
ABSTRACT 

PIKE, BRANDON EDWARD. Carnitine Status and Fatty Acid Oxidation in the Small Intestines 
of Nursing Piglets under PPARα Activation (Under the direction of Drs. Hsiao-Ching (Sunny) 
Liu and Lin Xi). 
 

Newborn piglets are known to be low in energy reserves at birth and that has spawned 

numerous research projects into how to increase the energy or utilization of energy in these 

piglets. One theory is through the activation of peroxisome proliferator-activated receptor alpha 

(PPARα), via clofibrate, which has been extensively studied in the liver of piglets, and to some 

degree in other tissues such as the kidney, heart, and muscle. One tissue receives little attention 

and that is the small intestines of these newborn piglets. Even fewer works examine the carnitine 

status of the intestines.  

The objective of experiment 1 was to determine if the carnitine status and intestinal fatty 

acid oxidation could be improved by activation of PPARα via dietary supplementation of 

clofibrate. The effects of increasing the citric acid cycle (CAC) activity and ketogenic capacity 

on intestinal fatty acid oxidation were also evaluated by dietary supplementation of anaplerotic 

carbon and ketogenic fatty acids in the form of medium-chain fatty acids (MCFAs). The specific 

MCFAs were chosen as to be either anaplerotic, ketogenic, or both. Our study utilized 72 

newborn piglets, in eight groups of nine all having the same mother supplemented with or 

without clofibrate and one of the following milk replacer containing either glycerol succinate 

(Succ), tri-valerate (TC5), tri-hexanoate (TC6), or tri-2-methylpentanoate (TMPA) and a 

newborn control. Intestinal carnitine status was not impacted by any supplementation (p > 0.76). 

Fatty acid oxidation, measured using 1-14C-palmitic acid as a substrate, was impacted by both 

clofibrate and the medium-chain triglycerides (MCT) treatment (p < 0.0001) with an interaction 

between them present. We also found a difference in 14C-distribution with respect to MCT 



treatment, with TMPA shifting production towards CO2 and TC5 towards acid soluble products 

(ASP). 

The objective of experiment 2 was to investigate if carnitine status and milk fatty acid 

utilization in the intestine of piglets could be improved by PPARα activation induced by 

maternal clofibrate via placenta and milk transfer during the suckling period. We dosed 27 sows 

with either 0%, 0.25%, or 0.50% of clofibrate in feed (w/w) for a week pre- and post-partum. 

Milk samples from sow and intestine sample from piglets were collected at day 1, 7, 14, and 19. 

We examined clofibrate in the milk and it was not detectable. Clofibrate had no impact on 

carnitine levels examined in this study, but carnitine levels were documented throughout the 

duration of the study. We detected an increase in CO2 production (p < 0.05) with clofibrate even 

after treatment was terminated, and reduced esterified products (ESP) from in vitro fatty acid 

oxidation on day 1 and increased ESP on day 7 (p < 0.0001), with a reduction in ESP in response 

to clofibrate treatment at day 7. 

The objective of experiment 3 was to examine the fecal microbiota changes in response 

to the postnatal age and maternal clofibrate treatment. The same piglets were used in this 

determination as the previous trial with maternal supplementation. We were unable to detect a 

major impact to bacterial population in response to clofibrate but did detect a change in the 

population of Ruminococcaceae with maternal clofibrate supplementation. The role of clofibrate 

in this change was not known and needs to be investigated further. We also detected decreases in 

Clostridium perfrengins, and E. coli with the postnatal age, and increase in Lactobacillus at day 

7 (p < 0.0001). 

Through these trials we were able to confirm that clofibrate supplementation via milk diet 

or maternal feed can alter the intestinal fatty acid oxidation in neonatal piglets. While we were 



unable to confirm that the maternal clofibrate can be transferred into piglets via sow milk, we 

were able to see the clofibrate effects in the piglets due to the confirmed placental transfer. Shifts 

in the microbiota, while not overwhelming, due to clofibrate may demonstrate a need for further 

investigation with a more appropriate samples size than was possible in our study. Examination 

of the microbiota, in relation to the MCT supplementation of the first study, could also be 

beneficial as we were able to demonstrate that MCT and clofibrate could work together to 

enhance fatty acid oxidation more than either one alone in the intestines.  
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Chapter I: Literature Review 

I1. Swine Industry 

The hog industry in the United States is an extremely large and valuable asset to our 

economy. The US is one of the leading countries that export hogs globally, accounting for over 

16% of the total exports of pork (Workman 2019). Not only do we export, but we also utilize our 

pork domestically. Creating a very large and ever-growing population of hogs within the US. 

The total number of hogs within the US as of June 2019 was 75.5 million (USDA 2019). This 

level is the highest June on record since the onset of record keeping in 1964.  

While hog levels across the country continue to grow, the levels here in North Carolina 

see some small gains. NC has around 9.5 million head of swine as of October 2019, which is up 

from 9.3 million at the same time point last year (USDA and NASS 2019). NC cannot 

experience large upticks in swine population due to a moratorium being in place preventing any 

further construction of swine operations. All gains seen in our state must come from doing more 

with less resources, which apparently is working well for the local farmers to be able to increase 

production. Even with the moratorium in place, NC is rated at the number two state in hog 

production, being only behind Iowa with 24.9 million head, however Minnesota is closing the 

gap behinds us with around 9 million head (USDA and NASS 2019). 

With this philosophy of trying to do as much as possible with as few resources as 

possible, problems have begun to arise. With the desire of farmers for more piglets from fewer 

sows the number of piglets born to a sow has been on the rise (Knauer and Hostetler 2013). 

Logically, with sows carrying more piglets during gestation the piglets must be born smaller in 

order to compensate for the finite uterine space of the sow (Martineau and Badoouard 2009). 

With piglets born smaller many side effects occur at this point in the production system 
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including, but not limited to mortality (Fix et al. 2010). Even when these smaller piglets are able 

to survive their performance is impaired for the entirety of time in the production system by 

being stunted at birth, they never overcome this low weight problem (Quiniou, Dagorn, and 

Gaudré 2002). The largest of these problems is the increase in mortality of these low birthweight 

piglets. With gains seen in the number born alive, followed by an increase in preweaning 

mortality has resulted in a less impactful gain in the number weaned than what could be seen if 

the preweaning mortality was lower (Knauer and Hostetler 2013). It is estimated that around 

25% born to the sow are at or near the low birth weight threshold of around 1250 g, and that, that 

25% accounts for 55% of the deaths in the first three days of life of the piglets (Panzardi et al. 

2013). With such a record, more work is needed to help reduce the preweaning mortality and 

actually allow for the increases seen in piglets born to be realized by the producers in a beneficial 

manner. 

In most commercial farms the pregnant sows are moved into a farrowing barn with 

farrowing crates around one week prior to parturition. The piglets are born in this barn and stay 

with the sow for around 21 days. With the common practice of all in all out, where the pigs are 

moved between houses at the same time regardless of age differences, some piglets stay with the 

sows longer than others depending on the date of farrowing. The piglets are all moved out into a 

nursery where they are housed in group pens with piglets from other litters. They remain in this 

nursery for about 45 days then they are moved into a grower/finisher barn and raised to market 

weight of 128 kg (“Pork Checkoff,” n.d.). 

I2. β-Oxidation 

The mitochondria is considered the “Power House” of the cell, but modern organisms did 

not directly evolve with a functional mitochondria. It is believed that the mitochondria was once 
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a living organism itself that was able to develop a symbiotic relationship with past multicellular 

ancestors (Ernster and Schatz 1981). Through numerous years of evolution, we now have a 

mitochondria that has its own separate genes encoded by itself as well as our very own DNA 

encoding genes that are used exclusively by the mitochondria (Andersson et al. 2003). The 

relationship between ourselves and the mitochondria has been one of evolutions greatest 

successful pairings. 

The primary, but not only, function of the mitochondria is the production of ATP. When 

ATP is generated through the citric acid cycle (CAC) a molecule of acetyl-CoA is utilized in the 

cycle and not returned. This molecule must be replenished for the cycle to continue onward. One 

way for the formation of these needed acetyl-CoA molecules is through fatty acid β-oxidation. 

Fatty acids that are within the mitochondria are oxidized in a series of sequential steps. One turn 

of the β-oxidation cycle produces one molecule of acetyl-CoA and a fatty acyl-CoA that is two 

carbons shorter than when it entered the cycle (Eaton, Bartlett, and Pourfarzam 1996). This 

process works fine so long as the fatty acids in question are of an even chain length. When an 

odd chain length fatty acid is encountered the process continues as normal until the final round 

when a propionyl-CoA and acetyl-CoA are produced. The propionyl-CoA is unable to re-enter 

the β-oxidation cycle and therefore is free to serve as an anaplerotic carbon source by the 

conversion into succinyl-CoA and feeding directly into the CAC as an intermediate (J Odle 

1997). The fate of the acetyl-CoA can vary across species and across tissues. It can be fed into 

the CAC as previously stated, but it is also used to produce ketone bodies. In most newborn 

species the supply of fats is so high that the rate of oxidation produces excess acetyl-CoA that is 

fed into the ketogenesis pathway and the levels of ketone bodies rise significantly within them 

(Herrera and Amusquivar 2000). Piglets, however, remain highly hypoketotic despite the high 
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levels of fats, but they appear to shift acetyl-CoA to the acetogenesis pathway (Lin, Adams, and 

Odle 1996). 

The process of β-oxidation that occurs in the mitochondria requires a very critical enzyme 

system that is located within the mitochondrial membranes. The enzyme system requires a very 

important compound, carnitine, in order to function. The enzyme system includes carnitine 

palmitoyl transferase 1 (CPT1), carnitine acyl-translocase (CAT) and carnitine palmitoyl 

transferase 2 (CPT2). CPT1 is an enzyme that is located in the outer mitochondria membrane, 

while CPT2 lies within the inner mitochondrial membrane. CPT1 reacts with carnitine and long 

chain acyl-CoA to form a long chain acyl-carnitine. This molecule can then be transported across 

the mitochondria membrane via the carnitine translocase. Once within the mitochondria CPT2 

preforms the reverse of CPT1 liberating the carnitine for use to transfer more long chain fatty 

acids into the mitochondria (Zammit et al. 2009). One very interesting characteristic of CPT1 in 

pigs is the highly response to malonyl-CoA inhibition in the liver. Malonyl-CoA is the natural 

inhibitor of CPT1, and in pigs the level of response to the inhibition is much higher. This stems 

from the makeup of the enzyme. CPT1 has several isoforms that are dependent upon the tissue 

location in most species. The CPT1 present in most animal livers is less respondent to malonyl-

CoA inhibition, while the muscle is more respondent. Interestingly, the pigs liver isoform 

appears to be a chimeric form of the rodents liver and muscle isoforms, allowing the pigs liver 

isoform to be highly susceptible to inhibition by malonyl-CoA (Nicot et al. 2001). Apart from 

this inhibition the importance of these enzymes in the piglet’s utilization of energy are critical, 

and one compound in particular is just as critical and that is carnitine. 
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I3. Carnitine Status and Biosynthesis 

The importance of carnitine is clearly known and well understood by the necessity for 

fatty acid metabolism. In healthy normal adult animals, the biosynthesis of carnitine is generally 

adequate to meet all the needs of the body, making carnitine a conditionally essential nutrient 

(Borum 1995). In young animals, however, carnitine is even more important to consider as they 

are not capable to synthesis an adequate amount to meet their needs (Coffey et al. 1991; Borum 

1995). Therefore, it is critical that the piglets receive natural sow milk that has adequate levels of 

carnitine or that they are supplemented to a level similar to what they would receive from the 

sow (Penn et al. 1997). 

The biosynthesis of carnitine requires two amino acids, methionine and lysine. The 

reaction, however, does not require or even work with free lysine. For the biosynthesis to occur 

the lysine must be protein bound to allow for the formation of trimethyllysine. The methionine 

acts as the methyl donor and the trimethyllysine can then form butyrobetaine. This process 

occurs primarily in the liver and kidney, although it can occur in other tissues. The liver and 

kidney are the primary locations for the synthesis of carnitine in entirety, but other tissues 

especially the skeletal muscle can contribute intermediates such as butyrobetaine (Robert 

Ringseis, Keller, and Eder 2018). If the goal is to supplement the diet of animals to increase the 

biosynthetic capacity of carnitine, a highly effective method has been through the 

supplementation of trimethyllysine (Rebouche, Lehman, and Olson 1986), through this 

supplementation the synthesis of carnitine is capable of increasing. It would be logical to suspect 

that a genetic problem in this pathway would be detrimental to an individual. This, however, 

would be incorrect if the diet has carnitine at even low levels. 
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Even small amounts of carnitine in the diet are able to be absorbed and used by the body. 

This is accomplished in part by organic cation transporter 2 (OCTN2) (Yokogawa et al. 1999). 

This transporter is present in the intestine and the kidney. It has an extremely high affinity for 

carnitine and allows the kidney to capture and recycle nearly all of the carnitine that is sent for 

excretion in times of a shortage (Scaglia et al. 1998). With transporters that are as efficient as 

these in the intestines and the kidney, the consumption of carnitine, even at low levels, can be 

captured with great affinity and then recycled by the kidney preventing any abnormal 

complications, if the body is deficient in any of the biosynthesis pathway enzymes. With the 

bodies numerous methods of capturing and making carnitine, it is clear the importance of this 

compound to the health of the person or animal.  

I4. MCFAs 

Medium chain fatty acids (MCFAs) are carboxylic acids that have a chain length of 

between 6 to 12 carbons (Traul et al. 2000; Marten, Pfeuffer, and Schrezenmeir 2006). The most 

common way to supplement these is in the triglyceride form. Free MCFAs have a very pungent 

odor the shorter the chain gets. If they are supplemented directly the piglets will likely reduce 

feed intake. When supplemented as medium chain triglycerides (MCTs), the pH is temporarily 

reduced as the three fatty acids are removed from the glycerol backbone, but rapidly neutralized 

by water that is present in the digesta in a hydrolysis reaction. Once the hydrolyzed fatty acids 

are formed the villi of the small intestines rapidly absorbs them (Schönfeld and Wojtczak 2016). 

The villi can then either utilize them as an energy source or send them to the liver for oxidation.  

The transport of the MCFAs is unique from that of long chain fatty acids (LCFAs) in that 

MCFAs do not require chylomicrons to be transported to the liver. Once MCFAs reach the liver 

they are preferentially oxidized in the mitochondria. The MCFAs can enter the mitochondria 
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more readily than LCFAs due to the fact that MCFAs do not require a carnitine shuttle (Odle, 

1997). The rapid transport and ability for rapid oxidation make MCFAs a great source of energy 

for the animal and most importantly for the villi of the small intestine. Numerous studies have 

been done with either specific MCTs or through supplementation of coconut oil which is rich in 

MCTs specifically lauric, caprylic, and capric with lauric being the predominant form 

(Decuypere and Dierick, 2003; Kono et al., 2003; Zentek et al., 2011; Rial et al., 2016; Newell-

Fugate et al., 2017). It is of note that rabbit milk is naturally high in MCFAs in comparison to 

swine’s milk where the levels are negligible. The fatty acids with the highest proportion in does 

(rabbit) milk are caprylic and capric acids, while in sow’s (pig) milk they are oleic and palmitic 

acids (Maertens, Lebas, and Szendrö 2006). 

Due to all the interesting capabilities of MCFAs in absorption and metabolism much 

research has been devoted to them. Studies on MCFAs have varied from their effects to the 

effectiveness of various specific ones. It is very interesting to know that the chain length can 

have a significant effect on the rates of fatty acid oxidation. As previously stated, even chain 

fatty acid oxidation results in the production of acetyl-CoA and odd chains can produce both 

acetyl-coA and propionyl-CoA. In a study comparing the effects of different MCFAs chains it 

was seen that even medium chains are more readily oxidized and odd medium chains even more 

so (Jack Odle, Benevenga, and Crenshaw 1991). Our lab has also conducted studies in 

comparisons of MCFAs to LCFAs and the effects seen on triacylglycerol oxidation (Heo et al., 

2002), and, not surprisingly, MCFAs were able to increase oxidation. 

Aside from the uses for the animals directly, via the MCFAs as energy source, other 

benefits have been demonstrated as possibilities. One of the possibilities is the use of MCFAs as 

an antibiotic replacement. It has been demonstrated in oral dental studies that MCFAs can alter 
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the bacterial populations (Huang et al. 2011). With information such as this accompanied by the 

rapid use and benefits of the animal’s other studies were prompted. Such as the following 

comparison of MCFAs to LCFAs with probiotic supplementation (Hanczakowska et al. 2016). 

While this study demonstrated a lesser impact from the MCFAs as antibacterial they did show 

significant improvements in the gains of the piglets. One of the reasons that less impactful results 

as antibiotics may have been seen in the previous study is explained in the following. Boyen et 

al., coated short chain fatty acids (SCFAs) in an effort to protect them from digestion in the small 

intestines and compared the results to MCFAs supplementation (Boyen et al. 2008). The coated 

SCFAs showed promise as an antimicrobial agent however diminished impacts were seen in the 

animals supplemented with the MCFAs. They were able to demonstrate in their lab that the 

MCFAs had the potential of working and that supplementation of the MCFAs were capable of 

reducing the virulence of the infections in question. With all the added possibilities that MCFAs 

could yield to the betterment of the animal production world they deserve much more research. 

I5. Clofibrate 

Clofibrate is a drug that was once used in humans to treat high blood cholesterol. 

Clofibrate was discovered when a group of French farmers became ill after exposure to an 

aerosolized pesticide. The farmers were discovered to have extremely low levels of circulating 

triglycerides and further investigation lead the doctors to discover clofibrate as the cause. 

Clofibrate was used to treat high blood cholesterol at a time when other options were non-

existent. As time progressed and medicine further developed clofibrate fell out of favor by the 

1970’s due to high risks and much better options for treatment (Oliver 2012). Even though this 

drug is no longer suitable for human medicine, the uses in the research sector have been 
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limitless. Clofibrate ushered in the use of other fibrate drugs and better cholesterol drugs and 

continues to prove itself invaluable in current research. 

Clofibrate has been used in numerous studies that involve all kinds of animals. The most 

common animal to be studied are the rodents. In rodents clofibrate causes tumorigenesis (Reddy 

and Qureshi 1979). This comes from mechanism of action of clofibrate. Clofibrate acts as a 

synthetic ligand for the peroxisome proliferator receptor α (PPARα). The number of peroxisomes 

within the liver of these rodents multiply and the liver increases in mass and in a carcinogenic 

manner for the rodents. The benefit and rational behind clofibrate supplementation is the effects 

that are seen on fatty acid oxidation (Small, Burdett, and Connock 1983; Veerkamp and van 

Moerkerk 1986; Laclide-Drouin et al. 1995).  

Not only does clofibrate have an effect in rodents, but it has also been seen in other 

species with different levels. Zebrafish and cattle respond to clofibrate stimulation by increases 

in oxidation as well (Grum, Hansen, and Drackley 1994; Venkatachalam et al. 2012). More 

interestingly for our lab however is the responses seen in pigs. Treatment of pigs with clofibrate 

has a similar result that is observed in rodents in that the levels of oxidation are increased (Bai et 

al. 2014), however in pigs peroxisome proliferation and increases in liver size are not as 

significant (Yu, Odle, and Drackley 2001). This has caused the rodents to be classed as a 

peroxisome proliferating species and the pigs as a non-proliferating species. Humans respond to 

clofibrate in a similar manner to pigs. Due to the peroxisome proliferation, responses observed in 

rodents to clofibrate are generally much more significant than those results seen in pigs.  

Not only does clofibrate alter the levels of fatty acid oxidation it has also been shown to 

have an effect on protein breakdown (Ishiguro et al. 2006) and gene expression of transporters 

(Robert Ringseis et al. 2008). Studies with clofibrate have also shown that treatment of pregnant 
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sows with clofibrate can pass the effects to the piglets via the passage of clofibrate across the 

placental barrier (Lin, Jacobi, and Odle 2015). However, it has not been shown to alter the 

overall gains of the piglets or milk fats (Gessner et al. 2015). So even with clofibrate having 

fallen out of favor for the purpose of human medication, it is very clear that it still has a 

significant niche to fill in the research world to better understand PPARα activation and how it 

can be utilized to increase production in the agricultural sector. 

I6. PPARα  

Peroxisome proliferation activated receptor α (PPARα) is a nuclear receptor that forms a 

heterodimer with retinoid X receptor alpha (RXRα). PPARα’s DNA binding domain consists of 

two zinc fingers and they have a large ligand binding domain compared with other nuclear 

receptors. The formation of the heterodimer requires the binding of either PPARα or RXRα to a 

ligand. Once bound to a ligand the heterodimer is formed and the conformation changes then 

allows for the binding to the peroxisome proliferator response element (PPRE). The PPRE is a 

specific DNA sequence found upstream of numerous genes. The PPRE is what is known as a 

direct repeat of 1 (DR-1) or simply a direct repeat sequence separated by one nucleotide. The 

sequence is AGGTCA X AGGTCA, with the X being the spacer nucleotide, it requires no 

specific nucleotide to be in this position (Berger and Moller 2002). The binding of PPARα to the 

PPRE is also facilitated by numerous cofactors that generally carry an LXXLL motif, with L 

representing lysine and X representing any other amino acid (Viswakarma et al. 2010). It has 

also been noted that PPARα is rapidly degraded by the ubiquitin proteasome system unless it is 

bound to its ligand which can increase it longevity. It has also been noted that phosphorylation of 

the unactivated PPARα can increase it stability (Blanquart et al. 2004). It is also interesting that a 

homodimer of RXR can activate the PPRE due to the fact that they share the same sequence. 
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This interaction however is not as stable as the heterodimer of PPARα and RXRα because of the 

requirements for specific cofactors and activators that assist the formation of the heterodimer 

(IJpenberg et al. 2004).  

PPARα has many different ligands, due, in part, to the large ligand binding domain. 

These ligands range in potency and availability. It has been demonstrated that poly unsaturated 

fatty acids (PUFAs) such as linoleic and arachidonic acid are one of the natural ligands of 

PPARα (Forman, Chen, and Evans 1997). It has also been demonstrated that some branch chain 

fatty acids like phytanic acid can serve as ligand for PPARα (Gloerich et al. 2007). Free fatty 

acids have been tried as ligands to no avail, however fatty acids that stem from de novo 

lipogenesis have been successfully utilized as ligands (Chakravarthy et al. 2009). Other 

compounds such as commonly occurring polyphenols have shown activity as ligands for PPARα 

(Contreras, Torres, and Tovar 2013). With all these ligands present the most commonly used for 

the purpose of research are the fibrate class (Luci et al. 2007; R Ringseis et al. 2008; Bai et al. 

2014; Lin, Jacobi, and Odle 2015; He et al. 2017). These are compounds that were originally 

designed for treatment of high cholesterol in humans, and some of the fibrate drugs are still used 

for this purpose in modern human medicine. 

Now that it is clear what PPARα is and how it works, what does this all mean to the 

animal? PPARα activates many genes within the animals and has different responses in different 

species. In rodents the primary effect is increases in peroxisomal β-oxidation via increases in the 

number of peroxisomes and the genes involved in oxidation within them. In primates and pigs, 

however, the largest increase is seen in mitochondrial β-oxidation with little to no increase in 

peroxisome number or size (Luci et al. 2007; Bai et al. 2014). Not only does PPARα control the 

oxidation of fats in these animals, but it also increases the transporters for carnitine and other 



   

12 
 

needed compounds to allow for further increases in oxidation (Robert Ringseis et al. 2008). 

While increases just in this area of metabolism would seem to be a lot of control, PPARα goes 

beyond oxidation of fats. PPARα has been demonstrated to alter the amino acid catabolism 

(Sheikh et al. 2007), as well as have an immune response on nuclear factor-κB and tumor 

necrosis factors (Zhou et al. 2012). With functions ranging across all these areas of the 

physiology it is clear how important further understanding of this transcription factor is. 

I7. Microbiome 

The microbiome is the microbial population of bacteria archaea, and fungi that live with 

the animal and their genes (Morgan and Huttenhower 2012). The piglet’s gastro intestinal (GI) 

tract is populated from the stomach to the colon with bacteria, with the cecum and colon being 

the location of the majority of fermentation. It has been demonstrated that the microbiome of 

piglets controls many facets of the piglet’s life. Effects have been evaluated on immunity, 

metabolism, and growth (Decuypere and Dierick 2003; Mohana Devi and Kim 2014). However, 

many questions still exist about the exact contributions that the microbiome makes to the life of 

the animals.  

Bacteria begin to populate the GI tract of newborn piglets immediately after birth from 

the feces of the dam as well as the environment. Research has been done with piglets born via 

caesarian section and the microbiota of those piglets differs from that of natural born piglets 

(Yeoman and White 2014). Prior to weaning the predominant genera of bacteria in the piglet’s 

GI tract are Bacteroides, Blautia, Dorea, Escherichia and Fusobacterium. While post weaning 

the predominant bacteria genera shifts to Prevotella and Clostridium (Alain B. Pajarillo et al. 

2014; Dou et al. 2017). At weaning the bacteria population diversity may increase, and at around 

two weeks after weaning the population begins to stabilize.  
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While nursing, the piglets GI tract is colonized to a small degree by opportunistic 

bacteria. These bacteria are waiting for a compromise in the piglet’s health to proliferate and 

cause GI tract disturbances. At weaning these opportunistic bacteria are still present, but begin to 

disappear from current screening techniques shortly thereafter (Mach et al. 2015; Tsiamis et al. 

2017). This makes the time of weaning very critical for the piglets to be consuming an adequate 

and beneficial diet to ensure the reduced risk of opportunistic infection. 

When thoughts of the microbiome are generally considered, the distal end of the GI tract 

or the feces are the most commonly considered locations. The microbiome of an animal goes far 

beyond that to encompass the skin, mouth, and the entirety of the GI tract. The GI tract 

microbiota is even further divided into luminal samples and mucosal samples. Studies with the 

skin microbiome have linked diseases to the variations in the microbiota in both humans and 

animals (Rodrigues Hoffmann 2017). Investigations have been conducted with the mouth 

microbiome due to the proximity of the tonsils and other lymphatic organs (Kernaghan, Bujold, 

and MacInnes 2012). However, the dominant areas investigated are the GI tract due to the higher 

microbial populations and potential impacts at these locations. 

Investigations into the microbiome of the stomach of pigs have shown that bacteria are 

indeed present in the luminal content and the mucosa. This is very interesting due to the low pH 

seen in the stomach, but bacteria appear to be capable of living almost anywhere. These studies 

were unable to detect exactly where the bacteria were residing, but were able to differentiate 

between the mucosa and luminal content (Motta et al. 2017). An interesting find in the 

aforementioned study was some uncommon bacterial families to animals, Herbiconiux and 

Brevundimonas. These two strains appeared as the predominant genera in the mucosa. The 

interesting conclusion they drew from this is that they most likely came from the last meal 
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consumed by the animals in the trial. Further research is needed to confirm this, such as an 

analysis of the feed samples and a trial with a larger sample size than in this study. 

Of the GI tract, the intestines are much more well studied than other sections of the GI 

tract. Some of the most interesting things studied in these sections of the GI tract are the 

supplementation of prebiotics and probiotics. The difference between these is that prebiotics are 

compounds that supplements in an effort to feed and select for specific strains of bacteria. While 

supplementation of probiotics is that actual supplementation of bacterial species in an effort to 

enrich the populations of these specific strains or introduce a new possibly more beneficial 

bacteria or even repress the population of possible disease causing bacteria (Yang et al. 2015; 

Monteagudo-Mera et al. 2016; Hughes et al. 2017). 

One of the most common ways of examining the microbial profile of anything in the 

present era is through the use of 16S rRNA sequencing. This method like all others has it pros 

and cons, but it has been proven to be a very useful tool in drawing conclusions based on the 

populations of microbes in samples (Nguyen et al. 2016). In short, this method works via 

amplification of select hypervariable regions in the bacterial 16S rRNA gene subunit, through a 

series of PCR amplifications and the samples are prepared for sequencing. Once the samples are 

sequenced the results come back in the form of millions of samples reads. At this stage some 

form of processing software is necessary such as QIIME, MOTHUR, or CLC. Through the use 

of these programs the numerous reads can be grouped into operational taxonomic units (OTUs). 

These programs compare the reads to a preloaded dataset of known OTUs to group the data into 

OTUs generally at a comparison similarity of at least 97%. This reduces the loads of data from 

millions of reads to thousands of OTUs allowing for better comparison of the data (Morgan and 

Huttenhower 2012; Allali et al. 2017).  
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I8. Intestines 

When the thoughts of the intestines are first considered, nutrient absorption is the first 

thing that comes to mind. While this is a very important function of the intestines, the intestines 

are much more than just nutrient acquiring organs. The intestines play a very important role in 

immunity of the animals and it has the potential to synthesize nutrients, such as carnitine, that is 

primarily thought to occur in the liver and kidney (Shekhawat et al. 2013). The intestines are a 

broad name for long organ. The intestines can be divided into the small intestines and the large 

intestines. The small intestine is further divided into the duodenum, jejunum, and the ileum. 

These are followed by the cecum and the colon to comprise the large intestines. The small 

intestines is the location that is primarily considered for nutrient absorption and the large 

intestine primarily absorb water and are a location of fermentation (Smith 1988). 

With regards to immunity in the intestines, the first aspect to consider is the passive 

immunity they permit from the sow to the neonates. The level of immunoglobulins that are 

passed to the piglets via the placenta are on the verge of undetectable (Dividich, Rooke, and 

Herpin 2005). The needed immunoglobulins for these piglets come from the sows first milk or 

colostrum. The levels of immunoglobulins are on a steady rise for the first few hours after 

nursing from the sow (Cabrera et al. 2013). Within the first day or two of the piglet’s life the 

ability to absorb such large immunoglobulins ends as do the levels seen in the sow’s milk. As the 

piglet ages and the immune system develops to a mature level the methods of immunity change. 

The passive immunity offered to the piglet fades away as the piglet ages and develops itself an 

active immune system which also functions within the intestines. The intestines are a prime area 

for infections to enter, and the pig’s immune system is present and patrolling for potential 

invasions. 
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One very interesting characteristic of the newborn pig is the rapid growth seen in the first 

week of life. One possible rationale for this is the intestines. In a study by (Wooding, Smith, and 

Craig 1978), the claim is made that in the first few days of life the large intestines share a similar 

morphology to that seen in the small intestines allowing for enhanced nutrient absorption across 

the entirety of the intestines. In studies out of that lab all the changes that are seen in the small 

intestinal epithelium over the first three weeks of life was demonstrated. The villi within the 

intestines are at their longest the first week of life. As they mature enterocyte begin to migrate up 

the villi and out of the crypts, the villi length begins to shorten and is regulated to a normal level 

upon the weaning transition, generally at three weeks in the commercial setting (Smith 1988). 

As stated, before the intestines are considered the location primarily for absorption. As 

for carnitine in the intestines this is also true as they are critical to the absorption for the young 

animals that are not able to synthesize carnitine on their own yet. Studies have shown that the 

organic cation transporter (OCTN) genes are involved in carnitine absorption and that PPARα 

activation can stimulate these genes (R Ringseis et al. 2008). Of even greater interest than this is 

the possible biosynthesis of carnitine within the intestines. All needed enzymes have been 

detected and shown to be functional in the intestines of rats (Shekhawat et al. 2013). The enzyme 

expression appeared localized to the villi, but this finding is very interesting and deserves further 

investigation in other species. With the possibility of PPARα activation on these genes and the 

expression in the intestines could allow for the intestines to be an important area to examine 

carnitine.  

The last note about the intestines is it importance to the piglet via the contributions from 

the microbiota. The piglets are microbial profile is characterized by its rapidly colonized by 

bacteria from the dam and from the environment. The bacteria are critical to the development of 
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the piglet in a healthy manner. It has been demonstrated that the larger piglets tend to have a 

larger more diverse microbiome when compared to smaller piglets (Han et al. 2017). With the 

function of the immune system in the gut and the need for the microbes to breakdown some 

dietary matter from plants the microbiome is critical to the piglet’s growth and survival. If 

opportunistic bacteria have a chance to colonize the GI tract before the proper establishment of 

beneficial bacteria the piglet can suffer anything from diarrhea to death (Azcarate-Peril et al. 

2011). The intestines are far more important to the overall health of piglets and anything else 

than just nutrient absorption and more research will allow us to understand even more of the 

important processes the intestine are and may be capable of. 

I9. Piglet’s Difficulties 

Throughout the life cycle of the piglets to reach market weight they encounter many 

obstacles. Piglets are born with minimal fat reserves unlike other animals and humans, and 

therefore must acquire all their energy from the milk of the sow (Mellor and Cockburn 1986). 

Much research has been and is being conducted in this area to ensure the survival of the newborn 

piglets especially the low birthweight ones (Quiniou, Dagorn, and Gaudré 2002; Pardo, Kreuzer, 

and Bee 2013). The study by Quiniou et al., showed the great impact that low birthweight piglets 

have in their entirety of life. They are slow growing throughout the entire production system and 

either result in a submarket weight hog or need extended time in a fatting room prior to 

slaughter. These added cost of low birthweight piglets can add up significantly due to the number 

of litters being born in a commercial setting. It was speculated, in this study by Quiniou et al., 

that with further research a cull weight could be developed, and it could be more economically 

feasible to remove the piglets with such a low weight then try to get them to market weight. 

Producers would not like to just write off a piglet from the beginning because that is a clear loss 
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of money, therefore much research needs to be done to make these piglets just as viable as their 

siblings. In slight contrast to the study by Quiniou et al., Pardo et al. did not detect the 

differences between low birth weight litters and high birth weight litters. This is like due to the 

way the studies were preformed and the factors that were examined. The conclusion drawn from 

this study that is supported in both of these studies is that the sow performance suffers. Losses of 

the low birthweight newborns is higher than their siblings and this has to be addressed in order to 

improve the sow’s performance. Having more piglets but losing more after birth is not an 

advantage to the producer and they need the piglets born to live to market weight to be a feasible 

operation. 

Another very critical time for the piglets is at weaning. As previously stated, piglets are 

weaned around 21 days in the US, which is much earlier than in a wild setting (M.A.Varley and 

Wiseman 2001). This early weaning time results in added stress to an already overwhelming 

situation for the piglets. At this young age the piglets are taken from their mother, and primary 

food source, to be placed in an unfamiliar place with a new group of pigs. The placement of the 

piglets into a new social group means the pecking order established with the sow is null and 

void. The piglets must now assert their dominance or cower into submissiveness to establish a 

new social structure in the cage. Not only do they have this new social structure to establish, but 

the sow is gone along with the milk-based diets. The feed available now is a solid plant based 

product (Sutherland, Backus, and McGlone 2014). These events cause the piglets to endure 

tremendous levels of stress, which has severe consequences on the piglet’s health (McLamb et al. 

2013). This stress coupled with the new foreign diet causes the piglets to reduce feed intake or 

even layoff the feed entirely. It is common to see the piglets lose weight upon entry into the 

nursery before they return to the rapid growth, they are capable off. Studies have shown that 
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around 10% of the piglets will not consume any of the feed for in excess of 48 hours, and that 

two weeks can lapse before they resume consuming an adequate diet for their potential rapid 

growth (Lallès et al. 2007; Pluske, Hampson, and Williams 1997). 

I10. Conclusions and Rationale 

It is clear from all the preceding evidence that one of the most critical times in the 

piglet’s life is shortly after it is born. Finding a way to make the survival of these piglets more 

likely is critical to the economic security of the swine industry and understanding how these 

improvements work and how they are going to lead to new improvements is imperative. These 

needs in the piglet production system are the reasons why these following studies have been 

designed and executed, and through these studies it will hopefully become more clear how we 

can improve the life of these piglets and therefore the life of the farmer, through a more 

profitable production system.  

The first study examines the effects of MCFAs on the intestinal fatty acid β-oxidation 

and the carnitine status of the piglets under PPARα activation induced by clofibrate. 

Supplementation of specific dietary MCTs, including TC5, TC6 and TMPA was performed in 

order to increase intestinal β-oxidation in neonatal piglets. The time course for the study was 

based on previous results in our lab, that demonstrate the effects of clofibrate can be seen in the 

time frame chosen for this trial. Work with MCTs in our lab also directed us in choosing these 

specific supplements in hopes of further advancing the fatty acid oxidation rate. Aside for the 

performance of our in vitro assay for fatty acid oxidation we examined the expression of genes 

associated with fatty acid oxidation and carnitine biosynthesis. Gene expression is an indication 

of the mRNA enrichment of the genes. For further confirmation of the levels of the actual 

functioning protein additional assays are necessary. Carnitine status of these pigs was also 



   

20 
 

examined to evaluate the effects of the supplementation of clofibrate on carnitine synthesis and 

transportation.  

The second study conducted was the determination if clofibrate can pass from the sows to 

the piglets via the milk and the effectiveness of this transfer on growth performance and energy 

utilization in piglets. The milk was collected from the sows during the whole lactation period, 

and the clofibrate in the milk was measured via HPLC. Intestinal samples were also collected 

from the piglets at various postnatal age, and fatty acid oxidation rate and carnitine status were 

examined and evaluated using the same biological techniques and assays as used in the first 

study.  

The third study was to evaluate microbiota changes during postnatal period using the 

fecal samples collected from the piglets in the second study. The effect of maternal clofibrate 

supplementation and the postnatal age on the fecal microbiota was examined in piglets from the 

sows treated with or without clofibrate. This study was an excellent tool for the examination of 

the progression of the microbiota of the piglets’ time in a farrowing barn. Enlightenment in these 

areas can help researchers to better understand the needs of these piglet and the possible ways to 

help these piglets live more productively and grow faster. This research is critical to the 

improvement of the swine industry and leads the way for future research in a similar direction in 

improvement of growth performance. 
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Chapter II: Examination of the intestinal carnitine status and fatty acid oxidation in 

response to clofibrate and MCT supplementation in newborn pigs 

II1. Abstract 

The role of peroxisome proliferation associated receptor alpha (PPARα) activation in 

increasing carnitine availability and fatty acid oxidation has been well studied in the liver, heart, 

kidney, and muscle tissues of pigs, however, the effect of PPARα activation has not been 

evaluated in intestinal tissues especially in newborn pigs. Providing enough energy is critical for 

the rapid development of the intestine after birth, which is believed to be associated with the 

survival of newborn pigs. In this study, we investigated the role of clofibrate, as a PPARα 

activator, in the regulation of carnitine status and intestinal fatty acid oxidation in 5 d-old pigs 

that received milk diets containing medium-chain triglycerides (MCTs) with or without 

supplementation of 0.35% clofibrate, a pharmaceutical PPARα agonist. A total of 72 suckling 

newborn piglets from 9 litters were assigned into 8 dietary treatments following a completely 

randomized block design (blocked by litter) with a 2 (± clofibrate) x 4 (diets with: 

succinate+glycerol (Succ), Tri-valerate (TC5), Tri-hexanoate (TC6), or Tri-2-methylpentanoate 

(TMPA)) factorial arrangement. The diets were formulated to be isocaloric by adjusting diets 

with soybean oil, and all piglets received the experimental diets for 5 days. Free and acyl-

carnitine were analyzed in the plasma, liver and intestinal mucosa collected from piglets. In vitro 

fatty acid oxidation was measured in fresh mucosa homogenates isolated from the small intestine 

using [1-14C]-palmitic acid (1 mM) as a substrate. The measurements were performed in 1 mL of 

a reaction buffer (control) or the reaction buffer containing L6559699 (1.6 µM), an inhibitor of 

hydroxymethylglutaryl-CoA synthase (HMGCS), iodoacetamide (Iodo) (50 µM), an inhibitor of 

acetoacetyl-CoA deacylase (AACD) and carnitine (1 mM), the cofactor of carnitine palmitoyl 
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transferase (CPT) system.  Supplementation of clofibrate increased concentrations of free and 

acyl-carnitine in the liver and acyl-carnitine in the plasma, but had no effect on the carnitine 

concentrations in intestine. The effects on carnitine observed in the plasma and the liver were not 

associated with the expression of the genes 4-trimethylaminobutyraldehyde dehydrogenase, 

gamma butyrobetaine dioxygenase, or trimethyllysine dioxygenase (ALD, BBOX and TMLHE) 

for carnitine synthesis or the organic cation transporter genes (OCTN1 and OCTN2) in intestine. 

Dietary MCTs had not influence on the carnitine concentrations in the plasma, liver, or 

intestines. No interaction was observed between clofibrate supplementation or dietary MCT 

treatment. Clofibrate supplementation increased intestinal fatty acid oxidation, and the increase 

in fatty acid oxidation was impacted by the dietary MCTs. Significant interactions were detected 

between clofibrate supplementation and dietary MCTs. Compared to the diet with Succ, TC5 and 

TMPA stimulated the fatty acid oxidation rate that was already increased by clofibrate induction. 

The stimulation from TC5 and TMPA was due to an increase in CO2 production, implying that 

propionyl-CoA, generated from TC5 and TMPA, could enhance the capacity of citric acid cycle 

(CAC) as an anaplerotic carbon source. Without clofibrate, TC5, TC6 and TMPA increased fatty 

acid oxidation in comparison to Succ. However, the increase by TC6 and TMPA was due to an 

increase in CO2 production and TC5 and TC6 was due to an increase in acid soluble products 

(ASP), indicating that the metabolic fate of acetyl-CoA, generated from the MCTs β-oxidation 

impacted the intestinal fatty acid oxidation rate. Moreover, the effect of clofibrate and MCTs on 

the expression of PPARα and its target gene CPT 1 was not detected. Supplementation of 

carnitine in vitro increased fatty acid oxidation but did not change the distribution of the β-

oxidation metabolites between CO2 and ASP. Supplementation of the HMGCS inhibitor, 

L6559699, in vitro decreased intestinal fatty acid oxidation rate and altered the metabolic 
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distribution of between β-oxidation between CO2 and ASP, and Iodo, the inhibitor of AACD, 

had no influence on fatty acid oxidation or its distribution between CO2 and ASP. These results 

suggested that dietary supplementation of clofibrate modified carnitine status in the liver and 

plasma and increased fatty acid oxidation in the small intestine in 5 day-old piglets. Dietary 

MCTs could stimulate the fatty acid oxidation and modify the increased fatty acid oxidation rate 

induced by clofibrate. The mechanism of clofibrate and dietary MCTs in modifying carnitine 

status and fatty acid oxidation rate as well as its metabolic distribution between CO2 and ASP 

clearly are in need of investigation in the future.  

II2. Introduction 

Carnitine is a quaternary amine that is synthesized in the body from methionine and 

lysine of mature animals and is utilized for the transport of long chain fatty acids (LCFAs) into 

the mitochondria (P R Borum 1983). The transport of LCFAs into the mitochondria is facilitated 

through a series of enzymes in the mitochondria membrane, carnitine palmitoyl-transferase 

(CPT1) and carnitine acyl-translocase (CAT), and CPT2. CPT1 binds the fatty acid to carnitine 

in order to permit the transfer across the outer mitochondrial membrane via CAT. Once inside 

the mitochondria CPT2 can then remove the carnitine and replace it with a coenzyme A (CoA) 

and allow for the carnitine to be shuttled back out of the mitochondria and recycled (Longo, 

Frigeni, and Pasquali 2016). The importance of carnitine is not just in this transport, but it is also 

important for maintenance of the CoA pool. CoA is needed in numerous metabolic process and 

the available pool of CoA is low. The formation of carnitine esters allows for the CoA to be used 

elsewhere, and the fatty acids are still in a usable manner as well (Bieber 1988; Peggy R Borum 

1995).  
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The carnitine status and the process of carnitine biosynthesis has been studied extensively 

in pigs at the weaning transition and the growth-finishing period for increasing lean muscle 

mass, but less focus has been given to the newborn piglets (Coffey et al. 1991; Hoffman et al. 

1993; K. Heo et al. 2000; Owen et al. 2001; Carmen Birkenfeld, Kluge, and Eder 2006; 

Strzałkowski et al. 2007; Brown et al. 2008; Madsen et al. 2018). However, the newborn piglets 

have a limited capacity for carnitine biosynthesis, and carnitine in sow milk is the primary source 

of the piglets during suckling period (Baltzell et al. 1987; Penn et al. 1997). Due to carnitine’s 

necessity in the oxidation of milk fats, and the fact that fat is the predominant energy for neonatal 

piglets at birth, it is of vital importance that neonates obtain enough carnitine for energy 

production to ensure survival. To meet the energy requirement for the fast development and 

growth of neonate, carnitine has been added into the formula of human infants (Peggy R Borum 

1995). The capacity of carnitine biosynthesis in liver and kidney also has been studied in 

numerous species (C J Rebouche, Lehman, and Olson 1986; Robert Ringseis, Wen, and Eder 

2012; Shekhawat et al. 2013; Broderick et al. 2018). However, the role of the intestines in 

carnitine homeostasis could not be overlooked especially in carnitine absorption and 

transportation in the neonate. Carnitine is absorbed in the intestine primarily through the 

transporter OCTN2 and in the piglet intestinal absorption is as high as 90% (Charles J. Rebouche 

2004; Robert Ringseis, Keller, and Eder 2018). In addition, it has been shown recently in rats 

that the needed enzymes for biosynthesis are present in other tissues, including the intestines 

(Shekhawat et al. 2013). 

Unlike other neonates, newborn piglets have a nonexistent fat reserve for energy at birth 

and all needed fats and other nutrition must be consumed from the milk (Theil, Lauridsen, and 

Quesnel 2014). High levels of neonatal mortality are present during the first three days after birth 
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(Alonso-Spilsbury et al. 2007). The reasoning behind this early death can be attributed to several 

factors, but one is the large number of piglets born to current hyper prolific sows, reducing 

available milk for nutrition and immunity (Oliviero, Junnikkala, and Peltoniemi 2019). Hyper 

prolific sows with these large litters are also driving down birthweights (De Vos et al. 2014). 

Combine these factors together, low birth weight and low energy reserves, and this leads us into 

the importance of the carnitine in these piglets’ diets, because sows milk fats provide up to 60% 

of the energy needs for the piglets (Girard et al. 1992), primarily in the form of long chain fatty 

acids. All the LCFAs require the carnitine shuttle into the mitochondria for oxidation, therefore 

these piglets of are in dire need of ample carnitine. 

Hepatic fatty acid oxidation and its regulation have been well studied (J Odle, 

Benevenga, and Crenshaw 1991; Adams, Lin, et al. 1997; Bai et al. 2014; Lin, Jacobi, and Odle 

2015) in neonatal piglets. The roles of PPARα activation and carnitine in fatty acid utilization in 

neonatal piglets has also been studied (Robert Ringseis et al. 2008; Wen, Ringseis, and Eder 

2010; Rosenbaum et al. 2013). However, the critical role of intestinal fatty acid oxidation has not 

been well studied, especially during the development of the piglets. The intestines are the 

location for all nutrient absorption and transportation. Thus, the intestines of the newborn must 

develop rapidly after birth as the metabolic switch occurs at this time from a carbohydrate-based 

diet to a fat-based diet (Girard et al. 1992). Adequate energy is critical at this developmental 

time, which is not only related to the volume of milk intake, but also the efficiency of utilization 

(Strzałkowski et al. 2007; Jacobi and Odle 2012; Yin et al. 2017). To increase the efficiency of 

energy utilization, carnitine availability is essential. Studies conducted in mice by (Shekhawat et 

al. 2013) demonstrate that carnitine could be synthesized in the intestine because all the genes 

involved in synthesizing carnitine are expressed in the epithelial cells of the intestines, and the 



   

40 
 

enzymes of carnitine synthesis are active in mice intestine. Whether the same system is 

expressed in pigs has not been thoroughly investigated especially in neonates, though the activity 

of a carnitine synthesis enzyme gamma butyrobetaine dioxygenase (BBOX) was detected in the 

intestines of 7 week old pigs with a limited sample number (Fischer, Varady, et al. 2009).  In 

addition, available evidences indicated that 4-trimethylaminobutyraldehyde dehydrogenase 

(ALD), BBOX, and trimethyllysine dioxygenase (TMLHE) have a peroxisome proliferation 

response element (PPRE) (Robert Ringseis and Eder 2009; Wen et al. 2011; Robert Ringseis, 

Wen, and Eder 2012; Wen et al. 2012), suggeting that BBOX, TMLHE, and ALD could be 

regulated by PPARα. Indeed, supplementation of PPARα agonist such as WY-14,643 in mice 

increased the gene expressions of BBOX (Wen et al. 2011) and ALD (Wen et al. 2012), 

demonstrating that carnitine synthesis can be controlled via PPARα (Robert Ringseis, Wen, and 

Eder 2012). 

PPARα is a nuclear transcription factor that is known to regulate numerous genes 

associated with fatty acid oxidation. Newborn piglets are known to have a low rate of fatty acid 

oxidation and a relatively high rate of fatty acid esterification (Pégorier et al. 1983; Cherbuy et 

al. 2012). The low fatty acid oxidation rate is considered to be associated with a low CPT1 

activity at birth and a low ketogenic capacity during the suckling period. As the target genes of 

PPARα, CPT1 can be increased through the activation of PPARα and the increase has been 

observed in the liver, kidney, and muscle of the neonatal pigs through supplementation of 

clofibrate via oral gavage (Yu, Odle, and Drackley 2001; Bai et al. 2014; He et al. 2017; Shim et 

al. 2018; Lin et al. 2020) or maternal supplementation of clofibrate (Lin, Jacobi, and Odle 2015). 

Clofibrate is a pharmaceutical PPARα agonist, and its role in increasing fatty acid oxidation by 

activation of PPARα has been studied extensively, not only in pigs, but also in a variety of 
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species (Veerkamp and van Moerkerk 1986; Grum, Hansen, and Drackley 1994; Venkatachalam 

et al. 2012; Luo et al. 2014). Species are grouped into either a proliferating species such as 

rodents or a non-proliferating species such as pigs and humans based on if clofibrate causes a 

peroxisomes proliferation. PPARα, once activated, will form a heterodimer with retinoid x 

receptor alpha (RXRα), which then in turn can bind to the PPRE and increase the transcription of 

the enzymes downstream of the response element (Lemberger, Desvergne, and Wahli 1996). 

Numerous genes have been identified that have a functional PPRE within their promoter regions, 

many of these genes are, or pertain to, fatty acid oxidation genes (Lefebvre et al. 2006).  

Although the role of PPARα activation in increasing fatty acid oxidation has been well 

documented in the liver, kidney and muscle (Yu, Odle, and Drackley 2001; Bai et al. 2014; He et 

al. 2017; Shim et al. 2018; Lin et al. 2020), it has not been explored in intestine. The information 

in regulation of fatty acid oxidation in the intestine is very limited in the literature. Similar to 

what has been seen in the liver, a high rate of fatty acid esterification has been observed in the 

intestines of piglets (Cherbuy et al. 2012), but PPARα activation’s impact on fatty acid oxidation 

is not known in the intestines. Also, a response of PPARα activation via WY-14643 has been 

detected in the intestine of rats (Karimian Azari et al. 2013), but it has not been tested in neonatal 

pigs. In this study, we evaluated the effect of PPARα activation on intestinal fatty acid oxidation 

by supplementing clofibrate in milk replacer. In addition, carnitine status could be impacted by 

PPARα activation, induced by supplementation of clofibrate, via increasing endogenous 

carnitine synthesis and uptake from the intestines, and subsequently the change in the carnitine 

status could affect fatty acid oxidation via transfer from the cytoplasm to the mitochondria. 

Therefore, the carnitine status was determined in pigs fed diets with or without clofibrate in this 

study. Furthermore, the fatty acid oxidation rate could be affected by the capacity of CAC and 
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the activity of ketogenic pathway. As mentioned before, the piglet has a high fatty acid 

esterification rate. If the high rate of esterification is related to a low CAC capacity has not been 

investigated. The ketogenic activity in intestine is also very high in rodents (Arias et al. 1998), 

but the capacity has yet to be evaluated in the intestines of piglets. To evaluate the role of CAC 

and ketogenic pathway on intestinal fatty acid oxidation, the pigs received milk replacer 

containing specific medium-chain triglycerides (MCTs) supplemented with or without clofibrate. 

The specific MCTs were tri-valerate (TC5), tri-hexanoate (TC6) and tri-2-methylpentonoate 

(TMPA) and can be broken down via β-oxidation to yield acetyl-CoA and propionyl-CoA such 

as TC5, or acetyl-CoA only such as TC6 or propionyl-CoA only, such as TMPA. Acetyl-CoA is 

the precursor of acetate and ketone bodies (Adams, Alho, et al. 1997) and propionyl-CoA can be 

converted to succinyl-CoA and enter the CAC as anaplerotic carbon for increasing CAC capacity 

(Jack Odle, Benevenga, and Crenshaw 1991; J Odle 1997). We hypothesized that clofibrate 

supplementation would increase intestinal fatty acid oxidation and carnitine concentrations in the 

intestines. The increase of carnitine would demonstrate an improvement by increasing fatty acid 

oxidation induced by PPARα induction. Dietary MCFAs may improve the enhanced fatty acid 

oxidation induced by PPARα activation and change the distribution of acetyl-CoA generated by 

β-oxidation between CAC and ketogenic pathways via providing anaplerotic carbon as an extra 

energy source.  

II3. Materials and Methods 

II3.1. Animals and Treatments 
 

A total of 72 suckling newborn piglets were acquired from the North Carolina State 

University (NCSU) Swine Unit in groups of nine, each being born from the same sow in order to 

reduce possible genetic variations. The piglets were assigned into 8 treatments within 24 hours 
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after birth following a 2 (Clofibrate (C) or No Clofibrate (NC)) x 4 (Glycerol + Succinate 

(Succ)), tri-valerate (TC5), tri-hexanoate (TC6) and tri-2-methylpentonoate (TMPA) factorial 

arrangement in a completed randomized block design based on the body weight, with a piglet 

being a newborn control. The average body weight for the 8-dietary treatment was 1.31 ± 0.027 

kg. The piglets were housed individually, but in sight of litter mates in a climate-controlled room 

at the NCSU Midpines facility in Raleigh, NC.  

Piglets were fed three times daily at 06:30, 14:30, and 22:30 with a standard milk (Table 

II3.1) replacer, as used in previous works (Hess et al. 2008), with the supplements listed above at 

rates that were as follows: clofibrate at 0.35% dry matter (w/w) in 1 mL of ethanol as a vehicle, 

Succ at 0.48% with 0.16% glycerol, and 0.22% soybean oil with TC5 at 0.68%, TC6 at 0.64%, 

and TMPA at 0.64% as-is. All diets were adjusted to the same energy (isocaloric) level using 

soybean oil. On the first day at all piglets received the same standard milk replacer diet without 

supplementations in order to learn to drink from the bottles. After one day, the piglets began to 

receive the milk with supplements and the piglet’s daily diet rations were determined by body 

weight. Milk with the supplements was prepared for each diet on the day the piglets arrived and 

used until the trial was completed. 

The method for the synthesis of the MCTs (TC5, TC6 and TMPA) followed the same 

method as described previously by (K. N. Heo et al. 2002). In short, the fatty acids were 

combined with glycerol and p-toluenesulfonic acid, as a catalyst, and heated to and held at 135° 

C under N2 for 72 hours. After the reaction completed the synthesized triglycerides were washed 

to remove the unreacted substrate and the purity and quality were checked and confirmed using 

Waters HPLC Empower system (Milford, MA. USA) with a Lichrospher Si-100 column from 

Sigma-Aldrich, Inc (St. Louis, MO 63178). 
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All piglets at the end of experiment were euthanized via American Veterinary Medical 

Association approved exsanguination while under anesthesia, and blood, liver and intestine 

samples were collected and processed immediately for carnitine, fatty acid oxidation and gene 

expression assays. All animal care/management and experimental procedures were approved by 

NCSU IACUC ID 16-142, approved on September 14th, 2016.  

II3.2. Samples Processing 
 

Blood samples were centrifuged at 2000 x g for 20 minutes at 4° C and the plasma was 

collected and frozen in liquid nitrogen. The frozen plasma was transferred and stored in -80° C 

until analysis. The liver samples were cut into small pieces into liquid nitrogen directly. The cut 

liver samples were then collected, transferred, and stored in -80° C until analysis. Intestinal 

mucosa was collected from proximal and distal ends of the small intestines, in 30 cm segments, 

at each time point. Each segment was measured and cut from the remainder of the intestinal tract. 

The segment was rinsed with ice-cold 0.9% NaCl solution and then opened length wise. With the 

segment on a smooth flat surface a glass microscope slide was used to scrape the mucosa free. 

The first 30 cm of the proximal end was used for fatty acid oxidation analysis and the second 30 

cm was flash frozen in liquid nitrogen for later analysis. The first 30 cm from the distal end was 

flash frozen in liquid nitrogen as well. All processing was performed on ice. 

II3.3. Carnitine Analysis 

Carnitine and acyl-carnitine in plasma, liver and intestine were analyzed following the 

method reported by (McGarry and Foster 1976) with a slight modification (Lin and Odle 2003). 

Briefly, 200 µL of plasma or approximately 200 mg of tissue was added or homogenized using a 

polytron electric homogenizer (VWR VDI25, Radnor, PA) in 400 µL of ice cold 1M HClO4. The 

mixture or homogenate was then centrifuged at 10,000 x g for 5 minutes and the supernatant was 
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collected in test tubes. The pellet was then treated with 200 µL of 0.1M HCLO4 and centrifuged 

at the same speed again. The two supernatants were combined and neutralized with the addition 

of 400 µL of 1M KOH. The KCLO4 formed from the neutralization was removed via 

centrifugation at 10,000 x g for 5 minutes. The remaining supernatant is used for free carnitine 

analysis. 

For the isolation of short chain carnitine esters, 200 µL of the above supernatant was 

transferred to a test tube and incubated for 1 hour at 60° C with 200 µL of 1M KOH. The sample 

was then neutralized with 200 µL 1M HCLO4, mixed, and centrifuged at 10,000 x g for 5 

minutes. After centrifugation, the supernatant was transferred to another test tube and 200 µL of 

1M HEPES was added. After mixing, the mixture was centrifuged again at 10,000 x g for 5 

minutes, and the supernatant was used for the short-chain acyl-carnitine analysis. 

For long-chain acyl-carnitine, the pellet was incubated for an additional hour at 60° C 

with 200 µL of 1M KOH. Post incubation 300 µL of 1M HCLO4 was added and mixed well. The 

mixture was centrifuged at 12,000 g for 10 minutes. The supernatant was combined with 95 µL 

of 1M KOH and 200 µL of 1M HEPES. After mixing, the mixture was centrifuged one final time 

at 10,000 g for 5 mins to remove the KCLO4, and the supernatant were used for the long chain 

acyl-carnitine esters analysis.  

Analysis was completed in a test tube containing 550 µL of reaction buffer containing 

120 µmol HEPES, 10 µmol EDTA with 25.5 nmol [1-14C]acetyl-CoA (37kBq/µmol), 2 µmol N-

ethylmaleimide, 200 µL of the sample obtained from above processing either for free carnitine, 

short-chain or long-chain acyl-carnitine esters and 1 IU of carnitine acetyltransferase. The tube 

was incubated for 0.5 hours at 25° C in a shaking water bath. All samples were run in duplicate. 

After 30 minutes the samples were run over Ag-1x8 Bio Rad anion exchange resin columns 
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(Bio- Rad, Richmond, CA), and the columns were flushed with 4 mL of water. All the flow 

through was caught in a scintillation vial and mixed with 15 mL of BioSafe Scintillation cocktail 

(RPI BioSafeII, Mount Prospect, IL) and counted using a Scintillation Counter (Beckman LS 

6000IC, Brea, CA). 

II3.4. Fatty acid Oxidation 
 

Fatty acid oxidation was measured using fresh homogenate from the intestinal mucosa. 

The measurement was conducted according to the method published in our previous study 

(Peffer, Lin, and Odle 2005). Briefly, the mucosa homogenate was obtained from approximately 

1 g of mucosa homogenized in a handheld glass homogenizer in 4 mL of an ice-cold homogenate 

buffer consisting of 220 mM Mannitol, 70 mM Sucrose, 2 mM N-2-hydroxyethylpiperazine-N-

2-ethanesulfonic acid, 0.1 mM EDTA. The fatty acid substrate, [1-14C]-palmitic acid (0.5 mM, 

0.28 kBq/µmol) bound with BSA in a 5:1 molecular ratio, was dissolved in a reaction buffer 

consisting of 13.1 mM Sucrose, 78.1 mM Tris-HCl, 10.5 mM K2HPO4, 31.5 mM KCl, 5 mM 

ATP, 1 mM NAD+, 850 uM EDTA, 100 uM CoA prepared in advance. The oxidation was 

performed in a Kimble 25 mL Erlenmeyer flask containing either 1 mL of the reaction buffer 

only (control) or 1 mL of the reaction buffer with L6559699 (1.6 µM), an inhibitor of HMGCS, 

iodoacetamide (50 µM), an inhibitor of AACD, or carnitine (1 mM), the cofactor of the CPT 

system. The mucosa homogenate (0.3 mL) was incubated with the reaction buffer for 5 minutes 

in the flask, and the oxidation was started by adding 0.7 mL of the isotope substrate to the flask 

while in a water bath at 37 °C. After adding the substrate, the flask was gassed with a gas 

containing 95% O2 and 5% CO2, then capped with a rubber septa that contained a vial with 0.5 

mL of ethanolamine. The oxidation was terminated by the addition of 0.5 mL of 35% HClO4. 

The flask was then allowed to stand, sealed, for two hours for collecting of CO2. All treatments 
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were done in duplicate and a blank was made for each treatment by adding the HClO4 without 

the incubation steps.  

The CO2 was trapped in the ethanolamine in a 0.5 mL tube. The ethanolamine was 

transferred into a 20 mL scintillation vail and the tube was rinsed with 0.5 mL ethylene glycol 

monoethyl ether three times and added into the vial. After the rinsing, the tube was wiped with 

75% ethanol and put in the vial. The 14CO2 in the ethanolamine in the vial was counted through 

the addition of 18 mL of scintillation fluid (RPI BioSafeII) to the vial that was then placed in a 

scintillation counter (Beckman LS 6000IC, Brea, CA). The contents remaining in the flask were 

transferred to a 5 mL tube and spun in a refrigerated centrifuge at 2500 x g for 10 minutes at 4° 

C. The supernatant (0.5 mL), containing 14C-labeled ASP was transferred to a 20 mL scintillation 

vial and counted in a scintillation counter (Beckman LS 6000IC, Brea, CA) after adding 19.5 mL 

of scintillation fluid (RPI BioSafeII). The homogenate protein content was analyzed following 

the Biuret method (Gornall, Bardawill, and David 1949). 

II3.5. RNA Isolation and RT-qPCR 
 

Total RNA was isolated following the protocol provided by the Tri-reagent from Sigma-

Aldrich, Inc (St. Louis, MO 63178). In short, approximately 50 mg of the frozen mucosa was 

added to 1 mL of Tri-reagent and homogenized via a polytron homogenizer (VWR VDI25, 

Radnor, PA). Once isolated the total RNA was quantified with a Nanodrop spectrophotometer 

(ND-1000 ThermoFisher, Wilmington, DE) and quality was assessed through the use of a 1.8% 

agarose gel. Samples that showed two clear and distinct bands on the gel were taken and treated 

with DNase. Briefly, 8 µg of the RNA were taken and treated with TurboDNase (Invitrogen 

Waltham, MA) following the manufactures guidelines. A second 1.8% agarose gel was run post 

DNase treatment to ensure no quality loss of the samples. If the samples still showed two clear 



   

48 
 

bands, 1µg was taken and cDNA was synthesized following the manufacturers protocol with 

Super Script III Reverse Transcriptase and oligo dT primers from Invitrogen (Waltham, MA). 

Primers for RT-qPCR (TableII3.2) were created using BLAST Primer Designer 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) if possible, the primers were selected to span 

introns. SYBR green master mix was utilized for the qPCR reaction sourced from Bio-Rad 

(Richmond, CA, USA). The 10 ng of cDNA was loaded in a 96 well plate and with 10 µL of 

SYBR green master mix following, 1 µL each forward and reverse primers from a 10 µM stock, 

and enough water to bring the reaction to 20 µL as per the SYBR protocol provided. The plate 

was covered with a micro seal B film sourced from Bio-Rad, Richmond, CA, USA, and run on a 

Bio-Rad thermocycler (BioRad MyiQ, Richmond, CA). The CT values were normalized to a 

housekeeping gene (RPL9) and a plate normalizer was included on each plate to account for run 

differences. Treatment piglets were normalized to the newborn control prior to comparisons 

being made between the treatments. 

II3.6. Chemicals 

Clofibrate was sourced from TCI chemical company (Portland, OR, USA 97203). 

Reagents used were sourced from Sigma-Aldrich, Inc (St. Louis, MO 63178), unless noted 

otherwise. [1-14C]-Palmitic acid and [14C]-acetyl-CoA were purchased from American 

Radiolabeled Chemicals, Inc. (Saint Louis, MO, USA). L659699 was sourced from Cayman 

Chemical Company (Ann Arbor, MI 48108). The triglycerides were synthesized in our lab with 

reagents from Sigma-Aldrich (St. Louis, MO 63178). 

II3.7. Statistical Analysis 
 

Data from carnitine and acyl carnitine assays were analyzed following GLM procedure 

with randomized complete block with a factorial treatment structure. Data from the measurement 

about:blank
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of the fatty acid oxidation was analyzed following GLM procedure with the split-plot design 

(SAS software 9.4; Cary, NC USA 27513). The main plots, clofibrate and diet treatments, were 

in randomized blocks (litters). The flask treatments incubations (control, carnitine, L659699 and 

iodoacetamide) were design as subplots. The gene expressions were analyzed following the 

Mixed procedure with a randomized complete block design with factorial arrangement. The 

difference between newborn and 5 d-old pigs was examined also using one-way analysis of 

variance. Multiple comparisons were conducted using Tukey test. The statistical power of SAS 

9.4 was utilized for all analysis. The PROC GLM procedure was used with a Tukey adjustment. 

Projection using power tests employing data such as means and standard deviations from our 

previous studies (Peffer, Lin, and Odle 2005; Lin, Shim, and Odle 2010) and the power for two-

tail at > 0.9 were used for animal replication. All data are presented as least squares means ± 

SEM. Differences were declared at a p-value of ≤ 0.05 and trends were declared where noted 

when 0.05 < p < 0.1. Newborn piglets were used as controls for all analysis where possible. The 

sample size is listed for each data set, when a piglet was not able to be used for analysis, the 

analysis was conducted with a missing data point. 

II4. Results 

II4.1. Carnitine Analysis 
 

II4.1.1. Plasma carnitine 

Clofibrate had no impact on plasma free carnitine concentrations (p > 0.36), but the acyl-

carnitine concentration increased by 15% from clofibrate treated pigs in comparison to untreated 

pigs (p < 0.045). No difference was found between clofibrate treated and untreated pigs for the 

total carnitine (free carnitine + acyl-carnitine). Diets supplemented with Succ, TC5, TC6 and 

TMPA had no impacts on plasma free carnitine or acyl-carnitine concentrations (p > 0.45). 
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There was no interaction between clofibrate and diet treatments (p > 0.93). The 

percentage of free carnitine tended to decrease (p = 0.064) in clofibrate treated pigs due to the 

increased acyl-carnitine concentrations (Table II4.1). 

II4.1.2. Liver carnitine 

Clofibrate had a significant impact on liver free and acyl-carnitine concentrations (Table 

II4.2). The free carnitine and acyl-carnitine were 71% and 78% higher from pigs that received 

clofibrate than those that had not received clofibrate, respectively (p < 0.0001). Thus, the total 

carnitine in liver was increased by 1.7 fold in pigs that received clofibrate (p < 0.0001), but the 

increase did not change the distribution between free and acyl-carnitine for either clofibrate 

treated or untreated pigs (p ≥ 0.88). No differences were observed among the dietary treatments 

(Succ, TC5, TC6 and TMPA) on free, acyl- or total carnitine (p ≥ 0.74) or free carnitine 

percentage (p ≥ 0.62). There were no interactions between clofibrate and the dietary treatments 

(p ≥ 0.84). 

II4.1.3. Intestinal carnitine 

Neither clofibrate, nor the dietary supplements had an influences on the free, acyl, or total 

carnitine concentration in the intestinal mucosa (p > 0.9; Table II4.3). Interactions between 

clofibrate and the dietary treatments were not detectable (p > 0.76).  

II4.2. Fatty acid Oxidation 
 

II4.2.1. CO2 Production 

Clofibrate (p < 0.02) and diet treatments (p < 0.0001) had a significant impact on 14CO2 

accumulation (nmole/(h.mg protein)) in the intestinal mucosa. An interaction between clofibrate 

and the diet treatments was detected (p < 0.0001). The 14CO2 was, on average, 47% higher in 

pigs that received TC6 and TMPA than Succ or TC5. Addition of clofibrate increased 14CO2 
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accumulation in pigs that received diets supplemented with Succ, TC5 and TMPA, but deceased 

accumulation in pigs that received the diet with TC6 (Figure II4-1).  

Overall, the 14CO2 accumulation from [14C]-palmitic acid oxidation was 3.6-fold higher 

from the 5 d-old pigs than newborn pigs (p < 0.0001; Figure II4-1). No interaction was observed 

between age or treatment with regard to in vitro incubations (p > 0.89).  

II4.2.2. Acid soluble products (ASP) 

Clofibrate (p < 0.0001) and diet treatments (p < 0.0004) had a significant impact on 14C 

accumulation (nmole/(h.mg protein)) in ASP in the intestinal mucosa. An interaction between 

clofibrate and diet treatments was detected (p < 0.05). Clofibrate increased ASP in pigs that 

received diets supplemented with Succ, TC5 and TMPA (p < 0.05) but not TC6 (p > 0.05). The 

highest increase in ASP was observed in clofibrate treated pigs that received the diet TC5. 

Feeding diets TC5 and TC6 to pigs increased ASP, but the increase was not impacted by 

clofibrate for pigs that received TC6 (Figure II4-2).  

Overall, the 14C accumulation in ASP from [14C]-palmitic acid oxidation was 2.9-fold 

higher from the 5 d-old pigs than newborn pigs (p < 0.0001; Figure II4-2). No interaction was 

observed between age or treatment with respect to in vitro incubations (p > 0.46). 

II4.2.3. Total oxidation (CO2 + ASP) 

Clofibrate supplementation and diet treatments significantly impacted total 14C-

accumulation (nmole/(h.mg protein)) of palmitic acid (CO2 + ASP) (p < 0.0001) in the small 

intestine. An interaction between clofibrate and diet treatment was observed (p < 0.0001). 

Feeding diets TC5, TC6 and TMPA only had a greater accumulation rate compared to Succ (p < 

0.045), while feeding diets TC6 and TMPA only had a greater accumulation rate compared to 

TC5 (p < 0.0003). Clofibrate supplementation increased the total palmitic acid oxidation rate in 
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pigs that received diets supplemented with Succ, TC5 and TMPA, but the clofibrate 

supplementation reduced the oxidation rate by 12.5% in pigs that received the diet with TC6 

(Figure II4-3).  

Overall, the 14C accumulation from [14C]-palmitic acid oxidation was 2.9-fold higher 

from the 5 d-old pigs than newborn pigs (p < 0.0001; Figure II4-3). No interaction was observed 

between age or treatment in relation to the in vitro incubations (p > 0.46). 

II4.2.4. The distribution between CO2 and ASP (% of total fatty acid oxidation) 

Clofibrate had no impact on the distribution between CO2 and ASP (p > 0.29), however 

dietary treatments did have an impact on the distribution (p < 0.0061). Significant interactions 

between clofibrate and diet treatments were determined to be present (p < 0.033). The percentage 

of CO2 production was on average 22% higher in clofibrate untreated pigs that received diets 

Succ, TC6 and TMPA than TC5 (p < 0.0001). However, the percentage of CO2 production 

tended to increase by 14% in clofibrate treated pigs that received TC5 and decrease by 11% in 

pigs that received TC6 compared to the untreated pigs (p < 0.065). No difference was observed 

between pigs with or without clofibrate on Succ or TC6 (Figure II4-4A & B). 

II4.2.5. The effects of carnitine, Iodo and L659699 on fatty acid oxidation in vitro 

Incubation of intestinal mucosa with carnitine in vitro significantly increased 14CO2 

accumulation, while the incubation with Iodo and L659699 significantly decreased 14CO2 

accumulation (p < 0.018; Figure II4-5). No interactions were observed between clofibrate and in 

vitro treatment with carnitine, Iodo and L659699 or between the dietary treatment and the in 

vitro treatment (p > 0.72). 

Incubation of intestinal mucosa with carnitine, in vitro, significantly increased 14C 

accumulation in ASP compared to the incubation with or without Iodo or L659699 (p <0.0001). 
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In addition, the ASP from the incubation with L659699 was 12% lower than that with Iodo (p < 

0.0006; Figure II4-5). No interactions were observed between clofibrate and in vitro treatment 

with carnitine, Iodo and L659699 and between the diet treatment and the in vitro treatment (p > 

0.32). 

Overall, The palmitic acid oxidation (14C accumulation in CO2 + ASP) was increased by 

52% in the intestinal mucosa incubated with carnitine, in vitro, compared to the control (p < 

0.0001), while the oxidation was decreased by 6% in the incubation with L659699 compared to 

the control (p < 0.0041). No difference was observed in the incubation between Iodo and control 

(p > 0.92). 

Adding carnitine and L659699 (Figure II4-6) in the tissue incubation also changed the 

distribution of the 14C accumulation between in CO2 and ASP. The incubation with carnitine 

increased the 14C accumulation in the % of ASP (p < 0.0001) and the incubation with L659699 

increased the accumulation in % of CO2 (p < 0.001). The incubation with Iodo had no impact on 

the distribution between CO2 and ASP (p > 0.64). 

II4.3. qPCR 
 

II4.3.1. Intestinal mucosa 

No changes in the genes of acyl-CoA oxidase (ACOX), CPT1A, CPT1B, BBOX, fatty acid 

binding protein (FABP), OCTN2, TMLHE or ALD expression in the intestines were detected in 

pigs that received diets with or without clofibrate (p > 1.0) (Table II4.4). However, clofibrate 

treatment decreased the expressions of genes OCTN1 and RXRα (p < 0.05). Clofibrate 

supplementation also tended to decrease PPARα gene expression (p = 0.058). Supplementation 

of MCT in the diets did not impact the expressions of any measured genes except for FABP 

(Table II4.4). TC6 in the diet significantly increased FABP expression compared to all other 
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MCT diets (p < 0.0029). There were no interactions between clofibrate and the dietary treatments 

for all genes measured in the intestinal mucosa (p > 0.85). 

II4.3.2. Liver 

The expressions of genes ALD, TMLHE and BBOX in liver were examined. Clofibrate 

administration decreased BBOX expression (p < 0.009) (Table II4.4) but had no impacts on ALD 

or TMLHE expression. There were no differences in expression among the dietary Succ and 

MCT supplementation for the three genes measured in liver (p > 0.8). No interactions were 

detectable between clofibrate and dietary treatments for all genes measured in liver (p > 0.6).  

II5. Discussion 

II5.1. The effects of clofibrate and dietary treatments (Succ, TC5, TC6 and TMPA) on  
carnitine status  
 

Carnitine status has been studied extensively in numerous species including pigs (Lyvers 

Peffer et al. 2007; Robert Ringseis et al. 2009; Robert Ringseis, Wen, and Eder 2012), rodents 

(Koch et al. 2007; Robert Ringseis, Wen, and Eder 2012), human (Bhuiyan et al. 1992; Charles 

J. Rebouche 2004), felines (Lin, House, and Odle 2005) and canines (Lin and Odle 2003), and in 

numerous tissues throughout the animals such as liver, kidney, and heart (Xi et al. 2008; Fischer, 

Keller, et al. 2009), and plasma (P R Borum, York, and Bennett 1985; C. Birkenfeld et al. 2006). 

However, very limited information is available in the literature on the carnitine status in the 

intestines of neonatal pigs. In this study, we measured carnitine and acyl-carnitine concentrations 

in the intestinal mucosa isolated from 5 d-old piglets that received a milk replacer containing 

different MCTs with or without supplementation of clofibrate, a PPARα agonist. The results 

showed that neither dietary MCTs nor supplementation of clofibrate had an impact on small 

intestinal carnitine status. The concentration of free carnitine and acyl-carnitine in the pig’s 

intestine mucosa were similar to those observed in 3-day old guinea pigs, but much higher than 
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young guinea pigs and adult rats (Gross and Savaiano 1993). We noticed that the concentrations 

measured in the intestinal mucosa were also higher than in the liver from fetal pigs (Xi et al. 

2008), neonatal pigs (Lyvers Peffer et al. 2007); those in our study (Chap 3), and skeletal muscle 

(Brown et al. 2008), even higher than carnivores species, neonatal cats (Lin, House, and Odle 

2005), but similar to the liver and muscle of neonatal dogs (Lin and Odle 2003). These results 

suggest that carnitine status varied from tissue to tissue as seen in (Fischer, Varady, et al. 2009).  

It has been suggested that the carnitine status and its regulation in rats could be associate 

with dietary carnitine level and development (Gudjonsson et al. 1985). Moreover, this suggestion 

was consistent with the activity of the CPT system, the enzymes that require carnitine as a 

substrate (cofactor) and are critical to fatty acid oxidation. Supplementation of carnitine in the 

diets of young pigs resulted in a dose-dependent increase in the free carnitine, acyl and total 

carnitine concentrations in plasma, liver, kidney, heart and skeletal muscle (Fischer, Keller, et al. 

2009). Result from a previous study in our laboratory also demonstrated that supplementation of 

carnitine to sows during gestation increased the deposition of carnitine in the liver, heart and 

skeletal muscle of fetal piglets (Brown et al. 2008; Xi et al. 2008) and of carnitine in the term 

fetus in a similar study by (Carmen Birkenfeld, Kluge, and Eder 2006). It is also observed that 

carnitine and acyl-carnitine concentration in small intestine mucosa in rats increased with the 

dietary carnitine supplementation, and the concentrations of free carnitine and acyl-carnitine 

decreased with age from d 1 to d 29 in intestinal mucosa of developing guinea pigs (Gross and 

Savaiano 1993). Therefore, the carnitine status in the intestinal mucosa in the neonate should be 

associated with the mother’s carnitine status and the carnitine concentration of the diet after 

birth. In our study, all pigs were from sows that received the same standard diet and the piglets 

received the same basic milk replacer, the concentration of carnitine in the milk replacer was 
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approximately 2 nmol/mg, and thus the concentration in the mucosa could be a reflection of the 

carnitine concentration in the milk replacer and deposits at birth, and not involved in the dietary 

supplementation of succinate and the MCTs. Although it has been reported that dietary levels of 

fat, carbohydrate and protein could decrease the efficiency of carnitine absorption (Cederblad 

1987; Stadler, Chenard, and Rebouche 1993), the level of energy in all diets were isocaloric. In 

support of the observations in intestine, the concentrations of free carnitine and acyl-carnitine in 

plasma and liver measured in this study was not affected by the dietary supplemented energy 

source.  

Carnitine absorption, transportation and synthesis are the primary factors in carnitine 

status. Dietary carnitine in the intestine is recognized to be absorbed via passive (Li et al. 1990) 

and active (Gross and Savaiano 1993) modes of transportation, and the capacity of active 

transportation is related closely with the organic cation transporters, OCTNs (Luci et al. 2007).  

Three OCTNs are present in mammals and all can transport carnitine, but OCTN2 is the primary 

transporter in the intestines and for reabsorption in the kidneys (Tamai et al. 1998; Tein 2003; 

van Vlies et al. 2007). PPARα plays a central role in OCTN gene expression due to the PPRE 

encoded in OCTN (Wen, Ringseis, and Eder 2010; Luo et al. 2014). In last decade, the effects of 

PPARα activation, especially using clofibrate as an agonist, on OCTN expression and carnitine 

status have been well studied in adult animals, primarily rats, and summarized in the review 

article reported by (Eder and Ringseis 2010). These same authors have noted in the review and a 

separate one as well the effects seen in pigs are present, but not as potent (Robert Ringseis and 

Eder 2009). Both reviews demonstrate these effects in numerous tissues that include the liver, 

kidney, heart, and intestines. The results of these numerous studies demonstrate that the 

regulation of OCTN2, the primary transporters for carnitine, is depend on PPARα and required 
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for fatty acid oxidation in the mitochondria (Robert Ringseis and Eder 2009; Eder and Ringseis 

2010). However, this has not been evaluated in neonatal animals especially its effect on intestinal 

carnitine status and fatty acid oxidation. Results such as these coupled with the need for carnitine 

in newborn animals, due to a high demand and a limited biosynthesis (Peggy R Borum 1995), 

proves the examination of the effects of PPARα activation on these newborn piglets is critical to 

their wellbeing. 

 The gene expression assay showed that PPARα and RXRα decreased or tend to decrease, 

although the supplementation of clofibrate had no effect on the gene expression of BBOX, 

TMHLE or ALD. Inconsistent with PPARα activation, the transporter of OCTN1 decreased with 

the supplementation of clofibrate, but OCTN2 was not affected by the decreased PPARα 

expression. This result is inconsistent with the results observed in the intestine in adult pigs (R 

Ringseis et al. 2008) in which both OCTN2 and carnitine were increased.  

II5.2. The effects of clofibrate and dietary treatments (Succ, TC5, TC6 and TMPA) on 
fatty acid oxidation in intestine 

An interaction was detected between the clofibrate and dietary succinate/MCT 

supplementation on palmitic acid oxidation in intestinal mucosa in this study. Administration of 

clofibrate increased the 14C accumulation in CO2, ASP and Total (CO2 + ASP) in pigs that 

received diets containing Succ, TC5 and TMPA, and the increases were consistent with the 

results observed in liver and kidney of neonatal pigs receiving clofibrate via diet (Peffer, Lin, 

and Odle 2005; Shim et al. 2018) and oral administration (Bai et al. 2014; He et al. 2017). This 

result suggests that the response of fatty acid oxidation in the intestinal mucosa to PPARα 

activation is similar as that seen in other tissues in neonatal pigs. In previous studies, the 

increased fatty acid oxidation induced by clofibrate in the liver and kidney is accompanied with 

an increase in CPT 1 activity and expression (Peffer, Lin, and Odle 2005; He et al. 2017), 
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however, the increase in gene expression of CPT 1 was not detected in the intestinal tissues from 

this study. A significant difference in gene expression of CPT 1 was observed between the 

intestines and liver in rats during pre and postnatal period (Asins et al. 1995). The expression of 

CPT 1 in the intestines increased quickly after birth and reached a maximum at 3 days, and kept 

the high expression until day 12, while the expression in the liver increased after birth and 

reached a maximum at 3 days also, but decreased quickly after 3 days (Asins et al. 1995). We 

examined the gene expressions at day 5 in this study, where the mRNA enrichment of CPT 1 in 

the intestines of the piglets, like in the intestine of rat during the postnatal period, probably was 

on the peak value and could not be elevated any further. The difference in CPT 1 expression 

between liver and the intestines was also observed in the adult rat that received PPARα agonist 

Wy-14643 intraperitoneally (Karimian Azari et al. 2013). Whether the lack of response of CPT 1 

to clofibrate in the intestines in this study is due to a development stage or tissue difference is not 

known. However, fatty acid oxidation in the mitochondria is directly related to the enzyme 

activity that can be regulated by changing 1) the expression of CPT 1, 2) the concentration of 

malonyl-CoA via acetyl-CoA carboxylase (ACC) and malonyl-CoA decarboxylase (MCD); 

(Shim et al. 2018), and 3) the sensitivity of CPT 1 to malonyl-CoA inhibition (Shim et al. 2018). 

The enzyme activity and concentration of malonyl-CoA as well as the sensitivity of the enzyme 

to malonyl-CoA inhibition were not evaluated, but it is possible that the increase of fatty acid 

oxidation was due to an increase in activity of CPT 1 by reducing the sensitivity to malonyl-CoA 

inhibition and/or malonyl-CoA concentration reduction. Reducing sensitivity of CPT 1 to 

malonyl-CoA inhibition and enhancing MCD gene expression have been observed in the liver in 

our previous study (Shim et al. 2018). Therefore, the role of clofibrate in regulation of the 

intestinal fatty acid oxidation via CPT 1 needs to be investigated further in future studies.  
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In addition, the effect of clofibrate on fatty acid oxidation in the intestinal mucosa 

appeared to be affected by the dietary energy source. We noticed that dietary supplementation of 

MCTs increased palmitic acid oxidation by either increasing 14C accumulation in CO2 or ASP 

compared to diet containing Succ, implying that dietary MCT could modify the rate of long-

chain fatty acid oxidation. The products of dietary TC5 from β-oxidation, acetyl-CoA and 

propionyl-CoA, are considered as ketogenic and anaplerotic carbon source, respectively, (Lin et 

al. 2020). Compared to TC5, TC6 can only generate acetyl-CoA, and TMPA can only produce 

propionyl-CoA via β-oxidation. Interestingly, dietary supplementation TC5 and TMPA not only 

increased the rate of long-chain fatty acid oxidation but also increased the stimulation of 

clofibrate on the fatty acid oxidation compared to the diet with Succ. While supplementation of 

TC6 increased the rate of long-chain fatty acid oxidation as well but attenuated the clofibrate 

stimulation on the fatty acid oxidation especially the 14C accumulation in CO2 compared to TC5 

and TMPA. This result suggested that propionyl-CoA from odd- or branch-chain MCFA, as an 

anaplerotic carbon source, indeed stimulated the CAC activity. Again, the effect of dietary MCTs 

on fatty acid oxidation with or without induction by clofibrate apparently was not associated with 

the gene expression of CPI 1, because the dietary MCT treatment had no impact on the 

expression of CPT 1. This probably was due to the oxidation of MCFA being independent of 

CPT system. Compared with CPT 1, the gene expression of FABP was slightly modified by the 

dietary MCT. This is similar to the results reported by (Poirier et al. 1996), in which a weak 

effect of MCFA on FABP expression was observed in the jejunum of rat. The influence level 

might be associated with an affinity of FABP for MCFA and the structure of MCFAs, because 

the effect of MCTs on fatty acid oxidation from the even-chain was greater than odd-chain and 

branch-chain MCFAs in this study. Compared to the dietary MCTs, specific transporters are 
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needed for succinate to pass through the plasma or mitochondria membrane (MacDonald et al. 

1989; Ehinger et al. 2016). Metabolic studies showed that catabolism of ketone bodies is 

balanced by the ratio of succinate and succinyl-CoA (Tretter, Patocs, and Chinopoulos 2016). 

The ketone body catabolic pathway uses succinyl-CoA as a CoA donor, while an excess of 

succinate inhibits ketone body utilization (Tretter, Patocs, and Chinopoulos 2016). Therefore, the 

difference between dietary succinate and MCTs in CO2 and/or ASP is probably due to the 

difference in their metabolic fate. 

What is interesting is that not only the total fatty acid oxidation was modified but also the 

distribution of 14C accumulation (%) between in CO2 and ASP was changed by the dietary 

treatments. Compared to the effect of dietary MCT, the effect of clofibrate on fatty acid 

oxidation did not change the % of 14C accumulation in CO2 or ASP even though the stimulation 

of clofibrate on the fatty acid oxidation was higher from TC5 and TMPA than Succ and TC6. 

However, we found that TC5 reduced the % of CO2 and increased ASP, while TMPA increased 

the % of CO2 and decreased ASP. Because the % of CO2 and ASP reflects the capacity of the 

CAC and the activity of the ketogenic pathways, the results implied that the differences in the 

effects of dietary MCTs on the CAC and ketogenic pathway were different under the current 

conditions. It has been reported that dietary MCFAs can increase the expression of the 

mitochondrial enzyme citrate synthase (CS; (Ishizawa et al. 2015; Zhang et al. 2017)). Thus, the 

differences in % CO2 production observed in this study among the MCT treatment could be due 

to an effect on CS expression. Moreover, the product of β-oxidation, propionyl-CoA from TC5 

and TMPA could increase the CAC capacity via providing anaplerotic carbon (as discussed 

above), therefore, the difference in the capacity of generating propionyl-CoA between TC5 and 

TMPA might influence the CO2 production. Furthermore, the activity of the ketogenic pathway 
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is primarily controlled by mitochondrial hydroxymethylglutaryl coenzyme A synthase (HMGCS) 

and could impact the % of CO2 and ASP. TC5, as an MCT generating acetyl-CoA from β-

oxidation could impact ASP potentially via the ketogenic pathway. In the last, the impacts of 

succinate and the MCT levels from diets in mucosa could not be excluded because the tissues 

were obtained from the pigs with no limitation on feed intake. 

II5.3. The effects of carnitine and inhibitors of ketogenic pathway on intestinal fatty acid 
oxidation 

 
Milk fat is the primary energy source for neonates to grow and develop after birth. The 

exogenous carnitine requirement is greater for neonates than adult (Koldovský et al. 1995). The 

effects of supplementation of carnitine on fatty acid oxidation and ketogenic capacity have been 

well evaluated and documented in the liver, kidney, and muscle during the postnatal period 

(Bieber et al. 1973; Wolfe, Maxwell, and Nelson 1978; Coffey et al. 1991; van Kempen and 

Odle 1993; J Odle et al. 1995; K. N. Heo et al. 2002; Lin, Shim, and Odle 2010). However, the 

effects of supplemental carnitine on intestinal fatty acid oxidation could not be found in our 

literature review. The results from our study confirmed that supplementation of carnitine in 

intestinal mucosa isolated from 5-day-old pigs significantly increase the fatty acid oxidation no 

matter whether CO2 or ASP, suggesting that carnitine was a limiting factor for intestinal fatty 

acid oxidation in this study. As we discussed before, the carnitine status in the intestinal mucosa 

should be associated with the dietary level of carnitine and the capability of carnitine synthesis 

(Fischer, Keller, et al. 2009; Lin et al. 2020). Although both CO2 and ASP were increased by the 

carnitine supplementation, the % of CO2 was significant reduced, suggesting that the carnitine 

could be involved in the ASP production. This result was consistent with the increase in the acyl-

carnitine in intestinal mucosa from the clofibrate treated pigs. The response to carnitine is, 

however, contradictory to the results from a previous study in our lab. In the publication by 
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(Lyvers Peffer et al. 2007) the Km of CPT was examined, and while not examined in the 

intestines, the Km for the liver was met based on our carnitine analysis and likely was met in the 

intestines. 

Supplementation of iodoacetamide, the inhibitor of AACD for acetoacetate synthesis 

(Williamson, Bates, and Krebs 1968) had no effect on the fatty acid oxidation and its oxidative 

metabolite distribution between CO2 or ASP. This was similar to the result we obtained in the 

kidney, suggesting that the ketogenic pathway via AACD is negligible in intestine as well (Lin et 

al. 2020). Unlike in kidney, supplementation of the L659699, an inhibitor of both mitochondrial 

HMGCS and cytosolic HMGCS (Greenspan et al. 1987), significantly reduced the palmitic acid 

oxidation and the reduction was related to a decrease in ASP production, implying that the 

pathways of cholesterol synthesis and/or ketogenesis might be impacted by reducing the 

precursor 3-hydroxy-3-methylglutaryl-CoA. Studies on ketogenic capacity in intestine are very 

limited, and it has been reported that the key enzyme mHMGCS is expressed in intestine of 

rodent species and humans (Hahn and Taller 1987; Békési and Williamson 1990; Vilà-Brau et al. 

2011) especially in large intestine in which ketogenesis plays an important role in intestinal cell 

differentiation (Wang et al. 2017). However, the mHMGCS expression was not detected in the 

small intestine of pigs during development (Adams, Alho, et al. 1997), suggesting that the effect 

of L659699 on ASP observed in this study could be primarily associated with cytosolic HMGCS. 

In addition, the activity of HMGCS needs to be evaluated because the activity has not been 

measured in either mitochondria or cytoplasm of small intestine in pigs.  

II5.4. Conclusions 

The effect of PPARα activation along with the supplementation of MCTs on carnitine 

status was not detected in the intestines, however clofibrate treatment did increase carnitine 
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levels in the liver and acyl carnitine in the plasma. While the increase was not due to a 

modification in the expression of genes associated with carnitine synthesis in the liver or 

transporters in the intestines. The fatty acid oxidation in the intestines was clearly affected by 

clofibrate and MCTs and significant interactions were determined between these two treatment 

factors, although the induction of genes associated with fatty acid oxidation by clofibrate was not 

able to be detected. The likely trouble with the gene expression could be due to the outliers and 

great variation in individual piglets. However, we found that the MCTs stimulate fatty acid 

oxidation and modified the increased fatty acid oxidation rate by increasing the activity in the 

CAC either through supplementation of anaplerotic carbon or the adjustment of citrate activity. 

The mechanism of the stimulation and modification from dietary MCT and clofibrate 

supplementation deserve further investigation and discussion. Addition of L659699, the inhibitor 

of ketogenic pathways decreased ASP production and altered the distribution of oxidative 

products between CO2 and ASP, suggesting that the HMGCS pathway is the primary pathway 

for ketone body production in the intestines. Addition of Iodo, the inhibitor of AACD had no 

effect on ASP and the distribution of the oxidative product between CO2 and ASP, suggesting 

that the ketone body production via AACD pathway is minimal in intestine. 
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Chapter II Tables 
 

Table II3.1 Milk replacer composition Ingredients are listed with source in () on the left with 
the amount in g/100g dry powder. The oils were supplemented as listed in the text. The table was 
taken and adapted from (Hess et al., 2008). 
 

Ingredient and (Source) g/100g of dry powder 
Whey protein concentrate (Hilmar Ingredients) 5.50 
Nonfat dry milk (Milk Specialties) 52.35 
Lactose (Akey) 3.57 
Sodium caseinate (International Ingredient 
Corporation 

8.30 

L-Arginine-HCl (Dyets) 0.44 
L-Histidine-HCl (Dyets) 0.04 
Xanthan gum (Dyets) 1.00 
Calcium carbonate (Dyets) 0.38 
Dicalcium phosphate (Dyets) 1.29 
Mineral Premix1 (Milk Specialties) 0.50 
Vitamin Premix2 (Milk Specialties) 0.13 
Salt 0.50 

 

 



   

82 
 

Table II3.1.1 Milk MCTs This table represents how the diets were mixed in a Kg/kg ratio and 
the lower part is the Calculated nutrition. The ingredients of the milk replacer are listed in 
TableII3.1 and TableII3.1.2. 
 
 Milk composition (kg/kg milk diet) 
Items\treatment basal  Succ TC5 TC6 TMPA 
       
Milk replacer* 0.128  0.128 0.128 0.128 0.128 
Warm water 0.842  0.842 0.842 0.842 0.842 
Soybean oil 0.024  0.026 0.024 0.024 0.024 
       
Succinate   0.0048    
Glycerol   0.0016    
Tri-valerate    0.0068   
Tri-hexanoate     0.0064  
Tri-2-methylpentanoate      0.0064 
       
Calculated Nutrition       
Crude protein % 31.25  31.25 31.25 31.25 31.25 
Crude Fat % 7.5  7.68 7.68 7.68 7.68 
Lactose % 43.2  43.2 43.2 43.2 43.2 
Predicted Energy 
(Kcal/kg) 

4228  4479 4479 4479 4479 
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Table II3.1.2 Milk replacer composition by percentage This table represents the composition of 
the milk replacer in the form of percentages and complements TableII3.1. *Others: % of the 
milk replacer: L-lysine 0.45; DL-methionine 0.62; Potassium sorb 0.56; Calcium chloride 27% 
Ca 0.41; Vitamin E 100,000 Premix 0.047; Dry MS butter flavor 0.063. 
 
Ingredients    %  
Whey bag  53.04  
Whey protein concentrate  11.60  
Na casienate  14.06  
Dicalcium phosphate  2.76  
De-lactose   6.43  
70/60 MR   9.24  
Prestarter Mineral  0.63  
Vitamin premix   0.09  
Others*   2.15  
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Table II3.1.3 Milk replacer fatty acid profile This table represents the fatty acid composition of 
the milk replacer prior to our additions made in TableII3.1.1. Fatty acids were analyzed using 
GC/MS. 
 
Fatty 
acid  

Name g/100 g milk replacer g/100 g fatty acids 

C14:0 Myristic acid 0.2252  3.52  
C15:0 Pentadecanoic 0.0344  0.54  
C16:0 Palmitic acid 1.6936  26.45  
C16:1 Palmitoleic acid 0.2032  3.17  
C17:0 Heptadecanoic 

acid 
0.045  0.70  

C18:0 Stearic acid 0.9422  14.72  
C18:1 Oleic acid 2.6992  42.16  
C18:2 Linoleic acid 0.5275  8.24  
C18:3 Linolenic acid 0.0217  0.34  
C20:0 Arachidic acid 0.01  0.16  
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Table II3.2 Primers Primers used in this study with expected amplicon size post RT-qPCR. Gene Bank numbers provided to 
demonstrate the genes of the pig genome referenced. 
 
 Forward primer (5'-3'), Sen Reverse primer (5'-3'), Anti Amplicon 

Size, bp 
NCBI (Gene Bank) 

ACOX   GGTCCATCCACGCTGTCTTA CACGTGGGTGACTTGAGACT 119 NM_001101028.1 
FABP2 CAACGAGTGGATAATGGAAAAGAGT CCTCTTGGCTTCTACTCCTTCA 99 NM_001031780.1 
CPT1A   GCTGACGATGGTTATGGGGT TCCCGAAGCGATGAGAATCC 109 NM_001129805.1 
CPT1B   GCCTGACCTATGAAGCCTCG TGAACGAAGGCTGTGGACTC 94 NM_001007191.1 
PPARα    GCTGGACGACAGTGACCTTT AGCACATGCACGATACCCTC 117 NM_001044526.1 
RXRα   GTCCTCTTCAACCCGGACTC CTGCTCGGGGTACTTGTGTT 114 DQ279926.1 
ALD   GACTAGCTGCCGGTGTCTTC AACTCCACAGGGCTGACATT 112 XM_021089487.1 
BBOX   AACTGGCGGTTACTTCACGG CCACATCCCAGTCGGCATAA 91 XM_003122909.5 
TMLHE 
OCTN1 
OCTN2 
RPL9 

  CGGCACACTGACACTACCTATT 
  CCCACCCTGGTCAGGAACAT 
  ATCAGATGCTCAGGGTCAAAGG 
  GCAACTGTTCGCACCATCTG 

AATCCATCTACCAGCAGTGTCC 
GGCAGAACTCTGTTGTAAGCAC 
CCAGGAGGAAGGAGTCCATTTT 
CGACGTTGATGGGGAAGTGA 

104 
110 
108 
109 

XM_003135511.3 
NM_001145752.1 
XM_013995112.1 
NM_001243481.1 
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Table II4.1 The effect of clofibrate and MCTs on plasma carnitine Values are in nmol/mg. The final column is the interaction between clofibrate 
and MCT. abc denotes significant (p<0.05) differences between groups. Values are least square means and n=23 for PPAR activator and 
n=6 for newborn (NB) and n=11 for MCT. 
 
 NB PPAR activator        MCT    PPAR*MCT 
 NB -Clof +Clof SEM p-Value  Succ TC5 TC6 TMPA SEM p-Value p-Value 
             
             
Free Carnitine 0.066 0.078 0.090 0.009 0.362  0.075 0.091 0.096 0.075 0.012 0.497 0.847 
Acyl-Carnitine 0.132 0.130a 0.153b 0.008 0.049  0.136 0.142 0.163 0.125 0.011 0.111 0.696 
Total Carnitine 0.198 0.208 0.243 0.016 0.132  0.210 0.232 0.259 0.201 0.022 0.243 0.934 
           
   %     %     
Free Carnitine 32.6 38.0 34.9 1.29 0.064  36.8 38.7 34.9 35.6 1.57 0.387 0.259 
Acyl Carnitine 67.4 62.0 65.1 1.29 0.064  63.2 61.3 65.1 64.4 1.57 0.387 0.259 
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Table II4.2 The effect of clofibrate and MCTs on liver carnitine Values are in nmol/mg. The final column is the interaction between clofibrate 
and MCT. abc denotes significant (p<0.05) differences between groups. Values are least square means and n=31 for PPAR activator and 
n=15 for MCT. 
 
  PPAR activator        MCT    PPAR*MCT 
  -Clof +Clof SEM p-Value  Succ TC5 TC6 TMPA SEM p-Value p-Value 
             
             
Free Carnitine  0.211a 0.360b 0.015 0.001  0.269 0.275 0.309 0.287 0.020 0.552 0.841 
Acyl-Carnitine  0.181a 0.323b 0.016 0.001  0.231 0.269 0.247 0.261 0.022 0.659 0.284 
Total Carnitine  0.392a 0.683b 0.026 0.001  0.501 0.545 0.557 0.548 0.037 0.737 0.467 
           
   %     %     
Free Carnitine  51.6 51.9 1.30 0.877  52.8 49.1 52.5 52.6 1.86 0.483 0.619 
Acyl Carnitine  48.4 48.1 1.30 0.877  47.2 50.9 47.5 47.3 1.86 0.483 0.619 
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Table II4.3 The effect of clofibrate and MCTs on intestinal carnitine Values are in nmol/mg. The final column is the interaction between 
clofibrate and MCT. abc denotes significant (p<0.05) differences between groups. Values are least square means and n=28 for PPAR 
activator and n=13 for MCT 
 
  PPAR activator        MCT    PPAR*MCT 
  -Clof +Clof SEM p-Value  Succ TC5 TC6 TMPA SEM p-Value p-Value 
             
             
Free Carnitine  0.291 0.323 0.015 0.134  0.296 0.317 0.301 0.313 0.020 0.878 0.351 
Acyl-Carnitine  0.566 0.613 0.045 0.473  0.552 0.572 0.720 0.515 0.064 0.659 0.284 
Total Carnitine  0.857 0.936 0.051 0.287  0.848 0.889 1.021 0.828 0.072 0.107 0.593 
           
   %     %     
Free Carnitine  36.6 36.9 1.97 0.921  36.7 39.0 32.1 39.2 2.85 0.227 0.756 
Acyl Carnitine  63.4 63.1 1.97 0.901  63.3 61.0 67.9 60.8 2.85 0.227 0.756 
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Table II4.4 Gene expression for intestines and liver Values are in fold change over newborn (NB). The final column is the interaction between 
clofibrate and MCTs. abc denotes significant (p<0.05) differences between groups. n=28 for PPAR activator and n=13 for MCT and n=5 
for NB intestines and 8 for the liver. 
 
 NB PPAR activator        MCT    PPAR*MCT 
 NB -Clof +Clof SEM p-Value  Succ TC5 TC6 TMPA SEM p-Value p-Value 
             
Intestine             
ACOX 1 1.52 1.64 0.086 0.318  1.50 1.62 1.64 1.59 0.121 0.861 0.259 
CPT I a 1 0.804 0.808 0.094 0.978  0.854 0.846 0.801 0.723 0.125 0.896 0.782 
CPT I b 1 0.229 0.190 0.020 0.161  0.200 0.256 0.198 0.184 0.028 0.316 0.821 
BBOX 1 1.51 1.23 0.144 0.178  1.11 1.31 1. 44 1.62 0.205 0.354 0.845 
FABP 1 0.623 0.629 0.056 0.944  0.438a 0.805b 0.623ab 0.629ab 0.080 0.029 0.425 
OCTN1 1 1.363b 0.973a 0.133 0.045  1.331 1.099 1.030 1.211 0.187 0.689 0.730 
OCTN2 1 0.686 0.548 0.095 0.308  0.538 0.657 0.616 0.657 0.135 0.918 0.222 
PPARα 1 1.074 0.637 0.159 0.058  0.804 0.894 1.010 0.714 0.224 0.795 0.846 
RXRα 1 1.165b 0.594a 0.183 0.035         
TMLHE 1 0.761 0.526 0.135 0.225  0.637 0.659 0.700 0.579 0.191 0.973 0.933 
ALD 1 1.142 0.979 0.119 0.339  1.133 0.935 1.237 0.938 0.170 0.489 0.609 
           
Liver              
ALD 1 19.1 17.7 2.50 0.681  17.8 18.1 16.1 21.7 3.50 0.746 0.317 
BBOX 1 8.00b 5.68a 0.59 0.009  6.62 7.55 5.99 7.22 0.842 0.587 0.166 
TMLHE 1 0.115 0.112 0.023 0.929  0.119 0.099 0.098 0.137 0.033 0.826 0.603 
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Table II4.5 The effect of clofibrate in comparison of all tissues Values are in nmol/mg. The final column is the interaction between clofibrate 
and tissue. abc denotes significant (p<0.05) differences between groups. Values are least square means and n=28 for clofibrate. The 
bottom two rows are percentage distribution between free and acyl carnitine.  
 
 Tissues    Clofibrate   Interaction 
 Plasma Liver Intestine SEM p-Value  Clof- Clof+ SEM p-value p-Value 
           

          
Free carnitine 0.084a 0.284b 0.310b 0.013 0.0001  0.193a 0.259b 0.013 0.0001 0.001 
Acyl-carnitine 0.139a 0.248b 0.593c 0.026 0.0001  0.293a 0.361b 0.022 0.0032 0.258 
Total carnitine 0.223a 0.532b 0.903c 0.033 0.0001  0.487a 0.620b 0.028 0.0011 0.022 
            
          
Free carnitine 36.87a 51.89b 36.91a 1.81 0.0001  42.13 41.65 1.211 0.826 0.731 
Acyl carnitine 63.13a 48.11b 63.09a 1.81 0.0001  57.87 58.35 0.657 0.826 0.731 
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Chapter II Figures 
 

 

Figure II4-1 Effect of dietary clofibrate and treatment on palmitic acid oxidation in intestinal 
mucosa (14C-accumulation in CO2) Clof-, diet with no clofibrate supplementation and clof+, 
diet with clofibrate supplementation. Succ, diet supplemented with glycerol and succinate, TC5, 
diet with tri-valerate, TC6, diet with tri-hexanoate and Tri2MPA, tri-2- methyl-pentanoate. Data 
are least square means ± SEM (n=8). abcdef Column with different letter differ (p < 0.05). 
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Figure II4-2 Effect of dietary clofibrate and treatment on palmitic acid oxidation in intestinal 
mucosa (14C-accumulation in ASP) ASP: Acid soluble products (see materials and method) 
Clof-, diet with no clofibrate supplementation and clof+, diet with clofibrate supplementation. 
Succ, diet supplemented with glycerol and succinate, TC5, diet with tri-valerate, TC6, diet with 
tri-hexanoate and TMPA, tri-2- methyl-pentanoate. Data are least square means ± SEM (n=8). 
abcd Column with different letter differ (p < 0.05). 
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Figure II4-3 Effect of dietary clofibrate and treatment on palmitic acid oxidation in intestinal 
mucosa (14C-accumulation in CO2 + ASP) ASP: Acid soluble products (see materials and 
method) Clof-, diet with no clofibrate supplementation and clof+, diet with clofibrate 
supplementation. Succ, diet supplemented with glycerol and succinate, TC5, diet with tri-
valerate, TC6, diet with tri-hexanoate and TMPA, tri-2- methyl-pentanoate. Data are least square 
means ± SEM (n=8). abcdef Column with different letter differ (p < 0.05). 
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Figure II4-4A Effect of dietary clofibrate and treatment on distribution of intestinal palmitic 
acid oxidation in CO2 ASP: Acid soluble products (see materials and method) Clof-, diet with no 
clofibrate supplementation and clof+, diet with clofibrate supplementation. Succ, diet 
supplemented with glycerol and succinate, TC5, diet with tri-valerate, TC6, diet with tri-
hexanoate and TMPA, tri-2- methyl-pentanoate. Data are least square means ± SEM (n=8). abc 

Column with different letter differ (p < 0.05). 
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Figure II4-4B Effect of dietary clofibrate and treatment on distribution of intestinal palmitic 
acid oxidation in ASP ASP: Acid soluble products (see materials and method) Clof-, diet with 
no clofibrate supplementation and clof+, diet with clofibrate supplementation. Succ, diet 
supplemented with glycerol and succinate, TC5, diet with tri-valerate, TC6, diet with tri-
hexanoate and TMPA, tri-2-methyl-pentanoate. Data are least square means ± SEM (n=8). abc 

Column with different letter differ (p < 0.05). 
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Figure II4-5 Effect of carnitine and ketogenic inhibitors on palmitic acid oxidation in 
intestinal mucosa ASP: Acid soluble products (see materials and method); Total: CO2 + ASP. 
Iodo: iodoacetamide (50 µM), an inhibitor of acetoacetyl-CoA deacylase for acetoacetate 
synthesis. L659699: L659699 (1.6 µM), an inhibitor of both mitochondria and cytosolic 
hydroxyl-malonyl-CoA synthase. Data are least square means ± SEM (n=8). abcdefgh Column with 
different letter differ (p < 0.05). 
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Figure II4-6 Effect of carnitine and ketogenic inhibitors on distribution of palmitic acid 
oxidation in CO2 and ASP ASP: Acid soluble products (see materials and method); Total: CO2 + 
ASP. Iodo: iodoacetamide (50 µM), an inhibitor of acetoacetyl-CoA deacylase for acetoacetate 
synthesis. L659699: L659699 (1.6 µM), an inhibitor of both mitochondria and cytosolic 
hydroxyl-malonyl-CoA synthase. Data are least square means ± SEM (n=8). abc Columns for CO2 
with different letter differ (p < 0.05), and xy Columns for ASP with different letter differ (p < 
0.05).  
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Chapter III: Effects of maternal clofibrate supplementation during gestation and lactation 

on the carnitine status and fatty acid oxidation of the intestines of suckling piglets 

III1. Abstract 

To increase milk fat utilization and improve survivability in piglets at birth, the induction 

of hepatic fatty acid (FA) oxidation by PPARα activation was studied via maternal 

supplementation of clofibrate during the last week of gestation through the first week of 

lactation. An induction of the hepatic FA oxidation was observed at birth, but the induction was 

attenuated 24 hours after birth. Milk fat, the primary energy source of newborn, occupies an 

important position in the development of the intestine, and its utilization cannot be overlooked in 

this fast growing tissue after birth. Therefore, we hypothesized that enhancing FA oxidation at 

birth and maintaining the high oxidation rate after birth would promote the intestinal 

development and improve the growth performance in neonatal pigs. To test our hypothesis, 27 

pregnant sows were divided randomly into three groups (9 sows per group) based on body 

weight and parity, and fed a commercial gestation-lactation diet supplemented with either 0, 

0.25, or 0.5% clofibrate (w/w) from day 107 gestation to day 7 of lactation. Performances of the 

sows and their offspring were recorded across the entire lactation period. Carnitine status was 

evaluated in milk collected from each sow at days 1, 3, 5, 7, 10, 14, and 19 of lactation, and in 

the plasma, liver, and intestinal mucosa collected from 1 piglet per sow (litter) at days 1, 7, 14, 

and 19 after birth. In vitro FA oxidation was measured in the freshly collected mucosa using [1-

14C]-oleic acid (1 mM, 0.28kBq/µmol) as a substrate. The measurement was conducted in a 

reaction buffer with either carnitine (1 mM) or malonate (10 mM; an inhibitor of citric acid 

cycle), or both of carnitine and malonate, and lastly a control with no additive. The enrichments 

of genes associated with carnitine synthesis and transport in the liver and intestine in conjunction 
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with FA oxidation in the intestine were determined at each age. The results demonstrated that 

maternal supplementation of clofibrate from late gestation and early lactation had no effect on 

sow’s performance, but the body weight of piglets measured from each age and the growth rate 

(average daily gain) measured during the first week were greater from supplemental clofibrate 

sows than control sows (p < 0.0001). Milk free and acyl-carnitines were not affected by dietary 

clofibrate, but the concentrations were higher on the first day of lactation, and decreased with the 

duration of lactation. The concentrations measured in the plasma, liver and intestinal mucosa of 

piglets also were not affected by the maternal clofibrate supplementation. Similar to the levels 

detected in the milk, the free and acyl-carnitine concentrations in the plasma of piglets was 

higher on d 1 but decreased after d 7. Unlike in plasma, the concentrations in the liver was higher 

at d 7 than d 1 and d 14, while in the intestine levels were higher at d 14 and d 19 than d 1 and d 

7. The effect of maternal clofibrate on FA oxidation in the intestine of the piglet was influenced 

by the postnatal age, and the influence was greater in CO2 production than the acid soluble 

products (ASP). Maternal clofibrate increased CO2 production throughout the whole suckling 

period, although the increase was different for the 2 maternal levels of clofibrate. However, the 

increase in ASP and the total metabolites (CO2+ ASP) was detected only on d 1 and was higher 

from maternal clofibrate level of 0.5% than 0.25%. In contrast with oxidative metabolites, the 

esterified products (ESP) increased from d 1 to d 7 and decreased after d 7. Maternal clofibrate 

had no impact on the ESP at d 1 but significantly reduced the ESP at d 7. Because of the age 

difference in the metabolic response to maternal clofibrate, in general, maternal clofibrate 

increased intestinal total metabolites (CO2+ASP+ESP) at d 1 and reduced the metabolites at d 7. 

No difference was detected at d 14 or d 19. Besides the postnatal age related clofibrate impacts 

on metabolites, the impacts also altered the distribution between the oxidative and esterified 
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metabolites. Maternal clofibrate increased the % of FA oxidation and decreased the % of 

esterification. The extent of the alteration depended on the dose of clofibrate and postnatal age. 

Supplementation of carnitine in vitro increased CO2 production, while malonate or 

malonate+carnitine decreased CO2 production. No impacts were tested on ASP, but the 

supplemental carnitine and malonate increased the % of ASP with the increase in postnatal age. 

In summary, maternal supplementation of clofibrate promotes the growth rate in pigs in the first 

week after birth, and the promotion may be associated with the increased fatty acid oxidation and 

postnatal age. The increased fatty acid oxidation was attenuated quickly after one week, 

suggesting that clofibrate transfer from mother to offspring via milk is not possible or negligible. 

Postnatal age has a significant impact on carnitine status in the plasma, liver and intestinal 

tissues, but the impacts was not due to a modification in gene expressions associated with 

carnitine biosynthesis capacity. The changes of carnitine status in the plasma and intestinal 

tissues in the piglet was closely related to the milk carnitine status, indicating that maternal 

carnitine status has a strong influence on her offspring’s carnitine status via milk.     

III2. Introduction 

PPARα is a nuclear receptor that has been studied extensively in humans, rodents, and 

pigs (Holden and Tugwood 1999; Robert Ringseis and Eder 2009; Viswakarma et al. 2010; K. 

Schoonjans, Staels, and Auwerx 1996; Diradourian, Girard, and Pégorier 2005; Guan and Breyer 

2001; Bishop-Bailey 2000; Bionaz et al. 2013; Yoon 2009; Kristina Schoonjans, Staels, and 

Auwerx 1996; Lemberger, Desvergne, and Wahli 1996). The natural ligands of this receptor are 

long chain lipids and they logically have an effect on numerous genes coding for enzymes 

involved in lipid metabolism in these species (Zoete, Grosdidier, and Michielin 2007). While 

these natural ligands do exist and work, for the purpose of research more potent ligands have 
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been discovered. One of these highly potent ligands are the fibrate family of drugs (Kristina 

Schoonjans, Staels, and Auwerx 1996). Our lab has used one of these fibrate drugs, clofibrate, 

for activation of the PPARα in numerous studies (Bai et al. 2014; He et al. 2017; Lin et al. 2020, 

Chap 2). 

Our lab has demonstrated that clofibrate can increase fatty acid oxidation in neonatal pig 

(Bai et al. 2014), but the main focus in our previous researches are the oxidative metabolism in 

liver. While the liver is the primary location of the ketogenic pathway, the intestines also utilize 

lipids for energy (Girard et al. 1985). So far, most studies on the effects of PPARα activation on 

intestinal lipid metabolism were observed in rodents (Small et al. 1981; Kimura et al. 2011; 

Karimian Azari et al. 2013). However, fatty acid oxidation and the effects of PPARα activation 

on fatty acid oxidation have not been studied in the intestines, especially during the neonatal-

suckling period. The fast development of the intestine is essential to animal growth after birth. 

Thus, the energy from fatty acid oxidation may play a significant role in the fast development of 

intestine, because about 60% of the energy is from milk lipid (Girard et al. 1992). For the 

newborn pigs, the high mortality is associated with the low energy intake and utilization after 

birth (Lin, Corl, and Odle 2007).     

Previous work done in our lab proved, in sows, that clofibrate, the PPARα agonist, can 

pass through the placental barrier to active PPARα in fetal pigs and increase the piglet’s hepatic 

fatty acid oxidation rates and gene expression at birth (Lin, Jacobi, and Odle 2015). With this 

knowledge it was logical to ask the next question of whether the sow was capable of passing the 

clofibrate to the piglets via milk transfer. Activation of PPARα in newborn pigs by maternal 

supplementation via transplacental passage presents a method of commercial application of the 

research, however, the stimulated fatty acid oxidation is diminished within 24 hours after birth. 
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To maintain the high fatty acid oxidation induced by clofibrate, determination of the ability of 

clofibrate to pass via the milk will have a great potential to the application of a PPARα activator 

in pigs. The rationale behind attempts to supplement the piglets with clofibrate is to increase 

survival rates of the low birth weight piglets. With the large litters born to sows in the present 

commercial settings the size of the piglets has had to decrease to allow for increased litter size 

(Quiniou, Dagorn, and Gaudré 2002). These smaller piglets are more at risk of death as can be 

seen in the higher preweaning mortality rates in surveys by (Knauer and Hostetler 2013). By 

supplementing these piglets with a PPARα agonist, we expected to reduce the mortality by 

allowing these piglets to gain more energy from the high fat content seen in the sow’s milk. 

In addition to the effects of PPARα activation on fatty acid oxidation it was also of great 

interest to see the effect of the activation on the carnitine status of these piglets. Carnitine is a 

compound that allows for the transport of LCFAs into the mitochondria for oxidation. It has been 

shown that genes involved in carnitine biosynthesis and absorption have a response to PPARα 

activation in rodents (Robert Ringseis et al. 2007) and pigs (Robert Ringseis, Wen, and Eder 

2012), however, (Robert Ringseis et al. 2007) noted that the increase in liver carnitine 

biosynthesis may be due to an increase in trimethyllysine, a limiting intermediate in the carnitine 

biosynthesis pathway, concentration and not the changes in gene expression associated with 

carnitine biosynthesis. With rodents expressing a stronger response to PPARα activation it is still 

unknown if this same effect can be seen in pigs, a species with no peroxisomal proliferation. The 

carnitine status and biosynthesis as well as their regulations by PPARα activation have been 

examined in the liver and skeletal muscle (Hoffman et al. 1993; Baltzell et al. 1987), but the 

effects of PPARα activation induced by dietary supplementation of clofibrate on intestinal 

carnitine absorption and transportation as well as the body carnitine status have never been 
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studied during development of neonatal pigs. Therefore, the effects of activation of PPARα on 

carnitine status and the expressions of carnitine transporters in intestine as well as synthesis in 

the liver were evaluated in pigs from birth to weaning in this study.  

For the purpose of this study we hypothesized that supplementation of clofibrate to the 

sows during late gestation and early lactation may increase intestinal fatty acid oxidation and 

carnitine absorption, subsequently promoting intestinal energy utilization and improving 

carnitine status because 1) clofibrate can enter fetus circulation via placenta transfer and increase 

hepatic and kidney fatty acid oxidation in newborn pigs (Lin, Jacobi, and Odle 2015), 2) 

maternal clofibrate may increase maternal carnitine synthesis (Rosenbaum et al. 2013) and 3) 

maternal clofibrate and carnitine may be delivered to piglets via milk (Simpson et al. 1995).  

Therefore, the concentration of clofibrate and carnitine in the milk and their potential effects on 

fatty acid oxidation rates, carnitine status and the expressions of genes associated with fatty acid 

oxidation, carnitine synthesis and transportation were determined in this experiment.  

III3. Materials and Methods 

III3.1. Animals and Treatments 

A total of 27 gestating sows (3 blocks and 9 sows each block), at the North Carolina State 

University (NCSU) swine unit were divided into three groups and fed the standard commercial 

diets supplemented with three levels of clofibrate: 0 (Control), 0.25% (Clof 0.25), and 0.5% 

(Clof 0.5). The clofibrate was pre-dissolved in ethanol. The clofibrate treated sows received 

clofibrate in 15 mL of the clofibrate-ethanol and control sows received 15 mL of plain ethanol. 

The sows were fed twice daily, but the ethanol with or without clofibrate was given to all 

treatments in the morning feeding via mixing with and offering only a small amount of feed. The 

trough was inspected to ensure complete consumption of the treatment before the remainder of 
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the ration was permitted. The diets of these sows were supplemented for one-week pre farrowing 

and one-week post farrowing, for two continuous weeks of supplementation.  

Sows for this study were selected from a pool of bred sows at the time of the study. The 

weights of the sows were recorded upon entry into the farrowing house and the parity records 

were reviewed to select the sows in this study. All three groups were balanced and had no 

difference statistically. The average parity and average initial weight were 2.3±2.35 and 

240.45±32.87 kg for control, 2.4±2.35 and 239.24±30.04 kg for Clof 0.25 and 2.4±2.35 and 

245.14±36.41 kg for Clof 0.5. 

The sows were weighed at the onset of the trial, post farrowing, and upon exit of the 

farrowing barn. The piglet’s weights were recorded at days 1, 7, 14, and 19. All standard 

practices of the NCSU swine unit were permitted with the sows and piglets to ensure as similar 

to commercial settings as possible in our litters. 

Cross fostering of the piglets was permitted, and the attempt was made to keep piglets 

within treatment groups. Piglets with average body weight from each litter at each time point 

were selected on days 1, 7, 14, and 19. The selected piglets were euthanized via American 

Veterinary Medical Association approved exsanguination while under anesthesia in accordance 

with NCSU IACUC (16-142). Blood and tissue samples were collected and immediately 

processed or frozen in liquid nitrogen and stored in the freezer at -80° C for later analysis.  

III3.2. Sample Collection 

Milk samples were collected manually from the proximal 4 teats on days 1, 3, 5, 7, 10, 

14, and 19 and stored at -80° C. Blood samples from the piglet were collected via heart puncture 

immediately prior to euthanasia, and the samples were processed for plasma at 10,000 x g for 15 

min at 4° C, and the plasma samples were stored at -80° C.  Liver samples were collected into 
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liquid N2 directly and stored in a -80° C freezer until analysis. Intestinal mucosa was collected 

from the proximal and distal ends of the small intestines from the piglets at each time point in 30 

centimeter segments. Each segment was measured and cut from the remainder of the intestinal 

tract. The segment was rinsed with 0.9% NaCl solution and then opened length wise. With the 

segment on a smooth flat surface a glass microscope slide was used to scrape the mucosa free. 

The first 30 centimeters of the proximal end was used for fatty acid oxidation analysis and the 

second 30 centimeters was flash frozen in liquid N2 for later analysis. The first 30 centimeters 

from the distal end was flashed and frozen in liquid N2 as well.  

III3.3. Samples assays 

III3.3.1. Milk clofibrate analysis 

Milk samples were thawed on ice and vortexed to ensure they remained mixed. Clofibrate 

and its metabolites, clofibric acid and 4-chlorophenylacetic acid were detected following the 

method reported by (Du, Xu, and Musson 2003) with slightly modified by (Lin, Jacobi, and Odle 

2015). Briefly, the milk samples were acidified with 88% formic acid and centrifuged at 10,000 

x g for 5 minutes. The solid top layer was carefully removed and re-suspended into 

acetonitrile:water:formic acid (79%:20%:1%, v/v/v). The clofibrate and its metabolites were 

measured using a Waters HPLC Empower system (Milford, MA. USA) with a mixed eluent of 

acetonitrile:water:formic acid (79%:20%:1%, v/v/v). Control milk samples were spiked with a 

known amount of clofibrate and/or the metabolites in order to verify the method. Clofibrate and 

its metabolites separation was performed with a BDS Hypersil C18 (5 μm, 150 mm × 46 mm) 

analytical column in conjunction with a BDS C18 (5 μm, 4 mm × 3.0 mm) guard column from 

Phenomenex (Torrance, CA. USA). The HPLC system pump flow rate was set at 1 mL/min 
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isocraticly. 20 μL of sample or standard was injected, and the clofibrate and its metabolites were 

detected by a photo-diode array detector (Waters 996) at 230 nm. 

III3.3.2. Fatty acid oxidation 

Approximately one gram of mucosa was homogenized in a handheld glass homogenizer 

(7 mL, Thomas Scientific Swedesboro, NJ 08085) in 4 mL of homogenate buffer containing 220 

mM mannitol, 70 mM sucrose, 2 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid, 

0.1mM EDTA. Fatty acid oxidation was measured in a reaction buffer incubated with the fresh 

mucosa homogenate using [1-14C]-oleic acid as a substrate. The reaction buffer containing 13.1 

mM sucrose, 78.1 mM Tris-HCl, 10.5 mM K2HPO4, 31.5 mM KCl, 5 mM ATP, 1 mM NAD+, 

850 µM EDTA, 100 µM CoA was prepared in advance, and the labeled substrate was prepared at 

a concentration of 1 mmol/L combined with albumin at the molecular ratio 5:1 and the specific 

activity was 0.28kBq/µmol. To make the substrate, the radiolabeled and unlabeled oleic acid 

were combined in a beaker and dissolved in 90% ethanol. After the substrate was completely 

dissolved, the ethanol was evaporated to dry under nitrogen. The dried oleic acid was then 

dissolved in the reaction buffer and complexed with the albumin at 5:1 ratio. The fatty acid 

oxidative measurements were performed in a 25 mL Erlenmeyer flask containing 1 mL of the 

reaction buffer plus one of four treatments (control, 10 mM malonate, 1 mM carnitine, or 

carnitine+malonate). 0.3 mL of homogenate was added and pre-incubated at 37° C for 5 minutes 

prior to the addition of 0.7 mL of substrate to initiate the reaction. The flasks were gassed with 

O2/CO2 (95/5%; v/v) and capped with a rubber septa that contained 0.5 mL of ethanolamine. The 

flask was then incubated for 30 minutes at 37° C in a shaking water bath. Following the 

incubation, the reaction was terminated by the addition of 0.5 mL of 35% HClO4. The flask was 
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then allowed to stand sealed for two hours for CO2 collection. All treatments were done in 

duplicate and a blank was made for each treatment by adding the HClO4 at the time 0.  

III3.3.2.1. 14C accumulation in CO2: The CO2 was trapped in the ethanolamine, which 

was removed from the flasks in a 0.5 mL tube. The tube was rinsed with ethylene glycol 

monoethyl ether three times and the outside of the tube wiped with 75% ethanol. The entire tube, 

0.5 mL of ethanolamine and 1.5 mL of ethylene glycol monoethyl ether was placed in a 20 mL 

scintillation vial with 18 mL of scintillation fluid (RPI BioSafeII, Mount Prospect, IL) and 

counted in a scintillation counter (Beckman LS 6000IC, Brea, CA).  

III3.3.2.2. 14C accumulation in acid soluble products (ASP): The contents remaining in 

the flask were transferred into a 50 mL centrifuge tube and the flask was washed three times with 

1 mL of water and two times with 2 mL of water saturated with hexane. 4 mL of hexane 

saturated with water was then added straight to the 50 mL tube and vortexed and then spun in a 

refrigerated centrifuge at 2500 x g for 10 minutes at 4° C. The tubes were carefully removed, and 

1 mL of the clear bottom layer supernatant was placed in a 20 mL scintillation vial with 19 mL 

scintillation fluid and counted in the scintillation counter as ASP. 

III3.3.2.3. 14C accumulation in the esterified products (ESP): After the ASP was removed 

for counting, 20 mL of isopropanol was added to the 50 mL tube and vortexed. A solution of 

hexane saturated with water (3.5 L) was made containing 471 mM Na2 SO4, 300 mM KOH, and 

enough phenolphthalein to give a light pink color. 10 mL of this solution was added to the 50 mL 

tube and then the tube was centrifuged for 10 minutes at 1500 x g at 4° C. From the clear top 

layer 1 mL was removed and added to a 5 mL scintillation vial with 4 mL of scintillation fluid 

and counted in the scintillation counter. This fraction is termed the esterified products (ESP). 
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III3.3.3. RNA Isolation and RT-qPCR 

Approximately 50 mg of mucosa was added to 1 mL of Tri reagent and homogenized via 

a polytron homogenizer (VWR VDI25, Radnor, PA). Total RNA was isolated from the mucosa 

following the procedure provided on the Tri reagent. Once isolated the RNA was quantified with 

a Nanodrop spectrophotometer (ND-1000 ThermoFisher, Wilmington, DE) and the quality was 

assessed through the use of a 1.8% agarose gel. Samples that showed two clear and distinct 

bands on the gel were taken for DNase treatment. 8 µg of the extracted RNA were treated with 1 

µL Turbo DNase following the manufactures guidelines. A second 1.8% agarose gel was run 

post DNase treatment to ensure no loss of quality of the samples. If the samples still showed two, 

clear bands 1µg was taken and cDNA was synthesized following the manufacturers protocol 

with Super Script III Reverse Transcriptase. 

Primers for RT-qPCR (Table III3.3-1) were created using BLAST Primer Designer 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). SYBR green master mix was utilized for the 

qPCR reaction. The samples were loaded in a 96 well plate and prepared following the SYBR 

protocol provided (Bio-Rad, Hercules, CA, USA). The plate was covered with a micro seal B 

film and run on a Bio-Rad thermocycler (BioRad MyiQ, Hercules, CA). The ct values were 

normalized to a housekeeping gene (RPL9) and a plate normalizer was included on each plate to 

account for possible run differences.  

III3.3.4. Carnitine Analysis 

III3.3.4.1. Mucosa and Liver: Samples were prepared and analyzed following the method 

described by (McGarry and Foster 1976) with a slight modification. Approximately 200 mg of 

tissue was homogenized with a polytron electric homogenizer (VWR VDI25, Radnor, PA) in 

400 µL of ice cold 1M HClO4. The homogenate was then centrifuged at 10,000 x g for 5 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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minutes, and the supernatant was collected. The pellet was then treated with 200 µL of 1M 

HClO4 and centrifuged at the same speed again. The two supernatants were combined and 

neutralized with the addition of 400 µL of 1M KOH. This causes the formation of KClO4, which 

precipitated and was removed via centrifugation. The remaining supernatant was used for the 

free carnitine analysis. 

For the isolation of short chain carnitine esters, 200 µL of the above supernatant was 

taken and incubated for 1 hour at 60° C with 200 µL of 1M KOH. The sample was then 

neutralized with 200 µL 1M HClO4, mixed, and centrifuged. 200 µL of 1M HEPES was added in 

and centrifuged again. The supernatant contained the short chain carnitine esters, while the pellet 

contained the long chain carnitine esters, to isolate these, the pellet was incubated for an 

additional hour at 60° C with 1M KOH. Post incubation 300 µL of 1M HClO4 was added and the 

mixture is centrifuged at 12,000 x g for 10 minutes. The supernatant was combined with 95 µL 

of 1M KOH and 200 µL of 1M HEPES. The sample is centrifuged one final time to remove the 

KClO4, this supernatant is used for the long chain carnitine esters. All these processed samples 

were stored in the -20° C until the analysis was completed. 

Analysis was completed through the addition of 550 µL of reaction buffer (120 µmol 

HEPES– 10 µmol EDTA buffer with 25.5 nmol [1-14C]-acetyl-CoA (37kBq/µmol), 2 µmol N-

ethylmaleimide), with 200 µL of sample, and 1 IU of carnitine acetyltransferase. The tubes were 

incubated for 0.5 hour at 25° C in a shaking water bath. All samples were run in duplicate. After 

30 minutes the samples are run over an Ag-1x8 Bio Rad anion exchange resin column and the 

columns are flushed with 4 mL of water. All the flow through is collected in a scintillation vial 

and mixed with 15 mL of BioSafe Scintillation cocktail and counted in the liquid scintillation 

counter.  
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III3.3.4.2. Plasma and Milk: 100 µL of plasma or milk was add to 100 µL of 1M HClO4 

and centrifuged as liver and mucosa were, with the only exceptions being the pellets were 

washed with half volumes prior to the collection of free carnitine and afterwards all the steps 

were the same as with the liver and mucosa samples. 

III3.3.4.3. Feed: 200 µL of water and 100 µL of feed was added to 400 µL of 1M HClO4 

and homogenized. The procedure follows all other steps the same as liver and mucosa onwards. 

III3.3.5. Chemicals 

All chemicals for this study were sourced from Sigma-Aldrich, Inc (St. Louis, MO 

63103), except for clofibrate which came from Cayman Chemical (Ann Arbor, MI 48108), 

Superscript and TurboDNase from Thermo Fisher Scientific (Waltham, MA 02451). The 14C 

radiolabeled oleic acid and acetyl-CoA were purchased from American Radiolabeled Chemicals 

(St Louis, MO 63146) and SYBR from BioRad (Hercules, CA 94547). 

III3.3.6. Statistical Analysis 

Data from growth performance, carnitine assays and gene expressions were subjected to 

ANOVA according to a 3 (control, 0.25 and 0.5% clofibrate) X 4 (day 1, 7, 14 and 19) factorial 

randomized complete block design using the General Linear Models (GLM) procedure of SAS 

(SAS software 9.4; Cary, NC USA). This experiment was grouped 3 blocks by time, 3 maternal 

clofibrate treatments, and 9 sows per block, thus, for each age 3 sows (pigs) x treatment 

combinations. Data from in vitro fatty acid oxidation measurements were subjected to ANOVA 

according to the split-plot design, using the GLM procedure of SAS (SAS software 9.4; Cary, 

NC USA). The main plot was the 3 maternal dietary treatments on animals at 4 ages and the sub-

plot was the 4 treatments with a 2 (±carnitine) x 2 (±malonate) factorial design on the tissues. 

The least square means (Lsmeans) were calculated and the interactions between clofibrate x age, 



   

111 

 

and between (clofibrate x age) x flask treatment were tested. The difference and correlation 

between plasma and tissue were evaluated using the SAS procedure for correlation (SAS 

software 9.4; Cary, NC USA). The data from main effects were reported only if the interaction 

was not significant. Data is presented as Lsmeans ± SEM if it was not specified. The difference 

was significant when the p < 0.05 and trended when 0.05 < p < 0.1. 

III4. Results 

III4.1. Animal performance 

III4.1.1. Sow performance 

No differences were detected on sow performance in regards to body weight, litter 

weight, parity, or percentage of live, mummy and stillborn among the sows that received 0, 0.25 

and 0.5% of clofibrate in feed (Table III4.1-1). However, the number of the total piglets (live + 

mummy + stillborn) was lower from sows that received 0.25% clofibrate than 0 and 0.5% 

clofibrate (p = 0.26). 

III4.1.2. Piglet performance 

Maternal clofibrate supplementation had significant impacts on body weight, weight gain, 

and average daily gain of the offspring (Table III4.1-2) in the first week after birth. The body 

weight measured was higher in pigs from sows that received 0.25% clofibrate than 0.5% 

clofibrate (p < 0.0001) at d 7, while there was no difference between pigs from sows that 

received 0.5% clofibrate and control sows at d 1, d 14 or d 19. The weight gain and average daily 

gain were also higher in pigs from sows that received clofibrate than control sows, and from the 

0.25% clofibrate than 0.5% clofibrate (p < 0.0001) at d 7 (p < 0.0001). No difference was 

detected among the treatments after 7 days.  
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III4.2. Carnitine status 

III4.2.1. Carnitine concentration in sow feed 

Free carnitine, acyl-carnitine, and total carnitine concentrations in sow feed samples from 

3 batches were 0.034, 0.079 and 0.113 µmole/g feed (5.3 mg, 12.7 mg, and 18.2 mg/kg feed).  

III4.2.2. Carnitine concertation in sow milk 

No interaction was detected between maternal clofibrate and lactation days for free 

carnitine (p = 0.12) or acyl-carnitine (p = 0.14). The data from the main effect of clofibrate and 

lactation days were reported in Table III4.2-1. Supplementation of clofibrate to sow feed had no 

impact on milk free carnitine concentration (p = 0.29) and acyl-carnitine (p = 0.2), but the free 

carnitine and acyl-carnitine concentrations were significantly difference between the lactation 

days (p < 0.0001). Both concentrations of free and acyl-carnitine were high at birth and 

decreased with the lactation days. The concentrations reached the lowest level at 10 days and 

gradually increased after 10 days (Table III4.2-1). The total carnitine concentration followed the 

same pattern as free and acyl-carnitine, and a tendency was observed for an interaction between 

clofibrate and the lactation days (p = 0.09). 

Supplementation of clofibrate to sow feed also had no effect on the distribution (%) of 

free and acyl-carnitine in the milk (p = 0.18). The ratio of free and acyl-carnitine on average was 

1.88 (Table III4.2-1). However, the distribution of free and acyl-carnitine and its ratio were 

significantly different between the lactation days (p < 0.0001).  

III4.2.2. Carnitine concentration in plasma of pigs 

Maternal clofibrate had no impact on free, acyl and total carnitine concentration in the 

plasma of piglets (p > 0.7), but the concentration of free, acyl and total carnitine were 

significantly impacted by age (Table III4.2-2). The plasma free, acyl and total carnitine 
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measured during the first 7 days were on average 1.4, 2.3 and 1.5-fold of that measured 7 days (p 

< 0.035), separately. Moreover, the acyl-carnitine concentration was 63% higher from day 1 than 

day 7 (p < 0.001). No interactions were detected between clofibrate and age for the concentration 

of free, acyl and total carnitine (p > 0.92). 

No significant impacts of maternal clofibrate on free, acyl-carnitine and the ratio of free 

and acyl-carnitine were found (p > 0.35), although the concentration of acyl-carnitine tended to 

increase with the maternal clofibrate supplementations (p < 0.06). Age had an impact on the 

distribution between free and acyl-carnitine but had no effect on the ratio of carnitine and acyl-

carnitine (Table III4.2-2). The free carnitine percentage on day 1 was 5% lower than that on day 

7, 14 and 19 (p < 0.008). There was no interaction between clofibrate and age on free and acyl-

carnitine distribution and its ratio (p > 0.4). 

III4.2.3. Carnitine concertation in liver of pigs 

Maternal clofibrate had no impact on free, acyl and total carnitine concentration in liver 

of piglets (p > 0.4), but the concentration of free, acyl and total carnitine were significantly 

impacted by age (Table III4.2-3). The free carnitine measured on d 7 and 14 was on average 

36% higher than that measured on d 1 (p < 0.004) but had no difference from d 19. The acyl-

carnitine concentration measured from d 7 was 32% higher than that from d 19 (p < 0.05), but 

had no difference from that at d 1 or 14. The total carnitine was 24% higher from d 7 than d 1 

and 19 (p < 0.03), but no difference was observed between d 7 and d 14. No interactions were 

detected between clofibrate and age for the concentrations of free, acyl and total carnitine (p > 

1). 

No significant impacts of maternal clofibrate on the distribution (%) between free and 

acyl-carnitine and the ratio of free and acyl-carnitine were detected (p > 0.3). The free carnitine 



   

114 

 

and the ratio of free carnitine and acyl-carnitine measure on d 1 was reduced by age (p < 0.001). 

There was no interaction between clofibrate and age on free and acyl-carnitine distribution and 

its ratio (p > 0.4). 

III4.2.4. Carnitine concertation in intestinal mucosa of pigs 

Similar to the liver, maternal clofibrate had no impact on free, acyl and total carnitine 

concentration in intestinal mucosa of piglets (p > 0.7), but the concentration of free, acyl and 

total carnitine were significantly impacted by age (Table III4.2-4). The free carnitine 

concentration was increased with age after d 7, and the concentrations measured on d 14 and 19 

were on average 40 and 95% higher than that measured on d 1 and 7 (p < 0.0001). The acyl 

carnitine measured on d 14 and 19 was on average 65% higher than that measured on d 7 (p < 

0.0012) but had no difference from d 1. The total carnitine concentrations measured from d 14 

and 19 were on average 56% higher than that from d 1 and 7 (p < 0.0002). No interactions were 

detected between clofibrate and age for the concentrations of free, acyl and total carnitine (p > 

0.9). 

No significant impacts of maternal clofibrate on the distribution (%) of free and acyl-

carnitine and the ratio of free and acyl-carnitine were detected (p > 0.6). The age had a 

significant impact on the distribution between free carnitine and acyl-carnitine (p < 0.04), the % 

of free carnitine was increased by 21% in intestine of piglet on d 19 compared to d 1. There was 

no age impact on the ratio of free carnitine and acyl-carnitine (p = 0.29). There was no 

interaction between clofibrate and age on free and acyl-carnitine distribution and its ratio (p > 

0.7). 
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III4.3. Fatty acid Oxidation 

III4.3.1. Maternal supplementation of clofibrate on fatty acid oxidation in mucosa of offspring 

during neonatal-suckling period 

III4.3.1.1. CO2 production: A significant interaction between maternal clofibrate 

treatment and age was observed (Figure III4-1A) in the 14C accumulation in CO2 production 

from oleic acid oxidation (p < 0.0045). Supplementation of maternal clofibrate increased 14CO2 

production in the intestinal mucosa of offspring on d 1 (p < 0.05), but the increase in the 

offspring from sows with 0.25% of clofibrate was not significant from sows with 0.5% of 

clofibrate in the feed (p > 0.05). The 14C accumulation in the offspring from sows with 0.5% of 

clofibrate in the feed was reduced compared to that from sows with 0.25% of clofibrate in the 

feed but had no difference between clofibrate fed sows and control sows (p > 0.05). While the 

14C accumulation in the offspring from sows with 0.5% of clofibrate in the feed was increased 

compared to that from control or sows with 0.25% of clofibrate in the feed on d 14, no difference 

was observed between sows with 0.25% clofibrate and control sows (p > 0.05). The 14C 

accumulation in the offspring from sows fed with clofibrate was higher than that from control 

sows on d 19 but had no difference between sows with 0.25 and 0.5% clofibrate (Figure III4-

1A). 

III4.3.1.2. Acid soluble products (ASP): A significant interaction was observed between 

clofibrate and age for 14C accumulation in ASP (Figure III4-1B, p < 0.03). The 14C 

accumulation was 1.3 and 1.7 fold higher in pigs on d 1 from maternal clofibrate 

supplementation with 0.25 and 0.5 % than from the control (p < 0.0001), but the maternal 

supplementation had no effects on the 14C accumulation in ASP in pigs after d1 (p > 0.05). The 
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14C accumulation in ASP was higher on d 1 than all other ages, and no differences were observed 

between all other ages (Figure III4-1B). 

III4.3.1.3. Total oxidation (CO2 + ASP): A significant interaction was observed between 

clofibrate and age for 14C accumulation in total oxidation (Figure III4-1C p < 0.005). Similar to 

ASP, the 14C accumulation was 37% and 79% higher in pigs on d 1 from maternal clofibrate 

supplementation with 0.25 and 0.5 % than from the control (p < 0.0001), but the maternal 

supplementation had no effects on the 14C accumulation in the total oxidative products in pigs 

after d 1 (p > 0.05). The 14C accumulation in total oxidized was higher on d 1 than all other ages, 

and no differences were observed between all other ages (Figure III4-1C). 

III4.3.1.4. ESP: A significant interaction was observed between clofibrate and age for 14C 

accumulation in ESP (Figure III4-2A, p < 0.0001). The 14C accumulation in ESP in intestinal 

mucosa of pigs from control sow was increased from d 1 to 7 (p < 0.0001) but had no difference 

between d 14 and 19 (p = 0.9). The accumulation was on average 53% and 352% higher from d 1 

and 7 than d 14 and 19 (p < 0.0001). Supplementation of maternal clofibrate had no impact on 

the accumulation in ESP on d 1 (p > 0.9), but decreased the accumulation in ESP on d 7, 14, and 

19 (p < 0.0001). The decrease was greater from maternal clofibrate level 0.5 than 0.25 on d 7 but 

had no differences on d 14 and 19 (p > 0.6). 

 III4.3.1.5. Total metabolism (CO2+ASP+ESP): A significant interaction was observed 

between clofibrate and age for 14C accumulation in the total metabolites (Figure III4-2B, p < 

0.0001). The 14C accumulation in in the total metabolites in intestinal mucosa of pigs from 

control sow was increased from d 1 to 7 (p < 0.0001) but had no difference between d 14 and 19 

(p = 0.9). The accumulation was 3.1 and 4.6-fold higher from d 1 and 7 than d 14 and 19 (p < 

0.0001). Supplementation of maternal clofibrate had no impact on the accumulation in ESP on d 
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1 (p > 0.9), but decreased the accumulation in ESP on d 7, 14, and 19 (p < 0.0001). The decrease 

was greater from maternal clofibrate level 0.5 than 0.25% on d 7 but had no differences on d 14 

and 19 (p > 0.6). 

III4.3.2. Maternal supplementation of clofibrate on distribution (%) of CO2, ASP and ESP in 

total fatty acid oxidation and metabolism in mucosa of offspring during neonatal-suckling period 

III4.3.2.1. The % of CO2 and ASP in total fatty acid oxidation: There was no interaction 

between maternal clofibrate and age on the percentage (%) of 14C in CO2 and ASP accumulation 

in total oxidative products (CO2 + ASP; p = 0.15). No maternal clofibrate effect on the % of 

14CO2 and ASP in total oxidative products (p = 0.24) was observed (Figure III4-3). However, 

the age had a significant impact on the % of 14CO2 and ASP in total oxidative products (p < 

0.0001). The % of CO2 was increased, and the % of ASP was decreased with age from d 1 to d 

14 (p < 0.01), but the % CO2 was decreased and % of ASP was increased at d 19. The % had no 

difference at d 7 from d 19 (p = 0.7). 

III4.3.2.2. The % of CO2, ASP and ESP in total fatty acid metabolites: A significant 

interactions between clofibrate and age were observed on the 14C distributions among CO2 (p < 

0.003), ASP (p < 0.0001) and ESP (Figure III4-4; p < 0.0001). The % of 14CO2 in total 

metabolites (Figure III4-4A) was increase with age from d 1 to d 14, but the increase was higher 

from maternal clofibrate with 0.25% on d 7 and maternal clofibrate with 0.5% on d 14 were 

higher than that from maternal with no clofibrate (p < 0.05). The % of CO2 was decreased at d 19 

compared to d 14, but the % of CO2 was still higher from maternal clofibrate than control (p < 

0.05).  

The % of ASP (Figure III4-4B) from sows with no clofibrate supplementation was 

decreased from d 1 to d 7 (p < 0.0001) and then increased from d 7 to d 19 (p < 0.05). However, 
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the % of ASP in pigs from with clofibrate supplementation was 19% higher than in pigs from 

sow with no clofibrate supplementation (p < 0.03) at d 1, and no difference was observed 

between pigs from sows with 0.25% and 0.5% clofibrate supplementation (p > 0.05).  The % of 

ASP was 47% higher from sows with 0.5% clofibrate supplementation than with no clofibrate 

supplementation (p < 0.03) at d 7, but there was no difference between pigs from sows with 

0.25% clofibrate and with no clofibrate supplementation (p > 0.05). The % of ASP were 53% 

and 93% higher in pigs from sows with 0.25% and 0.5% clofibrate than with no clofibrate 

supplementation (p < 0.01) at d 14, while the % of ASP had no differences in pigs from sows 

with/without clofibrate at d 19 (p > 0.06) 

The % of ESP (Figure III4-4C) in pigs from sows with no clofibrate supplementation 

increase from d 1 to d 7 (p < 0.0006) but decreased after d 7 (p < 0.0001). However, maternal 

supplementation of clofibrate decreased the % of ESP by 10% (p < 0.008), but the maternal 

clofibrate supplementation level had no impact on the % of ESP at d 1. No difference was 

observed in pigs from sows with 0.25% clofibrate compared to no clofibrate supplementation at 

d 7, but the % of ESP decreased in pigs from sows with 0.5% clofibrate compared to sows with 

no clofibrate (p < 0.0001). The % of ESP also decreased in pigs from sows with clofibrate 

compared with no clofibrate at d 14, and the decrease was greater in pigs from sows with 0.5% 

clofibrate than 0.25% clofibrate (p < 0.0001). No difference was observed in % of ESP from 

sows with 0.25% and 0.5% clofibrate compared to with no clofibrate, but the % was decreased in 

pigs from sows with 0.5% clofibrate compared to sows with 0.25% clofibrate supplementation (p 

< 0.03).  
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III4.3.2.3. The ratio of oxidized and metabolized products:  

The ratio of oxidized products and metabolized products (Figure III4-5) in pigs from 

sows with no clofibrate supplementation was decreased by 34% from d 1 to d 7 but increased by 

106% from d 7 to d 14 and by 37% from d 14 to d 19 (p < 0.0001). The lowest ratio was 

observed at d 7 and the highest ratio was obtained from d 19. No difference was detected 

between d 1 and d 14 (p = 0.1). The ratio in pigs from sows with clofibrate was higher than sows 

with no clofibrate at d 1, 7 and 14, but had no difference at d 19 (p > 0.3). The ratio was 23% and 

25% higher in pigs from sows with clofibrate than without clofibrate (p < 0.05) at d 1 and d 7, 

but the maternal clofibrate level had no impact on the ratios. However, the maternal clofibrate 

level had a significant influence on the ratio at d 14. The ratio was 35% and 74% higher in pigs 

from sows with 0.25% and 0.5% clofibrate than without clofibrate (p < 0.0001) at d 14. The ratio 

was also 22% greater in pigs from sows with 0.5% clofibrate than without clofibrate 

supplementation at d 14 (p < 0.001). The ratio in pigs from sows with no clofibrate was not 

different from sows with clofibrate although the pigs from sows with the high level of clofibrate 

was higher than with low level of clofibrate (p < 0.04). 

III4.3.3. Effects of carnitine and malonate on fatty acid oxidation in mucosa of offspring during 

neonatal-suckling period 

III4.3.3.1. CO2 product: No interaction was detected between maternal clofibrate (p = 

0.9)/age (p = 0.09) and the tissue treatment with carnitine or malonate. However, 

supplementation of carnitine increased 14C accumulation in CO2 by 18% compared to control (p 

< 0.045). Supplementation of malonate decreased 14C accumulation in CO2 by 61% compared to 

control (p < 0.001).  
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III4.3.3.2. ASP product: No interaction was detected between maternal clofibrate (p = 

0.9)/age (p = 0.9) and the tissue treatment with carnitine or malonate. Supplementation of 

carnitine and/or  malonate in the mucosa incubation had no impact on the 14C accumulation in 

ASP (p = 0.6) 

III4.3.3.3. Total product (CO2 + ASP): Similar as in ASP, supplementation of carnitine 

and/or malonate in the mucosa incubation had no impact on the 14C accumulation in total 

oxidative products (p = 0.5). No interaction was detected between maternal clofibrate (p = 

0.9)/age (p = 0.9) and the tissue treatment with carnitine or malonate (Figure III4-6).  

III4.3.3.4. The distribution (%) of CO2 and ASP: A significant interaction (Figure III4-7) 

was detected between age and the mucosa treatments (p < 0.006). Addition of carnitine in the 

incubation medium had no influence on the % of CO2 and ASP in the total oxidized products (p 

> 0.05) in the mucosa from all of ages (Figure III4-7). Addition of malonate reduced % of CO2 

and increased % of ASP in the mucosa from all ages (p < 0.05), but the decrease was greater 

from addition of carnitine and malonate than malonate only at d 7 (p < 0.03). No difference was 

observed between these two treatments at d 1, 14 and 19 (p > 0.05). 

III4.3.3.5. The ESP product: The tissues from all pigs treated with carnitine and malonate 

had no impact on the ESP production (p > 1.0) 

III4.3.3.6. The total metabolites (CO2+ASP+ESP): Addition of carnitine or malonate or 

both had no effect on fatty acid oxidation (p > 0.4). No interactions between clofibrate/age and 

the tissue treatment were observed (p > 0.05). 

III4.3.3.7. The distribution (%) of CO2, ASP and ESP among the metabolites: A 

significant interaction (Figure III4-8) was determined between age and the tissue treatments for 

the % of CO2, ASP and ESP (p < 0.0001). The % of CO2 from the control group increased from 
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d 1 to d 14, but no difference was observed between d 14 and 19. Addition of carnitine had no 

impact on the % of CO2 from d 1 to 19, but addition of malonate decreased the % of CO2 at d 7, 

14 and 19 (p < 0.05). % of CO2 in the treatment with carnitine and malonate had no difference 

from the control. The % of ASP from the control group decreased from d 1 to 7 and increased 

from d 7 to d 14. Addition of carnitine had no impact on the % of ASP at d 1 and d 7 but 

increased by 59% and 30% at d 14 and 19 (p < 0.001). Addition malonate also increased % of 

ASP by 67% at d 14 but had no impact at other ages. Addition of carnitine with malonate 

increased the % of ASP by 90%, 144% and 54% at d 7, 14 and 19, but had no influence at d 1. 

The % of ESP from control group increased from d 1 to d 7 but decreased at d 14 and d 19 

compared to d 1. Addition of carnitine decreased % of ESP at d 14 and addition of malonate 

increased % ESP at d 19. No influence of carnitine and malonate was observed at d 1 or d 7.  

III4.3.3.8. Ratio of oxidized and metabolites: The ratio (Figure III4-9) in the control 

group decreased at d 7 and increased at d 14 and 19 compared to d 1. Addition of carnitine had 

no impact at d 1 or 19 but increased at d 7 and 14 compared to the control group. Addition of 

malonate had no impact on ratio for all of ages. 

III4.4. Gene expressions (q-PCR) 

Maternal supplementation of clofibrate had no impact on the expression of genes 

examined in intestine mucosa of pigs (Table III4.4-1; p > 0.8). However, postnatal age had an 

impact on the expression of FABP (p < 0.004), PPARα (p < 0.035) and RXRα (p < 0.009). The 

expression FABP was on average 90% higher in pigs at d 14 and 19 than d 1 and d 7, while the 

expressions of PPARα and RXRα were on average 50% and 74% lower in pigs at d 14 than d 1 or 

d 7. No difference was detected between ages on other genes. There were no interactions 

between clofibrate and postnatal age on all measured genes (p > 0.2). 
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Expression of genes ALD, BBOX and TMLHE in the liver of pigs (Table III4.4-1) was 

not affected by maternal supplementation of clofibrate (p > 0.2). However, the expression of 

ALD and TMLHE was increased in pigs at age of d 7. ALD increased by 57% (p < 0.002) and 

TMLHE increased by 430% (p < 0.006) at d 7 compared to d 1. There were no differences 

between d 7 and d 14 and d 19.  

III5. Discussion 

III5.1. The effects of maternal supplementation of clofibrate on performance 

III5.1.1. Sow performance 

The body weight, litter weight, parity, and % of live, mummy, and stillborn were not 

changed with the treatment of clofibrate, suggesting that dietary supplementation of clofibrate at 

levels ≤ 0.5% (w/w) to pregnant sows during late gestation and early lactation will not affect 

sow’s performance. This is consistent with the results obtained from a similar study with 

pregnant sows received 0.2% clofibrate during lactation (Gessner et al. 2015). However, we 

noticed that the total numbers of piglets from sows that received 0.25% clofibrate tended to be 

less compared to sows in control and 0.5% clofibrate groups. Because there was no difference in 

the number of mummy and stillborn piglets among the three groups, we think that the tendency 

observed in sows received 0.25% clofibrate has no scientific relevance and is purely coincidental 

as the timing of our dose was late in gestation, day 107, and the number of piglets born to the 

sow was already well established at that stage of pregnancy. 

III5.1.2. Piglet performance 

The body weight and average gain increased linearly with postnatal age for the piglets 

from all three groups (Figure III5.1-1 and -2). Interestingly, the body weight measured at d 1, d 

7, d 14 and d 19 was significantly higher in piglets from sows that received 0.25% clofibrate than 
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sows in the control or 0.5% clofibrate groups. This result was different from the result observed 

by (Gessner et al. 2015) in which no gains were seen in piglets. The aforementioned study 

examined the weights of piglets at birth and weaning when the sows were supplemented with 

0.2% clofibrate (Gessner et al. 2015). However, we perceived that the increased body weight was 

due to a greater growth rate in the first week (Figure III5.1-3). The growth rate at the first week 

appeared to be associated with the maternal clofibrate level, because the body weight, average 

weekly gain and daily gain was higher in pigs from sows that received either 0.25% or 0.5% of 

clofibrate in comparison to the control sows. Energy sufficiency and utilization are important for 

newborn piglets to meet the requirement of fast growth after birth (Le Dividich and Sève 2000), 

and administration of clofibrate to newborn piglets via oral gavage (He et al. 2017; Bai et al. 

2014; Lin et al. 2020) or to pregnant sows in the last week of gestation (Lin, Jacobi, and Odle 

2015) significantly increase fatty acid oxidation in the liver and kidney, implying that the piglets 

that received clofibrate would have a higher capacity for using milk fat. Therefore, the higher 

growth rate observed in piglets that received clofibrate could be due to an increase in milk fat 

utilization. In support of this we found the fatty acids metabolism was much higher in liver, 

kidney, muscle (unpublished data) and intestine in the first week. In addition, the growth rate of 

piglets was higher from sow that received 0.25% clofibrate than 0.5% clofibrate or the control 

group. Because the growth of newborn pig will be influenced by the birth weight (Quiniou, 

Dagorn, and Gaudré 2002), the difference could be due to litter size. We had the lowest number 

of piglets born to the sows receiving the 0.25% clofibrate treatment, therefore, litters with fewer 

piglets per sow would have a higher average body weight at birth. Indeed, the weight measured 

at d 1 was greater from sows with 0.25% than 0.5% clofibrate. Thus, the higher growth rate 

could also be associated with the initial birth weight.  
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III5.2. The effects of maternal supplementation of clofibrate on carnitine status 

III5.2.1. Carnitine concentrations in sow milk 

Milk carnitine status has been evaluated in the lactation of sows in a few publications 

under different gestational periods and physiological conditions. The total concentration of 

carnitine measured in this study was very similar to that reported by (Musser et al. 1999), but 

was higher than that reported by (Ramanau et al. 2004). In addition, differences in concentration 

and ratio of free carnitine and acyl-carnitine were observed between these studies. Considering 

the data reported from the literature was from a day at the middle of lactation of sows of a 

different breed, this difference could be due to the differences in dietary carnitine level, capacity 

of carnitine synthesis and metabolic (physiological) status. The sow productivity such as litter 

size and milk production could affect the concentration of milk carnitine also. However, we 

believed that this was the first study, in milk carnitine, that covered the whole lactation period, 

and the data (Figure III3.5-2) provides a useful knowledge in the dynamic changes during the 

lactation period. The strong correlations between sow’s milk and piglet’s plasma and intestine 

suggested that carnitine in sow milk plays an important role in carnitine intake and metabolic 

development in intestines.  

Treatment with clofibrate demonstrated no impact on the carnitine levels in any form in 

the sow’s milk. Previous studies indicated that the expression of carnitine transporter, OCTN2,  

as well as two of the genes involved with carnitine biosynthesis γ-butyrobetaine dioxygenase 

(BBOX) and 4-trimethylaminobutyraldehyde dehydrogenase (ALD) could be increased by 

activation of PPARα via clofibrate (Rosenbaum et al. 2013; Wen et al. 2012, 2011; Wen, 

Ringseis, and Eder 2010). It has also been confirmed that the liver is the predominant site of 

carnitine biosynthesis in the sow with the kidney providing a small amount relative to the liver 
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and other tissues appear negligible in light of the liver (Fischer, Keller, et al. 2009). With this 

information one would expect that activation of PPARα through the supplementation of 

clofibrate would present us with an increase in carnitine levels and the expression of the genes 

involved with carnitine uptake and biosynthesis in the sow, thus resulting in a greater 

concentration of carnitine in the milk. The most plausible reason changes were not seen in the 

sow resides is the fact that pigs are known to be less responsive to PPARα activation in the genes 

of the liver (Robert Ringseis, Wen, and Eder 2012) and that during lactation PPARα is already 

activated just as in cattle (Loor et al. 2005; Eder 2009). With the combination of these two pieces 

of data the lack of a response is not surprising as the sow is already stimulated. To verify that this 

is correct additional studies could use the supplementation of carnitine or butyrobetaine, 

generally considered the limiting factor in carnitine biosynthesis (Eder 2009; Rebouche, 

Lehman, and Olson 1986), in conjunction with clofibrate. 

The carnitine levels in milk were significantly influenced by the stage of lactation. The 

free carnitine, acyl-carnitine and total carnitine follow the same pattern (Figure III5.2-1), being 

higher at d 1 and decreasing after d 1, and slightly increasing after d 10. The lowest levels were 

observed at d 10. The changes with lactation day, apparently, were not associated with diet as 

this remained constant for each trial. Other studies have examined the carnitine levels in milk 

across the suckling period and have demonstrated the highest levels at birth and no change 

measured at the midpoint of lactation or the end (Birkenfeld et al. 2006).  

III5.2.2. Carnitine concentrations in plasma, liver, and intestine of piglets 

III5.2.2.1. Plasma: The plasma levels of carnitine and acyl-carnitine were similar as that 

reported by (Lyvers Peffer et al. 2007), but were higher than that reported by (Heo et al. 2000), 

(Birkenfeld et al. 2006) and (Kaup et al. 2018). As we mentioned before, the plasma carnitine 
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would be closely related to the sow milk, this further supports that the difference in plasma could 

be due to the low levels in sow milk. Indeed, the milk concentration reported by (Birkenfeld et 

al. 2006) was similar to that reported by (Ramanau et al. 2004).  

No changes were seen in the plasma carnitine levels with relation to the supplementation 

of the sows with clofibrate. Carnitine in all forms examined was higher on d 1 than on d 7, which 

follows with the levels seen in the sow’s milk, which is what was seen in similar studies (Eder 

2009). Indeed, the data from the correlation assay indicated the concentration of carnitine, acyl-

carnitine and total carnitine are closely associated with the levels in sow milk (Table III5.2-1) 

but not the levels in the intestine and liver, suggesting that plasma carnitine status in neonates 

could indicate the status of the mother’s milk.  

III5.2.2.2. Liver: The total concentration of carnitine in general was similar as that 

reported in previous studies from our lab (Heo et al. 2000; Lyvers Peffer et al. 2007; Xi et al. 

2008), and other labs (Fischer, Keller, et al. 2009; Fischer, Varady, et al. 2009) for neonatal pigs. 

However, the acyl-carnitine changed in a wide range among those studies, suggesting that the 

carnitine status in the liver is more related to the metabolism. It has been reported that carnitine 

synthesis and absorption could be increased by activation of PPARα (Luo et al. 2014; Robert 

Ringseis et al. 2009), but we failed to detect the effects in the liver during the whole suckling 

period. The clofibrate potential available for piglet in our study was from maternal diet during 

late gestation and early lactation. The transfer of clofibrate from sow to fetus via placenta had 

been confirmed in a previous study (Lin, Jacobi, and Odle 2015), however, the transfer from sow 

to neonatal pigs via milk has never been tested before. In this study, we analyzed the milk for 

clofibrate using HPLC, and no clofibrate or its metabolites were identified in the milk (Figure 

III5.2-1), suggesting that the transfer from sow to piglets via milk was either incapable or 
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negligible. The neonatal carnitine biosynthesis has been reported to be notoriously low (Penn et 

al. 1997). Although it has been shown in rodents that the genes (BBOX and ALD have an active 

PPRE (Wen et al. 2011, 2012), they have not been evaluated in pigs during pre and postnatal 

period. In our study we were unable to detect a response of BBOX or ALD in piglet liver to 

maternal clofibrate supplementation. It could be due to the clofibrate concentration transferred 

from mother to piglets was too low and/or the pig genes associated with carnitine biosynthesis 

was less responsive to PPARα activation induced by clofibrate during pre and postnatal period.  

In addition, the status of free and acyl-carnitine in liver was not correlated with the sow 

milk (Table III5.2-1). The total carnitine could be influence by the total carnitine in milk but is 

relatively weak and the coefficient is 2.4. This suggested that endogenous carnitine could play an 

important role in the liver in which carnitine synthesis and metabolism are very active and 

vigorous. Furthermore, the hepatic carnitine status apparently was influence by the postnatal age. 

The concentration was increased from d 1 to d 7 and no further increase was observed after d 7 

(Figure III5.2-2). Piglets have a limited capacity for synthesis of carnitine during the first week 

of life, with an increase in capacity as they age (Coffey et al. 1991; Borum 1981). This likely 

accounts for the trends seen in the liver of these piglets. As the sow’s supply of carnitine was 

reducing in the milk the biosynthesis capacity of the piglets likely was increasing to negate the 

difference. The sow was still suppling ample carnitine and the piglet’s own capacity to 

synthesize carnitine was beginning to develop.  

III5.2.2.3. Intestinal carnitine: Numerous studies examined the intestinal ability to absorb 

carnitine and the expression of OCTN within the intestines, but very few studies examine the 

carnitine levels present in the intestines and their change over time. In a study conducted with 

rats the level of carnitine was examined in the intestines and the levels seen in the rodent 
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intestines was similar to the levels seen in the liver, which held true in our study as well 

(Shekhawat et al. 2013).  Previous study indicated that clofibrate could increase the carnitine 

transport via increasing in the expression of OCTN2 (R Ringseis et al. 2008), the primary 

carnitine transporter. Consistent with the result in (R Ringseis et al. 2008), we also found that the 

expression of OCTN2 increased in pigs from maternal supplementation of 0.25% clofibrate. 

Because there were no correlations between the intestine and liver/plasma and the transporter 

was not measured, the effects of increased OCTN2 expression on carnitine status could not be 

evaluated. It has also been shown that the enzymes for biosynthesis of carnitine exist in intestine 

of rodents (Shekhawat et al. 2013). We examined and confirmed that the genes associated with 

carnitine synthesis such as TMLHE and BBOX were expressed in pigs, but the expression was 

not affected either by the supplementation of clofibrate or by postnatal age. While in our study 

we did not detect a significant impact in OCTN2 gene expression with respect to days, it did 

appear to slightly increase with respect to age. This coincides with the carnitine levels in the 

intestine also increasing with respect to age. It has been shown in 4-week old piglets that the 

level of carnitine absorption in the proximal end of the intestines can reach as high as 95% 

(Fischer, Varady, et al. 2009), and even with high levels of supplementation the absorption rate 

was still around 90%. With absorption as efficient as this it is no surprise that a correlation 

between the milk and the intestines is present. 

III5.3. The effects of maternal supplementation of clofibrate on fatty acid metabolism during 

postnatal period 

III5.3.1. The effect of maternal clofibrate on fatty acid metabolism 

III5.3.1.1. Oxidation: The effect of PPARα activation on fatty acid oxidation has been 

studied extensively in the liver of newborn pigs (Shim et al. 2018; Yu, Odle, and Drackley 2001; 
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Peffer, Lin, and Odle 2005; Bai et al. 2014; Yu, Drackley, and Odle 1997; Pégorier et al. 1983) 

and some in the kidney (He et al. 2017; Lin et al. 2020), weaning pigs (Bazinet et al. 2003) and 

adult pigs (Yu, Drackley, and Odle 1997) as well as in rodent liver (Grum, Hansen, and Drackley 

1994; Adams et al. 1997; Veerkamp and van Moerkerk 1986), but has not been studied in 

intestine of piglets especially during postnatal period. The development and growth of the 

intestine is rapid after birth and increasing fatty acid oxidation could be important for the 

intestine to meet the energy requirement because milk fat is the primary energy source of piglets 

at birth. In this study, we evaluated the effects of PPARα activation on intestinal fatty acid 

oxidation in piglets via maternal supplementation of clofibrate at late gestation and early 

lactation. The effects of clofibrate appeared to be associated with the postnatal development 

especially for CO2 production. In general, maternal supplementation of clofibrate increased CO2 

production throughout the whole postnatal period (Figure III5.3-1). This result was consistent 

with the results observed in liver of newborn pigs that received clofibrate via oral garage directly 

(Peffer, Lin, and Odle 2005; Bai et al. 2014; Shim et al. 2018) or from maternal supplementation 

(Lin, Jacobi, and Odle 2015).  Similar results were also observed in the kidney of newborn pigs 

(He et al. 2017) and 5-day old piglets (Lin et al. 2020). The increase in CO2 production was not 

seen in conjunction with an increase in gene expression in the present study. We were unable to 

detect any changes with intestinal gene expression induced by PPARα activation. Some of the 

genes examined in this study have shown increased expression due to clofibrate in rodents and in 

older pigs (Mochizuki et al. 2001; R Ringseis et al. 2008). It is possible that genes, such as 

malate dehydrogenase and succinic dehydrogenase, as examples, associated with the citric acid 

cycle (CAC) that were not examined in this study contributed to the increase in CO2 production 

that was observed. CO2 production is indicative of increased ATP production through the CAC 
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and it has been demonstrated that intermediates of the CAC are altered with clofibrate treatment 

(Voltti and Hassinen 1981).   

However, the effect of maternal clofibrate on ASP was detected only at d 1 and not at d 7, 

14 or 19. The increase at d 1 was consistent with the results observed in the liver of piglets from 

sows supplemented with clofibrate during the last week of gestation (Lin, Jacobi, and Odle 

2015), further confirming that the maternally administered clofibrate can be transferred from 

sows to piglets via the placenta. After birth, the only possible source of clofibrate to the piglets 

was from milk. We analyzed the milk clofibrate concentration, but it was not at a detectable 

level. Thus, the lack of response of ASP to clofibrate could be due to a low concentration, if any, 

of clofibrate after d 1, implying that the clofibrate supplemented to the sows at early lactation 

could not be transferred to the piglets via milk, or the transfer of clofibrate via milk was minimal. 

Since the clofibrate presented in the plasma of sows that received clofibrate (Lin, Jacobi, and 

Odle 2015), whether the clofibrate was being degraded, modified, or diluted in the mammary 

gland is not known and will require further investigation. In addition, the expressions of PPARα 

and RXRα as well as their target genes CPT I, CPT II and FABP were not different among the 

treatments, suggesting that the clofibrate was not passed to the piglets at a high enough dose to 

elicit a response in the intestines. The levels of clofibrate used in our study was less than used in 

our previous sow study that saw an effect on gene expression in the liver and kidney of newborn 

piglets (Lin, Jacobi, and Odle 2015), however, the piglets were removed via caesarian section 

and analyzed immediately as well. Our clofibrate levels were higher than those used in other sow 

studies (Gessner et al. 2015), however they did not examine the intestines. The gene expression 

response, counter to the oxidation results, is interesting and deserves further examination in the 

intestines, where little research has been given on oxidation capacity. 
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III5.3.1.2. Esterification: The effect of clofibrate on ESP was also associated with 

postnatal age, but the significant effect was observed only at d 7. The ESP was decreased in 

piglets from sows that received clofibrate and the decrease was greater from high maternal 

clofibrate than the low maternal clofibrate suggesting that the effect of clofibrate on ESP was 

associated also with the clofibrate concentration. Based on our literature search, the effect of 

clofibrate on fatty acid esterification has never been studied in neonatal animals. The results are 

particularly interesting because a previous study with hepatocytes isolated from suckling 

newborn and 15 d-old pigs showed that neonatal piglets have a huge rate of hepatic fatty acid 

esterification (Pégorier et al. 1983). The huge rate of fatty acid esterification was considered to 

be associated with the fast increase in fat-deposit stores after birth (Manners and McCrea 1963) 

Because pigs have a limited capacity for fatty acid oxidation during postnatal period, we are 

interested in the potential influence of the decreased ESP on fatty acid oxidation. Examination of 

the other tissues collected in this study are needed to understand if this is an intestinal anomaly 

or indicative of the whole piglet. 

III5.3.1.3. Total metabolism: The total metabolized products are the combination of 

products from oxidation and esterification. The effects of maternal clofibrate on total metabolites 

were associated with postnatal age. The total metabolites were increased at d 1 primarily due to 

an increase in oxidation induced by clofibrate, while the total metabolites were decreased at d 7 

primarily due to a decrease in esterification. The half-life of clofibrate in plasma is about 12-35 

hours, and in normal rodent liver mitochondria could be 5-8 days (Gear 1974). Therefore, the 

interaction between clofibrate and postnatal age was more likely to be associated with the half-

life of clofibrate but not the animal age. The stimulatory effect of clofibrate on fatty acid 

metabolism has been reported in newborn (Lin, Jacobi, and Odle 2015), 5 day-old (Lin et al. 
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2020), 15 day-old (Yu, Odle, and Drackley 2001) and adult pigs (Gessner et al. 2015), but we 

could not detected the effect of clofibrate on ASP after d 7 or on esterification at d 14 or d 19. 

This implied that the lack of response to clofibrate at d 14 and 19 was due to the clofibrate 

degrading and metabolizing in the tissue. We fed clofibrate to the sows starting at the last week 

of gestation and ending at the first week of lactation, and no clofibrate could possibly be 

provided to the piglets after d 7. The concentration of clofibrate in the tissue would be reduced 

due to degradation and metabolization. However, the response to clofibrate varied from CO2, 

ASP and ESP, reflecting the difference in the response of metabolic pathway to clofibrate. 

Although the stimulatory effect of clofibrate on fatty acid oxidation was not observed at 

or after d 7, the percentage of CO2 during the postnatal period and ASP at d 1, 7 and 14, on 

average, increased in pigs from sows that received clofibrate. The increase in CO2 varied with 

the maternal levels of clofibrate at d 1 and 7, but the high maternal clofibrate had a higher 

stimulatory influence. The variation and pattern were in accord with the status of clofibrate in the 

pigs in which the clofibrate was high at birth and gradually decreased with age (time) due to the 

limitation of milk transfer, the source of clofibrate, and the half-life of clofibrate in the body.  

With the increase in percentage of CO2 and ASP, the % of ESP was decreased by maternal 

clofibrate, and the extent of the decrease from high maternal clofibrate was greater at d 14 than d 

1 and d 7 due to the fact that the effect of clofibrate would last longer in pigs from sows that 

received the high level of clofibrate. In support of this, the stimulatory effect of clofibrate based 

on the ratio of oxidation was similar from both levels of clofibrate at d 1 and d 7, higher from the 

high level than low level of clofibrate at d 14 and zero at d 19.  
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III5.3.2. The effect of postnatal age on fatty acid metabolism 

III5.3.2.1. Oxidation: As we discussed before, the interaction between maternal clofibrate 

and postnatal age of offspring could be primarily due to the availability (concentration) of 

clofibrate but not the age. The CO2 production increased from d 1 to d 7 and kept a similar rate 

after d 7. While the ASP production was high at d 1 and significantly decreased after d 1. 

Moreover, the ASP measured on average was 8-15 fold higher from d 1 than d 7, d 14 and d 19. 

This result was not the same results as observed in the liver, kidney and heart of neonatal pigs 

(Yu, Drackley, and Odle 1997; Wolfe, Maxwell, and Nelson 1978). Because of the huge 

decrease in ASP, the total fatty acid oxidation rate followed the same pattern as ASP. This is a 

very interesting finding. Long-chain fatty acid oxidation is controlled primarily by CPT I in the 

mitochondria and fatty acyl-CoA oxidase (ACOX) in the peroxisome. Both CPT I and ACOX 

activities can be regulated by gene expressions induced by PPARα activation (Peffer, Lin, and 

Odle 2005) and physiological status such as fed/fasted (Robert Ringseis et al. 2009), exercise 

(Broderick et al. 2018), age (Ling, Aziz, and Alcorn 2012), and lactation (Robert Ringseis et al. 

2011).  Although we did not measure the enzyme activities in this study, the gene expression of 

CPT I and CPT II had no influence from the postnatal age. However, we found that the gene 

expressions of PPARα and RXR were decreased after d 7, consistent with the data of ASP 

obtained postnatally. The ASP could include ketone bodies, acetate, acetyl-CoA, acyl-carnitine, 

and CAC intermediates generated from the fatty acid oxidation in which peroxisomal β-oxidation 

plays a very important role. The short-chain acyl-CoAs, especially for acetyl-CoA generated 

from peroxisomal β-oxidation, would be transferred to the mitochondria for further oxidation 

(Wanders, Waterham, and Ferdinandusse 2016) and the β-oxidation in the peroxisomes is higher 

in relation to the mitochondria and peroxisome ratio seen in rodents (Yu, Drackley, and Odle 



   

134 

 

1997). Therefore, whether this significant decrease in ASP was associated with a change in β-

oxidation in peroxisomes is not known. Interestingly, addition of carnitine and malonate had no 

impact on ASP production although the CO2 production was increased by carnitine and 

decreased by malonate during the postnatal period. This suggested that the decrease in ASP after 

d 1 could be associated with the activity of β-oxidation in peroxisomes. In support of this, we 

realized that the relative contribution (%) of ASP was increased due to an inhibition of CAC 

activity induced by malonate in the mitochondria, while addition of carnitine had no effect on the 

relative contribution of ASP. Acetate is another contributor to the levels of ASP, however, 

acetogenesis in the neonatal piglet intestines has not been examined (Lin, Shim, and Odle 2010). 

In the liver, the mitochondrial contributes highly to the acetate levels seen in piglets and 

examination of the ASP to confirm the compounds present would be most interesting to further 

understand the fatty acid metabolism in the intestines of these piglets. Because the CO2 

production increased and ASP decreased during the postnatal period, the changes in percentage 

of CO2 and ASP followed the same pattern as the oxidation rate.  

III5.3.2.2. Esterification: The ESP was high at d 1, and increased at d 7, and decreased at 

d 14 and d 19. The relative contribution of ESP to the total FA metabolites increased from d 1 to 

d 14 and slightly decreased at d 19. Consistent with the data observed in other tissue (Pégorier et 

al. 1983; Cherbuy et al. 2012), the ESP is high during the postnatal period and about 80% of the 

metabolized FA are founded in ESP. Although the esterification was affected by maternal 

supplementation of clofibrate, the developmental pattern of ESP production was not changed. It 

increased at the first week and decreased after 1 week.  
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III6. Conclusion 

     Maternal supplementation of clofibrate improved the growth rate of piglets in the first week, 

suggesting that clofibrate may promote milk fat utilization in piglets. The promotion was 

consistent with the increased intestinal fatty acid oxidation and postnatal age. Moreover, the birth 

weight may play an important role in the increased growth rate and the intestinal energy 

utilization from milk fat. The effects of maternal clofibrate on fatty acid oxidation and growth 

rate observed in the first week were not detected after one week, indicating that maternal 

clofibrate cannot be transferred to piglets via sow milk, or the transfer is negligible at the current 

dose of clofibrate to the sows. This is supported by the results obtained from HPLC assay in 

which clofibrate and its metabolites were not detected in the milk. Maternal clofibrate apparently 

had no effect on carnitine status in the milk, plasma, or tissues, but the carnitine status varied 

with postnatal age. The changes in carnitine status are not due to a modification of gene 

expression, because the expressions of genes associated with carnitine synthesis and transport in 

the tissues were not impacted by the maternal clofibrate supplementation. The results obtained 

from the correlation analysis indicated that the carnitine levels in plasma and intestinal tissue are 

highly related to milk carnitine status, suggesting that the changes of carnitine status in the pigs 

are due to the changes of carnitine levels in sow milk that can be associated with the carnitine 

intake and synthesis of the sows during lactation period.  
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Chapter III Tables 

Table III3.3-1 Primers Primers used in this study with expected amplicon size post RT-qPCR. Gene Bank numbers provided to 

demonstrate the genes of the pig genome referenced. 

 

 Forward primer (5'-3'), Sen Reverse primer (5'-3'), Anti Amplicon 

Size, bp 

NCBI (Gene Bank) 

ACOX   GGTCCATCCACGCTGTCTTA CACGTGGGTGACTTGAGACT 119 NM_001101028.1 

BBOX   AACTGGCGGTTACTTCACGG CCACATCCCAGTCGGCATAA 91 XM_003122909.5 

FABP2 CAACGAGTGGATAATGGAAAAGAGT CCTCTTGGCTTCTACTCCTTCA 99 NM_001031780.1 

CPT1A   GCTGACGATGGTTATGGGGT TCCCGAAGCGATGAGAATCC 109 NM_001129805.1 

CPT1B   GCCTGACCTATGAAGCCTCG TGAACGAAGGCTGTGGACTC 94 NM_001007191.1 

PPARα    GCTGGACGACAGTGACCTTT AGCACATGCACGATACCCTC 117 NM_001044526.1 

RXRα   GTCCTCTTCAACCCGGACTC CTGCTCGGGGTACTTGTGTT 114 DQ279926.1 

TMLHE 

OCTN1 

OCTN2 

ALD 

RPL9 

  CGGCACACTGACACTACCTATT 

  CCCACCCTGGTCAGGAACAT 

  ATCAGATGCTCAGGGTCAAAGG 

  GACTAGCTGCCGGTGTCTTC 

  GCAACTGTTCGCACCATCTG 

AATCCATCTACCAGCAGTGTCC 

GGCAGAACTCTGTTGTAAGCAC 

CCAGGAGGAAGGAGTCCATTTT 

AACTCCACAGGGCTGACATT 

CGACGTTGATGGGGAAGTGA 

104 

110 

108 

112 

109 

XM_003135511.3 

NM_001145752.1 

XM_013995112.1 

XM_021089487.1 

NM_001243481.1 
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Table III4.1-1 The effect of dietary supplementation of clofibrate on sow performance n represents the number of sows for each factor. 

Weights are in kg and litter attributes are in number of piglets. All values are averages except for weight loss, which is the difference 

between averages. 
 

 Body weight (kg)    Weight Loss (kg)  Litter Attributes 

Sows Starting Farrowing Weaning Parity  Farrowing      Weaning Total   Live Mummy Stillborn Total  Average 

               

Control  240.5 229.4 232.6 2.3  -9.88 +0.21 -7.86  12.8 0.56 1.11 17.7 1.45 

Clof 0.25% 239.2 242.1 239.8 2.4  -2.09 +4.94 +0.60  9.1 0.67 0.56 14.6 1.62 

Clof 0.5% 245.1 245.4 230.6 2.4  -13.31 -6.45 -14.56  12.4 0.67 1.11 18.0 1.47 

               

SEM 9.92 9.32 8.39 0.88  5.18 5.02 6.00  1.14 0.45 0.54 1.56 009 

p-Value 0.91 0.45 0.72 0.99  0.32 0.33 0.23  0.07 0.98 0.77 0.26 0.35 

Sample (n) 9 7 9 9  7 9 9  9 9 9 9 9 
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Table III4.1-2 The effect of maternal supplementation of clofibrate on pig performance during postnatal period Piglets weights are in kg and 

gains are in kg/week or day. All data is averages or calculated from the average. abc denotes significant (p<0.05) differences between 

groups. 

 

 Mortality  Pig body weight (kg)  Weekly gain (kg/week)  Average daily gain (kg/d) 

Treatment %  Day1 Day7 Day14 Day19  W1 W2 W3 3 weeks  W1 W2 W3 3 weeks 

                 

Control 28.9b  1.45a 2.63a 4.50a 6.09a  1.17a 1.92 1.56 4.65  0.168a 0.274 0.223 0.245 

Clof (0.25%) 12.4a  1.68b 3.20c 5.23b 6.87b  1.52c 2.04 1.59 5.17  0.217c 0.293 0.226 0.272 

Clof (0.50%) 22.5b  1.51a 2.84b 4.77a 6.29a  1.34b 1.92 1.48 4.79  0.197b 0.274 0.211 0.252 

                 

SEM 4.42  0.034 0.072 0.132 0.179  0.052 0.061 0.055 0.156  0.007 0.008 0.008 0.008 

p-Value 0.045  0.0001 0.0001 0.0008 0.0087  0.0001 0.290 0.364 0.071  0.0001 0.290 0.364 0.071 
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Table III4.2-1 Sow milk carnitine Values are in nmol/mg. The final column is the interaction between clofibrate and age. abc denotes significant 

(p<0.05) differences between groups. Values are least square means and n was variable based on ability to collect and listed in figure. 

The Ratio at the bottom of the table is between free and acyl carnitine values. 
 

 PPAR activator      Age (day)    Clof*Age 

  Clof 

0 

Clof 

0.25 

Clof 

0.5 

SEM p-

Value 

 1 3 5 7 10 14 19 SEM p-

Value 

p-Value 

                 

              

Free- 

Carnitine 

 0.74 0.82 0.80 0.04 0.29  1.18c 0.85b 0.83b 0.77b 0.55a 0.59a 0.72ab 0.010 0.0001 0.12 

Acyl-

Carnitine 

 0.41 0.45 0.47 0.03 0.20  0.76c 0.44b 0.47b 0.40b 0.27a 0.36ab 0.41b 0.016 0.0001 0.14 

Total 

Carnitine 

 1.14 1.27 1.27 0.06 0.23  1.94d 1.29c 1.30c 1.17bc 0.82a 0.95ab 1.12bc 0.026 0.0001 0.09 

               

   %      %        

Free- 

Carnitine 

 65.1 64.8 62.5 1.03 0.18  60.7ab 66.7c 64.6bc 66.0c 67.5c 59.8a 63.4abc 1.73 0.006 0.22 

Acyl- 

Carnitine 

 34.9 35.2 37.5 1.03 0.18  39.3b 33.3a 35.4ab 34.0a 32.5a 40.2b 36.6ab 1.73 0.006 0.22 

Ratio  1.95 1.91 1.80 0.07 0.34  1.55a 2.09b 2.03bc 1.95bc 2.11b 1.66a 1.79ab 0.06 0.001 0.17 

 

Sample (n)  50 47 41    14 23 19 25 24 15 18    
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Table III4.2-2 The effect of maternal clofibrate on plasma carnitine in offspring Values are in nmol/mg. The final column is the interaction 

between clofibrate and age. abc denotes significant (p<0.05) differences between groups. Values are least square means and n=30 for 

PPAR activator and n=27 for day 1 and 7 and n=18 for day 14 and 19. The Ratio at the bottom of the table is between free and acyl 

carnitine values. 
 

  PPAR activator      Age (day)    Clof*Age 

  Clof 0 Clof 0.25 Clof 0.5 SEM p-Value  1 7 14 19 SEM p-Value p-Value 

              

              

Free Carnitine  0.060 0.057 0.063 0.005 0.732  0.070b 0.069b 0.049a 0.051a 0.006 0.035 0.916 

Acyl-Carnitine  0.007 0.007 0.008 0.001 0.663  0.013c 0.008b 0.003a 0.006ab 0.011 0.001 0.741 

Total Carnitine  0.067 0.064 0.061 0.006 0.699  0.083b 0.077b 0.053a 0.057a 0.022 0.008 0.901 

            

   %      %     

Free Carnitine  90.3 88.2 88.4 0.96 0.118  85.4a 90.0b 91.5b 88.8b 1.06 0.008 0.308 

Acyl-Carnitine  9.75 11.8 11.6 0.96 0.064  14.6b 9.98a 8.49a 11.2a 1.06 0.008 0.308 

Ratio  11.9 10.1 10.1 1.02 0.346  9.57 10.6 12.1 10.6 1.19 0.501 0.418 
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Table III4.2-3 The effect of maternal clofibrate on liver carnitine in offspring Values are in nmol/mg. The final column is the interaction 

between clofibrate and age. abc denotes significant (p<0.05) differences between groups. Values are least square means and n=30 for 

PPAR activator and n=27 for day 1 and 7 and n=18 for day 14 and 19. The Ratio at the bottom of the table is between free and acyl 

carnitine values. 
 

  PPAR activator      Age (day)    Clof*Age 

  Clof 0 Clof 0.25 Clof 0.5 SEM p-Value  1 7 14 19 SEM p-Value p-Value 

              

             

Free Carnitine  0.254 0.286 0.296 0.017 0.178  0.225a 0.308b 0.307b 0.275ab 0.019 0.004 0.709 

Acyl-Carnitine  0.250 0.267 0.258 0.017 0.771  0.252ab 0.294b 0.265ab 0.222a 0.019 0.054 0.974 

Total Carnitine  0.504 0.553 0.553 0.031 0.423  0.477a 0.602b 0.572ab 0.497a 0.033 0.026 0.901 

            

   %      %     

Free Carnitine  47.4 49.5 50.5 1.48 0.326  42.9a 49.3b 51.0b 53.5b 1.36 0.001 0.200 

Acyl Carnitine  52.6 50.5 49.5 1.48 0.326  57.1b 50.7a 49.0a 46.5a 1.36 0.001 0.326 

Ratio  0.98 1.03 1.09 0.05 0.278  0.84a 1.02b 1.10b 1.18b 0.06 0.001 0.278 
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Table III4.2-4 The effect of maternal clofibrate on intestinal carnitine in offspring Values are in nmol/mg. The final column is the interaction 

between clofibrate and age. abc denotes significant (p<0.05) differences between groups. Values are least square means and n=30 for 

PPAR activator and n=27 for day 1 and 7 and n=18 for day 14 and 19. The Ratio at the bottom of the table is between free and acyl 

carnitine values. 
 

  PPAR activator      Age (day)  Clof*Age 

  Clof 0 Clof 0.25 Clof 0.5 SEM p-Value  1 7 14 19 SEM p-Value p-Value 

              

             

Free Carnitine  0.105 0.097 0.097 0.009 0.723  0.076a 0.074a 0.105b 0.144c 0.006 0.0001 0.556 

Acyl-Carnitine  0.181 0.165 0.161 0.014 0.579  0.144ab 0.124a 0.191b 0.217b 0.017 0.0012 0.892 

Total Carnitine  0.286 0.262 0.258 0.022 0.613  0.221a 0.198a 0.296b 0.360b 0.026 0.0002 0.789 

            

   %      %     

Free Carnitine  36.6 36.1 37.8 1.49 0.326  33.5a 37.3ab 36.1ab 40.5b 1.73 0.043 0.629 

Acyl Carnitine  63.4 63.9 62.2 1.49 0.326  66.5b 62.7a 63.9a 59.5a 1.73 0.043 0.629 

Ratio  0.59 0.59 0.64 0.05 0.693  0.54 0.62 0.58 0.68 0.05 0.285 0.692 
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Table III4.4-1 Gene expression for intestines and liver Values are in fold change over day 1 Clof 0. The final column is the interaction between 

clofibrate and age. abc denotes significant (p<0.05) differences between groups. 
 

  PPAR activator       Age (day)    Clof *Age 

  Clof 0 Clof 0.25 Clof 0.5 SEM p-Value  1 7 14 19 SEM p-Value p-Value 

              

Intestine              

ACOX  2.64 2.90 2.34 0.56 0.627  2.92 2.45 2.41 2.80 0.61 0.783 0.257 

ACTB  1.11 0.88 1.07 0.66 0.068  1.00 1.12 0.98 0.97 0.08 0.448 0.336 

ALD  0.64 0.62 0.75 0.27 0.523  0.84 0.66 0.51 0.61 0.28 0.332 0.962 

BBOX  2.76 3.36 2.93 0.45 0.652  2.52 3.30 2.94 3.31 0.52 0.674 0.188 

CPT I  1.36 1.01 1.16 0.37 0.783  1.50 1.59 0.52 1.10 0.43 0.277 0.593 

CPT II  1.37 .90 1.46 0.51 0.704  1.33 2.49 0.91 1.28 0.65 0.990 0.884 

FABP  0.83 1.18 1.05 0.26 0.204  0.59a 0.79a 1.18b 1.46b 0.27 0.004 0.419 

OCTN1  1.51 1.59 1.38 0.27 0.848  1.61 1.41 1.27 1.68 0.31 0.794 0.644 

OCTN2  1.41 3.20 2.03 0.70 0.084  1.54 2.26 2.70 2.36 0.76 0.642 0.661 

PPARα  1.33 0.89 1.24 0.17 0.226  1.28ab 1.56b 1.13ab 0.64a 0.20 0.035 0.458 

RXR  1.16 0.65 1.05 0.18 0.138  1.32b 1.33b 0.87ab 0.35a 0.20 0.009 0.175 

TMLHE  1.04 0.96 0.74 0.22 0.606  0.79 0.89 0.79 1.16 0.26 0.735 0.745 

Sample (n) 

 

 26 26 30    20 26 18 18    

Liver               

ALD  1.59 1.63 1.60 0.19 0.968  1.16a 1.83b 1.44ab 2.00b 0.20 0.002 0.670 

BBOX  2.27 2.20 2.57 0.14 0.884  1.58 2.83 2.54 2.44 1.48 0.495 0.996 

TMLHE  8.73 8.46 12.8 4.63 0.246  2.48a 13.2b 13.1b 11.1ab 4.80 0.006 0.954 

Sample (n)  30 30 30    27 27 18 18    
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Table III5.2-1 Correlation analysis for carnitine based on tissue Linear correlation for carnitine between all the tissues examined in this study. 

Average is the mean value with the SD representing the standard deviation from the mean. Positive correlations indicate a positive relationship 

while negative is inverse. Values near zero indicate no detectable commonality. Each italicized sample is compared to the bold sample listed 

above them. The total listed under Milk is the sum of the Plasma, Intestines, and Liver.  

 

  Free carnitine  Acyl-carnitine  Total carnitine 

Correlation  Average SD coefficient p-

Value 

 Average SD coefficient p-

Value 

 Average SD coefficient p-

Value 

                

Milk  0.826  0.353     0.478 0.228    1.304 0.566   

-Plasma  0.065 0.029 0.463 0.0001  0.009 0.008 0.036 0.003  0.075 0.034 0.481 0.001 

-Intestine  0.091 0.052 0.304 0.012  0.154 0.082 0.289 0.018  0.244 0.129 0.303 0.013 

-Liver  0.235 0.155 0.201 0.103  0.245 0.103 0.182 0.141  0.480 0.244 0.240 0.050 

-Total   0.391 0.175 0.267 0.032  0.408 0.138 0.377 0.002  0.799 0.302 0.333 0.006 

                

Plasma                

-Intestine    0.142 0.185    -0.244 0.021    0.064 0.554 

-Liver    0.033 0.762    0.011 0.916    0.100 0.352 

                

Intestine                

-Liver    0.135 0.203    0.098 0.359    0.152 0.153 
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Chapter III Figures 
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Figure III4-1 Intestinal fatty acid oxidation of oleic acid distribution between CO2 and ASP 
14C accumulation in the intestines units are µmol/h.g protein. Values are standard error means 

with bars representing the standard deviation between groups. abc denotes significant (p<0.05) 

differences between groups. n=30 for clofibrate treatment and n=27 for day 1 and 7 and n=18 for 

day 14 and 19. 
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Figure III4-2 Intestinal fatty acid oxidation of oleic acid distribution in ESP and Total 

Metabolized 14C accumulation in the intestines units are µmol/h.g protein. Values are standard 

error means with bars representing the standard deviation between groups. abc denotes significant 

(p<0.05) differences between groups. n=30 for clofibrate treatment and n=27 for day 1 and 7 and 

n=18 for day 14 and 19. 
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Figure III4-3 Intestinal fatty acid oxidation of oleic acid percentage distribution between CO2 

and ASP 14C accumulation in the intestines units are µmol/h.g protein. Values are precentages of 

standard error means with bars representing the standard deviation between groups. abc denotes 

significant (p<0.05) differences between groups. n=30 for clofibrate treatment and n=27 for day 

1 and 7 and n=18 for day 14 and 19. 
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Figure III4-4 Intestinal fatty acid oxidation of oleic acid percentage distribution between CO2,  

ASP, and ESP 14C accumulation in the intestines units are µmol/h.g protein. Values are 

precentages of standard error means with bars representing the standard deviation between 

groups. abc denotes significant (p<0.05) differences between groups. n=30 for clofibrate treatment 

and n=27 for day 1 and 7 and n=18 for day 14 and 19. 



   

164 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

165 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III4-5 Ratio of oxidized to metabolized products from the oleic acid oxidation in the 

intestines Values are a ratio of standard error means with bars representing the standard 

deviation between groups. abc denotes significant (p<0.05) differences between groups. n=30 for 

clofibrate treatment and n=27 for day 1 and 7 and n=18 for day 14 and 19. 
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Figure III4-6 Effect of in vitro buffer additives on the oleic acid oxidation distribution in the 

intestines 14C accumulation in the intestines units are µmol/h.g protein. Values are standard error 

means with bars representing the standard deviation between groups. abc denotes significant 

(p<0.05) differences between groups. n=90 for each in vitro treatment. 
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Figure III4-7 Effect of in vitro buffer additives on the oleic acid oxidation relative percentage 

in the intestines in CO2 and ASP 14C accumulation in the intestines units are precentages of 

µmol/h.g protein. Values are precentages of standard error means with bars representing the 

standard deviation between groups. abc denotes significant (p<0.05) differences between groups. 

n=90 for each in vitro treatment. 
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Figure III4-8 Effect of in vitro buffer additives on the oleic acid oxidation percentile 

distribution in the intestines in CO2, ASP, and ESP 14C accumulation in the intestines units are 

precentages of µmol/h.g protein. Values are precentages of standard error means with bars 

representing the standard deviation between groups. abc denotes significant (p<0.05) differences 

between groups. n=90 for each in vitro treatment. 
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Figure III5.1-1 Linear relationship between observed weights Values plotted are the average 

body weight in kg for each timepoint. Bars represent the standard deviation between the piglets 

weights. n=9 for each point on the graph. 
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Figure III5.1-2 Linear relationship between observed weights gains Values plotted are the 

average body weight gains in kg for each timepoint to the next. Bars represent the standard 

deviation between the piglets weights gains. n=9 for each point on the graph. 
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Figure 

III5.1-3 Relationship trend between observed growth rates Values plotted are the average 

growth rate in kg for each timepoint to the next. Bars represent the standard deviation between 

the piglets growth rate. n=9 for each point on the graph. 
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Figure III5.2-1 Clofibrate levels in the sow’s milk A) Control (no clofibrate) sow at day 1 

showing the same peaks as those in B) of a sow that received 0.5% clofibrate at day 1. The peak 

for clofibric acid should lie at 2.56 minutes approximatly based on a std control run not shown. 
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Figure III5.2-2 Relationship trend between carnitine levels at specific timepoints in the sow’s 

milk Values plotted are the average carnitine concnetration in nmol/mg at each time point. The 

bars represent the standard deviation between the samples and average. Please see Table III4.1-1 

for the n value for each timepoint. 
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Figure III5.2-2 Relationship trend between carnitine levels at specific timepoints in the liver 

Values plotted are the average carnitine concnetration in nmol/mg at each time point. The bars 

represent the standard deviation between the samples and average. For days 1 and 7 n=27, and 

for days 14 and 19 n=18. 
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Figure III5.3-1 Relationship trend between intestinal oleic acid oxidation CO2 accumulation 

Values plotted are the average CO2 oxidation values in µmol/h.g protein at each time point. The 

bars represent the standard deviation between the samples and average. For days 1 and 7 n=27, 

and for days 14 and 19 n=18. 
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Chapter IV: Neonatal piglet microbiota response to maternal clofibrate stimulation and the 

effect of postnatal age 

IV1. Abstract 

The microbiome of a piglet is established rapidly after birth by the environment. The sow 

is the first key in the development of her offspring’s microbial profile. The importance of the 

sow to the piglets indicates that alteration of her microbiota could impact the microbiota of the 

piglets, and subsequently impact the development of the piglets. To test the effect of treatment of 

sows with clofibrate on the microbiota in piglet during development, we collect fecal samples 

from piglets of six sows, 3 control and 3 clofibrate treated sows (0.5%) in feed on days 1, 7, 14 

and 19 after birth. The fecal microbiota of the piglets was examined via 16s rRNA sequencing. 

We were able to detect shifts in the population based on treatment and with respect to postnatal 

age. Populations of Clostridium perfrengins, and E. coli decreased with the age, and the 

population of Lactobacillus increased at day 7 compared to other days. Maternal clofibrate 

treatment increased Ruminococcaceae population in the piglets. These changes demonstrated 

that the development of the piglet’s fecal microbiota can be influenced by maternal dietary 

treatment and postnatal age. It appears as if the population of some negatively associated bacteria 

diminished in population and more beneficial bacteria were able to develop as replacements. It is 

also speculated that Ruminococcaceae are associated with increased energy in the piglets, that 

may have been generated from clofibrate supplementation, which could be an interesting 

discover that warrants further investigation. 

IV2. Introduction 

Newborn piglets’ survival is highly dependent on their mothers, without human 

intervention. The fate of these piglets, under normal condition (no human intervention), is based 
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on if they are nursed by their mother very quickly after birth because a newborn pig has no fat 

deposits and the glycogen stored in the body will be used up in 48 hours (Le Dividich and Sève 

2000; Theil, Lauridsen, and Quesnel 2014). It is obvious that all the needed nutrients for the 

piglets at birth are acquired primary from the mother’s milk (Farmer and Quesnel 2009; Theil, 

Lauridsen, and Quesnel 2014). The dam provides far more than just nutrition to the newborn. For 

example, the sow’s first milk, or colostrum, contains a large number of immunoglobulins that are 

critical to the survival of the piglets (Cabrera et al. 2013). Previous research has shown that, if 

acquired within 24 hours, 200 mg or more of colostrum can reduce mortality by 43.4% (Quesnel, 

Farmer, and Devillers 2012). Aside from the importance of nutrition the effects of the colostrum 

on the piglet’s immunity is also critical due to the placentation type in piglets, which results in 

the piglets being born near devoid of immunoglobulins (Rooke and Bland 2002; Oliviero, 

Junnikkala, and Peltoniemi 2019). The sow’s milk provides immunity to the piglets through the 

passage of immunoglobulins, but it also provides them with leukocytes (Evans et al. 1982; Zhang 

et al. 2018).  

As with the immunity and nutrition, a similar transfer through milk may also play an 

important role in establishment of pig’s intestinal and fecal microbiota, because 1) it has been 

shown that lactic acid bacteria, like in human milk, are present in the milk of  sows (Martín et al. 

2003, 2009; Fernández et al. 2013), 2) the teats of the sow, just like dairy cattle, could provide a 

vast array of bacteria via contact and exposure to the outside world (Espeche et al. 2009; Braem 

et al. 2012), and 3) the microbiome can also be obtained via interactions of the piglets with sow’s 

skin and feces after birth (Isaacson and Kim 2012). In recent years, it has become increasingly 

evident that the microbial community of the gastrointestinal tract, the microbiota, is an important 

element of lifelong organismal health (Shanahan 2013; Gresse et al. 2017; Han et al. 2017). 
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For this reason, the microbiota have been researched extensively in the last decades, and 

numerous reviews have been published on the area of obesity (John and Mullin 2016; Maruvada 

et al. 2017), exercise (Cook et al. 2015), cancer (Rajagopala et al. 2017), pregnancy (Neuman 

and Koren 2017), toxicology (Silbergeld 2017), and just about the areas of the gastrointestinal 

tract (Isaacson and Kim 2012; Barko et al. 2018). Therefore, the intestinal microbial population 

has even been donned as the “microbial organ” (Maruvada et al. 2017). As a whole, microbiota 

studies reported in the most published papers have been focused on either the bacterial 

population of a specific, or usually broad, area of the body. Bacteria are generally studied 

through the use of the 16S rDNA sequencing techniques, but we need to realize that the true 

microbiome is much larger than just bacteria and covers archaea, fungi, viruses, and protozoa 

and their genes (Barko et al. 2018). 

At first thought one may think that some bacterial changes within the body of a person or 

animal would not really have an effect on the person or animal in question, however, it has been 

shown that this is not true and that the microbiome changes in response to numerous conditions 

within the body. For example, people with cancer have a different microbiome at the location of 

that cancer, and research is ongoing to determine is restoration of the “normal” microbiome can 

control or slow the cancer development (Rajagopala et al. 2017). Aside from cancer a link 

between obesity and the microbiome has been studied extensively and a certain population of 

bacteria have been identified and correlated with obesity (John and Mullin 2016). In the 

meantime, bacterial populations are not just studied for understanding the problems associated 

with disease, but they are also studied in order to understand the benefits that they may offer to 

their inhabitant. One such benefit is their service as “gatekeepers” or “watchmen” alerting the 

body to condition or inputs via immunomodulation (Silbergeld 2017). 
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Pregnancy has profound changes on the body and also on the microbiome of the 

individual (Neuman and Koren 2017). The changes, obviously, are associated with the 

development of the fetus. Examination of the fecal microbiome of pregnant woman showed that 

at the third trimester the microbiome had a similar profile to that seen in people with metabolic 

problems such as obesity (Koren et al. 2012). Moreover, the microbial load was increased in the 

pregnant individual (Nuriel-Ohayon, Neuman, and Koren 2016). It is believed that the changes in 

the composition and load of the microbiome of the pregnant woman could modify the immune 

response of the fetus. For example, a modification of allergies has been observed in the offspring 

(Abrahamsson, Wu, and Jenmalm 2015). Furthermore, a specific microbiome similar to the oral 

microbiome was identified in the placenta of pregnant women (Aagaard et al. 2014). However, 

this finding has been highly debated as the placenta was considered as a sterile organ, and it is 

possible due to contaminated samples (Lauder et al. 2016).  

Almost everything has the potential to alter the microbiome of anything if exposed for 

enough time. The entire host microbiome is constantly evolving and adapting to the changes seen 

by the host’s environment. Therefore, dietary compositions and nutrition supplements as well as 

biological modifiers could change the population and load of the fecal microbiome. In order to 

understand these changes, it is critical for the implications of alterations in the microbiome in 

human health and animal production be further examined. To study the effect of maternal 

supplementation of clofibrate on the fecal microbiota in the offspring, we examined the 

developmental changes of fecal microbiota in pigs from sows fed a diet with or without 

clofibrate. Clofibrate, a common PPARα agonist, can be absorbed into the circulation system of 

the sows and transferred to the fetus via the placenta (Lin, Jacobi, and Odle 2015). In the 

intestinal lumen clofibrate is absorbed slowly and the unabsorbed clofibrate is expelled via the 
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large intestine. Whether clofibrate absorbed by sow affects the establishment of the microbiome 

of the offspring potentially via the placenta and/or the milk is not known. However, the remains 

of clofibrate in sow’s intestine may be capable of altering the sow’s microbiome and 

subsequently impact the microbiome in the piglets via fecal exposure. Studies have shown that 

the microbiome can alter the PPARα expression in the intestines and therefore alter the immune 

response to themselves (Ul Hasan, Rahman, and Kobori 2019), and thus the supplementation of 

PPARα activator could result in an alteration in the population of microbiome. 

As everyone knows and as has been stated, the environment influences the microbiome of 

an animal. The piglets are raised in farrowing crates in a farrowing barn, so the environment is 

relatively controlled compared to the outdoors. The environmental impacts in such a situation 

should be greatly associated with the animal developmental age. Most studies on the fecal 

microbiome of piglets so far focuses on piglets at an older age and across the weaning transition 

(McLamb et al. 2013; Han et al. 2017; Moeser, Pohl, and Rajput 2017). Postnatal development is 

extremely important for animal survival and growth, in which the microbiota may play a decisive 

role. Therefore, the microbiota development and the effect of the sow, postpartum, on the 

microbiota population could not be overlooked in this period. In this study the microbiota 

development was examined in feces collected from piglets during the suckling period. The 

mother’s potential effects on the microbiota in the offspring were evaluated via the maternal 

dietary supplementation of clofibrate. 

IV3. Materials and Methods 

IV3.1. Animals and Treatments 
 

A total of 6 gestating sows, at the North Carolina State University (NCSU) swine unit 

were divided into two groups, a control group and clofibrate supplementation group. The sows in 
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clofibrate group received 0.5% of clofibrate in the diet (w/w) using ethanol as a vehicle. The 

clofibrate was dissolved in 15 mL of ethanol and the control sows received the 15 mL of plain 

ethanol. The diets with or without clofibrate were supplemented to the sows from one-week pre 

farrowing to one-week post farrowing. The sows were fed twice daily, but all the treatment, 

ethanol, or ethanol plus clofibrate was mixed with a small amount of feed and was given to the 

sows in the morning. The trough was inspected to ensure complete consumption of the treatment 

before the remainder of the ration was permitted.  

Sows for this study were selected from a pool of bred sows at the time of the study. The 

weights of the sows were collected upon entry into the farrowing house and the parity records 

were reviewed to select the sows in this study (see Chap 3 for details). Both groups were 

balanced as best as possible based upon the review of these data.  

All standard practices of the NCSU swine unit were permitted with the sows and piglets 

to ensure as similar to commercial settings as possible in our litters. Cross fostering of the piglets 

was permitted, and the attempt was made to keep piglets within treatment groups. Piglets were 

euthanized via American Veterinary Medical Association approved exsanguination while under 

anesthesia in accordance with NCSU IACUC (16-142) on days 1, 7, 14, and 19, and fecal 

samples were collected from each litter at each time point. The samples from each group (n=3) 

were labeled as piglets received no clofibrate day 1 (NCD1), clofibrate day 1 (CD1), no 

clofibrate day 7 (NCD7), clofibrate day 7 (CD7), no clofibrate day 14 (NCD14), clofibrate day 

14 (CD14), no clofibrate day 19 (NCD19), clofibrate day 19 (CD19).  

IV3.2. Sample Collection 
 

Upon collection of various tissue samples, the entirety of the intestines was excised from 

the piglets. Fecal samples were obtained from the extreme distal end of the colon, by forcible 
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extrusion or careful excision from the colon walls. The samples were frozen in the liquid 

nitrogen immediately after the collection and then transferred into -80° C freezer for storage until 

analysis.  

IV3.3. 16S rRNA Isolation and Amplification 
 

Total DNA in 250 mg of feces collected from 3 piglets per treatment was extracted using 

PowerSoil DNA extraction kit (Qiagen, Germantown, MD) following the manufacturer’s 

procedures. Briefly, the DNA was extracted through mechanical, bead shaking, and chemical 

breakdown, followed by standard column-based nucleic acid purification. The prokaryotic 16S 

rRNA region for microbial profiling was performed following the "16S Metagenomic 

Sequencing Library Preparation" guide provided by Illumina platform. The following primers, 

16S Amplicon PCR Forward Primer = 5' 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG           

16S Amplicon PCR Reverse Primer = 5' GTCTCGTGGGCTCGGAGATGTGTATAAG-

AGACAGGACTACHVGGGTATCTAATCC were used to amplify the V3 and V4 regions 

within the 16S rRNA sequence. 12.5 ng of amplicon DNA was combined with primers and 

KAPA HotStart ReadyMix (Sigma Chemical Company, St. Louis, MO) and run on a 

thermocycler (BioRad T100, BioRad, Hercules, CA) at 95° C for 3 mins, 25 cycles of: 95° C for 

30 secs, 55° C for 30 secs, 72° C for 30 secs, and lastly 72° C for 5 mins then held at 4° C. Size 

was verified using a BioAnalyzer DNA 1000 Chip (Agilent, Waldbronn, Germany), to ensure a 

specific peak of ~550 bp. The amplicon was then purified, and size selected with 20 µL AMPure 

XP beads (Beckman Coulter, Indianapolis, IN) with a 52.5 µL reaction. Amplicons were then 

individually indexed for multiplexing using a Nextera XT Index kit (Illumina 2013), following 

the manufacturer’s instructions. Indexed amplicons were then purified, and size selected using 56 
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µL AMPure XP beads (Beckman Coulter, Indianapolis, IN) with 50 µL of sample. Amplicons 

size and specificity were confirmed using a Bioanalyzer DNA 1000 Chip (Agilent, Waldbronn, 

Germany) with the expected result to be around 630 bp. Samples were pooled at a 10 nM ratio 

and a single pool was used for MiSeq sequencing (300 bp-paired end) (NCSU-GSL).  

IV3.4. Sequence Analysis 
 

All mapping and analyses were performed using the CLC genomics workbench version 

11 with the microbial genomics module (Qiagen, Readwood City, CA). The raw FASTQ files 

were imported into the CLC genomics workbench. The files were paired, and the adapter 

sequences were trimmed. The low-quality reads (Phred < 20) were removed using the NGS trim 

tool. The reads were grouped into Operational Taxonomic Units or OTUs, which are simply 

groups based on similarity, taxonomy was assigned via comparison with the Greengenes 

database (DeSantis et al., 2006). Samples needed at least 97% similarity to the database 

sequences to be grouped into the associated OTU. Sequences that were not similar to the defined 

OTUs were de novo cluster amongst themselves. After association within the OTUs the 

workbench assigned taxonomy to the OTUs as best as it could. The data were normalized and 

organized into abundance tables based on treatment, days, and an interaction of days and 

treatment. Statistical analysis was performed using PERMANOVA analysis on the data and 

generating PCoA charts based on Bray-Curtis distances. 

IV3.5. Chemicals 
 

All chemicals were purchased from Sigma Chemical Company of St. Louis, MO unless 

otherwise noted in the text. Clofibrate was sourced from Cayman Chemical Company of Ann 

Arbor, MI. 

 



   

185 
 

IV4. Results 

IV4.1. Clofibrate Treatment 
 

In the predominant bacteria present in the feces of the piglets there was minimal change 

in the population of the bacteria based on treatment (Figure IV4.1-1). The largest population of 

bacteria to have a significant detectable change in population density was in the 

Ruminococcaceae family (p < 0.0001) being significantly higher in the clofibrate treatment 

group. No major differences were seen between treatments with or without clofibrate in the 

predominant bacterial populations. A Bray-Curtis PCoA shows no distinct clustering of the 

clofibrate treatment pigs (Figure IV4.1-2). 

IV4.2. Effect of postnatal age 
 

The population of the bacteria was significantly impacted by piglet age (p < .0001). On 

day 1 the largest population was Clostridium perfrengins at 39%, and with each subsequent time 

point the population decreased with the postnatal age 9% at day 7, 3% at day 14, and .9% at day 

19 and was significantly lower from day 1 than day 19 (p < 0.0001) (Figure IV4.2-1). 

Lactobacillus was the highest 12% on day 7 being significantly higher than the levels at day 1, 

.1% (p < 0.0001). On day 1 a strain of E. coli was significantly higher than on day 7 or 19, 3% vs 

.05% and .006% respectively, (p < 0.0001). The populations of numerous other bacteria were 

altered (p < 0.05) as well, but the levels of these bacteria were far lower, total population under 

.01%, than the ones described. A PERMANOVA analysis results that days 7 and 14 are not 

significantly different (p = 0.14) and days 14 and 19 (p = 0.51) are not significantly different, 

while day 1vs7 (p = 0.013), 1vs14 (p = 0.026), 1vs19 (p = 0.013), 7vs19 (p = 0.013) were 

different. A Bray-Curtis PCoA shows clustering based on the days in the pigs (Figure IV4.2-2). 
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IV4.3. Effect of age and treatment 
 

No interaction between maternal clofibrate and pig postnatal age was detected in this 

study (Figure IV4.3-1). The changes in population reflect similar results as age. In large part 

because no large effects of clofibrate were seen so the interaction of time with clofibrate yield no 

significant changes to the predominant bacterial populations (Figure IV4.3-2). A Bray-Curtis 

PCoA shows no distinct clustering of the microbiome in pigs from sow with or without maternal 

supplementation of clofibrate crossing days (Figure IV4.3-2). 

IV5. Discussion 

The microbiome of the digestive tract is extremely populated, with estimates such as 1014 

microbes in the intestines of an adult man (Luckey 1972). With this many microbes in the body 

of man and animal it is clear that the biodiversity of these microbes is critical to understand. In 

an effort to do just that the microbiome has been studied extensively for many years. 

Examination of the microbiome began with culturing of the microbes to then determine their 

population within the GI tract (Savage 1977). These early efforts lead us into seeing the 

importance of the microbiome, but a resurgence of research in the microbiome began in recent 

times with the advent of new technology. 

Next generation sequencing and 16s rRNA analysis have led the charge of research into 

the microbiome in more recent literature. With this technology the number of bacteria taxa 

increased 456% between 1980-2007 (Janda and Abbott 2007). The theory behind the 16S 

amplification is that it has highly conserved and highly variable regions. This allows for the 

adaptation of primers to bind the conserved regions and amplify the variable regions. Through 

the amplification of the variable regions an identity can be assigned (Janda and Abbott 2007; 

Woo et al. 2008; Illumina 2013; Klindworth et al. 2013).  
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IV5.1. Bacterial Population 

Table IV5.1 demonstrates the ten most prevalent bacteria in the piglet’s feces during this 

study. Of these ten bacteria they are composed of two phyla Firmicutes and Bacteroidetes. This 

is consistent with numerous studies in the piglet (Isaacson and Kim 2012; Alain B. Pajarillo et al. 

2014). In these studies, these two phyla account for 90% of the total population, and while not 

analyzed in our data, it is most likely at a similar level. The previous works mention here did not 

examine their piglets at the same postnatal age as ours. The focus in these works were the 

changes seen at weaning. However, (Alain B. Pajarillo et al. 2014) was examining some piglets 

prior to weaning and noted that the levels of Bacteroidetes was increasing with age. Our data can 

also confirm this as Prevotela stercorea, one of the two Bacteroidetes in our table, increases 

from 0.8% of the total population to 11% at the time of weaning. 

IV5.2. Clofibrate Treatment:  

The primary change seen in the microbiome due to clofibrate treatment was an increase 

in a bacterium in the family of Ruminococcaceae. This is an interesting find, and while this 

bacterium was not the same one that is present in Table IV5.3 as very prevalent it is in the same 

family. A study by (Mach et al. 2015) saw an increase in Ruminococcaceae in their study on 

piglet GI colonization. They attributed the increase in this family to an increase in energy from 

additional suckling of these piglets. Extra energy from the oxidation of the milk fat is a key 

reasoning of clofibrate supplementation to piglets (Bai et al. 2014). With this data it could be a 

possible link between these two facts that deserves an increased attention. The limited sample 

size in this study limits our ability to draw a broad conclusion, but further examination could link 

these two ideas. Several other strains of bacteria also saw significant changes based on the 

clofibrate treatment, however these species overall population was very minor. With the 
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population of bacteria being 1x1010 or greater a few thousand here and there are much less 

significant to the overall health of the pig (Savage 1977; Luckey 1972). The first few weeks of 

life for the neonates is the time of developing microbiome. PPARα and the microbiome both 

have been shown to have an impact on immunity and immune cells, which was not examined in 

the present study is definitely something of interest and deserving of further attention. With the 

variation in the microbiota seen in this developmental time range being the largest between 

individual piglets (Palmer et al. 2007; Barko et al. 2018), and with our supplementation 

occurring only during this highly variable time and with the limited number of samples available 

for comparison any strong or definitive conclusions about the effects of clofibrate on the 

microbiome are premature and unreasonable. However, with changes seen due to treatment, 

further investigation is of great importance to further understand all the possible changes and 

benefits that could be presented. Comparison with samples that actually received the treatment is 

also warranted to better understand the effects.  

IV5.3. Effect of Postnatal Age: 

 The most changes seen in the microbiome were in the age of the piglets at the time of 

sample collection. As stated in the results Clostridium perfrengins was of the highest prevalence 

on day 1 with decreases each subsequent day. It is common for a trend such as this to occur, and 

some strains of this bacteria are known to cause diarrhea in the young piglets (Chan et al. 2012). 

The decrease is a positive thing, and this deserves more attention as to possibly isolating this to 

determine if it is one of the more problematic strains. The next notable strain seen in this profile 

was Lactobacillus which was higher on day 7 than any other day. The high levels of these are a 

good indication for an improving microbiota profile in the piglets. Lactobacillus are commonly 

supplemented as probiotics in studies and have been attributed to positive effects in pigs (Suo et 
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al. 2012). A bacterial strain of interest was E. coli. This is a very interesting strain as some 

strains are known to cause diarrhea in piglets. E. coli is known to cause enteric colibacillosis 

through the proliferation of either an enterotoxigenic E.coli or enteropathogenic E.coli (Dureuil 

2017; Luppi 2017). E. coli was seen as the highest on day 1 compared to any other days. This is 

likely because other more beneficial bacteria were able to outcompete them for space in the 

intestinal tract. Other bacteria that appeared at lower levels than those previously discussed was 

Shigella flexneri. This bacterium was significantly higher at day 1 than any day and it also can 

cause dysentery in these neonatal piglets (Jeong et al. 2010). The reduction seen in both E.coli 

and Shigella flexneri are in line with results seen in other studies (Alain B. Pajarillo et al. 2014).  

More expansive views of the bacterial levels within our piglets by postnatal age 

demonstrated that day 1 populations were significantly different from any other day. This is 

likely because the bacteria are just beginning to colonize the intestines of the piglets at this early 

stage and a stable level of the beneficial bacteria have yet to be fully established. It is established 

that the first few days of the piglets life are the most diverse and least similar among piglets 

(Guevarra et al. 2019), which makes sense based on the results of this study with day 1 

separating itself away from the other days more distinctly. 

IV6. Conclusion 

The changes in the microbial profile of these piglets is of great importance to the health 

and wellbeing of the piglets. While little change was seen due to the clofibrate treatment some of 

the changes could be of great relevance. Whether the alteration in Ruminococcaceae family is 

associated with energy utilization in intestine definitely deserves further attention. The 

information obtained from this study is novel and the changes and/or modifications in the 

microbiota with respect to postnatal age enriched our knowledge in dynamic changes of 
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intestinal bacteria during the suckling period. The knowledge would be of benefit for us and 

other researchers in this area to further study the roles of energy level and postnatal age in the 

establishment of intestinal microbiome and its potential applications in increasing the 

survivability of the piglet.  
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Chapter IV Table 

Table IV5.1: Percentile distribution of the top ten most prevalent bacteria in piglets The 
relative percentage of each bacteria to the total population at each timepoint or treatment. Full 
names of bacteria are given where available letters in () indicate deepest phylogenetic order that 
was available for that bacterium. O=order, f=family, g=genus. For days n=6 and for treatment 
n=12. 
 

Bacteria Day 1 Day 7 Day 14 Day 19 No 
Clofibrate 

Clofibrate 

Clostridium 
perfringens 

39% 9% 3% .9% 13% 9% 
 

Ruminococcaceae 
(f) 

8% 9% 9% 16% 10% 11% 

Butyricimonas (g) 0.6% 17% 7% 5% 8% 8% 
Clostridiales (o) 6% 3% 9% 10% 9% 5% 

Anaerotruncus (g) 5% 4% 6% 9% 7% 6% 
Oscillospira (g) 3% 7% 5% 7% 6% 6% 
Lachnospiraceae 

(f) 
3% 10% 6% 3% 6% 6% 

Lactobacillus (g) 0.1% 12% 5% 0.4% 4% 5% 
Clostridiaceae (f) 4% 2% 6% 6% 5% 4% 

Prevotela 
stercorea 

0.8% 0.2% 4% 11% 3% 5% 
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Chapter IV Figures 

 

Figure IV4.1-1: Bacterial population with respect to clofibrate treatment Each bacterial species 
is represented as a percentage of total population. Each color represents a different species of 
bacteria, with the top ten listed to the right of the graph. For each column n=12. 
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Figure IV4.1-2: Principle coordinate analysis of clofibrate treatment Each dot represents an 
individual pig from the trial color coded with green for no clofibrate and pink for with clofibrate. 
For each group n=12. 
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Figure IV4.2-1: Bacterial population with respect to time Each bacterial species is represented 
as a percentage of total population. Each color represents a different species of bacteria, with the 
top ten listed to the right of the graph. For each column n=6. 
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Figure IV4.2-2: Principle coordinate analysis of time Each dot represents an individual pig 
from the trial color coded with green for day 1, pink for day 7, blue for day 14, and orange for 
day 19. For each timepoint n=6. 
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Figure IV4.3-1: Bacterial population with respect to treatment and time Each bacterial species 
is represented as a percentage of total population. Each color represents a different species of 
bacteria, with the top ten listed to the right of the graph. For each column n=3. 
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Figure IV4.3-2: Principle coordinate analysis of treatment and time Each dot represents an 
individual pig from the trial color coded with green for day 1 no clofibrate, pink for day 1 with 
clofibrate, blue for day 7 no clofibrate, orange for day 7 with clofibrate, brown for day 14 no 
clofibrate, teal for day 14 with clofibrate, lavender for day 19 no clofibrate, and lime green for 
day 19 with clofibrate. For each timepoint n=3. 
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Chapter V: Future Directions 

V1 MCFAs and the Microbiome 

The results observed in the previous studies have shown that this area of research is still 

relevant and needs further investigations. The area that I find to be the most interesting and as 

having the most potential for possible effects is the area of MCTs and the microbiome. This 

research may be of more benefit at the time of weaning, due to the practicality of 

supplementation, however it would be interesting to the examine the effects seen in newborns as 

well. Work has been done to prevent the lapse in growth rate of the piglets at weaning, but more 

can still be done (Owusu-Asiedu et al. 2003; Hanczakowska et al. 2016; Yu et al. 2017). A 

beneficial and common practice of the past was to supplement the diets of the piglets with 

antibiotics. The supplementation of these yielded reduced problems with scours and showed 

improvements in gains in the piglets. In the modern era with a world population of around 7.6 

billion and steadily climbing, the use of antibiotics in animal production has all but ended. With 

more and more people every day more and more opportunities for infections among humans 

becomes possible. With widespread use of antibiotics among humans, antibiotic resistance will 

develop. Therefore, many countries, including the US, have either banned or severely restricted 

the use of antibiotics in farm production animals for growth promotion effects. In the US 

veterinarians must prescribe antibiotics to the animals that are sick and in need of them, but will 

not permit their use in animals that are not infected (US Food and Drug Administration 2013). 

With the use of antibiotics off the table, what are other possibilities that can generate the same 

results?  

The current most common answer to this question is zinc. Almost all nursery diets will 

contain very large doses of zinc oxide or some other form of zinc. Zinc has clearly been 
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demonstrated to exhibit an effect of growth promotion in the piglets (Thacker 2013; Han et al. 

2017; Yu et al. 2017). Zinc is also known to have an antimicrobial effect and can alter the 

populations seen in the microbiota of the piglets. Zinc is also an important cofactor in many 

enzymes and metalloproteins (Vu, Fredenburgh, and Weitz 2013). With a compound such as zinc 

available one would assume the problem is remedied and research could progress in a new 

direction, but zinc can cause problems outside the swine farm just like antibiotics. With the high 

levels of zinc in the diet the animal cannot absorb all of it. The NRC recommends the dietary 

needs of the growing piglets around 100 mg/kg, while the supplementation is around 2000 mg/kg 

or greater. All this excess zinc is excreted from the piglet’s bodies and goes straight into the 

lagoons (Romeo et al. 2014). It is common practice for the farmers to irrigate from the lagoons to 

benefit the croplands around them and reduce the volume of the lagoons. While the waste is 

generally beneficial for the land by providing many nutrients and plenty of nitrogen, the excess 

of zinc in the waste can be toxic to some crops. If the waste is spread on the same area for a 

prolonged period of time in can render the ground uninhabitable for some crops. One of the more 

sensitive crops is peanuts, if the zinc levels are too high in the ground the peanuts will bear no 

fruit and die. Based on the research in this thesis a possible solution could be the 

supplementation with MCFAs or MCTs. The distal end of the small intestines and the colon 

rarely if ever see the MCTs and they therefore cannot have a direct effect in these locations. The 

problem that needs to be addressed is getting them past the small intestines. With the advances in 

technology available now it is possible to microencapsulate them and prevent them from 

immediate absorption in the small intestine. 

Little literature is available that clearly explains the exact mechanism of the 

microencapsulation process. Most studies that utilize this technology will however state that the 
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product is protected with either a sugar like lactitol or long chain fat like hydrogenated vegetable 

oil (Piva et al. 2007, 2008; Augustin et al. 2014). These microencapsulation systems have claims 

of specific time release and of different dispersion rates. Through the utilization of this 

technology we should be able to see benefits in the distal ends of the small intestine and the 

colon through the supplementation of protected MCTs. We should also be able to see an effect 

on the distal microbiota of the piglets through this supplementation. It is of note that rabbit milk 

is naturally high in MCFAs in comparison to swine’s milk where the levels are negligible. The 

fatty acids with the highest proportion in doe’s milk is caprylic and capric acids, while in sow’s 

milk it is oleic and palmitic (Maertens, Lebas, and Szendrö 2006). The proximal end of the 

rabbit’s GI tract during nursing is virtually sterile while the piglets in immediately colonized 

upon birth (Skřivanová et al. 2009). With this natural occurrence of MCFAs exerting and effect 

on the microbial populations and with studies showing an effect on piglet’s GI tract the next 

logical step is to examine the effect in the more distal more bacterial rich parts of the GI tract. I 

would hypothesize, that through the supplementation of specific MCTs microencapsulated with 

lactitol we will be able to improve growth performance of weaned piglets, select for a more 

beneficial microbial population in the GI tract, and reduce inflammation in the GI tract, and 

secondly that through supplementation of these microencapsulated MCTs we will be able to 

reduce the likelihood of infection by common nursery pathogens.  

V2 Carnitine 

Another topic of interest is carnitine. In the first study, chapter 2, a significant response 

was seen in the in vitro assay to carnitine, indicating a possibly low level of carnitine in these 

animals prior to our collection endpoint. This was a very interesting result and peculiar as the 

level of carnitine in the milk replacer appeared to be adequate. Examination of the effects of 
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MCTs in piglets that were receiving adequate carnitine may have resulted in different results. 

Even though MCFAs do not require the transport of carnitine for oxidation, the levels of 

oxidation are limited by the transportation into the mitochondria of the other available fats in the 

diets, therefore the results could be skewed in a less significant direction.  

Another area of interest for carnitine is the possible biosynthesis of carnitine in the 

intestines. It was proven that the enzymes are present and functional in the rat’s intestines, but 

this similar result has not been examined in the pigs. Examination of this and the examination of 

possible ways to increase the levels could be of benefit to the pigs and possible the piglets of the 

sows. 

V3 Clofibrate and the Microbiome 

Examination of the microbiome in response to clofibrate could also be an interesting 

topic for further comparison. The study we conducted had a very limited number of samples to 

work with. Examination would have been much more meaningful if we were able to examine the 

mucosa associated bacteria and if we had more samples to examine. Investigation of the effects 

of clofibrate in our study would have been better seen in the sows as the piglets never directly 

received any clofibrate once outside the sow. A comparison study could also be developed to 

examine the effects of different PPARα agonist to determine if one has a more positive impact 

on the microbiome compared to the others and what the implications are for the meaningful 

impact seen. Every project conducted can provide answers to research questions, but good 

research will lead you in a better direction and cause more questions to be asked to make the 

world a better place and more well understood. 
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V4 Conclusions 

These experiments have given us a much more clear understanding of the roles of the 

intestines in fatty acid oxidation in these piglets, but as with any study more knowledge brings 

further questions. Through further examination of the samples collected and through future 

research based off the finding in these studies will hopefully lead to a better understanding of 

oxidation and carnitine status of the intestines, and the role of the microbiome in all of these 

areas. 

 

 



   

210 
 

V5. References 

Augustin, Mary Ann, Luz Sanguansri, Jenny Kartika Rusli, Zhiping Shen, Li Jiang Cheng, 

Jennifer Keogh, and Peter Clifton. 2014. “Digestion of Microencapsulated Oil Powders: In 

Vitro Lipolysis and in Vivo Absorption from a Food Matrix.” Food & Function 5 (11): 

2905–12. https://doi.org/10.1039/c4fo00743c. 

Han, Geon Goo, Jun-Yeong Lee, Gwi-Deuk Jin, Jongbin Park, Yo Han Choi, Byung Jo Chae, 

Eun Bae Kim, and Yun-Jaie Choi. 2017. “Evaluating the Association between Body Weight 

and the Intestinal Microbiota of Weaned Piglets via 16S RRNA Sequencing.” Applied 

Microbiology and Biotechnology 101 (14): 5903–11. https://doi.org/10.1007/s00253-017-

8304-7. 

Hanczakowska, E., M. Świątkiewicz, M. Natonek-Wiśniewska, and K. Okoń. 2016. “Medium 

Chain Fatty Acids (MCFA) and/or Probiotic Enterococcus Faecium as a Feed Supplement 

for Piglets.” Livestock Science 192 (October): 1–7. 

https://doi.org/10.1016/j.livsci.2016.08.002. 

Maertens, L., F. Lebas, and Zs Szendrö. 2006. “Rabbit Milk: A Review of Quantity, Quality and 

Non-Dietary Affecting Factors.” World Rabbit Science 14 (4): 205–30. 

https://doi.org/10.4995/wrs.2006.565. 

Owusu-Asiedu, A., C. M. Nyachoti, S. K. Baidoo, R. R. Marquardt, and X. Yang. 2003. 

“Response of Early-Weaned Pigs to an Enterotoxigenic Escherichia Coli (K88) Challenge 

When Fed Diets Containing Spray-Dried Porcine Plasma or Pea Protein Isolate plus Egg 

Yolk Antibody.” Journal of Animal Science 81 (7): 1781–89. 

https://doi.org/10.2527/2003.8171781x. 

Piva, A., E. Grilli, L. Fabbri, V. Pizzamiglio, P. P. Gatta, F. Galvano, M. Bognanno, et al. 2008. 



   

211 
 

“Intestinal Metabolism of Weaned Piglets Fed a Typical United States or European Diet 

with or without Supplementation of Tributyrin and Lactitol.” Journal of Animal Science 86 

(11): 2952–61. https://doi.org/10.2527/jas.2007-0402. 

Piva, A., V. Pizzamiglio, M. Morlacchini, M. Tedeschi, and G. Piva. 2007. “Lipid 

Microencapsulation Allows Slow Release of Organic Acids and Natural Identical Flavors 

along the Swine Intestine.” Journal of Animal Science 85 (2): 486. 

https://doi.org/10.2527/jas.2006-323. 

Romeo, A, V Vacchina, S Legros, and E Doelsch. 2014. “Zinc Fate in Animal Husbandry 

Systems.” Metallomics : Integrated Biometal Science 6 (11): 1999–2009. 

https://doi.org/10.1039/c4mt00062e. 

Skřivanová, Eva, Zuzana Molatová, Věra Skřivanová, and Milan Marounek. 2009. “Inhibitory 

Activity of Rabbit Milk and Medium-Chain Fatty Acids against Enteropathogenic 

Escherichia Coli O128.” Veterinary Microbiology 135 (3–4): 358–62. 

https://doi.org/10.1016/j.vetmic.2008.09.083. 

Thacker, Philip A. 2013. “Alternatives to Antibiotics as Growth Promoters for Use in Swine 

Production: A Review.” Journal of Animal Science and Biotechnology 4 (1): 35. 

https://doi.org/10.1186/2049-1891-4-35. 

US Food and Drug Administration. 2013. “Guidance for Industry #213 New Animal Drugs and 

New Animal Drug Combination Products Administered in or on Medicated Feed or 

Drinking Water of Food- Producing Animals: Recommendations for Drug Sponsors for 

Voluntarily Aligning Product Use Conditions With .” Federal Register, no. December 

2013. 

http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:Guidance+for+Industry+



   

212 
 

The+Judicious+Use+of+Medically+Important+Antimicrobial+Drugs+in+Food-

Producing+Animals#0%5Cnhttp://scholar.google.com/scholar?hl=en&btnG=Search&q=inti

tle:Guidance+for+Indu. 

Vu, Trang T., James C. Fredenburgh, and Jeffrey I. Weitz. 2013. “Zinc: An Important Cofactor 

in Haemostasis and Thrombosis.” Thrombosis and Haemostasis 109 (3): 421–30. 

https://doi.org/10.1160/TH12-07-0465. 

Yu, Ting, Cui Zhu, Shicheng Chen, Lei Gao, Hang Lv, Ruowei Feng, Qingfeng Zhu, Jinsong 

Xu, Zhuang Chen, and Zongyong Jiang. 2017. “Dietary High Zinc Oxide Modulates the 

Microbiome of Ileum and Colon in Weaned Piglets.” Frontiers in Microbiology 8: 825. 

https://doi.org/10.3389/fmicb.2017.00825. 

 


	ABSTRACT.pdf
	ABSTRACT

	Chapter 1 EFV.pdf
	BIOGRAPHY
	ACKNOWLEDGMENTS

	Chapter 2-EFV.pdf
	Chapter 3-EFV.pdf
	Chapter 4-EFV.pdf
	Chapter 5-EFV.pdf

