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Introduction

Atherosclerotic coronary heart disease (CHD) is estimated to be the leading cause
of cardiovascular morbidity and mortality worldwide [1]. However, it is becoming
increasingly evident that this disease is largely attributable to factors that can be altered
or prevented by lifestyle modification, including dietary choices [2]. Increasing the
consumption of omega-3 (®-3) fatty acids has been suggested as one dietary strategy to
provide cardioprotection against ischemic heart disease and significantly reduce the
incidence of myocardial infarcts and stroke [3, 4]. The most common way to consume -
3 fatty acids has been in the form of marine oils like fish. However, dietary compliance
for fish supplementation is often an issue due to concerns about environmental toxins,
palatability and eructation [5]. Sadly, no matter how good a product is for you, if the
general population will not ingest it, it will never provide the expected benefits. Finding
an alternative source of ®-3 PUFAs, therefore, could be an important issue for
cardiovascular health.

Flaxseed (linseed) is the richest plant source of the w-3 PUFA a-linolenic acid
(ALA; C18:3n-3) [5]. ALA has been identified in several epidemiological trials as having
significant beneficial effects versus heart disease [6-9]. ALA can also be converted in the
body to the cardioprotective ®-3 PUFAs found in fish oils, eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) [10, 11]. Dietary flaxseed also contains a rich source of
soluble and insoluble fibres that may provide cardioprotective action and lignans like
secoisolariciresinol diglucoside (SDG) which have demonstrated potent antioxidant and
anti-atherogenic effects [12, 13].

The observation that flaxseed can inhibit atherosclerosis is an important one with
implications for cardiovascular health. Our aim was to identify in a series of papers the
processes by which dietary flaxseed can be cardioprotective. The hypotheses that were
tested were that dietary flaxseed may retard atherosclerotic development, protect against
vascular contractile abnormalities and inhibit arrhythmogenesis in models of diet-induced
CHD. To also identify the exact mechanism(s) by which dietary flaxseed achieves the
beneficial effects was also a goal of our work. Our long term objective is to determine if a
dietary flaxseed intervention should be tested as a strategy to modify heart disease in
human populations.

Summary of the Experimental Design

We have examined the effects of flaxseed supplementation on these parameters in
two animal models, the hypercholesterolemic rabbit and more recently, the cholesterol
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fed, low density lipoprotein receptor (LDLr-/-) deficient mouse. Male New Zealand
White (NZW) rabbits were fed a diet containing flaxseed in the absence or presence of
dietary cholesterol for a period of 6 - 16 weeks. Atherosclerosis, aortic vessel contractile
function and arrhythmogenesis were measured in two separate studies [14, 15]. However,
the cholesterol-fed rabbit model has been criticized as a model for atherosclerosis [16,
17]. Therefore, in other studies, the LDLr-/- mice were fed an atherogenic diet in the
presence or absence of one of three doses of dietary flaxseed for 6 months at which time
we measured plasma lipids and the extent of aortic atherosclerotic development [18].

Summary of the Results
1. The effect of flaxseed supplementation on plasma lipids and atherosclerosis

Dietary flaxseed significantly prevents atherosclerosis in both animal models but, not
surprisingly, there are limits on its potency [14, 18]. Longer durations of dietary
interventions with high cholesterol make it more difficult for flaxseed to exert a
protective action and lower flaxseed doses result in limited or no protective action. It may
be important to remember these limitations when enthusiasm grows to implement
strategies for its use in human population studies. It is also important to note that the
effects of flaxseed supplementation on plasma lipids remain unclear. Flaxseed prevented
the rise in plasma triglyceride levels over the 16 week period in the rabbit model but it
had no effect on triglyceride levels in the LDLr-/- mice. Conversely, dietary flaxseed had
no effect on cholesterol levels in rabbits but even low doses of dietary flaxseed
significantly reduced plasma cholesterol levels in the LDLr-/- mice. Because there was
not a close correlation between the progression of atherosclerotic lesions and the
cholesterol lowering effect of dietary flaxseed in either study, the hypolipidemic effect of
flaxseed is at best likely to be only one of the contributing factors to its anti-atherogenic
potential. Another mechanism, likely the cellular actions of flaxseed, may be responsible
for this anti-atherogenic action [18]. In this regard, two options can be considered. First,
the powerful anti-oxidative action of the lignans within flaxseed may contribute to its
anti-atherogenic potential [12, 13, 19]. It is well known that antioxidants can reduce
atherogenesis in animals [20-22]. It is not insignificant to note, however, that this action
does not appear to be effective in human studies of CHD [23-27]. Therefore, the utility of
lignans in human studies may be questionable at this point in time. However, secondly,
the omega-3 fatty acid content of the flaxseed may provide an anti-inflammatory action
that could inhibit atherogenesis [18]. Omega-3 fatty acids are known to have an anti-
inflammatory action [28, 29] and it is now known that infectious disease and
inflammation represents an important causative mechanism in atherosclerosis [18, 30].
Flaxseed effectively inhibited the expression of inflammatory markers like IL-6, mac-3,
VCAM-1 and the proliferative marker PCNA in aortic atherosclerotic tissue from LDLr-
/- mice [18]. These cellular changes could be a result from the increased incorporation of
-3 fatty acids in aortic tissues in flaxseed fed animals. Dietary supplementation with
ALA from flaxseed oil has been demonstrated to reduce circulating levels of several
atherogenic and inflammatory markers including, C-reactive protein, serum amyloid A,
IL-6, and sVCAM-1 in dyslipidaemic patients [31, 32]. This mechanism may play an
important contributory role in the anti-atherogenic effects of flaxseed in our models [14,
18] and, more importantly, may have this action in humans as well.
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2. The effects of flaxseed supplementation on vascular function

The benefits of consuming flaxseed may extend beyond its anti-atherogenic potential.
The endothelial lining of arteries normally acts as a barrier and modulator of vascular
contraction and relaxation. Under atherosclerotic conditions, the endothelium can become
damaged and exhibit a dysfunctional contractile relaxation. Our study has demonstrated
that flaxseed protects against the loss of endothelial-dependent vascular relaxation
induced by cholesterol feeding [14]. Vessels from cholesterol fed animals exhibited
normal vascular relaxation in response to acetylcholine, an endothelial-dependent
vasorelaxant, as compared to vessels from cholesterol fed animals. Flaxseed had no effect
on endothelial-independent routes of modulating vascular response. Thus, flaxseed may
provide critical functional and structural benefits to vessel integrity and viability.

3. The effect of flaxseed supplementation on the incidence of arrhythmias following
ischemia/reperfusion injury

Arrhythmias commonly precede a myocardial infarction and may ultimately cause
death. In order to determine the potential of flaxseed to protect against arrhythmias,
rabbit hearts from animals fed a diet +/- cholesterol and +/- flaxseed were subjected to a
period of ischemia followed by reperfusion and the incidences of ventricular tachycardia
and fibrillation were monitored [15]. Dietary flaxseed supplementation completely
suppressed the incidence of ventricular fibrillation (VF) normally observed during
ischemia, and significantly reduced the incidence of VF during reperfusion in hearts
obtained from cholesterol-fed rabbits. Flaxseed appears to exert its protective effect by
shortening the QT interval and action potential duration of heart beats [15]. QT
prolongation is associated with arrhythmias [33, 34]. It was concluded that the ALA
content of the diet was primarily responsible for the anti-arrhythmic effects.

Conclusions

Dietary flaxseed inhibits the atherogenic effects of a high cholesterol diet in two animal
models. The anti-atherogenic effect was achieved through a capacity to lower circulating
cholesterol levels and at a cellular level by inhibiting cell proliferation and inflammation.
This reduction is associated with an improved vascular relaxation response. Dietary
flaxseed also has the capacity to inhibit the incidence of ventricular fibrillation. Our data
lends further support to the hypothesis that nutritional interventions that elevate omega-3
fatty acids have the capacity to alter cardiovascular disease. The data supports the
possibility that not only the omega-3 fatty acids from fish, DHA and EPA, can be
cardioprotective, but dietary ALA can now be considered to possess this important action
as well. Finally, because the anti-atherogenic effects of flaxseed have now been shown in
more than one animal model, and, because the LDLr-/- mouse is a close representation of
the clinical condition of coronary heart disease in humans [35, 36], it would be our
opinion that the body of research now effectively argues for the initiation of careful,
randomized controlled trials of dietary flaxseed in a patient population with symptoms of
atherosclerotic heart disease.

Page 3 of 6



References

1.

10.

1.

Rosamond, W., Flegal, K., Friday, G., Furie, K., Go, A., Greenlund, K., Haase,
N., Ho, M., Howard, V., Kissela, B., Kittner, S., Lloyd-Jones, D., McDermott, M.,
Meigs, J., Moy, C., Nichol, G., O'Donnell, C.J., Roger, V., Rumsfeld, J., Sorlie,
P., Steinberger, J., Thom, T., Wasserthiel-Smoller, S., and Hong, Y. (2007). Heart
disease and stroke statistics--2007 update: a report from the American Heart
Association Statistics Committee and Stroke Statistics Subcommittee. Circulation
115, e69-171.

Yusuf, S., Hawken, S., Ounpuu, S., Dans, T., Avezum, A., Lanas, F., McQueen,
M., Budaj, A., Pais, P., Varigos, J., and Lisheng, L. (2004). Effect of potentially
modifiable risk factors associated with myocardial infarction in 52 countries (the
INTERHEART study): case-control study. Lancet 364, 937-952.

Erkkila, A.T., Lehto, S., Pyorala, K., and Uusitupa, M.I. (2003). n-3 Fatty acids
and 5-y risks of death and cardiovascular disease events in patients with coronary
artery disease. Am J Clin Nutr 78, 65-71.

Lamotte, M., Annemans, L., Kawalec, P., and Zoellners, Y. (2006). A multi-
country health-economic evaluation of highly concentrated n-3 polyunsaturated
fatty acids in the secondary prevention after myocardial infarction. Herz 31 Suppl
3, 74-82.

Gebauer, S.K., Psota, T.L., Harris, W.S., and Kris-Etherton, P.M. (2006). n-3
fatty acid dietary recommendations and food sources to achieve essentiality and
cardiovascular benefits. Am J Clin Nutr 83, 1526S-1535S.

de Lorgeril, M., Salen, P., Martin, J.L., Monjaud, I., Delaye, J., and Mamelle, N.
(1999). Mediterranean diet, traditional risk factors, and the rate of cardiovascular
complications after myocardial infarction: final report of the Lyon Diet Heart
Study. Circulation 99, 779-785.

de Lorgeril, M., Renaud, S., Mamelle, N., Salen, P., Martin, J.L., Monjaud, I.,
Guidollet, J., Touboul, P., and Delaye, J. (1994). Mediterranean alpha-linolenic
acid-rich diet in secondary prevention of coronary heart disease. Lancet 343,
1454-1459.

Djousse, L., Armett, D.K., Pankow, J.S., Hopkins, P.N., Province, M.A., and
Ellison, R.C. (2005). Dietary linolenic acid is associated with a lower prevalence
of hypertension in the NHLBI Family Heart Study. Hypertension 45, 368-373.
Hu, F.B., Stampfer, M.J., Manson, J.E., Rimm, E.B., Wolk, A., Colditz, G.A.,
Hennekens, C.H., and Willett, W.C. (1999). Dietary intake of alpha-linolenic acid
and risk of fatal ischemic heart disease among women. Am J Clin Nutr 69, 8§90-
897.

Harper, C.R., Edwards, M.J., DeFilipis, A.P., and Jacobson, T.A. (2006).
Flaxseed oil increases the plasma concentrations of cardioprotective (n-3) fatty
acids in humans. J Nutr 136, 83-87.

Metcalf, R.G., James, M.J., Mantzioris, E., and Cleland, L.G. (2003). A practical
approach to increasing intakes of n-3 polyunsaturated fatty acids: use of novel
foods enriched with n-3 fats. Eur J Clin Nutr 57, 1605-1612.

Page 4 of 6



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Prasad, K. (1999). Reduction of serum cholesterol and hypercholesterolemic
atherosclerosis in rabbits by secoisolariciresinol diglucoside isolated from
flaxseed. Circulation 99, 1355-1362.

Prasad, K. (2005). Hypocholesterolemic and antiatherosclerotic effect of flax
lignan complex isolated from flaxseed. Atherosclerosis 179, 269-275.
Dupasquier, C.M., Weber, A.M., Ander, B.P., Rampersad, P.P., Steigerwald, S.,
Wigle, J.T., Mitchell, R.W., Kroeger, E.A., Gilchrist, J.S., Moghadasian, M.M.,
Lukas, A., and Pierce, G.N. (2006). Effects of dietary flaxseed on vascular
contractile function and atherosclerosis during prolonged hypercholesterolemia in
rabbits. Am J Physiol Heart Circ Physiol 291, H2987-2996.

Ander, B.P., Weber, A.R., Rampersad, P.P., Gilchrist, J.S., Pierce, G.N., and
Lukas, A. (2004). Dietary flaxseed protects against ventricular fibrillation induced
by ischemia-reperfusion in normal and hypercholesterolemic Rabbits. J Nutr 134,
3250-3256.

Moghadasian, M.H. (2002). Experimental atherosclerosis: a historical overview.
Life Sci 70, 855-865.

Bocan, T.M. (1998). Animal models of atherosclerosis and interpretation of drug
intervention studies. Curr Pharm Des 4, 37-52.

Dupasquier, C.M., Dibrov, E., Kostenuk, A.L., Cheung, P.K., Lee, K.G.,
Alexander, H.K., Yeganeh, B.K., Moghadasian, M.H., and Pierce, G.N. (2007).
Dietary Flaxseed Inhibits Atherosclerosis in the Ldl Receptor Deficient Mouse in
Part through Anti-Proliferative and Anti-Inflammatory Actions. Am J Physiol
Heart Circ Physiol.

Prasad, K. (2000). Antioxidant Activity of Secoisolariciresinol Diglucoside-
derived Metabolites, Secoisolariciresinol, Enterodiol, and Enterolactone.
International Journal of Angiology 9, 220-225.

Oka, K., Yasuhara, M., Suzumura, K., Tanaka, K., and Sawamura, T. (2006).
Antioxidants suppress plasma levels of lectinlike oxidized low-density lipoprotein
receptor-ligands and reduce atherosclerosis in watanabe heritable hyperlipidemic
rabbits. J Cardiovasc Pharmacol 48, 177-183.

Leborgne, L., Pakala, R., Dilcher, C., Hellinga, D., Seabron, R., Tio, F.O., and
Waksman, R. (2005). Effect of antioxidants on atherosclerotic plaque formation
in balloon-denuded and irradiated hypercholesterolemic rabbits. J Cardiovasc
Pharmacol 46, 540-547.

Kurosawa, T., Itoh, F., Nozaki, A., Nakano, Y., Katsuda, S., Osakabe, N.,
Tsubone, H., Kondo, K., and Itakura, H. (2005). Suppressive effects of cacao
liquor polyphenols (CLP) on LDL oxidation and the development of
atherosclerosis in Kurosawa and Kusanagi-hypercholesterolemic rabbits.
Atherosclerosis 179, 237-246.

(1999). Dietary supplementation with n-3 polyunsaturated fatty acids and vitamin
E after myocardial infarction: results of the GISSI-Prevenzione trial. Gruppo
Italiano per lo Studio della Sopravvivenza nell'Infarto miocardico. Lancet 354,
447-455.

Omenn, G.S., Goodman, G.E., Thornquist, M.D., Balmes, J., Cullen, M.R., Glass,
A., Keogh, J.P., Meyskens, F.L., Valanis, B., Williams, J.H., Barnhart, S., and

Page 5 of 6



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hammar, S. (1996). Effects of a combination of beta carotene and vitamin A on
lung cancer and cardiovascular disease. N Engl J Med 334, 1150-1155.
Hennekens, C.H., Buring, J.E., Manson, J.E., Stampfer, M., Rosner, B., Cook,
N.R., Belanger, C., LaMotte, F., Gaziano, J.M., Ridker, P.M., Willett, W., and
Peto, R. (1996). Lack of effect of long-term supplementation with beta carotene
on the incidence of malignant neoplasms and cardiovascular disease. N Engl J
Med 334, 1145-1149.

Yusuf, S., Dagenais, G., Pogue, J., Bosch, J., and Sleight, P. (2000). Vitamin E
supplementation and cardiovascular events in high-risk patients. The Heart
Outcomes Prevention Evaluation Study Investigators. N Engl J Med 342, 154-
160.

Yusuf, S., Sleight, P., Pogue, J., Bosch, J., Davies, R., and Dagenais, G. (2000).
Effects of an angiotensin-converting-enzyme inhibitor, ramipril, on
cardiovascular events in high-risk patients. The Heart Outcomes Prevention
Evaluation Study Investigators. N Engl J Med 342, 145-153.

De Caterina, R., Cybulsky, M.1., Clinton, S.K., Gimbrone, M.A., Jr., and Libby,
P. (1994). The omega-3 fatty acid docosahexaenoate reduces cytokine-induced
expression of proatherogenic and proinflammatory proteins in human endothelial
cells. Arterioscler Thromb 14, 1829-1836.

Sierra, S., Lara-Villoslada, F., Comalada, M., Olivares, M., and Xaus, J. (2006).
Dietary fish oil n-3 fatty acids increase regulatory cytokine production and exert
anti-inflammatory effects in two murine models of inflammation. Lipids 41,
1115-1125.

Leinonen, M., and Saikku, P. (2002). Evidence for infectious agents in
cardiovascular disease and atherosclerosis. Lancet Infect Dis 2, 11-17.

Rallidis, L.S., Paschos, G., Liakos, G.K., Velissaridou, A.H., Anastasiadis, G.,
and Zampelas, A. (2003). Dietary alpha-linolenic acid decreases C-reactive
protein, serum amyloid A and interleukin-6 in dyslipidaemic patients.
Atherosclerosis 167, 237-242.

Rallidis, L.S., Paschos, G., Papaioannou, M.L., Liakos, G.K., Panagiotakos, D.B.,
Anastasiadis, G., and Zampelas, A. (2004). The effect of diet enriched with alpha-
linolenic acid on soluble cellular adhesion molecules in dyslipidaemic patients.
Atherosclerosis 174, 127-132.

Passman, R., and Kadish, A. (2001). Polymorphic ventricular tachycardia, long
Q-T syndrome, and torsades de pointes. Med Clin North Am 85, 321-341.
Antzelevitch, C., Shimizu, W., Yan, G.X., and Sicouri, S. (1998). Cellular basis
for QT dispersion. J Electrocardiol 30 Suppl, 168-175.

Smith, J.D., and Breslow, J.L. (1997). The emergence of mouse models of
atherosclerosis and their relevance to clinical research. J Intern Med 242, 99-109.
Wouters, K., Shiri-Sverdlov, R., van Gorp, P.J., van Bilsen, M., and Hotker, M.H.
(2005). Understanding hyperlipidemia and atherosclerosis: lessons from
genetically modified apoe and 1dlr mice. Clin Chem Lab Med 43, 470-479.

Page 6 of 6



