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In broiler chickens, hepatic lipid metabolism plays a significant role in whole body 

and muscle fatty acid (FA) incorporation. Flax seed is a rich source of -linolenic acid 

and can be used to increase n-3 FA in poultry meat. Previous studies have shown that 

flax seed in combination with carbohydrase enzymes in broiler diets enhances long 

chain (LC) n-3 FA in hepatic tissue. Three experiments were conducted to evaluate the 

effect of flax seed and carbohydrase enzyme addition on production performance, total 

tract lipid digestibility, hepatic fatty acid composition, liver lipid class distribution and lipid 

metabolism in broiler chickens.  

In Experiment 1, broiler chicks were placed in individual cages and fed isocaloric, 

isonitrogenous corn-soy diets: Control, Flax (10% flax), and Flax+E (Flax+0.05% 

enzyme). The diets were fed for a period of 42 days. Total tract digestibility of lipids and 

FA were assessed from day 19 to 21 of growth. There was no effect of diet on 

production performance characteristics, including final body weight (BW) or yield of cut-

up parts. Flax-based diets reduced total tract lipid digestibility (p<0.001), increased 

excreta dry matter and total lipids compared to Control (p<0.05). Addition of enzyme led 

to an increase in digestibility of n-3 FA when compared to Flax (p<0.001). Total lipids in 

the liver tissue was higher in Flax-fed birds (p=0.044). Liver tissue of Flax and Flax+E 



 

were enriched with n-3 FA along with a reduction in n-6 FA (p<0.05) compared to 

Control. Hepatic tissue of Flax+E exhibited higher monounsaturated FA compared to 

Flax and Control (p<0.05).  

In Experiment 2, tissue (heart, cardiac) was collected from broiler chicks raised in 

floor pens and fed isocaloric, isonitrogenous corn-soy diets: Control, Flax (15% flax), 

and Flax+E (Flax+0.05% enzyme). The diets were fed for a period of 35 days. Hepatic 

and cardiac tissue lipids were subjected to triglyceride (TAG) analysis. Lipid classes 

(TAG; phosphatidylcholine, PC; phosphatidylethanolamine, PE) from hepatic crude lipid 

extract were separated and subjected to FA analysis. TAG was lowest in hepatic tissue 

of Flax and Flax+E compared to Control (p=0.001). Flax+E TAG was observed to 

incorporate significantly lower total saturated FA and increased monounsaturated FA 

compared to Control. Total n-3 FA were greater in all lipid classes in Flax+E compared 

to both Flax and Control (p<0.05). A 3-fold and 2-fold increases in LC n-3 FA was 

observed in PE and PC, respectively of Flax+E compared to Control.  

In Experiment 3, liver tissue collected from Experiment 1 were subjected to lipid 

metabolism related gene expression studies. Expression of peroxisomal acyl-CoA 

oxidase 1 (ACOX1), acyl-CoA synthase long-chain family member 1 (ACSL1), and 

carnitine palmitoyltransferase 1 A (CPT1A) was up-regulated in Flax+E birds (p<0.05). 

Fatty acid synthase (FASN) and acetyl-CoA carboxylase  (ACCA) were significantly 

reduced in Flax and Flax+E  (p<0.05). Sterol regulatory element-binding transcription 

factor 1 (SREBF-1) target fatty acid desaturase 2 (FADS2), a key-regulator of LC FA 



 

synthesis, was down-regulated in liver of Flax-fed birds. No effect of diet was observed 

on FA transport gene expression.  

Overall, these studies suggest that n-3 FA supplementation and carbohydrase 

enzyme addition affects lipid digestibility, hepatic lipid class distribution and metabolism 

of broilers.  
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1 INTRODUCTION  

Fat is important in animal nutrition; lipids supply energy, serve as precursors 

to physiological regulators and aid in nutrient digestibility. Essential fatty acids are a 

key factor in the diet, monogastrics or otherwise, for the simple fact that they cannot 

be synthesized by the body. Of the essential fats, n-3 fatty acids have a major role 

in human health. The modern Western diet is lacking in n-3 fatty acid concentration 

and is associated with negative health effects. We currently rely on marine products 

for n-3 fatty acids in the diet, which are generally limited due to cost and 

sustainability. Other options include plant or oil seeds, which don’t provide more 

biologically active long-chain n-3 fatty acids. Poultry products have already been 

shown as potential candidates for n-3 fatty acid enrichment with the advent of 

designer eggs. To further poultry as a source of n-3 fatty acids, we must design a 

diet intended for meat enrichment. Diet formulation requires an understanding of 

lipid digestion, absorption and secretion of fats throughout the broiler body. The 

avian liver acts as a hub of exogenous nutrient supply as well as lipid synthesis 

factory tightly regulated by a system of metabolic-related transcription factors. In 

conjunction with dietary fat, the liver is able to produce long chain n-3 fatty acids for 

muscle tissue enrichment in poultry. Flax seeds are a viable option for increasing n-

3 fatty acids in the broiler diet and poultry food products. Although promising 

because of the rich -linolenic acid source, whole flax seeds have a variety of anti-

nutritional factors that are associated with reduced digestibility of nutrients. Multi-

carbohydrase technology may be utilized to enhance digestibility of the flax seed 
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coat network of soluble and insoluble non-starch polysaccharides. Previous 

research has demonstrated inconsistent results with exogenous enzyme technology 

and associated n-3 fatty acid digestion. We propose that the addition of an enzyme 

in a flax based diet will alter lipid digestibility, distribution of fatty acids in major liver 

lipid classes and hepatic lipid metabolism.  

This thesis includes two feeding trials with broiler birds with the following 

objectives: to investigate the effect of flax and carbohydrase enzyme 

supplementation on (1) production performance, lipid digestibility, and hepatic tissue 

fatty acid composition, (2) liver and heart triglyceride content and fatty acid 

distribution in major liver lipid classes, and (3) hepatic lipid-metabolism related gene 

expression patterns.  
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2 LIPIDS 

Lipids, one of the three fundamental macronutrients, are a highly diverse and 

complex set of molecules. Also known as fats, these chemically dissimilar organic 

particles are united by their solubility in nonpolar solvents. Lipids must then be 

categorized by structural similarities, from simple esters of acyl chains and alcohols 

to derived and complex associations of glycerol, phosphate and ring systems. Fats 

are regarded as the major source of dietary and cellular energy, as well as serving 

as important structural elements in cell membranes and signaling pathways both 

intra- and intercellular.  

 2.1 Triacylglycerol 

Triacylglycerols (TAG) constitute the greatest fraction of dietary fats and oils. 

Acylglycerol molecules are derived by esterification of one of more fatty acid 

carboxyl groups to a hydroxyl group of a glycerol molecule or backbone. TAG 

chemical properties are dependent on the fatty acids (FA) bound to the glycerol 

backbone, typically with unsaturated fatty acids (UFA) linked to the middle hydroxyl 

group (sn-2, represented at R2, Fig. 1) and saturated FA (SFA) linked to the outer 

hydroxyl groups (sn-1 and sn-3, represented at R1 and R3, respectively).  There are 

of course exceptions to this, providing a vast diversity of TAG positional isomers. 

Storage TAG molecules vary in complexity in dietary animal fats and plant oils, from 

lard and tallow to corn and oil seeds (e.g. sunflower and flax seed). In animals, 

adipose tissue represents the greatest reservoir of TAG although it is also present 

in skeletal muscle, heart, liver, and as a fat sink in broiler bird skin. 
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Figure 1. Schematic representation of acylglycerol molecules, Triacylglycerol 
(TAG), Diacylglycerol and Monoacylglycerol, adapted from Carvalho et al., 2009. 

2.2 Phospholipids 

Glycerophospholipids, also known as phospholipids (PL), are a more derived 

form of lipid that similarly to TAG contain a glycerol backbone with three esterified 

groups; however, this lipid molecule contains phosphoric acid at the sn-3 position. 

Phospholipids are derived from phosphatidic acid, or glycerol-3-phosphate (G3P), 

and generally follow the same TAG bonding rule of SFA at sn-1 and UFA at sn-2. 

What is incorporated at each position of the glycerol molecule of PL is highly 

dependent on dietary lipid sources and activity of phospholipases and 

acyltransferases in the cell, as well the needs of the organelle cell membrane.  

Phospholipids are classified by the variable polar head group attached to the 

phosphate group at sn-3, with five major classes: phosphatidylcholine (PC), -serine 

(PS), -ethanolamine (PE), -inositol (PI) or -glycerol (PG). The polar head groups 

allow phospholipids the ability to form lipid mono- or bilayers due to a hydrophilic 

head and hydrophobic fatty acyl tail; this property is integral to life and the ability to 

form cell membranes with vastly different metabolic and structural qualities. It is well 
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established that PC dominates the outer leaflet of cell membranes with greater 

concentrations of PE, PS and PI in the inner leaflet (Tocher et al., 2008). These 

head groups provide preferential docking and anchoring of proteins in the 

membrane. Phosphatidylcholine is the most abundant PL in membranes, essential 

in the secretion and formation of very-low density lipoproteins (VLDL) by the liver as 

well as significant in micelle formation in the intestinal lumen. Phospholipids also 

play a role in cell receptor mediated pathways and 2nd messenger signaling via 

cleavage to inositol-triphospophate (IP3) and diacylglycerol (DAG), which go on to 

signal Ca2+ release and activation of protein kinase C. Phospholipids are also the 

classic storage depot for polyunsaturated fatty acids (PUFA), maintaining 

concentrations of arachidonic acid (AA) and eicosapentaenoic acid (EPA) for the 

production of eicosanoids. Released by the action of phospholipase A2 and 

converted by cyclooxygenase or lipooxygenase enzymes, PL PUFA are 

transformed into variable series of pro- and anti-inflammatory response molecules, 

including prostaglandins, thromboxanes, leukotrienes, protectins and resolvins, 

utilized throughout the body. 

2.3 Fatty acids 

Attached within these important lipid subclasses exist the FA. Fatty acids are 

a combination of carboxylic acid (-COOH), aliphatic acyl chain and methyl group 

tail. Tissues synthesize FA through the successive addition of two-carbon acetyl-

CoA molecules up to 16 carbons, known as palmitic acid. Both endogenously 

synthesized and exogenously supplemented FA can be further elongated to form 

FA chains of 18 carbons or greater, which will be referred to as long-chain (LC) FA. 
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2.4 Fatty acid classification 

Fatty acids are classified by degree of saturation and chain length. Saturated 

fatty acids are made of acyl chains with no double bonds, thus the carbons within 

the chain are “saturated” with H. Unsaturated fatty acids on the other hand may 

include double bonds, monounsaturated fatty acids (MUFA) having one double 

bond, and those with more than one known as PUFA. Fatty acids are classified by 

systematic, common and shorthand numerical names as seen in Table 1. In 

systematic naming, carbon atoms and double bonds are numbered from the 

carboxyl end (i.e. the first cis double bond of palmitoleic acids occurs at the 9th 

carbon atom from the carboxyl end; cis-9-hexadecanoic). Due to the nature of fatty 

acid synthesis in monogastrics, this thesis will use common and shorthand notation. 

Shorthand notation numbers carbon atoms and double bonds relative the methyl 

end in which elongation and desaturation of cis bonds occurs, thus palmitoleic acid 

with 16 carbons and one double bond (1n) at the 7th carbon relative to the methyl 

end is labeled 16:1n-7.   
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Table 1. Systematic, common and shorthand notation of familiar fatty acids, 
adapted from Poureslami (2009). 
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2.5 Essential fatty acids 

Monogastrics are able to synthesize numerous saturated and MUFA with a 

set of elongase and desaturase enzymes, but are unable to insert cis double bonds 

at the n-3 and n-6 carbons relative to the methyl end. These FA must then be 

consumed in the diet and are designated essential fatty acids (EFA). -linolenic 

acid (ALA, 18:3n-3) and linoleic acid (LA, 18:2n-6) are the base EFA that then are 

further elongated with double bonds added to form more bioactive LC PUFA.  

2.6 n-3 vs. n-6 fatty acids 

Long chain n-3 and n-6 fatty acids are synthesized using the same series of 

metabolic enzymes. Arachidonic acid (AA, 20:4n-6) is synthesized from exogenous 

LA, whereas eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid 

(DHA, 22:6n-3) are synthesized from exogenous ALA. The production of these 

longer and highly UFA is essentially competitive, AA and EPA synthesis requiring 

fatty acid elongase 5 (Elovl5), fatty acid desaturases 1 and 2 (FADS1, FADS2). The 

products of this pathway are subjected to multiple fates, including cellular 

membrane inclusion, retina maintenance, neural function and further conversion to 

eicosanoids. Eicosanoids are important cellular signaling molecules and known as 

“local hormones” involved in inflammation, immune system modulation, tissue 

growth and much more. n-3 derived eicosanoids are considered less pro-

inflammatory due to their role in resolvin and protectin production, although n-6 

derived eicosanoids are associated with both pro- and anti-inflammatory responses 

(Calder, 2009).  
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2.7 Lipids in poultry diets 

Poultry diets consist of multiple sources of lipids that originate from animal 

fat, plant material or industrial origin. Animal sources include tallow and lard, both of 

which are significantly composed of SFA. Plant material, including vegetable and 

seed oils such as flax, canola and corn, is one of the most significant sources of 

EFA.  ‘A-V’ blend is the generic term for animal-vegetable blend oils that may be 

provided by rendering and industrial sources, including commercial restaurant 

grease. 
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3 DIGESTION OF DIETARY LIPIDS IN POULTRY 

Avian species have distinct digestive system anatomy and physiology 

compared to other monogastrics, most significantly that there are more 

gastrointestinal organs. Initially, food moves from the beak without much amylytic 

action in poultry, to the crop where food is stored internally prior to digestion. As the 

gizzard empties, food from the crop passes through the proventriculus, or glandular 

stomach, where it is subjected to pepsin and hydrochloric acid secretion. This food 

bolus travels to the gizzard where rhythmic contractions of thin rotary-like muscles 

mechanically breakdown food particles. Due to lack of sphincter between the 

gizzard and duodenum, feed may pass into the upper intestinal tract. Klasing (1998) 

describes a complex cycle of contractions and digesta reflux that regulates digesta 

movement in alternate directions between the proventriculus, gizzard and 

duodenum thereby enhancing digestion. Coordination of digestive hormones and 

muscle contraction increases large lipid globule breakdown, feed homogenization 

and ultimately alters the flow of nutrients into the small intestine. 

 Fatty acids are primarily digested in the upper and lower jejunum where 

initial emulsification by conjugated bile salts and cleavage by intestinal and 

pancreatic lipases occurs. Bile salts are produced by the liver, stored in the gall 

bladder, and released into the small intestine to emulsify fat droplets from the diet to 

increase surface area thus improving digestive enzyme targeting.  Pancreatic 

lipases remove the fatty acids at the first and third position of the triglyceride 

molecule backbone resulting in monoglycerides and 2 free fatty acids, with 

phospholipases (Lyso-, -A2, -C) working to remove fatty acids at all positions (sn-1, 
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sn-2, sn-3). The freed FA and monoglycerides form mixed micelles with bile salts, 

phospholipids and cholesterol, which transport the products of lipid digestion across 

the mucosal cells of the proximal small intestine. Diets composed of UFA are more 

easily digestible due to the natural emulsification properties of the hydrophobic 

molecule, resulting in spontaneous formation of micelles that occurs in the 

duodenum and proximal jejunum (Tancharoenrat et al., 2014). The intestinal 

enterocytes transform the micelles into chylomicrons, or more developed micelles 

with apolipoprotein coatings that are exocytosed into lymphatic circulation. 

Lipoproteins absorbed by the intestinal lumen in poultry are known as portomicrons 

due to drainage into the hepatic portal system, contrasting with the lymphatic origin 

of chylomicrons (Krogdahl, 1985).  

Chylo- and portomicrons also contain triglycerides reassembled from the 

freed FA and monoglycerides absorbed by the mucosal cells, a process mediated 

by ApoB48 protein coating and cholesterol. Free, or non-esterified fatty acids 

(NEFA), may be transported in circulation via serum albumin binding, regulated by 

fatty acid binding protein (FABP) and caveolin. NEFA travel through the circulation 

until acted upon by lipoprotein lipase molecules in capillaries. Lipase molecules 

localized in the endothelial cells of muscle and adipose tissue differentially utilize 

degraded and released NEFA from triglycerides and chylomicrons for immediate 

use or storage. What remains of lipid transport molecules continues towards the 

liver for further oxidation and potential synthesis, again differentiating with poultry 

portomicrons that are directly diverted from digestion to the liver. 
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Portomicrons are cleared by the liver where both dietary and endogenously 

synthesized lipids are repackaged in VLDL and secreted into blood. The liver is the 

primary site of de novo lipogenesis in poultry and works at 20 times greater capacity 

compared to adipose tissue. Hepatic tissue converts most energy sources in times 

of excess to TAG, which provides more energy per gram of tissue than glycogen. 

Regulation of lipid metabolism as it relates to hepatic tissue will be discussed in the 

following chapter. 
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4 HEPATIC REGULATION OF LIPID METABOLISM IN POULTRY 

Avian species have been studied extensively due to a greater association 

between nutritional intervention and hepatic lipogenesis, with the liver as the 

primary site of lipogenesis (Yang et al., 2010). Current research seeks to show the 

hormone-like action dietary fats employ via interaction with nuclear transcription 

factors to modify gene expression relating to metabolic function. Some major 

hepatic nuclear receptors affected by FA concentration in the tissue include sterol 

regulatory-element binding protein-1c (SREBP-1c) and peroxisome proliferator-

activated receptor  (PPAR) as well as carbohydrate regulatory-element binding 

protein (ChREBP), liver X receptors (LXR) and retinoid X receptors (RXR). Together 

these nuclear receptors and gene promoter binding proteins integrate signals from 

dietary lipids to modulate hepatic lipid composition ultimately affecting whole body 

energy metabolism as well as downstream inflammatory response and more. This 

review will cover the gene transcription factors involved in lipid homeostasis as well 

as the functional characteristics of essential and derivative LC PUFA.  

4.1 SREBP 

Sterol regulatory-element binding proteins are a family of transcription factors 

that regulate hepatic and whole-body FA, TAG and cholesterol synthesis. Three 

isoforms of this basic helix-loop leucine-zipper protein have been identified; 

SREBP-1c, SREBP-1a and SREBP-2, all of which are associated with lipid 

metabolism and immune functions. SREBP-1c is the predominant isoform in the 

liver, responding to feeding via insulin stimulation at the (1) transcriptional and (2) 

posttranslational levels: (1) Cell surface receptor bound insulin signals SREBP-1c 
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and mammalian target of rapamycin C1 (mTORC1) to increase SREBP-1c 

transcription and (2) insulin suppresses Insig-2a, an inhibitor of SREBP cleavage-

activating protein (SCAP), that then induces SREBP-1c phosphorylation and 

activation (Xu et al., 2013). Activated and cleaved SREBP leaves its 

transmembrane domain in the ER and spontaneously translocates into the nucleus 

to bind to the sterol regulatory-element on promoters of targets genes as a 

homodimer to induce transcription of target genes involved in FA biosynthesis.  

 SREBP transcription and activity is highly associated with LC FA 

concentration in the cell. Georgiadi and Kersten (2012) suggest that PUFA target 

ubiquinating complexes that degrade SCAP ultimately preventing proteolytic 

cleavage and translocation into the nucleus. The same research also notes PUFA 

as an antagonist of LXR, a potent inducer of SREBP-1 transcription, although Jump 

(2008) suggests otherwise. Unlike naturally occurring PUFA in monogastrics, 

conjugated linoleic acid (CLA) has been shown to increase SREBP transcription 

and has been proposed as a method to target the growing obesity epidemic in 

humans (Konig et al., 2008).  Although insulin stabilizes SREBP and protects 

mature SREBP from degradation, PUFA enhances turnover rate of SREBP mRNA 

while DHA specifically targets mature SREBP-1 by increasing 26S proteasomal 

degradation (Jump, 2008).  

 SREBP-1c actively promotes the transcription of FA synthesis 

enzymes including fatty acid synthetase (FASN), acetyl-CoA carboxylase  (ACCA) 

as well as those involved in desaturation and elongation pathways: FADS1, FADS2, 



15 

 1
5
 

stearoyl-CoA desaturase (SCD1), and fatty acid elongases (Elovl 2,5,6). SREBP-2 

induces transcription of enzymes involved in cholesterol homeostasis such as LDL 

receptors and HMG-CoA synthase. Activated by nutritional status, SREBP-1c up-

regulates ACCA to jumpstart FA synthesis and FASN to facilitate the consecutive 2-

carbon carboxylation and condensation reactions that sequentially produce FA up to 

16 carbons in length (Nguyen et al. 2008). De novo lipogenesis in mammals and 

birds is restricted to FA 16 carbons in length due to available enzymes, although 

those enzymes are present in plants hence the synthesis of LC FA (>18 C) in 

vegetable and oil seeds that are essential in animal diets. Aydin (2005) reports that 

SREBP-1c induces SCD transcription, which then stimulates MUFA synthesis from 

dietary FA to palmitoleic (16:1n-7), vaccenic (18:1n-7), and oleic (18:1n-9) acids. 

Increased MUFA concentration in the tissue ultimately enhances VLDL secretion 

and transport of endogenously synthesized fats to peripheral tissue through PPAR 

ligand binding, discussed in section 4.2. Long chain PUFA was previously described 

as a PUFA-mediated repressor of SREBP-1, which then suppresses transcription of 

SCD1; however, Kim et al. (2002) observes that cholesterol overrides this pathway 

and independently increases MUFA synthesis via SCD through SREBP 

posttranslational modification and maturation. Disruption of FA desaturase and 

companion elongase enzymes utilized in LC PUFA synthesis can result in 

numerous deleterious effects including eicosanoid deficiency, cell membrane 

structure perturbation, reduced insulin sensitivity and much more (Zhang et al., 

2016).  
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4.2 PPAR 

Peroxisome proliferator-activated receptors are a family of nuclear receptors 

that act as principal regulators of hepatic lipid catabolism targeting gene expression 

associated with inflammation, glucose metabolism and most importantly to this 

review lipid-related pathways (Bionaz et al., 2013). PPAR, the predominant 

isoform in the liver, prevents FA accumulation with a feed forward oxidation 

mechanism that is highly associated with endogenously synthesized FA. 

Intracellular FA pools may have more distinct signaling properties linked to PPAR 

compared to dietary FA (Georgiadi and Kersten, 2012). PPAR heterodimerizes with 

vitamin A derivative 9-cis retinoic acid, RXR, after activation by lipid soluble 

compounds such as eicosanoids, FA and fibrates (Konig et al., 2008). Chakravarthy 

et al. (2009) suggest that 16:0/18:1-PC species are the most likely ligands of 

PPAR in the liver, although Georgiadi and Kersten (2012) note that this finding 

would negate the role of PPAR as a lipid sensor in the cell because of its response 

to a common PL species rather than metabolic status and lipid flux.  

Jump (2008) suggests that cells challenged with more unique or unfamiliar 

FA, such as EPA, perturbs the NEFA fraction of cells thus activating PPAR and 

target genes. Activation of this nuclear complex inhibits SREBP-2 processing to 

reduce hepatic cholesterol via overexpression of Insig 1, while inducing the 

expression of FA transport enzymes including carnitine palmitoyl transferase 1 

(CPT1A), Apolipoprotein B100 (ApoB100), microsomal triglyceride transfer protein 

(MTTP) and FABP. CPT1 regulates the entry of medium chain fatty acids from the 
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cytosol (12-16C) into the mitochondrial matrix for oxidation, with the others 

participate in varying degrees of FA exportation from the cell. PPAR induces 

ApoB100 cleavage and activation in rough ER and in concert with MTTP moves 

lipids from smooth ER through golgi compartments to the hepatocyte sinusoidal 

membrane for release with appropriate glycosylated apoprotein coating (Nguyen et 

al., 2008). Dietary n-3 PUFA are shown to inhibit the secretion of VLDL, those 

coated with ApoB100, via down-regulation of TAG synthesis enzymes by PPAR 

(Botham et al., 2003).  

 Similar to SREBP, PPAR are essential to the desaturation and 

elongation of long chain FA. Another target gene of PPAR is the cytochrome P450 

(CYP4) family of enzymes that induces -hydroxylation as a part of peroxisomal FA 

oxidation (Kroetz et al., 1998). Peroxisomal oxidation is minor relative to 

mitochondrial -oxidation, although necessary in the retro-conversion of EPA to 

DHA. Carre et al. (2002) suggest that the increased expression of CYP4A mRNA in 

genetically lean broilers increased PUFA metabolites, down-regulated de novo lipid 

synthesis and reduce adipose accumulation. 

4.3 ChREBP 

Carbohydrate regulatory-element binding protein is another transcription 

factor affected by nutrition status that ultimately plays a role in lipid homeostasis 

through stimulation of feeding response. This basic leucine-zipper complex is 

activated by glucose concentration and induces glycolysis as well as lipogenesis 

with heterodimerization with max-like x receptor (MLX) on the promoter of relevant 
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target genes (Xu et al., 2013). Insulin stimulation brings about increased expression 

of L-type pyruvate kinase, ACCA and FASN in hepatic tissue. 
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5 n-3 FATTY ACIDS 

5.1 Human health 

As discussed in Chapter 2, LC n-3 FA are necessary in the human diet 

beyond our ability to naturally synthesize them; PUFA are precursors for variety of 

bioactive compounds produced by the body, are incorporated in our cellular 

membranes and alter the basic dynamics of the cell, and may even produce 

protective and reductive effects in disease states, such as cardiovascular disease. 

n-3 fats also affect gene expression via nuclear transcriptional element binding 

ultimately modulating lipid homeostasis and further down-stream effects (Palmquist 

et al., 2009, Wahle et al., 2003). Evidence suggests humans evolved on diets with a 

ratio of n-6:n-3 of around 1:1, although the current Western diet ratio of n-6:n-3 is 

around 15:1 and higher. Lowering the n-6:n-3 ratio in diets is associated with 

suppressed inflammation in patients with rheumatoid arthritis, reduced 

cardiovascular disease-related mortality and lowered incidence of cell proliferation 

in those with colorectal cancer (Simopolous, 2004).  Bouzianas et al. (2013) 

observes that LC n-3 PUFA supplementation may be used therapeutically to treat 

non-alcoholic fatty liver disease (NAFLD). Long chain n-3 PUFA down-regulate 

transcription factors associated with lipid synthesis and up-regulate catabolic 

pathways thus regulating lipid homeostasis. This process works to balance lipid 

metabolism and reduce FA accumulation. Holub et al. (2009) suggest that human 

serum phospholipids respond to dietary supplementation of n-3 FA, with 

phospholipids enriched with more n-3 FA compared to n-6 FA associated with 

reduced risk for heart disease and related fatality. Flock et al. (2013) notes n-3 FA 
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supplementation associated with increased serum HDL cholesterol, decreased 

plasma triglycerides and reduced blood pressure in humans. Long-chain n-3 PUFA 

are typically considered more bioactive than parent source ALA, with EPA 

supplementation associated with enhanced cognitive function relating to visual 

stimuli (Bauer et al., 2011). Smith et al. (2011) reports the same LC n-3 FA have 

anabolic properties associated with enhanced muscle protein concentration and 

increased cell size after supplementation in healthy young and middle aged adults. 

5.2 Poultry meat as a source of n-3 fatty acids 

Poultry meat is a significant animal protein source globally in the human diet 

with roughly 60 lbs. available per capita in the US alone (ERS, USDA, 2013). Thus 

enriching poultry meat with n-3 FA can provide a great source of LC n-3 FA for the 

human dietary need. Currently, we rely on marine and some seed sources, although 

this can be expanded into poultry markets similarly to enrichment in eggs.  It has 

been shown in previous studies that flax seed in combination with dietary 

carbohydrase enzymes significantly increases the n-3 FA enrichment of meat tissue 

in broiler birds in a favorable way (Apperson, 2015).  

5.3 Dietary sources and limitations 

To increase n-3 FA incorporation in broiler muscle tissue, research has 

looked to sources of both pre-formed LC n-3 FA sources from marine products as 

well as plant and seed oils rich in -linolenic acid. Fish meal and marine oils are 

well known sources of LC n-3 PUFA in poultry diets and can be used to increase LC 

n-3 PUFA in muscle tissue. Fish oil in broiler and laying hen diets has been found to 

reduce total liver lipid content, reduce yolk TAG concentration and improve lipid 
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clearance from the liver compared to vegetable and plant-derived n-3 oils (Royan et 

al., 2011, Konig et al., 2008, Campioli et al., 2012). Although beneficial to reducing 

fat accumulation, concentrated LC PUFA in tissue from fish oil may increase the 

capacity for oxidative damage and increase associated volatile compounds that 

produce “fishy” flavored poultry products (Rymer and Givens, 2005). Huang et al. 

(1990) found that adding fish oil at 3% of the diet and food preservative ethoxyquin 

for 4 weeks in laying hens significantly increased egg yolk EPA and DHA without 

negative sensory perception. A similar study using 2.5% fish oil and -tocopherol 

supplementation suggested significant incorporations of EPA and DHA in the white 

meat of broilers compared to a standard wheat-soybean meal-based diet (Bou et 

al., 2004). Cherian et al., (1996) observed similar increases and proposed the 

results related to greater phospholipid:triglyceride ratio in breast muscle and typical 

PL PUFA composition. Lopez-Ferrer at el. (2001) suggest that fish oil 

supplementation during a weaning and withdrawal period prior to slaughter 

improved broiler carcass LC n-3 PUFA composition and sensory quality. Decades 

of food science research has sought to enrich poultry products with human health-

related levels of n-3 PUFA content without the off-flavors associated with fish oil and 

fish meal (Hargis and Van Elswyk, 1993). It is difficult to confirm a cost-benefit 

analysis of marine products in agricultural production due to necessary added 

antioxidants and increasing cost of fish oil (Naylor et al., 2009). 

 Rymer and Givens (2005) note that ALA enrichment of meat products 

is more easily achieved due to the association of ALA with TAG that accumulates in 
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dark meat and skin. ALA is more significant in plant and oil seed sources of n-3 FA 

compared to marine products. -linolenic acid is more bioavailable than preformed 

LC n-3 PUFA from marine products due to increase probability of LC PUFA -

oxidation in hepatocytes (Talahalli et al., 2010). Lopez-Ferrer et al. (1999) suggest 

that vegetable-derived n-3 oil may be used as a replacement to fish oil prior to 

slaughter to enhance both LC n-3 derivatives of ALA enrichment and improve 

sensory quality. Broilers fed seed-oil diets rich in n-3 and n-6 FA, including from 

sunflower and canola oil, showed significant reductions in carcass fat and improved 

feed conversion ratios (Newman et al., 2002). Chia and flax seed may be 

incorporated up to 20-30% of feed by weight to increase n-3 FA content of egg yolk 

without negative sensory perceptions (Coorey et al., 2015). Whole seed sources 

provided to broilers aid in reduced oxidative damage. Although the oil content is 

protected from external elements, seed coats are relatively indigestible by 

monogastrics digestive systems. Flax seed, a significant source of n-3 FA, and its 

seed coat qualities will be discussed in Chapter 6. 
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6 FLAX SEED, A SOURCE OF n-3 FATTY ACIDS IN POULTRY DIET 

Flax seeds are a rich source of n-3 FA and have been used successfully as 

dietary FA supplements in broiler diets as a means to increase n-3 FA incorporation 

in muscle tissue (Apperson, 2015, Cherian and Hayat, 2009, Zuidhof et al., 2009). 

With an oil content of roughly ~50% ALA, as well as 22% crude protein, flax seeds 

clearly have nutritive value as a poultry feed source. Flax seed products are known 

to have numerous biological health effects, related to oil content as well as other 

bioactive compounds. Dietary flax flour and isolated lignans from flax reportedly 

reduced epithelial cell proliferation of rat mammary gland cancer and decreased 

gastrointestinal tumor multiplicity and size in male rats (Thompson et al., 1996, 

Bommareddy et al., 2009). The high ALA content, however, is the primary health 

benefit provided by flax in both whole seed and oil form. Although rich in ALA, flax 

seed nutrients are contained within a polysaccharide oil seed coat to protect the 

seed from injury as well as FA oxidation. The seed coat is made of a network of 

soluble and insoluble non-starch polysaccharides (NSP), neither of which are 

digestible by monogastric digestive enzymes. If not stored properly the oil content 

may also be subjected to accumulative oxidative damage, which may produce 

potentially toxic compounds similar to oxidation of vegetable oil (Shim et al., 2014).  

6.1 Anti-nutritional factors associated with flax seed 

Flax seeds possess a variety anti-nutritional factors associated with limited 

growth performance in broilers, including trypsin inhibitors, cyanogenic glycosides 

and NSP. Although most likely not significant in poultry diets due to low 

concentrations in flax compared to other feedstuffs, trypsin inhibitors may reduce 
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protein digestion. Similarly, cyanogenic glycosides are at low levels in flax but 

converted to hydrocyanic acid when ground or digested become toxic and inhibit 

cytochrome oxidase activity.  

The NSP component of flax seeds remains the most influential of anti-

nutritional factors due to reduced digestibility and consequential effect on nutrient 

availability and absorption. The insoluble fraction is composed of cellulose and 

lignin, which in monogastrics diets is left to ferment in the hindgut. Although 

monogastrics lack the digestive enzyme capacity, gut bacteria may utilize the -1,4-

linked glucose units. Lu et al. (2003) reports that poultry may have more advanced 

microbial communities than previously thought and may beneficially utilize such 

insoluble fiber. Gastrointestinal tract and gut microbial health is increasingly relevant 

to whole body health and insoluble fiber has been shown to increase fermentation 

improving microbial colony growth and “balancing” the microflora (Gemen et al., 

2011). The benefit to hindgut health, however, is shadowed by increases in 

intestinal viscosity that interferes with bile acid metabolism, micelle formation and 

ultimately reduces apparent lipid digestibility (Kristensen et al., 2012, Just, 1982).  

Flax seed mucilage is composed of acidic pectin-like polysaccharides and 

neutral units of xylose, arabinose and galactose, all of which are associated with 

negative effects on growth performance in commercial poultry production (Rebole et 

al., 2002). The water soluble polysaccharides of flax seed mucilage have been 

shown to increase intestinal viscosity leading to reduced digesta convection in the 

upper intestinal tract where the majority of lipid digestion occurs thus lowering 
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energy utilization of the feed (Alzueta et al., 2003, Edwards et al., 1988). The 

increased intestinal viscosity created by soluble fiber then effectively sequesters bile 

salts and inhibit lipase action to slow the rate of FA digestion and absorption 

(Almirall et al., 1995).  

6.2 Exogenous enzyme technology 

Exogenous enzyme technologies may be used to supplement gut enzymes 

to increase the digestibility of feed and reduce the negative effects of dietary anti-

nutritional factors. With the appropriate concentration and timing, exogenous 

enzymes have been shown to decrease the volume of undigested nutrients and 

increase the bioavailability of feed stuff nutrients such as vitamins, minerals, 

phytochemicals and most importantly to this review, lipids. Commercial poultry 

producers welcomed the addition of phytases to hydrolyze phytic acid, an 

indigestible form of phosphorus found in typical feed grains, to enhance inorganic 

phosphorus absorption and reduce poultry waste. Carbohydrases are considered 

the fasted growing segment of enzyme supplementation with the ability to increase 

feed digestion, improve nutrient uptake and lower feed costs (Narasimha et al., 

2013). Cowieson et al. (2005) reported that water-soluble carbohydrate 

hyrdolyzation properties of exogenous enzyme technology is correlated with 

numerous benefits including improved upper intestinal tract digesta mixing to 

increase lipid digestion. Jia and Slominski (2010) supplemented broiler diets with 

carbohydrase enzyme to increase total tract fat digestibility and enhance feed 

conversion ratios. The carbohydrase enzyme was suggested to disrupt the cell wall 

structure of whole flax seed allowing access to the oil content. Bao et al. (2013) 
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reviews the considerable benefits of enzyme technology in monogastric nutrition 

although inconsistencies due to method and action and enzyme concentration 

persist. 
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Objectives of this thesis are: 
 

1) To investigate the effect dietary flax seed and carbohydrase enzyme 
on broiler chicken performance and apparent total tract digestibility of 
lipids.  
 

2) To investigate the effect of dietary flax seed and carbohydrase 
enzyme on incorporation of long chain n-3 fatty acids in broiler chicken 
hepatic lipid classes.  

 
3) To investigate the effect of dietary flax seed and carbohydrase 

enzyme on broiler chicken hepatic lipid metabolism.  
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7 EXPERIMENT 1. Effect of dietary flax seed and carbohydrase enzyme on 
broiler chicken performance, lipid digestibility and hepatic tissue lipids 

7.1 Introduction 

Plant and oil seeds are valuable sources of crude protein and metabolizable 

energy in poultry diets. Flax seed is a rich source of n-3 fats and an oil content of 

roughly 50% -linolenic acid (ALA, 18:3n-3) making it a viable candidate for n-3 

enrichment in poultry products (Coorey et al., 2015). Although filled with nutritive 

lipids, flax seed contains anti-nutritional factors in the form of soluble and insoluble 

NSP, trypsin inhibitors and cyanogenic glycosides that reduce digestibility of the 

seed thus reducing the beneficial effects of the seed in the diet (Kristensen et al., 

2012). In poultry diets, NSP are associated with a variety of negative digestive 

effects including increased digesta viscosity, decreased digestibility of fat and 

decreased growth performance (Jia and Slominski, 2010). 

Exogenous enzyme technologies, including multi-carbohydrases, can be 

utilized to target the soluble NSP fraction of flax seeds to reduce the negative 

effects of flax mucilage and improve the digestibility of the feed thereby to increase 

n-3 FA availability. Studies investigating the impact of flax and exogenous enzymes 

on tissue FA and production performance are reported; however, no information is 

available on the effect of dietary flax and enzyme supplementation on lipid 

digestibility in broiler chickens.  

This study reports the effect of flax and enzyme supplementation on total 

tract lipid digestibility, production performance aspects including body weight, feed 

consumption, and organ weight as well as hepatic tissue lipid content and fatty acid 
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composition. Hepatic tissue is investigated due to its primary role in lipogenesis in 

poultry and significant role in transporting fatty acids throughout the broiler body, 

ultimately influencing the edible product (e.g. muscle) lipid profile.   

The objectives of the current study were to investigate the effect of flax and 

carbohydrase enzyme supplementation on; (1) production performance, (2) lipid 

and fatty acid digestibility, and (3) hepatic tissue fatty acid composition. It is 

hypothesized that the addition of an enzyme in a flax based diet will alter lipid 

digestibility to reduce n-3 FA excretion and enhance hepatic tissue n-3 FA content. 
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7.2 Materials & methods 

An institutional animal care and use committee approved all experimental 

protocols to ensure adherence to Animal Care Guidelines. 

7.2.1 Birds and management 

A total of twenty-four, five day-old broiler chicks (White Cornish Cross 

Straight Run) were weighed individually, distributed in cages (21” x 19” x 18”, length 

x width x height) and were randomly allocated to 3 treatment groups. The chicks 

were a fed corn-soybean basal starter diet (Control), or Control diet with 10% of flax 

seed (Flax) or 10% flax seed+enzyme (Flax+E) (Table 2) from day 5 through day 42 

of growth. All the diets were isocaloric and isonitrogenous with 3185 kcal/kg 

metabolizable energy (ME) and 22% crude protein (CP). A lighting program of 

23L:1D was used for the entire growing period. Water and feed were provided ad 

libitum. Each cage is considered as the experimental unit. The chicks did not 

receive any vaccines or drugs during the entire experimental period. Bird were 

individually weighed on day 22 and day 42 of growth.  

7.2.2 Tissue sample collection and yield of cut up parts 

At the end of feeding trial, birds were euthanized by CO2 inhalation, 

decapitated, and the birds were cut open, liver, and abdominal fat pad (including fat 

surrounding the gizzard, bursa of Fabricius, and cloaca), were removed and 

weighed. The breast and thigh+leg was separated and weighed.  Tissues [liver, 

adipose, breast (pectoralis major), and thigh (biceps femoris)] were dissected, 

washed with saline, and kept frozen at -20°C until analysis. The relative organ 

weights (as percentage of body weight) is reported.  
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7.2.3 Assessing total tract digestibility of lipids 

For assessing total tract lipid digestibility, on d 19 of age, all feed was 

removed from feeders and a known amount of feed was provided to all the birds. 

Excreta was collected twice daily from d 19 to 21 by placing clean trays lined with 

plastic sheets under each battery cage. The excreta weight was noted. After 3-d 

collection, excrete was mixed and a clean sample (free of feed and visible feather 

contaminants) was collected, oven-dried (80°C) for 48 h, ground (0.5-mm screen).  

Total tract lipid digestibility was calculated by: 

𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑝𝑖𝑑𝑠 𝑖𝑛 𝑒𝑥𝑐𝑟𝑒𝑡𝑎

𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑝𝑖𝑑𝑠 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑖𝑛 𝑑𝑖𝑒𝑡
× 100 

7.2.4 Lipid and fatty acid analysis 

Total lipids were extracted from approximately 2 g of feed samples, fecal and 

tissue samples according to the method of Folch et al. (1957) using a 2:1 solution of 

chloroform and methanol.  

Fatty acid methyl esters were prepared with boron trifluoride methanol as the 

methylating agent using methods reported earlier (Cherian et al., 2002). Fatty acid 

analysis was performed with an HP 6890 gas chromatograph (Hewlett-Packard Co., 

Wilmington, DE) equipped with an autosampler, flame ionization detector, and SP-

2330 fused silica capillary column. Samples in hexane (1 μL) were injected with 

helium as a carrier gas into the column programmed for ramped oven temperatures. 

Initial oven temperature was set at 150 C, held for 1.5 min, then ramped at 15 C/min 

to 190 C and held for 20 min, then ramped again at 30 C/min to 230 C and held for 

3 min. Inlet and detector temperatures were both 250 C. Fatty acid methyl esters 
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were identified by comparison with retention times of authentic standards (Nuchek 

Prep, Elysian, MN). Peak areas and percentages were calculated using Hewlett-

Packard ChemStation software (Agilent Technologies Inc., Wilmington, DE). Fatty 

acid values are reported as mg/g tissue and g/100g FAME. 

7.2.5 Statistical analysis 

The effects of diet on bird performance, total tract digestibility, organ weights, 

and tissue fatty acids were analyzed by one-way ANOVA using the General Liner 

Model procedure SAS (version 9.4) (SAS Institute). Significant differences among 

treatment means were separated using Tukey's HSD test. Least square means and 

pooled standard error of the means (SEM) are reported.  
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Table 2. Ingredient composition of experimental diets. 

1SBM = soybean meal 
2CP = crude protein (calculated analysis) 
3Vitamin-mineral premix supplied per lb feed: vitamin A-1, 740,000 IU; vitamin D3, 440,000 
IU; vitamin E, 1,200 IU; vitamin B12, 1.6 mg; riboflavin, 800 mg; pantothenic acid, 1000 mg; 
niacin, 6,000 mg; menadione, 135 mg; choline, 50,000 mg; thiamine, 275 mg; folic acid, 45 
mg; pyridoxine, 180 mg; manganese, 2.5%; zinc, 2.0%; selenium, 120 ppm; copper, 2,000 
ppm; iodine 1,145 ppm; iron 1.8%. 
4Flax seed was analyzed for CP (21.9%), crude fat (41.7%) and gross energy (6174 
kcal/kg). 
5ME = metabolizable energy (calculated analysis) 
  

  
Ingredient 

 (% of total) 
Control Flax 

Corn grain 49.50 43.77 

SBM (47% CP)1,2 34.23 31.53 

Wheat middlings 8.82 7.72 

Corn oil 3.36 - 

Canola oil - 2.92 

Limestone, ground 1.98 1.98 

Lysine 0.27 0.27 

DL-methionine 0.33 0.33 

Salt 0.38 0.38 

Dicalcium Phosphate 0.61 0.61 

Vitamin-mineral premix3 0.50 0.50 

Flaxseed4 - 10.00 

   

ME (kcal/kg)5 3186 3189 

Crude protein (%) 21.7 22.0 

 



34 

 3
4
 

Table 3. Composition of the enzyme mixture used in dietary treatments Flax+E in 
Experiments 1, 2 (Chapter 8), and 3 (Chapter 9). The enzyme mixture was included 
at a level of 0.05% as-fed.  

 
Omegazyme, supplied from Canadian Bio-Systems (Calgary, Alberta, Canada). 

  

Enzyme Activity (U/g) 

cellulase 2800 

xylanase 1000 

glucanase 600 

mannanase 400 

galactanase 50 

amylase 1000 

protease 200 
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7.3 Results 

Table 4. Fatty acid profile of experimental diets.  

 
1Control, Flax, represent corn-soybean meal basal diet (Control), and basal diet with 10% 
whole flax seed (Flax). 
SFA = Saturated fatty acid. 
MUFA = Monounsaturated fatty acid. 
FA = Fatty acid. 
  

Fatty Acid1 (%) Control Flax 

14:0 0.00 0.52 

16:0 14.64 7.37 

18:0 2.19 2.95 

18:1 25.10 34.82 

18:2 n-6 54.21 27.62 

18:3 n-3 3.86 26.00 

20:1 0.00 0.64 

   

Total SFA 16.83 10.90 

Total MUFA 25.10 35.46 

Total n-6 FA 54.21 27.62 

Total n-3 FA 3.86 26.05 

n-6:n-3 FA 14.04 1.06 
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Table 5. Effect of feeding flax with and without carbohydrase enzyme on bird body 
weight at day 21 and day 42 of growth. 

1Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), and basal diet 

with 10% whole flax (Flax) plus 0.05% enzyme (Flax+E).   

 n=8.   
  

Growth parameters 

Dietary Treatment1
 

Pooled SEM 

P value 

Control Flax Flax+E 
Control vs. Flax vs. 

Flax Enzyme 

Initial body weight (g) 79.08
 

79.05 79.15 0.80 0.992 0.971 

Day 21 weight (g) 467.17 457.19 458.35 2.46 0.659 0.962 

Final body weight (kg) 1.68
 

1.59 1.70 0.19 0.776 0.432 
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Table 6. Effect of feeding flax with and without carbohydrase enzyme on organ yield 
at day 42 of growth. 

1Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), and basal diet with 
10% whole flax (Flax) plus 0.05% enzyme (Flax+E).   

 n=8.   
a-b Means within a row with no common superscript differ when p < 0.05. 
BW = Body weight. 
  

Organ yield (% of BW) 

Dietary Treatment1
 

Pooled SEM 

P value 

Control Flax Flax+E 
Control vs. Flax vs. 

Flax Enzyme 

Breast muscle              25.03 24.49 25.54 0.55 0.987 0.404 

Thigh muscle               8.92
 

9.52 9.53 0.36 0.187 0.988 

Heart  0.68a 
0.67a 

0.57b 
0.11 0.126 0.033 
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Table 7. Effect of feeding flax with and without carbohydrase enzyme on total tract 
fat digestibility at day 21 of growth. 

1Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), and basal diet with 
10% whole flax (Flax) plus 0.05% enzyme (Flax+E).   

 n=8.   
a-bMeans within a row with no common superscript differ when p < 0.05. 

  

Fat digestibility 

Dietary Treatment1
 

Pooled SEM 

P value 

Control Flax Flax+E 
Control vs. Flax vs. 

Flax Enzyme 

Total tract fat 

digestibility (%) 
90.81a 

80.21b 81.29b 0.77 <0.001 0.657 
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Table 8. Effect of feeding flax with and without carbohydrase enzyme on fecal 
characteristics at day 21 of growth.  

 
1Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), and basal diet with 
10% whole flax (Flax) plus 0.05% enzyme (Flax+E).   

 n=8.   
a-b Means within a row with no common superscript differ when p < 0.05. 

  

Fecal 
characteristics 

Dietary Treatment1
 

Pooled SEM 

P value 

Control Flax Flax+E 
Control vs. Flax vs. 

Flax Enzyme 

Dry matter (g) 25.61b 
30.61a 

30.81a 
0.73 0.012 0.924 

Total lipids (mg/g) 0.86b 
3.29a 

2.98a 
0.27 <0.001 0.295 
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Table 9. Effect of feeding flax with and without carbohydrase enzyme on fecal fatty 
acid composition. 

 

1Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), or basal diet with 
flax seed 10% (Flax), or flax 10% plus enzyme (Flax+E).   
a-cMeans within a row with no common superscript differ (P<0.05). n=8. 
SEM = Standard error of the mean. 
SFA = Saturated fatty acid. 
MUFA = Monounsaturated fatty acid. 
FA = Fatty acid. 
FAME = Fatty acid methyl ester.  

  

 Dietary Treatments
1 

Pooled 
SEM 

p-value 
Fatty Acid 

(g/100 g FAME) 
Control Flax Flax+E 

Control 
vs. flax 

Flax vs. 
enzyme 

14:0 2.58
a 

0.46
c 

1.70
b 

0.43 <0.0001 <0.0001 

16:0 17.63
a 

7.37
b 

7.78
b 

0.42 <0.0001 0.0758 

16:1 0.00
b 

0.26
a 

0.00
b 

0.07 0.0002 <0.0001 

18:0 2.47
a 

0.33
c 

1.37
b 

0.63 <0.0001 0.0045 

18:1 29.50
a 

25.37
b 

25.80
b 

1.12 <0.0001 0.4617 

18:2 n-6 45.96
a 

20.79
b 

20.54
b 

1.58 <0.0001 0.7658 

18:3 n-3 1.87
c 

44.70
a 

42.82
b 

1.83 <0.0001 <0.0001 

       

Total SFA 22.67
a 

8.22
c 

10.85
b 

1.18 <0.0001 0.0004 

Total MUFA 29.50
a 

25.91
b 

25.80
b 

1.12 <0.0001 0.8566 

Total n-6 FA 45.96
a 

20.81
b 

20.54
b 

1.60 <0.0001 0.7454 

Total n-3 FA 1.87
c 

45.06
a 

42.82
b 

1.81 <0.0001 0.0266 
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Figure 2. Effect of feeding flax with and without carbohydrase enzyme on fecal fatty 
acid composition reported as mg/g sample. 

 
 
1Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), and basal diet with 
10% whole flax (Flax) plus 0.05% enzyme (Flax+E).   
a-c Means with no common superscript within a cluster differ when p < 0.05. n=8.  
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Figure 3. Effect of feeding flax with and without carbohydrase enzyme on fecal fatty 
acid composition reported as mg/g sample.  

 

 
1Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), and basal diet with 
10% whole flax (Flax) plus 0.05% enzyme (Flax+E).   
a-c Means with no common superscript within a cluster differ when p < 0.05. n=8.  
SFA = Saturated fatty acid. 
MUFA = Monounsaturated fatty acid. 
FA = Fatty acid. 
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Table 10. Effect of feeding flax with and without carbohydrase enzyme on liver total 
lipids. 

 
1Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), and basal diet with 
10% whole flax (Flax) plus 0.05% enzyme (Flax+E).   

 n=8.   
a-b Means within a row with no common superscript differ when p < 0.05. 

  

Total Lipids 

Dietary Treatments1 

Pooled SEM 

P value 

Control Flax Flax+E 
Control vs. Flax vs. 

Flax Enzyme 

Liver (mg/g tissue) 3.31b 
3.59a 

3.77a 
0.22 0.044 0.364 
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Table 11. Effect of feeding flax with and without carbohydrase enzyme on hepatic 
fatty acid composition. 

 

1Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), and basal diet with 
10% whole flax (Flax) plus 0.05% enzyme (Flax+E). n=8.   
a-c Means within a row with no common superscript differ when p < 0.05. 
SEM = Standard error of the mean. 
SFA = Saturated fatty acid. 
MUFA = Monounsaturated fatty acid. 
LC = Long chain (>20 C). 
FA = Fatty acid.  
FAME = Fatty acid methyl ester.  

 Dietary Treatments
1 

Pooled 
SEM 

p-value 

Fatty Acid 
(g/100 g FAME) 

Control Flax Flax+E 
Control 
vs. flax 

Flax vs. 
enzyme 

14:0 0.32
ab 

0.25
b 

0.39
a 

0.13 0.9281 0.0492 

16:0 16.59 15.46 16.37 1.77 0.413 0.3189 

16:1 0.72
b 

1.12
ab 

1.55
a 

0.43 0.0048 0.057 

17:0 0.46 0.58 0.47 0.25 0.5894 0.4096 

18:0 23.22
a 

22.60
a 

19.70
b 

2.03 0.0353 0.0097 

18:1 9.62
c 

14.26
b 

18.56
a 

3.55 0.0004 0.0251 

18:2 n-6 23.07
a 

20.71
b 

20.35
b 

1.75 0.0044 0.6849 

18:3 n-3 0.32
b 

2.20
a 

2.91
a 

1.01 <0.0001 0.1745 

20:1 0.33
 

0.62
 

0.67
 

0.33 0.0495 0.7576 

20:3 n-6 1.30
a 

0.73
b 

0.66
b 

0.23 <0.0001 0.5709 

20:3 n-3 1.02 1.31 1.10 0.31 0.1934 0.1998 

20:4 n-6 16.68
a 

10.78
b 

9.01
c 

1.48 <0.0001 0.027 

20:5 n-3 0.06
b 

2.48
a 

1.78
a 

1.08 0.0004 0.2059 

22:4 n-6 1.37
a 

0.59
b 

0.48
b 

0.21 <0.0001 0.3128 

22:5 n-6 2.11
a 

0.25
b 

0.33
b 

0.27 <0.0001 0.5509 

22:5 n-3 0.50
b 

1.30
a 

1.29
a 

0.29 <0.0001 0.9449 

22:6 n-3 2.30
b 

4.79
a 

4.39
a 

0.94 <0.0001 0.4098 

       

Total SFA 40.59
a 

38.89
ab 

36.94
b 

2.11 0.0109 0.0786 

Total MUFA 10.67
c 

16.00
b 

20.77
a 

3.99 0.0004 0.0266 

Total n-6 FA 43.23
a 

32.32
b 

30.17
b 

2.19 <0.0001 0.0642 

Total n-3 FA 5.51
b 

12.80
a 

12.13
a 

2.46 <0.0001 0.5896 

Total LC n-6 20.16
a 

11.61
b 

9.82
c 

1.70 <0.0001 0.0471 

Total LC n-3 5.19
b 

10.61
a 

9.22
a 

1.92 <0.0001 0.1635 
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Figure 4. Effect of feeding flax with and without carbohydrase enzyme on hepatic 
fatty acid composition reported as g/100g FAME. 

 
 
1Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), and basal diet with 
10% whole flax (Flax) plus 0.05% enzyme (Flax+E).   
a-c Means with no common superscript within a cluster differ when p < 0.05. n=8.  
SFA = Saturated fatty acid. 
MUFA = Monounsaturated fatty acid. 
LC = Long chain (>20 C). 
FA = Fatty acid. 
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Figure 5. Effect of feeding flax with and without carbohydrase enzyme on ratio of n-
6:n-3 fatty acids in hepatic tissue of broiler chickens. 

 
1Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), and basal diet with 
10% whole flax (Flax) plus 0.05% enzyme (Flax+E).   
a-b Means with no common superscript differ when p < 0.05. n=8.  
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Figure 6. Effect of feeding flax with and without carbohydrase enzyme on hepatic 
Stearoyl-CoA Desaturase (SCD) Index of broiler chickens. 

 
1Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), and basal diet with 
10% whole flax (Flax) plus 0.05% enzyme (Flax+E).   
a-c Means with no common superscript differ when p < 0.05. n=8.  
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7.3.1 Feed analysis 

The fatty acid composition of the experimental diet is shown in Table 4. 

Addition of flax increased concentration of 18:1 by 10% compared to Control. There 

was nearly double 18:2n-6 in the Control diet compared to Flax and over 5-fold 

increase of 18:3n-3 in the flax-based diets. Addition of flax also led to over 50% 

reduction in 16:0 in Flax and Flax+E diets. 

7.3.2 Production performance 

No effect of diet on bird weight at d 21 or d 42 was observed (Table 5). 

Market important qualities such as breast and thigh muscle yield were not affected 

by either experimental diets, although heart weight as a percentage of final BW was 

significantly reduced by enzyme supplementation, compared to Flax and Control 

diets (p=0.033) (Table 6).  

7.3.3 Total tract fat digestibility 

Total tract digestibility of lipids in birds fed Flax and Flax+E diets were 

reduced compared to Control (p<0.001) (Table 7). Fecal fat content was 

significantly increased in the flax treatments compared to Control (p<0.001) 

suggesting reduced digestibility of added dietary fat. Coinciding with the increase in 

fecal fat content was a significant increase (p=0.012) in fecal dry matter in both 

treatment groups suggesting reduced water content compared to Control (Table 8). 

There was no difference in the dry matter content between the Flax and Flax+E 

diets. Comparing the fecal FA distribution, Figure 3 shows that enzyme 

supplementation significantly increased total SFA excretion compared to the Flax 

and Flax+E treatments (p<0.001). Although MUFA excretion was similar between 
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Flax treatments, the broilers fed Flax+E displayed significantly reduced fecal 18:2n-

6 and 18:3n-3 compared to the Flax birds (p=0.026) (Figure 2).  

7.3.4 Hepatic fatty acid composition 

There was a significant (p=0.044) increase of liver total lipids in both Flax 

treatments compared to Control (Table 10). Fatty acid composition of broiler liver 

tissue is shown in Table 11 and Figure 4. Considering individual FA incorporation 

into hepatic tissue, Flax+E significantly reduced stearic acid (18:0). An increase in 

hepatic tissue concentrations of MUFA: palmitoleic (16:1), oleic (18:1), as well as 

gondonic (20:1) acids (p<0.05) was also observed in Flax+E. Flax and Flax+E 

expectedly significantly reduced linoleic (18:2n-6) incorporation into hepatic tissue in 

favor of increased -linolenic (18:3n-3) compared to Control, with no significant 

difference of enzyme supplementation. Hepatic tissues from Flax and Flax+E are 

also associated with significantly lower percentages of arachidonic acid (20:4n-6) 

and greater amounts of EPA (20:5n-3) and DHA (22:6n-3). Significant (p<0.001) 

reductions of total n-6 FA and alternatively increased incorporation of MUFA and n-

3 FA in hepatic tissue of birds fed Flax and Flax+E diets was observed. Flax fed 

birds had nearly 2-fold increase in total LC n-3 FA when compared to birds fed the 

Control diet. Carbohydrase enzyme addition, however, is associated with a 

decrease in total LC n-6 FA incorporation in hepatic tissue compared to the Flax fed 

birds (p=0.047). Dietary flax seed with and without carbohydrase enzyme addition 

significantly reduced n-6:n-3 ratio in hepatic tissue (Figure 5), demonstrating the 

alteration of lipid metabolism and preferential incorporation of n-3 FA in hepatic 
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tissue. The opposite effect occurs with MUFA incorporation via the SCD index, with 

a significant incorporation of MUFA in hepatic tissue in both flax treatments relative 

to Control (Figure 6). The SCD Index was greatest in Flax+E compared to Flax, with 

a greater SCD Index observed in Flax compared to Control. Enzyme addition was 

associated with further MUFA incorporation relative to SFA in Flax+E liver (Figure 4, 

Table 11).   
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7.4 Discussion 

The results of this study suggest that a corn-soy basal diet with 10% flax and 

0.05% carbohydrase enzyme addition has significant effects on apparent total tract 

digestibility of lipids and hepatic tissue lipid profile. Although total tract fat 

digestibility was reduced in flax-fed birds there was no significant difference in body 

weight among the three treatments. Previous studies reported that the anti-

nutritional factors in flax seed would limit growth although this was not observed in 

the current study (Hetland et al., 2004, Rebole et al., 2002). Of note, edible product 

yield was not affected by the treatment groups suggesting flax seed as a non-

harmful and viable source of energy, CP and n-3 FA supplement in commercial 

broiler diets.  

Flax seed is known to increase intestinal viscosity as its outer coating is 

significantly composed of water-soluble polysaccharides (Alzueta et al., 2003, 

Edwards et al., 1988). Enzyme supplementation has been shown to beneficially 

degrade NSP and increase nutrient digestibility in flax-fed birds (Narasimha et al., 

2013). We observed decreased water content in both flax diets relating to the 

proposed increased intestinal viscosity. Previous studies reported enzymatic 

hydrolysis of the viscosity-inducing polysaccharides associated with duodenal and 

ileal digesta, although the fecal dry matter observed in the current study did not 

agree with such an observation (Cowieson and Adeola, 2005, Kristensen et al., 

2012). Specifically focusing on lipid digestion, the soluble fractions of NSP 

associated with flax seed purportedly slow the rate of micelle formation as well as 

absorption of simple fats with bile salts, phospholipids and cholesterol (Almirall et 
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al., 1995). It is also known that greater crude fiber concentrations are associated 

with reduced apparent lipid digestibility (Just, 1982). This may explain the increased 

total lipid content in fecal matter of both flax treatments. Jia and Slominski (2010) 

suggest that carbohydrase enzyme addition improves total tract fat digestibility by 

increasing digestive juice access to the nutritive lipid content of whole flax seed, but 

it has been reported that enzymes used in poultry production have inconsistent 

physiological responses (Bao et al., 2013). This may explain the lack of contrast 

between flax treatments with and without enzyme addition. However, when 

comparing the Flax and Flax+E treatments, the enzyme supplementation had a 

reduced effect (p=0.026) on total n-3 FA content in excreta. This observation 

suggests that Flax+E diets promote n-3 FA absorption. This may be due to the 

presence of UFA in the digesta, which increases spontaneous lipid micelle 

formation and absorption across the intestinal lumen (Tancharoenat et al. 2014). 

This correlates with significantly (p<0.001) increased SFA secretion in the excreta 

of broilers fed Flax+E, due to preferential absorption of UFA.  

We observed a significant decrease in heart weight relative to final BW in the 

Flax+E group which may suggest targeting of the cardioprotective effects of dietary 

n-3 FA. Previous research has shown the beneficial role dietary ALA and its LC n-3 

PUFA derivatives have on reducing cardiovascular stress by modulating 

phospholipid composition (Nagao and Yanagita, 2008). The current study and a 

follow-up study were conducted to ascertain the role dietary ALA may play on 

altering tissue lipid classes. 
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The current study shows a flax seed based diet significantly increases liver 

total lipids compared to a Control diet (p=0.044). The liver is the primary site of lipid 

metabolism in poultry and acts as a sink for digested nutrients prior to circulation 

and utilization throughout the body (Hermier, 1997). Smink et al. (2010) suggests 

that increased concentrations of PUFA in the diet will decrease liver fat mass, 

although our data disagrees with the statement. Because the Control and flax diets 

were similar in ME and crude fat (5% and 6%, respectively), increased hepatic lipids 

are proposed to be mobilized for -oxidation and repackaging into circulation. Our 

findings note an increased (p<0.05) SCD index (16:1 + 18:1 / 16:0 + 18:0) in flax-

based diets, which may indicate enhanced TAG secretion from hepatocytes due to 

the role of MUFA in VLDL formation (Arrol et al., 2000). The flax seed diet was more 

rich in oleic acid than the Control diet which may also explain the variant MUFA 

incorporation in hepatic tissue; although, both flax diets increased palmitoleic, oleic 

and gondonic acids supporting the idea that elongation and desaturation of UFA is 

occurring in the liver. Gonzalez-Ortiz et al. (2013) noted that the liver is more 

responsible for de novo FA synthesis compared to fat storage, thus ratios of specific 

FA classes such as the SCD index denote alteration of metabolism and regulation 

of lipogenic activity. This also correlates with the 2-fold increase in LC n-3 PUFA 

and sequential decrease in LC n-6 PUFA. Previous flax seed supplementation in 

broiler diets shows simple tissue enrichment of ALA, but this current study agrees 

with Betti et al., (2009) who reports substantial elongation and desaturation. We 

observed significant increases of EPA and DHA and reduction of AA in hepatic 



54 

 5
4
 

tissue of Flax and Flax+E birds. n-3 PUFA are preferentially elongated in poultry 

liver tissue at the expense of n-6 PUFA in diets enriched with flax seed oil 

(Kartikasari et al., 2012), affirming the results of the current study. The significant 

change in n-3:n-6 ratio of FA in the liver is a result of dietary supplementation as 

well as transcriptional regulation from PUFA as exogenous transcription factor 

agonists (Nakamura et al., 2004, Yan et al., 2015). Elongation and desaturation of 

ALA clearly occurs with the synthesis of known bioactive LC n-3 PUFA, although 

ALA alone may provide protective and functional physiological effects (Calder, 

2012, Shomonov-Wagner et al., 2015).  

 Flax seed and carbohydrase enzyme addition reduced fat digestibility, 

specifically targeting SFA excretion and apparent increased uptake of n-3 FA. 

Hepatic tissues (Flax, Flax+E) reflected these findings with enhanced incorporation 

of n-3 FA and diminished n-6 FA enrichment. The outcomes of this study begin to 

reveal the process by which ALA in flax seeds is released, absorbed and 

transformed in the broiler body with eventual aim to enhance n-3 FA concentration 

in edible products. The results of this study show that whole flax seed addition to a 

corn-soy diet will alter hepatic lipid metabolism. Ajuyah et al. (1993) demonstrated 

that whole flax seed may be used as a dietary supplement to enrich poultry meat 

tissue. This research is supported in other commercial livestock species (Barcelo-

Coblijin and Murphy., 2009). It is also known that poultry whole body lipid profile is 

readily influenced by dietary fatty acid composition (Smink et al., 2008, Bergan and 

Mersmann., 2005). Because of this it was hypothesized that the increased ALA 
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content of flax seed could be used to alter meat tissue FA profile by means of 

hepatic tissue enrichment.  

In conclusion, the findings of the current study suggest that a diet composed 

of whole flax seed does not affect growth or performance-related attributes, but 

alters lipid digestion and hepatic lipid metabolism. These changes may ultimately 

affect bird health and tissue lipid enrichment with more evidence in follow up studies 

looking at tissue lipid class distribution and regulation of hepatic metabolism.  
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8 EXPERIMENT 2. Effect of dietary flax seed and carbohydrase enzyme on 
hepatic tissue lipid class distribution of fatty acids in broiler chickens 

8.1 Introduction 

Phospholipids (PL) are the most significant fraction of cellular membrane 

lipids, providing the physical and chemical dynamics of the cell (Newman et al., 

2002). Hepatic PL are rich in unsaturated FA, furnishing the precursors to 

biologically active lipids including those involved in eicosanoid synthesis and further 

membrane biogenesis (Cherian 2015). n-3 and n-6 PUFA synthesized from dietary 

essential FA are the preferred FA stored within membrane PL (Wood et al., 2008). 

Triglycerides are the preferred lipid storage molecule used for energy and growth 

throughout the body, and are typically composed of SFA used for immediate 

oxidation in times of energy need. These two lipid classes store the majority of fat 

thus understanding the FA composition in different cell types provides insight into 

cell functionality and organ health.  

The previous study (Chapter 7) has shown that adding flax seed with a 

carbohydrase enzyme alters FA composition of broiler chicken liver. Triglyceride 

lowering effects of n-3 FA has been established in animal models. Poultry products 

with reduced TAG and high n-3 FA are increasingly more important for health-

conscious consumers. The current experiment focuses on hepatic tissue, the hub of 

exogenous fat supply as well as the primary site of de novo lipogenesis in the 

broiler bird. This research takes into account role the liver has on exporting lipids 

throughout the broiler body. The objectives of the study were to investigate the 

effect of whole flax seed and carbohydrase enzyme supplementation on (1) liver 
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and heart triglyceride (TAG) content and (2) fatty acid distribution in major liver lipid 

classes. We hypothesize that n-3 FA supplementation from flax seed will decrease 

liver and heart TAG while further enriching major lipid classes with LC n-3 PUFA.   
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8.2 Materials & methods 

An institutional animal care and use committee approved all experimental 

protocols to ensure adherence to Animal Care Guidelines. 

8.2.1 Birds, diet and management 

One hundred and twenty, day-old Ross x Ross broiler chicks were obtained 

from a commercial hatchery. The chicks were randomly placed in 12 floor pens, 10 

birds per pen. From days 1 to 3, the chicks were fed a commercial starter diet. The 

chicks were fed a corn-soybean basal starter diet (Control), or Control diet with 15% 

of flax seed (Flax) or 15% flax seed+enzyme (Flax+E) (Table 2) from day 4 through 

day 20 of growth. The chicks were fed a corn-soybean basal grower diet (Control), 

or Control diet with 15% of flax seed (Flax) or 15% flax seed+enzyme (Flax+E) 

(Table 2) from day 21 through day 35 of growth. All diets were isocaloric and 

isonitrogenous with 23% CP and 3200 kcal/kd ME in the starter diets and 22% CP 

and 3300 kcal/kg ME in the grower diets. Composition of the diets shown in Table 

12 and 13. A lighting program of 23L:1D was used for the entire growing period. 

Water and feed were provided ad libitum. The chicks did not receive any vaccines 

or drugs during the entire experimental period.  

8.2.2 Tissue collection 

On day 36, two birds from each pen (8 birds per treatment) were randomly 

selected, weighed then euthanized with CO2 gas. Tissue samples from each bird 

(heart, liver) were collected and stored at -20 C until analysis.  
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8.2.3 Lipid class separation and fatty acid analysis 

Total lipids were extracted from liver and heart tissue with 

chloroform:methanol (2:1, vol/ vol) by the method of Folch et al. (1957). The lipid 

extract from liver tissue was applied to pre-coated silica gel G plates (20 x 20 cm) 

that had been previously activated by heating at 120 C for 1 h. Lipid standards 

such as tripalmitin triglyceride (TAG), phosphaphatidylcholine (PC) and 

phosphatidylethanolamine (PE) were mixed and applied beside the lipid extract. 

The plates were developed in chloroform:methanol:water (65:25:4) for 25 min (10 

cm from the origin), air-dried then developed in hexane and diethyl ether (4:1) for 20 

min (17 cm from the origin) as reported earlier (Cherian and Sim, 1992). The plates 

were then air-dried, and sprayed with 0.1% (wt/ vol) 2’,7’-dichloroflourescein in 

ethanol. The spots corresponding to TAG, PC, and PE were identified under 

ultraviolet light, scraped into screw-capped tubes, and converted to fatty acid methyl 

esters using a mixture of boron-triflouride, hexane and methanol (35:20:45, vol/ vol/ 

vol) (Metcalfe and Schmitz, 1961). The fatty acid methyl esters of total lipids, TAG, 

PC and PE fractions were separated and quantified by an HP 6890 gas 

chromatograph (Hewlett-Packard Co., Wilmington, DE) equipped with an 

autosampler, flame ionization detector, and SP-2330 fused silica capillary column. 

Samples in hexane (1 μL) were injected with helium as a carrier gas into the column 

programmed for ramped oven temperatures. Initial oven temperature was set at 150 

C, held for 1.5 min, then ramped at 15 C/min to 190 C and held for 20 min, then 

ramped again at 30 C/min to 230 C and held for 3 min. Inlet and detector 
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temperatures were both 250 C. Fatty acid methyl esters were identified by 

comparison with retention times of authentic standards (Nuchek Prep, Elysian, MN). 

Peak areas and percentages were calculated using Hewlett-Packard ChemStation 

software (Agilent Technologies Inc., Wilmington, DE). Fatty acid values are reported 

as g/100g (%) FAME.  

8.2.4 Triglyceride analysis 

Triglyceride content of tissue lipid extract was analyzed using commercial kit 

StanBio LiquiColor, Triglyceride Procedure, No 2100 (StanBio Laboratory, Inc., 

Boerne, TX). 

8.2.5 Statistical analysis 

The effects of diet on hepatic lipid class tissue fatty acids and TAG content 

were analyzed by one-way ANOVA using the General Linear Models procedure of 

SAS v 9.4 (SAS Institute). Significant differences among treatment means were 

separated using Duncan’s multiple-range test when p < 0.05. For 0.05 < p < 0.10, 

results are discussed if means suggest a trend. Least square means and pooled 

standard error of the means (SEM) are reported.  
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Table 12. Ingredient composition of starter diet.  

 

1SBM = soybean meal 
2CP = crude protein (calculated analysis) 
3Vitamin-mineral premix supplied per lb feed: vitamin A-1, 740,000 IU; vitamin D3, 440,000 
IU; vitamin E, 1,200 IU; vitamin B12, 1.6 mg; riboflavin, 800 mg; pantothenic acid, 1000 mg; 
niacin, 6,000 mg; menadione, 135 mg; choline, 50,000 mg; thiamine, 275 mg; folic acid, 45 
mg; pyridoxine, 180 mg; manganese, 2.5%; zinc, 2.0%; selenium, 120 ppm; copper, 2,000 
ppm; iodine 1,145 ppm; iron 1.8%. 
4Flax seed was analyzed for CP (21.9%), crude fat (41.7%) and gross energy (6174 
kcal/kg). 
5ME = metabolizable energy (calculated analysis). 

  

Ingredient 
 (% of total) 

Control Flax 

Corn grain 47.00 41.0 

SBM (47% CP)1,2 
37.00 32.0 

Wheat middlings 9.94 8.74 

Corn oil 3.50 - 

Canola oil - 1.0 

Limestone, ground 1.50 1.2 

DL-methionine 0.35 0.35 

Salt 0.30 0.30 

Dicalcium Phosphate 0.20 0.20 

Vitamin-mineral premix3 
0.21 0.20 

Flaxseed4 
- 15.0 

   

ME (kcal/kg)5 
3200.7 3202.7 

Crude protein (%) 23.0 22.91 
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Table 13. Ingredient composition of grower diet. 

 

1SBM = soybean meal 
2CP = crude protein (calculated analysis) 
3Vitamin-mineral premix supplied per lb feed: vitamin A-1, 740,000 IU; vitamin D3, 440,000 
IU; vitamin E, 1,200 IU; vitamin B12, 1.6 mg; riboflavin, 800 mg; pantothenic acid, 1000 mg; 
niacin, 6,000 mg; menadione, 135 mg; choline, 50,000 mg; thiamine, 275 mg; folic acid, 45 
mg; pyridoxine, 180 mg; manganese, 2.5%; zinc, 2.0%; selenium, 120 ppm; copper, 2,000 
ppm; iodine 1,145 ppm; iron 1.8%. 
4Flax seed was analyzed for CP (21.9%), crude fat (41.7%) and gross energy (6174 
kcal/kg). 
5ME = metabolizable energy (calculated analysis). 
 
  

Ingredient 
 (% of total) 

Control Flax 

Corn grain 50.0 41.80 

SBM (47% CP)1,2 
32.10 27.50 

Wheat middlings 11.75 11.40 

Corn oil 3.15 - 

Canola oil - 1.15 

Limestone, ground 1.90 1.90 

DL-methionine 0.40 0.40 

Salt 0.30 0.30 

Dicalcium Phosphate 0.20 0.20 

Vitamin-mineral premix3 
0.21 0.21 

Flaxseed4 
- 15.0 

   

ME (kcal/kg)5 
3203.0 3198.9 

Crude protein (%) 21.6 22.1 
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8.3 Results 

Table 14. Fatty acid composition and total lipids in starter and grower diets. 
Adapted from Apperson (2015).  

 
1Control, Flax, represent corn-soybean meal basal diet (Control), and basal diet with 15% 
whole flax seed (Flax). 
SFA = Saturated fatty acid. 
MUFA = Monounsaturated fatty acid. 
FA = Fatty acid. 
PUFA = Polyunsaturated fatty acid. 
FAME = Fatty acid methyl ester.  
  

 Dietary Treatments 1 

Fatty acid 

 (g/100 g FAME) 

Control 

Starter 
Flax Starter 

Control 

Grower 
Flax Grower 

16:0 13.56 7.96 12.72 7.09 

18:0 2.84 3.06 2.14 2.99 

18:1 25.87 23.31 26.56 21.85 

18:2 n-6 55.19 28.40 54.99 24.33 

18:3 n-3 2.54 37.28 3.59 43.73 

     

Total SFA 16.40 11.02 14.86 10.08 

Total MUFA 25.87 23.31 26.56 21.85 

Total n-6 FA 55.19 28.40 54.99 24.33 

Total n-3 FA 2.54 37.28 3.59 43.73 

Total PUFA 57.73 65.68 58.58 68.06 

     

Total lipids (%) 4.94 6.23 3.28 6.12 
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Figure 7. Effect of feeding flax with and without carbohydrase enzyme on liver and 
heart TAG content reported as mg/g tissue (mg/g tissue). 

 

 
Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), or basal diet with 
flax seed 15% (Flax), or flax seed 15% plus enzyme (Flax+E).  
a-bMeans with no common superscript within a cluster differ when p < 0.05. n=8.  
TAG = triglyceride. 
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Table 15. Effect of flax seed with and without enzyme supplementation on major 
fatty acids in liver triglycerides (TAG). 

1Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), or basal diet with 
flax seed 15% (Flax), or flax seed 15% plus enzyme (Flax+E). 
a-b

Means within a row with no common superscript differ (P<0.05).
  

c-d
Means within a row with no common superscript differ (0.05<P<0.10). n=8. 

SEM = Standard error of the mean. 
SFA = Saturated fatty acid. 
MUFA = Monounsaturated fatty acid. 
PUFA = Polyunsaturated fatty acid. 
FA = Fatty acid. 
LC = Long-chain (>20 C). 
FAME = Fatty acid methyl ester.  

 Dietary Treatments 1   

Fatty acid 
(g/100 g FAME) 

Control Flax Flax+E 
Pooled 
SEM 

P-Value 

14:0 0.94 1.10 0.26 0.712 0.1029 

16:0 27.21 27.22 24.41 4.478 0.4471 

16:1 2.71 4.10 5.42 2.556 0.1888 

17:0 1.63
 a 

0.30
 b 

0.52
 b 

0.742 0.0069 

18:0 15.73
 a 

12.90
 a 

6.63
 b 

3.109 0.0002 

18:1 17.69
 b 

36.91
 a 

42.87
 a 

6.506 0.0019 

18:2 n-6 13.04 12.89 11.54 5.477 0.8650 

18:3 n-3 0.84
 d 

1.22
 cd 

3.21
 c 

1.873 0.0787 

20:1 1.39
 c
 0.22

 d
 0.70

 cd
 0.917 0.0706 

20:4 n-6 5.51
 a
 2.19

 ab
 1.13

 b
 3.069 0.0441 

20:5 n-3 0.14
 b 

0.14
 b 

0.85
 a 

0.538 0.0429 

22:4 n-6 1.15
 a 

0.15
 b 

0.00 
b 

0.808 0.0297 

22:5 n-3 0.08 0.22 0.00 0.232 0.2396 

22:6 n-3 0.57 0.70 1.06 1.094 0.7112 

      

Total SFA 45.52
 a 

41.51
 a 

31.82
 b 

4.398 <0.0001 

Total MUFA 31.78
 b 

41.22
 ab 

48.99
 a 

8.424 0.0062 

Total n-6 FA 21.07 15.21 13.00 8.586 0.2334 

Total n-3 FA 1.63
 b 

2.06
 b 

6.18
 a 

3.175 0.0363 

Total PUFA 22.70 19.19 17.27 10.347 0.6017 

Total LC n-6 8.03
 a 

2.32
 b 

1.47
 b 

3.976 0.0134 

Total LC n-3 0.79
 b 

0.84
 b 

2.98
 a 

1.702 0.0535 
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Table 16. Effect of flax seed with and without enzyme supplementation on major 
fatty acids in liver phosphatidylcholine (PC). 

 

1Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), or basal diet with 
flax seed 15% (Flax), or flax seed 15% plus enzyme (Flax+E). 
a-b

Means within a row with no common superscript differ (P<0.05). 
c-d

Means within a row with no common superscript differ (0.05<P<0.10). n=8. 
SEM = Standard error of the mean. 
SFA = Saturated fatty acid. 
MUFA = Monounsaturated fatty acid. 
PUFA = Polyunsaturated fatty acid. 
FA = Fatty acid. 
LC = Long-chain (>20 C). 

FAME = Fatty acid methyl ester.         

 Dietary Treatments 1   

Fatty acid 
(g/100 g FAME) 

Control Flax Flax+E 
Pooled 
SEM 

P-Value 

14:0 0.12 0.39 0.15 0.484 0.4948 

16:0 22.91 23.85 21.57 2.799 0.3092 

16:1 0.00 0.61 0.37 1.142 0.5755 

17:0 0.37
 b 

0.54
 b 

2.26
 a 

1.378 0.0297 

18:0 27.66
 a 

24.17
 b 

22.04
 b 

3.268 0.0110 

18:1 10.70
 b 

16.71
 a 

15.80
 a 

4.309 0.0247 

18:2 n-6 16.88 14.22 15.45 5.158 0.5948 

18:3 n-3 0.70 1.01 1.21 1.172 0.7019 

20:1 1.20 1.95 1.45 1.999 0.7480 

20:2 n-3 1.65 1.55 2.51 1.873 0.5644 

20:3 n-3 1.43 1.70 2.03 0.749 0.3316 

20:4 n-6 12.55
 a 

7.58
 b 

8.21
 b 

3.111 0.0093 

20:5 n-3 0.35
 d 

1.69 
cd 

2.14
 c 

1.510 0.0765 

22:4 n-6 1.31 1.20 1.45 1.055 0.8982 

22:5 n-6 1.07
 a 

0.26
 b 

0.00
 b 

0.388 <0.0001 

22:5 n-3 0.33
 b 

0.71
 a 

0.96
 a 

0.315 0.0035 

22:6 n-3 0.79
 b 

1.88
 ab 

2.40
 a 

1.053 0.0222 

      

Total SFA 51.05
 

48.94 46.03 5.314 0.2128 

Total MUFA 11.89
 d  

19.27
 c  

17.61
 c  

6.208 0.0679 

Total n-6 FA 31.81
 a 

23.26
 b 

25.11 
ab 

6.872 0.0537 

Total n-3 FA 5.25
 b
 8.53

 ab
 11.25

 a
 3.769 0.0203 

Total PUFA 37.06 31.79 36.36 6.893 0.2785 

Total LC n-6 14.93
 a 

9.04
 b 

9.66
 b 

2.996 0.0015 

Total LC n-3 4.55
 b 

7.53
 ab 

10.05
 a 

3.177 0.0116 
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Table 17. Effect of flax seed with and without enzyme supplementation on major 
fatty acids in liver phosphatidylethanolamine (PE).  

1Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), or basal diet with 
flax seed 15% (Flax), or flax seed 15% plus enzyme (Flax+E).   
a-c

Means within a row with no common superscript differ (P<0.05). n=8. 
SEM = Standard error of the mean. 
SFA = Saturated fatty acid. 
MUFA = Monounsaturated fatty acid. 
PUFA = Polyunsaturated fatty acid. 
FA = Fatty acid. 
LC = Long-chain (>20 C). 
FAME = Fatty acid methyl ester.  

 Dietary Treatments 1   

Fatty acid 
(g/100 g FAME) 

Control Flax Flax+E 
Pooled 
SEM 

P-Value 

14:0 0.00 0.38 0.32 0.472 0.2997 

16:0 11.92
 b 

17.59
 a 

16.31
 a 

1.885 <0.0001 

16:1 0.51 0.21 0.46 0.957 0.8224 

17:0 0.05
 

0.77
 

0.33
 

0.721 0.2060 

18:0 27.60
 

28.80
 

29.13
 

0.295 0.6200 

18:1 7.44
 b 

13.95
 a 

11.52
 a 

3.523 0.0101 

18:2 n-6 19.54
 a 

12.73
 b 

11.76
 b 

3.904 0.0036 

18:3 n-3 0.66 0.50 0.44 0.771 0.8668 

20:1 0.33 0.52 0.11 0.804 0.6699 

20:2 n-3 1.20
 b 

3.52
 a 

1.89
 ab 

1.567 0.0373 

20:3 n-3 0.41 1.07 1.06 0.607 0.0994 

20:4 n-6 21.13
 a 

11.38
 b 

14.42
 b 

2.641 <0.0001 

20:5 n-3 0.00
 b 

1.92
 a 

2.24
 a 

0.599 <0.0001 

22:4 n-6 2.78
 a 

1.16
 b 

0.69
 b 

0.801 0.0005 

22:5 n-6 3.08
 a 

0.52
 b 

0.13
 b 

0.965 <0.0001 

22:5 n-3 0.65
 b 

1.14
 a 

1.44
 a 

0.377 0.0049 

22:6 n-3 2.72
 b 

4.03
 b 

7.76
 a 

2.305 0.0033 

      

Total SFA 39.57
 b 

47.54
 a 

46.09
 a 

3.418 0.0010 

Total MUFA 8.28
 b 

14.68
 a 

12.10
 a 

4.340 0.0419 

Total n-6 FA 46.50
 a 

25.79
 b 

26.99
 b 

5.557 <0.0001 

Total n-3 FA 5.64
 c 

12.17 
b 

14.83
 a 

2.292 <0.0001 

Total PUFA 52.15
 a 

37.97
 b 

41.82
 b 

5.892 0.0010 

Total LC n-6 26.96
 a 

13.06
 b 

15.23
 b 

3.306 <0.0001 

Total LC n-3 4.98
 c 

11.67
 b 

14.39
 a 

2.342 <0.0001 
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Figure 8. Effect of feeding flax with and without carbohydrase enzyme on total long 
chain n-3 FA in liver lipid classes reported as g/100g FAME. 

 
 
Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), or basal diet with 
flax seed 15% (Flax), or flax seed 15% plus enzyme (Flax+E). 
a-cMeans with no common superscript within a cluster differ when p < 0.05. n=8. 
TAG = triglycerides. 
PC = phosphatidylcholine. 
PE = phosphatidylethanolamine. 
FAME = fatty acid methyl ester.   
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Figure 9. Effect of feeding flax with and without carbohydrase enzyme on total long 
chain n-6 FA in liver lipid classes reported as g/100g FAME. 

 
 
Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), or basal diet with 
flax seed 15% (Flax), or flax seed 15% plus enzyme (Flax+E). 
a-bMeans with no common superscript within a cluster differ when p < 0.05. n=8. 
TAG = triglycerides. 
PC = phosphatidylcholine. 
PE = phosphatidylethanolamine. 
FAME = fatty acid methyl ester.   
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8.3.1 Feed analysis 

Starter and grower fatty acid analysis is shown in Table 14. The Control diet 

was composed of greater SFA content in the form of 16:0 in both starter and grower 

diets. Similarly, there was roughly a 2-fold increase in n-6 fatty acids from LA 

observed in Control compared to both flax-based diets. In contrast, flax diets were 

composed of 37-44% ALA in both starter and grower rations, compared to Control 

which had 2.5-3.5% ALA. The total PUFA difference between the two diets was no 

more than 10%, with flax-fed birds provided the greater amount. Flax-based diets 

included greater total lipid content compared to the Control, corn-soybean meal, 

diets.  

8.3.2 Triglyceride content of liver and heart 

TAG content of the liver and heart of broiler birds fed Control and Flax diets 

was assessed and is displayed in Figure 7. The liver tissue of birds fed Flax and 

Flax+E was significantly lower in TAG compared to liver tissue of birds in Control (p 

< 0.05). Control birds had nearly double the amount of TAG. Flax birds also had 

less TAG in heart tissue, although Flax+E did not differ statistically from Control 

birds.  

8.3.3 Fatty acid composition of major lipid classes 

Fatty acid composition of liver tissue varied widely, with significant 

differences among the fatty acids and different lipid classes shown in Tables 15, 16, 

and 17. We observed significantly lower total SFA in TAG in Flax+E (p<0.0001) 

(Table 15). The decreased SFA observed in Flax+E is related to reduction in 18:0, 

unlike 14:0 and 16:0 that remained similar among all treatments. Total MUFA were 
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higher in the Flax+E livers when compared to Control and Flax with the most 

significant contribution from increased 18:1 content. TAG was the only liver lipid 

class with increased ALA fractions and was highest in Flax+E (p=0.0787). Total 

PUFA composition of TAG was not different among all 3 dietary treatments. Over 6-

fold increase in EPA was observed in Flax+E when compared to Control in TAG. No 

effect of diet was observed on 22:5 n-3 or 22:6n-3 in TAG. The increase in EPA was 

associated with over 5-fold reduction of AA in the TAG of Flax+E compared to 

Control. Enzyme addition led to significant increase of LC n-3 FA in Flax+E 

compared to Flax.  

Phosphatidylcholine (Table 16) was composed of many LC PUFA, with 

increased concentrations of 20:5n-3 (EPA), 22:5n-3 and 22:6n-3 (DHA) in the liver 

of Flax and Flax+E birds. Flax+E liver was further enhanced with EPA compared to 

Flax and Control. Alternatively, Control liver PC was richer in 20:4n-6 (AA) and 

22:5n-6 (DPA). The total PUFA content within PC was statistically similar among all 

3 treatments. The FA composition of liver PE is displayed in Table 17. Flax and 

Flax+E PE was enriched with more 16:0, 18:1, EPA, and 22:5n-3 compared to 

Control. We observed greater concentrations of AA, 22:4n-6 and DPA (22:5n-6) in 

Control liver PE (p < 0.05). Overall, Control liver PE was further enriched with total 

PUFA compared to the flax-based diets.  

8.3.4 Total long chain fatty acid distribution of major lipid classes 

Over 2-fold increase of LC n-3 FA in Flax+E liver PC compared to Control 

was observed and is displayed in Figure 8. PE in Flax and Flax+E was significantly 

enriched with LC n-3 FA from EPA and DHA fractions (Table 17). Figure 9 shows 
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the LC n-6 FA of the total LC PUFA in all liver lipid classes tested. We observed 

significant reductions of LC n-6 FA in TAG, PC and PE in both Flax treatments 

compared to Control. Control LC n-6 was most significantly composed of AA, as 

noted in Tables 15, 16 and 17.    
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8.4 Discussion 

The results of the current study suggest that a corn-soy diet with 15% whole 

flax seed and 0.05% carbohydrase enzyme addition has significant effects on 

hepatic TAG content and distribution of fatty acids in major liver lipid classes. 

Experiment 2 differed from Experiment 1 (Chapter 7) in some key ways, including 

dietary FA composition and the level of flax. However, the objectives of the study 

remained similar in regards to understanding the targeted effects of dietary n-3 FA 

on lipid metabolism in broiler birds with emphasis on hepatic tissue.  

TAG content in both the liver and heart tissue of Flax birds was significantly 

lower than that of Control, suggesting that increased dietary n-3 FA reduced TAG 

synthesis in the liver and consequently circulating TAG provided to the heart for 

energy. This finding is supported by Cherian and Hayat (2009), in which the authors 

demonstrate long-term feeding of a 10% flax-based diet in laying hens that resulted 

in reduced plasma and liver TAG content. The observations in the current study 

conflict with other findings of n-3 FA-rich seed diets that produced no effect on 

serum TAG level (Ciurescu et al., 2016, Yan et al., 2015, Tomazin et al., 2014). 

Newman et al. (2002) suggests that diets rich in SFA may increase serum and 

tissue TAG level, which may explain the increased tissue TAG in Control diets 

compared to Flax. Another explanation may be that broiler birds receiving diets rich 

in PUFA may sustain enhanced -oxidation of UFA in the liver resulting in TAG 

removal and lowered serum TAG content delivered to extra-hepatic tissue (Lopes et 

al., 2013).  
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Triglyceride FA composition was significantly altered by dietary FA 

composition, suggesting that TAG is responsive to diet. This observation is not 

consistent with other findings that TAG does not incorporate LC derivatives of FA 

synthesis (Carragher et al., 2016, Gonzalez-Esquerra and Leeson, 2001, Betti et 

al., 2009). We observed a decrease of total SFA in Flax+E bird TAG, which may be 

due to the increased and competitive absorption of UFA discussed in Chapter 7. 

This may also explain the increase of MUFA in Flax+E TAG, in which more MUFA 

was available in the liver and as such incorporated into TAG. Although not evident 

in both flax diets, other dietary factors may be involved. Flax seeds are rich sources 

of phytosterols, used within the seed to prevent oxidation, and ultimately compete 

with bile acid in the digestive tract (Abidi, 2001). Increased dietary plant sterols are 

proposed to inhibit cholesterol reabsorption and improve the serum lipid profile (St-

Onge et al., 2003). Previous research has found that canola seed oil in broiler diets 

reduced TAG uptake and further reduced TAG serum content delivered to the liver 

(Saleh et al., 2015). Dietary TAG is most significantly rich in SFA, which when 

reduced in the liver may explain the reduction in total SFA. Hepatic TAG in the 

broilers of the current study is expectedly >75% SFA and MUFA combined 

regardless of diet. Nikolaidis et al. (2006) notes similar findings in regards to typical 

tissue TAG composition in rats. TAG are the major component of VLDL distributed 

from the liver to tissue throughout the body, thus altering the FA composition of 

TAG effectively modifies the composition of adipose tissue and energy source 

utilized by muscle tissue. Control TAG was more rich in AA, whereas Flax+E TAG 
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was more rich in EPA and DHA. This suggests that LC FA derivatives from dietary 

LA and ALA are in fact selectively inserted into hepatic TAG fractions. The enriched 

TAG may then be transported out of hepatocytes or stored as lipid droplets, the 

latter more common in times of increased liver fat accumulation (Liu et al., 2010) as 

described in Chapter 7.   

Phosphatidylcholine (PC) is a major phospholipid component of hepatocyte 

cell membranes, may have a role in VLDL secretion and is essential to bile 

synthesis and secretion making it a key element of lipid metabolism (Vance, 2012). 

The FA composition of PC is reflective of dietary lipid composition and favors LC 

PUFA incorporation than LA and ALA. Although LA and ALA were provided in the 

diets, around 50-60% together in both starter and grower phases, it’s clear that both 

PL classes are enriched with products of LC FA synthesis. Betti et al. (2009) 

suggests that feeding flax seed to broilers enhances LC n-3 PUFA synthesis that 

then enrich muscle PL classes. The current study agrees with that finding with 

greater concentrations of DHA in both flax-based diets and further increased EPA in 

Flax+E hepatic PC. LC n-3 PUFA reservoirs in PL provide substrate for conversion 

to more bioactive compounds, including eicosanoids and pre-resolving mediators of 

inflammation (Sugiura et al., 2009).  

Similar findings were observed in the FA composition of 

phosphatidylethanolamine (PE). PE is primarily localized in the inner leaflet of the 

lipid bilayer with enhanced availability of substrate for eicosanoid synthesis, 

mediated by phospholipase-A2 cleavage (Turini et al., 1993, Tocher et al., 2008). 



76 

 7
6
 

Unsaturation indices of both major PL membrane lipids is indicative of fluidity, 

physical and chemical dynamics as well as interactions with inter- and intracellular 

stimuli (Hulbert and Else, 1999). The current study describes, similar to PC, 

increases of LC n-3 PUFA in the PE fraction of broiler hepatic tissue of flax-fed birds 

compared to Control. Flax+E birds also displayed enhanced DHA enrichment 

(p=0.003) compared to Flax and Control birds. Previous research demonstrates 

conflicting evidence regarding typical broiler tissue enrichment, with some 

suggesting DPA more common compared to DHA and vice versa (An et al., 1997, 

Lopez-Ferrer et al., 2001a, Betti et al., 2009). The enhanced DHA and other LC n-3 

PUFA in the flax group suggests selective acyl remodeling of PL, beyond simple 

dietary response (Newman et al., 2002). PL remodeling in hepatic tissue requires 

activation of acyl-chains by Acyl-CoA synthetase, including ACSL1 (Robichaud and 

Surette, 2015). Enhanced expression of this enzyme may allude to membrane 

modulation, which will be discussed in the next experiment (Chapter 9).  

Total LC n-3 and n-6 FA were selectively incorporated into the major lipid 

classes considered in this experiment. Long chain n-3 and n-6 PUFA are found in 

the PL at significantly greater concentrations than in TAG due to the role of polar 

lipids in PL structure (Plourde and Cunnane, 2007). TAG preferentially incorporates 

neutral lipids as a source of energy. Both PC and PE of hepatic tissue maintained 

significantly more LC n-3 FA in the flax-fed birds compared to Control. This may be 

a simple response to diet, although the conversion to LC n-3 and n-6 FA requires 

synthesis by a set of elongase and desaturase enzymes. These enzymes 
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competitively enhance LC PUFA synthesis in hepatocytes, which may explain the 

difference between Flax, Flax+E and Control (Bezard et al., 1994). In both PL 

classes, DHA was incorporated at much greater concentrations compared to ALA. 

This is unexpected due to the low conversion efficiency of ALA to LC n-3 PUFA 

such as DHA (Sprecher 2000). Again, hepatic lipid metabolism and associated 

enzyme expression related to n-3 FA supplementation will be discussed further in 

Chapter 9.  

In conclusion, flax seed and carbohydrase addition in broiler diets 

significantly altered the FA composition of major hepatic lipid classes utilized for 

energy and cell structure. n-3 FA addition to the diet of broilers reduced total hepatic 

TAG, which then reduced circulating TAG available to extra-hepatic muscle tissue 

including the heart. The FA composition of hepatic TAG fractions were also altered 

in Flax and Flax+E diets, including reduced SFA and increased n-3 FA from ALA 

and EPA. Lastly, the significant hepatocyte PL classes were enriched with LC n-3 

PUFA suggesting enhanced synthesis of ALA to EPA, DHA and more due to 

increased n-3 FA availability. PL act as storage for n-3 FA used in the inflammatory 

response, secretion of lipids into circulation as well as enhancement of digestion of 

lipids in the GI tract. Altogether, n-3 FA from flax seed play a significant role in 

modulating the lipid community of hepatic tissue.  
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9 EXPERIMENT 3. Effect of dietary flax seed and carbohydrase enzyme on 
broiler chicken hepatic lipid metabolism  

9.1 Introduction 

The liver is the primary site of lipid and energy metabolism, accounting for 

the majority of de novo lipogenesis and total fat accumulation throughout the broiler 

bird body (Harry et al., 1992). Lipid homeostasis is regulated by a number of key 

hepatic transcription factors that coordinate the balance between lipid synthesis, 

oxidation and secretion of FA into circulation. Dietary fatty acids interact with the 

liver and modulate the capacity of enzymes associated with hepatic metabolic 

pathways (Huang et al., 2008). Essential n-3 and n-6 PUFA are potent inducers and 

inhibitors of synthesis- and oxidation-related enzyme gene expression, through 

activity of transcription factors PPAR and SREBF-1 (Jump et al., 2005). PPAR 

prompts expression of FA oxidation and transport enzymes whereas SREBF-1 is 

typically involved in the regulation of de novo lipogenic and LC FA synthesis 

enzymes.  

Whole flax seed has been shown to increase n-3 PUFA enrichment in swine 

muscle in a dose-dependent manner with targeted effects on adipogenic associated 

transcription factors (Luo et al., 2009). Unsaturated LCFA are well known agonists 

of PPARs distributed in numerous tissue types, suggesting that fatty acids of flax 

seed as viable source of ligand to up-regulate downstream targets of PPAR in the 

broiler liver (Bionaz et al., 2015). SREBF expression, however, is maintained by 

nutritional status, sterol content and a tightly regulated feedback inhibition pathway 

(Krycer et al., 2010).  
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In the current study, broiler chickens were provided a Control or flax-based 

diet with varying concentrations of essential FA with the intent to increase n-3 FA in 

muscle and alter PUFA elongation, desaturation and mobilization in hepatic tissue. 

The carbohydrase enzyme was supplemented to improve the bioavailability of n-3 

FA stored within the flax seed. Few studies have looked at the effect of dietary 

additives on hepatic lipid metabolism in broiler chicken at late stage growth. This life 

stage is most significantly known for whole body lipid accumulation, which is 

unwanted in commercial production. With that in mind, the objectives of the current 

study were to investigate the effect of whole flax seed and carbohydrase enzyme 

supplementation on hepatic lipid metabolism-related gene expression patterns. It is 

hypothesized that a flax-based diet with carbohydrase addition will alter metabolism 

through the regulation of genes related to FA synthesis and oxidation in hepatic 

tissue of broiler chickens. 
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9.2 Materials & methods 

An institutional animal care and use committee approved all experimental 

protocols to ensure adherence to Animal Care Guidelines. 

9.2.1 Birds and management 

A total of twenty-four, five day-old broiler chicks (White Cornish Cross 

Straight Run) were weighed individually, distributed in cages (21” x 19” x 18”, length 

x width x height) and were randomly allocated to 3 treatment groups (n=8). The 

chicks were a fed corn-soybean basal starter diet (Control), Control diet with 10% of 

flax seed (Flax) or 10% flax seed+ 0.05% multicarbohydrase enzyme (Flax+E) 

(Tables 2 and 3) from day 5 through day 42 of growth. All the diets were isocaloric 

and isonitrogenous.  A lighting program of 23L:1D was used for the entire growing 

period. Water and feed were provided ad libitum. Each cage is considered as the 

experimental unit. The chicks did not receive any vaccines or drugs during the 

entire experimental period.  

9.2.2 Tissue sample collection  

At the end of feeding trial, birds were euthanized by CO2 inhalation, 

decapitated, and the birds were cut open, liver was removed and weighed. An 

aliquot of liver tissue was dissected, weighed (~0.5 – 1.0g) and immediately frozen 

in liquid nitrogen and stored at -80 C.  

9.2.3 RNA extraction and qPCR 

Sample tissue was weighed (~0.1 g) and immediately subjected to RNA 

extraction using ice-cold Trizol (Invitrogen Corp., CA) as described by Bionaz et al., 

2008. Genomic DNA was removed from RNA with DNase using Direct-zol RNA 



81 

 8
1
 

MiniPrep Kit (Zymo Research Corp., CA). RNA concentration was measured using 

a NanoDrop ND-1000 spectrophotometer (www.nanodrop.com). The purity of RNA 

(A260/A280) for all samples was above 1.9. RNA integrity was assessed by 

electrophoretic analysis of 28S and 18S rRNA subunits. A portion of the RNA was 

diluted to 100 ng/L using DNase/RNase free water prior to reverse transcriptase.  

cDNA was synthesized using 100 ng RNA, 1 g dT18 (Invitrogen Corp., CA), 

I L 50 M random primers (Invitrogen Corp., CA), and 11.625 L DNase/RNase 

free water. The mixture was incubated at 65 C for 5 min and kept on ice for 3 min. 

A master mix composed of 4 L 5X First-Strand Buffer (Thermo Scientific., MA), 

0.25 L RevertAid Reverse Transcriptase (Thermo Scientific., MA), 1 L 10 mM 

dNTP mix (Invitrogen Corp., CA), and 0.125 L RiboLock RNase Inhibitor (Thermo 

Scientific., MA) for each cDNA was added. The reaction was performed in a Veriti 

96 Well Thermal Cycler (Applied Biosystems, CA) using the following program: 25 

C for 5 min, 50 C for 60 min and 70 C for 15 min. cDNA was then diluted 1:4 with 

DNase/RNase free water.  

Quantitative PCR (qPCR) was performed using 4 L diluted cDNA combined 

with 6 L of a mixture composed of 5 L 1 x SYBR Green master mix (Applied 

Biosystems, CA), 0.4 L each of 10 M forward and reverse primers, and 0.2 L 

DNase/RNase free water in a MicroAmpR Optical 384-Well Reaction Place (Applied 

Biosystems, CA). Each sample was run in triplicate plus the non-template control 

(NTC). The reactions were performed in an ABI Prism 7900 HT SDS instrument 

(Applied Biosystems, CA) using the following conditions: 2 min at 50 C, 10 min at 
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95 C, 40 cycles of 15 s at 95 C (denaturation) and 1 min at 60 C (annealing and 

extension). The presence of a single PCR product was verified by the dissociation 

protocol using  incremental temperatures to 95 C for 15 s plus 65 C for 15 s. Data 

were calculated with the 7900 HT Sequence Detection Systems Software (version 

2.2.1, Applied Biosystems, CA). The final data were normalized using the geometric 

mean of the four most stable genes among the ones tested as internal controls, 

specifically GAPDH, MRPL39, MRPS9 and RPS15A.  

9.2.4 Design and evaluation of primers 

Primer features are shown in Table 17 and gene description in Table 18. 

Primers were designed using Primer Express 3.0 with minimum amplicon size of 80 

base pairs (when possible amplicons of 100-150 bp were chosen) and limited 3’ 

G+C (Applied Biosystems, CA). When possible, primer sets were designed to fall 

across exon-exon junctions. Primers were aligned against publicly available 

databases using BLASTN at NCBI (Benson et al., 2013). Prior to qPCR primers 

were tested in a 20 L PCR reaction using the same protocol described for qPCR 

except for the final dissociation protocol. For primer testing, a universal reference 

cDNA (RNA mixture from 4-6 different gallus gallus liver samples) was used to 

ensure identification of desired genes. 5 L of the PCR product were run in a 2% 

agarose gel stained with ethidium bromide (2 L). The remaining PCR product (~15 

L) was cleaned using QIAquick PCR Purification Kit (Qiagen, MD) and sequenced 

at the Center for Genome Research Biocomputing (Oregon State University, OR). 
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The accuracy of primer pairs was also evaluated by the presence of a unique peak 

during the dissociation step at the end of qPCR. 

9.2.5 Statistical analysis 

The effects of diet on relative gene expression were analyzed by one-way 

ANOVA using the General Liner Model procedure SAS (version 9.4) (SAS Institute). 

Significant differences among treatment means were separated using Tukey's HSD 

test. Least square means and pooled standard error of the means (SEM) are 

reported. Gene expression patterns reported as least square means  standard 

errors of the mean of log10-transformed data are denoted with “^”.   
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Table 18. GenBank accession number, hybridization position, sequence, amplicon 
size, and source of primers for Gallus gallus used to analyze gene expression by 
qPCR. 

* Primer direction (F – forward; R – reverse) and hybridization position on the sequence. 
** Exon-exon junctions are underlined. 
*** Amplicon size in base pairs (bp).  

Accession	# Gene Primers* Primers	(5'-3')** bp*** Source

NM_001001464 PPARA F 1553 GTGGA GA TCGTCCTGGTCTTG 100 This manuscript

R 1652 TCAGGATGGTTGGTTTGCAA

NM_001006205.1  ACOX1 F 599 GCCAGGTGGA CT TGGAAAGA 107 This manuscript

R 705 GCTGCCGTATAGGAACAATGAAG

NM_001012578.1 ACSL1 F 1839 GAGAGCTTGCAG GC CTTCTTAC 103 This manuscript

R 1941 ATAGCTTCTCATATGTGCCTTCAAATC

NM_001012898 CPT1A F 1807 GCCCTGATGCCTTCATTCAA 60 This manuscript

R 1866 ATTTTCCCATGT CT CGGTAGTGA

NM_001044633.1 ApoB100 F 1511 TCACACTTCG GG CTATTGGAA 101 This manuscript

R 1611 TGATGCAGCTTGATTTCTGATACA

NM_204192.3 FABP1 F 271 AGAAGGCCAA GT GTATTGTTAACATG 100 This manuscript

R 370 GTGATGGTGTCTCCGTTGAGTTC

XM_424010 SLC27A2 F 1174 CAACGTGTTCCTCAA GG CTTTTA 100 This manuscript

R 1273 GACGCGGATGCAGAATCC

XM_419374 DGAT2 F 928 ATTGGCTTTGCTCCATGCAT 100 This manuscript

R 1027 CGCCC AC AACAGTGGTGAT

NM_204126.2 SREBF-1 F 1058 GCGCTACCGCTCATCCAT 93 This manuscript

R 1150 CTCAGGATCGCCGACTTGTT

NM_205155 FASN F 6211 TCTGCCAT GG AGCGTATCTG 136 This manuscript

R 6346 GAACGGTTCCCCCAATCAC

NM_001109784.2MTTP F 2049 CTGGCCA GG TGGTGATTGA 100 This manuscript

R 2148 GCTGACATGCCAGCAAAGG

NM_205505 ACCA F 5308 GATGACCCATACAA AG GATACAAGTACT 123 This manuscript

R 5430 TATCTTATA CC TGGACTCTCCGTTGTC

XM_004941487.1FADS1 F 859 CCCAACTGCTTCCGAAAGG 92 This manuscript

R 950 TTTTGTTCGCCAA GC TCTACAG

NM_001160428 FADS2 F 797 CACTTCCAACATCACGCTAAGC 102 This manuscript

R 898 GCCGT AC TCAATAGGCTGACTTTC

NM_204890.1 SCD1 F 383 TGGCATGG GC CATTCTGT 61 This manuscript

R 443 CGGTGAGATCCAGCTGTTATCC

NM_001031539.1Elovl6 F 351 GCCTTGCTGTCTTCA GT ATATTCG 100 This manuscript

R 450 CTCTGGTCACACACTGACTGCTT

NM_204305.1 GAPDH F 194 AATATGATTCTACACACGGACACTTCA 100 This manuscript

R 293 TCACG CT CCTGGAAGATAGTGA

BX936152 MRPL39 F 69 AATGGCGC AG GTTCAACTCT 100 This manuscript

R 168 TGCCTCTCCTTCTCTTTGGTAAA

NM_001277758.1  MRPS9 F 907 AGGCTGGAGCGATACGTTTG 90 This manuscript

R 996 GCAGCCCA GC TTGTCTCATAA

XM_004945286.1RPS15A F 200 AGCAT GG TTACATTGGTGAATTTG 80 This manuscript

R 279 GAGTCTGCCTGTGAGATTGACAA
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Table 19. Sequencing results of genes using BLASTN from NCBI (Benson et al., 
2013) against nucleotide collection (nr / nt)* with total score.  

 
*nr/nt = non redundant protein / non redundant nucleotide 

  

Gene Best hit in NCBI Score

This manuscript PPARA Gallus gallus peroxisome proliferator-activated receptor alpha (PPARA) 39.1

ACOX1 Gallus gallus acyl-CoA oxidase 1, palmitoyl (ACOX1) 31.9

This manuscript ACSL1 Gallus gallus acyl-CoA synthetase long-chain family member 1 (ACSL1) 50

CPT1 Gallus gallus carnitine palmitoyltransferase 1A (liver) (CPT1A) 42.8

This manuscript ApoB100 Gallus gallus apolipoprotein B (APOB) 44.6

FABP1 Gallus gallus fatty acid binding protein 1, liver (FABP1) 48.2

This manuscript SLC27A2 PREDICTED: Gallus gallus solute carrier family 27 (fatty acid transporter), member 2 (SLC27A2) 42.8

DGAT2 PREDICTED: Gallus gallus diacylglycerol O-acyltransferase homolog 2 (mouse) (DGAT2) 37.4

This manuscript SREBF-1 Gallus gallus sterol regulatory element binding transcription factor 1 (SREBF1) 37.4

FASN Gallus gallus fatty acid synthase (FASN) 37.4

This manuscript MTTP Gallus gallus microsomal triglyceride transfer protein (MTTP) 35.6

ACCA Gallus gallus acetyl-CoA carboxylase alpha (ACACA) 51.8

This manuscript FADS1 Gallus gallus fatty acid desaturase 1 (FADS1) 41

FADS2 Gallus gallus fatty acid desaturase 2 (FADS2) 44.6

This manuscript SCD1 Gallus gallus stearoyl-CoA desaturase (delta-9-desaturase) (SCD) 41

Elovl6 Gallus gallus elongation of very long chain fatty acids family member protein 6 (ELOVL6) 44.6

This manuscript GAPDH Gallus gallus glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 50

MRPL39 PREDICTED: Gallus gallus mitochondrial ribosomal protein L39 (MRPL39), transcript variant X2 42.8

This manuscript MRPS9 Gallus gallus mitochondrial ribosomal protein S9 (MRPS9), transcript variant 1 39.2

RPS15A PREDICTED: Gallus gallus ribosomal protein S15a (RPS15A), transcript variant X4 44.6
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9.3 Results 

Figure 10. Relative gene expression patterns of PPAR, ACOX1, ACSL1 and 
CPT1A in broiler chicken hepatic tissue at d 42 of growth. 

 

Values are least square means  standard errors of the mean.  
a-bdenote significant difference (p < 0.05) among treatments.  
Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), and basal diet with 
10% whole flax (Flax) plus 0.05% enzyme (Flax+E).    
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Figure 11. Relative gene expression patterns of ApoB100, FABP, SLC27A and 
DGAT2 in broiler chicken hepatic tissue at d 42 of growth.

  

Values are least square means  standard errors of the mean.  
a-b denote significant difference (p < 0.05) among treatments.  

^ indicates that FABP, SLC27A and DGAT2 are reported as least square means  standard 
errors of the mean of log10-transformed data.  
Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), and basal diet with 
10% whole flax (Flax) plus 0.05% enzyme (Flax+E).  
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Figure 12. Relative gene expression patterns of SREBF-1, FASN, MTTP and 
ACCA expression in broiler chicken hepatic tissue at d 42 of growth.

 

Values are least square means  standard errors of the mean.  
a-b denote significant difference (p < 0.05) among treatments.  

^ indicates that FASN and ACCA are reported as least square means  standard errors of 
the mean of log10-transformed data.  
Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), and basal diet with 
10% whole flax (Flax) plus 0.05% enzyme (Flax+E).  
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Figure 13. Relative gene expression patterns of FADS1, FADS2, SCD1 and Elovl6 
in broiler chicken hepatic tissue at d 42 of growth.

  

Values are least square means  standard errors of the mean.  
a-b denote significant difference (p < 0.05) among treatments.  

^ indicates that SCD1 is reported as least square means  standard errors of the mean of 
log10-transformed data.  
Control, Flax, Flax+E represent corn-soybean meal basal diet (Control), and basal diet with 
10% whole flax (Flax) plus 0.05% enzyme (Flax+E).  
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Hepatic tissue expressed significant up-regulation of ACOX1, CPT1A and 

ACSL1 in broiler chickens fed Flax+E compared to Control. ACOX1 was expressed 

at nearly double the concentration in birds supplemented with Flax+E compared to 

Control (p=0.0047). CPT1 and ACSL1 expression was highly up-regulated (>2 fold) 

in broilers provided Flax+E compared to Control (p=0.005 and 0.0040, respectively). 

Gene expression of PPAR, ApoB100, FABP, DGAT2 and SLC27A2 was not 

affected by dietary treatments in the hepatic tissue.  

De novo lipogenesis-related genes were significantly down-regulated in 

hepatic tissue of broilers fed whole flax seed. Flax+E birds expressed reduced 

ACCA abundance (p=0.0052) compared to Control birds. Both flax-based diets are 

associated with statistically significant reductions in FASN and FADS2 abundance 

in hepatic tissue (p=0.0111 and 0.0105). No effect of diet on expression of SREBF-

1, FADS1, Elovl6, SCD1 and MTTP was observed in the liver tissue.   
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9.4 Discussion 

Flax seed and carbohydrase enzyme addition modified hepatic lipid 

metabolism in 42-day-old broiler chickens in a way to reduce lipid synthesis-related 

gene expression and enhance lipid oxidation. 

PPAR target genes, including ACOX1, CPT1A and ACSL1, were up-

regulated in hepatic tissue of broiler chickens fed Flax+E diet, suggesting the 

improved bioavailability of dietary ALA and enhanced concentration of LC n-3 PUFA 

(p<0.05). Although PPAR gene expression was not significantly altered by 

experimental diets, there is clear evidence for up-regulation in the downstream 

targets associated with mitochondrial and peroxisomal -oxidation. It should be 

noted that PPAR is responsive to a variety of SFA and unsaturated LC FA, which 

were provided in all experimental diets (Vallim and Salter, 2010, Varga et al., 2011). 

Hepatic PPAR activation in broiler chickens has been associated with reduced 

abdominal fat accumulation, although in vitro studies using primary cultured 

hepatocytes demonstrate FA oxidation cascades as well as induced 

gluconeogenesis (Han et al., 2016, Suh et al., 2008). Previous studies have shown 

inflated rates of PPAR expression in mice fed diets with LC n-3 PUFA, but 

commercial broilers maintain metabolisms reflective of exaggerated growth or 

reproductive needs thus the potential differences in lipid-related gene expression 

(Konig et al., 2008, Yang et al., 2010). Broilers fed fish oil displayed attenuated fat 

deposition in adipose due to PPAR abundance (Ji et al., 2012). The current study 

observes increased lipid accumulation in the liver in experimental diets (Chapter 7), 
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which may suggest the role of PPAR downstream targets in reducing further FA 

uptake. It also appears that although PPAR is most commonly associated with LC 

FA, exogenous highly UFA such as those supplied in fish oil produce more robust 

responses compared to ALA or LA (Royan et al., 2011). 

As noted before, FA oxidation-related genes were significantly up-regulated 

in birds fed Flax+E compared to Control. CPT1A and ACOX1 expression patterns 

were enhanced in association with enzyme supplementation suggesting that 

increased n-3 PUFA availability in hepatic tissue increased the need for both 

mitochondrial and peroxisomal -oxidation. Hepatic tissues of the flax-fed broilers 

were also higher in fat content than that of Control birds, and CPT1A has been 

shown to reduce total fat accumulation in laying hens and increase TAG catabolism 

in the livers of rats (Chen et al., 2010, Abd El-Haleim et al., 2016). CPT1A has been 

shown to consistently respond to LC FA supplementation in mammals (Nakamura 

et al., 2014) and respond regardless of PPAR activity in knockout models (Louet 

et al., 2001) demonstrating the complexity of the oxidation pathway. The results of 

the current study suggest that CPT1A expression is coordinated by numerical 

increases in PPAR gene abundance.  

Increased ACSL1 expression indicates the first step of LC FA (n-3 and n-6) 

oxidation via FA activation (Phillips et al., 2010), with greater effect due to amplified 

concentration of exogenously supplied n-3 PUFA. Beyond oxidation, ACSL1 also 

plays a role in phospholipid remodeling with enhanced expression potentially 
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modulating the fluidity of the lipid membrane and eicosanoid synthesis rates, 

ultimately affecting more than lipid homeostasis in the liver (Widmann et al., 2010).  

The current study shows that SREBF-1 abundance was not significantly 

affected by dietary composition, although SREBF target genes associated with de 

novo lipogenesis were reduced. SREBF-1c, the cleaved and activated isoform of 

SREBF-1 in the liver, has been shown to induce transcription of FA synthetic 

enzymes including ACCA, FASN, and SCD1, and is triggered by fed-state insulin 

(Xu et al., 2013). Reduced expression of SREBF-1 in rodent models is associated 

with reduced adiposity (Eberle et al., 2004). Goat mammary epithelial cells 

transcriptionally regulate SREBF-1 via auto-feedback loops and liver X receptor- 

expression (Xu et al., 2016).The modern poultry industry seeks to reduce carcass 

fat, whereas meat type chickens are specifically selected for increased growth rates 

thus promoting fatness characteristics. Assaf et al. (2004) suggests that hepatic 

SREBF in commercial strain chickens is directly responsible for fatness and that 

transcription factors regulating lipid synthesis require further elucidation. Lipid 

accumulation in commercial broiler strains is primarily a consequence of metabolic 

shift from growth to maintenance after the 5th week. Although not statistically 

significant, SREBF-1 expression in the current study is suggested to be similar to 

that of PPAR, which is responsive to fed-state status and unsaturated LC FA 

provided in all diets. Unlike PPAR, SREBF-1 does not directly bind to lipids thus 

not functionally related to free FA composition and rather complex feedback loops, 

nutritional status and other physiological factors. 
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Previous research has shown that duck hepatic tissue maximally expresses 

enzymes involved in de novo lipogenesis thus contributing a more significant 

concentration of fats to extra-hepatic tissue (Ding et al., 2012). Nutritional status of 

broiler birds is reflected by liver and adipose activity with ACCA and FASN acting as 

key facilitators of lipid homeostasis (Wang et al., 2009). The current study suggests 

both de novo lipogenesis regulating genes reduced in Flax+E birds. The reduction 

in primary lipid synthesis may implicate a greater inhibition of FA synthesis due to 

greater availability of n-3 PUFA such as ALA (Su et al., 2016, Fukumitsu et al., 

2013, Rincon-Cervera et al. 2016). This study cannot confirm that inhibition of de 

novo lipogenic gene expression is a result of reduced SREBF-1 gene abundance 

via ALA or LC n-3 PUFA action as other authors have concluded.  

Previous research has shown that a diet rich in LC n-3 PUFA is more 

beneficial than of one composed of solely ALA due to the low conversion efficiency 

of ALA to more bioactive LC PUFA (Komprda, 2012). FADS2 is the rate-limiting 

step for conversion of essential FA with enzymatic activity associated with 

concentration of n-6 FA in the diet (Campioli et al., 2012). Theil and Lauridesen 

(2007) reported that pigs fed fish oil expressed FADS2 at lower rates due to the 

reduced n-6:n-3 ratio in hepatic tissue. This study demonstrates that a diet with a 

lower n-6:n-3 ratio inhibited FADS2 expression in the liver. Other desaturation and 

elongation enzymes FADS1, Elovl6 and SCD-1 were not expressed at significantly 

different levels compared to Control. Jing et al. (2013) suggests that expression of 

FADS1, FADS2 and LC PUFA synthesizing elongases change over time and in 
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relation to dietary LA:ALA ratio, although the current study only observed gene 

expression at one time point. Birds were fed flax for a total of 42 d of growth, which 

is twice the proposed amount of time dietary n-3 FA should exert beneficial effects 

on FADS2 expression to maximize tissue n-3 PUFA enrichment (Mirshekar et al., 

2015).  

Kim et al., (2002) suggests that SCD-1 gene expression is regulated 

independently of SREBF-1 in the wake of overriding cholesterol concentration. 

SCD-1 in broiler bird liver tissue is also controlled by nutritional state and leptin, 

which may explain the lack of difference between the experimental diets (Dridi et al., 

2007). Lastly, SCD-1 produces MUFA thus the concentration of MUFA in the 

hepatocyte and plasma may act as a feedback loop for activity. Palmitoleic acid 

operates as a potent signaling molecule and its concentration in the cells may 

modulate the lipogenic effects of FADS1, Elovl6 and SCD-1 (Richards et al., 2010).  

There was no effect of diet on FA transport genes in hepatic tissue, 

suggesting that lipid accumulation and efflux from hepatocytes unchanged by 

dietary LA:ALA ratio. Liu et al. (2011) observed that LA and EPA supplementation 

promoted cell proliferation of primary duck hepatocytes as well as lipid-catabolic 

enzymes but did not affect FABP, such as the case in the current study. FABP in 

the cell traffic LC FA towards metabolic routes, including binding to PPAR thus 

increasing -oxidation, which was noted via CPT1A up-regulation (Conway et al., 

2014).  
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Whole flax seed and carbohydrase enzyme addition increased FA oxidation 

and reduced de novo lipogenesis related gene expression in hepatic tissue. Due to 

the liver’s primary role in FA metabolism in avian species, it is imperative to 

understand the direct effects of n-3 supplementation on transcription factor binding 

and regulation of metabolism. The current study suggests that increased 

bioavailability of n-3 PUFA from whole flax seeds and carbohydrase enzyme affects 

lipid metabolism. Regulation of hepatic metabolism is a step towards targeting 

muscle lipid enrichment through flax seed.  
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10 CONCLUSION 

This thesis provides evidence that poultry may serve as a potential source of 

n-3 FA through alteration of hepatic liver lipid metabolism. Flax seed and 

carbohydrase enzyme are viable candidates for dietary addition to poultry diets 

serving as increased n-3 FA sources for n-3 PUFA synthesis and tissue enrichment. 

The current studies demonstrate that flax seed and carbohydrase enzyme do not 

affect production performance characteristics in broiler birds. The experimental 

dietary combination also improved efficiency of n-3 FA digestibility when compared 

to the flax seed alone.  

A diet of n-3 FA also altered the fatty acid composition of major liver lipid 

classes, including TAG, PC and PE. Together, these liver lipid classes provide 

energy secreted into circulation to extra-hepatic tissue as well as incorporate n-3 

and n-6 FA for storage and eicosanoid synthesis. Lastly, the experimental diet 

altered hepatic lipid metabolism in a way to enhance lipid oxidation and reduce FA 

synthesis. Together all experiments demonstrate relatively the method of action of 

dietary n-3 FA from flax seed in broilers, from digestion to cellular assimilation and 

metabolic regulation.  

Although seemingly comprehensive, there are many more studies that can 

follow this to better explain the role of dietary n-3 FA on broiler metabolism. Day 42 

of growth is primarily a period of fat deposition in broiler birds and is reflective of a 

different metabolism than that of birds in the primary growth period around day 21. 

Dietary n-3 FA may play a different role in birds during a period of time when basic 

maintenance is less selected for than exponential growth. Lipid related gene 
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expression would be valuable at different stages of life to provide for a more 

complete picture of lipid metabolism as it relates to dietary additives. This study also 

only measured digestibility of lipids from days 19 to 21. This trial could have 

included other macronutrient digestibility to better understand the wholesome effect 

of flax seed on the gastrointestinal tract. Lastly, nutrients are digested differently at 

different tract locations demonstrating the validity of site specific lipid digestibility, 

including duodenal, jejunal and ileal sections. The most important distinction to 

make with this thesis is the dissimilarity between commercial broiler production and 

scientific broiler trials. The birds housed in this experiment were housed in cages, 

floor pens and relatively-sterile environments, which differs greatly from commercial 

production of large, densely-packed broiler barns. Eating habits and stress levels 

may not reflect standard meat production. This study seeks to understand n-3 FA 

meat enrichment but understands the discrepancy between the production models. 

The purpose of this thesis was to elaborate on the effect of n-3 FA in the diet of 

broiler birds, utilizing whole flax seed and carbohydrase enzyme relevant to 

standard production purposes.  
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