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oxidative stress, meat and fat quality and early inflammatory response in pigs and 

broiler chickens fed a diet high in oxidants 

 

Ting Lu 

ABSTRACT 

High feed ingredient prices have increased the use of by-products containing a 

high concentration of polyunsaturated fatty acids (PUFA) in pig and chicken feeds. 

This can increase the oxidation of other feed nutrients as well as causing oxidative 

stress in animals. Two studies were conducted to evaluate the effects of a dietary 

antioxidant blend (AOX, ethoxyquin and propyl gallate) in pigs and broiler chickens 

fed a diet high in oxidants. The objective of the first study was to evaluate the 

antioxidant blend on growth performance, meat quality, liver function, oxidative 

status, carcass characteristics, meat quality, and fatty acid profile in pigs. Crossbred 

barrows (n = 100, 10.91 ± 0.65 kg, 36 ± 2 d of age, Landrace × Duroc) were allotted 

to 5 treatments based on body weight (BW, 5 replicate pens per treatment, 4 pigs per 

pen). Treatments included: 1) HO: high oxidant diet containing 5% oxidized soy oil 

and 10% PUFA source (containing docosahexaenoic acid, DHA, 3.7% of diet); 2) 

VE: the HO diet with 11 IU/kg of added vitamin E; 3) AOX: the HO diet with AOX 

(135 mg/kg); 4) VE+AOX: the HO diet with both vitamin E and AOX; and 5) SC: a 

standard corn-soy control diet. The trial lasted for 118 d; on d 83, the HO diet pigs 

were switched to the SC diet because the animals were displaying very poor health. 

Compared with SC pigs, HO pigs had decreased average daily gain (ADG) and 

average daily feed intake (ADFI) from d 26 to 82 (P < 0.05). However, after 

switching the HO pigs to the SC diet, the VE treatment became the most stressed 
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treatment with the poorest performance from d 83 to 118 (P < 0.05). The AOX 

restored pig performance to a level similar to pigs fed the SC diet (P > 0.05) with 

greater gain to feed ratio (G:F) for the entire period (P < 0.05). The AOX added 

treatments also attenuated the enlarged liver symptoms and reduced markers of liver 

stress including total bilirubin and aspartate transaminase, thiobarbituric acid reactive 

substances (TBARS) and carbonyl concentrations. In addition, the AOX addition in 

the high oxidant diet restored the lighter carcass weight, less back fat, less lean body 

mass and smaller loin eye area, decreased dressing percentage and intensive 

lipofuscin deposition induced by the high oxidant diet. However, the traits of loin 

muscle redness and belly firmness were not fully corrected by AOX. The second 

study was to investigate the antioxidant blend and vitamin E on growth performance, 

oxidative status, meat quality, fatty acid profile, liver function and inflammatory 

response in broiler chickens. Cobb 500 male broilers (n = 1200, 44.7 ± 0.8 g, d 0) 

were randomly distributed into 60 floor pens across 6 treatments with 10 replicate 

pens of 20 chicks each. Treatments included: 1) HO: high oxidant diet with vitamin E 

at 10 IU/kg, 3% oxidized oil, 3% PUFA source; 2) VE: the HO diet with vitamin E at 

200 IU/kg; 3) AOX: the HO diet with AOX at 135 mg/kg, 4) VE+AOX: the HO diet 

with both vitamin E at 200 IU/kg and AOX at 135 mg/kg, 5) SC: standard control, a 

corn soy diet with vitamin E at 10 IU/kg, 3% non-oxidized soybean oil, no PUFA 

source, and 6) PC: positive control, the SC diet with AOX at 135 mg/kg. Compared to 

the SC birds, the PUFA added treatments (HO, VE, AOX, VE+AOX) groups had 

greater body weight, ADG and ADFI from d 0 through d 21 (P < 0.05). However, the 
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growth of birds fed the VE treatment fell behind that of other treatments (P < 0.05) 

during the last 21 d of the trial. Compared to the HO birds, the AOX birds had lower 

TBARS and greater uric acid concentrations in the plasma, greater gene expression of 

superoxide dismutase and less drip loss, suggesting enhanced systematic antioxidant 

capability. In addition, dietary addition of AOX or AOX plus VE moderately 

improved liver function and reduced inflammation in fat tissue to a level similar to 

control groups. In both studies, the AOX supplement was effective in preserving 

PUFA, especially DHA deposition in the back fat of pigs and abdominal fat of 

chickens. These results suggest that feeding the high oxidant diet caused a series of 

changes in growth performance, liver function, oxidative status, carcass 

characteristics and meat quality in pigs, and AOX addition attenuated many of these. 

The supplementation of AOX also showed some effects on reducing oxidative stress 

in chickens. However, the effects were not as profound as the pig study. 
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Chapter 1  

Introduction 

For many years, the predominant dietary formulations in North America for pigs 

and poultry were based primarily on corn and soybean meal. Diet ingredient profiles 

were relatively simple with only limited use of by-product feedstuffs. This situation 

was based largely on the abundance and relative low cost of corn and soybean meal. 

In recent years this paradigm of feedstuff supply and price has changed dramatically. 

Currently, cost of corn and other feed grains as well as soybeans and soybean meal are 

at historically high levels. Recent U.S. government energy policy and crude oil prices 

have promoted increased use of corn grain for ethanol fuel production with current 

estimates indicating that up to 43% of U.S. corn grain is now used for ethanol 

production (USDA, 2013). 

To remain cost competitive, non-ruminant diet formulations will need to become 

more complex than the simple corn-soybean meal model of the past, with increasing 

use of co-products such as distillers dried grains with solubles (DDGS). As reviewed 

by Stein and Shurson (2009) and Salim et al. (2010), DDGS can be successfully 

included in swine and poultry diet formulations. One concern with DDGS and other 

by-product ingredients which contribute high levels of polyunsaturated fatty acids 

(PUFA) is the potential of oxidizing other feed nutrients (Haas et al., 2007) as well as 

causing oxidative stress in animals (Chahboun et al., 1990; NRC, 1998) .  

The content of PUFA is responsible for the carcass fat consistency and oxidative 

stability, which are two important properties for the meat industry. In addition, dietary 
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PUFA which are prone to oxidation, may cause oxidative stress, leading to reduction 

in growth performance (Engberg et al., 1996), meat quality (Gray et al., 1996; Smet et 

al., 2008) and aging related diseases, such as “yellow fat disease” (Terman and Brunk, 

2004). That condition results from excessive PUFA in the diet coupled with a 

deficiency of antioxidants, and leads to lipid peroxidation and deposition of “ceroid” 

(lipofuscin) pigment in adipose tissue (Warnants et al., 1996). It is a disorder of fat 

depots in the animal with extensive adipose-cell degeneration. 

Dietary antioxidants such as ethoxyquin and propyl gallate have been used as 

dietary additives to retard lipid and nutrient oxidation in processed feeds for many 

years. It is now recognized that the synthetic antioxidants may also have beneficial 

systemic effects in animals. For example, a commercial antioxidant blend containing 

a combination of ethoxyquin and propyl gallate has been shown to reduce fat and 

nutrient oxidation in feedstuffs with potential to modulate selective indicators of 

oxidative stress in animals as well (Fernandez-Duenas, 2009; Harper et al., 2010; 

Tavarez et al., 2011). 

The objective of this dissertation project was to determine the effects of a dietary 

antioxidant blend supplement containing ethoxyquin and propyl gallate, and vitamin 

E on growth performance, liver function, oxidative status, meat and fat quality and 

inflammatory response in pigs and broiler chickens, using an experimental model that 

imposed dietary oxidative stress on the animal. 
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Chapter 2  

Literature Review 

Oxidation of Feed 

Feed is the primary oxidant source that food animals are exposed to during their 

entire life. Oxidation products decrease the nutrient content of the feed by reacting with 

proteins, lipids and fat soluble vitamins present in the diet. Some of these oxidation 

products, such as aldehydes and ketones, are actually toxic and detrimental to the body 

systems (Esterbauer, 1993) and organs, such as the intestine (Kimura et al., 1984) and 

liver (Engberg and Borsting, 1994; Ajum et al., 2004). Exposure to such oxidation 

products can lead to reduction in growth performance (Engberg et al., 1996) and meat 

quality (Gray et al., 1996; Smet et al., 2008). Oxidation of feed depends on the 

ingredients, fatty acid composition, the amount of antioxidants in the feed, and the 

storage and temperature conditions. To achieve a stable, high quality feed, it is necessary 

to pay attention to all these factors to minimize oxidation problems. 

Lipids 

Lipids are a high energy source that can support the fast growth and productivity of 

animals. Vegetable oils and rendered fats are commonly used in diets to increase energy 

density of feed. However, lipids are very sensitive to oxidation. Unsaturated fatty acids 

are particularly susceptible to oxidative processes which involve the generation of fatty 

acid free radicals. These radicals may react with molecular oxygen to produce peroxide 

free radicals and lipid peroxidation (Sherwin, 1978; Fellenberg and Speisky, 2006), and 

thus produce undesirable products with offensive odor and toxic properties (Blokhina et 
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al., 2003). A high level of PUFA in diet formulations increases the potential for lipid and 

nutrient oxidation.  

Lipid Oxidation Process 

Lipid oxidation occurs when the body oxidative status is imbalanced. Usually it is 

initiated at the cell membrane level, with the intracellular phospholipid fractions attacked 

by reactive oxygen species (ROS), a major type of free radical (Xu et al., 2011). The free 

radicals attack begins by removal of a hydrogen (generally adjacent to a double bond), 

leading to a lipid radical (L•), and adding of oxygen to replace a double bond in the 

carbon skeleton of a fatty acid (LOO•). A hydroxyl group then attaches to the oxygen at 

the broken double bond, and a hydroperoxide is formed (LOOH) (Fellenberg and Speisky, 

2006). This process, known as lipoperoxidation in animals or oxidative rancidity in food 

products, becomes autopropagative without adequate presence of antioxidants, leading to 

the production of more LOOH. These LOOH products are easily converted to aldehydes, 

ketones, alcohols and lactones, some of which are potentially cytotoxic to the body 

(Esterbauer, 1993). 

Lipid and Protein Oxidation 

Reactive oxygen species can interact with both lipids and proteins. When lipids are 

attacked by ROS, the extent of lipoperoxidation will be elevated, reflected by an 

increased concentration of the lipid oxidation product, thiobarbituric acid reactivate 

substances (TBARS), in the plasma and tissues (Trevisan et al., 2001). These substances 

include malondialdehyde (MDA), one of several low-molecular-weight end products 

formed via the decomposition of certain primary and secondary lipid peroxidation 

products. It readily participates in nucleophilic addition reaction with 2-thiobarbituric 



 

5 

acid (TBA), generating a red, fluorescent 1:2 MDA:TBA adduct (Janero, 1990). When 

proteins are targeted by reactive oxygen species, the result of this interaction is carbonyl 

formation and decreased sulfhydryl content of the protein (Lund et al., 2011). Oxidation 

induces intermolecular bridges such as disulfide and dityrosine to change, which causes 

protein fragmentation, aggregation, and polymerization (Morzel et al., 2006), leading to 

changes in protein proteolytic properties. Other physical and chemical changes with 

protein oxidation have been described including decreasing solubility, gelatinization and 

hydration properties (Xiong and Decker, 1995). 

The secondary products of lipid oxidation will induce protein oxidation. In this case, 

amino acid residues are the major targets of free radicals. Protein oxidation is also called 

proteo-oxidation. It is a slower and less extended process than lipid oxidation. The main 

oxidation process includes a Fenton-reaction. A specific amino acid is connected to a 

transition metal, which catalyzes the generation of HO• radicals from H2O2 (Fellenberg 

and Speisky, 2006). Carbonyl derivates are an important oxidation by-product of such 

residues. Carbonyl in the plasma and tissue suggests the extent of oxidative damage 

affecting amino acid residues (Gatellier et al., 2000). Lysine, arginine, proline and 

threonine are the major amino acids that are susceptible to attack (Fellenberg and Speisky, 

2006).  

Oxidative Stress 

Oxidative stress results from an unbalanced condition in which the formation and 

ingestion of ROS or reactive nitrogen species (RNS), the dominant free radicals, exceeds 

the capability of the body antioxidant system. Oxidative stress leads to damage of DNA, 

bio-membrane lipids, proteins, and other macromolecules (Valko et al., 2006). 
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Furthermore, oxidative stress is related to a number of aging-dependent pathogenic 

processes including cancers, arteriosclerosis, arthritis, neurodegenerative disorders, 

yellow fat disease, fatty liver haemorrhagic syndrome and other diseases (Dibner et al., 

1996; Schumann et al., 2003; Valko et al., 2006).  

Antioxidant System 

Excessive oxidative radicals can be eliminated by the body antioxidant system, 

which includes enzymatic and nonenzymatic components. The enzymatic system of 

living organisms includes enzymes such as superoxide dismutase (SOD), glutathione 

peroxidase (GSH-Px), and catalase (CAT), which are capable of minimizing oxidative 

stress in organelles. The non-enzymatic system includes macromolecules such as albumin, 

ceruloplasmin, ferritin, and an array of small molecules, including ascorbic acid (vitamin 

C), α-tocopherol (vitamin E), β-carotene, reduced glutathione, uric acid, and bilirubin 

(Cadenas and Davies, 2000). 

Mechanism of Antioxidant Enzymes 

The enzymes SOD and GSH-Px work together to detoxify superoxide anions (O
- 

2•) 

and hydrogen peroxide (H2O2) in cells (Valko et al., 2006). Superoxide anions are 

considered the primary ROS, and can interact further with other molecules to generate 

new ROS. Superoxide dismutase is able to catalyze superoxide anions to produce 

hydrogen peroxide and molecular oxygen. Superoxide dismutase works in conjunction 

with hydrogen peroxide removing enzymes, such as CAT and GSH-Px. Catalase can 

efficiently promote the conversion of hydrogen peroxide to water and molecular oxygen. 

Glutathione peroxidase acts in conjunction with the tri-peptide glutathione, which is 

present in cells in high (micromolar) concentrations, to utilize hydrogen peroxide, or 
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organic peroxide (ROOH) as the substrates for the catalytic reaction. Glutathione 

peroxidase decomposes peroxides to water or alcohol, while simultaneously oxidizing 

glutathione to its oxidized form (GSSG) (Figure 2.1; Valko et al., 2006).  

CAT

2 2 2 2H O H O+O                         CAT

2 2 22GSH + H O 2H O+GSSG  

Figure 2.1 Chemical reactions of antioxidant enzymes  

Oxidative Stress and Yellow Fat Disease 

In 2008, global vitamin E prices increased dramatically. Many feed mills in China 

reduced dietary supplemental vitamin E levels to cut cost. At the same time, clinical cases 

of yellow fat disease were reported in commercial pig production. It is speculated that a 

combination Vitamin E and Se deficiency, feed ingredients with PUFA levels including 

flaxseed, cod-liver oil, fish scrap and linseed, and mycotoxin contamination resulted in 

yellow fat disease in swine (J. Zhao, personal communication).  

Cause of Yellow Fat Disease 

Excessive unsaturated fatty acids in the diet coupled with a deficiency of 

antioxidants facilitates the oxidation process, and leads to lipid peroxidation and 

deposition of “ceroid” (lipofuscin) pigment in the adipose tissue (Warnants et al., 1996). 

It is a disorder of fat cells and lipofuscin accumulation in adipose tissue and Kupffer cells. 

These symptoms are characteristics of the “yellow fat disease” syndrome. Yellow fat 

disease is a dietary induced condition seen in various species, including cats, mink, rats, 

horses (Green and Bunyan, 1969) and swine (Davis and Gorham, 1954; Danse and 

Steenbergen-Botterweg, 1974; Ruiter et al., 1978).  

Lipofuscin Formation 

The pigment named lipofuscin is formed in lysosomes. Lysosomes have been 

GSH-Px  

2GSH  ROOH GSSH  H O  
SOD- +

2 2 2 22O  + 2H  H O + O
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considered for years as one of the main intracellular targets for the damaging effect of 

free radicals. The majority of substrates transported into the lysosomal lumen will be 

broken down by the proteases, lipases, and endonucleases in this compartment (Cuervo, 

2004). However, macromolecules that have been oxidatively modified often crosslink 

with other proteins, lipids, carbohydrates, and even metals, which forms a cellularly 

indestructible byproduct, lipofuscin (Kiffin et al., 2006). This occurs due to the 

degradation process of iron containing macromolecules such as mitochondrial 

cytochromes and ferritin, in lysosomes. The iron is released into lysosomes when 

marcomolecules are degraded, and facilitates the formation of ROS. These newly 

generated ROS can interact with the proteins and lipids within the lysosome and form a 

complex array of Schiff bases and Maillard-type rearrangements, which is the basic 

structure of lipofuscin (Brunk and Terman, 2002).  

Lipofuscin accumulation has been recognized as one characteristic of aging (Terman 

and Brunk, 2004). In addition to a normal accumulation of lipofuscin during the normal 

aging process, buildup of ceroid pigment occurs in conditions of an increase of ROS or 

deficiencies of antioxidant defenses (Katz and Robison, 2002; Keller et al., 2004). As 

reviewed by Kiffin et al. (2006) increased ceroid or lipofuscin formation is in response to 

oxidative stress. 

Oxidation Stress and Growth Performance  

Polyunsaturated fats and oils in animal diets prone to oxidation can become 

prooxidants in the feed. The primary product of oxidation, peroxides, is commonly 

measured using the peroxide value (PV) method. The PV is a figure used for determining 

the peroxide oxygen (especially hydroperoxides) and it is expressed in milliequivalents 



 

9 

(mEq) of active oxygen per 1 kg of fat. Peroxides increase at the beginning of lipid 

peroxidation process. At some point in the reaction, they begin to break down into 

aldehydes, secondary oxidation products, and thus the PV will decreases (Sherwin, 1978). 

A peak PV has been used as the indicator of the severity of oxidation. A large body of 

studies suggests that addition of oxidized oil with an increase PV in the diet can induce 

oxidative stress and have negative effects on growth performance.  

Reasons for Poor Growth  

Oxidized oil as prooxidant in the diet has been reported to induce oxidative stress in 

animals (Ajum et al., 2004; Tavarez et al., 2011; Zhang et al., 2011; Boler et al., 2012). 

Aldehydes, ketones, acids, esters and polymerized oils are direct products of oxidation 

and can result in reduced dietary energy values and cause a rancidity condition that 

ultimately destroys acceptability and usefulness of fats and oils (Sherwin, 1978). These 

products are potentially cytotoxic to the body (Esterbauer, 1993), and if they accumulate 

in meat, they can affect its organoleptic characteristics (Fellenberg and Speisky, 2006). 

Products of oxidation may also reduce the absorption and utilization of the fat soluble 

vitamins A, D, E and K or other susceptible dietary compounds such as carotenoids. In 

addition, these oxidation products may react with other nutrients in the diet, such as 

proteins and amino acids, and thus impair their biological values. Moreover, free radicals, 

which are induced by high amounts of oxidized lipids, can attack macromolecules in the 

body, such as lipids, protein, and nucleic acids (Valko et al., 2006), and thus impair 

animal health and growth. 

Pigs 

Feeding oxidized oils resulted in lower average daily gain (ADG) and average daily 
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feed intake (ADFI) in weanling pigs (DeRouchey et al., 2004; Harrell et al., 2010) and in 

finishing pigs (Boler et al., 2012). Peroxide value of the diet is a major measurement to 

describe the potential for retardation effects on growth performance. DeRouchey et al. 

(2004) found supplementing choice white grease at PV of 0.06, 2.4, and 9.3 mEq/kg of 

the diet produced linear reductions in ADG and ADFI. This study suggests that the PV of 

oxidized fat at 2.4 mEq/kg of diet or greater could significantly reduce ADG and ADFI in 

nursery pigs (DeRouchey et al., 2004). In another study, pigs fed diets containing 

oxidized oil at 7.5 mEq/kg of diet had less ADG (480 vs. 507 g) and ADFI (751 vs. 792 g) 

compared to pigs fed a non-oxidized oil supplemented diet from d 10 to 42 of experiment 

period (Harrell et al., 2010). In a finishing pigs study, barrows fed diets formulated with 

oxidized corn oil (7.5 mEq/kg in the diet) had a decreased cumulative ADG and ADFI 

after 56 d and reduced final body weight (BW) when compared to pigs fed diets with 

non-oxidized oil (Boler et al., 2012). The reason for growth retardation has been partially 

explained by Dibner et al. (1996), who reported a decrease in the half-life of gut 

enterocytes and a reduction in nutrient uptake capacity by absorptive epithelial cells when 

feeding a diet including oxidized oil at 4 mEq/kg of diet. 

Broilers 

The minimal PV in the diet that will cause negative impact on growth performance 

varies among broiler studies. In one study oxidized soybean oil was added to bring the 

diet PV to 1 mEq/kg (Ajum et al., 2004). This level of dietary oxidation reduced weight 

gain and feed conversion ratio by 4.2% and 2.9%, respectively. This is in general 

agreement with the response observed by Lin et al. (1989) who used sunflower oil to 

create a dietary PV of 2.2 mEq/kg. In that study, broiler growth was retarded and BW and 
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carcass weight were reduced by 4.2% and 7.3%, respectively. An even greater PV of 7 

mEq/kg, in this case created using soybean oil as the oxidized lipid source, decreased 

growth rate, final BW and gain to feed (G:F) ratio by 6%, 6% and 4%, respectively 

(Tavarez et al., 2011). It appears that broiler chicks are more vulnerable to the negative 

effects of diet oxidation on weight gain at younger ages. Body weights on d 21 and 42 

were significantly lower in chicks fed diets containing 4 or 7 mEq peroxide/kg feed, but 

on d 49, the reduction in body weight was significant only at the 7 mEq/kg level (Cabel et 

al., 1988). This study also suggested a minimum PV of 7 mEq/kg of feed was necessary 

to significantly affect bird feed efficiency. However, McGill et al. (2011) indicated that a 

PV of 4.5 mEq/kg of diet would result in lower feed conversion. The reason for the 

discrepancy in minimal PV causing oxidative stress may be because broiler chickens 

selectively bred to have greater growth rate, ROSS 708 used in McGill et al. (2011) are 

more susceptible to stress than are slower growing chickens used in McGill et al. (1988).  

Oxidative Stress and Meat Quality 

During postmortem, the process of lipid oxidation in muscle may no longer be 

tightly controlled due to the weakness of the antioxidant defense system, and this may 

affect fresh meat quality traits, especially flavor, color, texture and nutritive value (Gray 

et al., 1996; Lauridsen et al., 1999b), and economic value and marketability of the meat. 

Off Flavor  

The development of off-flavors including rancidity has long been recognized as a 

serious problem in meat products. Rancidity in meat begins to develop soon after death 

due to the reduced capability of the body antioxidant system. During lipid oxidation, 

poly-unsaturated fatty acids are degraded to volatile short-chain oxidation products, 
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which lead to off-odor and off-flavor formation. The formation of volatile lipid oxidation 

products greatly reduces consumer acceptability of the product (Gray et al., 1996; 

Lauridsen et al., 1999b). 

Tenderness 

Tenderness is a major factor responsible for consumer satisfaction with meat. 

Numerous factors contribute to the tenderness of the longissimus dorsi, 

semimembranosus, psoas major and other muscles, including collagen content, cross-

linking, sarcomere length, calpain activity and subsequent autolysis (Melody et al., 2004).  

Oxidative stress may decrease synthesis of new collagen and lead to decreased 

collagen solubility and hence increased meat toughness. A cell culture study found that 

ROS increases the activity of matrix metalloproteinase-2 (MMP-2), an enzyme that 

degrades collagen and reduces collagen synthesis, and thus reduces the amount of 

collagen (Archile-Contreras and Purslow, 2011). The study also found vitamins E and C 

tended to counteract the effects of ROS on collagen synthesis. In addition, calpains, 

which degrade most proteins in the muscle that are related to tenderness, are susceptible 

to inactivation by oxidation due to histidine and SH-containing cysteine residues at their 

active sites (Guttmann, 2010). With a reduction in activity of calpains, meat becomes 

tougher. Also, lipid oxidation products (hydroperoxides and aldehydes) promote lysine 

residue transformation to pyrrole derivatives. The interactions between lipid oxidation 

products and amino acid residues can cause formation of cross-linkage between proteins 

(Zamora et al., 2000), and thus reduces tenderness. 

Drip Loss 

Within tissues cellular and subcellular membranes containing PUFA are highly 
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susceptible to oxidation. The membrane integrity is prone to be destroyed by free radicals 

under oxidative stress conditions, which allows more cellular water to leak out and cause 

greater drip loss (Mahan, 2001).  

Calpains again, as the most important enzymes in degradation of muscle proteins 

desmin and integrin, play a critical role in drip loss. If desmin, which connects the 

myofibril to the sarcolemma, is intact postmortem, it leads to the shrinkage of the 

myofibril, resulting in shrinkage of the whole muscle cell. This shrinkage opens drip 

channels and results in increased drip loss (Kristensen and Purslow, 2001). Therefore, 

increased degradation of desmin could prevent myofibril shrinkage and would allow 

more moisture to remain in the tissue. Another membrane associated protein, integrin, 

will increase the formation of drip channel and increase the drip loss. Degradation of 

integrin by calpains in normal postmortem process can reduce the drip loss. However, 

oxidative stress decreases the activity of calpains, lowering its degradation capability, and 

thus increasing the drip loss (Huff-Lonergan and Lonergan, 2007). 

A greater ultimate pH is due to less available glycogen content in the muscle after a 

long period of oxidative stress, which affects the normal process of acidification (Adzitey 

and Nurul, 2011). Also, it has been shown that lower pH is closer to the iso-electric point 

of the major muscle protein myosin (pH = 5.4) (Berg, 2001), indicating a loss of ability to 

attract and bind water. Similarly, greater ultimate pH results in lower drip loss. 

Meat Color  

The protein myoglobin is responsible for the majority of the red color in the meat of 

pigs and poultry. Deoxymyoglobin (DeoxyMb) is the purple pigment presented in freshly 

cut meat. Following several minutes of exposure to air, DeoxyMb becomes oxygenated to 
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oxymyoglobin (MbO2), which is bright, cherry-red in color. Lack of antioxidant 

capability in meat catalyzes the oxidation of haem pigments from purple or red DeoxyMb 

and MbO2 to brown metmyoglobin (MetMb) by conversion of Fe from the ferrous (Fe
+2

) 

to ferric (Fe
+3

) form (Liu et al., 1995; Allen et al., 1997; Adzitey and Nurul, 2011).  

The color of muscle is influenced by pH. Low pH can scatter more light back, 

resulting in pale color, whereas high pH could allow light to be transmitted deeper into 

the tissue, and reduces the differences in refractive index of the myofibrils and 

sarcoplasm. The smaller the difference, the lower the scattering and the darker the meat 

appears (Swatland, 2008). This is related to the water holding capability, as well. When 

the pH of the meat is above the isoelectric point of the myoglobin, water molecules are 

tightly bound, causing more light to be absorbed by the muscle, and the meat appears 

darker in color (Allen et al., 1997). Myoglobin is water-soluble and it readily leaves the 

muscle with low pH and high drip loss, which causes a pale color. 

Oxidative Stress and Inflammatory Response 

The immune system is a highly complex network of cells and factors. Through 

cell to cell communication, via membrane receptors, immune cells carry out signals and 

protect the host from infections, pathogenic microorganisms and environmental antigen, 

which includes oxidants from feed. However, immune cells are particularly sensitive to 

oxidation because of their high level of PUFA in membranes and high production of ROS, 

one of its normal functions (Meydani et al., 1995). Oxidation in the membrane results in 

loss of membrane integrity and alteration of membrane fluidity. These changes 

substantially impair both cell functions and intracellular signaling (Puertollano et al., 

2011). It has been reported that exposure to potential prooxidants can involve a reduction 
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in cell-membrane receptor expression in cells that are not suitably protected by 

antioxidants (Gruner et al., 1986). As a result, immune cells contain greater levels of 

antioxidant micronutrients than other cells, presumably supplying protection against lipid 

peroxidation and immunosuppression (Bendich and Machlin, 1988). Adequate amounts 

of antioxidants are not only required to protect cells against oxidative stress, but also to 

prevent damage of the immune cells and suppression of immune functions.  

Inflammatory Responses and Its Mediators  

The inflammatory response is considered to be the cornerstone of innate immunity 

with heterophils or neutrophils and macrophages as the first lines of defense during 

inflammation. The main mediators of inflammation are pro-inflammatory cytokines, such 

as interleukin (IL)-1, IL-6, myelomonocytic growth factor, and tumor necrosis factor 

(TNF)-α released by activated macrophages. These cytokines mediate changes in 

glucocorticoids, acute-phase proteins, and recruitment of monocytes and heterophils or 

neutrophils from the bone marrow (Klasing, 1991). Peroxisome proliferator-activated 

receptor (PPAR)-γ plays an important role in the immune response through its ability to 

inhibit the expression of inflammatory cytokines and direct to the differentiation of 

immune cells to anti-inflammatory phenotypes (Marion-Letellier et al., 2009). Recently, 

it has been reported that the ligand-dependent sumoylation of PPAR-γ represses 

inflammatory gene expression. Sumoylation is a post-translational modification involved 

in various cellular processes, such as nuclear-cytosolic transport, transcriptional 

regulation, apoptosis, protein stability, response to stress, and progression through the cell 

cycle regulated by small ubiquitin-like modifier (SUMO) (Hay, 2005). The mechanism 

involves the binding of sumoylated PPAR-γ to a DNA-bound repressor complex, which 
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blocks the expression of inflammatory gene products by preventing the 19S proteasome-

mediated degradation of the repressor complex (Pascual et al., 2005). Oxidation products 

of fatty acids were shown to be metabolically produced endogenous ligands for PPAR-γ 

(Bull et al., 2003). Also, oxidized frying oil moderately activated PPAR-γ and induced 

oxidative stress in porcine intestinal epithelial cells (Ringseis et al., 2007).  

Modulation of inflammatory responses by PPAR-γ is mediated by negatively 

interfering with a variety of signaling pathways such as nuclear factor (NF)-κB (Straus et 

al., 2000). Nuclear factor-κB is one of the redox-sensitive transcription factors that 

mediates the response of tissues to oxidative stress (Varady et al., 2011), which acts as 

regulators of genes involved in inflammation and the adaptation to oxidative stress 

(Barnes and Karin, 1997). Nuclear factor-κB is activated at sites of inflammation and it 

increases transcription of proinflammatory cytokines, chemokines, cyclooxygenase 

(Cox)-2, and inducible nitric oxide synthase (iNOS) in broilers (Takahashi et al., 2011). 

Peroxisome proliferator-activated receptor-γ agonists have been reported to antagonize 

inflammatory responses by transrepression of NF-κB target genes (Pascual et al., 2005).  

Inflammatory Responses and Antioxidants  

Antioxidants have been reported to up-regulate PPAR-γ and reduced the severity of 

inflammatory diseases. Vitamins C and E decreased fibrosis in chronic pancreatitis (Atten 

et al., 2003). Vitamin E (α-tocopherol and γ-tocopherol) upregulates PPAR-γ expression 

in the SW480 human colon cancer cell line (Campbell et al., 2003). Vitamin E 

tocotrienols have been found to improve insulin sensitivity through activating PPARs 

(Fang et al., 2010).  

Some antioxidants, such as astaxanthin, have been shown to inhibit 
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lipopolysaccharide (LPS)-induced systemic inflammation through the inhibition of 

proinflammatory mediators and cytokines such as IL-1β, IL-6, iNOS, interferon (IFN)-γ, 

and TNF-α in mammals. The inhibition of the expression or formation of 

proinflammatory mediators and cytokines is considered to be the main mechanism of its 

antioxidant capability (Takahashi et al., 2011). Thus a change in the expression of 

proinflammatory mediators and cytokines is also considered as a early marker for 

oxidative stress. 

Antioxidants 

In order to prevent oxidative deterioration of dietary components, antioxidants are 

usually added to the pig and broiler diets. The mechanism of an antioxidant varies in 

many ways, such as competitive binding of oxygen, retardation of the initiation step, 

blocking the propagation step by destroying or binding free radicals, inhibition of 

catalysts, stabilization of hydroperoxides and so on (Valenzuela and Nieto, 1996). Based 

on the mechanism, antioxidants are divided into two types: primary and secondary 

antioxidants. Primary antioxidants are free radical scavengers. They are directly involved 

in the free radical chain reaction by donating hydrogen atoms, incorporating oxygen 

radicals into their structure, so that free radicals are converted to more a stable structure. 

Secondary antioxidants slow the oxidation rate by chelation of metals, regeneration of 

primary antioxidants, scavenging oxygen, absorbing light, or decomposing 

hydroperoxides (Shahidi and Zhong, 2005). For example, a secondary antioxidant can 

prevent the formation of alkoxy and hydroxy radicals by the decomposition of the 

hydroperoxide (ROOH), which is formed when the peroxy radicals abstract a labile 

hydrogen from the polymer backbone (Sundaram, 2013). They are often used in 
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combination with primary antioxidants to yield synergistic stabilization effects (Shahidi 

and Zhong, 2005). 

Antioxidants may be also classified as synthetic or natural. The synthetic 

antioxidants have been generally considered as relatively safe; and are widely applied in 

a number of manufactured products including pharmaceuticals, cosmetics, human foods 

and animal feed (Valenzuela and Nieto, 1996). The most prevalent ones are derived from 

phenolic structures or those having a phenolic configuration within their molecular 

structure. The presence of conjugated ring structures and hydroxyl groups allows 

phenolic compounds to actively scavenge and stabilize free radicals, whereas the 

presence of carbonylic and carboxylic groups in numerous phenolic compounds can 

chelate metals (Hudson and Lewis, 1983). Among the phenolic-derived structures the 

gallic acid esters, the butylated hydroxyanisole (BHA), the butylated hydroxytoluene 

(BHT), the tertiary butylhydroxyquinone (TBHQ) and propyl gallate (PG), identified as 

primary antioxidants, are the most widely used synthetic food antioxidants. In addition, 

the non-phenolic compound ethoxyquin is another commonly used synthetic antioxidant 

in compounded feeds (de Koning, 2002).  

Among the natural antioxidants, vitamin E, especially in the form of α-tocopherol, 

deserves special attention. Tocopherols work as antioxidants by donating the hydrogen of 

the hydroxyl group to a fatty acid free radical resulting in a stable tocopherol radical. The 

stability of the tocopherol radical is due to its aromatic structure and its ethereal oxygen. 

The one paired electron is distributed around the aromatic ring, to the ethereal oxygen, 

and on the side chain (Valenzuela and Nieto, 1996). 

Although synthetic antioxidants, such as ethoxyquin and propyl gallate are well 
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known to effectively control dietary lipid oxidation in vitro, little is known about their 

antioxidant ability in vivo to stabilize lipids in the meat when incorporated into the 

muscles through the animal diet. The following review will concentrate mainly on the 

natural antioxidant vitamin E and synthetic antioxidants ethoxyquin and propyl gallate, 

their biological activity and oxidative stress controlling capability.  

Vitamin E 

The term “vitamin E” covers eight different forms of the vitamin that have similar 

chromanol structures: trimethyl (α-), dimethyl (β-or γ-) and monomethyl (δ-) tocopherol, 

and the corresponding tocotrienols (Singh et al., 2005). Alpha-tocopherol (Figure 2.2) is 

the most preferred form of vitamin E for absorption and accumulation in humans (Rigotti, 

2007). The measurement of “vitamin E” activity in international units (IU) was based on 

fertility enhancement by the prevention of miscarriages in pregnant rats relative to α-

tocopherol.  

Antioxidant Activity Reaction and Oxidation Products of Vitamin E 

Vitamin E acts as a chain-breaking antioxidant, and is a potent peroxyl radical 

scavenger. It prevents the propagation of free radicals in membranes and in plasma 

lipoproteins (Traber and Atkinson, 2007). The peroxyl radical (ROO•) reacts 1000 times 

faster with vitamin E (Vit EOH) than with PUFA, and it produces the tocopheryl radical 

(Vit E-O•) and lipid hydroperoxide. When antioxidant networks are balanced, the formed 

tocopheryl radical can react with vitamin C or other hydrogen donors, thereby returning 

to its reduced state (Traber and Stevens, 2011). Since the tocopheroxyl radical can be 

reduced back to tocopherol, oxidized tocopherols are usually not found in vivo. 

http://en.wikipedia.org/wiki/International_unit
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(Shahidi and Zhong, 2005) 

Figure 2.2 Chemical structure of tocopherols and tocotrienols 

Biologically relevant oxidation products formed from α-tocopherol include 4α,5-

epoxy- and 7,8-epoxy-8α - (hydroperoxy) tocopherones and their respective hydrolysis 

products, 2,3-epoxy-tocopherol quinone and 5,6-epoxy-α-tocopherol quinines identified 

in vitro (Liebler et al., 1996).  

Prooxidant Activity of Vitamin E 

When antioxidant networks are imbalanced, increased levels of α-tocopherol may 

result in its prooxidant activity. Increasing only the levels of α-tocopherol, especially 

under conditions of increased oxidative stress, results in increased levels of α-tocopherol 

radicals which can no longer be efficiently detoxified by the co-antioxidants (Hamre et al., 

1997). This provides the possibility for the prooxidant toxicity of the α-tocopherol radical 

(Figure 2.3). These α-tocopherol radicals can initiate processes of oxidation, such as lipid 
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peroxidation (Rietjens et al., 2002).  

 

 (Rietjens et al., 2002) 

Figure 2.3 Prooxidant action of vitamin E 

Vitamin E Improves Oxidative Status and Meat Quality in Pigs and Broilers 

 A large body of studies demonstrated the antioxidant activities of vitamin E on 

oxidative status and meat quality in pigs and broilers. In pigs, oxidative stress damaged 

cell membranes, so some enzymes, such as creatine kinase and pyruvate kinase were 

released into the blood stream, and showed increased activities of these enzymes in the 

plasma. Similarly, there was greater concentrations of TBARS and conjugated dienes in 

the plasma (Duthie et al., 1989). Supplementation of the diets with 200 IU of vitamin E 

decreased plasma creatine kinase and pyruvate kinase activities, and inhibited the 

formation of the indices of peroxidation in vivo and in vitro (Duthie et al., 1989; 

Lauridsen et al., 1999a). Salobir et al. (2010) confirmed that a high proportion of PUFA 

in the diet increased oxidative stress, whereas vitamin E supplementation significantly 

lowered plasma TBARS and the 24-hour urine TBARS excretion rate, and reduced the 
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degree of DNA damage in leukocytes to the level of a low PUFA group.  

A beneficial effect of vitamin E on oxidative stability in meat was indicated by 

TBARS. Extended meat storage life was observed by addition of 100 mg/kg or more 

vitamin E in the diet. Surface redness (Hunter a* values) were increased in pork chops 

from pigs fed 100 and 200 mg α-tocopheryl acetate/kg diet compared to pigs fed 10 

mg/kg diet after 2, 4, 6 and 8 d of refrigerated storage (Monahan et al., 1994). 

Supplemental α-tocopherol acetate at 200 mg/kg improved the water-holding capacity of 

longissimus dorsi and psoas major muscles (Lauridsen et al., 1999b). 

In broilers, supplementation of diets with α-tocopherol had growth improving effects 

(Chae et al., 2006; Basmacıoğlu Malayoğlu et al., 2010). As for the oxidative status, 

greater concentrations of dietary α-tocopherol (50 or 100 mg/kg) reduced lipid 

peroxidation activity and enhanced activities of antioxidant enzymes in broiler chickens 

(Rama Rao et al., 2011). Thiobarbituric acid reactive substance values in muscles during 

storage decreased with increased dietary vitamin E supplemented in the diet (Li et al., 

2009). Vitamin E supplementation suppressed the formation of lipid peroxidation in both 

plasma and skeletal muscle tissue (Gao et al., 2010). The TBARS level in meat also 

suggested that supplemental α-tocopherol has a protective role in rancidity (Chae et al., 

2006). 

The thigh muscle color, L* (lightness) values were decreased, and a* (redness) and 

b* (yellowness) values were increased with the combination of garlic powder and α-

tocopherol (Choi et al., 2010). Alpha-tocopherol supplementation at 200 IU/kg increased 

unsaturated fatty acid in thigh muscle (Li et al., 2009; Choi et al., 2010). These results 

suggest the antioxidant property of α-tocopherol is effective for enhancing lipid and color 
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stability. Supplementation with 200 IU of α-tocopherol or 100 IU of α-tocopherol plus 

0.3 ppm Se has been reported to be effective in delaying microbial growth and 

prolonging product shelf life (Kim et al., 2010). The vitamin E supplementation at 100 

IU/kg increased the oxidative stability of fresh thigh muscle (Englmaierova et al., 2011) 

and supplementation at 200 IU/kg or 100 IU/kg extended the shelf life of stored chicken 

thigh muscle (Choi et al., 2010; Englmaierova et al., 2011). 

Vitamin E Mediates Cytokines 

In a LPS challenge model, dietary α-tocopherol reduced plasma protein levels of 

IFN-γ, IL-1β, IL-2, IL-6, IL-4, and IL-10 and splenic levels of IFN-γ, IL-2, IL-6, and IL-

10. The LPS-induced change in immune response profile suggests that the relative 

balance within the cytokine network was being maintained, with both pro-inflammatory 

and anti-inflammatory gene expression changes in unison (Zhang et al., 2010). In another 

LPS challenge study, natural α-tocopherol lowered the splenic IL-6 level by enhancing 

anti-inflammatory transforming growth factor (TGF)-β1 response (Kaiser et al., 2012), 

which agrees with a human study that α-tocopherol supplementation decreases monocyte 

IL-6 levels in normal volunteers and type 2 diabetic patients (Devaraj and Jialal, 2000).  

A pathogenic challenge or dietary oxidant stressors would likely provide a longer-

term stimulation of the immune system than the LPS model. The host would likely 

upregulate IL-6, IFN-γ, iNOS, and IL-10 over a longer time period to maintain a balance 

of inflammatory response and minimize the host tissue damage (Kaiser et al., 2012). 

Although inflammation is necessary for an immune response, a chronic inflammatory 

state is detrimental to the host and negatively impacts production traits in food animals 

(Klasing, 2007). 
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Free radicals are involved in the regulation of the expression of inflammation-

regulatory genes under the control of transcription factors, NF-κB for example (Grimble, 

1994). As an antioxidant, vitamin E reduces free radical induced pathology during 

inflammatory response. It affects free radical-mediated signal transduction and ultimately 

modulates the expression of genes that are regulated by free radical signaling (Packer and 

Suzuki, 1993). Specifically, Packer and Suzuki (1993) demonstrated that vitamin E and 

derivatives inhibit NF-κB activation in vitro and therefore modulate expression of genes 

that are under NF-κB control. 

Ethoxyquin  

Ethoxyquin (Figure 2.3) is an aromatic amine that scavenges radicals produced from 

lipid oxidation ending the oxidation of unsaturated fatty acids (Bohne et al., 2008). It is 

commonly used to preserve vitamins and lipids in various foods and feeds (Thorisson et 

al., 1992; de Koning, 2002).  

 

 

Ethoxyquin 

Figure 2.4 Chemical structure of ethoxyquin  

Figure source: http://www.sigmaaldrich.com/catalog/product/aldrich/e8260?lang=en&region=US 

Absorption and Metabolism 

Ethoxyquin (6-ethoxy-2,2,4-trimethyl-1,2-dihydroquinoline) was absorbed  primarily 

http://www.sigmaaldrich.com/catalog/product/aldrich/e8260?lang=en&region=US
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by the portal route; only about 3% of the administered ethoxyquin was absorbed from the 

gastrointestinal tract via the lymphatic pathway within 24 h (Skaare, 1979). After 0.5 h of 

administration, 
14

C-ethoxyquin in male rats existed throughout most tissues and the blood, 

but the distribution of ethoxyquin varies. The greatest radioactivity was found in the liver, 

the kidney, the gastrointestinal tract and the adipose tissue, whereas it did not distribute in 

the brain and the central nervous system (Skaare and Nafstad, 1979). Through a bile-duct 

cannulated rat study, Skaare (1979) found that ethoxyquin was not metabolized 

extensively before bilirary excretion, and 75 to 85% of the 
14

C excreted in the 12 h bile 

was identified as unchanged ethoxyquin. The major metabolic reaction to produce urinary 

metabolites was de-ethylation, which gave rise to 6-hydroxy-2,2,4-trimethyl-1,2-

dihydroquinoline and an oxidation product, 2,2,4-trimethyl-6-quinolone. Other reactions 

were hydroxylation to four different hydroxylated metabolites and one dihydroxylated 

metabolite (Skaare and Solheim, 1979). 

Effects on Growth Performance in Pigs and Broilers 

Harrell et al. (2010) evaluated the effects of a blend of antioxidants (AOX, major 

compound is ethoxyquin) with different sources of corn oil (fresh corn oil, oxidized corn 

oil and DDGS) in weanling nursery pigs. From 10 to 42 d postweaning, pigs fed AOX 

tended to have 2.5% greater ADG and 2.5% greater ADFI compared to controls 

regardless of fat source (Harrell et al., 2010). Increased G:F (P = 0.07) in barrows fed 

diets with AOX occurred after 28 d but not after d 56 when compared with barrows not 

fed AOX (Boler et al., 2012). 

An earlier study showed that broiler chickens fed a standard diet supplemented with 

ethoxquin at 125 mg/kg were significantly heavier than broilers receiving diets 

http://informahealthcare.com/action/doSearch?action=runSearch&type=advanced&result=true&prevSearch=%2Bauthorsfield%3A%28Skaare%2C+J.+U.%29
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containing no antioxidant (Waldroup et al., 1960). Ethoxyquin supplementation at a level 

of 125 mg/kg improved BW of broilers fed diets low in vitamin E and containing 

oxidized safflower oil (Bartov and Bornstein, 1972). Similarly, Cabel et al. (1988) found 

that supplementation of 62.5 and 125 mg/kg ethoxyquin resulted in significantly heavier 

birds at 49 d of age. In an oxidized oil induced oxidative model, broilers fed oxidized oil 

without ethoxyquin showed the poorest BW and the non-oxidized oil diet with 

ethoxyquin showed the heaviest BW (Dibner et al., 1996). Later, Wang et al. (1997) 

demonstrated that ethoxyquin supplementation in a normal fat diet resulted in greater 

weight gain in the first 3 wk of the study, but the beneficial effects did last into the last 

three weeks. In a recent study, Tavarez et al. (2011) indicated that BW and weight gain 

were increased by AOX inclusion. It was also reported that AOX increased feed intake in 

broilers which was in contrast to previous studies which showed no impact on feed intake 

(Wang et al., 1997; McGill et al., 2011). The author attributed the divergence in results to 

the use of propyl gallate in addition to ethoxyquin, whereas the AOX in Wang et al. (1997) 

only had one antixodant, ethoxyquin. 

Ethoxyquin has also been reported to improve feed conversion (Bartov and Bornstein, 

1972; Bailey et al., 1996). For example, a better cumulative feed efficiency from d 0 to 

21 was observed in birds fed diets with 3% oxidized oil supplemented with ethoxyquin 

than those fed oxidized oil in the absence of ethoxyquin (Dibner et al., 1996). However, 

other studies showed no effects on feed efficiency (Cabel et al., 1988; McGill et al., 2011; 

Tavarez et al., 2011).  

Oxidative Status 

The severity of tissue damage by oxidative stress in an organism is also dependent on 
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the balance of free radical generation and the body antioxidant defense system. Oxidative 

status is reflected by measuring TBARS values, an oxidation product from lipid, or the 

antioxidant capability in the tissue.  

Dietary oxidized oil increased lipid oxidation and affected antioxidant systems such 

as GSH-Px enzyme activity and vitamin E concentration in tissues (Fernandez-Duenas, 

2009). The supplementation of AOX reduced the free carbonyl contents in plasma 

regardless of oil type. Also, it reduced the TBARS in loin muscle tissue from barrows fed 

AOX after 14 and 21 d of storage (Boler et al., 2012). 

Ethoxyquin significantly improved the stability of liver lipids based on TBARS 

values in broiler chickens fed diets prone to oxidation, and increased liver vitamin A 

(Bartov and Bornstein, 1972). It markedly improved the stability of fat and meat of 

broilers fed diets in a logarithmic manner better than α-tocopheryl acetate (Bartov and 

Bornstein, 1977). Also, there was an additive effect of ethoxyquin and α-tocopherol in 

regards to the stability of abdominal fat and thigh meat (Bartov and Bornstein, 1981). 

Ethoxyquin consistently tended to increase α-tocopheryl acetate levels in carcass fat of 

birds fed diets with or without α-tocopherol supplementation (Bartov and Bornstein, 

1981). Bailey et al. (1996) reported that after a 6 wk feeding phase, the TBARS 

concentration in response to 500 mg/kg dietary ethoxyquin was significantly lower in the 

liver and spleen tissues, whereas in the kidneys, 1,000 mg/kg ethoxyquin significantly 

lowered TBARS. 
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Propyl Gallate 

 

Propyl gallate 

Figure 2.5 Chemical structure of propyl gallate 

Figure source: http://www.sigmaaldrich.com/catalog/product/sigma/p3130?lang=en&region=US 

Propyl gallate (Figure 2.4) is poly-phenol that is widely used in stabilizing animal 

fats and vegetable oils. It is also effective in meat products, spices, and snacks. Propyl 

gallate is slightly soluble in oils and highly soluble in water. It chelates with iron ions, 

resulting in the discoloration of some food products. In rats, nearly 70% of an oral dose 

of propyl gallate was absorbed in the gastrointestinal tract, and it was then hydrolyzed to 

gallic acid and free alcohol. The free alcohols were metabolized through the Krebs cycle. 

Gallic acid was methylated to yield 4-o-methyl gallic acid, which was the main 

metabolite found in urine either free or conjugated with glucuronic acid. Significant 

amounts of unchanged esters were excreted in the feces (Madhavi and Salunkhe, 1995). 

As mentioned above, there was no impact on feed intake (Wang et al., 1997; McGill et al., 

2011) by supplementation of ethoxyquin as the only antioxidant in the diet, whereas an 

improvement of feed intake was observed by Tavarez et al. (2011) in broilers resulting 

from the use of propyl gallate in addition to ethoxyquin. 

Conclusion 

Dietary oxidants can induce oxidative stress, which reduces the whole body 

http://www.sigmaaldrich.com/catalog/product/sigma/p3130?lang=en&region=US
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antioxidant capablity by decreasing the activity of antioxidant enzymes and the 

concentration of non-enzymatic compounds. Oxidative stress retards growth performance 

and impairs meat quality, reducing economic value and marketability of animal products. 

A poor animal health status related to detrimental chronic inflammation was also caused 

by oxidative stress. Although the original purpose of synthetic antioxidants is to stablize 

the feed and reduce the amount of oxidants, they have been reported to improve the 

growth performance, product quality and animal health status. Dietary supplemation of 

AOX (ethoxyquin and propyl gallate) may provide a new nutritional therapy to moderate 

oxidative stress in pigs and broiler chickens. 



 

30 

Chapter 3  

Effects of a dietary antioxidant blend on growth performance, liver function and 

oxidative status in pigs fed diets high in oxidants 

ABSTRACT  

The objective of the study was to determine the effects of a dietary antioxidant (AOX, 

ethoxyquin and propyl gallate) blend and vitamin E on growth performance, liver 

function and oxidative status in pigs fed diets high in oxidants. Crossbred barrows (n = 

100, 10.91 ± 0.65 kg BW, 36 ± 2 d of age, Landrace × Duroc) were allotted to 5 

treatments based on BW (5 replicate pens per treatment, 4 pigs per pen). Treatments 

included: 1) HO: high oxidant diet containing 5% oxidized soy oil and 10% PUFA source 

(containing docosahexaenoic acid, DHA, 3.7% of diet); 2) VE: the HO diet with 11 IU/kg 

of added vitamin E; 3) AOX: the HO diet with AOX (135 mg/kg); 4) VE+AOX: the HO 

diet with both vitamin E and AOX; and 5) SC: a standard corn-soy control diet. The trial 

lasted for 118 d; on d 83, the HO diet pigs were switched to the SC diet because the 

animals were displaying very poor health. Compared with SC pigs, HO pigs had 

decreased ADG (0.92 vs. 0.51 kg, d 26 to 55; 1.29 vs. 0.34 kg, d 56 to 82, P < 0.05) and 

ADFI (1.84 vs. 0.96 kg, d 26 to 55; 3.41 vs. 1.14 kg, d 56 to 82, P < 0.05). However, 

switching the HO pigs to the SC diet resulted in HO pigs having a greater ADG than VE 

fed pigs from d 83 to 118 (0.90 vs. 0.60 kg, P < 0.05). The AOX restored pig 

performance to a level similar to pigs fed the SC diet (P > 0.05) with greater G:F for the 

entire period (0.43 vs. 0.38, P < 0.05). A greater liver to BW ratio was found in HO 

compared to other treatments on d 55 and in VE on d 118. Total bilirubin concentration 

in plasma of HO pigs on d 55 was greater than VE+AOX pigs (2.92 vs. 0.90 mg/dL, P < 
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0.05), whereas on d 118, bilirubin level in VE was greater than in VE+AOX and SC (P < 

0.05). A similar trend was observed in aspartate transaminase. Plasma concentrations of 

thiobarbituric acid reactive substances (TBARS) and carbonyl were elevated (P < 0.05) 

in the HO compared to the SC pigs on d 55 but not on d 118. Liver TBARS and carbonyl 

levels showed a similar trend, except that VE pigs had the greatest carbonyl level on d 

118. AOX added treatments showed a similar TBARS and carbonyl level with SC in the 

plasma and liver (P > 0.05). In the oxidative stress model used in this study, dietary 

addition of AOX or AOX+VE was effective in improving growth, liver function and 

plasma markers of oxidative stress, but VE alone was not. 

Key words: antioxidant, pig, growth performance, liver function, TBARS, carbonyl 

INTRODUTION 

Lipids are a concentrated energy source, supporting fast and efficient growth in food 

animals, but they are prone to oxidation. In particular, diets with a high concentration of 

PUFA have increased potential for nutrient oxidation (Chahboun et al., 1990). The 

elevated cost and greater use of feed grains for bio-fuel production have increased the use 

of by-products with greater levels of PUFA enhancing the potential for nutrient oxidation 

and oxidative stress in meat animals. 

Oxidative stress is defined as the imbalance of prooxidants and antioxidants. The 

excessive free radicals attack macro-molecules such as bio-membrane lipids and proteins, 

and induce cellular and tissue damage (Machlin et al., 1959; Valko et al., 2006). 

Exogenous antioxidants may be needed to protect animals from oxidative stress. 

Synthetic antioxidants, such as ethoxyquin and propyl gallate have been reported to 

effectively reduce rancidity in feed (Njobeh et al., 2006). Ethoxyquin is a free radical 
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scavenger antioxidant that is commonly used to preserve vitamins and lipids in various 

foods and feed (Thorisson et al., 1992; de Koning, 2002) and it has improved growth 

performance and body oxidative status in pigs (Dibner et al., 1996; Fernandez-Duenas, 

2009; Harrell et al., 2010). Propyl gallate is a poly-phenol widely used to chelate iron 

ions, which catalyze the oxidation process (Madhavi and Salunkhe, 1995). We 

hypothesized that a commercial combination of these two antioxidants (AOX, 

ethoxyquin and propyl gallate) could effectively protect pigs from oxidative stress 

induced by dietary oxidants. Therefore, the objective of this study was to evaluate the 

effects of an antioxidant blend on performance, liver function and oxidative status of pigs 

fed diets high in oxidants.  

MATERIALS AND METHODS 

The complete protocol was approved by the Virginia Tech Institutional Animal Care 

and Use Committee (IACUC). 

Animals and Experimental Design 

One hundred castrated male weanling pigs (21 ± 2 d of age, Landrace × Duroc) from 

a commercial source (Murphy-Brown LLC, Waverly, VA) were placed in an 

environmentally controlled nursery room at the Virginia Tech Tidewater Agricultural 

Research and Extension Center (TAREC) swine unit in Suffolk, VA. Pigs were fed a 

pre-test diet for 15 d prior to the start of the experiment. After the pretrial period, all pigs 

were individually tagged, weighed, and randomly assigned to 5 dietary treatments from 

blocks designed to balance initial BW across treatments. Each treatment had 5 pens with 

4 pigs per pen. Treatments were as follows: 1) HO: high oxidant diet containing 5% 

oxidized soy oil and 10% of a PUFA source (containing docosahexaenoic acid, DHA, 3.7% 
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of diet); 2) VE: the HO diet with 11 IU/kg of added vitamin E ; 3) AOX: the HO diet 

with the antioxidant blend (AOX, ethoxyquin + propyl gallate at 135 mg/kg); 4) 

VE+AOX: the HO diet with both vitamin E and AOX; and 5) SC: a standard soy-corn 

control diet. Experimental diets were fed on ad libitum basis for 118 d. 

The experimental diets (Table 3.1) were prepared by making a basal diet, and then 

adding VE and/or AOX. The SC diet with non-oxidized soybean oil was made separately. 

The VE addition level was 11 IU/kg in the SC, VE and VE+AOX diets, according to 

NRC recommendations (1998). The antioxidant blend was provided by NOVUS 

International Inc. (AGRADO PLUS, St. Charles, MO). To prepare the oxidized oil, 

soybean oil was heated to 95°C and oxidized by continuously bubbling air at a rate of 80 

L/min for up to 72 h. Peroxide values were determined hourly according to AOCS (2007) 

methods (peroxide value acetic acid chloroform method, Cd853) to reach PV of 

approximately 180 mEq/kg of oil. 

The whole experiment included five phases: Starter I (d 0 to 10), Starter II (d 11 to 

55), Grower I (d 26 to 55), Grower II (d 56 to 82) and Finisher (d 83 to 118). Due to poor 

health and performance at the beginning of the Finisher phase on d 83, the HO diet pigs 

were switched to the SC diet as a recovery measure in fulfillment of IACUC 

requirements. Growth was assessed and plasma collected at defined time points 

throughout the 118 d study. After the Starter II phase, pigs were relocated from nursery 

pens (0.914 × 1.22 m) to finishing pens (1.22 × 2.44 m).  

Sample Preparation 

At the beginning of the study, two pigs from each pen were randomly selected for 

blood sampling. Blood samples were collected from the jugular vein into 10 mL EDTA 
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vacuum tubes on d 25, 55 and 118. Two pigs from each pen were randomly selected for 

tissue collection on d 25 or 55; the pigs supplying blood sample were sacrificed and 

sampled on d 118. The left central lobe of the liver from each sacrificed pig was flash 

frozen using liquid nitrogen, and then stored with plasma at -80°C until assays were 

conducted. On d 118, the remaining 50 pigs were individually identified by tattoo and 

transported to the Virginia Tech Meats Laboratory processing facility for harvest, 

sampling and data collection.  

Thiobarbituric Acid Reactive Substances and Carbonyl 

Thiobarbituric acid reactive substances (TBARS) were determined using a 

commercial assay kit (Cayman Chemical Company, Ann Arbor, MI). For this assay, 

malonaldehyde (MDA) reacted with thiobarbituric acid (TBA) forming the MDA-TBA 

product in acidic conditions and high temperatures (90 to 100°C) and was measured 

colorimetrically at 540 nm. Sample MDA concentration was compared to a MDA 

standard curve. The level of TBARS was expressed as plasma MDA concentration in μM, 

and tissue homogenate in μmol/g protein according to a standard curve. Carbonyl was 

determined using a protein carbonyl kit (Cayman Chemical Company, Ann Arbor, MI,). 

With this method, 2,4-dinitrophenylhydrazine (DNPH) reacted with protein carbonyl, 

forming a Schiff base to produce the corresponding hydrazone, which was detected 

colorimetrically at 372 nm. Protein concentration was determined using Pierce BCA 

protein assay kit (Pierce Biotechnology, Rockford, IL). Protein concentration was 

expressed as mg/mL and compared to a known BSA concentration standard curve 

measured colorimetrically at 562 nm. 
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Liver Biochemical Parameters 

Plasma γ-glutamyl transpeptidase (GGT) and aspartate transaminase (AST) assay 

kits were purchased from Teco Diagnositics (Anaheim, CA). The activity of GGT was 

determined using a kinetic kit at 405 nm. The GGT enzyme catalyzes the transfer of a γ-

glutamyl group from γ-glutamyl-p-nitroanilide. Measuring the rate of liberation of p-

nitroaniline is directly related to GGT activity. The liver function enzyme AST catalyzes 

the conversion of oxoglutarate to oxalacetate, which reacts with a diazonium salt, and 

thus produces a color complex that can be measured at 530 nm. Total bilirubin (TB) and 

alanine transaminase (ALT) levels in the plasma were detected using kits from Bioassay 

Systems (Hayward, CA). The concentration of TB was measured through a red product 

from the reaction of bilirubin with diazotized sulfanilic acid at 530 nm. The ALT was 

quantified by pyruvate production. In this assay, NADH was converted to lactate and 

NAD, so the decrease in NADH absorbance at 340 nm was proportional to ALT. 

Statistical Analysis 

Data were analyzed using the Glimmix procedure of SAS (version 9.2, SAS Institute, 

Inc., Cary, NC). Pen was the experimental unit (n = 5 per treatment). For growth 

performance and plasma indicators, analyses were conducted using repeated measures by 

sampling day. The model included the fixed effects of dietary treatment, sampling day 

and their interaction. Means and SE calculations were determined using the least squares 

means statement, with the slice option to separate treatment means by sampling day. 

Tukey’s multiple comparison test was conducted at a significance level of α= 0.05. 

Pearson correlation coefficients were used to determine the relationships between liver to 

body weight ratio and growth rate, TBARS and carbonyl levels. 
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RESULTS 

Performance 

Growth performance results within individual diet phases of the experiment are 

summarized in Table 3.2. Interactions between dietary treatment and sampling day for 

BW, ADG, ADFI and G:F were significant (P < 0.05). During the Starter I and Starter II 

phases, there were no significant differences among treatments for BW, ADG, ADFI and 

G:F. Within the Grower I phase, pigs fed the HO grew at a slower rate (P < 0.05) than the 

other treatments. This pattern continued to the end of the Grower II phase on d 82. 

However, as a result of switching the HO treatment pigs to the SC diet, during the 

Finisher phase (d 83 to 118) the HO pigs had recovered and showed a greater ADG than 

the VE pigs. The reduced growth rate for HO was associated with pronounced reduction 

in daily feed consumption (P < 0.05) compared to other treatments during the grower 

phases. At the end of Grower II, HO fed pigs showed the poorest G:F. These observations 

provide confirmation that the experimental model to create oxidative stress was effective. 

The growth rate of the VE pigs was comparable to AOX pigs and the VE+AOX pigs 

during the Grower I phase. However, at the end of finisher phase, the growth rate of VE 

pigs was the poorest among treatments. The ADFI for VE pigs was less than for the SC 

pigs during the Grower I, Grower II and Finisher phases. The growth rate of pigs fed the 

AOX and VE+AOX diets was comparable to SC fed pigs during the Grower I, Grower II 

and Finisher phases. The G:F of the AOX fed pigs during the Grower I phase and the 

VE+AOX fed pigs during the Finisher phase was better than SC pigs.  

The cumulative growth performance data during the first 25 d of the experimental 

period were similar among treatments (data not shown). However, during d 0 through d 
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82, the HO pigs showed a significantly poorer growth rate than all other treatments. After 

d 82, the HO pigs were fed the SC diet as a rescue procedure. Under this condition, the 

HO pigs recovered such that for the entire 118 d period cumulative growth rate was 

similar for the HO and VE fed pigs, but both of these treatments had poorer overall 

growth rate than the AOX, VE+AOX and SC fed pigs. Similarly, pigs on the HO and VE 

treatments did not consume as much feed as the SC treatment during the d 0 to 82, and d 

0 to 118 periods. Feed efficiency of AOX pigs was better than SC pigs from d 0 to 82. 

For the whole trial period, the AOX and VE+AOX treatment pigs had greater feed 

efficiency than SC and HO treatment pigs. However, it must be acknowledged that the 

AOX and AOX+VE diets had greater energy density than the SC diet. There appeared to 

be no additive effects of vitamin E and AOX during any cumulative period.  

Liver to BW Ratio and Biochemical Parameters 

A greater liver to BW ratio was found in HO compared to other treatments on d 55 

(Figure 3.1). At harvest after d 118, the liver to BW ratio of VE fed pigs was greater than 

that of AOX, VE+AOX and SC pigs. The ratio was highly negatively correlated to 

growth rate (r = -0.81, P < 0.001, data not shown), suggesting liver stress or dysfunction 

in pigs experiencing severe oxidative stress. 

Plasma GGT, TB, ALT and AST levels were measured on d 25, 55 and 118 (Table 

3.3). Interactions between dietary treatment and sampling day for GGT, TB and AST 

were significant (P < 0.05). Total bilirubin level in plasma of HO pigs on d 55 was 

greater than VE+AOX pigs, whereas on d 118, the level of TB of the VE pigs was greater 

than in the VE+AOX and SC pigs. Plasma AST was greatest in HO pigs on d 55, whereas 

on d 118, VE pigs showed the greatest level among all the treatments (P < 0.001). 
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However, other indicators of liver function including GGT and ALT showed no 

differences among dietary treatments at any sample collection time point. 

TBARS and Carbonyl Levels in the Plasma and Liver 

The TBARS and carbonyl levels in the plasma are summarized in Table 3.4. 

Interactions between dietary treatment and sampling day for plasma TBARS and 

carbonyl concentrations were significant (P < 0.05). The lipid peroxidation product 

TBARS, was significantly elevated in plasma of HO pigs on d 55. After switching the 

HO pigs to the SC diet on d 83, TBARS concentration determined on d 118 was restored 

to a concentration similar to the SC pigs. Plasma from pigs fed the VE diet had the 

greatest TBARS level on d 118. A similar pattern was observed in plasma carbonyl 

concentration, which is an indicator of protein oxidation. Carbonyl level was highly 

correlated to TBARS level (r = 0.72, P < 0.001, data not shown). 

The TBARS and carbonyl levels in the liver are summarized in Figures 3.2 and 3.3. 

The HO pigs had the greatest level on d 55 (P = 0.001), whereas VE pigs tended to have 

the greatest level on d 118 (P = 0.10). Similar to the carbonyl levels in the plasma, all 

pigs showed a relatively less protein oxidation in the liver except VE pigs. However, VE 

pigs maintained the greatest carbonyl level through d 118, whereas AOX added 

treatments showed a similar carbonyl level with the SC treatment. Carbonyl level was 

correlated to TBARS level (r = 0.58, P < 0.0001, data not shown).  

DISCUSSION 

The reduction in ADG, ADFI, G:F and BW in HO pigs became apparent by the 

Grower I phase. In the current model, oxidized soybean oil used at 5% of the diet is one 

source of dietary oxidants. High supplementation of PUFA, which is more susceptible to 
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oxidation (Chahboun et al., 1990), increased the diet content of oxidized lipid and a series 

of toxic aldehydes (Esterbauer, 1993; Blokhina et al., 2003). Aldehydes, ketones, acids, 

esters and polymerized oils are direct products of oxidation and can result in reduced 

dietary energy values and a rancidity condition that ultimately destroys acceptability and 

usefulness of fats and oils (Sherwin, 1978). Products of oxidation may also reduce the 

absorption and utilization of the fat soluble vitamins and react with other nutrients in the 

diet, such as proteins and amino acids, impairing their biological values (Frankel, 1984). 

Moreover, free radicals, which are induced by high amounts of oxidized lipids, can attack 

macromolecules in the body, such as lipids, protein, and nucleic acids (Valko et al., 

2006), and thus impair animal health and growth (Miller et al., 1993).  

Growth suppression from oxidized lipids has been well documented in a large number 

of studies (Cabel et al., 1988; Lin et al., 1989; Dibner et al., 1996; DeRouchey et al., 

2004; Harrell et al., 2010; McGill et al., 2011). It appears that feeding pigs an oxidative 

stress prone diet requires supplementation of greater levels of antioxidants. In this study, 

supplementing vitamin E at the NRC (1998) level of 11 IU/kg was not effective in 

preventing oxidative stress. This was clearly demonstrated in the performance data from 

d 54 to the end of the study. In the final phase, the VE pigs showed a slower growth rate 

than HO, an apparent result of the HO pigs being switched to the SC diet on d 82 for 

humane reasons. Due to the free radical scavenging capability of ethoxyquin and iron 

chelating action of propyl gallate (Thorisson et al., 1992; de Koning, 2002), AOX 

improved growth performance regardless of VE supplementation. This is consistent with 

an observed improvement in ADG and ADFI due to AOX supplementation in pigs fed 

DDGS or oxidized corn oil (Harrell et al., 2010). Similarly, an increased feed conversion 
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efficiency has been observed for barrows fed diets with AOX after 28 d of feeding 

(Fernandez-Duenas, 2009). These G:F data indicate possible advantages in feed 

efficiency of AOX added treatments when pigs were fed an oxidative stress diet. 

However, in this study, the greater G:F of AOX compared to SC was, at least in part, due 

to the greater energy density of the diets with high levels of oxidized soybean oil. 

The enlarged liver in pigs subjected to dietary oxidative stress is likely due to the 

cytotoxic effects that oxidation products have in the body system (Esterbauer, 1993). This 

is consistent with the finding that oxidized oil caused a greater liver to BW ratio in rats 

(Johnson et al., 1957). An enlarged liver was also found in an early study in the young 

growing pig (Ruiter et al., 1978).  

Release of intracellular enzymes to the extracellular space is a marker of cell damage 

in various diseases (Kristensen, 1994). In the current study, liver function indicators, 

including AST and ALT, provided further confirmation that oxidative stress occurred in 

HO and VE treatment pigs as a result of hepatic stress. Alanine transaminase is an 

enzyme present in hepatocytes; AST is similar to ALT in that it is another enzyme 

associated with liver parenchymal cells. Elevated levels of the liver function enzymes 

ALT and AST are well known diagnostic indicators of liver injury and are considered 

bio-markers for liver function (Chiu et al., 2013). Although the concentrations of ALT in 

this study were not significantly different among treatments, the increase in plasma AST 

may suggest hepato-cellular necrosis, which causes an increase in permeability of the cell 

membrane caused by oxidative stress, resulting in the release of transaminase in the blood 

stream. This is in agreement with previous findings that oxidized oil causes oxidative 

http://en.wikipedia.org/wiki/Enzyme
http://en.wikipedia.org/wiki/Hepatocyte
http://en.wikipedia.org/wiki/Parenchymal_cells
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stress and elevates plasma AST indicating liver damage (Aruna et al., 2005; Totani and 

Burenjargal, 2008).  

Bilirubin, the end product of red blood cell turnover, is produced by Kupffer cells 

lining the sinusoid and transported to the hepatocytes for conjugation (Yen, 2001) . In 

this study, the elevation in plasma bilirubin levels might be due to erythrocyte hemolysis. 

The erythrocyte membrane is susceptible to oxidative stress due to its high content of 

polyunsaturated fatty acids. High doses of free radicals or its oxidation products from the 

oxidative stress diet probably caused a destruction of the erythrocyte membrane 

structures (Nakazawa and Nagatsuka, 1980). This was consistent with the results from 

Senthilkumar et al. (2006) who reported that oxidative stress alters the levels of the non-

enzymatic antioxidant GSH and antioxidant enzymes in erythrocytes, leading to an 

elevation of bilirubin due to erythrocyte hemolysis. The increase in plasma bilirubin 

content of pigs fed oxidative stress diets without sufficient antioxidants (HO in the 

Grower I, VE in Finisher phase) agrees with the change of the liver marker enzyme AST. 

Taken together, these observations allude to the occurrence of liver damage. 

Lipid is the most susceptible macro-molecule to free radical attack at the broken 

double bonds. Through a chain reaction mechanism, lipid peroxidation products are 

formed (Fellenberg and Speisky, 2006). The concentration of TBARS in blood and 

tissues can generally be used as biomarkers of radical-induced damage and the 

endogenous lipid peroxidation. Restoration to nearly normal levels of MDA by AOX 

may be due to an enhancement of the body’s antioxidant defense system. This result is 

consistent with a previous swine study in which an elevation of TBARS was found after 
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oxidized oil was applied, whereas AOX reduced the plasma and muscle TBARS (Boler et 

al., 2012). 

The secondary products of lipid oxidation will induce protein oxidation as well, 

which may cause fragmentation and conformational changes in the secondary and tertiary 

structure of protein and its function. Amino acid residues are the major targets of free 

radicals (Fellenberg and Speisky, 2006). Carbonyl derivates are an important oxidation 

by-product of such residues, which is indicative of the extent of oxidative damage 

affecting the amino acid residues. Liver was sensitive to protein oxidation as measured by 

carbonyl level in this study. A greater change of carbonyl level was found in aged rats in 

the liver (Breusing et al., 2009). Rats fed a diet containing heated oil developed apparent 

liver damage to different degrees regardless of the chemical properties of the ingested 

oils (Totani et al., 2008). Protein oxidation or proteo-oxidation is a slower and less 

extended process than lipid oxidation, which was reflected by the greatest carbonyl level 

being in the liver of HO pigs, though the diet was switched to SC at d 82. 

Supplementation with AOX protected oxidation of both macro-molecules to a similar 

level of SC with a strong antioxidant capability. 

Collectively, feeding pigs diets high in oxidants had profound negative effects on 

growth performance. The AOX added treatments significantly restored pig performance 

to a level similar to pigs fed the SC diet with greater feed efficiency than SC. The 

negative effects of the oxidative stress diet resulted in a greater liver to BW ratio with 

greater bilirubin levels and AST activities in the plasma, which suggests impaired liver 

function with these treatments. The concentrations of TBARS and carbonyl in the plasma 

and liver were significantly elevated suggesting both lipid oxidation and protein 
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oxidation. Addition of AOX providing ethoxyquin and propyl gallate protected pigs fed 

high oxidants diet from oxidative stress, whereas supplementation of vitamin E alone at 

the NRC level of 11 IU/kg diet could not prevent the negative effects of the oxidative 

stress diet.  
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Table 3.1 Composition of standard control and high oxidant diets (diets 1 to 4) for different diet phases
1
 

 Standard Control Diet  High Oxidant Diet  

Phase  Starter I Starter II Grower I Grower II Finisher  Starter I Starter II Grower I Grower II Finisher  
Ingredients, %             

Corn 54.80 64.47 67.58 76.25 82.05  42.25 54.00 57.47 65.77 71.80  

Soybean Meal 27.00 28.75 26.10 17.81 12.40  28.93 27.14 24.10 16.20 10.51  

TREVERA
2
 0.00 0.00 0.00 0.00 0.00  10.00 10.00 10.00 10.00 10.00  

DAIRY LAC 80
 3
 8.00 0.00 0.00 0.00 0.00  8.00 0.00 0.00 0.00 0.00  

Soybean oil (oxidized) 3.00 3.00 2.00 1.00 0.00  5.00 5.00 5.00 5.00 5.00  

Dry fat 0.00 0.00 1.00 2.00 3.00  0.00 0.00 1.00 2.00 3.00  

Fish meal 4.00 0.00 0.00 0.00 0.00  2.00 0.00 0.00 0.00 0.00  

Monocalcium phophate 1.04 1.42 1.20 0.96 0.79  1.45 1.48 1.23 1.00 0.82  

Limestone 0.82 1.03 1.03 0.95 0.89  1.00 1.02 1.04 0.95 0.90  

Salt 0.35 0.35 0.35 0.35 0.35  0.35 0.35 0.35 0.35 0.35  

L-Lysine HCl 0.34 0.38 0.33 0.33 0.28  0.37 0.40 0.37 0.36 0.32  

MHA 0.20 0.17 0.12 0.07 0.02  0.21 0.18 0.14 0.08 0.04  

Threonine 0.15 0.14 0.11 0.10 0.07  0.14 0.14 0.12 0.11 0.08  

Mineral premix 
4
 0.15 0.14 0.13 0.13 0.1  0.15 0.14 0.13 0.13 0.13  

Vitamin E free premix 
5
 0.05 0.05 0.05 0.05 0.05  0.05 0.05 0.05 0.05 0.05  

CuSO4 0.10 0.10 0.00 0.00 0.00  0.10 0.10 0.00 0.00 0.00  

Total 100 100 100 100 100  100 100 100 100 100  

             

Analyzed nutrient composition as-fed basis, %         

Moisture 11.3 12.1 12.1 12.6 13.0  10.4 10.7 10.9 11.3 12.2  

DM 88.7 87.9 87.9 87.4 87  89.7 89.3 89.2 88.7 87.9  

CP 20.5 19.8 19.0 14.7 12.4  20.4 19.5 17.8 14.5 12.2  

Crude Fat 5.6 5.5 5.9 6.3 6.1  9.7 10.2 10.4 10.4 9.6  

Ash 6.1 5.3 4.6 4.0 3.5  7.2 5.9 5.7 4.8 4.0  

Crude Fiber 2.4 2.3 2.9 2.2 2.1  4.3 4.2 4.1 4.2 3.3  

Ca 0.95 0.83 0.72 0.64 0.59  1.04 0.86 0.79 0.63 0.59  

P 0.77 0.67 0.64 0.58 0.45  0.78 0.68 0.61 0.52 0.46  

Calculated ME kcal/kg 3,490 3,436 3,450 3,465 3,478  3,635 3,620 3,641 3,650 3,655  
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1 
Diets were prepared by first making a basal diet consisting of the major portion of the ground corn and all other common 

ingredients for the diets, then mixing the appropriate test ingredients with the appropriate quantity of basal diet for each experimental 

diet. 
2 

Vegetarian source of the omega-3 fatty acid docosahexaenoic (DHA) at approximately 35%, provided 4,000 kcal ME/kg, Novus 

International, Inc., St. Charles, MO. 
3 

Lactose source, Pro-Ag, Ltd., Winnipeg, MB, Canada. 
4
 Provided the following per kilogram of diet at the addition rate of 0.1%: Zn, 120 mg as zinc sulfate; Fe, 120 mg as iron sulfate; 

Mn, 37 mg as manganese sulfate; Cu, 7.43 mg as copper sulfate; I, 0.34 mg as calcium iodate; and Se, 0.2 mg as sodium selenite.  
5 

Concentrated vitamin premix, Harlan Laboratories, Inc., Madison, WI. Provided the following per kilogram of diet: vitamin A, 

4,000.75 IU; vitamin D, 200 IU; vitamin E, 0.0087 IU; vitamin K 0.5 mg riboflavin, 3.0 mg; pantothenic acid, 9 mg; niacin, 15 mg; 

vitamin B6 1.5 mg; vitamin B12, 15 μg; biotin, 0.05 mg; choline, 550 mg; folic acid, 0.3 mg; thiamin;1.0 mg. 
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Table 3.2 Growth performance of pigs among treatments in different diet phases 

 

Item 

Treatment
1
  

SEM 

 

P-value HO
2 

VE AOX VE+AOX SC 

Initial BW, kg 10.92 10.90 10.90 10.94 10.90 0.65 1.000 

Starter I d 0 to 10 

ADG, kg 0.55 0.51 0.53 0.50 0.54 0.03 0.644 

ADFI, kg 0.72 0.66 0.68 0.64 0.69 0.03 0.488 

G:F 0.77 0.77 0.78 0.77 0.79 0.02 0.955 

d 10 BW, kg 15.86 15.45 15.64 15.41 15.76 0.85 0.995 

Starter II d 11 to 25 

ADG, kg 0.59 0.55 0.60 0.63 0.62 0.02 0.110 

ADFI, kg 0.95 0.94 0.97 0.97 1.01 0.03 0.715 

G:F 0.62 0.59 0.62 0.65 0.62 0.02 0.362 

d 25 BW, kg 24.04 23.20 24.02 24.24 24.38 0.93 0.912 

Grower I d 26 to 55  

ADG, kg 0.51
C
 0.77

B
 0.88

AB
 0.87

AB
 0.92

A
 0.03 <0.001 

ADFI, kg 0.96
C
 1.38

B
 1.58

AB
 1.65

AB
 1.84

A
 0.07 <0.001 

G:F 0.53
ab

 0.56
a
 0.55

a
 0.53

ab
 0.50

b
 0.01 0.030 

d 55 BW, kg 39.85
B
 47.12

A
 51.17

A
 51.35

A
 52.98

 A
 1.67 <0.001 

Grower II d 56 to 82 

ADG, kg 0.34
C
 0.90

B
 1.24

A
 1.21

A
 1.29

A
 0.06 <0.001 

ADFI, kg 1.14
C
 2.49

B
 2.60

AB
 2.84

AB
 3.41

A
 0.12 <0.001 

G:F 0.31
b
 0.36

ab
 0.48

a
 0.43

ab
 0.38

ab
 0.03    0.003 

d 82, kg 48.35
C
 69.54

B
 82.28

A
 81.65

A
 85.28

A
 2.34 <0.001 

Finisher d 83 to 118 

ADG, kg 0.90
B
 0.60

C
 1.16

A
 1.26

A
 1.28

A
 0.06 <0.001 

ADFI, kg 3.07
B
 1.82

C
 3.36

B
 3.47

B
 4.34

A
 0.16 <0.001 

G:F 0.29
B
 0.33

AB
 0.34

AB
 0.36

A
 0.29

B
 0.01 <0.001 

d 118 BW, kg 83.26
B
 92.94

B
 127.34

A
 130.62

A
 135.06

A
 4.60 <0.001 

Cumulative growth data 

d 0 to 55        

ADG, kg 0.54
C
 0.67

B
 0.75

AB
 0.75

AB
 0.78

A
 0.02 <0.001 

ADFI, kg 0.92
C
 1.15

B
 1.27

AB
 1.31

AB
 1.43

A
 0.05 <0.001 

G:F 0.59 0.58 0.59 0.57 0.54 0.01 0.087 

d 0 to 82        

ADG, kg 0.47
C
 0.74

B
 0.90

A
 0.89

A
 0.94

A
 0.02 <0.001 

ADFI, kg 0.99
C
 1.57

B
 1.69

B
 1.79

AB
 2.05

A
 0.07 <0.001 

G:F 0.48
ab

 0.47
ab

 0.53
a
 0.50

ab
 0.46

c
 0.02 0.050 

d 0 to 118        

ADG, kg 0.61
B
 0.70

B
 0.99

A
 1.01

A
 1.05

A
 0.03 <0.001 

ADFI, kg 1.67
C
 1.66

C
 2.25

B
 2.34

B
 2.81

A
 0.09 <0.001 

G:F 0.37
C
 0.42

AB
 0.44

A
 0.43

A
 0.38

BC
 0.01 <0.001 
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 1
 HO: high oxidant diet containing 5% oxidized soy oil and 10% PUFA source 

(containing docosahexaenoic acid, DHA, 3.7% of diet); VE: the HO diet with 11 IU/kg of 

added vitamin E; AOX: the HO diet with an antioxidant blend (AOX, ethoxyquin and 

propyl gallate, 135 mg/kg); VE+AOX: the HO diet with both vitamin E and AOX; SC: a 

standard corn-soy control diet.  

 
2
 The HO pigs were switched to feed SC diet on d 82 as intervention for the poor 

health and performance. 
       A-C 

Means in the same row with no common superscript differ (P < 0.01).
 

       a-c 
Means in the same row with no common superscript differ (P < 0.05).
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Table 3.3 Plasma concentrations of γ-glutamyl transpeptidase (GGT), total bilirubin 

(TB), alanine transaminase (ALT) and aspartate transaminase (AST) across 

treatments 

 Treatment
1
   

Variable
3
 HO

2
 VE AOX VE+AOX SC SEM P-value 

d 25        

GGT, IU/L 13.79 16.97 13.65 10.66 15.05 2.83 0.631 

TB, mg/dL 2.95 2.62 2.94 2.29 2.62 0.42 0.873 

ALT, U/L 35.57 31.44 37.95 34.00 31.38 4.69 0.873 

AST, IU/L 18.12 19.88 23.75 16.33 25.27 3.29 0.366 

d 55        

GGT, IU/L 34.73 14.98 31.18 26.51 29.59 7.67 0.562 

TB, mg/dL 2.92
a
 1.43

ab
 1.53

ab
 0.90

b
 1.08

ab
 0.37 0.035 

ALT, U/L 22.13 32.41 30.71 33.11 28.31 4.21 0.552 

AST, IU/L 59.81
A
 26.21

B
 20.83

B
 22.39

B
 19.55

B
 4.11 <0.001 

d 118        

GGT, IU/L 11.35 17.60 18.56 18.28 10.18 3.79 0.492 

TB
4
, mg/dL 0.30

AB
 1.67

A
 0.84

AB
 ND

B
 ND

B
 0.28 0.002 

ALT, U/L 23.25 30.52 21.65 24.11 30.26 2.27 0.051 

AST, IU/L 22.66
B
 36.34

A
 21.32

B
 21.35

B
 21.55

B
 2.34 <0.001 

 1
 HO: high oxidant diet containing 5% oxidized soy oil and 10% PUFA source 

(containing docosahexaenoic acid, DHA, 3.7% of diet); VE: the HO diet with 11 IU/kg of 

added vitamin E; AOX: the HO diet with an antioxidant blend (AOX, ethoxyquin and 

propyl gallate, 135 mg/kg); VE+AOX: the HO diet with both vitamin E and AOX; SC: a 

standard corn-soy control diet.  

 
2
 The HO pigs were switched to feed SC diet on d 82 as intervention for the poor 

health and performance. 
 3 

GGT: γ-glutamyl transpeptidase; TB: total bilirubin; ALT: alanine tansaminase; AST: 

aspartate transaminase.   

 
4
 ND: non-detectable. 

       A-C 
Means in the same row with no common superscript differ (P < 0.01).

 

       a, b 
Means in the same row with no common superscript differ (P < 0.05). 
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Table 3.4 Plasma concentrations of thiobarbituric acid reactive substances (TBARS) 

and carbonyl levels across treatments
 

 Treatment
1
   

Item HO
2
  VE AOX VE+AO

X 

SC SE

M 

P -

value 

/mL       

d 25 2.60 3.14 2.11 2.28 2.30 0.59 0.771 

d 55 14.76
a
 11.36

ab
 9.50

ab
 8.25

ab
 3.73

b
 2.15 0.016 

d 118 2.76
B
 10.56

A
 4.21

B
 4.10

B
 2.33

B
 0.57 <0.001 

Carbonyl, 

nmol/mL 

       

d 25 25.99 20.39 22.32 20.74 23.07 1.79 0.200 

d 55 94.74
A
 58.66

B
 26.23

C
 21.49

C
 19.55

C
 5.05 <0.001 

d 118 25.94
B
 71.53

A
 24.21

B
 21.31

B
 19.24

B
 4.44 <0.001 

 1
 HO: high oxidant diet containing 5% oxidized soy oil and 10% PUFA source 

(containing docosahexaenoic acid, DHA, 3.7% of diet); VE: the HO diet with 11 IU/kg of 

added vitamin E; AOX: the HO diet with an antioxidant blend (AOX, ethoxyquin and 

propyl gallate, 135 mg/kg); VE+AOX: the HO diet with both vitamin E and AOX; SC: a 

standard corn-soy control diet.  

 
2 

The HO pigs were switched to feed SC diet on d 82 as intervention for the poor 

health and performance. 
       A-C 

Means in the same row with no common superscript differ (P < 0.01).
 

       a, b 
Means in the same row with no common superscript differ (P < 0.05).
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Figure 3.1 Liver to body weight ratio on d 55 and d 118 

HO: high oxidant diet containing 5% oxidized soy oil and 10% PUFA source 

(containing docosahexaenoic acid, DHA, 3.7% of diet); VE: the HO diet with 11 IU/kg of 

added vitamin E; AOX: the HO diet with an antioxidant blend (AOX, ethoxyquin and 

propyl gallate, 135 mg/kg); VE+AOX: the HO diet with both vitamin E and AOX; SC: a 

standard corn-soy control diet. The HO pigs were switched to feed SC diet on d 82 as 

intervention for the poor health and performance. 
a-d 

Means at the same sampling day with no common superscript differ (P < 0.05).
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Figure 3.2 TBARS level in the liver on d 55 and d 118 

HO: high oxidant diet containing 5% oxidized soy oil and 10% PUFA source 

(containing docosahexaenoic acid, DHA, 3.7% of diet); VE: the HO diet with 11 IU/kg of 

added vitamin E; AOX: the HO diet with an antioxidant blend (AOX, ethoxyquin and 

propyl gallate, 135 mg/kg); VE+AOX: the HO diet with both vitamin E and AOX; SC: a 

standard corn-soy control diet. The HO pigs were switched to feed SC diet on d 82 as 

intervention for the poor health and performance. 
a, b 

Means at the same sampling day with no common superscript differ (P < 0.05). 
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Figure 3.3 Carbonyl level in the liver on d 55 and d 118 

HO: high oxidant diet containing 5% oxidized soy oil and 10% PUFA source 

(containing docosahexaenoic acid, DHA, 3.7% of diet); VE: the HO diet with 11 IU/kg of 

added vitamin E; AOX: the HO diet with an antioxidant blend (AOX, ethoxyquin and 

propyl gallate, 135 mg/kg); VE+AOX: the HO diet with both vitamin E and AOX; SC: a 

standard corn-soy control diet. The HO pigs were switched to feed SC diet on d 82 as 

intervention for the poor health and performance. 
a, b 

Means at the same sampling day with no common superscript differ (P < 0.05). 
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Chapter 4  

Effects of a dietary antioxidant blend on carcass characteristics, meat quality and 

fatty acid profile in pigs fed diets high in oxidants 

ABSTRACT 

The study was conducted to determine the effects of dietary supplementation with a 

blend of antioxidants (AOX, ethoxyquin and propyl gallate) on carcass characteristics, 

meat quality, and fatty acid profile in finishing pigs fed a diet high in oxidants. A total of 

100 crossbred barrows (10.9 ± 1.4 kg BW, 36 ± 2 d of age) were randomly allotted to 5 

dietary treatments from outcome groups based on BW (5 replicate pens per treatment, 4 

pigs per pen). Treatments included: 1) HO: high oxidant diet containing 5% oxidized soy 

oil and 10% PUFA source (containing docosahexaenoic acid, DHA, 3.7% of diet); 2) VE: 

the HO diet with 11 IU/kg of added vitamin E; 3) AOX: the HO diet with AOX (135 

mg/kg); 4) VE+AOX: the HO diet with both vitamin E and AOX; and 5) SC: a standard 

corn-soy control diet. The trial lasted for 118 d; on d 83, the HO diet pigs were switched 

to the SC diet because the animals were displaying very poor health. On d 118, 2 pigs 

from each pen were harvested for sampling. Compared to pigs fed SC diet, the HO and 

VE pigs (P < 0.05) showed lighter carcass weight (109.26 vs. 66.14 and 61.45 kg 

respectively), less back fat (2.78 vs. 1.54 and 1.41 cm, respectively), less lean body mass 

(44.58 vs. 29.48 and 27.53 kg, respectively) and smaller loin eye area (44.26 vs. 32.94 

and 25.20 cm
2
, respectively). In addition, compared to the SC pigs, decreased dressing 

percentage (74.2 vs. 65.7%), greater moisture percentage (74.7 vs. 77.4%), and less 

extractable lipid content (2.43 vs. 0.95%) were found in VE fed pigs (P < 0.05). 

Interestingly, drip loss of VE was less than SC (0.46 vs. 3.98%, P = 0.02), which was 
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associated with a trend for a greater 24 h muscle pH (5.74 vs. 5.54, P = 0.07). The AOX 

addition in the high oxidant diet attenuated all of these effects to levels similar to SC (P > 

0.05). However, the SC pigs had redder color of the LM as measured by a* value and 

firmer bellies than the AOX and VE+AOX pigs (P < 0.01). Macroscopically visible 

yellow coloration of backfat in HO and VE pigs were observed on d 118. Lipofuscin was 

largely deposited in the backfat of HO pigs, whereas VE+AOX had the best attenuation 

of yellow fat disease. The HO diet resulted in greater level of DHA in backfat (P < 0.001); 

switching the diet on d 83 resulted in HO pigs having a similar fatty acid profile to SC 

pigs (P > 0.05). Vitamin E concentration in the plasma and muscle was greater in HO and 

SC than VE, AOX and VE+AOX on d 118, and the VE+AOX treatment results 

suggested a fortified antioxidant system relative to VE and AOX pigs in the muscle as 

measured by vitamin E concentration (1.09 vs. 0.39 and 0.57 mg/kg, respectively, P < 

0.05). Feeding the high oxidant diet caused a series of changes in carcass characteristics 

and meat quality, while AOX addition attenuated many of these independent of vitamin E 

addition.  

Key words: pigs, antioxidant, carcass characteristics, meat quality, fatty acid profile 

INTRODUCTION 

For many years, the predominant dietary formulations for pigs in North America were 

based primarily on corn and soybean meal. However, as corn has become a primary 

source for ethanol production, to remain cost competitive, pig diet formulators will need 

to increase the use of co-products such as DDGS. Concerns with DDGS and other dietary 

ingredients that contribute high levels of PUFA are the potential for oxidation of feed 

nutrients (Haas et al., 2007) and oxidative stress in the animal (Chahboun et al., 1990).  
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Lipid oxidation is a major cause of quality deterioration in foods, especially in meat 

products. It causes undesirable changes in flavor, color, texture and nutritive value, and 

toxic compounds may be produced (Gray et al., 1996; Valenzuela and Nieto, 1996), 

reducing consumer acceptability. In addition, high PUFA coupled with inadequacy of 

vitamin E is related to an aging-related disease in pigs termed “yellow fat disease” 

(Ruiter et al., 1978). The PUFA in the diet leads to high concentration of PUFA in 

adipose tissue in pigs (Azain, 2001), and thus causes the soft belly problem. Oxidized oil, 

acting as a prooxidant, interacts with PUFA facilitating the generation of free radicals and 

the propagation of oxidative reactions (Gray et al., 1996), and thus increases the potential 

of undesirable meat quality. 

Vitamin E has been intensively investigated for its antioxidant property to protect 

against lipid oxidation and to improve meat quality of pork (Monahan et al., 1994; Jensen 

et al., 1998; Guo et al., 2006). Some synthetic antioxidants such as ethoxyquin and propyl 

gallate have been used to protect animal fats and vegetable oils from lipid oxidation 

(Thorisson et al., 1992; Madhavi and Salunkhe, 1995; de Koning, 2002). However, the 

effect of ethoxyquin and propyl gallate on carcass characteristics and meat quality is not 

well documented, especially when included in pig diets high in oxidants with PUFA and 

oxidized oil. The objective of this study was to evaluate the effects of AOX (ethoxyquin 

and propyl gallate) on carcass characteristics, meat quality, and fatty acid profile in pigs 

fed a diet high in oxidants.  
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MATERIALS AND METHODS 

Animal and Experimental Design 

The complete protocol was approved by the Virginia Tech IACUC. One hundred 

castrated male weanling pigs (21 ± 2 d of age, Landrace × Duroc) from a commercial 

source (Murphy-Brown LLC, Waverly, VA) were placed in pens in an environmentally 

controlled nursery room at the Virginia Tech TAREC swine unit. After a 15 d adaptation 

period, all pigs (10.9 ± 1.4 kg BW) were individually ear-tagged, weighed, and randomly 

assigned to five dietary treatments from blocks designed to balance initial weight across 

treatments. Each treatment had five replicate pens, four pigs per pen. Treatments are 

outlined in Tables 3.1 and 4.1: 1) HO: high oxidant diet containing 5% oxidized soy oil 

and 10% of a PUFA source (containing docosahexaenoic acid, DHA, 3.7% of diet); 2) 

VE: the HO diet with 11 IU/kg of added vitamin E ; 3) AOX: the HO diet with the 

antioxidant blend (AOX, ethoxyquin + propyl gallate at 135 mg/kg); 4) VE+AOX: the 

HO diet with both vitamin E and AOX; and 5) SC: a standard soy-corn control diet. Diets 

were fed as phase feeding: Starter I (d 0 to 10), Starter II (d 11 to 55), Grower I (d 26 to 

55), Grower II (d 56 to 82) and Finisher (d 83 to 118). All diets met or exceeded NRC 

(1998) nutrient requirements. The fatty acid profile of each diet and PUFA source are 

summarized in Table 4.2. 

The AOX (AGRADO PLUS) and oxidized oil (PV approximately 180 mEq/kg) were 

provided by NOVUS International Inc. (St. Charles, MO).  

The experiment lasted 118 d. Due to very poor health and performance, the HO diet 

fed pigs were switched to the SC diet as a recovery measure on d 83 in fulfillment of 

requirements of the IACUC. On d 118, 2 pigs from each pen were individually identified 
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with a tattoo and transported to the Virginia Tech Meats Laboratory processing facility 

(Blacksburg, VA) for harvest, sampling and data collection. Pigs were electrically 

stunned and exsanguinated. After standard dressing procedures, pigs were chilled over 

night at 4°C. 

Carcass Measurements and Proximate Composition 

Hot carcass weight and dressing weight percentage were recorded within 45 min after 

slaughter. Other carcass measurements including backfat thickness, loin eye area (LEA), 

calculated lean weight and percentage were determined 24 h after slaughter (NPPC, 

2000).  

Carcasses were ribbed between the 10
th

 and 12
th

 costae. Two 2.54-cm thick chops 

were removed from the carcass anterior to the cut surface at the 10
th

 rib, and trimmed to 

remove excess backfat and connective tissue. The proximate composition was determined 

following the procedures described by Rincker et al. (2008). Chops were powdered under 

liquid nitrogen, and transferred onto prepared filter paper. Samples were weighed in 

triplicate and placed into a drying oven at 105°C for 12 h. After drying, lipids were 

extracted using a solution of 87:13 chloroform:methanol in a Soxhlet apparatus (Kontes, 

Vineland, NJ) to cycle for 12 h, and then returned to the drying oven. Percentages of 

moisture and extractable lipids were determined by weight difference.  

Loin Characteristics  

Subjective color and marbling (NPPC, 2000) were evaluated by 6 individuals at the 

cut surface of LM at the 10
th

 rib of one chop. On the same surface, objective color 

measurements were determined using a portable Minolta CR300 colorimeter (Ramsey, 

NJ) with D65 illuminant, 0° observer and calibrated against a standard white tile (Holmer 

http://www.sciencedirect.com.ezproxy.lib.vt.edu:8080/science?_ob=ArticleURL&_udi=B6T9G-4X0F40P-2&_user=513551&_coverDate=12%2F31%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000025338&_version=1&_urlVersion=0&_userid=513551&md5=d1d6f716d5315bed7d8d9ec893593314&searchtype=a#secx6
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et al., 2009). Mean L* (lightness), a* (redness), and b* (yellowness) values were 

collected from three separate locations on the surface of the chop. The other chop was 

used to measure drip loss (Guo et al., 2006). Muscle samples of approximately 7.0 g were 

collected using a 2.54-cm-diameter coring device. Samples were placed into sealed drip 

loss tubes so that the cut surface of the meat was perpendicular to the long axis of the 

tube. Drip loss analysis was evaluated in triplicate from the core samples. After 24 h at 

4°C, the drip loss containers plus sample were reweighed. Muscle samples were 

removed, discarded, and the containers were reweighed with the exudates. For pH 

determination, muscle samples frozen for 45 min or 24 h were homogenized in 5mM 

iodoacetate at 10 mL/g sample (Solomon, 1987). Data were read by Thermo Scientific 

Orion Ross Ultra Semi-Micro glass electrode (Thermo Scientific, Pittsburgh, PA).  

Belly Firmness 

After 24 h chill at 4°C, bellies from the left side of each carcass were individually 

identified, and the length and width of each belly was recorded before belly firmness was 

measured using the bar-suspension (flop) method (Scramlin et al., 2008). Briefly, the 

length of the belly (skin-side down) was suspended perpendicular to a 1.9-cm-diameter 

bar, and the distance between belly ends was measured for each belly.  

Backfat Histology 

Twenty-four hours after slaughter, backfat samples from the 10th rib were collected, 

photographed, and stored in formalin for histology. Samples were stained with Ziehl-

Neelsen modified method for lipofuscin. Briefly, samples were rinsed in alcohol and 

water and stained in carbol fuchsin (1g of basic fuchsin in 10 mL of 100% alcohol with 

100 mL of 5% aqueous phenol) at 56°C for 3 hours. After washing in water, samples 
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were differentiated in acid alcohol (1% HCl in 70% alcohol) for 1 to 3 min until excess 

background staining was removed. The samples were then counterstained with 0.25% 

methylene blue in 1% acetic acid for 1 minute. After a final wash in water, samples were 

rinsed in alcohol and mounted on slides.  

Fatty Acid Profile 

Lipid extraction of feed and backfat samples was performed according to Hara and 

Radin (1978) with a hexane and isopropanol (3:2 vol/vol) solution (18 mL/g of fat) 

followed by a 67 g of sodium sulfate solution/L (12 mL/g of fat). The upper phase was 

transferred and then transesterified with sodium methoxide according to the method of 

Christie (1982). Briefly, hexane (2 mL) was added to 50 mg of lipid extract followed by 

40 μL of methyl acetate, 40 μL methylation reagent (1.75 mL of methanol: 0.4 mL of 5.4 

M sodium methylate). Following a 10 min incubation, 60 μl of termination reagent (1 g 

of oxalic acid/30 mL of diethyl ether) was added. After centrifugation at 2000 × g at 4°C, 

the hexane layer was removed and used directly for gas chromatography (Agilent 6890N 

GC). A CP-Sil 88 capillary column (100 mm × 0.25 mm i.d. with 0.2 µm thickness; 

Varian, Inc., Palo Alto, CA) was used. The run conditions were as follows: the oven 

temperature was initially set at 70°C, increased at 8°C/min to 110°C, increased again at 

5°C/min to 170°C and held for 10 min, and finally increased at 4°C/min to 225°C and 

held for 15 min. The inlet and detector temperatures were 250°C; the split ratio was 

100:1, and a 1 µL injection volume was used. The hydrogen carrier gas flow rate was 1 

mL/min. Hydrogen flow to the detector was 25 mL/min, airflow was 400 mL/min, and 

the flow of nitrogen makeup gas was 40 mL/min. Fatty acid peaks were identified by 
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using pure methyl ester standards (Nu-Check Prep Inc., Elysian, MN). Iodine value was 

calculated according to Meadus et al. (2010). 

Thiobarbituric Acid Reactive Substances and Carbonyl 

The concentrations of thiobarbituric acid reactive substances (TBARS) and carbonyl 

were determined using kits from Cayman Chemical Company (Ann Arbor, MI). 

Homogenates of LM were measured colorimetrically at 540 nm for TBARS and 372 nm 

for carbonyl. Values of both were expressed in nmol/mg of protein. Protein concentration 

was determined using Pierce BCA protein assay kit (Pierce Biotechnology, Rockford, 

IL). Protein concentration was expressed as mg/mL and compared to a known BSA 

concentration standard curve measured colorimetrically at 562 nm. 

Vitamin A and E 

Vitamin A and vitamin E in plasma and muscle were determined by high pressure 

liquid chromatography following the procedures described by Katsanidis and Addis 

(1999) and Arnaud et al. (1991). Briefly, 200 μL of plasma or 0.25 g of loin muscle 

sample was added with standard tocopherol, retinol and ascorbic acid, followed by 

ethanol or saponification solution [55% 2H5OH in distilled water and 11% KOH (w/v)]. 

The muscle sample was heated at 80°C for 15 min for saponification. After extraction 

with cyclohexane containing 0.01% of BHT, samples were transferred to an Eppendorf 

tube, centrifuged for 5 min at 13,000 × g at 4°C, and then analyzed by chromatography 

(Agilent Technologies HPLC system 1100 series, Santa Clara, CA) using an Agilent 18 

Hypersil 125 mm × 4.0 mm column. A 25 µL injection volume was used. Flow rate was 

1.5 mL/min with mobile phase methanol:water of 95:5. Ultraviolet detection was at 325 

nm for vitamin A and 294 nm for vitamin E. 
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Statistical Analysis 

Data were analyzed using the Glimmix procedure of the SAS (version 9.2, SAS 

Institute, Inc., Cary, NC). Pen was the experimental unit (n = 5 per treatment). The model 

included the fixed effect of dietary treatment. Means and SE calculations were 

determined using the least squares means statement. Belly length was used as a covariate 

for flop distance. Tukey’s multiple comparison test was conducted to compare treatment 

means at a significance level of α= 0.05.  

RESULTS 

Carcass Measurements and Proximate Composition 

Carcass measurements including hot carcass weight, dressing percentage, 

calculated lean and lean percentage, backfat thickness and LEA are presented in Table 

4.3. Hot carcass weight, lean carcass weight and dressing percentage of VE and HO pigs 

were reduced compared to pigs fed the AOX, VE+AOX and SC treatments (P < 0.05). 

However, the calculated carcass lean percentage for the VE and HO treatments was 

increased compared to other treatments (P < 0.05). Backfat over the 10
th

 rib and average 

midline backfat (average of backfat depths over the 1
st
 rib, last rib and last lumbar 

vertebrae) were decreased in VE and HO treatment pigs compared to other treatments (P 

< 0.05). Also, compared to SC pigs, VE and HO pigs had smaller LEA (P < 0.05). The 

moisture percentage of loin muscle in VE treatment was greater than in the SC treatment, 

while extractable lipid percentage was less than in AOX and SC treatments (P < 0.05).  

Loin Characteristics  

Dietary treatment had no effect on subjective quality measurements (Table 4.4), 

which included color and marbling scores. As for objective color, loin muscle from SC 
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fed pigs were redder with a greater (P < 0.05) Minolta color a* value. Interestingly, drip 

loss of loin muscle from VE fed pigs was less (P < 0.05) than from SC fed pigs (0.46 vs. 

3.98%) with a numerically greater pH at 24 h (5.74 vs. 5.54, P > 0.05). 

Belly Firmness 

Belly length, width and adjusted belly flop distance are summarized in Table 4.4. A 

decreased belly length with the VE treatment was due to a smaller body size of pigs in 

this treatment. Adjusted belly flop distance, using belly length as covariate, was greater 

for the SC treatment than all other treatments (P < 0.001), whereas an exceptionally 

smaller belly flop distance was found in VE pigs, indicating very soft bellies within this 

dietary treatment.  

Lipofuscin in Backfat 

Macroscopically, visible yellow coloration of backfat in HO and VE pigs was 

observed on d 118 (Figure 4.1 A). Microscopically, detectable lipofuscin (rings around 

the fat cells, purple droplets in the fat) was deposited extensively in the backfat of HO 

pigs, followed by VE pigs (Figure 4.1 B). The lipofuscin in AOX pigs was reduced, 

whereas lipofuscin in the adipose tissue of VE+AOX pigs was close to SC pigs (normal).  

Fatty Acid Profile 

On d 118, proportions of all the fatty acids of the inner backfat layer in the AOX and 

VE+AOX pigs were similar. Most of fatty acids of VE pigs had similar levels to AOX 

and VE+AOX treatments pigs (Table 4.5). The DHA level in AOX and VE+AOX was 

approximately 45 fold greater than SC, whereas the DHA level in VE pigs was 

approximately 28 fold greater than SC (P < 0.001). Long chain PUFA levels (22:5n-6, 

20:5n-3, and 22:6n-3) in the backfat of VE were less than AOX added treatments. 
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Similarly, these PUFA in HO pigs were less (P < 0.001) on d 55 compared to AOX and 

VE+AOX (data not shown), and after switching the diet on d 82 the fatty acid profile 

became similar to SC pigs on d 118, an exception being levels of 18:1 cis-9, 20:0, and 

20:1 cis-11. On d 118, the PUFA:SFA ratio was less (P < 0.001) in the high PUFA diets 

fed pigs than HO and SC pigs with a greater desaturation index estimated by 16:1/16:0 

and a less elongation index estimated by 20:1/18:1.  

Oxidative Status and Vitamins 

The concentrations of TBARS and carbonyls in the muscle appear in Figure 4.2. The 

TBARS concentration in the muscle was not significantly affected by treatments (P > 

0.05), whereas the carbonyl concentration tended to be greater in VE pigs relative to pigs 

in other treatments (P = 0.098).  

The concentrations of vitamin A and vitamin E in the plasma and muscle are 

summarized in Figure 4.3. In the plasma, vitamin A levels in VE pigs tended to be less 

than other treatments (P = 0.09). Vitamin E levels were greater in SC and HO pigs than 

pigs fed high oxidant diet (VE, AOX and VE+AOX) both in plasma and muscle (P < 

0.01).  

DISCUSSION 

The PV of the oxidized soy oil in the diet was 9 mEq/kg and is consistent with the 

level previously shown to induce oxidative stress in pigs (Fernandez-Duenas, 2009). 

Supplementation of diets with high levels of PUFA increases the potential for oxidation 

due to the numerous double bonds in the lipid structure (Chahboun et al., 1990). 

Additionally, inadequate levels of supplementary vitamin E in the diet aggravated the 

severity of oxidative stress. Together, these factors contributed to severe oxidative stress 
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in the pigs used in this study, as shown by poor growth performance (Chapter 3, Table 

3.1). A lighter carcass weight and calculated lean weight in VE and HO pigs are 

consistent with the final BW in the two treatments. Similarly, a smaller LEA was 

observed in HO compared to AOX, VE+AOX and SC pigs, which is consistent with the 

small body size. A smaller dressing percentage of HO pigs were probably due to a greater 

proportion of visceral organ, such as the liver, as measured by liver to BW ratio (Figure 

3.1) in smaller size pigs. In contrast, the growth of muscle and bone, and fat deposition in 

the greater size pigs increased dressing percentages (Virgili et al., 2003). However, an 

increased calculated carcass lean percentage in HO and VE pigs is likely due to reduced 

feed consumption and consequently, less fat deposition. Indeed, less backfat over the 

tenth rib and average midline backfat in VE and HO treatment pigs were observed. The 

AOX resulted in these characteristics being similar to SC pigs, suggesting a substantial 

degree of protection from oxidative stress with the AOX treatment.  

A greater Minolta color a* value indicates a redder color of meat. Pigs fed SC 

attained the most desirable loin muscle color among treatments. The less a* value in pigs 

fed the high oxidant diet suggests an insufficiency of antioxidant capability in meat such 

that heme pigments were oxidized from purple or red myoglobin (Mb) and 

oxymyoglobin (MbO2) to brown metmyoglobin (MetMb) (Liu et al., 1995; Adzitey and 

Nurul, 2011). Although antioxidant was added in the diet, its activity might have been 

exhausted for correction of other negative effects from oxidative stress (Pettigrew and 

Esnaola, 2001), so that the color was not as red as the SC treatment. A relatively less drip 

loss was found in VE, which could be explained by a numerically greater ultimate pH. 

Less ultimate pH for SC treatment in the loin muscle was closer to the isoelectric point of 
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the major muscle protein myosin (pH = 5.4) (Berg, 2001), which leads to the net charge 

associated with the major contractile proteins being closer to zero, indicating a lost ability 

to attract and bind water (Berg, 2000). In addition, the greater pH in VE resulted in 

relatively less denaturation of proteins, so water was tightly bound and little or no 

exudates were formed because of less shrinkage of the myofilament lattice (Adzitey and 

Nurul, 2011). The greater ultimate pH may result from less available glycogen content in 

the muscle after a long period of oxidative stress, which limits postmortem metabolism 

and pH decline. Chronic stress can cause dark, firm, and dry (DFD) meat (Adzitey and 

Nurul, 2011). Although in our study, the pH24 in HO pigs (5.74) was not as high as that 

typically observed in DFD meat (6.0 to 6.7), it is still possible that less glycolytic activity 

occured in VE pigs postmortem, relative to other groups, resulting in a greater ultimate 

pH.  

The very soft belly in the VE pigs was associated with high PUFA in the diet. The 

fatty acid profile of pork fat is a function of de novo lipogenesis and fatty acid intake 

from the diet. However, fatty acids obtained from the diet inhibit endogenous production 

of similar fatty acids, especially PUFA (Berg, 2001). Soft fat that is associated with high 

PUFA has an unappealing separation of lean from fat, is more difficult to process, and 

reduces bacon slicing yield (Berg, 2001). In the current study, the high oxidant diet 

resulted in very soft belly fat. Although AOX numerically improved the belly firmness, 

the flop distance of AOX and VE+AOX pigs were still significantly smaller than SC pigs. 

Therefore, the supplementation of AOX only partially corrected the soft belly problem. 

Degeneration and inflammation of fat cells and lipofuscin accumulation in adipose 

were observed in an early study by Ruiter (1978), in which pigs were fed diets with high 
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amounts of fish oil rich in polyunsaturated and long-chain monoenoic acids. These 

symptoms are characteristics of the “yellow fat disease” syndrome. The name of this 

disease is derived from the yellow discoloration of fat depots due to “ceroid” or 

lipofuscin accumulation. Contributing factors include elevated PUFA in the diet coupled 

with vitamin E deficiency. Yellow fat disease is a dietary induced condition seen in pigs, 

cats, mink, rats and horses (Green and Bunyan, 1969). In this study, yellowish skin color 

and back fat and visceral fat becoming yellow in HO and VE pigs became evident by d 

55. The presence of yellow fat would be a product quality problem in the marketplace. 

Lipofuscin accumulation has been recognized as one characteristic of aging (Terman and 

Brunk, 2004). Pigment accumulation is thought to reflect the free radical-induced 

irreversible damage to lipids and other macromolecules that takes place during aging and 

is increased under oxidative stress (Katz and Robison, 2002; Keller et al., 2004). Though 

HO pigs were fed SC diet from d 83, the irreversible adipose tissue damage was 

maintained at the microscopic level in HO treatment, the most severe oxidative stress 

treatment. Supplementation of AOX retarded the rate of pigment accumulation, and the 

combination of VE and AOX largely prevented the development of lipofuscin and, 

therefore, yellow fat disease. This is consistent with the retardation effects of other 

antioxidants such as vitamin E and reduced glutathione on lipofucin deposition (Lonnrot 

et al., 1995).  

In non-ruminant animals, the lipid composition of body tissues largely depends on the 

fat source of diet (Buckley et al., 1995). The similarity of fatty acid profile in backfat of 

VE, AOX and VE+AOX pigs reflected the dietary fat composition of the basal diet with 

greater PUFA inclusion. The PUFA source was high in DHA (22:6n-3), which made up 
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approximately 38% of the total fatty acids, and resulted in the remarkably greater DHA in 

the subcutaneous fat of pigs fed the high PUFA diets. As expected, the high PUFA diets 

had a greater PUFA:SFA ratio. However, unsaturated fatty acids are particularly 

susceptible to oxidative processes which involve the generation of fatty acid free radicals; 

these radicals may then react with molecular oxygen to produce peroxide free radicals 

and lipid peroxidation (Sherwin, 1978; Fellenberg and Speisky, 2006). Long chain 

unsaturated fatty acids, such as eicosapentaenoic acid (EPA, 20:5n-3), and DHA (22:6n-

3), could be oxidized easily in the VE diet with an inadequate amount of antioxidant 

before deposition in adipose tissue, whereas the main compound in AOX, ethoxyquin, is 

an efficient synthetic antioxidant protecting against lipid peroxidation in feed (Bartov and 

Bornstein, 1972; Thorisson et al., 1992; de Koning, 2002). This could be one reason for 

the less levels of long chain unsaturated fatty acids observed in the backfat of VE 

compared to AOX and VE + AOX pigs. Another reason could be a less PUFA intake of 

VE pigs as reflected in the total feed intake (Table 3.2), compared to AOX and VE+AOX 

pigs. Because of other fatty acids sources for backfat deposition, such as lipogenesis, 

dietary PUFA may have made less contribution to backfat deposition (Wood et al., 2008), 

resulting in relatively less PUFA in the backfat of VE pigs. It is interesting that after 

switching pigs from the HO diet to SC diet, the fatty acid profile of pigs in HO treatment 

was similar to the SC pigs. This confirmed the importance of dietary fatty acid source on 

fatty acid deposition. The increased 20:1 cis-11 in HO and SC was highly related to the 

18:1 cis-9 concentration, which is the substrate of 20:1 cis-11, by elongation. This is in 

line with a greater elongation index. The desaturation index estimated by 16:1/16:0 can 

be used to estimate stearoyl-CoA-desaturase activity, which generates MUFA from SFA 
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(Attie et al., 2002). Previous studies have reported that dietary PUFA could decrease 

stearoyl-CoA-desaturase activity leading to low MUFA in tissue of pigs (Kouba et al., 

2003; Wang et al., 2011). Therefore, the changes in the MUFA concentration in the 

present study could be partially attributed to a reduction in stearoyl-CoA-desaturase 

activity by increasing the concentration of DHA inclusion in the high oxidant diet. 

The concentration of TBARS has been used as biomarker of radical-induced and 

endogenous lipid peroxidation. Carbonyl derivates are important oxidation by-products of 

amino acid residues, which are induced by the secondary products of lipid oxidation 

(Fellenberg and Speisky, 2006). After exposure to numerous oxidative stressors, it is 

probable that the levels of oxidation products such as TBARS and carbonyl will be 

increased and the concentrations of endogenous antioxidants, such as vitamin A and 

vitamin E will be decreased in the plasma and tissue (Fernandez-Duenas, 2009). However, 

in the current study, no significant difference of TBARS level was observed in the 

muscle, whereas carbonyl level tended to be greater and the vitamin A level tended to be 

less in VE pigs on d 118. These observations suggest that muscle was not as sensitive to 

oxidative stress as the liver (Figure 3.2). Vitamin E is the major chain-breaking 

antioxidant in the body tissues and is considered the first line of defense to reduce lipid 

peroxidation and protects cell membranes from free radical attack through its free radical 

scavenging activities (Pinelli-Saavedra, 2003). Vitamin E levels were less in the more 

oxidative stressed diet treatments, VE, AOX and VE+AOX, as compared to HO and SC, 

suggesting more vitamin E was involved in preventing development of free radicals. 

Supplementation with vitamin E at 11 IU/kg of diet was not sufficient to increase the 

concentration of this vitamin in plasma or muscle. However, a relatively greater vitamin 
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E concentration was found in VE+AOX than VE in the muscle, suggesting a fortified 

antioxidant system in VE+AOX pigs compared to other high oxidant diet fed pigs. The 

activity advantage of vitamin E in plasma concentration would translate into an increased 

tissue deposition of vitamin E (Boler et al., 2009).  

In summary, feeding pigs diets high in oxidants was detrimental to several carcass 

characteristics. Inclusion of AOX, but not vitamin E was able to ameliorate these changes 

and restore levels to those seen in normal pigs. However, AOX was not able to prevent 

the color change in loin or substantially improve belly firmness. Also, the addition of 

AOX improved the oxidative status of high oxidant diet fed pigs, whereas vitamin E at 11 

IU/kg did not.  
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Table 4.1 Treatments of the study 

 Treatment diet
1
  Control diet 

Item HO
2
 VE AOX VE+AOX  SC 

 Added vitamin E, mg/kg 0 10 0 10  10 

 PUFA source
2
, % 10 10 10 10  0 

AOX
3
, mg/kg  0 0 135 135  0 

Oxidized soybean oil, %  5 5 5 5  0 

Non-oxidized soybean oil, % 0 0 0 0  5 
1 

High oxidant diets were prepared by first preparing a basal diet consisting of the 

major portion of the ground corn and all other common ingredients for the diets; then 

mixing the appropriate test ingredients with the appropriate quantity of basal diet for each 

experimental diet.  

HO: high oxidant diet containing 5% oxidized soy oil and 10% PUFA source 

(containing docosahexaenoic acid, DHA, 3.7% of diet); VE: the HO diet with 11 IU/kg of 

added vitamin E; AOX: the HO diet with an antioxidant blend (AOX, ethoxyquin and 

propyl gallate, 135 mg/kg); VE+AOX: the HO diet with both vitamin E and AOX; SC: a 

standard corn-soy control diet.  
2 
The HO pigs were switched to feed SC diet on d 82 as intervention for the poor 

health and performance. 
2 

TREVERA, vegetarian source of the omega-3 fatty acid DHA, provided 

approximately 35% DHA and 4,000 kcal ME/kg, Novus International, Inc., St. Charles, 

MO. 
3 

AGRADO PLUS, formulated to provide 135 mg/kg ethoxyquin and propyl gallate in 

the final diets , Novus International, Inc., St. Charles, MO. 
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Table 4.2 Fatty acid profile of diets and docosahexaenoic acid (DHA) source 

 Fatty  

acids 

Diet 
1
 PUFA 

source Starter I  

treatment 

Starter 

control 

Starter II  

treatment 

Starter II 

control 

Grower I  

treatment 

Grower I 

control 

Grower II  

treatment 

Grower  

II control 

Finisher 

treatment 

Finisher 

control 

14:0 3.56 0.72 3.79 0.11 3.89 1.36 3.93 2.57 3.47 2.96 10.48 

16:0 16.75 12.84 17.26 12.28 17.37 17.51 17.48 22.85 16.70 23.62 25.75 

16:1, cis-9 0.26 0.70 0.12 0.11 0.12 0.27 0.12 0.41 0.12 0.48 0.16 

18:0 3.09 4.06 2.91 3.75 2.89 17.85 2.91 29.83 3.06 32.82 0.34 

18:1, trans 0.02 0.00 0.03 0.00 0.04 2.35 0.07 4.74 0.09 5.35 0.00 

18:1, cis 16.75 22.30 16.51 22.97 16.42 17.01 16.82 12.35 18.76 10.97 0.29 

18:2, n-6 37.02 51.07 36.56 53.14 35.77 37.12 34.89 21.57 33.91 17.29 0.08 

18:3, n-3 3.99 5.32 3.75 5.34 3.56 3.21 3.30 1.53 3.08 0.41 0.05 

20:1, cis-

11 

0.09 0.00 0.09 0.14 0.09 0.11 0.10 0.00 0.11 0.07 0.00 

20:3, n-6 0.14 0.30 0.15 0.23 0.15 0.16 0.15 0.13 0.13 0.08 0.42 

20:4, n-6 0.18 0.00 0.19 0.08 0.19 0.06 0.20 0.00 0.16 0.10 0.51 

20:5, n-3 0.59 0.72 0.47 0.10 0.48 0.07 0.49 0.00 0.42 0.05 1.34 

22:5, n-6 3.66 0.00 4.12 0.00 4.28 0.00 4.41 0.00 4.17 0.11 14.28 

22:6, n-3 9.03 0.00 10.01 0.00 10.47 0.00 10.79 0.00 10.49 0.27 36.75 

Other 4.84 1.98 4.03 1.77 4.27 2.70 4.36 3.59 5.34 4.95 9.54 

SFA
2
 23.41 17.61 23.97 16.14 24.15 36.73 24.31 55.25 23.22 59.39 36.57 

MUFA
3
 17.12 23.00 16.76 23.21 16.67 19.74 17.11 17.50 19.07 16.88 0.45 

PUFA
4
 54.62 57.40 55.25 58.88 54.91 40.63 54.22 23.23 52.37 18.31 53.44 

PUFA:M

UFA 

3.19 2.50 3.30 2.54 3.29 2.06 3.17 1.33 2.75 1.08 119.16 

n-3
5
 13.61 6.04 14.23 5.43 14.51 3.28 14.58 1.53 13.99 0.73 38.15 

n-6
6
 41.01 51.37 41.02 53.45 40.40 37.35 39.65 21.70 38.38 17.58 15.29 

n-6:n-3 3.01 8.51 2.88 9.84 2.79 11.39 2.72 14.18 2.74 24.21 0.40 

Iodine 147.98 125.79 151.99 127.15 152.85 90.56 153.01 56.75 149.74 47.92 231.78 
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value
7
 

1
Starter I lasted from d 0 to 10, Starter II lasted from d 11 to 25, Grower I lasted from d 26 to 55, Grower II lasted from d 56 to 82, 

and Finisher lasted from d 83 to 118.  
2
SFA = sum percentage of saturated fatty acids (14:0, 16:0, 18:0, and 20:0). 

3 
MUFA = sum percentage of monounsaturated fatty acids (14:1, 16:1, 18:1 trans, 18:1 cis, and 20:1 cis-11). 

4 
PUFA = sum percentage of polyunsaturated fatty acids (18:2, 18:3, 20:2, 20:4, 20:5, 22:5, 22:6)  

5 
n-3 = sum percentage of n-3 polyunsaturated fatty acids (18:3 n-3, 20:5 n-3, 22:6 n-3). 

6
 n-6 = sum percentage of n-6 polyunsaturated fatty acids (18:2 n-6, 20:2 n-6, 20:4 n-6, 22:5 n-6). 

7 
Iodine value = (0.95 × [16:1]) + (0.86 × [18:1]) + (1.732 ×[18:2]) + (2.616 × [18:3]) + (0.785 × [20:1]) + 1.57 × [20:2]) + (3.19 × 

[20:4]) + (4.01 × [20:5]) + (3.68 × [22:5]) + (4.64 × [22:6]) (Meadus et al., 2010) 
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Figure 4.1 Visual photo (A) and lipofuscin deposition (B-F) in backfat across 

treatments 

HO: high oxidant diet containing 5% oxidized soy oil and 10% PUFA source 

(containing docosahexaenoic acid, DHA, 3.7% of diet); VE: the HO diet with 11 IU/kg of 

added vitamin E; AOX: the HO diet with an antioxidant blend (AOX, ethoxyquin and 

propyl gallate, 135 mg/kg); VE+AOX: the HO diet with both vitamin E and AOX; SC: a 

standard corn-soy control diet. The HO pigs were switched to the SC diet after d 82 as an 

intervention for poor health and performance. Magenta staining indicates the presence of 

lipofuscin (highlighted in C, D and E by circles. High cellularity associated with the 

lipofuscin in the HO diet sample indicates inflammation. Pictures were examined at a 

magnification of 400×. 
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Table 4.3 Carcass measurements and approximate composition among treatments 

 1
 HO: high oxidant diet containing 5% oxidized soy oil and 10% PUFA source 

(containing docosahexaenoic acid, DHA, 3.7% of diet); VE: the HO diet with 11 IU/kg of 

added vitamin E; AOX: the HO diet with an antioxidant blend (AOX, ethoxyquin and 

propyl gallate, 135 mg/kg); VE+AOX: the HO diet with both vitamin E and AOX; SC: a 

standard corn-soy control diet.  

 
2
 The HO pigs were switched to feed SC diet on d 82 as intervention for the poor 

health and performance. 
 3

 Calculated lean weight = (8.588 – 10
th

 rib fat depth × 21.896 + 10
th

 rib LM area × 

3.005 + HCW × 0.465 ) × 0.4536 (NPPC, 2000). 
A-C 

Means in the same row with no common superscript differ (P < 0.01).
 

a, b 
Means in the same row with no common superscript differ (P < 0.05).

 

 

 

 

 

 Treatment
1
   

Item HO
2
 VE AOX VE+AO

X 

SC SE

M 

P-

value 

Tenth rib backfat, cm 1.45
B
 1.02

B
 2.84

A
 2.92

A
 2.90

A
 0.12 <0.00

1 

Avg midline backfat, cm 1.54
B
 1.41

B
 2.60

A
 2.92

A
 2.78

A
 0.13 <0.00

1 

LEA, cm
2
 32.94

B

C
 

25.20
C
 

39.81
A

B
 

39.90
AB

 44.26
A
 2.30 <0.00

1 

Carcass wt, kg 66.14
B
 61.45

B
 

104.65
A
 

104.46
A
 109.26

A
 

3.34 <0.00

1 

Dressing wt, % 71.46
 

AB
 

65.66
 

B
 

75.29
 A

 74.17
 A

 73.34
 

AB
 

1.30 <0.00

1 

Calculated lean, % 48.61
A
 48.85

A
 

43.67
B
 43.37

B
 44.56

B
 0.62 <0.00

1 

Calculated lean wt
3
, kg 29.48

B
 27.53

B
 

41.88
A
 41.51

A
 44.58

A
 1.68 <0.00

1 

Proximate composition 

of loin 

       

Moisture, % 75.69
a

b
 

77.44
a
 75.45

ab
 75.34

ab
 74.74

b
 0.49 0.037 

Extractable lipid, % 1.74
ab

 0.95
b
 2.70

a
 1.95

ab
 2.43

a
 0.33 0.023 
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Table 4.4 Loin quality characteristics and belly firmness among different treatments 

at harvest on d 118 

1 
HO: high oxidant diet containing 5% oxidized soy oil and 10% PUFA source 

(containing docosahexaenoic acid, DHA, 3.7% of diet); VE: the HO diet with 11 IU/kg of 

added vitamin E; AOX: the HO diet with an antioxidant blend (AOX, ethoxyquin and 

propyl gallate, 135 mg/kg); VE+AOX: the HO diet with both vitamin E and AOX; SC: a 

standard corn-soy control diet. The HO pigs were switched to feed SC diet on d 82 as 

intervention for the poor health and performance. 
2 

Belly flop distance was adjusted using belly length as covariate. 
A-C 

Means in the same row with no common superscript differ (P < 0.01).
 

a-c 
Means in the same row with no common superscript differ (P < 0.05).

 

 

 Treatment
1
   

Item HO VE AOX VE+AOX SC SEM P-value 

Loin characteristics        

Color Scores 3.12 2.96 2.73 3.30 3.78 0.36 0.309 

Marbling Scores 2.83 2.40 2.81 3.17 2.75 0.34 0.667 

Minolta color        

L * 52.51 53.61 53.45 52.69 53.67 1.30 0.946 

a * 8.24
B
 6.82

B
 7.55

B
 8.35

B
 10.28

A
 0.43 <0.001 

b * 4.37 5.84 4.19 4.22 5.24 0.61 0.284 

Drip loss, % 1.97
ab

 0.46
b
 2.30

ab
 2.75

ab
 3.98

a
 0.63 0.026 

pH45 min 6.12
 c
 6.38

 ab
 6.47

 a
 6.24

 bc
 6.25

 abc
 0.05 0.012 

pH 24 h 5.53
 ab

 5.74
 a
 5.59

 ab
 5.52

 b
 5.54

 ab
 0.05 0.048 

Belly characteristics 

Belly length, cm 43.43
BC

 40.86
C
 49.10

AB
 48.31

AB
 51.69

A
 1.51 <0.001 

Belly width , cm 22.56
B
 26.00

AB
 27.58

A
 26.67

A
 25.78

AB
 0.89 0.008 

Adjusted belly flop 

 distance 
2
, cm 

8.27
B
 0.43

B
 9.81

B
 10.27

B
 26.38

A
 2.33 <0.001 
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Table 4.5 Fatty acid profile of backfat among different treatments on d 118 

 Treatment
1
   

Fatty acid HO VE AOX VE+AOX SC SEM P-value 

14:0 1.26
C
 2.03

A
 1.93

A
 1.82

AB
 1.55

BC
 0.08 <0.001 

16:0 25.62
A
 25.97

A
 23.15

B
 23.14

B
 27.28

A
 0.44 <0.001 

16:1, cis-9 1.66
AB

 1.27
BC

 1.08
C
 1.00

C
 1.80

A
 0.09 <0.001 

18:0 15.84
A
 12.90

B
 11.75

B
 12.36

B
 17.00

A
 0.55 <0.001 

18:1, trans 0.76
A
 0.17

B
 0.17

B
 0.12

B
 0.88

A
 0.03 <0.001 

18:1, cis-9 38.94
A
 24.9

C
 24.48

C
 25.02

C
 34.98

B
 0.72 <0.001 

18:1, cis-11 2.38
A
 1.77

B
 1.43

B
 1.46

B
 2.20

A
 0.07 <0.001 

18:1, cis 41.34
A
 26.67

C
 25.95

C
 26.50

C
 37.20

B
 0.73 <0.001 

18:2, n6 8.32
B
 18.53

A
 19.38

A
 18.36

A
 9.08

B
 0.88 <0.001 

18:3, n3 0.32
C
 1.17

B
 1.55

A
 1.48

AB
 0.40

C
 0.07 <0.001 

20:0 0.44
A
 0.30

B
 0.30

B
 0.24

B
 0.33

B
 0.02 <0.001 

20:1, cis-11 1.18
A
 0.50

C
 0.33

C
 0.34

C
 0.83

B
 0.04 <0.001 

20:2, n-6 0.48
B
 0.63

A
 0.50

B
 0.48

B
 0.43

B
 0.02 <0.001 

20:4, n-6 0.14
B
 0.43

A
 0.45

A
 0.44

A
 0.10

B
 0.03 <0.001 

22:5, n-6 0.16
C
 1.93

B
 2.83

A
 2.78

A
 0.05

C
 0.17 <0.001 

20:5, n-3 0.00
C
 0.13

B
 0.30

A
 0.36

A
 0.00

C
 0.02 <0.001 

22:6, n-3 0.38
C
 4.30

B
 6.93

A
 7.06

A
 0.15

C
 0.37 <0.001 

Other 1.96
B
 2.57

AB
 3.05

A
 3.08

A
 2.73

AB
 0.19 <0.001 

SFA 
2
 43.18

AB
 41.27

B
 37.15

C
 37.60

C
 46.18

A
 0.83 <0.001 

MUFA
3
 44.94

A
 28.63

C
 27.50

C
 27.92

C
 40.73

B
 0.78 <0.001 

PUFA
4
 9.92

B
 27.53

A
 32.30

A
 31.40

A
 10.35

B
 1.28 <0.001 

PUFA:SFA 0.24
C
 0.67

B
 0.90

A
 0.84

AB
 0.23

C
 0.05 <0.001 

n-3
5
 0.76

C
 5.73

B
 8.92

A
 9.02

A
 0.63

C
 0.41 <0.001 

n-6 
6
 9.16

B
 21.80

A
 23.42

A
 22.38

A
 9.75

B
 0.98 <0.001 

n-6:n-3 12.10
B
 3.93

C
 2.67

C
 2.46

C
 15.63

A
 0.52 <0.001 

Iodine value
7
 57.98

C
 91.40

B
 109.18

A
 108.40

A
 54.25

C
 2.97 <0.001 

16:1/16:0 0.06
A
 0.05

B
 0.05

B
 0.04

B
 0.07

A
 0.00 <0.001 

18:1/18:0 2.48
a
 1.94

b
 2.12

ab
 2.03

b
 2.06

b
 0.08 0.015 

18:1cis-11/16:1cis-9 1.44 1.40 1.36 1.48 1.23 0.05 0.063 

20:1cis-11/18:1 cis-9 0.03
A
 0.02

B
 0.01

C
 0.01

C
 0.02

B
 0.00 <0.001 

1 
HO: high oxidant diet containing 5% oxidized soy oil and 10% PUFA source 

(containing docosahexaenoic acid, DHA, 3.7% of diet); VE: the HO diet with 11 IU/kg of 

added vitamin E; AOX: the HO diet with an antioxidant blend (AOX, ethoxyquin and 

propyl gallate, 135 mg/kg); VE+AOX: the HO diet with both vitamin E and AOX; SC: a 

standard corn-soy control diet. The HO pigs were switched to feed SC diet on d 82 as 

intervention for the poor health and performance. 
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2 
SFA = sum percentage of saturated fatty acids (14:0, 16:0, 18:0, and 20:0). 

3 
MUFA = sum percentage of monounsaturated fatty acids (14:1, 16:1, 18:1 trans, 

18:1 cis, and 20:1 cis-11). 
4
 PUFA = sum percentage of polyunsaturated fatty acids (18:2, 18:3, 20:2, 20:4, 20:5, 

22:5, 22:6)  
5
 n-3 = sum percentage of n-3 polyunsaturated fatty acids (18:3 n-3, 20:5 n-3, 22:6 n-

3). 
6
 n-6 = sum percentage of n-6 polyunsaturated fatty acids (18:2 n-6, 20:2 n-6, 20:4 n-

6, 22:5 n-6). 
7 

Iodine value = (0.95 × [16:1]) + (0.86 × [18:1]) + (1.732 ×[18:2]) + (2.616 × [18:3]) 

+ (0.785 × [20:1]) + 1.57 × [20:2]) + (3.19 × [20:4]) + (4.01 × [20:5]) + (3.68 × [22:5]) 

+ (4.64 × [22:6]) (Meadus et al., 2010)  
A-C 

Means in the same row with no common superscript differ (P < 0.01).
 

a, b 
Means in the same row with no common superscript differ (P < 0.05). 
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Figure 4.2 Concentrations of vitamin A and vitamin E levels across treatments in the 

plasma (A) and muscle (B) 

HO: high oxidant diet containing 5% oxidized soy oil and 10% PUFA source (containing 

docosahexaenoic acid, DHA, 3.7% of diet); VE: the HO diet with 11 IU/kg of added vitamin E; 

AOX: the HO diet with an antioxidant blend (AOX, ethoxyquin and propyl gallate, 135 mg/kg); 

VE+AOX: the HO diet with both vitamin E and AOX; SC: a standard corn-soy control diet. 
 a, b

 Means at the same day with no common superscript differ (P < 0.01). 
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Figure 4.3 Concentrations of thiobarbituric acid reactive substances (TBARS) and 

carbonyl across treatments in the muscle. 

HO: high oxidant diet containing 5% oxidized soy oil and 10% PUFA source (containing 

docosahexaenoic acid, DHA, 3.7% of diet); VE: the HO diet with 11 IU/kg of added vitamin E; 

AOX: the HO diet with an antioxidant blend (AOX, ethoxyquin and propyl gallate, 135 mg/kg); 

VE+AOX: the HO diet with both vitamin E and AOX; SC: a standard corn-soy control diet. 
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Chapter 5  

Effects of a dietary antioxidant blend and vitamin E on growth performance, oxidative 

status and meat quality in broiler chickens fed diets high in oxidants 

ABSTRACT   

The aim of this study was to determine the effects of a dietary antioxidant blend (AOX, 

ethoxyquin and propyl gallate) and vitamin E on performance, oxidative status and meat quality 

in broilers fed a diet high in oxidants. Cobb 500 male broilers (n = 1200, BW = 44.7 ± 0.8 g, d 0 

of age) were randomly distributed into 60 floor pens across 6 treatments with 10 replicate pens of 

20 chicks each. Treatments included: 1) HO: high oxidant diet with vitamin E at 10 IU/kg, 3% 

oxidized soybean oil, 3% PUFA source; 2) VE: the HO diet with vitamin E at 200 IU/kg; 3) 

AOX: the HO diet with AOX at 135 mg/kg, 4) VE+AOX: the HO diet with both vitamin E at 

200 IU/kg and AOX at 135 mg/kg, 5) SC: standard control, a corn soy diet with vitamin E at 10 

IU/kg, 3% non-oxidized soybean oil, no PUFA source), and 6) PC: positive control, the SC diet 

with AOX at 135 mg/kg. Performance parameters were measured on d 10, 21 and 42. Oxidative 

stress status was measured by concentrations of α-1-acid glycoprotein (AGP), uric acid and 

thiobarbituric acid reactive substance (TBARS) in the plasma, vitamin A and E in the breast 

muscle, and the expression of antioxidant enzymes in the liver. Carcass characteristics and meat 

quality were assessed on d 42 by measuring carcass yield, drip loss, pH and lactate levels. Data 

were analyzed using Glimmix of SAS with Tukey’s multiple comparison. Compared to the SC 

birds, the HO, VE, AOX and VE+AOX groups had greater BW (785.2 vs. 855.4, 859.4, 901.3 

and 889.5 g, respectively), ADG (35.3 vs. 38.6, 38.8, 40.8 and 40.2 g, respectively) and ADFI 

(53.1 vs. 58.2, 58.6, 60.9 and 60.1 g) from d 0 through d 21 (P < 0.05). However, the growth of 

birds fed the VE treatment fell behind that of other treatments (P < 0.05) during the 42 d trial. 



 

81 

The AOX and VE+AOX birds had greater BW and ADG from d 10 forward. The AOX birds had 

the best G:F on d 10, 42, and from d 0 to 42 (P < 0.05). The plasma TBARS level in the AOX 

treatment birds was less compared to the VE treatment birds in all phases (P < 0.05). Compared 

to the control diets fed birds (SC and PC), high oxidant diets fed treatments birds had larger AGP 

levels on d 10 and d 21 (P < 0.05). The greatest vitamin E concentration in the breast muscle was 

observed in the VE birds on d 21, whereas in VE and PC birds on d 42 (P < 0.05). The 

concentration of muscle vitamin A was greatest in the PC birds on d 21 (P < 0.05). The AOX 

and PC birds had a greater level of uric acid that was similar to the SC treatment on d 10. 

However, the liver did not show any significant difference in antioxidant enzyme expression, 

except that superoxide dismutase expression was less in HO treatment (P < 0.05). Compared 

with VE and AOX, the HO treatment had a greater drip loss (1.33% and 1.24% vs. 2.63%) which 

was associated with the least ultimate pH and the greatest lactate concentration (P < 0.05) among 

all treatments. In conclusion, dietary addition of AOX or AOX plus VE was effective in 

improving growth, and AOX alone moderately restored the whole body antioxidant capability. 

The addition of AOX alone and high vitamin E reduced drip loss, but vitamin E may exert a 

prooxidant property in the finisher phase as measured by growth.  

Keywords:  broiler chicken, antioxidant, performance, meat quality, oxidative status 

INTRODUCTION 

Supplementation of fats and oils in commercial broiler diets has become routine to achieve 

recommended energy requirement and realize optimum growth and feed efficiency. Vegetable 

oils which are rich in unsaturated fatty acids are particularly susceptible to oxidation. The 

oxidation process involves the generation of free radicals, which may then react with molecular 

oxygen to produce peroxide free radicals and lipid peroxidation (Sherwin, 1978; Fellenberg and 
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Speisky, 2006). The oxidation products can negatively affect the energy and lipid soluble nutrient 

values in the diet  (Sherwin, 1978), be cytotoxic to the body (Esterbauer, 1993) and impair 

broiler health and growth (Engberg et al., 1996). In addition, these oxidants induced oxidative 

stress in broilers, and negatively affected fresh meat quality traits, especially in flavor, color, drip 

loss, texture and nutritive value (Gray et al., 1996; Lauridsen et al., 1999b). A diet high in PUFA 

tends to increase the potential for lipid peroxidation and reduce the anti-oxidative capability of 

broilers (Jung et al., 2010).  

In order to prevent oxidative deterioration of dietary components, synthetic antioxidants 

such as ethoxyquin and propyl gallate have been added to the diet for their effective control of 

dietary lipid oxidation (Madhavi and Salunkhe, 1995). In addition, ethoxyquin has been reported 

to  improve growth performance (Cabel et al., 1988; Dibner et al., 1996; Wang et al., 1997) and 

stabilize lipids in meat when introduced into the muscles through the diet (Bartov and Bornstein, 

1977; Webb et al., 1978; Bartov and Bornstein, 1981). Propyl gallate is poly-phenol widely used 

to chelate iron ions, a catalyzer in the oxidation process (Madhavi and Salunkhe, 1995). It has 

been reported to improve stability of vegetable oils under storage (Pinkowski et al., 1986; 

Hawrysh et al., 1992). The combination of both had growth performance benefits in boilers 

(Tavarez et al., 2011). The objective of this study was to evaluate the effect of the antioxidant 

blend (AOX, ethoxyquin and propyl gallate) and vitamin E, a nutrient and antioxidant, on 

growth performance, oxidative status, and meat quality in broilers fed diets high in oxidants.  

MATERIALS AND METHODS 

Animals and Experimental Design 

The complete protocol was reviewed and approved by the Virginia Tech IACUC. Cobb 500 

male broilers (n = 1200, 44.7 ± 0.8 g) were acquired at day of hatch (Cobb-Vantress Inc., 
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Wadesboro, NC) and placed in group pens in an environmentally controlled facility at the 

Virginia Tech Turkey Farm (Blacksburg, VA). Chickens were randomly distributed into 60 pens 

to balance initial weight across treatments. There were 6 treatments with 10 pens per treatment. 

Each pen had 20 chickens. Treatments included: 1) HO: high oxidant diet with vitamin E at 10 

IU/kg, 3% oxidized oil, 3% PUFA source (containing DHA at 41.2%,); 2) VE: the HO diet with 

vitamin E at 200 IU/kg; 3) AOX: the HO diet with AOX at 135 mg/kg, 4) VE+AOX: the HO 

diet with both vitamin E at 200 IU/kg and AOX at 135 mg/kg, 5) SC: standard control, a corn 

soy diet with vitamin E at 10 IU/kg, 3% non-oxidized soy oil, no PUFA source), and 6) PC: 

positive control, the SC diet with AOX at 135 mg/kg. Treatment and control diet information, 

and diet composition are summarized in Tables 5.1 and 5.2. 

The antioxidant blend (AGRADO PLUS), PUFA source (TREVERA) and oxidized oil were 

provided by NOVUS International Inc. (St. Charles, MO). To prepare the oxidized oil, soybean 

oil was heated to 95
o
C and oxidized by continuously bubbling air at a rate of 80 L/min for up to 

72 h. Peroxide values were determined hourly according to AOCS (2007) methods (peroxide 

value acetic acid chloroform method, Cd853) to reach PV of approximately 180 mEq/kg of oil.  

Formulations were adjusted according to phase feeding practices as chickens advanced in age 

and weight as recommended by the breeder (Cobb-500, 2012): starter (d 0 to d 10), grower (d 11 

to d 21) and finisher (d 23 to d 42). The broiler grower house had negative pressure ventilation 

with side wall inlets, circulation fans, side wall fans, and end wall fans with a CHORETIME 

CHORETRONICS environment controlling system (Milford, IN). Pens were 1.22 × 2.44 m in 

dimension on concrete floors bedded with wood shavings. Each pen was equipped with a nipple 

drinker line and galvanized tube feeder. Broilers were weighed by pen, and feed consumption 

determined on d 10, 21 and 42. 
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Sample Preparation 

Blood samples were collected from the brachial vein under the wing into 4 mL heparin 

vacuum tubes from one tagged chicken at the end of each phase. On d 7, 14 and 21, one broiler 

was randomly selected for euthanasia by cervical dislocation to provide tissue samples. The 

central lobe of the liver from each sacrificed chicken was flash frozen in liquid nitrogen, and 

then stored along with plasma samples at -80°C until assays were conducted. On d 42, one 

chicken from each pen was harvested in the processing facility for samples and carcass data 

collection.  

Plasma TBARS, Alpha-1-acid glycoprotein, and Uric Acid  

Thiobarbituric acid reactive substances was determined using a commercial kit from Cayman 

Chemical Company (Ann Arbor, MI). Uric acid kit and α-1-acid glycoprotein (AGP) kit were 

purchased from Teco Diagnostics (Anaheim, CA) and Life Diagnostics (West Chester, PA), 

respectively, to determine the concentrations of uric acid and AGP in the plasma according to 

manufacturers’ recommendations. 

Muscle Vitamin A and E 

Vitamin A and vitamin E concentrations in the breast muscle were determined by HPLC 

following the procedures described by Katsanidis and Addis (1999) and Arnaud et al. (1991). 

Briefly, a 0.25 g muscle sample was added with standard tocopherol, retinol and ascorbic acid, 

followed by saponification solution [55% 2H5OH in distilled water and 11% KOH (wt/vol)]. The 

muscle sample was heated at 80°C for 15 min for saponification. After extraction with 

cyclohexane containing 0.01% of BHT, samples were evaporated and the residue was 

reconstituted in ethanol with 0.01% BHT. Samples then were transferred into an Eppendorf tube 

and centrifuged for 5 min at 13,000 × g at 4°C and then analyzed by chromatography (Agilent 
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Technologies HPLC system 1100 series) using an Agilent 18 Hypersil 125 mm × 4.0 mm 

column. A 25 µL injection volume was used. Flow rate was 1.5 mL/min with mobile phase 

methanol:water of 95:5. Ultraviolet detection was at 325 nm for vitamin A and 294 nm for 

vitamin E. 

RNA Extraction, Reverse Transcription and Real-Time PCR 

Liver samples were removed from -80°C and a 20 to 30 mg aliquot of each sample was 

weighed, placed into a 2 mL microcentrifuge tube along with a 5 mm stainless steel bead and 

600 μL of RLT buffer, and homogenized using the TissueLyser II system (Qiagen, Valencia, CA) 

according to the manufacturer’s recommendation. Total RNA was extracted using the RNeasy 

mini kit following the animal tissue protocol (Qiagen). Following extraction, RNA was eluted by 

rinsing the column membrane twice with 25 μL of RNase-free water. Total RNA concentration 

was determined at OD 260 nm (NanoDrop-1000, Thermo Fisher Scientific, Waltham, MA) and 

RNA purity was verified by evaluating the ratio of OD 260 nm to OD 280 nm.  Quality of the 

RNA was examined by agarose gel electrophoresis. 

Total RNA was diluted to 0.2 μg/μL using nuclease-free water. Reverse transcription was 

accomplished using the high capacity cDNA Reverse Transcription kit (Applied Biosystems, 

Carlsbad, CA) following the manufacturer’s protocol, and the cDNA was stored at -20°C.  

Quantitative real-time PCR (qRT-PCR) was performed using an ABI 7500 FAST Real-Time 

PCR System (Applied Biosystems). The cDNA was diluted 1:20 in nuclease-free water and then 

1 μL of the diluted cDNA was added to each well of a 96-well plate followed by 9 μL of real-

time PCR master mix [containing 5 μL FAST SYBR Green Master Mix (Applied Biosystems), 1 

μL each of 5 μM forward and reverse primers and 2 μL of sterile nuclease-free water]. During 

the PCR reaction, samples were subjected to an initial denaturation phase at 95°C for 20 s 
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followed by 40 cycles of denaturation at 95°C for 3 s and annealing and extension at 60°C for 30 

s. Gene expression for catalase (CAT), glutathione peroxidase (GSH-Px), and superoxide 

dismutase (SOD) was analyzed using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as 

an endogenous control. The PCR was performed using the following primers for CAT, GSH-Px, 

SOD and GAPDH: CAT forward primer: 5’ TGAAGCGGTGGCAAAGC 3’; CAT reverse 

primer: 5’ GCCAGCACCAGTGGTCAAG 3’; GSH-Px forward primer: 5’ 

TTGTAAACATCAGGGGCAAA 3’; GSH-Px reverse primer: 5’ 

TGGGCCAAGATCTTTCTGTAA 3’; SOD forward primer: 5’ AGGGGGTCATCCACTTCC 

3’, SOD reverse primer 5’ CCCATTTGTGTTGTCTCCAA 3’; GAPDH forward primer: 5’ 

CCTAGGATACACAGAGGACCAGGTT 3’, GAPDH reverse primer: 5’ 

GGTGGAGGAATGGCTGTCA -3’. Each reaction was run in duplicate. Primers were designed 

using the Primer Express 3.0 software (Applied Biosystems) and synthesized by MWG Operon 

(Huntsville, AL). Results from qRT-PCR were analyzed using the 7500 Real-Time PCR 

software (Applied Biosystems). Average gene expression relative to the GAPDH endogenous 

control for each sample was calculated using the 2
-ΔΔCt

 method (Livak and Schmittgen, 2001). 

The calibrator for each gene was the average ΔCt value from the liver of standard control group 

on day 7. 

Carcass Characteristics and Meat Quality 

Objective color measurements were determined on the left side breast muscle surface, using a 

portable Minolta CR300 colorimeter (Ramsey, NJ) with D65 illuminant, 0
o
 observer and 

calibrated against a standard white tile (Holmer et al., 2009). Mean L* (lightness), a* (redness), 

and b* (yellowness) values were collected from three separate locations on the surface of the 

breast. The left side of the breast muscle samples were used for drip loss analysis. Breast fillets 



 

87 

were individually weighed, sealed in plastic bags, stored at 4°C for 24 h and then reweighed 

(Saenmahayak et al., 2012). The right side breast muscle samples were frozen, ground, and 

homogenized. For pH determination, samples were added in 5 mM iodoacetate at 10 mL/g 

(Solomon, 1987). Muscle lactate concentration was determined using an enzyme analytical 

method (Hammelman et al., 2003). First, 100 mg of sample was added in 1 ml of 0.5 M 

perchloric acid, centrifuged (13,000 × g) for 5 min, and 600 μl of supernatant was transferred to 

150 mL KOH (2M). After a 1:1 dilution, 50 μl of the extract was added to 1.5 mL of 0.1 M 

reaction buffer (200 mM Tris-hydrazine, 0.4 mM nicotinamide adenine dinucleotide, pH 9.0). 

The OD1 value was measured by absorbance at 340 nm in triplicate, and OD2 value was obtained 

after adding lactate dehydrogenase (40 μl; 4 IU/sample; Sigma Chemical, Perth, WA) and 

incubated for 2 h at 25°C. Absorbance values associated with muscle lactate were determined by 

subtracting OD1 from OD2 and quantified by lactate standards. Lactate concentration was 

reported as μmol/g of muscle. 

Statistical Analysis 

Data were analyzed using the Glimmix procedure of the Statistical Analysis System (9.2 SAS 

Institute, Inc., Cary, NC). Pen was the experimental unit (n = 10). Growth performance and 

plasma data were conducted via repeated measures by day. The model included the fixed effects 

of dietary treatment and sampling day. Means and SE calculations were determined using the 

least squares means statement, with the slice option to separate treatment means by sampling day. 

Other data were analyzed using GLM procedure. Tukey’s multiple comparison test was 

conducted at a significance level of α= 0.05.  
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RESULTS 

Growth Performance 

Growth performance results within individual diet phases and cumulative phases of the 

experiment are summarized in Table 5.3. When performance was assessed on d 10, the SC 

chickens showed the lightest BW and least ADG, ADFI and G:F among the treatments. This 

trend continued until d 21, except that G:F was not significantly different from d 10 to d 21. In 

the finisher phase (d 22 to d 42), SC birds reached a similar BW to the HO and PC birds, and 

showed a greater ADG and ADFI.  

The VE treatment birds followed behind other treatments in BW, ADG and ADFI in the 

finisher phase (P < 0.001). Compared to AOX, chickens in the PC treatment grew slower in most 

phases. Chickens in AOX and VE+AOX showed a heavier BW and greater ADG from d 10, and 

the AOX alone treatment had the best G:F on d 10 and throughout the 42 d experiment period (P 

< 0.001). 

Plasma AGP, Uric Acid and TBARS  

The control diets fed birds (SC and PC) had less AGP levels compared to other treatments (d 

10 and d 21, Figure 5.1A). However, there was no difference among treatments as measured in 

AGP on d 42. There was a greater concentration of uric acid in AOX, SC, and PC treatments on 

d 10 (P = 0.008, Figure 5.1B). However, the difference among treatments did not continue 

during the later phases, as measured on d 21 and 42 (P > 0.05). 

On d 10 and 42, the levels of TBARS in the AOX and VE+AOX treated birds were 

comparable to the SC and PC treated birds (Figure 5.1C). However, on d 21, the AOX treatment 

was still at a similar level as the SC and PC whereas VE+AOX was intermediate. The TBARS 

level in the VE treatment was similar to the HO treatment on d 21 and was greatest on d 42.  
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Breast Muscle Vitamin A and E 

The concentrations of vitamin A and E in the breast muscle are summarized in Table 5.4. As 

expected, on d 21, a high dosage of vitamin E supplemented to the VE birds resulted in the 

greatest vitamin E concentration in the breast muscle, followed by the VE+AOX treatment. On d 

42, the VE birds still exhibited a greater concentration of vitamin E, as did the PC birds. The 

vitamin E concentration in the muscle of the VE+AOX birds was comparable to the HO, AOX 

and SC groups. The concentration of muscle vitamin A was greatest in the PC birds on d 21, 

whereas there was no significant difference among treatments on d 42.  

Antioxidant Enzyme Gene Expression in the Liver 

The gene expression of antioxidant enzymes in the liver is summarized in Table 5.5. Most of 

these enzymes did not differ among treatments, except that SOD showed the greatest expression 

in SC birds, whereas the expression of SOD was the least for HO birds on d 7 (P < 0.05). On d 

21, the expression of SOD tended (P = 0.093) to be less in HO birds, as well. On d 7, the SC 

birds tended to have a greater GSH-Px activity (P = 0.094).  

Carcass Characteristics and Meat Quality 

The individual carcass yields were not significantly different among the treatments, except 

for the tenderloin. The PC birds had the largest percentage of tenderloin to BW compared to the 

HO and VE+AOX treatments (P = 0.007, Table 5.6). 

There were no significant treatment differences in a* and L* in the breast muscle, but the VE 

treatment had a less b* (P = 0.003) compared to the VE+AOX, SC and PC birds (Figure 5.2A). 

The ultimate pH of the HO fed birds in the breast muscle was the lowest, which was associated 

with a greater drip loss (P < 0.01, Figure 5.2B). Muscle samples from the VE+AOX fed birds 

had the greatest pH, which was consistent with the least observed lactate level. The drip loss of 
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the individual VE and AOX treatments were less than the HO treatment (1.33, 1.24% vs. 2.63%, 

P = 0.007). However, the combination of the two did not have an additive effect. 

DISCUSSION 

Polyunsaturated fats and oils in animal diets are prone to oxidation. A large body of studies 

suggest that addition of oxidized oil has a negative effect on weight gain and feed conversion 

ratio in broilers (Cabel et al., 1988; Lin et al., 1989; Engberg et al., 1996; Wang et al., 1997; 

Ajum et al., 2004; McGill et al., 2011; Tavarez et al., 2011). In the present study, better growth 

performance occurred in the first four treatments supplemented with a PUFA source at 3% (pure 

DHA approximately 1.1%) in the presence of oxidized oil. This may be due to greater 

digestibility of unsaturated fat (Crespo and Esteve-Garcia, 2001; Newman et al., 2002; Ferrini et 

al., 2008). Also, it is likely DHA had beneficial effects on growth during early growth phases. As 

reported, fish oil as a PUFA source added at 2% and 4% (containing DHA 0.22% and 0.44% in 

the diet)  increased broiler BW gain from d 1 to d 38 by 5.6% and 4.2% respectively, and final 

BW by  6.5% and 4.6%, respectively (Lopez-Ferrer et al., 2001).  However, when DHA levels in 

the diet reached 0.72% by adding 8.2% fish oil, there was no significant growth improvement in 

broilers (Lopez-Ferrer et al., 1999). In the current study, though the DHA level was greater than 

0.72%, the excessive amount of DHA could have offset the negative effects of oxidized oil. This 

effect did not continue in the finisher phase, which is probably due to compensatory growth of 

SC birds during the later production phase. 

It is possible that vitamin E added at 200 mg/kg level in the presence of oxidized oil and 

DHA acted as a prooxidant as reflected by poorer growth in the finisher phase. In this current 

model, an excessive supplementation of dietary vitamin E could not effectively improve growth 

performance, which may have resulted from an imbalance of antioxidants, such as vitamins C 
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and E. Due to a relatively low vitamin C level in the diet, vitamin E may not have been 

regenerated, and led to the accumulation of vitamin E radicals which can act as prooxidants 

(Hamre et al., 1997). Similarly, Englmaierova et al. (2011) reported a decreased BW by d 35 of 

feeding with a greater dietary vitamin E level at 100 mg/kg under the non-stressed condition.  

Under stress, an acute phase protein can restore homeostasis and restrict microbial growth in 

an antibody-independent manner (Murata et al., 2004). Alpha-1-acid glycoprotein is a common 

acute phase proteins in avian species (Lee et al., 2010). It exerts its inflammatory and 

immunomodulating properties under stress (Hochepied et al., 2003). A greater concentration of 

AGP in the high oxidant diet treatments of this study reflects a greater stress status compared 

with the control groups (SC and PC).  

Oxidative stress induced lipid peroxidation and peroxidation products are formed after 

radical attack at the broken double bonds (Fellenberg and Speisky, 2006). The concentration of 

TBARS in blood is used as a biomarker of radical-induced damage and endogenous lipid 

peroxidation. In this study, restoration of plasma levels of TBARS to normal levels with the 

AOX treatment may be due to an enhancement of the body’s antioxidant defense system. A 

greater TBARS level in the VE birds on d 42 probably suggests a prooxidant effect of vitamin E 

when fed at high dietary concentration in the current model. 

A well functioned antioxidant system is required, especially under During the oxidative 

stress,. Uric acid is a primary nitrogen waste product in most animals, but it works as one of the 

non-enzymatic antioxidants in humans and birds (Lin et al., 2008). It functions as a protective 

component against oxidative stress and reduces tissue damage associated with ROS production 

(Carro et al., 2010). Greater uric acid in the AOX and PC treatments of this study indicates an 

enhanced non-enzymatic system in the early growth phase (d 10). 
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The concentration of vitamin E in the breast muscle in VE treated birds was expected to be 

greater than other treatments. Antioxidant inclusion in the diet has been shown to reduce cellular 

consumption of vitamin E (Bartov and Bornstein, 1972, 1981; Tavarez et al., 2011).  The greater 

vitamin E concentration in the PC treated birds suggests a sparing effect of AOX for vitamin E in 

non-oxidized oil treatment. However, in the high oxidant diet treatments (HO, VE, AOX and 

VE+AOX), the sparing effect was not significant. Previous authors have also suggested a sparing 

effect of ethoxyquin for vitamin A (Bartov and Bornstein, 1972). However, in this study, the 

vitamin A sparing effect of AOX was only found in the PC treatment when it was compared to 

the SC treatment on d 21.  

Most of the antioxidant enzymes in the liver did not differ on d 7, 14 and 21, which again 

suggests that the oxidative status in the liver was moderately altered. The less expression of SOD 

in the HO treatment indicates a suppressed antioxidant capability in these birds.  

Cellular and subcellular membranes high in polyunsatureated fatty acids are susceptible to 

oxidation. When membrane integrity is disturbed by free radicals, cellular water may leak out 

causing greater drip loss (Mahan, 2001). A relatively less drip loss of VE and AOX treatments 

suggests they have the potential to protect muscle cell membrane integrity from damage induced 

by high oxidants. During the conversion of muscle to meat, lactic acid builds up in the tissue 

leading to a reduction in pH of the meat. The less pH was consistent with a greater concentration 

of lactate in this study. Once the pH has reached the isoelectric point of the major proteins, 

especially myosin (approximately 5.4), they lose their ability to attract and bind water. In 

addition, the electrostatic forces that help maintain myofilament space are also reduced near the 

isoelectric point. Thus interfilament space is reduced and rigor bonds can be formed (Huff-

Lonergan and Lonergan, 2007). This may explain why the HO birds with the greatest lactate 
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concentration and the least pH had the largest drip loss. Drip loss has been previously shown to 

be positively related to redness a* and yellowness b* in different broiler lines (Le Bihan-Duval 

et al., 1999). There were no significant treatment differences in a* in the current study, but the 

VE treatment had a least b* coupled with a less drip loss. Tavarez et al. (2011) reported that b* 

was increased by oxidized oil inclusion. However in the current study, though the VE+AOX 

treatment showed the greatest b* value, it was not different than the non-oxidized oil treatments 

(SC and PC). 

In summary, compared to the SC diet, feeding chicken diets containing oxidized oil, a PUFA 

source and low vitamin E had some beneficial effects on earlier growth. Dietary addition of 

AOX or AOX plus VE was effective in improving growth, and AOX alone moderately restored 

the whole body antioxidant capability. The addition of AOX alone and high VE reduced drip loss, 

but VE may exert a prooxidant property in the finisher phase as measured by growth. 
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Table 5.1 Treatments in the broiler study 

Soybean oil and PUFA 

status: 

Treatment (Oxidized oil and PUFA 

source)
 1

 

Control (Non-

oxidized oil and no 

PUFA source)
 2

 

 HO VE AOX VE+AOX SC PC 

Oxidized soybean oil
3
 3% 3% 3% 3% 0 0 

Non-oxidized soybean oil 0 0 0 0 3% 3% 

PUFA source
4
 3% 3% 3% 3% 0 0 

Vitamin E, mg/kg 10 200 10 200 10 10 

Antioxidant blend
5
, mg/kg 0 0 135 135 0 135 

1
 HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% PUFA 

source; VE: HO supplemented with vitamin E level at level 200 IU/kg; AOX: HO supplemented 

with an antioxidant blend (AOX, ethoxyquin and propyl gallate) at 135 mg/kg; VE+AOX: HO 

supplemented with vitamin E level at 200 IU/kg and + AOX at 135 mg/kg.  
2 

SC: standard control, vitamin E level at NRC 10 IU/kg, 3% non-oxidized soy oil, no DHA 

supplement, PC: positive control, SC supplemented with AOX at 135 mg/kg. 
3 

Oxidized oil was heated to 95 °C to reach PV of 180 mEq/kg of oil, provided by NOVUS 

International Inc. St. Charles, MO. 
4 

TREVERA, vegetarian source of the omega-3 fatty acid docosahexaenoic (DHA) at 41%, 

provided 4,000 kcal ME/kg, Novus International, Inc., St. Charles, MO. 
5
 AGRADO PLUS, an antioxidant blend of ethoxyquin and propyl gallate, NOVUS 

International Inc. St. Charles, MO.  
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Table 5.2 Composition of diets in different phases 

Phase Starter (d 0 to 10) Grower (d 11 to 21) Finisher (d 22 to 42) 

 Control Treatmen

t 

Control Treatmen

t 

Control Treatment 

Ingredients % % % % % % 

Corn 59.74 56.48 63.72 60.50 66.95 63.84 

Soybean meal 30.42 30.04 26.72 26.28 25.50 25.03 

Poultry by-product 3.00 3.00 3.00 3.00 1.39 1.39 

PUFA source
 2

 0.00 3.00 0.00 3.00 0.00 3.00 

Soybean oil 

(oxidized) 

3.00 3.00 3.00 3.00 3.00 3.00 

Diocalcium 

phosphate 

1.69 1.70 1.60 1.60 1.51 1.52 

Limestone 0.80 0.80 0.74 0.74 0.73 0.73 

Salt 0.35 0.35 0.35 0.35 0.35 0.35 

L-Lysine HCl 0.24 0.25 0.18 0.19 0.10 0.11 

MHA
3
 0.37 0.37 0.33 0.33 0.24 0.24 

Threonine 0.06 0.06 0.04 0.04 0.00 0.00 

Mineral premix 
4 

     0.10 0.10 0.10 0.10 0.10 0.10 

Vitamin E free 

premix 
5 
     

0.05 0.05 0.05 0.05 0.05 0.05 

Choline chloride 0.08 0.08 0.07 0.07 0.06 0.06 

Coban 90 
6
                                 0.05 0.05 0.05 0.05 0.00 0.00 

BMD 50 
7
                                  0.05 0.05 0.05 0.05 0.00 0.00 

Stafac 20 
8
                               0.00 0.00 0.00 0.00 0.025 0.025 

Sand 0.00 0.62 0.00 0.65 0.00 0.55 

Total 100.00 100.00 100.00 100.00 100.00 100.00 

 

Calculated nutrient level 

ME, kcal/kg 3090.53 3092.05 3133.58 3134.98 3164.19 3170.88 

CP, % 21.62 21.66 20.16 20.17 18.88 18.90 

Ca, % 0.90 0.90 0.85 0.85 0.76 0.76 

Available P, % 0.45 0.45 0.43 0.43 0.38 0.38 

Total P, % 0.72 0.71 0.69 0.68 0.65 0.64 

Digestible, Lys, % 1.34 1.34 1.19 1.19 1.05 1.05 

Digestible, Met, % 0.65 0.65 0.60 0.60 0.51 0.51 

Digestible, TSAA, % 1.01 1.00 0.94 0.93 0.82 0.82 

Digestible, Thr, % 0.87 0.86 0.79 0.79 0.70 0.70 

Digestible, Try, % 0.27 0.27 0.25 0.25 0.23 0.23 
1 

Treatment diets include HO, VE, AOX and VE+AOX. Control diets include SC and PC. 

They were mixed using separate basal diets.  
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2 
TREVERA, vegetarian source of the n-3 fatty acid docosahexaenoic (DHA) at approximate 

41%, provided 4000 kcal ME/kg, Novus International, Inc., St. Charles, MO. 
3 

Methionine supplement, 84% methionine, Novus International Inc. 
4
 Provided per kilogram of diet: iron as ferrous sulfate, 40 mg; manganese as manganese 

sulfate and manganous oxide, 120 mg; zinc as zinc oxide, 210 mg; cobalt as cobalt carbonate, 2.2 

mg; iodine as calcium iodate, 132 mg. 
5
 Concentrated vitamin premix, provided the following per kilogram of diet: vitamin A, 

13,000 IU; vitamin D, 5,000 IU; vitamin E, 10 IU; vitamin K 3 mg, biotin 0.15 mg/kg, folic acid 

2 mg/kg, niacin 60 mg/kg, pantothenate 15 mg/kg, riboflavin 9 mg/kg, thiamin 3 mg/kg, 

pyridoxamine 4 mg/kg, cobalamins 0.02 mg/kg, Harlan Laboratories, Inc., Madison, WI. 
5 

Provided  55 mg/kg monensin, Elanco Animal Health, Greenfield, IN.
 

6  
Provided  30.5 mg/kg bacitracin, Alpharma, LLC. Bridgewater, NJ.

. 

7 
Provided  6.1 mg/kg virginiamycin, Phibro Animal Health Co., Teaneck, NJ. 
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Table 5.3 Growth performance across treatments 

 Treatment
1
   

Variable HO VE AOX VE+AOX SC PC SEM P value 

d 0-10                 

d 0 BW, g 44.13 44.15 44.13 44.50 44.07 44.00 0.26 0.820 

ADG, g 18.38
B
 18.57

B
 21.05

A
 20.15

A
 14.9

C
 19.02

B
 0.33 <0.001 

ADFI, g 26.10
B
 26.21

B
 27.45

A
 26.89

AB
 24.23

C
 26.49

B
 0.34 <0.001 

G:F 0.704
B
 0.709

B
 0.767

A
 0.751

A
 0.614

C
 0.718

B
 0.011 <0.001 

d 10 BW, g 227.93
B
 229.89

B
 254.62

A
 245.98

A
 193.05

C
 234.23

B
 3.30 <0.001 

d 10-21                 

ADG, g 57.05
AB

 57.22
AB

 58.78
A
 58.50

A
 53.83

C
 55.66

BC
 0.88 <0.001 

ADFI, g 87.50
C
 88.02

C
 90.74

A
 90.36

AB
 79.36

D
 86.87

C
 0.73 <0.001 

G:F 0.652 0.650 0.648 0.647 0.679 0.641 0.010 0.158 

d 21 BW, g 855.44
B
 859.35

B
 901.24

A
 889.52

A
 785.22

C
 846.49

B
 10.73 <0.001 

d 22-42                 

ADG, g 100.90
AB

 93.17
C
 102.19

AB
 103.18

A
 103.49

A
 99.49

B
 1.45 <0.001 

ADFI, g 179.48
AB

 168.19
C
 173.29

B
 177.31

AB
 179.04

A
 173.80

B
 1.15 <0.001 

G:F 0.562
CD

 0.554
D
 0.590

A
 0.582

AB
 0.578

B
 0.572

BC
 0.004 <0.001 

d 42 BW, g 2974.35
B
 2815.83

C
 3047.25

A
 3056.36

A
 2958.56

B
 2935.81

B
 24.20 <0.001 

d 0-21               <0.001 

ADG 38.63
B
 38.82

AB
 40.81

A
 40.24

AB
 35.29

C
 38.21

B
 0.51 <0.001 

ADFI 58.17
B
 58.59

B
 60.89

A
 60.13

AB
 53.11

C
 58.11

B
 0.51 <0.001 

G:F 0.664 0.660 0.670 0.670 0.660 0.660 0.01 0.920 

d 0-42                 

ADG 69.77
AB

 65.99
C
 71.50

A
 71.71

A
 69.39

AB
 68.85

B
 0.58 <0.001 

ADFI 118.82
A
 113.39

B
 117.09

A
 118.72

A
 116.07

AB
 115.96

AB
 0.80 <0.001 

G:F 0.587
CD

 0.582
D
 0.611

A
 0.604

AB
 0.598

B
 0.594

BC
 0.003 <0.001 

1
 HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% PUFA 

source; VE: HO supplemented with vitamin E level at level 200 IU/kg; AOX: HO supplemented 

with an antioxidant blend (AOX, ethoxyquin and propyl gallate)at 135 mg/kg; VE+AOX: HO 

supplemented with vitamin E level at 200 IU/kg and + AOX at 135 mg/kg; 
 
SC: standard control, 

vitamin E level at NRC 10 IU/kg, 3% non-oxidized soy oil, no DHA supplement, PC: positive 

control, SC supplemented with AOX at 135 mg/kg. 
A-D 

Means within rows that do not have a common superscript differ at P < 0.01. 
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Figure 5.1 Plasma oxidative stress indicators 

HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% PUFA source; 

VE: the HO diet supplemented with vitamin E level at level 200 IU/kg; AOX: the HO diet 

supplemented with an antioxidant blend (AOX, ethoxyquin and propyl gallate)at 135 mg/kg; 

VE+AOX: the HO diet supplemented with vitamin E level at 200 IU/kg and + AOX at 135 mg/kg;  

SC: standard control, vitamin E level at NRC 10 IU/kg, 3% non-oxidized soy oil, no DHA 

supplement, PC: positive control, the SC diet supplemented with AOX at 135 mg/kg. AGP = α-1-

acid glycoprotein, TBARS = thiobarbituric acid reactive substances. 
a, b

 Means at the same sampling day with no common superscript differ (P < 0.05). 
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Table 5.4 Vitamins A and E concentrations in the breast muscle 

 
 Treatment

1
 

  

Item HO VE AOX 
VE+A

OX 
SC PC SEM 

P -

value 

d 21 
   

 
   

Vitamin E, 

mg/kg 1.07
C
 11.27

A
 1.19

C
 6.01

B
 1.51

C
 1.52

C
 0.34  <0.001 

Vitamin A, 

μg/kg 62.00
AB

 56.40
AB

 46.75
AB

 43.20
AB

 28.00
B
 84.20

A
 8.42 0.006 

d 42         

Vitamin E, 

mg/kg 1.06
B
 11.39

A
 1.53

B
 2.01

B
 1.14

B
 9.76

A
 0.54 <0.001 

Vitamin A, 

μg/kg 118.80 93.80 117.00 154.40 143.80 143.60 20.34 0.404 
1
 HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% PUFA 

source; VE: HO supplemented with vitamin E level at level 200 IU/kg; AOX: HO supplemented 

with an antioxidant blend (AOX, ethoxyquin and propyl gallate)at 135 mg/kg; VE+AOX: HO 

supplemented with vitamin E level at 200 IU/kg and + AOX at 135 mg/kg; 
 
SC: standard control, 

vitamin E level at NRC 10 IU/kg, 3% non-oxidized soy oil, no DHA supplement, PC: positive 

control, SC supplemented with AOX at 135 mg/kg. 
A-C 

Means in rows with no common superscript differ (P < 0.01). 
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Table 5.5 Gene expression of antioxidant enzymes in the liver 

 
 Treatment

1
 

  
Antioxidant enzymes

2
 HO VE AOX VE+AOX SC PC SEM P -value 

d 7        

CAT 1.06 1.45 1.48 1.82 2.06 1.96 0.31 0.288 

GSH-Px 1.44 1.34 1.19 2.10 2.12 1.97 0.26 0.094 

SOD 1.09
b
 1.64

ab
 1.82

ab
 1.73

ab
 2.04

a
 1.69

ab
 0.19 0.044 

d 14        

 CAT 2.54 1.97 2.24 1.53 2.64 2.22 0.37 0.477 

GSH-Px 2.92 2.59 2.87 2.58 2.73 2.52 0.36 0.968 

SOD 1.64 2.19 2.22 2.29 2.08 2.04 0.18 0.229 

d 21         

CAT 0.70 1.22 1.22 1.31 1.64 0.90 0.31 0.709 

GSH-Px 0.85 1.32 0.98 1.43 1.35 1.09 0.22 0.486 

SOD 0.76 1.15 0.93 1.09 1.11 0.89 0.09 0.093 
1
 HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% PUFA 

source; VE: HO supplemented with vitamin E level at level 200 IU/kg; AOX: HO supplemented 

with an antioxidant blend (AOX, ethoxyquin and propyl gallate)at 135 mg/kg; VE+AOX: HO 

supplemented with vitamin E level at 200 IU/kg and + AOX at 135 mg/kg; 
 
SC: standard control, 

vitamin E level at NRC 10 IU/kg, 3% non-oxidized soy oil, no DHA supplement, PC: positive 

control, SC supplemented with AOX at 135 mg/kg. 
2
 CAT: catalase, GSH-Px: glutathione peroxidase, SOD: superoxide dismutase. 

a,b 
Means in rows with no common superscript differ (P < 0.05). 
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Table 5.6 Carcass yield across treatments 

 Treatment
1
   

Item HO VE AOX VE+AOX SC PC SEM  P -value 

Carcass, % 75.43 74.46 75.63 75.32 75.57 76.43 0.65 0.480 

Wing, % 10.89 10.87 11.02 10.85 10.7 10.9 0.23 0.958 

Breast, % 19.63 20.06 20.5 21.16 21.41 19.47 0.55 0.075 

Tenderloin, % 5.47 
B
 6.18

AB
 6.06

AB
 5.48

B
 6.26

AB
 6.92

A
 0.28 0.007 

Thigh, % 17.86 16.89 16.65 16.94 16.45 16.75 0.41 0.216 

Drum, % 13.38 13.36 13.58 13.38 13.42 13.46 0.28 0.995 
1
 HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% PUFA 

source; VE: HO supplemented with vitamin E level at level 200 IU/kg; AOX: HO supplemented 

with an antioxidant blend (AOX, ethoxyquin and propyl gallate)at 135 mg/kg; VE+AOX: HO 

supplemented with vitamin E level at 200 IU/kg and + AOX at 135 mg/kg; 
 
SC: standard control, 

vitamin E level at NRC 10 IU/kg, 3% non-oxidized soy oil, no DHA supplement, PC: positive 

control, SC supplemented with AOX at 135 mg/kg. 
A, B 

Means in rows with no common superscript differ (P < 0.01). 
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Figure 5.2 Breast quality across treatments on d 42.   

HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% PUFA 

source; VE: the HO diet supplemented with vitamin E level at level 200 IU/kg; AOX: the HO 

diet supplemented with an antioxidant blend (AOX, ethoxyquin and propyl gallate) at 135 

mg/kg; VE+AOX: the HO diet supplemented with vitamin E level at 200 IU/kg and + AOX at 

135 mg/kg;  SC: standard control, vitamin E level at NRC 10 IU/kg, 3% non-oxidized soy oil, no 

DHA supplement, PC: positive control, the SC diet supplemented with AOX at 135 mg/kg. L* = 

lightness, a* = redness, b* = yellowness  
a, b

 Means in the same trait with no common superscript differ (P < 0.05). 



 

104 

Chapter 6  

Effects of a dietary antioxidant blend and vitamin E on fatty acid profile, liver function and 

inflammatory response in broiler chickens fed diets high in oxidants 

ABSTRACT 

The aim of this study was to determine the effects of a dietary antioxidant blend (AOX, 

ethoxyquin and propyl gallate) and vitamin E on fatty acid profile, inflammatory response and 

liver function in broilers fed a diet high in oxidants. One thousand two hundred Cobb 500 male 

broilers (BW = 44.7 ± 0.8 g, day of hatch) were randomly distributed into 60 floor pens across 6 

treatments with 10 replicate pens of 20 chicks each. Treatments included: 1) HO: high oxidant 

diet with vitamin E at 10 IU/kg, 3% oxidized oil, 3% PUFA source; 2) VE: the HO diet with 

vitamin E at 200 IU/kg; 3) AOX: the HO diet with AOX at 135 mg/kg, 4) VE+AOX: the HO 

diet with both vitamin E at 200 IU/kg and AOX at 135 mg/kg, 5) SC: standard control, a corn 

soy diet with vitamin E at 10 IU/kg, 3% non-oxidized soy oil, no PUFA source, and 6) PC: 

positive control, the SC diet with AOX at 135 mg/kg. The concentration of fatty acids such as 

20:4, 20:5, 22:5 and 22:6, as well as the n-3 fatty acids was greater in the abdominal fat of 

chickens fed treatment diets (HO, VE, AOX and VE+AOX) than that of control diets (SC and 

PC) from d 21(P < 0.001). On d 42, the difference was more profound. Compared to HO 

treatment, AOX added treatments (AOX and VE+AOX) preserved the deposition of these 

polyunsaturated fatty acids (PUFA, P < 0.001). The high oxidant diets caused oxidative damage 

to the liver with numerically greater concentrations of aspartate aminotransferase (AST) at all 

collection days, and γ-glutamyl transferase (GGT) on d 21 (P < 0.01). Compared to the HO 

treatment, AOX and VE+AOX treated chickens had restored GGT concentration to a level 

similar to controls on d 21 (P < 0.01). On d 21, compared to SC, the VE, VE+AOX birds 
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exhibited a greater vacuoles score (0.40 vs. 2.80 and 2.60), whereas on d 42, the vacuole score of 

HO, VE and VE+AOX were greater (1.20 vs. 3.60, 3.40 and 3.20, P < 0.01). The inflammation 

scores of abdominal fat of HO birds was the highest, whereas AOX and VE+AOX birds showed 

a reduced score at a similar level to SC and PC birds on d 21 (P < 0.001). The less vacuoles 

score in SC was associated with a greater expression of proliferator activated receptor (PPAR)-γ 

and PPAR-α (P < 0.05). The expression of inflammatory gene did not differ among treatments (P 

> 0.05). In conclusion, dietary addition of AOX or AOX plus VE was effective in preserving 

PUFA, especially DHA deposition in the abdominal fat, moderately improved liver function and 

reduced inflammation in fat to a level similar to control groups.  

INTRODUCTION 

The lipid composition of broiler fat can be modified by dietary fat sources. It has been well 

documented that the fatty acid composition of broiler tissues, such as breast, thigh, and skin, is 

similar to profile of fatty acids to the diet fed (Rymer and Givens, 2005). Furthermore, dietary 

supplementation of PUFA increases PUFA deposition in fat depots of chickens (Villaverde et al., 

2006). However, oxidized lipids present in the diet can act as  prooxidants and interact with 

PUFA, facilitating the generation of free radicals and propagation of oxidative reactions (Gray et 

al., 1996). 

Immune cells are particularly sensitive to oxidation due to the high concentration of PUFA in 

immune cell membranes and high production of ROS (Meydani et al., 1995). A diet prone to 

oxidation is likely to cause oxidative stress and potentially induce an inflammatory response. 

Liver has been identified as the most sensitive organ to oxidative stress with enlarged liver and 

greater concentrations of liver function indicators in plasma in pigs fed a high oxidant diet 

(Chapter 3, Table 3.3). A combination of the antioxidants ethoxyquin and propyl gallate has been 
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shown to reduce lipid oxidation in compounded feeds (Madhavi and Salunkhe, 1995), and may 

reduce oxidative stress in the animal as well. Ethoxyquin is an aromatic amine scavenger of 

radicals produced from lipid oxidation (Bohne et al., 2008). Propyl gallate is poly-phenol widely 

used to chelate with iron ions, a catalyzer in the oxidation process (Madhavi and Salunkhe, 

1995). The combination of both had improving effects on growth performance and shelf life in 

boilers fed oxidized oil (Tavarez et al., 2011). The objective of this study was to evaluate the 

effect of the antioxidant blend (AOX, ethoxyquin and propyl gallate) compared to vitamin E, a 

well established antioxidant, on fatty acid profile, liver function and inflammatory response in 

broilers fed diets high in oxidants.  

Keywords:  antioxidant, fatty acid profile, liver function, inflammatory response 

MATERIALS AND METHODS 

Animals and Experimental Design 

The complete protocol was reviewed and approved by the Virginia Tech IACUC. One 

thousand two hundred Cobb 500 male broilers (44.7± 0.8 g) were acquired on the day of hatch 

from the hatchery at Cobb-Vantress Inc. (Wadesboro, NC) and placed in group pens in an 

environmentally controlled facility at the Virginia Tech Turkey Farm (Blacksburg, VA). 

Chickens were randomly distributed into 60 pens to balance initial weight across treatments. 

There were 6 treatments with 10 pens per treatment. Each pen had 20 chickens. Treatments 

included: 1) HO: high oxidant diet with vitamin E at 10 IU/kg, 3% oxidized oil, 3% PUFA 

source (containing DHA at 40%,); 2) VE: the HO diet with vitamin E at 200 IU/kg; 3) AOX: the 

HO diet with AOX at 135 mg/kg, 4) VE+AOX: the HO diet with both vitamin E at 200 IU/kg 

and AOX at 135 mg/kg, 5) SC: standard control, a corn soy diet with vitamin E at 10 IU/kg, 3% 

non-oxidized soy oil, no PUFA source, and 6) PC: positive control, the SC diet with AOX at 135 
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mg/kg. Formulations were adjusted according to phase feeding practices as chickens advanced in 

age and weight as recommended by the breeder (Cobb-500, 2012): starter (d 0 to d10), grower (d 

11 to d 21) and finisher (d 23 to d 42). The broiler grower house had negative pressure 

ventilation with side wall inlets, circulation fans, side wall fans, and end wall fans with a 

CHORETIME CHORETRONICS environment controlling system (Milford, IN). Pens were 1.22 

× 2.44 m in dimension on concrete floors bedded with wood shavings. Each pen was equipped 

with a nipple drinker line and galvanized tube feeder. Treatment and control diets information, 

and fatty acid profile of each diet and the PUFA source are summarized in Tables 6.1 and 6.2. 

Sample Preparation and Measurements 

Blood samples were collected from the brachial vein under the wing into 4 mL heparin 

vacuum tubes from one tagged chicken at the end of each phase. Plasma was used for AST, 

ALT, and GGT test. All the analysis commercial kits were purchased from Teco Diagnostics 

(Anaheim, CA). 

On d 7, 14, 21 and 42, one broiler from each pen was randomly selected for euthanasia by 

cervical dislocation to provide tissue samples. The weight of the heart, spleen, liver and bursa 

was recorded. The central lobe of the liver from each sacrificed chicken was flash frozen in 

liquid nitrogen, and then stored along with plasma samples at -80°C until assays were conducted. 

On d 21 and 42, the abdominal fat, and another central lobe sample of the liver were collected 

and stored in formalin for histology analysis. Another piece of fat was used for the fatty acid 

profile. 

Histological Analysis 

Fat and liver samples were fixed in formalin (10%), and embedded in paraffin wax. Sections 

from each organ were made at a thickness of 5 μm with a microtome, stained with hematoxylin-
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eosin, and examined by light microscope for inflammation and vacuole scores. Inflammation 

scores were graded according to the degree of inflammation using the following scale: 0 = 

normal; 1 = 1 to 2 foci of inflammation in ten 100× fields; 2 = 3 to 5 foci of inflammation in ten 

100× fields, 3 = 6 to 10 foci of inflammation in ten 100× fields, 4 = foci of inflammation in ten 

100× fields. Vacuole score was graded according to the vacuole percentage, 0 = normal, 1 = 

<25%, small vacuoles; 2 = 25-50%, small vacuoles; 3 = 50-75%, small to large vacuoles; 4 

= >75%, large vacuoles.  

Fatty Acid Profile 

Lipid extraction of feed and abdominal fat samples was performed according to Hara and 

Radin (1978) with a hexane and isopropanol (3:2 vol/vol) solution (18 ml/g of fat) followed by a 

67 g of sodium sulfate solution/L (12 ml/g of fat). The upper phase was transferred and then 

transesterified with sodium methoxide according to the method by Christie (1982). Briefly, 

hexane (2 mL) was added to 50 mg of lipid extract followed by 40 μl of methyl acetate, 40 μl 

methylation reagent (1.75 ml of methanol: 0.4 ml of 5.4 M sodium methylate). Following by 10 

min incubation, 60 μl of termination reagent (1 g of oxalic acid/30 ml of diethyl ether) was 

added. After centrifugation at 2,000 × g at 4°C, the hexane layer was removed and used directly 

for gas chromatographic determination (Agilent 6890N GC). A CP-Sil 88 capillary column (100 

mm × 0.25 mm i.d. with 0.2 µm thickness; Varian, Inc., Palo Alto, CA) was used. The run 

conditions were as follows: the oven temperature was initially set at 70°C, increased at 8°C/min 

to 110°C, increased again at 5°C/min to 170°C and held for 10 min, and finally increased at 

4°C/min to 225°C and held for 15 min. The inlet and detector temperatures were 250°C; the split 

ratio was 100:1, and a 1 µL injection volume was used. The hydrogen carrier gas flow rate was 1 

mL/min. Hydrogen flow to the detector was 25 mL/min, airflow was 400 mL/min, and the flow 
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of nitrogen makeup gas was 40 mL/min. Fatty acid peaks were identified by using pure methyl 

ester standards (Nu-Check Prep Inc., Elysian, MN). 

RNA Extraction, Reverse Transcription and Real-Time PCR 

Liver samples (20 to 30 mg) were weighed and placed into a 2 mL microcentrifuge tube 

along with a 5 mm stainless steel bead and 600 μL of RLT buffer, and homogenized using the 

TissueLyser II system (Qiagen, Valencia, CA) according to the manufacturer’s recommendation. 

Total RNA was extracted using the RNeasy mini kit following the animal tissue protocol 

(Qiagen).  Following extraction, RNA was eluted by rinsing the column membrane twice with 25 

μL of RNase-free water.  Total RNA concentration was determined at OD 260 nm (NanoDrop-

1000, Thermo Fisher Scientific, Waltham, MA) and RNA purity was verified by evaluating the 

ratio of OD 260 nm to OD 280 nm. Quality of the RNA was examined by agarose gel 

electrophoresis. 

Total RNA was diluted to 0.2 μg/μL using nuclease-free water. Reverse transcription was 

accomplished using the high capacity cDNA Reverse Transcription kit (Applied Biosystems, 

Carlsbad, CA) following the manufacturer’s protocol, and the cDNA was stored at -20°C.  

Quantitative real-time PCR was performed using an ABI 7500 FAST Real-Time PCR 

System (Applied Biosystems). The cDNA was diluted 1:20 in nuclease-free water, and then 1 μL 

of the diluted cDNA was added to each well of a 96-well plate followed by 9 μL of real-time 

PCR master mix [containing 5 μL FAST SYBR Green Master Mix (Applied Biosystems), 1 μL 

each of 5 μM forward and reverse primers and 2 μL of sterile nuclease-free water. During the 

PCR reaction, samples were subjected to an initial denaturation phase at 95°C for 20 s followed 

by 40 cycles of denaturation at 95°C for 3 s and annealing and extension at 60°C for 30 s.  
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Gene expression for interleukin IL-4, IL-10, IL-1β, IFN-γ, iNOS, PPAR-γ and PPAR-α was 

analyzed using GAPDH as an endogenous control. Each reaction was run in duplicate. Primers 

were designed (Table 6.3) and synthesized by MWG Operon (Huntsville, AL). Results from 

qRT-PCR were analyzed using the 7500 Real-Time PCR software (Applied Biosystems). 

Average gene expression relative to the GAPDH endogenous control for each sample was 

calculated using the 2
-ΔΔCt

 method (Livak and Schmittgen, 2001). The calibrator for each gene 

was the average ΔCt value from the liver of standard control group on d 7. 

Statistical Analysis 

Plasma data were analyzed using the Glimmix procedure of the Statistical Analysis System 

(9.2 SAS Institute, Inc., Cary, NC). Pen was the experimental unit (n = 10). Plasma data were 

conducted via repeated measures by day. The model included the fixed effects of dietary 

treatment and sampling day. Means and SE calculations were determined using the least squares 

means statement, with the slice option to separate treatment means by sampling day. Other data 

were analyzed using the GLM procedure. Tukey’s multiple comparison test was conducted at a 

significance level of α= 0.05.  

RESULTS 

Fatty Acid Profile 

Fatty acid data are reported for abdominal fat in chickens across treatments on d 21 and 42 

(Tables 6.4 and 6.5). On d 21, a large group of fatty acids in abdominal fat differed between 

birds fed treatment diets (HO, VE, AOX and VE+AOX) and birds fed control diets (SC and PC), 

including 14:0, 20:4, 20:5, 22:5 and 22:6. Treatment diets fed birds showed a greater 

concentration of these fatty acids than that of birds fed control diets (P < 0.001). The amount of 

n-3 fatty acids in the fat of treatment diets fed birds was greater than control with a smaller n-
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6:n-3 ratio (P < 0.001). All the fatty acids in birds fed AOX and VE+AOX treatments were at the 

same levels, whereas most of fatty acids of SC and PC chickens had similar levels except that PC 

birds showed a greater concentration of 18:2, 18:3 and n-6 than SC birds (P < 0.001).  

On d 42, differences in fatty acid profile of abdominal fat for chickens fed treatment diets 

and control diets were more profound compared to d 21. The concentrations of 14:0, 20:4, 20:5, 

22:5 and 22:6 were greater in treatment groups than control groups; the concentrations of MUFA 

and 18:1 trans and cis showed a less concentration in birds fed treatment diets than control diets 

(P < 0.001). Similarly, all the fatty acids concentrations from AOX and VE+AOX were at the 

same level except 14:0. Samples from HO were less than AOX and VE+AOX treatments in the 

concentrations of 20:4, 20:5, 22:5 and 22:6, so were the concentration of PUFA, n-3 and n-6 

acids, and the ratio of PUFA: SFA. However, the ratio of n-6:n-3 was greater in HO than VE, 

AOX and VE+AOX (P < 0.001). At this time point, the concentrations of fatty acids in SC and 

PC were at the same level except 16:0.   

Organ to BW Ratio 

Compared to other groups, chickens on the HO treatment had a smallest bursa to BW ratio on 

d 21, and the VE+AOX treated birds had the largest heart to BW ratio on d 21 and 42 (Table 

6.6). Treatment differences for liver to BW ratio started on d 14. Birds on the AOX treatment 

showed a greater ratio than the PC treatment. On d 21, the VE+AOX treatment showed a greater 

ratio than SC, and on d 42, the VE and VE+AOX treatments had greater ratios than SC and PC. 

There was no significant difference in the spleen to BW ratio among treatments.   

Plasma AST, ALT and GGT  

The concentrations of liver function indicators AST, ALT and GGT are summarized in Table 

6.7. Plasma AST concentration in HO was the greatest throughout all phases. Similarly, GGT 
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was the greatest in HO on d 21, but showed no difference at other sampling times. The AOX and 

VE+AOX restored the concentration of GGT to a similar level as SC and PC. Interestingly, ALT 

on d 42 showed the greatest level in SC.  

Gene Expression of Inflammatory Response Indicators and PPARs 

The gene expression of inflammatory response in the liver is summarized in Table 6.8. 

Neither pro-inflammatory cytokines such as IFN-γ, iNOS and IL-1β, nor anti-inflammatory 

cytokines IL-10 and IL-4 differed significantly among different treatment groups. The gene 

expression of IL-10 on d 21 tended to be greater in SC birds, followed by the AOX treatment, 

which had a numerically greater expression of IL-10 compared to the HO, VE and VE+AOX 

treatments (P = 0.051). 

The PPAR-γ and PPAR-α (Figure 6.1) in the liver did not differ on d 7 and 14. On d 21, the 

SC birds had the greatest PPAR-γ, whereas HO, AOX and PC birds showed the least PPAR-γ 

expression. Similarly, the expression of PPAR-α was greatest in SC, whereas the AOX birds still 

showed the least expression in the liver (P < 0.05). 

Histology Scores of Fat and Liver 

The vacuole scores in the liver and inflammation scores in the liver and fat are summarized 

in Figures 6.2, 6.3 and 6.4. On d 21, the VE, VE+AOX birds had the greatest vacuole score, 

whereas on d 42, the vacuole score of HO, VE and VE+AOX were the greatest (P < 0.01). There 

was no significant difference in liver inflammation scores. However, on d 21, the abdominal fat 

of HO birds showed the greatest inflammation scores (P < 0.001), whereas on d 42, the 

inflammation scores of fat did not differ among treatments. 
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DISCUSSION 

As we expected in the current model, the fatty acid profile in the abdominal fat reflected that 

of the diet, especially for key fatty acids, such as DHA (22:6 n-3) and EPA (20:5 n-3) that 

characterized the dietary treatment. This was in line with a broiler study that used fish oil as a 

PUFA source that indicated an increased accumulation of DHA in the organs (Al-Khalifa et al., 

2012). The effect of the DHA supplemented diets was most evident for the PUFA and especially 

n-3 PUFA, which resulted in a less n-6:n-3 ratio for treatment diets than for control diets. A 

greater concentration of the n-3 fatty acids, such as 18:3 n-3 in the PC treated chickens, 

compared to SC, may stem from a protection from oxidation of n-3 by AOX in the PC diet. It has 

been well demonstrated that the main compound in our AOX supplement, ethoxyquin, was an 

efficient synthetic antioxidant protecting against lipid peroxidation in feed (Bartov and 

Bornstein, 1972; Thorisson et al., 1992; de Koning, 2002), which led to greater concentrations of 

PUFA deposited in the abdominal fat. On the contrary, compared with other treatment diets, the 

HO chickens exhibited a less concentration of 20:4, 20:5, 22:5 and 22:6 on d 42, resulting from 

inadequate PUFA preservation capability due to the absence of VE or AOX as antioxidants. 

A greater liver to body weight ratio found in the AOX added treatments suggests 

morphologic alterations occurred in the birds. The enlarged liver in AOX birds compared to PC 

could result from liver damage induced by oxidized oil. This is in agreement with Ajum et al. 

(2004) who demonstrated that oxidized oil increased liver weight and liver TBARS contents. The 

data of TBARS concentration in plasma showed a potential prooxidant property of the high 

dosage of dietary vitamin E used in the current model (Chapter 5, Figure 5.1), which may have 

contributed to enlarged livers, as well. This is in line with the finding that oxidized oil caused a 

greater liver to body weight ratio in rats and pigs (Johnson et al., 1957; Ruiter et al., 1978). A 
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smaller bursa may suggest a retarded development of this immune organ with less proliferation 

of B lymphocytes in HO birds. However, as a secondary lymph organ, the spleen was not likely 

that sensitive to change in the current model.  

Injury to the liver results in the release of intracellular enzymes into the extracellular space 

(Kristensen, 1994). Increases in plasma levels of the liver function enzymes AST, ALT and GGT 

are well known diagnostic indicators of liver injury (Chiu et al., 2013). The greatest plasma AST 

concentration in the HO treatment may suggest hepato-cellular necrosis by oxidative stress, 

which causes the increase in permeability of the cell membrane, resulting in the release of 

transaminase in the blood stream. AST activity currently is considered to be a very sensitive 

indicator of hepatocellular disease in avian species; the inconsistent change of ALT compared to 

AST in this study may be due to the poor specificity of ALT for liver disease (Harr, 2002). 

Gamma glutamyl transferase  is probably specific to hepatobiliary and renal epithelium in birds 

(Harr, 2002). The elevated plasma activity of GGT observed in HO treated birds on d 21 could 

be due to hepatic and renal injury and subsequent leakage of enzymes into circulation.  

In general, this study did not have significant effect on the inflammatory response in the liver 

on d 7, 14 and 21. It seems that the oxidative stress in the current model was not sufficient to 

create an inflammatory response. This may due to the anti-inflammatory effect of DHA and 

other long-chain omega-3 fatty acids supplemented (Zhang and Spite, 2012; Flock et al., 2013).  

As reported, DHA at greater concentrations may selectively decrease proinflammatory cytokine 

production of IL-1β, IL-6, IL-23, IL-17 and TNF-α, and the inflammatory lipid mediators phenyl 

glycidyl ether (PGE)-2 as well (Spite et al., 2009; Solanki et al., 2013).   

One possible anti-inflammatory mechanism of DHA is through the activation of the PPARs 

pathway. In particular, PPAR-γ plays an important role in the immune response through its 
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ability to inhibit the expression of inflammatory cytokines and direct the differentiation of 

immune cells to anti-inflammatory phenotypes (Marion-Letellier et al., 2009). The long-chain 

omega-3 fatty acids EPA and DHA, as well as their metabolites, can inhibit NF-κB induced 

transcription via activation of PPAR-γ (Flock et al., 2013). However, in the current study, since 

there was no significant inflammatory response, the PPARs expression was not elevated by 

PUFA source supplementation. On the contrary, the SC birds exerted a relatively greater level of 

PPAR-α and PPAR-γ, which represents the normal level of gene expression. The relatively 

suppressed PPAR-γ expression may result from the oxidized oil (Dingels, 2012) and it suggested 

less efficient anti-inflammatory activities in other treatments. This probably resulted from 

oxidized oil induced pro-inflammatory activities.  

Also, PPARs are the “lipid sensors”. The role of PPAR-α is increasing fatty acid oxidation 

through up-regulating the expression of the carnitine palmitoyltransferase enzymes and acyl-

coenzyme A oxidase (Royan et al., 2011). Supplementation of fish oil rich in long-chain n-3 fatty 

acids has been reported to increase the expression of PPAR-α in the liver of hens, leading to 

reduction in lipid content (Konig et al., 2008). However, due to other factors, such as oxidized oil, 

in the current model, the DHA supplementation treatments had a less expression of PPAR-α. This 

may result from a deficiency of antioxidants in hepatic tissue (Afifi and Alkaladi, 2011). The SC 

birds expressed a greater expression of PPAR-α in the liver, which was consistent with a 

relatively less vacuoles score in this group. Liver is the primary site of de novo fatty acid 

synthesis in birds (Royan et al., 2011). The fat vacuoles in the liver suggest histopathological 

alterations caused by the combination of oxidized oil and PUFA source. As reported, oxidative 

stress caused fatty liver in laying hens (Diaz et al., 1994), and dietary antioxidants such as 

vitamin E had limited effect on alteration of liver lipid oxidation products or fatty liver scores in 
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birds (Cherian and Hayat, 2009). This was in agreement with the result that AOX and vitamin E 

supplementation did not reduce the vacuole scores in VE, AOX or VE+AOX treatments. This 

alternation in the liver may be not from inflammation, because neither the expression of 

inflammatory related genes nor liver histology inflammation scores were different among 

treatments. However, the abdominal fat showed the greatest inflammation scores in the HO birds 

on d 21, whereas the AOX treatment birds reduced the inflammation scores to a level similar to 

the SC birds. During later phase (d 42), it seems that the inflammation in the fat resolved because 

the inflammation score did not differ among treatments and the scores were relatively less than 

that of d 21. 

In summary, supplementation of AOX and vitamin E well preserved PUFA, especially DHA 

deposition in abdominal tissue. Liver was a sensitive reflection of the oxidative stress by organ to 

BW ratio, liver injury indicators, vacuole score and PPARs expression. However, the current 

model did not induce an apparent inflammatory response in the liver. The supplementation of 

AOX (AOX and VE+AOX) moderately altered liver function and inflammation in the fat tissue 

to a level similar to control groups. 

 

 



 

117 

Table 6.1 Treatments of the study 

 Treatment diets
1
  Control diets 

2
 

Item HO VE AOX VE+AOX  SC 

 

PC 

Added vitamin E, mg/kg 10 200 10 200  10 

 

10 

PUFA source
3
, % 3 3 3 3  0 0 

AOX
4
, mg/kg  0 0 135 135  0 135 

Non-oxidized soybean oil, % 0 0 0 0  3 3 

Oxidized soybean oil
5
, % 3 3 3 3  0 3 

1 
Treatment diets were prepared by first preparing a basal diet consisting of the major portion 

of the ground corn and all other common ingredients for the diets; then mixing the appropriate 

test ingredients with the appropriate quantity of basal diet for each experimental diet. All diets 

met or exceeded Cobb 500 (2012) nutrient requirements. HO: high oxidant diet with vitamin E 

level at NRC 10 IU/kg, 3% oxidized oil, 3% PUFA source; VE: the HO diet supplemented with 

vitamin E level at level 200 IU/kg; AOX: the HO diet supplemented with an antioxidant blend 

(AOX, ethoxyquin and propyl gallate)at 135 mg/kg; VE+AOX: the HO diet supplemented with 

vitamin E level at 200 IU/kg and + AOX at 135 mg/kg. 
2 

Control diets were prepared by another basal diet consisting of the major portion of the 

ground corn and all other common ingredients for the diets; then mixing the appropriate test 

ingredients with the appropriate quantity of basal diet for each experimental diet. All diets met or 

exceeded Cobb 500 (2012) recommended nutrient requirements. SC: standard control, vitamin E 

level at NRC 10 IU/kg, 3% non-oxidized soy oil, no DHA supplement, PC: positive control, the 

SC diet supplemented with AOX at 135 mg/kg. 
3 

TREVERA, vegetarian source of the omega-3 fatty acid docosahexaenoic (DHA), provided 

approximately 35% DHA and 4,000 kcal ME/kg, Novus International, Inc., St. Charles, MO. 
4 

AGRADO PLUS, formulated to provide 135 mg/kg ethoxyquin and propyl gallate in the 

final diets , Novus International, Inc., St. Charles, MO. 
5 

Soybean oil was heated to 95°C and oxidized by continuously bubbling air at a rate of 80 

L/min for up to 72 h. Peroxide values were determined hourly to reach PV of approximately 180 

mEq/kg of oil. The oxidized oil was provided by Novus International, Inc., St. Charles, MO,  
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Table 6.2 Fatty acid profile of docosahexaenoic acid (DHA) source, and diets across 

treatments in starter, grower and finisher phases 

Fatty acids DHA 
Starter (d 0-10) 

 
Grower (d 11-21) 

 
Finisher (d 22-42) 

Treatment Control Treatment Control Treatment Control 

14:0 7.60 2.15 0.13  2.22 0.15  2.03 0.10 

16:0 20.73 14.18 11.18  14.52 11.33  13.93 10.77 

16:1, cis-9 0.13 0.20 0.24  0.21 0.22  0.16 0.16 

18:0 0.50 3.36 4.10  3.39 4.18  3.25 3.97 

18:1, trans 0.00 0.23 0.13  0.11 0.12  0.08 0.09 

18:1, cis 0.19 17.96 23.81  18.31 23.27  18.30 22.69 

18:2, n-6 0.12 36.57 50.14  37.66 50.58  38.54 51.20 

18:3, n-3 0.06 3.78 5.23  3.81 5.68  3.80 5.78 

20:2, n-6 0.02 0.11 0.04  0.08 0.05  0.11 0.04 

20:4, n-6 0.59 0.16 0.07  0.15 0.00  0.13 0.00 

20:5, n-3 1.64 0.35 0.00  0.34 0.00  0.33 0.00 

22:5, n-6 16.93 4.08 0.00  4.11 0.00  4.17 0.00 

22:6, n-3 41.24 10.68 0.00  9.45 0.00  8.70 0.00 

Others 10.16 6.18 4.93  5.63 4.61  6.46 5.22 

SFA
1
 28.83 19.70 15.40  20.13 15.66  19.21 14.83 

MUFA
2
 0.33 18.40 24.18  18.63 23.61  18.54 22.93 

PUFA
3
 60.80 73.68 79.30  73.91 79.57  74.09 79.71 

PUFA:MUFA 185.99 4.01 3.28  3.97 3.37  4.00 3.48 

n-3
4
 42.95 14.80 5.23  13.60 5.68  12.83 5.78 

n-6
5
 17.66 40.92 50.26  42.00 50.62  42.95 51.24 

n-6:n-3 0.41 2.76 9.61  3.09 8.92  3.35 8.86 
1 

SFA = sum percentage of saturated fatty acids (14:0, 16:0 and 18:0). 
2 

MUFA = sum percentage of monounsaturated fatty acids (16:1, 18:1 trans and 18:1 cis). 
3
 PUFA = sum percentage of polyunsaturated fatty acids (18:2, 18:3, 20:2, 20:4, 20:5, 22:5, 

22:6)  
4
 n-3 = sum percentage of n-3 polyunsaturated fatty acids (18:3 n-3, 20:5 n-3, 22:6 n-3). 

5
 n-6 = sum percentage of n-6 polyunsaturated fatty acids (18:2 n-6, 20:2 n-6, 20:4 n-6, 22:5 n-

6). 
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Table 6.3 Primers used for relative real-time  

Target
1
 Accession no. Nucleotide sequence (5’ → 3’) 

GAPDH
2
_F NM_204305 CCTAGGATACACAGAGGACCAGGTT 

GAPDH_R  GGTGGAGGAATGGCTGTCA 

IFN
3
-γ_F NM_205149.1 GCTCCCGATGAACGACTTGA 

IFN-γ_R  TGTAAGATGCTGAAGAGTTCATTCG 

IL
4
-10_F NM_001004414 CGCTGTCACCGCTTCTTCA 

IL-10_R  CGTCTCCTTGATCTGCTTGATG 

IL-4_F NM_001007079 GCTCTCAGTGCCGCTGATG 

IL-4_R  GAAACCTCTCCCTGGATGTCAT 

IL-1β_F DQ393267.1 CCCGCCTTCCGCTACA  

IL-1β_R  CACGAAGCACTTCTGGTTGATG  

iNOS
5
_F D85422 CCTGTACTGAAGGTGGCTATTGG 

iNOS_R  AGGCCTGTGAGAGTGTGCAA 

PPAR
6
-α_F NM_001001464.1 TGTGGAGATCGTCCTGGTCT 

PPAR-α_R  CGTCAGGATGGTTGGTTTGC 

PPAR- γ_F NM_001001460.1 GATCGCCCAGGTTTGTTAAA 

PPAR- γ_R  TGCACGTGTTCCGTTACAAT 
1 

F = forward; R = reverse.  
2 

Glyceraldehyde-3-phosphate dehydrogenase. 
3  

Interferon. 
4 

Interleukin. 
5 

Inducible nitric oxide synthase. 
6 

proliferator activated receptor. 
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Table 6.4 Fatty acid profile of abdominal fat across treatments on d 21 

 Diet1   

Variable HO VE AOX VE+AOX SC PC SE

M 

P-value 

14:0 1.16
A
 1.24

A
 1.20

A
 1.22

A
 0.45

B
 0.43

B
 0.04  <0.001 

14:1 cis9 0.19
AB

 0.20
A
 0.20

A
 0.20

A
 0.16

BC
 0.13

C
 0.01 <0.001 

16:0 22.37 23.30 22.09 21.77 22.70 21.64 0.61 0.408 

16:1 cis9 5.48
ab

 5.58
ab

 5.61
ab

 5.32
b
 6.50

a
 5.40

b
 0.24 0.021 

18:0 4.93 5.30 4.64 4.72 5.03 5.23 0.21 0.167 

18:1 trans 0.23
ABC

 0.24
AB

 0.20
BC

 0.20
C
 0.25

A
 0.25

A
 0.01  <0.001 

18:1 cis 35.69
BC

 34.24
C
 33.91

C
 34.16

C
 38.13

A
 37.52

AB
 0.47  <0.001 

18:2 n-6 21.51
CD

 21.11
D
 23.49

AB
 23.37

ABC
 22.31

CBD
 24.55

A
 0.45  <0.001 

18:3 n-3 2.02
C
 2.06

C
 2.33

B
 2.28

BC
 2.27

BC
 2.63

A
 0.06  <0.001 

20:4 n-6 0.41
A
 0.42

A
 0.45

A
 0.47

A
 0.11

B
 0.10

B
 0.00  <0.001 

20:5 n-3 0.34
A
 0.38

A
 0.38

A
 0.41

A
 0.01

B
 0.00

B
 0.02  <0.001 

22:5 n-6 0.64
A
 0.79

A
 0.73

A
 0.79

A
 0.00

B
 0.00

B
 0.02  <0.001 

22:6 n-3 1.76
A
 2.13

A
 1.89

A
 2.12

A
 0.00

B
 0.00

B
 0.05  <0.001 

Others 3.17
A
 2.92

A
 2.77

A
 2.89

A
 1.97

B
 2.00

B
 0.15  <0.001 

SFA
2
 28.45 29.84 27.93 27.70 28.18 27.30 0.74 0.246 

MUFA
3
 41.60

BC
 40.26

C
 39.93

C
 39.88

C
 45.03

A
 43.31

AB
 0.54  <0.001 

PUFA
4
 26.78

BC
 26.98

ABC
 29.37

AB
 29.54

A
 24.81

C
 27.39

ABC
 0.12  <0.001 

PUFA : 

SFA 

0.95
ab

 0.91
abc

 1.06
ab

 1.08
a
 0.88

b
 1.01

ab
 0.63 0.020 

n-3
5
 4.12

A
 4.57

A
 4.60

A
 4.81

A
 2.29

B
 2.63

B
 0.04  <0.001 

n-6
6
 22.66

BC
 22.41

C
 24.77

A
 24.73

AB
 22.53

C
 24.76

A
 0.20  <0.001 

n-6 : n-3 5.58
B
 4.92

B
 5.43

B
 5.21

B
 9.86

A
 9.43

A
 0.49  <0.001 

                  1 
HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% PUFA 

source; VE: HO supplemented with vitamin E level at level 200 IU/kg; AOX: HO supplemented 

with an antioxidant blend (AOX, ethoxyquin and propyl gallate)at 135 mg/kg; VE+AOX: HO 

supplemented with vitamin E level at 200 IU/kg and + AOX at 135 mg/kg;  SC: standard control, 

vitamin E level at NRC 10 IU/kg, 3% non-oxidized soy oil, no DHA supplement, PC: positive 

control, SC supplemented with AOX at 135 mg/kg. 
A-D 

Means within rows are significantly different at P < 0.01. 
a, b 

Means within rows are significantly different at P < 0.05. 
2 

SFA = sum percentage of saturated fatty acids (14:0, 16:0, 18:0). 
3 

MUFA = sum percentage of monounsaturated fatty acids (14:1, 16:1, 18:1 trans, 18:1 cis). 
4 

PUFA = sum percentage of polyunsaturated fatty acids (18:2, 18:3, 20:4, 20:5, 22:5, 22:6)  
5 

n-3 = sum percentage of n-3 polyunsaturated fatty acids (18:3 n-3, 20:5 n-3, 22:6 n-3). 
6
 n-6 = sum percentage of n-6 polyunsaturated fatty acids (18:2 n-6, 20:4 n-6, 22:5 n-3). 
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Table 6.5 Fatty acid profile of abdominal fat across treatments on d 42 

 
Diet

1
 

  
Variable HO VE AOX VE+AOX SC PC SEM P-value 

14:0 1.05
C
 1.40

A
 1.34

A
 1.22

B
 0.46

D
 0.47

D
 0.02 <0.001 

14:1 cis9 0.17
BC

 0.21
A
 0.19

AB
 0.17

BC
 0.16

BC
 0.14

C
 0.01 <0.001 

16:0 22.67
AB

 22.12
AB

 21.20
B
 21.30

B
 22.72

AB
 23.04

A
 0.39 0.007 

16:1 cis9 4.88
BC

 4.93
BC

 4.30
C
 4.30

C
 5.96

A
 5.39

AB
 0.24 <0.001 

18:0 5.07
ab

 4.63
b
 4.79

ab
 4.99

ab
 4.97

ab
 5.54

a
 0.19 0.043 

18:1 trans 0.23
C
 0.24

BC
 0.22

C
 0.22

C
 0.29

A
 0.26

A
 0.01 <0.001 

18:1 cis 33.96
B
 32.37

C
 30.75

D
 31.27

CD
 36.55

A
 35.68

A
 0.34 <0.001 

18:2 n-6 22.14
BC

 21.73
C
 24.79

A
 24.33

A
 23.22

ABC
 23.85

AB
 0.41 <0.001 

18:3 n-3 1.96
C
 1.98

C
 2.38

AB
 2.34

AB
 2.27

B
 2.50

A
 0.04 <0.001 

20:4 n-6 0.40
B
 0.55

A
 0.52

A
 0.54

A
 0.20

C
 0.12

C
 0.03 <0.001 

20:5 n-3 0.41
B
 0.53

A
 0.51

A
 0.50

A
 0.02

C
 0.00

C
 0.02 <0.001 

22:5 n-6 0.68
B
 1.31

A
 1.04

A
 1.08

A
 0.00

C
 0.00

C
 0.08 <0.001 

22:6 n-3 1.68
B
 3.61

A
 2.90

A
 3.03

A
 0.00

C
 0.00

C
 0.23 <0.001 

Others 4.59
AB

 4.33
AB

 5.03
A
 4.62

A
 3.06

C
 2.88

C
 0.41 0.003 

SFA
2
 28.79 28.14 27.32 27.52 28.16 29.05 0.51 0.150 

MUFA
3
 39.24

B
 37.75

BC
 35.45

D
 35.96

CD
 42.96

A
 41.47

A
 0.49 <0.001 

PUFA
4
 27.38

BC
 29.78

AB
 32.20

A
 31.90

A
 25.82

C
 26.59

C
 0.59 <0.001 

PUFA : 

SFA 
0.95

B
 1.06

AB
 1.18

A
 1.17

A
 0.92

B
 0.92

B
 0.04 <0.001 

n-3
5
 4.05

B
 6.12

A
 5.79

A
 5.87

A
 2.29

C
 2.50

C
 0.26 <0.001 

n-6
6
 23.34

B
 23.66

B
 26.41

A
 26.03

A
 23.54

B
 24.09

B
 0.44 <0.001 

n-6 : n-3 5.77
B
 3.89

C
 4.69

C
 4.52

C
 10.32

A
 9.64

A
 0.22 <0.001 

1 
HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% PUFA 

source; VE: HO supplemented with vitamin E level at level 200 IU/kg; AOX: HO supplemented 

with an antioxidant blend (AOX, ethoxyquin and propyl gallate)at 135 mg/kg; VE+AOX: HO 

supplemented with vitamin E level at 200 IU/kg and + AOX at 135 mg/kg;  SC: standard control, 

vitamin E level at NRC 10 IU/kg, 3% non-oxidized soy oil, no DHA supplement, PC: positive 

control, SC supplemented with AOX at 135 mg/kg. 
A-D 

Means within rows are significantly different at P < 0.01. 
a, b 

Means within rows are significantly different at P < 0.05. 
2 

SFA = sum percentage of saturated fatty acids (14:0, 16:0, 18:0). 
3 

MUFA = sum percentage of monounsaturated fatty acids (14:1, 16:1, 18:1 trans, 18:1 cis). 
4 

PUFA = sum percentage of polyunsaturated fatty acids (18:2, 18:3, 20:4, 20:5, 22:5, 22:6)  
5 

n-3 = sum percentage of n-3 polyunsaturated fatty acids (18:3 n-3, 20:5 n-3, 22:6 n-3). 
6
 n-6 = sum percentage of n-6 polyunsaturated fatty acids (18:2 n-6, 20:4 n-6, 22:5 n-3).
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Table 6.6 Organ to BW ratio across treatments 

 Treatment
1
   

Variable HO VE AOX VE+AOX SC PC SEM P value 

d 7         

Heart, % 0.96 0.9 0.96 0.89 0.90 0.87 0.02 0.059 

Liver, % 3.03 2.93 3.08 2.96 3.15 2.82 0.08 0.069 

Spleen, % 0.08 0.08 0.07 0.08 0.10 0.06 0.01 0.409 

Bursa, % 0.18 0.19 0.16 0.15 0.16 0.17 0.01 0.239 

d 14                

Heart, % 0.74 0.74 0.76 0.69 0.72 0.67 0.03 0.193 

Liver, % 2.64
ab

 2.64
ab

 2.89
a
 2.64

ab
 2.63

ab
 2.53

b
 0.07 0.013 

Spleen, % 0.08 0.08 0.07 0.07 0.06 0.07 0.01 0.415 

Bursa, % 0.18 0.19 0.17 0.19 0.18 0.19 0.01 0.845 

d 21                

Heart, % 0.66
ab

 0.66
ab

 0.68
ab

 0.72
a
 0.71

ab
 0.62

b
 0.02 0.033 

Liver, % 2.53
ab

 2.55
ab

 2.75
ab

 2.81
a
 2.47

b
 2.55

ab
 0.08 0.016 

Spleen, % 0.07 0.07 0.08 0.10 0.09 0.09 0.01 0.242 

Bursa, % 0.12
b
 0.16

ab
 0.17

ab
 0.18

a
 0.19

 a
 0.20

 a
 0.01 0.003 

d 42                

Heart, % 0.53
ab

 0.51
ab

 0.53
ab

 0.54
a
 0.46

b
 0.47

ab
 0.02 0.014 

Liver, % 1.74
AB

 1.81
A
 1.68

AB
 1.81

A
 1.59

BC
 1.47

C
 0.05 <0.001 

Spleen, % 0.10 0.10 0.10 0.10 0.10 0.11 0.01 0.747 

Bursa, % 0.15 0.16 0.15 0.14 0.15 0.14 0.01  0.939 
1 

HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% PUFA 

source; VE: HO supplemented with vitamin E level at level 200 IU/kg; AOX: HO supplemented 

with an antioxidant blend (AOX, ethoxyquin and propyl gallate)at 135 mg/kg; VE+AOX: HO 

supplemented with vitamin E level at 200 IU/kg and + AOX at 135 mg/kg;  SC: standard control, 

vitamin E level at NRC 10 IU/kg, 3% non-oxidized soy oil, no DHA supplement, PC: positive 

control, SC supplemented with AOX at 135 mg/kg. 
A-C 

Means within rows are significantly different at P < 0.01. 
a, b 

Means within rows are significantly different at P < 0.05. 
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Table 6.7 Liver function indicators across treatment 

 Treatment
1
   

Variable
2
 HO VE AOX VE+AOX SC PC SEM P 

value 

D 10         

ALT, IU/L 9.15 6.36 8.28 4.91 7.55 8.89 1.94 0.381 

AST, IU/L 75.87
a
 74.58

a
 69.73

a
 62.59

ab
 67.76

ab
 58.50

b
 3.75 0.053 

GGT, IU/L 5.05 5.13 2.83 2.99 4.52 2.63 1.07 0.295 

D 21         

ALT, IU/L 10.70 8.91 10.49 13.43 11.55 7.07 1.64 0.114 

AST, IU/L 90.41
A
 82.09

A
 83.14

A
 86.59

A
 66.45

B
 78.22

AB
 3.43 0.001 

GT, IU/L 8.48
A
 4.24

B
 4.24

B
 3.23

B
 4.95

B
 2.22

B
 1.16 0.004 

D 42         

ALT, IU/L 12.89
b
 13.46

b
 14.81

ab
 12.16

b
 18.69

a
 14.54

b
 1.36 0.025 

AST, IU/L 82.06
a
 49.3

C
 74.48

ab
 78.32

ab
 69.67

b
 76.64

ab
 6.55 0.016 

GT, IU/L 17.39 17.6 19.73 17.39 17.68 17.91 0.89 0.433 
1 

HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% PUFA 

source; VE: HO supplemented with vitamin E level at level 200 IU/kg; AOX: HO supplemented 

with an antioxidant blend (AOX, ethoxyquin and propyl gallate)at 135 mg/kg; VE+AOX: HO 

supplemented with vitamin E level at 200 IU/kg and + AOX at 135 mg/kg;  SC: standard control, 

vitamin E level at NRC 10 IU/kg, 3% non-oxidized soy oil, no DHA supplement, PC: positive 

control, SC supplemented with AOX at 135 mg/kg. 
2
 AST = aspartate aminotransferase, ALT = alanine aminotransferase and GGT = γ- glutamyl 

transferase  
A, B 

Means within rows are significantly different at P < 0.01. 
a, b 

Means within rows are significantly different at P < 0.05. 
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Table 6.8 Gene expression of inflammatory response indicators in the liver 

 Treatment
1
   

Item HO VE AOX VE+AOX SC PC SEM  P-value 

D 7         

IFN
2
-γ 0.93 2.31 2.37 1.36 1.50 1.38 0.46 0.246 

IL
3
-10 0.80 1.84 1.01 2.23 0.86 2.62 0.50 0.103 

IL-1β 1.46 2.35 1.58 1.95 1.06 2.05 0.46 0.462 

IL-4 1.09 2.14 1.31 2.90 1.03 3.13 0.65 0.178 

iNOS
4
 1.29 2.03 0.95 2.10 1.37 1.86 0.36 0.242 

D 14         

IFN-γ 4.85 3.94 5.27 5.55 3.05 4.12 0.55 0.104 

IL-10 0.65 0.74 0.90 1.40 1.18 0.98 0.23 0.292 

IL-1β 0.90 1.09 1.56 1.82 1.82 1.00 0.31 0.177 

IL-4 3.16 3.44 5.29 6.30 5.72 5.18 0.79 0.276 

iNOS 1.30 0.87 1.08 1.50 1.53 1.19 0.25 0.572 

D 21         

IFN-γ 6.29 6.59 6.25 5.78 5.44 6.43 0.79 0.920 

IL-10 1.42 1.78 2.11 1.53 3.22 2.02 0.37 0.051 

IL-1β 2.71 2.22 2.92 1.82 3.65 2.24 0.47 0.256 

IL-4 8.45 8.29 11.64 7.48 14.22 7.90 2.05 0.240 

iNOS 1.51 1.44 1.47 1.32 2.03 1.37 0.26 0.430 
1 

HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% PUFA 

source; VE: HO supplemented with vitamin E level at level 200 IU/kg; AOX: HO supplemented 

with an antioxidant blend (AOX, ethoxyquin and propyl gallate)at 135 mg/kg; VE+AOX: HO 

supplemented with vitamin E level at 200 IU/kg and + AOX at 135 mg/kg;  SC: standard control, 

vitamin E level at NRC 10 IU/kg, 3% non-oxidized soy oil, no DHA supplement, PC: positive 

control, SC supplemented with AOX at 135 mg/kg. 
2
 Interferon. 

3 
Interleukin. 

4 
Inducible nitric oxide synthase. 
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Figure 6.1 Gene expression of proliferator activated receptor (PPAR)-α and 

PPAR-γ in the liver 

HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% 

PUFA source; VE: HO supplemented with vitamin E level at level 200 IU/kg; AOX: 

HO supplemented with an antioxidant blend (AOX, ethoxyquin and propyl gallate)at 

135 mg/kg; VE+AOX: HO supplemented with vitamin E level at 200 IU/kg and + 

AOX at 135 mg/kg;  SC: standard control, vitamin E level at NRC 10 IU/kg, 3% non-

oxidized soy oil, no DHA supplement, PC: positive control, SC supplemented with 

AOX at 135 mg/kg.
  

a, b
 Means at the same day with no common superscript differ (P < 0.05). 
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Figure 6.2 Histology scores of the liver and fat on d 21 and 42  

HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% 

PUFA source; VE: HO supplemented with vitamin E level at level 200 IU/kg; AOX: 

HO supplemented with an antioxidant blend (AOX, ethoxyquin and propyl gallate)at 

135 mg/kg; VE+AOX: HO supplemented with vitamin E level at 200 IU/kg and + 

AOX at 135 mg/kg; SC: standard control, vitamin E level at NRC 10 IU/kg, 3% non-

oxidized soy oil, no DHA supplement, PC: positive control, SC supplemented with 

AOX at 135 mg/kg. 
a-c

 Means at the same sampling day with no common superscript differ (P < 0.05). 
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Figure 6.3 Histology result of the fat on d 21 

HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% 

PUFA source; VE: HO supplemented with vitamin E level at level 200 IU/kg; AOX: 

HO supplemented with an antioxidant blend (AOX, ethoxyquin and propyl gallate)at 

135 mg/kg; VE+AOX: HO supplemented with vitamin E level at 200 IU/kg and + 

AOX at 135 mg/kg; SC: standard control, vitamin E level at NRC 10 IU/kg, 3% non-

oxidized soy oil, no DHA supplement, PC: positive control, SC supplemented with 

AOX at 135 mg/kg. Pictures were examined at a magnification of 400×. 



 

129 

 

Figure 6.4 Histology result of the liver on d 21 

HO: high oxidant diet with vitamin E level at NRC 10 IU/kg, 3% oxidized oil, 3% 

PUFA source; VE: HO supplemented with vitamin E level at level 200 IU/kg; AOX: 

HO supplemented with an antioxidant blend (AOX, ethoxyquin and propyl gallate)at 

135 mg/kg; VE+AOX: HO supplemented with vitamin E level at 200 IU/kg and + 

AOX at 135 mg/kg; SC: standard control, vitamin E level at NRC 10 IU/kg, 3% non-

oxidized soy oil, no DHA supplement, PC: positive control, SC supplemented with 

AOX at 135 mg/kg. Pictures were examined at a magnification of 400×. 
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Chapter 7  

Summary 

This overall project goal was to determine the effects of a dietary antioxidant 

blend supplement containing ethoxyquin and propyl gallate, and vitamin E on 

economic traits including growth performance, carcass characteristics and meat 

quality, and the physiological responses to oxidative stress including liver function, 

oxidative status and inflammatory response in pigs and broiler chickens. One of the 

key findings was that the experimental model used in the pig study did impose dietary 

oxidative stress and induced obvious yellow fat disease symptoms. Macroscopically, 

the yellow skin was observed at the beginning of grower phase, after 55 d of exposure 

to the high oxidant diet. The supplementation of AOX prevented the yellow pigment 

deposition and that was confirmed by microscopic examination of lipofuscin. Vitamin 

E added at 10 IU/kg had the additive effect with AOX in reducing lipofuscin 

deposition in the backfat, and this was the only trait we found to produce an additive 

effect with AOX and vitamin E. The characterization and position of lipofuscin has 

been well established in backfat. However, better methods for quantification of 

lipofuscin needs to be established for similar studies in the future. 

The dramatic retardation of growth performance and negative impacts on carcass 

characteristics of the pig study proved the effectiveness of the current oxidative stress 

model in this species. It is interesting that switching the diet from HO to SC resulted 

in the HO pigs physiological response changing to be similar to those of the SC pigs. 

These physiological traits included the oxidative status and fatty acid profile. Again, 



 

131 

the supplementation of AOX corrected most of the negative traits in the pig study, and 

restored them to similar levels of normal pigs. However, the results showed that 

vitamin E at the current NRC level was not able to restore these traits to the normal 

level, so there were no additive effects of vitamin E and AOX in most of the oxidative 

status traits. In order to investigate the additive effects of these two antioxidants in 

future studies, a greater vitamin E addition level may be needed. 

In the second study, we increased the vitamin E addition in the diet to 200 IU/kg, 

and reduced the oxidized oil and PUFA addition, due to a high sensitivity to oxidative 

stress reported in the broiler chicken model. We did find some changes in oxidative 

status indicators in the HO treated chickens including a greater TBARS and less uric 

acid concentrations in the plasma, and less superoxide dismutase gene expression in 

the liver. However, the oxidative stress was not severe enough to cause any changes in 

inflammatory gene expression. In addition, we found that high dosage of vitamin E 

appeared to become a prooxidant in the current model during the last 21 d of finisher 

phase. Interestingly, the PUFA addition level at 3% may have some beneficial impacts 

on growth performance as indicated by greater ADG and ADFI in all the PUFA added 

treatments. To further confirm the beneficial effects of PUFA on growth, a factorial 

design using PUFA as a main effect could be conducted in the future. 

In general, the oxidative stress in broiler chickens was not severe enough to 

induce dramatic alternations in the economic traits including growth and meat quality, 

and any significant inflammatory response. To better understanding the antioxidant 

effects of AOX and the additive effects of AOX and vitamin E, the proper addition 
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rates of PUFA and oxidized oil needs to be determined for future studies. 

In conclusion, feeding the high oxidant diet caused a series of changes in growth 

performance, liver function, oxidative status, carcass characteristics and meat quality 

in pigs, and AOX addition attenuated many of these regardless the presence of the 

vitamin E. In the current chicken model, the supplementation of AOX showed some 

effects on reducing oxidative stress. However, the effects were not as profound as in 

the pig study. It seems that a more severe oxidative stress model in broiler chickens is 

needed to better understand the effects of AOX in regards to its capacity to improve 

growth and meat quality and anti-inflammatory properties.  
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