.06 0.99 0.81 0.08 
     20:4 n-6 0.73 0.67 0.61 0.64 0.06 0.24 0.50 0.74 
     22:4 n-6 0.10 0.10 0.10 0.11 0.01 0.47 0.37 0.78 
     22:5 n-6 0.04 0.05 0.07 0.06 0.01 0.02 0.53 0.33 
   ∑ n-3 4.22 3.98 3.69 3.97 0.37 0.53 0.48 0.70 
     18:3 n-3 3.71 3.31 2.88 3.06 0.35 0.14 0.41 0.69 
     20:5 n-3 0.27 0.25 0.21 0.22 0.03 0.11 0.53 0.71 
     22:5 n-3 0.15 0.18 0.19 0.18 0.01 0.03 0.06 0.67 
     22:6 n-3 0.09 0.25 0.40 0.51 0.01 <0.0001 0.001 0.62 
   n-6:n-3 6.43 5.90 5.41 5.41 0.21 0.0005 0.17 0.61 
1 Blood collections occurred every 9 hours on the last four days of each infusion period and composited by cow and period. 
2 Treatments consisted of abomasal infusions of 0, 2, 4, or 6 g/d of docosahexaenoic acid (DHA). 
3 P-values associated with contrasts: (1) the linear effect of increasing DHA; (2) the quadratic effect of increasing DHA; and (3) the cubic effect of 
increasing DHA. 
4A total of approximately 50 individual fatty acids were quantified. Only select fatty acids are reported in the table. 
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Table 3.9 Fatty acid (FA) content of plasma nonesterified fatty acids (NEFA) of cows abomasally infused with 
increasing amounts of DHA (n=8)1  

Treatment2 
 

P-value3 

Item 0 2 4 6 SEM Linear Quadratic Cubic 
Selected Individual FA4, g/100 g FA 

        

   14:0  2.64 2.72 2.27 2.51 0.15 0.18 0.56 0.06 
   16:0 33.1 33.7 30.6 33.7 1.13 0.79 0.27 0.07 
   16:1 n-7 0.81 0.61 0.78 0.66 0.08 0.37 0.55 0.04 
   18:0 22.3 23.3 24.1 24.7 1.02 0.10 0.88 0.98 
   18:1 n-9 5.50 5.11 5.24 4.66 0.38 0.18 0.81 0.47 
   ∑ n-6 12.7 11.5 14.4 10.7 1.2 0.56 0.30 0.05 
     18:2 n-6 10.1 9.06 11.86 8.12 1.19 0.55 0.25 0.06 
     18:3 n-6 0.73 0.66 0.68 0.74 0.07 0.89 0.37 0.86 
     20:3 n-6 1.32 1.37 1.35 1.32 0.09 0.96 0.56 0.85 
     20:4 n-6 0.58 0.40 0.51 0.43 0.06 0.16 0.34 0.05 
   ∑ n-3 1.30 1.19 1.51 1.12 0.14 0.76 0.33 0.08 
     18:3 n-3 1.28 1.19 1.51 1.10 0.14 0.76 0.26 0.07 
   n-6:n-3 9.87 9.26 9.84 9.56 0.39 0.81 0.61 0.18 
1 Blood collections occurred every 9 hours on the last four days of each infusion period and composited by cow and period 
2 Treatments consisted of abomasal infusions of 0, 2, 4, or 6 g/d of docosahexaenoic acid (DHA). 
3 P-values associated with contrasts: (1) the linear effect of increasing DHA; (2) the quadratic effect of increasing DHA; and (3) the cubic effect of 
increasing DHA. 
4A total of approximately 40 individual fatty acids were quantified. Only select fatty acids are reported in the table. 
  



 92 

Table 3.10 Fatty acid (FA) content of milk from cows infused with increasing amounts of DHA (n=8)1 
 

Treatment2 
 

P-value3 

Item 0 2 4 6 SEM Linear Quadratic Cubic 
Summations by Source, g/100 g FA         
   De Novo 28.3 28.2 28.2 28.6 0.43 0.22 0.28 0.60 
   Mixed 37.9 38.6 38.1 38.2 0.81 0.83 0.32 0.18 
   Preformed 33.8 33.1 33.7 33.2 0.91 0.36 0.72 0.11 
Selected Individual FA4, g/100 g FA 

        

   4:0 2.67 2.70 2.67 2.68 0.17 0.97 0.82 0.53 
   6:0 1.92 1.96 1.94 1.97 0.10 0.10 0.94 0.13 
   8:0 1.18 1.21 1.20 1.22 0.04 <0.01 0.34 0.10 
   10:0 3.45 3.52 3.50 3.56 0.09 0.06 0.86 0.24 
   12:0  4.46 4.52 4.52 4.59 0.19 0.22 0.99 0.72 
   14:0  13.5 13.3 13.4 13.6 0.26 0.68 0.01 0.82 
   16:0 36.2 36.9 36.4 36.5 0.81 0.65 0.33 0.17 
   16:1 n-7 1.76 1.71 1.71 1.67 0.10 0.08 0.96 0.64 
   18:0 6.89 6.97 6.89 7.15 0.33 0.24 0.49 0.40 
   18:1n-9 15.7 15.6 15.5 15.1 0.77 0.09 0.60 0.91 
   18:2 n-75 0.36 0.36 0.37 0.34 0.04 0.07 0.21 0.20 
   ∑ n-6 2.54 2.56 2.62 2.51 0.10 0.85 0.11 0.28 
     18:2 n-6 2.22 2.19 2.28 2.18 0.09 0.79 0.23 0.05 
     18:3 n-6 0.02 0.02 0.02 0.02 0.00 0.01 0.65 0.84 
     20:2 n-6 0.02 0.02 0.02 0.02 0.00 0.88 0.75 0.67 
     20:3 n-6 0.10 0.10 0.10 0.10 0.01 0.83 0.41 0.41 
     20:4 n-6 0.14 0.15 0.15 0.15 0.005 0.15 0.33 1.00 
     22:4 n-6 0.03 0.03 0.03 0.03 0.002 1.00 1.00 1.00 
     22:5 n-6 0.01 0.01 0.02 0.02 0.001 <0.0001 1.00 0.15 
   ∑ n-3 0.56 0.57 0.63 0.63 0.02 <0.0001 0.10 0.00 
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Table 3.10 (cont’d)         
     18:3 n-3 0.46 0.45 0.48 0.46 0.02 0.24 0.38 <0.001 
     20:5 n-3 0.03 0.03 0.03 0.03 0.001 0.33 0.27 0.06 
     22:5 n-3 0.05 0.05 0.06 0.06 0.003 0.02 0.15 0.20 
     22:6 n-3 0.01 0.04 0.06 0.08 0.002 <0.0001 0.16 0.90 
   n-6:n-3 4.57 4.46 4.16 4.01 0.10 <0.0001 0.67 0.10 
1 Milk samples were collected three times per day on the last four days of each infusion period and composited by cow and period. 
2 Treatments consisted of abomasal infusions of 0, 2, 4, or 6 g/d of docosahexaenoic acid (DHA). 
3 P-values associated with contrasts: (1) the linear effect of increasing DHA; (2) the quadratic effect of increasing DHA; and (3) the cubic effect of 
increasing DHA. 
4A total of approximately 60 individual fatty acids were quantified. Only select fatty acids are reported in the table. 
5Conjugated linoleic acid (CLA) cis-9, trans-11 18:2. 
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Table 3.11 Fatty acid (FA) yields of milk from cows infused with increasing amounts of DHA (n=8)1 
 

Treatment2 
 

P-value3 

Item 0 2 4 6 SEM Linear Quadratic Cubic 
Summations by Source, g/d         
   De Novo 410 418 413 416 21.4 0.79 0.77 0.66 
   Mixed 550 557 559 555 28.4 0.75 0.62 1.00 
   Preformed 487 498 491 480 20.4 0.61 0.35 0.75 
Selected Individual FA4, g/d 

        

   4:0 39.1 40.3 39.2 39.3 3.46 0.94 0.57 0.39 
   6:0 28.1 29.3 28.5 29.0 2.31 0.59 0.65 0.33 
   8:0 17.3 18.1 17.7 17.9 1.27 0.46 0.52 0.44 
   10:0 50.4 52.4 51.4 52.0 3.59 0.57 0.62 0.49 
   12:0  64.9 66.8 66.3 66.5 4.06 0.61 0.66 0.74 
   14:0  196 197 196 197 9.75 0.96 0.97 0.81 
   16:0 524 532 534 531 28.2 0.69 0.62 0.98 
   16:1 n-7 25.2 24.8 24.8 23.9 1.14 0.16 0.64 0.60 
   18:0 100 104 101 105 6.94 0.38 0.93 0.27 
   18:1 n-9 225 228 225 218 9.53 0.28 0.34 0.88 
   18:2 n-75 5.30 5.33 5.31 4.89 0.69 0.17 0.27 0.68 
   ∑ n-6 37.3 38.3 38.6 36.8 2.37 0.75 0.12 0.73 
     18:2 n-6 32.3 33.1 33.2 31.6 2.15 0.62 0.14 0.79 
     18:3 n-6 0.33 0.32 0.30 0.26 0.04 0.02 0.51 0.94 
     20:2 n-6 0.26 0.25 0.26 0.26 0.04 0.96 0.92 0.89 
     20:3 n-6 1.45 1.47 1.50 1.40 0.10 0.71 0.34 0.61 
     20:4 n-6 2.05 2.17 2.19 2.16 0.12 0.09 0.14 0.79 
     22:4 n-6 0.37 0.37 0.37 0.37 0.03 0.88 0.89 0.99 
     22:5 n-6 0.17 0.21 0.30 0.33 0.02 <0.0001 0.93 0.09 
   ∑ n-3 8.07 8.43 9.20 9.07 0.24 0.0005 0.21 0.13 
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Table 3.11 (cont’d)         
     18:3 n-3 6.66 6.60 6.94 6.64 0.17 0.65 0.35 0.09 
     20:5 n-3 0.46 0.45 0.48 0.43 0.03 0.53 0.27 0.15 
     22:5 n-3 0.76 0.80 0.87 0.83 0.05 0.04 0.15 0.30 
     22:6 n-3 0.19 0.58 0.91 1.18 0.04 <0.0001 0.14 0.91 
   n-6:n-3 4.63 4.51 4.21 4.05 0.11 <0.0001 0.66 0.12 
Apparent Transfer Efficiency, %         
   22:6 n-36 n/a 28.8 22.8 19.7 0.81 <0.0001 0.10 n/a 
   22:6 n-37 n/a 30.6 24.1 20.8 0.88 <0.0001 0.10 n/a 
1 Milk samples were collected three times per day on the last four days of each infusion period and composited by cow and period. 
2 Treatments consisted of abomasal infusions of 0, 2, 4, or 6 g/d of docosahexaenoic acid (DHA). 
3 P-values associated with contrasts: (1) the linear effect of increasing DHA; (2) the quadratic effect of increasing DHA; and (3) the cubic effect of 
increasing DHA. 
5Conjugated linoleic acid (CLA) cis-9, trans-11 18:2. 
4A total of approximately 60 individual fatty acids were quantified. Only select fatty acids are reported in the table. 
6Calculated as (fatty acid yield in milk / amount of fatty acid provided by infusion dose) x 100. 
7Calculated as (fatty acid yield in milk / amount of fatty acid absorbed) x 100. 
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Table 3.12 Pearson correlation coefficients between absorbed DHA, DHA in plasma lipid fractions, and 
DHA in milk for cows abomasally infused with increasing amounts of DHA (n=8) 

Item 

DHA  
Absorbed (g/d) 

Total Plasma 
DHA  

(g/100 g FA) 

Plasma 
DHA in PL  

(g/100 g 
FA) 

Plasma 
DHA in 

TAG 
(g/100 g 

FA) 

Plasma 
DHA in 

CE 
(g/100 g 

FA) 

Milk DHA 
Content 
(g/100 g 

FA) 

DHA Absorbed 1 0.421 0.70 0.92 0.27 0.93 

  (<0.05)2 (<0.0001) (<0.0001) (0.14) (<0.0001) 
Total Plasma DHA  1 0.72 0.60 0.66 0.52 

   (<0.0001) (<0.001) (<0.0001) (<0.01) 
Plasma DHA in PL   1 0.89 0.82 0.81 

    (<0.0001) (<0.0001 (<0.0001) 
Plasma DHA in 
TAG    1 0.56 0.95 

     (<0.001) (<0.0001) 
Plasma DHA in CE     1 0.51 

      (<0.01) 
Milk DHA Content      1 

1The Pearson correlation coefficient of the linear relationship between 2 variables. 
2The P-value associated with the linear relationship between 2 variables. 
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Figure 3.1 Relationship between DHA content of total plasma lipids and plasma phospholipids 
[DHA in plasma phospholipids (g/100 g FA) = 0.25 + 1.36 x (DHA in total plasma lipids g/100 g 
FA); R2 = 0.52; P < 0.0001].  
 
 
 

 
Figure 3.2 Relationship between DHA content of plasma triacylglycerols and milk fat [DHA in 
milk fat (g/100 g FA) = 0.001 + 0.15 x (DHA in plasma triacylglycerols g/100 g FA); R2 = 0.89; 
P < 0.0001].  
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Figure 3.3 Relationship between absorbed DHA and DHA content of plasma phospholipids, 
plasma triacylglycerols, milk fat, and total plasma lipids. 
[DHA in plasma phospholipids (g/100 g FA) = 0.31 + 0.09 x (DHA absorbed (g/d)); R2 = 0.49; P 
< 0.0001].  
[DHA in plasma triacylglycerols (g/100 g FA) = 0.10 + 0.08 x (DHA absorbed (g/d)); R2 = 0.85; 
P < 0.0001]. 
[DHA in milk fat (g/100 g FA) = 0.02 + 0.01 x (DHA absorbed (g/d)); R2 = 0.86; P < 0.0001]. 
[DHA in total plasma lipids (g/100 g FA) = 0.15 + 0.03 x (DHA absorbed (g/d)); R2 = 0.18; P < 
0.01]. 
 

 
Figure 3.4 Effect of increasing abomasal infusions of DHA on yield of DHA in milk fat (g/d) as 
a proportion of DHA absorbed.  
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Table 4.1 Ingredient composition and fatty acid profile 
of concentrate mixes provided during the close-up period 

Item CU Mix 
CON N3 

Ingredient, % DM   

   Soybean meal 18.8 18.8 
   Anionic protein supplement1 30.2 30.2 
   Ground corn 3.58 3.58 
   Vitamin D 0.003 0.003 
   Vitamin E 0.07 0.07 
   Tallow 0.76 0.76 
   Magnesium sulfate 2.51 2.51 
   White salt 0.56 0.56 
   Selenium 0.16 0.16 
   Vitamin A 0.01 0.01 
   Trace mineral blend2 0.05 0.05 
   Magnesium oxide 0.40 0.40 
   Soybean hulls 13.4 12.3 
   By-pass soybean meal3 22.9 22.9 
   Zinc sulfate 0.03 0.03 
   Blood meal4 2.32 2.32 
   Calcium salt of fish oil5 - 3.63 
   Calcium salt of palm oil6 2.47 - 
   Copper sulfate 0.01 0.01 
   Rumen protected choline7 1.74 1.74 
Total Fatty Acids, % DM8 4.48 5.11 
FA Profile, g/100 g FA   
   C16:0 29.2 19.2 
   C18:0 5.36 25.0 
   cis-9 C18:1 24.3 12.3 
   cis-9, cis-12 C18:2 26.6 17.0 
   cis-9, cis-12, cis-15 C18:3 3.13 2.35 
   cis-5, cis-8, cis-11, cis-14, cis-17 C 
20:5 - 2.94 
   cis-7, cis-10, cis-13, cis-16, cis-19    
C22:5 - 0.59 
   cis-4, cis-7, cis-10, cis-13, cis-16, 
cis-19 C22:6 - 2.35 

1SoyChlor (Landus; Des Moines, Iowa). 
2Micro 5 (Nutreco; Amersfoort, Netherlands). 
3Amino Plus (Ag Processing; Omaha, Nebraska). 
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Table 4.1 (cont’d) 
4Spectrum AgriBlue (Perdue Animal Nutrition; Salisbury, Maryland). 
5Strata (Virtus Nutrition; Corcoran, California). Supplement (80% total FA content) contained (g/100g FA) 
8.9% C14:0, 25% C16:0, 11% cis-9 C16:1, 6.7% C18:0, 16% cis-9 C18:1, 3% cis-11 C18:1, 2.1% cis-9, cis-12 
C18:2, 3.6% C22:0, 10.5% cis-5, cis-8, cis-11, cis-14, cis-17 C 20:5, and 7.6% cis-4, cis-7, cis-10, cis-13, cis-
16, cis-19 C22:6. 
6EnerGII (Virtus Nutrition; Cocoran, California). Supplement (80% total FA content) contained (g/100g FA) 
51% C16:0, 4.1 % C18:0, 37% cis-9 C18:1, and 6.6% cis-9, cis-12 C18:2. 
7ReaShure (Balchem Corporation; New Hampton, New York). 
8Analysis of fatty acid content and profile performed at Eurofins Nutrition Analysis Center (Des Moines, 
Iowa). 
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Table 4.2 Ingredient composition and fatty acid profile of 
concentrate mixes provided during the fresh period 

Item FR Mix 
CON N3 

Ingredient, % DM   

   Distillers grains 25.5 25.5 
   By-pass soybean meal1 14.5 14.5 
   Calcium carbonate 4.7 4.7 
   Ground corn  8.2 8.2 
   Rumen protected methionine2 0.4 0.4 
   Sodium sesquinate 10.2 10.2 
   Blood meal3 20.4 20.4 
   Dicalcium phosphate 1.0 1.0 
   Soybean hulls 2.7 - 
   Potassium carbonate4 4.1 4.1 
   Rumen protected choline5 2.7 2.7 
   Calcium salt of fish oil6 - 8.3 
   Calcium salt of palm oil7 5.7 - 
Total Fatty Acids, % DM8 7.86 11.9 
FA Profile, g/100 g FA   
   C16:0 31.8 19.7 
   C18:0 20.5 17.1 
   cis-9 C18:1 23.9 11.3 
   cis-9, cis-12 C18:2 18.7 11.5 
   cis-9, cis-12, cis-15 C18:3 0.89 1.18 
   cis-5, cis-8, cis-11, cis-14, cis-17 C 20:5 - 5.97 
   cis-7, cis-10, cis-13, cis-16, cis-19    
C22:5 - 1.26 
   cis-4, cis-7, cis-10, cis-13, cis-16, cis-19 
C22:6 - 4.96 

1Amino Plus (Ag Processing; Omaha, Nebraska). 
2Smartamine (Adisseo; Alpharetta, Georgia). 
3Spectrum AgriBlue (Perdue Animal Nutrition; Salisbury, Maryland). 
4Ion Plus (D&D Ingredients, LLC; Delphos, Ohio). 
5ReaShure (Balchem Corporation; New Hampton, New York). 
6Strata (Virtus Nutrition; Corcoran, California). Supplement (80% total FA content) contained (g/100g FA) 
8.9% C14:0, 25% C16:0, 11% cis-9 C16:1, 6.7% C18:0, 16% cis-9 C18:1, 3% cis-11 C18:1, 2.1% cis-9, cis-12 
C18:2, 3.6% C22:0, 10.5% cis-5, cis-8, cis-11, cis-14, cis-17 C 20:5, and 7.6% cis-4, cis-7, cis-10, cis-13, cis-
16, cis-19 C22:6. 
7EnerGII (Virtus Nutrition; Cocoran, California). Supplement (80% total FA content) contained (g/100g FA) 
51% C16:0, 4.1 % C18:0, 37% cis-9 C18:1, and 6.6% cis-9, cis-12 C18:2. 
8Analysis of fatty acid content and profile performed at Eurofins Nutrition Analysis Center (Des Moines, 
Iowa). 
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Table 4.3 Ingredient and nutrient composition of close-up, fresh, and carryover diets. 

Diet 
 Item Close-up 

 
Fresh Carryover 

CON N3   CON N3 
Ingredient, % DM 

      

   Corn silage 44.6 44.7 
 

33.2 33.1 38.7 
   Alfalfa silage - - 

 
12.5 12.5 12.8 

   Alfalfa hay - - 
 

5.52 5.58 - 
   Grass hay 17.5 17.7 

 
- - - 

   Wheat straw 13.8 13.9 
 

- - - 
   Ground corn - - 

 
13.9 13.9 19.6 

   Soybean meal - - 
 

10.6 10.5 10.8 
   Whole cottonseed - - 

 
3.28 3.22 9.35 

   Vitamin and mineral mix1 - - 
 

2.08 2.10 1.95 
   Soybean hulls - - 

 
8.80 8.67 - 

   Protein supplement2 - - 
 

- - 6.89 
   Close-up mix w/o n-33 24.0 - 

 
- - - 

   Close-up mix w/ n-3 - 23.7 
 

- - - 
   Fresh mix w/o n-34 - - 

 
10.2 - - 

   Fresh mix w/ n-3 - - 
 

- 10.4 - 
Nutrient Composition, % DM       
   NDF 43.7 43.7  31.1 30.8 27.5 
   Forage NDF 38.4 38.6  20.1 20.0 19.3 
   CP 13.2 13.1  18.2 18.2 17.3 
   Starch 16.1 16.1  22.8 22.8 29.0 
   FA 2.97 3.02  3.67 3.75 4.12 

1Contained 20.4% calcium carbonate, 12.5% calcium phosphate, 4.47% sodium sesquinate, 14.1% white salt, 
15.7% Min AD, 0.03% vitamin A, 0.01% Vitamin 500, 0.34% vitamin E, 14.7 % corn grain, 0.92% Energizer 
Tallow, 0.51% Micro5, 2.36% CFE Selenium, 0.15% magnesium oxide, and 4.70% magnesium sulfate. 
2Contained 67.6% Amino Plus, 9.56% calcium carbonate, 17.9% sodium sesquinate, and 4.93% Ion Plus 
3Close-up mix formulations outlined in Table 4.1. 
4Fresh mix formulations outlined in Table 4.2. 
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Table 4.5 Fresh period (1-23 DIM) dry matter intake, milk yield and composition, body condition score, and body weight 
of cows fed treatment diets during the close-up (~21 d prepartum) and fresh period (1-23 DIM)  

Treatment1  

 
 

P-values2  
CON N3 SEM Treatment Time Treatment*Time 

Item       
   

  DMI, kg/d 22.3 22.3 0.74 0.96 <0.0001 0.62 
Yields, kg/d       
   Colostrum 3.64 2.45 0.41 0.05 N/A N/A 
   Milk 42.2 41.8 1.10 0.81 <0.0001 0.88 
   FCM 53.1 49.7 1.34 0.09 <0.0001 0.78 
   ECM 52.7 49.7 1.29 0.10 <0.0001 0.78 
   Fat 2.12 1.94 0.06 0.05 <0.0001 0.76 
   Protein 1.54 1.51 0.04 0.46 <0.0001 0.63 
   Lactose 2.13 2.03 0.06 0.10 <0.0001 0.54 
Content, %       
   Fat 4.91 4.66 0.10 0.10 <0.0001 0.33 
   Protein 3.60 3.65 0.05 0.50 <0.0001 0.12 
   Lactose 4.84 4.84 0.02 0.73 <0.0001 0.16 
logSCC 3.0 3.3 0.17 0.11 <0.0001 0.19 
BCS 3.19 3.21 0.03 0.72 <0.0001 0.13 
BCS Change /wk -0.06 -0.06 0.02 0.71 - - 
BW, kg 728 725 5.9 0.63 <0.0001 0.34 
BW Change, kg/d -1.98 -1.93 0.27 0.88 - - 

1CON (diet containing a calcium salt of palm fatty acids); N3 (diet containing a calcium salt of fish oil providing EPA and DHA). 
2P-values refer to the ANOVA results for the main effect of n-3 treatment, the main effect of time, and the interaction of treatment and time. 
33.5% FCM = [(0.4324 × kg of milk) + (16.216 × kg milk of fat)] (NRC, 2001). 
4ECM = (0.327 × kg of milk) + (12.95 × kg of milk fat) + (7.20 × kg of milk protein). This equation corrects milk to a 0.68 Mcal/kg energy basis (Tyrrell 
and Reid, 1965). 
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Table 4.6 Dry matter intake, milk yield and composition, body condition score, and body weight of cows fed a common 
diet during the carryover period (24-63 DIM)  

Treatment1  

 
 

P-values2  
CON N3 SEM Treatment Time Treatment*Time 

Item       
   

DMI, kg/d      29.4 29.4 0.62 0.91 <0.0001 0.07 
Yields, kg/d       
   Milk 55.0 53.9 1.57 0.45 <0.0001 0.80 
   FCM 58.2 56.4 1.46 0.33 0.74 0.37 
   ECM 57.3 55.9 1.37 0.43 0.76 0.56 
   Fat 2.13 2.05 0.06 0.29 0.16 0.10 
   Protein 1.63 1.61 0.04 0.69 <0.001 0.86 
   Lactose 2.74 2.68 0.07 0.46 <0.01 0.93 
Content, %       
   Fat 3.92 3.82 0.09 0.45 <0.0001 <0.01 
   Protein 2.99 3.00 0.04 0.76 <0.001 0.96 
   Lactose 5.01 5.00 0.02 0.65 0.03 0.40 
logSCC 2.0 2.2 0.23 0.29 0.46 0.92 
BCS 3.03 3.08 0.03 0.24 <0.01 0.40 
BCS Change /wk -0.02 -0.01 0.01 0.55 - - 
BW, kg 702 702 7.07 0.95 <0.0001 0.64 
BW Change, kg/d -0.14 0.01 0.10 0.27 - - 

1CON (diet containing a calcium salt of palm fatty acids); N3 (diet containing a calcium salt of fish oil providing EPA and DHA). 
2P-values refer to the ANOVA results for the main effect of n-3 treatment, the main effect of time, and the interaction of treatment and time 
33.5% FCM = [(0.4324 × kg of milk) + (16.216 × kg milk of fat)] (NRC, 2001). 
4ECM = (0.327 × kg of milk) + (12.95 × kg of milk fat) + (7.20 × kg of milk protein). This equation corrects milk to a 0.68 Mcal/kg energy basis (Tyrrell 
and Reid, 1965). 
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1Blood samples collected at 3, 7, 14, and 21 DIM. 
2CON (diet containing a calcium salt of palm fatty acids); N3 (diet containing a calcium salt of fish oil 
providing EPA and DHA). 
3P-values refer to the ANOVA results for the main effect of n-3 treatment, the main effect of time, and the 
interaction of treatment and time. 
 
 
  
 
 

Table 4.7 Plasma metabolites of cows fed treatment diets during the close-up (~21 d 
prepartum) and fresh period (1-23 DIM)1  

Treatment2 
 

P-values3 
 

CON N3 SEM Treatment Time Treatment*Time 
Item             
   Insulin, µg/L 0.15 0.14 0.01 0.49 0.13 0.83 
   Glucose, mg/dL 60.1 59.2 1.51 0.60 0.78 <0.001 
   NEFA, mEq/L 575 517 44.57 0.33 <0.01 0.29 
   BHB, mmol/L 0.83 0.83 0.06 0.96 0.29 0.20 
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Table 4.8 Fresh period (1-23DIM) milk fatty acid contents of cows fed treatment diets during the close-up (~21 d prepartum) 
and fresh period (1-23 DIM) 

 Treatment1  
  

P-values2 

 CON N3 SEM Treatment Time Treatment*Time 
Item             
Summations by Source, g/100 g FA       
   De novo 20.3 20.2 0.71 0.91 <0.01 0.27 
   Mixed 31.9 31.3 0.37 0.21 0.49 0.29 
   Preformed 47.8 48.4 0.88 0.52 0.03 0.12 
Selected Individual FA3, g/100g FA       
   C4:0 3.20 3.35 0.08 0.15 <0.0001 0.60 
   C6:0 1.94 1.95 0.06 0.87 0.10 0.38 
   C8:0 1.04 1.03 0.05 0.89 <0.001 0.42 
   C10:0 2.44 2.33 0.08 0.54 <0.01 0.45 
   C12:0  2.44 2.35 0.16 0.67 <0.001 0.36 
   C14:0  8.66 8.72 0.32 0.89 <0.01 0.12 
   C16:0 30.1 29.6 0.39 0.26 0.17 0.17 
   cis-9 C16:1 1.75 1.71 0.06 0.69 <0.001 0.10 
   C18:0 12.1 12.3 0.32 0.73 <0.0001 0.76 
   trans -6 to -8 C18:1 0.22 0.28 0.01 <0.01 <0.001 0.59 
   trans-9 C18:1 0.13 0.18 0.01 <0.0001 <0.0001 0.18 
   trans-10 C18:1 0.34 0.37 0.02 0.33 0.05 0.04 
   trans-11 C18:1 0.74 1.13 0.05 <0.0001 0.98 0.37 
   cis-9 C18:1 25.7 24.3 0.75 0.12 0.14 0.03 
   cis-11 C18:1 0.98 0.99 0.03 0.73 <0.0001 0.04 
   cis-9, trans-11 C18:2 (CLA) 0.25 0.35 0.02 <0.0001 <0.0001 0.01 
   C20:0 0.10 0.15 0.01 <0.0001 0.08 0.89 
   C22:0 0.02 0.04 0.002 <0.0001 0.33 0.74 
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Table 4.8 (cont’d)       
   ∑n-6 2.45 2.46 0.05 0.82 0.57 0.10 
      cis-9, cis-12 C18:2 2.23 2.23 0.05 0.94 0.35 0.08 
      cis-5, cis-8, cis-11, cis-14 C20:4 0.13 0.14 0.01 0.66 <0.0001 0.20 
      cis-4, cis-7, cis-10, cis-13, cis-16 
C22:5 0.02 0.02 0.001 0.47 0.00 0.22 
   ∑ n-3 0.43 0.54 0.02 <0.0001 0.69 0.61 
      cis-9, cis-12, cis-15 C18:3 0.33 0.35 0.01 0.43 0.80 0.84 
      cis-5, cis-8, cis-11, cis-14, cis-17            
C20:5 0.03 0.07 0.003 <0.0001 0.64 0.51 
      cis-7, cis-10, cis-13, cis-16, cis-19    
C22:5 0.05 0.08 0.004 <0.0001 0.12 0.73 
      cis-4, cis-7, cis-10, cis-13, cis-16, 
cis-19 C22:6 0.00 0.05 0.003 - - - 
   ∑n-6:n-3 6.04 4.61 0.16 <0.0001 0.74 0.63 

1CON (diet containing a calcium salt of palm fatty acids); N3 (diet containing a calcium salt of fish oil providing EPA and DHA). 
2P-values refer to the ANOVA results for the main effect of n-3 treatment, the main effect of time, and the interaction of treatment and time. 
3A total of approximately 60 individual fatty acids were quantified. Only select fatty acids are reported in the table. 
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Table 4.9 Fresh period (1-23 DIM) milk fatty acid yields of cows fed treatment diets during the close-up (~21 d prepartum) 
and fresh period (1-23 DIM) 
 Treatment1    P-values2   

 CON N3 SEM Treatment Time Treatment*Time 
Item             
Summations by Source (g/d)       
   De Novo 416 375 16.4 0.01 <0.0001 0.40 
   Mixed 663 584 22.5 <0.01 <0.01 0.92 
   Preformed 980 908 32.5 0.14 0.03 0.56 
Selected Individual FA3, g/d       
   C4:0 66.8 62.8 2.95 0.17 0.13 0.82 
   C6:0 40.0 36.2 1.73 0.03 <0.001 0.66 
   C8:0 21.4 19.1 1.03 0.03 <0.0001 0.67 
   C10:0 49.2 42.9 2.80 0.04 <0.0001 0.22 
   C12:0 51.4 44.8 3.10 0.06 <0.0001 0.15 
   C14:0 177 161 6.82 0.04 <0.0001 0.17 
   C16:0 632 552 21.9 <0.001 0.04 0.79 
   cis-9 C16:1 35.5 31.7 1.74 0.13 <0.0001 0.31 
   C18:0 247 230 8.75 0.18 0.04 0.76 
   trans -6 to -8 C18:1 4.56 5.22 0.29 0.06 0.11 0.15 
   trans-9 C18:1 2.83 3.46 0.18 <0.01 <0.0001 0.80 
   trans-10 C18:1 6.54 7.87 0.61 0.10 <0.0001 0.64 
   trans-11 C18:1 17.9 23.8 2.21 0.01 0.09 0.11 
   cis-9 C18:1 531 459 22.0 0.03 <0.01 0.35 
   cis-11 C18:1 20.0 18.2 0.79 0.10 <0.0001 0.15 
   cis-9, trans-11 C18:2 (CLA) 5.33 6.58 0.46 0.03 <0.0001 0.04 
   C20:0 2.06 2.87 0.10 <0.0001 0.76 0.99 
   C22:0 0.48 0.71 0.04 <0.0001 0.03 0.63 
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Table 4.9 (cont’d)       
   ∑n-6 51.4 46.3 1.81 0.05 0.01 0.68 
      cis-9, cis-12 C18:2 46.9 41.9 1.73 0.04 <0.01 0.63 
      cis-5, cis-8, cis-11, cis-14 C20:4 2.75 2.58 0.11 0.27 <0.0001 0.54 
      cis-4, cis-7, cis-10, cis-13, cis-16 
C22:5 0.34 0.30 0.02 0.22 0.0001 0.73 
   ∑ n-3 9.62 9.94 0.53 0.47 0.02 0.60 
      cis-9, cis-12, cis-15 C18:3 7.26 6.44 0.30 0.03 0.01 0.92 
      cis-5, cis-8, cis-11, cis-14, cis-17 C 
20:5 0.71 1.35 0.07 <0.0001 0.36 0.52 
      cis-7, cis-10, cis-13, cis-16, cis-19 
C22:5 1.09 1.52 0.08 <0.0001 0.26 0.93 
      cis-4, cis-7, cis-10, cis-13, cis-16, 
cis-19 C22:6 <0.01 0.88 0.05 - - - 
   ∑n-6:n-3 5.99 4.57 0.16 <0.0001 0.75 0.62 

1CON (diet containing a calcium salt of palm fatty acids); N3 (diet containing a calcium salt of fish oil providing EPA and DHA). 
2P-values refer to the ANOVA results for the main effect of n-3 treatment, the main effect of time, and the interaction of treatment and time. 
3A total of approximately 60 individual fatty acids were quantified. Only select fatty acids are reported in the table.
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Figure 4.1 Effects of dietary n-3 fatty acid inclusion on yield of milk fat during the fresh (FR) 
period (1-23 DIM) and carryover (CO) period (24-63 DIM). Diets fed during the FR period were 
CON (diet with a calcium salt of palm oil containing no supplemental EPA or DHA, green line); 
N3 (diet with a calcium salt containing supplemental EPA and DHA, purple line). The dash-line 
on week 3 indicates the start of the CO period, when all cows were fed a common diet with no 
supplemental calcium salts of fatty acids. N3 reduced yield of milk fat during the FR period (P = 
0.05). During the CO period, N3 supplementation interacted with time to reduce milk fat yield 
during weeks 4 and 5 of lactation compared to CON (P = 0.10). Error bars indicate SEM. 
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Figure 4.2 Effects of dietary n-3 fatty acid inclusion on milk fat content during the fresh (FR) 
period (1-23 DIM) and carryover (CO) period (24-63 DIM). Diets fed during the FR period were 
CON (diet with a calcium salt of palm oil containing no supplemental EPA or DHA, green line); 
N3 (diet with a calcium salt containing supplemental EPA and DHA, purple line). The dash-line 
on week 3 indicates the start of the CO period, when all cows were fed a common diet with no 
supplemental calcium salts of fatty acids. N3 tended to decrease milk fat content during the FR 
period (P = 0.10). During the CO period, N3 supplementation interacted with time to reduce milk 
fat content during weeks 4 and 5 of lactation compared to CON (P < 0.01). Error bars indicate 
SEM. 
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Figure 4.3 Effects of dietary n-3 fatty acid inclusion on body condition score during the fresh 
(FR) period (1-23 DIM) and carryover (CO) period (24-63 DIM). Diets fed during the FR period 
were CON (diet with a calcium salt of palm oil containing no supplemental EPA or DHA, green 
line); N3 (diet with a calcium salt containing supplemental EPA and DHA, purple line). The 
dash-line on week 3 indicates the start of the CO period, when all cows were fed a common diet 
with no supplemental calcium salts of fatty acids. A treatment by time interaction was observed 
during the FR period where N3 tended to increase BCS during week 2 of lactation (P = 0.13). No 
treatment effects or interactions were observed in the CO period. Error bars indicate SEM. 
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Figure 4.4 Effects of dietary n-3 fatty acid inclusion on milk fat content of trans-10 C18:1 
during the fresh (FR) period (1-23 DIM). Diets fed during the FR period were CON (diet with a 
calcium salt of palm oil containing no supplemental EPA or DHA, green line); N3 (diet with a 
calcium salt containing supplemental EPA and DHA, purple line). Treatment interacted with time 
where N3 increased milk fat content of trans-10 18:1 during week 3 (P < 0.01). Error bars 
indicate SEM.  
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