
ABSTRACT 

WALTER, KATHLEEN ROSE. Enhancement of Porcine Alveolar Macrophage Response to 

Respiratory Pathogens by Dietary Supplementation of Long-chain PUFA. (Under the direction of 

Dr. Jack Odle and Dr. Debora Esposito). 

 

Despite common medicinal treatments, respiratory infections are one of the most reported 

health problems afflicting the swine industry. Leading causes of respiratory-related diseases and 

deaths in the swine industry are attributed to gram-negative bacteria and Porcine Reproductive 

and Respiratory Syndrome Virus (PRRSV).  Novel approaches involving the use of dietary 

nutrients as alternative methods or used in conjunction with vaccines to alleviate the severity of 

respiratory infections in swine are sparse. Dietary long-chain polyunsaturated fatty acids (LC 

PUFA), such as arachidonic acid (ARA; n-6) and eicosapentaenoic acid (EPA; n-3), demonstrate 

immunomodulatory effects on host immune response to infection. A key link between immune 

cell function and long-chain PUFA is the production of lipid mediators, specifically eicosanoids.  

Arachidonic acid synthesizes potent eicosanoids, such as prostaglandin E2 (PGE2), which 

promotes pro-inflammatory and antiviral signaling at the onset of an acute challenge, and 

subsequently hinders its initial response to promote anti-inflammatory and pro-resolving 

cascades (termed lipid-mediator class switching). Previous studies geared toward assessing 

benefits and potential negative impacts of long-chain PUFA supplementation during infection 

are reviewed in Chapter I. This research assessed the utilization of dietary pre-formed ARA or 

EPA to enrich the long-chain PUFA content of piglet alveolar macrophages (PAM), and their 

ability to modify eicosanoid and cytokine production following LPS or PRRSV challenge. 

In Chapter II, we evaluated if feeding milk-replacer supplemented with LC n-6 PUFA to 

neonatal pigs could provide a heighted but balanced innate immune response following in situ 

LPS stimulation. Day-old pigs were allotted to one of three dietary groups for 21 days (n = 



20/diet), and received either a control diet (CON, arachidonate = 0.5% of total fatty acids), an 

arachidonate (ARA)-enriched diet (LC n-6, ARA = 2.2%), or an eicosapentaenoic (EPA)-

enriched diet (LC n-3, EPA = 3.0%). Results demonstrated a 2-fold increase of ARA enrichment 

in PAM from LC n-6 fed pigs compared to CON and LC n-3. A similar enrichment was observed 

in EPA enrichment from LC n-3 fed pigs, while the concentration of ARA decreased 2-fold. 

Abundance of COX-2 and TNF-α mRNA (P < 0.0001), and PGE2 secretion (P <0. 01) were 

higher in LC n-6 PAM vs CON after 24 hours of LPS stimulation, although abundance of 

ALOX5 was 1.6-fold lower than CON. Abundance of ALOX12/15 was 4-fold higher in 

abundance (P < 0.0001) in CON and LC n-6 PAM compared to LC n-3. A dietary interaction for 

oxidative burst was not observed. These findings suggest LC n-6 supplementation in neonatal pig 

diets can enrich the ARA content in PAM, which results in increased mRNA abundance of pro-

inflammatory cytokines and eicosanoid production, while initiating early signaling for lipid-

mediator class switching within a 24-hour period. 

In Chapter III, PUFA-enriched PAM were utilized to determine if ARA-enrichment could 

improve the innate immune response of PAM and dampen some of the immunosuppressive 

effects elicited when challenged with PRRSV in situ. By 12 hours post infection (hpi), LC n-6 

PAM displayed a 73% increase in mRNA abundance of antiviral cytokines, while having 67% 

less transcription of viral nucleocapsid compared to LC n-3. Additionally, by 12hpi pro-

inflammatory cytokine mRNA abundance was upregulated while anti-inflammatory (IL-10) 

mRNA was downregulated. These results suggest ARA-enriched PAM can dampen 

immunosuppressive effects of PRRSV by upregulating antiviral and pro-inflammatory cytokine 

mRNA abundance and downregulating viral replication. 



In conclusion, dietary LC n-6 PUFA demonstrates an effective means to enhance a 

stronger, well-balanced innate immune response to respiratory challenges in neonatal pigs, and 

could provide an alternative therapeutic agent to promote a quicker return to a stable herd-health 

status, and lessen the overall economic impact of respiratory diseases in the swine industry. 
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Introduction 

 

Polyunsaturated Fatty Acids 

 

Essential fatty acids are required for normal mammalian growth, development and 

cellular function. However, animals lack the necessary enzymes for synthesis and they must be 

provided in the diet. Essential fatty acids α-linolenic acid (18:3, n-3) and linoleic acid (18:2, n-6) 

are precursors to other long-chain omega-3 (n-3) and omega-6 (n-6) polyunsaturated fatty acids 

(PUFA) that are required for cell membrane structure, cellular function, eicosanoid and 

docosanoid production, as well as general growth and development (Murphy, 1990; Gropper et 

al., 2005; Pond et al., 2005; Abedi and Sahari, 2014; Hadley et al., 2016). Arachidonic acid 

(ARA; 20:4n-6), eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-

3) are generated from the same series of tightly regulated desaturation and elongation steps 

(McAlexander et al., 2004; Guillou et al., 2010). Utilization of the same enzymatic pathway 

results in competition for biosynthesis between n-3 and n-6 PUFA, which can be manipulated by 

the diet (Figure 1).  

Excess supplementation of one essential fatty acid can lead to decreased conversion of 

the opposing fatty acid (Schmitz and Ecker, 2008). The conversion rate of α-linolenic acid and 

linoleic acid to long-chain PUFA is inefficient. In humans, conversion rates from α-linolenic acid 

to EPA and DHA are estimated at 8% and < 0.05% respectively (Burdge, 2004; Burdge and 

Calder, 2005). Conversion rates of linoleic acid to ARA in human and rodent peripheral blood 

leucocytes have been reported to be as low as 2% (Cunnane et al., 1984). The known importance 

and low conversion rates of long-chain PUFA has driven the increasing interest in supplementing 

diets with preformed long-chain PUFA (Huang and Craig-Schmidt, 1996; Hussein et al., 2005; 

Brenna et al., 2009; Huang et al., 2016; Hadley et al., 2016).  
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Current Intake Trends and Growing Health Concerns 

 

The changes in n-3 and n-6 PUFA consumption in Western diets has been a topic of 

discussion for quite some time, where the ratio of n-6 to n-3 PUFA have been reported to be as 

high as 30:1 (Blasbalg et al., 2011). The drastic imbalance is thought to be a result of agricultural 

and industrial development, particularly from increased consumption of vegetable oils rich in n-6 

PUFA, animal products raised on concentrated feed versus pasture (Cordain et al., 2005) and 

decreased oil-rich fish consumption (n-3 PUFA) (Simopoulos, 2002).  Currently, the United 

States Department of Agriculture (USDA) and Department of Health and Human Services 

(DHHS), recommend 27g/day (DHHS and USDA, 2015) or ~7% of total energy intake (Kris-

Etherton et al., 2000) for a 2,000-calorie diet should be from PUFA-containing oils. There is not 

a recommended healthy n-6:n-3 ratio. Although the American Heart Association recommends 

consuming oil-rich fish twice per week to provide roughly 1g/day of EPA and DHA to reduce 

heart disease risk (American Heart Association, 2014). 

Health problems and chronic diseases are at a record high, and dietary PUFA intake is 

thought to be a major contributor. Previous work has demonstrated the pro-inflammatory 

properties of n-6 long-chain PUFA and anti-inflammatory effects of n-3 long-chain PUFA 

(Calder, 2011; Raphael and Sordillo, 2013).The high imbalance of n-6:n-3 ratio in the diet is 

thought to be a contributor to obesity (Naughton et al., 2016), cardiovascular disease, chronic 

inflammatory diseases (Saini and Keum, 2018), and cancer (Whelan, 2008). This has led to 

further studies regarding the impact of long-chain PUFA nutrition on chronic inflammatory 

diseases and infections, with emphasis on chronic human health diseases including but not 

limited to rheumatoid arthritis, asthma, chronic obstructive pulmonary disease, Crohn’s disease, 

and ulcerative colitis (Calder, 2006b). For instance, the use of oils in diets, such as fish oil 
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supplements as a source of long-chain n-3 PUFA, has been reported to improve rheumatoid 

arthritis (RA) symptoms. In clinical trials, some RA patients receiving fish oil reported a 

decrease in clinical symptoms (e.g. joint tenderness, morning stiffness) and nonsteroidal anti-

inflammatory drug (NSAID) use (Kremer et al., 1995; Galarraga et al., 2008). Additional studies 

extensively reviewed by Calder support the beneficial claims of n-3 long-chain PUFA 

supplementation in RA patients (Calder, 2006a). In rats, the use of dietary n-3 long-chain PUFA 

improved intestinal damage from induced ulcerative colitis (Nieto et al., 2002). However, in 

ulcerative colitis and Crohn’s disease patients, there are conflicting and inconsistent findings for 

the proposed beneficial effects of fish oil supplementation (Calder, 2006a; Sijben and Calder, 

2007).  

Although the evidence for improved chronic inflammatory conditions are conflicting, 

there still seems to be a general consensus (taking into account other reported health benefits), 

that it is beneficial to increase n-3 long-chain PUFA intake. This has led to an increased demand 

for n-3 PUFA consumer products. Sources of n-3 long-chain PUFA for humans comes from fish 

and fish oil supplements. With the growing concern of unsustainable fishery, we have turned to 

alternative sources and a growing trend in n-3 enriched animal products, i.e. meat, milk and eggs 

(Ian Givens and Gibbs, 2008; Butler, 2014a; Ma et al., 2016).  

Today the majority of n-3 and n-6 long-chain PUFA research focuses on the benefits of 

their dietary supplementation and subsequent effects on chronic inflammatory diseases. The 

beneficial role of n-6 in diets with acute inflammation and infection are rarely a point of focus in 

human research. There are even fewer studies on the effects in livestock. The first portion of this 

review examines the mechanisms by which long-chain PUFA modulate inflammatory responses 

with emphasis on ARA and EPA; as well as clinical applications stemming from PUFA 
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supplementation, particularly in swine as pork is one of the most highly consumed meat products 

in the world (National Pork Board, 2018).  

Dietary PUFA impact on immunity and infectious disease  

 

Incorporation of PUFA into immune cells 

 

The relationship between dietary PUFA and its effects on immunity to infectious disease 

is in large part due to the incorporation of PUFA into the phospholipid membrane of immune 

cells. The proportion of long-chain PUFA is contingent on the cell type, and can be manipulated 

by the diet (Yaqoob and Calder, 1995; Fritsche, 2007). Human monocytes and lymphocytes 

contain 15-25% ARA (Calder and Grimble, 2002), ~1% EPA, and 2.5% DHA (Calder, 2008b). 

Treatment of Jurkat T cells with 50µM of EPA (20:5n-3) for 48 hours significantly altered the 

lipid content of both leaflets in lipid rafts (subdomains of plasma membranes).  Average EPA 

(13.45 ± 4.79 mol %) and DHA (0.87 ± 0.39) concentrations were increased in rafts compared to 

control cells (0.58 ±0.19 and 0.31 ± 0.14; P < 0.001 respectively), while the concentration of 

ARA (20:4n-6) decreased (6.25 ± 0.61 mol% to 2.50 ± 0.17) (Li et al., 2006). Similar findings 

were found when Jurkat cells were treated with half the amount of ARA, EPA and DHA over the 

same time course (Stulnig et al., 1998).  

In murine macrophages supplementation with long-chain PUFA has led to higher 

incorporation in the phospholipid membrane than the neutral lipid fractions. In culture, the 

concentration of ARA in phospholipids increased from 15% to 28% after 48 hours when cells 

were treated with 33µM of 20:4n-6. When the same concentration of 20:5n-3 or 22:6n-3 were 

added, the concentration of EPA increased from 2% to 31%, or 22% DHA. In n-3 treated cells, 

the concentration of ARA was lowered to less than 10%. In the neutral lipid pool, concentrations 

of ARA and EPA increased 10% and 5% of total fatty acids following corresponding PUFA 
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treatment while the remaining were saturated and unsaturated fatty acids (Calder et al., 1990; 

Chapkin et al., 1991). Huang and Craig-Schmidt observed similar effects in phospholipid pools 

of lung tissue. Phosphatidylethanolamine (PE) and phosphatidylcholine (PC) are major 

reservoirs for dietary long-chain PUFA in tissue and immune cells involved in inflammatory 

processes (Triggiani et al., 2004; Raphael and Sordillo, 2013). Day-old piglets fed milk-replacer 

containing 0.9g/100g ARA of total fatty acids for 25 days, resulted in a 30-60% increase in 

20:4n-6 in PE and PC lipid pools of lung tissue. Piglets receiving 0.7g/100g DHA of total fatty 

acids exhibited a 3.5-fold increase in PE-DHA and a 4.7-fold increase in PC-DHA 

concentrations.  Interestingly, pigs receiving milk-replacer containing both 1.0g ARA and 0.8g 

DHA resulted in lower PC and PE-ARA pools, further demonstrating the antagonistic nature of 

n-6 and n-3 long-chain PUFA (Huang and Craig-Schmidt, 1996).  

Effect on immune cell function by eicosanoid production 

 

Altering the long-chain PUFA composition of immune cells can lead to changes in 

fluidity, protein structure, second messengers, lipid mediator and cell signaling pathways leading 

to altered gene expression, which in turn effects the cell’s metabolic function and general 

physiological response (Stulnig, 2003). A key link between immune cell function and long-chain 

PUFA is the production of lipid mediators, specifically eicosanoids, which will be the focus of 

this section. Particularly those eicosanoids derived from the metabolism of ARA and EPA.  

Eicosanoids are predominantly synthesized from the mobilization and oxidation of 20 carbon 

PUFA from the phospholipid membrane, and can elicit a downstream effect on intracellular 

signaling and gene expression by controlling the intensity and duration of immune responses, 

chiefly inflammation (Calder and Grimble, 2002).  
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Immune cells contain high levels of ARA in their cell membrane compared to EPA and 

DHA (Innes and Calder, 2018). Release of ARA and other PUFA is catalyzed by phospholipase 

A2 (PLA2), which mobilizes it from the sn-2 position of the phospholipid (Leslie, 2004). The 

released PUFA is metabolized by cyclooxygenase (COX), lipoxygenase (LOX) and/or 

epoxygenase (EOX) enzymes to generate eicosanoids. Arachidonate is the most abundant PUFA 

and is the dominant substrate for eicosanoid synthesis generating 2-series prostaglandins (PG), 

thromboxanes (TX), and 4-series leukotrienes (LT) to act as mediators and regulators of 

inflammation (Figure 2). In a Ca2+-dependent manner, ARA is metabolized by 5-LOX to 

synthesize 4-series leukotrienes (LT), leading to a pro-inflammatory response (Luo et al., 2003; 

Gijon et al., 2007). For example, leukotrienes such as LTB4 found in macrophages and neutrophils, 

generate pro-inflammatory effects. Leukotriene B4 increases vascular permeability, produces pro-

inflammatory cytokines, as well as enhances natural killer cell activity, lymphoid cell proliferation, 

and leukocyte chemotaxis (Calder, 2006b; Botham and Mayes, 2009). Leukotriene C4 (LTC4), 

LTD4 and LTE4 are produced by eosinophils, basophils, and mast cells. They enhance mucus 

secretion, vascular permeability, hypersensitivity (Innes and Calder, 2018) and are involved in 

causing anaphylaxis (Gropper et al., 2005).   

Dual nature of prostaglandin E2 

Prostaglandin E2, is a potent regulator of immune cell function produced by monocytes, 

macrophages and neutrophils, with monocytes and macrophages having the highest production 

(Calder, 2006b). Early stages of immune cell stimulation promote increased COX-2 for the 

synthesis of PGE2.  In early stages of infection, PGE2 increases vascular permeability, induces 

fever and promotes the production of pro-inflammatory cytokines. Murine macrophages treated 

with arachidonic acid exhibited a 3-fold increase in PGE2 synthesis and interleukin (IL)-6 
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secretion compared to EPA-treated cells (Bagga et al., 2003a). However, dietary intake of EPA 

becomes incorporated in the cell membrane at the expense of ARA, which decreases the 

substrate availability for ARA derived eicosanoids, and the generation of less potent 3-series PG, 

TX, 5-series LT, and E-series resolvins (Calder, 2006b) (Figure 3). In neutrophils and 

monocytes, supplementation with n-3 PUFA enriched the phospholipid membrane while 

decreasing the amount of ARA present. The change in membrane composition resulted in a 

change in eicosanoid production and inhibition of LTB4 (Lee et al., 1985). Macrophages treated 

with EPA and stimulated with lipopolysaccharide (LPS) displayed a 97% decrease in PGE2 

production (Babcock et al., 2002). Furthermore, Fritsche and colleagues demonstrated that 

feeding gestating sow diets supplemented with fish oil decreased ARA-derived eicosanoids in 

suckling pigs. Sows were fed 7% fish oil or lard starting at day 107 until farrowing. After 28 

days, alveolar macrophages were isolated from piglets to evaluate production of ARA-derived 

eicosanoids. The basal release of PGE2, TXB2, and LTB4 were 63%, 83%, and 75% lower 

respectively, in the fish oil fed group compared to the control group (Fritsche and Cassity, 1996). 

Upon stimulation with endotoxin, there was a 70% decrease in PGE2 in the fish oil fed group 

compared to control (Fritsche et al., 1993).  

A balanced immune response is partially linked to the dual nature of PGE2. Prostaglandin 

E2 can stimulate both pro- and anti-inflammatory signaling cascades, which are ushered by the 

ability of PGE2 to regulate lipoxygenase (LOX) enzymes (Serhan et al., 2008). This dual nature is 

regulated by timing and concentration of lipid mediators, and target sensitivity. During acute 

inflammation, PGE2 is able to switch roles by inhibiting the activity of 5-LOX and enhancing the 

activity of 12/15-LOX thus decreasing the production of 4-series LT and enhancing the production 

of lipoxins (LX), which have anti-inflammatory and pro-resolving capabilities (Calder, 2006b; 
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Serhan, 2014; Levy and Serhan, 2014). This in part is mediated through the G-protein coupled 

receptor EP4, and regulation of COX-2 expression (Kawahara et al., 2015; Tang et al., 2017). In 

an autocrine or paracrine manner, PGE2 binds to EP4 (a Gαs-linked protein coupled receptor) which 

increases intracellular cAMP.  Elevated cAMP increases expression of dual specificity 

phosphatase 1, which dephosphorylates MAPK p38 and activates the binding of tristetraprolin and 

deadenylase enzymes to the 3’ untranslated region (UTR) of COX-2 (Tang et al., 2017). Binding 

on the 3’ UTR results in degradation of COX-2 mRNA and dissolution of a pro-inflammatory 

response (Tang et al., 2017). Concurrently, activation of LOX and resolvins, are initiated leading 

to lipid-mediator class switching from the predominant enzymatic activity of 5-LOX to 12/15-

LOX (Serhan, 2007; Buckley et al., 2014; Levy and Serhan, 2014) and subsequent conversion of 

LTA4 (a LTB4 precursor) to LX (Serhan and Sheppard, 1990; Norris et al., 2014) (Figure 4). 

Inflammation is ceased and resolution allows the challenged tissue to return back to a state of 

homeostasis.  

Lipid-mediator class switching yields lipoxins, resolvins, protectins, and maresins (Serhan 

et al., 2014). Lipoxins are derived from the metabolism of ARA via the 12/15-LOX enzyme and 

serve anti-inflammatory and pro-resolving roles (Freire and Van Dyke, 2013). Lipoxin A4 inhibits 

further recruitment and activation of granulocytes to the site of infection, decreases vascular 

permeability, and inhibits pro-inflammatory cytokine release. In a pro-resolving response, LXA4 

stimulates monocyte chemotaxis to promote phagocytosis of cellular debris and efferocytosis. 

Additionally, LXA4 aids in the reconstruction of damaged epithelia (Serhan and Chiang, 2004; 

Serhan et al., 2008; Levy and Serhan, 2014). Resolvins, protectins, and maresins are metabolized 

from DHA (Figure 5) to inhibit neutrophil recruitment and infiltration to the site of infection, 

decrease pro-inflammatory cytokine production, inhibits pain signals, and further decrease PG and 
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LT levels, which aid in the return of homeostasis to the afflicted tissue (Serhan et al., 2008; Freire 

and Van Dyke, 2013). 

Numerous studies demonstrate the immunosuppressive capabilities of PGE2 in innate and 

adaptive immune cells. PGE2 can alter the activation and function of natural kill cells, 

granulocytes, macrophages, mast cells (Kalinski, 2012), dendritic cells, B-cells, T-cells as well as 

T-cell differentiation (Sreeramkumar et al., 2012).  It has the ability to suppress acute inflammatory 

mediators, lymphoid cell proliferation, and specific cytokine production (Gropper et al., 2005; 

Calder, 2006b; Nagamachi et al., 2007; Kalinski, 2012; Harizi, 2013).  In alveolar macrophages, 

increased production of PGE2 lead to an increase in IL-1R-associated kinase-M (IRAK-M), an 

inhibitor of toll-like receptor (TLR) and interleukin receptor (IL-1R) signaling, which ultimately 

resulted in decreased phagocytosis, bacterial killing, and TNF-α production (Hubbard et al., 2010). 

Studies focused on the dual nature of PGE2 and lipid-mediator class switching have been 

thoroughly reviewed by Serhan and colleagues (Levy et al., 2001; Serhan, 2007). 

Infectious disease and the role PUFA plays 

 

Infectious diseases are a result of opportunistic pathogens stimulating the host’s immune 

system and disturbing its homeostatic process. The immune system consists of innate and 

adaptive immunity that are distinct and separate responses however, both interact with each other 

to generate an efficient defense against invading pathogens. The innate immune response is the 

host’s first line of defense against pathogens consisting of a series of anatomical barriers, 

humoral and cellular components to destroy the infectious agent.  In the event the innate immune 

response is not sufficient, an adaptive immune response will be stimulated for pathogen 

clearance and immunological memory (Murphy, 2012). 
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Fatty acids, particularly long-chain PUFA, exert immunomodulatory effects which has 

led to the increasing trend of using feed components, with these known properties, to manipulate 

the immune response, cleverly termed nutritional immunomodulation (Korver, 2012; 

Swiatkiewicz et al., 2015). With increases in chronic inflammatory disease and imbalanced n-

6:n-3 ratio in western diets (Simopoulos, 2002; Mills et al., 2005; Calder, 2008a), higher n-3 

long-chain PUFA intake in humans and animals for improved overall health has increased 

(Givens, 2009). While the multiple health benefits of n-3 PUFA supplementation are well 

accepted, EPA and DHA are known for their immunosuppressive properties (Shaikh and Edidin, 

2008). There have been several studies suggesting the negative impact that long-chain n-3 PUFA 

can have on the production of pro-inflammatory cytokines. In vitro studies with EPA treated 

macrophages reported significant decreases in the production of IL-1β, TNF-α, and IL-6 after 

LPS stimulation (Weldon et al., 2007; Skuladottir et al., 2007). Fish oil supplementation in 

rodents decreased the production of IL-1β, TNF-α and IL-6 after LPS stimulation (Billar et al., 

1988; Renier et al., 1993; Yaqoob and Calder, 1995; Calder, 2010).  In human studies, patients 

receiving fish oil supplements demonstrated decreased secretion of IL-1, TNF- α and IL-6 

(Endres et al., 1989; Trebble et al., 2003). While regulation of inflammation is imperative for 

overall health, it is necessary for the control and elimination of opportunistic pathogens. This 

continues to beg the question of the impact dietary long-chain n-3 PUFA has on infectious 

disease resistance.   

In guinea pigs, diets supplemented with fish oil had deleterious effects on immune 

control and clearance of Mycobacterium tuberculosis (TB). Guinea pigs were fed diets 

supplemented with 4% (by weight) corn oil (n-6) or fish oil (n-3) for three weeks then infected 

with TB.  At three- and six-weeks post infection, animals fed the n-6 diet had decreased bacterial 
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load in the lungs (5.19 ± 0.15 and 4.4 ± 0.16 cfu, respectively) compared to the n-3 treatment 

group (5.73 ±0.11 and 5.7 ± 0.25 cfu, respectively). T-cell function and proliferative abilities in 

the spleen were also examined after a mitogen-induced stimulation with concanavalin A (ConA). 

Guinea pigs fed the n-3 enriched diet displayed decreased T-cell proliferation (223 ± 27 SI, 

stimulation index) at 3 weeks post infection compared to the n-6 group (374 ± 41 SI) (McFarland 

et al., 2008). Previous work by Mayatepek et. al (Mayatepek et al., 1994) and Paul et. al (Paul et 

al., 1997) support these findings and suggest that n-3 supplementation can increase susceptibility 

to TB. In pigs, dietary supplementation of n-3 resulted in decreased immune cell function when 

challenged with LPS. Møller and colleagues (2006) evaluated the effects of n-6 and n-3 long-

chain PUFA on ex vivo cytokine and eicosanoid production in PAM. Weaned pigs were fed diets 

containing 5% sunflower oil (n-6), fish oil (n-3), or a control diet containing animal fat for 28 

days. Alveolar macrophages were cultured and stimulated with LPS for 18 hours. Cells from the 

n-3 treatment group had decreased concentration (mg/g) of ARA by 60% and 53% in the control 

group. Positive correlations between n-6 content, PGE2, TNF-α, and IL-8 production were 

observed. Conversely, negative correlations between n-6 content, PGE2, TNF-α, and IL-8 

production were observed in n-3 fed pigs. Dietary supplementation with n-3 decreased the 

production of the eicosanoid PGE2 by 42% and 46% compared to control and n-6 treatment 

groups respectively. Expression of LTB4 was decreased in the n-3 group by 62% and 67% 

compared to control and n-6 treatments.  A significant decrease in TNF-α (P < 0.01) and a 

noticeable decrease in IL-8 (P < 0.05) were observed in the n-3 treatment group compared to 

other treatments. However, there was no significant difference in the production on IL-6 between 

treatment groups (Møller and Lauridsen, 2006).  
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Alternatively, fish oil supplementation has demonstrated to enhance intestinal integrity 

during bacterial challenge (Liu et al., 2012). Weaned pigs were fed diets containing either 5% 

corn or fish oil for 21 days and subsequently challenged with LPS. Expression of PGE2, TNFα, 

heat shock protein 70 and caspase-3 mRNA were downregulated in jejunum and ileum mucosa 

of n-3 fed pigs compared to control 4h post-injection. mRNA expression of TLR4, MyD88, 

IRAK1, TRAF6 (key components of TLR4 signaling pathway), NOD1/2, RIPK2 and NFκB (key 

components of NOD2 signaling pathway) were assessed. Pigs receiving fish oil demonstrated 

decreased mRNA expression of TLR4 (1.07 vs 1.87 ± 0.25), NOD2 (1.88 vs 3.60 ± 0.49) and 

RIPK2 (1.96 vs 2.74 ± 0.24) in the jejunum and decreased expression of NOD2 (1.25 vs 2.11 

±0.26) in the ileum 4h post-injection compared to corn oil fed pigs. Other markers displayed an 

LPS interaction but not a diet x LPS interaction. Furthermore, intestinal morphology, indicated 

by villus height, villus height:crypt (VCR) depth ratio, and diamine oxidase activity (DOA) were 

improved in n-3 fed pigs following LPS injection. While a LPS x diet interaction was not 

observed, n-3 fed pigs had increased villus height (p <0.05) and VCR in the jejunum and ileum 

(p <0.05) compared to control. Pigs receiving the n-3 diet had increased mucosal DOA activity 

(p <0.05) and decreased activity in the plasma (p <0.04) 4h post-injection, although no 

interaction was observed. The authors conclude that fish oil supplementation can decrease TLR4 

and NOD2 signaling pathways and improve intestinal integrity in weaned pigs following LPS 

challenge (Liu et al., 2012). These studies suggest that long-chain PUFA supplementation, 

particularly n-3, can be both beneficial and detrimental depending on the pathogen and site of 

infection.  

In mice, Schwerbrock et al. evaluated the effects of fish oil supplementation on 

susceptibility to influenza. Mice were fed diets containing 4% of fish oil: 1% corn oil (n-3: n-6) 
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or a control diet with 5% corn oil for 2 weeks, then infected with Influenza A via intranasal 

administration. Samples were collected every 3 to 6 days post infection (d0, 3, 7, 10, 15, and 

21dpi). While lung pathology was reduced in the n-3 treatment group infected with influenza 

compared to the control group, immune cell function was lowered. At 3dpi, the amount of NK 

cells in the lungs were decreased more than 50% in the n-3 group compared to control. By days 7 

and 10pi mice receiving n-3 had a significant decrease in CD 8+ T cells and pro-inflammatory 

cytokine mRNA (TNF-α, IL-6 and macrophage inflammatory protein (MIP)-1α compared to 

control-fed mice (P < 0.5). Furthermore, viral load was 70% higher in n-3 fed mice 7dpi and 

displayed a significantly higher mortality rate at 57% compared to the control group at 10% 

(Schwerbrock et al., 2009). This work is consistent with the previous work of Byleveld and 

colleagues (Byleveld et al., 1999; Byleveld et al., 2000).  

Interestingly in pigs, feeding formula containing both ARA and DHA demonstrated 

similar immunosuppressive effects when inoculated with an inactivated Influenza vaccine 

(Bassaganya-Riera et al., 2007). Neonatal pigs were fed milk-replacer containing 0.63% ARA 

and 0.34% DHA of total fatty acids, a control formula, or sow milk for 30 days. Pigs were 

vaccinated on day 9 and T cell proliferation was evaluated on day 0, 9, 16, 23, and 30. At day 23, 

proliferation of CD4+, CD8+ T cells, and peripheral blood mononuclear cells (PBMC) were 

higher in the control group following inoculation compared to AA/DHA and sow-reared pigs (p 

< 0.01). On day 30, mRNA expression of the anti-inflammatory cytokine IL-10 was greater in 

AA/DHA and sow-reared pigs compared to control following inoculation (p < 0.05), and 

differences in pro-inflammatory and antiviral markers (TGF-β1, IL-2, IL-4, IL-13 and INF-γ) 

were undetectable among treatment groups following inoculation. Authors conclude that the 

immunosuppressive effects of DHA may neutralize the pro-inflammatory and antiviral abilities 



   

15 

 

of ARA when fed in combination to neonatal pigs, which they claim to conflict with studies 

reported in human infants fed formulas containing both ARA and DHA (Bassaganya-Riera et al., 

2007a). 

Taken together these studies suggest that dietary n-3 and n-6 long-chain PUFA have 

immunomodulatory effects to infectious diseases, albeit responses can be pathogen and species 

specific. As such, further investigation is warranted for the effects of dietary long-chain PUFA 

and infectious disease resistance, particularly in swine.  

Current infectious diseases in the swine industry 

 

Respiratory diseases 

 

The USDA regulates the National Animal Health Monitory System (NAHMS) which 

surveys farms from around the country to identify changes and trends in livestock health and 

management. According to the most recent report for the swine industry the majority of reported 

health problems across all stages of production (breeding herds, preweaning, nursery, and 

grower/finisher) are respiratory problems, which account for 4.4 -75.1% of deaths in preweaning 

to grower/finisher phases (USDA, 2015a).  

Across production stages the top three respiratory diseases reported are caused by gram-

negative bacteria and viruses specifically, Mycoplasma pneumonia, Influenza virus, and Porcine 

Reproductive and Respiratory Syndrome Virus (USDA, 2015b). Over the past 47 years, swine 

production has increased leading to larger heard sizes, overcrowding and improper ventilation in 

some cases, which could contribute to the high reports of respiratory diseases (Brockmeier et al., 

2002). Infection of gram-negative bacteria occurs via air borne droplets, body secretions or direct 

contact from other infected pigs. Infected pigs can experience; coughing, difficulty breathing, 
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poor circulation, discoloration (bluing) of the skin, fever, decreased appetite, decreased growth, 

lameness, and depression.  

Porcine Reproductive and Respiratory Syndrome Virus 

Porcine reproductive and respiratory syndrome virus (PRRSV) is a unique virus in that it 

can infect and cause disease in multiple organs regardless of age or gender in swine. As 

previously stated, it is one of the most prevalent viruses impacting the swine industry worldwide. 

In the United States, the swine industry estimates a loss of over 9 million market pigs a year 

totaling over $664 million in losses (Holtkamp et al., 2013). PRRSV is highly infectious, where 

only a small amount of the virus is required to infect an entire herd. There are numerous routes 

of transmission including: airborne transmission, nasal secretions, feces, urine, semen, placental 

transfer, sow’s milk, carrier pigs, and contaminated clothing or farm equipment (Muirhead and 

Alexander, 2013; Dee, 2014).  

Porcine reproductive and respiratory syndrome virus causes serious clinical symptoms 

across all life stages of swine and maintains a life-long subclinical infection (Chand et al., 2012). 

In all life stages, pigs can experience loss of appetite, weight loss, lethargy, fever, and respiratory 

complications such as labored breathing and secondary bacterial or viral infections. In sows, 

PRRSV can cause late term abortion, reduced litter size, early farrowing, still births, piglet 

mummification, and decreased milk production. In boars, PRRSV infections can result in 

lowered sperm count and fertility. In breeding herds, 44.5% of disease problems are caused by 

PRRSV (USDA, 2015b).  In preweaning, nursery and grower/finisher pigs, there is a significant 

decrease in growth rate and performance. Respiratory complications and mortality are 

particularly high in these phases (Holtkamp et al., 2013; Muirhead and Alexander, 2013; Dee, 

2014). From preweaning to nursery phases, respiratory disease-related deaths rise from 4.4 to 
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47.3% (USDA, 2015a) with PRRSV constituting 33-46.6% of disease problems (USDA, 2015b). 

In the grower/finisher phase, 75.1% of deaths are respiratory related (USDA, 2015a) with 

PRRSV contributing to 53% of reported disease problems (USDA, 2015b).  

Porcine reproductive and respiratory syndrome virus is a positive-sense, single-stranded, 

enveloped RNA virus from the Arteriviridae family. It has a 15kb genome consisting of eleven 

open reading frames (ORF) (Figure 6). The first two ORFs encode the non-structural proteins 

(NSP) and the remaining ORF encode the structural proteins (Meulenberg, 2000). The virus has 

a high mutation rate which has led to various strains of the virus. Currently, there are two 

genotypes of PRRSV, the European (Type I) and the North American (Type II). However, new 

stains have arisen from these genotypes. For instance, in 2006 a new strain mutated from Type II 

emerged in China referred to as highly pathogenic PRRSV (HP-PRRSV) (Sun et al., 2012b; 

Butler et al., 2014b).   

In the respiratory tract, PRRSV primarily targets alveolar macrophages (PAM), although 

monocyte-derived dendritic cells are targets as well (Flores-Mendoza et al., 2008; Park et al., 

2008). PRRSV subverts host immune responses by interfering with the production and signaling 

of cytokines and interferons, apoptotic responses, and adaptive immune responses.  In the early 

(acute) phase of infection, PRRSV interferes with the host’s initial antiviral response via NSP 

causing a weak innate immune response (Table 1). This leads to a weakened and delayed 

adaptive response, which allows the virus to replicate at a high level, persist in the pig for more 

than 200 days (Chand et al., 2012; Butler et al., 2014b; Lunney et al., 2016) and establish a 

persistent infection (García-Nicolás et al., 2014). Because the swine industry maintains pigs for 

an average of 180 days, PRRSV is considered a “life-long” infection. As such, continuous 
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research of PRRSV is vital to decreasing the severity and economic impact it has on the swine 

industry. 

Current methods for control of respiratory infectious diseases 

 

More than half of nursery and grower/finisher production farms vaccinate against gram-

negative bacteria and more than 80% administer antibiotic treatment. Less than 50% of vaccines 

administered to breeding females are for gram-negative bacteria (USDA, 2015b). Antibodies can 

be passed through the colostrum, however maternal antibodies for some gram-negative bacteria 

are lost within 1 to 4 weeks of life in preweaning piglets (Varley and Wiseman, 2001; Carr, 

2014). With the waning effectiveness of maternal antibodies, piglets can become more 

susceptible to infection which can help explain the increased mortality rate from respiratory 

diseases between the preweaning and nursery phases.  

Vaccination with modified-live attenuated PRRSV is standard practice in the swine 

industry. On average, vaccination rates against PRRSV for all production phases ranges from 

8.8– 46.4%, with administration to breeding females being the highest (USDA, 2015b). Despite 

vaccination and other preventative practices to reduce the risk and spread of PRRSV, it is still 

one of the leading causes of respiratory-related diseases in the swine industry. A portion of this is 

due to low vaccine efficacy; these vaccines do not provide complete protection against the virus 

(Renukaradhya et al., 2015). The high genomic variability between strains and complex ability to 

modulate host’s immune response provides major obstacles to generating effective vaccines 

against all strains of PRRSV (Vu et al., 2016). Additionally, antibodies from vaccinated sows 

decline as early as 3 weeks in piglets (Halbur, 2016).  

Novel approaches involving the use of dietary nutrients as alternative methods or used in 

conjunction with vaccines to alleviate the severity of PRRSV have been proposed. However, 
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these studies are sparse.  Liu and colleagues studied the effects of supplementing diets with plant 

extracts on immune responses and growth performance in weaned pigs infected with PRRSV.  

Treatments were designed in a 2 x 4 factorial with or without PRRSV infection of a high 

virulence strain and given 1 of 4 diets: control diet, garlic botanical (GAR) supplement, turmeric 

oleoresin (TUR) supplement, or capsicum oleoresin (CAP) supplement for 28 days. Pigs fed 

dietary supplements experienced lower rectal temperature, lower viral serum load, decreased 

levels of TNF- and IL-1β and increased numbers of adaptive immune cells in all supplemented 

diets compared to the control diet (Liu et al., 2013). These results suggest that supplementation 

with plant extracts improve immune response in pigs infected with highly virulent type II strains. 

Another study investigated the effect of conjugated linoleic acid (CLA) on the immune responses 

of weaned pigs challenged with a type II highly virulent strain of PRRSV.  Conjugated linoleic 

acid is a family of linoleic acid isomers that has been proven to improve growth in swine and 

have differing effects on immune responses (Pinelli-Saavedra et al., 2015). In vivo studies 

reported an increase in TNF- production in pigs challenged with PRRSV receiving CLA.  In 

vitro studies reported no effect on cytokine production in pigs receiving CLA supplementation, 

but reported a decrease in the proliferation of peripheral blood mononuclear cells (PBMCs). 

These results suggested the CLA does not improve pig immune response to PRRSV (Pinelli-

Saavedra et al., 2015). However, CLA has been reported to decrease ARA content and PGE2 

production (Liu and Belury, 1998) which would decrease a pro-inflammatory response and 

subsequently downstream LX production.  These effects of dietary metabolites on immune 

response to PRRSV infection have not been studied in non-highly virulent strains. It is important 

to inspect the effects of dietary supplementation in multiple strains at different ages of swine as 

responses could vary. 



   

20 

 

In the past two years, knockout pigs for receptors involved in PRRSV infectivity in 

alveolar macrophages have been successfully bred as an alternative to reduce the impact that 

PRRSV has on the swine industry. The receptors sialoadhesin (CD169; Siglec-1) and CD163 are 

recognized as the primary PRRSV receptors on alveolar macrophages (Van Breedam et al., 

2010a; Zhang and Yoo, 2015). The surface receptor CD169 is known to bind to PRRSV 

envelope proteins for attachment and internalization into PAM (Van Breedam et al., 2010b; 

Jiang et al., 2013). However, CD169-/- pigs did not experience changes in infectivity or 

replication with type I PRRSV compared to wild-type pigs (Prather et al., 2013). This suggests 

CD169 is not necessary for PRRSV attachment and internalization. The receptor CD163 is 

known to aid in the internalization and uncoating of PRRSV (Zhang and Yoo, 2015). CD163-/- 

pigs demonstrate no viremia, antibody, lung pathology or general clinical signs of PRRSV upon 

infection with a highly virulent type II strain (Whitworth et al., 2016) and various type I strains 

(Wells et al., 2017) compared to control pigs. Maternal CD163-/- has even demonstrated to 

completely protect fetuses from PRRSV infection in utero (Prather et al., 2017). The positive 

results of CD163-/- pigs and PRRSV susceptibility is ground-breaking for the swine industry, 

however CD163 does serve other essential roles aside from PRRSV entry. It is known for its 

binding and internalizing of hemoglobin and haptoglobin complexes (Hb-Hp) to protect against 

oxidative damage (Graversen et al., 2002) and aids in stimulating the release of the anti-

inflammatory cytokine IL-10 (Philippidis et al., 2004). Additionally, CD163 functions as a 

receptor for bacteria and pro-inflammatory cytokine production (Fabriek et al., 2009). Potential 

consequences and long-term side effects of this knockout have yet to be determined. Knockout 

of this receptor could lead to susceptibility and lack of clearance of other respiratory pathogens. 

It could also affect monocyte differentiation and return of the respiratory environment to 
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homeostasis after an infection. Further studies on the effects of CD163-/- pigs are warranted. 

Wells et. al further addressed these concerns by replacing the scavenger receptor cysteine-rich 

(SRCR) domain 5 with a synthesized CD-163 like homolog in pigs. In culture, alveolar 

macrophages from pigs possessing the homolog domain, expressed CD163 and supported 

PRRSV type II replication but not type I (Wells et al., 2017). The potential consequences of 

CD163-/- pigs and the time it would take to implement this new genetic line (if deemed feasible) 

are still unknown. In the meantime, it is important to explore less invasive alternative approaches 

to improving the deleterious effects of PRRSV. 

Conclusion 

 

The use of dietary long-chain PUFA can be beneficial or detrimental depending on the 

health status, type of infectious disease and amount supplemented. It is evident that n-3 PUFA 

can be beneficial to individuals with chronic inflammatory illnesses. However, in the case of a 

healthy individual where the initiation and resolution of acute inflammation is well regulated, 

increased n-3 supplementation could be to their disadvantage (Møller and Lauridsen, 2006; 

McFarland et al., 2008; Schwerbrock et al., 2009). The supplementation of n-6 PUFA could be 

beneficial in eliciting a stronger defense against opportunistic pathogens; particularly in the 

swine industry, where chronic inflammatory diseases are not a large concern. The duality of 

PGE2 synthesized from arachidonic acid could improve response and recovery to infections; 

however, there are some limitations. The efficacy of supplementing n-3 or n-6 PUFA can be 

dose and time dependent, as well as pathogen-specific. Proper dosage and time to allow 

sufficient enrichment into the tissues and immune cells are crucial to elicit an enhanced 

corresponding eicosanoid signaling cascade. Depending on the pathogen of concern, 

supplementing long-chain PUFA could have alternate effects. Thus, to ensure supplementation is 



   

22 

 

effective health status, proper dosage and duration, and intended infectious disease targets need 

to be well established prior to administration. 

Proposed research 

 

The majority of long-chain PUFA research focuses on the anti-inflammatory benefits of 

dietary n-3 in chronic inflammatory diseases. Although its use has been proven to alleviate some 

inflammatory symptoms, the ability of PGE2, metabolized from ARA, to initiate acute 

inflammation to control infection and subsequently elicit an anti-inflammatory response to 

initiate return to homeostasis is not a point of focus in livestock. Currently, economic loss from 

respiratory diseases despite common medicinal products is a major problem in the swine 

industry, making it all the more pertinent to explore the use of n-6 PUFA to improve the health 

status of swine with respiratory infections.  

The long-term goal is to determine if dietary enrichment of long-chain PUFA enhances 

eicosanoid targeted inflammatory and resolution markers. Accordingly, the presented research 

assesses the ability of dietary pre-formed ARA or EPA to enrich the long-chain PUFA content of 

porcine alveolar macrophages and modify eicosanoid and cytokine production for a more robust 

and balanced response to LPS or PRRSV challenge. 

The described studies establish a new approach to enhance swine immunological 

responses to respiratory pathogens. Dietary supplementation and immune cell enrichment with 

long-chain PUFA provide a prospective nutritional intervention that may help swine producers 

mitigate the production and economic impacts of respiratory infections.  
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Table 1. Functions and characteristics of PRRSV genome. Adapted from (Lunney et al., 2016) 

 

Gene Protein General Function Mode of Immune 

Dysregulation 

ORF1a nsp1α Protease Inhibits the 

phosphorylation of 

IκB and IRF3, 

degrades CBP 

nsp1β Protease Degrades CBP, 

Inhibits NFκB 

binding 

nsp2 Protease, modifies 

membrane for 

replication complex 

Inhibits 

ubiquitination of 

RIG-1, IκB, IRF3 

nsp4 Protease, induces 

apoptosis 

Potentially inhibit 

INF production 

ORF1b 

 

ORF1b 

nsp9 RNA-dependent 

RNA polymerase 

Unknown 

nsp10 Helicase Unknown 

nsp11 Endoribonuclease Inhibits NFκB and 

ERK signaling 

ORF2a GP2 Viral attachment, 

incorporates with 

GP3 and 4 

Unknown 

ORF2b E Ion-channel like 

properties, essential 

for viral infectivity 

Activate 

inflammasome 

ORF3 GP3 Incorporates with 

GP2 and 4, essential 

for viral infectivity 

Unknown 

ORF4 GP4 Key GP for GP2a-3-4 

complex, viral 

attachment 

Unknown 

ORF5 GP5 Viral entry Unknown 

ORF6 M Heterodimerizes with 

GP5, viral assembly 

and budding, critical 

for infectivity 

Unknown 

ORF7 N Viral nucleocapsid Inhibits IRF-3 

activation 
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Figure 1. n-6 and n-3 Biosynthesis 

Desaturation and elongation of essential fatty acids; linoleic acid and -linolenic acid to generate 

the long-chain n-6 and n-3 polyunsaturated fatty acids. Synthesis of arachidonic acid, 

eicosapentaenoic acid and docosahexaenoic acid utilize the same enzymatic pathways putting 

them in competition with each other. Adapted from Guillou, H. et al. 2010. 

  



   

38 

 

  
 

 

 

Figure 2. Eicosanoid synthesis from arachidonic acid 

Arachidonic acid release from membrane phospholipids is catalyzed by phospholipase A2 

(PLA2). Free arachidonic acid is metabolized by lipoxygenase and cyclooxygenase enzymes to 

generate 4-series leukotrienes (LT), lipoxins (LX), and 2-series prostaglandins (PG) and 

thromboxanes (TX) to act as mediators and regulators of inflammation.  
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Figure 3. Eicosanoid synthesis from eicosapentaenoic acid 

Eicosapentaenoic acid release from membrane phospholipids is catalyzed by phospholipase A2 

(PLA2). Dietary eicosapentaenoic acid becomes incorporated in the cell membrane at the 

expense of arachidonic acid, which decreases the substrate availability for n-6 derived 

eicosanoids, and the generation of less potent 3-series prostaglandins (PG), thromboxanes (TX), 

5-series leukotrienes (LT), as well as E-series resolvins (RvE), all of which act as mediators and 

regulators of inflammation, eliciting an anti-inflammatory response.  
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Figure 4: Arachidoic acid promotes lipid-mediator class switching via PGE2 production 

Arachidonic acid is mobilized from the phospholipid membrane by cPLA2. Release of ARA 

results in an increased expression of COX-2, which enables the oxidation of ARA to PGE2. 

Additionally, ARA is metabolized by the 5-LOX enzyme for synthesis of 4-series LT. 

Prostaglandin E2 and LT promote the transcription of pro-inflammatory cytokines and production 

of ROS and RNS (as indicated by black arrows). The dual nature of PGE2 places it at the midline 

between a cellular pro-inflammatory response and an anti-inflammatory response. Not long after 

PGE2 is synthesized it can be released from the cell and bind to the G-protein coulped receptor 

EP4 in an autocrine or paracrine fashion. Binding of PGE2 to EP4 increases intracellular cAMP 

which inhibits further transcription and expression of COX-2 and subsequently PGE2. As a 

result, the negative feedback loop of PGE2  promotes transcription of 12/15-LOX and hinderance 

of 5-LOX activity. Increased expression of 12/15-LOX leads to the synthesis of 4-series lipoxins 

(LXA4) and conversion of LTA4 to LXA4 which promotes the transcription of anti-inflammatory 

cytokines.  The switching of eicosanoid synthesis from a 5-LOX pathway to a 12/15-LOX 

pathway and subsequent conversion of LTA4 to LXA4 is termed “lipid-mediator class 

switching”.  The switch in lipid-mediated eicosanoid production allows inflammation to be 

terminated and the challenged tissue to return back to a state of homeostasis. The duality of 

PGE2 makes it a potent regulator of immunological responses.  ARA, arachidonic acid; COX-2, 

cyclooxygenase-2; cPLA2, cytosolic phospholipase A2; 5-HETE, hydroxyeicosatetraenoic acid; 

12/15-HETE 12/15-hydroxyeicosatetraenoic acid;5-LOX, 5-lipoxygenase; 12/15-LOX, 12/15- 

lipoxygenase; LXA4- lipoxin A4;  LTA4/B4, leukotriene A/B4; RNS, reactive nitrogen species; 

ROS, reactive oxygen species.   
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Figure 5. Eicosanoid synthesis from docosahexaenoic acid 

Docosahexaenoic acid (DHA) release from membrane phospholipids is catalyzed by 

phospholipase A2 (PLA2). Dietary DHA becomes incorporated in the cell membrane at the 

expense of arachidonic acid, which decreases the substrate availability for n-6 derived 

eicosanoids, and the generation of D-series resolvins (RvD), protectins, and maresins (MaR). All 

of which play a critical role in repairing collateral damage from inflammation and returning 

afflicted tissue back to homeostasis. 
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Figure 6. Genome structure and imagining of porcine reproductive and respiratory 

syndrome virus 

A) Genomic organization of PRRSV. B) Electron microscope imaging of PRRSV virion with 

inset picture showing defined dimensions of envelope and viral structure (Dokland, 2010). 

PRRSV; porcine reproductive and respiratory syndrome virus. 
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Chapter II 

Dietary arachidonate in milk replacer triggers dual benefits of PGE2 signaling in LPS-

challenged piglet alveolar macrophages 
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Abstract 

Respiratory infections challenge the swine industry, despite common medicinal practices. 

The dual signaling nature of PGE2 (supporting both inflammation and resolution) makes it a 

potent regulator of immune cell function. Therefore, the use of dietary long chain n-6 PUFA to 

enhance PGE2 effects merits investigation. Day-old pigs (n = 60) were allotted to one of three 

dietary groups for 21 d (n = 20/diet), and received either a control diet (CON, arachidonate = 

0.5% of total fatty acids), an arachidonate (ARA)-enriched diet (LC n-6, ARA = 2.2%), or an 

eicosapentaenoic (EPA)-enriched diet (LC n-3, EPA = 3.0%). Alveolar macrophages and lung 

parenchymal tissue were collected for fatty acid analysis. Isolated alveolar macrophages were 

stimulated with LPS in situ for 24 h, and mRNA was isolated to assess markers associated with 

inflammation and eicosanoid production. Culture media were collected to assess PGE2 secretion. 

Oxidative burst in macrophages was measured by: 1) oxygen consumption and extracellular 

acidification (via Seahorse), 2) cytoplasmic oxidation and 3) nitric oxide production following 4, 

18, and 24 h of LPS stimulation. Concentration of ARA (% of fatty acids, w/w) in macrophages 

from pigs fed LC n-6 was 86% higher than CON and 18% lower in pigs fed LC n-3 (P < 0.01). 

Following LPS stimulation, abundance of COX-2 and TNF-α mRNA (P < 0.0001), and PGE2 

secretion (P < 0. 01) were higher in LC n-6 PAM vs. CON. However, ALOX5 abundance was 

1.6-fold lower than CON. Macrophages from CON and LC n-6 groups were 4-fold higher in 

ALOX12/15 abundance (P < 0.0001) compared to LC n-3. Oxygen consumption and 

extracellular acidification rates increased over 4 h following LPS stimulation (P < 0.05) 

regardless of treatment. Similarly, increases in cytoplasmic oxidation (P < 0.001) and nitric oxide 

production (P < 0.002) were observed after 18 h of LPS stimulation but were unaffected by diet. 

We infer that enriching diets with arachidonic acid may be an effective means to enhance a 
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stronger innate immunologic response to respiratory challenges in neonatal pigs. However, 

further work is needed to examine long-term safety, clinical efficacy and economic viability. 

 

Keywords 

Arachidonic acid, Cyclooxygenase, Eicosanoid, Eicosapentaenoic acid, Inflammation, Lipid 

mediator class switch, LPS, Lipoxin, Porcine alveolar macrophage 
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Introduction 

Respiratory infections in swine result in severe economic loss despite the wide spread use 

of vaccines and antibiotics (Brockmeier et al., 2002). Gram-negative bacteria are some of the 

common bacterial agents that afflict swine herds as either the primary infectious agent or as an 

opportunistic secondary infectious agent (Chang et al., 2002; Brockmeier et al., 2002). Vaccines 

and antibiotics are routine practice however, the type of bacteria and timing of treatment can 

impact use and efficacy (Brockmeier et al., 2002; Haesebrouck et al., 2004). In neonates, early 

life protection stems partially from passive immunity through the sow’s colostrum although the 

transfer of maternal antibodies can be limiting. Antibodies against certain gram-negative bacteria 

can deplete in piglets within 1 to 4 weeks of life (Kelly and Coutts, 2000; Haesebrouck et al., 

2004). The other stem of early life protection is the neonate’s innate immune system, as its 

adaptive immune system has not fully matured (Kelly and Coutts, 2000). As such, neonates are 

at a much higher risk for infection. During this critical time, it is imperative to explore alternative 

means to enhance a stronger, well-balanced immunological response to respiratory infections.  

Nutritional status, especially early in life, is a key component in immune system 

development, proper defenses, and susceptibility to infections. Dietary long-chain 

polyunsaturated fatty acids (LC-PUFA), like arachidonic acid (ARA, n-6) and eicosapentaenoic 

acid (EPA, n-3), can modify the fatty acid composition of immune cells and their function 

directly through incorporation in to the phospholipid membrane and as free fatty acids acting 

indirectly as secondary messengers (Oliveros et al., 2004; Martins de Lima et al., 2007; Calder, 

2008b). These LC-PUFA have immunomodulatory effects which can alter eicosanoid production 

and subsequent inflammatory responses in immune cells (Lee et al., 1985; Babcock et al., 2002; 

Bagga et al., 2003b). Arachidonic acid serves as a precursor for potent eicosanoids, like PGE2, 
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which has the ability to promote pro-inflammatory signaling at the onset of an acute challenge. A 

lesser explored function of PGE2 is its ability to hinder initial pro-inflammatory signaling and 

promote anti-inflammatory and pro-resolving cascades, a mechanism referred to as “lipid 

mediator class switching” (Serhan et al., 2008; Botham and Mayes, 2009). The pro-inflammatory 

roles of ARA and anti-inflammatory roles of EPA have been extensively reviewed by Calder 

(Calder, 2006c). The involvement of PGE2 in lipid mediator class switching has been evaluated 

(Brezinski and Serhan, 1990; Kawahara et al., 2015; Tang et al., 2017) and thoroughly reviewed 

by Serhan and colleagues (Serhan and Sheppard, 1990; Serhan, 2007; Norris et al., 2014; Levy 

and Serhan, 2014; Buckley et al., 2014). Few studies focus on the dual role of PGE2, derived 

from ARA, and the potential benefits stemmed from this eicosanoid during acute health 

challenges. Studies are particularly sparse in swine. 

Dietary supplementation with EPA is best known for its anti-inflammatory benefits. 

However, in instances where inflammation is essential for controlling and eradicating invading 

pathogens, increasing supplementation with EPA or other long-chain n-3 PUFA could dampen 

an appropriate immunological response to respiratory pathogens. Macrophages enriched with n-3 

PUFA demonstrate decreased phagocytosis (Calder et al., 1990), production of reactive oxygen 

species (Luostarinen and Saldeen, 1996), ARA-derived eicosanoids (Fritsche et al., 1993; 

Babcock et al., 2002; Babcock et al., 2003; Bagga et al., 2003b), and pro-inflammatory cytokine 

production (Renier et al., 1993; Babcock et al., 2003; Novak et al., 2003).  There have been some 

studies regarding the effects of n-3 and n-6 PUFA modulating the immune response of 

respiratory pathogens in rodents. For instance, supplementation with long chain n-3 PUFA 

results in decreased bacterial clearance and survival to Listeria monocytogenes (Fritsche et al., 

1997; Puertollano et al., 2004) and Mycobacterium tuberculosis (McFarland et al., 2008).   
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There are few studies regarding the effects of PUFA supplementation and respiratory 

health in swine, particularly involving the use of dietary long chain n-6 PUFA. Studies 

evaluating dietary n-6 PUFA predominantly involve dietary sources containing the precursor for 

ARA, linoleic acid. Studies have demonstrated the conversion of ARA, EPA, and DHA from 

their precursors linoleic acid and alpha-linolenic acid are low and supplementation with 

preformed LC-PUFA can be beneficial (Huang and Craig-Schmidt, 1996; Hussein et al., 2005; 

Brenna et al., 2009; Huang et al., 2016; Hadley et al., 2016). Very few studies, particularly for 

the swine industry, utilize preformed ARA sources. This study is the first to evaluate the effects 

of preformed long chain n-6 PUFA supplementation on the innate immune response to 

respiratory pathogens in neonatal pigs. Our aim was to determine if supplemental long chain n-6 

PUFA in milk replacer-fed pigs could improve the innate immune response of alveolar 

macrophages (PAM) following ex vivo LPS stimulation. Given the duality of PGE2 signaling of 

both pro- and anti-inflammatory mechanisms, we hypothesized that a heightened but balanced 

immune response would dampen untoward cellular damage. 

 

Materials and Methods 

Piglets and experimental dietary treatments 

All animal protocols were approved by the Institutional Animal Care and Use Committee 

of North Carolina State University. Animals were managed as previously described (Hess et al., 

2008; Jacobi et al., 2012). Briefly, colostrum-fed piglets were acquired 24 h after birth and 

housed individually. Piglets (n = 60) were allotted to dietary treatment groups (n = 20/treatment) 

completely at random without regard to litter of origin, body weight or gender. The pigs used per 

litter ranged from 2-8.  Pigs were allotted to a milk replacer diet (Table 1) supplemented with 
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LC-PUFA containing either 0.5% ARA (ARASCO Oil, DSM Nutritional Products, Inc. Product 

# 5015002044) of total fatty acids (control (CON)), 2.2% ARA (LC n-6, ARASCO Oil) or 3.0% 

EPA (LC n-3) of total fatty acids (Table 2) for 21 days. The 0.5% ARA supplementation in CON 

diet satisfies the recommended level for infant formula (Odle et al., 2014). The LC n-6 and n-3 

PUFA diets were patterned after previous work in our laboratory (Hess et al., 2008; Jacobi et al., 

2012). The LC n-6 diet was supplied with a higher concentration of ARA (2.2% of total fatty 

acids) to prophylactically enrich the fatty acid content of PAM with ARA. The LC n-3 diet was 

our negative control, and was supplemented to be isocaloric to the LC n-6 and CON diets with 

EPA-enriched fish oil (MegOil, DSM Nutritional Products, Inc. Product # 5015261). This 

provided 3.0% EPA of total fatty acids to the diet. The MegOil used for the LC n-3 diet 

contained a higher level of DHA and therefore was not further supplemented with the DHASCO 

oil (DSM Nutrition Products, Inc. Product # 5013658044). Vitamin E fortification was uniform 

across diets (155 IU/kg), and an antioxidant (TBHQ) was added at 0.1 g/kg. At the end of the 

trial, pigs were humanely euthanized by exsanguination under isoflurane anesthesia.  

Sample collection 

Whole blood was collected via jugular venipuncture prior to anesthesia. Whole blood was 

collected in EDTA-treated tubes and blood for serum was collected into untreated tubes. Whole 

blood and serum were prepared and utilized the same day for clinical analyses of blood 

chemistry panels and complete blood cell counts by a commercial auto analyzer (Veterinary 

SuperChem/CBC, Antech Diagnostics) to assess general, clinical health status of the pigs. 

Alveolar macrophages were isolated via bronchoalveolar lavage using Hanks’ Balanced Salt 

Solution as previously reported (Harmsen et al., 1979; Ganter and Hensel, 1997). Cells were 

centrifuged and pellets were re-suspended in freezing medium containing 70% RPMI-1640 
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media, 20% heat-inactivated fetal bovine serum (HI-FBS), and 10% dimethyl sulfoxide at 

concentrations of 2× 107 cells/mL. Cells were frozen in liquid nitrogen for subsequent cell 

culture. Lung tissue samples were obtained following bronchoalveolar lavage, snap-frozen in 

liquid nitrogen and stored at -80 °C for subsequent fatty acid analysis.  

Validation and characterization of PAM isolation procedure 

Cells isolated from lungs were characterized by flow cytometry. Lung cells were stained 

in 96-well round bottom plates (Thermo Fisher). To confirm the isolation of PAM, cells were 

stained for CD14, CD163 and CD172A. For the characterization of co-isolated lymphocytes, 

lung cells were stained for the T-cell marker CD3, CD8α to identify CD3–CD8α+ NK cells, and 

the pan-B cell marker CD21a (Table 3). Live/Dead discrimination (LIVE/DEAD® Fixable 

NearIR Dead Cell Stain Kit, ThermoFisher) confirmed that for all analyzed samples, over 97% 

of cells were alive in the PAM gate and over 95% in the lymphocyte gate (data not shown). Cells 

were analyzed on a BD LSR II (BD Biosciences). 

Fatty acid analysis  

Composition of total fatty acids were determined in lung tissue, PAM, and milk sample 

composites collected throughout the duration of the trial. Porcine alveolar macrophages were 

thawed on ice, and fatty acids were subjected to direct-methylation (Wang et al., 2000) with 

some modification. Cells were washed in 1X PBS and centrifuged at 180 x g at room 

temperature for 5 min. Supernatant was removed and 100 mg of cells were transferred to a 20 

mL Teflon-lined, screw-capped tube. One mL of methanol and 3 mL of 3 N methanolic-HCl 

were added. Tubes were capped tightly and refluxed in a 95 °C-water bath for 1h. Eight mL of 

0.88% NaCl (wt : vol) and 3 mL of hexane were added to each sample, vortexed, and centrifuged 

at 1,330 × g for 15 min at 4 °C. After centrifugation, the top layer was transferred to a 1.5 mL 
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vial and evaporated to dry under N2. Fatty acids from milk and tissue samples were extracted and 

saponified as previously described (Lin et al., 2011), with some modification. One hundred mg 

of tissue sample was homogenized in 1 mL sterile water. Samples were centrifuged at 1,330 × g 

at 4 °C. Fatty acid methyl esters were dissolved in 25 µL hexane and analyzed on a weight 

percent basis of total fatty acids using gas chromatography-mass spectrometry (GC-MS) as 

previously described (Lin et al., 2011).  

Cell Culture and mRNA analysis  

Porcine alveolar macrophages from all dietary treatment groups were cultured in RPMI 

1640 media supplemented with L-glutamine, penicillin (100 U/mL), streptomycin (100 µg/mL), 

fungizone (4 µg/mL), gentamycin (50 µg/mL), and 10% HI-FBS. Cells were thawed in a 37 °C 

water bath, washed with warmed culture media and centrifuged at 180 × g at room temperature 

for 10 min (Ramachandran et al., 2012). Supernatant was removed, cells were re-suspended in 

warmed media and seeded as a composite of six pigs per dietary treatment on 6-well plates at a 

density of 3×106 cells/mL in triplicate. Cells were either stimulated with 10 ng/mL of LPS 

(Escherichia coli O111:B4) or not stimulated (basal), and maintained at a 37 °C humidified 

incubator with 5% CO2 for 24 h. Selection of dosage and timeline for LPS stimulation were 

based on a preliminary study that examined the dose and time dependence of PGE2 production at 

0, 3, 6, 12, 24, and 48 h following stimulation with 10, 100, and 1,000 ng/mL LPS from the ARA 

treatment group (data not shown). Cells were collected in TRIzol Reagent (Ambion) and 

triplicate wells were pooled. Total RNA was purified according to manufacturer’s instructions 

with the modification that RNA precipitation occurred overnight at -80 °C. Complementary 

DNA synthesis was carried out using a High Capacity cDNA Reverse Transcription kit (Applied 

Biosystems) following manufacturer’s instructions. Primers for pig ribosomal proteins L4 
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(RPL4) and L9 (RPL9),  tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 

protein zeta polypeptide (YWHAZ), succinate dehydrogenase complex subunit A (SDHA), toll-

like receptor 4 (TLR-4), COX-1, COX-2, lipoxygenase 5 (ALOX5) and 12/15 (ALOX12/15), 

tumor necrosis factor alpha (TNF-α),  interleukin 6 (IL-6) and 10 (IL-10) (Table 4) were 

designed using primer-BLAST from the national center for biotechnology information (NCBI) 

database. Primers were designed to span exon-exon junctions. Melt curve analysis was 

performed on all primers and samples to confirm the absence of primer dimers and existence of 

gene-specific peaks. Genes of interest were normalized to the geometric mean of the 

housekeeping genes RPL4, RPL9, YWHAZ, and SDHA. Measurement of mRNA abundance was 

performed by qRT-PCR and the 2-ΔΔCt method as previously described (Jacobi et al., 2011; Cinar 

et al., 2012; Esposito et al., 2014). All samples were run in duplicate. Relative expression was 

normalized to the basal CON treatment.   

PGE2 ELISA assay 

Tissue culture media from all PAM were collected at time of RNA isolation. Media from 

triplicate wells were pooled and used to determine the concentration of PGE2. A competitive 

enzyme-linked immunosorbent assay (ELISA) kit specified for porcine PGE2 (Pierce) was 

utilized following manufacturer’s instructions. The assay range was 39.1 - 2,500 pg/mL, with a 

minimum detectable dose of 13.4 pg/mL. Samples that did not fall within detectable range of this 

ELISA were diluted 50X in the same type of media in which they were cultured, as suggested by 

the manufacturer.  All samples were assayed in duplicate.  Inter- and intra-assay coefficient of 

variation were assessed to validate precision. The inter-assay was 3.25% and determined using a 

composite of 19 pigs from the CON group stimulated with 10 ng/mL LPS. The intra-assay was 

2.62% and determined using values from the median point of the standard curve for each plate. 
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Respiratory Burst analysis 

Occurrence of respiratory burst in PAM was determined via three independent assays 

following LPS stimulation. First, oxygen consumption rate (OCR) and extracellular acidification 

rate (ECAR) upon LPS stimulation were determined using an Extracellular Flux XF Analyzer 

(Seahorse Bioscience) as previously described using RAW 264.7 macrophages with low n-values 

by Grace et al (Bae et al., 2014; Grace et al., 2016). Second, PAM were cultured and stimulated 

with 10 ng/mL LPS for 18 and 24 h, and oxidative stress was determined using a commercially 

available CellROX Orange Reagent following manufacturer’s instructions. Briefly, cells were 

seeded at a density of 3×105 cells per well in a 96 well plate. Cells were cultured and stimulated 

with LPS following the same protocol as previously stated, with the exception of different time 

points. NucBlue Live ReadyProbes Reagent and CellROX Orange Reagent (Invitrogen) was 

added to tissue culture medium of plated cells at 1 drop/mL and a final concentration of 5 

µmol/L respectively following LPS stimulation. Cells were incubated at 37 °C for 30 min. Media 

was removed and cells were washed three times with 1X PBS. Cells were imaged using an 

EVOS FL Auto Cell Imagining System (Life Technologies). Quantification of oxidative stress 

was measured at an excitation/emission of 545/565 nm using a BioTek Synergy H1 Multi-mode 

microplate reader (BioTek Instruments).  Third, tissue culture media from all cultured PAM were 

collected at 18 and 24 h post LPS stimulation for measurement of nitrite concentration as an 

indication of nitric oxide (NO) production using the Greiss Reagent System (Promega) according 

to manufacturer’s instructions. Quantification for NO production was measured on a BioTek 

Synergy H1 Multi-mode microplate reader at an absorbance of 540 nm.  
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Statistical analysis 

Concentrations of fatty acids, serum metabolite, and blood cell count data were analyzed 

by a one-way ANOVA using the general linear model procedure of SAS (version 9.4) and the 

least significant differences multiple comparison test (SAS Institute). Data from gene expression, 

PGE2 concentration, oxidative stress and respiratory burst analysis were analyzed according to a 

two-way ANOVA for a 3 × 2 factorial design (diets +/- LPS) with the Tukey multiple 

comparison test. Residual analysis confirmed that ANOVA assumptions of normality and 

homogeneity of error variance were met. Data reported are least square means ± SEM. Statistical 

significance was declared when P < 0.05 and trends were noted when 0.05 < P < 0.1. 

 

Results 

Dietary supplementation and pig performance 

Pigs averaged 1.87 ± 0.07 kg at the beginning of the trial and 6.64 ± 0.07 kg at end of the 

trial (data not shown). Diets were formulated to be isocaloric (Table 1) and total fatty acid 

composition was confirmed via GC-MS (Table 2). Feed intake and growth rates were unaffected 

by dietary treatments (P > 0.1; data not shown). All serum metabolites and blood cell counts 

(Table 5) fell within normal clinical ranges. Serum concentrations of urea nitrogen, cholesterol 

and mean corpuscular volume were lower in LC n-3 fed pigs (P < 0.05), while albumin was 

elevated (P < 0.001) compared to CON and LC n-6 fed pigs. Other serum enzymes, metabolites 

and blood cell counts did not differ between dietary treatment groups (P > 0.1).  
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Phenotyping of isolated lung cells from bronchoalveolar lavage  

Cells isolated via bronchoalveolar lavage could be distinguished into three subsets based 

on their forward and side scatter properties (FSC/SSC): dead cells (on average: 15.5%), PAM 

(on average: 76.4%), and lymphocytes (on average: 8.0%). Within the PAM scatter gate, cells 

isolated from all pigs demonstrated the characteristic expression pattern of PAM: 

CD14lowCD163+CD172A+.  Within the lymphocyte scatter gate, 18.3% were CD3+ T cells, 

34.3% were CD21a+ B cells, and 1.8% were CD8α+ NK cells (Figure 1). 

Lung and PAM fatty acid composition  

Arachidonic acid (20:4n-6) concentration in lung parenchymal tissue was 1.4-fold higher 

(P < 0.0001) in pigs receiving the LC n-6 diet compared to pigs receiving CON diet for 21 days 

(Table 6). A similar enrichment pattern was observed in PAM (Table 6). Concentration of ARA 

was 2-fold higher in PAM from pigs receiving the LC n-6 diet compared to pigs receiving CON 

and LC n-3 diets (P < 0.01). The concentration of ARA was also higher in PAM than in lung 

parenchyma (P < 0.01).  As the concentration of ARA increased, the concentrations of oleic acid 

(18:1) and linoleic acid (18:2n-6) tended to lower in both lung tissue and PAM. The proportions 

of 18:1, 18:2n-6 and 18:3n-3 (P < 0.01) were higher on average in parenchymal lung tissue than 

in PAM, while PAM were more highly enriched in 22:6n-3 by at least 90% (P < 0.04). 

Pigs receiving the LC n-3 diet were more than 2-fold lower in 20:4n-6 content and 1.5-

fold higher in 20:5n-3 enrichment in lung tissue (P <0.0001) and PAM (P < 0.0001) compared to 

pigs receiving CON and LC n-6 diets. In PAM, pigs receiving the LC n-3 diet were 2-fold higher 

in 22:6n-3 (P < 0.04) compared to CON and LC n-6 groups.  
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COX-2 mRNA abundance and PGE2 secretion 

Following 24-hour LPS stimulation, the relative mRNA abundance of COX-2 was 4-fold 

higher in PAM for the LC n-6 dietary treatment group compared to the basal CON dietary group 

(P < 0.05). No detectable difference in COX-2 mRNA abundance between the LC n-3 and CON 

groups were observed following LPS stimulation, however abundance was higher in LC n-3 

basal compared to CON basal (Figure 2A). Consistent with elevated COX-2 mRNA abundance 

and ARA concentration, PGE2 concentration in PAM from the LC n-6 dietary treatment group 

was 2-fold higher following LPS stimulation was compared to the basal CON dietary group (P < 

0.0001).  No detectable difference in PGE2 concentration was observed in PAM from the LC n-3 

dietary group (Figure 2B). 

Pro-inflammatory lipoxygenase and cytokine mRNA abundance 

In all dietary groups, differences in the relative mRNA abundance of Toll-like receptor 4 

(TLR-4) and COX-1 were not detected (data not shown). Treatment with LPS increased the 

abundance of ALOX-5 mRNA in PAM from all dietary treatment groups by an average of 27% 

however, abundance in PAM from the LC n-6 fed pigs was 1.6-fold lower compared to CON and 

2-fold lower compared to the LC n-3 treatment group (Figure 3A). Additionally, TNF-α mRNA 

abundance was on average 4-fold higher following LPS-stimulation of PAM from the LC n-6 

treatment group compared to CON and LC n-3 enriched alveolar macrophages (Figure 3B). 

Differences in IL-6 mRNA abundance were undetectable between the LC n-6 and LC n-3 

groups, however CON alveolar macrophages were 47% lower following LPS stimulation (Figure 

3C).  
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Anti-inflammatory lipoxygenase and cytokine mRNA abundance 

Compared to CON basal and following LPS induction, alveolar macrophages from the 

CON and LC n-6 dietary treatment groups were 4-fold higher in ALOX12/15 mRNA abundance, 

while no detectable difference was observed in macrophages from the LC n-3 treatment group 

(Figure 4A). A significant difference in IL-10 abundance between CON basal and other dietary 

treatment groups prior to LPS stimulation was observed but not after (Figure 4B).  

Oxidative burst and nitric oxide production 

To evaluate oxidative burst in PAM, oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR) were evaluated. OCR and ECAR are reported as the average from 

basal reading (0 to 40 min) compared to hourly measurements taken post LPS stimulation over 

the course of 4.5 h, which was the maximum cells could withstand being outside of a humidified 

CO2 incubator. Oxygen consumption rate increased over time following LPS stimulation (Figure 

5A). Consistent with an increase in OCR, an LPS effect was observed in the ECAR (Figure 5B) 

among all dietary treatments. Changes in NO production and cytoplasmic oxidation, which are 

indicators of oxidative stress, increased after 18 h then declined after 24 h of LPS stimulation 

although no dietary effect was detected (Figure 5 C & D).  

 

Discussion 

For the past 40 years, fatty acids have been known to play a role in the immune system 

and a great deal of research has been conducted to explore their mechanisms of action (Meade 

and Mertin, 1978; Hwang, 1989; Leslie, 2004; Calder, 2008b; Raphael and Sordillo, 2013).  

With the increasing awareness of chronic inflammatory diseases dietary LC-PUFA as 

modulators for inflammation, particularly the n-3 class, has been an area of research (Hwang, 
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1989; Miles and Calder, 1998; Kelley, 2001; Fritsche, 2006; Calder, 2012; Rocha et al., 2017). 

Supplementation with EPA has proven beneficial (Nieto et al., 2002; Sijben and Calder, 2007; 

Galarraga et al., 2008; Njoroge et al., 2012), although it has been reported to hinder proper 

immunological responses against respiratory pathogens (Fritsche et al., 1997; Puertollano et al., 

2004; McFarland et al., 2008; Schwerbrock et al., 2009), suggesting its supplementation could be 

detrimental in cases where acute inflammation is vital (Anderson and Fritsche, 2002; Calder, 

2010). Accordingly, it is important to explore the potential benefits of LC n-6 PUFA 

supplementation, especially in piglets where the immune system is not fully matured. The aim of 

our research was to determine if the duality of ARA-derived eicosanoid roles in both 

inflammatory responses and initiation of resolution could be observed in acute LPS-stimulated 

PAM.  

Previous studies have indicated that supplementation with LC-PUFA can enrich PUFA 

content in immune cells, thus altering immune cell function (Calder et al., 1990; Anes et al., 

2003; Novak et al., 2003; Oliveros et al., 2004; Moller and Lauridsen, 2006; McMurray et al., 

2011). Additionally, maternal PUFA supplementation was demonstrated to alter immune cell 

PUFA content and eicosanoid production in offspring (Fritsche et al., 1993; Fritsche and Cassity, 

1996; Lauridsen et al., 2007). Our results demonstrate that 21 days is a sufficient duration to 

effectively enrich the fatty acid content of alveolar macrophages in milk formula-fed neonates. 

Increasing dietary long-chain n-6 PUFA resulted in ARA enrichment being 2-fold higher in 

PAM compared to CON. However, higher EPA concentrations from LC n-3 fed pigs abated 

ARA enrichment in PAM by more than 50% (Table 1). In macrophages, supplementation with 

LC-PUFA leads to incorporation in both the phospholipid membrane and neutral lipid fractions 

with the highest incorporation found in the phospholipid membrane (Calder et al., 1990; Chapkin 
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et al., 1991). This is important because stimulation of toll-like receptor 4 (TLR-4) from LPS 

activates cytosolic phospholipase A2 (cPLA2) for the release of ARA from the phospholipid 

membrane, which is associated with increased COX-2 and PGE2 expression (Gijon et al., 2007; 

Sobolewski et al., 2010; Matsui et al., 2013; Raphael and Sordillo, 2013; Norris et al., 2014). As 

such, we expected increased cellular ARA content to increase COX-2 mRNA abundance and 

subsequently PGE2 production upon LPS stimulation. Long-chain n-6 enriched PAM had higher 

abundance of COX-2 mRNA and were 2-fold higher in PGE2 secretion upon LPS stimulation 

(Figure 2). These findings are consistent with previous work from Fritsche et al. (Fritsche et al., 

1993) and Møller et al. (Moller and Lauridsen, 2006) in which alveolar macrophages from pigs 

receiving fish oil for 28 days either maternally-supplied or supplemented demonstrated 

decreased ARA content and PGE2 production in PAM following LPS stimulation. 

Early stages of immune cell stimulation promote endogenous 5-LOX to oxidize ARA for 

LT synthesis leading to the transcription and production of pro-inflammatory cytokines (Luo et 

al., 2003). In this study, the abundance of ALOX5 (gene for 5-LOX) was significantly lower 

following LPS stimulation in LC n-6 PAM compared to CON and LC n-3 PAM. Alveolar 

macrophages from the LC n-3 treatment group displayed the highest level of ALOX5 mRNA 

abundance (Figure 3A), although TNF-α abundance was highest in PAM from the LC n-6 

treatment group post-LPS induction (Figure 3B). Long-chain n-3 PUFA, such as EPA, can be 

metabolized by 5-LOX to produce less potent pro-inflammatory mediators (Calder, 2013). This 

in part could explain why higher levels of ALOX5 mRNA is observed in the LC n-3 group, but 

TNF-α mRNA is not.  Previous studies have demonstrated that supplementation with EPA 

significantly lowers TNF-α mRNA abundance in macrophages (Renier et al., 1993; Anderson 

and Fritsche, 2002); although other studies indicate mRNA abundance to be unaltered and 
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secretion to be lowered with EPA treatment (Verlengia et al., 2004). Macrophages from mice fed 

diets containing fish oil more than 7% higher than our study demonstrated lowered TNF-α 

mRNA abundance and secretion at 6 wk of age when stimulated with 5 μg/mL LPS for 12 h and 

lowered even further after 15 wk of supplementation (Renier et al., 1993). It is possible that 

TNF-α is regulated post-transcriptionally in a time and dose dependent manner. While secretion 

of TNF-α was not evaluated in this study, our results do demonstrate a positive effect on TNF-α 

mRNA abundance of LC-PUFA enriched PAM, with LC n-6 enrichment having the strongest 

effect. While the mRNA abundance of IL-6 was lower in CON macrophages post LPS-

stimulation, no detectable difference was observed in PAM from the LC n-6 or n-3 groups 

(Figure 3C). In alveolar macrophages from weaned pigs fed high n-6 (5% sunflower oil) or n-3 

(5% fish oil) diets, no detectable difference in IL-6 production was observed between the groups 

following LPS stimulation (Møller and Lauridsen, 2006). Studies have suggested that TNF-α and 

IL-6 negatively regulate one another during innate immune responses. In human peripheral blood 

mononuclear cells (PBMC), IL-6 suppressed TNF-α abundance and production (Schindler et al., 

1990). Similar effects were observed following gram-positive infection in mice. In TNF-α-/- 

mice, increased levels of IL-6 were observed after inoculation with Rhodococcus aurantiacus, 

but was decreased following TNF-α administration (Kohanawa and Kohanawa, 2006). 

Enrichment from a LC n-6 diet may provide an opposite effect in which high dietary levels of 

ARA promote elevated TNF-α abundance and subsequently downregulate the abundance of IL-6 

similar to effects observed in LC n-3 dietary treatments.  

Several studies have demonstrated the immunosuppressive capabilities of PGE2 in 

varying innate and adaptive immune cells attributed to lipid-mediator class switching (Serhan et 

al., 2008; Sreeramkumar et al., 2012; Kalinski, 2012; Levy and Serhan, 2014). While the 
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abundance of IL-10 was not elevated following LPS stimulation (Figure 4B) in our study, this 

could be because the abundance of TNF-α, a very potent pro-inflammatory cytokine, is still 

elevated and elevation in IL-10 occurs downstream of the initial lipid-mediator class switch. It is 

important to note that there were lower ALOX5 abundance and higher ALOX12/15 mRNA 

abundance in LC n-6 PAM compared to CON and LC n-3 PAM after LPS stimulation (Figure 

3A and 4A). This suggests that the initial stages of a lipid-mediator class switch have occurred 

within a 24-hour time period post macrophage stimulation. This assumption is supported by the 

work of Levy et al. in which human polymorphonuclear neutrophils (PMN) exposed to PGE2 in 

vitro then challenged with fMLP (N-formylmethionine-leucyl-phenylalanine) switched from 

99% 5-LOX activity to 87% 15-LOX activity within 5 h (Levy et al., 2001). Mice injected with 

TNF-α had rapid increases in leukotriene B4 within an hour of injection, then a drastic decrease 

back to baseline as Lipoxin A4 levels spiked after 4 h (Levy et al., 2001). 

As expected, an increase in OCR and ECAR were observed upon LPS stimulation, 

however a dietary effect was not observed (Figure 4 A & B). Immune cells stimulated with LPS, 

should enhance the nuclear translocation of the transcription factor NFκB, thus activating genes 

for the generation of reactive oxygen (ROS) and nitrogen species (RNS). Excessive RNS and 

ROS production can be deleterious (Martins de Lima et al., 2007). While an LPS effect on OCR 

and ECAR were observed up to 4.5 h post LPS stimulation, we further investigated if dietary 

long-chain n-6 PUFA had an effect on oxidative burst at later time points within a 24 h period. 

As such, we evaluated the production of NO and cytoplasmic oxidation at 18 and 24 h post LPS 

stimulation. Despite the increase in OCR and ECAR, we observed a transient increase in NO 

production and cytoplasmic oxidation following LPS treatment after 18 h, however a dietary 

effect was not detected. By 24 h post LPS stimulation a decline in NO production from all 
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dietary treatments were observed. Both n-6 and n-3 PUFA supplementation have been reported 

to both enhance and suppress NO production in macrophages (Chaet et al., 1994; Babu et al., 

1997; Bonatto et al., 2004). In vitro studies with murine macrophages have demonstrated the 

same conflicting results. In J774 cells, lower concentrations of both ARA and EPA (5 μmol/L) 

increased NO production 48 h post LPS stimulation (2.5 μg/mL) compared to higher doses of 

ARA and EPA (100 μmol/L) (de Lima et al., 2006). Contrary to these findings, RAW264 cells 

stimulated with 50-100 μmol/L EPA reduced NO production 24 h post LPS stimulation (0.15 

μg/mL) compared to ARA stimulated cells (Ohata et al., 1997). In neutrophil-like cells (HL-60) 

increased oxidative burst activity was observed with both ARA and EPA treatment in a dose and 

time dependent manner (Healy et al., 2003). It is evident that ARA and EPA effects on the 

generation of ROS and RNS species can be dose and time dependent, but they can also be cell 

dependent. The mechanism behind these discrepancies requires further evaluation. Additional 

measures of oxidative stress merit further investigation. It remains to be determined if sow milk 

can be sufficiently enriched in LC n-6 PUFA to benefit the offspring. There is conflicting 

evidence on the potential benefits and side effects of LC n-3 PUFA supplementation in pigs 

(Rossi et al., 2010; Tanghe and De Smet, 2013).  Equally, increased LC n-6 PUFA 

supplementation could impact litter size, feed intake, growth rate and survivability. As such, 

further work to investigate the impact on overall health in pigs when fed increased LC n-6 PUFA 

is warranted.  

 

Conclusions 

Taken together, these data suggest that supplementing neonatal pig diet with LC n-6 

PUFA, preformed ARA, can enrich 20:4n-6 content in PAM and lead to higher COX-2 mRNA 
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abundance, PGE2 production, and pro-inflammatory cytokine expression upon LPS stimulation. 

Furthermore, macrophage activation with LPS increases ALOX12/15 mRNA and lowers ALOX5 

abundance in LC n-6 enriched PAM signifying that within a 24 h period, the initial stages of a 

lipid-mediator class switching has ensued. Increased dietary long-chain n-6 PUFA could be an 

effective means for enhancing a stronger, well-balanced response to respiratory challenges in 

neonatal pigs. We recognize the inherent limitations of in situ studies, and further investigation is 

warranted to further assess the benefits of the dual nature of PGE2 signaling within the host. 

Further work also is needed to examine long-term safety, clinical efficacy and economic 

viability.   
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Table 1.  Composition of milk replacer diet fed to piglets. 

Ingredient, g/kg CON LC n-6 

 

LC n-3 

Whey 444.6 444.6 444.6 

Edible Lard 44.0 44.0 44.0 

Whey Protein Concentrate 101.4 101.4 101.4 

Delactosed Whey 51.4 51.4 51.4 

Na Casienate 112.5 112.5 112.5 

Dicalcium Phosphate 22.1 22.1 22.1 

Other* 24.1 24.1 24.1 

Fat Blend Supplement    

ARASCO1 3.0 14.8 0.0 

DHASCO1 1.8 1.8 0.0 

Coconut (Hydrogenated) 54.3 54.3 54.3 

Soy Oil 65.5 64.2 65.0 

Sunflower, high oleic 65.3 54.8 55.8 

EPA MegOil1 0.0 0.0 14.8 

Tween80 10.0 10.0 10.0 

TBHQ 0.1 0.1 0.1 

Total 1000.0 1000.0 1000.0 

Calculated Composition    

Energy, kcal/g 5.2 5.2 5.2 

Crude Protein, % 25.0 25.0 25.0 

Crude Fat, % 26.0 26.0 26.0 

Lactose, % 34.5 34.5 34.5 

1Courtesy of DSM Nutritional Products. 

*Other, g/kg diet: mineral premix, 6.3; D/L methionine, 6.2; potassium sorbate, 5.6; L-lysine HCl, 4.5; calcium 

chloride, 4.1; vitamin premix, 1.4; flavor additive, 0.6; emulsifier, 0.6; flow agent, 0.5; tetrasodium 

pyrophosphate, 0.3; antioxidant 0.01; Milk Specialties, Eden Prairie, MN 55344. 
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Table 2. Analyzed fatty acid composition of milk replacer fed to piglets. 1 

Diet CON LC n-6 LC n-3 
 

g/100g, fatty acid1 

Fatty acid 
   

6:0 0.01 0.03 0.02 

8:0 0.45 0.52 0.89 

10:0 1.24 1.42 1.63 

12:0 10.91 12.03 13.67 

14:0 5.36 5.54 5.68 

15:0 0.09 0.06 0.07 

16:0 13.78 14.25 11.83 

16:1 0.20 0.06 0.09 

17:1 0.00 0.00 0.10 

18:0 4.52 7.08 6.26 

18:1 37.76 33.92 32.70 

18:2 (n-6) 20.55 19.00 19.44 

18:3 (n-6) 0.25 0.20 0.07 

18:3 (n-3) 3.01 2.54 2.83 

20:0 0.24 0.17 0.19 

20:1 0.17 0.23 0.31 

20:2 0.14 0.12 0.10 

20:4 (n-6) 0.53 2.22 0.20 

20:3 (n-3) 0.08 0.15 0.04 

20:5 (n-3) 0.00 0.00 3.03 

22:0 0.22 0.20 0.29 

22:6 (n-3) 0.21 0.18 0.00 

24:0 0.08 0.08 0.41 

Total 100 100 100 

SFA 37.10 41.55 40.80 

MUFA 38.12 34.21 33.21 

PUFA 24.78 24.42 26.13 

n-3 FA 3.30 2.87 6.31 

n-6 FA 21.48 21.54 19.82 

n-3 : n-6 0.15 0.13 0.32 

1Data are expressed as weight % of total identified fatty acids. These fats represented 26% of the milk replacer dry 

matter as described in table 1. MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, 

saturated fatty acid.         



   

76 

 

Table 3. Staining reagents used in flow cytometry of immune cells isolated from lungs of milk replacer-fed pigs. 

Antigen Clone Isotype Fluorochrome 
Labeling 

strategy 

Primary Antibody 

source 

2nd Antibody 

source 

Immunotyping of myeloid cells  

CD14 TüK4 IgG2a FITC 

Directly 

conjugated ThermoFisher --- 

CD163 2A10/11 IgG1 PE 

Directly 

conjugated ThermoFisher --- 

CD172A 

74-22-

15A IgG2b Alexa 647 

Secondary 

antibody BEI Resources 

Southern 

Biotech 

Immunotyping of lymphocytes  

CD3 PPT3 IgG1 Alexa 488 

Secondary 

antibody* BIO RAD 

Southern 

Biotech 

CD8α 76-2-11 IgG2a Alexa 647 

Secondary 

antibody BEI Resources 

Southern 

Biotech 

CD21a 

BB6-

11C9.6 IgG1 PE-Cy5.5 

Streptavidin-

biotin Novus Biologicals 

Southern 

Biotech 

*Free binding sites of secondary antibody were blocked by ChromePure Mouse IgG (Jackson Immuno Research, 

West Grove, PA) prior to anti-CD21a staining. 
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Table 4.  Sense and anti-sense primer sequences (5’-3’) used in qRT-PCR analysis. 

Target Gene Bank accession Amplicon 

Size (bp) 

Primer sequence 

RPL4 XM_005659862.3 110 

F: TTCAAGGCTCCCATTCGACC 

 

R: GCACTGGTTTGATGACCTGC 

 

RPL9 XM_013978597.2 106 

F: GGGTTGACAAATGGTGGGGA 

 

R:  TTGTAACGGAAGCCCAGTGT 

 

SDHA XM_021076931.1 106 

F: TTGCGAACGGAACCATAAGGA 

 

R: CAGCCTTCCTGTAACACGCT 

 

YWHAZ XM_001927228.7 105 

F: AAGAAGGGGATTGTGGATCAGTC 

 

R: AAGGGCCAGACCCAATCTGA 

 

TLR-4 NM_001113039.2 112 

F: CGTGCAGGTGGTTCCTAACA 

 

R: CAGGTAGTTAAAGCTCAGGTCCA 

 

COX-1 XM_001926129.6 116 

F: ACACGGCACACGACTACATC 

 

R: CTTCTTCCCTTTGGTCCCCAT 

 

COX-2 NM_214321.1 90 

F: ATGGGTGTGAAAGGGAGGAAAG 

 

R: CTGGGGATCAGGGATGAACTT 

 

5-LOX XM_021072736.1 103 

F: ATGCCAAATGCCACAGGGAT 

 

R: ATGAACAGGTTCTCCATCGCTT 

 

12/15-LOX1  NM_213931 97 

F: CAGGCTTGGTGTCGAGAGTT 

 

R: AGTGGCAGAGCTGTTCCTTG 

 

TNF-α NM_214022.1 94 

F: CCCCAGAAGGAAGAGTTTCCA 

 

R: CGACGGGCTTATCTGAGGTTT 

 

IL-6 NM_001252429.1 101 

F: GACCCTGAGGCAAAAGGGAA 

 

R: TCCACTCGTTCTGTGACTGC 

 

IL-102  
NM_214041.1 

 
101 

F: GACGTAATGCCGAAGGCAGA 

 

R: AGGGCAGAAATTGATGACAGCG 
1(Lopez-Ubeda et al., 2015) 

2(Suradhat and Thanawongnuwech, 2003) 
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Table 5.  Serum metabolite and enzyme concentrations and whole-blood cell from milk replacer-fed pigs.1,2 

 

Diet CON LC n-6  LC n-3 SEM P-value 

Blood Chemistry Panel      

Total protein, g/dL 5.25 4.7 5 0.3 0.45 

Albumin, g/dL 2.75a 2.63a 3.03b 0.05 0.002 

Globulin, g/dL 2.5 2.08 1.98 0.28 0.40 

Albumin/Globulin Ratio 1.2 1.3 1.56 0.16 0.29 

Aspartate Transaminase, U/L 24.25 20.25 32 6.68 0.48 

Alanine Transaminase, U/L 27.75 21.75 23 3.85 0.53 

Alkaline Phosphatase, U/L 636 750 702 69.32 0.53 

Gama-Glutamyl Transpeptidase, U/L 37.75 31.75 24.25 8.47 0.55 

Total Bilirubin, mg/dL 0.1 0.1 0.13 0.01 0.41 

Urea Nitrogen, mg/dL 3a 2.25b 2bc 0.14 0.002 

Creatinine, mg/dL 0.73 0.73 0.7 0.06 0.95 

Blood Urea Nitrogen/Creatinine Ratio 4.25 3 3 0.36 0.06 

Phosphorus, mg/dL 11.7 11.45 11.5 0.31 0.83 

Glucose, mg/dL 137 156 137 7.37 0.18 

Calcium, mg/dL 12.55 12.38 12.33 0.16 0.59 

Magnesium, mEq/L 2.2 2.2 2.13 0.12 0.88 

Sodium, mEq/L 139 136 137 1.08 0.29 

Potassium, mEq/L 7.125 7.5 7.33 0.45 0.84 

Sodium/Potassium Ratio 19.75 18 19 1.32 0.66 

Chloride, mEq/L 101 101 101 0.91 0.93 

Cholesterol, mg/dL 107a 105a 87.25b 5.21 0.05 

Triglycerides, mg/dL 148 114 88.75 20.78 0.18 

Amylase, U/L 1781 1648.25 5030 1889 0.40 

Creatine Phosphokinase, U/L 515 366 333 96.32 0.40 

      

Complete Blood Count      

White Blood Cells, 103/μL 11.75 9.4 8.43 1.43 0.29 

Red Blood Cells, 106/μL 5.55 5.6 6.15 0.18 0.08 

Hemoglobin, g/dL 10.1 9.95 10.8 0.34 0.22 

Hematocrit, % 36.5 33.75 36.25 1.23 0.27 

Mean Corpuscular Volume, fL 66.25a 60.25b 59bc 1.63 0.03 

Mean Corpuscular Hemoglobin, pg 18.25 17.78 17.58 0.45 0.57 

Mean Corpuscular Hemoglobin 

Concentration, g/dL 
27.65 29.63 29.75 0.74 0.14 

Platelet Count, 103/μL 578 486.25 360.25 124.27 0.49 

Neutrophils, % 34.75 37.5 39.35 6.02 0.87 

Bands, μL 0 0 0 0 - 

Lymphocytes, % 58.5 52.5 52.5 5.48 0.68 

Monocytes, % 5.50 5.75 5.00 0.91 0.84 

Eosinophils, % 1.25 4.25 3.25 1.65 0.46 

Basophils, % 0 0 0 0 - 
1 Diets contained 0.5% ARA (CON), 2.2% ARA (LC n-6) or 3.0% EPA (LC n-3) of total fatty acids. 
2Values are least-square means and SEM, n = 4.  
a,b,cMeans within a row lacking a common letter differ (P < 0.05). 
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Table 6. Fatty acid composition of lung parenchymal tissue and porcine alveolar macrophages (PAM).1-2 

Tissue Lung  PAM 

Diet CON LC n-6 LC n-3 P - Value CON LC n-6 LC n-3 P - Value 

Fatty acid, g/100g FA 

14:0 1.62 ± 0.44 1.81 ± 0.38 2.04 ± 0.24 0.68 1.66 ± 0.19 1.53 ± 0.22 1.93 ± 0.22 0.45 

16:0 31.38 ± 1.20 33.13 ± 1.04 33.45 ± 0.66 0.33 38.48 ± 3.31 33.62 ± 3.82 32.71 ± 3.82 0.47 

16:1 0.66 ± 0.04 a 0.50 ± 0.04 b 0.50 ± 0.02 b 0.01 0.82 ± 0.13 0.46 ± 0.15 0.74 ± 0.15 0.22 

18:0 20.56 ± 1.29 19.01 ±1.12 20.23 ±0.71 0.59 24.31 ± 1.65 25.44 ± 1.90 21.38 ± 1.90 0.32 

18:1 22.94 ± 1.02 21.85 ± 0.88 22.82 ± 0.56 0.61 14.43 ± 1.18 13.02 ± 1.34 17.71 ± 1.34 0.06 

18:2  10.06 ± 0.54 a 8.21 ± 0.47 b 10.83 ± 0.30 a 0.0002 5.76 ± 0.73xy 5.22 ± 0.84x 8.11 ± 0.84y 0.06 

18:3 (n-6) 0.12 ± 0.03 a 0.02 ± 0.03 b 0.00 ± 0.02 b 0.01 1.25 ± 0.19  1.48 ± 0.22 1.23 ± 0.22 0.67 

18:3 (n-3) 0.22 ± 0.07 0.17 ± 0.06 0.16 ± 0.04 0.76 0.03 ± 0.04x 0.00 ± 0.04x 0.17 ± 0.04y 0.02 

20:0 0.40 ± 0.09 0.45 ± 0.07 0.45 ± 0.05 0.86 0.58 ± 0.08 0.38 ± 0.09 0.55 ± 0.09 0.27 

20:1 0.43 ± 0.05 a 0.28 ± 0.04 b 0.30 ± 0.03 b 0.03 0.47 ± .09 0.23 ± 0.10 0.47 ± 0.10 0.16 

20:2 0.7 ± 0.053a 0.56 ± 0.04 b 0.50 ±0.03 b 0.001 0.73 ± 0.12 0.58 ± 0.14 0.34 ± 0.14 0.15 

20:4 (n-6) 8.26 ± 0.60 a 11.55 ± 0.52 b 4.56 ± 0.33 c < 0.0001 7.66 ± 1.40x 14.22 ± 1.62y 6.27 ± 1.62x 0.01 

20:3 (n-3) 0.62 ± 0.08  0.43 ± 0.07  0.60 ± 0.04 0.10 0.70 ± 0.11 0.67 ± 0.12 0.57 ± 0.12 0.74 

20:5 (n-3) 0.00 ± 0.15a 0.00 ± 0.13a 1.53 ± 0.08b < 0.0001 0.02 ± 0.28x 0.00 ± 0.33 x 3.44 ± 0.33y < 0.0001 

22:0 0.68 ± 0.19 0.69 ± 0.16 0.85 ± 0.10 0.60 1.90 ± 0.18 1.81 ± 0.21 1.88 ± 0.20 0.95 

22:1 0.60 ± 0.22 0.73 ± 0.19 0.56 ± 0.12 0.74 0.02 ± 0.05x 0.00 ± 0.06x 0.23 ± 0.06y 0.03 

22:6 (n-3) 0.63 ± 0.11 0.63 ± 0.10 0.62 ± 0.06 0.99 1.19 ± 0.26x 1.34 ± 0.30x 2.27 ± 0.30y 0.04 

Total 100 100 100  100 100 100  

MUFA 24.63 ± 1.11 23.36 ± 0.96 24.18 ± 0.61 0.67 15.73 ± 1.32 13.72 ± 1.50 19.15 ± 1.50 0.06 

PUFA 20.65 ± 1.17 21.57 ± 1.02 18.80 ± 0.64 0.07 17.34 ± 2.23 23.50 ± 2.76 22.41 ± 2.76 0.21 

n-3 FA 1.47 ± 0.31a 1.23 ± 0.27a 2.91 ± 0.17b < 0.0001 1.94 ± 0.63x 2.01 ± 0.57x 6.45 ± 0.57y < 0.0001 

n-6 FA 19.18 ± 0.94a 20.34 ± 0.82a 15.89 ± 0.52b <0.0001 15.40 ± 2.02 21.48 ± 2.30 15.96 ± 2.30 0.13 

n-3: n-6 0.08 ± 0.01a 0.06 ± 0.02a 0.18 ± 0.01b <0.0001 0.13 ± 0.01x 0.09 ± 0.02x 0.40 ± 0.02y < 0.0001 

1 Values are least square means ± SEM. FA, fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid. 
2 Values represent weight % of total fatty acids. 
a,b,c; x,y,z Means within a row lacking a common letter differ (P < 0.05).  
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Figure 1: Validation of PAM isolation procedure. 

The phenotype and survival of cells isolated by alveolar lavage was analyzed via flow cytometry. 

A) Left: FSC/SSC characteristics were used to distinguish dead cells, PAM cells and 

lymphocytes. Right: Percentage of cells in the different FSC/SSC gates. In order to exclude 

debris from the analysis, 100% represents the sum of frequencies in all three gates (Dead cells + 

PAMs + Lymphocytes). B) Within the PAM FSC/SSC gate, all cells exhibited the characteristic 

CD14lowCD163+CD172A+ expression pattern of PAM. Grey dashed lines represent isotype 

controls, red solid lines represent staining of cells isolated from six animals. C) T cells, B cells 

and NK cells were distinguished via CD3, CD21a, and CD8α expression analysis within the 

Lymphocytes gate. On average 18.3% were T cells, 34.3% B cells and 1.8% NK cells. 
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Figure 2. Dietary LC n-6 PUFA increases COX-2 mRNA abundance and eicosanoid 

production in porcine alveolar macrophages. Relative expression level of (a) COX-2 mRNA 

and (b) PGE2production in alveolar macrophages isolated from piglets fed milk replacer with 

varying fatty acid composition. Measurements were made after 24 h of culture in absence (Basal) 

or presence of LPS. RNA values are mean fold changes relative to basal CON alveolar 

macrophages. Fatty acid effect, LPS effect and fatty acid-LPS interaction were evaluated. Values 

are represented as least square means ± SEM, (a) n = 12; (b) n = 20. Bars lacking a common 

letter differ. 
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Figure 3. Dietary LC n-6 modifies lipoxygenase and cytokine mRNA abundance associated 

with a pro-inflammatory response in porcine alveolar macrophages. Relative mRNA 

abundance of (A) ALOX-5, (B) TNF-α, and (C) IL-6 in alveolar macrophages from piglets fed 

milk replacer with varying fatty acid composition. Measurements were made after 24 h of culture 

in absence (Basal) or presence of LPS. Values are mean fold changes relative to basal CON 

alveolar macrophages. Fatty acid effect, LPS effect and fatty acid-LPS interaction were assessed. 

Values are represented as least square means ± SEM, n = 12. Bars lacking a common letter 

differ.  
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Figure 4. Long chain n-6 supplementation initiates initial stages of lipid-mediator class 

switching in porcine alveolar macrophages. Relative mRNA abundance of (A) ALOX-12/15 

and (B) IL-10 in alveolar macrophages from piglets fed milk replacer with varying fatty acid 

composition. Measurements were made after 24 h of culture in absence (Basal) or presence of 

LPS. Values are mean fold changes relative to basal CON alveolar macrophages. Fatty acid 

effect, LPS effect and fatty acid-LPS interaction were assessed. Values represented as least 

square means ± SEM, n = 12. Bars lacking a common letter differ. 
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Figure 5. LPS stimulation in porcine alveolar macrophages alters oxidative burst and 

cellular stress regardless of long chain PUFA enrichment. Representative trace of oxidative 

burst by measurements of (A) OCR, (B) ECAR and cellular stress by measurement of (C) NO 

and (D) cytoplasmic oxidation in PAM isolated from piglets fed milk replacer with varying fatty 

acid composition. Measurements were made during culture in absence (Basal) or presence of 

LPS at varying time points over the course of 24 h. Fatty acid effect, LPS effect and fatty acid-

LPS interaction were assessed.  Values are least square means ± SEM, n = 5. ECAR, 

extracellular acidification rate; NO, nitric oxide; OCR, oxygen consumption rate. 
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Chapter III 

Immunosuppressive effects of porcine reproductive and respiratory syndrome virus are 

dampened in porcine alveolar macrophages from arachidonate-fed piglets 
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Abstract 

Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) is one the most 

prevalent viruses economically impacting the swine industry. Currently, vaccination is standard 

practice although it provides limited protection. Additional use of therapeutic agents to decrease 

the severity and spread of PRRSV is lacking. Dietary long-chain polyunsaturated fatty acids 

(LC-PUFA), arachidonic acid (ARA; n-6) and eicosapentaenoic acid (EPA; n-3), have 

immunomodulatory effects. Arachidonic acid exhibits increased synthesis of potent eicosanoids 

which leads to enhanced antiviral inflammatory cytokine production. In this study, LC n-6 and n-

3 enriched porcine alveolar macrophages (PAM) from dietary long-chain PUFA supplementation 

were infected with PRRSV (MOI of 0.5) and studied up to 48 hours post infection (hpi) to 

evaluate if PUFA enrichment could reverse the immunosuppressive effects that PRRSV elicits 

on antiviral and pro-inflammatory cytokine transcription. By 12hpi, mRNA abundance of INF-α 

increased 73% in LC n-6 PAM, while viral nucleocapsid transcripts (N) was 67% lower 

compared to LC n-3 PAM (P < 0.0001). By 24hpi, N mRNA abundance was 66% lower in LC n-

6 and n-3 PAM compared to CON. At 6hpi, abundance of ALOX5 and IL-6 were 2.5-fold higher, 

and TNF- α was 2-fold higher in LC n-6 PAM compared to CON (P < 0.0001). Abundance of 

TNF- α declined at 12hpi and maintained low levels throughout the remaining 48hpi in LC n-6 

and LC n-3 PAM. Abundance of IL-6 decreased 31% in LC n-6 PAM between 12 and 24hpi. A 

transient increase in IL-10 was observed 6hpi in LC n-6 PAM, after which abundance diminished 

85%. These results suggest dietary LC n-6 PUFA can dampen some of the immunosuppressive 

effects of PRRSV by enhancing antiviral and pro-inflammatory responses, thus decreasing viral 

replication within 24hpi in PRRSV-infected PAM. 
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Introduction 

Porcine Reproductive and Respiratory syndrome virus (PRRSV) is one of the most 

prevalent viruses impacting the swine industry, costing the United States over 664 million dollars 

annually in losses (Holtkamp et al., 2013). In preweaning (neonatal) and nursery pigs, 33-46.6% 

of disease cases reported are PRRSV related (USDA, 2015b). Infection with PRRSV causes 

immune dysregulation in the pig leading to suppressed innate and adaptive immune responses, 

allowing for enhanced viral replication and establishment of a persistent infection (Chand et al., 

2012; García-Nicolás et al., 2014). The high mutation rate of this virus has led to two genotypes, 

the European (Type I) and the North American (Type II) strains which have varying levels of 

pathogenicity. Currently, modified-live attenuated vaccination is the most prevalent method for 

PRRSV control; however high genomic variability poses constant challenges in developing 

effective vaccines against all viral strains (Renukaradhya et al., 2015). Additionally, colostrum 

antibodies from vaccinated sows decline as early as 3 weeks in neonates (Halbur, 2016).  

Continuous research on additional effective means to control PRRSV infection is vital to 

decreasing the severity and economic impact it has on the swine industry. 

Dietary long-chain polyunsaturated fatty acids (PUFA), such as arachidonic acid (ARA) 

and eicosapentaenoic acid (EPA), have immunomodulatory effects which aid in controlling the 

intensity and duration of immune responses to infection (Calder and Grimble, 2002). 

Arachidonic acid is metabolized by lipoxygenase-5 (5-LOX) for pro-inflammatory and antiviral 

cytokine production; as well as be metabolized by cyclooxygenase-2 (COX-2) for prostaglandin 

E2 (PGE2) synthesis. Prostaglandin E2 promotes pro-inflammatory and antiviral signaling at the 

onset of an acute challenge. In a negative feed-back loop, PGE2 hinders its initial response to 

promote anti-inflammatory and pro-resolving cascades (Botham and Mayes, 2009). Calder, 
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Fritsche, and Serhan have extensively reviewed the immunomodulatory roles of ARA and EPA 

(Calder, 2006c; Calder, 2012; Serhan et al., 2014). Initiating a well-controlled acute 

inflammatory and antiviral response is vital for the control and elimination of viruses; thus, it is a 

main target of PRRSV as virus survival is contingent on immune dysregulation (Butler et al., 

2014). Enhancing host immune response could strengthen defense against PRRSV and provide 

another management tool to reduce the deleterious effects of the virus on swine heard health.   

There are a few studies geared toward novel approaches involving the use of dietary 

agents as alternative methods or used in conjunction with vaccines to reduce the severity of 

PRRSV. Dietary bioactive compounds from plants extracts; polyphenols (Yang et al., 2013; 

Zhang et al., 2018b) and plant root extracts (Sun et al., 2012a; Duan et al., 2015; Zhang et al., 

2018a) have elicited antiviral activities against PRRSV. Synthetic drug compounds have also 

demonstrated to have antiviral capabilities towards PRSSV (Opriessnig et al., 2011; Wang et al., 

2014). Alternatively, conjugated linoleic acid did not improve antiviral response to PRRSV 

(Pinelli-Saavedra et al., 2015). Linoleic acid is a pre-cursor for ARA synthesis, however 

conversion rate is low (Cunnane et al., 1984) and the use of pre-formed ARA could have 

beneficial effects against PRRSV, as supplementation with its antagonist EPA and DHA have 

demonstrated immunosuppressive effects against other viruses (Bassaganya-Riera et al., 2007; 

Schwerbrock et al., 2009). 

Few studies focus on the potential benefits resulting from the ability of PGE2 to initiate 

both pro-inflammatory, antiviral and resolving signals during infection, particularly in swine 

(Serhan et al., 2008). Porcine Reproductive and Respiratory Syndrome virus displays 

immunosuppressive effects by high-jacking alveolar macrophage (PAM) function and inhibiting 

type I interferon production, upregulating anti-inflammatory cytokine production, and 
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downregulating pro-inflammatory cytokine production (Huang et al., 2015). Secretion of both 

pro-inflammatory and antiviral cytokines are necessary for eliminating the virus and reducing 

further infection and damage. While pro-inflammatory cytokines can cause collateral damage or 

lung tissue pathology (Bruder et al., 2006), it is essential for viral clearance (Schwerbrock et al., 

2009).  The dual nature of PGE2 from the metabolism of ARA offers the possibility for 

decreased collateral damage and a more balanced innate immune response. Therefore, the aim of 

this study was to determine if supplemental ARA in milk-replacer-fed pigs could improve the 

innate immune response of PAM when challenged with PRRSV in situ. Given the duality of 

PGE2 signaling of both pro- and anti-inflammatory mechanisms, we hypothesized that a 

heightened but balanced antiviral response would dampen some of PRRSV’s 

immunosuppressive effects in alveolar macrophages. In the present study, long-chain PUFA 

enrichment in PAM from dietary ARA increased antiviral response to PRRSV and decreased 

viral replication. This may provide an alternate therapeutic agent to dampen the deleterious 

effects of PRRSV infection.  

Materials and Methods 

Piglets and experimental dietary treatments 

Animal protocols for this trial were approved by North Carolina State University’s 

Institutional Animal Care and Use Committee. Animals were managed as previously described 

(Hess et al., 2008; Jacobi et al., 2012). Design of feeding trial is described in detail by Walter et 

al. (Walter et al., 2019). In brief, 24h after birth colostrum-fed piglets (n = 60) were obtained. 

Piglets were randomly allocated to a milk replacer diet (n = 20/treatment) supplemented with 

0.5% ARA of total fatty acids (control, (CON)), 2.2% ARA of total fatty acids (LC n-6) or 3.0% 



   

90 

 

EPA of total fatty acids (LC n-3) of total fatty acids for 21days (d). After 21d of feeding, all pigs 

were placed under isoflurane anesthesia and humanely euthanized by exsanguination.    

Cells and virus 

A composite of PAM from 6 pigs of each dietary treatment group were cultured using 

RPMI 1640 media plus L-glutamine. Culture media was supplemented with penicillin 

(100U/mL), streptomycin (100µg/mL), fungizone (4µg/mL), gentamycin (50µg/mL), and 10% 

heat inactivated-fetal bovine serum (FBS). Alveolar macrophages were previously characterized 

and fatty acid enrichment from diets were determined (Walter et al., 2019). Briefly, long-chain 

PUFA composition of cells increased with the corresponding diet that the pigs received. 

Macrophages from LC n-6 fed pigs had a 2-fold enrichment in ARA concentration, and PAM 

from pigs receiving the LC n-3 diet had a 1.5-fold increase in EPA and a 2-fold increase in DHA.  

Macrophages were seeded on a 6-well plate at a density of 3 × 106 cells/mL in triplicate. 

Cells were infected with the PRRSV strain VR-2332 (ATCC) at a multiplicity of infection (MOI) 

of 0.5 and maintained at 4°C for 4h to allow for synchronization. An additional 2mL of warmed 

culture media was added to each well. Cells were maintained at a 37°C humidified incubator 

with 5% CO2 for 6, 12, 24 and 48 hours post infection (hpi). 

RNA extraction and quantitative real-time PCR 

Alveolar macrophages were collected in TRIzol Reagent (Ambion) following 

manufacturer’s instructions. Total RNA was purified according to manufacturer’s instructions 

with the exception that RNA precipitation occurred overnight at -80°C. Complementary DNA 

was synthesized using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) 

following manufacturer’s instructions. Primers for pig housekeeping genes ribosomal proteins 

L4 (RPL4) and L9 (RPL9),  tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 
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protein zeta polypeptide (YWHAZ), and succinate dehydrogenase complex subunit A (SDHA) 

(Cinar et al., 2012), as well as genes of interest COX-2, lipoxygenase 5 (ALOX5) and 12/15 

(ALOX12/15), tumor necrosis factor alpha (TNF-α), interferon alpha (INF-α), interleukin 10 (IL-

10) and 6 (IL-6), and PRRSV nucleocapsid (N) were designed using primer-BLAST from the 

National Center for Biotechnology Information (NCBI) database (Table 1). Primers were 

designed to span exon-exon junctions. The absences of dimers and existence of gene-specific 

peaks for all primers were confirmed by melt curve analysis. Measurement of mRNA abundance 

was performed by qRT-PCR.  Genes of interest were normalized to the geometric mean of the 4 

housekeeping genes and the 2-ΔΔCt method was used to determine mRNA abundance as 

previously described (Jacobi et al., 2011; Cinar et al., 2012; Esposito et al., 2014). Samples were 

run in duplicate with relative mRNA expression normalized to CON at each time point. 

Eicosanoid Production 

Tissue culture media from all cultured PAM were collected at time of RNA isolation. 

Media from triplicate wells were pooled and used to determine the concentration of PGE2 and 

TNF-α at 6, 12, and 24hpi as determined by relative mRNA abundance of COX-2. A competitive 

ELISA kit specific for porcine PGE2 (Pierce) was utilized following manufacturer’s instructions. 

All samples were assayed in duplicate.  Quantification was determined using a BioTek Synergy 

H1 Multi-mode microplate reader (BioTek Instruments).  

qRT-PCR array profiling 

Based on relative mRNA expression data for INF-α and PRRSV N protein, swine specific 

PCR arrays were used to further evaluate the dietary effects of these major pathways in PAM 

following PRRSV infection.  Profiling of 84 genes related to an antiviral response were 

performed using the RT2 Profiler PCR Array Pig Antiviral Response (PASS-122Z Qiagen) 
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following manufacturer’s protocol. cDNA samples from all dietary groups were used from 12hpi 

and 24hpi.  qRT-PCRs were performed per manufacturer’s instructions with relative mRNA 

abundance levels normalized to the geometric mean of 5 housekeeping genes (beta-actin, beta-2-

microglobulin, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), hypoxanthine 

phosphoribosyl transferase 1, and ribosomal protein L13a (RPL13a)). All arrays were compared 

to CON for each time point. Identification of possible co-regulated genes from all treatments are 

depicted in a cluster gram, generated by RT2 Profiler PCR Array Web-based Data Analysis 

Portal (Qiagen).  

Statistical Analysis 

Results for gene expression, eicosanoid and cytokine production were analyzed by a two-

way ANOVA for a 3 × 2 factorial design (diets +/- PRRSV) for each time point using GraphPad 

Prism 8. Post hoc analysis was conducted using a Tukey multiple comparison test. Data are 

reported as mean ± SEM. Statistical significance between groups was declared when P < 0.05. 

Trends were noted when 0.05 < P < 0.1.  

Results 

Long-chain n-6 enrichment of PAM alters COX-2 expression and PGE2 production following 

PRRSV infection 

To determine whether long-chain PUFA enrichment altered COX-2 expression and PGE2 

secretion in PRRSV infected PAM, relative mRNA abundance of COX-2 was evaluated over the 

course of 48hpi. The relative mRNA abundance of COX-2 increased almost 20-fold in LC n-6 

PAM compared to CON 6hpi, although no detectable difference between LC-6 and LC-3 

enriched PAM were observed. By 12hpi, the abundance of COX-2 decreased by 81% in LC n-6 

PAM and 75% in long-chain n-3 PAM. However, relative mRNA abundance was 3-fold higher 
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in LC n-6 PAM compared to CON (Figure 1A; P < 0.0001). Throughout the remaining 48 hours, 

no detectable difference in COX-2 mRNA abundance was observed between dietary treatment 

groups. The apparent difference in COX-2 abundance at 6hpi between CON and other treatment 

groups, then the steady decline and plateau throughout the remaining time course, warranted the 

investigation of PGE2 concentration over the first 24hpi. Consistent with an increase in COX-2 

mRNA abundance, concentration of PGE2 increased following PRRSV infection. Although no 

detectable differences were observed between LC n-6 and LC n-3 PAM for COX-2 mRNA 

abundance, differences in PGE2 production were observed between all dietary treatment groups. 

Between 6 and 12hpi, the concentration of PGE2 from LC n-6 enriched PAM exceeded that from 

CON by an average of 22% and from LC n-3 enriched PAM by an average of 84%. On average, 

the concentration of PGE2 production from LC n-3 PAM decreased 34% compared to CON 

between 6 and 12hpi (Figure 1B; P < 0.0001). Between 12 and 24hpi, PGE2 concentration in 

CON and LC n-6 PAM increased 24% and 17% respectively. Between CON and LC n-6 

concentration increased 22%. The concentration in LC n-3 remained constant throughout 24 

hours with no detectable differences, however concentration was 2-fold higher in LC n-6 than 

LC n-3 PAM 24hpi. Thus, dietary LC n-6 PUFA alters COX-2 and PGE2 upon PRRSV infection. 

Dietary long-chain n-6 PUFA modifies antiviral response and decreases replication in PRRSV 

infected PAM 

The finding that long-chain PUFA enrichment in PAM increases COX-2 and PGE2 

following PRRSV infection, suggests type I interferon response could be altered as it is classified 

as a pro-inflammatory response. To determine if long-chain PUFA enrichment in PAM altered 

an antiviral response to PRRSV, mRNA abundance of INF-α and the PRRSV nucleocapsid (N) 

were evaluated. Abundance of INF-α mRNA increased steadily in LC n-6 PAM at 6 and 12hpi, 
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by 12hpi abundance was 3.3-fold higher compared to CON.  At 12hpi, INF-α abundance was 

52% higher in LC n-3 PAM compared to CON, but 42% lower than that of the LC n-6 treatment 

group. Between 24 and 48hpi, a steady decline in mRNA abundance was detected in both 

treatment groups compared to CON, although the level of mRNA transcript was lowest in LC n-

3 PAM (Figure 2A; P <0.0001). Inhibition of viral replication ensues from antiviral responses; as 

such, mRNA abundance of N was evaluated. At 6hpi, no detectable difference in mRNA 

abundance was observed between groups. Abundance of N increased in both LC n-6 and n-3 

PAM 12hpi, with LC n-3 being 2.75-fold higher than CON and 67% higher than LC n-6 PAM. 

By 24 and 48hpi, a decline in mRNA abundance of N was observed in both treatment groups 

compared to CON (Figure 2B; P < 0.0001). As such, LC n-6 enrichment provided a more robust 

antiviral response to PRRSV than LC n-3 PAM.  

To further elucidate the effect LC PUFA enrichment can cause on an antiviral response to 

PRRSV, Pig Antiviral Response RT2 Profiler PCR Arrays were used to evaluate additional genes 

involved in an innate antiviral immune response in PAM.  Arrays were conducted using cDNA 

from CON, LC n-6 and n-3 treatment groups at 12 and 24hpi time points. The cluster gram 

demonstrated moderate changes in antiviral response to PRRSV across all treatment groups with 

clusters of possible co-regulated genes between all samples (Figure 3A and D). Compared to 

CON 12hpi, PAM from LC n-6 displayed an upregulation of three genes; FOS proto-Oncogene/ 

an AP-1 Transcription Factor Subunit (FOS), Apoptosis-associated speck-like protein containing 

CARD-like (ASC/LOC100522011), and IL-23A. Additionally, at 12hpi LC n-6 PAM displayed 

almost a 3-fold downregulation of autophagy related gene 5 (ATG5) and Colony stimulating 

factor 2/ granulocyte-macrophage (CSF2) (Figure 3B). In LC n-3 PAM at 12hpi, no detectable 

genes were upregulated relative to CON 12hpi. However, 2 genes displayed more than a 2-fold 
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downregulation; INF-B1 and CSF2 (Figure 3C). By 24hpi, an additional two genes were 

upregulated almost 3-fold in LC n-6 PAM, IL-12A and IL-12B while ATG5 was no longer 

downregulated. Downregulation of CSF2 was 4-fold compared to CON 24hpi (Figure 3E). In LC 

n-3 PAM, no detectable genes were upregulated compared to CON 24hpi. The downregulation 

of CSF2 was almost 5-fold relative, while INF-B1 maintained a 2-fold downregulation. 

Additional genes C-JUN protein/ an AP-1 Transcription Factor Subunit (JUN) and Nucleotide-

inding oligomerization domain (NOD2) were downregulated 2 and 3-fold respectively compared 

to CON 24hpi (Figure 3F).  Thus, dietary enrichment of PAM by long-chain PUFA did alter 

mRNA abundance of genes associated with an innate antiviral response following PRRSV 

infection.  

Long-chain PUFA enrichment in PAM contributes to changes in pro-inflammatory cytokine 

response to PRRSV 

With an increase in an antiviral response following PRRSV infection, it suggests that 

transcription of additional pro-inflammatory cytokines could be affected. Accordingly, mRNA 

abundance of ALOX5, IL-6 and TNF-α were determined via qRT-PCR following PRRSV 

infection in long-chain PUFA enriched PAM. In contrast to CON and LC n-3 enriched PAM, 

enrichment with LC n-6 resulted in a 2.6-fold increase in ALOX5 abundance at 6 and 24hpi 

relative to CON (Figure 4A; P < 0.0001), while a transient decline was observed at 12hpi and 

again at 48hpi. Metabolism of ARA from 5-LOX (ALOX5 gene) promotes transcription of pro-

inflammatory cytokines during early stages of infection. At 6hpi, a 2-fold increase in TNF-α was 

detected in LC n-6 and n-3 PAM relative to CON at 6hpi. Between 12 and 24hpi, mRNA 

abundance decreased an average of 59% in LC n-6 PAM. No detectable difference was observed 

between dietary treatment groups at 12 and 24hpi, although a significant decline in LC n-6 and 
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LC n-3 PAM were observed at 48hpi (Figure 4B; P < 0.0001). Similarly, a 2.5-fold increase in 

IL-6 mRNA abundance from LC n-6 PAM was observed compared to CON and LC n-3. 

Between 12 and 24hpi, abundance of IL-6 in the LC- n-6 group decreased an average of 31% 

(Figure 4C; P < 0.0001). By 48hpi, a similar decline as seen in TNF-α abundance was observed 

in LC n-6 and LC n-3 PAM. No detectable difference was observed between CON and LC n-3 

PAM the first 24hpi. Therefore, enrichment of PAM by dietary LC n-6 PUFA increases 

transcription of potent pro-inflammatory cytokines in the early stages of PRRSV infection, 

specifically within the first 24hpi. 

Dietary long-chain PUFA alters enhanced anti-inflammatory response associated with 

PRRSV  

The increase in pro-inflammatory and antiviral cytokine activity suggested that the 

typical anti-inflammatory response elicited by PRRSV would be decreased. To evaluate these 

effects, mRNA abundance of ALOX12/15 and IL-10 were determined. A detectable difference in 

ALOX12/15 could not be determined 6 and 12hpi between groups. At 24hpi, LC n-3 PAM 

displayed a 4-fold increase in ALOX12/15 abundance compared to CON and a 2-fold increase 

compared to LC n-6 PAM (Figure 5A; P < 0.0032). By 48hpi, no detectable difference was 

observed. At 6hpi, abundance of IL-10 in LC n-6 PAM was 2-fold higher compared to CON and 

LC n-3. By 12hpi, abundance diminished 85% in LC n-6 PAM and slightly increased to that of 

CON by 24hpi. Between 12 and 24hpi, abundance in LC n-3 PAM remained lower than CON 

and LC n-6 (Figure 5B; P <0.0001). By 48hpi, abundance in LC n-6 and n-3 PAM were 23% 

lower than CON.  Production of IL-10 was evaluated by a sandwich ELISA to further assess the 

anti-inflammatory response to PRRV, however detection fell below the lowest detectable range 
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(data not shown). Thus, enrichment of PAM with long-chain PUFA does alter an anti-

inflammatory response to PRRSV. 

Discussion 

Porcine Reproductive and Respiratory Syndrome Virus is one of the most detrimental 

viruses afflicting the swine industry. Common medicinal practices are being implemented, 

however PRRSV still claims more than 50% of respiratory related deaths in swine (USDA, 

2015b). An effective nutritional intervention to help mitigate loss has yet to be determined. 

Supplementing diet with pre-formed long-chain PUFA to enrich its content in immune cells 

presents a nutritional immunomodulatory approach to decreasing the inhibitory effects PRRSV 

has on the innate immune response of PAM. 

Porcine Reproductive and Respiratory Syndrome Virus subverts the innate immune 

response in PAM by inhibiting pro-inflammatory cytokine and type I interferon production 

(Rascon-Castelo et al., 2015; Huang et al., 2015). In this study, we evaluated the mRNA 

abundance of COX-2, INF-α, N, ALOX 5, TNF-α, IL-6, as well as the production of PGE2 to 

determine if LC PUFA can help amend the response typically observed in PRRSV-infected 

PAM. Dietary long-chain PUFA has been demonstrated to increase the PUFA content of immune 

cells and modulate eicosanoid production and inflammatory responses upon infection (Oliveros 

et al., 2004; Calder, 2012; Raphael and Sordillo, 2013; Walter et al., 2019). In the present study, 

the enrichment of arachidonic acid by LC n-6 supplementation led to increased COX-2 

abundance and PGE2 production, which are associated with a pro-inflammatory response during 

the early stages of infection. In murine macrophages, treatment with ARA led to increased PGE2 

production (Bagga et al., 2003b), while treatment with EPA decreased production (Babcock et 

al., 2002). In pigs, feeding fish oil decreased ARA content and PGE2 production in alveolar 
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macrophages (Møller and Lauridsen, 2006). Production of PGE2 in PAM was previously 

reported to increase between 2 and 6hpi, then declined by 36hpi compared to control groups. 

Declines were observed at 18, 36 and 72hpi with a transient increase at 24hpi (Chiou et al., 

2000). These finding are consistent with the current study. Alveolar macrophages infected with 

different Type 2 PPRSV strains at a MOI of 2 or a highly-pathogenic Type 2 PRRSV strain, 

displayed a rapid increase in PGE2 over 36hpi in ng/mL concentrations (Bi et al., 2014). The 

PGE2 concentrations in this study are reported in pg/mL and PAM were not infected with a 

highly-virulent strain which have been reported to elicit different and more robust pro-

inflammatory responses (Liu et al., 2010). Increased production of PGE2 should provoke a 

heightened antiviral response during the early stages of infection. Enrichment of PAM from 

dietary LC n-6 upregulated mRNA abundance of genes associated with an antiviral and pro-

inflammatory response. Porcine reproductive and respiratory syndrome virus is sensitive to type 

I INF responses and inhibits synthesis, thus altering innate and adaptive immune responses 

(Brockmeier et al., 2012; Butler et al., 2014). Infection with PRRSV reduces INF-α production 

significantly compared to other swine-specific respiratory viruses (Albina et al., 1998), while 

treatment of PRRSV with INF-α decreased viral replication (Brockmeier et al., 2009). This 

implicates Type I interferon, like INF-α, is detrimental to PRRSV, and therefore downregulates 

its production in PAM for survival. Studies have demonstrated the virus’ non-structural proteins 

inhibit nuclear translocation of interferon regulatory factors (IRF) (Kim et al., 2010; Han et al., 

2013), thus terminating transcription of the Type I interferons (Rascon-Castelo et al., 2015; 

Huang et al., 2015). In this study, enrichment of LC n-6 in PAM resulted in increased 

transcription of INF-α and decreased transcription of N compared to CON and LC n-3 enriched 

PAM.    
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Further confirmation of increased antiviral activity in LC PUFA enriched PAM was 

validated with Pig Antiviral Response RT2 Profiler PCR Arrays. The genes FOS, JUN, and 

NOD2 lead to activation of transcription factors (AP-1 and NFκB) associated with transcription 

of pro-inflammatory and antiviral genes (Dawson et al., 2017). While ASC is an adaptor protein 

for inflammasome activation. All of which are necessary for Type I interferon production. 

Alveolar macrophages infected with PRRSV (Jiang et al., 2013) or influenza (Park et al., 2018) 

have demonstrated to downregulated these genes to suppress an antiviral response. Suppression 

of INF-β1 and other antiviral and pro-inflammatory cytokines is accomplished through 

downregulation and inhibition of the transcription factors NFκB and AP-1 (Beura et al., 2010; 

Huang et al., 2014). Studies with recombinant IL-12 and INF-α have demonstrated to reverse 

antiviral inhibition in PRRSV-infected PAM (Meier et al., 2004). In this study, at 12hpi LC n-6 

PAM displayed an upregulation in FOS, ASC, and IL-23A compared to CON and LC n-3 PAM. 

By 24hpi, LC n-6 PAM no longer demonstrated an upregulation in IL-23A however, there was an 

upregulation of both subunits of IL-12, IL-12A and IL-12B.  Additionally, LC n-6 PAM 

displayed a downregulation of ATG5 at 12hpi but not 24hpi. Deletion of this gene leads to 

increased innate immune inflammation and influenza resistance in lung tissue and macrophages 

(Lu et al., 2016). It is possible that this could be another PRRSV-targeted gene to further elicit its 

immunosuppressive effects and enrichment of PAM with LC n-6 dampens this effect at 12hpi, 

which would be consistent with the upregulated pro-inflammatory and antiviral genes observed 

at 12hpi in LC n-6 PAM. A consistent downregulation of CSF2 was observed in both LC n-6 and 

n-3 PAM compared to CON at 12 and 24hpi. Colony-stimulating factor 2 is associated with 

monocyte recruitment and maturation (Murphy, 2012). It is plausible that suppression of this 

gene could be another mechanism by which PRRSV evades an innate host immune response. 
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The additional markers identified from the antiviral arrays suggest additional genes that could be 

targeted by PRRSV and subsequently modified by LC PUFA enrichment. Further investigation 

is warranted to determin these pathways. However, the increase in pro-inflammatory and 

antiviral markers in LC n-6 PAM following PRRSV infection compared to the downregulation 

observed in LC n-3 PAM observed from these antiviral arrays, increased INF-α abundance and 

decreased N mRNA abundance does suggest that LC n-6 enrichment in PAM is an effective 

means to enhancing an antiviral response in PRRSV-infected PAM. 

Early stages of infection promote the oxidation are ARA by 5-LOX, which further leads 

to eicosanoid synthesis for production of pro-inflammatory cytokines (Luo et al., 2003). In the 

early stages of infection, PRRSV elicits a very weak innate immune response in PAM (Lunney et 

al., 2016). Previous studies have demonstrated downregulated TNF-α following PRRSV 

infection (Beura et al., 2010; He et al., 2015). Transcription levels of TNF-α mRNA in PRRSV-

infected PAM have demonstrated to decrease 6hpi, while production of TNF-α has been reported 

to be decreased by 65% 48hpi (López-Fuertes et al., 2000), while other studies have reported to 

enhance TNF-α production by 26% when reported on a viable cell basis versus total activity 

(Chiou et al., 2000). Zhang and colleagues reported PRRSV enhances transcription of TNF-α and 

IL-6 in PAM with in 24hpi (Zhang et al., 2018b). Although it is important to note, that studies 

where transcription of TNF-α and IL-6 were upregulated by PRRSV, again were in PAM 

infected with highly pathogenic strains which can have an opposite effect on pro-inflammatory 

cytokine production (Liu et al., 2010; Renson et al., 2017). In the current study, enrichment of 

PAM with long-chain PUFA increased the mRNA abundance of TNF-α 6hpi compared to CON 

but steadily declined during the remaining 48 hours. It is interesting that mRNA abundance of 

IL-6 remained elevated 12 and 24hpi, before significantly declining in LC n-6 PAM compared to 
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the other treatment groups. Studies involving bacterial infections have demonstrated IL-6 and 

TNF-α to have opposing effects on each other (Schindler et al., 1990; Kohanawa and Kohanawa, 

2006), which our previous study with LPS demonstrated (Walter et al., 2019). This could explain 

the significant decline in TNF-α by 12hpi with PRRSV. Overall, LC n-6 enrichment in PAM 

appears to be an effective means of enhancing an antiviral and pro-inflammatory response in 

PRRSV-infected PAM.  

Several studies have reported dietary supplementation with EPA to have 

immunosuppressive effects by decreasing pro-inflammatory cytokine production (Renier et al., 

1993; Fritsche and Cassity, 1996; Stulnig, 2003; Moller and Lauridsen, 2006), antigen presenting 

abilities (Fujikawa et al., 1992; Zhang et al., 2006), lymphocyte proliferation, activation and 

signaling (Sanderson and Calder, 1998; Zhang et al., 2006; Kong et al., 2011), and overall viral 

prosperity (Anderson and Fritsche, 2002). Furthermore, fish-oil fed mice infected with influenza 

demonstrated increased viral load and decreased pro-inflammatory cytokine production 

(Schwerbrock et al., 2009).  These findings are consistent with ours in that, LC n-3 PAM had a 

lower antiviral response to PRRSV than LC n-6 PAM. Production of PGE2, can lead to lipid-

mediator class switching at later stages of infection were metabolism of ARA switches from a 

predominantly 5-LOX pathway to a 12/15-LOX pathway to cease inflammation and allow the 

challenged tissue to return to a homeostatic state (Levy and Serhan, 2014). The mRNA 

abundance was consistent between CON and LC n-6 PAM throughout the entire time course. A 

transient upregulation at 24hpi was observed in LC n-3 PAM, although no differences were 

detected between treatment groups for the other time points. Given the significant decline in 

ALOX5, antiviral and pro-inflammatory cytokine abundance in LC n-6 PAM by 48hpi, a 

decrease in ALOX 12/15 abundance was expected. With the drastic immune dysregulation 
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typically caused by PRRSV and the altered effects demonstrated within the first 24hpi in LC n-6 

PAM, it is possible that lipid-mediator class switching could take longer to occur or may not 

occur, although in previous work, we demonstrated lipid-mediator class switching to be initiated 

within 24h following LPS-stimulation (Walter et al., 2019). As such, further investigation is 

warranted. Porcine Reproductive and Respiratory Syndrome Virus can evade host immunity 

through the upregulation of IL-10, which has antagonistic effects against innate immune 

responses and allows for uninhibited viral propagation (Lunney et al., 2016). Previous studies 

have demonstrated the significant upregulation of expression and production of IL-10 following 

PRRSV infection (Suradhat and Thanawongnuwech, 2003; Wongyanin et al., 2012; Song et al., 

2013). Interestingly in this study, there was a transient increase in IL-10 from LC n-6 PAM 

compared to the other dietary treatment groups. By 12hpi, mRNA abundance declined almost 7-

fold in LC n-6 PAM. The drastic decline at 12hpi is logical as antiviral cytokines were 

upregulated at 12hpi and these cytokines are antagonistic of each other. These results 

demonstrate dietary enrichment of PAM with long-chain PUFA modified IL-10 abundance, the 

enhanced anti-inflammatory response typically associated with PRRSV.  

In 1999, van Reeth et al demonstrated PRSSV infection diminished innate immune 

response in PAM (Van Reeth et al., 1999). However, innate immune responses in PAM can vary 

in antiviral, pro-inflammatory responses, and clinical symptoms depending on the virus strain 

(Lee et al., 2004; Liu et al., 2010; Renson et al., 2017). Our data demonstrate that LC n-6 

enrichment in PAM is an effective means of dampening some of the deleterious effects PRRSV 

inflicts on the innate immune response in PAM. We acknowledge inherent limitations of in situ 

studies. Future analyses are needed to determine overall immune response and health impact of 

dietary long-chain PUFA with PRRSV. 
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Conclusions 

Overall, ARA enrichment in PAM from dietary LC n-6 PUFA dampened the inhibitory 

nature of PRRSV to cease antiviral and pro-inflammatory cytokine production. Enhanced 

antiviral and pro-inflammatory cytokine mRNA abundance was associated with decreased 

transcription of the PRRSV nucleocapsid, an indicator of viral replication. This study could 

provide an alternate therapeutic agent to dampen the deleterious effects of PRRSV infection, as 

current medicinal practices are not 100% effective. Overall, a combination of dietary PUFA 

supplementation and vaccination might promote a quicker return to a stable herd-health status, 

and lessen the overall economic impact of PRRSV.  
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Table 1.  Sense and anti-sense primer sequences (5’-3’) used in qRT-PCR analysis 

Target Gene Bank accession Amplicon 

Size (bp) 

Primer sequence 

RPL4 XM_005659862.3 110 

F: TTCAAGGCTCCCATTCGACC 

 

R: GCACTGGTTTGATGACCTGC 

 

RPL9 XM_013978597.2 106 

F: GGGTTGACAAATGGTGGGGA 

 

R:  TTGTAACGGAAGCCCAGTGT 

 

SDHA XM_021076931.1 106 

F: TTGCGAACGGAACCATAAGGA 

 

R: CAGCCTTCCTGTAACACGCT 

 

YWHAZ XM_001927228.7 105 

F: AAGAAGGGGATTGTGGATCAGTC 

 

R: AAGGGCCAGACCCAATCTGA 

 

INF-α 
JQ839262.1 

 
95 

F: TCTCTTCCTCCAGAAACCTGCAA 

R: GGGCTTGTTAGTCTGTGAGAAGCA 

Nucleocapsid 

(N) 
U87392.3 116 

F: TTAATCAAGGCGCTGGGACT 

 

R: GGATCAGGCGCACAGTATGA 

 

COX-2 NM_214321.1 90 

F: ATGGGTGTGAAAGGGAGGAAAG 

 

R: CTGGGGATCAGGGATGAACTT 

 

5-LOX XM_021072736.1 103 

F: ATGCCAAATGCCACAGGGAT 

 

R: ATGAACAGGTTCTCCATCGCTT 

 

12/15-LOX1 NM_213931 97 

F: CAGGCTTGGTGTCGAGAGTT 

 

R: AGTGGCAGAGCTGTTCCTTG 

 

TNF-α NM_214022.1 94 

F: CCCCAGAAGGAAGAGTTTCCA 

 

R: CGACGGGCTTATCTGAGGTTT 

 

IL-6 NM_001252429.1 101 

F: GACCCTGAGGCAAAAGGGAA 

 

R: TCCACTCGTTCTGTGACTGC 

 

IL-102 NM_214041.1 

 
101 

F: GACGTAATGCCGAAGGCAGA 

 

R: AGGGCAGAAATTGATGACAGCG 

1(Lopez-Ubeda et al., 2015) 

2(Suradhat and Thanawongnuwech, 2003) 



   

113 

 

 
 

Figure 1: Long-chain n-6 enrichment in PAM increases COX-2 mRNA abundance and 

maintains elevated concentrations of PGE2 following PRRSV infection. Alveolar 

macrophages from pigs fed CON, LC n-6 or LC n-3 diets were infected with PRRSV strain VR-

2332 over the course of 48h. Relative abundance of COX-2 mRNA was evaluated by qRT-PCR 

and PGE2 concentration was evaluated up to 24hpi by ELISA. Supplementation with a LC n-6 

enriched diet enhanced the mRNA abundance of COX-2 (A) 6hpi and maintained an increased 

concentration of PGE2 (B) up to 24hpi. Results are relative to CON diet at each time point, and 

demonstrative of a composite of n=6 per treatment group with a diet and infection time point 

interaction of P < 0.0001. Values are mean ± SEM. Bars lacking a common letter differ. CON, 

control diet; COX-2, cyclooxygenase 2; hpi, hours post infection; LC n-6/ LC n-3, long chain n-6 

/long chain n-3 polyunsaturated fatty acid; PAM, porcine alveolar macrophages; PRRSV, 

porcine reproductive and respiratory syndrome virus; PGE2, prostaglandin E2.  
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Figure 2: Supplementing diet with LC n-6 enhances antiviral interferon response leading to decreased viral replication in 

PRRSV-infected PAM. Porcine alveolar macrophages enriched from CON, LC-n6 and LC n-3 diets were infected with the VR-2332 

strain of PRRSV for up to 48h. The mRNA abundance of INF-α and N were evaluated by qRT-PCR. Increased transcription of INF-α 

(A) and decreased N (B) in LC n-6 enriched PAM demonstrates an elevated anti-viral response causing decreased viral replication of 

PRRSV compared to LC n-3 enriched PAM. The results are mean fold-change relative to CON at each time point, and representative 

of a composite of n=6 per dietary treatment. A dietary and viral time point interaction was observed at P < 0.0001. Values are mean ± 

SEM. Bars lacking a common letter differ. CON, control diet; INF-α, interferon alpha; hpi, hours post infection; LC n-6/ LC n-3, long 

chain n-6 /long chain n-3 polyunsaturated fatty acid; N, nucleocapsid; PAM, porcine alveolar macrophages; PRRSV, porcine 

reproductive and respiratory syndrome virus. 
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Figure 3: Dietary long-chain PUFA alters genes involved in innate antiviral immune 

signaling in PAM 

Profiling of 84 genes related to an antiviral response were performed using the RT2 Profiler PCR 

Array Pig Antiviral Response (PASS-122Z Qiagen) at 12 and 24hpi with the VR-2332 strain of 

PRRSV from PAM enriched with LC-n6 of LC n-3 PUFA. Results are a composite of 6 pigs per 

diet, and mRNA abundance is expressed relative to CON at each time point.  hpi, hours post 

infection; LC n-6/ LC n-3, long chain n-6 /long chain n-3 polyunsaturated fatty acid; PAM, 

porcine alveolar macrophages; PRRSV, porcine reproductive and respiratory syndrome virus. 
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Figure 4: Dietary arachidonate enhances pro-inflammatory cytokine response in PRRSV-

infected PAM. Porcine alveolar macrophages enriched from CON, LC-n6 and LC n-3 diets were 

infected with the VR-2332 strain of PRRSV for up to 48h. The mRNA abundance of ALOX5, 

TNF-α, and IL-6 were evaluated by qRT-PCR. Dietary LC n-6 enhanced an elevated abundance 

of (A) ALOX5 throughout the first 24hpi, which resulted in abundance of (B) TNF-α, and (C) IL-

6 peaking at 6hpi. The results are a composite of 6 pigs per diet, mRNA abundance is relative to 

CON at each time point.  An interaction between diet and hpi was observed at P < 0.0001. 

Values are mean ± SEM. Bars lacking a common letter differ. ALOX5, lipoxygenase 5; CON, 

control diet; ELISA, enzyme-linked immunosorbent assay; hpi, hours post infection; IL-6, 

interleukin 6; LC n-6/ LC n-3, long chain n-6 /long chain n-3 polyunsaturated fatty acid; PAM, 

porcine alveolar macrophages; PRRSV, porcine reproductive and respiratory syndrome virus; 

TNF-α, tumor necrosis factor alpha. 
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Figure 5: Dietary LC n-6 PUFA reverses PRRSV upregulation of anti-inflammatory cytokines in PAM. 

Alveolar macrophages from pigs fed CON, LC n-6 or LC n-3 diets were infected with PRRSV strain VR-2332 over the course of 24h. 

Relative abundance of ALOX 12/15 and IL-10 were determined via qRT-PCR. Results are relative to CON diet at each time point, 

and demonstrative of a composite of n=6 per treatment group, interaction between diet and hpi was P < 0.001. Values are mean ± 

SEM. Bars lacking a common letter differ. ALOX 12/15, lipoxygenase 12/15; CON, control diet; hpi, hours post infection; IL-10, 

interleukin 10; LC n-6/ LC n-3, long chain n-6 /long chain n-3 polyunsaturated fatty acid; PAM, porcine alveolar macrophages; 

PRRSV, porcine reproductive and respiratory syndrome virus.  
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Conclusions 

In the US swine industry, respiratory problems are one the most reported health problems 

across all stages of production. In preweaning to grower/finisher phases alone, respiratory 

problems account for 4.4-75.1% of deaths (USDA, 2015a). Currently, vaccination and antibiotic 

treatment are standard practice for prevention and treatment of bacterial and viral respiratory 

infections. Despite these current practices, gram-negative bacteria and PRRSV are two of the 

leading causes of respiratory-related diseases and deaths in the swine industry (USDA, 2015a; 

USDA, 2015b). Novel approaches involving the use of dietary nutrients as alternative methods 

or used in conjunction with vaccines to alleviate the severity of respiratory infections in swine 

have been proposed, but these studies are sparse. 

Long-chain polyunsaturated fatty acids (LC-PUFA), ARA (n-6), EPA (n-3), and DHA (n-

3), are synthesized from their precursors linoleic acid and alpha-linolenic acid. However, 

conversion rates from precursors to long-chain PUFA are low and supplementing diet with pre-

formed long-chain PUFA has become an increasing trend. Arachidonic acid synthesizes potent 

eicosanoids, PGE2, which promotes pro-inflammatory and antiviral signaling at the onset of an 

acute challenge, and in a negative feed-back loop, hinders its initial response to promote anti-

inflammatory and pro-resolving cascades (lipid-mediator class switching) (Botham and Mayes, 

2009). Previous studies have demonstrated opposing effects on immune cell function and 

eicosanoid production, when supplemented with ARA (Bagga et al., 2003a) or EPA (Skuladottir 

et al., 2007). Suggesting the supplementation with n-3 PUFA incorporates into immune cells at 

the expense of n-6 PUFA decreasing pro-inflammatory and antiviral responses. Studies have 

reported supplementation with long-chain n-3 PUFA to be detrimental to control and elimination 

of bacterial (Møller and Lauridsen, 2006; McFarland et al., 2008) and viral respiratory infections 
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(Bassaganya-Riera et al., 2007; Schwerbrock et al., 2009). This research assessed the ability of 

dietary pre-formed ARA or EPA to enrich the long-chain PUFA content of piglet alveolar 

macrophages and modify eicosanoid and cytokine production for a more balanced response to 

LPS or PRRSV challenge. 

The study in Chapter II consisted of feeding milk-replacer to neonatal pigs supplemented 

with LC n-6 or LC n-3 PUFA, evaluating the enrichment of corresponding dietary fatty acids in 

PAM and assessing inflammatory and eicosanoid markers following LPS stimulation. The aim of 

this study was to determine if supplemental LC n-6 PUFA could provide a heighted but balanced 

innate immune response following in situ LPS stimulation. The study confirmed increasing 

dietary LC n-6 PUFA can result in a 2-fold ARA enrichment in PAM, while increasing dietary 

LC n-3 PUFA can increase EPA content 1.5-fold, while abating ARA enrichment by more than 

50%. Enrichment with ARA led to increased TNF-α and ALOX 12/5 mRNA abundance, 

decreased ALOX 5 abundance, without eliciting a dietary effect on oxidative burst. The findings 

in Chapter II conclude supplementing neonatal pig diets with LC n-6 PUFA can enrich the ARA 

content in PAM leading to increased pro-inflammatory cytokine expression and eicosanoid 

production, while initiating the initial signaling for lipid-mediator class switching within a 24-

hour period. 

In Chapter III, long-chain PUFA enriched PAM collected from the feeding trial described 

in Chapter II were used to determine if supplemental ARA in formula-fed pigs could improve the 

innate immune response of PAM when challenged with PRRSV in situ. It was hypothesized, the 

dual nature of PGE2 could provide a heightened but balanced antiviral response and dampen 

PRRSV’s immunosuppressive effects in PAM. Within 12hpi, LC n-6 PAM displayed a 73% 

increase in mRNA abundance of antiviral cytokines, while having 67% less transcription of viral 
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nucleocapsid compared to LC n-3 PAM. The findings in Chapter III infer LC n-6 enrichment in 

PAM can dampen the inhibitory nature of PRRSV by enhancing antiviral and pro-inflammatory 

cytokine mRNA abundance and decreasing viral replication. 

Interestingly, the increased mRNA abundance of COX-2 observed at 6hpi then decline to 

that of CON from Chapter III differs from the abundance oberserved at 24h post-LPS stimulation 

in Chapter II. The level at which COX-2 was upregulated following PRRSV infection was 5 

times higher than what was oberseved in LPS-stimulated LC n-6 PAM. Although, the mRNA 

abundance of COX-2 was upregulated and the level to which it was upregulated differed between 

LPS and PRRSV challenged PAM, the concentration of PGE2 was similar by 24h at ~336 pg/mL 

in LC n-6 PAM. Another interesting point to note, is in Chapter II we observed a stronger pro-

inflammatory response, indicated by mRNA bundance of key pro-inflammatory markers, but 

also the initial stages of lipi-mediator class switching within 24h post-LPS stimulation in LC n-6 

PAM. While LC n-6 PAM challenged with PRRSV demonstrated a better pro-inflammatory and 

antiviral response than CON and LC n-3 PAM, there were no indications of lipid-mediator class 

switching occurring within 48hpi. It is important to note and these differences demonstrate the 

diverse responses that can occur in PAM during bacterial or viral challenges, particularly when 

the fatty acid composition of the cells are altered. These differences further support work that lies 

ahead for continued evaluation of dietary PUFA supplementation and its role in infectious 

disease resistance.  

Overall, this work demonstrates the ability of dietary LC n-6 PUFA to be an effective 

means to enhance a stronger, well-balanced innate immune response to respiratory challenges in 

neonatal pigs.  Dietary supplementation with LC n-6 PUFA could provide an alternative 

therapeutic agent, and possibly in conjunction with vaccination, promote a quicker return to a 
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stable herd-health status, and lessen the overall economic impact of respiratory diseases in the 

swine industry.  

Future perspectives 

The research previously described in Chapters II and III were intended to provide an 

alternative nutritional approach to enhance swine immunological responses to respiratory 

pathogens, particularly PRRSV. As, PPRSV is still one of the most devastating viruses costing 

the US swine industry over $664 million in production losses per year (Holtkamp et al., 2013). 

Dietary LC n-6 PUFA provides a prospective nutritional intervention that may help alleviate 

some of the production and economic impacts of respiratory infections in swine. The work 

described here helped bridge a knowledge gap in the use of dietary metabolites to alleviate the 

immunosuppressive effects of PRRSV in porcine alveolar macrophages.  

Presently, vaccination against PRRSV is used for controlling infection. Between 8.8 and 

46.4 % of all production phases vaccinate against PRRSV, with highest administration given to 

breeding females (USDA, 2015b). However, vaccine efficacy is low and maternal antibodies can 

decline within 3 weeks in neonates (Renukaradhya et al., 2015; Halbur, 2016). The long-chain 

PUFA used in this study were single-cell sourced oils from DSM Nutritional Products, which are 

human-grade quality. In terms of cost effectiveness, use of human-grade supplements may not be 

economically feasible. However, veterinary-grade or less “quality-controlled” supplementations 

are available and could be plausible. As such, investigation into these alternative versions should 

be considered. 

Another practical application point that should be addressed is feeding protocol. The feed 

trial described in Chapter II detailed supplementation to milk replacer-fed pigs. In a commercial 

setting, this is not practical in that piglets are sow-reared. The question that lies ahead, and has 
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begun to be addressed is: Could long-chain PUFA be fed to the sow, corresponding LC PUFA 

transfer to the piglets and still demonstrate the same benefits as described in these in situ studies? 

In a recent study, 60 sows were fed a standard commercial lactation diet, and top-dressed once-

daily with 2% ARA or EPA of total fatty acids or control (palm kern oil) for the remaining 14 

days of lactation prior to weaning. Long-chain PUFA sources were the same single-cell oils used 

in Chapters II and III. Milk samples were collected at days 6 and 13 of supplementation. 

Alveolar macrophages from 6 suckling pigs per treatment group were isolated as previously 

described in Chapter II on day 14. Sow milk from those fed 2% ARA, displayed an averaged 

7.13% increase in ARA content (% total fatty acids) compared to control at 0.52% ARA. Milk 

from fed 2% EPA had an average 6.26% increase in EPA and a 1.2% increase in DHA (Chang, 

P. L. Y. C., 2016). Arachidonic acid (20:4, n-6) concentration in PAM from piglets reared on 

ARA-fed sows was 1.5-fold higher than control. Piglets that were raised on the EPA-fed sows 

demonstrated a 3.5-fold increase in 20:5n-3 compared to ARA and control treatment groups. The 

concentration of 20:4n-6 was 4-fold and 2.8-fold lower in PAM from the EPA treatment group 

compared to ARA and control respectively. Additional, 22:6n-3 was 3.8-fold higher in EPA-

PAM compared to ARA and 5-fold higher than control PAM.  This study demonstrates that 

effective enrichment of long-chain PUFA in piglet alveolar macrophages can be achieved 

through supplementation of sow diet during the last 2 weeks of lactation.  

The work recently described validates this current study, in which dietary LC PUFA is a 

practical approach to enriching the PUFA content of PAM. Further research is warranted to 

establish the impact of dietary LC PUFA on overall health status, proper dosage and duration, 

and intended infectious disease targets prior to administration in a commercial setting. 



   

127 

 

Continuous research of alternative means to control PRRSV infection is needed. Future work 

could extend into additional strains, full health impact, and field studies. 

Improving animal health, through long-chain PUFA supplementation could improve 

quality and quantity of product for the swine industry. The swine industry strives to produce high 

quality pork products. Outbreaks of respiratory diseases have severe negative impacts on swine 

health, production and profit for the infected farms. A more comprehensive understanding of the 

porcine immunological response to respiratory pathogens, and development of better mitigation 

strategies is needed to help reduce this impact. Portions of the previously discussed future 

perspectives have been described in detail for a USDA Postdoctoral Fellowship that is currently 

pending.  
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Appendix A 

Diet CON LC n-6 LC n-3 SEM P-value 

Fatty acid g/100g fatty acid3 
 

14:0 0.85 0.87 1.63 0.44 0.39 

16:0 36.07 33.30 32.90 1.28 0.25 

16:1 1.20 1.10 1.0 0.10 0.50 

18:0 33.44 34.60 38.05 3.51 0.66 

18:1 13.23 13.01 13.50 1.74 0.90 

18:2 (n-6) 1.41 0.91 1.18 0.17 0.18 

18:3 (n-6) 0.05 2.54 0.00 1.54 0.44 

18:3 (n-3) 0.02 0.00 0.12 0.06 0.43 

20:0 0.48 0.22 0.29 0.09 0.15 

20:1 0.60a 0.30b 0.28b 0.08 0.03 

20:2 0.49 0.30 0.30 0.08 0.17 

20:4 (n-6) 9.98 11.06 8.95 1.22 0.49 

20:3 (n-3) 0.03 0.00 0.06 0.04 0.54 

20:5 (n-3) 0.22a 0.07b 0.71a 0.15 0.02 

22:0 0.56 0.47 0.41 0.07 0.39 

22:1 0.19 0.13 0.14 0.04 0.68 

22:6 (n-3) 1.16 0.57 1.18 0.37 0.45 

Total 100 100 100   

MUFA 15.22 14.48 14.98 1.80 0.90 

PUFA 13.37 16.12 11.79 1.92 0.30 

n-3 FA 1.45 1.35 1.34 0.39 0.90 

n-6 FA 11.93 14.77 10.45 1.93 0.30 

n-3:n-6 0.92 0.10 0.24 0.44 0.36 

1 Diets contained 0.5% ARA (CON), 2.2% ARA or 3.0% EPA of total fatty acids. 
2Values are least-square means and SEM, n=8. CON, control; ARA, arachidonic acid; EPA, eicosapentaenoic 

acid; FA, fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acids. 
3Values represent wt % of total identified fatty acids. 
a,b,cMeans within a row lacking a common letter differ, (P< 0.05). 

 

 

Supplemental Table 1. Fatty acid composition brain tissue from pigs fed formulas varying in fatty acid 

composition.1-2 
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Diet CON LC n-6 LC n-3 SEM P-value 

Fatty acid g/100g fatty acid3 
 

14:0 1.10a 0.82b 0.68b 0.08 0.01 

16:0 22.73a 20.43b 19.88b 0.55 0.01 

16:1 0.87a 0.24b 0.20b 0.08 <.0001 

18:0 31.57a 35.88b 39.21c 0.69 <.0001 

18:1 11.08a 8.37b 8.56b 0.32 <.0001 

18:2 (n-6) 15.11ab 13.65b 17.26a 0.90 0.03 

18:3 (n-6) 0.20a 0.03b 0.06b 0.04 0.05 

18:3 (n-3) 0.21 0.13 0.25 0.06 0.42 

20:0 0.22 0.13 0.17 0.05 0.57 

20:1 0.12 0.00 0.09 0.05 0.25 

20:2 0.58a 0.15b 0.21b 0.05 <.0001 

20:4 (n-6) 14.72a 19.08b 9.04c 0.46 <.0001 

20:3 (n-3) 0.05a 0.00b 0.00b 0.01 0.01 

20:5 (n-3) 0.17a 0.16a 2.86b 0.12 <.0001 

22:0 1.02a 0.62ab 0.39b 0.19 0.04 

22:1 0.07a 0.28b 0.05a 0.04 0.001 

22:6 (n-3) 0.20 0.04 1.05 0.51 0.35 

Total 100 100 100   

MUFA 12.14a 8.91b 8.83b 0.39 <.0001 

PUFA 31.23 33.13 31.40 0.65 0.11 

n-3 FA 0.62a 0.33a 3.86b 0.63 0.002 

n-6 FA 30.61ab 32.81b 27.54a 1.07 0.01 

n-3:n-6 0.02a 0.01a 0.16b 0.04 0.02 

1 Diets contained 0.5% ARA (CON), 2.2% ARA or 3.0% EPA of total fatty acids. 
2Values are least-square means and SEM, n=8. CON, control; ARA, arachidonic acid; EPA, eicosapentaenoic 

acid; FA, fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acids. 
3Values represent wt % of total identified fatty acids. 
a,b,cMeans within a row lacking a common letter differ (P< 0.05). 

 

 

 

 

Supplemental Table 2. Fatty acid compostion of liver tissue from pigs fed formulas varying in fatty acid 

composition.1-2 
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Diet CON LC n-6 LC n-3 SEM P-value 

Fatty acid g/100g fatty acid3 
 

14:0 4.40a 1.27b 1.46b 0.25 <0.0001 

16:0 25.39 26.99 25.65 1.07 0.64 

16:1 1.12a 0.22b 0.30b 0.07 <0.0001 

18:0 14.66a 22.22b 23.84b 1.52 0.01 

18:1 40.10a 25.25b 25.40b 1.36 <0.0001 

18:2 (n-6) 8.48ab 7.29b 12.70b 1.33 0.04 

18:3 (n-6) 0.09a 0.03ab 0.00b 0.02 0.04 

18:3 (n-3) 0.44a 0.00b 0.00b 0.08 0.01 

20:0 0.23 0.44 0.16 0.21 0.69 

20:1 0.35 0.12 0.16 0.10 0.41 

20:2 0.11 2.20 0.23 1.08 0.44 

20:4 (n-6) 1.88a 11.82b 6.35c 0.58 <0.0001 

20:3 (n-3) 0.05 0.28 0.01 0.14 0.45 

20:5 (n-3) 0.35a 0.16a 2.63b 0.17 <0.0001 

22:0 0.34a 1.09b 0.64ab 0.14 0.03 

22:1 0.24 0.18 0.04 0.09 0.40 

22:6 (n-3) 1.78 0.46 0.49 0.51 0.31 

Total 100 100 100   

MUFA 41.81a 24.60b 26.10b 1.50 <0.0001 

PUFA 13.18a 22.01b 22.41b 1.78 0.02 

n-3 FA 2.62 0.84 2.60 0.65 0.193 

n-6 FA 10.56a 21.18b 19.81b 1.67 0.01 

n-3:n-6 0.05a 0.03b 0.13ab 0.11 0.08 

1 Diets contained 0.5% ARA (CON), 2.2% ARA or 3.0% EPA of total fatty acids. 
2Values are least-square means and SEM, n=8. CON, control; ARA, arachidonic acid; EPA, eicosapentaenoic 

acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acids. 
3Values represent wt % of total identified fatty acids. 
a,b,cMeans within a row lacking a common letter differ (P <0.05). 

 

Supplemental Table 3. Fatty acid compostion of spleen tissue from pigs fed formulas varying in fatty 

acid composition.1-2 
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Appendix B 

 

 

 
Fatty acid, g/100g FA  

Diet Control 2% ARA 2 % EPA P - Value 

14:0 1.25 ± 0.14 0.28 ± 0.14 0.46 ± 0.24 0.0003 

16:0 49.93 ± 2.51 49.58 ± 2.51 51.01 ± 2.51 0.92 

16:1 1.00 ± 0.09 a 0.51 ± 0.09 b 0.82 ± 0.09a 0.01 

18:0 19.92 ± 0.96 18.42 ± 0.96 19.97 ± 0.96 0.45 

18:1 13.40 ± 0.85 11.33 ± 0.85 13.83 ± 0.85 0.12 

18:2 1.51 ± 0.56 a 1.32 ± 0.56 a 4.28 ± 0.56 b 0.003 

18:3 (n-6) 0.39 ± 0.13 0.39 ± 0.13 0.39 ± 0.13 0.16 

18:3 (n-3) 0.00 0.00 0.00  

20:0 0.32 ± 0.70 1.49 ± 0.70 0.17 ± 0.70 0.37 

20:1 0.33 ± 0.26 0.52 ± 0.26 0.08 ± 0.26 0.50 

20:2 0.43 ± 0.23 0.47 ± 0.23 0.11 ±0.23 0.49 

20:4 (n-6) 9.70 ± 1.44 a 14.32 ± 1.44 b 3.49 ± 1.44 c 0.0003 

20:3 (n-3) 0.00 0.00 0.00  

20:5 (n-3) 0.00 ± 0.36a 0.00 ± 0.36a 3.47 ± 0.36b < 0.0001 

22:0 1.59 ± 0.24 1.26 ± 0.24 1.35 ± 0.24 0.62 

22:1 0.04 ± 0.02 0.03 ± 0.02 0.04 ± 0.02 0.83 

22:6 (n-3) 0.18 ± 0.13a 0.24 ± 0.13a 0.91 ± 0.13b 0.002 

Total 100 100 100  

MUFA 14.77 ± 0.92 12.38 ± 0.92 14.77 ± 0.92 0.14 

PUFA 12.22 ± 1.64 16.59 ± 1.64 12.27 ± 1.64 0.13 

n-3 FA 0.18 ± 0.41a 0.24 ± 0.41a 4.38 ± 0.41b < 0.0001 

n-6 FA 12.04 ± 1.52ab 16.35 ± 1.52a 7.89 ± 1.52b 0.01 

n-3: n-6 0.01 ± 0.04a 0.02 ± 0.04a 0.55 ± 0.04b <0.0001 

1 Values are least square means ± SEM. FA, fatty acid; MUFA, monounsaturated fatty acid; PUFA, 

polyunsaturated fatty acid. 
2 Values represent weight % of total fatty acids. 
a,b,c;Means within a row lacking a common letter differ (P < 0.05).  

Supplemental Table 1. Fatty acid composition of porcine alveolar macrophages (PAM) from sow-

reared piglets.1,2 

 


