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(ABSTRACT)

Three experiments were conducted to determine how dietary lipid
sources influence lipid and polyunsaturated fatty acid (PUFA) metabolism
when fed to young, growing chickens. In the first experiment, commercial
meat-type chickens were fed one of four dietary lipids: 1) linseed oil
(LO); 2) menhaden oil (MO); 3) soybean oil (SBO); or &) chicken fat (CF).
Chickens fed the polyunsaturated lipids, LO, MO, and SBO all had similar
very low density lipoprotein + low density lipoprotein (VLDL + LDL)
triacylglycerol concentrations which were lower than those for chickens
fed CF. Tissue lipids from chickens fed LO contained more 20:5n3 compared
with those fed SBO or CF. The amounts of 20:5n3 in tissues from chickens
fed LO approached those found in tissues from chickens fed MO. Tissue
lipids from LO and MO treatments exhibited decreased 20:4né
concentrations compared with SBO or CF treatments. The data indicate that
dietary n-3 lipid sources influence the fatty acid compositions of tissues
and can be effectively used to enrich edible chicken tissues.

The second experiment examined the effects of varying combinations

of CF and MO on plasma triacylglycerols in broiler chickens. As the



amount of dietary n-3 fatty acids and the polyunsaturate:saturate ratio
increased, the concentration of triacylglycerols in plasma and the plasma
VLDL + LDL fraction decreased. On the other hand, plasma triacylglycerol
levels increased as the dietary n-6 fatty acids increased. The dietary
n-3 fatty acids in the MO treatment led to higher levels of PUFA in the
tissues evaluated.

In the third experiment, female chickens from two genetic lines, high
body weight (HW) and low body weight (LW), were fed SBO (rich in n-6
polyunsaturates) or MO (rich in n-3 polyunsaturates). The amounts of
triacylglycerols in the plasma VLDL + LDL fractions were elevated in the
LW chickens compared with the HW groups. Amounts of 18:1 isomers and
total monounsaturates were highest in the livers and hearts of HW
chickens. Feeding MO enriched the plasma, liver and heart tissues with
n-3 polyunsaturates in both genetic lines. Plasma triacylglycerol
concentrations were decreased in chickens fed MO at 56, but not at 84 days
of age. The data suggest differences in lipid metabolism between the HW
and LW lines which were not greatly affected by dietary n-6 or n-3

polyunsaturated fatty acids.
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INTRODUCTION

Dietary polyunsaturated fatty acids (PUFA) are a necessary component
of a balanced diet in animals and humans. Limiting the consumption of
saturated fat has become a major concern for some individuals, especially
those at risk for coronary heart disease. The intake of saturated fat
has been shown to be associated with a rise in serum cholesterol
concentrations in some patients. Increased cholesterol concentrations
may lead to atherosclerosis, and possibly coronary heart disease.
Decreasing the consumption of saturated fat while increasing the intake
of PUFA reduces serum cholesterol concentrations in some individuals,
thereby decreasing their risk for coronary heart disease.

Many experiments have been conducted comparing the effectiveness of
two classifications of PUFA, the n-6 and n-3 PUFA. Vegetable oil contains
high concentrations of n-6 PUFA, while fish or marine products are rich
in n-3 PUFA. Compared with saturated fats, both n-6 and n-3 PUFA reduce
serum cholesterol and triacylglycerols. Compared with one another, n=-6
PUFA reduce serum cholesterol, while the n-3 PUFA reduce serum
triacylglycerol and usually total serum cholesterol concentrations.

Epidemiological studies comparing Greenlandic Eskimos with Danish
Eskimos showed that the Greenlandic Eskimos had much lower serum
cholesterol concentrations and fewer instances of heart attack. The
typical diet of the Greenlandic Eskimos was primarily fish and marine
mammals. Thus, n-3 fatty acid consumption was quite high for Greenlandic

Eskimos. It was hypothesized that the n-3 dietary component decreased



serum cholesterol. These results led to decades of research investigating
the use of fish oil supplements to modify plasma lipids in humans.

To further understand how n-3 fatty acids modify plasma lipids and
are incorporated into tissue lipids the following experiments were
conducted. Poultry were selected as the experimental model, since a
majority of de novo fatty acid synthesis occurs in the liver.

In this dissertation the following experiments were conducted to
determine if: 1) chickens absorb and incorporate long-chain PUFA into
their tissues; 2) plasma triacylglycerol and 1liver triacylglycerol
concentrations are changed by n-3 PUFA in poultry, as in humans; and 3)
female chickens from two genetic lines respond similarly to dietary n-6

and n-3 PUFA.



REVIEW OF LITERATURE

General. The goal of this review is to summarize the characteristics of
lipids and their functions in nutrition and metabolism. Lipids are
metabolically important because: 1) they have the highest energy value
of any nutrient; 2) they assist in the digestion, absorption, and
transport of fat soluble vitamins; 3) some contain the essential fatty
acids (EFA); 4) the phospholipids are components of cell and subcellular
membranes; and 5) phospholipids and the eicosanoids are potent biological

regulators.

Dietary Lipid Sources. Animal products typically contain saturated fatty
acids (SFA) and limited PUFA (Hilditch and Williams, 1964). Foods of
plant origin are rich in PUFA. Long-chain n-3 PUFA, such as 20:5n3 and
22:6n3, are found primarily in fish or other marine species (Tinoco, 1982;
Provisional Table on the Content of Omega-3 Fatty Acids and Other Fat
Components of Selected Foods, 1986). The tissue fatty acid composition
of these animals varies depending on their habitat and type of diet

(Opstvedt, 1984; Bell et al., 1986).

Digestion and Absorption. During digestion, dietary lipids stimulate the
release of pancreatic lipase. This lipase hydrolyzes the fatty acids at
ester linkages in positions 1 and 3 on the triacylglycerol molecule, thus,
forming a monoacylglycerol and two free fatty acids. Bile salts are

released and serve to reduce the surface tension of aqueous solutions.



When the monoacylglycerols, free fatty acids, bile salts, and lecithin
combine, a mixed micelle is formed. The lipid-bile salt micelles are
capable of dissolving relatively large amounts of nonpolar lipids because
of the nonpolar interior of the micelle (Freeman, 1976; Scott, 1986).

The absorbability of lipids or fatty acids may be affected by several
factors, which include: 1) whether the lipid is a triacylglycerol or a
fatty acid; 2) the chain length of the fatty acids; and 3) the number of
double bonds (Scott, 1986).

Newly hatched chicks have a limited ability to digest lipids. When
bile salts, 1lipase or phospholipids were added to the diet, the
digestibility of animal fats was improved (Krogdahl, 1985). Crick et
al. (1988) found some differences in digestibility of 1lipids and
absorbability of individual fatty acids, but not total fatty acids when
chickens were fed varying combinations of canbra and sunflower oils or
lard, or canola and sunflower oils at 8% of the diet.

The absorption and transport of n-3 long-chain PUFA was, however,
similar to other long-chain PUFA in animals and humans (Nelson and Ackman,
1989). Yang et &l. (1990) studied the lipolysis of menhaden o0il by
pancreatic lipase in vitro and found only a six-fold increase between the
most and least resistant fatty acids to enzymatic hydrolysis. They showed
that the hydrolysis of ethyl esters was decreased as the concentration
of triacylglycerols increased.

Dietary lipid may affect the absorption of other nutrients. Thomson
et al. (1986) found that dietary fat (SFA or PUFA) affected the active

and passive transport mechanisms in the rat jejunum. Thomson et a&l.



(1987) next fed rats diets supplemented with lipid sources to supply high
amounts of 16:0 and 18:0, 18:1n%9, 18:2n6, or 18:3n3. They found
differences in the uptake of glucose depending on the gut location
(jejunum or ileum) and type of lipid fed. It was postulated that these
changes occurred because of a diet-induced alteration in the brush border

membrane phospholipid fatty acid composition.

Lipid Transport and Liﬁoprotejns. Once absorbed, the lipid degradation
products must be re-esterified then transported to other tissues. In
mammals and poultry, fatty acids of less than 10 or 12 carbons in length
and free glycerol are transported by the portal system to the liver. The
long-chain fatty acids and monoacylglycerols are re-esterified to
triacylglycerols within the endoplasmic reticulum of the enterocyte.
These triacylglycerols are combined with phospholipids, proteins, and
cholesterol to form chylomicrons. In mammals, chylomicrons are
transported via the lymph system until it combines with the circulatory
system at the thoracic duct. In poultry, the lipoproteins are transferred
directly to the portal blood stream. Therefore, these lipoproteins are
called portomicrons, rather than chylomicrons (Bensadoun and Rothfeld,
1972; Krogdahl, 1985).

The liver synthesizes very low density lipoproteins (VLDL) which are
the main transporters of triacylglycerols synthesized in the liver.
Lipoprotein lipase is the enzyme responsible for the hydrolysis of VLDL

(Havel, 1980; Mayes, 1985a).



Lipoprotein lipase cleaves VLDL to release fatty acids from the
triacylglycerol of the lipoprotein, and the remaining lipoprotein becomes
an intermediate density lipoprotein (IDL). The IDL particles have been
characterized in some species, such as the rat. In humans, essentially
all of the VLDL is converted to low density lipoproteins (LDL).
Approximately 50% of LDL is degraded by extrahepatic tissue and the other
50% is degraded by the liver (Havel, 1980; Mayes, 1985a).

High density lipoproteins (HDL) are synthesized and secreted from
the liver and the intestine. Cholesterol esters are stored in the
interior of the HDL until they are transferred to lower density
lipoproteins, by cholesteryl ester transfer protein (Havel, 1980; Mayes,
1985a).

Human lipoprotein metabolism was reviewed by Havel (1980), and the
functions of serum, egg, and intracellular lipoproteins in fowl were

examined by Schjeide (1963).

Lipogenesis. When an animal has met its energy requirements for
maintenance and production, the extra energy is stored as glycogen or
triacylglycerols in adipose tissue (Mayes, 1985b; Butterwith, 1989;
Pallardo and Williamson, 1989). The site of fatty acid synthesis varies
with species. In poultry, most de novo lipogenesis occurs in the liver,
and only minimal amounts occur in the adipose tissue (0'Hea and Leveille,
1968; Nir et agl., 1989) and skeleton (Nir and Lin, 1982). In contrast,

swine synthesize most of their fatty acids in adipose tissue, while rats



synthesize fatty acids in both liver and adipose tissues (Maynard et
al., 1979).

Dietary lipids have been shown to influence lipogenesis in the
growing chick (Yeh et gl., 1970; Pearce, 1971). Differences in fatty acid
composition of the lipid source appear to influence fatty acid synthesis
and degradation in the liver and other tissues. Leveille et al. (1975)
reviewed several mechanisms controlling lipogenesis, including dietary
lipid, protein, or carbohydrate, and fasting. They concluded that the
addition of fat or protein to the diet at the expense of carbohydrate
reduced lipogenesis.

Hormones also affect lipogenesis; for example, insulin stimulates
the synthesis of several 1lipogenic enzymes thereby increasing
lipogenesis, and insulin also restores lipogenesis in previously fasted
chickens (Simon, 1989). Glucagon, on the other hand, has been shown to
depress lipogenesis (Leveille et a&l., 1975). Glucocorticoids are
generally considered to be catabolic hormones; however, Berdanier (1989)
suggested that glucocorticoids are also anabolic because they appear to
stimulate lipogenic enzymes. Another steroid hormone, estrogen,
stimulated hepatic triacylglycerol production and secretion of the VLDL
fraction in male chicks when injected intramuscularly (Courtney et &l.,
1988). Decuypere and Buyse (1989) provided an overview of other hormones
and their effect on fattening in poultry.

Quantitation of lipoproteins or lipoprotein components has led to a
further understanding of their metabolic functions. Griffin and Hermier

(1989) reviewed lipoprotein metabolism in poultry. Of interest to the



poultry industry, plasma lipoproteins have also been used to indicate the
degree of fattness in broilers and lean or fat chicken lines. Whitehead
and Griffin (1982) precipitated the VLDL + LDL fraction from male and
female broilers fed a high (9% by weight) or low (2.5% by weight) fat
diet. Both males and females fed the high fat diet had higher VLDL + LDL
triacylglycerol concentrations at 3 wk, but only the females were higher
at 7 wk. A similar technique was used to correlate the degree of fattmess
with triacylglycerol concentration (Griffin et a4l., 1982) or to develop
lean or fat broiler 1lines based on VLDL + LDL triacylglycerol
concentrations (Whitehead and Griffin, 1986). The fat line had higher
VLDL concentrations compared to the lean line (Asante and Griffin, 1989).
The VLDL metabolism was then examined in the lean and fat chicken lines.
Fat (high-VLDL) line chickens had a higher rate of VLDL secretion and
slower VLDL clearance compared with the 1lean (low-VLDL) chickens.
Lipoprotein lipase activities were higher in the heart and leg muscles

of the lean line (Griffin et 1., 1989).

Desaturation. Polyunsaturates are important for membrane fluidity and
cell function (Stubbs, 1984; Scow and Blahchette-Mackie, 1985). Dietary
and de novo synthesized fatty acids may follow one of a few metabolic
pathways to polyunsaturation. These steps include desaturation and
elongation of the fatty acid. Desaturation is considered to be the rate
limiting step in the conversion of the EFA, linoleic acid (18:2n6) and

linolenic acid (18:3n3), to long-chain PUFA (Sprecher, 1981).



A few experiments have been conducted in poultry evaulating the
desaturation and elongation of fatty acids. Chicken liver microsomal
A9-desaturase activity was influenced more by the degree of unsaturation
than by fatty acid chain length. In an experiment by Cho and Egwim
(1987), the chickens fed SFA (12:0, 14:0, 16:0, or 18:0) had similar
amounts of 18:1n9. However, the chickens fed 18:2n6é had considerably less
18:1n9 and more 18:2n6 in the microsomal lipids. The A9-desaturase
activity was depressed by the 18:1n9 and 18:2n6 diets (Cho and Egwinm,
1987). The A9-desaturase enzyme activity in abdominal fat pad tissue
was greater in the fat compared with the lean line of chickens (Legrand
and Lemarchal, 1989).

Since there is limited information in poultry about desaturation and
elongation of fatty acids, results from studies in rats are presented.
Brenner (1971) provides an excellent review of the factors affecting
desaturation and elongation in rat microsomes. Before desaturation a
fatty acid must be activated to an acyl-CoA by ATP, GTP, or CTP. The
desaturase enzymes are tightly bound to the endoplasmic reticulum and
require 02 and NADH or NADPH, although NADH is a little more effective
than NADPH. The microsome membrane must also contain the proper mixture
of phospholipids, triglycerides, and fatty acids. The A9-desaturases
and A6-desaturases were shown to be distinct and modified or induced by
different substrates. The distribution of these enzymes among the tissues
varies. The liver and the adrenals have the highest concentrations of

desaturase enzymes.



Other factors that affect desaturation include: the amount of
dietary carbohydrate, dietary protein, and/or hormone concentrations
(Brenner, 1971). For example, EFA deficiency, high dietary protein or
sufficient ATP all activate A6-desaturase. In contrast, fasting,
products of carbohydrate metabolism (glucose, fructose, or glycerol),
linoleic acid, arachidonic acid, or 1low protein diets depress
A6-desaturase activity (Brenner, 1981). Both A5- and Aé6-desaturase
activities were depressed to different extents by feeding a
protein-deficient diet to rats (Narce et al., 1988).

Hagve and Christophersen (1987) isolated hepatocytes from méle and
female rats fed an EFA-deficient diet. Hepatocytes from female rats
desaturated and elongated more 18:2n6 and 20:3n6 compared with
hepatocytes from male rats fed the same diet. They also demonstrated that
hepatocytes from the females synthesized more fatty acids from labeled
acetate. They suggested that extramitochondrial fg-oxidation
(peroxisomal) produced additional acetyl-CoA available for fatty acid

synthesis.

Tissue Lipids. Fatty acid composition of tissue lipids usually reflect
the dietary lipid fed. Embryonic chicken tissues incorporated fatty acids
from the yolk. However, during the later stages of embryonic development,
a significant amount of yolk fatty acids are desaturated and elongated
to PUFA that are incorporated into brain and eye phospholipids (Bordoni
et al., 1986). Anderson et al. (1989) found that the fatty acid content

of the neural tissue of a newly hatched chick could easily be modified
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through the diet of the laying hen. They demonstrated that the fatty acid
composition of the hen's yolk changed after four weeks on a semi-purified
diet containing 10% of the following oils: fish, linseed, soybean or
safflower. In mammalian tissues, feeding cod liver oil was shown to
enrich rat heart tissue with n-3 fatty acids (Gudbjarnason and
Oskarsdottir, 1977). Zuniga et &l. (1988) fed rats varying amounts of
18:2n6 and measured PUFA composition of the liver plasma membrane. As
dietary 18:2n6 increased, its conversion to 20:4n6 was also increased.
Dietary n-3 fatty acids, 20:5n3 and 22:6n3, displaced the 18:2n6 in the
membrane. Tahin et al. (1981) demonstrated that feeding vegetable oil,
animal fat, or cod liver oil to rats modified the membrane composition
of liver microsomes, heart mitochondria, and brain mitochondria and
microsomes. Rats fed cod liver oil incorporated n-3 fatty acids into the
membranes of the subcellular organelles. Fragiskos et al. (1986) showed’
that cardiac muscle phospholipids incorporated 20:5n3 and 20:4n6 equally,
but when the perfusate was enriched with 20:5n3, it displaced 20:4n6é in
isolated perfused rat heart.

Previous studies have shown chicken tissues to be readily modified
by dietary lipids (Miller et &l., 1967; Sahasrabudhe et 4l., 1985;
Watkins, 1988). Broilers fed a diet containing fish o0il showed
incorporation of n-3 fatty acids into the liver, heart, and edible
portions (Miller and Robisch, 1969). Tissues from broilers fed 0, 4, 8,
or 12% redfish meal (containing 10% 1lipid) for 42 days tissues were
organoleptically evaluated and the tissue fatty acid compositions

determined (Ratnayake et gl., 1989). The amounts of n-3 fatty acids in

11



the tissues rose as redfish meal content increased, but there were no

significant differences in tissue flavor due to diet.

Implications of Dietary Lipid . Nutritionists have sought ways to modify
the 1lipid metabolism of human patients for many years. Some
recommendations made to patients or even healthy individuals include:
reducing caloric, SFA, and cholesterol intake while increasing PUFA, fish
(n-3), and fiber consumption (Keys et al., 1957; Glueck, 1979; Surgeon
General's Report on Nutrition and Health, 1988; Burr et al., 1989). High
plasma cholesterol concentrations are associated with coronary heart
disease (Grundy, 1986; Surgeon General's Report on Nutrition and Health,
1988), though not everyone agrees (Smith, 1989). Hypertriglyceridemia,
however, may (Dolder and Oliver, 1975) or may not (Surgeon General's
Report on Nutrition and Health, 1988) be involved with atherosclerosis
or coronary heart disease. Vega and and Grundy (1988) reviewed the
pathogenesis of hypertriglyceridemia.

Dietary PUFA may be useful in reducing plasma triacylglycerols in
hypertriglyceridemic individuals (Grundy, 1975; Harris, 1989) and in
lowering total blood cholesterol concentrations in hypercholesterolemic
patients (Grundy, 1977). Elevating the polyunsaturate to saturate ratio
(P:S) was found to reduce the amounts of plasma triacylglycerols and
cholesterol in humans having normal plasma lipids (Shore et al., 1983).
Consumption of lipids having a P:S ratio of 2.0 for 14 days decreased
total cholesterol, but did not alter triacylglycerol concentrations in

normal subjects (Kraemer et al., 1982).

12



The n-3 PUFA reduced plasma triacylglycerol and cholesterol
concentrations to a greater extent than n-6 PUFA in human subjects (Bang
et al., 1971; Dyerberg et &l, 1978; Phillipson et &l., 1985; Boberg et
al., 1986; Kloer and Luley, 1988). In a recent review, Harris (1989)
summarized the effects of fish oil on the composition and metabolism of
plasma lipids and lipoproteins. The consumption of fish oils, compared
with other food lipids, usually depressed plasma triacylglycerols and
total cholesterol concentrations, but LDL cholesterol relative to HDL

cholesterol concentrations rose.

Animal Studies. The 1lipid lowering effects of n-3 PUFA have been
demonstrated in many species, including monkeys, rats, and chickens.
African green monkeys were fed 11% fish oil or lard for 2.5 yr, and those
fed fish oil secreted less hepatic triacylglycerol (Parks et al., 1990).
Plasma triacylglycerol concentrations, 1liver lipogenesis, and VLDL
triacylglycerol secretion rates from liver were lower in rats fed MaxEPA
(fish oil concentrate) compared with those fed safflower oil (Wong et
al., 1984). Plasma triacylglycerol and cholesterol concentrations were
reduced within two weeks in rats fed 10% fish oil compared to coconut and
safflower oils at the same concentration (Balasubramaniam et al., 1985).
Huang et al. (1986) fed rats varying combinations of safflower and Polepa
(fish o0il rich in n-3 PUFA) oils to total 10% of the diet by weight. Rats
fed more than 5% Polepa oil had decreased amounts of triaclyglycerols.
When rats were fed salmon oil, they had decreased plasma triacylglycerols

compared with those fed lard (Nalbone et gl., 1989). Triacylglycerol
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synthesis and secretion in cultured rat hepatocytes was decreased with
the addition of 20:5n3 (Nossen et &l., 1986; Strum-0din et al. 1987).

Not all studies with a high PUFA content have shown a decrease in
serum cholesterol. Garg et al. (1989) fed rats beef tallow or safflower
0il with or without linseed oil for 28 days. They found higher total
serum and liver cholesterol concentrations in rats fed safflower oil
compared to those fed the other diets. It appeared that 18:3n3 from the
linseed o0il decreased 1liver cholesterol and arachidonic acid
concentrations in serum and liver. Garg et 4l. (1990) fed rats a diet
containing low 18:2n6, but additional 18:3n3, and found serum and liver
microsomal membrane to contain 20:4n6 at concentrations similar to those
in rats fed 20:5n3.

When roosters were fed 10% MaxEPA, they also had decreased VLDL
triacylglycerol secretion rates and a trend toward decreased plasma

triacylglycerols (Daggy et al., 1987).

Genetics and Diet. Selection of specific strains or lines of animals have
proven valuable in evaluating the effect of nutrients on metabolism and/or
physiology. Shapira et al. (1978) reported that the lipogenic enzyme
activities in the liver and heart tissues were greatest in heavy compared
with light breeds of chickens fed ad libitum, but when these chickens were
force-fed, the lipogenic enzyme activities were highest in the light
compared with the heavy breed. MacLeod and Geraert (1989) reviewed the
energy metabolism of lean.and fat mammals and poultry. They concluded

that lean and fat lines of poultry partitioned a given amount of retained

14



energy differently. The fat lines exhibited a higher rate of protein
catabolism.

Two genetic lines of chickens were developed through many years of
bidirectional selection for body weight at 56 days of age (Siegel and
Wisman, 1962; Siegel and Dunnington, 1987). These lines differ in body
weight gain and feed conversion, irrespective of the diet (Siegel and
Wisman, 1962).

The lipid metabolism of chickens from these lines was studied by
Calabotta et &l. (1983, 1985). The LW males were found to incorporate
more !'“C-acetate into 1lipids in liver slices and had a greater
mobilization of free fatty acids from adipose tissue when compared with
HW males (Calabotta et al., 1983). When mature IW chickens were
force-fed, the abdominal and sartorial fat pads increased in DNA content
and [methyl-*H]thymidine uptakes, thus, indicating that LW chickens are

capable of increasing adipose cell number (Robey et al., 1988).

15



CHAPTER I

EFFECTS OF VARIOUS N-3 LIPID SOURCES ON

FATTY ACID COMPOSITIONS IN CHICKEN TISSUES
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INTRODUCTION

The beneficial health effects of dietary n-3 fatty acids, such as
those supplied by fish oil, have been shown to decrease plasma
triacylglycerols, very low density lipoproteins (VLDL) (Bang et al.,
1971; Dyerberg et &l., 1978), systolic blood pressure (Norris et al.,
1986), and platelet function (Goodnight et &l., 1981) in humans. Similar
lipid lowering effects of fish oil have been shown in other species.
Mature roosters fed 10% fish o0il exhibited decreased VLDL production
compared with those fed 10% corn o0il (Daggy et al., 1987).
Triacylglycerol production in cultured rat hepatocytes was decreased by
feeding n-3 fatty acids compared with n-6 fatty acids; perhaps due to
decreased triacylglycerol synthesis in combination with increased fatty
acid oxidation (Wong et &l., 1984). Strum-Odin et 4l. (1987) found that
rat hepatocyte triacylglycerol synthesis decreased with the addition of
20:5n3 to the media.

Many fish oils are potentially rich sources of n-3 polyunsaturated
fatty acids (PUFA). Some fish oils contain high concentrations of
eicosapentaenoic acid (20:5n3), docosapentaenoic acid (22:5n3), and
docosahexaenoic acid (22:6n3) (Ackman, 1982). The PUFA in fish 1lipids
have been shown to be digested and absorbed, and acylated within several
tissues and organs of rats (Singer et al., 1986; Socini et 4., 1983) and
chickens (Marion and Woodroof, 1963; Miller and Robisch, 1969).

The liver is the main site of de novo fatty acid synthesis in the

chicken (Leveille, 1969) and most of the total body lipid is of hepatic
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origin (0'Hea and Leveille, 1968). Dietary lipid has been shown to
influence lipogenesis in the growing chick (Yeh et 4l., 1970).
Differences in the fatty acid composition of the 1lipid source might
influence fatty acid synthesis and degradation in the liver and other
tissues. Dietary and de novo synthesized fatty acids may follow one of
a few metabolic pathways to polyunsaturation. These steps include
desaturation and elongation of the fatty acid. Desaturation is considered
to be the rate limiting step in the conversion of the essential fatty
acids, linoleic acid (18:2n6) and linolenic acid (18:3n3), to long-chain
PUFA (Sprecher, 1981). Polyunsaturates of the n-3, n-6, and n-9 pathways
were measured in tissues of chickens fed practical and purified diets
(Watkins and Kratzer, 1987).

Most of the triacylglycerol in ghicken plasma is present in the VLDL
fraction and the amount of triacylglycerol in VLDL can be used as an
indicator of body fatness in chickens (Whitehead and Griffin, 1982;
Grunder et &l., 1987). This analysis could be used to evaluate the
effectiveness of n-3 fatty acids in lowering triacylglycerol and VLDL
concentrations in the plasma.

Since chickens are omnivores, the fatty acid composition of their
tissue lipids can easily be modified by dietary fatty acids. Thus,
poultry meat can be enriched with n-3 fatty acids. Chicken products could
then provide a more economical source of these fatty acids compared with
the more expensive fish products for persons predisposed to

cardiovascular disease.
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The objectives of this study were to determine the extent that
poultry meat can be enriched with polyunsaturated n-3 fatty acids supplied
from various dietary lipid sources. The fatty acid compositions of lipids
in VLDL, livers, hearts, fat pads, brains, breast, and thigh muscles were
determined. The 1lipid content of 1livers, hearts, breast and thigh

muscles, and weights of abdominal fat pads were also measured.
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MATERTALS AND METHODS

Animals and Sampling. One-hundred and sixty male broiler! chicks were
individually wing-banded, weighed, and randomly placed in heated battery
brooders. Five pens of eight chicks were used for each dietary treatment.
The four dietary lipid treatments were: 1) linseed o0il?, high in 18:3n3;
2) menhaden o0il®, high in 20:5n3, 22:5n3, and 22:6n3; 3) soybean oil®,
high in 18:2n6 and low in 18:3n3; or 4) chicken fat®, the control lipid.
All dietary lipids were added at 50 g/kg of the diet. The basal diet was
formulated to meet or exceed the nutritional needs of the growing chick
(National Research Council, 1984). The composition of the basal diet is
listed in Table 1.

The menhaden oil diet was prepared frequently by adding the oil to
the basal ingredients and the finished diet was stored between 0-6 C.
During the first wk, the menhaden oil diet was replaced in the feeders
every 48 h and every 72 h thereafter. Feed not consumed was discarded.
Feed and water were provided ad Ilibitum.

At 56 days of age, 32 chickens (eight per dietary treatment) were

sampled following the morning weighing. Blood was collected by

Commerical, Ross x Ross 308.

Archer Daniels Midland Company, Decatur, IL.
Zapata Haynie Corporation, Reedville, VA.
Bunge Edible 0il Corporation, Chattanooga, TN.

Holly Farms Industries Incorporated, Wilkesboro, NC.
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intracardiac puncture using EDTA (2 mg EDTA/mL blood) as an anticoagulant.
The blood was kept on ice until centrifugation. The chickens were killed
by cervical dislocation. The abdominal fat pads, livers, hearts, brains,
pectoralis (breast) and thigh were surgically removed, weighed, and kept
on ice until freezing at -70 C for later lipid analyses.

The blood was centrifuged at 1,000 x g for 20 min, the plasma
removed and stored at 4 C until analyzed. Because of limited plasma, two
samples were pooled, for a total of four plasma samples per treatment.

The same tissue samples were pooled during other analyses.

Analytical Procedures. The total triacylglycerol content in plasma and
in the precipitated VLDL + LDL fraction (Whitehead and Griffin, 1982) was
determined in duplicate according to the method of Biggs et al. (1975).
Triolein® was prepared as the standard. The triacylglycerol
concentration (uM/mL) was determined from a standard curve.

Total lipids were determined gravimetrically in livers, hearts,
breast and thigh by chloroform:methanol (2:1, vol/vol) extraction
following the procedure of Folch et al. (1957). Lipids for fatty acid
analysis were extracted from pooled samples (Folch et al., 1957). The
lipid extract was saponified and methylated (Metcalfe et 4al., 1966) prior
to fatty acid analysis by capillary gas-liquid chromatography.

Fatty acid compositions of tissue lipids were measured using a

Hewlett-Packard, model 5890A gas chromatograph equipped with a DB 225

&  Nu-Chek-Prep, Elysian, MN.
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fused silica capillary column (30 m x .25 mm i.d., film thickness
.15um). 7 Helium served as the carrier gas at a flow rate of 3.5 mL per
min. The initial oven temperature was 196 C which was maintained for 12
min and increased at a rate of .9 C per min to a final temperature of 214
C and held for 20 min for a total run time of 52 min. The injector and
flame ionization detector temperatures were 250 C. Nitrogen was used as
the make-up gas for the detector.

An external standard was prepared from triacylglycerols and
methylated fatty acids.® The external standard was used to establish
retention times for each fatty acid. Fatty acid values were expressed
as weight percentages. The following fatty acids were not contained in
the external standard; 20:5n3, 22:5n6, and 22:5n3. Fatty acid methyl
esters from menhaden oil and chicken liver lipids were prepared and run
to obtain the retention times for each of these fatty acids. A response
factor of 1.0 was used in the calibration table for the fatty acids not
contained in the external standards based on analyses of menhaden oil and

chicken liver lipids.

Statistical Analyses. A completely randomized statistical design was
used to analyze dietary treatments as main effects (Steel and Torrie,

1980). Differences between treatment means were identified by Duncan's

7 J & W Scientific Company, Rancho Cordova, CA.

®  Nu-Chek-Prep, Elysian, MN.
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multiple range test (Steel and Torrie, 1980). Significance implies (P <

.05) unless otherwise noted. The statistical model was:
Yij=y+Di+eij

where i = 1..n dietary lipids and j = 1..n individuals.
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RESULTS AND DISCUSSION

Fatty acid compositions of the dietary lipids are shown in Table
2. The linseed oil source contained the greatest concentration of 18:3n3,
while the menhaden o0il source had the highest concentrations of 14:0,
16:1n7, 20:5n3, 22:5n3, and 22:6n3. The soybean oil source was highest
in 18:2n6, and the chicken fat contained the greatest concentrations of
16:0, 18:0, and 18:1n9. Polyunsaturates were highest in the linseed oil
while the chicken fat contained the greatest amounts of monounsaturates.
The menhaden o0il and chicken fat lipids contained more saturated fatty
acids compared with the linseed oil and soybean oil lipids.

An unknown peak (retention time = 22.3 min) was found that
immediately followed the peak for 18:3n3 (retention time = 21.3 min).
The peak represented approximately 3% of the total area percent but was
not included in the analysis since its identity could not be confirmed.
However, menhaden oil was found to contain between 2.1 and 2.8% 18:4n3
(Ackman, 1982) which may have been present in the menhaden 0il fed in the
present investigation. In addition, fatty acid analysis of menhaden oils
demonstrate more than one 18:1 isomer (Ackman, 1982). Unfortunately, we
were unable to resolve the 18:1 isomers in our study. The standard
contained only 18:1n9 and the chromatograms contained one peak at the
retention time for oleate.

Total 1lipid content in the livers was greatest for chickens fed
chicken fat indicating that.poultry fed this fat synthesized and/or stored

more liver lipid compared with chickens fed the other lipid sources (Table
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3). When liver lipid content was expressed as a percent of liver, the
value for the chicken fat group was also the highest when compared with
the linseed o0il, menhaden o0il, and soybean oil treatments (7.5 ys. 6.2,
6.4, and 6.0). Donaldson (1979) suggested that polyunsaturates,
particularly linoleate and arachidonate, lowered hepatic fatty acid
synthase activity. However, a more saturated fat such as chicken fat may
not depress lipogenesis. Perhaps chickens fed chicken fat synthesized
or stored more triacylglycerol in the liver.

Liver weight expressed as a percentage of body weight was lowest for
chickens fed chicken fat. The abdominal fat pad weight (as a peréentage
of body weight) was greatest for chickens fed chicken fat, .75 compared
to .22, .24, and .13 on for linseed o0il, menhaden oil, and soybean oil,
respectively. There were no differences in the lipid content values for
the hearts, breasts or thighs.

Plasma VLDL + LDL triacylglycerol concentrations were significantly
different at P < .07 (Table 3). The chickens‘fed menhaden oil and the
other polyunsaturated lipid sources had lower plasma triacylglycerol
concentrations compared with values for those fed chicken fat. A decrease
in triacylglycerol synthesis by the liver could result in lower amounts
of triacylglycerol in the VLDL + LDL fraction. Kohout et al., (1971)
found increased triacylglycerol synthesis with fatty acids greater than
12 carbons in length, but a decrease in triacylglycerol synthesis with
fatty acids containing several double bonds.

Fatty acid composition of the VLDL + LDL fraction revealed that

chickens fed linseed oil had the greatest amount of 18:3n3, while the
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group fed menhaden oil had the highest concentrations of 20:5n3, 22:5n3,
and 22:6n3 (Table 4). The chickens fed soybean o0il had the largest
amounts of 18:2n6 and 20:4n6. Lipoproteins from chickens fed chicken fat
contained more saturated and monounsaturated fatty acids compared with
those fed the other lipid sources (Table 4). The fatty acid compositions
were very similar to those in the respective lipid sources. This response
would suggest that the VLDL carried the dietary fatty acids to the tissues
where they were incorporated into lipids or further metabolized.

The chickens fed linseed o0il had the greatest concentrations of
18:3n3 and 20:5n3 (Table 5) and relatively high amounts of 22:5n3 and
22:6n3 in liver tissue. The chickens fed linseed o0il seemed to convert
18:3n3 to 20:5n3 since 20:5n3 was quite high in liver. On the other hand,
chickens fed menhaden o0il had the greatest concentrations of 14:0, 16:0,
22:5n3, and 22:6n3 in liver compared with all the other treatments.
Chickens fed either linseed oil or menhaden oil had decreased amounts of
20:4n6 compared with the chickens fed soybean o0il and chicken fat.
Perhaps this was because of more n-3 fatty acids in linseed o0il and
menhaden oil and/or decreased formation of 20:4n6. The n-3 fatty acids
have been shown to be used preferentially by the A6-desaturase enzyme
system in contrast to n-6 fatty acids so that 20:4n6 production is
decreased (Simopoulos, 1988a). The group fed soybean oil had the highest
concentrations of 18:2n6 and 20:2n6 while chickens fed chicken fat had
the most 16:1n7, 18:1n9, 20:4n6, and 22:4n6 in liver (Table 5).

The chickens fed linseed oil had the most 18:3n3 in heart tissue,

but the chickens fed menhaden oil had the greatest amounts of 14:0, 16:0,
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16:1n7, 17:0, 20:1n9, 20:5n3, 22:5n3, and 22:6n3 in heart (Table 6).
Chickens fed linseed or menhaden oils had higher concentrations of 20:5n3
compared with the fatty acid compositions of hearts in chickens fed
soybean o0il and chicken fat. The soybean o0il treatment had the most
18:2n6 and the chicken fat treatment had the highest amounts of 18:1n9,
20:2n6, 20:4n6, and 22:4n6 in heart lipids. The amount of 20:4n6é was the
same in chickens fed soybean oil and chicken fat, but lowest in chickens
fed linseed and menhaden oils. The data agree with those of Holmer and
Beare-Rogers (1985) who found that cod liver oil was the most effective
lipid in reducing the 20:4n6 content in rat hearts.

Fatty acid compositions of the fat pads indicated that a greater
percentage of the medium-chain length fatty acids were incorporated into
the tissue compared with the fatty acid compositions in livers and hearts
(Table 7). The fat pad fatty acids were composed of larger amounts of
18:1n9, which is the primary fatty acid in adipose tissue of many species,
including the chicken and man (Hilditch and Williams, 1964). The
long-chain fatty acids were in much lower concentrations in the adipose
tissue compared to the vital organs.

Chickens consuming linseed oil had the largest amount of 18:3n3 in
fat pads, while those fed menhaden oil had the greatest concentrations
of 14:1, 16:0, 16:1n7, 17:0, 18:0, 18:3n6, 20:1n9, 20:3n6, 20:4n6, 20:5n3,
and 22:5n3 in this tissue. Chickens fed menhaden o0il were the only ones
to exhibit any amounts of 22:5n3 and 22:6n3 in the adipose tissue. Singer
et al. (1986) found that cod liver oil increased the 20:5n3, 22:5n3, and

22:6n3 concentrations in the adipose tissue of rats. The fat pad of
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chickens fed soybean oil exhibited the most 18:2n6, 20:0, and 20:2n6.
Chickens fed chicken fat had the greatest concentration of 18:1n9 in fat
pads (Table 7).

Brain tissue contained approximately the same amounts of 16:0,
18:0, and 18:1n9 regardless of the dietary lipid fed. Brain 1lipid
contained more long-chain polyunsaturated fatty acids compared with the
other tissues (Table 8). The chickens fed linseed or menhaden oils had
the most 20:5n3 and 22:5n3 and lowest concentrations of 20:4n6. However,
the chickens fed soybean oil had amounts of 22:6n3 similar to that of
chickens fed linseed and menhaden oils. The chickens fed soybean oil and
chicken fat had the most 20:4n6 in brain 1lipids. All groups had
relatively high concentrations of n-3 fatty acids, particularly 22:6n3.
The 22 carbon fatty acids have been shown to be necessary for proper brain
development and function (Neuringer and Connor, 1986). Watkins and
Kratzer (1987) reported high concentrations of long-chain n-3 fatty acids
in chicken brain lipids.

The amounts of 18:3n3 were highest in breast and thigh muscle tissue
of chickens fed linseed oil (Tables 9 and 10). The chickens fed menhaden
oil had the greatest concentrations of 14:0, 15:0, 17:0, 20:1n9, 20:5n3,
22:5n3, and 22:6n3. Chickens fed either linseed or menhaden oils had
lower amounts of 20:4né6 compared with those concentrations in chickens
fed soybean o0il or chicken fat. The group fed soybean oil had the most
18:2n6 while chickens fed chicken fat had the greatest amounts of 18:1n9,
20:2n6, 20:3n6, 20:4n6, and 22:4n6 in muscle tissues (Tables 9 and 10).

These results agree with the findings of Marion and Woodroof (1963) who
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found that the fatty acid composition in broiler tissues was easily
influenced by dietary lipid. Miller and Robisch (1969) found that n-3
fatty acids were incorporated into the muscle tissues of broilers fed fish
oil at 1.5 or 2.5% of the diet. The fatty acid composition of the breast
and thigh tissue in the present study were similar although 18:2né6
concentrations decreased. This difference might be accounted for by the
inclusion of wheat into the basal diet which is lower in linoleate
compared with corn, which was fed in the previous studies of Miller and
Robisch (1969).

Muscle tissues (breast and thigh) of chickens fed linseed or
menhaden oils contained the most n-3 fatty acids. Feeding soybean oil
resulted in the highest concentration of n-6 fatty acids in muscle tissue,
and chickens fed chicken fat maintained the greatest concentrations of
monounsaturates. As expected, chickens fed the highly unsaturated
lipids, 1linseed and soybean oils, had the largest ratios of
polyunsaturates/saturates in muscle.

Hearts, fat pads, breast and thigh muscles from chickens fed
menhaden oil contained less than two percent of the unknown fatty acid.
If this component is 18:4n3, then our values would be slightly higher than
those reported by Miller et &l. (1969) in meat of chickens fed menhaden
oil.

Historically, several studies have been conducted to evaluate the
effects of feeding fish products (meal and o0il) on the flavor of poultry
meats. The organoleptic séores for breast and thigh meats from chickens

fed menhaden o0il became less acceptable as the concentration of oil in
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the diet rose (Miller and Robisch, 1969; Miller et al., 1969). Meat from
turkeys fed supplemental fish o0il received organoleptic scores that
indicated it was less acceptable than meat from turkeys fed saturated fats

or additional DL-a-tocopherol (Crawford and Kretsch, 1976).
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SUMMARY

The data suggest that dietary n-3 fatty acids influence the fatty
acid composition in several chicken tissues. When fed high concentrations
of 18:3n3 (linseed o0il treatment), chickens formed 20:5n3, and the
conversion of 18:2n6 to 20:4né6 was decreased. When the diet contained
high amounts of 18:2n6 (soybean oil treatment), formation of 20:4né6 was
increased. These conclusions are based solely on the fatty acid
compositions of tissue lipids, but the data would seem to indicate that
dietary sources of n-6 and n-3 fatty acids influence flux through pathways
generating long-chain PUFA in the fowl. In the chicken, linseed oil led
to enrichment of 20 and 22 carbon n-3 fatty acids in different tissues.
A dietary source of 18:3n3, such as LO, can serve as a substrate for
20:5n3. In this experiment, both linseed and menhaden oils elevated
20:5n3 in chicken tissues compared with soybean oil and chicken fat. This
increase in long-chain n-3 fatty acids would contribute to the diet of

humans consuming chicken meat.
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Table 1. Composition of the basal diet

Ingredient Amount
Soybean meal 360 g/kg diet
Ground wheat 533

Dietary lipid! 50
CaHPO,*2H20 25

CaCO3; 10

Vitamin premix? 10

Mineral premix? 8
DL-Methionine 3
Calculated nutrijent analysis

Metabolizable energy 2981 kcal/kg
Crude protein _ 228 g/kg

0ne of four dietary lipids: LO, Linseed oil; MO, Menhaden oil, special
process menhaden oil; SBO, Soybean oil; CF, Chicken fat.

2Contained per kg diet: vitamin A, 2,000 IU; vitamin D3, 400 ICU;
vitamin E, 20 IU; vitamin K, 1.0 mg; riboflavin, 3.6 mg; pantothenic acid,
10.0 mg; niacin, 27.0 mg; vitamin Biz2, .009 mg; choline, 1500 mg; folic
acid, .55 mg; thiamin, 1.80 mg; pyridoxine, 3.0 mg; biotin, .4 mg;
ethoxyquin, 133 mg.

3Contained per kg diet: iodized NaCl, 4,000 mg; MnSO,eH,0, 184.6 mg;
ZnO, 50.0 mg; FeSO4¢7H2.0, 400 mg; CuSO4¢5H.0, 31.5 mg; KIO3, .3 mg;
NazSe03, .32 mg.
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Table 2. Fatty acid composition (weight 2) of dietary lipids

Dietary lipids

Fatty acid LO MO SBO CF

14:0 ND 9.03 ND 1.37
15:0 ND .58 ND ND
16:0 5.38 22.75 10.61 24.22
16:1n7 ND 13.86 ND 8.50
18:0 3.35 3.90 4.28 5.57
18:1n9 17.85 10.94 22.55 41.16
18:2n6 17.23 1.36 54.55 18.41
18:3n6 ND .38 ND ND
18:3n3 56.20 1.15 7.29 .78
20:0 ND .33 .32 ND
20:1n9 ND 2.28 ND ND
20:2n6 ND .23 ND ND
20:3n6 ND .28 ND ND
20:4n6 ND 1.25 ND ND
20:5n3 ND 18.02 ND ND
22:0 ND ND 0.41 ND
22:5n3 ND 2.75 ND ND
22:6n3 ND 10.90 ND ND
Total né 17.23 3.50 54.55 18.41
Total n3 56.20 32.82 7.29 .78

L0, Linseed oil; MO, Menhaden oil;
ND = Not detected.

SBO, Soybean oil; CF, Chicken fat.
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Table 3. Tissue lipid content, values for plasma VLDL + LDL
triacylglycerol, and plasma triacylglycerol content

Dietary lipids

Measurement Lo MO SBO CF Pooled SEM

Liver weight 1.758P  1.968 1,788 1.63P .08
(per 100 g body weight)

Liver lipid 108 126 107 124 9.2
(mg/100 g body weight)

Breast muscle lipid 223 257 168 265 54.3
(mg/100 g tissue)

Thigh muscle lipid 225 313 283 309 32.4
(mg/100 g tissue)

Total liver lipid 2.02b  2.59P  2.20P  3.632 .26
(8)

Total heart lipid 1.20 1.10 1.04 1.28 0.13
(8)

Plasma VLDL + LDL .19P .19P .23P .378 .05
triacylglycerol
(uM/mL)

Plasma triacylglycerol .22 .24 .30 .38 .05

(uM/mL)

LO, Linseed oil; MO, Menhaden oil; SBO, Soybean oil; CF, Chicken fat.

8°PMeans within rows with no common superscripts are significantly
different (P < .05; however, plasma VLDL + LDL triacylglycerol, P < .07).
Liver, heart, breast and thigh muscle 1lipid measurements,

plasma measurements, n = &4,

n = 8;

all
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Table 4. Fatty acid composition (weight 2) of the plasma VLDL + LDL
fraction in chickens at 56 days of age

Fatty Dietary lipids Pooled
acid LO MO SBO CF SEM
16:0 13.35¢ 18.794 16.00b 19.918 .83
16:1n7 .32b 1.448 .11b 1.828 .20
18:0 13.55b 10.57¢ 13.80P 16.258 A
18:1n9 6.09bc 4. 64C 7.00b 14.8348 .64
18:2n6 21.42b ~ 9.89C 34.798 25.28b 2.28
18:3n3 8.158 .14b 1.22b .26b .90
20:3n6 .42 ND .56 42 .17
20:4n6 2.81b 2.07b 8.374 7.168 .81
20:5n3 4.93b 11.128 .21¢ ND .74
22:5n3 1.33b 3.638 .13¢ ND .30
22:6n3 2.75b 9.528 1.55bc .60C .63
Total né 24.65 11.96 43.72 32.86

Total n3 17.16 264.41 3.11 .86

LO, Linseed oil; MO, Menhaden oil; SBO, Soybean o0il; CF, Chicken fat.
8°CMeans within rows with no common superscripts are significantly
different (P < .05), n = 4. ND = Not detected.
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Table 5. Fatty acid composition (weight %) of chicken liver
lipids at 56 days of age

Fatty Dietary lipids Pooled
acid LO MO SBO CF SEM
14:0 ND 1.118 .34b .32b .17
16:0 12.86b 22.628 18.628 19.958 1.34
16:1n7 ND 1.308b .39bc 1.848 .38
17:0 .26 .33 .27 .15 .10
18:0 22.59 21.21 23.70 22.26 1.20
18:1n9 5.80b 5.13b 8.18b 15.188 2.04
18:2n6 19.48b 10.58¢ 28.204 19.60b .99
18:3n3 6.78a 0.20b 1.16b .29b WA
20:1n9 ND .27 ND .26 .09
20:2n6 .54b .24C 1.082 .80b .09
20:3n6 .62 .32 .64 .81 .17
20:4n6 5.14b 2.97b 12.628 12.668 1.61
20:5n3 14.844 10.35b .38C .10¢ 1.41
22:4n6 ND .06b .8648 .938 .20
22:5n6 ND ND .27 1.96 .73
22:5n3 5.54b 8.6348 .90¢ .83¢ A
22:6n3 5.55b 14.668 2.38¢ 2.06¢ .86
Total né 25.78 14.17 43.67 36.76

Total n3 32.71 33.84 4.82 3.28

LO, Linseed oil; MO, Menhaden oil; SBO, Soybean oil; CF, Chicken fat.
8°CMeans within rows with no common superscripts are significantly
different (P < .05), n = 4., ND = Not detected.
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Table 6. Fatty acid composition (weight %) of chicken heart
lipids at 56 days of age

Fatty Dietary lipids Pooled
acid L0 MO SBO CF SEM
14:0 .07b 1.728 .26b .36b J11
14:1 ND .12 ND ND .04
15:0 ND .24 ND ND .02
16:0 13.22¢ 21.99a 17.00b 20.734 .48
16:1n7 1.46¢ 6.248 1.81¢ 3.69b .59
17:0 .12bc .458 .26b .07¢ .05
18:0 14.27 12.93 12.46 14.31 .94
18:1n9 14.33b 11.82b 16.31ab 20.988 1.59
18:2n6 27.50b 16.01d 36.738 24.39¢ .89
18:3n6 ND .10 .09 .16 .10
18:3n3 18.21a 1.01¢ 2.62b . 64C .38
20:0 .07 .03 .07 ND .03
20:1n9 .23c¢ .868 .32¢C .55b .05
20:2n6 .52b .35b .89 .91a .09
20:3n6 .56 .62 42 .73 .09
20:4n6 5.47¢C 7.06bc 9.458b 10.918 1.08
20:5n3 2.76b 8.298 .11¢ ND .66
22:4n6 ND .16¢ .84b 1.238 .10
22:5n6 ND ND ND .07 .04
22:5n3 .78b 2.818 .21bc .14¢ .19
22:6n3 .42b 7.208 .16b .04b .21
Total né 34.05 24.30 48.42 38.40

Total n3 22.17 19.31 3.10 .82

LO, Linseed oil; MO, Menhaden oil; SBO, Soybean oil; CF, Chicken fat.
8°0Means within rows with no common superscripts are significantly
different (P < .05), n = 4. ND = Not detected.

37



Table 7. Fatty acid composition (weight 7) of chicken fat pad

lipids at 56 days of age

Fatty Dietary lipids Pooled

acid LO MO SBO CF SEM
14:0 .20 1.73 .23 .36 .46
14:1 ND .11a ND .06ab .03
15:0 ND .26 ND ND .03
16:0 15.144 29.808 17.96¢ 25.31b .62
16: 1n7 2.65C 10.768 1.33¢ 7.40b .46
17:0 0.19b .488 .26b . .14b .03
18:0 7.19b 9.668 9,208 6.83b 47
18:1n9 25.09b 20.22¢ 24.19b 38.428 1.09

t18:2n6 ND .12 ND .09 .02
18:2n6 21.92b 15.40d 42.048 19.02¢ .57
18:3n6 .01b .234 .158 .178 .03
18:3n3 26.728 1.68b 3.19b 1.09b .90
20:0 .06C .16b .228 .02¢ .02
20:1n9 .44b 1.784 .48b .50b .10
20:2n6 .18b .22b .318 .17b .02
20:3n6 ND .21a .o7b .10b .01
20:4n6 .14¢ .708 .35b .30b .03
20:5n3 .04b 2.552 ND ND .21
22:0 ND ND .03 ND .01
22:1n9 ND .09 ND ND .02
22:4n6 ND .05 ND ND .02
22:5n3 .02b .928 ND ND .18
22:6n3 ND 2.87 ND ND .09

Total né 22.25 16.93 42.92 19.85

Total n3 26.78 8.02 3.19 1.09

L0, Linseed oil; MO, Menhaden oil;

a=-

Gl

Means within
different (P < .05), n = &,

SBO, Soybean oil; CF, Chicken fat.
rows with no common superscripts are significantly

ND = Not detected.
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Table 8. Fatty acid composition (weight Z) of chicken brain

lipids at 56 days of age
Fatty Dietary lipids Pooled
acid LO MO SBO CF SEM
14:0 ND 1.31 ND ND .65
15:0 ND .16 ND ND .08
16:0 23.63 24.74 25.38 24.47 .65
16:1n7 .75 1.95 A .71 .45
17:0 ND .10 ND ND .05
18:0 18.34 18.04 20.76 21.78 1.31
18:1n9 18.61 17.29 16.96 14.60 1.54
18:2n6 1.36 3.19 1.55 .67 1.36
18:3n6 ND .08 ND ND .04
18:3n3 .16 .34 ND ND .19
20:1n9 .69 .71 .36 .35 .20
20:2n6 ND .23b ND 1.438 .19
20:3n6 1.00 41 .52 .66 .15
20:4n6 6.86b 5.02b 11.118 10.918 .68
20:5n3 5.65 4.31 ND ND 2.12
22:4n6 1.20¢ .58¢ 4.708 2.81b .30
22:5n6 ND ND 3.41b 11.038 1.04
22:5n3 3.52 3.97 ND ND .88
22:6n3 18.2348 17.564 14.81ab 10.57b 1.65
Total né 10.42 9.51 21.29 27.51
Total n3 27.56 26.18 14.81 10.57

LO, Linseed oil; MO, Menhaden oil; SBO, Soybean oil; CF, Chicken fat.
8°CMeans within rows with no common superscripts are significantly
different (P < .05), n = 4. ND = Not detected.
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Table 9. Fatty acid composition (weight %) of chicken pectoralis
(breast) lipids at 56 days of age

Fatty Dietary lipids Pooled
acid LO MO SBO CF SEM
14:0 .28b 4.078 .26b .68b .27
15:0 .os5b .568 .o7b ND .05
16:0 16.44C 23.334 18.83b 23.818 .67
16:1n7 1.06b 5.694 1.06b 4.518 .40
17:0 .16b .438 .19b .04b .05
18:0 9.53 10.78 9.88 10.06 .59
18:1n9 19.57b 13.10¢ 21.08b 28.728 1.26
18:2n6 22.29b 11.63d 38.594 19.55¢ 47
18:3n6 .23 .24 .11 .99 .48
18:3n3 22.978 1.24b 3.10b .71b .84
20:0 ND ND .06 ND .02
20:1n9 .05¢ .648 .22bc .31b .08
20:2n6 .32b ND .53a .638 .05
20:3n6 .54b .36b .44b .858 .09
20:4n6 1.66b 2.04b 4.068b 5.828 .84
20:5n3 1.79b 11.118 ND ND .73
22:4n6 ND ND .77 1.41 .23
22:5n6 ND ND ND .35 J11
22:5n3 1.93b 5.648 .21¢ .47¢ .38
22:6n3 1.12b 9.148 .54b 1.07b .36
Total né 25.04 14.27 44.50 . 29.60

Total n3 27.81 27.13 3.85 2.25

Saturates 26.46 39.17 29.29 34.59
Monounsaturates 20.68 19.43 22.36 33.54
Polyunsaturates 52.85 41.40 48,35 31.85

P/S 2.00 1.06 1.65 .92

LO, Linseed o0il; MO, Menhaden oil; SBO, Soybean oil; CF, Chicken fat.
8°CMeans within rows with no common superscripts are significantly
different (P < .05), n = 4. ND = Not detected.
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Table 10. Fatty acid composition (weight %) of chicken thigh
lipids at 56 days of age

Fatty Dietary lipids Pooled
acid LO MO SBO CF SEM
14:0 .30¢ 2.87a .24¢C .70b .07
14:1 ND .06 ND .05 .04
15:0 .06b .358 ND ND .05
16:0 15.25b 24,498  17.43b 23,418 .79
16:1n7 1.24b 6.878 1.52b 5.268 .58
17:0 .19b 478 .17b .05b .05
18:0 10.29 11.56 9.50 10.63 .66
18:1n9 19.17b  13.39¢  20.83b  29.07a 1.20
18:2n6 23.36P 13,364  41.038  21.26¢ 46
18:3n6 .08b .588 .12b ND .08
18:3n3 24.198 1.32¢ 3.54b .82¢ .65
20:0 ND ND .03 ND .01
20:1n9 .12b .788 .26b .32b .08
20:2n6 .21b .15b .448 .498 .06
20:3n6 .39b .43b .32b .648 .05
20:4n6 1.51b 2.17b 3.478b 5 178 .62
20:5n3 1.24b 7.258 ND ND .53
22:4n6 ND ND .46b 1.268 .19
22:5n6 ND ND ND .13 .07
22:5n3 1.51b 4.098 .28b .41b .54
22:6n3 .91b 9.828 .34b .35b .35
Total né 25.55 16.69 45.84 28.95

Total n3 27.85 22.48 4.16 1.58
Saturates 26.09 39.74 27.37 34.79
Monounsaturates 20.53 21.10 22.61 34.70
Polyunsaturates 53.40 39.17 50.00 30.53

P/S 2.05 .99 1.83 .88

L0, Linseed oil; MO, Menhaden oil; SBO, Soybean oil; CF, Chicken fat.
8°CMeans within rows with no common superscripts are significantly
different (P < .05), n = 4, ND = Not detected.
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CHAPTER 1II

LIPID MEASUREMENTS IN CHICKENS FED DIFFERENT

COMBINATIONS OF CHICKEN FAT AND MENHADEN OIL
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INTRODUCTION

Coronary heart disease is a major health problem in developed
countries. Dietary lipids are considered to be one of the risk factors
which can predispose individuals to atherosclerosis and coronary heart
disease (Jones, 1974; WHO, 1982; Surgeon General's Report on Nutrition
and Health, 1988).

Dietary supplementation with polyunsaturated n-3 fatty acids, such
as those found in fish oil, were shown to decrease plasma triacylglycerols
(Bang et al., 1971; Boberg et al., 1986) and reduce postprandial
triglyceridemia (Harris et &l., 1988) in humans. In a recent review,
Harris (1989) summarized the effects of fish o0il on: 1) plasma lipid and
lipoprotein concentrations; 2) plasma lipid and lipoprotein composition;
and 3) lipoprotein metabolism. In general, consumption of fish oils
compared with other food 1lipids, depressed plasma triacylglycerol and
total cholesterol concentrations, but LDL cholesterol rose relative to
HDL cholesterol concentrations.

Animal studies were conducted to further examine the effects of
dietary n-3 fatty acids on lipid metabolism. It appears that the
absorption and transport of n-3 fatty acids are similar to other
long-chain polyunsaturated fatty acids in animals and humans (Nelson and
Ackman, 1989). When rats were fed salmon oil, they had decreased plasma
triacylglycerols compared with those fed lard (Nalbone et a&l., 1989).
Wong et al. (1984) found that rats fed fish oil had reduced plasma

triacylglycerols, liver lipogenesis, and very low density lipoprotein
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(VLDL) triacylglycerol secretion rates compared with those fed safflower
oil. Mature roosters fed fish oil had lowered VLDL triacylglycerol
secretion rates and plasma triacylglycerol concentrations compared with
roosters fed corn oil (Daggy et a&l., 1987).

Simopoulos (1988b) has proposed that the high fat diets of humans
in Western-industrialized countries are deficient in n-3 fatty acids.
The n-6:n-3 ratio in this type of diet ranged from 10:1 to 14:1 compared
with 1:1 for diets consumed by wild animals. She recommended striving
for a ratio of 1:1 in Western-industrialized diets to correct the
n-6:n-3 fatty acid imbalance, and thereby reduce the arachidonic acid
metabolites which may lead to coronary thrombosis.

The degree of saturation in dietary fats also plays a role in the
development of atherosclerosis (Keys et al., 1957; FAO/WHO, 1977). The
Food and Agriculture Organization (1977) promotes increasing the ratio
of polyunsaturated to saturated fatty acids (P:S) in human diets to
prevent atherosclerosis and coronary heart disease. Consumption of
highly unsaturated n-3 fatty acids in fish oils would help to reduce the
concentration of saturated fatty acids in plasma.

The specific amount of dietary fish oil necessary to decrease plasma
triacylglycerols in humans or poultry is not known. The present study
was conducted to determine the amount of n-3 fatty acids required to
decrease plasma triacylglycerols in chickens. The chicken was selected
as the animal model for this experiment because liver is the primary site
for fatty acid synthesis '(O'Hea and Leveille, 1969). Dietary lipid

sources, chicken fat (CF) and menhaden oil (MO) were fed in combinations
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that provided a wide range of n-6 and n-3 fatty acids and P:S fatty acid
ratios. Chicken fat is relatively high in saturates and n-6 fatty acids
(Pereira et al., 1976) while MO is high in n-3 and long-chain
polyunsaturated fatty acids (Phetteplace and Watkins, 1989; Ackman,
1982). Chicken fat provided a n-6:n-3 ratio of 24:1 while menhaden oil

provided a n-6:n-3 ratio of .1:1.0. The P:S ratios for CF and MO were

.72 and 1.38, respectively.
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MATERIALS AND METHODS

Animals and Sampling. Seventy-two male broiler chicks were individually
wing-banded, weighed and randomly placed in a temperature-controlled
battery brooder with raised wire floors. A practical basal diet (Table
1) was fed containing one of six chicken fat:menhaden o0il combinations
(CF:MO, wt/wt) at 50 g/kg diet. The CF:MO treatments were 1) 100:0; 2)
80:20; 3) 60:40; 4) 40:60; 5) 20:80; and 6) 0:100. The CF was a commercial
feedfat source® the MO!® was rich in 20:5n3 and 22:6n3. The basal diet
was formulated to meet or exceed the nutrient requirements for the growing
chick (National Research Council, 1984). TFeed and water were offered ad
libitum, and the chickens were maintained on continuous light (24 h
light:0 h dark). The diets containing MO were prepared frequently by
adding the oil to the basal ingredients, and the finished diets were
stored between 0 and 6 C until fed. Fresh feed was added to the feeders
every 48 h.

Blood samples for triacylglycerol analysis were obtained at 42 and
45 days of age via the brachial vein. Blood was collected into an
EDTA-coated (2 mg EDTA/mL blood) syringe and kept on ice until
centrifugation. On day 45, chickens were killed by cervical dislocation
following the blood sampling. The abdominal fat pad, liver, and heart

were surgically removed, weighed and kept on ice until frozen at -20 C

® Holly Farms Industries Incorporated, Wilkesboro, NC.

19 Zapata Haynie Corporation, Reedville, VA.
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for later lipid analyses. A total of six chickens (fed-state) per dietary

treatment were randomly selected for all analyses.

Analytical Procedures. Blood was centrifuged at 1,000 x g for 20 min.
The plasma was removed and stored at 4 C until analyzed. Triacylglycerol
content of plasma (Biggs et &l., 1975) and very low density plus low
density lipoprotein (VLDL + LDL) fractions (Whitehead and Griffin, 1982)
was determined in duplicate. Liver triacylglycerols were determined by
first extracting the tissue using chloroform:methanol (2:1, vol/vol)
following the procedure of Folch et al. (1957), evaporating the extracted
lipid to dryness, adding 2 mL heptane, then following the procedure of
Biggs et al. (1975). Triolein!! was wused as the standard.
Triacylglycerol concentrations (uM/mL) were determined from a standard
curve. Plasma triacylglycerol concentrations were expressed as uM/mL
plasma and uM/g liver.

Total liver lipids were determined gravimetrically by extraction
with chloroform:methanol (2:1, vol/vol) (Folch et al., 1957). Lipids for
fatty acid analyses were obtained from four chickens per treatment and
extracted (Folch et al., 1957). Prior to fatty acid analysis by capillary
gas-liquid chromatography (GLC), the lipid extract was saponified and
methylated using 12% boron trifluoride following the procedure of

Metcalfe et al. (1966).

1 Nu-Chek-Prep, Elysian, MN.
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Individual fatty acid concentrations in lipid sources and tissue
lipids were measured using a gas chromatograph (Hewlett-Packard, Model
5890A) equipped with a DB 225 fused silica capillary column (30 m x .25
mm i.d., film thickness .15 um).}? The initial oven temperature (196 C)
was maintained for 12 min then increased at a rate of .9 C/min to a final
temperature of 214 C. Total run time was 40 min. The injection port and
flame jionization detector temperatures were 250 C. Nitrogen was used as
the make-up gas for the detector and helium served as the carrier gas.

An external standard was prepared from triacylglycerols and
methylated fatty acids.!?® The extefnal standard was used to determine
retention times for each fatty acid and to develop the calibration table.
Prior to methylation of the external standard and the tissue 1lipid
extracts, a known volume of internal standard (methyiated heptadecenoic
acid) was added. Fatty acid methyl esters of MO and chicken liver lipids
were prepared and run to obtain the retention times for three fatty acids
(20:5n3, 22:5n6, and 22:5n3) not contained in the external standard. A
response factor of 1.0 was used in the calibration table for the fatty
acids not contained in the external standard based on analyses of MO and
chicken liver lipids. All fatty acid concentrations in tissues were
expressed as ug/g wet tissue. TFatty acid compositions of dietary lipids

were expressed as g/100 g of fatty acid methyl esters.

12 J & W Scientific Company, Rancho Cordova, CA.

13 Nu-Chek-Prep, Elysian, MN.
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Statistical Analyses. A completely randomized statistical design was
used to analyze the dietary treatment effects on measured responses.
Differences between treatment means were identified by
Student-Neuman-Kuels post-priori test (Steel and Torrie, 1980).
Significance implies (P < .05) unless otherwise noted. The statistical

model was:

Yij=u+Di+eij

where i = 1...6 dietary lipids and j = 1,2...n individuals.
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RESULTS

Fatty acid compositions of the dietary lipids are presented in Table
2. The analysis showed that as the amount of menhaden oil increased so
did the amounts of 17:0, 20:5n3, 22:5n3, 22:6n3, and total unsaturates.
Total n-3 fatty acids and the P:S ratios were greater as the MO content
increased. As the amount of CF increased in the lipid treatments, the
concentrations of 16:0; 18:1, 18:2n6, total saturates, total n-6 fatty
acids, and the ratios of n-6:n-3 rose compared with the lipid treatments
containing greater amounts of MO.

The GLC analyses revealed that some of the dietary lipids and tiséues
contained more than one isomer of 18:1 fatty acids. Positional isomers
of 18:1 monoenes were probably present in CF and MO. Most isomers of 18:1
fatty acids had retention times that followed 18:1n9, which were 11.37
min and 11.25 min for 18:1 and 18:1n9, respectively. Since the various
isomers of 18:1 could not be characterized by the present GLC technique,
the total 18:1 fatty acids are reported.

Chromatograms from lipid sources containing MO and tissues from
chickens fed MO demonstrated an unknown peak (retention time = 14.2 min)
immediately following the 18:3n3 peak (retention time = 13.6 min). This
peak represented approximately 3% of the total area, but was not included
in the analyses since its identity could not be confirmed. Menhaden oil
is known to contain between 2.1 and 2.8% 18:4n3 (Ackman, 1982; Joseph,

1985). A GLC analysis of the same MO source in a previous experiment
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demonstrated the presence of an unknown peak presumed to be 18:4n3
(Phetteplace and Watkins, 1989).

Dietary 1lipid treatments did not significantly influence body
weights, liver, heart and fat pad weights, total liver lipids, or liver
triacylglycerols (Table 3). As the amount of dietary n-3 fatty acids
increased, the total triacylglycerol concentrations in plasma and VLDL +
ILDL tended to decrease (Table 3). Feeding MO at 40 g/kg (CF:MO
combination of 20:80, wt/wt) diet significantly reduced chicken plasma
triacylglycerol concentrations compared with CF at 50 g/kg diet.

Liver tissue of chickens fed increasing amounts of MO contained more
17:0, 20:5n3, 22:5n3, and 22:6n3, while the amounts of 20:3n6, 20:4n6,
22:4n6, and 22:5n6 decreased (Table 4). The chickens fed diets with more
MO had greater amounts of total unsaturates and total n-3 fatty acids
compared with those fed CF. Total n-6 fatty acids and n-6:n-3 ratios
increased in the liver of chickens fed more CF.

The heart tissue exhibited a fatty acid composition similar to that
of liver in chickens fed the same dietary treatments. As the amount of
MO in the diet increased, the concentrations of 20:5n3, 22:5n3, 22:6n3,
and total unsaturates also increased, and amounts of 20:4n6 and 22:4né6
decreased. The total n-3 fatty acids and the P:S ratios increased, while
those for n-6 fatty acids and n-6:n-3 ratios decreased with more dietary
MO (Table 5).

As expected, the abdominal fat pads of chickens contained fewer
long-chain fatty acids compared with the 1liver and heart tissues.

However, the addition of MO to the diet did result in the accumulation
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of long-chain n-3 fatty acids (20:5n3, 22:5n3, and 22:6n3) into adipose
tissue. There were also increased concentrations of 17:0 and 20:1n9 in
fat pads of chickens fed more MO (Table 6). In contrast, the amounts of
16:0, 18:1, and 18:2n6 decreased when MO was fed at the higher
concentrations. Chickens fed greater amounts of CF had more total
saturates, total n-6 fatty acids, and larger n-6:n-3 ratios in abdominal

fat pad tissues.
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DISCUSSION

The fatty acid compositions of the dietary lipid treatments showed
a gradual change from a saturated to a more polyunsaturated 1lipid for
100:0 to 0:100 CF:MO, respectively. Chicken fat contains more total
saturates, monounsaturates, and total n-6 fatty acids compared with MO
(Edwards et al., 1973; Pereira et al., 1976). Menhaden oil was shown to
contain more n-3 fatty acids and total polyunsaturates relative to animal
fats (Ackman, 1982; Miller et al., 1969).

The n-3 fatty acids in fish oil appear to be the main factor(s)
responsible for reduced plasma triacylglycerols in normal (Harris et
al., 1984; Sanders and Hochland, 1983) and in hypertriglyceridemic humans
(Boberg et al., 1986; Phillipson et al., 1985). Studies in several animal
species also have shown fish o0il to lower plasma triacylglycerol
concentrations (Huang et al., 1986; Nalbone et &l., 1989; Wong et al.,
1984; Daggy et al., 1987). Huang and coworkers (1986) found that varying
amounts of fish oil depressed plasma triacylglycerols from 1.4 to 1.0
mg/mL in rats. Eicosapentaenoic acid (20:5n3) was shown to decrease
triacylglycerol synthesis in cultured rat hepatocytes (Nossen et al.,
1986). Mature roosters fed fish oil showed a nonsignificant decrease in
plasma triacylglycerols compared with those fed corn oil (Daggy et al.,
1987). In the present experiment, the decreased VLDL + LDL
triacylglycerol concentrations appeared to be due to increased dietary
n-3 fatty acids which agrees with a previous study using chickens

(Phetteplace and Watkins, 1989).
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Liver triacylglycerol concentrations were not affected by the
dietary treatments. Apparently, the n-3 fatty acids in the dietary lipids
did not affect 1liver triacylglycerol synthesis even though the
triacylglycerol content of the VLDL + LDL fraction was decreased with
increasing dietary MO. Perhaps the liver tissue of chickens fed more MO
had greater rates of fatty acid oxidation. Wong et &l. (1984) found that
perfused livers from rats fed fish oil had increased fatty acid oxidation.
Daggy et al. (1987) suggested that n-3 fatty acids may stimulate the
activity of lipoprotein lipase in peripheral tissues, thereby enhancing
delivery of triacylglycerol and cholesterol to the extrahepatic tissues
while decreasing the amounts being brought back to the liver. Fatty acid
oxidation and systemic metabolism of lipids were not evaluated in this
experiment.

The fatty acid composition of various chicken tissues are readily
modified by dietary lipids (Miller et al., 1967; Miller et al., 1969;
Watkins 1988). Broilers fed a diet containing fish o0il showed
incorporation of n-3 fatty acids into the liver, heart, and edible
portions (Miller and Robisch, 1969; Phetteplace and Watkins, 1989).
Feeding cod liver oil was shown to enrich rat heart tissue with n-3 fatty
acids (Gudbjarnason and Oskarsdottir, 1977). Rat hearts perfused with
eicosapentaenoic acid also demonstrated incorporation of this fatty acid
into the cardiac muscle phospholipids (Fragiskos et al., 1986).

In the present experiment, liver and heart tissues from chickens fed
the higher amounts of MO héd lower concentrations of 20:4n6. The reduced

20:4n6 concentrations might be due to n-3 polyunsaturates inhibiting the

54



synthesis of 20:4n6é from linoleic acid (18:2n6), as suggested by Edwards
and Marion (1963) and Miller et al. (1969), or decreased dietary 18:2n6.

The abdominal fat pads contained more 18:1 (oleate) compared with
the liver or heart tissues. Oleate is the predominant fatty acid in
adipose tissue of many species including chickens and man (Hilditch and
Williams, 1964). The adipose tissue from chickens in this experiment
showed incorporation of the long-chain n-3 fatty acids, which is in
agreement with Miller et al. (1969) andsMiller and Robisch (1969).

The liver, heart, and abdominal fat pad tissues were enriched with
n-3 fatty acids similar to the extent of chicken tissues in a pfevious
study (Phetteplace and Watkins, 1989). Although the fatty acid
composition of skeletal muscle was not evaluated in the present
experiment, these tissues probably contained increased amounts of n-3
fatty acids. Consumption of chicken tissues enriched with n-3 fatty acids
would provide a reasonable source of healthful lipids for humans at risk
for coronary heart disease. Other possible benefits from the consumption
of n-3 fatty acid enriched chicken tissues include reductions in the
n-6:n-3 ratio and an increase in the P:S ratio in plasma lipids of

hyperlipidemic individuals.
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SUMMARY

The results indicate that dietary n-3 fatty acids significantly
enriched liver, heart, and adipose tissues in a dose-dependent fashion
beginning with 10 g of MO per kg of diet. Feeding MO to chickens tended
to lower plasma triacylglycerols, and a significant reduction occurred
with the CF:MO combination of 20:80 (MO at 40 g/kg).

Further research is needed to verify that tissues from chickens fed
the newer MO products are organoleptically acceptable and can
successfully modify lipid metabolism in humans. Previous organoleptic
analyses of edible muscle from chickens fed MO have shown some off-flavors
(Miller et a4l1., 1967; Miller and Robisch, 1969). Since the techniques
for producing and refining fish oils are much improved, perhaps chicken

meat enriched with modern MO would be more acceptable to consumers.
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Table 1. Composition of the basal diet

Ingredient Amount
Ground wheat 394 g/kg
Soybean meal 300
Ground corn 199
Lipid? 50
Polyphos (Ca, 31%; P, 18%) 25
CaCO3; 10
Vitamin premix? 10
Mineral premix? 8
DL-Methionine 4
Calculated nutrient analysis
Metabolizable energy : 3069 kcal/kg
Crude protein 200 g/kg

'!0ne of six lipid combinations of chicken fat:menhaden oil: 1) 100:0;
2) 80:20; 3) 60:40; &) 40:60; 5) 20:80; 6) 0:100.

2Contained mg per kg diet unless otherwise noted: vitamin A palmitate,
2000 IU; vitamin D3, 400 ICU; DL-a-tocopherol acetate, 20 IU; menadione
sodium bisulfite, 1.0; riboflavin, 3.6; pantothenic acid, 10.0; niacin,
27.0; vitamin Bi2, .009; choline chloride, 900; folic acid, .55; thiamin,
1.8; pyridoxine, 3.0; biotin, .4; ethoxyquin, 133.

3Contained mg per kg diet: iodized NaCl, 4000; MnSO4sH20, 184.6; ZnO,
50; FeSO4¢7H20, 400; CuSO4e5H20, 31.5; KIOs, .3; Naz2Se0Os3, .32.

57



Table 2. Dietary lipid fatty acid compositions (g/100 g fatty acid
methyl esters) for varying combinations of
chicken fat:menhaden oil?

Fatty Chicken fat:Menhaden oil

acid 100:0 80:20 60:40 40:60 20:80 0:100
16:0 23.05 22.01 20.93 19.95 18.70 17.62
16:1n7 8.41 8.96 9.53 9.98 10.52 11.00
17:0 .11 .55 .97 1.37 1.84 2.25
18:0 5.41 4.96 4.50 4.09 3.52 3.07
18:1 41.07 35.24 29.28 23.36 17.12 10.95

t18:2n6 ND .09 .10 .10 .10 .10
18:2n6 18.92 15.46 11.97 8.43 4.83 1.19
18:3n6 .28 .34 42 .31 .29 .38
18:3n3 .82 .84 .88 .90 .92 .96
20:0 ND .03 .12 .23 .26 .32
20:1n9 .31 .50 .69 .87 1.05 1.24
20:2n6 ND .10 .10 .14 .14 .15
20:3n6 .19 .21 .22 .23 .25 .27
20:4n6 .39 .50 .63 .73 .85 .97
20:5n3 ND 3.10 6.23 9.19 12.44 15.52
22:0 ND ND ND ND .06 .14
22:1n9 ND ND ND ND .07 .17
22:4n6 ND .03 .03 .17 .16 .14
22:5n6 ND ND .12 .18 .31 .34
22:5n3 ND 0.59 1.11 1.63 2.16 2.69
22:6n3 ND 1.97 3.91 5.73 7.75 9.68

Others? .92 2.58 4.16 5.69 7.29 8.90

Total

saturates 28.56 27.56 26.52 25.64 24.38 23.40

Total

unsaturates 20.60 23.24 25.72 27.75 30.21 32.39

Total n-6 19.79 16.74 13.58 10.29 6.94 3.54

Total n-3 .82 6.50 12.14 17.46 23.27 28.85

n-6:n-3 24.22 2.58 1.12 .59 .30 .12

P:S .72 .84 .97 1.08 1.24 1.38

Values represent analysis of four lipid samples per treatment.

2The following fatty acids were identified in the lipid samples: 12:0,

14:0, 14:1 and 15:0. ND = Not detected.

58



Table 3. Body and organ weights and lipid measurements in
45-day-old broilers fed varying combinations of
chicken fat:menhaden oil

Chicken fat:Menhaden o0il Pooled
Measurement 100:0 80:20 60:40 40:60 20:80 0:100 SD
Body weight 1693 1803 1782 1610 1629 1579  210.5
(g)
Liver weight 2.4 2.6 2.5 3.0 2.5 2.6 .36
(g/100 g body weight)
Total liver lipid 685 608 935 838 785 816  238.7
(mg/10 g)
Liver triacylglycerols 26 20 37 56 53 41 21.0
(uM/g)
Heart weight 434 451 443 466 430 456 51.9
(mg/100g body weight)
Fat pad weight 1044 861 907 682 828 920 272.4
(mg/100 g body weight)
Total plasma 1.048 .go8b  g3ab  gi1ab  ggb 55D .2
triacylglycerols
(uM/mL)
VLDL + LDL 968  .758b  j08b  j98b  g3bc  43c )
triacylglycerols
(uM/mL)

8°CMeans within rows with no common superscripts are significantly
different (P < .05). Body weights, n = 10, 11, or 12; total liver lipid,
n = 4; liver triacylglycerols, n = 3 or 4; all other measurements, n =
6.
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Table 4. Fatty acid compositions (ug/g) of liver lipids in
45-day-old broilers fed varying combinations of

chicken fat:menhaden oil

Fatty Chicken fat:Menhaden oil Poole
acid 100:0 80:20 60: 40 40:60 20:80 0:100 SEM
16:0 6514 5262 14028 10766 11210 9280 3023.6
16:1n7 861 421 1971 1092 903 773 494.3
17:0 22b 63ab g3ab g2ab 1318 1318 18.9
18:0 4633 4516 7605 6879 8393 7820  1455.4
18:1 5499 3261 13031 7854 6172 5295 3161.7
t18:2n6 ND 72 137 8 183 265 78.2
18:2n6 3574 3147 3324 2678 3128 2712 336.9
18:3n6 11 49 35 ND 51 81 120.5
18:3n3 62 55 87 78 120 111 21.3
20:0 ND 8 27 10 39 17 12.8
20:1n9 104 80 162 132 153 159 37.3
20:2n6 100 126 107 63 92 76 15.1
20:3n6 2178 163b 148b 114b 114b 110b 16.7
20:4n6 13728 10764 634b 505b 572b 470b  103.5
20:5n3 77¢ 865d 1570¢ 1890¢ 32958  2602b  224.8
22:1n9 38 61 37 10 34 27 13.0
22:4n6 1458 1128 28b 33b 45b 27b 19.7
22:5n6 2388 19b ND ND 28b ND 37.4
22:5n3 40¢ 720bc 1138bc  1173bc 2189ab 33018  393.0
22:6n3 259¢ 1272b 1525b 1620b 24188 26608  200.4
Total
saturates 11170 9849 21744 17738 19773 17248  4413.5
Total
unsaturates 6095P 7677b 8732b 8163b 122388 124138 921.6
Total n-6 56568 47658b 44138b  3402b 42168b  3740b  405.0
Total n-3 438C 2912b 4319b 4760b 80228 86738  581.9
n-6:n-3 12.888 1.65b 1.03bc .72¢ .53¢ .43¢ .22
P:S .55 .81 .56 .46 .65 .85 11

d

8°€Mean values of four tissues per treatment with the pooled standard
Values within rows with no common superscripts are

error of the means.
significantly different (P < .05).

ND = Not detected.
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Table 5. Fatty acid compositions (ug/g) of heart lipids in
45-day-old broilers fed varying combinations of
chicken fat:menhaden o1l

Fatty Chicken fat:Menhaden oil Pooled
acid 100:0 80:20 60:40 40:60 20:80 0:100 SEM
16:0 2219 2238 2234 3066 2127 1945 366.8
16:1n7 329 355 280 590 358 307 140.3
17:0 16 28 24 52 40 48 8.6
18:0 1483 1495 1444 1571 1465 1370 81.7
18:1 2714 2542 2311 3268 2054 1797 481.8
t18:2n6 ND 3 ND A ND ND 1.8
18:2n6 2468 2414 2087 2388 1855 1588 260.6
18:3n6 3 7 10 25 26 27 6.6
18:3n3 42 54 45 84 54 49 20.2
20:0 13 12 14 18 13 17 2.9
20:1n9 64 61 52 85 63 62 11.5
20:2n6 62b gs5a 59bc s4be 45bc 39¢ 4.9
20:3n6 78ab 938 ggab gsab 69b 69b 4.7
20:4n6 11118 10248 909ab 695b 712b 722b 76.5
20:5n3 26© 404d 776C 1303b 1552a8b 17808  109.3
22:1n9 6 4 4 3 6 5 4.4
22:4n6 1088 52b 29bc 28bc 10¢ 9c 7.8
22:5n6 30 ND ND 18 25 23 11.0
22:5n3 12d 408C 568bc 7218b 728ab 920a 75.2
22:6n3 ND 171¢cd 243bc 4078bc  4468b 5218 66.4
Total
saturates 3732 3774 3717 4707 3645 3380 448.3
Total
unsaturates 3942b 47158b  4815ab 58102 55228b 57488  412.5
Total n-6 386248 367848 3183a8b  32968b  2742b 2478b  230.6
Total n-3 80¢ 1038b 1632b 251448 27804 32708  233.3
n-6:n-3 41.028 3.56b 1.97b 1.34b 1.05b .76b 2.86
P:S 1.08¢ 1.27bc  1.30bc  1.27bc  1.518b 1 712 .07

8%€Mean values of four tissues per treatment with the pooled standard
error of the means. Values within rows with no common superscripts are
significantly different (P < .05). ND = Not detected. '
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Table 6. Fatty acid compositions (ug/g) of abdominal fat pad
lipids In 45-day-old broilers fed varying combinations
of chicken fat:menhaden oil

Fatty Chicken fat:Menhaden oil Pooled
acid 100:0 80:20 60:40 40:60 20:80 0:100 SEM
16:0 178878 171928 159738b 14840bc 13041¢  13142¢ 640.1
16:1n7 6215 6017 5328 5198 5196 5229  298.1
17:0 112f 224€ 2774 375¢ 461b 5538  17.9
18:0 3882 4321 4138 3813 3450 3554  243.8
18:1 296138  26563P  22197¢  17331d 13700 12262 856.4
t18:2n6 73 44 56 60 28 45 16.2
18:2n6 138938 144518  11731b 9030¢ 8175¢C 7678C 610.7
18:3n6 1908 22048 2008 g1b 152ab 2088 28.1
18:3n3 832 947 860 798 843 882 50.8
20:0 11 25 45 39 42 53 11.0
20:1n9 3314 379bed  362cd  418bc 4488b 50682 19.6
20:2n6 122 119 82 82 77 75 10.7
20:3n6 91 107 78 62 83 96 11.2
20:4n6 225 278 224 230 260 284 27.7
20:5n3 ND 786d 1337d 2210¢ 2994b 36798 199.1
22:5n3 ND 2304 4214 714C 933b 13478 72.7
22:6n3 ND 322¢d 499bc 696bc 967b 13478 131.0
Total
saturates 218928 217628 204348 190678b 16994b  17302b 839.6
Total
unsaturates 15428 17503 15486 13963 14513 15668  829.5
Total n-6 145958 152198 12371b 9545¢ 8775¢ 8386C 652.4
Total n-3 832e 2284d 31164 4418¢ 5738b 72828 333.9
n-6:n-3 17.534 6.82b 3.97¢ 2.20d 1.54de 1,16 .27
P:S 0.70b 0.808b 0, 768b .73ab .86ab .91a .04

8-fMean values of four tissues per treatment with the pooled standard
error of the means. Values within rows with no common superscripts are
significantly different (P < .05). ND = Not detected.
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CHAPTER III

DIETARY N-6 AND N-3 POLYUNSATURATES: INFLUENCE ON LIPID

MEASUREMENTS IN CHICKENS GENETICALLY SELECTED FOR BODY WEIGHT
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INTR??UCTION

Modification of lipid metabolism by dietary lipids continues to be
an area of great interest to nutritionists. Dietary polyunsaturated fatty
acids (PUFA) may be useful in reducing plasma triacylglycerols in
hypertriglyceridemic humans (Grundy, 1975; Harris, 1989) and in lowering
total blood cholesterol concentrations in  hypercholesterolemic
individuals (Grundy, 1977). An elevated polyunsaturate to saturate ratio
(P:S) was found to reduce plasma triacylglycerol and cholesterol
concentrations in humans having normal plasma lipids (Shore et gl., 1983).
In another study, however, administration of dietary lipids having a.P:S
ratio of 2.0 for 14 days decreased total cholesterol, but did not alter
triacylglycerol concentrations in normal subjects (Kraemer et gl., 1982).

The n-3 PUFA reduced plasma triacylglyerol and cholesterol
concentrations to a greater extent than n-6 PUFA in human subjects
(Harris, 1989). In Type IIb hyperlipidemic patients, plasma
triacylglycerol and cholesterol amounts were lower in subjects consuming
diets with MaxEPA (marine oils high in n-3 PUFA) compared with those given
a corn:safflower oil (50:50) blend (Phillipson et &l., 1985). However,
only plasma triacylglycerols were decreased with MaxEPA supplementation
in Type V hyperlipidemic subjects (Phillipson et al., 1985). Plasma
triacylglycerol concentrations decreased more in normal subjects given
MaxEPA than in persons given an olive:corn oil mixture (Sanders and

Hochland, 1983). These findings and others (see review by Harris, 1989)
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suggest that n-3 PUFA may be more effective than n-6 PUFA in reducing
blood lipids in humans.

The lipid lowering effects of n-3 PUFA were also demonstrated in
other species, including rats and chickens. Plasma triacylglycerols and
very low density lipoprotein (VLDL) triacylglycerol secretion rates from
liver were lower in rats fed MaxEPA compared with those fed safflower oil
(Wong et al., 1984). The primary lipoprotein responsible for transporting
lipids from the liver to extrahepatic tissues is the VLDL fraction (Havel,
1980). Huang et al. (1986) fed rats varying combinations of safflower
and Polepa (fish oil rich in n-3 PUFA) oils to total 10% of the diet by
weight. Rats fed more than 5% Polepa oil in the diet had lower
triacylglycerol concentrations. When roosters were fed MaxEPA they,
likewise, had decreased VLDL triacylglycerol secretion rates and a trend
toward decreased plasma triacylglycerols (Daggy et al., 1987). In broiler
chickens, dietary menhaden oil decreased the very low density lipoprotein
+ low density lipoprotein (VLDL + LDL) triacylglycerols (Phetteplace and
Watkins, 1989).

Selection of specific strains or lines of animals has proven valuable
in evaluating the effect of nutrients on metabolism and/or physiology.
Shapira et al. (1978) reported that lipogenic enzyme activities in the
liver and heart tissues were greatest in heavy breeds compared with light
breeds of chickens fed ad libitum, but when these chickens were force-fed,
the lipogenic enzyme activities were highest in the light compared with
the heavy breeds. Hood and Pym (1982) found that chickens selected for

increased feed consumption incorporated more !“C-glucose into lipids
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compared with those selected for increased body weight (BW), decreased
feed conversion, or in the nonselected lines.

Two genetic lines of chickens were developed through many years of
bidirectional selection for BW at 56 days of age (Siegel and Wisman, 1962;
Siegel and Dunnington, 1987). These lines also differ in BW gain and feed
conversions, irrespective of diet type (Siegel and Wisman, 1962).

The lipid metabolism of chickens from these lines was studied by
Calabotta et &l. (1983, 1985). Chickens from the LW line had greater
lipogenic and lipolytic capacities compared with those from the HW line
(Calabotta et al., 1983; 1985). The LW males were found to incorporate
more '“C-acetate into lipids in liver slices and had a greater
mobilization of free fatty acids from adipose tissue when compared with
HW males (Calabotta et &l., 1983).

The HW and LW chickens provide a unique means to further examine the
metabolism of n-6 and n-3 PUFA. The following experiment was conducted
to determine if the type of dietary lipid (soybean oil or menhaden oil)
would alter blood lipids and the tissue fatty acid profiles to the same

extent in HW and LW chickens.
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MATERIALS AND METHODS

Animals and Sampling. At hatch, eighty female chicks from each line (HW
and LW)!* were individually wing-banded, weighed and randomly placed in
heated battery brooders. Five pens of eight chicks from each genetic line
were given one of two dietary lipid treatments (soybean oil (SBO)!® or
menhaden o0il (MO)!®) which were added at 50 g/kg diet. The basal diet
was formulated to meet or exceed the nutrient requirements of the growing
chick except for protein (National Research Council, 1984). Crude protein
concentrations were maintained at 20%, which was used in the original
selection diet (Siegel and Wisman, 1962). The composition of the basal
diet is listed in Table 1. The MO diet was mixed frequently and kept
refrigerated at 0 to 6 C. Unconsumed feed was discarded and fresh feed
placed in the feeders every 72 h.

The chicks were maintained in brooders under continuous lighting
with feed and water offered ad I1ibitum. Total feed consumptions and
weight gains for each pen were determined weekly for calculation of feed
conversions (total gain/total feed).

At 53, 56, 81 and 84 days, two chickens per pen were randomly
selected for blood collection. Blood was obtained from the brachial vein

using an EDTA-coated syringe (2 mg EDTA/mL blood) and kept on ice until

14 yirginia Polytechnic Institute and State University, Blacksburg, VA.

15  Bunge Edible 0il Company, Chattanooga, TN.

1€  Zapata Haynie, Reedville, VA.
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centrifugation. The blood was centrifuged at 1,000 x g for 20 min, then
plasma was removed and stored at 4 C until analyzed. On day 84, the
chickens were killed by cervical dislocation, their livers and hearts were
surgically removed and kept on ice until freezing at -20 C for later lipid

analyses.

Analytical Procedures. Duplicate analyses of total triacylglycerol
content in the plasma and in the VLDL + LDL (very low density + low density
lipoproteins) fraction (Whitehead and Griffin, 1982) were performed
following the procedure of Biggs et &l. (1975). Triolein'? was used to
develop the standard curve.

Total lipids from the 1liver and heart were determined
gravimetrically by extraction with chloroform:methanol (2:1, vol/vol)
following the procedure of Folch et alI. (1957). Lipids for fatty acid
analyses (lipoproteins, liver and heart) were extracted (Folch et al.,
1957). The 1lipid extract was saponified and methylated (Metcalfe et
al., 1966) prior to fatty acid analysis by capillary gas-liquid
chromatography (GLC) using a Hewlett-Packard, Model 5890A gas
chromatograph equipped with a DB 225 fused silica capillary column (30 x
.25 mm i.d., film thickness .15 um).'* Helium served as the carrier gas,
with nitrogen used as the make-up gas for the detector. The initial oven

temperature was 196 C which was maintained for 12 min and increased at a

17 Nu-Chek-Prep, Elysian, MN.

18 J & W Scientific, Rancho Cordova, CA.
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rate of .9 C/min until the final temperature of 214 C was reached for a
total run time of 52 min. Injector and flame ionization detector
temperatures were 250 C.

An external standard prepared from triacylglycerols and methylated
fatty acids!® was used to obtain retention times for each fatty acid and
to develop the calibration table. Prior to methylation of the external
standard and the tissue 1lipid extracts, a known volume of internal
standard (cl7:1, heptadecenoic acid) was added. Fatty acid methyl esters
of MO and chicken liver lipids were prepared and run to obtain the
retention times for three fatty acids not contained in the external
standard (20:5n3, 22:5n6, and 22:5n3). A response factor of 1.0 was used
in the calibration table for the fatty acids not contained in the external
standards based on analyses of MO and chicken liver lipids. Fatty acid
compositions of tissues were determined at 84 days, except VLDL + LDL
which were measured at 56 and 84 days of age, and all values were
expressed as ug/g sample on a wet weight basis. Fatty acid compositions
of the dietary lipids were expressed as g/100 g of fatty acid methyl
esters.

The amount of 18:1 given in the tables includes at least two 18:1
isomers as evidenced from the chromatograms. Only one isomeric form,
cl18:1n9 (oleic acid), was included in the triacylglycerol standard. The
other positional isomers of 18:1 were not characterized according to

geometry or location of the double bond. A response factor of 1.0 was

1%  Nu-Chek-Prep, Elysian, MN.
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assigned to the unidentified 18:1 monoenes for quantification of total

18:1 fatty acids.

Statistical analyses. All data were statistically analyzed by analysis
of variance using a 2 x 2 factorial arrangement (two genetic lines and
two dietary lipid sources). The statistical models considered each chick
to be an experimental unit, with replicate pens for genetic line and
dietary 1lipid for all values except for feed conversion which was
determined on a pen basis. Tukey's multiple comparison post-priori test
was used to identify significant differences between treatment means of
equal sample size (Steel and Torrie, 1980). Bonferoni multiple comparison
was used when the sample size was unequal (Neter and Wasserman, 1974).
The variance was expressed as pooled standard deviation (the square root
of the mean square error) for unequal sample sizes or pooled standard
error of the mean (square root of the mean square error divided by the
number of samples per treatment) for equal sample sizes. Significance

implies (P < .05) unless otherwise stated.

Yijk=/“+Di+ Lj + (DL)ij +ejik

where i = 1,2 dietary treatments, j = 1,2 lines, and k = 1,2...n

individuals.
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RESULTS

The fatty acid compositions of the dietary lipid sources are given
in Table 2. Comparisons between the lipids showed that SBO contained more
18:2n6, while the MO contained more 16:1n7, 20:5n3, 22:5n3, and 22:6n3.

Statistical analyses of the data revealed no significant pen
effects. Therefore, the data are presented showing the main treatment
effects and interactionms.

The HW chickens were heavier compared with the LW line throughout
the experiment to 84 days (Table 3). Feed conversions were better in HW
chickens compared with the LW animals; however, the dietary lipid sources
did not influence feed consumptions or conversions (data not shown). The
livers from the LW chickens were heavier and contained more lipid when
expressed on a BW basis (Table 3). However, the liver lipid content was
not different when expressed per g of wet liver. Feeding MO at 50 g/kg
of diet depressed plasma triacylglycerol concentrations (P < .07) at 56
days, and plasma VLDL + LDL triacylglycerols were higher in LW chickens
at 56 and 84 days (Table 3).

Fatty acid compositions of the VLDL + LDL fraction at 56 days are
presented in Fig. 1, with the major fatty acids in the VLDL + LDL fraction
expressed as standardized differences. The standardized differences due
to dietary lipids were calculated by subtracting the mean values of
individual fatty acids in the SBO group from those in the MO group and
dividing the difference by the pooled SEM. The VLDL + LDL fraction in

chickens fed MO contained less 18:0, 18:1, 18:2n6, 18:3n3, 20:3n6,

71



20:4n6, and 22:4n6, but more 16:1n7, 20:5n3, 22:5n3, and 22:6n3 compared
with the SBO treatment (Fig. 1). The standardized difference between
lines were calculated by subtracting the mean values of individual fatty
acids in the HW group from those in the LW group and dividing the
difference by the pooled SEM. The LW chickens had more 18:1, 20:1n9, but
less 22:4n6 in the VLDL + LDL fraction compared with the HW chickens.
Standardized differences for the VLDL + LDL fatty acids at 84 days were
similar to those at 56 days (data not shown).

Differences in fatty acid compositions of the liver tissues were
found between lines (Table 4). The HW chickens had greater amounts of
18:1 isomers, 20:3n6, 22:5n6, and monounsaturates; a higher n-6:n-3 ratio
but a lower P:S ratio compared with the LW chickens. Dietary lipid source
significantly influenced the fatty acid composition of liver lipid. The
chickens fed SBO had higher concentrations of 18:2n6, 18:3n3, 20:2n6,
20:3n6, 20:4n6, 22:4n6, 22:5n6, total n-6 fatty acids, and a larger
n-6:n-3 ratio compared with those fed MO. In contrast, chickens fed MO
had greater amounts of 16:0, 17:0, 18:3n6, 20:1n9, 20:5n3, 22:5n3,
22:6n3, total saturates, total PUFA, total n-3, and a higher P:S ratio
in liver tissue (Table 4). There were diet by line interactions for
17:0, 18:3n3, 20:3n6, 22:5n6, and n-6:n-3 ratio in the liver tissue (Table
6).

The heart tissue from the HW line contained more 16:1n7, 18:1,
18:3n6, 18:3n3, 20:3n6, 22:1n9, 22:4n6, 22:5n6, total monounsaturates and
n-3 fatty acids compared with the LW line which had greater amounts of

20:4n6. Dietary 1lipid treatment dramatically influenced heart 1lipid
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fatty acid composition. Chickens fed SBO had greater amounts of 18:2n6,
20:2n6, 20:4n6, 22:4n6, total n-6 fatty acids, and a larger n-6:n-3 ratio
while those fed MO had greater amounts of 16:1n7, 17:0, 18:3n6, 20:3n6,
20:5n3, 22:5n3, 22:6n3, and total n-3 fatty acids (Table 5). There were
diet by line interactions for values of 22:5n3, 22:6n3, and total n-3

fatty acids in the heart tissue (Table 6).
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DISCUSSION

The fatty acid composition of SBO was characteristic for that oil,
containing about 50% 18:2n6 and more of unsaturated fatty acids. The
menhaden oil contained significant amounts of n-3 fatty acids which agrees
with Ackman (1982) and Joseph (1985).

The low body weights of the LW chickens agree with Siegel and Wisman
(1962) and Calabotta et al. (1983, 1985). The IW line had more
circulating triacylglycerols compared with the HW chickens independent
of the dietary lipid. The higher plasma triacylglycerol concentrations
in the LW line may be due to increased lipogenesis and lipolysis as
evidenced from in vitro studies in liver, adipose, and bone tissues
(Calabotta et a4l., 1983). Although plasma triacylglycerols were not
measured by Calabotta et al. (1983), they did find that plasma free fatty
acids were higher in LW chickens. Since the abdominal fat pad tissue was
practically absent in the LW line compared with those in the HW, lipolysis
in the LW chickens may contribute significantly to the elevated plasma
triacylglycerols. Eating behavior of the LW chickens suggest that these
animals are in a fasted-state relative to the HW line.

Abdominal fat pads were not collected in this study. However,
Calabotta et al. (1983) suggested that the LW chickens do not accumulate
as much abdominal fat because of increased lipid turnover since in vitro
lipolysis appeared to be greater in the LW chickens. Abdominal fat pads
from the HW line were repérted to be significantly heavier than the LW

(Calabotta et al., 1985; Robey et al., 1988).
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The fatty acid compositions of the plasma VLDL + LDL, liver, and
heart reflected the dietary lipid sources fed. The chickens given SBO
had greater amounts of 18:2n6é and total n-6 fatty acids in tissue lipids,
while those fed MO had more n-3 PUFA. Dietary lipid is known to influence
tissue fatty acid composition in chickens (Edwards and Marion, 1963;
Miller and Robisch, 1969; Edwards et al., 1973; Watkins, 1988; Phetteplace
and Watkins, 1989). In the present experiment, lower 20:4né
concentrations in VLDL 4 LDL, liver, and heart were found in chickens fed
MO compared with those fed SBO. Edwards and Marion (1963) also reported
that dietary menhaden o0il decreased 20:4n6 in chicken tissues, an
observation consistent with that seen in tissues from other speéies
including humans (Boberg et &4l., 1986) and rats (Huang et al., 1986).

The liver tissue in the HW line contained more monounsaturated 18:1
isomers per g of tissue compared with the LW chickens. Both genetic lines
had similar amounts of 18:0, yet the LW chickens had significantly lower
amounts of 18:1 isomers and a higher P:S ratio. A possible explanation
for the decreased concentration of 18:1 isomers in the liver of the LW
line might be depressed A9-desaturase activity induced by the sporadic
feeding behavior observed in this line (Barbato et a4l., 1980). Fasting
has been shown to depress rat 1liver desaturase enzymes, including
A9-desaturase (Allmann et 4l., 1965).

The LW chickens also had decreased amounts of 22:5n6 in liver
compared with the HW 1line. If the A9-desaturase activity is in fact

depressed in LW chickens, perhaps the A4-desaturase activity is also
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reduced. Elevated long-chain PUFA (higher P:S ratio) found in the liver
of LW chicks may depress the A4-desaturase.

The lower amounts of 20:3n6 in the liver of LW chickens would suggest
depressed elongation of 18:3n6. This decrease may be due, in part, to
the competition for malonyl-CoA between de novo fatty acid synthesis and
chain elongation of PUFA. If the LW chickens are more lipogenic than the
HW chickens, then they would have a larger malonyl-CoA requirement for
de novo fatty acid synthesis compared to that required for chain
elongation of essential fatty acids. Hence, less 20:3n6 would be present
in LW compared with the HW chickens.

The large amount of 20:4n6é in the heart tissue of LW chickens is an
intriguing observation. Perhaps retroconversion from 22:4n6 and 22:5n6
led to an elevation in 20:4n6. The LW chickens may also have limited
eicosanoid production if synthesis of the cyclooxygenase enzyme is
reduced compared to the HW chickens. Eicosanoid biosynthesis has yet to
be investigated in LW and HW chickens.

A few genetic line by dietary treatment interactions for fatty acid
values were found in the liver and heart tissues. Apparently, there is
a difference in desaturase and elongase enzyme activities, as previously
discussed, which may affect how LW chickens utilize various dietary

lipids.

76



SUMMARY

Overall, there appears to be a difference in the lipogenic and/or
lipolytic capacity between the HW and LW lines of chickens. The metabolic
differences are probably because of feeding behavior. Data from this
experiment agrees with previous work conducted with the HW and LW lines.
These findings show that MO, at 50 g/kg diet, decreased plasma
triacylglycerol concentrations in female chickens from the HW and LW lines
at 56, but not at 84 days of age. Although no enzyme functions were
measured in this study, the tissue fatty acid data suggest decreased
activities of A9- and possibly A4-desaturase enzymes, and depressed chain
elongation of n-6 PUFA in the LW line. Changes in desaturase enzymes and
the amount of available malonyl-CoA for fatty acid chain elongation are
more likely related to the eating behavior of LW compared with HW

chickens, rather than the difference in body size between these animals.
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Table 1. Composition of the basal diet

Ingredient Amount
Soybean meal 300 g/kg diet
Ground wheat 394

Ground corn 199

Lipid! 50
Dicalcium-monocalcium phosphate 25

CaC03 10

Vitamin premix? 10

Mineral premix? 8
DL-Methionine 4
Calculated nutrient analysis

Metabolizable energy 3059 kcal/kg
Crude protein 200 g/kg

Lipid was either: soybean oil (SBO) or menhaden oil (MO).

2Contained (mg/kg diet): retinol palmitate .6, cholecalciferol .01,
DL-x-tocopherol acetate 20, menadione sodium bisulfite 1, riboflavin 3.6,
calcium pantothenate 10, nicotinic acid 27, cyanocobalamin .009, choline
chloride 750, folic acid .55, thiamin 1.8, pyridoxine 3.0, biotin .4,
ethoxyquin 200 (66%).

3Contained (mg/kg diet): NaCl 4,000, MnSO4eH,0 184.6, ZnO 50,
FeS0O4*7H20 400, CuSO4e5H20 31.5, KIO3 .3, Naa2SeO; .32.
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Table 2. Dietary lipid fatty acid compositions (g/l100 g fatty
acid methyl esters)

Fatty acid SBO MO
16:0 10.06 17.49
16:1n7 ND 10.93
17:0 ND 2.24
18:0 4.21 3.04
18:1 26.19 10.85

t18:2n6 ND .13
18:2n6 51.64 1.19
18:3n6 ND .36
18:3n3 6.01 .95
20:0 .42 .26
20:1n9 .28 1.23
20:2n6 ND .16
20:3n6 ND .28
20:4n6 ND .96
20:5n3 ND 15.34
22:0 .48 .14
22:1n9 ND .17
22:4n6 ND .19
22:5n6 ND .34
22:5n3 ND 2.67
22:6n3 ND 9.59

Total

saturates 15.17 23.17

Total

PUFA 57.66 32.15

P:S 3.80 1.38

Total

monounsaturates 26.48 23.19

Total n-6 51.64 3.60

Total n-3 6.01 28.55

n-6:n-3 8.59 .13

SBO, soybean oil; MO, menhaden oil; ND = not detected; n = 6.



Table 3. Cumulative gain (g), liver weights, liver lipid, and
plasma VLDL + LDL triacylglycerol levels of high and low body
weight lines of chickens at 84 days unless otherwise noted

Diet Line Pooled Sig.
Measurement SBO MO HW W n SEM effects
Cumulative gain! (g) 1212 1192 18228 400P -- 20 Line
Liver weight 1.97 1.98 1.65P 2.308 20 .1 Line
(g/100 g body weight)
Liver lipid 103 110  92P 1228 20 4.2 Line

(mg 1ipid/100 g body welght)

Plasma
VIDL + LDL triacylglycerol? .6128 .47P .44P 648 20 .1  Line, diet
at 56 days (uM/mL)

Plasma
VLDL + LDL triacylglycerol .69 .58 .54 728 20 .1 Line
at 84 days (uM/mL)

SBO, soybean oil; MO, menhaden oil; HW, high body weight; LW, low body
weight.

8 DMeans within rows with no common superscript letters are
significantly different, as determined by Tukey's multiple range test (P
< .05).

!SBO, n = 53; MO, n = 48; HW, n = 57; IW, n = 44,

2Diet effect significant at (P < .07).
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Table 4. Fatty acid composition of liver lipid (ug/g) in
high and low body weight chickens at 84 days of age
Fatty Diet Line Pooled Significant
effects and
acid SBO MO HW Lw SEM interactions
16:0 3880b 50418 4797 4124 322 Diet
16:1n7 237 350 397 190 72
17:0 57b 1088 79 86 5 Diet, diet x
line interaction
18:0 4907 5201 5294 4814 166
18:1 2701 2786 35978  1890b 461 Line
t18:2n6 ND ND ND ND
18:2n6 49128 2573b 3620 3865 169 Diet
18:3n6 19b 428 36 25 5 Diet
18:3n3 1608 56b 93 123 11 Diet, diet x
line interaction
20:0 12 11 11 12 4
20:1n9 49b 718 68 52 7 Diet
20:2n6 2288 95b 151 173 16 Diet
20:3n6 2278 137b 2164 148b 12 Diet, line,
diet x line
interaction
20:4n6 26278 771b 1600 1799 87 Diet
20:5n3 156b 32588 1662 1752 139 Diet
22:1n9 13 ND 14 ND 5
22:4n6 2468 42b 150 138 10 Diet
22:5n6 3218 76D 2648 133b 24 Diet, line,
diet x line
interaction
22:5n3 3640 29768 1655 1685 85 Diet
22:6n3 626b 38108 2057 2379 116 Diet
Total 8856P 103618 10181 9036 447 Diet
saturates
Total 9890P 138378 11507 12220 353 Diet
PUFA
P:S 1.14b 1.358 1.14b 1,358 .1 Diet, line
Total 3000 3211 40768  2135b 538 Line
monounsaturates
Total n-6 85844 3737b 6040 6282 262 Diet
Total n-3 1306P 101008 5467 5938 166 Diet
n-6:n-3 6.764 0.37b 4,098 3.03b .1 Diet, line,
diet x line
interaction

SBO, soybean oil; MO, menhaden oil; HW, high body weight; LW, low body

weight.

8"bMeans within rows with no common superscripts are significantly
different, as determined by Tukey's multiple range test (P < .05), n =

10.

ND = not detected.
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Fatty acid composition of heart lipid (ug/g) in

Table 5.
high and low body welght chickens at 84 days of age
Fatty Diet Line Pooled Significant
effects and
acid SBO MO HW Ly SD interactions
16:0 1892 1960 2136 1757 714
16:1n7 126b 6388 6668  155b 462 Diet, line
17:0 25b 788 73 34 46 Diet
18:0 1573 1521 1487 1595 171
18:1 1716 2255 25368 1545b 939 Line
t18:2n6 ND ND ND ND
18:2n6 32178 1787b 2957 2138 908 Diet
18:3n6 ND 458 388 14b 23 Diet, line
18:3n3 160 92 1928 74b 97 Line
20:0 12 13 16 11 8
20:1n9 26 71 70 32 46
20:2n6 1094 37b 71 75 9 Diet
20:3n6 49b 594 608 49b 9 Diet, line
20:4n6 13888  968b 1005b 13168 115 Diet, line
20:5n3 14b 19568 1223 794 431 Diet
22:0 ND ND ND ND
22:1n9 ND ND 12 ND 7 Line
22:4n6 1218 13b 788 58b 15 Diet, line
22:5n6 19 23 354 10b 21 Line
22:5n3 146b  89ga 626 440 187 Diet, diet x
line interaction
22:6n3 45b 7148 430 339 98 Diet, diet x
line interaction
Total 3501 3572 3712 3397 793
saturates
Total 5274 6595 6719 5307 1499
PUFA
P:S 1.50 1.96 1.94 1.56 .7
Total 1874 2970 32848 1733b 1417 Line
monounsaturates
Total n-6 49088 2934b 4248 3660 890 Diet
Total n-3 365P 36608 24718 1647b 770 Diet, line,
diet x line
interaction
n-6:n-3 13.998 .82b 7,51 7.32 2.4 Diet

SBO, soybean oil; MO, menhaden oil; HW, high body weight; LW, low body

weight.

8-DPMcans within rows with no common superscripts are significantly
different, as determined by Donferoni multiple comparison (P < .05), SBO

and MO, n

= 9; HW, n = 8; LW, n = 10. ND = not detected.
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Table 6. Diet by line interactions for liver and heart fatty
acids (ug/g) in high and low body weight chickens

at 84 days of age

Fatty HW LW

acid SBO MO SBO MO Tissue
17:0 40 117 73 99 Liver

18:3n3 128 58 191 55 Liver

20:3n6 294 139 160 135 Liver

22:5n6 450 78 192 74 Liver

22:5n3 126 1125 162 717 Heart

22:6n3 28 831 58 620 Heart

Total n-3 388 4554 348 2946 Heart

n-6:n-3 7.83 .36 5.69 .38 Liver

SBO, soybean oil; MO, menhaden oil; HW, high body weight; LW, low Eody

weight.
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Fig. 1. Plasma lipoprotein fatty acids in chickens at 56 days of age
presented as SEM units. Values were calculated as standardized
differences to demonstrate lipid effects, MO compared to SBO fed chickens
(O0), and line effects, LW compared with HW chickens (M), n = 10, see p
71 for details. *Values significantly different (P < .05).
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CONCLUSIONS

In the first experiment, there was evidence that the chickens fed
L0 which contained 18:3n3 further elongated this fatty acid to 20:5n3.
As the amount of n-3 fatty acids in the diet and tissues increased, the
amount of 20:4n6 in the tissues decreased. The MO diet increased the n-3
fatty acids in the chicken tissues studied. Perhaps poultry products from
chickens fed LO or MO could provide an alternative food source for persons
wishing to supplement their diet with n-3 fatty acids.

In the second experiment, MO decreased plasma triacylglycerol
concentrations in a dose-dependent fashion, becoming significant at 40 g
MO/kg diet. N-3 fatty acids were incorporated into the tissues beginning
with MO at 10 g/kg diet and increased as the dietary concentration
increased.

Results from the third experiment showed that the HW and LW lines
incorporated n-6 or n-3 fatty acids into tissue lipids in a similar
manner. The n-3 fatty acids decreased the plasma triacylglycerols (P <
.07). There was indication that the desaturase and possibly elongase
enzyme activities were different between the two lines.

These experiments provide evidence that chickens respond to dietary
PUFA by modifying their circulating lipids, as when fed MO, and readily
incorporate dietary lipids into their tissues. From a human health
perspective, several questions remain to be answered, including: 1) are
foodstuffs from poultry fed LO or MO organoleptically acceptable to the
consumer; 2) under what conditions should these foodstuffs be packaged,

stored, and cooked; 3) are n-3 enriched poultry products an acceptable
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alternative to fish products for persons wishing to increase their n-3
fatty acid consumption; &) wunder what conditions should poultry
feedstuffs containing long-chain n-3 PUFA be prepared, stored,
transported, and fed to poultry; and 5) what length of time must poultry
consume these PUFA to sufficiently enrich the tissues with n-3 fatty
acids?

The experiments with the HW and LW lines bring forth interesting
questions of how these two lines differ metabolically. It appears that
the LW chickens are sporadic eaters, and the effects of eating behavior
on nutrition and metabolism should be investigated. This behavior
difference could result in changes in de novo fatty acid synthesis because
of limited substrate availability or changes in enzyme activities.
Therefore, the activities of the A6- and A4-desaturases, and rates of
chain-elongation should be measured in ad Ilibitum and force-fed HW and

LW lines of chickens.
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