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Three experiments were conducted in broiler hens to study the influence of dietary n-3 

polyunsaturated fatty acids (PUFA) on egg quality, antioxidant status in progeny, and 

eicosanoid production in tissue. 

 

The objective of experiment 1 was to determine the effect of hen age and dietary n-3 PUFA on 

egg quality and hatchability. Two-hundred-twenty breeder chicks (males and females) (Cobb 

Breeders) were raised until 20 weeks of age following the company guidelines. At this age, 3 

groups of birds (24 breeder hens and 3 roosters) were randomly allocated to one of the 

following dietary treatments: 3.5% sunflower oil (Low n-3 diet), 1.75% sunflower oil + 1.75% 

fish oil (Medium n-3 diet) or 3.5% fish oil (High n-3 diet). Egg quality was evaluated at 29, 37 

and 45 weeks of age by determining total egg weight, its components (albumen, yolk and shell) 

and shell thickness. Total fat content in the yolk and its fatty acid profile was also determined. 

Egg production was recorded daily. Breeder hens fed the High n-3 diet laid lighter eggs with 

lighter yolks, albumens and shells than those fed the Medium and Low n-3 diets (p<0.05). 



Eggs laid by hens fed the Medium n-3 diet had thicker shells than those laid by hens fed the 

Low n-3 diet (p<0.05). Egg weight, yolk weight, albumen weight, shell weight and shell 

thickness increased significantly with hen age (p<0.05). Total fat content in the yolk was 

significantly higher in the eggs laid by 37-week-old and 45-week-old hens than in those laid by 

29-week-old hens. Hens fed the high n-3 diet laid eggs with significantly higher n-3 PUFA and 

lower n-6 PUFA content than hens from the other treatments (p<0.05). Hen age did not affect 

the n-3 or n-6 PUFA content. Fertility and hatchability were not affected by maternal diet. Total 

egg weight, yolk weight, albumen weight and shell weight was decreased by feeding n-3 PUFA 

to breeder hens. The decreased n6:n3 ratio brought about by maternal dietary n-3 PUFA was 

further investigated in connection with possible effects on antioxidant and eicosanoid status in 

newly hatched chicks.   

 

The objective of experiment 2 was to determine the effect of maternal diet (Low, Medium and 

High n-3) on the antioxidant and eicosanoid status, tissue fatty acid profile and lipid 

peroxidation in the newly hatched chick. Two-hundred-ninety-eight eggs were collected from 

the 29-week-old breeder hens mentioned in experiment 1. After incubation, day-old chicks 

were randomly selected from a pool of eggs laid by hens fed the three experimental diets. 

Antioxidant status was established by measuring activity of antioxidant enzymes (glutathione 

peroxidase, glutathione reductase, superoxide dismutase and catalase) and the content of total 

glutathione. Hatchability and total fat content in the tissues were not affected by maternal diet. 

n-3 PUFA content increased and n-6 PUFA decreased significantly in chick’s tissue (p<0.05) 

hatched from hens fed the fish-oil supplemented diet compared to those hatched from hens fed 

the Low n-3 diet (p<0.05). Total glutathione and antioxidant enzyme activity was not affected 



by maternal diet, except for catalase, whose activity was significantly lower in chicks hatched 

from hens fed the High n-3 and the Medium n-3 diets than in those hatched from hens fed the 

Low n-3 diets (p<0.05). Malondialdehyde, a measure of lipid peroxidation, was significantly 

lower in the liver of chicks hatched from eggs laid by hens fed the High n-3 diet than in those 

hatched from hens fed the Medium n-3 diet. Maternal dietary n-3 PUFA was successfully 

transferred to the newly hatched chicks without compromising their antioxidant status. The 

decreased n-6/n-3 ratio observed in chicks hatched from hens fed the fish-oil supplemented 

diets needs was further investigated relative to its downstream modulatory effects in 

connection with fat metabolism. 

 

The objective of experiment 3 was to establish the effect of maternal diet on fatty acid 

accretion in heart tissue, and the production of eicosanoids by heart tissue homogenates and 

peripheral blood mononuclear cells (PBMNC) from broilers fed diet devoid of long-chain PUFA. 

Broilers were hatched from hens fed the Low, Medium or High n-3 diet.  One-hundred-forty-

four 1-day-old chicks were weighed and randomly allocated to four pens housed in three 

rooms of similar dimensions. Temperature was controlled according to specifications by Cobb 

Breeders during the 42 days that the experiment lasted. A cardiac morphological study was 

conducted on a weekly basis starting at 14 days of age to assess the heart weight relative to 

body weight. Also, the ventricular weights index (right ventricular weight divided by the total 

ventricular weight) was determined weekly from 14 days onwards. Day-0 chicks hatched from 

hens fed the High n-3 diet were significantly lighter than those hatched from hens fed the Low 

n-3 diet. After accounting for age, chicks hatched from hens fed the Low n-3 diet were 

significantly heavier than those hatched from hens fed the High n-3 diet (p<0.05). Maternal diet 



did not affect heart weight, after accounting for age. The heart percentage (heart weight 

relative to body weight) was significantly higher in chicks hatched from hens fed the High n-3 

diet than in those hatched from hens fed the Low n-3 diet (p<0.05). The ventricular weights 

index was not affected by maternal diet. At 7 and 14 days of age, arachidonic acid (AA) 

content in heart tissue was significantly lower in chicks hatched from hens fed the High n-3 diet 

than those hatched from hens fed the Low n-3 diet (p<0.05). At 7 days of age, AA content in 

the heart tissue of chicks hatched from hens fed the High n-3 diet was significantly lower than 

in those hatched from hens fed the Medium n-3 diet (p<0.05). At day 0, the heart tissue 

production of prostaglandin E2 (PGE2) was significantly higher in the chicks hatched from 

hens fed the Low n-3 diet than in those hatched from hens fed the Medium or High n-3 diets 

(p<0.05). At the same age, thromboxane A3 (TXA3) production was significantly lower in the 

heart tissue of chicks hatched from hens fed the Low n-3 diet than in that of chicks hatched 

from hens fed either the Medium or Low n-3 diets (p<0.05).  At day 7, PBMNCs isolated from 

chickens hatched from hens fed the Low and Medium n-3 diets produced significantly higher 

PGE2 and TXA2 concentrations than those isolated from birds hatched from eggs laid by hens 

fed the High n-3 diet (p<0.05). At day 31, PBMNCs isolated from chickens hatched from hens 

fed the Medium and High n-3 diets produced significantly higher PGE2 and TXA2 

concentrations than those isolated from chicks hatched from eggs laid by hens fed the Low n-3 

diet (p<0.05). Chicks hatched from hens fed the High n-3 diet had a higher heart/body weight 

than those hatched from the Low n-3 diet. Thus, chicks hatched from hens fed the Low n-3 diet 

may be at higher risk of developing cardiovascular complications related to high AA 

concentrations in the heart and blood cells during the first week of age.  

 



Further research is encouraged in which the three subpopulations of broilers (i.e.hatched from 

hens fed the Low, Medium and High n-3 diets) are raised under commercial conditions to 

investigate how the economic loss, due to a reduction in body weight observed in the High n-3 

chickens compares with the potential reduction in mortality during the first week of age. Finally, 

the mechanistic action of n-3 PUFA needs further investigation, especially molecular aspects 

related to modulatory effects on gene expression.  
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1   INTRODUCTION 

 

Fats have traditionally been regarded as being important as calorie-dense nutrients and as a 

source of fatty acids (FA). In recent years, FA have been increasingly recognized as major 

biological regulators.  

 

Fast-growing poultry, including broiler chickens, have been reported to develop 

cardiopulmonary/inflammatory disorders with increasing intensity due to continuous genetic 

selection for an ever higher growth rate and feed efficiency. These diseases cause welfare 

concerns and economic losses to the poultry industry world-wide. For example, many of these 

conditions are chronic and cause a prolonged agony because affected birds cannot move to 

reach water or food. Ascites syndrome (AS) affects up to 25% of the placements in high 

altitude countries like Mexico, Kenya and South Africa (López-Coello et al., 1985). Additionally, 

a recent survey showed that cardiovascular disorders were the second cause of death 

occurring in broiler operations (>42%) between harvest and arrival to the processing plant 

(Nijdam  et al., 2006). It is estimated that the incidence of these conditions cause around $200 

million in losses to the USA poultry industry each year.  

 

In broilers, a high metabolic demand due to high growth rate requires a ration that provides all 

the necessary nutrients. However, the formulation of broiler feed is currently based on an array 

of available ingredients that supply a desirable profile at minimum cost. This does not take into 

account the importance of nutrition in animal health. The importance of nutrition may be 

exemplified by the fact that malnutrition reduces the immune response or weakens the physical 



 

 

2
barriers to infection. Likewise, diet also has an effect on the onset of non-infectious diseases, 

including cardiovascular disorders. Therefore, it is reasonable to think that a dietary approach 

may be useful to reduce the incidence of such conditions in poultry. 

  

There is a growing interest in nutrition relative to health in domestic animals, which puts 

forward a fresh look into how feed formulation should be conducted. For example, it has been 

proposed that nutrition should be seriously considered as a practical solution for health 

maintenance and disease avoidance in animals raised for food (Adams, 2006). In this context, 

nutricines, substances that promote health and improve production and product quality, are 

being introduced in the poultry industry. Nutricines and nutrients contribute to three major 

factors important in the diet-host interaction: maintenance of gastrointestinal integrity, support 

of the immune system, and modulation of oxidative stress (Adams, 2006).  

 

One of the nutricines being evaluated in poultry is n-3 polyunsaturated fatty acids (PUFA). 

What makes n-3 PUFA interesting is that the 20-carbon n-3 molecule eicosapentaenoic acid 

(EPA; 20:5n-3) together with its n-6 counterpart, arachidonic acid (AA; 20:4n-6), are precursors 

of eicosanoids, bioactive molecules with great physiological effects. For example, eicosanoids 

are known to stimulate biological activities in platelets, vascular smooth muscle, 

bronchopulmonary function, gastrointestinal integrity and reproduction. This places PUFA right 

at the center of the cardiovascular disease scenario. Research on the subject has been based 

on the fact that both types of PUFA can be successively oxygenated to a variety of active 

intermediate molecules by the same enzymes: cyclooxygenase-1 (COX-1; housekeeper) and 

COX-2 (inducible) (Smith et al., 2000). However, it has been found that eicosanoids derived 



 

 

3
from n-3 PUFA are less pro-inflammatory compared to those derived from n-6 PUFA (Calder, 

2003; Massaro et al., 2006).  

 

Extensive research has been conducted in humans on dietary n-3 PUFA relative to a wide 

variety of disease conditions, including cardiovascular ailments. Human clinical studies have 

shown that n-3 PUFA has a positive effect on patients; however the mechanism of action still 

needs to be fully characterized. In broilers, research is somewhat behind especially regarding 

n-3 PUFA and cardiovascular disorders. It has been suggested that the metabolism of n-3 FA 

to vasoactive compounds might be involved in reducing AS and pulmonary hypertension 

syndrome (PHS) (Bond et al., 1996; Walton et al., 1999; 2001). From these investigations 

several problems were evident. There were contradictory findings regarding the effect of n-3 

PUFA on body weight and the percentage of birds that developed the condition. Additionally, 

there are other problems associated with the use of n-3 PUFA in the diet of growing broilers: 1) 

high cost; 2) regional availability; and 3) potential deleterious effect in the final product (e.g., 

off-odor and shorter shelf life of the product due to lipid peroxidation). Therefore, to avoid these 

problems and effectively deliver n-3 PUFA into the bird’s tissue, alternative methods are 

necessary. 

 

Research at Dr. Cherian’s Lab (Oregon State University, Department of Animal Sciences) has 

focused on the use of maternal dietary n-3 PUFA, as a very early feeding method, relative to 

fatty acid (FA) metabolism in progeny. Such work is based on the following facts: a) fats 

deposit directly into the egg; b) the embryo depends on the nutrients deposited in the egg; and, 

c) during pre-hatch >80% yolk fats are absorbed by the embryo. It has been found that pre-



 

 

4
hatch diet influences the tissue n-3 FA status in broilers fed a commercial diet (Cherian and 

Sim, 1993; Wang et al., 2002; Ajuyah et al., 2003a; Hall et al., 2007). Similarly, modulating pre-

hatch n-3 PUFA reduces pro-inflammatory leukotriene production in chicks fed low n-3 PUFA 

diet (Hall et al., 2007). Eicosanoids are synthesized when the enzymes phospholipase A2 

(cPLA2) and the constitutively available COX-1 (and/or COX-2) become activated by 

acetylcholine, catecholamines, sheer stress, or other humoral or mechanical factors.  

 

Modern commercial broiler operations face challenges such as high stocking densities and 

poor air quality (e.g., ammonia and dust). For example, broilers are exposed to dust and 

pathogens, which may get trapped in the lungs where macrophages react by secreting 

eicosanoids (e.g., TXA2) causing an immune response and pulmonary vascular constriction 

resulting in increased pulmonary arterial pressure  leading to AS (Bottje and Wideman, 1995). 

 

Research presented in this thesis is aimed at investigating the effects of feeding n-3 PUFA to 

breeder hens on: 

• Egg quality, fertility and hatchability 

• Fatty acid accretion in progeny’s heart tissue 

• Eicosanoid production in progeny fed a low n-3 PUFA 

• Progeny’s cardiac morphology  
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2   LITERATURE REVIEW 

 

2.1   Fatty Acid Structure and Nomenclature  

 

The main constituent of vegetable oil and animal fat is the triglyceride, which is a glyceride that 

has a glycerol esterified with three fatty acids (FA). Additionally, phospholipids are a major 

component of cell membranes and in the case of phosphoglycerides, two FA molecules are 

also esterified to the glycerol backbone.   

 

Fatty acids are made of a carbon chain, with a carboxyl group at one end and a methyl group 

at the other, either saturated or unsaturated. The carboxyl group is reactive and readily forms 

ester links with alcohol groups, for example those on glycerol or cholesterol, in turn forming 

acylglycerols (e.g., triacylglycerols and phospholipids) and cholesteryl esters.  

 

By convention, the carbon of the carboxyl group is called carbon 1, with carbon 2 being 

referred to as α carbon and the methyl terminal carbon as ω carbon or n carbon.  Fatty acids 

containing double bonds are called unsaturated FA; FA containing more than one double bond 

are referred to as polyunsaturated FA (PUFA). Saturated FA do not contain double bonds in 

the acyl chain. “Saturated” refers to hydrogen, in that all carbons, other than the carboxyl 

group, contain as many hydrogen atoms as possible, i.e. the omega carbon contains three 

hydrogen molecules (CH3-) and each carbon within the chain contains two hydrogen molecules 

(-CH2-). 
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According to the nomenclature of the International Union of Pure and Applied Chemistry’s 

(IUPAC), saturated FA have an “–onic acid” suffix e.g., propionic acid [CH3CH2COOH]. Greek 

numeric prefixes such as di, tri, tetra, penta, hexa, etc., are used as multipliers and to describe 

the length of carbon chains containing more than four atoms. A widely accepted systematic 

name for a FA is determined by the number of carbons in the acyl chain, and the number of 

double bonds (Table 2.1).  Apart from the multiple possibilities for the position of the double 

bond within the acyl chain, the next carbon atoms in the chain that are bound to either side of 

the double bond  may be in the cis or trans configuration: 

• In the cis configuration the two carbon molecules are on the same side of the double 

bond 

• In the trans configuration the two carbon molecules are bound to opposite sides of the 

double bond. 

 

For example, propionic acid is noted as 3:0, indicating that it has 3 carbons in the acyl chain 

and does not contain any double bonds. Unsaturated FA are named simply by identifying the 

number of double bonds and the position of the first double bond counted from the methyl 

terminus (with the ω carbon as number 1). The way the first double bond is identified is as ω-x, 

where x is the carbon number on which the double bond occurs. Thus cis 9, cis 12, -

octadecadienoic acid is known as 18:2ω-6 (Figure 2.1). The ω-x nomenclature is sometimes 

referred to as omega x (e.g., 18:2 omega 6) or n-x (e.g., 18:2n-6). In addition to these 

nomenclatures, FA are often described by their common names (Table 2.1). 
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In most PUFA, the double bonds are separated by a methylene group (-CH2-). However in 

some PUFA the double bonds are conjugated: the two double bonds are separated by only 

one single bond. In most naturally occurring unsaturated FA, each double bond has 3n 

carbons after it and all are in the cis configuration. Although trans double bonds occur as 

intermediates in the biosynthesis of FA (e.g., ruminant fats, plant lipids, seed oils), most FA in 

the trans configuration are not found in nature and are the result of human hydrogenation 

processing or bacterial modification (e.g., CLA).  

 

FA can be classified according to biological and chemical characteristics such as essentiality 

(i.e. essential and non-essential) and length of carbon chain (i.e. short, medium or long. 

Relevant to this thesis are the essential PUFA: n-3 and n-6, which will be further described 

below. 

 

 

2.2   Fat Metabolism in Avians 

 

2.2.1   Biosynthesis of Saturated Fatty Acids in Avians 

 

Saturated FA are made by successive addition of two-carbon units to a growing acyl chain. 

The main product of FA synthesis is generally considered to be palmitic acid (16:0). However, 

enzymes exist in some tissues that act to release FA of shorter chain length. In eukaryotes, 

longer-chain FA are formed from palmitic acid by elongation, reactions catalyzed by elongases.  
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2.2.2   Biosynthesis of Monounsaturated Fatty Acid in Avians 

 

Double bonds are introduced into FA (desaturation) in the endoplasmic reticulum. The pathway 

is almost universal, having been identified in bacteria, yeasts, algae, higher plants, protozoa 

and animals. Examples are the conversion of stearic acid (18:0) to oleic acid (18:1 n-9) and 

palmitic acid (16:0) to palmitoleic acid (18:1 n-7) by the insertion of a cis double bound. 

Because the double bond is inserted between carbon 9 and 10 counting from the carboxyl end 

of the acyl chain, the desaturase enzyme is known as delta-9 desaturase (∆9-desaturase).  

 

2.2.3   Biosynthesis of Polyunsaturated Fatty Acids in Avians 

 

All eukaryotes can produce PUFA. Plant enzymes normally introduce a new double bond 

between an existing double bond and the omega carbon (methyl group), whereas animal 

enzymes do it between the existing bond and the carboxyl group. For example, insertion of a 

double bond between carbons 12 and 13 of oleic acid, counting from the carboxyl group, yields 

linoleic acid (18:2 n-6). The enzyme that catalyses this reaction is called ∆12-desaturase 

(Figure 2.2). Linoleic acid can be further desaturated by insertion of a double bond between 

carbons 15 and 16, counted from the carboxyl group, by  ∆15-desaturase to yield α-linolenic 

acid (18:3 n-3) (Figure 2.2). Linoleic and α-linolenic acids are the simplest members of the n-3 

and n-6 families, respectively. Birds lack the enzymes that introduce double bonds beyond 

carbon 9, counting from the carboxyl group, in the acyl chain. Because these include the ∆12- 

and ∆15- desaturases, birds cannot synthesize linoleic and α-linolenic acids. Since these FA 
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are required by the avian cells, they are termed essential FA, and should be included in the 

diet. 

 

Although avian cells cannot synthesize linoleic and α-linolenic acids, they can metabolize them 

by further desaturation and elongation. Desaturation occurs below carbon 9, counting from the 

carboxyl group. Linoleic acid can be converted to γ-linoleic (18:3 n-6) by ∆6-desaturase and 

then γ-linoleic acid can be elongated to dihomo- γ-linoleic acid (20:3 n-6) (Figure 2.2).  It can 

be observed in Figure 2.2 that there is competition between the n-9, n-6 and n-3 FA families for 

metabolism. The process of elongation and desaturation occurs mainly in the liver, adipose 

tissue, kidney, and brain.  

 

2.2.4   Lipid Oxidation 

 

Fatty acids used for energy go through stages, including transport to oxidative tissues, trans-

cellular uptake, mitochondrial transfer, and β-oxidation. Before oxidation takes place, FA are 

activated to fatty acyl-CoAs, which are then transported into the mitochondria to be oxidized. 

However, long chain FA (LCFA) and their CoA derivatives cross the mitochondrial membrane 

without carnitine. Transferase enzymes bind activated FA covalently to carnitine. After 

mitochondrial transmission, FA are reactivated without CoA while carnitine recycles to the 

cytoplasm. 

 

Mitochondrial β-oxidation of FA involves a consecutive release of two-carbon acyl-CoA units 

from the carboxyl terminus of the acyl chain. Prior to release of each unit, the β-carbon atoms 
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of the acyl chain undergo cyclical degradation in four stages: dehydrogenation (removal of 

hydrogen), hydration (addition of water), dehydrogenation, and cleavage. Completion of these 

four stages represents one β-oxidation cycle. When unsaturated bonds are present in the FA, 

the initial dehydrogenation step is omitted. The β-oxidation cycle repeats until the fatty acyl 

chain is completely degraded.  

 

Peroxisomal FA β-oxidation is similar to mitochondrial oxidation, but there are differences 

between the two organelles. First, the long acyl-CoA synthase, the enzyme responsible for the 

activation of LCFA, is present in peroxisomes and endoplasmic reticulum but not in the 

mitochondria, thus explaining why LCFA are oxidized mainly in peroxisomes. Second, the 

initial reaction in peroxisomal β-oxidation is catalyzed by FAD-containing fatty acyl-CoA 

oxidase that is thought to be a rate-limiting enzyme, whereas acyl-CoA dehydrogenase is the 

first enzyme in the mitochondrial pathway. Third, peroxisomal FA β-oxidation is not directly 

coupled with the electron transfer chain that conserves energy via oxidative phosphorylation. In 

peroxisomes, electrons generated in the first oxidation step are transferred to molecular 

oxygen, yielding hydrogen peroxide that is disposed of by catalase, while electrons produced 

in the second oxidation step (NAD + reduction) are conserved in the form of NADH.  

 

2.2.5   Lipid Peroxidation  

 

Lipids are oxidized by reactive oxygen species produced as byproducts of normal metabolism. 

Reactive oxygen species include superoxide, hydroxyl radical, hydrogen peroxide, singlet 

oxygen and hydrochlorous acid (HOCl). In healthy organisms there is a balance between the 
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amounts of reactive oxygen species generated and antioxidant defenses. Oxidative stress 

occurs in circumstances that enhance oxidant exposure, such as an increased formation of 

reactive oxygen species caused by chemicals or drugs, or that compromise antioxidant 

capability, such as decreased antioxidant vitamin levels.  

 

Potential effects of free radicals in the cell include oxidative damage to proteins, 

carbohydrates, and DNA. In addition, oxidative stress is known to induce lipid oxidation and, in 

the presence of oxygen, lipid peroxidation of cell membrane lipids. The toxicity of peroxides 

has been partially attributed to their ability to oxidize the thiol groups of proteins, glutathione, 

and other sulphydryl compounds and form insoluble deposits called lipofuscin in the artery wall 

of neural tissue.  

 

It is generally accepted that lipid peroxidation occurs by a free radical mechanism called 

autoxidation, which includes initiation, propagation, and termination stages and occurs 

predominantly with PUFA. Lipid oxidation, both non-enzymatic and enzymatic, is self-

propagating in cellular membranes. In lipid peroxidation, the overall chain reaction has a 

pyramidal effect whereby relatively few initiating radicals break down PUFA. These reactions 

continue until the chain is terminated, either by the combination of two radicals to form a non-

radical product or by termination of the propagation reaction in the presence of a hydrogen 

donor or an electron donor. Termination may also result from hydrogen abstraction from 

vitamin E (α-tochopherol) or another lipid antioxidant by hydroperoxides. Vitamin E is termed a 

“chain breaking antioxidant” because it donates a hydrogen atom to lipid radicals, thus 

terminating the propagative process of lipid peroxidation. 
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The end products of lipid peroxidation include aldehydes and hydrocarbon gases. Short-chain 

aldehydes can attack amino groups on proteins to form cross-links between different proteins. 

The most commonly measured product is malondialdehyde, known to react with proteins and 

amino acids. 

 

Lipid peroxidation has been implicated in the pathogenesis of diseases, including cancer and 

atherosclerosis. Lipid peroxidation products in the blood in patients suffering from certain 

pathologies may be the cause or the result of the disease. Therefore its use as a diagnostic 

tool is controversial. 

 

Cellular lipid peroxidation depends strongly on PUFA intake as well as on intake of vitamin E 

and other lipid antioxidants. A stable ratio of linoleic acid (18:2n-6): vitamin E has been 

observed in vegetable oils, which provides protection from risk of excessive lipid peroxidation. 

Fish oils are an exception in that EPA and DHA, present in high levels, have low vitamin E, 

which markedly increases in vivo susceptibility of these oils to peroxidation.  

 

 

2.3  Biological Functions of Essential Fatty Acids 

 

There are two families of essential FA, n-6 and n-3. Linoleic and α-linolenic acids are the 

parent compounds of the n-6 and n-3 families, respectively. The term “essential fatty acids” 

derived from observations that absence of certain FA in the diet leads to clinical abnormalities.  

In the following sections I will focus on the roles played by essential fatty acids. 
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2.3.1   Essential Fatty Acids and Eicosanoids 

 

The regulated oxygenation of arachidonic acid (AA; 20:4n-6) and EPA leads to a large family of 

metabolites which have been termed eicosanoids (e.g., prostaglandins and leukotrienes). 

During metabolic conversion, a very small amount of eicosapentaenoic acid (EPA; 20:5n-3) is 

available for prostaglandin synthesis. Thus, AA is the major precursor for prostaglandins. 

Arachidonic acid rapidly incorporates into membrane glycerophospholipids as well as 

triglycerides and the concentration of free AA is very low in tissues. So, the first step in the 

synthesis of eicosanoids is the release of AA from its storage site in membrane phospholipids. 

This is done by phospholipase A2, which acts on the membrane’s phospholipid stores (Dennis, 

2000). AA is highly concentrated at the sn-2 position of glycerophospholipids (e.g., 

glycerophosphoethanolamine and glycerophosphocholine lipids).  Alternatively, phospholipase 

C catalyses phospholipids, which forms diacylglycerol, and part of it is degraded by 

diacylglycerol lipase to yield AA. However, overproduction of AA-derived prostaglandins may 

be partly responsible for atherothrombotic, inflammatory, and autoimmune conditions (Min and 

Crawford, 2004). 

 

2.3.2   Essential Fatty Acids and Gene Expression 

 

There is increasing evidence that essential FA, AA and DHA in particular, play an active role in 

gene expression. Dietary long chain n-3 metabolites suppress hepatic lipogenesis and 

triglyceride synthesis/secretion, while inducing peroxisomal and microsomal oxidation. These 

effects on lipid metabolism are due to changes in gene expression by regulating the activity of 
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transcription factors. They include sterol regulatory element binding protein (SREBP1,2), 

peroxisome proliferator activated factor (PPARα,β,γ), hepatic nuclear factor (HNF-4α), and liver 

X receptor (LXRα,β). These transcription factors play a major role in hepatic carbohydrate, FA, 

triglyceride, cholesterol and bile acid metabolism (Jump et al., 2005).  

 

The PPAR acts on the regulation of lipid and lipoprotein metabolism and glucose homeostasis, 

and influences cellular proliferation, differentiation and apoptosis. Figure 2.3 shows the 

pathways of action of PPAR. PPARα is highly expressed in the liver, muscle, kidney and heart, 

where it stimulates the β-oxidation of FA. Activation of PPAR-mediated transcription is 

achieved through PPA-retinoid X receptor (RXR)  heterodimers, which bind DNA motifs called 

peroxisome proliferator response elements (PPRE), located in the promoters of target genes. 

Several studies have demonstrated that EPA and DHA are ligands that regulate nuclear 

receptor such as PPARs and RXRs (Jump et al., 2005; Reddy, 2004).  

 

2.3.3   Eicosanoids and Inflammation 

 
Eicosanoids represent a class of molecules that have been termed “lipid mediators” because 

they are chemical messengers that carry information of cell activation from one cell to another. 

These cellular messengers have diverse physiological and pathophysiological roles and 

coordinate events between cells to ensure proper tissue function. Additionally, these molecules 

play a central role in mounting important host defense reactions to protect tissues from 

bacterial infections and injury.  
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Inflammation is defined as a “protective host response to foreign challenge or tissue injury, 

which if unopposed, could lead to loss of tissue structure as well as function” (Arita et al., 

2005). Figure 2.4 is a cartoon depicting the process of a bacterial infection: (A) bacteria trigger 

macrophages to release cytokines and chemokines; (B) vasodilation and increased vascular 

permeability cause redness, heat and swelling; and, (C) inflammatory cells migrate into tissue, 

releasing inflammatory mediators that cause pain (Janeway et al., 2005). Many inflammatory 

processes are self-limiting and self-resolving, suggesting activity of endogenous anti-

inflammatory and/or pro-resolution mediators during the course of inflammation. 

 

2.3.4   Biosynthesis of Prostaglandins and Thromboxanes  

 

Each prostaglandin is designated by a letter, A-J, indicating the nature and position of 

substituents,   on the cyclopentane ring. A numerical script (1, 2 or 3) indicates the number of 

double bonds in the alkyl side chains. Subscript α or β is added for PGF series to indicate the 

spatial position of the hydroxyl group in the cyclopentane ring. The prostaglandins 1, 2, and 3-

series are synthesized from dihomo-γ-linolenic acid (20:3n-6), AA, and EPA, respectively. They 

stimulate biological activities in platelets, vascular smooth muscle, bronchopulmonary function, 

gastrointestinal integrity, and reproduction.  

 

The oxygenation of AA in the prostaglandin pathway is mediated by the enzyme 

cycloxygenase. There are two genes coding for this enzyme resulting in the expression of two 

significantly different proteins, namely PGH synthase-1 (or COX-1) and PGH synthase-2 (or 
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COX-2) (Smith et al., 2000). These enzymes are membrane-bound and are located in the 

endoplasmic reticulum.  

 

Chemically reactive intermediates are formed during oxygenation of AA. For example the 

chemically reactive short-lived PGH2 can readily be converted into diverse structures including 

prostaglandins D2 (PGD2), E2 (PGE2), F2α (PGF2α), thromboxane A2 (TXA2) and prostacyclin 

(PGI2) (Figure 2.5). Each of these secondary prostanoids is biologically active and substantially 

less chemically reactive (except TXA2 and PGI2) and results from the action of secondary 

enzymes which process PGH2 into the corresponding prostanoid. Prostaglandin H synthase 

(COX) presents suicide inactivation (Song et al., 2001), which can limit the extent of 

prostaglandin biosynthesis within cells. The predominantly naturally occurring prostaglandins 

have double bonds and are synthesized from AA. Prostaglandins of the series 1 and 3 are anti-

inflammatory whereas those from the series 2 are pro-inflammatory.  

 
2.3.5   Leukotriene Biosynthesis 

 

The second major pathway of AA metabolism is depicted in Figure 2.6. The enzyme 5-

Lipoxygenase (5-LO) is the first critical protein involved in the oxidation of AA and formation of 

leukotrienes. In some cells, 5-LO is not localized in the cytosol but in the nucleolus. The first 

stable product of 5-LO is 5-hydroperoxyeicosatetraenoic acid (5-HPETE).  

 

Leukotriene A4 hydrolase carries out the hydrolysis of LTA4 to LTB4. This enzyme presents 

suicide inactivation by binding to either LTA4 or LTA3. The conjugation of LTA4 with glutathione 
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results in the formation of LTC4, the initial member of the cysteinyl leukotriene series. This step 

is catalysed by a unique glutathione-S-transferase (GST) termed LTC4 synthase. Other 

components of the cysteinyl leukotriene series are LTD4 and LTE4 and are potent activators of 

the cysLT receptors.  

 

Leukotrienes derived from AA [e.g., leukotriene B4 (LTB4)] are more active than leukotrienes 

derived from EPA [e.g., leukotriene B5 (LTB5)] with regard to chemotactic and aggregatory 

properties in human neutrophils (Calder, 2003; Calder and Burdge, 2004). 

 
2.3.6   Eicosanoid Metabolism in the Heart 

 

Current research on eicosanoids and cardio-coronary function focuses on prostaglandin 

receptors, their regulation, function and signal transduction. However, a better understanding 

of the regulation and function of eicosanoids under pathophysiological conditions is needed 

(Schör, 2004).  Presented below is a summary on the subject as reviewed by Schör (2004). All 

the work cited has been conducted on mammals, as research on birds is scant.   

 

2.3.7   Generation of Eicosanoids by the Heart 

 

Local levels of eicosanoids depend on biosynthesis, which is controlled by two mechanisms: (i) 

substrate availability, i.e. free, un-esterified AA in the vicinity of synthesizing enzymes; and, (ii) 

the amount and activity of synthesizing enzymes. In the absence of high concentrations of 

inflammatory cytokines or growth factors, the availability of free AA is controlled by cytosolic 
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phospholipase A2 (cPLA2) and the constitutively available COX-1. Both enzymes are activated 

by acetylcholine, catecholamines, sheer stress or other humoral and/or mechanical factor. 

Within minutes of stimulation, the production of eicosanoid increases resulting in acute 

changes of myocardial contractile force, heart rate and coronary perfusion.  There is evidence 

for a functional coupling of COX-1 to PGE2 synthase.  

 

During pathological conditions (i.e. after release of pro- inflammatory cytokines or growth 

factors) e.g., heart failure, cPLA2 and COX-2 become induced, possibly also other enzymes, 

most notably the inducible, membrane-bound PGE-synthase (mPGES). This response requires 

longer time (hours) because of transcriptional activation and protein synthesis, and leads to the 

generation of much larger amounts of eicosanoids.  

 

It is believed that the heart can synthesize all kinds of prostaglandins, several lipoxygenase 

products and epoxyeicosatrienoic acids (EETs). However, basal prostaglandin production of 

cardiac myocytes is low under normal physiological conditions. The major prostaglandin in the 

neonatal rat cardio-myocyte is PGI2 (Table 2.2). 

 

Pro-inflammatory cytokines such as interleukin -1β (IL- β) induce COX-2 in neonatal ventricular 

myocyte cultures. This results in preferential generation of PGE2 in addition to PGI2. This 

increase in PGE2 production is associated with an increase in mPGES, mRNA and protein 

levels. Growth factor (EGF) and PKC-induced “extra-cellular signal-related kinase” (ERK1/2) 

activation are associated with enhanced PGI2 production in neonatal ventricular myocytes.  
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2.3.8   Effects of Prostaglandins on Cardiac Muscle 

 

PGE2 and PGI2, synthesized by the heart, act as inhibitory modulators of β-adrenergic receptor 

–stimulated cardiac lipolysis. Additionally it is known that E-type prostaglandins inhibit 

catecholamine overflow after sympathetic nerve stimulation. There is little or no effect of 

prostaglandins or TXA2 on heart rate and contractibility under normal physiological conditions. 

However, during myocardial injury, e.g., heart failure, endogenous prostaglandins, specifically 

PGI2, improve contractility in animal experiments, while TXA2 appears to have the opposite 

effect (Murphy et al., 2004). 

 

 

2.4   Fats and Poultry Diets 

 

Fast-growing broilers require high-energy diets to match their high metabolic demand, which 

has led to dietary supplementations of fats and oils. Research on this type of energy in poultry 

diets has covered aspects such as alternative sources (animal and plant sources), level of 

saturation (saturated versus varying levels of un-saturation),  essential FA content (n-3 and n-

6), form of the ester (ethyl ester versus glyceryl ester), and the positional distribution of FA in 

the triglycerides (α or β). Some common sources of fats for poultry diets are listed on Table 

2.3. 
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Over the years, the aim of research on dietary fat supplementation has shifted from looking for 

cheap energy sources to manipulating the FA composition of poultry products to improve 

health and product quality.   

 
 
2.5   Maternal Diet and Lipid Metabolism 

 

Monogastric animals, like chickens, absorb and deposit lipids into their tissues, including eggs, 

almost in the same form in which they are ingested. This should not be surprising because as 

early as 1963 it was noticed that the FA profile in pig and poultry tissues was similar to that of 

their diet (Rymer and Given, 2005). Several studies involving humans and rat models have 

demonstrated that the FA composition of core triacylglycerols of chylomicrons reflects the FA 

composition of dietary lipids (Mu and Høy, 2004). Normally in mammals, intestinal lipoproteins 

do not enter the blood stream directly but rather are secreted into the lymphatic system from 

where they find their way to the liver (Mu and Høy, 2004). However, chickens have a 

rudimentary lymphatic system and rely on the blood stream for lipoprotein distribution. As a 

consequence, the liver is more exposed to dietary fats and is more likely to mimic dietary fatty 

acid composition.  

 
There are at least two reasons for why we want to manipulate the fat content and FA profile of 

eggs. The first is because enhancing the content of a particular type of fat, for example n-3 

PUFA of table eggs improves the health of the consumer (Cherian, 2003).  
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The second, relevant to this thesis, is because modulating the content of a particular type of fat 

in embryonated eggs may improve health of chickens and thereby increase production. In this 

context, the metabolism of eicosapentaenoic acid (20:5n-3) and arachidonic acid (20:4n-6) are 

important because, as mentioned earlier, they are precursors of eicosanoids, which may be 

involved in several pathological processes.  

 

Research has focused on the role of the maternal diet because it by-passes some of the 

negative aspects of feeding dietary n-3 PUFA to broilers during the grow-out period including: 

(i) high costs; (ii) risk of lipid peroxidation; and (iii) adverse organoleptic properties of the final 

product. Some of the advances in this area of research are summarized next.  

 

Cherian and Sim (2001) demonstrated that dietary and yolk α-linolenic acid (18:3 n-3) 

modulates the activity of ∆-6 desaturase, the enzyme necessary for PUFA synthesis, in 

hatched chicks. The authors’ hypothesis, that the type of FA in the fertile egg determines the 

activity of the liver desaturase, was based on previous observations on FA transfer during 

incubation. Alpha-linolenic-acid (18:3 n-3)-enriched embryonated eggs showed a significant 

increase in the incorporation of eicosapentaenoic acid (20:5 n-3), docosapentaenoic acid (22:5 

n-3) and docosahexaenoic acid (22:6 n-3) in the hepatic tissue of hatchlings (Cherian and Sim, 

1993).  Cherian and Sim (2001) speculated that if activity of enzymes involved in PUFA n-3 

synthesis could be set by maternal diet, this could regulate PUFA metabolism later in life with 

positive effects in health.  
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However, it has recently been suggested that the synthesis of eicosapentaenoic acid (20:5 n-5) 

and docosapentaenoic acid (22:5 n-3) from α-linolenic-acid (18:3 n-3) within the organism is 

relatively inefficient (Deckelbaum et al., 2006). So, efficient accretion of n-3 PUFA depends, to 

a significant extent, on the delivery of dietary sources (e.g., fish oil).  

 

The use of maternal dietary n-3 PUFA in connection with the onset of cardiovascular disorders 

will be dealt with in section 2.7.  

 

 

2.6   Metabolic Disorders of Poultry: Cardiovascular Diseases 

 

A parallelism has been drawn between the etiology of metabolic conditions occurring in 

humans and those affecting high-productive poultry (Julian, 2005). Cardiovascular diseases in 

fast-growing meat type birds include: ascites syndrome in broilers (AS), sudden death 

syndrome in broilers (SDS), sudden death in turkeys with hypertrophic cardiomyopathy, 

spontaneous turkey cardiomyopathy (STC), round heart disease in broilers, ruptured aorta in 

turkeys, atherosclerosis in turkeys and broilers and epicardial fibrosis (more frequent in broilers 

than in chickens). These cardiovascular disorders, except STC, round heart disease in broilers 

and epicardial fibrosis, cause welfare concerns and economic losses to the poultry industry 

world-wide, as mentioned in the introduction to this thesis.  

 

Ascites syndrome (AS) has been extensively studied since it was first described in the late 

1960’s in broiler operations at high altitude. It was hypothesized that under relative 
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environmental hypoxia susceptible fast-growing birds produced right ventricular hypertrophy 

and dilation. Survivors eventually developed valvular insufficiency and right ventricular failure. 

Death ensued due to asphyxia caused by serum-like fluid accumulation into the peritoneal 

cavity.   

 

As genetic selection continued for ever faster growth in broilers, by the late 1980’s the 

condition affected also broilers raised at sea level. In this scenario it is believed that high 

productive birds experience a high blood flow in the lungs to meet increased metabolic 

demands. Susceptible birds then develop “functional hypoxia” leading to spontaneous 

pulmonary hypertension and thus mimicking the pathophysiology of the condition at high 

altitude. Because of the fact that pulmonary hypertension is a key stage in the pathophysiology 

of AS, the condition is also called pulmonary hypertension syndrome (PHS). 

  

The theory that explains the pathophysiological progression of AS is based on the assumption 

that the primary lesion occurs in the lung (pulmonary hypertension) and as a consequence the 

heart is affected (right ventricular hypertrophy) (“model A”). However, there is another 

hypothesis suggesting that left ventricle failure (primary lesion) results from systemic 

hypertension leading to right ventricular hypertrophy and ascites (Olkowski et al., 1998) 

(“Model B”). It has been suggested that SDS is an acute form of AS (Squires and Summers, 

2003). However, birds dying from SDS do not show any clinical sign at post-mortem 

examination. The rather chronic nature of AS allows tracking the progression of the disease.  
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More recently the hypothesis that a FA metabolic imbalance may be involved in the etiology of 

AS and SDS is gaining attention (Ajuyah et al., 2003a; Cherian et al., 2005).  A comparative 

study conducted on fast-growing broilers raised at sea level demonstrated that the content of 

EPA was significantly lower in liver and heart tissues of birds dying from SDS than control birds 

(Cherian et al., 2005). Deposition of AA was higher in liver and heart triglycerides and 

phospholipids of SDS birds than control birds. The authors concluded that the significant 

alteration in FA profile suggested impairment in FA metabolism affecting the synthesis and 

tissue deposition of long chain n-3 and n-6 FA in SDS birds.  

 

 

2.7   Cardiovascular Disorders of Poultry and n-3 Polyunsaturated Fatty Acids  

 

The beneficial effects of n-3 PUFA in relieving the symptoms of various metabolic diseases in 

humans are well documented (Brouwer et al., 2006). The use of n-3 PUFA in human 

medicine to treat cardiovascular disorders has received considerable attention (Brouwer et 

al., 2006; Calder, 2003; Benatti et al., 2004). However, the use of n-3 PUFA in poultry to 

reduce the incidence of fast-growth-related cardiovascular disorders is not known or limited.    

 

Researchers have used two distinct approaches to address the problem of cardiopulmonary 

diseases in poultry. In one approach they have used dietary n-3 PUFA inclusions in meat-type 

birds related to the development of AS and SDS. Some of their results are summarized below.  
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In studies assessing dietary inclusions of n-3 PUFA related to AS, the condition has been 

artificially induced by hypobaric hypoxia and cold temperature methods, both of which cause 

AS by causing polycythemia due to insufficient oxygen in the tissues. 

 

Bond et al. (1996) reported that male fast-growing broilers raised under hypobaric conditions 

(simulated altitude of 1000m, 1500m and 2200m) for four weeks and fed flax oil at 100g/Kg 

diet (10%) showed decreased incidence of AS and pulmonary hypertension, compared to 

broilers raised under similar conditions but fed a blend of animal fat and vegetable oil. In this 

study, broilers fed the flax oil diet showed no difference in growth rate or blood hemoglobin 

content (measured at 28 days of age) compared to birds fed a blend of animal fat and 

vegetable oil. The authors suggested that the effect of flax oil “may be related to increased 

deformability of erythrocytes, reduced blood viscosity or the production of coronary relaxants 

which in turn reduce the amount of stress on the heart and decrease the amount of pulmonary 

hypertension and ascites”.   

 

Walton et al. (1999) found that broilers fed 5% dietary flax oil (experiment 1) exposed to a 

simulated altitude of 1950m had lower AS incidence compared to those fed a control diet 

containing 5% blend of animal fat and vegetable oil. The authors noticed a reduction in 

hematocrit content and an increased erythrocyte deformability in the group fed flax oil 

compared to the control group. They also noticed that feeding 5% flax oil at ambient pressure 

increased the n-6/n-3 ratio in erythrocyte membrane compared to feeding 5% blend of animal 

fat and vegetable oil. It was hypothesized that the increased content of unsaturated FA may 

have increased the fluidity of the membrane thus altering its function to increase the 
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deformability of the erythrocytes. The authors suggested that this could partially explain the 

reduction in whole blood viscosity under hypobaric conditions when 5% flax oil diet was fed. 

They believed that these factors would decrease the resistance to blood flow and improve the 

movement of erythrocyte through the capillaries, thus reducing pulmonary hypertension. The 

authors excluded that a reduction in body weight gain was the reason for a lower incidence of 

AS in broilers fed a flax oil diet, thus providing support for previous findings by Bond et al. 

(1996).   

 

In the same study, a 2.5% dietary inclusion of flax oil fed to broilers exposed to a simulated 

altitude of 2400m (experiment 2) or 1600m (experiment 3) did not show the beneficial effects 

seen in experiment 1, compared to birds fed a control diet (2.5% blend of fat and vegetable). In 

experiment 2, the flax oil groups gained significantly less weight compared to the control diet 

groups. The authors did not provide a possible explanation for this observation.  

 

In another set of experiments, Walton et al. (2001) found that broilers raised under cold 

temperatures (19°C during weeks 5 and 6, and at 14°C during weeks 7 and 8) and fed 5% flax 

oil, from 28 to 42 days of age, showed lower incidence of pulmonary hypertension and AS than 

birds fed a control diet (5% of an animal fat and vegetable blend). However this difference was 

not significant. A similar result was seen when broilers were fed 2.5% flax oil during the entire 

rearing period (8 weeks) and were exposed to colder temperatures (15°C during weeks 5 and 

6 and at 10 C during weeks 7 and 8). These results contradict those obtained previously by 

Bond et al. (1996) and Walton et al. (1999).  
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So far, it has been suggested that the metabolism of n-3 FA to vasoactive compounds might 

be involved in reducing AS and PH (Bond et al., 1996; Walton et al., 1999; 2001).  This 

hypothesis was based on observations made elsewhere that: flax oil contains ALA, a precursor 

of EPA and DHA; EPA and DHA competitively inhibit the conversion of AA (20:4n-6) to PG, 

TXA2 and LT in human platelets; in platelets there is a conversion of prostaglandin H3 to the 

EPA derivative thromboxane A3; thromboxane A3 is less active in humans at aggregating 

platelets or as a vasoconstrictor than thromboxane A2 derived from AA; EPA and DHA can be 

further metabolized to the prostacyclins PGI3 and PGI2, respectively, by blood vessel enzymes 

to function as coronary relaxants in humans; and, finally thrombocytes are the avian equivalent 

blood cells to the mammalian platelet. Bond et al. (1996) and Walton et al. (1999; 2001) 

reasoned that if thrombocytes behave like platelets with respect to EPA and DHA synthesis, 

then the production of coronary relaxants could explain beneficial effects of flax oil.  

 

More recently, the use of maternal diet to deliver n-3 PUFA to the developing embryo in 

connection with cardiopulmonary disorders has been proposed (Ajuyah et al., 2003a). These 

authors set out to investigate whether maternal diet or yolk n-3 PUFA reserves could modulate 

the retention of long-chain n-3 PUFA in cardiac tissue of broilers when raised on a diet 

containing α-linolenic acid (ALA) (18:3n-3) but lacking long-chain n-3 FA. The maternal diets 

used contained 5% sun flower oil (Low n-3), 5% fish oil (High n-3) and an equal mixture of both 

(Medium n-3). Ajuyah et al. (2003a) found that ALA fed to progeny did not sustain high levels 

of EPA and DHA in cardiac tissue of High n-3 birds. Cardiac tissue of Medium n-3 birds 

retained a significantly higher level of EPA up to 42 days of age compared to other treatments. 

None of the treatments were effective in maintaining DHA levels after day 14 of age. At the end 
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of the experiment there were no differences in body weight between 42-day-old birds from the 

three experimental groups. Total mortality due to SDS was 1.3%, but the authors did not 

mention details on the number of SDS cases in each treatment. Results from this experiment 

highlight the role of maternal diet in the retention of n-3 PUFA in the cardiac tissue of the 

progeny. Additionally, the results are in agreement with claims that the conversion of ALA to 

EPA and DHA is rather inefficient in birds or mammals (Deckelbaum et al., 2006). 

 

In another approach Hall et al. (2007) investigated the effect of feeding different levels of n-6 

and n-3 FA to hens on immune tissue (spleen and bursa) FA composition and leukotriene 

production of hatched chicks. Maternal diets were 3% sunflower oil (SFO), 1.5% sunflower oil 

plus 1.5% fish oil (SFO-FO), and 3% fish oil (FO). Spleen docosahexaenoic acid (DHA, 22:6-

n3) content was significantly different in chicks from the different dietary treatments at 7, 14 

and 21 days of age. The highest DHA content was seen in FO chicks, followed by SF-FO 

chicks and SFO chicks came last. The eicosapentaenoic acid (EPA, 20:5n-3) and DHA 

contents were significantly higher in bursa of FO chicks at 14 and 21 days compared to those 

from other treatments. In addition, thrombocytes from FO chicks produced more leukotriene B5 

(LTB5) at 7 and 14 days compared to chicks from the other treatments. However, production of 

LTB5 stopped at 21 days of age. The ratio of leukotriene B4 (LTB4) to LTB5 was significantly 

higher in FO chicks compared to the other chicks at 7 and 14 days of age. The authors 

concluded that the modulation of maternal dietary n-6 and n-3 FA may alter the LT production 

in chicks, which could lead to less inflammatory-related disorders and improved performance. 

The authors implied that decreasing pro-inflammatory LT synthesis could lead to the reduction 

of inflammatory and metabolic disorders in broilers (AS and SDS).  
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2.8   Thesis Objectives and Hypotheses 

 

1) To determine the effect of hen age and dietary n-3 polyunsaturated fatty acids on egg 

quality and hatchability 

Hypotheses tested: 

a. High n-3 maternal diet does not reduce egg quality 

b. High n-3 maternal diet does not reduce fertility and hatchability 

c. Hen age (29 weeks, 37 weeks, and 45 weeks) affects egg quality and 

hatchability 

 

2) To determine the effect of maternal diet on antioxidant status and lipid peroxidation in 

the newly hatched chick’s tissues.  

Hypothesis tested: 

a. High n-3 maternal diet does not compromise the antioxidant status in the 

progeny. 

 

3) To establish the effect of maternal diet on fatty acid/eicosanoid  status in broilers 

Hypotheses tested: 

a. Maternal n-3 increases retention of n-3 PUFA in growing broilers when fed a 

low n-3 commercial diet 

b. Maternal n-3 PUFA increases the production of 3-series eicosanoids in 

progeny’s tissue when fed a low n-3 commercial diet.  
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H3C 

Figure 2.1 The structure of some 18-carbon fatty acids (adopted from Calder and Burdge, 
2004). 
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Figure 2.2. The biosynthesis of polyunsaturated fatty acids (adopted from Calder and Burdge, 
2004) 
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Figure 2.3. Schematic representation of fatty acid effects on hepatic metabolism and gene 
expression (Reddy, 2004). 
 

                                                                                                
 
 
Figure 2.4. Cartoon depicting initiation of an inflammatory response to infection (adopted from: 
Janeway et al. (2005)). 
 
A    B    C 
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Figure 2.5. Conversion of arachidonic acid into chemically active intermediates mediated by 
COX-1 and COX-2 (adopted from Murphy et al., 2004). 
 

 
 
 

Figure 2.6. Conversion of arachidonic acid (20:4n-6) into chemically active intermediates 
(adopted from Murphy et al., 2004). 
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Table 2.1 Nomenclature and notation of some fatty acids. 
 

Systematic name (IUPAC) Common name Notation 

 
Ethanoic acid 

Acetic acid 2:0 

Propanoic acid Propionic acid 3:0 
Octadecanoic acid Stearic acid 18:0 
cis 9-Octadecenoic acid Oleic acid 18:1n-9 
cis 9,cis 12, -Octadecadienoic acid Linoleic acid 18:2n-6 
All cis 9,12,15-Octadecatrienoic acid α-Linolenic acid 18:3n-3 
All cis 5,8,11,14-Eicosatetraenoic acid Arachidonic acid 20:4n-6 
All cis 5,8,11,14,17-Eicosapentaenoic acid Eicosapentaenoic acid 20:5n-3 
All cis 7,10,13,16,19- Docosapentaenoic acid Docosapentaenoic acid 22:5n-3 
All cis 4,7,10,13,16- Docosahexaenoic acid Docosahexaenoic acid 22:6n-3 
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Table 2.2 Prostaglandin generation (pg/mg protein/10min) in neonatal rat cardio-myocytes 
(adopted from Schrör (2004)) 
 

Prostaglandin Amount (±SD) 

 
6-keto-PGF1 

 
1872(201) 

PGE2 679 (80) 
PGF2 258 (31) 
TXB2 108 (33) 
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Table 2.3 Fatty acid composition of oils used in poultry rations (%) 
 

 Saturated Polyunsaturated fatty acids Mono-unsaturated  
fatty acids 

Source  n-6 n-3  
 
Canola oil 

 
7 

 
22 

 
10 

 
61 

Hempseed 8 55 25 12 
Flax seed oil 10 17 55 18 
Safflower oil 10 76 Trace 14 
Sunflower oil 12 71 1 16 
Corn oil 13 57 1 29 
Olive oil 15 9 1 75 
Soybean oil 15 54 8 23 
Peanut oil 19 33 Trace 48 
Cottonseed oil 27 54 Trace 19 
Lard 43 9 1 47 
Beef tallow 48 2 1 49 
Palm oil 51 10 Trace 39 
Butterfat 68 3 1 28 
Coconut oil 91 2 0 7 
Fish oil 16.8 10.9 26.4 41.5 
Menhaden fish oil 26.9 2.2 29.5 25 
Yellow grease/ 
Restaurant grease 

27 23 1 49 
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3   FEEDING n-3 POLYUNSATURATED FATTY ACIDS TO BROILER BREEDER HENS 

 

3.1   Introduction 

 

Embryonated eggs should have certain characteristics that help maintain embryo viability 

during collection (handling) and storage so that at the end of the incubation period a healthy 

chick will be hatched. Several aspects of egg quality such as shell thickness and shell porosity 

affect the rate of diffusion of oxygen into the egg and carbon dioxide and water vapor from 

inside the egg. Provided that incubation settings are adequate, an egg should lose about 12% 

of its weight as water vapor.  

 

Recently, n-3 and n-6 polyunsaturated fatty acids (PUFA) have been introduced as natural 

health-enhancing nutrients both in human medicine and animal production. Despite the 

growing interest on the use of these nutrients in poultry, there is limited information on the 

effects of the breeder hen’s dietary n-3 polyunsaturated fatty acids (n-3 PUFA) on the egg 

composition and egg quality especially at different stages of egg production. For example, 

maternal dietary inclusions of either 5.5% fish oil (source of n-3) or 5.5% soybean oil (source of 

n-6) have been investigated related to egg quality (Pappas et al., 2005) and fertility and 

hatchability (Pappas et al., 2006) of 23 and 27-week-old breeder hens. Breeder hens 

supplemented with 5.5% fish oil, laid smaller eggs with thinner shell than soybean-

supplemented hens did (Pappas et al., 2005).  Also, inclusion of dietary fish oil (5.5%) 

significantly lowered hatchability and fertility (Pappas et al., 2006).   
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N-3 PUFA have been shown to have positive effects on health such as: (1) triglyceride 

lowering, antiatherosclerotic and antiarrhythmic properties, (2) immune-enhancing properties 

(Brouwer et al., 2006). However such positive effects have not been fully characterized in 

relation to egg quality, hatchability and fertility in broiler breeders. Therefore it is necessary to 

further investigate the effects of n-3 PUFA on broiler breeders, especially lower dietary 

concentration of fish oil than that reported to have detrimental effects. It is also important to 

investigate the effects of n-3 PUFA on egg quality, hatchability and fertility at different stages of 

production.           

  

In this context, the present study aims at characterizing the effect of feeding n-3 oils (fish oil) 

on reproductive parameters (fertility and hatchability) as well as egg components in broiler 

breeders at different stages of production. 

 

3.2   Experimental Design and Methods 

 

 3.2.1   Broiler Breeder Raising and Management 

 

Two-hundred-twenty-two day-old Cobb Breeder chicks (mixed sex), purchased from a local 

farm, were raised according to breeders’ guidelines during their entire life cycle. The feeding 

regimes and lighting programs used are presented in Tables 3.1 and 3.2, respectively. Details 

of other management are presented in chronological order according to the different phases 

identified by Cobb Breeders. 
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Starter Phase Management (1-17 weeks of age).  The day-old chicks were place in two 

concrete-floor rooms fitted with wood-shaving litter. From 1 to 119 days of age (17 weeks), the 

breeder birds were fed a commercial crumble-medicated diet (developer1) whose calculated 

analysis is presented in Table 3.3.  

 
Pre-breeder Bird Management (18-22 weeks). At the end of the starter phase, 9 roosters and 

72 hens were randomly chosen and were considered in experiment. The lighting program used 

is mentioned in Table 3.2. The pre-breeder ration was provided between 120 and 154 days of 

age to all birds and the calculated analyses are shown in Table 3.4. Birds were fed once daily 

(morning) using the regime in Table 3.1. Birds were weighed weekly to adjust the amount of 

feed so that the proper weight was maintained according to Cobb Breeder’s recommendations.  

 

Breeder Birds Experimental Phase Management (22 - 46 weeks of age). At the start of the 

experimental phase, 3 roosters and 24 hens were randomly allocated to each of 3 rooms of the 

same size (4 m long X 3 m wide X 3 m high). The concrete floors were covered with wood-

shaving litter and nests were introduced. Three maternal dietary treatments, as described 

below, were randomly allocated to each of the three rooms. Feed was provided so that hens 

did not have access to the rooster feed and vice versa. The lighting program used is presented 

in Table 3.2. The experimental diets that were fed to the breeder hens and roosters, between 

155 and 322 days of age are presented in Table 3.5.  All birds were weighed on a weekly basis 

to monitor and thus maintain body weight in accordance to Cobb Breeders specifications for 

the growing phase.  

                                                 
1 Kropf-CHS Nutrition LLC, Harrisburg, Oregon 
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3.2.2   Egg Collection 

 

Egg production was recorded daily at 3:00 PM from the start of production cycle. For egg 

quality analyses, 18 eggs per treatment were randomly selected from a pool of eggs collected 

over a period of three days at weeks 29, 37 and 45 of age and were kept in a cold room 

awaiting analysis. Egg mass was calculated at 29, 37 and 45 weeks using the following 

formula:  

Egg mass (g) = Average weekly egg production (%) X egg weight (g) 

 
 
Egg Component Analysis. Egg weight and its components were determined for all the eggs 

collected (n=18) at each production stage.  Shell thickness was measured near the equator of 

the egg (n=18) with a micrometer1. The egg yolk and albumen were separated and were 

processed immediately. Albumen weight was calculated by subtracting yolk weight and shell 

weight from egg weight.  

 

Total Lipid Extraction. For total lipid and fatty acid analyses, three yolks were randomly 

pooled from a total of 18 yolks per treatment to obtain a sample size of six. Total lipids were 

extracted from egg yolks and ground feed by the method of Folch et al. (1957). One gram of 

sample was weighed into a screw-capped test tube with 18 ml of chloroform/methanol (2:1, 

vol/vol).  After an overnight incubation 

                                                 
1 Model 25  0.01mm, B.C. Ames Co., Waltham 54, Massachusetts, USA. 
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at 4°C, 5 ml of 0.88% sodium chloride solution was added and mixed. After phase separation 

the volume of lipid layer was recorded, and the top layer was completely siphoned off. Total 

lipid was determined gravimetrically following Cherian et al. (2002).  

 

3.2.3   Analytic: Lipid and Fatty Acid Analyses 

 

Fatty Acid Analysis. For fatty acid (FA) analysis, two ml of lipid extract (above) were dried 

under nitrogen, re-suspended in 1 ml of methanolic HCl (3 N), and esterified by heating to 

60°C for 40 min. The FA methyl esters (FAME) of feed and egg yolk were determined as 

described by Cherian et al. (2002). Analyses of FA composition were performed with an HP-

6890 gas chromatograph1 equipped with an autosampler, FID, and fused-silica capillary 

column2 (30 m x 0.25 mm X0.2 μm film thickness). The sample (1 μL) was injected with helium 

as a carrier gas onto the column programmed for ramped oven temperatures (initial 

temperature was 110°C held for 1.0 min, then ramped at 15°C/min to 190°C and held for 5 

min, then ramped at 5°C/min to 230°C and held for 5 min). Inlet and detector temperatures 

were held at 220°C. Peak areas and percentages were calculated using a Hewlett-Packard 

ChemStation software. FAMEs were identified by comparison with retention times of authentic 

standard3. FA values and total lipids are reported as weight percentages. 

 

 
                                                 
1 Hewlett-Packard Co., Wilmington, DE. 
2 Sp-2560; Supelco, Bellefonte, PA. 
3 Matreya, Pleasant Gap, PA. 
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3.2.4   Statistical Analyses 

 

The experimental design is consistent with repeated measures (29, 35 and 47 weeks of age) 

from each experimental unit (room housing hens and rosters to which an experimental diet was 

applied). Data on egg components weight (i.e. whole egg, albumen, yolk and shell) and shell 

thickness was analyzed in S-Plus (Mathsoft, 1998) using Principal Components Analyses to 

find meaningful linear combination of variables. Once a particular linear combination was 

found, a univariate analyses was chosen. When appropriate, one-way ANOVA was used to 

evaluate the effect of maternal diet. All pair-wise comparisons were conducted using the Tukey 

method. In the case of hatchability and fertility data, a Mantel-Haenszel chi-square test was 

conducted in order to test the hypothesis that hatchability events (hatched versus non-hatched) 

and fertility event (fertile versus non-fertile) were not related to the maternal dietary treatments 

(Low, Medium and High n-3). 

 

 

3.3   Results 

 

The fatty acid profile of the experimental diets fed to the breeder hens during phase 1 is shown 

in Table 3.6. The fatty acid composition of the diet reflected the supplemented oil source 

(Table 3.5).  For example, the Low n-3 diet (3.5% sunflower oil) contained a higher C18:2 n-6 

fatty acid concentration than the other diets. However, when fish oil was added to the diet 
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(Medium and High n-3) C20:5 n-3 and C22:6 n-3 fatty acids increased in a dose-response 

manner. 

3.3.1 Effects of Feeding Diets with Fish Oil and Sunflower Oil to Broiler 

Breeders on Egg Quality 

 

The results on egg weight and egg components as well as shell thickness are presented in 

Table 3.7 and Table 3.8. Overall, there was a significant effect of Age and Diet (p<0.05) on egg 

weight, egg yolk weight, egg shell weight and shell thickness.  

 

Egg Weight. Low-n-3 and Medium-n3 hens laid significantly heavier eggs than High n-3 hens 

did (p<0.05) (Table 3.7). Regarding age, 45-week-old hens laid heavier eggs than 37-week-old 

hens, and the latter laid significantly heavier eggs than 29-week-old hens (p<0.05) (Table 3.8).  

 

Albumen Weight. Eggs laid by Low n-3 and Medium n-3 breeder hens had a significantly 

heavier albumin than those laid by High n-3 hens (p<0.05) (Table 3.7). Eggs laid by 45-week-

old  breeder hens had significantly heavier mean albumen than that of those laid by 37-week-

old hens, which in turn laid eggs with significantly heavier albumen than 29-week-old hens 

(p<0.05) (Table 3.8).  

 

Egg Yolk Weight. Eggs laid by Low n-3 and Medium n-3 breeder hens had significantly 

heavier yolks than those laid by High n-3 hens (p=0.05) (Table 3.7). Eggs laid by 45-week-old 
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breeder hens had heavier yolks than those laid by 37-week-old hens, which in turn had heavier 

yolks than eggs laid by 29-week-old hens (p<0.05) (Table 3.8).  

 

Shell Weight. Eggs laid by Medium n-3 breeder hens had significantly heavier shells than 

those laid by High n-3 hens (p=0.05) (Table 3.7). Eggs laid by 45-week-old breeder hens had 

significantly heavier shells than those laid by 37-week-old hens, which in turn laid eggs with 

significantly heavier eggshells than those laid by 29-week-old hens (p<0.05) (Table 3.8).  

 

Shell Thickness. Eggs laid by 45-week-old broiler hens had significantly thicker shells than 

those laid by 37-week-old hens, which in turn laid eggs with significantly thicker shells than 29-

week-old hens  (p<0.05) (Table 3.8). Eggs laid by Medium n-3 breeder hens had significantly 

thicker shells than those laid by Low n-3 hens (p<0.05) (Table 3.7). 

 

3.3.2   Effects of Feeding n-6 and n-3 oils to Broiler Breeders on Egg 

Production 

 

The weekly average percentage egg production of the three different populations of breeder 

hens and that expected for the Cobb 500 breeder hen is shown in Figure 3.1. ANOVA 

analyses showed that both Diet (p=0.004) and Age (p<0.0001) had a significant effect on 

weekly average egg production. Overall, on a weekly basis, mean egg production was 53%, 

46% and 48% for the Low, Medium and High n-3 breeder hens, respectively (the difference 
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between the means from the Low n-3 and Medium n-3 groups was significant). As for age, it 

can be noticed from Figure 3.1 that the egg production peaked at 30 weeks of age and then 

remained more or less stable until 38 weeks of age followed by a steady gentle drop until 46 

weeks of age. 

 
The egg mass production (percentage egg production X egg weight, g) during the three age 

points studied in the present study is shown in Figure 3.2. It can be noticed that around peak 

production High n-3 hens performed slightly lower than Low n-3 hens and both did better than 

the Medium n-3 hens.  However, High n-3 hens’ performance declined slightly at 37 weeks old 

and even further at 46 weeks of age compared to Low and Medium n-3 hens.  

 

3.3.3   Effects of Maternal Dietary Oil Source and Hen Age on Total Fat 
Concentration of Eggs 
 

The results on the effects of maternal dietary oil source and hen age on egg yolk’s total fat are 

presented in Table 3.9. There was no significant effect of oil source on egg yolk’s total fat 

content. However, 37-week-old and 45-week-old hens laid eggs with significantly higher yolk 

total fat than 29-week-old hens did.  
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3.3.4   Effects of Maternal Dietary Oil Source and Hen Age on Egg Yolk 

Fatty Acid Profile 

 

Results on the effect of maternal dietary oil source and hen age on egg yolk fatty acid profile 

are summarized in Table 3.11. The fatty acid profile of the diet (Table 3.5) was reflected in the 

fatty acid profile of the eggs. The major saturated fatty acid found in the egg were palmitic acid 

(C16:0) and stearic acid (18:0) and both were significantly affected by dietary oil source but not 

by hen’s age. Palmitic acid contents in the egg significantly increased as the level of fish oil 

increased in the hen’s diet, and an opposite trend was seen regarding 18:0 concentration in 

the egg. Also, eggs laid by older hens had higher C16:0 content than those younger birds, and 

the opposite trend was seen regarding C18:0 content. Consequently, the total saturated fatty 

acid content of the eggs was not affected by dietary oil source but only by the hen’s age, 

whereby older hens laid eggs with significantly higher total SFA content than younger birds.  

The total polyunsaturated fatty acid percentage (PUFA; n-6 and n-3 fatty acids) of the egg was 

significantly influenced by the hen’s dietary oil source only. Also, hens fed the High n-3 diet laid 

eggs with significantly lower PUFA than those laid by hens fed the Low n-3 diet, which in turn 

laid eggs with lower PUFA contents than those from hens fed the Medium n-3 diet. 

 
As the amount of fish oil increased in the hen’s diet the egg the concentration of n-3 fatty acids 

in the egg increased and the n-6 fatty acid concentration decreased. Consequently the n6/n3 

ratio decreased. For example, eicosapentaenoic acid (EPA, 20:5 n-3) content was significantly 

higher in High n-3 eggs, followed by that in the Medium n-3 eggs which were then followed by 
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the Low n-3 eggs. However, the opposite happened with the egg’s AA acid content (C20:4 n-

6). A similar trend was observed regarding PUFA n-3 and PUFA n-6, respectively. All this 

contributed to the final observation that as the fish oil content in the hen’s diet increased, the n-

6:n-3 ratio significantly decreased from Low (20:1), then Medium (2:1) to the  High (1:1).  

Regarding hen’s age, it did not affect either PUFA n-6 or PUFA n-3.  

 
3.3.5   Effects of Maternal Dietary Oil Source and Hen Age on Fertility 

and Hatchability 

 

There was no evidence that fish-oil supplemented breeder hens lay eggs with lower 

hatchability than those laid by un-supplemented breeder hens, after accounting for Age (one-

sided p-value=0.862 from Mantel-Haenszel chi-square test) (Table 3.12).  

 

 

3.4   Discussion  

 

The present study aimed at investigating the effect of feeding n-3 PUFA to 29-, 37- and 45-

week-old breeder hens on egg weight and its components, shell thickness, hatchability and 

fertility.  

Egg components studied included yolk, albumen and shell. Results showed that egg weight 

and its components were significantly affected by the hen’s age and its dietary oil source. For 

example, egg weight, albumen weight, yolk weight and shell weight were higher in 45-week-old 
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than in 37-week-old hens. Also, these weights were higher in 37-week-old than in 30-week-old 

hens. 

 

Egg mass represents the combined effects of percentage egg production and egg size, and so 

it provides a more integral evaluation regarding egg production performance by the hens. It 

stands out that at 29 weeks the Medium n-3 hens performed almost similar to Low n-3 hens, 

and both groups did better than High n-3 hens which laid lighter eggs and had lower egg 

production. These results are in agreement with those reported by Pappas et al. (2005), who 

found that 27-weelk-old breeder hens laid significantly heavier eggs and components than 23-

week-old hens, when fed a similar diet. Additionally, these authors reported that when breeder 

hens were fed a 5.5% fish oil there was a significant reduction in egg weight, yolk weight and 

shell weight compared with that observed when hens were fed 5.5% of sunflower dietary 

inclusion. In relation to diet treatments, the results in the present study are in partial agreement 

with those by Pappas et al. (2005). For example, feeding breeder hens 3.5% fish oil (High n-3) 

significantly decreased egg weight, albumen weight and yolk weight compared to those hens 

fed either 1.75% fish oil + 1.75% sunflower oil (Medium n-3) or 3.5% sunflower oil (Low n-3). 

However, there was a synergistic effect of both sources of oil whereby feeding breeder hens 

1.75% fish oil + 1.75% sunflower oil supplement significantly increased the eggshell thickness 

compared to those laid by hens fed 3.5% fish oil.    

 



 

 

49

In the present study, eggshell thickness was significantly affected by both breeder hen age and 

dietary oil source. Eggs laid by 45-week-old broiler hens had significantly thicker shells than 

those laid by 37-week-old hens, which in turn laid eggs with significantly thicker shells than 

those laid by 29-week-old hens. This observation is in contrast with reported findings by 

Pappas et al. (2005), who found no differences in eggshell thickness between eggs laid by 27-

week-old and those laid by 23-week-old hens. As for the effect of diet, these authors did not 

find differences in shell thickness between eggs laid by breeder hens supplemented with 5.5% 

fish oil and those laid by hens supplemented with 5.5% sunflower oil. This result agreed with 

findings in the present work, in which eggs laid by breeder hens supplemented with either 

3.5% fish oil or 3.5% sunflower oil did not differ in shell thickness. In the present study a 50:50 

dietary inclusion of fish and sunflower oils seems to have a synergistic effect that resulted in 

significantly thicker shells in eggs laid by hens fed 1.75% fish oil + 1.75% sunflower oil 

(Medium n-3) than those laid by hens supplemented with 3.5% sunflower oil (Low n-3).  There 

was a moderate correlation between shell weight and shell thickness (r=0.71) suggesting that 

the shell thickness partially explains shell weight.  

 

In the present study, the egg yolk’s total fat content remained unchanged when the hens were 

fed the two sources of oil studied and their 50:50 mix. However, yolk total fat content increased 

with age. 
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Although the egg’s fatty acid profile was influenced by the maternal source of oil, individual 

fatty acids changed differently, sometimes in opposite direction as in the case of C16:0 and 

C18:0, the main saturated fatty acids of the egg. This is in agreement with the work by Pappas 

et al. (2005) who also found that fish oil supplemented diet predisposed the hen to lay eggs 

with higher C16:0 content and lower C18:0 content than in those hens fed a sunflower oil 

supplemented diet. Also, these authors found that the n-3 and n-6 fatty acid contents and the 

n6/n3 ratio in the egg reflected that of the diet and that they were affected by hen’s age in the 

same way as in the present study. Similar to the work by Cherian and Goeger (2004) in which 

layer hens were fed 3% fish oil or 3% sunflower oil, in the present study breeder hens fed a 

3.5% fish oil laid eggs with increased C18:3 n-3 and C22:6 n-3 content whereas those fed a 

3.5% sunflower oil laid eggs with increased content of 18:2 n-6 and 20:4 n-6 fatty acids. 

 

Hatchability was calculated as the number of chicks hatched expressed as percentage of the 

number of fertile eggs incubated. In the present experiment, hatchability was not affected by 

age or maternal diet (i.e. Low n-3, 3.5% sunflower oil; Medium n-3, 1.75% sunflower oil + 

1.75% fish oil; or High n-3, 3.5 % fish oil). This result is in contrast with that reported by 

Pappas et al. (2006) who found that 27-week-old breeder hens supplemented with 5.5% fish oil 

laid eggs with significantly lower hatchability than that observed in eggs laid by hens fed a 

5.5% soybean oil supplement. A higher fish oil dietary inclusion, compared to the High n-3 diet 

in the current study, may help explain the negative effects by Pappas et al. (2006).  
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 The hypothesis that High n-3 maternal diet does not reduce egg quality was rejected for all the 

egg quality aspects studied except shell thickness. Hens fed the High n-3 diet laid lighter eggs 

with lighter yolks, albumens and shells than those laid by hens fed the Medium and Low n-3 

diets. Egg quality in breeder hens is not as critical as in the case for layer hens, whose eggs 

are destined for human consumption and so must have long shelf lives. However, in breeder 

hens hatchability and fertility are critical. In this regard, the hypotheses that the High n-3 

maternal diet affects fertility and hatchability were rejected. Moreover, eggs laid by hens fed 

the Medium and High n-3 diets had yolks with significantly decreased C18:2 n-4 and C20:4 n-6 

fatty acid concentrations than those from eggs laid by hens fed the Low n-3 diet. Also, eggs 

laid by hens fed the Medium and High n-3 diets had yolks with significantly increased C18:3 n-

3 and C22:6 n-3 fatty acid concentrations compared to those of eggs laid by hens fed the Low 

n-3 diet. It has been reported elsewhere that n-3 PUFA possesses cardio-protective and anti-

inflammatory effects, but also that PUFA may be susceptible to oxidation with potential 

teratogenic effects. Therefore, it is important to investigate the differential susceptibility of the 

progeny hatched from hens fed the Low, Medium and High n-3 diets to lipid peroxidation by 

assessing changes in their antioxidant system.  Finally, since hen age affected significantly the 

yolk n-6 and n-3 fatty acids concentration, the following study focused on the on the progeny of 

29-week-old breeder hens. 
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Figure 3.1 Weekly average egg production of breeder hens from 25 to 46 weeks of age. 
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Figure 3.2 Effect of dietary n-6 and n-3 oils on egg mass production  
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Table 3.1 Summary of the feeding programs used to raise the experimental breeder birds 
 
Age (days) Feeding program 
 
1-13 

 
Full feed 

14-27 Restricted feed every day 
28-140 Restricted feed skip a day 
141-252 Restricted feed every day 
 

 

Table 3.2 Summary of the lighting programs used to raise the experimental breeder birds 
 

Age (days) Lighting program 
 Light: Dark (Hrs) Intensity (Lux) 

 
1-2 

 
24:00 

 
10 

3-21 15:09 10 
22-140 08:16 10 
141-147 13:11 90 
148-161 14:10 90 
162-196 15:09 90 
197-203 16:08 90 
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Table 3.3 Calculated analysis of the developer diet fed between 15 and 119 days of age 
 
Ingredients Pre-breeder diet 
 
Protein, % 16.00 
Crude fiber, % 3.50 
Crude fat, % 5.00 
Calcium, % 1.40 
Available phosphorus, % 0.70 
Lysine, % 0.75 
Methionine, % 0.35 
Sodium, % 0.50 
 
Table 3.4 Composition of the pre-breeder diet fed between 120 and 154 days of age 
 
 Pre-breeder diet 
Ingredients (g/100 g) 
 
Ground yellow corn 66.00 
Soybean meal (48%) 19.00 
Alfalfa meal (17%) 5.13 
Wheat middlings 5.13 
Limestone 2.00 
Dicalcium Phosphate 1.80 
Layer premixa 0.50 
Salt 0.50 
D-L Methionine 0.07 
      Total 100.00 
 
Calculated analysis  
Protein, % 16.04 
Metabolizable energy, Kcal/kg 2868.00 
Crude fiber, % 3.49 
Crude fat, % 3.49 
Calcium, % 1.32 
Available phosphorus, % 0.45 
Lysine, % 0.83 
Methionine, % 0.36 
Total sulfur amino acids, % 0.63 
Sodium, % 0.02 
 
a Supplied per kg feed: vitamin A-12,500IU; vitamin D3-4000IU; vitamin E-25 IU; vitamin B12-
0.014 mg; rivoflavin-8 mg; pantothenic acid-12 mg; Niacin-40 mg; menadione-2.5 mg; choline-
500; thiamine-1.75 mg; selenium-0.26 mg; folic acid-0.75 mg; pyridoxine-2 mg; D-biotin-0.15 
mg; ethoxyquin-2.5 μg. 
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Table 3.5 Composition of experimental diets fed to breeder hens between 155 and 322 days of 
age 
 

 Hen Breeder 
diet* 

 
Ingredients 

Low n-3 Medium n-3 High n-3 
Rooster breeder 

diet 

 
 

 
g/100 g  

 
g/100 g 

Ground yellow corn 53 53.68 55.11 55.11 
Soybean meal (48%) 20.2 19.85 21 7.00 
Alfalfa meal (17%) 6.8 6.2 5 13.20 
Wheat middlings 6.84 7.2 5.75 18.40 
Limestone 6.7 6.65 6.7 0.70 
Dicalcium Phosphate 1.85 1.85 1.85 1.80 
Layer premixa 0.5 0.5 0.5 0.50 
Salt 0.5 0.5 0.5 0.50 
D-L Methionine 0.11 0.07 0.09  
Sunflower oil 3.5 1.75   
Fish oil  1.75 3.5  
Yellow grease    0.20 
      Total 100 100 100 100.00 
 
Calculated analysis    

 

Protein, % 16.0 16.0 16.3 13.07 
Metabolizable energy, 
Kcal/kg 2869 2862 2866 

 
2755.43 

Crude fiber, % 3.68 3.55 3.294 5.22 
Crude fat, % 6.17 4.44 2.682 3.48 
Calcium, % 3.086 3.058 3.064 0.92 
Available phosphorus, % 0.46 0.458 0.459 0.46 
Lysine, % 0.863 0.85 0.872 0.67 
Methionine, % 0.393 0.351 0.376 0.25 
Total sulfur amino acids, % 0.659 0.615 0.643 0.48 
Sodium, % 0.221 0.219 0.220 0.23 
 
*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil.  
a Supplied per kg feed: vitamin A-12,500IU; vitamin D3-4000IU; vitamin E-25 IU; vitamin B12-
0.014 mg; rivoflavin-8 mg; pantothenic acid-12 mg; Niacin-40 mg; menadione-2.5 mg; choline-
500; thiamine-1.75 mg; selenium-0.26 mg; folic acid-0.75 mg; pyridoxine-2 mg; D-biotin-0.15 
mg; ethoxyquin-2.5 µg. 
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Table 3.6 Fatty acid composition of experimental diets (percentage weight of total fatty acids)* 
fed to breeder hens between 155 and 322 days of age 
 
 Maternal diet 
Fatty acid  
(% of total fatty acids) 

Low n-3 Medium n-3 High n-3 

 
C16:0 

 
13.57 

 
18.29 

 
20.05 

C18:0 2.75 3.16 2.79 
C18:2n-6 53.3 39.7 27.8 
C18:3n-3  3.5 3.6 3.8 
C20:4n-6 0 0 0.85 
C20:5n-3 0 3.16 6.68 
C22:5n-3  0 0 1.13 
C22:6n-3  0 2.6 4.2 
Total SFA 16.3 25.5 29.4 
Total MUFA 26.9 25.4 26.1 
Total PUFA 56.8 49.1 44.5 
PUFA n-3 3.5 9.4 15.8 
PUFA n-6 53.3 39.7 28.7 
 
*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil.  
Total SFA =Total saturated fatty acids and includes: C14:0, C15:0, C16:0, C17:0, C18:0, 
C20:0, C22:0, and C24:0 
Total MUFA= Total monounsaturated fatty acids and include: C14:1, C16:1, C18:1, C20:1, 
C22:1, and C24:1. 
Total PUFA= Total polyunsaturated fatty acids and include: C18:2n-6, C18 n-3, C20:2n-6, 
C20:3n-6, C20:4n-6, C20:5n-3, C22:4n-6, C22:5n6, C22:5n-3 and C22:6n-3. 
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Table 3.7 Effect of dietary n-6 and n-3 oils on egg components and shell thickness. 
 
 Egg component weight (g)  
Treatment* Whole egg (g) Yolk (g) Albumen (g) Shell (g) Shell thickness (μm) 
 
Low n-3 

 
63.24a 

 
18.13a 

 
48.62a 

 
5.87ab 

 
379.96b 

Medium n-3 63.31a 17.80a 49.02a 5.94a 393.3a 
High n-3 59.55b 16.74b 45.97b 5.65b 388.1ab 
SE 0.617 0.26 0.65 0.06 3.98 
 
a-b Means within the same column with different superscript are different at p<0.05; (n=54) 
 *Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; 
High n-3 diet = 3.5% fish oil.  
 

 

Table 3.8 Effect of breeder hen age on egg components and shell thickness 
 
 Egg component weight (g)  
Age (weeks) Whole egg (g) Yolk (g) Albumen (g) Shell (g) Shell thickness (μm) 
 
29 

 
56.19c 

 
15.41c 

 
35.25c 

 
5.34c 

 
369.87b 

37 63.10b 17.43b 39.91b 5.87b 389.26a 
45 66.82a 19.78a 53.46a 6.3aa 401.60a 
SE 0.617 0.26 0.49 0.071 3.64 
 
a-c Means within the same column with different superscript are different at p<0.05; (n=54) 
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Table 3.9 Effect of maternal dietary oil source on egg yolk total fat 

Oil source Total fat (%) 
 

Low n-3 
 

33.3 
Medium n-3 31.6 

High n-3 31.9 
S.E. 0.98 

 
*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil.  
S.E.= Standard error (n=18) 
 
 
Table 3.10 Effect of hen age on egg yolk total fat 

Age (weeks) Total fat (%) 
 

29 
 

27.5b 
37 34.8a 
45 34.2a 
SE 0.62 

 
a-b Means with different superscript are different at p<0.05;  
S.E.= Standard error (n=1 



Table 3.11 Effect of maternal dietary oil source on egg yolk fatty acid profile 
        Fatty Acid       

Treatment C16:0 C18:0 C18:1 
(n-9) 

C18:2 
(n-6) 

C18:3 
(n-3) 

C20:4 
(n-6) 

C20:5 
(n-3) 

C22:4 
(n-6) 

C22:5 
(n-3) 

C22:6 
(n-3) 

Total 
SFA 

Total 
PUFA 

PUFA  
(n-6) 

PUFA 
(n-3) 

n-6/n-3 

 
Low n-3 

 
27.13c 

 
15.10a 

 
26.49 

 
19.91a 0.31 4.57a 0.00 0.65a 0.00c 1.36c 42.41 25.88ab 27.15a 1.47c 20.12a 

Medium n-3 29.63b 12.68b 26.01 16.11b 0.37 2.14b 0.48 0.00b 0.79b 8.85b 42.73 27.84a 18.13b 9.71b 1.90b 
High n-3 31.21a 11.28c 26.97 9.98c 0.42 1.35c 0.92 0.00b 1.28a 10.74a 43.42 24.27b 11.33c 12.93a 0.90b 

S.E. 0.34 0.19 0.55 0.28 0.02 0.096 0.04 0.01 0.04 0.30 0.37 0.74 0.33 0.42 0.7 
 
*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High n-3 diet = 3.5% fish oil. Values are means (n=6).  
Total SFA =Total saturated fatty acids and includes: C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C22:0, and C24:0 
Total PUFA= Total polyunsaturated fatty acids and include: C18:2n-6, C18:3n-6, C183n-3, C20:2n-6, C20:3n-6, C20:4n-6, C20:5n-3, C22:4n-6, C22:5n6, C22:5n-
3 and C22:6n-3. 
PUFA n-3 = C18:3n-3, C20:5n-3, C22:5n-3 and C22:6n-3. 
PUFA n-6: C18:2n-6, C18:3n-6, C20:2n-6, C20:3n-6, C20:4n-6, C22:4n-6, C22:5n6 
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Table 3.12 Effect of dietary n-3 and n-6 and hen age on hatchability and fertility 
 
  Reproductive parameters    
Age 
(weeks) 

Treatment Fertility (%) Fertile (n) Hatchability 
(%) 

Hatched 
(n) 

Total 

29 Low n-3 100 84 89 75 84 
 Medium n-3 92 108 87 83 109 
 High n-3 95 104 84 87 105 
 
37 

Low n-3 
98 59 86 51 60 

 Medium n-3 100 100 80 80 100 
 High n-3 100 86 92 79 86 
 
45 

Low n-3 
100 20 65 13 20 

 Medium n-3 99 88 80 70 89 
 High n-3 100 71 79 56 71 
 
*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil.  
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4 EFFECT OF MATERNAL DIETARY POLYUNSATURATED FATTY ACIDS (PUFA) ON 

ANTIOXIDANT STATUS, THIOBARBITURIC ACID REACTIVE SPECIES PRODUCTION AND 

PUFA PROFILE IN TISSUE OF PROGENY 

 

4.1 Introduction 

 

It was demonstrated in the previous chapter that n-3 polyunsaturated fatty acid (PUFA) oils did 

not alter hatchability. In this chapter the role of maternal dietary n-3 PUFA in lipid peroxidation 

and antioxidant status in the progeny is investigated. The effect of maternal dietary PUFA in 

modulating the tissue fatty acid composition in the progeny of chickens has been well 

documented (Cherian and Sim, 1993; Cherian et al., 1997; Cherian and Sim, 2001; Ajuyah et 

al., 2003a; Ajuyah et al., 2003b). For example, incubating α-linolenic-acid (ALA;18:3 n-3) or 

EPA (20:5n-3)-enriched fertile eggs was shown to significantly increase the incorporation of 

EPA, DPA (22:5n-3) and DHA (22:6n-3) in the hepatic (Cherian and Sim, 1993; Cherian and 

Sim, 2001), cardiac (Ajuyah et al., 2003a) and brain tissue of the chick (Cherian and Sim, 

1993; Cherian et al., 1997; Ajuyah et al., 2003b). Also, the retention of n-3 PUFA in the cardiac 

and brain tissue during growth in broiler chickens is influenced by maternal diet (Ajuyah et al., 

2003a,b).  

 

Inclusion of n-3 PUFA in maternal diets could lead to lipid peroxidation in tissue and may 

compromise the antioxidant status of progeny (Surai, 2006). The bird’s antioxidant system 

includes enzymes (e.g., superoxide dismutase, glutathione peroxidase, glutathione reductase 

and catalase) and antioxidant molecules (e.g., glutathione, vitamin A and E, and carotenoids) 
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(Surai, 2006). It has been suggested that increased content of long chain PUFA (LCPUFA) 

(>20 carbons) in the tissues may increase its susceptibility to oxidative damage (Surai, 1999). 

The tissue-specific differences in antioxidant system during the embryo and chick’s 

development and the degree of lipid peroxidation have been reported previously (Surai et al., 

1996; Surai, 1999; Surai et al., 1999). However, there is lack of information regarding the effect 

of feeding n-3 PUFA to breeder hens on antioxidant status and eicosanoid production in the 

progeny.  

 

The investigations presented in this chapter aims at exploring the effects of varying levels of n-

3 PUFA in maternal diets on antioxidant status, lipid peroxidation and PUFA profile in the 

newly hatched chicks’ tissues, namely heart, lung, brain and liver tissues, as well as blood. In 

addition, the effect of maternal n-3 PUFA on hatchability was also investigated. It is 

hypothesized that as the inclusion of n-3 PUFA in maternal diet is increased, the level of n-3 

PUFA accretion in progeny’s tissue is increased with a concomitant decrease in the n-6 PUFA 

without affecting the antioxidant status of the hatchlings.  

 

4.2   Experimental Design and Methods 

 

4.2.1   Birds and Diets 

 

Breeder Hens. Seventy-two 29-week-old Cobb Breeder hens and 9 contemporaneous males 

were randomly distributed to three concrete floor pens (24 females and 3 males per pen) fit 

with floor nests. Hens and roosters from the 3 pens were fed a corn-soybean diet containing 
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either 3.5% fish oil (source of n-3 FA) (High n-3 diet), a mixture of 1.75% sunflower oil and 

1.75% fish oil (Medium n-3 diet) or 3.5% sunflower oil (source of n-6 FA) (Low n-3 diet). All 

diets were isocaloric (2866 kcal/kg feed) and isonitrogenous (16% crude protein) and were 

formulated to meet or exceed NRC requirements. Sunflower oil was purchased from a local 

supermarket whereas Menhaden fish oil, which was stabilized with TBHQ (200 ppm), was the 

source of n-3 FA and was purchased from Omega Protein Inc6.  The composition of the diets is 

shown in Table 4.1.  The different rations were mixed weekly and stored in a cool room (4°C) 

in airtight containers. Feed and water were provided for ad libitum consumption. 

 

Egg Collection and Incubation, and Chicks. A total of 298 eggs were collected (Low n-3 

eggs= 84; Medium n-3 eggs= 94; and, High n-3 eggs=105) during a period of 10 days and kept 

in a cooler at 65 °F (18.3°C).  The eggs were then incubated in a Jamesway’s multi-stage 

incubating system7. One hundred and thirty nine chicks constituted the progeny.  

 

 Chick’s Tissue Sampling. Six newly hatched chicks were randomly chosen from each 

treatment group and samples of heart, lung, brain and liver tissue as well as blood (≈0.5 ml) 

were collected. 

 

 

 

 

 
                                                 
6 Omega Protein Inc, Reedville, VA. 
7 Jamesway Incubator Company Inc., Ontario, Canada. 
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4.2.2   Analytical: Lipid Analyses 

 

Total Lipid Extraction. Total lipids were extracted from feed, brain, heart, liver and lung by the 

method of Folch et al. (1957), as described in chapter 3.  

 

Fatty Acid Analysis. Fatty acid profile was determined as described in chapter 3 

 

Lipid Peroxidation. Lipid peroxidation in sample supernatant was measured as thiobarbituric 

acid reactive species (TBARS) expressed in malondialdehyde equivalents as described by 

Cherian et al. (1996). Two g of tissues were minced, placed in a 50 ml tube and 18 ml 3.86% 

perchloric acid and 50 μL 4.5 % butylated hydroxyanisole reagents (BHA) (in ethanol) were 

added. The sample was then homogenized for 30 s using a Polytron homogenizer8 (Type PT 

10/35), with washes between samples with distilled water. In duplicate, the homogenate was 

filtered using a Whatman #1 filter into 25 ml glass tubes. An aliquot of 2 ml of filtrate were 

placed into a 16x100 mm screw-top tubes to which 2 ml of 20 mM 2-thiobarbituric acid (TBA) 

(in distilled water) were added and incubated in boiling water for 30 min.  A blank was prepared 

containing 2 ml 3.86% perchloric acid, 50 μL 4.5% BHA (in ethanol) and 2 ml 20 mM TBA. 

After vortexing, the mixture was incubated in boiling water for 30 min as the samples above. 

Blank corrected absorbance was measured at 531 nm. The amount of TBARS in the solution 

was calculated from a standard curve constructed from absorbance of known concentration of 

TBARS solution against their concentration. The TBARS are expressed as mg of 

malonaldehyde/Kg tissue. 

                                                 
8 Brinkman Instruments Inc., Westbury, NY. 



 

 

65
 

Assays for Antioxidants. Antioxidant’s concentration (total glutathione) and activities 

(enzymes) were measured in liver, heart, lung, and brain tissues, and in blood. Tissue’s 

supernatant was extracted from 0.5 g of tissue homogenized in five volumes of ice-cold of PBS 

for 30s [using a Teflon/glass Potter-Elvehjeim tissue homogenizer9. After centrifugation at 10, 

000 g for 30 min at 4°C, the supernatant was collected and stored at -80°C until assayed for 

glutathione peroxidase, glutathione reductase, superoxide dismutase and catalase activities. In 

the case of blood, only total glutathione was determined. For total glutathione, the tissue 

sample was homogenized in 5 volumes of 1% picric acid and then centrifuged at 11, 000 rpm 

for 2 min.  

 

Total Glutathione. Total glutathione was determined according to Griffith (1985). In short, 0.7 

ml of 0.3 mM NADPH buffer, 0.1 ml on 6mM DTNB solution and 0.15 ml of supernatant (diluted 

1:20 with distilled water) were poured into a cuvete, mixed and allowed to come to room 

temperature. The NADPH buffer was prepared by adding NADPH (Sigma N-1630) to a 0.125 

M sodium phosphate-6.3 mM EDTA buffer (pH 7.5) solution.  The increase in absorbance at 

412 nm was measured with a spectrophotometer for 1.5 min. A standard curve (glutathione 

concentration versus absorbance) was built by substituting the supernatant for 1, 2, 3 and 4 

nmol of glutathione and appropriate amounts of water. The total glutathione concentration in 

the sample was calculated by interpolation in the standards’ curve. The total glutathione 

concentration was expressed in μmol per gram of tissue. 

 

                                                 
9 Precision Scientific Company, Chicago, Illinois 
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Glutathione Peroxidase. Glutathione peroxidase activity was assayed using the method of 

Paglia and Valentine (1967). To this end, 1.2 ml of a cofactor solution (0.25 mM NADPH, 0.5 

U/ml glutathione reductase and 1.25 mM glutathione) and 0.20 ml of supernatant were added 

to a cuvete and allowed to come to room temperature. The reaction was started by the addition 

of 0.1 ml cumene hydroxide to the cuvete and mixing. The change in absorbance at 340 nm for 

1.5 min was measured with a spectrophotometer. A blank was recorded by substituting 0.2 ml 

of distilled water for the diluted supernatant. The supernatant of brain tissue was used 

undiluted, whereas that of heart, liver and lung was diluted 1:10 with PBS. Glutathione 

peroxidase activity is expressed as Units per gram protein. One unit of glutathione peroxidase 

was defined as μmol NADPH oxidized per min. 

 

Glutathione Reductase. Glutathione reductase activity was determined using the method of 

Goldberg and Spooner (1993) as follows. 1 ml of phosphate/EDTA buffer (0.11 M potassium 

and 0.55mMEDAT buffer, pH 7.2), 0.04 ml oxidized glutathione and 0.04 ml of undiluted 

supernatant were added to a cuvete and allowed to come to room temperature. The reaction 

was started by adding 0.02 ml of a cofactor solution (9.3 mM NADPH in 1% sodium 

bicarbonate) and mixing. The change in absorbance at 340 nm for 1.5 min was done with a 

spectrophotometer. A blank was recorded by substituting 0.04 ml of distilled water for the 

sample. Glutathione reductase activity values are expressed as Units of activity (1 Unit of 

activity = 1 μmol of NADPH oxidized per minute) per gram of protein.  

Superoxide Dismutase. Superoxide dismutase was assayed using the method of Paoletti and 

Mocali (1990). In short, 0.8 ml of Triethanolamine-Diethanolamine/HCl buffer (0.1 M each), 
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0.04 ml NADH (7.5 mM), 0.025 EDTA-MnCl2 (0.1 M EDTA and 50 mM MnCl2) and 0.1 ml of 

supernatant were added to a cuvete, mixed and allowed to come to room temperature. The 

reaction was started with addition of 0.1 ml mercaptoethanol (10mM) to the cuvete and mixing. 

The linear change in absorbance at 340 nm for 8 was measure with an spectrophotometer. A 

blank was recorded by substituting 0.1 ml distilled water to supernatant. Supernatant dilutions 

with PBS were as follows: brain, liver 1:200; heart 1:50. Two measurements were made in 

each case, using two different amounts of supernatant (brain: 0.1 and 0.075 ml; heart : 0.08 

and 0.06 ml; liver: 0.05 and 0.025). Superoxide dismutase activity is expressed as Units per 

gram protein. 

 

Catalase. Catalase activity was determined using the method of Aebi (1990). Thus, 0.1 ml of 

supernatant was placed in a 15 X 75 mm test tube (in duplicate) held on ice and the reaction 

was started sequentially at 15 sec intervals by adding 1 ml ice-cold 6 mM H2O2 and mixing it. 

After 3 min, the reaction was stopped in the same order in which it was started, by adding 0.2 

ml 6 N H2SO4. Duplicate blank tubes were also set up, in which the addition of 0.1 ml of 

supernatant was followed by 0.2 ml 6 N H2SO4 and then by 0.2 ml 6 N H2SO4. After adding 1.4 

ml of 0.1 M KMnO4 to each tube, the change in absorbance at 480 nm was recorded with a 

spectrophotometer. A standard was prepared by adding 1.4 ml of 0.1 KMnO4, 1.1 ml 0.01 M 

potassium phosphate buffer (pH 7) and 0.2 ml 6 N H2SO4 to a test tube. The catalase activity is 

expressed in Units per mg protein. 

  

Protein Determination. Total protein was determined as described by Lowry et al. (1951) 

using Folin reagent. In short, diluted supernatant (brain 1:10; rest of tissues 1:50) was 
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deposited at the bottom of a 12 X 75 mm test tubes and an appropriate volume of 0.1 M NaOH 

was added to give a final volume of 0.2 ml. Standards containing 0, 0.0125, 0.01875, 0.25 and 

0.3125 mg protein were prepared by adding appropriate volumes of bovine serum albumin 

(BSA) (SeraCare Life Sciences, Inc., Oceanside, California) to corresponding volumes of 0.1 M 

NaOH to give a final volume of 0.2 ml. Two ml of reagent C (1 ml of 2% CuSO4 and 1 ml of 4% 

Na-K-tartrate were added to 100 ml 2% sodium carbonate) was added to all tubes, vortexed 

and let to incubate at room temperature for 15 min. Next, 0.2 ml of 1N Folin reagent was added 

to all tubes, vortexed and incubated at room temperature for 30 min. Change in absorbance at 

700 nm was recorded after zeroing the spectrophotometer with the standard blank (0 mg 

protein). The protein content is expressed as mg protein per ml supernatant. 

 

4.2.3   Statistical Analyses 

 

The effect of treatments on continuous variables evaluated was analyzed by one-way ANOVA 

using S-PLUS (MathSoft, 1988). Results are presented as Mean±S.E. Means were compared 

using the Tukey method for multiple comparisons. 
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4.3   Results 

 

4.3.1 Fatty Acid Composition of Feed 

The fatty acid profile of the experimental diets is shown in Table 4.2. Linoleic acid (18:2 n-6), 

the main n-6 PUFA in the diets, decreased as the fish-oil level was increased in the diets. An 

opposite trend was seen in the EPA, DHA and DPA contents while α-linolenic acid (18:3n-3) 

remained unchanged. Therefore, as expected, the total n-6 PUFA decreased and the total n-3 

PUFA increased as the level of fish oil increased in the diets. The resulting n-6 PUFA:n-3 

PUFA ratio was 15.3, 4.2 and 1.8 for the Low n-3, Medium n-3 and High n-3 diets, respectively.   

The maternal diets contained similar amounts of SFA, whereas the content of 

monounsaturated FA (MUFA) in the Medium n-3 and High n-3 diets was 56% and 81% higher 

than that of the Low n-3 diet (Table 4.2). 

 

4.3.2 Hatchability  

 

The hatchability for the Low n-3, Medium n-3 and High n-3 groups were 89%, 85% and 83%, 

respectively. There was no association between dietary treatment and hatchability (p=0.l4).  

 

4.3.3 Total Lipids in Chick Tissue 

 

The total lipid content in the tissues of newly hatched chicks is shown in Table 4.3.  There were 

no significant differences among the three treatments in any of the tissues examined. 
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According to the total lipid content, tissues can be placed in the following descending order: 

liver> brain>heart>lung.   

 
 

4.3.4 Tissue Fatty Acid Profile in the Progeny’s Tissue 

 

Brain. The FA profile in the chick’s brain tissue is presented in Table 4.4. The C16:0 content 

was lower in the brain of chicks hatched from hens fed dietary fish oil than in that of chicks 

hatched from the Low n-3 diet. There were no differences in brain C18:0 and total SFA content 

between chicks hatched from hens fed a diet with supplemented fish oil and those hatched 

from hens fed the control diet.  

 

The main FA of the n-6 PUFA in the brain tissue of day-old chicks from the three dietary 

treatments are, in descending order, C20:4n-6, C18:2 n-6, C22:4 n-6, and C22:5 n-6 (Table 

4.4). There were no differences between chicks in C18:2 n-6 content. However, the content of 

long chain n-6 PUFA was significantly lower in the brain tissue of chicks hatched from hens fed 

fish oil-supplemented diets than that of chicks hatched from the Low n-3 diet. The main n-3 

PUFA was C22:6n-3, which was significantly higher (p<0.05) in the brain tissue of the chicks 

hatched from eggs laid by hens supplemented with fish oil than that of chicks hatched from 

hens from the Low n-3 diet. Consequently, as the fish oil dietary inclusion increased in the 

maternal diet the n-3 PUFA in the progeny’s brain tissue increased significantly and the 

opposite was true for the n-6 PUFA content (Table 4.4).  
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Heart. The FA profile in the newly hatched chick’s heart is shown in Table 4.5. There were 

significant differences in C20:4 n-6 and C18:2 n-6, the main n-6 PUFA of the heart of the 

experimental chicks. Omega 6 PUFA were lower in chicks that hatched from eggs laid by hens 

fed fish oil than in chicks hatched to hens fed the Low n-3 diet. The C18:2 n-6 in the heart of 

Low n-3 chicks was similar to that in the Medium n-3 chicks but significantly higher than that in 

the heart of High n-3 chicks (p<0.05). Regarding C20:4 n-6 concentration in the heart, Low n-3 

chicks had significantly higher levels than chicks hatched to hens fed fish oil (p<0.05). 

Docosahexaenoic acid (DHA; C22:6 n-3) and EPA (C20:5 n-3) were the n-3 PUFA present in 

the heart of the experimental day-old chicks. There were no significant differences in the heart 

content of C22:6 n-3 between High n-3 chicks and those hatched from eggs laid by hens fed 

the Low n-3 diet. However, chicks hatched to hens supplemented with fish oil presented 

significantly higher levels of C20:5 n-3 than the group of chicks hatched from hens fed the Low 

n-3 diet. Thus, the heart tissue of day-old chicks hatched to hens supplemented with fish oil 

showed significantly higher levels of total n-3 PUFA and significantly lower values in total n-6 

PUFA than the heart of the Low n-3 chicks (p<0.05).  

 

In addition, there were no differences in heart C16:0 between chicks hatched to fish-oil–

supplemented hens and those hatched from hens fed the Low n-3 diet. However, C18:0 

content in the heart was significantly lower in chicks hatched from hens fed the High n-3 diet 

than in those hatched from hens fed the Low n-3 diet (p<0.05). Total SFA in the heart was 

significantly higher in the chicks hatched from the High n-3 hens than in those hatched from 

hens fed the Low n-3 diet (Table 4.5).  A similar trend was seen regarding the total MUFA in 

the heart of experimental chicks.  
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Liver. The liver FA profile in the experimental chicks is presented in Table 4.6. There were no 

differences in hepatic C16:0, C18:0 and total SFA contents between the chicks hatched to 

hens fed supplemented fish oil and those hatched to hens fed the Low n-3 diet. Hepatic n-6 

PUFA were composed mainly of C18:2n-6 and C20:4n-6, and, to a lesser extent, by C22:4n-6 

and C22:5n-6. In all cases, the hepatic n-6 PUFA were significantly lower in chicks hatched to 

hens fed supplemented fish oil than those hatched to hens fed the Low n-3 diet. Regarding the 

n-3 PUFA, these were constituted by C20:5n-3 and C22:6n-3, which were significantly higher 

in chicks hatched to hens fed supplemented fish oil than those hatched to hens fed the Low n-

3 diet. As a result, there was a significant increase in total n-3 PUFA content and a significant 

decrease in total n-6 PUFA in chicks hatched from hens supplemented with fish-oil compared 

to those from hens fed the the Low n-3 diet.  

 

Lung. The FA content in the lung of the day-old experimental chicks is presented in Table 4.7. 

There were no differences in C16:0, C18:0, and total SFA content in the lung between chicks 

hatched to hens fed supplemented fish oil and those hatched to Low n-3 diet hens.  

 

The main n-6 PUFA in the lung were C18:2n-6 and C20:4n-6, whereas C22:4n-6 and C22:5n-6 

were present in lower amounts. Except for C18:2n-6 (reduced but not significant), all the n-6 

PUFA’ contents were significantly reduced in the lung of chicks hatched to hens fed 

supplemented fish oil compared to those hatched to hens fed the Low n-3 diet. The n-3 PUFA 

fraction in the lung of the experimental chicks was represented by C22:6 n-3, C20:5 n-3, and 

C18:3n-3. The latter was the only n-3 PUFA whose content remained unchanged. The rest 
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were significantly higher in the lung of chicks hatched to hens fed supplemented fish oil than in 

those hatched to hens fed the Low n-3 diet. 

  

Similar to previous tissues above, the total n-6 PUFA fraction was significantly decreased in 

the lung of chicks hatched to hens fed supplemented fish oil compared to that in chicks 

hatched to hens fed the Low n-3 diet. An opposite trend was seen for total n-3 PUFA. 

 

4.3.5 Effect of Maternal Diet on Antioxidant Status of Hatched Chicks 

 

Total glutathione. The total glutathione content in the tissue and blood of newly hatched 

chicks is presented in Table 4.8 There were no significant differences in total glutathione 

concentration in the progeny’s brain tissue between the maternal dietary levels of n-3 PUFA. 

This was similar for  heart, liver and lung tissues and for blood. In terms of total glutathione 

concentration, chick tissues can be placed in the following descending order: blood> brain> 

heart>liver>lung. 

 

4.3.6 Effect of Maternal Diet on Glutathione Peroxidase, Glutathione 

Reductase, Superoxide Dismutase, and Catalase in the Tissue of 

Hatched Chicks 

 

The enzymatic activity measured in chicks’ tissues is presented in Table 4.9. Regarding 

glutathione peroxidase, there were no significant differences in enzymatic activity between 
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treatments in heart, liver and lung tissue. Based on glutathione peroxidase activity, the tissues 

can be placed in the following descending order: lung>brain>liver>heart. 

 

There were no significant differences in glutathione reductase and superoxide dismutase 

activities between the tissues of chicks from hens fed Low n-3 and tissues from the progeny of 

hens fed the Medium n-3 and the Low n-3 diets.  

 

On the other hand, there were significant differences in heart catalase activity between 

treatments (p-value = 0.013). The Medium and High n-3 diets were associated with lower 

levels of catalase activity than the Low n-3 diet (p<0.05). But in the liver and the lung no 

significant differences were found in this parameter between treatments. The activity of this 

enzyme was not detectable in brain tissue.  

 

4.3.7 Effect of Maternal Diet on Lipid Peroxidation in the Tissue of 

Hatched Chicks  

 

Malondialdehyde (MDA) content in tissues of the experimental chicks is shown in Table 4.10. 

There were significant differences in liver MDA among treatments. MDA content was 

significantly lower in liver tissue of chicks hatched from hens fed the High n-3 diet than in the 

liver of those hatched from hens fed the Medium n-3 diet (p-value <0.05). There were no 

significant differences in this parameter between chicks hatched from hens fed the High n-3 

diet and those hatched to hens fed the Low n-3 diet. Additionally, there were no significant 

differences in heart or lung MDA levels between treatments. 
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Overall, lung tissue was more prone to lipid peroxidation followed by heart tissue and liver 
tissue. 
 

4.4   Discussion   

 

The effect of maternal n-3 PUFA levels on the antioxidant status, tissue FA profile, hatchability, 

and the degree of lipid peroxidation in the progeny was investigated. Corn-soybean meal basal 

diets were used, which differed only in the source of fat (3.5%). The rationale behind this 

experimental setting is that increasing the n-3 PUFA fraction in the diet using fish oil will reduce 

the n-6 PUFA in the cell membrane phospholipids without affecting the hatchability and the 

antioxidant status of the progeny.  

 

Records of hatchability showed no effect of n-3 dietary inclusions on this parameter. This result 

suggests that increasing the egg’s n-3 PUFA content via maternal diet does not have a 

detrimental effect in the development of the embryo, which is desirable. This is in contrast with 

the results obtained by Pappas et al. (2006), who found an increased embryonic mortality in 

eggs laid by hens fed a 5.5% fish oil dietary inclusion compared to eggs laid by hens fed a 

similar amount of soybean oil. In the present experiment I used 3.5% maternal dietary inclusion 

of oil sources and this difference may explain discrepancies with the work by Pappas et al. 

(2006).  

 

The experimental maternal diets contributed equally to the total lipid content in the brain, liver 

and lung of the progeny and so the differential concentration seen in these tissues relative to n-
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3 PUFA and n-6 PUFA may be explained by the differential content of these fractions in the 

diet. These results agree with those reported by Hall et al. (2007) who found that the content of 

n-3 PUFA in the yolk of eggs laid by hens fed 3% fish oil or 1.5% fish oil plus 1.5% sunflower 

oil was significantly higher than the yolk in  eggs laid by hens fed 3% sunflower oil. In the same 

experiment, 7-day-old chicks that hatched from hens fed 3% fish oil showed significantly higher 

n-3 PUFA content in the spleen and bursa than chicks hatched from hens fed 3% sunflower oil. 

In most cases, this increase was associated with a concomitant decrease in the n-6 PUFA 

fraction. In the present study, a significant increase in the n-3 PUFA proportion in the tissues 

studied was always associated with a significant reduction in the n-6 PUFA proportion, in the 

tissues studied.  

 

The fact that in the present study the heart tissue of chicks hatched from hens fed the High n-3 

diet  showed a high n-3 PUFA (C20:5 n-3) is in agreement with findings by Ajuyah et al. 

(2003). They found that the concentration of n-3 PUFA in the heart of day-old chicks hatched 

from eggs laid by hens fed a 5% fish oil diet or 2.5% sunflower oil + 2.5% fish oil diet was 

significantly higher than that in the heart of chicks hatched from hens fed a 5% sunflower oil.   

 

In the present study, total glutathione and some antioxidant enzyme activities such as 

glutathione peroxidase, glutathione reductase and superoxide dismutase, in the newly-hatched 

chick were not affected by dietary inclusions of n-3 FA. These findings are in contrast with 

those by Ruiz-Gutierrez et al. (2001), who found an increase in antioxidant enzyme activity in 

the liver of rats fed 10% fish oil compared to that in rats fed 10% olive oil or sunflower oil. On 

the other hand the lack of an effect of diet on these parameters in the current study agrees with 
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findings by Nalbone et al. (1989), who did not detect changes in some antioxidant enzyme 

activities in the liver of rats fed fish oil, corn oil or lard. At hatching, tissue phospholipids contain 

large amounts of highly PUFA (Noble and Speake, 1997). The high polyunsaturated level of 

some fats has been suggested to induce increased antioxidant enzyme activities. In the 

present study the chick’s tissue total PUFA was either similar or lower in the Medium n-3 and 

High n-3 compared to the Low n-3. In the lung tissue there were no differences in the 

percentage of total PUFA, but in the brain, heart and liver tissues the total PUFA was 

significantly lower in the High n-3 than in the Low n-3 chicks. Therefore it is possible that these 

PUFA levels were not capable of producing differences in the tissues studied, neither in the 

antioxidant enzymatic activity nor in total glutathione concentration, a substrate for some of 

such antioxidant enzymes. Additionally, in the present study maternal dietary inclusions of n-3 

PUFA do not seem to be related to lipid peroxidation in a dose response manner in liver tissue 

of the progeny. 

 

In contrast to the rest of enzymes studied in the present experiment, high inclusions of n-3 

PUFA were related to a decreased catalase activity. For example, the heart of High n-3 and 

Medium n-3 chicks showed significantly lower catalase activity compared to Low n-3 chicks.  

And this activity is very low in comparison with other tissues. For example, the catalase activity 

per gram tissue is about 2% of that of the liver in rats and mice (Chen et al., 1994). In the 

newly-hatched chick catalase activity (in U/mg protein) was around 7 times lower in the heart 

than in the liver (Surai et al., 1999). In the present study, the catalase activity recorded in the 

liver of newly-hatched chicks was 17 to 52 times higher than in the heart.  Normally, catalase 

does the same job as glutathione peroxidase in destroying H2O2 produced during cell 
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metabolism, once superoxide dismutase has converted O2-derived toxic molecules into H2O2. 

According to the observed activities of superoxide dismutase and glutathione peroxidase 

enzymes, in the present study there was no indication of toxicity due to high PUFA. Therefore, 

the differential content of n-6 PUFA and n-3 PUFA in the heart tissue may be involved. It is 

known that the localization of catalase intracellularly  is (in descending order): 

Peroxisome>cytosol>mitochondria (Zhou and Kang, 2000). It is in the peroxisome where 

metabolism of long chain FA (LCFA) (>20 C) takes place. In the present study, catalase activity 

was moderately correlated to the n-6 LCFA/n-3 LCFA ratio (r=0.61). It may be that in the heart 

of newly-hatched chicks, as the n-6 LCFA/n-3 LCFA ratio increases, n-6 LCFA may be 

involved in the decreased expression of catalase. The mechanisms behind this observation 

remain to be investigated. 

 

Maternal n-3 PUFA did not affect the antioxidant status of day-old progeny, except in the 

catalase activity in the heart, where the enzymatic activity was significantly reduced by the 

High n-3 diet. The cause of the differential catalase activity seen in High n-3 chicks remains 

unclear. Also, maternal n-3 PUFA reduced lipid peroxidation in the liver of High n-3 chicks 

without affecting hatchability. In general, the concentration of the main n-6 FA (18:2 n-6 and 

20C:4 n-6) in the  brain, liver, lung and heart tissues of broilers was lower than that in the birds 

hatched from hens fed the High n-3 diet. The opposite relationship was seen regarding the 

concentration of the main n-3 FA in each tissue.  These observations provide evidence of the 

effectiveness of the maternal dietary approach to manipulate the FA accretion in all the tissues 

studied without affecting tissue total fat content.  The successful transfer of maternal dietary n-

3 and n-6 PUFA to the different tissues investigated not only did not negatively affect the 
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antioxidant system of the day-old chick but rather it diminished the level of tissue peroxidation 

in the progeny’s liver tissue. Susceptible fast-growing broilers succumb to cardiovascular 

disorders which may be initiated by harmful components of the poultry house environment, 

such as dust, ammonia and bacteria. Twenty-carbon FA metabolites, namely eicosanoids, 

have been linked to various inflammatory disorders in humans. There is limited research on 

this topic in broiler chickens that may contribute to a better understanding of the role of 

eicosanoids relative to cardiac problems in broilers. Therefore, the next experimental work in 

this thesis seeks to investigate the effect of increasing maternal dietary n-3 PUFA on the 

progeny’s tissue eicosanoid production (prostaglandins and thromboxanes) during growth of 

broilers fed a diet devoid of long-chain PUFA. The focus will be on heart tissue and peripheral 

blood mononuclear cells. 

 
. 
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Table 4.1 Composition of experimental diets 
 
  Breeder diet  
Ingredients Low n-3 Medium n-3 High n-3 
 

 
 

g/100 g  
Ground yellow corn 53 53.68 55.11 
Soybean meal (48%) 20.2 19.85 21 
Alfalfa meal (17%) 6.8 6.2 5 
Wheat middlings 6.84 7.2 5.75 
Limestone 6.7 6.65 6.7 
Dicalcium Phosphate 1.85 1.85 1.85 
Layer premixb 0.5 0.5 0.5 
Salt 0.5 0.5 0.5 
D-L Methionine 0.11 0.07 0.09 
Oil sourcea 3.5 3.5 3.5 
      Total 100 100 100 
 
Calculated analysis    
Protein, % 16.0 16.0 16.3 
Metabolizable energy, Kcal/kg 2869 2862 2866 
Crude fiber, % 3.68 3.55 3.294 
Crude fat, % 6.17 4.44 2.682 
Calcium, % 3.086 3.058 3.064 
Available phosphorus, % 0.46 0.458 0.459 
Lysine 0.863 0.85 0.872 
Methionine, % 0.393 0.351 0.376 
Total sulfur amino acids, % 0.659 0.615 0.643 
Sodium, % 0.221 0.219 0.220 
 
aOil source include 3.5% sunflower oil (Low n-3 diet), 1.75% sunflower oil + 1.75% fish oil 
(Medium n-3 diet), 3.5% fish oil (High n-3 diet). 
b Supplied per kg feed: vitamin A-12,500IU; vitamin D3-4000IU; vitamin E-25 IU; vitamin B12-
0.014 mg; rivoflavin-8 mg; pantothenic acid-12 mg; Niacin-40 mg; menadione-2.5 mg; choline-
500; thiamine-1.75 mg; selenium-0.26 mg; folic acid-0.75 mg; pyridoxine-2 mg; D-biotin-0.15 
mg; ethoxyquin-2.5 μg. 
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Table 4.2 Fatty acid composition of experimental diets* 

 
 Maternal diet 
Fatty acid  
(% of total fatty acids) 

Low n-3 Medium n-3 High n-3 

 
C16:0 

 
13.57 

 
18.29 

 
20.05 

C18:0 2.75 3.16 2.79 
C18:2n-6 53.3 39.7 27.8 
C18:3n-3  3.5 3.6 3.8 
C20:4n-6 0 0 0.85 
C20:5n-3 0 3.16 6.68 
C22:5n-3  0 0 1.13 
C22:6n-3  0 2.6 4.2 
Total SFA 16.3 25.5 29.4 
Total MUFA 26.9 25.4 26.1 
Total PUFA 56.8 49.1 44.5 
PUFA n-3 3.5 9.4 15.8 
PUFA n-6 53.3 39.7 28.7 
 
*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil.  
Total SFA =Total saturated fatty acids and includes: C14:0, C15:0, C16:0, C17:0, C18:0, 
C20:0, C22:0, and C24:0 
Total MUFA= Total monounsaturated fatty acids and include: C14:1, C16:1, C18:1, C20:1, 
C22:1, and C24:1. 
Total PUFA= Total polyunsaturated fatty acids and include: C18:2n-6, C18:3n-3, C20:2n-6, 
C20:3n-6, C20:4n-6, C20:5n-3, C22:5n-3 and C22:6n-3. 
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Table 4.3 Total lipid content in newly-hatched chick tissue (as weight percentage) 
 
 Maternal dietary fat * 
Tissue Low n-3 Medium n-3 High n-3 
 
Liver 

 
13.5±0.41 

 
14.1±0.41 

 
12.9±0.41 

Brain  4.0±0.1 4.0±0.1 3.8±0.1 
Heart 2.5±0.07 2.6 ±0.07 2.6±0.07 
Lung 2.0±0.11 2.3±0.11 2.1±0.11 
*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil. 
Values are means ± S.E. of measurements of 6 samples.  
 
 
Table 4.4 Fatty acid content in day-old chick brain tissue 
 
 Maternal dietary fat* 
Fatty acid (%) Low n-3 Medium n-3 High n-3 
 
C16:0 

 
29.37±0.48 a 

 
27.57±0.48 b 

 
27.93±0.48 a 

C18:0 19.36±0.32 19.08±0.32 19.18±0.32 
C18:2n-6  2.92±0.32 2.76±0.32 2.82±0.32 
C20:4n-6 10.14±0.23 a 7.47±0.23 b 6.02±0.23 b 
C22:4n-6  2.54±0.205 a 1.24±0.205 b 0.22±0.205 b 
C22:5n-6 2.3±0.299 a 0±0.299 b 0±0.299 b 
C22:6n-3 14.88±0.65 a 17.90±0.65 b 18.29±0.65 b 
Total SFA 50.182±0.52 48.8±0.52 49.35±0.52 
Total MUFA 17.03±1.03 a 21.81±1.03 b 23.30±1.03 b 
Total PUFA 31.00±0.69 a 29.40±0.69 b 27.35±0.69 b 
PUFA n-3 14.88±0.65 a 17.90 b 18.20±0.65 b 
PUFA n-6 17.90±0.57 a 11.48±0.57 b 9.06±0.57 b 
 
*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil. Values are means ± SE (n=6).  
a-bFor each fatty acid, values with different superscripts are significantly different (p<0.05) 
Total SFA =Total saturated fatty acids and includes: C14:0, C15:0, C16:0, C17:0, C18:0, 
C20:0, C22:0, and C24:0 
Total MUFA= Total monounsaturated fatty acids: C14:1, C16:1; C18:1, C20:1, C22:1, and 
C24:1. 
Total PUFA= Total polyunsaturated fatty acids: C18:2n-6, C183n-6, C18:3n-3, C20:2n-6, 
C20:3n-6, C20:4n-6, C20:5n-3, C22:4n-6, C22:5n6, C22:5n-3 and C22:6n-3. 
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Table 4.5. Fatty acid content in day-old chick’s heart tissue 
 
 Maternal dietary fat* 
Fatty acid (%) Low n-3 Medium n-3 High n-3 
 
C16:0 

 
20.78±0.51  

 
20.94±0.51 

 
19.85±0.51 

C18:0 18.66±0.57 a 16.30±0.57 b 15.48±0.57 b 
C18:2n-6 14.33±0.66 a 14.80±0.66 a 11.19±0.66 b 
C18:3n-6 0±0.31 a 0.25±0.31 a 2.06±0.31 b 
C18:3n-3  0±0.27 a 0±0.27 a 1.57±0.27 b 
C20:4n-6 21.87±1.08 a 17.01±1.08 b 13.89±1.08 b 
C20:5n-3 0±0.04 a 0.73±0.04 b 0.98±0.04 b 
C22:4n-6 0.75±0.14 a 0±0.14 b 0±0.14 b 
C22:5n-6 1.70±0.06 a 0±0.06 b 0±0.06 b 
C22:5n-3 0±0.02 a 0.66±0.02 b 0.68±0.02 b 
C22:6n-3 3.05±0.35  4.02±0.35 3.50±0.35 
Total SFA 39.85±0.39 a 40.90±0.39 a 41.82±0.39 b 
Total MUFA 18.20±1.21 a 21.66±1.21 a 24.46±1.21 b 
Total PUFA 41.95±1.18 a 37.53±1.18 a 33.83±1.18 b 
PUFA n-3 3.05±0.53 a 5.41±0.53 b 8.28±0.53 b 
PUFA n-6 38.90±1.07 a 32.12±1.07 b 27.11±1.07 b 
*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil. Values are means ± SEM (n=6).  
a-bFor each fatty acid, values with different superscripts are significantly different (p<0.05) 
Total SFA =Total saturated fatty acids: C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C22:0, and 
C24:0 
Total MUFA= Total monounsaturated fatty acids: C14:1, C16:1; C18:1, C20:1, C22:1, and 
C24:1. 
Total PUFA= Total polyunsaturated fatty acids: C18:2n-6, C20:2n-6, C20:3n-6, C20:4n-6, 
C22:4n-6, C22:5n6 and C22:6n-3. 
 



 

 

84
Table 4.6 Fatty acid content in day-old chick’s liver tissue 
 

 Maternal dietary fat* 
Liver fatty acid (%) Low n-3 Medium n-3 High n-3 
C16:0 8.83±0.28 9.76±0.28 9.08±0.28 
C18:0 10.30±0.22 10.47±0.22 9.82±0.22 
C18:2n-6 16.33±0.24 a 12.59±0.24 b 10.21±0.24 b 
C20:4n-6 9.96±0.28 a 7.15±0.28 b 5.56±0.28 b 
C20:5n-3 0±0.07 a 1.19±0.07 b 1.51±0.07 b 
C22:4n-6 0.35±0.07 a 0±0.07 b 0.05±0.07 b 
C22:5n-6 1.50±0.07 a 0±0.07 b 0±0.07 b 
C22:5n-3 DPA 0±0.10 a 0.17±0.10 a 0.63±0.10 b 
C22:6n-3  4.90±0.31 a 8.77±0.31 b 9.28±0.31 b 
Total SFA 19.14±0.43 20.23±0.43 18.90±0.43 
Total MUFA 47.75±1.04 a 49.90±1.04 a 53.81±1.04 b 
Total PUFA 33.11±0.76 a 30.7±0.76 a 27.29±0. 0.76 b 
PUFA n-3 4.9±0.39 a 10.13±0.39 b 11.42±0.39 b 
PUFA n-6 28.20±0.50 a 19.74±0.50 b 15.86±0.50 b 
*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil. Values are means ± SE (n=6).  
a-bFor each fatty acid, values with different superscripts are significantly different (p<0.05) 
Total SFA =Total saturated fatty acids: C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C22:0, and 
C24:0 
Total MUFA= Total monounsaturated fatty acids: C14:1, C16:1; C18:1, C20:1, C22:1, and 
C24:1. 
Total PUFA= Total polyunsaturated fatty acids: C18:2n-6, C20:2n-6, C20:3n-6, C20:4n-6, 
C20:5n-3, C22:4n-6, C22:5n6, C22:5n-3 and C22:6n-3. 
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Table 4.7 Fatty acid content in day-old chick’s lung tissue 
 
 Maternal dietary fat* 
Lung fatty acid (%) Low n-3 Medium n-3 High n-3 
 
C16:0 

 
29.53±0.8 

 
28.53±0.8 

 
29.53±0.8 

C18:0 14.27±0.48 13.75±0.48 13.69±0.48 
C18:2n-6 11.02±0.59 9.87±0.59 8.95±0.59 
C18:3n-3 0.11±0.09 0.11±0.09 0±0.09 
C20:4n-6 10.95±0.69 a 7.53±0.69 b 7.45±0.69 b 
C20:5n-3 0±0.13 a 0.94±0.13 b 1.50±0.13 b 
C22:4n-6 2.08±0.12 a 1.35±0.12 b 1.22±0.12 b 
C22:5n-6 1.07±0.13 a 0±0.13 b 0±0.13 b 
C22:5n-3 0±0.13 a 0.63±0.13 b 1.18±0.13 b 
C22:6n-3 2.34±0.29 a 4.05±0.29 b 4.70±0.29 b 
Total SFA 45.28±0.74  44.42±0.74 45.62±0.74 
Total MUFA 27.15±1.70 31.18±1.70 29.29±1.70 
Total PUFA 26.50±1.35 24.40±1.35 25.09±1.35 
PUFA n-3 2.57±0.51 a 5.84±0.51 b 7.38±0.51 b 
PUFA n-6 25.11±1.09 a 18.67±1.09 b 17.70±1.09 b 
 
*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil. Values are means ± SE (n=6).  
a-bFor each fatty acid, values with different superscripts are significantly different (p<0.05) 
Total SFA =Total saturated fatty acids: C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C22:0, and 
C24:0 
Total MUFA= Total monounsaturated fatty acids: C14:1, C16:1; C18:1, C20:1, C22:1, and 
C24:1. 
Total PUFA= Total polyunsaturated fatty acids: C18:2n-6, C18:3n-3, C20:2n-6, C20:3n-6, 
C20:4n-6, C20:5n-3, C22:4n-6, C22:5n6, C22:5n-3 and C22:6n-3. 
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Table 4.8 Total glutathione concentration in the tissue and blood of newly-hatched chicks 
(μmol/g tissue). 
  
 Maternal dietary fat* 
Tissue Low n-3 Medium n-3 High n-3 
 
Brain  

 
3.35±0.22 

 
3.12±0.22 

 
3.34±0.22 

Heart 2.17±0.16 2.13±0.16 1.91±0.16 
Liver 2.52±0.26 2.60±0.26 2.69±0.26 
Lung 1.60±0.35 1.23±0.35 0.75±0.35 
Blood (µmol /g hemoglobin )  14.7±1.1 15.5±1.1 15.0±1.1 
*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil. Values are means ± SE (n=6).  
a-bFor each ti 



Table 4.9 Activity of the antioxidant enzymes in newly hatched chick tissues (mU / mg protein)  
 

  Tissue 

Enzyme Diet* Brain Heart Liver Lung 
 
Low n-3 

 
29.2±6.0 

 
23.6±5.0 

 
22.0±2.0 

 
56.6±5.0 

Medium n-3 21.9±6.0 16.3±5.0 21.2±2.0 59.6±5.0 
Glutathione peroxidase 
(mU / mg protein) 

High n-3 27.8±6.0 18.3±5.0 24.5±2.0 52.4±5.0 
 
Low n-3 

 
15.5±1.8 

 
15.1±0.8 

 
15.0±1.3 

 
20.3±2.2 

Medium n-3 12.4±1.8 15.6±0.8 13.1±1.3 23.7±2.2 
 
Glutathione reductase 
(mU / mg protein) High n-3 14.3±1.8 17.1±0.8 14.6±1.3 21.6±2.2 

 
Low n-3 

 
∞ 

 
0.38±0.055 a 

 
6.65±1.022 

 
0.870±0.195 

Medium n-3 ∞ 0.16±0.055 b 7.05±1.022 0.617±0.195 
Catalase 
(U / mg protein) 

High n-3 ∞ 0.16±0.055 b 8.32±1.022 0.684±0.195 
 
Low n-3 

 
737.6±174.7 

 
112.24±36.75   

 
525.6±109.0 

 
NA 

Medium n-3 628.6±174.7 102.75±36.75   465.9±109.0 NA Superoxide dismutase (U / mg protein) 

High n-3 540.44±159.5 82.89±36.75   438.9±109.0  NA 
 
*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High n-3 diet = 3.5% fish oil. Values are 
means ± SEM (n=6). Significance of difference from diet Low n-3: *p<0.05; NA = not determined; ∞=undetectable values 
a-bFor each enzyme, values with different superscripts are significantly different (p<0.05) 
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Table 4.10 Malondialdehyde content in tissue (mg/kg fresh tissue) 
 
 Maternal diet* 
Tissue Low n-3  Medium n-3  High n-3  
 
Heart 

 
0.85±0.07  

 
0.99±0.07  

 
0.96±0.07  

Liver 0.64±0.06 ab 0.85±0.06a 0.57±0.07b 
Lung 1.64±0.17  1.34±0.17  1.40±0.17  
 
*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil. Values are means ± SEM (n=6). Significance of difference from diet 
Low n-3: *p<0.05 
a-bFor each tissue, values with different superscripts are significantly different (p<0.05) 
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5   MATERNAL DIETARY POLYUNSATURATED FATTY ACIDS AND EICOSANOID 

METABOLISM IN THE PROGENY OF CHICKENS 

  

5.1 Introduction  

 

In the previous chapter it was demonstrated that the fatty acid (FA) profile in the progeny’s 

tissues reflected the maternal dietary n-3 polyunsaturated FA level (PUFA) without affecting 

hatchability or the antioxidant status of the progeny. This chapter focuses on the production of 

oxidation metabolites of 20-carbon PUFA during the growth-out period of three sub-populations 

of broilers (Low, Medium and High n-3) fed a diet devoid of long chain PUFA (LCPUFA; >20 

carbons) using an ex vivo approach. This investigation tries to contribute to a better 

understanding of the role of maternal diet in the development of inflammatory and metabolic 

disorders in broilers, more specifically cardiovascular ailments.  

 

In addition to providing energy to the embryo during incubation, yolk FA also take part in cell 

structure, biosynthesis of LCPUFA such as arachidonic acid and EPA, and eicosanoids (e.g., 

prostaglandins (PG), thromboxanes (TX) and leukotrienes (LT)). Eicosanoids are bioactive 

molecules derived from 20-carbon PUFA from oxygenation reactions through the 

cyclooxygenase (PG, TX) and the lipoxygenase (LT) pathways. Biological functions of 

eicosanoids include, mediation of inflammation (PGE2, LTB4) and aggregatory and 

vasoconstrictory effects (TXA2) (Horton et al., 1999).  

 



 

 

90
It is generally agreed that eicosanoids play similar roles in avians and in mammals, but there is 

lack of information regarding the effect of feeding n-3 PUFA to breeder hens on eicosanoid 

production, except for a recent study on leukotrienes reported by Hall et al. (2007). 

Prostaglandins act on the endothelial cell to keep vascular tone. In most mammalian species 

thromboxane A2 (TXA2) promotes platelet aggregation and causes systemic and pulmonary 

vasoconstriction, whereas PGI2 inhibits platelet aggregation and causes systemic and 

pulmonary vasodilation (Tod et al., 1992). Experiments on broilers have shown that the 

broiler’s vasculature does not seem to respond to the dilatory effects of PGI2 (Wideman et al., 

2005) while responding to the constriction effect of TXA2 (Wideman et al., 1999).  

 

Under commercial conditions, broilers are exposed to dust and pathogens which may get 

trapped in the lungs where macrophages react by secreting eicosanoids (e.g., TXA2) causing 

an immune response and pulmonary vascular constriction. This results in increased pulmonary 

arterial pressure leading to ascites syndrome (Bottje and Wideman, 1995). Therefore, in order 

to maintain vascular tone under challenging conditions (dust), it seems logical to “investigate” 

ways to reduce the amount of TXA2 or increase the release of nitric oxide (NO) produced in the 

cardiovascular system of broilers. It has been hypothesized that an imbalance state of 

eicosanoid production may promote cardiac diseases and sudden death, which is believed to 

be an acute form of AS in broilers (Squires and Summers, 2003; Ajuyah et al., 2003a). 

 

Prostaglandin synthase H (Cylooxygenase; COX) is able to use either EPA (n-3 PUFA) or AA 

(n-6 PUFA) as a substrate to produce prostaglandin H,  a common metabolite from which 

specific enzymes synthesize AA-derived pro-inflammatory eicosanoids or EPA-derived less 
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pro-inflammatory eicosanoids (Calder, 2003; Massaro et al., 2006). Since dietary PUFA are 

stored in cell membranes (phospholipids) and fat tissue (adipocyte), a dietary approach seems 

to be a logical one to modulate the production of eicosanoids. Feeding n-3 PUFA to broilers is 

expensive and may affect product quality. However, limited research has provided evidence 

that maternal dietary fat influences tissue FA profiles and eicosanoid production in the progeny 

of broilers. For example, Hall et al. (2007) found that thrombocytes from 7- and 14-day-old 

chicks hatched to hens fed 3% fish oil produced more leukotriene B5 (lipooxygenase pathway) 

compared to those hatched to hens fed 1.5% or 0% fish oil.   

 

The present investigation seeks to increase our understanding of the role of maternal dietary n-

3 PUFA regarding the eicosanoid production (cyclooxyganase pathway; PGE and TXA) in 

broilers’ heart and peripheral blood mononuclear cells (PBMC), during the growth-out period, 

when fed a diet devoid of LCPUFA. Since the heart plays a central role on the cardiovascular 

system, cardiac morphology, fatty acid status, eicosanoid production and body weight were 

also determined.  

 

5.2   Experimental Design and Methods 

 

5.2.1   Birds and Diets 

 

Breeder Birds. Seventy-two, 29-week-old Cobb Breeder hens and 9 contemporaneous males 

were used. The experimental conditions were similar to those mentioned in chapter 3.  

 



 

 

92
Egg Collection, Incubation, and Chick Rasing. A total of 353 eggs (Low n-3=103 eggs; 

Medium n-3=113 eggs; and High n-3 = 137 eggs) were collected during a period of 14 days 

and kept in a cooler at 18.3°C. The eggs were incubated as described in Chapter 4. Hatched 

chicks from each treatment were wing-banded, weighed and subsequently distributed to 4 

pens enclosed in four rooms with similar dimensions (3 pens per room and 12 birds per pen). It 

was made sure that each replicate had the same average body weight and each replicate was 

randomly allocated to the pens. Day-old hatchlings were randomly allocated to each of the 

following sampling times:  7, 14, 21, 28, 35 and 42 days, for blood and tissue collection. The 

progeny was raised until 42 days of age on a commercial10 diet (crumbles) devoid of long-

chain PUFA. The diet’s nutrient content, as provided by the company, is presented in Table 

5.1. 

 

Chick’s Blood and Tissue Sampling. Blood samples were collected around the different 

sampling points mentioned above from the three subpopulations of broilers (Low, Medium and 

High n-3). Seven and 14-day-old chickens were bled from the jugular vein (V. jugularis extra). 

Thereafter blood was collected from the brachial vein (V. profund bachii) using a 25Gx5/8” 

needle and a 1 cc syringe (5 cc syringe for older birds) in heparin tubes. At day 7, blood from 

2-3 chicks (approximately 1.0 ml blood per chick) was pooled and kept on ice and processed 

within two hours for peripheral blood mononuclear cell isolation (PBMC) and subsequent 

challenge with LPS for eicosanoid production measurement. At all the sampling times, a 

minimum of 6 blood samples were taken from each treatment. 

 

                                                 
10 Flock Raiser®, Purina Mills, LLC, St. Louis Missouri. 
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Following blood collection, the chicks were humanly killed with CO2 and subsequently weighed. 

The heart was excised for the heart morphology study. After VWI index determination, the 

heart tissue samples ware taken, stored in self-sealable bags, snap frozen with liquid nitrogen 

and then stored at -20 °C until processing for eicosanoid production.  

 

 5.2.2   Ventricular Weights Index Determination 

 

At each sampling point, the hearts were separated from the body by cutting the connecting 

vessels with a scalpel as close as possible to the auricles (see Figure 5.1; line A). The heart was 

then blotted dry with absorbent tissue, to remove blood and pericardial fluid, and then weighed. In 

the present work, the term ventricular weights index (VWI) is deemed more appropriate than that 

of arterial pressure index (API), which was reported by Huchzermeyer and De Ruyck (1986). To 

determine the VWI, two more incisions were made on the heart (see Figure 5.1; lines B and C). 

With the first incision (Figure 5.1; line B.) the auricles were removed from the ventricles. Making 

sure that adhered adipose tissue was removed from both ventricles. The second incision (Figure 

5.1; line C.) separated the right ventricle (RV) from the left ventricle (LV) and septum. All the 

incisions and measurements were made by the same person to reduce variability.  The weights of 

the RV and the LV + septum were recorded to obtain the VWI using the following formula: 

 

VWI = right ventricular weight (g) / total ventricular weight (g) 

  Where, Total ventricular weight = right + left ventricular weight 
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5.2.3   Peripheral Blood Mononuclear Cells Eicosanoid Production.  

  

At 7, 13, 24, 31 and 40 days of age, peripheral blood mononuclear cells (PBMC) isolation was 

performed after blood collection following the protocol by Wander et al. (1997), with some 

modifications. Three ml of undiluted blood were carefully layered on 3 ml Histopaque® 107711  

(1.077 g/ml) contained in a 15 ml conical centrifuge tube and were brought to room 

temperature.  The tubes were centrifuged at 400 X g for 30’. Then, the upper layer was 

carefully aspirated with a Pasteur pipette and discarded. The opaque interface, containing 

PBMCs, was transferred to a clean 15 ml conical centrifuge tube using a Pasteur pipette. 

Subsequently, 10 ml of isotonic D-PBS was added to the tube and was mixed by gentle 

aspiration before being centrifuged at 250 X g for 10’. The supernatant was discarded as 

above and the pellet was re-suspended with 5 ml isotonic D-PBS by mixing it gently, as 

mentioned, before another centrifugation at 250 X g for 5’. The last step was repeated before 

the cells were re-suspended in RPMI-16401 media (containing 5% fetal calf serum and 

tetracycline plus penicillin) to the original blood volume. At this time an aliquot of the cell 

culture was taken and subsequently diluted 10:1 with trypan blue to determine cell viability and 

concentration using a hemocytometer. Viability was 99%. The cell culture was diluted to 

contain 1 X 107 cells/ml. Next, 1 ml of the cell culture was transferred to a well of a 24-well-

plate12 and the plate was incubated at 37º C and 5% CO2 for 4 hrs. The medium was decanted 

(along with non-adherent cells) and 1ml of RPMI containing 30 mg/L lipopolysaccharide1 

(Salmonella enterica serotype typhimurium) was added to the well followed by an incubation at 
                                                 
11 Sigma-Aldrich Inc., St. Louis, MO 
1  
12 Cornig, Cornig  
1  
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37º C and 5% CO2 for 32 hrs. At the end of the incubation time, the supernatant was collected 

in an Eppendorf centrifuge tube and stored at -30º C until assay for eicosanoids (see below). A 

differential count made on the supernatant revealed that around 16% of the cells were 

lymphocytes and around 84% thrombocytes. 

 

5.2.4   Analytical: Lipid and Eicosanoid 

 

Total Lipid Extraction. Total lipids were extracted from homogenized heart tissue (n=6) and 

ground feed (n=3) by the method of Folch et al. (1957). One gram of sample was weighed into 

a screw-capped test tube with 18 ml of chloroform/methanol (2:1, vol/vol), and, in the case of 

heart tissue, it was homogenized with a polytron13 for 30 s at high speed. After an overnight 

incubation at 4°C, 5 ml of 0.88% sodium chloride solution was added and mixed. After phase 

separation the volume of lipid layer was recorded and the top layer was completely siphoned 

off. Total lipid was determined gravimetrically following Cherian et al. (2002).  

 

Fatty Acid Analysis. For fatty acid (FA) analysis, two ml of lipid extract (above) were dried 

under nitrogen, re-suspended in 1 ml methanolic HCl (3 N), and esterified by heating to 60°C 

for 40 min. The FA methyl esters (FAME) of feed and egg yolk were determined as described 

by Cherian et al. (2002). Analyses of FA composition were performed with an HP-6890 gas 

chromatograph14 equipped with an autosampler, FID, and fused-silica capillary column15 (30 m 

x 0.25 mm X0.2μm film thickness). Sample (1 μL) was injected with helium as a carrier gas 

                                                 
13 Brinkman Instruments, Type PT10/35, Westbury, NY 
14 Hewlett-Packard Co., Wilmington, DE. 
15 Sp-2560; Supelco, Bellefonte, PA. 
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onto the column programmed for ramped oven temperatures (initial temperature was 110°C 

held for 1.0 min, then ramped at 15°C/min to 190°C and held for 5 min, then ramped at 

5°C/min to 230°C and held for 5 min). Inlet and detector temperatures were held at 220°C. 

Peak areas and fatty acid percentages were calculated using Hewlett-Packard ChemStation 

software. FA methyl esters were identified by comparison with retention times of authentic 

standard16. FA values and total lipids are reported as weight percentages. 

 

Tissue preparation for eicosanoid extraction. Eicosanoids were extracted from heart tissue 

homogenates using a modification of the method by Powell (1980). An amount of 0.5 g of heart 

tissue was homogenized with a Polytron in 2 ml phosphate buffered saline (PBS) (diluted 1:10) 

containing 1 mM EDTA and 10 μM indomethacin. Three ml methanol were added to the 

homogenate and mixed. After incubation at room temperature for 5 min, 15 ml of 20 mM acetic 

acid was added and mixed. The mixture was centrifuged at 1500 g for 10 min and the 

supernatant was applied to a 3 ml C18 SPE column previously activated with 3 ml methanol 

and equilibrated with 3 ml of 15% methanol in 20 mM acetic acid. The column was washed 

with 3 ml of 15% methanol in 20 mM acetic acid followed by another wash with 3 ml water. The 

sample eluted with 2 ml methanol, evaporated under a stream of nitrogen and the residue was 

dissolved in 1 ml methanol. 

 

Eicosanoid separation. The eicosanoids were separated by HPLC17 using a 25 cm x 4.6 mm 

5 μM C18  column at 40º C and a 1 ml/min isocratic mobile phase of 70% A (78.6% 1 mM acetic 

acid and 21.4% methanol) and 30% B (acetonitrile). An appropriate aliquot of the SPE elute 
                                                 
16 Matreya, Pleasant Gap, PA. 
17 Shimadzu LC-2010AHT, Shimadzu Corp., Japan. 
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was dried, dissolved in mobile phase A, filtered and injected on the HPLC. Fractions containing 

the desired eicosanoids, determined previously by elution times of authentic standards, were 

collected and extracted with 2 ml ethyl acetate. The extract was centrifuged at 1500 g for 10 

min and the organic phase was collected and dried under nitrogen, and the residue dissolved 

in 1 ml ethanol. An appropriate volume of ethanol fraction was dried and dissolved in PBS 

containing 1 % BSA18 (PBS-BSA) and quantitated by ELISA. Figure 5.2 presents a typical 

chromatogram showing the peaks corresponding to the fractions containing the desired 

eicosanoids (prostaglandin E2 and E3, and Thromboxane E2 and E3) with the elution times. 

 
Eicosanoid quantification by ELISA. The eicosanoids were quantitated by ELISA using a 

procedure by Krämer et al. (1993). In short, high-binding 96-well EIA/RIA plates19 were coated 

with either PGE2 or TXB2 that had been conjugated with BSA by the carbodiimide method of 

Dray et al. (1982). The eicosanoid-BSA conjugates diluted in coating buffer (15 mM Na2CO3 

and 35 mM NaHCO3, pH 9.6), 1.25 and 0.125 μl/ml for PGE2 and TXB2 conjugate, respectively, 

were added at 0.2 ml/well to 96-well plates and incubated at 37º C for 2 hrs. The plates were 

washed three times with 0.3 ml/well of PBS containing 0.1% Tween 20 (PBS-T) and then 

blocked with 0.25 ml PBS-BSA/well by incubating for 2 hr at room temperature. After the plates 

were washed 3 times with PBS-T, PGE2 and PGE3 samples in PBS-BSA were added at 0.1 

ml/well to PGE2-BSA coated plates, and TXB2 and TXB3 samples to TXB2-BSA coated plates. 

Anti- PGE2 (20 μl/ml) and anti- TXB2 (50 μl/ml) antibodies20 in PBS-BSA were added at 0.1 

ml/well to the prostaglandin and thromboxane plates, respectively, followed by overnight 

                                                 
18 Seracare Life Sciences, Oceanside, CA. 
19 Corning, Corning, NY. 
20 Cayman Chemical, Ann Arbor, MI. 
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incubation at 4º C. The plates were then washed as before and 0.2 ml of PBS-BSA containing 

0.5 μl/ml of either anti-mouse or anti-rabbit IgG biotin conjugates21 were added to the 

prostaglandin or thromboxane plates, respectively, followed by incubation for 2 hr at room 

temperature on a rotary shaker. After washing, 0.2 ml of 1 μl of extravidin peroxidase 

conjugate22/ml PBS was added to the wells of both plates followed by incubation for 2 hr at 

room temperature on a rotary shaker. Following washing with 0.3 ml PBS-T/well 4 times, the 

plates were stained by incubating with 0.2 ml/well of ABTS (0.66 mg/ml) and H2O2 (0.33 μl/ml) 

in 42 mM citric acid and 58 mM Na2HPO4, pH 4.2, overnight at 4º C. The plates were read at 

405 nm on a plate reader and unknowns quantitated against authentic standards23.  

 

5.2.5   Statistical Analyses 

 

The effect of treatments on continuous variables was analyzed by ANOVA using S-PLUS 

(MathSoft, 1998). In the case of chick weight at day 0, one-way ANOVA was used. Data on 

body and heart weight were analyzed using a two-way ANOVA with bird age maternal dietary 

oil source and their interaction as explanatory factors. Results are presented as means. Pair-

wise comparisons were made using the Tukey method.  

 

 

 

 

                                                 
21 Sigma Chemicals, St. Louis, MO. 
22 Sigma Chemicals, St. Louis, MO. 
23 Cayman Chemical, Ann Arbor, MI. 
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5.3  Results 

 

The fatty acid profile of the commercial diet used to raise the broiler chickens up to 42 days of 

age is presented in Table 5.2. The only n-6 fatty acid present was linoleic acid (C18:2 n-6) at a 

concentration of 53.4%. Oleic acid (C18:1 n-9) was the only monounsaturated fatty acid 

detected at a concentration of 21%. Finally, saturated fatty acids constituted 18.47%. Thus, the 

commercial diet was devoid of long-chain polyunsaturated fatty acids. 

 

5.3.1   Effect of maternal dietary n-3 PUFA on Progeny’s Cardiac 

Morphology and Body Weight 

 

The mean body weights for the chicks hatched to hens fed the Low, Medium and High n-3 

diets were 44.25 g, 42.07 g and 40.64 g, respectively. Chicks hatched from eggs laid by hens 

fed the Low n-3 diet were significantly heavier than those hatched from eggs laid by hens fed 

the High n-3 diet (p<0.05).  

 

The results on cardiac morphology and body weight of the progeny at various ages, from 7 

days old onwards, are presented in Figure 5.3. Body weight was significantly affected by both 

bird age (p<0.001) and maternal dietary oil source (p=0.003), but the interaction of these two 

factors was not significant. Body weight increased significantly as the birds aged (mean body 

weight: day 7<14<21<28<35<42). Also, Low n-3 broilers were significantly heavier than High n-

3 birds (analyses done on log-transformed data) (Figure 5.3).  

 



 

 

100
Heart weight means were significantly affected by age as follows: day 7<14<21<28<35 <42. 

However, maternal dietary oil source had no significant effect on heart weight. Also, the 

interaction (Age X Diet) was not significant (Figure 5.3). 

 

The heart weight to body weight percentages were significantly affected by bird age and 

showed the following pattern: day 7>14>21>28=35=42. This parameter was also affected by 

maternal dietary oil source in the following way: Low n-3<High n-3<Medium n-3. However, only 

Low n-3 and Medium n-3 were significantly different (p<0.05). The interaction term (Age X Diet) 

was not significant (Figure 5.3). 

 

Ventricular weights index (VWI), i.e. total ventricle weight (g) divided by right ventricle weight 

(g), was significantly affected by bird age (p<0.05). Specifically, the mean VWI of 28-day-old 

birds was significantly higher than that of 21-day-old birds.  

 

5.3.2   Effect of Maternal Dietary n-3 Polyunsaturated Fatty Acids on 

Heart Muscle Fatty Acid Profile  

 

In general, broiler age significantly affected most of the heart tissue fatty acids (FA) relative 

content whereas maternal dietary oil source affected AA (C20:4 n-6), total saturated FA 

content (Total SFA), total mono-unsaturated FA (Total MUFA) and n-6 long chain 

polyunsaturated FA content (LCPUFA n-6) (Table 5.3). Palmitic acid (C16:0) was the main 

saturated FA found in the heart tissue followed by stearic acid (C18:0), whereas the main n-6 

FA were 18:2 n-6 and C20:4 n-6. N-3 FA were not detectable in the samples analyzed. In more 
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detail, the mean values for the C16:0 FA corresponding to each broiler age group can be 

placed in ascending order as follows: 28do=42do<14do<7do, and those of C18:0 as follows: 

7do<42do<14do=28do.  

 

The main n-6 fatty acids in the heart tissue of broilers were C18:2 n-6 and C20:4 n-6, which 

showed a similar distribution pattern across age groups: (7do<14do=28>42) and 

(7do<14do<28do=42do), respectively. Maternal dietary oil source did not affect heart tissue 

C18:2 n-6 concentration but it had a dose response effect on heart tissue C20:4 n-6 acid 

content in broilers. Heart tissue C20:4 n-6 content in broilers hatched to hens fed the High n-3 

diet was lower than in the heart of broilers hatched to hens fed the Medium n-3 diet. In turn, the 

latter group of broilers had a lower C20:4 n-6 content in the heart tissue than those hatched 

from hens fed the Low n-3 diet. However, only AA content of High and Low n-3 groups were 

significantly different (p<0.05).  It is interesting that the effect of maternal oil source on AA 

content in the heart of the progeny was affected by age (i.e. there was a significant interaction 

between broiler age and maternal dietary oil source) (p<0.05) (Table 5.3). This relationship is 

depicted in Figure 5.4, where it can be seen that AA content in the heart of broilers remains 

significantly different among groups for up to 2 weeks, with a significantly lower content in the 

High n-3 group. 

 

The n-6 long-chain polyunsaturated fatty acid (LCPUFA) content in the heart of broilers at 

different ages showed the following distribution pattern: 7do=14do<28do=42do. Additionally, n-

6 PUFA content in the heart decreased as the maternal dietary inclusion of fish oil increased 
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(High n-3 <Medium n-3<Low n-3). The n-6 PUFA content in the heart of High n-3 broilers was 

significantly lower than in the heart of Low n-3 birds, after accounting for age. 

 

5.3.3   Effect of Maternal Dietary n-3 Polyunsaturated Fatty Acids on 

Eicosanoid Production by the Left Ventricle Homogenate 

 

The changes in n-6 PUFA composition of the heart tissue attributed to maternal diet were 

further evaluated changes on eicosanoid production in the heart tissue of day-old progeny are 

presented in Figures 5.5-5.8. Heart tissue prostaglandin E2 concentration was significantly 

higher in chicks hatched from hens fed the Low n-3 diet than in those hatched from hens fed 

the Medium or High n-3 diets. An opposite effect was seen in heart tissue thromboxane A3 

production. There was no effect of maternal diet on prostaglandin E3 or thromboxane A2. 

 

5.3.4   Effect of Maternal Dietary n-3 Polyunsaturated Fatty Acids on 

Eicosanoid Production by Peripheral Blood Mononuclear Cells 

 

The eicosanoid production by peripheral blood mononuclear cells (PBMCs) of broilers at 

various ages is presented in Table 5.4. Above 95% of the prostaglandins series 2 produced by 

PMBNCs were prostaglandin E2 (PGE2) and thromboxane A2 (TBXA2). The amount of 

prostaglandins series 3 (i.e. prostaglandin E3 and thromboxane A3) in the samples was too 

small and difficult to separate for quantification. Therefore, PGE2 refers to the combined 

concentrations of PGE2 and PGE3. The same is true for TBXA2.  
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PGE2 was significantly affected by broiler age and maternal diet (Table 5.4). In 7-day-old 

broilers, the combined production of PGE2 and PGE3 by PBMCs was significantly lower for the 

High n-3 group than for the Low n-3 and Medium n-3 age-mate birds (Table 5.4). At older 

ages, there were no differences in eicosanoid production by PBMCs among the three 

subpopulations of broilers, except at 31-day-old broilers when Low n-3 broilers produced 

significantly lower eicosanoids than the other two groups (p<0.05). The same trend was seen 

in the combined production of TBX2 and TBX3 by PBMCs.  

 

 

5.4 Discussion 

 

The present study aimed at characterizing the effect of maternal dietary n-3 polyunsaturated 

fatty acids on heart tissue fatty acid accretion, and heart tissue and polymorphonuclear cell 

(PBMC) eicosanoid production. Also, cardiac morphology and body weight were studied in 

relation to fat metabolism on broiler raised on a diet devoid of long chain polyunsaturated fatty 

acids (= or > 20 carbons) during 42 days. 

 

At the start of the experiment, day-old chicks that hatched from eggs laid by hens fed the High 

n-3 diet were significantly lighter than those hatched from hens fed the Low n-3 diet. The body 

weight of chicks that hatched from eggs laid by hens fed the Medium n-3 diet fell in between 

the weights of the other two treatments.  
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During the rearing period, results showed that body weight increased significantly every week 

and that High n-3 broilers remained significantly lighter than Low n-3 birds through this period. 

The fact that there was a weekly increase in chicken body weight may suggest that the 

commercial diet was suitable for normal broiler growth.  However, the three sub-populations of 

broilers grew at a different rate. For example, on average, broilers hatched from hens fed the 

High n-3 diet gained less weight (i.e. difference in average body weight between two 

consecutive weeks) than those hatched from eggs laid by hens fed the Medium and Low n-3 

diets. These results are consistent with those reported by Walton et al. (1999), who found that 

2.5% dietary inclusion of flax seed oil (n-3 oil source) was associated with a reduction in body 

weight compared to a diet with 2.5% of fat and vegetable oil blend. However, these 

observations are in contrast with those reported by Ajuyah et al. (2003a), who found no 

differences in body weight at 42 days of age when three sub-populations of broilers were 

raised on a diet containing α-linolenic acid (ALA) (18:3n-3) but lacking long-chain n-3 FA. 

These authors obtained the three sub-populations of broilers by hatching eggs laid by hens fed 

diets containing 5% sunflower oil, 5% fish oil and an equal mixture of both. Such discrepancy 

may have been due to body-weight reducing effect of α-linolenic acid across the different sub-

populations of birds during the entire grow-out period. 

 

In the present study the chicken heart weight, similar to the body weight, increased weekly. 

However, different from the case of body weight, the size of the heart was similar for Low, 

Medium and High n-3 birds. Consequently, the percentage heart weight (heart weight relative 

to body weight) decreased with age while this parameter was higher in the High n-3 chickens 

than in the Low n-3 broilers. Chickens with a high percentage heart weight may potentially be 
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healthier than those with a low percentage heart weight. For example, if the chicken body 

weight remains constant, a relatively large heart, being a supplying organ, has to work less 

than a smaller heart to perfuse a similar mass of tissues. In this regard, the effect of 3.5% fish 

oil (source of n-3 fatty acids) supplementation to the mother’s diet had a similar effect to that of 

early feed restriction, a common practice in the poultry industry to reduce cardiovascular 

problems in broilers (Julian, 2005).  

 

Ventricular weights index (VWI) is determined dividing the right ventricle weight (g) by the total 

ventricle weight (g). The ventricle weight reflects the strength cardiac muscle must develop to 

propel blood through either the low-pressure pulmonary circulation (right ventricle) or the high-

pressure systemic circulation. Under a variety of conditions, clinically healthy domestic fowl 

with normal pulmonary arterial pressure have an VWI index ranging between 0.15 and 0.27, 

whereas sustained pulmonary hypertension causes VWI index to increase >0.28 

(Huchzermeyer and De Ruyck, 1986). The VWI is an indirect measurement of pulmonary 

hypertension and susceptibility to ascites syndrome (Julian et al., 1989). In the present study, 

VWI was significantly affected by bird age only. More specifically, a 28-day-old bird from the 

Medium n-3 group showed an abnormally high VWI value of 0.36, which was consistent with 

pulmonary hypertension but no fluid was recovered from the abdominal cavity. Under 

commercial conditions, high VWI values are commonly associated with fast-growing flocks of 

broilers, which are at risk of developing ascites syndrome (Julian et al., 1989). Therefore, the 

presence of a high VWI values in the Medium n-3 suggests that these birds performed as good 

as, or even better than, the Low n-3 broilers. For example, there was no difference in body 

weight between Medium and Low n-3 birds.         
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Fatty acid analysis of the chicken feed used during the growth-out period revealed no content 

of long-chain polyunsaturated fatty acids. In the present study, n-3 FA were not detectable in 

the chicken heart tissue samples analyzed. However, in chapter 4 it was demonstrated that 

accretion of n-6 and n-3 PUFA in the progeny’s heart tissue, are modulated by the three 

maternal diets: Low, Medium and High n-3. Based on such results, it is possible to assess the 

effects of maternal n-3 PUFA by studying the changes in n-6 PUFA, especially of C20:n-6, in 

the progeny’s tissues. In the present study, the main n-6 fatty acids found in the heart tissue of 

broilers were linoleic (18:2 n-6) acid and arachidonic (C20:4 n-6). Heart tissue linoleic acid was 

not affected by maternal diet. But, arachidonic acid was significantly higher in the heart tissue 

of chickens hatched from eggs laid by the Low n-3 hens than in that of birds hatched from eggs 

laid by High n-3 hens. Changes in n-6 FA observed in this experiment (grow-out period) are in 

partial agreement with those found in chapter 4 (day-0 chicks). In day-old chicks, heart tissue 

n-6 FA reflected the maternal diet n-6 FA. Both 18:2 n-6 and 20:4 n-6 were found in greater 

concentration in the heart of those chicks hatched from eggs laid by hens fed the Low n-3 diet 

than in the heart of those hatched from eggs laid by hens fed the High n-3 diet. Discrepancies 

regarding 18:2 n-6 accretion in the chicken heart may have been caused by the commercial 

diet used during the grow-period. This diet had a 53% concentration of 18:2 n-6 and so this FA 

was accreted at higher rates than the other.  

 

In the current study, the maternal dietary inclusion of 3.5% fish oil (High n-3 diet) significantly 

decreased the 20:4 n-6 concentrations in the cardiac tissue of the progeny during the first two 

weeks of age. During this period, downstream processes that depend on 20:4 n-6 

concentrations, such as eicosanoid synthesis, may also be altered. For example, arachidonic 
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acid (20:4 n-6) is the most common substrate for COX during prostaglandin series-2 synthesis 

(e.g., prostaglandin E2 and thromboxane A2).  On the other hand, eicosapentaenoic acid 

(EPA; 20:5 n-3) is also a substrate for the COX binding site thus producing prostaglandin 

series 3 (e.g., prostaglandin E3 and thromboxane A3). Arachidonic-acid-derived eicosanoids 

are pro-inflammatory whereas EPA-derived ones are less pro-inflammatory (Calder, 2003; 

Massaro et al., 2006). Both 20-carbon PUFA compete for the same binding site on COX and 

this fact constitutes the basis of the present work aiming at modulating the type of eicosanoid 

produced in the progeny’s tissues through a maternal dietary approach. By increasing the n-3 

PUFA content in the maternal diet, at the expense of the n-6 PUFA content, it is expected to 

reduce the production of prostaglandins series 2 (i.e. prostaglandin E2 and thromboxane A2) in 

the cardiomyocyte and the peripheral blood mononuclear cells of broilers (PBMC). Peripheral 

blood mononuclear cells isolated from 7-day-old broilers that hatched from hens fed the High 

n-3 diet produced significantly lower amounts of PGE2 and TXA2 than those produced by 

PBMCs isolated from birds hatched from hens fed the other experimental diets.  This 

observation is in agreement with those by Hall et al. who found an increased eicosanoid 

(leukotriene B4) production by thrombocytes from chicks hatched to hens fed a 3% sunflower-

oil supplemented diet compared to that produced by thrombocytes from chicks hatched from 

hens fed a 3% fish-oil supplemented diet.  

 

In the present study PBMC FA composition from chicks hatched to hens fed the three 

experimental diets was not determined due to the limited sample volume. But, Hall et al. (2007) 

mentioned that during the first two weeks of age, the thrombocyte FA composition reflected the 

maternal diet in chickens hatched to hens fed a 3% sunflower-oil, 1.5% Sunflower oil + 1.5% 
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fish-oil or 3.0% fish-oil supplemented diet. Therefore, in the current study, it is likely that at 7 

days of age the differential eicosanoid production by PBMCs from broilers was the result of 

maternal dietary manipulation.  

 

The fact that in the present study the amount of eicosanoids series 2 produced by PBMCs from 

7-day-old progeny can be modulated through maternal diet may have practical applications. 

For example, under commercial conditions, mortality during the first week is expected to be 

around 5%. This mortality is mainly related to the exposure of the newly hatched chick to the 

harsh environmental conditions prevalent in the poultry house such as dust, ammonia and poor 

ventilation. The cause of death may vary but susceptible broilers may succumb to ascites 

syndrome once the respiratory tract is challenged by airborne pollutant in the poultry house. If 

the newly hatched bird possesses blood cells and tissues with lower arachidonic acid then less 

pro-inflammatory reaction may be expected and possibly less mortality.  

 

Broilers hatched from eggs fed the High n-3 diet were significantly lighter than those hatched 

from hens fed the Low n-3 diet. Since maternal diet did not affect heart weight, the percentage 

heart weight was higher in those birds hatched from hens fed the High n-3 diet than that of 

broilers hatched from hens fed the Low n-3 diet. These observations suggest a healthier 

relationship between the supplying organ (heart) and the demanding tissue (body weight) in 

the birds hatched to hens fed the High n-3 diet. On the other hand, the concentration of 

arachidonic acid in the heart tissue of broilers hatched to hens fed the High n-3 diet was 

significantly lower than that of broilers hatched from eggs laid by hens fed the Low n-3 diet. 

Additionally, peripheral blood mononuclear cells (PBMCs) isolated from 7-day-old broilers 
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hatched to hens fed the High n-3 diet produced significantly lower PGE2 and TXA2 than age-

mates hatched from eggs laid by hens fed the other experimental diets. PGE2 and TXA2 have 

pro-inflammatory and pro-aggregatory effects, respectively. Thus, broilers that hatch from eggs 

laid by hens fed the High n-3 diet may be in better physiological condition to cope with the 

challenging environment prevalent in the poultry houses. On one hand, it would be interesting 

to investigate the economic impact of using the maternal dietary approach under commercial 

conditions. Parameters to be evaluated may include mortality during the first week of age and 

body weight at market age. On the other hand, research on gene expression related to PPAR 

may increase our understanding on the mechanistic way of action of n-3 PUFA in broilers. 
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Figure 5.1 Schematic representation of the heart (shape modified for illustrative purposes).  
 
 

 
 
 Figure 5.2 A sample chromatogram with different eicosanoid peaks and elution times 
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Figure 5.2.3.1 A sample chromatogram with eicosanoid
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Figure 5.3 Effect of maternal diet on cardiac morphology and body weight of the progeny at 
different stages of growth 
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Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil. Mean ± S.E.; n=4. 
a-b =means with different letter is significantly different within each age group 
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Figure 5.4 Interaction plot of broiler age versus arachidonic acid content within each 
treatment (oil source) 
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Figure 5.5 Day zero heart tissue prostaglandin E2 concentration in progeny 
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*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil. Values are means (n=6).  
 

Figure 5.6 Day zero heart tissue prostaglandin E3 concentration in progeny 

0

4

8

12

16

Low n-3 Medium n-3 High n-3

Maternal Diet

PG
E3

 (p
g/u

l)

   b b b

 

*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil. Values are means (n=6).  
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Figure 5.7 Day zero heart tissue thromboxane A3 concentration in progeny 
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*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil. Values are means (n=6).  
 

Figure 5.8 Day zero heart tissue thromboxane A2 concentration in progeny 
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*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High 
n-3 diet = 3.5% fish oil. Values are means (n=6). 
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Table 5.1 Nutrient content of the commercial diet used to raise the chickens until 42 days of 
age 
 
Nutrient  Content 
 Protein 20% 
 Lysine 0.95% 
 Methionine  0.35% 
 Fat  3.5% 
 Fiber 5.0% 
 Calcium 0.8%-1.3% 
 Phosphorus  0.7% 
 Salt  0.35%-0.85% 
 Vitamin A 7,000 IU/lb 
 Vitamin E 14 IU/lb 
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Table 5.2 Fatty acid composition of the commercial diet fed to broiler chickens up to 42 days of 
age.  
 
 Commercial feed 
Fatty acid  (% of total fatty acids) 
 
C16:0 

 
16.20 

C18:0 2.53 
C18:1n-9 21.14 
C18:2n-6 53.54 
C18:3 n-3 3.22 
Unknown 3.37 
n6:n3 17.00 



 
Table 5.3 Effect of broiler age and maternal dietary oil source on heart tissue fatty acid profile 

  Fatty acid 
Age 

(weeks) 
Treatment C16:0 C18:0 C18:2 

(n-6) 
C20:4 
(n-6) 

Total  
MUFA 

Total  
SFA 

LCPUFA 
 (n-6) 

7 Low n-3 20.12  15.62 24.72 8.28   25.38 39.51 8.70  
 Medium n-3 21.56     13.29     24.79     5.67    29.81 38.18 5.76     
 High n-3 22.73 11.66 24.43   3.30 33.73 37.32 3.30 

14 Low n-3 16.94 19.11 28.16 7.88 18.61 39.40 8.23   
 Medium n-3 17.99    18.92     28.14     7.46     19.20 41.75 7.64  
 High n-3 16.98 18.68    28.66   6.25     20.35 40.26 6.33    

28 Low n-3 16.47 18.67 27.74 12.39 14.27 40.63 13.54  
 Medium n-3 16.56    18.94     26.28     11.80     15.01 40.83 12.93    
 High n-3 15.92 19.12 27.66    12.31   12.78 40.52 13.28   

42 Low n-3 16.31 16.75 25.32 13.15 11.27 42.44 14.26  
 Medium n-3 16.47     16.08     26.02     13.07    14.73 41.99 14.07    
 High n-3 16.47 16.38   25.67    12.27   16.24 38.78 13.40   
        p-value 

Source of variation        
Oil  NS NS NS <0.001 0.0306 0.0003 <0.0001 

Age  <0.001 <0.001 <0.001 0.002 <0.001 0.011 0.001 
Oil X Age  0.016 NS NS 0.0431 NS 0.0408 NS 

 
*Low n-3 diet = 3.5% sunflower oil; Medium n-3 diet= 1.75% sunflower oil + 1.75% fish oil; High n-3 diet = 3.5% fish oil.  
Values are means (n=6).  
Total SFA =Total saturated fatty acids: C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C22:0, and C24:0 
Total MUFA= Total monounsaturated fatty acids: C14:1, C16:1; C18:1, C20:1, C22:1, and C24:1. 
LCPUFA n-6= long chain PUFA n-6: C20:2n-6, C20:3n-6, C20:4n-6, C22:4n-6, C22:5n6 
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Table 5.4 Effect of maternal diet on peripheral blood mononuclear cells’ eicosanoid production 
in the progeny at different ages (pg/ml). 
 
  Treatment 
Age (Days) Eicosanoid* Low n-3 Medium n-3 High n-3   
 
7 

 
PGE2 

 
2.8063a 

 
3.1786a 

 
1.3037b 

 TXA2 6.9633a   7.2798a     6.3141b    
     
13 PGE2 3.0866   2.9866     2.4036 
 TXA2 6.5730 6.5904 6.3150 
     
24 PGE2 4.0422 4.3203 4.5124 
 TXA2 7.0217 7.8315     7.8875    
     
31 PGE2 3.6945b 5.4613a 5.5667a 
 TXA2 6.7353b 8.3373a     8.3178a    
     
40 PGE2 5.2596 5.9646 5.2596 
 TXA2 8.6529   8.7746     8.2997 
     
Source of 
variation 

p-value 

  PGE2 TXA2  
Oil  0.0387 0.0076  
Age  <0.0001 <0.0001  
Oil X Age  0.0035 0.0037  
a-b different letters in the same row show significant differences at p<0.05 
PGE2 = prostaglandin E2 + E3; TXA2 = thromboxane A2 + A3 
*Mean of log-transformed data (PGE2+ 0.5), (n=8). 
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6.  CONCLUSIONS 

 

The experimental work presented in this thesis relies on the notion that the maternal dietary 

model, which works as very early feeding in the chicks, produces quantifiable changes in the 

egg and progeny. Indeed the three maternal diets produced a dose-response effect on the yolk 

and progeny’s tissue fatty acid profile. Chickens are monogastric animals and so they deposit 

the fat and oil they digest and absorb without any major modification. For example, the FA 

profile of the heart, liver, lung and brain tissues reflected the FA profile of the yolk they hatched 

from and the maternal dietary oil source. The oils used in the present work contained long-

chain PUFA, which are suspected to cause lipid peroxidation. However, maternal dietary 

inclusions of 3.5 % of sunflower or fish oil did not produce differential lipid peroxidation nor did 

they alter the immune system of day-old progeny. The differential accretion of essential FA 

(20-carbon) in the chicken tissue was of particular interest due to their potential oxidation into 

biologically active eicosanoids.  The concentration of arachidonic acid in the yolk and tissues of 

the progeny hatched from hens fed the Low n-3 diet decreased, at the expense of n-3 fatty 

acids, as the fish oil level was increased in the diet. A direct effect of a reduced arachidonic 

acid concentration in the tissues of day-old broilers was a decreased production of pro-

inflammatory eicosanoids (e.g., PGE2) or pro-aggregatory eicosanoids (TXA3) by the 

cardiomyocyte. These effects were also seen in polymorphonuclear cells which upon 

stimulation with LPS produced less arachidonic-derived eicosanoids (i.e. PGE3 and TXA2). A 

concomitant effect of reduced levels of arachidonic acid in the egg yolk was a reduced egg 

quality. Egg quality in breeder hens is not as critical as it is for layer hens, whose eggs are 

destined for human consumption and must have long shelf lives. However, in breeder hens 
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hatchability and fertility are critical. Although fertility and hatchability were not affected by n-3 

PUFA, overall body weight was reduced. This side effect of feeding n-3 PUFA to breeder hens 

is actually being induced, via feed restriction, to reduce broiler mortality during the first week 

under commercial conditions. The cardio morphological study presented in this thesis showed 

that broilers hatching from hens fed the High n-3 diet had a higher heart percentage weight 

(heart relative to body weight) than those hatched from hens fed the Low n-3 diet. Based on 

these observations, it is suggested that future work should evaluate the overall performance of 

High n-3 broilers under commercial conditions. The variables that would help assess broiler 

performance should include percentage mortality, during the first week of age, and body weight 

at market age. Another line of investigation is to determine the mechanistic way of action of n-3 

PUFA whereby ligands of n-3 PUFA could be evaluated. Of particular interest are PPARα in 

relation to cardiac metabolic fatty acid metabolism and PPARγ in relation to immune reaction.  
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