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Abstract 

 

 

By taking advantage of compensatory growth, carcass fat can be reduced to satisfy 

consumer demands and intramuscular fat (IMF) can be increased to enhance organoleptic 

characteristics pork simultaneously. The beneficial effects of IMF can be enhanced further if its 

increase can be achieved by omega-3 fatty acids (ω-3 FA) supplementation, which can also 

reduce lipogenesis. In addition, compensatory growth can improve the overall efficiency of 

nutrient utilization and economic efficiency, and minimize adverse impacts of pig production on 

the environment. Therefore, using the concept of compensatory growth and dietary 

supplementation of flaxseed oil, which is high in the ω-3 FA, to address the pork quality issue 

can contribute greatly to successful and sustainable pig production. 

A total of 64 pigs (2 gilts or 2 barrows/pen) were used to investigate the effect of early 

dietary amino acid (AA) restrictions [100 or 80% of the 2012 NRC standardized ileal digestible 

(SID) Lys requirements during the grower and finisher-1 phases] and flaxseed oil 

supplementation [0 or 3% (+ 2% poultry fat)] in a 2 x 2 factorial arrangement of treatments on 

grower-finisher pigs. At 24.7 ± 0.5 kg, pigs were assigned to 4 grower diets with 4 gilt pens and 

4 barrow pens/treatment, and switched to finisher-1 diets when they reached 51.2 ± 0.3 kg. Pigs 

were switched to common finisher-2 diets at 80.0 ± 0.4 kg, and those received 0 or 5% lipids 

during the grower and finisher-1 phases were continued to receive 0 or 5% lipids. Ultrasound 

backfat measurements and blood samples were collected at the end of the grower, finisher-1, and 

finisher-2 phases, and pigs were harvested at 110.5 ± 0.5 kg. The results of growth performance, 
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serum metabolite profile, and carcass traits are reported in this monograph. 

Pigs fed the AA restricted diets consumed less SID Lys and digestible energy (DE; P < 

0.015), and had slightly depressed average daily gain (ADG) compared with non-restricted pigs 

during the grower phase, but they grew faster (P = 0.042) and utilized feed numerically and SID 

Lys (P < 0.001) more efficiently during the finisher-1 phase. Dietary AA restrictions had no 

effect on any of the response criteria during the finisher-2 phase, overall ADG, or carcass traits. 

The efficiency of overall feed, SID Lys, and DE utilization for body weight (BW) gain (P < 

0.004) and SID Lys utilization for fat-free lean gain (P < 0.001) was improved by the AA 

restrictions. Dietary AA restrictions reduced serum urea N (P < 0.025) at the end of the grower 

and finisher-1 phases and increased glucose (P = 0.027) at the end of the grower phase, but had 

no clear effect on other metabolites. Dietary lipids reduced feed intake during the grower (P = 

0.007) and finisher-2 (P = 0.064) phases, improved gain:feed (G:F) during all phases and overall 

(P < 0.047), and improved ADG during the grower (P = 0.003) and finisher-1 (P = 0.066) 

phases. Belly firmness was reduced (P < 0.001), but there was no other effect of dietary lipids on 

carcass traits. Dietary lipids increased serum triglycerides at the end of the grower (P = 0.075) 

and finisher-1 (P = 0.001) phases, but reduced (P = 0.037) urea-N at the end of the finisher-2 

phase. Dietary lipids increased serum cholesterol in pigs fed the unrestricted diets but had no 

effect on pigs fed the AA restricted diets at the end of the finisher-1 phase (AA restrictions x 

lipids, P = 0.029). The dietary treatment had no effect on ultrasound backfat thickness. In 

conclusion, as expected, dietary lipids improved G:F but reduced belly firmness. Dietary AA 

restrictions during the grower and finisher-1 phases had no effect on overall BW gain or carcass 

traits but improved overall efficiency of AA and DE utilization for BW gain and fat-free lean 

gain.  
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I. Introduction 

 

 

Satisfying the consumer demand by improving the quality and organoleptic 

characteristics of pork is an integral part of successful and sustainable pig production. 

Unfortunately, the effort to satisfy consumer demands by supplying lean pork in recent years has 

resulted in the reduction of intramuscular fat (IMF), which has adverse effects on organoleptic 

characteristics of pork (Cisneros et al., 1996). Increasing the IMF content of pork, while 

maintaining the leanness of pigs, would benefit consumers greatly because IMF may not only 

improve eating quality, but may have beneficial effects on human health. And, this potential can 

be enhanced even further by increasing IMF through dietary supplementation of omega-3 fatty 

acids (ω-3 FA; Simopoulous, 2001; Corino et al., 2002) because of the direct deposition of 

dietary fatty acids into body tissues. In addition, de novo lipogenesis can be reduced by dietary 

fatty acids. 

By taking advantage of compensatory growth, carcass fat can be reduced (Chiba, 1994) 

to satisfy consumer demands and IMF can be increased to enhance eating quality of pork 

(Fortin et al., 2005) simultaneously. In addition, pigs subjected to early dietary restrictions can 

utilize nutrients more efficiently, have better carcass traits, and reduce N excretion (Chiba 1995; 

Chiba et al, 1999; Fabian et al., 2004), which can have a positive impact on the environment. In 

today's animal production, it is important to alleviate public concerns on the environmental 

issues. Thus, by using the concept of compensatory growth and supplementing diets with ω-3 

FA, it is possible to increase, not only the overall efficiency of pig production, but also the 
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leanness of pigs and IMF and ω-3 FA contents of pork. Furthermore, adverse impacts of pig 

production on the environment can be minimized by taking advantage of compensatory growth 

by reducing the excretion of unused nutrients. In addition, elucidating fundamental cellular 

mechanisms associated with lipid metabolism further by using contemporary molecular 

technology is crucial in achieving our ultimate research goal to make contributions to the 

development of environmentally friendly, optimum feeding strategies for successful and 

sustainable pig production. 

As an initial study for this long-term, interdisciplinary project, grower-finisher pigs will 

be used to investigate the effect of early dietary amino acid (AA) restrictions during the grower 

and finisher-1 phases and supplementation of flaxseed oil on growth performance, serum 

metabolites, carcass characteristics, fatty acid content and composition of pork, physical and 

sensory  characteristics  of  pork,  and  expression  of  selected  genes  associated  with  lipid 

metabolism. The hypothesis is that early dietary AA restrictions and flaxseed oil 

supplementation will result in complete compensatory growth, reduce carcass fat content of pigs, 

increase the IMF content of pork, increase the ω-3 FA content of pork, and enhance organoleptic 

characteristics of pork. Alterations in the efficiency of nutrient utilization, lipogenesis, and(or) 

carcass traits should be reflected in blood metabolite profile and expression of genes associated 

with lipid metabolism. Therefore, it is also hypothesized that early dietary AA restrictions and 

flaxseed oil supplementation will induce clear metabolic alterations, which will be reflected in 

blood metabolites and expression patterns of selected genes associated with lipid metabolism.
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II. Literature Review 

 

 

Compensatory Growth 
 

Introduction 
 

Compensatory growth and catch-up growth are used interchangeably, though the latter 

seems to be more precise as compensatory growth might be misleading in terms of compensation 

for the lost part or function (Yu and Robinson, 1992). Hornick et al. (2000) defines 

compensatory growth (or catch-up growth) as a physiological process by which an organism 

accelerates its growth after a period of restricted development to reach the weight of 

contemporary animals, in which growth was never reduced. However, compensatory growth 

might be affected by age of the animal, severity and duration of restriction, genotype, sex, and 

quality and duration of realimentation (Wilson and Osbourne, 1960). The concept of 

compensatory growth has been discussed for a long time. According to Wilson and Osbourne 

(1960), compensatory growth was documented as far back as in 1908 when nutritionally 

restricted cattle offered a nutritious diet were able to reach mature height and weight. Osbourne 

and Mendel (1916) reported that restricted rats could attain greater growth after removal of 

restriction.  Later, the term “compensatory growth” was coined by Bohman (1955). Since then, 

many studies have been conducted and many data supported the concept of compensatory 

growth in most farm animals with increased production efficiency, increased carcass lean, 

reduced excretion of unused nutrients, which could have positive impact on the environment. 

Compensatory Growth in Pigs 
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Compensatory growth has been reported in cattle (Horton and Holmes, 1978; Rompala 

et al., 1985; Hayden et al., 1993), sheep (Ryan, 1990; Kamalzadeh et al., 1997), poultry (Wilson 

and Osbourne, 1960 Moran, 1979; Plavnik and Hurwitz, 1991), and also in pigs (Robinson, 

1964; Zimmerman and Khajarern, 1973; Mersmann et al., 1987). Several studies have been 

successful in demonstrating that compensatory growth o c c u r s  i n  p i g s  (Chiba, 1994; Chiba 

et al., 1999; Chiba et al., 2001; Fabian et al., 2002; Fabian et al., 2004; Heyer and Lebret, 2007; 

Kamalakar et al., 2009). The pigs exhibiting compensatory growth utilized the nutrients 

efficiently (Chiba, 1995; Chiba et al., 2001; Heyer and Lebret, 2007; Kamalakar et al., 2009), 

t hus ,  reduced the excretion of unused N (Fabian et al., 2004), and perhaps other nutrients. 

Early dietary amino acid (AA) restrictions and realimentation have been shown to 

improve the leanness of pigs (Chiba, 1995; Chiba et al., 1999; Fabian et al., 2002; Fabian et al., 

2004; Kamalakar et al., 2009), implying that compensatory growth may have a negative impact 

on organoleptic characteristics of pork. It has been shown, however, that feeding protein-

deficient diets can actually increase intramuscular fat (IMF; Castel et al., 1994; Kerr et al., 

1995; Cisneros et al., 1996; Blanchard et al., 1999). Unfortunately, growth performance was 

reduced in those studies because pigs were fed protein-deficient diets during the entire grower-

finisher phase. It is possible that growth depression can be avoided by taking advantage of 

compensatory growth. Although the exact relationship between early dietary AA restrictions 

and IMF has not been elucidated, metabolism of ketogenic branched-chain AA (Cisneros et al., 

1996; Hyun et al., 2002) and(or) the rate of lean tissue growth (Warkup and Kempster, 1991; 

Blanchard et al., 1999) may be responsible for the increase in the IMF content of pork in pigs 

subjected to early dietary restrictions. 

Possible Mechanisms of Compensatory Growth 
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Clear mechanism behind compensatory growth is still to be elucidated but there have 

been many hypotheses that try to explain the mechanism of compensatory growth in animals. 

Some of those hypotheses include the increased efficiency of nutrient utilization, increased feed 

intake, reduced maintenance requirements, increased efficiency of nutrient utilization, and 

altered hormonal status and gene expression. 

Increased Efficiency of Nutrient Utilization. Ryan et al. (1993) studied compensatory 

growth in cattle and sheep and reported that efficiency of feed utilization was a key to 

compensatory growth. They measured the compensatory growth of cattle and sheep after their 

nutrition had been restricted sufficiently to induce losses in body weight. The growth, feed 

intake, and feed conversion efficiency measured during re-alimentation was compared to control 

animals fed ad libitum throughout the study. Ryan et al. (1993) concluded that the accelerated 

growth in compensating cattle and sheep compared to the control animals was possible because 

of the increased feed conversion efficiency without any difference in feed intake. In the 

experiment that the pigs were fed the low-AA diet from 20 to 50 kg grew rapidly during 50 to 

100 kg, Chiba (1994) showed the dietary restricted pigs utilized feed more efficiently than the 

unrestricted pigs. Similarly, Fabian et al. (2004) reported that the pigs fed low-AA diets 

utilized N more efficiently than the pigs fed high-AA diets. In that study, pigs that were fed low-

AA grower diet had a greater N utilization in finisher-1 and finisher-2 phases compared to the 

pigs that were previously fed the high-AA grower diet, thus excreting less urinary N during the 

finisher-1 and finisher-2 phases. Better utilization of AA or AA deficient diets might be due to 

reduced A A oxidation or sparing effect of AA (Chiba et al.,1991). 

Increased Feed Intake and Digesta Load. Graham and Searle (1975) studied the effect 

of compensatory growth in weaned sheep by restricting feed for a long period of time. They 
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reported the greater feed intake of restricted sheep compared to the non-restricted sheep as a key 

factor responsible for the compensatory growth during the realimentation period. Similar results 

were also reported by Ryan (1990) in cattle and sheep. Some authors suggested that the greater 

feed intake might result in greater nutrient intake, which might be responsible for the 

compensatory growth. Critser et al., (1995) reported that the pigs exhibiting compensatory 

growth during re-alimentation phase had greater feed intake, resulting in greater protein intake in 

restricted pigs compared to the pigs fed ad libitum, which might be responsible for the greater 

weight gain. However, some researchers indicated that the digesta load, rather than feed intake, 

would be more specific contributing factor for the compensatory growth (Carstens et al., 1991; 

Hornick et al., 1998b). The increased feed intake or the digesta load during re-alimentation, thus 

contribute to the compensatory growth by increasing the size of the digestive system, modifying 

endocrine system (Hornick et al., 2000), and increasing the protein deposition. 

Reduced Maintenance Requirements. Yambayamba et al. (1996) observed reduced heat 

production  in  steers, which  gradually  increased after re-alimentation, indicating  that  such 

decreased maintenance requirements can contribute to the increased gain observed in 

compensatory growth. Koong et al., (1983) measured fasting heat production in the pigs at 

the end of the 70-day period of the experiment after fasting all pigs for 30 hours. The authors 

reported that the pigs fed highly nutritious diets had greater fasting heat production along with 

heavier metabolically active internal organs compared with pigs fed lower plane of nutrition. 

The fasting heat production indicates heat loss associated with maintenance (Campbell et al., 

1983). Ferrel (1988) reported that 20 to 25% of total energy expenditures of the body can be 

attributed to energy expenditures of the liver and gastrointestinal tract. Thus, the reduction in 

maintenance energy during the restriction phase may allow for more energy for growth after 
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realimentation, which can contribute to the compensatory growth. 

Action of Hormones. The effects of growth hormone (GH), insulin, and insulin-like 

growth factor-1 (IGF-1) have been studied extensively in the animals during restriction and re-

alimentation. Hornick et al. (1998b) reported that a greater nutrient supply to Belgian bulls 

during compensatory growth increased the concentration of anabolic hormones such as plasma 

thyroxine and IGF-1, allowing rapid muscle deposition. Hornick et al. (2000) suggested that 

high concentrations of insulin stimulates the uptake of metabolites by the hypothalamus, leading 

to a decrease of the production and secretion of GH, indicating a sharp decrease of the ratio GH 

to insulin as one of the characteristics of compensatory growth. Yambayamba et al. (1996) 

reported that the IGF-I concentration was low due to insensitivity of hepatic and extra hepatic 

tissues, inspite of the elevated plasma GH concentration during the feed restriction. They further 

concluded that uncoupling of the GH-IGF-1 axis is important in compensatory growth, as it is 

involved in protein synthesis and growth of the animals. In another study, Therkildsen et al. 

(2003) observed that feed restricted pigs had a lower serum level of IGF-I at the end of the 

grower period compared to ad libitum-fed pigs. And, they further reported that the transition 

from restricted feeding to ad libitum feeding, GH was reduced, and insulin and IGF-I increased 

gradually. On the other hand, other reports indicated that GH concentration is actually increased 

during the early stage of the realimentation phase, rather than decrease in GH concentration. For 

instance, Więcek et al. (2011) reported increase of the GH concentration in early days of re-

alimentation of pigs as an indication of compensatory growth.  

Gene Expression. McNeel and Mersmann (2000) observed the reduced concentration of 

transcript factors in the adipose tissue of pigs fasted for 72 hours along with reduced 

concentration of several proteins and genes involved in adipocyte energy metabolism. Similarly, 
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da Costa et al. (2004) applied phenotypically divergent skeletal muscles of pigs (psoas and 

longissimus dorsi) to porcine skeletal muscle cDNA microaary to profile the molecular 

changes with the dietary restriction. They reported that the restricted diet increased the 

expression of genes involved in breakdown of glycogen, fatty acids, and proteins. Lametsch et 

al. (2006) studied the changes in the muscle proteome after compensatory growth in pigs and 

reported that intensity of markers of protein synthesis and glycolytic potential (HSC70, HSP27, 

enolase 3, glycerol-3-phosphate dehydrogenase, aldehyde dehydrogenase E2, aldehyde 

dehydrogenaseE3, and biphosphoglydrate mutase) differed between compensated pigs and 

control pigs. 

Dietary Lipids 
 
Dietary Lipids and Lipogenesis 

 
Triglyceride synthesis can be accomplished with fatty acids resulting from de novo 

lipogenesis or directly from the diet. Over the years, several investigators have reported the 

reduction of de novo lipogenesis in pigs by dietary fatty acids (e.g., Allee et al., 1971a,c; 

Chillard. 1993; Smith et al., 1996; Azain, 2001). Allee et al. (1971b) and Smith et al. (1996) 

demonstrated that de novo lipogenesis was reduced by dietary lipids regardless of the type. In 

those studies, the activity of lipogenic enzymes, such as fatty acid synthase, stearoyl-CoA-

desaturase, citrate cleavage enzyme, malic enzyme, glucose-6-phosphate dehydrogenase, and 6-

phosphogluconate dehydrogenase, was also reduced (Allee et al., 1971a,b,c; Wolfe et al., 1977; 

Kouba et al., 2003). It is likely that the increased plasma free FA concentration can lead to a 

negative feedback of acetyl-CoA on accetyl-CoA carboxylase, which is the most limiting 

enzyme in the de novo FA synthesis, thus resulting in the reduced de novo lipogenesis 

(Mayes, 2000). 

Depending on the dietary energy status of the animal (Jakobsen and Thorbek, 1993; Bee 
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et al., 2002), dietary lipids can reduce de novo lipogenesis from carbohydrates or induce direct 

deposition of dietary fat. When a sufficient amount of "non-lipid" energy is available, dietary fat 

would not be used as a source of energy by the pig. Obviously, body fat would be increased by 

excess dietary energy or fatty acids. If the animal is not consuming adequate energy or is on a 

high-fatty acid diet, de novo lipogenesis would be reduced. With an appropriate combination of 

dietary energy and fat, therefore, it is possible to reduce de novo lipogenesis to increase leanness 

of pigs. Typical corn-soybean meal diets contain a sufficient amount of energy for optimum 

protein accretion in growing pigs. According to the review of many studies (Moser, 1977), it 

seems that body fat can be reduced by including up to 5% fat in the pig diet, but more than 5% 

dietary fat is likely to reduce the leanness of grower-finisher pigs. 

Dietary lipids and Omega-3 Fatty Acid Supplementation 

 
It is apparent that de novo lipogenesis can be reduced by dietary lipids, and it is possible 

that the ω-3 FA content of pork can be increased by dietary supplementation of ω-3 FA. Again 

depending on the energy status of animals, dietary fatty acids can be deposited directly into body 

tissues without much transformation. Such a concept is supported by some studies showing that 

the pattern of dietary fatty acids was reflected in carcass fat (e.g., Brooks, 1971; Morgan et al., 

1992; Wiseman and Agunbial, 1998; Averette Gatlin et al., 2002). 

Supplementation of the pig diet with ω-3 FA can lead to the increased IMF rich in 

ω-3 FA, again, because of the direct deposition of dietary fatty acids into body tissues. It has 

been well-demonstrated that ω-3 FA, especially, eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) that are high in fish oil, have beneficial effects on human health 

such as the development of brain (Bourre, 2005), prevention of cardiovascular diseases 

(Vandobgen et al., 1993; Psota et al., 2006; Paschos et al., 2007; Ueshima et al., 2007), cancers 
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(Rose and Connolly, 1999), and psychiatric disorders (Bourre, 2005), and protection of bones 

(Sun et al., 2003; Watkins et al., 2003; Griel et al., 2007). 

During the human evolution, hunter-gatherer diets may have provided a balanced 

intake of ω-6 and ω-3 FA, perhaps, in a ratio of 1:1 (Speake and Surai, 2004), but in the Western 

world, this ratio may be as high as 20:1 (Simopoulos, 1999). The ratio can be reduced by 

increasing the consumption of fish or taking fish oil supplement. However, the intake of fatty 

fish is rather low in Western societies and considering the potential of contaminated fish because 

of water pollution in recent years and a fishy taste associated with the supplement, increasing the 

intake of ω-3 FA through terrestrial animal products, such as meat and eggs, would be very 

important (Howe et al., 2006; Haak et al., 2008; Missotten et al., 2009). It is necessary to 

appreciate, however, that de novo fatty acid synthesis in pigs occurs only in adipose tissues, 

while much of the understanding is based on both hepatic and adipose tissue metabolism 

(Bergen and Mersmann, 2005). 

Flaxseed Oil 

Flaxseed (or linseed) oil contains high proportion of "linolenic acid (53 to 58% of total 

fatty acids; Romans et al., 1995a; Dugan et al., 2004), and it is converted to long-chain ω-3 FA 

such as EPA, docosapentaenoic acid (DPA), and even DHA (Romans et al., 1995a; Fontanillas et 

al., 1998; Kouba et al., 2003; Wiecek and Skomial, 2004; Harper et al., 2006). Although 

polyunsaturated fatty acids may be considered to be "healthy," they may reduce shelf-life and 

sensory traits of meat because of oxidation (Bryhni et al., 2002; Haak et al., 2008). Lipid 

oxidation has been identified as a major problem in the effort to enhance the ω-3 FA content of 

pork by dietary manipulation (e.g., Romans et al., 1995b; Bryhni et al., 2002; Wood et al., 2003). 

The results of some studies indicated that up to 4.1%, or even up to 6.15%, flaxseed oil 
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(Maddock et al., 2005) may not have any adverse effects on growth performance or carcass traits 

(Romans et al., 1995a; Patience et al., 2005). However, the optimal amount in pig diets seems to 

be 3% flaxseed oil according to the results of some studies (Hoz et et al., 2003; Pieszka et al., 

2005; Lu et al., 2008; Boudry et al., 2009). 

Pork Quality 

The important aspect of pork quality is sensory quality, which is usually assesses by 

evaluating tenderness, juiciness, flavor, and overall acceptability. The other aspect of pork 

quality is technical or physical quality that includes marbling, color, pH, shear force, firmness of 

fat, and composition of fat (Heyer and Lebret, 2007). Feeding strategy has proven to be 

important for controlling overall meat quality in pork (Anderson et al., 2005). The other factors 

contributing to eating quality of pork may be breed (van Laack et al., 2001), IMF content 

(Goransson et al., 1992), rate of pH decline (Gardner et al., 2005), and muscle fiber type as 

determined by the proportion of different muscle fibers (Karlssen et al., 1999).  

Sensory Quality  

The difference between the rate of protein synthesis and the rate of protein degradation is 

reflected as postnatal muscle growth, and it has been suggested that both the rates of protein 

synthesis and degradation are elevated during periods of compensatory growth response (Jones et 

al., 1990). Blanchard et al. (1999) suggested that the best eating quality of pork, in terms of 

tenderness, juiciness, and overall acceptability, can be attained through feeding protein deficient 

diets. Improved tenderness is a result of increased postmortem protein degradation as a 

consequence of elevated protein turnover during compensatory growth (Kristensen et al., 2002). 

Also, it was found that the length of the compensatory growth can influence the degree of 

postmortem tenderness, and an ad libitum feeding period of above 42 days was required to 
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observe an increase in tenderness (Therkildsen et al., 2002). Kristensen et al. (2004) later found 

that pork from re-alimented gilts had improved tenderness compared with the control, whereas 

pork from re-alimented castrated males was not affected. Many authors suggested that the link 

between the rate of protein degradation in living muscles and tenderness development 

postmortem may be through proteolytic system of calpains (e.g., Shackelford et al., 1994).  

Effect of Intramuscular Fat on Sensory Attributes 

A positive eating experience of pork depends on several attributes such as tenderness, 

flavor, and juiciness. Bejerholm and Barton-Grade (1986) proposed a minimum of 2% IMF to 

ensure satisfactory eating experience. Similarly, DeVol et al. (1988) reported that a minimum of 

2.5 to 3.0% of IMF was necessary to avoid any negative response for tenderness. Recently, 

Fortin et al. (2005) proposed that the threshold level of IMF that will ensure a pleasing eating 

experience is 1.5%. The effect of IMF content on the sensory quality of pork is, however, not 

consistent, even when other known sources of sensory quality variation are under control 

(Goransson et al., 1992). Lonergan and Prusa (2002) demonstrated negative relationships 

between the IMF content and objective measures of textural integrity. Blanchard et al. (2000) 

found no effect of IMF content on juiciness, tenderness, or overall acceptability. Nevertheless, 

Fernandez et al. (1999a) demonstrated that increasing the IMF content above approximately 

2.5% enhanced flavor and juiciness. Juiciness, which depends on the moisture content of meat 

and saliva released during mastication, is enhanced by IMF because it stimulates production of 

saliva (Asghar and Pearson, 1980). The flavor arises from water and lipid soluble components 

and their degradation products such as aldehydes, alcohols, and ketones (Asghar and Pearson, 

1980). 

Consumer Acceptability of Pork 
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The pork industry must satisfy the consumer at the point of purchase, as well as at the 

point of consumption. Fernandez et al. (1999b) observed that consumers opted for loin chops 

with moderate amounts of marbling and were reluctant to buy loin chops with high amounts of 

marbling. The major factor influencing their choice being the health concerns associated with 

high-fat meat (Resurreccion, 2004). On the contrary, consumption frequency is influenced by the 

sensory experience during consumption of pork (Bryhni et al., 2003), and it has been accepted 

that IMF has a positive influence on the sensory attributes of pork like tenderness, texture, 

juiciness, and flavor (Bejerholm and Barton-Grade., 1986; De Vol et al., 1988; Fortin et al., 

2005). Hence, an appropriate amount of IMF in pork can enhance the eating quality and 

consumer acceptability of pork. 

Technological Quality of Pork 

Many studies indicated that the quality traits of pork such as pH, drip loss, and color and 

pigment were not affected by feed restriction and realimentation. Heyer and Lebret (2007) did 

not find any differences in drip loss and shear force between pork from pigs fed restrictively and 

ad libitum. Similar results were reported by several authors (Oksberg et al., 2002; Fortin et al., 

2005; Chaosap et al., 2011). However, Wood et al. (1996) found a greater drip loss (22%) when 

the pigs were fed ad libitum compared with those fed restrictively. Similarly, Fischer (2007) 

reported the drip loss was increased by 18% when the pigs were fed ad libitum during the 

finishing period.  

Summary 

For the pig industry to be successful, it is essential to satisfy the consumers. The 

consumer satisfaction can be achieved at the point of purchase, as well as at the point of 

consumption. The consumer's demand for leaner pork has forced the pig industry to make effort 
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to reduce the carcass fat of pigs. Unfortunately, the effort to produce lean carcass resulted in the  

reduced IMF content of pork. Carcass fat can be reduced to satisfy the consumer demands and 

IMF can be increased to enhance eating quality of pork simultaneously by taking advantage 

of compensatory growth. Besides improving eating quality of pork, IMF may have beneficial 

effects on human health, and this potential can be enhanced even further if its increase can be 

achieved by supplementation of the pig diet with ω-3 FA because of the direct deposition of 

dietary lipids into body tissues. Furthermore, dietary lipids can reduce de novo lipogenesis, and 

compensatory growth can improve the overall efficiency of nutrient utilization and economic 

efficiency and minimize adverse impacts of pig production on the environment. Therefore, using 

the concept of compensatory growth and dietary supplementation and flaxseed oil, which is 

high in the ω-3 FA content, to address the pork quality issue can contribute greatly to successful 

and sustainable pig production. 
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ABSTRACT: A total of 64 pigs (2 gilts or 2 barrows/pen) were used to investigate the effect of 

early dietary AA restrictions [100 or 80% of the 2012 NRC standardized ileal digestible (SID) 

Lys requirements during the grower (G) and finisher (F)-1 phases] and flaxseed oil 

supplementation [0 or 3% (+ 2% poultry fat)] in a 2 x 2 factorial arrangement of treatments on 

G-F pigs. At 24.7 ± 0.5 kg, pigs were assigned to 4 G diets with 4 gilt pens and 4 barrow 

pens/treatment, and switched to F-1 diets when they reached 51.2 ± 0.3 kg. Pigs were switched to 

common finisher-2 diets at 80.0 ± 0.4 kg, and those received 0 or 5% lipids during the G and F-1 

phases were continued to receive 0 or 5% lipids. Ultrasound backfat measurements and blood 

samples were collected at the end of the G, F-1, and F-2 phases, and pigs were harvested at 110.5 

± 0.5 kg. The results of growth performance, serum metabolite profile, and carcass traits are 

reported in this monograph. Pigs fed the AA restricted diets consumed less SID Lys and DE (P < 

0.015), and had slightly depressed ADG compared with non-restricted pigs during the G phase, 

but they grew faster (P = 0.042) and utilized feed numerically and SID Lys (P < 0.001) more 

efficiently during the F-1 phase. Dietary AA restrictions had no effect on any of the response 

criteria during the F-2 phase, overall ADG, or carcass traits. The efficiency of overall feed, SID 

Lys, and DE utilization for BW gain (P < 0.004) and SID Lys utilization for fat-free lean gain (P 

< 0.001) was improved by the AA restrictions. Dietary AA restrictions reduced serum urea N (P 

< 0.025) at the end of the G and F-1 phases and increased glucose (P = 0.027) at the end of the 

G-phase, but had no clear effect on other metabolites. Dietary lipids reduced feed intake during 

the G (P = 0.007) and F-2 (P = 0.064) phases, improved G:F during all phases and overall (P < 

0.047), and improved ADG during the G (P = 0.003) and F-1 (P = 0.066) phases. Belly firmness 

was reduced (P < 0.001), but there was no other effect of dietary lipids on carcass traits. Dietary 

lipids increased serum triglycerides at the end of the G (P = 0.075) and F-1 (P = 0.001) phases, 
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but reduced (P = 0.037) urea-N at the end of the F-2 phase. Dietary lipids increased serum 

cholesterol in pigs fed the unrestricted diets but had no effect on pigs fed the AA restricted diets 

at the end of the F-1 phase (AA restrictions x lipids, P = 0.029). The dietary treatment had no 

effect on ultrasound backfat thickness. In conclusion, as expected, dietary lipids improved G:F 

but reduced belly firmness. Dietary AA restrictions during the grower and finisher-1 phases had 

no effect on overall BW gain or carcass traits but improved overall efficiency of AA and DE 

utilization for BW gain and fat-free lean gain. 

Keywords: amino acid restrictions, compensatory growth, flaxseed oil, growth performance, 

carcass characteristics, serum metabolites 

 

INTRODUCTION 

Satisfying the consumer by providing high quality pork is an integral part of successful 

and sustainable pig production. Unfortunately, the effort to satisfy consumer demands by 

producing leaner pigs in recent years has resulted in a reduction of intramuscular fat (IMF), 

which has adverse effects on eating quality of pork (Cisneros et al., 1996; Gerbens et al., 2001). 

Because of a poor relationship between IMF and subcutaneous fat thickness (Jones et al., 1992), 

however, the IMF content can be increased while maintaining the leanness of pigs. Also, it 

is possible that IMF has some additional attributes on human health such as beneficial effects 

on low density lipoprotein-cholesterol and coronary heart disease (Baghurst, 2002), and such 

effects can be enhanced further if its increase can be achieved by omega-3 fatty acids (ω-3 FA; 

Davenel et al., 1999; Simopoulos, 2001; Corino et al., 2002).The results of previous studies  

indicated that pigs subjected to early dietary AA restrictions can exhibit compensatory growth 

(Chiba, 1994, 1995; Chiba et al., 1999, 2002 Fabian et al., 2002, 2004), utilize nutrients 
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more efficiently (Chiba et al., 2002; Fabian et al.,2004), have better carcass traits (Chiba, 

1995; Chiba et al., 1999), and reduce N excretion (Fabian et al., 2004). Obviously, 

alleviating public concerns on the environmental issue is imperative for sustainable pig 

production (Chiba, 2000). Compensatory growth, therefore, can have a positive impact on the 

overall efficiency of pig production and environment by reducing the excretion of unused 

nutrient. Moreover, carcass fat can be reduced to satisfy the consumer demand for leaner pork 

and the IMF content can be increased to enhance eating quality of pork simultaneously by taking 

advantage of compensatory growth. 

Over the years, several investigators have reported that de novo lipogenesis in pigs can 

be reduced by dietary lipids (Allee et al., 1971a,b; Chillard. 1993; Smith et al., 1996; Lin et 

al., 2013). It seems that body fat can be reduced by including up to 5% lipids in the pig diet, but 

more than 5% dietary lipids is likely to reduce the leanness of grower-finisher pigs (Moser, 

1977). It is possible that dietary supplementation of flaxseed oil, which is high in ω-3 FA, can 

enhance leanness of pigs, and it can also increase ω-3 FA content of pork. A study was 

conducted to investigate the effect of early dietary AA restrictions during the grower and 

finisher-1 phases and supplementation of flaxseed oil, which is high in ω-3 FA, on: a) 

compensatory growth, b) serum metabolite  profile,  c)  carcass  characteristics,  d)  IMF  

content,  e)  fatty  acid  composition,  f) physical and sensory traits of pork, and g) expression of 

selected genes associated with lipid metabolism. In this article, the results of growth 

performance, serum metabolite profile, and carcass characteristics are reported, and other 

response criteria are reported elsewhere. 

 

MATERIALS AND METHODS 
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The protocol for animal care was approved by the institutional Animal Care and Use 

Committee of Auburn University.  

Animals and Facilities 

 
A total of 64 pigs were selected and moved into an open-sided grower finisher unit. 

Pigs were assigned to 32 pens (> 1.35 m
2
/pig) based on their weight, sex, and ancestry with 2 

gilts or 2 castrated males per pen. The pens were assigned randomly to 4 dietary treatments in a 

2 x 2 factorial arrangement of treatments with 4 gilt pens and 4 castrated male pens per 

treatment. Because the availability of pigs at one time was limited, the study was conducted in 2 

trials. Each trial used 16 gilts and 16 castrated males, and 2 trials were approximately 4 

wk apart. The average minimum and maximum daily temperature during the study were 7.9 

and 19.3°C, respectively. 

When the average pen weight reached 24.7 ± 0.5 kg, pigs were offered the grower diets. 

Pigs were switched to finisher-1 and finisher-2 diets when they reached 51.2 ± 0.3 and 80 ± 0.4 

kg, respectively. Pigs fed 0 or 5% lipids during the grower and finisher-1 phases were continued 

to receive 0 or 5% dietary lipids during the finisher-2 phase. The pigs were slaughtered after 

overnight fasting when they reached the target weight of 110.5 ± 0.5 kg. Pigs were allowed ad 

libitum access to feed and water throughout the study. Pig weights and feed consumption data 

were collected weekly. 

Dietary Treatments 

 
A fundamental assumption of the dietary treatment was that Lys is the first-limiting 

AA in all diets. Diets were supplemented with 5% supplemental lipids (3% flaxseed oil + 2% 

poultry fat) to take advantage of inhibitory effect of dietary lipids on lipogenesis (Moser, 

1977) and avoid potential adverse effects of excess flaxseed oil supplementation on pork 

characteristics (e.g., Romans et al., 1995; Bryhni et al., 2002; Wood et al., 2003). The chemical 
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composition of corn and soybean meal and fatty acid composition of flaxseed oil and poultry fat 

are presented in Tables 1 and 2, respectively. 

For the grower and finisher-1 phases, 2 corn-soybean meal diets were formulated to 

contain 100 or 80% of the standardized ileal digestible (SID) Lys recommendation (NRC, 2012), 

and each diet was supplemented with 0 or 5% lipids (3% flaxseed oil + 2% poultry fat; Table 3). 

For the finisher-2 phase, a common, corn-soybean meal diet was formulated to satisfy the SID 

Lys recommendation (NRC, 2012), and it was supplemented with 0% lipids or 3% flaxseed oil 

+ 2% poultry fat (Table 4). The effort was not made to maintain a constant AA balance, but a 

proportion of each indispensable AA relative to Lys was above the balanced protein (NRC, 

2012). Dietary Lys (and other AA), Ca, and P contents were adjusted according to changes in the 

DE content. Flaxseed oil and poultry fat samples were analyzed for the fatty acid composition 

(Cameron et al., 2000). Feed samples were collected from every batch of diets prepared and 

pooled, and subsamples were analyzed for CP (AOAC, 1995). 

Ultrasound Measurements and Blood Samples 

 
For gross assessment of alterations in body composition during the restriction and 

realimentation phases, backfat thickness of each pig was measured 4 to 5 cm from the midline on 

the right side at the 10th rib at the end of the grower, finisher-1, and finisher-2 phases using an 

ultrasound instrument (Lean-Meater; Renco, Minneapolis, MN). To assess metabolite profile, 10 

mL of blood was collected from each pig via vena cava puncture using a sterile needle and 

syringe at the end of the grower, finisher-1, and finisher-2 phases. All blood samples were 

collected between 0800 and 1000 h after overnight fast. Blood samples were allowed to clot and 

centrifuged at 1,500 x g for 15 min at room temperature to obtain cleaner serum samples, and an 

aliquot  was  stored  at  -20°C  until  analyzed  for  urea  N,  total  protein,  albumin,  glucose, 
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triglycerides, and cholesterol using the auto analyzer (Boehringer Mannheim/Hitachi 911; 

Boehringer  Manheim  Corp,   Indianapolis,   IN)  at  Auburn  University  Clinical  Pathology 

Laboratory (Chiba et al., 2002; Mule et al., 2006). 

Harvest Procedures, Carcass Characteristics, and Sample Collection 

 
At an average pen weight of 110 ± 3 kg, pigs were harvested at Auburn University Meat 

Laboratory using conventional procedures after 24-h fast. The eviscerated carcass was split 

longitudinally through the vertebrae midline, and HCW was recorded. After chilling for 24 h at 

2°C, each carcass was weighed and LM of the right side was exposed by a perpendicular cut 

between the 10th and 11th ribs. Longissimus muscle was traced and backfat thickness at the 10th 

rib (about ¾ distance along the LM toward the belly) was measured. The exposed LM area was 

used to determine subjective meat quality scores (NPPC, 1991). The proportion of carcass lean 

and the rate of carcass lean accretion were estimated by equations reported by NPPC (2000). 

After exsanguination, adipose and muscle tissue samples were taken immediately and 

frozen in liquid N, and stored at -80°C to determine the expression of selected genes associated 

with lipid metabolism. Also, a section of LM from the 10
th 

to 12
th 

rib was removed from each pig 

for the determination of the fat content, fatty acid composition, and physical and sensory 

characteristics of pork. Detailed procedures to achieve other objectives are presented accordingly 

elsewhere. 

Statistical Analysis 

 
The data were analyzed using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC) and 

the pen was the experimental unit. Initially, treatment, sex, trial, and appropriate 

interactions, along with appropriate BW as a covariate or covariates, were included in the 

statistical model. The initial and final BW for growth performance data, appropriate BW for 

serum metabolite data, and final BW for the carcass data were initially considered as a 
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covariate(s). The results indicated that trial and trial x treatment interactions were not an 

important source of variation, thus, those terms were removed from the final model. In addition, 

interactions and covariates that did not reach statistically significant trend (P > 0.10) were 

removed from the final model. The results are considered a statistically significant if P ≤ 0.05 

and a trend if P ≤ 0.10. 

 

RESULTS 

Growth Performance 

Grower Phase. There was no restriction x lipid supplementation on any of the response 

criteria. Feed intake of pigs was greater (P = 0.015) in non-restricted pigs compared to restricted 

pigs (Table 5). Similarly, feed intake of pigs fed the diets with lipids was less (P = 0.007 

compared with those fed the diets without lipids. As expected, there was a reduction of Lys (SID 

Lys; P < 0.001) and DE intake (P = 0.013) in restricted pigs, but there was no effect of 

supplemental lipids on Lys or DE intake. The ADG in pigs was slightly depressed numerically 

by dietary AA restrictions, but the diets had no effect on ultrasound backfat thickness. Pigs fed 

the diets containing 5% lipids had greater (P = 0.03) ADG. Similarly, as expected, G:F was 

improved by dietary lipid supplementation. Because of their reduced Lys intake, restricted pigs 

utilized SID Lys more efficiently for BW gain compared to non-restricted pigs (P < 0.001). 

Finisher-1 Phase.  There  was  no  restriction  x  lipid  supplementation  on  any  of  the 

response criteria (Table 5). Although feed intake of pigs was not affected by dietary AA 

restrictions, SID Lys intake was reduced in pigs fed the restricted diets. Pigs subjected to dietary 

AA restrictions during the grower phase grew faster (P = 0.042), tended to have greater G: F 

numerically, and greater gain:Lys intake (P < 0.001) compared with non-restricted pigs. 
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Dietary AA restrictions, however, had no effect on ultrasound backfat thickness. Dietary lipid 

supplementation had no effect on ADFI, Lys intake, or DE intake, but ADG tended to be greater 

(P = 0.066) and G:F was greater (P < 0.047) in pigs fed the diets containing 5% lipids. 

Finisher-2 Phase. No dietary AA restrictions x supplemental lipid interaction were 

observed in any of the response criteria (Table 5). There was no effect of dietary AA restrictions 

on ADFI, Lys intake, or DE intake. Similarly, there was no effect of dietary AA restrictions 

on the ADG or efficiency of feed, Lys, or DE utilization for BW gain. Dietary lipid 

supplementation tended to reduce (P = 0.064) ADFI and improved (P = 0.015) G:F, but it had 

no effect on Lys or DE intake or the efficiency of their utilization for BW gain. Similarly, there 

were no differences in ultrasound backfat thickness at the end of finisher-2 phase subjected to 

various treatments. 

Grower-finisher Phase. As in the grower and finisher phases, there was no dietary 

restriction x supplementary lipid interaction in any of the response criteria during the grower- 

finisher phases. The ADG was not affected by dietary AA restrictions or supplemental lipids. 

The Lys intake was reduced (P < 0.001) and its utilization for BW gain was greater (P < 

0.001) in restricted pigs compared with non-restricted pigs. Similarly, DE utilization for BW 

gain was better (P = 0.004) in restricted pigs compared with non-restricted pigs. The G:F was 

greater (P = 0.005) in pigs fed the AA restricted diets compared with those fed the non-restricted 

diets. As expected, pigs fed diets supplemented with lipid improved (P < 0.001) overall G:F 

compared with those fed the diets without lipids. 

Serum Metabolites 

 
Grower Phase. There was a trend for dietary AA restrictions x supplemental lipids (P = 

0.078) in serum cholesterol at the end of the grower phase (Table 6). Serum cholesterol in pigs 
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fed the non-restricted diets increased with 5% lipids, but it decreased in pigs fed the restricted 

diet with 5% lipids. As expected, serum urea N concentration during the grower phase was 

reduced (P = 0.007) by dietary AA restrictions, whereas serum glucose concentration was 

increased (P = 0.027) in restricted pigs. Serum triglycerides concentration tended to be greater (P 

= 0.075) in the pigs fed the diets with supplemental lipids compared with pigs fed the diets 

without lipids. Pigs fed the diets with 5% lipids tended to have serum triglycerides. The 

concentration of serum total protein and albumin was not affected by dietary AA restrictions or 

dietary lipids. 

Finisher-1 Phase. There was an interaction (P = 0.029) in serum cholesterol. Serum 

cholesterol increased in pigs fed the non-restricted diet with 5% lipids, but it was not changed in 

pigs fed the restricted diet with dietary lipids. There was also a trend for an interaction (P = 

0.001) in serum triglycerides. The increase in serum triglycerides by supplementation with 5% 

dietary lipids was much greater in pigs fed the non-restricted diet. Urea N concentration was 

significantly reduced (P < 0.05) in pigs fed the restricted diets compared with those fed the non-

restricted diets. Serum total protein, albumin, and glucose concentrations were not affected by 

dietary treatments. 

Finisher-2 Phase. There was no interaction, and dietary AA restrictions had no effect on 

any of the response criteria in serum metabolites at the end of the finisher-2 phase. Serum 

urea N (P = 0.037) and triglycerides (P = 0.018) concentrations were reduced in pigs fed the 

diets with lipids compared with pigs fed the diets without lipids. The treatments had no effect on 

serum total protein, albumin, glucose, and cholesterol concentrations. 

Carcass Characteristics and Subjective Meat Quality Scores 

 
There were no dietary AA restrictions x lipid supplementation on carcass characteristics, 
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and the dietary treatment had no effects on 10th rib backfat thickness, LM area, fat-free lean 

percentage, and fat-free lean gain (Table 7). Dietary AA restrictions had no effect on fat-

free lean gain:feed intake, but it increased (P < 0.001) the efficiency of Lys utilization for 

fat-free lean gain and tended to increase (P = 0.095) fat-free lean gain:DE intake. Dietary lipid 

supplementation had no effect on any of the response criteria. 

There was a trend for dietary AA x lipid supplementation (P = 0.081) on muscling score. 

Muscling score in pigs fed the non-restricted diets seemed to increase with dietary lipids, but it 

seemed to decrease with dietary lipids in those fed the restricted diets. Belly firmness tended to 

be lower (P = 0.078) in pigs fed the non-restricted diets, and it was reduced (P < 0.001) by 

dietary lipids. There was no effect of dietary treatments on subjective meat color, firmness, or 

marbling score. 

 

DISCUSSION 

In the current study, the effect of early dietary AA restrictions during the grower and 

finisher-1 phases and lipid supplementation on compensatory growth, carcass characteristics, 

fatty acid content and composition of pork, physical and sensory characteristics of pork, and 

expression of genes associated with the lipid metabolism was investigated. Improving carcass 

quality and organoleptic characteristics of pork is an integral part of successful and sustainable 

pig production. The de novo lipogenesis can be reduced by dietary lipids (Smith et al., 1996; 

Lin et al., 2013) and carcass fat can be reduced by taking advantage of compensatory growth 

(Chiba, 1995; Chiba et al., 1999). In addition, the IMF and ω-3 FA contents of pork can be 

increased by supplementing diets with lipids high in ω-3 FA, such as flaxseed oil, and the IMF 

content of pork can be increased by compensatory growth. Thus, by using the concept of 
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compensatory growth and  supplementing  diets  with  flaxseed  oil,  it  is  possible  to  increase,  

not  only  the  overall efficiency of pig production, but also the leanness of pigs and IMF and ω-

3 FA contents of pork. In this article, again, only the results on growth performance, serum 

metabolites, and carcass characteristics are reported. 

During the grower phase, dietary AA restrictions during the grower phase depressed 

ADG only numerically, perhaps, because the dietary formulation was based on the SID Lys 

recommendation (NRC, 2012), and 80% of the SID Lys recommendation was, probably, not 

severe enough to clearly depress the growth performance. The feed intake of grower pigs fed the 

restricted diets was lower than those fed the non-restricted diets, which is different from other 

reports (Chiba, 1994; Kamalakar et al., 2009). This was, perhaps, due to lower feed intake of 

pigs fed the restricted diet with 5% lipids, even though there was no dietary AA restriction x 

supplemental lipid interaction. It had, however, no substantial effect on depressing ADG of pigs 

fed the AA restricted diets. In addition, there was no effect of dietary AA restrictions on 

ultrasound backfat thickness at the end of the grower phase, which is contrary to earlier reports 

(e.g., Chiba et al., 1999, 2002; Kamalakar et al., 2009), 

As expected, the restricted pigs consumed less Lys and had improved efficiency of SID 

Lys utilization for BW gain, which is in agreement with previous reports (Chiba, 1994, 

1995; Chiba et al., 1999, 2002; Fabian et al., 2002; Kamalakar et al., 2009). The efficient 

utilization of Lys for weight in Lys restricted pigs can be attributed the sparing effect of AA 

related to pigs fed AA restricted diets as mentioned by Chiba et al. (1991). The ADG of pigs 

fed the diets with lipids was greater compared to those fed the diets without lipids. 

During the finisher-1 phase, there was an indication of compensatory growth in pigs 

subjected to dietary AA restrictions during the grower phase. Pigs fed the AA restricted grower 



37 
 

diets had greater ADG and G:F compared with those fed the non-restricted diets, even though the 

growth performance  was only numerically or slightly depressed by the  dietary restrictions  

during  the grower phase. Similar effects of early dietary AA restrictions on growth performance 

has been reported by Fabian et al. (2002) and Kamalakar et al. (2009). It should be pointed out, 

however, that the pigs subjected to AA restrictions during the grower phase continued to receive 

the restricted diets during the finisher-1 phase. Yet, those pigs had greater growth performance 

than those fed the non-restricted diets. It is possible that, similar to the grower phase, the dietary 

AA restrictions imposed during the finisher-1 phase may not have been severe enough. 

As in the grower phase, Lys intake of restricted pigs was lower, and they utilized Lys 

more efficiently for BW gain compared with non-restricted pigs, which was consistent with 

aforementioned reports (e.g., Kamalakar et al., 2009). Also, as in the grower phase, ultrasound 

backfat thicknesses at the end of the finisher-1 did not differ because of the dietary treatment. 

The  ADG  tended  to  be  greater  with  dietary  lipid  supplementation,  and,  as  expected,  the 

efficiency of feed utilization was greater in pigs fed the diets with supplemental lipids compared 

with those fed the diets without lipids, which is consistent with many report over the years (e.g., 

Moser, 1977; Chiba et al., 1985, 1987; Lin et al., 2013). 

There was no effect of dietary AA restrictions on any of the response criteria during the 

finisher-2 phase, which was expected. Pigs subjected to the dietary AA restrictions during the 

grower phase apparently exhibited compensatory growth during the finisher-1 phase, and there 

was the lack of growth depression by feeding the restricted diets during the finisher-1 phase. 

Thus, growth performance of pigs may not have been affected by the dietary treatment 

because pigs were fed common diets during the finisher-2 phase. Pigs fed the supplemental lipids 

consumed less feed and utilized feed more efficiently for BW gain that those fed the diets 



38 
 

without supplemental lipids. 

Because of the possible compensatory BW gain during the finisher-1 phase, pigs 

subjected to dietary AA restrictions during the grower and finisher-1 phases had similar 

overall BW gain to those fed the non-restricted diets. And, perhaps, because of the slight 

numerical increase in ADG, pigs subjected to early dietary AA restrictions had improved 

efficiency of feed, SID Lys, and DE utilization for BW gain compared with those fed the non-

restricted grower and finisher-1 diets. Thus, feeding the diets containing 80% of SID Lys and 

other AA during the grower and finisher-1 phases had some beneficial effects on overall growth 

performance of grower-finisher pigs, and it certainly had no adverse effects. There have been 

some reports that the differences in BW gain associated with early dietary AA restrictions had 

completely disappeared by the time pigs reached the market weight (Chiba, 1994, 1995; Fabian 

et al., 2002; Kamalakar et al., 2009). In the present study, although no adverse effect of early 

dietary AA restrictions on growth performance was observed, there was no clear 

depression of growth during the grower or finisher-1 phase. As expected, pigs fed the diets 

supplemented with lipids had greater G:F during the grower-finisher phase. 

Serum metabolite profile may be a reflection of changes in physiological and metabolic 

activities in response to dietary manipulations (Kamalakar et al., 2009), and it is likely that 

dietary manipulations affect the metabolites possibly through the modulation of enzymes 

associated with N and lipid metabolism (Clarke and Abraham, 1992; McNeel and Mersmann, 

2000). At the end of the grower phase, serum urea N was lower in the restricted pigs, clearly a 

reflection of the reduced Lys and other AA intakes by those pigs and their efficient utilization 

of Lys (Chiba et al., 1991). Similar results were observed by Fabian et al. (2002). Serum 

glucose concentration was greater in pigs fed the AA restricted diets, which can be observed 
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with the moderate restriction as described by Hornick et al. (2000). Serum total protein or 

albumin, which can be a reflection of protein adequacy or positive protein metabolism 

(Lowrey et al., 1962; Mule et al., 2006), was not affected by the dietary treatment at the end 

of grower phase. Serum triglyceride concentration was greater in the pigs fed the diets 

supplemented with lipids, which was expected. 

As in the grower phase, serum urea N was lower in pigs subjected to dietary AA 

restrictions compared with those fed the non-restricted diets at the end of finisher-1 phase. Serum 

cholesterol and triglyceride concentrations seem to be greater with the supplementary lipids, but 

the response was not clear because of the interaction in those criteria. At the end of the finisher-2 

phase, none of the serum metabolites were affected by dietary AA restrictions. However, serum 

urea N and triglycerides concentrations were reduced by the supplementation of diets with 3% 

flaxseed oil + 2% poultry fat, perhaps, reflecting better utilization of AA and energy for growth. 

As with overall BW gain, there was no difference in fat-free lean gain of pigs fed the 

restricted and non-restricted grower and finisher-1 diets, which is consistent with the finding of 

previous research (Fabian et al., 2002; Kamalakar et al., 2009). Also, similar to overall BW gain 

to Lys or DE intake, the efficiency of SID Lys or DE utilization for fat-free lean gain was greater 

in pigs fed the AA restricted diets compared with those fed the diets without AA restrictions. 

The increased efficiency of Lys utilization for fat-free lean gain has been reported previously 

(Fabianet al., 2002; Kamalakar et al., 2009). Backfat thickness at 10
th

 rib did not differ among 

the diets, however, it increased numerically in pigs fed the restricted diets, which is contrary to 

Chiba (1995) and Chiba et al. (1999) who reported the improved  carcass  characteristics  in  pigs 

subjected to early dietary AA restrictions. Dietary treatments had no effect of LM area, 

proportion of fat-free lean, or efficiency of feed utilization for fat-free lean. 
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There were no differences in subjective color, firmness, marbling, and muscling scores 

among the pigs subjected to different dietary treatments, even though there was a dietary AA 

restriction x supplemental interaction in the muscling score. Kamalakar et al. (2009) reported 

similar results for color and firmness score in pigs subjected to the early dietary AA restrictions. 

However, marbling was shown to be greater in pigs fed the AA restricted diets in their 

study. Some other studies (Castell et al., 1994; Cisneros et al., 1996; Blanchard et al., 

1999) also reported the increased marbling score in the pigs fed protein deficient diets, and such 

increased marbling score may be associated with the metabolism of branched chain AA 

(Hyun et al., 2002). Belly firmness score was reduced in pigs fed the diets with supplemental 

lipids compared with those fed the diets without lipids. The result indicated that 

supplementation with flaxseed oil, which is high in PUFA such as ω-3 FA, may have some 

beneficial effects on human health (Baghurst, 2002; Calder and Yaqoob, 2009), but it can result 

in soft pork (Averette Gatlin et al., 2002; Lin et al., 2013) or other adverse effects on pork 

characteristics, including the reduction of oxidative stability (Romans et al., 1995; Bryhni et al., 

2002; Wood et al., 2003). 

In conclusion, as expected, dietary lipids improved G:F but reduced belly firmness. The 

results also indicated that pigs subjected to dietary AA restrictions during the grower phase 

exhibited compensatory growth, even though their growth performance was only numerically 

depressed during the grower phase. Dietary treatments had no effect on overall BW gain, and 

pigs subjected to early dietary AA restrictions seemed to have improved overall efficiency of 

AA and energy utilization for BW gain and fat-free lean gain. Feeding the diets containing 

80% of SID Lys and other AA during the grower and finisher-1 phases, therefore, had no 

adverse effects on overall growth performance or carcass characteristics of grower-finisher pigs, 
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and it may even had some beneficial effects on the performance of grower-finisher pigs. 
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Table 1. Composition of soybean meal and corn (%; as-fed basis)
1,2 

Item Soybean meal Corn 

DM 87.66 86.14 

CP 48.06 8.20 

Arg 3.27 0.41 

His 1.17 0.25 

Ile 2.09 0.30 

Leu 3.42 1.04 

Lys 2.82 0.27 

Met 0.62 0.19 

Cys 0.65 0.20 

Met + Cys 1.27 0.39 

Phe 2.33 0.39 

Thr 1.80 0.31 

Trp 0.62 0.07 

Val 2.17 0.05 
1
Samples were analyzed by a commercial lab (Ajinomoto Heartland, Chicago, IL). 

2
Reported the values of 1 batch of sample. 
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Table 2. Fatty acid composition  of flaxseed oil and poultry fat
1,2 

Item Poultry fat Flaxseed oil 

Saturated fatty acids, %   

C8 0.05 0.04 

C10 0.05 0.11 

C11 0.24 0.11 

C12 0.21 0.08 

C13 0.32 0.11 

C14 0.30 0.14 

C15 0.33 0.08 

C16 22.60 0.11 

C17 0.18 0.01 

C18 0.21 0.06 

C19 0.06 0.01 

C20 38.80 9.44 

C21 0.02 0.00 

C22 0.42 0.09 

C23 0.12 0.01 

C24 0.41 0.33 

Monounsaturated fatty acids, % 

C14:1 0.79 0.11 

C15:1 0.22 0.11 

C16:1 6.82 4.76 

C17:1 0.11 0.10 

C18:1n9c 0.18 0.03 

C18:1n9t 0.16 0.06 

C20:1 0.11 0.00 

C24:1 1.19 0.33 

Polyunsaturated fatty acids, % 

C22:1n9 0.96 0.00 

C18:2n6t 0.01 0.79 

C18:2n6c 5.62 2.08 

C18:3n3 0.02 0.01 

C18:3n6 0.36 0.19 

C20:2 17.55 15.29 

C20:3n3 0.12 58.84 

C20:3n6 0.36 0.19 

C20:4n6 0.14 0.00 

C20:5n3 0.33 0.03 

C22:2 0.37 0.07 

C22:6n3 0.61 0.24 
1
Analyzed as described by Cameron et al. (2000). 

2
Reported the values of 1 batch of samples analyzed in duplicate. 
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Table 3. Composition of grower diets (as-fed basis)
1 

 100% 80% 

Item No lipids 5% lipids No lipids 5% lipids 

Ingredient, g/kg     

Corn 648.3 556.5 726.8 642.2 

Soybean meal (47.5% CP) 326.5 366.0 246.6 278.7 

Dicalcium phosphate 10.8 13.4 12.8 15.6 

Limestone 8.4 8.1 7.8 7.5 

Salt 3.5 3.5 3.5 3.5 

Vitamin-trace mineral premix
2

 2.5 2.5 2.5 2.5 

Calculated composition     

DE, Mcal/kg 3.4 3.7 3.4 3.7 

CP, g/kg 209.3 220.5 177.6 186.0 

Ca, g/kg 7.0 7.62 7.0 7.62 

P, g/kg 6.0 6.53 6.0 6.53 

Ca:P 1.17 1.17 1.17 1.17 

Lys, g/kg 9.80 10.67 8.53 8.53 

Lys:DE, g/Mcal 2.88 2.88 2.31 2.31 

Trp, g/kg 2.27 2.57 2.09 2.09 

Thr, g/kg 2.56 6.99 5.79 5.79 

His, g/kg 5.05 5.33 4.49 4.49 

Ile, g/kg 7.71 8.25 6.78 6.78 

Analyzed composition     

CP, g/kg 196.0 202.7 166.7 178.0 
1
Four dietary treatments in a 2 x 2 factorial arrangement of treatments [100 or 80% standard 

ileal digestible Lys recommendation (NRC, 2012) and 0 or 5% (3% flaxseed oil + 2% poultry 

fat) lipid supplementation] during the grower and finisher-1 phases. Pigs were fed a common diet 

during the finisher-2 phase. 
2
Provided the following (unit/kg diet): Fe (ferrous sulphate), 150 mg; Zn (zinc oxide), 150 

mg; Mn (manganous oxide), 37.5 mg; Cu (copper sulfate), 150 ppm; I (ethylenediamine 

dihydroiodide), 5 ppm; Se (sodium selenite), 3 ppm; vitamin A, 6,614 IU; vitamin D3, 1,102 IU; 

vitamin E, 26 IU; vitamin B12, 0.03 mg; menadione (menadione Na bisulfite complex), 1 mg; 

riboflavin, 6 mg; d-pantothenic acid (d-Ca pantothenate), 45 mg; niacin, 28 mg; and choline 

(choline chloride), 110 mg. 
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Table 4. Composition of finisher-1 and finisher-2 diets (as-fed basis)
1
 

 

 100% finisher-1 80% finisher-1 Finisher-2 
Item No lipids 5% lipids No lipids 5% lipids No lipids 5% lipids 

Ingredient, g/kg       

Corn 700.8 613.9 768.9 688.1 748.9 666.2 

Soybean meal (47.5% CP) 273.4 308.0 204.1 232.6 224.5 254.8 

Dicalcium phosphate 11.9 14.6 13.6 16.4 13.1 15.9 

Limestone 7.9 7.5 7.4 6.9 7.5 7.1 

Salt 3.5 3.5 3.5 3.5 3.5 3.5 
Vitamin-trace mineral premix

2
 2.5 2.5 2.5 2.5 2.5 2.5 

Calculated composition       

DE, Mcal/kg 3.4 3.7 3.4 3.7 3.4 3.7 

CP, g/kg 188.6 197.6 160.8 167.7 168.8 176.5 

Ca, g/kg 7.0 7.62 7.0 7.62 7.0 7.62 

P, g/kg 6.0 6.53 6.0 6.53 6.0 6.63 

Ca:P 1.17 1.17 1.17 1.17 1.17 1.17 

Lys, g/kg 8.50 9.25 6.80 7.40 7.30 7.94 

Lys:DE, g/Mcal 2.50 2.50 2.00 2.00 2.15 2.15 

Trp, g/kg 1.98 2.25 1.60 1.83 1.71 1.96 

Thr, g/kg 5.83 6.19 4.89 5.16 5.16 5.47 

His, g/kg 4.55 4.77 3.88 4.05 4.08 4.26 

Ile, g/kg 6.82 7.28 5.65 6.01 6.00 6.38 
Analyzed composition 

CP, g/kg  179.3 185.3 155.8 160.1 158.6 164.1 
1
Four dietary treatments in a 2 x 2 factorial arrangement of treatments [100 or 80% standard ileal digestible Lys recommendation 

(NRC, 2012) and 0 or 5% (3% flaxseed oil + 2% poultry fat) lipid supplementation] during the grower and finisher-1 phases. Pigs 

were fed a common diet during the finisher-2 phase. 
2
Provided the following (unit/kg diet): Fe (ferrous sulphate), 150 mg; Zn (zinc oxide), 150 mg; Mn (manganous oxide), 37.5 mg; 

Cu (copper sulfate), 150 ppm; I (ethylenediamine dihydroiodide), 5 ppm; Se (sodium selenite), 3 ppm; vitamin A, 6,614 IU; vitamin 

D3, 1,102 IU; vitamin E, 26 IU; vitamin B12, 0.03 mg; menadione (menadione Na bisulfite complex), 1 mg; riboflavin, 6 mg; d- 

pantothenic acid (d-Ca pantothenate), 45 mg; niacin, 28 mg; and choline (choline chloride), 110 mg. 
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Table 5. Effect of dietary AA restrictions (R) and lipid supplementation (L) on growth performance of pigs during the grower, 

finisher-1, finisher-2 phases, and overall, and ultrasound backfat thickness of pigs at the end of the grower, finisher-1, and finisher-2 

phases
1,2

 

 100% 80%  P-value 
Item

3
 No lipids 5% lipids No lipids 5% lipids SEM

4
 R L R x L 

Grower phase         

ADFI, g/d 2,175 2,096 2,108 1,894 51 0.015 0.007 0.194 

Avg Lys intake,
 
g/d 21.3 22.4 16.4 16.2 0.5 <0.001 0.431 0.176 

DEI, Mcal/d 7.40 7.77 7.18 7.00 0.18 0.013 0.607 0.134 

ADG, g/d 864 906 831 894 23 0.346 0.030 0.657 

G:F, g/kg 397 434 395 474 14 0.207 0.003 0.158 

Gain:Lys intake, g/g 41.6 41.9 50.7 55.3 1.5 <0.001 0.111 0.155 

Gain:DE intake, g/kg 117.0 117.8 116.2 127.5 4.0 0.294 0.149 0.200 

Ultrasound backfat, mm 10.2 10.3 10.2 10.5 0.4 0.839 0.590 0.778 

Finisher-1 phase         

ADFI, g/d 2,507 2,268 2,374 2,342 119 0.803 0.269 0.395 

Avg Lys intake, g/d 21.3 21.0 16.2 17.3 1.0 <0.001 0.688 0.476 

DEI, Mcal/d 8.51 8.40 8.09 8.70 0.41 0.890 0.557 0.407 

ADG, g/d 899 968 975 1,039 34 0.042 0.066 0.953 

G:F, g/kg 366 431 412 450 24 0.176 0.045 0.565 

Gain:Lys intake, g/g 43.1 46.6 61.0 60.8 3.1 <0.001 0.730 0.450 

Gain:DE intake, g/kg 107.8 116.5 121.7 121.7 6.7 0.166 0.522 0.524 

Ultrasound backfat, mm 13.9 14.2 14.3 14.3 1.0 0.586 0.813 0.745 

Finisher-2 phase         

ADFI, g/d 2,815 2,574 2,708 2,542 99 0.483 0.064 0.709 

Avg Lys intake, g/d 20.5 20.6 19.8 20.3 0.8 0.504 0.731 0.737 

DEI, Mcal/d 9.57 9.52 9.21 9.38 0.36 0.484 0.880 0.749 

ADG, g/d 949 997 989 995 40 0.632 0.526 0.606 

G:F, g/kg 338 388 368 393 14 0.199 0.015 0.365 

Gain:Lys intake, g/g 46.3 48.5 50.3 49.1 1.8 0.190 0.789 0.345 

Gain:DE intake, g/kg 99.3 104.7 108.0 106.1 3.8 0.191 0.672 0.348 

Ultrasound backfat, mm 18.3 17.9 19.1 18.3 0.7 0.365 0.358 0.779 

Overall         
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ADFI, g/d 2,514 2,312 2,587 2,268 79 0.364 0.202 0.986 

Avg Lys intake, g/d 21.0 21.2 17.5 18.0 0.4 <0.001 0.382 0.693 

DEI, Mcal/d 8.50 8.54 8.13 8.34 0.17 0.114 0.467 0.584 

ADG, g/d 905 948 932 971 79 0.334 0.137 0.939 

G:F, g/kg 362 410 389 428 7 0.005 <0.001 0.549 

Gain:Lys intake, g/g 43.2 44.7 53.3 53.8 0.9 <0.001 0.301 0.545 

Gain:DE intake, g/kg 106.5 110.9 114.6 115.7 2.0 0.004 0.180 0.449 
1
Four dietary treatments in a 2 x 2 factorial arrangement of treatments [100 or 80% standard ileal digestible Lys recommendation 

(NRC, 2012) and 0 or 5% (3% flaxseed oil + 2% poultry fat) lipid supplementation] during the grower (24.7 ± 0.5 to 51.2 ± 0.3 kg) 

and finisher-1 phases (51.2 ± 0.3 to 80 ± 0.4 kg). Pigs were fed a common diet during the finisher-2 phase (80 ± 0.4 to 110.5 ± 0.5 kg). 
2
Least squares means based on 8 pens containing 2 gilts or 2 castrated males/pen. 

3
Lys intake = based on standardized ileal digestible Lys. 

4
Pooled SEM. 
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Table 6. Effect of dietary AA restrictions (R) and lipid supplementation (L) on serum metabolites of pigs at the end of the grower, 

finisher-1, and finisher-2 phases
1,2

 

 100% 80%  P-value 

Item No lipids 5% lipids No lipids 5% lipids SEM
3
 R L R x L 

Grower phase         

Total protein, g/dL 5.26 5.57 6.01 5.72 0.30 0.156 0.976 0.323 

Albumin, g/dL 3.67 3.82 4.01 3.70 0.16 0.522 0.616 0.170 

Urea nitrogen, mg/dL 15.8 15.2 12.7 11.5 0.9 0.007 0.338 0.712 

Glucose, mg/dL 89.1 90.1 103.4 95.0 4.1 0.027 0.358 0.248 

Cholesterol, mg/dL 80.2 85.3 94.9 86.1 3.8 0.053 0.629 0.078 

Triglycerides, mg/dL 36.4 55.7 43.6 55.4 8.5 0.694 0.075 0.660 

Finisher-1 phase         

Total protein, g/dL 5.91 6.24 6.07 6.01 0.20 0.860 0.482 0.323 

Albumin, g/dL 4.15 4.34 4.22 4.20 0.14 0.774 0.540 0.456 

Urea nitrogen, mg/dL 15.1 17.4 13.7 13.1 1.2 0.026 0.514 0.251 

Glucose, mg/dL 91.1 90.5 95.2 95.4 5.9 0.453 0.977 0.939 

Cholesterol, mg/dL 82.0 96.0 89.1 89.4 3.0 0.940 0.023 0.029 

Triglycerides, mg/dL 33.1 55.6 41.2 48.5 3.4 0.466 0.001 0.113 

Finisher-2 phase         

Total protein, g/dL 6.14 6.30 5.95 5.98 0.22 0.241 0.677 0.770 

Albumin, g/dL 4.37 4.44 4.23 4.17 0.15 0.184 0.965 0.666 

Urea nitrogen, mg/dL 18.1 15.5 17.6 15.3 1.1 0.742 0.037 0.856 

Glucose, mg/dL 84.6 85.8 87.4 80.4 3.7 0.725 0.456 0.270 

Cholesterol, mg/dL 97.4 89.6 94.8 92.0 4.1 0.981 0.225 0.542 

Triglycerides, mg/dL 39.9 36.2 50.4 35.0 3.7 0.211 0.018 0.115 
1
Four dietary treatments in a 2 x 2 factorial arrangement of treatments [100 or 80% standard ileal digestible Lys recommendation 

(NRC, 2012) and 0 or 5% (3% flaxseed oil + 2% poultry fat) lipid supplementation] during the grower (24.7 ± 0.5 to 51.2 ± 0.3 kg) 

and finisher-1 phases (51.2 ± 0.3 to 80 ± 0.4 kg). Pigs were fed a common diet during the finisher-2 phase (80 ± 0.4 to 110.5 ± 0.5 kg). 
2
Least squares means based on 8 pens containing 2 gilts or 2 castrated males/pen. 

3
Pooled SEM. 
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Table 7. Effect of dietary AA restrictions (R) and lipid supplementation (L) on carcass traits, and subjective meat quality scores at 

the end of the finisher-2 phase
1,2

 

 100% 80%  P-value 

Item
3
 No lipids 5% lipids No lipids 5% lipids SEM

4
 R L R x L 

Carcass traits         

10th rib backfat, mm 17.2 17.3 19.0 18.1 0.87 0.154 0.661 0.569 

LM area, cm
2 39.4 40.6 43.0 38.8 1.60 0.588 0.361 0.102 

FFL, % 53.2 53.9 53.4 53.1 0.70 0.659 0.333 0.767 

FFLgain, g/d 367 384 377 386 13.41 0.779 0.511 0.711 

FFL gain:feed intake, g/kg 147 151 147 148 3.84 0.782 0.199 0.705 

FFL gain:Lys intake,
 
g/g 17.5 18.3 21.6 21.9 0.59 <0.001 0.380 0.638 

FFL lean gain:DE intake, g/kg 43.3 45.5 46.4 47.2 1.4 0.095 0.273 0.596 

Subjective meat quality scores        

Color 2.89 3.00 2.73 2.64 0.21 0.231 0.966 0.625 

Firmness 1.75 1.73 1.81 1.67 0.09 0.995 0.408 0.496 

Belly firmness 5.08 2.05 6.73 3.04 0.72 0.078 <0.001 0.644 

Marbling 1.44 1.48 1.57 1.32 0.11 0.896 0.370 0.217 

Muscling 2.00 2.14 2.06 2.00 0.06 0.524 0.476 0.081 
1
Four dietary treatments in a 2 x 2 factorial arrangement of treatments [100 or 80% standard ileal digestible Lys recommendation 

(NRC, 2012) and 0 or 5% (3% flaxseed + 2% poultry fat) lipid supplementation] during the grower (24.7 ± 0.5 to 51.2 ± 0.3 kg) and 

finisher-1 phases (51.2 ± 0.3 to 80 ± 0.4 kg). Pigs were fed a common diet during the finisher-2 phase (80 ± 0.4 to 110.5 ± 0.5 kg). 
2
Least squares means based on 8 pens containing 2 gilts or 2 castrated males/pen. 

3
FFL = fat-free lean; Lys intake = based on standardized ileal digestible Lys. 

4
Pooled SEM. 
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IV. Summary and Conclusion 

 

 

The effort to satisfy consumer demands by supplying leaner pork in recent years has 

resulted in a reduction of intramuscular fat (IMF), which has adverse effects on organoleptic 

characteristics of pork. Clearly, increasing the IMF content of pork, while maintaining the 

leanness of pigs, would benefit consumers greatly. By taking advantage of compensatory 

growth, carcass fat can be reduced to satisfy consumer demands and IMF can be increased to 

enhance eating quality of pork simultaneously. Besides improving eating quality of pork, IMF 

may have beneficial effects on human health, and this potential can be enhanced further if its 

increase can be achieved by supplementation of the pig diet with omega-3 fatty acids (ω-3 FA) 

because of the direct deposition of dietary fat into body tissues. In addition, de novo lipogenesis 

can be reduced by dietary lipids. Furthermore, compensatory growth can improve the overall 

efficiency of nutrient utilization and economic efficiency, and minimize adverse impacts of pig 

production on the environment. Therefore, using the concept of compensatory growth and 

dietary supplementation of flaxseed oil, which is high in the ω-3 FA content, to address the pork 

quality issue can contribute greatly to successful and sustainable pig production. 

A total of 64 pigs (2 gilts or 2 barrows/pen) were used to investigate the effect of early 

dietary amino acid (AA) restrictions [100 or 80% of the 2012 NRC standardized ileal digestible 

(SID) Lys requirements during the grower and finisher-1 phases] and flaxseed oil 

supplementation [0 or 3% (+ 2% poultry fat)] in a 2 x 2 factorial arrangement of treatments on 

grower-finisher pigs. At 24.7 ± 0.5 kg, pigs were assigned to 4 grower diets with 4 gilt pens and 
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4 barrow pens/treatment, and switched to finisher-1 diets when they reached 51.2 ± 0.3 kg. Pigs 

were switched to common finisher-2 diets at 80.0 ± 0.4 kg, and those received 0 or 5% lipids 

during the grower and finisher-1 phases were continued to receive 0 or 5% lipids. Ultrasound 

backfat measurements and blood samples were collected at the end of the grower, finisher-1, and 

finisher-2 phases, and pigs were harvested at 110.5 ± 0.5 kg. The results of growth performance, 

serum metabolite profile, and carcass traits are reported in this monograph. 

Pigs fed the AA restricted diets consumed less SID Lys and DE (P < 0.015), and had 

slightly depressed ADG compared with non-restricted pigs during the grower phase, but they 

grew faster (P = 0.042) and utilized feed numerically and SID Lys (P < 0.001) more efficiently 

during the finisher-1 phase. Dietary AA restrictions had no effect on any of the response criteria 

during the finisher-2 phase, overall ADG, or carcass traits. The efficiency of overall feed, SID 

Lys, and DE utilization for body weight (BW) gain (P < 0.004) and SID Lys utilization for fat-

free lean gain (P < 0.001) was improved by the AA restrictions. Dietary AA restrictions reduced 

serum urea N (P < 0.025) at the end of the grower and finisher-1 phases and increased glucose (P 

= 0.027) at the end of the grower phase, but had no clear effect on other metabolites. 

Dietary lipids reduced feed intake during the grower (P= 0.007) and finisher-2 (P = 

0.064) phases, improved gain:feed (G:F) during all phases and overall (P < 0.047), and 

improved ADG during the grower (P = 0.003) and finisher-1 (P = 0.066) phases. Belly firmness 

was reduced (P < 0.001), but there was no other effect of dietary lipids on carcass traits. Dietary 

lipids increased serum triglycerides at the end of the grower (P = 0.075) and finisher-1 (P = 

0.001) phases, but reduced (P = 0.037) urea-N at the end of the finisher-2 phase. Dietary lipids 

increased serum cholesterol in pigs fed the unrestricted diets but had no effect on pigs fed the 

AA restricted diets at the end of the finisher-1 phase (AA restrictions x lipids, P = 0.029). The 
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dietary treatment had no effect on ultrasound backfat thickness.  

In conclusion, as expected, dietary lipids improved G:F but reduced belly firmness. The 

results also indicated that pigs subjected to dietary AA restrictions during the grower phase 

exhibited compensatory growth, even though their growth performance was only numerically 

depressed during the grower phase. Dietary treatments had no effect on overall BW gain, and 

pigs subjected to early dietary AA restrictions seemed to have improved overall efficiency of 

AA and energy utilization for BW gain and fat-free lean gain. Feeding the diets containing 

80% of SID Lys and other AA recommendations during the grower and finisher-1 phases, 

therefore, had no adverse effects on overall growth performance or carcass characteristics of 

grower-finisher pigs, and it may even had some beneficial effects on growth performance of 

grower-finisher pigs. 
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VI. Appendices 

 

 

Appendix A:  Principle of the Total protein Analysis (Roche Diagnostics, Indianapolis, IN) 

Under  alkaline  conditions,  divalent  copper  in  the  biuret  reagent  reacts  with  protein 

peptide bonds to form the characteristic purple-colored biuret complex: 

Alkaline solution 

Protein + Cu
2+ 

Cu-protein complex 

 
The color intensity is directly proportional to the protein concentration, which can be measured 

photometrically. 
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Appendix B:  Principle of the Urea nitrogen Analysis (Roche Diagnostics, Indianpolis, IN) 

Urea is hydrolyzed by urease to form CO2 and ammonia: 

Urease 

Urea + H2O 2 NH4
+ 

+ CO2 

 
The ammonia formed then reacts with -ketoglutarate and NADH in the presence of GLDH 

to yield glutamate and NAD
+
: 

GLDH 

-ketoglutarate + NH4
+ 

+ NADH L-glutamate + NAD
+ 

+ H2O  

 

The decrease in absorbance due to consumption of NADH is measured kinetically. 
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Appendix C:  Principle of the Albumin Analysis (Roche Diagnostics, Indianapolis, IN) 

It is a colorimetric assay with endpoint method. At a pH of 4.1, albumin displays a 

sufficiently cationic character to be able to bind with bromocresol green (BCG), an anionic 

dyestuff to form a blue-green complex: 

pH 4.1 

Albumin + BCG Albumin BCG complex 

 
The color intensity of the blue-green color is directly proportional to the albumin concentration 

and can be measured photometrically. 
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Appendix D: Principle of the Triglyceride Analysis (Diagnostic chemicals Ltd., Oxford. CT) 

Serum triglycerides are hydrolyzed to glycerol and free fatty acids by lipase: 

Lipase 

Triglycerides + H2O Glycerol + fatty acids 

 
In the presence of ATP and glycerol kinase (GK), the glycerol is phosphorylated to glycerol-1-

phosphate: 

GK, Mg
++

 

Glycerol + ATP Glycerol-1-phosphate + ADP 

 
Glycerol-1-phosphate is then oxidized by glycerol phosphate oxidase (GPO) to yield hydrogen 

peroxide (H2O2): 

GPO 

Glycerol-1-phosphate + O2 H2O2 + dihydroxyacetone phosphate 

 

The hydrogen peroxide causes oxidative coupling of p-chlorophenol and 4-aminoantipyrine, 

producing a red colored quinoneimine dye complex: 

Peroxidase 

H2O2 + p-cholorophenol + 4-aminoantipyrine  quinoneimine dye + 

H2O2 
 

The increase in absorbance at 520 nm due to the formation of the quinoneimine dye is directly 

proportional to the concentration of triglycerides in the sample. 

  



70 
 

Appendix E:  Principle of Cholesterol Analysis (Roche Diagnostics, Indianpolis, IN) 

Cholesterol is determined enzymatically using cholesterol esterase and cholesterol 

oxidase as follows. Cholesterol esters are cleaved by the action of cholesterol esterase to yield 

free cholesterol and fatty acids: 

Cholesterolesterase 

Cholesterol esters + H2O2 Cholesterol + RCOOH 

 

Cholesterol is converted by oxygen with the aid of cholesterol oxidase to cholest-4-en-3-one and 

hydrogen peroxide: 

Cholesterol oxidase 

Cholesterol + O2 Cholest-4-en-3-one + H2O2 

 
The hydrogen peroxide created forms a red dyestuff by reacting with 4-aminophenazone and 

phenol under the catalytic action of peroxidase: 

Peroxidase 

2H2O2 + 4-aminophenazone + phenol 4-(p-benzoquinone-

monoimino)-phenazone + 4H2O 

 

The color intensity is directly proportional to the concentration of cholesterol and can be 

determined photometrically. 
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Appendix F:  Maximum (Max) and minimum (min) temperatures of the grower-finisher unit 

during the study period (°C) 

 

Date Max Min Date Max Min Date Max Min 
30-Nov-12 16.1 7.2 21-Jan-13 17.2 2.8 14-Mar-13 15.0 0.0 
1-Dec-12 18.9 8.9 22-Jan-13 11.1 -1.1 15-Mar-13 23.3 0.6 

2-Dec-12 21.1 10.0 23-Jan-13 12.8 1.1 16-Mar-13 26.1 2.2 

3-Dec-12 22.8 10.0 24-Jan-13 17.8 7.8 17-Mar-13 28.3 4.4 

4-Dec-12 22.8 10.0 25-Jan-13 17.8 7.2 18-Mar-13 26.1 4.4 

5-Dec-12 22.2 13.9 26-Jan-13 15.0 7.2 19-Mar-13 25.6 15.6 

6-Dec-12 22.8 12.8 27-Jan-13 17.8 7.2 20-Mar-13 20.0 12.8 

7-Dec-12 20.0 12.8 28-Jan-13 21.1 10.0 21-Mar-13 12.8 2.2 

8-Dec-12 20.0 12.8 29-Jan-13 23.9 12.8 22-Mar-13 18.9 0.6 

9-Dec-12 - - 30-Jan-13 22.8 6.1 23-Mar-13 23.9 0.6 

10-Dec-12 22.2 17.8 31-Jan-13 11.1 1.1 24-Mar-13 25.0 3.9 

11-Dec-12 17.2 7.8 1-Feb-13 8.9 0.0 25-Mar-13 18.3 5.0 

12-Dec-12 10.0 3.9 2-Feb-13 16.1 -2.2 26-Mar-13 30.0 7.8 

13-Dec-12 12.2 2.8 3-Feb-13 16.1 2.2 27-Mar-13 31.7 3.3 

14-Dec-12 16.1 3.9 4-Feb-13 12.2 2.2 28-Mar-13 - - 

15-Dec-12 17.2 10.0 5-Feb-13 18.9 7.2 29-Mar-13 26.7 5.0 

16-Dec-12 17.2 12.8 6-Feb-13 22.2 6.1 30-Mar-13 28.9 11.1 

17-Dec-12 17.8 12.8 7-Feb-13 12.8 8.9 31-Mar-13 31.7 15.6 

18-Dec-12 17.8 10.0 8-Feb-13 12.8 3.9 1-Apr-13 33.9 18.9 

19-Dec-12 17.2 7.8 9-Feb-13 17.2 1.1 2-Apr-13 32.8 22.2 

20-Dec-12 16.7 5.6 10-Feb-13 17.8 7.8 3-Apr-13 33.3 22.2 

21-Dec-12 8.9 1.1 11-Feb-13 17.2 12.2 4-Apr-13 32.8 20.0 

22-Dec-12 12.8 -2.2 12-Feb-13 12.2 7.2 5-Apr-13 26.7 12.2 

23-Dec-12 6.7 2.8 13-Feb-13 11.1 2.8 6-Apr-13 27.2 7.8 

24-Dec-12 - - 14-Feb-13 12.8 2.2 7-Apr-13 25.6 11.7 

25-Dec-12 - - 15-Feb-13 17.2 2.2 8-Apr-13 26.1 11.7 

26-Dec-12 2.8 2.2 16-Feb-13 7.8 -1.1 9-Apr-13 30.6 20.0 

27-Dec-12 6.1 1.1 17-Feb-13 8.9 -3.9 10-Apr-13 - - 

28-Dec-12 12.8 0.0 18-Feb-13 15.0 0.0 11-Apr-13 - - 

29-Dec-12 7.2 0.0 19-Feb-13 17.2 5.0 12-Apr-13 21.1 7.2 

30-Dec-12 10.0 -2.8 20-Feb-13 12.8 -1.1 13-Apr-13 26.7 11.1 

31-Dec-12 12.2 1.1 21-Feb-13 18.9 2.2 14-Apr-13 28.9 13.3 

1-Jan-13 17.8 10.0 22-Feb-13 18.3 4.4 15-Apr-13 25.0 13.9 

2-Jan-13 12.2 6.1 23-Feb-13 25.6 2.2 16-Apr-13 27.8 17.2 

3-Jan-13 7.8 2.2 24-Feb-13 20.0 9.4 17-Apr-13 - - 

4-Jan-13 12.8 0.0 25-Feb-13 19.4 12.8 18-Apr-13 - - 

5-Jan-13 11.1 1.1 26-Feb-13 15.6 11.1 19-Apr-13 25.0 17.8 

6-Jan-13 12.2 5.0 27-Feb-13 14.4 3.3 20-Apr-13 25.6 20.0 

7-Jan-13 12.8 2.2 28-Feb-13 19.4 4.4 21-Apr-13 22.2 20.0 

8-Jan-13 16.1 5.0 1-Mar-13 18.3 4.4 22-Apr-13 - - 

9-Jan-13 17.2 12.2 2-Mar-13 25.6 2.2 23-Apr-13 26.7 12.2 

10-Jan-13 18.9 17.2 3-Mar-13 20.0 9.4 24-Apr-13 31.1 25.6 

11-Jan-13 23.9 17.2 4-Mar-13 19.4 12.8 25-Apr-13 28.9 25.0 

12-Jan-13 23.9 17.2 5-Mar-13 15.6 11.1 26-Apr-13 26.1 8.9 

13-Jan-13 22.2 17.2 6-Mar-13 14.4 3.3 27-Apr-13 27.2 13.9 

14-Jan-13 22.2 12.8 7-Mar-13 19.4 4.4 28-Apr-13 23.9 17.2 

15-Jan-13 23.9 12.8 8-Mar-13 18.9 1.1 29-Apr-13 26.1 16.1 

16-Jan-13 18.9 13.9 9-Mar-13 20.0 6.1 30-Apr-13 27.2 12.8 

17-Jan-13 13.9 2.2 10-Mar-13 22.8 11.1 1-May-13 23.9 17.2 

18-Jan-13 13.9 -1.1 11-Mar-13 8.9 2.2 2-May-13 23.3 17.2 

19-Jan-13 16.1 1.1 12-Mar-13 16.1 2.2 3-May-13 25.0 16.1 

20-Jan-13 17.8 2.8 13-Mar-13 15.0 2.8 4-May-13 - - 

 


