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ABSTRACT 

 

 

EFFECT OF MICROALGAE OR FISH OIL SUPPLEMENTATION ON NURSERY 

PIGLET HEALTH 
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University of Guelph, 2019             Dr. N. A. Karrow 

 

 

 Weaning is a stressor that can negatively impact pig performance. Similarly, maternal 

stress, such as bacterial infection, may alter programming of the fetal hypothalamic-pituitary-

adrenal axis and the immune system, ultimately affecting offspring performance and 

predisposing them to disease later in life. Omega-3 polyunsaturated fatty acid (n-3 PUFA) 

supplementation of nursery pigs or sows may reduce stress and promote nursery pig health and 

growth. Fish oil (FO) is considered a major source of n-3 PUFA; however, microalgae (AL) may 

provide an alternative source of n-3 PUFA. The objectives of this thesis were to investigate the 

effects of AL and FO supplementation in nursery pig and sow diets on nursery pig growth, stress 

and immune responses. In our first study, piglets were fed low-quality protein diets 

supplemented with AL, FO, or a corn oil (CO) control. In our second study, sows were fed diets 

supplemented with AL, FO, or CO in late gestation, and were immune challenged with 

lipopolysaccharide (LPS) on gestation day 112 to simulate a bacterial infection; their offspring 

were then placed on high- or low-quality protein diets at weaning. In both trials, the piglet stress 

response was assessed using an LPS immune challenge, and fever, cortisol and cytokine 

responses were measured to assess the acute-phase response. The piglet acquired immune 

response was also assessed using a dermal hypersensitivity challenge with novel protein antigens 

ovalbumin (OVA) and Candida Albicans (CAA), as well as by measuring OVA- and CAA-

specific antibody responses. Results from the first trial showed that neither AL, nor FO 



 

supplementation affected offspring growth, however, both supplements reduced the fever 

response following LPS challenge. The AL treatment also resulted in increased cytokine 

concentrations. Results from the second trial showed that concentrations of cytokines were not 

affected by maternal diet and LPS immune challenge, but were decreased in pigs fed a low-

quality protein diet. Despite the lack of maternal effects on the serum cytokine response, changes 

in male offspring adrenal transcriptome suggest that maternal treatments can influence lipid 

metabolism, steroidogenesis and immune response in the offspring. In both trials, the acquired 

immune response was not affected by the experimental treatments.   
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Chapter 1: Literature review 

 1.1 Introduction  

 Stress is a part of life; it takes many forms including environmental, physical, 

physiological, psychological and immunological. Stress has several definitions, but it is typically 

agreed that stress constitutes a threat to homeostasis (Martínez-Miró et al., 2016). Biologically, 

stress is characterized by the initiation of a stress response, indicated by the release of stress-

related hormones from the adrenal gland in mammals. Stress hormones are a class of signalling 

molecules that are part of a complex system referred to as the hypothalamic-pituitary-adrenal 

(HPA) axis (Karrow et al., 2017; Martinez-Miro et al., 2016). This system is intricately related to 

the physiological function of several other internal organ systems including the cardiovascular 

and immune systems (Dhabhar, 2014; Morrison et al., 2018). Therefore, the activation of the 

HPA axis should be carefully regulated to prevent unnecessary disturbances to other related 

physiological processes. Activation of the HPA axis is important for maintaining physiological 

homeostasis and is important for optimal health and survival of all mammals.  

 In swine, peri-weaning morbidity and mortality are important economic and welfare 

concerns for producers. Weaning is a stressful time, where young pigs are separated from their 

mothers, mixed with unfamiliar pigs, and must adjust to new environments and to new diets 

(Campbell et al., 2013). In addition, the environment that they are placed can have a high 

pathogen load, and when combined with the stress of weaning, can leave piglets vulnerable to 

infection (Campbell et al., 2013). Ensuring the HPA axis in these animals is appropriately 

regulated minimizes the risk of infection, promotes normal health and growth, and ensures 

maximal profit to producers. This review will highlight the function of the HPA axis, its 

interactions with the immune system, the effects of maternal stress on fetal HPA axis 

development and the mechanisms involved in these systems. This review will also examine 
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potential dietary interventions to minimize inflammation associated with stress, including the 

anti-inflammatory omega-3 polyunsaturated fatty acids (n-3 PUFA). 

1.2 The hypothalamic-pituitary-adrenal axis 

 The HPA axis is involved in the physiological response to stress in mammals (Karrow et 

al., 2017). The different components of the HPA axis include the hippocampus, hypothalamus 

and pituitary gland in the brain, as well as the adrenal glands. This system has multiple signalling 

hormones and molecules and has several feedback mechanisms to ensure appropriate initiation 

and termination of the stress response. The hormones produced include the production of 

corticotropic releasing hormone and arginine vasopressin by the hypothalamus (Karrow, 2006). 

These hormones act on the anterior pituitary gland to produce adrenocorticotropic hormone, 

which in turn acts on the adrenal glands to produce glucocorticoids (GCs) such as cortisol or 

corticosterone, depending on species (Brunton, 2010). Glucocorticoids then act on the 

appropriate target tissues to prepare the animals’ ‘fight or flight’ response. When the production 

of these hormones is no longer necessary, GCs can feedback to the hypothalamus and the 

pituitary gland to inhibit the production of their respective signalling hormones (Brunton, 2010). 

 The primary function of the HPA axis is to perceive stressors and respond accordingly. 

GCs have an intricate relationship with many organ systems within the body. GCs released from 

the adrenals travel systemically and act on various tissues within the body to mobilize energy, to 

promote physiological processes required for survival such as increasing heart rate and 

respiratory rate, and to suppress processes not deemed critical for immediate survival such as 

digestion and reproduction (Martinez-Miro et al., 2016; Song et al., 2014; Toufexis et al., 2014). 

The HPA axis is also intricately linked with the immune system, and certain functions of the 

immune system, such as fighting off infection and mobilizing the required immune cells, are 
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promoted during acute HPA activation (Dhabhar, 2014). Chronic stress or HPA activation can 

have immunosuppressive effects; the degree of immune activation resulting following a stress 

response depends on several factors including duration and timing of the stressor (Dhabhar, 

2014). 

 

1.2.1 Overview of immune stressors 

 There are several different types of stressors generally classified as environmental, 

physiological, psychological and immunological (Martínez-Miró et al., 2016). Immunological 

stressors are an important class of stressors, as they can be pervasive within the environment and 

are often undetectable until they result in immune system stimulation, which may or may not 

lead to the appearance of clinical symptoms. Immune stressors also disturb physiological 

homeostasis, leading to tissue injury, inflammation and even prolonged activation of the immune 

response and the HPA axis (Song et al., 2014). 

 Immune system stimulation is initiated by the recognition of highly conserved microbial-

associated molecular patterns (MAMPs) by epithelial cells, tissue macrophages or dendritic cells 

within a tissue (Muralidharan and Mandrekar, 2013). Upon recognition of MAMPs, the immune 

cells produce and release cytokines and chemotactic factors, activating the innate immune 

response (Karrow, 2006). This causes the recruitment of innate immune cells such as neutrophils, 

monocyte-derived macrophages, natural killer (NK) cells and dendritic cells (DCs; Muralidharan 

& Mandrekar, 2013). These innate immune cells use various non-specific effector mechanisms in 

an attempt to eliminate the microbial stressor (Karrow, 2006). If non-specific immune defences 

are unsuccessful in clearing the pathogen, the antigen-specific adaptive arm of the immune 
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system is recruited. This includes the production of antigen-specific antibodies by B cells as well 

as activation of antigen-specific cytotoxic T cells (den Haan et al., 2014).  

  

1.2.2 LPS endotoxin as a model of acute inflammatory stress 

 Common microbial pathogens include many bacteria such as Escherichia coli and other 

Gram-negative bacteria such as Salmonella, Helicobacter and Pseudomonas species. These 

bacteria possess a common MAMP, lipopolysaccharide (LPS); this is one of the major cell wall 

components of these Gram-negative bacteria. The exact chemical composition of LPS varies 

across bacterial species, but its basic structure is typically conserved (Liebers et al., 2008). LPS 

is comprised of a polysaccharide tail, a glycoside core and a lipid fraction (Gnauck et al., 2016). 

The polysaccharide tail is made of repeating subunits of 2-8 monosaccharides, and the glycoside 

core consists of approximately 10 monosaccharides (Alexander and Rietschel, 2001). The lipid 

component is comprised of 5-7 fatty acids that are usually 12-14 carbons in length (Alexander 

and Rietschel, 2001).  

 LPS is considered a MAMP and is recognized by pattern recognition receptors on 

epithelial and immune cells (Liebers et al., 2008). LPS is a potent molecule; picomolar 

concentrations of LPS have been shown to result in immune activation in mammals (Weiss and 

Barker, 2018).  In circulation, LPS is typically bound to LPS-binding protein. This complex is 

recognized and then bound by CD-14 on cell membranes, which can then activate toll-like 

receptor 4 (TLR-4) in mammals (Gnauck et al., 2016). Activated TLR-4 then dimerizes with its 

co-receptor, MD-2, and this activated complex initiates a signalling cascade within the cell 

(Gnauck et al., 2016). Ultimately, the signalling cascade results in the dissociation of IκB from 

NF-κB, allowing NF-κB to act as a transcription factor. This results in the production of 
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cytokines, chemokines, acute-phase proteins and other mediators of inflammation (Alexander 

and Rietschel, 2001). 

 TLR-4 is found on several different cell types including endothelial, epithelial and 

smooth muscle cells, as well as several immune cells such as DCs, monocytes, macrophages, 

mast cells and eosinophils (Gnauck et al., 2016). LPS is therefore recognized by many different 

tissues and organs and can lead to a systemic inflammatory response. In fact, LPS exposure at 

higher concentrations has been shown to lead to septic shock and multi-system organ failure 

(Alexander and Rietschel, 2001).  

 In addition to immune stimulation, LPS can also cause activation of the HPA axis. The 

immune system and the HPA axis are closely linked, and therefore activation of one is likely to 

induce the other. As previously mentioned, activation of immune cells by LPS causes the 

production of cytokines, many of which are pro-inflammatory in nature. These cytokines in turn, 

activate the HPA axis and the stress response (Karrow, 2006). Together, the HPA axis and the 

immune system work to eliminate the microbial stressor, and once this is accomplished, negative 

feedback systems are in place to terminate the stress response, restoring homeostasis.  

 

1.2.3 Physiological consequences of the stress response 

 The stress response is  an essential physiological process, important for survival when 

faced with a possibly life-threatening situation. However, activation of the stress response is not 

always beneficial to the host. Certain events may be perceived as stressful when they pose no 

real danger, leading to an inappropriate stress response. These inappropriate stress responses can 

leave an animal vulnerable to disease and infection (Martínez-Miró et al., 2016). Frequent and/or 

chronic activation of the stress response has been shown to increase the risk of metabolic and 
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cardiovascular diseases including hypertension, insulin resistance, type 2 diabetes and obesity 

(Bose et al., 2009; Incollingo Rodriguez et al., 2015), inflammatory diseases, and cognitive or 

neurologic diseases and disorders (Lee & Sawa, 2014). Organ systems have differing 

sensitivities to stress, and prolonged or chronic activation of the HPA axis may impair normal 

organ function. 

 The immune system is highly sensitive to stress, and while acute stress may be beneficial, 

chronic stress can lead to immuno-pathology or immuno-suppression (Dhabhar, 2014). Acute 

stress is typically defined as lasting minutes to hours, whereas chronic stress is defined as lasting 

hours per day for weeks or months (Dhabhar, 2014). Immuno-pathology can be characterized by 

an increase in the production of pro-inflammatory cytokines and a shift from a type 1 to a type 2-

based immune response, resulting in increased inflammation and increased possibility of auto-

immunity (Dhabhar, 2014). Chronic or repeated exposure to stress can also lead to 

immunosuppression. Immunosuppression may be characterized by decreased populations of 

immune cells and associated humoral proteins as well as decreased immune cell function, 

creating a vulnerability to microbial infection with minimal immune resources available to fight 

invading pathogens (Dhabhar, 2014). Chronic stress can also reduce cell-mediated immune 

responses, antibody production, and activity and proliferation of immune cells including NK and 

T cells (Dhabhar, 2014).  

 Consequences of HPA axis activation can have many implications in livestock species. A 

stress response resulting in loss of appetite can translate into decreased gains or production and 

therefore reduced revenue for producers. Similarly, stress leading to a secondary infection may 

require costly veterinary care in addition to a decrease in production. Limiting the extent of HPA 

axis activation in livestock by minimizing exposure to potential stressors is therefore important 
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to producers to maximize returns, as well as to ensure the well-being of their animals. In 

circumstances where stress cannot be prevented, it may be beneficial to implement strategies to 

limit the effects of a stress response on the animals. 

 

1.2.4 Role of stress during gestation 

 Exposure to potential stressors occurs throughout life; there is no point in time where an 

animal is impervious to stress. Stress occurring throughout gestation is of concern as the elicited 

stress response not only upsets maternal homeostasis but can also impact the developing fetus. A 

large amount of research has shown correlations between maternal stress occurring during 

gestation and the onset of disease in the offspring during adulthood (Carpenter et al., 2017; 

Entringer et al., 2012; Fisher et al., 2014; Merlot et al., 2013). Increased risk of inflammatory, 

auto-immune, metabolic and cardio-vascular disease have all been linked to the occurrence of 

maternal stress during gestation (Carpenter et al., 2017; Entringer et al., 2012; Fisher et al., 2014; 

Merlot et al., 2013). Maternal stress can also affect offspring growth, stress response and 

immune function (Carpenter et al., 2017; Fisher-Heffernan et al., 2015; Fisher et al., 2014; 

Merlot et al., 2013).  

 The effects of maternal stress can be attributed to the activation of the maternal HPA axis 

and the production of GCs. Maternal GCs released following a stress response have been shown 

to cross the placenta (Collier et al., 2011) and bind to receptors in fetal tissues (Harris and Seckl, 

2011). Maternal GCs can ultimately lead to changes in gene expression of fetal tissues, resulting 

in changes in phenotype, changes in tissue function and increased risk of disease development. In 

mammals, placental mechanisms such as the expression of 11-β-hydroxysteroid dehydrogenase 

type 2 (11BHSD2) help prevent maternal cortisol from reaching the fetus, although maternal 
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stress can reduce the efficiency of 11BHSD2, allowing more cortisol to cross the placenta into 

fetal circulation (Marques et al., 2015).   

 

1.3 Fetal programming 

 To prepare the developing fetus for the ex-uterine environment, fetal development can be 

influenced by maternal and environmental cues and can lead to programming of the fetal tissues, 

whereby changes in gene expression contribute to changes in offspring phenotype (Brunton, 

2010; Entringer et al., 2012; Monaghan and Haussmann, 2015). Programming of fetal tissues can 

be influenced by a variety of factors including maternal environment, diet and nutrition, as well 

as fetal exposure to maternal infection and other forms of maternal stress. It is thought that the 

ability of fetal tissues to undergo differential programming provides an adaptive advantage to the 

offspring when the maternal environment is less than ideal (Harris and Seckl, 2011). However, 

programming of the fetal tissues can be disadvantageous when there is a mismatch between the 

environment for which the fetus was prepared and that into which it is born (van Bodegom et al., 

2017). If this mismatch occurs, programming can predispose the offspring to disease in both 

neonatal and in later life (Harris and Seckl, 2011).   

 When the fetus is exposed to maternal stress, the maternal cortisol produced can cross the 

placenta and reach fetal tissues, affecting gene expression that can then lead to phenotypic 

changes, without necessarily changing the genetic code (Lee et al., 2015). The tissues affected by 

fetal programming depend on the developmental window in which programming occurs; it has 

previously been observed that fetal programming coincides with periods of rapid fetal 

development (Harris & Seckl, 2011; Kwon & Kim, 2017; Veru et al., 2014). 

 



9 

 

1.3.1 Fetal development in late gestation 

 During fetal development, different organ systems develop, differentiate and grow at 

varying times during gestation. For example, the immune system develops from early gestation 

until up to several years after birth, depending on species (Veru et al., 2014). The adrenal gland 

develops in early- to mid-gestation (Busada and Cidlowski, 2017), but the fetal brain 

development occurs largely in late gestation and after parturition (Lesage et al., 2006), and final 

maturation of the HPA axis occurs towards the end of gestation. Exposure to potential stressors 

throughout gestation can therefore have an impact on several different organ systems. 

 The stress response and subsequent production of cortisol are often perceived as negative, 

but they do serve important functions. In early gestation, maternal cortisol is required for proper 

implantation of the embryo in the uterus, as well as for proper development of the fetal adrenal 

glands and regulation of fetal adrenal hormones (Busada and Cidlowski, 2017), which likely 

influence the development of other fetal tissues. In late gestation, the fetus undergoes rapid 

growth and differentiation, and several organ systems rapidly develop and undergo final 

maturation in preparation for parturition. In late gestation, there is a final surge of cortisol that 

allows for final maturation of the lungs (Busada and Cidlowski, 2017). Late gestation is also an 

important period for development and maturation of the fetal HPA axis and the immune system. 

In the case of the HPA axis, there is increased production of fetal cortisol prior to parturition 

(Lesage et al., 2006), indicating a fully developed and functional HPA axis at this time. Since 

tissues undergoing rapid proliferation and differentiation are most susceptible to the negative 

effects of maternal stress (Veru et al., 2014), late gestation is an important window of time 

during which both the HPA axis and the immune system are vulnerable to programming via 

maternal GCs. 
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1.3.2 Fetal programming: mechanisms of action 

 Fetal programming occurs mainly via epigenetic mechanisms. Epigenetic mechanisms do 

not result in changes to the genetic code, but rather consist of additions to and modifications of 

the chromatin structure, resulting in changes in gene expression (Weaver et al., 2017). Epigenetic 

mechanisms have been extensively studied and there are quite a variety of chromatin 

modifications that can lead to differential gene expression and transcription. These modifications 

include DNA methylation, where the addition of methyl groups to CpG sites prevent 

transcription factors and polymerases from attaching to the chromatin (Weaver et al., 2017). 

Another common type of epigenetic mechanism is histone modifications, which alter histone 

structure and change the way chromatin is wound around histones, consequentially altering the 

accessibility of transcriptional proteins to their target genes (Weaver et al., 2017). Several 

different histone modifications have been found; common modifications include histone 

methylation, acetylation, phosphorylation, SUMOylation as well as the removal of any of these 

functional groups (Weaver et al., 2017). These modifications can serve either to enhance or 

suppress transcription and the same modification can have an enhancing or suppressive effect, 

depending on the location of the modification within the chromatin (Weaver et al., 2017).  

 Several maternal factors can lead to epigenetic changes in the offspring. Disruptions in 

maternal physiologic homeostasis during stress for example, can affect the uterine environment 

and perturbations in the uterine environment can reach the fetus via the placenta and cause these 

epigenetic changes. Extensive research of epigenetic mechanisms has uncovered many specific 

pathways by which chromatin remodelling, histone modifications and DNA methylation affect 

gene expression. As the epigenome can be quite complex, it may be difficult to pinpoint exactly 



11 

 

which modification is responsible for the changes in gene expression. Similarly, it can be 

difficult to pinpoint which environmental cues cause these epigenetic changes. Several 

environmental factors can have impacts on epigenetic programming of the fetal HPA axis. 

Notably, maternal stress, characterized by the production of GCs, can affect the programming of 

several organ systems, including the HPA axis (Solano et al., 2016).  

 

1.3.3 Consequences of fetal programming 

 Epigenetic programming of the developing offspring may serve to prepare the offspring 

for life after parturition (Harris and Seckl, 2011). Therefore, epigenetic programming results in 

changes to the phenotype of the fetus that reflect the maternal environment. Occasionally, the 

offspring’s environment after parturition is quite different from the maternal environment during 

gestation. For example, pregnancy occurring during a famine may program the offspring for an 

environment in which food is scarce, however the offspring may be born into an environment 

where food is plentiful (Hales and Barker, 2001). This mismatch between the uterine and 

external environments can result in an offspring phenotype that may not be well-adapted to the 

ex-uterine environment as a result of epigenetic programming occurring in utero (Hales and 

Barker, 2001). 

 There are several factors that determine the effects of maternal stress on the offspring: the 

type, duration, frequency, timing and nature of the stressor (Veru et al., 2014). It has been shown 

that the impact of an acute stressor on fetal development may be vastly different than the impact 

of a chronic stressor (Collier et al., 2011). For example, chronic maternal stress has been 

associated with intra-uterine growth restriction (IUGR), resulting in decreased birth weight, 

increased risk of complications during pregnancy and increased risk of disease in later life 
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(Lesage et al., 2006). Comparatively, instances of acute maternal stress may not cause IUGR but 

may also affect the development of the fetal HPA axis or immune system (Fisher-Heffernan et 

al., 2015; Fisher et al., 2014). Regardless of the factors involved in the maternal stress response, 

the response can be characterized by the production of maternal GCs. 

 Elevated maternal GCs are believed to be a risk factor for several diseases in adulthood; 

these range from obesity to cardiovascular disease to psychiatric disorders (Bale, 2014; Brunton, 

2010; Vieau et al., 2007). Pre-natal stress has also been shown to effect epigenetic programming 

of the cardiovascular system; this may increase the risk of developing diseases such as 

arteriosclerosis, insulin resistance, diabetes and increasing risk of stroke in adult life (Brunton, 

2010). 

 The fetal immune system is rather vulnerable to maternal stress (Götz et al., 2007). 

Maternal stress may lead to atrophy of the thymus (Tuchscherer et al., 2002), enhanced 

inflammatory response and basal cytokine concentrations in offspring (Collier et al., 2011) and 

altered ratios of immune cell types (Götz et al., 2007; Solano et al., 2016). Epigenetic 

modifications can increase the risk of immune dysregulation and dysfunction, increasing the 

susceptibility to illness (Marques et al., 2015). Maternal stress during gestation has also been 

positively correlated with increased risk of auto-immune inflammatory disorders such as arthritis 

(Marques et al., 2015). Allergies are another example of immune dysregulation; while there are 

several hypotheses that have been proposed to explain the development of allergies, epigenetic 

programming is considered among them (Veru et al., 2014). 

 Maternal stress can also alter programming of the fetal HPA axis. Similar to the immune 

system, the HPA axis undergoes several developmental stages throughout gestation (Busada and 

Cidlowski, 2017; Lesage et al., 2006). Disturbances to the HPA during development can result in 
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impaired organ formation, impaired cellular growth and differentiation and impaired HPA axis 

function. As the fetal HPA axis undergoes rapid development and differentiation during late 

gestation, it is therefore quite susceptible to epigenetic programming at this time (Bloomfield et 

al., 2003). Programming can affect how the HPA axis perceives stressors, whether a stress 

response is produced following a stimulus, as well as how other tissues respond to HPA 

activation (Brunton, 2010; Fisher et al., 2014; van Bodegom et al., 2017). Glucocorticoids act on 

many tissues to coordinate a stress response, and therefore epigenetic programming of the fetal 

HPA axis not only affects the brain and adrenals but can also impact all the target tissues. 

Maternal stress can result in heightened basal HPA function in offspring as well as hyper-

responsiveness to stressors (Brunton, 2010); this results in excess or sustained release of GCs 

from the adrenal glands. Prolonged GC exposure, therefore, leaves the body vulnerable to 

disease and infection due to the depletion of body stores and compromised immune function. 

Hyper-responsiveness to stress can therefore increase the risk of the aforementioned diseases 

including cardiovascular disease, stroke, insulin resistance as well as illness caused by invading 

pathogens (Vieau et al., 2007).  

 Interestingly, effects of maternal stress on fetal programming can have gender-specific 

outcomes (Veru et al., 2014). Males appear to be more sensitive to maternal stress than females, 

and studies in species including sheep, pigs and humans have shown that males mount greater 

stress and immune responses to subsequent stress and disease challenges later in life (Fisher et 

al., 2014; Tuchscherer et al., 2002; Veru et al., 2014).  

 As outlined above, epigenetic programming of fetal tissues, particularly the fetal HPA 

axis and immune system, can leave the offspring vulnerable to several diseases in neonatal life, 

early life and in adulthood (Marques et al., 2015). Cardiovascular disease, autoimmune disorders 
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and neurodegenerative disorders can manifest as a result of fetal programming due to maternal 

stress or undernutrition (Marques et al., 2015). These consequences affect the lifespan and 

longevity of the current generation and may also have an impact on future generations 

(Grundwald & Brunton, 2015; Schöpper et al., 2012). Primordial germ cells of the offspring 

develop in utero; therefore, maternal stress resulting in epigenetic programming of the 

developing fetus may affect not only one but two or more generations (Bale, 2014). The 

methylation patterns of parental DNA are typically conserved during fetal development (Weaver 

et al., 2017), therefore any changes due to in utero programming can be transferred from mother 

to offspring. This is termed genetic imprinting and has the possibility to be inherited for several 

future generations. As epigenetic modifications such as DNA methylation are risk factors for 

possible disease development, the risk of disease can therefore be inherited, regardless of 

maternal stress exposure or lack thereof during gestation in subsequent generations. This can 

affect the overall reproductive fitness of the population and can have negative impacts on 

population health and longevity. Studies conducted in rats and in guinea pigs have provided 

evidence that maternal stress occurring in gestation can affect the stress responses of both the 

immediate offspring and the F2 generation (Grundwald and Brunton, 2015; Schöpper et al., 

2012), although the exact mechanism by which these effects occur is still under investigation. 

 

1.3.4 Animal models of fetal programming 

 While a large amount of research has been conducted examining fetal programming, its 

effects and its causes, the observed responses are rather variable. This may be partly attributed to 

the different animal models used to investigate these concepts. The use of animal models to 

study fetal programming is necessary, due to the large generation intervals present in humans, 
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and due to the ethical concerns of conducting such research in humans. Studies have shown 

correlations between events occurring in utero and the incidence of disease later in life, however, 

causation can be hard to prove using only observational data. The use of animal models allows 

for a more thorough exploration of these concepts and the investigation of the underlying 

mechanisms involved.  

 Previously, rodent models such as rats and mice have been used to investigate stress-

induced fetal programming and its effects on offspring development and health. A review by 

Veru et al. (2014) has summarized the effects of pre-natal maternal stress (PNMS) on rodent 

immune function, with PNMS resulting in decreased immune function in adulthood. Studies 

using mice and rats as animal models have also shown links between maternal stress during 

gestation and improper neurodevelopment and brain function in offspring in early life and 

adulthood (Harris & Seckl, 2011). Studies have also supported the role of maternal stress and 

undesirable HPA function in rodent offspring, as well as the role of maternal stress in the 

development of adulthood obesity in the offspring (Harris and Seckl, 2011; van Bodegom et al., 

2017). Rodents, particularly mice, may be subjected to genetic manipulations, and many 

genetically modified strains are available to help elucidate genetic and molecular mechanisms of 

action (Chavatte-Palmer et al., 2016; Mitchell & Taggart, 2009). Rodents are used for studies 

pertaining to fetal programming due to their short gestation length and rapid offspring 

development, allowing for multi-generational studies and the investigation of adult-onset 

illnesses that may be attributed to maternal environmental conditions during gestation in a 

relatively short time frame (Chavatte-Palmer et al., 2016; Wankhade et al., 2016). However, 

rodent models are not necessarily physiologically similar to humans in terms of pre- and post-

natal brain development, litter size and digestive physiology (Chavatte-Palmer et al., 2016). For 



16 

 

example, rodents have a hemotrichorial placenta with very limited trophoblast invasion 

(Chavatte-Palmer et al., 2016; Mitchell and Taggart, 2009). Brain development also occurs 

mainly after birth in rodent species (Lesage et al., 2006; Vuguin, 2007). Rodents also have a 

greater tolerance for high-fat diets, and murine immune cells have higher n-3 PUFA enrichment 

capabilities compared to humans (Chavatte-Palmer et al., 2016; Fritsche, 2015); these species 

differences must be considered when interpreting results from rodent studies. 

 Guinea pigs have also been used to study fetal programming, as their offspring are more 

precocial at birth; brain development occurs largely during late gestation and development of 

fetal organ systems during gestation occurs similarly as in humans (Elias et al., 2016). 

Additionally, guinea pigs have relatively smaller litter sizes and a relatively longer gestation 

compared to rats and mice (Morrison et al., 2018). The placenta of the guinea pig is of a similar 

nature to that of humans; guinea pigs have a haemomonochorial placenta compared to the 

haemochorial human placenta, and both species have extensive trophoblast invasion  (Morrison 

et al., 2018; Swanson & David, 2015). Guinea pigs also have similar endocrine hormones and 

mechanisms compared to humans and both placentas respond similarly to endogenous and 

exogenous GCs, to allow for the investigation of placental mechanisms and mechanisms of GC 

actions on fetal programming (Morrison et al., 2018). Disadvantages of using guinea pigs include 

the relative costs compared to rats or mice, and guinea pig-specific reagents or equipment may 

be less readily available as guinea pigs are less commonly used than other rodents (Swanson & 

David, 2015). 

 Sheep have also been used as a large animal model to study fetal programming. Sheep 

offspring are larger than the more common rodent models, and have a comparatively longer 

gestation period (Chavatte-Palmer et al., 2016). Sheep typically have only one or two offspring 
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per litter, which more closely resembles human pregnancy compared to that of rodents, and each 

offspring is approximately the same size as human offspring at birth, allowing comparisons to be 

drawn between the two species, although sheep offspring are more precocial than humans 

(Chavatte-Palmer et al., 2016). The ovine placenta can withstand invasive procedures during 

gestation (Chavatte-Palmer et al., 2016; Swanson & David, 2015), allowing for fetal 

interventions without compromising the pregnancy. The physiology of the fetal sheep is also 

representative of humans, with fetal brain development occurring mostly in utero (Grigsby, 

2016), unlike brain development in rodents. The many similarities between sheep and humans 

may provide advantages in studying fetal programming in sheep that cannot be matched with the 

use of rodents. Species differences between humans and sheep include type of placentation, 

endocrinology at parturition and digestive tract physiology (Chavatte-Palmer et al., 2016; 

Grigsby, 2016; Swanson & David, 2015). These differences must be taken into consideration 

when interpreting results obtained from studies using an ovine model.  

 

1.3.5 The use of swine as a model of human health 

 Interest in using pigs as an animal model for human health has been growing. Pigs are 

anatomically and developmentally quite similar to humans, with striking similarities in digestive 

physiology and fetal development (Chavatte-Palmer et al., 2016; Roura et al., 2016). These 

similarities make pigs a suitable animal model to examine the effects of fetal programming on 

offspring development and possible metabolic outcomes. The physiological similarities also 

provide advantages in using pigs as animal models compared to the use of rodent or ruminant 

models. Humans are also more genetically similar to swine than they are to rodents (Dawson et 

al., 2013). Due to the expression of many similar immune-related genes between swine and 
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humans, immune pathways are highly conserved between these two species (Dawson et al., 

2013), and therefore other biological pathways are likely also highly conserved between humans 

and pigs.  

 The major limitation of using swine as an animal model include the differences in 

gestation and placentation. Swine have a diffuse epitheliochorial placenta, compared to the 

invasive haemochorial placenta in humans (Chavatte-Palmer et al., 2016). This results in an 

increased area for maternal-fetal nutrient exchange in pigs, and therefore also increases the area 

through which hormones or signalling molecules must pass through from maternal to fetal 

circulation.  Pigs also have considerably large litters; sows have on average 10 piglets per litter 

(National Agricultural Statistics Service, 2016), compared to the mostly singleton human 

pregnancies. Therefore, size of the offspring at birth is also considerably smaller in swine than in 

humans. Research is conducted using a swine model for subjects including immune function, 

nutritional physiology and development, and based on the physiologic similarities, using swine 

to study fetal programming may also prove to be beneficial compared to other animal models. 

 An important consequence of maternal stress or gestational insult is the resulting IUGR, 

affecting the birthweight of the offspring. Offspring that have undergone IUGR are also 

predisposed to immune dysfunction and increased risk of disease in neonates and later in life 

(Vickers and Sloboda, 2012). Due to the large number of offspring in each litter, there is 

typically a smaller piglet, referred to as the runt of the litter, which is a naturally occurring model 

for IUGR (Swanson & David, 2015). This allows the investigation of the mechanisms that link 

IUGR and disease, and allows for a comparison between IUGR and non-IUGR offspring within 

the same litter (Chavatte-Palmer et al., 2016; Swanson & David, 2015).  
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1.3.6 Fetal programming and relevant diseases in the swine industry 

 The use of a swine model to study fetal programming may provide valuable insight into 

the mechanisms and effects of programming in humans and the results obtained from these 

studies may also be beneficial to swine production. Understanding the consequences of fetal 

programming may provide insight into possible interventions to minimize fetal programming, in 

turn maximizing piglet health and growth, and decreasing the incidence of disease in pigs. Piglet 

health is a major concern in the swine industry, as peri-weaning morbidity and mortality can 

cause tremendous losses to producers (Luyckx et al., 2016). Strategies are in place to minimize 

the exposure of piglets to pathogens; however, the microbial burden can remain quite elevated 

(Luyckx et al., 2016). When combined with the stress associated with weaning, exposure to 

microbes can result in piglet morbidity. Traditionally, in-feed antibiotics have been used as a 

preventative measure, however this practice has been banned in certain countries, forcing 

producers to move away from it due to growing concerns from consumers regarding the risk of 

antibiotic resistance (Barton, 2014; Li, 2017). Therefore, alternative strategies to improve piglet 

health are being investigated. 

Piglets encounter several stressors during their lives, with several types of stress 

occurring concurrently around weaning. Piglets are removed from their dams, can be transported 

within or between facilities at this time and experience the stress of mixing and interacting with 

other piglets (Campbell et al., 2013). The activation of the HPA axis following exposure to 

stressors around weaning can often lead to decreased feed intake and growth. This also increases 

the chance of immune dysregulation or immunosuppression, leading to increased vulnerability 

and risk of infection. All these possible outcomes are undesirable and can be quite costly to 

producers. 
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Exposure to stress in pigs can lead to immunosuppression or reduced immune function, 

and this increases the risk of developing economically important diseases. Stress has been 

reported as a variable involved in the pathogenesis of diseases including the zoonotic Swine 

influenza virus, Porcine reproductive and respiratory syndrome virus, Porcine circovirus type 2, 

and bacterial infections including Streptococcus suis and Actinobacillus pleuropneumonia 

(Dekker et al., 2013; Mastin et al., 2011; Patterson et al., 2015; van Dixhoorn et al., 2016). 

Collectively, these pathogens can impair growth or reproduction of affected pigs, and can be 

spread within and between herds, depending on biosecurity measures (Luyckx et al., 2016). 

Vaccinations are available for certain diseases and are being developed against other pathogens, 

including S. suis; however, vaccination protocols are not always effective and do not protect 

against all strains of a virus or all serotypes of a bacterium (Baudon et al., 2017; Dekkers et al., 

2017; Feng et al., 2014; Gava et al., 2018). Despite standard cleaning practices, pathogenic 

bacteria can persist within a swine facility (Luyckx et al., 2016), which can further increase the 

economic and animal losses to producers. With the desire to move away from antibiotic use, 

alternative strategies to improve pig health should be developed and implemented.    

 A possible area for improvement lies in sow management. Increases in sow productivity 

have increased the number of piglets born; however, piglet morbidity and mortality remain a 

prominent concern, as piglet mortality rates during lactation have also increased (Prunier et al., 

2010; Tanghe & De Smet, 2013). As previously discussed, stress during gestation can predispose 

offspring to disease in neonatal and later life, and can differentially affect the immune and stress 

responses of the offspring. Sows are exposed to several stressors during gestation, with the 

potential for HPA axis activation and for fetal programming in the offspring. It is therefore 



21 

 

plausible that by preventing or minimizing the effects of maternal stress, offspring will be more 

resilient and less susceptible to disease. 

  

1.4 Preventative strategies against maternal stress 

 While care must be taken to ensure optimal maternal nutrition and minimal maternal 

stress during key developmental windows during gestation, this is not always possible. 

Therefore, implementing preventative strategies may be a simple and beneficial way to reduce 

the effects of maternal stress, and possibly limit the effects of fetal programming on the 

offspring. These preventative strategies include manipulation of maternal diet or maternal 

environment. Interventions can also be implemented after parturition to reverse or mask the 

effects of fetal programming. These include not only dietary interventions but also changes in 

environment. Lack of maternal care can result in epigenetic modifications in offspring, and these 

epigenetic changes can be reversed when the offspring were placed with a mother giving a high 

degree of maternal care (Weaver et al., 2017). Several studies have shown that epigenetic 

changes can be transient, affecting the offspring only at certain stages of life, or can be reversed 

altogether (Brunton, 2010; Lesage et al., 2006; Weaver et al., 2017). 

  

1.4.1 Diet and programming 

 Studies have investigated possible preventative strategies including maternal dietary 

supplementation with vitamins and minerals such as vitamin A, vitamin C, vitamin D, vitamin E 

and folic acid, in attempts to limit the degree of fetal programming on the offspring and reduce 

the likelihood of disease development (Clark & Mach, 2016; Gray et al., 2017; Sen & Simmons, 
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2010; Vickers & Sloboda, 2012). These dietary strategies can be effective in limiting the adverse 

effects of disrupted fetal programming on the offspring. 

 Certain maternal dietary interventions may aim to fortify the diets with 

immunomodulatory compounds that have anti-inflammatory properties in hopes of limiting the 

effects of stress and inflammation on the developing offspring. One particular dietary 

intervention that has been widely studied is the supplementation of maternal diets with n-3 

PUFA (Gray et al., 2017; Karrow et al., 2017; Shen et al., 2015). Omega-3 PUFA are known for 

their anti-inflammatory properties and may therefore reduce the effects of inflammation 

associated with maternal stress on the developing fetus. 

 

1.5 Beneficial effects of omega-3 fatty acids 

 Omega-3 PUFA are essential fatty acids, as mammals lack the desaturase enzyme that is 

required to place a double bond at the n-3 or n-6 carbons in fatty acids (van West and Maes, 

2003); therefore, n-3 PUFA must be acquired from the diet. The n-3 PUFA α-linolenic acid 

(ALA) is an essential fatty acid, compared to docosahexanoic acid (DHA) and eicosapentanoic 

acid (EPA), two long-chain n-3 PUFA, which are considered conditionally essential, as they can 

be synthesized from dietary ALA (Fritsche, 2015). ALA must undergo elongation and 

desaturation to form EPA and DHA (Swanson et al., 2012); in mammals, these elongation and 

desaturation processes are rather inefficient (Stark et al., 2016; Swanson et al., 2012). In humans, 

conversion rates of ALA to EPA and DHA range from 4-21% (Burdge et al., 2002; Burdge & 

Wootton, 2002), and conversions rates were found to be similar in swine (Gjerlaug-Enger et al., 

2015; Smink et al., 2013). ALA has been shown to be important for maintaining cardiovascular 

health (Stark et al., 2016), however, the physiological roles of EPA and DHA are more well-



23 

 

documented. DHA is an important component of cell membranes and makes up a large 

proportion of fatty acids in the brain and the retina (Swanson et al., 2012). Therefore, DHA is 

important for proper neurodevelopment and brain and ocular function. Given this, n-3 PUFA 

supplementation is capable of modulating and improving the symptoms and severity of 

neuropsychiatric diseases including depression and anxiety, and can potentially slow the 

progression of diseases such as Parkinson’s and Alzheimer’s (Liu et al., 2013; Swanson et al., 

2012). 

 Dietary supplementation with sources of long-chain n-3 PUFA has been shown to reduce 

the risk of developing inflammatory disease such as arthritis, allergies, atopic eczema or 

dermatitis, as well as reducing the risk of cardiovascular diseases and diabetes (Calder, 2013; 

Miles & Calder, 2017; Paschoal et al., 2013; Quin et al., 2016). Dietary n-3 PUFA 

supplementation has also been shown to improve overall cognition, health and well-being (Miles 

& Calder, 2017; Quin et al., 2016; Robertson et al., 2017). 

 

1.5.1 Role of omega-3 PUFA in immune function 

 The n-3 PUFA DHA and EPA are well-known for their immunomodulatory properties. 

Increased consumption of dietary n-3 PUFA has been shown to decrease the risk of several 

immune-related diseases, including autoimmune and inflammatory diseases such as arthritis 

(Calder, 2013). This suggests the ability of n-3 PUFA to influence immune cell physiology and 

function. At the cellular level, n-3 PUFA have been shown to promote neutrophil apoptosis, and 

recruit monocytes to the site of tissue injury. Omega-3 PUFA also promote the maturation of 

monocytes into macrophages, promoting the phagocytosis of apoptotic neutrophils (Calder, 

2013; Fritsche, 2015). DHA has been shown to alter lipid raft formation on cellular membranes; 
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this, in turn, alters signalling pathways involved in the inflammatory response (Fritsche, 2015). 

Both EPA and DHA can decrease the expression of adhesion molecules on endothelial cells, 

decrease chemotaxis of neutrophils, decrease the respiratory burst of macrophages and can 

regulate the expression of cell surface proteins on innate and acquired immune cells (Calder, 

2013). Omega-3 PUFA also inhibit the production of reactive oxygen species and pro-

inflammatory cytokines such as IFN-γ, IL-6 and IL-1β in macrophages (Calder, 2013; Paschoal 

et al., 2013; Quin et al., 2016; Robertson et al., 2015). Finally, n-3 PUFA can modulate antibody 

production, MHC expression and antigen presentation in immune cells (Calder, 2013; Paschoal 

et al., 2013). 

 

1.5.2 Mechanisms of fatty acid metabolism 

 Dietary n-3 PUFA are readily incorporated into the cell membranes of many different cell 

types; DHA is largely incorporated into the membranes of the brain and the retina, as well as 

various immune cell types (Swanson et al., 2012). Incorporation of DHA and EPA into cellular 

membranes occurs at the expense of arachidonic acid (ARA; Miles & Calder, 2017); ARA 

undergoes metabolism via the same pathways as EPA and DHA (Miles and Calder, 2017) and in 

contrast to EPA and DHA,  results in the production of pro-inflammatory mediators including 

thromboxanes, leukotrienes and prostaglandins (Fritsche, 2015). Comparatively, n-3 PUFA are 

metabolized to less potent eicosanoids, as well as anti-inflammatory molecules including 

resolvins, docosatrienes, neuroprotectins and maresins (Calder, 2013; Weylandt et al., 2012). 

The metabolites of both n-3 and n-6 PUFAs are created by the actions of the cyclooxygenase and 

lipoxygenase enzymes (Calder, 2013). Therefore, increased dietary consumption of n-3 PUFA 

alters the ratio of n-6 PUFA to n-3 PUFA, leading to an increased production of anti-
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inflammatory mediators as well as a decrease in pro-inflammatory mediators resulting from the 

metabolism of n-6 fatty acids.  

 Studies have shown a relationship between changes in dietary fatty acid profiles and 

epigenetic modifications, and these studies suggest that DNA methylation is particularly 

sensitive to changes in dietary fats (Burdge and Lillycrop, 2014; Chango and Pogribny, 2015). 

Currently, the exact mechanisms by which dietary fatty acids can cause epigenetic changes are 

under investigation; however, it is currently thought that fatty acids are able to interact with the 

enzymes involved in epigenetic modifications (Burdge and Lillycrop, 2014). 

 

1.5.3 Dietary sources of omega-3 PUFA  

 Omega-3 PUFA can be found in a variety of dietary sources. The simplest n-3 PUFA, 

ALA, is found in many plant sources, such as walnuts or flax (Miles and Calder, 2017). Animal 

products including meat, milk and eggs, have low levels of naturally occurring n-3 PUFA, 

however these products can be enriched to provide higher levels of n-3 PUFA (Miles and Calder, 

2017). As previously discussed, mammals can convert ALA into the longer chain PUFA DHA 

and EPA. However, these elongation and desaturation processes are more efficient in small 

mammals such as mice and rats, and much less efficient in larger mammals including humans 

and pigs (Swanson et al., 2012). Due to the nature and benefits of EPA and DHA, it is therefore 

desirable to include these n-3 PUFA in larger quantities in the diet. DHA and EPA are readily 

found in marine sources, with most supplements being fish-based. Fish oil (FO) has several 

immunomodulatory properties including the suppression of inflammation, the modulation of 

cell-mediated immune responses and the modulation of antibody-mediated immunity (Liu et al., 

2003). The immunomodulatory effects of FO can be attributed to the high content of EPA and 
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DHA. When FO is added to a diet, the n-3:n-6 ratio can be shifted, favouring production of anti-

inflammatory over pro-inflammatory mediators. Dietary supplementation with FO has been 

shown to promote normal growth, immune and stress responses (Huber et al., 2018; Liu et al., 

2013; Shen et al., 2015). The inclusion of fish in the diet has long been promoted to improve 

neurodevelopment and cognition, reduce inflammation and even to promote healthy fetal 

development during pregnancy (Swanson et al., 2012).  

 Due to increased demand for FO and other fish-based products for both human and 

animal consumption, there is increased desire to find alternative sources of long-chain n-3 PUFA 

that provide the same health benefits as fish-based supplement. One plausible alternative is algae 

(AL), which can synthesize DHA and/or EPA, depending on the species (Singh and Saxena, 

2015). Previous studies have examined the use of AL in livestock feed to promote animal growth 

and to develop value-added products such as n-3 PUFA-enriched meat and milk (Singh & 

Saxena, 2015; Yaakob et al., 2014). The use of algae has also been examined in sow feed to 

assess the effects on metabolism and reproductive parameters (Posser et al., 2018). 

 

1.5.4 The use of omega-3 PUFA in maternal diets 

 Increased consumption of dietary n-3 PUFA can reduce whole-body inflammation and 

reduce the risk of diseases such as allergies, arthritis, cardiovascular disease and 

neurodegenerative disorders (Calder, 2013; Miles & Calder, 2017; Paschoal et al., 2013; Quin et 

al., 2016). Due to the anti-inflammatory properties of n-3 PUFA, increasing their consumption 

during gestation may also have beneficial effects on developing offspring. Supplementing the 

maternal diet with sources of n-3 PUFA has been shown to cause enrichment of fetal tissues. 

Fishmeal supplementation in ovine diets through gestation and lactation causes n-3 PUFA 
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enrichment in the offspring (Fisher et al., 2014; Or-Rashid et al., 2010). Plasma samples from 

sheep offspring at birth (Fisher et al., 2014) indicate that certain n-3 PUFA can also enter the 

maternal circulation and cross the placental barrier into fetal circulation (Haggarty, 2004; Or-

Rashid et al., 2010; Sampels et al., 2011; Tanghe & De Smet, 2013). Supplementing maternal 

diets with sources of DHA is especially important as that DHA is more readily able to cross the 

placental barrier than EPA, due to the affinity of the fatty acid binding proteins (Larqué et al., 

2011; Sampels et al., 2011). 

 Maternal supplementation with n-3 PUFA has been shown to reduce the risk of asthma 

and food allergy in offspring (Swanson et al., 2012), to modulate offspring fever and cytokine 

responses (Clouard et al., 2015; Luo et al., 2013) and to increase antibody levels in offspring 

(Farmer et al., 2010). Maternal n-3 PUFA supplementation has also been shown to improve 

offspring cognition and cardiovascular health (Khaire et al., 2016; Miles & Calder, 2017). 

 Supplying n-3 PUFA enriched diets during gestation can affect how offspring respond to 

future stressors, and this response can be further modified by instances of maternal stress 

occurring in late gestation. For example, Fisher-Heffernan et al. (2015) found that maternal 

supplementation with fishmeal or soybean meal, rich in n-3 and n-6 fatty acids, respectively, 

influenced offspring sensitivity to maternal endotoxin-induced stress in an ovine model (Fisher-

Heffernan et al., 2015; Fisher et al., 2014). Robertson et al. (2017) have also found that rats from 

dams supplemented with n-3 PUFA during gestation had decreased HPA axis activity in 

response to a forced swimming test stress challenge.  

 

1.6 Offspring diets and health  
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In addition to environmental and social stress, weanling piglets are also transitioned from 

sow’s milk to solid feed. Nursery diets typically contain high-quality protein sources, which are 

easily digested and absorbed and are thought to promote growth and health, despite weaning 

stress-associated reductions in feed intake (Campbell et al., 2013). Nursery diets containing high-

quality protein sources can be expensive. Previous studies in pigs have found that feeding diets 

with lower-quality protein sources, such as soybean meal (SBM), during the nursery phase had 

no negative consequences on growth or final market weight of the pigs (Collins et al., 2017; 

Huber et al., 2018; Skinner et al., 2014). When faced with sub-clinical infection, piglets on a 

low-quality protein diet have reduced growth performance compared to uninfected piglets on the 

same diet (Levesque et al., 2013). In addition to being less digestible than high-quality protein 

sources, SBM has allergenic components that may contribute to gut inflammation (Norambuena 

et al., 2015); this can negatively impact piglet growth and could increase susceptibility to disease 

(Campbell et al., 2013). This suggests that the potential benefits and reduced feed costs 

associated with feeding low-quality protein sources may be outweighed by the reduced growth 

and extra costs incurred when pigs are faced with a microbial challenge.  

A study by Huber et al. (2018) investigated the differences in immune parameters in pigs 

fed a high-quality protein diet compared to those fed a low-quality protein diet. The authors 

found no differences in rectal temperature following an LPS immune challenge, no difference in 

skinfold thickness following a dermal hypersensitivity challenge to ovalbumin (OVA) antigen, 

and no differences in OVA-specific IgG response between pigs fed the high- or low-quality 

protein diets (Huber et al., 2018). Overall, studies on the effects of feeding low-quality protein 

nursery diets in pigs show variable results in terms of animal health. The same study by Huber et 

al. (2018) showed that the inclusion of FO, rich in n-3 PUFA, in nursery pig diets with low-
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quality protein sources reduced serum haptoglobin, skinfold thickness following dermal 

hypersensitivity challenge and reduced OVA-specific IgG concentrations. This suggests that the 

combination of n-3 PUFA supplementation with low-quality protein diets may be beneficial in 

pigs when faced with possible microbial challenges. By the same logic, it is also therefore 

possible that maternal supplementation with n-3 PUFA during gestation may confer advantages 

to the offspring, allowing the use of less expensive nursery diets without compromising piglet 

health. 

 

1.7 Summary 

 The role of stress and maternal stress can have many negative effects on HPA axis and 

immune system development and function. There has been extensive research on the topic of 

fetal programming including epigenetic modifications, the correlations and possible causations 

between fetal programming and disease, and the use of various animal models to help understand 

the effects of fetal programming in humans. Due to the physiological similarities between pigs 

and humans, the use of the pig as a model may allow for the investigation of the factors 

influencing stress and immune responses as well as the effects fetal programming may have on 

these responses. Findings relating to growth, health and susceptibility to stress and disease may 

also be applicable to swine production. Additionally, through the manipulation of the maternal 

environment and maternal diet, there is potential to limit the impact of maternal stress on the 

developing offspring. The use of dietary n-3 PUFA, known for their anti-inflammatory 

properties, in maternal diets may also limit the effects of inflammation associated with immune 

stress. Supplementing the maternal diet with n-3 PUFA may also result in more resilient and 
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healthy offspring, allowing them to thrive in any environment, despite exposure to stressors or 

microbial challenges.   
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Chapter 2: Experimental rationale, objectives and hypotheses 

2.1 Experimental Rationale  

 Stress is a ubiquitous part of life; exposure to stressors typically results in the activation 

of the hypothalamic-pituitary-adrenal (HPA) axis. There are several commonly encountered 

types of stressors including microbial stressors, which result in the activation of both the HPA 

axis and the immune system. Exposure to microbial stressors can lead to inflammation, which 

when excessive or prolonged can in turn render animals vulnerable to further disease (Dhabhar, 

2014; Song et al., 2014). Maternal stress such as exposure to microbial infection during gestation 

is of concern, as it has been shown to predispose offspring to disease later in life (Carpenter et 

al., 2017; Merlot et al., 2013); this occurs largely through the activation of the maternal HPA 

axis and the production of maternal glucocorticoids. Maternal glucocorticoids are able to cross 

the placenta and may affect programming of fetal organ systems including the HPA axis and the 

immune system (Collier et al., 2011; Solano et al., 2016). This altered programming may result 

in impaired HPA axis or immune system function, increasing the offspring’s susceptibility to 

disease (Harris and Seckl, 2011). Maternal stress has been shown to affect offspring stress and 

immune responses in sheep (Fisher-Heffernan et al., 2015; Fisher et al., 2014; Karrow et al., 

2017), and has also been associated with the development of several diseases in the offspring 

including inflammatory, metabolic, and neurodegenerative diseases in humans and rodents 

(Entringer et al., 2012; Marques et al., 2015).  

 Minimizing the inflammation associated with HPA axis and immune system activation 

can improve animal health. Reducing inflammation may also reduce the effects of maternal 

stress on the developing offspring. A way of mitigating inflammatory stress may be through 

supplementation with immunomodulatory compounds. Omega-3 polyunsaturated fatty acids (n-3 
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PUFA) are known for their anti-inflammatory properties (Fritsche, 2015). Omega-3 PUFA 

supplementation can reduce inflammation and can reduce the risk of developing inflammatory 

diseases (Miles & Calder, 2017; Quin et al., 2016). The long chain n-3 PUFA eicosapentanoic 

acid (EPA) and docosahexanoic acid (DHA) have well documented anti-inflammatory activity, 

and these n-3 PUFA are found most abundantly in fish and marine sources including fish oil 

(FO; Swanson et al., 2012). Due to increased demand for fish-based products for both human and 

animal nutrition, alternative sources of n-3 PUFA are being investigated. A possible alternative 

includes microalgae (AL), grown under tightly regulated conditions and rich in DHA and/or EPA 

depending on species (Robertson et al., 2015; Singh & Saxena, 2015; Yaakob et al., 2014).  

 Maternal supplementation with n-3 PUFA can modulate the offspring immune and stress 

responses, reducing inflammation and the degree of immune activation in vitro, in humans and in 

sheep (Fisher-Heffernan et al., 2015; Fisher et al., 2014; Miles and Calder, 2017; Quin et al., 

2016).  Animal models are typically used for research investigating maternal stress and fetal 

programming due to ethical concerns and short generation intervals compared to humans. Sheep 

have previously been used to examine the effects of maternal n-3 PUFA supplementation and 

maternal stress on offspring health (Fisher-Heffernan et al., 2015; Fisher et al., 2014). However, 

there are physiological differences between humans and sheep that must be considered when 

interpreting results. Another commonly used animal model applicable to human research is the 

swine model, as pigs have many more physiological similarities to humans compared to sheep 

(Roura et al., 2016). In addition, the swine and human genomes are more closely related 

compared to other animal species, and several immune pathways are therefore more closely 

conserved between humans and pigs (Dawson et al., 2013), further substantiating the use of pigs 

as a model. Due to these similarities, it is thought that the effects of maternal n-3 PUFA 



33 

 

supplementation that have previously been observed in sheep will translate to a swine model, and 

the results may provide a clearer understanding of the mechanisms involved in humans as well. 

 This research also has potential applications to the swine industry. Peri-weaning 

morbidity and mortality are of great concern to producers (Tanghe & de Smet, 2014). 

Supplementation of nursery diets with n-3 PUFA may therefore provide anti-inflammatory 

benefits when faced with potential immune stress, leaving piglets less susceptible to disease after 

weaning. Reducing the effects of maternal stress during gestation through the supplementation of 

n-3 PUFA in maternal diets may also produce healthier piglets that are less susceptible to 

developing infection and disease after weaning.  

 Producing healthier piglets may also allow for the use of cheaper nursery diets, compared 

to the typical high value and high cost nursery diets that are commonly used by producers. 

Studies have examined the use of cost optimized nursery diets with low-quality plant-based 

protein sources such as soybean meal, however, results have been conflicting. Feeding low-

quality protein nursery diets resulted in no differences in final body weights (Skinner et al., 

2014; Collins et al., 2017; Huber et al., 2018), however, growth may be compromised when pigs 

are faced with a microbial challenge (Skinner et al., 2014). Huber et al. (2018) have shown that 

supplementation of nursery pig diets with varying levels of FO can modulate the fever response 

following an LPS stress challenge. This same study also found that FO supplementation reduced 

skinfold thickness following a transdermal antigen challenge with ovalbumin (OVA) and 

Candida albicans antigen (CAA), and reduced OVA-specific IgG (Huber et al., 2018). 

Considering these findings, it is also plausible that maternal supplementation with FO or AL may 

modulate the innate and acquired immune responses in nursery pigs. If maternal FO or AL 

supplementation can modulate the offspring immune response and decrease the likelihood of 
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developing disease, this will allow the use of low-quality protein nursery diets in pigs without 

compromising piglet health and growth.  

 

2.2 Experimental objectives: 

1) To investigate the use of AL in nursery pig diets and determine the effects on piglet 

growth and innate and acquired immune responses compared to pigs fed a diet containing 

FO or a corn oil (CO) control. 

2) To investigate the use of AL and FO supplementation in sow diets in combination with 

an LPS immune stress challenge during late gestation, and to assess the effects of 

maternal treatments on offspring growth and health when placed on a high- or low-

quality protein nursery diet. 

3) To investigate the effects of maternal AL and FO supplementation in sow diets and 

maternal LPS immune stress challenge in late gestation on gene expression within the 

adrenal gland of male offspring fed a low-quality protein diet. 

 

2.3 Experimental hypotheses: 

1) AL supplementation in nursery piglets will improve stress and immune responses 

compared to piglets fed the control diet, and will have similar effects on stress and 

immune responses as FO supplementation. 

2) AL and FO supplementation in late-gestation sows will protect offspring from the stress-

induced effects of maternal LPS immune stress challenge and will improve the stress and 

immune responses to future stress and immune challenges in offspring, resulting in 

similar performance when pigs are fed a high- and low-quality protein diet. 
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3) Maternal AL and FO supplementation in late-gestation sows and maternal LPS challenge 

will differentially affect gene expression within the adrenal gland of male offspring as to 

alter steroidogenesis pathways, enrich lipid metabolism pathways and enrich immune 

related pathways compared to maternal CO supplementation and maternal saline 

treatment.  
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Chapter 3: Health benefits of supplementing nursery pig diets with microalgae or fish oil 

*This chapter has previously been published as follows : Lee et al. 2019. Health Benefits of 

Supplementing Nursery Pig Diets with Microalgae or Fish Oil. Animals 9, 80. 

https://doi.org/10.3390/ani9030080 

 

3.1 Abstract  

 Weaning is associated with stress and can negatively impact pig performance. Dietary 

supplementation with omega-3 polyunsaturated fatty acids (n-3 PUFA) reduces inflammatory 

stress and may promote nursery pig health and growth. Fish oil (FO) is considered a major source 

of n-3 PUFA; however, microalgae (AL) may provide an alternative source of n-3 PUFA. The aim 

of this study was to assess the health benefits of supplementing nursery pigs with AL or FO. 

Seventy-two pigs (Landrace x Yorkshire) were weaned at 21 days of age and placed on a low-

quality plant protein-based diet supplemented with either 1.25% FO or 3.12% AL to provide equal 

total n-3 PUFA, or 5% corn oil as a control (CON) for three weeks (phases 1 and 2), followed by 

a common standard diet for three weeks (phase 3). At the end of phase 2, 8 pigs per treatment 

underwent a 50 µg/kg i.m. lipopolysaccharide (LPS) immune stress challenge, and the acute-phase 

response was assessed. Eight pigs per treatment were also vaccinated with two novel antigens 

throughout the feeding trial, and the antigen-specific acquired immune response was assessed. No 

significant differences in piglet average daily gain were observed, but the FO piglets had a lower 

average daily feed intake compared to those fed AL during phase 3. While both AL and FO 

supplementation appeared to attenuate the LPS-induced fever response, only the AL pigs had an 

attenuated cortisol response and exacerbated pro-inflammatory cytokine responses (TNF-α, IL-1β, 

and IL-6); the IL-10 response in the AL treatment was also significantly increased compared to 

the FO treatment. Chromogranin A levels were also greater in AL pigs compared to FO and CON 

pigs at 15 min following LPS challenge. While ACTH levels showed no response over time 

https://doi.org/10.3390/ani9030080
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following LPS challenge, basal ACTH levels were higher in the AL pigs compared to FO pigs. 

The acquired immune response was unaffected by the dietary treatments. Results suggest that AL 

or FO supplementation in nursery diets differentially modulate the acute-phase response, possibly 

due to different n-3 PUFA profiles between the two ingredients.  

  



38 

 

3.2 Introduction 

Peri-weaning mortality and morbidity are significant concerns and important welfare issues 

for the swine industry. The stress of weaning results in reduced feed intake the week following 

weaning, and this can negatively impact growth (Campbell et al., 2013). In addition, the stress of 

weaning and subsequent co-mingling of animals can leave pigs vulnerable to secondary stressors, 

such as microbial infection, that can influence life-time productivity (Campbell et al., 2013). 

Historically, in-feed antibiotics were used to combat post-weaning growth check and post-weaning 

disease challenges; however, this is now discouraged due to concerns of antimicrobial resistance 

(Barton, 2014). Therefore, alternative feeding strategies are being investigated to promote pig 

growth and health. For example, dietary supplementation with ingredients rich in omega-3 

polyunsaturated fatty acids (n-3 PUFA) may reduce gut and systemic inflammation that can occur 

during the transition from sow milk to solid feed. When this strategy was explored using fish oil 

(FO) in weaner pigs’ diets, inclusion of FO improved growth and immunity compared to diets with 

the same caloric value having lower n-3 PUFA content (Huber et al., 2018). 

The stress of weaning also includes adjusting to solid feed. Post-weaning diets containing 

high-quality protein sources are thought to promote growth and health, despite weaning stress-

associated reductions in feed intake. However, high-quality protein diets are expensive, due to the 

inclusion of highly digestible products such as whey protein. Soybean meal (SBM) is a commonly 

included feed ingredient in swine diets; typically containing 48% crude protein (CP), SBM is a 

comparatively less expensive protein source, in part due to its amino acid composition and 

digestibility (National Research Council, 2012). A previous study found that feeding diets with a 

typical low-quality SBM protein source during the nursery phase had no negative consequence on 

the final market weight of pigs (Skinner et al., 2014). However, it has also been found that when 
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faced with sub-clinical infection, piglets on a low-quality protein diet have reduced growth 

performance compared to uninfected piglets on the same diet (Levesque et al., 2013). SBM is also 

known to have allergenic components that can contribute to gut inflammation (Norambuena et al., 

2015); this can negatively impact piglet growth and could increase their susceptibility to disease 

(Campbell et al., 2013). 

Due to increased demand for FO and decreased environmental sustainability of fish products 

for both human and animal health, there is a need to find alternatives to FO that have similar health 

benefits and functions: one plausible alternative is microalgae (AL) containing n-3 PUFA. Using 

AL in nursery piglets’ diets containing simple SBM protein sources could facilitate the use of less 

expensive protein sources in nursery diets without compromising piglets’ growth or health status. 

Therefore, the aim of this study was to examine the effect of AL and FO inclusion in a post-

weaning pig’s diet containing a typical, low-quality SBM protein source, and to measure growth 

performance and neuroendocrine-immune biomarkers as a measure of health following either 

immune stress challenge with lipopolysaccharide (LPS), or vaccination with novel antigens. It was 

hypothesized that when FO and AL diets were matched for the total n-3 PUFA content, no 

differences would be observed between these treatments, supporting the use of AL as an alternative 

to FO. 

 

3.3 Methods 

The experimental protocol (Animal Utilization Protocol # 3124) was approved by the 

University of Guelph Animal Care Committee and followed Canadian Council of Animal Care 

guidelines (CCAC, 2009). The study was conducted at the Arkell Swine Research Station at the 

University of Guelph (Guelph, ON, Canada). The vitamin E and the Menhaden FO for this 

experiment were provided by Grand Valley Fortifiers (Cambridge, ON) and the AL (All-G-Rich, 
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Aurantiochytrium limacinum dry biomass (AURA; CCAP 4087/2) containing 15.8% crude 

protein, 70% crude fat and 17% docosahexanoic acid) was provided by Alltech Inc. (Nicholasville, 

KY). Fatty acid analysis was conducted on the FO and AL at the University of Guelph Lipid 

Analytical Laboratories following the method described below (3.3.4). Phase 1 and 2 nursery diets 

were analyzed for dry matter, crude protein, crude fat, and macromineral content by SGS 

laboratories Canada (Guelph, ON). 

 

3.3.1 Piglet experimental procedure 

 Seventy-two piglets (Landrace x Yorkshire, 36 females and 36 castrated males) were 

selected, weaned at 21 days of age, and randomly allocated to one of three dietary treatments: a 

low-quality protein corn- and SBM-based diet supplemented with either 1.25% FO or 3.12% AL, 

and 5% corn oil as a control (CON). Inclusion of FO was selected based on a previous research 

conducted by Huber et al. (2018), and inclusion level of AL was selected to match the total n-3 

PUFA content of the FO diet. Percentage of crude fat (CF), docosahexanoic acid (DHA), 

eicosapentanoic acid (EPA), and total omega-3 content of the AL and FO ingredients are included 

in Table 3.1. Piglets were grouped into pens with 6 pigs per pen (3 females and 3 castrated males) 

and 4 pens per dietary treatment. Initial body weight was 6.86 ± 0.25 kg for all pigs and did not 

differ across pens or treatments. The diets were formulated to meet the recommended nutrient 

requirements (National Research Council, 2012) for nursery phases 1 (d0–7 post-weaning), 2 (d7–

21), and 3 (d21–42; Table 3.2). The phases 1 and 2 FO and AL diets were matched for total n-3 

PUFA content. After d21, all piglets were placed on a common phase 3 control diet for the 

remainder of the trial (d21–42). After nursery phase 1, 2 pigs (1 female and 1 castrated male) were 

randomly selected and were removed from each pen and transported to the University of Guelph 
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for LPS challenge (see below), leaving a total of 4 pigs per pen. Feed and water were provided ad 

libitum. The pigs were weighed weekly to calculate the average daily gain (ADG) per pen, and 

feed disappearance was recorded and divided by the number of piglets per pen to calculate the 

average daily feed intake (ADFI) and gain-to-feed ratio (G:F). All pigs were used for performance 

analysis in phase 1; only pigs that remained at the Arkell swine research station were included in 

the performance analyses for phases 2, 3, and overall. 

 

3.3.2 Assessment of acute-phase response to LPS immune stress challenge 

On day 7 post-weaning, 2 piglets from each pen (n = 8; 4 females and 4 castrated males per 

treatment) were transported from the Arkell Swine research station to the Animal Science and 

Nutrition building (University of Guelph), were housed individually and fed phase 2 diets as 

above; these piglets were given 4 days to adjust to their new environment (Figure 3.1). On post-

weaning d10–12, 8 piglets per dietary treatment were anesthetized and underwent surgery to insert 

a jugular catheter (Weirich et al., 1970). Piglets were monitored daily and were allowed 9 days to 

recover from surgery, during which they had unlimited access to feed and water. On post-weaning 

d19–21, 8 piglets per day were challenged i.m. with 50 µg/kg of LPS from Escherichia coli 

(O55:B5 Sigma-Aldrich, Oakville, Ontario). Blood samples (4 mL) were collected into serum 

collection tubes (BD vacutainer, Mississauga, ON, Canada) and plasma collection tubes (BD 

vacutainer containing sodium heparin 185 USP units) before LPS challenge, and 2, 5, 10, 15, and 

30 min, and 1, 2, 3, 4, and 5 h post-LPS challenge. Plasma samples were placed on ice and serum 

samples were left to clot for 1 h before being centrifuged at 1000 × g for 25 min. Plasma and serum 

were aliquoted into 2 mL vials and stored at −80 °C for further analyses. Rectal temperature was 

recorded before LPS challenge and hourly until 5 h post-LPS challenge to monitor the fever 
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response. Piglets were euthanized using 2.5 mL of pentobarbital administered i.v. immediately 

following the 5-h blood collection. 

Total serum cortisol was analyzed 0, 2, 3, and 4 h post-LPS challenge using a commercially 

available immunoassay (DetectX Cortisol Enzyme Immunoassay, Arbor Assays, MI, USA). 

Briefly, 50 µL of serum was added to each well in a 96-well plate, as well as 25 µL of cortisol 

conjugate and 25 µL of cortisol antibody, and the plate was incubated on a shaker for 1 h at room 

temperature (RT). Each plate was then washed 4 times with 300 µL of wash buffer before adding 

100 µL of tetramethylbenzidine substrate to each well and incubating for 30 min at RT. Following 

this, 50 µL of stop solution was added to each well. Plates were read at 450 nm in a plate reader 

(Victor3 1420 Multilabel Counter, Perkin Elmer, Wellesley, MA, USA). All samples were run in 

triplicate and a standard curve was included in each plate. The inter-assay coefficient of variation 

(CV) was 7.1%. 

Plasma chromogranin A (CGA) levels were measured 0, 15, 30, and 60 min post-LPS immune 

challenge by enzyme-linked immunosorbent assay (ELISA). Briefly, 96-well plates were coated 

with 5 µg/mL coating antibody and incubated for 24 h at 4 °C. Following antigen coating, plates 

were washed 3 times with 0.05% Phosphate Buffered Saline-Tween 20 wash buffer. Plates were 

incubated at RT with 200 µL/well of blocking solution (Invitrogen, Burlington, ON, Canada) for 

2 h, washed 3 times with wash buffer and then 100 µL/well of the plasma samples were incubated 

on a shaker for 2 h at RT. After plasma incubation, plates were washed 3 times with wash buffer, 

and 100 µL/well of primary detection antibody (sheep anti-human IgG; Novus Biologicals, 

Oakville, ON, Canada) was added to each well and incubated on a shaker for 2 h at RT, before 

washing again and incubating with conjugated antibody (rabbit anti-sheep IgG; Novus Biologicals, 

Oakville, ON, Canada) for 1 h at RT. After a final wash, 100 µL/well of alkaline phosphatase 
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yellow substrate (Sigma-Aldrich, Oakville, ON, Canada) was added to each well and incubated 

for 20 min at RT in the dark. A standard curve, as well as positive and negative control samples, 

were added to each plate. Following the 20-min substrate incubation, plates were analyzed at 405 

nm in a plate reader (Victor3 1420 Multilabel Counter, Perkin Elmer, Wellesley, MA, USA). The 

inter-assay CV was 14.5%. 

Serum adrenocorticotropic releasing hormone (ACTH) was measured using a commercially 

available porcine ACTH ELISA kit (Cusabio Biotech LTD, Houston, TX, USA). Analysis was 

conducted 0, 1, and 2 h post-LPS immune challenge. Briefly, 50 µL of sample was incubated in a 

96-well plate with 50 µL of conjugate for 1 h at 37 °C. Following this incubation, the plate was 

washed 3 times with 200 µL/well of wash buffer before incubation with 50 µL of horseradish 

peroxidase-avidin solution for 30 min at 37 °C. After washing 3 times with wash buffer as before, 

50 µL of substrate A and 50 µL of substrate B were added to each well and incubated in the dark 

for 15 min at 37 °C. After the 15-min incubation, 50 µL of stop solution was added to each well 

before reading at 450 nm using a plate reader (Victor3 1420 Multilabel Counter, Perkin Elmer, 

USA). The inter-assay CV was 4.63%. 

A panel of serum cytokines (TNF-α, IL-1β, IL-6, and IL-10) was analyzed using a 

multiplex assay (Milliplex Map Porcine cytokine/chemokine magnetic bead panel, Millipore, 

Toronto, ON, Canada). Briefly, 25 µL of each sample was added to a 96-well plate with 25 µL of 

antibody-immobilized beads. Plates were sealed, wrapped in aluminum foil, and incubated on a 

plate shaker for 24 h at 4 °C. After 3 washes with wash buffer, detection antibodies were added at 

a volume of 50 µL per well. The plates were sealed, wrapped in foil, and incubated for 2 h at RT. 

Following this incubation, plates were decanted, 50 µL of Streptavidin–Phycoerythrin was added 

to each well, and plates were incubated for 30 min, and then washed thrice. Finally, 100 µL of 
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Luminex® sheath fluid was added, and beads were resuspended on a shaker for 5 min before 

reading on a Luminex® 200 analyzer (Luminex Corp, Toronto, ON, Canada). Cytokine 

concentrations were determined by comparing samples to standards of known concentration 

provided by the manufacturer. The inter-assay CV was 5.5%. 

 

3.3.3 Assessment of antigen-specific immunity 

Two piglets per pen (n = 8; 4 females and 4 castrated males per treatment) were antigen 

sensitized i.m. on post-weaning d7 with 0.5 mg/mL ovalbumin (OVA; Sigma-Aldrich, ON, 

Canada) and 0.5 mg/mL Candida albicans cellular antigen (CAA; Greer Laboratories Inc., Lenoir, 

NC, USA) dissolved in 1 mL of saline containing 0.5 mg/mL of Quil-A adjuvant (Sigma-Aldrich, 

ON, Canada). On post-weaning d21, piglets received a secondary booster containing the same 

concentrations of OVA and CAA. On post-weaning d35, piglets were challenged s.c. with 0.1 mL 

of OVA or CAA at a concentration of 1 mg/mL on each of the inner thighs, with a saline control 

site on each leg. Skin-fold thickness measurements were taken in triplicate to assess the dermal 

hypersensitivity response (DHR) using Harpenden Skin-fold Calipers (Creative Health Products, 

Ann Arbor, MI, USA) before and 6, 24, and 48 h post-antigen challenge. 

Blood was also collected from the antigen-sensitized piglets on post-weaning d7, d21, and 

d35 in 10 mL serum collection tubes (BD vacutainer, Mississauga, ON, Canada). Samples were 

left to clot for 1 h, then centrifuged at 1000 × g for 20 min. Serum aliquots were stored at −80 °C 

until antigen-specific IgG1 and IgG2 analyses were carried out by ELISA. For the ELISAs, plates 

were coated with 1.4 µg/mL of either OVA, or CAA, and incubated at 4 °C for 48 h. Following 

antigen coating, plates were washed 5 times with 0.05% PBS-Tween 20 wash buffer. Plates were 

incubated at RT with 200 µL/well of blocking solution (Bio-Rad Laboratories, Mississauga, ON, 
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Canada) for 1 h, washed 5 times with wash buffer, and then 100 µL/well of serum sample dilutions 

(1:50 for IgG2 analysis, 1:800 for IgG1 analysis) were incubated in duplicate for 2 h. After 

washing, 100 µL/well of primary IgG1 or IgG2 antibodies (mouse anti-pig IgG1 and IgG2; Bio-

Rad Laboratories, Mississauga, ON, Canada) were added to each well and incubated for 1 h at RT, 

then washed again and incubated with conjugated antibodies (goat anti-mouse IgG; Sigma-

Aldrich, Oakville, ON, Canada) for 1 h. After a final wash, 80 µL/well of alkaline phosphatase 

yellow substrate (Sigma-Aldrich, Oakville, ON, Canada) was added to each well and incubated 

for 30 min at RT in the dark. A standard curve, as well as positive and negative control samples, 

were added to each plate. Following the 30-min substrate incubation, plates were analyzed at 405 

nm using a plate reader (Victor3 1420 Multilabel Counter, Perkin Elmer, Wellesley, MA, USA); 

the inter-assay CV was 1% and 12.7% for IgG1 and IgG2 analyses, respectively. 

 

3.3.4 Fatty acid analysis 

Plasma samples from 24 piglets (n = 8 per treatment, 4 females and 4 castrated males per 

treatment), from post-weaning d21 were collected and sent to the University of Guelph Lipid 

Analytical Lab (Guelph, ON, Canada) for free fatty acid analysis. Total lipids were extracted from 

200 µL of sample using the Folch Method (Folch et al., 1956). The plasma phospholipid fraction 

was separated from the neutral lipids by thin-layer chromatography. The fatty acid methyl esters 

were prepared from the isolated phospholipid fraction and analyzed on a Varian 3400 gas–liquid 

chromatograph (Palo Alto, CA, USA) with a 60 m DB-23 capillary column (0.32 mm internal 

diameter, FID detection). Fatty acid standards and mixtures thereof (Nu Chek Prep, Elysian, MN, 

USA) were used to ensure quantitative and qualitative accuracy and recovery.  

3.3.5 Statistical analysis 
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Statistical analysis was conducted using PROC GLIMMIX of SAS version 9.4 (SAS Inst. 

Inc., Cary, NC, USA). Performance data used pen as experimental unit, and pigs that were 

challenged with LPS were excluded from this data set. The statistical model included pig within 

pen as a random variable and dietary treatment as a fixed effect. Repeated measures analyses using 

pig as the experimental unit were used for the LPS immune stress challenge, DHR response, and 

antigen-specific IgG1 and IgG2 response data. The statistical model used pen as a random effect, 

treatment (AL, FO, CON) as a fixed effect, and accounted for sex, litter, and sampling time point 

as well as their interactions. A simplified model was used where fixed effects and their interactions 

were not significant. A multiple means comparison was used for the fatty acid data, using 

individual pigs as the experimental unit. The statistical model used litter as a random effect and 

dietary treatments and sex as fixed effects. Least squared means (LSM) were obtained for all 

variables, and linear and quadratic contrasts were used to observe trends over time for results from 

the DHR response and LPS immune stress challenge. Significant differences were reported at p < 

0.05, and trends were between 0.05 < p < 0.1. 

 

3.4 Results 

During the study, 10 pigs were removed due to illness unrelated to the trial. For the LPS 

challenge, 6 pigs (3 AL, 2 FO, and 1 CON) were removed due to difficulties with the jugular 

catheter, leaving 18 pigs (5 AL, 6 FO, and 7 CON) for the LPS challenge. In addition, 4 pigs (1 

AL and 3 CON) were removed from the antigen-specific immunity study due to illness or human 

error. Two male pigs and 1 female pig were lost from the CON treatment, and one female pig was 

lost from the AL treatment. 

 

3.4.1 Pig performance 
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 There were no differences for ADG among any of the treatments over any phase of the 

trial. Body weights did not differ across treatments throughout the trial. In phase 1, ADFI was 

increased in pigs fed with FO compared to those fed with CON and AL (p < 0.05; Table 3.3) diets. 

During feeding phase 2, ADFI was greater for pigs fed the CON versus those fed the FO (p < 0.05) 

and AL (p < 0.05) diets. In feeding phase 3, piglets fed the FO diet had reduced ADFI versus those 

fed the AL and CON diets (p < 0.05); however, over the entire post-weaning period, no differences 

in ADFI were observed. No differences in G:F were observed in any phase of the trial or overall, 

despite changes in feed intake. 

 

3.4.2 Assessment of acute-phase response to LPS immune stress challenge  

 Pigs fed the CON diet tended to have a greater rectal temperature by 3 h after LPS immune 

challenge compared to pigs fed the AL diet (p < 0.1) and had a significantly greater temperature 

than pigs fed with the FO at 3 and 4 h after LPS immune challenge (p < 0.05, Figure 3.2A). 

 Neuroendocrine biomarkers were significantly altered in response to LPS, indicating that 

the animals responded to the LPS challenge. At 2 h post-LPS injection, cortisol concentrations 

were increased in all animals compared to baseline levels, and cortisol concentrations were 

significantly higher (p < 0.05) in pigs fed the CON diet compared to pigs fed the AL diet (Figure 

3.2B), and were higher in pigs fed the FO and CON diets compared to those fed the AL diet (p < 

0.1) at 3 h post-LPS injection. No differences in serum cortisol concentration were found between 

pigs fed the FO and CON diets. Plasma CGA concentrations were increased in pigs fed the AL 

diet versus those fed the FO (p < 0.05) and CON (p < 0.05) diets 15 min after LPS challenge, but 

no treatment differences were detected after 30 or 60 min (Figure 3.3). Serum ACTH concentration 

tended to be greater for pigs fed the AL diet versus those fed the FO diet before LPS challenge (p 
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< 0.1; data not shown), but was not different among dietary treatments after LPS immune stress 

challenge.  

 Cytokine biomarkers were also affected by dietary treatment; serum concentrations of IL-

1β (p < 0.05; Figure 3.4A), IL-6 (p < 0.05, Figure 3.4B) were significantly greater, and 

concentrations of IL-10 tended to be greater (p < 0.1, Figure 3.4C) 4 h after LPS immune challenge 

for pigs fed the AL diet compared to those fed the FO and CON diets. Concentrations of TNF-α 

(Figure 3.4D) were significantly greater in pigs fed the AL versus those fed the FO and CON (p < 

0.05) diets 0.5 h post-LPS challenge. 

  

3.4.3 Assessment of antigen-specific immunity 

 Assessment of antigen-specific immunity showed that all animals responded to the OVA 

and CAA antigen immunizations. The OVA-specific IgG1 and CAA-specific IgG2 responses, 

however, were not different among treatments at any time point (Figure 3.5). Repeated measures 

analysis showed an increase in the IgG1 response between d7 and d35 (p < 0.05) following antigen 

sensitization, and a slight decrease in IgG2 concentrations between d7 and d21 post-antigen 

sensitization (p < 0.05), which then increased significantly higher than d7 between d 21 and d35 

post-antigen sensitization (p < 0.05). No significant differences in the DHR to OVA and CAA 

antigens were observed among any of the treatment groups (Figure 3.6) despite a significant 

increase in skin swelling from baseline levels at 6 and 24 h post-injection. 

 

3.4.4 Fatty acid analysis 

 Results from plasma fatty acid analysis indicated that levels of DHA and EPA were 

significantly different among treatments (p < 0.05, Table 3.4). Total n-3 PUFA content and the 
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ratio (n-3:n-6) were not different between the FO and AL treatments; however, both were 

significantly greater in the FO and AL pigs than the CON pigs (p < 0.05). 

 

3.5 Discussion 

Previously, macroalgae has been used in swine feed to assess the effects on piglets’ growth 

and gut health, although these algae supplements were used as a source of glucans and 

polysaccharides and had comparatively low crude fat content (Leonard et al., 2011; Sweeney & 

O’Doherty, 2016). Previous studies have also examined the use of AL in livestock feed to promote 

animal growth and to develop value-added products such as n-3 PUFA-enriched meat and milk 

(Singh and Saxena, 2015; Yaakob et al., 2014), but the present study is one of the first to investigate 

AL as a source of n-3 PUFA to promote weanling piglets’ health. FO supplementation has 

previously been investigated in pigs, and has been shown to attenuate the dermal hypersensitivity 

response (Huber et al., 2018), and fever and cytokine responses following i.p. and i.v. LPS 

challenge (Carroll et al., 2003; Liu et al., 2013; Pomposelli et al., 1989). The major biomolecules 

in FO include the n-3, PUFA, DHA, and EPA. Microalgae can also synthesize DHA and/or EPA, 

depending on the species (Singh and Saxena, 2015). Therefore, similar to FO, AL also has immune 

modulating properties (Robertson et al., 2015; Robertson et al., 2017) and its inclusion in animal 

diets, particularly during critical periods such as weaning, could help reduce the negative effects 

of stress on animal health. This may in turn reduce the need for veterinary interventions such as 

antibiotic treatments and reduce economic losses to producers. 

The results obtained from pigs on the FO diet in the present study are in agreement with 

those from other porcine studies in that FO supplementation attenuated the fever response to LPS 

immune challenge as compared to the CON diet (Carroll et al., 2003; Pomposelli et al., 1989). 

Fever is typically induced by the production of pro-inflammatory cytokines, such as TNF-α and 
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IL-1β, during LPS immune challenge (Poon et al., 2015; Roth & de Souza, 2001). Despite the 

attenuated fever response in the FO pigs, concentrations of TNF-α and IL-1β, as well as IL-6 and 

IL-10 surprisingly did not differ between FO and CON animals up to 5 h post-LPS challenge. 

However, similar results were observed by Upadhaya et al. (2015) where, despite linseed oil 

supplementation that is rich in the n-3 PUFA α-linolenic acid, no changes in IL-1β and IL-6 were 

observed between treatments following LPS challenge administered i.m. In addition, Luo et al. 

(Luo et al., 2013) observed significant decreases in the expression of IL-1β and IL-6 in the 

longissimus dorsi muscle of piglets fed diets containing 7% FO, whereas these cytokines 

significantly increased in spleens of piglets from the same study. Therefore, while it is typically 

thought that FO exerts anti-inflammatory effects due to n-3 PUFA concentrations, cytokine 

concentrations in response to FO supplementation appear variable in different tissues. 

In pigs fed the AL-supplemented diet, an attenuated fever response was also seen in 

comparison to CON pigs, although it was not statistically significant. The AL pigs also had 

significantly reduced cortisol levels in response to LPS immune challenge in comparison to both 

FO and CON pigs. The attenuated AL cortisol response is supported by a recent rat study 

(Robertson et al., 2017), in which dietary supplementation with algae oil was used throughout 

pregnancy, lactation, and after weaning. The authors found a significantly reduced corticosterone 

response to acute stress (forced swimming test) in male offspring compared to male offspring from 

the control treatment (Robertson et al., 2017). 

The AL-supplemented pigs also had a unique LPS-induced cytokine profile in comparison 

to the other treatment groups. The production of TNF-α at 30 min, and IL-1β and IL-6 at 4 h post-

LPS immune challenge was significantly higher in the AL treatment as compared to FO and CON 

treatments. Unexpectedly, these increased cytokine levels are not consistent with the attenuated 
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fever and cortisol responses in the AL pigs at corresponding time points, particularly as these 

cytokines are known to induce fever (Poon et al., 2015; Roth and de Souza, 2001), and the 

production of cortisol during immune challenge (Karrow, 2006). A study conducted by Paschoal 

et al. (2013) found that treatment of rat neutrophils with DHA resulted in increased cytokine 

production in response to LPS stimulation compared to neutrophils treated with EPA. In the 

present study, it is possible that the elevated cytokine levels in the AL treatment are due to the low 

amounts of EPA and relatively high amounts of DHA in the AL diet. This suggests that while AL 

appears to attenuate the overall cortisol response, it increases cytokine production that drives the 

fever response. 

It is possible that the observed results may be influenced by both the LPS dose and the 

route of administration. A previous study comparing LPS administered i.v., i.m., s.c., and i.p. noted 

that the route of administration drastically affected both the kinetics and the amplitude of the fever 

response in rabbits (Cartmell et al., 2002). It has also been observed that concentrations of LPS up 

to 100-fold greater may be required to elicit similar responses among different routes of 

administration (Cartmell et al., 2002). It is therefore also possible that the route of administration 

and dose both affect the subsequent cortisol and cytokine responses following LPS challenge. 

However, due to the lack of data pertaining to AL supplementation in conjunction with LPS 

immune challenge, it is unknown at this time if the results obtained, particularly in AL-

supplemented pigs, would differ with alternate routes of LPS administration, and therefore 

warrants further investigation. Presently, LPS was administered i.m. to help prepare a simple, non-

invasive protocol for future LPS challenges. 

The findings of the present study following the LPS immune challenge were much different 

than originally anticipated, and may possibly be attributed to the quick-acting sympatho-
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adrenomedullary (SAM) response, and the so-called inflammatory reflex (Martelli et al., 2016; 

Martelli et al., 2014). It was interesting to observe that although basal levels of ACTH were higher 

in the AL treatment, ACTH was not induced by the i.m. LPS immune challenge; thus, it is possible 

that downstream cortisol production was stimulated by LPS-induced splanchnic nerve activity to 

the adrenal cortex rather than pituitary ACTH (Bornstein and Chrousos, 1999). Likewise, direct 

sympathetic innervation of the adrenal medulla and subsequent release of catecholamines may also 

limit the cytokine, fever, and cortisol responses during LPS immune challenge. To assess this, 

plasma CGA, as an indirect marker of SAM activity was measured. Chromogranin-A is a protein 

found within endocrine and neuroendocrine secretory vesicles, and its concentration has been 

found to correlate with catecholamine release (Martínez-Miró et al., 2016); as such, it has been 

considered an alternative indirect stress biomarker in pigs (Ott et al., 2014). CGA concentrations 

have previously been measured in saliva (Huang et al., 2017; Ott et al., 2014), and therefore 

requires validation as a potential stress biomarker in other tissues including plasma. Interestingly, 

the AL-supplemented pigs had a unique CGA response during LPS immune challenge, with 

significantly higher plasma levels 15 min post-LPS challenge in comparison to the FO and CON 

pigs. Previous studies examining salivary CGA levels in swine demonstrated a rapid increase in 

CGA in response to stressors including co-mingling, feed deprivation, and restraint (Huang et al., 

2017; Ott et al., 2014). While treatment differences were observed, plasma CGA concentrations 

did not significantly change over time in the CON treatment during LPS immune challenge. This 

suggests that plasma CGA may not be a suitable biomarker of LPS immune stress. It is possible 

that the route of LPS administration could potentially also differentially affect plasma CGA levels, 

and this should be further explored. 
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Stressful events affect not only the hypothalamic–pituitary–adrenal (“stress”) axis, but also 

the immune system, which can directly affect the health of animals. For example, elevated cortisol 

levels can alter the ratio of CD4+/CD8+ T-lymphocytes, which can increase animal susceptibility 

to disease (Caroprese et al., 2010). As the experimental diets in the present study were meant to 

support healthy immune function, the DHR and IgG1 and IgG2 levels were monitored following 

booster vaccination with two different types of antigens to assess the status of the acquired immune 

system. No significant changes among dietary treatments were observed for the measured immune 

response parameters. CAA-specific IgG2 levels decreased from d7 to d21 but then increased by 

d35, which was contrary to our hypothesis. This could be due to production of IgM in response to 

primary vaccination, with immunoglobulin class-switching to IgG2 following the secondary 

vaccination. However, overall there were no treatment effects on acquired immune response. 

Although the AL and FO experimental diets from this study were matched for the total n-

3 PUFA content, the content of long-chain fatty acids, EPA and DHA could have influenced the 

findings of this study. While AL and FO are both rich in anti-inflammatory and 

immunomodulatory n-3 PUFA, DHA is the major n-3 PUFA in AL, whereas, FO has significant 

amounts of EPA and a greater ratio of EPA:DHA than AL; EPA has been shown to attenuate the 

fever response in rabbits following immune challenge with poly(I:C) (Davidson et al., 2013). Also, 

since the AL supplement that was used in the present study was a whole algae product, the 

observed treatment differences may have been influenced by other bioactive compounds found in 

the AL. This includes molecules such as fat-soluble vitamins, carotenoids, and β-glucans, which 

are known to have immune-altering properties (Chen and Huang, 2010; Yaakob et al., 2014). 

Finally, certain algae species have also been found to have anti-nutritional factors such as lectins, 

tannins, phytic acid, and protease inhibitors (Norambuena et al., 2015), that could have contributed 
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to the treatment differences observed in this study, although no differences in growth were 

observed. 

A previous study has shown that there were no negative effects on final market weight 

and performance parameters of pigs fed with low-quality protein diets (Skinner et al., 2014). 

However, diets with low-quality protein sources have been found to have a negative impact on 

pigs’ performance when sub-clinical infections are present (Skinner et al., 2014). Inclusion of FO 

in diets with low-quality protein sources can overcome the negative effects on performance 

caused by sub-clinical infection (Carroll et al., 2003). In the present study, while AL or FO 

supplementation did not affect ADG of pigs, despite the enriched levels of n-3 PUFA in plasma 

samples, reduced feed intake in FO and AL pigs in phase 2 and reduced feed intake in FO pigs in 

phase 3 may help decrease overall feeding costs. Further studies should be conducted following 

piglets fed with FO or AL in the nursery phase to final market weight to determine if the changes 

in feed intake in phase 2 and phase 3 are consistent throughout the entire production cycle, and to 

determine if any other changes in immune status or stress response are observed leading up to 

slaughter. 

 

3.6 Conclusions  

AL and FO are both important dietary sources of n-3 PUFA, which may help promote 

normal growth and health in weanling piglets. Both AL and FO appeared to reduce fever response 

to LPS immune challenge in contrast to pigs fed with CON. While AL reduced cortisol levels in 

response to LPS, cytokine levels (IL-1β, IL-6, IL-10, and TNF-α) were elevated compared to FO 

and CON animals. Neither dietary treatment had any effect on acquired immune function, contrary 

to what was hypothesized. Although inclusion of AL and FO in nursery diets with low-quality 

protein sources influenced feed intake in the differing feeding phases, there were no overall effects 
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of AL and FO on either feed intake or feed efficiency. Taken together, these results provide support 

for AL as an alternative dietary supplement to fish-oil supplements. 
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Table 3.1 Crude fat, DHA, EPA, and total omega-3 content of the microalgae and fish oil 

supplements used in the experimental diets. 

 

Ingredient Composition (%) Microalgae Fish Oil 

Crude fat 70.00 87.03 

DHA1 27.72 16.62 

EPA2 0.36 17.40 

Total omega-3 28.69 42.45 
1 DHA, docosahexanoic acid; 2 EPA, eicosapentanoic acid. 
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Table 3.2. Formulations of experimental diets.   
Phase 1 Phase 2 Phase 3 

Days on Feed 0–7 7–21 21–42 

Ingredient (%) Control 1.25% 

FO1 

3.12% 

AL2 

Control 1.25% 

FO1 

3.12% 

AL2 

Common 

Soybean meal 30.00 30.00 30.00 35.00 35.00 35.00 30.00 

Corn (NRC3; 8.3%CP4) 45.28 45.28 43.42 41.00 41.00 39.14 48.82 

Wheat 15.00 15.00 15.00 15.00 15.00 15.00 15.00 

Monocalcium phosphate 1.52 1.52 1.52 1.24 1.24 1.24 0.97 

Limestone 1.30 1.30 1.30 1.25 1.25 1.25 1.17 

Salt 0.50 0.50 0.50 0.40 0.40 0.40 0.40 

Mineral/Vitamin premix5 0.60 0.60 0.60 0.60 0.60 0.60 0.60 

L-Lysine 0.37 0.37 0.37 0.26 0.26 0.26 0.35 

L-Methionine 0.15 0.15 0.15 0.11 0.11 0.11 0.09 

L-Threonine 0.24 0.24 0.24 0.12 0.12 0.12 0.10 

L-Tryptophan 0.02 0.02 0.02 – – – – 

Vitamin E 0.02 0.02 0.02 0.02 0.02 0.02 – 

Microalgae6 – – 3.12 – – 3.12 – 

Fish oil – 1.25 – – 1.25 – – 

Corn oil 5.00 3.75 3.75 5.00 3.75 3.75 2.50 

Calculated nutrient composition7 

Metabolizable energy, 

kcal/Kg 

3472 3471 3472 3479 3478 3479 3358 

Net energy, kcal/Kg 2612 2611 2636 2592 2591 2602 2509 

CP (%) 20.85 20.85 20.69 22.65 22.65 22.5 20.97 

Crude fat (ether extract, 

%) 

7.06 6.96 7.42 6.99 6.89 7.35 4.81 

SID8 Lysine (%)  1.21 1.21 1.21 1.25 1.25 1.25 1.2 

SID Methionine + 

cysteine (%) 

0.71 0.71 0.71 0.72 0.72 0.71 0.66 

SID Threonine (%) 0.86 0.86 0.86 0.81 0.81 0.81 0.73 

SID Tryptophan (%) 0.24 0.24 0.24 0.25 0.25 0.25 0.23 

Analzed nutrient composition (%)       

Dry matter 92.27 92.04 92.11 91.87 92.55 92.23 na 

CP 17.70 18.53 20.31 22.02 21.62 22.61 na 

Crude fat 5.22 5.69 7.02 6.11 6.96 7.05 na 

Calcium 0.82 0.96 0.88 0.81 0.86 0.88 na 

Phosphorus 0.74 0.76 0.73 0.69 0.74 0.73 na 

Sodium 0.18 0.20 0.19 0.15 0.18 0.16 na 

Potassium 0.86 0.88 0.92 1.02 0.98 1.05 na 

Magnesium 0.17 0.18 0.18 0.19 0.19 0.20 na 
1 FO, Fish oil; 2 AL, algae; 3 NRC, National Research Council 2012; 4 CP, crude protein; 5supplied per kg 

of diet: vitamin A, 12,000 IU as retinyl acetate; vitamin D3 , 1,200 IU as cholecalciferol; vitamin E, 48 IU 

as DL-α-tocopherol acetate; vitamin K, 3 mg as menadione; vitamin B12, 0.03 mg; pantothenic acid, 18 

mg; riboflavin, 6 mg; choline, 600 mg; folic acid, 2.4 mg; niacin, 30 mg; thiamine, 18 mg; pyridoxine, 1.8 
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mg; biotin, 200 µg; Cu, 18 mg as CuSO4·5H2O; Fe, 120 mg as FeSO4; Mn, 24 mg as MnSO4; Zn, 126 mg 

as ZnO; Se, 0.36 mg as FeSeO3; I, 0.6 mg as KI; DSM, Ayr, ON, Canada; 6 microalgae supplied by Alltech 

Inc., and supplied as a dried biomass, containing 15.8% CP, 70% crude fat and 17% DHA; 7calculated on 

the basis of the NRC (2012) ingredient values; 8SID, standardized ileal digestible. 
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Table 3.3. Body weights, average daily gain (ADG), average daily feed intake (ADFI) and 

gain-to-feed ratio for pigs from weaning to end of phase 3 fed diets supplemented with 

either 3.12% microalgae (AL; n = 48) or 1.25% fish oil (FO; n = 48), or 5% corn oil (CON; 

n = 48). Results presented as least squared means (LSM)± standard error of the means 

(SEM). 

 CON FO AL SEM P-Value1 

Body Weight, 

kg 

     

Initial 6.86 6.91 6.82 0.25 0.97 

Day 7 7.23 7.41 7.13 0.29 0.79 

Day 21 12.05 12.01 11.82 0.44 0.92 

Day 35 21.88 22.09 22.30 0.77 0.92 

ADG, g      

Phase 1 61 83 60 13 0.35 

Phase 2 382 369 358 18 0.65 

Phase 3 630 630 655 40 0.88 

Overall 442 436 441 19 0.97 

ADFI, g      

Phase 1 180b 207a 172b 6 <0.0001 

Phase 2 492a 463b 445b 9 0.0005 

Phase 3 953a 848b 962a 37 0.02 

Overall 623 608 600 11 0.32 

G:F      

Phase 1 0.30 0.40 0.34 0.063 0.52 

Phase 2 0.76 0.79 0.81 0.044 0.75 

Phase 3 0.63 0.79 0.68 0.078 0.37 

Overall 0.69 0.76 0.72 0.042 0.44 
1p-value for the main effect of dietary treatment; a,b Significant differences (p < 0.05) are indicated by 

differing superscripts within a row. 
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Table 3.4 EPA, DHA, total n-3, and ratio of n-3:n-6 in phase 1 and phase 2 diets and in 

plasma from pigs fed with diets supplemented with 3.12% microalgae (AL; n = 8), 1.25% 

fish oil (FO; n = 8), or 5% corn oil (CON; n = 8) diets. Data from dietary fatty acid analysis 

presented as raw data; results from plasma fatty acid analysis presented as LSM ± SEM. 

 

Treatment AL FO CON 

Phase 1 diets, % total fatty acids   

EPA1 0.36 1.66 0.05 

DHA2 5.32 1.52 0.00 

Total n-33 7.53 5.92 2.00 

Ratio n3:n64 0.16 0.12 0.04 

Phase 2 diets, % total fatty acids   

EPA 0.26 2.00 0.07 

DHA 5.71 1.87 0.33 

Total n-3 8.01 6.89 2.36 

Ratio n3:n6 0.18 0.14 0.04 

Piglet plasma, % total fatty acids   

EPA 1.74 ± 0.34b 6.00 ± 0.34a 0.16 ± 0.34c 

DHA 5.76 ± 0.26a 2.93 ± 0.26b 0.00 ± 0.26c 

Total n-3 8.95 ± 0.57a 11.23 ± 1.12a 0.12 ± 1.73b 

Ratio n-3:n-6 0.21 ± 0.017a 0.29 ± 0.033a 0.018 ± 0.051b 
1 EPA, eicosapentanoic acid; 2 DHA, docosahexanoic acid; 3 total n-3, total omega-3 polyunsaturated fatty 

acids; 4 ratio n-3:n-6, ratio of total omega-3 polyunsaturated fatty acids to total omega-6 polyunsaturated 

fatty acids; a,b,c differing letters across rows indicate significant differences (p < 0.05) between treatments. 
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Figure 3.1 Experimental Timeline 

 

 

Schematic timeline of trial events. OVA, ovalbumin; CAA, Candia albicans antigen; LPS, 

lipopolysaccharide; IgG, immunoglobulin G; DHR, dermal hypersensitivity response. 

  



62 

 

Figure 3.2 Piglet Stress response 

 

 

(A) Fever response and (B) serum cortisol response following piglet LPS immune challenge in 

pigs fed diets supplemented with microalgae (AL, n = 8), fish oil (FO, n = 8) or a corn oil 

control diet (CON, n = 6). Results presented as LSM ± SEM. * Significant differences (p < 0.05) 

compared to CON treatment; ** trends (p < 0.1). 
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Figure 3.3 Chromogranin A response 

 

 

Plasma chromogranin A levels over time following an LPS immune challenge in piglets 

fed with diets containing microalgae (AL, n = 8), fish oil (FO, n = 8), or fed a corn oil 

control diet (CON, n = 6). Results are presented as LSM ± SEM. * Significant 

differences (p < 0.05). 
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Figure 3.4 Cytokine concentrations 

 

 

Expression of serum (A) IL-1β (B) IL-6, (C) IL-10 and (D) TNF-α, over time in piglets fed with 

diets supplemented with microalgae (AL, n = 8), fish oil (FO, n = 8), or corn oil control (CON, n 

= 6). Results are presented as LSM ± SEM. *Significant differences (p < 0.05) between 

treatments at a time point are denoted with a single asterisk. **Trends (p < 0.1) are denoted with 

a double asterisk. 
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Figure 3.5 Antigen-specific antibody response 

 

 

(A) OVA-specific IgG1 serum antibody levels and (B) CAA-specific serum IgG2 antibody 

levels on trial days 7, 21, and 35 in pigs fed diets supplemented with microalgae (AL, n = 8), 

fish oil (FO, n = 8), or corn oil control (CON, n = 8). Results are presented as LSM ± SEM. 
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Figure 3.6 Change in skinfold thickness following dermal hypersensitivity challenge 

 

 

Change in skin-fold thickness in response to (A) OVA antigen and (B) CAA antigen at 6, 24, and 

48 h post-injection in pigs fed with diets supplemented with microalgae (AL, n = 8), fish oil (FO, 

n = 8), or corn oil control (CON, n = 8). Results are presented as LSM ± SEM. 
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Chapter 4. Algae supplementation to late gestation sows and its effects on the health status 

of weaned piglets fed diets containing high- or low-quality protein sources 

 

4.1 Abstract 

 Maternal stress, such as a bacterial infection occurring in late gestation, may predispose 

offspring to a variety of diseases later in life. It may also alter programming of developing 

systems within the fetus, such as the hypothalamic-pituitary-adrenal (HPA) axis and the immune 

system. Dietary supplementation during the last trimester of pregnancy with immune-modulating 

compounds may be a means of reducing potential adverse effects of maternal stress on the 

developing fetus. Essential omega-3 polyunsaturated fatty acids (n-3 PUFA) such as 

docosahexanoic acid (DHA) and eicosapentanoic acid (EPA) are well-known for their immune-

modulating and anti-inflammatory properties. Sources of these n-3 PUFA include fish products 

such as fish oil (FO) and microalgae, which may be a suitable alternative to fish-based products. 

The aim of this study was to determine the effect of supplementing gestating sow diets with n-3 

PUFA and inducing an immune stress challenge in late gestation on piglet growth and immune 

responsiveness when placed on either a high- or low-quality protein diet after weaning. Forty-

eight sows were fed gestation diets containing either 3.12% AL, 3.1% FO or a control diet 

containing 1.89% corn oil starting on gestation day (gd) 75. On gd112, half the sows in each 

treatment were challenged with bacterial lipopolysaccharide (LPS) endotoxin (10 µg/kg 

administered i.m.). After farrowing, piglet BW gain was monitored weekly during lactation and 

pigs were weaned at 21 days of age. One week after weaning, four piglets per sow were 

challenged with LPS (40 µg/kg administered i.m.). At the same time, four piglets per sow were 

vaccinated with the novel antigens chicken ovalbumin (OVA) and Candida cellular antigen 

(CAA) and received booster vaccinations two weeks later. Four weeks after the initial 

vaccination, a transdermal hypersensitivity immune challenge was performed using the same 
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antigens. Blood samples were also collected to quantify IgG antibody responses to both antigens. 

PUFA enrichment in sow blood and piglet brain was detected after sows were on feed for 40 

days. Piglet growth was increased in pigs fed a high-quality diet in nursery phase 1. 

Concentrations of the cytokines IL-1ra, IL-6 and IL-10 were elevated in pigs fed a high-quality 

protein diet following LPS immune challenge. Overall, it appears that in the current study piglet 

nursery diet quality was more important for determining piglet health and growth than maternal 

diet and immune stress. 
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4.2 Introduction 

 Piglet health is of utmost importance to producers as good health promotes normal piglet 

growth and maximizes the efficiency of the animal. Maintaining piglet health is especially 

important around weaning; pigs at this stage of production do not have a fully developed 

immune system and therefore rely on maternal antibodies for immunity (Campbell et al., 2013). 

At weaning, piglets are suddenly stressed as they are removed from their dams and placed into 

an environment with a high pathogen load (Campbell et al., 2013; Martinez-Miro et al., 2016). 

Stress encountered early in life, including microbial infection, can compromise piglet growth and 

immune function for the duration of the production cycle and can affect the long-term health of 

the animal (Campbell et al., 2013).  

 To help newly weaned pigs reach their growth potential and mount efficient and 

appropriate immune responses, the industry standard is to include high-quality and expensive 

protein sources such as whey protein or purified protein isolates to the diets of newly weaned 

pigs (Goodband et al., 2014). Recently, however, researchers have explored the possibility of 

including simple and less expensive protein sources such as soybean meal or canola meal in 

weanling pig diets in order to reduce feed costs and take advantage of compensatory growth 

(Collins et al., 2017; Skinner et al., 2014).  

 Sows are sensitive to stress and environmental and social changes as well as microbial 

infections during gestation, which can disrupt pregnancy and result in abortion, increased 

number of stillbirths, and/or decreased litter sizes  (Young et al., 2010; Peltoniemi et al., 2016). 

The stress response for example, is activated during Gram-negative microbial infections 

(Martinez-Miro et al., 2016; Veru et al., 2014) by cell wall lipopolysaccharide (LPS). 

Lipopolysaccharide interacts with epithelial or immune cell membrane toll-like receptor-4 (TLR-
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4) (Gnauck et al., 2016) and elicits the secretion of cytokines such as IL-1β, IL-6 and TNF-α 

(Gnauck et al., 2016) that can bind to their respective receptors in organs including the brain, 

leading to activation of the hypothalamic-pituitary-adrenal (HPA) axis, also referred to as the 

“stress axis” (Karrow, 2006).  The HPA axis produces several signalling 

neuropeptides/hormones that ultimately result in the production of the stress hormone cortisol 

from the adrenal glands. Activation of the HPA axis results in the mobilization of energy stores 

to facilitate physiological processes prioritized as essential for survival, such as increased heart 

and breathing rates and priming of the immune system, and suppression of processes that are not 

critical for immediate survival, such as digestion and reproduction (Brunton, 2010; Martinez-

Miro et al., 2016; Toufexis et al., 2014).  

 The production of maternal cortisol can have negative effects on the developing fetus in 

utero. Maternal cortisol can be transferred to fetal circulation despite mechanisms that are in 

place within the placenta to limit such exposure (Marques et al., 2015). Fetal exposure to 

maternal stress during gestation can negatively affect offspring growth after birth, and can lead 

to undesirable changes in the offspring stress response, and immune regulation and function 

(Götz et al., 2007; Marques et al., 2015; Solano et al., 2016). Altered immune function may 

contribute to various inflammatory diseases and may put offspring at greater risk for infection 

(Götz et al., 2007; Tuchscherer et al., 2002; Veru et al., 2014). Limiting the effects of maternal 

stress on the developing offspring immune system may therefore be an important factor for 

ensuring normal piglet health and preventing the occurrence of disease in the peri-weaning 

period.  

 Supplementing the maternal diet with immune-modulating compounds such as omega-3 

polyunsaturated fatty acids (n-3 PUFA) may help to minimize the effects of stress for both the 
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mother and her developing offspring. Omega-3 PUFA are essential fatty acids known for their 

anti-inflammatory properties, and their inclusion in maternal diets may be beneficial during 

pregnancy as a way to reduce inflammation and limit potential adverse effects of maternal 

cytokines and cortisol on fetal development (Carroll et al., 2003; Fisher-Heffernan et al., 2015; 

Fisher et al., 2014; Liu et al., 2013). Omega-3 PUFA have been shown to affect the 

differentiation, trafficking and activity of immune cells, leading to decreased inflammation and 

favoring tissue resolution (Calder, 2013; Fisher-Heffernan et al., 2015). While inflammation may 

be beneficial in the short-term, sustained or chronic inflammation can contribute to tissue 

pathology and can compromise tissue function (Huber et al.,  2018). Thus, inclusion of n-3 

PUFA in maternal diets at an optimal n-6 to n-3 PUFA ratio may be a means to modulate 

offspring immunity and provide enhanced protection against pathogens that contribute to 

inflammatory disease.  

 Most dietary sources of n-3 PUFA are fish-based. However, due to the questionable 

environmental sustainability of fish-based supplements, alternative sources of n-3 PUFA are 

being sought. A promising alternative source of n-3 PUFA is microalgae, which can be grown in 

tightly controlled conditions (Robertson et al., 2015; Yaakob et al., 2014). While fish products 

are rich in the long-chain fatty acids docosahexanoic acid (DHA) and eicosapentanoic acid 

(EPA), algae products can be rich in either DHA, EPA or both, depending on the particular 

species (Singh and Saxena, 2015). As algae products continue to be developed and become better 

recognized, they may also become an economical choice to provide n-3 PUFA enrichment in 

livestock feeds. While the use of supplements containing n-3 PUFA in sow diets has been 

explored (Rooke et al., 1998; Shen et al., 2015), there is limited information about the use of 
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microalgae as a source of n-3 PUFA in sow diets and the subsequent effects on the offspring 

(Gázquez et al., 2017; Posser et al., 2018).  

 The first aim of this study was to assess the stress response and the acquired immune 

response of offspring from sows supplemented with dietary fish oil (FO), microalgae (AL) or a 

control diet (CO) and challenged with LPS endotoxin in late gestation. The second aim was to 

assess the stress and acquired immune responses of the same offspring when weaned onto a 

high- or low-quality protein nursery diet.   

 

4.3 Materials and Methods 

 The study was conducted at the Arkell Swine Research Station at the University of 

Guelph (Guelph, ON, Canada). The vitamin E and the Menhaden FO for this experiment were 

provided by Grand Valley Fortifiers (Cambridge, ON) and the AL (Aurantiochytrium limacinum 

biomass [AURA; CCAP 4087/2] containing 70% crude fat and 17% DHA) was provided by 

Alltech Inc. (Nicholasville, KY). The experimental protocol (AUP # 3124) was approved by the 

University of Guelph Animal Care Committee and followed Canadian Council of Animal Care 

guidelines (CCAC, 2009). The experimental diets were analyzed for dry matter, crude protein 

and macro-mineral content by SGS Canada (Guelph, ON). The inclusion level of the AL and FO, 

and the dose and day of gestation for the maternal LPS challenge were determined by 

preliminary studies which are outlined in Appendix 1.  

 

4.3.1 Main sow feeding trial and LPS immune stress challenge 

 For the main feeding trial (Figure 4.1), 48 Landrace x Yorkshire crossbred sows (12 sows 

per block x 4 blocks) were selected based on breeding date and parity (≥2) and were randomly 

assigned to one of three gestation dietary treatments: 3.1% FO, 3.12% AM, or a 1.89% CO 
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control diet. Sows were fed the assigned gestation diets, 2.5 kg of diet per day, from gd75 until 

farrowing (approx. gd 114), and were given unlimited access to fresh water. The experimental 

diets were formulated to meet the estimated nutrient requirements for sows in late gestation 

(National Research Council, 2012). Ingredient composition of dietary treatments are shown in 

Table 4.1.  

 On gd 112, eight sows per dietary treatment were immune stress challenged i.m. with 10 

µg/kg of LPS dissolved in 2 mL of saline. The remaining eight sows per dietary treatment 

received a 2 mL injection of saline as a control. Blood samples were collected before LPS 

administration and 2 hr following LPS administration to measure cortisol and cytokine 

concentrations. Rectal temperature was recorded hourly up to 6 hr post LPS injection.  

 

4.3.2 Offspring treatment and procedures 

 Within 24 hr of birth, litters were standardized to 12 piglets via cross-fostering within 

treatments; pigs were weaned at 21 days of age. At parturition, each litter was assigned an ID, 

and each piglet was given a unique ID corresponding to the litter ID. At weaning, pigs (N=475) 

were randomly mixed and sorted into 8 pens (n=15 pigs per pen for the first week after weaning 

and n=9 pigs per pen for the remainder of the trial), as is the standard management practice, and 

were placed on either a high-quality or low-quality protein diet such that half of the pigs from 

each litter were fed each experimental nursery diet. Piglets were given ad libitum access to feed 

and had unlimited access to fresh water for the duration of the trial. Nursery diets were 

formulated to meet the estimated nutrient requirements for nursery phases 1 through 3 (National 

Research Council, 2012; Table 4.2). Piglets were fed their respective nursery experimental diets 

for nursery phases 1 and 2 and were then placed on a common nursery diet for phase 3. Piglets 
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were weighed weekly to monitor growth and calculate average daily gain (ADG) per pen. The 

addition and disappearance of feed were recorded to assess average daily feed intake (ADFI) and 

gain-to-feed (G:F) ratio. 

 

4.3.3 Offspring cytokine analysis following LPS immune stress challenge 

 On d7 post-weaning, four pigs per litter (n=2 per nursery dietary treatment, N=192) were 

subjected to a 40 µg/kg BW i.m. LPS endotoxin immune stress challenge. The LPS challenge 

was conducted as described by You et al. (2019). Blood samples were collected from animals 

before LPS challenge and 2 hr post-LPS injection. Blood samples were left to clot for 1 hr at 

room temperature (RT) before being centrifuged at 1000 x g for 20 min. Serum was aliquoted 

into 2 mL vials and stored at -80°C until cytokine analysis could be performed. 

 A panel of serum cytokines (IL-1β, IL-1ra, IL-6 and IL-10) was analysed using a 

multiplex assay (Milliplex Map Porcine cytokine/chemokine magnetic bead panel, Millipore, 

Canada). Briefly, 25 µL of each sample was added to a 96-well plate with 25 µL of antibody-

conjugated beads. Plates were sealed, wrapped in aluminum foil, and incubated on a plate shaker 

for 24 hr at 4°C. After 3 washes with wash buffer, a mixture of anti-porcine IL-1β, IL-1ra IL-6 

and IL-10 detection antibodies were added at a total volume of 50 µL/well. The plates were 

sealed, wrapped in foil, and incubated for 2 hr at RT. Following incubation, plates were 

decanted, 50 µL of Streptavidin-Phycoerythrin was added to each well, and plates were 

incubated for 30 min then washed three times. Finally, 100 µL/well of Luminex® sheath fluid 

was added, and beads were resuspended on a shaker for 5 min before reading on a Luminex® 

200 analyzer (Luminex Corp, USA). Cytokine concentrations were determined by comparing 
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samples to standards of known concentrations provided by the manufacturer. The inter-assay CV 

was 11.2%. 

 

4.3.4 Offspring antigen-specific dermal hypersensitivity response (DTH) 

 Four piglets from each litter (n=2 per piglet dietary treatment; 1 female and 1 castrated 

male per nursery diet, N=192 in total) were antigen sensitized i.m. on postpartum d28 with a 

vaccine containing 0.5 mg/mL ovalbumin (OVA; Sigma-Aldrich, Oakville, Ontario) and 0.5 

mg/mL Candida albicans cellular antigen (CAA; Greer Laboratories Inc., Lenoir, North 

Carolina) dissolved in 1 mL of saline containing 0.5 mg/mL of Quil-A adjuvant (Sigma-Aldrich, 

Oakville Ontario). On postpartum d42, piglets received a booster vaccine with the same 

concentrations of OVA, CAA and adjuvant. On postpartum d55, piglets were immune 

challenged s.c. with 0.1 mL of OVA or CAA at a concentration of 1 mg/mL on each of the inner 

thighs, with a saline site as a control on each leg. Skin-fold thickness measurements were 

collected in triplicate using Harpenden Skin-fold Calipers (Creative Health Products, Ann Arbor, 

Michigan) before s.c. injection, and 3, 6, 24 and 48 hr post-antigen challenge. The timeline of 

events is illustrated in figure 4.1. 

 

4.3.5 Offspring antigen-specific IgG1 and IgG2 response 

 Blood was collected from the vaccinated piglets described above on postpartum d28, d42 

and d55 in 10 mL serum collection tubes (BD Vacutainer, USA). Samples were left to clot for 1 

hr at RT, then centrifuged at 1000 x g for 20 min. Serum was aliquoted into 2 mL vials and 

stored at -80°C until antigen-specific IgG1 and IgG2 analyses were carried out by enzyme linked 

immunosorbent assay (ELISA). 
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 Antigen-specific IgG1 and IgG2 ELISAs were conducted as per Lee et al. (2019). 

Briefly, 96-well plates were coated with 1.4 µg/mL of either OVA or CAA, and incubated at 4°C 

for 48 hr. Following antigen coating, plates were washed 5 times with 0.05% PBS-Tween 20 

wash buffer. Plates were incubated at RT with 200 µL/well of blocking solution (Bio-Rad 

Laboratories, Mississauga, Ontario) for 1 hr, washed 5 times with wash buffer, and then 100 

µL/well of diluted serum samples (1:800 for IgG1 and 1:50 for IgG2 analyses) were incubated in 

duplicate for 2 hr. After washing, 100 µL/well of primary mouse anti-pig IgG1 or IgG2 

antibodies (Bio-Rad Laboratories, Mississauga, Ontario) were added to each well and incubated 

for 1 hr at RT, then washed again and incubated with conjugated goat anti-mouse IgG (Sigma-

Aldrich, Oakville, Ontario) for 1 hr. After a final wash, 80 µL/well of alkaline phosphatase 

yellow substrate (Sigma-Aldrich, Oakville, ON) was added to each well and incubated for 30 

min at RT in the dark. A standard curve, as well as positive and negative control samples, were 

added to each plate. Following the 30 min substrate incubation, plates were analyzed at 405 nm 

using a plate reader (Victor3 1420 Multilabel Counter, Perkin Elmer, USA); the inter-assay CV 

was 12.9%. 

 

4.3.6 Offspring antigen-specific histamine analysis 

 Whole blood was collected from the pigs described above that received OVA and CAA 

vaccines on d56 post-weaning in 10 mL heparinized collection tubes for histamine analysis. 

Briefly, 1 mL of blood was placed in 24-well plates along with 1 mL of 10 µg/mL OVA 

dissolved in saline. Blood supernatant, which was collected by spinning plates at 1000 x g for 15 

min, was collected immediately before the addition of OVA antigen as well as after a 30 min 

incubation at 37°C.  Supernatants were kept at -80°C until histamine analysis was conducted. 
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 Histamine analysis was conducted using a commercial assay (Histamine ELISA kit, 

Fitzgerald Industries International). Briefly, 25 µL of sample supernatant was combined with 25 

µL of acylation buffer and 25 µL of acylation solution in a 2 mL vial, and vials were incubated at 

RT for 45 min on a shaker. Samples were then diluted with 100 µL of water before incubation on 

a shaker at RT for another 15 min. Samples were then diluted 1:8 with water, and 25 µL of 

diluted sample was placed in each well of a 96-well plate, along with 100 µL of histamine 

antibodies. The plate was then covered with adhesive foil and incubated on a shaker for 3 hr at 

RT. Plates were then washed 4 times with wash buffer (PBS-tween) before adding 100 µL/well 

of enzyme conjugate, which was then incubated for 30 min on a shaker. Plates were again 

washed 4 times with wash buffer before adding 100 µL/well of substrate and incubating for 20 

min in the dark on a shaker. Finally, 100 µL/well of stop solution was added to each well and 

absorbance was read at 450 nm using a plate reader (Victor3 1420 Multilabel Counter, Perkin 

Elmer, USA); the inter-assay CV was 0.6%.  

 

4.3.7 Statistical analysis 

 Statistical analysis was conducted using PROC GLIMMIX of SAS version 9.4. A 

multiple means comparison was conducted for the data from the preliminary LPS trial with sow 

as the experimental unit and LPS dose as the fixed effect. A preliminary PUFA analysis was 

conducted using a multiple means analysis with sow as the experimental unit and gestation 

dietary treatment as the fixed effect. A repeated measures analysis was used for the piglet 

performance data, DTH and antigen-specific IgG1 and IgG2 responses to compare data across 

timepoints, and multiple means comparisons were carried out for the cytokine and histamine 

data; treatment least squared means (LSM) were obtained for all variables. The statistical model 
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for the nursery performance data used pen as the experimental unit and the fixed effects of 

nursery dietary treatment (high- or low-quality protein), time, and their interactions; sow and 

block were included as random effects. The statistical model for the DTH response, antigen-

specific IgG1 and IgG2 response, histamine analysis and cytokine analysis used pig as the 

experimental unit and included the fixed effects of gestation dietary treatment (AL, FO, CO), 

maternal LPS status (LPS or CON) and nursery dietary treatment (high- or low-quality), time 

(i.e. day post weaning), and their interactions; block and sow were included as random effects. 

Where fixed effects were not significant (P>0.05), a reduced model was used. Tukey adjustments 

were used for all analyses with more than two comparisons. Significant differences were 

reported at P<0.05, and trends were reported between 0.05≤ P≤0.1. 

 

4.4 Results 

4.4.1 Main sow feeding trial and LPS immune stress challenge  

 Rectal temperature and cortisol response in sows following a 10 µg/kg LPS immune 

challenge were presented in You et al. (2019) and are shown in Appendix 2. A significant effect 

of LPS status was observed; sows challenged with 10 µg/kg of LPS had increased rectal 

temperature compared to those receiving saline (CON) 2 hr post LPS immune stress challenge 

and remained significantly elevated between 2 and 6 hr post challenge (P<0.05), and was 

significantly decreased in sows fed the FO diet compared to those fed AL or CO diets at 4, 5, and 

6 hr post LPS immune stress challenge (P<0.05). Serum cortisol analysis indicated that sows 

challenged with 10 µg/kg LPS had elevated serum cortisol concentrations 2 hr post LPS immune 

stress challenge compared to those receiving saline (CON). Sow reproductive traits were also 

assessed and included gestation length, litter size, number of stillborn piglets, litter weight at 
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birth and number of piglets weaned, and no significant differences between gestation dietary 

treatments or maternal LPS status were observed.  

 

4.4.2 Offspring performance 

  During the lactation phase, before weaning, piglet ADG was not different among 

maternal gestation dietary treatments or between maternal LPS status (data not shown). Due to 

the use of pen as the experimental unit after weaning, comparisons in performance could only be 

made between nursery dietary treatment groups. There was a significant interaction of phase of 

feeding and high- or low-quality piglet diets for ADG, ADFI and G:F (P<0.01; Table 4.3). The 

ADG (P<0.0001), ADFI (P<0.0001) and G:F (P<0.01) were increased in offspring fed the high-

quality protein nursery diet in phase 1, but were not different between offspring nursery dietary 

treatments for phases 2 or 3, or overall. Feed intake was not significantly different between pigs 

fed the high- or low-quality protein diets.  

 

4.4.3 Offspring cytokine analysis following LPS immune stress challenge 

 Results from multiplex cytokine analysis showed a significant time effect, with greater 

serum concentrations of IL-1β, IL-1ra, IL-6 and IL-10 2 hr after LPS immune challenge (P<0.05; 

Figure 4.2). A significant interaction was found between offspring nursery dietary treatment and 

time of sampling for IL-1ra, IL-6 and IL-10 concentrations, with greater cytokine concentrations 

in pigs fed a high-quality protein diet compared to pigs fed a low-quality protein diet 2 hr after 

LPS immune challenge (P<0.05). No significant effects of gestation dietary treatment or 

maternal LPS status were observed for serum concentrations of IL-1β, IL-1ra, IL-6 and IL-10, 

and no effect of nursery dietary treatment was observed for concentrations of IL-1β. 
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4.4.4 Offspring antigen-specific dermal hypersensitivity response 

 Results from the dermal hypersensitivity challenge showed changes in skin-fold thickness 

in response to both OVA and CAA antigens over time (P<0.0001; Figure 4.3), indicating that the 

antigen challenge was successful in eliciting an immune response. In response to OVA antigen, 

skin-fold thickness was greatest at the 3 hr timepoint, and subsequently decreased over time. In 

response to CAA, skin-fold thickness increased at the 3-, 6- and 24-hr time points, and was 

significantly lower by the 48-hr time point. Maternal gestation dietary treatment, maternal LPS 

status, or offspring nursery dietary treatment did not influence offspring DTH at any time point 

for either antigen.  

  

4.4.5 Offspring piglet antigen-specific antibody response  

 OVA-specific serum IgG1 was influenced by the main effect of time (P<0.0001; Figure 

4.4); serum IgG1 concentration was greater at 28 d versus baseline and 14 d after initial 

vaccination, which indicates that the animals responded to the vaccination protocol. Gestation 

dietary treatment, maternal LPS challenge, and nursery dietary treatment did not influence 

offspring OVA-specific serum IgG1.  

 For CAA-specific serum IgG2 concentration, there was a significant interaction of 

gestation dietary treatment, offspring nursery dietary treatment, and time; only offspring fed the 

high-quality protein diet from sows fed the AL diet and pigs fed the low-quality diet from sows 

fed the CO diet had relatively greater CAA-specific IgG2 concentrations 28 d after initial 

vaccination compared to their respective basal and 14 d CAA-specific IgG2 concentrations 

(P<0.0001; Figure 4.5). Overall, CAA-specific IgG2 concentrations increased 28 d after initial 



81 

 

vaccination compared to baseline sampling (P<0.0001) and to 14 d after initial vaccination 

(P<0.0001). Maternal gestation dietary treatment, maternal LPS status, and offspring nursery 

dietary treatment did not influence offspring CAA-specific IgG2 response within each sampling 

time point. 

 

4.4.6 Offspring piglet antigen-specific histamine analysis 

 Histamine response following whole blood stimulation with OVA antigen showed a 

significant time effect, with an increase in histamine release 30 min after OVA stimulation 

(P<0.0001; Figure 4.6). Maternal gestation dietary treatment, maternal LPS status and offspring 

nursery dietary treatment did not influence offspring histamine response. 

 

4.5 Discussion 

 This study aimed to investigate the effects of transitioning piglets from differing maternal 

treatments onto weaning diets containing high- or low-quality protein sources. Previously, 

feeding a low-quality protein diet had no effect on either serum haptoglobin levels, or the fever 

response following an i.m. LPS immune stress challenge (Dritz et al., 1996; Huber et al., 2018), 

and had no effect on concentrations of the pro-inflammatory cytokines TNF-α and IFN-γ 

(Paßlack et al., 2017). In the present study, significant increases in the concentrations of the 

cytokines IL-1ra, IL-6 and IL-10 were observed 2 hr after LPS immune stress challenge in pigs 

fed the high-quality protein diet compared to those fed the low-quality protein diet. While IL-6 

has several biological roles, and can have either pro-inflammatory or anti-inflammatory effects 

that are dependent on its receptor (Hunter and Jones, 2015), IL-1ra and IL-10 are considered 

anti-inflammatory (Arend, 2002; Gabryšová et al., 2014; Hunter and Jones, 2015). Due to the 

anti-inflammatory nature of IL-10 and IL-1ra, their decreased production in piglets fed a low-
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quality protein diet compared to their high-quality counterparts may leave these animals more 

vulnerable to future innate immune stimulation and inflammatory disease. In this study, the 

production of IL-10 and IL-1ra are likely induced to counteract the effects of IL-1β and IL-6, and 

it is possible that the time of sampling may not represent the peak or overall activity of the 

measured cytokines, as Granowitz et al. (1991) showed differential peak times and peak 

concentrations for IL-1ra and IL-1β. Despite the effects of piglet diet quality on cytokine 

response, You et al. (2019) showed no effect of diet quality on the fever and cortisol responses of 

these same piglets. Cytokine production typically drives the fever response, and some of the 

most important cytokines involved in eliciting a fever response include TNF-α and IL-1β (Poon 

et al., 2015). In the present study, IL-1β concentrations were not affected by offspring nursery 

dietary treatment, and in previous research, TNF-α concentrations were also unaffected by 

dietary protein quality (Paßlack et al., 2017). The lack of differences in concentrations of these 

two pyrogenic cytokines likely explains why the fever response to LPS between pigs fed a high- 

or low-quality protein diet was not significantly different.  

 In terms of acquired immunity, a study by Huber et al. (2018) found no difference in the 

dermal hypersensitivity response to either OVA antigen, or in the OVA-specific IgG response in 

pigs fed a low-quality protein diet compared to those fed a high-quality protein diet; this was also 

observed in the present study. When examined together, including the results from the cytokine 

analysis, these results suggest that in swine, the acute-phase response is more sensitive to 

changes in dietary protein quality compared to the adaptive arm of the immune system.  

 Initial growth in pigs fed a low-quality protein diet may be reduced compared to pigs fed 

a high-quality protein diet, however, the pigs can exhibit compensatory growth, resulting in 

similar final body weights (Dritz et al., 1996; Huber et al., 2018; Skinner et al., 2014). The 
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results obtained from this study are in agreement with what has previously been observed, 

indicating that feeding low-quality protein diets during the nursery phase may reduce feed costs 

without affecting final body weight when pigs are healthy. 

 This study also aimed to investigate the effects of maternal supplementation of FO and 

AL as well as maternal LPS challenge in late gestation on piglet growth and health after 

weaning. This is one of the first studies using AL as a dietary source of n-3 PUFA in late 

gestation sows in addition to using the LPS endotoxin stress model to simulate bacterial 

infection. Both maternal and fetal tissue enrichment with n-3 PUFA was shown to occur 

following dietary supplementation with FO and AL (Appendix 1). You et al. (2019) 

demonstrated that FO supplementation of these same sows reduced their fever response to LPS 

immune stress challenge, whereas AL supplementation had no effect on rectal temperature. You 

et al. (2019) also demonstrated that the LPS immune challenge elicited a cortisol response in 

these same sows, but this response was unaffected by maternal AL and FO supplementation.  

 It was anticipated that maternal dietary supplementation with FO or AL would help 

protect offspring from post-weaning LPS-induced stress. You et al. (2019) showed that when 

these same offspring were LPS immune challenged, their cortisol response was influenced by 

maternal gestation dietary treatment and maternal LPS status. However, our analysis of cytokine 

biomarkers in these same piglets revealed no maternal treatment effects. We have previously 

observed that including AL in the diets of weanling pigs increased the production of the pro-

inflammatory cytokines IL-1β, TNF-α, IL-6 and the anti-inflammatory cytokine IL-10 during 

LPS immune challenge in comparison to pigs fed diets supplemented with FO or corn oil (Lee et 

al., 2019). This suggests that cortisol and fever responses may occur independently of a systemic 

cytokine response. Previously, Upadhaya et al. (2015) also found no differences in the 
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inflammatory cytokine response following an i.m. LPS immune challenge in growing-finishing 

pigs. The acute-phase response to LPS immune stress challenge may be influenced by the route 

of LPS administration, which in this study was performed i.m.; it has been previously shown that 

route of LPS administration differentially affected the fever response in rabbits and in guinea 

pigs (Cartmell et al., 2002; Goldbach et al., 1997) and differentially affected cytokine and acute-

phase protein concentrations in pigs (Wyns et al., 2015). 

  Maternal supplementation with n-3 PUFA can modulate the offspring acquired immune 

response assessed in vitro in humans and in sheep (Fisher-Heffernan et al., 2015; Miles and 

Calder, 2017; Quin et al., 2016). However, no biologically relevant effects of maternal gestation 

dietary treatment, maternal LPS status or offspring nursery dietary treatment were observed in 

the present study for skin-fold thickness following dermal hypersensitivity challenge or OVA- 

and CAA-specific antibody analyses. These results contrast with previous research, where an 

increase in IgG antibodies was observed in pigs fed a diet high in n-3 PUFA from sows that were 

also fed a high n-3 PUFA diet (Bazinet et al., 2004). The present results are also in contrast to 

studies where maternal neurogenic and psychogenic stress, including LPS immune stress and 

maternal restraint, reduced levels of total IgG in swine and rat offspring (Tuchscherer et al., 

2002; Veru et al., 2014), and reduced CAA-specific IgG in sheep offspring (Fisher-Heffernan et 

al., 2015). These differences may be partially attributed to species differences, or to the dose and 

route of LPS administration. As previously mentioned, route of administration and dose of LPS 

can differentially affect the acute-phase response in rabbits and pigs (Cartmell et al., 2002; Wyns 

et al., 2015); it is also plausible that route of administration and dose of LPS may differentially 

modulate offspring cell-mediated and antibody-mediated immunity. Another important factor 

influencing the current results may be the timing of the maternal stressor; the findings of other 
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studies suggest that the timing of a maternal stressor can greatly influence the outcomes and 

effects on the offspring (Veru et al., 2014; Vieau et al., 2007). In the present study, the maternal 

LPS stress challenge occurred on gd112 and parturition on gd114; though the results from this 

LPS challenge are indicative of a stress response (You et al., 2019), more pronounced effects on 

the offspring acquired immunity may have been observed had the LPS stress challenge occurred 

at an earlier point during gestation. The day of gestation selected for the sow LPS challenge was 

based on a preliminary study conducted by our group; administration of LPS at an earlier 

gestation date resulted in substantial piglet mortality and decreased piglet viability. The date of 

the LPS challenge was therefore pushed to gd112 in attempt to avoid preterm birth and increase 

piglet viability. 

 During gestation and the lactation phase, no adverse effects of maternal gestation dietary 

treatment were observed on reproductive traits and offspring growth, indicating that maternal FO 

and AL supplementation do not pose a risk to sow reproductive health. Due to difficulties in 

animal management after weaning, the way in which the pigs were housed could not account for 

the effects of maternal diet or maternal LPS status on post-weaning growth of offspring. There 

are limited effects of maternal n-3 PUFA supplementation on piglet growth; a meta-analysis by 

Tanghe and De Smet (2013) for example, showed a slight effect of maternal diet on piglet birth 

weight and growth during the pre-weaning phase, but showed no effect of maternal diet on 

growth in the post-weaning phase. Similarly, no differences have been observed in the growth of 

lambs, regardless of maternal LPS status or maternal fishmeal or soybean meal supplementation 

(Fisher-Heffernan et al., 2015; Fisher et al., 2014). However, future studies in this field should be 

designed in such a manner as to account for maternal diet and maternal LPS status to assess the 
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effects of these treatments on piglet performance, perhaps from weaning until the end of the 

production cycle, when the pigs reach final market weight. 

 

4.6 Conclusions 

 Overall, maternal dietary supplementation with AL or FO with or without a maternal LPS 

immune challenge in late gestation had no apparent effect on piglet acquired immune response 

from weaning to 6 weeks post-weaning in this trial. Protein quality of piglet diets impacted 

acute-phase response as indicated by cytokine concentrations on d28 and growth of pigs only 

during the first phase after weaning. While pigs fed the high-quality protein diet had better ADG 

and feed efficiency in nursery phase 1, this effect disappeared in phases 2 and 3 and resulted in 

similar growth and feed intake over the entire nursery period. Cytokine production was affected 

by nursery diet, with pigs fed the high-quality protein diet having greater serum concentrations 

of IL-1ra, IL-6 and IL-10 2 hr post-LPS immune stress challenge. In this instance, it would 

appear that piglet diet is a more important factor for predicting growth and acute-phase response 

to microbial stressors than maternal diet or maternal immune system stimulation during late 

gestation. These results also suggest that feeding a low-quality protein diet in the nursery phase 

may leave piglets vulnerable to inflammatory disease due to decreased production of anti-

inflammatory cytokines, but further validation that includes pathogen challenge will be required 

to test this hypothesis.  
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Table 4.1 Ingredient composition of experimental sow diets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

1 AL, microalgae 
2 FO, fish oil 
3 CO, 1.89% corn oil control 
4 NRC, National Research Council 
5 CP, crude protein 
6 Fish oil and Vitamin E provided by Grand Valley Fortifiers (Cambridge, ON, CA) 
7 Algae provided by Alltech Inc. (Nicholasville, KY, USA) and supplied as dried biomass containing 

15.8% CP, 70% CF and 17% DHA 
8 Supplied per kg of diet: vitamin A, 12,000 IU as retinyl acetate; vitamin D3 , 1,200 IU as 

cholecalciferol; vitamin E, 48 IU as DL-α-tocopherol acetate; vitamin K, 3 mg as menadione; vitamin 

B12, 0.03 mg; pantothenic acid, 18 mg; riboflavin, 6 mg; choline, 600 mg; folic acid, 2.4 mg; niacin, 30 

mg; thiamine, 18 mg; pyridoxine, 1.8 mg; biotin, 200 µg; Cu, 18 mg as CuSO4·5H2O; Fe, 120 mg as 

FeSO4; Mn, 24 mg as MnSO4; Zn, 126 mg as ZnO; Se, 0.36 mg as FeSeO3 ; I, 0.6 mg as KI;DSM 

 
3.12% AL1 3.1% FO2 CO3 

Days on feed 39 39 39 

Ingredient Composition (%) 
   

Corn (NRC4; 8.3% CP5) 74.28 74.06 77.06 

Corn Oil 1.55 1.79 1.89 

Fish Oil6 - 3.10 - 

Algae7  3.12 - - 

Soybean Meal  17.38 17.38 17.38 

L-Lysine 0.07 0.07 0.07 

Salt 0.40 0.40 0.40 

Limestone 1.52 1.52 1.52 

Mono-Cal Phosphate  1.17 1.17 1.17 

Vitamin/Mineral Premix8 0.50 0.50 0.50 

Vitamin E6 0.02 0.02 0.02 

Calculated Nutrient content9    

ME, kcal/kg 3097 3153 3090 

CP (%) 14.48 14.61 14.46 

SID10 Lysine (%) 0.64 0.65 0.64 

SID Methionine +Cysteine (%) 0.43 0.44 0.43 

SID Threonine (%) 0.45 0.46 0.45 

SID Tryptophan (%) 0.13 0.13 0.13 

Analyzed nutrient content     

Dry matter (%) 86.98 88.17 87.53 

CP (%) 14.34 15.03 14.44 

Phosphorus (%) 0.57 0.58 0.54 

Sodium (%) 0.18 0.17 0.17 

Calcium (%) 0.81 0.78 0.88 

Potassium (%) 0.65 0.67 0.65 

Magnesium (%) 0.14 0.14 0.13 

Eicosapentanoic acid (EPA; mg/g) 0.19 3.49 0.08 

Docosahexanoic acid (DHA; mg/g) 3.76 3.16 0.03 

Total omega-3 PUFA11 (mg/g) 5.43 10.21 1.70 

Ratio n-3:n-612 0.21 0.37 0.07 
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9 Calculated on the basis of the NRC (2012) ingredient values 
10 SID standardized ileal digestible 
11 PUFA, polyunsaturated fatty acids 
12 Ratio n-3:n-6, ratio of omega-3 PUFA to omega-6 PUFA  
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Table 4.2 Ingredient composition of experimental nursery diets  

 
Diet  Low Quality High Quality Common 
 

Phase 1 Phase 2 Phase 1 Phase 2 Phase 3 

Days on feed 7 14 7 14 21 

Ingredient Composition (%)  
    

Corn (NRC1; 8.3% CP2) 45.28 41.01 32.57 46.11 48.8 

Wheat 15.00 15.00 15.00 15.00 15.00 

Fat, Animal/vegetable blend 5.00 5.00 5.00 5.00 2.50 

Soybean meal 30.00 35.00 10.00 15.00 30.00 

Soybean protein isolate - - 9.30 3.00 - 

Whey - - 20.00 8.00 - 

Blood plasma - - 4.50 2.00 - 

Blood meal - - - 2.00 - 

L- Lysine 0.37 0.26 - 0.30 0.35 

L- Methionine 0.15 0.11 0.13 0.14 0.09 

L- Tryptophan 0.02 - - - - 

L- Threonine 0.24 0.12 0.05 0.15 0.10 

Salt 0.50 0.40 - - 0.40 

Limestone 1.30 1.25 0.89 1.11 1.17 

Monocalcium Phosphate  1.52 1.24 1.94 1.57 0.97 

Mineral/Vitamin premix 0.60 0.60 0.60 0.60 0.60 

Vitamin E3  0.02 0.02 0.02 0.02 0.02 

Calculated nutrient content5      

ME, kcal/kg 3471 3478 3552 3536 3367 

CP (%) 20.85 22.65 23.40 20.40 20.96 

SID6 Lysine (%) 1.21 1.25 1.25 1.25 1.20 

SID Met+Cys (%) 0.71 0.71 0.79 0.71 1.21 

SID Threonine (%) 0.86 0.81 0.86 0.81 0.49 

SID Tryptophan (%) 0.24 0.25 0.29 0.23 0.75 

Analyzed nutrient content (%)      

Dry matter  87.08 87.39 88.05 87.19 86.33 

CP  21.18 22.44 20.41 18.97 16.86 

Phosphorus 0.63 0.64 0.74 0.66 0.56 

Calcium 0.87 0.70 0.85 1.04 1.19 

Sodium 0.18 0.18 0.31 0.17 0.17 

Potassium 0.89 0.97 0.81 0.68 0.76 

Magnesium 0.17 0.17 0.14 0.13 0.15 
1 NRC, National Research Council 
2 CP, crude protein 
3 Supplied per kg of diet: vitamin A, 12,000 IU as retinyl acetate; vitamin D3 , 1,200 IU as 

cholecalciferol; vitamin E, 48 IU as DL-α-tocopherol acetate; vitamin K, 3 mg as menadione; vitamin 

B12, 0.03 mg; pantothenic acid, 18 mg; riboflavin, 6 mg; choline, 600 mg; folic acid, 2.4 mg; niacin, 30 
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mg; thiamine, 18 mg; pyridoxine, 1.8 mg; biotin, 200 µg; Cu, 18 mg as CuSO4·5H2O; Fe, 120 mg as 

FeSO4; Mn, 24 mg as MnSO4; Zn, 126 mg as ZnO; Se, 0.36 mg as FeSeO3 ; I, 0.6 mg as KI;DSM 
4 Vitamin E provided by Grand Valley Fortifiers (Cambridge, ON, CA) 
5 Calculated on the basis of the NRC (2012) ingredient values 
6 SID, standardized ileal digestible  
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Table 4.3 Body weights, average daily gain (ADG), average daily feed intake (ADFI) and 

gain: feed ratio for pigs from weaning to end of Phase 3 fed diets supplemented with either 

high- (n=16) or low-quality (n=16) protein sources. Results presented as LSM+/- SEM  
High 

Quality 

Low 

Quality 

SEM1 P-value2 

Body Weight, kg    

Weaning 6.80 7.41 0.28 0.13 

D7 7.72 8.01 0.28 0.46 

D21 12.09 13.07 0.46 0.14 

D42 25.12 26.77 0.76 0.14 

ADG3, g     

Phase 1 132 84 14.71 <0.0001 

Phase 2 361 378 23.61 0.60 

Phase 3 608 642 17.87 0.12 

Overall 404 418 13.70 0.41 

ADFI4, g 
    

Phase 1 210 181 17.91 <0.0001 

Phase 2 474 486 43.37 0.55 

Phase 3 1066 1097 44.24 0.47 

Overall 665 666 35.73 0.94 

G:F5 
    

Phase 1 0.64 0.45 0.047 0.0003 

Phase 2 0.76 0.79 0.054 0.59 

Phase 3 0.57 0.59 0.011 0.26 

Overall 0.61 0.63 0.016 0.25 
1 SEM, standard error of means 
2 P-value for main effect of dietary treatment 

3 ADG, average daily gain 
4 ADFI, average daily feed intake 
5 G:F, gain to feed ratio 
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Figure 4.1 Experimental timeline 

 
Schematic time line of events for sow and piglet trial. LPS- lipopolysaccharide, DTH- delayed-

type hypersensitivity, OVA- Ovalbumin, CAA- candida albicans antigen, IgG- Immunoglobulin 

G.  
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Figure 4.2 Offspring cytokine concentrations 

 

 
Cytokine levels in offspring piglets following a 40 µg/kg i.m. lipopolysaccharide (LPS) immune 

stress challenge (n=188): A) IL-1β, B) IL-1ra, C) IL-6 and D) IL-10 concentrations in piglets fed 

either a high- or low-quality protein diet (n=94 per treatment). Results are presented as LSM +/- 

SEM. Significant differences (P<0.05) between treatments are denoted with differing letters 

above bars. P-values for analysis of fixed effects in the statistical model are shown in the upper 

right-hand corner of the figure. Time: time of sampling, diet: maternal AL, FO or CO diet, LPS: 

maternal LPS status, quality: high- or low-quality piglet diet. 
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Figure 4.3 Change in skinfold thickness following dermal hypersensitivity challenge 

 

 
Relative dermal hypersensitivity response as indicated by skin-fold thickness in response to 

ovalbumin (OVA; A) antigen and Candida albicans antigen (CAA; B) at 0, 3, 6, 24 and 48 hours 

post-injection in offspring piglets fed a high- or low-quality protein diet that were from dams fed 

diets supplemented with 3.12% algae, 3.1% fish oil or 5% corn oil as a control, and challenged 

with LPS endotoxin or saline in late gestation (n=185). Results are presented as LSM +/- SEM. 

P-values for analysis of fixed effects in the statistical model are shown in the upper right-hand 

corner of the figure. Time: hour of sampling, diet: maternal AL, FO or CO diet, LPS: maternal 

LPS status, quality: high- or low-quality piglet diets.  
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Figure 4.4 OVA-specific IgG1 expression 

 
Ovalbumin- (OVA) specific IgG1 serum antibody levels in piglets fed either a high- or low-

quality protein diet from dams fed diets supplemented with 3.12% microalgae (AL), 3.1% fish 

oil (FO) or 1.89% corn oil (CO) as a control (n=190) and challenged with 10 µg/kg LPS or saline 

as a control. Results are presented as LSM +/- SEM. Significant differences (P<0.05) are denoted 

with differing letters above bars. P-values for analysis of fixed effects in the statistical model are 

shown in the upper right-hand corner of the figure. Time: day of sampling, diet: maternal AL, 

FO or CO diet, LPS: maternal LPS status, quality: high- or low-quality piglet diets.  
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Figure 4.5 CAA-specific IgG2 expression 

 

 
Candida albicans (CAA)-specific antibody levels in piglets fed either a high- or low-quality 

protein diet from dams fed diets supplemented with 3.12% microalgae (AL), 3.1% fish oil (FO) 

or 1.89% corn oil (CO) as a control and challenged with 10 µg/kg LPS or (n=190). Results are 

presented as LSM +/- SEM. Significant differences (P<0.05) are denoted with differing letters 

above bars. P-values for analysis of fixed effects in the statistical model are shown in the upper 

right-hand corner of the figure. Time: day of sampling, diet: maternal AL, FO or CO diet, LPS: 

maternal LPS status, quality: high- or low-quality piglet diets.  
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Figure 4.6 Histamine concentrations following whole blood OVA challenge 

 

 
Histamine release from whole blood challenged ex-vivo with 10 µg/mL ovalbumin (OVA) 

antigen immediately following OVA challenge and 30 minutes after OVA challenge (n=185). 

Results are presented as LSM +/- SEM. Significant differences (P<0.05) are denoted with 

differing letters above bars. P-values for analysis of fixed effects in the statistical model are 

shown in the upper right-hand corner of the figure. Time: time of sampling, diet: maternal AL, 

FO or CO diet, LPS: maternal LPS status, quality: high- or low-quality piglet diets.  
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Chapter 5. Effect of microalgae or fish oil supplementation and porcine maternal stress on 

the adrenal transcriptome of male offspring fed a low-quality protein diet 

 

5.1 Abstract 

 The adrenal gland is involved in the stress response and regulates immune function. 

Offspring adrenal function is negatively affected in utero by maternal stressors such as microbial 

infection, which can cause inflammation that can affect normal programming of fetal tissues, 

impairing offspring stress and immune responses. Maternal supplementation with 

immunomodulatory compounds such as omega-3 polyunsaturated fatty acids (n-3 PUFA) may 

help minimize the adverse effects of maternal stress on fetal hypothalamic-pituitary-adrenal 

(HPA) development and may improve offspring health. In swine, this may allow for the use of 

less-expensive nursery diets containing low-quality plant-based protein sources. Presently, n-3 

PUFA sources are primarily fish-based, but, microalgae (AL) that is rich in n-3 PUFA may be an 

alternative. Previously, it was determined that maternal AL or fish oil (FO) supplementation in 

addition to maternal immune stress challenge (Escherichia coli lipopolysaccharide, LPS) 

appeared to have more pronounced effects on the stress response of male offspring compared to 

that of females. To further elaborate on these findings, the aim of this study was to assess the 

effects of maternal AL or fish oil (FO) supplementation combined with a maternal LPS on 

adrenal gene expression in male offspring fed a nursery diet containing low-quality protein 

sources. Forty-eight sows were fed gestation diets containing either 3.12% AL, 3.1% FO, or a 

control diet containing 1.89% corn oil starting on gestation day (gd) 75. On gd 112, half the sows 

in each treatment were administered 10 µg/kg LPS i.m. Piglets were weaned at 21 days of age 

onto a common low-quality plant-based diet, and one week after weaning, four piglets per sow 

were administered 40 µg/kg LPS i.m. Two hours later, the piglets were euthanized to obtain 

adrenal tissue, and total RNA was extracted to carry out transcriptome analysis using the 
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Affymetrix GeneChip WT Plus assay and subsequent validation by real-time PCR. Analysis 

revealed treatment-specific enriched gene pathways pertaining to adrenal steroidogenesis, fatty 

acid metabolism and immune function indicating that gene expression within the adrenal gland 

of male offspring was significantly influenced by maternal diet and immune stress challenge. 
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5.2 Introduction 

 The adrenal gland is an important endocrine gland involved in both hormone and 

neurotransmitter signalling. Its main function includes the synthesis of steroid hormones within 

the adrenal cortex including androgens, mineralocorticoids and glucocorticoids. While the 

adrenal gland is best known for its role in the stress response as the end organ of the 

hypothalamic-pituitary-adrenal (HPA) axis, the adrenal gland is also involved in the immune 

response during tissue injury or pathogen invasion, in part through the production of 

inflammatory mediators (Huang et al., 2010; Mohn et al., 2011). 

 The adrenal gland is a key component of the HPA axis, and it may be vulnerable to 

adverse programming during fetal development caused by exposure to maternal stressors such as 

microbial infection during pregnancy (Fisher et al., 2014; Harris and Seckl, 2011). Maternal 

stress, including simulated infection, has previously been shown to alter developmental 

programming of both the HPA axis and the immune system in different livestock species (Fisher-

Heffernan et al., 2015; Fisher et al., 2014; Kranendonk et al., 2006; Lay et al., 2011) that may 

leave offspring vulnerable to inflammatory, metabolic and neurodegenerative diseases during 

adulthood (Carpenter et al., 2017; Entringer et al., 2012). Developmental programming is 

believed to occur through epigenetic mechanisms whereby DNA modifications, or changes in 

chromatin organization, result in differential expression of genes throughout development 

(Weaver et al., 2017). Disrupting this normal developmental process in various tissues can result 

in changes in immune or neuroendocrine phenotypes that may predispose the offspring to disease 

in neonatal and/or adult life (Harris and Seckl, 2011).  

 A common microbial stressor includes the microbe-associated molecular pattern 

(MAMP) lipopolysaccharide (LPS) from Gram-negative bacteria. Escherichia coli LPS 
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recognition by sentinel immune cells occurs mainly through activation of toll-like receptor 4 

(TLR-4; Gnauck et al., 2016), that in turn initiates signalling cascades that lead to the production 

of several mediators that contribute to inflammation (Huang et al., 2010). While inflammation is 

an important innate effector response against pathogens, it is a non-specific response that can 

damage the surrounding tissues (Karrow, 2006). 

 To help control inflammation associated with maternal stressors, maternal diets in 

humans are often supplemented with immune-modulating compounds such as omega-3 

polyunsaturated fatty acids (n-3 PUFA); these may provide health benefits to the offspring and 

may help to control inappropriate tissue programming brought on by maternal infection. Omega-

3 PUFA are known for their anti-inflammatory effects, and the long-chain PUFA 

docosahexanoic acid (DHA) and eicosapentanoic acid (EPA) are precursors to several anti-

inflammatory metabolites including resolvins and maresins (Fritsche, 2015). Maternal dietary 

supplementation with DHA and EPA may result in healthier offspring that are less vulnerable to 

disease. While most sources of DHA and EPA are derived from fish products such as fish oil 

(FO), alternative sources including microalgae (AL) are also being investigated; AL may prove 

to be a more sustainable source of n-3 PUFA (Robertson et al., 2015). 

 Animal models have been extensively used to investigate causes and mechanisms of fetal 

programming that may not be easily investigated in humans (Harris and Seckl, 2011). The swine 

model may provide valuable insight compared to other animal models such as rodents or sheep, 

because pigs are more physiologically and genetically similar to humans (Dawson et al., 2013; 

Roura et al., 2016). Conducting such research with pigs may also directly benefit producers since 

peri-weaning morbidity and mortality are concerns for the swine industry (Campbell et al., 

2013), and it may be possible to enrich maternal diets with n-3 PUFA to produce healthier 
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piglets that are less susceptible to peri-weaning disease. This may in turn allow for the use of 

less-expensive nursery diets, such as the inclusion of low-quality plant-based protein sources, 

without compromising piglet growth or health (Huber et al., 2018; Skinner et al., 2014). 

 Previously, ovine research has shown that the combination of maternal dietary n-3 PUFA 

supplementation and an LPS immune stress challenge can differentially modulate the offspring 

stress response, as characterized by fever and cortisol responses, when offspring are later 

exposed to an LPS immune stress challenge (Fisher et al., 2014; Fisher-Heffernan et al., 2015; 

You et al., 2019). In pigs, there appear to be differences in the stress response between male and 

female offspring, with male offspring being more sensitive than female offspring to maternal AL 

or FO dietary supplementation and/or maternal LPS immune stress (You et al., 2019). In 

addition, more pronounced differences were observed among the male offspring from differing 

maternal treatments. To further elaborate on these findings, the aim of this study was to 

investigate the effects of maternal AL and FO supplementation, in addition to maternal LPS 

challenge, on the differential gene expression of the adrenal gland in male offspring that were fed 

a low-quality protein diet after weaning. 

 

5.3 Materials and Methods 

 The animal trials were conducted at the Arkell Swine Research Station at the University 

of Guelph (Guelph, ON, Canada). The vitamin E and the Menhaden FO for this experiment were 

provided by Grand Valley Fortifiers (Cambridge, ON) and the AL (Aurantiochytrium limacinum 

biomass [AURA; CCAP 4087/2] containing 70% crude fat and 17% DHA) was provided by 

Alltech Inc. (Nicholasville, KY, USA). The experimental protocol (AUP # 3124) was approved 
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by the University of Guelph Animal Care Committee and followed Canadian Council of Animal 

Care guidelines (CCAC, 2009). 

 

5.3.1 Sow experimental methods 

 Experimental methods for the sow trial were conducted as per You et al. (2019). Briefly, 

forty-eight Landrace x Yorkshire cross-bred sows (12 sows per block x 4 blocks) were selected 

based on breeding date and parity (≥2) and were randomly assigned to one of three dietary 

treatments: 3.1% FO, 3.12% AL, or a 1.89% corn oil (CO) control diet. Sows were fed the 

assigned diets, 2.5 kg of diet per day, from gestation day (gd) 75 until farrowing (approx. gd 

114), and were given unlimited access to fresh water. The experimental diets were formulated to 

meet the estimated nutrient requirements for sows in late gestation (National Research Council, 

2012). AL and FO diets were formulated based on a preliminary trial to match total DHA 

content, maximizing fetal PUFA enrichment, and were formulated to have similar n-6 PUFA 

concentrations as the CO diet. Ingredient and calculated nutrient composition of maternal 

gestation dietary treatments are shown in table 5.1.  

 On gd 112, eight sows per dietary treatment were immune stress challenged i.m. with 10 

µg/kg of LPS from E. coli O55:B5 (Sigma-Aldrich, Oakville, ON) dissolved in 2 mL of saline. 

The remaining eight sows per dietary treatment received a 2 mL injection of saline as a control. 

Rectal temperature was recorded hourly up to 6 hr post LPS injection to monitor fever response, 

and general temperament was also observed. Sow experimental timeline is shown in figure 5.1. 

 

5.3.2 Piglet experimental methods 
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 Piglet experimental procedures were conducted as per You et al. (2019). Within 24 hr of 

birth, litters were standardized to 12 piglets by cross-fostering within treatments and piglets were 

weaned at 21 days of age. At parturition, each litter was assigned an ID, and each piglet was 

given a unique ID corresponding to the litter ID. At weaning, pigs (N=475) were randomly 

mixed and sorted into 8 pens (n=6 pigs per pen), as is the standard management practise, and 

were placed on a low-quality protein diet. Piglets were given ad libitum access to feed and had 

unlimited access to fresh water for the duration of the trial. Nursery diets were formulated to 

meet the estimated nutrient requirements for nursery phase 1 (National Research Council, 2012; 

Table 5.2). One week after weaning, 1 male offspring per litter (N=48) was randomly selected 

and received a 40 µg/kg i.m. injection of LPS from E. coli O55:B5 (Sigma-Aldrich, Oakville, 

ON). Pigs had access to feed and water before and during the LPS challenge. Following the LPS 

challenge previously reported by Lee et al. (2019), it was determined that peak cortisol response 

occurred at 2 hr post-LPS challenge, and therefore this time point was chosen for blood and 

tissue collection in the present trial. Pigs were euthanized 2 hr after LPS injection by 

administration of 0.3 mL/kg pentobarbital by cardiac puncture. Immediately following 

euthanasia, adrenal tissue was collected from the piglets and snap frozen in liquid nitrogen. 

Samples were then stored at -80°C until RNA isolation and microarray analysis could be 

conducted. Piglet experimental timeline is shown in figure 5.1. 

 

5.3.3 Microarray analysis 

 Twenty-four adrenal tissue samples were selected from male offspring fed a low-quality 

protein nursery diet following an LPS challenge (n=4 per maternal gestation dietary treatment 

and maternal LPS status). The adrenal gland was selected for microarray analysis due to 
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previously observed differences in the offspring cortisol response following LPS challenge (You 

et al., 2019). Total RNA was extracted from 20-30 mg of adrenal tissue using the Qiagen 

RNeasy extraction kit (Qiagen, Valencia, CA, USA) as per the manufacturer’s specifications. 

Tissues were homogenized using a tissue-ruptor for 30 s in 600 µL of lysis buffer. Lysate was 

then centrifuged at 8000 x g for 3 min. Supernatant was collected and added to a new 2 mL 

sample vial with an equal amount of 70% ethanol (~590 µL). This mixture was mixed gently 

with a pipette, and 700 µL of sample/ethanol mixture was added to a 2 mL RNeasy Spin column 

collection tube and spun at 8000 x g for 15 s. The spin column waste was discarded, and 350 µL 

of RW1 buffer was added to each sample, and spun for 15 s before again discarding waste. Total 

RNA was purified with the addition of 10 µL of DNase to each sample, and was incubated at 

room temperature for 15 min. Samples were then washed with 350 µL of RW1 buffer and spun 

for 15 s, and supernatant discarded. Following the wash step, 500 µL of RPE buffer was added to 

the columns, spun for 15 s and discarded; another 500 µL of RPE buffer was added and spun for 

2 min. Columns were then transferred to new 2 mL collection tubes and spun for 1 min to ensure 

removal of all buffers. Finally, 40 µL of nuclease-free water was added to the columns, which 

were then spun for 1 min to re-suspend the RNA pellet.  

 RNA quality and quantity were then assessed using a Nanodrop 1000 spectrophotometer 

(Thermo Scientific, NanoDrop Products, Wilmington, DE, USA). RNA integrity was assessed 

using an Agilent 2100 bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA), as per 

manufacturer’s protocol. Samples were prepared for microarray analysis using Applied 

Biosystems’ GeneChip WT plus reagent kit (Applied Biosystems, Foster City, CA, USA). RNA 

was diluted to 100 ng/µL, and 1 µL of each RNA sample was incubated with 2 µL of poly-A 

RNA control, 2 µL of nuclease free water, 4 µL of first-strand buffer and 1 µL of first-strand 
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enzyme for first-strand cDNA synthesis. Samples were incubated in a thermal cycler 

(DNAEngine, Bio-Rad) for 1 hr at 25°C, 1 hr at 42°C and 2 min at 4°C. Samples were then 

placed on ice. Following first-strand cDNA synthesis, 18 µL of second-strand buffer and 2 µL of 

second-strand enzyme were added to each sample. Samples were incubated in the thermal cycler 

at 16°C for 1 hr, 65°C for 10 min and 4°C for 2 min for second-strand cDNA synthesis.  

Following second-strand cDNA synthesis, 24 µL of IVT buffer and 6 µL of IVT enzyme were 

added to each sample. Samples were incubated at 40°C for 16 hr for in vitro cRNA transcription. 

After the 40°C incubation, cRNA samples were purified using 100 µL of purification beads to 

bind cRNA. Samples and beads were placed on a magnetic plate for 5 min to collect the beads. 

Supernatant was discarded, and the cRNA and bead pellet was washed 3 times with 200 µL of 

80% ethanol. After the 3rd wash, the cRNA was resuspended in 27 µL of RNase-free water.  

 Following cRNA purification, sample and cRNA quantity were assessed using a 

Nanodrop 1000 spectrophotometer. Samples were diluted to 625 ng/µL, and 4 µL of second-

strand primers were added to each sample. Samples were incubated in the thermal cycler at 70°C 

for 5 min and 25°C for 5 min for primer annealing. After annealing, 12 µL of second-strand 

cDNA buffer and 12 µL of second-strand enzyme were added to each sample, and samples were 

incubated for 10 min at 25°C, 90 min at 42°C and then 10 min at 70°C. The second-cycle single-

stranded cDNA was then hydrolyzed using 4 µL of RNase H, incubated on a thermal cycler for 

45 min at 37°C, 5 min at 95°C and 2 min at 4°C.  

 Following the hydrolysis step, samples were purified as above, and cDNA quantity and 

quality were assessed using a Nanodrop 1000 spectrophotometer. Samples then underwent 

fragmentation and labelling. Samples were diluted to 176 ng/µL, and 10 µL of nuclease-free 

water, 4.8 µL of fragmentation buffer, 1 µL of UDG, and 1 µL of APE were added to each 
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sample, that were then incubated in a thermal cycler for 1 hr at 37°C, 2 min at 93°C and 2 min at 

4°C. Samples were then labeled by the addition of 45 µL of fragmented cDNA to 12 µL of 

terminal deoxynucleotidyl transferase (TdT) buffer, 1 µL of DNA labeling reagent and 2 µL of 

TdT. Samples were incubated for 1 hr at 37°C, 10 min at 70°C and 2 min at 4°C.  

 After labeling, samples were loaded onto Affymetrix Porcine Gene 1.0 ST GeneChips ™ 

for hybridization. Hybridization mix was prepared by combining 2.5 µL of control oligo B2, 7.5 

µL of 20x hybridization controls, 75 µL of 2x hybridization mix, 10.5 µL DMSO and 13.5 µL of 

nuclease-free water, and 109 µL of hybridization mix was combined with 41 µL of fragmented 

and labeled cDNA. After loading 130 µL of hybridization cocktail onto the chips, they were then 

incubated in a hybridization oven for 16 hr at 65°C and were spun at a speed of 60 rpm.  

 After 16 hr of incubation, hybridization cocktail was removed from the chips, 160 µL of 

holding buffer was added, and the chips were loaded into a fluidics station (Affymetrix 

GeneChip fluidics station 450) for washing and staining using the provided wash and staining 

solutions. Gene chips were then analyzed using the Affymetrix GeneChip Scanner 3000.  

 

5.3.4 Real-time polymerase chain reaction (RT-PCR) analysis 

 Adrenal total RNA (1 µg) was reverse transcribed into cDNA using the High Capacity 

cDNA Reverse Transcription (RT) Kit (Applied Biosystems, Foster City, CA, USA) according 

to the manufacturer’s instructions. The RNA was diluted to 100 ng/µL with nuclease-free water, 

and 10 µL of RNA was combined with 10 µL of 2x RT master mix, that was prepared by 

combining 2 µL 10x RT buffer, 0.8 µL of 100 mM 25x dNTP mix, 2 µL of 10x random primers, 

1 µL of MultiScribe™ Reverse transcriptase and 4.2 µL of nuclease-free water. The combination 

of RNA and master mix was then incubated in a thermal cycler for 10 min at 25 °C, 2 hr at 37 
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°C, 5 min at 85 °C and then held at 4 °C overnight. Real-time PCR was performed in triplicate 

for the genes 11BHSD1, 11BHSD2, TLR-2, LY96 and PPARG using commercially available 

porcine TaqMan Assays (Applied Biosystems) and the 7500 fast RT-PCR System (Applied 

Biosystems). In a 96-well plate, 5 µL of 1:10 cDNA samples were loaded in triplicate for each 

gene, and were combined with 1 µL of primers, 10 µL of TaqMan™ Fast advanced master mix 

and 4 µL of nuclease-free water for a total reaction volume of 20 µL. Samples were held for 2 

min at 50°C and for 10 min at 95°C followed by 40 amplification cycles at 95°C for 15 s, and at 

60°C for 60 s. β-actin was selected as a house keeping gene to account for variation in the PCR. 

The relative quantification was expressed as a ratio of the target gene to the control gene using 

the delta-delta cycle threshold method as described in Zhang et al. (2018). It is worth noting that 

the use of this method assumes equal reaction efficiency, which is guaranteed to be 100% with 

the use of TaqMan probes (Applied Biosystems) due to cycle conditions and assay design. 

 

5.3.5 Data analysis 

 Raw data were obtained from the GeneChip scanner in the form of a .CEL file. These 

data were initially analyzed using transcriptome analysis console 4.0 (TAC 4.0; Applied 

Biosystems). Data were normalized to a control treatment and were set to detect fold-differences 

of <-1.2 or >1.2; a P-value of <0.05 was considered significant. The fold-difference cut-offs of 

<-1.2 and >1.2 were selected to capture genes where a small increase or decrease in expression 

may have a pronounced physiologic effect. The list of Gene IDs, gene symbols and fold-

differences were obtained for differentially expressed genes with a significant P-value, and data 

underwent secondary analysis using Qiagen Ingenuity Pathway Analysis software (IPA; 

Ingenuity Systems Inc., Redwood City, CA, USA) to determine the canonical pathways, 
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biological functions and proteins involved. Project datasets were created using the gene IDs, 

fold-change and P-values obtained from TAC 4.0 analysis, and were then analyzed using the IPA 

core expression analysis. Pathways, functions and proteins with a P-value of <0.05 and an 

activation z-score of <-2.0 or >2.0 were considered significant.  

 PCR results were analyzed using PROC GLIMMIX of SAS version 9.4. A multiple 

means comparison with a Tukey adjustment was conducted, and the statistical model included 

the fixed effects of maternal gestation dietary treatment, maternal LPS status, and their 

interaction, and included the random effect of block. Significant differences are reported where 

P<0.05, and statistical trends are reported where 0.05<P<0.1. 

 

5.4 Results 

 Due to RNA quality following isolation and quantification, only 19 out of 24 samples 

could be used for the transcriptome analysis (n=4 for FO+CON, n=3 for FO+LPS, AL+CON, 

AL+LPS, CO+CON and CO+LPS).  

 

5.4.1 Microarray analysis of differentially expressed adrenal genes: 

Of the 25,470 genes on the GeneChip Porcine Gene 1.0 ST array, a range of 449 to 2335 

genes were differentially expressed, depending on the comparison (Table 5.3). The factorial 

design of the maternal treatments allowed for the investigation of the effects of maternal LPS 

challenge within a maternal dietary treatment, as well as the effects of a maternal dietary 

treatment within an LPS treatment on the male offspring. 

 Lipid metabolism 

 When investigating the effect of maternal diet and LPS treatments on the male offspring, 

lipid metabolism was one of the top enriched pathways across treatments (Table 5.4). A total of 
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13 genes (P<0.05) were enriched in pigs from the maternal AL+LPS treatment compared to 

CO+LPS, and 58 genes (P<0.05) were enriched in pigs from the maternal AL+CON treatment 

compared to FO+CON. Fatty acid elongase (ELOVL7) gene expression was higher in pigs from 

CO+LPS sows compared to pigs from CO+CON sows, and PPAR-γ expression was lower in 

pigs from AL+LPS sows compared to pigs from FO+LPS and CO+LPS sows (Table 5.4). 

Expression of acyl-CoA dehydrogenases was lower in pigs from AL+LPS sows compared to 

pigs from FO+LPS, CO+LPS and AL+CON sows, and expression of acyl-CoA synthetases was 

higher in AL+CON and CO+CON compared to their LPS counterparts. The expression of 

phospholipases A2 groups 7, 12A and 16 was higher in pigs from FO+LPS compared to 

AL+LPS and CO+LPS, and was higher in AL+CON compared to FO+CON and AL+LPS. Free 

fatty acid receptor expression was higher in pigs from FO+LPS sows compared to pigs from 

FO+CON sows. Arachidonate lipoxygenase expression was higher in pigs from the CO+CON 

sows compared to the AL+CON and FO+CON sows. Prostaglandin I synthase expression was 

higher in pigs from FO+LPS sows compared to pigs from FO+CON sows, and prostaglandin E 

synthase and prostaglandin reductase expression were higher in pigs from FO+LPS sows 

compared to pigs from CO+LPS sows. 

Steroidogenesis 

 The expression of adrenal genes involved in steroidogenesis were also enriched when 

investigating the effect of maternal diet and LPS treatments (Table 5.5). These genes included 

the cytochrome P450 enzymes CYP1A1, CYP1A2, CYP4F2 and CYP39A1, and hydroxysteroid 

dehydrogenases HSD17B8, HSD11B1, HSD11B2, HSDL1 and HSDL2 (Table 5.5). The 

expression of HSD11B1 was higher in pigs from the maternal AL+CON treatment compared to 

the maternal AL+LPS treatment, and expression of HSD11B2 was higher in pigs from FO+CON 
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sows compared to pigs from CO+CON sows and in pigs from FO+LPS sows compared to pigs 

from AL+LPS sows. The expression of 17BHSD8 was also differentially expressed, with higher 

expression in pigs from FO+CON sows compared to pigs from AL+CON sows. Overall, genes 

involved in steroidogenesis were more highly expressed in pigs from the maternal FO and AL 

treatments compared to the maternal CO treatment, and expression was higher in the FO 

treatments compared to the AL treatments.  

Immune function 

 When investigating the effect of maternal diet and LPS treatments on the male offspring, 

immune response was also one of the top enriched pathways across treatments (Table 5.6). The 

expression of several immune-related genes was higher in pigs from dams fed diets 

supplemented with AL and FO compared to those fed CO, and in pigs from sows that were 

challenged with LPS compared to those that received saline as a control. Commonly enriched 

pathways included cell-mediated immune response, antibody-mediated immune response, 

hypersensitivity response, free-radical scavenging, inflammatory response and immune cell 

trafficking. Commonly enriched molecules included LY96 (MD-2), TLR-2, MYD88, NF-κB, IL-

1R and IL-6R. LY96 expression was higher in pigs from AL+CON sows compared to pigs from 

AL+LPS and CO+CON sows, and was higher in pigs from FO+CON sows compared to pigs 

from FO+LPS and CO+CON sows and in pigs from CO+LPS sow compared to pigs from 

CO+CON and AL+LPS sows. TLR2 expression was higher in pigs from AL+CON sows 

compared to pigs from FO+CON and CO+CON sows, and in pigs from AL+LPS and CO+LPS 

sows compared to pigs from FO+LPS sows. MYD88 expression was higher in pigs from 

AL+CON sows compared to pigs from AL+LPS sows. Finally, IL1R expression was higher in 
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pigs from AL+LPS sows compared to pigs from AL+CON sows, in pigs from FO+CON 

compared to CO+CON sows, and in pigs from CO+LPS compared to FO+LPS sows.  

 

5.4.2 Real-time PCR validation of several differentially expressed adrenal genes 

 The target genes HSD11B1, HSD11B2, LY96, TLR2 and PPARG showing significant 

fold-change in expression among treatments following microarray analysis were further 

validated using RT-PCR. The fold-differences in expression were similar for each of these genes 

between treatments with the exception of (TLR2) for the comparison of FO+LPS vs. CO+LPS; 

the correlation between microarray and RT-PCR analyses was 0.90 (Figure 5.2). 

 

5.5 Discussion 

 This study is the first to investigate the effects of maternal AL and FO supplementation in 

combination with maternal LPS challenge in late gestation on adrenal mRNA expression in 

swine. The animals used in this study were previously used to the assess acute-phase response to 

LPS stress challenge (You et al., 2019); and based on these results showing differential effects of 

maternal gestation dietary treatment and maternal LPS status, it was hypothesized that the 

maternal treatments would differentially affect the adrenal transcriptome of the offspring. 

Previous differences in acute-phase response were also noted between male and female 

offspring, with male offspring showing more pronounced differences according to maternal 

treatment compared to female offspring (You et al., 2019). Therefore, it was expected that 

differences in gene expression in adrenal tissue would be more pronounced within male 

offspring from differing maternal treatments. 
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5.5.1 Lipid Metabolism 

 Several genes that are involved in lipid metabolism were found to be differentially 

expressed. This includes the expression of phospholipase A2 (PLA2) group 16. The expression 

of PLA2 was higher in offspring from FO+LPS sows compared to offspring from AL+LPS and 

CO+LPS sows. PLA2 is responsible for hydrolysis of fatty acids from membrane phospholipids, 

indicating increased lipid metabolism and lipolysis (Liu et al., 2018). Due to the increased 

concentrations of EPA and DHA in the offspring from FO sows at the time of sampling (You et 

al., 2019), there would likely be increased EPA and DHA available for metabolism by 

lipoxygenase and cyclooxygenase enzymes, resulting in increased production of anti-

inflammatory metabolites (Duncan et al., 2008; Fritsche, 2015). It is interesting to note that the 

increased expression of PLA2 group 16 occurred in offspring from sows challenged with LPS; 

this may suggest a role of maternal stress in preferentially using lipid stores as a source of 

energy. This may also affect meat quality, possibly resulting in leaner pigs when they reach 

market weight.  

 The expression of PPAR-γ was found to be lower in offspring from the AL+LPS sows 

compared to those from both the FO+LPS and CO+LPS sows. PPAR-γ is involved in lipid 

metabolism in both adipose tissue and in immune cells such as dendritic cells and macrophages 

(Ahmadian et al., 2013). PPAR-γ is also involved in the immune response; inhibiting the 

production of pro-inflammatory cytokines, by limiting the transcription of inflammatory genes, 

and promoting the differentiation of anti-inflammatory immune cell phenotypes (Ahmadian et 

al., 2013; Martin, 2010). The decreased expression of PPAR-γ in offspring from maternal 

AL+LPS sows may therefore indicate that offspring may likely have reduced lipid metabolism, 
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and may be more susceptible to inflammation, which may be supported by the increased cortisol 

response in these pigs following LPS challenge (You et al., 2019). 

 

5.5.2 Steroidogenesis   

 LPS administration can directly stimulate the production of the steroid hormones cortisol 

and aldosterone in the adrenal glands (Huang et al., 2010; Vakharia and Hinson, 2005). Based on 

findings from previous studies and the differences observed in the cortisol and fever responses in 

these same offspring following LPS immune stress challenge (You et al., 2019), it was 

anticipated that genes involved in steroidogenesis would be differentially expressed. The 

enzymes 11-β-hydroxysteroid dehydrogenase type 1 and 2 (11BHSD1/2) are responsible for 

converting inactive cortisol to active cortisol and for converting active cortisol to inactive 

cortisol, respectively (Alikhani-Koopaei et al., 2004; Figure 5.4). The expression of the 11BHSD 

enzymes can be affected by maternal stress; stress has been associated with reduced placental 

expression of 11BHSD2 (Marques et al., 2015), allowing more cortisol to cross the placenta and 

enter fetal circulation. Expression of the 11BHSD enzymes within the adrenal cortex has also 

been characterized in rats and in humans (Mazzocchi et al., 1998; Shimojo et al., 1996); 

however, the effects of stress on adrenal 11BHSD expression are not well characterized 

(Zallocchi et al., 2004). In the present study, expression of 11BHSD2 was higher in offspring 

from FO sows compared to offspring from AL and CO sows, suggesting that maternal FO 

supplementation may reduce the magnitude of cortisol response from the adrenal gland in 

offspring following a stress challenge. However, results from the cortisol analysis do not agree 

with this observation (You et al., 2019), which may be due to the time of tissue sampling; 

expression of 11BHSD2 may be upregulated in offspring from sows fed the FO diet in attempt to 
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attenuate the cortisol response following LPS challenge, possibly resulting in a quicker 

resolution of the stress response.  

 The primary cytochrome P450 enzymes involved in steroidogenesis in the adrenal gland 

were not found to be differentially expressed amongst treatments. Similarly, a previous study by 

Hazard et al. (2008) found that the expression of genes involved in adrenal steroidogenesis were 

not differentially expressed following acute ACTH challenge, but may be differentially 

expressed when pigs are subjected to a chronic ACTH challenge. Therefore, the lack of 

significant findings in this area may be attributed to the acute nature of the LPS stress challenge 

in this study.  

 

5.5.3 Immune function 

 The enrichment of several immune-related pathways was observed within the adrenal 

gland. While the major function of the adrenal gland is the production of hormones and the 

release of catecholamines, there is also evidence that the adrenal gland is involved in the immune 

response. The adrenal gland can be directly activated by LPS through TLR-4 signalling, resulting 

in the production of cortisol and aldosterone and other mediators including cytokines such as IL-

1, nitric oxide and prostaglandins (Martinez Calejman et al., 2011; Mohn et al., 2011; Vakharia 

and Hinson, 2005). Collectively, these findings indicate that the adrenal gland has a role in the 

immune and stress responses to LPS, and these can occur in an ACTH-independent manner.  

 In the present study, the expression of lymphocyte antigen 96 (LY96), also known as 

MD-2, was differentially expressed in most treatments; MD-2 is a co-receptor required for 

recognition of LPS by TLR-4 on endothelial and immune cells (Gnauck et al., 2016). The 

expression of MD-2 was higher in pigs from sows supplemented with AL and FO receiving 
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saline compared to pigs from CO sows and was higher in pigs from AL+CON and FO+CON 

sows compared to those from the same diets that received LPS. This suggests that the 

combination of maternal AL or FO supplementation and LPS challenge may decrease offspring 

sensitivity to future stressors, including LPS immune stress, although this appears to contradict 

the fever and cortisol responses observed in these offspring following LPS stress challenge (You 

et al., 2019). While MD-2 expression is essential for the LPS signalling cascade, there are many 

molecules involved (Figure 5.3); the increased expression of MD-2 alone may not be sufficient 

to alter the offspring sensitivity to LPS immune stress, as may be reflected in the fever and 

cortisol responses to LPS. The differential expression of MD-2 also suggests that the male 

offspring from the maternal FO and AL dietary treatments may be more sensitive to future 

microbial stress compared to offspring from the maternal CO dietary treatment, and this finding 

is reflected in the fever response of offspring following LPS immune stress challenge (You et al., 

2019) as well as cytokine concentrations in pigs fed AL following LPS challenge (Lee et al., 

2019).  

 TLR-2 expression was also found to be differentially expressed within offspring from 

differing maternal treatments, with increased expression in pigs from sows fed AL compared to 

pigs from sows fed FO and CO, all of which received saline injections; TLR-2 is typically 

involved in the recognition of microbe associated molecular patterns (MAMPs) from Gram-

positive bacteria, heterodimerizing with either TLR1 or TLR6 (Figure 5.3), whereas MAMPs 

from Gram-negative bacteria are typically recognized by TLR-4 (Figure 5.3). Certain studies 

have shown a role of TLR-2 in the immune response to LPS, indicating that TLR-2 activation 

may be required for TLR-4 signalling induced by LPS in certain tissues (Conti et al., 2014; Good 

et al., 2012; Huang et al., 2010). Studies have also reported that TLR-2 knockout mice have a 
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decreased magnitude of immune response following LPS challenge (Good et al., 2012). 

Therefore, the increased expression of TLR-2 in offspring from AL+CON sows may further 

contribute to increased sensitivity of these offspring to future microbial stressors resulting in the 

activation of both the TLR-2 and TLR-4 pathways. TLR-2 and TLR-4 signalling pathways can 

also be activated by alarmins; endogenous molecules that indicate tissue or cellular injury (Yang 

et al., 2017). Differential programming of the TLR-2 and TLR-4 pathways may therefore 

differentially affect alarmin signalling; resulting in offspring being increasingly susceptible to 

inflammation and potentially increasing the risk of inflammatory disease (Roh and Sohn, 2018). 

 The expression of the transcription factor NF-κB was also differentially modulated by 

maternal treatments; NF-κB expression was increased in pigs from the AL sows that were 

challenged with LPS compared to their saline controls and compared to sows from the control 

diet that were challenged with LPS. NF-κB is released at the end of the LPS signalling cascade 

(Martinez Calejman et al., 2011), whereby phosphorylation of IκB results in its’ dissociation 

from NF-κB, allowing NF-κB to translocate into the nucleus, bind to response elements on DNA 

and induce the transcription of several pro-inflammatory cytokines (Gnauck et al., 2016; Figure 

5.3). Studies have shown that NF-κB expression increases within the adrenal gland in rats 

following LPS stimulation (Medicherla et al., 2002), and that n-3 PUFA can reduce NF-κB 

expression in macrophages with or without exposure to LPS (Allam-Ndoul et al., 2016; Novak et 

al., 2003). Contrary to previous research, in the present study, the higher expression of NF-κB 

resulting from the combination of maternal AL supplementation and maternal LPS challenge 

may predispose offspring to inflammation in later life and increase sensitivity to future stressors. 

This was also reflected in the offspring fever response following LPS immune stress (You et al., 

2019), as well as cytokine concentrations following LPS challenge in pigs fed diets 
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supplemented with AL (Lee et al., 2019), and may be attributed to the nature of the algae 

supplement used, as algae species are known to possess bioactive compounds including 

carotenoids and beta-glucans, as well as antinutritive factors (Yaakob et al., 2014), that may 

influence the effects of the n-3 PUFA on the offspring. 

 The results from the microarray analysis give insight into how these molecular 

mechanisms may contribute to differences in phenotype and what those differences might mean 

to swine producers. While increasing the immune response may help protect against invading 

microbes, increased immune response also increases energy requirements for immune function 

(Rauw, 2012); in growing animals this might mean a trade-off between growth and immune 

function (Van Der Most et al., 2011). An increased cortisol response following exposure to 

stressors may provide short-term advantages, but chronic or excessive stress responses can 

dampen the immune response and can leave offspring vulnerable to disease (Dhabhar, 2014). 

Changes in the expression of genes involved in the immune and cortisol responses may indicate 

that offspring from sows fed AL during gestation may have an increased immune response to 

stressors after weaning. This was highlighted by the increased cortisol response following LPS 

challenge in offspring from the AL+LPS sows compared to those from the CO+LPS sows (You 

et al., 2019). Growth performance in these offspring was not affected in the nursery phase; 

however, there may be negative effects of a heightened immune response on overall growth in 

the growing or finishing phases in these pigs. This warrants further investigation to validate the 

use of AL and FO in maternal gestation diets.  

 One potential limitation of this study is that microarray analysis may underestimate the 

fold-change in mRNA transcripts (Hazard et al., 2008), and therefore it is possible that important 

immune-related or steroidogenic genes were not found to be differentially expressed when in fact 
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they were. Additionally, mRNA was extracted from the whole adrenal gland, and it is therefore 

possible that expression of certain genes was increased within the adrenal cortex and decreased 

within the adrenal medulla, or vice versa, resulting in no overall changes in expression as 

suggested by Murani et al. (2011). 

 It is also of note that microarray analysis was only conducted on adrenal tissue of male 

offspring; differences between male and female offspring stress and immune responses have 

been characterized in response to maternal stress (Fisher-Heffernan et al., 2015; Fisher et al., 

2014). Therefore, microarray analysis of adrenal tissue from female offspring may reveal 

different effects of either maternal dietary supplementation, or maternal LPS status than were 

presently observed. Finally, it is important to consider that the tissues analyzed were from pigs 

fed a low-quality protein diet. While the pigs in question were only fed the low-quality diet for 1 

week, it was previously observed that the offspring nursery diet quality affected the 

concentrations of the cytokines IL-6, IL-10 and IL-1ra following offspring LPS immune 

challenge (as seen in Chapter 4). Offspring fed the low-quality protein diet may therefore be 

more vulnerable to inflammation and disease than those fed a high-quality protein diet. It is 

therefore possible that the results of the microarray analysis were also influenced by the low-

quality protein diet, and any anti-inflammatory effects of maternal AL or FO supplementation 

may be more pronounced in offspring fed a high-quality protein diet. It is also worth noting that 

only a portion of the swine genome is annotated (Liu et al., 2017); thus, it is possible as further 

elucidation of gene ontology occurs, further insight into the results obtained from microarray 

analysis of the adrenal gland will provide a more comprehensive view of the mechanisms at play 

in these offspring. 
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5.6 Conclusions 

 In summary, gene expression within the adrenal gland of male offspring fed a low-quality 

protein diet was influenced by both maternal diet (FO and AL) and maternal LPS status. Adrenal 

steroidogenesis, lipid metabolism and immune function pathways were significantly enriched. 

Increased expression of immune genes including lymphocyte antigen 96, TLR-2 and NF-κB 

suggests that maternal AL supplementation may increase offspring sensitivity to inflammation 

after weaning. Decreased expression of lymphocyte antigen 96 in male offspring from sows 

receiving maternal endotoxin challenge also suggests a possible role of maternal stress in 

diminishing the offspring immune response to immune stress challenges. Increased expression of 

the genes encoding the 11BHSD2 enzyme in offspring from sows fed FO may also reduce the 

magnitude of the stress response. This data provides insight into a few immune and metabolic 

mechanisms that may be influenced by maternal diet and maternal stress. Future analysis of gene 

expression in the adrenal gland of female offspring and offspring fed a high-quality protein, or 

gene expression of other endocrine tissues diet may provide more insight into the effects of 

maternal AL and FO supplementation and maternal LPS challenge at the genome level. 
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Table 5.1 Formulations of sow experimental diets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 AL, microalgae 
2 FO, fish oil 
3 CO, 1.89% corn oil control 
4 NRC, National Research Council 
5 CP, crude protein 
6 Fish oil and Vitamin E provided by Grand Valley Fortifiers (Cambridge, ON, CA) 
7 Algae provided by Alltech Inc. (Nicholasville, KY, USA) and supplied as dried biomass 

containing 15.8% CP, 70% CF and 17% DHA 
8 Supplied per kg of diet: vitamin A, 12,000 IU as retinyl acetate; vitamin D3 , 1,200 IU as 

cholecalciferol; vitamin E, 48 IU as DL-α-tocopherol acetate; vitamin K, 3 mg as menadione; 

vitamin B12, 0.03 mg; pantothenic acid, 18 mg; riboflavin, 6 mg; choline, 600 mg; folic acid, 2.4 

mg; niacin, 30 mg; thiamine, 18 mg; pyridoxine, 1.8 mg; biotin, 200 µg; Cu, 18 mg as 

 
3.12% AL1 3.1% FO2 CO3 

Days on feed 39 39 39 

Ingredient Composition (%) 
   

Corn (NRC4; 8.3% CP5) 74.28 74.06 77.06 

Corn Oil 1.55 1.79 1.89 

Fish Oil6 - 3.10 - 

Algae7  3.12 - - 

Soybean Meal  17.38 17.38 17.38 

L-Lysine 0.07 0.07 0.07 

Salt 0.40 0.40 0.40 

Limestone 1.52 1.52 1.52 

Mono-Cal Phosphate  1.17 1.17 1.17 

Vitamin/Mineral Premix8 0.50 0.50 0.50 

Vitamin E6 0.02 0.02 0.02 

Calculated Nutrient content9    

ME, kcal/kg 3097 3153 3090 

CP (%) 14.48 14.61 14.46 

SID10 Lysine (%) 0.64 0.65 0.64 

SID Methionine +Cysteine (%) 0.43 0.44 0.43 

SID Threonine (%) 0.45 0.46 0.45 

SID Tryptophan (%) 0.13 0.13 0.13 

Analyzed nutrient content     

Dry matter (%) 86.98 88.17 87.53 

CP (%) 14.34 15.03 14.44 

Phosphorus (%) 0.57 0.58 0.54 

Sodium (%) 0.18 0.17 0.17 

Calcium (%) 0.81 0.78 0.88 

Potassium (%) 0.65 0.67 0.65 

Magnesium (%) 0.14 0.14 0.13 

Eicosapentanoic acid (EPA; mg/g) 0.19 3.49 0.08 

Docosahexanoic acid (DHA; mg/g) 3.76 3.16 0.03 

Total omega-3 PUFA11 (mg/g) 5.43 10.21 1.70 

Ratio n-3:n-612 0.21 0.37 0.07 
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CuSO4·5H2O; Fe, 120 mg as FeSO4; Mn, 24 mg as MnSO4; Zn, 126 mg as ZnO; Se, 0.36 mg 

as FeSeO3 ; I, 0.6 mg as KI;DSM 
9 Calculated on the basis of the NRC (2012) ingredient values 
10 SID, standardized ileal digestible 
11 PUFA, polyunsaturated fatty acids 
12 Ratio n-3:n-6, ratio of omega-3 PUFA to omega-6 PUFA 
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Table 5.2 Formulation of offspring experimental diets 

Diet  Low Quality   

Days on feed 7 

Ingredient Composition (%)  

Corn (NRC1; 8.3% CP2) 45.28 

Wheat 15.00 

Fat, Animal/vegetable blend 5.00 

Soybean meal 30.00 

L- Lysine 0.37 

L- Methionine 0.15 

L- Tryptophan 0.02 

L- Threonine 0.24 

Salt 0.50 

Limestone 1.30 

Monocalcium Phosphate  1.52 

Mineral/Vitamin premix3 0.60 

Vitamin E4  0.02 

Calculated nutrient content5  

ME, kcal/kg 3,471 

CP (%) 20.85 

SID6 Lysine (%) 1.21 

SID Methionine + Cysteine (%) 0.71 

SID Threonine (%) 0.86 

SID Tryptophan (%) 0.24 

Analyzed nutrient content (%)  

Dry matter  87.08 

CP  21.18 

Phosphorus 0.63 

Calcium 0.87 

Sodium 0.18 

Potassium 0.89 

Magnesium 0.17 
1 NRC, National Research Council 
2 CP, crude protein 
3 Supplied per kg of diet: vitamin A, 12,000 IU as retinyl acetate; vitamin D3 , 1,200 IU as 

cholecalciferol; vitamin E, 48 IU as DL-α-tocopherol acetate; vitamin K, 3 mg as menadione; 

vitamin B12, 0.03 mg; pantothenic acid, 18 mg; riboflavin, 6 mg; choline, 600 mg; folic acid, 2.4 

mg; niacin, 30 mg; thiamine, 18 mg; pyridoxine, 1.8 mg; biotin, 200 µg; Cu, 18 mg as 

CuSO4·5H2O; Fe, 120 mg as FeSO4; Mn, 24 mg as MnSO4; Zn, 126 mg as ZnO; Se, 0.36 mg 

as FeSeO3 ; I, 0.6 mg as KI;DSM 
4 Vitamin E provided by Grand Valley Fortifiers (Cambridge, ON, CA) 
5 Calculated on the basis of the NRC (2012) ingredient values 
6 SID, standardized ileal digestible 

  



124 

 

Table 5.3 Overview of differentially expressed male offspring adrenal genes in pigs that 

were fed a low-quality protein diet and were from sows supplemented with AL, FO or CO 

then challenged with LPS or saline (n=4 for FO+CON, n=3 for all other treatments). 

 

 Number of Genes  

Treatment Comparison Up-regulated Down-regulated Total % of total 

genes 

AL1+LPS2 vs AL+CON3 1211 1114 2325 9.13 

FO4+LPS vs FO+CON 352 521 873 3.43 

CO5+LPS vs CO+CON 283 183 466 1.83 

AL+LPS vs CO+LPS 492 383 875 3.44 

AL+CON vs CO+CON 266 319 585 2.30 

FO+LPS vs CO+LPS 393 376 769 3.02 

FO+CON vs CO+CON 241 208 449 1.76 

AL+LPS vs FO+LPS 729 737 1466 5.76 

AL+CON vs FO+CON 207 315 522 2.05 
1 AL, microalgae 
2 LPS, lipopolysaccharide 
3 CON, saline control 
4 FO, fish oil 
5 CO, corn oil   
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Table 5.4 Differentially expressed male offspring adrenal genes pertaining to lipid 

metabolism in pigs that were fed a low-quality protein diet and were from sows 

supplemented with AL, FO or CO then challenged with LPS or saline (n=4 for FO+CON, 

n=3 for all other treatments). 
Treatment 

Comparison 

Gene Description Fold 

change 

P-value 

AL1+LPS2 vs 

AL+CON3 

ACADL Acyl-CoA Dehydrogenase Long-chain -1.74 0.005 

 
ECHDC1 Ethylmalonyl-CoA decarboxylase 1 -1.63 0.022  
ACSL3 Acyl-CoA synthetase long-chain family 3 -1.62 0.015  
ACADM Acyl-CoA Dehydrogenase medium-chain -1.51 0.047  
PLA2G16 Phospholipase A2 group 16 -1.47 0.004  
ECHS1 Enoyl CoA hydratase short chain 1 1.48 0.046 

FO4+LPS vs. 

FO+CON 

ACSL5 Acyl-CoA synthetase long-chain family 5 -1.22 0.020 

 
PTGIS Prostaglandin I synthase 1.30 0.036 

CO5+LPS vs. 

CO+CON 

LIPE Lipase 1.22 0.031 

 
ELOVL7 ELOVL fatty acid elongase 7 1.28 0.040  
FFAR2 Free-fatty acid receptor 2 1.34 0.040 

AL+LPS vs 

CO+LPS 

PPARG Peroxisome proliferator-activated receptor 

gamma 

-1.54 0.015 

 
ACACA Acetyl-CoA carboxylase alpha 1.30 0.039 

AL+CON vs. 

CO+CON 

ALOXE3 Arachidonate Lipoxygenase 3 -1.42 0.007 

FO+LPS vs. 

CO+LPS 

PLA2G16 Phospholipase A2 group 16 1.22 0.024 

 
PLA2G12A Phospholipase A2 group 12A 1.51 0.006  
PTGR2 Prostaglandin reductase 2 1.53 0.046  
PTGES2 Prostaglandin E synthase 2 1.76 0.004 

FO+CON vs. 

CO+CON 

ALOXE3 Arachidonate Lipoxygenase 3 -1.27 0.042 

 
LPCAT2 Lysophosphatidylcholine acyltransferase 2 1.38 0.016 

AL+LPS vs 

FO+LPS 

ACADL Acyl-CoA Dehydrogenase Long-chain -1.53 0.012 

 
ACADSB Acyl-CoA Dehydrogenase Short/Branched 

chain 

-1.40 0.049 

 
PLA2G16 Phospholipase A2 group 16 -1.39 0.013  
PPARG Peroxisome proliferator-activated receptor 

gamma 

-1.39 0.046 

AL+CON vs. 

FO+CON 

ECHCD3 Enoyl CoA hydratase domain containing 3 -1.64 0.014 

 
PLA2G7 Phospholipase A2 group 7 1.59 0.033 

1 AL, microalgae 
2 LPS, lipopolysaccharide 
3 CON, saline control 
4 FO, fish oil 
5 CO, corn oil   
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Table 5.5 Differentially expressed male offspring adrenal genes pertaining to 

steroidogenesis in pigs that were fed a low-quality protein diet and were from sows 

supplemented with AL, FO or CO then challenged with LPS or saline (n=4 for FO+CON, 

n=3 for all other treatments). 

 
Treatment 

Comparison 

Gene Description Fold 

change 

P-value 

AL1+LPS2 vs AL+CON3 
   

 
AIG1 Androgen-induced 1 -1.82 0.019  
HSDL2 Hydroxysteroid Dehydrogenase like 2 -1.77 0.011  
HSD11B1 11β Hydroxysteroid dehydrogenase type 1 -1.67 0.030  
AVPR1 Arginine vasopressin receptor 1 -1.62 0.015  
HSDL1 Hydroxysteroid Dehydrogenase like 1 1.24 0.039 

FO4+LPS vs FO+CON 
   

 
MRAP2 Melanocortin 2 receptor accessory protein 

2 

-1.58 0.025 

 
CYP39A1 Cytochrome P450 39A1 -1.44 0.017  
CYP1a2 Cytochrome P450 1A2 1.21 0.039  
CYP4F2 Cytochrome P450 4F2 1.42 0.040  
CRHBP Corticotropic releasing hormone binding 

protein 

1.44 0.047 

AL+LPS vs CO5+LPS 
    

 
CYP2J2L Cytochrome P450 2J2 like 1.52 0.035 

AL+CON vs CO+CON 
   

 
ADRA2A Adrenoreceptor alpha 2A -1.27 0.025  
ADRBK2 β-Adrenergic receptor kinase 2 1.40 0.008  
GLCCI1 Glucocorticoid induced 1 1.45 0.003 

FO+LPS vs CO+LPS 
    

 
CYP2J2L Cytochrome P450 2J2 like 1.42 0.022 

FO+CON vs CO+CON 
   

 
ADRBK2 β-Adrenergic receptor kinase 2 1.21 0.023  
HSD11B2 11β Hydroxysteroid dehydrogenase type 2 1.71 0.023 

AL+LPS vs FO+LPS 
    

 
HSD11B2 11β Hydroxysteroid dehydrogenase type 2 -1.57 0.019  
HSDL2 Hydroxysteroid dehydrogenase like 2 -1.49 0.038  
HSDL1 Hydroxysteroid dehydrogenase like 1 1.22 0.041  
CYP1A1 Cytochrome P450 1A1 1.31 0.020 

AL+CON vs FO+CON 
   

 
HSD17B8 17β Hydroxysteroid Dehydrogenase type 

8 

-1.31 0.033 

1 AL, microalgae 
2 LPS, lipopolysaccharide 
3 CON, saline control 
4 FO, fish oil 
5 CO, corn oil  
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Table 5.6 Differentially expressed male offspring adrenal genes pertaining to immune 

function in pigs that were fed a low-quality protein diet and were from sows supplemented 

with AL, FO or CO then challenged with LPS or saline (n=4 for FO+CON, n=3 for all 

other treatments). 
Treatment Comparison Gene Description Fold change P-value 

AL1+LPS2 vs AL+CON3 CD180 CD180 -2.55 0.029  
IFNGR1 Interferon gamma receptor 1 -2.26 0.023  
SLA-DRA MHC II SLA-DRA -1.78 0.010  
LY96 Lymphocyte antigen 96 -1.62 0.035  
CD83 CD83 -1.61 0.034  
MYD88 MyD-88 -1.57 0.010  
SLA-DQA1 MHC II SLA-DQA1 -1.55 0.034  
IL10 Interleukin-10 -1.46 0.018  
IL1RL1 Interleukin-1 receptor like 1 1.28 0.022  
NFKB2 Nuclear factor kappa B2 1.47 0.001  
IL17B Interleukin 17b 1.76 0.007  
SLA-DRB1 MHC II SLA-DRB1 1.85 0.021 

FO4+LPS vs FO+CON LY96 Lymphocyte antigen 96 -1.40 0.045  
HP Haptoglobin 1.81 0.012 

CO5+LPS vs CO+CON SLA-DRB1 MHC II SLA-DRB1 -1.66 0.010  
LY96 Lymphocyte antigen 96 1.55 0.036 

AL+LPS vs CO+LPS LY96 Lymphocyte antigen 96 -1.66 0.029  
SLA-DQA1 MHC II SLA-DQA1 -1.50 0.044  
CD34 CD34 -1.42 0.004  
NFKB2 Nuclear factor kappa B2 1.26 0.036  
SLA-DRB1 MHC II SLA-DRB1 1.77 0.022  
HP Haptoglobin 2.02 0.040  
SLA-DOB MHC II SLA-DOB 2.60 0.010 

AL+CON vs CO+CON SLA-DRB1 MHC II SLA-DRB1 -1.74 0.009  
SLA-DOA MHC II SLA-DOA 1.34 0.035  
IL2RG Interleukin-2 receptor gamma 1.43 0.017  
TLR2 Toll-like receptor 2 1.50 0.004  
LY96 Lymphocyte antigen 96 1.51 0.044 

FO+LPS vs CO+LPS TLR2 Toll-like receptor 2 -1.33 0.045  
IL1RL1 Interleukin-1 receptor like 1 -1.29 0.004  
SLA-DRB1 MHC II SLA-DRB1 1.47 0.040 

FO+CON vs CO+CON SLA-DRB1 MHC II SLA-DRB1 -2.07 0.006  
NOD1 Nucleotide-binding oligomerization 

domain-containing protein 1  

-1.36 0.037 

 
TLR9 Toll-like receptor 9 1.25 0.037  
LY96 Lymphocyte antigen 96 1.47 0.029  
SLA-DQA1 MHC II SLA-DQA1 -1.84 0.005  
CD83 CD83 -1.75 0.009  
SLA-DRA MHC II SLA-DRA -1.58 0.024  
CD34 CD34 -1.42 0.001  
IL12B Interleukin 12b 1.29 0.036  
IL1RL1 Interleukin 1 receptor like1 1.34 0.004  
IL23R Interleukin 23 receptor 1.49 0.014  
IL17B Interleukin 17b 1.56 0.017 

AL+LPS vs FO+LPS TLR2 Toll-like receptor 2 1.39 0.015 
1 AL, microalgae 
2 LPS, lipopolysaccharide 
3 CON, saline control 
4 FO, fish oil 
5 CO, corn oil  
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Figure 5.1 Experimental Timeline 

 
Schematic timeline of events for animal trials. GD, gestation day; LPS, Lipopolysaccharide. 

Adapted from You et al. (2019).  
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Figure 5.2 Correlation between Microarray and RT-PCR analyses 

 

 
Correlation between fold-change in gene expression from microarray and real-time polymerase 

chain reaction (RT-PCR) in the adrenal gland of male offspring fed a low-quality protein diet 

from dams fed diets supplemented with microalgae, fish oil or a control diet and were challenged 

with lipopolysaccharide from Escherichia coli, or saline as a control in late gestation.  
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Figure 5.3 TLR-2 and TLR-4 signalling pathways 

 
 

Toll-like receptor (TLR) 4 and TLR-2 intracellular signalling in response to stimulation from 

microbial-associated molecular patterns. Proteins highlighted in white font were found to be 

differentially expressed (fold change <-1.2 or >1.2, P<0.05), and expression was significantly 

affected by maternal diet (Algae, Fish oil or control) and maternal lipopolysaccharide (LPS) 

immune challenge (compared to a saline control). LPS-BP, LPS binding protein; TIRAP, 

toll/interleukin 1 receptor associated protein; IRAK, interleukin-1 receptor associated kinase; 

TRAF-6, tumor necrosis factor receptor associated factor 6; TAK1, transforming growth factor 

beta-activated kinase 1; MAPK, mitogen activated protein kinase; NF-κB, nuclear factor kappa 

B; IκB, inhibitor of κB; TNF-α, tumor necrosis factor alpha; IL, interleukin; IFN-γ- interferon 

gamma 
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Figure 5.4 Glucocorticoid signalling 

 

 
 

Role of 11β hydroxysteroid dehydrogenases 1 and 2 (11-βHSD1/2) in glucocorticoid (GC) 

production and intracellular GC signalling following hypothalamic-pituitary-adrenal (HPA) axis 

activation. Proteins highlighted in white font were found to be differentially expressed (fold-

change of <-1.2 or >1.2, P<0.05) and expression was significantly affected by maternal diet 

(Algae, Fish oil or control) and maternal lipopolysaccharide (LPS) immune challenge (compared 

to a saline control). GR, glucocorticoid receptor; MAPK, mitogen activated protein kinase; NF-

κB, nuclear factor kappa B; IκB, inhibitor of κB; TNF-α, tumor necrosis factor alpha; IL, 

interleukin.  
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Chapter 6. General Discussion and Conclusions 

 Omega-3 PUFA are essential nutrients with important physiological roles, and are 

required for proper brain development and function (Swanson et al., 2012). Omega-3 PUFA are 

also known for their anti-inflammatory properties (Fritsche, 2015). Their inclusion in livestock 

diets is typically low, however, there is growing interest in supplementing livestock diets with 

ingredients containing comparatively high concentrations of n-3 PUFA to improve animal health 

and to produce value-added products such as meat enriched with n-3 PUFA (Singh and Saxena, 

2015; Yaakob et al., 2014). Important sources of n-3 PUFA include fish products such as fish 

meal or FO, as these contain EPA and DHA. Both EPA and DHA can be synthesized 

endogenously from their precursor, α-linolenic acid (ALA), but the elongation and desaturation 

processes are relatively inefficient in larger mammals such as pigs and humans (Stark et al., 

2016; Swanson et al., 2012). Due to limited supply and high demand for fish and fish-based 

products in both human and animal nutrition, alternative sources of EPA and DHA are being 

considered. A possible alternative includes AL, grown under tightly controlled conditions with a 

high content of crude fat and relatively high concentration of DHA. Therefore, experiments were 

conducted to assess the effects of including AL in swine diets on animal health and growth and 

compared them to a FO supplemented diet or a CO control.  

 The overall aim of these studies was to assess the use of AL in swine diets, which would 

hopefully allow for the use of nursery diets with less expensive protein sources such as soybean 

meal, while at the same time maintaining normal growth and health. Nursery diets typically 

include high value and easily digestible protein sources, such as whey protein, to maximize 

growth when feed intake is not maximized. In addition to being less expensive, ingredients like 

soybean meal can contain certain proteins that can cause gut inflammation, further affecting 
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piglet growth and health (Chen et al., 2011; Goodband et al., 2014; Skinner et al., 2014). The use 

of n-3 PUFA has been shown to reduce inflammation (Fritsche, 2015) and may therefore 

promote normal growth even when pigs are fed a low-protein quality diet.  

 The first experiment (chapter 3) aimed to investigate AL supplementation in a low-

quality protein nursery diet. AL was included as a source of n-3 PUFA, and was compared to a 

diet supplemented with FO, a more commonly used source of n-3 PUFA, and a control diet, or a 

typical low-quality protein nursery diet without supplementation. In this study, no differences in 

performance were observed over the entire nursery period, which is consistent with results from 

previous studies where nursery pigs were fed a low-quality diet, and where nursery diets were 

supplemented with varying levels of FO (Huber et al., 2018; Skinner et al., 2014). No differences 

were observed in acquired immune response as indicated by DHR to OVA and CAA antigens, as 

well as antigen-specific IgG analyses, which again is consistent with previous findings that there 

were no differences in antibody levels to OVA (Huber et al. 2018). Interestingly, there were 

changes in the acute-phase response to LPS challenge; pigs fed FO had reduced fever response to 

LPS compared to CON, and AL pigs had reduced cortisol following LPS challenge compared to 

FO and CON. The AL pigs also had increased concentrations of the pro-inflammatory cytokines 

IL-1β, TNF-α and IL-6, and the anti-inflammatory cytokine IL-10. When taken together, these 

results provide evidence for a role of AL and FO in reducing fever response to immune stressors. 

Based on the lack of an ACTH response following LPS challenge, the observed acute-phase 

response also provides evidence of a non-ACTH-mediated cortisol response, indicating that LPS 

can directly stimulate cortisol from the adrenal glands, which has previously been observed in 

humans and rats (Martinez Calejman et al., 2011; Mohn et al., 2011; Vakharia and Hinson, 
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2005). The observed acute-phase response may also be partially attributed to direct stimulation 

of the adrenal cortex through sympathetic innervation (Bornstein and Chrousos, 1999).   

 A second experiment (chapter 4) was conducted to investigate whether maternal 

supplementation with AL or FO in late gestation would have any effects on piglet health and 

growth, and whether maternal supplementation would allow for the use of less expensive nursery 

diets with low-quality protein sources without affecting growth and health. This study served as 

a follow-up from previous research where maternal fish meal supplementation in ewes during 

late gestation in combination with maternal LPS challenge before parturition resulted in altered 

immune and stress responses in offspring shortly after weaning (Fisher-Heffernan et al., 2015; 

Fisher et al., 2014). Similar to the results obtained in chapter 3, no effects of maternal diet were 

observed on offspring acquired immunity as indicated by DHR response to OVA and CAA, and 

by IgG response. There were effects of maternal AL and FO supplementation, as well as effects 

of maternal LPS challenge, on offspring acute-phase response, as indicated in You et al. (2019). 

Contrary to what was observed in chapter 3, cytokine concentrations during the acute-phase 

response to LPS challenge in chapter 4 were unaffected by maternal AL or FO supplementation. 

However, concentrations of IL-1ra, IL-6 and IL-10 were all significantly affected by offspring 

nursery diet quality, with increased cytokine concentrations in pigs fed the high-quality protein 

diet compared to those fed the low-quality protein diet. Due to the anti-inflammatory nature of 

IL-1ra and IL-10, and the immunoregulatory nature of IL-6 (Arend, 2002; Gabryšová et al., 

2014; Hunter and Jones, 2015), it is possible that feeding a low-quality nursery diet may leave 

piglets vulnerable to inflammation, as was also reflected in Skinner et al. (2014). Due to the 

layout of the trial, it was not possible to assess the effects of maternal diet on offspring growth 

performance; however, no effects of offspring nursery diet quality were observed on overall 



135 

 

growth performance. Initial reductions in feed intake and ADG were observed in pigs fed the 

low-quality protein diet, however, this effect was no longer present by the end of the nursery 

phase, similar to what has previously been observed in pigs (Collins et al., 2017; Huber et al., 

2018; Skinner et al., 2014). Future studies should therefore also account for maternal diet to 

further validate the use of AL or FO and maternal LPS challenge on nursery pig growth. From 

chapters 3 and 4, piglet nursery diet quality appears to be more important for predicting offspring 

growth and immunity compared to maternal diet or maternal stress status, according to what was 

measured.  

 Due to the effects of maternal diet and LPS challenge observed on offspring acute-phase 

response (i.e. cortisol and fever following LPS challenge), as described by You et al. (2019), 

microarray analysis was conducted to investigate the effects of maternal AL and FO 

supplementation on whole transcriptome expression within the adrenal gland of male offspring 

fed a low-quality protein diet. The stress response was previously observed to be more sensitive 

to maternal diet and maternal LPS status compared to the stress response of female offspring 

(You et al., 2019). Significant enrichment in expression of genes pertaining to lipid metabolism, 

steroidogenesis as well as adrenal immune response were observed, and a select group of these 

genes was validated by real-time PCR analysis. Genes involved in immune function, including 

lymphocyte antigen 96, a co-receptor involved in LPS signalling, TLR-2, which is involved in 

the recognition of Gram-positive bacteria and NF-κB, a transcription factor activated by many 

immune system signalling pathways, were all found to be differentially expressed. Increased 

expression of immune-related genes, including lymphocyte antigen 96, TLR-2 and NF-κB, 

suggests that maternal AL supplementation may increase offspring sensitivity to inflammation 

after weaning, whether through fetal programming or through enrichment provided by the sow 
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during lactation. Decreased expression of lymphocyte antigen 96 in offspring from sows 

receiving maternal endotoxin challenge also suggest a possible role of maternal stress in 

diminishing the offspring immune response to immune stress challenges. Increased expression of 

the genes encoding the 11BHSD2 enzyme, which is responsible for converting cortisol to 

inactive metabolites, in offspring from sows fed FO may reduce the magnitude of the stress 

response by decreasing cortisol production. Overall, maternal diet and LPS challenge appeared to 

influence gene expression within the adrenal gland of male offspring fed a low-quality protein 

diet. Due to the observed effects of the high- and low-quality protein diets on cytokine 

concentrations in chapter 4, it is possible that feeding a low-quality diet results in less 

pronounced differences in gene expression as compared to piglets that have been fed a high-

quality protein diet. 

 Although the results obtained in chapter 5 suggest a role of maternal FO in reducing the 

cortisol response, and a role of maternal LPS in reducing immune response, these results are not 

consistent with what was observed in chapter 4, or in You et al. (2019). In fact, increased cortisol 

concentrations were observed in male offspring from sows fed FO compared to male offspring 

from sows fed AL. The fever response to LPS in male offspring from sows challenged with LPS 

was numerically, although not statistically, higher compared to male offspring from sows 

receiving saline. These findings highlight the complex nature of the stress and immune 

responses, as well as the polygenic nature of the cortisol response in the offspring.  

 Overall, the inclusion of AL in swine diets did not appear to influence either offspring 

growth, or acquired immune response, despite changes in immune-related gene expression 

within the adrenal gland. AL supplementation in nursery diets and in gestation diets results in 

differential modulation of the acute-phase response. In chapter 3, AL supplementation in nursery 
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pigs reduced fever and cortisol responses but increased cytokine concentrations. You et al. 

(2019), found that when sows were LPS immune challenged, maternal AL supplementation 

increased the fever response in the male offspring following an LPS challenge compared to the 

male offspring from sows fed the control diet. These results do not support the anti-inflammatory 

properties expected from the AL supplement; this may be due in part to the nature of the algae 

product. It is possible that the fatty acid profile of the AL product that was used influenced the 

observed results; the AL was rich in DHA and had very little EPA. EPA and DHA have differing 

immunomodulatory effects (Davidson et al., 2013; Paschoal et al., 2013), therefore, their relative 

abundance may influence piglet acute-phase and immune responses. Algae is also known to 

contain several bioactive molecules including chlorophylls, carotenes, vitamins, minerals, beta-

glucans and anti-nutritive factors such as lectins, tannins and protease inhibitors (Norambuena et 

al., 2015; Yaakob et al., 2014). The presence of these compounds may therefore influence the 

anti-inflammatory nature of the algae product. 

 Overall, the use of low-quality plant-based protein sources such as soybean meal in 

nursery pig diets does not appear to adversely affect growth performance in healthy pigs over the 

entirety of the nursery phase (Chapters 3 and 4; Skinner et al., 2014; Huber et al., 2018). 

However, the use of nursery diets with low-quality protein sources may leave piglets vulnerable 

to inflammation as indicated by decreased concentrations of anti-inflammatory cytokines as 

shown in chapter 4, and by the differential expression of immune-related genes as shown in 

chapter 5.  

 Maternal LPS exposure also appears to influence offspring stress response, with 

differences in stress response between male and female offspring as indicated by stress and 

cortisol responses (You et al., 2019) and adrenal gene expression as indicated in chapter 5. 
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Previous research in sheep and rats has also demonstrated the ability of maternal LPS exposure 

to modulate the offspring acute-phase response (Fisher-Heffernan et al., 2015; Fisher et al., 

2014; Kirsten et al., 2013). Contrary to the results obtained by Fisher et al. (2015), no effects of 

maternal LPS status were observed on offspring acquired immune response. This may in part be 

attributed to the dose and timing of the LPS challenge, or species differences. Previously, 

maternal LPS challenge in sheep at day 121 or 135 of a 144 d gestation period induced a stress 

response in the ewes without initiating parturition (Karrow et al., 2017). However, when sows 

were challenged on gd105, pre-term labor was induced, resulting in low piglet viability and low 

milk production in sows. The different responses to maternal LPS challenge may be attributed to 

the differences in placental physiology between sheep and pigs (Chavatte-Palmer et al., 2016), or 

possibly in the differences in litter size or differences in endocrinology involved in the initiation 

of parturition between sheep and pigs (Grigsby, 2016; Swanson and David, 2015). The timing of 

the LPS challenge in the sows was subsequently moved to gd 112 and the dose of LPS was 

decreased from 40 ug/kg to 10 ug/kg to ensure piglet viability. Therefore, the use of the LPS 

endotoxemia model requires further optimization and validation before it can be used in 

gestating sows to simulate bacterial infection in a manner that does not affect offspring viability. 

 Future studies further exploring the use of this AL products are required to further 

validate the use of AL in swine diets. Different AL products or different species of AL may also 

be worth investigating, as different species may have different n-3 PUFA profiles or differing 

concentrations of other bioactive compounds. Further research should also be conducted to better 

explain why the maternal diets differentially affect the offspring stress response but not the 

acquired immune response, as observed in chapter 4. Understanding how AL supplementation or 

LPS exposure alters the molecular mechanisms involved in the acquired immune response may 
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provide an explanation for the results observed in chapters 3 and 4. It may also be worth 

investigating whether the results observed in chapters 3, 4 and 5 would be observed in similar 

studies conducted in different species, as differences in physiology, particularly in gestation, may 

differentially affect offspring. Ultimately, future studies in this field will support the use of AL in 

diets during gestation, and subsequently reduce the risk and incidence of inflammatory, 

cardiovascular and neurodegenerative diseases in adults. At this time, the unit cost of AL in 

combination with the results observed in this thesis suggest that including AL in low-quality 

protein nursery pig diets may not be a practical management decision, however, as the cost 

changes and more research becomes available, the use of AL in swine diets may become more 

practical.  
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Appendix 1. Preliminary Sow trial methods and results 

 

Preliminary sow feeding trial methods 

 A preliminary feeding trial was conducted with 20 sows to determine PUFA enrichment 

in sows fed diets supplemented with two different concentrations of AL or FO. Sows were 

randomly selected from the herd at the Arkell Swine Research Station and were randomly 

allocated to one of five dietary treatments: a standard gestation diet containing either 1.26% AL, 

3.12% AL, 1.25% FO, 3.1% FO, or corn oil as the control (1.89% CO). Sow diets were 

formulated to meet estimated nutrient requirements for gestating sows according to the National 

Research Council (2012). The 1.26% AL and 1.25% FO diets, and 3.12% AL and 3.1% FO diets 

were matched for DHA content, and the 3.12% AL and 1.25% FO diets were matched for total n-

3 PUFA. All experimental diets were matched for n-6 fatty acids. Sows were fed 2.5 kg of the 

assigned diet daily from gestation day (gd) 75 until parturition, and were given unlimited access 

to fresh water for the duration of the trial. On gd 105, plasma was collected from each sow for 

PUFA analysis.  

 Within the first 24 hr after parturition, 30 mL of colostrum was collected from each sow 

(n=4 per treatment) and stored at -20°C until PUFA analysis could be conducted. In addition, 

within 24 hr after birth, two piglets (1 male and 1 female) from two sows per treatment were 

euthanized, and brain tissue was collected for PUFA analysis. Samples were initially snap frozen 

in liquid nitrogen and subsequently stored at -80°C until they could be freeze-dried, 

homogenized, and sent to the Lipid Analytical Laboratory (Guelph, ON) for PUFA analysis as 

described by Lee et al. (2019) using the Folch method (Folch et al., 1956). Based on PUFA 

enrichment in sow plasma, colostrum and fetal brain tissue (Appendix 1 Table 1), the 

experimental diets containing 3.12% AL and 3.1% FO were selected for the main feeding trial. 
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Preliminary sow LPS dose-response study methods 

 Preliminary studies were conducted to determine LPS dose for the sow immune stress 

challenge. On gd 105, five sows were challenged i.m. with 40 µg/kg LPS endotoxin from 

Escherichia coli (O55:B5, Sigma-Aldrich, Oakville, ON) dissolved in 4 mL of saline, five sows 

were challenged i.m. with 20 µg/kg of LPS endotoxin dissolved in 2 mL of saline, and ten sows 

received 4 mL of saline as a control (CON). Following sustained fever and pre-mature induction 

of parturition in sows that received 40 and 20 µg/kg LPS endotoxin, two sows were subsequently 

challenged with 10 µg/kg LPS, two sows were challenged with 5 µg/kg LPS and two sows were 

challenged with 2.5 µg/kg LPS on gd 112. Rectal temperature was recorded hourly up to 6 hr 

post-LPS immune stress challenge to assess the fever response, and serum samples were 

collected from all sows before LPS immune challenge and 2 hr after LPS immune challenge for 

cortisol analysis.  

 

Preliminary Results 

 All sow LPS treatments elicited a fever and cortisol response (Appendix 1 Figure 1). 

Fever response was induced in sows receiving LPS and rectal temperature was significantly 

elevated 3 hours post-injection and remained elevated until 6 hours post-injection, at which point 

rectal temperature was no longer significantly different between sows receiving LPS and those 

receiving saline. The magnitude of cortisol response had a dose-specific effect; sows receiving 

40 µg/kg of LPS had significantly higher cortisol levels 2 hours post-injection than sows 

receiving 20 µg/kg LPS and those receiving saline (Appendix 1 figure 1C). Sows receiving 20 

µg/kg LPS also had significantly higher cortisol responses 2 hr post-injection compared to sows 
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receiving saline. Fever and cortisol responses were also induced in sows that were challenged 

with 10, 5 and 2.5 µg/kg of LPS on gd 112 (Figure 1B and 1D). Cortisol concentrations 2 hr after 

LPS injection were significantly increased in sows that were challenged with 10 µg/kg LPS 

compared to those challenged with 5 or 2.5 µg/kg LPS (Figure 1D). From this, it was determined 

that a dose of 10 µg/kg of LPS would elicit a cortisol response on gd 112 without affecting piglet 

viability.  
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Appendix 1 Figure 1 

 

Sow rectal temperature following an LPS immune stress challenge with LPS A) 40 µg/kg (n=5), 

20 µg/kg (n=5) or Saline (n=10) on gestation day 105, and B) 10 µg/kg (n=2), 5 µg/kg (n=2) and 

2.5 µg/kg (n=2) on gestation day 112 and Sow serum cortisol response following an LPS 

immune stress challenge with A) 40 µg/kg (n=5), 20 µg/kg (n=5) or Saline (n=10) on gestation 

day 105, and B) 10 µg/kg (n=2), 5 µg/kg (n=2) and 2.5 µg/kg (n=2) on gestation day 112. 

Results are presented as LSM+/- SEM. Significant differences (P<0.05) are indicated with an 

asterisk at a particular timepoint.  
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Appendix 1 Table 1. Analyzed concentrations of EPA, DHA, Total n-3 and ratio of n-3:n-6 in 

sow plasma, colostrum and fetal brain from sows fed diets supplemented with 1.26% (n=4) or 

3.12% microalgae (AL; n=4), 1.25% (n=4) or 3.1% fish oil (FO; n=4), or a corn oil (CO; n=4) 

control diet. Data are presented as LSM +/- SEM. 

 

Sow diet CO1 1.26% AL2 3.1% AL 3.1% FO3 1.25% FO SEM4 P-value5 

Plasma n=4 (mg/g)       

EPA6 0.21c 1.30c 2.50cb 8.96a 4.95b 0.74 <0.0001 

DHA7 0.00d 5.46b 8.10a 4.36b 2.68c 0.41 <0.0001 

Total n-38 2.87c 9.63b 13.37b 18.48a 12.17b 1.22 <0.0001 

Ratio n3:n69 0.06d 0.17c 0.24b 0.34a 0.20bc 0.01 <0.0001 

Colostrum n=4 (mg/100g)        

EPA 4.44c 15.07c 18.46c 128.36a 57.42b 6.99 <0.0001 

DHA 2.37ac 79.40ab 149.81b 108.48b 43.21c 22.42 0.0091 

Total n-3 85.16b 178.30b 240.24ab 436.73a 257.06ab 54.78 0.0090 

Ratio n3:n6 0.05c 0.12b 0.20a 0.23a 0.15b 0.01 <0.0001 

Fetal Brain n=2 (mg/100g)       

EPA 1.95b 6.77b 18.70b 33.32a 16.23ab 5.35 0.0091 

DHA 1053.17b 1535.41a 1801.62a 1710.18a 1496.01a 100.91 0.0041 

Total n-3 1151.59b 1663.42a 1993.11a 1929.49a 1621.16a 105.33 0.0020 

Ratio n3:n6 0.33c 0.67b 0.76bc 0.86a 0.63b 0.04 <0.0001 
1 CO, Sow diet containing 1.89% corn oil as a control 
2 AL, microalgae 
3 FO, fish oil 
4 SEM, maximum value of the standard error of the means 
5 P-value for the main effect of dietary treatment 
6 EPA, eicosapentanoic acid 
7 DHA, docosahexanoic acid 
8 Total n-3, total omega-3 polyunsaturated fatty acids 
9 Ratio n-3:n-6, ratio of total omega-3 polyunsaturated fatty acid to total omega-6 polyunsaturated fatty 

acids 
a,b,c,d Differing letters across rows indicate significant differences among treatments (P<0.05) 
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Appendix 2. Sow Fever and Cortisol responses 

 

 
 

A) The rectal temperature response and B) serum cortisol concentrations 2 h post immune 

challenge of sows fed diets supplemented with microalgae (AL), fish oil (FO) or a control diet 

(CON) and immune challenged with either 10 µg/kg BW lipopolysaccharide (LPS), i.m., or 

saline as a control on gestation day 112. Results presented as LSM +/- SEM, n=8 per treatment. 

A) *Significant differences (P<0.05) are denoted with an asterisk. B) a,b Differing letters above 

the bars denote significant differences (P<0.05). As presented in You (2018).  
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Appendix 3. Piglet Fever response  

 

 

 
 

Rectal temperature in A) female (F) and B) male (M) offspring challenged with 40 µg/kg 

lipopolysaccharide (LPS) from sows fed diets supplemented with microalgae (AL), fish oil (FO) 

or a control diet (CON) and challenged with either 10 µg/kg LPS or saline as a control. Results 

are presented as LSM +/- SEM, n=16 per treatment. *Significant differences (P<0.05) are 

denoted with an asterisk. +Trends (0.05<P<0.1) are denoted with a plus sign. From You (2018). 
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Appendix 4. Piglet Cortisol concentrations 

 

 
Serum cortisol concentrations in nursery pigs 2 h post immune challenge with lipopolysaccharide 

(LPS; 40 µg/kg BW, administered i.m.). A) Serum cortisol concentration of female and male 

nursery pigs from sows challenged with 10 µg/kg LPS in late gestation or saline as a control, 

n=48 per treatment. B) Serum cortisol concentration of female and male nursery pigs from sows 

fed diets supplemented with microalgae (AL), fish oil (FO) or a control diet (CON), n=32 per 

treatment. Results are presented as LSM +/- SEM. a,b Differing letters above bars denote 

significant differences (P<0.05). From You (2018). 


