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ABSTRACT 
 
 

FISHMEAL SUPPLEMENTATION DURING GESTATION AND LACTATION 
PROTECT AGAINST MATERNAL SIMULATED INFECTION INDUCED 

PROGRAMMING 
 
 

Rebecca Elizabeth Fisher       Advisor: 
University of Guelph, 2013      Dr. N. A. Karrow 
 
 
Adverse uterine environments caused by stressors such as an infection during pregnancy 

can alter the programming of the fetus, increasing the risk of adulthood inflammatory 

disease. Supplementation with fishmeal (FM; rich in anti-inflammatory omega-3 

polyunsaturated fatty acids; n-3 PUFAs) during pregnancy may help to reduce this risk. 

To test this hypothesis, 53 ewes were allocated to either a diet supplemented with FM or 

soybean meal (SM; rich in n-6 PUFAs), and on gestation day 135 (gd135) half the ewes 

from each dietary treatment were challenged with either 1.2 µg/kg lipopolysaccharide 

(LPS) to simulate a bacterial infection, or saline as a control (CON). The cortisol 

response of the offspring was assessed at weaning ± ACTH challenge, and during 

adulthood by LPS endotoxin challenge. Immune responsiveness of the adult offspring 

was assessed with a skin hypersensitivity test using antigens, ovalbumin (OVA) and 

candida albicans (CAA), and by measuring the OVA-specific serum antibody response. 

The FM+LPS treatment lambs had the greatest cortisol response compared to all other 

treatment groups during both weaning and endotoxin challenge. In contrast, the SM+LPS 

lambs had a greater cortisol response compared to the SM+CON treatment group during 

weaning + ACTH challenge. The SM+LPS offspring had the greatest hypersensitivity 

response to both OVA and CAA as well as the greatest serum IgG response to OVA 



	  

compared to all other treatment groups. Lastly, the expression of hippocampal 

glucocorticoid and mineralcorticoid receptor genes (GR and MR) were shown to be 

different, with FM+LPS females having greater GR expression compared to SM+LPS 

females, while the reverse was true for MR. These data suggest that FM may help protect 

the offspring from immune system and HPAA programming during maternal infection. 

Future studies need to focus on the mechanisms behind these alterations. 
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Chapter 1: Literature Review 
 

The hypothalamic-pituitary-adrenal axis (HPAA) is vital for inducing and 

controlling the stress response of all vertebrates working to maintain and restore 

physiological homeostasis following exposure to physical and psychological stressors. 

The HPAA is active in both the mother and fetus during gestation in part to ensure proper 

growth and development of the offspring. Unexpected increases in maternal stress during 

gestation can affect offspring development by altering programming of the fetal HPAA. It 

is hypothesized that this altered predicative programming prepares the offspring for the 

environment in which it will live outside the uterus. This concept of altered fetal 

programming is not new, with studies dating back almost five decades (Levine, 1957). 

However, with increasing incidence of inflammatory and cardiovascular disease in adults, 

major emphasis is being placed on understanding the mechanisms underlying early fetal 

and neonatal programming and their contribution to adulthood diseases.  

These alterations in fetal programming are assumed to provide an adaptive 

advantage for the individual to its new environment, referred to as the ‘Thrifty 

Phenotype’. A reduction in birth weight for example, has been one alteration observed 

following adverse changes in the uterine environment. It is postulated that this alteration 

in growth pattern allows the fetus to re-allocate available energy to more vital processes 

such as organ function (Gluckman et al., 2005). The Leningrad wartime famine cohort of 

1941 to 1944 is a classic example of the thrifty phenotype, demonstrating that maternal 

malnutrition stress during pregnancy primed the fetus for life in a malnourished society 

by repartitioning metabolic energy, ensuring survival and reproductive fitness (Hales and 
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Barker, 2001). However, when such programming does not match the environment in 

which the individuals are to live, diseases can arise such as adulthood obesity, elevated 

blood pressure and coronary heart disease and this concept is part of the “Developmental 

origins of health and disease” hypothesis (Roseboom et al., 2001; Stanner and Yudkin, 

2001).  

An in utero versus ex utero mismatch in nutrition has been shown to lead to a 

heightened state of inflammation (Dyer and Rosenfeld, 2011; Szostak-Wegierek and 

Szamotulska, 2011). Recently, supplementation with anti-inflammatory, omega-3 

polyunsaturated fatty acids (n-3 PUFAs) has shown to help reduce this inflammation and 

the incidence of these various adulthood diseases (Calder, 2007; Zulkafli et al., 2013; 

Miles and Calder, 2013). It is also known that PUFAs have immunomodulatory 

properties and affect many aspects of both the innate and adaptive immune response. 

Therefore, it seems possible that early intervention such as in utero enrichment with n-3 

PUFAs, could protect the fetus from stress-induced programming and subsequent 

susceptibility to adulthood disease.  

1.1 Hypothalamic-Pituitary-Adrenal Axis  
 The HPAA is vital for inducing and controlling the stress response of all 

vertebrates, working to maintain or restore physiological homeostasis following exposure 

to physical and psychological stressors. By regulating the secretion of bioactive 

glucocorticoids (GCs), homeostasis can be regulated and maintained (Buckingham et al., 

1997). Under non-stressful circumstances, the HPAA maintains physiological 

homeostasis through a pulsatile circadian rhythm mediated through mineralcorticoid 

receptors (MRs) that have a high affinity for GCs; this ensures an optimal level of GCs in 
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order to maintain cardiovascular, metabolic, and immunological function (Matthews et 

al., 2002; Walker et al., 2010). The circadian rhythm follows the pattern of activity of the 

individual; for example, GC concentrations are lowest while sleeping and are highest just 

after waking. Therefore, in animals such as humans and sheep, which follow a diurnal 

sleep pattern, circulating GC concentrations peak in the morning, while concentrations in 

nocturnal animals such as rats tend to peak in the evening.  

When an individual perceives a stressor, such as an injury, infection or 

psychological stress, the HPAA exhibits heightened activity in order to restore 

physiological homeostasis. This “stress” response begins at the level of the hypothalamus 

with the release of two neuropeptides, corticotrophin-releasing hormone (CRH) and 

arginine vasopressin (AVP). These neuropeptides are produced by neurons of the 

paraventricular nucleus (PVN). Axons containing these neuropeptides project into the 

median eminence of the hypothalamus, whose nerve terminals are able to secrete AVP 

and CRH into the hypophyseal portal blood circulation to activate the pituitary (Aguilera 

et al., 2008). These neuropeptides act synergistically to stimulate the production of 

adrenocorticotropin hormone (ACTH) from the anterior pituitary through proteolytic 

cleavage of pro-opiomelanocortin (POMC; (Stevens and White, 2010). CRH activates 

POMC transcription by binding to its G-protein-coupled type 1 receptor (CRH-R1) on 

anterior pituitary corticotroph cells. AVP amplifies POMC gene transcription via its own 

G-protein-coupled receptors, of which there are three distinct isoforms, with V1b being 

the primary receptor found in the anterior pituitary (Aguilera et al., 2008). The synthesis 

of ACTH from POMC occurs within secretory granules and is dependent on a series of 

post-translational phosphorylation and glycosylation events and the cleavage of POMC 
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into ACTH by pro-hormone convertases (Pfaff, 2002). Urocortin have also been shown to 

activate the production of ACTH and may act synergistically with CRH to increase the 

production of ACTH (Papadimitriou and Priftis, 2009). Following pituitary cell 

degranulation, ACTH is transported via the circulation to the adrenal cortex where it acts 

as the primary neuropeptide responsible for up-regulating GC production. In the adrenal 

cortex, ACTH binds to its G protein-coupled corticotropin receptor (MC2R) within the 

zona fasciculata and this leads to the transcription of genes coding enzymes involved in 

steroid biosynthesis (Xing et al., 2010). These enzymes synthesize pregnenolone from 

cholesterol, which is subsequently converted to progesterone, deoxycortisol, and 

ultimately cortisol, or corticosterone in rodents, the primary adrenal GC (Rehman et al., 

2003).  Glucocorticoids have pleiotropic physiological effects that include mobilizing 

glucose and fat stores, regulating fetal growth and development, controlling 

inflammation, and modulating the immune response (Carter-Su and Okamoto, 1987; 

Ramirez et al., 1996; Jensen and Whitehead, 1998; Fisher et al., 2010). Once GCs are 

secreted into the circulation, approximately 90% are bound to a transport protein called 

corticosteroid-binding globulin (CBG). This binding protein regulates GC bioavailability, 

and also appears to mediate the tissue-specific effects of GCs once they are cleaved by 

elastase activity (Torpy and Ho, 2007).  Since free GCs are highly lipophilic, and 

therefore bioaccumulate in host cells, their intracellular concentration is tightly regulated 

by 11-beta hydroxysteroid dehydrogenase (11β-HSD) enzymes (Gross and Cidlowski, 

2008). 11β-HSD type 2 is responsible for catalyzing the conversion of bioactive cortisol 

to inactive cortisone whereas, 11β-HSD type 1 can convert inactive cortisone into 

bioactive cortisol (Morton and Seckl, 2008). During the stress response, circulating GC 
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concentrations are also regulated by a negative feedback loop via glucocorticoid receptors 

(GRs) within the hippocampus, PVN, and pituitary (Matthews et al., 2002; Tsigos and 

Chrousos, 2002). 

Intracellular GCs can activate genomic pathways by binding to cytosolic GRs that 

are members of the nuclear hormone receptor superfamily (Webster and Sternberg, 

2004). GC-GR ligation induces conformational changes that lead to GR activation; this 

allows the GC-GR complex to translocate into the nucleus of a cell. Once the GR 

dimerizes, it can bind with its respective response element within a gene promoter region, 

and this can lead to the induction or suppression of the transcription of numerous genes 

(Webster and Cidlowski, 1999; Jenkins et al., 2001; Tsigos and Chrousos, 2002).  

Until recently GC signalling was thought to strictly occur through genomic 

signalling pathways. However, new research suggests that a non-genomic GC signalling 

pathways also mediate GC responses to stress (Alangari, 2010). Non-genomic GC 

signalling is thought to occur more rapidly and for a shorter duration of time than 

genomic GC signalling (Dallman, 2005), though this may not always be the case, and can 

be mediated via membrane-bound GRs as well as cytosolic GRs (Guo et al., 1995; Maier 

et al., 2005). Membrane-bound GR non-genomic signalling can occur within the HPAA 

at the level of the hypothalamus, pituitary, and hippocampus (Evanson et al., 2010).  

1.2 The HPAA and pregnancy 
 GCs play a critical role in the growth and development of the fetus. Tissues such 

as the liver, lungs, gut, skeletal muscle, brain, adrenal, and adipose tissue require specific 

GC concentrations in their microenvironment for proper development during gestation 

(Fowden et al., 1998). Animal models, especially sheep, have proven useful for studying 

human HPAA development and it is clear that these organs develop early in gestation. 
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The ovine adrenal gland for example, can be identified by day 28 of gestation (gd28) and 

matures and differentiates throughout the remainder of gestation (Wintour et al., 1975). 

Development of the ovine adrenal cortex appears biphasic; the first phase associated with 

differentiation of the zona glomerulosa and GC production between gd60 and gd120, and 

the second phase associated with zona fasciculata differentiation during late gestation 

(Robinson et al., 1979; Webb, 1980). Therefore, it is not surprising that both CRH and 

AVP can be detected during early gestation in the hypophyseal portal circulation around 

gd40 and in the PVN around gd60 (Levidiotis et al., 1989; Brieu et al., 1989). At gd100, 

nerve fibers containing CRH and AVP can be found stretching into the median eminence, 

and between gd110 and gd125 the pituitary is responsive to both neuropeptides as 

indicated by increased fetal ACTH concentrations in the circulation (Norman and Challis, 

1987; Brieu et al., 1989; Jeffray et al., 1995). Anterior pituitary POMC mRNA 

expression is also increased at this time but gradually plateaus until the onset of labour, at 

which time it will increase again (Matthews et al., 1994).  The second phase of adrenal 

cortex development occurs during late gestation between gd130 and gd145 (Schwartz and 

McMillen, 2001); this phase is particularly important for maturation of the zona 

fasciculata. Urocortin has also been shown to rise during late gestation increasing the 

POMC mRNA expression (Holloway et al., 2002). Higher concentrations of POMC-

derived peptides as well as insulin-like growth factor I and II and transforming growth 

factor β1 can be detected during this period because they are important for steering 

differentiation of the adrenal cortex (Naaman Reperant and Durand, 1997).  

During the last few days of ovine gestation, between gd140 - 145, there is an 

increase in both fetal ACTH and cortisol production and a simultaneous reduction in the 
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function of the negative feedback loop. It has been suggested that increased CBG 

concentrations, and reduced numbers of GRs and mRNA levels within the hypothalamus 

and pituitary may contribute to this reduced function (Challis et al., 1995; Holloway et 

al., 2000; Challis et al., 2001).   

 The surge in cortisol secretion during the end of gestation is thought to be the 

driving force of events that lead to parturition. Fetal cortisol for example, is responsible 

for increasing both prostaglandin (PGE2) and CRH in both fetal and placental tissues; 

these are both key factors for initiating parturition (Liggins and Thorburn, 1994). When 

placental PGE2 production is up-regulated by the cyclooxygenase (COX) 2 enzyme, it 

crosses the placental barrier to the fetus as part of a positive feedback mechanism 

working at the level of the fetal hypothalamus to increase the production of CRH that 

drives the hyper-cortisol response (Lye, 1996). This increase in fetal ovine cortisol 

production in turn up-regulates the expression of cytrochrome P450 subfamily 17 

(CYP17) in the placenta, the enzyme responsible for the conversion of progesterone to 

estrogen (Liggins et al., 1973; Flint et al., 1975). An increase in the ratio of estrogen to 

progesterone is instrumental for increasing uterine contractility and initiating labour 

(Liggins et al., 1973).  

 In the days following parturition, the positive feedback loop is terminated and the 

lamb’s circulating ACTH and cortisol concentrations come to resemble those found in the 

adult. In the case of premature humans, stabilization of the HPAA may take up to a 

month post-partum (Mesiano and Jaffe, 1997; Ng, 2000). Since the mechanisms of ovine 

fetal HPA activation, uterine activation, and parturition are similar to that of humans, 
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sheep have proven to be a useful model for humans in terms of pregnancy- and 

parturition-related research (Barry and Anthony, 2008). 

1.3 Fetal programming of the HPAA 
 A number of factors have been demonstrated to alter fetal programming of the 

HPAA during gestation, disrupting normal functioning of the HPAA throughout the 

animal’s productive life cycle. For example, maternal exposure to LPS endotoxin, under- 

or over nutrition, and psychological stress during pregnancy have been shown to affect 

the offspring’s HPAA function later in life (Chadio et al., 2007b; Fisher et al., 2010; 

Weinstock, 2010; Brunton, 2010). There are many mechanisms in place to protect the 

fetus from circulating levels of maternal GCs under normal physiological circumstances. 

However, these mechanisms may not be sufficient to protect the fetus from elevated 

levels of maternal GCs such as those experienced during periods of acute and chronic 

stress. Enzyme 11β-HSD type 2 for example, is highly expressed in the placenta and is 

responsible for catalyzing the conversion of bioactive maternal cortisol to inactive 

cortisone; this protects the fetus from elevated maternal GCs. However, as parturition 

approaches, the expression and activity of 11β-HSD type 2 decreases which can increase 

fetal susceptibility to maternal GC exposure during periods of maternal stress. 

Additionally, elevated levels of maternal GCs during stress can decrease 11β-HSD type 2 

activity in the placenta and this can further increase the risk of fetal GC exposure 

(Langley-Evans et al., 1996; Mairesse et al., 2007). Although maternal CBG 

concentrations increase throughout gestation and may help to sequester additional free 

maternal cortisol during this time, CBG concentrations may not be sufficient to meet the 

increasing levels of maternal GCs during periods of stress.  
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There appear to be critical windows during gestation where the HPAA is most 

susceptible to programming, typically occurring during periods in which the HPAA 

undergoes dramatic growth and differentiation. The majority of HPAA development for 

precocial offspring such as sheep, guinea pigs and primates takes place in utero, while 

species such as rats, rabbits and mice that give birth to immature offspring appear to have 

the majority of neuroendocrine development occurring postnatally. Interference in the 

uterine environment during these periods has typically been associated with hyper-

activity of the HPAA in adulthood, which may increase the offspring’s susceptibility to a 

variety of diseases (Seckl and Holmes, 2007). Animal models have provided much 

insight into this. 

1.3.1 Rat Model 
 Unlike other animal models such as sheep and guinea pigs, the majority of rat 

brain development occurs postnatally. This suggests that environmental influences such 

as maternal behaviour and neonatal infection are likely to play an important role in 

shaping programming of the HPAA. Rats were among the first animal models to provide 

evidence that stress alters programming of the HPAA. In a set of classical studies 

performed by Shanks and colleagues, it was demonstrated that neonatal exposure to 

endotoxin exacerbated both the ACTH and corticosterone response to an additional 

stressor during adulthood (Shanks et al., 1994; Shanks et al., 1995). Gender differences 

were also reported following neonatal rat endotoxin exposure, with female offspring 

having a greater ACTH and corticosterone response to adulthood endotoxin challenge 

compared to males (Shanks et al., 1994). 
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 High levels of maternal GCs, such as those experienced during periods of stress, 

also play a role in programming the rat offspring’s corticosterone response. When dams 

were repeatedly challenged with synthetic corticosterone from gd 10-20, rat pups had 

high levels of basal GC in their serum but not their brain on postnatal day 1. However, 

when dams were exposed to high levels of synthetic corticosterone on postnatal day 7, the 

pups showed high levels of basal GC in their brain and stomach, but not in their serum 

(Brummelte et al., 2010).  Additionally, when dams were exposed to various 

psychological stressors within 14 days postpartum, their male offspring did not respond 

to a dexamethasone suppression test during adulthood compared to the typical decrease in 

corticosterone that was exhibited by control animals. Prenatally stressed female rats also 

exhibit altered maternal behaviours towards their pups, often spending less time nursing 

and socializing with their offspring (Bosch et al., 2007). Alterations in both AVP and 

CRH mRNA levels of the PVN in these individuals may account for differences observed 

in maternal behaviour (Bosch et al., 2007). Therefore, similar to both the sheep and 

guinea pig models, studies in the rat further emphasize the impact of the timing of the 

stressor and how this influences programming of specific tissues associated with the 

HPAA. 

1.3.2 Guinea Pig Models 
 Guinea pigs are also a popular model for examining the mechanisms of fetal 

HPAA programming as they are physiologically similar to humans in the context of 

placentation, parturition and offspring development (Mitchell and Taggart, 2009). The 

guinea pig model has provided great insight into both gender-specific outcomes of fetal 

HPAA programming and the importance of the timing of the stressor during fetal 

development. 
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 It has been suggested that female guinea pigs are more susceptible to 

programming of the HPAA following an overexposure of maternal GCs compared to 

male guinea pigs (Kapoor et al., 2006). Alterations in both GR and MR have been 

observed in female offspring although there appears to be inconsistencies in the literature 

depending on the stress model. Setiawan and colleagues (2007) found that hippocampal 

GR and MR protein levels were increased in female guinea pigs whose dams were 

exposed to betamethasone compared to the control females and male offspring from 

betamethasone treated dams (Setiawan et al., 2007). However, other studies have found 

that female guinea pigs typically have a decrease level of hippocampal GR mRNA 

compared to their male counterparts, which could explain the enhanced cortisol response 

to acute stress typically seen in these HPAA re-programmed offspring (Lingas et al., 

1999; Dean et al., 2001). Additionally, both males and females from dams that had been 

nutrient restricted for 48 hours showed reductions in their GR mRNA levels. However, 

female fetuses showed reductions at multiple sites in the HPAA such as the PVN and 

hippocampus, while the male fetuses only showed a reduction in the hippocampus 

(Lingas et al., 1999; Dean et al., 2001). Female guinea pigs also have a greater decrease 

in hippocampal MR mRNA expression compared to male guinea pigs and this could 

account for the enhanced basal cortisol concentrations seen in other studies (Liu et al., 

2001; Owen and Matthews, 2003). 

 The importance of the timing of the stressor in gestation has also been 

demonstrated using male guinea pigs whose dams were prenatally stressed during either 

the period of rapid brain growth (~ gd 50) or during the period of brain myelination (~ gd 

60). Those offspring that experienced maternal stress during rapid brain growth exhibited 
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an increased basal cortisol response while the males who experienced maternal stress 

during the period of brain myelination exhibited an increased cortisol response to an 

acute stressor (Kapoor and Matthews, 2005; Kapoor et al., 2008). 

 The effects of maternal stress on female HPAA responsiveness are estrous stage 

dependent. For example, female guinea pigs whose dams were exposed to dexamethasone 

or betamethasone during gestation exhibit decreased basal cortisol concentrations during 

the luteal phase but increased basal cortisol concentrations during the estrous phase 

compared to female control guinea pigs (Kapoor and Matthews, 2008; Kapoor et al., 

2008). Another study demonstrated an attenuated salivary cortisol response to strobe 

lighting in the female offspring of prenatally stressed dams but only during the estrous 

phase of their reproductive cycle (Kapoor and Matthews, 2008). This is surprising, as the 

estrous phase is typically associated with an increase in circulating estrogen, which 

normally makes the HPAA more responsive to acute stress by reducing GR expression 

and impairing the negative feedback loop (Burgess and Handa, 1992). Multiple studies 

have also found that during the follicular and early luteal phases of the estrous cycle, the 

lowest level of GR mRNA expression was in the PVN, while the greatest expression was 

reported in the hippocampus (Dean et al., 2001; Liu et al., 2001). During these phases of 

the estrous cycle, GR mRNA levels also appear to be decreased in female offspring 

compared to the males (Dean et al., 2001; Liu et al., 2001). These studies emphasize the 

impact of gender differences and more specifically reproductive hormones on the 

programming of the HPAA. As demonstrated through these studies guinea pigs prove to 

be a good model for studying fetal programming, however, they are limited by their size. 
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1.3.3 Ovine Model 
 Sheep are frequently used for investigating fetal programming as gestational 

events such as placenta development, metabolic function and nutrient transport closely 

mimic that of the human (Barry and Anthony, 2008). Additionally, unlike some rodent 

models, the majority of brain development in sheep occurs in utero and this better reflects 

developmental patterns of the human brain. Therefore, sheep have become a popular 

model to investigate the effects of adverse uterine environments on fetal programming of 

the HPAA. For example the importance of stressor timing was demonstrated in offspring 

from dams that underwent maternal undernutrition or stress during early or late gestation 

(Bloomfield et al., 2003; Chadio et al., 2007a). Data from these studies showed an 

enhanced cortisol response in offspring born to dams undernourished during early or late 

gestation, or that were chronically stressed.  

Fetal exposure to increased maternal GC concentrations during early and late 

gestation has also been shown to elevate the stress responsiveness of the offspring later in 

life. When ewes were challenged on d135 of gestation with 1.2 µg/kg LPS, offspring 

were hyper-cortisol responsive to subsequent endotoxin at a dosage of 400 ng/kg 

performed at 5.5 months of age (Fisher et al., 2010). Additionally, CRH+AVP induced 

exacerbated cortisol responses in offspring whose dams were treated with synthetic GC 

betamethasone on d104 of gestation (Sloboda et al., 2002). Fetal lambs exposed to long-

term hypoxia from gd40-130 also showed elevated cortisol, AVP and CRH 

concentrations following AVP+CRH challenge compared to control lambs (Ducsay et al., 

2009). Both AVP receptor V1B mRNA and protein levels and ACTH receptor mRNA are 

elevated in these offspring and therefore, may account for the increased GC output in 

these offspring (Fraser et al., 2000; Ducsay et al., 2009). However, when betamethasone 
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was administered to the fetus from d104 to d124, a blunted cortisol response was 

observed and into adulthood (Sloboda et al., 2007). These studies emphasize the 

importance of the route of GC exposure on the fetus and how even slight variations in GC 

concentration can differentially alter development of the fetal HPAA.  

Lastly, gender differences have been reported in sheep exposed to prenatal stress. 

Female offspring are typically more affected by this type of stressor compared to their 

male counterparts as demonstrated through endotoxin challenge, nutritional imbalance 

and psychological challenge (Chadio et al., 2007a; Fisher et al., 2010; Turner et al., 

2010). However, the type of stressor needs to be considered, as there are also reports of 

male offspring having a greater cortisol response compared to females in studies using 

inhalant hypoxia and hypoglycemia as the stressor (Turner et al., 2002; Giussani et al., 

2011). 

1.5 Long- Chain Polyunsaturated Fatty Acids  
 Over the last decade a great deal of attention has been placed on the 

immunomodulatory properties of long chain polyunsaturated fatty acids (LC-PUFAs) and 

their potential use for the treatment of various diseases. LC-PUFAs are vital for many 

functions in the body including sources of energy, and they functionally influence cell 

membrane components and precursor signaling molecules (Calder, 2011). Many animals 

and humans require linoleic acid (LA; an omega-6 (n-6) PUFA) and α-linolenic acid 

(ALA; an n-3 PUFA) in the diet due to a lack of the 15-desaturase enzyme. When 

supplied in the diet, both LA and ALA can be metabolized to other LC-PUFAs including 

arachidonic acid (AA), docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). 

However, it can be argued that LC-PUFAs such as DHA, EPA and AA are also essential 
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in the diet, as the conversion rate of LA and ALA to these LC-PUFAs is generally poor 

(Calder, 2006b). ALA can be found in green leafy foods, as well as oils and seeds such as 

flaxseed, whereas LA is rich in corn, safflower and sunflower oils (Das, 2006). It has 

been estimated that adults in Westernized society consume approximately 0.5 – 2 g/d of 

ALA and 5 – 20 times this amount of LA (Simopoulos, 2000). This is concerning as this 

is skewing the ratio of n-6:n-3 PUFAs from the recommended ratio of 1-2:1 to one that is 

much higher such as 15:1 reported by Simopulous (Simopoulos, 2000).   

The ratio of n-6 to n-3 PUFAs has been shown to play a vital role in the 

inflammatory, and immune response as well as the susceptibility of individuals to 

disease. EPA, DHA and AA compete for the same enzymes in their conversion to 

different lipid mediators that can influence inflammatory and immune responses. 

Therefore, if n-6 PUFA are consumed in excess, which appears to be the case in the 

Westernized society, compared to n-3 PUFAs, then AA conversion pathways are 

promoted leading to the production of pro-inflammatory eicosanoids (Calder, 2006b). 

This shift in the balance of pro-inflammatory mediators has been shown to have a 

significant impact on the development of various inflammatory diseases. The ratio of 

n6:n3 PUFAs appear to be quite important, as the increase in this ratio has been 

associated with a variety of diseases such as cardiovascular disease, and rheumatoid 

arthritis (Simopoulos, 2008).  

1.5.1 Classification of Fatty Acids  
In general all FAs are composed of a hydrocarbon chain with a reactive carboxyl 

group at one end and a methyl group at the other. FAs are classified based on the 

chemical structure, the number of carbon atoms and the biological structure. When FAs 
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do not contain a double bond in its structure they are considered to be saturated fatty 

acids (SFA) (Ratnayake and Galli, 2009). These FAs can be divided into four categories 

based on the length of the molecule (Ratnayake and Galli, 2009). For example, SFAs 

containing between 3 to 7 carbon atoms are classified as short-chain, SFAs, while those 

FAs containing 8 to 13 carbons are known as medium-chain, SFAs. Long chain, SFAs are 

those containing 14-20 carbon atoms, while very-long chain SFAs contain greater than 21 

carbon atoms (Ratnayake and Galli, 2009)These FAs are therefore, named based solely 

on the number of carbon atoms. For example stearic acid is a SFA of 18 carbons in length 

and is therefore, denoted by 18:0 (Figure 1.1). 

Unlike SFA, unsaturated FAs contain at least one double bond in its structure. 

Therefore, unsaturated FAs are named after the number of double bonds as well as the 

number of carbon atoms. Carbon atoms are counted from the carboxyl end of the 

unsaturated fatty acids and typically have an even number of carbon atoms (Calder, 

2006b). These FAs can be divided into three categories based on the length of the 

molecule (Ratnayake and Galli, 2009). For example, unsaturated FAs containing 19 or 

fewer carbon atoms are classified as short-chain unsaturated FAs, while those FAs 

containing 20 to 24 carbons are known as long-chain unsaturated FAs. Finally very-long 

chain, unsaturated FAs are those containing greater than 25 carbon atoms (Ratnayake and 

Galli, 2009). It should be noted however, that in contrast to the counting of the carbon 

atoms, double bonds are counted from the methyl end of the molecule. Therefore, in a FA 

such as LA, which contains two double bonds, the first one will appear between the sixth 

and seventh carbons from the methyl end with the second double bond appearing at the 

ninth and tenth carbons (Figure 1.1). 
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Unsaturated FAs can be further classified based on the number of double bonds 

that occur in the molecule. For example, unsaturated fatty acids with only one double 

bond in its structure are classified as monounsaturated fatty acids (MUFA), while those 

that have two or more double bonds are classified as polyunsaturated fatty acids (PUFAs) 

(Ratnayake and Galli, 2009). Although PUFAs have more than one double bond, it is 

common practice to only report the location of the first double bond in the literature 

(Figure 1.1).  

Finally, fatty acids can be classified based on their geometric configuration, which 

can be presented in either the cis or trans isomerism. All PUFAs are arranged in the cis 

configuration meaning that all hydrogen atoms attached to the double bond will occur on 

the same side of the molecule, while in a trans configuration they will occur on the 

opposite sides of each other (Ratnayake and Galli, 2009). FAs that configure in a trans 

isomer are called Trans FAs. Trans fatty acids usually arise due to hydrogenation of 

unsaturated fatty acids (Ratnayake and Galli, 2009). These fatty acids occur less 

frequently in nature but are very common in manufactured food products such as 

margarine and some oils.  

1.6 LC-PUFA Immunomodulation 
Over the past decade there has been extensive interest in PUFAs and their effects 

on both the inflammatory and immune response. The concentration and ratio in which n-3 

and n-6 PUFAs are incorporated into the diet seem to steer and modulate the 

effectiveness of the immune response (Calder, 2007). It has been known for many years 

that the n-6 PUFA, arachidonic acid (AA), plays an important role in the development of 

inflammation by acting as a substrate for the production of eicosanoids such as 
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leukotrienes and prostaglandins that promote inflammation (Calder, 2007). To a lesser 

extent, n-3 PUFAs such as DHA and EPA play a role in the resolution of inflammation 

(Serhan and Savill, 2005; Weylandt et al., 2012). However, until recently the mechanisms 

of how this occurred were unknown.  

1.6.1 LC-PUFAs and Inflammation 
Polyunsaturated fatty acids play a large role in mediating the inflammatory 

response through the production of eicosanoids, which are derived from 20-carbon 

PUFAs such as EPA and AA (Calder, 2006a). Arachidonic acid is usually the 

predominant source of PUFAs for eicosanoid production as it is more abundant in the 

membrane of inflammatory cells (Calder, 2006a). Through a series of metabolic 

processes, AA can produce pro-inflammatory eicosanoids such as prostaglandins (PGE2) 

and thromboxanes (TXB2) from the 2-series and leukotrienes (LTB4) of the 4 series 

through the help of the enzymes such as cyclo-oxygenase (COX) and lipoxygenase 

(LOX), respectively (Schmitz and Ecker, 2008).  Other derivatives are also produced 

such as hydroperoxy- and hydroxyl-eicosatetraenoic acid (HPETE and HETE) as well as 

lipoxin A4 (Schmitz and Ecker, 2008).  

During an inflammatory response, PGE2 is produced by COX-2. However, PGE2 

will also further induce COX-2 to act in an autocrine manner to promote further 

production of itself (Schmitz and Ecker, 2008). This leads to a sustained inflammatory 

response. PGE2 also stimulates macrophages to produce pro-inflammatory cytokines, 

induces a fever response, and increases vascular permeability and vasodilation. Recently, 

it has been shown that PGE2 also acts to a lesser extent to promote anti-inflammatory 

properties. Both PGE2 and PGE3
 for example, have been shown to inhibit the production 
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of pro-inflammatory cytokines IL-1β and tumor necrosis factor-α (TNF-α) (Miles et al., 

2002; Dooper et al., 2002). PGE2 also down-regulates the production of the potent series 

4 LTs by stimulating the production of lipoxin (LXs), an anti-inflammatory mediator, 

through the enzyme 5-lipoxygenase. LXs are important for terminating the inflammatory 

response and promoting wound healing (Jubiz et al., 1984; Coffey et al., 1994). They 

have also been shown to attract neutrophils, eosinophils as well as monocytes to the site 

of inflammation in an effort to clean up the damaged tissue, and prevent these cells from 

degranulating and causing further tissue damage (Maderna and Godson, 2009). When 

stimulated by LXs, macrophages will ingest apoptotic neutrophils at the site and clear 

them (Godson et al., 2000).  Finally LXs have been shown to induce the synthesis of 

TGF-β1, an anti-inflammatory cytokine to further promote the resolution of inflammation 

through phagocytosis (Maderna and Godson, 2009). Lipoxins also help by reducing 

vascular permeability, and promote nonphylogistic monocyte infiltration required for 

wound healing (Serhan and Savill, 2005).   

Thromboxanes also play a large role in the regulation of inflammation. TXB2 are 

produced not only by platelets but also by monocytes, macrophages and dendritic cells 

(Narumiya, 2003). TXB2 are potent vasoconstrictors and platelet activators, as well as 

inducers of fibrosis (Thomas et al., 2003). While TXB2 has been shown to be a 

chemoattractant produced quickly by stimulated neutrophils, macrophages, and mast 

cells. LTB4 increases vascular permeability, causes the release of lysosomal enzymes and 

increases the production of reactive oxygen species (Schmitz and Ecker, 2008). 

Additionally, LTB4 will increase the production of pro-inflammatory cytokines IL-1, IL-6 
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and TNFα in people who suffer from psoriasis (Thomas et al., 2003; Schmitz and Ecker, 

2008). 

When EPA and DHA are supplied to the inflammatory cells, a shift in the potency 

of the inflammatory response is observed. EPA produces less potent eicosanoids such as 

prostaglandin (PGE3) and thromboxanes of the 3 series as well as leukotriene of the 5 

series, while DHA produces other anti-inflammatory mediators such as resolvins, 

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

Resolvins are produced from both EPA and DHA and are termed resolvin E when 

derived from EPA and resolvin D when derived from DHA (Stables and Gilroy, 2011). 

Protectins and maresins are strictly derived from DHA. Both resolvin E1 and E2 play an 

important role in decreasing the migration of neutrophils and dendritic cells to the site of 

inflammation thereby preventing further tissue damage (Stables and Gilroy, 2011). 

Similarly to E resolvins, D resolvins also inhibit the infiltration of neutrophils to the site 

of tissue damage.  However, D resolvins, similar to lipoxins, have the unique ability in 

the promotion of macrophage phagocytosis of apoptotic neutrophils (Duffield et al., 

2006). Protectins will also inhibit additional neutrophils from reaching the site of tissue 

damage but will also act to inhibit signaling through toll-like receptors to decrease the 

production of pro-inflammatory cytokines (Levy et al., 2007). Maresins have also been 

shown to increase the phagocytic ability of macrophages for apoptotic neutrophils and 

block the infiltration of further neutrophils (Serhan et al., 2009). The mechanisms and 

receptors involved in regulating these protectins, resolvins and maresins are not 

completely understood at this time.  
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1.6.2 LC-PUFAs and the Acquired Immune Response 
 PUFAs modulate many aspects of the immune response including cytokine 

production, lymphocyte proliferation, surface molecule expression, phagocytosis, 

apoptosis as well as inhibiting natural killer (NK) cell function (Shaikh and Edidin, 

2006). Typically lipids in immune cells of both rodents and humans are composed of 

20% AA and a small amount of EPA and DHA, typically between 1-3%. However, when 

n-3 PUFAs are added to the diet, the n-3 PUFA content is increased while AA is 

decreased (Fritsche, 2007).  

 The differentiation and function of T lymphocytes appear to be very sensitive to 

the type of PUFA being incorporated into the membrane. Under normal conditions, 

activation of naïve T cells will lead to their proliferation and differentiation into effector 

T cells. However, this process appears to be reduced following the supplementation with 

n-3 PUFAs as demonstrated in various human and animal studies (Meydani et al., 1993; 

Thies et al., 2001; Switzer et al., 2004). For example, various clinical trials in which 

participants consumed either fish or fish oil demonstrated reductions in mitogen-induced 

T lymphocyte proliferation, IL-2 secretion and production in peripheral blood 

mononuclear cells as well as a decrease in TNFα (Meydani et al., 1993; Thies et al., 

2001; Switzer et al., 2004). Additionally, T-cell proliferation and differentiation was 

restricted in a recent mouse study following ALA supplementation, thereby reducing T-

cell driven inflammation in these individuals (Winnik et al., 2011). Alterations in lipid 

raft formation and signaling following n-3 PUFA supplementation may be one 

mechanism by which T-cell driven inflammation is reduced. For example, one study 

found that sphingomyelin was decreased in the T cell lipid rafts of mice following n-3 

PUFA consumption (Fan et al., 2003). This has a significant impact on the T cell 
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function, as sphingomyelin is required in the formation of lipid rafts as well as activation 

and signaling of T cells (Stulnig, 2003). Although the exact mechanisms are not fully 

understood, it is thought that n-3 PUFAs are incorporated into non-raft regions 

influencing the formation and function of the rafts from the outside the raft region 

through signaling proteins (Calder, 2012). 

 It has been suggested that n-3 PUFAs also have the ability to steer the immune 

response in favour of a T helper type 1 (Th1) or type 2 (Th2) response. It is hypothesized 

that the Th1/Th2 balance is skewed in the Westernized society as well as individuals who 

are fetally programmed (Tantisira and Weiss, 2001). This observation has lead to the 

hypothesis that n-3 PUFAs can help restore this skewed response. However, the results 

from multiple studies appear to be conflicted. For example, some studies suggest that n-3 

PUFAs decrease the cytokines and chemokines associated with a Th2 type reaction while 

others suggest the reverse. Recent studies for example, have found that the ratio of 

IFNγ:IL4 is increased in both humans and mice following supplementation of n-3 PUFAs 

suggesting a Th1 favoured response (Mizota et al., 2009). This is further supported by the 

fact that Th2 cytokines IL-13, IL-4 and IL-5 were also suppressed following maternal or 

direct supplementation with n-3 PUFAs in mice and humans (Rinas et al., 1993; Tang et 

al., 1994; Park et al., 2013).  However, numerous studies have shown that the Th2 

cytokines IL-4, IL-5, and IL-13 are increased following the consumption of n-3 PUFAs 

(Zhang et al., 2005; Petursdottir and Hardardottir, 2009; Gurzell et al., 2013; Park et al., 

2013). Other studies have also demonstrated inhibition of both Th1 and Th2 mediators 

following n-3 PUFA supplementation (Sierra et al., 2006). All these studies taken 

together suggest that immunomodulation by n-3 PUFAs affect the Th1:Th2 balance 
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through many different mechanisms depending on the situation, dose of LC-PUFAs being 

received as well as the cell type and experimental conditions. Therefore, further studies 

are warranted to gain a greater understanding of how n-3 PUFAs affect the Th1:Th2 

balance. 

 Like Th1 and Th2 lymphocytes, regulatory T cells (Tregs) have also been shown 

to be influenced by the concentration of PUFA in the diet and this may actually help to 

explain some of the variation observed in the response of T helper cells. Tregs are 

classified as suppressor T cells and play a role in suppressing both CD4+ and CD8+ T 

cells and inducing immunological tolerance (Sakaguchi, 2000; Shevach, 2002; Yessoufou 

et al., 2009). In recent years, several different types of CD4+ Tregs have been discovered, 

including the natural Treg (nTreg) and the inducible Treg (iTreg) (Yessoufou et al., 

2009). Natural Tregs are produced in the thymus and are responsible for the suppression 

of T effector cells through cell-to-cell dependent interactions that are independent of IL-

10 and TGF-β (Bluestone and Abbas, 2003). iTregs on the other hand arise in the 

periphery following antigenic stimulation, and are dependent on the secretion of TGF-β 

and IL-10 to suppress the activation of T effector cells (Buckner and Ziegler, 2004). 

CD4+ Tregs express a distinct TF known as forkhead box protein 3 (Foxp3+) as well as 

activation marker CD25, α-chain of the IL-2 receptor, cytotoxic T lymphocyte antigen-4 

(CTLA4) and TNF receptor (Takahashi et al., 2000; Baecher-Allan et al., 2001; 

Hawrylowicz, 2005; Zheng and Rudensky, 2007; Finney et al., 2010). Both DHA and 

EPA have been shown to enhance the function of Tregs. For example, EPA has been 

shown to increase the gene expression of IL-10 as well as the number of Foxp3+ Tregs, 

while DHA increased the mRNA expression of Foxp3, TGF-β and IL-10 from Tregs 
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(Hara et al., 2001; Yessoufou et al., 2009; van den Elsen et al., 2013). However, another 

study suggests that n-3 PUFA consumption in mice did not suppress effector T cell 

proliferation by Tregs but did increase Treg properties such as Foxp3, CTLA4 and TGF-

β, again emphasizing the variation in these results (Issazadeh-Navikas et al., 2012). 

 Overall, it is known that n-3 PUFAs play a key role in regulating both the 

inflammatory and immune responses. However, further research is required to gain a 

better understanding of the mechanisms of action. 

1.7 LC-PUFAs and Fetal Development 
 PUFAs are essential for the proper neurodevelopment of the fetus. It appears that 

AA, DHA, and EPA may be the most important FAs for ensuring the proper development 

of the brain and retina. These LC-PUFAs contribute to the functioning of the cell 

membrane and ion channels, neurogeneis, photoreceptor differentiation, as well as 

modulating the activity of enzymes and eicosanoids (Lauritzen et al., 2001; Innis, 2007; 

Gil-Sanchez et al., 2011).  Since the placenta and fetus lack the desaturase enzymes 

required to convert LA and ALA to other LC-PUFAs, maternal transfer of these FAs at 

the placental interface is essential. The maternal supply of LC-PUFAs is particularly 

important during the last trimester of gestation, as this is the period when maximal brain 

development and lipid accretion occurs (Martinez, 1992).  The LC-PUFA profile also 

appears to contribute to maintaining a normal pregnancy, as it has been shown that the 

risk of preterm labour and preeclampsia increases as the ratio of AA to EPA increases 

(Wang et al., 2005; Kulkarni et al., 2011). 
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1.7.1 Placental Transfer of LC-PUFAs 
 Although the total concentration of FAs in circulation during pregnancy increases, 

the concentration of essential fatty acids and LC-PUFAs declines in maternal circulation. 

This suggests that placental transfer to the fetus is critical for proper development 

(Vlaardingerbroek and Hornstra, 2004). In support of this, DHA will be deposited in the 

human fetal brain at approximately 21 g per week during the last trimester (Clandinin et 

al., 1981). Therefore, it is not surprising that LC-PUFA concentrations are much lower in 

maternal circulation compared to the fetus (Dutta-Roy, 2000). For example, LA 

represents approximately 30% of the FA composition in maternal plasma, while it only 

represents 10% in cord blood samples. The reverse is true for the LC-PUFAs, where AA 

concentrations in the cord blood are approximately 10% and 5% in maternal plasma 

respectively; similarly DHA accounted for 3% in the cord blood and 1.5% in the maternal 

plasma respectively (Dutta-Roy, 2000).  

 Since the placenta does not possess the desaturase enzymes to convert LA or ALA 

to LC-PUFAs, the fetus must rely on the maternal diet and placental transfer of these 

essential FAs. Plasma triglycerides and free fatty acids must cross the placental 

membranes as non-esterified fatty acids (NEFA) that are derived from lipoproteins 

(Hanebutt et al., 2008). Lipoproteins are converted to NEFAs through the enzyme, 

lipoprotein lipase located at the maternal surface and trophoblast cells of the placenta. 

Towards the end of gestation, there is a greater concentration gradient created at the 

placenta for NEFA transfer from the mother to the fetus, although the placenta can 

transfer NEFAs in the other direction as well (Benassayag et al., 1999; Haggarty, 2004). 

Once the FA source is non-esterified, it can cross the placental lipid bilayers through 

simple diffusion and partitioning. However, fatty acid binding proteins (FABPs) can aid 
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in this process (Glatz and van der Vusse, 1996; Haggarty, 2004). There are 3 main 

FABPs involved in the uptake of FA in the placenta; fatty acid translocase (FAT/CD36), 

fatty acid transport protein with acyl-CoA-synthetase activity (FATP) and plasma 

membrane fatty acid binding protein (P-FABPpm) (Hanebutt et al., 2008). Although 

research of FA transport has shown that FAT/CD36 and FATP act as FA transporters in 

the lipid bilayer, while FABPpm is an extracellular FA acceptor (Glatz and van der 

Vusse, 1996; Haggarty, 2004). FABPpm may play a role in the preferential uptake of LC-

PUFAs and has specific binding affinities for various LC-PUFAs. It has been shown that 

the binding order of LC-PUFAs for placental translocation is as follows DHA ≥ AA > LA 

> ALA (Campbell et al., 1998; Dutta-Roy, 2000; Haggarty, 2004). Therefore, it is 

thought that FABPpm helps to drive the selective LC-PUFA to the fetus, as it is only 

present on the maternal side of the placenta (Larque et al., 2003; Gil-Sanchez et al., 

2010). Once in the cytosol, these FAs will bind with cytosolic FABP for movement and 

transport (Gil-Sanchez et al., 2011). This transport facilitates many important functions 

such as allowing membrane FA transporter cross-talk as well as providing specific 

ligands to the nuclear TF peroxisome proliferator-activated receptors (PPAR) (Storch and 

Corsico, 2008). 

 Placental PPARs are also important mediators of FA transport to the fetus. 

Peroxisome proliferator-activated receptors are members of the steroid receptor family 

and are classified as fatty acid activated nuclear transcription factors (Hanebutt et al., 

2008). Peroxisome proliferator-activated receptors play an important role in maintaining 

the placental lipid homeostasis and metabolism. There have been three different subtypes 

of PPAR discovered; PPARα, PPARγ, and PPARδ. Peroxisome proliferator-activated 
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receptor-α and PPARγ appear to play a role in trophoblast differentiation and maturation, 

while PPARδ is involved in lipid catabolism regulation (Hanebutt et al., 2008). In order 

to induce gene transcription, PPAR form heterodimers with the retinoid X receptor that 

subsequently bind to the peroxisome proliferator response element (PPRE). PPARγ may 

regulate FA transport by up-regulating the expression of all the FABPs (Schaiff et al., 

2005; Schaiff et al., 2007).   

 There have been a variety of different mechanisms suggested for the transport of 

FA from the placenta into fetal circulation. The most generally accepted mechanisms are 

through facilitated diffusion and FATP and FAT/CD36 (Hanebutt et al., 2008; Gil-

Sanchez et al., 2011). Once the free FA has been transported across the placenta, it enters 

into fetal circulation where it is bound to an oncofetal protein called alpha-fetoprotein 

(Herrera, 2002). The fetal liver then quickly uptakes the free FA, re-esterfies, and release 

the FA within the lipoproteins (mainly triglycerides) back into circulation (Herrera, 

2002). Once back in circulation, it is free to be taken up by various other organs and 

tissues of the body, particularly the brain and retina.  

1.7.2 The Role of LC-PUFAs in Fetal Programming and Disease Susceptibility 
 With the largely skewed ratio of n-6:n-3 PUFAs in Westernized society, there is 

concern that pregnant women are not consuming their recommended n-3 PUFA daily 

intake (Olsen and Secher, 2002; Oken et al., 2004; Denomme et al., 2005). The 

recommended intake of n-3 PUFA during gestation is at least 200 mg of DHA per day; 

however, research studies suggest that dietary intakes of 2 g/day of EPA+DHA may be 

more beneficial (Morse, 2012). Therefore, it is concerning that pregnant Canadian 

women may consume only 1.5 g of n-3 PUFAs daily of which only 117 mg are in the 
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form of EPA and DHA (Denomme et al., 2005). This consumption rate needs to change, 

as the benefits of maternal n-3 PUFA supplementation are diverse. n-3 PUFAs have been 

shown to improve the birth weight and length of the baby, as well as increase gestation 

length, and reduce pregnancy complications (Olsen et al., 2000; Szajewska et al., 2006; 

Oken et al., 2007; Zhou et al., 2012). Recently, n-3 PUFAs have also been shown to 

reduce placental oxidative stress that has been identified as a factor contributing to 

pregnancy disorders such as preeclampsia (Jones et al., 2013).  

However, even with all the benefits of n-3 PUFAs, some researchers still question 

the safety of a high consumption during gestation due to increased likelihood of PUFA 

lipid peroxidation which enhances free radical production and associated cellular damage 

(Song et al., 2000; Garrel et al., 2012). Although this suggestion has merit, a recent study 

has shown that lipid peroxidation in the placenta was still reduced by 30% even at n-3 

PUFA concentrations almost two times the recommended daily intake (Jones et al., 

2013). Additionally, both the Japanese and Greenland Inuit people have been consuming 

n-3 PUFAs at a rate much higher than the daily-recommended intake and have shown no 

ill effects at all stages for life suggesting that n-3 PUFA supplementation is in fact safe 

(Holub, 2002). 

Although there is controversy surrounding what the recommended intake should 

be during pregnancy, one cannot dispute the benefit of n-3 PUFA supplementation for the 

treatment and prevention of common adulthood inflammatory disorders such as 

cardiovascular disease, type II diabetes, arthritis and atopic disease (Miles and Calder, 

2012; Yan et al., 2013; Hajianfar et al., 2013; Lorente-Cebrian et al., 2013). It is believed 

that n-3 PUFAs decrease the pro-inflammatory cytokines and eicosanoids associated with 
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these inflammatory conditions (Calder, 2006a). Recent studies suggest that maternal 

supplementation with n-3 PUFAs may help in the prevention of these adulthood diseases. 

Advances in atopic disease can certainly emphasize this hypothesis. n-3 PUFA 

supplementation during gestation has been shown to reduce the incidence of childhood 

asthma and allergies. Asthma, for example, has typically been associated with high 

incidence of bronchoconstriction caused by LTs that is normally treated with anti-LT 

drugs. One study recently showed that both the anti-LT drugs and n-3 PUFAs 

independently improved the bronchoconstriction in asthmatic children (Tecklenburg-

Lund et al., 2010). Additionally, maternal supplementation with n-3 PUFAs has been 

shown to reduce sensitization to common food allergens, and the prevalence of atopic 

disease in children (Calder et al., 2010). n-3 PUFAs have also been shown to lower 

childhood adiposity and the risk of obesity following maternal supplementation (Donahue 

et al., 2011). Lastly, supplementation of n-3 PUFAs in the diet of dexamethasone treated 

rat offspring have demonstrated improvements in the adiposity, plasma cholesterol of the 

GC programmed individuals (Zulkafli et al., 2013). Therefore, it appears that the benefits 

of maternal n-3 PUFAs supplementation and the reduced incidence of disease out way the 

costs, although further studies are required to determine the mechanisms of action.  

1.8 Summary 
 It is evident that adverse uterine environments caused by maternal stress can alter 

the programming of the HPAA, altering both the immune and stress responses well into 

adulthood. This is quite concerning, as adverse fetal programming can increase the 

offspring’s susceptibility to a variety of adulthood diseases, such as cardiovascular 

disease, arthritis as well as a variety of atopic disorders. New research examining the 

effects of n-3 PUFAs on the treatment of these adulthood diseases is demonstrating 
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promising results for alleviating these conditions. Therefore, it seems reasonable that 

early supplementation such as in utero may provide the most benefit in preventing 

inflammatory diseases. Additionally, the immunomodulatory properties of n-3 PUFAs 

may help to protect the fetus from maternal stress-induced programming. Therefore, 

additional research into whether maternal supplementation can protect the offspring from 

fetal programming will open up new avenues to explore in fetal programming studies. 

With a greater understanding of the mechanisms involved, it is possible that new 

treatments and preventive strategies can be implemented to reduce the incidences of 

adulthood disease. 
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Figure 1.1: Classification of common fatty acids 
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Figure 1.2: Pathway demonstrating omega-6 PUFA interactions with eicosanoids. 

 



	   33	  

 

Figure 1.3: Pathway demonstrating the interactions between omega-3 PUFAs, 
eicosanoids, protectins, resolvins and maresins.
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Chapter 2: Experimental Rationale, Objectives, and Hypotheses 

2.1 Experimental Rationale 
 Adverse uterine environments caused by stressors such as infection can affect the 

overall health and wellbeing of offspring.  Even slight environmental disruptions during 

critical windows of development can alter the development, growth and differentiation of 

various tissues and organs, affecting the offspring’s stress and immune responsiveness for 

life (Hochberg et al., 2011).  It is thought that in utero programming caused by adverse 

uterine environments primes the fetus to adapt to the environment in which it will live. 

However, when programming does not match the extra-uterine environment, problems 

such as increased susceptibility to inflammatory disorders can occur. This phenomenon is 

referred to as fetal programming and is part of the “Developmental origins of health and 

disease” hypothesis. Both human and animal models have demonstrated that 

programming caused by these adverse uterine environments can lead to an increased 

susceptibility to obesity, cardiovascular disease, type II diabetes, atopic disease as well as 

psychological disorders depending on the timing of when the stressor is experienced 

(Rogers and EURO-BLCS Study Group, 2003; Wyrwoll et al., 2008; Martino and 

Prescott, 2011; Glover, 2011; Portha et al., 2011b). 

One system that is quite susceptible to fetal programming is the hypothalamic-

pituitary-adrenal axis (HPAA), also referred to as the stress axis. The HPAA is most 

susceptible to programming during early and late gestation as these are the periods where 

the most growth and differentiation occur (Bloomfield et al., 2003; Li et al., 2012). One 

of the biggest concerns with the re-programming of the HPAA is the vast interaction it 

has with other organs and systems of the body, including the immune system and 

reproductive system.  This has been shown to be particularly evident in studies where 
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bacterial endotoxin LPS has been used to mimic a bacterial infection during gestation 

(Hodyl et al., 2007a; Gantert et al., 2012). A bacterial endotoxin challenge induces a 

typical “sickness” response characterized by fever, lethargy, anorexia and increase HPAA 

responsiveness.  Studies using bacteria endotoxin challenge during gestation have 

demonstrated alterations in the cortisol response of the offspring later in life (Shanks et 

al., 1995; Hodyl et al., 2007a; Fisher et al., 2010).  

 Animal models are used frequently to investigate fetal programming. In this 

thesis, sheep were used as a model to assess alterations in fetal programming following a 

simulated maternal infection using Escherichia coli LPS.  The majority of these types of 

studies have been conducted using a rodent model. However, sheep may be a more 

appropriate human model than rodents because they have a longer gestational period 

similar to humans and their offspring are comparable in size and brain development at 

birth (Carter, 2007; Barry and Anthony, 2008). Additionally, LPS has been used 

frequently in sheep models to simulate inflammation following a bacterial infection and 

the effect on not only the HPAA but also the fetal lung and cardiovascular sequelae 

(Dadoun et al., 1998; Polglase et al., 2010; Kemp et al., 2013). 

There are numerous conflicting hypotheses as to the mechanisms behind fetal 

programming. However, it can be agreed that excessive exposure to maternal 

glucocrticoids (GCs) during gestation can alter programming of organs and systems. 

Some studies suggest that excessive fetal exposure to maternal GCs may be attributed to 

a lack or decrease in the concentration of the enzyme, 11βHSD2 (Martinerie et al., 2012; 

Borzsonyi et al., 2012). This enzyme renders the active form of cortisol to the inactive 

form of cortisone and is active in the placenta during gestation in order to reduce fetal 
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exposure. As the time to parturition approaches, so does the concentration of this enzyme, 

increasing the risk of fetal exposure to maternal GCs. It has also been suggested that GR 

and MR expression are reduced throughout HPAA during gestation. This prevents 

cortisol from binding and down-regulating the HPAA, resulting in hyper-responsiveness 

of the HPAA (Liu et al., 1997; Ladd et al., 2004; Setiawan et al., 2007). Lastly, 

epigenetic modifications including DNA methylation, histone modifications, as well as 

small nucleotide variants have also been shown to play a role in fetal programming of the 

HPAA by influencing the expression of various genes (Weaver et al., 2004; Kiefer, 2007; 

Meaney et al., 2007; McGowan et al., 2009). Overall, it is apparent that these three 

mechanisms alter responsiveness of the HPAA, which can lead to an increased 

susceptibility of disease.    

 Recent studies suggest that maternal supplementation with n-3 PUFAs may help 

to prevent or treat many inflammatory disorders such as cardiovascular disease, atopic 

disease, and type II diabetes (Hou et al., 2012; Zulkafli et al., 2013).  The inclusion of n-3 

PUFAs, particularly DHA and EPA, in the diet reduced the production of pro-

inflammatory eicosanoids and cytokines, while resolving inflammation by inducing the 

production of less potent eicosanoids, anti-inflammatory cytokines, as well as protectins 

and resolvins (Calder, 2006b; Jones et al., 2013).  Therefore, it seems reasonable that 

early intervention with n-3 PUFAs by means of maternal/fetal supplementation with 

fishmeal (FM) rich in DHA and EPA may help to prevent stress-induced programming of 

the HPAA. Further research is required in order to understand the mechanisms behind the 

protective effects of n-3 PUFAs and how they relate to the prevention and treatment of 

inflammatory disorders. 
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2.2 Experimental Objectives  
1) To investigate whether maternal supplementation with fishmeal (FM) can protect the 

fetal HPAA from changes in programming following a simulated maternal infection in 

late gestation, improving the responsiveness of the HPAA in the offspring.    

 

2) To determine whether maternal supplementation with FM can protect fetal immne 

development from in utero infection-induced changes, improving immune responses in 

their offspring 

 

3) To assess differences in hippocampal GR and MR, as well as adrenal GR and MC2R 

gene expression between fetal and juvenile ovine offspring born to dams supplemented 

with either FM or soybean meal (SM) and challenged with endotoxin to simulate a 

bacterial infection. 

 

2.3 Experimental Hypothesis 
1) Maternal supplementation with FM will protect the fetal HPAA development from 

maternal endotoxin-induced programming, resulting in a cortisol response similar to the 

control offspring.  

 

2) Maternal supplementation with FM will protect fetal immune development from in 

utero infection-induced changes and result in improved immune responses in offspring 

compared to offspring born to SM mothers. 
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3) It is expected that both fetal and 6 month old offspring born to dams supplemented 

with FM and challenged with endotoxin will have increased expression of GR and MR in 

the adrenals and hippocampus. In addition, there will be a decrease in MC2R expression 

in the hippocampus comparable to the control offspring.  



	   39	  

Chapter 3: Maternal supplementation with fishmeal (FM) protects 
against late gestation endotoxin-induced fetal programming of the ovine 
hypothalamic-pituitary-adrenal axis 
 

3.1 Abstract 
 Adverse uterine environments caused by maternal stress (such as bacterial 

endotoxin) can alter programming of the fetal hypothalamic-pituitary-adrenal axis 

(HPAA) rendering offspring susceptible to various adulthood diseases. Thus, protection 

against this type of stress may be critical for ensuring offspring health. The present study 

was designed to determine if maternal supplementation with omega-3 polyunsaturated 

fatty acids (n-3 PUFAs) during pregnancy and lactation helps to protect against stress-

induced fetal programming. Briefly, 53 ewes were fed a diet supplemented with fishmeal 

(FM) or soybean meal (SM) from day 100 of gestation (gd100) through lactation. On 

gd135, half the ewes from each dietary group were challenged with either saline (as the 

control) or 1.2 µg/kg Escherichia coli lipopolysaccharide (LPS) endotoxin. The 

offspring’s cortisol response to weaning stress was assessed 50 days postpartum by 

measuring serum cortisol concentrations 0, 6 and 24 hours post-weaning. Twenty-four 

hours post-weaning, lambs were subjected to an ACTH challenge (0.5 µg/kg) and serum 

cortisol concentrations were measured 0, 0.25, 0.5, 1, and 2 hours post injection. At 5.5 

months of age, offspring were also challenged with 400 ng/kg of LPS, and serum cortisol 

concentrations were measured 0, 2, 4, and 6 hours post challenge. Interestingly, female 

offspring born to FM+LPS dams had a greater cortisol response to weaning and 

endotoxin challenge compared to the other treatments, while female offspring born to 

SM+LPS dams had a faster cortisol response to the ACTH stressor. Additionally, males 
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born to FM+LPS dams had a greater cortisol response to the ACTH challenge than the 

other treatments. Overall, FM supplementation during gestation combined with endotoxin 

challenge enhances HPAA responsiveness of the offspring into adulthood.  
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3.2 Introduction 
Adverse maternal uterine environments experienced during microbial infection 

can alter programming of the fetus, leaving it susceptible to various adulthood diseases 

(Harris and Seckl, 2011). The hypothalamic-pituitary-adrenal axis (HPAA) is especially 

susceptible to reprogramming by environmental influences such as maternal stress during 

early and late gestation. This can alter the HPAA response to stress into adulthood 

(Hawkins et al., 2000; Sloboda et al., 2002; Sloboda et al., 2007; Rakers et al., 2012). 

Maternal inflammatory stress induced by a bacterial endotoxin challenge during late 

gestation altered HPAA responsiveness of sheep offspring leaving them hyper-cortisol 

responsive to stress later in life (Fisher et al., 2010). In humans, impaired HPAA function 

can contribute to increased susceptibility to a variety of inflammatory and autoimmune 

diseases such as rheumatoid arthritis, Crohn’s disease, multiple sclerosis and allergic 

conditions (Gold et al., 2005; Silverman and Sternberg, 2008; Stasi and Orlandelli, 2008; 

Adcock et al., 2008; Silverman and Sternberg, 2012). 

A shift in westernized diets from a balanced n-3: omega-6 (n-6) PUFA ratio to a 

diet dominated by n-6 PUFAs has occurred over the past 30 years (Simopoulos, 2000). 

This shift in PUFA ratio has lead to increased incorporation of n-6 PUFAs in tissues that 

promote a pro-inflammatory environment characterized by higher concentrations of pro-

inflammatory eicosanoids, enzymes and cytokines such as prostaglandin E2 (PGE2), 

cyclo-oxygenase 2 (COX2), tumor necrosis factor alpha (TNF-α) and interleukin (IL)-1 

(Simopoulos, 2000; Calder, 2006a; Laye, 2010). Tissue enrichment with n-3 PUFAs on 

the other hand can promote an anti-inflammatory environment characterized by the 

production of anti-inflammatory cytokines, resolvins, lipoxins, and protectins (Weylandt 

and Kang, 2005; Block et al., 2012a). This unbalanced dietary n-3:n-6 PUFA ratio has 
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been associated with a number of human inflammatory disorders (Simopoulos, 2000).  

For this reason n-3 PUFAs have been used to treat and prevent many inflammatory 

diseases (Payan et al., 1986; Cleland et al., 1988; Arm et al., 1988; Stenson et al., 1992; 

Shimizu et al., 2003; Trebble et al., 2004; Mickleborough et al., 2006; Lee, 2012). 

With this in mind, the purpose of this study was to investigate whether maternal 

supplementation with fishmeal (FM) rich in n-3 PUFAs during gestation and lactation 

protects the fetal HPAA from maternal inflammatory stress induced during late gestation. 

It is hypothesized that maternal supplementation with n-3 PUFAs during pregnancy and 

lactation will protect the fetus from endotoxin-induced reprogramming of the HPAA.   

3. 3 Methodology 

3.3.1 Ewe experimental procedures: 
Fifty-three cross-bred Rideau-Arcott ewes in their second or greater parity were used in a 

randomized complete block design study. Ewes were allocated to either a diet rich in 

soybean meal (SM) providing high concentrations of n-6 PUFA (control diet), or a diet 

rich in FM providing high concentrations of n-3 PUFA beginning on day 100 of gestation 

(gd 100; gestation period of 145 days) and continuing throughout lactation; the diet 

composition and dietary fatty acids are provided in Appendix 1 tables 1 and 2. Ewes were 

housed individually and offered feed twice a day totaling 2.64 kg of feed/day during 

gestation and 3.90 kg feed/day during lactation with very little ORTs remaining when 

measured the following morning. Nutrient requirements were based on both the weight 

and age of the ewes, and were calculated using the Cornell Net Carbohydrate and Protein 

System for sheep (Cornell University, Ithaca, NY). To ensure adequate plasma PUFA 

levels were achieved in the ewe, a preliminary trial was performed and dietary PUFA 
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concentrations were shown to plateau by approximately 27 days after the introduction of 

the dietary supplement (Or-Rashid et al., 2012). The ratio of the n6:n3 in the SM diet was 

approximately 7:1, while the ratio in the FM diet was approximately 1.3:1. 

On gd 135, half the ewes from each dietary treatment group were endotoxin 

challenged with a 2 ml i.v. bolus of 1.2 µg/kg body weight of Escherichia coli 055:B5 

lipopolysaccharide (LPS) endotoxin (Sigma-Aldrich, Oakville, Ontario), while the 

remaining ewes served as controls, receiving  a 2 ml i.v. bolus of saline (CON).  The 

treatment groups are as follows SM+LPS (n=12), SM+CON (n=13), FM+LPS (n=14) or 

FM+CON (n=14). All trials were conducted in accordance with the guidelines set by the 

University of Guelph Animal Care Committee. 

3.3.2 Offspring experimental procedures: 
Eighty-nine lambs were born to the 53 ewes mentioned above; SM+LPS (n=18; 

male:female = 10:8), SM+CON (n=22; male:female = 10:12), FM+LPS (n=24; 

male:female = 14:10), and FM+CON (n=25; male:female =16:9). The mean ± SE birth 

weight for all lambs was 4.4 kg ± 0.1. All lambs were raised by their dam until weaning 

at 50 days of age, and had ad libitum access to lamb grower, hay and water. From 50 days 

of age until 5.5 months lambs continued on lamb grower and hay. Ewes were allowed to 

raise a maximum of 2 lambs each to allow adequate milk supply  (9 were raised as 

singles, while 80 were raised as twins). Lambs were weighed weekly for the first month 

of life and then once a month until 135 days of age. Jugular blood samples were collected 

in heparin BD vacutainers from 4 lambs per block at day 0, 50 and 135 days of age to 

assess total plasma fatty acid concentrations through gas-liquid chromatography 

discussed in (Or-Rashid et al., 2012). 50 days of age was chosen to assess plasma fatty 
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acid concentration at weaning. It was expected that n-3 PUFA concentrations in the 

plasma would be minimal by day 135 of age and the reason this time point was chosen. 

Study timeline is reported in Appendix 2.  

3.3.3 HPAA response to weaning in lambs  
At 50 days of age, lambs were weaned from their dam and housed randomly in a 

separate room placed in pens of 2 or 3 animals. Blood samples were collected via jugular 

venipuncture prior to weaning (T0), 6 (T6), and 24 (T24) hours post weaning. These 

blood samples were allowed to clot for approximately 1 hour, and then centrifuged for 15 

minutes at 2500 rpm. Serum was isolated and aliquots were frozen and stored at -800C 

until cortisol analysis could be performed.  

3.3.4 ACTH challenge in lambs after weaning 
Twenty-four hours post weaning, lambs were subjected to an ACTH challenge. 

All lambs were administered a 2 ml i.v. bolus of ACTH  at a dosage of 0.25 µg/kg of 

body weight dissolved in saline (Sigma, Ontario, Canada). Blood samples were collected 

0, 0.25, 0.5, 1, and 2 hours post ACTH injection, and serum was isolated and stored for 

cortisol analysis as described above.  

3.3.5 Endotoxin challenge in lambs 
 At 5.5 months of age, all lambs were administered a 2 ml bolus of bacterial 

endotoxin i.v. dissolved in saline (400 ng/kg of body weight). Blood samples were 

collected at 0, 0.25, 0.5, 1, 2, 4, and 6 hours post challenge to measure cortisol, and serum 

was isolated and stored for cortisol analysis as described above.   

3.3.6 Cortisol Analysis  
Total cortisol concentration was determined using a commercially available 

ovine-specific competitive enzyme-linked immunosorbant assay (ELISA) kit (Calbiotech, 
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Spring Valley, CA, USA). Briefly, ELISA plates were purchased pre-coated with an anti-

cortisol monoclonal antibody. Cortisol samples were prepared by diluting T0 samples 

1/10, and T2, T4, T6 samples 1/50 in 1% bovine serum albumin dissolved in PBS 

(Sigma-Aldrich, Oakville, Canada). Once prepared, 40 µl of the kit standards, positive 

and negative controls, and samples were added to the plate wells with 200 µl of cortisol 

enzyme conjugate. The plate was incubated at room temperature for 1 hour using a high-

speed shaker. Plates were washed 3 times with 300 µl of wash buffer provided in the kit. 

Tetramethylbenzidine (TMB) substrate was then added to the plate (100 µl/well) and 

incubated for 15 minutes at room temperature with high speed shaking. Stop solution was 

added at 50 µl/well to the plate to terminate the reaction, and the plate was allowed to sit 

for 10 minutes at room temperature with low speed shaking before the absorbance was 

measured at 450 nm using a Wallac Victor 3 plate reader (Perkin Elmer, Woodbridge, 

ON). Sample concentrations were determined using a standard curve generated from the 

ELISA kit standards.  Intra- and inter- plate coefficients of variation for the ELISA plates 

were 2.53% and 9.15%, respectively. 

3.3.7 Statistical Methods 
 Statistical analysis of the offspring data was carried out as described for the ewes 

by Stryker et al. (2013), with 7 blocks, 8 ewes per block and 4 ewes for each supplement. 

Two ewes from each diet within each block received endotoxin and 2 received saline in a 

2 X 2 factorial arrangement. Cortisol measurements over the 6 hours on the offspring 

from these ewes were analyzed using the mixed model procedure from SAS (version 9.2). 

The model included parturition day as a covariate, type of birth (single versus multiple 

birth; FM+CON singles = 2, multiples = 23; FM+LPS singles = 4, multiples = 20; 

SM+CON = 1, multiples = 21; SM+LPS singles = 2, multiples = 16), gender, diet, 
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treatment (LPS versus control) and time (hours after injection) plus all interactions 

among diet, treatment, gender and time as fixed effects. Blocks, mothers (within each 

block, diet and treatment) and lamb (within gender and mother) were included as random 

effects. Repeated measurements over time on each lamb were accounted for using the 

approach given by (Wang and Goonewardene, 2004). Differences in lamb cortisol 

concentrations over time and effects of diet, treatment and gender on these were assessed 

using linear and quadratic orthogonal polynomial contrasts over time and interactions of 

these with diet, treatment and gender. Significant differences over time were reported at a 

P-value < 0.05 and suggestions of trends over time were indicated by P-values ranging 

from 0.06 to 0.10. Residual plots were examined for all analyses, and showed no 

evidence of variance heterogeneity. 

3.4 Results 
 All offspring survived the study period and there were no treatment differences in 

birth weight or body weight gain over time (data not shown). There were significant 

differences in plasma concentrations for a number of fatty acids on the three sampling 

days (P < 0.05; Table 3.1), while a complete list of analyzed fatty acids is shown in 

appendix 3 table 1. At parturition, the PUFA, docosapentaenoic acid (DPA) was greater 

in the plasma of SM offspring compared to FM offspring (P < 0.05; Table 3.1).  EPA was 

greater in FM vs. SM offspring at 50 days of age, while arachidonic acid (AA) was 

greater in SM vs. FM at both 50 and 135  days of age.   

3.4.1 Weaning +ACTH challenge 
All lambs responded to both the weaning and ACTH stressors as indicated by 

significant linear and quadratic changes in the cortisol concentration trends (P < 0.05; Fig 

3.1A and B). Significant differences were observed in the two-way interaction of diet by 
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time and treatment by time contrasts as well as the three-way interaction of diet by 

treatment by time.  Linear contrasts demonstrated that offspring born to FM+LPS dams 

had the greatest cortisol trend to weaning compared to offspring from FM+CON dams (P 

< 0.05; Fig 3.1). No differences in linear or quadratic trends were observed over time in 

the cortisol response to weaning between offspring born to SM+LPS and SM+CON dams 

(P > 0.05; Fig 3.1). A linear trend over time was also observed between offspring of 

FM+LPS dams and SM+LPS dams, with the FM+LPS offspring having a greater cortisol 

trend response (P = 0.06; Fig 3.1). Gender by treatment contrast differences within diet 

group were also observed between female offspring, with females from FM+LPS dams 

having a greater cortisol trend compared to the female offspring born to FM+CON dams 

(P < 0.05; Fig 3.1A). This relationship was not observed between female offspring from 

SM+LPS and SM+CON dams. Differences across dietary treatments were also observed, 

with females from SM+LPS and FM+LPS dams demonstrating different linear trends 

over time  (P < 0.05; Fig 3.1A). There were no differences in linear or quadratic trends 

observed between male offspring treatment groups during the weaning challenge (P > 

0.05; Fig 3.1B). 

Gender differences were also observed following the ACTH challenge. However, 

unlike the weaning period, there were no differences in linear or quadratic trend contrasts 

observed among female offspring born to FM+LPS dams and females born to SM+LPS 

or FM+CON dams (P > 0.05, Fig 3.1C). There was, however, a significant difference in 

the quadratic trend detected between female offspring born to SM+LPS dams and 

SM+CON dams. The SM+LPS offspring, for example, had a different quadratic cortisol 

response compared to the SM+CON females (P < 0.05; Fig 3.1C). Additionally, male 
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offspring born to FM+LPS dams had a greater cortisol trend response over time to the 

ACTH challenge compared to the female offspring from the same treatment group (P < 

0.05; Fig 3.1D). 

There were also significant differences over time observed between male 

offspring during the ACTH challenge. Quadratic trends over time demonstrated that male 

offspring born to FM+LPS dams for example had an exacerbated cortisol response over 

time compared to male offspring born to FM+CON dams  (P < 0.05; Fig 3.1D). In 

contrast, male offspring from SM+CON dams had a greater cortisol response over time to 

ACTH compared to male offspring born to SM+LPS dams (P < 0.05). Lastly, quadratic 

trends were observed, with male offspring from FM+LPS dams having a greater cortisol 

response than male offspring from SM+LPS dams (P < 0.05).  

3.4.2 Endotoxin Challenge 
 All offspring responded to the endotoxin challenge with a significant change in 

cortisol response represented by both linear and quadratic trends over time (P < 0.05; Fig 

3.2A & B). There was a trend towards significance with greater cortisol trend over time 

for female offspring from FM+LPS dams compared to all other treatment groups (P < 

0.07; Fig 3.2A).  

3.5 Discussion 
The purpose of this study was to investigate whether there was maternal 

endotoxin induced programming of the HPAA in the offspring and whether maternal 

supplementation with FM could help to protect offspring from endotoxin-induced re-

programming of the HPAA. The endotoxin-induced stress model was used to stimulate an 

inflammatory response analogous to an acute bacterial infection that may occur during 
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late pregnancy. It was evident based on the cortisol responses from this study that 

endotoxin-induced changes in the HPAA response were present in the offspring as well 

as alterations based on the PUFA diet that dams were consuming. It should be noted there 

were no differences in the ewe’s ACTH or cortisol response to endotoxin-challenge 

across the PUFA treatment groups on gd135 of this trial. However, the ewes did 

demonstrate a difference in the fever response with FM+LPS ewes having an attenuated 

fever response compared to the SM+LPS ewes (Stryker et al., 2013).  

  Results from the present study demonstrated that female offspring born to dams 

supplemented with FM and challenged with endotoxin during late gestation had the 

greatest and quickest cortisol response to weaning stress as well as the endotoxin 

challenge compared to all other treatment groups. This was surprising as n-3 PUFAs 

reduced pro-inflammatory cytokines (such as TNF-α, IL-1 and IL-6) that can activate the 

HPAA (Calder, 2006a; Block et al., 2012b) and therefore, it was expected that offspring 

born to dams supplemented with SM and challenged with endotoxin would have the 

greatest cortisol response. The heightened response present in these female lambs may 

have been programmed for an enhanced stress response potentially improving their 

ability to cope with other types of stressors. If this is the case, it is possible that the 

HPAA is acting to quickly restore homeostasis to the perceived threats as well as 

resolving any potential inflammation (Rhen and Cidlowski, 2005; Barnes, 2011). This is 

supported by the fact that the female lambs responded quickly to the weaning stressor but 

demonstrated a similar response to the FM+CON offspring when the additional stressor 

of ACTH was administered.  
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Unfortunately there are limited studies in the literature investigating the effect of 

n-3 PUFA supplementation on the HPAA, and the studies that have been performed have 

demonstrated contradictory results (Ganga et al., 2006; Waddell et al., 2010). For 

example, an in vitro study demonstrated that incubating gilthead seabream head kidney 

cells with PUFAs (DHA, EPA or arachidonic acid [AA]) leads to an increase in the 

cortisol response following an ACTH challenge compared to the controls; however, EPA 

and DHA supplementation resulted in an earlier peaked cortisol concentration compared 

to both the control and AA treatment groups (Ganga et al., 2006). On the other hand, 

additional studies have demonstrated there is no difference in the cortisol response with 

supplementation of various PUFAs. One rodent study for example, reported no 

differences in corticosterone production in rat pups that were supplemented with n-3 

PUFAs and born to dams that received daily dexamethasone treatment from day 13 of 

gestation until parturition (Waddell et al., 2010).  

 One possible explanation for the enhanced cortisol response observed in the 

lambs from the FM+LPS dams could be alterations in the number of glucocorticoid 

receptors (GR) present in the HPAA. A recent study has shown that when DHA was 

supplemented in the diets of sedentary rats, there was a decrease in the expression of GR 

in both the hippocampus and the hypothalamus (Gomez-Pinilla and Ying, 2010). 

Decreased expression of GR in the hippocampus and hypothalamus could inhibit the 

negative feedback loop leading to an increased concentration of cortisol present in 

circulation following a perceived threat. Previous studies have also found that adverse 

uterine environments caused by under-nutrition, or restraint stress can lead to decreased 

expression of GR in the hippocampus and anterior pituitary, which is associated with an 
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increase in concentration of cortisol in circulation of the offspring (Szuran et al., 2000; 

Lingas and Matthews, 2001; Bloomfield et al., 2003). For example, male guinea pigs 

whose dams were stressed during gestation exhibited an increase in their cortisol 

response compared to controls (Kapoor et al., 2008). This enhanced cortisol response was 

thought to be associated with the decrease in GR mRNA expression in the hippocampus 

and an increase in POMC mRNA expression in the pituitary; both which would 

contribute to increased cortisol production (Kapoor et al., 2008). Similarly, GR mRNA 

levels were reduced in the pre-pubertal female guinea pig offspring that were born to 

nutrient-restricted dams or dams that were administered dexamethasone (Lingas and 

Matthews, 2001; Dean et al., 2001). However, another study found increased GR mRNA 

expression in female guinea pig fetuses following repeated administration of 

dexamethasone to their dams (Dean and Matthews, 1999). Therefore, there may also be 

differences at the gene and protein level of GRs that lead to alterations in the HPAA 

function of lambs; this warrants further study based on results from previous studies. 

 Although the impact of n-3 PUFAs on the HPAA is not fully understood, there 

has been an abundance of studies investigating the effect of n-3 PUFAs on the 

catecholamines, epinephrine (EPI) and norepinephrine (NOR) of the sympathetic adrenal 

medullary axis (SAM) (Hamazaki et al., 1999; Sawazaki et al., 1999; Hamazaki et al., 

2000; Takeuchi et al., 2003a). The ratio of EPI to NOR is increased in students 

supplemented with DHA compared to students that were not supplemented with DHA 

(Sawazaki et al., 1999). The authors suggested that the decrease in NOR may improve 

stress resistance by decreasing stress-induced aggression and hostility (Vancassel et al., 

2008). Future studies should focus on the catecholamines of the SAM axis to examine 
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whether there is a difference between offspring born to FM+LPS dams and SM+LPS 

dams. Additional studies have also demonstrated the importance of DHA on the stress 

response, as DHA deficiencies in mice negatively impacted their stress response to 

psychological and physiological threats (Takeuchi et al., 2003a). Additionally, DHA-

deficient rats spent significantly less time in an open field test following a CRH injection; 

however, when these rats were supplemented with DHA, the amount of time spent in the 

open field was greatly increased and this enhanced their stress response. Additionally, 

normal maternal behavioural attributes such as rearing, feeding and smelling were much 

lower in DHA-deficient rats compared to controls; when DHA was supplemented in the 

diet of these rats, the responses were reversed (Takeuchi et al., 2003b). The authors 

suggested that DHA might play a role in attenuating excessive stress responses, although 

the exact mechanisms are currently not known (Takeuchi et al., 2003b). This data 

supports the results from the present study, as the cortisol response of female offspring 

born to FM+LPS dams increased quickly during the weaning period and then returned to 

a concentration similar to the control group. These earlier studies taken together with the 

present study suggest that n-3 PUFAs play a role in altering the stress response. However, 

future studies need to be performed in order to assess whether an enhanced stress 

response is beneficial or detrimental to the offspring. An animal that is able to mount a 

quick stress response may be better able to survive certain situations, but an over-active 

cortisol response may be detrimental in the long term for the overall health and well-

being of the individual, particularly if they respond with an inappropriate cortisol 

response to everyday stressors.  
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There were minimal differences in PUFA in the present study between FM and 

SM offspring; EPA concentrations were greater in FM offspring at 50 days of age while 

AA concentrations were greater in SM offspring at 50 and 135 days of age. It was 

expected that there would be a greater enrichment of plasma with both n-3 and n-6 

PUFAs that would correlate with the cortisol response observed. However, since PUFA 

concentrations were not measured in other tissues it is possible that both n-6 and n-3 

PUFAs are being repartitioned into other tissues rather than the plasma at 50 days of age. 

In rats, 3-5% of AA and 3-8% of DHA is replaced in the brain on a daily basis with 

unesterfied PUFAs from the plasma (Rapoport et al., 2001).  Since PUFAs are 

incorporated into many different organs and tissues of the body, it is possible that high 

turnover rates deplete plasma concentrations following maternal supplementation. 

Additionally, n-3 PUFAs are oxidized more quickly than n-6 PUFAs; this may explain 

greater concentrations of AA in plasma for SM offspring at 135 days of age (Song et al., 

2000). Furthermore, with only slight differences in concentrations between n-3 and n-6 

PUFAs in plasma, one must question their physiological relevance to the overall stress 

and immune response. Therefore, this emphasized the need for further investigation of 

PUFA partitioning in the body. 

Interestingly, female offspring born to SM+LPS dams followed the opposite trend 

as offspring born to FM+LPS dams, demonstrating no differences in their cortisol 

response during weaning but a more rapid cortisol response during the ACTH challenge 

compared to their control counterparts. This is not surprising, as other studies have also 

demonstrated alterations in cortisol response for offspring born to maternally stressed 

dams. For example, recent studies have demonstrated that maternal stress, such as 
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repeated stress during early or late gestation, maternal endotoxin challenge, or repeated 

administration dexamethasone in  guinea pig dams, leads to a decrease in the cortisol 

response of the offspring (McCabe et al., 2001; Hodyl et al., 2007a; Kapoor and 

Matthews, 2008; Schopper et al., 2011). Additionally, guinea pig dams that were stressed 

during early development produced offspring with a lower basal cortisol concentration 

during pre-pubertal life, but higher basal cortisol levels post puberty compared to the 

control offspring (Schopper et al., 2012). Therefore, the timing of the stressor as well as 

the period of testing for the offspring needs to be considered when designing 

experiments.  

Gender differences were also observed in this trial, with female offspring born to 

FM+LPS dams having a lower cortisol response compared to their male counterparts 

following the ACTH challenge.  This was surprising, as several sheep studies found 

female offspring born to dams that were stressed during gestation having a greater 

cortisol response compared to the male offspring (Gardner et al., 2006; Chadio et al., 

2007a; Poore et al., 2010). However, the enhanced cortisol response exhibited by the 

female offspring from FM+LPS dams during the weaning stressor may account for the 

lower cortisol response during the ACTH challenge. It is postulated that the sex 

hormones may influence the cortisol response, as testosterone can inhibit the HPAA, 

while estrogen can enhance the HPAA response (Handa et al., 1994). Maternal stress 

during gestation can influence the concentrations of both testosterone and estrogen in 

their offspring. For example, (Kapoor and Matthews, 2011)), demonstrated that male 

guinea pig offspring born to prenatally stressed dams had a decrease in testosterone levels 

leading to an increase in their basal ACTH concentrations; a trend that was reversed by 
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the administration of testosterone. Studies in both rats and pigs have also demonstrated 

that male offspring may be more susceptible to maternal stress as they have a greater 

cortisol response to stress in adulthood compared to female offspring (Shanks et al., 

1994; Collier et al., 2011). However, an interesting study by (Puder et al., 2001), found 

that women who were treated with estradiol (E2) prior to endotoxin challenge had an 

attenuated ACTH and cortisol response to endotoxin. Therefore, this suggests that the 

female reproductive cycle could influence the stress response. Sheep are known to reach 

sexual maturity between 5 and 12 months of age. Therefore, the stage of reproductive 

cycle as well as the concentration of sex hormones could definitely impact the cortisol 

response of these offspring. In support of this, it has been reported that female guinea pig 

offspring have a reduced HPAA response to stressors during the estrous phase of their 

cycle (Kapoor and Matthews, 2008).  Together these studies suggest there are a number 

of factors such as the type stressor, age and species that need to be accounted for when 

assessing programming of the HPAA.    

Lastly, results from this study have also demonstrated cortisol concentration 

differences across the male treatment group during the ACTH challenge. This was 

surprising as our previous study using sheep demonstrated no difference in cortisol 

response of ram lambs born to dams challenged with endotoxin and their control 

counterparts (Fisher et al., 2010). Interestingly, the male offspring in this study also 

demonstrated differences in their cortisol response but only to the ACTH stressor, and not 

to the stress of weaning suggesting differences in programming between genders. The 

FM+LPS males followed a similar trend to their female counterparts having an increased 

cortisol response compared to FM+CON and SM+LPS males. However, there were also 
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alterations in the cortisol response of male offspring born to SM+LPS dams, 

demonstrating attenuated cortisol responses to the ACTH compared to the controls and 

males from the FM+LPS dams. This suggests that the male offspring are also susceptible 

to fetal programming but it may affect them in a different way than the female offspring. 

Overall, this study has provided insight into the effects of maternal inflammatory 

stress on the programming of the HPAA. It is apparent that maternal supplementation 

with FM alters the stress response of the offspring with both male and female offspring 

being more susceptible to endotoxin-induced programming. It is not clear whether the 

enhanced cortisol response of the offspring is beneficial for responding to stressors and 

therefore, additional studies are required to assess the mechanisms of action. 

3.6 Summary 
 The present study has provided insight into the effect of FM supplementation 

during gestation on the programming of the HPAA following maternal simulated 

bacterial infection using LPS. The enhanced cortisol response observed in the FM+LPS 

female offspring during the weaning stressor and endotoxin challenge suggests that FM 

does in fact alter the stress responsiveness. However, it still needs to be determined in 

follow-up studies whether this enhanced response is actually beneficial to the offspring. 

Gender differences were also observed in this trial with female FM+LPS having a greater 

cortisol response to endotoxin compared to their male counterparts, while the FM+LPS 

males had a greater response to ACTH. This suggests that fetal programming of the stress 

response may occur differently between genders, an observation that has been observed 

in previous studies. Taken together these results suggest that FM and SM differentially 

shape the programming of the HPAA following maternal endotoxin challenge. Future 
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studies should explore whether or not the alterations in the HPAA persist beyond 5.5 

months as well as the mechanisms of action involved as they are currently unknown.  
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Table 3.1: Plasma FA (least square means ± s.e.)  at 0, 50, and 135 days of age collected 
from lambs born to mothers supplemented with FM or SM. 

 

Differences in FA concentration is expressed as LSM FM – LSM SM.   
Significant differences are reported with P < 0.05, while trends represent P < 0.10. 
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Figure 3.1: Cortisol response of offspring during weaning and ACTH challenge. The 

figure represents weaning and ACTH challenge from female (A & C) and male (B & D) 

offspring born to dams supplemented with fishmeal (FM) or soybean meal (SM) and 

challenged with endotoxin (LPS), or administered saline (CON). Data are presented as 

least square means ± SE. 
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Figure 3.2: Cortisol concentrations for female (A) and male (B) offspring following an 

endotoxin challenge at 5.5 months of age. Offspring were born to dams supplemented 

with fishmeal (FM) and challenged with endotoxin (FM+LPS) or administered saline 

(FM+CON), or dams supplemented with soybean meal (SM) and challenged with 

endotoxin (SM+LPS) or administered saline (SM+CON). Data are presented as least 

square means ± SE.  
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Chapter 4: Fishmeal supplementation during ovine pregnancy and 
lactation protects against maternal stress-induced programming of the 
offspring immune system 
 

4.1 Abstract:  
The increase in omega-6 polyunsaturated fatty acids (n-6 PUFAs) in the westernized diet 

is thought to contribute to the increase in inflammatory conditions such as atopic disease. 

Additionally, prenatally stressed offspring also exhibit increased susceptibility to 

inflammatory disorders due to in utero programming. Research into the effects of n-3 

PUFAs shows promising results for the treatment and prevention of these disorders. 

Therefore, the purpose of this study was to investigate whether maternal fishmeal 

supplementation during pregnancy protects against programming of the offspring’s 

immune response following simulated maternal infection. In order to accomplish this, 53 

ewes were fed a diet supplemented with fishmeal (FM; rich in n-3 PUFAs) or soybean 

meal (SM; rich in n-6 PUFAs) from day 100 of gestation (gd 100) through lactation. On 

gd 135, half the ewes from each dietary group were challenged with either 1.2 µg/kg 

Escherichia coli lipopolysaccharide (LPS) endotoxin to simulate a bacterial infection, or 

saline as the control. At 4.5 months of age, the offspring’s dermal immune response was 

assessed by cutaneous hypersensitivity testing. Briefly, lambs were sensitized and 

boostered i.m.10 days later with ovalbumin (OVA) and candida albicans (CAA). 

Twenty-one days after sensitization, the lambs underwent a cutaneous hypersensitivity 

test with OVA and CAA. Skinfold measurements were taken 0, 1, 2, 4, 6, 24, 48, and 72 

post skin challenge. Serum blood samples were also collected on day 0, 10 and 21 to 

assess the primary and secondary antibody immune response by ELISA. Offspring born 

to SM+LPS dams had a greater change in skinfold thickness in response to both antigens 
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as well as a greater secondary antibody response to OVA compared to all treatments. 

Gender differences were also observed in this trial. Results from this study suggest that 

FM may provide protection against fetal programming that may occur during maternal 

infection.
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4.2 Introduction 

Adverse uterine environments caused by maternal stress and infection can alter 

the planned programming of various tissues, organs and systems of the fetus.  When the 

programming of these systems does not match the ex utero environment, the offspring 

become more susceptible to inflammatory diseases such as atopy, cardiovascular disease 

and type II diabetes throughout life (Banjanin et al., 2004; Ornoy, 2011; Portha et al., 

2011a; de Marco et al., 2012; Entringer et al., 2012; Brew et al., 2012; Duijts, 2012; 

Mizuno et al., 2013; King et al., 2013; Collier et al., 2013a). This hypothesis has recently 

become one of the main focuses in atopic disorder research.  

With the increase in atopic disorders, such as asthma, food allergies and atopic 

dermatitis in the Westernized population, it is speculated that genetic predisposition itself 

cannot be solely responsible, and focus is being placed on in utero events and 

environmental factors that may be playing a contributing role (Nafstad et al., 2000; 

Warner and Warner, 2000; Knackstedt et al., 2005a). Prenatal stress and the associated 

rise in glucocorticoids (GCs) may be a factor contributing to the susceptibility to atopic 

diseases by altering the programming of both the immune system and hypothalamic-

pituitary-adrenal axis (HPAA) (Wright, 2007). For example, alterations in the HPAA 

through fetal programming increased the occurrence of respiratory, and skin diseases 

(Cookson et al., 2009; Priftis et al., 2009; Buske-Kirschbaum et al., 2010). These 

alterations in HPAA programming may be responsible for the typical increase in T helper 

type 2 (Th2) lymphocytes as well as the associated cytokines and chemokines observed in 

individuals who were prenatally stressed and those with atopic disease (Agarwal and 

Marshall, 1998; Coe et al., 2002). During normal pregnancy, the dominant immune 
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response is of Th2 origin and this helps to facilitate maternal tolerance for the fetus. 

Shortly after parturition, the balance between Th2:Th1 is restored. However, in prenatally 

stressed individuals, this shift may be delayed, increasing susceptibility to atopic diseases 

(Knackstedt et al., 2005a). 

Recent studies suggest that supplementation with omega-3 polyunsaturated fatty 

acids (n-3 PUFAs) may help to alleviate atopic disorders during both childhood and 

adulthood (Foolad et al., 2013; Romero et al., 2013; Pilkington et al., 2013). n-3 PUFAs 

can alter T lymphocyte gene expression profiles by suppressing their differentiation. 

Their function is also inhibited due to decreased concentrations of cytokines, chemokines 

and immunoglobulins associated with these responses (Heinzmann et al., 2000; Mizota et 

al., 2009; Furuhjelm et al., 2009; Shek et al., 2012). However, it appears that the timing, 

type and dosage of n-3 PUFAs supplementation may be crucial in the treatment of atopic 

disease, as various studies have found no beneficial effects with supplementation (D'Vaz 

et al., 2012; Palmer et al., 2013). 

Therefore, the purpose of this study was to investigate whether maternal fishmeal 

(FM) supplementation rich in n-3 PUFAs can protect the offspring’s immune system 

from simulated maternal infection. It is hypothesized that maternal supplementation with 

n-3 PUFAs will protect the offspring from maternal endotoxin challenge and will 

decrease the dermal immune response and antibody-specific response to novel antigens. 

In order to test this objective, a sheep model will be used. Although rodent models have 

been used in this type of research, sheep may be a more suitable model for humans as 

they have similar gestation length, their offspring are a similar size at birth, and their 

brain development occurs during fetal development.  
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4.3 Methods 

4.3.1 Ewe Parameters and Experimental Procedures: 
Fifty-three cross-bred Rideau-Arcott ewes in their second or greater parity were 

used in a randomized block design.  Beginning on day 100 of gestation (gd 100; gestation 

period ~145 days) ewes were allocated to a diet rich in either soybean meal (SM; high in 

n-6 PUFAs) or fishmeal (FM; high in n-3 PUFAs) and continued on their respective diets 

through 50 days of lactation. Ewes were offered feed twice a day for a total amount of 

2.64 kg of feed/day during gestation and 3.90 kg of feed/day during lactation. Nutrient 

requirements were based on both the weight and age of the ewes and were calculated 

from the Cornell Net Carbohydrate and Protein System for sheep (Cornell University, 

Ithaca, NY). Data from a preliminary trial demonstrated that dietary PUFA 

concentrations plateau approximately 27 days after the introduction of the dietary 

supplement (Or-Rashid et al., 2012). The ratio of n-6:n-3 PUFAs in the SM diet was 

approximately 7:1, while the ratio in the FM diet was approximately 1.3:1. Detailed 

dietary composition tables can be found in appendix tables 1 and 2.  

On gd 135, half of each the ewes from dietary treatment group were endotoxin 

challenged with a 2 ml i.v bolus of 1.2 µg/kg body weight of lipopolysaccharide (LPS) 

from Escherichia coli 055:B5 (Sigma-Aldrich, Oakville, Ontario) dissolved in saline, or 

administered a 2 ml bolus of saline for a control (CON).  The treatment groups and 

animal numbers are as follows SM+LPS (n=12), SM+CON (n=13), FM+LPS (n=14) or 

FM+CON (n=14). All block trials were conducted under the guidelines set out by the 

University of Guelph Animal Care Committee in accordance with the Canadian Council 

of Animal Care. 
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4.3.2 Lamb Parameters and Experimental Procedures: 
Eighty-nine lambs were born from the 53 ewes [(SM+LPS (n=19); SM+CON (n= 

21); FM+LPS (n= 24); FM+CON (n= 25)].  In order to ensure adequate milk supply to 

the lambs, ewes were allowed to raise a maximum of 2 lambs that remained with their 

dam until 50 days of age. All lambs were fed the same diet of lamb grower and hay ad 

libitum. Lambs were weighed weekly from for the first month of life and then once a 

month until 135 days of age. Study timeline reported in Appendix 2. 

At 4.5 months of age, all lambs were antigen sensitized with two 1 ml i.m. 

injections containing of 0.5 mg/ml of ovalbumin (OVA; Sigma-Aldrich, Oakville, 

Ontario) or 0.5 mg/ml of candida albicans (CAA; Greer Laboratories Inc., Lenoir, North 

Carolina) dissolved in 0.5 mg/ml Quil-A adjuvant and saline. Ten days following 

sensitization, lambs received a booster of the same concentration of OVA and CAA. On 

day 21 post sensitization, lambs underwent i.d. cutaneous hypersensitivity testing on both 

sides of the neck using OVA and CAA at a concentration of 100 µg/50 µl saline, as well 

as saline as a control site. Skinfold measurements were performed using Harpenden 

Skinfold Calipers (Creative Health Products, Ann Arbor, Michigan) at 0, 1, 2, 4, 6, 24, 

48, and 72 hours post challenge.  

4.3.3 Blood Sampling and IgG ELISA 
Blood samples were collected on day 0, 10, and 21 days post sensitization to 

assess the primary and secondary immunoglobulin G (IgG) antibody-mediated immune 

response to OVA. Serum blood samples were collected via jugular venipuncture using 10 

ml clot-activated serum vacutainers and allowed to clot for 30 minutes at room 

temperature prior to centrifugation at 2500 rpm for 15 minutes. Serum aliquots were 

stored at -80oC until IgG specific OVA antibodies were analyzed.  
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 The OVA specific IgG antibody response was measured using an indirect 

enzyme-linked immunosorbent assay (ELISA). Plates were coated with 1.4 mg/ml OVA 

dissolved in carbonate coating buffer and stored at 4oC for 48 hours. Plates were then 

washed five times with 200 µl of phosphate buffered saline (PBS) + 0.05% tween 20. 

Blocking solution (ELISA ultrablock, Serotec, Raleigh, NC) was added to the plate at 

200 µl per well and incubated for 1 hour at room temperature. Plates were again washed 

five times and serum samples and reference standard curve samples were added to wells 

at 100 µl/well and incubated for 2 hours. Serum was diluted as follows, day 0 samples 

were diluted 1/50, day 10 diluted 1/500 and day 21 diluted 1/4000. The plates were again 

washed 5 times with 200 µl PBS + 0.05% tween 20. Conjugate rabbit-anti-sheep IgG 

antibody was then added to the plates at a dilution of 1/4000 and then incubated at room 

temperature for 1 hour. The plates were then washed with 5 times with 200 µl PBS + 

0.05% tween 20. Alkaline phosphatase yellow liquid substrate system (Sigma-Aldrich, 

Oakville, ON) was then added to the wells at 80 µl and incubated for 30 minutes. The 

plate absorbance was read on Victor Wallac Plate Reader at a wavelength of 405nm. 

Intra- and inter- plate coefficients of variation for the ELISA plates were 1.48% and 

5.24% respectively. 

4.3.4 Statistical Analysis  
 Statistical analysis of the offspring data was carried out as described for the ewes 

by Stryker et al. (2013), with 7 blocks, 8 ewes per block and 4 ewes for each supplement. 

Two ewes from each diet within each block received endotoxin and 2 received saline in a 

2 X 2 factorial arrangement. The model included parturition day as a covariate, type of 

birth (single versus multiple birth; FM+CON singles = 2, multiples = 23; FM+LPS 
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singles = 4, multiples = 20; SM+CON = 1, multiples = 21; SM+LPS singles = 2, 

multiples = 16), gender, diet, treatment (LPS versus control) and time (hours after 

injection) plus all interactions among diet, treatment, gender and time as fixed effects. 

Blocks, mothers (within each block, diet and treatment) and lamb (within gender and 

mother) were included as random effects. Repeated measurements over time on each 

lamb were accounted for using the approach given by Wang and Goonewardene (Wang 

and Goonewardene, 2004). Differences in lamb skinfold thickness and IgG 

concentrations over time and effects of diet, treatment and gender on these were assessed 

using linear and quadratic orthogonal polynomial contrasts over time and interactions of 

these with diet, treatment and gender. Measurements of OVA and CAA skinfold 

thickness were performed on a log scale and measurements at 1, 2, 4, 6, 24, 48, 72 hours 

were expressed as differences from time 0 measurements as detailed in You et al. (2008). 

Significant differences over time were reported at a P-value < 0.05 and suggestions of 

trends over time were indicated by P-values ranging from 0.05 to 0.10. Residual plots 

were examined for all analyses, and showed no evidence of variance heterogeneity. 

4.4 Results  
 All lambs survived this study with no treatment differences in body weight. There 

was also no difference in plasma EPA or DHA concentrations between treatment groups 

at 4.5 months of age (P > 0.05), however, there were still differences in AA 

concentrations between dietary treatment groups (P <0.05; Table 3.1). 

4.4.1 Dermal Hypersensitivity Response to OVA and CAA Antigens  
All lambs responded to both OVA and CAA dermal hypersensitivity challenge 

with an increase in skinfold thickness represented by both linear and quadratic trends 

over time (P < 0.05; Figure 4.1).  The offspring born to SM+LPS dams demonstrated the 
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greatest increase in skinfold thickness trend to both OVA and CAA antigens over time 

compared to SM+CON as well as both FM treatment groups (FM+LPS, FM+CON; P < 

0.05; Fig 4.1). There was no difference in contrast for skinfold thickness trend over time 

to either OVA or CAA between FM treatment groups (FM+LPS, FM+CON; P > 0.05; 

Fig 4.1).  There was also a three-way interaction of diet by treatment by quadratic time 

between the FM+LPS lambs and the SM+LPS lambs to the CAA antigen (P < 0.05; Fig 

4.1B&D). This was not the case following OVA challenge but interactions of diet by 

quadratic time and treatment by quadratic time trends were present (P < 0.05; Fig 

4.1A&C). Therefore, quadratic time trends differed between dietary groups but also 

between treatment groups. 

 Linear and quadratic gender difference trends were also observed following both 

CAA and OVA dermal sensitivity challenge. The diet by treatment by gender contrast 

demonstrated an increase in skinfold thickness trends, which was greater in female and 

male offspring born to SM+LPS dams as compared to all other treatment groups within 

the same gender (P < 0.05; Figure 4.1). There was also a significant difference in the 

trends over time with female and male FM+LPS lambs having a greater skinfold 

thickness to CAA challenge compared to the FM+CON lambs of the same gender (P < 

0.05; Figure 4.1). This trend was not present at the OVA test site over time in the FM 

offspring. A gender difference trend was observed between female and male offspring 

born to SM+LPS dams over time during both the OVA and CAA challenge. Quadratic 

trends demonstrated that SM+LPS male offspring had a greater skin fold thickness 

response over time to OVA compared to female offspring, while the converse was 

observed at the CAA test site with SM+LPS female offspring having a greater skin 
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thickness response compared to the SM+LPS males (P < 0.05; Figure 4.1). There were no 

differences over time observed between male and female offspring born to FM+LPS or 

FM+CON dams (P > 0.05). 

4.4.2 Serum OVA-Specific IgG Response 
 There was an increase in OVA IgG concentrations over time across all treatment 

groups demonstrating that the inoculation protocol worked to induce both a primary and 

secondary IgG immune response (P < 0.05; Figure 4.2). Offspring from SM+LPS dams 

had an increased OVA- specific IgG response during both the primary (d 10) and 

secondary (d 21) immune response compared to all other treatment groups (P < 0.05). 

Unlike the SM treatment groups, a difference was not observed between offspring born to 

FM+LPS or FM+CON dams. 

 Gender differences were only observed for the secondary IgG immune response. 

Female offspring from SM+LPS dams had a greater secondary IgG response compared to 

their male counterparts (P < 0.05; Figure 4.2). This trend was not observed in any of the 

other treatment groups. Additionally, SM+LPS female offspring had a greater 

concentration of OVA-specific IgG antibodies compared to the female offspring born to 

both SM+CON and FM+LPS dams. This response was not observed between male 

offspring. However, SM+LPS males tended to have a greater IgG response following the 

primary immune response (P < 0.10).  

4.5 Discussion 
 Maternal infection during pregnancy can increase the offspring’s susceptibility to 

atopic disease (Collier et al., 2013b). Recent studies have shown that n-3 PUFA 

supplementation may provide protection from atopic disease because of its 
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immunomodulatory properties. This study investigated whether maternal 

supplementation with FM could protect the offspring’s immune system from maternal 

stress caused by a simulated bacterial infection using endotoxin. The immune response 

was assessed by cutaneous hypersensitivity tests to novel antigens OVA and CAA, as 

well as the IgG response to OVA. All offspring responded to both antigens with an 

increase in skinfold thickness, and a primary and secondary response to the OVA antigen. 

As expected, offspring born to dams supplemented with SM and challenged with 

endotoxin had the greatest secondary antibody response to OVA antigen as well as the 

greatest increase in skinfold thickness to both OVA and CAA compared to all other 

treatment groups. Other studies have demonstrated alterations in both the dermal 

hypersensitivity response and Ab-mediated response but this was during n-3 PUFA 

supplementation. One study showed that fish oil supplemented cats had a significantly 

lower skinfold thickness response to an intradermal injection of histamine compared to 

the control group (Park et al., 2011). While another study demonstrated a decrease in both 

the delayed type hypersensitivity response and antibody response when neonatal rats 

were supplemented with n-3 PUFAs through milk (Korotkova et al., 2004). Lauritzen et 

al. (2011) demonstrated that fish oil supplementation to mouse dams decreased their 

offspring’s IgG1 antibody response to OVA compared to dams consuming an n-3 PUFA 

deficient diet or linseed oil diet (high in ALA) (Lauritzen et al., 2011). The IgE antibody 

response to OVA decreased following supplementation with fish oil in mice (de Matos et 

al., 2012). Additionally, many studies examining atopic dermatitis and allergies in 

humans have also showed improvements in the disorder following supplementation with 

n-3 PUFAs (Dunstan et al., 2003; Warstedt et al., 2009; Palmer et al., 2013). Therefore, it 
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appears that n-3 PUFA supplementation may improve atopic disease; however, further 

research is required to determine the proper dietary inclusion level as well as timing of 

treatment, as multiple studies that have demonstrated no differences or even increases in 

both the skinfold thickness and the Ab response with n-3 PUFA supplementation 

(Bazinet et al., 2004; Vineyard et al., 2010). 

 In contrast to the above-mentioned studies, this is the first study to investigate 

whether FM supplementation during gestation can protect the offspring from 

programming following simulated maternal infection. This study is different from others 

as supplementation with n-3 PUFAs occurred during gestation and the n-3 PUFA 

concentration did not differ greatly among offspring at 135 days of age when challenged 

with OVA and CAA.  n-3 PUFA EPA enrichment was observed at 50 days of age with 

greater concentrations of EPA in the plasma of offspring from FM supplemented dams 

demonstrating that maternal supplementation does in fact cause enrichment in the lambs. 

However, these differences were small and warrant further investigation into PUFA 

partitioning in the body to assess whether greater enrichment occurred in other tissues or 

organs. Nonetheless this suggests that n-3 PUFA supplementation during pregnancy 

could help to reduce the risk of atopic disease later in life as well as reducing the risk of 

infection-induced programming.  

Many studies have also reported changes in the ratio of the Th1:Th2 lymphocytes 

and associated mediators in the development of atopic disease; it has been suggested that 

n-3 PUFAs may be acting in a way to restore the balance.  For example, various animal 

models have demonstrated that supplementation with EPA and DHA reduce lymphocyte 

proliferation, IL-2 receptor expression and the production of a variety of pro-
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inflammatory and immune steering cytokines (TNF-alpha, IL-1, IL-2, IL-6 and IFNγ) in 

favour of a Th1 response (Stulnig, 2003; Liu et al., 2003; Johansson et al., 2010). 

Maternal supplementation with n-3 PUFAs may reverse the skewed Th2 response as they 

can promote a Th1 population with an increase in IL-2 and IFNγ  (Gottrand, 2008; 

Furuhjelm et al., 2009). Additionally, (Furuhjelm et al., 2011), found that n-3 PUFA 

supplementation of mothers’ diets can decrease the incidence of eczema and food allergy 

in their children due to reduced ratio of CCL17/CXCL11 chemokines, shifting the 

immune response from a dominate Th2 response to a more balanced one (Furuhjelm et 

al., 2009). This shift could explain the differences observed in the skinfold thickness 

response and Ab-response to OVA in the current study. However, it does not explain why 

a similar decrease was observed in the skinfold thickness response to the CAA antigen, 

which would have been expected to be increased if the Th2:Th1 ratio was altered; 

therefore, this suggests that a different mechanism may be at work. 

Recently, T regulatory cells (Tregs) have been shown to play a role in the 

reduction of atopic disease. Tregs are found in lymph nodes, spleen, and peripheral blood, 

helping to maintain tolerance against allergens (Han et al., 2012). Tregs act to suppress 

the proliferation of Th1 and Th2 lymphocytes as well as their function; they depend on 

cytokines IL-10 and TGF-β for this to happen (Robinson, 2005; Han et al., 2012). It was 

previously suggested that pregnancy hormones supported a Th2 dominant immune 

profile; however, new evidence suggests that Tregs induce maternal tolerance to the fetus 

and help to maintain a successful pregnancy (Saito et al., 2010). Maternal stress can 

reduce the number of Tregs at the maternal-fetal interface and this may influence 

programming of the fetal immune system to one that is less tolerant to novel antigens 
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(Knackstedt et al., 2005b; Prescott and Clifton, 2009; Chau, 2013). Interestingly, 

supplementation with both DHA and EPA increases the expression of IL-10 and TGF-β 

as well as Foxp3, a transcription factor required for the production and function of Tregs 

(Yessoufou et al., 2009). With this in mind it is speculated that n-3 PUFAs suppress the 

Th1 and Th2 response by up-regulating Tregs and Treg mediators. Therefore, it is not 

surprising that animal models have shown an increased presence of FoxP3+ T regs in 

various tissues following supplementation with n-3 PUFAs and antigen sensitization (van 

Esch et al., 2011; Han et al., 2012; van den Elsen et al., 2013). This may also explain the 

observed hypersensitivity and Ab suppression in FM+LPS offspring from the present 

study and not the SM+LPS offspring to both OVA and CAA antigens, although further 

research is needed to validate this hypothesis. Therefore, it seems plausible to suggest 

that Tregs may play a role in reducing atopic disease by suppressing not only the Th2 

response, but also the Th1 response.  

 Gender differences were also observed in this study between male and female 

offspring born to SM+LPS dams. To our knowledge this is the first study to investigate 

the gender effects of offspring born to dams supplemented with PUFAs and challenged 

with endotoxin.  Male offspring had a greater skin fold measurement to the OVA antigen 

compared to female offspring while the reverse was true for the CAA antigen. However, 

female offspring still had a greater IgG response to OVA antigen compared to their male 

counterparts. There was no difference in the IgG response to OVA antigen between FM 

treatment groups. This is not surprising, as females have typically demonstrated greater 

antibody responses to allergens and vaccines (Seymour et al., 2002; Melgert et al., 2005; 

Dominguez et al., 2006). Allergic sensitization increases when female mice are exposed 
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to environmental tobacco smoke; sensitization with OVA increases serum concentrations 

of OVA specific IgG1 and IgE and Th2 cytokines in comparison to males (Seymour et 

al., 2002; Melgert et al., 2005). Progesterone may be a factor leading to the gender 

differences observed in atopic disease. Ovariectomized mice implanted with progesterone 

will have significantly higher serum IgE concentrations when exposed to house dust mite 

allergen compared to mice that were not implanted with progesterone (Mitchell and 

Gershwin, 2007). This suggests that females are already at an increased risk of 

developing allergic disease; however, their risk may be exacerbated depending on the 

environment or in the case of this study, the in utero environment. Although females in 

this study had the greatest increase in OVA specific IgG versus males, one cannot 

conclude that males were not also susceptible to this type of programming. The male 

offspring born to SM+LPS dams also demonstrated great differences in the skinfold 

measurements to both antigens. In fact, some studies have shown that boys between the 

ages of 2 and 4 years mounted a greater IgE response compared to females to common 

allergens (Sears et al., 1993; Johnson et al., 1998). However, the timing and type of 

stressor as well as species differences may need to be taken into account when using 

animal models. Based on the results of this study, however, maternal supplementation 

with FM helps to counteract the in utero programming of maternal infection and the 

offspring’s hypersensitivity response later in life regardless of gender. 

 Overall this study has provided insight into the potential benefits of 

supplementing maternal diets with FM to reduce the risk of atopy. FM supplementation 

to dams provides a protective effect from maternal endotoxin challenge during late 

gestation as indicated by the decrease in offspring change in skinfold thickness in 
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response to OVA and CAA as well as a decreased IgG response to OVA. Based on these 

results, it appears that maternal n-3 PUFA supplementation may be a preventative 

strategy against the development of atopic disorders in children. However, additional 

studies are required to assess the immune and epigenetic mechanisms involved in this 

protective effect. 

4.6 Summary 
 This study has demonstrated that when FM is supplemented during gestation, it 

protects the offspring’s immune system from programming following maternal simulated 

infection. Results from this study indicated that offspring born to FM+LPS dams had 

similar skinfold thicknesses and IgG concentrations to OVA as their control counterparts 

and only slightly higher skinfold thicknesses to CAA. These results are in accordance 

with other studies that found a decrease in the dermal hypersensitivity response following 

n-3 PUFA supplementation. However, it appears that maternal supplementation may be 

just as effective in reducing the dermal reaction to novel antigens as direct 

supplementation. These results seem promising for reducing the incidence of atopy in all 

stages of life, as n-3 PUFAs were no longer present in the plasma of the offspring during 

this challenge and a protective effect was still observed. Future studies should investigate 

the mechanisms behind the protective effect of maternal FM supplementation during 

gestation and lactation so that strategies can be developed for the prevention of atopic 

disorders. 
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Figure 4.1: Offspring change in skinfold thickness following cutaneous hypersensitivity 

test with ovalbumin (OVA) and Candida Albicans (CAA). This figure depicts offspring 

born to dams supplemented with fishmeal and challenged with endotoxin (FM+LPS) or 

administered saline saline (FM+CON) or offspring born to dams supplemented with 

soybean meal and challenged with endotoxin (SM+LPS) or administered saline 

(SM+CON). Data is reported as least squared means ± SE.
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Figure 4.2: Offspring change in OVA specific IgG response during the primary (day 10) 

and secondary (day 21) immune response. This figure depicts offspring born to dams 

supplemented with fishmeal and challenged with saline (FM+CON) or endotoxin 

(FM+LPS), or offspring born to dams supplemented with soybean meal and challenged 

with saline (SM+CON) or endotoxin (SM+LPS). Data is reported as least squared means 

± SE.  



	   79	  

Chapter 5: Hippocampal GR and MR, adrenal MC2R and GR mRNA 
expression in offspring born to dams supplemented with fishmeal and 
challenged with endotoxin 
 

5.1 Abstract 
Maternal endotoxin challenge during gestation can alter programming of the 

offspring’s hypothalamic-pituitary-adrenal axis (HPAA) into adulthood. Recently, n-3 

PUFAs have been shown to provide an enhanced cortisol response to this type of 

programming although the mechanisms of action are not yet understood. Therefore, the 

purpose of this study was to assess changes in gene expression in the HPAA of offspring 

born to dams supplemented with fishmeal (FM) and challenged with endotoxin to 

simulate a bacterial infection. In order to accomplish this objective, ewes were 

supplemented with FM (rich in n-3 PUFAs) or SM (control, rich in n-6 PUFAs) from 100 

days of gestation (gd). Two separate trials were performed to investigate gene expression 

during fetal development and in 6-month (6 m) old offspring. In the fetal trial, half the 

ewes were administered 1.2 µg/kg of endotoxin on gd 131 and gd 132 to simulate a 

bacterial infection. Twenty-four hours post-challenge, the ewes were slaughtered and 

fetal hippocampal and adrenal tissues were collected. In the second trial, ewes were 

administered endotoxin at gd135 and underwent natural birth. Offspring were raised to 6 

months of age and slaughtered to obtain hippocampal and adrenal tissue. RNA was 

isolated from the tissues and reversed transcribed to cDNA for mRNA expression 

detection. Real-time PCR was performed to assess the expression of the glucocorticoid 

receptor (GR) and mineralocorticoid receptor (MR) of the hippocampus and melanocortin 

2 receptor (MC2R) and GR of the adrenal gland. Fetal MC2R expression tended to be 

greater in FM vs. SM treatment. The FM+CON offspring had the greatest expression of 
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both GR and MR within the hippocampus, while FM+LPS offspring had higher GR 

expression compared to SM+LPS offspring. However, the reverse was true with MR 

expression. Overall this study demonstrated that hippocampal GR and MR expression is 

susceptible to programming. Future studies may want to examine whole genome 

expression profiles in these tissues to better understand gene pathways.
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5.2 Introduction 

 Adverse uterine environments such as those caused by maternal stress can alter 

the programming of the offspring. This programming may prime the offspring for the 

environment in which it is to live. However, when in utero and ex utero environments do 

not match, problems can arise leaving the offspring susceptible to a variety of 

inflammatory diseases. The hypothalamic-pituitary-adrenal axis (HPAA) is one system 

that is quite susceptible to maternal stress-induced fetal programming, altering the stress 

responsiveness of the offspring into adulthood (Bloomfield et al., 2003; Fisher et al., 

2010).   

 Bacterial endotoxin challenges have been used to mimic a bacterial infection 

during pregnancy and have contributed greatly to the understanding of fetal programming 

of the HPAA (Chapters 3 and 4). Administration of endotoxin induces a typical sickness 

response characterized by a fever, increased cortisol response, anorexia and lethargy. 

This response leads to an increase in maternal glucocorticoids in circulation, which may 

program the stress and responsiveness of the offspring for life (Reul et al., 1994; Boisse 

et al., 2004; Spencer et al., 2006; Hodyl et al., 2007b; Fisher et al., 2010; French et al., 

2013). However, the response depends on the species and gender as well as the type of 

follow-up stressor used.  

 There is great interest in understanding the mechanisms of action behind the 

alterations in the stress response and much focus has been placed on the glucocorticoid 

and mineralcorticoid receptors (GR & MR) of the HPAA axis because of their 

involvement in the down-regulation of the stress response through the negative feedback 
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loop. Alterations in these components have been reported in rodent offspring born to 

endotoxin-challenged dams (Lin et al., 2012). 

 Previous studies from our lab discussed in Chapter 3 have demonstrated that 

maternal supplementation with fishmeal (FM; rich in n-3 PUFAs) and endotoxin 

challenge altered the cortisol response of the offspring at various stages of life. Therefore, 

the purpose of this study was to investigate whether there are alterations in hippocampal 

GR and MR as well as adrenal GR and MC2R expression (the ACTH-R) in both the fetus 

or 6 m old offspring born to dams supplemented with FM and challenged with endotoxin 

to simulate a bacterial infection during gestation. Since there was an increased cortisol 

response reported in the FM+LPS offspring evaluated in Chapter 3, it seemed logical to 

investigate the hippocampal MR and GR genes involved in the negative feedback loop.  

Adrenal MC2R and GR were used to assess the cortisol responsiveness.  It is 

hypothesized that offspring born to FM+LPS dams will demonstrate a reduction in 

hippocampal GR and MR as well as adrenal GR and MC2R mRNA expression due to the 

enhanced cortisol response observed in Chapter 3. 

5.3 Methods 
Experimental procedures were approved by the Animal Care Committee of the University 

of Guelph in accordance with the Canadian Council for Animal Care.  

5.3.1 Fetal Tissue Collection Trial 
 Twenty-four cross-bred Rideau-Arcott ewes were used in a randomized complete 

block design. On day 100 of gestation (gd 100), ewes were allocated to a control diet 

containing 4% soybean meal (dry matter basis) (SM; rich in n-6 PUFAs; n=12) or a diet 

containing 4% fishmeal (dry matter basis) (FM; rich in n-3 PUFAs; n=12). Similar to the 
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ewes in previous chapters, ewes were fed twice a day for a total amount of 2.64 kg of 

feed/day during gestation. Nutrient requirements were based on both the weight and age 

of the ewes and were calculated from the Cornell Net Carbohydrate and Protein System 

for sheep (Cornell University, Ithaca, NY). Detailed dietary composition tables can be 

found in Appendix 1.  

 On gd 131 and 132, half the ewes from each dietary group were subjected to an 

endotoxin challenge with a 2 ml i.v. bolus of 1.2 µg/kg body weight of 

lipopolysacchardie (LPS) from Escherichia coli 055:B5 (Sigma-Aldrich, Oakville, 

Ontario) dissolved in saline, or a 2 ml bolus of saline for control (CON).  

 Twenty-four hours following the endotoxin challenge, ewes were slaughtered at 

the University of Guelph meat abattoir. The placenta and fetal lambs (FM+CON n=8, 

FM+LPS n=10, SM+CON n=8, SM+LPS n=9) were obtained from the abattoir; the 

hippocampus and adrenal gland was isolated and snap frozen in liquid nitrogen. The 

tissues were stored in the -80oC freezer until analysis could be performed. 

5.3.2 Six month old Offspring Tissue Collection Trial  
 Ewes were treated as discussed in the fetal tissue collection trial; however, the 

endotoxin challenge was performed on gd 135. The ewes raised their lambs until 50 days 

of age at which point they were weaned. At 6 months of age, female lambs (FM+CON 

n=5, FM+LPS n=7, SM+CON n=7, SM+LPS n=5) were transported to the University of 

Guelph meat abattoir where they were slaughtered using captive bolt and exsanguination. 

Adrenal and hippocampal tissues were collected and snap frozen in liquid nitrogen. All 

samples were stored in the -80oC freezer until analysis could be performed.  
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5.3.3 RNA extraction and reverse transcription 
 Total RNA was extracted using the TRIzol method (Invitrogen, Burlington, 

Ontario). Briefly, 1 ml of TRIzol was added to 50-100 mg of adrenal or hippocampus 

tissue. Tissue was homogenized using a pestle and incubated at room temperature for 5 

min to allow dissociation of the nucleoprotein complex. Chloroform was then added at 

200 µl and the tube was shaken for 15 sec prior to incubation at room temperature for 5 

min. The sample was then centrifuged at 12,000 x g for 15 min at 4oC. The aqueous 

phase containing the RNA was removed and added to a new microcentrifuge tube. 500 µl 

of iso-propanol was then added to the aqueous phase and incubated at room temperature 

for 10 min followed by centrifugation for 10 min at 4oC. All supernatant was then 

removed from the tube leaving the RNA pellet. The pellet was then washed with 1 ml of 

75% ethanol. The sample was vortexed to ensure the pellet was floating and then 

centrifuged at 4oC. This procedure was repeated twice. Following the second wash, the 

pellet was allowed to air dry for approximately 10 min. The pellet was then re-suspended 

in DEPC water (40 µl for the hippocampus and 50 µl for the adrenal) and incubated on a 

heat block at 57oC for 10 min. RNA quality was assessed using the nanodrop. Samples 

were then stored at -80oC until cDNA reverse transcription could be performed.  

 RNA was reverse transcribed to cDNA using SuperScript III reverse transcriptase 

(Invitrogen, Burlington, Ontario). 1 µl of oligo(DT)12-18 primer, 1 µl of 10nM dNTP mix, 

10 µl of DECP water, and 1 µl of 1µg/µl RNA were combined in a 0.2 ml tube and 

incubated at 65oC for 5 min. The samples were then immediately put on ice for 1 min. 

The following was then added to each sample: 4 µl 10xRT buffer, 1 µl DTT, 1 µl DEPC 

water, and 1 µl of reverse transcriptase; the samples were then incubated at 50oC for 45 
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min. The reaction was then terminated by increasing the temperature to 70oC for 15 min. 

The samples were then moved and put in the -20oC freezer until further analysis could be 

performed. 

5.3.4 Real-time PCR assays 
 A real-time PCR was performed to assess the mRNA expression of hippocampal 

MR and GR, adrenal MC2R and GR, and the reference gene GAPDH. Hippocampal GR, 

and adrenal MC2R and GR primers were designed using Primer 3.0, while the primers 

for hippocampal MR were designed by Sloboda and colleagues (Sloboda et al., 2008) and 

are reported in Table 5.1.  All PCRs were carried out in 25 µl reaction volume which 

included 12.5 µl of Platinum SYBR Green qPCR SuperMix –UDG with ROX 

(Invitrogen, Burlington, Ontario), 0.25 µl of 10µM forward primer, 0.25 µl of 10µM 

reverse primer, 11 µl of DEPC water, and 1 µl of cDNA template. 

 cDNA samples from both the fetus and adult sheep were amplified under the 

following cycle conditions: 50oC for 3 min, 95oC for 5 min, 95oC for 15sec, annealing 

temperature for 30 sec and 72oC for 30 sec. The annealing temperatures were as 

followed: 60oC for MR, GR, and MC2R, while 61oC was used for GAPDH. All samples 

were run in triplicate and relative CT values were obtained by comparing all samples to a 

pooled standard curve. A standard curve was constructed using twofold serial dilutions of 

standards specific for each transcript. All the genes of interest were compared to the 

internal control GAPDH. Results were expressed as a ratio of the relative CT value of 

interest/relative CT value of GAPDH.  
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Melting curve analysis demonstrated a single PCR product for all genes of interest and in 

all tissue. This was confirmed by gel electrophoresis. The intra- and inter-plate 

coefficients of variation were < 1% for all genes of interest. 

5.3.3 Statistical Analysis 
 Statistical analysis of gene expression data were carried out in a randomized block 

design, with two ewes from each diet receiving endotoxin and 2 receiving saline in a 2 X 

2 factorial arrangement. The analysis accounted for diet, treatment as well as mother. The 

CT values obtained from fetal samples were log transformed. Residual plots were 

examined and showed no evidence of variance heterogeneity. The mixed model 

procedure from SAS (version 9.2) was used to analyze all CT values from the genes of 

interest. Significant differences over time were reported at a P-value < 0.05 and trends 

over time were indicated by P-values < 0.1. Polynomial contrasts were used to assess 

changes in mRNA expression including interactions with treatment, diet, and gender.  

5.4 Results 

5.4.1 Fetal Tissue Collection Trial  
 There were no differences in fetal gene expression observed in any of the 

treatment groups (P > 0.1; Figure 5.1). However, MC2R expression tended to be greater 

for fetal lambs from FM supplemented ewes compared to fetal lambs from SM 

supplemented ewes (P < 0.1; Figure 5.1C).  

5.4.2 Six month old Offspring Tissue Collection Trial 
 MR expression was greater in FM+CON vs. FM+LPS offspring (P < 0.01, Figure 

5.2A), while FM+LPS offspring had lower MR expression compared to SM+LPS 

offspring (P < 0.01). The FM+CON lambs had the greatest hippocampal GR and MR 

expression compared to all other treatment groups (P<0.01, Figure 5.2B). Hippocampal 
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GR gene expression was greater in FM+LPS vs. SM+LPS offspring (P<0.01, Figure 

5.2B). There was no difference in adrenal MC2R or GR gene expression in 6 m old 

offspring (P > 0.1; Figure 5.2 C&D). 

5.5 Discussion 
It is now widely known that maternal stress during gestation can lead to the 

adverse genetic programming of the offspring. Researchers are now trying to discover the 

mechanisms of action involved in these adverse re-programming events in order to 

determine effective treatment strategies. The focus of this study was to investigate the 

effects of maternal supplementation with FM on both fetal and offspring’s adrenal and 

hippocampal GR, MR, and MC2R expression following a simulated bacterial infection 

during gestation. To our knowledge this is the first study to examine the effect of FM 

supplementation on GR and MR expression in the hippocampus of the fetus as well as the 

adult offspring following a simulated maternal infection. 

In this study, there was no difference in the expression of adrenal MC2R and GR 

in both the fetus and the offspring. However, FM fetuses tended to have greater adrenal 

mRNA expression of MC2R compared to the SM fetuses. It is interesting that neither 

fetuses nor adult offspring had treatment differences in the adrenal MC2R expression, as 

previous studies have shown that prenatal stress leads to alterations (Schwerin et al., 

2005; Waddell et al., 2010). Adrenal MC2R expression in pigs decreased in the male 

fetus following repeated treatment of the sow with ACTH (Schwerin et al., 2005). This 

change in expression did not carry through neonatal development, as there was no 

difference in expression following maternal deprivation between the prenatally stressed 

males and the control in this study (Schwerin et al., 2005). However, a more recent, 
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rodent study found a significant increase in MC2R expression in both 6 m old male and 

female offspring born to dexamethasone-treated dams (Waddell et al., 2010). Increased 

MC2R expression increased in fetal sheep during late gestation following maternal 

undernutrition from early gestation, and in male offspring following maternal stress 

(Edwards et al., 2002; Kapoor et al., 2008). Interestingly, when n-3 PUFAs were added to 

the maternal diet of these rats, MC2R expression levels remained similar to the controls 

(Waddell et al., 2010). This suggests that n-3 PUFA intake protected the offspring from 

programming following maternal stress.  The results from the present study do not agree 

with previous findings perhaps due to the small sample number in each treatment group, 

differences in experimental protocol and diet formulation as well as species differences.  

There were alterations in the mRNA expression of hippocampal GR and MR but 

only in 6 m old offspring. FM+CON offspring had the greatest expression of both 

hippocampal GRs and MRs compared to all other treatment groups. FM+LPS offspring 

differed from SM+LPS offspring with a greater expression in the GR gene but a reduced 

expression in the MR gene. These results could explain the increase in cortisol 

concentrations found in  FM+LPS female offspring following the weaning+ 

administration of ACTH and endotoxin challenges discussed in Chapter 3. Since the 

hippocampus plays a substantial role in down-regulating the cortisol response through the 

negative feedback loop, a decrease in the expression of GR may result in a prolonged or 

increased cortisol response. Therefore, the results of this study could possibly explain the 

increase in cortisol response for FM+LPS offspring compared to FM+CON offspring 

found in Chapter 3. However, it does not explain the increased cortisol concentrations 

compared to the SM treatment groups suggesting that additional mechanisms may be 
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involved. Future studies should explore additional genetic pathways as well as assessing 

whether the same alterations occur at the protein level, as this is what will ultimately alter 

the stress responsiveness of the individual.  

It is somewhat surprising that no differences in hippocampal GR and MR 

expression were present between 6 m old SM+LPS and SM+CON offspring, as previous 

ovine and rodent studies have shown that administration of synthetic glucocorticoids 

(GCs) alters the GR and MR mRNA expression into adulthood (Levitt et al., 1996; 

Sloboda et al., 2008).  However, fetal programming studies have produced inconsistent 

results when examining alterations in the GRs and MRs of the HPAA at all stages of life 

due to types or degree of stressor as well as species and gender differences (Henry et al., 

1994; Levitt et al., 1996; Dean and Matthews, 1999; Lingas and Matthews, 2001; 

Bloomfield et al., 2003; Sloboda et al., 2008). Therefore, these variations in gene 

expression could also explain the contradictory results of the cortisol and ACTH 

responses also observed in these studies. For example, guinea pigs whose dams were 

stressed using a strobe light during gestation demonstrated a greater cortisol response 

while  hippocampal GR expression decreased (Kapoor et al., 2008). This contrasts to  

another guinea pig study where maternal stress increased hippocampal GR expression in 

the fetus (Dean and Matthews, 1999). Numerous guinea pig studies reported reduced 

numbers of both GR and MR receptors in the various regions of the HPAA (Dean and 

Matthews, 1999; Lingas and Matthews, 2001).   

It was also surprising that SM+LPS offspring had a lower expression of 

hippocampal GR compared to FM+LPS offspring as their cortisol response followed the 

opposite trend to both weaning ± ACTH and LPS challenges discussed in Chapter 3. 
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Therefore, other mechanisms may be involved for altering the offspring’s stress 

responsiveness reported in Chapter 3. This further emphasizes the need to assess protein 

function in these individuals as well as the sympathetic and peripheral nervous systems. 

It is apparent from this study that FM supplementation of dams alters the GR and 

MR expression in the hippocampus exhibited through the dramatic increase in gene 

expression found in FM+CON offspring. The increase in both of these receptors in the 

hippocampus suggests quick resolution following perceived stressors, as there is the 

potential for increased GRs and MRs to bind cortisol down regulating the stress response 

through an enhanced negative feedback loop. This could be advantageous in dealing with 

day-to-day stressors although it needs to be assessed through additional studies.  

Overall, this study assessed whether FM supplementation during gestation altered 

the expression of various genes in both fetal and offspring hippocampi and adrenals 

following a simulated maternal infection. There are limited studies that have investigated 

the effects of n-3 PUFA supplementation on the cortisol response, and even fewer studies 

examining the gene expression in the HPAA axis. This study demonstrated that both the 

hippocampal GR and MR are susceptible to fetal programming following maternal 

simulated infection later in life. Further studies are warranted to evaluate protein function 

as well as additional alterations in the HPAA and sympathetic and peripheral nervous 

systems to gain a greater understanding of the mechanisms of action. 

5.6 Summary 
 This study demonstrated differences in GR and MR expression in the 

hippocampus for offspring born to FM supplemented dams. The results from this study 

may partially explain the enhanced cortisol response observed in  FM+LPS offspring 
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from Chapter 3. The 6 m old FM+LPS offspring reduced expression of hippocampal GR 

and MR compared to their FM+CON counterparts. However, the fact that  FM+LPS 

offspring had a greater expression level of GR receptors in the hippocampus compared to  

SM+LPS offspring leaves unanswered questions, as SM+LPS offspring did not have an 

exaggerated cortisol response as reported in Chapter 3. Previous studies found alterations 

in the GR and MR expression in prenatally stressed offspring in association with a hyper-

cortisol response. Therefore, further studies are required to assess protein function and 

validate the current study. An increased number of animals in this study will also provide 

statistical power and give greater understanding of the mechanisms at play. This study 

provided a starting point for understanding the mechanisms involved in fetal 

programming and how maternal supplementation affects gene expression. With further 

studies, it will be determined whether this enhanced stress response reported in the 

FM+LPS offspring is a benefit or a hindrance.  
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Table 5.1: Primer sequences used in RT-PCR to measure the adrenal MC2R and GR, and 

hippocampal MR and GR, mRNA expression 

Gene  Sequence 5’-3’ Product size (bp) 

Glucocorticoid 
Receptor (Fwd) 

GCCCAAACCCTTTACTTTCAC 

Glucocorticoid 
Receptor (Rev) 

CTCCCAACCCTTGACTTTTTC 

224 

Mineralocorticoid 
Receptor (Fwd) 

TCCAAAGGATGGCCTCAAAA 

Mineralocorticoid 
Receptor (Rev) 

ATCTTTCTCAGCTCCTTGATGTAATTT 

73 

MC2R (Fwd) ACTGCACACAGGAAAGATGAGA 

MC2R (Rev) CTCCGACAATGGATACTGTGAA 

131 

GAPDH (Fwd) TAACTTCTGTGCTGTGCCAGCC 

GAPDH (REV) TTAAAAGCAGCCCTGGTGACC 

 

103 
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Figure 5.1: mRNA expression of hippocampal MR and GR and adrenal MC2R and GR of 

the fetus. This figure depicts offspring born to dams supplemented with fishmeal and 

challenged with saline (FM+CON) or endotoxin (FM+LPS), or offspring born to dams 

supplemented with soybean meal and challenged with saline (SM+CON) or endotoxin 

(SM+LPS). Data is reported as least squared means ± SE. 
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Figure 5.2: mRNA expression of hippocampal MR and GR and adrenal MC2R and GR in 

the 6 m old female offspring. This figure depicts offspring born to dams supplemented 

with fishmeal and challenged with saline (FM+CON) or endotoxin (FM+LPS), or 

offspring born to dams supplemented with soybean meal and challenged with saline 

(SM+CON) or endotoxin (SM+LPS). Data is reported as least squared means ± SE. 

Significant differences are reported as P < 0.05 as indicated by the differing letters. 
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Chapter 6: General Discussion and Conclusions 
 It has been known for almost 40 years that adverse uterine environments during 

gestation can influence the fetal programming of various organs and tissues in the body. 

Interest in this field has grown recently as the associations between fetal environment and 

the susceptibility to adulthood disease has become stronger. Research has shown that 

critical windows are present during development where different organs and tissues are 

most susceptible to programming, usually during periods of rapid growth and 

differentiation. For example, the HPAA is quite susceptible to fetal programming caused 

by maternal stress during early and late gestation, altering the stress responsiveness of the 

offspring into adulthood (Fisher et al., 2010; Schopper et al., 2012). Researchers are now 

focused on understanding the molecular mechanisms involved in fetal programming, as 

well as potential treatment and preventative strategies. Dietary supplementation of the 

gestating dam with n-3 PUFAs may be one viable option to influence fetal programming 

as many studies have demonstrated beneficial anti-inflammatory properties with these 

fatty acids in the treatment against inflammatory diseases such as cardiovascular disease, 

type II diabetes, atopy, and arthritis when included in the diet (Zheng et al., 2012; 

Rontoyanni et al., 2012; Tikhonenko et al., 2013; Miles and Calder, 2013; Masson et al., 

2013). The inclusion of n-3 PUFAs into the diet may help to protect the fetus from 

adverse programming; however, few studies have actually investigated this hypothesis.   

The bacterial endotoxin, LPS has been used quite extensively for investigating 

fetal programming of the HPAA. Endotoxin has been shown to simulate a typical Gram-

negative bacterial infection during pregnancy characterized by fever, lethargy, suppressed 

appetite, and increased cortisol response. Additionally, pro-inflammatory cytokines and 
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eicosanoids are also up regulated following an endotoxin challenge. Therefore, maternal 

supplementation with n-3 PUFAs may help to counteract the inflammatory response 

associated with an endotoxin challenge and therefore, protect the fetus from detrimental, 

inflammatory stress-induced programming of the HPAA response. The findings in 

Chapter 3 of this thesis demonstrated that n-3 PUFA supplementation did in fact enhance 

the stress responsiveness of the lambs. The offspring born to dams supplemented with 

FM and challenged with endotoxin had the greatest cortisol response to both the weaning 

stressor and endotoxin challenge than offspring born to dams supplemented with a 

control diet. An individual that can respond quickly to a perceived stressor may be able to 

restore homeostasis in the body more efficiently. This hypothesis may have some merit, 

as FM+LPS female offspring did not demonstrate an augmented cortisol response to the 

secondary stressor of ACTH. Since this was only seen in female offspring, it is important 

to assess gender differences in fetal programming studies. FM+LPS males did not 

demonstrate differences in their cortisol response to weaning compared to FM+LPS 

females, but did have an increased cortisol response to the ACTH challenge. In future 

studies, it would be interesting to assess additional aspects of the stress response such as 

pro-inflammatory cytokines, eicosanoids, as well as catecholamines. These HPAA 

mediators are altered by maternal n-3 PUFA supplementation. However, this is clearly a 

complex interaction that requires further investigation to understand the involved 

mechanisms. 

The cell- and antibody-mediated immune response of the offspring also appeared 

to be altered following maternal endotoxin challenge. Many studies have demonstrated 

that prenatal stress increases the risk of atopy in childhood and adulthood (Kozyrskyj et 
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al., 2011; Wen et al., 2011; Khashan et al., 2012; Peters et al., 2012). Results from 

Chapter 4 are in agreement with these previous studies. Offspring born to dams 

supplemented with SM and challenged with endotoxin had the greatest increase in 

skinfold thickness to two novel antigens, OVA and CAA, as well as the greatest OVA 

specific IgG concentration. However, when dams were supplemented with FM and 

challenged with endotoxin, their offspring demonstrated responses similar to the control 

offspring when challenged with OVA; changes in skinfold thickness were only slightly 

greater than the control when challenged with CAA. FM supplementation may be 

providing a protective effect against programming of the immune response. Previous 

studies have suggested that regulatory T cells, the Th1:Th2 ratio and even cytokines and 

chemokines may be responsible for these alterations (von Hertzen, 2002; van den Elsen et 

al., 2013). Therefore, future studies should focus on the mechanisms behind the 

protective effects of FM observed in Chapter 4 such as examining the lymphocyte 

population such as Th1, Th2 and Tregs involved in these responses as well as the changes 

in the pathways and interactions of lymphocyte proliferation and differentiation. 

 Gaining a greater understanding of the mechanisms of action for not only fetal 

programming but also the protective effects of n-3 PUFAs will greatly improve the 

preventative and treatment strategies for many inflammatory disorders. Over the past few 

years, researchers have focused on alterations in the HPAA that are susceptible to fetal 

programming. Since alterations in the cortisol response were observed in Chapter 3, 

Chapter 5 aimed to assess differences in gene expression of various HPAA tissues. There 

was an increase in MR and GR expression in FM+CON offspring compared to all other 

treatment groups. Additionally, FM+LPS offspring had a greater GR expression 
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compared to SM+LPS, while SM+LPS offspring had a greater concentration of MR 

expression in the hippocampus. This was the first study to assess the hippocampal MR 

and GR expression following n-3 PUFA supplementation and maternal simulated 

infection. However, previous studies found alterations in these receptors in fetally 

programmed individuals (Lingas et al., 1999; Sloboda et al., 2000; Lingas and Matthews, 

2001). Surprisingly, there were no differences in adrenal GR or MC2R expression, which 

has previously been reported in the literature (Waddell et al., 2010). There are various 

reasons for the discrepancies between the current study and previous ones such as species 

differences, stressor regime as well as when measurements were performed. The 

sympathetic and peripheral nervous systems may also be contributing to alterations 

observed throughout this thesis and should be investigated in future studies. Lastly, the 

study discussed in Chapter 5 had much smaller sample sizes than those discussed in 

chapters 3 and 4, which could have had an impact on the statistical power and the 

outcome of this study.  

 There were also limitations to these studies that should be addressed in future 

trials. For example the total cortisol and IgG concentrations were measured in these 

studies. The free cortisol concentration should be assessed to determine the biologically 

active form of cortisol, similarly measures of Ig1 and Ig2 should be examined in order to 

assess whether there truly is a skewed immune response. Lastly, one must keep in mind 

that these are animal models used to gain a greater understanding of the mechanisms 

involved in humans. Therefore, species differences in physiology, organ and tissue 

development as well as genetic parameters need to be taken into consideration when 

extrapolating the results for recommendations to humans.  
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Overall, these studies provided insight into the protective effects of n-3 PUFA 

supplementation during gestation on fetal programming of the offspring following a 

maternal simulated infection. These studies were unique in that they investigated the 

effects of n-3 PUFA supplementation during gestation and lactation rather than waiting to 

supplement the offspring following programming. This provided an opportunity to assess 

whether n-3 PUFAs during gestation could protect the offspring from subsequent 

programming of  immune and stress responses. Additionally, this was one of the first 

studies to assess gender differences in response to maternal n-3 PUFA supplementation 

and infection. The outcomes of these studies prove without a doubt that n-3 PUFA 

supplementation does in fact protect the offspring from programming of the immune 

response. However, further studies are needed to determine whether an enhanced stress 

response is beneficial or a detriment throughout various stages of life. Additionally, this 

study used diets that were high in either n-3 or n-6 PUFAs; future studies should consider 

including a dietary group with a balanced n-6:n-3 PUFA ratio in order to understand their 

true interactions. Lastly, subsequent research should concentrate on the mechanisms 

behind the protective effect of n-3 PUFAs to further establish preventative treatment 

strategies before the onset of adulthood disease. 
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Appendix 1: Dietary Composition and Analysis 
 
Table 1: Diet and nutrient composition (DM basis) for soybean meal (SM) and fishmeal 
(FM) supplemented diets fed to ewes  
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Table 2: Fatty acid composition of various diet components: alfalfa pellets, alfalfa hay, 
mixed grain (barley, oats, and corn), the SM supplement and FM supplement presented as 
content (g)/100 g 
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Appendix 2: Study Time line  

 
 
 
Time line of events used in this thesis.   
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Appendix 3: Fatty Acid Profiles 
Table 1: Total fatty acid profile from lambs born to mothers supplemented with FM or 
SM at 0, 50 and 135 days of age. 

 


