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Table 2: Suggested IMF thresholds to achieve a pleasing eating experience 
IMF (%) Sensory notes Meat and sensory 

methods 
Reference 

1.0 minimum Based primarily on 
tenderness 

LD chops, frozen 
(ageing not given), 
grilled, 80ºC core 

Wood (1990) 

1.5 minimum Function of attributes 
describing tenderness 

LL, frozen (ageing not 
given), roasted, 72ºC 
core 

Fortin et al. (2005) 

2.0-3.0 Based on tenderness 
and flavour 

LD chops, frozen 5-7 d 
p.m, grilled, 65ºC core 

Bejerholm and Barton-
Gade (1986) 

2.0-4.0 US National Pork 
Boards quality targets 

Not specified Meisinger (2002) 

2.5-3.0 Based on tenderness LD chops, frozen 2 d 
p.m., roasted, 75ºC 
core 

DeVol et al. (1988) 
 

2.5-3.5 Texture and 
acceptability 

LL chops, frozen 1 
month p.m, grilled at 
180ºC 

Fernandez et al. 
(1999b) 

>3.0 Palatability, juiciness 
and tenderness 

Not specified Daszkiewicz et al. 
(2005) 

>4.0 Tenderness, juiciness 
and flavour 

LD, frozen 24 h p.m., 
roasted, 70-75ºC core, 
cooled to ambient 

Gandemer et al. (1990) 

Adapted from (Ngapo and Gariepy, 2008); LD: longissimus dorsi; LL: longissimus thorcacis; 
d: day; p.m.: post mortem 

2. Importance of lipid biochemistry in pigs 

This thesis is mainly focused on the storage of fat because of the relation of IMF 

and meat quality parameters described above. Nonetheless, the other roles of fat 

in the organism are as well important for a correct development of the animal. So, 

a brief summary is presented before to go deeply into lipid metabolism.  

Lipid is the term used in a biochemical context instead of fat which is mainly used 

to refer to solid part of all lipids. Lipid classification is divided between simple and 

complex lipids. The simplest lipids are the fatty acids (FA), which are the 

constituents of many more complex lipids and which substantially contribute to the 

physical appearance of fats. Fats rich in unsaturated fatty acids are liquid at room 

temperature, whereas those with a higher content of saturated fatty acids (SFA) 

are more solid. The introduction of a double bound in cis geometric configuration 

results in a bending of the chain with a change of approximately 30o from the 
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linearity of the saturated chain. Indeed, firmness increases as the hydrocarbon 

chains are longer. The reason is simple: long saturated fatty acid can pack closely 

together, to form regular, semicrystalline structures and cis double bound makes 

molecular packing more difficult. In agreement, Davenel et al. (1999) reported that 

the presence of two saturated fatty acids in a same triacylglycerol gives them a high 

melting point, increasing the solid phase of the lipids in pig adipose tissue.  

The biological functions of lipids include energy storage (i.e. triacylglycerols), 

structural components of cell membranes (i.e. glycerophospholipids, 

glycosohingolipids and cholesterol), signaling molecules (i.e. steroid hormones or 

eicosanoids), lipid soluble vitamins and constituents of bile acids (Mathews and 

Van Holde, 1966). 

The long hydrocarbon chains of fatty acids (FA) are extraordinarily efficient for 

energy storage, because they contain carbon in a fully reduced form and will 

therefore yield a maximum amount of energy on oxidation. They are much more 

efficient energy stores than carbohydrates and for this reason are used as energy 

storage for live organisms. FAs are largely stored in the form of triacylglycerols 

(TAG) in fat cells (adipocytes) found in the adipose tissue. Almost the entire volume 

of each cell is filled by a fat droplet.  

The structural lipids, glycerophospholipids, glycosohingolipids and cholesterol form 

the integral part of the cell membranes and act as cell limits, mediating the cellular 

transport, acting as barriers between cell compartments and as production sites of 

many important biochemical substances for the metabolism. 

Lipids may also act as metabolic signals: 

• Steroid hormones are synthesized from cholesterol and control metabolism at 

gene level. They react with intracellular protein receptors, and the hormone-

receptor complexes bind to specific sites on the genome and regulating the 

transcription of neighboring genes. 

• Prostaglandins, thromboxanes and leukotrienes, collectively are called 

eicosanoids because of their common origin from C 20, particularly arachidonic 
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acid. Eicosanoids act like hormones on target cells. However, because they act 

locally or near their sites of synthesis, they are considered as local hormones. 

Moreover, the actions of a given prostaglandin may vary in different tissues.  

The four lipid-soluble vitamins (A, E and K) isoprenoids and (D) steroid are diverse 

in their function. Vitamin A plays a key role in vision, vitamin D regulates calcium 

and phosphorus metabolism, vitamin E appears to play an antioxidant role and 

vitamin K is involved in blood coagulation. Still, other functions have been assigned 

to some of these vitamins. 

Bile acids are steroid derivates with detergent properties which emulsify dietary 

lipids in the intestine and thereby promote fat digestion and absorption.  

2.1. Pig lipid metabolism  

The formation or degradation of TAG depends on the energetic status of the 

animal. When pig is in a positive energy balance, the ‘excess’ of energy is stored in 

adipose tissue increasing whole animal fat deposition. This increase is caused by a 

high storage of fatty acids (mainly SFA and MUFA) arising from de novo fatty acid 

synthesis of carbonated chains from the carbohydrate and amino acid catabolism 

(Gandemer, 2002). Additionally, the composition of FA in the pig adipose tissue is 

also dependent on the fatty acid origin and quantity included in the diet. The 

contribution of each of these 2 pathways (exogenous or de novo) depends on the 

amount of fat in the diet.  

2.1.1.  Exogenous fat source, digestion and absorption 

In practical diets for pigs, fat is added at less than 10 % and typically less than 5 % 

of the diet. In the case of the pigs, dietary fat inhibits de novo FA synthesis and 

alters FA profile of adipose tissue and other tissues (Hausman et al., 2009). Hence, 

FA may be deposited without modification or modified in less or more intensity 

(elongation or desaturation) in the different tissues. Digestion and absorption of 
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dietary fat depends on the pancreatic secretions and the bile acids. Kloareg et al. 

(2005) found that approximately 70% of the digested n-6 FA and 50% of n-3 were 

retained by the animal, while only 30% was oxidized. Duran-Montgé et al. (2008) 

demonstrated that when unsaturated FA are provided in lower amounts they are 

highly incorporated within the tissues (80-90 %), while when larger amounts are 

provided they are not incorporated at the same rate (around 60 %) suggesting that 

some are oxidized. 

The TAG, the most abundant class of lipids in feed, arrive to the small intestine 

where they undergo an emulsification process, favoring the action of lipase and 

colipase which act selectively in the position 1 and 3 of triglycerides (Fig. 4). The 

short or medium (< C 14:0) chain FA may be hydrolyzed by a pregastric esterase 

and gastric lipase before their arrival in the duodenum. Pancreatic juice contains 

the phospholipase A2 which once activated by trypsin is able to hydrolyze 

glycerophospholipids producing lysolecithins. The esters of exogenous (from the 

diet, if it is the case) or endogenous (from the bile acids) cholesterol can be 

hydrolyzed in the duodenum by cholesterol-ester-hydrolase or cholesterol 

esterase. The free short or medium chain FA by themselves and the 2-

monoglycerides, the free long chain fatty acids, lysolecithins and cholesterol 

solubilized with the micelles may be incorporated into the enterocyte. In the 

enterocyte, short or medium chain FA cross the epithelial cell without esterification 

and are transferred to the liver through portal vein as free FA transported by 

albumin, while long chain FA are activated in presence of coenzyme A to acyl-

coenzyme A which bound with glycerol to synthesized again TAGs. Cholesterol is 

also sterified again in the enterocyte. The products from the fat digestion will form 

part of the lipoproteins called chylomicrons which transport the lipid molecules 

from the intestine to the peripheral tissues. The chylomicrons are lipoproteins rich 

in TAG (85%), additionally the other components are: phospholipids (7%), 

cholesterol esters (4%), cholesterol (2%), and proteins (2%). Finally, chylomicrons 

are transferred to the intercellular spaces and then to the lymph joining the 
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bloodstream (Perez et al., 1986). The TAGs are hydrolyzed to glycerol and FAs on 

the capillary endothelium of the peripheral tissues by lipoprotein lipase. The free 

fatty acids obtained are absorbed for the tissues and can be used as energy source 

or stored as TAG in the adipocytes. Hence, differences in the lipoprotein lipase 

activity between different tissues control the distribution of the plasmatic TAGs. 

The remnant chylomicrons are captured by liver through specific receptors and 

depredated in the hepatic lysosomes (Mathews and Van Holde, 1966). 

 
Fig. 4. Fat digestion and absortion – Sus scrofa (pig) 

From: Kyoto Encyclopedia of Genes and Genomes (KEGG) 

2.1.2. Endogenous synthesis  

The majority of fuel stored in most of the animal cells is in the form of fat. 

However, difference in de novo fatty acid synthesis rate or site of lipogenesis exists 

between different species. Human, rodent and avian species has liver as primary 

site while for pigs, dogs, cats, cattle and sheep or goats adipose tissue is the major 

site (Bergen and Mersmann, 2005). With the exception of newborn piglets that 
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hepatic lipogenesis is high (Mersmann and Phinney, 1973), the low capacity of liver 

for fatty acid synthesis from glucose indicates that adipose tissue plays a major role 

in pigs, if not nearly exclusive in fatty acid synthesis as previously reported by 

O'Hea and Leveille (1969). The difference in the site of fatty acid synthesis and the 

pattern of consequent lipid trafficking, influences overall animal lipid metabolism 

including the role of regulatory hormones and transcription factors. 

In monogastric animals fatty acid synthesis uses carbohydrates or proteins, but in a 

positive energy balance they mostly use carbohydrates in order to keep the plasma 

glucose constant (5mM). Nowadays, the tendency is to use diets low in fat content 

(2-4% of the diet) and the consequence of feeding low fat diets is that the organism 

must synthesize a considerable fat amount de novo. 

Glucose once metabolized via glycolysis to pyruvate, enters in the mitochondrion, 

traverses the initial steps of the tricarboxylic acid cycle to citrate, which in excess 

exits the mitochondrion, is cleaved to acetyl-CoA by ATP-citrate lyase, is 

carboxylated to malonyl-CoA by acetyl-CoA carboxylase (ACC), and then is 

polymerized to long chain fatty acid by fatty acid synthase (

Biosynthesis of palmitate 

Fig. 5; Stanton and 

Mersmann, 1986). The cellular cytoplasm is where the FA chain grows in sequences 

of two carbons by the incorporation of one acetyl-CoA to obtain the final product, 

palmitic acid (C16:0). 
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Fig. 5: Fatty acid biosynthesis 

1: ATP citrate lyase; 2: Acetyl CoA carboxylase; 3: Fatty acid synthase; 4: malic enzyme 
dehydrogenase (Adapted from Stanton and Mersmann, 1986). 
 

Many eukaryotic cells have the capacity for 2-carbon chain elongation, both from 

endogenously synthesized fatty acids and from exogenous dietary fatty acids. There 

are two primary systems for elongation in liver, brain and other tissues, one in the 

endoplasmatic reticulum, and the other one in mitochondria. The most active fatty 

acyl chain elongation system is the one associated with the endoplasmic reticulum 

and the difference between the two locations is the 2-carbon donor, while in 

endoplasmic reticulum it is malonyl-CoA, in the mitochondria it is acetyl-CoA. 

Recent evidence indicates that liver peroxisomes also contain acetyl-CoA 

dependent elongation system. The four component reactions occuring in the 2-
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carbon elongation process are: 1) condensation of fatty acyl-CoA and malonyl-CoA 

or acetyl-CoA (depending if the reaction is carried out in the endoplasmatic 

reticulum or the mitochondria, respectively); 2) elongation; 3) dehydration; 4) 

reduction (Fig. 6; Vance and Vance, 1991). In animals all of the enzymatic activities 

are associated in a complex named fatty acid synthase (FAS). 

1. Condensation 

a. Endoplasmatic reticulum 

R-CO-S-CoA + -O-CO-CH2-CO-S-CoA                      R-CO-CH2-CO-S-CoA + H-S-CoA + CO2 

b. Mitochondria 

R-CO-S-CoA + CH3-CO-S-CoA                     R-CO-CH2-CO-S-CoA + H-S-CoA  

2. Reduction (ß-keto acyl-CoA reductase) 

R-CO-CH2-CO-S-CoA + H-S-CoA + NAD(P)H + H+                R-CHOH-CH2-CO-S-CoA + NAD(P)+ 

3. Dehydration (ß-keto acyl-CoA dehydrase) 

R-CHOH-CH2-CO-S-CoA               R-CH=CH-CO-S-CoA + H2O 

4. Reduction (2-trans enoyl-CoA reductase) 

R-CH=CH-CO-S-CoA + NAD(P)H + H+                R-CH-CH-CO-S-CoA + NAD(P)+ 

Fig. 6: Reactions in 2-carbon chain elongation of long chain fatty acids 

Adapted from: Vance and Vance (1991). 

The MUFA, which are needed to maintain the fluidity of the membrane, are formed 

in mammalian systems by direct oxidative desaturation (a removal of two hydrogen 

molecules) of a preformed long chain SFA. The Δ9 desaturase is the predominant, if 

not the exclusive desaturation enzyme in the endoplasmatic reticulum of liver, 

mammary gland, brain, testes and adipose tissue. The desaturase component is 

Desaturation 
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largely within the microsomal membrane, with the active center exposed to the 

cytosol. For many tissues 14 to 18 carbon saturated acyl chains are good 

substrates, with stearoyl-CoA being the most active. One example is the synthesis 

of oleic acid (18:1 cis-9) the major fatty acid in meat, which is mainly formed from 

stearic acid (18:0) by the enzyme stearoyl Co-A desaturase (Kouba et al., 2003). A 

higher preference to desaturation for dietary C 18:0 than for C 16:0 was reported 

by Raju and Reiser, (1970) and Rhee et al. (1997) while Nakagawa and Uchiyama 

(1968) reported the contrary. The Δ9 desaturation system consists of three major 

components: 1) NADH-cytochrome b5 reductase; 2) cytochrome b5; and 3) a 

terminal desaturase component or cyadine-sensitive protein (Fig. 7; Vance and 

Vance, 1991).  

 
 
 

 

Fig. 7: Diagrammatic representation of the Δ9 desaturase complex, including the electron 
transport proteins 

Adapted from: Vance and Vance (1991). 

All eukaryotic organisms contain PUFA in the complex lipids of their membranes, 

and most mammalian tissues can modify acyl chain composition by introducing 

more than one double bound. The first double bond introduced into a saturated 

acyl chain is generally in the Δ9 position so that substrates for further desaturation 

contain either a Δ9 double bond or one derived from the Δ9 position by chain 

elongation. Further desaturation is an oxidative process requiring molecular 

oxygen, reduced pyridine nucleotide and an electron transfer system consisting of a 

cytochrome and related reductase enzyme. Animal systems cannot introduce 

double bonds beyond Δ9 position. Thus, second and subsequent double bonds are 

always between an existing bond and the carboxyl end of the acyl chain. Plants, on 
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the other hand, generally introduce second and third double bonds between the 

existing double bond and the terminal methyl group. Consequently, in animals 

double bonds are inserted at the Δ9, Δ6, Δ5 and Δ4 positions. Conjugated double 

bonds are extremely rare in mammals. Accordingly, given the limitations of 

mammalian desaturases, chain elongation usually alternates with desaturation to 

maintain methylene interruption in PUFA chain. Additionally, al bonds introduced 

by oxidative desaturation are in the cis geometric configuration. Trans are 

introduced to animal systems through diet or intestinal bacteria (Fig. 8; Vance and 

Vance, 1991).  

2.1.3. Fat oxidation 

Biosynthesis of TAG 

Most of acyl-CoA synthesized and glycerol-3-phosphate enter to the production of 

TAG synthesis. Glucose is the substrate that provides most of the glyceride-glycerol 

for TAG synthesis as a branch form the glycolytic pathway. 

The release of fat from fat depots in the adipose tissue is controlled hormonally to 

satisfy the needs of the body in energy generation. Fat catabolism is started with 

the hydrolysis of TAG to produce free FA and glycerol. Approximately, a 95 % of the 

energy from the fat oxidation comes from the FA and only a 5% from glycerol. The 

carbons of the FA chain are metabolized to 2-carbon segments in form as Acetyl-

CoA, except a small proportion which contain an odd number of carbons. 
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Fig. 8: Major pathways of de novo fatty acid biosynthesis by desaturation and chain 
elongation in animal tissues. 

Note that alternating sequence of desaturation in the horizontal direction and chain 
elongation in the vertical direction. Boldness individual fatty acids reflect, in general way, 
relative accumulation in tissues. (Adapted from: Vance and Vance, 1991). 

Under stress or fasting the triacylglycerol lipase is activated and hydrolyzes the FA 

in the 1st or 3rd position in the glycerol. Consecutively, the diacylglycerol lipase and 

monoacylglycerol lipase hydrolyze the other two remaining FA. These FA are linked 

with albumin to the bloodstream and enter into the tissues by passive diffusion. 

The glycerol also released into the bloodstream is captured by hepatic cells where 
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it is used as substrate to the synthesis of glucose. The FAs present in the cytosol 

must be incorporated into the mitochondrial matrix to undergo the oxidation 

procedure. Because of the impermeability of the inner membrane, FAs have to be 

activated with acyl-CoA and ATP degradation through acyl-CoA ligase in the 

external membrane. The acyl is transferred to carnitine by carnitine acyltransferase 

I resulting in an acyl-carnitine derivate, which can be transported thorough 

carnitine acyltransferase II into the mitochondrial matrix. An acyl-CoA is 

synthesized again inside the matrix and the remaining carnitine is transported to 

the intermembrane space. In the mitochondrial matrix the oxidation is started in 

the carbon ß clipping each time a fragment of 2 carbons in form of acetyl-CoA. Each 

step is composed by 4 cyclic reactions: 1) dehydrogenation to produce an enoyl 

derivate; 2) hydration of the double bond resulting; 3) dehydrogenation of the 

hydroxyl group; and 4) thiolysis to produce acetyl-CoA and a two carbons shorter 

acyl-CoA. The acetyl-CoA produced can enter to the citric cycle where can be 

oxidized to CO2 and the NADH and FADH2 produced during the process, are 

subsequently used in the electron transport chain to produce ATP, the energy 

currency of the cell (Fig. 9; Mathews and Van Holde, 1966). 

In the case of the MUFA and PUFA, two additional enzymes are needed: enoyl-CoA 

isomerase and 2,4-dienoil-CoA reductase, respectively. The procedure is the same 

as for the SFA but before the release of the 2 carbons containing the double bound 

cis, the conformation is changed to trans by the two enzymes mentioned before. In 

the oxidation of odd chain FA the substrate obtained in the last cycle contains 5 

carbons and the thiolytic fragmentation produces acetyl-CoA and propionyl-CoA. 

Propionyl-CoA has to be metabolized before being able to enter into the citric acid 

cycle (Mathews and Van Holde, 1966) 

 

UNIVERSITAT ROVIRA I VIRGILI 
EFFECT OF DIFFERENT DIETARY FATORS ON INTRAMUSCULAR FAT CONTENT IN PIGS 
Núria Tous Closa 
Dipòsit Legal: T. 1432-2012 
 

http://en.wikipedia.org/wiki/Electron_transport_chain�
http://en.wikipedia.org/wiki/Adenosine_triphosphate�


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: An Overview of the route of fatty acid oxidation  

Adapted form Mathews and Van Holde (1966) 

2.1.4. Adipogenesis 

Adipocytes are the main cells from adipose tissue; they contain almost exclusively 

TAGs representing the chemical form in which the fatty acids are stored in adipose 

tissues. The fat cells are isolated or in clusters and they have an ovoid shape with 

only one lipidic inclusion which is found in the periphery of the cytoplasm (Girard et 

al., 1988). Preadipocytes and adipocytes are important in establishing the overall 

Cytosol 

Mitochondrial matrix 
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fatness of the carcass, as well as being the main components of marbling which is 

valued by the consumer of meat products. Adipogenesis is an inclusive term 

describing the proliferation, differentiation, and conversion of the cells into lipid-

assimilating cells found within fat tissue (Dodson and Fernyhough, 2008). Increases 

in fat cell number originating from adipocyte precursor cells are referred as 

“proliferation” and “differentiation” is the transition from undifferentiated 

fibroblast-like preadipocytes into mature round lipid-filled fat cells and is 

characterized by a change in morphology from fibroblastic to unilocular 

appearance of the mature fat cell (Hausman et al., 2001). The cellular development 

associated with adipose tissue growth involves both cellular hypertrophy (increase 

size) and hyperplasia (increase in number). Hypertrophy is the result of excess TAG 

accumulation in existing preadipocytes and hyperplasia results from the 

recruitment of new adipocytes from precursor cells in adipose tissue and involves 

proliferation and differentiation of preadipocytes. Both hypertrophy and 

hyperplasia are associated with a positive energy balance (Hausman et al., 2001). 

Traditionally, cells undergoing adipogenesis are thought as being terminally 

differentiated when they express numerous cellular or molecular markers reflective 

of lipid assimilation into storage triacylglycerols. The cellularity of an adipose tissue 

depot may be function of 3 different cell populations. Firstly, non-differentiated 

stem cells may experience a trans-differentiation event to become preadipocytes, 

which possess the ability to accumulate lipid. Secondly, proliferative-competent 

preadipocytes from embryonic development that are found in adipose depots may 

add conversion-competent cells to the enlarging adipose tissue depot. Finally, 

mature cells may reinitiate proliferation and add new cells to the growing adipose 

tissue. The fate of adipocyte precursor cells depends on the convergence of 

multiple factors including adhesion of cells to the surrounding extracellular matrix 

(ECM) or to neighboring heterologous and homologous cells, the mix of growth 

factors and endocrine environment, neutral inputs and the availability of macro- 

and micro-nutrients (reviewed: Hausman et al., 2009). 
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2.1.5. Regulation of lipid metabolism and adipogenesis 

As a global regulator of lipid metabolism, leptin has to be mentioned.  It is a protein 

hormone synthesized primarily by adipose tissue and secreted into the 

bloodstream. It is well correlated with adiposity, reflecting adipose tissue mass and 

plays a key role regulating energy intake and energy expendure, including appetite 

and mebabolism. Leptin binds to neuropeptide Y in the brain that signals that the 

body has enough to eat, producing the feeling of satiety. In a long term positive 

balance (but not in acute feeding events) leptin is increased in order to limit fat 

deposition while in a negative energy balance leptin concentrations in plasma and 

adipose tissue decrease rapidly and profoundly as a result of food deprivation. 

(Barb et al., 2001). 

Biosynthesis

Enzymatic regulation: One important enzyme related to lipogenesis is the malic 

enzyme (Wise and Ball, 1964). It is present in high concentrations in adipose tissue 

and increases upon refeeding in proportion to the length of the previous period of 

fasting. Elevated carboxykinase levels divert oxalacetate to carbohydrate 

formation, while elevated malic enzyme diverts this 4-carbon acid to pyruvate 

(Young et al., 1964). A positive correlation higher than 0.70 was found between 

intramuscular fat and malic enzyme activity, hence, malic enzyme could be an 

important factor affecting the level of intramuscular fat contents (Mourot and 

  

Metabolic energy needs to be stored, i.e. feeding energetic diets. 

Hormones: Insulin acts increasing the levels of glucose inside the cell, hence 

increasing glycolysis and the reaction of pyruvate dehydrogenase increasing acetyl-

CoA used for the synthesis of FA (Mathews and Van Holde, 1966). Insulin increases 

the activities of (Δ5, Δ6 and Δ9) desaturases in fasted animals in short term, but 

repress activity with prolonged re-feeding.  
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Kouba, 1998). Furthermore, the concentration of acyl-CoA is reduced by insulin 

stimulating the synthesis of FA.  

Fasting reduces Δ9 desaturase activity and re-feeding increases its activity in liver 

(Vance and Vance, 1991). In a review, Flowers and Ntambi (2009), suggested that 

dietary conditions that promote increased insulin secretion will result in high SCD1 

activity, which is associated with an accumulation of adipose triglyceride stores. In 

addition to the evidence that diets low in fat increase liver Δ9 desaturase activity, 

there is evidence that dietary polyunsaturated acids particularly linoleic acid, 

selectively inhibit monoene formation (Vance and Vance, 1991). Kouba and Mourot 

(1998) and Kouba et al., (2003) showed this inhibition in the pig. 

Although the response of Δ5 and Δ6 desaturases to dietary alterations are less 

influenced than Δ9, the enhancement of desaturase activity observed upon 

refeeding after fasting can be suppressed by glucagon or cAMP in the case of Δ6 

desaturase activity but not for Δ5 desaturase (Vance and Vance, 1991). 

Transcription factors: SREBPs are synthesized as large precursor proteins that 

remain in the endoplasmatic reticulum membrane. After proteolytic cleavage, the 

amino terminal domain migrates to the nucleus and activates target genes 

(Nakamura and Nara, 2004). SREBP-1c preferentially enhances transcription of 

genes involved in fatty acid, triglyceride and phospholipid synthesis whereas 

SREBP-1a and SREBP-2 activate genes involved in cholesterol synthesis. The 

regulation of gene transcription by fatty acids could be due to changes in the 

activity or the abundance of transcription factors but fatty acids or cholesterol do 

not bind to SREBP proteins; instead, they induce changes in nuclear abundance of 

this transcription factor. Thus, PUFA may decrease the expression of SREBP-1c 

(Pégorier et al., 2004). Furthermore, the induced hypertrophy of porcine 

adipocytes would be in part due to the increase of TAG content, FAS activity and 

SREBP-1c mRNA level (Li and Yang, 2008). Because insulin treatment of primary 

hepatocytes increased SREBP-1c mRNA but activation of FAS gene expression 

required both insulin and high glucose, SREBP-1c is probably activated at both the 
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transcriptional and post-transcriptional levels by insulin (Osborne, 2000).  

Beta oxidation

Enzymatic regulation: In the liver, the acyl-CoA formed in the cytosol can follow 

two different pathways: ß-oxidation or synthesis of TAG and phospholipids. 

Carnitine acyltransferase I is inhibited by malonyl-CoA, the first compound in the 

synthesis of FAs, thus avoiding the oxidation pathway when the synthesis is 

activated. Additionally, when the relation between [NADH]/[NAD+] is high, ß-

hydroxyacyl-CoA (3rd step of ß-oxidation) is inhibited and high concentrations of 

acetyl-coA inhibit thiolase (4th step of ß-oxidation; Nelson and Cox, 2009). During 

fasting the reduction of the levels of ATP and the increase of AMP activates the 

  

Metabolic energy is needed, i.e. during fasting or stress situations. 

Hormones: The hormones adrenaline and glucagon are secreted as a response to 

low blood glucose levels. These hormones activate the enzyme adenylyl cyclase in 

the plasmatic membrane of the adipocytes which produces a second intracellular 

messenger, cyclic AMP (cAMP). Protein kinase A (PKA), dependent of cAMP is 

activated and phosphorylates the perilipin activating the hormone sensitive lipase 

(HSL) which starts the hydrolysis of the TAG in free FA and glycerol (Nelson and 

Cox, 2009). Perilipin is a protein found in adipocytes that clearly restrains the action 

of TAG lipases under basal conditions. Caveolin-1 may facilitate phosphorylation of 

perilipin, and therefore increase the surface area of neutral lipid droplets 

increasing the accessibility for lipases (Duncan et al., 2007). Granneman et al. 

(2007) reported that perilipin is a lipid droplet scaffold protein that regulates the 

trafficking of lipolytic effectors in response to PKA activation.  

Glucagon blocks the response of Δ6 desaturase but has little effect on Δ9 

desaturase activity. Adrenaline also suppresses Δ5 and Δ6 desaturase activities but 

enhances Δ9 desaturase. Δ6 and Δ5 desaturase activities are similarly inhibited by 

glucocorticoids, other steroids and adrenocorticotropic hormone (ACTH; Vance and 

Vance, 1991). 
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AMPK (protein kinase activated by AMP) which phosphorylates the acetyl-CoA 

carboxylase reducing the synthesis of malonyl-CoA and activating the transport of 

the acyl-FA into the mitochondrial matrix through the carnitine complex. Then, ß-

oxidation is activated and ATP synthesized (Nelson and Cox, 2009). 

Transcription factors: PPARα acts in the muscle, adipose tissue and liver on a set of 

essential genes for the FA oxidation among which there are: carnitine 

acyltransferase I and II and acyl-CoA dehydrogenase. In a state of energy demand 

as fasting, the release of glucagon can act through cAMP and the transcription 

factor CREB to activate certain genes related with lipid catabolism (Nelson and Cox, 

2009). An overexpression of a recently identified lipase, the desnutrin/ATGL reveals 

an increase in TAG breakdown and release of FA (Jaworski et al., 2007).  

Adipogenesis 

Hormones: Adipocyte differentiation is under the regulation of multiple hormones 

and growth factors. These initiate intracellular signal transduction through cell 

surface or intracellular receptors expressed on preadipocytes. Hormonal 

stimulation of preadipocytes leads to an increase in the level of intracellular cAMP, 

which is considered as a prerequisite for initiating differentiation. Adipocyte 

differentiation may be induced by both IGF-I (insulin-like growth factor-1) and 

insulin. Growth hormone (GH) stimulates the IGF-1 in undifferentiated cells 

promoting cell proliferation (Wabitsch et al., 1996). Glucocorticoids promote 

adipogenesis down-regulating the expression of preadipocyte factor-one (Pref-1), a 

plasma membrane protein that inhibits differentiation (Smas et al., 1999; Sul et al., 

2000). Growth factors such as epidermal growth factor and transforming growth 

factor (TGF) inhibit adipose tissue development (Kokta et al., 2004). Other 

regulators of adipocyte metabolism include prostaglandins, which may promote or 

inhibit adipogenic conversion depending on the type of prostaglandin (reviewed: 

Hausman et al., 2009).  
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Transcription factors: C/EBPs are a family of transcription factors, composed of six 

members called C/EBPα to C/EBPζ. They promote the expression of certain genes 

through interaction with their promoter. The different members of C/EBP family 

can form homodimers, heterodimers with another form of the C/EBPs and with 

other transcription factors. The dimerization is required for the activity of C/EBPs to 

bind specifically to DNA through a palindromic sequence in the major groove of the 

DNA. The C/EBP proteins also contain activation domains at the N-terminus and 

regulatory domains. These proteins are found in hepatocytes, adipocytes, 

hematopoietic cells, spleen, kidney, brain and many other organs. C/EBPs proteins 

are involved in different cellular responses like in the control of cellular 

proliferation, growth and differentiation, metabolism, immunology and many 

others (Nerlov, 2007). When C/EBPß is phosphorylated its phosphorylation leads to 

acquisition of DNA-binding activity by C/EBPß. C/EBPß can now transcriptionally 

activate the two key adipogenic transcription factors, C/EBPα and PPARγ 

(peroxisome proliferator-activated receptors gamma). These factors along with 

ADD1/SREBP-1c, coordinately activate the genes responsible for maintaining the 

adipocyte phenotype. ADD1/SREBP-1c can activate expression of PPARγ, but its 

significance during differentiation is unclear (Otto and Lane, 2005). PPARγ form 

part of a group of nuclear receptor proteins that function as transcription factors 

regulating the expression of genes. PPARγ is mainly expressed in adipose tissue and 

SFA and PUFA are potent ligands. The modulation of gene transcription is due to 

binding of the heterodimer PPAR/RXR (retinoic x receptor) to a specific DNA 

sequence, the peroxisome proliferator responsive element (PPRE; Pégorier et al., 

2004). Overexpression of PPARγ reflects transformation/transdifferentiation of 

hepatocytes towards adipocytes (Yu et al., 2003) and it will likely implicate the 

regulation of other adipocyte-specific genes in addition to aP2 (Tontonoz et al., 

1994). Furthermore, PPARδ alone with its ligand modulates adipogenic genes via 

expression of endogenous PPARγ (Yu et al., 2008b). While differentiation involves 

PPARγ, lipid-filling of the adipocyte relies on a late subset of genes and depending 
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on depot specificity involves GLUT-4 or any number of metabolic markers 

(Fernyhough et al., 2007). SREBPF1 mRNA level and IMF were positively correlated, 

SREBPF1 mRNA level increased as IMF content did. Hence, SREBPF1 gene is a 

promising marker for IMF-based selection of pigs (Chen et al., 2008). The 

expression of genes encoding elongases and desaturases increased simultaneously 

with those involved in fatty acid and triacylglycerol synthesis during porcine 

adipogenesis (Samulin et al., 2009).  

2.2. Pig fat depots  

The pig has the highest degree of adiposity among animals. This is primarily a result 

of its highly developed subcutaneous fat depots; nevertheless, edible meat 

contains a relatively small amount of fat. The adipose tissue in the new born piglet 

only represents about 1-2 % of the total carcass weight (Mersmann, 1974) while 

anatomically separable fat in pigs of 100kg body weight represents between 20 and 

35 kg (Lebret and Mourot, 1998). Seventy percent of this is localized in 

subcutaneous fat, 20-25 % in intermuscular fat (between muscles), 5 % in perirenal 

fat and intramuscular (within muscle) fat only represents 1-2%, a very small 

proportion of the total body lipids (Henry, 1977). The increase of carcass adipose 

tissue of young pigs (between 1 and 2 months) is due primarily to increases in the 

number of adipose cells (adipocytes). Between 2 and 5 months as the animal 

grows, hyperplasia diminishes and hypertrophy of existing cells assumes primary 

responsibility for the increase in adipose tissue mass at the same time that the rate 

of lipogenesis decreases. After 5 months there are no significant increases in 

adipose cell number; consequently, adipose mass increases solely by the process of 

cell enlargement (Anderson and Kauffman, 1973) except in genotypes that had not 

been selected against fatness, so they are still propense to deposit fat by increasing 

the adipose cell number in this last stage (Hood and Allen, 1977). Because fat is 

deposited at a lower rate than muscle during the first periods of postnatal life and 

at a greater rate than lean tissues when animals get older, the concentration of fat 

UNIVERSITAT ROVIRA I VIRGILI 
EFFECT OF DIFFERENT DIETARY FATORS ON INTRAMUSCULAR FAT CONTENT IN PIGS 
Núria Tous Closa 
Dipòsit Legal: T. 1432-2012 
 



in the muscle will inevitably increase later in an animal’s life (Hocquette et al., 

2010). Intramuscular adipose tissue develops later and behaves differently from 

subcutaneous adipose tissue with regard to development of cellularity and 

metabolic capacity. The average cell volume of adipocytes begins to increase slowly 

form 8 weeks of age and then increases very rapidly after 16 weeks. The total 

number of adipose cells per muscle increases continuously from birth to 24 weeks 

of age. The rate of increase is somewhat greater in the later stage of animal growth 

(Lee and Kauffman, 1974). As fat is deposited fat cells with higher enzyme activities 

may increase in size more rapidly and consequently result in fewer cells per unit 

area of adipose tissue (Anderson et al., 1972).  

Subcutaneous fat is composed by 82-84 % of lipids, 10-11 % of water and 6-7 % of 

protein (Girard et al., 1988), however, subcutaneous adipose tissue has much 

higher fatty acid content than muscle (Wood et al., 2008). In pigs slaughtered at 

around 90kg LW, backfat thickness can be used to predict carcasses fatness 

because of the high correlation observed between it and: percentage of fat 

shoulder (0.68), loin (0.68), belly (0.65) and ham (0.61). However, backfat thickness 

cannot be used to predict the amaunt of IMF in the longissimus dorsi muscle 

because the correlation observed was very low (0.08; Henry et al., 1963). This 

difference is because although intramuscular adipose tissue seems to possess 

adequate levels of lipogenic enzymes for in situ lipid synthesis (Mourot and Kouba, 

1998), proteins involved in both anabolic and energy-yielding catabolic pathways 

are down-regulated in intramuscular adipocytes compared with subcutaneous, 

visceral, or intermuscular adipocytes, suggesting that the metabolic activity of 

intramuscular adipocytes is low (Gondret et al., 2008). Therefore, the lower 

lipogenic enzyme activities are accompanied by a smaller cell sizes and lower lipid 

contents (Lee and Kauffman, 1974). 

The percentage of IMF differs between muscle types; Morcuende et al. (2007) 

found that IMF was higher in glycolytic than in oxidative muscles (higher in biceps 

femoris and longissimus dorsi than psoas maior muscle). In agreement with 
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Gondret and Hoquette (2006), they suggested that not all the lipids are synthesized 

in situ but are deposited by the transport of fatty acids from other fat depots, 

which could produce differences among muscles in the ability of depositing IMF 

beyond their muscular metabolic type.  

The most common SFA in meat products are mysristic acid (C 14:0), palmitic acid (C 

16:0) and stearic acid (C 18:0). Major MUFA include palmitoleic acid (C 16:1 n-7) 

and oleic acid (C 18:1 n-9), and the major PUFA include linoleic acid (C 18:2 n-6), 

linolenic acid (C 18:3 n-3) and arachidonic acid (C 20:4 n-6; Hausman et al., 2009). 

The PUFA incorporated in the different fat depots come from the oils or seeds used 

to formulate the diets (Henry, 1972). Additionally, a gradient of decreasing 

unsaturation from the outer layer to the inner layer of subcutaneous adipose 

tissue, to intermuscular adipose tissue, and to flare fat, which may reflect the 

adaptation to the environmental temperature is observed (Sink et al., 1964; 

Monziols et al., 2007). The same gradient of decreasing unsaturation was observed 

in the different backfat layers of sows. The component acids of the three “inner” 

layers were found to be practically identical, but the outermost layer contained 

slightly less palmitic acid and about 4 % less stearic acid, these being compensated 

by the presence of correspondingly more oleic acid (Dean and Hilditch, 1933). 

Apple et al. (2009a) reported that the inner backfat layer had the greatest 

proportions of all SFA and the least portions of all PUFA, whereas the outer layers 

had the least percentage of all SFA but the greatest percentages of all MUFA. Even 

though the middle and outer subcutaneous fat layers had similar PUFA 

percentages. Difference in the saturation between the different fat depots could be 

explained because intra-abdominal tissues depend more on lipogenesis, whereas 

subcutaneous tissues relies more upon capture of free fatty acids (Cousin et al., 

1993). IMF content was positively related to the total SFA proportion (r = 0.374) 

and the total MUFA percentage (0.579) and inversely correlated with PUFA (-0.637; 

Ntawubizi et al., 2009) and it has more MUFA of C16:1 and C18:1 and less PUFA of 

C18:2 than other fat depots (Suzuki et al., 2006). Additionally, marbling scores and 
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MUFA increase in parallel suggesting that steaoryl-CoA desaturase (SCD) gene 

expression is closely associated and/or necessary for marbling adipocyte 

differentiation (Smith et al., 2009).  

3. Factors that affect fat deposition 

The quantity of fat deposition including IMF depends on gender, the age, 

nutritional and environmental factors and on the breed.  

3.1. Genetics 

Henry (1977) found that genetic factors influence morphological and metabolic 

modifications of adipose tissue including the percentage of IMF. Genetic variation 

in meat quality is affected by three factors: differences between breeds, effects 

due to major genes and heritability (William et al., 2005). 

Different pig breeds can be easily classified accordingly the amount of fat they are 

able to deposit. Most reports place the meat from Duroc or Duroc-sires in a 

favorable light. Explanations for differences in meat quality among breeds have 

been sought in differences in meat characteristics, particularly the high IMF 

content of Duroc relative to white European breeds (Gandemer et al., 1990; Ngapo 

and Gariepy, 2008). Channon et al. (2004) found that meat from 100% Duroc pigs 

was juicer and had a higher IMF content than pork from 0 and 50 % Duroc pigs. 

Large White and French Landrace are known as breeds with normal muscle 

development, Pietrain and Belgian Landrace are known as heavily musculated 

breeds with a reduced amount of IMF. The percentage of fatness is around 24% for 

the first two, 16.7 % for Pietrain and 20.4 % for Belgian Landrace (Girard et al., 

1988). Hence, Chinese (Meishan) and American (Duroc) breeds with a higher 

content of IMF compared with the Europeans breeds (Large White, Landrace or 

Pietrain) (Gondret and Hoquette, 2006) could improve the sensory perception of 

the meat (Fjelkner-Modig and Persson, 1986). Introducing Duroc as finisher male in 
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lean genetic lines, pigs with similar growth parameters (in some cases a slight 

reduction) as leaner breeds may be obtained, but containing less lean and more fat 

(including IMF and hence, improving organoleptic properties of meat) (Edwards et 

al., 1992). 

In fat breeds, the high fat content can be attributed to an increased endogenous 

fatty acid synthesis or a diminished fat degradation (Miao et al., 2008) and 

hypertrophy (Henry, 1977). In agreement with this, Scott et al. (1981) found that 

obese animals had larger adipocytes and, consequently, fewer cells per gram of 

subcutaneous adipose tissue than did lean animals and the rates of lipogenesis 

were highly stimulated in obese animals compared with lean pigs, although 

unstimulated lipolytic rates were not different among breed types. In addition, 

metabolic regulation differences between breeds may also be due to the 

expression of different genes. Liu et al. (2009) identified 40 genes differently 

expressed in longissimus dorsi muscles of lean or fatty pigs at slaughter weight. 

They are involved in metabolic processes, cell communication, binding and 

responses to stimulus. The group with a high intramuscular fat content was also 

characterized by the down-expression of genes playing a negative role in 

adipogenesis. A gene that impacts on IMF content without affecting carcass fat 

deposition in cross population of European and Chinese pigs was identified; 

however, it remains to be isolated in other pig genotypes (Janss et al., 1997).  

Difference in the amount of carcass fat also leads to differences in FA profile. In 

genetic types with low concentration of total lipid in muscle, the phospholipid 

fraction is a high proportion of the total and has higher proportions of PUFA. This 

occurs because the increase of IMF is correlated with neutral lipid while the 

phospholipids remain constant (Wood et al., 2008). On the other hand, breeds with 

a greater fat deposition will have a higher content of SFA (Morcuende et al., 2007).  

Nonetheless, it is difficult to select the animals with a high IMF content keeping 

constant the fat content of the other depots (Gondret and Hoquette, 2006). 

Nowadays pigs may be slaughtered at very young age, while IMF develops late. As a 
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result, IMF is not very developed when pigs are slaughtered and the selection 

against body fatness resulted in a reduction of IMF percentage because, although 

moderate, there is a positive correlation between IMF and carcass fatness (0.30; 

Sellier, 1998). However, Suzuki et al. (2009), found a lower correlation between 

backfat thickness and IMF (0.19) in pigs slaughtered at 105 kg LW, suggesting that 

genetic variation of fat accumulation differs depending on anatomical location. 

Heritability of IMF is relatively high (h2 = 0.26 to 0.86, mean of 0.50) in pigs (Sellier, 

1998) and although various genetic markers associated with IMF deposition or 

marbling have been reported, the results are often inconsistent (Hocquette et al., 

2010). 

3.2. Slaughtering Age 

Feed efficiency decreases with age, and more energy from feed is converted to fat. 

In new breeds selected against fatness, the maximum of lean deposition is close to 

the slaughtering body weight. Increasing slaughtering age impacts meat quality 

traits, as bonds between collagen fibers increase, its solubility is reduced and 

consequently meat firmness increases, affecting negatively meat tenderness (Hill, 

1966). In addition, increasing live weight (above 100kg) the lean meat proportion 

decreases and subcutaneous fat increases with a moderate growth of IMF which 

may compensate or even increase meat tenderness (Stupka et al., 2008). By 

increasing slaughtering age, FA are also modified increasing SFA from 28.1 kg to 

68.1 kg LW (similar values between 68.1 and 113.6 kg LW) and reducing PUFA in 

longissimus muscle (Apple et al., 2009c). Furthermore, birth weight of piglets also 

impacts the final animal fat deposition, when animals are slaughtered at the same 

body weight, animals with a lower birth weight (lower than 850 g) have a higher 

backfat and IMF deposition (Lebret and Mourot, 1998). 
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3.3. Gender 

In general, growth of castrated males is similar to that of entire males and higher 

than females but feed efficiency from castrated males is worse than females and 

entire males, which reflects a lower lean percentage and higher backfat thickness 

compared with entire males, while females are intermediate (Fjelkner-Modig and 

Persson, 1986). A 3.6 mm thicker backfat was observed in barrows than in gilts (Lo 

Fiego et al., 2005b), while Stupka et al. (2008) and Ntawubizi et al. (2009) found 

that backfat and IMF levels were similar for female and male castrated. Channon et 

al. (2004) reported that female pigs had 0.4% more IMF percentage than entire 

males (1.50 % vs. 1.08 %, respectively). An earlier development of adipose tissue in 

barrows (Bout and Girard, 1988) and higher lipogenic activities may be the 

responsible for the increase of body fatness in castrated males (Lebret and Mourot, 

1998).  

Neutral lipids of females IMF are more unsaturated and less saturated compared 

with barrows or entire males (Bout and Girard, 1988; Suzuki et al., 2006). The sum 

of all PUFA tends to be higher in subcutaneous adipose tissue from entire males 

compared with females mainly due to their thinner backfat (Wood, 1990). A higher 

index for Δ5 and Δ6 desaturase and elongase activity for PUFA metabolism, 

indicating a greater potential for the synthesis of long chain PUFA was observed in 

females compared with castrate males without sex effect on enzyme activities 

involved in MUFA metabolism (Ntawubizi et al., 2009).  

Sensory attributes were not affected by sex (Fjelkner-Modig and Persson, 1986). 

However, Martel et al. (1988) reported that due to the higher content of IMF, meat 

from castrated males had better organoleptic properties than female or entire 

males, although other parameters such as genetic type and slaughtering age also 

affect meat sensorial properties. 
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3.4. Environment 

One of the environmental factors that highly affect pig fat desposition and FA 

composition is temperature at which animals are reared.  

Temperature may affect pig growth performance parameters, feed efficiency and 

the carcass fatness. Pigs grown at low temperatures (below 16ºC) are fatter than 

pigs grown at higher temperatures. The optimum growth performance parameters 

are achieved at temperatures between 16 and 21 ºC. Furthermore, temperature 

may influence the degree of FA unsaturation. Generally, fat of pigs grown at high 

temperarture is more consistent than that of pigs grown at low temperature, 

although FA composition also depends on enery intake and the fat source provided 

in the diet. Other environmental parameters that may influence pig adiposity are 

air humidity, the rate of illumination and the rearing conditions, but the one that 

seems to have higher influence in the fat tissue is temperature (Henry, 1972). 

3.5. Diet  

There is considerable evidence indicating that manipulating the nutrient 

composition of swine diets may offset the negative effects of genetic predisposition 

and/or handling on pork quality, and may actually enhance pork quality traits 

(Apple, 2002). Sundrum et al. (2011) observed that feeding regime was the main 

source of variation for IMF content in longissimus muscle when compared with sex 

and birth weight. 

3.5.1.  Feeding level 

As energy intake increases, protein accretion increases linearly until it reaches an 

upper limit, when this limit is reached energy goes into fat accretion. It has been 

proposed to use a high energy density during early stages of growth and 

progressively lower energy density as the pig grows towards market weight 

(Pettigrew and Esnaola, 2001). Feed restriction consists in providing feed in a lower 
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amount than animals would eat in ad libitum conditions. It may be light (5-10 %) or 

severe (10-20 %) during the growing or finishing phases. The aim is to reduce fat 

depots while improving growth efficiency. Daily feed intake should be adjusted in 

function of animal age or LW, gender and genetic type. In fat genetic lines, 

restriction should be established earlier than in leaner types and castrated males 

may be more affected than females (Henry, 1977). Restriction from 30-70 kg LW 

increases lean meat content due to reduced carcass fatness. After re-alimentation 

from 70-110 kg LW fatness and lean meat is similar to animals fed ad libitum, 

suggesting that compensatory growth modifies the composition of weight gain with 

more lipid than protein deposition at carcass level. Feed restriction reduced IMF in 

bicep femoris but significance was not reached in longissiumus muscle. After re-

alimentation animals fed ad libitum for the whole period had higher IMF content, 

indicating that feed restriction influenced more adipose than muscular tissue 

deposition (Heyer and Lebret, 2007). Consequently to the reduction of fatness, 

these animals had more PUFA than pigs fed ad libitum (Lebret et al., 1999) and 

increased the elongation rate (Kloareg et al., 2005). 

3.5.2. Balance between the main nutrients (protein, carbohydrates and 

lipids) 

A high level of protein during fattening allows animals to express their potential for 

muscular development (Lebret et al., 1999). An increase of lipid content in 

isoenergetic diets results in a higher backfat thickness and an increase of potential 

for lipid synthesis. Reduction of dietary carbohydrates, with a consequent 

reduction of lipogenic substrates reduces the lipogenic activity (Lebret and Mourot, 

1998). 

Dietary protein and lysine levels 

Proteins are a sequence of amino acids arranged in a certain order. In most swine 

diets, a portion of each amino acid that is present is not biologically available to the 
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animal. This is because most proteins are not fully digested and amino acids are not 

fully absorbed, and also because not all absorbed amino acids are metabolically 

available. Therefore, the bioavailable amino acid content of the ingredients being 

used to formulate pig diets must be known. The amino acids that cannot be 

synthesized or synthesized at insufficient rate to permit optimal growth or 

reproduction are termed essential and they are dependent on the species and 

stage of development (e.g. Methionine). Although there are 20 primary amino 

acids, not all of them are essential dietary components. The non essential may be 

synthesized through intermediaries of glycolysis, citric acid cycle or pentose 

phosphate pathway and the nitrogen is provided from glutamate and glutamine 

(Fig. 10; Nelson and Cox, 2009).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 10: General diagram of the biosynthesis of amino acids 

Adapted from Nelson and Cox (2009) 
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In diets rich in protein and amino acids or situations of protein turnover, amino 

acids in animals present oxidative degradation. The amino group can be reused for 

the synthesis of new amino acids or other nitrogenous products or eliminated 

through the urea cycle (Fig. 11; Nelson and Cox, 2009). The remaining carbon 

skeletons may be totally or partially degraded to acetoacetyl-CoA or acetyl-CoA 

known as ketogenic amino acids (leucine and lysine) or degraded to pyruvate, α-

ketoglutarate, succinyl-CoA, fumarate or oxalacetate known as glycogenic amino 

acids (alanine, cysteine, serine, glycine, proline, glutamine, glutamic acid, arginine, 

histidine, methionine, valine, asparagine and aspartic acid) or some may be 

ketogenic or glycogenic (tryptophan, phenylalanine, tyrosine, threonine and 

isoleucine; Nelson and Cox, 2009 Chapter 18) 

 

Fig. 11: Overview of the amino acid catabolism 

Source: Nelson and Cox (2009) 

About protein and amino acids some concepts have to be mentioned:  

Deficiency is the lack of an essential amino acid in the diet. Limiting dietary 

concentration of amino acids causes reduced concentrations of the limiting amino 
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acids in plasma and tissues. Low concentrations of amino acids at the intracellular 

sites of protein synthesis reduce the rate of protein synthesis, thereby limiting 

physiologic process such as growth, lactation or egg production that depend upon a 

maximal rate of protein synthesis (Austic, 1977).  

Imbalance refers to circumstances where the particular balance of amino acids in 

the diet results in poorer performance. One of the consistent physiological 

consequences of imbalance is a depression in the concentration of the first-limiting 

amino acid in blood and a marked increase in the levels of amino acids added to 

the diet. Result is a reduction of feed intake (Austic, 1977) without change in feed 

efficiency. 

Antagonisms are specific interactions where an excessive level of one amino acid 

causes an increase in the requirement for a structurally or chemically related amino 

acid. There are two major interactions: one involving lysine and arginine, and the 

other one involving the three branched chain amino acids (BCAAs excess dietary 

lysine increases the requirement for arginine and an excess of one of three BCAAs 

increases the requirement for the other two; Austic, 1977). In contrast to the 

imbalance, feed efficiency is impaired, as the limiting amino acid is catabolized. 

Toxicity refers to effect caused by excessive levels of individual amino acids (Austic, 

1977).  

Ideal protein consists of a combination of amino acids in exactly the right 

proportions for maintenance and lean tissue growth. Hence, the ideal protein may 

be variable depending on the physiological state of the animal. Feedstuffs with high 

quality protein (amino acid pattern relatively similar to the pig’s needs) and the 

addition of crystalline amino acids to the diet containing low quality protein result 

in diets meeting the essential amino acid requirements at lower levels of dietary 

protein (NRC, 1998).  

It appears that reducing the levels of dietary crude protein or lysine affect the 

proportions of protein and fat in the pig carcasses. Apparently, dietary protein 

reduction may reduce pig development and increase the fatness of whole animal 
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and lysine as the major limiting amino acid in pig diets plays a pivotal role in energy 

metabolism in porcine muscle determining growth rate. Leaner and less marbled 

meat have been observed form pigs fed a high protein/lysine diet, and higher IMF 

content is found in meat from pigs fed low protein/lysine diet. Da Costa et al. 

(2004) explain a high IMF content by the fact that low protein content restricts 

muscle growth, resulting in surplus energy being converted into intramuscular fat. 

The increase of IMF may also be related with high glycolytic and oxidative potential 

or larger adipocytes in muscles of pigs fed low protein diets (Gondret and Lebret, 

2002; Ruusunen et al., 2007). The increase of IMF in low lysine level diets is caused 

by higher adipogenesis, de novo fatty acid synthesis, reduced rate of β-oxidation of 

fatty acids (Katsumata et al., 2005) and higher abundance of PPARγ in muscles 

(Katsumata, 2011). However, in most of the studies both parameters (protein and 

lysine) were reduced at the same time, which makes difficult to attribute the 

observed effect to lysine or to protein (Reviewed in Table 3). On the other hand, 

reducing the intake of dietary protein would reduce the nitrogen excreted by pigs, 

which is interesting from the point of view of the environment. 

During the last decade, some studies supplementing diets with aminoacids such as 

leucine or arginine have shown a modification of the distribution of fat in the 

carcass resulting in an increase of IMF (Table 3). Leucine is a ketogenic amino acid, 

the carbon skeleton of which is converted to acetyl-CoA and acetoacetate in 

muscle tissue which can be used to synthesize FA. As BCAAs it is an essential amino 

acid and therefore must be continuously available for protein synthesis. 

Nevertheless, it is clear that leucine is special among the BCAAs. Leucine promotes 

global protein synthesis by signaling an increase in translation, promotes insulin 

release, and inhibits autophagic protein degradation. However, leucine’s effects are 

self-limiting because leucine promotes its own disposal by an oxidative pathway, 

thereby terminating its positive effects on body protein accretion. A strong case 

can therefore be made that the proper leucine concentration in the various 

compartments of the body is critically important for maintaining body protein 

UNIVERSITAT ROVIRA I VIRGILI 
EFFECT OF DIFFERENT DIETARY FATORS ON INTRAMUSCULAR FAT CONTENT IN PIGS 
Núria Tous Closa 
Dipòsit Legal: T. 1432-2012 
 



levels beyond simply the need of this essential amino acid for protein synthesis 

(Harris et al., 2004).  

In relation with arginine, there is growing evidence that arginine regulates the 

metabolism of energy substrates (FA, glucose and amino acids) partly through the 

production of nitric oxide (NO) and NO is synthesized from L-arginine by NO 

synthase in virtually all cell types. As a signaling molecule, physiological levels of NO 

stimulate glucose uptake, as well as glucose and FA oxidation in skeletal muscle, 

heart, liver and adipose tissue, inhibit synthesis of glucose, glycogen and lipid in 

target tissues (i.e. liver and adipose tissue), and enhance lipolysis in subcutaneous 

adipocytes. Thus, modulation of the arginine-NO pathway through dietary 

supplementation with L-arginine aid in reducing unfavorable fat mass in animals of 

agricultural importance (Jobgen et al., 2006). 

Although, quantitatively the most important function of amino acids is the 

synthesis of proteins, they also have a role as precursors of non-protein substances 

(such as hormones, neurotransmitters and others) and as energy source (Gutiérrez-

Preciado, 2010).  
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Table 3: Summary of published reports evaluating the effects of dietary protein/lysine reduction or arginina/leucine supplementation 
in pig carcass composition. 

Reference Gender Genetic Wt range Energy/Protein/Lysine 
Leucine/Arginine 

Difference 
P and lys  

Dietary 
ingredients Response  

Reduction of protein        
Le Bellego et 
al. (2002) 

Barrows n= 66 PI x (LD x 
LW) 

27 – 100 
kg 

Growing: 
DE: 14.34; 14.15MJ/kg 
P: 20.1; 15.6 % 
Lys: 1.02; 0.97 % 
Finishing: 
DE: 14.30; 14.09 MJ/kg 
P: 17.5; 13.3 % 
Lys: 0.84; 0.79 % 

Growing: 
P: 4.5 % 
Lys: 0.05 % 
Finishing: 
P: 4.2 % 
Lys: 0.05 % 

Wheat, corn, 
SBM 

No effect protein level in 
backfat deposition or % of fat 
carcass 

Doran et al. 
(2006) 

Intact male pigs 
n=26 

DU x (LW 
x LD) 

40-100 kg DE: all 14 MJ/kg 
Lys: (-) 
Prot: PKO 21; PKO18; 
SBO 21; SBO 18; PO 21; 
PO 18 

P: 2 % 
Lys: (-) 
 

Barley, wheat, 
SBM 

↓ P: ↑ FA content in muscle 
(86 %) and adipose tissue (8 
%) and ↑ SCD activity, ACC 
and FAS expression in the 
muscle but not in adipose 
tissue 

Reduction of lysine        
Witte et al. 
(2000) 

Gilts n=72 PIC 326 
sires x 
C15 dams 

90 - 126 
kg 

ME: both 14.2 MJ/kg 
P: 10.3; 10.4 % 
Lys: 0.48; 0.64 % 

P: 0.1 % 
Lys: 0.16 % 

Corn, SBM ↓ Lys: ↓ growth efficiency, 
↑ backfat thickness, ↓ 
carcass lean percentage, ↑ 
IMF (19 %) in LM 

Bidner et al. 
(2004) 

Gilts n=64 Hybrid 
line base 
on (RN-/- 

or rn+/+) 

75 – 100 
kg 

DE: both 14.2 MJ/kg 
P: 10.35; 10.43 % 
Lys: 0.57; 0.69 % 

P: 0.08 % 
Lys: 0.12 % 

Corn, SBM, SBO 
 

↓ Lys:  ↑ backfat, ↓ carcass 
lean and ↑ IMF in LM 
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Reference Gender Genetic Wt range Energy/Protein/Lysine 
Leucine/Arginine 

Difference 
P and lys  

Dietary 
ingredients Response  

Katsumata et 
al. (2005) 

Gilts n=11 (LD x LW) 
x DU 

62 – 110 
kg 

DE: 14.5 MJ/kg (all) 
Growing: 
P: 11.1 % (all) 
Lys: 0.65; 0.43 % 
Finishing:  
P: 10.7 % (all) 
Lys: 0.68; 0.40 % 

Growing: 
P: 0 % 
Lys: 0.22 % 
Finishing:  
P: 0 % 0 
Lys: 0.28 % 

Corn, SBM ↓ Lys: no effect in SCF, ↑ 
IMF in LM (91 %), ↓ PUFA in 
LM 

Zhang et al. 
(2008) 

Barrows n=54 PIC 20-50-80-
90 kg 

DE: both 14.22 MJ/kg 
(all periods) 
Early growing: 
P: 14.70, 14.54 % 
Lys/DE: 0.66; 0.49 g/MJ 
Later growing: 
P: 12.21;, 11.92 % 
Lys/DE: 0.53; 0.39 g/MJ 
Finishing: 
P: 10.50; 10.21 % 
Lys/DE: 0.43; 0.31 g/MJ 

Early 
growing: 
P: 0.16 % 
Lys/DE: 
0.17 g/MJ 
Later 
growing: 
P: 0.29 % 
Lys/DE: 
0.14 g/MJ 
Finishing: 
P: 0.29 % 
Lys/DE: 
0.13 g/MJ 

Corn, wheat, 
SBM, SBO 

↓Lys: ↓ feed efficiency and 
↑ marbling (15 %) but not 
IMF 

Boler et al. 
(2011) 

Inmunocastrated 
males n=96 

PIC 337 x 
PIC 1050 

23-45-68-
91-129 

DE: (-) ; Prot: (-) 
Lys: 
Growing: 1.2; 1.3; 1.4; 
1.5 % 
Developing: 1.0; 1.1; 
1.2; 1.3 % 
Finishing 1: 0.8; 0.9; 1.0; 
1.1 % 
Finishing 2: 0.7; 0.8; 0.9; 
1.0 % 

Lys: 0.3 % 
Prot: (-) 

(-) ↓ Lys: ↓ final BW; no effect 
on backfat deposition or loin 
depth; ↑marbling and IMF in 
LM 
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Reference Gender Genetic Wt range Energy/Protein/Lysine 
Leucine/Arginine 

Difference 
P and lys  

Dietary 
ingredients Response  

Reduction of both, protein and lysine        
Karlsson et 
al. (1993) 

Intact males and 
gilts n=82 

Swedish 
YR 

25-90 kg ME: both 11.9 MJ/kg 
P: 18.5; 13.1 % 
Lys: 0.96; 0.64 % 

P: 5.4 % 
Lys: 0.32 % 

Standard feeding 
regimen 

↓P: ↓ADG, lean %, ↑ IMF in 
LM (60 %) and BF (67 %), ↓ 
glycolytic  and ↑ oxidative 
capacity in muscles 

Goerl et al. 
(1995) 

Gilts n=72 GP, H 26 – 104 
kg 

ME: 13.8; 13.8; 13.8; 
13.7; 13.6; 13.6 % 
P: 10; 13; 16; 19; 22; 
25% 
Lys: 0.36; 0.55; 0.75; 
0.95; 1.16; 1.35 % 

P: 15 % 
Lys: 0.99 % 

Corn, SBM ↓ P: ↑backfat and IMF up to 
174 % in LM or 54 % in ham 
muscle (comparing the 
extrems) 

Loughmiller 
et al. (1998) 

Gilts n=64 PIC  54 (64 d) DE: (-) 
P: 13.4; 10.5 % 
Lys: 0.72; 0.51 % 

P: 2.9 % 
Lys: 0.72, 
0.21 % 

Sorghum, 
Cornstarch, 
SBM, SBO 

↓ Lys: ↓ ADG and feed 
efficiency and ↑ backfat 
thickness 

Szabo et al. 
(2001) 

Barrows and gilts 
n=96 

Dutch LD 30-60-
105 kg 

DE: 14.6 MJ/kg 
Growing: 
P: 12.0; 8.7 % 
Lys/DE: 0.5; 0.36 g/MJ 
Finishing: 
P: 10.7; 7.8 % 
Lys/DE: 0.42; 0.30 g/MJ 

Growing: 
P: 3.3 % 
Lys/DE: 
0.15 g/MJ 
Finishing: 
P: 2.9 % 
Lys/DE: 
0.12 g/MJ 

Barley, wheat, 
tapioca 

↓ Lys/DE : ↓ADG, ↓ feed 
efficiency, ↓ muscle volume , 
↓ fat carcass content but had 
no effect in IMF 

Gondret and 
Lebret 
(2002) 

Pigs n=30 DU x (LD x 
LW) 

30 – 110 
kg 

DE: 13.6; 13.0 MJ/kg 
P: 18.3; 13.3 % 
Lys: 0.95; 0.50 % 

P: 5 % 
Lys: 0.45 % 

Barley, wheat, 
corn, wheat 
bran, SBM, 
animal fat, 
molasses 

↓ P: ↓ ADG and ADFI, no 
effect backfat thickness, ↑ 
IMF (40 %), ↑ adipocyte size, 
↓ activity of malic enzyme, 
G6PDH and LDH suggesting a 
decreased lipogenic capacity 
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Reference Gender Genetic Wt range Energy/Protein/Lysine 
Leucine/Arginine 

Difference 
P and lys  

Dietary 
ingredients Response  

D'Souza et 
al. (2003) 

Females n=50 LW x LD x 
DU 

24 – 104 
kg 

DE: all 13.3 MJ/kg 
P: 18.7; 17.7; 16.9 % 
Available lys: 0.60; 0.51; 
0.42 g/MJ DE 

P: 1.8 % 
Available 
lys: 0.18 
g/MJ DE 

Barley, wheat, 
lupins, SBM, 
Blood meal, fish 
meal, canola oil 

↓P: ↑ IMF up to 108 % (1.3, 
1.9, 2.7 %) without affecting 
SCF 

Da Costa et 
al. (2004) 

Entire male n=48 DU based  9-12 wk DE: 14; 13 MJ/kg 
P: 20; 16 % 
Lys: 1.14; 0.68 % 

P: 4 % 
Lys: 0.46 % 

Barley, wheat, 
SBM, corn gluten 

↓P: ↓ ADG, no effect on SCF, 
↑ IMF in LM and PM, ↑ 
expression of genes involved  
in breakdown of glycogen, 
fatty acids and proteins, 
glycolysis, oxidative 
phosphorilation and ATP 
synthesis 

Wood et al. 
(2004) 

Entire male 
n=192 

Du, LW, 
BE, TW 

9-12 wk DE: 14; 13 MJ/kg 
P: 20; 16 % 
Lys: 1.14; 0.68 % 

P: 4 % 
Lys: 0.46 % 

Barley, wheat, 
wheat-feed, 
SBM, corn gluten 

↓P: ↓ ADG (except BE), no 
effect on SCF thickness, ↓ 
muscle percentage, ↑ SCF, ↑ 
marbling in LM and PM 

Pérez et al. 
(2006) 

Gilts and barrows 
n=60 

Pic 93 kg (27 
d) 

EM: all 13.8 MJ/kg 
P: 17.18; 16.95; 17.66 % 
Lys: 0.95; 1.05; 1.15 % 

P: 0.71 % 
Lys: 0. 20 % 

Corn, SBM, 
tallow 

↓ Lys: ↑ backfat thickness,↓ 
loin depth, ↑IMF in LM 

Teye et al. 
(2006a) 

Male and female 
n=60 

DU x 
(LWxLD) 

40 -100 
kg 

EM: all 14 MJ/kg 
P: 20.9; 18.1 % 
Lys: 1.0; 0.7 % 

P: 2.8 % 
Lys: 0.3% 

Barley, wheat, 
SBM 

↓ P: ↓ ADG, ↓ feed 
efficiency, no effect backfat 
thickness, ↑ IMF, SFA and 
MUFA and ↓ PUFA in LM (70 
%)  

Teye et al. 
(2006b) 

Male and female 
n=60 

DU x 
(LWxLD) 

40 -100 
kg 

EM: all 14 MJ/kg 
P: 20.9; 18.1 % 
Lys: 1.0; 0.7 % 

P: 2.8 % 
Lys: 0.3% 

Barley, wheat, 
SBM 

↓ P: ↑ total lipid, SFA and ↓ 
PUFA in SCF 
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Reference Gender Genetic Wt range Energy/Protein/Lysine 
Leucine/Arginine 

Difference 
P and lys  

Dietary 
ingredients Response  

Ruusunen et 
al. (2007) 

Gilts and barrows 
n=40 

Finnish LD 
Finnish YR 
Finnish LD 
x Finnish 
YR 

24 – 107 
kg 

NE: 8.9; 8.8 MJ/kg 
P: 16.0; 18.7 % 
Dig Lys: 0.57; 0.90 %  

P: 2.7 % 
Dig Lys: 
0.33% 

Barley, SBM ↓ P: ↓ ADG and lean meat 
carcass, ↑ fat carcass and 
glycolytic potential of LM and 
SM 

D'Souza et 
al. (2008) 

Gilts n= 63 LW x LD x 
DU 

73 d – 
163 d 

Grower: 
DE: all 14.3 MJ/kg 
P: 18.7; 17.7 % 
Available Lys: 0.6; 0.51 
g/MJ 
Finisher: 
DE: 13 MJ/kg 
P: 18.2 % 
Available Lys: 0.5 g/MJ 

Grower: 
P: 1 % 
Available 
Lys: 0.9 
g/MJ 
Finisher: 
P: 0 % 
Available 
Lys: 0 g/MJ 

Barley, wheat, 
lupins, soybean, 
blood, meat and 
bone meal, fish 
meal, canola oil 

↓ Lys/DE: No effect 
subcutaneous fat, ↑ IMF (29 
%) 

Kamalakar et 
al. (2009) 

Gilts and barrows 
n=60 

YR 25 – 50 – 
79 – 111 
kg 

Grower: 
DE: all 14.3 MJ/kg 
P: 16.9; 14.9; 12.1 % 
Lys: 0.95; 0.76; 0.57 % 
Finisher 1: 
DE: all 14.4 MJ/kg 
P: 14.8; 13.0; 10.7 % 
Lys: 0.75; 0.60; 0.45 % 
Finisher 2: 
DE: all 14.4 MJ/kg 
P: all 12.5 % 
Lys: all 0.6 % 

Grower: 
P: 4.8 % 
Lys: 0.38 % 
Finisher 1: 
P: 4.1 % 
Lys: 0.3 % 
Finisher 2: 
P: 0 % 
Lys: 0 % 

Corn, SBM ↓ Lys: ↓ ADG and feed 
efficiency, ↓ LM area, ↑ 
marbling  
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Reference Gender Genetic Wt range Energy/Protein/Lysine 
Leucine/Arginine 

Difference 
P and lys  

Dietary 
ingredients Response  

Conde-
Aguilera et 
al. (2011) 

Barrows n=58 Iberian 10 -25 kg DE: 14.99; 14.65; 15.11; 
14.88 MJ/kg DM  
P: 20.1; 17.6; 14.9; 12.3 
% 
Lys/ME: 0.99; 0.88; 
0.73; 0.62 g/MJ 

P: 7.8 % 
Lys/ME: 
0.37 g/MJ 

Barley; SBM; fish 
meal 

↓P: ↓ADG and feed 
efficiency, ↓ carcass protein 
and ↑ carcass fat 

Guo et al. 
(2011) 

Pigs n=20 DU x LW x 
LD 

74 – 133 
kg 

DE: 13.9; 14 MJ/kg 
Phase I 
P: 11.24; 22.66 % 
Dig Lys: 0.57; 1.12 % 
Phase II 
P: 10.07; 22.66 % 
Dig Lys: 0.46; 1.12 % 

Phase I 
P: 11.36 % 
Dig Lys: 
0.55 % 
Phase II 
P: 12.53 % 
Dig Lys: 
0.66 % 

Corn, SBM ↓ Prot: no effect on SCF; ↑ 
IMF (89 %) and ↑PPARγ and 
H-FABP expression in LM 

Rodríguez-
Sánchez et 
al. (2011) 

Gilts and barrows 
n=120 

Du x (LD x 
LW) 

100 – 130 
kg 

NE: all 9.54 MJ/kg 
P: 14.5; 14.3; 14.0 % 
Lys: 0.71; 0.66; 0.59 % 

P: 0.5 % 
Lys: 0.12 % 

Barley, wheat, 
corn, canola 
meal, SBM, 
blended animal-
vegetable fat 

↓ Lys: ↓ ADG and ADFI, ↑ 
backfat thickness, no effect in 
LM IMF and SFA, MUFA or 
PUFA 

Supplementation with leucine        
Hyun et al. 
(2003) 

Barrows and 
gilts n=40 

DU x YR 78 – 115 
kg 

ME: 14.3; 14.2 MJ/kg 
P: 14.1; 15.4 % 
0 vs. 2 % Leu 

 Corn, corn 
starch, SBM 

+ Leu: ↓ ADG, tended ↑ 
backfat thickness, ↑ 
marbling and IMF in LM 
(42 %) 

Hyun et al. 
(2007) 

Barrows n=36 PIC (L329 x 
C22) 

73 – 127 
kg 

ME: all 13.8 MJ/kg 
P: 12.1; 12.7; 13.5; 
12.8; 12.8; 12.8; 13.9 
% 
Lys: 0.5; 0.7 % 
Leu: 1; 2; 3 % 

 Corn, corn 
starch, SBM, 
SBO 

+ Leu: no effect 
performance or backfat 
thickness, 2 %  and 3 % Leu  
↑IMF (86 and 53 %, 
respectively) in pigs fed ↓ 
Lys but not ↑ Lys 
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Reference Gender Genetic Wt 
range 

Energy/Protein/Lysine 
Leucine/arginine 

Difference P 
and Lys 

Dietary 
ingredients Response 

Supplementation with arginine        
Tan et al. 
(2009) 

Barrows n=24
  

DU x LD x 
LW 

41 – 90 
kg 

DE: 14.3 MJ/kg 
P: 16.5 
1 % Arg vs. 1 % Ala 

 Corn; SBM, 
Wheat; SBO 

+ Arg: ↑ADG, ↑ muscle 
content, ↓ carcass fat 
content, ↑ IMF in LM (70 
%) but not in SM. 

Tan et al. 
(2011) 

Barrows n=16 DU x LD x 
LW 

41 – 90 
kg  

DE: 14.3 MJ/kg 
P: 16.5 
1 % Arg vs. 1 % Ala 

 Corn, SBM, 
Wheat; SBO 

+ Arg: ↑ LPL activity in 
muscle but ↓ in backfat, 
resulting in a ↑ or 
↓regulation of lipogenic 
genes in skeletal muscle or 
SCF, respectively and ↑ 
regulation of lipolytic 
genes SCF 

ADFI: average daily feed intake; ADG: average daily gain; Ala: alanine; Arg: arginine; BE: Berkshire; BF: Biceps femoris; BW: body weight; 
d: days; Dig: digestible; DU: Duroc; DE: Digestible energy; DM: dry matter; FA: fatty acid; GP: gene pool; H: Hampshire; IMF: 
intramuscular fat; G6PDH: gluycose-6-phosphate dehydrogenase; LD: Landrace; LDH: lactate dehydrogenase; lys: lysine; LM: longissumus 
muscle; LW: Large White; ME: metabolizable energy; MJ: mega joules; NE: net energy; PI: Pietrain; PKO: palm kernel oil; PM: Psoas 
muslce PO: Palm oil; P: Protein; SBM: Soybean meal; SBO: soybean oil; SCF: subcutaneous fat; SM: semimembranosus muscle; TW: 
Tamworth; wk: weeks; YR: Yorkshire; (-) no information found  
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3.5.3. Dietary fat content and its composition in fatty acids 

Monogastric animals like pigs have the capacity to deposit FA from diet without 

modification, when animals are fed isoenergetic, isoproteic and isolipidic diets, 

making possible to modify the carcass characteristics and meat lean through 

dietary source of FA (Lebret et al., 1999). Thus, modification of animal diets can 

easily increase the proportion of unsaturated FA and reduce the SFA in meat, milk 

and eggs. Consuming a greater proportion of these beneficial fatty acids as pork of 

an everyday diet will appeal to the public, as opposed to taking dietary 

supplements (Woods and Fearon, 2009). The influence of genotypes and sexes of 

pig on body FA composition is much lower than that of fat supplements and this 

effect is more pronounced in backfat than in IMF (Flachowsky et al., 2008). 

Addition of 5% of fat in pig diets increased backfat depths with little to no impact 

on live pig performance or carcass composition, but FA composition differed 

depending on dietary fat source, soybean oil resulted in a higher polyunsaturation 

and beef tallow in a higher saturation and monounsaturation of pork (Apple et al., 

2009b). In a study, where different fat sources were studied, it was found that pigs 

fed a non fat diet had the highest values for SFA. Animals fed high-oleic sunflower 

oil had high values of MUFA and low levels in SFA. MUFA were low in sunflower oil, 

linseed oil and fish oil, while PUFA were high in sunflower oil and linseed oil and 

low in high-oleic sunflower oil, tallow and non fat fed animals (Duran-Montgé et al., 

2008). Similar results were reported by Skiba et al. (2011), feeding pigs with tallow 

increases the amount of SFA and MUFA, feeding with rapeseed oil increases the 

amount of MUFA and feeding with linseed oil increases the content of all PUFA 

(mainly C 18:3 n-3) in subcutaneous fat. The replacement of beef tallow by 

sunflower oil produced an increase of PUFA in adipose tissue, liver and loin at 

expenses of SFA and MUFA, without affecting other characteristics of meat quality 

(Mitchaothai et al., 2007). Reducing the linoleic content of diets for swine during 6 

to 8 weeks prior to slaughter will result in a reduction in linoleic and an increase of 
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MUFA in the carcass (Gatlin et al., 2002). These studies show that direction of the 

changes occurred in fat FA content is in the line of the FA content in particular fat 

sources. Thus, using diets with high levels of C 18:2 n-6, the proportion of this FA in 

tissues increases linearly as the dietary intake increases (Wood et al., 2008).  

Beneficial effects of n-3 long chain PUFA are well documented. Whilst some may be 

synthesized from α-linolenic acid, recent data indicate this source to be very 

limited. In many parts of Europe daily intake of EPA and DHA by adults and 

especially young adults is less than 100 mg/day, which is low compared with the UK 

recommendation, 450 mg EPA + DHA/day. Hence, enrichment of animal products 

may help to provide the required amount of these two FA (Givens and Gibbs, 

2008). Because cereal-based diets commonly offered to pigs supplies mainly n-6 FA 

and a small amount of n-3, linseed and fish oil are incorporated in pig diets to 

transfer these FA to meat products (Woods and Fearon, 2009). Feeding a diet of 

100 g of linseed/kg to pigs increased, the n-3 content in muscle and in adipose 

tissue and promoted the hypertrophy of longissimus dorsi muscle, quadriceps 

femoris muscle mass and semitendinosus muscle (Huang et al., 2008). Increasing 

the daily consumption of C 18:2 n-6 and C 18:3 n-3 enhanced their deposition in 

the body but the efficiency of utilization of C 18:2 n-6 is lower compared with C 

18:3 n-3 (coefficient 0.67 vs. 0.79, respectively) and depends not only on the 

amount consumed, but also on their origin (Raj et al., 2010). Increasing flaxseed 

meal in pig diets also increased the α-linolenic acid content from 11 to 47 mg/g of 

backfat and from 5 to 10 mg/g of loin tissue (Eastwood et al., 2009). DHA and EPA 

from fish oil diets were more efficiently incorporated into tissues than the α-

linolenic acid from the linseed diet. A level of 2.31 % EPA and 3.53 % DHA in fish 

diets resulted in 1.37 and 1.02 % of EPA and DHA, respectively in muscle lipid 

fraction, whereas 16 % of α-linolenic acid in linseed diet only resulted in 1.24 % of 

α-linolenic acid in muscle lipid fraction. Nonetheless the α-linolenic acid 

incorporation was similar when feeding linseed during 17 weeks prior slaughter or 

only during the 9 weeks prior slaughter while the greatest EPA or DHA proportions 
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were obtained when fish oil was fed during 17 weeks. The slightly lower dietary 

linoleic acid supply in fish diets resulted in a significant lower n-6 proportion in 

meat. However, an increased n-3 supply in linseed diets was not accompanied by a 

decreased deposition of n-6 FA, except for arachidonic acid. DHA proportion was 

only achieved when fish oil was included in pig diet, suggesting than DHA formation 

is strictly regulated and cannot be influenced by dietary supply of the precursors 

(Haak et al., 2008). Duran-Montgé et al. (2008) also reported that adding a 10 % of 

linseed oil resulted in an increase of EPA in different tissues, however, an increase 

of DHA only was achieved when animals received diets supplemented with 10 % of 

fish oil. Jaturasitha et al. (2007), enriching pig diets with tuna oil from 30 to 90, 100 

and 110 kg of slaughter weight found a reduction of n-3 FA in proportion with 

increasing slaughter weight, thus to achieve the maximum n-3 deposition they 

proposed to slaughter animals early stages. The same group reported that addition 

of tuna oil during a short period at the end or during the whole fattening period 

produced the similar increase of n-3 in adipose tissue and muscle, however, the 

deposition of n-3 was slightly lower when tuna oil was added at the early stage of 

fattening period. In compensation to the shifts in n-3 FA proportion, a decline in 

proportions of n-6 FA occurred (Jaturasitha et al., 2009). The increase of long chain 

n-3 PUFA in adipose tissue and particularly in the muscle of pigs fed fish oils, 

produces fishy odors and flavors when critical tissue levels are exceeded (Wood et 

al., 2008). In order to avoid fishy odors and flavors, other strategies such as the 

incorporation of chia (Salvia hispanica L.), a relative new crop recognized as good 

source of n-3 FA in finishing pig diets have been proposed. Addition of chia 

produced a reduction of SFA and an increase of n-3 FA in meat without negatively 

affect meat taste (Coates and Ayerza, 2009). 
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Control of gene expression by fatty acids 

The amount and type of fat in the diet impacts many other aspects of metabolism 

including lipoprotein pathways, lipid synthesis and oxidation, adipocyte 

differentiation, and cholesterol metabolism. It has become increasingly apparent 

that many of these effects may be due to direct modulation of expression of key 

genes through the interaction of fatty acids with certain transcription factors. 

Peroxisome proliferator-activated receptors (PPARs), the liver X receptors (LXRs), 

hepatic nuclear factor 4 (HNF-4) and sterol regulatory binding proteins (SREBPs) 

represent four of such factors (Salter and Tarling, 2007; Fig. 12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12: Fatty acids or their metabolites can potentially activate multiple pathways 
affecting gene expression. 

The diagram illustrates the fatty acids or their metabolites that regulate specific 
transcription factors. These transcription factors are linked to specific cellular processes 
involving metabolism, eicosanoids/growth factors production cell growth, and 
differentiation. G-proteins; G-proteins-linked receptors; TF?: unknown transcription factors; 
TR: thyroid hormone receptors; SFA: saturated fatty acids; UFA: unsaturated fatty acids; 
MCFA: medium chain fatty acids; Fa-CoA: fatty acyl coenzyme A (Adapted from: Jump and 
Clarke, 1999). 
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These factors are regulated by (a) direct binding of FA, fatty acyl-coenzyme A, or 

oxidized FA; (b) oxidized FA (eicosanoids) regulation of G-protein-linked cell surface 

receptors and activation of signaling cascades targeting the nucleus; or (3) oxidized 

FA regulation of intracellular calcium levels, which affect cell signaling cascades 

targeting nucleus (Fig. 13). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13: Fatty acid regulation of gene transcription. 

Fatty acids enter cells through membrane-associate transporters, undergo metabolic 
conversions and affect many cellular processes. Some of these processes involve change in 
gene transcription leading to changes in cell growth and differentiation, metabolism and 
production of various molecules such as triglycerides, apoproteins, cytokines, eicosanoids 
and adhesion molecules. R: receptor; TR: transcription factor; FABP: fatty acid binding 
protein; GLUT: glucose transporter; FA: fatty acid; Fa-CoA: fatty acyl coenzyme A; VLDL: 
very-low-density lipoprotein; DNL: de novo lipogenesis. The 5’-flanking DNA contains cis-
regulatory elements involved in basal promotor activity (proximal region) and stimulated 
activity (enhancer). Both regions can be targeted by fatty acid-regulated transcription 
factors (Jump and Clarke, 1999). 

At the cellular level, the physiological response to FA depends on (a) the quantity, 

chemistry, and duration of the fat ingested; (b) cell-specific FA metabolism 

(oxidative pathways, kinetics, and competing reactions); (c) cellular abundance of 

specific nuclear and membrane receptors; and (d) involvement of specific 

transcription factors (Jump and Clarke, 1999). In addition, long chain FAs may 

induce message accumulation by two different mechanisms: transcriptional or 
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post-transcriptional, most likely message stabilization (Distel et al., 1992). No fat-

added diet showed the highest mRNA abundance in adipose tissue of genes 

involved in the synthesis of palmitic acid (ACACA and FASN) and desaturation 

(SCD). SFA are equivalent (or more potent) inhibitors of lipogenesis than 

unsaturated FA. Thus, animals fed diets with high SFA content decrease the 

abundance of mRNA FASN, ACACA and SDC (Duran-Montge et al., 2009). PUFA are 

less potent than SFA in increasing adipocyte numbers, but are more effective in 

inducing preadipocyte differentiation (Fernyhough et al., 2007). Luo et al. (2009) 

reported that increasing the n-3 PUFA enrichment in the muscle of growing-

finishing pigs by feeding diets with 10 % of linseed oil could activate PPARδ, which 

may upregulate the expression of PPARγ and consequently aP2 and LPL to promote 

adipogenesis, thus increasing IMF. A metabolite of DHA (not identified) is also 

proposed as the ligand binding to and activating porcine PPARγ and increasing the 

expression of fatty acid binding protein (aP2; Yu et al., 2008a). 

Conjugated linoleic acid (CLA) as fat source  

The term conjugated linoleic acid refers to a mixture of positional and geometric 

isomers of linoleic acid (c9, c12 C18:2; Fig. 14), which means that a single carbon 

separates the two double bounds.  

 

Fig. 14: Structures of linoleic acid (top); c9, 11t CLA (middle) and t10, c12 CLA (bottom) 
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These double bounds can either be trans (t) or cis (c) configured and a wide 

spectrum of isomers with variations in position (7, 9; 8, 10; 9, 11; 10, 12 or 11, 13). 

Nonetheless the predominant CLA isomer (85-90 %) in natural sources has c9, t11 

conformation. Principal natural sources of CLA are meat and dairy products from 

ruminant animals (such as milk). Amount of CLA is known to vary among individuals 

and herds and between seasons. The greatest concentration is found during the 

grazing period. CLA is obtained as an intermediate product of the biohydrogenation 

of linoleic acid to stearic acid produced in the rumen by Butyrivibrio fibrisolvents 

(Schmid et al, 2006). Furthermore, most of the CLA found in tissues of ruminant 

animals is probably derived from the desaturation of trans-vaccenic acid (t11 C 

18:1; Azain, 2003). Not only bacteria in the rumen, but also microorganisms in the 

digestive system of non ruminant can synthesize CLA from long chain FA, although 

the yield is very low.  

In 1987, Ha et al. (1987) identified CLA as the responsible of the antitumorigenic 

effect reported in a previous study where mouse were fed with pan-fried 

hamburgers. Since then, several studies have been conducted and pleiotropic 

properties were attributed to CLA product. Dietary CLA has been shown to have 

potent anticarcinogenic and antiatherogenic effects in animal models (Kelly et al. 

2007). CLA was also found to have a potent immune modulating activity 

characterized by increased blastogenesis and macrophage killing ability (Pariza et 

al. 2001). In addition to these biological properties, CLA was reported to reduce 

body fat content and increase lean body mass in pigs and rodents. The basis for 

these effects has not been fully explained, but probably involves effects of CLA on 

eicosanoid metabolism, cytokine production and/or gene expression. In addition, it 

appears that different effects are produced for t10, c12 and c9, t11 CLA isomers, 

and it is difficult to imagine a single mechanism that accounts for this observation. 

The reported effects of CLA on lipid metabolism and body composition, and at least 

some of the effects of CLA on the immune system, appear to be due to t10, c12 CLA 

(Pariza et al., 2000). 
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Because of the interesting biological properties, synthetic forms of CLA became 

available; most of them were obtained from sunflower oil (rich in c9,c12 C18:2) 

through catalytic dehydrogenation. The synthetic mixtures contain c9, t11 and t10, 

c12 isomers at about equal amounts as the major components and small amounts 

of other CLA isomers such as t8, c10; c11, t13. Lymphatic recovery of CLA was 

similar to that of C 18:2 n-6 (96 %) and all the isomers were equally absorbed by 

the enterocytes (Martin et al., 2000) and they can be accumulated in these tissues 

rich in neutral lipids, metabolized as linoleic acid (giving conjugated diene (CD) 

C18:3, CD C20:3 and CD C20:4 as products) influencing linoleic acid desaturation 

and elongation (Carta et al., 2002). Hence, studies with CLA in species other than 

rodents and human subjects generally fit into three categories: (1) those aimed at 

increasing CLA content in tissues destined for human consumption as means to 

increase CLA intake in human subjects (i.e. egg, meat and dairy products); (2) those 

aimed at using the repartitioning effect of CLA to reduce body fat in the animal; (3) 

those related to a direct heath benefit of CLA in the animal based on its 

immunomodulatory effects. 

Conjugated linoleic acid studies in swine 

Suggested roles of the addition of CLA into pig diets are reviewed in Table 4. One of 

the interests in incorporating CLA in swine diets was to reduce animal fatness and 

improve feed efficiency. Therefore, lean meat percentage in the carcass increases 

at certain slaughter weight, increasing the carcasses value. In addition, several 

reports found an increase in IMF which could directly impact meat quality 

attributes. The increase in IMF while the other fat depots are reduced suggests 

different actions of CLA in tissues. An increase of SFA and a reduction of MUFA, 

which potentially increases the product shelf life and its consistency but is against 

nutritional recommendations, were found in most of the reports by effect of CLA 

(Dikeman, 2007). The addition of CLA oil in pig diets, leads to an accumulation of 

CLA isomers in the different tissues, although normally the isomers (c9,t11 and 
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t10,c12) are incorporated into the same percentage in the diet, the isomer c9,t11 

seems to be preferentially incorporated in the tissues and the highest rates of 

incorporation occur in adipose tissue and are lower for the rest of tissue. Hence, it 

makes possible to obtain CLA enriched pork for human consumption.  

It has to be pointed out that when comparing different studies some discrepancies 

in the phenotypic characters and CLA action in different tissues are found. Thus, 

the effect of CLA on backfat deposition and particulary, on IMF in pigs is not clear. 

These differences may result from the difference between variables such as: 

composition of the CLA oil incorporated to the diet, percentage of inclusion of CLA, 

genetic of pigs, duration of the treatment, age when the experimental period is 

started and differences between diets composition. Tischendorf et al. (2002) 

observed that the response to CLA was greater in barrows that in gilts while Dugan 

et al. (2001) attributed a lower response in low-energy diets than with added fat. 

Different mechanisms of action of CLA proposed to reduce adiposity could be: 

- Reduction of lipogenesis (Brown et al., 2001). Ostrowska et al. (2002) 

suggested that pigs fed diets with CLA reduce de novo synthesis, fat 

accretion via decreased adipose tissue, TAG synthesis from performed FA, 

possibly trough reduced LPL activity.  

- Increase of lipolysis and FA oxidation (Park et al., 1997), although Martin et 

al. (2006) found CLA highly affected activity of lipolytic enzymes in muscle 

but not in subcutaneous adipose tissue. 

- Reduction of the preadipocyte differentiation (Kang et al., 2003). Corino et 

al. (2005) reported that CLA supplementation decreased adipocyte size 

with a consequent increase in number of adipocytes per unit area. 

Moreover, the number of proliferating preadipocytes was lower and the 

number of apoptotic adipocytes was higher in pigs fed CLA compared with 

control. Brodie et al. (1999) attributed the fat reduction to CLA inhibition of 

both proliferation and differentiation of preadipocytes while Satory and 

Smith (1999) only attributed it to an inhibition of stromal vascular 
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preadipocytes hyperplasia. 

The above mentioned mechanism may be regulated at different levels:  

- Modification of protein activities. The increase of SFA and reduction of 

MUFA is widely attributed to an inhibition of Δ9 desaturase (Lee et al., 

1998), the enzyme responsible for converting the palmitate and stearate to 

palmitoleic and oleic acids, respectively. Furthermore, Zhong et al. (2011) 

concluded that CLA enhanced the abundance of proteins related to energy 

metabolism, fatty acid oxidation and synthesis, aminoacid defense, and 

transport. Conde-Aguilera et al. (2011) found that CLA decreased hepatic 

glucose production decreasing gluconeogenesis, whereas glycogen 

synthesis and degradation, TAG synthesis were not affected compared with 

linoleic acid in pig hepatocytes. Park et al. (1999) found that 10t, 12c CLA 

but not 9c, 11t reduced lipoprotein lipase activity. 

- Modification at the level of gene expression. Changes in mRNA abundance 

often indicate changes in the protein abundance of a gene product, but the 

relationship of transcript to protein is not always 1:1. For example, Lengi 

and Corl (2010) found that CLA reduced the protein concentration of ACCα 

while the mRNA abundance remained unaffected. Lin et al. (2004) 

observed that SCD mRNA levels were not altered by dietary treatment, but 

the CLA isomers reduced SCD activity in liver of mice. On the other hand, 

while several studies had been performed on the effect of CLA in gene 

expression, the majority includes rodent animals or cell cultures and few of 

them are done in pigs. Moreover, in rodents or cell cultures the isomers 

effects are studied separately (c9,t11 and t10,c12) because of the low 

amount of product needed. In studies conducted with pigs, the mixture of 

both is used because the purified isomer is too expensive to be used in the 

large amount needed in pig diets. Studying isomers separately showed that 

they may have contrary actions on the same gene (Brown et al., 2003), and 

the resultant FA modification in the tissues by effect of CLA may also 
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interfere in the regulation. Ashwell et al. (2010), evaluating the expression 

of a large amount of genes using microarrays in liver of mice, found 5 

different pathways and processes which contained a significant number of 

differentially expressed genes by addition of CLA respect to the control 

diet: (1) signal transduction (PKA signaling); (2) muscle contraction; (3) 

signal transduction (cAMP signaling); (4) development of angiopoietin 

signaling; (5) immune response and surprisingly few genes in lipid 

metabolism were impacted. Hence, comparing several reports conclusive 

results could not be found (Table 5). Possible reasons can be due to specific 

functions or experimental conditions. Therefore, at the moment the 

activity of CLA through this mechanism is not clearly explained. 

- Changes in microRNA (miRNA). The miRNAs are short RNA sequences 

found in eukaryotic cells. They may act as post-transcriptional regulator 

sequences that bind to mRNA, usually resulting in translational repression 

or target degradation and gene silencing. Parra et al. (2010) suggested this 

novel level by which CLA may exert its effects. 

- Apoptosis. CLA, particularly t10,c12 CLA may increase TNFα increasing 

apoptosis in adipose tissue (Tsuboyama-Kasaoka et al., 2000; House et al., 

2005). 

The different actions of CLA in live organisms and the different mechanisms of 

action proposed makes CLA a molecule with interesting biochemical properties, but 

at the same time it is difficult to understand the exact role that it plays in the 

different organisms. 
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Table 4: Summary of published reports on the effect of conjugated linoleic acid (CLA) on carcass composition in the pig  

Reference Gender Genetic Wt range CLA 
source 

Dietary 
ingredients Treatments Response CLA 

Dugan et al. 
(1997) 

Barrows, gilts 
n=108 

Landrace x 
(Landrace x 
Large White) 

62-106 
kg 

CLA-50 Wheat-barley-
SBM 

2 % SFO vs. 2 % CLA ↓ SC fat (g/kg carcass), 7 
% 
↑ Lean, 2 % 

Ostrowska et 
al. (1999) 

Gilts n=60 Large White x 
Landrace 

57 -106 
kg 

CLA-55  Wheat-SBM-
peas-blood 
meal-SBO 

0, 0.125, 0.25, 0.5, 
0.75, 1 % CLA 

↑ gain to feed ratio 
↓ SC fat (linear), 20 % 
↑ Lean 
Control 23.5 mm P2 fat 

Dugan et al. 
(1999) 

Barrows, gilts n=54 Landrace x 
(Landrace x 
Large White) 

62-106 
kg 

CLA-50 Wheat-barley-
SBM 

2 % sunflower oil 
vs. 2 % CLA 

↑ IMF, 22 %; contol 1.55 
% in LM 

Dugan et al. 
(2001) 

Barrows n=216 Landrace x 
(Landrace x 
Large White) 

36-115 
kg 

CLA-65 
ME 

Wheat-barley-
SBM-canola 
meal (2-5%) 

0 vs. 0.25 and 0.5 % 
CLA 

↓ SC fat, 11 % at 2% 
canola, 3 % at 5% canola 
Lean ↑, 5 % at 2 % canola  

Thiel-Cooper 
et al. (2001) 

Barrows n=40 Yorkshire x 
Landrace x 
Duroc x 
Hampshire 

26-116 
kg 

CLA-60 Corn-SBM No 
added fat 

0, 0.12, 0.25, 0.5, 1 
% CLA 

↑ gain (linear) 
↓SC fat, quadratic , 10 % 
Control 28.6 mm fat 

Wiegand et 
al. (2001) 

Barrows n=60 Crossbred 40-106 
kg 

CLA-60 Corn-SBM 1.25 % SBO vs. 1.25 
% CLA 

↑ Gain:Feed 
↓ SC 10th rib and last rib 
↑Marbling, 18 %, 19% 
and 17 % in negative, 
carrier or positive stress 
genotype pigs, 
respectively 

Tischendorf 
et al. (2002) 

Barrows, gilts n=80 Pietrain x 
(Landrace x 
Large White) 

24-111 
kg 

CLA-55 Barley-SBM 2 % rapeseed oil vs. 
2 % CLA 

Barrows, ↓ SC fat, 11 % 
Control 26 mm fat 
Gilts, no change 
Control, 20 mm fat 
No effect in IMF 
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Reference Gender Genetic Wt range CLA 
source 

Dietary 
ingredients Treatments Response CLA 

Averette-
Gatlin et al. 
(2002) 

Gilts n=144 Lean genotype 49-113 
kg 

CLA-60 Corn-SBM 0 vs. 
4 g added 
fat/100 g 

1 % corn oil vs. 1 % 
CLA  

No effect of CLA on SC fat 
↑ marbling; 18.8 % 
↑ SFA ↓ MUFA in LM 
Control, 15 mm fat 

Bee et al. 
(2002) 

Barrows and gilts 
n=24 

Swiss Large 
White 

25-105 
kg 

SELIN-CLA Wheat-barley-
oat-yeast and 
wheat bran 

2 % lard; 2 % 
linoleic acid or 2 % 
CLA 

↓ SC in LD (25 % vs. lard, 
20 % vs. linoleic acid) 
↑ SFA ↓ MUFA  
FAS and ME acivities no 
affected 

D'Souza and 
Mullan (2002) 

Females, surgical 
and immunological 
barrows n=116 

Large White x 
Landrace x 
Duroc 

5-110 kg - - - ↓ SC in P2 
↑IMF in females, 24 % 

Joo et al. 
(2002) 

Gilts n=20 Landrace x 
Large White x 
Duroc 

5th 
month-
105 kg 

CLA-91 Commercial 
diet 

0, 1, 2.5, 5 % CLA ↑ IMF, 44 % 
↑ SFA and ↓MUFA in LM 

Smith et al. 
(2002) 

Barrows n=18 Crossbred 5.6 kg-
25.6 kg 

CLA-60 Corn-Soybean 1.5 % beef tallow, 
1.5 % corn oil or 1.5 
% CLA 

Incorporation of c9,t11 > 
t10,c12 (2.54 % vs. 1.62 %) 
↑ SFA, ↓MUFA in SC 

Wiegand et 
al. (2002) 

Barrows n=92 (Yorkshire x 
Landrace) x 
(Duroc x 
Hampshire) 

28-115 
kg 

CLA-60 Corn-SBM 
 

1.25 % SBO vs. 1.25 
% CLA 

↓ SC fat, 20 %; control 26 
mm fat 
↑ loin muscle area, 9 %; 
control 39 cm2 
↑ Marbling, 23 %; control 
2.04 % 
↑ SFA, ↓ MUFA and 
PUFA in LM and SC 

Corino et al. 
(2003) 

Barrows and gilts 
n=36 

Large White 97-172 
kg 

CLA-65  Corn-barley-
wheat bran-
SBM-Meat 
meal 

Lard was replaced 
by 0, 0.25 or 0.5 % 
of CLA 

↓ SC 10th rib, 9 % 
Control 38.5 mm fat 
↓ MUFA in adipose tissue 
↓ ACC in adipose tissue 

UNIVERSITAT ROVIRA I VIRGILI 
EFFECT OF DIFFERENT DIETARY FATORS ON INTRAMUSCULAR FAT CONTENT IN PIGS 
Núria Tous Closa 
Dipòsit Legal: T. 1432-2012 
 



Reference Gender Genetic Wt range CLA 
source 

Dietary 
ingredients Treatments Response CLA 

Dugan et al. 
(2003) 

Barrows n=216 Landrace x 
(Landrace x 
Large White) 

36-115 
kg 

CLA-65 Wheat-barley-
SBM 20 or 50 g 
added fat 

0 v. 0.25 and 0.5 % ↑ IMF, 13 % 
↑ SFA and PUFA and ↓ 
MUFA in SC 

Ostrowska et 
al. (2003a) 

Female n=30 (Large White x 
Landrace) 

57 -106 
kg 

CLA-55 Wheat-SBM-
peas-blood 
meal-SBO 

0, 0.125, 0.25, 0.5, 
0.75 or 1 % CLA  

CLA is primarily 
incorporated into SC and 
to a lesser extent into IMF 
c9,t11 the most abundant 
in SC and c11,t13 in IMF 
tissues 
↑ C14:0, C16:0  and 
↓long chain PUFA in IMF 
and SC 

Ostrowska et 
al. (2003b) 

Female n=30 Large White x 
Landrace 

57-106 
kg 

CLA-55 Wheat-SBM 
Peas-SBO 

0, 0.125, 0.250, 0.5, 
0.75, 1 % CLA 

↓ Feed intake increasing 
dose 
↓ whole body fat 
↑lean mass 

Migdal et al. 
(2004) 

Barrows n=40 (Large White x 
Landrace) x 
Pietrain 

70-130 
kg 

- Wheat-barley-
corn-soyabean 

2 % sunflower oil 
vs. 2 % CLA 

No effect on SC fat or IMF 
↑ SFA and ↓PUFA in LM 

Sun et al. 
(2004) 

Barrows n=54 Duroc x 
Landrace x 
Large White 

64 (6 wk) CLA-68 Corn-SBM-
wheat bran 

4 % SBO, 2 % CLA 
and 2 % SBO, 4 % 
CLA 

↓ SC 10th rib, 10 % and 
last rib, 9 %; control 22.1 
and 17.3 mm fat, 
respectively 
↑ muscle area, 6 % and 
IMF, 29%; control 36.6 
cm2 and 2.4 %, 
respectively 
↑ SFA and ↓MUFA and 
PUFA in loin and SC 
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Reference Gender Genetic Wt range CLA 
source 

Dietary 
ingredients Treatments Response CLA 

Corino et al. 
(2005) 

Barrows and gilts 
n=36 

Goland x Hypor 106-155 
kg 

CLA in 
FFA 

Corn-barley-
wheat 
middings-SBM  

0.75 CLA vs. 0.75 
SBO 

No effect on SC fat 
Control, 23.6 mm fat 

Lauridsen et 
al. (2005) 

Barrows n=100 Danish 
Landrace x 
Danish 
Yorkshire x 
Duroc 

40-
100/130 
kg 

CLA-60 Barley-wheat-
SBM 

1.5 % animal fat 
with 0.5 % 
sunflower oil or 0.5 
% CLA 

No effect on SC fat or IMF 
↑ SFA, ↓ MUFA 

Lo Fiego et al. 
(2005a) 

Barrows and gilts 
n=36 

Large White 97-172 
kg 

CLA-65  Corn-barley-
wheat bran-
SBM-Meat 
meal 

Lard was replaced 
by 0, 0.25 or 0.5 % 
of CLA 

CLA supplementation ↑ 
the amount of CLA in SC 
and IMF (biceps femoris) 
Incorporation of c9,t11 > 
t10,c12 

Weber et al. 
(2006) 

Female n=228 Newsham XL x 
(Duroc x 
Yorkshire 
Landrace) 

59-112 
kg 

CLA-60 Corn-SBM 1 % CLA vs. 1 %SBO ↓ SC 10th rib, 7 %; 
Control, 18 mm fat 
↓ SC last rib, 9 %; Control, 
20 mm fat 
No effect on loin IMF 
↑ SFA, ↓ MUFA in 
inner/outer SC layers and 
LM; ↓ PUFA in LM 

Bee et al. 
(2008) 

Barrows n=32 Swiss Large 
White 

18-104 
kg 

CLA-60 Barley-corn-
wheat-dry 
sugar beet 
pulp-SBM 

2 % extruded 
linseed and linseed 
supplemented with 
1 % CLA 

↓ SC 10th rib, 11% 
↑ SFA ↓ MUFA in LM, SM 
and SC 
Incorporation of c9,t11 > 
t10,c12 
↑ G6PDH ↓ SCD in SC 

Morel et al. 
(2008) 

Female n=64 Duroc x (Large 
White x 
Landrace) 

29-102 
kg 

Sanovite 
(CLA + Vit 
E) 

Barley-wheat-
wheat 
middlings-SBM 

0.614 % 
supplement vs. not 
supplemented 

No effect on SC fat 
↑ IMF in LM 
↑ C 18:0, ↓ C 18:1 
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Reference Gender Genetic Wt range CLA 
source 

Dietary 
ingredients Treatments Response CLA 

Intarapichet 
et al. (2008) 

Males and Females 
n=48 

Duroc x 
(Landrace x 
Large White) 

60 (6 wk) CLA-30 Rice-Rice bran-
soy meal-fish 
meal 

2 % palm oil and 
palm oil 
supplemented with 
0.5 or 1 % CLA 

Loin: ↓ IMF, 37 %; ↓ SFA, 
↓ MUFA; ↓PUFA 
Ham: no effect 
Incorporation of c9,t11 > 
t10,c12; c9,c11; t9,t11 

Larsen et al. 
(2009) 

Barrows n=48 Yorkshire x 
Landrace x 
Duroc x 
Hampshire 

55-113 
kg 

CLA-60 Corn-SBM 1.25 % SBO vs. 1.25 
% CLA 

↑ saturation in belly fat 

Cordero et al. 
(2010a) 

Males and Females 
n=40 

Iberian x 
Duroc 

120-153 
kg 

CLA-60 Barley-wheat-
corn-SBM 

1 % SBO vs. 1 % CLA No effect on SC fat or IMF 
↑ SFA ↓ MUFA in LM and 
SC and↓ PUFA in SC 
Incorporation of c9,t11 > 
t10,c12 
Activities of G6PDH and 
ME were not affected 

Cordero et al. 
(2010b) 

Female Large White x 
(Large White x 
Landrace) 

59-133 kg 
 

CLA-60 Barley-Wheat-
Corn Soya 44 

1 % lard vs. 0.5, 1 , 2 
% CLA 

↑ loin weight, 9 %; control 
4.11 % 
↑ IMF in LM, 19 %; control 
2.04 % 
↑ SFA and ↓ MUFA in LM 
and SC 
Incorporation of c9,t11 > 
t10,c12 

Han et al. 
(2011) 

Barrows and gilts Landrace x 
Large White 

39-108 kg CLA-73 Corn-SBM 0, 0.5, 1, 1.5 % CLA ↑ SFA, ↓ UFA in LM and 
SC 
Incorporation of c9,t11 > 
t10,c12 

Zhong et al. 
(2011) 

Gilts n=72 Duroc x 
Landrace x 
Large White 

60-100 kg - Corn-SBM 2.5 % SFO vs 2.5 % 
CLA 

↑ IMF in LM, 54 %; control 
1.45 % 
↑ SFA, ↓ MUFA in LM 
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Reference Gender Genetic Wt 
range 

CLA 
source 

Dietary 
ingredients Treatments Response CLA 

Barnes et al. 
(2012) 

Barrows n=20 PIC 280 x 
Cambrough 
23 

52-102 kg CLA-60 Corn-SBM 1 % SBO vs. 1 % CLA ↓ SC 10th rib, 16 %; 
control 30.23 mm 
↓ loin area, 6 %; control 
36.29 cm2 

↑ IMF in loin, 35 %; 
control 2.81 % 
↑SFA, ↓MUFA in LM 

ACC: acetyl coenzyme A carboxylase; FFA: free fatty acids; G6PDH : glucose 6-phosphate dehydrogenase ; IMF: intramuscular fat; SBM: 
LM: longissimus muscle; ME : malic enzyme; soybean meal; SBO: soybean oil; SC: subcutaneous fat; SCD : steaoryl CoA desaturase ; SFO: 
sunflower oil; SM: semimembranosus muscle; USF: unsaturated fatty acids; Vit: vitamin; wk: week. Adapted from (Azain, 2003).
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Table 5: Summary of published reports on the effect of conjugated linoleic acid (CLA) on gene expression in different tissues of several 
species 
   Oxidation Cellular 

differentiation FA synthesis FA 
uptake FA desaturation 

Author Organism CLA source PPARα PPARγ SREBP1 FAS ACC LPL D6D SCD 
Brodie et al. 
(1999) 

3T3-L1 preadipocytes Mix isomers of 
9,11 

 ↓ γ2       

Choi et al. 
(2000) 

Mouse 3T3-L1 
adipocytes 

10t, 12c 
c9,11t (no effect) 

 ↑ γ2 
 

 ↑ 
 

   ↓ 1 
↑ 2 

Ding et al. 
(2000) 

Porcine adipocyte 9,11 and 10,12 CLA  =    ↑   

Evans et al. 
(2001) 

3T3-L1 preadipocytes 10t,c12  ↑ γ2 (acute) 
↓ γ2 (chronic) 

      

Meadus et al. 
(2002) 

LD barrows (↑ IMF, 14 
%) 

2 % CLA (9c,11t 
and 10t, 12c) 

= ↑       

Takahashi et 
al. (2002) 

WAT, BAT 
 

CLA (32.9% 
9c,11t/9t,11c, 
33.7% 10t, 12c 
3.8% others) 

 ↓       

Brown et al. 
(2003) 

Human preadipocytes 10t, 12c 
9c,11t 

 ↓ 
↑ 

      

Granlund et al. 
(2003) 

3T3-L1 adipocyte 10t,c12 
c9,11t  (no effect)  

 ↓       

Kang et al. 
(2003) 

3T3-L1 adipocytes 10t, 12c  ↓  ↓     

McNeel and 
Mersmann 
(2003) 

Porcine adipocyte CLA, 9,11 and 
10,12 CLA 

 ↓    ↓   

Meadus 
(2003) 

LT barrows 105kg  2 % CLA (both 
isomers) 

= ↑       

McNeel and 
Mersmann 
(2003) 

Porcine adipocytes 9,11 and 10,12 CLA 
and CLA mix 

 =    =   
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   Oxidation Cellular 
differentiation FA synthesis FA 

uptake FA desaturation 

Author Organism CLA source PPARα PPARγ SREBP1 FAS ACC LPL D6D SCD 
Takahashi et 
al. (2003) 

Liver mouse CLA (9c,11t and 
10t, 12c) 

  ↑ ↑ ↑  ↑  

Tsuboyama-
Kasaoka et al. 
(2003) 

Liver mice CLA (33.0% 9c,11t; 
34.8% 10t, 11c; 
2.4% 
c9,c11/c10,c12; 2% 
t9,c11/t10,t12)  

=  ↑ = ↑ =  ↑ 1 

Warren et al. 
(2003) 

Liver mice 10t, 12c 
9c,11t 

↓ 
↑ 

    = 
= 

  

Brown et al. 
(2004) 

Cultures of stromal  
vascular cells 
containing newly 
differentiated human 
adipocytes 

10t, 12c  ↓       

Kang et al. 
(2004) 

Epididymal adipose 
tissue mice 

10t, 12c  =  ↑    = 1 
↑2 

Lin et al. 
(2004) 

Mammary gland mice 
Liver mice 

9c,11t and 10t, 11c 
(but  10t, 12c is 
more potent) 

   ↓ 
= 

↓ 
= 

  ↓ 
= 

Brandebourg 
and Hu 
(2005a) 

Pig preadipocytes 10t, 12c  ↓ ↓1c      

Bassaganya-
Riera and 
Hontecillas 
(2006) 

Colonic gene 
expression pig 

CLA (9c,11t and 
10t, 12c) 

 ↑       

Zabala et al. 
(2006) 

Hamster adipose tissue 10t, 12c  ↓ ↓1a,1c ↓ ↓    

Zhang et al. 
(2006) 

Spleen chiks after fed 
lipopolysaccharide 

CLA (both isomers)  ↑       
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   Oxidation Cellular 
differentiation FA synthesis FA 

uptake FA desaturation 

Author Organism CLA source PPARα PPARγ SREBP1 FAS ACC LPL D6D SCD 
Rasooly et al. 
(2007) 

Liver mouse 10t, 12c 
9c,11t 

↓ 
= 

  ↑ 
= 

↑ 
= 

   
↑ 

Corl et al. 
(2008) 

Adipose tissue in 
neonatal pigs (↓ by 
CLA) 

1 % CLA (9c,11t 
and 10t, 12c) 

    ↓ ↓   

Jose et al. 
(2008) 

Cultrue of Adipose 
tissue explants of 
growing pigs 

10t, 12c    ↓     

König et al. 
(2008) 

Liver of laying hens CLA (9c,11t and 
10t, 12c) 

=  ↑ 1, = 
2 

     

Zhao et al. 
(2008) 

Liver fish CLA (both isomers) ↑ ↑       

Zhou et al. 
(2008) 

Adipose tissue obese 
rat 

CLA (38.2% 9c,11t 
and 42.3% 10t, 
11c) 

 ↑       

Castellanos-
Tapia et al. 
(2009) 

Muscle tissue mice 
Epididymal adipose 
tissue mice 

CLA (34.4% 9c,11t, 
35.1% 10t, 12c 
4.1% others) 

     ↑ 
↓ 

  

Miranda et al. 
(2009) 

Hamster, 
subcutaneous and 
perirenal adipose 
tissue 

10t, 12c  = = 1a, 1c =  =   

Navarro et al. 
(2009) 

Liver hamsters 10t, 12c ↑    ↑   ↑ 1 

Tarling et al. 
(2009) 

Liver and perirenal 
adipose tissue in 
hamsters (no effects in 
liver) 

10t, 12c (no effects 
9c,11t) 

  ↓   ↓   
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   Oxidation Cellular 
Differentiation FA synthesis FA 

uptake FA desaturation 

Author Organism CLA source PPARα PPARγ SREBP1 FAS ACC LPL D6D SCD 
Wendel et al. 
(2009) 

White adipose tissue 
of ob/ob mice 

CLA (39.2% 
9c,11t and 
38.5% 10t, 
12c) 

= ↓ ↓   ↓   

Ashwell et al. 
(2010) 

Liver mice 10t, 12c         

Jiang et al. 
(2010) 

Backfat finishing pigs 
LD finishing pigs (↑ 54 
% IMF) 

0-1.25-2.5 
%CLA 
(36.9% 
9c,11t, 
37.5% 10t, 
12c 5.4% 
others) 

     = 
= 

  

Lengi and Corl 
(2010) 

Bovine preadipocytes 10t, 12c  =  =    ↓ 1 

Zhai et al. 
(2010) 

3T3-L1 cells 10t, 12c 
9c,11t 

↑↑ 
↑ 

 
 

      

Barnes et al. 
(2012) 

LD barrows 1 % CLA 
(9c,11t and 
10t, 12c) 

 =       

ACC: acetyl-CoA carboxylase; BAT: brown adipose tissue; D6D: delta-6-desaturase; FAS: fatty acid synthase; IMF: intramuscular fat; LD: 
longissimus dorsi; LPL: lipoprotein lipase; LT: longissimus thoracis; PPARα: peroxisome proliferator alpha; PPARγ: peroxisome proliferator 
gamma; SCD: steroyl-Co-A desaturase; SREBP1: sterol regulatory element-binding protein 1; WAT: white adipose tissue. 
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3.5.4. Vitamin intake 

Meat lipids are sensible to oxidation, and incorporation of vitamin E in pig diets 

prevents FA oxidation influencing the organoleptic properties of meat (Lebret et al., 

1999). Hence, feeding supplemental levels of vitamin E is beneficial for improving 

meat color and shelf-life of beef, lamb and pork. 

Several studies in cattle supported that not supplementing diets with vitamin A has 

potential for improving marbling (Table 6). Although fewer studies were performed 

in pigs, some found that ommiting vitamin A in the diets increased IMF content 

(D’Souza et al, 2003) while some others did not or had found the opposite effect 

(Olivares et al., 2009). Thus, studies done in ruminants seem to have a clearer 

response than studies performed in pigs. These findings are in line of ESFA 

recommendations last 2009 of reducing the vitamin A levels in feed for livestock 

without producing negative effects for the animal health or development because 

it was detected that some of the consumers have the risk to exceed the maximum 

safe amount of 3,000 μg/day. 

Vitamin A otherwise called trans-retinol plays a key role in vision, controlling 

animal growth and somehow stimulating nervous system. The vitamin can be 

either consumed in the diet or biosynthesized from β-carotene (Mathews and Van 

Holde, 1966, chapter 19). In intestinal absorptive cells, retinol derived from either 

source is esterified to long chain FA from retinylesters. Retinylesters are then 

packaged in chylomicrons, secreted through the lymphatic system into blood and 

are taken up by the liver, although there is some evidence that a significant amount 

is secreted into portal circulation probably as free retinol. The liver serves as the 

major storage for vitamin A in the body (Harrison, 2012). When a release is 

induced, retinol is mobilized from the liver bound to a protein called serum retinol 

binding protein (RBP). In blood, retinol-bound RBP is associated with a 

homotetrameric protein termed transthyretin (TTR), which, in addition to binding 

RBP, transports thyroxin (T4). The ternary retinol/RBP/TTR complex is the 
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circulating vitamin A source for extrahepatic tissue. Uptake of retinol from blood 

into target cells is mediated by a protein stimulated by retinoic acid (STRA6). In 

target cells, retinol can be stored in form of retinylesters or it can be converted into 

the transcriptionally active metabolites retinoic acids (Berry and Noy, 2012). 

Cellular RA binding proteins types I and II (CRABP-I and CRABP-II) are found in the 

cytosol and in presence of RA may be translocated to the nucleus, where the 

complex associated directly with retinoid receptors mediates the transfer from 

binding protein to the receptor (Theodosiou et al., 2010; Fig. 15) 

Thus, RA can activate two types of receptors of the nuclear receptor superfamily: 

the retinoic acid receptors (RARs), which in vitro bind both all-trans RA and 9-cis RA 

with high affinity, and the retinoid X receptors (RXRs), which in vitro bind 

specifically 9-cis RA. Since RXR is an obligate heterodimeric partner for many 

nuclear receptors involved in metabolism, it is reasonable to assume that vitamin A 

status and retinoid contribute to glucose and lipid homeostasis. RAR-RXR 

heterodimers control the expression of typical retinoid-target genes by binding to 

defined RA response elements (RAREs) in the gene promoter and modulation 

transcription. Several genes encoding protein in lipid metabolism appear to be up-

regulated by retinoids at the transcriptional level by RAR-dependent pathways. 

These include the gene for phosphoenolpyruvate carboxykinase, which is the rate-

limiting enzyme of glyceroneogenesis and gluconeogenesis and the gene for SCD-1 

which converts the SFA into MUFA. RXR can also be activated by other nuclear 

receptors, such as the activation of LXR:RXR and PPAR:RXR upon retinoid binding 

(Bonet et al., 2012). All-trans, 9-cis RA and 13-cis RA are reported as good 

activators of PPARγ expression, hence can be associated to powerful agents for the 

promotion of bovine or rat adipogenesis (Garcia-Rojas et al., 2006; Krskova-

Tybitanclova et al., 2008). Another way for retinoids to regulate lipid homeostasis is 

through regulation of hepatic Srep-1c expression. The retinoid and insulin signaling 

pathways can converge on the same sites in Srebp-1c promoter and synergize to 

induce its expression, and in turn the expression of its downstream lipogenic genes 
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(Zhao et al., 2012). Contrary to this finding Brandebourg and Hu (2005b) were the 

first that observed an inhibitory effect of RA on pig preadipocytes differentiation in 

primary cultures that is mediated by RAR and is correlated with the down 

regulation of PPARγ, RXR and SREBP-1c. Since then several reports observed this 

inhibitory effect: Ziouzenkova and Plutzky (2008) found that apocarotenal 

aldehydes resulting from the metabolization of ß-carotene may also reduce the 

expression of PPARγ and PPARα. Oki et al. (2008) found that RA inhibited 

adipogenic differentiation of DFAT cells, a mature adipocyte-derived preadipocytes 

cell line, without up-regulating the expression levels of adipogenic transcription 

factors and Moon et al. (2008) found that RA down-regulated expression of PPARγ 

in 3T3-L1 preadipocytes culture. Furthermore, nongenomic effects of RA may also 

contribute to its impact on lipid metabolism. These effects involve the modulation 

of the activity of several important protein kinases. In mice, treatment with all-

trans RA results in an increase of FA oxidation in liver, skeletal muscle and adipose 

tissue (Bonet et al., 2012). Recently, was discovered that STRA6 is not only a 

vitamin A transporter but also functions as a surface signaling receptor, inducing 

the expression of PPARγ, which enhances lipid accumulation (Berry and Noy, 2012).  

Taking into account the vitamin A as a regulator for fat deposition, it is suggested 

that the amount of vitamin A included in pig diets may implicate differences in pig 

fat depots. As suggested by the studies realized by Olivares et al. (2009b) who 

found that when vitamin A is added in a large amount (100,000 IU/kg feed), an 

increase of IMF without affecting subcutaneous fat occurred. However, the role of 

vitamin A on fat deposition is not clear because the same group two years later 

found that an increase of IMF occurred when the level of dietary vitamin A was 

reduced from 13,000 to 1,300 IU/kg feed (Olivares et al., 2011). 
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Table 6: Summary of published reports evaluating the effect of vitamin A level supplementation on carcass composition in different 
livestock species. 

Reference Gender Genetic Wt range Supplement of  
vitamin A  Dietary ingredients Response vitamin A 

Studies with beef cattle       
Siebert et al. 
(2006) 

Steers Angus 12 month 
old for 268 
d 

0 vs. 60,000 IU/100 
kg BW/d 

Triticale, wheat, canola 
meal 

No effect of Vit A SCF 
No Vit A 

↑ IMF, 35 % 
Gorocica-
Buenfil et al. 
(2007b) 

Steers 
n=168 

Angus crossbred 295 – 579 
kg 

0 vs. 2,700 IU/kg Corn, SBM No VitA: 
No effect SCF 
↑ Marbling, 10 % (ns) 
↑cell number and ↓ 
diameter in LM IMF 

Gorocica-
Buenfil et al. 
(2007c) 

Steers 
n=60 

Holstein  218 – 588 
kg 

2,200, 0 (131 d), 0 
(243 d) IU/kg 

Corn, wheat, SBM No VitA: 
No effect SCF 
↑ IMF (243 d), 33 % 

Gorocica-
Buenfil et al. 
(2007a) 

Steers 
n=165 

Angus crossbred 300 – 555 
kg 

0 vs. 2,200 IU /kg Corn, SBM, SBO No VitA: 
↑ Marbling, 6 % 

Kruk et al. 
(2008) 

Steers 
n=20 

Angus 332 kg for 
270 d 

0 vs. 60,000 IU/100 
kg BW/d 

Standard feedlot No effect of Vit A SCF and ST 
IMF  
No VitA: 

↑ IMF, 35 % in LM 
Arnett et al. 
(2009) 

Steers 
n=48 

Angus crossbred 233/259 – 
485 kg 

0 vs. 42,180 IU/d SBM No VitA: 
↓ SCF (ns) 
↑IMF (ns), 27 % or 10 % 
for early or traditional 
weaning, respectively 
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Reference Gender Genetic Wt range Supplement of  
vitamin A  Dietary ingredients Response vitamin A 

Studies with lambs       
Arnett et al. 
(2007) 

Wethers 
n=40 

Rambouillet x Finn ewes 
mated to Suffolk x 
Hampshire rams 

29 – 61 kg 56-110 d: 
6,000-6,000 IU/kg 
6,000-0 IU/kg 
0-6,000 IU/kg 
0-0 IU/kg 

Corn, SBM, cottonseed Feeding no VitA for one 
period ↑ SCF 
Feeding no VitA ↓ IMF, 26 % 
(in whole period) 

Arana et al. 
(2008) 

Male 
n=24 

Rasa Aragonesa After birth 
– 17/58 kg 

500,000 IU animal 
twice per week 

Alfalfa, soybean No effect in SCF or LT IMF 
 

Studies with Pigs       
D'Souza et al. 
(2003) 

Females 
n=50 

LW x LD x DU 24 – 104 kg 0 vs. 100 IU/kg Barley, wheat, lupins, 
SBM, Blood meal, fish 
meal, canola oil 

No effect in SCF 
Restricted VitA: ↑ IMF, 54 
% 

Olivares et al. 
(2009a) 

Barrows 
n=128 

DU x (LW x LD) 67.9 – 
125.9 kg 

7,500 vs. 100,000 
IU/kg 

Barley, wheat, corn, 
SBM 

No effect of SCF or IMF 
High VitA: 

↑ SFA in SCF 
↓MUFA in inner SCF 
↑ SFA in neutral lipids of 
liver and LM 
↓PUFA in neutral lipids of 
liver 

Olivares et al. 
(2009b) 

Barrows 
n=256 

DU x (LW x LD) or (LW x 
LD) x (LW x LD) 

56.4 – 
114.5 kg 

0 vs. 100,000 IU/kg Corn, wheat, barley, 
SBO vs. palm oil 

No effect SCF 
High VitA: 

↑ IMF, 20 % in Du but not 
in LW x LD sires 
↑ retinol content in SCF 
and liver but not in LM 
↓ C 18:0 in inner layer SCF 
↑SFA and ↓ MUFA  in LD 
neutral lipids 
↑SFA and ↓ PUFA  in LD 
polar lipids 
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Reference Gender Genetic Wt range Supplement of 
vitamin A Dietary ingredients Response vitamin A 

Olivares et al. 
(2011) 

Barrows 
n=108 

LW x (LW x LD) 55.8 – 
125.7 kg 

13,000; 1,300; 
13,000 (6wk) + 0 
(5w) IU/kg 

Corn, wheat, barley, 
Soybean 

No effect SCF 
High VitA: 

↓ IMF in LM, 21 % 
↓ SFA in outer SCF layer 
↑ SFA and ↓ PUFA  in 
liver 

BW: body weight; d: day; DU: Duroc; IMF: intramuscular fat; LD: Landrace; LW: Large White; LM: longissimus muscle; ns: not significant; 
SBM: soybean meal; SBO: soybean oil; SCF: subcutaneous fat; ST: semitendinosus; VitA: Vitamin A; Wt: weight 
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Fig. 15: Metabolism of vitamin A (A) and transcriptional activation (B) 

From: Theodosiou et al. (2010)  
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3.5.5. Cereal source 

Cereals are the first energy source in the diets. The principal cereal used to 

formulate diets mainly depends on the cereal produced in the region. So, in areas 

where wheat is the major cereal grown, producers, nutritionists, and feed mills are 

all accustomed using formulas based on this cereal, and rather apprehensive when 

presented with corn-based formulas. Corn is certainly an excellent source of energy 

for pigs but it is low in fiber, lysine and tryptophan so it can not be the only cereal 

source of the diet. Wheat is the grain of choice for nursery diets in many countries 

around the world, even where corn is locally available. Wheat has slightly lower 

energy content than corn and it is also low in lysine and threonine. An added 

problem of the use of wheat as the main cereal source is that it has a great amount 

of variability among wheat varieties, and even within batches of the same variety. 

Although, these are the main cereals sources, normally other cereals are added to 

the diet in lower amounts. For example: sorghum that contains about as much 

energy as wheat and in protein quality it resembles to corn; rice which is grown 

mainly for human consumption and as a result its use in pig diets is rather limited; 

oats that are high in fiber and are consequently low in energy; barley that is also 

high in fiber and has a high β-glucan content (anti-nutritional factor); triticale that 

has been often blamed for unpalatability, ergot infestation, and high pentosan 

(anti-nutritional factor); rye that is extremely high in pentosans and other anti-

nutritional factors; or cassava that has practically the same feeding value as corn 

but inclusions of 50% depresses weight gain and feed efficiency.  

Because cereal sources vary in the nutritional composition, feeding animals with 

one source compared with another may interfere in the growth performance 

parameters and in consequence pig adiposity. Hence, higher fatness was observed 

in animals fed a diet based on barley while IMF was higher in animals fed corn 

based diets (Bout and Girard, 1988). Lampe et al. (2006) and Daza et al. (2010) 

found that pigs fed barley based diets will reduce costs of feeding and may increase 
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IMF, SFA and MUFA in subcutaneous fat compared with corn based diets. Using 

corn batches differing just in 0.3 % of linoleic acid content in diets can lead to 

significant differences in fatty acid composition of fats depot (Della Casa et al., 

2010). So, it can be concluded that cereal source and the variability within the 

cereal variety or batch may affect the growth performance, fat deposition and 

composition in pigs.   
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