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A series of four experiments were conducted to determine how omega-3 (n-3) fatty acid 

(FA) supplementation affects the FA composition of plasma and cell membranes, FA clearance 

rate after cessation of supplementation, and different aspects of innate and acquired immune 

function in horses.  

Sources of n-3 FA used in these studies included fish oil (FISH; rich in eicosapentaenoic 

(EPA) and docosahexaenoic acids (DHA)) and/or flaxseed (FLAX; rich in alpha-linolenic acid). 

The final study utilized high fat diets (12% of daily DE from fat) created by adding either corn 

oil (rich in omega-6 (n-6) FA) or a blend of olive oil and FISH. Omega-3 FA were fed at a rate 

of 6–9 g n-3/100 kg BW for 42 – 70 d. All studies included a non-supplemented control. 

FISH supplementation consistently resulted in a greater (P<0.05) proportion of EPA, DHA 

and total n-3 FA in plasma, red blood cell and white blood cell membranes compared to other 

treatments. Similar effects were not observed when an equivalent amount of n-3 FA was 

provided from FLAX. Changes in FA composition occurred more rapidly in plasma compared to 

cell membranes. Plasma FA remained altered 5 wk after the cessation of n-3 supplementation, 
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but plasma and cell membrane FA were no different from controls 8 wk after the removal of n-3 

FA. 

Omega-3 FA did not affect lymphocyte proliferation or neutrophil function. PGE2 

production by stimulated lymphocytes was not affected when n-3 FA were included as part of a 

low fat diet, but was reduced (P<0.05) when either n-3 or n-6 FA were part of a high fat diet. 

Serum antibody titers in response to a novel vaccine were not affected by n-3 FA in a low fat 

diet, but were elevated (P<0.05) in response to a tetanus booster when either n-3 or n-6 FA were 

supplied in a high fat diet. Horses fed FISH or FLAX had an earlier (P<0.05) increase in skin 

thickness after intradermal phytohemagglutinin injection compared to non-supplemented 

controls. Collectively, these results demonstrate that n-3 FA do not negatively affect immune 

function and can support select immune responses in healthy horses. 
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CHAPTER 1 

INTRODUCTION 

Throughout their lives and athletic careers, horses are subjected to many types of 

immunological challenges. Psychological stress in response to separation from the dam at 

weaning can suppress the foal’s immune response due to a rise in blood cortisol levels (Hoffman 

et al., 1995; Cassil et al., 2006). Weaning also typically occurs at an age when the foal’s immune 

system is not yet competent to function independently, which may further increase the foal’s 

susceptibility to disease (Tizard, 2004). As young horses are prepared for sale, or as they enter 

training and competition, they are often housed indoors in stalls in close proximity to other 

horses, which increases the likelihood of pathogenic exposure and transmission. In addition, 

strenuous training, as well as transport over long distances, has been associated with depressed 

immune function (Stull and Rodiek, 2000; Folsom et al., 2001; Nesse et al., 2002; Robson et al., 

2003). 

Another form of immunological challenge is generated by inflammatory conditions, such 

as osteoarthritis, respiratory disease, or allergic dermatitis. In the equine industry, lameness due 

to joint injury and disease is the most prevalent cause of diminished athletic function and 

wastage in racing horses (Goodrich and Nixon, 2006). Inflammatory airway disease is prevalent 

in horses in training, especially young racehorses, and after lameness, it is the second most 

common cause of lost training days (Rossdale et al., 1985; Wood et al., 2005). As horses age, 

they can also develop heaves, which is characterized by chronic airway inflammation and 

obstruction. Seasonal equine pruritic dermatitis associated with the bites of Culicoides spp. is a 

common ailment suffered by many horses across the globe, and is one of the most common 

allergic skin diseases suffered by horses in Florida (Friberg and Logas, 1999). All of these 

conditions are characterized by an inappropriate or amplified reaction to inflammatory stimuli 
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and often involve a cascade of molecular signals that create a positive feedback loop resulting in 

chronic inflammation. 

Although veterinary medical treatment will most often provide symptomatic relief for 

these medical conditions, and horse management strategies can be adjusted to reduce the impact 

of various psychological and physiological stressors, the use of nutritional supplementation may 

be a viable strategy to support medical treatment and to attenuate inflammation and strengthen 

the immune system. Two nutrients of particular interest for their roles in the modulation of 

inflammatory and immune responses are the omega-6 (n-6) and omega-3 (n-3) fatty acids. These 

fatty acids are deemed “essential” because the body cannot make them and therefore, they must 

be provided in the diet. These fatty acids serve as important components of cell membranes and 

as precursors for bioactive molecules known as eicosanoids, including prostaglandins, 

thromboxanes and leukotrienes.  

A large body of evidence in humans and lab animals suggests that supplementation with n-

3 fatty acids may exert immunomodulatory effects and be useful in the prevention and/or 

treatment of heart disease, thrombosis, hypertension, renal disease, arthritis, inflammatory 

disorders, autoimmune disease, and cancer (Calder et al., 2002; Gurr et al., 2002). Feeding 

marine-derived fats such as fish oil, which are rich in eicosapentaenoic acid and 

docosahexaenoic acid, results in the partial replacement of arachidonic acid in cell membranes 

with eicosapentaenoic acid and docosahexaenoic acid, leading to decreased production of 

inflammatory mediators (Calder, 2003). Clinical studies have demonstrated that supplementation 

with fish oil, a source rich in n-3 fatty acids, can relieve some of the symptoms of rheumatoid 

arthritis and asthma in humans (Broughton et al., 1997; Cleland and James, 2000). Flaxseed is 

another rich source of n-3 fatty acids, in the form of α-linolenic acid, and has also been shown to 
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modulate inflammation, albeit to a lesser extent than fish oil (Wallace et al., 2003; Zhao et al., 

2007).  

The practice of providing supplemental fat to the equine diet has become increasingly 

popular in the horse industry, primarily because it is a safe way to increase the energy density of 

the ration without increasing the total amount of feed necessary to meet energy requirements. Fat 

supplementation has also been shown to have various positive effects on exercise metabolism 

and other physiological parameters (Harris, 1998). Fats, however, are not a uniform material and 

those fats added to equine rations differ in their fatty acid composition. Fat sources commonly 

added to commercial grain products include rice bran, corn oil, and soybean oil that are high in 

n-6 fatty acids. These fat sources are more accessible, more stable, and less expensive than 

sources high in n-3, such as flaxseed (linseed) and fish oil. Flaxseed has been traditionally 

supplemented to horses for many years in relatively small quantities as a supplement to improve 

the appearance of the hair coat, but supplementing fish oil has not been common due to its 

reduced availability, at least until recently. 

Investigation of the effects of dietary n-3 fatty acids on inflammatory mediators has 

received some attention in the horse; however, many of these studies have included a small 

numbers of horses and typically did not include a non fat-supplemented control treatment group 

in the design. Some of these reports indicate that the anti-inflammatory effects observed in 

humans may also be detected in the horse (Henry et al., 1990; Hall et al., 2004a; Hall et al., 

2004b). On the other hand, the effect of these fatty acids on overall immune function, including 

aspects of both innate and acquired immunity, has received little attention. Because horses are 

routinely fed fat-added diets in today’s equine industry, identifying any effects that the fatty acid 

composition of supplementary fat exerts on the immune system is important.  
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The objectives of the four studies presented in this dissertation were to 1) determine the 

effect of different sources of n-3 FA on plasma, red blood cell, and white blood cell fatty acid 

composition; 2) determine the clearance rate of dietary n-3 fatty acids after supplementation has 

been discontinued; and 3) identify effects of dietary fat, and specifically n-3 and n-6 FA, on 

aspects of innate and acquired immune function through the measurement of the response to 

intradermal skin test, PGE2 production, lymphocyte proliferation, neutrophil function, and 

antibody production. In all studies, a non fat-supplemented control group of horses was utilized 

in order to make comparisons to responses observed in fat-supplemented horses. The hypothesis 

of these studies was that the source of fat provided in the horse’s diet will distinctly affect the 

fatty acid composition of plasma, red blood cells, and white blood cells, and dietary n-3 fatty 

acids will affect immune function differently than n-6 fatty acids. In addition, determination of 

the nature of the immunomodulatory effects will be elucidated by results obtained in these 

studies. Knowledge of how n-3 supplementation affects immune function may encourage feed 

manufactures to include greater proportions of n-3 rich fat sources in commercial feed 

formulations. In addition, supporting the immune system through nutrition is a viable strategy 

that would benefit the horse industry through decreased veterinary expenses and reduction of lost 

training/competition time and its associated revenue. 



 

22 

CHAPTER 2 

REVIEW OF LITERATURE 

Fat Metabolism in the Horse 

Fatty Acid Structure and Nomenclature 

Fats belong to a class of water-insoluble organic compounds known as lipids, and their 

primary biological functions include energy storage, cell membrane structure, and participation 

in signaling mechanisms within and between cells. Lipids can be classified as either glycerol or 

non-glycerol-based, and the non-glycerol based lipids include cholesterol, waxes, terpenes, 

cerebrosides, and sterols (Gurr et al., 2002). Glycerol-based lipids include glycolipids, 

phospholipids, and the class of molecules known as triacylglycerols (TG) (also referred to as 

triglycerides), which are lipid structures composed of three fatty acid (FA) molecules attached 

through an ester bond to a single glycerol backbone (Figure 2-1). TG are the primary means by 

which FA are consumed in the diet, although some non-esterified FA can be found in dietary fat 

sources as well.  

FA are defined as aliphatic monocarboxylic acids and can be classified as either saturated 

(no double bonds), monounsaturated (one double bond), or polyunsaturated (two or more double 

bonds). The structure of a FA consists of carbon, hydrogen, and oxygen atoms arranged in a 

carbon chain with a carboxyl group at one end and a methyl group at the other. Short chain FA 

are defined as having less than 6 carbons, medium chain with 6 – 16 carbons, and long chain 

having greater than 16 carbons (Gurr et al., 2002). Most FA derived from plant or non-ruminant 

animal sources contain an even number of carbon atoms. Bacteria, however, are able to 

synthesize odd-numbered FA. Consequently, ruminant animal fat contains FA that contain both 

an odd and even number of carbons, due to the activity of bacteria present in the rumen.  
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Figure 2-1.  Triglyceride structure (saturated) 

 

There are several different FA nomenclature systems. This dissertation will employ the 

widely used short-notation system that describes the composition of the FA by the number of 

carbons contained in the chain, the degree of saturation of the molecule, and the location of the 

first double bond relative to methyl end of the molecule (e.g., C18:2n-6). The last carbon at the 

methyl end of the chain is designated as the omega (ω)-carbon. The omega nomenclature system, 

although older, is commonly used when describing essential FA. In this system, the position of 

the first double bond counted from the methyl end designates the FA’s omega family. The “ω” is 

now commonly substituted in the literature with an “n”, but either is termed “omega”. For 

example, a FA containing 18 carbon atoms and 2 double bonds with the first double bond 

counted from the methyl end found between the 6th and 7th carbon would be designated as 

C18:2n-6. In contrast, the official systematic nomenclature system for FA designates the position 

of double bonds as numbered from the carboxyl (delta or “∆”) end of the FA. For example, the 
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official systematic name for the same C18:2n-6 FA described above would be Δ9,12-

octadecadienoic acid. Table 2-1 contains a list of polyunsaturated fatty acid (PUFA) structures 

and nomenclature. 

Table 2-1.  Polyunsaturated fatty acids and their abbreviations 

Common Name Systematic Name Abbreviation Structure 

Linoleic acid Δ9,12-octadecadienoic acid LA C18:2n-6 

γ – linolenic acid Δ6,9,12-octadecatrienoic acid GLA C18:3n-6 

α – linolenic acid Δ9,12,15-octadecatrienoic acid ALA C18:3n-3 

Dihomo-γ-linolenic acid Δ8,11,14-eicosatrienoic acid DGLA C20:3n-6 

Arachidonic acid Δ5,8,11,14-eicosatetraenoic acid ARA C20:4n-6 

Eicosapentaenoic acid Δ5,8,11,14,17-eicosapentaenoic acid EPA C20:5n-3 

Docosapentaenoic acid Δ7,10,13,16,19-docosapentaenoic acid DPA C22:5n-3 

Docosahexaenoic acid Δ4,7,10,13,16,19-docosahexaenoic acid DHA C22:6n-3 

 

 

Digestion and Metabolism of Dietary Fat 

TG are the primary source of dietary fat in the horse’s diet. They can exist as solids (fats) 

or oils at room temperature, depending on their biochemical makeup. TG with a high proportion 

of short chain FA and/or unsaturated FA are more likely to be found as a liquid at room 

temperature, while TG containing more saturated FA will exist as solids due to their higher 

melting point.  

Fat digestion in the horse begins in the mouth and stomach, but most digestion occurs in 

the small intestine. As the horse ingests feed, it chews to reduce particle size and produces saliva 

to lubricate the food bolus and facilitate swallowing. It is currently believed that horse saliva 

contains no enzymes (Ellis and Hill, 2005), and, therefore, fat hydrolysis does not begin until it 

reaches the horse’s stomach. The horse’s stomach contains small amounts of gastric lipase, 

which presumably begins the process of fat hydrolysis (Cunha, 1991). However, ingesta remains 
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in the stomach for only a relatively short period of time, and the majority of fat digestion occurs 

once the contents of the stomach empty into the duodenum.  

Unlike humans and many other mammals, horses do not possess a gall bladder for the 

storage and secretion of bile, but this does not appear to hamper the horse’s ability to digest fat 

(Cunha, 1991). In the horse, bile is continuously secreted into the lumen of the upper small 

intestine directly from the liver, and pancreatic lipase is also secreted directly into the small 

intestine from the pancreas. Bile salts are necessary for fat emulsification, a process which 

increases the surface area of the ingested fat and allows pancreatic lipase to readily hydrolyze the 

TG molecules. The predominant digestive enzyme found in pancreatic tissue is lipase, followed 

by amylase (necessary for starch digestion), and, in smaller concentrations, the proteolytic 

enzymes elastase, trypsin, and chymotrypsin in small concentrations (Lorenzo-Figueras et al., 

2007). The specific mechanisms responsible for fat absorption across the small intestinal wall 

and subsequent transport to the liver and other parts of the body have not been specifically 

elucidated in the horse. It is currently assumed that horses digest, absorb, and process lipids 

utilizing the same mechanisms as other monogastrics.  

Once emulsification of dietary fat occurs in the small intestine, the fat is hydrolyzed by the 

pancreatic enzymes lipase, cholesterol esterase, and phospholipase A2 into a mixture of FA, 2-

monoglycerides, cholesterol, and phospholipids. These products, combined with bile salts, form 

mixed micelles and are delivered to the surface of the intestinal wall. Facilitated by cytosolic FA 

binding protein (FABPc), the end products of lipid digestion diffuse across the brush border 

membrane, leaving the bile salts behind. Once inside the enterocyte, short- and medium-chain 

FA are transported directly into the hepatic portal vein. Long chain FA (LCFA) and 2-

monoglycerides are repackaged into TG, cholesterol is esterified, and lysophospholipids are 
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converted to phosphatidylcholine while still in the enterocyte. These products are then packaged 

into chylomicrons, which are large lipoproteins that act as carriers of absorbed lipids in a form 

that is stabilized for transport in the aqueous environment of the blood. Chylomicron assembly 

requires the incorporation of apolipoprotein B into the outer phospholipid membrane, and the 

final product is characterized by a TG core stabilized with a surface monolayer of phospholipids, 

unesterified cholesterol, and protein. Chylomicrons are released from the enterocyte into the 

lymphatic system via tiny lymph vessels called lacteals. From there, they enter the circulatory 

system via the thoracic duct and are distributed to the rest of the body (Gurr et al., 2002). In the 

horse, attempts to isolate chylomicrons in adult ponies have been unsuccessful, and the question 

remains whether or not mature horses form true chylomicrons at all (Watson et al., 1991). 

Under normal conditions, the majority of TG stored in the body are found in adipose 

tissue. However, under conditions of fat mobilization induced by starvation, exercise, or stress, 

the liver TG content increases significantly. The hormones glucagon, epinephrine, and ACTH 

stimulate hormone sensitive lipase, which catalyzes lipolysis and facilitates the subsequent 

energy production from FA cleaved from the glycerol backbone of the TG molecule.  

In a meta-analysis, Kronfeld et al. (2004) reported that the true digestibility of added fats 

approaches 100% in the horse, but lower amounts of total fat in the diet will result in decreased 

fat digestibility possibly due to the slower rate of fat hydrolysis by lipases at low substrate 

concentrations. The upper limit of fat inclusion in the diet appears to be 15-20% of total DE 

(Harris et al., 1999; Bush et al., 2001), as the addition of soybean oil at higher levels has been 

shown to inhibit fiber utilization when substituted for iso-energetic amounts of non-structural 

carbohydrates (Jansen et al., 2000; Jansen et al., 2002). This inhibition may be due to a specific 

negative effect of soybean oil in particular. Zeyner (2002) reported that soybean oil fed at 0.7 g 
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oil/kg BW daily had no adverse effects on fat digestibility, but decreased fiber digestibility was 

observed in horses fed 1 g soybean oil/kg BW daily. Therefore, the NRC has recommended an 

upper limit of 0.7 g/kg BW daily for the inclusion level of soybean oil in equine diets (NRC, 

2007). Recently, identification of the specific mechanism by which soybean oil inhibits fiber 

digestibility was attempted. It was hypothesized that LA may play a role, as LA has been shown 

to inhibit growth of microorganisms in culture (Galbraith et al., 1971). However, when dietary 

palm oil was replaced by soybean oil in the diet of mature horses, total tract digestibility of NDF, 

ADF, and cellulose were not affected, and the group mean digestibility of the fiber fractions 

were in fact higher for the ration containing soybean oil (Jansen et al., 2007). In addition, the 

infusion of linoleic acid into cecum-fistulated ponies did not affect fiber digestibility, and the 

authors concluded that decreased fiber fermentation after feeding soybean oil is unrelated to the 

increased intake of LA and further studies are necessary to unravel the mechanism (Jansen et al., 

2007).  

Benefits of Feeding Fat to Horses 

The practice of supplementing fat to the equine diet has become increasingly common in 

the horse industry. Fat can be incorporated into the horse’s diet in a variety of ways, such as top-

dressing oil, supplementing with high fat feed ingredients like rice bran or flaxseed, or feeding a 

commercially available fat-added grain mix. The FA composition of different fat sources varies 

greatly. Fat sources such as corn oil, soybean oil, and rice bran are rich in the omega-6 (n-6) FA 

linoleic acid (LA; C18:2n-6), while sources such as flaxseed (linseed) oil and fish oil contain 

higher amounts of the omega-3 (n-3) FA α-linolenic acid (ALA; C18:3n-3). Both LA and ALA 

are essential FA (EFA) that cannot be synthesized in the body and must be supplied in the diet. 

LA is the primary EFA found in fat-added commercial feeds and supplements. Sources high in n-

6 FA are typically more readily available, more stable, and less expensive than sources high in n-
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3 FA. However, fresh pasture serves as a relatively good source of n-3 FA, as it is relatively high 

in ALA as compared to LA. 

The most common reason for supplementing horses with fat is to increase the energy 

density of the ration, as fats contain approximately 2.25 times the available energy by weight as 

carbohydrates. Increasing energy intake utilizing fat rather than carbohydrates reduces the risk of 

carbohydrate overload in the hindgut. Other benefits to feeding a fat-added diet include  reduced 

reactivity and excitability in horses compared to horses fed a high starch diet (Holland et al., 

1996), potential for decreased heat production during exercise (Kronfeld, 1996), and metabolic 

adaptations favoring the utilization of fat as an energy source during exercise (Dunnett et al., 

2002). Replacing starch as an energy source with fat is also recommended for horses suffering 

from metabolic conditions such as insulin resistance and polysaccharide storage myopathy, as 

this practice results in decreased glycemic and insulinemic response following a meal (Williams 

et al., 2001; Ribeiro et al., 2004; Zeyner et al., 2006). 

Fatty Acid Synthesis and Degradation 

The FA that can be found and metabolized in the body arise from either the diet or from de 

novo synthesis. The pathways of FA storage and synthesis predominate during the well-fed state 

and are promoted by insulin, whereas mobilization and oxidation of stored FA predominate 

during the fasted state, physical exercise, and stress and are promoted by glucagon and 

epinephrine. The primary tissues engaged in FA synthesis are liver, adipose, and the mammary 

gland.  

The three substrates required for biosynthesis of FA are acetyl CoA, malonyl CoA, and 

NADPH. Acetyl CoA is formed in the mitochondrial matrix from pyruvate (the end product of 

glycolysis) (Gurr et al., 2002). Acetyl CoA is translocated to the cytosol as a part of a citrate 

molecule via the “citrate shuttle,” because the mitochondrial membrane is impermeable to acetyl 
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CoA. Acetyl CoA carboxylase (ACC), a type-I biotin-containing enzyme, catalyzes the 

formation of malonyl CoA from acetyl CoA. Malonyl CoA is the source of the majority of the 

carbons in the FA chain. The NADPH necessary for FA synthesis is generated by the citrate 

shuttle and the pentose phosphate pathway. The group of enzymes known collectively as FA 

synthases (FAS) are also critical for FA biosynthesis. Type III synthases, also known as 

elongases, catalyze the addition of 2-carbon units to preformed acyl chains at the carboxyl end. 

The typical end product of mammalian FA synthesis is palmitic acid (C16:0).  

Further elongation of C16:0 occurs under certain circumstances. Many cell membrane 

lipids contain longer chain FA, especially those found in the tissues of the cardiac and immune 

systems. The formation of LCFA is catalyzed by elongase enzymes, which lengthen preformed 

FA that have been synthesized endogenously or have been consumed in the diet. Desaturation of 

LCFA occurs when double bonds are introduced through the action of a family of microsomal 

enzymes known as desaturases. Mammals lack the Δ12 and Δ15 desaturase enzymes necessary 

for desaturation of an 18 carbon FA at the n-3 or n-6 positions. Therefore, LA and ALA are 

“essential” FA and must be consumed in the diet in order to carry out essential biological 

functions. One important function of the elongation and desaturation process is the conversion of 

EFA to other long chain PUFA that play important roles in the maintenance of growth, 

reproduction, and good health and mediate potent physiological effects (Gurr et al., 2002).  

There are three main forms of FA oxidation: α, β, and ω, so-named depending on which 

carbon in the FA chain where oxidation is initiated. Of these three FA degradation pathways, β-

oxidation is the most common. Once inside the cell where β-oxidation is to occur, the FA is 

converted to fatty acyl CoA. The primary site of β-oxidation is in the mitochondria, but it can 

also occur at other subcellular sites such as microbodies (peroxisomes or glycosomes) (Gurr et 
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al., 2002). Because CoA cannot cross the mitochondrial membrane, its entry into the 

mitochondria is mediated by a process known as the carnitine shuffle. This process is 

characterized by the transfer of long chain acyl groups from CoA to carnitine catalyzed by the 

enzyme carnitine: palmitoyl transferase. The resulting acylcarnitine has the ability to cross the 

mitochondrial membrane. Once inside the mitochondria, a cyclic process involving four enzymes 

facilitates a stepwise removal of acetyl CoA fragments from the carboxyl end of the molecule. 

The final product of β-oxidation is acetyl-CoA, which is used in the TCA cycle to yield energy in 

the form of ATP. 

Polyunsaturated Fatty Acids 

PUFA are characterized by more than one double bond contained in a FA structure 

consisting of 18 or more carbons. In animals, endogenous desaturase enzymes allow for the 

insertion of double bonds at the Δ9, Δ6, Δ5, and Δ4 positions of the FA chain during the FA 

desaturation process. As noted above, the Δ12 and Δ15 desaturase enzymes required for the 

synthesis of 18 carbon n-3 and n-6 FA are not found in animal tissues, but they are present in 

plants and algae. LA (n-6) and ALA (n-3) are two of the most prevalent FA found in plants. The 

biological activity of the elongated versions of these FA are especially notable for the potent 

physiological effects they have in a variety of cells and tissues in mammals.  

Omega-6 Fatty Acids 

Three of the most physiologically significant n-6 FA are LA, γ-linolenic acid (GLA; 

C18:3n-6), and arachidonic acid (ARA; C20:4n-6) (Figure 2-2). LA cannot be synthesized in the 

body, but it serves as the precursor to other n-6 FA that are capable of being produced in the 

body. GLA is produced as an intermediate in the metabolism of LA by the action of Δ6 

desaturase, and it is then rapidly elongated to dihomo-γ-linolenic acid (DGLA; C20:3n-6). 

DGLA can be incorporated into cell phospholipids (Kapoor and Huang, 2006). DGLA can also 
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be further desaturated by Δ5 desaturase to form ARA; however, the extent of this reaction is 

dependent on dietary and environmental factors such as high cholesterol intake, aging, or stress 

(Huang et al., 1996; Kapoor and Huang, 2006). DGLA and ARA are precursors of the 1- and 2- 

series eicosanoids prostaglandin (PG) and thromboxane (TX), respectively (Huang et al., 1996). 

Eicosanoids are a large family of signaling molecules derived from 20-carbon FA molecules and 

include PG, TX, leukotrienes (LT), and related metabolites. The primary roles of eicosanoids are 

to act as mediators of inflammation in the body, and because most cell membranes contain a 

greater concentration of ARA than other 20-carbon FA, ARA is usually the principal precursor 

for eicosanoid synthesis (Calder and Grimble, 2002). Eicosanoid production and its relation to 

dietary FA are discussed in more detail later in this chapter. 

Many plant seeds and oils are rich sources of n-6 FA. Corn, soybean, and sunflower oils 

contain over 50% LA and are commonly fed to horses (Table 2-2). Rice bran and rice bran oil, 

also commonly fed to horses, contain approximately 40% LA. In humans, consumption of n-6 

FA greatly exceeds that of n-3 FA by a 20-25:1 margin (James et al., 2000; Calder and Grimble, 

2002). Increased consumption of n-6 FA as compared to n-3 is also true in horses, due to 

increased consumption of cereal grains, oil seeds, and supplemental plant oils rich in n-6 rather 

than n-3 FA. 
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Figure 2-2.  Essential fatty acid elongation and desaturation. Adapted from Yaqoob and Calder, 

2007. 

 

Omega-3 Fatty Acids 

Similar to LA, ALA is also considered an EFA. ALA is classified as an n-3 FA due to the 

first double bond located three carbons away from the methyl terminus. Some rich sources of 

ALA in horse diets include fresh grass, flaxseed, and flaxseed oil (Table 2-2). Other than ALA, 

the most physiologically relevant n-3 FA are eicosapentaenoic acid (EPA; C20:5n-3), 

docosapentaenoic acid (DPA; C22:5n-3), and docosahexaenoic acid (DHA; C22:6n-3). ALA can 

give rise to EPA in the endoplasmic reticulum through the same pathway that LA is converted to 

ARA, utilizing the Δ6 and Δ5 desaturase enzymes (Figure 2-2). Because the same enzymes are 
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required in this metabolic pathway, there is competition between n-6 and n-3 FA for the 

utilization of these enzymes (Calder and Grimble, 2002). ALA is preferentially converted to 

EPA through this pathway, as animal studies have indicated that there is a 1.5- to 3.0-fold higher 

Δ6 desaturase conversion rate for ALA compared with LA (Sprecher et al., 1995; Sprecher, 

2000; Hussein et al., 2005). Although n-3 FA have a higher affinity for desaturase enzymes, n-6 

FA are generally more prevalent in cell membranes and are still capable of securing a significant 

portion of the desaturase enzymes. EPA gives rise to DPA and DHA through further enzyme-

dependant elongation and desaturation steps. EPA and DHA can be incorporated into 

inflammatory cell phospholipid membranes, partially at the expense of ARA (Calder, 2006). 

EPA serves as the precursor to eicosanoids of the 3- and 5-series, which are less potent 

inflammatory mediators than eicosanoids of the 2-, and 4-series derived from ARA (Calder, 

2006). 
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Table 2-2.  Fatty acid composition of common feedstuffs utilized in horse diets 

  Fatty Acids, % of total fatty acids 

Feed component 
Crude 

Fat (%) 
C16:0 C18:0 C18:1 

C18:2n-6 

LA 

C18:3n-3 

ALA 

C20:4n-6 

ARA 

C20:5n-3 

EPA 

C22:6n-3 

DHA 

Feeds          

Textured grain 

concentrate
1 4.1 16.1 2.3 27.4 49.7 4.6 0 0 0 

Oats
1 

5.7 18.5 0 34.2 45.3 1.8 0 0 0 

Fresh 

Bahiagrass
1
  

2.3 18.8 2.7 2.4 17.6 57.7 0 0 0 

Bermudagrass 

hay
1 2 30 3.9 3.8 23.0 36.8 0 0 0 

Rice bran
2 

23.3 19.3 1.7 37.9 33.5 1.1 0 0 0 

Flaxseed
1 

37.7 5.6 2.7 14.1 16.5 61.2 0 0 0 

Encapsulated 

fish oil
1 22.8 23.0 5.2 8.3 6.8 2.6 1.0 14.4 11.5 

Oils          

Corn oil
1 

100 12.9 1.7 26.2 57.7 1.3 0 0 0 

Soybean oil
3 

100 10.3 3.8 22.8 51.0 6.8 0 0 0 

Olive oil
1* 

100 14.2 2.5 70.4 10.6 1.2 0 0 0 

Canola oil
3 

100 4.8 1.6 53.8 22.1 11.1 0 0 1 

Fish oil
1 

100 22.9 3.3 2.9 4.5 2.5 0.9 15.4 7.2 
1
From studies in this dissertation 

2
(Spears et al., 2004) 

3
(NRC, 2007) 

*
Not typically utilized in horse diets, but was used in this dissertation 
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Competition Between Omega-6 and Omega-3 Fatty Acids 

The first step in the conversion of LA to ARA and ALA to EPA is desaturation via Δ6 

desaturase. This reaction is considered to be the rate limiting step for ARA and EPA synthesis. 

Because the same enzymes are utilized in the elongation and desaturation pathways of both LA 

and ALA, competition between the two FA exists for utilization of these enzymes. Some reports 

indicate that there is a preferential affinity of the Δ6 desaturase for n-3 FA (Drevon, 1992), but 

other studies indicate liver microsomes show little substrate specificity for analogous n-3 and n-6 

FA during the process of long chain PUFA and phospholipid biosynthesis (Sprecher, 2000). In 

addition, LA is typically present in higher concentrations in cellular pools, and the results in a 

greater conversion to n-6 PUFA (Burdge and Calder, 2005). Other enzymes essential to the 

conversion process are Δ5 desaturase and various elongases (Figure 2-2). One way in which 

PUFA elongation and desaturation may be regulated is through reciprocal inhibition of the 

enzymatic steps involved in elongation and desaturation (Holman, 1986). For example, n-3 FA 

appear to inhibit the elongation of LA to ARA under normal basal conditions (Contreras and 

Rapoport, 2002). On the other hand, Emken (1994) reported that a diet high in LA may reduce 

the conversion of ALA to EPA by up to 40%. 

In humans, results obtained from tracer studies using stable isotopes indicate that the 

conversion of ALA to EPA and EPA to DPA in adult men range from between 0.2 – 6% and 

0.12 – 6%, respectively, and the synthesis of DHA from EPA is highly constrained at 0.05% or 

less (Burdge, 2006). However, the conversion of ALA to EPA and DHA in women has been 

shown to be substantially greater (2.5-fold and 4200-fold, respectively) than in men of similar 

age (Burdge and Wootton, 2002; Burdge et al., 2002). One possible explanation for the increased 

synthesis of EPA and DHA from ALA in women is the influence of estrogen on the 
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elongation/desaturation pathway. In women who were using an oral contraceptive containing 

17α-ethylnyloestradiol, DHA synthesis was almost 3-fold greater than in those who were not on 

birth control (Burdge and Wootton, 2002). The greater capacity for ALA conversion in women 

may be due in part to increased fetal demands for DHA during the third trimester of pregnancy 

(Burdge, 2006), as DHA is essential for proper development of the nervous system and plays a 

role in retinal function (Lauritzen et al., 2001). 

Eicosanoid Biosynthesis 

The term “eicosanoid” is literally defined as a 20-carbon FA derivative. PG were the first 

biologically active eicosanoids to be identified, and the structures of the E and F families (PGE 

and PGF) were the first to be defined (Gurr et al., 2002). Other eicosanoids that are derived from 

20-carbon FA include TX, prostacyclins, LT, and hydroxy derivatives. The ability of the ARA 

chain to fold allows the arrangement necessary for subsequent ring formation to occur, which is a 

common structural characteristic of all eicosanoids (Gurr et al., 2002). The action of various 

phospholipase enzymes, namely phospholipase A2, facilitates the mobilization of ARA and EPA 

from cell membrane phospholipids so that they may serve as substrates for the synthesis of 

eicosanoids.  

The first key enzyme necessary for PG formation is PG endoperoxide synthase, also 

known as cyclooxygenase (COX). There are two families of COX enzymes that have been well-

described. The action of both COX-1 and COX-2 on ARA or EPA will result in the generation of 

PG. COX-1 enzymes are constitutively expressed in most mammalian tissues and cells and 

utilized in normal homeostatic mechanisms, whereas COX-2 enzymes are highly inducible and 

generally present at very low levels unless increased by one of many types of stimuli including 

cytokines, endotoxins, and growth factors (Chandrasekharan and Simmons, 2004). One of the 
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best-know non-steroidal anti-inflammatory (NSAID) drugs and a classic inhibitor of COX 

enzymes is aspirin (salicylic acid). Aspirin competes with ARA for binding to the COX active 

site, and this binding of aspirin and COX is an irreversible reaction. Ibuprofen is another NSAID 

that inhibits PG synthesis, but its binding to the COX enzyme is reversible (Gurr et al., 2002). 

Aspirin and ibuprofen are non-specific inhibitors of both COX-1 and COX-2 enzymes. The 

therapeutic anti-inflammatory actions of these NSAIDs are a result of COX-2 inhibition, while 

the unwanted side effects such as gastric ulceration are due to the inhibition of COX-1 (Radi and 

Khan, 2006). Selective COX-2 inhibitors such as celecoxib and valdecoxib have been recently 

developed to specifically target COX-2 enzymes without impairing the action of COX-1, 

reducing the incidence of unwanted side effects.  

The second step in PG synthesis involves the production of PGH through the activity of 

peroxidase enzymes. PGH is the key intermediate for the subsequent conversion to the active 

prostaglandins PGD, PGE, and PGF. PGD is the main COX product of mast cells. PGD2 

(derived from ARA) inhibits platelet aggregation, increases platelet cAMP content, and can act 

as a peripheral vasoconstrictor, pulmonary vasoconstrictor, and bronchoconstrictor. PGE2 

(derived from ARA) has a number of pro-inflammatory effects, including fever induction, 

increased vascular permeability, vasodilation, enhanced pain perception, and increased edema 

(Calder, 2006). Macrophages and monocytes produce large amounts of PGE2, and neutrophils 

produce moderate amounts upon stimulation (Calder and Grimble, 2002). PGE2 can also be 

categorized as having immunosuppressive or anti-inflammatory effects, due to its ability to 

inhibit lymphocyte proliferation, suppress natural killer cell activity, decrease the production of  

pro-inflammatory 4-series LT, and inhibit the production of pro-inflammatory cytokines tumor 
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necrosis factor-α, interleukin-6, and interferon-λ (Calder and Grimble, 2002; Calder, 2006). 

PGF2α is another eicosanoid which can be produced by macrophages and monocytes, but its 

primary role is in the regulation of reproductive functions through the initiation of luteolysis 

(Gurr et al., 2002).  

Thromboxanes were first discovered in thrombocytes. The most biologically significant 

member of this family of eicosanoids is TXA2, which is derived from PGH. TXA2 produced by 

platelets plays a major role in platelet aggregation and induces smooth muscle contraction 

(vasoconstriction) and cell adhesion to the blood vessel wall (Gurr et al., 2002). These 

mechanisms are important for the repair of blood vessel damage, but in cases of chronic or 

extensive damage, they can result in inappropriate blood clot formation which could lead to a 

stroke or heart attack. Vascular endothelial cells were discovered to produce another derivative 

of PGH, known as prostacyclin (PGI2). This eicosanoid has the opposite effect of TXA2, as it 

promotes vasodilation and has an anti-aggregatory effect on platelets (Gurr et al., 2002). The 

actions of TX and prostacyclins are antagonistic, and their ratio affects the regulation of blood 

pressure and clot formation in the body.  

Leukotrienes are not derived from PGH, but rather the direct action of 5-lipooxygenase (5-

LOX) on ARA or EPA. Neutrophils, monocytes, and macrophages produce LTB, while mast 

cells, basophils, and neutrophils produce LTC, LTD, and LTE. Synthesis of LT only occurs in 

intact cells following a rise in intracellular calcium due to stimulation by extracellular stimuli 

(Gurr et al., 2002). LTB4 increases vascular permeability, is a potent chemotactic agent for 

neutrophils and eosinophils, induces release of lysosomal enzymes, and stimulates the 

production of inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin-1 
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(IL-1), and interleukin-6 (IL-6) (Calder, 2006). LTC4 and LTD4 are more potent than LTE4, but 

they all increase bronchoconstriction, increase vascular permeability, and promote 

hypersensitivity (Gurr et al., 2002; Calder, 2006). The actions of LT play a major role in the 

physiological responses characteristic of asthma, immediate hypersensitivity reactions, and acute 

inflammatory reactions. In horses, LT are thought to play a major role in the pathogenesis of 

recurrent airway obstruction (also known as heaves) (Robinson et al., 1996). 

During the process of LT formation, the immediate product of 5-LOX activity on ARA 

substrates is hydroperoxy eicostatetraenoic acid (HPETE). HPETE can undergo three further 

reactions: reduction to an alcohol forming a hydroxyeicosatetraenoic acid (HETE), 

lipoxygenation to yield a dihydroxyeicosatetraenoic acid (diHETE), or a dehydration to form a 

LT molecule (Gurr et al., 2002). The LT molecule itself can also undergo further reactions to 

form other diHETEs. These HPETEs, HETEs, and diHETEs are all intermediates in LOX 

pathways, but they also have their own interacting effects and interdependent actions. For 

example, the hydroxy FA 15-HETE is considered to have both pro- and anti-inflammatory 

effects, as it potentiates smooth muscle contraction and stimulates mucus secretion, but it also 

has been shown to inhibit 5-LOX, which inhibits LT production, and block LTB4-induced 

neutrophil chemotaxis (Robinson et al., 1996). When LOX acts on EPA, a different hydroperoxy 

product, hydroperoxy pentaenoic acid (HPEPE) is formed and serves as the precursor for the less 

inflammatory 5-series LT. Collectively, these eicosanoids play a significant role in immune 

function and although they can have both synergistic and antagonistic effects, it is their balance 

which dictates the nature of the final biological response to external stimuli.  
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Overview of the Equine Immune System 

The horse’s immune system functions through a complex variety of cells and mechanisms 

that coordinate to identify and eliminate foreign pathogens. Innate immunity provides protection 

in a non-specific manner, while acquired (adaptive) immunity has the capability for specific 

recognition of pathogens and immunological memory. Innate immunity involves physical 

barriers to infection (e.g. skin), soluble factors in the blood (e.g. complement), and the actions of 

phagocytic and other effector cells. The acquired immune response involves lymphocytes that 

bear highly specific cell-surface receptors and are only capable of eliminating cells they 

recognize. These two branches utilize different mechanisms for pathogen removal, but they are 

dependent upon one another for optimal function. 

Innate Immune Function  

Innate immunity serves as a basic and non-specific barrier to the establishment of 

infection. Horses are faced with a variety of pathogenic organisms on a daily basis, and the task 

of the innate immune system is to prevent these organisms from establishing themselves and 

causing disease. Some cells of the innate immune system have the ability to immediately 

recognize molecules associated with foreign invaders so that they can destroy them. Other cells 

release key molecules that serve to support the recognition and elimination of foreign 

microorganisms. Epithelial surfaces of the body, such as skin and the gastrointestinal, 

respiratory, and urogenital tracts, make up an additional first line of defense against infection 

(Janeway et al., 2005). The innate immune system lacks any form of memory and, as a result, the 

duration and intensity of inflammatory and other associated responses remain the same no matter 

how often the horse is faced with a specific invader (Tizard, 2004). This insures that the horse is 

always ready for an immediate response against infection. There are several types of cells 
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primarily associated with innate immune function, and each plays a unique role in host 

protection. 

Neutrophils 

Polymorphonuclear neutrophilic leukocytes (PMNs), or neutrophils, are relatively short-

lived cells, with a life span of 8-12 h in the circulation, that are abundant in blood and are 

capable of phagocytosis (Cotter, 2001). Neutrophils make up approximately 50% of the blood 

leukocyte population in the horse (Tizard, 2004). Neutrophils have the ability to extravasate from 

the blood circulation through epithelial tissues in order to reach the site of microbial invasion. 

Neutrophils are recruited to the site of tissue damage through the action of chemotactic 

molecules secreted by various cells at the site of injury, including eicosanoids, bacterial peptides, 

activated complement, and cytokines. Once in the presence of the pathogen, specific receptors 

located on the neutrophil’s surface enable it to recognize complement- or antibody-coated 

bacteria and undergo either complement- or antibody-mediated phagocytosis. Ingestion can also 

occur if the neutrophil has the ability to directly bind bacteria through cell surface receptors such 

as mannose receptors or integrins.  

Once the neutrophil has ingested the bacteria, it must then destroy it through the initiation 

of two distinct processes: respiratory burst followed by the release of antimicrobial molecules 

from intracellular granules. The respiratory burst is characterized by the generation of hydrogen 

peroxide and its subsequent reaction with intracellular halide ions (primarily Cl
-
), catalyzed by 

myeloperoxidase to produce hypochlorite (OCl
-
), the major product of neutrophil oxidative 

metabolism (Tizard, 2004). OCl
-
 kills bacteria by oxidizing bacterial proteins, but it can also 

damage healthy cells. Neutrophils contain large amounts of glutathione that can reduce these 

oxidants and prevent excessive damage to surrounding healthy cells. After the respiratory burst, 
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lysosomal enzymes, antimicrobial peptides, and other substances are released from the 

cytoplasmic granules of the neutrophil and function to digest and limit the growth of any 

remaining bacteria. In addition to serving as the first line of defense against invading 

microorganisms, neutrophils are also capable of synthesizing cytokines, including TNF-α, 

interleukin-1β (IL-1β), and interleukin-8 (IL-8), in response to inflammatory stimuli and during 

certain chronic inflammatory disorders (Kasama et al., 2005). The actions of these and other 

cytokines will be discussed in more detail later in this chapter. 

Because the respiratory burst is an essential event for the killing of phagocytized 

pathogens, methods to assess neutrophil function should ideally measure the ability of a single 

neutrophil to undergo phagocytosis and initiate the subsequent oxidative burst. Many techniques 

have been described that measure phagocytosis and oxidative burst independently of each other 

in isolated neutrophils. Commercially available kits are available which make this a relatively 

simple process. However, the process of neutrophil isolation requires relatively large amounts of 

blood and can represent a source of variation in the assay (Salgar et al., 1991). In addition, 

measuring phagocytosis and oxidative burst independently of each other may not offer a 

physiologically relevant measurement. Flow cytometry is emerging as the method of choice for 

the measurement of many different cell functions and characteristics, and techniques that assess 

phagocytosis-induced oxidative burst in whole blood are now being utilized to gain a better 

understanding of neutrophil function (Smits et al., 1997; Kampen et al., 2004). 

Macrophages 

Another population of phagocytic cells integral to innate immune function are 

macrophages present in the tissues of the body. Macrophages are mononuclear cells derived from 

circulating monocytes which have left the bloodstream and have migrated into the tissues where 
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they can become functional. Macrophages differ from neutrophils in that they typically have a 

slower response time, have greater antimicrobial properties, and have the ability to induce 

acquired immune responses. Similar to neutrophils, macrophages destroy bacteria through both 

oxidative and non-oxidative mechanisms, but one population of macrophages (M1) in the horse 

also has the ability to synthesize inducible nitric oxide synthase that catalyzes the production of 

nitric oxide (NO) (Tizard, 2004). When NO reacts with a superoxide anion, highly toxic oxidants 

are produced that allow for efficient killing of a variety of foreign pathogens. Macrophages have 

the ability to undertake sustained and repeated phagocytic activity, unlike neutrophils which are 

relatively short-lived. Another important function of macrophages is their ability to produce pro-

inflammatory mediators in response to stimulation. These mediators include the cytokines TNF-

α, IL-1β, and IL-6, and the eicosanoids PG and LT (Janeway et al., 2005). These inflammatory 

mediators influence many different cells and tissues throughout the body to initiate inflammation 

and activate the acquired immune response (Figure 2-3). 
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Figure 2-3.  Local and systematic effects of selected inflammatory cytokines secreted by 

activated macrophages. Adapted from Janeway et al., 2005. 

 

Natural killer cells 

Natural killer (NK) cells are a unique category of lymphocytes that are activated by 

interferons and contribute to innate host defense against viruses and other intracellular pathogens 

(Janeway et al., 2005). The mechanism utilized by NK cells to kill an infected cell is the same as 

the mechanism utilized by cytotoxic T (TC) cells in an acquired immune response. Unlike TC 

cells, however, recognition of target cells by NK cells occurs via non-specific invariant receptors 
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that characterize infected cell surfaces. NK cells serve to provide protection during the early 

phase of viral infection before antigen-specific TC cells can be generated to clear the infection. 

Mast cells 

The majority of mast cells are located throughout the body in connective tissue, under 

mucosal surfaces, in the skin, and around nerves (Tizard, 2004). They play a key role in innate 

immunity, as they have the ability to release a complex mixture of inflammatory molecules that 

are stored in intracellular granules upon stimulation. There are several types of stimuli that can 

initiate mast cell granule release. The most potent of stimuli is the binding and cross-linking of 

IgE antibodies (which are firmly bound to the mast cell membrane), to specific antigen. This 

triggers a massive release of all of the granule contents (primarily histamine) and inflammatory 

mediators from the mast cell into the surrounding tissues. The acute inflammatory response that 

follows is characteristic of type I hypersensitivity, also commonly referred to as an allergic 

reaction. Because the binding and subsequent cross-linking of IgE antibody on the mast cell 

surface is a primary stimulator for release of its cell contents, the mast cell can be considered a 

cell type which plays roles in both innate and acquired immunity. The release of histamine from 

mast cell granules mediates the local increase in vascular permeability that leads to the 

recruitment of neutrophils, macrophages, and other effector cells to the site. Other stimuli that 

trigger a more attenuated degranulation of mast cells include bacteria, bacterial products, and 

small peptides released by dead and dying cells. Mast cells also have the ability to synthesize and 

release lipid mediators of inflammation and secrete cytokines that serve to further enhance  the 

local inflammatory response (Janeway et al., 2005). 
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Eosinophils and basophils 

Eosinophils and basophils are classified as granulocytes along with neutrophils. Both types 

of cells contain cytoplasmic granules containing various enzymes, toxic proteins, and other 

vasoactive molecules. In contrast to neutrophils, basophils are preferentially recruited to sites of 

allergic inflammation and eosinophils appear to be involved in defense against parasites. 

Eosinophils are attracted to sites of mast cell degeneration and can be found in large numbers in 

tissues undergoing type I hypersensitivity reactions (Tizard, 2004). They have the capacity to 

phagocytize small particles, but their primary function is to destroy large extracellular particles 

through degranulation in response to IgE-coated parasites, antigen-bound IgE, chemokines, and 

other mediators. Eosinophils also have the capacity to produce LT and cytokines including IL-6 

and TNF-α. The function of basophils is less clear, but they are not typically found in 

extravascular tissues, except when attracted by some T-cell-derived chemokines (Tizard, 2004). 

The cytoplasmic granules contained within the basophil are similar to that found in mast cells. 

Dendritic cells 

The dendritic cell, similar to the macrophage, functions as a sentinel cell for innate 

immunity. It does have the capability to eliminate foreign invaders through phagocytosis, but its 

primary function is to present antigen to T-lymphocytes (T-cells) (Tizard, 2004). Thus, this cell 

type is also important for both the innate and acquired immune response. The capacity of the 

dendritic cell to serve as an antigen presenting cell is much more efficient than the other two 

types of antigen presenting cells, macrophages and B-cells. Activated dendritic cells secrete 

cytokines that influence both innate and acquired immune responses, and they can determine 

how the immune system responds to the presence of foreign microorganisms (Janeway et al., 

2005). 
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Acquired Immune Function 

Innate immunity is an essential prerequisite for the initiation of an acquired immune 

response. This is because lymphocytes, key cells involved in the acquired immune response, 

must first be “primed” by the inflammatory response and other actions characteristic of the 

innate immune response. The innate response is essential for host survival, and animals that 

cannot mount an effective innate immune response will quickly succumb to infection and die. 

However, the innate immune system does not have the ability to recognize and destroy an 

infinite diversity of antigens or to retain that ability. Only the acquired immune response can 

provide protection through specific recognition of antigens that may elude non-specific defenses 

of innate immunity. In addition, the host response against a particular antigen strengthens during 

each subsequent exposure. The result is a complex and sophisticated system that provides the 

ultimate in host protection.  

Humoral immune responses 

Lymphocytes classified as B-cells secrete antibodies, which are simply the secreted form 

of the B-cell receptor, and they serve as the primary mediator of humoral immunity. 

Immunological memory is the immune system’s ability to rapidly and effectively respond to 

previously encountered pathogens through a complex clonal differentiation and expansion 

process, and antibodies play an important role in this process (Janeway et al., 2005). When naïve 

B-cells in lymphoid tissue are initially exposed to a pathogen via an antigen presenting cell, such 

as the dendritic cell, and co-stimulated by an antigen-specific helper T (TH) cell, they 

differentiate into antibody-secreting B-cells called plasma cells. These plasma cells secrete 

antibodies that bind pathogens or their toxic products in the extra-cellular spaces of the body. 

This primary response can take several days, and no circulating antibody may be detectable for 
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up to a week (Tizard, 2004). Eventually, antibodies will appear in the serum and peak by 10 – 20 

days post-infection before they decline and disappear over a period of wk. Upon subsequent 

exposure to the same antigen, this lag period lasts for no longer than 2-3 days, and the amount of 

antibody in serum rises rapidly to a high level before declining slowly. These specific antibodies 

may be detectable for months or even years after second exposure. A third exposure to the 

antigen generates an even faster and more prolonged antibody response. The ability of the 

immune system to strengthen its response to repeated exposure to antigen forms the basis of 

vaccination. 

Vaccination is the most efficient and cost-effective way to control the incidence of 

infectious disease in domestic animals (Tizard, 2004). Horses are commonly vaccinated to 

protect against diseases which are endemic in the general horse population or that have a high 

rate of morbidity and mortality. The horse’s response to vaccination can be dependent upon 

several factors, including antigen content of the vaccine, type of adjuvant, and vaccination 

protocol (Holmes et al., 2006). Most vaccines require an initial series in which protective 

immunity is generated, followed by subsequent booster vaccines administered at intervals 

necessary to maintain protective immunity at adequate levels. Assessment of serum antibody 

titers in response to vaccination has long been utilized as a relatively uncomplicated way to 

determine the strength of an animal’s humoral immune response. 

Cell-mediated immune responses 

Cell-mediated immunity can be defined as immunity that can be mediated only through 

lymphocytes and antigen presenting cells. T-cells are primarily responsible for the cell-mediated 

immune response, which is dependent upon the direct interaction between the T-cell and an 

antigen-bearing cells recognized by the T-cell. T-cells only recognize foreign antigens as peptide 
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fragments bound to major histocompatability complex proteins. TC (CD8) cells have the most 

direct action, as they have the ability to kill an infected cell through mechanisms involving 

enzymes that initiate the cleavage of host and viral DNA (Janeway et al., 2005). There are two 

types of TH (CD4) cells that play a more subtle role by means of effector cell activation. TH1 

cells are involved in cell-mediated cytotoxic and inflammatory reactions, and thorough the 

production of IL-2 and IFN-γ, work to control intracellular bacteria by activating infected 

macrophages, NK cells, and TC cells to kill bacteria residing in interior vesicles (Mossmann and 

Sad, 1996). The other type of TH cell, the TH2 cell, is specialized to promote antibody production 

by B-cells, especially IgE, and enhances eosinophil proliferation and function. The TH2 response 

is associated with strong allergic responses, and the primary cytokines produced by TH2 cells that 

mediate this response are IL-4 and IL-5 (Mossmann and Sad, 1996). The differentiation of TH 

towards the TH1 or TH2 phenotype is under direct cytokine regulation, as the development of TH1 

cells is promoted by IL-12 and IFN-γ, while IL-4 promotes the development of TH2 cells (Calder 

et al., 2002).  

There are several techniques that can be used to measure cell-mediated immunity in 

animals. Intradermal injections with an antigen are the most commonly utilized in vivo 

technique, as measurement of the local inflammatory response is relatively simple. Injection with 

the lectin phytohemagglutinin (PHA) provokes a local inflammatory reaction characterized by 

infiltration with T-cells (Tizard, 2004). This is a convenient and rapid way to assess the animal’s 

ability to mount a cell-mediated response without the need for prior sensitization, but the 

interpretation of this non-specific response may be difficult (Tizard, 2004). One commonly 

employed in vitro test measures the proliferation of T-cells in response to stimulation, typically 
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with a T-cell specific mitogen such as PHA or Concanavalin A (ConA). Measuring cytokine 

release by T-cells is another method of assessing one aspect of the cell-mediated response. 

Although these assays can be used to measure some aspects of cell-mediated immunity, they 

cannot provide a complete picture on their own. However, when used in concert with other 

techniques, they can serve to provide a better picture of an animal’s capacity to mount a cell-

mediated immune response.  

This discussion provided only a basic overview of immune function, as its complexity 

precludes an in-depth and thorough discussion. When attempting to determine the effects of a 

single external factor, such as nutrition, on immune function, it is important to consider than no 

single assay or measurement is able to provide a clear answer to such a multifaceted question. In 

order to characterize the effects of nutrition on immune function, several different aspects of the 

immune response must be investigated. In addition, results obtained in studies must be 

interpreted carefully and with consideration of the diverse nature of the immune system and the 

variety of external factors which can influence the immune response.  

Immunomodulatory Effects of Omega-3 and Omega-6 Fatty Acid Supplementation 

Fatty acids play diverse yet essential roles in all cells. They serve as substrates for energy 

metabolism, structural components of the cell membrane, precursors for eicosanoid synthesis, 

signaling molecules within and between cells, and regulators of gene expression (Yaqoob and 

Calder, 2007). The link between immune function and dietary omega FA lies within the 

incorporation of these dietary FA into immune cell membranes, and how a modified membrane 

FA profile affects the cell’s response to external stimuli. 
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Immune Cell Membrane Composition 

The FA content of peripheral blood mononuclear cells (PBMC), a subset of immune cells 

that include all lymphocytes and monocytes, is often measured to confirm successful 

incorporation of dietary FA into immune cell membranes. In humans, the average content of 

ARA in PBMC is approximately 20% of total FA, EPA is 0.8%, and DHA is 2% (Miles et al., 

2004a). It has been well-documented in humans that dietary supplementation with either n-6 or 

n-3 FA results in altered PBMC membrane FA composition. For example, supplementation of 

healthy human subjects with 2.1 g EPA + 1.1 g DHA/d from fish oil for 12 wk resulted in a four 

fold increase of PBMC EPA, a significant increase in DHA, and a slight but significant increase 

in ARA that reached a maximum plateau after 28 d of supplementation (Yaqoob et al., 2000). 

Similarly, increased ARA intake resulted in a higher proportion of ARA in PMBC (Thies et al., 

2001b). Typically, the increase of n-3 FA in PBMC content occurs at the expense of n-6, 

especially ARA (Calder, 2007). Compared to investigations concerning EPA and DHA 

supplementation, relatively few studies have been performed that investigate the effect of LA on 

immune cell membrane composition (Calder, 2001). Yaquoob et al. (2000) reported that 

supplementation with sunflower oil (77.2% LA) for 12 wk resulted in no alterations of PBMC 

PUFA content. This lack of effect may be explained by the fact that the average human diet 

already contains large proportions of LA. It is possible that in humans, a significant dietary 

intervention is necessary to alter the PBMC FA profile using LA. 

Fewer studies have investigated the effect of dietary FA supplementation on PMBC FA 

composition in animals, but the results agree with responses observed in humans. Thies et al. 

(1999) investigated the effect of feeding different oils to growing pigs on PBMC FA 

composition. In that study, supplementation with 5% sunflower oil for 40 d resulted in higher 
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ARA and lower EPA and DHA in PBMC when compared to pigs supplemented with 5% fish oil. 

Similarly, fish oil supplementation in rats increased EPA and decreased ARA in PBMC 

compared with non-supplemented controls, and linseed oil also increased EPA and decreased 

ARA in PBMC, although to a lesser extent (Brouard and Pascaud, 1990).  

Because immune cell membranes contain larger amounts of ARA relative to EPA or DHA, 

ARA typically serves as the principal precursor for eicosanoid synthesis (Calder et al., 2002). 

Modification of the FA composition of PBMC membranes can affect the cell’s capacity to 

produce eicosanoids, depending on the extent of modification. Direct supplementation with 

marine-derived oils rich in EPA and DHA appear to be the most effective way to accomplish 

modification of membrane FA content, primarily due to the limited capacity for humans and 

other mammals to further elongate and desaturate ALA to longer chain PUFA. Eicosanoid 

production, however, is not the only immune cell function that is affected by dietary FA 

supplementation. In the following sections, different aspects of immune function that can be 

affected by FA supplementation are first discussed as they relate to humans and other species, 

followed by a separate discussion of studies that have specifically been performed in the horse.  

Eicosanoid Production 

Much of the work to investigate the effect of n-3 FA supplementation on immune function 

has focused on eicosanoid production, as these potent mediators of inflammation arise from the 

20 carbon precursors ARA and EPA located in the cell membrane (Figure 2-4). Among the mix 

of eicosanoids produced by immune cells, PGE2 and LTB4 production by monocytes, 

macrophages, and neutrophils are the most predominant, depending on the specific cell type and 

the nature of the stimulus (Calder, 2006, 2007). In addition to mediating pro-inflammatory 

effects such as increased vascular permeability and vasodilation, PGE2 has been shown to induce 
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the production of the inflammatory cytokine IL-6 and upregulate its own production through the 

induction of COX-2 (Bagga et al., 2003). LTB4 also induces inflammation, as it is a potent 

chemotactic agent for leukocytes, increases vascular permeability, promotes hypersensitivity, 

induces bronchoconstriction, and promotes the production of inflammatory cytokines like TNF-

α, IL-1, and IL-6 (Calder, 2006). Recent studies have demonstrated, however, that PGE2 may 

also have some anti-inflammatory effects, as it inhibits the 5-LOX enzyme necessary for LTB4 

production (Levy et al., 2001). 

 
 

Figure 2-4.  Eicosanoid production from ARA and EPA. COX, cyclooxygenase; HETE, 

hydroxyeicosatetraenoic acid; HPETE, hydroperoxyeicosatetraenoic acid; LOX, 

lipoxygenase; LT, leukotriene; PG, prostaglandin; TX, thromboxane. Adapted from 

Calder, 2003. 

 

As previously discussed, increased consumption of dietary n-3 FA, particularly EPA and 

DHA,  leads to increased incorporation of these FA into immune cell membranes, partially at the 

expense of ARA. Trebble et al. (2003b) demonstrated that in healthy men supplemented with 

fish oil supplying 0.3, 1, and 2 g EPA+DHA/d for four consecutive wk, PGE2 production by 

stimulated PBMC decreased in proportion to PBMC EPA content and increased in proportion to 
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PBMC ARA content. In a similar study that investigated the dose response effect of EPA 

supplementation in both young and old men, increased incorporation of EPA in PBMC 

membranes was associated with decreased PBMC PGE2 production (Rees et al., 2006). DHA 

supplementation at 6 g/d for 90 d resulted in a 60-75% decrease in the production of both PGE2 

and LTB4 by PBMC (Kelley et al., 1999). Supplementation with 1.5 g ARA/d, on the other hand, 

increased PGE2 and LTB4 production in young men (Kelley et al., 1998). In human subjects with 

asthma, fish oil supplementation supplying 3.2 g EPA + 2 g DHA/d for three wk decreased LTB4 

and increased LTB5 production by PBMC compared to asthmatic subjects consuming a placebo 

supplement (Mickleborough et al., 2006). These authors concluded that fish oil supplementation 

could be utilized as a nonpharmacologic intervention for asthmatic subjects with exercise-

induced bronchoconstriction. It has also been suggested that although EPA is considered as a 

COX substrate for the synthesis of PGE3, a less potent inflammatory mediator than PGE2, its 

production occurs with very low efficiency or does not occur at all (James et al., 2000). 

An alternate approach to increasing EPA content in PBMC is feeding flaxseed or flaxseed 

oil, which contain approximately 55-60% ALA. Wallace et al. (2003) reported that 

supplementing flaxseed oil to human subjects successfully increased EPA content of PBMC but 

did not affect PBMC function. Similarly, supplementation with 9.5 g ALA/d or 1.7 g 

EPA+DHA/d for 6 mo in human subjects increased PBMC EPA from baseline levels, but DHA 

decreased in the ALA-supplemented group while it increased in the EPA+DHA-supplemented 

group (Kew et al., 2003a). Although ALA does appear to have the capacity to alter EPA PBMC 

content, the amount of ALA necessary to increase EPA concentration is relatively high and does 

not appear to alter PBMC membrane PUFA concentration to the extent where eicosanoid 
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production is appreciably affected. However ALA has been shown to affect other immune cell 

functions. 

In cattle supplemented with flaxseed, PGE2 production by PBMC was not affected 

(Lessard et al., 2003; Lessard et al., 2004). In contrast, feeding pigs a diet containing 7% fish oil 

decreased PGE2 production by alveolar macrophages (Fritsche et al., 1993). In addition, 

supplementation with fish oil, sunflower, and canola oil to growing pigs for 40 d resulted in 

decreased PGE2 production in cultured blood when compared to non-supplemented pigs (Thies 

et al., 1999). In dogs consuming fish oil, LTB5 production by stimulated neutrophils was seven 

times higher than in dogs consuming corn oil (Hall et al., 2005). 

Cytokine Production 

Synthesis of inflammatory cytokines is regulated in part by PGE2 and the 4-series LT and 

can also be affected by n-3 FA supplementation (Calder, 2006). Like eicosanoid production, the 

assessment of the effects of n-3 FA supplementation on cytokine production has been widely 

studied in humans and other animals. Cytokines are proteins that serve as chemical messengers 

in the regulation of cell activities. Cytokines can influence the cell that produced them and/or the 

activities of other cells. Cytokines bind to specific receptors on the target cell to induce changes 

in its growth, development, or activity. TNF-α and IL-6 are two important cytokines produced by 

monocytes and macrophages that relay signals to facilitate a host of inflammatory outcomes. The 

production of these cytokines is beneficial in response to infection, but inappropriate and 

excessive production is a characteristic of pathological inflammatory conditions (Calder, 2001). 

There are mechanisms in place to counteract the actions of pro-inflammatory cytokines, 

including the production of anti-inflammatory cytokines such as IL-4, IL-10, TGF-β, and other 
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antagonistic and soluble cytokine inhibitors that work to maintain an appropriate balance in the 

body.  

Inclusion of n-3 FA in the diet has been shown to affect the production of a range of 

different cytokines. In a study where the amount of supplemental fish oil was incrementally 

increased over a 12-wk period (up to 2 g EPA+DHA/d for the final 4-wk period) in healthy 

human males, production of both TNF-α and IL-6 by stimulated PBMC was significantly lower 

after the supplementation period (Trebble et al., 2003a). In addition, both TNF-α and IL-6 

production was negatively correlated with EPA concentration in PBMC, plasma, and 

erythrocytes. Other studies supplementing >2.4 g EPA+DHA/d have shown similar decreases in 

TNF-α in humans (Endres et al., 1989; Meydani et al., 1991; Caughey et al., 1996). Another 

study found that IL-6, but not TNF-α, production by PBMC decreased after humans consumed 

0.94 and 1.9 g EPA+DHA/d for 12 wk (Wallace et al., 2003). Thies (2001a) reported that a more 

modest amount of fish oil supplementation (1 g EPA+ DHA/d) did not alter either TNF-α or IL-6 

production by PBMC. Other studies have also shown that supplementation with 0.55 – 3.4 g 

EPA+DHA/d did not affect production of TNF-α, IL-1, or IL-6 (Cooper et al., 1993; Calder, 

2001). The reasons for these discrepancies are not clear, but it may be that “high levels” of fish 

oil supplementation suppress TNF-α and IL-6 production, while “moderate levels” have a lesser 

or no effect. In addition, it can be difficult to compare studies due to different experimental 

protocols used, particularly those involving cell culture and cytokine assays (Calder, 2001). 

Not only can n-3 FA supplementation affect inflammatory cytokine production, but it has 

also been shown to affect other cytokines which play a role in T-cell development and function. 

The suppression of IFN-γ and IL-2 production in both rodents and humans supplemented with 
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fish oil has been demonstrated (Meydani et al., 1993; Gallai et al., 1995; Wallace et al., 2001). 

But in direct contrast to these observations, others have reported no effect of fish oil 

supplementation on the production of these T-cell cytokines (Endres et al., 1993; Yaqoob et al., 

2000). IFN-γ is produced by TH1 cells and plays a role in macrophage activation and suppression 

of TH2 development, while IL-2 is a another cytokine produced by TH1 cells that is required for 

the proliferation of TC cells and is central to the development of the acquired immune response 

(Janeway et al., 2005). In mice, fish oil supplementation significantly increased the TH2/TH1 

ratio through the direct suppression of TH1 development and not through decreased in IFN-γ 

production (Zhang et al., 2005). It appears that more than one mechanism may be responsible for 

the alterations in T-cell functions observed in response to dietary n-3 FA supplementation.  

In animals, similar results have been noted in regards to both the production of 

inflammatory cytokines and the TH1 cytokines IFN-γ and IL-2. Fish oil feeding to rodents 

decreased production of TNF-α, IL-1β, and IL-6 by macrophages (Yaqoob and Calder, 1995; 

Wallace et al., 2000). In dogs supplemented with 1.75 g of EPA+ 2.2 g DHA/kg of diet, the 

serum of activity of IL-1 and IL-6 was significantly decreased 6 h after lipopolysaccharide (LPS) 

challenge when compared to dogs supplemented with sunflower oil, but TNF-α activity was not 

affected (LeBlanc et al., 2008). In contrast, Kearns et al. (1999) reported that supplementing fish 

oil to create a 5:1 n-6:n-3 ratio did not affect IL-1, IL-6 or TNF-α production in dogs. In general, 

for both animal and human studies, it appears that a dose level of > 2g EPA+DHA/d is required 

to significantly alter cytokine production by T-cells (Sijben and Calder, 2007). 

Lymphocyte Proliferation 

The effects of dietary n-3 FA supplementation on lymphocyte proliferation (LP) have been 

reported in many studies. The measurement of the proliferative capacity of lymphocytes serves a 
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good measure of their overall function and health. Agents used to stimulate proliferation can 

include either mitogens or specific antigens, depending on whether or not the host has been 

previously sensitized to the antigen. Mitogen stimulation is non-specific and targets the entire 

population of cultured lymphocytes. The mitogens ConA and PHA stimulate T-cells, pokeweed 

mitogen stimulates a mixture of T and B-cells, and bacterial lipopolysaccharide stimulates B-

cells (and monocytes). In most cases, cells to be utilized in proliferation assays are isolated from 

the subject as a purified preparation of whole blood (i.e., PBMC) and, in the horse, the mixture 

contains both lymphocytes and monocytes in an approximate ratio of 10:1 (Lumsden et al., 1980; 

Fraser et al., 1991). 

Data from human studies investigating the effect on n-3 FA supplementation on LP are 

conflicting. In healthy human volunteers, Meydani et al. (1991) reported that providing 2.4 

EPA+DHA/d decreased LP in older women, but not in younger women. Similarly, in human 

subjects aged 55 – 75 yr, 1 g EPA+DHA/d decreased LP compared to subjects consuming 

capsules containing either 2 g ALA/d or 0.6 g ARA/d. When either 3.5 g ALA/d or up to 1.9 g 

EPA+DHA/d was supplemented to healthy young adults, no effect on LP was observed (Wallace 

et al., 2003). While there is evidence in the literature to indicate that dietary n-3 FA can decrease 

LP, more evidence exists to suggest that there is no significant effect when studies were 

performed in healthy human subjects (Sijben and Calder, 2007). Many confounding factors exist 

for these studies, such as age, gender, culture conditions, and antioxidant supplementation status, 

which complicate the interpretation of results.  

Similar to what has been observed in humans, conflicting lymphoproliferative responses 

have also been observed in animals supplemented with n-3 FA. In cattle, Lessard et al. (2003) 
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reported that flaxseed supplementation resulted in decreased LP in comparison to 

supplementation with either soybeans or Megalac (calcium salts of palm oil). In contrast, the 

addition of 1.5% fish oil to a corn-based diet increased LP in cattle when compared to cattle 

consuming the same base diet with no supplemental oil (Wistuba et al., 2005). In poultry, when 

chicks were supplemented with either 5% fish oil or flaxseed oil, LP decreased in both groups 

when compared to chicks supplemented with 5% sunflower oil (Wang et al., 2000). No effect 

was observed on LP when 7% fish oil was supplemented to the diet of pigs for 21 d (Liu et al., 

2003). When interpreting and comparing results from different studies, it is important to consider 

the conditions of the study, including amount of FA supplemented, composition of the control 

treatments, and proliferation culture conditions. 

Phagocytosis and Oxidative Burst 

Neutrophil phagocytosis and subsequent oxidative burst is essential for an optimal innate 

immune response. In vitro studies have demonstrated that dietary-induced alterations in 

neutrophil PUFA content can be associated with altered phagocytic capacity (Calder, 2007). 

Increased cell membrane PUFA content results in increased uptake of target material by the 

neutrophil due to the altered physical nature of the membrane (Calder et al., 1990). However, the 

killing capacity of the neutrophil is also an important determinant of function, and measuring 

both phagocytosis and oxidative burst is important in order to assess the neutrophil’s ability to 

eliminate foreign invaders. 

Similar to what has been observed for LP, results from dietary studies pertaining to 

neutrophil function are contradictory. This may partially be due to the methodological approach 

utilized in the study. Studies that measure the percentage of neutrophils that undergo 

phagocytosis might not detect an effect of PUFA supplementation, because it is unlikely that 
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supplementation will induce previously inactive cells or completely block active cells from 

engaging in the process (Calder, 2007). A measurement of the extent of phagocytic activity, i.e. 

the amount of target material that the neutrophil has engulfed, might represent a more sensitive 

measure of the effect of PUFA supplementation on neutrophil function. In a study of 150 non-

supplemented individuals, Kew et al. (2003b) reported that neutrophil phagocytosis and 

oxidative burst was positively correlated with membrane n-3 FA content and negatively 

correlated with n-6:n-3 in the membrane. This suggests that increasing membrane EPA and DHA 

content would enhance neutrophil function. However, this effect has rarely been demonstrated in 

human dietary intervention studies. One study reported a 62% increase in phagocytic activity and 

a concomitant increase in the rate of reactive oxygen species production after 2 mo of 

supplementation with 3 g EPA+DHA/d (Gorjao et al., 2006). In contrast, most investigations 

have shown n-3 supplementation at levels ranging from 4.5 – 9.5 g ALA/d or 1 – 4.9 g 

EPA+DHA/d have no effect on either phagocytosis or oxidative burst (Thies et al., 2001a; Kew 

et al., 2003a; Kew et al., 2004; Miles et al., 2004a). One study demonstrated that supplementing 

either 2.7 g EPA/d or 4.05 g EPA/d to older men (>55 yr) decreased neutrophil respiratory burst 

(Calder et al., 2002). 

In animals, most of the work that has investigated the ability of PUFA supplementation to 

affect phagocytosis has been performed with macrophages rather than neutrophils. In 7-d old 

rabbits, feeding 5 g/kg BW fish oil decreased superoxide and hydrogen peroxide production by 

macrophages, but not their capacity to undergo phagocytosis (D'Ambola et al., 1991). In rodents, 

feeding 8% cod liver oil decreased macrophage generation of superoxide anions, hydrogen 

peroxide, and nitrite radicals compared to a diet supplemented with 5% coconut oil (Joe and 
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Lokesh, 1994). Thies et al. (1999) examined the capacity of neutrophils from pigs fed 5% fish oil 

to phagocytize E. coli and found that feeding fish oil significantly decreased the percentage of 

neutrophils engaged phagocytosis. In contrast, another study in mice found that feeding up to 4.4 

g DHA/d had no effect on neutrophil function, but feeding the same amount of EPA increased 

the ability of neutrophils to undergo phagocytosis (Kew et al., 2003c). The lack of consistent 

observations in both humans and animals prevents a clear conclusion from being drawn 

regarding the effect of dietary PUFA on neutrophil function. 

Antibody Production 

B-cells are responsible for producing specific antibodies in response to antigen stimulation. 

There are several regulatory mechanisms that can influence the capacity of the B-cell to produce 

and secrete antibodies, including the nature of T-cell stimulation, cytokine influence, and 

efficiency of antigen presentation. Few studies have been performed in humans that specifically 

investigate the effect of PUFA supplementation on immunoglobulin production. Miles et al. 

(2004b) reported that supplementation with 2 g EPA/d to healthy young males resulted in lower 

circulating IgE and higher IgG2 in comparison to unsupplemented males. A decline in IgE 

occurred in all treatment groups during the study and may have been due to seasonal changes in 

the exposure to a stimulus that promotes IgE production. The increase in IgG2 only occurred in 

the EPA-supplemented group, and may be related to the promotion of TH2 cytokine production 

and is suggestive of improved immunity. 

More research has been performed in animals to characterize the effect of PUFA 

supplementation on humoral immune response, but results have been conflicting. Sijben et al. 

(2001) performed a study in poultry examining the effect of PUFA supplementation on antibody 

production in response to different antigens. The conclusion of that study was that effects on 
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antibody production were different between antigens of a different nature and that the interaction 

of n-6 and n-3 FA is more important than the individual effects of those FA. Another study found 

no differences in antibody response to vaccination for infectious bronchitis virus in chickens 

supplemented with either corn or fish oil (Korver and Klasing, 1997). Similarly, no effect on the 

primary and secondary antibody response to ovalbumin injection has been observed in cattle fed 

flaxseed (Lessard et al., 2003; Lessard et al., 2004). In contrast, an increased antibody response 

to sheep red blood cell vaccination was observed in 1-d old chicks supplemented with 7% fish oil 

(Fritsche et al., 1991). In addition, chickens supplemented with 70 g sunflower oil (69% LA) per 

kg diet mounted an increased IgG antibody response to both primary and secondary 

immunization with bovine serum albumin (Parmentier et al., 2002). These observations suggest 

that effects on humoral immunity may be dependent on several factors, including the type of 

antigen utilized for vaccination, and the type and amount of PUFA supplemented to the diet. 

Gene Regulation and Expression 

It has been well-documented that FA can affect the expression and regulation of genes 

involved in lipid metabolism (Sampath and Ntambi, 2005). More recently, studies have begun to 

focus on what effects PUFA may have on inflammatory gene expression and how this might 

affect immune function. In general, changes in immune cell membrane PUFA content can 

ultimately lead to the modification of gene expression, and several mechanisms have been 

proposed that may be responsible for this modification. One mechanism of a structural nature is 

via alterations in lipid rafts, which are specialized microdomains in the cell membrane enriched 

in cholesterol, sphingolipids, and glycolipids where different membrane proteins preferentially 

associate. These rafts facilitate the production of signaling molecules and the interaction between 
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T- and B-cells, and membrane PUFA modifications can cause protein displacement that results 

in altered function (Yaqoob and Calder, 2007). 

Other proposed mechanisms involve the modification of intracellular transduction 

mechanisms that can alter activation of transcription factors and subsequent gene expression 

(Calder, 2007). Direct activation of the nuclear transcription factors NFκB and PPAR by PUFA 

and subsequent up- or down-regulation of genes related to immune function have been 

demonstrated, and these relationships are outlined in Figure 2-5.  

 

Figure 2-5.  Mechanisms by which n-3 PUFA may influence gene expression. Adapted from 

Miles and Calder, 1998. 
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It is apparent that the regulation of immune function by PUFA is mediated through a 

variety of processes. These complex relationships sometimes make it difficult to predict 

specifically how dietary PUFA intake will influence an individual aspect of immune function. In 

addition, differences due to amount and type of fat supplemented, assay conditions, species, and 

many other exogenous variables will affect study outcome. This underlines the importance for 

carefully designed studies to identify the effects of PUFA supplementation on immune function 

in the species of interest. 

Omega-3 Fatty Acid Supplementation in the Horse 

Until recently, studies that have investigated n-3 FA supplementation in horses have been 

lacking. Compared to studies performed in humans and other species, there has been relatively 

little horse-specific research pertaining to PUFA supplementation and immune function. Most of 

the research conducted in horses thus far has placed the greatest emphasis on determining the 

ability of dietary n-3 FA to attenuate the production of inflammatory mediators. Effects on other 

aspects of innate and acquired immune function have not been investigated. Because the practice 

of feeding fat-added diets has become commonplace in the industry, determining how this fat 

affects the horse’s physiology and overall immune function is important to identify any potential 

associated risks and/or benefits brought about by fat supplementation. 

The primary sources for supplementary n-3 FA in the horse’s diet are flaxseed (fed as the 

whole seed, ground, or as oil) and fish oil (fed as oil or as a dry encapsulated fish oil product). 

Flaxseed has historically been fed by horsemen for decades, due to its reputation for creating a 

shiny hair coat. It is generally well-accepted by horses, and unlike fish oil, is not associated with 

“fishy” odors that horse owners may find unpleasant. There has been great debate among 

horseman as to the ideal way to feed flaxseed. Feeding whole flaxseed is a safe and acceptable 
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practice, however some insist that the flaxseed should be ground and/or stabilized in order to 

reap the full benefits of flaxseed supplementation. The practice of grinding and stabilizing flax 

may indeed be beneficial, as grinding disrupts the small, hard outer seed coat, making the seed 

contents potentially more available for digestion in the small intestine. Feeding ground flax at a 

15% inclusion rate in the diet of layer hens significantly increased the total n-3 FA content of 

egg yolks in comparison to feeding the same amount of whole flax (Aymond and Van Elswyk, 

1995). When 5% whole or ground flaxseed was fed, however, there was no difference in egg 

yolk n-3 content. Stabilization of ground flaxseed is intended to reduce the susceptibility of 

PUFA oxidation. Manufacturers achieve this through different methods, including selecting 

mature and evenly colored seeds for use in the milling process, the addition of antioxidants, or by 

employing further processing methods to protect the fat in the seed. O’Neill et al. (2002) 

reported that evenly colored seeds are a marker for a highly stable milled flaxseed product, as a 

flaxseed mixture containing 25% dark colored seeds had peroxide levels (indicative of fat 

oxidation) over 100 times greater than a mixture containing 2% dark colored seeds. Others claim 

that flaxseed must first be cooked before it can be fed to horses. Flaxseed contains cyanogenic 

glycosides, which are nitrogenous secondary plant metabolites derived from amino acids that can 

interact with enzymes contained within the seed to release cyanide (Oomah et al., 1992). For this 

reason, it is common practice in the field to boil flaxseed before feeding it to the horse in order to 

release the highly volatile cyanide. However, it is highly unlikely that harmful levels of cyanide 

are released upon ingestion of flaxseed by the horse, due to the ability of stomach acid to 

inactivate the enzymes contained within the seeds (O'Neill et al., 2002). 
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Feeding fish oil products to horses has sometimes been met with resistance by owners due 

the unpleasant “fishy” odor associated with fish oil and the increased expense and limited 

availability of fish oil as compared to other oil sources. Some manufacturers that market fish oil 

specifically for horse consumption have been able to successfully reduce or even eliminate the 

“fishy” odor through further processing and the addition of flavor and scents that horses, and 

perhaps more importantly the owners, may find more palatable. The popularity of feeding fish oil 

preparations to horses has grown in recent years, and availability of these products has improved. 

Many companies currently offer fish oil specifically made for horses, including OmegaEquis™ 

(Omega Protein, Houston, TX), Wellpride™ (Wellpride, Sarasota, FL), and  EO∙3™ (Kentucky 

Equine Research, Versailles, KY). Currently, there are only a few dry encapsulated fish oil 

supplements commercially manufactured for horses, including Magnitude™ (United 

BioNutrition, Sheridan, IN) and DHA-EQ® (Med-Vet Pharmaceuticals, Eden Prairie, MN). 

Blood and Other Physiological Responses to Omega-3 Supplementation 

In order to determine the effects of flaxseed supplementation on plasma concentration, 

Hansen et al. (2002) fed horses a 10% flaxseed oil-enriched complete pellet and grass hay in a 

ratio of 80:20 pellet:hay for 16 wk. The flaxseed oil portion of the diet would have supplied an 

estimated 106 g n-3/100 kg BW. At the end of the feeding period, horses consuming the flaxseed 

oil had increased plasma LA, ALA, and EPA, but no difference in ARA or DHA, compared to 

horses consuming no supplemental fat. On the other hand, Siciliano et al. (2003) reported that 

feeding a ground flaxseed supplement that provided 5.56 g n-3/100 kg BW did not affect plasma 

ALA content after 28 d of supplementation. 

 In a study that supplemented pregnant mares with either rapeseed (31% LA, 12% ALA; 

supplying 35.4 g n-6/100 kg BW and 7.4 g n-3/100 kg BW) or linseed (25% LA, 46% ALA; 
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supplying 32.8 g n-6/100 kg BW and 16.6 g n-3/100 kg BW), it was reported that milk from 

mares supplemented with linseed were higher in ALA (Duvaux-Ponter et al., 2004). In addition, 

foals from linseed-supplemented mares had higher plasma ALA 48 h after birth compared to 

foals from rapeseed-supplemented mares. Similarly, Spearman et al. (2005) reported the ALA 

content of milk was greater in mares supplemented with a 1:1 linseed/corn oil blend providing 

66.1 g n-6 and 28.9 g n-3/100 kg BW compared to mares fed corn oil, but it was not different 

than milk from mares not supplemented with oil. Foals suckling mares fed the linseed/oil blend 

also had higher plasma ALA than foals from mares fed corn oil. Stelzleni et al. (2006) reported 

higher milk ALA in mares supplemented with flaxseed (providing 6 g n-3/100 kg BW) compared 

to non-supplemented mares, and foals suckling those mares had significantly higher plasma ALA 

than foals nursing mares that were fed encapsulated fish oil or no additional fat.  

In addition to plasma and milk FA composition, the effect of dietary flaxseed 

supplementation on the FA composition of monocyte membranes has also been reported. After 8 

wk of feeding a complete pelleted ration supplemented with 8% linseed oil (estimated to provide 

55.2 g n-3/100 kg BW), monocyte membrane LA and ARA were lower in horses supplemented 

with linseed compared to unsupplemented horses (Henry et al., 1990). The ALA and EPA 

membrane concentrations in monocyte membranes were numerically greater in linseed-

supplemented horses, but not significantly different between the two groups. In a different study, 

intravenous infusion with a 20% lipid emulsion rich in n-3 or n-6 FA for 7 d was shown to elicit 

changes in monocyte lipid composition that reflected the incorporation of parenteral FA 8 h after 

infusion and persisted for 7 d (McCann et al., 2000). 
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Supplementing horses with fish oil has also been shown to alter blood lipid composition. 

O’Connor et al. (2007) fed horses fish oil supplying 6 g n-3/100 kg BW or an equal amount by 

weight of corn oil and reported that fish oil resulted in increased serum EPA and DHA, 

decreased serum TG, and decreased serum cholesterol concentration compared to horses 

supplemented with corn oil. Results of another study were interpreted to claim cholesterol 

lowering effects of n-3 FA supplementation in horses, but the design of the study brings the 

interpretation of the results into question. In this study, soybean oil (7% ALA, 51% LA) was 

used as the source of n-3 FA. Feeding a diet supplemented with 10% soybean oil, estimated to 

provide 51 g n-6 and 7 g n-3/100 kg BW as described in a companion study (Wilson et al., 

2003), decreased serum cholesterol concentrations in comparison to feeding a diet supplemented 

with 10% corn oil (Howard et al., 2003). The number of horses utilized in the study was very 

small (n=9) and the FA composition of the oils and the horses’ serum were not reported, making 

it difficult to attribute their results to the n-3 FA content of the soybean oil, as opposed the effect 

of the increased n-6 content of corn oil or the soybean oil itself. In a study providing 9.9 g n-

3/100 kg BW by supplementing 3% fish oil to the horse’s diet, it was reported that EPA, DHA, 

and ARA concentration in plasma was increased after 12 wk compared to horses supplemented 

with 3% corn oil (Hall et al., 2004b).  When supplementing horses with a fish oil supplement that 

supplied approximately 5.4 g EPA+DHA/100 kg BW (plus 5 g D-α-tocopherol acetate and 5 g 

copper orotate daily), de Moffarts et al. (2007) reported similar increases in plasma EPA and 

DHA and a decrease in plasma n-3:n-6 when compared to placebo-supplemented horses after 3 

wk of supplementation.  
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In addition to fish oil, seal blubber oil has also been fed to horses as a source of n-3 PUFA 

(Khol-Parisini et al., 2007). Compared to fish oil, seal blubber oil contains a higher proportion of 

DPA, which is the elongation product of EPA just prior to desaturation to DHA (Fig 2-2). 

Studies in rats have found that after absorption, n-3 FA derived from seal blubber oil are 

preferentially bound to the sn-1 and sn-3 positions of the glycerol backbone, potentially 

increasing their availability to lipoprotein lipase, in contrast to fish oils that contain n-3 FA 

attached mainly at the sn-2 position (Christensen and Hoy, 1996). In horses supplemented for 10 

wk with seal blubber oil that supplied approximately 7.3 g EPA+DHA/100 kg BW, plasma LA 

decreased and plasma ARA, EPA, DPA, and DHA increased compared to horses supplemented 

with sunflower oil (Khol-Parisini et al., 2007). In addition, horses supplemented with seal 

blubber oil had lower LA and higher ARA and EPA in leukocyte membranes. A trend for seal 

blubber oil to increase leukocyte DHA content was noted, but the oil had no effect on leukocyte 

DPA. The authors stated this latter finding suggests that horses have the ability to convert the 

high level of DPA in seal blubber oil to DHA, as occurs in humans (Khol-Parisini et al., 2007). 

Encapsulated fish oil (also referred to as a “protected FA” supplement) is another source of 

EPA and DHA that has successfully been fed to horses. It differs from traditional liquid fish oils 

in that it comes in the form of a dry pellet and contains approximately 23% fat. The 

encapsulation process is utilized to stabilize the PUFA of the fish oil and to improve palatability. 

King et al. (2008) fed three different levels of a protected FA supplement to horses supplying 10, 

20, and 40 g EPA+DHA/d (estimated to provide 2 g, 4 g, or 8 g EPA+DHA/100 kg BW, 

respectively) in order to determine how the circulating FA profile was influenced by 

supplementation. Plasma EPA and DHA increased in a dose-responsive manner, and plateaued 
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after 7 d of supplementation. After the cessation of supplementation, EPA and DHA began to 

decline after 9 d, and plasma FA had almost reached pre-supplementation concentrations by 42 

d. In a companion study, it was reported that red blood cell EPA and DHA content did not 

increase in supplemented horses until after 23 d of supplementation and remained elevated 59 d 

following the cessation of supplementation (King et al., 2005). Stelzleni et al. (2006) reported 

that feeding encapsulated fish oil to lactating mares at a rate of 6 g n-3/100 kg BW increased 

plasma EPA, DHA, and total n-3, which was also reflected in their milk and in the plasma of 

their foals. These results agree with a similar study that found supplementing mares with 19 g 

EPA+DHA/d (estimated to provide 3.5 g EPA+DHA/100 kg BW) increased plasma EPA and 

DHA, decreased plasma ARA and ALA, and increased foal plasma EPA and DHA when 

compared to mares consuming corn oil (Kruglik et al., 2005).  

The effect of fish oil supplementation on reproductive function has also been evaluated in 

horses. In a study performed in pregnant mares, encapsulated fish oil supplementation increased 

not only plasma EPA and DHA, but also increased the time to first postpartum ovulation and 

increased follicle retention during the first postpartum estrus period (Poland et al., 2006). In 

stallions, DHA is important to normal spermatozoa function, and the deficiency of long chain n-3 

FA, especially DHA, in the spermatozoa plasma membrane is one marker of impaired fertility in 

men (Conquer et al., 1999). Harris et al. (2005) fed stallions an encapsulated fish oil product that 

provided 29.1 g n-3/d (estimated to supply 5.8 g n-3/100 kg BW) and reported an increased daily 

sperm output, a higher percentage of morphologically normal sperm, and increased sperm 

plasma membrane DHA concentration after 90 d of supplementation. Based on dramatic 

improvements observed in individual horses that initially had very poor semen characteristics, 
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the study authors concluded that stallions with poor quality ejaculates may benefit from n-3 FA 

supplementation. Similar results were observed when stallions were supplemented with 18.8 g n-

3/d (estimated to supply 3.8 g n-3/100 kg BW) of a DHA-rich encapsulated fish oil product (25% 

DHA, 5% EPA) (Brinsko et al., 2005). In that study, the concentration of sperm ejaculate and 

semen DHA content were greater after 14 wk of supplementation compared to the semen 

characteristics of non-supplemented stallions. In addition, both the total and progressive motility 

of sperm after 48 h of cooling and storage was improved by fish oil supplementation. The 

authors of this study concluded that supplementing highly fertile stallions may not be warranted, 

but stallions of marginal fertility or ones with semen that does not tolerate cooling and storage 

well would likely benefit the most from supplementation.  

Effects on Immune Function 

One of the first studies to investigate n-3 FA supplementation and immune cell function in 

the horse reported that monocyte procoagulant activity and TXB2 production decreased by 51% 

and 71%, respectively, but LTB4 did not change after 8 wk of supplementation with 8% linseed 

oil (providing an estimated 55.2 g n-3/100 kg BW) (Henry et al., 1990). In a companion study, 

Morris et al. (1991) reported a decrease in endotoxin-induced TNF-α production by peritoneal 

macrophages after 8 wk of linseed oil supplementation (estimated to supply 55.2 g n-3/100 kg 

BW) compared to that seen prior to the initiation of supplementation. A major flaw of this study, 

however, was that there was no control group included in the design, so results must be 

interpreted with caution. 

More recently, Hall et al. (2004a; 2004b) supplemented horses with 3% fish oil (estimated 

to supply 9.9 g n-3/100 kg BW) or 3 % corn oil and measured several indices of inflammation. 

Supplementation of horses with fish oil resulted in greater production of LTB4 and LTB5 by 
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neutrophils and reduced PGE2 production by bronchoalveolar lavage (BALF) cells compared to 

observations in horses fed corn oil. No differences were found between treatments for the 

delayed-type hypersensitivity skin test response to keyhole limpet hemocyanin (KLH), antibody 

production to KLH in response to vaccination, and TNF-α production by stimulated BALF cells. 

The authors concluded that fish oil could have value in the treatment of equine recurrent airway 

obstruction (RAO) due to the decreased PGE2 production by BALF that was observed in 

supplemented horses. In a study specifically designed to examine the effects of n-3 

supplementation in horses with RAO, no improvements in several measures of pulmonary 

function and no improvement in clinical signs were observed after supplementation with seal 

blubber oil for 10 wk (providing approximately 7.3 g EPA+DHA/100 kg BW) in comparison to 

horses fed sunflower oil (rich in LA) (Khol-Parisini et al., 2007). Skjolass-Wilson et al. (2005) 

observed lower PGE2 production by leukocytes when mares were fed encapsulated fish oil 

(estimated to supply 3.5 g n-3/100 kg BW) compared to mares fed corn oil, but did not observe 

differences in neutrophil phagocytosis or oxidative burst functions between treatment groups. 

The acute phase protein fibrinogen has been utilized to assess non-specific inflammation after 

strenuous exercise and at rest in horses supplemented with oils rich in n-6 or n-3 FA. Wilson et 

al. (2003) fed horses either a non-fat supplemented control diet, 10% corn oil, or 10% soybean 

oil (estimated to supply 10.4 g n-3/100 kg BW) for 4 wk and found that corn oil supplementation 

resulted in higher fibrinogen levels at rest and after exercise. Fibrinogen levels did not differ 

between horses fed soybean oil or no supplemental fat.    

Although in vitro methods of measuring immune function are important for gaining basic 

knowledge of how dietary n-3 FA can affect inflammatory processes, evaluation of in vivo 
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response is essential in order to determine clinical significance. Only a handful of equine studies 

have attempted to quantify the anti-inflammatory effects of n-3 FA supplementation using an in 

vivo model. Henry et al. (1991) observed a longer mean whole blood recalcification time and 

activated partial thromboplastin time in response to endotoxin infusion when horses received a 

diet containing 8% linseed oil (estimated to provide 55.2 g n-3/100 kg BW), but there was no 

difference in the production of inflammatory eicosanoids or the occurrence of clinical signs of 

discomfort, including transient anorexia, ileus, sweating, and fine muscular fasciculations. In 

addition, there were no differences between treatment groups for rectal temperature, heart rate, or 

respiratory rate measured up to 24 h post-infusion (Henry et al., 1991). In a small pilot study, six 

horses known to have Culicoides hypersensitivity were injected with Culicoides antigen, and it 

was shown that lesion size was reduced after flaxseed supplementation that supplied 55 g n-

3/100 kg BW (O'Neill et al., 2002). In contrast to these findings, Friberg and Logas (1999) 

reported in a study of 17 horses with Culicoides hypersensitivity that 6 wk of supplementation 

with 200 mL linseed oil (providing 22.3 g n-3/100 kg BW) did not alter the level of pruritis and 

lesional surface as compared to horses supplemented with an equivalent amount of corn oil. 

However, the study did not include a non-fat supplemental control treatment, so these results 

must be interpreted accordingly. 

Some researchers have attempted to determine if feeding PUFA influences the 

immunoglobulin content of colostrum and subsequently the foal plasma. In one study, mares 

were supplemented with either a high fat and fiber or high sugar and starch concentrate 

throughout gestation and lactation, and colostrum IgG levels were higher in the mares fed fat and 

fiber than in mares fed sugar and starch (Hoffman et al., 1998). Kruglik et al. (2005) specifically 
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investigated the effect of n-3 FA supplementation on colostrum immunoglobulin content. In that 

study, it was reported that mares fed encapsulated fish oil providing approximately 3.5 g n-3/100 

kg BW had higher colostrum IgG than mares fed corn oil, but no differences were noted in foal 

plasma IgG content between treatment groups. Duvaux-Ponter et al. (2004) reported no effect on 

foal plasma IgG when mares were supplemented with linseed that provided approximately 16.6 g 

n-3/100 kg BW as opposed to rapeseed (which is approximately 9% ALA). Stelzleni et al. (2006) 

supplemented mares with flaxseed or encapsulated fish oil in amounts to provide 6 g n-3/100 kg 

BW and found no effect on foal plasma IgG, although mares fed fish oil did exhibit lower 

colostrum IgG. Collectively, these results suggest that fat supplementation has the potential to 

affect the immunoglobulin content of colostrum, but more studies should be performed to 

confirm these findings. 

One highly promoted effect of n-3 FA supplementation in the equine feed industry has 

been its ability to benefit horses with arthritis. These claims are primarily based on findings from 

research performed in humans with rheumatoid arthritis that suggest fish oil supplementation 

may improve symptoms (Cleland et al., 1988; Lau et al., 1993; Berbert et al., 2005). Studies in 

horses, however, are extremely limited and the results must be interpreted with caution, as the 

etiology of rheumatoid arthritis and degenerative arthritis are very different. In a study where 

horses were supplemented with either encapsulated fish oil providing 15 g EPA+DHA/d 

(resulting in an estimated 3 g n-3/100 kg BW) or with 49 g corn oil for 75 d, horses 

supplemented with encapsulated fish oil tended to have a longer trot stride than horses 

supplemented with corn oil (Woodward et al., 2005). Due to the lack of significant results and 

the fact that no other indices of inflammation were reported, no strong conclusions can be made 
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from the observations in this study. One in vitro experiment performed on equine synovial 

explants reported that treatment with ALA at high doses (300 μg/mL) increased ALA content of 

the explant cell membranes and inhibited PGE2 production after an LPS challenge (Munsterman 

et al., 2005). However, it is unclear how the ALA dose used in this experiment relates to 

physiological levels of dietary ALA that could potentially reach the synovial fluid. These results, 

although useful as preliminary data, do not offer strong evidence for the attenuation of arthritic 

inflammation in horses supplemented with n-3 FA. One study has attempted to measure in vivo 

effects of n-3 FA supplementation on synovial fluid. Manhart et al. (2007) supplemented 16 

arthritic horses with either encapsulated fish oil providing 34.8 g EPA+DHA/d (estimated to 

supply 7 g n-3/100 kg BW) or a control treatment with no supplemental fat for 90 d. Horses fed 

the fish oil had a reduction in total white blood cells (WBC) in synovial fluid of arthritic joints, 

decreased plasma PGE2 concentration, and exhibited a tendency toward reduced fibrinogen 

concentrations. The authors concluded that n-3 FA supplementation would benefit horses with 

arthritis; however, the inflammatory markers measured in this study were non-specific in nature 

and no improvement in clinical signs was reported. In order to definitively claim beneficial 

effects of n-3 FA supplementation for arthritic horses, more carefully designed research needs to 

be carried out. 

 The lack of consistency between studies in the literature highlights the need for additional 

investigation into the effect of FA supplementation on overall immune function in the horse. 

Differences between studies may be attributable to several factors, including the type of n-3 FA 

supplemented, the amount supplemented, length of supplementation, and the immunological 

response variables measured. Unfortunately, the use of oils with a high LA content as the control 
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treatment in many of these studies does not provide clear support for the attenuation of 

inflammation in response to dietary n-3 FA supplementation. Corn and sunflower oils are high in 

n-6 FA, therefore it is difficult to determine whether the n-6 FA (provided by corn or sunflower 

oil) or the n-3 FA (provided by fish oil, flaxseed, or linseed oil) contributed to the physiological 

response when two such dietary treatments were compared. 

Nonetheless, data in humans and other species provide convincing evidence that the FA 

composition of fats play an important role in immune function. Therefore, the objectives for the 

studies included in this dissertation set out to determine: 1) if fish oil and flaxseed supplemented 

in amounts to provide the same amount of total n-3 FA affects plasma and red blood cell FA 

composition differently; 2) the effect of fish oil supplementation on plasma and red and white 

blood cell membrane FA composition; 3) the clearance rate of dietary n-3 FA in plasma and red 

blood cells after the cessation of supplementation, and 4) how aspects of both innate and 

acquired immune function are affected by n-3 FA supplementation as part of either a low or high 

fat diet. 
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CHAPTER 3 

EFFECT OF DIETARY OMEGA-3 FATTY ACID SOURCE ON PLASMA AND RED 

BLOOD CELL FATTY ACID COMPOSITION AND IMMUNE FUNCTION IN YEARLING 

HORSES  

Abstract 

In order to determine the effect of different sources of dietary omega-3 (n-3) fatty acids 

(FA) on plasma and red blood cell (RBC) FA composition and immune response, 18 Quarter 

Horse yearlings were randomly and equally assigned to one of three treatments: encapsulated 

fish oil (FISH, n=6), milled flaxseed (FLAX, n=6), or no supplementation (CON, n=6). FISH 

contained 15 g eicosapentaenoic acid (C20:5n-3; EPA) and 12.5 g docosahexaenoic acid 

(C22:6n-3; DHA) and FLAX contained 61 g α-linolenic acid (C18:3n-3; ALA) per 100 g FA. 

Horses had free access to bahiagrass pasture during the active growing season and were 

individually fed a grain mix concentrate at 1.5% BW/d. FISH and FLAX were mixed into the 

concentrate in amounts to provide 6 g total n-3/100 kg BW. Horses were fed their respective 

treatments for 70 d. Blood samples were obtained on d 0 and d 70 for determination of plasma 

and red blood cell (RBC) FA composition and for isolation of peripheral blood mononuclear 

cells (PBMC). PBMC were stimulated with Concanavalin A and phytohemagglutinin (PHA) for 

determination of lymphocyte proliferation (LP). PBMC collected on d 70 were also challenged 

with lipopolysaccharide (LPS) to determine PGE2 production. On d 70, horses were injected 

intradermally with PHA, and skin thickness and area of swelling were evaluated over a 48-h 

period to assess in vivo inflammatory response. 

Treatment did not affect BW gain, which averaged 0.6 ± 0.03 kg/d. Horses fed FISH had a 

higher proportion of EPA, DHA, and sum n-3 in plasma and RBC (P<0.05). Plasma arachidonic 

acid was higher (P<0.05) and linoleic acid and ALA in FISH was lower (P<0.05) compared to 
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FLAX and CON. Dietary treatment did not affect LP or PGE2 production. Across treatments, 

peak increase in skin thickness was observed between 4 – 8 h after PHA injection. At 4 h post-

injection, FISH and FLAX had a greater increase in skin thickness than CON (P<0.05) and FISH 

had a larger area of swelling than CON at 4 h (P<0.05). Skin thickness remained greater 

(P<0.05) in FLAX than CON 6 h after injection. 

Although fed to supply a similar level of n-3 FA, FISH had a greater impact on plasma and 

RBC n-3 FA content than FLAX. However, supplementation with both FISH and FLAX resulted 

in a more pronounced early inflammatory response to PHA injection as compared to 

unsupplemented horses.  

Introduction 

Recent research in humans and animals suggests that dietary omega-3 (n-3) fatty acid (FA) 

supplementation may exert immunomodulatory effects, most notably through altered 

inflammatory mediator production (Calder and Grimble, 2002). Specifically in the horse, fish oil 

supplementation increased production of the eicosanoids leukotriene B4 and B5 by peripheral 

blood neutrophils over that observed in horses fed corn oil (Hall et al., 2004b). Supplementation 

of horses with linseed oil decreased endotoxin-induced tumor necrosis factor (TNF)-α production 

by peritoneal macrophages compared to production before supplementation (Morris et al., 1991). 

In addition, linseed oil supplementation decreased thromboxane B2 production but had no effect 

on leukotriene B4 production by monocytes compared to unsupplemented horses (Henry et al., 

1990). To date, there have been no studies in the horse that have compared the 

immunomodulatory effects of fish oil and flaxseed. Additionally, many studies in the horse have 

used corn oil supplementation as the control treatment. Because corn oil is high in omega-6 (n-6) 

FA, it is difficult to determine whether it was the n-6 or n-3 FA that contributed to the 
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differences observed in physiological response when the two treatments were compared. 

Utilizing a non-fat added, but isocaloric, control diet in experiments that aim to identify effects 

of fat supplementation is important to determine if the physiological effects that occur in the 

body are due to the increased overall dietary fat intake or from the specific FA supplemented to 

the diet. 

The n-3 FA in fish oil are primarily comprised of the long chain PUFA eicosapentaenoic 

acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3), whereas the primary n-3 FA 

contained flaxseed is α-linolenic acid (ALA; 18:3n-3). These two ingredients are the primary 

means by which n-3 FA can be supplemented in equine diets. When incorporated into cell 

membranes, EPA and DHA have more potent immunomodulatory effects than ALA due to their 

ability to alter membrane fluidity and cell-signaling cascades and EPA’s role as an eicosanoid 

precursor. The capacity for the horse to bioconvert ALA to EPA and DHA through elongation 

and desaturation has not been determined, but in humans, the bioconversion rate of ALA to EPA 

is less than 10% and ALA to DHA is less than 0.10% (Williams and Burdge, 2006). Cao et al. 

(2006) compared the effects of flaxseed and fish oil supplementation on plasma and red blood 

cell (RBC) FA composition in human subjects and reported that fish oil, but not flaxseed, 

supplementation for 8 wk increased plasma EPA and DHA. Flaxseed supplementation resulted in 

a 33% increase of RBC EPA above pre-supplementation levels and did not affect RBC DHA, 

while fish oil increased RBC EPA by 300% and DHA by 42%. In horses, supplementation with 

equal amounts of n-3 FA provided from flaxseed or encapsulated fish oil, the proportion of 

plasma n-3 FA only increased in horses fed encapsulated fish oil (Siciliano et al., 2003; Stelzleni 

et al., 2006). In addition, studies in the horse have demonstrated that feeding n-3 FA in the form 
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of fish oil significantly increases the concentration of circulating EPA and DHA in plasma (Hall 

et al., 2004b; O'Connor et al., 2007; King et al., 2008). Although flaxseed is supplemented to 

horses with the intention of supplying the horse with beneficial n-3 FA, it is unclear if the ALA 

present in flaxseed will significantly affect plasma and RBC n-3 FA content. The objective of 

this experiment was to test the hypothesis that supplementation with encapsulated fish oil will 

have a greater impact on plasma and red blood cell (RBC) membrane FA composition than 

flaxseed supplementation. Furthermore, immune response was measured to determine if n-3 

supplementation affects lymphocyte proliferation, PGE2 production, or response to intradermal 

phytohemagglutinin (PHA) injection and if response is dependent upon the source of n-3 FA 

supplemented. 

Materials and Methods 

Horses 

Eighteen Quarter Horse yearling fillies (n=9) and geldings (n=9) with a mean±SE age of 

14.6±0.2 mo and initial BW of 391.5 ± 5.2 kg were utilized in this study. All experimental 

protocols were approved by the Institutional Animal Care and Use Committee at the University 

of Florida. During the trial, fillies and geldings were housed separately in two adjacent 8-ha 

pastures at the Institute of Food and Agriculture Sciences Horse Research Center in Ocala, FL. 

Dietary Treatments 

Horses were blocked by sex and age and randomly and equally assigned to one of three 

dietary treatments for 70 d: encapsulated fish oil (FISH, n=6; JBS United, Sheridan, IN), milled 

flaxseed (FLAX, n=6; Pizzey’s Milling, Angusville, MB, Canada), or no supplementation (CON, 

n=6). The basal diet consisted of a non-fat added grain mix concentrate (Gest-O-Lac; OBS 

Feeds, Ocala, FL) fed individually in feeding pens at 1.5% BW split into two meals at 0700 and 
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1500 h. The daily amount of supplement was equally divided between the morning and evening 

meals and mixed into the basal grain ration. Based on previous research that demonstrated an 

observable response to n-3 FA supplementation (O'Connor et al., 2004), FISH and FLAX were 

provided in amounts to provide 6 g total n-3/100 kg BW. Horses were allowed free-choice 

grazing access to bahiagrass (Paspalum notatum) for the duration of the trial (May 2005 – 

August 2005) which was during the active growing season. Horses had been maintained on a diet 

consisting of the same basal grain mix and pasture for at least 6 mo prior to the start of the study. 

The nutrient and FA composition of the feeds and supplements are presented in Table 3-1. 

 

 

Sample Collection 

To allow adequate time for sample processing, horses were equally divided into three 

sampling groups with treatments balanced between groups, and BW measurements and blood 

samples were obtained over three consecutive days. Bodyweight measurements and blood 

samples were obtained prior to (d 0) and after 35 and 70 d of supplementation. On each day of 

sampling, approximately 40 mL of blood was collected from each horse by jugular venipuncture 

into evacuated tubes containing the anticoagulant sodium heparin (Vacutainer, Becton Dickinson 

Co., Franklin Lakes, NJ). Tubes were continually mixed by gentle inversion until processing. 

Blood samples were centrifuged for 10 min at 1000 x g at 22°C (room temperature). Plasma was 

removed and stored at -80°C until later analysis. The buffy coat was removed, diluted with PBS, 

and slowly layered over lymphocyte separation medium (LSM; MP Biomedicals, Solon, OH) in 

order to isolate peripheral blood mononuclear cells (PBMC; see Appendix A). PBMC were 

counted and re-suspended in freezing media consisting of 90% fetal bovine serum (FBS) and 

10% dimethyl sulfoxide and stored in liquid nitrogen. The RBC remaining in the blood sample 
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were isolated by repeated centrifugation and washing with normal saline until all residual plasma 

was removed and stored at -80°C until later analysis (see Appendix B). 

Feedstuff, Plasma and Red Blood Cell Fatty Acid Composition 

To analyze FA composition of the diets, feed samples were lyophilized (FreeZone 6 Liter 

Freeze Dryer System, Labconco Corp, Kansas City, Mo) and ground, and representative samples 

consisting of 2 g grass, 0.5 g grain mix, or 0.2 g flaxseed or encapsulated fish oil were utilized 

for FA extraction. For analysis of blood FA, 2 mL of plasma and 4 mL of RBC were frozen at -

20°C in 4 mL Wheaton polypropylene Omni-vials, lyophilized, sealed with snap caps and stored 

at -20°C. A mixed reference standard containing 33 FA methyl esters (FAME) (GLC-461, Nu-

Chek Prep, Elysian, MN) was reconstituted in 10 mL hexane. FA in freeze-dried feedstuffs, 

plasma, and RBC were extracted and methylated using the procedure of Folch et al. (1957; see 

Appendix D). 

A CP-3800 Gas Chromatograph with a CP-8400 autosampler and injector, a split injection 

port, flame ionization detector (Varian, Inc, Walnut Creek, CA), and a 100-m CP-SIL 88 fused 

silica capillary column (0.25 mm i.d. x 0.2 mm film thickness; Varian, Inc, Walnut Creek, CA), 

were used for the analysis of individual FA. An injection of 1.0 µL was split 1:20 and the He 

carrier gas maintained at 1.0 mL/min. Column temperature was held at 120°C for 1 min 

following injection, increased at the rate of 5°C/min to 190°C and held at that temperature for 30 

min, then increased at the rate of 2°C/min to 220°C and held for 50 min. The injector 

temperature was set at 250°C and the detector at 255°C. 

Identification of 21 FAME (C8:0, C10:0, C12:0, C14:0, C14:1, C16:0, C16:1n-7, C17:0, 

C17:1, C18:0, C18:1n-9, C18:2n-6, C18:3n-3, C20:0, C20:1, C20:2, C20:4n-6, C20:5n-3, C22:0, 

C22:5n-3, and C22:6n-3) from the chromatograms were determined by comparing peak retention 
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times with those from the mixed reference standard. The inclusion of an internal standard 

(C19:0) was used to verify FA extraction efficiency in plasma and RBC samples. The retention 

times of each individual FA in the mixed FAME standard were verified by use of reference 

standards (Nu-Chek Prep, Elysian, MN) containing a single FA population diluted to 

concentrations expected to be found in blood and feedstuffs. The FA present in the extracted 

sample were quantified (µg/µL) by multiplying the µg/µL of an individual FA standard by the 

area of that individual FA found in the sample, then dividing that by the area of the individual 

standard. Percent of each FA in the sample was calculated by dividing the µg/µL of each FA by 

the total µg/µL FA in the sample then multiplying that by 100. The sum of n-6 FA in feedstuffs, 

plasma, or RBC was calculated by adding the percentages of linoleic acid (LA; C18:2n-6) and 

arachidonic acid (ARA; C20:4n-6) present in each sample, and the sum of n-3 FA was calculated 

by the addition of ALA, EPA, docosapentaenoic acid (DPA; C22:5n-3), DHA. 

Lymphocyte Proliferation 

Frozen PBMC were thawed gradually and immediately washed and resuspended in 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS, 2 mM glutamine, 

25 mM HEPES, and penicillin–streptomycin (100 IU/mL and 100 µg/mL, respectively). Cell 

viability was determined to be greater than 80% using trypan blue exclusion. Proliferative 

response to mitogen stimulation was assessed with a nonradioactive colorimetric assay, which 

has been shown in many species (including horses) to closely correlate with the conventional 

radioactive [
3
H]thymidine incorporation assay (Ahmed et al., 1994; Witonsky et al., 2003; see 

Appendix F). Aliquots of 100 µL of the cell suspension (1 × 10
6
 cells/mL) were stimulated in 

triplicate with 100 µL of either Concanavalin A (Con A, 2 µg/mL) phytohemagglutinin (PHA, 

25 µg/mL), or culture media (no mitogen – control). Cells were incubated at 37°C in 6% CO2 for 
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a total of 72 h. Alamar Blue (20 µL) was added to each well 18 h prior to the end of incubation. 

Fluorescence was determined with a fluorometer (Synergy HT; BioTek Instruments Inc., 

Winooksi, VT) at wavelengths of 530 nm excitation, 590 nm emission. The change in 

fluorescence was calculated by subtracting the mean of the non-stimulated control cells from the 

mean of the stimulated cells. 

PGE2 Production 

Fresh PBMC (1 x 10
6
 cells/mL) were isolated from whole blood samples collected on d 70 

using a commercially-available kit (ACCUSPIN™-System-HISTOPAQUE®-1077, Sigma-

Aldrich, St. Louis, MO). PBMC were washed and resuspended in Roswell Park Memorial 

Institute media-1640 supplemented with 10% FBS and 1% antibiotic-antimycotic (Invitrogen 

Corp., Carlsbad, CA). Cells were challenged with lipopolysaccharide (LPS, 10 ng/mL) at a final 

concentration of 1 × 10
6
 cells/well with either 10 ng LPS/well or culture media as a control (final 

volume = 1 mL/well) and incubated at 37°C with 5% CO2 for 24 h (see Appendix G). PGE2 

production in culture supernatant was analyzed using a commercially available kit (Correlate-

EIA, Assay Designs, Ann Arbor, MI).  

Intradermal Skin Test 

On d 70, hair on the left side of the neck was shaved in a 4 x 4 cm square, and horses were 

administered an intradermal injection of a phytohemagglutinin solution (PHA; lectin from 

Phaseolus vulgaris, Sigma-Aldrich, Inc., St. Louis MO) to test the local inflammatory response. 

To make the suspension, 25 mg PHA was reconstituted in 16.7 mL PBS to create a final 

concentration of 1.5 mg PHA/mL. The volume of the injected PHA suspension consisted of 100 

µL, which delivered 150 µg PHA. At an adjacent location on the left side of the neck, 100 µL 

PBS was injected to serve as a control. Skin thickness measurements at the injection sites were 
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obtained by pinching the skin between the thumb and forefinger and measuring the skin fold 

thickness in mm with an electronic digital micrometer (Marathon Watch Company, Ltd., 

Ontario, Canada) prior to injection (h 0) and at 2, 4, 6, 8, 12, 24, and 48 h post-injection. At the 

same time, the area of swelling (mm
2
) was evaluated by measuring the length and width of the 

inflamed area at the injection site. A baseline measurement for area of swelling was taken 

immediately after intradermal PHA injection. The change in skin thickness and area of swelling 

after PHA injection was calculated by subtracting the measurement taken at baseline (0 h) from 

the measurement taken at each time-point.  

Statistical Analysis 

Differences in plasma and RBC FA content, lymphocyte proliferation, increase in skin 

thickness, and area of swelling were analyzed using the MIXED procedure of SAS (Version 9.0, 

SAS Institute Inc., Cary, NC) with repeated measures. PGE2 production by stimulated PBMC 

was analyzed using the MIXED procedure of SAS. The effects of treatment, sex, time, and 

treatment x time interaction were evaluated as fixed effects. Horse within treatment was a 

random effect. The PDIFF option of the LSMEANS statement of PROC MIXED was used to 

compare treatment means. Bodyweight measurements were analyzed using the GLM procedure 

of SAS with repeated measures. Differences were considered significant at P<0.05. 

Results 

All horses remained healthy over the course of the 70-d experiment. Weight gain averaged 

0.6 ± 0.03 kg/d and was not affected by dietary treatment, but ADG was higher (P<0.05) in 

geldings (0.7±0.03 kg/d) than fillies (0.5±0.03 kg/d). After a 5-d adaptation period, during which 

the amount of supplement offered was incrementally increased, the majority of horses readily 

consumed both the milled flaxseed and the encapsulated fish oil supplements. During the first 
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week, one horse from each of the FLAX and FISH treatment groups initially refused to consume 

their respective supplements. However, both horses resumed consumption during wk 2 of the 

supplementation period. 

Plasma and Red Blood Cell Fatty Acid Composition 

Plasma FA composition was affected by time (P<0.01) and time x treatment interaction 

(P<0.05) (Table 3-2). In horses consuming the CON and FLAX treatments, plasma LA, ALA, 

sum n-6, and sum n-3 increased (P<0.05) and ARA decreased (P<0.05) from d 0 to d 35; 

however, these FA were not different from d 0 at d 70. EPA and DHA were not detectable in 

plasma before or during the 70-d supplementation period in horses receiving CON or FLAX. On 

d 35, plasma in horses supplemented with FISH was higher (P<0.05) in LA, ALA, EPA, DHA, 

sum n-3, and sum n-6 and lower (P<0.05) in ARA compared to plasma at d 0. On d 70, plasma 

EPA, DHA, and sum n-3 remained elevated above pre-supplementation levels, whereas ARA 

increased (P<0.05) above and LA, ALA, and sum n-6 decreased below (P<0.05) d 0 values in 

horses fed FISH. 

Although no differences were detected between treatments prior to the start of 

supplementation, several plasma FA were altered in response to treatment (Table 3-2). After 35 d 

of supplementation, horses fed FISH had lower (P<0.05) plasma LA and sum n-6 than FLAX, 

whereas these FA were intermediate in CON horses. In addition, plasma ALA was lower 

(P<0.05) and plasma EPA, DHA, and sum n-3 were higher (P<0.05) in horses fed FISH 

compared to CON and FLAX. There were no differences in plasma ARA between treatments at 

d 35. After 70 d of supplementation, horses fed FISH had higher plasma ARA, EPA, DHA, and 

sum of n-3 (P<0.05) and lower plasma LA and ALA (P<0.05) than both FLAX and CON. Horses 

supplemented with FISH also had lower plasma sum n-6 than FLAX on d 70 (P<0.05). Similar 
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to that observed on d 35, no differences in plasma FA, sum n-6, or sum n-3 were observed 

between horses fed FLAX or CON on d 70. 

The FA composition of RBC was affected by time (P<0.01) (Table 3-3). In all treatments, 

the proportion of LA and sum n-6 in RBC was unchanged at d 35, but lower (P<0.05) at d 70. 

The ALA and sum n-3 concentration of RBC increased at d 35 (P<0.05) and remained above 

pre-supplementation levels at d 70 in all treatments. The proportion of ARA in RBC at d 35 and 

d 70 did not differ from d 0 in any treatment; however ARA was higher (P<0.05) at d 35 

compared to d 70. A time x treatment interaction was detected for RBC EPA (P<0.01), DHA 

(P<0.01) and sum n-3 (P<0.05). EPA and DHA were not detectable in RBC at any time in CON 

horses or those fed FLAX. In horses fed FISH, EPA and DHA increased from d 0 to d 35 

(P<0.05). EPA remained elevated in RBC of FISH horses at d 70, while a further increase in 

DHA occurred between d 35 and d 70 (P<0.05). Sum n-3 increased (P<0.05) in RBC of all 

horses at d 35 and remained elevated in horses fed FISH at d 70 (P<0.05), whereas sum n-3 

declined to levels that were no different from pre-supplementation concentrations in CON and 

FLAX. 

No differences in RBC FA composition were detected among treatments prior to the start 

of supplementation. After 35 d of supplementation, differences in RBC n-3 FA composition were 

detectable, as horses fed FISH had higher EPA, DHA, and sum n-3 in RBC than CON and 

FLAX (P<0.05) (Table 3-3). After 70 d of supplementation, RBC n-3 FA composition continued 

to reflect dietary n-3 FA intake, as FISH had higher RBC EPA, DHA, and sum n-3 than FLAX 

and CON (P<0.05). Treatment had no effect on the proportion of LA, ALA, ARA, or sum n-6 in 

RBC. 
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Lymphocyte Proliferation 

Across treatments, PBMC positively responded to ConA and PHA stimulation; however, 

proliferative responses were not different among treatments prior to the start of supplementation, 

nor after 35 or 75 d of supplementation. Figure 3-1 shows the proliferative response of 

lymphocytes to ConA and PHA at d 70. 

PGE2 production 

Treatment with LPS increased (P<0.05) PGE2 production by PBMC from CON, FISH, and 

FLAX horses compared to the control, but treatment had no effect on PGE2 production after 70 d 

of supplementation (Figure 3-2). 

Intradermal Skin Test 

A noticeable skin swelling response was evident within 2 h following intradermal PHA 

injection. The peak increase in skin thickness was observed 4-6 h post-injection (Figure 3-3). At 

4 h post-injection, both FISH and FLAX had a greater increase in skin thickness over CON 

(P<0.05). Skin thickness was still greater 6 h after injection in FLAX than CON (P<0.05). There 

were no differences among treatments beyond 6 h post-injection, and skin swelling continued to 

decrease over the 48-h period. At 48 h post-injection, skin thickness was still slightly increased 

from baseline measurements (P<0.05). The change in skin thickness after PBS injection was 

minimal and did not differ among treatments. The peak change in skin thickness occurred at 4 h 

post-injection, with a 1.29 mm increase over baseline, and it continued to decline through the 

remaining 48 h period. 

The baseline measurement for area of swelling was taken immediately after intradermal 

PHA injection. After 2 h, the area of swelling was greater than the baseline measurement in all 

horses (P<0.05). At 4 h post-injection, the change in area of swelling was greater (P<0.05) in 
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FISH than in CON (Figure 3-4).There were no differences among treatments beyond 8 h post-

injection, and area of swelling continued to decrease over the 48 h period. At 48 h post-injection, 

area of swelling was still slightly increased from baseline measurements (P<0.05). The area of 

swelling measured after PBS injection was minimal and did not differ among treatments. The 

area of skin swelling was greatest immediately after the injection (113.3 mm
2
), and declined to 0 

mm
2
 at 6 h post-injection. 

Discussion 

This study demonstrates that feeding an encapsulated fish oil product to horses providing 6 

g n-3/100 kg BW daily for 70 d increases the long-chain PUFA EPA and DHA in both plasma 

and RBC. In contrast, no changes in the EPA or DHA composition of plasma or RBC were 

observed when an equal amount of n-3 FA was provided by flaxseed, suggesting that horses have 

a limited ability to bioconvert dietary ALA to significant amounts of EPA or DHA. Nonetheless, 

the early local inflammatory response to a stimulatory challenge was increased in both groups of 

horses consuming supplementary n-3 FA.  

Plasma and Red Blood Cell Fatty Acids 

Previous studies in the horse have demonstrated that plasma FA composition is affected by 

marine-derived dietary n-3 FA supplementation. Hall et al. (2004b) reported increased EPA and 

DHA and decreased LA, ALA and n-6: n-3 ratio in the plasma of horses fed fish oil. In a study 

by King et al. (2008), horses were fed an encapsulated fish oil product similar to the one utilized 

in this trial. After 28 d of supplementation, these horses displayed an increase in plasma ARA, 

EPA, and DHA, similar to that observed in the current investigation. 

Supplementing the same amount of n-3 FA in form of ALA-rich flaxseed failed to alter 

plasma sum n-3 or ALA concentration. These findings agree with Siciliano et al. (2003) who 
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reported that flaxseed supplementation at a rate of 5.6 n-3/100 kg BW for 28 d did not result in 

an increase in plasma total n-3 content in mature horses. In contrast, Hansen et al. (2002) 

reported an increase in plasma ALA when horses were fed diets containing 10% flaxseed oil. 

This amount of flaxseed would provide approximately 106 g n-3/100 kg BW, which is more than 

17-fold greater than the amount provided in the current study (6 g n-3/100 kg BW) or by 

Siciliano et al. (2003), and much higher than that likely to be utilized in the horse industry. The 

current study took place during the summer when pasture grass was in the active growth stage, 

resulting in an abundance of grass available for grazing. Assuming horses consumed 1% BW of 

pasture as forage, FLAX provided only 30% of the horses’ total daily ALA intake, with the 

remainder provided by the grass. Plasma ALA in CON horses also increased and was not 

different than the proportion of ALA in FLAX horses. Perhaps the amount of ALA provided by 

the grass was enough to meet some ALA “threshold” that may exist for equine plasma, 

preventing any further increase in dietary ALA intake that would be reflected in the plasma.  

The FA composition of RBC membranes is a good indicator of long-term dietary FA 

intake due to the longer half-life of RBC as compared to plasma phospholipids (Arab, 2003). In 

addition, RBC are easily accessible because large quantities can be readily isolated from the 

blood. The FA composition of RBC may also be a good indicator of the FA composition of other 

cells of the body, including immune cells. In general, plasma and RBC long-chain n-3 FA 

composition were both highly dependent upon the presence of EPA and DHA in the diet. Only 

horses supplemented with FISH had significant amounts of EPA and DHA in both plasma and 

RBC, and both were detectable after 35 d of supplementation. However, RBC DHA 

concentration continued to rise through 70 d of supplementation. A minute amount of EPA and 
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DHA were measured in RBC of a few horses not supplemented with FISH, but neither EPA nor 

DHA were present in the plasma of CON or FLAX horses. The other differences noted among 

treatment groups for plasma LA, ALA, ARA, and sum n-6 were not reflected in the RBC FA. 

This may be due to increased individual variations in RBC FA content or the presence of a more 

tightly regulated mechanism that regulates cell membrane lipid composition (Thewke et al., 

2000). 

Immune Responses 

Proliferative responses of lymphocytes are used as an indicator of a functional response to 

different types of external stimuli. Dietary FA can affect the functional response of a lymphocyte 

by altering the cell membrane FA composition. Altered composition of membrane lipids can 

have an effect on lipid raft function, signal transduction, and gene expression, all of which can 

ultimately affect lymphocyte function (Calder, 2007). Much conflicting evidence exists in the 

literature regarding the effects of n-3 and n-6 dietary supplementation on lymphocyte 

proliferation. In humans, supplementation with more than 3.3 g EPA+DHA/100 kg BW daily 

(and in some studies up to 20.7 g EPA+DHA/100 kg BW) has been reported to decrease 

lymphocyte proliferation (Calder and Grimble, 2002). However, supplementation with ≤ 2.4 g 

EPA+DHA/100 kg BW daily did not affect lymphocyte proliferation in healthy human subjects 

(Kew et al., 2003a). In the current study, horses supplemented with FISH consumed 5.4 g 

EPA+DHA/100 kg BW daily, and at this level of supplementation, PBMC response to ex vivo 

stimulation with the T-cell mitogens Con A and PHA was not affected. 

The interpretation of proliferation assay results can sometimes present a challenge, as both 

an increase and a decrease could be viewed as favorable. In general, a decrease in lymphocyte 

proliferation would be considered favorable if the subjects suffered from an inflammatory 
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condition but may be considered unfavorable in healthy subjects, as decreased lymphocyte 

activity may compromise host defense (Miles et al., 2006). In addition, the relevance of an 

increase or decrease in proliferation is dependent upon which treatment responses are being 

compared. For example, Thies et al. (1999) reported that the proliferation of lymphocytes in 

weaned pigs supplemented with fish oil for 40 d was less than in pigs supplemented with canola 

oil. In contrast, an increased proliferative response to mitogen stimulation was observed in beef 

calves fed a corn-based supplement with 1.5% fish oil compared to calves fed the corn-based 

supplement alone (Wistuba et al., 2005). The discrepancies among these findings are likely due 

to several factors, including species differences, amount of fat supplemented, different treatment 

groups to which comparisons were being made, and variations in experimental conditions. The 

lack of a different response among treatment groups in the current study indicates that 

lymphocyte functions were neither enhanced nor inhibited by the addition of n-3 to the diet.  

It has been well-documented in humans that dietary supplementation with n-3 FA can alter 

PBMC membrane FA composition, and the increase in n-3 FA typically occurs at the expense of 

n-6 FA, especially ARA (Yaqoob et al., 2000; Calder, 2007). The EPA in cell membranes 

competes with ARA for enzymes necessary to produce eicosanoids, as EPA is a COX substrate 

for the synthesis of PGE3, a less potent inflammatory mediator than PGE2, although its 

production occurs with very low efficiency (James et al., 2000). Skjolaas-Wilson et al. (2005) 

observed a reduced level of PGE2 production by neutrophils in response to LPS in horses 

supplemented with 3.5 g n-3/100 kg BW encapsulated fish oil. Similarly, Hall et al. (2004a) 

reported decreased PGE2 production by LPS-stimulated bronchoalveolar lavage fluid cells from 

horses supplemented with fish oil providing 9.9 g n-3/100 kg BW compared to horses 



 

93 

supplemented with corn oil. In contrast, supplementation with flaxseed or fish oil had no effect 

on PGE2 production by PBMC in horses in the current study. Although FA composition of 

immune cells was not determined, there were no differences among treatments for RBC ARA 

content after 70 d of supplementation. In the current study, the proportions of EPA and DHA, but 

not ARA, were higher in RBC of horses fed FISH after 35 and 70 d of supplementation. PGE2 is 

a potent lipid mediator of inflammation derived from ARA present in the cell membrane. A 

direct relationship exists between the ARA content of immune cell membranes and the ability of 

those cells to produce PGE2, and it has been established that increased EPA membrane content 

can be associated with a decrease in the cell’s ability to produce PGE2 (Calder, 2007). An 

increase in PGE2 synthesis may only be observed if there is an increased proportion of ARA in 

the immune cell membrane. On the other hand, there may be a threshold level that EPA must 

reach in the cell membrane before it can begin to inhibit ARA-derived eicosanoid production, 

and the rate and amount of EPA incorporated into cell membranes would be dependent upon the 

level and duration of EPA supplementation. In addition, it is possible that variations in the basal 

diets or specific assay conditions contribute to the conflicting results observed between this study 

and others. 

Despite the lack of treatment effect on PGE2 production, n-3 supplementation appeared to 

alter the inflammatory response in vivo. All horses displayed an early inflammatory response to 

PHA injection, with peak skin thickness observed 4-6 h post-injection and peak area of swelling 

observed slightly later. This early response indicates that the inflammatory response was 

mediated by cells of the innate immune system, primarily neutrophils and macrophages. A 

similar early response to PHA injection has been observed in cattle, and microscopic evaluation 
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of skin biopsies confirmed that neutrophil and macrophage infiltrations, but not lymphocytes, 

were significantly greater in PHA injected sites than in saline-injected sites (Hernandez et al., 

2005).  

At 4 h post injection, FISH and FLAX had a greater increase in skin thickness than CON, 

and FISH had greater area of swelling than CON. The increase in skin thickness remained higher 

in horses fed FLAX than in non-supplemented horses at 6 h post-injection. Feeding horses diets 

with 3% added fat (from fish oil or corn oil) for 8 wk increased TNF-α production and 

phagocytic activity of BALF cells regardless of fat source (Hall et al., 2004a). TNF-α is a potent 

inflammatory cytokine released by macrophages in the endothelium in response to an activating 

stimulus. TNF-α induces local inflammation by activating vascular endothelium and increasing 

vascular permeability. Although it was not measured in the current study, it is possible that 

infiltrating macrophages increased their secretion of TNF-α, which, along with infiltrating 

neutrophils, contributed to the increased early inflammatory response observed in horses fed 

both FISH and FLAX.  

Implications 

Although fed to supply the same level of total n-3 FA, fish oil (rich in EPA and DHA) had 

a greater impact on plasma and RBC n-3 FA composition than milled flaxseed (rich in ALA). 

When horses are allowed access to fresh pasture during the growing season, supplementing with 

flaxseed does not appear to further increase plasma or RBC ALA content above that of horses 

receiving no n-3 supplementation. Fresh grass is rich in ALA, which may have overshadowed 

that provided by flaxseed. Flaxseed added to high grain diets, particularly when coupled with 

mature hay, may have a greater impact on plasma and RBC FA composition. Because RBC 

DHA continued to rise from d 35 to d 70, this indicates that time necessary for complete 
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incorporation of dietary n-3 FA into cell membranes may extend beyond that necessary for 

plasma. Despite the alterations in cell membrane composition, feeding horses fish oil at a rate of 

6 g n-3/100 kg BW did not result in decreased PGE2 production as compared to horses fed FLAX 

or CON.  

In horses consuming both the FISH and FLAX treatments, a more pronounced early 

inflammatory response to PHA injection was observed. The mechanism responsible for this 

effect is not clear, as this measure of inflammatory response was relatively non-specific. Further 

study is warranted to determine the effects of n-3 FA supplementation on other immune response 

variables, especially the regulation of inflammatory cells and their function along with 

identifying optimal levels of n-3 FA supplementation that support optimal immune function in 

the horse. 
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Table 3-1.  Nutrient and fatty acid composition of the grain mix concentrate and bahiagrass 

pasture making up the basal diet, and the milled flaxseed and encapsulated fish oil 

supplements 

Nutrient
1 

Concentrate Pasture
2 

Flaxseed 
Encapsulated 

Fish Oil 

DM, % 89.0 20.9 91.5 91.2 

Crude fat, % 4.2 2.7 37.7 21.5 

CP, % 16.6 16.3 22.9 11.8 

NDF, % 25.3 60.2 40.0 9.9 

ADF, % 12.3 35.1 19.0 5.9 

Ca, % 0.8 0.5 0.2 0.3 

P, % 0.7 0.4 0.6 0.2 

Fatty acid
3 

    

C18:2 n-6 48.1 17.1 16.5 6.8 

C18:3 n-3 3.0 51.0 61.1 2.6 

C20:4 n-6 0 0 0 1.0 

C20:5 n-3 0 0 0 14.4 

C22:5 n-3 0 0 0 2.3 

C22:6 n-3 0 0 0 11.5 

Other fatty acids
4 

48.9 31.9 22.4 61.4 
1
With the exception of DM, all values are presented on 100% DM basis. 

2
Mean of 3 monthly pasture samples collected during the trial.

 

3
Fatty acids expressed as a percentage of total fatty acids.. 

4
C12:0, C14:0, C16:0, C16:1n-7, C18:0, C18:1n-9. 
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Table 3-2.  Fatty acid composition of plasma before (d 0), during (d 35), and after 70 d of 

supplementation with milled flaxseed (FLAX), encapsulated fish oil (FISH), or no 

supplementation (CON) 

Fatty Acid
1
 Treatment d 0 d 35 d 70 SEM 

P values 

Trt Time Trt*time 

C18:2 n-6 CON 48.7
b 

51.9
a,x,y 

48.2
b,x 

0.4 

0.05 <0.01 0.03  FLAX 48.2
b 

52.6
a,x 

49.3
b,x 

0.8 

 FISH 48.2
b 

50.6
a,y 

46.7
c,y 

0.5 

C18:3 n-3 CON 3.2
b 

5.9
a,x 

3.6
b,x 

0.2 

0.01 <0.01 0.10  FLAX 3.6
b 

5.3
a,x 

3.7
b,x 

0.4 

 FISH 3.1
b 

4.2
a,y 

2.6
b,y 

0.2 

C20:4 n-6 CON 2.0
a 

1.5
b 

2.1
a,y 

0.1 

0.06 <0.01 0.52  FLAX 2.0
a 

1.5
b 

2.1
a,y 

0.1 

 FISH 2.1
b 

1.7
c 

2.4
a,x 

0.1 

C20:5 n-3 CON ND ND
y 

ND
y 

0 

<0.01 <0.01 <0.01  FLAX ND ND
y 

ND
y 

0 

 FISH ND
b 

1.6
a,x 

1.4
a,x 

0.1 

C22:6 n-3 CON ND ND
y 

ND
x 

0 

<0.01 <0.01 <0.01  FLAX ND
 

ND
y 

ND
x 

0 

 FISH ND
c 

1.2
b,x 

1.6
a,x 

0.1 

Sum n-6 CON 50.7
b 

53.5
a,x,y 

50.2
b,x,y 

0.4 

0.09 <0.01 0.06  FLAX 50.3
b 

54.1
a,x 

51.4
b,x 

0.8 

 FISH 50.4
b 

52.3
a,y 

49.1
c,y 

0.4 

Sum n-3 CON 3.2
b 

5.9
a,y 

3.6
b,y 

0.2 

<0.01 <0.01 <0.01  FLAX 3.6
b 

5.3
a,y 

3.7
b,y 

0.4 

 FISH 3.1
c 

7.3
a,x 

5.6
b,x 

0.2 
1
Fatty acids expressed as a percentage of total fatty acids. 

a,b,c
Means in the same row not sharing a common superscript differ (P<0.05). 

x,y
Within a fatty acid, means in the same column not sharing a common superscript differ (P<0.05). 

ND=not detected. 
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Table 3-3.  Fatty acid composition of red blood cells before (d 0), during (d 35), and after 70 d of 

supplementation with milled flaxseed (FLAX), encapsulated fish oil (FISH), or no 

supplementation (CON) 

Fatty Acid
1 

Treatment d 0 d 35 d 70 SEM 
P values 

Trt Time Trt*time 

C18:2 n-6
 

CON 42.4
a 

45.7
a 

34.6
b 

1.8 

0.94 <0.01 0.99  FLAX 42.2
a 

46.1
a 

35.5
b 

1.6 

 FISH 43.2
a 

45.7
a 

35.7
b 

1.3 

C18:3 n-3 CON 1.4
c 

2.6
a 

1.8
b 

0.2 

0.31 <0.01 0.24  FLAX 1.3
c 

2.6
a 

1.9
b 

0.2 

 FISH 1.2
b 

2.0
a 

1.5
b 

0.1 

C20:4 n-6 CON 2.6
a,b 

2.8
a 

2.3
b 

0.1 

0.97 <0.01 0.84  FLAX 2.8
a 

2.8
a 

2.1
b 

0.1 

 FISH 2.6
a,b 

2.9
a 

2.3
b 

0.1 

C20:5 n-3 CON ND ND
y 

0.1
y 

0.1 

<0.01 <0.01 <0.01  FLAX ND ND
y 

ND
y 

0 

 FISH ND
b 

1.2
a,x 

1.4
a,x 

0.2 

C22:6 n-3 CON ND ND
y 

ND
y 

0 

<0.01 <0.01 <0.01  FLAX ND ND
y 

0.3
y 

0.1 

 FISH ND
c 

0.8
b,x 

1.3
a,x 

0.1 

Sum n-6 CON 45.0
a 

48.5
a 

36.9
b 

1.8 

0.94 <0.01 0.99  FLAX 45.0
a 

48.9
a 

37.6
b 

1.7 

 FISH 45.8
a 

48.6
a 

38.0
b 

1.4 

Sum n-3 CON 1.4
b 

2.6
a,y 

2.0
a,b,y 

0.2 

0.05 <0.01 0.02  FLAX 1.3
b 

2.6
a,y 

2.2
a,b,y 

0.2 

 FISH 1.2
b 

4.0
a,x 

4.3
a,x 

0.5 
1
Fatty acids expressed as a percentage of total fatty acids. 

a,b,c
Means in the same row not sharing a common superscript differ (P<0.05). 

x,y
Within a fatty acid, means in the same column not sharing a common superscript differ (P<0.05). 

ND=not detected. 
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Figure 3-1.  Proliferative responses of PBMC from horses supplemented with a milled flaxseed 

(FLAX), encapsulated fish oil (FISH), or not supplemented (CON) for 70 d. 
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Figure 3-2.  Production of PGE2 by stimulated PBMC from horses receiving milled flaxseed 

(FLAX), encapsulated fish oil (FISH), or no supplementation (CON) for 70 d. 
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Figure 3-3.  Change in skin thickness in response to intradermal injection of PHA in horses 

receiving milled flaxseed (FLAX), encapsulated fish oil (FISH), or no 

supplementation (CON) 
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Figure 3-4.  Change in the area of swelling in response to intradermal injection of PHA in horses 

receiving milled flaxseed (FLAX), encapsulated fish oil (FISH), or no 

supplementation (CON) 
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CHAPTER 4 

CLEARANCE OF POLYUNSATURATED FATTY ACIDS FROM HORSE PLASMA AND 

RED BLOOD CELLS AFTER SUPPLEMENTATION 

Abstract 

Eighteen Quarter Horse yearlings were monitored following the cessation of 

supplementation with flaxseed or fish oil in order to determine the time period necessary to clear 

dietary omega-3 (n-3) fatty acids (FA) present in the plasma and red blood cells (RBC). Horses 

were randomly and equally assigned to one of three treatments: encapsulated fish oil (FISH, 

n=6), milled flaxseed (FLAX, n=6), or no supplementation (CON, n=6) and supplemented for 10 

wk. Horses had free access to bahiagrass pasture and were individually fed a grain mix 

concentrate at 1.5% BW/d. FISH and FLAX were mixed into the concentrate in amounts to 

provide 6 g total n-3/100 kg BW. Horses were monitored for an additional 8 wk after 

supplementation ended to determine FA washout. Blood samples were obtained before (wk 0) 

and after 10 wk of n-3 supplementation and at 2, 3, 5, and 8 wk post-supplementation and 

analyzed for plasma and RBC FA composition. Prior to the start of n-3 supplementation (wk 0), 

there were no differences in plasma or RBC α-linolenic acid (ALA), eicosapentaenoic acid 

(EPA), docosahexaenoic acid (DHA) or total n-3 FA among treatments. After 10 wk of 

supplementation, EPA, DHA and total n-3 in plasma and RBC were elevated (P<0.05) in horses 

fed FISH compared to FLAX or CON. At 2 wk post-supplementation, plasma DHA and RBC 

EPA, DHA and total n-3 in horses fed FISH were still above baseline levels (P<0.05). After 5 

wk, plasma EPA and DHA were still elevated in horses fed FISH (P<0.05), but RBC EPA and 

DHA had returned to baseline levels. At 8 wk post-supplementation, there were no differences in 

plasma or RBC n-3 FA among treatments; however, plasma and RBC ALA and  arachidonic acid 

were lower and linoleic acid was higher in plasma and lower in RBC compared to pre-
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supplementation levels. For the purposes of designing research trials involving n-3 FA 

supplementation, a washout period of at least 8 wk is likely needed when using n-3 FA 

supplements containing EPA and DHA. 

Introduction 

Interest in omega-3 (n-3) fatty acid (FA) supplementation in the horse has increased 

because of potential anti-inflammatory and other health benefits (Duvaux-Ponter et al., 2004; 

Hall et al., 2004a; Hall et al., 2004b). Feeding horses flaxseed or fish oil, which are rich in n-3 

FA, increases the n-3 content of plasma within 14 d and red blood cell (RBC) membrane content 

within 28 d after supplementation is initiated (Siciliano et al., 2003; Stelzleni et al., 2006). Little 

is known about how long these FA remain elevated in plasma or RBC membranes after 

supplementation has ended. Only one study has been performed in horses to characterize the 

plasma clearance rate of EPA and DHA following encapsulated fish oil supplementation, but it 

did not measure RBC clearance (King et al., 2008). The knowledge of how much time is 

necessary for complete clearance of dietary-derived plasma and RBC n-3 FA would be useful to 

establish the necessary “washout” period in cross-over research trials and to determine how long 

n-3 FA may exert their effects when supplementation is interrupted or terminated. The objective 

of this study was to determine the time necessary for the complete clearance of n-3 FA from 

plasma and RBC membranes once fish oil or flaxseed supplementation is discontinued. 

Materials and Methods 

Horses 

Eighteen Quarter Horse yearling fillies (n=9) and geldings (n=9) with a mean±SE age of 

14.6±0.2 mo and an initial BW of 391.5 ± 5.2 kg were utilized for this study. During the 10-wk 

supplementation phase, fillies and geldings were housed separately in two adjacent 8-ha 
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bahiagrass (Paspalum notatum) pastures at the Institute of Food and Agricultural Sciences Horse 

Research Center in Ocala. After the 10-wk supplementation period, horses were moved to the 

Institute of Food and Agricultural Sciences Horse Teaching Unit in Gainesville, FL where fillies 

and geldings were housed separately in 2.4-ha bahiagrass pastures and supplemented with 

Coastal bermudagrass (Cynodon dactylon) hay for the remaining 8 wk of the study. All 

experimental protocols were approved by the Institutional Animal Care and Use Committee at 

the University of Florida. 

Dietary Treatments 

As part of a previous study to assess the effects of flaxseed or fish oil supplementation on 

plasma and red blood cell FA composition (Chapter 3), horses were blocked by sex and age and 

randomly and equally assigned to one of three dietary treatments for 10 wk: encapsulated fish oil 

(FISH, n=6; JBS United, Sheridan, IN), milled flaxseed (FLAX, n=6; Pizzey’s Milling, 

Angusville, MB, Canada), or no supplementation (CON, n=6). The basal diet consisted of a non-

fat added grain mix concentrate (Gest-O-Lac; OBS Feeds, Ocala, FL) fed individually in feeding 

pens at 1.5% BW split into two meals at 0700 and 1500 h. The daily amount of supplement was 

equally divided between grain meals and mixed into the basal grain ration. Based on previous 

research that demonstrated an observable response to n-3 FA supplementation (O’Connor et al. 

2004), FISH and FLAX were provided in amounts to provide 6 g total n-3/100 kg BW 

(specifically, 0.6 g α-linolenic acid (ALA; C18:3n-3) + 3.0 g eicosapentaenoic acid 

(EPA;C20:5n-3) + 2.4 g docosahexaenoic acid (DHA; C22:6n-3)/100 kg BW for horses fed 

FISH and 6 g ALA/100 kg BW for horses fed FLAX). Horses were allowed free-choice grazing 

access to bahiagrass for the duration of the supplementation period (May 2005 – July 2005) 
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which was during the active growing season. The nutrient and FA composition of the feeds and 

supplements were presented in the previous chapter (Table 3-1).  

After the supplementation period ended and horses were moved to the new location, they 

were fed the same concentrate at the same feeding rate as used during the supplementation 

period, adjusted as necessary to maintain BW, for the duration of the washout period (July 2005 

– September 2005). The daily concentrate was split into two equal-sized feedings offered in 

individual feeding pens at 0700 and 1600 h. Free-choice coastal bermudagrass hay was offered 

to supplement the pasture as the availability of fresh forage began to decline at the end of the 

growing season. 

Sample Collection 

Blood samples were obtained prior to the start of supplementation (baseline), after +10 wk 

of supplementation, and at -2, -3, -5, and -8 wk post-supplementation. Blood was collected by 

jugular venipuncture into evacuated tubes containing the anticoagulant sodium heparin 

(Vacutainer, Becton Dickinson Co., Franklin Lakes, NJ). Blood samples were centrifuged for 10 

min at 4000 x g at 22°C (room temperature). Plasma was removed and stored at -80°C until later 

analysis. The RBC remaining in the blood sample were isolated by repeated centrifugation at 

room temperature and washing with normal saline until all residual plasma was removed and 

stored at -80°C until later analysis. 

Feedstuff, Plasma and Red Blood Cell Composition 

To analyze FA composition of the diets, feed samples were lyophilized (FreeZone 6 Liter 

Freeze Dryer System, Labconco Corp, Kansas City, Mo) and ground, and representative samples 

consisting of 2 g grass, 0.5 g grain mix, or 0.2 g flaxseed or encapsulated fish oil were utilized 

for FA extraction. For analysis of blood FA, 2 mL of plasma and 4 mL of RBC were frozen at -
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20°C in 4 mL Wheaton polypropylene Omni-vials, lyophilized, sealed with snap caps and stored 

at -20°C. A mixed reference standard containing 33 FA methyl esters (FAME) (GLC-461, Nu-

Chek Prep, Elysian, MN) was reconstituted in 10 mL hexane. FA in freeze-dried feedstuffs were 

extracted and methylated using the procedure of Folch et al. (1957; see Appendix D). FA in 

freeze-dried plasma and RBC were methylated using the two-step procedure with a 10 min 

incubation in sodium methoxide as described by Jenkins et al. (2001; see Appendix E).  

A CP-3800 Gas Chromatograph with a CP-8400 autosampler and injector, a split injection 

port, flame ionization detector (Varian, Inc, Walnut Creek, CA), and a 100-m CP-SIL 88 fused 

silica capillary column (0.25 mm i.d. x 0.2 mm film thickness; Varian, Inc, Walnut Creek, CA), 

were used for the analysis of individual FA. An injection of 1.0 µL was split 1:20 and the He 

carrier gas maintained at 1.0 mL/min. Column temperature was held at 120°C for 1 min 

following injection, increased at the rate of 5°C/min to 190°C and held at that temperature for 30 

min, then increased at the rate of 2°C/min to 220°C and held for 50 min. The injector 

temperature was set at 250°C and the detector at 255°C. 

Identification of 21 FAME ( C8:0, C10:0, C12:0, C14:0, C14:1, C16:0, C16:1n-7, C17:0, 

C17:1, C18:0, C18:1n-9, C18:2n-6, C18:3n-3, C20:0, C20:1, C20:2, C20:4n-6, C20:5n-3, C22:0, 

C22:5n-3, and C22:6n-3) from the chromatograms were determined by comparing peak retention 

times with those from the mixed reference standard. The inclusion of an internal standard 

(C19:0) was used to verify FA extraction efficiency in plasma and RBC samples. The retention 

times of each individual FA in the mixed FAME standard were verified by use of reference 

standards (Nu-Chek Prep, Elysian, MN) containing a single FA population diluted to 

concentrations expected to be found in blood and feedstuffs. The FA present in the extracted 
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sample were quantified (µg/µL) by multiplying the µg/µL of an individual FA standard by the 

area of that individual FA found in the sample, then dividing that by the area of the individual 

standard. Percent of each FA in the sample was calculated by dividing the µg/µL of each FA by 

the total µg/µL FA in the sample then multiplying that by 100. The sum of n-6 FA in feedstuffs, 

plasma, or RBC was calculated by adding the percentages of linoleic acid (LA; C18:2n-6) and 

arachidonic acid (ARA; C20:4n-6) present in each sample, and the sum of n-3 FA was calculated 

by the addition of ALA, EPA, docosapentaenoic acid (DPA; C22:5n-3), DHA. 

Statistical Analysis 

Differences in plasma and RBC FA content were analyzed using PROC MIXED with 

repeated measures in SAS (Version 9.0, SAS Institute Inc., Cary, NC). The effects of treatment, 

sex, time, and treatment x time interaction were evaluated as fixed effects. Horse within 

treatment was a random effect. The PDIFF option of the LSMEANS statement of PROC MIXED 

was used to compare treatment means. Comparisons were made among treatments at each time 

point, within a treatment compared to baseline, and within a treatment compared to +10 wk of 

supplementation. Differences were considered significant at P<0.05. 

Results 

Supplementation Period 

Plasma and RBC FA content measured at each time-point are presented in Tables 4-1 and 

4-2 and in Figures 4-1, 4-2, and 4-3. For horses consuming the CON and FLAX treatments, there 

were no changes in plasma LA, ALA, ARA, EPA, DHA, sum n-6, or sum n-3 from baseline to 

+10 wk of supplementation (Table 4-1). In addition, no changes were observed in LA, ARA, 

EPA, DHA, or sum n-6 in RBC of horses fed the CON or FLAX treatments; but, ALA and sum 

n-3 in RBC were elevated (P<0.05) over baseline levels after 10 wk of supplementation (Table 4-
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2). In horses fed FISH, LA and sum n-6 decreased (P<0.05) and EPA, DHA, and sum n-3 

increased (P<0.05) in both plasma and RBC in response to supplementation. ARA increased in 

plasma (P<0.05), but not RBC, in horses supplemented with FISH (P<0.05). No changes in 

plasma or RBC ALA were found in response to 10 wk of FISH supplementation.  

Washout Period 

Plasma and RBC FA content measured during the 8-wk washout period are presented in 

Tables 4-1 and 4-2 and in Figures 4-1, 4-2, and 4-3. After the cessation of supplementation, 

plasma LA increased in all treatments and remained higher (P<0.05) than baseline and +10 wk 

values throughout the 8-wk washout period. In contrast, LA increased in RBC at -2 wk in CON 

and FISH horses, but not FLAX. At -3 wk, LA concentration in RBC began to decline in all 

treatments (P<0.05) and remained lower than baseline and +10 wk for the remainder of the 

washout period. Horses that had consumed the CON diet had higher plasma LA at -5 wk post-

supplementation than FLAX and FISH (P<0.05). 

In all treatments, plasma ARA declined below baseline and +10 wk levels at -2 wk 

(P<0.05) and remained lower throughout the 8-wk washout period (P<0.05). Similarly, RBC 

ARA declined in all treatments below baseline and +10 wk levels at -3 wk (P<0.05) and 

remained lower throughout the 8-wk washout period (P<0.05). At -3 wk, horses fed FISH had 

higher RBC ARA than CON and FLAX (P<0.05). 

The sum of n-6 FA in plasma increased and remained higher than baseline and +10 wk 

throughout the washout period in all treatments (P<0.05). In contrast, RBC sum n-6 increased at 

-2 wk in FISH horses (P<0.05), but not in CON and FLAX. At -3 wk, sum n-6 concentration in 

RBC began to decline and remained lower than baseline and +10 wk for the remainder of the 
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washout period in all treatments (P<0.05). Horses that had consumed the CON diet had higher 

plasma sum n-6 at -5 wk post-supplementation than FLAX and FISH (P<0.05). 

In CON horses, plasma ALA declined to below baseline and +10 wk levels at -5 wk 

(P<0.05) and remained lower at -8 wk (P<0.05). In these same horses, ALA in RBC increased 

above baseline and +10 wk at -2 wk (P<0.05), but then declined below +10 wk at -3 wk and 

below baseline levels at -5 wk. In horses fed FLAX, plasma ALA declined below baseline and 

+10 wk at -3 wk, increased slightly at -5 wk, then declined at -8 wk (P<0.05). In RBC of FLAX 

horses, ALA increased from +10 wk to -2 wk (P<0.05), then decreased to baseline levels at -3 

wk (P<0.05) and was not detectable at -5 wk. In horses fed FISH, plasma ALA remained steady 

until -5 wk when it decreased to below baseline levels (P<0.05) and further declined to below 

+10 wk levels by -8 wk. Similar to the other treatments, ALA increased in RBC at -2 wk in 

horses fed FISH, but declined to baseline levels at -3 wk and was undetectable at -5 wk. RBC 

ALA was undetectable in all horses at 8 wk. At -2 wk post-supplementation, horses fed FISH 

had lower RBC ALA than FLAX (P<0.05), and at -3 wk FISH had lower RBC ALA than CON 

and FLAX (P<0.05). Horses fed FLAX had higher plasma ALA than CON and FISH at -5 wk 

post-supplementation (P<0.05). 

EPA was not detectable in plasma and RBC of horses fed CON or FLAX during either the 

supplementation or washout period, with the exception of a small amount measured in RBC of 

CON horses at +10 wk of supplementation. In horses fed FISH, plasma EPA was lower at -2 and 

-3 wk compared to +10 wk levels (P<0.05) and remained slightly above baseline at -5 wk 

(P<0.05). EPA was not detectable at -8 wk in the plasma of horses that had been fed FISH. In 

RBC of horses fed FISH, EPA decreased at -2 and -3 wk below +10 wk levels (P<0.05), and 
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returned to baseline and was not detectable at -5 and -8 wk. Horses fed FISH had higher plasma 

and RBC EPA than CON and FLAX at wk -2 and -3 wk (P<0.05) and higher plasma EPA at wk 

-5 (P<0.05). 

DHA was not detectable in plasma and RBC of horses fed CON or FLAX during either the 

supplementation or washout period, with the exception of a small amount measured in RBC of 

FLAX horses at +10 wk of supplementation. In horses fed FISH, plasma DHA decreased below 

+10 wk levels at -2 and -3 wk (P<0.05). From -3 wk to -5 wk, plasma DHA increased slightly 

(P<0.05) but was not detectable at -8 wk in horses that had been fed FISH. In RBC of horses fed 

FISH, DHA remained elevated at -2 wk, but had declined by -3 wk (P<0.05), and was not 

detectable at -5 or -8 wk (P<0.05). Horses fed FISH had higher DHA in plasma and RBC than 

CON and FLAX horses at -2 and -3 wk (P<0.05) and higher plasma DHA at -5 wk (P<0.05). 

In horses fed FISH, the sum of n-3 FA in plasma decreased below +10 wk levels at -2 wk 

(P<0.05) and remained there at -3 and -5 wk until it declined further to below baseline levels 8 

wk following the cessation of supplementation (P<0.05). In horses fed FLAX and CON, the sum 

of n-3 FA in plasma did not differ between +10 wk and -2 wk. Plasma sum n-3 decreased in 

FLAX horses at -3 wk, increased slightly at -5 wk, and decreased to below baseline at -8 wk 

(P<0.05). For horses fed the CON diet, the sum of n-3 in plasma decreased to below baseline and 

+10 wk levels at -5 and -8 wk (P<0.05). In all treatments, the sum of n-3 in RBC was not 

different between +10 wk and -2wk. In FLAX and CON horses, the sum of n-3 in RBC 

decreased to below +10 wk levels at -3 wk (P<0.05), decreased to below baseline levels at -5 wk 

(P<0.05), and remained lower at -8 wk (P<0.05). In horses fed FISH, the sum of n-3 in RBC 

remained above baseline at -3 wk, but n-3 FA were not detectable at -5 and -8 wk in RBC. The 
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sum of n-3 FA in plasma was higher in FISH and FLAX than CON at -5 wk (P<0.05). The sum 

of n-3 in RBC was higher in horses fed FISH at -2 and -3 wk compared to FLAX and CON 

(P<0.05). 

The proportion of saturated FA steadily increased in the RBC of all horses during the 

washout period, with C16:0 and C18:0 levels increasing by 65% and 101%, respectively, of that 

observed after 10 wk of supplementation. By comparison, the saturated FA content of plasma 

remained the same over the same time period (data not shown). 

Discussion 

This study demonstrates that the time period necessary for complete plasma and RBC 

PUFA washout after 10 wk of supplementation with flaxseed and encapsulated fish oil is 6-8 wk. 

In addition, it appears that seasonal changes in fresh forage FA content, as well as forage source, 

affect the concentration of PUFA in plasma and RBC, irrespective of dietary n-3 

supplementation. As grass hay replaced fresh forage in the diet of horses during the 8-wk 

washout period, the proportion of LA increased in plasma and decreased in RBC. In addition, 

both ALA and ARA decreased in plasma and RBC over the 8-wk washout period. These changes 

in the proportions of LA, ALA, and ARA in RBC may also be due to the steady increase in the 

proportion of saturated FA in RBC observed in all horses during the washout period. 

The EPA and DHA supplied in the fish oil appeared to have the greatest impact on plasma 

and RBC n-3 FA composition. In FISH fed horses, EPA and DHA returned to baseline levels 

after 5 wk in RBC, but plasma remained elevated through 5 wk, but not 8 wk, post-

supplementation. This is in agreement with King et al. (2008), who reported that plasma EPA 

and DHA in horses supplemented with approximately 8 g EPA+DHA/100 kg BW/d for 28 d 

remained elevated above baseline levels for 6 wk after supplement withdrawal. Similarly, after 
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dogs were fed fish oil for 8 wk, serum EPA remained elevated for 3 wk and serum DHA 

remained elevated for 7 wk after the cessation of supplementation (Hansen et al., 1998). In the 

current study, EPA and DHA remained elevated for a longer period of time in plasma compared 

to RBC. In contrast to these findings, Cao et al. (2006) observed a delayed washout of EPA and 

DHA from RBC when compared to elimination of these FA from plasma in human subjects. In 

that study, 8 wk was necessary for RBC EPA and DHA to return to baseline, but only 2 wk was 

needed for plasma clearance. The explanation for the difference in plasma and RBC n-3 FA 

distribution and clearance between horses and humans is not clear, but may be due to differences 

in RBC turnover or lipid mobilization in growing horses versus adult humans.  

Supplementation with flaxseed did not result in any significant changes to plasma or RBC 

PUFA composition compared to unsupplemented horses. The content of ALA in RBC increased 

in both the FLAX and CON treatments in response to 10 wk of supplementation, and it 

continued to increase for an additional 2 wk in all horses after supplementation ended. At -3 wk, 

RBC ALA had returned to baseline in all treatments and was not detectable 8 wk after 

supplementation ended. Plasma ALA content, on the other hand, did not change over the course 

of the supplementation period. In all horses, there was a steady decline in plasma ALA during 

the washout period. However, at -5 wk plasma ALA in FLAX-fed horses, although not different 

than post-supplementation levels, was higher than plasma ALA in CON and FISH. The reason 

for the slightly elevated plasma ALA in horses fed FLAX 5 wk after its withdrawal is not clear. 

Nonetheless, this finding is similar to the elevated plasma EPA and DHA in horses fed FISH, 

and perhaps may be attributed to the mobilization of lipid reserves previously enriched in ALA 
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from FLAX supplementation. Further study is warranted to identify lipid storage and 

mobilization kinetics in the horse and how they contribute to circulating plasma FA composition.  

The decline in plasma and RBC ALA is likely due to the shift from consumption of fresh 

bahiagrass during the supplementation period (May – July) to Coastal bermudagrass grass hay 

during the washout period (August – September). The predominant FA present in bahiagrass is 

ALA, with the highest levels observed from April – July in the region where this study was 

conducted (Warren and Kivipelto, 2007a). Although the ALA content of bahiagrass pasture is 

greater, Coastal bermudagrass hay, a warm-season forage, also contains a high proportion of 

ALA (39% of total FA), LA (21% of total FA) and the saturated FA C16:0 (24% of total FA), 

with the content of ALA decreasing as the maturity of the hay increases (Warren and Kivipelto, 

2007b). Although the FA content of the specific hay fed to the horses in the current study was 

not measured, it is likely that the increase in plasma and RBC C16:0 observed in all horses 

during the washout period may be attributed to the presence of these FA in the hay, combined 

with that found in the basal grain (19% of total FA). In addition, the rise in plasma LA observed 

during the washout period may be attributable to the higher proportion of LA in hay as compared 

to pasture, and the decrease in plasma ALA relates to the decreased ALA content of hay as 

compared to pasture. 

The major change in the n-6 FA profile of plasma was observed in horses fed FISH, as 

ARA was higher in these horses in response to 10 wk of supplementation. The FISH supplement 

contained modest amounts of ARA (1% of total FA), but ARA was absent in the FLAX and 

CON diets. An increase in plasma ARA was also observed by King et al. (2008) in horses 

supplemented with similar amounts of encapsulated fish oil. Plasma ARA in horses fed FISH 
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declined 2 wk after the supplement was withdrawn, but remained slightly elevated over CON 

and FLAX through 5 wk post-supplementation. No difference in RBC ARA was evident among 

treatment groups until 3 wk after supplementation ended, at which point the RBC ARA was 

higher in FISH than in CON and FLAX. Again, this may be related to the dynamics of lipid 

mobilization in the horse. In contrast to ARA, horses consuming FISH had the lowest plasma 

and RBC LA after the supplementation period. A similar response was found in human subjects 

that consumed 3.6 g n-3/d (approximately 5.1 g n-3/100 kg BW/d) for 12 mo, as their plasma and 

RBC LA was lower than in then non-supplemented control group (Katan et al., 1997). This is 

likely due to the increase in proportions of EPA and DHA in the FISH group, resulting in a 

concomitant decrease in plasma and RBC LA content. The reason for the increase in plasma LA 

paired with a simultaneous decrease in RBC LA observed in all horses during the washout period 

is unclear. Because this response was observed in all horses, there may have been seasonal 

and/or dietary influences that affected all horses contributing to this effect. The nature of these 

influences remains to be elucidated. 

In conclusion, these data indicate that for the purposes of designing Latin square or cross-

over studies involving n-3 FA supplementation, a washout period of at least 8 wk is likely 

needed when using supplements containing EPA and DHA. In addition, the need for additional 

studies to characterize the kinetics of lipid storage and mobilization are warranted.  
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Table 4-1.  Fatty acid composition of plasma before (baseline) and after 10 wk of 

supplementation with milled flaxseed (FLAX), encapsulated fish oil (FISH), or no 

supplementation (CON) and during the 8-wk washout period 

  Supplementation 
 

Washout  P values 

Fatty Acid
1 

Treatment Baseline +10 wk  -2 wk -3 wk -5 wk -8 wk SEM Trt Time 
Trt* 

time 

C18:2 n-6 CON 48.7
 

48.1
ab  54.1

*† 
53.9

*† 
56.8

*†a 
55.1

*† 
0.6    

 FLAX 48.2 49.3
a  54.5

*† 
54.9

*† 
54.8

*†b 
55.3

*† 
0.5 0.63 <0.01 <0.01 

 FISH 48.2 46.7
*b  54.5

*† 
54.3

*† 
54.7

*†b 
55.5

*† 
0.6    

C18:3 n-3 CON 3.2 3.6
a  3.5 3.0 2.4

*†b 
1.6

*† 
0.2    

 FLAX 3.6 3.7
a  3.5 2.7

*† 
3.3

a 
2.0

*† 
0.1 0.05 <0.01 0.24 

 FISH 3.1 2.6
b  3.0 2.7 2.4

*b 
1.8

*†
 0.1    

C20:4 n-6 CON 1.9 2.0
b  1.5

*† 
1.6

*† 
1.6

*† 
1.2

*† 
0.1    

 FLAX 2.0 2.1
b  1.4

*† 
1.6

*† 
1.5

*† 
1.3

*† 
0.1 0.23 <0.01 0.02 

 FISH 2.2 2.4
*a  1.5

*† 
1.6

*† 
1.7

*†
 1.4

*† 
0.1    

C20:5 n-3 CON ND ND
b  ND

b 
ND

b 
ND

b 
ND

 
ND    

 FLAX ND ND
b  ND

b 
ND

b 
ND

b 
ND

 
ND <0.01 <0.01 <0.01 

 FISH ND 1.4
*a  0.1

†a
 0.1

†a 
0.2

*†a 
ND

† 
0.1    

C22:6 n-3 CON ND ND
b  ND

b 
ND

b 
ND

b 
ND

 
ND    

 FLAX ND ND
b  ND

b 
ND

b 
ND

b 
ND

 
ND <0.01 <0.01 <0.01 

 FISH ND 1.6
*a  0.3

*†a 
0.2

*†a 
0.6

*†a 
ND

† 
0.1    

Sum n-6 CON 50.7 50.2
  55.6

*† 
55.5

*† 
58.1

*†a 
56.3

*† 
0.5    

 FLAX 50.3 51.4
  55.9

*† 
56.5

*† 
56.4

*†b 
56.6

*† 
0.5 0.77 <0.01 <0.01 

 FISH 50.4 49.1
*  56.1

*† 
55.8

*† 
56.4

*†b 
56.9

*† 
0.6    

Sum n-3 CON 3.2 3.6
b  3.5 3.0 2.4

*†b
 1.6

*† 
0.2    

 FLAX 3.6 3.7
b  3.5 2.7

*† 
3.3

a 
2.0

*†
 0.1 0.05 <0.01 <0.01 

 FISH 3.1 5.6
*a  3.4

† 
3.1

† 
3.3

†a 
1.8

*†
 0.2    

1
Fatty acids expressed as a percentage of total fatty acids. 

*
Within a treatment and fatty acid, values different than baseline (P<0.05). 

†
Within a treatment and fatty acid, values different than +10 wk (P<0.05). 

a,b,c
Within a fatty acid, values in the same column not sharing a common superscript are different (P<0.05). 

ND=not detected. 
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Table 4-2.  Fatty acid composition of red blood cell membranes before (baseline) and after 10 wk 

of supplementation with milled flaxseed (FLAX), encapsulated fish oil (FISH), or no 

supplementation (CON) and during the 8-wk washout period 

  Supplementation 
 

Washout  P values 

Fatty Acid
1 

Treatment Baseline +10 wk  -2 wk -3 wk -5 wk -8 wk SEM Trt Time 
Trt* 

time 

C18:2 n-6 CON 42.4 39.8
a  43.6

† 
27.1

*† 
18.2

*† 
4.8

*†
 2.5    

 FLAX 42.2 42.0
a  43.7 31.0

*† 
20.5

*† 
5.4

*† 
2.5 0.33 <0.01 0.47 

 FISH 43.2 37.0
*b  42.9

† 
30.9

*† 
17.2

*† 
4.5

*†
 2.6    

C18:3 n-3 CON 1.4 2.2
*a  2.6

*†ab 
1.0

†a 
0.2

*†
 ND

*† 
0.2    

 FLAX 1.3 2.3
*a  2.6

* †a 
1.3

†a 
ND

*† 
ND

*†
 0.2 0.10 <0.01 0.31 

 FISH 1.2 1.5
b  2.1

*†b 
0.8

†b 
ND

*† 
ND

*† 
0.1    

C20:4 n-6 CON 2.6 2.3  2.3 1.1
*†b 

0.1
*†

 ND
*† 

0.2    

 FLAX 2.8 2.6  2.5 1.5
*†b 

0.6
*† 

ND
*† 

0.2 0.20 <0.01 0.84 

 FISH 2.7 2.4  2.5 1.7
*†a 

0.3
*† 

ND
*† 

0.2    

C20:5 n-3 CON ND 0.2
b  ND

b 
ND

b 
ND ND 0.03    

 FLAX ND ND
b  ND

b 
ND

b 
ND ND ND <0.01 <0.01 <0.01 

 FISH ND 1.7
*a  0.9

*†a 
1.1

*†a 
ND

† 
ND

† 
0.1    

C22:6 n-3 CON ND ND
b  ND

b 
ND

b 
ND ND ND    

 FLAX ND 0.4
b  ND

b 
ND

b 
ND ND 0.04 <0.01 <0.01 <0.01 

 FISH ND 1.6
*a  1.3

*a 
0.3

†a 
ND

† 
ND

† 
0.1    

Sum n-6 CON 45.0 42.1  45.9 28.2
*† 

18.4
*† 

4.8
*† 

2.7    

 FLAX 45.0 44.6  46.2 32.5
*† 

21.1
*† 

5.4
*† 

2.7
 

0.29 <0.01 0.49 

 FISH 45.8 39.4
*  45.5

†
 32.6

*† 
17.5

*† 
4.5

*† 
2.8    

Sum n-3 CON 1.4 2.3
*b  2.6

*b 
1.0

†b 
0.2

*† 
ND

*† 
0.2    

 FLAX 1.3 2.8
*b  2.6

*b 
1.3

†b 
ND

*† 
ND

*†
 0.2 <0.01 <0.01 <0.01 

 FISH 1.2 5.2
*a  4.7

*a 
2.7

*†a 
ND

*†
 ND

*† 
0.4    

1
Fatty acids expressed as a percentage of total fatty acids. 

*
Within a treatment and fatty acid, values different than baseline (P<0.05). 

†
Within a treatment and fatty acid, values different than +10 wk (P<0.05). 

a,b,c
Within a fatty acid, values in the same column not sharing a common superscript are different (P<0.05). 

ND=not detected. 
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Figure 4-1.  Plasma and red blood cell α-linolenic acid response to 10 wk of supplementation and 

during an 8 wk washout period in horses receiving milled flaxseed (FLAX), 

encapsulated fish oil (FISH), or no supplementation (NON) 
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Figure 4-2.  Plasma and red blood cell eicosapentaenoic acid response to 10 wk of 

supplementation and during an 8 wk washout period in horses receiving milled 

flaxseed (FLAX), encapsulated fish oil (FISH), or no supplementation (NON) 
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Figure 4-3.  Plasma and red blood cell docosahexaenoic acid response to 10 wk of 

supplementation and during an 8 wk washout period in horses receiving milled 

flaxseed (FLAX), encapsulated fish oil (FISH), or no supplementation (NON) 
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CHAPTER 5 

EFFECT OF FISH OIL SUPPLEMENTATION ON INNATE AND ACQUIRED IMMUNE 

FUNCTION IN YEARLING HORSES 

Abstract 

To determine if dietary omega-3 (n-3) fatty acid (FA) supplementation affects overall 

immune function in horses, 18 Thoroughbred yearling fillies (n=12) and colts (n=6) were 

randomly and equally assigned to one of two treatments for 56 d: encapsulated fish oil (FISH, 

n=9) providing 9 g n-3/100 kg BW daily (specifically, 0.6 g α-linolenic acid (ALA), 4 g 

eicosapentaenoic acid (EPA), 0.4 g docosapentaenoic acid, 4 g docosahexaenoic acid (DHA)/100 

kg BW), or no n-3 supplementation (CON, n=9). The basal diet consisted of a grain mix 

concentrate (4.5% crude fat) fed individually at 1.5% BW and Coastal bermudagrass hay 

provided ad libitum. Whole oats (0.5–0.7 kg/d) were added to CON to make both diets 

isoenergetic. Treatment did not affect weight gain, which averaged 0.9 ± 0.1 kg/d. 

Supplementation with FISH for 56 d resulted in a higher proportion of EPA, DHA, and total n-3 

FA in plasma (P<0.05), red blood cells (RBC; P<0.05), and white blood cells (WBC; P<0.05) 

compared to CON. Plasma linoleic acid was lower (P<0.05) and arachidonic acid (ARA) was 

higher (P<0.05) in horses fed FISH, but similar effects on these FA was not observed in RBC or 

WBC. Positive correlations were found between plasma and RBC ARA (P<0.05; r=0.47), EPA 

(P<0.05; r=0.98), and DHA (P<0.05; r=0.98), demonstrating successful incorporation of dietary 

FA into biological membranes. Supplementation with FISH had no effect on phagocytosis or 

phagocytosis-induced oxidative burst of Staphylococcus aureus by neutrophils. Antigen-specific 

serum IgGa subclass titers produced in response to a novel vaccine were not different between 

FISH or CON horses. Results from this study indicate that daily supplementation of horses with 
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9 g n-3/100 kg BW for 56 d does not alter neutrophil function or secondary humoral response in 

healthy yearling horses. 

Introduction 

The immune system functions through a complex variety of cells and mechanisms that 

coordinate to identify and eliminate foreign pathogens. Innate immunity provides protection in 

an immediate but non-specific manner, eliminating foreign invaders through mechanisms such as 

phagocytosis and eicosanoid-mediated inflammation (Tizard, 2004). Many actions characteristic 

of innate immunity are essential for the subsequent activation and initiation of the adaptive, or 

acquired, immune response. Acquired immunity allows for the specific recognition of previously 

encountered pathogens, and the maintenance of this specificity is known as “immunological 

memory”. This process is what provides additional protection during future encounters with the 

same antigen, and it is also what allows for successful vaccination (Tizard, 2004). The two 

branches of the immune system utilize different mechanisms for eliminating pathogens, but they 

are dependent upon one another for optimal function. 

Modulating immune function through nutrition has the potential to enhance health and 

performance, and recent research in humans and other species indicates that dietary omega-6 (n-

6) and omega-3 (n-3) fatty acid (FA) supplementation affects inflammatory and other immune 

responses, primarily through the modulation of cell membrane FA composition and subsequent 

inflammatory mediator production. Specifically, supplementation with eicosapentaenoic acid 

(C20:5 n-3; EPA) and docosahexaenoic acid (C22:5 n-3; DHA) has been shown to suppress 

inflammatory eicosanoid production (James et al., 2000). EPA and DHA compete with 

arachidonic acid (C20:4 n-6; ARA) for incorporation into immune cell membranes, and 

eicosanoids produced from the precursors EPA and DHA are less potent than eicosanoids 
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produced from ARA (Calder and Grimble, 2002). In addition, EPA and DHA have been shown 

to alter cell signaling capacity, gene expression, and other mechanisms that play key roles in 

other immune functions such as neutrophil activity and antigen presentation (Calder, 2007). 

In the horse, research has almost exclusively focused on the effect that n-3 FA have on 

inflammatory mediator production, which is a function of the innate branch of the immune 

system. Hall et al. (2004a) reported that fish oil supplementation to horses decreased PGE2 

production by stimulated bronchoalveolar lavage fluid cells. In addition, supplementation with 

linseed oil (rich in the n-3 FA α-linolenic acid) decreased endotoxin-induced production of the 

inflammatory cytokine tumor necrosis factor -α (TNF-α) by macrophages (Morris et al., 1991). 

Currently, little is known about how dietary n-3 FA supplementation affects other aspects of 

innate and acquired immunity. In a previous study in our laboratory, intradermal 

phytohemagglutinin injection caused increased early local swelling response in horses 

supplemented with fish oil or flaxseed, compared to unsupplemented controls (Vineyard et al., 

2006; Chapter 3). Part of the early inflammatory response involves the activation and 

extravasation of neutrophils to the site of insult. The early inflammatory response observed in 

our previous study prompted further investigation into how n-3 supplementation affects innate 

immune function and the neutrophil’s ability to phagocytize and kill foreign microorganisms. 

Studies in other species indicate that supplementation with n-3 FA may have an effect on 

acquired immunity by altering circulating antibody titers in vaccinated animals (Fritsche et al., 

1991). However, horses supplemented with either corn or fish oil and sensitized with keyhole 

limpet hemocyanin (KLH) did not show differences in antibody titers to KLH 4 wk after 
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vaccination (Hall et al., 2004a). It has been suggested that the humoral immune response to n-3 

and n-6 FA supplementation may be antigen dependant (Sijben et al., 2001). 

Fish oil is a rich source of n-3 FA, and supplementation with marine-derived n-3 FA to 

horses has been shown to increase plasma n-3 FA concentration (Hall et al., 2004b; King et al., 

2008). However, little is currently know about how fish oil supplementation affects cell 

membrane FA composition of both red blood cells (RBC) and white blood cells (WBC) in 

horses. Confirming the horse’s ability to successfully incorporate circulating long-chain FA into 

cell membranes is important, because the PUFA composition of cell membranes plays an 

important role in cell function and can influence immune function in a variety of ways (Calder, 

2007). Therefore, the objective of this investigation was to test the hypothesis that encapsulated 

fish oil supplementation will increase plasma, RBC, and WBC n-3 FA content and alter aspects 

of innate and acquired immune function in comparison to unsupplemented horses.  

Materials and Methods 

Horses 

Eighteen Thoroughbred yearling fillies (n=12) and geldings (n=6) with a mean±SE age of 

15.1 ± 0.2 mo and an initial bodyweight of 371.5 ± 1.3 kg were utilized in this study. During the 

investigation horses were housed individually in 3.7 x 3.7 m stalls for 12 h/d, and fillies were 

housed in pairs and colts individually in 9.8 x 21.3 m dry lot paddocks for 12 h/d at the Institute 

of Food and Agricultural Sciences Horse Teaching Unit in Gainesville, FL. All experimental 

protocols were approved by the Institutional Animal Care and Use Committee at the University 

of Florida. 
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Dietary Treatments 

Horses were blocked by sex and age and randomly and equally assigned to one of two 

treatments for 56 d: encapsulated fish oil (FISH, n=9; JBS United, Sheridan, IN) providing 9 g n-

3/100 kg BW daily, or no n-3 supplementation (CON, n=9). The basal diet consisted of a non 

fat-added grain mix concentrate (Gest-O-Lac, OBS Feeds, Ocala, FL) fed individually at 1.5% 

BW and Coastal bermudagrass (Cynodon dactylon) hay provided ad libitum (estimated to be 

1.5% BW). Whole oats (0.5–0.7 kg/d) were added to the CON diet to make both diets 

isoenergetic. The nutrient and FA composition of the feeds and supplements are presented in 

Table 5-1. 

Sample Collection and Processing 

To allow adequate time for sample processing in the laboratory, horses were divided into 3 

groups of 6 horses, with equal treatment representation in each group, and blood samples were 

obtained from one group per day over three consecutive days. Blood samples for FA analysis and 

neutrophil function were obtained prior to the start of supplementation (d 0) and at 28 and 56 d 

of supplementation. At each sampling interval, approximately 40 mL blood was collected from 

each horse by jugular venipuncture into evacuated tubes containing the anticoagulant sodium 

heparin (Vacutainer, Becton Dickinson Co., Franklin Lakes, NJ). Tubes were continually mixed 

by gentle inversion until processing. 

Whole blood (25 mL) was diluted with 10 mL PBS, slowly layered over lymphocyte 

separation medium (LSM; MP Biomedicals, Solon, OH), and centrifuged at 400 x g for 25 min 

at 22°C (room temperature). After centrifugation, plasma was harvested and stored at -80°C until 

later analysis. Peripheral blood mononuclear cells (PBMC) were removed from the interface, 

washed in PBS, and counted and re-suspended in freezing media consisting of 90% fetal bovine 
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serum (FBS) and 10% DMSO. Cells were gradually frozen at a -1°C/min cooling rate to -80°C 

(Mr. Frosty, Nalgene Labware, Rochester, NY) and stored in liquid nitrogen until later analysis. 

Red blood cells (RBC) were removed from below the LSM interface and stored at -80°C until 

later analysis. Small aliquots (<0.5 mL) of fresh whole blood were retained for the neutrophil 

assay. Blood samples for antibody production in response to vaccination were obtained 

immediately prior to vaccination (d 21), 2 wk later at the time of booster administration (d 35), 

and 3 wk following the booster (d 56). Blood was collected into tubes containing no 

anticoagulant, and serum was harvested after centrifugation at 2000 x g for 10 min and stored at -

20°C until later analysis. 

Feedstuff, Plasma, Red Blood Cell, and White Blood Cell Fatty Acid Analysis 

To analyze FA composition of the diets, feed samples were lyophilized (FreeZone 6 Liter 

Freeze Dryer System, Labconco Corp, Kansas City, Mo) and ground and representative samples 

consisting of 2 g hay, 0.5 g grain mix, or 0.2 g flaxseed or encapsulated fish oil were utilized for 

FA extraction. For analysis of blood FA, 2 mL of plasma and 4 mL of RBC were frozen at -20°C 

in 4 mL Wheaton polypropylene Omni-vials, lyophilized, sealed with snap caps and stored at -

20°C. A mixed reference standard containing 33 FA methyl esters (FAME) (GLC-461, Nu-Chek 

Prep, Elysian, MN) was reconstituted in 10 mL hexane. The FA in freeze-dried plasma and RBC 

were methylated using the two-step procedure with a 10 min incubation in sodium methoxide as 

described by Jenkins et al. (2001; see Appendix E). To maximize the amount of fat extracted, the 

FA in freeze-dried PBMC (approximately 5 x 10
6
 cells) and in feedstuffs were extracted and 

methylated using the procedure using the procedure of Folch et al. (1957; see Appendix D). 

A CP-3800 Gas Chromatograph with a CP-8400 Autosampler and Injector, a split injection 

port, flame ionization detector (Varian, Inc, Walnut Creek, CA), and a 100-m CP-SIL 88 fused 
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silica capillary column (0.25 mm i.d. x 0.2 mm film thickness; Varian, Inc, Walnut Creek, CA), 

were used for the analysis of individual FA. An injection of 1.0 µL was split 1:20 and the He 

carrier gas maintained at 1.0 mL/min. Column temperature was held at 120°C for 1 min 

following injection, increased at the rate of 5°C/min to 190°C and held at that temperature for 30 

min, then increased at the rate of 2°C/min to 220°C and held for 50 min. The injector 

temperature was set at 250°C and the detector at 255°C. 

Identification of 21 FAME ( C8:0, C10:0, C12:0, C14:0, C14:1, C16:0, C16:1n-7, C17:0, 

C17:1, C18:0, C18:1n-9, C18:2n-6, C18:3n-3, C20:0, C20:1, C20:2, C20:4n-6, C20:5n-3, C22:0, 

C22:5n-3, and C22:6n-3) from the chromatograms were determined by comparing peak retention 

times with those from the mixed reference standard. The inclusion of an internal standard 

(C19:0) was used to verify FA extraction efficiency. The retention times of each individual FA in 

the mixed FAME standard were verified by the use of reference standards (Nu-Chek Prep, 

Elysian, MN) containing a single FA population diluted to concentrations expected to be found 

in blood and feedstuffs. The FA present in the extracted sample were quantified (µg/µL) by 

multiplying the µg/µL of an individual FA standard by the area of that individual FA found in 

the sample, then dividing that by the area of the individual standard. Percent of each FA in the 

sample was calculated by dividing the µg/µL of each FA by the total µg/µL FA in the sample 

then multiplying that by 100. The sum of n-6 FA in feedstuffs, plasma, RBC, and WBC was 

calculated by adding the percentages of linoleic acid (LA; C18:2n-6) and arachidonic acid 

(ARA; C20:4n-6) present in each sample, and the sum of n-3 FA was calculated by the addition 

of ALA, EPA, DPA, DHA. 
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Preparation of Bacterial Targets 

Staphylococcus aureus isolates provided by the Clinical Microbiology, Parasitology and 

Serology service at the University of Florida Veterinary Medical Center were grown in tryptic 

soy broth for 18 h at 37°C to a final concentration of approximately 5 x 10
9
 cells/mL (see 

Appendix H). Bacteria in 10 mL of broth culture were heat-killed at 56°C for 60 min and 

harvested, washed in sterile PBS, and resuspended in 10 mL of propidium iodide stock solution 

(1 mg/mL). After mixing by continuous rotation while protected from light exposure at 22°C for 

90 min, propidium iodide-labeled bacteria was harvested by centrifugation and re-suspended in 

10 mL sterile PBS to a concentration of 1 x 10
9 

 cells/mL. Bacterial suspension was protected 

from light exposure during storage at 4°C and warmed to 22°C prior to use. 

Neutrophil Function 

A method for simultaneously measuring phagocytosis and oxidative burst activity of 

neutrophils in whole blood using a modified dual-color flow cytometry assay was adapted from a 

procedure developed for use in feline blood (Hanel et al., 2003; see Appendix I). In a preliminary 

study utilizing five mature Quarter Horse mares, dihydrorhodamine (DHR) loading dose, 

bacteria to neutrophil ratio, and incubation time were optimized to induce maximum neutrophil 

phagocytosis and oxidative burst responses (Vineyard et al., 2007a; see Appendix I). 

Immediately after blood sample acquisition, white blood cell differential counts were performed 

to determine neutrophil concentration in each sample. Neutrophils in 100 µL aliquots of 

heparinized blood were loaded with 4 μM dihydrorhodamine (DHR) and incubated at 37°C for 

10 min with constant rotation. The appropriate amount of propidium-labeled Staphylococcus 

aureus was added to create a bacteria: neutrophil ratio of 30:1 and incubated for 30 min at 37°C. 

After incubation, samples were immediately placed on ice to halt phagocytic and oxidative burst 
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activity and processed for flow cytometry using an Immunoprep reagent system (Coulter 

Corporation, Miami, FL) and an automated Q-Prep Epics immunology workstation (Coulter 

Corporation, Miami, FL). The completion of hemolysis was achieved by the addition of 500 µL 

of water to each tube, and extracellular fluorescence was quenched with 10 µL of 0.4% trypan 

blue solution. The percentage of neutrophils undergoing phagocytosis and phagocytosis-induced 

oxidative burst was determined from the acquisition of 10,000 events/sample using a FACSort 

flow cytometer (Becton Dickinson, San Jose, CA) and analyzed using CELLQuest software 

(Becton Dickinson, San Jose, CA).  

Antibody Response to Vaccination 

To determine the effect of n-3 FA supplementation on humoral immune response, horses 

were vaccinated with a multivalent vaccine containing inactivated infectious bovine 

rhinotracheitis, bovine viral diarrhea types 1 and 2, parainfluenza type 3, and bovine respiratory 

synctial virus (Triangle 4+Type II BVD, Ft. Dodge Animal Health, Overland Park, KS). This 

bovine vaccine was utilized to insure that horses had no preexisting antibodies to the vaccine 

antigens, and has been shown to be immunogenic in horses (Slack et al., 2000). The primary 

vaccination was administered i.m. on d 21 and a booster vaccination was administered on d 35 of 

supplementation. Antigen-specific serum IgGa subclass titers were determined by ELISA prior 

to the first vaccination (d 21), 2 wk later immediately prior to booster administration (d 35), and 

3 wk after the booster (d 56) using the method as described by Slack et al. (2000) with slight 

modifications (See Appendix J). Plates were coated with the vaccine diluted in 0.05 M 

carbonate/bicarbonate buffer (1:500) and incubated overnight at 4°C. After blocking with 1% 

teleostean gelatin in PBS for 90 min, serum diluted in 1% teleostean gelatin in PBS (1:100) was 

added to the plate and incubated at 37° C for 90 min. Peroxidase conjugated goat anti-equine 
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IgGa polyclonal antibody (Serotec, Raleigh, NC) was added to the plate and incubated for an 

additional 90 min h at 37°C. Color was developed by addition of 3,3',5,5' tetramethylbenzidine 

substrate (SureBlue Reserve™, KPL, Gaithersburg, MD) and the reaction was stopped by 

addition of 1 M H2SO4. Absorbance (optical density) of each well at a wavelength of 450 nm was 

determined spectrophotometrically. 

Statistical Analysis 

Differences in plasma, RBC, and WBC FA content and phagocytosis and oxidative burst 

activity were analyzed using the MIXED procedure of SAS (Version 9.0, SAS Institute Inc., 

Cary, NC) with repeated measures. Treatment, sex, time, and treatment x time interaction were 

evaluated as fixed effects. Horse within treatment was a random effect. The PDIFF option of the 

LSMEANS statement of the MIXED procedure was used to compare treatment means. The 

CORR procedure of SAS was used to identify the relationship between plasma and serum FA in 

all horses. Serum IgGa subclass antibody data was log transformed and analyzed with repeated 

measures using PROC MIXED. Bodyweight measurements were analyzed using PROC GLM 

with repeated measures in SAS.  Differences were considered significant at P<0.05.  

Results 

Horses gained an average of 0.9 ± 0.1 kg/d over the trial period, and there were no 

differences in weight gain between the two dietary treatment groups. Throughout the study, 

horses fed the FISH treatment received 9 g n-3/100 kg BW daily. 

Plasma, Red Blood Cell, and White Blood Cell Fatty Acid Composition 

The FA composition of plasma, RBC, and WBC are presented in Table 5-2. After 28 d of 

supplementation, horses consuming FISH had a higher proportion of EPA, DHA, and sum n-3 

FA in plasma (P<0.05) and RBC (P<0.05) compared to non-supplemented horses. These 
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differences were sustained through 56 d of supplementation. Horses fed FISH also had lower 

plasma LA at 56 d (P<0.05) and higher plasma ARA at 28 d (P<0.05) and 56 d (P<0.05) than 

CON. The long chain FA EPA and DHA were only detectable the in plasma and RBC of 

supplemented horses. After 56 d of supplementation, plasma and RBC ARA (P<0.01, r=0.46), 

EPA (P<0.01, r=0.98), and DHA (P<0.01, r=0.98) were positively correlated (Figures 5-1 and 5-

2). 

Across treatments, WBC contained a greater percentage of ARA and less LA than both 

plasma and RBC. The fat extracted from d 0 WBC was lower than expected due to a low 

concentration of PBMC in d 0 samples, therefore the values reported in Table 5-2 are not likely 

reflective of the actual FA composition of these cells. Supplementation with FISH resulted in 

greater WBC EPA, DHA, and sum n-3 in WBC after 28 d of supplementation compared to CON 

(P<0.05), and this difference was sustained through 56 d. In addition, the concentration of DHA 

and the sum of n-3 in WBC was greater (P<0.05) in horses fed FISH than CON after 56 d of 

supplementation. 

Over time, plasma ALA concentration decreased in all horses (P<0.05). Plasma LA and 

sum n-6 decreased in horses fed FISH (P<0.05) after 28 d of supplementation and remained 

lower than baseline through 56 d. In addition, an increase in plasma and RBC ARA, EPA, DHA, 

and sum n-3 (P<0.05) was detectable at 28 d in horses fed FISH and was sustained through 56 d. 

In plasma of non-supplemented horses, the sum of n-3 declined (P<0.05) after 28 d of 

supplementation and remained lower than baseline at 56 d. In WBC of horses fed FISH, EPA, 

DHA, and sum n-3 was elevated after 28 d of supplementation and increased even further after 

56 d of supplementation (P<0.05).  
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Neutrophil Function 

Neutrophil function did not differ between treatments before (d 0) or after 28 d of 

supplementation. At d 56, the percentage of total neutrophils in 100 µL of whole blood 

undergoing phagocytosis averaged 89.2 ± 5.6% in non-supplemented CON horses, which was 

similar to the mean of 89.0 ± 6.2% observed in horses supplemented with FISH. In the same cell 

population, phagocytosis-induced oxidative burst averaged 63.0 ± 18.9% in CON, which did not 

differ from the mean of 58.8 ± 12.1% for FISH. Figure 5-3 depicts a representative scatter plot 

(A) showing the gated neutrophil population. The representative dot plot (B) depicts neutrophils 

that have undergone phagocytosis in both the upper left and right quadrants and those which 

have undergone phagocytosis-induced oxidative burst in the upper right quadrant. 

Antibody Response to Vaccination 

Vaccination with an inactivated bovine viral vaccine induced a specific IgGa antibody 

response in all horses, and the primary response to vaccination was greater (P<0.05) than the 

secondary response (Table 5-3). However, FISH supplementation had no effect on antibody titer 

concentration. 

Discussion 

Results from this study demonstrate that daily supplementation of horses with 9 g n-3 

FA/100 kg BW (providing 4 g EPA + 4 g DHA/100 kg BW) for 56 d can increase the 

concentration of EPA and DHA in plasma, RBC, and WBC cell membranes, but does not appear 

to alter neutrophil function or antibody production in response to vaccination. The presence of 

dietary-derived n-3 FA in horse WBC confirms the horse’s ability to successfully incorporate 

these long-chain FA into the membranes of the cells where they will have the most biological 

impact. The lack of effect on neutrophil function and antibody production suggests that at the 
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current level and duration of supplementation, fish oil neither enhances nor impairs these aspects 

of immune function in healthy yearling horses. 

Plasma, Red Blood Cell, and White Blood Cell Fatty Acids 

Plasma FA composition in the horse has been shown to be affected by fish oil 

supplementation. Hall et al. (2004b) reported increased EPA and DHA and decreased LA, ALA 

and n-6: n-3 ratio in the plasma of horses fed fish oil compared to horses fed corn oil. In a study 

by King et al. (2008), horses were fed an encapsulated fish oil product similar to that utilized in 

the current study. After 28 d of supplementation, these horses displayed an increase in plasma 

ARA, EPA, and DHA similar to that observed in the current investigation. 

Previous studies in humans and other species have identified a correlation between plasma 

and red blood cell FA composition. Skeaff et al. (2006) reported that dietary-induced changes in 

the linoleic acid composition of both plasma and RBC are similar after 2 wk of supplementation 

in humans. Also in humans, increases in plasma EPA and DHA were correlated with an increase 

in RBC EPA and DHA, detectable after 56 d of fish oil supplementation (Cao et al., 2006). 

Harris et al. (2007) reported an increase in the EPA and DHA content of plasma in human 

subjects consuming 0.5 g EPA+DHA/d that plateaued after 28 d of supplementation. However, 

RBC EPA+DHA content continued to rise throughout the 16 wk study. In the current study, EPA 

and DHA in plasma increased after 28 d of supplementation, but did not increase further after an 

additional 28 d of fish oil feeding. In contrast, the proportion of DHA in RBC and EPA and 

DHA in WBC continued to increase from 28 to 56 d of fish oil supplementation. The average life 

span of an equine RBC is 140 – 150 d (Fraser et al., 1991), and the life span of WBC varies from 

weeks to years, depending on the cell type (Janeway et al., 2005). The prolonged dynamics of 

FA incorporation into RBC and WBC membranes is likely due to the slower turnover and longer 
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lifespan of RBC and WBC as compared to plasma phospholipids, which are more closely related 

to daily fluctuations in dietary FA intake (Katan et al., 1997; Bakan et al., 2006). 

Neutrophil Function 

The neutrophil plays a key role in innate immune function, as it is one of the host’s first 

lines of defense against foreign pathogens. Phagocytosis occurs upon binding of the pathogen to 

the neutrophil’s surface, and the subsequent invagination of the neutrophil cell membrane around 

the pathogen initiates the elimination of the pathogen. Once engulfed, reactive oxygen and 

nitrogen species are produced by the neutrophil and released to create the lethal oxidative burst. 

In vitro studies have demonstrated that alterations in phagocyte membrane FA composition 

are associated with altered phagocytic capacity and suggest that PUFA supplementation may 

increase uptake of target material by phagocytes (Calder, 2007). Kew et al. (2004) reported that 

the proportions of total PUFA in PBMC membranes were positively correlated with neutrophil 

phagocytosis and oxidative burst activity, but the specific PUFA content of neutrophil cell 

membranes were not measured in that particular study. Nonetheless, this relationship was 

attributed to the effect that PUFA can have on the physical nature of the cell membrane. This 

suggests that increasing membrane EPA and DHA content would enhance neutrophil function. 

However, this effect has rarely been demonstrated in dietary intervention studies. One study in 

humans reported a 62% increase in phagocytic activity and a concomitant increase in the rate of 

reactive oxygen species production after 2 mo of supplementation with 3 g EPA+DHA/d (Gorjao 

et al., 2006). Thies et al. (1999) examined the capacity of neutrophils from pigs to phagocytize E. 

coli and found that feeding 5% fish oil significantly decreased the percentage of neutrophils 

engaged in phagocytosis. However, most investigations have shown n-3 supplementation in 

humans at levels ranging from 4.5 – 9.5 g ALA/d or 1 – 4.9 g EPA+DHA/d to have no effect on 
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either phagocytosis or oxidative burst (Thies et al., 2001a; Kew et al., 2003a; Kew et al., 2004; 

Miles et al., 2004a). 

In the current study, supplementation with FISH had no effect on phagocytosis or 

phagocytosis-induced oxidative burst activity of neutrophils. This finding agrees with Skjolaas-

Wilson et al. (2005) who found no difference in granulocyte phagocytic and oxidative burst 

functions in pregnant mares supplemented with either encapsulated fish oil (providing 8.6 g 

EPA/d and 10.4 g DHA/d) or corn oil for 60 d. Similarly, in humans, supplementation with either 

4.7 g EPA/d or 4.9 g DHA/d was reported to have no effect on the percentage of neutrophils 

undergoing phagocytosis when compared to a placebo supplement of olive oil (Kew et al., 2004). 

Antibody Response to Vaccination 

The hallmark of the humoral immune response is the production of antibodies by B-cells in 

response to antigen stimulation. B-cells must have “memory” in order to recognize the antigen 

and secrete antibodies, and this capability for memory is what allows for vaccination protocols to 

be successful. In poultry, the antibody response to vaccination with infectious bronchitis virus 

was not affected by supplementation with dietary fish oil (Korver and Klasing, 1997). In 

contrast, Fritsche et al. (1991) reported that fish oil supplementation increased antibody titers to 

sheep red blood cell immunization in pullets. However, n-3 FA supplementation has also been 

shown to decrease antibody titers to bovine serum albumin (Parmentier et al., 1997). The 

discrepancies in these observations are likely the result of different levels of supplementation and 

the use of different antigens. Antibody responses to antigens that elicit a TH1 type response may 

be more sensitive to n-3 FA supplementation, as a high level of dietary n-3 FA are expected to 

favor the TH1-like response at the expense of TH2-like responses (Sijben et al., 2001). It has been 

suggested that EPA supplementation influences the TH1/ TH2 balance via PGE2 inhibition; 
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however, studies conducted to confirm this have been highly inconsistent and another 

mechanism is likely responsible for altered TH1/ TH2 balance in response to n-3 supplementation 

(Sijben and Calder, 2007).  

In the current study, antibody responses to a bovine-specific vaccine against several bovine 

viral strains were not different between non-supplemented and fish oil supplemented horses. 

Because these yearling horses had all previously been exposed to common equine vaccines 

utilized for herd health management, using a vaccine that none of the horses had previously been 

exposed to allowed for the assessment of the humoral response in naïve horses. In this study, 

supplementation commenced 3 wk prior to the primary vaccination, and perhaps the response 

may have been different if horses had been consuming supplemental n-3 FA for a longer period 

of time to allow for more n-3 incorporation into WBC membranes. In addition, the lack of a true 

secondary antibody response observed in response to booster vaccination may indicate a limited 

immunogenicity of this vaccine in horses. 

Implications 

Despite alterations in cell membrane FA composition, the results from this study indicate 

that daily supplementation of horses with 9 g n-3/100 kg BW (supplying 4 g EPA + 4 g 

DHA/100 kg BW) for 56 d does not alter neutrophil function or antibody production in response 

to vaccination with a novel bovine vaccine. Although dietary n-3 FA have been shown to affect 

inflammatory mediator production in the horse, results of the current study provide no evidence 

that fish oil supplementation either enhances or impairs innate or acquired immunity in healthy 

horses. Additional study is needed to identify any immunomodulatory effects that n-3 FA 

supplementation may have in horses that are affected by chronic inflammatory conditions, 
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because the response of these horses to dietary FA manipulation may differ from the response of 

healthy, clinically normal horses. 
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Table 5-1.  Nutrient and fatty acid composition of the grain mix concentrate and hay making up 

the basal diet, and the oats and encapsulated fish oil supplement 

Nutrient
1 

Concentrate Hay
 

Oats 
Encapsulated 

Fish Oil 

DM, % 89.3 92.6 88.6 91.7 

Crude Fat, % 4.5 2.0 5.4 22.3 

CP, % 18.7 11.9 13.0 11.6 

NDF, % 17.5 72.2 23.7 9.7 

ADF, % 9.9 35.3 12.9 35.3 

Ca, % 1.0 0.4 0.1 0.4 

P, % 0.7 0.2 0.4 0.2 

Fatty acid
2 

    

C18:2 n-6 50.2 23.0 45.3 9.2 

C18:3 n-3 3.3 36.9 1.8 2.3 

C20:4 n-6 0.1 ND ND 0.8 

C20:5 n-3 ND ND ND 14.8 

C22:5 n-3 ND ND ND 1.7 

C22:6 n-3 ND ND ND 14.8 

Other fatty acids
3 

46.4 40.1 52.9 56.4 
1
With the exception of DM, all values are presented on 100% DM basis.

 

2
 Fatty acids expressed as a percentage of total fatty acids. 

3
C12:0, C14:0, C16:0, C16:1n-7, C18:0, C18:1n-9, C20:0, C20:1, C20:2, C20:3, C22:1. 
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Table 5-2.  Plasma, red blood cell, and white blood cell fatty acid composition in yearling horses 

receiving no n-3 fatty acid supplementation (CON) or encapsulated fish oil (FISH) 

 
Day 0 Day 28 Day 56  P-values 

CON FISH CON FISH CON FISH SEM Trt Time Trt*Time 

Plasma
1 

C18:2 n-6 53.1
b
 54.8

a,x
 53.6 53.0

y
 53.9

a
 52.0

b,y
 0.3 0.62 0.22 0.009 

C18:3 n-3 1.4
x 

1.4
x 

0.2
y 

0.1
y 

0.3
y 

0.3
y 

0.1 0.48 <0.01 0.89 

C20:4 n-6 1.8
b,x 

2.0
a,x 

1.7
b,x,y 

2.5
a,y 

1.7
b,y 

2.3
a,z 

0.04 <0.01 <0.01 <0.01 

C20:5 n-3 ND ND
x 

ND
b 

3.1
a,y 

ND
b 

3.1
a,y 

0.2 <0.01 <0.01 <0.01 

C22:6 n-3 ND ND
x 

ND
b 

2.2
a,y 

ND
b 

2.3
a,z 

0.1 <0.01 <0.01 <0.01 

Sum n-6 54.9
b 

56.8
a,x 

55.4 55.4
x,y 

55.6
 

54.3
y 

0.3 0.69 0.31 0.04 

Sum n-3 1.4
x 

1.4
x 

0.2
b,y 

5.5
a,y 

0.3
b,y 

5.9
a,y 

0.3 <0.01 <0.01 <0.01 

Red Blood Cells
1 

C18:2 n-6 36.6 35.9 38.3 35.4 39.9 36.4 0.7 0.18 0.40 0.60 

C18:3 n-3 0.4
b 

0.8
a,x 

0.5 0.5
y 

0.3
 

0.3
y 

0.1 0.17 0.03 0.14 

C20:4 n-6 2.1 2.5
x 

2.4 2.8
x,y 

2.6
 

3.1
y 

0.1 0.09 0.03 0.86 

C20:5 n-3 ND ND
x 

ND
b 

1.8
a,y 

ND
b 

2.0
a,y 

0.1 <0.01 <0.01 <0.01 

C22:6 n-3 ND ND
x 

ND
b 

1.3
a,y 

ND
b 

2.1
a,z 

0.1 <0.01 <0.01 <0.01 

Sum n-6 38.7 38.4 40.7 38.2 42.5 39.6 0.7 0.33 0.31 0.68 

Sum n-3 0.4 0.8
x 

0.6
b 

3.8
a,y 

0.3
b 

4.9
a,z 

0.3 <0.01 <0.01 <0.01 

White Blood Cells
1,2 

C18:2 n-6 3.1
x 

2.7
x 

13.2
y 

12.9
y 

11.6
y 

11.4
y 

0.7 0.74 <0.01 0.99 

C18:3 n-3 ND ND ND ND 0.1 ND 0.02 0.36 0.36 0.43 

C20:4 n-6 ND
x 

0.4
x 

7.8
y 

6.8
y 

6.8
y 

6.4
y 

0.5 0.59 <0.01 0.58 

C20:5 n-3 ND ND
x 

ND
b 

0.9
a,y 

ND
b 

1.9
a,z 

0.1 <0.01 <0.01 <0.01 

C22:6 n-3 ND ND
x 

ND 0.6
y 

0.1
b 

2.5
a,z 

0.2 <0.01 <0.01 <0.01 

Sum n-6 3.1
x 

3.1
x 

21.0
y 

19.6
y 

18.3
y 

17.8
y 

1.2 0.63 <0.01 0.88 

Sum n-3 ND ND
x 

ND 1.7
y 

0.7
b 

6.1
a,z 

0.4 0.01 <0.01 <0.01 
1
Fatty acids expressed as a percentage of total fatty acids. 

2
Day 0 values are not likely reflective of actual white blood cell fatty acid composition due to a low 

concentration of cells available for fat extraction. 
a,b

Within each day, means in the same row not sharing a common superscript differ (P<0.05). 
x,y,z

Within a treatment, means in the same row not sharing a common superscript differ (P<0.05). 
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Table 5-3.  Antigen-specific IgGa production (mean optical density±SE) by non-supplemented 

(CON) and encapsulated fish oil supplemented (FISH) horses in response to a bovine 

vaccine 

Treatment 
2 wk following primary 

vaccination
 

3 wk following booster 

vaccination
1 

CON 2.15±0.4
*a

 1.29±0.4
*b

 

FISH 2.09±0.4
*a

 0.68±0.1
*b

 

1
Booster vaccine administered 2 wk following primary vaccination. 

*
Means differ from pre-vaccination titers (P<0.05). 

a,b
Means in the same row not sharing a common superscript differ (P<0.05). 
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Figure 5-1.  Relationship between plasma and red blood cell (RBC) arachidonic acid (ARA) 

concentration after 56 d of supplementation with either encapsulated fish oil or no 

supplementation 
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Figure 5-2.  Relationship between plasma and red blood cell (RBC) eicosapentaenoic acid (EPA) 

and docosahexaenoic acid (DHA) concentration after 56 d of supplementation with 

either encapsulated fish oil or no supplementation 
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Figure 5-3.  Representative scatter (A) and dot (B) plots generated by flow cytometric evaluation 

of neutrophil function 
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CHAPTER 6 

EFFECT OF HIGH FAT DIETS AND FAT SOURCE ON IMMUNE FUNCTION IN 

YEARLING HORSES 

Abstract 

Recent research in humans indicates omega-3 (n-3) and omega-6 (n-6) fatty acids (FA) 

may each affect immune function differently. To determine if the fat source used in a high fat 

diet affects immune function in horses, 24 Quarter Horse and Thoroughbred yearlings were 

randomly and equally assigned to one of three treatments for 42 d: a fish oil (1/3) and olive oil 

(2/3) blend (FISH, n=8), corn oil (CORN, n=8), and no supplemental fat (NON, n=8). Horses 

had free-choice access to bahiagrass pasture and a grain mix top-dressed with 6% FISH or 

CORN to create a 10% fat concentrate fed at 1.25% BW/d. The grain mix was fed to NON 

horses at a rate of 1.37% BW/d to make diets isocaloric. FISH contained 8.6 g linoleic acid (LA), 

5.1 g eicosapentaenoic acid (EPA), 0.5 g docosapentaenoic acid, and 2.4 g docosahexaenoic acid 

(DHA)/100 g FA and was fed to supply 7.2 g n-3/100 kg BW/d. CORN contained 57.7 g LA/100 

g FA, supplying 43.2 g n-6/100 kg BW/d. Blood samples were obtained at 0 and 42 d for 

determination of plasma and red blood cell membrane (RBC) FA composition, lymphocyte 

proliferation (LP), PGE2 production by peripheral blood mononuclear cells (PBMC), and 

neutrophil phagocytic and oxidative burst activity. Horses were administered a tetanus booster 

on d 21, and antibody titers were analyzed at d 42. Data were analyzed using the MIXED 

procedure of SAS, and contrasts were utilized to compare NON vs. fat-added treatments. 

Treatment did not affect BW gain, which averaged 0.7±0.1 kg/d. Plasma and RBC from horses 

fed FISH had higher (P<0.05) EPA, DHA, and total n-3 and lower (P<0.05) LA and total n-6 

compared to CORN and NON. Plasma and RBC LA was highest in CORN horses (P<0.05) and 

RBC arachidonic acid was lower in CORN horses compared to NON (P<0.05). Neutrophil 
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function and lymphocyte proliferation were not affected by treatment. PGE2 production was 

lower for FISH and CORN than NON (P<0.05). Using baseline titers as a covariate, horses fed 

fat-added diets had higher tetanus antibody titers at d 42 than NON (P<0.05). Results 

demonstrate that fat source in a 10% total fat concentrate affects the FA profile of plasma and 

cell membranes, but immune response did not differ between horses supplemented with n-3 or n-

6 FA. Rather, total dietary fat, instead of fat source, appeared to alter immune function. 

Introduction 

Feeding high fat diets to horses has become a common practice, as it provides a safe way 

to increase the energy density of the diet for horses with high energy demands. The sources of fat 

used in most commercially available fat-added feeds are rich in omega-6 (n-6) fatty acids (FA). 

However, research suggests that n-6 FA may affect immune function differently than omega-3 

(n-3) FA (James et al., 2000), and therefore the inclusion of n-3 FA in the diets of horses being 

fed a fat-added diet may be of benefit. 

Recent research in both animals and humans indicates that dietary n-6 and n-3 FA 

supplementation affects immune response primarily through the modulation of inflammatory 

mediator production and cell membrane FA composition (Calder and Grimble, 2002). In the 

horse, research has almost exclusively focused on the effects of n-3 FA on inflammatory 

mediator production (Morris et al., 1991; Hall et al., 2004a). However, less is understood about 

how dietary n-3 and n-6 FA supplementation may affect other aspects of immune function in the 

horse. Previous studies in our laboratory indicated that supplementing n-3 FA to a low fat diet 

has no marked effect on neutrophil function or antibody production compared to horses receiving 

no supplemental FA (Vineyard et al., 2007b; Chapter 5). The inclusion of n-6 or n-3 FA as part 

of a high fat diet has not yet been investigated for their impact on immune function in the horse. 
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The objective of the current study was to identify the effects that a fat-added diet rich in 

either n-6 or n-3 FA has on aspects of both innate and acquired immunity in the horse. Because 

of claims about the pro-inflammatory nature of n-6 FA and their metabolites in humans (Sargent, 

1997), it was hypothesized that n-6 FA supplementation could result in altered immune function 

through impaired neutrophil function, increased inflammatory mediator production, and/or 

impaired response to vaccination compared to either n-3 FA supplementation or a non-fat added 

diet. 

Materials and Methods 

Horses 

Twenty-four Quarter Horse (n=21) and Thoroughbred (n=3) yearlings (12 fillies, 10 

geldings, 2 colts) with a mean±SE age of 16.3 ± 0.2 mo and an initial bodyweight of 441.1±8.2 

kg were utilized in this study. During the trial, fillies and geldings/colts were housed separately 

in two adjacent 8-ha pastures at the Institute of Food and Agricultural Sciences Horse Research 

Center in Ocala, FL. All experimental protocols were approved by the Institutional Animal Care 

and Use Committee at the University of Florida. 

Dietary Treatments 

Horses were blocked by sex and age and randomly and equally assigned to one of three 

dietary treatments for 42 d: an oil blend consisting of 1/3 fish oil (Omega Protein, Houston, TX) 

and 2/3 olive oil (FISH, n=8); corn oil (CORN, n=8); or no supplemental fat (NON, n=8). Olive 

oil contains very low amounts of polyunsaturated FA; therefore, blending it with fish oil allowed 

the provision of a high level of dietary fat while maintaining the total daily n-3 FA intake at a 

level used previously to assess immune function in horses (Vineyard et al., 2006; Chapter 3; 

Vineyard et al., 2007b; Chapter 5). The basal grain mix concentrate (Gest-O-Lac, OBS Feeds, 
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Ocala, FL ) was top-dressed with 6% FISH or CORN to create a 10% total fat concentrate and 

fed individually at a rate of 1.25% BW/d. This amount of CORN provided 43.2 g n-6/100 kg 

BW/d and FISH provided 7.2 g n-3/100 kg BW/d. To make the diets isocaloric, horses receiving 

no supplemental fat (NON) were fed the same grain mix at a rate of 1.37% BW/d. Bodyweight 

gain resulting from growth was recorded every 2 wk and adjustments were made to the amount 

of feed and oil offered. Throughout the study (July – August), all horses had free-choice access 

to bahiagrass (Paspalum notatum) pasture. The nutrient and FA composition of the feeds and 

supplements are presented in Table 6-1. 

Sample Collection and Processing 

To allow adequate time for sample processing in the laboratory, horses were divided into 

four groups of six horses with equal treatment representation in each group. Blood samples were 

obtained from one group per day over four consecutive days prior to the start of the study (d 0) 

and at the end of the supplementation period (d 42) for analysis of plasma and red blood cell 

membrane FA composition, neutrophil function and lymphocyte proliferation. At each sampling 

period, approximately 30 ml of blood was collected from each horse by jugular venipuncture into 

evacuated tubes containing the anticoagulant sodium heparin (Vacutainer, Becton Dickinson Co., 

Franklin Lakes, NJ). Tubes were continually mixed by gentle inversion until processing. Whole 

blood in 25 mL aliquots was diluted with 10 mL PBS, slowly layered over lymphocyte 

separation medium (LSM; MP Biomedicals, Solon, OH), and centrifuged at 400 x g for 25 min 

at 22°C (room temperature). After centrifugation, plasma was harvested and stored at -80°C until 

later analysis. Peripheral blood mononuclear cells (PBMC) were removed from the interface, 

washed in PBS, and counted and re-suspended in freezing media consisting of 90% fetal bovine 

serum (FBS) and 10% DMSO. Cells were gradually frozen at a -1°C/minute cooling rate to -
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80°C (Mr. Frosty, Nalgene Labware, Rochester, NY) and stored in liquid nitrogen until later 

analysis. Red blood cells (RBC) were removed from below the LSM interface and stored at -

80°C until later analysis. Small aliquots (<0.5 mL) of fresh whole blood were retained for the 

neutrophil assay. Blood samples for antibody production in response to a tetanus booster vaccine 

were obtained immediately prior to booster administration (d 21) and 3 wk following the booster 

(d 42). Blood was collected into evacuated tubes containing no anticoagulant, and serum was 

harvested after centrifugation at 2000 x g for 10 min and stored at -20°C until later analysis. 

Feedstuff, Plasma and Red Blood Cell Fatty Acid Analysis 

To analyze FA composition of the basal diet, feed samples were lyophilized (FreeZone 6 

Liter Freeze Dryer System, Labconco Corp, Kansas City, Mo) and ground, and representative 

samples consisting of 2 g grass or 0.5 g grain mix were utilized for FA extraction. For FA 

analysis of oils, 0.25 g of corn, olive, or fish oil was used. For analysis of blood FA, 2 mL of 

plasma and 4 mL of RBC were frozen at -20°C in 4 mL Wheaton polypropylene Omni-vials, 

lyophilized, sealed with snap caps and stored at -20°C. A mixed reference standard containing 33 

FA methyl esters (FAME) (GLC-461, Nu-Chek Prep, Elysian, MN) was reconstituted in 10 mL 

hexane. Fatty acids in freeze-dried plasma and RBC were methylated using the two-step 

procedure with a 10 min incubation in sodium methoxide as described by Jenkins et al. (2001). 

FA in freeze-dried feedstuffs and oils were extracted and methylated using the procedure of 

Folch et al. (1957). 

A CP-3800 Gas Chromatograph with a CP-8400 Autosampler and Injector, a split injection 

port, flame ionization detector (Varian, Inc, Walnut Creek, CA), and a 100-m CP-SIL 88 fused 

silica capillary column (0.25 mm i.d. x 0.2 mm film thickness; Varian, Inc, Walnut Creek, CA), 

were used for the analysis of individual FA. An injection of 1.0 µl was split 1:20 and the He 
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carrier gas maintained at 1.0 mL/min. Column temperature was held at 120
o
C for 1 min 

following injection, increased at the rate of 5
o
C/min to 190

o
C and held at that temperature for 30 

min, then increased at the rate of 2
o
C/min to 220

o
C and held for 50 min. The injector temperature 

was set at 250
o
C and the detector at 255

o
C. 

Identification of 23 FAME ( C8:0, C10:0, C12:0, C14:0, C16:0, C16:1n-7, C17:0, C17:1, 

C18:0, C18:1n-9, C18:2n-6, C18:3n-3, C20:0, C20:1, C20:2, C20:3n-3, C20:3n-6, C20:4n-6, 

C20:5n-3, C22:0, C22:2, C22:5n-3, and C22:6n-3) from the chromatograms were determined by 

comparing peak retention times with those from the mixed reference standard. An internal 

standard (C19:0) was included in each sample to verify FA extraction efficiency. Retention times 

of each individual FA in the mixed FAME standard were verified by use of reference standards 

(Nu-Chek Prep, Elysian, MN) containing a single FA population diluted to concentrations 

expected to be found in blood and feedstuffs. Fatty acids present in the extracted sample were 

quantified (µg/µL) by multiplying the µg/µL of an individual FA standard by the area of that 

individual FA found in the sample, then dividing that by the area of the individual standard. 

Percent of each FA in the sample was calculated by dividing the µg/µL of each FA by the total 

µg/µL FA in the sample then multiplying that by 100. The sum of n-6 FA in feedstuffs, plasma, 

or RBC was calculated by adding the percentages of linolenic acid (LA; C18:2n-6) and 

arachidonic acid (ARA; C20:4n-6) present in each sample, and the sum of n-3 FA was calculated 

by the addition of α-linolenic acid (ALA; C18:3n-3), eicosapentaenoic acid (EPA; C20:5n-3), 

docosapentaenoic acid (DPA; C22:5n-3), and docosahexaenoic acid (DHA; C22:6n-3). 

Preparation of Bacterial Targets 

Prior to performing the neutrophil function analysis, bacteria were fluorescently labeled to 

be utilized in the assay. Staphylococcus aureus isolates provided by the Clinical Microbiology, 
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Parasitology and Serology service at the University of Florida Veterinary Medical Center were 

grown in tryptic soy broth for 18 h at 37°C to a final concentration of approximately 5 x 10
9
 

cells/mL. Bacteria in 10 mL of broth culture were heat-killed at 56°C for 60 min and harvested, 

washed in sterile PBS, and resuspended in 10 mL of propidium iodide stock solution (1 mg/mL). 

Cultures were protected from light exposure and mixed by continuous rotation at 22°C for 90 

min. Propidium iodide-labeled bacteria were then harvested by centrifugation and re-suspended 

in 10 mL sterile PBS to a concentration of 1 x 10
9 
 cells/mL. Bacterial suspension was protected 

from light exposure during storage at 4°C and warmed to 22°C prior to use. 

Neutrophil Function 

A method for simultaneously measuring phagocytosis and oxidative burst activity of 

neutrophils in whole blood using a modified dual-color flow cytometry assay was adapted from a 

procedure developed for use in feline blood (Hanel et al., 2003; see Appendix I). In a preliminary 

study utilizing five mature Quarter Horse mares, dihydrorhodamine (DHR) loading dose, 

bacteria to neutrophil ratio, and incubation time were optimized to induce maximum neutrophil 

phagocytosis and oxidative burst responses (Vineyard et al., 2007a; see Appendix I). 

Immediately after blood sample acquisition, white blood cell differential counts were performed 

to determine neutrophil concentration in each sample. Neutrophils in 100 µL aliquots of 

heparinized blood were loaded with 4 μM DHR and incubated at 37°C for 10 min with constant 

rotation. The appropriate amount of propidium-labeled Staphylococcus aureus was added to 

create a bacteria: neutrophil ratio of 30:1 and incubated for 30 min at 37°C. After incubation, 

samples were immediately placed on ice to halt phagocytic and oxidative burst activity and 

processed for flow cytometry using an Immunoprep reagent system (Coulter Corp., Miami, FL) 

and an automated Q-Prep Epics immunology workstation (Coulter Corp., Miami, FL). The 
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completion of hemolysis was achieved by the addition of 500 µL of distilled water to each tube, 

and extracellular fluorescence was quenched with 10 µL of 0.4% trypan blue solution. The 

percentage of neutrophils undergoing phagocytosis and phagocytosis-induced oxidative burst 

were determined from the acquisition of 10,000 events/sample using a FACSort flow cytometer 

(Becton Dickinson, San Jose, CA) and analyzed using CELLQuest software (Becton Dickinson, 

San Jose, CA).  

Prostaglandin E2 Analysis 

Frozen PBMC from samples obtained at d 42 were thawed gradually and immediately 

washed and resuspended in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 

10% FBS, 2 mM glutamine, 25 mM HEPES, and penicillin–streptomycin (100 IU/ml and 100 

µg/ml, respectively). Cells were counted and viability was determined to be greater than 80% 

using trypan blue exclusion. Cells were challenged with lipopolysaccharide (LPS) at a final 

concentration of 1 × 10
6
 cells/well with 10 ng LPS/well (final volume = 1 ml/well) and incubated 

at 37°C with 5% CO2 for 24 h. Prostaglandin E2 production (PGE2) in culture supernatant was 

analyzed colorimetrically using a commercially available kit (Correlate-EIA, Assay Designs, 

Ann Arbor, MI), and optical density of each well was analyzed spectrophotometrically using a 

plate reader set to read at a wavelength of 405 nm (PowerWave XS, BioTek Instruments Inc., 

Winooski, VT).  

Lymphocyte Proliferation 

Frozen PBMC were thawed gradually and immediately washed and resuspended in 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS, 2 mM glutamine, 

25 mM HEPES, and penicillin–streptomycin (100 IU/mL and 100 µg/mL, respectively). Cell 

viability was determined to be greater than 80% using trypan blue exclusion. Proliferative 
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response to mitogen stimulation was assessed with a nonradioactive colorimetric assay, which 

has been shown in many species (including horses) to closely correlate with the conventional 

radioactive [
3
H]thymidine incorporation assay (Ahmed et al., 1994; Witonsky et al., 2003). 

Aliquots of 100 µL of the cell suspension (1 × 10
6
 cells/mL) were stimulated in triplicate with 

100 µL of either Concanavalin A (ConA, 2 µg/mL), phytohemagglutinin (PHA, 25 µg/mL), or 

culture media (no mitogen – control). Cells were incubated at 37°C in 6% CO2 for a total of 72 h. 

Alamar Blue (20 µL) was added to each well 18 h prior to the end of incubation. Fluorescence 

was determined with a fluorometer (Synergy HT; BioTek Instruments Inc., Winooksi, VT) at 

wavelengths of 530 nm excitation, 590 nm emission. The change in fluorescence was calculated 

by subtracting the mean fluorescence of the non-stimulated control wells from the mean 

fluorescence of the stimulated wells. 

Tetanus Antibody Titers 

All horses had previously been vaccinated for tetanus as weanlings. A tetanus booster 

vaccination (Tetanus Toxoid, Fort Dodge Animal Health, Fort Dodge, IA) was administered i.m. 

on d 21 of this study. Serum samples were obtained immediately prior to booster administration 

and 3 wk later on d 42. Tetanus-specific IgG titers were determined by ELISA (Scintilla 

Development, Bath, PA). Results were calculated against a standard curve derived from 

calibrator samples, and results were multiplied by the dilution factor to achieve the quantitative 

result reported as IU/mL. Any samples with values greater than the high calibrator were diluted 

again and rerun in the assay so that the absorbance value fell within the standard curve. 

Statistical Analysis 

Differences in plasma and RBC FA composition, neutrophil phagocytosis and oxidative 

burst activity, and lymphocyte proliferation were analyzed using PROC MIXED with repeated 
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measures in SAS (Version 9.0, SAS Institute Inc., Cary, NC). The effects of treatment, sex, time, 

and treatment x time interaction were evaluated as fixed effects. Horse within treatment was 

included in the model as a random effect. The PDIFF option of the LSMEANS statement of 

PROC MIXED was used to compare treatment means. PGE2 production by PBMC was analyzed 

similar to the variables described above, but without repeated measures. Differences in tetanus 

antibody titers were also analyzed using the MIXED procedure of SAS, with baseline titer 

serving as a covariate. In addition, preplanned contrasts were utilized to compare antibody titers 

between NON vs. fat-supplemented (FISH and CORN) treatments. Bodyweight measurements 

were analyzed using the GLM procedure of SAS with repeated measures.  Differences were 

considered significant at P<0.05.  

Results 

On average, horses gained 0.7±0.1 kg/d over the 42-d trial period, and there were no 

differences in BW gain among the three dietary treatment groups. Throughout the study, horses 

consuming FISH were supplemented with 7.2 g n-3/100 kg BW/d and horses consuming CORN 

were supplemented with 43.2 g n-6/100 kg BW/d. As horses gained weight, the average daily 

intake of ALA, EPA, DPA, and DHA provided by the FISH supplement increased from 5.5, 

17.2, 1.6, and 8.0 g/d at the beginning of the study to 5.8, 18.4, 1.8, and 8.6 g/d at the conclusion 

of the study, respectively. For horses consuming CORN, supplemental LA increased from an 

average of 184.5 g at the beginning of the study to 200.7 g at the conclusion. 

Plasma and Red Blood Cell Fatty Acid Composition 

The FA composition of plasma and RBC is presented in Table 6-2. No differences in 

plasma or RBC FA composition were detected among treatments prior to the start of 

supplementation. After 42 d of supplementation, horses consuming FISH had a higher proportion 
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of EPA, DHA, and sum n-3 FA in plasma (P<0.05) and RBC (P<0.05) compared to CORN and 

NON. Horses fed FISH also had lower plasma (P<0.05) and RBC (P<0.05) LA and sum n-6 at d 

42 than CORN and NON. Horses consuming CORN had higher (P<0.05) plasma LA and sum n-

6 compared to NON and FISH after 42 d of supplementation. In addition, CORN 

supplementation resulted in lower sum n-3 in RBC than the other treatments (P<0.05). Non-

supplemented horses had higher RBC ALA than CORN and FISH (P<0.05) and higher RBC 

ARA than CORN (P<0.05).  

Overall effects of time and treatment x time were detected for many of the n-3 and n-6 FA 

in plasma and RBC (Table 6-2). From d 0 to d 42, plasma and RBC LA increased in CORN 

(P<0.05) and decreased in FISH (P<0.05), but did not change in NON. Plasma ALA increased in 

response to supplementation with FISH or CORN (P<0.05), but RBC ALA content was 

unaffected by supplementation. In contrast, ALA remained unchanged in the plasma of non-

supplemented horses, but increased in RBC (P<0.05) from d 0 to d 42. Plasma and RBC ARA 

content increased (P<0.05) during the study period in all treatments. Only supplementation with 

FISH resulted in an increase in plasma (P<0.05) and RBC (P<0.05) EPA and DHA. The sum of 

n-6 FA in plasma increased from day 0 to d 42 in CORN and FISH (P<0.05), but remained 

unchanged in non-supplemented horses. In RBC, however, the sum of n-6 increased in NON and 

CORN (P<0.05), but not FISH. The sum of n-3 FA increased in the plasma of horses fed FISH 

(P<0.05) and decreased in plasma of horses fed CORN (P<0.05), but did not change in non-

supplemented horses. The sum of n-3 FA in RBC increased (P<0.05) in horses fed FISH and in 

non-supplemented horses, but did not change in horses fed CORN. 
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Neutrophil Function 

Neutrophil function did not differ among treatments before or after 42 d of 

supplementation. At d 42, the percentage of neutrophils in 100 µL of whole blood undergoing 

phagocytosis averaged 97.5±0.7% in non-supplemented horses, which was similar to the mean of 

96.7±1.1% observed in horses fed CORN and 97.1±0.7% observed in horses supplemented with 

FISH. In the same cell population, phagocytosis-induced oxidative burst was similar across 

treatments, averaging 29.7±4.3, 25.5±4.4, and 29.6±3.9% in NON, CORN, and FISH, 

respectively. The percent of neutrophils undergoing phagocytosis and phagocytosis-induced 

oxidative burst increased (P<0.05) from d 0 to d 42 in all treatment groups (data not shown). 

Figure 6-1 depicts a representative scatter plot (A) showing the gated neutrophil population. The 

representative dot plot (B) depicts neutrophils that have undergone phagocytosis in both the 

upper left and right quadrants and those which have undergone phagocytosis-induced oxidative 

burst in the upper right quadrant. 

Prostaglandin E2 Production 

Treatment with LPS increased PGE2 production by PBMC in all treatment groups 

(P<0.05). After 42 d of supplementation, PBMC from horses consuming FISH and CORN 

produced less PGE2 upon LPS stimulation than horses receiving no supplemental fat (P<0.05) 

(Figure 6-2). 

Lymphocyte Proliferation 

Although PBMC positively responded to ConA and PHA stimulation, proliferative 

responses were not different between dietary treatments after 42 d of supplementation (Figure 6-

3). There were no differences in proliferative response between treatments at d 0, but 
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proliferation in response to ConA and PHA decreased (P<0.05) from d 0 to d 42 (data not 

shown). 

Tetanus Antibody Titers 

At d 42 (21 d after the tetanus booster was administered), tetanus antibody titers were 

higher (P<0.05) in horses fed fat (CORN and FISH) than in horses not supplemented with fat 

(NON) (Figure 6-4). Mean tetanus antibody titers for NON, CORN and FISH were 3.4±0.1, 

3.8±0.1, and 3.7±0.1 IU/mL, respectively. There was no difference in titer levels between CORN 

and FISH or between FISH and NON, but horses consuming CORN had higher (P<0.05) tetanus 

titers than NON (Figure 6-5). 

Discussion 

Feeding horses a fat-added diet for 42 d that supplied 12% of total daily DE from corn oil 

or a fish/olive oil blend did not appear to negatively affect immune function and, in fact, was 

shown to have a positive impact on some measures of immunity. No differences in neutrophil 

function or lymphocyte proliferation were found among treatments, but horses fed a high fat diet 

had increased antibody titers in response to a tetanus booster vaccination and decreased PGE2 

production by stimulated PBMC. These impacts on immune function occurred regardless of 

whether the supplemental fat source contained predominantly n-3 (fish/olive oil blend) or n-6 

(corn oil) fatty acids. Furthermore, similar responses occurred despite the impact that dietary fat 

source had on plasma and RBC fatty acid composition. Supplementing with corn oil increased n-

6 and decreased n-3 fatty acids in plasma, while supplementing with fish oil had the opposite 

effect. In addition, feeding corn oil increased n-6 fatty acids in RBC, whereas feeding fish oil 

increased n-3 fatty acids in RBC.  
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Plasma and Red Blood Cell Fatty Acids 

The plasma responses to corn oil and fish oil supplementation observed in this study agree 

with results of other studies performed in horses. Hall et al. (2004b) reported that 12 wk of corn 

oil supplementation increased LA and the sum of n-6 FA in plasma, whereas fish oil 

supplementation increased EPA and DHA and the sum of n-3 in plasma. Similarly, King et al. 

(2005; 2008) fed horses an encapsulated fish oil supplement for 28 d and observed an increase in 

EPA, DHA, and the sum of n-3 FA present in both plasma and RBC. In the current study, ALA 

and the sum of n-3 FA in RBC increased in horses fed FISH and in non-supplemented horses. 

These increases are likely due to the rising ALA content of pasture during the study period, as 

well as the additional n-3 FA provided by the fish/olive oil blend in the FISH treatment. Forage 

can serve as a significant source of ALA in equine diets (Warren and Kivipelto, 2007a), and the 

bahiagrass available to horses in the current study contained 2.3% total fat with ALA comprising 

58% of the total FA content. By comparison, the proportion of n-3 FA in RBC of horses fed corn 

oil did not change during the study period, although they too were eating ALA-rich forage. 

Instead, the proportion of n-6 FA increased in the plasma and RBC of horses fed corn oil. The 

high dietary n-6 FA intake from corn oil may have competitively inhibited dietary n-3 FA for 

membrane incorporation (James et al., 2000). In addition, RBC membranes may possess some 

form of homeostatic regulatory mechanism that maintains a minimum threshold level of n-3 FA, 

preventing further decreases even in the face of increased n-6 FA incorporation into the cell 

membrane. 

The proportion of ARA found in plasma and RBC increased during the study period in all 

horses. Small amounts of ARA were measured only in the fish oil supplement, while large 

quantities of the ARA precursor, LA, were found in corn oil. However, because the increase in 
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plasma and RBC ARA was observed across treatments, including non-supplemented horses, this 

suggests season or possibly the process of growth and development may influence ARA 

biosynthesis in the horse.  Further research is warranted to understand non-dietary influences on 

plasma and RBC FA composition and on how LA, EPA, and DHA affect the presence of ARA in 

the growing horse.  

Lymphocyte Proliferation 

The proliferative capacity of lymphocytes from horses in this study was not affect by 

dietary treatment. This is in contrast to studies in humans, where supplementation with fish oil 

supplying up to 20.7 g EPA+DHA/100 kg BW has been shown to decrease lymphocyte 

proliferation (Calder and Grimble, 2002). In addition, high levels of fish oil fed to laboratory 

animals suppressed spleen lymphocyte proliferation compared to diets rich in other fat sources 

(Miles and Calder, 1998). For the most part, these findings suggested fish oil possessed potential 

immuno-suppressive and anti-inflammatory effects, which were considered favorable and 

beneficial to health (Calder, 2001). On the other hand, a drastic reduction in the function and 

activity of lymphocytes could result in compromised host defenses. Therefore, other 

investigators set out to identify the effects of moderate levels of n-3 FA supplementation on 

lymphocyte proliferation. Kew et al. (2003a) reported that supplementation with ≤ 2.4 g 

EPA+DHA/100 kg BW did not affect lymphocyte proliferation in healthy human subjects (Kew 

et al., 2003a). Similarly, supplementation providing 4.6 – 6.6 g EPA+DHA/100 kg BW showed 

no effect on lymphocyte proliferation in humans (Endres et al., 1993; Yaqoob et al., 2000). In the 

current study, FISH horses consumed 5.6 g EPA+DHA/100 kg BW and at this level of 

supplementation, PBMC response to mitogen stimulation was not affected. Similarly, 
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supplementation with 57.7 g n-6/100 kg BW from corn oil neither enhanced nor suppressed 

lymphocyte proliferation. 

Neutrophil Function 

Phagocytosis of foreign pathogens is a fundamental part of innate immune function, and 

dietary-induced alterations in membrane fatty acid composition have been associated with 

altered phagocytic capacity (Calder and Grimble, 2002; Calder, 2007). Increased cell membrane 

polyunsaturated FA content has been shown to increase the uptake of target material by the 

neutrophil in vitro due to the altered physical nature of the membrane (Calder et al., 1990). In the 

current study, treatment had no effect on phagocytosis or phagocytosis-induced oxidative burst 

activity of neutrophils. This finding agrees with results of a previous study in yearling horses 

consuming a low fat diet that was supplemented with encapsulated fish oil for 56 d (Vineyard et 

al., 2007b). In addition, Skjolaas-Wilson (2005) found no difference in granulocyte phagocytic 

and oxidative burst functions in pregnant mares supplemented with 19 g EPA+DHA/d or corn oil 

for 60 d. The majority of studies in humans have been unable to demonstrate that n-3 FA 

supplementation has any significant effect on neutrophil function in vivo (Kew et al., 2003a; 

Miles et al., 2004a; Kew et al., 2004). It has been suggested that polyunsaturated FA 

supplementation may affect the extent of phagocytic activity, rather than the percentage of 

neutrophils undergoing phagocytosis. The contradiction between observations made in vitro and 

in vivo may be due, in part, to the methodological approach of measuring neutrophil function. 

Measuring the percentage of neutrophils that engage in phagocytosis and oxidative burst, which 

was assessed in the current study, may not be as sensitive as a measurement of the extent of 

phagocytic or oxidative burst activity (i.e. the amount of target material the neutrophil has 

engulfed and destroyed) (Calder, 2007).  
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PGE2 Production 

The eicosanoid PGE2 is a potent lipid mediator of inflammation that can increase pain 

sensitivity and initiates vasodilation. It is synthesized from ARA present in the cell membrane 

(primarily of macrophages) in response to a variety of stimuli. The positive relationship between 

ARA membrane content and the cell’s capacity to produce PGE2 has been well-documented 

(Calder, 2007). In addition, it has been demonstrated that increased incorporation of EPA and 

DHA into cell membranes results in decreased PGE2 production (Calder and Grimble, 2002). 

This is partly because of decreased availability of ARA in the cell membrane due to competition 

with EPA and DHA and partly due to the inhibitory effect EPA has on ARA metabolism to 

PGE2. In the cyclooxygenase enzymatic pathway, ARA is the precursor to PGE2. As the n-3 

homologue of ARA, EPA can inhibit ARA metabolism by competing for the enzymes necessary 

to convert ARA to PGE2 (James et al., 2000). 

In the current study, horses consuming either FISH or CORN produced less PGE2 than 

horses receiving no supplemental fat. Horses consuming no supplemental fat had the highest cell 

membrane ARA concentration, which could contribute to greater PGE2 production. In horses fed 

FISH, the higher EPA and DHA in cell membranes may be responsible for a reduced PGE2 

production compared to NON, as it is well-documented that supplementation with n-3 fatty acids 

decreases PGE2 production by PBMC (Calder and Grimble, 2002). Despite the greater 

concentration of LA in RBC, horses fed CORN also had lower ARA in RBC than NON. There is 

evidence demonstrating that high LA intake exerts an inhibitory effect on the enzymes necessary 

for conversion of LA to ARA (Huang et al., 1996). In mice, high total fat intake suppressed 

PGE2 production with no additional effect of increased dietary n-3 FA intake (Broughton and 

Wade, 2002). In contrast to these findings, Hall et al. (2004a) reported lower PGE2 production by 
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LPS-stimulated bronchoalveolar lavage fluid cells in horses supplemented with fish oil compared 

to horses supplemented with corn oil. However, their study did not include a non-fat 

supplemented control treatment and the horses were supplemented with only 3% fat. Perhaps in 

addition to the specific FA composition of supplemental fat, the total amount of fat consumed 

plays a role in the capacity of PBMC to produce PGE2. 

Tetanus Antibody Titers 

The hallmark of the humoral immune response is the production of antibodies in response 

to antigen stimulation. B cells must have “memory” in order to recognize the antigen and secrete 

antibodies, and this capability for memory is what allows for vaccination protocols to be 

successful. One general way to assess humoral immune function is by measuring specific 

antibody production against a previously-encountered antigen. In the current study, all horses 

had previously received a primary series of tetanus vaccinations as weanlings. The horses were 

fed their respective dietary treatments for 42 d, and at the midpoint of the trial (d 21) baseline 

tetanus titers were measured and horses were administered a tetanus booster vaccine. At the end 

of the trial period (d 42), tetanus antibody titers were assessed in all horses. Because baseline 

titers were different among treatment groups prior to booster administration, baseline titer was 

used as a covariate for the analysis. When measured 3 wk after booster vaccination, tetanus 

antibody titers were higher in horses fed fat-added diets (CORN and FISH) than in horses fed a 

non fat-added diet (NON). This agrees with Fritsche et al. (1991), who reported an increased 

antibody response to sheep red blood cell vaccination in chicks supplemented with 7% fish oil. 

In another study, chickens supplemented with 70 g sunflower oil (69% LA)/ kg diet mounted 

increased antibody response to maleyl-bovine serum albumin immunization compared to 

chickens not supplemented with fat (Parmentier et al., 2002).  
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A review of the literature reveals relatively few definitive studies on the effects of n-3 and 

n-6 fatty acids on antibody production. In the studies that have been performed, results have been 

contradictory. In contrast to what was observed in poultry, Hall et al. (2004a) observed no effect 

of fish oil supplementation on antibody production in horses sensitized to keyhole limpet 

hemocyanin. Similarly, Lessard et al. (2003) reported that antibody response to ovalbumin 

sensitization was not affected by dietary n-3 FA supplementation in cattle. It appears that 

antibody response may be dependent upon the type of antigen used to promote antibody 

production and the dietary supplementation level of total dietary fat (Fritsche et al., 1991). In 

addition, alterations in membrane fatty acid composition of lymphocytes involved in antibody 

production will affect several aspects of immune cell function, including cell-signaling and 

antigen presentation capacity, which in turn may affect the host’s response to immunization 

(Calder and Grimble, 2002). More work is necessary to elucidate the specific mechanisms that 

are responsible for alterations in antibody production due to dietary fat supplementation. 

Implications 

Results from this study show that feeding supplemental fat alters plasma and RBC fatty 

acid composition and has an effect on immune response in yearling horses, including decreased 

production of PGE2 by PBMC and increased antibody response to tetanus vaccination. The 

responses do not appear to be different between corn oil and a fish/olive oil blend when provided 

at a rate to supply 12% of total daily digestible energy as fat. Both n-6 and n-3 fatty acids play a 

role in proper function of the immune system in clinically normal horses, and perhaps the n-3: n-

6 ratio of the diet may influence immune response as well. When estimated FA intake from 

pasture is included, the diets utilized in this study provided a relatively similar intake ratio of n-

6: n-3, despite the additional n-6 and n-3 FA provided by the corn oil and fish/olive oil blend. 
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The n-6: n-3 ratio of the FISH diet was 1.4, NON was 1.7, and CORN was 3.7. These ratios are 

considered low in comparison to the recommended dietary n-6: n-3 ratio of 6:1 for optimal 

cardio-protective effects in humans (Wijendran and Hayes, 2004). In horses with limited access 

to fresh forage, supplementation with high amounts of n-6 FA may further increase the n-6: n-3 

ratio, but more research is necessary to determine if a high n-6: n-3 ratio in the diet also affects 

immune function in horses. 

The horses utilized in this study were healthy yearlings and did not suffer from any 

apparent inflammatory conditions or depressed immune function. It is unclear if effects in 

immune function would be different in horses that were not considered clinically “normal”. In 

humans, it has been suggested that the presence of an inflammatory condition might increase the 

sensitivity to the immunomodulatory effects of dietary n-3 supplementation and that condition-

specific clinical end points may be more sensitive markers of to these effects than immune 

markers (Sijben and Calder, 2007). Further study is warranted to identify the effects of feeding 

fat to horses with autoimmune or inflammatory disease and the potential for attenuating disease 

symptoms and/or progression by altering the dietary n-6: n-3 ratio through increased n-3 intake. 

However, in healthy horses, the addition of fat to the diet from sources rich in either n-6 or n-3 

FA appears to have potential benefits on immune function. 
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Table 6-1.  Nutrient and fatty acid composition of the grain mix concentrate and Bahiagrass 

pasture making up the basal diet, and the fish/olive oil blend and corn oil supplements 

Nutrient
1 

Concentrate Pasture 
Fish/Olive oil 

blend 
Corn oil 

DM, % 88.8 23.8 100 100 

Crude Fat, % 4.1 2.3 100 100 

CP, % 16.8 13.2 0 0 

NDF, % 20.1 65.2 0 0 

ADF, % 11.0 38.3 0 0 

Ca, % 0.8 0.4 0 0 

P, % 0.5 0.3 0 0 

Fatty acid
2 

    

C16:0 16.1 18.8 17.1 12.9 

C18:0 2.3 2.7 2.7 1.7 

C18:1 27.4 2.4 48.0 26.1 

C18:2 n-6 49.7 17.6 8.6 57.7 

C18:3 n-3 4.6 57.7 1.6 1.3 

C20:4 n-6 0 0 0.3 0 

C20:5 n-3 0 0 5.1 0 

C22:5 n-3 0 0 0.5 0 

C22:6 n-3 0 0 2.4 0 

Other fatty acids
3
 0.7 0.8 13.2 0.4 

1
With the exception of DM, all values are presented on 100% DM basis.

 

2
Fatty acids expressed as g/100 g fatty acids. 

3
C14:0, C16:1n-7, C17:0, C20:0, C20:1, C22:0, C22:1, and C22:4. 
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Table 6-2.  Plasma and red blood cell fatty acid composition before (d 0) and after (d 42) 

supplementation with corn oil (CORN), fish/olive oil blend (FISH), or no 

supplementation (NON) 

 Day 0  Day 42  P values 

Fatty Acid
1 

NON CORN FISH  NON CORN FISH SEM Trt Time 
Trt* 

Time 

Plasma 

C18:2 n-6 51.5 51.5 49.6  52.1
b 

57.1
*a 

46.8
*c 

0.5 <0.01 0.04 <0.01 

C18:3 n-3 3.5 3.9 4.0  2.5
a 

1.8
*ab 

0.9
*b 

0.3 0.54 <0.01 0.06 

C20:4 n-6 0.6 0.6 0.6  1.4
* 

1.2
* 

1.5
* 

0.1 0.43 <0.01 0.61 

C20:5 n-3 0 0 0  0
b 

0
b 

2.5
*a 

0.1 <0.01 <0.01 <0.01 

C22:6 n-3 0 0 0  0
b 

0
b 

1.7
*a 

0.1 <0.01 <0.01 <0.01 

Sum n-6 52.2 52.1 50.3  53.5
b 

58.2
*a 

48.2
*c 

0.5 <0.01 <0.01 <0.01 

Sum n-3 3.5 3.9 4.0  2.7
b 

1.9
*b 

5.7
*a 

0.3 <0.01 0.23 <0.01 

Red Blood Cells 

C18:2 n-6 38.5 37.2 39.4  40.2
a 

41.5
*a 

36.0
*b 

0.5 0.36 0.31 <0.01 

C18:3 n-3 1.4 1.7 1.5  2.5
*a 

1.0
b 

1.1
b 

0.1 0.16 0.95 <0.01 

C20:4 n-6 1.5 1.4 1.8  2.8
*a 

2.1
*b 

2.5
*ab 

0.1 0.08 <0.01 <0.01 

C20:5 n-3 0 0 0  0.1
b 

0
b 

2.1
*a 

0.1 <0.01 <0.01 <0.01 

C22:6 n-3 0 0 0  0.02
b 

0
b 

1.3
*a 

0.1 <0.01 <0.01 <0.01 

Sum n-6 39.7 38.5 41.3  43.6
*a 

44.2
*a 

38.8
b 

0.6 0.47 0.01 <0.01 

Sum n-3 1.9 1.7 1.5  3.1
*b 

1.4
c 

5.1
*a 

0.2 <0.01 <0.01 <0.01 
1
Fatty acids expressed as a percentage of total fatty acids. 

*
Within a treatment, the fatty acid concentration at d 42 differs from d 0 (P<0.05). 

a,b,c
Within a day, means not sharing a common superscript are different (P<0.05). 
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Figure 6-1.  Representative scatter (A) and dot (B) plots generated by flow cytometric evaluation 

of neutrophil function 
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Figure 6-2.  Production of PGE2 by stimulated PBMC from horses receiving no supplement 

(NON), a fish/olive oil blend (FISH), or corn oil (CORN) for 42 d 
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Figure 6-3.  Proliferative responses of PBMC in horses receiving no supplementation (NON), or 

supplemented with corn oil (CORN) or a fish/olive oil blend (FISH) for 42 d. 
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Figure 6-4.  Tetanus-specific IgG titers at d 42 in horses supplemented with corn oil (CORN), 

fish oil (FISH), or no supplementation (NON) 
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Figure 6-5.  Tetanus-specific IgG titers at d 42 in response horses supplemented with corn oil 

(CORN), fish oil (FISH), or no supplementation (NON) 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

Taken together, the results from the studies in this dissertation highlight several key 

considerations for n-3 FA supplementation in the horse. Although fed to supply a similar level of 

n-3 fatty acids, feeding encapsulated fish oil had a greater impact on plasma and RBC n-3 

composition than milled flaxseed when horses were allowed free-choice pasture access during 

the growing season. However, it is possible that under conditions of limited pasture access 

combined with a high grain diet, flaxseed supplementation could impact plasma and RBC ALA 

composition. Fish oils contain EPA and DHA, which are not found in flaxseed, and these are the 

PUFA which have the ability to alter eicosanoid production during inflammatory processes. In 

addition, other mechanisms, such as cell signaling, membrane fluidity, and gene expression, are 

affected by an increased concentration of EPA and DHA in cell membranes and can ultimately 

affect immune cell function as well. The horse’s ability to convert ALA to EPA and DHA 

appears to be very limited, but more research is warranted to determine how different dietary 

concentrations of ALA may affect the efficiency of its elongation and desaturation to longer-

chain PUFA. Supplementation with both fish oil and flaxseed resulted in a more pronounced 

early inflammatory response to PHA injection, but these findings need to be confirmed in future 

studies in order to verify repeatability and to determine specifically which cellular mechanisms 

are affected at the local site of injection. 

It appears that plasma ARA, EPA, and DHA are positively correlated with that in RBC 

after 56 d of fish oil supplementation, and that alterations generated by dietary n-3 

supplementation can be detected in plasma before RBC. The delayed kinetics of n-3 FA 

incorporation into RBC can also be observed after supplementation has been discontinued, as 
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EPA and DHA remain elevated in RBC for a longer period of time than in plasma. It takes a 

minimum of 8 wk for complete washout of dietary n-3 FA, as 5 wk after cessation of 

supplementation, plasma EPA and DHA experience a secondary rise, most likely due to 

mobilization of stored lipids. The PUFA composition of WBC is slightly different than RBC, 

with a lower concentration of LA and a higher concentration of ARA in WBC, regardless of n-3 

FA supplementation. Nonetheless, fish oil supplementation does increase the n-3 FA 

concentration of WBC, and changes can be detected after 28 d of supplementation.  

When n-3 FA are supplemented as part of a low fat diet, the effect on overall immune 

function appears to be minimal. No differences were observed among non-supplemented horses 

and those supplemented with 6 g n-3/100 kg BW for PGE2 production by PBMC, or in horses 

supplemented with 9 g n-3/100 kg BW for neutrophil function or antibody production in 

response to a novel vaccine. However, when both n-3 and n-6 FA are supplemented as part of a 

high fat diet, some aspects of immune function were affected. When horses were supplemented 

with either 7.2 g n-3 FA/100 kg BW or 57.7 g n-6/100 kg BW daily, PGE2 production by PBMC 

decreased and antibody response to tetanus booster vaccination increased. These findings can be 

interpreted as favorable, but they were unexpected for horses supplemented with n-6 FA, 

especially the decline in PGE2. However, reports that LA can inhibit ARA eicosanoid 

metabolism helps to explain this finding. In addition, the enhanced antibody response observed 

in fat supplemented horses is in contrast to the findings from the previous study that 

demonstrated no effect of n-3 FA supplementation on antibody production. In addition to the 

higher level of dietary fat, it is likely that the type of antigen plays a role in the nature of the 
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effect that n-3 FA supplementation has on humoral immune response, and further study is 

warranted to identify the relationship between antibody production and fat supplementation. 

Overall, it can be concluded that supplementation of horses with fish oil is an effective 

way to increase the n-3 FA concentration of plasma and cell membranes. In all of the studies 

conducted, horses readily consumed the fish oil products when acclimation was achieved 

through a gradual increase over a period of approximately 5 – 7 d. In addition, feeding a high fat 

diet (12% digestible energy provided by fat) rich in either n-3 or n-6 FA does not appear to 

negatively affect immune function and perhaps may even support immune function. The results 

from these studies do not provide strong evidence to support commercial claims that n-3 FA 

supplementation will enhance immune function or decrease inflammation, at least when supplied 

at a rate of 6-9 g n-3/100 kg BW to healthy horses. The aim of these studies, however, was not to 

specifically target the anti-inflammatory effects of n-3 FA, but rather to gain a broader view of 

how aspects of innate and acquired immune function are affected by n-3 FA supplementation. 

The results do indicate potential to positively impact at least some aspects of immune function 

through n-3 FA supplementation. More studies are needed to investigate the effects of feeding fat 

to horses on immune function, especially those suffering from autoimmune or inflammatory 

diseases, and to further explore the potential for attenuating disease symptoms and progression 

by altering dietary n-6:n-3 ratio through increased n-3 intake. 
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APPENDIX A 

PROCEDURE FOR PERIPHERAL BLOOD MONONUCLEAR CELL ISOLATION 

(CHAPTER 3) 

NOTE: rinse pipette with PBS before drawing cells into clean pipette (cells are sticky); Label all 

conicals in preparation 

 

1) Centrifuge 5 vaccutainer tubes at 2500 rpm (1000 x g) at 22°C (RT; room temperature) for 

10 min. 

 

2) Pipette 3 mL 0.9% PBS in two 15 mL conicals.  

3) Pipette buffy coat (~1.5 mL) from 3 blood tubes into 1 PBS conical and pipette the buffy 

coat from the remaining 2 tubes into another PBS conical. Mix. 

 

4) In each conical, bring to 10 mL volume with PBS. 

5) Pipette 5 mL LSM (RT) in two 15 mL conicals. Slowly layer diluted blood over LSM. 

6) Centrifuge at 1240 rpm (400 x g) for 30 min at 22°C (RT). 

7) Remove plasma, then remove interface between plasma and LSM from each tube. 

Minimize amt. of LSM removed. 

 

8) Place in 1 new 15ml tube. 

9) Add 5-10 mL (3 volumes) PBS to wash cells. Mix. 

10) Centrifuge at 750 rpm (160 x g) for 10 min. 

11) Decant and discard supernatant. 

12) Repeat washing with 6 mL PBS. 

13) Centrifuge at 750 rpm (160 x g) for 10 min. 

14) Decant and discard supernatant. 

15) Repeat washing with 6 mL PBS. 

16) Centrifuge at 750 rpm (160 x g) for 10 min. 

17) Resuspend cells in 1ml PBS (mix gently) 

18) Count cells (live and total). 
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After counting, bring cells to desired concentration using freezing media (90% fetal bovine 

serum, 10% DMSO). Freeze in 1 mL aliquots in tubes rated for freezing in liquid nitrogen. Place 

cells in Mr. Frosty container filled with 100% isopropyl alcohol into -80°C freezer; after 24 h 

place in nitrogen storage tank for long-term storage. 
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APPENDIX B 

PROCEDURE FOR RED BLOOD CELL ISOLATION (CHAPTER 3) 

1) Hematocrits were previously determined and all plasma removed before samples were 

brought to Nutrition Lab.  Only RBC cells from heparin tubes were brought to our lab for 

processing.  

 

2) After combining all RBC’s from the horse you are working with, mix RBC’s well and 

pipette  3 mL of RBC’s from the combined RBC’s  into separate glass tubes labeled with 

the horses number and  # 1, # 2 and # 3.  
  
3) Pipette at least 5 mL of cold saline into each of the 3 tubes containing the 3 mL of RBC’s 

and mix well.  

 

4) Place tubes in the large centrifuge in the balance room.  The centrifuge must be balanced, 

so place the equally filled tubes directly across for each other.  Use water in a  tube to 

balance any extra blood tube.  

 

5) Close and lock the lid on the centrifuge.  To turn the centrifuge on, just turn the large black 

dial on the right of the centrifuge clockwise to 40 (yellow tape with arrow makes the spot) 

to centrifuge at 4000 RPM. 

 

6) Spin blood for 15 min.   Turn centrifuge off by turning dial counterclockwise back to 0. 

 

7) Wait for the centrifuge to stop spinning before you open the lid and attempt to remove the 

vacutainers.   

 

8) Place vacutainers in a rack and remove the tops.  

 

9) Now use the aspirator on the lab bench to remove most of the saline from the top of the 

RBC’s in tube #1, # 2 and #3.  Use the aspirator with care and try NOT to aspirate the 

RBC, only saline from the top of the RBC’s. Keep the tip of the pasteur pipette on the edge 

of glass vial when aspirating.  This helps eliminate RBC loss.  

 

10) Add 5 mL of cold saline to the RBC’s in tubes # 1,  # 2 and #3. (The amount is not critical, 

but use at least 5 mL.)  Mix well until all RBC have been diluted into the saline. 

 

11) Centrifuge the 3 tubes at 4000 RPM for 10 minutes. 

 

12) Discard saline supernatant from centrifuged RBC samples without disturbing the RBC’s.  

Use aspirator. 

 

13) Add 5 mL of cold saline to the RBC’s in tubes # 1, # 2 and #3. (The amount is not critical, 

but use at least 5 mL.)  Mix well until all RBC have been diluted into the saline. 

 

14) Centrifuge the 3 tubes at 4000 RPM for 10 minutes. 
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15) Discard saline supernatant from centrifuged RBC samples without disturbing the RBC’s.  

Use aspirator. 

 

16) Add 5 mL of cold saline to the RBC’s in tubes # 1, # 2 and #3. (The amount is not critical, 

but use at least 5 mL.)  Mix well until all RBC have been diluted into the saline. 

 

17) Centrifuge the 3 tubes at 4000 RPM for 10 minutes. 

 

18) Discard supernatant from centrifuged RBC samples. Use aspirator. At this point, you must 

also CAREFULLY aspirate any WBC’s remaining on top of the RBC’s.  Be careful not to 

disturb or aspirate RBC’s. 

 

19) Now, add EXACTLY 2 mL of cold saline to the RBC’s remaining in centrifuge tubes # 1, 

#2 and # 3. 

 

20) After mixing each tube well, transfer 2 mL of the RBC suspension from tube # 1, # 2 and 

#3 and put in labeled 4ml freezer tubes. 

 

21) Make sure the caps are firmly in place, then place tubes at an angle to provide additional 

surface area (for when we later freeze dry these samples).  Freeze samples at this angle in -

20°C freezer before placing in storage boxes in -80°C freezer.  
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APPENDIX C 

PROCEDURE FOR PERIPHERAL BLOOD MONONUCLEAR CELL ISOLATION 

(CHAPTERS 5 AND 6) 

NOTE: When bringing tubes from farm to lab, invert every 10-15 min to keep blood well-mixed. 

Rinse pipette with PBS before drawing cells into clean pipette (cells are sticky). Label all 

conicals (50 mL) in preparation. 

 

1) Dilute 25 mL whole blood in 10 mL PBS. 

 

2) SLOWLY layer 35 mL diluted blood over 15 mL LSM. **maintain sharp interface**   

3) Centrifuge at 1500rpm (400 x g) for 25 min at room temperature (RT) (21°C). 

4) Remove plasma for FA analysis. 

5) Aspirate remaining plasma to within 2-3mm above PBMCs. 

6) Remove PBMCs and approx. ½ LSM below, placing in new 50 mL tube. **do not disturb 

RBCs; Reserve RBCs for FA analysis.** 

7) Bring to 40 mL volume with PBS. Mix.  

8) Centrifuge at 740rpm (100 x g) for 10 min at RT. 

9) Decant and discard supernatant, being careful not to disturb cell pellet. 

10) Add 10 mL PBS. Mix. 

11) Centrifuge at 740rpm (100 x g) for 10 min at RT. 

12) Decant and discard supernatant. 

13) Resuspend cells in 1 mL PBS (mix gently). 

14) Count cells (live and total). 

Bring cells to desired concentration using freezing media (90% fetal bovine serum, 10% 

DMSO). Freeze in 1 mL aliquots in tubes rated for freezing in liquid nitrogen. Place cells in Mr. 

Frosty container filled with 100% isopropyl alcohol into -80°C freezer; after 24 h place in 

nitrogen storage tank for long-term storage. 
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APPENDIX D 

PROCEDURE FOR EXTRACTION AND METHYLATION OF FATTY ACIDS – FOLCH 

METHOD 

Always wear eye protection, gloves and apron and work under a fume hood during LCFA 

extraction 

 

1) Place weighted or measured sample into a 40 mL screw cap vial with Teflon-lined cap and 

record sample weight or record sample volume. 

 

Approximate weight or volume of samples: 

2 mL plasma, freeze dried 

2 mL RBC’S, freeze dried  

5x10
6
 cells (WBC-minimum) 

2-3 grams of hay or grass 

0.25-0.5 grams of ration/concentrate 

0.1-0.3 grams fish oil supplement or flax 

 

2) Pipette 50 µL of C19:0 (1 µg/µL concentration) into each sample (the internal standard 

should be at room temperature before pipetting).  When running WBC’s you need to use 

less C19:0  because you do not want the C19:0 to be the largest peak in the sample. 

 

3) Run a C19:0 standard with each set of samples extracted.  For this C19:0 std, wait until 

after filtration step to add C19:0 to the individual C19:0 standard vial.  

 

4) After adding internal std to samples, add Folch 1 (2:1 chloroform: methanol). To C19:0 

standard run, add only Folch 1. 

 

20 mL Folch 1 for grasses, hay, ration, fish oil and flax  

20 mL Folch 1 for freeze dried plasma or RBC’s  

10 mL Folch 1 for WBC’s 

 

5) Vortex (2 minutes). (Do not vortex WBCs) 

 

6) Let sample stand at room temperature over night (16 hours). 

 

7) The next morning, fill both water baths, the 37°C (use deionized water here) and the 90
o
C 

and let them be preheating. 
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8) Vortex sample and filter them through #40 Whatman filter paper (use the 150mm filter 

paper) into a previously weighted 40 mL screw cap vial with teflon lined cap. 

 

9) Add another 10 to 20 mL of Folch1 to original sample vial, (use 20 mL for grasses) vortex, 

and filter into previously weighted 40 mL screw cap vial to recover any LCFA remaining 

in original sample vial. 

 

10) Pipette Folch 1 on filter paper, using pasteur pipette,  to rinse any remaining FA off of 

filter. 

 

11) Add 25-100 µL of 10% BHT to the Folch1 solution collected from the filtration.  Gently 

rotate vial to mix, and  dry sample under nitrogen gas flow in a 37 degrees centigrade water 

bath. *** BHT sometimes will overlap C14:0, so if you need to see C14:0, you may not  

want to use the BHT*** 

 

12) At this point add the C:19 std to filtered Folch 1 for the c19:0 std.  Use a 0.333 µg/ µL 

concentration of C:19 

 

13) For 37°C water bath, make sure valve is open on #1 valve of the evaporation unit before 

turning on nitrogen tank. 

 

14) While tubes are drying, label 8 mL septa vials and GC vials. 

 

15) Label GC vials: “1-P 70" (1=samples id, P=plasma, 70=day) of course, always make a 

“key” to identify the sample contained in each vial.   

 

16) The dry tube now contains fat collected from the sample.  Allow tube to cool and dry the 

outside of the vial completely with a paper towel.  When tube is cool, weigh tube 

containing fat to determine the amount of fat in the original sample. 

 

17) Wrap teflon tape around the threads of each vial to prevent evaporation of methanol (cap 

must be tight and leakproof  for methylation to take place). 

 

18) Add 2 mL of 4% H2SO4 in methanol to each 40 mL vial containing the dried fat.  Make 

sure the screw cap in tightly closed on the vial. 

 

19) Heat vials in 90 degree centigrade water bath for 15 minutes. 

 

20) Take teflon tape off of vials. 

 

21) Allow sample to cool. Make sure samples are completely cool before adding hexane.  

 

22) Get some double distilled water. Get fresh double distilled water each day that you are 

using it.   
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23) Add  hexane to sample.  

 

Use 1 or 3 mL hexane for hay or ration samples, depending on  fat content of sample.  

A sample with 1.0gm fat can use 3 mL of hexane. 

 

Use 1.0 mL hexane for 2 mL of freeze dried plasma and 0.5 mL hexane for  RBCs. 

 

24) Vortex samples and transfer sample to an 8 mL vial with a teflon septa screw cap. 

 

25) With a needle and syringe, add 2 mL of double  distilled water to the 8 mL vial. Vortex.  

Let stand, inverted, for 30 minutes at room temperature. 

 

26) Remove bottom layer (water and chemicals), the layer closest to the septa using a needle 

and syringe.  Be careful not to remove any hexane!!! Leave a little water rather than 

remove hexane!!!!!  

 

27) With a needle and syringe, add 2 mL of double distilled water to the 8 mL vial. Vortex.  

Let stand, inverted, for 30 minutes at room temperature. 

 

28) Remove bottom layer (water and chemicals), the layer closest to the septa using a needle 

and syringe.  Be careful not to remove any hexane!!! Leave a little water rather than 

remove hexane!!!!!  

 

29) With a needle and syringe, add 2 mL of double distilled water to the 8 mL vial. Vortex.  

Let stand, inverted, for 30 minutes at room temperature. 

 

30) Remove bottom layer (water and chemicals), the layer closest to the septa using a needle 

and syringe.  Be careful not to remove any hexane!!! Leave a little water rather than 

remove hexane!!!!!  

 

31) With a needle and syringe, add 2 mL of double distilled water to the 8 mL vial. Vortex.  

Let stand, upright...not inverted this time...for 30 minutes at room temperature.  If hexane 

in sample is not separating from water or is cloudy, you can leave sample in fridge 

overnight so it will separate.  You can centrifuge these vials to help separate off the hexane  

 

32) If you are having trouble getting the hexane off without getting water as well, first, transfer 

hexane to slender, 1 mL autosampler vials to help insure you do not get any water in final 

gc vial. Then transfer hexane layer to GC vial for analysis.  You need at least 0.5 mL of 

hexane in a 2 mL glass GC vial!  If you have less than 0.5 mL of hexane you will need to 

use the 200 µL polypropylene tubes. 
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33) Mark level of hexane on GC vials with a sharpie.  We do this in case the sample evaporates 

in the freezer.  If it does evaporate we can reconstitute to the previous level.   

 

34) Hexane can be filtered through #1 Whatman filter containing sodium sulfate anhydrous 

into sample vial and crimp seal vial cap, if you have enough hexane (1 or 2 mL) and 

sample is “dirty”, but we do not usually need to do this.  

 

35) Sample is ready to be run on GC. 

 

REAGENTS 

 

10% BHT (antioxidant): 20gm BHT in 200 mL total volume with methanol 

 

4% H2SO4 for methylation : 8.33 mL H2SO4 IN 200 mL  total volume w/ methanol. This causes 

a violent reaction when reagents are mixed.  Use a magnetic stirrer and mix these chemicals 

under the hood.  Wear eye protection, gloves and a lab apron! 

 

“Folch 1" solution : 1 part methanol to 2 parts chloroform 

 

Double distilled water: Get fresh daily. 

 

C19:0 internal std: 1 µg/µL non-methylated 
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APPENDIX E 

PROCEDURE FOR FATTY ACID EXTRACTION AND METHYLATION – JENKINS 

METHOD (CLEMSON 2-STEP) 

Reagents 

 

1) Internal standard : 1mg/mL  C19:0  in methanol 

 

The concentration of the internal standard (IS) should be adjusted according to the type of 

sample being run.  For example, the feed samples and pure fat samples may require 2 

mg/mL IS concentration, but samples containing less total fatty acids (such as feces or 

blood) required lower IS concentration such as 1 or 0.5 mg/mL.  

 

2) 0.5M Sodium Methoxide Solution in Methanol 

 

Sodium Methoxide Solution CH3ONa  (F.W.=54.02)    

Sigma cat. # 403607 - 800 mL   

ACS reagent, 0.5 M in methanol 

 

3) 5% Methanolic HCL 

 

Acetyl chloride CH3COCL   F.W.=78.50 (Fisher cat. #A27-250) 

Reagent grade 98% 

 

10 mL acetyl chloride (Fisher cat. #A27-250) added to100 mL cold methanol. 

 

Caution!!!!  This is an explosive reaction!!!!  The acetyl chloride must be added to the 

methanol very slowly while stirring.  It is helpful to do this reaction with the methanol on 

ice. 

 

NOTE: The shelf life of this mixture is one week 

 

4) 6% Potassium Carbonate 

 

5) Potassium Carbonate, anhydrous : Fisher cat. #P208-500  

 

Dissolve 60 grams of Potassium Carbonate (K2CO3) in 1 liter distilled water.   

 

6) 0.5 mL - 1.0 mL  Hexane 
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Procedure 

 

1) Weigh the sample into a screw top capped (Teflon lined caps) culture tube.  Weigh to 4 

decimal places.   

 

2) Sample weight depends on the type of sample being analyzed.  For example, most pure 

fats require a sample weight of 20-25 mg, while feed samples without added fat and feces 

samples require 500 mg.  Feed samples with added fat require about 250 mg. 

 

3) NOTE: The lip of the tube must NOT have any chips so that the tube can be completely 

sealed.  If a tube is chipped, throw it away. 

 

4) Add 50 µL of prepared internal standard.   

 

5) Add 2 mL of Sodium Methoxide, 0.5 M Solution in Methanol.  Cap tightly and vortex 

lightly to mix. 

 

6) Incubate in 50
0 

C water bath for 10 minutes. 

 

7) Remove from water bath and allow to cool for 5 minutes. 

 

8) Uncap and add 3 mL of 5% Methanolic HCL.  Recap and vortex. 

 

9) Incubate in an 80
0 

C water bath for 10 minutes. 

 

10) Remove from water bath and allow to cool for 10 minutes. 

 

11) Add 1 mL of Hexane and 7.5 mL 6% K2CO3.  Recap and vortex. 

 

12) Centrifuge at 1200 rpm for 5 minutes to separate layers. 

 

13) Decant off Hexane and samples are ready for GC analysis. 
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APPENDIX F 

PROCEDURE FOR LYMPHOCYTE PROLIFERATION 

Cell culture media 

 DMEM 

 100 U/mL Pen/Strep 

 1 mL/100 mL l-glutamine 

 1 mL/100 mL HEPES 

 10% Fetal Bovine Serum 

 

To make 1 L (1000 mL) of media: 

 Pen/Strep = 10 mL 

 l-glutamine = 10 mL 

 HEPES = 10 mL 

 10% FBS = 100 mL FBS 

 DMEM = 1000 - (10+10+10+100) = 870 mL 

 

All components should be passed through a sterile filter into a sterilized bottle. 

 

 add L-glutamine to media weekly 

 fresh media should be made up every 3 weeks 

 

1) Thaw frozen cell suspension using the following method: 

 

a) Remove from liquid nitrogen and quick thaw in 37°C water bath for 90 sec (swirl as 

thawing) 

b) Place in 15 mL conical 

c) Add 3 drops of warm media; swirl 

d) Repeat until at an approximate volume of 2 mL 

e) Add 6 drops; swirl; until an approximate volume of 5 mL 

f) Add 1 mL at a time; swirl; until a volume of 10 mL is reached 

g) Centrifuge at 22°C 1000 x g for 10 min 

h) Decant supernatant 

i) Re-suspend in 1 mL media 

 

Alternate Method: 

 

a) Slightly thaw sample in hand until pellet loosens 

b) Place pellet in 10 mL warm culture media 

c) Slowly invert until pellet dissolves 

d) Leave overnight in 37°C incubator 
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2) Count cells using hemacytometer 

 

3) Spin cell suspension to create pellet 

 

4) Re-suspend cells in culture media to concentration of 1 x 10
6
 cells/mL 

 

5) Prepare mitogen suspensions: 

ConA at 2 µg/mL 

PHA at 25 µg/mL 

 

6) Add 100µl of cell suspension (1x10
6
 cells/mL) to each well in triplicate for blank, ConA, 

and PHA for each sample 

 

7) Add 100µl of media to blank wells 

 

8) Add 100µl of ConA suspension to ConA wells 

 

9) Add 100µl of PHA to PHA wells 

 

10) Incubate at 37°C with 6% CO2 for 72 hours 

 

11) At 54 hours (18 h prior to endpoint), add 20 µl of alamar blue to each well and incubate for 

another 18 hours. 

 

12) At 72 hours, read on fluorometer at excitation 530 nm and emission 590 nm 

 

Samples are averaged. The blank is subtracted from each control and unknown average and the 

sample is reported as change in fluorescence. 
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APPENDIX G 

PROCEDURE FOR PGE2 ANALYSIS 

Separate PBMC (Chapter 3 PGE2 samples):  

1)  Separate PBMC as per the Accuspin procedure provided with the kit upon purchase 

2) Wash collected PBMC’s twice with PBS (250 x g, 10 min) 

3) Resuspend pellet in 1 mL of RPMI with 10% FBS, 1% antibiotic/antimycotic 

4) Count cells (via hemacytometer) 

 

Separate PBMC (Chapter 6 PGE2 samples): 

See Appendix C 

 

Challenge with LPS (Can be modified to your experimental design): 

 Use PGE2 kit – Correlate-EIA, Assay Designs, Ann Arbor, MI 

  Challenge 1x10
6
 cells/mL with 10 ng/mL of LPS 

  Use 24 well plates and prepare cells suspension so that there are 2x10
6
 cells/mL. Add 

0.5 mL of the cell suspension to the appropriate wells, followed by 0.5 mL of 20ng/mL 

of LPS or 0.5 mL of culture media for control wells.  This leads to a final concentration 

of 1x10
6
 cells/well with 10 ng of LPS per well (final volume is 1 mL/well).  

 

1)  Resuspend cells to achieve desired cell concentration 

 

2)  Prepare control wells = cells cultured with RPMI culture media only 

 

3) Prepare LPS wells = cells cultured with 10 ng/mL LPS. 

 

4) Incubate 37°C, 5% CO2 for 24 hours.   

 

5) Collect supernatant from each well 

 

6) Store at -20 to -70°C until performing an ELISA (PGE2 evaluation – Assay Designs kit) 
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APPENDIX H 

PROCEDURE FOR PREPARATION OF BACTERIAL TARGETS 

1) Obtain a preparation of Staphylococcus aureus bacteria grown in tryptic soy broth at final 

volume of 10 mL and final concentration of 5x10
9
 cells/mL. 

 

2) Kill the bacteria by heating the broth culture at 56°C for 30-60 min. Harvest the heat-

killed bacteria by centrifugation at 2000 rpm for 15 minutes. 

 

3) Decant supernatant and re-suspend the bacterial pellet in 10 mL sterile PBS. Vortex. 

Centrifuge at 2000 rpm for 15 min. 

 

4) Decant the supernatant and re-suspend the bacterial pellet in 10 mL of 300 µg/mL 

propidium iodide (PI) solution (7 mL PBS + 3 mL of PI stock solution (1 mg/mL)).   

 

5) Cover tube in aluminum foil to protect against light and mix by continuous rotation at 

22°C overnight. 

 

6) Harvest the PI-labelled bacteria by centrifugation at 2000 rpm for 15 min. Decant the 

supernatant and re-suspend the bacteria in 10 mL sterile PBS. 

 

Good for up to one year 
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APPENDIX I 

PROCEDURE, OPTIMIZATION, AND VALIDATION DATA FOR NEUTROPHIL 

FUNCTION ASSAY  

NOTE: Prior to analysis, perform WBC differential analysis to determine neutrophil 

concentration in whole blood sample. 

 

Procedure 

 

1) Label 3 tubes for each horse: neg control (DHR only), pos control (DHR + PMA), and 

SA (DHR + Staph aureus)  

 

2) Prepare 50 μM working solution of DHR from 500 uM stock solution: 

 

100 µL DHR stock  + 900 µL PBS = 1000 µL of 50 uM DHR 

 

3) Add 100 µL of heparinized whole blood to each tube. 

 

4) Add 10 µL of 50 µM DHR into the tubes (final DHR concentration/tube = 4µM). 

 

5) Incubate tubes at 37
o
C for 10 minutes with constant rotation to load the DHR into the 

neutrophils. 

 

6) Prepare 5 µg/mL working solution of PMA from 1 mg/mL stock solution: 

 

5 µL PMA stock + 995 µL PBS = 1000 µL of 5 µg/mL PMA solution 

 

Store working solution on ice pending use. 

 

7) Add 10 µL of the PMA working solution to the pos control. The final concentration of 

PMA per tube = 50 ng 

 

8) Add the appropriate amount of bacterial suspension (10
6
 cells/ µL) to the tubes for a 

bacterial:neutrophil ratio of 30:1 

 

9) Incubate all tubes at 37
o
C for 30 minutes with constant rotation.  

 

10)  Immediately place tubes on ice to stop phagocytosis and oxidative burst activity. 

 

11) Process the tubes for flow cytometry using the automated Q-Prep Epics immunology 

workstation set on the 35-second cycle.  

 

12) Add 500 µL of cold distilled water to each tube for completion of hemolysis. 

 

13) Add 10 µL of 0.4% trypan blue to each tube to quench extracellular fluorescence. 
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Optimization and Validation 

 

Staphylococcus aureus bacteria was grown in tryptic soy broth for 18h at 37°C and heat 

killed, labeled with propidium iodide (PI), and resuspended in PBS to a concentration of 1x109 

cells/mL. Dihydrorhodamine (DHR), a non-fluorescent substrate which is converted to 

fluorescent rhodamine during OB, was dissolved in dimethyl sulfoxide to a stock concentration 

of 500μM. Phorbol miristate acetate (PMA), which artificially induces OB in the absence of 

bacteria, was dissolved in ethanol to a stock concentration of 1 mg/mL. Samples were processed 

for flow cytometry utilizing a Q-prep automated lysing system (Coulter Corp., Miami, FL). A 

FACSort flow cytometer (Becton Dickinson, San Jose, CA) was utilized to measure fluorescent 

intensity. Data were collected from 10,000 cells/sample and analyzed using CellQuest software 

(Becton Dickinson). 

To determine optimal assay conditions, whole blood was obtained via jugular venipuncture 

into heparinized tubes from four mature Thoroughbred geldings. DHR loading dose in 100 μl 

aliquots of whole blood was evaluated at 1, 1.25, 2, 2.5, 4, 5, 8, and 10 μM concentrations for 

optimization of maximal OB upon PMA (10 μg/mL) stimulation. Percentage of PMN that 

underwent OB plateaued at 4 μM. Optimal PMA concentration for maximal OB was evaluated at 

0, 2.5, 5, and 10 μg/mL. Percentage of PMN that underwent OB plateaued at 5 μg/mL of PMA. 

Bacteria:PMN ratios were evaluated at 10, 20, 30, 40, 50, and 60:1. Maximum phagocytosis and 

OB reached a plateau at 30:1. Incubation time of whole blood with bacteria was evaluated for 10, 

20, 30, 40, and 50 min. Maximum phagocytosis and OB achieved a plateau at 30 min. 

To determine day-to-day variability of PMN function measurement with the optimized 

settings, blood samples from five mature Quarter Horse mares were obtained and analyzed for 

simultaneous phagocytosis and OB activity. The inter-assay coefficient of variation (CV) was 
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assessed by testing 3 samples obtained on 3 consecutive days for each of the five mares. PMN in 

100μl aliquots were loaded for 10min with 4 μM DHR and incubated for 30min at 37°C with PI-

labeled S. aureus at a 30:1 bacteria:PMN ratio. DHR-loaded PMN served as the negative control 

and DHR-loaded PMN stimulated with PMA served as the positive control. 
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Figure I-1.  DHR optimization 
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Figure I-2.  PMA concentration optimization 
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Figure I-3.  Bacteria:neutrophil ratio optimization 
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Figure I-4.  Incubation time optimization 
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Figure I-5.  Validation of assay settings in 5 horses over 3 consecutive days for percent of 

neutrophils undergoing phagocytosis 
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Figure I-6.  Validation of assay settings in 5 horses over 3 consecutive days for percent of 

neutrophils undergoing phagocytosis-induced oxidative burst 

 

 

Using the optimized assay, the mean percentage of PMN that underwent phagocytosis and 

phagocytosis-induced OB over the 3-day period was 87±6.3% and 53.8±5.8%, respectively. The 

mean CV was 6% for phagocytosis and 21% for phagocytosis-induced OB.  
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APPENDIX J 

PROCEDURE FOR SERUM IGG SUBCLASS TITER DETERMINATION BY ELISA 

A. Plate Coating 

 

1. Dilute whole vaccine 1:500 in 0.05 M carbonate/bicarbonate buffer (pH 9.4) by adding 

20 μL vaccine to 9.980 mL carbonate/bicarbonate buffer. 

 

2. Add 100 μL diluted vaccine to each well. Cover plate with plate sealer and incubate 

overnight at 4°C. 

 

3. Aspirate dilute vaccine and wash 3x with 300 μL PBS solution containing 0.05% Tween-

20. Aspirate wash solution. 

 

4. Block wells with 1% teleostean gelatin in PBS (100 μL) for 1 h at 37°C. 

 

5. Aspirate blocking buffer and proceed to assay as described below: 

 

B. ELISA 

 

1. Dilute serum samples 1:100 in 1% teleostean gelatin in PBS, and add 100 μL of dilute 

serum to triplicate wells of the plate 

 

On each plate, include all serum samples (pre-vaccine, d14, d35) from one animal, a 

positive control (serum obtained from a vaccinated animal), and a negative control 

(serum obtained from a non-vaccinated animal). 

 

2. Incubate plate at 37°C for 90 min 

 

3. Aspirate sample and wash 3x with 300 μL PBS solution containing 0.05% Tween-20. 

Aspirate wash solution. 

 

4. Dilute detection antibody 1:10,000 in buffer by adding 1.2 μL IgG subclass antibody to 

11.99988 mL buffer. 

 

5. Add 100 μL dilute detection antibody to each well. Cover plate and Incubate at 37°C for 

90 min 

 

6. Aspirate sample and wash 3x with 300 μL PBS solution containing 0.05% Tween-20. 

Aspirate wash solution. 

 

7. Add 100 μL TMB substrate to develop color. Cover and incubate in the dark for 20 min 

at room temperature. 

 

8. Stop the reaction by adding 100 μL Stop Solution to each well. Allow to equilibrate for 5 

min. 

 

9. Read absorbance (OD) of each well at wavelength 450 nm 
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