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ABSTRACT
Dietary flaxseed has cardioprotective effects that may be achieved through its
rich content of the omega-3 fatty acid, alpha linolenic acid (ALA). We investigated the
effects of dietary flaxseed both with and without an atherogenic cholesterol-enriched
diet to determine the effects of dietary flaxseed on the expression of the adipose
cytokines leptin and adiponectin.
Rabbits were fed one of four diets: a regular (RG) diet, or a regular diet with
added 0.5% cholesterol (CH), or 10% ground flaxseed (FX), or both (CF) for 8 weeks.
Levels of leptin and adiponectin expression were assessed by RT-PCR in visceral
adipose tissue. Consumption of flaxseed significantly increased plasma and adipose
levels of ALA. Leptin, but not adiponectin, mRNA expression was lower in CH animals
and was elevated in CF animals. Changes in leptin expression were strongly and
positively correlated with adipose ALA levels and inversely correlated with levels of en
face atherosclerosis. Our data demonstrate that the type of fat in the diet as well as its
caloric content can specifically influence leptin expression. The findings support the
hypothesis that the beneficial cardiovascular effects associated with flaxseed
consumption may be related to a change in leptin expression.
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INTRODUCTION
It is becoming increasingly evident that atherosclerotic heart disease is largely
attributable to factors that can be altered or prevented by lifestyle modification.
Dietary omega-3 fatty acids provide cardioprotection against ischemic heart disease
and significantly reduce the incidence of myocardial infarcts and stroke. Commonly,
omega-3 fatty acids are found in oils from marine animals like fish, however, flaxseed
has been identified as a significant alternative source of omega-3 fatty acids.
Flaxseed is one of the richest sources of alpha linolenic acid (ALA). ALA has been
identified in several epidemiological trials as having significant beneficial effects
against heart disease. However, the data have been indirect and the mechanism of
action for this cardioprotection is unclear. Inclusion of flaxseed or one of its derived
components in the diet in animal studies has shown that flaxseed can inhibit
arrhythmogenesis during ischemia/reperfusion, inhibit atherogenesis and protect
against vascular dysfunction during hypercholesterolemic conditions. Although these
data provide convincing evidence in support of an important action for flaxseed in
protecting against the inflammation that is involved in cardiovascular disease, the full
picture of its mechanism of action is not clear. It is possible that its effects may involve
an action on peripheral non-cardiovascular tissue, which may alter the inflammatory
profile in the body, in turn influencing vascular morphology and function.
Adipose tissue is one such possibility. Adipose actively interacts with and
responds to its environment through the synthesis and release of adipokines, which
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have important roles in inflammation, hunger regulation, obesity, and numerous risk
factors for cardiovascular disease & type II diabetes. The diet is known to modulate the
synthesis and release of these substances but there are specific questions we seek to
answer. First, does dietary flaxseed have the capacity to alter the fat composition in
adipose tissue?
We hypothesize that this is plausible, since the fatty acid content in adipose
tissue is not normally rich in omega-3 fatty acids and alteration of dietary fat
consumption should also alter storage. Secondly, can a dietary intervention like
flaxseed alter the expression and release of cytokines that modulate the
cardiovascular system. Finally, can inclusion of flaxseed in the diet protect against the
deleterious effects of an atherogenic diet? If so, then ultimately, this action may lead to
beneficial effects on the cardiovascular system, as well as metabolism. We hypothesize
that a high cholesterol diet can induce detrimental effects on cardiovascular and
metabolic measures, and dietary flaxseed supplementation in combination with a
high cholesterol diet can inhibit some of these deleterious effects.
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REVIEW OF LITERATURE
ATHEROSCLEROSIS
The term atherosclerosis comes from the Greek words athere, meaning gruel, and
skleros meaning hard1. It describes the thick, cholesterol-based plaque that builds up
inside arteries, narrowing and stiffening the vessels and rendering them prone to
rupture or blockage. Cardiovascular disease represents a major burden on the heath
care system, representing the leading cause of hospitalizations, and 32% of all deaths
in Canada in 20042.
The majority of cardiovascular disease is due to ischemia, a lack of oxygen perfusion to
the tissue2. Ischemia results in stroke in the brain, angina or myocardial infarction in
the heart, and peripheral artery disease in the extremities, as well as the problems
associated with the ischemia or death of cardiac tissue following a myocardial
infarction such as cardiac arrhythmias and hypertrophy. These issues all stem from the
development of atherosclerosis. When the vessel becomes narrowed and stiff, it is less
responsive to increases in blood flow demand, creating areas of insufficient blood
flow, and thus insufficient oxygen downstream1. Atherosclerotic tissue is also prone to
rupture, resulting in the development of a thrombus. This thrombus travels in the
blood stream and can entirely block narrowed arteries, such as coronary arteries,
resulting in a myocardial infarction, or vessels in the brain, resulting in a stroke.
Atherosclerosis also weakens the vessel walls, and vessels that are prone to high
pressure, such as the aorta, may develop aneurysms and subsequent vessel ruptures.
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Vessel structure
Arteries have three layers: the intima, the media, and the adventitia, as
illustrated in Figure 11. The intimal tissue is that which borders the vessel lumen, and
consists of vascular endothelial cells, which prevent infiltration of blood components
through the vessel wall (and thus initiation of clotting), and secrete vasoactive
compounds such as nitric oxide, triggering relaxation of the vessel. The intimal cells
also express proteins such as vascular cellular adhesion molecules (VCAM), which
target the infiltration of macrophages to the sub-endothelial levels.

!

7!

Figure 1: Structure of a large artery
Cross-sectional representation of a large artery, consisting of intimal, medial and
adventitial layers. The intima consists of a single layer of endothelial cells which
provide a barrier between the media and the lumen of the vessel. The media contains
the vascular smooth muscle cells, which add strength to the vessel, and contract and
relax to induce vasoconstriction and vasodilation, respectively. Collagen in the
adventitia and media provide structural support for the vessel.
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The medial layer is divided from the adventitia by the internal elastic lamina1.
The media contains the vascular smooth muscle cells (VSMC) and elastic lamellae are
arranged in concentric circles around the lumen. In smaller vessels, the majority of the
media consists of VSMC, but in large vessels such as the aorta, elastic tissue
contributes to much of the tissue mass. This layer is responsible for contraction and
dilation of the artery, which occurs in response to physiological signals, such as those
during exercise. Nitric oxide is a key vasodilator, and is produced by nitric oxide
synthases in both the endothelium (eNOS) and the vascular smooth muscle cells
(iNOS). The medial layer is then bordered by the external elastic lamina, which
separates it from the adventitia.
The adventitial layer consists of loose connective tissue, which is composed
mostly of collagen1. Its role is structural, as it anchors the vessel to nearby structures.
Atherogenesis and the Response to Injury Hypothesis
The development of atherosclerosis is a slow process that begins in childhood
and progresses throughout life1. Atherosclerosis is initiated by lipid accumulation in
the vessel wall, followed by vessel damage that recruits inflammatory cells. The
response to injury hypothesis states that atherosclerotic lesions occur as a result of
damage to the vessel3. This damage can come about as a result of hyperlipidemia,
cytokines and hormones, oxidative stress, metabolites, infection, or mechanical force,
such as the high levels of shear stress during hypertension. Circulating monocytes
then bind to vascular endothelial cells via VCAM and infiltrate the vascular tissue. Once
inside the vessel, the monocytes convert to macrophages, and begin the uptake of
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lipids such as oxidized LDL. As the macrophages accumulate lipids, they become lipidrich foam cells, so named for the foamy appearance of the numerous lipid droplets
when observed under the microscope.
As these foam cells accumulate, they push the endothelial layer out, narrowing the
lumen, as well as causing damage, which recruits more inflammatory cells4. The
inflammatory cells begin to activate vascular smooth muscle cells, which migrate
towards the plaque and proliferate, resulting in the development of a fibrous cap of
the plaque. Foam cells begin to die, forming a necrotic lipid core. The plaque may
become stable, or the fibrous cap may weaken, resulting in a rupture of the plaque.
The ruptured contents of the plaque will result in platelet aggregation, leading to the
development of a thrombus, which can restrict blood flow in the area or break off into
the circulation. The thrombus has the potential to subsequently cause a heart attack,
stroke, or other ischemic attack. A plaque may also accumulate calcium, which further
hardens the artery and prevents it from dilating and contracting appropriately in
response to vasodilators and vasoconstrictors.
Cholesterol, especially LDL cholesterol, is important for both the development and
maintenance of atherosclerosis. Plaque regression is possible, and requires the
reduction in circulating lipids, which can result in breaking the vicious cycle of
inflammatory processes that cause atherosclerosis. Typically this effect is achieved via
the use of HMG-CoA reductase inhibitors (statins) or numerous lifestyle interventions
such as exercise, stopping smoking, avoiding foods that promote high cholesterol.
However, consuming relevant functional foods have been shown to reduce
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hypercholesterolemia, and represent an attractive alternative or supplement to statin
therapy5,6.
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FUNCTIONAL FOODS & NUTRACEUTICALS
Definitions
Food products are a traditional part of folk health care and home remedies but
until the late 20th century, evidence for such claims was anecdotal. Since the concept
was first introduced as a research focus in Japan in the mid-1980’s, functional foods
have become of increasing interest to both the international scientific community and
consumers7. Although the terms “functional food” and “nutraceutical” have become
commonplace, there is little consensus on the definition of these terms or the
distinction between them. As put forward by the Japanese ad hoc national project in
1984, functional foods are dietary components that provide a physiological benefit,
such as biorhythm, or immune regulation, in addition to the base nutritional and
satiety-related benefits of consuming them. However, this definition has since been
broadened. Health Canada defined functional foods in 1998 as:
... similar in appearance to, or may be, a conventional food, [a functional food] is
consumed as part of a usual diet, and is demonstrated to have physiological
benefits and/or reduce the risk of chronic disease beyond basic nutritional
functions8.
By this interpretation of the term, functional foods may be aspects of the diet
traditionally used for treatment or prevention of illness with scientifically validated
health benefits, such as ginseng as an aid in fighting infection. They may also be foods
with recently discovered benefits, such red wine, which has cardioprotective benefits
with moderate consumption. Functional foods also include food products that may or
!
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may not have physiological benefits when unaltered, but which have been enriched
with beneficial components, such vitamin D enriched milk, or yogurt with added
probiotics.
Research into functional foods has facilitated the use of foods for disease
prevention and treatment, and not just as enhancers of a normal physiological state.
These were initially termed “nutraceuticals,” a portmanteau of nutrition and
pharmaceuticals. Stephen DeFelice coined the term nutraceutical in 1989, which he
defined as “a food (or part of a food) that provides medical or health benefits,
including the prevention and/or treatment of a disease.” However, this definition leads
to ambiguity in the distinction between a functional food and a nutraceutical, as both
are dietary aspects defined by health benefits and nutritional value. In Japan, under
the regulatory system, Foods for Specific Health Use (FOSHU), “functional foods” is an
all-encompassing term9. Under this system, functional foods may have nutrient
function claims (“Iron is necessary for hematopoiesis.”), enhanced functional claims
(“Milk increases bone density, promoting bone health.”), or disease risk reduction
claims (“A calcium-rich diet can reduce the risk of osteoporosis.”). To minimize
confusion, Canadian government policy makers adopted this Japanese attitude
towards functional foods, and consider all food products with health claims to be
functional foods8. Nutraceuticals, by Health Canada policy, are related to but separate
from functional foods.
A nutraceutical is a product isolated or purified from foods that is generally sold in
medicinal forms not usually associated with food... demonstrated to have a
physiological benefit or provide protection against chronic disease.
!
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In this case, nutraceuticals are a dietary supplement derived from the functional foods,
and taken purely as a health aid rather than in conjunction with nutrition. Examples of
such products would be capsules of fish oil for omega-3 supplementation or psyllium
fibre capsules to lower plasma cholesterol.
Both functional foods and nutraceuticals are defined by their roles as an
alternative to pharmaceuticals for prevention and treatment of disease and are an
emerging aspect of Canadian health care.
Economic benefits of functional foods
Functional foods and nutraceuticals may have other global benefits beyond
their direct effects on health. Cost-benefit analyses from the European Union, United
States and Canada have shown that nutritional interventions and education have the
potential to dramatically decrease the burden of cardiovascular disease while
increasing the quality and length of life. For example, mandatory supplementation of
breads and other grain products in the US and Canada with folic acid (vitamin B12) was
implemented in 1998. Although intended to prevent neural tube defects, folic acid
also decreases homocysteine levels. This has resulted in a reduction of cardiovascular
events, and a projected $11 billion USD savings in health care costs in the United
States alone over 15 years10. It has been estimated that the daily use of dietary
flaxseed, omega-3 fatty acids from fish, and folic acid, even in a healthy population,
could save the Canadian health care system over $6 billion annually11. The use of
dietary n-3 polyunsaturated fatty acids (PUFAs) in a diseased population significantly
decreased mortality at a cost of between $3,401 USD (in Canada) and $6,127 USD (in
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Belgium) per life year gained12. Given that secondary prevention with statins bears a
cost of $8,488 USD per life year gained and as much as $138,679 USD per life year
gained when used as primary prevention13, it seems clear that nutritional interventions
used for the prevention of cardiovascular disease are an economically viable health
care solution.
Savings to the health care system are not the only economic spin-off that can
be realized through the translation of nutritional interventions into the general public.
The use of nutritional interventions may allow nutritional companies to generate
financial rewards. The farmer, the processors and the marketing firms may all benefit
from the development of new nutritional products. Since the 1997 FDA approval of
the marketing of oatmeal as a cholesterol-lowering dietary supplement, per capita
consumption of oat products in Canada has nearly doubled leading to a significant
increase in Canadian producer revenues14. In 2008 alone, Quaker Oats spent $50
million USD on advertising directed at the health benefits of oats15, an investment that
benefits not only the brand, but also the value of oats as a commodity and the
agricultural sector that produces it. In an increasingly health-conscious consumer
population, development of functional foods, including margarines like Benecol®
which contain phytosterols to lower blood cholesterol levels, have become an $8.5
billion industry worldwide16. Despite a global economic down-turn, the functional
food market is projected to reach a value of more than $90 billion by 201317.
Successful translation of positive medical trials examining nutritional interventions
can, therefore, lead to health benefits beyond a traditional bench to bedside view of
translational medicine. The institution of these nutritional modifications can produce a
!
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more valuable translational goal of bench to bedside to better living with an
additional value of economic opportunities as well.
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FLAXSEED
Flax (Linum usitatissimum) has been cultivated for thousands of years. However,
it has only recently gained popularity as a functional food. Flax is also an important
Canadian export. Western Canada produces over 760,000 tonnes of flax a year on
average, more than any other country, of which approximately 90% of which is
exported18. Three main beneficial components of consuming ground flaxseed have
been identified, leading to its classification as a functional food19. The first is the hearthealthy omega-3 fatty acid, α-linolenic acid (ALA). It is also a rich source of dietary
fibre, which may lower plasma cholesterol and exhibit anti-carcinogenic properties.
Finally, it is high in secoisolariciresinol glucoside (SDG), a lignan that reportedly acts as
an anti-oxidant and anti-atherogenic agent. The combination of these properties
could make flaxseed an excellent supplement in the prevention of cardiovascular
disease.
α-linolenic acid (ALA), an omega-3 fatty acid
Omega-3 fatty acids were first implicated in the prevention of cardiovascular
disease in the 1970’s. Bang and Dyerberg correlated the low levels of ischemic heart
disease in Inuit with the high proportion of omega-3 fatty acid rich fish in the Inuit diet
and the resultant high plasma levels of omega-3 fatty acids

20-22

. Omega-3 fatty acids

are a type of polyunsaturated fatty acid (PUFA) that have their final double bond at the
third carbon from the end of the carbon chain (the ω-3 position), as in figure 2. Other
common PUFAs are the omega-6 fatty acids, which are more highly represented in the
Western diet, and also have pro-inflammatory properties.23 Both linolenic acid (C18:2
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omega-6) and α-linolenic acid (C18:2 omega-3) are essential fatty acids; that is, the
human body is incapable of synthesizing these polyunsaturates, and thus they must
be obtained from the diet.
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Figure 2: Chemical structure of α-linolenic acid, an omega-3 fatty acid
Public domain image, obtained from the Wikimedia Commons
(http://en.wikipedia.org/wiki/File:ALAnumbering.png)
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The omega-3 fatty acids in fish are eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). The body may directly use these two fatty acids and
both inhibit inflammatory processes by directly competing for Δ6-desaturase with the
pro-inflammatory omega-6 fatty acid, arachidonic acid 24,25. DHA is an abundant fatty
acid in the central nervous system, and is vital for normal brain and retina
development and function25-28. EPA is a more systemic fatty acid, and has numerous
biological roles including immune modulation through inhibition of eicosanoid and
inflammatory cytokine production, decreased macrophage infiltration, and downregulation of inflammatory gene expression25. Increased plasma EPA, in particular, has
been well correlated with a decrease in high blood pressure, ischemic events29-32 and
risk factors for cardiovascular disease and metabolic syndrome, such as LDL
cholesterol31,33 triglycerides32,33, C-reactive protein34-36, and other inflammatory
cytokines36-39.
α-linolenic acid (ALA) is an 18 carbon omega-3 fatty acid that is unsaturated at
carbons 9, 12 and 15 (Figure 2). It comprises approximately 55% of the total fatty acid
content of flaxseed fatty acids and is the parent fatty acid of both EPA and DHA19.
Conversion of dietary ALA to EPA to DHA in the human body occurs through the
elongase and Δ4-, Δ5-, Δ6-desaturase enzymes in the liver (Figure 3). Although ALA has
been associated with many of the same health effects as EPA and DHA, the efficiency
of the bioconversion process in cultured hepatocytes is 17% and 0.7%, respectively40.
In the total organism, great variability has been reported depending on the ALA
source, concentration, length of study and the age of subjects41. Reported efficiencies
in adult humans vary from 5-8% for EPA and 0.5-4% for DHA42-44. As the conversion of
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ALA to DHA in the body is limited and the majority of DHA is stored in neurological
tissue, some have suggested that the cardiovascular benefits of consuming ALA are
related more to EPA than direct effects by ALA itself45. However, this completely
ignores the possibility that ALA may have a direct protective action itself.
ALA, once absorbed into the blood, can have systemic effects. Consumption of
milled flaxseed in conjunction with a typical diet results in a modest increase in plasma
ALA in both animal models46-48 and humans49-51. However, if only about 10% of ALA is
converted to EPA and DHA, it is reasonable to assume that some of the remaining nonmetabolized ALA is stored in the adipose tissue18. ALA-rich diets that have been used
in interventional trials reduce both fatal and non-fatal myocardial infarction52.
Although ALA has also been associated with improved plasma lipids as a mechanism
for its beneficial cardiovascular actions, these effects have been variable. In some
cases, plasma LDL, total cholesterol, and triglycerides have been reduced whereas in
other studies no change in these factors has been observed52,53.
Omega-6:Omega-3 Fatty Acid Ratio
It has been hypothesized that although absolute quantities of omega-3 fatty
acids such as ALA may exert beneficial effects, the ratio of omega-6 fatty acids to
omega-3 fatty acids may be more important for maintenance of health54. Current
recommendations for a healthy dietary ratio are reported to be at minimum 4:137.
However, conservative estimates of the ratio in the average North American diet are
presently 16:155. The omega-6:omega-3 ratio has increased significantly over the past
century, primarily due to the incorporation of soybean oil into the North American
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diet56. Although soybeans provide ALA, they are much higher in the omega-6 fatty
acid, linoleic acid (LA), resulting in the ratio increasing from 6:1 to over 10:1 over the
last 100 years. This is important not only in order to understand a potential cause of
prevalence of cardiovascular disease in modern times, but to demonstrate that the
incorporation of a single oil source into the food industry can dramatically affect the
health properties of the entire diet of a large population.
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Figure 3: Production of long chain PUFAs from linoleic acid and α linolenic acid57
Essential omega-6 (n-6) fatty acid linoleic acid (LA) and omega-3 (n-3) alpha linolenic
acid (ALA) are metabolized via desaturation and elongation reactions to form long
chain PUFAs such as arachadonic acid (ARA), eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). Gamma-linolenic acid (GLA) and docosapentaenoic acid
(DPA) are less abundant products of metabolism.
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The omega-6:omega-3 ratio is believed to be important due to competition for
the enzymes responsible for metabolic conversion to long chain PUFAs
(polyunsaturated fatty acids). Although both classes of fatty acids interact with the
same enzymes, omega-3 fatty acids are the preferred substrate58. Both omega-6 and
omega-3 fatty acids utilize various desaturase and elongase enzymes, resulting in
various PUFAs as described in Figure 3. These long chain PUFAs subsequently can be
metabolized to eicosanoids such as leukotrienes, thromboxanes and prostaglandins
(Figure 4). Omega-6 fatty acid arachidonic acid (ARA) produces pro-inflammatory
molecules such as 4-series leukotrienes and thromboxane A2. Conversely, omega-3
fatty acids metabolize to the less potent 5-series leukotrienes and biologically inactive
thromboxane A359. Thus, the presence of omega-3 fatty acids inhibits the production of
omega-6 derived pro-inflammatory products. However, a sufficient skew in the ratio of
omega-6 to omega-3 fatty acids will push the reactions in favour of the products of
omega-6 fatty acids58.
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Figure 4: Metabolism of long chain PUFAs57
Long chain omega-6 (n-6) fatty acid arachidonic acid (ARA) and omega-3 (n-3) fatty
acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are metabolized
into leukotrienes (LT) via 5-lipoxygenase or into prostaglandins (PG) via cycloxygenase
(COX). Prostaglandins can then be further metabolized into thromboxanes. N-6 fatty
acids produce much more pro-inflammatory, pro-vasoconstrictive metabolites than n3 fatty acids.
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The fatty acids themselves may also have important effects. Indeed, the
metabolism of ALA to EPA and DHA, or the conversion of LA to ARA and DPA is slow
and incomplete45. Omega-3 fatty acids, particularly EPA and DHA have been shown to
be potent ligands for G-protein-coupled receptor 120 (GPR120), while ALA is a weak
ligand, and omega-6 fatty acids do not bind at all60. Oh et al demonstrated that in
mice, GPR120 mediates the anti-inflammatory and insulin sensitizing effects of omega3 fatty acids60. To date, no other fatty acid receptor has been shown to specifically bind
a class of fatty acids61. However, it is probable that other similarly specific fatty acid
receptor/sensors exist, and the balance between their downstream pathways may also
play a key role in their subsequent effects.
Experimental design for investigating the ratio
The investigation of omega-6:omega-3 ratios is methodologically problematic,
as, by the very nature of altering a ratio, confounding variables will exist. In order to
maintain a constant quantity of total fatty acids provided, increasing omega-3 fatty
acids must decrease omega-6 fatty acids and vice versa. This approach, however, does
not distinguish between changes in total omega-3 fatty acid content and changes in
the ratio of omega-6:omega-3 fatty acids. Conversely, the absolute quantity of lipids
provided will vary if omega-3 fatty acids are held constant and omega-6 fatty acids are
manipulated. These changes in absolute fat content are best controlled for in an in
vitro setting, where purified omega-6 fatty acids can be easily replaced with
monounsaturated fatty acids (MUFAs) such as the non-essential omega-9 fatty acids.
Animal and clinical trials use plant or animal oils, which provide a myriad of fatty acid
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types, and thus are much more difficult to manipulate precisely. Although these trials
are more useful for investigating the use of functional foods and nutraceuticals in
practical application, careful control of confounding dietary factors like total dietary
energy, proportion of energy as fat, and changes in each fatty acid type must be taken
into account before concluding that the ratio and not these other factors affected (or
did not affect) the trial outcomes.
Animal Trials
Data from animal models indicate that manipulating the omega-6:omega-3 ratio may
lead to cardiovascular benefit. Direct intravenous infusion of fatty acids to rats after
immunologic challenge resulted in a reduction of TNF-α and IL-6 expression when a
fish oil (1:7) was utilized as compared to either soy (7:1) or safflower oil (370:1)54. It is
difficult to assess these early data in the light of the metabolism competition
hypothesis, however, as the comparison of complex biological products leaves
numerous variables uncontrolled, and fish oil contains the longer chain EPA and DHA,
while LA in safflower oil must first undergo metabolism to ARA before the production
of pro-inflammatory eicosanoids. A more recent study which manipulated quantities
of plant oils in the diet found that reducing the omega-6 to omega-3 ratio from 12:1 to
3:1 lead to a significant attenuation of immune activation in the absence of any
immune challenge62. Although some groups report that alterations in the ratio may
also have effects on insulin resistance and obesity, both important factors in the
development of cardiovascular disease, more appropriately balanced nutritional
studies have failed to observe such changes63,64.
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Although studies of markers of cardiovascular disease have been mixed, there
have been limited trials that manipulate the ratio while directly investigating the
cardiovascular outcome. Sprague-Dawley rats fed a diet with a 1:1 and 1:5 omega6:omega-3 ratio suffered a 30% smaller infarct size after left anterior descending
coronary artery ligation, as compared to those fed a 5:1 ratio65. However, as all of these
ratios remain within the healthy range, it is possible that the protective effects of
altering the omega-6:omega-3 ratio are underestimated by this trial. The strongest
evidence for the importance of omega-6 to omega-3 ratios comes from a 2010 study
of transgenic mice by Wan et al66. ApoE -/- mice spontaneously develop atherosclerosis
physiologically similar to that of humans. These mice were crossed with the fat-1
model, which expresses n-3 fatty acid desaturase originating from C. elegans to
produce mice that possessed the capacity to generate omega-3 fatty acids from
omega-6 fatty acids, resulting in 1:1 tissue ratios. The transgenic animals were given a
high omega-6 Western diet for 16 weeks, and the aortic lesion area was reduced by
nearly 50% as compared to the ApoE -/- controls. This reduction was concurrent with
reductions in inflammatory biomarkers in the plasma and the lesions such as IL-6,
PGE2, cycloxygenase-2(COX-2), and MCP-1, as well as with attenuation of monocyte
infiltration into the atherosclerotic lesions. This investigation removes much of the
uncertainty surrounding previous trials by controlling for variability in the diet, and
indicates there is indeed merit to this course of study.
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Clinical Trials
The omega-6:omega-3 ratio may be key for understanding why some
randomized clinical trials of omega-3 fatty acid supplementation have failed to
demonstrate appreciable benefit to cardiovascular health. In particular, it may explain
the near complete lack of benefit in the recently published Alpha Omega trial, which
provided EPA & DHA or ALA supplementation in the form of margarine to post-MI
patients. The study’s margarine also simultaneously supplemented high levels of LA,
and no prevention of major cardiovascular events was seen in any of the experimental
groups67. This trial provided ratios of 10:1 to 100:1 of omega-6:omega-3 fatty acids,
and although they restricted dietary omega-3 intake in their subjects, omega-6 intake
was not addressed in the patient population, nor were plasma omega-6 levels
measured. Indeed, Leaf observed in 1999 that until that point in time, only
interventional trials of omega-3 fatty acids, including the GISSI-Prevenzione trial,
which simultaneously lowered omega-6 fatty acid consumption were effective in
reducing cardiovascular and all-cause mortality68. These effects, much like in animal
models, appear to occur independently of effects on insulin resistance69. By contrast,
data from the Health Professionals Follow-Up Study was used in 2005 to examine the
dependence of omega-3 benefits on omega-6 consumption and found that there was
no distinction in benefit between low and high omega-6 consumers70. However, as
these data originate from a prospective cohort study that relies on self-reporting of
diets, a randomized controlled trial examining the interplay of omega-3 and omega-6
fatty acids is warranted. Furthermore, the question of whether absolute increases in
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omega-3 fatty acids or the ratio of omega-6 to omega-3 fatty acids are the major
contributing factor for cardioprotection still remains unanswered.
Fibre & SDG
Dietary fibre includes non-digestible polysaccharides such as celluose, and also
numerous other plant products such as inulin, pectins, beta-glucans, dextrins, chitins
and lignans. Although all dietary fibre is non-digestible, it is classified as either soluble
or insoluble. These classifications are distinguished by their properties in the gut,
either viscous and readily fermented by colonic bacteria, or metabolically inert and
adding stool bulk, respectively.
Consumption of dietary fibre, found in fruits, vegetables, and grains, has been
associated with a reduction in cardiovascular disease risk factors, incidence, and
deaths in numerous epidemiological and prospective studies. Levels of fibre
consumption of 10-25g/day were inversely correlated with total and cardiovascular
mortality in observational trials including the Scottish Heart Health study71, Zutphen
Study72, INTERGENE study73, Japan Public Health Centre-based study74, Malmö Diet and
Cancer study75 and Nurse’s Health Study76. Furthermore, in the PREDIMED study, these
high levels of dietary fibre were inversely associated with intima-media thickening, a
good analogue for atherosclerosis burden77. These benefits do not appear to be
gender specific, and show a dose-dependence response78. Furthermore, the NIH-AARP
Diet & Health study demonstrated that in a population 50 years old and up, dietary
fibre intake from grains reduced all-cause mortality, but fibre from fruits and
vegetables did not, indicating the source as well as quantity of fibre is important78.
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Intervention trials, especially in humans, have been less clear.

The Diet and

Reinfarction Trial (DART) in 1989 found no significant effect on cardiovascular
mortality after advice to increase cereal fibre intake to 18g per day, in spite of
reporting good compliance and achieving an increase from 9g/day to 15g/day in the
experimental group79. Fibre recommendations have since increased, as 15g/day may
still be insufficient to achieve beneficial effects, especially in diseased populations.
Smaller intervention trials providing individuals with a high-fibre Mediterranean diet
have demonstrated reductions in total and LDL cholesterol80, increases in antiinflammatory, anti-diabetic cytokines after fibre supplementation81,82, and decreases in
pro-inflammatory cytokines83. However, Mediterranean diets also provide more
omega-3 fatty acids, and a higher content of fruits and vegetables containing
numerous other confounding bioactive compounds. Animal trials which vary fibre
intake alone, however, have been successful in replicating these results84, as well as
the few small intervention trials that varied fibre intake alone85,86.
There are multiple mechanisms by which fibre is hypothesized to beneficially affect
cardiovascular disease: a) the binding of bile acids and cholesterol in the gut, leading
to decreased absorption and lowering serum cholesterol, b) lowering the glycemic
index of the diet resulting in improved insulin sensitivity, c) promoting weight loss, d)
anti-oxidant effects and e) anti-inflammatory effects78.
Flaxseed is approximately 27% fibre by dry weight, 40% of which is soluble fibre87. A
small interventional trial examining the effects of partially defatted flaxseed meal,
which dramatically reduced its fatty acid content, still found reductions in total and
LDL cholesterol, indicating that the fibre content of flaxseed may be responsible for
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these effects88. The major fibre component of flaxseed is a lignan, secoisolariciresinol
diglucoside (SDG)89, as illustrated in Figure 4.
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Figure 4: Secoisolariciresinol diglucoside (SDG), a flaxseed lignan
Public domain image, obtained from the Wikimedia Commons
(http://en.wikipedia.org/wiki/File:Secoisolarisiresinol_diglucoside.svg)
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SDG is converted via microbes in the gut to the phytoestrogens enterolactone
and enterodiol. Phytoestrogens are readily absorbed into the plasma, and are capable
of exerting cardiovascular protective effects similar to those seen by endogenous
estrogens90. These effects, however, occur without the feminizing effects of human
estrogen91, and so indicate that their mechanism of action may be due to weak
binding of estrogen receptors92. Although the precise mechanisms may be unknown,
numerous trials examining partially defatted flaxseed, as well as purified SDG, have
demonstrated lipid-lowering effects93,94,95. Zhang et al. demonstrated that SDG may by
a useful nutraceutical, as a 600mg/day dose decreased total, HDL, and LDL cholesterol,
as well as triglycerides, indicating a generalized, rather than a specific lipid lowering
effect96. This study also found benefits to fasting blood glucose levels, which may have
a further impact on cardiovascular health. Furthermore, although partially defatted
flaxseed meal was observed to have anti-thrombotic and anti-atherogenic effects in
high-fat fed ApoE and LDL receptor deficient mice, SDG did not, indicating that
flaxseed’s effects on atherosclerosis and thrombosis are due to its fatty acid content, or
another fibre component which has not yet been identified89.
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ADIPOSE TISSUE AND CARDIOVASCULAR DISEASE
Adipose tissue and adipokines
Adipocytes, the cells that store lipids and make up the bulk of adipose tissue
stores in the body, are now known to have an important physiological role beyond
their lipid storage capacity. Adipocytes, as well as the stromal-vascular cells and
macrophages in adipose tissue, secrete a number of important cellular signaling
molecules, termed adipokines. These adipokines have consequences ranging from
autocrine and paracrine effects, to systemic endocrine actions. Adipokines also vary
widely in both their function and mechanisms of control. One such mechanism of
control is the fatty acid composition of adipose tissue, which can affect cellular
signaling, fatty acid trafficking, gene expression and, consequently, metabolism97.
Adipose tissue composition varies based on three main effectors: i) energy balance,
which regulates the metabolism of free fatty acids within the adipose tissue, ii) diet,
which will alter the fatty acid profile of the adipose tissue, and iii) physical location, as
local factors can influence fatty acid storage and lipolysis. When an individual
consumes more calories than they can immediately metabolize, storage of energy as
lipids in the adipose increases. A person who is consistently in a state of caloric excess
will gain fat tissue, and consequently become obese. During obesity, the adipokine
profile shifts dramatically from an anti-inflammatory state to a pro-inflammatory state.
Although these changes with caloric intake are well documented, the effects of the
variations in dietary composition on the endocrine function of adipose tissue have
only recently begun to be investigated.
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Adipose tissue sources and their roles
Adipokines are expressed in both brown and white adipose tissue, however,
brown adipose tissue’s impact on systemic adipokine activity is believed to negligible
in most cases98. White adipose tissue is the primary source of adipokines in
circulation99,100. White adipose tissue is deposited both subcutaneously and viscerally,
and these two depots exhibit differential expression of adipokines100. Subcutaneous
white adipose tissue is located beneath the derma, and primarily functions for
thermoregulation, expressing uncoupling proteins and preventing heat loss through
the skin. Generally, it expresses low levels of most adipokines, having little effect on
systemic levels of these adipokines, although it may have important paracrine effects
on insulin sensitivity in skeletal muscle. Subcutaneous adipose tissue is also the
primary source of the beneficial, anti-inflammatory adipokine, adiponectin101. Visceral
adipose tissue is located in the abdomen, and in adult humans, by mass, consists
mainly of retroperitoneal, perirenal, mesenteric, and omental tissue. Smaller visceral
sources such as epicardial adipose tissue have special significance for cardiovascular
disease due to the close proximity to the myocardium as well as the coronary left
anterior descending artery102. Perivascular adipose tissue also surrounds most vessels.
From this location, adipocytes may infiltrate into the adventitia, where they can have
paracrine actions on endothelial and vascular smooth muscle cells without affecting
circulating adipokine levels102,103. In general, visceral sources of adipose tissue highly
express both anti- and pro-inflammatory adipokines, while thermoregulatory activities
play a minor role in their function.
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Fatty acid metabolism
After being consumed, fatty acids cross the intestinal wall in lipid-rich
chylomicrons, which are then taken up by the lymphatic system and shunted into the
blood stream104. Once in the blood, free fatty acids bind to albumin or circulate in
lipoproteins, and can be used to provide for immediate energy needs. However, over
95% of consumed fatty acids are stored for later use104. In addition to the consumption
of fats, the adipose tissue can produce many required fatty acids de novo from
carbohydrates. However, animals cannot create omega-3 or omega-6 unsaturations,
and therefore these key polyunsaturated fatty acids are termed essential fatty acids, as
they must originate from the diet.
In the adipose tissue, chylomicrons and very low density lipoproteins (VLDL)
have the lipids extracted by lipoprotein lipase104. The fats are then transferred into the
adipocytes by one of two methods. The fatty acids can insert into the lipid bilayer of
the adipocyte cell membrane, when they can be flipped across the bilayer to the
intracellular side of the membrane. Although long believed to be the primary means
of entry into the cell, the efficiency of this method is a subject of debate. Lipids may
also be transferred into cells enzymatically, a much more rapid and chemically
favourable situation than a lipid “flip-flop.” Adipocytes produce numerous proteins to
facilitate the uptake of lipids. Fatty acid transport protein (FATP) and fatty acid
translocase (FAT) are responsible for the transfer of the lipids from the external
environment to the cytoplasm, while fatty acid binding proteins (FABP) bind lipids in
order to shuttle them to the translocators104. Once inside the cell, the fatty acids are
then stored in the form of triacylglycerols – a three-carbon chain with three fatty acid
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ester groups. Changes in the quantity as well as the type of lipids stored in adipocytes
can dramatically affect the cell’s function and thus the signal it secretes.
The release of free fatty acids (FFA) from adipose into the plasma, is a highly
regulated event under normal conditions105. This process ensures fatty acids are
systemically available for beta-oxidation, a major energy source for most tissues,
including the heart. However, high BMI has been associated with increased FFA levels
as lipolysis in the adipose increases. High FFA levels are an independent risk factor for
atherosclerosis, hypertension, and sudden cardiac death106-108. Increased levels of FFAs
are also known to directly contribute to hepatic steatosis and insulin resistance,
through inhibition of glucose uptake109,110. It is also important to note, however, that
FFAs are in a continuous state of flux within the body, and vary based on hormones,
activity, fitness levels, and diet109. Therefore, changes in FFA levels without
establishment of baseline fluctuations should be interpreted with caution.
Adiponectin
Adiponectin (Acrp30) is the most highly expressed and secreted adipokine,
with beneficial effects on metabolism, inflammation, and vascular function111. The sole
source of circulating adiponectin is the adipose tissue. In healthy individuals,
adiponectin acts as an insulin-sensitizing agent and antioxidant, suppresses
proinflammatory cytokines like TNF-α and IL-6, and increases eNOS activation, causing
vasodilation. However, adiponectin has a paradoxical expression – as adiposity
increases, adiponectin expression and secretion decreases within the adipose tissue112.
This dichotomy is a function of the inhibitory effects of TNF-α on adiponectin
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expression113. Adiponectin suppresses TNF-α expression in the adipose, but if TNF-α
up-regulation signals are stronger than adiponectin’s down-regulative effects, as in
obesity, the system can rapidly switch to a pro-inflammatory phenotype (Figure 5). It is
believed that these changes play an important role in the initiation of pathological
obesity, and are symptomatic of dysfunctional adipose tissue. Adiponectin also has
roles in inhibiting LDL oxidation, and increasing fatty acid catabolism. Thus,
hypoadiponectinemia is of interest as a biomarker of cardiovascular disease and
metabolic syndrome.
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Figure 5: The adiponectin paradox.
When individuals are a healthy weight, the adipose tissue produces enough
adiponectin to suppress the expression of the of tumor necrosis factor α (TNF-α)113.
This suppression of TNF-α leads to dominance of adiponectin production, causing a
decrease in systemic inflammation, and increases in insulin sensitivity and vasodilation
capacity of the blood vessels. During obesity, TNF-α is up regulated, causing increased
suppression of adiponectin. Consequently, the adipose tissue of an obese individual
produces far less adiponectin, shifting to a pro-inflammatory, damaging cytokine
profile.
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Polyunsaturated fats have diverse impacts on adiponectin production in the
adipose tissue. Omega-3 fatty acid accumulation in the adipose tissue can increase
levels of adiponectin in the healthy children of persons with type II diabetes, as well as
in obese humans, mice and rats114-116. Omega-3 fatty acids inhibit TNF-α production
through enzymatic competition with arachidonic acid, a precursor to proinflammatory eicosanoids. Thus the consumption of omega-3 polyunsaturates can
ameliorate the down-regulation of adiponectin production, leading to a recovery of
adiponectin levels in the plasma115. Conversely, adiponectin expression may be
suppressed by the same pathway, through the bioconversion of omega-6 fatty acids
to pro-inflammatory eicosanoids, leading to TNF-α production. In this way, a diet rich
in omega-3 fatty acids may suppress adiponectin production. Other polyunsaturates
that affect adiponectin include the numerous isomers of conjugated linoleic acid, such
as trans-10, cis-12-CLA. CLA has variable effects on adiponectin production. In one
human study looking at a population of healthy post-menopoausal women, CLA
suppressed adiponectin via unknown mechanisms, despite its other beneficial effects
on the cardiovascular function and obesity117. However, in hypertensive patients, CLA
had the opposite effect on adiponectin expression, while still showing cardiovascular
benefits118. In rats, dietary CLA alternatively increased or did not affect adiponectin
production117,119. As the effects of dietary supplementation of CLA are variable, its
mechanism for adiponectin regulation should be identified.
Leptin
Leptin was first discovered by Zhang et al in 1994 as the protein encoded by
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the obese gene, named for the phenotype of the double knockout mouse120. These
mice experience no satiety, and thus eat continuously when fed ad libitum, leading to
severe diet-induced obesity. After a meal, the body metabolizes the nutrients that
were consumed in order to meet its current energy needs. Once these needs have
been met, excess calories are stored in the form of lipids in the adipose tissue. This
storage process induces the release of leptin to the blood stream, where it can cross
the blood-brain barrier to the hypothalamus and suppresses hunger. In humans,
genetic or metabolic leptin deficiencies have been implicated in cases of morbid
obesity, especially in children121. Leptin’s canononical role of hypothalamic appetite
suppression in response to caloric intake, however, is not its only function. It is
expressed in numerous other tissues, although the only other source of circulating
leptin is the placenta, where it plays a role in the suppression of uterine contraction
and is vital for early pregnancy maintenance122,123.
Leptin receptors are present in the brain, liver, lung, heart, skeletal muscle,
spleen, kidney and testes124. Plasma leptin levels have clinically been associated with
body fat and short-term energy balance, due to its important roles in hunger
suppression. However, chronic leptin expression may also be important in modulation
of T cell activity in the early stages of atherosclerotic development, as well as other
immune cells125. Obesity can affect leptin in one of two ways: leptin may be underexpressed by the adipose in response to a consistent high-caloric diet, or, more
commonly, leptin receptors in the periphery may be down-regulated, leading to
elevated plasma leptin and leptin resistance126. Leptin resistance is widespread in
obesity-associated cardiovascular diseases, such as hypertension, atherosclerosis,
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myocardial

infarction,

and

heart

failure127.

Ex vivo,

leptin

treatments

at

pathophysiologically high levels have been shown to induce endothelial dysfunction
through the suppression of endothelial nitric oxide synthase (eNOS)128. Although in
general, leptin appears to exacerbate cardiovascular issues in disease-state individuals,
it is important to note that this adipokine is still highly expressed in the healthy state.
The effects of consumption of polyunsaturated fatty acids on leptin expression
are not well understood. When evaluating changes in leptin, a key point to consider is
that leptin expression is also affected by caloric intake. Therefore, the effects of dietary
components in the absence of an isocaloric control should be interpreted with
caution. Early work on the influence of diet on adipokine expression indicated that the
addition of fish oils (EPA and DHA) to the diet had no effect on leptin129. In dietinduced obese rats, addition of conjugated linoleic acid (CLA) to a diet high in
saturated fats decreased leptin expression in both brown and white visceral adipose
tissue130. Clinical investigations have identified a leptin receptor polymorphism which
puts individuals more at risk for insulin resistance and metabolic syndrome127. In
individuals with this leptin receptor polymorphism, a low omega-3, high omega-6 diet
increases their risk for insulin resistance. However, when these individuals ate a high
omega-3, low omega-6 diet, there was an apparent masking of the deleterious
genotype. Consumption of monounsaturated fatty acids, in contrast, had no effect on
risk of metabolic syndrome. Although the specific role of polyunsaturated fatty acids
in the regulation of leptin expression and signaling has not been fully elucidated, it is
clear that omega-3 PUFAs have an important role in leptin expression and signaling.
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Resistin
Resistin was first identified in 2001 after a screen for adipocyte genes that were
down regulated after treatment with anti-diabetic drugs131. It is an important obesityrelated adipokine in rodents, but seems to play an alternative role in humans, as it is
expressed primarily in macrophages and may or may not be related to insulin
resistance in human beings132. In mice and rats, it is expressed robustly and almost
exclusively in visceral white adipose tissue, and serum concentrations correlate
positively with insulin resistance and obesity131. It acts as an insulin antagonist in the
circulation, negating insulin’s hypoglycemic effects, thus maintaining hyperglycemia
and insulin resistance in diabetic rodents. Furthermore, resistin promotes the
activation of vascular endothelial cells through VCAM-1 and MCP-1 up-regulation, and
has been associated with increased severity of atherosclerosis133. Unlike rodent
models, human resistin is produced in lymphocytes, monocytes, and macrophages in
the adipose tissue, but not primary adipocytes134. Although some evidence indicates
that resistin may be of use as a biomarker for obesity in human beings135,136, clinical
data generally do not support a direct role for resistin in insulin resistance or
cardiovascular disease in human beings137-139.
In culture, exposure of murine adipocytes to both short- and long-chain
omega-3 and omega-6 polyunsaturated fatty acids reduced resistin expression140.
However, in animal models, no effects on resistin have been observed with either type
of dietary PUFA115. Despite the effects of PUFAs on insulin resistance, there appears to
be no in vivo correlation with resistin. However, dietary interventions that assess
resistin are limited, and therefore it may be premature to assert that they are
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unrelated.
TNF-α
Tumor necrosis factor (TNF)-α is most notable for its roles in inflammation. TNF-α
is acutely secreted in large quantities by macrophages as a key mediator of local
immune response to infection. However, it is also produced in low doses by numerous
tissues, including the adipose. The production of TNF-α can lead to a chronic lowgrade state of inflammation, one of the hallmarks of obesity, and a key player in the
progression of atherosclerosis141. In adipose, TNF-α plays a major role in obesity
through its autocrine and paracrine actions. TNF-α leads to the activation of the MAPK
pathway, and downstream second messenger NF-κB, which directly opposes the
beneficial effects of adiponectin142. Futhermore, as discussed previously, TNF-α inhibits
the production of adiponectin, exacerbating the pro-inflammatory state of the
adipose (Figure 1). It is hypothesized that this shift from anti-inflammatory to proinflammatory endocrine activities leads to the pathogenesis of obesity. Although TNFα has clinical importance for numerous reasons, it is notable in the context of obesity,
diet and cytokines for its associations with endothelial dysfunction, insulin resistance,
and macrophage infiltration.
Omega-3 PUFAs inhibit the production of inflammatory cytokines, including
TNF-α143. Numerous studies have associated dietary omega-3 fatty acids with
reductions in plasma TNF-α144, and omega-3 treatment of macrophages with
decreases in TNF-α secretion. In vitro, adipocytes treated with docosahexaenoic acid
(DHA), one of the major omega-3 fatty acids in fish, did not exhibit any changes in
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TNF-α secretion. Furthermore, TNF-α has been correlated with changes in BMI after
PUFA supplementation145.
C-reactive protein
Like TNF-α, C-reactive protein (CRP) is an important biomarker for inflammation,
mainly secreted from the liver, but also from adipocytes146. CRP production is
stimulated by interleukin-6 production by macrophages and adipocytes. It has roles in
innate immunity, binding foreign or damaged cells and targeting them for
phagocytosis. It is dramatically up regulated in response to acute infection, but it is a
current marker of interest due to its use as a cardiovascular risk factor. In a healthy
population, chronically elevated CRP levels predict future metabolic syndrome and
cardiovascular disease, from stroke to peripheral artery disease to myocardial
infarction147.

Furthermore, its predictive value is independent of other well-

established biomarkers. In animal research, CRP appears to play an active role in
atherosclerosis. CRP treatment reduces nitric oxide production by the endothelial cells,
up-regulates monocyte infiltration, increases the production of reactive oxygen
species, and stimulates vascular smooth muscle cell proliferation and migration within
the vessel walls148. Elevated CRP levels also have been shown to be associated with
cancer risk in health individuals, and with increased mortality after cancer diagnosis,
especially in non-metastatic cancers149.
As CRP is an inflammatory marker, and omega-3 PUFAs act as antiinflammatories, it can be deduced that omega-3 PUFAs will reduce CRP levels. This is
usually, but not always, the case. Several human and animal trials showed a significant
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reduction of circulating CRP with the addition of fish oil to the diet150,151. In other
clinical trials, CRP did not appear to vary as a direct result of the addition of fatty acids
to the diet152,153. Instead, starting CRP concentrations predicted the benefits of a high
PUFA diet. Individuals with high CRP levels (i.e. those most at risk for cardiovascular
disease) gain more benefit from the lipid lowering effects of omega-3
polyunsaturates153. The disparity between these trials, which gave similar levels of
omega-3 fatty acids, can be explained by the omega-3/omega-6 ratio23. If the
experimental diet provided a high omega-6 content in conjunction with the omega3s, emulating the ratio of a Western Diet (16 omega-6: 1 omega-3), no effects on CRP
were seen. However, if the relative omega-6 content was reduced to 4:1 or less, plasma
CRP decreased154. Whether this change is due to a decrease in omega-6 content, or the
relative increase in omega-3 content has not yet been elucidated. Furthermore, the
source of the plasma CRP in these studies – the hepatocytes or adipocytes – is unclear.
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HYPOTHESIS
1. Supplementation of the diet of rabbits with cholesterol will initate
atherosclerosis, alter the lipid composition of adipocytes and decrease the
expression of protective adipokines and increase the expression of proinflammatory adipokines in these animals.
2. Supplementation with dietary flaxseed to provide the omega-3 fatty acid ALA
will alter the lipid composition of adipocytes and increase the expression of
protective adipokines and decrease the expression of pro-inflammatory
adipokines in these animals.
3. Supplementation of the diet with flaxseed will protect against the deleterious
effects of simultaneous dietary supplementation with cholesterol by altering
the lipid composition of adipocytes and ameloration of the detrimental
alterations in adipokine expression in these animals.
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METHODS, RESULTS AND DISCUSSION
The methods, results and the discussion of our results are presented as a manuscript,
which was published in Lipids (2011) 46:1043–1052. My contributions were as follows:
i) development of methods for RNA extraction, quantitative RT-PCR, and Western
Blotting methods for fatty tissues,
ii) planning and implementation of all two-step qRT-PCR experiments, including
design of primers, RNA extraction, spectrophotometry, cDNA production,
PCR, data collection, analysis and statistics,
iii) planning and assistance in the design of gas chromatography studies, and the
analysis and statistics of gas chromatography data,
iv) writing the manuscript and producing all figures and tables.
I also am responsible for the experimental design, tissue collection, experiments, and
data analysis of the appended figures.
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Abstract
Dietary flaxseed has cardioprotective effects that may be achieved through its
rich content of the omega-3 fatty acid, alpha linolenic acid (ALA). Because ALA can be
stored in adipose tissue, it is possible that some of its beneficial actions may due to
effects it has on the adipose tissue. We investigated the effects of dietary flaxseed both
with and without an atherogenic cholesterol-enriched diet to determine the effects of
dietary flaxseed on the expression of the adipose cytokines leptin and adiponectin.
Rabbits were fed one of four diets: a regular (RG) diet, or a regular diet with added
0.5% cholesterol (CH), or 10% ground flaxseed (FX), or both (CF) for 8 weeks. Levels of
leptin and adiponectin expression were assessed by RT-PCR in visceral adipose tissue.
Consumption of flaxseed significantly increased plasma and adipose levels of ALA.
Leptin mRNA expression was lower in CH animals and was elevated in CF animals.
Changes in leptin expression were strongly and positively correlated with adipose ALA
levels and inversely correlated with levels of en face atherosclerosis. Adiponectin
expression was not significantly affected by any of the dietary interventions. Our data
demonstrate that the type of fat in the diet as well as its caloric content can specifically
influence leptin expression. The findings support the hypothesis that the beneficial
cardiovascular effects associated with flaxseed consumption may be related to a
change in leptin expression.
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Introduction
Adipocytes, the cells that make up the bulk of adipose tissue in the body, have
an important physiological role beyond their lipid storage capacity. They secrete a
number of important cellular signaling molecules, termed adipokines. These
adipokines have consequences ranging from local autocrine and paracrine effects to
systemic endocrine actions. Adipokines also vary widely in both their function and
mechanisms of control. One such mechanism of control is the fatty acid composition
of adipose tissue which can affect cellular signaling, fatty acid trafficking, gene
expression and, consequently, metabolism [1]. Adipose tissue composition varies
based on two main effectors: energy balance, which regulates the metabolism of free
fatty acids within the adipose tissue, and diet, which will alter the fatty acid profile of
the adipose tissue. Although the former has been examined extensively, particularly
with regard to leptin expression and adipocyte differentiation, the effects of the latter
on endocrine function have only recently begun to be investigated.
Adiponectin is the most highly expressed and secreted adipokine, with
beneficial effects on metabolism, inflammation, and vascular function. Adiponectin
has a paradoxical expression pattern. As adiposity increases, adiponectin expression
and secretion decreases within the adipose tissue [2]. It is believed that this paradox is
part of the pathology of obesity, and is symptomatic of dysfunctional adipose tissue.
Adiponectin plays a role in insulin sensitivity, LDL oxidation, eNOS activation,
inflammation suppression and fatty acid catabolism [3-5]. Thus, hypoadiponectinemia
is of interest as a biomarker of both cardiovascular disease and metabolic syndrome.
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Another important adipokine that could be stimulated by changes in fatty acid
profile is leptin. It was first discovered as the protein encoded by the obese gene,
named for the phenotype of the double knockout mouse. These mice experience no
satiety, and thus eat continuously when fed ad libidum, leading to severe diet-induced
obesity. In humans, leptin deficiency has been implicated in cases of morbid obesity,
as either a genetic factor or a metabolic insufficiency [6,7]. Leptin’s role in
hypothalamic-mediated appetite suppression in response to caloric intake is not its
only function. Leptin may also be important in the modulation of T cell activity in the
early stages of atherosclerotic development as well as other immune cells [8]. In
obesity, leptin may be under-expressed by the adipose tissue in response to a
consistently high caloric diet, or, leptin receptors may be down regulated, thus leading
to high plasma leptin levels and leptin resistance [9].
Flaxseed has recently gained popularity as a functional food. Alpha-linolenic
acid [ALA] comprises approximately 55% of the total fatty acid content of flaxseed
fatty acids [10]. ALA-rich diets, including diets enriched with ground flaxseed, have
been shown in interventional and experimental trials to reduce both fatal and nonfatal myocardial infarction [11, 12], cardiac arrhythmias [12-15], and the incidence of
atherosclerotic lesions [12, 14, 16, 17]. However, the mechanism whereby ALA and
flaxseed induce this cardio-protective action is unclear. Previous data have indicated
that ALA from a flaxseed enriched diet is deposited in adipose tissue18. It is possible,
therefore, that this change in adipose tissue fatty acid content may influence adipose
tissue function. We hypothesize that the change in lipid composition in adipose tissue
in response to a flaxseed supplemented diet may affect the adipokine signaling from
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the adipocytes. It is possible, therefore, that the beneficial cardiovascular actions of
flaxseed previously observed may be associated with changes in adipokine expression.
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Materials and Methods
Diet and feeding
All experiments were conducted in accordance with the guidelines of the
Canadian Council on Animal Care. Sixteen male New Zealand White rabbits [2.8 ± 0.1
kg, Southern Rose Rabbitry] were randomly assigned to receive one of four diets. Diets
were prepared as previously described [15, 17] by the addition of components to a
regular [RG] rabbit diet [CO-OP Complete Rabbit Ration, Federated Co-operatives]:
0.5% cholesterol [CH], or 10% ground flaxseed [FX], or both [CF] for 8 weeks [n=4]. The
chow was stored at 4°C and protected from light. The diets differed only in total fat
content due to the inclusion of the naturally ALA-rich ground flaxseed [Tables 1 and 2].
The diet fatty acid composition is outlined in Table 2. Addition of flaxseed to the diet
significantly increased the amount of C16:0, C18:0, C18:1 (oleic acid) and C18:3 (ALA)
provided. The addition of cholesterol had no significant effect on dietary fatty acids
provided in comparison to the RG diet. Rabbits were fed 125 g/day of the diet.
Blood sampling and analysis
Blood was drawn from the left marginal ear vein of rabbits that were fasted
overnight before starting their experimental diets and at 8 weeks. It was collected in
vacutainer tubes containing EDTA [Becton Dickinson]. Blood samples were centrifuged
at 4500 x g at room temperature for 10 min, and plasma was then stored at –80°C.
Before analysis, plasma samples were thawed and centrifuged at 6800 x g. Plasma
levels of cholesterol and triglycerides were analyzed using a VetTest 8008 blood
chemistry analyzer [IDEXX Laboratories]. Fatty acids were extracted from plasma and
derivatized, as described previously [15, 18].
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Table 1. Crude dietary composition and total daily caloric intake
RG

FX

CH

CF

Crude Protein (%)

21.3

20.5

20.4

20.5

Carbohydrates (%)

51.4

51.7

52.5

50.6

Crude Fat (%)

5.4

8.1

5.2

8.9

Crude Fibre (%)

13.5

11.7

13.6

12.4

Ash (%)

8.4

8.1

8.1

7.7

ALA (mg/g of diet)

2.0

20.0

2.1

22.5

Digestible Energy
(kcal/g)

3.38

3.56

3.37

3.60

RG: regular diet; FX: 10% flaxseed supplemented diet; CH: 0.5% cholesterol
supplemented diet; CF: 10% flaxseed and 0.5% cholesterol supplemented diet
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Table 2. Fatty acid composition of rabbit diets
FAME
(mg/g)

RG

FX

CH

CF

C14:0

0.293 ± 0.014

0.371 ± 0.013

0.267 ± 0.002

0.337 ± 0.016

C14:1

0.131 ± 0.001

t

0.033 ± 0.033

t

C16:0

6.502 ± 0.247

9.567 ± 0.349*

6.338 ± 0.044

9.364 ± 0.232*

C16:1

0.403 ± 0.024

0.540 ± 0.031

0.354 ± 0.001

0.442 ± 0.004

C18:0

2.200 ± 0.147

3.942 ± 0.157*

2.048 ± 0.006

3.643 ± 0.186*

C18:1 Ol

10.693 ± 0.325

17.055 ± 0.862*

10.292 ± 0.010

16.361 ± 0.840*

C18:1 Vac

1.719 ± 0.148

2.775 ± 0.002*

1.644 ± 0.064

2.611 ± 0.067

C18:2 LA

11.191 ± 0.343

11.781 ± 0.513

12.328 ± 0.170

13.713 ± 0.490

C20:0

0.113 ± 0.011

0.165 ± 0.009

0.117 ± 0.001

0.159 ± 0.025

C18:3n-6 GLA

t

0.115 ± 0.002

t

0.125 ± 0.004

C20:1

t

t

t

t

C18:3n-3 ALA

1.993 ± 0.120

20.077 ± 0.841*

2.119 ± 0.036

22.535 ± 0.679*^

C20:2

0.092 ± 0.012

0.125 ± 0.009

0.087 ± 0.002

0.106 ± 0.007

C22:0

0.160 ± 0.012

0.196 ± 0.002

0.166 ± 0.006

0.199 ± 0.036

C22:1

0.112 ± 0.032

0.292 ± 0.009

0.095 ± 0.009

0.094 ± 0.042

C20:3

t

t

t

0.193 ± 0.003

C22:6 DHA

t

t

0.105 ± 0.105

0.115 ± 0.115

Values are means ± SE, as mg of lipid/g of diet. Fatty acids were extracted from
rabbit chow. RG, regular fed; FX, 10% flaxseed fed; CH, 0.5% cholesterol fed; CF,
0.5% cholesterol plus 10% flaxseed fed; t, trace amounts present (<0.010 mg/g
of diet); * p<0.05 vs. RG, ^ p<0.05 vs. FX
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Tissue collection
After 8 weeks of dietary treatment, animals were euthanized by 5% isoflurane
gas delivered by facemask, followed by cardiac extraction. Retroperitoneal and
epididymal adipose tissue were collected. To prevent RNase contamination, the
animal and tools were sprayed with RNaseZap [Ambion] both before and during tissue
collection. Adipose tissue was immediately placed in RNAlater, and kept overnight at
4°C, as indicated in the manufacturer’s instructions [Ambion]. Preliminary testing
indicated that there was successful stabilization of mRNA compared to flash freezing
or maintenance overnight at 4oC , (as assessed by agarose gel electrophoresis and
subsequent qRT-PCR) despite the high lipid content of this tissue. RNAlater was
removed from the tissue by suction, and the samples were then flash frozen in liquid
nitrogen and stored at -80°C.
qRT-PCR
RNA was extracted from adipose in an RNase-free environment. Adipose tissue
was homogenized in Trizol reagent (Invitrogen), and fat was removed. Phenol was
separated from the solution by washing the solution twice with chloroform. The RNA
was precipitated from solution with ethanol, and added to RNeasy columns for further
purification (Qiagen). Extracted RNA was quantified and assessed for quality by
spectrophotometer and agarose gel electrophoresis. It was then used for qRT-PCR
(Quanta Biosystems) using a iQ5 Real-Time PCR Detection System (Bio-Rad). Primers
designed using BLAST software (NCBI) and were as follows: Adiponectin: (Forward, 5‘
ACCAGGACAAGAACGTGGAC 3’, Reverse, 5‘ TGGAGATGGAATCGTTGACA 3)] ;
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Leptin:

(Forward,

5′

GTCGTCGGTTTGGACTTCATC

3′,

Reverse,

5′

Reverse,

5’

CGGAGGTTCTCCAGGTCGTTG 3′) [19];
GAPDH:

[Forward,

5’

GATGGTGAAGGTCGGAGTGAA

3’,

GGTGAAGACGCCAGTGGATT 3’) [20].
Primers were validated using NCBI’s BLAST software [21]. Unused samples were stored
at -80°C. cDNA was synthesized from 1 ug of RNA with qScript cDNA Supermix
(Quanta) via the manufacturer’s directions. qPCR proceeded for 2 minutes at 50oC,
95oC for 8.5 minutes, then 40 cycles of 95oC for 15 seconds and 60oC for 60 seconds, at
which point data was captured. A melt curve was obtained after cycling with 95oC for 1
minute followed by 55oC for 1 minute, and eighty 10 second capture cycles of 55oC+
0.5oC/cycle. Results were normalized by GAPDH expression and analyzed by deltadelta-Ct method using iCycler Real-Time Detection Software.
Fatty Acid Extraction and Methylation
Plasma fatty acids were directly extracted and derivatized using a modification
of the original method described by Lepage and Roy [22] and later modified by Garg et
al [23].

Briefly, 100 μL of plasma was combined with 2 mL of 4:1 (v/v)

methanol:toluene in a borosilicate glass tube.

The methanol:toluene solution

contained 0.5 mg/ml of the internal standard, C19:0 (Nu-Chek Prep. Inc.). While
vortexing, 200 μL of acetyl chloride was slowly added. Tubes were capped with a
teflon lined lid, weighed and then heated at 100 °C for one hour. Once cooled to room
temperature, tubes were re-weighed to ensure no sample loss had occurred. Five
milliliters of an aqueous 6% K2CO3 solution was then added to terminate and
neutralize the reaction. The sample tube was then centrifuged at 5000 rpm x 5 mins at
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room temperature after which the upper toluene layer was removed and subjected to
gas chromatographic analysis using flame ionization detection (GC-FID). Methylation
was verified by thin layer chromatography. Fatty acids from approximately 15 mg of
adipose tissue were extracted and derivatized using the method outlined by Lepage
and Roy [24].
Gas Chromatography
Fatty acid methyl esters (FAME's) were injected onto a Varian CP 3800 gas
chromatographic system using a Varian CP 8400 autosampler. Analytes were detected
using flame ionization detection and analyzed on a Varian MS Workstation (vrs. 6.9.1).
One microlitre of sample was injected at 250 °C at a split ratio of 50:1 onto a Varian CPSil 88 capillary column (60 m x 0.25 mm x 0.20 μm). Helium gas (ultra pure) was used as
the carrier gas at a constant flow rate of 1.5 mL/min. The oven temperature was
maintained at 111 °C for 1 min then rapidly increased by 20 °C/min to 170 °C. It was
then slowly increased at a rate of 5 °C /min to 190 °C and finally by 3 °C/min up to 225
°C where it was maintained for 10 mins. FAMES were quantified against an external
standard, GLC 462 (Nu-Chek Prep, Inc.).
Quantification of aortic atherosclerosis
The aorta from the ascending arch to the iliac bifurcation was isolated from
peripheral tissues and washed in cold PBS, then opened longitudinally and pinned flat.
The aortic lumen was digitally photographed and luminal images were analyzed with
Silicon Graphics Imaging software. Fatty streaks and complicated lesions were
expressed as a percentile of total luminal surface area.
Statistics
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Results were reported as mean ± SE, and analyzed with Sigma-Stat software by
one-way ANOVA, using Fishers LSD test. A significant correlation was identified by a ttest. p≤0.05 was considered statistically significant.
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Results
Body Weight
After eight weeks of dietary treatment, mean body weight significantly
increased from 2.8 ± 0.06 kg to 3.7 ± 0.09 kg. However, there was no effect on weight
with the experimental diets as compared to control diets (data not shown).
Plasma lipids
There was no significant change in the plasma cholesterol of animals fed a
regular or flaxseed supplemented diet after 8 weeks. Supplementation of the diet with
cholesterol for 8 weeks induced severe hypercholesterolemia (Figure 1A). Addition of
dietary flaxseed to a cholesterol-enriched diet did not lower the plasma cholesterol
values from those observed in animals fed a diet supplemented with cholesterol alone.
Plasma triglycerides were not significantly affected by any of the diets (Figure
1B). Addition of milled flaxseed to the diet, providing ALA, induced a 17-fold increase
in the percent composition of ALA in the plasma (Figure 1C). Simultaneous
consumption of flaxseed and cholesterol doubled the amount of ALA in the plasma as
compared to the consumption of flaxseed alone, comprising 21% of all plasma fatty
acids., Animals fed dietary cholesterol in the absence of flaxseed exhibited a significant
8-fold increase in plasma ALA, despite being provided with only 2 mg of ALA/gram,
supporting the observation that cholesterol aids in absorption of ALA (15-18).
Atherosclerosis
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A

B

C

Figure 1. Plasma cholesterol (A), triglycerides (B), and alpha-linolenic acid (C) levels in
male New Zealand White rabbits at baseline and after 8 weeks of dietary treatment. *P
<0.05 vs. RG; n=3-4. RG, regular chow; FX, chow supplemented with 10% flaxseed; CH,
0.5% cholesterol-supplemented diet; CF, 10% flaxseed and 0.5% cholesterolsupplemented diet.
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Figure 2. Development of atherosclerotic lesions on the aorta of New Zealand White
rabbits after 8 weeks of dietary treatment. Values are means ± SE; n=3. *P ≤0.05 vs RG;
#P ≤0.05 vs. CH. RG, regular chow; FX, chow supplemented with 10% flaxseed; CH,
0.5% cholesterol-supplemented diet; CF, 10% flaxseed and 0.5% cholesterolsupplemented diet.
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Animals fed a regular or flaxseed-supplemented diet for 8 weeks did not
develop any quantifiable atherosclerosis in the aortic arch (Figure 2). Inclusion of 0.5%
cholesterol in the diet induced atherosclerotic lesions in the aorta, covering 76.3 ±
8.5% of the aortic lumen (p<0.05 vs. RG, n=3). Addition of ground flaxseed to the
cholesterol-supplemented diet ameliorated the atherogenic effects of cholesterol,
significantly reducing lesions to 28 ± 4.3% of the aortic lumen (p<0.05 vs. CH, n=3).
Fatty acid composition of adipose tissue
Total lipids were extracted from two primary sources of visceral fat. Epididymal
and retroperitoneal fat consisted of 92.24% lipid by wet weight (range: 83.3-99.5%),
with no significant changes in total lipid between different dietary treatments, or
either adipose source (Tables 3 and 4).
The main component of adipose tissue was C18:1, oleic acid, which composed
32.3 ± 1.9% of total fatty acids in the retroperitoneal adipose of RG-fed animals (Table
3). C16:0, palmitic acid, and C18:2, linoleic acid, were also common, comprising 25.2 ±
1.4% and 26.7 ± 1.3% of the total retroperitoneal adipose tissue fatty acid content,
respectively. Also stored in appreciable quantities in the retroperitoneal adipose tissue
of animals fed a regular diet were ALA (6.34 ± 0.34%), steric acid (6.14 ± 0.57%),
palmitoleic acid (2.12 ± 0.08%), vaccenic acid (1.98 ± 0.21%), and myristic acid (1.77 ±
0.12%) (Table 3).
The fatty acid proportions in the epididymal tissue of the animals fed a regular
diet were not significantly different than the proportions of fatty acid in
retroperitoneal tissue (Table 4). Dietary cholesterol did not significantly affect either
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Table 3. Fatty acids in retroperitoneal adipose tissue from rabbits fed diets for 8 weeks
FAME
(μmol/g)

Retroperitoneal adipose tissue
RG

FX

CH

CF

10:0
ND
ND
ND
ND
12:0
ND
ND
1.54 ± 0.94
1.45 ± 0.87
12:1
ND
ND
ND
ND
14:0
74.40 ± 4.00
50.91 ± 6.76*
66.17 ± 2.12
60.90 ± 1.84
14:1
ND
ND
ND
ND
16:0
945.68 ± 37.82
699.88 ± 15.45* 905.45 ± 40.17
773.21 ± 25.07*
16:1
81.17 ± 7.50
46.95 ± 6.42
90.90 ± 10.74
83.39 ± 13.85
18:0
195.76 ± 12.98
169.31 ± 8.66
179.48 ± 6.93
169.35 ± 4.22
18:1 n-9
1,104.79 ± 75.25 821.93 ± 49.73* 981.88 ± 20.87
962.26 ± 21.53
18:1 trans
67.80 ± 7.42
42.39 ± 3.38*
55.96 ± 1.62
49.30 ± 1.26*
18:2 n-6
878.82 ± 26.06
705.14 ± 35.87* 938.47 ± 69.49
778.75 ± 19.54
20:0
0.51 ± 0.38
0.45 ± 0.24
0.88 ± 0.45
ND
18:3 n-6
ND
ND
ND
ND
18:3 n-3
218.96 ± 7.95
895.96 ± 63.33* 184.22 ± 6.98
672.52 ± 78.99*^
20:1
14.49 ± 1.69
11.83 ± 1.16
12.46 ± 1.29
11.14 ± 1.40
20:2
1.68 ± 0.57
0.27 ± 0.18
1.31 ± 0.51
0.60 ± 0.23
22:0
ND
ND
ND
ND
20:3 n-6
ND
ND
ND
ND
20:3 n-3
ND
5.76 ± 0.89
ND
3.32 ± 0.80
22:1
0.68 ± 0.28
0.22 ± 0.15
0.43 ± 0.26
0.83 ± 0.62
20:4 n-6
0.76 ± 0.44
0.38 ± 0.89
1.28 ± 0.75
0.83 ± 0.48
C22:2
ND
ND
ND
ND
C20:5 n-3
ND
ND
ND
ND
C24:0
ND
ND
ND
ND
C24:1
ND
ND
ND
ND
C22:4
ND
ND
ND
ND
C22:5
ND
0.58 ± 0.45
ND
0.48 ± 0.2
C22:6
ND
ND
ND
ND
TL (%)
90.5 ± 0.23
91.4 ± 3.70
95.7 ± 2.02
94.4 ± 1.35
Values are means ± SE. Fatty acids were extracted from retroperitoneal adipose tissue
following 8 weeks of feeding (n = 4)
RG regular fed, FX 10% flaxseed fed, CH 0.5% cholesterol fed, CF 0.5% cholesterol plus
10% flaxseed fed, ND not detectable amounts present, TL total mg lipids extracted per
mg of tissue
* p < 0.05 versus RG
^ p < 0.05 versus FX
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Table 4. Fatty acids in epididymal adipose tissue from rabbits fed diets for 8 weeks
FAME
(μmol/g)

Epididymal adipose tissue
RG

FX

CH

CF

10:0
ND
ND
ND
ND
12:0
ND
1.13 ± 0.85
2.48 ± 1.70
ND
12:1
ND
ND
ND
ND
14:0
79.12 ± 3.28
59.37 ± 4.65
68.03 ± 4.33
57.85 ± 7.95
14:1
0.99 ± 0.52
ND
ND
ND
16:0
919.51 ± 32.27
676.35 ± 20.48* 862.90 ± 46.25
743.00 ± 44.11*
16:1
101.26 ± 11.89
64.76 ± 10.31
89.76 ± 14.79
92.60 ± 21.24
18:0
193.31 ± 7.60
162.54 ± 6.79
169.93 ± 11.23
158.20 ± 7.84
18:1 n-9
1,122.28 ± 38.65 889.86 ± 29.71* 925.11 ± 25.28
917.13 ± 73.87*
18:1 trans
69.78 ± 6.12
48.23 ± 1.50*
54.66 ± 3.68
49.07 ± 5.21*
18:2 n-6
893.65 ± 36.57
694.95 ± 22.56* 887.65 ± 17.06
789.54 ± 40.46
20:0
0.88 ± 0.45
ND
1.16 ± 0.61
1.27 ± 0.30
18:3 n-6
ND
ND
ND
ND
18:3 n-3
219.61 ± 7.33
916.35 ± 27.84* 176.76 ± 6.12
569.80 ± 96.29*^
20:1
15.06 ± 1.53
12.81 ± 0.92
11.97 ± 0.45
12.26 ± 0.26
20:2
1.13 ± 0.40
0.48 ± 0.28
0.98 ± 0.57
ND
22:0
ND
ND
ND
ND
20:3 n-6
ND
ND
ND
ND
20:3 n-3
ND
6.58 ± 2.16
ND
0.96 ± 0.81
22:1
1.67 ± 0.64
ND
1.83 ± 0.54
1.78 ± 0.34
20:4 n-6
ND
ND
ND
ND
C22:2
ND
ND
ND
ND
C20:5 n-3
ND
ND
ND
ND
C24:0
ND
ND
ND
ND
C24:1
ND
ND
ND
ND
C22:4
ND
ND
ND
ND
C22:5
ND
ND
ND
ND
C22:6
ND
ND
ND
ND
TL (%)
93.2 ± 2.87
90.5 ± 4.11
88.1 ± 3.36
94.1 ± 2.18
Values are means ± SE. Fatty acids were extracted from epididymal adipose tissue
following 8 weeks of feeding (n = 4)
RG regular fed, FX 10% flaxseed fed, CH 0.5% cholesterol fed, CF 0.5% cholesterol plus
10% flaxseed fed, ND not detectable amounts present, TL total mg lipids extracted per
mg of tissue
* p < 0.05 versus RG
^ p < 0.05 versus FX
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total lipids or individual fatty acids as compared to RG. Addition of flaxseed to a
regular diet significantly reduced levels of C16:0, C18:1-cis, C18:1-trans, and C18:2 in
adipose tissue, both in absolute concentrations and relative to total fatty acid content
(Tables 3 and 4). When consumed in conjunction with 0.5% cholesterol, dietary
flaxseed induced a 3.1-fold increase in adipose tissue ALA, a significant increase as
compared to RG, but significantly less than animals supplemented only with flaxseed.
Dietary cholesterol did not affect any of the other fatty acids observed.
Adipokine expression
Adiponectin and leptin are the two most highly expressed adipokines in
adipose tissue. In epididymal adipose tissue, there was no significant change in either
leptin or adiponectin mRNA expression after addition of either flaxseed or cholesterol
to the diet (Figure 3A). Adiponectin expression did not vary with dietary treatment in
retroperitoneal adipose tissue (Figure 3B). However, in retroperitoneal adipose tissue,
dietary flaxseed induced a two-fold increase in leptin mRNA (p<0.05 vs. RG).
Conversely, dietary cholesterol reduced leptin mRNA expression by about one-half in
comparison to control, and the addition of flaxseed to the cholesterol-supplemented
diet induced a recovery of leptin expression, increasing expression beyond that of
flaxseed alone.
These changes in leptin expression were positively correlated with plasma ALA
and adipose ALA levels (Figure 4). Plasma ALA correlated with leptin expression in the
retroperitoneal adipose tissue (p<0.05), but not in epididymal adipose (Figure 4A).
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A

B

Figure 3. mRNA expression of adiponectin (A) or leptin (B) in epididymal and
retroperitoneal adipose tissue of New Zealand White rabbits after 8 weeks of
dietary treatment, measured by quantitative real-time PCR. Values were
normalized by GAPDH expression and expressed as mean ± SE; n=3-4. * P<0.05.
RG, regular chow; FX, chow supplemented with 10% flaxseed; CH, 0.5%
cholesterol-supplemented diet; CF, 10% flaxseed and 0.5% cholesterolsupplemented diet.
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A

B

Figure 4. Correlational analysis of expression of leptin mRNA from
retroperitoneal adipose tissue with plasma alpha-linolenic acid (A), and adipose
alpha-linolenic acid (B) of New Zealand White rabbits after 8 weeks of dietary
treatment. A: P<0.05; B: P<0.05. White rabbits after 8 weeks of dietary
treatment.
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Adipose tissue ALA exhibited a stronger relationship than plasma ALA with leptin
expression in retroperitoneal adipose tissue (Figure 4B).
Relationship of leptin expression to atherosclerosis
All animals that were not fed cholesterol did not exhibit any atherosclerosis.
Consequently, in order to determine if there was a significant relationship between
leptin expression and the development of atherosclerotic lesions, linear regression
was performed only on data obtained from animals fed a cholesterol-supplemented
diet. Increased leptin expression in the retroperitoneal adipose tissue significantly
correlated (p<0.05) with decreased atherosclerosis (Figure 5).
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Figure 5. Correlational analysis of the percentage of the aortic lumen covered
with atherosclerotic plaque with leptin mRNA from retroperitoneal adipose
tissue of hypercholesterolemic New Zealand White rabbits after 8 weeks of
atherogenic dietary treatment. P<0.05.

!

72!

Discussion
One of the primary purposes of this study was to determine if diets of very
different lipid composition could influence the expression of leptin or adiponectin in
adipose tissue when caloric balance was maintained. It is known that leptin expression
varies with caloric balance and adiposity [26-28]. The present study was designed to
avoid these potential variables by maintaining the diets in a manner which maintained
a consistent level of caloric intake while at the same time insuring diversity in lipid
composition. The differences in caloric values between the diets were so minor that
they did not induce a significant change in body weight. The data obtained in the
present study demonstrates that the lipid composition of the diet can have an
important role to play in adipokine expression. The changes in adipokine expression
were sensitive to the type of lipid in the diet, the adipose tissue examined and the
adipokine studied as well. A high cholesterol diet suppressed leptin expression
whereas a diet rich in the omega-3 fatty acid ALA increased leptin expression. Leptin
expression was influenced by the diets whereas adiponectin was not. Retroperitoneal
but not epididymal adipose tissue was affected by the diets. It is known that the
location of the different adipose tissues will influence circulating adipokine levels [29].
The mechanism whereby leptin mRNA expression is regulated by dietary lipids
is presently unclear. Although SREBP1c mRNA expression if directly related to
polyunsaturated fatty acid content in adipose tissue [30] and an SREBP-like binding
element is present in the leptin promoter, it is not responsive to SREBP itself [31].
However, polyunsaturated fatty acids may act as ligands for PPAR gamma to alter
adipokine expression [32]. This may occur through an increase in translation [33].
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Mason et al have demonstrated a novel binding site for an adipocyte-specific
transcription factor in the -87 position of the leptin promoter which is conserved in
both mice and humans, however, the consensus sequence does not match any known
transcription factor [28]. This region, termed LP1, presents an interesting possibility for
a novel transcription factor which may regulate the response of leptin to dietary lipids
in addition to PPAR-gamma.
The observation that the adipose tissue is responding to these diets in a very
specific manner suggests that the changes are physiologically important. Increased
leptin levels have been identified previously as a risk factor for atherosclerosis [34].
However, data correlating leptin and atherosclerosis have been derived from obese
humans and animal models of obesity [35-39]. Our data indicates that in a non-obese
population, leptin may have a previously unidentified role in cardioprotection. In
support of this hypothesis, leptin expression was significantly correlated in a negative
fashion with atherosclerosis. When leptin levels were high, atherosclerosis was low
and when leptin expression was depressed by circulating cholesterol, atherogenesis
was stimulated.
Consumption of flaxseed has previously been shown to improve insulin
resistance, hyperlipidemia, atherosclerosis and hypertension and decrease the
incidence of cardiac arrhythmias [15-17, 40]. These effects of dietary flaxseed have
been attributed, in part, to the rich ALA content of flaxseed [15-17, 40]. Dietary
flaxseed provided a source of ALA in the present study which subsequently increased
ALA both in the circulation and in the adipose tissue. With the addition of cholesterol
to the flaxseed-supplemented diet, plasma ALA increased substantially but adipose
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tissue levels of ALA did not exhibit further increases beyond those observed when the
diet was supplemented with flaxseed alone (Table 3). This could be due to one of
several factors. ALA may be deposited in other organs preferentially, such as the heart
and liver, as previously observed in the hypercholesterolemic rabbit [18]. Alternatively,
a cholesterol-rich diet may direct the ALA to be used directly for beta-oxidation, thus
reducing the amount of ALA available for storage [41]. Cholesterol may also induce an
efflux of ALA from the adipose tissue, which is greater than the influx of ALA from the
plasma, leading to a net decrease in ALA [42]. Further study is required to understand
the relative lack of storage of ALA in the adipose tissue when it is presented with such
high levels of circulating ALA.
Both beneficial and deleterious cytokines from the adipose tissue may be
responsible for many of the links between diet, BMI and cardiovascular disease. The
present data demonstrates that dietary cholesterol and flaxseed have the capacity to
alter leptin expression. The cardioprotective effects of flaxseed are thought to be
provided in part by its delivery of ALA to the body [16, 40]. However, the mechanism
to explain the induction of these effects by ALA remains elusive. In the present study,
ALA in the adipose tissue was strongly associated with increased leptin expression and
the subsequent reduction of atherosclerosis. Our data, therefore, suggests that
flaxseed may induce its anti-atherogenic effects in part via an ALA-mediated
modulation of the expression of leptin.
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APPENDIX 1: VALIDATION OF RNALATER USE FOR ADIPOSE TISSUE
Methods
Because the manufacturer’s directions cautions against the use of RNAlater in
fatty tissues, before utilizing it, we validated that it would improve mRNA stabilization
beyond simple flash freezing. To minimize variability, all samples were obtained from
adjacent cuts to the retroperitoneal adipose tissue of one control-fed New Zealand
White rabbit. All samples and tools were sprayed with RNaseZap (Ambion), and placed
in sterile tubes. Samples were assigned to one of four conditions: a) immediate RNA
extraction with no RNA preservation treatment, b) flash freezing in liquid nitrogen and
storage at -80˚C for at least 24 hours, followed by RNA extraction, c) storage overnight
in at 4˚C, flash freezing in liquid nitrogen and storage at -80˚C for at least 24 hours,
followed by RNA extraction, or d) storage in RNAlater over night at 4˚C, flash freezing
in liquid nitrogen and storage at -80˚C for at least 24 hours, followed by RNA
extraction (as per the manufacturer’s directions).
Sample concentrations and quality were then quantified by
spectrophotometer, and analyzed by qRT-PCR as described previously on page 46,
using GAPDH and adiponectin primers.
Results
Although no benefit was achieved in stabilization of GAPDH mRNA, there was
demonstrable benefit in adiponectin stabilization with the use of RNAlater (Figure A11).

!

83!

A

B

Figure A1-1. Validation of RNAlater for adipose tissue mRNA. mRNA expression
from one sample of retroperitoneal adipose tissue of a healthy, control diet-fed male
New Zealand White rabbit was examined for adiponectin (A) or GAPDH expression
(B). Fresh, freshly excised tissue was used for immediate RNA extraction; Flash Frozen,
sample frozen in liquid nitrogen after being excised; Overnight, samples kept in 4˚C
overnight before being flash frozen for storage; RNAlater, samples were stored in
RNAlater (Ambion) overnight in 4˚C before being flash frozen for storage. Values are
means ± SE (n=3).
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APPENDIX 2: CIRCULATING C-REACTIVE PROTEIN

IS REDUCED BY THE ADDITION OF

FLAXSEED TO THE DIET

Methods
Plasma was collected from fasted rabbits after eight weeks of dietary treatment as
described previously on page 46. Plasma was flash frozen in liquid nitrogen and stored
at -80˚C until use. Samples were pre-cleared of IgGs before Western blotting using
Protein A beads. 20 ul of plasma was added to a 10% protein A bead solution in RIPA
buffer. Samples were rotated at 4˚C for four hours, then, centrifuged, collected, and
stored in sample buffer at -20˚C until ready for Western blotting.
2.5 ul of pre-cleared plasma was run on a 10% gel via SDS-PAGE and transferred to
nitrocellulose membrane. The membrane was blocked with 10% milk
powder(Carnation) in TBS-T, then incubated overnight with chicken anti-CRP primary
antibody (1:1000) in 1% milk powder in TBS-T. Appropriate horseradish perodixase
conjugated secondary antibody was applied and the signal was developed using West
Pico chemiluminescence substrate (Pierce) and quantified by densitometric analysis
using Quantity One software on a Bio-Rad GS-670 imaging densitometer. Equal
loading and transfer of protein were verified using Ponceau S and Coomassie blue
staining of the membrane and gel, respectively. Protein levels were normalized via
albumin expression and represented as percent expression of control (RG).
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Results
Figure A2-1 demonstrates that flaxseed is capable of dramatically reducing CRP
expression, reducing it by 50% even in the absence of the pro-inflammatory stimulus
of cholesterol. As adipose tissue is a major source of pro-inflammatory cytokines like
CRP, these data warrants further investigation into the anti-inflammatory effects of
flaxseed in adipose tissue.
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Figure A2-1. Expression of C-reactive protein in the plasma of New Zealand White
rabbits after 8 weeks of dietary treatment.
Values are means ± SE; n=4. *P ≤0.05 vs RG; ^P ≤0.05 vs. CH.
RG, regular chow; FX, chow supplemented with 10% flaxseed; CH, 0.5% cholesterolsupplemented diet; CF, 10% flaxseed and 0.5% cholesterol-supplemented diet.
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CONCLUSIONS
We have demonstrated that dietary flaxseed exhibits anti-atherogenic, antiinflammatory effects in the hypercholesterolemic rabbit model of atherosclerosis.
Furthermore, we have demonstrated that ALA from dietary flaxseed localizes to the
adipose tissue, and that these changes in ALA are associated with leptin expression in
the retroperitoneal adipose tissue. Finally, we have shown leptin mRNA expression
levels in the retroperitoneal adipose tissue are correlated with decreases in
atherosclerosis in this model, establishing a potential causative link between ALA and
cardioprotection.
These conclusions lend further understanding to the mechanism whereby flaxseed
exerts is beneficial effects. Given the social and economic impacts of cardiovascular
disease, and the rising obesity epidemic worldwide, further research into this link may
result in important knowledge for the promotion easily accessible interventions for
health maintenance.
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