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Introduction

Controversies related to correlations of levels of blood cholesterol with various types of dietary fats appear to be finally fading away.1-6 It is very much related to the reduced marketing pressure from producers of major seed oils that are relatively “polyunsaturated” but have to be partially hydrogenated to be usable for most food applications.7-10 The unraveling of previous findings that trans fatty acids and excessive intake of linoleic acid are major causative agents of several disease states including cardiovascular diseases and possibly cancer has changed attitudes when once there were preconceived prejudices against some fats. Trans fats have been singled out for labeling and limit-setting in food products because of several undesirable effects such as raising LDL cholesterol, depressing HDL cholesterol and interfering with many cellular pathways as regulatory agents.11 Urgent solutions have to be found particularly in the U.S. to find other ways of creating solid fats, which must necessarily be saturated fats. Having spent decades and billions of dollars to demonise tropical fats including palm oil, a dilemma is now being presented as the food industry will have to return to sources of fats containing mainly palmitic acid. Alternative sources of fats having high stearic acid content will need total hydrogenation (or unless derived from animal fats) and inter-esterification processes, incurring additional costs and providing fats of uncertain or unknown nutritional quality. Enlightened users will realize that saturated palmitic and monounsaturated oleic acids are the two major fatty acids biosynthesized by the human body (Table 1).3 These are also the same major fatty acids provided by palmolein and palm oil fractions. The Americans will continue to be “shooting at their own feet” if they fail to capitalize on these healthy, cost-effective oils which have been shown to be of remarkable versatility in formulations of food and non-food products. 

Table 1. Fatty Acid Compositions (%)

	Oil/Fat
	14:0
	16:0
	16:1
	18:0
	18:1
	18:2
	18:3*

	Human
	5
	26
	7
	5
	47
	3
	

	Palmolein
	1
	41
	0.2
	4
	41.5
	11.6
	0.3

	Olive
	-
	9
	0.6
	2.7
	80.3
	6.3
	

	Canola
	0.1
	4.1
	0.3
	1.8
	60.9
	21
	10

	Soy
	0.1
	10.6
	0.1
	4
	23.3
	53.7
	7.6

	Tallow**
	3.2
	24.3
	3.7
	18.6
	42.6
	2.6
	1


    *n-3 18:3 ; flaxseed has 57-60%. ** Beef tallow
Palmolein

Earlier nutritional studies on palm oil have continually noted its uniqueness of not behaving like a fat that is relatively high in saturation (47-50% saturated, mainly with 16:0). The various modified equations of Keys and Hegstedt12-14 would have predicted cholesterol-raising effects and there is no reason to doubt that the modified equations would hold for oils with randomized fatty acids, except that a great disservice had been made in not including trans fatty acids. A hypothesis of limiting thresholds of linoleic acid (3% en) and an unusual, exponentially cholesterol-raising phenomenon by 14:0 had even been put forward.15 High dietary intakes of fats and cholesterol in general would increase the risk of cardiovascular diseases and there are now numerous studies on the effects of various fatty acids on several lipid components in blood. Usually elevation of total cholesterol and LDL cholesterol and lowering of HDL cholesterol may be indicative of higher risk, but it is insufficient to extrapolate this to the final outcome of the end-points, e.g. atherosclerosis, strokes, heart attacks. To observe these it is necessary to resort to animal experiments even as non-invasive methodologies are being developed to observe the conditions of human arteries. 

Initial ideas on the special nutritional quality of palm oil were that there are relatively high levels of antioxidants present in palm oil and in particular the hypocholesterolemic tocotrienols.16-18 Our own experiments on experimental atheroma in rabbits fed atherogenic diets (Table 2) do support these ideas but their low levels in the oils (unlike antioxidants and other natural products from fruits and vegetables) are not sufficiently pharmacologic to elicit the observed good lipid effects. Furthermore, although alpha-tocopherol (-T) is readily incorporated into LDL particles it doesn’t dramatically stop atherosclerosis, in fact its effect is less than that of -tocotrienol (-T3) which is barely incorporated. This indirectly indicates that LDL oxidation occurs at a later stage in the atherosclerotic progression. 
Table 2. Antioxidants and atheroma induced in aorta of rabbits fed atherogenic diets20
	Antioxidants Added
	mm2
	n

	46 ppm -T
	61
	5

	46 ppm -T and 1000 ppm Vit C
	52
	8

	240 ppm -T
	35
	10

	240 ppm -T and 1000 ppm Vit C
	39
	8

	46 ppm -T and 209 ppm -T3
	17
	5

	46 ppm -T and 965 ppm -T3
	21
	6


All groups fed on 15% RBD palmolein with 0.5% cholesterol; 46 ppm is the base level of Vit. E in feed; atheroma areas (in mm2) are mean values

The mechanism of oxidation involved in atherosclerotic plaques is unknown, the data on effects of antioxidants obtained is not so compelling as to conclude that radical chain oxidation is involved but lends support to the recent finding of the occurrence of ozonization.19 The consumption of saturated fatty acids is inevitable as they are important components of all dietary fats but to emphasize that they may be causative of cardiovascular diseases has created confusion among consumers in view of so many contradictory findings.1-5 For instance it is important not to ignore the French paradox – the finding that consuming saturated fats is not correlated with cardiovascular diseases if the diet also consists of vegetables, fruits and marine foods, presumably due to the importance of having adequate amounts of omega-3 fatty acids and antioxidants, apart from benefits from a moderate wine consumption. Yet again atherosclerotic plaques are mainly comprised of unsaturated fatty acids, surprisingly greatest from a monounsaturated fat diet.21,22 Classifying fats as saturated or polyunsaturated is not sufficient for dietary guidelines as it has been increasingly clear from studies on lipolysis and fat metabolism that the positional attachment of fatty acids in triacylglycerols is important.3,6,23,24 Palmolein for example has been shown to give rise to blood lipid profiles which are better than those of virgin olive oil (similar total cholesterol values and a lower LDL/HDL ratio), a consequence of the ready absorption of unsaturated fatty acids which are placed in position-2 of the triacylglycerol molecules. Slower lipolysis and absorption of saturated fatty acids (16:0 and 18:0) and an inefficient uptake by the phosphoglycerol pathway during the resynthesis of triacylglycerol / triglycerides play influential roles. Preliminary experiments on rabbit atherosclerosis comparing palmolein with two other oils is shown in Fig. 1 which demonstrates that palmolein has properties which do not totally reflect the overall saturation or polyunsaturation of the oil but that the 2-positional fatty acid composition (which is highly unsaturated) is important.20,23 That palmolein can provide better lipid profiles than olive oil25-27 may now be explained from the higher linoleic acid content at the crucial 2-position while it may be estimated that up to 25% absorption of 1- and 3-palmitic acids could provide for the observed values of lipoprotein cholesterol. The uniqueness of palm oil among the major oils has been observed earlier by Hornstra et al28 in a study of experimental atherosclerosis in rats with a large number of oils and fats, whereby palm oil although considered relatively saturated show results better than olive and closer to unsaturated oils. Thus among the dietary fats, the degree of atherosclerosis observed is in the order: (least) Canola ~ palm < olive < partially hydrogenated soy < coconut (highest), demonstrating again the suitably structured nature of the triglycerides of palm oil.

Fig. 2 provides a comparison of some oils and fats according to the distribution of fatty acids at the 2-position of the glycerides. It may be noted that in this classification the cluster of monounsaturated oils includes palmolein, olive and cocoa.3,24
DAG and Designer Specialty Fats

The useful dietary properties of 1,3-diacylglycerol oil from Japan provides an extreme example of having little of 2-positional fatty acids (as 2-MAG) to be absorbed, hence its reputation as an anti-obesity oil.29-31 Likewise structured triacylglycerols incorporating the desired fatty acids in position-2 have been manufactured for various purposes – very short chain saturated fatty acid (low calorie cocoa butter equivalents), medium chain fatty acids (rapid metabolism, for athletes), DHA (for infant supplement), palmitic acid (infant formula) and various combinations of medium chain fatty acids (for aiding fat malabsorption patients and as satiety oils). On the other hand, where a different biochemistry is required as for oils and fats in feedmeals, reformulations using a combination 

Figure 1. Atheroma in rabbits fed atherogenic diets
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[NF Hew, PhD thesis, Univ. Malaya 1995; saturation data from Beynan and Katan (1989)12 and Truswell (2004)27]
Figure 2.  Distribution of 2-Positional Fatty Acids in Oils and Fats
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of free fatty acids with triglycerides and addition of medium/short chain glycerides may be useful to allow for the rapid lipolysis/uptake of all the fats required in animal husbandry.32 Conversely, there has been at least one report noting that consumption of palm oil when compared to polyunsaturated oils results in lower fat deposition and triglyceride levels,24 a result that may be expected from the more structured glycerides; but such experiments need to be repeated with better controls in caloric intakes. This would seem to be an expected outcome in view of “low or reduced” calorie fats that have been made as structured fats. 

Beyond Cholesterol

As the understanding of cardiovascular diseases and their treatment improves, the undue focus on saturation and polyunsaturation in dietary fats and cholesterol or even trans fats as the main causative agents will continue to diminish. It is well known that the modern drugs lower total cholesterol much more dramatically than what can be brought about by drastic changes in dietary fats. There is also accumulating evidence against the simple assumption that raised plasma lipoprotein cholesterol means increase of cholesterol deposition or even CVD. Lipoprotein subspecies are increasingly noted to be involved in endothelium passage leading to pro-inflammatory responses. New prescription drugs can also improve on pro-inflammatory conditions apart from lowering triglycerides, raising HDL cholesterol and even causing (suggested) regression of atherosclerotic plaque.1,2,33,34 

In dealing with the dilemma of choosing the right dietary fats, we have a good reminder of the French paradox while the recent resurgence of Atkin’s diet (limited low sugar and low glycemic index food but not of animal protein or fats) has changed the perception on dietary fats.35 Trials have shown that low carbohydrate and high saturated fat diets with optimal caloric control gave good results for weight loss from preliminary studies and longer trials are in progress. 

New concerns that are emerging will be metabolic disorders/diseases (dyslipidemia, insulin resistance, Type II diabetes, etc), obesity and possibly of related diseases including Alzheimer’s disease and (even) cancer. Obesity apparently is less of a problem of high fat diets but more of a result of high glycemic carbohydrate diets. The underlying mechanisms for the metabolic disorders and disease conditions described above may lie in the understanding of proteins and enzymes involved and ultimately the genes that are in control.

n-3 Long Chain Polyunsaturated Oils

While there appears to be still many uncertainties, the conservative recommendations of low to moderate consumption of a balanced ratio of various fats are prudent. There is also sufficient evidence that n-3 fats must be an important component of the diet. By lowering triglyceride and apoB levels, n-3 fats improve lipid profiles for normal as well as metabolic syndrome conditions. Apart from these, n-3 PUFAs have anti-thrombotic and anti-arrhythmic actions, reduce macrophage infiltration in the vessel wall, and reduce the proatherogenic secretion of growth factors and cytokines by monocytes.36,37 These beneficial properties serve to protect against CVD and the consumption of n-3 PUFAs is generally known to reduce overall mortality as well as mortality caused by myocardial infarction 

n-3 Fatty acids surprisingly correlate negatively with oxidation while n-6 acids correlate positively, even as both compete in similar metabolic pathways. As fish resources will become a limited resource in the future, a reliance have to be placed on the use of 18:3 n-3 from plant sources, perhaps oils having a ratio of n-6/n-3 < 4, otherwise complementary dietary intakes should be made available from other sources such as fruits, vegetables and nuts. To complement statin-drug therapy n-3 acids help to enhance the efflux of cholesterol apart from lowering TG levels.

There are also indications of the slowing in the progression of atherosclerosis when statins, bile sequestrants and fibrates are used as standard therapy for hyperlipidemia and potential CVD states. Although the understanding is far from complete, research has been targeting inflammation as an important cause of CVD, e.g. there is a link between heart disease and high levels of C-reactive protein. Lipoxygenase enzymes cause the production of inflammatory leukotrienes (from long chain PUFAs) and it is further hypothesized that inflammation can lead to instability of plaques, the breakage of which (and further consequences caused by lipid fragments, e.g. transport, immune response, clogging, etc) may be the main cause of heart attacks and strokes. 

Getting into the Heart of Atherosclerosis

Mechanisms of metabolic pathways leading to atherosclerosis are complex and continuing studies target regulatory pathways by proteins and enzymes (and the genes involved). Continuing research is loosely targeted to understand molecular details in the etiology /mechanism of atherosclerosis, myocardial infarction and stroke. Lipoproteins such as HDL and LDL and related VLDL, IDL, etc. have other smaller subtypes as well as associated proteins.38 It is also coming to light that apoA, apoB proteins and further subtypes are perhaps more useful markers as predictors of cardiovascular diseases. HDL and the related apoA protein although known for reverse cholesterol transport have other biological functions including antioxidant and anti-atherosclerotic actions.39 The presence of cysteine provides the antioxidant and protective action against lipoxygenase.40 Studies have moved further into the enzymes (and genetic regulation) involved in the biosynthesis and metabolism of the lipid particles – lipases, phospholipases, growth factors, and factors involved in the absorption of cholesterol by the intestine. Stearoyl-coenzyme A desaturase-1, an enzyme which desaturates saturated fatty acids, is a central lipogenic enzyme, the deficiency of which allows for leanness, increased metabolic rate and insulin sensitivity. Lipoprotein associated phospholipase A2, also known as platelet-activating factor, in HDL and LDL is a positive risk factor in CHD, is a marker of inflammatory conditions. Among enzymes LPL, CETP and HSL, CETP was found to have protective roles in LDL and VLDL-cholesterol clearance while HSL regulates against lipid disorders and obesity.41 Centenarians among Eastern European Ashkenazi Jews have a beneficial mutation in the CETP gene to provide lower levels of CETP and subsequent raised levels of HDL cholesterol and larger particles (less atherogenic) LDL, findings which provided an opportunity of drug development by a pharmaceutical company.

Anti-atherosclerotic action by natural and derived synthetic compounds (inferred from dietary and epidemiological studies) can hopefully in future provide for not just the prevention but also the reversal of atherosclerotic plaques and be useful in prevention and cures in the future.  The plethora of natural products includes antioxidant phenolics, flavonoids, isoflavones, sterols, etc, which have remained the source for dietary supplements and potential drugs. The finding of transforming growth factors in atherosclerotic plaques41 and a likely cholesterol transporter for the intestinal absorption of dietary cholesterol mean there are potential drug strategies to modulate these processes.

Diabetes mellitus has been linked with abnormalities in lipid metabolism, hypertension and a three to fourfold increased cardiovascular risk. The multiple conditions including dyslipidemia (pro-inflammatory and pro-thrombotic state with high plasma TG and low HDL cholesterol, insulin resistance and hypertension) are known as metabolic syndrome(s). In dyslipidemia the central role of peroxisome proliferator-activated receptors (PPARs) has revealed their potential involvement in TG, LDL and HDL metabolism and in the reverse cholesterol transport pathway. As the metabolic syndrome is rapidly increasing in prevalence, dyslipidemia of insulin resistant states and type-2 diabetes have gained widespread attention in recent years. Glucose and insulin act in concert to induce the expression of enzymes of fatty acid and triglyceride synthesis. There is a hypothesis that insulin resistance may be a key pathophysiological mechanism leading to endothelial dysfunction and atherosclerosis in patients with diabetes and possibly other disease conditions including dyslipidemia.  A deadly quartet of risk factors (hypertension, hyperlipidemia, hyperglycemia and hyperinsulinemia) places diabetics at a particularly high risk for adverse cardiovascular events.43
Summary Conclusions and Recommendations

Proper nutrition and in some instances dietary modification are recommended for lowering risk of CVD and other related disease conditions. With limits placed on trans fatty acids in dietary fats, the conservative recommendations of an equal balance of the SFA, MUFA and PUFA still holds, except that the PUFA should contain moderate amounts of n-3 PUFAs.34,37 Recommendations based on minor changes in lipid profiles (e.g. lowering LDL) over a short duration may not be useful as cardiovascular endpoints such as atherosclerosis are long-term and involve other factors. The growing awareness of the increased risk of low HDL-c means better methods of monitoring which should come from HDL-c, non-HDL-c, apoB measurements for better indicators of CVD risk. 

Most recommendations draw inferences from epidemiological studies even though it is recognized that the genetic factor is important. The national diets of countries with low CVD either have high marine foods (source of long chain PUFAs) or high in vegetables, fruits and nuts indicative of indirect sources of n-3 PUFAs. Plant foods remain beneficial because of the significant amounts of bioactive compounds and antioxidants (phenolics, flavonoids, isoflavones, vitamins, etc) apart from sterols which inhibit cholesterol absorption. The B-complex group of vitamins from dietary sources or supplementation is now recognized to be effective in lowering levels of homocysteine, a risk factor of CVD. Low to moderate consumption of alcohol which can raise HDL among other things is useful but is normally not recommended, because of the danger of addiction even if there is a U-shaped beneficial association with alcohol intake.38
Lowering of fat intake is usually recommended (in Western societies) to moderate levels <30% en in a balanced diet; moderate but not low intakes of fat are protective against strokes. High fat but low carbohydrate (overall high caloric) diets can provide conditions for weight gain and high TG levels, the latter being a risk factor to CVD. Recommendations usually depend on total caloric intakes; a balance of input and output is seemingly obvious. Prevention of obesity rather than treatment is usually recommended. Weight loss (especially from the waistline) improves lipid profiles, associated with the reduced intra-peritoneal fat mass. Animal studies and inferences from isolated population groups lend weight to the hypothesis that reduced caloric intake promotes longevity. 

New recommendations on diet and CVD prevention usually specify exercise and stress management as requirements. Previous recommendations of 30 min physical activity a few days a week seems to be inadequate and up to 60 min of moderate to vigorous physical activity of 5 days a week has been suggested.
Abbreviations
apoB
apoprotein B100, present in atherogenic lipoproteins including LDL, VLDL, IDL and Lp(a)

CETP   
cholesterol ester transferase protein

CHD
coronary heart disease

CVD
cardiovascular diseases

DAG
diacylglycerol or diglyceride

HDL
high density lipoprotein (so-called good cholesterol)

HDL-c
high density lipoprotein cholesterol

HSL
hormone sensitive lipase

IDL

intermediate density lipoprotein

LDL  
low density lipoprotein (so-called bad cholesterol)

Lp(a)
an atherogenic lipoprotein

LPL 
lipoprotein lipase

Lp-PLA2  lipoprotein associated phospholipase A2
MUFA
monounsaturated fatty acid

n-3
3

non-HDL-c  this includes LDL, VLDL and remnants

PLA2    
phospholipase A2
PPARs
peroxisome proliferator-activated receptors.

PUFA
polyunsaturated fatty acid

SFA 
saturated fatty acid

TG  
triglyceride or triacylglycerol

VLDL
very low density lipoprotein
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