
 

 

ABSTRACT 

ZHAO, YAN. Oxidative Stress Status and Reproductive Performance of Sows.  

(Under the direction of Dr. Sung Woo Kim). 

 

Experiment one examined oxidative stress as well as the antioxidant status of sows 

during stages of gestation and lactation. Blood samples were drawn from 5 sows during d 30, 

60, 90, and 110 of gestation (G30, G60, G90, and G110), d 3, 10, and 18 of lactation (L3, 

L10, and L18), and d 5 of post weaning (W5) periods. Lymphocytes were isolated from the 

fresh blood and cryopreserved in each time point. Oxidative DNA damage and the 

antioxidant status were determined in lymphocytes or plasma samples. The study found that 

there was a systemic oxidative stress during mid-, late gestation, and lactation periods, and 

the stress was not fully abated until the weaning period. At the same time, concentrations of 

antioxidant nutrients in circulation were substantially reduced during late gestation of sows.  

Experiment two was conducted to determine the effects of heat stress environment on 

oxidative status and reproductive performance of sows during gestation and lactation. 

Twenty eight sows were used in this study. Fourteen of them were under moderate ambient 

temperature environment (CON) and the other 14 sows were under high ambient temperature 

environment (HT). Plasma samples were used to determine concentrations of 

malondialdehyde (MDA), protein carbonyl, 8-hydroxy-deoxyguanosine (8-OHdG), IgG, and 

IgM. The study found that sows were under elevated oxidative stress during the late gestation 

and lactation periods when they were housed in a heat stress environment. Increased 

oxidative damage to lipid, protein, and DNA was one of the major contributing factors for 

reduced reproductive performance of sows under a heat stress environment. 



 

 

Experiment three determined the effect of gestational housing systems on oxidative 

stress status, reproductive performance, and behavior of sows. Eighty nine multiparous sows 

were randomly assigned into groups of 3 per pen (PEN; n= 23 pens) or to individual 

gestational crates (CON; n= 20 crates) on d 35 of gestation. Behaviors (standing, lying, 

eating) of sows were recorded from video observation for the first 4-d period after sows were 

assigned on d 35 of gestation. Sows were bled on d 35, 60, 90, and 109 of gestation, and d 3 

and 18 of lactation. Plasma MDA, protein carbonyl, 8-OHdG, IgG, and IgM were analyzed 

by ELISA. The study found that reproductive performance of sows housed in gestational 

pens tended to be inferior to sows housed in gestational crates as indicated by total born per 

litter and litter weight at born. However, oxidative stress status and maintenance behavior 

were not affected by gestational housing. 

Experiment four was conducted to test if social ranks of gestating sows housed in 

pens would affect their oxidative stress status, immune status, and reproductive performance. 

Seventy two multiparous sows were used in the randomized block design. On d 35 of 

gestation, sows were checked for pregnancy and randomly assigned to 24 gestational pens. 

The social rank of sows within a pen was determined by observing their aggressive behavior 

for a 4-d period after mixing. Sows within a pen were classified into high-, middle-, and low-

ranking groups (HR, MR, and LR) according to their percentage of winning interactions. It 

was shown that for all ranks, the reproductive performance was related to oxidative status of 

sows. Sows in HR had a similar reproductive performance compared with sows in MR. Sows 

in LR had poorer reproductive performance compared with HR and LR which could be 

caused by higher DNA damage occurred during late gestation and lactation.   
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Reproductive Performance of Sows 

Introduction 

Continuous genetic selection has improved the reproductive performance of sows in 

the past few decades. For example, the number of piglets born and weaned has increased by 

9% and 14%, respectively in modern sows (MLC, 1979, 1998; Hermesch et al., 2008).  

Genetic selection also has increased lean gain of pigs (National Pork Board, 2001). The 

nutrient requirements of sows changes throughout gestation due to placental, fetal, and 

mammary gland development.  Ji et al. (2005) weighed and analyzed the composition of 

maternal and fetal tissues on d 0, 45, 60, 75, 90, 102, and 112 of gestation. This study found 

that the protein accretion rate in various tissues increased after d 75 of gestation and the 

protein content in anterior mammary glands accumulated faster and than that of middle and 

posterior glands (Kim, 2009). Wu et al. (1995) also analyzed the composition of different 

tissues from sows during gestation.  In this study, the concentration of amino acids in sow‟s 

blood did not change significantly during gestation, and glycine was the most abundant free 

amino acid.  However, glutamine was the most prevalent free amino acid in embryo which 

took up 25, 20, 17, and 19% of total free amino acid on d 45, 60, 90, and 110 of gestation.  

Knowing how nutrients are distributed and utilized in sows under different gestation and 

lactation period is important to determine the energy, amino acids and other nutrients 

requirement of sows. This review is mainly focused on pregnant development and nutrients 

requirement of sow under 3 phases of gestation and lactation.  
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Early Gestation (d 1 to 30) 

In early gestation, dynamic changes include the initiation of the conceptus, estrogen 

synthesis and placement of conceptus. It is recorded that up to 40% of oocytes shed at 

ovulation are not represented by piglets at birth (Whittemore and Trengove, 2006). The 

mortality rate of embryo is around 20 to 45% during gestation, most mortality happens 

within 25 d of early gestation, with the second week of pregnancy being regarded as a 

particularly critical period (Hunter, 1980). 

Nutrition requirements in early gestation are not high but should meet the embryonic 

implantation and differentiation. The composition and the quantity of the diet fed during 

early gestation can affect embryo survival. This effect is on altering circulating levels of 

metabolites and important hormones related to reproduction, but not directly on embryo 

development and survival. The diet fed during early gestation also affects major organs of the 

reproductive tract (the ovarian follicle, oviduct and uterus) in which oocytes and embryos 

develop. It is known that high plane feeding before mating increases ovulation rate in pigs 

which is called the flushing effect. Studies also showed that sows that have been consistently 

well fed and are in good body condition will have higher ovulation rates and improve embryo 

survival (Kirkwood and Aherne, 1985, Whittemore, 1998).  

It is shown that increased feeding level in early embryo development can increase the 

rate of maternal tissue deposition, and that was not found to adversely affect embryo survival 

(Toplis et al., 1983; Dyck, 1991). Pharazyn et al. (1991) found that feeding level in early 

gestation had no effect on embryo survival rate in inherently fertile gilts. Hughes (1993) 

reported that 3.5 kg feed per day in early pregnancy have no negative effect on subsequent 

http://www.netlibrary.com/Search/SearchResults.aspx?t1=Whittemore%2c+Colin+Trengove.&tt1=Author&ql=ENG
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litter size compared to 1.75 kg (Whittemore, 1998). However, other studies found that feed 

intake of sows during early gestation have effect on embryo survival. Jindahl (1996) reported 

that if increase feed intake from 1.9 to 2.5 kg/d in early gestation, the rate of embryo survival 

was 86 and 67% on d 15 of gestation, 12.3 and 9.8% on d 25 of gestation, respectively.  

Kirkwood et al. (1988) found out that continuously feeding high energy diet with constant 

protein level to a gestating sow had negative effects on embryo survival.  

Whittemore and Trengove (2006) explained the inverse relationship between feeding 

intake and circulating steroid (progesterone and oestrogen) concentrations in the 

bloodstream. If animals have increased level of feed intake, the liver weight, rate of blood 

flow through the liver and the abundance of liver enzymes that metabolizing steroids are 

increased. This leads to more rapidly metabolized steroids in liver and decrease steroids level 

in circulation. Before mating, animals having increased ration of feed will have lower 

circulating steroid concentrations, therefore providing less negative feedback to the 

hypothalamic-pituitary axis and allowing increased release of gonadotrophins in culmination. 

This results in an increased ovulation rate and oocyte quality. After mating, progesterone is 

required to support embryo development. Reducing feed intake immediately after mating will 

provide a way to have increased endogenous progesterone level and thereby supporting 

embryo development. A positive relationship was reported between progesterone 

concentrations at 72 hours after the onset of oestrus and embryo survival on day 28 of the 

pregnancy. Virolainen et al. (1997) fed gilts with a control diet and a diet with 2 fold higher 

than the need of maintenance, and found that the second diet decreased blood concentration 

of progesterone and increased the motility of embryos. Boyd and Touchette (1997) 

http://www.netlibrary.com/Search/SearchResults.aspx?t1=Whittemore%2c+Colin+Trengove.&tt1=Author&ql=ENG
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recommended that the nutrient feeding level should be 1.5 fold lower than the need of 

maintenance. The use of changing feed intake level to generate beneficial alterations in 

endogenous hormone concentrations provides a way to improve reproductive outcomes. 

The amino acids needed by pregnant sows for maintenance and the amino acids 

accretion rates in maternal and fetal tissues change during gestation. Based on the changes of 

CP in various maternal and fetal tissues during gestation, ideal proteins for protein accretion 

plus maintenance for pregnant sows were estimated (Kim et al., 2009). The recommended 

true ileal digestible lysine for protein gain was 5.57 and 8.78 g/d, respectively before and 

after d 60 of gestation. As the lysine requirement changed during gestation, the ideal amino 

acids ratios were different between early and late gestation. The ratio of Lys, Thr, Val, Leu 

was 100:79:65:88 and 100:71:66:95, respectively before and after d 60 of gestation (Kim et 

al., 2009). Zeng et al. (2008) found that supplementing 1.3% L-Arg can increase plasma 

concentration of NO, Arg, Pro, Glu, and progesterone, and the concentration of induced nitric 

oxide synthase and cyclooxygenase which can promote the implantation of embryo.  

Mid-gestation (d 30 to 75) 

It is considered that the transition from „embryonic‟ to „fetal‟ stages occurs around d 

30 of pregnancy. By this time, the cells of the embryo have differentiated into the major 

organs of the fetal body, and the cardiovascular system is established and functioning and 

undergoes only minor changes before the end of gestation (Whittemore and Trengove, 2006). 

During this time, the placenta is fully functional and effectively performs the functions of the 

fetal gastrointestinal tract, kidney, liver, lung, and endocrine glands. The placental 

membranes grow rapidly between days 20 and 60, and the growth rate is faster than the 

http://www.netlibrary.com/Search/SearchResults.aspx?t1=Whittemore%2c+Colin+Trengove.&tt1=Author&ql=ENG
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fetuses they supply. Placental weight reach plateaus between d 70 and 100, while fetal weight 

rises exponentially between d 60 and birth (Whittemore and Trengove, 2006). 

The major energetic substrates used by the fetus are lactate and glucose, which are 

produced from anaerobic metabolism of glucose by the placenta. About 75% of oxygen 

uptake in the fetal pig is used by oxidation of carbohydrates in normal conditions. The 

majority of amino acids transferred to the fetus are used in tissue growth, although some are 

used for energy through oxidative metabolism (Whittemore and Trengove, 2006). Wu et al. 

(1995) found that the amino acid compositions in fetal proteins are different at various stages 

of gestation. Glutamine was the most present free amino acid in embryo which took up 25, 

20, 17 and 19% of total free amino acid on d 45, 60, 90, and 110 of gestation.   

The fetal nutrition in the middle third of gestation affects the formation of muscle 

fibers. Dwyer (1994) increased the feed intake of sows by two fold on d 25 to 50, d 50 to 80, 

and d 25 to 80 of gestation, the results showed that the number of piglet‟s muscle fibers 

increased when sows were fed more during d 25 to 80 of gestation. Severe feed restriction to 

sows during mid-gestation may decrease the growth rate of piglets after birth and affected the 

number of muscle fibers after birth (Pond and Mersmann, 1988). 

Late Gestation (d 75 to farrowing) 

The growth pattern of the fetus during pregnancy is the early slow, post-fast, and 

finally faster. Piglets gain approximately 70% of their birth weight during late gestation. 

Additioanlly, during this period the mammary glands of the sow also grow significantly, and 

the amount of DNA and RNA in mammary glands rapidly increase as well (Weldon et al., 

1994).  

http://www.netlibrary.com/Search/SearchResults.aspx?t1=Whittemore%2c+Colin+Trengove.&tt1=Author&ql=ENG
http://www.netlibrary.com/Search/SearchResults.aspx?t1=Whittemore%2c+Colin+Trengove.&tt1=Author&ql=ENG
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If sows are fed at maintenance levels during late gestation, they will be in negative 

energy balance.  As a result, they will mobilize body fat and protein stores in order to meet 

the nutrient requirements of pregnancy. High insulin and low glucagon levels may reduce 

nutrient mobilization from body tissues and increase appetite of the sows. Trottier (1997) 

showed that plasma insulin levels were higher in primiparous sows fed a low-energy diet 

during gestation than in sows fed a high energy diet. Sows with a high energy intake during 

gestation exhibit low plasma insulin and elevated glucagon concentrations during early 

lactation, which is consistent with poor appetite during lactation. Noblet et al. (1990) 

recommended that the DE intake should be at least 7.3 Mcal/day during late gestation. 

Cromwell et al. (1989) reported that the birth weight of piglets increased 40 g after sows 

were fed 1.36 kg more diet during the last 23 d of gestation. Mateo et al. (2007) found that 

supplemental 1% L-Arg HCl during mid and late gestation (d 30 to 110) can increase the 

number of viable fetuses. After piglets were born, there were two more piglets born alive 

than the control group.  

Studies showed that an increase in the rate of gestational feeding in the last on third of 

gestation would not increase litter size (Elsey, 1973; Whittemore et al., 1984). It was reported 

that there was considerable variation in both placental and fetal weights within the same 

litter. There was at least one piglet that was significantly smaller than its littermates 

(Whittemore, 1998).These intra-uterine growth retarded piglets have increased risk of peri- 

and post-mortality and require additional care by the producer if they are to reach market 

weight (Whittemore, 1998). Attempts to improve the performance of low birth weight pigs 

post-natally have achieved only limited success. A better way would be to develop 
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management strategies that promote within-litter uniformity throughout gestation. Aherne 

and Kirkwood (1985) considered elevating feeding in the last third of gestation to increase 

birth weight when the average birth weight is below 1 kg. Hovell et al. (1977) showed that 

increase in birth weight can be achieved by increasing the amount of feeding throughout 

pregnancy instead of increasing it in the last trimester alone. They found gestational feed 

intakes of 19.5, 25.8 and 32.1 MJ ME/day resulted in individual birth weights of 1.08, 1.10 

and 1.29 kg. It was shown that high level of feeding (ad libitum) before parturition had 

significant advantage in the enhancement of lactation feed intake and reduction in the rate of 

lactational mobilization of fat reserves (Neil, 1996). Pettigrews (1981) reported that elevated 

dietary lipid intake at the end of pregnancy can increase lipid levels in both the fetus and the 

sow‟s colostrum. Miller (1996) concludes that the major advantage of increasing sow‟s feed 

intake in late gestation is in maintaining sow‟s condition prior to lactation, and the solutions 

to low piglet birth weight are more likely to depend on veterinary matters and nutrition 

throughout the whole gestation period (Whittemore, 1998). 

Lactation 

  Lactating sows show negative energy balance and they need additional energy and 

nutrients to maintain body tissues and support milk production. Genetic selection for the 

leanness of sows is related to reducing feed intake of lactating sow which results in 

mobilizing body tissues to support milk production during lactation (Kanis, 1990; Smith et 

al., 1991). Therefore, sows will lose body weight during lactation. Excessive body weight 

loss can result in decreased sow longevity, extended wean to estrus interval and smaller 

subsequent litter size (Dourmad et al., 1994). Nutrient mobilization was investigated from 
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different tissues of sows when dietary nutrients were insufficient to support milk production 

during lactation (Escobar, 1998; Kim, 1999). It was shown that fat and protein mobilization 

occurred independently of each other in different tissues, and the reproductive tract had the 

highest level of nutrient mobilization (Escobar, 1998).  

The negative energy balance during lactation can be minimized by increasing sow‟s 

feed intake. It is shown that the lactating sow can extract more nutrients from the diet than is 

provided. Lactating sows have higher apparent ileal digestibility values for most amino acids 

than growing pigs (Stein et al., 1999a) and higher apparent ileal digestibility values than 

gestating sows (Stein et al., 1999b). Fat and protein contents in sows before farrowing can 

affect the lactation performance. It has been found that excessive body fat at farrowing 

decreases feed intake during lactation (Baker et al., 1969; Sinclair et al., 2001), and causes 

excessive body weight loss during lactation. Sinclair et al. (2001) showed that increased fat 

reserves at a limited body protein mass can suppress feed intake during lactation.  

The daily energy need for the lactating sow includes the energy needed for 

maintenance and milk production. Park et al. (2008) fed sows with two energy level diets 

(3365 and 3265 kcal/kg) during lactation period. Sows fed higher energy level resulted in 

less body weight loss, backfat loss, shorter wean-to-estrus interval, and greater body weight 

gain of piglets, indicating that feeding of higher energy diet to sows during lactation may 

improve the reproductive performance of sows during lactation. Decreasing crude protein 

level from 16% or 18% to 12% or 14% can reduce feed consumption and lead to more 

weight loss of sows during lactation (Mhan and Grifo, 1975).  Jones and Stahly (1999) fed 

lactating sows with two diets containing a high (HP, 1.20% lysine) or low (LP, 0.34% 
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lysine) protein content during 23 d lactation. The LP sows lost more body weight (1.23 vs 

0.21 kg/d) and had higher muscle myofibrillar breakdown rate (4.05 vs 2.80%/d) compared 

with HP sows during the initial 20 d of lactation. These data indicate that dietary amino acid 

restriction during lactation increases maternal mobilization of proteinaceous tissue and 

reduces milk nutrient output. Maternal protein mobilization is maintained over the entire 

lactation even though milk output is decreased as lactation progressing. 

Amino acids needed for the mammary gland growth during lactation have been      

measured. It was shown that almost 180 g of essential amino acids were taken up each day by 

mammary glands and of these 49 g were retained instead of been secreted as milk during 

lactation (Trottier et al., 1997). Studies found that there was a daily accumulation of seven 

grams of essential amino acids in sows nursing 10 pigs which represented 14.3% of essential 

amino acids that were taken up by the glands after milk secretion (Kim et al., 1999a, b, and 

c). 

Oxidative Stress 

Major Class of Free Radicals 

Reactive oxygen species (ROS) are defined as chemical species that contains 

unpaired electrons including the superoxide anion radical, hydroxyl radical, hydrogen 

peroxide, and singlet molecular oxygen (Betteridge, 2000). Some primary ROS and free 

radicals are listed in table 1. Reactive oxygen species can be produced by several different 

biochemical processes within the body. For example, mitochondria could be the most 

important subcellular site of ROS production. During the electron transfer process in 

mitochondrial inner membrane, a superoxide radical is generated when molecular oxygen is 
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reduced by a single electron. Additionally, soluble enzymes such as xanthine oxidase, 

aldehyde oxidase, dihydroorotate dehydrogenase, and tryptophan dioxygenase can generate 

ROS during catalytic cycling. Auto-oxidation of small molecules such as dopamine, 

adrenaline, and quinols can be an important source of intracellular ROS production as well. 

In chronic inflammatory diseases, macrophages can generate a lot of ROS that induce 

oxidative damage to cells and surroundings (Betteridge, 2000). 

Oxidative Stress Concept 

An imbalance between oxidant radical production and antioxidants may produce 

excess ROS that can cause oxidative damage to vulnerable targets such as unsaturated fatty 

acyl chains in membranes, thiol groups in proteins and nucleic acid bases in DNA (Halliwell 

et al., 1989; Gutteridge, 1995; Hall et al., 1996). Radical species initiate radical reactions in 

the membrane by abstracting a hydrogen atom of the lipid (LH). The resulting radical (L •) 

reacts with oxygen to form alkyl peroxy radical, LOO •, which can extract a hydrogen atom 

from lipids to generate LOOH and LOO •, they can produce chain reaction further reacting 

with additional macromolecules. Oxidation of proteins results primarily in modification of 

amino acid side chains or polypeptide backbone fragmentation (Ambrosio et al., 1991). 

Proteins containing thiol-bearing cysteine residues are also sensitive to oxidation. Further 

protein modifications are the methionine sulfoxide formation or the formation of free 

carbonyl groups (Poppek and Grune, 2006; Simm et al., 2008). Reaction with ROS can cause 

DNA damages, such as single and double strand breaks, 8-hydroxydeoxyguanosine residues 

(8-OhDG) and polycyclic aromatic hydrocarbon adducts. DNA damages can be recognized 

by enzymes and can be correctly repaired. DNA damages often cause errors of DNA 

http://en.wikipedia.org/wiki/8-hydroxydeoxyguanosine
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synthesis during replication or repair and these errors are a major source of mutation. A 

change in the base sequence of the DNA causes mutation and cannot be recognized and 

repaired by enzymes if the base change is present in both DNA strands. At the cellular level, 

mutations can cause alterations in protein function and regulation which are a cause of cancer 

(Gutteridge and Halliwell, 1994). 

Antioxidant System 

Oxidative stress is induced when the free radicals becomes superior to the antioxidant 

system in the cell. To prevent oxidative stress, the cell has defense mechanisms such as 

antioxidants and enzymes. The enzymatic antioxidant defenses include superoxide dismutase 

(SOD), glutathione peroxidase (GPx), and catalase. The non-enzymatic antioxidant defenses 

include nutrients, such as vitamins C, α-tocopherol, β-carotene, uric acid and dietary 

polyphenols. Also, metal-binding proteins such as transferrin, ceruloplasmin can bind metal 

iron and copper to prevent free radical damage. 

Enzymatic antioxidant defense 

There are three major isoforms of mammalian SOD. Cu/Zn-SOD (SOD1) contains 

copper and zinc, and exists in the cytoplasm, lysosomes, and nuclear compartments of 

mammalian cells. Mn-SOD (SOD2) has one ion of Mn at the active center and locates in the 

mitochondrial matrix. Extracellular-SOD (SOD3) is also a copper and zinc containing 

enzyme that found in extracellular fluids such as plasma and lymph (Betteridge, 2000).  

Superoxide dismutases catalyze the dismutation of superoxide to hydrogen peroxide and 

oxygen (see reaction below). Hydrogen peroxide is then converted to nontoxic water by 

catalase or glutathione peroxidase. However, if hydrogen peroxide diffuses across cell 
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membrane, it can be converted to hydroxyl radicals at the presence of transition metal ions. 

The hydroxyl radical is the most highly reactive ROS, and cannot be eliminated by 

antioxidants or antioxidant enzymes. 

2O2
• -

 + 2H
+
 → O2 + H2O2 

Glutathione peroxidase is a glycoprotein containing a single selenocysteine residue at 

the active center of each subunit. Glutathione peroxidases catalyze the reduction of hydrogen 

peroxide to water. Besides, glutathione peroxidases decomposes LOOH using glutathione 

(GSH) to form oxidized glutathione (GSSG), which is reduced to GSH by GSSG reductase 

using NADPH. The oxidation product NADP can be recycled to NADPH by oxidizing 

glucose. There are five main mammalian isozymes of glutathione peroxidase, which vary in 

the structure, tissue distribution, location, and substrate specificity. They are cytosolic GPx, 

gastrointestinal GPx, plasma GPx, phospholipid GPx, and the sperm nuclei GPx (Betteridge, 

2000). 

2GSH + H2O2→GSSG + H2O 

ROOH + 2GSH → ROH + GSSG + H2O2 

Catalase presents in peroxisomes in many tissues which remove hydrogen peroxide to 

H2O when present in high concentration. Although ROS can oxidize biological components 

such as nucleic acids, proteins, and lipids, the human body also possesses repair enzymes to 

efficiently eliminate oxidized molecules (Betteridge, 2000). 

Non-enzymatic antioxidant defense 

In most nonadipose cells, tocopherol is localized in the cell membrane which appears 

to be a labile pool. The labile pool predominates in tissues such as plasma and liver, because 
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the tocopherol contents of those tissues are depleted rapidly under conditions of vitamin E 

deprivation. In contrast, in adipose tissue vitamin E exists predominantly in the bulk lipid 

phase which appears to be a fixed pool of the vitamin. It is only slowly mobilized from that 

tissue (Gerald and Combs, 2008). Vitamin E is a highly effective antioxidant when 

incorporated in cell membranes. It can scavenge intermediate peroxyl radicals and interrupt 

the chain reaction of lipid peroxidation. The tocopherol radical can be converted back to α-

tocopherol by vitamins C.  

Some carotenoids like β-carotene, lycopene, zeaxanthin and lutein have been shown 

to have direct antioxidant activities. Their conjugated double bonds can delocalize the 

unpaired electron of a free radical therefore can quench singlet oxygen in the lipid 

membranes into which they partition. Under physiological conditions, carotenoids can also 

participate in the reduction of free radicals. The combination of α-tocopherol and β-carotene 

has been reported to act cooperatively to slow down malondialdehyde (MDA) formation 

initiated by the aqueous peroxyl radicals. It has been reported that β-carotene, which is 

located in the lipophilic core of the membrane bilayer, can directly interact with water 

soluble antioxidants that allow ascorbic acid to repair the β-carotene radical (Yeum et al., 

2010). 

L-ascorbate is a strong reducing agent, which can be converted to its oxidized form, 

L-dehydroascorbate. L-dehydroascorbate can then be reduced back to the active L-ascorbate 

form by glutathione in the body (Bender, 2009). During this process semidehydroascorbate 

radical is formed. Ascorbate free radical reacts poorly with oxygen, and thus, will not create 

a superoxide. Instead two semidehydroascorbate radicals will react and form one ascorbate 
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and one dehydroascorbate. With the help of glutathione, dehydroascorbate is converted back 

to ascorbate (Bender, 2009). The presence of glutathione is crucial since it spares ascorbate 

and improves antioxidant capacity of blood. Without it, dehydroascorbate could not convert 

back to ascorbate. The antioxidant efficiency of ascorbic acid depends on the physiological 

concentrations of ascorbic acid. This antioxidant efficiency is enhanced by other antioxidant, 

such as glutathione, vitamin E, and lipoic acid (Gerald and Combs, 2008). 

Uric acid functions as a protective agent against oxidative stress and limits the tissue 

damage associated with ROS production. Uric acid, as the most abundant aqueous 

antioxidant, is a free radical scavenger which stabilizes vitamin C in serum, mostly due to its 

iron chelating properties, and quenches peroxy nitrite, resulting in formation of a stable nitric 

oxide donor in vitro (Glantzounis et al., 2005). 

How to Measure Oxidative Stress 

An imbalance between oxidant radical production and antioxidants may produce 

excess ROS that can cause oxidative damage in vulnerable targets such as unsaturated fatty 

acyl chains in membranes, thiol groups in proteins and nucleic acid bases in DNA. The 

selected markers for oxidative stress are MDA, protein carbonyl, total antioxidant capacity, 

and 8-hydroxy-deoxyguanosine (8-OHdG). 

Malondialdehyde  

Radical species initiate radical reactions in the membrane by abstracting a hydrogen 

atom of the lipid (LH). The resulting radical (L •) reacts with oxygen to form alkyl peroxy 

radical (LOO •), which can abstracts a hydrogen atom from lipids to generate lipid 
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hydroperoxides (LOOH) and lipid endoperoxides. Further breakdown of lipid endoperoxides 

results in formation of a relatively stable end product, namely MDA (Ambrosio et al., 1991).  

Malondialdehyde is one of the most widely used markers for lipid peroxidation.  

The most common method for measuring MDA is by testing for thiobarbituric acid (TBA) 

reactivity, or thiobarbituric acid-reactive substances (TBARS). The TBARS assay is an 

excellent test for lipid peroxidation in simple, highly defined model systems, such as purified 

membranes (Sachdev and Davies, 2008). Although the TBA test has been widely used to 

assess MDA, it has some limitations which may increase the probability of analytical errors. 

Some studies have found little or no change in measured MDA values (Satoh, 1978; 

Peuchant et al., 1994). This may be due to methodical variation between studies or the very 

nature of TBA detection. The TBA assay has been criticized for lacking of specificity. It has 

the tendency to react with other nonrelated aldehydes, carbohydrates, and prostaglandins. It 

may also due to subsequent auto-oxidation causing degradation of lipid peroxides in plasma 

which can make it difficult to obtain accurate in vivo measurements of MDA (Ambrosio et 

al., 1991; Sachdev and Davies, 2008). These problems can only be partly overcome by 

proper assay procedures. More accurate HPLC methods for determination of MDA (or 

TBARS) have been developed to avoid these problems (Gilbert et al., 1984; Srour et al., 

2000), but the simple colorimetric TBARS assay is still widely used. 

Protein carbonyl 

Reactive oxygen species can cause chemical modification of amino acid in proteins, 

either by direct action or as a result of reaction with the products of radical inducted lipid 

peroxidation (Yeum et al., 2010). Proteins contain thiolbearing cysteine residues that are 
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sensitive to oxidation. It is common to have cross-linking via S-S bonds due to free radical 

action (Poppek and Grune et al., 2006). Further protein modifications are the methionine 

sulfoxide formation or the formation of free carbonyl groups as an intermediate step in the 

oxidation process of numerous amino acid side chains (Poppek and Grune et al., 2006). 

Cellular proteins with oxidation can aggregate each other by covalent bonds becoming 

resistant to proteolysis. A major marker of protein oxidation is the formation of carbonyl 

groups which are generated when side chains of several amino acids mainly Pro, Arg, Lys, 

and Thr are oxidized (Poppek and Grune, 2006; Simm et al., 2008). Protein carbonyls are the 

most common products of protein oxidation.  

Total protein carbonyls have been determined by derivatization with 2,4 - 

dinitrophenylhydrazine (2,4-DNP). The related hydrazones formed have been detected by 

characteristic absorbance at 360 and 390 nm (Levine et al., 1994 ).There is doubt about 

whether the measure of protein carbonyl is reliable by using either the GS-MS or ELISA 

methods. The GC-MS method involves incubating samples at high pH, which may increase 

oxidation. The ELISA method has high variation and sometimes gives higher estimates for 

reduced proteins. This may be due to poor antigen specificity (Yeum et al., 2010). There is 

also a risk of oxidative degradation of the derivatizing agent 2,4-DNP leading to 

overestimates. 

The gold standard reference method for analysis of protein oxidation adducts is LC-

MS/MS with isotopic dilution analysis. This analysis can detect protein carbonyl directly 

with minimal sample processing by stable isotopic dilution analysis using liquid 

chromatography with tandem mass spectrometric detection (LC-MS/MS). If such procedure 
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is used widely, it may lead to a profound advance in understanding of oxidation damage to 

proteins in physiological systems (Yeum et al., 2010). 

Total antioxidant capacity 

The total radical trapping antioxidant parameter (TRAP) and oxygen radical 

absorbance capacity (ORAC) assays are the most widely used methods for measuring total 

antioxidant capacity in serum, plasma and tissues. Both TRAP and ORAC use hydrophilic 

radical generators to measure primarily antioxidant capacity in the aqueous part of plasma, 

they are unable to determine the antioxidant ability in the lipid part. Actually, most of 

methods used to measure total antioxidant ability of plasma are not affected by lipophilic 

antioxidants, such as carotenoids. Because the radicals produced in the hydrophilic 

compartment and probes are also located in the hydrophilic part that are oxidized by aqueous 

-tocopherol, which has its chroman head group oriented toward the 

lipoprotein membrane, may participate in the antioxidant action through interaction with 

water soluble antioxidants such as ascorbic acid. However, carotenoids which are deeply 

embedded in the lipid core, cannot participate in the antioxidant effect under these 

experimental conditions (Yeum et al., 2010). When these assays are applied, the majority of 

the antioxidant capacity of plasma can be accounted for by protein (10 to 28%), uric acid (7 

to 60%), and ascorbic acid (2 to 27%), but the effect from vitamin E (10%) is minimal 

(Benzie and Strain, 1996; Cao and Prior, 1998). 

8-hydroxy-deoxyguanosine  

The 8-OHdG is a major marker for an oxidative damage of nucleic acid (Bowen, 

2010).  It is formed when free radicals, especially the hydroxyl radical, act on 
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deoxyguanoxine in DNA (Ravanat et al., 2000). The 
•
OH adds to guanosine and makes a 

hydroxyguanosine radical, which can then form 8-OHdG. The 8-OHdG can be misread when 

DNA is copied, introducing a mutation (Gutteridge and Halliwell, 1994). During the repair of 

damaged DNA by exonucleases, 8-hydroxy-deoxyguanosine is excreted without further 

metabolism into urine.  It is a ubiquitous marker of oxidative stress. 

Oxidative Stress and Reproductive Performance  

During late gestation and lactation, sows are under severe catabolic status especially 

due to the greatly increased nutrient needs for fetal growth (McPherson et al., 2004; Ji et al., 

2005), mammary growth (Kim et al., 1999; Ji et al., 2006), and milk production (Kim et al., 

2000) whereas their nutrient intakes are insufficient (Kim and Easter, 2003). Catabolic 

condition causes tissue mobilization, increased production of free radicals and thus elevated 

oxidative stress (Bernardi et al., 2008).   

It is known that oxidative stress influences the entire reproductive lifespan of a 

woman. Reactive oxygen species have a role in pathological processes by affecting multiple 

physiological processes from oocyte maturation to fertilization, embryo development and 

pregnancy. Study in pregnant women showed that oxidative stress was associated with fetal 

growth retardation which had higher risk of perinatal mortality (Toy et al., 2009). Karowicz-

Bilinska et al. (2002) conducted a study to treat 31 pregnant women with a clinical and 

ultrasound diagnosis of intrauterine growth retardation (IUGR). The treatment consisted of 

ten days of intravenous injections of vitamin C, cocarboxylase, and solcoseryl as 

antioxidants. Parameters of oxidative stress were measured on the first day of hospitalization, 

after five days of treatment, and on the 10th day of treatment. The study found that all the 
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parameters of oxidative stress were higher in IUGR than in normal pregnancy. The study also 

observed an increase in membrane damage parameters that is correlated with IUGR. At the 

end of treatment they found that therapy for IUGR decreased the values of all oxidative stress 

parameters (Karowicz-Bilinska et al., 2002). However, for highly prolific sows, the oxidative 

stress status has not been determined during gestation and lactation periods.  

It is known that reproduction is very sensitive to external stressors such as heat stress 

and social stress for most species. These stressors can have profound negative effects on 

reproductive performance of sows.  

Heat Stress  

Stress 

Different definitions have been found to define stress in the literatures as stress is not 

an easy word to define. River and Rivest (1991) defined stress as a disruption to homeostasis. 

It is the individual‟s biological response to a threat to its homeostasis (Moberg, 1993). 

Stressor is an event that stimulates and disrupts homeostasis (Turner et al., 2002). Stressors 

can be physical, psychological or physiological. Physical stress can be caused by transport, 

shearing, restraint, foot-shocks, rough handling, and high temperature. Psychological 

stressors can be isolation, group housing, and human-animal interactions. Physiological 

stress includes metabolic stress (e.g. oxidative stress, insulin-induced hypoglycaemia), 

immunological stress (e.g. infection), and cardiovascular stress (e.g. administration of 

nitroprusside) (Tilbrook et al., 2002). Stress can be described as acute stress and chronic 

stress. Acute stress is a stress that last for only seconds, minutes or a few hours. On the 
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contrary, chronic stress is a stress that last for a longer period, it can be a few days, weeks or 

months (Turner et al., 2002). 

General mechanism of stress 

The effects of stress are basically controlled at the level of hypothalamus, and are 

mediated by changes of behavior and neuroendocrine effects via the sympathetic nervous 

system and the hypothalamic-pituitary-adrenal (HPA) axis. Animal physiological responses 

are controlled by sympathetic nervous system and hypothalamic-pituitary-adrenal axis. When 

animal is threatened, the sympathetic pathway stimulates the release of adrenaline from the 

adrenal medulla. Adrenaline and nor-adrenaline inhibit the storage of glucose and fatty acid, 

inhibit protein synthesis and stimulate the release of glucose, amino acid, and free fatty acid 

from muscle, fat tissue, and liver. Also, heart rate is increased, blood flow redistributed to the 

skeletal and heart muscles, and anabolic processes, such as digestion, growth, reproduction, 

and immune function are suppressed. This is a rapid hormonal response that occurs in 

seconds to support the animal in the fight or flight response. 

The HPA response occurs more slowly (mins to hrs) and has a more general effect on 

the animal than the sympathetic response. Hypothalamic-pituitary-adrenal axis response 

involves the release of corticotrophin releasing hormone (CRH) by the hypothalamus. Then 

CRH stimulates the anterior pituitary to release adrenocorticotrophic hormone (ACTH), 

which causes the release of glucocorticoids by the adrenal cortex. In human, pig, cattle, sheep, 

and fish, the major glucocorticoid produced is cortisol. Cortisol has negative feedback on the 

hypothalamus and pituitary to decrease CRH and ACTH.  
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The role of glucocorticoids is to stimulate gluconeogenesis in the liver and increase 

the mobilization of amino acid from muscle. This increases blood glucose level. Also 

glucocorticoids increase the mobilization of free fatty acid from adipose tissue and increase 

their use for energy. This can help animals mobilize more energy to deal with stress. The 

concentration of plasma cortisol will increase in minutes after the stimulation of stress. Both 

cortisol and glucocorticoids will elevate glycogenolysis and lipolysis, so as to provide more 

substances for use in alleviation stress. Furthermore, since the concentration of plasma 

cortisol is easy to measure, it is commonly used as an indicator for stress (Turner et al., 2002). 

Roles of stress on reproduction 

Stress decreases the secretion of GnRH by the hypothalamus and subsequent 

production of LH and FSH by the pituitary and sex steroids by the gonads. This cause 

decreased fertility rate and retarded growth of the embryo. 

Roles of stress on immune system 

For acute stress, immune system can be stimulated to help animals fight disease. But 

for a long-term stress, immune system can be depressed or shut down by glucocorticoids, 

because animal needs to save energy for essential tissues. This can decrease the ability of 

animal to fight infection by viruses, bacteria, fungi, and increase the possibility of illness. 

Thus long term stress makes the animal more susceptible to disease (Marsland et al., 2002). 

Introduction of Heat Stress 

Environmental temperatures above the comfort zone of swine might cause heat stress. 

In general, animals become less heat tolerant as they age and increase in size. For example, 

the comfort zones for the sow and piglet are 10 to 25
o
C for the sow and 30 to 37

o
C for the 
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piglet, respectively (Holden et al., 1996; Federation of Animal Science Societies, 2010). 

Thus researchers are more concerned about effect of heat stress on sows and finishing pigs 

than on piglets (Myer and Bucklin. 2001). Environmental temperatures remaining above 

25
o
C would cause heat stress and especially with temperature above 27

o
C for an extended 

period of time may lead to decreased reproductive efficiency of sows (Myer and Bucklin, 

2001). Heat stress condition often occurs during summer season or in tropical and subtropical 

regions. Southeastern coast and Midwestern areas in the U.S. are where majority of sow 

farms are located (National Agricultural Statistics Service, 2008). Without efficient cooling 

systems, hot and humid summer climate in these regions can cause heat stress to sows.  

The Mechanism of Heat Stress 

The sow uses several mechanisms to protect itself when exposed to heat stress. A 

sow‟s respiration rate increases to evaporate heat when it is exposed to heat stress. Oxygen is 

used by lungs to dissipated heat to the environment (Black et al., 1993). Also sows seem to 

increase circulation of blood flow in the skin‟s vessels to irradiate heat to the ambient 

environment (Renaudeau et al., 2001). Besides, it is found that rectal temperature increases to 

maximize the gradient between skin temperature and environment, resulting in increased heat 

loss (Giles and Black, 1991). Quiniou and Noblet (1999) used 63 mature sows and exposed 

them to temperatures from 18 to 29°C. By increasing ambient temperature, they 

demonstrated that rectal temperature increased as the skin and rectal temperature gradient 

decreased.  

Another important protective mechanism is to reduce feed intake which can reduce 

the heat increment related with digestion and metabolism (Schoenherr et al., 1989a,b; Black 
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et al., 1993). It has been shown that animals under heat stress have a slower rate of digesta 

passage and longer retention time of digesta in intestine which may be responsible for 

decreased voluntary feed intake (Warren et al., 1974; Wiestra and Christopherson, 1976; 

Robertshaw, 1981).  

It is shown that hyperthermia from heat stress can increase the production of reactive 

oxygen species causing oxidative damages as reported in cells (Mitchell and Russo, 1983), 

mice (Ozawa et al., 2002; Matsuzuka et al., 2005) and chicken (Du and Zhang, 2000). 

However, it is not determined if sows under heat stress environment would have increased 

oxidative stress and if it is related to heat stress and changes in reproductive performance of 

sows.  

Heat Stress and Sow Performance  

Heat stress usually happens in summer season. The effect of heat stress on sows 

usually last for months, this would cause a prolonged and consist stress on sows.  

Heat stress would cause a negative effect on reproductive performance of a sow during 

gestation and lactation. Bond et al. (1952) showed that sows lost more weight as 

environmental temperature increases. Stansbury et al. (1987) reported that sows exposed to 

30
o
C during lactation lost more weight than control group. Studies showed that heat stress 

diminished hypothalamo-pituitary gonadal axis to secrete FSH, LH, and delayed puberty in 

gilts (Flowers et al., 1989; Flowers and Day, 1990). Heat stress may affect early development 

of embryos causing small litter size, increased number of stillborn, and reduced birth. 

Edwards et al. (1968) found that sows under heat stress during 1 to 15 postbreeding tended to 

have lower conception rates, fewer viable embryos, and lower survival rates than sows bred 
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in cooler temperature. Furthermore, embryos from gilts which were under heat stress during 

the first 15 days postbreeding tended to be smaller when examined at d 30 postbreeding. 

Based on these data, Edwards concluded that heat stress during early gestation is critical and 

heat stress may affect early development of embryos. Omtvdt et al. (1971) studied the effects 

of exposure to high ambient temperatures at various stages of gestation on gilts‟ reproductive 

performance. The result showed that gilts treated with heat stress during either 0 to 8 days 

postbreeding or 8 to 16 days postbreeding tended to have lower conception rates and fewer 

(P < 0.01) viable embryos at d 30 postbreeding compared with the control group which had 

no heat stress. This result indicates that the embryo may be most susceptible to heat stress 

during the period of implantation. 

Furthermore, according to Omtvdt‟s (1971) study, the reproductive performance of 

gilts under heat stress during mid pregnancy was not significantly different from the control 

group. But during the late gestation, gilts received heat stress farrowed fewer born alive pigs, 

more stillborn pigs, and had smaller litter birth weights (P < 0 .01) than the control group. 

Based on these results, sows tend to be relatively resistant to high temperatures in mid 

pregnancy, but sows are more susceptible to heat stress in both early and late pregnancy. 

Studies have shown that lactating sows exposed to high temperatures had reduced feed intake 

and milk production (Schoenherr et al., 1989a, b; Black et al., 1993).  

Ways to Reduce Effect of Heat Stress 

There are several ways for sows to minimize the effect of heat stress. One way is to 

reduce heat produced from body metabolism. Other ways for pig to minimize the effect of 

heat stress is to increase heat dissipation. 
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Nutritional adjustment 

Under a high temperature environment, sows try to minimize the effect of heat stress 

by reducing heat produced from body metabolism. During the process of eating, digestion 

and nutrient absorption, sows will generate heat. So sows reduce feed intake to decrease the 

generating of heat. However, less feed intake results in less milk production in lactating 

sows, and also results in reduced reproductive performance of sows. Thus, in order to 

minimize productive losses, a more nutrient dense diet should be considered for use during 

high temperature period (Robert and Bucklin, 2001). 

In the experiment of Schoenherr et al. (1986), lactating sows were fed either high-fat 

diet or high-fiber diet in the hot environment (32
o
C). The results showed that increasing 

energy density of the diet can significantly improve milk production during all stage of 

lactation. This may attribute to the lower heat increment of fat during digestion and 

absorption compared with protein and carbohydrate. Besides, the results in the experiment 

also showed that feeding high-fiber diet depressed milk yield in hot temperature 

environment, and resulted in lighter weight of piglets at weaning compared with high-fat diet 

group. This may be because the microbial fermentation of dietary fiber in the hind-gut 

produced more heat than fat and protein when they were digested by sows. Thus high-fiber 

diet caused much more heat stress to sows and depressed milk yield during high temperature 

period. If increasing the addition of fat in diet, other nutrients should be increased to maintain 

constant energy to nutrient ratios. Sows fed a diet containing more energy and protein tended 

to have greater milk yield in late lactation (Robert and Bucklin, 2001).  
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Management adjustment 

During the high temperature period, another way for sows to minimize the effect of 

heat stress is to increase heat dissipation by sprawling their body to the floor or increasing 

respiration rate. By increasing the respiration rate, sows can increase air flow in lungs and 

thus to evaporate water from the lungs (Robert and Bucklin, 2001). It is possible for the 

producers to depend on management modifications to substantially reduce heat stress by 

increasing sows‟ heat loss to the environment. For example, by wetting a greater area of 

sows‟ skin, increasing air speed to allow water to evaporate, changing floor type and 

increasing the minimum floor space for each sow (Robert and Bucklin, 2001). 

Gestation Housing System in Swine Industry 

A Trend of Change for Sows’ Gestational Housing System 

Gestational crates have widely been used to manage gestating sows. In the United 

States, there are around 6 million sows in commercial production, which represents 10 

percent of the U.S. pig population. It is estimated that 60 to 70% of sows is the U.S. are 

housed in crates during gestation (Barnett et al., 2001). However, the use of gestational crate 

became a public concern for animal welfare. Sows in gestational crates are believed to have 

restricted behavioral patterns as they cannot freely turn around due to limited space (Pajor, 

2002). The European Union adopted a ban on the use of gestational crates from the 4
th

 wk of 

pregnancy which will be effective from 2013 (Croney and Millman, 2007). This change also 

caused increased public concerns for animal welfare in other countries including the U.S., 

swine producers in the U.S. have started implementing group housing of gestating sows.  
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In a practical view of swine management, group housing that holds greater than 10 to 

12 sows can generally be considered as a large pen (Pajor, 2002; Zurbrigg and Kains, 2007). 

Electronic sow feeding systems have successfully been used for sows in large pens. 

Gestational pens with free-access feeding stalls are designed for small groups of sows (Boyle 

and Moorepark, 2005). Gestational pens with free-access feeding stalls have also well been 

used as it is relatively feasible when transform individual gestational crates into gestational 

pens in commercial farms. 

Effect of Gestational System on Reproduction of Sows 

It was reported that gilts housed in groups with electronic feeding systems had 

increased individual variation in weight gain during gestation compared with sows in 

gestational crates (Rhodes et al., 2005). The result indicates that gestational pens may have 

effects on sows‟ body gain during gestational period. Den Hartog et al. (1993) indicated that 

the number of total born piglets from sows in gestational pens tended to be smaller than those 

in gestational crates. However, Hulbert and McGlone (2006) showed that sows in small 

gestational pens (5 or less sows/pen) had a similar litter size to sows in gestational crates. In 

addition, other studies reported no differences in total number of piglets born and born alive 

per litter for sows housed in gestational crates and pens (England and Spurr, 1969; Johnson et 

al., 2001; Boyle et al., 2002; Bates et al., 2003; Chapinal et al., 2010).  Sows in gestational 

pens tended to have a smaller litter birth weight compared with sows in gestational crates 

(Den Hartog et al., 1993). However, Bates et al. (2003) found that sows housed in gestational 

pens with electronic feeding system had a higher litter birth weight than those housed in 

gestational crates. The inconsistency among studies is probably due to different feeding 
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systems and the number of sows housed in pens. Studies reported that litter weaning weight 

was lower for sows housed in gestational pens compared with sows housed in gestational 

crates (Boe, 1993; Blackshaw et al., 1994; Pederson et al., 1998; Bates et al., 2003).  

Social rank of a sow during gestation may affect the reproductive performance. 

Kranendonk et al. (2007) found that high-ranking sows gained more BW during gestation, 

lost more BW and backfat during lactation, and litter size and percent of born alive did not 

differ among ranks.  

Effect of Gestational System on Behavior of Sows 

Group housing of gestating sows under a restricted feeding program can cause 

increased aggressive interactions among sows and occurrence of stereotypic behaviors (Anil 

et al., 2005). One of the advantages of using small pens with free-access feeding stalls is that 

small groups tend to be static, whereby the level of aggression is low once the dominance 

hierarchy is established because gestational pen with feeding stalls prevents competition 

arising over access to feed (Pedersen et al., 1993; Boyle and Moorepark, 2005). Boe (1996) 

found that sows tended to finish meals simultaneously which decreased aggressive behavior 

among sows in gestational pens with free-access feeding stalls. In contrast, the level of 

aggression in large gestational pens is often higher than in small gestational pen in a longer 

term (Durrell et al., 2002). This is because a large group of sows in a gestational pen tends to 

be dynamic, whereby the group is continually destabilized by weekly removal and addition 

of new sows (Boyle and Moorepark, 2005). 
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Effect of Gestational System on Health and Stress Status of Sows 

Group housing of sows under controlled feed allowance could potentially increase 

health risks of low-ranking sows (Anil et al., 2005). Mixing unfamiliar sows during gestation 

leads to aggressive behavior which persists until a dominance order is established (Meese 

and Ewbank, 1973). The aggressive behavior may result in injuries, even embryo loss in 

extreme cases of fighting (Barnett et al., 1992). Also, mixing unfamiliar individuals may 

cause social stress. Pregnant sows under different social ranks may have different level of 

stress. Kranendonk et al. (2007) found that salivary cortisol level did not differ among ranks 

on week 2, 7, and 13 of gestation. However, other studies found that maternal cortisol level 

from low-ranking sows was higher than high-ranking sows (Mendl et al, 1992; Nicholson 

and Zanela, 1993). It has also been reported that social stress caused a reduction of 

synthesized circulating antibodies of birds (Cross and Siegel, 1973; Siegel and Latimer, 

1975) and mice (Vessey, 1964). However, it is not known if different social ranks have effect 

on circulating antibodies of pregnant sows. 
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Scope of the Present Dissertation 

The objects of this dissertation were first to assess oxidative stress as well as the 

antioxidant status of sows during stages of gestation and lactation (Chapter 2). Achieving the 

first object will provide the fundamental information to the question what is the oxidative 

status of sows during gestation and lactation periods. 

Further questions about how oxidative status of sows is affected by factors including 

heat stress, housing systems, and social ranks are explained in Chapter 3, Chapter 4, and 

Chapter 5, respectively. Then all the information will be integrated and summarized in 

Chapter 6. 
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Table 1. Primary reactive oxygen species and free radicals 

 

Radicals Name 

O2
• -

 Superoxide radical 

H2O2 Hydrogen peroxide 

• OH Hydroxyl radical 

O2
•
 Singlet oxygen 

HOO 
•
  Hydroperoxyl radical 

ROOH Alkyl hydroperoxide 

ROO 
•
  Peroxyl radical  

RO 
•
 Alkoxyl radical 

ClO 
•
 Hypochlorite ion 

NO
•
 Nitric oxide 

ONOO
-
 Peroxynitrite 
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CHAPTER 2 

Oxidative Stress Status of High Prolific Sows during Gestation and 

Lactation 
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ABSTRACT  

The objective of this study was to assess oxidative stress as well as the antioxidant status of 

sows during stages of gestation and lactation. Blood samples were drawn from sows (n=5) on 

d 30, 60, 90, and 110 of gestation (G30, G60, G90, and G110), d 3, 10, and 18 of lactation 

(L3, L10, and L18), and d 5 of post weaning (W5) periods. Lymphocytes were isolated from 

the fresh blood and cryopreserved in each time point. Oxidative DNA damage and the 

antioxidant status were determined in lymphocyte or plasma samples. Lymphocyte DNA 

damage was analyzed by alkaline single cell gel electrophoresis (comet assay) to determine 

the single and double strand brakes. Plasma retinol and α-tocopherol concentrations were 

determined by using an HPLC system with UV detection. The comet assay showed elevated 

(P < 0.05) DNA damage (between 38 and 47%) during mid-, late gestation, lactation and post 

weaning than early gestation (G30, 21%). Plasma retinol concentration was reduced (P < 

0.05) during late gestation (G110) compared with early gestation (G30). Plasma α-tocopherol 

concentrations also showed a similar trend as to retinol. The current study indicates that was 

a systemic oxidative stress during mid-, late gestation and lactation periods, and the stress 

status was not fully abated until the weaning period. At the same time, concentrations of 

antioxidant nutrients in circulation substantially reduced during late gestation of sows.  

Key words: antioxidant, DNA damage, oxidative stress, retinol, sows, α-tocopherol  
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INTRODUCTION 

An imbalance between oxidant radical production and antioxidants may produce 

excess reactive oxygen species (ROS) that can cause oxidative damage in vulnerable targets 

such as unsaturated fatty acyl chains in membranes, thiol groups in proteins and nucleic acid 

bases in DNA (Halliwell et al., 1989; Gutteridge, 1995; Hall et al., 1996). It is known that 

oxidative stress influences the entire reproductive lifespan of a woman. Reactive oxygen 

species have a role in pathological processes by affecting multiple physiological processes 

from oocyte maturation to fertilization, embryo development and pregnancy.  It has been 

suggested that pregnancy is a state of oxidative stress, which is characterized by the placental 

production of reactive oxygen species including superoxide and hydrogen peroxide 

(Casanueva and Viteri, 2003; Myatt and Cui, 2004; Chen and Scholl, 2005). Excessive free 

radical production may cause both lipid and protein oxidation and impair normal endothelial 

cell function (Serdar et al., 2003). The elevated oxidative stress could alter placenta and fetal 

skeletal formation as well (Prater et al., 2008). In addition, oxidative stress and a disrupted 

antioxidant system are reported to be involved in a variety of pregnancy complications such 

as preterm labor, fetal growth restriction, preeclampsia, and miscarriage (Gupta et al., 2005; 

Sugino et al., 2007).  Numerous studies have also shown that oxidative stress plays a role in 

the pathophisiology of infertility (Ruder et al., 2009; Tremellen, 2008) and assisted fertility 

(Agarwal et al., 2005).  

Single-cell microgel electrophoresis (the comet assay) has been used to detect DNA 

single or double strand breaks. Broken DNA fragments result in an increased migration in 

electrophoresis to form a diffuse DNA area which resembles a comet tail after staining 
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(Collins et al., 1997). The main cause of DNA damage is attack by endogenous free radicals 

in particular superoxide radicals released from the respiratory chain in the mitochondria. As 

oxidative stress occurs depending on balance between free radical attack and antioxidants 

defense (Dusinska and Collins, 2010), it is necessary to evaluation of both oxidative DNA 

damage and antioxidant status of the body.  

Highly prolific sows may be under systemic oxidative stress, which can affect not 

only fertility and well being of sows but also the newborns. However, there is no study 

available to determine the oxidative stress status of sows determined by DNA damage during 

gestation and lactation periods. Therefore, the object of this study was to assess oxidative 

stress as well as the antioxidant status of sows during gestation and lactation.  

MATERIALS AND METHODS 

Animals and Management 

Procedures used in this study were reviewed and approved by the North Carolina 

State University Animal Care and Use Committee and by Animal Research Ethics 

Committee at Jean Mayer USDA-Human Nutrition Research Center on Aging at Tufts 

University. 

Five pregnant sows with an average parity of 3.6 ± 0.5, and BW of 215.7 ± 24.6 kg at 

d 30 of gestation were used in this study. All pregnant sows were housed in gestational crates 

(2.0 × 0.6 m) and fed 2.5 kg feed daily. Gestation diet contained 13.3% CP, 3.34 Mcal 

ME/kg, and other essential nutrients (Table 1) meeting suggested nutrient requirements by 

NRC (1998). Water was supplied ad libitum. Body weight of sows was measured on d 30 and 

110 of gestation.  
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On d 110 of gestation, all sows were weighed and moved to farrowing crates (2.1 × 

1.5 m). During lactation, sows were fed ad libitum. Lactation diet contained 14.8% CP, 3.5 

Mcal ME/kg, and other essential nutrients (Table 1) meeting suggested nutrient requirements 

by NRC (1998). Average daily feed intake was recorded. Body weight of sows was measured 

on d 1 and 18 of lactation. Backfat (BF) thickness of sows was measured on d 1 and 18 of 

lactation using an ultrasound scanner (VSS700, Veterinary Sales, Service Inc., Stuart, FL) as 

described by Mateo et al., (2009). Litter size and body weight of each piglet were measured 

on d 1 (within 12 h after farrowing) and d 18 of lactation. All piglets were weaned on d 18 of 

lactation. All sows were returned to the gestation crates after weaning. 

Blood Sampling 

Blood samples (20 mL) were collected from all sows on d 30, 60, 90, and 110 of 

gestation (G30, G60, G90, and G110), d 3, 10, and 18 of lactation (L3, L10, and L18), and d 

5 of postweaning (W5) for analyses of lymphocyte DNA damage and plasma endogenous 

antioxidant concentrations. 

Lymphocyte separation 

 Lymphocytes were separated immediately after blood samples were collected.  

Lymphocytes were isolated by density gradient sedimentation (Histopaque 1077, Sigma 

diagnostic, St. Louis, USA) and frozen in 50% fetal calf serum, 40% culture medium (RPMI 

1640, Sigma diagnostic, St. Louis, USA ) and 10% dimethyl sulfoxide to -80ºC at -1ºC/min 

freezing rate before being stored in -80°C. 
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Lymphocyte DNA Damage Measurement 

Lymphocytes were recovered for the alkaline single-cell gel electrophoresis as well as 

H2O2 challenged, as previously described by Zhao et al. (2006), with minor modifications. 

Cryopreserved lymphocyte recovery: cells were recovered by submersion in a 37°C 

water bath until the last trace of ice was melted. The cells were transferred to prechilled 50% 

RPMI 1640 medium and 50% fetal calf serum and then were centrifuged at 200 × g for 5 min 

at 4°C. The cells were resuspended in cold phosphate buffered saline and checked for 

viability (typically > 95% viability) and cell number (typically 1 × 10
5 

cells/mL).  

Alkaline single-cell gel electrophoresis: DNA strand breaks were measured in 

lymphocytes with the alkaline single-cell gel electrophoresis assay. Hydrogen peroxide-

challenged DNA damage was measured by exposing the cells to the hydrogen peroxide (30 

µmol/L) for 30 min in ice. All procedures were carried out under yellow light. Samples were 

coded and analyzed without knowledge of the identity of the sample.  

Image Analyses: the slides were stained with Syber Green (Syber Green, Trevigen, 

U.K.) and determined using a fluorescent microscope at 400 × magnification. Images from 

each of the two replicate slides per sample were analyzed by visual image analyses. The 

comet-like images were visually classified into 4 categories (0 – III) by a blinded observer 

according to appearance, which resulted from the relative proportion of DNA in the tail, as 

shown in Figure 1. At least a hundred cells were counted and categorized to avoid any 

selection bias.  

To calculate and express the DNA damage, each slide was visually analyzed and 

calculated separately. The percent DNA damage in the tail was calculated to express the 
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amount of DNA damage {([a × 5] + [b × 20] + [c × 45] + [d × 80]) / (a + b + c + d)}; letters 

a, b, c, and d represent the number of cells classified as 0, I, II, and III, respectively. All 

slides were in duplicate for endogenous and H2O2 challenged DNA damage analysis. 

Analysis of Plasma Fat-Soluble Antioxidants  

Plasma samples were used for tocopherols and retinol analysis as previously 

described (Zhao et al., 2006) with minor modifications. Plasma samples were extracted with 

2 mL of chloroform:methanol (2:1) followed by 3 mL of hexane. Samples were dried under 

nitrogen and resuspended in 75 µL ethanol:methyl tert-butyl ether (2:1) of which 25 µL was 

injected onto the HPLC. The HPLC system consisted of a Waters 2695 Separation Module, 

2996 Photodiode Array Detector, a Waters 2475 Multi λ Fluorescence Detector, a C30 

carotenoid column (3 µm, 150 × 3.0 mm, YMC, Wilmington, NC), and a Waters Millenium 

32 data station. The mobile phase was methanol:methyl tert-butyl ether:water (85:12:3 by 

volume with 1.5% ammonium acetate in water; solvent A) and methanol:methyl tert-butyl 

ether:water (8:90:2 by volume with 1% ammonium acetate in water; solvent B). The gradient 

procedure has been reported earlier (Yeum et al., 1996). Results were adjusted by an internal 

standard containing echinenone. The CV for inter-assay (n = 25) was 4% and intra assay was 

4% (n = 9). The recovery of the added internal standard was consistently > 90%. All sample 

processing was carried out under red light. 

Analysis of Dietary Antioxidant Contents  

As described previously by Ferreira et al. (2000), with minor modifications, 

carotenoid contents in the diet were determined by HPLC systems. Briefly, 400 mg of diet 

were incubated with methanol for 2 hours at 37
o
C, followed by 4 sequential extractions with 
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10 mL tetrahydrofuran. Two milliliter of extract was dried under nitrogen gas, dissolved in 

0.5 mL ethanol, dried under nitrogen gas, and resuspended in 75 ethanol:methyl tert-butyl 

ether (2:1) of which 25 µL was injected onto the HPLC. The HPLC system was set as the 

same as the plasma analysis.  

Statistical Analyses 

Results from each time point were analyzed using one way ANOVA repeated 

measures (Student Newman Keuls) using SigmaStat version 2.0 for Windows 95 (Jandel 

Scientific Software, San Rafael, CA). Results are expressed as mean ± SD. Level of 

significance was set when probability values were less than 0.05. 

RESULTS 

Sows gained 40.5 ± 3.6 kg from d 30 to 110 of gestation whereas lost 14.0 ± 5.7 kg 

from d 1 to 18 of lactation. Average feed intake during lactation was 5.5 ± 0.4 kg daily. 

Piglet‟s ADG was 252.0 ± 25.2 g during lactation (Table 2).  

The visual classification (Figure 1) used to determine DNA damage as described by 

Zhao et al. (2006). Score 0 is the lowest, representing undamaged cells with 0 to 10% lesion 

and score 3 represents the most heavily damaged cells with 61 to 100% lesion (I: 11 to 39%; 

II: 40 to 60%). The endogenous comet assay showed significantly lower DNA damage at the 

early stage of gestation (G30, 21.3% DNA damage). The oxidative DNA damage was 

significantly increased (P < 0.05) during mid-, late gestation, lactation, and weaning period 

(Figure 2). No statistical difference was found in H2O2 induced DNA damage during the 

gestation and lactation period (data are not shown).  
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Plasma α-tocopherol concentrations started with 7.14 µmol/L at early gestation (G30) 

and decreased (P < 0.05) to 3.07 µmol/L at the end of gestation (G110) (Figure 3). The α-

tocopherol concentration increased and was close to levels on G30 at the end of lactation 

(L18) and post-weaning period (W5) (6.8 µmol/L and 8.13 µmol/L, respectively). Retinol 

concentration in the plasma were also reduced (P < 0.05) at late gestation (G110, 0.57 

µmol/L) as compared to those of G30, G60, and W5 (1.10, 1.08, 1.21 µmol/L, respectively) 

(Figure 4).    

Fat soluble antioxidant contents (carotenoids and tochopherols) in the sow diet were 

higher (P < 0.05), except for lutein, in the gestational diet than the lactation diet (Figure 5).   

Diets used in gestation and lactation contained 5.14 and 5.44 mg/kg of Lutein; 4.06 and 2.61 

mg/kg of Zeaxantine; 0.28 and 0.19 mg/kg of β-carotene; 10.65 and 3.95 mg/kg of α-

tocopherol, respectively.   

DISCUSSION 

During gestation and lactation, sows are under severe catabolic status especially due 

to the greatly increased nutrient needs for fetal growth (McPherson et al., 2004; Ji et al., 

2005), mammary growth (Kim et al., 1999; Ji et al., 2006), and milk production (Kim et al., 

2000) whereas their nutrient intakes are insufficient (Kim and Easter, 2003). The high energy 

demand and an increased oxygen requirement favor a state of oxidative stress due to the 

overproduction of reactive oxygen species (Agarwal et al., 2003; Reyes et al., 2006). In this 

regard there are clinical and experimental evidences that oxidative stress and/or low intake of 

antioxidant (Klemmensen et al., 2009) is involved in the etiopathogenesis of the most 

frequent disorders in pregnancy (Hubel, 1999; Myatt et al., 2004; Jauniaus et al., 2006). 
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The current study detected the status of oxidative stress during different stages of 

gestation and lactation of multiparous sows. In this study, all sows performed normally 

which was similar to our previous publications (Mateo et al., 2007, 2008, 2009; Kim et al., 

2009). There was an elevated oxidative DNA damage throughout the gestation, lactation and 

weaning periods. It is possible that the high metabolic demand of pregnancy may induce the 

production of reactive oxygen species by the placenta during pregnancy, although the 

placenta is a source of antioxidative enzymes and hormone systems to control placental lipid 

peroxidation in healthy pregnancy (Mueller et al., 2005). 

The present study applied the visual scoring system to determine the DNA damage, as 

described by Collins et al. (2004). Visual scoring data reported to be accurately 

corresponding to the data that is measured by computer image analysis in human 

lymphocytes (Colline et al., 2004), in equine lymphocytes (Marlin et al., 2004), and in canine 

and feline leucocytes (Heaton et al., 2002). The method employed for visual scoring involves 

classifying comets into four categories based on the perceived length of migration and 

relative proportion of DNA in the tail.  

In pigs, the plasma, tissues, colostrums, and milk concentrations of vitamin E are 

reported to be highly responsive and directly correlated with changes in the dietary vitamin E 

intake (Pinelli-Saavedra, 2003). The sows in the current study received different diets during 

the gestation and lactation period according to the nutrient requirements (NRC, 1998). 

Although the diet during the gestation period contained higher amount of α-tocopherol, 

plasma α-tocopherol concentrations were significantly lower at G110 as compared to those of 

the lactation period. It is plausible that there was a rapid transport of α-tocopherol from the 
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mother to the piglets. Although the efficiency of placental transfer of vitamin E was reported 

to be limited when the maternal serum vitamin concentrations increased (Pinelli-Saavedra 

and Scaife, 2005), it is interesting to note that the plasma concentrations of vitamin E in the 

piglet is shown to be significantly influenced by the vitamin E concentrations of the sow‟s 

colostrum and milk (Pinelli-Saavedra et al., 2008). In addition, the combination of 

antioxidant nutrients such as vitamin E and vitamin C (Pinelli-Saavedra et al., 2008) and 

selenium (Wuryastuti et al., 1993) reported to be beneficial for the sow‟s immune response.   

The current study showed that DNA damage was significantly increased during mid-, 

late gestation and lactation periods, and that it was still not completely recovered during the 

weaning period. The antioxidant nutrients (retinol and α-tocopherol) declined significantly 

during late gestation (G110) and began to normalize towards the end of lactation period. The 

current study clearly indicates that sows are under systemic oxidative stress during mid-, late 

gestation and lactation periods, and the stress status is not fully recovered until the weaning 

period.  
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Table 1. Composition of gestation and lactation diets (as-fed basis) 

 

 

Gestation Lactation 

Ingredient, % 

    Corn, yellow 81.3 74.0 

  Soybean meal, 48% CP 13.8 17.5 

  Poultry fat   1.0  4.0 

  Biolys
®1

   0.0  0.2 

  Ground limestone   1.1  1.1 

  Monodical P   2.1  2.4 

  Salt   0.5  0.5 

  Vitamin mineral premix
2
  0.2  0.3 

  Total            100.0             100.0 

Calculated composition 

    DM, %              89.7 90.1 

  ME, Mcal/kg  3.3   3.5 

  CP, % 13.3 14.8 

  Lysine, %  0.6  0.9 

  Ca, %  1.0  1.1 

  Total P, %  0.7  0.8 
1
Biolys

®
 (Enovik Degussa, Kennesaw, GA) contains 50.7% of L-Lys.   

 

2
The vitamin mineral premix provided per kilogram of complete diet: 3.96 mg of Mn 

as manganous oxide; 16.5 mg of Fe as ferrous sulfate; 16.5 mg of Zn as zinc sulfate; 1.65 mg 

of Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; 0.30 mg of Se as 

sodium selenite; 6,614 IU of vitamin A as vitamin A acetate; 992 IU of vitamin D3; 19.8 IU 

of vitamin E; 2.64 mg of vitamin K as menadione sodium bisulfate; 0.03 mg of vitamin B12; 

4.63 mg of riboflavin; 18.52 mg of D-pantothenic acid as calcium panthonate; 25.0 mg of 

niacin; and 0.07 mg of biotin 



67   

 

Table 2. Performance of sows during gestation and lactation 

 

 Mean Standard deviation 

n                       5  

Parity 3.6   0.5 

Body weight, kg   

     d 30 of gestation                   215.7 24.6 

     d 110 of gestation                   256.2 23,2 

     d 1 of lactation                   238.8 22.9 

     d 18 of lactation                   224.8 23.8 

Backfat thickness,
 1

 mm   

     d 1 of lactation                     16.7  2.9 

     d 18 of lactation                     15.3  3.0 

Litter size   

     Born alive (d 1)                     11.0  1.0 

     At weaning (d 18)                     10.0  1.0 

Litter weight, kg   

     At birth (d 1)                     16.9  2.6 

     At weaning (d 18)                     62.2  7.7 

Daily feed intake                       5.5  0.4 

Piglet weight gain                   252.0                      25.2 
1
Measured at the P2 position (locate at left side of the10th rib, and 6 cm away from 

the spine). 
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Figure 1. Visual classification of DNA damage according to the relative proportion of DNA 

in the tail (scores 0 to 3)
1
 by single cell gel electrophoresis.

 
Score 0 represents undamaged 

cells, and score III represents the most heavily damaged cells; 0=5%; I=20%; II=40%; III= 

>60%. 
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Figure 2. Lymphocyte DNA damage in multiparous sows during gestation, lactation, and 

weaning periods. 
 
Value with an asterisk is significantly different (P < 0.05).
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Figure 3. Plasma concentrations of α-tocopherol in multiparous sows during gestation, 

lactation, and weaning periods. Value with an asterisk is significantly different from other 

days (P < 0.05).
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Figure 4.  Plasma concentrations of retinol in multiparous sows during gestation, lactation, 

and weaning periods. Value with an asterisk is significantly different from other days (P < 

0.05).
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Figure 5. Fat-soluble antioxidant content in gestation and lactation diets.
 
Value with an 

asterisk is significantly different between diets (P < 0.05).
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CHAPTER 3 

Effect of Heat Stress Environment on Oxidative Status and Reproductive 

Performance of Sows 
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ABSTRACT    

This study is aimed to determine effects of heat stress on oxidative status, and reproductive 

performance of sows during gestation and lactation. Twenty eight sows were used in this 

study. Fourteen of them were under moderate ambient temperature environment (CON: daily 

range of 12.4
o
C to 18.4

o
C in gestation building and 21

o
C to 23.7

o
C in farrowing room) and 

the other 14 sows were under high ambient temperature environment (HT: daily range of 

23.3
o
C to 30.3

o
C in gestation building and 22.1

o
C to 30.6

o
C in farrowing room). Sows were 

fed corn-soybean meal based diets during gestation (2.2 kg/d) and ad libitum during lactation 

and used to record reproductive performance and collect blood samples on d 35, 60, 90, and 

109 of gestation, and d 1 and 18 of lactation. Plasma samples were used to determine 

concentrations of malondialdehyde (MDA), protein carbonyl, 8-hydroxy-deoxyguanosine (8-

OHdG), IgG, and IgM. Sows in HT had decreased (P < 0.05) number of piglets born alive 

and piglets per litter on d 18 of lactation. Sows in HT tended to have a greater (P = 0.094) 

number of piglets born dead per litter than sows in CON. Litter weight at birth in HT tended 

to be smaller (P = 0.050) compared with those in CON. Litter weight on d 18 of lactation and 

litter weight gain in HT were smaller (P < 0.05) than those in CON. Sows in HT had a 

greater (P < 0.05) concentration of MDA on d 90 and 109 of gestation, and d 1 of lactation 

than sows in CON. The protein carbonyl concentration in HT was greater (P < 0.05) than 

CON on d 90 and 109 of gestation, and d 18 of lactation. For sows in HT, protein carbonyl 

concentration on d 109 of gestation was the highest (P < 0.05) compared with all other days. 

Plasma concentration of 8-OHdG on d 109 of gestation was greater (P < 0.05) than d 18 of 

lactation in HT. Litter weight gain and litter size were negatively correlated (P < 0.05) with 
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plasma concentrations of MDA and 8-OHdG, respectively. Plasma concentration of IgG in 

HT tended to be greater (P = 0.067) than CON on d 3 of lactation. Concentration of IgG in 

colostrum of HT was greater (P < 0.05) than that of CON. In conclusion, sows are under 

elevated oxidative stress during the late gestation and lactation periods when they are housed 

in a heat stress environment. Increased oxidative damage to lipid, protein, and DNA is one of 

the major contributing factors for reduced reproductive performance of sows under a heat 

stress environment.  

Key word: gestation, heat stress, lactation, oxidative stress, sow 
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INTRODUCTION 

In general, a thermal comfort zone for a pig decreases when a pig gets older and 

heavier. The thermal comfort zone for a sow ranges from 10 to 25
o
C (Holden et al., 1996; 

Federation of Animal Science Societies, 2010). Environmental temperatures remaining above 

25
o
C would cause heat stress and especially with temperature above 27

o
C for an extended 

period of time may lead to decreased reproductive efficiency of sows (Myer and Bucklin, 

2001). Heat stress condition often occurs during summer season or in tropical and subtropical 

regions. Southeastern coast and Midwestern areas in the U.S. are where majority of sow 

farms are located (National Agricultural Statistics Service, 2008). Without efficient cooling 

systems, hot and humid summer climate in these regions can cause heat stress to sows.  

Heat stress would cause a negative effect on reproductive performance of sows during 

gestation and lactation. Studies showed that heat stress diminished hypothalamo-pituitary 

gonadal axis to secrete FSH, LH, and delayed puberty in gilts (Flowers et al., 1989; Flowers 

and Day, 1990). Heat stress may affect early development of embryos (Edwards et al. 1968) 

causing small litter size, increased number of stillborn, and reduced birth weights (Omtvdt et 

al., 1971; Johnston et al., 1999; Renaudeau and Noblet, 2001). Studies have shown that 

lactating sows exposed to high temperatures had reduced feed intake and milk production 

(Schoenherr et al., 1989a,b; Black et al., 1993).  

Reactive oxygen species (ROS) including superoxide anion (O2
•-
), hydroxyl radical 

(
•
OH), and hydrogen peroxide (H2O2) are produced during biochemical processes within an 

animal body (Betteridge, 2000). If the balance between the production of ROS and 

antioxidant defense is disturbed, an animal can suffer from oxidative stress. Reactions of 
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ROS with macromolecules such as proteins, lipids, and nucleic acids can produce chain 

reaction further reacting with additional macromolecules causing lipid peroxidation, protein 

damage, and DNA damage (Halliwell et al., 1989; Gutteridge, 1995; Hall et al., 1996). 

During late gestation and lactation, sows are under severe catabolic status (Ji et al., 2005; 

Kim et al., 2009), and the catabolic condition increases the production of reactive oxygen 

species causing increased oxidative stress (Castillo et al., 2006; Bernardi et al., 2008). 

Hyperthermia from heat stress can increase the production of reactive oxygen species causing 

oxidative damages as reported in cells (Mitchell and Russo, 1983),  mice (Ozawa et al., 2002; 

Matsuzuka et al., 2005) and chicken (Du and Zhang, 2000). 

However, currently there is limited information on a status of oxidative stress of sows 

during gestation and lactation. It is not determined if sows under heat stress environment 

would have increased oxidative stress and if it is related to changes in reproductive 

performance of sows. Therefore, it is hypothesized that heat stress may increase oxidative 

stress during late gestation and lactation of sows leading to reduced reproductive 

performance. The objective of this study was to assess effects of heat stress environment on 

oxidative status, and reproductive performance of sows during gestation and lactation. 

MATERIALS AND METHODS 

Procedures used in this study were reviewed and approved by the North Carolina 

State University Animal Care and Use Committee.  

Animals and Experimental Design  

A total of 28 multiparous sows (initial BW: 243.2 ± 14.4 kg; parity ranged from 3 to 

12 and average parity: 5.1 ± 1.1) were used in this study under different ambient temperature 
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environments considered as moderate (CON) or high (HT). Fourteen sows were selected and 

assigned to the moderate ambient temperature environment on d 35 of gestation. The 

remaining gestation and lactation period of these 14 sows was from November, 2009 to 

January, 2010. Another group of 14 sows with the same genetic lines, similar BW, and 

similar parity were selected and assigned to the high ambient temperature environment on d 

35 of gestation. The remaining gestation and lactation period of these 14 sows was from June 

to August, 2009. Sows from the two treatments were housed in the same gestation building 

and farrowing room. Ambient temperature (AT), relative humidity (RH), and temperature-

humidity index (THI) under moderate or high ambient temperature environment were 

recorded (Table 1). For CON, average of daily maximum and minimum temperatures ranged 

from 12.4 to 18.4
o
C in gestation building and 21.0 to 23.7

o
C in farrowing room. For HT, 

average of daily temperatures ranged from 23.3 to 30.3
o
C in gestation building and 22.1 to 

30.6
o
C in farrowing room. Average hourly temperatures and temperature-humidity index 

(THI) within a day were recorded in gestational building and farrowing room from June to 

August in HT (Figure 1). Sows were exposed to heat stress environment for an average of 17 

and 14 h per day in gestation building and farrowing room, respectively in HT. All sows 

were housed in the North Carolina State University Swine Educational Unit (Raleigh, NC).  

All pregnant sows were housed in gestational crates (2.0 × 0.64 m) and fed 2.2 kg 

feed daily. Gestation diet contained 13.3% CP and 3.33 Mcal ME/kg. Water was supplied ad 

libitum. On d 108 of gestation, all sows were weighed and moved to farrowing crates (2.1 × 

1.5 m). Piglets were not cross-fostered between sows. Three sows in HT treatment and 2 

sows in CON treatment did not maintain their pregnancy and did not farrow. During 
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lactation, sows were fed ad libitum by electronic feeders (JYGA Technologies, Saint-

Nicolas, Canada) in farrowing crates. Lactation diet contained 14.8 % CP and 3.46 Mcal 

ME/kg. Average daily feed intake was recorded. Body weight of sow was measured on d 35 

and 109 of gestation, and d 1 and 18 of lactation. Backfat thickness of sow was measured on 

d 1 and 18 of lactation using an ultrasound scanner (VSS700, Veterinary Sales & Service 

Inc., Stuart, FL). After farrowing, numbers of piglets born alive, dead, or mummified, BW of 

piglets on d 1 and 18 of lactation, and litter size on d 1 and 18 of lactation were measured. 

Sampling of Blood, Colostrum, and Milk  

Blood samples were collected from the jugular vein of sows on d 35, 60, 90, 109 of 

gestation, and d 1 and 18 of lactation. Blood was drawn into 9 mL tubes (MONOVETTE, 

Sarstedt, Newton, NC) containing EDTA. Plasma samples were collected by centrifuging 

(5810 R, Eppendorf AG, Hamburg, Germany) at 3,000 g, 15 min, 4°C, and allocated into 1.5 

mL microcentrifuge tubes. Plasma samples were stored in liquid nitrogen for 1 h, then stored 

at -80°C until analysis.   

Colostrum samples were collected from all sows within 10 h after farrowing. Milk 

samples were collected from each sow on d 18 of lactation. Sows were injected with 1 mL 

oxytocin before sampling colostrum and milk. Around 30 mL of colostrum and 30 mL milk 

were collected from the first 3 pairs of mammary gland of each sow and stored at -80°C. 

Analysis of Oxidative Stress Indicators 

Plasma samples were used to measure concentrations of malondialdehyde (MDA), 

protein carbonyl, and 8-hydroxy-deoxyguanosine (8-OHdG). Concentrations of MDA were 

measured using the thiobarbituric acid reactive substances (TBARS) assay kit (Cell Biolabs, 
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San Diego, CA). Plasma samples and MDA standards were first incubated and reacted with 

thiobarbituric acid at 95°C. After centrifuge and butanol extraction, samples and standards 

were read at 532 nm by a spectrophotometric plate reader (BioTek, Winooski, VT). The 

MDA standard curve was drawn by known standards‟ concentration and absorbance. The 

concentration of MDA in plasma was determined by comparing with the MDA standard 

curve. The detection limit of MDA analysis was 0.98 µM.  

Protein concentration in plasma were measured by a bicinchoninic acid (BCA) 

protein assay kit (Pierce Biotechnology, Rockford, IL), then all plasma samples were diluted 

with PBS to reach protein concentration to 10 µg/mL before measuring protein carbonyl. 

Concentrations of protein carbonyl were measured via the protein carbonyl ELISA kit (Cell 

Biolabs, San Diego, CA). The protein carbonyl present in the sample or standard were 

derivatized to dinitrophenyl (DNP) hydrazine and probed with an anti- DNP antibody, then 

incubated with a secondary antibody. Finally substrate and stop solutions were added. 

Samples and standards were read at 450 nm, and the protein carbonyl concentrations were 

calculated by comparing with the protein carbonyl standard curve that was determined by 

standards‟ concentration and absorbance. The detection limit for protein carbonyl was 0.375 

nmol/mg.  

Concentrations of 8-OHdG in plasma were measured using the oxidative DNA 

damage ELISA kit (Cell Biolabs, San Diego, CA). Briefly, the 8-OHdG standards or 

unknown plasma samples were first added into a 96-well plate. An anti-8-OHdG monoclonal 

antibody was added, followed by adding a secondary antibody. A substrate solution and stop 

solution were added. The absorbance was read at 450 nm, and concentrations of 8-OHdG in 
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samples were calculated against standard curve that was drawn by known standards‟ 

concentration and absorbance. The detection limit for 8-OHdG was 0.078 ng/mL.  

Immunoglobulin Evaluation   

Concentrations of IgG and IgM in sows‟ colostrums and plasma on d 109 of gestation 

and d 3 and 18 of lactation were measured by using ELISA kits (Bethyl, Montgomery, TX). 

The measurements were conducted by the manufacturer‟s instruction. Briefly, goat anti-pig 

IgG or IgM were used as capture antibodies to coat wells. Plasma samples and colostrums 

were diluted to 1:100,000 for IgG and IgM measurement. Horseradish peroxidase goat anti-

pig IgG or IgM was used as the detection. The plate was read at 450 nm. Sample 

concentrations were quantified against the known standard curve. Detection limits were 7.8 

ng/mL for IgG, and 15.6 ng/mL for IgM, respectively.  

Statistical Analysis 

This experiment was designed as a completely randomized design. Data from this 

study were analyzed by using the MIXED procedure of SAS (SAS Inst., Inc., Cary, NC). A 

sow was the experimental unit. Treatment was a fixed effect. Replicate was a random effect. 

For oxidative stress markers, data from d 35 of gestation was used as a covariate. Plasma 

concentrations of MDA, protein carbonyl, and 8-OHdG were compared between treatments 

and within each treatment among different days during mid, late gestation and lactation. 

Correlations between reproductive performance and oxidative stress indicators were analyzed 

by the CORR procedure of SAS (SAS Inst., Inc., Cary, NC). Treatment effects were 

considered statistically significant when probability values were less than 0.05, and 

probability less than 0.1 and equal or greater than 0.05 was considered as a trend. 



82   

 

RESULTS 

Reproductive Performance of Sow 

There were no differences between treatments for sows‟ BW on d 35 and 109 of 

gestation, and d 3 and 18 of lactation. Parity, backfat loss, and ADFI of sows did not 

significantly differ between CON and HT (Table 3). There was no difference for total 

number of piglets born per litter between treatments. However, sows in HT tended to have a 

greater (P = 0.094) number of piglets born dead compared with sows in CON. Sows in HT 

had a smaller (P < 0.05) number of born alive per litter and number of piglets per litter on d 

18 of lactation than sows in CON.  Litter weight at birth tended to be smaller (P = 0.050) in 

HT compared with sows in CON. Litter weight at d 18 of lactation and litter weight gain in 

HT were smaller (P < 0.05) than those in CON. There were no differences in piglet BW on d 

1 and 18 of lactation between treatments (Table 3). 

Oxidative Stress 

Plasma concentration of MDA did not differ between CON and HT on d 60 of 

gestation, and d 18 of lactation. However, sows in HT had a greater (P < 0.05) MDA 

concentration than sows in CON on d 90 and 109 of gestation, and d 1 of lactation (Table 4).  

Plasma concentration of protein carbonyl in HT was greater (P < 0.05) than that of CON on d 

90 and 109 of gestation, and d 18 of lactation. There were no differences for protein carbonyl 

concentration on d 60 of gestation and d 3 of lactation between treatments (Table 4). For 

plasma concentration of 8-OHdG, treatment CON tended to be greater (P = 0.082) than that 

of HT on d 90 gestation. However, there were no differences of 8-OHdG concentration on d 

60 and 109 of gestation, and d 3 and 18 of lactation between treatments (Table 4). 
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Within each treatment, plasma concentrations of MDA, protein carbonyl, and 8-

OHdG were compared among different days in gestation and lactation. For sows in CON, 

there were no differences of MDA concentration among days (Table 4). Protein carbonyl 

concentration in CON did not differ among days (Table 4). Plasma concentration of 8-OHdG 

on d 18 of lactation was smaller (P < 0.05) than all other days in CON (Table 4). For sows in 

HT, there were no differences of MDA concentration among days (Table 4). However, 

protein carbonyl concentration on d 18 of lactation was greater (P < 0.05) than 

concentrations on d 60 and 90 of gestation in HT. Plasma concentration of protein carbonyl 

on d 109 of gestation was the highest (P < 0.05) compared with all other days in HT (Table 

4). Concentrations of 8-OHdG on d 109 of gestation was greater (P < 0.05) than d 18 of 

lactation in HT (Table 4).  

In HT treatment, litter weight at d 18 of lactation was found to be negatively 

correlated (r = -0.756, P < 0.05) with plasma MDA concentration on d 60 of gestation 

(Figure 2A). Litter weight gain during lactation also showed a negative correlation (r = -

0.719, P < 0.05) with plasma MDA concentration on d 60 of gestation (Figure 2B). Average 

daily gain of individual nursing piglets was found negatively correlated (r = -0.810, P < 0.05) 

with plasma protein carbonyl concentration on d 18 of lactation (Figure 2C). The number of 

piglet born alive showed a negative correlation (r = -0.708, P < 0.05) with plasma 8-OHdG 

concentration on d 3 of lactation (Figure 2D). However, other oxidative indicators were not 

correlated with these reproductive performance measurements. 
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Immunoglobulin Evaluation   

There was no difference between treatments for colostrums and plasma 

concentrations of IgM on d 109 of gestation, and d 3 and 18 of lactation (Table 5). Plasma 

concentration of IgG on d 109 of gestation and d 18 of lactation did not differ between 

treatments. However, plasma concentration of IgG in HT tended to be greater (P = 0.067) 

than CON on d 3 of lactation. The concentration of IgG in colostrum of HT was greater (P < 

0.05) than that of CON (Table 5).  

DISCUSSION 

Heat Stress and Sow Performance  

In this study, sows in HT had a reduced litter weight gain compared with sows in 

CON indicating that sows in HT produced less milk during lactation than sows in CON. This 

may be partly due to a smaller litter size at birth but also due to an increased number of 

piglets dead during lactation. This is a very typical indication of heat stress responses of sows 

as consistent with other studies (Black et al., 1993; Renaudeau et al., 2001; Renaudeau and 

Noblet, 2001; Spencer et al., 2003) with reduced milk production or litter weight gain from 

sows under heat stress.  Previous studies also showed that gilts and sows under heat stress in 

late gestation farrowed fewer piglets born alive with increased number of stillborns (Omtvdt 

et al., 1971; Johnston et al., 1999; Renaudeau and Noblet, 2001). These results are consistent 

with our finding that sows in HT had a smaller number of piglet born alive per litter whereas 

the total born did not differ. Bond et al. (1952) showed that sows lost more weight as 

environmental temperature increases. Stansbury et al. (1987) reported that sows exposed to 

30
o
C during lactation lost more weight than control group. In our study, however, there was 
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no difference in BW loss of sows during lactation between treatments. This may be because 

sows in HT had a reduced milk production whereas ADFI was not significantly different 

compared with sows in CON.  

Heat stress can cause reduced feed intake during lactation affecting milk production 

and thus litter weight gain (Wheelock et al., 2006). It has been shown that animals under heat 

stress have a slower rate of digesta passage and longer retention time of digesta in intestine 

which may be responsible for decreased voluntary feed intake (Warren et al., 1974; Wiestra 

and Christopherson, 1976; Robertshaw, 1981). However, the feed intake of sows under heat 

stress was not affected compared with those in CON in the current study. This indicates that 

feed intake was not the main factor for the reduced reproductive performance in our study. 

Collectively, our data indicate that sows in HT had heat stress responses as shown from 

reduced milk production and litter size. The primary effect for reduced reproductive 

performance in this study could be oxidative stress. 

Oxidative Stress during Gestation and Lactation under Heat Stress 

In this study, malondialdehyde was chosen as an indicator for lipid peroxidation 

despite its non-specificity. Malondialdehyde originates from the oxidative degradation of 

polyunsaturated fatty acids and is one of the most widely used markers for lipid peroxidation 

(Simm et al., 2008). Protein carbonyl derivatives are the most common products of protein 

oxidation. Protein carbonyls are generated when side chains of several amino acids mainly 

Pro, Arg, Lys, and Thr are oxidized (Poppek and Grune, 2006; Simm et al., 2008). The 8-

OHdG is a major marker for an oxidative damage of nucleic acid (Bowen, 2010).  It is 

formed when free radicals, especially the hydroxyl radical, act on deoxyguanoxine in DNA 
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(Ravanat et al., 2000). The 
•
OH adds to guanosine and makes a hydroxyguanosine radical, 

which can then form 8-OHdG. The 8-OHdG can be misread when DNA is copied, 

introducing a mutation (Gutteridge and Halliwell, 1994). During the repair of damaged DNA 

by exonucleases, 8-hydroxy-deoxyguanosine is excreted without further metabolism into 

urine.  It is a ubiquitous marker of oxidative stress. 

This study clearly showed that sows in HT had an increased oxidative damage to 

lipid, protein and DNA during late gestation and lactation when comparing the oxidative 

stress parameters between different days in gestation and lactation. For sows in CON, only 

oxidative DNA damage was increased during late gestation and early lactation whereas other 

measurements did not have similar pattern. The result is consistent with our previous study 

(Berchieri-Ronchi et al., 2011). During late gestation and lactation, sows are under severe 

catabolic status especially due to the greatly increased nutrient needs for fetal growth 

(McPherson et al., 2004; Ji et al., 2005), mammary growth (Kim et al., 1999; Ji et al., 2006), 

and milk production (Kim et al., 2000) whereas their nutrient intakes are insufficient (Kim 

and Easter, 2003). Catabolic condition causes tissue mobilization, increased production of 

free radicals and thus elevated oxidative stress (Bernardi et al., 2008). In addition, 

antioxidative capacity in a sow‟s body is reduced during late gestation and lactation as the 

increased use of antioxidants for fetuses and mammary glands increases (Berchieri-Ronchi et 

al., 2011). The increased production of free radical and decreased antioxidant availability 

would together cause increased oxidative stress to sows during late gestation and lactation. 

In this study, treatment HT had a greater oxidative stress to protein and lipid during 

late gestation and lactation when comparing with CON. In addition to increased negative 
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energy balance and decreased antioxidant availability during late gestation and lactation, 

oxidative damage can be induced by increased production of free radicals when an animal is 

under high ambient temperature environment (Mitchell and Russo, 1983; Ozawa et al., 2002; 

Matsuzuka et al., 2005) indicating that oxidative stress could be one of stress responses 

caused by heat stress. 

Oxidative Stress and Reproductive Performance of Sows 

The oxidative stress indicators of sows under a heat stress environment were 

negatively correlated with reproductive performance indicated by litter weight at d 18 of 

lactation, litter weight gain, piglet‟s average daily gain, and the number of piglet born alive in 

this study. These negative correlations found support that oxidative stress can be one of the 

causes for reduced reproductive performance under heat stress. Study in pregnant women 

showed that oxidative stress was associated with fetal growth retardation which had higher 

risk of perinatal mortality (Toy et al., 2009). It was reported that the majority (50 to 75%) of 

free radicals generated can be scavenged by proteins (Davies et al., 1999). Reactions with 

free radicals generate protein carbonyls lead to protein aggregates thereby alter the structure 

of protein and affect their functions. Cellular proteins with oxidation can aggregate each 

other by covalent bonds and become resistant to proteolysis. Thus cells can have limited 

amino acids from hydrolysis of these altered proteins for protein synthesis and consequently 

increase turnover of other proteins (Grune et al., 1995; Grune et al., 1998; Ullrich et al., 

1999; Simm et al., 2008). Animals under oxidative stress, therefore, would have increased 

needs of energy and amino acids for cell maintenance and repair. Besides protein oxidation, 

oxidative stress induced peroxidation to membrane lipids is critical. It leads to changes in the 
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biological properties of cellular membranes and therefore alters membrane-bound receptors 

or enzymes‟ activities which may lead to cell death (Slatter et al., 2000; Simm et al., 2008).  

Furthermore, oxidative stress can cause DNA damage and the mutation problem. The 

elevated 8-OHdG concentration can alter gene expression by inhibiting methylation. It can 

also cause mutation by pairing with adenosine rather than cytosine during DNA replication, 

leading to GC to AT conversion (Simm et al., 2008).  

Edwards et al. (1968) found that gilts exposed to heat stress from d 1 to 15 post 

breeding had fewer viable embryos at d 30 postbreeding than gilts exposed to same stress 

from d 15 to 30 postbreeding. Omtvedt et al. (1971) reported that gilts exposed to heat stress 

from d 8 to 16 postbreeding had greatest reduction of viable embryos. These results indicate 

that embryo is more susceptible to heat stress during the implantation period and thus it can 

be speculated that heat stress during the implantation period may also contributed to reduced 

litter size for heat stressed sows compared with sows in CON in this study. 

Based on findings from this study and others, we can speculate that sows under heat 

stress would have increased oxidative damage to cellular proteins which can cause increased 

protein turnover and would also have increased peroxidation of membrane lipids and 

increased DNA breakdown which can cause increased cell death. These can together interfere 

fetal development, mammary gland development, and milk production as shown in reduced 

number of piglets born alive, and reduced litter weight gain from sows under heat stress. 

In conclusion, sows receive increased oxidative stress during late gestation and 

lactation when they are under a heat stress environment. Increased oxidative damage to lipid, 
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protein, and DNA is one of major contributing factors for reduced reproductive performance 

of sows under heat stress.  
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Table 1. Ambient temperature (AT), relative humidity (RH), and temperature-humidity 

index (THI) under moderate or high ambient temperature environment  

 

  CON
1
 HT

1
 

Gestation building 

    Maximum AT, 
o
C 18.4 30.3 

  Minimum AT, 
o
C 12.4 23.3 

  Avg AT, 
o
C 15.4 26.8 

  Maximum RH, % 86.4 87.6 

  Minimum RH, % 47.7 44.7 

  Avg RH, % 67.0 66.2 

  Avg THI 59.5 76.1 

Farrowing room 

    Maximum AT, 
o
C 23.7 30.6 

  Minimum AT, 
o
C 21.0 22.1 

  Avg AT, 
o
C 22.4 26.4 

  Maximum RH, % 74.7 90.5 

  Minimum RH, % 49.1 56.9 

  Avg RH, % 61.9 73.7 

  Avg THI 69.3 76.4 

 
1
CON= moderate ambient temperature environment; HT= high ambient temperature 

environment  
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Table 2. Composition of gestation and lactation diets (as-fed basis) 

 

Item Gestation Lactation 

Ingredient, % 

    Corn, yellow 81.30 74.00 

  Soybean meal, 48% CP 13.85 17.60 

  Poultry fat   1.00   3.99 

  Biolys
®1

   0.00   0.25 

  L-Thr   0.00   0.01 

  Limestone   1.11   1.08 

  Dicalcium phosphate   2.05   2.38 

  Salt   0.50   0.50 

  Trace mineral permix
2
   0.15   0.15 

  Vitamin permix
3
   0.04   0.04 

  Total          100.00              100.00 

Calculated composition 

    DM, %            89.70                90.10 

  ME, Mcal/kg  3.30   3.50 

  CP, %  13.30                14.80 

  Lys, %  0.63   0.92 

  Met, %  0.49   0.51 

  Trp, %  0.14   0.16 

  Thr, %  0.49   0.55 

  Ca, %  1.03   1.12 

  Total P, %  0.69   0.76 
1
Biolys

®
 (Enovik Degussa, Kennesaw, GA) contains 50.7% of L-Lys.   

 

2
The trace mineral premix provided per kilogram of complete diet: 3.96 mg of Mn as 

manganous oxide; 16.5 mg of Fe as ferrous sulfate; 16.5 mg of Zn as zinc sulfate; 1.65 mg of 

Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 0.30 mg of Se as 

sodium selenite.  
3
The vitamin premix provided per kilogram of complete diet: 8,228 IU of vitamin A 

as vitamin A acetate; 1,173 IU of vitamin D3; 47 IU of vitamin E; 0.03 mg of vitamin B12; 

5.88 mg of riboflavin; 23.52 mg of D-pantothenic acid as calcium panthonate; 35.27 mg of 

niacin; 0.24 mg of biotin; 1.76 mg folic acid; 3.88 mg menadione. 
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Table 3. Reproductive performance of sows under a moderate or high ambient 

temperature environment 

 

1
CON= moderate ambient temperature environment (daily range of 12.4

o
C to 18.4

o
C 

in a gestation building and 21
o
C to 23.7

o
C in a farrowing room); HT= high ambient 

temperature environment (daily range of 23.3
o
C to 30.3

o
C in a gestation building and 22.1

o
C 

to 30.6
o
C in a farrowing room) 

Item CON
1
 HT

1
 SEM P-value 

n
2
 12 11 

  Parity   5.1   5.8 1.1 0.515 

Body weight of sows, kg 

         d 35 of gestation 243.2 245.7 14.4 0.864 

     d 109 of gestation 289.8 280.7 13.4 0.511 

     d 1 of lactation 275.6 274.8 13.4 0.953 

     d 18 of lactation 260.9 273.3 13.4 0.365 

Body weight changes, kg 

         Gestation (d 35 to 109)   46.7  35.0  6.5 0.114 

     Lactation (d 1 to 18)  -12.7   -4.5  5.1 0.130 

Backfat of sows,
3
 mm 

         d 1 of lactation 15.8 17.0  1.4 0.402 

     d 18 of lactation 14.4 16.6  1.4 0.141 

     Change from d 1 to 18
4
  -1.4  -0.4  1.0 0.333 

ADFI of sows, kg  4.6  4.3  0.5 0.478 

Litter size, pig 

         d 1, total born  13.6 12.5 1.2 0.345 

     d 1, born dead     1.2
A
     2.5

B
 0.7 0.094 

     d 1, born alive  11.9
a
    9.5

b
 1.1 0.045 

     d 18   10.4
a
    7.4

b
 0.7   < 0.001 

     Change from d 1 to 18
4
  -1.5 -2.2 0.7 0.358 

Litter weight, kg 

         d 1
5
   17.9

A
 15.0

B
 1.4 0.050 

    d 18 55.4
a
 42.1

b
 4.9 0.013 

    Gain from d 1 to 18
4
 37.5

a
 27.1

b
 3.8 0.013 

Piglet weight, kg 

         d 1
6
  1.52 1.66 0.14 0.331 

     d 18 5.42 5.78 0.36 0.351 

     ADG from d 1 to 18, g/d    199.5 204.4  18.3 0.794 
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Table 3 Continued 

 
2
Initial number of sows was 28. There were 2 sows in CON and 3 sows in HT did not 

maintain pregnancy and did not farrow which were excluded from the study.
 

3
Measured at the P2 position (locate at left side of the10th rib, and 6 cm away from 

the spine). 
4
Difference between d 1 and 18 of lactation 

5
Litter weight at birth includes piglets born alive only. 

6
Weight of piglets born alive 

a-b
Means within a row with different superscripts differ (P < 0.05). 

A-B
Means within a row with different superscripts show a tendency to differ (0.05 ≤ P 

< 0.10).   
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Table 4. Oxidative stress indicators of sows under a moderate or high ambient temperature 

environment 

 

Item CON
1
 HT

1
 SEM

2
 P-value

3
 

n
4
     12    11 

  Malondialdehyde, µM 

        d 60 of gestation      4.63 6.41 1.61 0.289 

    d 90 of gestation**      4.00 7.37 1.45 0.046 

    d 109 of gestation**     2.52 8.35 1.50 0.002 

    d 3 of gestation**   3.53 8.63 1.87 0.023 

    d 18 of lactation      6.28 5.83 1.11 0.697 

    SEM
5
 0.98 1.05 

      P-value
6
 0.285 0.096 

      P-value for treatments × day
7
 

   

0.022 

Protein carbonyl, nmol/mg 

        d 60 of gestation      1.50 1.00
a
 0.29 0.119 

    d 90 of gestation**      0.72 1.06
a
 0.14 0.042 

    d 109 of gestation**     1.03 2.29
c
 0.28 0.004 

    d 3 of lactation      1.29     1.40
ab

 0.23 0.621 

    d 18 of lactation**    0.76 1.76
b
 0.33 0.015 

    SEM
5
 0.22 0.13 

      P-value
6
 0.122   < 0.001 

      P-value for treatments × day
7
 

   

< 0.001 

8-hydroxy-deoxyguanosine, ng/mL  

       d 60 of gestation      1.00
b
 0.59

ab
 0.25 0.130 

    d 90 of gestation*      0.90
b
 0.61

ab
 0.16 0.082 

    d 109 of gestation      1.07
b
 0.95

b
 0.25 0.651 

    d 3 of lactation      1.04
b
 0.62

ab
 0.26 0.118 

    d 18 of lactation      0.48
a
 0.29

a
 0.19 0.214 

    SEM
5
      0.12     0.12 

      P-value
6
   < 0.001     0.006 

      P-value for treatments × day
7
 

   

0.380 
1
CON= moderate ambient temperature environment (daily range of 12.4

o
C to 18.4

o
C 

in a gestation building and 21
o
C to 23.7

o
C in a farrowing room); HT= high ambient  
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Table 4 Continued 

 

temperature environment (daily range of 23.3
o
C to 30.3

o
C in a gestation building and 22.1

o
C 

to 30.6
o
C in a farrowing room) 
2
SEM is for treatment CON and HT within a same row. 

3
P-value is for treatment CON and HT within a same row. 

4
Initial number of sows was 28. There were 2 sows in CON and 3 sows in HT did not 

maintain pregnancy and did not farrow which were excluded from the study.
 

5
SEM is for different days within a treatment with a same column. 

6
P-value is for among days within a treatment with a same column. 

7
P-value is for treatment by day interaction. 

*
Means within a row tend to differ (0.05 ≤ P < 0.10). 

**
Means within a row differ (P < 0.05). 

a-c
Means within a column with different superscripts differ (P < 0.05).  
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Table 5. Immunological parameters of sows under a moderate or high ambient temperature 

environment 

  

Item CON
1
 HT

1
 SEM P-value 

n
2
 12 11 

  Immunoglobulin M, mg/mL   

      Plasma 

        d 109 of gestation 3.60 2.42 0.68 0.101 

    d 3 of lactation 1.95 1.78 0.31 0.579 

    d 18 of lactation 2.53 2.33 0.55 0.722 

    Colostrum 2.53 3.15 0.56 0.274 

Immunoglobulin G, mg/mL 

        Plasma 

        d 109 of gestation 11.44 12.18 1.31 0.589 

    d 3 of lactation     7.77
A
     9.03

B
 0.65 0.067 

    d 18 of lactation 20.07 19.67 2.26 0.862 

    Colostrum  10.84
a
  17.61

b
 3.41 0.010 

1
CON= moderate ambient temperature environment (daily range of 12.4

o
C to 18.4

o
C 

in a gestation building and 21
o
C to 23.7

o
C in a farrowing room); HT= high ambient 

temperature environment (daily range of 23.3
o
C to 30.3

o
C in a gestation building and 22.1

o
C 

to 30.6
o
C in a farrowing room) 
2
Initial number of sows was 28. There were 2 sows in CON and 3 sows in HT did not 

maintain pregnancy and did not farrow which were excluded from the study.
 

a-b
Means within a row with different superscripts differ (P < 0.05). 

A-B
Means within a row with different superscripts show a tendency to differ (0.05 ≤ P 

< 0.10). 
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A 

 
B 

 

Figure 1. Average hourly temperature (A) and temperature-humidity index (THI) (B) in a 

day from June to August, 2009 for sows in a high ambient temperature environment 

20

22

24

26

28

30

32

34

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

T
em

p
er

a
tu

re
, 

o
C

Hours

Hourly temperature in gestation building

65

70

75

80

85

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

T
H

I

Hours

Hourly THI in gestation building



105   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Correlations of reproductive performance and oxidative stress indicators for sows 

in a high ambient temperature environment. Litter weight at d 18 of lactation and 

malondialdehyde (MDA) concentration on d 60 of gestation (A), litter weight gain during 

lactation and MDA concentration on d 60 of gestation (B), average daily gain of individual 

nursing piglets and protein carbonyl concentration on d 18 of lactation (C), and born alive per 

litter and 8-hydroxy-deoxyguanosine (8-OHdG) concentration on d 3 of lactation (D). 
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CHAPTER 4 

Oxidative Stress Status, Reproductive Performance, and Behavior of Sows 

Housed Individually or in Groups during Gestation 
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ABSTRACT 

Two types of gestational housing systems were used to evaluate their effects on reproductive 

performance, oxidative stress status, and behaviors of sows during gestation and lactation. 

Eighty nine multiparous sows were randomly assigned into groups of 3 per pen (PEN; n= 23 

pens) or to individual gestational crates (CON; n= 20 crates) on d 35 of gestation. Behaviors 

(standing, lying, eating) of sows were recorded from video observation for the first 4-d 

period after sows were assigned on d 35 of gestation. On d 109 of gestation, sows were 

moved to individual farrowing crates. Sows were weighted on d 35 and 109 of gestation, and 

d 1 and 18 of lactation. Litter size and piglet weight were recorded on d 1 and 18 of lactation. 

Sows were bled on d 35, 60, 90, and 109 of gestation, and d 3 and 18 of lactation. Plasma 

malonedialdehyde (MDA), protein carbonyl, 8-hydroxy-deoxyguanosine (8-OHdG), IgG, 

and IgM were analyzed by ELISA. Sows in PEN tended to gain less BW (P = 0.093) than 

sows in CON during gestation. Sows in PEN tended to have decreased (P = 0.068) number of 

total born piglets than sows in CON. Sows in PEN tended to have less (P = 0.089) litter 

weight than sows in CON on d 1 of lactation. Concentrations of MDA, protein carbonyl, 8-

OHdG, and immune measures were not different between CON and PEN. For sows in CON, 

plasma concentration of protein carbonyl on d 109 of gestation was greater (P < 0.001) than 

d 90 of gestation and d 18 of lactation. Plasma concentrations of 8-OHdG on d 18 of lactation 

were smaller (P < 0.001) than concentrations on all other days in CON. For sows in PEN, 

plasma concentration of protein carbonyl on d 109 of gestation was greater (P = 0.019) than 

d 60 of gestation. Plasma concentration of 8-OHdG on d 109 of gestation was increased (P < 

0.001) compared with d 60 and 90 of gestation, and d 18 of lactation. The duration of eating 
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time in PEN tended to be less (P = 0.060) than sows in CON. In conclusion, reproductive 

performance of sows housed in gestational pens tended to be inferior to sows housed in 

gestational crates as indicated by total born per litter and litter birth weight. However, 

oxidative stress status and maintenance behavior were not affected by gestational housing 

indicating that the effects of gestational housing on reproductive performance of sows may 

not be related to oxidative stress status. Oxidative damages to protein and DNA were further 

increased during late gestation and lactation regardless of gestational housing.  

Key word: behavior, housing system, oxidative stress, production, sow 
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INTRODUCTION 

Gestational crates have widely been used to manage gestating sows. It is estimated 

that 60 to 70% of sows is the U.S. are housed in crates during gestation (Barnett et al., 2001). 

However, the use of gestational crate became a public concern for animal welfare. Sows in 

gestational crates are believed to have restricted behavioral patterns as they cannot freely turn 

around due to limited space (Pajor, 2002). The European Union adopted a ban on the use of 

gestational crates from the 4
th

 wk of pregnancy which will be effective beginning in 2013 

(Croney and Millman, 2007). This change also caused increased public concerns for animal 

welfare in other countries including the U.S., and swine producers in the U.S. have started 

implementing group housing of gestating sows.  

Group housing of gestating sows under a restrict-feeding program can cause 

increased aggressive interactions among sows which can affect their reproductive 

productivity (Anil et al., 2005). Studies showed that sows fed together in gestational pens had 

decreased litter size and litter weight compared with sows fed individually in gestational 

crates (Den Hartog et al., 1993). Other studies, however, found no difference in conception 

rate and litter size between gestational housing systems (England and Spurr, 1969; Johnson et 

al., 2001; Boyle et al., 2002; Bates et al., 2003; Chapinal et al., 2010). Interestingly, Bates et 

al. (2003) reported increased litter birth weight, litter wean weight, and farrowing rate from 

sows housed in gestational pens compared with sows housed in gestational crates. 

Inconsistency in research findings could be due to differences in the space allowance, 

number of sows, and feeding strategy in gestational pens.  
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There is limited information about oxidative stress status in sows during gestation and 

lactation (Berchieri-Ronchi et al., 2010). Increased catabolic status during late gestation and 

lactation (Ji et al., 2005; Kim et al., 2009) is related to increased oxidative stress (Bernardi et 

al., 2008; Berchieri-Ronchi et al., 2010). Group housing of sows under controlled feed 

allowance could potentially increase aggressive behavior among sows, health risks of low 

dominance sows, occurrence of stereotypic behaviors, and possible reduction in reproductive 

performance (Anil et al., 2005). It has been shown that social and behavioral stresses are 

associated with physical markers for oxidative stress (Eskiocak et al., 2005). Therefore, it is 

hypothesized that increased social stress among sows may affect reproductive performance 

and oxidative stress status of sows. The objective of this study was to investigate the effect of 

gestational housing systems on reproductive performance, oxidative stress status, and 

behavior of sows.                 

MATERIALS AND METHODS 

Procedures used in this study were reviewed and approved by the North Carolina 

State University Animal Care and Use Committee.  

Animals and Experimental Design  

Eighty nine multiparous sows (initial BW: 243.1 ± 5.4 kg; and average parity: 5.4 ± 

0.4) from the North Carolina State University Swine Educational Unit (Raleigh, NC) were 

used in the randomized block design. Experiment was blocked by 2 sow groups. On d 35 of 

gestation, sows were checked for pregnancy and randomly assigned to 2 housing systems 

from each block: gestational crate (2.0 × 0.6 m; CON; n= 20 crates) or gestational pen (3.0 × 

2.5 m; PEN; n= 23 pens). Both gestational crates and pens were located in the same gestation 
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building. Each pen had a common resting area (3.0 × 1.4 m) and 3 individual feeding areas 

with partial dividers named feeding stalls (0.6 × 1.1 m). Each pen had 3 sows (2.5 m
2
/sow). 

Both gestational crates and pens had slatted floors.  Sows were fed 2.2 kg daily during 

gestation period. Gestation diet contained 13.3% CP and 3.33 Mcal ME/kg. Sows had free 

access to water. On d 109 of gestation, sows were moved to individual farrowing crates (2.1 

× 1.5 m) in an adjacent farrowing building. During lactation, sows were fed ad libitum by 

electronic feeders (JYGA Technologies, Saint-Nicolas, Canada). Lactation diet contained 

14.8% CP and 3.46 Mcal ME/kg. Average daily feed intake was recorded. Body weight of 

sows was measured on d 35 and 109 of gestation, and d 1 and 18 of lactation. Backfat 

thickness of sows was measured on d 1 and 18 of lactation using an ultrasound scanner 

(VSS700, Veterinary Sales & Service Inc., Stuart, FL). After farrowing, piglet weight and 

litter size on d 1 (born alive, dead, and mummified) and 18 of lactation were measured. 

Sampling of Blood and Colostrum  

Blood samples were collected from each sow through a jugular vein on d 35, 60, 90, 

and 109 of gestation, and d 1 and 18 of lactation. Blood was drawn into 9 mL tubes 

(MONOVETTE, Sarstedt, Newton, NC) containing EDTA. Plasma samples were collected 

by centrifugation (5810 R, Eppendorf AG, Hamburg, Germany) at 3,000 g, 15 min, 4°C, and 

allocated into 1.5 mL microcentrifuge tubes. Plasma samples were stored in liquid nitrogen 

for 1 h, and then stored at -80°C until analysis.   

        Colostrum samples were collected from all sows within 10 h of farrowing. Sows were 

injected with 1 mL oxytocin intramuscularly before sampling colostrum. About 30 mL of 
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colostrum was sampled from the first 3 pairs of mammary glands of each sow and stored at -

80°C. 

Analysis of Oxidative Stress Parameters 

Plasma samples were used to measure concentrations of malondialdehyde (MDA), 

protein carbonyl, and 8-hydroxy-deoxyguanosine (8-OHdG). Thiobarbituric acid analysis 

(TBARS) was used to determine the concentrations of MDA (Cell Biolabs, San Diego, CA). 

Plasma samples and MDA standards were first incubated and reacted with thiobarbituric acid 

at 95°C, after incubation and butanol extraction, samples and standard were read at 532 nm 

with an spectrophotometric plate reader (BioTek, Winooski, VT) and the KC4 data analysis 

software (BioTek, Winooski, VT). The concentration of MDA in plasma was determined by 

comparing with the predetermined MDA standard curve. The detection limit of MDA 

analysis was 0.98 µM.  

Protein concentration in plasma samples were measured using a bicinchoninic acid 

protein assay (Thermo Fisher Scientific Inc, Rockford, IL). All plasma samples were then 

diluted with 1 × PBS to reach protein concentration at10 µg/mL before protein carbonyl 

assay. Concentrations of protein carbonyl were measured using ELISA method (Cell Biolabs, 

San Diego, CA). The protein carbonyl present in the sample or standard were derivatized to 

dinitrophenyl (DNP) hydrazine and probed with an anti-DNP antibody, then incubated with a 

secondary antibody. Samples and standards were read at 450 nm, and the protein carbonyl 

concentrations were determined by comparison with the protein carbonyl standard curve. The 

detection limit for protein carbonyl was 0.375 nmol/mg.  
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 A competitive ELISA that utilizes an anti-8-OHdG monoclonal antibody to 

recognize 8-OHdG (Cell Biolabs, San Diego, CA) was used to determine the concentrations 

of 8-OHdG in plasma. The absorbance was read at 450 nm, and concentrations of 8-OHdG 

were calculated against their known standard curve. The detection limit for 8-OHdG was 

0.078 ng/mL. 

Immunoglobulin Evaluation   

Concentrations of IgG and IgM in sows‟ colostrums and plasma from d 109 of 

gestation and d 3 and 18 of lactation were measured by ELISA assay (Bethyl, Montgomery, 

TX) using goat anti-pig IgG or goat anti-pig IgM as capture antibodies to coat wells. Plasma 

samples and colostrums were diluted to 1:100,000 for IgG and IgM measurement. The plate 

was read at 450 nm. Sample concentrations were quantified against the known standard 

curve. Detection limits were 7.8 ng/mL for IgG, and 15.6 ng/mL for IgM.  

Behavioral Observations 

Cameras connected to a digital video recorder (QSDF8204, Q-See Products, 

Anaheim, CA) were used to record sows‟ behaviors from d 35 to 39 of gestation. Cameras 

were placed above gestational crates or pens. For observation purposes, each sow had a 

number on the back and flanks. The recording rate was 3 frames per second, and all videos 

were downloaded and saved in a computer for subsequent behavioral analysis. Types of 

behavior were pre-defined before the observation (Table 2). Maintenance behaviors included 

standing, lateral lying, ventral lying and eating. For each day, recorded behaviors were 

analyzed during 0600 to 0700 h, 0700 to 0800 h, 1000 to 1100 h, 1200 to 1300 h, 1400 to 

1500 h, and 1600 to 1700 h. The time durations of standing, lateral lying, ventral lying, and 
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eating behaviors of sows in pens or crates during 4-d recording were analyzed. The 

percentage of time that a sow spent for each posture was used to express the relative time 

duration of each behavior. 

Statistical Analysis 

Data were analyzed using the MIXED procedure of SAS (SAS Inst., Inc., Cary, NC). 

All data are presented as least squares means ± SEM. A gestational pen or a gestational crate 

was the experimental unit. For the reproductive performance of sow, treatment was a fixed 

effect. Block and treatment by block interaction were random effects. For the oxidative stress 

markers, treatment, day, and treatment by day interaction were fixed effects. Block and 

treatment by block interaction were random effects. Oxidative stress data on d 35 of gestation 

were used as a covariate. Plasma concentrations of MDA, protein carbonyl, and 8-OHdG 

were compared between treatments and among different days during mid, late gestation, and 

lactation, respectively. Mean differences were determined as statistically significant when 

probability values were less than 0.05, and a trend when 0.05 ≤ P < 0.10. 

RESULTS 

Reproductive Performance of Sow 

Initial body weight and backfat thickness of sows at d 35 of gestation did not differ 

between CON and PEN. Average parity of sows did not differ between CON and PEN. 

During the study, seven sows were removed from the pen. Body weight gain of sows in PEN 

tended to be smaller (P = 0.093) than sows in CON during gestation (Table 3). Treatment did 

not influence the number of piglets born alive per litter, number of piglets born dead and 

mummies per litter. However, sows in PEN tended to have decreased (P = 0.068) number of 
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total born than sows in CON. Litter birth weight from sows in PEN tended to be smaller (P = 

0.089) compared with that from sows in CON. Litter weight gain, ADG of piglets, and piglet 

weight at birth and at d 18 did not differ between CON and PEN (Table 3). There were no 

differences in feed intake, backfat loss, and body weight loss of sows during lactation 

between CON and PEN (Table 3). 

Oxidative Stress Markers 

 Plasma concentrations of MDA, protein carbonyl, and 8-OHdG did not differ 

between sows in CON and PEN on different days of gestation and lactation. For sows in 

CON, there were no differences in plasma concentration of MDA among days of gestation 

and lactation (Table 4). Plasma concentration of protein carbonyl on d 109 of gestation was 

greater (P < 0.001) than d 90 of gestation and d 18 of lactation. Plasma concentration of 8-

OHdG on d 18 of lactation was smaller (P < 0.001) than concentrations on all other days 

(Table 4). For sows in PEN, plasma concentration of MDA did not differ among days of 

gestation and lactation (Table 4). Plasma concentration of protein carbonyl on d 109 of 

gestation was greater (P = 0.019) than d 60 of gestation (Table 4). Plasma concentration of 8-

OHdG on d 109 of gestation was greater (P < 0.001) than d 60 and 90 of gestation, and d 18 

of lactation. Plasma concentration of 8-OHdG on d 3 of lactation was greater (P < 0.001) 

than d 18 of lactation (Table 4). There were no interaction between the treatments and the 

day on plasma concentrations of MDA, protein carbonyl, and 8-OHdG.  

Behavioral Analysis 

Sows spent the most time in lateral lying (43.5%) followed by standing (38.5%) and 

ventral lying (12.6%) whereas the shortest time in eating regardless (5.4%) of housing 
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systems (Table 5). The eating time for sows in PEN tended to be shorter (P = 0.060) than 

sows in CON. There were no differences in time duration for standing, lateral lying, and 

ventral lying between sows in CON and PEN (Table 5).  

Immunoglobulin Evaluation   

Concentrations of IgG and IgM in colostrums and plasma from d 109 of gestation and 

d 3 and 18 of lactation were shown in Table 6. There were no differences in plasma 

concentrations of IgG and IgM between sows in CON and PEN when measured on d 109 of 

gestation, d 3 and 18 of lactation (Table 6). Colostrum concentrations of IgG and IgM did not 

differ between sows in CON and PEN (Table 6).  

DISCUSSION  

The European Union adopted a ban on the gestational crates beginning in 2013 that 

all sows and gilts must be housed in groups from 4 wk post breeding until 1 wk before the 

expected time of farrowing (Croney and Millman, 2007). Increased public concerns for 

animal welfare in other countries including the U.S. have led producers to begin 

implementation of group housing of gestating sows after breeding. From a practical 

perspective, group housing that holds greater than 10 to 12 sows can generally be considered 

as a large pen (Pajor, 2005; Zurbrigg and Kains, 2007). Electronic sow feeding systems have 

successfully been used for sows in large pens. Gestational pens with free-access feeding 

stalls are designed based on small groups of sows (Boyle and Moorepark, 2005). Gestational 

pens with free-access feeding stalls have also well been used as it is relatively feasible 

transforming individual gestational crates into gestational pens in current commercial farms. 

One of the advantages of using small pens with free-access feeding stalls is that small groups 
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tend to be static, whereby the level of aggression is low once the dominance hierarchy is 

established because gestational pen with feeding stalls prevents competition arising over 

access to feed (Pedersen et al., 1993; Boyle and Moorepark, 2005). Boe (1996) found that 

sows tended to finish meals simultaneously which decreased aggressive behavior among 

sows in gestational pens with free-access feeding stalls.  In contrast, the level of aggression 

in large gestational pens is often higher than in small gestational pen in a longer term (Durrell 

et al., 2002). This is because a large group of sows in a gestational pen tends to be dynamic, 

whereby the group is continually destabilized by weekly removal and addition of new sows 

(Boyle and Moorepark, 2005). In this study, gestational pens with a size of 3.0 × 2.5 m were 

used. Three sows were housed in each gestational pen allowing 2.5 m
2
 per sow which is 

above the space guidance suggested by the EU (Mul et al., 2010). 

The duration of maintenance behavior were compared between treatments in this 

study. No differences were observed in time duration for standing, lateral lying, and ventral 

lying between sows in CON and PEN. Our results are consistent with a study from Hulbert 

and McGlone (2006) that there were no differences in time duration spent on standing and 

lying between gestational crates and gestational pens with 5 sows per pen. In contrast to our 

findings, a study from Morris et al. (1993) found that gilts spent less time lying in gestational 

pens than gilts in gestational crates (21 vs. 31%). The different results between our study and 

Morris et al. (1993) may be due to a difference in space allowance and number of sows per 

pen. Morris et al. (1993) had gestation pens with 6 gilts (2 m
2
/gilt) whereas our study had 3 

sows per pen with a larger space allowance (2.5 m
2
/sow) which provide less competition for 

space among sows. In addition, our study showed that the duration of eating time in PEN 
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tended to be shorter than sows in CON. Hulbert and McGlone (2006) found that no 

difference was found in eating behavior of sows between gestational crates and gestational 

pens (5 sows/pen). Hulbert and McGlone (2006) measured behaviors of sows only for 24 h 

between d 50 and 75 of gestation, whereas our study recorded sows‟ behaviors for 4 d from d 

35 to 39 of gestation right after sows were allotted to gestational crates or gestational pens. In 

our study, sows in PEN tended to spend less time on eating or ate faster than sows in CON 

probably due to increased time needed for behavioral adjustment. 

In our study, sows had less body weight gain in gestational pen than sows in 

gestational crates. It was reported that gilts housed in groups with electronic feeding systems 

had increased individual variation in weight gain during gestation compared with sows in 

gestational crates (Rhodes et al., 2005). These results indicate that gestational pens may have 

effects on sows‟ body gain during gestational period.  

In agreement with Den Hartog et al. (1993), this study indicated that the number of 

total born piglets from sows in gestational pens tended to be smaller than those in gestational 

crates. Gestational pens used by Den Hartog et al. (1993) were larger (70 sows/pen) than 

those used in this study. However, Hulbert and McGlone (2006) showed that sows in small 

gestational pens (5 or less sows/pen) had a similar litter size to sows in gestational crates. In 

addition, other studies reported no differences in total number of piglets born and born alive 

per litter for sows housed in gestational crates and pens (England and Spurr, 1969; Johnson et 

al., 2001; Boyle et al., 2002; Bates et al., 2003; Chapinal et al., 2010).   

Our study showed that sows in gestational pens tended to have a smaller litter birth 

weight compared with sows in gestational crates in accordance with a study by Den Hartog et 
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al. (1993). However, Bates et al. (2003) found that sows housed in gestational pens with 

electronic feeding system had a higher litter birth weight than those housed in gestational 

crates. The inconsistency among studies is probably due to different feeding systems and the 

number of sows housed in pens. Studies reported that litter wean weight was lower for sows 

housed in gestational pens compared with sows housed in gestational crates (Boe, 1993; 

Blackshaw et al., 1994; Pederson et al., 1998; Bates et al., 2003). However, our study 

observed no difference in litter weight on d 18 of lactation between gestational crates and 

pens. This study showed that gestational pens had either similar or decreased reproductive 

performance compared with sows housed in gestational crates as previously shown by 

McGlone et al. (2004).   

Only few studies have investigated oxidative stress status of sows during gestation 

and lactation (Berchieri-Ronchi et al., 2011), and the effect of gestational housings on 

oxidative stress status of sows has not yet been studied. Malonedialdehyde originates from 

the oxidative degradation of polyunsaturated fatty acids with more than two unconjugated 

double bonds (Simm et al., 2008). Although it is somewhat unspecific biomarker, one of the 

most frequently used indicators of lipid peroxidation, malondialdehyde, was determined in 

the current study. In addition, the most common product of protein oxidation (Simm et al., 

2008), protein carbonyl derivative was used as an indicator for protein oxidation in this 

study. Furthermore, the major marker for an oxidative damage of nucleic acids, 8-hydroxy-

deoxyguanosine (Bowen, 2010), which can be formed when free radicals act on 

deoxyguanoxine in DNA making hydroxyguanosine radical (Ravanat et al., 2000), was also 

chosen to determine the oxidative status in the current study. The current study showed no 
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significant differences in MDA, protein carbonyl and 8-OHdG between CON and PEN. 

Similar results are shown by Costantini et al. (2008) as there were no differences in oxidative 

stress markers between a restraint crate and a non-restraint environment in homing pigeons. 

On the other hand, Lee et al. (2009) found that mouse exposed to a restraint environment had 

increased levels of lipid peroxidation. These varying results may relate to different species 

and housing environments.  

In our previous study (Berchieri-Ronchi et al. 2011), oxidative DNA damage and the 

antioxidant status in gestational multiparous sows were determined and compared between 

early gestation (d 30) and other periods in gestation and lactation. The oxidative DNA 

damage was increased during mid- to late gestation which was maintained during lactation 

compared with early gestation (Berchieri-Ronchi et al. 2011). In this study, data from d 35 of 

gestation were used as covariates. Thus, plasma concentrations of MDA, protein carbonyl, 

and 8-OHdG were compared among mid gestation (d 60), late gestation (d 90 and 109), early 

lactation (d 3), and late lactation (d 18) for each treatment. Plasma concentration of MDA did 

not change during mid to late gestation, and lactation in both CON and PEN. However, 

plasma concentration of protein carbonyl was increased in late gestation compared with that 

in the mid gestation for both treatments. This indicates that sows had a further increase in 

oxidative protein damage during late gestation. Our study also found that oxidative DNA 

damage was further increased in late gestation for sows in PEN. Furthermore, this study 

showed that plasma concentrations of 8-OHdG were greater in late gestation and early 

lactation compared with concentrations in late lactation in both treatments, indicating that 

sows in CON and PEN had further increase in oxidative damage to DNA during late 
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gestation and early lactation. These results are consistent with Castillo et al. (2006) which 

showed that concentrations of oxidative stress markers in plasma were elevated during early 

lactation in dairy cows compared with late lactation cows. Berchieri-Ronchi et al. (2011) 

showed that antioxidants in circulation substantially reduced in sows at late gestation. 

Together, decreased antioxidants availability with increased plasma concentrations of protein 

carbonyl and 8-OHdG in late gestation and early lactation indicate that sows receive 

increased oxidative damages to protein and DNA during late gestation and early lactation 

regardless of gestational housing systems.  

The duration of maintenance behavior were compared between treatments in this 

study. No differences were observed in time duration for standing, lateral lying, and ventral 

lying between sows in CON and PEN. Our results are consistent with a study from Hulbert 

and McGlone (2006) that there were no differences in time duration spent on standing and 

lying between gestational crates and gestational pens with 5 sows per pen. In contrast to our 

findings, a study from Morris et al. (1993) found that gilts spent less time lying in gestational 

pens than gilts in gestational crates (21 vs. 31%). The different results between our study and 

Morris et al. (1993) may be due to a difference in space allowance and number of sows per 

pen. Morris et al. (1993) had gestation pens with 6 gilts (2 m
2
/gilt) whereas our study had 3 

sows per pen with a larger space allowance (2.5 m
2
/sow) which provide less competition for 

space among sows. In addition, our study showed that the duration of eating time in PEN 

tended to be shorter than sows in CON. Hulbert and McGlone (2006) found that no 

difference was found in eating behavior of sows between gestational crates and gestational 

pens (5 sows/pen). Hulbert and McGlone (2006) measured behaviors of sows only for 24 h 
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between d 50 and 75 of gestation, whereas our study recorded sows‟ behaviors for 4 d from d 

35 to 39 of gestation right after sows were allotted to gestational crates or gestational pens. In 

our study, sows in PEN tended to spend less time on eating or ate faster than sows in CON 

probably due to increased time needed for behavioral adjustment. 

Plasma concentrations of IgG and IgM were measured as an indicator of systemic 

immune status. Immune status of sows did not differ between gestational crates and 

gestational pens (Borell et al., 1992; Broom et al., 1995; McGlone et al., 2004). Antibody 

production was not different between sows kept in gestational crates and gestational pens 

(von Borell et al., 1992). This is in agreement with our finding that no significant differences 

were found between gestational crates and gestational pens for plasma and colostrum 

concentrations of IgG and IgM.  

Collectively, this study shows that reproductive performance of sows housed in small 

gestational pens (3 sows/pen) tended to be inferior to sows housed in individual gestational 

crates as indicated by reduced total born per litter and litter weight at born. However, 

oxidative stress status, maintenance behavior, and systemic immune status were not affected 

by gestational housing systems. Therefore, effects of gestational housing on reproductive 

performance of sows may not be related to oxidative stress status and maintenance behavior 

of sows. Regardless of housing treatments, oxidative stress of sows further increased until 

late gestation and maintained during early lactation.  

  



125   

 

Literature Cited 

Anil, L., S. S. Anil, J. Deen, S. K. Baidoo, and J. E. Wheaton. 2005. Evaluation of well-

being, productivity, and longevity of pregnant sows housed in groups in pens with an 

electronic sow feeder or separately in gestation stalls. Am. J. Vet. Res. 66:1630-1638. 

Barnett, J. L., P. H. Hemsworth, G. M. Cronin, E. C. Jongman, and G. D. Hutson. 2001.  A 

review of the welfare issues for sows and piglets in relation to housing. Aust. J. 

Agric. Res. 52:1–28. 

Bates, R. O., D. B. Edwards, and R. L. Korthals. 2003. Sow performance when housed either 

in groups with electronic sow feeder or stalls. Livest. Prod. Sci. 79:29–35. 

Berchieri-Ronchi, C. B., S. W. Kim, Y. Zhao, C. R. Correa, K.-J. Yeum, and A. L. A. 

Ferreira. 2011. Oxidative stress status of high prolific sows during pregnancy and 

lactation. Animal 4:(doi:10.1017/S1751731111000772). 

Bernardi, F., L. Constantino, R. Machado, F. Petronilho, and F. Dal-Pizzol. 2008. Plasma 

nitric oxide, endothelin-1, arginase and superoxide dismutase in pre-eclamptic 

women. J. Obstet. Gynaecol. Res. 34:957–963. 

Blackshaw, J. K., A.W. Blackshaw, F. J. Thomas, and F. W. Newman. 1994. Comparison of 

behaviour patterns of sows and litters in a farrowing crate and a farrowing pen. Appl. 

Anim. Behav. Sci. 39:281–295. 

Boe, K. 1993. Maternal behaviour of lactating sows in a loose-housing system. Appl. Anim. 

Behav. Sci. 35:327–338. 

Boe, K. 1996. Individual variation in eating speed of dry sows. Page 78 in Proc. 30th Int. 

Congr. Int. Soci. Appl. Etho. Guelph, Canada. 

mailto:john.barnett@nre.vic.gov.au


126   

 

Borell, V., J. R. Morris, J. F. Hurnik, B. A. Mallard, and M. M. Buhr. 1992. The performance 

of gilts in a new group housing system: Endocrinological and immunological 

functions. J. Anim. Sci. 70:2714–2721.  

Bowen, P. E. 2010. Hydroxylated nucleotides: Measurement and utility as biomarkers for 

DNA damage, oxidative stress and antioxidant efficacy. Page 283 in Principles and 

Practical Applications. G. Aldini, K.-J. Yeum, E. Niki, R. M. Russell, ed. Wiley and 

Blackwell Inc, USA.  

Boyle, L. A., F. C. Leonard, P. B. Lynch, and P. Brophy. 2002. Effect of gestation housing 

on behavior and skin lesions of sows in farrowing crates. Appl. Anim. Behav. Sci. 

76:119–134.  

Boyle, L., and Moorepark. 2005. Reducing aggression in group housed Sows. Pages 62–71in 

Pig Farmers‟ Conf. Proc. Oak Park, Ireland. 

Broom, D. M., M. T. Mendl, and A. J. Zanella.1995. A comparison of the welfare of sows in 

different housing conditions. J. Anim. Sci. 61:369–385.  

Castillo, C., J. Hernandez, I. Valverde, V. Pereira, J. Sotillo, M. L. Alonso, and J. L. 

Benedito. 2006. Plasma malonaldehyde (MDA) and total antioxidant status (TAS) 

during lactation in dairy cows. Res. Vet. Sci. 80:133–139. 

Chapinal, N., J. L. Ruiz de la Torre, A. Cerisuelo, J. Gasa, Baucells, J. Coma, A. Vidal, and 

X. Manteca. 2010. Evaluation of welfare and productivity in pregnant sows kept in 

stalls or in 2 different group housing systems. J. Vet. Behav. 5:82–93. 

Croney, C. C., and S. T. Millman. 2007. Board-Invited Review: The ethical and behavioral 

bases for farm animal welfare legislation. J. Anim. Sci. 85:556–565. 



127   

 

Costantini, D., and H.-P. Lipp. 2010. Short restraint time does not influence markers of 

serum oxidative stress in homing pigeons (Columba livia). J. Anim. Physiol. Anim. 

Nutr. 94:24–28. 

Durrell, J. L., I. A. Sneddon, V. E. Beattie, and D. J. Kilpatrick. 2002. Sow behavior and 

welfare in voluntary cubicle pens (small static groups) and split-yard systems (large 

dynamic groups). Anim. Sci. 75:67–74. 

Den Hartog, L. A., G. B. C. Backus, and H. M. Vermeer. 1993. Evaluation of Housing 

Systems for Sows. J. Anim. Sci. 71:1339–1344. 

England, D. C., and D. T. Spurr. 1969. Litter size of sows confined during gestation. J. Anim. 

Sci. 28:220–223. 

Eskiocak, S., A. S. Gozen, A. S. Kilic, and S. Molla. 2005. Association between mental 

stress and some antioxidant enzymes of seminal plasma. Indian J. Med. Res. 

122:491–496. 

Hulbert, L. E., and J. J. McGlone. 2006. Evaluation of drop versus trickle-feeding systems 

for crated or group-penned gestating sows. J. Anim. Sci. 84:1004–1014. 

Jensen, P. 1982. An analysis of agonistic interaction patterns in group-housed dry sows− 

Aggression regulation through an “avoidance order”. Appl. Anim. Etho. 9:47–61. 

Ji, F., G. Wu, J. R. Blanton, and S. W. Kim. 2005. Weight and compositional changes in 

pregnant gilts and its implication to nutrition. J. Anim. Sci. 83:366–375. 

Johnson, A. K., J. L. Morrow-Tesch, and J. J. McGlone. 2001. Behavior and performance of 

lactating sows and piglets reared indoors or outdoors. J. Anim. Sci. 79:2571–2579. 

http://www.sciencedirect.com/science/journal/03043762


128   

 

Kim, S. W., and G. Wu. 2009. Regulatory role for amino acids in mammary gland growth 

and milk synthesis. Amino Acids 37:89–95. 

Lee, K.-W., J.-B. Kim, J.-S. Seo, T.-K. Kim, J.-Y. Im, I.-S. Baek, K.-S. Kim, J.-K. Lee, and 

P.-L. Han. 2009. Behavioral stress accelerates plaque pathogenesis in the brain of 

Tg2576 mice via generation of metabolic oxidative stress. J. Neurochem.108:165–

175. 

McGlone, J. J., and F. Blecha. 1987. An examination of behavioral, immunological and 

productive traits in four management systems for sows and piglets. Appl. Anim. 

Behav. Sci. 18:269–286. 

McGlone, J. J., E. W. Fugate, J. R. Clark, and R. J. Hurst. 1989. Reproductive performance 

of sows over four parities in four housing systems. Page 67 in Texas Report. 

Lubbock, TX. 

McGlone, J. J., E. H. Von Borell, J. Deen, A. K. Johnson, D. G. Levis, M. Meunier-Salaün, J. 

Morrow, D. Reeves, J. L. Salak-Johnson, and P. L. Sundberg. 2004. Review: 

Compilation of the scientific literature comparing housing systems for gestating sows 

and gilts using measures of physiology, behavior, performance, and health. Prof. 

Anim. Sci. 20:105–117. 

Morris, J. R., J. F. Hurnik, R. M. Friendship, M. M. Buhr, and O. B. Allen. 1993. The 

behavior of gestating swine housed in the Hurnik-Morris System. J. Anim. Sci. 

71:3280–3284. 

http://pas.fass.org/search?author1=J.+J.+McGlone&sortspec=date&submit=Submit
http://pas.fass.org/search?author1=J.+J.+McGlone&sortspec=date&submit=Submit
http://pas.fass.org/search?author1=J.+Deen&sortspec=date&submit=Submit
http://pas.fass.org/search?author1=A.+K.+Johnson&sortspec=date&submit=Submit
http://pas.fass.org/search?author1=D.+G.+Levis&sortspec=date&submit=Submit
http://pas.fass.org/search?author1=M.+Meunier-Sala%C3%BCn&sortspec=date&submit=Submit
http://pas.fass.org/search?author1=J.+Morrow&sortspec=date&submit=Submit
http://pas.fass.org/search?author1=J.+Morrow&sortspec=date&submit=Submit
http://pas.fass.org/search?author1=D.+Reeves&sortspec=date&submit=Submit
http://pas.fass.org/search?author1=J.+L.+Salak-Johnson&sortspec=date&submit=Submit
http://pas.fass.org/search?author1=P.+L.+Sundberg&sortspec=date&submit=Submit


129   

 

Mul, M., I. Vermeij, V. Hindle, and H. Spoolder. 2010. EU-Welfare legislation on pigs. 

Wageningen UR Livestock Research Report 273part. Stichting Dienst 

Landbouwkundig Onderzoek (DLO Foundation). Lelystad, Netherlands. 

Olsson, A. C., and J. Svendsen. 1997. The importance of familiarity when grouping gilts, and 

the effect of frequent grouping during gestation. Swedish J. Agric. Res. 27:33–43. 

Pajor, E. A. 2002. Group housing of sows in small pens: Advantages, disadvantages and 

recent research. Page 37–44 in Proc. Symp. Swine housing and well-being. Des 

Moines, IA. 

Pedersen, L. J., T. Rojkittikhun, S. Einarsson, and L. E. Edqvist. 1993. Postweaning grouped 

sows: effects of aggression on hormonal patterns and oestrous behaviour. Appl. 

Anim. Behav. Sci. 38:25–39. 

Pederson, L. J., M. Studnitz, K. H. Jensen, and A. M. Giersing. 1998. Suckling behaviour of 

piglets in relation to accessibility to the sow and the presence of foreign litters. Appl. 

Anim. Behav. Sci. 58:267–279. 

Pedersen, L. J., and T. Jensen. 2008. Effects of late introduction of sows to two farrowing 

environments on the progress of farrowing and maternal behavior. J. Anim. Sci. 

86:2730–2737. 

Ravanat, J. L., P. D. Mascio, G. R. Martinez, M. H. Medeiros, and J. Cadet. 2000. Singlet 

oxygen induces oxidation of cellular DNA. J. Biol. Chem. 275:40601–40604. 

Rhodes, R. T., M. C. Appleby, K. C. L. Douglas, L. D. Firkins, K. A. Houpt, C. Irwin, J. J. 

McGlone, P. Sundberg, L. Tokach, and R. W. Wills. 2005. A comprehensive review 

of housing for pregnant sows. J. Am. Vet. Med. Assoc. 227:1580–1590.  

http://maps.google.com/maps?hl=en&sugexp=gsis&pq=des+moines+iowa&xhr=t&q=des+moines+ia&cp=13&client=firefox-a&rls=org.mozilla:en-US:official&bav=on.2,or.&bs=1&um=1&ie=UTF-8&hq=&hnear=Des+Moines,+IA&gl=us&ei=Xa9uTYnCKYXAtgeJhKT6Dg&sa=X&oi=geocode_result&ct=title&resnum=1&sqi=2&ved=0CB0Q8gEwAA
http://maps.google.com/maps?hl=en&sugexp=gsis&pq=des+moines+iowa&xhr=t&q=des+moines+ia&cp=13&client=firefox-a&rls=org.mozilla:en-US:official&bav=on.2,or.&bs=1&um=1&ie=UTF-8&hq=&hnear=Des+Moines,+IA&gl=us&ei=Xa9uTYnCKYXAtgeJhKT6Dg&sa=X&oi=geocode_result&ct=title&resnum=1&sqi=2&ved=0CB0Q8gEwAA
http://avmajournals.avma.org/loi/javma


130   

 

Simm, A., and H. J. Brömme. 2005. Reactive oxygen species (ROS) and aging: do we need 

them, can we measure them, should we block them? Signal Transduction. 3:115–125. 

von Borell, E., J. R. Morris, J. F. Hurnik, B. A. Mallard, and M. M. Buhr. 1992. The 

performance of gilts in a new group housing system: Endocrinological and 

immunological functions. J. Anim. Sci. 70:2714–2721. 

Zurbrigg, K., and F. Kains. 2007. Tips for housing gestating sows in group pens. Shakespear 

Swine Conf. Waterloo, Canada.   



131   

 

 Table 1. Composition of gestation and lactation diets (as-fed basis) 

 

Item Gestation Lactation 

Ingredient, % 

    Corn, yellow 81.30 74.00 

  Soybean meal, 48% CP 13.85 17.60 

  Poultry fat   1.00   3.99 

  Biolys
®1

   0.00   0.25 

  L-Thr   0.00   0.01 

  Limestone   1.11   1.08 

  Dicalcium phosphate   2.05   2.38 

  Salt   0.50   0.50 

  Trace mineral permix
2
   0.15   0.15 

  Vitamin permix
3
   0.04   0.04 

  Total          100.00              100.00 

Calculated composition 

    DM, %            89.70                90.10 

  ME, Mcal/kg  3.30   3.50 

  CP, %  13.30                14.80 

  Lys, %  0.63   0.92 

  Met, %  0.49   0.51 

  Trp, %  0.14   0.16 

  Thr, %  0.49   0.55 

  Ca, %  1.03   1.12 

  Total P, %  0.69   0.76 
1
Biolys

®
 (Enovik Degussa, Kennesaw, GA) contains 50.7% of L-Lys.   

 

2
The trace mineral premix provided per kilogram of complete diet: 3.96 mg of Mn as 

manganous oxide; 16.5 mg of Fe as ferrous sulfate; 16.5 mg of Zn as zinc sulfate; 1.65 mg of 

Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 0.30 mg of Se as 

sodium selenite.  
3
The vitamin premix provided per kilogram of complete diet: 8,228 IU of vitamin A 

as vitamin A acetate; 1,173 IU of vitamin D3; 47 IU of vitamin E; 0.03 mg of vitamin B12; 

5.88 mg of riboflavin; 23.52 mg of D-pantothenic acid as calcium panthonate; 35.27 mg of 

niacin; 0.24 mg of biotin; 1.76 mg folic acid; 3.88 mg menadione.
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Table 2. Ethogram for the behavior elements observed from d 35 to 39 of gestation (4 d 

immediately after allotting sows in different gestational housing systems)  

 

Behavior Description 

Lateral lying
1
 A sow is lying on the side with one shoulder touching the floor. 

Ventral lying
1
 A sow is lying on the belly without shoulders touching the floor. 

Standing/walking
1
 A sow stands on 4 legs. 

Eating
1
 A sow starts to touch feed till feed is disappeared in the feeder. 

Fighting
2
 Sows biting, knocking, and pushing hard against each other.  

1
Modified from Pedersen and Jensen, 2008 

2
Modified from Jensen, 1982 
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Table 3. Reproductive performance of sows housed from gestational crates and pens 

 

Item CON
1
 PEN

1
 SEM P-value 

n
2
 20 23 

  Parity  5.3  5.5 0.6 0.724 

Body weight of sows, kg 

         d 35 of gestation 240.5 245.6 7.6 0.503 

     d 109 of gestation 282.1 281.1 7.7 0.912 

     d 1 of lactation 272.0 267.7 6.9 0.788 

     d 18 of lactation 263.4 260.9 7.7 0.746 

Body weight changes, kg 

         Gestation (d 35 to 109)    41.5
a
   35.7

b
 3.5 0.093 

     Lactation (d 1 to 18)   -8.6   -9.2 3.4 0.798 

Backfat of sows,
3
 mm 

         d 1 of lactation  16.2  17.4 0.9 0.203 

     d 18 of lactation  15.4  16.5 0.9 0.222 

     Change from d 1 to 18  -0.9  -1.0 0.6 0.867 

ADFI of sows, kg   4.7   4.4 0.3 0.362 

Litter size, pig 

         d 1, total born  13.4
a
   12.4

b
 0.5 0.068 

     d 1, born alive 11.0  10.3 0.6 0.190 

     d 18   9.0   8.2 0.9 0.520 

     Change from d 1 to 18
4
 -2.0  -2.1 0.5 0.860 

Litter weight, kg 

         d 1
5
   16.8

a
  15.2

b
 0.9 0.089 

    d 18 50.0 46.9 3.2 0.346 

     Gain from d 1 to 18 33.2 31.7 2.5 0.572 

Piglet weight, kg 

         d 1
6
      1.53    1.51  0.06 0.659 

     d 18     5.63    5.87  0.30 0.566 

     ADG from d 1 to 18, g/d   204.3 220.2 11.0 0.155 
1
CON= sows housed in gestational crates; PEN= sows housed in gestational pens. 

2
The experiment unit was crate for CON and pen for PEN. Seven sows were removed 

from PEN during gestation due to injury and abortion.  
3
Measured at the P2 position (locate at left side of the10th rib, and 6 cm away from 

the spine). 
4
Difference between d 1 and 18 of lactation 
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Table 3 Continued 
 

5
Litter weight at birth was based on the total number of piglets born alive. 

6
Average birth weight of piglet was based on the total number of piglets born alive. 

a,b
Means within a row with different superscripts tend to differ (0.05 ≤ P < 0.10).
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Table 4. Oxidative stress of sows housed in gestational crates and pens 

 

Item CON
1
 PEN

1
 SEM

2
 P-value

3
 

n
4
      20      23 

  Malondialdehyde, µM 

        d 60 of gestation      5.45 5.25 0.97 0.841 

    d 90 of gestation   5.74 5.59 0.15 0.857 

    d 109 of gestation  5.52 6.01 0.80 0.547 

    d 3 of gestation  6.07 7.03 1.23 0.441 

    d 18 of lactation      6.25 6.46 0.72 0.775 

    SEM
5
 0.80 0.71 

      P-value
6
   0.937   0.407 

      P-value for treatments × day
7
 

   

0.895 

Protein carbonyl, nmol/mg 

        d 60 of gestation      1.35
ab

 1.02
a
 0.18 0.102 

    d 90 of gestation      1.07
a
  1.23

ab
 0.12 0.132 

    d 109 of gestation     1.88
b
 1.63

b
 0.36 0.610 

    d 3 of lactation       1.40
ab

  1.29
ab

 0.14 0.487 

    d 18 of lactation   1.23
a
  1.19

ab
 0.10 0.650 

    SEM
5
       0.14       0.13 

      P-value
6
    < 0.001  0.019 

      P-value for treatments × day
7
 

   

0.231 

8-hydroxy-deoxyguanosine, ng/mL 

        d 60 of gestation      0.75
b
 0.66

ab
 0.09 0.317 

    d 90 of gestation     0.71
b
 0.77

ab
 0.09 0.536 

    d 109 of gestation      0.94
b
 1.10

c
 0.14 0.347 

    d 3 of lactation      0.78
b
 0.83

bc
 0.18 0.828 

    d 18 of lactation      0.38
a
 0.47

a
 0.12 0.566 

    SEM
5
  0.09  0.08 

      P-value
6
    < 0.001   < 0.001 

      P-value for treatments × day
7
 

   

0.508 
1
CON= sows housed in gestational crates; PEN= sows housed in gestational pens. 

2
SEM is for treatment CON and PEN within a same row. 

3
P-value is for treatment CON and PEN within a same row. 

4
The experiment unit was crate for CON and pen for PEN. Seven sows were removed 

from PEN during gestation due to injury and abortion. 
5
SEM is for different days with a same column. 
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Table 4 Continued 
 

6
P-value is for among days with a same column. 

7
P-value is for treatment by day interaction. 

a-c
Means within a column with different superscripts differ  (P < 0.05).  
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Table 5. The percentage of time that sows spent for each posture expressed as the relative 

time duration of each behavior 

 

Item CON
1
 PEN

1
 SEM P-value 

n
2
    20     23 

  Standing, % 39.23 37.91 2.55 0.612 

Lateral lying, % 41.70 45.28 3.47 0.411 

Ventral lying, % 13.39 11.57 2.12 0.565 

Eating, %    5.67
a
    5.04

b
 0.33 0.060 

Fighting, %  0.00   0.32 0.09 0.183 
1
CON= sows housed in gestational crates; PEN= sows housed in gestational pens. 

2
The experiment unit was crate for CON and pen for PEN. Seven sows were removed 

from PEN during gestation due to injury and abortion.  
a,b

Means within a row with different superscripts tend to differ (0.05 ≤ P < 0.10). 
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Table 6. Immunological parameters of sows housed in gestational crates and pens 

 

Item CON
1
 PEN

1
 SEM P-value 

n
2
  20 23 

  Immunoglobulin M, mg/mL 

        Plasma, d 109 of gestation 2.81 3.01 0.48 0.761 

    Plasma, d 3 of lactation 1.86 2.01 0.17 0.384 

    Colostrum, d 1 of lactation 2.73 2.90 0.23 0.457 

Immunoglobulin G, mg/mL 

         Plasma, d 109 of gestation  11.89  12.42 0.89 0.658 

     Plasma, d 3 of lactation    8.67  8.70 0.39 0.946 

     Colostrum, d 1 of lactation  14.08 14.90 1.51 0.592 
1
CON= sows housed in gestational crates; PEN= sows housed in gestational pens. 

2
The experiment unit was crate for CON and pen for PEN. Seven sows were removed 

from PEN during gestation due to injury and abortion. 

  



139   

 

CHAPTER 5 

Effect of Social Ranks on Oxidative Stress Status, Reproductive 

Performance, and Immune Status of Sows Housed in Groups during 

Gestation  
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ABSTRACT 

This study was to determine if social ranks of gestating sows housed in group would affect 

their oxidative stress status, immune status, and reproductive performance. Seventy two 

multiparous sows were used in the randomized block design. On d 35 of gestation, sows were 

checked for pregnancy and randomly assigned to 24 gestational pens. Each pen had 3 sows. 

The social rank of sows within a pen was determined by observing their aggressive behavior 

for a 4-d period after mixing. Sows within a pen were classified into high-, middle-, and low-

ranking groups (HR, MR, and LR) according to their percentage of winning interactions. 

Litter size and piglet weight were recorded on d 1 and 18 of lactation. Sows were bled on d 

35, 60, 90, and 109 of gestation, and d 3 and 18 of lactation. Plasma malondialdehyde 

(MDA), protein carbonyl, 8-hydroxy-deoxyguanosine (8-OHdG), IgG, and IgM were 

analyzed by ELISA. Body weight of sows in HR was greater (P < 0.05) than sows in MR and 

LR through gestation and lactation. Sows in LR had less (P < 0.05) backfat thickness 

compared with sows in HR and MR. Sows in HR had greater (P < 0.05) number of born dead 

than sows in MR and LR. The litter size on d 18 of lactation was greater (P < 0.05) in LR 

than litter size in HR and MR. Sows from LR tended to have greater (P = 0.067) litter weight 

on d 18 of lactation than sows from HR. Piglet weight from LR was smaller (P < 0.05) than 

piglet from HR on d 18 of lactation. Piglet from LR tended to have smaller (P = 0.094) ADG 

compared with piglet from HR. Plasma concentration of 8-OHdG in LR was greater (P < 

0.05) than concentrations in HR on d 3 and 18 of lactation. Plasma concentration of protein 

carbonyl in HR tended to be greater (P = 0.082) than that in MR on d 3 of lactation. The 

protein carbonyl concentration was shown to be negatively correlated (P < 0.05) with sows‟ 
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litter performance in MR and LR. Plasma 8-OHdG concentration was shown to be negatively 

correlated (P < 0.05) with reproductive performance of sows in HR and LR. Sows in HR 

tended to have greater (P = 0.068) IgG concentration in colostrums compared with sows in 

MR. In conclusion, for all ranks, it was shown that the reproductive performance was related 

to oxidative status of sows. Sows in HR had a similar reproductive performance compared 

with sows in MR. Sows in LR had poorer reproductive performance compared with HR and 

MR, which could be caused by higher DNA damage during late gestation and lactation. 

Key word: oxidative stress, production, social rank, sow 
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INTRODUCTION 

The use of gestational crate became a public concern for animal welfare. European 

Union regulated that all pregnant sows must be housed in gestational groups from 2013 

onward (Croney and Millman, 2007). This regulation caused increased public concerns for 

animal welfare in other countries including the U.S., and swine producers in the U.S. have 

started implementing group housing of gestating sows. Mixing of sows during gestation 

usually results in new groups of unfamiliar sows which often leading to aggression between 

sows. Aggressive behavior persists until a dominance order is established (Meese and 

Ewbank, 1973). The fighting that comes from mixing sows may result in injuries, even 

embryo loss in extreme cases of fighting (Barnett et al., 1993). 

 Social rank of a sow during gestation may affect its reproductive performance. 

Kranendonk et al. (2007) found that sows in high ranking group gained more BW during 

gestation, lost more BW and backfat during lactation, whereas litter size and percent of born 

alive did not differ among ranks. However, Nicholson et al. (1993) reported that litter size 

from sows in middle ranking group was higher than sows in high and low ranking groups. It 

was shown that litter weight of sows in high ranking group was greater than sows in low 

ranking group (Mendl et al, 1992; Nicholson et al., 1993). 

 Pregnant sows under different social ranks may have different level of stress. 

Kranendonk et al. (2007) found that salivary cortisol level did not differ among ranks on 

week 2, 7 and 13 of gestation. However, other studies found that maternal cortisol level from 

sows in low ranking group was higher than sows in high ranking group (Mendl et al, 1992; 

Nicholson et al., 1993).  
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 Mixing unfamiliar individuals may cause social stress. It has also been reported that 

social stress caused a reduction of synthesizing circulating antibodies of birds (Siegel and 

Latimer, 1975) and mice (Vessey, 1964). However, it is not known if different social ranks 

have effect on circulating antibodies of pregnant sows. 

Oxidative stress has been shown to increase during late gestation and lactation 

(Berchieri-Ronchi et al., 2011; Zhao et al., 2011b). Previous study has been done to 

investigate if oxidative stress status of sows during gestation could be affected by other 

stressors such as heat stress. It has been shown that oxidative stress of pregnant sows was 

elevated under heat stress during late gestation and lactation, and oxidative stress could be 

the major reason for reduced reproductive performance of sows under heat stress (Zhao et al., 

2011b). Previous study on group housing of pregnant sows mainly focused on different 

housing systems (gestational crate or pen) on reproductive performance and oxidative status 

of sows. We found no significant difference for oxidative stress indicators between 

treatments (Zhao et al., 2011a). 

Social ranks could cause social stress to sows, however, it is not known if social ranks 

of sows housed in gestational pens have effect on oxidative status. We hypothesized that 

social ranks of pregnant sows housed in group may have effect on sows‟ reproductive 

performance, oxidative status and antibody synthesis. Therefore, the primary objective of this 

study was to determine if different social ranks of sows housed in gestational pens result in 

differences in oxidative stress, reproductive performance, and circulating antibodies, and 

whether the level of oxidative stress is related to the reproductive performance of sows.  
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MATERIALS AND METHODS 

Procedures used in this study were reviewed and approved by the North Carolina 

State University Animal Care and Use Committee.  

Animals  

Seventy two multiparous sows (initial BW: 243.1 ± 5.4 kg; and average parity: 5.4 ± 

0.4) from the North Carolina State University Swine Educational Unit (Raleigh, NC) were 

used in a randomized block design. This study had 2 sow blocks. On d 35 of gestation, sows 

were checked for pregnancy and randomly assigned to gestational pens from each block (3.0 

× 2.5 m; n=24 pens) with slatted floors. Each pen had a common resting area (3.0 × 1.4 m) 

and 3 individual feeding areas with partial dividers named feeding stalls (0.6 × 1.1 m). Each 

pen had 3 sows (2.5 m2 /sow). Sows were fed 2.2 kg daily during gestation period. Gestation 

diet contained 13.3% CP and 3.33 Mcal ME/kg. Sows had free access to water. On d 109 of 

gestation, sows were moved to individual farrowing crates (2.1 × 1.5 m) in an adjacent 

farrowing building. Piglets were not cross-fostered between sows. During lactation, sows 

were fed ad libitum by electronic feeders (JYGA Technologies, Saint-Nicolas, Canada). 

Lactation diet contained 14.8% CP and 3.46 Mcal ME/kg. Average daily feed intake was 

recorded. Body weight of sows was measured on d 35 and 109 of gestation, and d 1 and 18 of 

lactation. Backfat thickness of sows was measured on d 1 and 18 of lactation using an 

ultrasound scanner (VSS700, Veterinary Sales & Service Inc., Stuart, FL). After farrowing, 

litter size and piglet weight on d 1 (born alive, dead, and mummified) and 18 of lactation 

were measured. Sows‟ farrowing rate and mortality rate were recorded. 
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Observation of Aggressive Behaviors 

Cameras connected to a digital video recorder (QSDF8204, Q-See Products, 

Anaheim, CA) were used to continually record sows‟ behaviors from d 35 to 39 of gestation 

right after they were mixed in pens. Cameras were ceiling-mounted above gestational pens. 

For observation purposes, each sow had a number on the back and flanks. The recording rate 

was 3 frames per second, and all videos were downloaded and saved in a computer for 

subsequent behavioral analysis. An observer (the same person) watched all recorded videos. 

Types of behavior were pre-defined before the observation (Table 2). Maintenance behaviors 

included standing, lateral lying, ventral lying and eating. Aggressive behaviors included 

replacement, parallel pressing, butting, biting and withdrawing. For each day, recorded 

behaviors were analyzed during 0600 to 0700 h, 0700 to 0800 h, 1000 to 1100 h, 1200 to 

1300 h, 1400 to 1500 h, and 1600 to 1700 h. Data recorded in the 4-d period included the 

individual which initiated the aggressive interaction in the pen, the duration and outcome 

(win or lose) for each sow in the interaction, the total numbers of aggressive interactions won 

and lose for each sow, and the types of aggressive behavior exhibited (replacement, parallel 

pressing, butting, biting and withdrawing). The time durations of standing, lateral lying, 

ventral lying, eating and aggressive behaviors of sows in pens during 4-d period were 

recorded. The percentage of time that a sow spent for each posture during 4-d period was 

used to express the relative time duration of each behavior. 

Classification of Sows’ Social Ranks  

 The social rank of sows within a pen was determined by observing their aggressive 

behavior for a 4-d period after mixing (Heo, et al., 2005; Poletto, et al., 2009; Poletto, et al., 
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2010). The time duration of aggressive behavior for each sow was recorded. The frequency 

of initiated aggressive interaction of each sow and the frequency of winning interactions of 

each sow were recorded. The percentage of winning interactions was calculated by the 

formula: (number of winning interactions /total frequency of aggressive interactions of a 

sow) × 100% (Kranendonk et al., 2007). The relation between the percentage of winning 

interactions and the time duration of aggressive behavior was analyzed. Data from the 

percentage of winning interactions were correlated (r = 0.535, P < 0.0001) with the data from 

time duration of aggressive behavior (Figure 1). This allows us to determine the social rank 

of sows in a pen simply using the percentage of winning interactions. Within a pen, sows 

were classified into high-, middle-, and low-ranking according to their percentage of winning 

interactions (Poletto, et al., 2009). A sow with highest percentage was classified into high-

ranking group (HR). For a sow in the pen with middle range of winning percentage, it was 

listed into middle-ranking group (MR), and a sow in the pen with lowest percentage was 

classified into low-ranking group (LR). Within these 24 pens, there was one pen that two 

sows had to be listed into LR treatment, because these two sows had the same winning 

percentage, and both of them did not initiate aggressive interactions during 4-d observation. 

Only the third sow initiated all the aggressive interactions, which was listed into HR. So 

there were 24, 23, and 25 sows in HR, MR, and LR, respectively. 

Sampling of Blood and Colostrum  

Blood samples were collected from each sow through a jugular vein on d 35, 60, 90, 

and 109 of gestation, and d 1 and 18 of lactation. Blood was drawn into 9 mL tubes 

(MONOVETTE, Sarstedt, Newton, NC) containing EDTA. Plasma samples were collected 
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by centrifugation (5810 R, Eppendorf AG, Hamburg, Germany) at 3,000 g, 15 min, 4°C, and 

allocated into 1.5 mL microcentrifuge tubes. Plasma samples were stored in liquid nitrogen 

for 1 h, and then stored at -80°C until analysis.   

        Colostrum samples were collected from all sows within 10 h of farrowing. Sows were 

injected with 1 mL oxytocin intramuscularly before sampling colostrum. About 30 mL of 

colostrum was sampled from the first 3 pairs of mammary glands of each sow and stored at -

80°C. 

Analysis of Oxidative Stress Parameters 

Plasma samples were used to measure concentrations of malondialdehyde (MDA), 

protein carbonyl, and 8-hydroxy-deoxyguanosine (8-OHdG). Thiobarbituric acid reactive 

substances (TBARS) assay kit (Cell Biolabs, San Diego, CA) was used to determine the 

concentrations of MDA (Cell Biolabs, San Diego, CA). Plasma samples and MDA standards 

were first incubated and reacted with thiobarbituric acid at 95°C, after incubation and butanol 

extraction, samples and standards were read at 532 nm with an spectrophotometric plate 

reader (BioTek, Winooski, VT) and the KC4 data analysis software (BioTek, Winooski, VT). 

The concentration of MDA in plasma was determined by comparing with the MDA standard 

curve which drawn by standards‟ concentration and absorbance. The detection limit of MDA 

analysis was 0.98 µM.  

Protein concentration in plasma samples were measured using a bicinchoninic acid 

(BCA) protein assay (Pierce Biotechnology, Rockford, IL). Then all plasma samples were 

diluted by 1 × PBS to reach protein concentration at10 µg/mL before protein carbonyl assay. 

Concentrations of protein carbonyl were measured using protein carbonyl ELISA kit (Cell 
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Biolabs, San Diego, CA). The protein carbonyl present in the sample or standards were 

derivatized to dinitrophenyl (DNP) hydrazine and probed with an anti-DNP antibody, then 

incubated with a secondary antibody. Samples and standards were read at 450 nm. The 

protein carbonyl concentrations were determined by comparison with the protein carbonyl 

standard curve that was determined by standards‟ concentration and absorbance. The 

detection limit for protein carbonyl was 0.375 nmol/mg.  

 A competitive ELISA kit (Cell Biolabs, San Diego, CA) that utilizes an anti-8-OHdG 

monoclonal antibody to recognize 8-OHdG was used to determine the concentrations of 8-

OHdG in plasma. The absorbance was read at 450 nm, and concentrations of 8-OHdG were 

calculated against their standard curve that was drawn by standards‟ concentration and 

absorbance. The detection limit for 8-OHdG was 0.078 ng/mL.  

Immunoglobulin Evaluation   

Concentrations of IgG and IgM in sows‟ colostrums and plasma from d 109 of 

gestation and d 3 and 18 of lactation were measured by ELISA assay (Bethyl, Montgomery, 

TX) using goat anti-pig IgG or goat anti-pig IgM as capture antibodies to coat wells. Plasma 

samples and colostrums were diluted to 1:100,000 for IgG and IgM measurements. 

Horseradish peroxidase goat anti-pig IgG or IgM was used as the detection. The plate was 

read at 450 nm. Sample concentrations were quantified against the known standard curve. 

Detection limits were 7.8 ng/mL for IgG, and 15.6 ng/mL for IgM, respectively.  

Statistical Analysis 

This experiment was a randomized block design. All data are presented as least 

squares means ± SEM. Data were analyzed using the MIXED procedure of SAS (SAS Inst., 
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Inc., Cary, NC). A sow was the experimental unit. Sows were assigned to 3 groups 

depending on their ranking within a pen. Group was a fixed effect. Block and group by block 

interaction were random effects. Sows‟ reproductive performances were compared among 

HR, MR, and LR. Oxidative stress data on d 35 of gestation were used as a covariate. Plasma 

concentrations of MDA, protein carbonyl, and 8-OHdG were compared among HR, MR and 

LR. Correlations between reproductive performance and oxidative stress indicators were 

analyzed by the CORR procedure of SAS (SAS Inst., Inc., Cary, NC). To compare different 

impacts of oxidative stress indicators on reproductive performance, multiple regression 

analysis was used to examine relationships between reproductive performance and oxidative 

stress indicators using PROC REG procedure of SAS (SAS Inst., Inc., Cary, NC). Mean 

differences were determined as statistically significant when probability values were less 

than 0.05, and a trend when 0.05 ≤ P < 0.10. 

RESULTS 

Behavioral Analysis 

Sows in HR had the highest (P < 0.05) percentage of winning interaction (67.9%), 

and the percentage of winning interaction in MR (22.4%) was higher (P < 0.05) than that of 

LR (10.3%) (Table 3). Both the time duration of aggressive interaction and the percentage of 

aggressive duration in HR (17.4 min and 0.55%, respectively) was longer (P < 0.05) than 

MR (6.4 min and 0.22%, respectively) and LR (4.2 min and 0.18%, respectively) (Table 3). 

Sows spent the most time in lateral lying followed by standing, ventral lying, eating and 

aggressive interaction in all three groups (Table 3). The eating time for sows in MR was 

shorter (P < 0.05) than sows in LR, whereas eating time of sows in HR did not differ with 
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those in MR and LR. There was no difference in time duration for standing, lateral lying, and 

ventral lying among these groups (Table 3).  

Reproductive Performance of Sows 

Average parity of sows did not differ among groups. Body weight of sows in HR was 

greater (P < 0.05) than sows in MR and LR through gestation and lactation (Table 4). Sows 

in HR had greater (P < 0.05) body weight gain than sows in MR during lactation (Table 4). 

There were no differences in backfat thickness of sows on d 1 of lactation and backfat loss 

during lactation among groups. However, sows in LR had less (P < 0.05) backfat thickness 

compared with sows in HR and MR on d 18 of lactation (Table 4). Group did not influence 

the number of piglets total born and born alive per litter. However, sows in HR had greater 

(P < 0.05) number of born dead than sows in MR and LR. The litter size on d 18 of lactation 

was greater (P < 0.05) in LR than litter size in HR and MR.  Litter birth weight from sows in 

HR tended to be smaller (P = 0.093) compared with that in MR and LR. Sows from LR 

tended to have greater (P = 0.067) litter weight on d 18 of lactation than sows from HR 

(Table 4). Piglet weight from LR was smaller (P < 0.05) than piglet from HR on d 18 of 

lactation. Piglet from LR tended to have smaller (P = 0.094) ADG compared with piglet from 

HR. Feed intake during lactation, litter size change, litter weight gain, and piglet weight at 

birth did not differ among groups (Table 4). Sows in low-ranking had the lowest farrowing 

rate during the experiment. The farrowing rate of sows in MR (95%) was highest, followed 

HR (91.7%) and LR (72.0%). The mortality rate of sows in HR (0%) was lowest, followed 

LR (4%), and MR (4.3%) (Table 4). 
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Oxidative Stress Markers 

 Plasma concentrations of MDA did not differ among groups on different days of 

gestation and lactation. There were no differences in plasma concentration of protein 

carbonyl on d 35, 60, 90 and 109 of gestation and d 18 of lactation. However, plasma 

concentration of protein carbonyl in HR tended to be greater (P = 0.082) than that in MR on 

d 3 of lactation. Plasma concentrations of 8-OHdG in HR tended to be smaller (P = 0.075) 

than concentrations in LR on d 90 of gestation (Table 5). Plasma concentration of 8-OHdG in 

LR was greater (P < 0.05) than concentrations on d 3 and 18 of lactation in HR (Table 5). 

There were no differences among groups for 8-OHdG concentrations on d 35, 60, and 109 of 

gestation. 

 Plasma MDA concentration on d 109 of gestation was found to be negatively 

correlated (P < 0.05) with sows‟ BW on d 35 and 109 of gestation and d 1 and 18 of lactation 

in both MR and LR (Table 6). Plasma protein carbonyl concentration on d 60 of gestation 

showed negative correlations (P < 0.05) with number of piglet born alive, litter size on d 18 

of lactation, litter weight gain and litter weight on d 1 and 18 of lactation in LR (Table 7). 

Plasma 8-OHdG concentration on d 109 of gestation was found negatively correlated (P < 

0.05) with litter size on d 18 of lactation, litter weight on d 1 of lactation in LR (Table 7), and 

number of piglet born alive in HR (Figure 2B). Backfat thickness on d 18 of lactation in HR 

was negatively correlated (P < 0.05) with 8-OHdG concentration on d 60 of gestation (Figure 

2A). Piglet‟s BW on d 1 of lactation in MR showed negative correlation (P < 0.05) with 

protein carbonyl concentrations on d 60 and 90 of gestation (Table 8). Besides, piglet‟s BW 

on d 18 of lactation in MR was found to be negatively correlated (P < 0.05) with MDA on 
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109 of gestation, protein carbonyl concentrations on d 109 of gestation, and d 18 of lactation. 

The number of born dead in MR was positively correlated with protein carbonyl 

concentration on d 90 of gestation (Table 8). Other oxidative indicators were not correlated 

with these reproductive performance measurements (Table 8). 

 Results from the multiple regression analysis between ADG and oxidative stress 

indicators in high-ranking group are shown in Table 10. The concentration of 8-OHdG on d 

109 of gestation had a greater influence (partial R
2
 = 0.220; P < 0.05) on ADG, followed by 

the protein carbonyl concentration on d 18 of lactation (partial R
2
 = 0.203; P < 0.05) and the 

8-OHdG on d 18 of lactation (partial R
2
 = 0.203; P < 0.05). Table 10 also shows results from 

the multiple regression analysis between ADG and oxidative stress indicators in middle-

ranking group. The concentration of 8-OHdG on d 3 of lactation had more influence (partial 

R
2
 = 0.606; P < 0.05) on ADG, followed by the protein carbonyl concentration on d 3 of 

lactation (partial R
2
 = 0.132; P < 0.05) and the 8-OHdG concentration on d 35 of gestation 

(partial R
2
 = 0.109; P < 0.05). Results from the multiple regression analysis between ADG 

and oxidative stress indicators in low-ranking group were shown in Table 10. The 

concentration of 8-OHdG on d 109 of gestation had a greater influence (partial R
2
 = 0.314; P 

< 0.05) on ADG, followed by the MDA concentration on d 60 of gestation (partial R
2
 = 

0.192; P = 0.063). Results from the multiple regression analysis between litter size at birth 

and oxidative stress indicators in high-, middle-, and low-ranking groups are shown from 

Table 11. The concentration of 8-OHdG on d 109 of gestation was selected by the model to 

show influence (partial R
2
 = 0.359; P < 0.05) on litter size at birth in high-ranking group. The 

MDA concentration on d 3 of lactation was selected to show influence (partial R
2
 = 0.261; P 
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= 0.062) on litter size at birth in middle-ranking group. In low-ranking group, the 

concentration of protein carbonyl on d 60 of gestation had a greater influence (partial R
2
 = 

0.506; P < 0.05) on litter size at birth, followed by the 8-OHdG concentration on d 90 of 

gestation (partial R
2
 = 0.142; P < 0.05) and the MDA concentration on d 60 of gestation 

(partial R
2
 = 0.129; P = 0.074). 

Immunoglobulin Evaluation   

There were no differences in plasma concentrations of IgG and IgM among groups 

when measured on d 109 of gestation and d 3 of lactation (Table 9). Colostrum concentration 

of IgM did not differ among groups. However, sows in HR tended to have greater (P = 

0.068) colostrum concentration of IgG compared with sows in MR (Table 9).   

DISCUSSION 

This study used pre-defined aggressive behaviors to determine the social rank of sows 

within a pen as the main effects. Similar determination has been used in other studies (Heo, 

et al., 2005; Kranendonk et al., 2007; Poletto, et al., 2009; Poletto, et al., 2010). Sows with 

the highest percentage of winning interactions were determined as high-ranking based on 

statistical analysis followed by middle-ranking and low-ranking. This indicates that the social 

rank of sows within a pen was well classified. 

Reproductive Performance of Sow 

In this study, sows in HR had higher body weight than other ranks through the whole 

gestation and lactation periods. This is in agreement with the study from Nicholson (1994) 

that dominant sows were heavier than intermediate and submissive sows, suggesting that 

sows with greater body weight may have physical advantage to stand in the dominant 
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hierarchy. The body weight gain during gestation did not change in this study, however, sows 

in HR lost more body weight than sows in MR during lactation. Kranendonk et al. (2007) 

compared the performance of sows between the high-ranking group and low-ranking group 

in gestational pens. They found that sows in high-ranking group gained more body weight 

during gestation, lost more body weight during lactation compared with sows in low-ranking 

group. Although in Kranendonk‟s study, they did not classify sows into middle-ranking 

group, their result still indicate that sows in high-ranking group lose more body weight 

during lactation which is similar to our finding.  

In our study, sows in HR had higher backfat thickness than sows from LR on d 18 of 

lactation. This is maybe because sows in HR had greater body weight than sows in LR during 

lactation. Kranendonk et al. (2007) reported that sows in high-ranking group lost more 

backfat during lactation. However, in our study, although there was numerically difference 

for backfat loss (0.9 mm vs 1.5 mm) during lactation between sows in HR and LR, we did 

not find significant difference between ranks for backfat loss during lactation. Average daily 

feed intake during lactation did not differ among ranks, indicating that different social ranks 

during gestation did not affect sow feed intake during lactation. 

Sows from HR were found to have higher number of born dead compared with sows 

in MR and LR although the number of total born and born alive did not differ among ranks. 

At the same time, it was shown that sows in HR harvested the least number of piglets at d 18 

of lactation. These findings indicate that sows in HR do not have advantage to obtain more 

number of pigs alive during lactation. Kranendonk et al. (2007) found that litter size and 

percent of born alive did not differ between ranks. Nicholson et al. (1993) reported that litter 



155   

 

size from middle-ranking sows was higher than high-ranking sows. These data are all 

consistent with our findings. 

Our study found that sows in LR tended to harvest higher litter weight compared with 

sows in HR. As body weight loss during lactation was similar between these two ranks, the 

difference may be due to sows in HR harvest less number of piglets during lactation. This 

also explains why piglets from HR sows had greater body weight on d 18 of lactation and 

greater average daily gain during lactation. 

Oxidative Stress Markers 

In our study, MDA was chosen as an indicator for lipid peroxidation. Protein 

carbonyl was used as an indicator for oxidative damage to protein, and 8-OhDG was chosen 

as an indicator for oxidative damage to DNA. We found that 8-OhDG concentration was 

higher in LR compared with HR during lactation period, and the concentration also tended to 

be higher on d 90 of lactation. These findings indicate that sows from LR had higher DNA 

damage during late gestation and lactation compared with other two ranks. The oxidative 

damage to DNA can cause DNA breakdown and mutation. It was shown that the elevated 8-

OHdG can alter gene expression by inhibiting methylation. It can also cause mutation by 

pairing with adenosine rather than cytosine during DNA replication, leading to GC to AT 

conversion (Simm et al., 2008). This study showed a negatively correlation between 8-OHdG 

concentration and reproductive performance of sows in LR. This indicates that oxidative 

stress could contribute to the low farrowing rate and high mortality rate of sows in LR. 

Interestingly, we also find that sows from HR tended to have higher protein damage 

compared with sows in MR on d 90 of gestation. It seems that sows from MR did not show 
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increased oxidative stress compared with sows in both HR and LR during gestation and 

lactation. This may indicate that sows in MR suffer less oxidative damage compared with 

other two ranks during gestation and lactation.  

Previous study on group housing of pregnant sows mainly focused on different 

housing systems (gestational crate or pen) on sows‟ reproductive performance and oxidative 

status (Zhao et al., 2011a). The study found that the reproductive performance of sows 

housed in gestational pens tended to be inferior to sows housed in gestational crates as 

indicated by total born per litter and litter weight at born. However, no significant difference 

was found between treatments for oxidative stress. So the study raised a question that 

whether oxidative stress has effect on sows‟ performance within a gestational pen? This 

current study provides further information on how social ranks of sows within a gestational 

pen affect oxidative stress status. Correlations between oxidative stress indicators and 

reproductive performance obtained in this study showed that reproductive performance of 

sows was related to oxidative status in every social rank. Concentration of MDA on d 109 of 

gestation was negatively correlated with sows‟ BW during gestation and lactation. This 

relation indicates that the lower BW of a sow, the higher lipid peroxidation the sow could 

have. However, the MDA concentration did not differ among MR, LR, and HR in this study, 

although the BW in HR was higher than that of MR and HR. The protein carbonyl 

concentration was negatively correlated with litter performance of sows in MR and LR. 

Plasma 8-OHdG concentration in this study was negatively correlated with reproductive 

performance of sows in HR and LR. The multiple regression analysis between reproductive 

performance and oxidative stress indicators can further tell us which oxidative indicators had 
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greater influence on reproductive performance within each social rank. For sows in HR, the 

concentration of 8-OHdG on d 109 of gestation had more influence on ADG and litter size at 

birth. For sows in MR, the concentration of 8-OHdG on d 3 of lactation had a greater 

influence on ADG, and the MDA concentration on d 3 of lactation had more influence on 

litter size at birth. For sows in LR, the concentration of 8-OHdG on d 109 of gestation had a 

greater influence on ADG, and the protein carbonyl concentration on d 60 of gestation had 

more influence on litter size at birth. These information indicate that oxidative stress is 

closely related to reproductive performance of sows and could be one major reason for 

reduced reproductive performance of sows under different social ranks. This is also 

supported by other study in pregnant women which showed that oxidative stress was 

associated with fetal growth retardation with a higher risk of prenatal mortality (Toy et al., 

2009).  

Immunoglobulin Evaluation   

In this study, we found that sows in HR tended to have higher IgG concentration in 

colostrums compared with sows in MR. The explanation could be that the result is consistent 

with our finding that sows in HR tended to have higher protein damage compared with sows 

in MR during late gestation. As reactive oxygen species can cause chemical modification of 

proteins and generate protein carbonyls lead to protein aggregates which become resistant to 

proteolysis, thereby alter the structure of protein and affect their functions. The damaged 

proteins could be recognized as non-self by the immune system and increase circulating 

antibodies (Grune et al., 1995; Grune et al., 1998; Ullrich et al., 1999; Simm et al., 2008; 

Bender, 2009).  
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In summary, sows in HR had an advantage of highest body weights and lowest 

mortality, their litter size and litter weight performance were similar with sows in MR at the 

end of lactation. The oxidative damage to DNA was negatively correlated with the 

reproductive performance of sows indicated by backfat thickness, and born alive per litter in 

HR. For sows in MR, oxidative damage was not high compared with sows in other ranks and 

their reproductive performances were not decreased compared with sows in HR. The 

oxidative damages to lipid and protein were shown to be correlated with reproductive 

performance of sows as shown by born dead per litter, piglet‟s BW at born and at the end of 

lactation in MR. Furthermore, sows in LR showed poorer reproductive performance 

compared with HR and MR indicated by their lowest farrowing rate, high mortality rate, and 

lowest backfat thickness at the end of lactation. Besides, the oxidative damages to lipid, 

protein, and DNA were negatively correlated with BW of sows, litter size, and litter weight 

in LR. Sows in LR had higher DNA damage during late gestation and lactation compared 

with sows in HR, which could be major reason to their poor reproductive performance. In 

conclusion, for all ranks, it was shown that the reproductive performance was related to 

oxidative status of sows. Sows in HR had a similar reproductive performance compared with 

sows in MR. Sows in LR had poorer reproductive performance which could be caused by 

higher DNA damage during late gestation and lactation. 
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Table 1. Composition of gestation and lactation diets (as-fed basis) 

 

Item Gestation Lactation 

Ingredient, % 

    Corn, yellow 81.30 74.00 

  Soybean meal, 48% CP 13.85 17.60 

  Poultry fat   1.00   3.99 

  Biolys
®1

   0.00   0.25 

  L-Thr   0.00   0.01 

  Limestone   1.11   1.08 

  Dicalcium phosphate   2.05   2.38 

  Salt   0.50   0.50 

  Trace mineral permix
2
   0.15   0.15 

  Vitamin permix
3
   0.04   0.04 

  Total          100.00              100.00 

Calculated composition 

    DM, %           89.70                90.10 

  ME, Mcal/kg  3.30   3.50 

  CP, %  13.30                14.80 

  Lys, %  0.63   0.92 

  Met, %  0.49   0.51 

  Trp, %  0.14   0.16 

  Thr, %  0.49   0.55 

  Ca, %  1.03   1.12 

  Total P, %  0.69   0.76 
1
Biolys

®
 (Enovik Degussa, Kennesaw, GA) contains 50.7% of L-Lys.   

 

2
The trace mineral premix provided per kilogram of complete diet: 3.96 mg of Mn as 

manganous oxide; 16.5 mg of Fe as ferrous sulfate; 16.5 mg of Zn as zinc sulfate; 1.65 mg of 

Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 0.30 mg of Se as 

sodium selenite.  
3
The vitamin premix provided per kilogram of complete diet: 8,228 IU of vitamin A as 

vitamin A acetate; 1,173 IU of vitamin D3; 47 IU of vitamin E; 0.03 mg of vitamin B12; 5.88 

mg of riboflavin; 23.52 mg of D-pantothenic acid as calcium panthonate; 35.27 mg of niacin; 

0.24 mg of biotin; 1.76 mg folic acid; 3.88 mg menadione.
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Table 2. Ethogram for the behavior elements observed from d 35 to 39 of gestation (4-d 

period immediately after allotting sows to gestational pens)  

 

Behavior Description 

Maintenance behavior  

  Lateral lying
1
 A sow lies on the side with one shoulder touching the floor. 

  Ventral lying
1
 A sow lies on the belly without shoulders touching the floor. 

  Standing/walking
1
 A sow stands on 4 legs. 

  Eating
1
 A sow touches feed till feed is disappeared in the feeder. 

Aggressive behavior  

  Replacement
2
 A sow takes another sow‟s position at the feed trough. 

  Parallel pressing
2
 Sows push their shoulder hard against each other. 

  Butting
2
 Head to head or head to body knock. 

  Biting
2
 One sow grasps and presses to another sow with the teeth. 

  Withdrawing
2
 Sow moves away from another sow quickly.  

1
Modified from Pedersen and Jensen, 2008. 

2
Modified from Jensen, 1982; Vargas et al., 1987. 
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Table 3. Behaviors of sows from different social ranks 

 

Item HR
1
 MR

1
 LR

1
 SEM  

No. of sows 24 23 25 

 Winning interaction
2
, %      67.86

a
      22.37

b
      10.26

c
 2.88 

Aggressive duration
3
, min      17.42

a
       6.35

b
        4.16

b
 2.07 

Aggressive interaction
4
, %        0.55

a
       0.22

b
        0.18

b
 0.07 

Standing
5
, %     35.93    39.66     38.20 2.15 

Lateral lying
5
, %     47.61    42.53     45.57 2.33 

Ventral lying
5
, %     10.89    13.31     10.64 1.54 

Eating
5
, %        5.23

ab
      4.37

a
        5.46

b
 0.36 

1
HR= sows in high-ranking group; MR= sows in middle- ranking group; LR=sows in 

low-ranking group. 
2
Total time duration of aggressive behaviors during 4-d observation

 

3
The percentage of winning interaction calculated from the formula: (number of 

winning interactions /total frequency of aggressive interactions of a sow) × 100% 
4
The percentage of time duration that a sow spent for aggressive interactions relative 

to the total observation time 
5
The percentage of time duration that a sow spent for each maintenance behavior 

relative to the total observation time 
a-c

Means within a row with different superscripts tend to differ (0.05 ≤ P < 0.10). 
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Table 4. Reproductive performance of sows from different social ranks 

 

Item HR
1
 MR

1
 LR

1
 SEM 

No. of sows 24 23 25 

 Parity     5.9     5.1     5.1 0.4 

Body weight of sows, kg 

         d 35 of gestation   256.3
a
  237.6

b
   233.8

b
 6.1 

     d 109 of gestation   289.1
a
  260.4

b
   262.9

b
 7.1 

     d 1 of lactation   283.2
a
  256.2

b
   258.2

b
 5.6 

     d 18 of lactation   275.2
a
  252.2

b
   247.9

b
 6.5 

Body weight changes, kg 

         Gestation (d 35 to 109)   29.5  22.3   28.1 3.7 

     Lactation (d 1 to 18)   -12.2
a
    -4.0

b
     -10.2

ab
 2.9 

Backfat of sows,
2
 mm 

         d 1 of lactation   18.0  17.3   16.4 0.9 

     d 18 of lactation    17.1
a
   16.8

a
     14.9

b
 0.8 

     Change from d 1 to 18
3
   -0.9  -0.5    -1.5 0.5 

ADFI of sows during lactation, kg    4.3   4.8     4.3 0.3 

Litter size, pig 

         d 1, total born  12.6 11.8   12.8 1.0 

     d 1, born alive    9.6 10.3   11.2 0.7 

     d 1, born dead     2.6
a
    1.2

b
      1.4

b
 0.4 

     d 18      7.2
a
    8.2

a
      9.6

b
 0.6 

     Change from d 1 to 18
3
   -2.5  -2.1   -1.6 0.5 

Litter weight, kg 

    
     d 1

4
     13.6

A
 16.3

B
   16.6

B
 1.0 

     d 18   43.1
A
   47.8

AB
   51.8

B
 3.4 

     Gain from d 1 to 18
3
 29.5     31.5 35.3 2.4 

Piglet weight, kg 

    
     d 1

5
     1.47  1.58    1.50  0.08 

     d 18     6.11
a
    5.86

ab
     5.47

b
  0.22 

     ADG from d 1 to 18, g/d      233.3
A
   211.7

AB
   207.0

B
    11.3 

Farrowing rate, %      91.7     95.7     72.0 

 Sow mortality rate, %  0.0       4.3  4.0 

 1
HR= sows in high-ranking group; MR= sows in middle- ranking group; LR=sows in 

low-ranking group. 
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Table 4 Continued 
 

2
Measured at the P2 position (locate at left side of the10th rib, and 6 cm away from 

the spine). 
3
Difference between d 1 and 18 of lactation 

4
Litter weight at birth was based on the total number of piglets born alive. 

5
Average birth weight of piglet was based on the total number of piglets born alive. 

a-b
Means within a row with different superscripts differ (P < 0.05). 

A-B
Means within a row with different superscripts show a tendency to differ (0.05 ≤ P 

< 0.10). 
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Table 5. Oxidative stress of sows from different social ranks 

 

Item HR
1
 MR

1
 LR

1
 SEM 

Malondialdehyde, µM 

        d 60 of gestation      5.00 4.12 5.03 0.74 

    d 90 of gestation      5.89 4.65 5.73 0.88 

    d 109 of gestation     5.82 5.92 4.92 0.93 

    d 3 of gestation   5.49 6.79 6.03 1.05 

    d 18 of lactation      6.35 5.12 5.78 0.92 

Protein carbonyl, nmol/mg 

        d 60 of gestation      1.16 0.86 1.08 0.19 

    d 90 of gestation      1.35 1.07 1.20 0.20 

    d 109 of gestation     1.55 1.73 1.58 0.25 

    d 3 of lactation        1.48
A
   1.00

B
      1.36

AB
 0.20 

    d 18 of lactation    1.13 1.05 1.31 0.16 

8-hydroxy-deoxyguanosine, ng/mL 

        d 60 of gestation      0.65 0.63 0.69 0.09 

    d 90 of gestation        0.59
A
    0.73

AB
   0.85

B
 0.10 

    d 109 of gestation      0.98 1.21 1.15 0.16 

    d 3 of lactation       0.68
a
   0.95

ab
 1.00

b
 0.12 

    d 18 of lactation       0.36
a
   0.43

ab
 0.61

b
 0.11 

1
HR= sows in high-ranking group; MR= sows in middle- ranking group; LR=sows in 

low-ranking group. 
a-b

Means within a row with different superscripts differ (P < 0.05). 
A-B

Means within a row with different superscripts show a tendency to differ (0.05 ≤ P 

< 0.10). 
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Table 6. Immunological parameters of sows from different social ranks 
 

Item HR
1
 MR

1
 LR

1
 SEM 

Immunoglobulin M, mg/mL 

        Plasma, d 109 of gestation 32.85 30.08 28.53 2.80 

    Plasma, d 3 of lactation 20.59 19.95 19.88 1.43 

    Colostrum, d 1 of lactation 30.74 26.30 31.27 2.81 

Immunoglobulin G, mg/mL 

         Plasma, d 109 of gestation   122.40   115.34  128.27 6.68 

     Plasma, d 3 of lactation 86.55 84.19    91.78 4.73 

     Colostrum, d 1 of lactation   163.84
A
 127.53

B
 158.08

AB
    14.41 

1
HR= sows in high-ranking group; MR= sows in middle- ranking group; LR=sows in 

low-ranking group. 
A-B

Means within a row with different superscripts show a tendency to differ (0.05 ≤ P 

< 0.10). 
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Table 7. Correlation of sows‟ body weight with plasma malondialdehyde (MDA) 

concentration on d 109 of gestation within different social ranks 

 

Item MDA in HR
1
 MDA in MR

1
 MDA in LR

1
 

 BW on d 35 of gestation 

            r -0.447 -0.579 -0.685 

         P 0.063 0.038 0.005 

  BW on d 109 of gestation 

            r -0.347 -0.704 -0.722 

         P 0.224 0.016 0.005 

  BW on d 1 of lactation 

            r 0.146 -0.717 -0.586 

         P 0.604 0.006 0.022 

  BW on d 18 of lactation 

            r 0.034 -0.636 -0.657 

         P 0.894 0.019 0.008 
1
HR= sows in high-ranking group; MR= sows in middle- ranking group; LR=sows in 

low-ranking group. 
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Table 8. Correlation of sows‟ performance with plasma protein carbonyl and 8-hydroxy-

deoxyguanosine (8-OhDG) concentration in low-ranking group 

 

Item Protein carbonyl
1
 8-OhDG

 2
 

Litter size, pig 

       d 1, born alive 

           r -0.715 -0.441 

         P  0.006  0.114 

     d 18 of lactation 

           r -0.774 -0.542 

         P  0.002  0.045 

Litter weight, kg 

       d 1 of lactation 

           r -0.789 -0.551 

         P  0.001  0.041 

     d 18 of lactation 

           r -0.898 -0.223 

         P             < 0.001    0.464 

     Gain from d 1 to 18 

           r -0.844 -0.033 

         P  0.001  0.916 
1
Plasma protein carbonyl concentration on d 60 of gestation 

2
Plasma 8-OHdG concentration on d 109 of gestation 
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Table 9. Correlation of sows‟ performance with plasma protein carbonyl and 

malondialdehyde (MDA) concentration in middle-ranking group 

 

Item Protein carbonyl
1
   MDA

2
 

  d 60 d 90 d 109 d 18
3
 d 109 

Litter size, born dead 

              r 0.372 0.673 -0.253 -0.196 -0.404 

         P 0.234 0.012  0.404  0.502  0.171 

Piglet weight 

          d 1 of lactation      

         r -0.772 -0.780 0.083 0.174 0.094 

         P  0.003  0.002 0.786 0.552 0.760 

     d 18 of lactation 

              r -0.023 -0.055 -0.743 -0.695 -0.658 

         P  0.943  0.859  0.004  0.006  0.015 
1
Plasma protein carbonyl concentration on d 60, 90, 109 of gestation, and d 18 of 

lactation 
2
Plasma MDA concentration on d 109 of gestation 

3
Protein carbonyl concentration on d 18 of lactation 
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Table 10. Results from multiple regression analysis between ADG and oxidative stress 

indicators within social ranks 
 

Variable Partial R
2
 Total R

2
 F-Value P-value 

High-ranking group 

      8-OHdG d 109 0.220 0.220 4.520 0.049 

  MDA d 60 0.119 0.339 2.690 0.122 

  Protein carbonyl d 18
1
 0.203 0.542 6.220 0.026 

  8-OHdG d 18
1
 0.203 0.745     10.330 0.007 

  MDA d 90 0.073 0.818 4.790 0.049 

  8-OHdG d 3
1
 0.063 0.881 5.850 0.034 

  8-OHdG d 60 0.075 0.956     17.240 0.002 

  8-OHdG d 90 0.012 0.968 3.450 0.096 

  Protein carbonyl d 35 0.010 0.978 3.680 0.091 

Middle-ranking group 

      8-OHdG d 3
1
 0.606 0.606     18.440 0.001 

  Protein carbonyl d 35 0.074 0.680 2.530 0.140 

  8-OHdG d 35 0.109 0.789 5.150 0.047 

  Protein carbonyl d 3
1
 0.132 0.921     15.080 0.004 

Low-ranking group 

      8-OHdG d 109 0.314 0.314 5.490 0.037 

  MDA d 60 0.192 0.506 4.280 0.063 
1
Concentration on d 3 or 18 of lactation 
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Table 11. Results from multiple regression analysis between litter size at birth and oxidative 

stress indicators within social ranks 

 

Variable Partial R
2
 Total R

2
 F-Value P-value 

High-ranking group 
      8-OHdG d 109 0.359 0.359 8.950 0.009 

Middle-ranking group 
      MDA d 3

1
 0.261 0.261 4.230 0.062 

Low-ranking group 
      Protein carbonyl d 60 0.506 0.506     12.290 0.004 

  MDA d 60 0.129 0.635 3.890 0.074 

  8-OHdG d 90 0.142 0.777 6.330 0.031 

  Protein carbonyl d 109 0.098 0.874 7.000 0.027 
1
Concentration on d 3 of lactation 
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Figure 1. Correlation between the percentage of winning interactions and the time duration of 

aggressive behavior of sows 
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A 

 

 
B 

 

Figure 2. Correlations between reproductive performance and oxidative stress indicators for 

sows in high-ranking group. Backfat thickness at d 18 of lactation and 8-hydroxy-

deoxyguanosine (8-OHdG) concentration on d 60 of gestation (A), born alive per litter and 

8-OHdG on d 109 of gestation (B). 
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CHAPTER 6 

General Conclusions  
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High producing sows are under negative energy balance during late gestation and 

lactation. Because the need for nutrients increases in order to meet the nutrients requirement 

for fetal growth and mammary glands development. Studies have shown that piglets gain 

71% of their birth weight during late gestation, and the mammary glands grow significantly 

after d 75 of gestation (Kim et al., 1999 and 2009; McPherson et al., 2004; Ji et al., 2005 and 

2006). However, sows during late gestation are still under restricted feeding management. 

Thus, sows will show negative nutrient balance during late gestation, they will mobilize body 

reserves to meet the nutrient requirements for late gestation. Mitochondria are the most 

important subcellular site of reactive oxygen species (ROS) production. During the electron 

transfer process in mitochondrial inner membrane, superoxide radicals are generated when 

molecular oxygen is reduced by a single electron (Bender, 2009). In late gestation, the rapid 

fetal growth and mammary gland development require increased oxidation of nutrients 

originated from diets and body reserves. It can be, therefore, speculated that sows would 

have increased ROS production during late gestation. It is well shown that lactating sows and 

fast growing pigs have increased ROS production (van Milgen, 1997; Mates et al., 1999). 

A series of studies was conducted: (1) to determine oxidative stress as well as the 

antioxidant status of sows during stages of gestation and lactation; (2) to determine the 

effects of heat stress environment on oxidative status, and reproductive performance of sows 

during gestation and lactation; (3) to determine the effect of gestational housing systems on 

oxidative stress status, reproductive performance, and behavior of sows; and (4) to determine 

if social ranks of gestating sows housed in group would affect the oxidative stress status, 

immune status, and reproductive performance.  
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In the first study, blood samples were drawn from 5 sows during d 30, 60, 90, and 

110 of gestation (G30, G60, G90, and G110), d 3, 10, and 18 of lactation (L3, L10, and 

L18), and d 5 of post weaning (W5) periods. Lymphocytes were isolated from the fresh 

blood and cryopreserved in each time point. Oxidative DNA damage and the antioxidant 

status were determined in lymphocyte or plasma samples. The major findings in this study 

were: elevated (P < 0.05) DNA damage (between 38 and 47%) during mid-, late gestation, 

lactation and post weaning periods than early gestation (G30, 21%). Plasma retinol 

concentration was reduced (P < 0.05) during late gestation (G110) compared with early 

gestation (G30). Plasma α-tocopherol concentrations also showed a similar trend as to 

retinol. There was a systemic oxidative stress during mid-, late gestation and lactation 

periods, and the stress status was not fully recovered until the weaning period. At the same 

time, concentrations of antioxidant nutrients in circulation substantially reduced during late 

gestation of sows. Achieving the first object provides the fundamental information to the 

question what is the oxidative status of sows during gestation and lactation. 

The second study was conducted to test a hypothesis that heat stress may increase 

oxidative stress of sows during late gestation and lactation leading to reduced reproductive 

performance. Twenty eight multiparous sows were used in this study. Fourteen of them were 

under moderate ambient temperature environment (CON) and the other 14 sows were under 

high ambient temperature environment (HT). Plasma samples were used to determine 

concentrations of MDA, protein carbonyl, 8-OHdG, IgG, and IgM. The major findings in this 

study were: sows in HT had decreased (P < 0.05) number of piglets born alive and piglets per 

litter on d 18 of lactation. Litter weight at birth in HT tended to be smaller (P = 0.050) 
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compared with those in CON. Litter weight on d 18 of lactation and litter weight gain in HT 

were smaller (P < 0.05) than those in CON. This study showed that the protein carbonyl 

concentration in HT was greater than CON on d 90 and 109 of gestation, and d1 and18 of 

lactation. Sows in HT had a greater concentration of MDA on d 90 and 109 of gestation, and 

d 1 of lactation than sows in CON. These data indicate that sows in HT have increased lipid 

and protein damage during late gestation and lactation compared with sows in CON. If 

comparing oxidative markers between different gestating and lactating days within each 

treatment, this study showed that sows under heat stress had greater plasma concentrations of 

8-OHdG and protein carbonyl on d 109 of gestation than the other days, which indicating that 

sows under heat stress environment have increased DNA and protein damage during late 

gestation. Litter weight gain and litter size were negatively correlated (P < 0.05) with plasma 

concentrations of MDA and 8-OHdG, respectively. In summary, this study found that sows 

were under elevated oxidative stress during the late gestation and lactation periods when they 

were housed in a heat stress environment. Increased oxidative damage to lipid, protein, and 

DNA was one of the major contributing factors for reduced reproductive performance of 

sows under a heat stress environment. 

The third study was conducted to test a hypothesis that different gestational housing 

systems may affect oxidative stress status and reproductive performance of sows. Eighty nine 

multiparous sows were randomly assigned into groups of 3 per pen (PEN; n=23 pens) or to 

individual gestational crates (CON; n=20 crates) on d 35 of gestation. Behaviors (standing, 

lying, eating) of sows were recorded from video observation for the first 4-d period after 

sows were assigned to treatments on d 35 of gestation. Sows were bled on d 35, 60, 90, and 
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109 of gestation, and d 3 and 18 of lactation. Plasma MDA, protein carbonyl, 8-OHdG, IgG, 

and IgM were analyzed by ELISA. The major findings in this study were: sows in PEN 

tended to have decreased (P = 0.068) number of total born piglets and less (P = 0.089) litter 

weight on d 1 of lactation than sows in CON. Concentrations of MDA, protein carbonyl, 8-

OHdG, and immune measurements were not different between CON and PEN. The oxidative 

stress data within each treatment showed that protein carbonyl and 8-OHdG concentration 

during late gestation increased in both PEN and CON. These results indicate that sows have 

increase protein and DNA damage during late gestation regardless gestational housing type. 

This study concluded that reproductive performance of sows housed in gestational pens 

tended to be inferior to sows housed in gestational crates as indicated by total born per litter 

and litter weight at born. However, oxidative stress status and maintenance behavior were not 

affected by gestational housing indicating that the effects of gestational housing on 

reproductive performance of sows may not be related to oxidative stress status. Oxidative 

damages to protein and DNA were further increased during late gestation and lactation 

regardless of gestational housing.  

The fourth study was conducted to test a hypothesis that if social ranks of gestating 

sows housed in group would affect the oxidative stress status, immune status, and 

reproductive performance. Seventy two multiparous sows were used in the randomized block 

design. On d 35 of gestation, sows were checked for pregnancy and randomly assigned to 24 

gestational pens. Each pen had 3 sows. The social rank of sows within a pen was determined 

by observing their aggressive behavior for a 4-d period after mixing. Sows within a pen were 

classified into high-, middle-, and low-ranking groups (HR, MR, and LR) according to their 
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percentage of winning interactions. The major findings in this study were: body weight of 

sows in HR was greater (P < 0.05) than sows in MR and LR through gestation and lactation. 

Sows in LR had less (P < 0.05) backfat thickness compared with sows in HR and MR. Piglet 

weight in LR was smaller (P < 0.05) than piglet in HR on d 18 of lactation. Plasma 

concentration of 8-OHdG in LR was greater (P < 0.05) than concentrations in HR on d 3 and 

18 of lactation. The protein carbonyl concentration was negatively correlated (P < 0.05) with 

sows‟ litter performance in MR and LR. Plasma MDA concentration on d 109 of gestation 

was negatively correlated (P < 0.05) with sows‟ BW in both MR and LR. Plasma 8-OHdG 

concentration was correlated (P < 0.05) with reproductive performance of sows in HR and 

LR. Sows in HR tended to have greater (P = 0.068) IgG concentration in colostrums 

compared with sows in MR. The study concluded that within each rank, it was all shown that 

the reproductive performance was related to oxidative status of sows regardless which rank 

they were in. Sows in HR had an advantage of highest body weights and lowest mortality, 

their litter size and litter weight performance were similar with sows in MR at the end of 

lactation. For sows in MR, their oxidative damage was not high compared with sows in other 

ranks and their reproductive performances were not decreased compared with sows in HR. 

Furthermore, sows in LR showed poorer reproductive performance compared with HR and 

MR indicated by their lowest farrowing rate, high mortality rate, and lowest backfat 

thickness at the end of lactation. Sows in LR had higher DNA damage compared with HR 

during late gestation and lactation, which could be one of major reasons to their poor 

reproductive performance.  
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In summary, results of these experiments indicate that sows have increased oxidative 

damage during late gestation and lactation. At the same time, the antioxidant defense 

substantially reduces during late gestation. When sows housed under heat stress environment, 

they have increased oxidative damage to lipid, protein, and DNA during late gestation and 

lactation, which is one of the major contributing factors for reduced reproductive 

performance of sows under a heat stress environment. The gestational housing systems (crate 

vs pen) do not affect oxidative stress status and maintenance behavior of sows. When sows 

are housed in gestational pens, they tend to have inferior reproductive performance compared 

sows housed in gestational crates. At the same time, they have increased protein and DNA 

damage during late gestation. For all social ranks, it is shown that the reproductive 

performance is related to oxidative status of sows. Sows in high-ranking have a similar 

reproductive performance compared with sows in middle-ranking. Sows in low-ranking have 

poorer reproductive performance and higher DNA damage during late gestation and 

lactation. Further research can be focused on nutritional strategies to decrease oxidative 

stress of sows during late gestation and lactation and also how oxidative stress status affect 

the growth and health of fetuses and offspring. 
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