
 

 

ABSTRACT 

 

ROSERO, DAVID. Nutritional Value of Dietary Lipids in Lactating Sow Diets. (Under the 

direction of Dr. E. van Heugten). 

 

The modern lactating sow requires a large amount of energy and nutrients to support 

her progeny. Supplemental lipids can increase caloric intake and consumption of essential 

fatty acids (EFA, linoleic and α-linolenic acid). Supplemental EFA during lactation benefits 

not only the development of the nursing piglet, but also the subsequent reproductive cycle of 

sows. Thus, our working hypothesis was that dietary supplementation of lipids, as sources of 

EFA, increases the milk secretion of EFA for the nursing piglet and improves the subsequent 

reproduction of the sow. The objective of the first experiment (Chapter II) was to determine 

the impact of supplemental lipids, on sow milk composition and the balance of EFA during 

lactation. Fifty sows were randomly assigned to a 2 x 2 factorial arrangement plus a control 

diet without added lipids. The factors included linoleic acid (2.1 and 3.3%) and α-linolenic 

acid (0.15 and 0.30%). As expected, milk output and the balance (intake minus output in 

milk) of linoleic (P<0.001) and α-linolenic acid (P<0.01) during lactation increased in a 

dose-response manner. It was concluded that, depending on the source, supplemental lipids 

increased consumption, output in milk and balance of EFA during lactation.  

 The objective of experiment 2 (Chapter III), was to define the levels of EFA required 

by the lactating sow for optimal subsequent reproduction. Data were collected from 480 sows 

(equally balanced by parity 1, and 3 to 5, P3+), assigned randomly to a 3 x 3 factorial 

arrangement plus a control diet without added lipids. Factors included: a) linoleic acid (2.1, 

2.7 and 3.3%) and b) α-linolenic acid (0.15, 0.30 and 0.45%). For parity 1 sows, 

supplemental α-linolenic acid linearly reduced the farrowing rate (P<0.001). 



 

 

Supplementation of linoleic acid increased the subsequent litter size (P=0.029) and, 

depending on parity, improved the subsequent reproduction of sows. For P3+ sows, 

supplemental linoleic acid at 2.7% (in diets containing less than 0.30% α-linolenic acid) 

improved farrowing rate (P=0.072). This suggested that the n-6:n-3 fatty acid ratio plays an 

important role in the reproduction of sows.  

We conducted the next experiments to investigate the nutritional value of sources of 

lipids with varied chemical composition and lipid peroxidation status. In experiment 3 

(Chapter IV), we used a total of 21 diets (85 sows) consisting of 4 levels of free fatty acids 

(FFA) and 5 levels of unsaturated to saturated (U:S) fatty acid ratio in a 4 x 5 factorial 

arrangement plus a control diet without added lipids. Apparent fecal lipid digestibility was 

reduced as FFA level increased (P<0.001) and improved as U:S fatty acids ratio increased 

(P<0.001). Prediction equations were developed to predict the digestible energy content of 

lipids, which will facilitate the nutritional and economical evaluation of different commercial 

lipid sources. Subsequently, in experiment 4 (Chapter VI), we focused on the impact of lipid 

peroxidation on nutrient digestibility and intestinal integrity in nursery pigs. A total of 216 

weaned pigs (6.5 ± 0.1 kg) were randomly allotted within weight blocks and sex and fed 

dietary treatments for 35 d. Treatments included a control diet (no added oil), and diets 

supplemented with 6% soybean oil previously exposed to heating (80°C) and constant 

oxygen flow (1 L/min) for 0, 6, 9 and 12 d. Peroxidized lipids reduced feed intake (P<0.001) 

and weight gain linearly (P=0.02). Increasing peroxidation linearly reduced the apparent 

fecal digestibility of fat (P<0.001) and the absorption of D-xylose (P=0.09) and mannitol 

(P=0.10). Detrimental effects were related with increased malondialdehyde (quadratic, 

P=0.04) and reduced total antioxidant capacity (linear, P=0.04) in jejuna mucosa.  



 

 

In conclusion, our studies demonstrated that supplementation of EFA improved the 

subsequent reproductive performance of sows. Presumably, supplementation of EFA corrects 

a potential negative balance if lipids are not supplemented to lactation diets. We estimate that 

provision of 100 g/d of linoleic acid to lactating sows will ensure adequate consumption of 

this fatty acid and prevent any negative balance. In addition, we showed that the nutritional 

value of supplemental lipids may be impacted by chemical composition and lipid 

peroxidation status.   
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Nutritional value of lipid supplementation for the modern lactating sow: A review 
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Introduction 

The modern lactating sow requires a large amount of energy and nutrients to support 

her progeny because milk production has a high priority (Pettigrew and Moser, 1991). More 

than 80% of the caloric intake by the sow is utilized for lactation purposes (Boyd and 

Kensinger, 1998). Limitation of feed intake is challenging for the sow, resulting in the 

mobilization of body reserves to replace the nutrient deficiency. Caloric intake can be 

increased by feeding supplemental lipids to lactating sows, in spite of feed intake reductions 

stemming from external factors such as high temperatures. Although, supplemental lipids are 

extensively used in sow lactation diets as concentrated sources of energy, their nutritional 

value is not limited to energy as lipids are also important sources of essential fatty acids 

(EFA, linoleic acid, C18:2n-6; and α-linolenic acid, C18:3n-3).  

The objectives of the present review are 1) to review research related to the use of 

supplemental lipids in diets of the modern and high-producing lactating sow, 2) to summarize 

the potential benefits of supplemental EFA during lactation, and 3) to summarize the impact 

of lipid quality utilization by sows. 

The modern and high-producing lactation sow 

Improvements in genetics and management have resulted in a prolific (14.6 pigs per 

litter) and high-producing (26.6 pigs weaned per year) modern lactating sows (upper 10 

percentile, PigChamp, 2011). For larger and rapid-growing litters (10.2 weaned pigs growing 

at 2.46 kg/d), the demand for milk production has increased dramatically, as the modern sow 

needs to produce nearly 10 kg of milk/d, which is much greater than the standard sow of the 
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past, producing about 7.5 kg/d (Boyd et al., 2000). Indeed, milk production can exceed 13 

kg/d for elite sows, nursing litters that grow at 3.48 kg/d. Nevertheless, the development of 

the modern lactating sow has also resulted in an animal with less body fat reserves and lower 

appetite (Hermesch et al., 2008). 

Ensuring the consumption of optimal nutrient and energy levels becomes particularly 

important during lactation to maximize lactation output and long-term productivity. 

Maximization of nutrient intake becomes challenging depending on management and 

environmental circumstances. First-parity sows, are vulnerable to nutrient deficiencies 

because they are physiologically younger and caloric intake is partitioned into body growth 

while lactating (Aherne and Williams, 1992; Pluske et al., 1998). In addition, lactating sows 

that are exposed to high ambient temperatures limit their feed consumption (Messias de 

Braganca et al., 1998; Quiniou and Noblet, 1999), because heat stress imposes physiological 

and metabolic challenges to sows (Lambert, 2009; Pearce et al., 2012). The lactating sow will 

mobilize body protein and fat if there is a limitation in nutrient intake, because milk 

production for progeny is a high priority (Pettigrew and Moser, 1991). Excessive 

mobilization of body tissues during lactation compromises the subsequent reproductive 

performance of sows (Tritton et al., 1996). King (1987) found a positive correlation (R
2 

= 

0.63) between lean loss and wean-to-estrus interval. Moreover, Hughes (1993) concluded 

that back fat losses greater than 2 mm during lactation compromise life-time pig output of 

sows. Thus, meeting the optimal nutrient level during lactation is highly important, not only 

to maximize lactation output but also to maximize the subsequent reproduction of sows. 



 

 

 

4 

Supplemental lipids are of particular importance in sow nutrition programs due to the 

higher energy density and lower heat increment associated with digestion and metabolism 

when compared to carbohydrates, fibers and proteins (O’Grady et al., 1985; Pettigrew and 

Moser, 1991). This improved efficiency may confer to lipids a greater nutritional value when 

used in lactation diets (Pettigrew and Moser, 1991). 

Effect of lipid supplementation in lactation diets 

The use of supplemental lipids in lactation programs has focused on 4 specific 

objectives: 1) increase caloric intake by sows, 2) reduce sow body tissue mobilization, 3) 

increase milk production and milk fat content and 4) improve piglet growth rate during 

lactation. These potential benefits of supplemental lipids on the lactating sow and her 

progeny have been extensively studied over 30 years, but results from studies are not 

consistent. Different responses by the lactating sow to supplemental lipids may be due to 

source of lipids used, age of the sow (parity 1 vs. mature sows), ambient conditions 

(thermoneutral vs. high ambient temperature), genetic line of sows, experimental design (e. 

g. number of replicates), etc. Pettigrew (1981) examined published data to evaluate the 

effects of supplemental dietary lipids on milk fat secretion and piglet survival and growth 

performance. Later, Pettigrew and Moser (1991) updated that review and included data of the 

effects of supplemental lipids on daily feed intake, sow performance and subsequent 

reproductive performance. In the present review, we summarized the results from 17 

published studies from 1989 to 2012 that were not included in previous reviews and reported 

on the supplemental dietary lipids on lactating sows.  
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Effect of supplemental lipids on feed and caloric intake by sows 

Data for average daily feed intake (ADFI) and averaged daily energy intake (ADEI) 

were analyzed from 11 published studies (Table 1). From these studies, it was calculated that 

ADFI averaged 5.1 kg/d (range of 3.3 to 7.2 kg/d) and ADEI averaged 17.4 Mcal ME/d 

(range of 10.9 to 30.5 Mcal ME/d). In general, it appears that lipid supplementation reduced 

ADFI (average of results from studies = 0.18 kg/d). A great proportion of the variation in the 

reduction of ADFI was explained by the level of lipid supplementation (R
2
 = 0.49; Figure 1). 

It is important to note that the studies examined in this analysis used levels that ranged from 

2 to 12% added lipids and most of the studies (8) used levels greater than 8%. Dose-response 

studies were conducted by Christon et al. (2005; used 0, 6 and 12% added lipids) and Rosero 

et al. (2012a, b; used 0, 2, 4 and 6% added lipids); the latter used levels less than 8% added 

lipids. Although supplemental lipids reduced ADFI, ADEI increased by 1.15 Mcal ME/d 

compared to diets without added lipids. This increase in caloric intake is in close agreement 

to the 1.24 Mcal/d presented in the review by Pettigrew and Moser (1991). In most of the 

studies (8), there was a reduction in ADFI to supplemental lipid. The ability of animals to 

regulate feed intake based on energy content of the diet may explain this response. Although 

ADFI was reduced by lipid supplementation, ADEI consistently increased (positive 

responses in 11 studies).  

A great variety of lipid sources (13 different sources) have been used in the studies, 

but the effects of lipid source on ADFI and ADEI were specifically investigated only in three 

studies (Averette Gatlin et al., 2002; Lauridsen and Danielsen, 2004 and Rosero et al., 
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2012b). None of these studies reported significant differences in ADFI and ADEI between 

sources.  

Lipid supplementation seems to be particularly important for animals that are 

experiencing heat stress because it has a lower heat increment associated with digestion and 

metabolism (Kleiber, 1961; Pettigrew and Moser, 1991). Two published studies (Schoenherr 

et al., 1989; Christon et al., 2005) compared the effects of lipid supplementation on lactating 

sows housed under different ambient temperatures (Table 2). The other 2 studies (Rosero et 

al., 2012a, b) were conducted using sows that were exposed to high ambient temperatures 

(daily temperatures averaged 27ºC). Under thermoneutral conditions, sows fed lipid 

supplemented diets (added lipids averaged 7%) reduced their feed intake by 0.70 kg/d and 

slightly increased energy intake by 0.63 Mcal ME/d, compared to sows fed diets without 

added lipids. In contrast, sows housed under high ambient temperatures increased feed intake 

by 0.22 kg/d and greatly increased energy intake by 2 Mcal ME/d when lipids were 

supplemented to diets. The lower heat increment of lipids seems to be advantageous when 

feed intake is limited in sows due to heat stress conditions because dissipating heat including 

diet generated is a primary problem imposed on the animal. 

Effect of supplemental lipids on lactating sow performance 

Lipid supplementation enhanced caloric intake by sows, which could reduce tissue 

mobilization from the body for milk production (Boyd et al., 2000). Nutrition programs (diet 

composition and feeding method) are designed to lower body fat and protein losses to 

improve subsequent reproductive performance (King, 1987; Touchette et al., 1998). A total 
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of 13 published studies, from 1989 to 2012, that investigated the effects of supplemental 

lipids on sow BW change during lactation, are summarized in Table 3. In general, there is a 

slight (1.0 kg of BW gain when compared to diets without added lipids) but inconsistent (13 

positive and 7 negative responses) benefit of supplemental lipids to reduce sow BW loss. 

Only 3 studies (Shurson and Irvin, 1992; McNamara and Pettigrew, 2002; Rosero et al., 

2012b) reported statistically improvements from supplemental lipids. This positive response 

depended on the genetic line (Landrace, but not Duroc sows responded positively; Shurson 

and Irvin, 1992), lipid source (added CWG, but not A-V blend; Rosero et al., 2012b), 

ambient condition, etc. Table 4 summarizes 4 studies (Schoenherr et al., 1989; Christon et al., 

2005; Rosero et al., 2012a, b) that investigated the effects of supplemental lipids when sows 

were housed under thermoneutral and high ambient temperatures. Data from these studies 

suggested that under thermoneutral conditions (< 23.7ºC) the response of sows to 

supplemental lipids was negative (-4.3 kg BW loss when compared to diets without added 

lipids). However, for sows housed under high ambient temperatures (> 27 ºC) there was a 

positive response (4.6 kg of BW gain when compared to diets without added lipids), which 

was likely due to the greater caloric intake when lipids were supplemented to diets (as 

discussed above). 

Compared to body protein, body fatness is less difficult to assess because fat tends to 

be deposited externally in the sow. Back fat thickness may be estimated by the use of 

ultrasound technology measuring back fat thickness at P2 (between the 9
th

 and 10
th

 rib, 10 cm 

from the mid-line). Data from 8 published studies that investigated the effect of supplemental 
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lipid on back fat change during lactation are presented in Table 5. Similar to sow BW 

change, there was a slight (0.32 mm of back fat gain when compared to diets without added 

lipids), but inconsistent positive response (5 positive and 3 negative responses) in back fat 

gain with lipid supplementation. It is plausible that supplemental lipids also have a greater 

positive effect on back fat change on sows housed under high ambient temperatures, as 

supported by the greater caloric intake and improvements in sow BW change; however there 

were insufficient published data to verify this hypothesis. 

Effect of supplemental lipids on milk production and milk composition 

Studies conducted by Harrell et al. (1993) showed that piglets that were artificial 

reared on milk replacer grew 70% faster and were 53% heavier at 21 d of lactation when 

compared to piglets reared by the sow. This suggests that milk production of sows constrain 

the biological potential of pigs. Sauber and co-workers (1994) provided evidence that 

capacity of milk production in lactating sows is greater than observed under normal 

circumstances. In this study, sows had an extraordinary stimulus by alternatively nursing two 

groups of pigs and produced 14.1 kg/d. A thorough description of important determinants of 

milk nutrient secretion is available in the excellent review by Boyd and co-workers (1995). 

They concluded that level of milk nutrient secretion may be influenced by nutrient intake and 

optimum endocrine stimulation. Tokach et al. (1992) demonstrated that energy intake by 

lactating sows greatly impact milk synthesis. Supplemental lipids may increase caloric intake 

needed for lactation purposes and increase milk fat while reducing the high energy cost of de 

novo fatty acid synthesis that is high in sows (for review, see Boyd and Kensinger, 1998). 
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In a previous review, Pettigrew (1981) summarized the effects of supplemental lipids 

on milk production and milk fat output and concluded that improvements in milk production 

(increased by 0.77 kg/d when compared to diets without added lipids) and milk fat 

concentration (0.83%) were not statistically significant. However, the amount of milk fat 

secreted (104 g/d) was greatly increased by supplemental lipids. In the present review, we 

summarized the results of 9 studies that investigated the effects of lipid supplementation on 

milk production and milk fat output (Table 6). In some of these studies, milk production was 

estimated using the rate of gain of piglets as an indicator and using the regression equation 

proposed by Noblet and Etienne (1989) [milk (g·pig
-1

·d
-1

) = (2.50 × ADG) + (80.2 × BW) + 

7, where ADG is the pig daily gain (g) and BW is the pig BW after cross-fostering (kg)]. In 

the other studies, milk production was estimated by using a different method (e.g. weigh-

suckle-weigh) or a different equation (e.g. regression equation proposed by Lewis et al., 

1978). To be consistent, we applied the Noblet and Etienne (1998) equation to all of the 

studies using the data provided for litter performance. After the equation was applied, milk 

production averaged 6.94 kg/d (ranging from 4.64 to 10.17 kg/d) and milk fat output 

averaged 541 g/d (ranging from 297 to 860 g/d). There was a positive (0.36 kg/d increase 

when compared to diets without added lipids) and consistent response (11 positive and 4 

negative responses) on milk production when lipids were supplemented to diets. However, 

none of these studies reported significant responses. A greater (73 g/d) and more consistent 

(14 positive and 1 negative response; 4 positive responses were significant) response was 

observed for milk fat output when lipids were supplemented to diets. 
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Age of the sow, level of lipid supplementation (Figure 2) and ambient temperature 

influenced the response to supplemental lipids. Averette et al. (1999) observed that, in mature 

sows (parity 3-5) milk fat content increased on d 2 to 3 of lactation when sows were fed diets 

supplemented with 10% choice white grease, but no response was observed in parity 1 sows. 

Schoenherr et al. (1989) compared the response of sows housed thermoneutral and high 

ambient temperatures and concluded that for thermoneutral conditions milk production was 

reduced by lipid supplementation (by 0.31 kg/d compared to diets without added lipids), 

whereas for high ambient temperatures milk production was improved (0.15 kg/d). The 

response for milk fat output was greater for sows housed under high ambient temperatures 

(32ºC; increased by 90 g/d) than for sows housed under thermoneutral conditions (20ºC; 61 

g/d). 

Effect of supplemental lipids on litter performance 

The increased milk fat output by sows fed supplemental lipids may confer an 

advantage to the nursing piglet and may result in greater growth rate and greater BW at 

weaning. In a previous review, Pettigrew (1981) summarized early studies and concluded 

that supplemental lipids slightly improved weaning weight of piglets, but only when lipids 

were supplemented at least at 8% of the diet. It was also concluded that supplemental lipids 

could improve piglet survival by 2.3% when piglet mortality of the herd was > 20%, for 

piglets with low BW at birth, and when lipids were supplemented to both gestation and 

lactation diets. Supplemental lipids in gestation diets may have potential benefit because they 

may increase body fat of piglets at birth (Boyd et al., 1979). This may be particularly 
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important considering the reduced body fat of piglets at birth (< 2%; Seerley et al., 1974) and 

the rapid depletion of glycogen reserves (Boyd et al., 1978) within the first 2 d. In a later 

review, Pettigrew and Moser (1991) confirmed the benefits of supplemental lipids during 

gestation and lactation on piglet survival. It was also concluded that supplemental lipids 

improved the litter (by 1.65 kg when compared to diets without added lipids) and piglet (by 

118 g) BW at weaning. 

For the present review, we have analyzed data from 14 published studies from 1992 

to 2012 (Table 7). We observed that piglet mortality averaged 13.4% and ranged from 2 to 

27% in these studies. Dietary supplementation of lipids slightly improved (1% when 

compared to diets without added lipids) piglet survival but this response was inconsistent (10 

positive and 8 negative responses). Indeed, 3 studies (Averette et al., 1999; Rosero et al., 

2012a, b) reported a significant reduction in piglet survival. Most of the studies used in this 

review (with the exception of Quiniou et al., 2008) investigated the effects of supplemental 

lipids only in lactation diets. These data supported the hypothesis that the positive effect of 

supplemental lipids on piglet survival is observed when lipids are supplemented to both 

lactation and gestation diets. Moreover, it was estimated that litter growth rate averaged 2.12 

kg/d and ranged from 1.43 to 3.06 kg/d. The effect of supplemental lipids on litter ADG was 

greater (0.12 kg/d improvement when compared to diets without added lipids) and more 

consistent (14 positive and 4 negative responses; 7 positive and 1 negative responses were 

significant). This indicated that the greater amount of milk fat output benefited the growth 

rate of piglets.  
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In summary, the review of the results of published studies indicated that 

supplemental lipids reduces feed intake but increases caloric intake of sows by 1.2 Mcal/d. 

The positive effect of supplemental lipids on caloric intake slightly improved sow BW 

change and back fat thickness (relative to treatments without added lipids) during lactation, 

but this positive response was not consistent. Because lactation is a priority, the increase in 

caloric intake by sows appeared to be partitioned into milk fat secretion, as indicated by the 

greatly increased milk fat output. Finally, the increase in milk fat output resulted in greater 

litter growth rate. Some of the inconsistencies in the response of sows to supplemental lipids 

may be explained by the different ambient conditions, age of sows, level of lipid 

supplementation, etc. Most of the studies used levels greater than 8% added lipids, but there 

is a practical limitation to the addition of high amounts of lipid addition to diets related to 

feed manufacturing, especially if diets are pelleted. Rosero et al. (2012a, b) demonstrated this 

in their studies involving relatively low lipid addition to diets (0, 2, 4 and 6%).Quality of 

pellets and increased fines increased linearly which resulted in increased feed wastage. 

Supplemental lipids as sources of essential fatty acids  

The studies conducted by Rosero et al. (2012a, b) caused one to consider the fact that 

lipids bring specific fatty acids that are known to be essential to performance. 

Supplementation to lactation diets resulted in a gentle positive effect for sow performance, 

but remarkably improved the subsequent reproductive cycle of sows. We hypothesized that 

the benefit of lipid supplementation was due to the provision of EFA (linoleic acid, C18:2n-

6; and α-linolenic acid, C18:3n-3) to sows during lactation. 
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The essentiality of these fatty acids in animals is due to the absence of desaturase 

enzymes that are able to introduce double bounds distal from carbon 10 of octadecenoic 

acids. Ingestion of EFA, provided in sow milk, is vital for the nursing piglet because these 

fatty acids are important in the development and growth of key tissues (brain, eyes) and are 

required for biological processes (Innis, 1991; Hornstra, 2000). If provided in the diet, it 

appears that the sow will favor the deposition of EFA, at the expense of oleic acid, in the 

milk (Fritsche et al., 1993; Farmer and Petit, 2009). Modification of milk composition by 

increasing EFA may benefit the development of the piglet and improve litter performance 

during lactation (Rooke et al., 2001; Mateo et al., 2009; Tanghe et al., 2014). Furthermore, 

EFA are precursors of hormones important for reproduction (for review, see Weems et al., 

2006), which suggests that supplementation during lactation may affect the subsequent 

reproduction of sows (Mateo et al., 2009; Smits et al., 2011).  

Metabolism of essential fatty acids 

The two essential groups of fatty acids are the “omega-3” or n-3, and the “omega-6” 

or n-6 families. Animals can convert dietary fatty acids of 18 carbons (octadecenoic acids: 

linoleic and α-linolenic acid) to long chain PUFA (LC-PUFA) by microsomal desaturase and 

enlongase enzymes (Sprecher, 2000). In the n-6 family, linoleic acid can be converted into -

linolenic (18:3n-6), dihomo--linolenic (20:3n-6), arachidonic (ARA, 20:4n-6) and other 

fatty acids. In the n-3 family, -linolenic acid (18:3n-3) can be converted to eicosatetraeonic 

(20:4n-3), eicosapentaenoic (EPA, 20:5n-3), docosahexaeonic acid (DHA, 22:6n-3) and 

other fatty acids (for review, see Palmquist, 2009). Conversions of octadecenoic acids to LC-
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PUFA are mediated by enzymes that are shared by the n-3 and n-6 fatty acids. These 

enzymes have greater affinity for n-3 fatty acids than for n-6 fatty acids. Thus, conversion of 

n-6 fatty acids to LC-PUFA is reduced by increasing the availability of n-3 fatty acids 

(lowering the n-6:n-3 fatty acid ratio). 

The n-3 and n-6 fatty acids are precursors of diverse eicosanoids by different 

pathways, in which enzymes such as cyclooxygenase, lypoxygenase, and cytochrome 

epoxygenase are involved. Prostanoids include prostaglandins (of series 1, 2, and 3), 

leukotrienes and thromboxanes. There are different classes of prostaglandins named with 

letters (A to K), followed by a numeric subscript (1 to 3) to denote the number of double 

bonds in the alkyl chains. The number of double bonds depends on the nature of the fatty 

acid precursor. Dihomo--linolenic acid is a precursor of prostaglandins with 1 double bound 

(1-series), ARA is a precursor of prostaglandins 2-series and EPA originates prostaglandins 

3-series (for review, see Palmquist, 2009).  

The role of n-6 fatty acids in lactating sow performance 

Dietary supplementation of ARA to piglets has been shown to have a protective 

function of the intestine (Jacobi et al., 2011). In addition, birth and weaning weights of 

nursing pigs seems to be correlated to the ARA status in tissues of piglets (Laws et al., 2007; 

Tanghe et al., 2014). However, to our knowledge, there is only one study that investigated 

the effects of supplemental linoleic acid during lactation. Kruse et al. (1977) fed lactating 

sows increasing amounts of linoleic acid (30, 75 and 125 g/d by adding to diets 0, 2 and 4% 

soybean oil, respectively). These lactating sows weaned a relatively low number of slowly-
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growing pigs (weaned pigs = 7.1 and litter growth rate = 1.36 kg/d). It was estimated that the 

amount of linoleic acid secreted in milk (23, 48 and 57 g/d, respectively) was much lower 

than the amount consumed. These authors did not observe improvements in sow performance 

and suggested that the diet without supplemental linoleic acid beyond that provided by a 

practical diet without added lipids seemed to be sufficient, for relative low pig output. 

Research in this area has been limited because lactation diets, based on commonly used 

cereal grains and protein supplements, provide the amounts of linoleic acid required for that 

level of sow productivity. The modern, highly prolific sow (weans 10 to 12 pigs with a litter 

growth rate > 2.4 kg/d; Boyd et al., 2000). Significantly greater pressure for milk production 

and milk fatty acid output exists. Under these conditions, a diet without supplemental linoleic 

acid may result in deficiencies that could affect either or both piglet performance or more 

especially subsequent reproduction of sows. 

The role of n-3 fatty acids in lactating sow performance 

In contrast to n-6 fatty acids, supplementation of n-3 fatty acids in sow lactation diets 

has been of greater interest because common lactation diets have limited levels. It appears 

that these fatty acids may benefit health and neonatal development (Rooke et al., 2001; 

Mateo et al., 2009; Odle et al., 2014). The desirable outcome of supplementing lactation diets 

with n-3 fatty acids (using lipids from either plant or marine origin) is to increase 

concentrations of EPA and DHA in piglet tissues. There is strong evidence suggesting that 

DHA plays an important role in the development of the brain and cognitive and neural 

functions (for review, see Innis, 2007). Although conversion from α-linolenic acid to EPA 
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and DHA seems to be limited in mammals (for review, see Palmquist, 2009), some 

researchers reported that supplemental flaxseed oil (rich in α-linolenic acid) in sow lactation 

diets resulted in increased concentrations of DHA in piglet’s brain (Gunnarsson et al., 2009). 

Rooke et al. (2001) and Farmer et al. (2010) demonstrated that supplementation of n-3 fatty 

acids to lactating sows reduced mortality of piglets. However, other researchers (Mateo et al., 

2009; Smits et al., 2011) have not observed a positive impact in piglet survival or litter 

growth rate. The potential benefits of supplementing α-linolenic acid to sows on litter 

performance are still controversial as results of published studies are inconsistent. 

Supplemental n-6 and n-3 fatty acids may also impact subsequent reproduction of sows (e.g. 

farrowing rate and subsequent litter size) and will be discussed in the next section of this 

review. 

The role of the n-6:n-3 fatty acid ratio  

It has been extensively documented that increasing the level of α-linolenic acid 

(lowering the n-6:n-3 fatty acid ratio) results in decreased conversion of linoleic acid to LC-

PUFA and increased conversion of  α-linolenic acid to its derivatives. These EFA are 

competitive substrates for the desaturase enzyme (Δ
6
) that has greater affinity for α-linolenic 

acid (Sprecher, 2000). Turek and co-workers (1996), it was demonstrated that the n-6:n-3 

fatty acid ratio in the lipids of alveolar macrophage was inversely related to the severity of 

lung lesions in pigs. Eastwood (2012) concluded that different n-6:n-3 fatty acid ratios (10, 5 

and 1 using canola and flaxseed oil) could modulate the energy balance of sows during 

lactation.  
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Balance of essential fatty acids during lactation 

 Three published studies (Lauridsen and Danielsen, 2004; Rosero et al., 2011; 

Eastwood, 2012) provided sufficient data regarding fatty acid composition (both diet and 

milk), feed intake and litter growth performance. Their data were used to estimate the EFA 

balance (dietary input minus output in milk). For sows fed typical corn-soybean meal diets 

without added lipids, linoleic acid intake was estimated to be 65 g/d and the amount of 

linoleic acid secreted in milk averaged 70 g/d. This suggests that sows were in a negative 

balance of linoleic acid, when lipids were not supplemented to the diets. Increasing 

supplementation of lipids containing linoleic acid increased intake and output in milk and 

corrected the negative balance during lactation (Figure 3). Moreover, we estimated a gross 

intake of α-linolenic acid of 4.5 g/d and output of 3.7 g/d secreted in milk, if lipids were not 

supplemented to diets. The balance of α-linolenic acid seemed to be positive, but relatively 

low. Similarly to the balance of linoleic acid, lipid supplementation (especially sources such 

as flaxseed and rapeseed oils) increased the intake, output in milk and balance of this fatty 

acid (Figure 4). 

Current recommendations for essential fatty acids in sow lactating diets 

Despite the essentiality of EFA during lactation, current dietary recommendations for 

sows (NRC, 2012) specify a low requirement for linoleic acid (0.1% of the diet or 6 g/d, 

assuming a feed intake of 6.28 kg/d) and no requirement minimum or maximum estimate for 

α-linolenic acid is specified. It is important to note that this requirement of linoleic acid is 

based on studies using growing pigs (Christensen, 1985), because studies using lactating 
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sows are limited. We suggest that the application of this requirement to sow lactation diets 

may be inaccurate because obvious differences in physiological state between growing pigs 

(positive energy balance) and lactating sows (negative energy balance). Compared to the 

least amount of linoleic acid secreted in milk (70g/d, discussed above), the current 

recommendation estimate of 6 g/d is logically too low. 

In summary, there is strong evidence that supplementation of EFA during lactation 

benefits the development of the nursing piglet. However there are few studies that could be 

used to determine requirement estimates for these fatty acids. There likely is a negative 

balance of EFA during lactation if sows are fed diets without added lipids, but this can be 

easily corrected by supplementation.  

Impact of supplemental lipids on subsequent reproductive performance of sows 

The main objectives of a farrow-to-weaning commercial operation are: 1) to 

maximize the number of healthy pigs weaned, 2) to maximize the biological potential of 

growth of piglets, and 3) to maximize the number of reproductive cycles of the sow. Optimal 

nutrition programs (diet composition and feeding method) can be designed to prevent 

excessive body tissue mobilization of sows during lactation and thus, maximizing the life-

time productivity of sows. Touchette et al. (1998) provided evidence that nutrition during 

lactation can impact the subsequent reproduction by demonstrating that increased lysine 

intake by parity 1 sows (from 32 to 52 g/d) increased the number of pigs born in the 

subsequent cycle by 1.2. Hughes (1993) illustrated that low back fat thickness before (back 

fat below 12 mm) and after lactation (10 mm) compromises the subsequent reproductive 
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performance of sows. In recent studies (Rosero et al., 2012a, b), we showed strong evidence 

that lipid supplementation improved the poor subsequent reproductive performance of 

lactating sows exposed to high ambient temperatures and fed diets without supplemental 

lipids (farrowing rate < 72%).  

The effect of supplemental lipids on the subsequent reproductive performance of 

sows was reviewed using 4 published studies (Table 8). Positive responses were reported in 

all the studies that presented data for wean-to-estrus interval, but only 1 studies observed a 

significant improvement (Quiniou et al., 2008). Supplementation of lipids to lactation diets 

reduced the wean-to-estrus interval by 1.2 d. Supplemental lipids also improved responses 

for farrowing rate. The two studies (Rosero et al., 2012a, b) that reported greater and 

significant differences for farrowing rate (increase by 10.3% when compared to treatments 

without supplemental lipids) were conducted during the summer months.  

 Recent studies conducted by our group (Rosero et al., 2012a, b), demonstrated 

improvements for culling rate (9% reduction when compared to diets without supplemental 

lipids) with increasing supplementation of lipids to lactation diets. There is insufficient data 

to determine if supplemental lipids can improve the subsequent litter size. Shurson et al. 

(1986) reported a negative response (-1 pig in the subsequent litter size; total pigs born per 

dietary treatment averaged 384) whereas Rosero et al. (2012b) reported a linear increase 

(from 13 to 14 total pigs born; total pigs born per dietary treatment averaged 576) for the 

subsequent litter size with increasing supplemental lipids (0, 2, 4 and 6% added lipids).  
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The role of essential fatty acids on the subsequent reproductive cycle of sows 

Linoleic acid is a precursor of prostaglandin F2α, which is an important hormone that 

is involved in diverse stages of reproduction, such as ovulation, luteal regression, 

implantation, uterine involution and post-partum physiology (for review, see Weems et al., 

2006). The role of linoleic acid as precursor of prostaglandin F2α suggests that dietary 

supplementation could be beneficial for the reproduction of sows. Prostaglandin F2 

promotes myometrial contractions for elimination of microbial contamination in the 

reproductive tract (Sales and Jabbour, 2003). In addition, prostaglandin F2 impacts the 

hypothalamic-pituitary axis, stimulating luteinizing hormone (LH). During lactation, LH and 

follicle-stimulating hormone (FSH) stimulate the follicular development of large follicles (> 

5 mm) and small and medium follicles (< 5 mm). However, the effects of LH and FSH are 

reduced due to their inhibition by the suckling action of piglets (Varley et al., 1990). Thus, 

stimulation of LH by increased levels of prostaglandin F2α is particularly important during the 

lactation. We estimate that a negative balance of linoleic acid exits for prolific sows 

consuming a diet without added lipids and propose that this could explain either poor or 

intermittently poor subsequent reproductive performance observed in sows fed diets not 

supplemented with lipids in previous studies (Rosero et al., 2012a, b). In cows, Thatcher et 

al. (2006) demonstrated that dietary supplementation of 2% of Megalac-R (28% linoleic 

acid) improved conception rates and reduced reproductive-related health problems.  

Most of the recent efforts by scientists have been focused on increasing the level of n-

3 fatty acids in gestation diets. Fatty acids from the n-3 family originate the prostaglandin 3-
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series, which have beneficial effects during early stages of pregnancy. After conception and 

during pregnancy, high levels of prostaglandin F2 may be detrimental for embryonic 

implantation. In some cases embryos are unable to inhibit prostaglandin F2 and this causes 

progesterone to decrease, regression of corpus lutea and termination of pregnancy (for 

review, see Palmquist, 2009). Increasing dietary supplemental n-3 fatty acids may compete 

with 2-series prostaglandin precursors (from n-6 fatty acids) for enzymes, resulting in a 

depletion of progesterone 2-series. Webel et al. (2004) concluded that total pigs born could 

be increased (by 0.8 pigs) when diets for gestating sows were supplemented with protected n-

3 fatty acids. Smits et al. (2011) reported that sows fed lactation diets supplemented with fish 

oil at 3% of the diet increased the subsequent litter size by 1 pig and concluded that 

improvements in subsequent litter size may be due to enhanced follicular development and 

oocyte quality. In a recent review, Tanghe (2013) concluded that there is some indication that 

supplementation of fish oil to lactation diets could increase the subsequent litter size. 

However, it was noted that these suggestions are based on studies that used a relatively low 

number of animals and that this hypothesis needs to be confirmed in studies with statistically 

sufficient number of replicates. 

In summary, nutrition of the lactating sow has a great impact on the subsequent 

reproductive performance. Supplemental lipids reduced the wean-to-estrus interval and 

increased the subsequent farrowing rate, especially when sows were exposed to high ambient 

temperatures. The positive effect of supplemental lipids may be related to the greater caloric 

intake during lactation, but also to the greater intake of EFA that play an important role in the 
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reproduction of sows. Presumably, supplementation of EFA corrects a potential negative 

balance if lipids are not supplemented to lactation diets.  

Nutritional value of supplemental lipids during lactation 

Supplementation of lipids to diets may confer several benefits, but the response may 

be source dependent. In a recent study (Rosero et al., 2012b), we demonstrated that the 

performance of lactating sows was improved by supplemental choice white grease but not 

animal-vegetable blend, which may have been due to differences in the nutritional value of 

the lipid sources. Lipids are available in a wide range of sources that differ in chemical 

composition, quality, peroxidation status, fatty acid profile, etc (see Table 9, for examples of 

commercial lipid sources). In the swine industry, supplemented lipids are often blended 

products and contain rendered fats. The use of a particular source of lipids in the industry 

depends on its respective availability and cost. Blended products are usually derived from 

vegetable sources (mainly restaurant by-products) blended with rendered animal fats. 

Processes can alter the chemical composition of lipids and increase lipid peroxidation, which 

may reduce the nutritional value of lipids. Early studies with pigs (Wiseman et al., 1990; 

Powles et al., 1993; Powles et al., 1994) demonstrated that chemical composition of lipids, 

especially concentrations of free fatty acids (FFA) and degree of saturation (expressed as the 

unsaturated to saturated fatty acids ratio, U:S) are the major factors that affect DE content of 

added lipids.  

Powles et al. (1995) developed a prediction equation for the estimation of the DE 

content of lipids with varying FFA levels and U:S ratios when fed to growing pigs. This 
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equation formed the basis of current DE estimates in the new edition of the NRC (2012). 

However, the application of this prediction equation may be limited only to the growing 

stage of the pig from which the data were derived, and may not be applicable to lactating 

sows because obvious differences in physiological stage, digestive capability, diet 

composition and relative level of feed intake between growing pigs and lactating sows 

(Pelletier et al., 1987; Noblet, 1996). During lactation, sows need to adapt their 

gastrointestinal tract to accommodate an increase in consumption of feed in anticipation of 

the increased demand for nutrients (Pelletier et al., 1987). This concept of organs shifting in 

response to changes in the physiological state has been shown in both rats and dairy cows 

(for review see, Bauman and Currier, 1980). These drastic changes may also alter the 

capability of the sow to lipids with different chemical composition. Thus, the use of different 

DE values of lipids for adult sows has been suggested (Noblet, 1996), but very little 

information is available for application by nutritionists.  

Chemical composition of lipids and digestibility.  

Chemical composition and intramolecular distribution of fatty acids within lipids may 

influence digestion and absorption of lipids because FFA concentration, degree of saturation, 

chain length and position of fatty acids on the glycerol backbone affect micelle formation 

(Stahly, 1984). Vegetable oils have a higher content of unsaturated fatty acids and are more 

digestible than animal fats (Cera et al., 1988; Wiseman et al., 1990; Jørgensen et al., 1992). 

This is because unsaturated fatty acids have greater capacity to form micelles and are more 

soluble in bile salts (Stahly, 1984; Wiseman et al., 1986). Although iodine value is 
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commonly used to describe the relative saturation of lipids, the U:S fatty acisd ratio better 

describes the digestive difference between lipids that are structurally different (Wiseman, 

1990). Indeed, Averette Gatlin et al. (2005) demonstrated that 2 lipids with similar iodine 

values had different digestibilities.  

Free fatty acids result from the hydrolysis of the triglyceride molecule at the ester 

linkage. The amount of free fatty acids is related to objectionable odor, flavor and other 

unfavorable characteristics in the fat. It is also related with the amount of moisture it has 

been exposed to (Shahidi and Wanasundara, 2008). Powles et al. (1995) concluded that 

digestibility of lipids is linearly reduced with increasing levels of FFA. In contrast, Mendoza 

and van Heugten (2014) observed that supplementation of lipid sources high in FFA (up to 

54%) to nursery diets did not affect pig performance. Similarly, DeRouchey et al. (2004) 

concluded that as much as 53% FFA in CWG did not reduce animal performance or lipid 

digestibility in nursery pigs and suggested that the detrimental effects of FFA on digestibility 

reported in previous studies (Wiseman et al., 1990; Powles et al., 1993; Powles et al., 1994) 

could be confounded with the peroxidation status of the lipids used. Different from early 

studies (Powles et al., 1993), DeRouchey et al. (2004) used the enzyme lipase and heated the 

lipids at low temperatures to obtain FFA, preventing any potential negative impact on the 

peroxidative status of lipids. It was then suggested that peroxidation status of lipids, and not 

high degrees of FFA, resulted in detrimental effects on growth performance of pigs. Further 

research is needed to clarify the effects of FFA concentration and peroxidation status of 

lipids on DE content of lipids independently. 
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Peroxidation status of lipids  

Quality and peroxidation status of lipids may play an important role in nutrient 

digestibility, absorption capacity of the intestine and gastro-intestinal health status. Most 

lipids used in the swine industry have been exposed to processes, such as refining, cracking, 

rendering and heating, before they are used in animal diets (Wiseman, 1986) which 

deteriorates their quality and increase sub-products of lipid peroxidation. Fatty acid 

peroxidation initiates with the removal of hydrogen from a methylene group in the 

hydrocarbon chain. This is a slow natural process in lipids that can be accelerated by heat, 

oxygen, moisture, light, metals, etc. This seems to occur especially in restaurant greases 

because of their repeated exposure to extreme heat and moisture (Wiseman, 1986). 

Characterization of lipid peroxidation is very difficult to assess because this 

degenerative process generates a large number of unstable compounds that decompose as 

peroxidation progresses and their concentrations in lipids depend on the conditions of 

peroxidation (i.e. heating at low or high temperature). Thus, a reliable characterization will 

include the quantification of different peroxidation products including primary (i.e. 

hydroperoxides) and secondary (i.e. aldehydes) products and this is important because 

different lipid peroxidation products are detrimental for animal performance (DeRouchey et 

al., 2004).  

A plethora of studies have demonstrated that dietary lipid peroxidation sub-products 

can induce cellular oxidative stress ( Tsunada et al., 2003; Ringseis et al., 2007; Rosero et al., 

2013). This is defined as the disturbance of biological redox signaling events and it seems to 
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compromise immunity, fertility and other important biological events (Sordillo and Aitken, 

2009). During lactation, sows seem to be under constant oxidative stress because of catabolic 

processes for milk production (Zhao et al., 2013). The use of peroxidized lipids in lactation 

diets may have drastic consequences because this could increase even more the degree of 

oxidative stress of sows. Although lipid peroxidation and oxidative stress may negatively 

affect performance, health and reproduction of lactating sows, to our knowledge, this has not 

been investigated yet.  

In summary, the nutritional value of lipids is source dependent and may be negatively 

affected by lipid peroxidation. Lipid sources with varied chemical composition, 

intramolecular distribution of fatty acids within lipids, chain length, and position of fatty 

acids on the glycerol backbone have different DE content. This has been extensively 

demonstrated on growing pigs, but not on lactating sows. We suggest that different DE 

values should be used for lipids used in lactating diets because sows are physiological 

different, more mature and have a greater level of feed intake during lactation than growing 

pigs. Moreover, sources of lipids may also differ on lipid peroxidation status. The use of 

dietary peroxidized lipids could accentuate the oxidative stress of sows and may affect feed 

intake, nutrient absorption and animal performance.  

Conclusions 

The increase in caloric intake by lactating sows (1.2 Mcal ME/d), associated with 

dietary lipid supplementation, greatly increases the amount of fat and EFA secretion in milk 

and this improves the growth of nursing piglet. In addition, supplemental lipids improve the 
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subsequent reproductive performance of sows. Beneficial effects of supplemental lipids are 

more consistent for sows that are exposed to high ambient temperature. However, more 

studies are needed specifically to confirm this observation. The positive effects of 

supplemental lipids may be related to the greater caloric intake during lactation, but also to 

the greater intake of EFA that play an important role in the development of the nursing piglet 

but especially in the reproduction of sows. Presumably, supplementation of lipids increases 

the intake of EFA during lactation and this corrects a negative balance of EFA when lipids 

are not supplemented in lactation diets. Furthermore, sources of lipids may differ in the 

nutritional value because differences in their chemical composition, saturation, level of FFA, 

degree of peroxidation, which could impact digestion and absorption.  
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Table 1. Effect of lipid supplementation to lactation diets on the change in average daily feed intake (Δ ADFI) and average daily 

energy intake (Δ ADEI) of sows when lipids were supplemented to lactation diets
1
 

Reference Lipid Source
2
 

Added 

lipids, % 

Δ ADFI, 

kg/d 

Δ ADEI, 

Mcal ME/d 
Observed effects 

Schoenherr et al., 1989 CWG 10.7 -0.20 1.35 ADEI, P < 0.05; high temperature 

Shurson and Irvin, 1992 Corn oil 10 -0.19 0.84   

Tilton et al., 1999 Tallow 10 -0.28 1.54 ADEI, P < 0.05; parity 1 sows 

Averette et al., 1999 CWG 10 -0.19 1.31   

McNamara and Pettigrew, 2002 Animal fat 8 0.0 1.46   

Averette Gatlin et al., 2002 MCT 
10 

-0.78 0.17 
ADFI, P < 0.001 

  LCT -0.65 0.68 

Lauridsen and Danielsen, 2004 
Animal fat 

8 

-0.19 1.10 
 

Rapeseed oil -0.22 1.02 
 

 
Fish oil -0.23 1.00 

 

 
Coconut oil -0.21 1.05 

 

 
Palm oil -0.14 1.22 

 
  Sunflower oil -0.21 1.05   

Christon et al., 2005 Peanut-soybean oils 6 - 12 -0.25 2.04 
 

Quiniou et al., 2008 Soybean oil 5 -0.18 0.43 
 

Rosero et al., 2012a
3
 A-V blend 2 - 6 0.24 1.62 ADFI, linear P < 0.05 

Rosero et al., 2012b
3
 A-V blend 

2 - 6 
0.24 1.62 

ADFI and ADEI, linear P < 0.05  

 
CWG 0.13 1.21 

 
Numeric average -0.18 1.15 

 
1
Change in ADFI and ADEI during lactation when compared to diets without added lipids. 

2
Choice white grease (CWG), animal-vegetable blend (A-V), medium chain triglycerides (MCT), long chain triglycerides (LCT). 

3
Lipid sources were supplemented to diets at 0, 2, 4 and 6% of the diet.  
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Table 2. Effect of lipid supplementation to lactation diets on the change in average daily feed intake (Δ ADFI) and average daily 

energy intake (Δ ADEI in ME basis) for sows housed under thermoneutral and high ambient temperatures
1
 

  
` 

 
Δ ADFI, % 

 
Δ ADEI, % 

Reference Lipid Source
2
 

Added 

lipids, %  

Normal 

temperature 

High 

temperature  
Normal 

temperature 

High 

temperature 

Schoenherr et al., 1989
3
 CWG 10.7 

 
-0.59 0.18 

 
0.60 2.10 

Christon et al., 2005
4
 

Peanut-

soybean oil 
   6 - 12 -0.80 0.30 

 
0.66 3.42 

Rosero et al., 2012a
5
 A-V blend 2 - 6 

  
0.24 

  
1.62 

Rosero et al., 2012b
6
 A-V blend 

2 - 6   
0.24 

  
1.62 

 
CWG 

  
0.13 

  
1.21 

 
Numeric average 

 
-0.70 0.22 

 
0.63 1.99 

1
Change in ADFI and ADEI during lactation when compared to diets not supplemented with lipids. 

2
Choice white grease (CWG), animal-vegetable blend (A-V). 

3
Sows were housed under normal (20ºC) and high temperatures (32ºC). 

4
Minimum and maximum temperatures were 21.1 and 23.7ºC for normal temperature and 28.9 ºC for high temperature, respectively.  

5
Daily temperatures averaged 27 ºC.  

6
Daily temperatures averaged 27 ºC. 



 

 

 

43 

Table 3. Effect of lipid supplementation to lactation diets on sow body weight (BW) change
1
 

Reference Lipid Source
2
 

Added 

lipids, % 
BW change, kg 

Observed 

effects 

Schoenherr et al., 1989 CWG 10.7 -0.6  

Shurson and Irvin, 1992 Corn oil 10 4.0 P < 0.05 

Tilton et al., 1999 Tallow 10 4.3  

Neal et al., 1999
3
 A-V blend 3 - 9 0.1  

Averette et al., 1999 CWG 10 -3.9  

van den Brand et al., 

2000 
Tallow 

8.1 
-2.5  

McNamara and 

Pettigrew, 2002 
Animal fat 

8 
4.0 P = 0.03 

Averette Gatlin et al., 

2002 
MCT 

10 
-0.2  

 
LCT 0.2  

Lauridsen and 

Danielsen, 2004 
Animal fat 

8 

0.3  

 
Rapeseed oil 2.6  

 
Fish oil 4.0  

 
Coconut oil 2.1  

 
Palm oil 3.2  

 
Sunflower oil -4.3  

Christon et al., 2005 
Peanut and 

soybean oil 
6 -12 0.9  

Quiniou et al., 2008 Soybean oil 5 -2.0  

Rosero et al., 2012a
4
 A-V blend 2 - 6 -0.1  

Rosero et al., 2012b
4
 A-V blend 

2 - 6 
1.5 P < 0.05; for 

both sources 
 

CWG 5.5 

 
Numeric average 1.0  

1
Sow BW change during lactation when compared diets without added lipids. 

2
Choice white grease (CWG), animal-vegetable blend (A-V), medium chain triglycerides (MCT), long 

chain triglycerides (LCT). 
3
Lipid sources were supplemented to diets at 0, 3, 6 and 9% of the diet.  

4
Lipid sources were supplemented to diets at 0, 2, 4 and 6% of the diet. 
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Table 4. Effect of lipid supplementation to lactation diets on sow body weight (BW) change 

for sows housed under thermoneutral and high ambient temperatures
1
 

  
 BW change, kg 

Reference Lipid Source
2
 

Added 

lipids, % 
Normal 

temperature 

High 

temperature 

Schoenherr et al., 1989
3
 CWG 10.7 -0.6 0.4 

Christon et al., 2005
4
 

Peanut and 

Soybean oil 
6 - 12 -6.4 8.1 

Rosero et al., 2012a
5
 A-V blend 2 - 6 

 
-0.1 

Rosero et al., 2012b
5
 A-V blend 

2 - 6  
1.5 

 
CWG 

 
5.5 

 
Numeric average     -3.5            3.1 

         

1
Sow BW change during lactation when compared to diets without added lipids. 

2
Choice white grease (CWG), animal-vegetable blend (A-V). 

3
Sows were housed under normal (20ºC) and high temperatures (32ºC). 

4
Minimum and maximum temperatures were 21.1 and 23.7ºC for normal temperature and 28.9 ºC for 

high temperature, respectively.  
5
Daily temperatures averaged 27 ºC.   
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Table 5. Effect of lipid supplementation to lactation diets on back fat thickness change
1
 

Reference Lipid Source
2
 

Added 

lipids, % 

Δ Back fat, 

mm Observed effects 

Shurson and Irvin, 1992 Corn oil 10 0.90 
 

Tilton et al., 1999 Tallow 10 1.46 P < 0.05 

Neal et al., 1999
3
 A-V blend 3 - 9 1.00 

 
van den Brand et al., 

2000 
Tallow 8.1 -0.30 

 

McNamara and 

Pettigrew, 2002 
Animal fat 8 -0.03 

 

Christon et al., 2005 
Peanut and 

Soybean oil 
6  - 12 0.18 

 

Quiniou et al., 2008 Soybean oil 5 -0.70 P < 0.05 

Rosero et al., 2012a
4
 A-V blend 2 -  6 0.07 Linear, P < 0.10  

 
Numeric average 0.32 

 
1
Back fat thickness change when compared to the values of no lipid supplemented diets.  

2
Animal vegetable blend (A-V) 

3
Lipid sources were supplemented to diets at 0, 3, 6 and 9% of the diet.  

4
Lipid sources were supplemented to diets at 0, 2, 4 and 6% of the diet.  
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Table 6. Effect of lipid supplementation to lactation diets on the change in daily milk production and milk fat output
1
   

Reference Lipid source
2
 

Added 

lipids, % 

Δ Milk 

yield, kg/d  

Δ Milk fat 

output, g/d 
Observed effects 

Schoenherr et al., 1989 CWG 10.7 0.6 
 

99.9 
Fat output, P < 0.05; for sows housed 

under high temperature 

Shurson and Irvin, 1992 Corn oil 10 -0.1 
 

73.9 Fat output, P < 0.05 

Tilton et al., 1999 Tallow 10 -0.2 
 

66.8  

van den Brand et al., 2000 Tallow 8.1 -0.4 
 

24.1  

McNamara and Pettigrew, 2002 Animal fat 8 0.5 
 

-93.6  

Lauridsen and Danielsen, 2004 
Animal fat 

8 

1.1 
 

113.5  

Rapeseed oil 0.5 
 

48.7  

 
Fish oil 0.1 

 
6.7  

 
Coconut oil 0.8 

 
121.1  

 
Palm oil 0.8 

 
93.4  

 
Sunflower oil -0.1 

 
94.9  

Christon et al., 2005 
Peanut-

Soybean oil 
6 - 12 0.1 

 
195.4 

Fat output, P < 0.05; for sows housed 

under high temperature 

Farmer et al., 2010 Flaxseed oil 3.5 0.3 
 

64.6  

Rosero et al., 2011 
A-V blend 

2 - 6 
0.3 

 
40.8 Fat output, P < 0.05; for CWG 

 
CWG 1.1 

 
138.0  

 

Numeric average 0.36 
 

72.5  

1
Daily milk production and milk fat output when compared to the values of no lipid supplemented diets.  

2
Animal vegetable blend (A-V), choice white grease (CWG).   
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Table 7. Effect of lipid supplementation to lactation diets on the changes in piglet survival and litter average daily gain (ADG)
1
  

Reference Lipid source
2
 

Added 

lipids, % 

Δ Survival, 

% 

Δ Litter 

ADG, kg/d 
Observed effects 

Shurson and Irvin, 1992 Corn oil 10 4.6 -0.01 Survival, P = 0.07 

Tilton et al., 1999 Tallow 10 - 0.09 Litter BW at weaning (21 d), P < 0.05  

Neal et al., 1999
3
 A-V blend 3 - 9 -6.6 0.03 Litter BW at weaning, P < 0.05 

Averette et al., 1999 CWG 10 -3.1 0.03 

 van den Brand et al., 2000 Tallow 8.1 - -0.10 Litter ADG, P < 0.01 

McNamara and Pettigrew, 2002 Animal fat 8 - -0.01   

Averette Gatlin et al., 2002 MCT 10 -1.0 0.08 

Litter ADG, P = 0.002; MCT or LCT   LCT  -1.0 0.09 

Lauridsen and Danielsen, 2004 Animal fat 

8 

5.8 0.39 

Litter BW at weaning , P = 0.023 (not fish 

oil) 

 
Rapeseed oil -1.2 0.21 

 
Fish oil -1.1 0.05 

 
Coconut oil 0.8 0.30 

 
Palm oil 0.2 0.30 

  Sunflower oil 1.0 0.39 

Christon et al., 2005 
Peanut-

soybean oil 
6 - 12 4.1 -0.05 

  

Quiniou et al., 2008 Soybean oil 5 5.7 0.14 Survival, P = 0.06;Litter ADG, P < 0.01 

Park et al., 2008 Animal fat 1.8 - 6.4 3.4 0.19 

 Farmer et al., 2010 Flaxseed oil 3.5 4.9 0.10   

Rosero et al., 2012a
4
 A-V blend 2 - 6 -0.9 0.05 

Survival, linear P < 0.05; parity 1 sows 

Litter ADG, linear P < 0.05; parity 3+ sows 
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Table 7. Continued. 

 

Rosero et al., 2012b
4
 

A-V blend 
2 - 6 

0.8 0.02 
Survival, linear P< 0.10; added CWG 

  CWG -0.3 0.07 

 
Numeric average -1.0 0.12 

 1
Percentage of change of piglet mortality and litter ADG when compared to the values of no lipid supplemented diets.  

2
Animal-vegetable blend (A-V), choice white grease (CWG), medium chain triglycerides (MCT), long chain triglyceride (LCT).  

3
Lipid sources were supplemented to diets at 0, 3, 6 and 9% of the diet.  

4
Lipid sources were supplemented to diets at 0, 2, 4 and 6% of the diet. 
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Table 8. Effect of lipid supplementation to lactation diets on the change in subsequent wean-

to-estrus interval (WEI) and subsequent farrowing rate
1
  

Reference 
Lipid 

source
2
 

Added 

lipids, % 

Reduced 

WEI, d 

Δ Farrowing 

rate, % 
Comments 

Shurson and Irvin, 

1992 
Corn oil 10 2.0 2.4 

 Quiniou et al., 2008 Soybean oil 5 0.2 
 

WEI, P < 0.05 

Rosero et al., 2012a
3
 A-V blend 2 - 6 1.3 10.4 

Farrowing rate,  

P < 0.01; during 

summer months 

Rosero et al., 2012b
3
 A-V blend 

2 - 6 
 

10.2 Farrowing rate, 

linear P < 0.05; 

during summer 

months 

 

CWG 
 

10.2 

  Numeric average 1.2 8.3   
1
Percentage of change of WEI and farrowing rate when compared to the values of no lipid 

supplemented diets.  
2
Animal-vegetable blend (A-V), choice white grease (CWG).  

3
Lipid sources were supplemented to diets at 0, 2, 4 and 6% of the diet.  
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Table 9. Analyzed fatty acid composition, quality parameters and peroxidation status of commercial lipid sources
1,2

    

Item 
Tallow CWG Poultry fat Soybean oil Corn oil 

Animal-

vegetable blend 

Fatty acids, % 

      16:0, %
3
 24.0 24.0 19.3 10.8 10.7 15.9 

16:1, % 2.7 2.5 5.1 0.1 0.1 0.8 

18:0, % 18.3 13.5 5.1 3.7 1.6 7.4 

18:1, % 35.7 41.6 35.7 21.6 29.5 44.8 

18:2, % 3.0 12.6 21.4 54.6 54.6 26.9 

18:3, % 0.2 0.5 1.2 7.6 0.9 1.1 

Other fatty acids
4
 16.1 5.3 4.4 1.7 1.2 3.0 

Total Fatty Acids 100.0 93.1 92.3 98.4 98.6 91.2 

       Quality parameters 
      

Free fatty acids, % 0.0 3.7 3.1 0.1 0.1 14.5 

Moisture, %  0.0 0.0 0.4 0.4 0.0 0.4 

Insoluble impurities, % 0.4 0.2 0.0 0.0 0.0 0.1 

Unsaponifiable matter, % 0.2 1.2 1.0 0.5 0.9 1.8 

       Peroxidation status 
      

Anisidine value 2 5 3.8 5.8 4 23 

Peroxide value, meq/kg 1.4 9.8 2.6 33.6 3.2 4.2 

       ME, kcal/kg (DE x 0.98)
5
 7835 8124 8364 8574 8579 8225 

1
Tallow (IFN 4-08-127), choice white grease (CWG), poultry fat (IFN 4-09-319), soybean oil (IFN 4-07-983), corn oil (IFN 4-07-882) and 

animal fat and vegetable oil blend (animal-vegetable blend) have been used in previous studies (Rosero et al., 2012a, b; Mendoza and van Heugten, 2013).  
2
The chemical composition and quality of lipid sources were determined in representative samples by a commercial laboratory (New Jersey 

Feed Laboratory Inc., Trenton, NJ) using the following methods according to AOAC (1990): fatty acids profile, 963.22; total fatty acids, 972.28; iodine 

value, 920.159; unsaponifiable matter, 933.08; FFA, 940.28; initial peroxide value, 965.33; and to AOCS (1998): anisidine value, cd 18-90; moisture, ca 2a-

45; insoluble impurities, ca 3-46. 
3
Percentage by weight. 

4
Comprised of 2% or less of each of the following fatty acids: 12:0, 14:0, 15:0, 17:0, 20:0, 20:1, 20:2. 20:3, 20:4, 22:0, 22:4 and 24:0. 

5
Values from NRC (2012), Table 17-4. 
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Figure 1. Effect of increasing lipid supplementation to sow diets on the percent change in 

average daily feed intake (Δ ADFI) when compared to diets without added lipids. Symbols 

represent least square means (n = 12 to 55 sows per symbol). References: Schoenherr et al., 

1989; Shurson and Irvin, 1992; Tilton et al., 1999; Averette et al., 1999; van den Brand et al., 

2000; McNamara and Pettigrew, 2002; Averette Gatlin, 2002; Lauridsen and Danielse, 2004; 

Christon et al., 2005; Quiniou et al., 2008; Rosero et al., 2012a; Rosero et al., 2012b.  
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Figure 2. Effect of increasing lipid supplementation to lactation diets on the change in milk 

fat output compare to diets without added lipids. Symbols represent least square means (n = 3 

to 16 sows per symbol). References: Schoenherr et al., 1989; Shurson and Irvin, 1992; Tilton 

et al., 1999; van den Brand et al. 2000; McNamara and Pettigrew, 2002; Lauridsen and 

Danielsen, 2004; Christon et al., 2005; Farmer et al., 2010; Rosero et al, 2011. 
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Figure 3. Effect of increasing linoleic acid supplementation to sow diets on the balance 

(dietary intake minus output in milk) during lactation. Assuming that 100% of linoleic acid 

consumed was digested. Symbols represent least square means (n = 5 to 10 sows per 

symbol). References: Lauridsen and Danielsen, 2004; Rosero et al, 2011; Eastwood, 2012.   
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Figure 4. Effect of increasing α-linolenic acid supplementation to sow diets on the balance 

(dietary intake minus output in milk) during lactation. Assuming that 100% of α-linolenic 

acid consumed was digested. Symbols represent least square means (n = 5 to 10 sows per 

symbol). References: Lauridsen and Danielsen, 2004; Rosero et al, 2011; Eastwood, 2012.  
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CHAPTER II: 

 

Impact of dietary lipids on sow milk composition and balance of essential fatty acids 

during lactation  
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ABSTRACT 

Two studies were design to investigate the effects of supplementing lipids, as sources of 

essential fatty acids (EFA, linoleic acid, C18:2n-6; and α-linolenic acid, C18:3n-3), on sow 

milk composition and the balance of EFA during lactation. In Exp. 1, 30 sows, balanced by 

parity (1 vs. 3 to 5) and nursing 12 pigs, were fed diets supplemented with 6% of either 

animal-vegetable blend (A-V, linoleic acid = 21.75%, α-linolenic acid = 1.48%) or choice 

white grease (CWG, linoleic acid = 11.72%, α-linolenic acid = 0.44%) and a control diet 

without added lipids. Diets were corn-soybean meal based with 8% corn distiller dried grains 

with solubles and 6% wheat middlings, and contained 3.25 g standardized ileal digestible 

lys/Mcal ME. Supplementation of CWG, but not A-V blend, increased milk fat (P < 0.05; 

7.3, 6.7 and 6.3%, for CWG, A-V blend and control diets, respectively) and improved milk 

production (P < 0.05; 6.93, 6.10 and 5.84 kg/d). During lactation, we estimated a positive, 

but low (3.6 and 1.6 g/d for linoleic and α-linolenic acids, respectively) balance of EFA 

(intake minus output in milk) for sows fed control diets. This was much lower than the 

balance for sows fed either A-V blend (33.7 and 5.9 g/d) or CWG (14.0 and 4.2 g/d). In Exp. 

2, 50 sows, balanced by parity and nursing 12 pigs, were randomly assigned to a 2 x 2 

factorial arrangement of diets plus a control diet without added lipid. Factors included 

linoleic acid (2.1 and 3.3% of the diet) and α-linolenic acid (0.15 and 0.30% of the diet). The 

different concentrations of EFA were obtained by adding to diets 4% of different mixtures of 

canola (linoleic acid = 15.03%, α-linolenic acid = 2.01%), corn (linoleic acid = 54.57%, α-

linolenic acid = 0.94%) and flaxseed oils (linoleic acid = 15.61%, α-linolenic acid = 
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51.68%). Supplementation of EFA to diets increased milk concentrations of both linoleic (P 

< 0.001; 16.7 and 20.8%) and α-linolenic acid (P < 0.01; 1.1 and 1.9%, for low and high 

diets, respectively). The balance of linoleic (22.8 and 42.8 g/d) and α-linolenic acid (1.2 and 

9.1) during lactation was greatly increased by lipid supplementation. Results indicated that, 

depending on the source, supplementation of lipids to diets improved milk production, 

increased milk fat and effectively increased the balance of EFA during lactation.  

Keywords: essential fatty acids, lactation, lipids, milk, sow 

Introduction 

The nutritional requirements of the modern lactating sow have increased substantially 

in the last years because of improvements in genetics and productivity. The large demand for 

nutrients during lactation may impose metabolic challenges to young sows and sows exposed 

to heat stress, conditions that are known to limit nutrient intake by sows (Pelletier et al., 

1987; Artwood and Harmann, 1992; Messias de Branganca, 1998). Insufficient consumption 

of the nutrients will lead to tissue mobilization from the body in an attempt to maintain milk 

production, because lactation has a priority (Pettigrew and Moser, 1991; Boyd et al., 2000). 

Supplementation of lipids to diets seems to be particularly important to ameliorate body fat 

losses observed during lactation (Pettigrew, 1981; Pettigrew and Moser, 1991; Averette 

Gatlin et al., 2002; Rosero et al., 2012a, b). Moreover, supplementation of lipids to diets 

increases milk fat and milk production, which could improve litter performance (Boyd et al., 

1982; Averette et al., 1999).  

Lipids are also important sources of essential fatty acids (EFA, linoleic acid, C18:2n-
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6; and α-linolenic acid, C18:3n-3). Supplementation of EFA to diets is of important interest 

because these fatty acids are vital for the growth and development of the neonatal pig (Rooke 

et al., 2000; Rooke et al, 2001; Farmer et al., 2010). A limited feed intake during lactation 

will negatively affect the consumption of EFA by sows and result in mobilization of these 

fatty acids from body reserves. Thus, we hypothesized that supplementation of EFA to sow 

lactation diets would increase availability of EFA in milk and reduce the tissue mobilization 

of these fatty acids. The objective of the present study was to investigate the influence of 

dietary lipids, as sources of EFA, on milk composition and the balance of EFA during 

lactation.  

Materials and Methods 

Two studies were conducted during the summer months (July and August) of 2009 

and 2013 using lactating sows (PIC, L-42 Camborough) located in a 2,600 sow commercial 

farm in Oklahoma. Sows used in these experiments were treated humanely and procedures 

were consistent with the Guide for the Care and Use of Animals in Agricultural Research and 

Teaching (FASS), 2010.  

Experiment 1 

A total of 30 sows, equally balanced between first parity and mature sows (parities 3 

to 5),  were randomly assigned within parity to a control diet without added lipids and diets 

supplemented with 6% of either animal-vegetable (A-V) blend or choice white grease 

(CWG; Sooner Trading LLC, Ravia, OK). Experimental diets were manufactured at a 

commercial feed mill (Hanor Company, Enid, OK) and chemically verified. Diets were corn-
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soybean meal based, with 8% distillers dried grains with solubles (DDGS) and 6% wheat 

middlings (Table 1). All nutrients exceeded the National Research Council (NRC, 1998) 

requirements for lactating sows supporting 2,600 g/d of litter growth. Diets were formulated 

to a constant nutrient to ME ratio, including AA, Ca, P, vitamins and minerals; diets 

contained 3.25 g of standardized ileal digestible lysine/Mcal of ME. Sows had free access to 

water. Feed was offered to sows in a pelleted form and in excess of appetite, twice per day 

(0800 and 1800 h). Feed was delivered individually to sows by a computerized feeding 

system (Howema, Big Dutchman, Vechta, Germany). Feed offered to sows was recorded 

from farrowing to weaning. Feed refused by sows was collected and measured daily. Feed 

intake by sows was estimated from the difference between feed offered and feed refused.  

Piglets were cross-fostered during the first day of lactation after 18 to 24 h to allow 

for colostrum intake from their dams. Litter size was standardized to 12 pigs per litter (mean 

was 11.8 ± 0.6 pigs). Litter gain was calculated as the difference between litter weaning 

weight and litter weight at cross-fostering. Piglet mortality was recorded for each litter.  

Sow milk production was estimated for the lactation period based on litter weight 

gain using the regression equation of Noblet and Etiennne (1989) as follows: milk (g·pig
-1

·d
-

1
) = (2.50 × ADG) + (80.2 × BW) + 7, where ADG is the pig daily gain (g) and BW is the pig 

BW after cross-fostering (kg). Milk samples were collected from each sow on d 3, 10 and 17 

of lactation. Samples were collected from the second to fifth anterior mammary glands on 

each side of the udder after intramuscular administration of 0.5 mL of oxytocin (20,000 UPS 

units/L, Anpro Pharmaceutical, Arcadia, CA), to facilitate milk letdown. Collected samples 
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were immediately stored at -20ºC for subsequent chemical analysis. 

Experiment 2 

Fifty lactating sows, equally balanced by first parity and mature sows (parities 3 to 5) 

were assigned randomly within parity to a 2 x 2 factorial arrangement plus a control diet 

without added lipids. Factors included: a) linoleic acid concentrations (2.1 and 3.3% of the 

diet) and b) α-linolenic acid concentrations (0.15 and 0.45% of the diet). Thus, we obtained 4 

different n-6:n-3 fatty acids ratios, ranging from 4.7 to 22.0. The different concentrations of 

these EFA were obtained by adding to diets 4% of different mixtures of canola, corn and 

flaxseed oils (Cereal byproducts company, Town and Country, MO; Table 2). Diets were 

corn-soybean meal based with 12% wheat middlings. In contrast to Exp. 1, these diets did not 

contain DDGS in order to minimize the content of lipids from ingredients other than the 

supplemental lipids (Table 1). All nutrients exceeded the NRC (1998) requirements for 

lactating sows supporting 2,600 g/d litter growth. Diets contained 3.29 g of standardized ileal 

digestible lysine/Mcal of ME. Diets were manufactured in a commercial feed mill (Hanor 

Company, Enid, OK). Feed was offered in meal form and in excess of appetite twice per day 

(0600 and 1500 h) using a computerized feeding system. Sows had free access to water.  

Similar procedures to those described for Exp. 1 were used to quantify feed intake, 

litter performance and to sample milk. Litter size was standardized to 12 pigs per litter (mean 

was 12.1 ± 0.3 pigs) and milk samples were collected on d 10 of lactation. 

Chemical Analysis 

Feed samples were collected weekly and pooled within treatment. Composite samples 
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were analyzed according to the Association of Official Analytical Chemists (AOAC, 1990) 

for CP, lipid, Ca, and P (New Jersey Feed Laboratory Inc., Trenton, NJ). The chemical 

composition and quality of the lipids (Table 3) was determined in representative samples by a 

commercial laboratory (New Jersey Feed Laboratory Inc., Trenton, NJ). Analyses included 

fatty acids profile (method 963.22), total fatty acids (method 972.28), free fatty acids 

(method 940.28), unsaponifiable matter (method 933.08), and initial peroxide value (method 

965.33) according to AOAC (1990), and moisture (method ca 2a-45), insoluble impurities 

(method ca 3-46), anisidine value (method cd 18-90), and peroxide value  at 4 and 20 h under 

the active oxygen method (method cd 12-57) according to the American Oil Chemists 

Society (AOCS, 1998). 

 Milk samples were analyzed for DM, lipid, protein, lactose, Ca concentrations and 

fatty acid profiles. Dry matter was analyzed using a forced-air oven (method 990.20) 

according to AOAC (2000). In Exp. 1, lipid content was determined using a modified Folch 

procedure described by Jensen (1989). In Exp. 2, lipid content was determined by acid 

hydrolysis according to AOCS (2005) followed by high temperature solvent extraction with 

the use of specialized equipment (XT15, Ankom, Macedon, NY). Fatty acid composition in 

the milk was analyzed by gas chromatography and using the NaOCH3-catalyzed 

methanolysis procedure described by Kramer et al. (1997). Briefly, the extracted lipids from 

milk were dissolved in methanol and fatty acids were analyzed using a Varian CP-3380 gas 

chromatograph (Varian, Lake Forest, CA) equipped with 100 m × 0.25 mm fused silica 

capillary column, a flame ionization detector, and an auto-sampler. Methyl ester standards 
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were used to identify sample fatty acid methyl esters. Protein concentration in milk was 

measured colorimetrically using a commercial kit (Thermo Scientific, Nashville, TN). 

Assays were conducted in triplicate (average CV ≤ 5%) and the standard curves were linear 

(R
2
 ≥ 0.99). Lactose concentration was determined using high-performance liquid 

chromatography (HPLC) according to the method described by Pattee et al. (2000). The 

HPLC system (BioLC, Dionex, Sunnyvale, CA) was equipped with a 250 x 4 mm column, a 

gradient pump, an auto-sampler and a pulsed amperometric detector. To measure Ca 

concentrations, milk samples were diluted 1:400 in 5% (v:v) trace metal grade nitric acid 

containing 0.1% (w:v) lanthanum chloride and 0.2% (w:v) potassium chloride. Lanthanum 

chloride and potassium chloride were added to reduce ionization interferences. Samples were 

then analyzed using flame atomic spectrophotometry (Shimadzu AA6701F, Japan).  

Calculations 

Daily intake of fatty acids was calculated using daily feed intake of sows and the 

analyzed concentrations of fatty acids in the dietary treatments (Table 4). The amount of fatty 

acids secreted in milk was calculated by multiplying milk fat content and concentrations of 

fatty acids; this value multiplied by the calculated milk production represented the daily 

amount of fatty acids secreted in milk. The balance of EFA (g/d) was calculated as the 

difference between the daily intake and the daily amount secreted in milk. 

Statistical Analysis 

For Exp. 1, litter performance, milk production and balance of EFA were analyzed 
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accordingly to a completely randomized design and were analyzed using the Mixed 

procedure of SAS (SAS Inst. Inc., Cary, NC). The fitted model included sow parity, dietary 

treatment and their interaction as fixed-effect factors. Data for milk composition and fatty 

acid profiles were assessed as repeated measures at d 3, 10 and 17 of lactation and analyzed 

using the Mixed procedure of SAS. Sow parity was used as an independent (control) variable 

in the model. Degrees of freedom were partitioned into orthogonal contrasts to evaluate 

linear effects of milk components during lactation. Means are presented as least square 

means (Littell et al., 2006). 

For Exp. 2, all data were analyzed according to a completely randomized design and 

using the Mixed procedure of SAS. The fitted model included linoleic and α-linolenic acid, 

parity and their interaction as fixed-effect factors. In this experiment, we detected significant 

differences for litter weight after cross-fostering, and it was used as a covariate to analyze 

litter performance and milk production. 

Results  

Experiment 1 

During this study, sows were housed in moderately high temperatures (mean was 26.7 

± 2.1°C and the maximum averaged 29.0 ± 2.3ºC). We did not detect a significant dietary 

treatment by parity interaction effect (P > 0.05) for any of the variables analyzed. Lactating 

sows consumed an average of 4.23 ± 0.26 kg of feed during the lactation period (22 ± 0.5 d). 

Number of pigs weaned per litter (10.3 ± 0.4 pigs) or piglet mortality (12.9 ± 3.2%) during 

lactation was not different among dietary treatments (data not shown). Litters from sows fed 



 

 

 

64 

diets supplemented with CWG grew faster (P < 0.05; 2.20 kg/d) than litters from sows fed 

diets supplemented with A-V blend (1.88 kg/d) or diets not supplemented with lipids (1.83 

kg/d).  

We did not detect a dietary treatment by day of lactation interaction (P > 0.05) for 

milk composition. Milk fat content did not change during lactation (P = 0.935; 6.7, 6.8 and 

6.8% for d 3, 10 and 17; respectively). However, protein content decreased (linear, P < 

0.001; 5.2, 4.6 and 4.7), lactose increased (linear, P < 0.001; 5.2, 5.7 and 5.7) and Ca 

increased (linear, P = 0.002; 0.16, 0.17 and 0.18) (data not shown). Moreover, 

supplementation of lipids to sow lactation diets altered the milk composition, especially milk 

fat content. Indeed, supplementation of CWG to diets, but not A-V blend, increased milk fat 

(P < 0.05; Table 5).  

Fatty acid profiles in milk fat were greatly modified by lipid supplementation to diets. 

Particularly, the concentrations of myristic (C14:0; P = 0.05; 3.21 and 2.87% for no lipid and 

lipid supplemented diets, respectively), palmitic (C16:0; P = 0.05; 28.57 and 26.88) and 

palmitoleic acid (C16:1; P < 0.001; 7.55 and 5.80) decreased and the concentration of stearic 

acid increased (C18:0; P = 0.10; 4.51 and 4.90) when lipid was supplemented to lactation 

diets (Table 5). We observed greater (P < 0.001) concentrations of EFA in milk fat from 

sows fed diets supplemented with A-V blend than those fed diets supplemented with CWG or 

diets not supplemented with lipids. 

Estimated milk production was greater for sows fed diets supplemented with CWG (P 

< 0.05), but not with A-V blend, when compared to sows fed diets not supplemented with 
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lipids (Table 6). Lactating sows fed diets supplemented with A-V blend secreted greater 

amounts of EFA in milk (P < 0.05) than sows fed diets supplemented with CWG or diets not 

supplemented with lipids.  

The estimated daily intake of EFA during lactation was much higher (P < 0.001) in 

sows fed diets supplemented with A-V blend and CWG when compared to sows fed diets not 

supplemented with lipids (Table 7). This greater intake of EFA resulted in greater amounts of 

linoleic and α-linolenic acids secreted in milk of sows fed diets supplemented with A-V 

blend and CWG when compared to sows fed diets not supplemented with lipids. The balance 

of EFA during lactation was calculated to be positive across all dietary treatments. The 

balance was greater (P < 0.001) for sows fed diets supplemented with A-V blend than those 

fed diets supplemented with CWG or diets not supplemented with lipids.  

Experiment 2 

During this study, sows were housed in moderately high temperatures (mean was 24.8 

± 2.1°C and the maximum averaged 27.9 ± 1.5ºC). We did not detect a significant dietary 

treatment by parity interaction effect (P > 0.05) for any of the variables analyzed. Lactating 

sows consumed 4.97 ± 0.21 kg of feed during the lactation period (23.4 ± 0.5 d). Number of 

pigs weaned per litter (11.2 ± 0.3 pigs), piglet mortality (8.3 ± 2.7%) or litter growth rate 

(2.49 ± 0.12 kg/d) during lactation were not different among dietary treatments (data not 

shown).  

We did not detect a significant linoleic acid by α-linolenic acid interaction (P > 0.05) 

for milk composition. Supplementation of α-linolenic acid to lactation diets reduced contents 
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of DM (P < 0.01) and fat content (tendency, P = 0.07) in sow milk (Table 5). 

Supplementation of linoleic or α-linolenic acid did not impact contents of protein (P = 0.26), 

lactose (P = 0.48), and Ca (P = 0.80) in sow milk. However, concentrations of linoleic (P < 

0.001) and α-linolenic acids (P < 0.01) increased in milk fat when they were supplemented to 

diets. Furthermore, supplementation of linoleic acid to diets increased the concentration of 

stearic acid (P = 0.02) and reciprocally reduced the concentration of oleic acid (P < 0.001) in 

milk fat. Supplementation of α-linolenic acid increased (P < 0.01) the content of 

eicosapentaeonic acid (EPA, C20:5n-3) in milk fat. 

Milk production from sows fed diets supplemented with lipids tended (P = 0.08; 7.26  

kg/d) to be greater than from sows fed diets not supplemented with lipids (6.50; Table 6). 

However, supplementation of linoleic (P = 0.69) or α-linolenic acid (P = 0.25) did not impact 

milk production. As expected, supplementation of linoleic (P < 0.001) and α-linolenic acid 

(P < 0.05) to lactation diets increased the amount of these fatty acid secreted in milk. 

Supplementation of linoleic acid tended to increase (P = 0.08) the amount of arachidonic acid 

(ARA, C20:4n-6) secreted in milk. Interestingly, the amount of ARA (tendency, P = 0.10) 

secreted in milk was reduced with supplementation of α-linolenic acid at 0.45% of the diet. 

Moreover, supplementation of α-linolenic acid increased the amount of EPA (P < 0.05), but 

not docosahexaenoic acid (DHA, C22:6n-3; P = 0.69) secreted in milk.  

Greater amounts of linoleic (P < 0.01) and α-linolenic acids (P < 0.01) were 

consumed by sows when they were supplemented to diets (Table 7). This greater intake 

resulted in greater amounts of linoleic (P < 0.01) and α-linolenic acids (P < 0.01) secreted in 



 

 

 

67 

milk. Interestingly, the amount of EFA secreted in the milk did not increase in the same 

proportion as the increasing amount consumed by sows; which led to greater positive 

balances of linoleic (P = 0.08) and α-linolenic acids (P < 0.01) when they were supplemented 

to diets.  

Discussion 

Benefits of lipid supplementation to lactation diets include improvements in milk 

production and increased milk fat content (Averette et al., 1999; Tilton et al., 1999). Our data 

from both experiments indicate that supplementation of lipids to lactation diets resulted in an 

average increase of 12% in milk production. In experiment 1, supplementation of CWG to 

lactation diets resulted in 19% greater milk production and 16% greater milk fat 

concentration. This in agreement with early studies that suggested that supplementation of 

8% tallow to lactation diets could increase milk fat concentration by 15% (Boyd et al., 1982). 

Improvements in milk production and milk fat content may confer an advantage to the 

nursing piglet because of the greater energy provided by milk. However, the effects of the 

supplementation of lipids to lactation diets on litter performance have been inconsistent 

(Pettigrew and Moser, 1991; Averette et al., 1999; Rosero et al., 2012a, b). Conflicting 

results may be related to the different chemical composition, quality or peroxidation status of 

the lipid sources. In the present study, milk production and milk fat content increased by the 

supplementation of CWG to diets, but not A-V blend. In a contemporary study (Rosero et al., 

2012b), we demonstrated that supplementation of CWG, but not A-V blend improved the 

efficiency of feed utilization of lactating sows. In that study, we showed that A-V blend had a 
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greater peroxidation level (anisidine value = 23) than CWG (5; see Table 3) and concluded 

that this may have had a negative impact on nutrient absorption and animal performance 

(DeRouchey et al., 2004). Supplementation of lipids to lactating sows did not impact protein, 

lactose or Ca concentrations in milk. These findings are in agreement with previous 

published studies (Boyd et al., 1982; Tilton et al., 1999; Lauridsen and Danielsen, 2004).  

In contrast to results in previous studies (Mateo et al., 2009; Farmer et al., 2010), we 

observed that supplementation of α-linolenic acid to lactation diets tended to reduced milk fat 

content, and this was related to a reduction in the DM content of milk. This was surprising 

because our diets contained 4% added lipids and we did not expect differences among lipid 

supplemented diets. There is evidence that specific bioactive fatty acids, such as conjugated 

linoleic acid, have the potential to reduce milk fat in sows (Harrell et al., 2000) and dairy 

cows (Baumgard et al., 2001). However, there have been no published studies examining the 

effects of α-linolenic acid or the derivative n-3 fatty acids on mammary lipogenic capacity in 

sows. There is some evidence suggesting that n-3 fatty acids can suppress lipogenesis in the 

liver (Harris and Bulchandani, 2006). Perhaps, similar mechanisms could take place in 

mammary glands of sows fed diets supplemented with α-linolenic acid, and the observed 

reduction in milk fat content may be due to a decrease in de novo fatty acid synthesis.  

From studies conducted by Witter and Rook (1970), it was concluded that fatty acid 

composition of sow milk reflects the fatty acid composition of the diet. Results from our 

study and other studies (Tilton et al., 1999; Laurindsen and Danielsen, 2004) confirm these 

conclusions. Indeed, we observed that supplementation of lipids to lactation diets resulted in 
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greater concentrations of the EFA in milk fat; which reflected the lipid sources used in our 

study. These observations are in agreement to Farmer and Petit (2009), who measured high 

concentrations of α-linolenic acid in milk of sows fed diets supplemented with either 

flaxseed, flaxseed meal or flaxseed oil (sources high in α-linolenic acid). It appears that the 

sow will favor the deposition of EFA (at the expense of oleic acid) in the milk if these are 

provided in the diet (Fritsche et al., 1993; Farmer and Petit, 2009). Ingestion of EFA, 

provided via sow milk, is vital for the nursing piglet because these fatty acids are important 

in the development and growth of key tissues and are required for biological processes (Innis, 

1991; Hornstra, 2000). Thus, modification of milk composition by increasing the availability 

of EFA may benefit the development of the nursing piglet and improve litter performance 

during lactation (Rooke et al., 2001; Mateo et al., 2009; Tanghe et al., 2014).  

Supplementation of EFA to lactation diets could increase the concentrations (in milk 

fat) of physiologically important long chain fatty acids converted from linoleic (n-6 fatty 

acids such as ARA) and α-linolenic acids (n-3 fatty acids such as EPA and DHA) through 

desaturation and elongation (Sprecher, 2000). However, the conversion from EFA to these 

long chain fatty acids seems to be limited in mammals (Jacobi et al., 2011). From studies in 

humans, Burdge et al. (2006) concluded that conversion from α-linolenic acid to EPA is low 

(8%) and to DHA is marginal (< 0.1%). In the present study, we observed an increase (37%) 

in the concentrations of EPA in milk fat, but not of DHA, when α-linolenic acid was 

supplemented to diets. Furthermore, supplementation of linoleic acid to lactation diets 

resulted in greater amounts of ARA (15%) secreted in milk; but this increase was diminished 
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with high levels of α-linolenic acid in the diet. It has been well documented that the n-6 to n-

3 fatty acid ratio is important for the conversion of EFA to their longer chain products 

because linoleic and α-linolenic acid share a desaturase enzyme (Δ
6
) and this enzyme has 

greater affinity for α-linolenic acid (Sprecher, 2000). Thus, providing greater amounts of α-

linolenic acid to diets reduced the n-6 to n-3 ratio and this could result in lower conversion of 

linoleic acid to its longer chain derivatives.   

Although it was not our objective to investigate the effects of exposing sows to high 

ambient temperatures, our studies were conducted during the summer months because we 

intended to use a heat stress model that is relevant to the swine production industry. Heat 

stress imposes physiological challenges to the lactating sow (Lambert, 2009; Pearce et al., 

2012) including a dramatic reduction in nutrient intake (Messias de Branganca, 1998), which 

could limit the intake of EFA to support optimal subsequent reproductive performance. In 

experiment 1, lactating sows fed diets not supplemented with lipids had a positive, but low 

balance of linoleic (3.6 g/d) and α-linolenic acid (1.6 g/d) during lactation. However, it is 

unlikely that all of the EFA consumed (71.6 and 4.3 g/d for linoleic and α-linolenic acids, 

respectively) by sows was digested, metabolized and secreted in milk. Palmquist and Mattos 

(1978) estimated that 76% of absorbed linoleic acid is taken up by the mammary gland of 

cows. Thus, we speculate that about 80% of the linoleic acid secreted in milk was of diet 

origin, which would result in a profound negative balance of this fatty acid. A similar 

situation may be the case for the balance of α-linolenic acid during lactation. A negative 

balance of EFA during lactation may result in greater mobilization of these fatty acids from 
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the body and could explain the poor subsequent reproductive performance observed in sows 

fed diets not supplemented with lipids in previous studies (Rosero et al., 2012a, b). Linoleic 

acid is a precursor of hormones important in reproduction, such as prostaglandin F2α. This 

hormone is involved in diverse stages of reproduction, such as ovulation, luteal regression, 

implantation, uterine involution and post-partum physiology (for review, see Weems et al., 

2006). Thus, the role of linoleic acid as precursor of prostaglandin F2α suggests that dietary 

supplementation could be beneficial for the reproduction of sows. It seems that there was not 

a negative balance (assuming that 76% of linoleic acid was taken up by mammary glands) for 

sows fed diets not supplemented with lipids in experiment 2 due to higher feed intake when 

compared to sows in experiment 1. 

In conclusion, results indicated that, depending on the source, supplementation of 

lipids to sow lactation diets improved milk production and increased milk fat content. The 

profile of fatty acids in milk fat reflected the fatty acid composition of the diets. Moreover, 

supplementation of α-linolenic acid to lactation diets increased the concentration of EPA in 

milk. In addition, supplementation of linoleic acid to diets increased the concentration of 

ARA in milk fat. However, this increase in the concentrations of ARA in milk fat was 

diminished by lowering the n-6 to n-3 fatty acid ratio. Furthermore, supplementation of EFA 

to diets greatly increased their balance during lactation, which may be beneficial for the 

subsequent reproductive performance of lactating sows because of their important role as 

precursors of hormones important for reproduction. 
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Table 1. Composition of the experimental diets for Exp. 1 and 2, as-fed basis
1 

 Exp. 1
2
 

 
Exp. 2

3
 

Item 
No added 

lipid 
A-V  CWG 

 

No added 

lipid 

Added lipid 

treatments 

Ingredient, % 
      

Corn, medium grind   51.64    45.14   45.19 
 

  52.71      48.20 

Soybean meal, 46.5% CP   31.00    31.00   31.00 
 

  31.00      31.00 

Corn distillers grains with 

soluble 
8.00 8.00 8.00 

 
- - 

Wheat middlings 6.00 6.00 6.00 
 

  12.00      12.00 

Lipid - 6.00 6.00 
 

- 4.00 

L-lys·HCl 0.05 0.19 0.18 
 

0.10 0.19 

DL-Met - 0.03 0.03 
 

0.15 0.21 

L-Thr 0.01 0.09 0.08 
 

0.14 0.20 

Limestone 1.24 1.33 1.33 
 

1.51 1.61 

Monocalcium phosphate 0.80 0.94 0.94 
 

1.16 1.31 

Salt 0.40 0.41 0.41 
 

0.40 0.40 

Potassium, magnesium sulfate
4
 0.50 0.50 0.50 

 
0.50 0.50 

Vitamin and mineral premix
5
 0.20 0.21 0.21 

 
0.20 0.20 

Choline chloride, 60% 0.13 0.13 0.13 
 

0.13 0.13 

Iron oxide
6
 0.03 0.03 - 

 
- 0.05 

Calculated composition 
      

ME, Mcal/kg 3.26 3.55 3.55 
 

3.19 3.39 

Crude protein, %   21.94    21.61   21.61 
 

  21.30      21.12 

Total lipid, % 3.60 9.30 9.30 
 

2.81 6.65 

SID Lys, % 1.05 1.15 1.15 
 

1.05 1.12 

Ca, % 0.90 0.96 0.96 
 

0.90 0.96 

Total P,  % 0.75 0.77 0.77 
 

0.72 0.74 
  

      
1
Diets were formulated to exceed NRC (1998) requirements. In Exp. 1, diets contained 3.25 g 

standardized ileal digestible (SID) Lys/Mcal ME. In Exp. 2, diets contained 3.29 g SID Lys/Mcal ME. 
2
In Exp. 1, added lipid sources used were: animal-vegetable (A-V) blend and choice white grease (CWG; 

Sooner Trading LLC, Ravia, OK). 
3
In Exp. 2, added lipid sources were obtained by blending canola, corn and flaxseed oils  

4
Dynamate (Mosaic, Plymouth, MN). Added as laxative.

 

5
Supplied per kg of complete diet: vitamin A, 11023 IU; vitamin D3, 1763.7 IU; vitamin E, 51 IU; 

vitamin K, 4.4 mg; vitamin B12, 0.044 mg; riboflavin, 8.8 mg; d-pantothenate, 26.5 mg; niacin 55.1 mg; 

thiamine, 3.3 mg; pyridoxine, 3.3 mg; folic acid, 1.21 mg; biotin, 0.28 mg. Zn, 125 mg; Fe, 100 mg; Mn, 50 

mg; Cu, 25 mg; I, 0.7 mg; Se, 0.3 mg; phytase, 661.4 FTU (Phyzyme, Danisco A/S, Copenhagen, Denmark), 

and chromium, 0.4 mg/kg. 
6
Used to color code experimental diets.
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Table 2. Percentage of inclusion of lipid sources in diets for Exp. 2 

 
Dietary Treatments

1
 

Item 
No added 

lipid 
1 2 3 4 

  Lipid source Percentage of inclusion 

Canola oil       -     90    76      8      0 

Corn oil       -     10      9    90    84 

Flaxseed oil       -       0    15      2    16 

      Calculated fatty acids 

composition
2
 

% of diet 

18:2n-6      1.3       2.1      2.1      3.3      3.3 

18:3n-3      0.07       0.15      0.45      0.15      0.45 

n-6 : n-3 ratio    18.6     14.0      4.7    22.0      7.3 

            
1
Dietary treatments were supplemented with 4% lipids. 

2
Includes EFA contributed by diet basal ingredients.  
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Table 3. Analyzed fatty acid composition, quality parameters, and peroxidation parameters 

of the sources of lipid used in the experimental diets for Exp 1 and Exp 2
1  

 
Exp. 1

2
 

 
Exp. 2 

Item A-V blend CWG   Canola oil Corn oil Flaxseed oil 

Fatty acids,
3
 % 

      16:0       14.06      22.37 
 
        3.74       10.70        5.02 

16:1         1.08        2.37 
 
        0.30         0.08        0.09 

18:0         7.22      12.60 
 
        1.75         1.60        3.67 

18:1n-9       31.95      35.77 
 
      70.73       28.85      20.13 

18:1n-7         8.25        3.00 
 
        3.44         0.61        0.70 

18:2n-6       21.75      11.72 
 
      15.03       54.57      15.61 

18:3n-3         1.48        0.44 
 
        2.01         0.94      51.68 

Other
4
         2.44        4.84 

 
        3.05         1.23        0.85 

Total Fatty Acids       90.66      93.14 
 
    100.00       98.58      97.75 

       

Quality parameters 
      

Free fatty acids, %       14.5        3.7 
 
        0.0         0.1        0.1 

Iodine value, IV       88      62 
 
      96     123    180 

Unsaturated:saturated 

fatty acid ratio 
        2.3        1.5 

 
      14.1         6.6        9.8 

Moisture, %          0.4        0.0 
 
        0.0         0.0        0.2 

Insoluble impurities, %         0.1        0.2 
 
        0.0         0.0        0.0 

Unsaponifiable matter, %         1.8        1.2 
 
        0.8         0.9        0.6 

       

Peroxidation parameters 
      

Anisidine value
5
       23        5 

 
        2         4        1 

Peroxide value, meq/kg 
      

Initial         4      10 
 

        8         3        6 

4 h AOM
6
     102      34 

 
      12         4    164 

24 h AOM     140    228 
 

      54     170    292 
              

1
Methods used (AOAC, 1990): fatty acids profile, 963.22; total fatty acids, 972.28; iodine 

value, 920.159; unsaponifiable matter, 933.08; FFA, 940.28; initial peroxide value, 965.33; and 

AOCS (1998): anisidine value, cd 18-90; moisture, ca 2a-45; insoluble impurities, ca 3-46; 4 h and 

20 h AOM, cd 12-57. 
2
In Exp. 1, added lipid sources used were: animal-vegetable (A-V) blend and choice white grease (CWG). 

3
Percentage by weight. 

4
Comprised of 2% or less of each of the following fatty acids: 12:0, 14:0, 15:0, 17:0, 20:0, 20:1, 

20:2. 20:3, 20:4, 22:0, 22:4 and 24:0.   
5
Relative value 

6
Active oxygen method (AOM). 
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Table 4. Analyzed chemical composition of experimental diets for Exp 1 and Exp 2
1 

  

 
Exp. 1

2
 

 
Exp. 2

3
 

Dietary 

treatment: 

No added 

lipid 
A-V  CWG 

 

No added 

lipid 
1 2 3 4 

      Chemical 

composition, %          

CP      22.9      24.0      22.8 
 

     20.8      21.3      21.3      21.2      20.8 

Total lipids        3.3        7.2        8.9          3.1        5.9        6.1        5.7        5.8 

          Fatty acids, 
4
%     

     16:0      14.74      15.25      22.38 
 

     15.16        8.57        8.46      12.26      12.41 

16:1        0.45        1.05        1.72 
 

- - - - - 

18:0        2.90        4.99        8.07 
 

       2.58        1.90        2.04        1.90        2.21 

18:1n-9      24.53      28.56      32.62 
 

     24.49      49.01      46.24      30.40      27.97 

18:1n-7        0.15        0.82        0.59 
 

       1.08        2.35        2.31        1.00        0.89 

18:2n-6      51.04      42.80      28.26 
 

     52.54      33.92      32.65      50.82      49.62 

18:3n-3        3.06        3.74        2.15 
 

       2.64        2.22        6.15        2.25        5.49 

Other
5
        3.13        2.79        4.21 

 
       1.51        2.03        2.15        1.37        1.41 

n-6 : n-3 ratio      14.30      11.40      13.10 
 

     19.90      15.30        5.30      22.60        9.00 

          1
Methods used (AOAC, 1990): CP, 920.87; total lipids, 920.85 and fatty acids profile, 963.22. 

2
In Exp. 1, added lipid sources used were: animal-vegetable (A-V) blend and choice white grease (CWG). 

3
Added lipids (4% ) corresponded to 1 of 4 lipids obtained by blending canola, corn and flaxseed oils.  

4
Reported on a 100% lipid basis. 

5
Comprised of 2% or less of each of the following fatty acids: 12:0, 14:0, 15:0, 17:0, 20:0, 20:1, 20:2. 20:3, 20:4, 22:0, 22:4 and 24:0. 
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Table 5. Effect of supplementation of dietary lipids and essential fatty acids on sow milk composition and fatty acid profiles 

during lactation for Exp.1 and Exp. 2  

  

Exp. 1
1
 

 

Exp. 2
2
 

        

Linoleic acid, %   α-Linolenic acid, %   

 

Item   

No added 

lipid A-V  CWG SEM   

No added 

lipid 2.1 3.3   0.15 0.45 

 

SEM 

Composition, % 
         

    
 

Protein 

 

   4.8      5.0     4.7 0.1 
 

      4.1       4.1       4.5         4.4        4.3  0.2 

Lactose 

 

   5.6      5.5     5.5 0.1 
 

      6.1       6.1       6.0         5.9        6.1  0.1 

Fat
3,4

 

 

   6.3
b
      6.7

ab
     7.3

a
 0.3 

 
      5.9       6.1       6.5         6.7        5.9  0.4 

Ca 

 

   0.16      0.18     0.17 0.01 
 

      0.17       0.17       0.17         0.17        0.17  0.01 

  
        

    
 

Fatty acids,
5
 % 

 
        

    
 

14:0
3
 

 
   3.2      2.9     2.0 0.1 

 
      3.2       3.1       3.0       3.0        3.1  0.16 

16:0
3
 

 
 28.6    26.9   26.9 0.7 

 
    27.6     26.2     27.2     26.3      27.1  0.90 

16:1
3
 

 
   7.0

a
      5.6

b
     6.0

b
 0.2 

 
      6.6       6.2       6.1       6.0        6.3  0.43 

18:0
6,7

 
 

   4.5
b
      4.7

ab
     5.1

a
 0.2 

 
      4.9       4.3       4.8       4.6        4.5  0.20 

18:1n-9
7
 

 
 34.8    32.9   36.5 1.1 

 
    36.2     38.6     33.4     36.9      35.1  1.23 

18:2n-6
3,7,8

 
 

 17.7
c
    23.0

a
   18.9

b
 0.4 

 
    16.5     16.7     20.8     19.0      18.5  0.60 

18:3n-3
4,3,8

 
 

   0.7
b
      1.3

a
     0.8

b
 0.1 

 
      0.7       1.5       1.5       1.1      1.9  0.19 

20:3n-9 
 

   0.4
b
      0.4

b
     0.7

a
 0.08 

 
      0.3       0.4       0.5       0.4      0.4  0.03 

20:4n-6 
 

   0.7
 ab

      0.6
b
     0.7

a
 0.03 

 
      0.7       0.7       0.7       0.7      0.7  0.04 

20:5n-3 
 

- - - - 
 

      0.04       0.04       0.04       0.03      0.05    0.005 

22:6n-3 
 

- - - - 
 

      0.14       0.13       0.14       0.13      0.14  0.01 

Other
9
 

 

   1.41      1.46     1.45 0.11 
 

      2.11       1.97       1.93       1.94      1.96  0.12 
1
Diets were supplemented with 6% of either animal-vegetable (A-V) blend or choice white grease (CWG). 

2
Diets were supplemented with 4% lipids that corresponded to 1 of 4 lipids obtained by blending canola, corn and flaxseed oils.

 

3
In Exp. 1, effect of lipid supplementation (P ≤ 0.05). 
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Table 5. Continued. 

4
In Exp. 2, tendency of α-linolenic acid supplementation (P = 0.07). 

5
Percentage of milk fat. 

6
In Exp. 1, tendency of lipid supplementation (P = 0.09). 

7
In Exp. 2, effect of linoleic acid supplementation (P < 0.05). 

8
In Exp. 2, effect of lipid supplementation (P < 0.01). 

9
Comprised of 2% or less of each of the following fatty acids: 10:0, 12:0, 15:0, 17:0, 17:1, 18:1t, 20:0, and 20:3n-6. 

a, b
Within rows and dietary treatments within experiments, means without a common superscript differ (P < 0.05). 
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Table 6. Effect of supplementation of dietary lipids and essential fatty acids on milk production and estimated output of selected 

fatty acids in milk
1
  

 

Exp. 1
2
 

 

Exp. 2 

       

Linoleic acid, % 

 

α-Linolenic acid, % 

  

Response criteria 

No added 

lipid A-V CWG SEM   

No added 

lipid 2.1 3.3   0.15 0.45   SEM 

Lactation length, d    22.5     21.9   21.7   0.5 
 

   23.3    23.5    23.3 
 

   23.4    23.4 
 

   0.3 

ADFI, kg/d      4.25       4.15     4.28   0.26 
 

     4.85      5.09      4.91 
 

     4.90      5.10 
 

   0.21 

Milk yield, kg/d
3,4

      5.84
b
       6.10

b
     6.93

a
   0.29 

 
     6.50      7.17      7.35 

 
     7.00      7.51 

 
   0.48 

              

Fatty acids, g/kg 

of milk               

18:2n-6
5,6

    11.29
c
     15.18

 a
   13.44

b
   0.57 

 
     9.68      9.87    13.83 

 
   12.69    11.01 

 
   0.85 

18:3n-3
5,7

      0.45
b
      0.86

a
     0.58

b
   0.05 

 
     0.44      0.92      1.00 

 
     0.75      1.18 

 
   0.13 

20:3n-9      0.27      0.26     0.31   0.02 
 

     0.21      0.22      0.26 
 

     0.25      0.22 
 

   0.03 

20:4n-6
8,9

      0.42      0.41     0.49   0.04 
 

     0.43      0.39      0.47 
 

     0.47      0.40 
 

   0.05 

20:5n-3
7
 - - - - 

 
    0.020     0.023      0.027 

 
     0.022      0.028 

 
   0.003 

22:6n-3 - - - - 
 

    0.083     0.081      0.091 
 

     0.088      0.084 
 

   0.009 
                            

1
Supplemental lipid sources used were: animal-vegetable (A-V) blend and choice white grease (CWG) for Exp. 1, and 1 of 4 lipids obtained by 

blending canola, corn and flaxseed oils for Exp. 2 
2
Data were partially presented by Rosero et al., 2012b.  

3 
Milk production was calculated based on litter weight gain using the regression equation of Noblet and Etiennne (1989) as follows: milk (g·pig

-1
·d

-1
) 

= (2.50 × ADG) + (80.2 × BW) + 7, where ADG is the pig daily gain (g) and BW is the pig BW after cross-fostering (kg).  
4
In Exp. 1 and 2, tendency of lipid supplementation (P = 0.08). 

5
In Exp. 1 and 2, effect of lipid supplementation (P < 0.05). 

6
In Exp. 2, effect of linoleic acid supplementation (P < 0.001). 

7
In Exp. 2, effect of α-linolenic acid supplementation (P < 0.05). 

8
In Exp. 2, tendency of linoleic acid supplementation (P = 0.08). 

9
In Exp. 2, tendency of α-linolenic acid supplementation (P = 0.10). 

a, b
Within rows and dietary treatments within experiments, means without a common superscript differ (P < 0.05).  
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Table 7. Effects of lipid supplementation on the balance of essential fatty acids during lactation for Exp. 1 and Exp. 2
1 

  
Exp. 1 

 
Exp. 2 

        
Linoleic acid, %  

 
α-Linolenic acid, %  

 

Fatty acids, g/d 
 

No added 

lipid 
A-V  CWG SEM 

 

No added 

lipid 
2.1 3.3 

 
0.15 0.45 SEM 

Intake
2
  

             18:2n-6
3,4,5

 

 

  71.6
c
  127.8

a
  107.7

b
 6.5 

 

   84.8    97.8  140.5 
 

  117.1   121.2 5.1 

18:3n-3
3,4,6

 

 

    4.3
c
    11.2

a
      8.2

b
 0.5 

 

     4.3    12.0    11.3 
 

      6.3     17.0 0.4 

Milk output
7
 

 
    

 
       

18:2n-6
3,4,5

 

 

  66.2
b
    94.1

a
    93.7

a
 4.8 

 

   60.8    74.2    97.9 
 

    90.9     81.2 7.8 

18:3n-3
3,4,6

 

 

    2.6
c
      5.2

a
      4.0

b
 0.2 

 

     2.7      6.5      6.8 
 

      5.1       8.2 0.8 

Balance
8
 

 
    

 
       

18:2n-6
3,9

 

 

    3.6
b
    33.7

a
    14.0

b
 8.1 

 

   24.0    22.8    42.8 
 

    26.0     39.6  10.0 

18:3n-3
3,4,6

 

 

    1.6
c
      5.9

a
      4.2

b
 0.5 

 

     1.6      5.9      4.6 
 

      1.2       9.1 0.8 
1
Lipid sources used were: animal-vegetable (A-V) blend and choice white grease (CWG) for Exp. 1 and 1 of 4 lipids obtained by blending canola, corn 

and flaxseed oils in Exp. 2.  
2
Intake of fatty acids was estimated using ADFI of sows, analyzed fat content and analyzed dietary concentrations of linoleic and α-linolenic acid. 

3
In Exp. 1, effect of lipid supplementation (P < 0.01). 

4
In Exp. 2, effect of lipid supplementation (P < 0.01). 

5
In Exp. 2, effect of linoleic acid supplementation (P < 0.01). 

6
In Exp. 2, effect of α-linolenic acid supplementation (P < 0.01). 

7
Fatty acids secreted in milk estimated using daily milk yield, analyzed milk fat content and analyzed linoleic and α-linolenic acids in milk.    

8
Balance of essential fatty acids during lactation was estimated by subtracting the amount of fatty acids secreted in milk from the estimated total intake.  

9
In Exp. 2, tendency of linoleic acid supplementation (P = 0.08). 

a, b
Within rows and dietary treatments within experiments, means without a common superscript differ (P < 0.05). 



 

 

 

86 

CHAPTER III: 

 

Determination of minimum levels of essential fatty acid intake during lactation for 

maximum subsequent reproductive cycle of sows 
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ABSTRACT  

The objective of this study was to define the levels of essential fatty acids (EFA) required by 

the lactating sow for optimal subsequent reproduction. Data were collected from 480 sows 

(PIC Camborough) balanced by parity, with 241 and 239 sows representing parity 1, and 3 to 

5 (P3+), respectively. Sows were assigned randomly, within parity, to a 3 x 3 factorial 

arrangement plus a control diet without added lipids. Factors included: a) linoleic acid (2.1, 

2.7 and 3.3% of the diet) and b) α-linolenic acid (0.15, 0.30 and 0.45% of the diet). The 

different levels of EFA were obtained by adding different mixtures of canola, corn and 

flaxseed oils to diets at 4%. Diets were corn-soybean meal based with 12% wheat middlings. 

Lipid supplemented diets contained 3.39 Mcal ME/kg and 3.29 g standardized ileal digestible 

lys/Mcal ME. Litter growth rate was not affected by linoleic (P = 0.987) or α-linolenic acid 

(P = 0.310). For parity 1 sows, α-linolenic acid linearly reduced the farrowing rate (P < 

0.001; 88.7, 90.3 and 80.2% for 0.15, 0.30 and 0.45% α-linolenic acid, respectively) and 

tended to linearly increase the culling rate (P = 0.078; 8.4, 8.3 and 12.7%). The effects of 

linoleic acid on the subsequent reproduction of P3+ sows were influenced by the level of α-

linolenic acid in the diet. For diets containing less than 0.45% α-linolenic acid, linoleic acid 

at 2.7% of the diet (and beyond) tended to improved farrowing rate (P = 0.072; 81.9 and 

88.7% for 2.1 and 2.7% linoleic acid, respectively) and decreased culling rate (P = 0.013; 

18.1 and 11.3%) when compared to linoleic acid at 2.1% of the diet. When linoleic acid was 

less than 2.7% of the diet, α-linolenic acid at 0.45% resulted in the highest farrowing rate (P 

< 0.001; > 95%) and the lowest culling rate (P < 0.001; < 5%). For parity 1 and P3+ sows, 
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increasing linoleic acid linearly increased the subsequent litter size (P = 0.029; 13.8, 13.9 and 

14.2 total pigs born for 2.1, 2.7 and 3.3% linoleic acid, respectively). In conclusion, 

supplementation of linoleic acid increased the subsequent litter size and, depending on parity, 

improved the subsequent reproductive cycle of sows. For lactation diets containing low 

concentrations of α-linolenic acid (< 0.30% of the diet), linoleic acid at 2.7% of the diet or 

more reduced culling rate and improved farrowing rate of P3+ sows. These data illustrate that 

the n-6:n:3 fatty acid ratio plays an important role in the subsequent reproduction of sows.  

Key words: essential fatty acids, lactation, lipids, sow 

Introduction 

 Supplementation of lipids to lactation diets is of nutritional relevance because sows 

and suckling piglets have a high demand for energy and nutrients during lactation (Boyd and 

Kensinger, 1998). Lipid supplementation increases the caloric intake of lactating sows 

(Pettigrew and Moser, 1991; Tilton et al., 1999). However, evidence that lipid 

supplementation benefits the lactating sow is inconsistent (Pettigrew, 1981; Averette et al., 

1999; Averette Gatlin et al., 2002). In recent studies (Rosero et al., 2011a, b), we observed 

slight benefits on animal performance when lactating sows were fed supplemental lipids (2, 4 

and 6% added animal-vegetable blend or choice white grease). Nevertheless, lipid 

supplementation was remarkably beneficial for the subsequent reproduction of sows.    

  Although dietary lipids are extensively used in diets as concentrated sources of 

energy, they are also important sources of essential fatty acids (EFA, linoleic acid, C18:2n-6; 

and α-linolenic acid, C18:3n-3). The role of EFA as precursors of hormones important for 
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reproduction (for review, see Weems et al., 2006), suggests that supplementation during 

lactation could modulate the subsequent reproduction of sows. For instance, supplementation 

of linoleic acid can increase prostaglandin F2 (PGF2α), which could enhance involution of 

the uterus and embryonic implantation (for review, see Palmquist, 2009). In addition, 

changes in the n-6:n-3 fatty acid ratio could modulate reproduction because greater 

availability of α-linolenic acid could inhibit the elongation and desaturation of linoleic acid to 

arachidonic acid (ARA) and thereby alter the profile of bioactive eicosanoids (Sprecher, 

2000). 

 There is strong evidence that supplementation of EFA to lactation diets has positive 

effects in the subsequent reproduction (Mateo et al., 2009; Smits et al., 2011), but the proper 

requirements have not been determined. Thus, the objective of this study was to define the 

levels of EFA required by the modern lactating sow for optimal subsequent reproduction.  

Materials and methods 

Animals used in this experiment were treated humanely and procedures were 

consistent with the Guide for the Care and Use of Animals in Agricultural Research and 

Teaching (FASS, 2010). The experiment was conducted under the supervision of licensed 

veterinarians. 

Animals and dietary treatments 

A total of 480 sows (PIC Camborough L42) were selected and placed in the 

farrowing facility of a 2,600 sow commercial sow unit located in Oklahoma during the 



 

 

 

90 

months of July to October, 2013. During the study, daily mean temperatures averaged 25.5 ± 

1.4°C, average maximum temperature was 28.1 ± 1.4°C, and humidity was 67.3 ± 8.5% 

inside of the facility. Sows were equally balanced by parity, with 241 and 239 sows 

representing parity 1 and 3 to 5 (P3+), respectively. Sows were randomly (within parity) 

assigned to a 3 x 3 factorial arrangement plus a control diet without added lipids. Factors 

included: a) linoleic acid (2.1, 2.7 and 3.3% of the diet) and b) α-linolenic acid (0.15, 0.30 

and 0.45% of the diet). In this arrangement we obtained 9 different n-6:n-3 fatty acid ratios, 

ranging from 5 to 22. The different levels of EFA were obtained by adding to diets 4% of 

different mixtures of canola, corn and flaxseed oils (Cereal Byproducts Company, Town and 

Country, MO). 

Diets were corn-soybean meal based with 12% wheat middlings (Table 1). Diets were 

formulated to a constant nutrient to ME ratio, including AA, Ca, P and vitamins and 

minerals. Lipid supplemented diets contained 3.39 Mcal ME/kg and 3.29 g standardized ileal 

digestible lys/Mcal ME. All nutrients exceeded the NRC (2012) requirements for lactating 

sows, and designed to support 2,600 g/d litter growth. The diet not supplemented with lipids 

and diets with the lowest and the highest concentrations of linoleic and α-linolenic acid 

(dietary treatments 1, 3, 7 and 9; Table 2) were manufactured in a commercial feed mill 

(Hanor Company, Enid, OK) and analyzed to verify chemical composition. The other 5 

dietary treatments were obtained by blending the lipid supplemented diets to achieve the 

intermediary levels of EFA. Diets were blended to create 1 of the 9 lipid supplemented diets 

and then delivered individually to sows by a computerized feeding system (Howema, Big 
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Dutchman, Germany). Diets were color coded for visual confirmation in feeders and 

collected in 26.5 L plastic containers (before feeding) for verification of the amount 

delivered. Dietary treatments were initiated on d 1 of lactation. Feed was offered in meal 

form and in excess of appetite twice per day (0600 and 1500 h). Sows had free access to 

water. Feed offered to sows was recorded from farrowing to weaning. Feed refused by sows 

was collected daily and the weight was recorded. Feed intake was estimated from the 

difference between feed offered and feed refused.  

Sow Performance 

Sows were weighed individually at placement (110 ± 2 d of gestation). Post-

farrowing BW of sows was estimated assuming 0.7 kg daily gain from the day of placement 

to the day of farrowing based on a daily ME intake of 8 Mcal (Close et al., 1984), minus litter 

weight at birth, which included pigs born alive, still-born pigs and mummies, and the 

estimated weight of the placenta and fluid (Noblet et al., 1985). In addition, to eliminate 

variability of lactation length (average 23.2 ± 1.1 d and ranged from 21 to 25 d) all sows and 

litters were weighed at d 21 of lactation. Sow BW change was calculated as the difference 

between BW at d 21 of lactation and the estimated post-farrowing BW.  

Litter Performance 

Cross-fostering was performed during the first day of lactation after 18 to 24 h to 

allow for colostrum intake from their mothers. Litter size was standardized to 12.0 ± 0.3 pigs. 

Litters were weighed after cross-fostering and at d 21 of lactation. Litter growth rate was 

calculated as the difference between the weight of the litter at d 21 of lactation and the initial 
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litter weight (after cross-fostering) divided by the number of days in the lactation period. 

Piglet mortality was recorded for each litter. Pigs did not have access to creep feed or 

supplemental milk during the experiment.  

Subsequent Reproductive Performance 

After weaning, sows were returned to the breeding building where subsequent 

reproductive performance was measured. Data collected included the weaning-to-conception 

interval, conception rate at d 35 of gestation, farrowing rate, and number of sows culled. In 

addition, subsequent litter information, including pigs born alive, still-born pigs, and 

mummies was collected.  

Chemical Analysis 

Feed samples were collected weekly and pooled within treatment. Composite samples 

were analyzed according to the Association of Official Analytical Chemists (AOAC, 1990) 

for CP, lipid, Ca, and P (New Jersey Feed Laboratory Inc., Trenton, NJ). The chemical 

composition and quality of the lipids (Table 3) was determined in representative samples by a 

commercial laboratory (New Jersey Feed Laboratory Inc., Trenton, NJ). Analyses included 

fatty acids profile (method 963.22), total fatty acids (method 972.28), free fatty acids 

(method 940.28), unsaponifiable matter (method 933.08), and initial peroxide value (method 

965.33) according to AOAC (1990), and moisture (method ca 2a-45), insoluble impurities 

(method ca 3-46), anisidine value (method cd 18-90), and peroxide value  at 4 and 20 h under 

the active oxygen method (method cd 12-57) according to the American Oil Chemists 

Society (AOCS, 1998). 
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Statistical Analysis 

Data of animal performance corresponded to a randomized complete block design 

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

farrowing facility used was divided into 8 sections with 20 to 24 individual crates in each 

section. Due to the facility and flow restrictions of the farm, 2 sections of 20 to 24 sows were 

placed on the study every week for 11 consecutive weeks (21 groups). Sow parity was used 

as an independent (control) variable in the model. Observations of 5 sows (1 from the no 

lipid supplemented diet, 2 from dietary treatment 4, 1 from 6 and 1 from 7) with response 

means greater than 3 standard deviations from the mean were removed from the entire 

analysis. After observations were removed, dietary treatments were represented by 1 to 2 

sows per parity in all groups placed on test. A mixed linear model (Littell et al., 2006) was 

fitted to the data and included supplementation of linoleic and α-linolenic acid, parity and 

their interaction as the fixed effects. Group of sows was considered as random effect in the 

model. We detected significant differences for litter weight at the time of cross-fostering and 

used it as a covariate to analyze litter performance.  

In this experiment, 2 sows (1 from dietary treatment 3 and 1 from 9) died during 

lactation and 10 sows (1 from no lipid supplemented diet, 2 from dietary treatment 3, 1 from 

4, 2 from 5, 2 from 6, 1 from 8 and 1 from 9) died after sows were weaned. The remaining 

sows were used for analysis of subsequent reproductive performance. When the response was 

binary (i.e., sows farrowed verses sows that did not farrow), the total number of successes 

were counted across all replicates and a Poisson regression model (Ott and Longecker, 2001) 
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was fitted to the number of successes, with supplementation of linoleic and α-linolenic acid, 

parity and their interaction as fixed effects and the total number of sows as an offset variable. 

The SAS software Genmod procedure (Littell et al., 2006) was used for the analysis. From 

the 405 sows that farrowed in the next cycle, subsequent litter data were collected. 

Information included total pigs born, pigs born alive, still-born pigs, and mummies. Similar 

to animal performance, conception-to-bred interval and subsequent litter data were analyzed 

using a completely randomized design using the Mixed procedure of SAS. Degrees of 

freedom, least squares means, and standard errors were calculated applying the 

Satterthwaite’s correction method (Littell et al., 2006). For all variables, dietary treatment 

degrees of freedom were partitioned into orthogonal contrasts to evaluate linear effects for 

supplementation of linoleic and α-linolenic acids. 

Results 

Sow performance 

Sows consumed 5.10 ± 0.13 kg/d of diet during the first 21 d of lactation. 

Supplementation of linoleic (P = 0.838) or α-linolenic acid (P = 0.467) to diets did not affect 

ADFI (Table 4). Feed refused by sows averaged 10.3 ± 0.6 kg for the lactation period and 

this was similar across all dietary treatments (P = 0.739). During lactation, sow BW change 

was -1.6 ± 1.6 kg, and this was not affected by supplementation of linoleic (P = 0.914) or α-

linolenic acid (P = 0.654) to diets. As expected, P3+ sows consumed more feed (P < 0.001; 

5.62 and 4.58 kg/d, respectively; data not shown) during lactation and were heavier (P < 

0.001) than parity 1 sows at placement (254.8 and 197.2 kg, respectively), post-farrowing 
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(228.8 and 176.1 kg) and at d 21 of lactation (230.2 and 170.8 kg). 

Litter Performance 

After cross-fostering, sows started lactation with 12.0 ± 0.3 pigs, and this number of 

pigs was similar across all dietary treatments (P = 0.282; Table 5). Supplementation of 

linoleic (P = 0.887) or α-linolenic acid (P = 0.893) to lactation diets did not affect piglet 

mortality. Greater (linear, P < 0.001) litter weight at the time of cross-fostering was detected 

for sows fed diets supplemented with linoleic acid. Consequently, litter weight at cross-

fostering was used as a covariate for analysis of litter performance. Although litter growth 

rate tended to improve (P = 0.105; 2.44 and 2.54 kg/d for no lipid and lipid supplemented 

diets, respectively) with lipid supplementation, it was not affected by dietary 

supplementation of linoleic (P = 0.987) or α-linolenic acid (P = 0.310). Furthermore, piglets 

on P3+ sows were heavier (P < 0.001; data not shown) at the time of cross-fostering (19.4 

and 17.6 kg, respectively) and at d 21 of lactation (71.9 and 64.7) than those on parity 1 

sows. 

Subsequent Reproductive Performance 

Data indicated that 91.1% (431) of sows were bred within 30 d and detected to be 

pregnant on d 35 of gestation, while 85.6% (405) of sows farrowed the subsequent cycle and 

12.1% (57) of sows were culled during the study. The subsequent reproductive cycle of 

parity 1 and P3+ sows was impacted differently by the supplementation of EFA to lactation 

diets (Table 6). For parity 1 sows, supplementation of linoleic acid at 2.7% of the diet, but 

not 2.1 or 3.3%, negatively affected conception rate (P < 0.001), farrowing rate (P < 0.001), 
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and culling rate (P < 0.001). Moreover, increasing supplemental α-linolenic acid linearly 

reduced the conception rate (P = 0.012) and farrowing rate (P < 0.001) and tended to linearly 

increase the culling rate (P = 0.078). For P3+ sows, increasing supplemental linoleic acid 

linearly reduced (P = 0.05) the weaning-to-conception interval. Furthermore, the effect of 

supplemental linoleic acid on the subsequent reproduction of P3+ sows was influenced by 

supplemental α-linolenic acid (linoleic by α-linolenic acid interaction effect, P < 0.05; Table 

6). When supplemental linoleic acid was less than or equal to 2.7% of the diet, supplemental 

α-linolenic acid at 0.45% of the diet positively impacted the conception rate (P = 0.003; 

Figure 1) and resulted in the highest farrowing rates (linear P < 0.001; Figure 2) and lowest 

culling rates (linear, P < 0.001; Figure 3). In addition, for diets containing less than 0.45% α-

linolenic acid, supplemental linoleic acid at 2.7% (and beyond) tended to improved farrowing 

rate (P = 0.072) and decreased culling rate (P = 0.013). Moreover, data indicated that 24 

parity 1 sows (33 d after they were bred) and 21 P3+ sows (52 d) returned to estrus (data not 

shown). For P3+ sows, the greatest proportion (71% of sows) corresponded to irregular 

returns (> 24 d after breeding). Interestingly, the number of P3+ sows showing irregular 

returns was reduced with increasing supplemental linoleic acid (10, 1 and 2 sows for 2.1, 2.7 

and 3.3% linoleic acid, respectively) and this was related to the improved farrowing rate 

(Figure 4). 

Subsequent Litter Size 

A total of 405 sows farrowed an average of 13.83 ± 0.47 pigs (total born) and 13.16 ± 

0.43 pigs born alive in the subsequent cycle. The number of total pigs born (P = 0.029) and 
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pigs born alive (P = 0.043) linearly increased with increasing supplemental linoleic acid 

(Table 7). Increasing supplemental α-linolenic acid did not affect the number of total pigs 

born (P = 0.692) or pigs born alive (P = 0.697). 

Discussion 

 Overall, supplementation of EFA to diets did not impact feed intake during lactation. 

We obtained the different levels of EFA by adding to diets 4% of different mixtures of oils of 

plant-origin (canola, corn and flaxseed oils), which are rich in unsaturated fatty acids. It is 

well known that unsaturated fatty acids are prone to lipid peroxidation (Kimura et al., 1984), 

which seems to affect feed intake, nutrient absorption and animal performance (Nwanguma 

et al., 1999; DeRouchey et al., 2004). To prevent any adverse effects of lipid peroxidation, 

we used high quality oils and added vitamin E to diets at the level of 51 IU/kg, which is 

greater than the minimum requirement (44 IU/kg of diet) suggested by the NRC (2012). In 

addition, diets were manufactured in relatively small batches to reduce the length of time that 

feed was stored in bins. Indeed, analysis of the peroxidation status of diets (see Table 2) 

showed that peroxide and anisidine values of lipid supplemented diets were relatively similar 

to the values of the no lipid supplemented diet. 

 In previous dose-response studies (Rosero et al., 2012a, b), we demonstrated that 

dietary supplementation of lipids slightly benefited the lactating sow. Data from the present 

study showed that supplementation of 4% lipids did not improve sow performance, with the 

exception of a slight improvement in litter growth rate (4%) when sows were fed diets 

supplemented with lipids compared to sows fed no lipid supplemented diets. We speculate 
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that this improvement was due to the greater energy density of the diets rather than a specific 

effect of EFA, because the effects of linoleic and α-linolenic acid were not significant. Our 

observations are similar to the improvement (6%) in litter growth rate reported by Averette 

Gatlin et al. (2002) when lactating sows were fed 10% supplemental lipids (either as 

medium-chain triglycerides or choice white grease).  

  Most of the recent efforts from scientists have been focused on the effects of n-3 

(omega-3) fatty acids on sow and piglet performance, because common lactation diets have 

limited content and it seems that these fatty acids benefit health and neonatal development 

(Rooke et al., 2001; Mateo et al., 2009). The desirable outcome of feeding lactating sows 

diets supplemented with n-3 fatty acids (using lipids form either plant or marine origin) is to 

increase concentrations of long chain PUFA (LC-PUFA), most notably eicosapentaenoic 

(EPA) and docosahexaenoic acid (DHA), in piglet’s tissues. This is of particular interest 

because there is strong evidence suggesting that DHA plays an important role in the 

development of brain and cognitive and neural functions (for review, see Innis, 2007). 

Although conversion from α-linolenic acid to LC-PUFA, through desaturation and 

elongation, seems to be limited in mammals (for review, see Palmquist, 2009), some 

researchers reported that supplemental flaxseed oil (rich in α-linolenic acid) in sow lactation 

diets resulted in increased concentrations of DHA in piglet’s brain (Gunnarsson et al., 2009). 

Improved cognitive and neural functions in piglets may improve survivability during 

lactation. Rooke et al. (2001) and Farmer et al. (2010) demonstrated that supplementation of 

n-3 fatty acids to lactating sows reduced mortality of piglets. However, and in agreement 
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with previous reports (Mateo et al., 2009; Smits et al., 2011), our data indicated that 

increasing supplemental α-linolenic acid during lactation did not impact piglet survivability 

or litter growth rate.  

Linoleic acid (n-6 fatty acid) can be converted to ARA, through desaturation and 

elongation. In pigs, dietary supplementation of ARA has been shown to have a protective 

function in the intestine (Jacobi et al., 2012). In addition, birth and weaning weights of 

nursing pigs appear to be related to the ARA status in tissues of piglets (Laws et al., 2007; 

Cools et al., 2011; Tanghe et al., 2014). Despite the potential benefits of supplemental 

linoleic acid, we did not observe any impact on litter performance. Furthermore, it has been 

well documented that increasing the availability of α-linolenic acid (lowering the n-6:n-3 

fatty acid ratio) results in decreased conversion of linoleic acid to its derivatives, because 

these EFA share a desaturase enzyme (Δ
6
) that has greater affinity for α-linolenic acid 

(Sprecher, 2000). Thus, lowering the n-6:n-3 fatty acid ratio of lactation diets might reduce 

the conversion of linoleic acid to ARA and this could adversely affect the growth rate of the 

nursing piglets (Lapillonne et al., 2003; Cools et al., 2011). The potential effects of 

supplementing EFA to sows on litter growth rate are still controversial as results of published 

studies are inconsistent. 

 Despite the essentiality of EFA during lactation, current dietary recommendations for 

sows (NRC, 2012) specify a low requirement for linoleic acid (0.1% of the diet or 6 g/d, 

assuming a feed intake of 6.28 kg/d) and no requirement estimate for α-linolenic acid is 

available. It is important to note that this requirement of linoleic acid is based on studies 
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using growing pigs (Christensen, 1985), because studies with lactating sows are limited. We 

suggest that the application of this requirement to sow lactation diets may be inaccurate 

because obvious differences in age, body weight and physiological stage between growing 

pigs and lactating sows (Noblet, 1996). In an early study, Kruse et al. (1977) fed lactating 

sows increasing amounts of linoleic acid (30, 75 and 125 g/d by adding to diets 0, 2 and 4% 

soybean oil). For these lactating sows that weaned a relatively low number of slowly-

growing pigs (weaned pigs = 7.1 and litter growth rate = 1.36 kg/d), the balance of linoleic 

acid was estimated to be positive because the amount of linoleic acid secreted in milk (23, 48 

and 57 g/d, respectively) was much lower than the amount consumed. As suggested by these 

authors, the diet without supplemental soybean oil (providing 30 g/d) seemed to be sufficient 

in linoleic acid. In contrast, we have previously estimated that the modern lactating sow 

secreted approximately 66 g/d of linoleic acid (weaned pigs = 10.6 and litter growth rate = 

1.83 kg/d) if fed diets without supplemental lipids (ADFI was 4.25 kg/d and linoleic acid was 

1.7% of the diet) that provided about 72 g/d of this fatty acid (Rosero et al., 2011). It is 

unlikely that all the dietary linoleic acid provided to sows was digested, metabolized and 

secreted in milk. Palmquist and Mattos (1978) estimated that 76% of absorbed linoleic acid is 

taken up by the mammary gland of cows. Thus, we speculate that lactating sows would need 

to consume at least 90 g/d of linoleic acid to secrete about 66 g/d in milk without resulting in 

a negative balance of this fatty acid. A negative balance of linoleic acid during lactation may 

result in greater mobilization from the body and could explain the poor subsequent 

reproductive performance observed in sows fed diets not supplemented with lipids in 
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previous studies (Rosero et al., 2012a, b). Linoleic acid is a precursor of PGF2α, which is an 

important hormone that is involved in diverse stages of reproduction, such as ovulation, 

luteal regression, implantation, uterine involution and post-partum physiology (for review, 

see Weems et al., 2006). Thus, the role of linoleic acid as precursor of PGF2α suggests that 

dietary supplementation could be beneficial for the reproduction of sows. 

 One of the most intriguing findings in previous studies (Rosero et al., 2012a, b) was 

that lactating sows fed diets without supplemental lipids (provided 72 g/d of linoleic acid) 

had poor subsequent reproductive performance (farrowing rate < 72%), but this was 

improved by adding supplemental animal-vegetable blend (providing at least 95 g/d of 

linoleic acid) or choice white grease (providing at least 83 g/d) to diets. We hypothesized that 

the observed reproductive failure was related to a profound negative balance of linoleic acid, 

and possibly α-linolenic acid, during lactation. In the present study, lactating sows fed diets 

without supplemental lipids consumed greater amounts of feed (e.g. 5.07 vs. 4.20 kg/d) and 

linoleic acid (86 g/d) and performed better in the subsequent reproductive cycle (farrowing 

rate = 85%) than sows fed similar diets in previous studies (Rosero et al., 2012a, b). 

Increasing supplemental linoleic (102, 129 and 147 g/d for 2.1, 2.7 and 3.3% linoleic acid, 

respectively) improved the subsequent reproductive cycle depending on the parity. For P3+ 

sows, provision of at least 129 g/d of linoleic acid improved the farrowing rate by 8% and 

reduced the culling rate by 38%, when diets provided no more than 13.2 g/d of α-linoleic 

acid. In addition, we observed that subsequent litter size linearly increased with increasing 

supplemental linoleic acid. These improvements in farrowing rate and subsequent litter size 
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were related with a reduced number of sows showing irregular returns (> 24 d after breeding) 

and not to the impact on conception rate. This effect of supplemental linoleic acid is 

illustrated in Figure 4. Irregular returns may be due to various reasons, including undetected 

return to estrus, infection of the reproductive tract, embryonic survivability and others 

(Meridith, 1995). Presumably, supplemental linoleic acid increased the substrate for the 

production of PGF2α in the endometrium of sows and this enhanced uterine regression, 

reduced the incidence of infections and improved embryonic survivability. This hypothesis 

has been demonstrated in cows. Thatcher et al. (2006) supplemented diets of cows with 2% 

of Megalac-R (28% linoleic acid) to determine the impact on the subsequent reproduction. 

The authors reported improved farrowing rates and fewer health problems for cows fed diets 

supplemented with 2% Megalac-R compare to those fed a control diet.  

 Beneficial effects of supplementing lactation diets with n-3 fatty acids were observed 

by Smits et al. (2011), who reported that sows fed diets supplemented with fish oil at 3% of 

the diet increased the subsequent litter size by 1 pig and concluded that improvements in 

subsequent litter size may be due to enhanced follicular development and oocyte quality. 

Similarly, results of the present study indicated that increasing supplemental α-linoleic acid 

(6.6, 13.2 and 19.7 g/d, for 0.15, 0.30 and 0.45% α -linolenic acid, respectively) in diets of 

P3+ sows improved the subsequent reproduction. We observed that the highest farrowing 

rates (>95%) and lowest culling rates (< 5%) were achieved by providing to sows 19.7 g/d of 

α-linolenic acid, but only when supplemental linoleic acid was less than 129 g/d. The 

observed linoleic by α-linolenic acid interaction for the subsequent reproductive cycle of P3+ 
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sows suggests that, besides optimal supplementation of EFA, the n-6:n-3 fatty acid ratio also 

plays an important role in reproduction.  

 The positive effects of supplemental linoleic and α-linolenic acid observed in P3+ 

sows were not evident in parity 1 sows. Indeed, increasing supplemental α-linolenic acid was 

detrimental for the subsequent reproductive cycle of parity 1 sows. In a recent study, 

Eastwood (2012) concluded increasing supplementation of α-linolenic acid (30, 43 and 104 

g/d, by supplementing diets with flaxseed oil) to diets accentuated the state of negative 

energy balance of lactating sows as indicated by reduced feed intake, increased back fat 

losses and increased response to an epinephrine challenge. During lactation, parity 1 sows 

seem to mobilize greater amounts of body fat when compared to mature sows (Sinclair et al., 

1996; Rosero et al., 2012a), and increasing supplemental α-linolenic acid could aggravate 

this condition. The reason that parity1 sows responded differently to supplementation of EFA 

than P3+ sows remains unclear. Different from mature sows, parity 1 sows are 

physiologically younger and need extra energy for body growth (Aherne and Williams, 1992; 

Pluske et al., 1998). Averette el al. (1999) reported that, unlike mature sows (parities ≥ 3), 

parity 1 sows were unable to increase milk fat content when fed diets supplemented with 

10% choice white grease.  

 In conclusion, supplementation of EFA did not affect lactating sow performance but 

it improved the subsequent reproductive performance of sows depending on parity. For 

lactation diets containing low concentrations of α-linolenic acid (< 0.30% of the diet), 

supplemental linoleic acid at 2.7% of the diet reduced culling rate and improved farrowing 
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rate of P3+ sows. In addition, supplemental linoleic acid linearly increased the subsequent 

litter size of parity 1 and P3+ sows. Supplemental α-linolenic acid was detrimental for the 

subsequent reproduction of parity 1 sows, but α-linolenic acid at 0.45% of the diet greatly 

improved farrowing rate and reduced culling rate of P3+ sows, when supplemental linoleic 

acid was 2.7% or less. This suggests that the n-6:n:3 fatty acid ratio plays an important role 

in the subsequent reproduction of sows.  
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Table 1. Composition of the experimental diets, as-fed basis
1 

Item   
No added 

lipid 

Added lipid 

treatments 

Ingredient, % 

   Corn, medium grind 

 

          52.71             48.20 

Soybean meal, 46.5% CP 

 

          31.00             31.00 

Wheat middlings 

 

          12.00             12.00 

Lipid
2
 

 

            0.00               4.00 

L-Lys-HCl 

 

            0.10               0.19 

DL-Met 

 

            0.15               0.21 

L-Thr 

 

            0.14               0.20 

Limestone 

 

            1.51               1.61 

Monocalcum phosphate, 21% P 

 

            1.16               1.31 

Salt 

 

            0.40               0.40 

Potassium-magnesium sulfate
3
 

 

            0.50               0.50 

Sow vitamin and mineral premix
4
 

 

            0.20               0.20 

Choline chloride, 60% 

 

            0.13               0.13 

Iron oxide
5
 

 

            0.00               0.05 

Calculated composition 

 
  

ME, Mcal/kg 

 

            3.19               3.39 

Total lipids, %  

 

            2.81               6.65 

CP, % 

 

          21.30             21.12 

Total lysine, % 

 

            1.05               1.12 

Ca, % 

 

            0.90               0.96 

Total P,  % 

 

            0.72               0.74 

Analyzed composition 

 
  

CP, % 

 

          20.80             21.20 

Total lipids, % 

 

            3.10               5.89 

Ca, % 

 

            1.06               1.03 

P, % 

 

            0.74               0.76 
1
Diets were formulated to exceed NRC (2012) requirements and contained 3.29 g standardized ileal 

digestible lysine/Mcal ME. 
2 
Added lipid sources corresponded to 1 of 4 lipids obtained by blending canola, corn and flaxseed oils. 

3
Dynamate. Added as a laxative (Mosaic, Plymouth, MN). 

4
Supplied per kg of complete diet: Zn, 125 mg; Fe, 100 mg; Mn, 50 mg; Cu, 24.98 mg; I, 0.7 mg; Se, 

0.3 mg; vitamin A, 11023 IU; vitamin D3, 1763.7 IU; vitamin E, 50.7 IU; vitamin K, 4.4 mg; vitamin B12, 0.044 

mg; riboflavin, 8.8 mg; d-pantothenate, 26.5 mg; niacin 55.1 mg; thiamine, 3.3 mg; pyridoxine, 3.3 mg; folic 

acid, 1.21 mg; biotin, 0.28 mg; phytase, 661.4 FTU (Phyzyme, Danisco A/S, Copenhagen, Denmark), and 

chromium, 0.4 mg/kg. 
5
Used to color code experimental diets. 
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Table 2. Percentage of inclusion of lipid sources in experimental diets and dietary concentrations of essential fatty acids 

 
Dietary Treatments

1
 

 

No added 

lipid 
1 2 3 4 5 6 7 8 9 

Sows, n      47     48     48     47     46     48     47     47     48     47 

Lipid source, % of 

supplemented lipids           

Canola oil       -     90.0     83.0     76.0     49.0     42.0     38.0       8.0       4.0       0.0 

Corn oil       -     10.0       9.5       9.0     50.0     49.5     46.5     90.0     87.0     84.0 

Flax oil       -       0.0       7.5     15.0       1.0       8.5     15.5       2.0       9.0     16.0 

Calculated fatty acids, %  
          

18:2n-6       1.3       2.1       2.1       2.1       2.7       2.7       2.7       3.3       3.3       3.3 

18:3n-3       0.07       0.15       0.30       0.45       0.15       0.30       0.45       0.15       0.30       0.45 

n-6 : n-3 ratio      19     14       7       5     18       9       6     22     11       7 

Analyzed fatty acids, %  
          

18:2n-6       1.7       2.0       2.0       2.0       2.5       2.5       2.5       2.9       2.9       2.9 

18:3n-3       0.09       0.13       0.26       0.38       0.13       0.26       0.35       0.13       0.23       0.32 

n-6 : n-3 ratio 
    19     15       8       5     19     10       7     22     13       9 

           

Peroxidation status of diets 
          

Anisidine value
2
       0.80       0.85       0.86       0.87       0.91       0.92       0.98       0.96       1.03       1.09 

Peroxide value, meq/kg        1.08       0.96       0.98       1.00       1.20       1.22       1.09       1.43       1.31       1.18 

1
Dietary treatments were supplemented with a total of 4% lipids. 

2
Relative value. 
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Table 3. Analyzed fatty acid composition, quality parameters and peroxidation status of the 

sources of lipids used in the experimental diets
1 

  
Lipid source 

Item 
 

Canola oil Corn oil Flaxseed oil 

Fatty acids,
2
 % 

    
14:0, % 

 
        0.00         0.00         0.00 

16:0, % 
 
        3.74       10.70         5.02 

16:1, % 
 
        0.30         0.08         0.09 

18:0, % 
 
        1.75         1.60         3.67 

18:1, % 
 
      74.12       29.46       20.83 

18:2, % 
 
      15.03       54.57       15.61 

18:3, % 
 
        2.01         0.94       51.68 

Other fatty acids
3
 

 
        3.05         1.23         0.85 

Total Fatty Acids 
 
    100.00       98.58       97.75 

n-6 : n-3 fatty acid ratio 
 
        7.5       58.1         0.3 

     

Quality parameters 
    

Free fatty acids, % 
 
        0.0         0.1         0.1 

Iodine value, IV 
 
      96     123     180 

Moisture, %  
 
        0.0         0.0         0.2 

Insoluble impurities, % 
 
        0.0         0.0         0.0 

Unsaponifiable matter, % 
 
        0.8         0.9         0.6 

     

Peroxidation status 
    

Anisidine value
4
 

 
        2         4         1 

Peroxide value, meq/kg 
    

Initial 
 

        8         3         6 

4 h AOM 
 

      12         4     164 

24 h AOM 
 

      54     170     292 
1
Different methods of AOAC (1990) were used for the analysis of the lipid sources: fatty acids profile, 

963.22; total fatty acids, 972.28; iodine value, 920.159; unsaponifiable matter, 933.08; FFA, 940.28; initial 

peroxide value, 965.33; and AOCS (1998): anisidine value, cd 18-90; moisture, ca 2a-45; insoluble impurities, 

ca 3-46; 4 h and 20 h AOM, cd 12-57. 
2
Percentage by weight. 

3
Comprised of 2% or less of each of the following fatty acids: 12:0, 15:0, 17:0, 20:0, 20:1, 20:2. 20:3, 

20:4, 22:0, 22:4 and 24:0. 
4
Relative value. 
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Table 4. Estimated means for performance of sows fed lactation diets supplemented with linoleic and α-linolenic acid
1
  

  
 

Linoleic acid, %  
 

α-Linolenic acid, %  
  

Item 
  

No added 

lipid 
2.1 2.7 3.3 

 
0.15 0.30 0.45 

 
SEM 

Sows,
2
 n 

 

       47     143     142     143 
 

    143     144     141 
  

            

Feed refusal, kg/21 d 

 

       10.1       10.1       10.2       10.6 
 

      10.5       10.7         9.8 
 

       0.6 

ADFI,
3
 kg/d 

 

         5.07         5.10         5.14         5.07 
 

        5.07         5.07         5.18 
 

       0.12 
            

BW, kg 

 
          

Placement 

 

     222.0     224.2     228.3     226.5 
 

    225.8     226.0     227.2 
 

       3.6 

Farrowing 

 

     199.2     201.1     205.2     201.9 
 

    202.4     202.3     203.5 
 

       3.5 

At d 21 of lactation 

 

     198.7     198.8     203.0     200.0 
 

    199.9     200.2     201.7 
 

       3.2 

Change 

 

       -0.6        -2.3        -2.1        -2.0 
 

       -2.3        -2.1        -1.5 
 

       1.6 
1
Diets were supplemented with 4% lipids obtained by blending canola, corn and flaxseed oils. 

2
Supplemental linoleic by α-linolenic acids and linoleic or α-linolenic acids by parity interactions were not detected for any of the variables (P > 0.05). 

3
Average daily feed intake (ADFI) over 21 d of lactation.   
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Table 5. Estimated means for litter performance in sows fed lactation diets supplemented with linoleic and α-linolenic acid
1
 

   
Linoleic acid, %  

 
α-Linolenic acid, %  

  

Item   
No added 

lipid 
2.1 2.7 3.3 

 
0.15 0.30 0.45 

 
SEM 

Litters,
2
 n 

 

     47     143     142     143 
 

    143     144     141 
  

            

No. of pigs after cross-

fostering 

 

     12.0       12.1       12.0       12.0 
 

      12.0       12.0       12.0 
 

      0.03 

Piglet mortality, % 

 

       8.7         7.0         6.9         7.3 
 

        6.8         7.2         7.2 
 

      1.1 

No. of pigs weaned 

 

     11.0       11.2       11.2       11.1 
 

      11.2       11.2       11.2 
 

      0.1 
            

Litter BW, kg 

 
          

After cross-fostering
3
 

 

     18.4       18.8       18.5       18.2 
 

      18.6       18.3       18.6 
 

      0.4 

At d 21 of lactation 

 

     66.9       68.5       68.4       68.6 
 

      68.8       67.7       68.9 
 

      1.1 

ADG,
4
 kg/d 

 

       2.44         2.53         2.53         2.54 
 

        2.55         2.50         2.56 
 

      0.05 
1
Dietary treatments were supplemented with 4% lipids obtained by blending canola, corn and flaxseed oils.    

2
Supplemental linoleic by α-linolenic acids and linoleic or α-linolenic acids by parity interactions were not detected for any of the variables (P > 0.05). 

3
Linear effect for supplemental linoleic acid (P < 0.001). 

4
Tendency for lipid supplementation (P = 0.105). 
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Table 6. Subsequent reproductive performance of sows fed lactation diets supplemented with linoleic and α-linolenic acid
1
 

  
Linoleic acid, %  

 
α-Linolenic acid, %  

Item 
No added 

lipid 
2.1 2.7 3.3 

 
0.15 0.30 0.45 

Sows, n 

        Parity 1        23        72        70        73 
 

       72        72        71 

Parity 3+        24        71        71        69 
 

       69        72        70 

Weaning-to-conception 

interval,
2,3 

d         

Parity 1          6.9          6.2          6.5          7.2 
 

         6.7          6.1          7.0 

Parity 3+
4
          5.2          5.1          4.7          4.0 

 
         5.1          4.4          4.4 

Conception rate,
3
 % 

        
Parity 1

5,6
        91.3

b
        91.7

b
        85.7

c
        97.3

a
 

 
       93.0

b
        94.4

ab
        87.2

c
 

Parity 3+
7
        91.7

ab
        91.6

ab
        91.5

ab
        89.7

b
 

 
       88.3

b
        90.3

b
        94.2

a
 

Farrowing rate,
 3
 % 

        
Parity 1

5,6
        91.3

a
        90.3

a
        77.7

b
        91.8

a
 

 
       88.7

a
        90.3

a
        80.2

b
 

Parity 3+
7
        79.2

b
        81.9

b
        88.7

a
        85.6

ab
 

 
       82.8

b
        80.6

b
        92.8

a
 

Culling rate,
 3
 % 

        
Parity 1

5,6
          8.7

b
          6.9

b
        15.7

a
          6.8

b
 

 
         8.4

b
          8.3

b
        12.7

a
 

Parity 3+
7
        20.8

a
        18.1

 a
        11.3

b
        13.1

ab
 

 
       17.2

a
        18.1

a
          7.2

b
 

1
Diets were supplemented with 4% lipids obtained by blending canola, corn and flaxseed oils.    

2
SEM = ± 1.1 d. 

3
Supplemental linoleic or α-linolenic acids by parity interaction effect (P < 0.05). 

4
Linear effect for supplemental linoleic acid (P ≤ 0.05). 

5
Effect for supplemental linoleic acid (P < 0.05). 

6
Linear effect for supplemental α-linolenic acid (P < 0.05). 

7
Supplemental linoleic by α-linolenic acids interaction effect (P < 0.05). 

a,b
Within row and supplementation level within fatty acid, means without a common superscript differ (P < 0.05). 
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Table 7. Subsequent litter size estimated means for supplementation of linoleic and α-linolenic acids to lactation diets
1 

   
Linoleic acid, %  

 
α-Linolenic acid, % 

  

Item   
No added 

lipid 
2.1 2.7 3.3 

 
0.15 0.30 0.45 

 
SEM 

            Litters,
2
 n 

 
    40   123   116   126 

 
  121   123   121 

  
            

          Subsequent litter size per litter 
         

Total pigs born
3
 

 
    14.07     13.37     13.92     14.18 

 
    14.00     13.68     13.80 

 
  0.47 

Total pigs born alive
3
 

 
    13.35     12.74     13.28     13.44 

 
    13.32     13.02     13.13 

 
  0.43 

Total pigs stillborn  
 

      0.72       0.64       0.64       0.73 
 

      0.69       0.66       0.67 
 

  0.16 

Total mummified pigs  
 

      0.15       0.15       0.13       0.13 
 

      0.19       0.12       0.11 
 

  0.08 
1
Dietary treatments were supplemented with 4% lipids obtained by blending canola, corn and flaxseed oils.    

2
Supplemental linoleic × α-linolenic acids and linoleic or α-linolenic acids × parity interactions were not detected for any of the variables (P > 0.05). 

3
Linear effect for supplemental linoleic acid (P < 0.05). 
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Figure 1. Supplemental linoleic by α-linolenic acid interaction effect for subsequent 

conception rates of P3+ lactating sows. Bars represent least square means (n = 22 to 24 

sows). Means represented by bars without a common letter are different (P < 0.05).  
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Figure 2. Supplemental linoleic by α-linolenic acid interaction effect for subsequent 

farrowing rates of P3+ lactating sows. Bars represent least square means (n = 22 to 24 sows). 

Means represented by bars without a common letter are different (P < 0.05).  
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Figure 3. Supplemental linoleic by α-linolenic acid interaction effect for subsequent culling 

rates of P3+ lactating sows. Bars represent least square means (n = 22 to 24 sows). Means 

represented by bars without a common letter are different (P < 0.05). 
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Figure 4. Subsequent conception and farrowing rates of P3+ sows fed diets supplemented 

with linoleic acid lactation. Bars represent least square means (n = 24, 71, 71 and 69 sows for 

no lipid diet and 2.1, 2.7 and 3.3% linoleic acid, respectively).  
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CHAPTER IV: 

 

Development of prediction equations to estimate the apparent digestible energy content 

of lipids when fed to lactating sows 
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ABSTRACT  

Two studies were design to: 1) determine the effects of varying free fatty acid (FFA) 

concentrations and the degree of saturation of lipids (measured by the unsaturated to 

saturated fatty acids ratio, U:S) on apparent total tract digestibility (ATTD) of lipids and DE 

content of lipids and 2) to obtain prediction equations to estimate the DE content of lipids 

when added to lactating sow diets. In Exp. 1, 85 lactating sows were assigned randomly to a 

4 x 5 factorial arrangement of treatments plus a control diet with no added lipid. Factors 

included: 1) FFA concentration: 0, 18, 36 and 54% and 2) U:S ratio: 2.0, 2.8, 3.5, 4.2 and 

4.9. Diets were corn-soybean meal based and lipid was supplemented at 6%. Free fatty acid 

concentrations and U:S ratios were obtained by blending 4 lipid sources: choice white grease 

(CWG; FFA = 0.3%, U:S ratio = 2.0), soybean oil (FFA = 0.1%, U:S = 5.5),  CWG acid oil 

(FFA = 57.8%, U:S = 2.1) and soybean-cottonseed acid oil (FFA = 67.5%, U:S = 3.8). 

Titanium dioxide was added to diets (0.5%) as digestibility marker. After 6 days of 

adaptation to treatment diets, intermittent fecal samples were collected daily from d 10 to 13 

of lactation. Apparent total tract digestibility of added lipid decreased linearly as FFA 

concentrations increased (P < 0.001; 94.0, 90.9, 89.2 and 87.3% for 0, 18, 36 and 54% FFA) 

and increased linearly as U:S ratios increased (P < 0.001; 86.4, 90.9, 92.3 and 91.9 for U:S of 

2.8, 3.5, 4.2 and 4.9, respectively). Similarly, DE of added lipids decreased linearly with 

increasing FFA concentrations (P < 0.001; 8,886; 8,433; 8,110 and 7,784 kcal/kg) and 

increased linearly with increasing U:S ratios (P < 0.001; 7,800; 8,295; 8,525 and 8,594 

kcal/kg). Digestible energy content of added lipid was described by: DE, kcal/kg = 8,381.1 – 
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80.6 x FFA + 0.4 x FFA
2
 + 248.8 x U:S – 28.1 x U:S

2
 + 12.8 x FFA x U:S (R

2 
= 0.74). This 

prediction equation was validated in Exp. 2, in which 24 lactating sows were fed diets 

supplemented with 6% of either animal-vegetable blend (A-V, FFA = 14.5%, U:S ratio = 

2.3) or CWG (FFA = 3.7%, U:S = 1.5) plus a control diet without added lipids. Digestible 

energy content of A-V (8,317 and 8,127 kcal/kg for measured and predicted values, 

respectively; relative error = -2.3%) and CWG (8,452 and 8,468 kcal/kg; relative error = 

0.2%) were accurately estimated using the proposed equation. Results indicated that the 

proposed prediction equation for lactating sows, using FFA concentration and U:S ratio 

resulted in highly accurate estimations of DE content of commercial sources of lipids.  

Keywords: digestibility, lactating sow, lipid saturation, free fatty acids, prediction equation. 

Introduction 

Supplemental dietary lipids during lactation may potentially improve milk 

production, increase milk lipid content, reduce sow BW loss, improve litter weight gain and 

reduce piglet mortality during lactation (Pettigrew, 1981; Boyd et al., 1982; Schoenherr et al., 

1989; Pettigrew and Moeser, 1991; Averette Gatlin et al., 2002; Rosero et al., 2012a, b). 

Chemical composition and intramolecular distribution of fatty acids within lipids may 

influence digestion and absorption because free fatty acid (FFA) concentration, degree of 

saturation, chain length and position of fatty acids on the glycerol backbone affect micelle 

formation hydrolysis rates (Freeman, 1984). Powles et al. (1993) concluded that the amount 

of FFA and the degree of saturation of the lipid (measured by the unsaturated to saturated 

fatty acids ratio, U:S) are the major determinants of lipid digestibility in growing pigs. 
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Digestibility of lipids with varying chemical composition has been studied extensively in 

growing pigs (Wiseman et al., 1990; Powles et al., 1993). As a result of these investigations, 

Powles et al. (1995) described a prediction equation to estimate the DE content of lipids, but 

this may be limited to growing pigs, from which the equation was obtained. The application 

of this DE prediction equation to lipids used in lactating sow diets may be inaccurate because 

obvious differences in age, body weight, physiological stage, diet composition and level of 

feed intake between growing pigs and lactating sows (Schoenherr et al., 1989; Pelletier et al., 

1987; Noblet, 1996).  

 Thus, the objectives of the present study were to determine the effects of varying FFA 

concentrations and U:S fatty acids ratios on apparent total tract digestibility (ATTD) and DE 

content of lipids and to obtain prediction equations to estimate ATTD and DE content of 

lipids when used in lactation diets. 

Materials and methods 

Two digestibility studies were conducted using lactating sows (PIC, L-42 

Camborough) on a 2,600 sow commercial-research farm located in Oklahoma during the 

months of July to August 2010. Sows used in these experiments were treated humanely and 

procedures were consistent with the Guide for the Care and Use of Animals in Agricultural 

Research and Teaching (FASS, 2010).  

Experiment 1 

A total of 85 mature lactating sows (parities 3 to 5) were randomly assigned to lipid 

supplemented diets in a 4 x 5 factorial arrangement and a control diet without added lipid. 
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Factors included: 1) FFA concentration: 0, 18, 36 and 54% and 2) U:S ratio of the 

supplemented lipid: 2.0, 2.8, 3.5, 4.2 and 4.9. Using corn and soybean meal as major 

ingredients, a basal diet (control diet) was manufactured at the Feed Mill Educational Unit 

(North Carolina State University, Raleigh, NC). All nutrients for this diet exceeded the NRC 

(1998) requirements for lactating sows and contained 3.40 g standardized ileal digestible 

lysine/Mcal ME (Table 1). The basal diet was either not supplemented (control diet) or 

supplemented with 6% of lipid using sources that differed in FFA concentrations and U:S 

ratios. Different levels of the 2 factors were obtained by blending 4 lipid sources (Table 2): 

choice white grease (CWG), soybean oil, CWG acid oil and soybean-cottonseed acid oil 

(Divers Processing Co. Inc., Portsmouth, VA). Titanium dioxide was added to diets (0.5%) 

as an indigestible marker to determine digestibility of lipid and energy. Diets were offered to 

sows in meal form and in excess of appetite, 3 times per day (0800, 1300 and 1700 h). Sow 

had ad libitum access to water. Dietary treatments were given to lactating sows from d 4 of 

lactation allowing 6 days of adaptation to diets, which is considered adequate to obtain a 

constant rate of recovery of the indigestible marker (Jagger, 1992). Intermittent fecal samples 

were collected twice per day from d 10 to 13 of lactation (4 days of collection). 

Experiment 2 

This experiment was conducted using 24 lactating sows randomly assigned to 1 of 3 

dietary treatments. Sows were balanced by first parity and mature sows (parities 3 to 5) 

within dietary treatments. Sows were fed diets supplemented with 6% of either animal-

vegetable blend (A-V) or CWG as lipid source and a control diet without added lipid. Diets 
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were corn-soybean meal based with 8% distiller dried grains with solubles and 6.0% wheat 

middlings (Table 1). Diets contained 3.56 g standardized ileal digestible lysine /Mcal ME. 

Titanium dioxide was added to diets (0.5%) and used as an indigestible marker. All nutrients 

exceeded the NRC (1998) requirements for lactating sows, supporting 2,600 g/d litter 

growth. Diets were manufactured in a commercial feed mill (Hanor Company, Enid, OK). 

Feed was offered in pelleted form and in excess of appetite twice per day (0800 and 1800 h) 

from d 0 of lactation. Sows had ad libitum access to water. Similarly to Exp. 1, fecal samples 

from sows were collected from d 10 to 13 of lactation.  

Chemical Analysis 

Feed samples were analyzed according to AOAC (1990) for CP, lipid, Ca, and P 

(Dairy One, Ithaca, NY). The chemical composition and quality of the lipids (Table 2) was 

determined in representative samples by a commercial laboratory (New Jersey Feed 

Laboratory Inc., Trenton, NJ). Analyses included fatty acids profile (method 963.22), total 

fatty acids (method 972.28), FFA (method 940.28), iodine value (method 920.159), 

unsaponifiable matter (method 933.08), and initial peroxide value (method 965.33) according 

to AOAC (1990), and moisture (method ca 2a-45), insoluble impurities (method ca 3-46), p-

anisidine value (method cd 18-90), and peroxide value  at 4 and 20 h under the active oxygen 

method (method cd 12-57) according to the American Oil Chemists Society (AOCS, 1998). 

 Fecal samples were pooled within sow and dried at 60°C in a forced-air oven for 72 

h. After drying, samples were finely ground for subsequent analysis. Content of titanium 

dioxide in feed and fecal samples were determined following the protocol described by 
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Myers et al. (2004). Total lipid in fecal samples was determined by acid hydrolysis according 

to AOCS (2005) followed by high temperature solvent extraction with the use of special 

equipment (XT15, Ankom, Macedon, NY). Total lipid in feed samples was determined by a 

commercial laboratory (New Jersey Feed Laboratory Inc., Trenton, NJ) (method 920.39; 

AOAC, 2005). Gross energy content of diets, added lipids and fecal samples was determined 

using a bomb calorimeter (C5000, IKA Works Inc., Wilmington, NC).  

Calculations  

The coefficients of ATTD of total lipid in diets were obtained by using the index 

method described by Adeola (2001). Subsequently, the coefficients of ATTD of added lipid 

were calculated by using the difference (indirect) approach (Adeola, 2001). Gross energy 

content of the added lipid was corrected for moisture, insoluble impurities and unsaponifiable 

matter (MIU). Furthermore, using a method patterned after Wiseman and Leesire (1987), DE 

content of the added lipid was calculated by multiplying the coefficient of ATTD of added 

lipid by either the GE content of the added lipid on an as-fed basis (DE of added lipid on an 

as-fed basis) or the corrected GE content of the added lipid (DE of added lipid corrected for 

MIU).  

Statistical Analysis 

For both experiments, data corresponded to a completely randomized design and were 

analyzed using the Mixed procedure of SAS (SAS Inst. Inc., Cary, NC). The lactating sow 

represented the experimental unit. In Exp. 1, lipid supplemented diets were replicated 4 times 

and the control diet was replicated 5 times. Chemical analysis of experimental diets revealed 
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inconsistencies in the level of added lipid and GE content for diets 2, 3 and 4 (Table 3). 

Therefore, these diets, along with their U:S ratio (2.0), were removed from the entire 

analysis. In addition, 6 observations that had standard deviations greater than 2 from the 

mean were removed from the analysis. After observations were removed, replicates varied 

from 3 to 5 per dietary treatment. The fitted model included FFA concentration, U:S ratio, 

and their interaction as fixed-effect factors. Degrees of freedom were partitioned into 

orthogonal contrasts to evaluate linear and quadratic effects of FFA concentration and U:S 

ratio on digestibility of lipid and GE. In Exp. 2, the fitted model included parity of sows, 

dietary treatment and their interaction as fixed-effect factors. Means are presented as least 

square means (Littell et al., 2006). 

Prediction equations 

The maximum R
2
 improvement and Mallows’ Cp selection techniques using the REG 

procedure and Pearson’s correlation analysis using the CORR procedure of SAS were 

conducted to develop prediction equations for estimation of ATTD of added lipid, DE of 

added lipid on an as-fed basis and DE of the added lipid corrected for MIU. The model 

contained FFA concentration, U:S ratio, FFA concentration squared, U:S ratio squared and 

the FFA concentration by U:S ratio interaction. Equations with the greatest Pearson’s 

correlation coefficient, greatest coefficient of determination and the lowest Mallows’ Cp 

coefficient were selected (Littell et al., 2006).  
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Results 

Experiment 1 

 Both sources of acidulated lipids contained a low percentage of total fatty acids (76.8 

and 84.9% for CWG acid oil and soybean-cottonseed acid oil, respectively; Table 2) 

compared with regular CWG and soybean oil (99.5 and 98.4%). Moreover, analysis of diets 

showed that added lipid (calculated by subtracting total extracted lipid from lipid 

supplemented diets minus total extracted lipid in control diet) ranged from 1.4 to 5.6%. 

Furthermore, GE of the control diet was 4,185 kcal/kg and GE of lipid supplemented diets 

ranged from 4,215 to 4,523 kcal/kg (Table 3).  

 Apparent total tract digestibility of GE in the control diet averaged 91.2 ± 0.9%. 

Moreover, ATTD of total lipid (from ingredients) in the control diet was 62.8 ± 3.0% (data 

not shown). For lipid supplemented diets, ATTD of GE of the diet decreased linearly with 

increasing FFA concentrations (90.8, 90.3, 88.8 and 89.9% for 0, 18, 36 and 54% FFA, 

respectively; P = 0.027) and increased linearly as U:S ratios increased (89.1, 89.7, 90.5 and 

90.4% for 2.8, 3.5, 4.2 and 4.9 U:S ratios, respectively; P = 0.013). Similarly, ATTD of total 

lipid in diets decreased linearly with increasing FFA concentrations (81.0, 78.4, 77.0 and 

75.3%; P < 0.001) and increased linearly as U:S ratios increased (76.6, 77.0, 78.5, and 

79.5%; P = 0.013; Table 4).  

Coefficients for ATTD of the added lipid increased linearly with increasing U:S ratios 

(86.4, 90.9, 92.3 and 91.9%, P < 0.001). Moreover, ATTD of added lipid was negatively 

affected (linear, P < 0.001) with increasing FFA concentrations (94.0, 90.9, 89.2 and 87.3%; 
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Table 4), but negative effects were less pronounced with increasing U:S ratios (interaction, P 

< 0.023; Figure 1). Similar to digestibility of added lipid, DE of added lipid on an as-fed 

basis (8,886; 8,433; 8,110 and 7,784 kcal/kg; P < 0.001) and DE of added lipid corrected for 

MIU (8,956; 8,652; 8,471 and 8,286 kcal/kg; P < 0.001) linearly decreased with increasing 

FFA concentrations. Furthermore, DE of added lipid on an as-fed basis (7,800; 8,295; 8,525 

and 8,594 kcal/kg; P < 0.001) and DE of added lipid corrected for MIU (8,206; 8,635; 8,776 

and 8,748 kcal/kg; P < 0.001) improved linearly with increasing U:S ratios (Table 4). 

The greatest coefficient of determination and the lowest Mallow’s Cp coefficient were used 

to develop prediction equations for ATTD of added lipid (R
2
 = 0.469, Cp = 6.0), DE of added 

lipid on an as-fed basis (R
2
 = 0.741, Cp = 6.0) and DE of added lipid corrected for MIU (R

2
 = 

0.495, Cp = 6.0). Relative errors of the prediction equation (calculated by dividing the 

residual by the predicted value) showed that ATTD of added lipid (ranged from -7.5 to 

7.6%), DE of added lipid on an as-fed basis (-7.7 to 7.4%) and DE of added lipid corrected 

for MIU (-7.5 to 7.6%) could be predicted with a high degree of precision (Table 5, Figure 

2). Moreover, Pearson’s correlation analysis showed that the observed coefficients of ATTD 

of added lipid (Pearson’s r = 0.685), DE of added lipid on an as-fed basis (Pearson’s r = 

0.861) and DE of added lipid corrected for MIU (Pearson’s r = 0.703) were highly correlated 

with the predicted values (Figure 3), showing a high degree of accuracy of the proposed 

prediction equations.  

Experiment 2 

 Apparent total tract digestibility of added lipid tended to be greater (P = 0.123) with 
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the use of CWG than with the use of A-V as lipid source (90.7 and 88.7% for A-V and CWG, 

respectively). Addition of either lipid source, resulted in a similar DE of the added lipid on an 

as-fed basis (8,452 and 8,317; P = 0.241) and DE of added fat corrected for MIU (8,572 and 

8,513; P = 0.605; Table 6).  

 Mature sows had greater ATTD of total dietary lipid than first parity sows (78.5 and 

77.4% for mature and first parity sows, respectively; P = 0.026). However, ATTD of added 

lipid (88.7 and 88.0%, P = 0.404), DE of added lipid on an as-fed basis (8,292 and 8,228 

kcal/kg; P = 0.401) and DE of added lipid corrected for MIU (8,449 and 8,382 kcal/kg; P = 

0.395) were similar in mature and first parity sows (data not shown).  

 Coefficients of ATTD of added lipid for CWG and A-V were accurately predicted 

using the proposed prediction equations (90.1 and 88.7%; with relative errors of the 

prediction of -0.6 and 0.1%, respectively). Likewise, predicted DE of added lipid on an as-

fed basis (8,468 and 8,127 kcal/kg; relative errors of 0.2 and -2.3%) and DE of added lipid 

corrected for MIU (8,581and 8,432 kcal/kg; relative errors of 0.1 and -1.0%) were estimated 

with high degree of accuracy (Table 6).  

Discussion 

 Dietary lipid is commonly used in sow lactation diets as a source of energy and 

essential fatty acids.  The addition of lipid has been reported to increase the lipid content of 

milk and milk production (Boyd et al., 1982; Pettigrew and Moser, 1991).  Such increase 

could improve progeny performance and reduce piglet mortality during lactation (Pettigrew, 

1981; Averette et al., 1999). In addition, supplementation of lipid may reduce sow BW loss 
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during lactation (Pettigrew and Moser, 1991; Averette Gattlin et al., 2002; Rosero et al., 

2012a, b). However, the response to lipid may be compromised by the source of lipid. In a 

study conducted by Rosero et al. (2012b), performance of lactating sows was improved by 

supplemental CWG but not A-V, which may have been due to differences in the nutritional 

value of the lipid sources. 

Sources of lipid with different chemical composition, quality and peroxidation status 

may have different nutritional value in pigs (Stahly, 1984). Early studies in birds (Wiseman 

et al., 1986; Wiseman and Lessire, 1987; Wiseman et al., 1992) and pigs (Wiseman et al., 

1990; Powles et al., 1993; Powles et al., 1994) demonstrated that chemical composition of 

lipid, especially concentrations of FFA and degree of saturation (expressed as the U:S fatty 

acids ratio), are the major factors that affect DE content of added lipid. Powles et al. (1995) 

developed a prediction equation for the estimation of the DE content of lipids, which formed 

the basis of current DE estimates in the current NRC (2012). However, this prediction 

equation may be limited only to the growing stage of the pig, where data were collected, and 

may not be applicable to lactating sows.  

Similar to studies conducted by Powles et al. (1993), we used the U:S ratio and not 

iodine value (defined as the grams of iodine needed to saturate 100 g of lipid; AOAC, 1990) 

as a measurement of the degree of saturation of lipids. The U:S ratio seems to better describe 

the differences between lipids that are structurally different and corresponds more adequately 

to the biological response of the animal when compared with iodine value (Wiseman, 1990). 

Indeed, Averette Gatlin et al. (2005) demonstrated that 2 lipids with similar iodine values had 
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different digestibilities. Thus, the use of iodine value may result in inaccurate predicted 

values.  

To obtain different FFA concentrations and U:S ratios we used a similar approach to 

Powles et al. (1993, 1994). Different mixtures using a saturated lipid (CWG), an unsaturated 

lipid (soybean oil) and their respective acidulated lipids (CWG and soybean-cottonseed acid 

oil) were used. Analysis of the lipids showed that lower values of total fatty acids in 

acidulated lipids were related to large amounts of MIU; which may explain, in part, the low 

values for lipid recovery from diets 2, 3 and 4 (3.6, 1.8 and 1.4% added lipid, respectively). 

Because of these low lipid recoveries, these diets were excluded from the regression analysis. 

These diets corresponded to the U:S ratio of 2.0, which also was eliminated from the 

analysis.  

Increasing concentrations of FFA in the added lipid reduced ATTD of GE and total 

lipid. The negative effects of FFA concentration on lipid digestibility have been extensively 

reported. For instance, Hillcoat and Annison (1974), reported a reduction of 7 % in ATTD of 

added lipid from 83.9% using tallow to 77.3% using tallow acid oil (35% FFA) in growing 

pigs. Likewise, the highest concentration of FFA in the present study (54%) resulted in a 

reduction of 7.1% in ATTD of added lipid on an as-fed basis when compared to lipid sources 

without FFA. The highest concentration of FFA in the current study resulted in a 7.5% 

reduction in DE of added lipid when corrected for MIU and this reduction was more 

pronounced (12.4%) for added lipid on an as-fed basis. The lipid sources that were high in 

FFA also contained greater concentrations of MIU, which dilute the energy concentration of 
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lipid and should be considered in the evaluation of lipid sources. Powles et al. (1993) 

observed a 12% reduction in DE content of supplemental lipids containing up to 60% FFA in 

growing pigs; however, information regarding MIU of lipids was not reported. Large 

amounts of FFA could reduce secretion of bile salts and pancreatic lipase (negative feedback) 

and could limit the formation of bile salt micelles, resulting in reduced absorption of lipid. 

This was demonstrated in birds by Sklan (1979), who reported a reduction in digestibility of 

lipid and secretion of bile into the small intestine when chicks were fed FFA from soybean 

acid oil compared to soybean oil. Contrary to these observations, DeRouchey et al. (2004) 

concluded that as much as 53% FFA in CWG did not reduce digestibility of lipid in nursery 

pigs. Different to the current study and previous studies (Wiseman et al., 1990; Powles et al., 

1993; Powles et al., 1994), DeRouchey et al. (2004) used the enzyme lipase and heated the 

lipids at low temperatures to obtain FFA, preventing any potential negative impact on the 

peroxidative status of lipids. Also, the addition of lipase may promote cleavage of fatty acids 

at positions 1 and 3 resulting in formation of 2-monoglycerides that are important 

endogenous emulsifiers for formation of mixed micelles necessary for efficient lipid 

absorption. Furthermore, DeRouchey et al. (2004) suggested that peroxidized lipids (high 

peroxide and p-anisidine values) could cause detrimental effects on growth performance of 

pigs. Peroxidation of lipids occurs when they are exposed to heating processes, water, light 

or acids (O’Brien, 2004) and could occur during the neutralization process of acidulated 

lipids. Indeed, acidulated lipids used in the present study contained large amounts of 

aldehydes, measured by p-anisidine value (12.4 and 15.3 for soybean and CWG acid oils, 
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respectively). Perhaps, the reduction in digestibility and DE content of lipids with higher 

FFA concentrations may have been influenced, in part, by the peroxidation status of the 

acidulated lipids used in the present study. Further research is needed to clarify the effects of 

FFA concentration and peroxidation status of lipids on DE content of lipids independently. 

Digestible energy content of added lipid on an as-fed basis and DE of added lipid corrected 

for MIU improved linearly as U:S ratios increased, which may be due to the greater capacity 

of unsaturated fatty acids to form micelles and their greater solubility in bile salts (Stahly, 

1984; Wiseman et al., 1986). Wiseman et al. (1990) reported an improvement in ATTD of 

added lipid from 90% for growing pigs fed tallow (U:S ratio = 0.9) to 96.2% for pigs fed 

soybean oil as supplemental dietary lipid (U:S ratio = 6.7). In the current study, degree of 

saturation influenced the effects of FFA concentration on lipid digestibility, indicating that 

detrimental effects of high FFA concentrations were less dramatic with increasing U:S ratios. 

This is in agreement with the observations in birds by Wiseman (1990), who reported a more 

pronounced reduction in lipid digestibility with high FFA concentrations from tallow acid oil 

than from soybean acid oil. These results may be related to the greater efficiency of 

unsaturated fatty acids to form micelles and to be digested.  

Powles et al. (1995) described a prediction equation that can be used to estimate the 

DE content of lipids with varying FFA levels and U:S ratios when fed to growing pigs. 

Obvious differences in age, BW, physiological stage, diet composition and feed intake 

between growing pigs and lactating sows may limit the application of this equation only to 

growing pigs. During lactation, sows need to adapt their gastrointestinal tract to higher 
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consumption of feed as a result of higher demand for nutrients (Pelletier et al., 1987). These 

drastic changes may also alter the response of the sow to lipids with different chemical 

composition. Thus, the use of different DE values of lipid for adult sows has been suggested 

(Noblet, 1996), but very little information is available to nutritionists. In the present study, 

using data on lipid digestibility in lactating sows, we developed prediction equations to 

estimate ATTD and DE content of added lipids with varying FFA levels and U:S ratios. The 

proposed equations to predict DE of added lipid corrected for MIU explained 49.5% of the 

variance. A greater proportion of variance was explained (74.1%) by the prediction equation 

to estimate DE of added lipid on an as-fed basis. This is relatively similar to the 80.2% of 

variance explained by the prediction equation from Powles et al. (1995); which presumably 

was calculated on an as-fed basis. Clearly, other factors besides FFA concentration and U:S 

ratios lipid have an impact on lipid digestibility. Intramolecular distribution of fatty acids 

within lipids, chemical composition, chain length, position of fatty acids on the glycerol 

backbone (Freeman, 1984) and peroxidation status of lipid (Wiseman et al., 1992) may also 

play a role in digestion and absorption of lipids.  

In agreement with Powles et al. (1995), we estimated that the DE content of added 

lipid varied linearly as a function of FFA concentrations; however, the reduction in DE 

content of lipid with high FFA concentrations was greater using the proposed equation in the 

present study.  When using the equation by Powles et al. (1995), the DE content of the lipids 

used in Exp. 1 was overestimated by up to 13%. The greater errors of prediction were 

observed for diets with high FFA concentrations. Furthermore, Powles et al. (1995) described 
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an exponential curve for U:S ratio. In contrast, results in Exp. 1 described a strong linear 

function for degree of saturation. This difference may be due to the greater range of U:S 

ratios (0.7 to 15.3) used by Powles et al. (1995) when compared to the range (2.8 to 4.9) used 

to develop the proposed equations in the present study. The exponential function of the U:S 

ratio in Powles et al. (1995) may be the result of the large improvements in lipid digestibility 

when the U:S ratio increased from 1.0 to 2.01 (Powles et al., 1993), ratios that were not 

included in our study.   

The proposed prediction equations from Exp. 1 were validated in Exp. 2; in which we 

accurately predicted the coefficients of ATTD and DE contents of CWG and A-V. Lipid 

digestibility and DE content for CWG was predicted to be greater than for A-V, which is 

consistent with the observations in Exp. 2. These results may be explained by the high FFA 

concentration and relatively poor quality parameters measured in A-V. Rosero et al. (2012b) 

previously demonstrated that CWG had a greater nutritional value than A-V when used as 

lipid source in lactating sow diets. We speculated that the quality of lipids may play an 

important role in lipid digestibility and sow response. It should also be noted that the lipid 

sources used in the validation were different from those used to develop the prediction 

equations, demonstrating that these equations have practical application in predicting the DE 

content of commercially available lipid sources.  When using the equations developed by 

Powles et al. (1995), estimations of the DE content of CWG was 8,324 kcal/kg (relative error 

= -1.5%) and A-V was 8,427 kcal/kg (relative error = 1.3%), giving a higher DE content for 

A-V than for CWG.  
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In summary, DE contents of lipids could be accurately predicted by using the 

chemical composition of lipids. Concentrations of FFA and degree of saturation of the added 

lipid seemed to explain a large proportion of the variation of the DE content of lipid, but this 

may be improved if other factors, such as peroxidation status, are included. Our proposed 

equations resulted in remarkably accurate estimations of DE contents of commercial lipid 

sources used in lactating sows.  
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Table 1. Composition of the experimental diets in Exp. 1 and 2, as-fed basis
1 

 
Exp. 1 

 
Exp. 2

2
 

 

No added 

lipid 

Added lipid 

treatment
3
  

No added 

lipid 
A-V CWG 

Ingredient, % 
      

Corn, medium grind 61.24        57.57 
 

 51.30 44.82  44.87 

Soybean meal, 46.5% CP 34.24        32.19 
 

 30.85 30.85  30.85 

Corn distillers grains with 

solubles 
  -  - 

 
   8.00   8.00   8.00 

Wheat middlings   -  - 
 

   6.00   6.00   6.00 

Lipid
4
   -  6.00 

 
  -   6.00   6.00 

L-lys·HCl   0.07  0.07 
 

   0.05   0.19   0.18 

DL-Met   -  - 
 

   -   0.03   0.03 

L-Thr   0.01  0.01 
 

   0.01   0.09   0.08 

Limestone   1.28  1.20 
 

   1.23   1.32   1.32 

Monocalcum phosphate   1.89  1.78 
 

   0.80   0.94   0.93 

Salt   0.43  0.40 
 

   0.40   0.41   0.41 

Sow vitamin and mineral 

premix
5
 

  0.19  0.19 
 

   0.20   0.21   0.21 

Potassium, magnesium sulfate
6
   -  - 

 
   0.50   0.50   0.50 

Choline chloride, 60%   0.11  0.10 
 

   0.13   0.13   0.13 

Iron oxide Red   0.00  0.00 
 

   0.05   0.03   0.00 

Titanium Dioxide   0.53  0.50 
 

   0.50   0.50   0.50 

Calculated composition 
      

ME, Mcal/kg   3.26  3.54 
 

   3.26   3.55   3.53 

Total Lipid, %      3.4          9.2 
 

      3.6     9.3      9.3 

CP, %    21.4        20.2 
 

    22.2   21.6    21.6 

Total Lys, %      1.25  1.18 
 

   1.17   1.26   1.26 

SID Lys, %      1.11  1.05 
 

   1.05   1.15   1.14 

Ca, %   0.94  0.89 
 

   0.74   0.80   0.80 

Total P,  %   0.81  0.76 
 

   0.64   0.65   0.65 
1
Diets were formulated to exceed NRC (1998) requirements. In Exp. 1, diets contained 3.40 g and 2.97 g of 

standardized ileal digestible (SID) Lys/Mcal ME in basal and dietary treatments, respectively. In Exp. 2, all 

diets contain 3.56 g SID Lys/Mcal ME. 
2
In Exp. 2, lipid sources were animal-vegetable blend (A-V) and choice white grease (CWG). 

3
In Exp. 1, dietary treatments were obtained by adding 6% lipid on top of basal diets. 

4
In Exp. 1, added lipid corresponded to 1 of the 20 lipids obtained by blending choice white grease, 

soybean oil, choice white acid oil, and soybean-cottonseed acid oil.    
5
Supplied per kg of complete diet: vitamin A, 8228 IU; vitamin D3, 1172.8 IU; vitamin E, 47 IU; vitamin 

B12, 0.029 mg; riboflavin, 5.88 mg; d-pantothenate, 23.5 mg; niacin 32.3 mg; folic acid, 1.76 mg; biotin, 0.24 

mg, menadione, 3.88 mg; Zn, 164 mg; Fe, 164 mg; Mn, 39.3 mg; Cu, 16.4 mg; I, 0.30 mg, and Se, 0.30 mg for 

Exp. 1; and  vitamin A, 11023 IU; vitamin D3, 1763.7 IU; vitamin E, 51 IU; vitamin K, 4.4 mg; vitamin B12, 

0.044 mg; riboflavin, 8.8 mg; d-pantothenate, 26.5 mg; niacin 55.1 mg; thiamine, 3.3 mg; pyridoxine, 3.3 mg; 

folic acid, 1.21 mg; biotin, 0.28 mg. Zn, 125 mg; Fe, 100 mg; Mn, 50 mg; Cu, 24.98 mg; I, 0.7 mg; Se, 0.3 mg; 

phytase, 661.4 FTU (Phyzyme, Danisco A/S, Copenhagen, Denmark), and chromium, 0.4 mg/kg for Exp. 2. 
6
Added Dynamate (Mosaic, Plymouth, MN) as laxative.
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Table 2. Analyzed fatty acid composition, quality parameters, gross energy and peroxidation 

parameters of the sources of lipid used in the experimental diets for Exp 1 and Exp 2
1  

 
Exp. 1 

 
Exp. 2

2
 

Item CWG 
CWG 

acid oil 

Soybean 

oil 

Soybean
3
 

acid oil  
A-V CWG 

Fatty acids,
4
 % 

       14:0, %   1.22      1.87      0.07    0.29 

 

     0.52       1.27 

16:0, % 21.61    19.67    10.75  14.40 

 

   15.89  24.02 

16:1, %   2.62      3.33      0.12    0.88 

 

     0.84    2.54 

18:0, % 10.18      9.97      3.72    4.84 

 

     7.35  13.53 

18:1, % 42.19    38.73    21.60  25.54 

 

   44.82  41.63 

18:2, % 17.99    17.99    54.57  45.32 

 

   26.91  12.59 

18:3, %   0.77      1.03      7.57    5.25 

 

     1.14    0.47 

Other fatty acids
5
   3.42      7.41      1.60    3.48 

 

     2.53    3.95 

Total Fatty Acids 99.51    76.83    98.37  84.92 

 

   91.23  93.14 

Quality parameters 

       Free fatty acids, % 0.3  57.8    0.1     67.5 

 

  14.5  3.7 

Unsaturated:saturated 

fatty acid ratio 2.0       2.1    5.5  3.8 

 

   2.3  1.5 

Moisture, %  0.2     10.4    0.4  0.6 

 

   0.4  0.0 

Insoluble impurities, % 0.0    0.3    0.0  0.0 

 

   0.1  0.2 

Unsaponifiable matter, % 0.4    1.8    0.5  2.6 

 

   1.8  1.2 

Peroxidation parameters 

       Anisidine value 0.0  15.3    5.8 12.4 

 

 23.0  5.0 

Peroxide value, mEq/kg 

       Initial 1.8    7.0  33.6  1.8 

 

   4.2  9.8 

4 h AOM 2.6    4.0   103.6  1.0 

 

  102.0     34.0 

24 h AOM 6.6    1.4   543.0  2.0 

 

  140.0   228.0 

GE,
6
 kcal/kg 

       As-fed basis 9,526  9,509  9,528  9,504 

 

 9,593 9,454 

Corrected for MIU
7
 9,469  8,320  9,442  9,200 

 

 9,373 9,322 
1
Analyzed according to AOAC (1990) using the following methods: fatty acids profile, 963.22; 

total fatty acids, 972.28; iodine value, 920.159; unsaponifiable matter, 933.08; FFA, 940.28; initial 

peroxide value, 965.33; and AOCS (1998): anisidine value, cd 18-90; moisture, ca 2a-45; insoluble 

impurities, ca 3-46; 4 h and 20 h AOM, cd 12-57. 
2
In Exp. 2, lipid sources were animal-vegetable blend (A-V) and choice white grease (CWG). 

3
Soybean-cottonseed acid oil. 

4
Percentage of total fatty acids. 

5
Comprised of 2% or less of each of the following fatty acids: 12:0, 15:0, 17:0, 20:0, 20:1, 20:2. 

20:3, 20:4, 22:0, 22:4 and 24:0. 
6
GE was measured using a bomb calorimeter (C5000, IKA Works Inc., Wilmington, NC). 

7
GE of added lipid corrected for moisture, insoluble impurities and unsaponifiable matter (MIU).   
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Table 3.  Means of apparent total tract digestibility (ATTD) of lipid and DE content of the added lipid used in diets of Exp. 1.   

 
Factors 

 
Percentage of inclusion 

 
Added lipid treatments 

 
GE of diet 

Diets FFA,1 % U:S2   
CW

G 

CWG 

acid oil 

Soy 

oil 

Soy3acid 

oil 
  

Lipid,4 

% 

ATTD, 

% 

DE, kcal/kg 

(added lipid 

as-fed basis) 

DE,5 kcal/kg 

(added lipid 

corrected MIU) 

  
GE, 

kcal/kg 
ATTD, % 

1   0 2.0 
 

100   0   0   0 
 

5.3 94.1 8,911 8,965 
 

4,404 90.4 

2 18 2.0 
 

  69 31   0   0 
 

3.6 83.2 7,573 7,911 
 

4,311 89.1 

3 36 2.0 
 

  37 63   0   0 
 

1.8 71.0 6,186 6,732 
 

4,208 89.0 

4 54 2.0 
 

    5 95   0   0 
 

1.4 64.9 5,407 6,138 
 

4,215 89.2 

5   0 2.8 
 

  75   0 25   0 
 

5.6 92.5 8,748 8,807 
 

4,523 90.9 

6 18 2.8 
 

  52 23 19   6 
 

4.5 88.2 8,087 8,387 
 

4,476 89.9 

7 36 2.8 
 

  28 47 12 13 
 

5.4 81.6 7,234 7,745 
 

4,339 86.9 

8 54 2.8 
 

    4 71   6 19 
 

5.6 83.3 7,129 7,885 
 

4,433 88.8 

9   0 3.5 
 

  50   0 50   0 
 

5.5 91.6 8,658 8,724 
 

4,417 90.2 

10 18 3.5 
 

  35 15 37 13 
 

5.1 94.7 8,749 9,008 
 

4,340 91.1 

11 36 3.5 
 

  19 31 25 25 
 

5.3 90.1 8,120 8,555 
 

4,401 87.8 

12 54 3.5 
 

    2 48 12 38 
 

4.3 87.1 7,654 8,255 
 

4,400 89.8 

13   0 4.2 
 

  25   0 75   0 
 

5.2 95.8 9,050 9,125 
 

4,407 91.3 

14 18 4.2 
 

  17   8 56 19 
 

4.8 90.6 8,434 8,622 
 

4,366 90.1 

15 36 4.2 
 

    9 16 37 38 
 

5.8 92.3 8,461 8,775 
 

4,422 90.3 

16 54 4.2 
 

    1 24 18 57 
 

5.2 90.4 8,154 8,580 
 

4,426 90.5 

17   0 4.9 
 

    0   0  100   0 
 

5.5 96.2 9,086 9,169 
 

4,376 90.9 

18 18 4.9 
 

    0   0 75 25 
 

5.1 90.2 8,462 8,589 
 

4,396 90.0 

19 36 4.9 
 

    0   0 49 51 
 

5.2 92.6 8,626 8,808 
 

4,393 90.2 

20 54 4.9 
 

    0   0 23 77 
 

5.2 88.6 8,201 8,425 
 

4,407 90.7 
1
Free fatty acids concentration. 

2
Unsaturated to saturated fatty acid ratio. 

3
Soybean-cottonseed acid oil. 

4
Added lipid in diets was calculated by subtracting total lipid in control diet (3.89%) from total extracted lipid in the lipid-added diets. 

5
DE of added lipid was calculated by multiplying the ATTD of GE by the GE of the added lipid expressed on a 100% lipid basis to correct for moisture, 

insoluble impurities and unsaponifiable matter (MIU). 
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Table 4. Means of apparent total tract digestibility (ATTD) of lipid and DE content of lipid for concentrations of free fatty acids 

(FFA) and unsaturated to saturated fatty acid ratios (U:S) for Exp.1  

  
FFA concentration, % 

 
U:S ratios 

  
0 18 36 54 SEM 

 
2.8 3.5 4.2 4.9 SEM 

ATTD, % 

            GE of diet
1,3

 

 

  90.8 90.3  88.8 89.9 0.41 

 

  89.1   89.7 90.5 90.4  0.41 

Total lipid in diet
2,3

 

 

  81.0 78.4  77.0 75.3 0.87 

 

  76.6   77.0 78.5 79.5   0.87 

Added lipid
2,4,5

 

 

  94.0 90.9  89.2 87.3 0.82 

 

  86.4   90.9 92.3 91.9  0.82 

DE, kcal/kg 

            Added lipid on an as-

fed basis
2,4,5

 

 

8,886 8,433 8,110  7,784 74 

 

7,800 8,295 8,525 8,594   74 

Added lipid corrected 

for MIU
2,4,5,6

 

 

8,956 8,652 8,471  8,286 78 

 

8,206 8,635 8,776 8,748   78  
1
Linear effect for FFA (P = 0.027). 

2
Linear effect for FFA (P < 0.001). 

3
Linear effect for unsaturated:saturated ratio (P = 0.013). 

4
Linear effect for unsaturated:saturated ratio (P < 0.001). 

5
FFA concentration × unsaturated:saturated ratio interaction (P < 0.05). 

6
DE of added lipid was calculated by multiplying the ATTD by the GE of the added lipid expressed as 100% lipid basis to correct for moisture, 

insoluble impurities and unsaponifiables (MIU). 
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Table 5. Prediction equations to estimate apparent total tract digestibility (ATTD) and DE content of added lipid using free fatty 

acids (FFA) concentration and unsaturated to saturated (U:S) fatty acids ratio.  

 

    

Relative errors,
3
 % 

Item Equation
1
 R

2
 RSD

2
 Minimum Maximum 

ATTD, % 

87.86 – 0.48 x FFA + 0.01 x FFA
2
 + 2.87 x U:S – 0.31 x U:S

2
 + 0.07 x 

FFA x U:S 0.469 3.5 -7.5 7.6 

DE, kcal/kg 

     Added lipid on an as-

fed basis 

8,381.1 – 80.6 x FFA + 0.4 x FFA
2
 + 248.8 x U:S – 28.1 x U:S

2
 + 12.8 

x FFA x U:S 0.741 320.1 -7.7 7.4 

Added lipid corrected 

for MIU
4
 

8,370.8 – 47.4 x FFA + 0.2 x FFA
2
 + 273.2 x U:S – 29.1 x U:S

2
 + 6.9 x 

FFA x U:S 0.495 335.1 -7.5 7.6 

      1
Where FFA = free fatty acids (%) and U:S = unsaturated to saturated fatty acids ratio.  

2
Residual standard deviation  

3
Calculated by dividing the residual by the predicted value  

4
DE of added lipid was calculated by multiplying the ATTD of GE by the GE of the added lipid expressed on a 100% lipid basis to correct for 

moisture, insoluble impurities and unsaponifiables (MIU).  
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Table 6. Comparison between estimated means of apparent total tract digestibility (ATTD) 

of lipid and DE content of added lipid and predicted values of lipid sources used in Exp. 2
1
 

 

Estimated means of observed values
2
 

 

Predicted values
3 
 

Dietary treatments A-V CWG SEM 

 

A-V CWG 

ATTD of added lipid, % 88.7 90.7 1.0 

 

88.7 90.1 

       DE content, kcal/kg 

      Added lipid on an as-

fed basis 8,317 8,452 93 

 

8,127 8,468 

Added lipid corrected 

for MIU
4
 8,513 8,572 95 

 

8,432 8,581 
1
Lipid sources were animal-vegetable blend (A-V) and choice white grease (CWG). 

2
Chemical composition of A-V (free fatty acids (FFA) concentration = 14.5%, unsaturated to saturated 

(U:S) fatty acid ratio = 2.3)  and CWG (FFA = 3.7, U:S ratio = 1.5).  
3
Predicted values were calculated using the proposed equations for ATTD of added lipid (y = 87.86 – 0.48 

x FFA + 0.01 x FFA2 + 2.87 x U:S – 0.31 x U:S2 + 0.07 x FFA x U:S), DE of added lipid as-fed(y = 8381.1 – 

80.6 x FFA + 0.4 x FFA2 + 248.8 x U:S – 28.1 x U:S2 + 12.8 x FFA x U:S) and DE of added lipid-MIU (y = 

8370.8 – 47.4 x FFA + 0.2 x FFA2 + 273.2 x U:S – 29.1 x U:S2 + 6.9 x FFA x U:S).    
4
DE of added lipid was calculated by multiplying the ATTD of GE by the GE of the added lipid expressed 

on a 100% lipid basis to correct for moisture, insoluble impurities and unsaponifiable matter (MIU).
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Figure 1. Main effects of free fatty acid (FFA) concentrations and unsaturated to saturated 

(U:S) fatty acid ratios on apparent total tract digestibility (ATTD) of added lipid. Symbols 

represent least squares means (n=3 to 5 observations per treatment). 
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Figure 2. Surface response of the (1) apparent total tract digestibility (ATTD) of added lipid, 

(2) DE of added lipid on an as-fed basis and (3) DE of added lipid corrected for MIU as a 

function of varying concentrations of free fatty acids (FFA) and unsaturated to saturated 

(U:S) fatty acids ratios. 
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Figure 3. Relationship between observed and predicted values of (1) apparent total tract 

digestibility (ATTD) of added lipid, (2) DE of added lipid on an as-fed basis and (3) DE of 

added lipid corrected for MIU. 
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CHAPTER V: 
 

Dietary peroxidized lipids impair intestinal function and morphology by inducing 

oxidative stress and reducing antioxidant capacity of the small intestine of nursery pigs 
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ABSTRACT 

The objective of this study was to determine the effects of dietary peroxidized soybean oil on 

intestinal morphology and function and digestion of lipids and energy using the pig model. A 

total of 216 crossbred barrows and gilts (6.5 ± 0.1 kg) were randomly allotted within weight 

blocks and sex and fed dietary treatments for 35 d (11 pens per treatment with 3 to 4 pigs per 

pen). Treatments included a control diet (no added oil), and diets supplemented with 6% 

soybean oil previously exposed to heating (80°C) and constant oxygen flow (1 L/min) for 0, 

6, 9 and 12 d. At d 35 of the study, pigs were euthanized to collect tissue and mucosal 

samples from the proximal jejunum for analysis of intestinal morphology, oxidative stress 

(by measuring malondialdehyde, MDA), total antioxidant capacity (TAC) and cytokine 

TNFα. Increasing peroxidation reduced feed intake (P< 0.001) and weight gain linearly (P = 

0.02). Moreover, increasing peroxidation linearly reduced the apparent fecal digestibility of 

gross energy (P = 0.001) and fat (P< 0.001). Absorption of D-xylose (P = 0.09; measured in 

serum 2h post-gavage with a solution containing 0.2 g/mL of D-xylose and 0.3 g/mL of 

mannitol) and mannitol decreased linearly (P = 0.10) with increasing peroxidation. 

Increasing peroxidation resulted in increased (linear, P< 0.001) villi height (linear, P = 

0.002) and increased crypt depth (linear, P = 0.03) in the jejunum. Increasing peroxidation 

increased MDA concentrations (quadratic, P = 0.04) and reduced TAC (linear, P = 0.04), but 

did not affect TNF concentrations (P = 0.74) in jejuna mucosa. In conclusion, peroxidized 

soybean oil diminished animal performance and modified function and morphology of the 

small intestine of nursery pigs. Detrimental effects were related with increased oxidative 
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stress and impairment of the antioxidant capacity of the intestinal mucosa. 

Keywords: lipid, oxidative stress, peroxidation, pigs. 

Introduction 

Dietary peroxidized lipids are of nutritional relevance because their intake has been 

linked to gastrointestinal disorders (1-3). Peroxidized lipids are commonly found in animal 

and human diets. In human diets, lipid peroxidation products can be found as components of 

heated or fried foods, especially as the fast-food industry has increased the use of unsaturated 

oils, and rendered oils from this industry are recycled into livestock feed. Because 

unsaturated fatty acids are prone to peroxidation, they are important contributors of lipid 

peroxidation products (4). During lipid peroxidation, a large number of unstable compounds 

(hydroperoxides, aldehydes, alcohols, conjugated dienes, polymers, etc) are generated. 

Characterization of lipid peroxidation is a difficult task because these unstable compounds 

decompose as peroxidation progresses and their concentrations in lipids depend on the 

conditions of peroxidation (i.e. heating at low or high temperature) (5). Thus, a reliable 

characterization must include the quantification of different peroxidation products including 

primary (i.e. hydroperoxides) and secondary (i.e. aldehydes) products.  

 Understanding the effects of lipid peroxidation in the small intestine is particularly 

important because intestinal epithelial cells experience greater exposure to lipid peroxidation 

products. Dietary peroxidized lipids induce oxidative stress and impair the antioxidant 

defense system (6,7).In the small intestine, oxidative stress and disruption of cellular redox 

status by lipid peroxidation can increase cellular transition responses (proliferative, growth 
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arrest, and apoptosis) (8,9), disrupting intestinal turnover and cell survival. Moreover, there 

is evidence that induction of oxidative stress and disruption of redox balance in intestinal 

cells contributes to a loss of intestinal integrity and activates proinflammatory transcription 

factors (2). However, experiments conducted using mice (10) and pigs (7) have produced 

conflicting results.  

 Despite the recognition of lipid peroxidation as modulator of gastrointestinal 

disorders, little is known regarding the effects of lipid peroxidation on structure and function 

of the small intestine in vivo. In this study, we hypothesized that increasing peroxidation of 

soybean oil would reduce animal growth, impair digestion and absorption of nutrients, 

modify intestinal morphology and increase oxidative stress and reduce antioxidant capacity 

of intestinal mucosa. To investigate the potential impact of peroxidized lipids on 

inflammatory response, we also determined the concentrations of TNF in the intestinal 

mucosa.  

Materials and Methods 

The experimental protocol was approved by the Institutional Animal Care and use 

Committee of North Carolina State University. 

Pigs and dietary treatments. A total of 216 crossbred barrows and gilts (6.5 ± 0.1 kg), 

weaned between 19 and 21 d of age, were randomly allotted within weight blocks and sex to 

55 standard nursery pens (3 to 4 pigs per pen). Weaned pigs were fed a phase 1 nursery diet 

for 14 d followed by a phase 2 diet for 21 d (Table 1). Dietary treatments in each of the 

phases included a control diet (no added soybean oil), and diets supplemented with 6% 
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soybean oil previously exposed to peroxidation conditions (described below) for 0, 6, 9 and 

12 d. Diets supplemented with peroxidized soybean oil were manufactured from a common 

basal mix and formulated to a constant nutrient to metabolizable energy ratio. Titanium 

dioxide was included in all diets as an indigestible marker for the determination of fat and 

gross energy digestibility. All nutrients exceeded the nutrient requirements suggested by the 

NRC (11). Pigs were offered free access to water. Body and feeder weights were recorded on 

d 0, 14 and 35 for computation of growth performance.  

Peroxidation and chemical analysis of soybean oil. Pure soybean oil (60 kg) was 

placed into polyethylene drums equipped with immersion heaters. Soybean oil was exposed 

to peroxidation by heating at 80°C while bubbling oxygen gas through the oil at a constant 

rate of 1 L/min.After peroxidative exposure for 0, 6, 9 and 12 d, soybean oil was stabilized 

with 0.5 g of an antioxidant (Rendox AT 20 Liquid, Kemin Industries) and stored under 

refrigeration (4ºC) to prevent further peroxidation. 

The chemical composition and peroxidation measures of the soybean oil (Table 2) 

were determined in representative samples by a commercial laboratory (New Jersey Feed 

Laboratory Inc.) according to standard procedures of AOAC (12) and AOCS (13). Amounts 

of hydroperoxides in soybean oil were estimated by measuring the initial peroxide value. The 

p-anisidine value was used to determine the aldehyde content of the peroxidized oils. 

Concentrations of malondialdehyde (MDA,
5
 used as an index of lipid peroxidation) in 

samples were analyzed using a commercial ELISA kit (Cell Biolabs). 
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Nutrient digestibility. Fecal samples from 9 pens per dietary treatment were collected 

from at least 2 pigs in each pen fromd 11 to 14 and from d 32 to 35. Samples were then 

pooled within pen and within collection period and dried at 60°C in a forced-air oven for 48 

h. After drying, samples were finely ground in a Wiley mill (Thomas Scientific) through a 

0.8 mm mesh screen and mixed. Contents of titanium dioxide in feed and fecal samples were 

determined following the protocol described by Myers et al. (14). Total fat in samples was 

determined after acid hydrolysis (3 mol/L for 1 h at 90ºC) according to AOCS (15) for rapid 

determination of fat utilizing high temperature solvent extraction with the use of special 

equipment (XT15, Ankom). Gross energy content of samples was determined using a bomb 

calorimeter (C5000, IKA Works). The apparent fecal digestibility of fat and gross energy 

was calculated using the index method as described by Adeola (16).  

Intestinal absorptive capacity. A procedure adapted from Doerfler et al. (17) was 

used to measureintestinal absorptive capacity. At d 14 of the study and before pigs were 

switched to phase 2 diets, 8 pigs per dietary treatment (1 pig with average BW of the pen) 

were selected. Pigs were deprived of feed for 9 h and then gavaged with a solution containing 

0.2 g/mL of D-xylose and 0.3 g/mL of mannitol (Sigma-Aldrich). Pigs received a dose of 6.5 

mL of solution per kg of BW. Two h post gavage, pigs were bled via jugular venipuncture 

using a vacuum tube with a 20 G x 3.81 cm needle. This procedure was repeated on d 35 

using the same selected pigs.  

Serum samples were frozen at -20ºC until analysis was conducted. For analysis, 

samples were spiked with fucose solution (Sigma-Aldrich), which served as an internal 
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standard for calculation. Samples were then diluted 100-fold with deionized water. Diluted 

samples were filtered through OnGuard-H cartridges (Dionex) to remove free amino acids. 

HPLC analysis was performed according to the method of Jahnel et al. (18). The HPLC 

system (DionexBioLC) consisted of a 250 x 4 mm Dionex PA-1 column, a gradient pump, an 

autosampler and a pulsed amperometric detector. The quantification was performed by 

calculating the ratio of the unknown peak height to the fucose peak height.  

Tissue and mucosal sample collection. At d 35 of the study, 7 pigs per treatment 

(different from pigs used in the absorptive capacity test) were randomly selected and 

euthanized by captive bolt gun followed by immediate exsanguination. Tissue samples were 

collected from proximal jejunum and used for analysis of intestinal histology. Mucosal 

scrapings from the proximal jejunum were collected and frozen immediately in liquid 

nitrogen. Samples were stored under -80ºC until biochemical analyses were undertaken. 

Intestinal histomorphology. Collected tissue samples were fixed in 10% neutral 

buffered formalin, transferred to 70% ethanol after 24h, embedded in paraffin, sectioned (5 

µm), and stained with hematoxylin and eosin. Slides were read using an Olympus Vanox-S 

microscope and analyzed using SPOT Basic Imaging software (Diagnostic Instruments). 

Measurements of villus height and width and crypt depth were performed as previously 

described by Moeser et al. (19).The surface area of the villus was calculated using the 

formula for the surface area of a cylinder and subtracting the area of the base of the villus. 
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Oxidative stress. Oxidative stress in mucosal samples was assessed by measuring 

concentrations of MDA. Collected samples were homogenized in phosphate buffered saline 

(PBS) containing butylated hydroxytoluene to prevent further oxidation. Supernatants were 

collected and analyzed for MDA concentrations using a commercial ELISA kit (Cell 

Biolabs). Concentrations of MDA in samples were expressed as µmol per g of mucosal 

protein, which was estimated using a commercial ELISA kit (Thermo Scientific). 

Antioxidant activity. Total antioxidant capacity (TAC) was used as an estimation of 

the collective capacity of biomolecules in mucosal samples to exert antioxidant activity. 

Mucosal samples were homogenized in cold PBS. Supernatants were collected and analyzed 

for TAC by using a commercial ELISA kit (Cell Biolabs). Results were expressed as µmol 

copper reducing equivalents per g of mucosal protein.  

Cytokine analysis. Mucosal samples from the jejunum were homogenized in cold 

PBS and the supernatant was collected and analyzed for TNF concentrations (R&D 

Systems). Results were expressed as pg per mg of mucosal protein. 

Statistical analysis. Animal performance data were analyzed as a randomized 

complete block design using the Mixed procedure of SAS (SAS Institute). Gender was used 

as an independent (control) variable in the model. The fitted model included dietary 

treatment and genderand their interaction as the fixed effects and weight blocks as random 

effect. Intestinal absorptive capacity and nutrient digestibility data were assessed at d 14 and 

35 of the study and analyzed using the Mixed procedure of SAS with repeated measures. 

Because the dose of D-xylose and mannitol given to pigs was calculated based on body 



 

 

 

161 

weight, it was used as a covariate in the analysis. Data for intestinal histology, metabolic 

oxidative stress, antioxidant activity and cytokine analysis corresponded to a complete 

randomized design and was analyzed using the general linear model procedure of SAS. Pen 

was considered the experimental unit for analysis of animal performance and nutrient 

digestibility data, whereas individual pig was considered as experimental unit for other 

measurements. The main effect of lipid peroxidation was tested. Degrees of freedom were 

partitioned into orthogonal contrasts to evaluate linear and quadratic effects of lipid 

peroxidation. Data were reported as estimated means ± pooled SEM. The α-level for 

significance was set at P≤ 0.05 and tendencies were considered at 0.05 <P< 0.10. 

Results 

Peroxidation of soybean oil. Analysis of the soybean oil indicated that peroxidative 

exposure for increasing lengths of time resulted in increasing p-anisidine values and MDA 

concentrations. Initial peroxide value of soybean oil increased until d 9 and remained 

relatively similar on d 12. Contrary to these observations, exposure to peroxidation did not 

affect moisture, free fatty acids, insoluble impurities, or unsaponifiable matter of soybean oil 

(Table 2). 

Growth performance. Nursery pigs fed diets supplemented with soybean oil (0 d of 

peroxidation) grew faster (P< 0.05) and displayed improved feed efficiency (P<0.05) when 

compared with those fed control diet without soybean oil. During the first 14 d, increased 

peroxidative exposure of soybean oil reduced feed intake (quadratic, P< 0.001), but not 

weight gain (P = 0.92) or feed efficiency (P = 0.99) of pigs. For d 15 to 35 of the study, 



 

 

 

162 

detrimental effects of lipid peroxidation observed on animal performance were more evident. 

Increasing peroxidative exposure of soybean oil linearly reduced feed intake (P = 0.002) and 

weight gain (P = 0.02), but not the efficiency of feed utilization (P = 0.374) of pigs. Overall 

(d 0 to 35), feed intake (linear, P< 0.001) and weight gain (linear, P = 0.02), but not feed 

efficiency (P = 0.923) decreased as the added soybean oil had more peroxidative exposure 

(Table 3).  

Nutrient digestibility. During the first 14 d, apparent fecal digestibility of fat (P = 

0.02) and gross energy (P = 0.04) in nursery pigs decreased in a quadratic manner as the 

added soybean oil had more peroxidative exposure. As experimental diets were fed to pigs 

for longer periods (d 15 to 35), increasing peroxidative exposure of soybean oil linearly 

reduced apparent fecal digestibility of fat (P< 0.001) and gross energy (P = 0.001) (Figure 1).  

Intestinal absorptive capacity. At d 14 of the study, dietary inclusion of peroxidized 

soybean oil did not affect the concentrations of mannitol (P = 0.42) or D-xylose (P = 0.44) 

measured in blood samples collected from pigs 2 h after oral administration. In contrast, 

concentrations of mannitol (P = 0.10) and D-xylose (P = 0.09) in blood samples collected on 

d 35 tended to decrease as the added soybean oil had more peroxidative exposure (Figure 2). 

Intestinal histology. Increasing peroxidative exposure of soybean oil resulted in 

longer (linear, P< 0.001) and thinner (linear, P = 0.002) villi and deeper crypts (quadratic, P 

= 0.005) in the jejunum. Peroxidative exposure of soybean oil did not affect villus area (P = 

0.85) (Table 4). 
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Oxidative stress. Lipid peroxidation marker, MDA, was measured as an index of 

oxidative stress in the intestinal mucosa. When compared to pigs fed control diets, dietary 

soybean oil exposed to peroxidation for 6 and 9 d but not for 0 or 12 d increased (P< 0.05) 

concentrations of MDA. Concentrations of MDA in mucosal samples increased in a 

quadratic manner with increased peroxidative exposure of soybean oil (P = 0.04; Table 4). 

Antioxidant activity. Antioxidant capacity of mucosal samples from the jejunum was 

linearly reduced with increased peroxidative exposure of soybean oil (P = 0.04; Table 4).  

Cytokine concentration. To determine whether dietary inclusion of peroxidized 

soybean oil influenced intestinal inflammation, we measured mucosal concentrations of TNF 

in the jejunum of pigs. Mucosal TNF did not differ among treatments (P = 0.74; Table 4). 

Discussion 

 In the present study, we investigated the effects of increasing peroxidation exposure 

of soybean oil on growth performance of pigs and on selected variables related with function, 

morphology, oxidative stress and inflammation of the small intestine. Peroxidation of 

soybean oil was performed by heating at 80ºC with constant oxygen flow, similar to 

DeRouchey et al. (20). Using this approach, we successfully increased the peroxidation level 

of the original lipid without affecting fatty acid composition of the oil. Therefore, we 

speculate that the effects of dietary soybean oil exposed to peroxidation on the selected 

variables were caused by peroxidation. 

The extent of lipid peroxidation is very difficult to assess because this degenerative 
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process generates a large number of unstable compounds that decompose as peroxidation 

progresses (5). We estimated the different degrees of peroxidation by measuring peroxide, 

MDA, and p-anisidine values. Peroxide value estimates the hydroperoxide concentration, 

which reflects the primary products of peroxidation. Because hydroperoxides are unstable 

and can be decomposed into secondary products (i. e., aldehydes, ketones, alcohols, etc) the 

peroxide value by itself may underestimate the true degree of peroxidation (21). To better 

estimate the concentrations of secondary products of peroxidation such as aldehydes, we 

measured MDA and the p-anisidine value of the oil. In our study, soybean oil heated for 

varies lengths of time resulted in increasing hydroperoxide concentrations until d 9 of 

peroxidation and remained relatively constant at d 12; however, p-anisidine and MDA 

concentrations continued to increase as peroxidative exposure progressed.  

Addition of soybean oil exposed to peroxidation to nursery diets had detrimental 

effects on animal performance, especially after feeding pigs for long periods (>14 d). In 

agreement with previous reports (20,22), we observed a reduced feed intake for pigs fed 

soybean oil exposed to peroxidation. Products of peroxidation may affect palatability of the 

diet, which could result in reduced feed intake (22). Consequently, dietary soybean oil 

exposed to peroxidation negatively affected body weight gain of pigs. The observed 9% 

reduction in body weight gain (when comparing 0 d and 12 d of peroxidation) was largely the 

result of reduced feed intake (7% reduction when comparing 0 d and 12 d), but could also be 

related to enterocyte dysfunction, oxidative stress, etc. Kanazawa et al. (23) concluded that 

lipid peroxidation impaired the functionality of the intestine as indicated by a decreased 
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enzyme activity (sucrose, maltase, and alkaline phosphatase) in jejunum and ileum after oral 

administration of products of peroxidation of linoleic acid to rats. The improvement in daily 

body weight gain due to the addition of unexposed soybean oil when compared to the control 

diet was progressively diminished as the degree of peroxidation increased. Our results are in 

agreement with those presented by DeRouchey et al. (20), who reported a linear reduction in 

pig performance when choice white grease was exposed to peroxidation for increasing 

lengths of time (0, 5, 7, 9 and 11 d). Similar to previous reports (20,22), negative effects on 

animal performance were more evident when animals were fed dietary treatments for longer 

periods (> 14 d).  

 We used mannitol (sugar alcohol with a molecular mass of 182 Da) and D-xylose 

(monosaccharide with a molecular mass of 150 Da) as marker probes to assess the absorptive 

capacity of the small intestine because these sugars can be actively absorbed across the 

brush-border membrane by a carrier-mediated process or by paracellular diffusion (24-27). 

These sugars have been used extensively as indicators of malabsorption in birds (17,28) and 

to test intestinal barrier function (29,30). In our study, we observed a reduction in the 

capacity to absorb mannitol and D-xylose as peroxidative exposure of soybean oil increased. 

We speculate that lipid peroxidation products impaired the function of the intestine, hence 

negatively affecting the absorptive capacity of the intestine. During absorption, intestinal 

enterocytes are constantly exposed to lipid peroxidation products (i.e. hydroperoxides, 

aldehydes, alcohols, etc) (31) that could affect cell proliferation (32), chemotaxis and cell 

survival (33,34). It is notable the evidence that dietary lipid peroxidation products alter 
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intestinal cell turnover (3). Indeed, in vitro studies using the intestinal cell line CaCo-2 

demonstrated that subtoxic concentrations of hydroperoxides could promote proliferative 

response (9).Our results evaluating villus morphology supported the contention that dietary 

soybean oil exposed to peroxidation attenuated enterocyte proliferation. We observed that 

villus height and crypt depth progressively increased as peroxidative exposure of soybean oil 

increased. It is possible that greater cell proliferation rate impaired intestinal absorptive 

function due to a larger proportion of immature enterocytes, with decreased absorptive 

capacity and reduced brush-border enzymatic activity (35,36), on the intestinal villi. These 

results are consistent with those presented for animal performance. The present findings on 

nutrient digestibility and absorptive capacity suggest that detrimental effects of dietary 

soybean oil exposed to peroxidation are accentuated by degree and duration of peroxidative 

challenge.  

 A plethora of studies have demonstrated that dietary lipid peroxidation products can 

induce cellular oxidative stress (3,6,7), which is defined as the disturbance of biological 

redox signaling events (37). In the present study, feeding soybean oil exposed to peroxidation 

to pigs induced oxidative stress in the intestinal mucosa as indicated by increased 

concentrations of MDA and the reduction of the antioxidant capacity. Indeed, we detected a 

significant linear reduction in the antioxidant capacity of the intestinal mucosa as 

peroxidative exposure of the soybean oil increased. We suggest that this disruption of the 

redox environment in the intestine is the mechanism by which function and morphology of 

the small intestine was impaired. Intestinal cell transition to proliferative or apoptotic states 
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are thought to be governed by the redox balance of cellular antioxidant systems such as 

glutathione, cysteine and thioredoxin couples (3,38,39). A redox imbalance could result in 

cell proliferation (9), growth arrest (40) or apoptotic states (41). It has been shown that strong 

oxidative stress, as result of dietary peroxidative challenge, could disrupt cell integrity and 

activate proinflammatory transcription factors (2). The results of the present study 

demonstrated that only soybean oil exposed to peroxidation for 12 d caused a slight, but non-

significant, increase in the mucosal concentrations of TNF. Apparently the oxidative stress in 

pigs fed peroxidized soybean oil was only moderate and was not sufficient to cause an 

inflammatory reaction. Our results are in agreement with those presented by Ringseis (7), 

who demonstrated that dietary peroxidized lipids induced oxidative stress in pigs, without 

causing inflammation. In contrast, Varady (10) administered orally by gavage peroxidized 

lipids to female mice and concluded that ingestion of peroxidized lipids activated 

proinflammatory transcription factors. These conflicting results may be related to the obvious 

differences between species used in these studies, methodology of the peroxidative challenge 

(oral gavage and dietary), inflammatory mediator measured, and the severity of the oxidative 

stress that was imposed.It is also plausible that the lack of inflammatory response to lipid 

peroxidation was due to the limited analysis (1 cytokine measured in our and other studies; 

7,10) and that other lipid-mediated inflammatory markers, such as prostaglandins and 

leukotrienes, may be elevated. Isoprostanes are prostaglandin-like compounds that are 

generated by non-enzymatic free radical-induced peroxidation of arachidonic acid (42) and 

have been proposed as biomarkers of lipid peroxidation (43) and oxidative stress (44), in 
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vivo. It is notable the evidence suggesting that isoprostanes have inflammatory properties 

(43). Future studies that investigate TNF and other inflammatory mediators are needed to 

clarify the extent and duration of peroxidative challenge that may cause intestinal 

inflammatory responses in vivo.  

In summary, the results of this study demonstrate that dietary soybean oil exposed to 

peroxidation for increasing lengths of time progressively diminished animal performance, 

reduced digestion and absorption of nutrients and modified morphology of the small 

intestine. These detrimental effects were related to induction of oxidative stress and 

impairment of the antioxidant capacity of the intestinal mucosa. These data suggest that 

redox balance was disrupted to the extent that it modulated intestinal function in the absence 

of an inflammatory response. 
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Table 1 Ingredient and chemical composition of the experimental diets on an as-fed basis 

 

Phase I 

 

Phase II 

Item Control Oil added 

 

Control Oil added 

Ingredient, g/kg 

     Yellow corn     435     332 

 

    684     586 

Soybean meal     194     237 

 

    275     313 

Lactose     150     150 

 

- - 

Dried whey     100     100 

 

- - 

Fish meal       50       50 

 

- - 

Plasma protein        40       40 

 

- - 

L-Lys HCl         2.3         2.4 

 

        3.3         3.6 

DL-Met         1.4         1.9 

 

        1.1         1.5 

L-Thr         0.8         1.1 

 

        1.1         1.3 

Soybean oil
1
 -       60 

 

-       60 

Monocalcium phosphate         8.8         8.7 

 

      14.2       14.1 

Ground limestone         6.0         5.8 

 

      10.4       10.2 

Zinc Oxide         2.5         2.5 

 

        4.0         4.0 

Copper Sulfate         0.8         0.8 

 

- - 

Salt         1.0         1.0 

 

- - 

Mineral premix
2
         1.5         1.5 

 

        1.5         1.5 

Vitamin premix
3
         0.5         0.5 

 

        0.4         0.4 

Titanium dioxide
4
         5.0         5.0 

 

        5.0         5.0 

Calculated composition 

     ME, Mcal/kg         3.33         3.61 

 

        3.30         3.59 

Crude Protein, %       20.7       21.9 

 

      19.2       20.2 

Crude Fat, %         2.9         8.6 

 

        3.5         9.2 

SID
5
 Lys %         1.35         1.46 

 

        1.15         1.25 

SID Thr %         0.84         0.91 

 

        0.71         0.77 

Ca, %         0.80         0.80 

 

        0.75         0.75 

Total P, %         0.73         0.72 

 

        0.68         0.68 

Available P, %         0.50         0.50 

 

        0.37         0.37 
1
Soy oil was exposed to peroxidation for 0, 6, 9 and 12 d.  

2
Supplied per kg of complete diet (mg): ferrous sulfate, 550; zinc oxide, 230; manganous sulfate, 133; 

copper sulfate, 65; ethylene diaminedihydriodide, 0.38; sodium selenite, 0.66. 
3
Supplied per kg of complete diet (mg): retinol, 2.5; cholecalciferol, 0.029; DL-α-tocopherol, 31.5; 

vitamin B12, 0.03; riboflavin, 5.8; calcium pantothenate, 23.5; niacin, 35.2; menadionedimethyl pyrimidinol 

bisulfate, 3.8; folic acid, 1.7 and biotin, 0.23. 
4
Used as an indigestible marker for determination of dietary fat and gross energy digestibility. 

5
Standard ileal digestibility (SID).  
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Table 2 Chemical composition and peroxidation analysis of the soybean oil used in the 

dietary treatments 

 
Days of peroxidative exposure

1
 

Item 0 6 9 12 

Fatty acids,
2
 % 

    
16:0      10.5      10.5      10.7      10.6 

18:0        4.7        4.7        4.7        4.7 

18:1 (n-9)      21.9      22.0      22.1      22.3 

18:1 (n-7)        1.5        1.8        1.6        1.6 

18:2 (n-6)      53.1      53.0      52.5      52.5 

18:3 (n-3)        6.9        6.9        6.7        6.7 

Other fatty acids
3
        1.4        1.2        1.8        1.5 

Total fatty acids      98.8      98.6      98.2      97.1 

Chemical analysis, % 

    Free fatty acids        0.1        0.1        0.1        0.1 

Moisture        0.0        0.0        0.4        0.2 

Insoluble impurities        0        0        0        0 

Unsaponifiable matter        0.7        0.7        0.6        0.6 

Peroxidation parameters 

    p-anisidine value        4      19      25      39 

MDA,
4
 mmol/L oil        1.1        4.5        5.6        6.9 

Peroxide value, mEq O2/kg 

    Initial AOM
5
        1      46      58      52 

4 h AOM      11      90      94      84 

24 h AOM    409    568    508    517 
1
Soybean oil was exposed to peroxidation for 0, 6, 9 and 12 d by exposing to heat (80°C) and constant 

oxygen flow (1 L/min). 
2
Percentage of total fatty acids 

3
Comprised less than 1% of each of the following fatty acids: 14:0, 16:1, 17:0, 20:0, 20:1, and 22:0.  

4
Malondialdehyde (MDA) was used as an index of lipid peroxidation. 

5
Active oxygen method (AOM). 
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Table 3 Effects of dietary soybean oil exposed to peroxidation on growth performance of nursery pigs
1,2

 

  

Days of peroxidative exposure 

  

P-value 

 

Control 0 6 9 12 SEM 

 

Peroxidation Linear Quadratic 

           Initial weight, kg     6.5     6.5     6.5     6.5     6.5     0.2 

 

      0.99   0.79     0.89 

Final weight, kg   20.3   21.6   20.9   20.7   20.3     0.5 

 

      0.34   0.07     0.94 

Feed intake, g/d 

          d 0 to 14 354
a
 334

c
 351

ab
 338

bc
 325

c
     5 

 

      0.006   0.26   <0.001 

d 15 to 35 829
a
 810

a
 795

ab
 769

bc
 750

c
   13 

 

      0.02   0.002     0.43 

d 0 to 35 633
a
 621

a
 634

a
 588

b
 576

b
     9 

 

    <0.001 <0.001     0.01 

Body weight gain, g/d 

          d 0 to 14 253 257 255 262 250   11 

 

      0.92   0.81     0.75 

d 15 to 35 484
b
 538

a
 504

ab
 493

b
 485

b
   16 

 

      0.11   0.02     0.67 

d 0 to 35 393
b
 431

a
 408

ab
 400

ab
 392

b
   12 

 

      0.16   0.02     0.85 

Feed efficiency, 

gain:feed 

          d 0 to 14     0.72     0.77     0.77     0.78     0.77     0.03 

 

      0.99   0.83     1.00 

d 15 to 35     0.58
b
     0.65

a
     0.63

a
     0.64

a
     0.68

a
     0.02 

 

      0.37   0.49     0.11 

d 0 to 35     0.61
b
     0.68

a
     0.67

a
     0.67

a
     0.68

a
     0.02 

 

      0.92   0.99     0.49 
1
Values are least squares means, n = 11 pens with 3 to 4 pigs per pen. Estimated means in a row without a common letter differ, P ≤ 0.05.  

2
Control diet was not supplemented with soybean oil. Other dietary treatments were supplemented with 6% peroxidized soybean oil. 
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Table 4 Effects of dietary soybean oil exposed to peroxidation on villus morphology, oxidative stress, antioxidant activity and 

TNFα in the jejunum of nursery pigs
1,2

 

  

Days of peroxidative exposure 

  

P-value 

  Control 0 6 9 12 SEM   Peroxidation Linear Quadratic 

Villus morphology 

          Villus height, µm 529
bc

 504
c
 531

b
 572

a
 563

a
   10 

 

    <0.001 <0.001    0.48 

Villus width, µm 139
b
 147

a
 143

ab
 141

ab
 135

b
     3 

 

      0.02   0.002    0.56 

Villus area,
3
 µm

2
     0.25     0.25     0.25     0.26     0.25     0.01 

 

      0.85   0.74    0.80 

Crypt depth, µm 167
c
 168

c
 182

ab
 187

a
 177

bc
     4 

 

      0.004   0.03    0.005 

           MDA,
4
 µmol/g protein   35

b
   45

ab
   54

a
   59

a
   37

ab
     6 

 

      0.13   0.76    0.04 

           TAC,
5
 µmol CRE/g protein   52.0

b
   57.5

ab
   59.2

a
   54.5

ab
   52.3

b
     2.7        0.06   0.04    0.10 

           

TNFα, pg/mg protein     8.5   12.0     9.2   11.2   17.3     4.0 

 

      0.74   0.50    0.32 
1
Values are estimated means ± SEM, n = 7. Estimated means in a row without a common letter differ, P ≤ 0.05.  

2
Control diet was not supplemented with soybean oil. Other dietary treatments were supplemented with 6% peroxidized soybean oil.  

3
The surface area of the villus was calculated using the formula for the surface area of a cylinder and subtracting the area of the base of the villus. 

4
Malondialdehyde (MDA) was used as an indicator of oxidative stress. 

5
Total antioxidant capacity (TAC) of intestinal mucosal expressed as copper reducing equivalents (CRE). 
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Figure 1 Apparent fecal digestibility of dietary fat and gross energy measured during d 11 to 

14 (A) and d 32 to 35 (B) in nursery pigs fed diets supplemented with soybean oil exposed to 

peroxidation. Bars represent least squares means + SEM, n = 9. 
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Figure 2. Intestinal absorptive capacity measured using mannitol and D-xylose on d 14 (A) 

and d 35 (B) in nursery pigs fed diets supplemented with soybean oil exposed to 

peroxidation. Bars represent least squares means + SEM, n = 8. 
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CHAPTER VI: 

 

Integration of Concepts and Findings from the Research Studies 
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Introduction 

Understanding the requirements of the modern and high-producing lactating sow is 

important to design nutritional programs oriented to maximize the biological potential of 

growth of the nursing litters and to maximize the long-term productivity of the sow. The 

experiments, described in previous chapters, have been designed to understand the effects of 

supplemental lipids in the performance during lactation and in the subsequent reproduction of 

sows and to determine the nutritional value of sources of lipids when used in lactation diets. 

Although supplemental lipids are extensively used as energy sources, they also provide 

essential fatty acids (EFA) that are required for biological processes of animals (for review, 

see Innis, 1991). We demonstrated that these EFA play an important role in the subsequent 

reproductive cycle of sows and should be supplemented to lactation diets, especially because 

there seemed to be a negative balance of these fatty acids during lactation. The objectives of 

the present chapter are: 1) to summarize the most relevant findings of our research, 2) to 

illustrate the differences of sources of lipids in their nutritional value and 3) to suggest 

recommendations for linoleic acid in sow lactation diets.   

Effects of supplemental lipids on sow and litter performance 

In Chapter I, we reviewed relevant research of the effects of supplemental lipids on 

the lactating sow. It was concluded that lipid supplementation reduced ADFI (0.14 kg/d), but 

increased caloric intake (1.20 Mcal/d) when compared to diets without added lipids. We 

speculated that sows housed under high ambient temperature respond differently to 

supplemental lipid. Data from published studies suggested that supplemental lipids increase 
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the feed intake of sows housed under heat stress conditions by 0.22 kg/d. In Table 1, we 

summarized results from two previous studies (Rosero et al., 2012a, b) and from Experiment 

2. All these studies were conducted during the summer months in the same sow commercial 

unit in Oklahoma. Sows on these studies increased their feed intake (0.17 kg/d) when lipids 

were supplemented to diets. Greater consumption of nutrients did not reduce sow BW losses 

(inconsistent response) or reduce piglet mortality. However, it was related with an 

improvement (50 g/d) in litter growth rate. Although the response to supplemental lipids on 

litter growth rate was consistent, it was relatively small (2% improvement).  

Effects of supplemental lipids on milk production and milk fat output 

 Literature suggested that supplemental lipids increased milk fat output (104 g/d in 

Pettigrew, 1981; 82 g/d in Chapter I) when lipids are supplemented to lactation diets. In 

Chapter II, we described two trials that investigated the effects of supplemental lipids on 

milk production and milk composition. Results from these experiments indicated that the 

positive (but low) response to supplemental lipids on litter growth rate was related with a 

greater milk fat output (89 g/d, Table 2). However, this response was source dependent. 

There was a greater improvement for choice white grease than for animal-vegetable blend. In 

a contemporary study (Rosero et al., 2012b), we showed that animal-vegetable blend had a 

greater lipid peroxidation level (anisidine value = 23) and resulted in reduced efficiency of 

feed utilization compared to choice white grease (anisidine value = 5). We then hypothesized 

that greater lipid peroxidation on animal-vegetable blend may have had a negative impact on 

nutrient absorption and animal performance (DeRouchey et al., 2004). It is plausible that 
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sows did not increased milk fat concentration and output due to a lower digestion and 

absorption of lipids when animal-vegetable blend was used as lipid source. 

Effects of supplemental lipids on balance of essential fatty acids during lactation 

 In the first trial described in Chapter II, linoleic acid intake was estimated at 72 g/d 

and the amount of linoleic acid secreted in milk was 66 g/d for sows that were fed diets 

without supplemental lipids (trial 1, Figure 1). Moreover, we estimated an intake of 4.3 g/d 

and output of 2.6 g/d of α-linolenic acid, if lipids were not supplemented to diets (Figure 2). 

The balance of EFA during lactation of these sows was positive, but relatively low. It is well 

known that milk fatty acid composition is a reflection of the supplemental lipids (Lauridsen 

and Danielsen, 2004). Supplementation of linoleic and α-linolenic acid to diets greatly 

increased the consumption, output in milk and balance of EFA that could be negative if lipids 

are not supplemented to diets.  

Effects of supplemental lipids on the subsequent reproduction of sows 

Nutrition of the lactating sow has a great impact on the subsequent reproductive 

performance (Boyd et al., 2000). A review of the literature (see Chapter I) indicated that 

supplemental lipids reduced the weaning-to-estrus interval and improved the subsequent 

farrowing rate of lactating sows exposed to high ambient temperatures. This could be related 

to the greater caloric intake during lactation, but also to the greater intake of EFA that 

seemed to play an important role in the reproduction of sows. One of the most significant 

findings in our research was that supplementation of EFA improved the subsequent 
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reproductive performance of sows. Presumably, supplementation of EFA corrects a potential 

negative balance if lipids are not supplemented to lactation diets. In Figure 3, we illustrated 

the effects of increasing linoleic acid intake on the subsequent farrowing rate of mature sows 

(parities 3-5). Based on results from previous studies (Rosero et al., 2012a, b) and the 

experiment described in Chapter III, we observed that farrowing rates were improved with 

the intake on 100 g/d of linoleic acid, and no further improvements thereafter. This is in close 

agreement to our observations for the balance of linoleic acid during lactation, in which we 

speculated that sows would need to consume at least 90 g/d to secrete about 70 g/d that is 

observed when lipids are not supplemented to diets. Furthermore, it was also observed that 

increasing supplemental linoleic acid linearly improved the subsequent litter size. Using data 

from a previous study (Rosero et al., 2012b) and from the experiment described in Chapter 

III, we illustrated the effects of linoleic acid on total pigs born in the subsequent cycle 

(Figure 4).  

Supplemental α-linolenic acid also improved the farrowing rate of mature sows but it 

was detrimental for the subsequent reproduction of parity 1 sows. Young sows are 

physiologically different and need extra energy for body growth (Aherne and Williams, 

1992). It is then recommended to conduct further research with young sows to understand 

better the effects of supplemental EFA during lactation and to generate recommendations. In 

addition, some supplemental linoleic by α-linolenic acid interaction effects were observed; 

which demonstrated the importance of n-6:n:3 fatty acid ratio. We speculated that besides the 

optimal level of linoleic acid and α-linolenic acid, the adequate n-6:n-3 fatty acid ratio play 
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important roles in the subsequent reproduction performance of sows.  

Nutritional value of lipids  

Sources of lipids with varied chemical composition, intramolecular distribution of 

fatty acids within lipids, chain length, and position of fatty acids on the glycerol backbone 

may differ in the digestible energy (DE) content (Stahly, 1984). In Chapter IV, we described 

research that investigated the effects of free fatty acids (FFA) and saturation (unsaturated to 

saturated fatty acid ratio, U:S) on the DE of lipids fed to lactating sows. As expected, DE 

content increased with increasing U:S fatty acid ratios, and decreased with greater amounts 

of FFA. Interestingly, the negative effect of FFA on DE content of lipids was greater with 

lower U:S fatty acid ratios. Based on these results, we obtained a prediction equation for DE 

content of lipids that explained a great proportion of the variation (R
2
 = 0.741; Figure 5). 

This figure shows that the negative effect of FFA concentrations on DE content of lipids was 

less pronounced with increasing U:S ratios. The proposed equation was validated in a 

separate study with remarkably accurate estimations of DE content of commercial lipid 

sources used in lactating sows.  

Moreover, sources of lipids may also differ on lipid peroxidation status. Results of the 

experiment described in Chapter V demonstrated that dietary soybean oil exposed to 

peroxidation for increasing lengths of time progressively diminished animal performance, 

reduced digestion and absorption of nutrients and modified morphology of the small 

intestine. These detrimental effects were related to induction of oxidative stress and 

impairment of the antioxidant capacity of the intestinal mucosa. In Figure 6, we illustrated 
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the effects of lipid peroxidation (measured by p-ansidine value) on apparent fecal 

digestibility. This demonstrated that besides FFA and U:S fatty acid ratios, lipid peroxidation 

also explains a great proportion of the variation (R
2
 = 0.863) of lipid digestibility. Although 

the effects of lipid peroxidation were studied in nursery pigs, it is plausible that some 

detrimental effects could also occur in lactating sows. We suggest that the use of dietary 

peroxidized lipids could accentuate the oxidative stress of sows and may affect the 

performance during lactation. 

Recommendations for the use of supplemental lipids on lactation diets 

 In order to provide practical recommendations for producers, it is necessary to 

evaluate the nutritional value of lipids as sources of energy and essential fatty acids. We have 

shown that supplemental lipid slightly benefited the lactating sow and that the greatest 

benefit of supplemental lipid is to provide EFA, especially linoleic acid, to lactating sows. 

Thus, it is suggested that the selection of a lipid source should be done based on the cost per 

unit of energy (illustrated in Figure 7) and the cost per unit of linoleic acid provided (Figure 

8). In Figure 7, we calculated the cost per unit of energy (metabolizable energy, Mcal ME) of 

different lipid sources and compared the cost calculated using the prediction equations 

proposed by Powles et al. (1995) or the predictions equations proposed in Experiment 3. 

Similarly, in Figure 8 we calculated the cost per unit of linoleic acid (kg) among different 

sources. It is clear that, at actual prices (price of corn = $ 0.20/kg), many of the lipid sources 

are better economical sources of linoleic acid compared to corn.  

 Based on results of the balance of linoleic acid during lactation and the subsequent 
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reproductive cycle of sows, our recommendation is to provide lactating sows with at least 

100 g/d of linoleic acid. This will ensure adequate consumption of this fatty acid and prevent 

any negative balance. In Table 3, we suggested different levels of inclusion of linoleic acid in 

lactation diets depending on the expected ADFI. In addition, we calculated the amount of 

lipids needed to be added to diets (assuming ADFI = 5 kg/d) and estimated the expected 

response in the subsequent reproductive cycle.  

 Finally, Table 4 shows a financial analysis of supplementing linoleic acid to lactating 

sows. For this analysis, we assumed an ADFI of 5 kg/d and that the diet without added lipids 

provided 80 g/d (or 1.6%) linoleic acid and cost $0.35/kg of feed. Using poultry fat 

($0.88/kg) as lipid source, the cost of adding of linoleic acid was about $4.5/kg of linoleic 

acid. We used a price of $35 per weaned pig for this analysis. The greater return of 

investment (ROI) was observed when supplemental linoleic acid increased from 80 to 100g/d 

because of the impact of improving farrowing rates is much greater that improving the 

number of pigs born. Thereafter, the ROI increasingly reduced because we speculated that 

the only benefit of linoleic acid (> 100 g/d) is in the subsequent litter size (Figure 9). Thus, 

we recommend the provision of linoleic acid should be at least 100 g/d to prevent any 

negative balance, but not more than 120 g/d to maximize ROI.  
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Table 1. Marginal difference in sow performance produced by supplementation of lipids to lactation diets when compared to diets 

without added lipids 

Study Lipid source
1,2

 
Δ ADFI, 

3
 

kg/d 

Δ Sow BW change, 

kg 

Δ Pig survival, 

% 

Δ Litter ADG,
4
 

g/d 

Rosero et al., 2012a A-V blend 0.24
δ
 -0.1 -0.8

φ
 57.8

φ
 

Rosero et al., 2012b A-V blend 0.24
δ
 1.5 0.8 17.3 

 
CWG 0.13 3.9

δ
 -0.3

λ
 33.7 

Experiment 2
5
 Vegetable 0.07 -1.5 1.6 90.0

λ
 

      

 
Numeric average 0.17 0.9 0.3 49.7 

            
1
Animal-vegetable (A-V; 0, 2, 4 and 6%) blend, choice white grease (CWG; 0, 2, 4 and 6%) and different mixtures of canola, corn and flaxseed oils 

(Vegetable; 4%). 
2
Differences in sow performance between the average of added lipid diets (2, 4 and 6%) and diets without added lipid. 

3
Average daily feed intake (ADFI).  

4
Litter average daily gain (ADG). 

5
Essential fatty acids in sow lactation diets (experiment described in Chapter III). 

δ
Linear effect, P < 0.05. 

φ
Effect for supplemental lipid, P < 0.05. 

λ
Tendency for supplemental lipid, P < 0.1.
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Table 2. Marginal difference in milk production and milk fat output produced by 

supplementation of lipids to lactation diets when compared to diets without added lipids
1
 

Experiment Lipid source
2,3

 
Δ Milk production, 

kg/d 

Δ Milk fat output, 

g/d 

    Exp. 1a
4
 A-V blend 0.26

δ
 40.8

δ
 

 
CWG 1.09

φ
 138.0

φ
 

Exp. 2b
4
 Vegetable 0.75

δ
 88.8

δ
 

  
    

    

 

Numeric average 0.70 89.19 
        

1
Effect of supplemental lipids on milk production and milk fat output when compared to diets 

without added lipids. Results of the trials described in Chapter II. 
2
Animal-vegetable (A-V; 0, 2, 4 and 6%) blend, choice white grease (CWG; 0, 2, 4 and 6%) and 

different mixtures of canola, corn and flaxseed oils (Vegetable; 4%). 
3
Difference between the average of added lipid diets (2, 4 and 6%) and diets without added lipid. 

4
Supplemental lipids and sow milk composition (studies described in Chapter 2). 

δ
Tendency for supplemental lipid, P < 0.1. 

φ
Effect for supplemental lipid, P < 0.05. 
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Table 3. Recommendations for supplemental linoleic acid for lactating sows consuming different levels of feed and lipid sources 

 

ADFI,
1
 kg/d 

 

Lipid sources
2
 

 

Subsequent Reproduction
3
 

  
4.5 5.0 5.5 6.0 

  
CWG 

Poultry 

fat 
Tallow 

Soybean 

oil 
  

Farrowing 

rate, % 

Total born, 

pigs per litter 

             Linoleic acid, 

g/d % of diet
4
 

 

Added lipids,5 % 

   80 1.8 1.6 1.5 1.3 
 

- - - - 
 

77 13.1 

100 2.2 2.0 1.8 1.7 
 

3.2 1.5 13.3 0.9 
 

80 13.5 

120 2.7 2.4 2.2 2.0 
 

6.4 3.0 26.6 1.8 
 

80 13.8 

140 3.1 2.8 2.5 2.3 
 

9.5 4.5 39.9 2.6 
 

80 14.2 

                          
1
Average daily feed intake (ADFI). 

2
Concentrations of linoleic acid on lipid sources based on chemical analysis (Chapter I): choice white grease (CWG, 12.6%), poultry fat (26.9%), 

tallow (3.0%) and soybean oil (45.3%). 
3
Predicted subsequent farrowing rate and subsequent litter size for increasing linoleic acid intake during lactation. 

4
Recommendations for increasing linoleic acid intake based on ADFI. 

5
Estimated amounts of lipids to be added to diets to provide recommendations based on ADFI of 5.0 kg/d.  
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Table 4. Partial financial analysis of supplemental linoleic acid on sow lactation diets
1
 

Linoleic acid,
2
 g/d 80 100 120 140 

Linoleic acid, % 1.6 2.0 2.4 2.8 

Input 

    
Diet cost , $/kg 0.34 0.36 0.39 0.41 

Cost feed, $·sow
-1

·cycle
-1

 39.9 42.5 45.0 47.6 

Marginal cost, $·sow
-1

·cycle
-1

 0.0 2.6 5.2 7.8 
35 

    Output 

    Farrowing rate, % 77 80 80 80 

Total pigs born, ·sow
-1

·cycle
-1

 13.1 13.5 13.8 14.2 

Pigs born alive, ·sow
-1

·cycle
-1

 12.6 12.9 13.3 13.6 

Pigs born x Farrowing Rate, ·sow
-

1
·cycle

-1
 

9.7 10.3 10.6 10.9 

Pigs weaned, ·sow
-1

·cycle
-1

 8.2 8.8 9.0 9.4 

Pigs output, $·sow
-1

·cycle
-1

 289 308 316 328 

Marginal output, $·sow
-1

·cycle
-1

 0.0 19.1 27.3 20.3 

Net output, $·sow
-1

·cycle
-1

 0.0 16.5 22.1 12.5 

     

NET ROI
3
  0.0 7.3 5.3 2.6 

     1
Assumptions:  

  Daily feed intake, 5kg/d  

  Lactation length, 21 d 

  Piglet survival, 85% 

  Cost of linoleic acid, $4.5/kg of linoleic acid (using poultry fat, $ 0.88 / kg). 

  Cost of diet without supplemental linoleic acid, $ 0.35 / kg of feed. 

  Price of weaned piglets, $ 35 / pig 
2
Diet without supplemental lipid (corn-soybean meal base, 8% dried distillers gain and solubles and 6% 

wheat midllings) contained 1.6% of linoleic acid.  
3
Return of investment, $  
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Figure 1. Effects of lipid supplementation on the balance of linoleic acid during lactation. Lipid sources used in trial 1 were: 

animal-vegetable (A-V) blend and choice white grease (CWG) supplemented at 6% of the diet. Different concentrations of linoleic 

and α-linolenic acid in trial 2 were obtained by adding 4% of different mixtures of canola, corn and flaxseed oil. Trials 1 and 2 

were described in Chapter II. Assuming that 100% of linoleic acid consumed was digested.   
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Figure 2. Effects of lipid supplementation on the balance of α-linoleic acid during lactation. Lipid sources used in trial 1 were: 

animal-vegetable (A-V) blend and choice white grease (CWG) supplemented at 6% of the diet. Different concentrations of linoleic 

and α-linolenic acid in trial 2 were obtained by adding 4% of different mixtures of canola, corn and flaxseed oil. Trials 1 and 2 

were described in Chapter II. Assuming that 100% of α-linolenic acid consumed was digested. 
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Figure 3. Effects of increasing linoleic acid intake on the subsequent farrowing rate of mature (parities 3-5) sows. Compilation of 

the farrowing rates (n = 27 to 72 sows per symbol for a total of 553 sows) from previous studies (Rosero et al., 2012a, b) and the 

experiment described in Chapter III.  
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Figure 4. Effects of increasing linoleic acid intake on the subsequent litter size (total pigs born per litter) of parity 1 and mature (3-

5) sows. Compilation of the subsequent litter size from a previous study (Rosero et al., 2012b) and the experiment described in 

Chapter III. Symbols represent the least square means (n = 39 to 123 litters per symbol for a total of 704 litters) of total pigs born 

in the subsequent cycle. R-square was calculated based on estimated means.   
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Figure 5. Effects of level of free fatty acids (FFA) and saturation (unsaturated to saturated 

fatty acid ratio, U:S) on digestible energy (DE) content of lipids. Details and digestible 

energy (DE) content prediction equation are described in Chapter IV.  

DE = 8381.1 – 80.6 x FFA + 0.4 x FFA2 + 248.8 x U:S – 28.1 x 

U:S2 + 12.8 x FFA x U:S 

R
2
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Figure 6. Effect of lipid peroxidation (aldehydes measured by p-anisidine value) on the 

apparent fecal digestibility of lipids. Analyzed lipid peroxidation and observed apparent 

digestibilities are from the study described in Chapter V. Symbols represent least square 

means (n = 7) of apparent fecal digestibility. R-square was calculated based on estimated 

means. 
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Figure 7. Comparison of the cost per Mcal ME among lipid sources using digestible energy contents from NRC (2012) and values 

estimated using the proposed prediction equations on lactating sows (study described on Chapter IV).   
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Figure 8. Comparison of the cost per kg of linoleic acid among lipid sources. Values were calculated using  the fatty acid 

composition of lipid sources published in the current NRC (2012; Table 17-4).  
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Figure 9. Effect of increasing supplemental linoleic acid on return of investment (ROI, $). Values were obtained from Table 4. 
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