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ABSTRACT

The two main objectives ot this thesis were: 1) te cwamine  he

influence of egg yolk lipids on ovo-cholesterol metabolism:  and 2o
explore the possibility of altering the cholesterolemic properties ot
cnicken eggs by modifying the wvolk fatty aciidl composition.

In preliminary studies on egg cholesterol values.

different methods

for egg cholesterol assav were compared. It was demonstrated that the

conventional «colorimetric method overestimated the egy  cholesterol
content. The egg cholesterol wvalue was associated with the size of CELS
and yolks, which in turn were related to the age of laving hens.

In rats, feeding whole volk powder resulted in a higher ratio of
high-density lipoprotein cholesterol (HDL-C) to total cholesterol (TC)
and lower liver cholesterol contents when compared to the same amount of
pure cholesterol, indicating that volk components other than cholesterol
per se might also play - role. Subsequent studies with volk neutral oil
(triglycerides) and volk phospholipids (lecithin) showed that yolk neutral
oil was hypocholesterolemic when compared to saturated coconut oil, and
that dietary yolk lecithin resulted in a significantly higher plasma HDL-
C and lower liver cholesterol contents than lard or soybean oil did.

In an attempt to decrease the cholesterolemic effects of the
chicken eggs, full-fat oil seeds rich in n-6 or n-3 polyunsaturated (PUFA)
or n-9 monounsaturated fatty acids (MUFA) were included in laying hen
rations to enrich the eggs with PUFA or MUFA. Feeding flax seeds to laying
hens resulted in the accumulation of a-linolenic acid and its longer chain

metabolites, such as eicosapentaenoic (EPA) and docosahexaenoic acids

(DHA) in the egg yolk total and phospholipids. Feeding the n-3 PUFA



enriched vups to ravs reduced plasma and liver cholesterol contents.
enriched pligsma and tissue total and phospholipids with n-2 PUFA, and
inhibived rhe synthesis of prostaglandin E, by the skeletal muscle when
compared to the control or n-6 PUFA enriched eggs. In healthy human
volunteers, consumption of two n-3 PUFA eggs a day for a period of 18 days
prevented plasma TC and LDL-C from rising, increased HDL-C, and reduced
plasma triglyceride level. The overall qualities of the n-3 eggs were not
adversely affected. A slight off-flavor, however, was detected in some of

these eggs, indicating the need for further research work.
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Chapter 1. General Introduction

he chicken egg, wicwed by manv as one of nature’s most pertect

foods. has been a staple food item for humans s=ince the dawn  of

1

0

wilization. Domestication of chickens to supply epg and meat dates back

r

o 1409 BC in China and Egypt (Moreng and avens, 1985). The vy has long

gy
been recognized as a rich source of essential nutrients for maintaining
human health. It provides the most complete, therefore the highest quality
proteins, all necessary vitamins except vitamin €., and minerals (Morenp
and Avens, 1985; Shrimpton, 1987).

The per capita consumption of the egg, however, has bheen declining
steadily over the past four decades in Western countries (Figure 1.1).
Changing life style and more choices of food products are two contributing
factors. But by far the major cause is the consumers’ increasing health
consciousness of diet and the controversial relationship between dietarv
chnlesterol and coronary heart disease (CHD). Due to its relatively high
cholesterol level and culinary advantage, the egg has been used as the
exclusive source of dietary cholesterol in both animal and human
experiments to study the effect of dietary cholesterol. Consequently, the
term "egg" today has become the synoanym for “"cholesterol" which, in turn,
implicates heart disease, to many laymen and medical professionals alike,

although the relationship between dietary cholesterol and CHD is far from

being settled even today.

1.1. About Cholesterol

The compound now known as cholesterol was first described by a



French chemist de Fourcroyv, who in 1789 isolated a crystalline substance
from the alcohel-soluble fraction of human gallstones (de Fourcroy, 1789).
By the carly nineteenth century, the newly discovered compound was found
in human and animal bile (Chevreul, 1816), and in human blood (Lecanu,
1838). The universal distribution of the compound in all animal cells was
soon recognized. The compound was found to be an alcohol by Berthelot in
1859 (Berthelot, 1859) and its correct empirical formula, C,,H,;0, was
reported by Reinitzer in 1888 (Reinitzer, 1888). The final structure of

cholesterol (Figure 1.2) was established in 1932 by Windaus (1932) and

Wieland and Dane (1932).

1.1.1. Distribution of Cholesterol

Cholesterol is almost ubiquitously distributed in cells of all
animals. In mammals, the highest concentration of cholesterol is found in
the adrenal and brain tissues (Sabine, 1977; Gibbons et al., 1982)., The
proximate distribution of cholesterol in human beings is shown in Table:
1.1. The largest absolute amounts of cholesterol are contained in muscle,
brain and nervous system, and connective tissues including adipose.
Cholesterol can be present predominantly in the free or esterified forms,
with a small proportion being sulfated or conjugated (Sabine, 1977). In
virtually all cells, except adipose tissue, the bulk of cellular
cholesterol is contained in or associated with cellular membranes. Cells
of most othar tissues have similar patterns of cellular cholesterol
distribution, 2.:cept in some like neurons where the myelin sheath contains

more than 70% of cellular cholesterol (Davison, 1970).



1.1.2. Physiological Functions of Cholesterol
Cholesterol is an important precursor to a variety of kev biological

substances. It is converted in the liver into bile acids which are

indispensable for the digestion and :bsorption of dietarv lipids (Strver,
14981) .

A whole arrav of steroid hormones such as progesterone, estrogens,

androgens, glucocorticoids, cortiscne, hvdrocortisone. and aldosterone it
swvnthesized from cholesterol and are essential for normal sexual function,

e

anti-inflammation, and sodium-regulation. In the skin, a precursor of

cholesterol., 7-dehydro-cholesterol, is converted to vitamin D, necessary

for homeostasis of calciw -phosphate metabolism. Some precursor molecules

of cholesterol ars also necessary for the de rnovo synthesis of

biologically important compounds such as ubiquinones and dol!ichol (Health
and Welfare Canada, 1990). An essential compound of biological wembranes,

cholesterol influences memhrane fluidity, Consequenti, membrane
permeability to water and solutes, membrane fusion, and activicies of

membrane-bound enzvmes, hormone and other receptors are altered by the

presence of cholesterol (Sabine, 1977: Bloch, 1985). One of the

most
intriguing facts about ct “erol is 1its ubiquitous distribution in
animals but not in plants i.. ..ich other sterols are present. Cholesterol

plays a unique role in the transport of fats which serve as the energy
reserves in animals in the form of lipoproteins. In plants, carbohydrates
serve as the energy reserves which are transported in water-soluble faorm.
This biological difference may explain the animal origin of cholesterol

(Gibbons et al., 1982), although this division may no longer be accurate

(Bloch, 1985).



1.1.3. Biosynthesis of Cholesterol and Its Regulation
Yot only 1is cholesterol ubiquitously distributed, it is also
*svnthesiczed de novo in cells of wirtuallv all animals (Bloch, 1985). The
detailed biosynthetic pathway leading the formation of cholesterol in
animals is now clear owing to the work of Bloch, Cornforth, and Popjak
and their respective colleagues. Most of more than 30 enzvmes of
cholesterogenesis are membrane bound. The svnthetic pathwav conveniently
divided into four major stages is presented briefly as follows (Fielding
and Fielding, 1985):
1. Conversion of acetyl CoA 1into mevalonate. Three acetyl CoA
molecules are condensed to form 3-hydroxy-3-methylglutarvl CoA (HMG
CoA) which is then reduced to mevalonic acid by HMG CoA reductase
in the presence of NADPH. The reduction of HMG CoA by HMG CoA
reductase, a transmembrane protein with a molecular weight of 27 K,
is a rate limiting step in the de novo synthesis of cholesterol.
2. Mevalonate to squalene. Mevalonic acid 1is subsequently
phosphorylated and decarboxylated to form isopentenyl pyrophosphate.
Then six units of isopentenyl pyrophosphate are condensed to form
presqualene pyrophosphate, which is converted in the presence of
NADPH to squalene.
3. Squalene to lanosterol. Squalene is first converted to squalene-
Z.3-oxide by squalene epoxidase in the presence of NADPH, FAD, and
oxyvgen. Squalene-2,3-oxide is then cyclized by the microsome 2,3-
oxidosqualene:lanosterol cyclase to form lanosterol.
4. From lanosterol to cholesterol. The conversion of lanosterol to

cholesterol, cataly:ed by microsome enzymes, involves 19-steps of

©~



reaction including demethvlation, reducrion, and rearrangoement  of

double bonds.
mentioned above, the conversion of HMG CoA to mevalonic acid is
the committed step in the sequence of reactions leading to tha de rovoe
synthesis of cholesterol. As would be expected for a rate-limiting enzvme,
the activity of HMG CoA reductase is highly regulated. For instance, rat

hepatic HMG CoA reductase activity is at least 4-fold higher at mid-dark

than that at mid-light (Edwards et al., 1972). This diurnal change is

attributed to a lower cellular free cholesterol concentration caused by
the conversion of cholesterol to bile acids which are necessary for the

digestion and absorption of food (Edwards et al., 1972). Two kinds of

regulatory mechanisms of the HMG CoA reductase activity have been

proposed. The first involves the stringent control of the rate of

reductase protein synthesis (Rodwell et al., 1976). A wide variecy of
oxygenated cholesterol derivatives, not cholesterol per se, are reported

to inhibit cholesterogenesis probably by lowering the level of cellular
HMG CoA reductase (Shroepfer 1981; Tanaka et al., 1983: Sexton et al .,
1983). HMG CoA reductase is also regulated by reversible phosphorylation
mediated by a phosphate-kinase cascade (Hunter and Rodwell, 1980). The
majority of the reductase in vertebrate liver may be present in a
catalytically inactive form in vivo (Hunter and Rodwell, 1980). The major
sites of de novo cholesterol synthesis are the liver and the intestine.

In monkeys, the 1liver and intestine contribute about 44% and 233,

respectively, of the total cholesterol synthesis in the whole body (Spady

and Di=2tschy, 1983).



1.1.4 Metabolism cf Cholesterol

Anocher uwnior source of bedy cholesterol s diet. In Canada, for
ingwarce  -he average intzrse of cholesterol is about 440 mg per daw per
: Z rTe = i

person (Health and Welfare Canada, 19%0). Only a small n»nroportion of

dietary cholesterol 1is esterified and the <cholestercl esters are
hydrolysed before absorption. The exogenous free cholesterol of dietary
origin mixes freely in the lumen of the small intestine with endogenous
cholesterol of biliary origin. and the free chiolesterol is incorporacted
into mixed micelles containing phospholipids, conjugated bile acids,
monoglycerides, and free fatty acids (Dietschy, 1978). The absorption of
cholesterol along with monoglycerides, fattwv acids and phospholipids
occurs mainly in the jejunum. It has been speculated that the close
association of micelle with plasma membranes of enterocytes promotes the
tfansfer of cholesterol from micelle into the lipid bilayer of mucosa cell
membrane and thus entering the mucosa cells (Moore, 1587). The efficiency
of absorption oI Qletdry choiestercl varies widely among indiviauals and
averages about 37% irrespective of dietary cholesterol levels in the range
of 400 to 1290 mg/day (Kudchodkar, 1973; Connor and Lin, 1974; Whyte et
al., 1977). The abscorption of dietary cholesterol 3 inhibited by plant
sterols such as R-sitosterol (Grundy and Mok, 1976, 1977) and increased
byv the addition of fat (Treadwell and Vahouny, 1968). De novo synthesis
and absorntion of cholesterol in the mucosa cells of the intestine also
are regulated by the ingestion of cholesterol and certain fats as they are
in cells of other organs (Field et al., 1990).

Cholesterol of both endogenous and exogenous origin in the liver

and intestine 1is secreted into circulating plasma in the form of



lipoproteins. Lipopr-rteins are multimoleccular complexes which can bhe

classified on the basis of lipid or protein compositions or phvsical
properties (Gibbons et al.. 1#82). Moser commonly, they are classified on

the basis of their flotation density. The lipoproteins of normal human

plasma and their characteristics are presented in Table 1.2. In other

mammals and birds, lipoproteins of similar chemical composition arul
physical properties are also present in the plasma, even rthough rthe
density range of a given lipoprotein and the proportion of lipoproteins
in animal plasma may differ from those of in human plasma (Soutar and
Mvant, 1979). The metabolic fates of major plasma lipoproteins are brieflv
discussed as follows.

1. Chylomicrons. These triacylglvcerol-rich lipoproteins are
synthesized and secreted by the intestine during digestion and absorpticn
of dietary lipids. Free cholesterol, free fatty acids, and monoglycerides
are re-esterified to form cholesterol esters and triacylglycerols in the
mucosa cells, and then secreted into intestinal lymph in a complex with
apolipopro=ein B-48 and phospholipids (Fielding and Fielding, 1985).
During circulation, most of the chylomicron triacylglycerols (80%) are
hydrolysed by 1lipoprotein lipase at the endothelial surface of the
vascular bed (Cryer 1983). The remnants are cleared by a specific, high-
affinity receptor in the liver which recognized apo E (Windler et al.,
198C; Mahley and Innerarity, 1983).

2. Very-low density lipoproteins (VLDL) and low-density lipoproteins
(LDL). Another triacylglycerol-rich lipoprotein is VLDL secreted by the

liver. Cellular cholesterol, phecspholipids, triacylglycerols synthesized

in the smooth endoplasmic reticulum, and apoprotein B-100 synthesized in



the rongh endoplasmic reticulum are assembled prohasbly in the Golgi
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ratus and then secreted directly into plasma (Fielding and Fielding,
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1%83,. They acquire chiolesterol esters from high-dzusity lipoproteins in
exchange for triacylglycerols, which is mediated by cholesterol ester
exchange protein (Zilversmich et al., 1975). VLDL undergo lipolyvsis of
triacylglycerols by lipoprotein 1lipase at the surface of capillary
endothelial cells, 1leaving residual particles called VLDL remnants
{Grundy, 1986). A significant fraction of VLDL remnants are removed by the
liver via either chylomicron remnant receptors (apo E receptor) or LDL
receptors (apo B, E receptor) (Goldstein and Brown, 1982: Stalenhoef et
al,. 1984). In humans, 50 to 60% of the VLDL remnant particles are cleaxed
by this direct pathway (Egusa et al., 1985; Kesaniemi et al., 1983) while
the rest are transformed into LDL. At present, the complex steps involved
in the conversion of VLDL remnants into LDL are not fully understood. It
has been suggested that the transformation requires the attachment of VLDL
remnants to hepatic apo E receptors (Grundy, 1986).

The major site of LDL removal is the liver. Up to 75 to 85% of LDL
is removed by the liver from the czirculation (Grundy, 1986). The major
pathway for the clearance of LDL is via LDL receptor, while lesser amounts
of LDL are removed by nonspecific pathways. When LDL or VLDL remnants bind
to LDL receptors, tne resulting lipoprotein-receptor complexes are
internalized to form endocytic vesicles which are fused with lysosomes
(Innerarity et al., 1980). While LDL receptors are recycled to the plasma
membrane to form new receptors, the LDL particles are degraded.

Cholesterol ester is hydrolysed to contribute to the cellular free

cholesterol pool (Brown and Goldstein, 1983).



3. High-density ipoproteins (HDL). The HDL represent a complex
group of particles which are derived either through the secretion by liver
and small intestine or from the lipolvses of the chvlomicrons or VLDL
(Tall and Small, 1980). The principle apolipoproteins of HDL are apo A-1I
and apo A-II, which constitute more than 90% of total HDL apoprotein. But
HDL also contains small fractions of apo C, D, E and F (Tall and Small,
1980). Apo A-1I is svnthesized b the intestine as part of c'~vlomicrons and
is released to HDL during the lipolysis of chvlomicrons {(Grundy, 1986).
Both apo A-I and apo A-II are secreted by liver in association with
nascent HDL. HDL are thought by many to play a major role in the transport
of cholesterol from extrahepatic tissues where cholesteral is not actively
degraded back to the liver where the chief pathway of cholesterol
catabolism (bile secretion) occurs (Grundy, 1986). Free cholesterol
released from plasma membranes is esterified via lecithin:cholesterol acvyl
transferase (LCAT) and then deposited into nascent or smaller HDL
(Fielding and Fielding, 1982). Some of the cholesterol esters of HDL is
transferred to other lipoproteins, such as VLDL, VLDL remnant. and LDL
(Nestel et al, 1979). HDL are removed mainly by the liver possibly via apo
A receptors (Miller et al, 1977; Oram et al., 1983) and other organs
(Carew et al., 1976).

The liver 1is thus the major organ responsible for the removal of
circulating chylomicron and VLDL remnants, LDL and HDL particles, all of
which are rich in cholesterol. The major routes of cholesterol removal
from the liver are 1) secretion of biliary cholesterol; and 2) conversion

of cholesterol 1into bile acids. In human adults about 1 gram of

cholesterol leaves the liver each day as biliary cholesterol (Grundy and
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Metzrmer, 19/72). The rate of cholesterol secrecion into bile is a function
of the ouzput of bile acids (Hardison and Apter, 1272; Wheeler and King,
1972). Two primary bile acids produced in the liver are cholic and
chenodecoxycholic acids. The detailed metabolic pathway involved in bile
acid synthesis from cholesterol has been fully elucidated (Danielsson and
Einarsson, 1969). The initial reaction is the conversion of cholesterol
into 7-a-hydroxycholesterol catalysed by a microsome 7-a-hydroxvlase. .i.is
step 1s rate-limiting in the synthesis of bile acids (Myant and
Mitropoulos, 1977). The bile acids synthesized are conjugated with either
glycine or taurine to enhance the detergent properties of the bile acids.
In man, the conjugated bile acids are secreted with cholesterol and
phospholipids into the duodenal lumen via the common bile duct. They play
an essential part in the digestion and absorption of cholesterol and other
dietary lipids in the proximal region of the small intestine. The bile
acids are subsequently reabsorbed, mainly by an active transport
mechanism, from the distal region of the ileum. They enter the portal
circulation and are extracted almost completely in their first pass
through the liver. Under normal circumstances, about 95 to 98% of bile
acids entering the intestine are reabsorbed. After appropriate
modifications, bile acids are secreted into bile and returned to the
duodenal lumen, thus completing the so-called enterohepatic cycle of the
bile acids (Grundy, 1986). Bile acids and cholesterol which are not
reabsorbed in the enterohepatic circulation are excreted into the feces,
which is the only major pathway for cholesterol elimination from the

animal body.
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1.2. Atherosclerosis and the Role of Cholesterol

Cardiovascular disease remains the number one cause of death in

Canada (Health and Welfare Canada, 1990). In the U.S., slightlv less than

one-half of the men and women die from a degenerative vascular disease

related to atherosclerosis (Castelli et al., 1990). One of rhe unitving

theories of the pathogenesis of atherosclerosis and the role of plasma and
lipoprotein lipids will be briefly discussed.

In experimental atherogenesis models, the arterial lesion-prone or
prelesion areas can be delineated by their in vivo uptake of the protein-
binding dye, Evans Blue, before the plaques become visible macroscopically
or microscopically (McGill et al., 1957; Fry, 1973). Salient features of
prelesion areas include an increased endothelial permeability to and
intimal accumulation of plasma proteins including albumin, fibrinogen, and
léw-density lipoprotein (apo B) (Schwartz et al., 1991). The intimal
cholesterol retention and monocyte recruitment are also markedlv increased
(Caplan and Schwartz, 1973). Thus, the initial events in atherogenesis
include an enhanced endothelial transcytosis of plasma proteins including
LDL particles and monocytes, the twc key participants in atherogenesis.
The uptake of both components is markedly augmented in the presence of

hyper-cholesterolemia, hyperlipidemia, and oxidatively modified LDL

particles (Schwartz et al., 1991).

The monocytes then migrate through endothelium into the
subendothelial space (SES) in response chemoattractants such as monocyte
chemotactic protein-l (MCP-1) (Yoshimura et al., 1989). The MCP-1 is

synthesized by both smooth muscle cells and endothelial cells and the

secretion is augmented by the presence of minimally modified (oxidized)
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LbI. (Cushing ¢t al., 1990). Another monocyte chemoattraztant 1is the

oxidized DL particles per se (Quinn et al., 1987). Wichin tle SES, the
monocytes are activated and differentiate into macrophages (Schwartz et
al., 1991). This process modulates the phenotypic expression of the
scavenger receptors (Goldstein et al., 1479). The scavenger or acetylated
DL receptors bind not with natural LDL particles, but preferentially with
modified LDL such as oxidized and malondialdehyde modified LDL (Brown et
al., 1980; Haberland et al., 1984; Henrickr-en et al., 1981; Steinbrecher
et al., 1984; Parthasarathy, 1987; Fogelman et al., 1980). Unlike the apo
B, E receptors, the scavenger receptors are not down-regulated with the
intracellular accumulation nf cholesterol (Schwartz et al., 1991). The
macrophages are thus transformed into cholesterol ester-rich foam cells
through the non-down-regulated uptaking of oxidized LDL via scavenger
receptors (Fogelman et al., 1980). As long as the piasma LDL level is
elevated, the oxidation potential of intimal LDL is high, and the oxidized
IDL is relentlessly taken up by the scavenger receptors, foam cells will
continue to form and accumalate to generate the fatty streak (Schwartz,
1991). Until this stage, lipids accumulated are predominantly
intracellular and foam cells show little or no evidence of necrosis. If
plasma LDL and oxidation of intimal LDL are reduced and the HDL-mediated
reverse cholesterol transport is facilitated, regression of foam cells
and fatty streaks may occur.

If atherogenesis progresses, however, the foam cells of fatty
streaks are injured from overloading with the oxidized LDL particles and
will disrupt. This cellular necrosis releases intracellular lipids to the

interstitium, giving rise to the cholesterol-ester rich core of the
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atherosclerotic plaque. Ic also induces the mitogen-stimulated

proliferation of smooth muscle cells (Benditt and Benditt, 1973) . and the

subsequent svnthesis of collagens, elastin., and proteoglvcans (Schwart:

et al., 1991). A triad of changes follows, namely neovascularization,
fibrosis, and 1lymphocytosis which indicates the involvement of  an
autoimmune process (Schwartz and Mitchell, 1962: Schwartz et al., 1989:
Schwartz et al., 1960) leading to the formation of mature or f{ibrous

atherosclerotic plaque. Human plaque apo B has been recently shown to be
immunogenic (Hollander et al., 1990). The arterial lumen is narrowed with
the established plaque. Arterial occlusion occurs as cthe result of
thrombosis at severely narrowed sites when the mature plaque ruptures,
exposing extracellular 1lipids, collagens, and other microfibrillar
materials to the circulating platelets (Schwartz, 1991).

It is clear from discussions above that plasma and lipoprotein
lipids playv some pivotal role in atherogenesis. Elevated plasma lewvels of
cholesterol, particularly LDL cholesterol, and triacylglycerols are
actively 1involved in the initiation, foam cells and fatty streak
formation, plaque maturation, and arterial occlusion. An active reverse

cholesterol transport mediated by HDL particles is of great importance for

the prevention and regression of atherosclerotic plaque.

1.3. Relationship Between Dietary Cholesterol and Plasma and Lipoprotein

Cholesterol Levels and Atherosclerosis

In the past 50 years in industrialized countries, there has been a

pattern shift of morbidity and mortality from acute infectious diseases
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to chronic degenerative diseases (Health and Welfare Canada, 1290;.
Lifesrwle, including diet habit, of the public has never before been
influcnced by consumers' health consciousness as much as it is today.
There is a widely held view that lifestyle, includiryg diet, plavs a major
role in causation of chronic diseases such as coronary heart disease
(CHD) . Epidemiological studies  have, indeed, demonstrated that
environmental factors such as diet, are more important than genetic
factors in determining susceptibility to CHD (Anon, 1976). The occurring
rate of CHD within one generation is also not inevitable and predetermined
but 1is mainly affected by changes of lifestyle, especially the diet,

within the country (Uemura and Pisa, 1985; Goto and Moriguchi, 1990).

1.3.1. The Lipid-Heart Hypothesis

Only a few studies directly examined the link between diet and the
incidence of CHD due to the complexity of the disease per se. Most studies
investigated the influence of diet on plasma total cholesterol level, and
more recently, the lipoprotein cholesterol levels, assuming that plasma
and lipoprotein cholesterol concentrations are associated so closely with
atherosclerosis that the risk of developing CHD can be predicted from
measuring their concentrations. Numerous epidemiological and intervention
studies have consistently and unanimously demonstrated that an elevated
plasma cholesterol (and more accurately LDL cholesterol) is atherogenic
while a high HDL cholesterol is associated with low incidence of CHD
(Dawber, 1980; LaRose et al., 1990; Health and Welfare Canada, 1990). This
assumption, often referred to as the "lipid hypothesis", is also strongly

supported by the roles that lipoproteins play in the pathogenesis of
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atherosclerosis as discussed in section 1.2 of

this chapter. This
hvpothesis. however. is not without its ecriticism (Texon, 1989y
The influence of dietary cholesterol on plasma and lipoprotein
cholesterol levels and CHD risk has been studied extensively over the last
four decades. This relationship has been examined in experimental animals,
in obhservational epidemiological studies ranging from multinational

comparisons to much smaller groups with distincec eating habits, and in

clinical studies using outpatients consuming various experimental diets

or patients confined to metabolic wards.

1.3.2. Experimental Animal Studies

A possible relation between dietary cholesterol and atherosclerosis
was first brought to light in laboratory animals. Antischkow and Chalatow
(1913) showed that feeding cholesterol to rabbits caused atherosclerosis.
Since then, dietary cholesterol has been demonstrated to be the primary
essential agent for producing experimental atherosclerosis in various
species (Sabine, 1977; Wissler and Vesselinovitch, 1987). There is,
however, a wide variation in the susceptibility of laboratory animals to
diet-induced atherosclerosis. For instance, the rat, mouse, and hamster
are quite resistant to cholesterol-induced atherosclerosis, whereas the
dog, guinea pig, and pig are moderately susceptible, and the rabbit and
chicken  highly susceptible (Sabine, 1677). The production of
atherosclerosis by dietary cholesterol normally results in a concomitant
rise in plasma cholesterol level. Recently, primate models that are
phylogenetically close to humans and have lipoproteins similar to those

of humans have been widely used (Strong, 1976; McGill et al., 1981; Rudel
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et al., 19835; Wissler and Vesselinovitch, 1987). In one studv with rhesus
monkevs, dietary cholesterol was used to develop two stages of severity
of atherosclerosis which are comparable to atherosclerosis of 35- and 65-
v old men, respectively (Clarkson et al., 1979; Wagner et al., 1980;
Clarksor et al., 1984). Once they reached appropriate stages, the monkeys
were fed diets either high or low in cholesterol. After four years of
dietary treatment, monkevs on high cholesterol diets showed slight
regression in coronary lesions, while those on low cholesterol diet had
considerable regression in atherosclerotic plaques, indicating an
important role of dietary cholesterol in the progression and regression
of atherosclerotic plaque. It should be noted, however, that in
experimental atherosclerosis, the magnitude of changes in the diet is
almost always drastic and the atherosclerotic syndrome produced even in

non-human primates is never identical, although similar, to that found in

humans (Sabine, 1977).

1.3.3. Observational Epidemiological Studies

When examined in epidemiological and clinical studies, however, the
relationship between dietary cholesterol and plasma or lipoprotein
chclesterol and incidence of CHD is still as controversial today as it
was 40 vears ago (Oster, 1982; Connor, 1982; Stehbens, 1989; Steinberg,
1989). Several cross-sectional population studies have failed to show
statistically significant correlations between dietary cholesterol and
plasma cholesterol level. These include the Framingham Study (1970), the
Ni-Hon-San study comparing Japanese men living in Japan, Hawaii, and

California (Kato et al., 1973); and the Lipid Research Council (LRC)
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Prevalence Study (Gordon et al., 198)L: Glueck et al., 1982). In the LRG

Prevalence Study of a large group of white children ac 6-19

age v, dietary

cholesterol intake failed to show significant correlations to plasma total

cr LDL cholesterol (Glueck et al., 1982). Other cross-populations studies,
however, demonstrated a positive relationship between cholesterol intake
and CHD risks (Stamler and Shekelle, 1988). In the Puerto Rico Heart

Health Programme, a statistically significant positive association was

found between dietary cholesterol and plasma cholesterol in urban men but
not in rural men (Garcia-Palmieri et al., 1980). A statistical significant
assoclation was alsoc demonstrated in the male population of the Western
Electric Study between cholesterol intake and plasma cholesterol and CHD
risk (Shekelle et al., 1981). In both studies, however, the correlation
between dietary cholestercl and plasma cholesterol or death from CHD was
of low order in magnitude. For instance, in the Western Electric Study,

the multiple logistic coefficient between dietary cholesterol and death

from CHD was only .0032, ten times less than the coefficients between

dietary saturated fat or smoking and mortality from CHD (Stamler and
Shekelle, 1988).

Several within-population studies have also demonstrated a positive
relacionship between dietary cholesterol and plasma or LDL cholesterol and
CHD risk (Shekelle et al., 1981; Gordon et al., 1982a: Kroomhout et al.,
1985; Kuschi et al., 1985) whereas others failed to demonstrate the
association (Gordon et al., 1981; Dawber et al., 1982). In several of
these studies, a positive relationship between cholesterol intake and HDL
cholesterol was also demonstrated (Glueck et al., 1982: Knuiman et al.,

1983) although it seems unlikely that dietary cholesterol would be
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protective against atherosclerosis.

A striking feature of =he results obtained in the epidemiolcgical
studies is the absence of a strong, independent association between
dietary chclesterol and plasma cholesterol or lipoprotein cholesterol
levels or the mortality rates from CHD in larger group comparisons, and

the low or zero correlation coefficients in individual studies.

1.3.5. Clinical Studies

Extensive clinical studies on the influence of dietary cholesterol
generated results as divided as those from the epidemiological studies.
Studies reported before 1979 were extensively reviewed in an excellent
article by McGill (1979) and thus no attempt was made to discuss all the
studies here. In most studies of outpatients consuming various
experimental diets, dietary cholesterol has little or no effect on plasma
total cholesterol levels (McGill, 1979; Grundy and Denke, 1990). On the
other hand, metabolic ward studies using confined patients or priscners
have consistently demonstrated that dietary cholesterol increases plasma
cholesterol (Beveridge et al., 1860; Connor et al., 1964). The
quantitative relation between dietary cholesterol and plasma cholesterol
levels, however, remains a matter of dispute (Keys, 1984; Hegsted, 1986).
According to Keys et al. (1965), the plasma cholesterol change is the
function of the square root of dietary cholesterol (Equation 1.1), whereas

Hegsted et al. (1965) reported a linear relationship (Equation 1.2).

A Chol = 1.5 (X% - x,%?) ----  Equation 1.1

A Chol = 0.176 (X, - X;) ---- Equation 1.2
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where A Chol is the change of plasma cholesterol level in wmpsdl X,

anw X, the cholesterol intake as mg per L0UO kcal per day before and

after the experiment. respectively.

It is also not clear in what range dietary cholesterol affects

plasma cholesterol level. Connor (1970) stated that dietarvy cholesterol

up to 110 mg/day did not influence plasma cholesterol, and bevond 300
mg/day, the increase of plasma cholesterol was small with increasing

cholesterol intake.

As the roles that lipoproteins play in atherogenesis are recognized,
more recent studies tend to examine the relationship between dietary
cholesterol and lipoprotein cholesterol levels in addition to plasma total
cholesterol (TC). Some of the recent studies will be reviewed below in
chronological order.

Lin and Connor (1980) fed 1000 mg/d cholesterocl to both a hyper-
cholesterolemic and a normal subject for a period of 11 wk. Plasma TC,
LDL-C, and HDL-C increased in both subjects. Wniie the LDL-C/HDL-C ratio
increased significantly in hypercholesterolemic but not in normal
subjects. Serum triacylglycerol (TG) level was lowered in both groups.

Nestel et al. (1982) compared serum lipoprotein profile in six men
consuming diets providing 200 or 1700 mg cholesterol/d. In four wk, plasma
TC and LDL-C did not change significantly, but HDL-C increased
significantly.

Schonfeld et al. (1982) found that in 20 young men, plasma LDL-C

and HDL-C increased after consuming three to six eggs a day for four to

six wk when dietary fat was saturated but not when dietary fat was
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polyunsaturated. The authers suggested that in terms of CHI Isk, anv rise
in .DL-C 'ipon egg consumption would be reutralized by the elevation of
HODL-C.

Applebaum-Bowden et al. (1984; fed nine adults in a crossover trial
on a diec with either 137 or 1034 mg of cholesterol daily. There was a
significant increase of LDL-C, although TC was not significantly elevated,

Sacks et al. (1984) fed oae extra large egg or one placebo per dav
to 17 lactovegetarians for three wk in a randomized cross-over study. LDL-
C was increased but was not statisticaliy significant while VLDL-C
decreased.

Beynen and Katan (1%85) reported that adding six eggs per day to an
originally 1low cholesterol diet of health wvolunteers for ten days
increased plasma TC (13%), LDL-C (21%), and HDL,-C (35%). Consequently LDL-
C/HDL,-C ratio rsas decreased upon egg consumption. The plasma TG level was
also lowered.

Oh and Miller (1985) fed three eggs per day to 21 healthy middle
aged men ror 28 cays. Serum 1C increased significantly in eight subjects
{(hyper-responders) but not in the others (hypo-responders). When examined
in terms of LDPL-C/HDL-C ratio, however, a reduction was found in both
groups. Continuous egg consumption led the LDL-C/HDL-C ratio return to
pre-experimental base line value.

Edingron et al. (1987) reported a randomized cross over study using
168 subjects to determine whether halving or doubling the present dietary
cholesterol intake (4 eggs/wk) affected blood cholesterol levels. A small
but significant increase of plasma TC was found after 4 wk in the group

eating 7 eggs per wk when compared with those eating 2 eggs per wk. But
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this difference was no longer apparent afze. 8 wk, indicaring an adaptive

response of serum cholesterol to dietarv cholestero. intake.

Yorster et al. (1987) reported that in 25 rural African Hack males
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at supplying 20% of total energy, serum TC was slightly but significantly
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higher and serum TG significantly lower than those in the control group .

There was, however, a rise in HDL-C, resulting in similar HDL-C/TC ratio
in both groups.

These recent studies demonstrated that egg consumption generally
resulced in slight or no changes in serum TC, and significant elevations
of IDL-C and HDL-C levels. The HDL-C/TC or HDL-C/LDL-C ratio was often
increased, and serum TG levels reduced. The individual response to dietary
cholesterol is highly wvariable and adaptable. Cholesterol intake (which
néw averzges 450 mg/d in Canada and USA) is the least importuant i =he

dietary wvariables (see discussions herein) influencing plasma .nd

lipoprotein lipid concentrations in healthy humans.

1.4. Other Dietary Components Affecting Plasma and Lipoprotein Chol-xst=rol
Levels and Atherosclerosis
It is clear from the discussions above that dietary choles:wvroi at
the typical range of intake exhibits lictle, if any, effects on plasma or
lipoprotein cholescerol concentrations or atherosclerotic risks in healthy
humans. A whole array of dietary compunents other than cholesterol have
major influences on plasma and 1lipoprotein cholesterol levels and
therosclerosis. These variables include 1) the quantity and quality of

dietary fat; 2) carbohydrates including fibre; 3) the type of proteins;
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and 4) alcohol consumption.

1.4.1. Dietary Fat

Both epidemiological and <clinical studies have consistently
demonstrated that the type and the quantity of dietary fat strongly affect
plasma and lipoprotein cholesterol levels and atherosclerotic risk. Early
works by Ahrens et al. (1957), Keys et al. (1965), and Hegsted et al.
(1965) demonstrated that dietary saturated fats increase plasma
cholesterol levels. Unlike in dietary cholesterol studies, these results
have not been contradicted by subsequent studies. Recent studies (Mattson
and Grundy, 1985; Bonanome and Grundy, 1988; Grundy and Vega, 1988)
indicate that LDL-C as well as total cholesterol concentrations are raised
by saturated fats in the diet. The elevation of LDL-C by saturated fat
intake 1s suggested to be the result of a retarded receptor-mediated
clearance of LDL particles (Grundy and Denke, 1990). A reduction of mRNA
for LDL receptors was reported in baboons upon feeding of saturated fat
(Fox et al., 1987). It has also been postulated that the enrichment of
cellular phospholipids with saturated fatty acids might interfere with the
normal function of LDL receptors, thus reducing the receptor-mediated
clearance of LDL (Spady and Dietschy, 1988). Not all saturated fatty
acids, however, have similar hypercholesterolemic effects. Medium chain
fatty acids (C8:0 and Cl10:0) do not raise serum cholesterol (Hashim et
al., 1960). Recent studies indicated that stearic acid (Cl8:0) does not
elevate serum total cholesterol (Bonsnome and Grundy, 1988), probably due
to the ready conversion of stearic acid into oleic acid in the liver

(Elovson, 1965). The principal . turated fatty acid in food, palmitic acid
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(Cl5:0), is the major saturate to increase LDL-C as well as To (Mattson

and Grundvy, 1983; Bonanome and crundy, 1988). Myvristic acid (Clia:0Y, a
minor component of dietary fat, also exhibits hvper-cholesterolemic actien
(Hegsted et al., 1965).

There are two families of polvunsaturated fatty acids (PUFAY in the

diet, namely n-6 and n-3 polvunsaturates. The predominant n-6 PUFA i

linoleic acid (C18:2, 1A) from oilseeds. The parent n-3 PUFA is a-
linolenic acid (C18:3, INA), which is abundant in flax seeds (linseeds),
canola seeds and green leaf vegetables. The longer chain n-3 PUFA, such
as eicosapentaenoic acid (C20:5, EPA), and docosahexaenoic acid (C22:6,
DHA) are found in marine products and animal tissues.

For many years, the so-called cholesterol-lowering polyunsaturacted

fatty acids were limited largely to LA. Early papers by Kinsell et al.
(1953) and others (Keyvs et al., 1965; Hegsted et al., 1965) suggested that
LA lowers serum cholesterol level about half as much as saturated fatcy
acids raise it. More recent work showed that when LA replaces saturated
fatty acids in the diet, the major cholesterol lowering occurs in the LDL
fraction (Vega et al., 1982). The proposed mechanisms of cholesterol-
lowering by dietary LA include: 1) enhanced excretion of cholesterol
through bile as bile acids and cholestercl (Paul et al., 1980): 29
inhibition of hepatic synthesis of apo B-containing lipoproteins such as
VLDL (Cortese et al., 1983); and 2) an increase in LDL-receptor mediated
clearance (Kovanen et al., 1981). In many studies, dietary LA also induced

a reduction of HDL-C (Shepherd et al., 1978; Vega et al., 1982; Jackson

et al., 1984; Mattson and Grundy, 1985), a non-desirable effect in terms

of CHD risks.
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The past decades witnessed the tremendous growth of interests and
knowledge of another family of PUFA, the n-3 PUFA. Although being
demonstrated a long time ago that dietary LNA and fish oil are as
effective as A in lowering cholesterol level (Bronte-Stewart et al.,
1956; Sinclair, 1956; Worne and Smith, 1959; Nelson, 1972), their
importance in the control of atherosclerosis was neglected until 1970s
(Bang and Dyerberg, 1972; Bang et al., 1976). The beneficial effects of
dietary n-3 PUFA include ~educing plasma TG, TC, LDL-C, and increasing
HDL-C; decreasing platelet aggregation, blood pressure, blood viscosity,
and fibrinogen; replacing arachidoniec acid (AA) in the cellular
phospholipid pool; and inhibiting the syntheses of eicosanoids, such as
prostaglandin E, (PGE;) and thromboxane (TXA,) (see excellent reviews by
Kinsella et al., 1990; Simopoulcs, 1991). The essentiality of dietary n-
3 PUFA in growth and development has also been established recently
(Simopoulos, 1991). It has been suggested that modern agribusiness and
the food industry have brought abrupt changes to our dietary patterns,
particularly the ratio of n-6 to n-3 PUFA in the diet (Simopoulos, 1991).
The overwhelmingly high consumption of n-6 PUFA and low intake of n-3 PUFA
might result in an imbalance of cellular and subcellular fatty acid
compositions which favor atherogenesis.

Another type of unsaturated fatty acids, the menounsaturates, have
recently been recognized for their cholesterol lowering effects. Early
studies indicated that monounsaturated fatty acids were neutral in
affecting serum cholesterol (Keys et al., 1965; Hegsted et al., 19651
However, more recent studies indicated that monounsaturates, mainly oleic

acid, were as effective as 1A in lowering serum TC as well as LDL-C
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(Mattson and Grundy, 1985; Mensink and Katan. 1989). Furthermore. unlike
LA, oleic acid did not decrease HDL-C (Mattson and Grundy., 1985).
Dietary fats also interact with dietary cholesterol in influencing
plasma and lipoprotein cholesterol 1levels. Schonfeld et al. 1982)
reported changes in serum TC and LDL-C of those who were fed diets varying
in cholesterol levels (3200, 730, 1500 mg/d) and in polvunsaturated to
saturated fatty acid ratios (P/S = 0.4, 0.8, 2.5). With P’S = 0.4, diets
containing both 750 and 1500 mg cholesterol/d elevated LDL-G
significantly. When P/S ratio was elevated to 0.8, diets with 1500 mg,

cholesterol/d increased LDL-C, but not diets with 750 mg cholesterol. At

P/S ratio of 2.5, dietary cholesterol as high as 1500 mg cholesterol/d

had little effect on LDL-C levels.

1.4.2. Dietary Carbohydrates

The absorbable carbohydrates include mono- , di -, and
polysaccharides. Early works designated carbohydrates neutral in their
effects on serum cholesterol (Keys et al., 19653; Hegsted et al., 1965).
In other words, when saturated fat is replaced by carbohydrates, a fall
in LDL-C 1level can be expected. This notion was confirmed by recent
studies (Grundy et al., 1988). Diets high in carbohydrates, however,
paradoxically raise serum TG levels and reduce HDL-C (Ginsberg et al.,
1976; Grundy et al., 1988).

The non-digestable carbohydrates can be divided into insoluble and
soluble fibres. The insoluble fibres such as cellulose, hemicellulose,
and lignin do not affect plasma cholesterol levels. The soluble fibres

such as gums, pectins, and mucilages, have hypocholesterolemic effects
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(Behall et al., 1984). Good sources for those soluble fibres include
citrus fruits, barley, cats, dry beans, and peas. Dietary soluble fibres
may interfere with the re-absorption of bile acids and cholesterol through

the enterohepatic cycle (Stone, 1990).

1.4.3. Dietary Proteins

The type of protein affects the levels of plasma and lipoprotein
cholesterol levels in both humans and experimental animals (Carroll and
Hamilton, 1975; Meinertz et al., 1989; Terpstra et al., 1991). Animal
proteins such as casein tend to elevate plasma total and VLDL and LDL
cholesterol levels whereas substitution of animal preteins by plant
proteins such as soybean protein lowers plasma cholesterol. In most
experimental animals and humans, however, the effects of dietary protein
are apparent only in the presence of dietary cholesterol (Meinertz et ai.,
1989; Terpstra et al., 1991). For instance, in normal lipidemic subjects,
diets containing either soy protein or casein had no effect on plasma
cholesterol levels when daily cholesterol intake was low (less than 100
mg/day) (Meinertz et al., 1989). On the other hand, when dietary
cholesterol was increased to 5300 mg/day, plasma total and LDL cholesterol
levels were significantly higher and HDL-C lower in subjects on casein
diets than the values of those on scy protein diets. Given the high daily
cholesterol intake in the Western diet (450 mg per person), it has been
suggested that the type of dietary protein may be an important dietary
variable influencing plasma and lipoprotein cholesterol levels and

atherosclerotic risks.
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1.4.4, Alcohol
Considerable observational data link

moderate alcohol consumption

with decreased mortality from CHD (Henekens et al., 1979; LaPorete et al..

1980). This has been attributed, in part, to a positive association of

4

HDL-C levels with alcohol consumption (Castelli et al., 1977; Hulley and
Gorden, 1981). Recent studies have demonstrated that alcohol consumption
raises apo A-I and A-II, the two major apolipoproteins of nascent HDL

particles (Taskinen et al., 1987; Moore et al., 1988) .

1.5. Objectives of This Thesis

Chicken eggs have been used extensively as the source of dietary
cholesterol in most animal and clinical studies examining the effects of
dietary cholesterol. In those studies, mega doses of eggs or egg volks are
generally used. For example, four to six eggs a day are consumed in
several clinical studies. One large egg or egg yolk contains about 6 grams
of lipids (30% of which are phospholipids) in addition to about 220 mg ot
cholesterol. Four to six eggs will provide 24 to 36 grams of lipids to
daily consumption. The possible effects of egg or yolk components other
than cholesterol such as yolk lipids on cholesterol metabolism, however,
are often neglected. On the other hand, egg consumption has consistently
led to elevated HDL-C levels. Although repeatedly mentioned in various
reviews, no attempts have been made to understand which egg components
cause the elevation of HDL-C, leaving an unanswered paradox that egg
consumption could actually protect against atherosclerosis. Therefore, the
first part of the thesis will examine how egg yolk components such as yolk

neutral 1lipids and phospholipids affect the plasma and lipoprotein
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cholesterol levels. Rats were chosen as the experimental model due to
their long-established suitability for cholesterol studies.

The second part of this thesis explores the possibility of altering
the cholesterolemic properties of chicken eggs by biologically modifying
the composition of certain yolk components. In light that dietary n-3 PUFA
play specific roles in the amelioration and prevention of atherosclerosis,
studies are carried out to enrich the egg yolk with n-3 PUFA. The
influences of this modification on the cholesterolemic actions of the

yolk, the internal and sensory qualities of the egg, and the feasibility

of practical application is investigated.
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Table 1.2. Characteristics of lipoproteins of normal human plasma'

Lipoprotein Density Electrophoretic Particle
class (g/mL) mobility diameter (A)
Chylomicrons < .95 Origin 10° - 10“
VLDL .95 - 1.006 pre-6 250 - 750
IDL 1.006 - 1.019 pre-f%,; 250

LDL 1.019 - 1.063 R 200 - 250
HDL, 1.063 - 1.120 o, 70 - 120
HDL, 1.120 - 1.210 oy 50 - 100

1 Adapted from Gibbons et al., 1982. Abbreviations: VLDL, very-low-
density lipoproteins; IDL, intermediate-density lipoproteins; LDL, low-

density lipoproteins; HDL, high-density lipoproteins.
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Chapter 2. Cholesterol Content of Eggs:

Methodology and Influencing Factors

Before examining the relationship between dietary egg components and
ovo-cholesterol metabolism, an accurate estimation of egg cholesterol
contents was required. A search of the available data on egg cholesterol
content revealed a wide variation of reported values. Thus the methodology
for cholesterol determination and the possible biological factors

influencing egg cholesterol content were investigated.

2.1. Comparison of Four Different Methods for Egg Cholesterol

Determinat:ion1

2.1.1. Introduction

Cholesterol content of chicken eggs has recently received far more
attention than before from farmers, consumers, medical professionals, and
rescarchers. The newest average value repcovted by USDA Marketing Service
is 213 irilligrams per large egg (mg/egg) (USDA, 1989), 22.32% lower than
the previous report of 274 mg/egg (USDA, 1976). The reason for this
discrepancy is not clearly defined. Chol :sterol values of chicken eggs
reported in the 1970s ranged from 9.21 to 22.8 milligrams per gram of yolk

(mg/g volk) and 156.6 to 387.6 mg/egg, assuming a 17-g yolk for a large

1 A version of this section has been published. Jiang, Z., M. Fenton, and

J. S. Sim, 1991. Poultry Science 70:1015-1019.
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egg (Cunningham et al., 1974; Nix et al., 1974: washburn and Nix, 1974,

Cotterill et al., 1977). These discrepancies and theilr possible causes
have been overloocked.
»veral assay methods are currently available for det mination of

cholesterol concentrations in biological systems, especially in plasma.
Few studies have compared these methods for cholesterol determination in
egg yolks (Beyer and Jensen, 1989; Naber, 1989). The objective of this
study was to compare four of the assay methods for cholesterol
determination in chicken eggs to examine possible me thodological factors

contributing to variations in reported egg cholesterol values.

2.1.2. Materials and Methods
Laying hens and eggs

Ninety Single Comb White Leghorn hens, 22 wk of age, were housed in
three floor pens (thirty birds per pen) and were fed a wheat and soybean
meal based laying hen ration containing 16.02% protein and 2,790 kcal /kg
metabolizable energy (Table 2.1). Eggs were collected on Day 180 starting
from the 22nd wk. Eggs collected were pooled, and 15 eggs were randomly
selected. Yolks were separated from albumen and weighed. Five yolk samples
were theu prepared by randomly pooling three yolks per sample, and

subjected to cholesterol assay as described herein.

Cholesterol assay

About .2 g pooled yolk samples were saponified according to Abell
et al. (1952) with minor modifications of incubation temperature at S0 C

for 60 min (Sim and Bragg, 1977). The unsaponifiable fraction was
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Lo N S imed = e et v b e e e oo am G ieen -
HATEEN Jonl b Leiarie., and the hexarne extracoss were assavad for

Cliolenteral Ly Dovar omethods s ool rimetrie methiod of Abell ez oall, (1332
ennviratloc method (Jiang et al.. 12%0): gas chromatographvy (GC); and HPLC.
in gns chromatography, 2 mg of >-a-cholestane (Sigma Chemical Co.. St.

Louis, MO /52178) was added to each wvolk sample as an internal standard
(15 before saponificazion.

., Dakviile, Ontario,
Canada, LAK V1) was used on a Varian 2400 gas chromatographvy {Varian
Associates, Inc.. Sunnvvale. CA 24089) equipped with an automatic sampling
svstem. The operating crnditions of CC were as follews: oven temperature
was held at 70 € for 1 min, then programmed at 50 C/min o 200 C and held
at 300 C for 5 min. Injection temperature was programmed from 80 C to 300
C at 150 C/min and held at 300 C for 7 min. Liquid CO, was used to cool the
jector. Helium carrier gas head pressure was set at 1406.1 gram per

square cm. Hydrogen and air gas flow to the detector were 30 and

(V%)

co
mL/min, respectively. Detector temperature was at 300 C. A Hewlett-Packard
Series 3353 laboratory automation system (Hewlett-Packard, Avondale, FPA
19311) was used to integrate peak areas. Hexane extracts of volk samples
were injected directlyv on the GC.

For HPLC, a Supelcosil LC-18 column (Supelco Canada Ltd., Oakville,
Ontavio, Canada, L6K 3V1) was used with a 5 cm Peiliguard LC-18° guard
column. The soivent was an 1isocratic mixture of acetonitrile and
J-propanol (3,1) and flowed at a rate of 3.0 mL/xin. Samples were injected
with a 25 yL loop. The ultraviolet detector was set at 210 nm. An aliquot
of hexane extracts of volk samples was dried under nitrogen and

re-dissolved with ethanol before injection on the HPLC.
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toniciarion detection

(TLC-FID) method was used to analvze gualitativelwv the unsaponifishle
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extracIts or egg volks. The measurements were done with Chromarod-SIIl® on
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Statistical analvsis

The one-way analwsis of wvariance (aANOVA) was used to

analvoe the
effect of cholesterol assay methods on egg cholesterol -—alues. Assaw

methods were the main effects with the mean square of method by
replication as the error term. Duncan’'s multiple range test was used to

L

differentiate between treatment means (Steel and Torrie., 19809

2.1.3. Results and Discussion

The cholesterol content of yolk samples determined bv four

different methods are presented in Table 2.2. Cholestercl values generated

bv the colorimetric method, expressed as either mg/g volk or mg/egy, were

h
o

significantly higher (P<.0l) <cthan cthose values determined by the
enzvmatic, GC, and HPLC methods.

The colorimetric technique has beern the reference merthod for bLilood
cholesterol assay (De La Huerga and Sherrick, 1972). This method, however,

apparently overestimated the cholesterol content of chicken eggs when

compared to the enzymatic, GC, and HPLC methods. Wwhen compared to the

I
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value of 274 mg/epg in the prewvious USDA (L1%74) report which is squal to
L. 1 wism oolk assuming a 17 g volk for a large egg, the 14.6 mg/g volk
obhtained with the colorimetric method in this studv is scill lower.
Therefore, the <colorimetric method, although generating higher egg

cholesterol ralues than the enzvmatic, GC, and HPLC methods, was not the

onlv factor that contributes to the high cholesterol wvalues reported by

the UUSDA (1976). On the other hand, it is cbvious that the variations of
reported cholesterol values In literature are caused, at least parcly, by

various chemical colorimetries used. A similar notion was pointed out bv

Naber (1989).

As the egg volk has been subjected to alcoholic KOH saponification
and hexane extraction prior to color reaction with Liebermann-Burchard
reagent, it seems unlikelv that the overestimation by the colorimecrric
method was due to the presence of triacvglvcerols or free fattv acids,
which are reported to interfere -ith the color formation in cholesterol
assay (Bohac et al., 1988). This was proved by TLC-FID and GC analyses of
yolk lipid extracts. As shown in Figure 2.1, no triacyglvcerols or free
fatty acids in the volk extracts were detected by TLC-FID (Panel A and B).
When the GC chromatogram of the yolk extracts was examined, no peak other
than those of 5-a-cholestane and cholesterol was observed (Panel C),
d i - v rating that the volk unsaponifiable extracts were free from free
f~. acid or triacyglvcerol contaminations. It was not clear from this
study what caused the colorimetric method to generate values that are 23%
higher than the average of those by enzymatic, GC, and HPLC methods (Table
2.2).

The enzvmatic method was also originally reported for blood
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assav of wegg and tissue cholestorol (Jiuang et al.. 1990y ¢ provides
curacv and precision for the determinarion of volk cholesteral
content when compared to CC and HPLC mecthods (Table 2.2). The £.a8

chromatographic technique., with its excellent reproducibilicy, accuracy,

and high degree of automation. should be the choice for coy cholesterol

determination, especially when a large number of samples are analvaoed.
2.2. Ezg Cholesterol Values in Relation to the Age of Laving Hens and to

Egg and Yolk Weights!?

2.2.1. Introduction

Several laying hen and egg factors have been veported to influence
the cholesterol values of chicken eggs. Turk and Barnett (1970, 1971)

showed that eggs from egg strain chicken, tended to have a lower volk
rholes~ernal concentravtion than rthese from the hreile Cons fooa
Araucana hens averaged about 4% higher in yolk cholesterol concentration
than eggs from Leghorns (Cunningham, 1977). Yolk choleszerol concentration
was mnegativelv related to rate of egg production {Bartov et al. , 1971:
Cunningham et al., 1974). Bair et al. (1980) reported that <holesterol

values expressed in milligrams per egg (mg/egg) and milligrams per wgram

of volk (mg/g volk) decreased from the first egg to the fifth egg

! A version of this section has been published. Jiang, Z., and J. S. Sim

’

1991. Poultry Science 70:1838-1841.



after the onset of production. In contrast, eggs laid by 12.5-mo old hens
contained significantly more cholesterol {(mg/ egg) than those l1aid by the
same hens when 1l-mo-old (Spencer et al., 1978). Fertile eggs were not
lower in cholesterol content than infertile eggs (Spencer et al., 1978).
An inverse relationship between volk size and cholesterel concentration
was also reported (Nichols er al., 1963).

The currently used expressions for <gg cholestercl value. mg/g volk
and mg/egg, do not take into consideration the aforementioned bird and egg
factors, and rause confusion in certain cases for the egg consumer. Some
egg producers, for example, claim that <their chicken eggs contain
tholesterol as low as 125 mg/egg, which was more than 40% less than the
newly reported USDA value of 213 mg/egg (USDA, 1989).

In the present study, the relationships bet ew egg cholesterol
values, the age of laving hens, and egg and volk weights were
investigated. Various expressions of egg cholesterol vzlues were also

examined.

2.2.1. Materials and Methods

Ninety Single Comb White Leghorn hens, 22 wk of age, were housed in
three floor pens with 30 birds per pen and were fed a wneat and soybean
meal based laying hen ration containing 16% protein, 3.36% calcium, and
2,790 kcal/kg ME as described in Table 2.1. Eggs were collected on Days
0, 3, . 9, 12, 15, 82, and 180 starting from the 22nd wk. On each
collection day, all eggs collected were pooled, and 15 eggs were randomly
selected. Egg, volk, and shell weights of each egg was measured, and three

volks were then pooled. aAbout .2 g of pooled yolk samples were weighed,



and saponified according to Abell et al. 1632y wich minor modificatinns

of incubation temperature at 50 C for &0 min (Sim and Bragg. 1977Y. The

cholesterol was extracted and assaved bv rhe enzvma-:

S omethod as described
previously (Jiang et al., 1990). Data were analvzed by a secor d-degree

polvnomial regression procedure to indicate the time trends of wvarious

parameters (Steel and Torrie. 1930).

2.2.3. Results and Discussion

As the laving sequence progressed during a 6-mo laving period

starting from the 22nd wk, 2gg weight and volk size in both absolute terms
and as a percentage of the egg increased sharply during the first 2 wk and

then slowly approached constant values bv Day 180 (Figure 2.2).

Previously. Bair et al. (1980) reported an increase of ecg and volk
weights from the first egg to the fifth egg after onset of production. The
present study showed that these trends were also true during the firse o
mo or production. Un a relative basis, egg yolk as the percentage of the
egg also increased in a similar pattern as the egg and volk weights,
indicating that egg yolk weight increased at a much faster rate than
albumen. The rate of egg production during the second mo to the sixth
decreased slightly but steadily.

The two common expressions of egg cholesterol values, mg/g volk and
mg/egg, exhibited opposite trends when plotted against the age of laving
hens (Figure 2.2). In terms of mg/g yolk, the cholesterol value decreased
sharply during the first 2 wk, and then slowly approached a constant value

of 12.2 mg/g yolk by 6 mo of production. On the other hand, cholesterol

levels expressed as mg/egg increased sharply during the first 2 wk of the
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laving period, and approached a constant value of 203 mg/egg.

The overall increase In mg/egg in spite of a decrease in the volk
chiolest-ral concentration (mg/g volk) as the age of laying hens progressed
indicard that the increase of egg yolk weight was greater than the

reduction in volk cholesterol concentration. Therefore, the determinative

Il

actor of cholesterol content of an egg was the weight of egg volk. A
smaller wolk contained less cholesterol than a large one.

It would not be appropriate, however, to conclude that smaller eggs
are superior to larger ones due to their lower cholesterol content in
mg/egg. Borh volk weight and egg weight were highly correlated with the
age of laying hens. Smaller eggs have smaller yolks, and hence less
cholesterocl, but fewer nutrients, too. Because mg/egg and mg/g volk units
provide no information on the nutrient value of an egg, these two common
expressions of egg cholesterol value could be very confusing to dietitians
and consumers. A new term for egg cholesterocl, milligram per gram egg

ng,/ g egg). was therefore adopted.

)

d during the first 2 wk of the

%)
b

BES la
production had a cholesterol value of 3.1 mg/g egg. Cholesterol content
increased slightly to 3.4 for eggs collected on Day 180 (Figure 2.2). The
new expression of egg cholesterol in mg/g egg might clear up some of the
confusion caused by the egg producers’ claim of "low cholesterol eggs" in
the popular press. Providing that the determinative factor of cholesterol
content of an egg was the yolk size and that smaller eggs were not
superior to larger eggs when examined in mg/g e;gg, an ideal low

cholesterol egg would be a large egg with a small yolk, i.e., an egg with

a small proportion of yolk.
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Table 2.1. Composition of laving

= — *
“round wheat (133 CP) Ho . D
swbean meal (44% CP) 16.0
iitlow .0
Alfalfa meal (17% CP) 2.0
Ground limestone S.0
Dicalcium phospharte 1.25
Iodized salct 225
lLayer wvitamin-mineral mix® 2.0
Calculated composition
CP, 3 16.02
ME, kcal/kg 2790
Calcium, % 3.36
Total phosphorus, % .64

t Laver vitamin-mineral mix supplied per kg of diet the following:
vitamin A, 8000 I.U.; vitamin D,, 1200 ICU; wvitamin E, 5 I.U.;
riboflavin, 4 mg; calcium pantothenate, 6 mg; niacin, 15 mg; vitamin
B2, 10 ug; choline chloride, 100 mg; biotin, 100 ug: DL-methionine,

500mg: manganese sulfate, .4 g; zinc oxide, .1 g.

N
w



Table 2.2. The egg cholesterol values determined by the colorimetric,

enzvimatieo . 60, and HPLC methods

Methods e e e e e e e e e e e e e
mg/g volk mg/eggz

Coulorimetric 14.6 + .5° 242.8 + 11.6°2

Enzymatic 12.3 &+ .6P 204.6 + 13.9%

GC 11.7 # .4° 194.6 + 10.2P

HPLC 11.7 + .3P 195.0 + 10.5°

2.5 Means within the same column with no common superscripts are

significantly different (P<.01).
* Mean + SEM (n=5).

“ Average egg weight (g): 60.38 + 2.07; volk weight (g): 16.67 +
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Figure 2.1. The chromatograms of lipid standards (Panel A) and egg
% lipid extracts (Panel B) by the thin-laver chromatographv-flame
ization detector (TLC-FID), and of yolk lipid extracts by gas
omatography (Panel C). No free fatty acids or triglycerides were
ected in the yolk lipid extracts by eizher method. aAbbreviations:
: cholesterol oleate; TG: tripalmitin; FA: stearic acid; CH:
cholesterol; IS: 5-a-cholestane.
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Flgure 2.2, Egg welpght, volk size in both absolute weight and percentage

of ey, rate of egg production, and cholesterol values in milligram per

pram or woll, milligram per egg, »r milligram per gram of egg as the

m

laying scquence progressed from the 22nd wk (Day 0). Each point was the
mean (+ SD) of five pooled samples of three eggs each, except for egg
production rate where each point was the mean (+ SD) of three pens of 30

laying hens each. The second-degree polynomial regression equations and

R* values for graphs a to g were: a) Y = 48.603 + .1438X - .000438X2.
RZ = .965; b) Y = 10.576 + .0736X - .000219%X2, RZ = .990: c) Y = 21.641
+ .0721xX - .000216X%*, R* = .981; d) Y = 97.130 - 1.0282X - .191079x2,
R® = .960; e) Y = 145.56 + .6429X - .001768X%, R? = .985: f) Y =

13.840 - .0246X + .000088X%, R? = .938; g) Y = 3.001 + .0036X -

.000008X%, R% = 947,
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chapter 3. Comparison of the Choleste. 'uvmic Effects
P

ot Fgg Yolk Powder Versus Crystalline Cholestercl in Rats?!

3.1. Introduction
Pablic concern over cholesterol content of eggs is certainly one of
the major factors causing the continuous decrease n per capita egg

consption durlng the last four decades. The relacionship hetween egg

consunption and cholesteral metabolism. however, still has not been
clarified ‘fster, 1732 Jennor, 1992; Edington et al.., 1282, Earlwv works

"l

r-vorved that egg volk powder produced higher plasma cholesterol levels

4

than aid the same or much larger amounts of crvstalline choliesterol

{(Messinger et al., 1950; Connor et al., 1961; Splitter et al., 1668).

Recent studies demonstrated that plasma Zotal choleszerol level was lower

in chicks fed egg volk as a cholesterol source than in those fed the same

[ N

amount of crvstalline cholesterol (Sim et al., 1680:; Kim and Han, 19§

(W)

3

In those studies, the difference of dietary protein content caused by egg

ol surploment was balanced ke plane ¢ e¢inmz zuch a5 soybean meal.

8]

(3R]

general ., dletary plant proteins are hvpocholesterolemic as compared to
animal proteins such as casein (Carroll, 1983). Furthermore. egg volk
contrains about 60% lipids (dryv matrer basis). mainly as triglvcerides and

phosphoiipids. Beth the quantity and the fatty acid compositions of

dierary lipids irnfluence clticlesierol metaholism (McNamara, 1987).

1A version of this chapter has been published. Jiang, Z., and J. S.

Sim., 1991. Poultrv Science 70:4021-403.



1, = P s S - e . i
The objective of the present rescarch wis o examine e

of diezarv egg volk powder wersus crvstalline choles:

csterol on the plisma,

11 iy T Svyed 3 TV ~ I ] : .
tipoprovein. and tissue cholesterol levels when the nrotein and Pipid

conients of the control diet were balarced He supnlemens fop o gee-io gl
Lard. respectivelvy. Lard was chosen hechuse 1t is of animil oricin and s
P £ oo~ P £ - - . .

a ratt,. acid profile similar to egs walk lipids (Thile 3,10

3.2. Materials and Methods

Gowk ot e were !

brosrrendd

‘; M x'jl: i !”l-' OV L Toro

] ite cont jined 1S .
sprav dried =gg wolk powder (72, Highland Produce Ltd Fwo  Hills
Alberta. Canazda. TOB 4¥D) ., and che orher was balanmced car cbinteooe !
fat, and rrotein contents by adding orvstalline cholesteraol i
Chemical Company, St. Leuis, M) 621723, lard. and casein b lad,
Maalson, wi >3.11l) ihe calculated cholesterol contents of - W1

5.91 and 5.00 g cholesterol per kg feed for TP and CN dier. r. el

Feed and water were provided ad libizum. Bodv weight and feed consumprion

were measured weekl-w.

At the end of the four-week feeding rats were fasted

¢}
(a4
-
-
"
-
"

overnight and decapitated. Blood was collecrted into heparin-ta’

i

Tl

tubes. Plasma was obtained bv centrifugation at 2,000 x g for 30 irin. The
high-density lipoprotein fraction was prepared by precipitating and

removing of very-low density and low-density lipoprotein (VLDL and LDL)

with dextran sulfate—Mg”'(Warnick et al., 1982). Liver and heart lissues
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Trolesterol concentrations of plasma. HIDL fraction, liver and hear:
tigsues were determined enzvmatically as described prewviously (diang et

a2l Uiy o Differences bhetween Creaiment means were tested by the

3.3. Results and Discussion

stilficant difference in beodyv weizhz zZain nor teed consump.ion
5 A - =

rar
por

s
wis tound between the two groups of rats fed either YP or N in the
present study (Table 3.3)% . Neither were plasma total cholesterol

high-densitvy  lipopretein cholesterol (HDL-C» 1

m
“
o
4
n
w
[N
3303
3
[
[kl
[en
(p]
Y]
3
rt
o

influenced by these dietary treatments (Table 3.2). Numericallv. HDL-C

levelis ot rats fed TP diet were more than 10 higher than values in those

Earlv studies with human subjects Indicated that dietarv egg volk

8]

was more hvpercholesterolemic than crystalline cholesterol (Messinger et
al., 1¥DU; CoOOK et ai., 1vy>2u). Thnis was attributed Lo elther fhe 10w
absorption of crvstalline cholesterol when it was fed without oil (Svlven
and Borgstrom, 1968), or the hypocholesterolemic action of polyunsaturated
fattv acids (Paul et al., 1980) which were incli.ded in the crvstalline
cholesterol diet. Other studies, however, reve ' led that dietary egg yolks
were less cholesterolemic than criwstalline cholestercl in chickens (2.
et al., 1980: Kim and Han, 1985). Bartov et al. (1973) also found that
feeding egg volks to female rats produced lower plasma cholesterol levels
than did the same amount of crystalline cholesterol. In the present study,

rats fed YP diet had oni, numerically lower plasma TC and higher HDL-C.



The difference of male and ‘omile rals the  rosponse ot oplamng
choloasovet TO Ai\‘:fxl'v'.' Treatmoents i E‘f‘l}.‘:.iflz i \‘i‘;:-;x‘l‘x‘}“ii\\“" Do tween
OUY i s and those of Bartowv et al. 1973y The blood <helesterol
tevels ul lemaie rais were reparted fo he more responsive to dietarsy
maniipulation than those of males (Terpstva ot al ., 19823
Howewer. both free and toral cholesterol contents of liwver. but

noT heart tissues, of rats fed YP dier wan significantly lower than those
fed <N i(Table 2.3%. The two test diets contained same rthe level or Tipids

and had similar fatcy acid composition, ruling out anv effect ot tateow

acid protile of the diets. Two factors of the volk powder diet could be

iver cholesteror content . The tirs:

is egg volk lipids. The TP die:t contained 3.3x wolk phospholipids in

voeerides . Dictary

i

rhospholipids from egg wolks have heen shown to specitic increas.:

-
-

Brien and Corrigan, 1988). The second
tactor might be the protein sourc.s per se. Yolk prorein might 0t luenc.
cholesterol metabolism in rats rather differently €rom casein «Carrol .
1983). Further studies are thus needed to understand the ¢ifects of volk
compconents such as volk neutral o¢il and lecithin on plasma and HDL

H (RS

cholesterol levels.

65



s - s e e s I . 1., (U B P et v -
Ltla ke PR RETEDS! ratrt 2l el ol sl Llets SONTAInNING elliier solen nowdey
chE, o TR I EIY
- . H DR I T, P T jos - CO.
Ity i id 1oLy powde:r diet “Taseln diet
----- tx 0of total fatTy acidsy o -----

~1 s NG .
DR - R
12N EI e 2

I - , N S

AR TR < I S Wt I - P
. = . - = = -
18 1in-7 & n-9 473 a3 2

15 20n-6, 1.7 11.0
iR lin- 30 7 7

20 .~ 47.5
oOPUFAS 14.3 17

]

Suituuiid>alulated Lat iy odu lus.

>

polvunsaturated farty acids.

56



ba 2l - b 3 T e ae T - .y T ey - s T e T, e . . .t :
Table 2 2. MNutrient composition of valk Powder TP Gnd casein
Aia- N
VP odier N diet
t oy - - .o I8
D S e G Ky, Feed Yool
Casein, hipgn protein (872 93 et o, a0
Gluacose, monohwdrase FREERT Do )
Oorn sTarcn T LTSI
Dl-methiinanine S T
Choline chloride 1.8 1.3
Irositol Y oy
Vitamin Mix, A.Q.a.C R Gl
L% 4 - 3 T . }o TSRO, n - P 5 c
Mineral Miw, Bernharz-Tomarelli Sh .8 PN
P 111443 ~ Y ) ‘
el illinse SO0 I 4
Y

Cholescerol 0 SRS
RER 2 -

TolK powder 187.0 0
lard o RIS

All nutrients, except choline chloride, chol. crol CSicma Chemionl

Company, St. Louis, MO) and yolk powder (Highland Produce Ltd., Two Hills

Alberta), were from Teklad, Madison, WI.

- The determined analyses of the volk powder were: [

M, 97 .78 P,

[
fox)
e
<
b

total lipid (including cholesterol), 53.40%; cholesterol,
At 137 gz,kg, it provided 99.86 gz total lipid, which included 5.01 g

cholesterol per kg of YP diet.



Tab e 4 i The pertormance, and plasma, HDL, liver, and lLeart cholesterol

. e 1. .- .. - 7 - - H Yoo, -
Toerree b ot s fed volk powder diet or casein diec

Diec
Variabiies ' Tolk powder (TP) casein(CN)
Pertormance
Feed consamed (G 8 217.5 + 23.8 2E0.1 » 3302
Body weight gal Y8 1941 + 23.3 2035 &+ 18.8
Cho .
2 C fm:/lﬂ”mL): 3 84.52 + 12.30 84 .12 + 11.34
HDi. o g 100mby - 8 32.62 £ H 97 38.10 + 7.10
UDL-¢,. T2 ratcio .307 L4738
[Liver vissue
Total tipids
(% of riassue; 3 17.44 + 2.20 19.40 + 2.10
Free oh. rerel
‘mg/g TLasue) 8 4.7F + 94 7.43 £ 1.267
Total cholesterol
(mg/ g tissue) 8 13.77 % 2.15 16.40 + 2.25°
Heart tisscue
Total lipids
(3 of tissue) 8 3.48 + 32 3.56 + 27
Free cholesterol
(mg/g tissue) 8 2.37 + .51 2.80 + 29
Total cholesterol
(mg/g tissue) , 3.41 + .67 3.79 + .63

* TC: total cholesteroi:. HDL-C: high-density lipoprotein
cholesterol. Data were presented as Mean + SD.

"

P < .05.
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Chapter 4. Effects of Egg Yolk Neutral and Phospholipids

on Plasma and Tissue Cholesterol levels in Rats

4.1. Cholesterolemic Effects of Egg Yolk Neutral Oil

4.1.1. Introduztion

The effects of cholesterol intake. mainly as egg consumption, on
plasma and lipoprotein cholesterol levels have still not been claritied
(Dster. 1982; Connor and Connor, 1987: Edington et al.. 1987; Stehbens,

luv89: Ste

[ R

nberg, 1989). In most studies, whole e¢.gs or egg volks were used
as the source of dietary cholesterol. The controversial resulcs regarding

Fat
the cholesterolemic action of egg consumption can partly be attribhuted to
the complex influences of egg components other rhan cholesteral pel se,
as demonstrated in the previous chapter and other studies (Bartov et al .,
1973; Kim and Han. 1985). Egg volk triglvcerides, for example, might also
influence cholesterol metabolism. Egg volk lipids constitute aboutr 60% of
egg yolk dry matter, and 70% of volk lipids are neutral oil
(triglycerides). Yolk neutral oil consists of more than 50%
monounsaturated fatty acids, and 11% polyunsaturated fatty acids (Powrie
and Nakai, 1986). Recently, it has been reported that vegetable oils rich
in monounsaturated fatty acids, such as saff: »Y and olive oil, are also
hvpocholesterolemic (Mattson and Grundy, 1985, Mensink and Katan, 1989).
When saturated fats were substituted by these oils, plasma total (TC) and
low-density ¥ipoprotein cholesterol (LDL-C) levels were reduced. But

unlike dietary n-6 polyunsaturates such as linoleic acid, dietary

monounsaturates did not reduce HDL-C level (Mattson and Grundy, 1985;
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Bagplo ¢u al., 1783, Mensink and ¥atan., 1989). Egg volk neutral oil, with
more  han U monounsaturated fatty acids. may thus play a role in
influencing the cholesterol metabolism when whole egg or egg yolk is
congumed, In addition, egg vyolk lipids might be useful in preparation of
intant formula to achieve a fatty acid profile analogous to that of human
milk (Tokarska and Clandinin, 1985). Thus, it is of interest to understand
the cholesterolemic property of the dietary egg volk oil. Little, if anv,
information regarding this subject is available.

The present study was designed to inves.i, ite the cholesterclemic

effects of dietary egg volk neutral oil in rats by comparing with oils of

various degrees of saturation.

4.1.2. Materials and Methods
Animals and diets

Weanling male Sprague-Dawley rats, weighing about 105 grams, wire
obtained : rom the Bioscience Animal Services of the University of Alberta,
Edmonton, A.perta, Canada. Rats were housed individually in wire-cages in
a room with the temperature at 21 C and 12-hr alternating light-and-dark
period. Water and feed were provided ad libitum. The feed consumption and
body weight were measured twice every week,

All rats were fed Wayne Rodent Blox (Continental Grain Company,
Chicago, IL) in the first wk. They were then randomly divided into four
groups with seven rats in each group. The composition of test diets is
shown in Table 4.1. Dietary cholesterol level was .2%. Four types of
lipids were tested. They were: saturated (SAFA, coconut oil/safflower oil

= 4/1); egg yolk neutral oil (¥YNQ); lard (LARD); and polyunsaturated
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({PUFA, coconut oil/safflower oil = 1°4). Mixtures of coconut oil and

safflower oil were used to prepare SAFA and PUFA to achieve a wide range

of polvunsaturated to saturated (P.S) ratios. The fatty acid profiles of
the test diets were determined by gas chromatographic (GC) method as

described elsevhere (Jiang et al., 1991) and were presented in Table 4.2
Egg yolk neutral oil was prepared from fresh egg wvolks by an ethanolic
extraction procedure developed in our laboratory (Sim, Canada Patent No.
612411). 1Its major component was triglycervides (>98%) with 1.06%
cholesterol as determined bv the GC and thin-laver chromatayraphic
technique (latroscan TH-10, Iatron Labs, Japan). Coconut oil, saffiower
oil and lard were purchased from United States Biochemical Corporation,
Cleveland, Ohio. Cholesterol (Sigma Chemical Co., St. Louis. MOQ) was

dissolved in warm oils by adequate stirring before being mixed with basal

preparation to achieve a .2% dietary level.

Sample preparation and analvsis

At the end of 4-week feeding period, rats were fasted overnight.
Blood was collected into Vacutainers (Becton Dickinson Canada Inc.,
Mississagua, Ontario. Canada) by heart puncture whep animals were under
haloothane anaesthesia (Laboratoires Ayerst, Montreal, Canada).

Plasma was obtained by centrifugation .ut 1500xg for 130 min.
High-density lipoprotein (HDL) fraction was prepared after precipitation
and removal of LDL and VLDL with phosphotungstic acid-MgCl, (Burstein et
al., 1970). Cholesterol content was assayed by the enzymatic method of
Allain et al. (1974) and Ho and Dupont (1981). In brief, an enzyme

solution <ontaining cholesterol oxidase, cholesterol esterase, and
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peroxidase (5igma Chemical Ltd., St. Louils, MQO) was prepared for total
cholesterol assay. Samples of whole plasma and HDL fraction were added
directly to enzyme solution for color development. Cholesterol standard
stock (Sigma Chemical Co., St. Louis, M0) was used to construct the

standard absorbance curve.

Statistics
Aanalysis of variance (ANOVA) and Duncan’'s Multiple Range Test

(DMRT) were employed to analyze the data (Steel and Torrie, 1980).

4.1.3. Results and Discussion

The lipid content of experimental diets was designed to resemble the
current diet consumed by North Americans, with lipid contributing about
36% of total energy. The P/S ratios of these diets ranged from .la to
1.34, well bracketing the recommended value (P/S = 1.0) by the American
Heart Association (1988). The YNO diet had a fatty acid profile verv
similar to that of the LARD diet. In the present study, the type of
dietary fats did not influence the apparent performance of the rat in
terms of body weight gain, feed consumption, or feed conversion efficiency
(Table 4.3).

The plasma total cholesterol (1<) and HDL cholesterol (HDL-C) levels
of rats at the end of the feeding trial were shown in Table 4.4. Rats fed
SAFA diet had significantly higher plasma TC as well as HDL-C than those
fed YNO, LARD, or PUFA. This corroborated previous results of many studies
that dietary saturated fats were hypercholesterolemic when compared to

monounsaturated or polyunsaturated ones (Keys et al., 1965; Hegsted et
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al., 1965; Glueck, 1979),

There was no significant differences in plasma TC

or HDL-C amony,

rats fed wNO, LARD, or PUFA, although numerically PUFA diet resulted in

the 1lowest level of both TC and HDL-C in rats among, all dietavv

treatments. Egg yolk neutral oil and lard are animal fats. Dietary fats
of animal origin generally contain 45-55% monounsaturated and 10 to 154
PUFA (Kuksis, 1978). As monounsaturated fatty acids had been previously
considered as "neutral" in influencing the plasma cholesterol level (Kevs
et al, 1965; Hegsted et al., 1965), the animal fats, with major proportion
of monounsaturated fatty acids and low P/S ratios, have been traditionally
classified as saturated, and a hypercholesterolemic property of dietary
animal fats has been fregquently implied. Recent studies have demonstrated
that monounsaturated fats of vegetable origin, in particular, oleic acid-
rich safflower oil and olive o0il, are hypocholesterolemic (Mattson and
Grundy, 1985; Baggio et al., 1988: Mensink and Katan, 1989). The
traditional classification of animal fats, which contain more than 50%
monounsaturated, as "saturated" might thus be inappropriate and could be

one of the contributory factors causin: the controversial claims regarding

the cholesterolemic action of die ary "saturated" fats (Reiser, 1973).

Indeed, dietary beef fat, altho. " .cmwonly classified as saturated, did
not exhibit hypercholesterolemi. >perties as it would be expected
(Reiser et al., 1985). The high - . -ent of monounsaturated fatty acids in
these animal fats might expla.a ri.e obser'ed phenomena.

The magnitude of chola:uvrrol-lowering effects of MUFA, however, is

still in dispute (Becker et al., 1983; Mattson and Grundy, 1985). OSur

results demonstrated that dietary yolk neutral oil and lard were,
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LlLllZaturates -1 S0ike CLllildar stuld.aes, dletary oleic acid was reported
to be less effective in lowering plasma cholesterol

levels than was

linoleic acid (Becker et al.., 1983).

Cholesterolemic Effects of Egg Yulk Phospholipids in Rats

4.2.1. Introduction

The other major component of wolk lipids is volk phospholipids. Yolk
phospholipids constitute about 30% of yolk total lipi. . The majority ot
volk phospholipids is phosphatidylcholine ¢PC. 70&) and phosphatidyl-
ethanolamine (PE, 243%) (Noble, 1987).

Phospholipids, particularly PC from soybeans, or as commonly
referred to as soy lecithin, have been repcrted to be hvpocholesterolemic
in various species of laboratery animals ‘Byers and Friedman 1960; Hovard
et al. 1971; Samochowiec et al. 1976: Wong et al. 1980; Hunt and Duncan
1985; Jimenez et al. 1990) and human subjects (Childs et al. 1981; lLeotta
and Fusco 1985; Kesaniemi and Grundy 1986). Intake of soy lecithin
increased elimination of cholesterol from the animal body via ftecal

excretion of neutral sterols (Greten et al. 1980; Hollander and Morgan

1680:; O0'Mullane and Hawthrone 198

N

; Kesaniemi and Grundy 1986). It was not
clear, however, vhether the reported hypocholesterolemic effects of soy

lecithin were due to the lecithin structure per se, or were mediated



through lineoleic acid (ia) . Sov lecithin Is rich in LA of which the
bivpocio e 1 documented (Paul et al. 1280).

Y phospholipids, or egg lecithin, differ markedly [from soy

lecithin in fattv acid compositien. The fatty acid chains of soy lecithin

are hishlv polvunsaturated due to high contents of LA and linolenic acid
7iMay, while egg leciti. -+ vontains mainly palmitic and olzic acids (Noble
1287). In contrast to the abundant informaticn on soy lecithin, little is

lnown about the cholescerclemic action of dietary egg lecithin (O'Brien
and Corrigan 1988). Early intravenous infusion studies revealed similar

anti-atherogenic effect of phospholipids extracted from both plant and

m

animal tissues, despite their marked difference in the degree of fatty

acid unsaturation (Bvers and Friedman 1960). On the other hand, saturated
(hydrogenated) soy lecithin was reported to be less ffective in
resorption of implanted cholesterol than soy lecithin in its natural form
(Adams and Morgan, 1967), indicating that the effects of lecithin on
cholesterol metabolism were modified by its fatty acid composition.

The objective of rnis study was to examine 1) whether dietary

£ o <~ - e PO BN -
LLeCCCS SO Cal.aesT

]

[

leciithin per se had independent, systemic rel
metabolismr when compared with trigivcerides of similar fatty acii
composition; and 2) how the two forms of lecithin, i.e., more saturated
¢gg, volk lecithin versus unsaturated soy lecithin, influenced the

cholesterol metabolism in rats.

4.2.2. Materials and Methods

Animals and diets

Male weanling Sprague-Dawley rats (Bioscience Animal Services of
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Chicago. IL) for zhree dawvs. thev were divided into four vroups with it
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rats esch s3uca a manner that the averagze bLody welglht o 411 aroups was
similayr

sSimil:

-ar. Crude egg volk lecichin (EL) was prepared trom !iresh egg volk by
an ethanolic extraction svstem developed in our lab (Sim., 1961Y. The &g
lecithin cbtained contained 90.7% phospholipid (PL), 6.7% cholesterotl,
and 2.3% triglycerides (TG). Soy lecithin (SL) was purchased from Canada
Packers Ltd. (Toronto, Canada). It contained 77.4% PL and 21.6% TG. Lard
(LD) and soybean oil (S0O), whith have similar fatty acid profiles as egg
lecithin and soy lecithin, respectively, were wused as the dietary
triglvceride counterparts. Seven percent EL, SL, or 5% LD, and SO were
mixed with a semi-svnthetic basal diet to give four test iets (Tahle
£.5). The 7% of EL and SL provided similar amounts of fatty acids present
in 5% LD or SO. Water and feed were provided ad libitum. Feed consumption

and body weight gain were measured weekly. Feces were collected during the

fourth wk, using Fe,0, as a marker (McDonald et al. 1981).

Sample preparation and analysis

At the end of the 4-wk feeding trial, rats were fasted avernighr.
Thev were sacrificed by decapitation and blood was collected into heparin-
Na® coated tubes. Rat livers were removed, bhlotted dry on towel paper,
weighed, and stored at -20 C. Plasma was separated by centrifugation at

2,000 x g for 30 min. The high-density lipoprotein (HDL) fraction was

prepared by precipitation and removal of very-low-density and low-density
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Vipoproteicss (ULDL and LDL) with dexsvan sulfare-Mge™ (Warnick ec al.

4t

P2 . o iecteral of plasma and HDL fraction were measured using a
commners 4l diagnostic kit (Procedure =232, Sigma Diagnostic, St. Louis,
MO ).

A portion (1.0 g) of median lobe of rat liver was ground with a
mixture of CH,Cl and CHyOH (2/1, ~/v) (Folch et al. 19573 and the total
lipid content of liver was determined gravimetrrically. Contents of free
and est: “ied cholesterol c¢f rat liver were assaved by an enzymatic
-pethod (..ivlson and Goldfarb 1977;.

Rar feces were dried at 110 C overnight, and ground. The fecal
neutral sterols were extracted according to Miettinen et al. (1965), with
5-a-cholestane added as the internal standard. The unsaponifiable extracts
were directly injected on a DB-17 capillary column (J & W Scientific,
Folsom, CA) in a Varian Model 3700 (Varian Associates, Inc., Walnut creek,
CA) gas chromatograph. The column temperature was programmed to be
initially at 230 C, increased to 280 C at a rate of 5 C/min, and held at

280 C for 13 min. The flame ionizing detector was set at 230 C.

Statistical analysis
Treatment means were subjected to one-way analysis of variance. When
treatment effects were significant (P < .05). means were further analyzed
AY

bv Duncan’'s multiple range test (Steel and Torrie 1980), wich P < .05 as

rthe criterion of significance.
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4.2.3., Results

L]
L
re
(a1

<id profiles of diets and rat performance

The fatty acid compositions of fest diets were analv=ed by vas

chromatography (Metcalfe et al. 17961) and presented in Table 4 6. The

fatty acid profile of EL was similar to that of LD, and so was S to SO,

EL and LD diets were much more saturated than SL and SO diets. Neither the

body weigh

ot

gain, nor the dailr feed intake of rats were al¥ cted he

dietary treatment (Table 4.7).

Plasma and lipoprotein lipids
Plasma total cholesterol (TC) was significanti:

lower in rats fted

SL or SO than in those fod EZL or LD (Figure 4.1). Fgg lecithin feeding
e}evaCed high-density lipoprovein (HDL-C) significantly over sov lecithin,
lard, or soybean oil feeding (Fig. 4.1). Consequentlv, lecithin feeding.
regardless of the difference in degree of fatty acid saturation, resulred
in similar HDL-C/TC ratios, which were significantly higher than in those

fed the two triglyceride diets.

Liver lipid contents

As shown in Table 4.8, the two lecithin diets (EL and SL) resulted
in significantly lower hepatic total lipid and total choleszerol than the
two triglyceride diets (LD and SO). Further accumulation of liver lipids
was observed in rats fed the SO diet over those fed the lard diet. The

liver size of rats, however, was not affected by diets.

Neutral sterol excretion
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snificantly hiigher amount of tcoctal newnral

Sreerals s feced shan those fad the three other dietrs (Fig., 4.2). This
was rainiy due to the increased excretion of coprostancl. No significant
ditterence was detected among the neutral sterols excreted by rats fed EL,

4.2 .4 Discussion

This study clearly demenstrated that dietarv lecithin of both plant
and animal origins had specific, systemic effects on cholesterol
homeostasis in rats, which wesre different from those of dietarv TG of
similar fatty acid composition.

Although the anti-atherogenic property of dietary lecithin has been
reported in both laboratory animals and human subjects, it was suggested
that these observations were artifacts of other dietary changes or the
linolenic acid present in lecithin preparations (Knuiman et al. 1989). To
examine whether dietary lecithin per se has specific influences on plasma
and lipoprotein cholesterol levels and cholesterol homeostasis, two forms
dietary lecithin, egg yolk lecithin (EL) and soybean lecithin (SL), were
compared to dietary TG, lard and soybean oil. The fatty acid compositions
and polvunsaturated to saturated (P/S) ratios of lard and soybean oil were
similar teo those of egg lecithin and soy lecithin, respectively (Table
4.6). Therefore, when lecithin regimes were compared to triglyceride ones,
possible effects of fatty acids could be minimized. This study clearly
demonstrated that dietary lecithin did affect cholesterol homeostasis of
rats in a way that was different from their dietary triglyceride

counterparts. Firstly, significantly higher HDL-C/TC ratios were generated
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by EL and SL regimes when compared to LD and so teocdive . The HDU .o Lo

was suigested Lo reprosent the reverse transport of choleste:ol (7,00 and

Small 17%0) and HPL-C,/TC ratio was reported to be a berter parvamet r than

[C alone in assessing the atherosclevotic risks (Kannel and Gordopn 1982

Castelli et al. 1%86). The two lecithin diets therefore resulcet! in

favorable lipoprotein cholesterol profiles in te.ms of HLL-G,/TC rario When

compared to tha TG diets. Furthermore, the lecithin diets also restilted

i

in lesser liver total lipids and cholesterol than the

TG diets, x‘t'-':_‘-.x"'”e:;::

of the marked differen » in factty

acid compositions of EL and SL. %hile

the unsaturation of TG vezulted in further accumulation of hepatic 1ipids

in SO fed rats, the degree of saturation of dietary lecithin did not
affect rat hepatic lipid contents, indicating again the different di€tary
effects of lecithin and TG on lipid metabolism.

The two forms of dietary lecithin generated higher HDL-C/TC ritios
in quite different ways. The high HUDL-C,TC razia of . fed rats was the
result of a lowered TC wvalie. The precise mechanism of the
hypocholesterolemic property of dietary sov lecithin is not unequi“ocal
(Greten et al. 1980: Hellander and Morgan 1980- Jimenez er al. lua0). In
the present study, dietary sov lecithin was found to increase the yeMuoal
of cholesterol metabolites via fteces. A significantly larger amou™t of
neutral sterols, particularly ccprostanol, were excreted by rats fed the
SL diet (Table 4.9), indicating a reduction of intestinal ahgo¥fPtion
and/or reabsorption of cholesterol. This corroberated previous ré€Ports
that intake of soybean lecithi:. resulted in the increase of excreti®n of

neutral sterols in both experimental animals and human subjects (GTeren

et al. 1980; Hollander and Morgan 1980; O’'Mullane and Hawthrone lgg2 ;
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Fooooart ol nd rheaads TaRA A recent study . however, voported that the
comere t o e s sl sternls was not increased be dietary sov lecithin in
Leopercho e npnlemivc rats (Jimenez et dl. 1%70). A much lower lewrsl of
dictary wov lecithin was used by Jimenez ¢t al. (1¢790) than those used in

rhia and otler soudies (Greten et al. 1980; Hollander and Mcrgan 1980,

gl lane and Hawthrone 19352 Hesaniemli and Grundy 15863, which might

vuplain the discrepancy.

Then the question arises as to whether the increased excretion of
neutral sterols is due to soy lecithin per se, or the plant scerol
contaminants of the sov lecithin preparation., as studies in men have shown
that some of the plant sterols diminish intestinal absorption of
cholesterol (Farquhar and Sokolow 1958; Lees et al. 1977). The following
two points might provide an answer to the question. Firscly, it has been
reported that plant sterols, such as stigmasterol and sivosterol, the main
sterols of soy lecithin and soybean o0il., did not affect the intestinal
absorption of cholesterol in rats (Hollander and Morgan 1980). Secondly,
the plant sterol contents of SL and SO diets were only marginally
different. As determined by the GC method described in the Material and
Methods section, soy lecithin contained 0.63%, and noybean oil 0.22%,
plant sterols. They provided about 0.04% and O 0Ol% plant sterols ro the
SL. or SO diets, respectively., Therefore, it was nunlikely tlat the
increased excretion of neutral sterols by rats fed sL diet was mediated
through plant sterols. Egg lecithin feeding did not reduce the plasma
total cholesterol level, but elevated HDL-C significantly, which, in turn,
resulted in a higher HDL-C/TC ratio than lard or soybean oil feeding (Fig.

4.1). Dietary egg lecithin did not increase the fecal excretion of neutral
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sterols (Fig G000 and  shaw

T L. . Seemed Tao have o it et o on e it e Py
absorprion of cholesterol. Dictary HLo omisht Gffect the cholestorol
homeoa asis ol racs [

s at a post-iahsovrprion site. which leads tooan olewvgs ol

reverse transport of cholesverol . The incredase of HDL- O by divtary oy
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s
crinin

P

. as  compared to dietary sov  lecithin, was also  observed

previously in guinea ples (O Bricen and Corripan 195387, The mechanism

underlining the elevacion of HDL-C in rats or yuinea pigs speciticalle by

dierary egg lecithin but not sov lecithin i{s nor clear. indicating a noed

for fur-“er research into ~his

(SRS
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Tnpredionts g/kg feed
Casein 270
Carn starch 200
Glucose 207 .65
Non-nutritive cellulose 50
Vitamin mix 10
Yineral mix 50.85
Choline chloride 2.75
Inositol 6.25
D.L-methionine 2.5
Cholesterol 2.0
0il® 198

! Casein, starch, cellulose, inositol, and methionine were purchased
from United States Bioctemical Co., <Cleveland, OH; vitamin mix
{Bernhart-Tomarelli), mineral mix (AOAC), and powdered glucose were from
Tekland, Madison, WI; choline chloride, cholesterol, and sodium cholate
were from Sigma.

¢ The four types of tested oils were: SAFA, a mixture of coconut oil
and safflower oil (&4/1); YNO, yolk neutral oil; LARD, lard; and PUFA, a

mixture of coconut o0il and safflower oil (1/4).

85



Table .0 The ma‘or Catew acids

A3

o v it yodetermine .l h
the pas chiromatography
Fatcv acid SAFA! YN0 LARD PUFA

----------- + of toral fatty acidsg ----oveat oo

C85:0 7.4 0 0 3.2

CLlO:0 5.7 0 )] R

c12:0 43.4 0 0 16.6

Cl4:0 15.5 .6 1.7 R

Cls:0 .7 2701 23.8 7.7

Clé6:1 0 4.6 3.3 0

Clg:0 2.2 6.8 14.5 2.4

Cl8:1 6.7 48.8 45 .3 1.4

cl8:2 11.2 10.2 9.6 S50 H

Cl8:3 D .6 7 2

2 Saturated (S) 82.0 34.8 40.8 37.8

Z Monounsaturated 6.7 53.4 48 .k 11 .4

zZ Polvunsaturatced (P) 11.3 10.9 10.6 50.8

P/S ratio .14 31 26 1.734

and safflower oil (4/1);

- The four types of tested oils were: SAFA,

YNO,

yolk neutral oil;

mixture of coconut o0il and safflower oil (1/4).
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Tabl. 4.7 The reed consumption, body weipht gain and feed conversion

efficioney of rats on experimental diecs during the 28-day test period!

Diee® Total fteed Total body Feed conversion ratio
consumed weight gain (g feed/g gain)

""""""""""""" R

SAFA 557.5 + 17.8 201.2 ¢ 10.5 2.8 + .1

/N0 559.7 + 15.6 191.3 + 9.0 2.9 + .1

LARD 542 .4 % 21.1 188.7 + 9.0 2.9 + .1

PUFA 547.2 + 18.9 195.9 + 7.5 2.8 + .1

! Mean + SEM (n = 7).
2 The four types of tested oils were: SAFA, a mixture of coconut oil
and safflower oil (4/1); YNO, yolk neutral oil; LARD, lard; and PUFA, a

mixture of coconut oil and safflower oil (1/4).
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Table 4.4, The plasma total and high-densitv lipoprotein

CHDID

cheolesterol levels of rats at the ond of the experiment!

Dietc Total cholesterol HDL-cholesterol HDL-C/TC ratio
---------------- mg/ dL -- e

SAFal 96.5 + 3.9° 76.4 + 3.6° 79

YNO 8L.1 + 5.1° 64.7 + 2.2b At

LARD 76.1 + 5.6° 63.6 + 4.6° 84

PUFA 69.8 + 4.5P 56.2 + 4.3P 81

a,b \(

Means within a column without common letters differ significantly

(P < .035).
! Mean + SEM (n = 7).
‘ The four types of tested oils were: SAFA, a mixture of coconut oil

and safflower oil (4/1); YNO, volk neutral oil: LARD, lard; and PUFA, a

mixture of coconut o0il and safflower oil (1/4).
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Tost diess*

o T so
S T e LI
Cage-ing, hilgh protein 247 .2 24702 247.2 2472
lucogse, monohvdrace 190.5 1¢0.5 120.: 130.5
Corn srarch 35 .8 350.8 350.8 350.8
DL-methionine 2.4 2.4 2.4 2.4
Chioline chloride .8 1.8 1.8 1.8
Inesitol 5.6 5.6 5.6 5.6
Vitamin Mix, A.0.A.C 9.3 9.2 9.3 9.2
Mineral Mix, Bernhart-Tomarelli 46 .8 46 .8 46 .8 46 .8
Cellulose 20.6 20.6 40.6 40.6
Cholesterol & 5.0 5.0 5.0

Crude egg lecithin

~)
W
o
@]
o
[w]

Crude sov lecithin

O
~J
Q
D
O
[e]

Lard 50.0 50.0 160.0 50.0

Sovbean oil 0 0 0 50.0

* The four dictary treatments were: egg lecithin (EL), soy lecithin
(SLY., lard (LD), and sovybean oil (SO0}.

* The following nutrients were purchased from Teklad, Madison, WI,
USA: casein, high protein; dextrose, monohvdrate: corn starch;
DL-methionine: vitamin mix, AOAC; mineral mix, Bernhart-Tomarelli;
cellulese: sovbean oil and lard. Cholesterol (USP), choline chloride,
»nd incsitel were from “igma Chemical Company. St. Louils, MO, USA.
Sov lecithin was purchased from Canada Packer, Ltd., Torontc, Canada.
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Table 4.4, The major fattv acids of the experimental dlels
Tesgt diec
Fatoy acid  comee e L.
Ezgg lecithin Sov lecithin f.ard Sovhean oil
(ELY (SLH LDy (SO
--------------- % ot toral Tfattw acids ----------...

14:0 0.92 0.81 1.39 B
16:0 2445 12.00 23.51 17.10
16:1 2.02 1.25 2.28 1.:28

'_J
[e 8}
<
—
w
N
(]
4
o
3N
w
=
Al
e

o
o
=
rel
O

O
(W)

(W)

=

-

Nel

iu.76 30.93

18:2n-3 C.359 4.78 0.74 4.12
20:4n-5 2.%0 0 0 0
P/S* 0.28 1.25 .28 1.25

Ratio of polivunsatu-ated to saturated fatty acids.
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Table 4.7, Initial and final bodv weights., and dailv feed consurption

Diet Initial Final Daily feed
bodv weight body weight consumption
_______________________ Sl
5L 113 + 2.8 322 x 10.3 22.5 ¢ .7
EL 111 + 2.2 325 + 7.1 23.3 + .6
SO 113 + 3.9 325 + 7.8 23.5 + .¢
LD 111 + 3.5 329 + 8.8 24.6 + .8

! Mean + SEM, n = 8.

2 The four dietary treatments were: egg lac
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pg
n
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ct
o g
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3

(S1L). lard (LD), and soybean oil (S0).
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ipids. free and toral cholesrervol

Diect:  Liver  Total lipid  Free cholesterol  Taral ehalesterei ™
{g) (3 of tissue) (mg,/g5 wet tissue)

SL 11.1 + 1.3°2 12.3 + 2.4° .6 + 0.3b 7.9 &+ 1.8b

EL 12,7 £ 1.7 13.0 % 2.2° 3.5 + 048 o3 ox 1

SO 12.8 + 1.4  21.0 + 2,52 7.2 0+ 1.57 6.1 ¢ 1.84

LD 12.9 + 1.5° 17.4 + 2.3® 7.3 0+ 1.3° 15.6 + 2.7

= Mean * SD n=8. Means in a column without common le:tters

differ significartly (P < .095).
2 The four dietary treatments were: egg lecithin (EL)

, soy lecithin

(SL), lard (LD), and soybean oil (SO0).
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Effects of dietarv lipids on plasma total cholesterol (TC),

.1.

4
high-density lipoprotein cholesterol (HDL-C) contents and HDL-C/TC

ratios of rats at the end of the feeding trial (Mean + SD,
test diets contained egg lecithin (EL),

or soybean oil (SO).

Figure

~
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Chapter 5. Altering Yolk Fatty Acid Composition:

Char tes in Various Yolk Lipid Classes !

5.1. Introduction

The previous chapter demonstrated that the tvpe ot dietarv lipids

(saturated versus mono - and  polvunsaturated,

triglveerides  versus

phospholipids) plavs a major role in determiring the

chinlest t‘l'\‘}‘,t‘(\i~‘
property of the diet. Although dietarv cholesterol has a relatively minor
effect on plasma cholesterol levels., manv attempts have becn miade to
reduce egg cholesterol centent but with only little practical success
(Naber, 1983; Noble, 1287). An  alternative wavy to reduce the
cholesterogenic effects of eggs is by altering of wvolk fatty acid
composition. The cholesterol-lowering effects of n-6 polvunsaturated fatty
acids (PUFA), mainl. linoleic acid (LA), have been known for decade..
whereas the hypocihwlesterolemic properties of monounsaturated fatty acid
(MUFA), such as oleic acid (0A)., and especially the n-3 PUFA, such as
linolenic acid (LNA), eicosapentaencic acid (EPA), and docosahexaenoic
acid (DHA), have been recognized only recently (Grundy, 1986; Kinsella et
al., 1990). The incorporation of these fatty acids into the volk mi,ht
thus counteract the cholesterogenic property of the egg.

Diets rich in 0OA, LA, or LNA result in large increases in their

concentrations in yolk total lipids (Cruickshank, 1934; Reiser, l#50;

1l A version of this chapter has been published. Jiang, Z., D. U. Ahn, and

J. S. Sim, 1991. Poultry Science 70:2467-2475,
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Fisher and [ewveille, 1957 Wheeler et al., 1939: Murty and Reiser, 1261;
Pankv and stadelman, 1969: Navarro et al., 1972: Nwokolo and Sim, 1989:
Caston and Leeson, 1990). There is, however, relatively little information
available on changes of fatty acids in various volk lipid classes caused
by dietary manipulation (Pankey and Stadelman, 1969). Early studies (Murty
and Reiser, 1961; Chen et al., 1965) examined the fatty acid changes in
neutral lipids and phospholipids, with no further separation of
phospholipids into phosphatidylcholine (PC) and phosphatidylethanolamine
(PE), the two major components of volk phospholipids. It has been reported
that the increases in CA or LNA occurred mainlv in the triglycerides (Chen
et al., 1965), but LA was evenly deposited among triglycerides (TG),
lecithin, and cephalin fractions (Pankey and Stadelman, 1969). Studies
with human subjects revealed that the n-3 fatty acids of platelet lipids
in those who consumed fish or flax oil were not evenly distributed among
lipid classes, but were concentrated in the alkenylacyl-PE fraction
(Aukema and Holub, 1989; Holub, 1990).

The present study was carried out to examine the effects of laying
hen diets enriched with OA, LNA, or LA on the fatty acid compositions of
volk lipid classes. Special attention was given to the distribution of the

longer chain n-3 fatty acids in the egg yolk due to their potential health

benefits to consumers.

5.2. Materials and Methods
A total of 528 Single Comb White Leghorn laying hens, 16 mo of age,
were housed in three double-deck cage batteries with two birds in each

cage (.31 x .36 m). Each battery had 88 cages and was divided into four
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units with 22 cages per unit, thus generatii, o total of 12 cxtorimental

units. The birds wevre allotted to four dietarv treatments with cach
treatment replicated three times among the bar.crics in a randomized block

design. Four isonitrogenous, isocaloric laving hen diets were prepared
(Table 5.1). Full-fat flax seed (Hn-3) and regular high 1A sunflower secd

(Hn-6) were purchased from local feed producers, and the high OA sunflower

seed (Hn-9) was donated (SVO FEnterprises, Cleveland, OH 44094). The oil
seeds with hull were ground, and incorporated at different levels into
laying hen rations to provide similar amounts of dietary far. Feed and
water were provided ad libitum. Egg production was recorded weeklv. Egg

weight, Haugh wunits (Haugh, 1937) and specific gravity (Voisey and
Hamilton, 1976) were measured at the end of the 4-wk feeding trial using
15 eggs from each experimental unit.

At Day 23 of feeding, two eggs from each of the three 22-cage units,
totalling six eggs per treatment, were randomly selected. The eggs were
weighed, cracked and yolks were separated. From each yolk sample, about
1.0 g of yolk was weighed, and total yolk lipids were extracted and
measured according to Folch et al. (1957). A portion of tle lipid extracts
was dried under nitrogen, and methylated according to Metcalfe et al.
(1961). The remaining portion of the lipid extracts was concentrated under
nitrogen to about 150 mg lipids/mL of solvent. Fifty microliter (ulL) of
the concentrated lipid extracts were applied onto precoated silica gel G
plates® (20 x 20 cm) that had been previously activated by heating at 120
C for 2 h. Tripalmitine, cholesterol stearate, cholesterol, PC, PE, and

phesphatidylserine (PS) (Sigma Chemical Co., St. Louis, MO 63178) were

mixed and used as 1lipid standards. The plates were developed in a
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19 «m trom the orizgin (approximately 23 min). The plates were air- dried
and rheee ddeveloped in a hexane:diethyl echer (4:1) mixture until the
solvens front moved 17 cm from the origin {(approximately 2C min) /Fried

Shapireo, 1%7%). The plates were then air-dried, and sprayed with .1

o

fwesualn 200 7 -dichlaro-fluoresceis in

g

thanol. Regions corresponding to
cholesterol stearate, TG, PC, PE, and PS were idenzified under ultraviolet
light «ond were scraped into screw-capped tubes for methylation using

Boron-trifluoride-mecthanol (Meccalfe et al., 1961). The fatty acid methvl

(S

esters of total lipids and TG, PC, and PE fractions were then separated
and quantified by an automated gas chromatograph equipped with an on-
column injector (Model 3400, Varian Associates, 1Inc., Sunnyvale. CA
94089). A DB-23 fused capillarv column (30 m by .25 mm inside diameter)
(Supelco Canada Ltd., Oakville, Ontario, Canada, L6&6K 3V1l) was used. The
initial column temperature was set at 70 C for .3 min, increased to 180
C at 39 C/min and held for 10 rin. Then the c¢olumn temperature was
elevated to 230 C at a rate of 5 C/min and held at the final temperature
for 3 min. Helium was used as a carrier gas. A flame ionization dectector
was set at 240 C. A Hewlett-Packard Series 3353 laboratory automation
svstem (Hewlett-Packard, Avondale, PA 19311) was used to integrate
peak areas. Quantification of fatty acids in cholesterol esters and FPS
fractions were not successful due to their low contents in yolk total
iipids (1.3 and .8% of total, respectively).

Data pertaining to egg production and egg quality were analyzed

uszipg ANOVA for two-way randomized complete block design (diet x battery).

A one-wav ANOVA was used to analyze the effect of dietary treatmen%s on
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n treatment as the error term. Trearment means were soaparated s ing

Studenz-Newmnan-Keuls’ test (P<.03). Simple correlation ceoefficients
setween LNA and & achidonic acid (AA)Y, tetal long chain n-3 fatty acids

and AA in various yolk lipid classes were calculated (Steel and Torrie

5.3. Results and Discussion

It has been known for more than five decades that volk fattyv acias
can be easily altered by dietary manipulation (Cruickshank, 1934). Because
dietary lipids play important roles in human health, investigations of the
effects of dietary treatment on yolk lipids are extensive (Noble. 1987).
Previous studies, however, focused on the effects of dietarv fats on the
fatty acid composition of yolk total lipids. Thus there is a lack of
information about the effects of dietary fats on fatty acid compositions
of major classes of voik lipids (Chen et al., 19465). The present studv was
carried out to examine the effects of feeding different types of fat on
the fatty acid distribution in major yolk lipid classes.

The fatty acid compositions of laving hen diets were greatly changed

by the incorporatiocn of flax and sunflower seeds (Table 5.2). Oleic acid

. L N

INA, or LA was the dominant fatty acid in diets containing Hn-9, Hn-3, or
Hn-6, respectively. It should be noted that the LNA content of the control
diet was relativelv high due to the use of a commercial mixture of tallow
and vegetable o0il to achieve the desired levels of fatty acids for

comparison purposes (Table 5.2). Hen-day egg production (74.8%), egg

weight (63.5 g), and egg quality in terms of Haugh unit (80.5) and
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specific graviny (1.073) were not affected by diets. Dietary treatment had

ro e¢ficce on the total lipid content of the egg volk (32.6%, wt/wt of
fresh welk,, which corroborated previous results (Pankey and Stadelman,
1969) .

Farry acid composition of wolk toral lipids

The fattw acid ccmposition of wvolk total lipids reflected those of
the laving hen diets (Table 5.3 and Figure 5.1). The magnitude of change
in different fattv acids, hcwever, was different. The ability of laying
hens to increase OA in the volk seemed limited. An increase of 17% (P<.05)
of OA was found in yolk total lipids, even though the OA concent in the
Hn-9 diet was twice that of the control diet. On the other hand, ILNA and
LA contents of egg volks from Hn-3 and Hn-6 regimes increased by 6.4 and
2.5 times (P<.05), respactively, closely resembling their changes '~ the
laying hen diets (6.4 and 2.2 times over the control, respectively).

The lower INA contents of the two sunflower seed diets were also
reflected in the yolk total lipids, resulting in significantly (P<.05)
lower LNA and total n-3 fatty acid contents in the yolk. Feeding Hn-3
increased LNA content in the yolk by more than six fold over the control
{P<.05). The longer chain metabolites of ILNA, such as EPA, DPA, and DHA,
were also increased (P<.05), whereas AA, the metabolite of LA, was
reduced. Consequently, the ratio of n-6 to n-3 PUFA in yolk total lipids

was vignificantly (P<.05) reduced by Hn-3 feeding.

Fatty acid composition of volk lipid classes

Feeding Hn-9 increased OA content in TG significantly (P<.05) with
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a concomitant reduction of saturated fativ acids (P<.03) (Tahle 5 4y,

Oleic acid contents iIin volk PCZ and PE, however. were not affected by

feeding Hn-2

The 1incorpo. =ion of LA into volk 1lipids caused by feeding Hn-b6

reached similar extents in volk total lipids, TG, and PC, but was much
less in PE (Figure 5.1". The metabnlire of I3, aA, was increased in TG and
FC of wolks from the Hn-6 regime. but not in PE where the highest
proportion of AA was found.

The enrichment of LNA upon feeding Hn-3 was mainly in volk TG with

only moderate increase in PC and PE (Figure 5.1). In contrast, EPA, DPA,
and DHA, the longer chain mectabolites of LNA, were exclusively deposited
into volk phospholipids (Figure 5.1). But even here, these longer chain
n-3 fatty acids were not evenly distributed among the major phospholipid
classes. Instead, they were concentrated in the volk PE fraction. The
contents of EPA, DPA, and DHA in PE were three to seven times those in PC.
Therefecre, although PE constituted only 24% and PC 69% of volk
phospholipids (Noble, 1987), PE contained at least an equal amount of the
longer chain n-3 fatty acids as PC did. The biochemical mechanisms for
this lipid class-specific incorporation of longer chain n-3 fatty acids
remain to be elucidated. Because of the plasma source of yolk fatty acids
(Christie and Moore, 1972), it would be reasonable to assume that similar
changes in fatty acids had also occurred in laying hen plasma lipids. In
human subjects, dietary supplement with flax seed or oil resulted in a
marked enrichment of platelet alkenylacyl PE, a sub-class of PE, with EPA,

DPA, and DHA (Holub, 1990), indicating that this PE-specific incorporation

of longer chain n-3 PUFA might not be species-specific for laying h:
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only

This srudy therefore clearly demonstrated that the changes of fatty
acids induced by dietary treatment were not uniformly distributed among
all lipid classes of egg yolks. Some fatty acids, both endogenous and
exogenous, were preferentially deposited by the laying hen in certain volk

lipid classes.

Interactions among fatty acid families

There were interactions among fatty acid families in yolk lipids.
The increase of yolk LA or ILNA in yolk total lipids and various lipid
classes upon feeding Hn-6 or Hn-3 was in place of palmitoleic and oleic
acids, which corroborated a previous report (Chen et al., 1965). Feeding
Hn-9 and Hn-6 decreased saturated fatty acid content in yolk total lipids
and TG, but increased the content in PE (P<.05). It is not clear what
caused this PE-specific elevation of the saturated fatty acids despite
lower dietary levels of saturated fatty acids in Hn-9 and Hn-6 diets.

Another important interaction was between n-3 LNA and n-6 AA.
Negative relationships (P<.05) between AA and LNA, AA and longer chain n-
3 fatty acids were observed in yolk tetal lipids, TG, PC, and PE. It has
been known that the enzymatic pathway for the synthesis of AA from LA is
shared by the n-3 fatty acids (Brenner, 1981l), and LNA inhibits the 46
desaturase and thereby reduces the conversion of LA to AA (Iritani and
Narita, 1984; Garg et al., 1988). The higher contents of longer chain n-
3 fatty acids, such as EPA, DPA, and DHA, might also hinder the
incorporation of AA into PC and PE (Garg et al., 1988; Kinsella et al.,

1990) and thus reduced AA content in yolk phospholipids.
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Table 5.1. Nutrient composition of laving hen diecs

Ingredients

and analvses Hn-9 Hn-3

Hn-6 Control
------------------ (8) wommreme i

Wheat 1.3 66.9 58.7 72 .4
Sovbean meal g.u 5.3 7.6 11.8
Flax seed 0 15.0 0 )
Sunflower seed (Hn-9) 18.0 ] ¥ O
Sunflower seed (Hn-6) 0 0 21.0 0
Fat mixture? 0 0 0 3.0
Limestone 8.3 8.3 8.3 8.3
Calcium phosphate 1.6 2.0 1.9 2.0
Salt .3 .3 .3 .3
DL-methionine .1 .1 .1 .1
Laver premix?® 2.1 2.1 2.1 2.1
Calculated analyses:
CP, 3 15.0 15.0 15.0 15.0
ME, kcal/kg 2,732 2,728 2,700 2,751
Ether extracts, % 6.2 6.0 5.9 4.6
Calcium, % 3.6 3.6 3.6 3.6
Available P, 3 5 5 .5 5

! The laying hen diets contained high oleic acid sunflower seed

(Hn-9), full-fat flax seed (Hn-3), and high linoleic acid sunflower
(regular seed, Hn-6).

2 A mixture of animal tallow and vegetable oil from Canada Packers
Inc., Toronto, ON, Canada.

3 Supplied per kilogram of diet the following: vitamin A, 8,000 IU;
cholecalciferol, 1,200 ICU; vitamin E, 5 IU; riboflavin, 4 mg;
calcium pantothenate, 6 mg; niacin, 15 mg; wvitamin B,,, 10 ug; choline
chloride, 100 mg; biotin, 100 ug; selenium, .1 mg; DL-methionine, 500
mg; manganese sulfate, .4 g; zinc oxide, .1 g.
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Table 3.7, Maior fatty aclds of laving hen diets
Nl - -

....................................... SEM
Fatrv acid Hn-9 Hn-3 Hn-t6 Contry::}
----- (% of total fatty acids?) -----

cl6:0 5.9 8.2 9.7 18.0 .24
C18:0 3.8 2.8 4.7 8.5 11
Cl6:1(n-7 & n-9) .5 .6 .8 2.1 .10
Cl8:1(n-7 & n-9) 65.3 19.4 22.0 35.8 .32
Cl8:2(n-6) 22.2 23.5 61.1 26.9 .68
C18:3(n-3) 1.2 45.8 1.4 7.2 .17
X Saturated 10.7 11.0 14 .4 26.5

T MUFA® 65.8 20.0 22.8 37.9

£ PUFA® (n-6) 22.2 23.5 61.1 26.9

£ PUFA (n-3) 1.2 45.8 1.4 7.2

I(n-6)/%(n-3) 18.5 .5 43.6 3.7

! The laying hen diets contained high oleic acid sunflower seed
(Hn-9), full-fat flax seed (Hn-3), and high linoleic acid sunflower
(regular seed, Hn-6).

2 Each value was the mean of three determinations.

3

MUFA = monounsaturated fatty acids.

“ PUFA = polyunsaturated fatty acids.
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Table 5.3. Effects of dietarv

fats on fativ acid composition of volk
total lipids

------------------------------------ SEM
Fattw acid Hn-9 Hn-3 Hn-6 Control
----- (% of total fattv acids”) -----

Cl6:0 223" 25.52 23, 2P 25, 39 J3a
C18:0 7.oE 9. 6° 9 g2 9.4 .33
Clé:1(n-7 & n-9) 3.1° 3.1k 2.3¢ 3.9° .15
Cl8:1(n-7 & n-9) 52.132 39.0° 32 .14 44 7P .60
C18:2(n-6) 11.1° 12.1° 28.5° 11.6° .68
C18:3(n-3) .2k 5.82 . 3P .av .30
C20:4(n-6) 2.20 1.3¢ 2.72 2.0° .13
C20:5(n-3) 0P .32 Qb 0P L02
C22:5(n-3) 0P .32 .1® .op .05
C22:6(n-3) . 8¢ 2.72 .5° 1.5P J12
T Saturated 30.2¢ 35.5° 33 .40 35.12 46
= MUFaA® 55.42 42 .2°¢ 34,54 48 .67 YA
T PUFA* (n-6) 13 .40 13.4° 31.22 13.6° .66
S PUFA (n-3) 1.1° 9.1°2 .9¢ 2.6° .26
T{n-6)/T(n-3) 12.7° 1.59 34 .32 5.3°¢ 1.03

2"d:Means in a row with no common superscripts differ
significantly (P<.05, n=6).

! The laying hen diets contained high oleic acid sunflower seed
(Hn-9), full-fat flax seed (Hn-3), and high linoleic acid sunflower
(regular seed, Hn-6).

Each value was the mean of six eggs.
MUFA = monounsaturated fatty acids.
PCFA = polyunsaturated fatty acids.

oWt
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Table 5.0 Etfact of dletary fats on tatty acid composition ot yolk

trinlvecerides
"""""""""""""""" Caving hem diecs
------------------------------------- SEM
Farty acid Hn-9 Hn-3 Hn-6 Control
----- (% of total fatry acids?®)-----
Clh:0 22,57 24.57 22.9° 24,02 1.02
Cl8:0 4.3k 6.92 6.3° 6.8° .38
C16:1(n-7 & n-9) 3.8P 4.7° 3.1¢° 4. 6° .09
Cl18:1(n-7 & n-9) 59.1° 45.8° 39,14 53.8P .57
C18:2(n-6) g 5° 10.7P 27.5°% 9.1° .66
C18:3(n-3) L3P 6.92 .5® 1.1° .36
C20:4(n-6) .1° or .32 0P .04
£ Saturated 27.2° 31.72 29, 5% 31.2° 1.21
£ MUFA? 62.9° 50.4° 42,1 58. 4P .54
L PUFA* (n-6) 9.6° 10.7® 27.8°2 9.1% .67
£ PUFA (n-3) .3k 7.1 .6° 1.2°P .40
=(n-6)/=(n-3) 29.9° 1.6 52.8% 8.1° 1.78
a-d:

Means in a row with no common superscripts differ
significantly (P<.05, n=6).

} The laying hen diets contained high oleic acid sunflower seed
(4n-9), full-fat flax seed (Hn-3), and high linoleic acid sunflower
{.egular seed, Hn-6).

2 Each value was the mean of six eggs.

> MUFA = monounsaturated fatty acids.

4

PUFA = polyunsaturated fatty acids,.
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Table 5.5. Effect of dietary fatrs on fatiy acid composition
phosphatidvlcholine

of voik

-------------------------------- SEM
Fattyv acid Hn-9 Hn-3 Hn-6 Control
----- (¥ of total fatty acids®) -----

C16:0 30,07 32.7° 32,99 32.5° 1.17
Cc18:0 12.39% 12.8F 1482 11.3b .8
C16:1(n-7 & n-9) 1.9°2 1.8? 1.3° 1.9° 10
C18:1(n-7 & n-9) 25,82 31.3°¢ 21, 7¢ 33, 7% A
C18:2(n-6) 14, 8P 13.4° 23.9°? 14, 2P 1.04
C18:3(n-3) oP 1.5° oP .2F .05
C20:4(n-6) 3.6"° 1. 74 A 3.1¢ 18
C20:5(n-3) 023 .22 02 0a .03
C22:5(n-3) Qb .58 Ob 2P A
C22:6(n-3) 1.5¢ 4,07 1.1¢ ). 8P .17
£ Saturated 42 32 45.6° 47.7% 4é . 0° 1.51
= MUFAS 37.7° 33.1° 22.9°¢ 35.6% .75
Z PUFA® (n-6) 18.4° 15.1® 28.22 17.3° 1.14
< PUFA (n-3) 1.5° 6.1° 1.1° 3,00 .20
Z(n-6)/Z(n-3) 12.2° 2.5°¢ 27.5°% 5.5¢ 1.31

2"d: Means in a row with no common superscripts differ
significantly (P<.05, n=6).

! The laying hen diets contained high oleic acid sunflower seed

(Hn-9), full-fat flax seed (Hn-3), and high linoleic acid sunflower
(regular seed, Hn-6).

2 Each value was the mean of six eggs.

> MUFA = monounsaturatad fatty acids.
“ PUFA = polyunsaturated fatty acids.
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Tahle 3.6, Eltect ot dietary fats on tatity acid composition ot wvolk
phospnatidviethanolamine

.................................... SEM
Fatty acid Hn-9 Hn-3 Hn-6 Control
----- (% of total fatty acids?®) -----
c16:0 15.0° 16.42 15,22 16 .32 .49
c18:0 34 .82 27.6° 37.82 27.1b 1.63
Cl6:1(n-7 & n-9) .62 .52 .32 .72 .12
cl18:1(n-7 & n-9) 21.0° 21.7°2 13.3b 22.72 .98
C18:2(n-6) 9.4P 9.6° 16.12 10.5° .63
Cl8:3(n-3) 0¢ 1.42 .1° WA .04
C20:4(n-6) 14 .32 7.4P 13,32 13.12 .52
C20:5(n-3) 0¢ 1.42 o°¢ .3b .07
C22:5(n-3) .14 1.72 3¢ .7® .08
C22:6(n-3) 4 . 8¢ 12.4° 3.5d 8.4b .38
S Saturated 49 .8° 43.9b 53.1° 43,3k 2.02
= MUFA? 21.62 22,28 13.6° 23.43 1.03
S PUFA* (n-6) 23.7® 17.0°¢ 29,47 23.6° 1.00
= PUFA (n-3) 4 .9¢ 16.82 3.9¢ 9.7b 47
T(n-6)/=(n-3) 4. 9% 1.04 7.72 2.4° .16
a-d .

Means in a row with no common superscripts differ
significantly (P<.05, n=6).

! The laying hen diets contained high oleic acid sunflower seed

(Hn-9), full-fat flax seed (Hn-3), and high linoleic acid sunflower
(regular seed, Hn-6).

2 Each value was the mean of six eggs.

3 MUFA = monounsaturated fatty acids.
“ PUFA = polyunsaturated fatty acids.
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Figure 5.1. Effects of diefary oil seeds on the Jdistribulion ot

selected fatty acids (x + SD, n=6) in total

and major classes of volk

lipids. Bars in a cluster with no common superscripes

differ significantly (P<.05). The laving hen diets contained high

oleic acid sunflower seed (Hn-%% “yll-fat flax seed (Hn-23), and high

linoleic acid sunflower (regular seed. Hn-6). Abbreviations: AA,

arachidonic acid; DHA. docosahexaenoic acid; DPA, Jdocosapencacnoic
e

i

acid; EPA, eicosapentaenoic acid: LA, linoleic acid:; [INA., a-linolenic

acid; PC, phosphatidvlcholine; PE, phosphatidvlethanolamine; TG,

triglycerides; TL, total lipids.
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Cnapter 6. Effects of Tolk Fatty Acid Moditication on

Cholesterol and Fatty Acid Metabolism in Ratst

6.1. Intreoduction

The previous chap

rt

er demonstrated that egg wvolks can be enriched

with n-6 z2nd n-2 poluunsazturarted fztze scids  2UFAY by oh

P I ey
A4Lleling Thie DU pe

H

of dietary

m

b=

at in the iaving hen rations. The past decade has witnessod

a burst of interest in dietary n-3 polvunsaturated fatty acids (n-3 PUFA)
and a growing consensus that consumption of n-3 PUFA reduces the risk of
coronary hear:. disease (Bang et al., 1980; Ki-sella et al., 1990). Alpha-

linolenic zcid (LNA), the major plant n-3 fattyv acid, exhibited similar

beneficiai effects to the 1longer chain n-3 fatty acids such as

eicosapentaencic acid (EPA) and docosahexaenocic acid (DHA) that cccur in

fish o0il (Singer et al., 1986; Garg et al., 1988, 13789). The major

mechanisms of the ameliorative and preventive effects of n-3 PUFA against

ath:rosclerosis include: 1) inhibition of synthesis of eicos . 7ds from

arachidonic acid which are wvasoconstricting and platelet aggrepgating; 2)
reduction of very-low densicy lipoprotein synthesis, thus reducing plasma
triglycerides and cholesterol (Kinsella et al., 199U). {n was cthus

suggested that 800 to 1100 mg per ~lay of INA and 300 to 400 =y er day of

a combinacion of EPA ....d DHA are needed to prevent n-2 fatty acid

1 a version of this chapter has been accepted for publication. Jiang, 2.,

and J. S. Sim, 1992. Lipids (in press).
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: i ~he sldarle (Simopoulns . 19893 Pacantl:s. rthe Canadian
povernment adopted a recommendation that both n-6 and n-3 PUFA are
¢ssent ia: mitrients and that the dietary supply should be at least 3 and

().5=, respectively, of energy intake (Health and Welfare Canada, 1990).
The absoclute amount of dietary n-3 fatty acids should be increased, and
the ratio of n-6 to n-3 PUFA be reduced (Budowski and Crawford, 1986;
Health and Welfare Canada, 1930).

An alternative way to provide a dietary supplv of n-3 PUFA is by
enriching the lipid components of animal products with n-3 PUFA through
dietary manipulation. The chicken egg appears to be quite suitable for
this purpose. As demonstrated in the previous chapter, nutritionally
important n-3 PUFA were incorporated into yolk lipids by feeding laying
hens diets containing a-linolenic acid (LNA). Significant amount of longer
chain n-3 PUFA were also incorporated into yolk phospholipid fraction,
indicating an active conversion of LNA to its longer chain metabolictes by
the laying hen. The incorporation of n-3 PUFA into yolk lipids and the
consequential reduction of n-6/n-3 PUFA ratio might be of special
importance in terms of altering the cholesterolemic action of egg yolks.
This chapter presents the results of two experiments which examine the
eifects of yolk fatty acid wmodification on cholestercl and fatty acid
metabolism in rats. In the first experiment, the cholesterolemic
properties of regular yolks or yolks enriched with either n-6 or n-3 PUFA
were compared. The second study further investigated the influences of
fatty acid modification on cholesterolemic actions, rat hepatic activity
of 3-hydroxy-3-methylglutaryl CoA reductase (HMGR), a rate-limiting enzyme

in cholesterogenesis, and the rate of prostaglandin E, synthesis by rat
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6.2. Materials and Methods

6.2.1. Experiment 1
Laying hen diets and volk powder preparation

Single Comb White Leghorn pullets. 22 wk of age. were transferred
to the test diets (Table 6.1), and the lighting was increased from 8 to
13 hr per day for the first wk, to 14 hr per day during the second wk and
maintained at 14 hr per dayv thereafter. Test diets, containing 10% full-
fat flax seed, 12% sunflower seed, cor sovbean meal plus animal tallow,
were provided ad libitum. The fatty acid composition of eggs was
monitored, and the changes in fatty acid composition of the yolks were
found to reach a plateau two weeks after feeding the test diets. Ten dozen
ezgs laid during the sixth week were collected from each treatment. The
eggs were hard-boiled, and the yolks were separated, pulverized and dried
at room temperature. Yolk powders thus obtained contained 96.3% dry

matter. The fatty acid compositions of the yolk powder preparations were

determined by gas chromatography {(Table 6.2).

Animals and diets

Twenty-one female Sprague-Dawley rats, 4 wk of age, were housed
individually in metabolic wire cages in a room with controlled temperature
(21 C), humidicy (60%) and lighting (12 hr light-dark cycle). Water and
feed were provided ad libitum. After feeding a commercial diet (Wayne

Rodent Blox, Continental Grain Company, Chicago, IL) for three days, they
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were Aivsided inte three groups with seven rats each, in such a manner that
the mean body weight of each group was similar.

Three test diets were prepared by mixing 853% basal mix with 15% egg
volk powder (Table 6.2). These test diets contained yolk powders prepared
from cggs laid by laying hens fed diets containing .J% flax seed (Hn-3),
12% sunflower seed (Hn-6), and soybean meal plus animal tallow (CON). The
diets were stored at 4 C in dark plastic bags. Fresh feed was provided
every two days, and feed consumption and body weight gain were measured

weekly.

Sample preparation and analyses

At the end of the 28-day feeding trial, rats were fasted overnight
and sacrificed by decapitation the following merning (09:00 to 11:00 h).
Trunk blood was collected into Na'-heparin coated tubes. Rat liver tissue
was quickly excised, blotted dry, weighed, and stored at -20 C for lipid
analyses. Plasma was separated by centrifugation at 2,000 x g for 36 min.
Plasma total cholesterol (TC) content was measured by an enzymatic method
(Sigma Diagnostics, Procedure No. 352, St. Louis, MO).

A portion (1.0 g) of the median lobe of rat liver was homogenized
with a2 mixture of CHCl; and CH;0H (2:1, vol/vol) (Folch et al., 1957) with
2 mg S5-a-cholestane added as an internal standard, and the liver total
lipid content was determined gravimetrically. Liver cholesterol was
determined by gas chromatography as described previously (Fenton and Sim,
1991). Aliquots of the liver lipid extracts were dried under nitrogen and
converted to their methyl esters by incubation with a mixture of BF;-

methanol (10% BF, in methanol), hexane and methanol (35:20:45, vol/vol/vol)
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at J T for 30 min (Metcalfe ot 1. . 1941, T.ivor vx'.}w.(\_(;pllnl i;\id:: TR TN

separated on the silica gel G plates (Sigma Chemical Co., St. Louis, MM
after developing the plates in a solvent mixture of hexane. diethvl ether
and acetic acid (80:20:1) for 30 min. Regilons corresponding to the
phospholipid standards was scraped into screw-capped tubes and methvlated
directly in the same way as for the liver total lipids. The methvl esters
of fatty acids of liver total lipids and phospholipids were separated and
quantified by gas chromatograph equipped with an on-column injector
(Varian 3400, Varian Associates Inc., Sunnyvale, CA) using an DB-23 fused
capillary column (30 m by .25 mm ID) (J & W Scientific, Folsom, CA). A
two-stage column temperature program was used. The initial temperature was
set at 70 C for .3 min, increased to 180 C at 30 C/min and held for 10
min. Then the column remperature was elevated to 230 C at a rate of 5

C/min and held at the final temperature for 3 min. Helium was used as the

carrier gas. The flame ionization detector was set at 240 C.

6.2.2. Experiment 2

Eggs were collected from laying hens fed diets containing 15% full-

fat flax seeds (Hn-3), 21% regular high linoleic acid sunflower seeds (Hn-

On

), or 18% h

4oy

o

gh oleic acid sunflower sceds (Hn-9) as described in Chapter
5 of this thesis (see Table 5.1 for the laying hen diet). The fatty acid
composition of yolk total lipids was determined as described in Chapter
5 and presented in Table 5.3. Egg volk powders were prepared as described
in Experiment 1. Three rat test diets were formulated to contain 15% dry
yolk powders (Table 6.3).

Thirty female Sprague-Dawley rats, ' wk of age, were taken care of
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dark cvele (light 15:00 to 03:00 and dark 03:00 to 15:00). They were fed
a eormereial diet (Wayne Rodent Blox, Continental Crain Companyv, Chicago,
[I.) for 1 wk before being placed on experimental diets. The feeding trial

lasted 31 days. At the end, rats were fasted for 12 hr, and in the
following morning (08:00 to 10:00, mid-dark period for rats), rats were
anaesthetized with halothane (lLaboratoires Ayerst, Montreal, Canada).
Blood was collected into Vacutainers (Becton Dickinson Canada Inc.,
Mississague, Ontario, Canada) by heart puncture. Rat liver tissues were
quickly excised and a portion of the tissue (about 1 gram) was placed into
10 mL of ice-chilled .9% NaCl solution for the preparation of liver
microsomes. Rat epitrochlearis muscles were immediately disected, weighed,
and placed into 3 mL of Kreb Ringer’'s bicarbonate buffer at 37 C for
determination of prostaglandin E, synthesis.

The HDL, fraction was prepared under the optimal conditions for rat
plasma (Sjoblom and Eklund, 1989). Plasma TC, HDL, cholesterol, and liver
total cholesterol and lipid contents were determined as described in
Experiment 1. Various fractions of rat liver lipids were separated by
thin-layer chromatography as described in Chapter 5 of this thesis and the
fatty acid composition of these fractions were determined by gas
chromatography.

Rat hepatic microsomes were prepared essentially according to Brown
et al. (1979). The microsomal 3-hydroxy-3-methylglutaryl CoA reductase
(HMGR) activity was assayed according to Garg and Sabine (1988) . In brief,
about 100 pg of microsome protein was pre-incubated for 5 min at 37 C in

50 uL of .1 M phosphate buffer (pH 7.4) containing 10 mM EDTA and 50 mM
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dithioeryvcthritol (DTIT). Then 3U wlL of .02 M-EDTA,/KOH, pH 6.8, contraining

5 pmol of glucose-6-phosphate, .5 pmol NADP", and 1 unit of glucose-6-

phosphiate dehvdrogenase were added. After another 3 wmin, 30 ul of .1 M

phosphate buffer containing 90 nmol of 3 hydroxy-{3-'"C}-3-methvlglutarvl-
CoA (2500 dpm/nmol, New England Nuclear) were added to initiate the assav.
After incubation for 30 min in a shaking water bath, the reaction was
stopped with 25 uL of 4M HCl containing 4 umol of [5-°H]-mevalonic acid
(500 dpm/pmol, New England Nuclear). The incubation medium was then
lactonized by incubating at 37 C for at least 15 min., and centrifuged to
sediment proteins. One hundred gL of the supernatant were applied onto the
pre-activated silica gel G plates (Sigma Chemical Co., St. Louis, M0).
After developing the plates in benzene/acetone (1:1), the region (Rf .5 -

.8) containing mevalonolactone was scraped directly into scintillation
vials and counted for !*C and °H radioactivity. The microsome protein
content was assayed according to Hartree (1972) using bovine serum albumin
as standards. Enzyme activity was expressed as pmol of mevalonic acid
synthesized per min per mg of microsome protein.

To study the effects of consuming omega-3 enriched eggs on
prostaglandin synthesis, rat epitrochlearis muscle was dissected right
after the rat was killed. The muscle was weighed, and pre-incubated for
30 min at 37 C in 3 mL of Kreb-Ringer Bicarbonate (KRB) buffer containing
5 mM glucose and .1 IU/mL insulin (Olomu and Baracos, 1991). The muscle
was then transferred to 3 mL of the fresh KRB buffer and incubated for
another 2 hr. Throughout the pre- and the assay incubation, the medium was

continuously gassed with a mixture of oxygen and carbon dioxide (19/1,

vol/vol) and temperature was maintained at 37 C in a shaking water bath.
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The incubation was stoepped by removing the muscle. The amounc ot
prostaplandin E, released by the muscle intce incubate medium was determined

hv radioimeinnassay as described by Olemu and Baraces (1291). The race of

svntheszis was expressed as pg of PG E, released into medium by mg of musle

per hr.

6.2.3. Statistical Analyses

The effects of diets were analyvzed by Analysis of Variance followed

by Student-Newman-Keuls’ test in both experiments (SAS Institute, 1985).

6.3. Results
Fatty acid profiles of yolk lipids

The fatty acid composition of the yolk powders were readily modified
Sy the laying hen test diets (Table 5.3 and 6.2). LNA was the major n-3
PUFA deposited in Hn-3 yolks, although considerable amounts of EPA and DHA
were also found in these yolks. Feeding flax seed to laying hens also
slightly increased yolk LA and decreased yolk AA content. On the other
hand, yolk rowder from laying hens fed high linoleic acid sunflower seed
diet more than doubled the n-6 linoleic acid (LA) in place of oleic acid.
Consequently, the ratios of LA/LNA and Zn-6/Zn-3 PUFA were dramatically
decreased in Hn-3 yolk powders, and increased in Hn-6 yolk powder
preparation, when compared to the CON or Hn-9 diets. As a result of higher
content full-fat flax seeds in the laying hen diet in Experiment 2 than
that in Experiment 1, higher n-3 PUFA levels were also found in the Hn-3

volks used in Experiment 2 than those used in Experiment 1 (Table 5.3 and

6.2).
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Rat performance and organ weights

In hoth experiments, the test diets did not affect the daily feed
consumption or body weight gain, nor the absolute weight or the perventape
of body weight ot liver, and heart tissues (Table 6.4 and 6.95), indicaving

that enrichment of yolks with either n-3 or n-6 PUFA did not adversely

affect the overall feeding values of the volk.

Plasma and liver lipid levels

Feeding the Hn-3 diets significantly reduced plasma total
cholesterol (TC) levels in both experiments when compared to the CON or
Hn-9 diets (Figure 6.1 and 6.2). The HDL, cholesterol levels were not
affected by dietary treatment in Experiment 2 (Figure 6.2). Rats fed the
Hn-3 diets had also the lowest liver cholesterol contents in both
experiments. The Hn-6 diet reduced plasma TC level to the same extent as
the Hn-3 diet did in Experiment 1 but was not as effective as the Hn-3
diet in lowering plasma TC In Experiment 2. In both experiments, however,
the Hn-6 diets elevated the  Thepatic cholesterol concentration
significantly. As the weight of rat livers was not affected by dietary
treatments in either experiment (Table 6.4 and 6.5), the Hn-3 diets thus
significantly reduced hepatic cholesterol pool while Hn-6 augmented this

pool. Liver total lipid content was also highest in rats fed the Hn-6 diet

in Experiment 1 (Figure 6.1).

HMGR activity and the rate of PG E, synthesis

No statistically significant changes were found in the HMGR activity
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nf ratr hepatic micrnsnmes in Fuperiment 2 (Table 6 Ay, The rate of PG E.
synthesis bv rat epitrochlearis muscle, however, was influenced by dietary
treatment. Rats fed the Hn-3 diet had a significantly lower (P<.05) PG E,

svnthesis rate than those fed the Hn-6 diet (Table 6.6).

Fatty acids of liver total and phospholipids in Experiment 1

The fatty acid composition of liver total lipids was changed by rat
test diets (Table 6.7). Significantly higher contents of LNA and 1its
metabolites EPA, DPA, and DHA, were found in liver total lipids of rats
fed Hn-3 than those fed CON. In rats fed the n-6 PUFA-enriched yolk powder
diet, neither total nor individual n-3 PUFA was changed when compared to
the control fed. The Hn-6 diet, although it significantly increased 1A
content, had no effect on the AA level of liver total lipids.

The LNA content of the liver phospholipid fraction was not affected
by dietary treatments (Table 6.8). EPA in liver phospholipids of rats fed
Hn-3 diet was .9% of total fatty acids, a significant increase over those
in Hn-6 or CON fed rats. Hn-3 feeding compared to CON feeding also
increased DHA and reduced AA contents significantly in liver phospholipid
fractions. The Hn-6 diet increased 1A content of liver phospholipids, but

did not elevate AA content.

Fatty acid composition of plasma lipids of rats in Experiment 2

The concentrations of LNA, EPA, and DHA in rat plasma total lipids
were all significantly elevated while that of AA was reduced by Hn-3
feeding (Table 6.9). The n-6/n-3 PUFA ratio was consequently decreased in

rats fed the Hn-3 diet. Feeding the Hn-6 diet significantly increased the



LA content in rat pla<ma.

Fatty acid composition of liver phosphatidvlicholine (PC) and phosphatidvl-

ethanolainine (PE) of rats in Experimentc 2

&

Feeding the Hn-3 diet did not increase the LNA content in either PC
or PE fractions of rar 1liver ctissue (Table 6.10 and 6.11), but
significantly elevated EPA and DHA concentrations in PC and particularly
in PE. The reduction of AA level by the Hn-3 diet was also significant in
both PC arnd PE fractions.

The Hn-6 diet did not result in an increase of

either LA or AA content in PC or PE fraction of roa- liver tissue when

compared to the Hn-9.

6.4. Discussion

Since n-3 fatty acids play important roles in human health,
particularly in cardiovascular disease, major nutritional advisory groups
have recommended to increase the intake of n-3 fatty acids and to lower
dietary n-6 to n-3 fatty acid ratio (Budowski and Crawford, 1986; Health
and Welfare Canada, 1990). In the present study, chicken eggs were
employed to provide the much needed n-3 PUFA and to lower the n-6 to n-3
ratio. A large a2gg from laying hens fed the 15% flax diet, for example,
provided about 600 mg of n-3 PUFA, more than 100 mg of which were longer
chain n-3 PUFA such as EPA, DPA, and DHA. Furthermore, the n-6 to n-3
ratio was reduced from 15 or 20 in commercial produced eggs (Sim et al.,
1991a; Simopoulos, 1991) to 1.4 in our n-3 PUFA-enriched eggs.

The intake of the n-3 PUFA-enriched eggs reduced not only plasma

total cholesterol, but also liver cholesterol. Activity of the rate-
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limiting enzyme in cholesterol synthesis, HMGR, was not significantly
affectod by the dietary treatmenc, incdicating that the velduction of body
cholesterol pool by the Hn-3 diet was not due to inhibition of de novo
synthesis of cholesterol by the liver tissue. A recent study with fish oil
also demonstrated that activity of HMGR of rat hepatic microsomes was not
affected by 5% dietary fish oil although plasma cholesterol was reduced
significantly (Al-Shurbaji et al., 1991). The HMGR activity reported in
the current study was lower than those reported by Brown et al. (1979).
This might be due to a general suppression of HMGR activity in the liver
due to the presence of about .36% cholesterol in rat test diets.

In contrast to the effects of the Hn-3 diet, the Hn-6 diet resulted
in the accumulation of more cholesterol in rat liver tissue while reducing
the plasma cholesterol content. Thus, eggs enriched with n-6 PUFA were not
as potent as those enriched with n-3 PUFA in reducing the body cholesterol
pool. This discrepancy was attributable to the different effects of
dietary n-3 and n-6 PUFA on cholesterol metabolism in rats. The
accumulation of cholesterol in hepatic tissue, often referred to as the
redistribution of cholesterol, was previously observed in rats fed
vegetable oils rich in LA (Bloomfield, 1964; Kellogg, 1974; Garg et al.,
1988).

The increase of n-3 or n-6 PUFA in yolks was 1in place of
monounsaturated fatty acids (MUFA, Table 5.3 and 6.2). The hypocholestero-
lemic effect of dietary MUFA was reported in human subjects (Grundy,
1986). In the present study, however, replacement of MUFA by n-3 and n-6
PUFA resulted in a reduction of plasma cholesterol levels, indicating that

dietary n-3 or n-6 PUFA were more potent than dietary MUFA in lowering
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plasma cholesterol in rats. Previous studies have also rvevealed that

substitution of MUFA for n-6 PUFA resulted In higher plasma and liver

cholesterol levels in rats (Sugano et al., 1983; Kris-Etherton et al..
1784, Watanabe et al., 1984; Clifford et al., 1986).

When dietary n-3 PUFA were rprovided exclusively as INA from
vegetable oils such as flax and canola oils, a concentration higher than
123 of total fatty acids was needed to effect a lower plasma cholesterol
in rats (Garg et al., 1988, 1989; Sim et al., 1991b). In the present
study, Hn-3 diet contained 8 to 10% total n-3 PUFA but still lowered
plasma and liver cholesterol significantly. The n-3 PUFA-enriched yolks
contained more than 3% EPA, DPA, and DHA in addition to about 5.5% LNA,
while flax, soybean and canola oils contained LNA as the only n-3 PUFA.
The longer chain n-3 PUFA (EPA and DHA) might be more potent than LNA in
lowering plasma cholesterol (Nestel, 1986). In addition, the major portion
of the longer chain n-3 PUFA (EPA, DPA, and DHA) in the n-3 yolks resided
in phospholipid classes, particularly in phosphatidylethanolamine (Chapter
5 of this thesis). As demonstrated in Chapter 4 of this thesis and in many
other studies (0’Brien and Corrigan, 1988; Jimenez et al., 1990), dietary
phospholipids exhibits a specific and systemic influence on cholesterol
metabolism, and the degree of the unsaturation of dietary phospholipids
directly influenced rat plasma cholesterol level. The enrichment of yolk
phospholipids with EPA, DPA, and DHA might thus enhance the ability of
lipid modification by n-3 PUFA-enriched yolks. Furthermore, female rats
were used in these studies. The plasma cholesterol of female rats was more

responsive to dietary manipulation than that of male rats (Bartov et al.,

1973; Terpstra et al., 1982) which were used in the studies of Garg et al.
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T oonsunption of the n-3 PUFA-enriched yolks not only diminished

the Loty cholesterol peool. but more imporzantly enriched plasma and tissue
total and various fractions of phospholipids wita 1LNA, ET SPA, and DHA.
In addirtinon, c—he AA content ¢f liver phospholipids, particularly in PE,
was  zignificantly  reduced. The reduction of AA content could be

artriburable to the inhibition of AA swvnthesis bw the n-3 PUFA in the Hn-
5 diet and,or a lower dietarv AA content of Hn-3> yYolks.

The incorporation of longer chain n-3 PUFA into tissue phospholipids
reduced the ratic of 2A to EPA plus DHA. Upon appropriate stimulation, AA
and EPA of tissue phosphelipids, particularly those of PE fraction, might
serve as the immediate precursor molecules for 2- and 3-series
eicosanoids, respectively (Aukeman and Holub, 1989). Thus, both the
enrichment with n-3 PUFA and the reduction of aA content in tissue
phospholipids might affect the synthesis of eicosanoids by animal tissues.
Indeed, the svnthesis of PG T, by the epitrochlearis muscle was reduced in
rats fed the Hn-3 diet than in those fed the Hn-6 diet. In a recent study
with chicks, Olomu and Baracos (1991) reported tha=T inclusion of flax seed
oil in the diet reduced the rate PG E, synthesized by skeletal muscles in
a dose-dependent manner. The changes in the quality and quantity of
eicosanoids synthesized caused by incorporation of n-3 PUFA into tissue
lipids is believed to be one of the major mechanisms by which the dietary
n-2 PUFA exhibit their ameliorative and preventive effects against
atherosclerosis (Kinsella et al., 1990).

When rats were fed the n-6 PUFA-enriched yolk powders, the LA and

AA content of plasma total lipids increased. However, a consistent
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not increased bxw the Hn-6 feeding. In general, increasing dietarv intake
tends O elevate tissue AS content. However, often no change or even
a decroase of tissue AA content was observed when Jdivis were rich in LA
(Mahfouz ex= al., 1984; Garg et al., 1988). This has been attributed to an
inhibition of tissue A6 desaturase activity by high dietarvy level of 1A
(Brenner, 1981; Mahfouz et al.., 128i).

In conclusion, the cholesterolemic and lipid modulating propertics
of dietary egg rolks could be modified by sltering the futty acid
composition of yolk 1ipids through nutritional manipulation of laving
hens. The n-3 PUFA-enriched animal products (eggs and meats) could become
an important dietarwv source of nutriticnally important n-3 PUFA. Cautions,

however. must be exercised in extrapolating the rat data to man, and this

warrants further studies with human subjects with the n-3 PUFA-enriched

eggs .



Inprediens g Laving hen test diets
" 10s Flax  12% Sunflower seed  Control

.................................... ;_-__-------_--_--_--___-__-_--
wWheat b4 . H6 62.21 68.69
So~vhean meal 10.28 12.01 14 .38
Flax seed 16.00 0 0
Sunflower seed 0 12.00 0
Animal tallow 3.25 2.00 5.08
Limestone 8.33 8.34 8.35
Dicalcium

phosphate 1.00 0.98 1.01
Salt 0.29 0.29 0.28
DL-methionine 0.09 0.07 0.09
Layer premix’ 2.10 2.10 2.10
Calculated analvses

Crude protein (%) 16.5 16.5 156.5

ME (Keel/kg) 2700 2747 2700

lsupplied per kilogram diet the following: Vitamin A, 8,000 IU;
vitamin D, 1,200 ICU, vitamin E, 5 IU; riboflavin, 4 mg; calcium
pantothenate. 6 mg; niacin, 15 mg; vitamin B,,, 10 ug; choline
chloride., 100 mg; biotin, 100 upg; DL-methionine, 500 mg; selenium,

100 ug; mangane , 146 mg; zinc, 58 mg.
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Tablo f.20 Major Zatinv o woids of S0l powdirs wsod Lo Hapecimend .
Tolk powdevst
""""" ta3 wnes o

I o otal fartr aeids ol
16:0 231.7 252 23,0
l16:1 3.4 2.8 3.2
18:0 8.5 Yy.0 9.1
18:1 43.8 36.6 51.4
18:2(n-6) 10.56 21.8 8.8
18:3(n-3) 5.5 0.5 0.2
20:4(n-6) 0.8 2.2 1.8
20:5(n-3) 0.2 0 0
22:6(n-3) 1.9 C.6 0.8
In-3 7.9 1.1 1.3
Zn-6 11.4 24.3 10.7
18:2(n-6)

/18:3(n-3) 1.9 43.6 440
Zn-6/Zn-3 1.4 22.1 8.2

* Yolk powders were prepared from eggs of laying hens fed diets
containing 10% full-fat flax (Hn-3), 12% sunflower seed (Hn-6), or

sovbean meal plus animal tallow (CON).
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Table o3, Composition and proximate analvses of rat test diets used in

fEpe Colehin L ald o

O S Eeperimene 1 Erperiment 2
T L kg feed e
Casein, 87.3% CP 175.0 175.0

Tolk powder®, 34.3% CP 150.0 150.0

Corn starch 360.0 367 .4

Glucose, monohvdrate 200 200.0
DL-methionine 2.6 2.6

Choline chloride 1.8 0

Inositol 5.6 0
Vitamin mix, A.O0.A.C. 10.0 10.0
Mineral mix,

Bernhart-Tomarelli 45.0 45.0

Cellulose 50.0 50.0

Proximate analvses of the test diets,

Protein (%) 20.1 20.0

Total lipid (%) 9.9 9.5
Cholesterol (%) .37 .37

- All nutrients, except volk powder, were purchased rrom Teklad,

Madison., WI.

- The mean of three diets with three determinations for each

diet.



Table A.4. Rat verforrmarce and the «sire of Tivar and bhaare rie.o,
orf rats in Experiment i
Diwt-
Hn-3 Hn-6 CON

Initial bodyw

wt (g) 60.3 + 1.9 8§82.7 « 2.7 82,7 & 1.0
Final bodyv

wt (g) 208.8 + 6.5 210.6 + 5.1 2072 4+ 5.8
Feed consumption

(g/rat/dav) 1.5 +# .5 16.6 + .4 16.7 & +
Liver tissue (g) 7.+ .3 7.7 % 2 /.2 + 3
Heart tissue (g) .9 + 0 .9 + O 9+ 0

! The test diets used volk powders prepared from eggs from

laying hens fed diets containing 10% full-fat flax (Hn-3), 12% sunflower

seed (Hn-6), or soybean meal plus animal tallow (CON). Female Sprague-

Dawley rats were fed for a period of 28 days (Mean * SEM, n=7).
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Table 4.5 Pat performance and the size of liver and heart tissues

vy e T Ty T me it 4)

Diet!
Hn-3 Hn-6 Hn-9

Initial body

wt (g) 127.0 + 3.0 1320.0 + 2.5 124.7 + 2.1
Final bodw

wt (g) 237 .4 + 3.7 229.9 + 6.5 230.¥ + 9.8
feed consumption

(g/rat/day) 17.0 + ) 16.7 + 5 16.6 + 9
Liver tissue (g) 8.3 + .3 8.2 + .4 8.5 + .7
Heart tissue (g) .9+ 0 .8 + |1 .9 + .1

! Te test diets contained yolk powders prepared from eggs laid
by laying hens fed diets containing 15% full-fat flax seed (Hn-3), 21%
regular high linoleic acid sunflower seed (Hn-6), or 18% high oleic acid

sunflower seed (Hn-9). Female Sprague-Dawley rats were fed for a period

of 31 davs (Mean + SEM, n = 10).
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Table 6.6. The HMG CoA reductase (HMCR) acrivity of liver tissue and the

productinsn of nrastzagland

pae

: ag, n B P E Y by gt epitrochlearis muscle in
Experiment 2
Test diect’
Hn-3 Hn-6 Hiv-9
HMGR activity?
(pmol/mg/min) 15.2 + 2.32 12.0 + 2.2° 17.8 + 3.47°
PG-E, svnthesis?
(pg/mg/hr) 6.2 + .7° 13.3 ¢ 2.72 8.3 + 7%
2. Means in a row without common letters differ significantly
(P<.05).
1

The rat test diets contained yolk powders prepared from eggs laid
by laying hens fed diets containing full-fat flax seed (Hn-3)., regular
high linoleic acid sunflower seed (Hn-6), or high oleic acid sunflower
seed (Hn-9). Data were presented as Mean + SEM, n = 10.

2 The activity of HMGR was presented as pmol of products formed per
mg of hepatic microsome proteins per min. The rate of PG E, synthesized by
rat epitrochlearis muscle was expressed as pg of PG E, released inte

incubate medium per mg of muscle per hr.
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Table 4.7. Major n-3 and n-6 fatty acids of rat liver total lipids at the
end of rhe feeding trial of Ewperimenc 1

Fatty acid Dietary treatment!

""" w3 Hns  cox
Tl of total fatty acids -eme-meeeeoon
18:2(n-6) 9.5 + 0.5% 13.8 + 0.9° 8.0 + 0.3°
20:4(n-6) 8.8 + 1.1° 9.6 + 1.4° 9.7 + 0.2°
18:3(n-3) 1.8 + 0.3 0.3 + 0P 0.3 + 0O
20:5(n-3) 1.1 + 0.3® 0.1 + 0° 0.2 + O°
22:5(n-3) 0.5 + 0.12 0.1 + 0P 0.1 + 0P
22:6(n-3) 4.8 + 0.8 2.0 + 0.3P 2.4 + 0.4°

a’¢. Means in a row without common superscripts differ

significantly (P<0.05).

! Data were presented. as Mean % SEM, n=7. The test diets used
yolk powders prepared from eggs of laying hens fed diets containing
10% full-fat flax (Hn-3), 12% sunflower seed (Hn-6), or soybean meal

plus animal tallow (CON).
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Table 6.8, Major fatty acids of liver phospholipids of rats in
Fxperiments 1

Fatty acid

Hn-3 Hn-6 CON
Ul oF total fatee aeids ol
165:0 16.4 + 1.4% 17.1 + 0.7 15,7 & 06t
18:0 27.5 + 1.9° 26.6 + 1.7 R B
i8:1 15.0 + 3.0° 16.7 + 2.5° Io.w v 230
18:2(n-6) 7.5 + 0.92 7.8 £ 0.6 6.2 + 1.0
18:3(n-3) 0.4 + 0.3° 0.5 + 0.3° .3 + 0.3°
20:4(n-6) 19.8 + 2.9° 21.2 + 2.1 2001 £ 2.3
20:5(n-3) 0.9 + 0.3 0 0
22:6(n-3) 7.9 + 1.2° 5.0 + 1.1°F 5.6 + 0.8P
20:4(n-6)/

(20:5+22:6)(n-3)  2.25 4.24 4.30
a-c.

Means in a row without common superscripts differ
significantly (P<.05).

! Data were presented as Mean + SEM, n=7. The test diets used
volk powders prepared from eggs of laying hens fed diets containing
10%¢ full-fat flax (Hn-3), 12% sunflower seed (Hn-6), or soybean meal

plus animal tallow (CON).
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Table 6.9%. Majour fatty acids of plasma total lipids of rats in

beperrimerns o

Hn-3 Hn-6 Hn-9
Ll 4 of total fatty acids -----eomnn--
Cl6:0 17.2 + .12 17.7 & .2¢@ 17.6 + .42
C18:0 12.1 + .1° 15.0 + .42 13.5 + .52
Cl6:1 3.7 +  .2* 3.0 + .1° 3.2 + .1°
c18:1 21.3 + .52 26.0 + .7° 32.1 + 1.0
€C18:2 n-6 12.9 £ .5% 14.9 + .27 11.8 + .3°P
C18:3 n-3 6.2 + .1° 4.3 + 1P 4.7 + .2°
C20:4 n-6 11.8 + .3P 18.4 + .8 16.1 + 1.0°
C20:5 n-3 1.0° o® o®
C22:6 n-3 1.9 + 0° 8 + .2P 1.0 + .2°

I MUFA 35.0 29.0 35.3
T n-6 PUFA 25.7 33.3 27.9
T n-3 PUFA 9.1 5.1 5.7
Z(n-6)/T(n-3)

ratio 2.8 6.5 5.5

P Means in a row without common letters differ significantly
(P<.05).

! The rat test diets contained yolk powders prepared from eggs laid
bv laving hens fed diets containing full-fat flax seed (Hn-3), regular
high linoleic acié sunflower seed (Hn-6), or high oleic acid sunflower
seed (Hn-9). Data were presented as Mean + SEM, n = 5 pooled plasma
samples of two rats each. MUFA, monounsaturated fatty acids; PUFA,
polyvunsaturated fatty acids.

141



Table 6.10. Major fatty acids of liver phosphatidyvlcholine traction ot

rats in Experiment 2

Cl6:0 16.5 + 1.2° 15,3 &+ .52 16.1 + a2
C18:0 22.2 + .38° TH.4 ¢ 5P 33,9 4 2 29
Cle:1 1.3 + .1° 1.4 + . 1° .8 o+t
c18:1 14.8 + 1.2° 14.5 + .52 9.2 & .5b
Cl8:2 n-6 7.2 + L2 5.8 + 0P 4.3 & 4P
Cl8:3 n-3 9 + .2° 9+ .1° 4o+ 1
C20:4 n-6 19.0 + 1.0 23.8 + 1.0% 29.2 + 230
C20:5 n-3 1.3 + 12 . 1P ob

C22:6 n-3 6.3 + 82 4.9 + 32 4.8 + 32
T MUFA 16.1 15.9 10.0

T n-6 PUFA 26.2 29 .6 33.5

Z n-3 PUFA 8.6 5.9 5.3
Z(n-6)/ZT{(n-3)

ratio 2.8 5.0 6.3

a,b

Means in a row without common letters differ significantly
(P<.Q5).

! The rat test diets contained yolk powders prepared from eggs laid
by laying hens fed diets containing full-fat flax seed (Hn-3), regular
high linoleic acid sunflower seed (Hn-6), or high oleic acid sunflower
seed (Hn-9). Data were presented as Mean + SEM, n = 5 pooled samples of

two each. MUFA, monounsaturated fatty acids; PUFA, polyunsaturated
fatty acids.
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Table /.11, Major farty acids ot liver phosphatidylethanolamine fraction
0f rats o mEperiment 4

C16:0 15.3 + .82 15.3 + .4° 15.4 + .62
©18:0 27.8 + 1.1° 28.4 + 1.1° 29.0 + .7°®
Cl6:1 1.3 + .17 1.0 + .i?® 1.0 + .1
c18:1 12.7 + 1.2° 11.5 + 1.0 14.2 + 1.6°
Cl8:2 n-6 5.9 + .2° 4.7 + .0° 5.0 + .40
C18:3 n-3 1.2 + .2° 9 + .1° 1.1 + .z®
C20:4 n-6 19.4 + .8° 24.6 + 1.1° 24.3 + 1.82
€C20:5 n-3 2.4 £ .12 1P oP

C22:6 n-3 10.4 + .6° 3.7 + .8° 6.4 + 1.0°
% MUFA 14.0 12.5 15.3

¥ n-6 PUFA 25.3 29.3 29.3

T n-3 PUFA 14.7 4.7 7.5

3(n-6)/Z(n-3)
ratio 1.7 6.2 3.9

2. Means in a row without common letters differ significantly
(P<.05).

* The rat test diets contained yolk powders prepared from eggs laid
by laying hens fed diets containing full-fat flax seed (Hn-3), regular
high lincleic acid sunflower seed (Hn-6), or high oleic acid sunflower
seed (Hn-9). Data were presented as Mean + SEM, n = 5 pooled samples of
two each. MUFA, monounsaturated fatty acids; PUFA, polyunsaturated
fatty acids.
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Chapter /. Fatty Acid Modified Eggs as Human Food:

rtholesterolemic Effeats and Overall Quality

/.1. Consumption of n-3 PUFA Enriched Fggs and Changes in Blood Lipids in

Healthy Volunteers!

7.1.1. Introduction

Seversl lines of information surgest that humans evelved on a diet
that was low in fat and saturated fatty acids, and a ratio of n-6 to n-3
polvunsaturated fatty acids (PUFA) about 1:1 (Eaton and Konner, 1985. Leaf
and Weber, 1987; Simopoulos, 1290). Modern agribusiness and food industry
were blamed for bringing about abrupt changes in the quantity and quality
of dietary fat. As a result, today’s diet is high in total fat and
saturated fat with a ratio of n-6 to n-3 PUFA of 10:1 to 25:1 (Simopoulos,
1991). Many of the food animal products. such as porx, beef, fish, and
eggs contain less n-3 PUFA than those from tr- wils animals (Simopoulos,
1991Y. According to the diet-heart hvpothesis, ."e amcunt und the type of
dietary lipids play important roles in influencing ¢thes plasma and
lipoprotein lipid levels, which. in turn, were associated with the rvisk
of coronarv heart disease {(CHD) (US Dep’t Health & Human Services, 1988).
It is generally accepted that replacing dietary saturated tat with

polvunsaturated fat will reduce the atherogenic plasma total (TC) and

l A version of this section has been submitted for publication. Jiang, Z.,

and J. S. Sim. 1992. Am. J. Clin. Nutr. (Submitted Feburary 23, 1992).
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A1 in the amelioration and prevention of arherosclerosis and other

diseases has been appreciated only in the past decade (Dverbers ot al.

Lo738; Drerberg and Bang, 19.79). The benetficial eitec

IS ¢ts ot dietary n-3 PUFA

include. among others. the reducrion of plasma triglveeride T

concentration (Connor, 1986; Harris, 19891, blood pressure (Knapp, 1989

platelet aggregarion (Ven Shacxy et al.. 19879, und tumor growsh Farmali
et al.. 1%84). Because of the competicion of n-% and n-3 PUFA ftor the

enzvmes involved in further metabolism, in eicosanoid production, and in

incorporation into tissue lipids, the ratio of dietarv n-6 to n-2 PUFA has

P

been suggested to be more important than the absolute amount of fat and
the ratio should be reduced (Neuringer and Connor, 1986:; Health and
Welfare Canada, 1990). It should be up te todav's food producers to plav
an active role in balancing the fatty acid compesition of rheir products.
Indeed, efforts have been made during the past several vears to modify the
fartty acid composition of the food animal products (National Research
Council (US), 1988).

Chicken eggs, due to their relatively high cholesterol content, have

been singled out by the diet-heart advocators to avoid (Connor and Connor,

1983) even though the egg contains the best and least-expensive high

[N

quality protein and a bhalanced distribution of minerals and vitaming
(Shrimpton, 1987). Various attempts to reduce egg cholesterol content
through genetic selection and diet and drug treatments were not successful

Naber, 1983). However, it is known that the fatty acid composition of the

volk can be easily modified through alteration of the dietary fat of
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tatving hiens cUruickshank, 1%24) 0 The contents of n-3 PUFA, such as

-
Tinalonic 2Na)y, docosdpentaenoic (DPAY, and docosahexaenoilc acids ¢ DHAD
ol the wolk were signiticantlv increased bwv feading laving hens diects
containing canola or flax seeds or oils (Sim et al.. 1988: Caston and
teesorn, 1), or fish oll (YTu and Sim. 1987: Hargis et al.. 1921). The

deposition of LNA was found to be exclusively in volk triglvcerides. while
the longer chain EPA and DHA were preferentially incorporated in volk
phospholipids, particularly in the phosphatidvlethanolamin (Jiang et al.,
1791). Feeding the n-3 PUFA-enriched eggs to rats significantly reduced
both plasma and liver cholesterol contents when compared to the regular
epg feeding (Jiang and Sim, 1%72). The svnthesis of prostaglandin E, by the
epitrochlearis muscle was also inhibited by feeding rats the n-3 PUFA eggs
(previous chapter). More recently, Oh et al. (1991) reported that in a
cross-over study, consumption of four DHA-enriched eggs per day for 4 wk
prevented plasma TC from rising. In the present studyv, we examined the
effect of consumption of eggs that were enriched predominately with LNA

on the plasma lipids in healcthy volunteers.

7.1.2. Subjects and methods

Twenty-four healthy male students aged 18-32 were recruited from
the University. The selected subjects were not taking medications know
to affect lipid metabolism. Each subject was requested to sign a consent
teorm. The consent form and procedures followed were approved by the Ethics
Committee on Human Subjects for Research at the University of Alberta. The
personal data of all subjects are presented im Tagblwe 7.1.

The subjects were randomly divided into two groups with twelve each.
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Breakrast, consiscing of two tried eogs (ii-21 PUFA for Gronp A and oy oag)

for Gureup BY, two pleces of 60% whole whear bread, jams and apple or

orange julce. were served between 0730 to 0900 each weekduy morning in the

Food Science Department at the University of Alberta. The subjoects took

home the eggs for the weekend and holidavs and were requested o cook the

egg without using cooking oil or butter. During the study period, subjects

were encouraged to maincain thielr bodv weight and habitual diet, bat avoisi

excessive consumption of organ meat. fish. and alcohol. tne subject trom

Group A dropped out of the studv due to personal reasens. The major fatry
acid composition of n-3 PUFA enriched and regular eggs was determined bv
the gas chromatographic technique (Jiang et al., 1991) and is presented

in Table 7.2.

Before and at the end of the 18 dav studv, subjects were fasted tor

more than 12 h, and blood samples were drawn from an antecubital vein inte

evacuated tubes containing 0.1l EDTA. Plasma was separated by

centrifugation. The high-density lipoprotein fraction was separated by

precipitation and removal of low-densitv and very-low-density lipoproteins
(LDL and VLDL) by phosphe .1gstic acid/magnesium ch. 1de (HDL Reagent,
Hoffmann-La Roche Limited, Etobiocoke, Ontario, Canada). Plasma total and
HDL cholesterol (TC and HDL-C) were determined enzvmatically using a
cholesterol assay kit (Diagnostic Chemicals Limited, Charlottetown, [I'EI,
Canada). Plasma triglvceride (TG) was assayed using a diagnostic kit
(Diagnostic Chemicals Limited, Charlottetown, PEI, Canada). Plasma LDL
cholesterol was calculated from plasma TC, HDL-C, and TG levels according

to the Friedewald equation (Masse, 1991). These lipid analyses were

carried out by an independent commercial clinical laboratory (Dr. T A
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Plasma total 1iplids were exctracted according to Folch et al. (Folch

et al.. 1373, The chloroform extracts were dried under nitrogen, and
methvlated dccording to Metcalfe et al. (1261) using Boron-trifluoride.
The fatuty acid methvl esters were separated and quantified on a Varian
3700 gas chromatograph as described previously (Jiang et al., 1991).

Paired © tests were used to compare the changes of examined
parameters before and at the end of the experiment (Steel and Torrie,

1980) .

7.1.3. Resulrts

The effects of consuming two n-3 PUFA-enriched (Group A) or regular
eggs (Group B) per day on plasma and lipoprotein lipids of individual
subjects were shown in Fig. 7.1. The mean changes of each group in plasma
and lipoprotein lipids brought about by egg consumption were also depicted
in Fig. 7.2 for direct comparison. Consuming two regular eggs a day for
a pericd of 18 days tended to increase plasma TC level, elevated LDL-C
significantly (P<.05), but did not change plasma HDL-C nor plasma TG
levels. On the other hand, those who consumed the n-3 PUFA-enriched eggs
maintained their 1initial plasma TC and LDL-C levels, elevated HDL-C
(P<.05), and reduced plasma TG by more than 40% (P<.Cl).

Fig. 7.1 also showed the changes in plasma TC and HDL-C of
individual subjects who, according to the Canadian Consensus Conference
on Cholesterol (1988), had undesirably high TC (>4.60 mmol/L) or low HDL-
C (.89 mmol/L) before the experiment. Plasma TC levels of all three

subjects from Group A were r=duced to less than 4.60 mmol/L while that of
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one subject profi GrOup B oy

8]

ag nol vhdliged. One subject from each pronp bt

initial #pp.. lower than ga mmol /L. a: the end of the experiment

howe e HDL.c ©f broup A subject wWas incredased by more than 304 (trom
. . PR . . e . -

%+ to a7 mmol/“)' while the CGroup B stubjec? 5till had HDL-C lower than

0.89 mmol, I (from .83 to  yg mmol L).

Changeg in HDL-C/1C and HDL-C/LDL-C ratios in indiwvidual subject s

before and ;<-e¢f egg consumpxion wevre pregenty

14

d in EL; 3. Bath ratios

!,

were increaged In subjects who c¢onsumed n-3 PUFA enviched eprs, and the
increase of wpl-C/TC wags gy cistically significant (P<.01Y. On the other
hand. both p;zci®s Were decroased in subjects who consumed regular CEES .
The reductiop ©°f HDL-C/1LDL.c was significant (P<.05).

The compoSicion of plasma Major fatty acids is shown in Table 7.3,
Overall, the peFcentages of plasma n-3 PUFA were increased in subjects
consuming n.3 PUFA eggs (Group A). Alpha-linolenic acid increased most,
followed by pHA and EpPA. (onsequently, the ratio of n-6 to n-3 PUFA

decreased inp SubjeCtS of Group A- No such changes were found in those who

consumed regular eE8s (Group B).

7.1.4. Discyssion

The presfNt Study clearly demonstrated that the influence of egg
consumption o Plasma and jjipoprotein lipids in human subjects can be
altered by modifving the farty acid composition of yolk lipids. The epgs
used in thjg study were epriched mainly with alpha-linoleni. acid, but
considerable aMOUNts of lopger chain n-3 PUFA, such as DHa, DPA, a- ° EPA,
were also ipco¥Porated into yolk phospholipids (Jiang et al., 1991). One

large n-3 pyrs ©g8 would supply about 500 mg of ILNA, and 100 mg of DHA,
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nDPa . and MPa o Thias modificacion of volk far-v acid compnsirian lod -

~ oA
significant reduction in the n-6/n-3 PUFA ratio in n-3 enriched ezzs.
particularly when compared to supermarket eggs. The n-6,/n-3 ratio of
commercially produced eggs is in the range of 13 to 20 (Sim et al., 1991;

Simopoulos, 191).

A questionire indicated that subjects parcticipated in this study
consumed between O to 2 eggs per week before the experiment. Consuming two
eggs a day would add another 440 mg of cholesterol to their habitual dailvy
intake of 440 mg (Health and Welfare Canada, 1990). This would elevate the
plasma TC by .19 mmol/L according to Key’'s equation (Keys, 1984}, assuming
that the daily energy and initial cholesterol intakes were 3000 kcal and
4400 mg per person per day, respectively, and there were no changes in
dietary fat. The plasma TC levels of subjects who consumed regular eggs
(Group B) were indeed increased by .21 mmol/L by the end of the experiment
(Fig. 7.1). The elevation of cholesterol was almost exclusively in the LDL
fraction, resulting in statistical significant increase of LDL-C (P <
.0%5). These results confirmed previous reports that consuming two or more
eggs a day in addition to the habitual diet significantly increased
plasma LDL-C, while the increase of plasma TC might be insignificant
(Applebaum-Bowden et al., 1984).

Plasma TC and LDL-C of those who consumed n-3 PUFA eggs, however,
were virtually unaffected. Thus consumption of the n-3 PUFA eggs were able
to attenuate the effects of increased cholesterol intake on plasma TC and
1.DL-C. These results are consistent with those in animal experiments which
demonstrated that feeding n-3 PUFA enriched eggs to rats significantly

reduced plasma TC when compared to regular eggs (Jiang and Sim, 1992) and
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those of Oh et al. (1971) . The obaorired Bvnaoatinl ogs st cmi « Lo L Lt
A . LI [ A R P

J 92N

he attributed to a higher n-3 PUFA content in these ogps. Dietary LNA was

reported To be more potent than linoleic acid in lowerine p lasma

cholesterol level in rats {(Garg et al., 1988). The

ettects of dictary

cholesterol on plasma lipids were also reported to he attenuated by

dietary LNA in rats (Kritchevsky et al.. 1%91) and by lonper chain n-3

PUFA in human subjects (Nestel, 1986). The considerable amount of Lonyer

chain n-3 PUFA accumulated in the volk, such as DHA and DPA. might also
attribute to the cholesterol lowering effects of the n-3 PUFA epg, since
the longer chain n-3 PUFA were reported to be more potent than LNA in
reducing plasma lipids (lNestel, 1986; Singer et al., 1986).

The significant elevation of HDL-C in subjects who consumed n-3 PUFA
eggs, but not in those who had regular 2ggs. was consistent with the
findings of many clinical ctrials demonstrating that dietary n-3 PUFA
increased HDL-C (von Losonczy et al., 1978; Sanders and Roshannai, 19873:
Sayvnor et al., 1984). However, the dietary effects of n-3 PUFA on HDL-C
may also depend upon other dietary lipids, including cholesterol. Scveral
trials have consistently demonstrated that dietary cholesterol from egg
consumption incrzased both total HDL and HDL, cholesterol (see reviews by
Pvorala, 1987; GCrundy et al., 1988), leading to a paradox that a high
intake of cholesterol would seemingly protect against atherosclerosis.
There might exist an interaction between dietary n-3 PUFA and cholesterol
which could influence HDL metabolism in a distinctive way.

As the role of HDL particles in protection against atherosclerosis

gains more support by recent st :dies, it has been suggested that the ratio

of HDL-C to TC or HDL-C to LDL-C could be a more powerful indicator for
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nredicting CHD O (Gordon et al., 1277; Goldbourt et al., 1985). The
elevation of both HDL-C/TC and HDL-C/LDL-C vratios by n-3 PUFA egg
consunption might thus be of particular importance for the consumer. On
the other hand, the reduction of both HDL-C/TC and HDL-C/LDL-C ratios in
those who consumed regular eggs might be undesirable in terms of CHD risk.

The most drastic changes in plasma and lipoprotein lipids in the
present study was the reduction of plasma TG in those who consumed n-3
PUFA eggs. Dietary n-3 PUFA have been reported to preferentially depress
plasma TG (Connor, 1986). The maximal TG lowering in normal human subjects
was reported to be at a dose of 4.5 g/day n-3 PUFA (Harris et al., 1988;
Harris, 1989). The present study demonstrated that even at a dose as low
as 1.2 g/d, dietary n-3 PUFA was associated with a prefound depression of
plasma TG levels in normal subjects.

The plasma fatty acid composition of those who consumed n-3 PUFA
eggs was also moderately enriched with n-3 PUFA, particularly with LNA
and DHA, and the ratio of n-6/n-3 reduced. It has been reported that the
incorporation of n-3 PUFA into plasma lipids occurs rapidly in a dose-
dependent manner with dietary n-3 PUFA (Von Shacky et al., 1985). The
incorporation of n-3 PUFA into tissue lipids and the reduction of n-6/n-
3 ratio might affect the quantity and profiles of eicosanoid production
(Kinsella et al., 1990) in such a manner as to be ameliorative against
atherosclerosis,

In the Western World, animal products contribute more than 60% of
total lipids, and 70% of saturated fats (National Research Council, 1988)
of the diet. Consumers’ preference for the animal products will likely

continue. Thus, it would be of national strategic importance in the fight
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against CHD to design and modify animal nroducts in such a wav that the

dietarvy risks of CHD would e minimized. Bot!. the epidemiological

(Kromhout et al., 1983y and clinicl intervention (Buri et al.,, 1989

studies have denonstrated a decrease ob JHD mortasity in people consuming

relatively small amounts of n-3 PUFA (.5 g~d) over a long period of time.

Although one large n-3 PUFA enriched ¢pg used in the present study will
provide «nly .6 g n-3 PUFA, it would still have beneficial effects for epg

consumers. Similar efforts have also been made to modify meat products

(Ajuyah et al., 1991) to achieve the ultimate goal of minimizing the

dietary risk of CHD.

7.2. tffects of Yolk Fatty Acid Modification on the Internal and Sensory

Qualities of the Egg!

7.2.1. Introduction

Attempts to reduce cholesterol «content of eggs by dietary
manipulations were not successful (Naber, 1983). It is knawn, however,
that the fatty acid composition of yolk lipids can be readil- altered by

modifying the quancitcy and type of fat in laying hen diets (Cruickshank,

1934; Noble., 1987). There is a zrowing c-rmsensus among human nutritionists

that dietary =-3 polyunsaturated fatty acids (n-3 PUFA), such as a-

linolenic acid (LNA), eicosapentaenoic acid (EPA), and docosahexaenoic

! A version of this section has been published. Jiang, 2., D. U. Ahn, L.

Ladner, and J. S. Sim, 1992. Poultry Science 71:378-382.
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AL Ll TomrToroant roles io hwman Dealth cinselia 2T oal., Laeug
cholesterol-iowering and ameliorative effects against
avlairoms lerne of dietary n-3 PUFA &are of particular interest to egg
produc.cr, . consumers, and researchers. The:r  much needed n-3 PUFA could

=+ incorporated into volk lipids bv feeding laving hen diets

pas

containins full-fac flaxw or canola seed (Nwokolo et al.. 1988: Sim, 1990;
e

et an d Tenor, 1AG0Y sr figh oile oW ozrnd Sim, 1027 Havgis ern a2l

Vunl, . Prcent stadies from our laboratory demonstrated that longer chaln
n-3 PUFA (EPAa. DHa. and docosapentaenoic ac.a) were preferencial. v
de,0sized into volk phosphatidvlethanolamine fraction after feeding flax
seeds (diang et al.. 1991). Feeding n-2 PUFA-énriched ezgs to rats reduced

plasma and liver cholesterol contents, indicating that the cholesterolemic

g
o

coperties of chicken egps were markedly modified by incorporating n-3
prop g ) !

PUFA into volk lipids (Jiang and Sim, 1992). The n-3 PUFA-enr

[urs

ched eggs
mivht th s be more appealing to health consclious consumers.
Consumer acceptance of eggs, however. a.so d=pends on egg qualitv

.y H

paramet:rs such as Haugh wunits, volk coior. storage stabili:zy, and in

s little information on the effeccs

P

particular the sensory traits. There
of dietarv full fat o.l seeds or fish oils on these gquality parameters.
The objective of the current study was to examine the dietary effects of
n-3 or n-» PUFA rich oil seeds on the sensory quality of hard-cooked eggs

and the internal quality of eggs during storage.

7.2.2. Materials and Methods

A total of 528 Single Cuwb White Leghorn laying hens, 16 mo of age,

were housed in double deck cage batteries with two birds in each cage (.31

[
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replicate making a total of 24 eggs per treatment. Haugh units were
determined according to Haugh (1337) and the volk color index was obtained

ison to the Roche Yolk Color Fan (Vuilleumier 1969Y . Two volk

samples from each replicate were subjectec

|0%
81
o]
e
3]
rt
e

dcld analvses by ras

chromatographv as described previouslv (Jiang et al., 1991).

On Dav 7 of storage, 2 doz eggs from each treatment were sampled

for sensorw evaluaticn. Two separate studies were conducted, one at the

Lniversity and the other at the Food Processing Development Centre of

Alberta Agriculture, Leduc, Alberta, Canada. In the '1i-

iversity srady . 04

untrained srudents and staff menmbers from th= De

D AT Tmer CoTand Sederiee
and Animal Science participated. The study bLwv rh Tentre woas

concucted using 12 trained panellists (five males and .. o temales, L.
21 to +3) with three repetitions for a total nf 26 obserwvations. i hott,
studies, eggs were cooked bv bringing tap water to a hoil and then kept
simmering for 20 min. After being cooled in tap water for 15 min. cgps

were shelled and cut into four pieces along the major axis. Four samples

were coded using three-digit random numbers and presented randomly to
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Tole- N T 130 I ng ;j-':O"'i\"x’ o Ty :\g,n(_ll i;;:a ~5 ricce Sk et
Mo et Shamplis The pws.Tuations WeU? caryiod ga- in SENSorT
Tl LLoeffS wichoa din ed ]i};ht -0 €liming-e G ‘possihle 2ffecrs
Ot osam, . 10¥ ©On thé prefepence rtest. Nine-Cm hedopjc lines weP® used
.« €
for Plan, Lot YO quantitatisai-r yocord chelyr Preforence scores. E~h line
=14
wWiis 1“5@1164 #ith descriproprg wnislike €XTremelw" . wyeither 1ike nor
Areling, gad TMEe evTrems Lo Looire (0P end. middle ang che rishT oend
ot g v inE FESpectivels. The preferente SSOre wazg measured by the
’)-
diStanQe from the jeft end ., where ic “as checked. Thus a scor® of 0
x‘eli.\resﬁnted -'disl ike eXtremel--" gnd a 9 "lire ef‘it‘:emel_-,v"_ The panE]-lisCs
in ths v j”efsi:y study were ssked to describe anv off.flavors of the egg
114

Sample . 4raCtSYistiC descriprors for Iresn €8g flavors such as "SWeet”.
"acidn "Sulfur}"‘ . "salty™ wogpchve, "bicterm e ' "hyérolvzed
Protei,, (Koehler and Jacobsen, 1965), and "fivhvr usi . provided for the

Panelli in che fpod Centre studv.

sTSs
CRTMNY s - = €& o~ o
‘1\‘ wa? :‘A.VQ.;\ ~aS used to anal_-'ze ;..he e€ilscts of diet and STorage
wCo T i
- y - _ : w . . . .,
on ‘h% HaUErh unitg and Ch:‘ :,'01",: COlOf index "“Slﬂ% eggSs Wioviilnh di TN

HtOragg he €Tror Term. Mgans of main effects (dier and storage) were

as
SE'Pr'i!‘a\t g bV che SCUde!‘lt'Newman_Keuls (SNK) tesr. Means of interaction
e -

(dier Y- SCOI’"'SG) were cCompared using the PDIFF function of the SAS

progfﬂm 6.5 jrnsticute, 1985y gensory evaluations were analyzed by one-

way ANQVA with dietary tregrmencs as the main effeo.rs and indlvidual

SCoreg ehin treagtmeént usegd as the erZor Té&€rm. Trgatment mednNsS were
w >

zur:h@b 8naly;ed by the SNK regr (SAS Institure, 1985y
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7.2.3. Results and Discussionp

s - € 3 3 oy
v T E nE < LR, cer - 158! LY Ly Yoie as VTt 3
YT S = (SRR B it RS I  B e 41‘1.!“ oot . [ .(1 ARR AN 0 et
mramived T omedans 0D measurias Hagysh uniis ot e iy the nagk P
. . B Ty N B : : 3
ey ing Tahic 4D A vapid L1 g was tounnd Tor oy SESIEE S FRYi]
PDD ety treatmenTs Guring the [lrsT D owk or grorasce it 0Ny !
- Lo . . g th ~L: - S0l sTorar - y Haugh

iits of egzgs from Hn-% and Hn-3 diets did not chanpe ~irnificanciy guer

The nexi -+ WKk 0@ siolage., buas +hose 0l eggs from the H-noand ool
diets continued to decrease “rom Week 2 T0 4. Feoding Hnr-9 o lavin. pons

resulced in higher (P<.053) Haugh unicts than feeding Hn-o. Wveratl, ¢

Tolk color 1s an impertant quality traic in influencing congumer

acceptance (Hurnton, 1987). In the present studwv, both die¢t and grarage

significantly (P<.03) affected wolk color as measured bv comparisan ro the

Roche Yolk Color Fan (Table 7 4). For all dierapw rreatments wolk

1 .
IV B

e
3
o
14
~
[N

ncreased steadlly aver che storage period. The exacl Cause fop guch

an increase ol Folk <olor is not known 4t this point. Feeding 1714

il LS

flax seed to laving hens resulted in darker wvolks than other  japary

regimes (P<.05). Although having no influence on rhe nutritive wj.e o1
eggs, darker volks might be more appealing to consumers of “ervai. oopni
groups. Storage up to 6 wk at 4 C did not Significantly change volk tatty
acid profiles (data not shown).

One of the most imporctant quality Parameterg in determining cop,oumer

acceptance of any fcod item is the sensorv characreristic. As indjrarted

pto
=1
-t

F

[

gure 7.4, studies at both the University and the Food aenrre

generated similar preference patterns. Eggs from hens fed the Hn.3 giec

2

scored significancly lower in prefefence evralnation fhan otherg while
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the oonrol. Exactly 3Hs of the evaluations in both studies detected a
arorisni-product related flavor. such as "cod liwver oil" and "tuna
flavor™, for eggs from the Hn-2 diet (Table 7.5).

Wieny thie hedonic scores of panellists who did not detect the fishy

flavor wore compared. no dietary treatment effect was found, indicating

that the fishw flavar wae the major cause of lewer preference scores of
epis from the Hn-3 diet. The exacrt percentages of fishvy flavor being

.

repaorted n the two =separate srtudies might be coincidental. but it
revealed that approximatelvy one third of the panellists were able to
derect this off-flavor in eggs from the Hn-3 regime. Previouslt, Farrell
and Gibson (1990) reported tnat eggs from hens fad diets contain

HE

h

o
4]

ng t

(ol

0il, canola o0il, or linseed (flax) oil were indistinguishable from those
of the control. The discrepancy might be due to 1) dietary fat sources
{(whole seeds versus oils): and 2) methods of egg preparation. In this
studwv, eggs were hard-cooked and ~ne piece of the egg representing each
dietarv treatment was presertsd to a panellist. In the study of Farrell

and Gibson (1990), six eggs from each treatment were blended with 30 mL

of water and cooked in a 700 watt microwave oven on "high" .. 3 min. The

T 2

samples wele siirred and tcheaced [or a further 1 oaln and lel stand Lo
min before serving.

The cause or causes of fishy flavors in eggs from laying hens fed
fiix seed vremain to be determined. It was speculated that the fishy flavor
could be due to the presence of 1) trimethylamine (TMA); 2) lipid

oxidation products:; and 3) the flax flavor per se. Fishy flavor has been

described in eggs from hens fed either fishmeal (Wakeling, 1982) or
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Tnecedsd e ) [ e R S R N 7 AR IR Lo ey -
U 3 < . <. - - 4 e ’ [ Ty U t
substuancs In these egns (dobson-Frohoek et al. . 1972 Choline which w..s

derived trom o sinapine in ruapesced mwoeal was the precursor molecuie tor THta

tHobson-Frohock et al. . 19770 This sinapine -- choline -- TMA svheme
howewver might mnot be the case in the Hn-1 fed laving hens in this

experiment. Firstlv., it has been repeatedlv demonstrated thuat sinapine

related fishv flavor was devecfed onley in egps from hen strains such as

e v]
=
9]
[o
44
1
w
o

and Reds but not from White Leghorns Wakeling, 19282Y which wore

used in the present study. Secondly. the sinapine or choline —ontent of

flax seeds was much lower Than that of rapeseed.

The vrancidity products of PUFA cause tfishv flavor in some food

products ¢Saxby, 1%3.,. In the present study, cggs were s ored 4t o ¢ tor
7 davs before sensorv evaluations were carried our. Theretore, there might
be very litcle, if anv. oxidarion of PUFA accurred in volks during the
first wk of pest harvest. The omxidative rancidity was more likelw v aconr
in the Hn-3} diet during the preparazion and feedirg of the dier.

The e

oxidation products might find a wav into the voll when the diet was fod

~ 1S

to laving hens. As onlv a trace amount of lipid oxidation products are

needed to cause fishyv flavor in food products (Saxbv, 1982), it might he
possibie tnat the fishy taint could be the resull oL rancidity ot the Hn-
3 diect.

The fishy flavor detected might also be the result of direct
transfer of flavor compounds from flax seed into the yolk. One panellise
from the University studv who tasted fresh flax seed before described fiax
flavor rather than fishv flavor in a yolk sample from the !n-2 diet.

Therefore, it is possible ths=z the so-called fishy flavor described by
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rboaer roanelligrs whas actually the chiarascreristic tlavor of flaw seed.
In hrief, feeding full-fatr £lax and sunflower seeds to laving hens

did nor o attect epeg internal qualizy in cterms of specific gpravity and Haugh

nnits. Yolk colour was darkened by feeding flax seed. Furthermore, feeding
finx seed in rhe present study resulted in a fishy flavor in some eggs.
uestions on the extent of fishv eggs produced bv hens fed the Hn-3 diet,
the ¢xact substance or substances that cause fishy flavors in these s=ggs,
what components in Hn-3 diet are responsible for the off-flavors, and how

to overcome these roblems remain teo be answered prior to anvy mass

production and marketing of these fattv acid-modified eggs.
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Pabie o0 Major Latly aCld Compousiliuti

Gl egg WOLlKS

For o it ¥-3 PUFa“
------- ¥
16:0 22.2 +
16:1 2.4 +
18:0 9.9 +
18:1 39.3
13:2 in-a) 13.6 +
18:3 (n-3) 8.8 +
Y In-6) 0.8
1206 (n-3) 1.3 +
T n-6 PUFA 14.7
2 n-3 PUFA 10.2
Tin-HYZ(n-3) ratio 1.4

of total fatty

=

0.

5
P

* Mean + SD. Three determinations of pooled

begiuning of the trial.

Polyvunsaturated fatty acids.
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acid -----
25.9 + 0.6
3.3 £ 0.3
8.6 + 0.2
44.6 + 0.8
10.9 + 1.2
1.4 %+ 0.2
1.3 + 0.1
0.8 + 0.1
12.7
2.2
5.7
volk samples at the



Croup A Gronp R

Farer acid fnitial Dav 18 & change  1nifiai bae 15 s clomms
"""""""""" (o teraid i et rerans
16:0 2301 22.9 - .8 YO0 RS .o
16:1 2.0 1.9 - 5.1 1.9 vl RN
18-0 T . o _ ) ol
18:1 23.5 2302 - 1.5 221 2200 yo 1
18:2 (1.-6) 27.9 8.1 + A 293 280 - 5.0
18:3 (a-3) 9 1.6 O 1.0 ¥ - 108
20:4 (n-6) 6.5 6.7 + 4.1 6.9 L - 1.9
20:5 (n-3) 7 8 + 9.4 2 R - 3.5
22:6 (n-3) 1.2 1.6 + 3.8 1.8 1.9 t 8.1
T n-6 PUFAZ 34.4 34.8 v 1.0 16 .4 SR Soa
= n-3 PUFA 2.8 4.0 + 429 3.7 3.7 0
S(n-6)/S(n-3) 12.3 3.7 - 29.2 9.8 94 - a1

! Mean of 11 or 12 subjects for Croup A or CGroup B, respecrively.

‘

2

Polvunsaturated fattv acids.
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hed et P P PRI PRNENY cew - 4~ PURPEIG AN Lline  oiadn

e 1 . . s d .o I 'y R £oor s - &Y. N M PN ST S - 1

! -
GO e caareh o units and ealk color indew of wres

R S S I I e I T I Qverall

(Wi ) Hn-3 Hn-9 Hn-A Control
----------------- Haugh unic +-----o-cmaan

f) 8.2 g3.3»x PRSI T3LTEE Thog¥

i HH AT 66 .37 67 .87 Tl.627 65,27

i f4.997 65,207 33, 0F = 59, 0P-2 52 . 3°

f A5, 6B by B8Y 58 . /% 60 . 472 62.0°

Ouwerall HE, 9P 69 . 92 66 0F 67 43
--------------- Yolk color index -----------------

0 3422 2.0¢%° 2.527 3,08 2 .87

5 3 g5a.z 2 ~d, 2 2 .ge-v 3 zb.y 2 .92

A 3.7 3,287 3,10 3. 52.% 3.47

6 412 3, pbe.% 3.3¢0% 3.6%-% 3.7%

Overall 3.7° 2. 74 2. 3.4b

a-d

Means in a row with no common superscripts differ
significantly (P<.05).

*"% Means in a column with no common superscripts differ
significantly (P<.05).

! pata (n = 24) were analyzed by two-way ANOVA followed by
Student-Newman-Keuls test to separate means of main effects (diet
and storage). Means of experimental units (diet by storage) were
analvzed using the PDIFF function of the SAS® program (SAS
Institute, 1985).

7 The laving hen diczs contained either 153% £lax seed (Hn-1)
high oleic acid sunflower seed (Hn-9). 21% regular high linoleic
iscid sunflower seed (Hn-6), or 3% animal tallow (Control).
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() J
0 5
0 0
) 0

(n = 28)
Percentage 16
* The laying hen diets contained
high oleic acid sunflower seed (Hn-9),

acid sunflower seed (Hn-6),

or 3%
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Figure /.1, Plasma toral cholesterol., low-densitv lipoprotein (LDL)
chiolsn cral, Hiph-density lipoprotein Hol, chwiesterol, and plasma
trivivoeride levels in human subjects who consumed two n-2 PUFA-enriched
(Group . n=11) or regular eggs (Group B, n=12) a dav with their habitual
diets for a period of 18 days. Open circles represent individual subjects
and the solid circles the mean of whole group. Means with * or #**% are
significantly different from initial values at 5% or 13 levels,

respectively,
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Figure 7.2. The percentage of changes in plasma total cholesterol (TC)
low-densitcy lipoprotein cholesterol (LDL-C), high-density

lipoprotein cholesterol (HDL-C), and plasma triglyceride (TG) levels in
human subjects after consumption of two n-3 PUFA-enriched (Group &} or
regular eggs (Group B) a day with their habitual diects for a period of 18
days. Data were presented as means + SEM, n = 11 or 12 for Group A and
Group B, respectively.

.
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Figure 7.3. Changes of HDL-C, and HDL-C/LDL-C ratios in subjects afrer

consumption of two n-3 PUFA-enriched eggs (Group A) or two regular eggs
per day in addition to their habitual diet for a period of 18 days. Open
circles represent individual subjects and the solid circles the mean of
whole group. Means with % or *% are significantly different from initial
values at S% or 1% levels, respectively.
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Figure 7.4. Effects of dietary full-fat oil seeds on the hedonic scores
of eggs (x £ SEM, n = 36 and 28 for Food Centre study and Universizw
study, respectively). A hedonic score of 0 represents dislike extremely,
and a 9 like extremely. Bars in the same graph with no common letzers
differ significantly (P<.05). The laying hen diets countained either 13%
flax seed (Hn-3), 18% high oleic acid sunflower seed (Hn-9), 21% regu.ar
high linoleic acid sunflower seed (Hn-6), or 3% animal tallow (Conctrol).
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Chapter 8 General Discussir.

espite tremendous research effort, the role of dietary cholesterol

and plasma and lipoprotein cholesterol levels in covonary heart disease
and atherogenesis remains uncertain (Stehbens, 1989: Steinbhery. 1989Y,

Meanwhile., the cholesterol content of chicken egys. the richest source of

dietary cholesterol, has received much attention. During the pust soveral

cears, claims of "low cholesterol =ggs" frequently appeared in the popular

press and disappeared even faster. At the same time, the "official"

cholesterol content for eggs rveported by USDA decreased from 274 wmyp
cholesterol per large egg in 1976 To 213 in 1989 (USDA, 1976, 1989). This
prompted me to examine the true value of egg cholesterol content and the
possible biological factors affecting it. I found that the conventional
chemical colorimetric method overestimated egg cholesterol content, which
might explain the higher wvalues in the prewvious USDA report (USDA, 1976).

The cholesterol concentraticn of egg volk did not wvary significantly among

eggs, but the size of egg volks did. Consequently, the cholesterol content

of an egg depends on the size of the yolk which, in cturn, is associated
with egg size. Small eggs have small yolks and less cholescerol. [t is

5

misleading to market small eggs as "low cholesterol eggs", because they

contain less nutrients too.

Although it is the richest source of dietary cholesterol, egg volk
is by no means made of only cholestercl. In fact, more than 60% of yolk
dry matter i3 lipids (Noble, 1987). It is known that the type nf dietary
lapius +¥veets cholestercl metabolism. A preliminary study comparing the

dietary eifects of whole wwil 7i.i¢r and crystalline cholesterol also
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cuppested  that volk components other than chelesterol per se wight
cont ittty the cholestevolemic properties of <olks (Jiang and Sim,
1991, . subseqgquent studies on the cholesterolemic properties of two major
volk components, namely, volk neutral oil and volk phospholipids, shcwed
that epg volk neutral oil was not as cholesterolemic as saturated coconut
ail, and dietarv egg lecithin specifically increased plasma high-density
lipoprotein cholesterol levels. These results might explain the often-
observed elevation of plasma HDL cholesrerol lewvels in studies using a
large number of whole eggs or egg yolks as the source of diletary
cholesterol. The favorable dietary effects of egg phopholipids might also
be useful for the egg industry which is attempting to diversify egg
products.

The second part of this thesis explored the possibility of altering
cholesterolemic properties of eggs by modifying the fatty acid composition

of yolk lipids. In the past decade, interest has grown in the ameliorative

and preventive effects of n-3 polyunsaturated fatty acids (PUFA) against

]
[

ardiovascular diseases (Kinsella et al., 1990; Simopoulos, 1991). This
thesis demonstrated that 1) it was feasible to enrich chicken eggs with
n-3 PUFA through dietary manipulation; and 2) fatty acid modification of
volk lipids reduced the cholesterolemic properties of the egg in becth
experimental animals and humans. This technology can be applied to meat
and other food animal products. But is it of importance for the food
animal industry to modify the fatty acid composition of produczts? In my
opinion, it is not only important but necessary for the food industry to
provide consumers with products which are rich in n-3 PUFA relative to n-

6 PUFA. Several lines of evidence suggested that our ancestors’ diets were
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rich in n-3 PUFA., and low in total fats and n-6, n-3 ratio (Simoponlaa,

1991y The drastic deviation from our rvad

tiontal dicts oceurved onlw

after the (ndustrial revolution at the end of the last centurv. Todav's

food items, including meat. egg, milk, and other dairv producrs, are poor
in n-3 PUFA and excessive In n-5 PUFA. ivdrogenation, a common practice

in modern food industry. has further cilted the alreadv imbalanced tatcw

acid composition of many food producrts

by preferentially destrvoving u- 3
PUFA (Simopoulos, 1991). This dievarv imbalance results in an accumulat ion
of n-6 over n-3 PUFA in tissue phospholipids, which, in turn, causes an
excessive production of eicosanoids from the n-6 arachidonic acid (aa)

(Kinsella et al., 1990). This mav result in hvperresponsiveness and, it
chronic. may gradually irnitiate or exacerbate several pathophvsiological
conditions (Kinsella et al., 1991). It is within this context that the

current imbalance of n-6/n-3 PUFA in many food items poses undesirable

impacts on consumers’ healch.

This cthesis explored a practical technique to rectify this
imbalance. The technique will not only benefit health conscious consumers,
but will also bring enormous economic returns and incentives to the animal
industry. N-3 fatty acids need not be provided as expensive capsulated oil
concentrates but can be incorportated into some premium quality foods such
as eggs, meat, milk, and other dairy products. It is a much safer way to
provide these highly unsaturated fatty acids to consumers, as lipids in
animal products are naturally protected from auto-oxidation when compared

with o0il concentrates. The long-tainted image of animal products can be

improved, and a new era for animal industry may be on its way.
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