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ABSTRACT 

Plasma total. low density lipoprotein (LDL) and high density lipoprotein (HDL) 

cholesterol concentrations increase immediately following birth. Interestingly. this 

increase is greater in breast-fed infants than in infants fed formula. The reason(s) why 

there are differences in plasma cholesterol concentrations between breast-fed and 

formula-fed infants is not known. However, this difference may be a consequence of 

the variations in lipid composition between milk and infant formula. Little is known 

regarding the specific effects of the lipid component(s) of infant diets on the expression 

of genes involved in hepaüc lipid metabolism. The studies presented in this thesis 

deterrnined whether the addition of cholesterol. arachidonic acid [20:4(n-6)] and 

docosahexaenoic acid [22:6(n-311 to formula, and the positional distribution of fatty acids 

in formula triglycerides increases plasma cholesterol in formula-fed piglets to levels 

observed in milk-fed piglets. In study #1, piglets were fed from birth to 18 days of age 

with either a conventional infant formula (conventional formula) or a fomula with 

synthesized triglycerides (TG) (synthesized TG fomula). The conventional infant 

formula had 70% of the total 16:0, representing 23% of total fatty acids, esterified at the 

sn-1 and 3 positions of the formula triglyceride. The synthesized TG fomula cuntained 

a similar percentage of 169, representing 23% of total fatty acids, but had 47% of the 

total 16:0 esterified at the centre (sn-2) position of the formula triglyceride. Each of the 

conventional and synthesized TG formulae were provided either without (~0.10 mM) or 

with 0.65mM cholesterol added to formula, 0.52mmoVL as unesterified cholesterol and 

0.1 3 mmollL as cholesterol oleate. A reference group of piglets was also fed sow milk. 
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In study #1. the levels of hepatic HMG-CoA reductase mRNA. 7-a-hydroxylase 

(C7H) mRNA, and acetyl CoA carboxylase (ACC) mRNA were higher in the formula-fed 

than milk-fed piglets, irrespective of the formula cholesterol content or the positional 

distribution of fatty acids in the formula trïglyceride. This was accompanied by lower 

plasma total and HDL cholesterol concentrations, lower hepatic triglyceride 

concentrations and lower concentrations of bile acids, cholesterol and phospholipid in 

bile of the formula-fed than milk-fed piglets. Adding cholesterol to the fomula increased 

hepatic cholesterol concentrations and decreased hepatic levels of fatty acid synthase 

(FAS) mRNA, but had no effect on the plasma cholesterol concentrations of the 

formula-fed piglets. Directing 16:O to the sn-2 position of the formula triglyceride led to 

lower plasma total cholesterol and triglyceride cancentrations, lower concentrations of 

bile acids in bile, lower hepatic levels of FAS mRNA and activity, and higher hepatic 

levels of ACC mRNA than in piglets fed the conventional formula. 

In study #2, piglets were fed the conventional formula either without or with egg 

phospholipid (9.591L) to provide 0.8% 20:4(n-6) and 0.3% 22:6(n-3) of total fatty acids, 

or sow milk from birth to 15 days of age. Supplementing the conventional fomula with 

egg phospholipid resulted in higher levels of 20:4(n-6) and 22:6(n-3) in liver and bile 

phospholipid, higher plasma HDL concentrations, higher bile acid and phospholipid 

concentrations in bile and lower hepatic ACC mRNA levels in the formula-fed piglets. 

The levels of 20:4(n-6) and 22:6(n-4) in liver and bile phospholipid were also higher in 

the piglets fed the supplemented formula than in the piglets fed milk. A signifiant 

inverse relation was found between the levels of hepatic ACC mRNA and the percentage 

of 20:4(nâ) in l i e r  triglyœride and the percentage of 22:6(n-3) in liver phospholipid. Egg 



phospholipid supplementation of formula had no effect on hepatic LDL receptor mRNA 

or hepatic FAS adivity and mRNA in the formula-fed piglets. The piglets fed either the 

supplemented or the conventional formula had lower levels of plasma cholesterol and 

higher levels of hepatic HMG-Ca4 reductase amvity and mRNA and C7H mRNA than 

piglets fed milk. 

These studies show that early diet, that is, milk compared to formula feeding. 

reçults in lower levels of hepatic HMG-CoA redudase actMty and mRNA and C7H mRNA 

accompanied by higher plasma cholesterol concentrations in piglets. Supplernenting 

fomula with cholesterol or the preferential esterification of 16:O at the sn-2 position of the 

formula trïg lyceride did not mise plasma cholesterol concentrations and had no effect on 

hepatic HMGCoA reductase activity and mRNA or C7H mRNA in formula-fed piglets. 

Supplernenting fornula with egg phospholipid. increased bile and liver phospholipid 

20:4(n-6) and 22:6(n-3). decreased the levels of hepatic ACC mRNA and increased the 

concentrations of bile acids and phospholipid in bile. These Cndings suggeçt that milk-fed 

piglets have lower r a t e s  of hepatic cholesterol synthesis, lower rates of conversion of 

cholesterol to bile acids and the lipid present in sow milk and fomula may be metabolized 

differently. fhese findings are significant in that they raise the question as to whether or 

not this effect of early diet will continue thmugh to adulthood and infi uenœ metabolic 

response to diet fat 
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1. INTRODUCTION 

1.1. OVERVIEIN 

Plasma total, low density lipo protein (LDL) and high density lipo protein (HDL) 

cholesterol concentrations increase rapidly in human infants following birth (Ginsburg 8 

Zetterstmm 1980, Kallio et al. 1993, Lane & McConathy 1986, Van Biervleit et al. 1986, 

Van Biervleit et al. 1980). Interestingly, the postnatal increase in plasma cholesterol 

concentration is greater in breast-fed (rn ilk-fed) infants than in infants fed formulae 

(Kallio et al. 1997.Lane & McConathy 1986, Lourdes et al. 1994, Mize et al. 1995, Van 

Biervleit et al. 1986, Wong et al. 1993). A similar diet-related difference in plasma 

cholesterol has also been observed in young baboons and piglets fed milk and formula 

(Mott et al. 1990, Rioux & Innis 1993). Fumer, blood lipid concentrations of long chain 

polyunsaturated fatty acids, specifically , arachidonic acid [20:4(n-6)] and 

docosahexaenoic acid [22:6(n-3)], are higher, whereas levels of linoleic acid [18:2(n-6)] 

are lower, in infants fed milk than in infants fed formula not wntaining 20:4(n-6) and 

22:6(n-3) (Innis et al 1997,1994,Makrides et al. 1994). The long-term consequence of 

these diet-related differences in blood fatty acid and cholesterol concentrations is not 

known. In the short-term, however, it implies there may be diet-related differenœs in 

the metabolic processing and handling of fatty acids and cholesterol during the suckling 

period arnong infants fed different diets. 

It seems teasonable to suggest that the cornpositional diMerences, specifically 

the differences in lipid composition, between milk and formula (Huisrnan et al. 1996, 

lnnis 1992, Jensen 8 Jensen 1992, Spear et al. 1992) could be responsible for the 

differenœs in plasma cholesterol and fatty acid concentrations which are present 



between milk-fed and formula-fed infants. Both the dietary intake and the endogenous 

synthesis of cholesterol and fbtty acids (triglycerides) are important determinants of 

circulating lipopmtein levels. Therefore, the higher plasma cholesterol concentrations 

and higher plasma 20:4(n-6) and 22:6(n-3) in breast-fed infants than in formula-fed 

infants can reasonably be suggested to be a consequenœ of the higher dietary intake 

of cholesterol. andlor 20:4(n-6) and 22:6(n-3) ftom milk than from fornula. In addition, 

diet-induced alterations in the synthesis, secretion to plasma. tissue uptake (clearance), 

and excretion of cholesteml or its bile acid products could also be involved in 

contributing to the differences in plasma lipids between breast-fed and formula-fed 

infants. 

1 LlPfD COMPOSITION OF THE INFANT DlET 

Both human rnilk and infant formula supply about 50% of total energy Rom fat. 

This amount of fat is high relative to an average Canadian adult diet (3040% fat), but is 

important in providing for the high energy demands of early growth with a relatively 

energy dense food. 

1.2.1. Lipid Composition of Mammalian Milk 

Human rnilk contains approximately 4gldL lipid, Ig/dL protein and 7.0gfdL 

cabhydrate (lactose and other oiigosaccharides), rninerals, and water-soluble vitamins 

(Jensen 1989, Neville and Picciano 1997). The milk-fat globule contains approxirnately 

98% triglyceride, with the remaining 2% being mainly phospholipid and sterols. The 

milk fat provides about 50% of the total energy in milk. The triglyceride is contained in 

the axe  of the milk-fat globule and is surrounded by a membrane containing 

phospholipid, unesterifid chdesterol, protein and fat-soluble vitamins. Both the 



amount (percentage of total energy) and composition of fatty acids in human rnilk can 

be quite variable. Examples of factors shown to influence the lipid content and fatty 

acid composition of milk indude the stage of lactation. that is. mature milk has a higher 

concentration of lipid than colostrum, time withh a nursing period. with the lipid 

concentration increasing during a nursing. and the fat content and fatiy acid composition 

of the materna1 diet (Jensen 1989). 

The most abundant saturated fatty acid in human milk is palmitic acid (1 6:O). 

which is present at about 20925% of the total fatty acids (Innis 1 992). Human milk also 

cuntains smaller amounts of other saturated fatty acids, including stearic acid (1 8:O) and 

lauric acid (1210) + mynstic acid (14:O). These fatty acids represent about 6-8% and 8- 

15% of the total fatty acids. respectively. About 70% of the total 16:0 is esterified at the 

sn-2 position of the triglyceride in milk (Martin et al. 1993) (Figure 1.1). 

HUMAN MlLK INFANT FORMULA 

Figure 1.1. Schematic r e ~ r e s e n ~ o n  to illustrate most usual positional 
distribution of 16:O in human milk and infant formula triglyceride. 

The positioning of 16:O in the milk triglyceride is unusual in that most vegetable and 

animal fats wntain the majority of 16:O esterifid at the sn-land 3 positions of the 

triglyceride (Innis et al. 1998). Oleic acid [18: 1 (n-9)] is present at about 3040% of the 

total fatty acids. and is found primarily at the sn-1 and 3 positions in the milk triglyceride. 



The essential fatty acids, linoleic acid [18:2(n-6)] and Iinolenic acid (1 8:3(n-3)]. are also 

present in human milk and represent about 10-1 6% and 1 %, respectively, of total fatty 

acids. Linoleic acid is usually found at the sn-1 and 3 positions of the milk triglyceride. 

whereas 18:2(n-6), in must dietary fats and oils. as well as most tissue and plasma 

lipids, is found esterified to the sn-2 position of the triglyceride (Jensen 1989). The long 

chain polyunsaturated fatty acids, arachidonic acid [20:4(n-6)] and docosahexaenoic 

acid [22:6(n-3)] are also present in human milk, and usually represent about 0.4% and 

0.2%. respectively, of the total fatty acids. Over 150 different fatty acids have been 

identified in human milk; thus, milk contains small arnounts of other saturated. 

monounsaturated and (n-6) and (n-3) polyunsaturated fatty acids. The unsaturated fatty 

acids, 16:Q and other longer chain saturated fatty acids found in milk are derived from 

the matemal circulation (Innis et al. 1998). The mammary gland synthesizes saturated 

fatty acids up to 14:0, but does not synthesize longer chain fatty acids. The 

concentrations of unsaturated fatty acids. 16:O and other longer chah fatty acids are 

therefore dependent, in part, on the diet of the woman. 

The phospholipid in human milk is found in the milk fat globule membrane. 

Phosphatidylethanolamine and phosphatidylcholine are the most abundant 

phospholipids and represent about 37% and 30%, respectively, of the total phospholipid 

(Jensen 1989). Human milk also contains sphingomyelin. representing about 26% of 

the total phospholipid. and small amounts of lysolecithin, phosphatidylinositol, 

phosphatidylserine and cerebrosides. The predominant fatty acids present in 

phosphatidylcholine and phosphatidylethanolamine are 18:0, primarily at the sn-1 



position and 18:2(n-6), primarily at the sn-2 position. The milk phospholipid 

contains 20:4(n-6) and 22:6(n-3) both found primarily at the sn-2 position. 

also 

Cholesterol is also present in human milk usually in the range of 0.5-0.8 mmolIL 

(Jensen 1989). Most cholesterol is present in the unesterified fom and is present as a 

component of the milk fat globule membrane. However, small arnounts of cholesterol 

ester may also be present together with triglyceride in the a r e  of the milk fat globule 

molecule. Levels of cholesterol in milk are not reflective of matemal plasma cholesterol 

concentrations (Tsang et al. 1978). 

The composition of sow milk is very similar to human milk. Sow milk contains 

approximately 5.0-6.7gidL lipid, 5.5-6.0gldL protein and 5.8-6.2gidL carbo hydrate 

(lactose and other oligosaccharides), minerais, and water-soluble vitamins (Hrboticky et 

al. 1990, Innis and Dyer 1997, lnnis et al. 1993). Another species commonly used, as 

an animal model in nutrition research is the rat. The major fatty acid composition of 

sow milk, rat milk and hurnan milk are given in Table 1.1. The predominant saturated 

fatty acid in sow milk and human milk is 16:0. In contrast, the predominant saturated 

fatty acids in rat milk are the medium chain fatty acids 8:0, 10:O and 120. The 

absorptive process for medium chain fatty acids differs from long chain fatty acids in 

that they are not incorporated into chylomicrons but are absorbed directly into the portal 

circulation (reviewed in section 1.3.) (Bach and Babayan 1982). As a result. medium 

chain fatty acids are absorbed more quickly than long chain fatty acids. The high 

medium chain fatty acid content of rat milk relative to human milk, therefore. is a limiting 

factor when using the rat as an animal mode1 to study infant lipid metabolism. As well. 

sow milk and human milk contain similar amounts of 18:l(n-9), whereas the amount of 



18:l(n-9) present in rat milk is about a third of the amount found in sow milk and human 

milk. Therefore. the greater similaritîes in the fatty acid composition of sow milk to 

human milk make the piglet a more attractive animal mode1 for the study of infant lipid 

nutrition. 

Table 1.1. Major fitty acid composition and cholesterol content of human, sow 

and rat milk 

sow rnilk3 rat milk4 human milk5 

fatty acids' 

8:O + 10:O 

120 + i4:O 

16:O 

l8:O 

18:l(n-9) 

18:2(n-6) 

1 8: 3(n-3) 

20:4(nô) 

22:6(n-3) 

cholestero12 

' ~ a t a  for fatty acids is 911 009. %ata for cholesterol is mmoVL. 3~dapated from 

Hrboticky et al. 1990, Innis and Dyer 1997, lnnis et al. 1993. 4~dapted from Staggers et 

al. 7981. %dapted from Huisman et al. 1996, Martin et al. 1 993. 

1.2.2. Lipid Composition of Infant Formula 

The main differences in the lipid composition of most comrnercially available 

infant formulae and milk are: the positional distribution of fatty acids in the dietary 



triglyceride; the concentration of 18:2(n-6) and 18:3(n-3); the absence of the long chain 

polyunsaturated fatty acids. 20:4(n-6) and 22:6(n-3), and the lack of cholesterol. Most 

infant formulae fat blends are prepared from vegetable oils. Most infant formula contain 

a blend of two or more oils such as palm olein ail or coconut oil as a source of saturated 

fatty acids, together with one or more of soy bean oïl, high oleic saffiower oil, sunflower 

oil, or corn oïl as sources of unsaturated fatty acids. The lipid in these oils is present as 

triglyceride. Phospholipid, usually from soybeans. is used to emulsify the Iipid in order 

to enable combination with the other aqueous ingredients of the formula, which include 

protein, carbohydrate, minerals and water-soluble vitamins. 

Infant formulae contain variable amounts of 16:O depending on the saturated oil 

used by the manufacturer. Irrespective of the amount of 16:O present, and in contrast to 

milk, only about 6% of the total 16:0 in formula is esterified to the 2 position of the 

formula triglyceride (Innis 1992, Jensen & Jensen 1992, Spear et al. 1992) (Figure 1.1). 

Levels of unsaturated fatty acids, on the other hand, are high in the sn-2 position. The 

positioning of fatty acids in the formula triglyceride is relevant to the pathway of 

absorption of the fatty acids. This is discussed more fùlly in section 1.3.1. 

Infant fonulae also contain higher concentrations of 18:2(n-6) and 18:3(n-3) 

than those found in most human milks. As mentioned above, infant fomulae in North 

Arnerica contain no carbon chain (C) 20 or 22 fatty acids, for example 20:4(n-6) and 

22:6(n-3), and are very low in cholesterol (<O. 1 Ommol/L). 



1.3. LPOPROEIN METABOLISM 

1.3.1. Dietary Lipid Digestion 8 Absorption 

The digestion of dietary lipid is quite complex relative to that of many other 

nutrients, in part. because of the insoluble nature of lipid in the aqueous environment of 

the gastrointestinal tract Dietary lipid, prirnarily triglyceride (97-98%) which contains 

three fatty acids esterified to a glycerol backbone, and small amounts of cholesterol, 

phospholipid and fat-soluble vitamins are digested. and then the produds are absorbed 

by enterocytes. Following absorption. the products of lipid digestion are reassembled 

and packaged into chylomicrons, and secreted into intestinal lymphatic vessels entenng 

the circulation at the thoracic duct (reviewed by Field and Mathur 1995, Hussain et al. 

1996, Thomson et al. 1993). 

The digestion of dietary lipid begins in the stomach, with gastric lipase which is 

produced and secreted by gastric mucosal cells (Moreau et al. 1988). In some species, 

such as rodents, however. dietary lipid digestion begins in the mouth as a result of the 

presence of lingual lipase (Gargouri et al. 1989). Gastric lipase hydrolyzes the fatty 

acids esterified at the sn-3 position of the triglyceride to release as much as 15% of the 

total triglyceride fatty acids (Camiere et al. 1993, Camere et al. 1997, Gargouri et al. 

1989). The remainder of lipid digestion occurs in the duodenum and involves pancreatic 

enzymes. Pancreatic and biliary secretions are released into the duodenum in 

response to the stimulatory action of cholecystokinin secreted from duodenal mucosal 

cells. Cholesystokinin is secreted in response to the presence of lipid and peptides 

(amino acids) in the duodenum. Dietary triglyceride is hydrolyzed by pancreatic lipase 

(triacylglycerol acylhydrolase, EC 3.1.1 -3) which preferentially cleaves fatty acids from 



the sn-l and 3 positions of the glycerol backbone to release a sn-2 rnonoglyceride and 

WO unesterifjecl fatty acids for absorption (Small 1991). Long diain unesterified 

saturated fatty acids have a melting point above body temperatures and at the alkaline 

pH of the intestinal lumen have the tendency to bind with divalent cations, such as 

calcium, forming insoluble fatty acid suaps th& are unable to be absorbed and are 

excreted (Lein 1994). As a consequence. the positioning of 16:O in the milk or formula 

triglyceride has the potential to result in difterences in the extent of absorption, as well 

as the rate of absorption. of 16:O between rnilk-fed and formula-fed infants. 

Dietary cholesterol ester is hydrolyzed to release unesterified fatty acïds and 

cholesterol by the pancreatic enzyme, cholesterol esterase (EC 3.1.1.13) wlson & 

Rudel 1994). which requires bile acids in order to be active (Jacobsen et al. 1990). 

Additional sources of cholesterol are also available for absorption. These include the 

cholesterol secreted into the duodenum as a constituent of bile, and that released into 

the lumen of the intestine as a result of intestinal epithelial ceIl turnover (Grundy 1983). 

Phospholipid of both dietary and biliary ongin, as well as intestinal epithelial ceIl 

membrane phospholipid is hydrolyzed by pancreatic phospholipase (EC 3.1.1.4). 

This enzyme hydrolyzes the fatty acid at the sn-2 position to release an unesterified 

fatty acid and lysophospholipid (Van Deenen et al. 1963). 

The constitutents of bile, primarily bile acids and phospholipid, function to 

solubilize the luminai lipid by foming 'rnked micelles'. Pancreatic lipase is activated at 

the lipid-water interface and requires colipase. Colipase functions to anchor pancreatic 

lipase at the lipid-water interface of the mixed micelle and protects it from the detergent 

actions of bile salts (Borgstrom 1 975). The mixed micelles, containing the products of 



digestion, now approach and cross the unstirred water layer (Dietschy et al. 1971) and 

enter the enterocyte. The unstirreâ water layer is a series of water lamellae at the 

interface of the water phase of the intestinal lumen and the bmsh border membrane of 

entemytes (Wilson & Rudel 1994). The exact mechanism of transport of fatty acids 

across the bnish border membrane of the enterocyte is not known, but has been 

proposeci to occur via an active transport process involving a membrane bound fatty 

acid transport protein (Schaffer & Lodish 1994). 

Following transfer across the mucosal cell membrane, a cytosolic fatty acid 

binding protein shuttles long chain fatty acids to the endoplasmic reticulum (Ockner & 

Manning 1974). Similady, cholesterol is also carried to the endoplasmic reticulum by a 

sterol carrier protein. Re-esterification of sn-2 monoglyceride with unesterified fatty 

acids occurs with the fornation of triglyceride (Brindley & Hubscher 1965). In addition 

to the triglyceride onginating from the re-esterification of sn-2 rnonoglyceride with 

dietary triglyceride derived unestenfied fatty acids. triglyceride can also be synthesized 

de novo via the 3glycerol phosphate pathway (Figure 1.5). Cholesterol becornes 

esterified with a fatty acid to form cholesterol ester, pr-imarily through the action of acyl 

Coenzyme kcholesterol acyltransferase (EC 2.3.1 -26) (Haugen 8 Nowm 1 976). 

Lysophospholipid is similady reassembled to f om  phospholipid. The resulting products, 

triglyceride, cholesterol ester and phospholipid, are then packaged into chylomicrons. 

The nascent chylomicrons travel to the Golgi apparatus where they undergo 

modifications and are concentrated into secretory vesicles which are then secreted into 

intestinal lymphatic vessels and enter the circulation at the thoracic duct (Figure 1.2). 



1.3.2. Exogenous Lipid Transport and Metabolism 

Chylomicrons are the largest of the lipoprotein particles with a diameter of 75- 

450nm. They are composed of triglyceride (85-92%), phospholipid (6-1 2%). cholesterol 

(1-3%), protein (1-2%) and fat-soluble vitamins (Hussain et al. 1996). Triglyceride and 

cholesterol ester are located in the core of the molecule surrounded by phospholipid 

and fkee cholesterol, with the protein cornponents, specifically, apolipoproteins (apo), 

found on the surface. 

Apo 848 is an absolute requirement for the assembly and secretion of 

chylomicrons. There are two circulating forms of apo B, apo 848 and apo 0100. Both 

apo 848 and apo 01 00 are products of the apob gene. Apo B48 is produced by the 

intestine of most mammals, except rodents, and apo BI00 is produced by the liver 

(Greeve et al. 1993). Apo 648 represents the amino-terminal portion of apo BlOO and is 

produced as a result of post transcriptional editing of the apo b gene transcript or mRNA 

(Chen et al. 1987, Powell et al. 1987). The full-length apo b transcript is modified only 

in the intestine. The cytosine in a CAA codon undergoes deamination to produce a 

uridine residue resulting in an in-frame stop codon and a truncated product known as 

apo 848. This reaction is catalyzed by an enzyme corn plex, the catalytic unit defined as 

apa b mRNA editing enzyme catalya'c polypeptide (apobec-1) (Teng et al. 1993). This 

enzyme is a zinc-dependent, cytosine deaminase and has k e n  shown to be a RNA- 

binding protein (MacGinnitie et al. 1995). In addition to apo 848, chylomicrons also 

contain apo Al, AN, CI1 and CIII, all of which are synthesized by the intestine (Hussain 

et al. 1996). 



Following secretion into the circulation. chylomicrons interact with other 

lipoproteins. mostly HDL, and acquire apo E and more apo C. Clearance of 

chylomicrons from the circulation is rapid, with a typical half-life of about 10 minutes. 

Clearance occurs in two stages. firstly, hydrolysis by lipoprotein lipase (LPL) and 

release of lipid components at peripheral tissues and secondly, uptake of remnant 

partides by the liver (Hussain et al. 1996). As chylomicrons circulate they interact with 

LPL which is bound by heparin- sulfate proteoglycans at the surface of capillary 

endothelial cells (Cheng et al. 1 981). LPL hydrolyzes the triglyceride a r e  of 

chylomicron particles to release unesterifed fatty acids and partial glycerides, which are 

then avaiiable for uptake by peripheral tissues (recently reviewed by Beisiegel 1996, 

Goldberg 1996). As a consequence of triglyceride hydrolysis, the chylomicron particle 

is reduced in size and is now referred to as a remnant partide. Adipose tissue, muscle 

and lactating mammaty glands are the primary sites of LPL synthesis. The activity of 

LPL in adipose tissue and skeletal muscle is enhanced duting feeding as a 

consequence of increased cirwlating levels of insulin and epinephrhe. During fasting, 

on the other hand, LPL acüvity is decreased 

in response to the increased circulating levels of glucagon. In addition, apo CII is a 

necessary cu-factor for LPL activity (Goldberg et al. 1990). 

The chylomicron remnants are cleared, via receptor-rnediated endocytosis. by 

the liver. The LDL receptor and LDL receptor-related protein (LRP) are responsible for 

the majonty of hepatic uptake of chylomicron remnants. Although apo E serves as a 

ligand for LRP, LDL receptor uptake of chylomicron remnants may be quantitatively 





more important (De Faria et al. 1996, Herz et al. 1995, Mortimer et al. 1995). In 

addition, hepatic lipase has been shown not only to hydrolyze lipid components of 

remnant partides, but has also been shown to bind remnant particles. This enzyme, 

may. therefore, facilitate binding of remnant particles to receptors located at the surface 

of the fiver (De Fana et al. 1996). Some evidenœ is also available to suggest there 

rnay be an additional hepatic receptor responsible for the uptake of remnant particles 

(Ziere et al. 1996). 

Following uptake of remnant particles into hepatocytes, the Iipid components c m  

be stored or used for the synthesis of hepatic lipoproteins. Cholesterol can also be 

used for synthesis of bile acids. Hepatic lipase, a lipolytic enzyme synthesized and 

secreted by hepatocytes and transported to the sinusoidal surface of the liver 

(Breedveld et al. 1997), can further hydrolyze the rernaining lipid components of the 

remnant particles. 

1.3.3. Endogenous Lipid Transport 8 Metabolisrn 

VLDL functions to cary endogenously synthesized lipids to extra-hepatic tissues. 

VLDL are triglyceride-rich, apo Bcantaining lipoproteins that are produced pflmaflly by 

the liver (reviewed by Yao & McLeod 1994). The amount of VLDL assernbled and 

secreted by the liver is dependent on the availability of lipid substrates including 

triglyceride (Boren et al. 1993), cholesterol ester (Cianflone et al. 1990), phospholipid 

(Yao & Vance 1988) and the post translational modification and intracellular degradation 

of apo 8 (Yao & Mcleod 1994). Triglyceride and phospholipid synthesis occurs in the 

smooth endoplasmic reticulurn and apo B synthesis occurs in the rough endoplasmic 

reticulum (Alexander et al. 7976). Apo B I  00 is CO-translationally inserted into the 



endoplasmic reticular membrane, providing the foundation upon which the lipoprotein is 

assembled (Yao and McLeod 1 994). Following lipidation, the lipoprotein is released 

from the membrane and the particles travel to the Golgi cornplex, form secretory 

vesides and are then released by exocytosis h m  fenestra of hepatic sinusoidal 

endotheliurn. Microsomal triglyceride transfer protein is responsible for the addition of 

some triglyceride to the developing lipoprotein (Sharp et al. 1993). 

Sirnilar to chylomicrons, M D L  delivers fatty acids to extra-hepatic tissues. 

Interaction with LPL results in hydrolysis of the are triglyceride releasing free fatty 

acids, wtiich can be taken up by the surrounding tissue (Beisiegel 1996, Goldberg 

1996). The reçuking partides, temed intermediate density lipoproteins (IDL), fdlow 

one of two fates. IDL can travel back to the liver where they are taken up by 

hepatocytes or evolve to becorne LDL particles through interaction with HDL. 

Interaction with HDL enriches the IDL particles with cholesterol and depletes them of 

apo E and C. The resulting LDL particles are rich in cholesterol and contain apo 5100. 

Apo BA00 serves as a ligand for the LDL receptor. Consequently, LDL enten cells via 

the LDL receptor and delivers cholesterol €0 hepatic and extra-hepatic tissues, 

excluding the brain. 

1.4. Hepaüc Lipid Metabolism 

The major site for the synthesis and secretion of circulating plasma lipoproteins is 

the liver. Hepatic lipid concentrations are important deteminants of hepatic lipoprotein 

synthesis and secretion (Boren et al. 1993, Cianfione et al. 1990, Yao & Vance 1988). 

Hepatic tnglyceride and cholesterol concentrations determine the rate of endogenous 

cholesterol synthesis, the uptake of circulating lipoproteins and the secretion of 



cholesterol in bile. These close inter-relationships between hepatic lipid levels and 

plasma Iipoprotein lipid levels suggest that the higher plasma cholesterol in breast-fed 

than formula-fed infants may involve differences in hepatic processing of Iipids, 

Including the synthesis, uptake (clearance). assernbly into and secretion in lipoproteins 

andlor excretion of cholesterol in bile. 

1.4.1. Cholesterol Synthesis 

Cholesterol synthesis is regulated by the activity of the enzyme. 3-hydroxy-3- 

methylglutaryl coenzyme A (HMG-CoA) reductase (EC 1.1.1.34) (Goldstein & Brown 

1990). HMG-CoA reductase is found in the endoplasrnic reticulurn membrane and 

catalyzes the conversion of HMG-CoA to mevalonate. Mevalonate can be further 

metabolized to cholesterol (Figure 1.3). 

acetyl CoA + acetoacetyl CoA 

Figure 1.3. Schernatic representation of major steps in the pathway of cholesterol synthesis. 



Expression of HMG-CoA reductase is controlled by a negative feedback 

mechanism whereby an increase in the cellular sterol concentration decreases HMG- 

CoA reductase expression, prïmariiy at a transcriptional level (Chin et al. 1982, Clarke 

et ai. 1985, Liscurn et al. 1983,Nakanishi et al. 1988). A sterd regulatory region (SRE) 

has been identified in the promoter region of the HMG-CoA reductase gene. Specific 

proteins binding to this region have been shown to repress transcription when cellular 

sterol concentrations are adequate (Osbome 1991, Osbome et al. 1988). Furthemore, 

mevalonate has also been shown to regulate the expression of HMG-CoA reductase at 

a pst-transcriptional level (Nakanishi et al. 1988). Short-terni regulation occurs at a 

post translational level. This is achieved by phosphorylation of the HMG-CoA reductase 

enzymes reversibly inhibiting enzyme activw (Goldstein 8 Brown 1990). In adult 

animals, high dietary intakes of saturated fat and cholesterol have been shown ta 

decrease hepatic activity, and to a lesser degree, rn RNA levels for HMG-CoA reductase 

(Hackman et al. 1996, Jackson et al. 1990, Rudling 1992, Spady & Cuthbert 1992, Xu et 

al. 1995). In some cases, this was accompanied by higher plasma cholesterol 

concentrations (Jackson et al. 1990, Rudling 1992, Xu et al. 1995). It seerns 

reasonable ta speculate that the difference in dietary cholesterol intake and plasma 

cholesterol concentrations between milk-fed and fortnula-fed infants is accompanied by 

a difference in the hepatic synthesis of cholesterol. 

1.4.2. LDL Receptor Uptake of Lipoproteins 

The LDL receptor is a cell surface glycoprotein responsibie for receptor-mediated 

endocytosis of apo 81 00 and apo E-containing lipoproteins (Brown & Goldstein 1986). 

The receptor is synthesized in the endoplasmic retiwlurn, travels to the Golgi amplex 



becoming glycosylated, and then migrates to the cell surface where it binds lipoproteins. 

Binding of lipoproteins to the receptor leads to clustering of the receptor-lipoprotein 

complexes in clathannaated pits and the intemalization of the complex via 

endocytosis, with subsequent formation of endosomes. Within the endosorne, the 

lipoprotein dissociates from the receptor, and the receptor is recycled to the cell surface 

with the lipoprotein cornponents. triglyceride, cholesterol ester. phospholipid and 

apolipoproteins. undergoing lysosomal degradation. 

Expression of the LDL receptor gene is dom-regulated in response to an 

increase in cellular cholesterol concentrations (Brown & Goldstein 1986). Reg ulation of 

expression of the LDL receptor gene is thought to occur at a transcriptional level. 

Depletion of cellular sterol concentrations stimulates transcription. largely as a result of 

the enhancing actions of a sterol-regulatory element (SRE-1) identified in the 5'-flanking 

region of the gene (Sudhof et al. 1987). The SRE-1 is a conditionally positive element 

that enhances LDL receptor gene transcription in the absence but not in the presence of 

cholesterol (Dawson et al. 1988, Smith et al. 1990). DNA-binding proteins that cornplex 

with SRE-1 when endoplasmic reticulum membrane cholesterol concentrations are 

depleted have been identified and are temed SRE binding proteins (SREBP) (Briggs et 

al. 1993, Wang et al. 1993a, Wang et al. 1994). 

It has been estimated that about 70% of plasma LDL clearance in humans and 

other species occur via the LDL receptor. The liver is responsible for 80-90% of LDL- 

receptor mediated clearance (Dietschy & Spady 1985. Spady et al. 1985). Therefore, 

consideration of the effect of infant diet on the expression of hepatic LDL receptor may 

provide insight into the effect of early diet on cholesterol homeostasis. Previous studies 



have found that dietary fat and cholesterol decrease hepatic LDL receptor expression at 

transaiptional, translational and post translational levels in adult animais (Horton et al. 

1993, Kurushima et al. 1995, Rudling 1992, Stucchi et al. 1995). 

1.4.3. Bile Acid Metabolism 

In the liver. cholesterol can be converted to bile acids and secreted in bile, 

estenfied and stored, incorporated into lipoproteins and secreted, or used for membrane 

synthesis. Conversion of cholesterol to bile acids occurs only in the fiver. and the rate 

of this conversion is controlled by the acüvity of 7u-hydroxylase (C7H) (Figure 1.4). 

Bile acids are released into the small intestine in response to ingestion of fat 

The majority of bile acids, about 97-99%. are reabsorbed and travel back to the liver via 

the portal system. with a small proportion of the total pod excreted in feces. The 

conversion of cholesterol to bile acids is the only significant and regulated pathway by 

which cholesterol can be excreted from the body. 

The enterohepatic circulation of bile acids is driven by both chernical (transport) 

and mechanical (muscular) forces (Piccoli et al. 1993). Bile acids are reabsorbed by 

both passive and active transport mechanisms in the distal small intestine. A brush 

border membrane bound transport protein. ileal ~a'lbile acid cotransporter (IBAT). has 

k e n  isolated from rat and hamster enterocytes (Schneider et al. 1995, Wong et al. 

1994) and is believed to be involved in the active transport of bile acids across the 

brush border membrane of enterocytes. An intestinal bile acid binding protein (1-BABP). 

has also been isolated in several species. This cytosolic ligand-binding protein has 

been shown to function in the intraœllular transport of bile acids within enterocytes 

(Amano et al. 1992, Gantz et al. 1989, Gong et al. 1994, Lin et al. 1991, Walz et al. 



1988). Following intestinal absorption, bile acids enter the portal circulation and 

complex with either albumin or lipoproteins (Kramer et al. 1979). Bile acids retum ta the 

liver and are deared frorn the circulation through the actions of a membrane-bound 

Figure 1.4. Schematic representation of major steps in the pathway of bile acid synthesis. 

Na+lbile acid cotransporter (Ananthanarayanan et al. 1994, Hagenbuch et al. 1991). 

Hepatic clearance of bile acids is high. therefore, the concentration of bile acids in the 

systemic circulation is relatively low. Furthemore. reabsorption of bile acids by the 



intestine is also high, with l e s  than 193% of the bile acids secreted by the liver excreted 

in the stools. The amount of bile acids retumed to the Iiver and the availability of free 

cholesterol in the liver partially detemines the rate of further bile acid synthesis 

(Heuman et al. 1991). Cholesterol is also secreted into bile and can either be 

reabsorbed into the portal circulation or excreted in feœs, with this representing the only 

mute by which cholesterol can be excreted from the body. 

It is generally thought that the expression of C7H is upregulated in response to 

increases in hepatic cholesterol concentrations. A spea'es-specific response to dietary 

cholesterol has been found for hepatic expression of C7H (Dueland et al. 1993, 

Ramirez et al. 1994, Rudel et al. 1994, Shefer et al. 1992, Spady 8 Cuthbert 1992, Xu 

et al. 1995). It has been observeci that rodents respond to diets containing cholesterol 

by increasing hepatic levels of C7H mRNA and enzyme activity (Dueland et al. 1993, 

Rarnirez et al. 1994, Shefer et al. 1992, Spady & Cuthbert 1992). However, studies 

conducteci in rabbits and monkeys have found that cholesterol feeding results in 

decreased levels of hepatic C7H mRNA and activity (Rudel et al. 1994, Xu et al. 1995). 

These results from studies with rabbits and monkeys led to the hypothesis that hepatic 

C7H expression may be decreased during hig h cholesterol intakes in an attempt to 

lower the amount of bile acids avaiiable for cholesterol absorption. This response may 

be a consequence of the increased cholesterol delivered to the liver during high 

cholesterol intakes. 

In addition to cholesterol, dietary fatty acids have also been found to influence 

hepatic expression of C7H. Dietary long chah polyunsaturated fatty acids, specifically, 

those of the (n-3) series have been shown to increase biliary cholesterol, bile acids and 



phospholipid secretion in adult rats (Smit 1994). It is, therefore. reasonable to question 

whether or not differences in the production of bile acids are involved in the differences 

in plasma cholesterol concentrations between milk-fed and formula-fed infants. 

1.4.4. Triglyceride and Fatty Acid Synthesis 

Triglyœride is the major lipid cornponent of VLDL produced by the liver. Liver 

triglyceride can originate from the uptake and re-assem bly of fatty acids and glycerol 



following hepatic lipase hydrolysis of û-ïglyceride in Iipoproteins and uptake of albumin 

bound unesterified fatty acids. ln addition. hepatic triglyceride can originate from the 

endogenous synthesis of fatty acids and subsequent assembly into triglyceride. The 

pathway involved in the synthesis of triglyceride is illustrated in Figure 1.5. 

The availability of ktty acids for triglyceride synthesis is considered to be a rate 

limiting factor in the amount of triglyceride produced by the liver. The fatty acids 

available for hepatic triglyceride synthesis can originate from either endogenous 

synthesis or from uptake of unesterified fatty acids from the circulation. Decreased 

hepatic fa@ acid synthesis has been shown to decrease hepatic triglyceride synthesis 

and decrease hepatic VLDL secretion (Arbeeny et al. 1992. Stals et al. 1994). 

Hepatic fatty acid synthesis is regulated by two enzymes, acetyl CoA 

carboxylase (ACC). the enzyme catalyzing the rate Iimiting step of fatty acid synthesis. 

and fatty acid synthase (FAS) (Clarke et al. 1990, Clarke & Jump 1993, Jump et al. 

1994. Katsurada et al. I W O ) .  The pathway of hepatic fatty acid synthesis is illustrated 

in Figure 1.6. The majority of studies previously investigating the specific effects of 

dietary lipid on hepatic fatty acid synthesis have focused on the expression of FAS. 

Dietary polyunsaturated fatty acids have been shown to decrease the levels of hepatic 

FAS mRNA and activity (Clarke et al. 1990. Clarke & Jump 1993). The exact 

mechanism by which polyunsaturated fatty acids decrease the expression of FAS has 

not been fully elucidated. It is thought, however, that fatty acids directly interact with 

nuclear factors that behave as repressor proteins, and subsequently bind to repressor 

elements, resulting in an inhibition of gene transcription (Clarke and Jump 1996). 
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In addition to dietary polyunsaturated fatty acids, dietary cholesterol has also 

been shown to influence hepatic fatty acid metabolism. Diets containing 

cholesterol have been shown to increase hepatic synthesis of fatty acids. 

triglyceride and VLDL in hamsters (Fungwe et al. 1994a). In contrast, in vitro 

studies have identified a sterol regulatory element in the promoter of both the 

ACC and FAS genes (Bennet et al. 1995, Lopez et al. 1996) that function to 

enhanœ transcription when cellular cholesterol concentrations are depleted 

(ffiwabe et al. 1996). Therefore, the presence of long chain polyunsaturated fatty 

acids and cholesterol in rnilk, but the absence of both from most infant fomulae, 

raises the question of whether or not there are differences in hepatic fatty acid 

synthesis between breast-fed and formula-fed infants. 

1.5. DIETARY FAT & LlPlD METABOLfSM 

1 Dietary Fat 8 Lipid Metabolism 

Dietary cholesterol and saturated fatty acids have both been shown to be 

hypercholesterolernic and to induœ changes in hepatic cholesterol metabolism in 

adult humans and animals (Figure 1.7) (Bertolotti et al. 1995, Bonanome & 

Grundy 1988, Kurushima et al. 1995, Mattson 8 Grundy 1985, Spady 8 Cuthbert 

1992). Diets high in saturated fat and cholesterol inhibit expression of HMG-CoA 

reductase (Hackman et al. 1996, Jackson et al. 1990, Rudling 1992, Spady & 

Cuthbert 1992, Xu et al. 1995) and LDL receptor (Horton et al. 1993, Kurushima 

et al. 1995, Rudling 1992, Stucchi et al. 1995). however, the effect on the 

expression of C7H is species-specific (Dueland et al. 1993, Rarnirez et al. 1994, 

Rudel et al. 1994, Shefer et al. 1992, Spady & Cuthbert 1992. Xu et al. 1995). 



Whether or not the positional distribution of fatty acids in dietary triglyceride 

influences the hepatic expression of HMG-CoA reductase, LDL reœptor or C7H 

has not been previously determined. 

Dietary fat and cholesterol have also been found to influence hepatic 

synthesis of fatty acids and triglycen'de. Dietary cholesterol has been shown to 

enhanœ the synthesis of fatty acids, tnglyceride and VLDL in rodents as 

measured by [3~]20 incorporation into fatty acids (Fungwe et al. 1992, 1993. 

1994a,b). Findings of studies in HepGZ cells, however, suggest that high intakes 

of cholesterol c m  inhibit the hepatic expression of FAS and ACC (Bennet et al. 

1995, Kawabe et al. 1996, Lopez et al. 1996). More relevant to the infant diet. 



FAS activity was found to be lower in rat pups fed rat milk or a milk substitute 

containing cholesterol than rats fed a milk substitute not containhg cholesterol 

(Auestad et al. 1988). In reference to the e W s  of dietary fatty acids on FAS 

expression, 18:3(n-3) has been shown to be more efficacious at inhibiting hepatic 

FAS expression than 18:2(n-6) (Clarke et al. 1990. Clarke 8 Jump 1993). As 

well, the desaturation products of 18:2(n-6), for example 20:4(n-6). seem also 

more efficacious at inhibiting FAS expression than the carbon chah (C) 18 

precusors (Clarke & Clarke 1982, Clarke & Jomp 1993). Dietary 

polyunsaturated fatty acids also infiuenœ hepatic sterol metabolism. Diets 

supplemented with fish dis containing eicosa pentaenoic acid [20:5(n-3)] and 

22:6(n-3) have k e n  found to increase biliary bile acid, cholesterol and 

phospholipid secretion in adult animals (Smit et al. 1994). Fish oil 

supplementation has also been shown to decrease hepatic HMG-CoA reductase 

activity (Froyland et al. 1996,Srnit et al. 1991) and 20:4(n-6) supplementation has 

been shown to decrease hepatic LDL receptor activity and mRNA levels 

(Rumsey et al. 1995,Scorci-Thomas et al. 1992). 

It is reasonable to suggest, therefore, that the differences in lipid 

composition between milk and formula may be responsible for the higher plasma 

cholesterol concentrations in breast-fed than formula-fed infants. As well, it 

seems reasonable ta hypothesize that the differences in lipid composition 

between milk and formula alter hepatic lipid metabolisrn in addition to plasma 

cholesterol levels. 



'l S.2. Early Diet and Cholesterol Metabolism 

Most studies on the ontogenesis of hepatic cholesterol rnetabolism have 

been conducted in rodents. The activity and mRNA levels of both HMG-CoA 

reductase and C7H are low during the suckling period. and increase at the time 

of weaning in rats fed by their natural mothers (rnilkdiet) (Ness et al. 1979, Ness 

1994, Smith et al. 1995). The low expression of HMG-CoA reductase during 

milk-feeding suggests low levels of cholesterol synthesis, presumably as a result 

of the high fat content of the milk diet. Consistent these studies in rats, 

previous studies in piglets have found lower activity of HMG-CoA reductase in 

piglets fed milk than in those fed formula (Rioux & lnnis 1993). Studies in human 

infants have found lower rates of cholesterol synthesis. estirnated from 

incorporation of deuterated water into cholesterol, in infants who were breast-fed 

than in infants fed formula (Lourdes et al. 1994). These studies suggest that the 

high fat milk diet does regulate cholesterol rnetabolism in young infants. Further 

evidence to support this suggestion cornes from studies that found higher LDL 

receptor mRNA levels in milk-fed compared to formula-fed baboons (Mott et al. 

1993). In contrast, studies using ligand blotting techniques found no differences 

in the level of LDL receptor protein between milk and formula-fed piglets (Rioux & 

Innis 1993). The effects of specific miik lipid camponents, such as cholesterol, 

fatty acid (specifically 16:O) positional distribution in formula triglyceride and the 

(n-6) and (n-3) polyunsaturated fatty acids, 20:4(n-6) and 22:6(n-3), on hepatic 

cholesterol synthesis and hepatic LDL receptor clearance of plasma lipoproteins 

has not been fully explored. Thus, more studies are needed to determine how 



and at what level the infant milk and formula diet regulate hepatic cholesterol 

synthesis. hepatic LDL receptor clearance of plasma lipopruteins and whether or 

not this is related to the difference in plasma cholesterol between milk-fed and 

formula-fed infants. 

Some evidence is also available to suggest that differences in bile acid 

metabolism are present between milk-fed and formula-fed infants. Studies in 

baboons fed a cholesterol wntaining diet found differences in bile acid 

composition of bile in babaons who had been fed formula during infancy than in 

baboons fed milk during infancy (Jackson et al. 1993. Mott et al. 1990, Mott et al. 

1991). More specifically, the baboons fed formula as infants had a larger cholic 

acid pool size and srnaller cholic acid fractional turnover rate than baboons fed 

milk but no differences in bile acid synthetic rates. as determined by the product 

of the pool size and fractional turnover rate, were observed (Jackson et al. 1993). 

The effect of diet on C7H expression, as an indicator or bile acid synthesis. 

during early milk and formula feeding is not known. 

Sirnilarly, little is known about the effect of the high fat infant diet on 

hepatic fatty acid and triglyceride synthesis. The important metabolic role of (n- 

6) and (n-3) series fatty acids during development, and the differences in tissue 

concentration of (nô) and (n-3) fatty acids between milk and formula-fed infants 

and animais suggest that the infant diet may also influence hepatic lipogenesis. 



1.5. OVERALL O WECTIVES 

1. To determine the effect of dietary cholesterol, the positional 

distribution of fatty acids, specifically palmitic acid (16:0), in dietary 

tnglyceride and dietary arachidonic acid [20:4(n-6)J and 

docosahexaenoic acid [22:6(n-3)] on plasma cholesterol 

concentrations and hepatic lipid metabolism in formula-fed piglets. 

H. Tu determine if defierences in hepatic lipid metabolism accompany 

the differences in plasma cholesterol concentrations that result from 

formula compared to milk feeding in piglets. 



2. HYPOTHESES & SPEClFlC AlMS 

2.1. STUDY #T 

2.1.1. Hypotheses 

1. The addition of cholesterol to formula and the preferential positioning of 

16:0 at the sn-2 position of formula triglyceride, similar to that in milk, 

results in higher plasma cholesterol concentrations in formula-fed piglets. 

2. The higher plasma concentrations of cholesterol in milk-fed than in 

fomula-fed piglets is accompanied by lower hepatic activity and mRNA for 

HMG-CoA reductase, lower levels of hepatic LDL receptor mRNA and 

higher levels of hepatic C7H mRNA. 

3. The addition of cholesterol to fomula and the preferential positioning of 

16:O at the sn-2 position of formula tiiglyceride will decrease the levels of 

hepatic HMG-CoA reductase mRNA and LDL receptor mRNA, and 

increase the levels of hepatic C7H mRNA in formula-fed piglets. 

4. The addition of cholesterol to formula will lower the levels of hepatic 

activity and mRNA for fatty acid synthase and mRNA for acetyl CoA 

carboxylase in fom ula-fed pig lets. 



2.1.2. Specific Aims 

To detennine in exclusively formula-fed piglets the effect of: 

a. adding cholesterol to formula 

b. increasing the proportion of 16:O at the sn-2 position of the formula 

triglyceride 

c. both adding cholesterol and increasing the proportion of 16:O at the sn-2 

position of the formula triglyceride 

on: 

plasma total, HDL and apo B-containing Iipoprotein cholesterol and 

tngl yceride concentrations 

hepatic triglyceride concentrations 

hepatic total cholesterol concentrations 

bile acid, cholesterol and phospholipid concentrations in bile 

hepatic HMG-CoA reductase, LDL receptor and C7H mRNA hepatic mRNA 

hepatic ACC mRNA levels 

hepatic FAS mRNA and activity levels 



2.2. STUDY #2 

2.2.1. Hypotheses 

1. A dietary intake of the long chain fatty acids. 20:4(n6) and 22:6(n-3). which 

are present in rnilk, will increase piasma cholesterol concentrations in 

formula-fed pig lets. 

2. A dietary intake of the long chain fatty acids. 20:4(n-6) and 22:6(n-3), which 

are present in milk, will decrease hepatic activity and mRNA for fatty acid 

synthase in formula-fed piglets. 

3. A dietary intake of the long chah fatty acids, 20:4(n-6) and 22:6(n-3), which 

are present in milk. will decrease hepatic activity and mRNA for HMG-CoA 

reductase in formula-fed piglets. 

4. A dietary intake of the long chain fatty acids. 20:4(n6) and 22:6(n-3), which 

are present in milk, will decrease levels of hepatic C7H mRNA in formula-fed 

piglets. 



2.2.2. Specific Aims 

To determine in exciusively formula-fed piglets the effect of adding 20:4(n-6) and 

22:6(n-3), at concentrations similar to those found in milk. to formula on: 

plasma total. HDL and apo B-cuntaining lipoprotein cholesterol and 

triglyceride concentrations 

hepatic tnglyceride concentrations 

hepatic total cholesterol concentrations 

bile acid, cholesterol and phospholipid concentrations in bile 

hepatic HMG-CoA reductase mRNA and activity levels 

hepatic LDL receptor and C7H mRNA levels 

hepatic ACC mRNA levels 

hepatic FAS mRNA and activity levels 



2.3. Expen'rnental Approach 

Piglets were used in these studies because of their suitability as an animal 

model for the study of infant lipid nutrition and metabolism (Innis 1993). The 

digestion and absorption of fat and lipoprotein metabolism in pigs are very similar 

to humans (Chapman 1980). The composition of sow milk is also similar to 

human milk (Hrboticky et al. 1990, Huisman et al. 1996, lnnis and Dyer 1997, 

lnnis et al. 1993. Martin et al. 1993). as discussed in section 1.2.1.. 

The evolutionary pattern of lipoproteins during the suckling period in 

piglets is very similar to that observed for humans (Hollanden et al. 1985). As in 

human infants (Ginsburg & Zetterstrom 1980, Kallio et al. 1993, Lane & 

McConathy 1986. Van Biervleit et al. 1 986, Van Biewleit et al. 198O), senim total. 

HDL and LDL cho[esterol concentrations rise immediately following birth and 

remain high for the duration of the suckling period (Hollanders et al. 1985). As 

well, the majority of circulating cholesterol is wmed in LDL particles, similar to 

humans (Chapman 1980, Ginsburg & Zetterstrom 1980, Van Biervleit et al. 

1 980). Porcine LDL particles, however, are more heterogeneous with the 

particles distributed within the density range of 1.019-1 -090 glml, whereas hurnan 

LDL particles are distributed within the density range of 1 .O1 9-1 .O60 (Chapman 

1980). Porcine HDL particles are distributed within a density range of 1 .OW-I.21 

g/ml, whereas human HDL particles are distributed within the density range of 

1.063-1 -21 gfrnl. However, the primary difference between human and porcine 

lipoprotein metabolism is in the composition of HDL particles and metabolism. In 

humans. HDL particles are heterogeneous, classified as HD4. HDLh and HDL2b 



(Reviewed by Fielding and Fielding 1995) containing either one of (or bath) apo 

Al and apo All. However, porcine HDL particles are more homogeneous. 

resernbling human HDL3 particles (Pussinen et al. 1995). and contain apo Al but 

not apo All (Jackson et al. 1973). Furthemore, pigs have no functional 

cholesterol ester transfer protein (Barter et al. 1981, Ha et al. 1982). but do have 

functioning phospholipid transfer pmtein that is thought to be responsible for the 

phospholipid transfer in pig plasma (Pussinen et al. 1997, Speijer et al. 1991). 



3. MATERIALS AND METHODS 

3.1. ANIMALS AND DlETS 

3.1.1. Housing and Feeding Protocof 

Male Yorkshire piglets of normal gestation (1 16-1 18d) with a birth weight greater 

than 1 kg were obtained from Peter Hill Holdings (Langley, British Columbia. Canada) 

within 12hr of birth. At this time, day 0. piglets were randomly assigned to be fed one of 

the formulae. A further group of piglets were identified within 12hr of birth and left with 

the çow to be rnilk-fed. Littermates were never açsigned to the same diet group. The 

nurçing sows were fed a typical 16% protein lactation feed with canola ail as the source 

of fat. The sow milk-fed (milk) piglets received only sow milk for the duration of the piglet 

feeding period. 

The piglets assigned to reœive formula were brought to the British Columbia 

Research Institute For Child and Family Health and housed in the animal containment 

unit. The piglets were housed together in bins with 3-4 piglets per bin, w-th al1 bins 

contained in a single room equipped with temperature and light controls. For the firçt 9 

days, piglets were bottle-fed by hand, to appetite, every 1.5hî-s and then, for the 

rernainder of the study, every 3hrs from 0600 hr to midnight. The formula was 

supplernented on days 1-5, 6-9 and 10-12 with 1.25%) 0.75% and 0.25% (wtlvol), 

respectively, bovine colosmirn4erÎved immunoglobulins (LaBelle Associates, Inc. 

Bellingham, Washington), cantaining primarily secretory IgG, to provide passive 

immunity, respectively. Dunng the first 9 days, feeds were also supplemented with 

Pedialyte (Ross, Columbus, OH), an oral eiectrolyte solution, to maintain hydration as 

required. Water bottles were also attached to cage sides. Heating was provided to the 



piglets with spot heat lamps attached above each cage to achieve a temperature of 

about 270C. The spot heat lamps also provided the Iighting in the room to mirnic the 

light levels in the fam facilities where the sow-milk fed piglets were reared. 

Ail the procedures involving the piglets were approved by the Animal Care 

Comrnittee of the University of British Columbia and conforrned to the guidelines of the 

Canadian Councif on Animal Care. 

3.1 -2. Diets 

In study #1, the piglets allocated to receive formula were assigned to one of four 

formula groups. The formulae were similar in nutrient composition, but differed in the 

positional distribution of fatty acids in the formula triglyceride and in cholesterol content 

(Table 3.1). A conventional formula was made with a fat blend of 48% palm-olein oil, 

26% soybean oil, 14% high oleic acid sunfiower oil and 12% cocanut oil. This provided, 

in total fatty acids, 23% 16:0, with 93.7% of the total 16:O esterified to the sn-1 and 3 

positions of the triglyceride. This formula was similar in composition to typical, 

commercially available terni infant formula with palm-olein oil as the source of saturated 

fatty acids. A synthesized triglyceride (TG) fomula was made with synthesized 

tnglycendes (BetapolB. Loders Croklaan, Wormerveer, The Netherlands). This formula 

also provided 22-23% of total fatty acids as16:0, but 47% of the total 16:O was esterified 

ta the sn-2 position of the tnglyceride. The levels of other saturated fatty acids, 18: 1 (n- 

9), 1 8:Z(n-6) and 1 8:3(n-3) were also similar in the synthesized TG fomula to that in the 

conventional formula, although the enrichment of 18: 1 (n-9), 18:2(n-6) and 18:3(n-3) at 

the sn-2 position of the triglyceride vatied inversely with the enrichment of 16:O. The 

conventional and synthesized TG fonulae contained no carbon chain (C) 20 or 22 (na) 



or (na) fatty acids. Each fomula was made without (-) and with (+) added cholesterol 

(0.52 mrnoVL unesterified cholesterol+ O. 13mrnollL cholesteryl oleate). The amount of 

cholesterol added and the proportion as unesterified cholesterol were based on the 

cholesterol content and relative amounts of unesterified cholesterol in human and pig 

milk (Jensen 1989. Jensen and Jensen 1992. Jones et al. 1990). 

In study #2. the piglets designated to reœive fomula were assigned to one of 

two fomula groups. One group of piglets was fed the conventional formula with 

diolesterol. The other group of piglets was fed the conventional formula with 

cholesterol, but also supplemented with egg phospholipid (+egg PL) to provide 20:4(n- 

6) and 22:6(n-3) to give a final concentration of 0.8% 20:4(n-6) and 0.25% 22:6(n-3) in 

the fomula fatty acids. The fomulae used in both studies #1 and #2 were prepared by 

Ross Laboratones, Columbus, Ohio as liquid, ready-to-feed fomula. 

The sow milk had simiiar levels of 18: 1 (n-9) (37.5%), but had lower 18:2(n-6) 

(1 1.1 %) and 18:3(n-3) (1 -1 %) than any of the formula. About 60% of the l6:O in the 

milk was esterifiecl to the sn-2 position of the milk triglyceride. The sow milk also 

contained 0.52 mmoUL cholesterol and 0.7% and 0.1% fatty acids as 20:4(n-6) and 

22:6(n-3), respectively. The fatty acid composition of the fomulae and sow milk were 

determined by gas liquid chromatography following precipitation of fatty acid methyl 

esters using the method of Lepage and Roy (1 986). 

3.2. TISSUE COLLECTION AND ANALYSIS 

3.2.i. Tissue Collection 

At 18 days of age (study #1), or at 15 days of age (study #2) and between 

0900hr and 1030hr1 the piglets were fed 60ml of formula. Then, 3 hr later, the piglets 



were anaesthetized with ketarnine:rompun. 37.5:3.75 mgkg (MTC Pharmaœuticals, 

Cam bridge. ON; Bayvet Division, Chenango, Ltd.. Etobicoke. ON, respectively) by 

intramuscular injection. This protocol was used in order to control the time post-feed 

and amount of feed consumed prior to blood collection. The piglets were not fasted 

prior to study because under normal circumstances milk-fed piglets and human infants 

are never in a fasted state. Similar control of the volume of milk consurned at the last 

feed, however, to that of the formula-fed piglets was not possible for the milk-fed piglets. 

Blood samples were drawn by cardiac puncture using syringes rinsed w'th 0.4rnM 

EDTA The animals were sacrificed by intracardiac injection of 1 M KCI. Plasma was 

prepared by centrifugation and with the exception of aliquot samples for HDL 

cholesterol, the samples were froten at -8WC until further biochemical analyses. After 

laparotomy, the liver was removed, bile was drawn from the gallbadder and the 

gallbladder removed. The bile was immediately frozen in liquid nitrogen and stored at - 

80° until further lipid analysis. The liver was blotted dry, visible connedive tissue 

removed, and the organ then weighed. One gram samples of Iiver were taken for 

irnmediate preparation of micmomal and cytosolic fractions. Additional l g  samples 

were also taken and immediately frozen in liquid nitrogen and stored at -80°C until 

preparation of RNA An additional portion of liver was taken, homogenized in saline and 

aliquots imrnediately frozen in liquid nitrogen and stored at -80°C for later tissue lipid 

analysis. 

3.2.2. Plasma Biochernical Analyses 

The plasma total cholesterol and triglyceride concentrations were detemined 

using enzymatic colorimetric kits from Diagnostic Chernicals Ltd. (Charlottetown, PEI). 



Table 3.1. Major fatty acfd composition and cholesterol content of formula4 and sow milk. 

Formula 

synthesized T G ~  conventiona14 conventional-egg PL= sow milk -- 

(4 (+) (-1 ($1 

fatty acids' 

12:O + 14:O 8,9 8,4 7.9 7.6 6.6 3.8 

position of 1 6:03 

sn-2 47.0 47.0 6.3 6.3 

'Data for faîty acids in g1100g. 2 ~ a t a  for cholesterol in mmolll, formula or milk. 'percent of total 16:O in sn-2 or sn-1,3 poskion of the 

formula or milk triglyceride. 4 ~ h e  formulae cbntained (per L) 67g total fat, 589 protein, 60g carbohydrate and 4427 kJ. 5~ormulae 

provided with (+) and without (-) cholesterol.  ormu mu la supplemented with 9.5glL egg phospholipid which contained in total fatty acids 



The total cholesteml assay kit was bas4 on the methad of Alain et al. 1974. 

This rnethod was designed based on the principle that cholesterol esters are hydrolyzed 

to unesterified chalesterol by cholesterol esterase. The unesterified cholesterol is then 

oxidized by cholesterol oxidase to cholesten-J-one and hydrogen peroxide. The 

hydrogen peroxide that is produced will react with 4aminoantipyrine and phenol in the 

presence of peroxidase to yield a chromagen with maximum absorbance at 505nm. 

Therefore. the intensity of the colour is directly proportional to the amount of total 

cholesterol in the sampie. The kit pmvided 4-arninoantipyrine, peroxidase, cholesterol 

estetase and cholesterol oxidase in one reagent and a phenol reagent. The amount of 

total cholesterol in piglet plasma was determined using 25pI of plasma. Regression 

analysis was used to generate a standard cuve of absorbance values at 505nrn 

deterrnined from van'ous concentrations of a cholesterol standard. The equation 

generated ffom this was used to calculate the concentrations of total cholesterol in 

piglet plasma tom the absorbante values at 505nrn. The intra- and inter-assay 

van'ation was deterrnined to be less than 5%. 

The triglyceride assay kit was baseâ on the method of McGowan et al. 1983. 

This method is based on the pnnciple that triglyceride is hydrolyzed to glycerol and 

unesterified fatty acids by lipase. In the presence of ATP and glycerol kinases the 

glycerol is converted to glycerol-1-phosphate. The glycerol-A-phosphate is oxidized by 

glyceml phosphate oxidase to yield hydrogen peroxide. The condensation of hydrogen 

peroxide with 3,5-dicholore2-hydroxy-benzenesulfonic acid and 4arninoantipyflne in 

the presence of peroxidase produœs a red colored quinoneimine dye which absorbs at 

51 5nm. The kit provided a reagent with AT?, 3,5dicholoro-2-hydroxy-benzenesuIfonic 



acid, 4aminoantipytine. peroxidase. glycerol phosphate oxidase. glycerol kinase and 

lipase. a buftkr and a triglyceride glycerol standard. The amount of triglyceride in piglet 

plasma was detemined using 10pI of plasma. Regression analysis was used to 

generate a standard curve of absohance values at 51 5nm determined from various 

concentrations of the triglyceride glycerol standard. The equation generated was used 

to calculate the concentrations of triglyceride in piglet plasma fiom the absorbance 

values at 51 5nm. 

HDL total cholesterol was determined in plasma using the enzymatic kit for 

rneasurement of total cholesterol. following precipitation of apo B Iipoproteins with 

heparin-manganese chloride (Gidez et al. 1982) within 6 hr of blood collection. The 

amount of cholesterol associated with apo &containhg lipoproteins 

(chylomicron+VLDL+LDL) was calculated as the difference between the total and HDL 

cholesterof concentrations. 

Plasma unesterified fatty acid concentration was detemined using an enzymatic 

kit from Wako Chernicals USA (Richmond, Virginia). This method was designed based 

on the prïnciples that unesterified fatty acid and Coenzyme A (CoA) when treated with 

acyl-CoA synthetase f o n  acyf-CoA. The acyl-CoA is then oxidized by acyCCoA oxidase 

to 2.3-transenoyl-CoA and hydrogen peroxide. The hydrogen peroxide that is 

produced will react with 4-aminoantipyrine and 3-rnethyCN-ethyCN-(J.3-hydroxyethy1)- 

aniline in the presenœ of peroxidase to yield a purple chromagen with maximum 

absorbance at 550nrn. Therefore, the intensity of the colour is directly proportional to 

the amount of unestetified fatty acid in the sample. The kit provided one reagent 

containing Caminoantipynne, CoA, acyl-CoA synthetase and ascorbate oxidase; and a 



second reagent cantaining peroxidase, acyl-CoA oxidase and 3-methyCNethyl-N-(p- 

hydroxyethy1)-aniline. The amount of unesterified fatty acid in piglet plasma was 

determined using 5 0 ~ 1  of plasma. Regression analysis was used to generate a standard 

curve of absorbance values at 550nm determined from various concentrations of an 

unesterified fatty acid standard. The equation generated from this was used to 

calculate the concentrations of unesterified fatty acid in piglet plasma h m  the 

absorbance values at 505nm. The intra and inter assay variabifity as determined by the 

manufacturer was less than 10%. 

Plasma thyroid hormone concentrations were determined using Garnrnacoatm 

['251] radioimmunoasay kits fram I NCSTAR Corporation (Stilhnrater, MN). Measurement 

of total triiudothyronine (T3) was based on the principle that T3 present in samples 

corn petes with an [1251]-labelled T3 tracer for a limited number of binding sites on a rabbit 

anti-human T3 antibody immabilized on the lower inner wall of the GamrnacoatM tube. 

The amount of ['251]-labelled T3 tracer bound to the tube as determined using a Gamma 

Counter, is inversely proportional to the concentration of T3 in the sample. A standard 

curve is prepared from serurn standards and sample values determined from the 

standard curve by interpolation. The assay for free T3 follows a similar procedure except 

an ['251] free T3 tracer is used. The assay for total and free T4 uses mouse monoclonal 

anti-human T4 antibody wated tubes and an ['25f]-labelled TI tracer and an ['"Il- 

labelled free T4 tracer. The sensitivity of the total T3, free T3. total T4 and free T4 

radioimmunoassay as determined by the manufacturer is 0.09ng/mll 0.02 pglml. 

0.98pgfdL and 0.07ng/dL, respectively. The intra and inter assay variability as 

detemined by the manufacturer was less than 10%. 



Plasma insulin concentrations were deteminecf using a radioimmunoassay from 

lrnrnunocorp (Montreal. PQ). Measurement of insulin was based on the principle mat 

insulin present in samples cornpetes with an ['2?]-labelled insulin for a limited number of 

binding sites on an anti-insulin antibody immobilized on the lower inner wall of tubes 

provided by the k i t  The amount of [1251j-labelled insulin bound to the tube as 

deterrnined using a Gamma Counter, is inversely proportional to the concentration of 

insulin in the çarnpie. A standard curve was prepared from serum standards and the 

sample values were determined from the standard curve by interpolation. The 

sensitivity of the assay as determined by the manufacturer when defined by the amount 

of insulin standard that will reduce the maximal binding of the tracer by 5%, is 

26.7prnoUL. The intra and inter assay variability as detemined by the manufacturer 

was less than 10%. 

The plasma glucagon (pancreatic) concentrations were deterrnined using a 

radioimrnunoassay from ICN Biochemicals Inc. (Costa Mesa. CA). Measurement of 

glucagon was based on the principle that glucagon present in samples cornpetes with 

an [1251]-labelled porcine pancreatic glucagon for a limited nurnber of binding sites on a 

rabbit anti-porcine pancreatic glucagon antibody. The procedure invofves incubating 

the standards, mntrols and samples with the rabbit anti-porcine pancreatic glucagon 

antibody followed by addlion of the ['t51]-labelled porcine pancreatic glucagon. 

Polyethylene glycol and a goat anti-rabbit gamma globulin antibody are then added to 

precipitate the antigen-antibody cornplex. The amount of [1251]-labelled pancreatic 

glucagon present in the precipitate as determined using a Gamma Counter. is inversely 

proportional to the concentration of pancreatic glucagon in the sample. A standard 



cuwe was prepared from semm standards and the sample values were determined 

h m  the standard curve by interpolation. The cross-reactivity of the rabbit anti-porcine 

pancreatic glucagon with porcine pancreatic glucagon, enteroglucagon and human 

insulin was 100%, 0.001 3% and 0.0005%, respectively. 

3.3.3. Liver and Bile Lipid Analyses 

Total lipids were extracted from liver according to the method of Folch et al. 

(1 957). Bile lipid was extracted using chlomform:methanol(1:2. vollvol), and exposed ta 

fluorescent light ovemight to permit photodegradation of biliary pigments. prior to 

quanttfying cholesterol. total bile acids (Mashige et al. 1981) and phospholipid (Chen et 

al. 1956). Liver lipid fractions were separated by thin layer chromatography (Hrboticky et 

al. 1 990). The bands were visualized with 2'7'dicholorofluorescein (Su pelco Inc., 

Bellefonte, PA) and then scraped and eluted from the silica with chloroform:methanol 

(2:l. vollvol). Liver and bile total cholesterol concentrations and liver triglyceride 

concentrations were detennined using the same rnethod described for plasma after 

reconstitution in isopropanol. Liver and bile phospholipid was determined by assay of 

lipid phosphorus (Chen et al. 1956. Gurantz et al. 1981, respectively). Protein was 

deterrnined by the method of Lowry et al. 1952. 

Liver and bile fatty acid methyl esters were prepared by transmethylation using 

methanolic HCI (15, vollvol) at 100°C for 5 min. Methyl esters were partitioned twice 

with 3mI of saline and 4ml pentane. The pooled pentane layers were dried under N2- 

The liver phospholipid, triglyceride and chalesteml ester and bile phospholipid fatty acid 

methyl esters were separated and quantified by gas liquid chromatography (Varign 

6000, Varian Canada Ltd.. Georgetown, ON) with flame-ionization detection by using a 



30m x 0.25m ID nonbonded, g las  capillary SP 2330 column (Supelco, Inc. Bellefonte. 

PA). Heliurn was the carrier gas at a column fiow of Imllmin. and an inlet pressure of 

103.35 kPa. Fatty acid methyl esters were iaentified by comparison with retention times 

of authentic standards and quantified on the basis of 17:0, added in known quantity, as 

an intemal standard. 

3.3.4. RT-PCR Quantification of mRNA 

The RT-PCR method used to detemine the levels of LDL receptor, HMG-CoA 

reductase, C7H, ACC and FAS mRNA was developed bas& on methodology described 

by Chelley and Kahn (1 994). This procedure involved reverse transcribing a known 

quantity of total RNA to generate a p l  of cDNA, representing the RNA in the original 

sample. PCR was used to amplify the cDNA comsponding ta the mRNA of interest. The 

expression of P-adn for each sarnple was also determined and Viis was used as an 

intemal control for the eficiency of each RT-PCR reaction. The intra and inter assay 

variability between RT-PCR reactions was determined on randorn samples of Iiver RNA 

from formula-fed piglets. Both were determined to be l e s  than 10%. The findings are 

preçented in the Results section, Table 4.2 and Figure 4.3 and 4.5. 

Total RNA was isolated fmm liver tissue using guanidinium isothiocyanate followed 

by cesiurn chloride density gradient centrifugation (Chirgwin et al. 1979), in study #1 and 

by using TRIZOLO (Life Technologies Inc., Burfington, ON), in study #2. The TRIZOLO 

reagent is a phenol and guanidinium isothiocyanate solution and follows a modified 

protocol of the gaunidinium-phenol-chioroforni extraction procedure for RNA isolation 

describeci by Chomczynski and Sacchi (1987). Following extraction of total RNA, the RNA 

preparations were tmted with 10 units of RQ1 RNase-free DNase (Promega, Madison 



Wisconsin) to ensure no genornic DNA contamination. The RNA was quantified by 

deterrnining the optical density reading at a wavelength of 26Onrn using a 

specCrophdometer (Du 640. m a n  Instruments Inc. Fulerton. CA ). 

Total RNA ( 2 . 5 ~ )  was used for first strand cDNA synthesis using M-MLV reverse 

transcriptase (Gibco BRL, Burlington. Canada) in 50mM Tris-HCL. 75mM KCI, 10mM 

DlT, 3mM MgCI2, 2mM dNTPs (Gibco BRL. Burlington. Canada) and 10 units 

recombinant RNase inhibitor (Clontech. Palo Alto, Califwnia) using 250pmol randorn 

hexarners (Gibco BRL, Burlington, Canada) as a primer for synthesis in a total volume of 

25~1. The reaction time was 10 min at 20°C followed by 60 min at 37°C. The resulting 

cDNA pool for each RNA sample was divided into aliquots (3pl) W h  one aliquot used in 

each PCR reaction. Separate PCR reactions were nin for LDL receptor, HMG-CoA 

redudase. C7H, ACC, FAS and B-actin. 

The PCR readion contained 20mM Tris-HCI. 50mM KCI, 1 SmM MgCh 0.8mM 

dNTP (Gibco BRL, Burlington, Canada), 12pmol of each gene specific primer and 2.5 units 

of Taq DNA Polymerase (Gibco BRL, Burlington. Canada). The PCR reactions for FAS 

and C7H also contained 2.5% dimethyl sulfoxide (Filichkin and Gelvin 1992, Varadaraj 

and Skinner 1994). The primer sequenœs used to ampl@ a fragment of each gene are 

given in Table 3.2. The prirners designed to amplify a fragment of the ACC cDNA were 

based on the human cDNA sequence characterized from HepG2 cells whicb codes for 

the 265kDa enzyme and were designed to amplify a fragment between nucleotide 1920 

and nucleotide 2217 (Abu-Elheiga et al. 1995). The primers designed to amplify a 

fragment of p-actin cDW, FAS cDNA, LDL receptor cDNq HMG-CoA reductase cDNA 



and C7H cûNA were baçed on the published human sequences for each gene (Ng et al. 

1985, Jayakumar et al. 1995. Yamamoto et al. 1984, Luskey et al. 1985, 

Nishimoto et al. 1993. respectively). The PCR amplification cyde was 94°C for 30 sec 

followed by 65" for 1.5 min for HMG-CoA reductase, LDL receptor and p-adin; and 94°C 

for 30 sec. followed by 60°C for 1 -5rnin. for ACC, C7H and FAS. The number of cycles 

used for the PCR readions were gene speatic and were determined to be in the 

exponential phase of the amplification process (Chelley and Kahn 1994) (Figure 3.1.). 

Table 3.2. Primer sequemes used for PCR. 
- - 

gene primer sequence PCR fragment ref. 
- 

acew-CoA carboxylase 

ACC1 (forward) 5'-AAGCTTTCAAATGAACAGAATTGA-3' 297bp Abu-Elheiga et al. tg95 

A C M  (reverse) S-GAGCCA~CATGATCACCACATAG-3' 

p-actin 

AC-2 (forward) 

AG3 (reverse) 

fatty acid synthase 

FASl (forward) 

FAS2 (reverse) 

HMG-CoA redudase 

HMGL (forward) 

HMGR ( m e )  

7a-hydroxylase 

7AH-L (forward) 

7AH-R (reverse) 

LDL receptor 

LDL-2 (forward) 5'-GACAACCCCGTCTATCAGAAGAcC.3 98bp Yamamoto et al. 1984 

LDL ? (~Wer~e)  9-GACCATCTGTCTCGAGGGûTAGGTAGG3' 

Ng et al. 1985 

SLAAGAAGGATCAWGGGACAACG3' 323bp Jayakuma r et al- 1995 

5'-CCACACTATGCTCAGGTAGCCA-3' 

Luskey et al. 1985 

Nishimoto et al- 1993 



Figum 3.1. Representative photograph of RT-PCR products obtained to 
ascertain the number of PCR cydes that will be used in the RT-PCR assay. 
This photograph shows the final PCR produds obtain for HMG-CoA redudase. Lane 1, 
Ladder (50bp DNA Ladder, G i b  BRi, Burlington, Canada); fane 2,22 cycles; fane 3.25 cycles; 
lane 4,27 cycles; lane 5,3û cycles; lane 6,32 cydes; lane 7,35 cycles; lane 8,37 cycles; lane 9,40 
cydes; lane 1 O, 42 cycles. 

The number of PCR cycles completed for each gene h s :  LDL receptor 35 cycles, HMG- 

CoA redudase 35 cycles, C7H 35 cycles, FAS 35 cycles, ACC 35 cycles, and P-actin 25 

The PCR readions (1 Op1 each) were resolved on a 1.5% agarose-1 XTBE gel and 

stained with ethidium bromide. A photograph was taken with Kodak TRI-X pan film. The 

negatives were scanned wiUi a video densitometer (Model620, Bio-Rad. Mississauga, 

Ontario, Canada) to detemine the relative intensity of the bands and this was expresseci 

per pg RNA used in the original RT reaction. 

3.3.5. Enzyme Assays 

Liver microsornes and cytosolic fractions were prepared amrding to the method 

of Hackman et al. (1 996) with some modifications. Liver samples (1 g) were immediately 

homogenized in 9ml of icecold buffer containing 0.3M sucrose, 50mM NaCl and 10mM 

EDTA at a pH 7.4 using a Potter-Elvejhern tissue homogenizer then centrifuged, 8500g 



for 15 min at 4°C. The supematant was removed and œntrifuged ai 100,00Og, 60 min 

at 4°C. The top layer of fat was removed and the remaining supematant, the cytosdic 

fraction. was used for detemination of FAS acüvity (Kumar and Dodds 1981). The 

resulting microçornal pellet was resuspended in 3.5 ml of otiginal homogenization 

buffer, 10mM DTT plus Zrnglrnl aprotinin (proteinase inhibitor) and then stored at -80°C 

until further analysis. 

FAS activity was detemined in cytosolic fractions using a spectrophotornetric 

assay according to the rnethod of Kumar and Dodds (1 981). This method involved 

measuring the rate of NADPH oxidation determined by following the change in the 

absorbance of NADPH at 340nm. Brîefly, aliquots of isolated hepatic cytosolic fractions 

containing 5mg of protein in 1 M KH2P04 pH 7.0 and 14.97mM DTT were incubated for 

15 min. at 37°C. The aliquots were divided in three and ta each was added NADPH 

and acetyl CoA at final concentrations of I mM and 0.33mM, respectively, at 30°C. The 

change in absorbance ai 340nm was then measured at 30°C for 2-3 min to detenine 

the background rate of NADPH oxidation for each sample. Following this. malonyl CoA 

was added to each sample to yield a final concentration of 4.2mM ai 30°C. The change 

in absorbance at 340nm was then measured at 30°C for 2-3 min. A standard curve was 

prepared from known concentrations of NADPH. The net change in absorbance at 

340nrn was calculated and for each sample the amount of NADPH oxidized detemined 

from the standard curve by interpolation. The final activity was calculated as nmol of 

NADPH oxidized per min. per mg protein. 

HMG-CoA reductase activity was determined using the method of Hackman et al. 

(1 996), with some modifications. Microsomal fractions containing 1 mg of protein were 



incubated for 60min. at 37°C with the substrate cofactor mix containing, at a final 

concentration, 0.2M KH2P04, 40mM glucose-6-phosphate, SmM NADP, 20mM EDTA 

and 10mM DTT at a pH of 7.4. Following this, 1 unit of glucose-6-phosphate 

dehydrogenase (type XV from Baker's Yeast, Sigma Chemicals, St. Louis MO), 25p1 of 

1 ï6pM HMG-CoA (Sigma Chemicals) and 3.7 KBq of [ ' 4 ~ ] ~ ~ ~ - ~ o A  (Dupont NEN 

Products, Boston, MA) was added, to a final total volume of 21 0p1, and the reaction 

allowed to proceed for 15 min, at 37°C. The reactions were stopped by addition of 25 pl 

of 6M HCI, and then incubated at 37°C for 30 min to allow conversion of mevalonate to 

mevalonolactone. The [14~]mevalonolactone was separated ffom the remaining 

['*c]HMG-COA by extraction with toluene. Ten ml of toluene and 0.5 g of sodium 

sulphite were added, the reaction shaken for 5 min, and then placed ai room 

temperature for 30 min. The amount of ['4~]rnevalonolactone resulting from the 

reaction was determined by liquid scintillation counting (LS 60001C Beckman, Fullerton, 

CA). 

3.4. STATISTICAL ANALYSlS 

3.4.1. Study #1 

Analysis to detemine the effect of formula-Ming in cornparison to milk-feeding 

from birth to 18 days of age was performed using one-way analysis of variance (ANOVA). 

T w m y  ANOVA was used to examine the effèct of the formula cholesterol content and 

the positional distribution of 16:O in the formula triglyceride. Forrnal tests of difterences 

among groups utilized Fisher's L e a s t  Square Difference and were bas& on least squares 

means and standard errors calculated from the ANOVA All calculations were perfonned 

using the Statistical Package for the Social Sciences (SPSS), standard version 7.5.1 



(SPSS Inc, Chicago, Illinois). Differenœs were considered statistically significant if the F 

statistic P value was CO-05. 

3.4.2. Study #2 

Analysis to detennine the effect of supplementing formula with egg phospholipid, 

providing 20:4(n-6) and 22:6(n-3). was performed with oneway analysis of variance 

(ANOVA). If no statistically significant effects of feeding the standard-AA+DHA formula 

compered to the standard formula were found. the resuits of the twvo groups of formula-fed 

piglets were combined and then compared to the reference group of çow milk-kd piglets. 

Differences were considered statistically significant if the F statistic P value was e0.05. 

Linear regression was used ta explore the potential relation between the 

percentage of 20:4(nô) and 22:6(n-3) in hepatic phospholipid and triglycende and the 

levels of FAS mRNA and ACC mRNA. Where significant relations were found, the 

preckion wÏth which analysis of the percentage of 20:4(n-6) and 22:6(n-3) in liver 

triglycende and phospholipid could be used to predict the hepatic levels of ACC mRNA 

and FAS mRNA and activity was detemined by calculation of the 95% prediction limits. 

Ali calculations were performed using the Statistical Package for the Social Sciences 

(SPSS) for Windows, standard version 7.5.1 (SPSS Inc, Chicago, Blinois). 



4. RESULTS 

4.1. STUDYM-PART I 

4.1 -1. Body and liver weights and Plasma lipid and hormone concentrations. 

The body and liver weights of the piglets at the end of the feeding perïod are 

shown in Figure 4.1 (Appendix 1). There were no differences in either body weight or 

liver weight among diet groups. 

Piglets fed the conventional formula. with most of the 16:O esterifieci to the 

trig lyceride sn-1 and 3 positions, however, had sig nificantly hig her p las~a cholesterol and 

tnglyceride concentmtions than piglets M the synthesized TG formula (Figure 4.2, 

Appendix II). The indusion of cholesterol in the conventional and synthesized TG fornula 

was assocl'ated with higher mean plasma total and HDL cholesterol and tnglyceride 

concentrations than in piglets fed the conventional or synthesized TG formula without added 

cholesterol. However. the differences, represenüng an increase of about 6% and 2% for 

total cholesterol, 2% and 6% far HDL cholesterol and 19% and 3% for triglyœrides, 

respedvely, were not of statistical significance. The piglets fed formula. regardles of the 

fomub cholesterol content or the positional distribution of 16:Q in the formula triglyceride, 

had significantly lower (Pc0.05) plasma conœntrations of total and HDL cholesterol and 

tnglycetide than the piglets fed sow rnilk. The piglets fed formula also had lower 

concentrations of apo Bantaining lipopmtein cholesterol than the piglets fed sow milk. 

Statistical anaiysis of differences in apo B were not wnducted because apa B cholesteml 

Ievels were calculated from the differenœ between the values for total cholesterol and the 

values for HDL cholesterol, and not directly measured. 
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Figure 4.1. Body and liver weights of piglets fed formula or mil k 
to 18 days of age. Data presented as rnean + SEM, n=6 for each diet 
P " P -  



conventional fomula (-) cholesterol 
Lm conventional fomufa (+) cholesteml 

synthesized triglycerïde (-1 chol&erol 
synthesked triglyceride (+) cholesterol 
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total HDt apo Bantaining 
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Figure 4.2. Concentrations of cholesterol and triglycerkfe in plasma 
of pigiets fed formula or milk to 18 days of age. 
Data presented as rneans + SEM. n=6 for ali diet groups. Values for 
piglets fed fomula significantly different from value for piglets fed milk 
(Pe0.05). *~ignificant effect of the positional distribution of 16:O in the 
formula tnglyceride (Pc0.002). No signficant effect of addition of cholesterol 
to the fomula was found. ' ~ o t  analyzed statistically. Analysis was mnduded 
on non-fasted blooâ samples. 



Neither the positional distribution of 16:O in the triglyœride nor the didesterd 

content of the formula had any signifcant e M  on the plasma thyroid hormones or 

unesterified fatîy aad concent~ons in the formula-fed piglets (Table Al.). However, 

plasma free T4 levels. were significantly higher, and glucagon and unesterified fatty acid 

concentrations wre lower (P<0.005) in the pigletç fed fornula than in the piglets fed milk. 

Further, the plasma levels of total T3, free T3, glucose and insulin were cunsistently lower, 

and the levels of total T4 were consistently higher. akhough not significantiy higher, in 

pigletç fed formula than piglets fed milk. 

4.1.2. Hepatic and bile iipid composition. 

The addition of cholesterol to the formula was associated with significantiy 

(Pc0.05) higher hepatic cholesterol concentrations but had no significant effect on the 

hepatic ttiglyœride concentrations of the forrnula-fed piglets (Figure 4.3, Appendix III). 

The positional distribution of 16:O in the fomula tffglyceride. on the other hand, had no 

significant effect on hepatic triglyœride or cholesterol concentrations. The piglets fed 

either the conventional or synthesized TG formula without cholesterol had significantly 

lower (Pc0.05) hepatic cholesterol concentrations than the piglets fed milk. The piglets 

fed formula, regardless of cholesterol concentrations or the positional distribution of 16:O 

in the fomula triglyœride, had signifmntly lower (Pc0.0001) hepatic tnglyceride 

concentrations than the piglets fed rnilk. 

The pmonal distribution of 16:0 in the formula triglyœride did have a statistically 

significant effect on bile acid concentrations in bile with piglets fed the synthesized TG 

formula having a significantly lower (PcO.01) concentration of bile acids in bile than piglets 





conventional formula (-) cholesterol 
conventbal formula (+) cholesterol 
syBaiwized triglycen'de (-) cholesterol 
synthesired trig iyceride (+) chdesteml 
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A, Liver 

cholesterd triglyceride 

B. Bile 

bile acids phospholipid 

Figure 4.3. Concentrations of liver Iipids and bile llpids and bile acids 
in piglets fed formula or milk to 18 days of age. 
Data presented as meen + SEM, n=6 for each diet group-Values for piglets 
fed formula signifcantly different from value for milk-fed piglets (PeO.05). 
tsignificant effect of adding chdesteml to the formula (P<O.OS).S Signifiant 
effed of the positional distribution of 16:O in the formula triglyceride (P<O.Ol). 



fed the conventional fonula ( F i g u ~  4.3, Appendix III). The addition of cholesterol to the 

formula, however, had no e W  on the bile cholesterol or bile acid concentrations. 

Interestingiy, the addioon of cholesteml to the conventional formula was associateci with a 

25% d e m a s e  in bile phospholipid concentrations. whereas. the addition of cholesterol to 

the synthesized TG formula was associateci with a 69% inaease in bile phospholipid 

concentrations. A significant interaction (Pc0.03) between the positional distribution of fat@ 

atids in the formula tnglyœride and the cholesterol content of formula was observed for bile 

phospholipid concentrations. Howaver, when analyzed separately, these differenœs were 

not statisticafiy significant However, the piglets fed formula, regardless of cholesterol 

content or the positional distribution of 16:O in the formula triglyceride, had signficantly 

lower (Pc0.05) mnœntratiuns of bile acïds, total diolesterol and phospholipid in bile than 

piglets fed milk. 

4.1.3. Hepatic LDL receptor, HMG-CoA reductase and C7H RNA. 

The integrity of the total RNA isolated from the piglet liver is shown in Figure 4.4. 

A RT-PCR assay was developed and used to determine mRNA levels for HMG-CoA 

reductase, LDL receptor and C7H because of the greater degree of sensitivity and 

accuracy afforded with this method cornpareci to Northern Blot Hybridization (Chelley 

and Kahn 1994, Foley et al. 1993). The inter and intra assay variability of each RT-PCR 

reactian were deterrnined to be less than 10% (Table 4.2. and Figure 4.5.). Examples 

showing the final products obtained for each of the RT-PCR reactions for each of the 

genes studied are illustrated in Figure 4.6.. Neither the addition of cholesterol to the 

formula nor the positionai distribution of 16:O in the formula triglyceride had any 

statistically significant effect on LDL receptor, HMG-CoA reductase or C7H mRNA levels 



in the fmula-fed piglets (Figure 4.7, Appertdix N). The be ls  of HMGCoA reductase 

mRNA and C7H mRNA in the formula-fed piglets, in contrast, were significantly (Pc0.05) 

higher than in the milk-fed piglets. LDL receptor mRNA leveis were sirnilar in the rnilk-fed 

and formulafed piglets. 

Figure 4.4. A representaüve phobgraph IlIusWating the inbgiSty of total 
RNA isotabed fran ber of pigleg k d  formuia or milk for 18 days. Five miaograms 
of total RNA was resolved on IXfBE gel and stained with ethidiurn bromide. The ribosornal 
bands are rnarked. Lane 1, rnilk; lane 2, conventional fomiula (-) cholesterol; lane 3, conventional 
fomiufa (+) cholesterol; lane 4, synüesited TG formula (-) cholesteroi; lane 5, syntheçized TG 
m u l a  (+) chofesterol. 

Table 42. RT-PCR Intra- & Interassay Variability 

intraassay variability inter assay variability 

gene mean1 r SEM percentage2 mean' F S.D. percentage3 
- - -- - 

$-adin 

HMG-CoA redudase 241 -8 -t 4.2 1.7% 

LDL Receptor 242.7 + 7.4 3.1 O h  

C7H 237.7 +, 5.3 2.2% 

1 Values given in absorbance units per pg of RNA. 'percentage = (SEM I rnean)*I 00. 
'~ercenta~e = (S. D. I mean)*lOO. 
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Figure 4.5. Representative photograph showing examples of the RT-PCR 
products obtained to calculate the inter and intra-assay variabilii for HMGCoA 
reductase. Ten pi of the PCR readon were resoived on a 1.5% 1 X TBE gel stained 
with ethidiurn bromide. 

Figure 4.6. Representaüve photograph showing examples of the RT-PCR 
products obtained for each gene. Ten pl of the PCR reacüon were 
resalved on a 1.5% 1 X TBE gel stained with ethidium bromide. Lane 1, ladder; 
lane 2, p-adin; lane 3, LDL receptor; lane 4. HMGCoA reductase; lane 5. C7H. 
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conventional formula (+) chdestefol 
synthesized trigiyceride (-1 cholesterol 
synthesized trigiyceride (+) chofesteml 
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LDL receptor mRNA 

Figure 4.7. Hepaüc 7%-hydroxylase, HMG-CoA reductase and LDL 
receptor mRNA levels. Data presented as mean + SEM. n=6. 
'Densitometn'c units per mg RNA. Values for piglets fed formula significantly 
different fmm piglets fed milk (P<0.01). 



4.2. STUDY #? - Part II. 

In the first part of this study, the piglets fed formula, regardless of cholesterol 

content or the positional distribution of 16:O in the formula triglyceride had significantly 

lower plasma and hepatic triglyœride concentrations than piglets fed milk. This 

prompted an investigation as tu whether or not there are differences in hepatic fatty acid 

synthesis between milk and formula-fed piglets. The levels of hepatic FAS mRNA and 

activity and ACC mRNA were detemined as indicators of fatty acid synthesis. The 

levels of mRNA were detemined using RT-PCR, as in part 1. The intra- and interassay 

variability are given in Table 4.3.. Examples showing the final produds obtained for 

each RT-PCR reaction for FAS and ACC are illustrated in Figure 4.8.. 

Table 4.3. RT-PCR Intra and Inter Assay Variability 

intra-assay varia bil ity inter assay van'ability 

gene mean' I SEM prcentage2 rnean' k S.D. percentage3 

FAS 

ACC 
1 Values given in absorbante units per pg of RNA. '~ercentage = (SEM 1 mean)'100. 
3 Percentage = (S.D. 1 mean)*100. 

The addition of cholesterol to the formulae led ta significantiy lower (Pc0.01) 

levels of hepatic FAS mRNA, but had no significant effect on hepatic ACC mRNA than in 

piglets fed the formulae without cholesterol (Figure 4.9, Appendix IV). Piglets fed the 

formula with 16:O at the sn-2 position of the fomula triglyceride had significantly higher 

(p<0.0004) levels of hepatic ACC mRNA and lower (Pc0.03) levels of hepatic FAS 

mRNA and activity than piglets fed the wnventional fomula with the majority of 16:O at 

the sn-1,3 position. Piglets fed fomula, regardless of the cholesterol content or the 



positional distdbution of 16:O in the formula triglyceiide had significantly higher levels of 

hepatic ACC mRNA than piglets fed milk. There were no significant differences in 

hepatic FAS mRNA and activity levels between piglets fed milk and piglets fed any of 

the formula. 

Figure 4.8. Representative photograph showing examples of the RT-PCR 
products obtained for each gene. Ten pi of the PCR faaction were resolved on a 
1.5% 1 X TBE gel stained with ethidium bromide. Lane 1, ladder; tane 2, actin; fane 3, 
ACC; fane 4, FAS. 



conventional formula (-) cholesterol 
conventional formula (+) ctiolesterol 
synthesized ûiglyceride (-) chdesteml 
synthesired trigiyœride (+) choiesterol 
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aœtyi CoA carboxyiase mRNA 

fatty aad synthase mRNA 

fatty aad synthase adivity 

Figure 4.9. Hepaic acetyl CoA carboxylase mRNA and fatty acid synthase 
mfWA and activity. Data presented as mean + SEM, n=6 per diet group except 
for FAS adivity, n=3. '~ensitornetric units per mg RNA Values for piglets fed formula 
significantly different from values for piglets fed milk (Pc0.05). t Significant effed of 
adding cholesteml to the formula (Pc0.01 ).$Significant effed of the positional distribution 
of l6:O in the formula triglyceride (P4-01). 



4.3. STUDY #2 

Study #2 determined the eff& of induding the long chah polyunsaturated fatty 

acids. 20:4(M) and 22:6(n-3), in formula in order to investigate the potential effect of these 

fatty acids, which are present in milk but absent from infant formula, on hepatk lipid 

metabolism. The anventional fomula was supplemented with egg phospholipid (9.5911) to 

provide 0.8% 20:4(n-6) and 0.25% 22:6(n3), compareci to the levels of 0.7% and 0.1 %, 

respectively, present in sow milk fatty acids (Table 3.1). Egg phospholipid was used as a 

source of 20:4(n-6) and 22:6(n-3) because it is wmntiy k ing  added to experimental infant 

formula and is undergoing dinical trials (Austead et al. 1996, Carlson et al. 1996). Originally 

the study was designed such that there were 6 piglets assigned to each of the formula 

groups, amventional and amventionalegg PL  However, three of the pglets assigned to 

the conventional formula group contraded severe diantiea during the M i n g  period. At the 

end of the feeding period, the weights of these piglets were at least 1 kg Iower than the 

weights of heaithy piglets fèd the same diet Thus, the 3 piglets that had sufkred illness 

and growth failure were not induded in the study. As a resuit, the statistical power of this 

study is low, and Ehis must be considered when interpreting the results. 

4.3.1. Body and Iiver weights, and plasma Iipid concentrations. 

No differences in body or liver weights were observeci between piglets fed the 

conventional fomula and piglets fed the conventional fornula supplemented with egg 

phospholipid and piglets fed sow milk from birth for 15 days (Figure 4.10, Appendix V). 

Piglets fed the amventional formula supplemented with egg phospholipid had 

significantly (Pc0.05) higher plasma HDL cholesterol concentrations and higher plasma 
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Figure 4.10. Liver 8 Body WeigMs. Data presented as mean + SEM, 
for conventional formula, n=3; conventional+egg PL formula, n=6; rnilk, n=7. 



triglyceride concentrations than piglets fed milk (Figure 4.1 1, Appendix VI). The groups of 

piglets fed either the conventional formula or the amventional fornula supplemented with 

egg phospholipid had significantly (Pc0.001) lower levels of plasma total and HDL 

cholesterd conœntraüons than piglets fed milk (Figure 4.11.). The piglets fed either the 

conventional formula or the conventional fomiula supplemented with egg phospholipid al% 

had lower apo Bcontaining Iipoprotein cholesterol concentrations. However, no statistical 

analysis was mnducted on the values obtained for apo Bcontaining lipoprotein cholesterol 

concentrations because it was calculated from the differenœ between the values for total 

cholesterol and the values for HDL cholesterol. 

4.3.2. Hepatic lipid concentrations 8 fat& acids. 

Supplementation of the conventional fomula with egg phospholipid had no 

statistically signifiant efkt on the concentration of hepatic phospholipid, triglyœride or 

cholesterol in the liver of formula-fed piglets (Figure 4.12, Appendix VII). The piglets fed 

the supplemented fornula. however, had significantly higher concentrations of hepatic 

phosphalipid, despite no differences in triglyceride or cholesterol concentrations, than 

piglets fed rnilk. 

The piglets fed the formula supplemented with egg phospholipid had significantiy 

higher levels of 20:4(nô) and 22:6(n-3) in hepatic phospholipid and higher levels of 18:3(n- 

3) and 20:4(n-6) in hepatic triglyceride than piglets fed the conventional formula (Figure 

4.13, Appendix VII). The piglets fed the supplemented formula also had significantly lower 

levels of 18:O and 18:2(nô) in hepatic phospholipid and lower levels of 18:l (n-9) in hepatic 

triglyceride than piglets fed the conventional fomula. The groups of piglets fed 



conventional formula 
conventional+egg PL formula 

il milk 

tota l HDL apobntaining 

trig ly ce ride 

Figure 4.1 1. Plasma lipid concentrations. 
Data presented as mean + SEM, conventional formula, n=3; conventional+egg PL 
formula, n=6; milk. n=7. 'Significantiy different from values for piglets fed milk 
(Pc0.05). t Signifiant effect of supplementing the conventional formula with egg 
phospholipid (P<0.01). 
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cormentional+egg PL fomula 
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Figure 4.12 Hepatic lipid c o n c e ~ o n s .  Data presented as meao + SEM, 
n=3 conventional formula; n=6 conventionakqg Ptformula; n=7 milk 
'Signifïcantly different from values for milk-fed piglets (Pe0.05). 
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Figure 4A3. Major fatty acids in hepatic phosphollpid and triglyceride. Data presented as rnean + SEM, 
n=3 conventional formula; n=6 conventional+egg PL; 17.7 milk. * Significantly different from values 
for milk-fed piglets (Pe0.05). t Signifiant effect of supplementing the conventional formula with egg 
phospholipid (Pe0.05). 



the conventional formula or the conventional formula supplemented with egg phospholipid 

both had significantly levels of 16:0 in hepatic phospholipid and triglyceride. loww 

18:3(n-3) in hepatic phospholipid, higher 20:4(n-6) and 22:6(n-3) in hepatic phospholipid 

and trig 1 yceride, and hig her 1 8: 1 (na) and 1 8:2(n-6) in he patic triglyceride than pig lets fed 

sow milk. In contrast to piglets fed the fomula supplemented with egg phospholipid, piglets 

fed the conventional famula had significantly lower levels of 22:6(n-3) in hepatic 

phospholipid than piglets fed sow milk Piglets fed the formula supplemented with egg 

phospholipid. but not piglets fed the conventional formula, on the other hand, had 

significantly higher 20:4(n-6) and 22:6(n-3) in hepatjc phospholipid and triglyceride than the 

group of piglets fed sow milk 

4.3.3. Bile lipid concentrations and phospholipid fatty acids. 

Supplementing the fomula with egg phospholipid tended to increase concentrations 

of bile aeds and phospholipids in bile of formula-fed piglets, however. this was not 

statistically significant (-0.09 and @O. 10. respectively) (Table 4.4.). When comparecf to 

the reference group of piglets fed sow rnilk, piglets fed the conventional fomula had 

significantly lower bile concentrations of bile acids and phospholipid. In contra&, there were 

no ~ t ~ s ü c a l l y  signifimnt difFerences in bile phospholipid, bile acid or dioleçterol 

concentrations between piglets ièd the formula supplemented with egg phospholipid and 

piglets fed sow milk 

Piglets fed the fomiula supplemented with egg phospholipid had significantly higher 

levels of 20:4(n-6) and 22:6(n-3). but lower levels of 1 8: 1 (n-9) in bile phospholipid than 

piglets fèd the conventional h u l a  (Table 4.4). The piglets fed fomula. either with or 

without egg phos pholipid had sig nificantly lower levels of 1 6:0 and 1 8:3(n-3) in bile 



phospholipid than the piglets fed milk Pigletç fed the conventional formula also had 

significantly higher levels of 18: 1 (n-9) and 18:2(nô) than piglets fed milk. The piglets fèd 

the fonnula supplemented with egg phospholipid, but not the pigletç fed the conventional 

formula, had significantly higher levels of 20:4(n-6) and 22:6(n-3) in bile phospholipid than 

piglets fed milk. 

Table 4.4. Bile lipid composition. 

conventional formula mnventionaCegg PL formula milk 

bile acids (rnmoUL) 45.1I3.7' 64.7fô.9 70.9k4.6 

cholesteml (mmd/L) 2.7H.4 2.W.3 

phospholipid (mmoüL) 10.111 -2" 16.0k2.2 

Values presented as means I SEM, n=3 standard formula; n=6, 
standard-AA+DHA formula; n=7, milk 'Significantiy diiTerent from values for 
milk-fed piglets (R0 .05) .  tsignificant effect of supplementing the formula with 
egg phosp holipid 20:4(n-6) and 22:6(n-3), (PeO.05). 



4.3.4. Hepatic LDL receptor, HMGCoA reductase and C7H. 

The integrity of the total RNA isolateci from the piglet Iber is s h m  in Figure 4.14. 

The same RT-PCR assay employed in study #i was used to detemine mRNA levels for 

HMG-CoA reductase, LDL receptor and C7H. Supplementing the formula with egg 

phospholipid had no apparent significant effect on the levels of LDL receptor mRNA or C7H 

mRNA (Figure 4.15, Appendix VIII) or HMG-CoA reductase mRNA (Figure 4.16. 

Appendix WII). Levels of HMGCoA reductase adMy were hig her although not 

signifmntly, in piglets fed the formula supplemented with egg phospholipid (Figure 4.16, 

Appendix Vlll). Hwever, the number of animals in each diet group was srnall. and 

therefore these findings are considered preliminary. No signifiant differsnces in the levels 

of C7H and LDL receptor mRNA were found between piglets fed either of the two formulae 

and the piglets fed rnilk (Figure 4-15, Appendix VIII). 

Figure 4.14. A repmsentative phabDgraph iIlustmüng the integrity of total 
RNA Wohbd fiom Iwer. Five miaograms of total RNA was resolved on IXTBE gel 
and stained witti ethidium bromide. The nbosomal bands are marked. Lane 1, rnilk; lane 
2, conventional fmula; lane 3, canventional +egg PL formula. 
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Figure 4.15. Hepatic ?a-hydroxylase and LDL receptar mRNA. 
Data presented as mean + SEM, n=3 amventional fomula; n=6 
conventionel+egg PL fomula; n=7rniik. 'Densitometric units per 
pg RNA. 
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Figure 4.16. Hepatic HMGCoA ductase mRNA and activity. Data 
presented as mean + SEM. HMGCoA redudase mRNA, n=3 conventional 
formula; n=6 mnventiond+egg PL fomula; n=7 milk HMGCoA reductase 
adivity, n=3 amventional fomula; n=2 conventional+egg PL fomula; n=4 
milk. 'Densitometric units per pg RRA. t Significantly different from values for 
milk-fed pigfets (R0.05) .  



The piglets fed either the formula supplemented with egg phospholipid w the conventional 

formula had significantly higher levels of HMGCaA reductase mRNA and activity than the 

piglets fed milk (Figure 416, Appendix WII). This difference obsewed between formula 

and milk-fed piglets was greater for HMG-CaA reductase activity, about 10-Md, aian the 

di irenœ in the levefs b r  HMG-CoA reductase mRNA, about 0.5-Md. 

4.3.5. Hepatk ACC & FAS. 

Piglets fed the fwmula supplemented with egg phoçphofipid had lower (P = 0.08). 

but not significantiy. levels of hepatk ACC mRNA than the piglets fed the conventional 

formula and significantly lower levels of hepatic ACC mRNA than piglets feâ milk (Figure 

4.17, Appendix VIII). No signifiant dwirences in the levels of hepatic ACC mRNA were 

observed between the piglets fed the amventional fornula and piglets fed milk. No 

statsücally significant differences in the levels of FAS mRNA or FAS actMty were found 

between the piglets fed the conventional or supplemented fomulae and the piglets fed milk. 

Regession analysis was used to invesügate potential relations between the hepatic 

levels of fat& acids and ACC and FAS mRNA Levels of individual fatty aads in hepatic 

phospholipid and triglyceride were plotted against the levels of hepatic ACC and FAS 

mRNA for individual piglets. A ~t~st ical ly  signficant inverse relation was preçent between 

the level of hepatic ACC mRNA and the percentage of 20:4(n-6) in hepatic triglyceride 

(r=0.74, PcO.01) and an inverse relation was found between the level of hepatic ACC 

mRNA and 22:6(n-3) in hepatic phospholipid (Figure 4.18). No statisücally signifiant 

relations were found between the levels of 18:2(n-6) or 18:3(n-3) in hepatic phospholipid or 

trigiyceride and the levelç of hepatic ACC mRNA, or be-n 1 8:2(nô), 1 8:3(n-3), 20:4(n-6) 

or 22:6(n-3) and FAS mRNA or adivity levels. 



FAS mRNA 

FAS acüvity 

conventional fomula 
conventionaf+egg PL formula 

l=i milk 

ACC mRNA 

Figure 4.17. Hewc ACC mRNA and FAS mRNA and activity. 
Data presented as mean + SEM. n=9 conventional formula: n=6 
wnvenüonal+egg PL formula; n=7 milk *Densitometnc units per 
~g RNA. 'mo l  NADPH. tsignificantly different from values for 
rnilk-fed piglets (R0.05) .  
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per mg RNA. The plots illustrate the 95% prediction limit (dotted line) and the 95% confidence lnterval 
(dashed line), r=correlation coefficient, t R 0 . 0 5 .  



5. DlSCUSSlON 

5.1. STLJDY #1 

5.1.1. The effect of the cholesterol content of fomula on plasma cholesterol. 

It is unciear why the addition of cholesterol to the formula did not mise plasma 

cholesterol concentrations in the  famula-fed piglets. Previous studies in piglets also found 

no effed of adding cholesterol to fomula on plasma cholesterol concentrations, when the 

cholesterol supplied was primarily as cholesterd ester (Riom and lnnis 1993). This 

raised the possibility of poor availability for absorption, because the cholesterol in milk is 

primarily in the unesterified fom. Consequently, in study # A 1  cholesterol was added to the 

formula predominantly in the unesterified fom (0.52 mmok  unesterified + O. 13mmoVL 

cholesteryl oleate), similar to the proportions in rnilk (Jensen 1989). One study has 

reporteci an increase in plasma cholesterol in infants fed formula supplemented with egg 

lipid containing cholesterol (Decsi et al. 1997). However, the higher plasma cholesterol in 

the infants fed the fomula supplernented with egg lipid containing cholesterol was 

obsewed at five days of age, but not at any other ages through to 4 months of age. As 

well, in this study the egg lipid provided cholesteml as part of a biological membrane, th& 

is, it was sumunded by a bilayer of phospholipid, more closely resembling the 

configuration of cholesterol in mammalian milk. Furthemore, recent studies in infants 

from birth to 6 months of age have reported that addition of cholesterol to fomula does not 

increase serum cholesterol concentrations to the levels observeci in breast-fed infants 

(Alasmi et al. 1996,Katoku et al. 1996). One possible explanation for the lack of an effect 

of the addition of cholesterol to fomula on plasma cholesterol concentrations is relatively 

poor absorption of the cholesterol added to fomiuia when compared to milk. Only a few 



studies have addiessed the possibility that difFerences in cholesterol absorption do exist 

between rnilk-fed and formula-fed infants. A study conduded in low-birth weight pretenn 

infants found higher fecai cholesterol excretion in infants fed formula supplemented with 

cholesterol than human infants fed milk containing a similar amount of cholesterol, or 

formula containing minimal amounts of cholesterol (Boehm et al. 1995). This suggests 

that cholesterol added to formula rnay not be absorbed as effiaently as cholesterol in milk, 

or that there may be differences in the enterohepatic circulation between milk-fed and 

formula-fed infants. However, studies with infant baboons found that the addition of 

cholesterol to fomula resuked in a significant increase in plasma cholesterol 

concentrations (Mot- et al. 1978). 

The potential differences in cholesterol absorption from milk and fomula could be a 

result of differenceç in the fom of dietary cholesterol found naturally in mil k and that added 

to fomula. The cholesterol in human and sow milk is part of the milk-fat globule 

membrane, which also contains a bilayer of phospholipid. This phospholipid membrane 

may increase the solubility of cholesterol in the intestinal lumen and subsequently, 

absorption. In study #1, cholesterol was added to the formula as 80% unesterified with 

20% cholesteryl oleate, with the formula fats (oils) emulsified with soy lecithin, suggesting 

that the cholesterol added was present in a micelle type form. Furthenore, the soy 

phospholipid used as an emulsong agent in formula is phosphatidylcholine. In contrast, 

the milk-fat globule membrane phospholipid is comprised of phosphatidylethanolamine, 

phosphatidylcholine and sphingomyelin at about 37%, 30% and 26%, respectively (Jensen 

1989). Whether the different speci*es of phospholipid present in milk from that in formula 

facilitates the absorption of cholesterol from milk, leading to higher plasma cholesterol 



concentrations in the milk-fed than formula-fed infant and animal is not known. Of possible 

relevance, studies conduded in CaCo-2 cells found that decreasing the sphingomyelin 

content of the ce11 membranes lowered the uptake of micelles containing cholesterol (Chen 

et al. 1992. Chen et al. 1993). Receiving dietary sphinogmyelin, as the milk-fed piglets 

did. could possibly influence cholesterol absorption through effects on entemcyte 

membrane composm'on. However, in cbntrast to this explanation, cholesterol absorption 

was not found to be different between infant baboons fed milk or baboons fed formula 

mntaining a similar amount of cholesterol (Mott et al. 1978). 

Another explanation for the possible difference in cholesterol absorption frorn milk 

wmpared to formula may be diet-induced differences in the expression of proteins 

involved in cholesterol absorption. The exact mechanism by which cholesterol passes 

fmm the intestinal lumen into enterocytes is not known, but it is believed to occur as a 

reçu& of passive diftision down a concentration gradient andlor via a protein mediator 

(reviewed by Wilson and Rudel 1994). Three proteins have been proposed to have a role 

in the absorption of cholesterol, cholesterol ester hydrolase (Gallo et al. 1984,Howles et al. 

1996. Lopez-Candales et al. 1993,Shamir et al. 1995), phospholipase (Mackay et al. 

1997) and a bmsh border membrane lipid exchange protein (Lipka et al. 1995). Evidence 

for the foie of cholesterol ester hydrolase in the absorption of cholesterol esters has been 

well demonstrateci. It has been hypothesized that as a resuft of the action of cholesterol 

ester hydrolase on cholesterol esters, the concentration of unesterifid cholesterol 

incrieases in the intestinal lumen creating a concentraüon gradient promoting the flux of 

unesterifid cholesterol across the enterocyte cell membrane (Shamir et al. 1995). 

Cholesterol ester hydrolase has also k e n  shown to enhance the movement of 



unesterified cholesteml into celfs and to pmmde the fomati.on of intracellular cholesterol 

ester (Lopez-Candales et al. 1993). A positive correlation between the level of activity of 

cholesterol esterase and the amount of ~~]cholesteryl oleate absorbed has been found in 

rabbits (Lopez-Candales et al. 19%). As well. higher absorption of chdesteml esters has 

been reported for wild type mice than in hornozygous cholesterol esterase knockwt mice 

(Ho* et al. 1996). Human milk chofesterol is primarily in the unesterified fom. 

Whether or not the absorption of unesterified cholesterol is dependent on cholesterul 

estease activity is controvenial. Evidence disputing the role fw cholesterol esterase in 

cholesterol absorption has corne fmm the lack of a differenœ in the absorption of 

unesterified cholesterol between the homozygous cholesterol esterase knockout mice and 

the wild type miœ (Howles et al. 1996). if the absorption of unesterified cholesterol is 

dependent on cholesterol esterase, however, there could be differences in the arnount and 

activrty of this enzyme seaeted into the intestinal lumen as a result of milk wmpared to 

formula feeding. 

There is also a mammary fom of cholesterol esterase, refemd to more commonly 

as bile salt-sürnulated lipase, which is present in the milk of several species and which 

constitutes 0.5-1 .O% of the total milk protein (Wang et al. 1993). In vitio studies have 

shown that this enzyme is capable of hydrolyzing a variety of esters, including lnglycerides 

and cholesterol esters (Bemback et al. l990, Hemell et al. 1994). Cloning of the genes for 

the pancreatic cholesterol esterase and mammary bile saR-stimulated lipase has shown 

that these proteins are pmduds of the sarne gene (Nüsson et al. 1990). However, 

whether or n d  the bile sak-stimulated lipase found in milk mn remain active in the 

intestinal lumen and fundion in the hydmlysis of milk Iipids is as yet unclear. More 



relevant to the studies in this thesis, it is not known whether or not sow milk contains bile 

sak-stimulated lipase (Hernell et al. 1994). Possibly, if bile salt-stimufated lipase is present 

in sow milk and is active in the intestinal lumen, this would resut in enhanced absorption 

of cholesterol from milk than from formula and would explain the la& of an increase in 

plasma cholesterol concentrations in piglets fèd formula with cholesterol added. 

Another protein, which has been pmposed to have a role in the absorption of 

unesterifiecl cholesteml is phospholipase A2. Studies in CaCo-2 cells have faund that 

phaspholipase A2 hydrolysis of phospholipid, present in micelles containing egg 

phoçphatidylcholine and unesterified cholesterol, wss necesçary for the uptake of 

unesterified cholesterol by CaCo-2 cells (Mackay et al. 1997). There is al- evidence of a 

lipid-binding protein present in the b m h  border membrane of enterocytes which may also 

play a role in the absorption of dietary cholesterol (Boffelli et al. 1997, Lipka et al. 1995). 

Possibly, some consütuent(s) af milk which are absent from formula rnay infiuence the 

expression of cholesterol ester hydrolase. phospholipase 4 or bmsh border membrane 

Iipid binding protein in a manner promoting higher absorption of cholesterol from milk than 

fmm formula. As well, the physical nature of cholesterol in milk, within the milk-fat globule 

membrane, may facilitate the interaction of proteins involved in cholesterol absorption with 

milk cholesterol and result in enhanœd cholesterol absorption from milk than from formula. 

5.1.2. Semm hormone and unesterified fatty acid concentrations in formula-fed and 

mil k-fed piglets. 

The levels of semm total T3 and T4 in the milk-fed and formula-fed piglets were 

similar to levels reported previously for piglets at 14 days of age (Hamson et al. 1996). 

However, the levels of semm free T3 were 75% lower than previously reported for 14 day 



old piglets. Neither the addition of cholesterol nor the positional distribution of fatty acids 

in ûiglycerides in formula had any significant effea on serum free T3, or total T3 or total 

T4. Serum free T4. however, was significantly higher in the formula-fed piglets than in the 

milk-fed piglets. Studies in aduk animals have provided evidence that feeding state may 

influence senim thyroid hormone concentrations iIjauncey et al. 1993,Takeuchi et al. 

1995). Semm levels of total T3 and T4 have k e n  shown to rise immediately following a 

meal in pigs (Daunœy et al. 1993). As well, studies with rats have reporteci lower serum 

T3 levels in rats fed a diet containing lard than in rats fed diets containing high oleic 

safflawer oïl, safnower oil or linseed oil (Takeuchi et al. 1995). Thus. the information 

avaihble suggests that both M i n g  state and dietary lipid composition can have an effect 

on serum b e l s  afT3 and T4. In the study here with piglets. the time post-feed that the 

blmd was collected may have differed and differenœs in some fatty acids. although not in 

total fat, or saturated/unsaturated fatty acid balance, were present between the milk and 

famula. The tirne post-fi& and amount of the last feed pnor to blood sarnples from the 

rnilk-fed piglets was not rigorously controlled. This was not possible because they were 

nursed by sows. The sow-fed piglets were taken from the sow approxirnately 3 hr. prïor to 

blood sampling, as for the formula-fed piglets, but it is not known if or how much they ate 

at 6:00-7:00 am, the time m e n  the formula-M piglets were M. The time and volume of 

formula (60ml) of the last feed given to the formula-fed piglets. on the other hand. was 

ngorously controlled. The finding of similar serurn insulin concentrations between the milk- 

fed and lomula-fed piglets, however, suggests that there were no appreciable difterenœs 

in the time post-feed of Mood sampling between the milk-fed and formula-kd piglets. 

Thus, it is unlikely that the differences in serum free T4 behnreen the milk-fed and formula- 



fed piglets was a result of differences in feeding state or differences in the fat composition 

between milk and formula. 

An alternative explanation for the difference in semrn free T4 levels between milk 

and formula-fed piglets is the presence ofthyroid hormones in milk (Grosvenor 1993, 

Koldovsky and Thomburg 1987) but not in fomula. Definitive data to show wtiether or not 

the thyroid hormones in milk are absorbed and are adive systemically are not available. 

Studies in infant baboons have reported significantly higher serum total T3 and free T3 

levels in baboons fed formula than in baboons fed milk (Lewis et al. 1993). Furthemore, 

studies in human premahire infants have found higher total T4 levels in infants fed milk 

than in formula-fed infants (Oberkotter et al. 1985). Thus, the available information 

suggests that the thyroid hormones in milk are absorbed and influence senim thyroid 

homone levels by down-regulating the endogenous production of thyroid hormones. This 

seems like a more probable explanation for the higher semm fkee T4 levels in the formula- 

fed than rnilk-fed piglets. 

There were no differences in serum insulin concentrations between the milk-fed 

and formula-fed piglets. Of note. the senim insulin concentrations found in both the milk- 

fed and formula-fed piglets are similar to values of (mean) 45.7 pmdlL (Zijlstra et al. 1996) 

and 48 prnoVL (McCracken et al. 1995) reported by others for milk-fed piglets at 18 days of 

age. Thus, the available information on semm insulin levek and the findings of study #1 

here, that semm insulin concentrations are not different between milk-fed and formula-fed 

piglets suggests that it is unlikely that there were differences in the M i n g  state of the 

animals at the üme of blmd colledion. Again, the suggestion that there were no 

differences in feeding state at the time of blood cullectÏon supports the hypothesis that the 



thyroid hormones in milk are responsible for the differences in serum free T4 

concentrations observed between the rnilk-fed and formula-fed piglets. Significantly higher 

levels of glucagon in semm of pigiets fed milk than in piglets fed formula were found and 

this was not influenceci by the chofesterof content or the positional distribution of fatty acids 

in triglyœrides in the formula. The serurn glucagon concentrations. however, in both the 

milk-fed and formula-fed piglets were hig her than previously reported values of (mean) 

35.5 prnoüL in 1 8 day-old formula-fed pig lets fasted for 1 2 hrs. (Zijlstra et al. 1 W6), and 

44.5pmoK in 18 day-old rnilk-fed ad libitum piglets (McCracken et al. 1995). The reason 

for the approximately 10-fold higher values (419prnoüL) found in the piglets in the study 

here is not known. The studies of McCracken et al. (1 995) and Zijlstra et al. (1 996) with 18 

dayold milk-fed piglets used a radio immunoassay. similar to that used in the study here. 

to detennine serurn values of insulin and glucagon. Again, as has k e n  suggested as a 

possible explanation for the d*ifbrenœs in serum free T4 concentrations, the higher senim 

glucagon concentrations in the miik-fed than formula-fed piglets could be explained by 

differenœs in the feeding state of the piglets at the time of the blood collection. The 

absence of a difkrence in serum insulin concentrations between the milk-fed and formula- 

fed piglets, however. suggest that there are no difFerences in feeding state between the 

milk-fed and formula-fed piglets. Possibly, the difierences in semm glucagon 

concentrations between the milk-fed and formula-fed piglets are a consequence of the 

hormones present in milk, similar to what has been suggested to expfain the differenœs in 

senirn free T4 concentrations between the milk-fed and fomuia-fed piglets. 

The reason for the significantly higher plasma unestenfed fatty acid concentrations 

in the piglets fed milk than in the piglets fed formula is not known. During fasting. 



glucagon stimulates hydrolysis of adipose tissue triglyceride, through the adions of 

hormone-sensitive lipase. releasing unesterified fatty acids into the blood providing an 

energy source for other tissues. Therefore, the findings of higher plasma unesterified fatty 

aads in rnilk-fed than formula-fed piglets are consistent with the higher concentrations of 

serum glucagon in the pglets fed milk than in those fed formula. Altematively, differences 

in the regulation of fipoprotein lipase hydrolysis of lipoprotein triglyceride could alço be 

involved in the differenœs in unesterified fatty acid concentr~ons between the milk-fed 

and formula-fed piglets. Possibly, higher lipoprotein lipase activity at penpheral tissues in 

the milk-M piglets could result in greater amounts of triglyceride hydrolysis. with 

subsequent release of some unesterified fatty acids to plasma, or similar hydrolysis with 

lower tissue uptake of unesterifid fatty acids by the peripheral tissues. It seerns unlikely 

however, because of the higher glucagon concentrations, that the milk-fed piglets would 

have higher levels of Iipopmtein lipase activity than the animals fed formula. There is still 

the possibility, however, that there are differences in the uptake of unesterified fatty acids 

at either peripheral tissues or by the Iiver. However, the most probable explanation, again, 

is higher levels of hormone-sensitive lipase advity as a result of higher levels of glumgon 

in the piglets fed milk than in those fed formula, therefore. explaining the higher levels of 

circulating unesterified fatty acids. 

5.1.3. Effect of the cholesterol content of formula and the positional distribution of 

btty acids in the formula triglyceride on hepatic LDL receptor mRNA 

Despite the presence of large differenœs in plasma cholesterol conœntraüons, no 

differences were found in the levels of hepatic LDL receptor mRNA, as measured using a 

RT-PCR assay, Ween the piglets fed milk and the piglets fed formula. Signifcantly 



higher levels of plasma diolesteml wre found in the milk-fed Vian formula-fed piglets, 

regardless of the chdesteml content of the f m u l a  or the positional disaibution of fatty 

aQds in the fmu la  iriglyceride. About 70% of plasma LDL clearance occurs via LDL 

receptors, with the liver responsible for about 80090% of this clearance (Dietschy and 

Spady 1985, Spady et al. 1985). Previous studies in adult animals have found decreased 

levek of hepatic LDL receptor mRNA and protein and increased piasma cholesterol 

concentraiions (Horton et al 1993. Musted et al. 1996. Rudling 1992) as a result of feeding 

diets containing cholesterol and saturated fatty acids. These previous findings had 

suggested that differenœs in the levels of hepatic LDL receptor mRNA muld be involved 

in the difFerences in plasma cholesterol concentrations between rnilk-fed and formula-fed 

piglets. 

The regulation of IDL receptor gene expression by sterols is thought to ocair at a 

transcriptional level. whereby a decmase in cellular cholesterol concentrations results in 

increaçed transcription (Sudhof et al. 1987). Large differences in hepatic cholesterol 

concentrations, however, were not found between the piglets fed milk and the piglets fed 

formula, with or without cholesterol, even though the plasma cholesîerol concentrations 

were 2870% higher in the milk-fed piglets than in the piglets fed formula. Poçsibly. the 

absence of a sustained and different effkd of the milk and formula diets on liver 

cholesterol content may explain the la& of an efkct on hepatic levels of LDL receptor 

mRNA 

There is also the possibility that dïfkrences in the expression of hepatic LDL 

receptor are present between the milk-fed and fomiula-fed piglets, but that the differences 

are n d  evident in rneasures of changes in hepatic LDL receptor mRNA As almady 



mentioned, previous studies have found deaeased levels of hepatic LDL reœptor mRNA 

and inaeased plasma cholesterol concentrations in adult hamsters, pigs and mice as a 

resutt of M i n g  diets containing cholesterol and either hydrogenated coconut oil(14:0), 

palm oil(16:O) and coma butter (1 8:0) as the source of saturated fatty acids, respedively. 

(Horton et al 1993. Mustad et al. 1996. Rudling 1992) mmpared to animais fed a diet 

containing little fat, 4%. or unsaturated fatty acids. Studies in monkeys have found that 

diets containing cholesteml and either l6:O or 1 2:0+14:0. as the source of fatty acids. 

mther than monkeys fed a diet wntaining cholesterol and polyunsaturated fatty acids had 

decreased hepatic LDL receptor dearance (advlty) of LDL (Stucchi et al. 1 995). 

Sirnilarily, studies in adult hamsters found diets containing cholesterol and 14:0, as the 

source of saturated fatty acids. decreased hepatic LDL receptor activity (Daumerie et al. 

1992). The studies in monkeys (Stucchi et al. 1995) and hamsters (Daurnerie et al. 

1992). however, only rneasured the effect of diet on hepatic LDL receptor clearance 

(actMy) and did not measure levels of hepatic LDL ~ œ p t o r  mRNA. It is not known 

whether or not diet induced changes in hepatic LDL receptor activity are accompanied by 

changes in LDL receptor mRNA. One study however, has reported decreased levels of 

hepatic LDL receptor mRNA, protein and activity as a resutt of feeding a diet high in 

hydmgenated caconut oil (14:O) and cholesterol rather than diets high in polyunsaturated 

fatty acids and cholesteml in hamsters (Horton et al. i 993). Aitematively, in vitro studies 

with HepG2 cells found that 16:O decreased LDL receptor activity but did not change 

levels of LDL receptor protein, rnRNA, or rates of transcription of the LDL receptor gene 

(Srivastava et al. 1995). Both the milk and formula diets pmvided the same percentage of 

energy from fat, 50%. a similar perçentage of 16:O but dRered only in cholesterol content 



Most of the previously reporteci studies (Daurnerie et al. 1992, Horton et al. 1993. Mustad 

et al. 1996, Rudling et al. 1992, Stucchi et al. 1995) have compared the effects of diets 

high in saturated fàtty acids to animals fed either a diet high in unsaturated fatty acids or to 

animals fed a control diet containing little fat, 4%. on the expression of the LDL receptor. 

Poççibly, the absence of a difference in the hepatic levels of LDL recepfor mRNA between 

the rnilk-fed and formula-fed piglets was found because there were na differences in the 

levels of saturated fatty acids between milk and fomula, despite a difference in cholesteml 

content The dimrenœ in the cholesterol content between milk and formula, in the 

absence of a difkrence in the saturated fatty acid content, may not be large enough to 

induce a change in the expression of the LDL receptor. 

Another potential point to consider is that hepatic LDL receptor clearance of apo B- 

amtaining lipoproteins cwld be low during the suckling period relative to clearance levels 

observed in adult animals. Previously reported studies in adult animals fed diets 

cuntaining 30-40% energy from fat and 1 M O %  l6:O found lower levels of LDL receptor 

protein and activity compared to animals fed diets containing the same amount of fat but 

with litüe 16:O (1-9%) and high levels of polyunsaturated fatty acids (Mustard et al. 1996, 

Stucchi et al. 1995). The findings of the previously reported studies therefore suggest that 

low clearance during the suckling period is quite probable and could be occumng in 

response to the 50% fat diet that contains 25% 16:O. characteristic of elher milk or 

formula. Therefare, low hepatic expression of the LDL receptor gene during the suckling 

pend in both the milk-fed and formula-fed animal could limit any further diet-induœd 

negative feedback on hepatic LDL receptor expression as a result of cholesteml feeding, 

thus explaining the results of study #1. If this is the case. it would also explain the 



postnatal inmase in pksma cholesteml concernons in response to both the high fat- 

milk and formula diets observed in human infants (Kallio et al. 1997, Lane and McConathy 

1986. Lourdes et al. 1994, Mise et al. 1995. Van Biervlel et al. 1986, Wong et al. 1993). 

Fumer support for the absence of any signifiant dietinduced differenœ in LDL receptor 

as a resuk of feeding formula rather than milk can be drawn from the findings of previous 

studies of Rioux and Innis (1 993). These studies found no difrenœs in hepatic LDL 

receptor protein mass when measured using a ligand blotüng technique between formula- 

fed and milk-fed piglets (Rioux and lnnis 1993). There remains, however, the possibility 

that differences in LDL receptor actMty may occur in the infant as a consequence of diet- 

induced regulation of LDL receptor gene expression at a pst-translational level. It is 

pmbably more Iikdy. hawever, that LDL recaptor clearance of circulating apo Bcontaining 

lipoproteins is low during the suckling period. This interpretation, therefore, rejects the 

hypothesis that differenœs in the expression of LDL receptor are present between milk-fed 

and formula-fed piglets, although the poçsibility of differences not deteded through 

measures of levels of hepatic LDL receptor mRNA only are recognized. 

The findings that the addition of cholesterol to the fomiula had no effect on the 

levels of hepaüc LDL receptor mRNA are in contrast to the expected efiects of increased 

dietary cholesterol intake. This resuit, however, fitç well with the findings that the addition 

of cholesterol to the formula had little efFect on the concentration of cholesterol in plasma- 

The addition of cholesterol to the formula. however, did increase hepatic cholesterol 

concentrations in the fonula-fed piglets sirnilar to levels observed in the milk-fed piglets. 

As discussed previousfy, changes in LDL receptor transcription occur in response to 

changes in endoplasmic reticular membrane cholesterol concentrations (Briggs et al. 



1993, Dawson et al. 1988, Smith et al. 1990, Sudhof et al. 1987, Wang et al. 1994). This 

study did not indude measures of cholesterol conœnmons in different hepatic pools 

such as the endoplasmic reticular membranes. The absenœ of a differenœ in hepatic 

LDL receptor mRNA among the formula-fed and milk-fed piglets suggests that neither 

formula compared to milk feeding nor the addition of cholesterol to the fomula resulted in 

changes in endoplasmic reticular membrane fiee cholesterol levels of any signifiant 

magnitude to alter LDL receptor mRNA levels. This interpMation again, however, may be 

valid only if LDL receptor expression is sufficiently high during the suckling period that 

such an effect can be manifesteci. 

5.1.4. Effect of the cholesterol content of fomula and the positional distribuüon of 

fatty acids in the formula triglyceride on hepatic HMGCoA reductase m R N k  

The results of this study cleariy show that hepatic HMG-CcA reductase mRNA 

levels were higher in formula-fed piglets, regardes of the fomula cholesterol content or 

the positional distribution of fatty acids in the formula tnglyceride, than in piglets fed milk. 

This result is consistent with those of previous studies which show higher hepatic HMG- 

CaA reductase acüvity in piglets féd formula than in piglets fed milk (Jones et al. 

1990, Rioux and lnnis 1993). Also consistent with the results here, studies in human 

infants have found higher cholesterol fractional synthetic rates in formula-fed than in 

bmast-fed infants (Lourdes et al. 1 994). 

Previous studies have reported that diets either high in cholesterol, high in 

saturated fat or containing both cholesterol and saturated fat showed decreased levels 

of hepatic HMG-CoA redudase acüvity and mRNA when cumpared to diets containing 

no cholesterol or saturated fat (Hackman et al. 1 996, Jackson et al. 1990. Rudling 1992, 



Spady and Cuthbert 1992, Xu et al. 1995). Based on this infomation, it is reasonable to 

hypothesize that piglets fed milk or formula with cholesterol would have lower levels of 

hepatic HMG-CoA reductase mRNA than piglets fed formula not containing cholesterol. 

The results, however, showed lower levels of hepatic HMG-CoA reductase mRNA in 

piglets fed milk and no dfierences betwsen piglets fed formula with and without 

cholesterol. consistent with published information on HMG-CoA reductase activity and 

cholesterol synthesis in piglets and infants (Jones et al. 1990. Lourdes et al. 1993, 

Rioux and Innis 1993). As already discussed in section 5.1.1. the addition of cholesterol 

to the formula did not raise plasma cholesterol concentrations in the formula-fed piglets. 

One possible interpretation is low absorption of the cholesterol added to formula. 

Clearly, the lack of a differenœ in the levels of hepatic HMG-CoA reductase mRNA 

between the piglets fed formula with and without cholesterol could also be explained by 

low absorption of the cholesterol added to the formula. 

As with IDL receptor gene expression, regulation of HMG-CoA reductase 

expression is thought to be sensitive and tightly regulated by changes in the 

endoplasmic reticular membrane cholesterol concentrations (Chin et al. 1982,Clarke et 

al. 1985, Liscum et al. 1983, Nakanishi et al. 1988). Large differences in hepatic total 

cholesterol concentrations were not found between piglets fed milk and those fed 

formula, even though differences in the levels of hepatic HMG-CoA reductase mRNA 

were present Previous studies have found that both HMG-CoA reductase and C7H 

activity increase when microsomal cholesterol concentrations are depleted (Straka et al. 

1990, Davis and Poznansky 1987). This study did not include measures of cholesterol 

concentrations in different hepaüc pools, such as the endoplasmic reticular membranes. 



Therefore, Ï t  1 possible that differences in Ievels of hepatic HMGCoA redudase mRNA 

between the milk and brmula-fed animals might involve differences in endoplasmic 

eticuiar membrane cholesterd concentrations. Clearly, the higher plasma chofesteroi in 

the milk-fed piglets than piglets fed formula with or without cholesteml suggests higher 

absorption of cholesterol in the rnilk-fed animal. Possibly. the lower levels of hepatic 

HMG-CoA reductase mRNA in the milk-fed than fomula-fed piglets are a result of the 

higher absorption of cholesterol and subsequent higher endoplasmic reticular membrane 

cholesterol concentrations. 

There is still the possibility that some component, other than cholesterol or the 

positional distribution of fatty acids in the triglyceride, present in milk but absent from 

formula, influences both plasma choleçtero1 and the levels of hepatic HMG-CoA 

reductase mRNA in the milk-fed animal. Such factors could include nutritional and non- 

nutritional components potentially involved in the poor absorption (if present) of the 

cholesterol added to formula when compared to the absorption of the cholesterol in 

milk. As previously discussed in section 5.1.2, it is not known whether or not the 

hormones present in milk are active in the intestinal lumen of the milk-fed animal. 

Previous studies in aduit animais have shown that high satumted fat and 

cholesterol inta kes decrease both cholesterol synt hesis and LD L receptor clearance of 

plasma LDL in a coordinated fashion Men compared ta animais fed die& either high in 

unsaturated fatty acids or not containing cholesterol (Horton et al. 1993, Kurishima et al. 

1 995, Spady and Cuth bert 1 992, Stucchi et al. 1 995). In study #1 , no differenœs in 

hepatic levels of LDL receptor mRNA were found despite differences in hepatic levels of 

HMG-CoA reductase mRNA in formula-fed than milk-fed piglets. Another study has also 



obsenred discordant regulation of LDL receptor and HMGCoA redudase genes in the 

Iiver, specificall y, decreased cholesterol synthesis. but no change in LD L receptor acmty, 

in rats fed a diet supplemented with cholesteml and saturated fat rather than a diet not 

mntaining fat (Bertolotti et al. 1995). The study designed employed by Bertolotti et al. 

(1995) differç from the previously mentioned studies (Horton et al. 1993. Kurishima et al. 

1995, Spady and Cuthbert 1992. Stucchi et al. 1995) demonstrating coordinate regulation 

of LDL receptor clearance of plasma LDL and cholesterol synthesis in that cornparisons 

were made in the same rats. The previously mentioned studies (Horton et al. -1993, 

Kurishima et al. 1995, Spady and Cuthbert 1992, Stucchi et ai. 1995) invalved wmpanng 

the e W s  of difTerent diet treatrnents between different animals assigned to receive 

different diets which is a stronger design because 1 is harder to find cross-sedonal 

differences due to inter-animal variability. The experimental design employed in the 

evriments in study #1 are also different from all previously reported studies. The piglets 

were fed diets that provided the same amount of energy as fat, and the same amount and 

source of saturateci fatty acids (1 6:0), differing only in the cholesterol content and the 

positional distribution of fatty acids in the dietary triglyceride. The findings of higher 

hepaüc HMG-CnA reductase mRNA in the formula-fed than milk-fed piglets but no 

differences in hepatic LDL receptor are probably a result of the low levels of expression of 

the LDL receptor during the suckling period, as discuçsed in d o n  5.1.3., and is 

therefore a result of the age of the animals and type of diets (milk and formula) used in the 

study. 



5.1.5. Effect of the cholesterol content of formula and the fatty acid positional 

distribution in formula triglyceride on hepatic C7H mRNA and bile composition. 

The lower levels of hepatic C7H mRNA in the milk-fed than formula-fed piglets 

were accompanied by higher cholesterol, phospholipid and bile acid concentrations in bile. 

Of furthet relevance, previous studies have reported a 25% lower rate of bile acid 

synthesis, and lower bile acid exmetion in baboons that had been breast-fed rather than 

fed formula with or without cholesterol, as infants (Jackson et al.1993). It is possible 

therefore. that milk-feeding resuks in b e r  levels of bile acid synthesis and possibly lower 

levels of C7H, the enzyme catalyzing the rate lirniting step in the conversion of cho!esterol 

to bile acids. 

One possible explanation for the significantly higher level of hepatic C7H mRNA in 

the formula-fed than milk-fed piglets rnay be the lower concentration of bile acids in bile of 

the piglets fed formula than piglets fed rnilk. The concentration of bile acids may be 

relevant because bile acids are known to regulate C7H expression, prirnarily at a 

transcriptional level via a negative feedback mechanism (Crestani et al. 1994, Ramirez et 

al. 1994). Thus, low bile acid can be expected to be associated with higher hepatic C7H. 

In this regard, a bile acid-responsive element has been identified in the pmmoter region of 

the C7H gene (Chiang et al. 1994). Interestingly, bile acids not only regulate C7H 

expression, but have also been shown to coordinately decrease hepatic rates of 

transcription and hepatic levels of mRNA for HMG-CoA redudase (Pandak et al. 1994, 

Spady and Cuthbert 1992,Xu et al. 1992). This may explain the coordinately lower levels 

of hepaüc C7H mRNA and HMG-CaA reductase mRNA in milk-fed than formula-fed 

piglets. Thus, a primary reason for the differences in the levels of HMG-CoA reductase 



mRNA betmen piglets fed milk and formula may be relateci to differences in the 

concentration of bile acids in bile rather than to the difiefences in plasma chdested. This 

i n m s e  in the concentration of bile acids in bile of milk-fed piglets may be a consequence 

of greater reabsorption of bile acids and retum of bile acids to the liver that would resuft in 

a coordinate decrease in the expression of C7H and HMGCaA reducbse. 

The reason(s) why the formula-fed piglets had lower bile aad, cholesterol and 

phospholipid concentrations in bile than piglets fed milk is not readily apparent One 

possibifii, however, is that there rnay be increased intestinal reabsorption of bile aads 

and cholesterol, that are semeteci in the intestine, in the enterohepaüc circulation, such 

that lime bile acids andlor cholesterol is excreted in the feces of milk-fed piglets. Lower 

fecal sterd loss and thus increased retum of bile acids to the liver would be expected to 

result in feedback inhibition of the conversion of cholesterol to bile acids, and 

consequently, decreased cholesterol synthesis. This, therefore, could provide a 

reasonable potential explanation fbr the findings here of lower levels of hepatic C7H 

mRNA and HMG-Cd4 reductaçe mRNA in the milk-fed than formula-fed ppiglets. At 

present however, there is liale definitive information on the effectç of early diet, that is milk 

or formula-Ming, on the enter~hep~c circulation of bile aads, including the reabsorpüon 

of bile acids and cholesterol fmm bile. 

Another explanation for the higher cholesterol and bile acid concentiations 

in bile of the piglets fed milk than in those fed formula is that the milk-fed piglets could 

have Icwer rates of bile s-on. For example. decrefikences in the rates of gai1 biadder 

contraction and secretion of bile into the duodenum could be present due to the actions of 

some other component found in milk, such as growth fadofs or hormones that ara not 



present in formula. Thyroid hormones are present in both human and sow milks, but it is 

not known whether these hormones can be absorbed and whether they can have any 

metabolic effed As discussed in secbon 5.1 -2, previous studies have reportecf higher 

serum total T3 and free T3 in baboons fed formula then in babaons fed milk (Lewis et al. 

1993) and higherserum fme T4 levels werefound in fomiuia-fed than milk-fed piglets. Of 

relevanœ to the findings of higher levels of C7H mRNA in the formula-fed than milk-fed 

piglets, previous studies have shown thyroid hormone to stimulate expression of C7H 

(Crestani et al. 1994,Nesç et al. 1994, Ness et al. 1995). It seems possible then, that the 

higher levels of serum fme T4 in formula-fed than milk-fed piglets could also be involved in 

the d i i n c e s  in C7H mRNA levels, and possibly be involved in the lower concentrations 

of bile acids, cholesterol and phospholipid in bile of piglets fed formula. 

Previous studies examining the efkt of dietary cholesterol on C7H expression 

have found the responses to be species-specific. Dietary cholesterol has been shown to 

increase both levels of hepatic activity and mRNA for C7H in rodents (Dueland et al. 

1993,Shefer et al. 1992). The opposite efkct, however, has been found in rabbits and 

monkeys, whereby dietary cholesterol has been shown ta decrease hepatic levels of C7H 

acüvity and mRNA (Rudel 1994, Xu et al. 1995). The response of hepatic C7H to diets 

containing cholesterol has not been previously investigated in pgs. It is difficult to 

condude from the findings of this study how C7H expression in piglets responds to 

cholesterol. This diftïwlty can primanly be attribut& to the question as to whether or not 

the cholesterol added to the formula was absorbed or if the e W s  of milk were specific to 

cholesterol. As diçaissed in sedion 5.1.1 ., it is reasonable to question if cholesterol 

added to formula was absorbed as well as the cholesterol in sow milk The major reasons 



for this suggestion is the la& of response in plasma cholesterol levels in the piglets fed the 

formula containing cholesterol. Assuming this to be correct, piglets fed milk in study #1 

reçponded to the dietary cholesterol intake from sow milk by lowering hepatic levels of 

HMG-CaA reductase mRNA and C7H mRNA, accompanied by a post natal increase in 

plasma cholesterol. Conversely, it is also possible that there may be no change in the 

levels of HMG-CoA reductase mRNA and C7H mRNA in the rnilk-fed piglets. Formula 

M i n g  increaçes the levels of HMGCoA reductase mRNA because of the absence of 

cholesteml in the diet or the low absorption of the cholesterol added to fmula. Therefore, 

the formula-fed piglets respond by increasing the synthesis of cholesterol and increasing 

the levels of C7H mRNA to convert the cholesterol to bile acids required for absorption of 

dietary fat 

The positional distribution of fatty acids in the fomula tnglyceride had no e W  on 

the levels of hepatic HMGCaA redudase mRNA or C7H mRNA in the formula-fed piglets. 

Plasma cholesterol concentrations and the concentration of bile acids in bile were lower in 

piglets fed the synthesized TG iomula than in piglets fed the amventional fomula. The 

mechanisrn by which the positional distribution of fatty acids in the formula triglyceride 

influences plasma cholesterol concentrations and bile acid concentrations in bile in 

formula-fed piglets is not known. There are a few reports, however, to show that the 

poslional distribution of fstty acids in plasma triglycerides can influence the rate of 

lipoprotein tnglyceride hydrolysis via lipoprotein lipase, and possibly the rate and 

composition of remnant particles cleared by the liver (Mortimer et al. 1992,Regrave et al. 

1988). Also, a positive relationship between the amount of 16:O in the 2 position of dietary 

tnglycerides and plasma cholesterol esters containing 16:O has also been reported (Innis 



and Dyer 1997). Possibly, the lovver plasma cholesterol concentrations in the piglets fed 

the synthesized TG formula cornpareci to piglets fed the conventional fomula rnaybe 

datecl to dieti'nduced changes in lipoprdein fatty acid composition andlor the positional 

distribotion of fatty acids in the ûiglycerides of circulatirtg lipopmteins. The reason fot the 

l ~ r  concentration of bile acids in bile of piglets fed the synthesized TG formula than in 

piglets fed the conventional f m u l a  is possibly also relateci to the differences in the 

poslional distribution of fatty aads in dietary triglyœrides. If 16:O is found at the 2 position 

of the dietary triglyceride, it is absorbeci as a 2-monoglyceride whereas if the 16:O is bund 

at the 1 and 3 positions the 1 6:0 is absorbeci as a unesterifieci fatty acid. The unesterifieci 

16:O is not soluble in the environment of the intestinal lumen primarily because the melting 

point of 16:O is above body temperature. Therefore, the piglets fed the synthesized TG 

formula may not require the same amount of bile acids as the piglets f@d the conventional 

formula because the 16:O is at the 2 position of the fomula triglyceride and is not as 

dependent on bile acids for absorption. 

5.1.6. The effect of the cholesterol content of formula and the positional distribution 

of fatty acids in the fomula biglyceride on hepatic FAS and ACC. 

The lower plasma and hepatic triglyceride concentrations in piglets fed formula 

than in the piglets fed milk were not accompanied by differences in hepatic levels of 

FAS mRNA or FAS adivity. Studies in rats have shown that dietary polyunsaturated 

fatty acids inhibit hepatic fatty acid synthesis, speciiïcally through an effect on the levels 

of FAS mRNA (Clarke and Jump 1993, Clarke et al. 1990, Jump et al. 1994). In vitro 

studies HepG2 cells have also shown polyunsaturated fatty acids to lower the 

levels of FAS mRNA (Armstrong et al. 1991, Jump et al. 1994). The formula fed to 



piglets contained about two-fold higher amounts of 18:2(n-6) than the sow milk. As a 

result of this, it is reasonable to expect that piglets fed the formula would have lower 

levels of hepatic FAS mRNA and activity than those fed milk. The sow milk, however, 

also contained the longer chah polyunsaturated fatty acids, 20:4(nâ) and 22:6(n-3). 

which were not present in the formula used in this study. Of relevanœ to this, previous 

studies have shown that the in hibito~y effect of polyunsaturated fatty acids on hepatic 

FAS expression is fatty acid specifÏc with both series-specific (Le. n ô  wmpared to n-3 

series) and chain length-specific inhibitory efkcts (Clarke and Clarke 1982,Clarke and 

Jump 1993). Specifically, recent studies have indicated that the (n-3) series fatty acids 

are more potent at lowering the levels of hepatic FAS mRNA and activity than the (nô) 

series fatty acids (Clarke and Jump 1993). As well, products of the desaturation and 

elongation of 18:2(n-6), for example, 20:4(n-6), seem to be more potent at inhibiting 

hepatic FAS expression than the Cl8 precursors (Clarke and Clarke 1982,Clarke and 

Jump 1993). This suggests that despite the high level of total polyunsaturated fatty 

acids, that is 18:2(n-6) and 18:3(n-3), in the formula, the presence of the longer chain 

(nô) and (n-3) fatty acids, such as 20:4(n-6) and 22:6(n3), in milk rnay also influence 

any potential differences in hepatic FAS mRNA and activrty between the milk-fed and 

fornula-fed piglets. Therefore, the higher levels of polyunsaturated fatty acids in 

formula than milk and the presence of 20:4(n-6) and 22:6(n-3) in milk account for the 

absence of a signifiant difference in the levels of FAS mRNA and activity between the 

milk-fed and formula-fed piglets. 

Dietary cholesterol has previously been shown to increase fatty acid and 

triglyceride synthesis. as detemined by 'H~O incorporation into fatty acids, in both adult 



hamsters and rats (Fungwe et al. 1992, 1993, 1994a. 1994b). Furthemore, recent 

studies have identified a sterol regulatory element in the promoter region of both the 

FAS and ACC genes (Bennet et al. 1995,Lopez et al. 1996). This regulatory element 

fundons to stimulate transcription of the FAS and ACC genes when cellular cholesterol 

concentrations are depleted (Kawabe et al. 1996,Lopez et al. 1996). Interestingly, the 

addition of cholesterol to the formula decreased hepatic FAS mRNA, although not 

activity of FAS. The addition of cholesterol to the formula also increased hepatic 

cholesterol concentrations in the formula-fed piglets. Thus, it seems possible that 

higher levels of FAS mRNA observed in piglets fed the formula supplernented with 

cholesterol may be related to higher liver cholesterol concentrations. As mentioned in 

section 5.1.1 ., the results of the study here give reason ta question the extent of 

absorption of cholesterol from the supplemented formula. The absence of an increase 

in plasma cholesterol conœntrations, or a decrease in hepatic HMG-CoA reductase 

mRNA levels in response to cholesterol supplementation in the formula-fed piglets 

suggests the cholesterol may not have been well absorbed. It is possible, however, that 

a sufident proportion of the cholesterol added to formula was absorbed by the formula- 

fed piglets to explain the increase in hepatic total cholesterol concentrations and the 

lower levels of hepatic FAS mRNA in the piglets fed the formula supplernented with 

cholesterol. 

Hepatic ACC mRNA levels were inffuenced by both the cholesterol content and 

the positional distribution of fatty acids in the triglycerides in formula. The addition of 

cholesterol to the conventional formula, which contained the majority of 16:O esterified 

at the sn-1 and 3 positions of the triglyceride, was associated with hig her hepatic ACC 



mRNA levels in piglets fad this formula. In contrast, the addition of cholesterol to the 

fmu la  with synthesized TG, in which more l6:O was esterified at the sn-2 position of 

the formula tnglyceride, was associated with a lower level of hepatic ACC mRNA in 

piglets fed this fomula. Afl of the formula-fed piglets, regardless of the fomula 

cholesterol content or the positional distribution of fatty acids in the fomula triglyceride, 

had higher levels of hepatic ACC mRNA were higher then the piglets fed milk. Possibly, 

additional factors, such as higher plasma cholesterol concentrations in rnilk-fed piglets 

may be invoived in the higher levels of hepatic ACC mRNA in the formula-fed than milk- 

fed piglets. 



5.2. STUDY#î 

5.2-1- The effect of supplementing formula with egg phospholipid on hepatic LDL 

receptor, HMG-CoA reductase and C7H. 

The addition of egg phospholipid. providing both 20:4(n-6) and 22:6(n-3), to the 

conventional formula containing cholesterol had no significant effect on the levels of 

hepatic LDL receptor mRNA in the formula-fed piglets. Previous studies with HepGZ 

cells have found that 20:4(n-6) increases LDL reœptor activity (Rumsey et al. 1995). 

ûther studies with HepG2 cells however. have found that 22:6(n-3) decreases LDL 

receptor mRNA and adivity (Scorci-Thomas et al. 1 992). Information on the effects of 

supplementing diets with both 20:4(n-6) and 22:6(n-3), on the levels of hepatic LDL 

receptor mRNA have not been reported previously. 

As discussed in section 5.1 -3, changes in LDL receptor expression in response 

to dietary fat have been observed at transm-ptional, translational and post translational 

levels (Srivastava et al. 1995,Stucchi et al. 1995). and usually involve changes in cellular 

cholesterol concentrations (Rumsey et al. 1 995). Althoug h no differences in LDL 

receptor mRNA were found in the studies here, there remains the possibility of 

difierences in the levels of LDL receptor protein and activity between the piglets fed the 

conventional formula and those fed the same formula supplemented with egg 

phospholipid. The addition of egg phospholipid to the formula, however, had no effect 

on the plasma cholesterol concentrations or hepatic total cholesterol concentrations of 

the formula-fed piglets. Further, similar to the findings of study #If study #2 also found 

no difference in hepatic cholesterol concentrations between piglets fed formula and 

piglets fed milk, even though plasma cholesterol concentrations were again lower in the 



formula-fed than rnilk-fed piglets. Again, as discussed previously in section 5.1.3, it is 

possible that the hepatic clearance of apo Bantaining lipoproteins may be low during 

the suckling period, and as a result, the already low LDL receptor shows no response to 

changes in dietary 20:4(n-6) and 22:6(n-3) at this time. 

Piglets fed the conventional formula containing cholesterol, either with or without 

egg phospholipid, had higher levels of HMG-CoA reductase mRNA and adivity than in 

piglets fed milk, and the addition of egg phospholipid to the formula, providing 20:4(n-6) 

and 22:6(n-3), had no e f k t  on hepatic HMG-CoA reductase or plasma cholesterol 

concentrations in the formula-fed piglets. Previous studies in aduft animals have found 

that dietary fish oil, containing 22:6(n-3) and 20:5(n-3), or 22:6(n-3), lowerç hepatic 

HMG-CoA reductase activity (Field et al. 1987,Froyland et al. 1996,Smit et al. 1991). 

These reports suggest that the 22:6(n-3) in milk could be partially responsible for the 

lower levels of hepatic HMG-CoA reductase mRNA in the milk-fed piglets than in piglets 

fed fonula without 22:6(n-3). The addition of egg phospholipid, with 22:6(n-3), as well 

as 20:4(n-6), to formula, however, had no effect on hepatic HMG-CoA reductase or 

plasma cholesterol concentrations in the formula-fed piglets. These results, together 

with those of study #1 that found consistently lower plasma cholesterol concentrations 

and higher HMG-CoA reductase due to formula-feeding, suggest that the lower levels of 

plasma cholesterol due to formula feeding may be a primary reason for the higher levels 

of HMG-CoA reductase mRNA in the formula-fed than milk-fed piglets. The findings of 

study #2 cleariy suggest that differences in 20:4(n-6) and 22:6(n-3) between typical 

formula and milk do not explain the difkrences in plasma cholesterol and HMG-CoA 

reductase between the formula-fed and milk-fed piglets. The possibility of a type-2 



statistical emr in this study, however, because of the small number of animals in the 

group fed the formula without egg phospholipid needs to be considered. 

The findings of no difference in the hepatic cholesterol concentrations, but a 

higher hepatic level of HMG-CoA reductase activity and mRNA in the formula-fed than 

rnilk-fed piglets in both study #1 and #2 suggests that regulation of the expression of 

HMG-CoA reductase may involve some rnechanism, other than sterol regulation of 

transcxiption. lnterestingly the results obtained in study #2. suggest a greater degree of 

difference between rnilk-fed and formula-fed piglets in the hepatic levels of HMG-CoA 

reductase activity than hepatic levels of HMG-CoA reductase rn RNA in the formula-fed 

compared to milk-fed piglets. 60th studies #1 and #2 did not include measures of the 

rate of transcription of the HMG-CoA redudase gene. Previous studies in rat liver 

nuclei, however, have shown that changes in rates of HMG-CoA reductase gene 

transcription can account for changes in HMG-CoA mRNA in response to drugs (Clarke 

et al. 1985). These studies here also detemined levels of mRNA using total RNA and 

random hexamerç, as primers, in the initial RT-PCR reaction. Therefore, because of 

this it is not possible to deduce whether or not milk or formula feeding had any effects 

on mRNA stability, nuclear splicing and shuttling of mRNA to the cytosol. Information 

on the regulation of hepatic HMG-CaA reductase expression at post-transcriptional and 

post translational levels has been published (Choi et al. 1 993, Field et al. 1991). It 

seems reasonable to suggest that the differences in hepatic HMG-CoA reductase 

activity and hepatic HMG-Cd4 redudase m RNA between m ilk-fed and formula-fed 

piglets may invalve effects at both transcriptional, post transcriptional and post 

translational levels. The results of study #Ishow that piglets fed formula had lower 



levels of bile acids in bile, and higher levels of hepatic C7H mRNA then piglets fed milk, 

regardiess of cholesterol content or the positional distribution of fatty acids in the 

formula trigiyceride. Consistent with these findings, the piglets fed formula in study #2 

had higher hepatic levels of C7H mRNA than piglets fed milk. The presence of 20:4(n- 

6) and 22:6(n-3) in the formula, as for cholesterol had no effM on C7H mRNA in the 

liver of the formula-fad piglets. In study #2, however, the difference in hepatic C7H 

mRNA between the milk-fed and fornula-fed piglets was higher but not statistically 

significantly higher (-0.07). This is probably explained by the small number of piglets 

(n=3) in the group fed the conventional formula without egg phospholipid. The results, 

however suggest that egg phospholipid, when added to formula to provide 20:4(n-6) 

and 22:6(n-3), does not influence hepatic levels of C7H mRNA (B0.2) .  Published 

information for studies in adult animais concerning the effect of dietary long chain fatty 

acids on hepatic C7H expression and bile acid synthesis are inconsisteni. Studies in 

rats have found no effect of fish oils, providing both 20:5(n-3) and 22:6(n-3), on hepatic 

levels of C7H activity (Smit et al. 1 991). However, increased bile acid production in rats 

fed a diet supplemented with fish oil (Smit et al. 1994), and decreased hepatic levels of 

C7H activity in rats fed die& supplemented with fish oils (Al-Shurbaji et al. 1991) has 

also k e n  reported. 

5.2.2. The effect of supplementing formula with egg phogpholipid on bile 

phospholipid and liver phospholipid and triglyceride fatty acids. 

Supplementing the formula with egg phospholipid, providing both 20:4(n-6) and 

22:6(n-3). increased 20:4(n-6) and 22:6(n-3), predorninantly at the expense of 183 (n-9). 

in bile phospholipid. as well as liver phospholipid. Similar findings of higher 22:6(n-3) 



plus 20:5(n-3) in bile phospholipid have been found in studies with animais fed fish oil 

(triglyceride) supplements. providing, 22:6(n-3) plus 20:5(n-3) ( B e r  et al. 1992,Booker 

et al. 1990,Smit et al. 1994). m e r  studies in rats have found that large amounts of 

soybean phospholipid. providing high levels of 7 8:Z(n-6), increase the levels of 18:Z(n- 

6) in bile phospholipid (Rioux et al. 1994). The findings of these previously reported 

studies (Ber et al. 1992. Booker et al. 1990, Rioux et al. 1994. Smit et al. 1994) suggest 

that a dietary source of long chain polyunsaturated fatty acids. either from triglyceride or 

phospholipid. influences the fatty acid composition of bile phospholipid. 

Interestingly. supplementing the formula with egg phospholipid led to higher 

levels of 20:4(n-6) and 22:6(n-3) in bile phospholipid than in piglets fed milk, despite 

similar intakes of 20:4(n-6) and 22:6(n-3) between the piglets fed the supplemented 

formula and the group fed milk. The reason for the apparent higher amount of 20:4(n-6) 

and 22:6(n-3) in bile of the piglets fed the supplemented formula than in those fed milk 

is not readily apparent. Conversion of 1 8:2(nô) and 1 8:3(n-3) to 20:4(n-6) and 22:6(n- 

3). respectively. which were provided at higher levels in the formula than milk. could 

explain the higher liver and bile levels of 20:4(nô) and 22:6(n-3) in the formula-fed than 

milk-fed piglets. This explanation. however, seerns unlikely, sinœ desaturation and 

elongation of 18:2(n-6) and 18:3(n-3) is usually cansidered ta be inhibited by long chain 

(nô) and (n-3) fatty acids (Sprecher et al. 1994). Another possible expianation is that 

the 20:4(n-6) and 22:6(n-3) added to formula as egg phospholipid is metabolized 

differently h m  the 20:4(n-6) and 22:6(n-3) naturally provided by milk. Little is as yet 

known about the digestion of milk 20:4(n-6) and 22:6(n-3) in the human. piglet or other 

species. lt is generally assumed that on a quantitative basis most of the 20:4(n-6) and 



22:6(n-3) in milk is present in the triglycerides, rather than phospholipid. Since 

significant amounts of 20:4(n-6) and 22:6(n-3), however, are found esterified at the 3- 

position of the triglyceride glyœrol (Martin et al. 1993). it is possible that hydrolysis by 

pancreatic lipase and, wnsequently absorption is incornplete (Chen et al. 1990). This 

could explain the higher levels of 20:4(n-6) and 22:6(n-3) in bile phospholipids of the 

piglets fed the formula supplemented with egg phospholipid than in piglets fed milk. 

The digestion and absorption of dietary phospholipid is also poorly understood, and has 

not been fully elucidated. It may also be possible that fatty acids found in dietary 

phospholipid are preferentially found in bile phospholipid compared to fatty acids 

provided by dietary triglyceride. This suggests, therefore, that the 20:4(n-6) and 22:6(n- 

3) provided as egg phospholipid to the formula-fed piglets is directed towards bile 

phospholipid to a greater extent than the 20:4(n-6) and 22:6(n-3) found in sow milk 

triglyceride. 

The findings of study #1, in agreement with previous studies (Rioux and lnnis 

1993). found that piglets fed milk have higher bile concentrations of bile acids, 

cholesterol and phospholipid than piglets fed formula w-thout 20:4(n-6) and 22:6(n-3). 

In study #2, piglets fed the formula with 20:4(n-6) and 22:6(n-3) from egg phospholipid 

had increased concentrations of bile acids, cholesterol and phospholipid in bile, 

suggesting that dietary 20:4(n-6) andor 22:6(n-3). at least from phospholi pid, may 

influence bile lipid metabolism. Studies in rats showing increased secretion of 

cholesterol, bile acids and phospholipid in bile as a result of feeding either fish oils, 

providing 20:5(n-3) and 22:6(n-3) (Chautan et al. 1990,Smit et al. 1991 ,Srnit et al. 

1994), or feeding soybean phospholipid, providing 18:2(n-6) in phospholipid (Peled and 



Gilat 1994, Rioux et al. 1994). further support the hypothesis that dietary 

polyunsaturated fatty acids can influence bile lipid metabolism. The findings of study #2 

of higher bile phospholipid in piglets fed the supplemented formula. suggests that the 

dietary intake of phospholipid may be diredly related to phospholipid secretion in bile. 

Another study with a small number of adun human subjects (n=5), however, found no 

effkct of a dietary phospholipid (129-3 ümes per day) supplement on bile Iipid 

concentrations (Pakula et al. 1 996). The study by Pakula et al. (1 996), however, found 

a significant increase in bile phospholipid 18:2(n-6). which represented about 54% of 

the fatty acids in the phospholipid supplement, suggesting dietary phospholipid fatty 

acid composition does influence bile phospholipid fatty acid composition. The results of 

study #2, sirnilady show that the dietary phospholipid fatty acids, in this case 20:4(n-6) 

and 22:6(n-3) from egg phospholipid. are refiected in bile. Together these results 

suggest the possibility that dietary phospholipid contributes directly to the enterohepatic 

circulation of phospholipid. 

5.2.3. The effect of supplementing formula with egg phospholipid on hepab'c FAS. 

Supplementing the formula with 20:4(n-6) and 22:6(n-3) from egg phospholipid had 

no efkd on the hepatic levels of FAS activity and mRNA in the formula-fed piglets. 

Further, similar to the findings of study #1, no differences in hepatic levels of FAS mRNA 

or actMty wwe found between the formula-fed and milk-fed piglets. Studies with adult rats 

fed long chain polyunsaturated fatty acids either frorn egg phospholipid (Ide and Marata 

1994), Csh oil (Clarke and Jump 1993,Clarke et al. 1990,Geelen et al. 1995, Jump et al. 

1994) or 20:5(n-3) and 226(n-3) ethyl esters (Jump et al. 1994) have found decreased 

levels of hepatic FAS adivity and mRNA These previously reporteci studies (Clarke and 



Jump 1993,Clarke et al. 1990,Geelen et al. 1995, Ide and Marata 1994, Jump et al. 1994) 

howver, differ from study #R ir; that the lipid source of long chain polyunsaturated Fatty 

aads was the only source of fat in the diet The relatively high proportions of total energy 

finm fat and the considerable amount of long chain saturated ktty acids, specifically 16:0, 

provided by the formula or milk rnay explain the absence of an inhibitory effed of 20:4(n-6) 

and 22:6(n-3) on hepatic FAS expression in this study. Another possible reason for the 

lad< of an effect on hepatic FAS mRNA and adivity in study #2 may be the relatively low 

amount of 20:4(nB) and 22:6(n-3) added to the formula and the low levels naturally 

present in milk In this study, 0.4% of total energy was prwided by 20:4(nô) and 0.1 % of 

total energy by 22:6(n-3). 

Despite no differences in FAS expression between piglets fed the unsupplemented 

formula and those fed the fonub with egg phospholipid providing 20:4(n-6) and 22:6(n-3), 

significantly higher levels of Iiver phospholipid 20:4(n-6) and 22:6(n-3) were obseived. 

This suggests that changes in membrane phospholipid fatty acid composition are not 

neceçsarily involved in the regulation of expression of FAS. This suggestion is consistent 

with recent data to indicate polyunsaturated fatty acids inhibl gene expression through 

direct adions on nudear proteins and subsequent regulation at transcriptional levels 

(Keller et al. 1993, Ren et al. 1996). it couid be that the amount of 20:4(nô) and 22:6(n-3) 

pmvided by the di& in this study was insunicient to induœ changes in pools of 20:4(n-6) 

and 22:6(n-3) that interact directly Wh  nudear proteins, and as a resuk no changes in 

FAS expression occurecl. An alternative explanation, however, could be that the 

regulatory eff& of 20:4(n-6) and 22:6(n-3) on FAS mRNA and adivity could be moâulated 



by the high percentage of energy derivecl from fat (50%) andlor the high percentage of 

long chah saturated fatty acids prwided by both the formula and milk diets. 

Another possible explanation for the absence of a difference in FAS mRNA and 

activw levels between piglets fed the milk and formula with and without 20:4(n-6) and 

22:6(n-3) may be the presence of cholesterol in al1 the diets. As discused in section 

5.1 -6.. dietary cholesterol has been shown to stimulate hepatic fatty acid synthesis in adult 

rats (Fungwe et al. 1994,Lei et al. 1995). It could be that the stimulatory &ed of dietary 

diolesterol on fatty acid synthesis is more important than the inhibitory effect of dietary 

long diain polyunsaturated fatty acids. Studies with HepGZ cells, however, have identifiecl 

a sterol-regulatory region in the promoter of the FAS gene that fùndions to stimulate 

transcription when cellular sterol concentrations are depleted (Bennett et al. 1995,Kawabe 

et al. 1996). Furthemore, lower FAS adivity has been found in neonatal rat pups fed milk 

substitutes cantaining diolesterol than rat pups fed a milk subsütute not containing 

cholesterol (Auestad et al. 1988). The absence of a difkrenœ in hepatic cholesterol 

concentrations between piglets fed formula and piglets fed milk in study #2, therefore fitç 

well with the findings of similar levels of FAS mRNA and acüvity. Therefore, an additional 

reduction in the levels of FAS mRNA and activity that would be expeded by the addition of 

long chain polyunsaturated fatty acids to the formula may not be possible. Some support 

for this interpretaüon comes from the resuks of study #1 to show that the addiion of 

cholesterol to the formula decreased hepatic levels of FAS mRNA. Therefbre. the findings 

of simihr levels of hepatic FAS mRNA and activity among the piglets. despite differences 

in the dietary intake of 20:4(n-6) and 22:6(n-3), rnay be explained by the similar, and 

rdativeiy high intakes of choiesterol in al1 the piglets. 



5.2.4. The efFect of supplementing formula with egg phospholipid on hepatic ACC 

mRNA. 

Supplernenting formula with egg phospholipid providing 20:4(nô) and 22:6(n-3) led 

to lower levels of hepatic ACC mRNA in the fomiula-feâ piglets than in piglets fed the 

unsupplernented formula, or sow milk. Further, a significant inverse relation was found 

between the levels of 20:4(n-6) and 22:6(n-3) in l i e r  lipids and the hepatic levels of ACC 

mRNA These findings suggest that dietary 20:4(nô) and 22:6(n-3) rnay influence the 

regulation of expression of ACC at a transcriptional level in developing piglet Iiver. This 

suggestion is consistent with the findings of previous studies that show lower levels of 

hepatic ACC adMty and rates of transcription for the ACC gene in aduQ animals fed diets 

supplemented with polyunsaturated fatty acids (Clarke and Clarke 1982,Geelen et al. 

1995, Katsurada et al. 1990,Toussant et al. 1981). 

The piglets fed the formula supplemented with egg phospholipid received a similar 

amount of 20:4(nô). but about two-fold higher arnounts of 22:6(n-3) than the piglets fed 

milk. This difference in dietary intake of 22:6(n-3), together with the significantly higher 

levels of 22:6(n-3) in hepatic triglyceride and phospholipid in piglets fed the formula 

supplemented with egg phospholipid than in piglets fed sow milk cuuld be involved in the 

lower levels of hepatic ACC mRNA in piglets fed the supplemented formula than in piglets 

fed rnilk. Previous studies have only investigated the effects of diets high in 18:2(n-6) on 

the expression of ACC and have not addressed the effects of long chain n-6 and n-3 

polyunsaturated fatty acids (Clarke and Clarke 1982,Geelen et al. 1995,Katsurada et al. 

1990.Toussant et al. 1981). M rnay be that the more potent inhibitory Med of n-3 fatty 

aads, compared with n-6 fWy acids as previously reported in adult rats, on the hepatic 



expression of FAS (Clarke and Clarke 1982,Clarke and Jump 1993). is also the same for 

ACC. As well. the expression of hepatic ACC and FAS in piglets during the suckling 

period may not be responsive to the same regulatory factors. 

No difference in the hepatic levels of ACC mRNA between piglets fed the formula 

without egg phospholipid and piglets fed milk was fwnd in the studies reported here. A 

signficant inverse relation between ACC mRNA and 20:4(n-6) in liver triglyceride, 

however, was also found in this study. The similar levels of 20:4(nô) in hepatic 

triglyceride of piglets fed milk and of piglets fed the conventional formula with egg 

phospholipid coufd explain the absence of a difference in hepatic ACC mRNA between 

these two groups of piglets. The results of similar levels of 20:4(n-6) further support the 

mle of 20:4(nô) in the regulaüon of hepatic ACC. 

5.3. Summary of findings. 

The results of study #l show that formula feeding slters the levels of hepatic HMG- 

Cd4 redudase and C7H rnRNA, and plasma cholesterol concentrations in piglets when 

cornpared to natural milk feeding. Neither the addition of cholesteml to formula nor 

changing the positional distribution of fatty acids in the formula triglyceride raised the 

plasma cholesterol concentrations or changed the hepatic levels of HMG-CoA reductase 

or C7H mRNA in the formula-fed piglets in a direction resembling that of piglets fed milk. 

The most reasonable explanation for the higher levels of hepatic HMG-CoA redudase and 

C7H mRNA in piglets fed formula than in piglets fed milk is probably related to lower 

availability of exogenous cholesterol for the Iiver, secondary to the lower plasma 

cholesterol concentrations in the formula-fed piglets. Thus, the piglets fed milk had higher 

plasma cholesterol concentrations and, consequentiy, lower levels of hepatic HMGCoA 



reductase mRNA than the piglets fed formula. The absence of an increase in plasma 

cholesterol axiœntrations, and consequently of a decrease in hepaüc levels of HMG-CoA 

dudase and C7H mRNA in pigletç fed the formula supplemented with cholesterol may 

be explained by ciifferences in the absorption of cholesterol frorn milk and formula. 

Altematively, other effedç of milk on the secretion of cholesterol, specifically into bile as 

either cholesterol or bile acids, rnight explain the results. 

The results of study #2 are the first to show that supplementing formula with egg 

phospholipid providing 20:4(nô) and 22:6(n-3) alters bile phospholipid fatty acid 

composition and bile lipid concentrations. Despite the differences in bile lipid 

metabolism. no effect was observed on hepatic levels of C7H or HMG CoA redudase 

mRNA. This suggests, as discussed above, that the higher levels of C7H and HMG- 

CoA reductase mRNA in formula-fed compared to milk-fed piglets is probably related to 

the lower plasma cholesterol concentrations in the formula-fed than rnilk-fed piglets. 

The higher 20:4(nô) and 22:6(n-3) in bile lipids of piglets fed the formula supplemented 

wiVi egg phospholipid than in piglets fed the unsupplemented formula or piglets fed milk 

suggest that dietary long chain fatty acids, at Ieast when fed as phospholipid, may be 

used for bile phospholipid synthesis or may influence the entemhepatic circulation of 

bile phospholipid. This also suggests that the 20:4(n-6) and 22:6(nw3) added to formula 

as egg phospholipid may be metabolized differently than the 20:4(n-6) and 22:6(n-3) 

naturally present in milk, largely as triglycerides. 

Supplementing the fomiula with egg phosphdipid also led to lower hepatic levels of 

ACC rnRNA, but had no effed on the levels of FAS mRNA or adivity, and increased 

20:4(nô) and 22:6(n-3) in hep& pphospholipid and tnglyceride. The significant inverse 



relation found between the levels of hepatic ACC m RNA and 20:4(n-6) in hepatic 

tnglyceride, and between 22:6(n-3) in hepatic phospholipid is consistent with published 

data to indicate long da in  n ô  and n-3 fatty acids maybe involved in the regulation of 

ACC. The effeds of dietary 20:4(n-6) and 22:6(n-3) when supplied as egg phospholipid 

appears to be more effidous in increasing lier phaspholipid and triglyceride levels of 

20:4(n-6) and 22:6(nœ3) than when supplied as sow milk. These findings again suggest 

that the 20:4(n-6) and 22:6(n-3) men added to formula as egg phospholipid is 

rnetabdized differently from the 20:4(n-6) and 22:6(n-3) naturally present in sow milk 



6. CONCLUSIONS 

6.1. Study #l 

6.1 -1 The addition of cholesterol (0.52rnmolR unesterified + O. 13mmollL 

cholesteryl oleate) to formula does not mise plasma cholesterol to levels 

observed in milk-fed piglets. 

6.1.2 Directing 16:O to the centre position of the formula triglyceride does not 

raise plasma cholesterol to levels observed in milk-fed piglets. 

6.1.3. The higher concentrations of plasma cholesterol in milk-fed than 

formula-fed pig lets are accorn panied by hig her concentrations of bile 

acids, cholesterol and phospholipid in bile and lower hepatic levels of 

C7H mRNA and HMG-CoA reductase mRNA 

6.1.4. The hepatic levels of LDL receptor mRNA are not infiuenced by early 

diet in piglets. 

6.1.5. The addition of cholesterol to formula increases hepatic total cholesterol 

concentrations, decreases hepatic levels of FAS mRNA and activity and 

has no effect on hepatic levels of LDL receptor rnRNA, C7H mRNA or 

HMG-CoA reductase m RNA. 

6.1.6. Directing 16:O to the centre position of the formula triglyceride lowers 

hepatic levels of FAS activity and mRNA in formula-fed piglets. 

6.1.7. The higher levels of hepatic triglyceride in milk-fed than formula-fed 

piglets are not accompanied by higher hepatic levels of FAS activity and 

mRNA 



6.2. Study #2 

6.2.1. Supplementing formula wiîh egg phospholipid pmviding 20:4(n-6) and 

22:6(n-3) does not affect the concentrations of plasma total cholesterol 

in piglets. 

6.2.2. Supplementing formula with egg phospholipid providing 20:4(nô) and 

22:6(n-3) does not affect hepatic levels of FAS activity and mRNA, 

HMG-CoA reductase activity and mRNA. C7H mRNA or LDL receptor 

m R W  

63.3. Supplementing formula with egg phospholipid providing 20:4(n-6) and 

22:6(n-3) increases the levels of bile acids, cholesterol and phospholipid 

in bile. This was not accompanied by statistically significant differences 

in the levels of mRNA for C7H, HMG-CoA reductase or LDL receptor. 

6.2.4. Milk-fed piglets have lower levels of hepatic HMG-CoA redudase activity 

and mRNA and lower levels of hepatic C7H mRNA than formula-fed 

piglets. 

6.2.5. Supplernenting formula with egg phospholipid providing 20:4(n-6) and 

22:6(n-3) increases the concentrations of 20:4(n-6) and 22:6(n-3) in bile 

and liver phospholipids and is accompanied by lower hepatic levels of 

ACC mRNA 

6.2.6. Hepatic levels of ACC mRNA are negatively correlated with the levels of 

20:4(n-6) in hepatic tnglyceride and the levels of 22:6(n-3) in hepatic 

phospholipid. The correlation between hepatic ACC mRNA and hepatic 



phospholipid 20:4(n-6) is stronger than for hepatic ACC mRNA and 

hepatic trig lyceride 22:6(n-3). 
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6.3. Overall Conclusions 

Early diet, milk or formula feeding , does influence the hepatic levels of 

HMG-CoA redudase mRNA and activrty and hepatic levels of C7H 

mRNA. 

The positional distribution of fatty acids in the dietary triglyceride is 

probably not responsible for the higher levels of plasma cholesterol in 

the milk than formula-fed piglets. 

The long chain polyunsaturated fatty acids, 20:4(n-6) and 22:6(n-3) 

when added to formula as a component of egg phospholipid are 

metaboIized differently by the liver than the 20:4(n-6) and 22:6(n-3) 

naturally found in milk. 



7. LIMITATIONS OF STUOY 

The experimental pmtocols employed in these studies could only be 

feasibly cunducted using an animal model. Several reasons. including nutritional 

and physiolagical sirnilariües to the human infant, and practical concems support 

the choice of the piglet as an animal model. Caution, must be exercised 

however. wioi interpretation of these results with regard to the hurnan infant. 

Clearly, the potential for species-related differences in metabolic response to 

dietary cholesterol and saturated fatty acids, and in the pathways of milk and 

fomula fat digestion in the newborn period are important. 

The statistical power of study #2 was low. Due to illness, the number of 

piglets fed conventionai formula which were considered healthy and of 

appropriate body weight at the end of the experimental feeding period was 3, 

instead of 6. Three animals in th@ group. who experienced early infection. were 

withdmwn. There were 6 piglets in the group fed the conventional formula 

supplemented with egg phospholipid and 7 piglets in the rnilk-fed group. The 

piglets were randomized to receive either the supplernented or unsupplemented 

fomula at the beginning of the study. Simply adding more piglets to the 

conventional formula group ai the end of the study penod to increase the nurnbet 

of piglets in this group is problematic and statistically invalid because the 

randomizaüon is lost The randomization should control within feeding block 

variation and there may also be seasonal variations between groups of piglets 

born in difkrent months. Again, within a randomized study this is balanced. The 

possibility of a type 2 error, that is, failure to detect significant diet effects due to 



inadequate sample size. has ta be remgnized when considering the results. 

Ideally, the study should be repeated with a more appropriate sample size. 

The feeding state of milk-fed piglets at the time of blood sampling waç 

difficult to control. At the end of the experimental feeding period. tissue samples 

were obtained from the fomula-fed piglets exactly 3 hrs. post-prandial. In the 

milk-fed piglets, however, the time between blood and tissue collection and the 

actual last feed and the volume of the feed was difficult to control because the 

animais nursed with their natural mothers. The sow milk-fed animais were taken 

fmm the sow about 3-4 hrs. prior to blood and tissue collection. An approach 

used in infant studies to detemine milk intake is test weighing before and af€er 

nursing. However, this approach can estimate the amount suckled but cannot 

force the time or amount which an ad libitum nursing piglet (or human) feeds. 

Expression of sow milk and bottle-feeding was also an impractical approach 

because of the dificulty of obtaining significant volumes of milk from the sows. It 

is also difficult to get a previously nursed animal to take bottle-feeds. The 

potential difierences in test-feeding state between the milk-fed and formula-fed 

piglets may be important, and must be considered in interpreting reasons for 

différences between milk-fed and formula-fed animais, for example with regards 

to plasma glucagon and unesterifid fatty acids. 

Egg phospholipid was used as a source of 20:4(n-6) and 22:6(n-3) in 

study #2 bewuse it provides both 20:4(n-6) and 22:6(n-3) and clinical studies 

have been mnducted to investigate the effect of egg phospholipid in formula in 

human infants (Aeustad et al. 1996, Carlson et al. 1996). A major problem with 



the interpretation of the resuits of study #2 is that it is not known whether or not 

the observed effects of the supplemented formula are a result of adding 

phospholipid, the long chain fatty acids or an interaction of the two. Furthemore, 

since egg phospholipid provides both 20:4(n-6) and 22:6(n-3), the observed 

effects could be the result of the 20:4(n-6) or 22:6(n-3), or again a consequence 

of the presence of both 20:4(n-6) and 22:6(n-3) in the supplement. 



8. SlGNlFlCANCE OF FlNDlNGS 

The results of the studies reported here clearly show that early diet has an 

influence on hepatic cholesterol metabolism, plasma cholestero t concentrations 

and most importantly, hepatic gene expression. The significance of these 

findings is three-fold. Firstly, rnimicking the dietary fat composition of infant 

formula does not produœ similar rnetabolic responses as to that found in the 

milk-fed animal. Secondly, these findings raise the question of whether or not 

the observed effed of early diet will continue through to adulthood and set the 

stage for the rnetabolic reçponse to dietary fat in adulthood. Thirdly, this 

profound efkct of eariy diet on lipid metabolism in these studies raises questions 

regarding the appropriate levels of total fat intake and what type of fat is required 

by the infant for adequate growth and development while minirnizing risk for 

developmental problems and chranic disease, such as cardiovascular disease. 

The findings of this study are significant in that they show that the addition 

of cholesterol to formula and directing 16:O to the centre position of the formula 

t~glyceride failed to increase plasma cholesterol concentrations to levels 

observed in the milk-fed piglets. Higher plasma cholesterol concentrations in 

milk-fed than formula-fed infants have been well documented in both human 

infants and experirnental animals (Kallio et al. 1997,Lane & McConathy 1986, 

Lourdes et al. 1994, Mize et al. 1995. Mott et al. IWO, Riow & lnnis 1993, Van 

Biervleit et al. 1986, Wong et al. 1993). In studies #l and #2, what is most 

notable is the finding that the lower plasma cholesterol concentrations in the 

formula-fed than rnilk-fed piglets was accompanied by higher hepatic levels of 



HMG-CoA reductase and C7H in the formula-fed than milk-fed piglets. It seems 

reasonable to question whether the efkct of eariy diet on hepatic cholesterol 

metabolism observed in these studies reported here, could also be present 

during adulthood and influence response to dietary fat challenge. Previous 

studies with baboons did find that early diet does impnnt the response of juvenile 

and adult animals to high fat and cholesterol diets (Mott et al. 1995, Mott et al. 

1985, Mott et al. 1990). As well, a retrospective study found that adult men who 

had been fed milk as infants had higher serum cholesterol concentrations and a 

greater incidence of cardiovascular disease than those who had been fed 

fomula (Fall et al. 1992). Consequently, additional prospective studies with 

piglets and in humans would be useful to draw more substantial conclusions on 

whether eariy diet can imprint adult metabolic response to dietary fat. 

The findings of studies #1 and ü2 are also significant in that they provide 

evidence that early diet has profound effects on hepatic lipid metabolisrn during 

infancy. Lower levels of plasma cholesterol were found in the formula-fed than 

milk-fed piglets despite similar amounts of total energy and similar amounts of 

total fat (representing 50% of energy), cholesterol and saturated fatty acids 

provided by both the fomula and milk diets. At present, controversy exists 

regarding the appropriate age at which attempts should be made to lower dietary 

fat intakes in children because of the association between high dietary fat 

intakes, ptimarily cholesterol and saturated fatty acids, with increased blood 

cholesterol levels, a risk factor for cardiovascular disease. The main controversy 

is around the energy dense nature of dietary fat and the importance of energy 



intake and dietary fat for normal growth. Support for a lowering of dietary fat 

intake during infancy and childhood cornes from autopsy studies in which it was 

found that fatty streak development is present early in Iife (Newman et al. 

1986,Pesonen et al. 1990). To date, few studies have been conducted to 

investigate the effects of a low fat diet during childhood and these studies have 

found no deleterious effects on gmvth but a lowering of serum total and LDL 

cholesterol concentrations (Boulton and Magarey 1995, DlSC Collaborative 

Research Group 1995). Only one prospective study in young infants aged 7-1 3 

months has been conducted. This study found that serum cholesterol 

concentrations did not change significantly between the ages of 7-1 3 months in 

infants whose guardians received nutritional counseling to lower dietary fat 

intakes (c30-35% energy and c 200 mg cholesterol) (Lapinleimu et al. 1995). In 

contrast, an increase in serum choiesterol concentrations was found in infants 

whose guardians did not receive dietary advice. No differences in growth were 

observed between these two experirnental groups. However, the study was only 

conducted ~ Ï t h  formula-fed infants and there were signifiant differences in total 

energy intakes between the two experirnental groups. The intake of fat by both 

groups was l e s  than 30% and there was only a srnaIl difference in fat intake 

between groups, 26% and 28% in the intervention and control groups, 

respectively. Therefore, additional research is required to determine in both 

breast-fed and formula-fed infants, the effects of consuming a diet deriving less 

than 30% of energy from fat compared with infants consuming a diet deriving 

greater than 30% of energy from fat. These findings, together with findings from 



additional studies investigating whether or not earl y diet can im print meta bolic 

response to dietary fat intake in adulthood will aid in 'fine-tuning' 

recommendations regarding appropriate levels and type of fat intake during 

infancy. As well. genetic factors and the polymorphic nature of genes enmding 

proteins involved in lipid metabolisrn (reviewed by Humphries 1993,Hurnphries et 

al. 1995) must also be considered. Recently, a study in Finnish infants found 

that the degree of difference in serum cholesterol concentrations between breast- 

fed and formula-fed infants was related to the apo E phenotype of the infant 

(Kallio et al. 1997). In infants expressing the apo E3/E4 and E4fE4 phenotypes. 

the differences in serum cholesterol concentrations between breast-fed and 

formula-fed infants were much greater than the differences observed for infants 

with either the apo E3/E3 phenotype or apo EZE2, EZE3 or EZE4 phenotypes. 



9. FUTURE DIRECTIONS 

The findings of the studies reported here that adding cholesterol to the 

formula, primarily in the unesterifïed form and at similar arnounts to the levels 

found in milk did not raise plasma cholesterol concentrations suggests that there 

may be differences in the absorption of cholesterol between milk-fed and 

formula-fed piglets. Future studies are therefore needed to consider if 

differenœs in fat and cholesterol absorption exist between milk and formula-fed 

piglets and how this might relate to diet-related differences in hepatic lipid 

metabolisrn during development. These studies might include: 

1. Labeling the cholesterol added to formula. 

If the cholesterol added to formula, similar to the formula in study #l , was labeled 

either using "C or the stable isotope ' 3 ~ ,  muld be traced and estimates of its 

metabolism more accurately detenined. These studies would detemine fecal 

cholesterol excretion and as well, the amount of labeled cholesterol in circulating 

lipoproteins, in the cholesterol and bile acids in bile and in intestinal hepatic cells. 

2. It would also be useful to determine if difkrences in the expression of 

proteins involved in cholesterol absorption exist between milk and formula-fed 

pig lets. 

These studies would involve sampling duodenal pancreatic secretions and 

assaying for cholesterol esterase a d M i ;  investigating whether or not diet-induced 

dfferences exist in pancreatic levels of cholesterol esterase mRNA and protein; 

and determining differences in the expression of apo B48 in intestinal cells. 



Studies #1 and #2 found differences in the levels of hepatic C7H mRNA and 

differenceç in the concentration of bile acids, cholesterol and phospholipid in bile 

between milk-fed and formula-fed piglets. The enterohepatic circulation of bile acids 

involves intestinal reabsorption, secretion into the portal circulation and uptake by 

the liver. Passive, nonionic reabçorption of glycine-wnjugated dihydroxy bile acids 

m u r s  in the jejunurn and of unamjugated bile aads in the colon (Piccoli et al. 

1993). Glycine- and taurineconjugated bile acids are reabsorbed via an active 

transport rnechanism in the terminal ileum. This proces involves a Na+-dependent 

bile acid cotransporter localized to the brush border membrane of ileal enterocytes 

(Kramer et al. 1993,Schneider et al. 1994,Wong et al. 1994), which transports bile 

aads into enterocytes, and a bile acid binding protein (Fujita et al. 1990,Gantr et al. 

1989, Lin et al. 1991 ,Sacchetoni et al. 1990,Walz et al. 1 988), which transports bile 

acids intracellularly. Following enterocyte absorption, bile acids are secreted into 

the portal circulation via a Nachdependent organic ion exchange system. The bile 

acids are then taken up by hepatocytes via a Na+dependent cotransporter 

(Ananthanarayanan et al. 1994,Hagenbuch et al. 1991). Lime is known regarding 

the ontogenesis of the enterohepatic circulation of bile acids and what effect early 

diet may have on this procesç. Studies with rodents have suggested that the ileal 

bile acid reabsorption during the suckling period is by a passive proceçç and active 

ileal transport does not commence until the age of weaning (Barnard et al. 

1985,Sacchettini et al. 1990). Future studies might consider the following: 

1. Investigating the hepatic uptake of bile acids and whether or not this process 

is influenœd by eariy diet 



These studies would involve comparing the effed of milk and formula-feeding in 

piglets on the expression of the hepatic Na+dependent cotransporter 

(Ananthanarayanan et al. 1994, Hagenbuch et al. 1991). 

2. Determining whether or not the absence of intestinal active transport of bile 

aads during the suckling penod is a species-related phenornena. 

These studies would detemine if the g e n s  for the ileal Na+dependent bile acid 

cotransporter and the bile acid binding protein are expresed dunng the suckling 

pend in milk-M piglets. 

3. Determining if early diet inff uences the age at which active ileal transport of 

bile acids aommences and whether or not early diet has an effect on this 

process. 

These studies would detemine if formula-feeding influences the expression of the 

ileal Na+dependent bile acid cotransporter and the bile acid binding protein. 

The studies reported here are one of the first to dernonstrate that early 

formula-feeding, using formula similar to formula designed for human infants, 

results in a difference in the hepatic levels of mRNA for HMG-CoA reductase and 

C7H when compared to milk-feeding in piglets. The findings reported here. 

combined with the findings of previously reported studies that cholesterol 

synthesis is higher in the formula-fed than rnilk-fed infants (Lourdes et al. 1994) 

and the activity for HMG-CoA reductase is higher in formula-fed than rnilk-fed 

piglets (Rioux and Innis 1993). provides good circumstantial evidence that 

formula-feeding increases cholesterol synthesis. It would then be important to 

determine if such differences do indeed occur in infants and if these differences 



continue through to adulthood. As already mentioned, previous studies have 

suggested a long term efkct of infant diet on adult cholesterol metabolism (Fall 

et al. 1992, Mott et al. 1995, Mott et al. 1985, Mott et al. I W O ) .  Based on the 

findings of these previous studies and the findings reported here, the following 

studies would seem worthwhife: 

1. Determining if the early diet-related differences in hepatic gene expression 

persist beyond infancy into adulthood in piglets. 

The initial part of this study would follow a similar experimental pmtocol as that 

followed in Study #i. At 18 days, however, blood samples and a liver biopsy 

would be taken, and the animals then weaned to a suitable weaning diet (for 

piglets) and continued on this diet until60 days of age. At 60 days, the piglets 

would be challenged with a diet high in fat and cholesterol for 1 year. Following this 

blood and tissue samples would be collected for detemination of plasma and liver 

lipid content and the expression of hepaüc HMG-CoA reductase, C7H and LDL 

receptor. The aorta would also be removed and fatty streak development 

measured using histochemical techniques. 

2. Cornpleting a prospective study of infants in the Lower Mainland to investigate 

the e M s  early diet on cholesterol metabolism. 

The initial phase of this study would involve determining the effects of formula and 

milk-feeding on plasma lipid concentrations, apo E phenotype, and the levels of 

HMG-&A reductase and LDL receptor mRNA in blood leukocytes as indicators of 

hepatic levels of these proteins (Powell and Kroon 1994). The second stage of this 

study would involve a follow-up of these infants at ages 13 years and 6-8 years. At 



these tirnes, plasma Iipid concentrations and the levels of HMGGoA redudaçe and 

LDL receptor mRNA in blood leukocytes would be determined to investigate any 

delayed effect of early diet is present at these time points. 

The profound differences in plasma cholesterol concentrations and levels 

of hepatic HMG-CoA reductase and C7H mRNA despite adding cholesterol to 

formula suggest that there could also be some other 'non-nutritive' factor present 

in milk but absent from formula that could influence lipid metabolism. Studies 

that would investigate this possibility include: 

1. Detemining the activity of milk-borne peptides and hormones in 

the intestine of milk-fed piglets . 

These studies would initially involve catheterizing animals such that samples 

from the çmall intestine (duodenum) could be taken after an animal ingested 

milk. 

2. Cornparing the effect of any of the active peptides and homones found in 

milk on intestinal gene expression of proteins involved in Iipid metabolism. 

These studies would involve both animal and cell culture experiments. CaCo-2 

cells would be used in the cell culture experiments. The cells would be grown to 

confluence and then the various hormones, previously determined to be active. 

would be added to the media. The effect of the presence of these hormones on 

cellular lipid metabolisrn and secretion of lipoproteins would be determined. In 

the animal studies, animals would be fed milk, formula, or formula supplemented 

with one of the previously determined adive hormones present in milk. The 



effect of these diets on the expression of intestinal proteins involved in lipid 

metabolism would be determined. 

The second study supplemented the formula with egg phospholipid to 

provide 20:4(n-6) and 22:6(n3) primarily because this has been used in studies 

with human infants fed formula (Auestad et al. 1997, Carlson et al. 1996). 

However, it is diff~cult to determine whether the e M s  on lipid metabolism 

observed in study #t2 were a cunsequence of supplementing the fomula with 

phospholipid or 20:4(nô) and 22(n-3) or an interadon of the two. More specific 

studies investigating the metabolic mnsequences of supplementing formula with 

20:4(nô) and 22:6(n-3) from different s o u m  would be usefui. These studies 

would involve: 

1. Comparing the effects of formula supplemented with egg phospholipid, 

with soybean phospholipid. or a triglyceride source of 20:4(n-6); and a 

triglyceride source of 22:6(rt-3). 

These studies would follow a similar experimental protocol to that of study #2 

except with a larger number of anirnals and more experirnental feeding groups. 

The experirnental feeding groups would include piglets assigned to receive milk, 

conventional formula. fomula supplemented with egg phospholipid. formula 

supplemented with soybean phospholipid. formula supplemented with triglycerides 

high in 20:4(n-6) or formula supplemented with triglycerides high in 22:6(n-3). 
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Appendix II.1. Body and liver weights of pigleb fed formula or milk to 18 days of age (Study 1). 

conventional formula synthesized TG formula 

(-1 (+) (9 (+) sow milk 

NOTE. Data presented as rneanISEM, n=6 for each diet group. 



Appendix 11.11. Concentrations of cholesterol and triglyceride in plasma of piglets fed formula or milk to 18 days of 
age (Study 1). 

conventional formula synthesized TG formula 

cholesterol 
(mmol/L) 

total*$ 2.16fO.11 2.30f 0.09 1.93f0.08 1.97+-0.08 3.42-kO.42 
HDL' 1.00f 0.06 l.OSf0.04 0.89f 0.05 0.94&0,06 1.523110.33 
a p o ~ '  l .I6f0,07 1 ,29f 0.08 1.04&0.07 1.04k0.04 1.903.0.29 

- 

NOTE. Data presented as meanISEM, n=6 for each diet group. 'Values for milk-fed piglets significantly different from 

velues for piglets fed milk (Pe0.05). SSignificant effect of the positional distribution of 16:O in the formula triglyceride 

(P<0.002). No signifiant effect of addition of cholesterol to formula was found. ' ~ o t  analyzed statistically. Samples were 

al1 collected when the animals were in the non-fasted state. 



Appedix II.III. Concentrations of liver lipids and bile lipids and bile acids in piglets fed formula or milk to 18 days 
of age (Study i). 

- - 

conventional formula synthesized TG formula 

(4 (+) 6 )  (+) sow milk 

Liver 
cholesterol't 41.3I1.7 42,9*1,1 36,5k0.8 43.3f 2.2 

trig l yceride* 16.3+1 .9 18.6k1.3 14.4k1.2 21 -3k3.4 

phospholipids* 1 8.9I4.4 14.0I0.8 9.3Otl.1 16.4k1.3 

cholesterol" 2.20f 0.5 2.50f 0.2 1.80k0.3 1.70k0.3 

NOTE. Data presented as meanISEM, n=6 for each diet group. Values for liver cholesterol and triglyceride given in 

mrnollg protein. Values for bile cholesterol, bile acids, and phospholipid given in mmollL. *Values for piglets fed formula 

significantly different from values for milk-fed piglets (P<0.05). tsignificent effect of adding cholesterol to formula 

(P<0.05). $Significant effect of the positional distribution of 16:O in the formula triglyceride (P<O.Ol). 





Appendix I1I.I. Liver and body weights (Study 2). 

amventional conventional+egg PL milk 
formula formula 

Values presented as means f SEM, n=3 conventional formula; n=6, 

conventional+egg PL formula; n=7, milk. 



Appendix III.II. Plasma Lipid Concentrations (Study 2). 

conventional w nventional+egg PL milk 
formula formula 

choleste rol 

tata1 2.48H.07" 2.4M. 14* 3-96a.44 

HDL 1.1 Z+o.02* 1.36H.06t 1 -56kû.16 

apo B 1.36I0.06 7 .13+0.08 2.4M.28 

trig 1 yœ ride 0.37kû.03 0.50kû.07" 0.32kû.05 

Values presented as means I SEM, n=3 conventional formula; n=6, 

conventional+egg PL formula; n=7, milk. *Significantly different from 

values for milk-fed piglets (W0.05). tsignificant effect of supplementing 

the formula with egg p hospholipid 20:4(n-6) and 22:6(n-3), (Pc0.01). 



Appendix III.III. Hepatic lipid concentrations and major fatty acids in 
hepatic phospholipid and triglyceride. 

conventional conventional+egg PL milk 
formula fom ula 

.- 

Liver 

cholesterol 30.8H.7 30.4I0.7 

trig lyceride 14.321 .O 16.9f0.7 

phospholipid 19317.2 209-6.0' 188k5.4 

Phospholipid Fatty Acids 
16:O 14.lf0-3' 14.W.2* 15.W.2 

Triglyceride Fatty Acids 
16:O 21.7I0.4* 21.7a.4" 31.4I0.9 

20:4(n-6) 9.25I0.3' 1 0.7kO.4y 5.64f0.1 

22:6(n-3) 0.99f0.1' 1.18+0.1* 0.8W.O 

Values presented as means + SEM. n=3 conventional formula; n=6. 

conventional+egg PL formula; n=7, milk. Values for liver cholesterol, 

triglyceride and phospholipid given as pM/g protein. Values for major fatty 

acids given as g1100g total fatty acids. Significantly different from values 

for milk-fed piglets (B0.05) .  eignificant effect of supplementing the 

formula with egg phospholipid 20:4(n-6) and 22:6(n-3), (-0.05). 



Appendix III.IV. Hepatic la-hydroxy lase mRNA, LDL receptor 
mRNA, HMG-CoA reductase mRNA and acthrity, acetyl CoA 
carboxylase mRNA and fatty acid synthase mRNA and activity. 

conventional conventional+egg PL milk 
formula formula 

7~~hydroxylase m RNA 227, 0+76 31 5 . 0 e 2  230.0k47 

LDL receptor mRNA 168-4k38 180.3kîl 173.6+18 

HMGCoA redudase rnRNA 505.3*8* 465.33-26" 306249  

HMGCoA redudase acavity 3794f274' 751 7kî346" 528.1 +l 08 

acetyl CoA carboxylase mRNA 1 30225 63.6M.4t 128.1+23 

fatty acid synthase mRNA 251.3k35 251 .BI 6 288.1 SZ7 

fatty acid synthase acüvity 2.93kO.l 2.820.2 2.71+0.3 

Values presented as means f SEM, n=3 conventional fomula; n=6, 

conventional+egg PL formula; n=7, milk. Values for mRNA given as 

densitornetric unitsipg RNA Values for HMG-CoA reductase activity 

given as pmollminlmg protein. Values for fatty acid synthase activity given 

as nmol NADPHlminlmg protein. Significantly different from values for 

milk-fed piglets (R0.05). 
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