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In memoriam
Professor John C. Waterlow died peacefully on 19 October 2010 at the age of 94 at the Chelsea and Westminster Hospital in London. Over the last years his body had weakened but his mind was as sharp as ever up to his last days. With his passing away, the international nutrition community has lost an exceptional nutritionist. FAO will miss this remarkable, knowledgeable, reliable and loyal friend who put all his expertise and wisdom to the service of the hungry and malnourished in different parts of the world.
Professor Waterlow spent approximately twenty years in the Caribbean region, working in Guyana, Trinidad and Tobago and Jamaica, where he established the Tropical Metabolism Research Unit at the University of the West Indies in Kingston, Jamaica and carried out his cutting-edge work on the pathophysiology and treatment of malnutrition. A trademark of his work was to transform complex scientific and technical issues into simple, practical messages such as his “10 easy-to-remember steps” treatment guidelines for hospital staff in treating malnutrition and its related diseases.
When Professor Waterlow returned to the UK and began his long tenure as Professor of Human Nutrition at the London School of Hygiene and Tropical Medicine (LSHTM), a long-standing and strong relationship continued with FAO. Because of his eclectic interests and knowledge, John’s contributions ranged from childhood growth and diseases to nutrition requirements, with particular attention to protein, his specialty. He generously gave his time, expertise and prestige to support FAO and WHO in their nutrition programmes from the early 1970’s until 2004, chairing a number of expert committees and consultations and participating in numerous seminars and meetings. Even with his retirement from the LSHTM in 1981 he continued to serve selflessly.
Not only did he serve, but the plethora of students he taught, in the United Kingdom and in Jamaica, served with him and then in his place after he did truly retire. He was seen by many, even those who had never studied formally under him, as “the professor”. Once in retirement he was reluctant to fill the place of an active scientist in scientific deliberations, noting that he was no longer current with the scientific literature. However, once the deliberations began no one could quite identify those scientific areas in which he was failing. Perhaps his last scientific tour de force was the 2006 revision of the 1978 classic Protein turnover in mammalian tissues and in the whole body, which he did the old fashioned way relying on index cards and little on computer searches.
John Waterlow was never interested in pushing his own research or areas of interest except when it was for the welfare of the children in the developing world or, in fact, children everywhere. When the discussion became too esoteric and argumentative, he would remind all, in an even voice and with carefully chosen words, what was the main reason they were discussing these issues and “those who were the object of the discussion” should not be forgotten.
He will be remembered by all of us who had the benefit to work with him, for his extensive knowledge of nutrition, for his dedication for the cause of combating hunger and malnutrition in all its forms, and for his integrity and wisdom during the nutrition deliberations in international fora.
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GLA | gamma linolenic acid |
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LA | linoleic acid (trivial name) 18:2n-6 (IUPAC notation)* 9z,12z-octadecadienoic acid (systematic name) |
LCPUFA | long-chain polyunsaturated fatty acid (>2 double bonds; >18 C atoms) |
LDL | low density lipoprotein |
LDL-C | low density lipoprotein cholesterol |
LOX | lipooxygenase |
LT | leukotriene |
MCT | medium chain triglyceride |
MG | monoacylglycerol |
MT | metric tonne |
MUFA | monounsaturated fatty acid |
NIV | nutrient intake value |
NOAEL | no observable adverse effect level |
NRCD | nutrition-related chronic disease |
OA | oleic acid |
PC | prostate cancer |
PG | prostaglandin |
PGI | prostacyclin |
PHVO | partially hydrogenated vegetable oils |
PL | phospholipid |
PPAR | peroxisome proliferator-activated receptor |
P/S ratio | polyunsaturated fatty acid/saturate fatty acid ratio |
PUFA | polyunsaturated fatty acid (2 or more double bonds) |
RA | rheumatoid arthritis |
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*Note: C:Dn-#, where C=number of C atoms: D=number of double bonds and # = number of C atoms the first double bond is separated from the Methyl group; n-6 (IUPAC notation) = ω6 (Holman notation)
°This term refers either to the upper or lower value of the AMDR range. It is very similar to the use of UCI or LCI for the upper or lower bounds of confidence intervals. Values in excess or lower than the range do not represent risk of excess or deficit respectively.
°°This term was developed for instances where biochemical indicators are needed to confirm risk of adverse effects for intakes that exceed this intake level. In the case of FA, this only applies to TFA.
The Food and Agriculture Organization of the United Nations (FAO) and the World Health Organization (WHO), in their roles as technical agencies of the United Nations (UN), are charged with providing science-based guidance on food and nutrition to national governments and the international community. The process used to do this involves periodic and systematic reviews of scientific evidence, which often culminates with the convening of joint expert consultations to review the state of scientific knowledge, deliberate on the issues and translate this knowledge into a definition of requirements and corresponding nutrient-based recommendations. The overall goal of these recommendations is to support health and nutritional well-being of individuals and populations. The topics covered during the recent past include energy, protein and amino acids, fats and oils, most of the vitamins and minerals and carbohydrates, with the objective of providing guidance on nutritional requirements and recommended dietary intakes.
The Joint FAO/WHO Expert Consultation on Fats and Fatty Acids in Human Nutrition (hereafter Expert Consultation) was the most recent expert meeting convened, and was held in Geneva from 10 to 14 November 2008. The Expert Consultation was the third to be held on the subject of fats in human nutrition, the first expert consultation on this topic being held in 1977 (FAO, 1978) and the second in 1993 (FAO, 1994).
The timeliness of this Expert Consultation is also tied to the clear recognition of the increasing global burden of nutrition-related chronic disease. Recent work of FAO and WHO in connection with this includes the 2002 Expert Consultation on Diet, Nutrition and the Prevention of Chronic Diseases (WHO, 2003), the 2001 Expert Consultation on Human Energy Requirements (FAO, 2004) and its companion 2002 Expert Consultation on Protein and Amino Acid Requirements in Human Nutrition (WHO, 2007), one 2002 Technical Workshop on Food Energy – Methods of Analysis and Conversion Factors (FAO, 2003), and several Scientific Updates; one by FAO/WHO in 2006 on Carbohydrates in Human Nutrition (Nishida et al., 2007) and another by WHO on Trans Fatty Acids (Nishida and Uauy, 2009). These integrated efforts provide, to varying degrees, the scientific basis that guides strategies, programmes and projects of FAO and WHO and their Member Countries.
During the past fifteen years, the changes in diets and lifestyles resulting from industrialization, urbanization, economic development and market globalization have increased rapidly and particularly in the developing countries where major socioeconomic changes are occurring. Whereas general improvement in the standard of living has been observed, this has often been accompanied by unhealthy dietary patterns and insufficient physical activity to maintain an optimal energy balance and a healthy weight. The net result has been increased prevalence of diet-related chronic diseases in all socio-economic groups and which now represent the main cause of deaths and disability worldwide.
There have been a number of major developments in the field of fats and fatty acids in human nutrition during the past fifteen years, with the resulting need for an update since the 1994 publication and recommendations. These developments are elaborated more fully in the chapters that follow. A large number of population-based cohort studies and randomized controlled trials (RCT) have been conducted to address the impact of fats, and specifically of different fatty acids, on human health. Regarding total fat, for example, several recent reports of prospective observational studies found either no or small associations between total dietary fat intake and obesity, weight gain, coronary heart disease (CHD), and cancer risk (Field et al., 2007; He et al., 2003; Hu et al., 1997; Koh-Banerjee et al., 2003; Xu et al., 2006, Beresford et al., 2006; Howard et al., 2006; Kushi and Giovannucci, 2002; Prentice et al., 2006; WCRF/AICR, 2007). Several RCT of physiological measures have not found evidence for beneficial effects of low-fat diets. For example, a low-fat (27–30% of energy from fat or %E fat), high-carbohydrate diet did not favourably affect serum lipids, fasting serum glucose, fasting serum insulin, or blood pressure, compared with higher fat diets (Appel et al., 2005; Gardner et al., 2007; Schaefer et al., 2005). In a meta-analysis of clinical trials comparing low-fat (<30% of energy from fat or %E fat) energy-restricted diets to low-carbohydrate (<60 g/d), non-energy-restricted diets, it was demonstrated that the low-fat diets induced larger reductions in LDL-cholesterol (LDL-C), but did not improve weight loss after 12 months and they also increased triglyceride levels and lowered HDL-cholesterol (HDL-C) levels (Nordmann et al., 2006). Consistent associations have been found between higher intakes of specific dietary fats, including particular polyunsaturated fatty acids, and between substituting (easily digested) carbohydrates with polyunsaturated fat, and lower risk of heart disease (Mozaffarian and Willett, 2007; Hu et al., 2001). At the same time various ecological data from observational studies in developing and transitional countries suggested that shifting from a lower to a higher percentage of energy from fat has been associated with both lower and higher energy intake and to unhealthy weight gain, thus, potentially contributing to the increasing problem of overweight and obesity (Ghafoorunissa, 1996; Li et al., 2007; Longde, 2005; Popkin et al., 1995).
Regarding polyunsaturated fatty acids (PUFA), controlled feeding and cohort studies of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) intakes have demonstrated physiological benefits on blood pressure, heart rate, triglycerides, and likely inflammation, endothelial function, and cardiac diastolic function, and consistent evidence for a reduced risk of fatal CHD and sudden cardiac death at consumption of ~250 mg/day of EPA plus DHA (Burr et al., 1989; Gissi-Hf, 2008; Mozaffarian and Rimm, 2006; Yokoyama et al., 2007). DHA also plays a major role in development of the brain and retina during foetal development and the first two years of life (Cetin and Koletzko, 2008; Decsi and Koletzko, 2005; Helland et al., 2008), which is a “window of opportunity” also for preventing avoidable growth failure and undernutrition and reducing death and disease including the development of obesity and noncommunicable diseases later in life. As far as n-6 to n-3 ratio is concerned, the 2002 Joint WHO/FAO Expert Consultation on Diet, Nutrition and the Prevention of Chronic Diseases and its background scientific review had indicated a balanced intake of n-6 and n-3 PUFAs is essential for health (WHO, 2003; Reddy and Katan, 2004). But there is a debate that increasing LA intake does not result in increased arachidonic acid (AA) in plasma or platelet lipids, and does not increase formation of proinflammatory mediators (Adam et al., 2003). Furthermore, both n-6 and n-3 fatty acids have been shown to have anti-inflammatory properties that are protective of atherogenic changes in vascular endothelial cells (De Caterina et al., 2000).
Another area of interest since the last report relates to trans fatty acids. The 1993 expert consultation did not provide any specific recommendations; however this was reviewed by the 2002 expert consultation (WHO, 2003) and more recently during a WHO Scientific Update on Trans Fatty Acid (Nishida and Uauy, 2009). Scientific evidence that emerged over the past two decades shows that trans fatty acid consumption has unique adverse effects on serum lipids, including increasing LDL-C, lowering HDL-C, increasing lipoprotein(a), increasing ApoB levels, and decreasing ApoA1 levels (Katan et al., 1994; Mensink and Katan, 1992; Mozaffarian and Clarke, 2009; Mozaffarian et al., 2006).
The knowledge of the role of particular fatty acids in determining health and nutritional well-being and how they exert these effects has expanded substantially over the past decade. Whereas fats are energy-dense (37 kilojoules or 9 kilocalories per gram), the health consequences of dietary fats go well beyond their role as energy sources. We now have a better understanding of how fats and fatty acids are metabolized and utilized in the body, how they alter cell membrane function, how they control gene transcription and expression, and how they interact with each other. Fats and fatty acids should now be considered as key nutrients that affect early growth and development and nutrition-related chronic disease later in life. For example, specific n-3 and n-6 fatty acids are essential nutrients and also, as part of the overall fat supply may affect the prevalence and severity of cardiovascular disease, diabetes, cancer and age-related functional decline. Dietary fats provide the medium for the absorption of fat-soluble vitamins; are a primary contributor to the palatability of food; and are crucial to proper development and survival during the early stages of life-embryonic development and early growth after birth on through infancy and childhood. Thus, the role of essential fatty acids during pregnancy and lactation is highlighted, and the role of long-chain n-3 fatty acids as structural components for the development of the brain and central nervous system is now accepted. This makes the process of defining requirements and recommendations more complex and thus the need to focus on the roles of individual fatty acids and how requirements vary with age and physiological status.
With respect to the recommendations arising from the previous expert consultation (FAO, 1994), the 2008 Expert Consultation placed greater emphasis on the role of specific fatty acid categories, an example being the convincing role of long-chain polyunsaturated fatty acids (LCPUFA) in neonatal and infant mental development, as well as their beneficial role in maintenance of long-term health and prevention of specific chronic diseases. The 2008 Expert Consultation also recognized that the entities n-3 PUFA and n-6 PUFA include more than one fatty acid, each with its individual properties, and the umbrella term lacks precision, particularly in the area of food labelling. However, food labelling in most countries must comply with food standards or food codes, which often draw on Codex Alimentarius standards and nomenclature and thus the desired level of precision may not necessarily be up-to-date. Convincing evidence was provided to support the need to reduce trans fatty acids and thereby reduce the risk of developing coronary heart disease.
In preparing and conducting the Expert Consultation the Framework for the Provision of Scientific Advice on Food Safety and Nutrition was followed (FAO/WHO, 2007). The process of selecting experts began with a call that was posted on both the FAO and WHO websites and publicized through numerous channels, including the network of the UN Standing Committee on Nutrition. All applications were reviewed by a panel of four persons, consisting of one member each from FAO and WHO and two independent external experts designated by the FAO and WHO Secretariat. Each application was evaluated carefully and ranked based on the combination of an applicant’s educational background, field of expertise, including scientific publications and membership or participation in scientific panels related to the subject of the Expert Consultation. After initial evaluation to identify qualified candidates, geographic and gender balance and a mixture of scientific areas of expertise were considered to arrive at a final selection. In addition, all experts, authors and reviewers were required to complete a “declaration of interest” so as to allow assessment of any conflicts of interest or perceived conflicts of interest regarding positions or opinions on certain issues.
Background papers for the Expert Consultation were commissioned after an extensive review of the topics covered in the two previous expert consultation reports and consultation with experts on additional issues and topics that needed to be addressed given the availability of new scientific evidence. This resulted in thirteen background papers, which were published in a Special Issue of the Annals of Nutrition and Metabolism (Burlingame et al., 2009) as a means of providing a useful research and reference source.
In developing their conclusions and recommendations, the authors of the background papers were asked to use the four criteria levels (convincing, probable, possible or insufficient) of the “strength of evidence” developed and applied by the joint WHO/FAO Expert Consultation on Diet, Nutrition and the Prevention of Chronic Disease (WHO, 2003). The strength of evidence was reviewed and evaluated again during the Expert Consultation to arrive at recommendations and conclusions and to establish requirement levels. As was the case in the past, only evidence that warranted the levels of evidence “convincing” and “probable” were used to formulate recommendations.
All the background papers were peer-reviewed by at least three experts before being forwarded to the Expert Consultation for review and discussion. In addition, consultation participants reviewed all the papers before the consultation was convened. It should be noted and is emphasized, however, that the background papers do not represent the final conclusions of the Expert Consultation. That is the role of this report. The background papers were central in providing the information for this report, but these chapters also include inputs, conclusions and recommendations from the deliberations of the consultation.
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Chapter 2: Summary of conclusions and dietary recommendations on total fat and fatty acids
There are inherent limitations with the convention of grouping fatty acids based only on the number of double bonds, i.e. saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) insofar as describing the effects of fatty acids on human health and in developing dietary recommendations. The large body of epidemiological evidence about total fats, fatty acids, and human health apply these groupings and show that the major groups of fatty acids are associated with different health effects. However, the Expert Consultation recognized that individual fatty acids within each broad classification of fatty acids may have unique biological properties and health effects. This has relevance in making global recommendations because intakes of the individual fatty acids that make up the broad groupings will differ across regions of the world depending on the predominant food sources of total fats and oils. The Expert Consultation also recognized that in spite of these limitations, the scientific community in general and an increasing proportion of the general population continues to use the groupings based on chemical structure and thus, there would be disadvantages in abandoning them. Moreover, few countries have food composition databases that enable dietary assessment of individual fatty acid intake.
For the sake of clarity and in recognition that often we use generalized terms to refer to specific fatty acids, the Expert Consultation thought it appropriate to provide details as to the use in this document. In particular:
LEVELS AND STRENGTH OF EVIDENCE
During the preparatory process for the Expert Consultation the participants agreed on the criteria that would be used to judge the levels and strength of evidence required to conclude that total fat and fatty acids affect major health and disease outcomes. It was decided to follow the same criteria employed in the report Diet, Nutrition, and the Prevention of Chronic Diseases; Report of a Joint WHO/FAO Expert Consultation (WHO, 2003), which had based its criteria on a modified version of that used by the World Cancer Research Fund, (WICF/AICF, 2007). In doing so the experts acknowledged other equally valid criteria that exist.
Four levels of judgment were identified:
Given the limited number of randomized controlled trials of dietary fat and chronic disease or death it was agreed that only evidence of sufficient strength to be “convincing” or “probable” would allow a dietary recommendation to be formulated.
SUMMARY OF TOTAL FAT AND FATTY ACID REQUIREMENTS FOR ADULTS, INFANTS (0-24 MONTHS) AND CHILDREN (2-18 YEARS)
There was convincing evidence that energy balance is critical to maintaining healthy body weight and ensuring optimal nutrient intakes, regardless of macronutrient distribution expressed in energy percentage (%E). The requirements on total fat and different fatty acid groups are summarized in the following tables: Table 2.1 for adults and Table 2.2 for infants and children. It was emphasized that requirements should be tailored to individuals and that the general requirements for certain groups, e.g. children and elderly subjects, have not yet been adequately established.
CONCLUSIONS AND RECOMMENDATIONS FOR TOTAL FAT
The Expert Consultation examined the background papers, scientific reports and various studies assessing the relationship between total dietary fats as well as selected fatty acids and various physiological conditions and illnesses. The experts agreed with the evidence summarized in two recent reports (WHO, 2003; WCRF/AICR, 2007) that there is no probable or convincing evidence for significant effects of total dietary fats on coronary heart disease or cancers. Therefore, of primary concern and importance was the potential relationship between total dietary fats and body weight (overweight and obesity).
There was convincing evidence that energy balance is critical to maintaining healthy body weight and ensuring optimal nutrient intakes, regardless of macronutrient distribution of energy as % total fat and % total carbohydrates.
Although the specific evidence was not reviewed in-depth at the consultation it was felt sensible that maintaining appropriate dietary patterns and energy levels, and adequate physical activity levels were critical in preventing unhealthy weight gain (i.e. overweight and obesity) and to ensure optimal health for those predisposed to insulin resistance.
Some older intervention studies from industrialized countries suggest that diets with lower % of energy from fat (i.e. %E fat) tend to be hypocaloric and are therefore associated with short term weight loss. Conversely, more recent randomized controlled trials in predominantly overweight populations from industrialized countries, which compared isocaloric diets with different levels of total fat, have shown that a higher %E fat can lead to greater weight loss than observed with low fat diets. However, the differences in the intake of other macronutrients such as amount and type of carbohydrates and the relatively high drop-out rate in some studies limit the strength of the evidence and the generalization of these results.
Various ecological data from observational studies in developing and transitional countries suggest that shifting from a lower to a higher %E fat has been associated with both lower and higher total energy intake and to unhealthy weight gain; thus, potentially contributing to the increasing problem of overweight and obesity. The opposite is observed in industrialized countries where %E fat has decreased while obesity has increased.
The insufficient evidence and conflicting interpretation of results on the nature of the relationship between the %E fat and adult body weight convinced the Expert Consultation that at this time it was not possible to determine at a probable or convincing level the causal relationship of excess % energy intake from fat and unhealthy weight gain.
Full agreement among the experts regarding the upper value of acceptable macronutrient distribution range (AMDR) for %E fat was not achieved; thus maintaining the current recommendation for a maximum intake value of 30-35%E fat was considered prudent. Further studies and a systematic review of all available evidence are needed to provide better evidence on which to base a recommendation on AMDR for %E fat that are applicable globally.
There was agreement among the experts that in populations with inadequate total energy intake, such as seen in many developing regions, dietary fats are an important macronutrient that contribute to increase energy intake to more appropriate levels.
Based on the considerations provided in the preceding section, the Expert Consultation proposed the following AMDR which are consistent with the existing 2002 expert consultation recommendations (WHO, 2003):
Minimum total fat intakes for adults a
Maximum total fat intakes for adults a
CONCLUSIONS AND RECOMMENDATIONS FOR SATURATED FATTY ACIDS (SFA)
Individual saturated fatty acids (SFA) have different effects on the concentration of plasma lipoprotein cholesterol fractions. For example, lauric (C12:0), myristic (C14:0) and palmitic (C16:0) acids increase LDL cholesterol whereas stearic (C18:0) has no effect.
There is convincing evidence that:
Based on coronary heart disease (CHD) morbidity and mortality data from epidemiological studies and controlled clinical trials (using CHD events and death), it was also agreed that:
Based on cancer morbidity and mortality data, it was also agreed that:
Therefore, it is recommended that SFA should be replaced with PUFA (n-3 and n-6) in the diet and the total intake of SFA not exceed 10%E.
CONCLUSIONS AND RECOMMENDATIONS FOR MONOUNSATURATED FATTY ACIDS (MUFA)
The determination of intake of MUFA is unique in that it is calculated by difference, i.e. MUFA = Total fat intake (%E )– SFA (E%) – PUFA (E%) – TFA (%E). Therefore, the MUFA intake resulting may cover a wide range depending on the total fat intake and dietary fatty acid pattern.
CONCLUSIONS AND RECOMMENDATIONS FOR POLYUNSATURATED FATTY ACIDS (PUFA)
The minimum intake values for essential fatty acids to prevent deficiency symptoms are estimated at a convincing level to be 2.5%E LA plus 0.5%E ALA. Based on epidemiologic studies and randomized controlled trials of CHD events, the minimum recommended value of total PUFA consumption for lowering LDL and total cholesterol concentrations, increasing HDL cholesterol concentrations and decreasing the risk of CHD events is 6%E. Based on experimental studies, risk of lipid peroxidation may increase with high (>11%E) PUFA consumption, particularly when tocopherol intake is low. Therefore, the resulting acceptable range for total PUFA (n-6 and n-3 fatty acids) can range between 6 and 11%E. The adequate intake to prevent deficiency is 2.5–3.5%E.
Thus, the recommended range (ADMR) for PUFA is 6–11%E.
CONCLUSIONS AND RECOMMENDATIONS FOR N-3 POLYUNSATURATED FATTY ACID INTAKE
The available evidence indicates that 0.5-0.6%E alpha-linolenic acid (ALA) per day corresponds to the prevention of deficiency symptoms. The total n-3 fatty acid intake can range between 0.5–2%E whereas the minimum dietary requirement of ALA (>0.5%E) for adults prevents deficiency symptoms. The higher value 2%E (ALA) plus n-3 long-chain polyunsaturated fatty acids (LCPUFA) eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (AMDR 0.250 g–2.0 g) can be part of a healthy diet. Whilst ALA may have individual properties in its own right, there is evidence that the n-3 LCPUFA may contribute to the prevention of CHD and possibly other degenerative diseases of aging. For adult males and non-pregnant/non-lactating adult females 0.250 g/day of EPA plus DHA is recommended, with insufficient evidence to set a specific minimum intake of either EPA or DHA alone; both should be consumed. For adult pregnant and lactating females, the minimum intake for optimal adult health and fetal and infant development is 0.3 g/d EPA+DHA, of which at least 0.2 g/d should be DHA.
The U-AMDR for EPA + DHA consumption is set at 2 g/d due to experimental evidence indicating that high supplement intakes of n-3 LCPUFA may increase lipid peroxidation and reduce cytokine production. However, this Expert Consultation also acknowledged that higher consumption values, as high as 3 g/d reduce other cardiovascular risk factors and have not had adverse effects in short- and intermediate-term randomized trials, and that some individuals in populations with high seafood consumption consume higher values with no apparent evidence of harm. In this regard, the experts noted that the Australian and New Zealand reference value for the upper value of intake of EPA + DPA + DHA has been set at 3 g/d (NHMRC, 2006) and the US Food and Drug Administration having set a 'Generally Regarded as Safe' value of 3000 mg/day for n-3 LCPUFA (IOM, 2005). Following careful consideration and extensive debate and considering the issue of sustainability of the supply of fish, the experts agreed on the value of 2 g/d as the U-AMDR for EPA plus DHA with the acknowledgement that future randomised controlled trials (RCT) and other research may justify raising this figure in the future. It was decided not to include DPA in the recommendations due to the fact that DPA is currently a research issue with limited evidence from RCT studies.
CONCLUSIONS AND RECOMMENDATIONS FOR N-6 POLYUNSATURATED FATTY ACIDS
It is recognized that only a sparse amount of human data is available for establishing a precise quantitative estimate of the linoleic acid (LA) requirement to prevent deficiency; thus a range rather than an average LA requirement is recommended. Animal and human studies demonstrate that the prevention of deficiency signs (e.g. in rats reduced growth, scaliness of skin, necrotic tail) occurs when 1–2% of total energy is provided by LA. Therefore, an estimated average requirement (EAR) for LA of 2%E and an adequate intake (AI) for LA of 2–3% E are proposed. In accepting that the U-AMDR values of total PUFA and total n-3 fatty acids are 11%E and 2%E respectively, the resulting acceptable range (AMDR) for n-6 fatty acids (LA) intake is 2.5–9%E. The lower value or AI (2.5–3.5%E) corresponds to the prevention of deficiency symptoms, whereas the higher value as part of a healthy diet contributing to long term health by lowering LDL and total cholesterol levels and therefore the risk for CHD. For infants 6–12 months of age as well as children 12–24 months of age, an AI range of 3.0–4.5%E is recommended with a U-AMDR of <10%E. There is insufficient evidence for establishing any relationship of n-6 PUFA consumption with cancer.
Arachidonic acid (AA) is not essential for a healthy adult whose habitual diet provides LA > 2.5%E. For infants 0-6 months AA should be supplied in the diet within the range of 0.2-0.3%E1 based on human milk composition as a criterion.
CONCLUSIONS AND RECOMMENDATIONS FOR N-6 TO N-3 RATIO
Based on the evidence and conceptual limitation, there is no rational for a specific recommendation for n-6 to n-3 ratio, or LA to ALA ratio, if intakes of n-6 and n-3 fatty acids lie within the recommendation established in this report.
CONCLUSIONS AND RECOMMENDATIONS FOR TRANS-FATTY ACID INTAKE (TFA)
The Expert Consultation devoted substantial time and discussion to the issue of trans-fatty acid (TFA) but in doing so drew heavily from the conclusions of the recently completed and published reports of the WHO Scientific Update on trans fatty acids (Nishida and Uauy, 2009). There is convincing evidence that TFA from commercial partially hydrogenated vegetable oils (PHVO) increase CHD risk factors and CHD events – more so than had been thought in the past. There also is probable evidence of an increased risk of fatal CHD and sudden cardiac death in addition to an increased risk of metabolic syndrome components and diabetes. In promoting the removal of TFA, which are predominantly a by-product of industrial processing (partial hydrogenation) usually in the form of PHVO, particular attention must be given to what would be their replacement; this is a challenge for the food industry. It was noted that among adults, the estimated average daily ruminant TFA intake in most societies is low. The experts acknowledged the current recommendation of a mean population intake of TFA of less than 1%E may need to be revised in light of the fact that it does not fully take into account the distribution of intakes and thus the need to protect substantial subgroups from having dangerously high intakes. This could well lead to the need to remove partially hydrogenated fats and oils from the human food supply.
CONSIDERATIONS FOR FOOD-BASED DIETARY GUIDELINES
The experts agreed that in addition to dietary requirements for total fat and fatty acids, food-based dietary guidelines are essential for promoting health and preventing disease. However, the consultation did not conduct a review of this subject. A general recommendation is to follow a dietary pattern predominantly based on whole foods (i.e., fruits and vegetables, whole grains, nuts, seeds, legumes, other dietary fibre sources, LCPUFA-rich seafood) with a relatively lower intake of energy dense processed and fried foods, and sugar-sweetened beverages; and to avoid consumption of large portion sizes. Moderate consumption of dairy products and lean meats and poultry can also be an important part of recommended food-based dietary guidelines. Maintaining recommended dietary patterns, appropriate energy intake and adequate physical activity levels are critical to prevent unhealthy weight levels (i.e. overweight and obesity) and to ensure optimal health for those predisposed to insulin resistance.
RECOMMENDATIONS FOR FURTHER RESEARCH
Further research and investigation are needed on:
RECOMMENDATIONS ON DIETARY INFORMATION AND PROGRAMME NEEDS
RECOMMENDATIONS FOR NOMENCLATURE
The following definitions for the sub-classes of saturated fatty acids are recommended:
The following designations for the sub-classes of polyunsaturated fatty acids are recommended:
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aTo optimize health, special attention should be given to both the overall dietary pattern, in terms of types of food consumed, and total energy intakes, in relation also to anthropometric (age group, BMI) and lifestyles characteristics.
1If based on human milk composition as is often the case when referring to infants of breast feeding age, the amount would be expressed as 0.4–0.6%FA. This conversion assumes that half of the energy in human milk comes from fat.
Chapter 3: Fat and fatty acid terminology, methods of analysis and fat digestion and metabolism
DEFINITION AND CLASSIFICATION OF LIPIDS
Fats, oils and lipids consist of a large number of organic compounds, including fatty acids (FA), monoacylglycerols (MG), diacylglycerols (DG), triacylglycerols (TG), phospholipids (PL), eicosanoids, resolvins, docosanoids, sterols, sterol esters, carotenoids, vitamins A and E, fatty alcohols, hydrocarbons and wax esters. Classically, lipids were defined as substances that are soluble in organic solvents. However, over time this definition was thought to be no longer adequate or accurate and a novel definition and comprehensive system of classification of lipids were proposed in 2005 (Fahy et al., 2005). The novel definition is chemically based and defines lipids as small hydrophobic or amphipathic (or amphiphilic) molecules that may originate entirely or in part through condensations of thioesters and/or isoprene units. The proposed lipid classification system enables cataloguing of lipids and their properties in a way that is compatible with other macromolecular databases. Using this approach, lipids from biological tissues are divided into eight categories, as shown in Table 3.1. Each category contains distinct classes and subclasses of molecules (Fahy et al., 2005).
There are a number of systems of nomenclature for fatty acids, but some do not provide sufficient information on their structure. A chemical name must describe the chemical structure unambiguously. The systematic nomenclature recommended by the International Union of Pure and Applied Chemistry (IUPAC-IUB Commission on Nomenclature, 1978) is used for fatty acids. The IUPAC system names fatty acids solely on the basis of the number of carbon atoms, and the number and position of unsaturated fatty acids relative to the carboxyl group. The configuration of double bonds, location of branched chains and hetero atoms and other structural features are also identified. The carbon atom of the carboxyl group is considered to be first and the carbons in the fatty acid chain are numbered consequently from the carboxylic carbon. By convention, a specific bond in a chain is identified by the lower number of the two carbons that it joins. The double bonds are labelled with Z or E where appropriate, but are very often replaced by the terms cis and trans, respectively. For example, the systematic name of linoleic acid (LA) is “Z-9, Z-12-octadecadienoic acid” or “cis-9, cis-12-octadecadienoic acid”.
Although the IUPAC nomenclature is precise and technically clear, fatty acid names are long and therefore, for convenience, “trivial” or historical names and shorthand notations are frequently used in scientific articles. This is not surprising since those working in the scientific area of dietary fats are familiar with the chemical structures. The conflict between assuring precision and accuracy while allowing brevity and conciseness has always existed.
There are several shorthand notations for dietary fatty acids, but all of them adopt the form C:D, where C is the number of carbon atoms and D is the number of double bonds in the carbon chain. Biochemists and nutritionists very often use the “n minus” system of notation for naturally occurring cis unsaturated fatty acids. The term “n minus” refers to the position of the double bond of the fatty acid closest to the methyl end of the molecule. This system defines easily the different metabolic series, such as n-9, n-6 and n-3, etc. The “n minus” system is applicable only to cis unsaturated fatty acids and to those cis polyunsaturated fatty acids whose double bonds are arranged in a methylene interrupted manner. LA, which has its second double bond located at 6 carbons from the methyl end, is abbreviated to 18:2n-6. The “n minus” system is also referred to as the omega system, but omega-3 is not recommended (IUPAC-IUB Commission on Nomenclature, 1978).
Another system widely used is the delta (Δ) system, in which the classification is based on the number of carbon atoms interposed between the carboxyl carbon and the nearest double bond to the carboxylic group. This system specifies the position of all the double bonds as well as their cis/trans configuration. It is applicable to a large number of fatty acids, except those with branched chains, hetero atoms, triple bonds and other fatty acids with unusual structural features. According to the delta system, the shorthand notation for LA is “cis-Δ9, cis-Δ12-18:2”. For convenience, it could be expressed as “cis,cis-Δ9,Δ12-18:2”. In some scientific papers, authors drop the “Δ” notation and write it simply as “cis-9,cis-12-18:2” or “9c,12c-18:2”. This report, wherever appropriate, employs the IUPAC, trivial names, delta and n minus shorthand notations.
Dietary fat includes all the lipids in plant and animal tissues that are eaten as food. The most common fats (solid) or oils (liquid) are glycerolipids, which are essentially composed of TG. The TG are accompanied by minor amounts of PL, MG, DG and sterols/sterol esters. Fatty acids constitute the main components of these lipid entities and are required in human nutrition as a source of energy, and for metabolic and structural activities.
The most common dietary fatty acids have been subdivided into three broad classes according to the degree of unsaturation; saturated fatty acids (SFA) have no double bonds, monounsaturated fatty acids (MUFA) have one double bond and polyunsaturated fatty acids (PUFA) have two or more double bonds. In general, these fatty acids have an even number of carbon atoms and have unbranched structures. The double bonds of naturally occurring unsaturated fatty acids are very often of the cis orientation. A cis configuration means that the hydrogen atoms attached to the double bonds are on the same side. If the hydrogen atoms are on opposite sides, the configuration is termed trans.
The SFA have the general formula R-COOH. They are further classified into four subclasses according to their chain length: short, medium, long and very long. There are a various definitions used in the literature for the SFA sub-classes. The Expert Consultation recognized that there is a need for universal definitions and recommends the following definitions for the SFA sub-classes.
Table 3.2 lists some of the most common dietary SFA, which are mainly provided by animal and especially ruminant dairy fats. Appreciable levels of SFA are also present in some tropical oils, especially in palm oil and coconut oil.
The unsaturated fatty acids are also further classified into three sub-groups according their chain lengths. Various definitions have also been used in the literature for the sub-classes of unsaturated fatty acids, but no universally accepted definitions exist. Therefore, the Expert Consultation recommends the following definitions.
More than one hundred cis-MUFA occur in nature, but most are very rare compounds. Oleic acid (OA) is the most common MUFA and it is present in considerable quantities in both animal and plant sources. Table 3.3 lists the most common dietary MUFA.
Natural PUFA with methylene-interrupted double bonds and all of cis configuration can be divided into 12 families, ranging from double bonds located at the n-1 position to the n-12 position (Gunstone, 1999). The most important families, in terms of extent of occurrence and human health and nutrition, are the n-6 and n-3 families. The members of these two families are listed in Tables 3.4 and 3.5. Linoleic acid (LA) is the parent fatty acid of the n-6 family. It has 18 carbon atoms and two double bonds and the first double bond is 6 carbon atoms from the methyl end of the fatty acid chain, and hence the n-6 name. LA can be desaturated and elongated in humans to form a series of n-6 PUFA (Table 3.4). α-linolenic acid (ALA) is the parent fatty acid of the n-3 family. It also has 18 carbon atoms, but three double bonds. In contrast to LA, the first double bond in ALA is 3 carbon atoms from the methyl end of the fatty acid chain, and hence the n-3 name. Similarly to LA, ALA can also be desaturated and elongated to form a series of n-3 PUFA (Table 3.5).
LA and ALA occur in almost all dietary fats and attain major proportions in most vegetable oils (White, 2008). ALA is primarily present in plants, occurring in high concentrations in some seeds and nuts and also in some vegetable oils, although its presence in conventional diets is much lower than that of LA. Arachidonic acid (AA) is the most important n-6 PUFA of all the n-6 fatty acids because it is the primary precursor for the n-6 derived eicosanoids. AA is present at low levels in meat, eggs, fish, algae and other aquatic plants (Wood et al., 2008; Ackman, 2008a). Eiocosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are the most important n-3 fatty acids in human nutrition. EPA and DHA are components of marine lipids. Marine fish such as mackerel, salmon, sardine, herring and smelt are excellent sources of EPA and DHA (Ackman, 2008a). Fish oils containing 60% EPA and DHA are sold as sources of these important n-3 fatty acids. Algal oils and single-cell oil sources of the LCPUFA are now becoming available (to provide EPA+DHA+AA). Furthermore, genetically modified oils, produced by genetic manipulation of soy and other plants, are currently being developed and will be widely available in the near future.
In addition to the mentioned fatty acids, the human diet contains trans fatty acids, originating from ruminant deposits and milk fats (Huth, 2007) and also from foods prepared from partially hydrogenated oils (Craig-Schmidt and Teodorescu, 2008), the latter source dominating. In recent years, researchers have focused their attention on unusual, minor dietary fatty acids such as conjugated linoleic acid isomers (CLA) (Tricon et al., 2005), conjugated linolenic acid isomers (CLN) (Tsuzuki et al., 2004) and furan fatty acids (Spiteller, 2005) because of their potentially beneficial health effects.
Analysis of fatty acids from biological or food samples generally involves three steps: extraction of lipids, conversion of the extracted lipids to fatty acid methyl esters (FAME) and analysis of the FAME using gas-liquid chromatography (GC) for the fatty acid profile.
Several excellent methods are available for extraction of fat (Christie, 2003 and 2008). Simple extraction procedures using non-polar organic solvents can be used for triacylglycerol-rich samples. Quantitative recovery of the complex lipid mixture from animal tissues is most conveniently achieved using procedures that employ a mixture of polar solvents such as the chloroform-methanol of Folch et al. (1957) or that of Bligh and Dyer (1959). If the procedures are followed exactly as described in the original papers, both methods provide reliable results.
The lipids of plant material and photosynthetic tissues are liable to undergo extensive enzyme-catalyzed degradation when extracted with chloroform-methanol. The problem is best overcome by means of conducting a preliminary extraction with propan-2-ol, followed by re-extraction of the residue with chloroform-methanol (Nicholos, 1963).
For analysis of foods for fatty acid information, the AOAC Official method 996.06 is recommended (AOAC, 2005). The procedure involves hydrolysis of the food samples using either an acid or a base, followed by ether extraction of the released fat, transesterification of the extracted fat to FAME and determination of the fatty acid profile by capillary GC.
An elegant procedure has recently been established for analysis fatty acid composition of whole blood lipids by GC without lipid extraction. Drops of blood (50 μL) collected from fingertips are placed on a piece of chromatography paper that is inserted into a test tube and directly subjected to transmethylation for GC analysis (Marangoni et al., 2004a). This is a rapid and inexpensive method for the analysis of circulating fatty acids. The method has the potential for application to other biological specimens. In addition, the collection of blood samples on chromatographic paper is a very convenient technique for securing long-term storage and transportation of blood samples.
FAME are usually prepared by transesterification using hydrochloric acid, sulphuric acid, or borontrifluoride in methanol (Christie, 2008). Acidic methylation reagents, however, should not be used for samples containing CLA isomers. In such cases methylation using sodium methoxide is recommended.
Analyses of fatty acid profiles are best performed with GC using a flame ionization detector. For analyses of FAME mixtures containing no trans fatty acids, bonded polar 30 m x 0.32 (or 0.25 mm) capillary columns prepared from Carbowax-20m are recommended. A typical GC run time for FAME from fish oils and other lipids, which contain long-chain highly unsaturated fatty acids such as DHA, is about 65 minutes when the column temperature is operated isothermally at 190°C with helium carrier gas at 12 psig. With column temperature programming (hold at 190°C for 8 min, programme at 30°C/min to 240°C) the same analysis can be executed in a run time of about 25 min (Ackman, 2008b).
For analysis of samples containing cis and trans isomers, 100 m FFSC columns coated with highly polar cyanopolysiloxane stationary phases are recommended. The best separation of all the fatty acids of partially hydrogenated vegetable oils, with minimum overlaps of cis-trans isomers of 18:1, as well as other fatty acids, is achieved when the column temperature is operated isothermally at 180°C using hydrogen as the carrier gas at a flow rate of 1.0 ml/min (Ratnayake, 2004; Ratnayake et al., 2006; AOCS, 2005).
The application of innovative technical developments to fatty acid analysis, such as fast GC, has allowed the procedure to be greatly simplified, especially by reducing the duration of the analysis, which is now more easily applicable to analyse large numbers of samples in clinical studies. This approach is based on the use of increased carrier gas velocity and pressure, chromatographic columns of smaller diameter, and faster temperature ramping. As a consequence the analytical time for plasma fatty acids can be reduced to 12 minutes or less (Masood et al., 2005)
There is very often a need to examine the fatty acid composition of lipid classes in lipid analysis of biological specimens, including for PL, TG and cholesterol esters (CE) in plasma, liver and other tissues. Thin-layer chromatography (TLC) is the most convenient technique for isolation of small amounts of lipid components (Christie, 2008). It permits excellent separations with comparatively short elution times.
Studies in genomics, proteomics and metabolomics have led to the new science of lipidomics, the full characterization of the molecular species of lipids in biological samples. Lipidomics aims to relate the lipid compositions of biological systems to their biological roles with respect to the expression of genes involved in lipid metabolism and function, including gene regulation (Spener et al., 2003). The molecular species of lipids of biological samples are extremely diverse and are arranged in various combinations and permutations. Identification of these complex molecules is a considerable challenge. Another challenge is to relate the analytical data to their biological functions. Nevertheless, the underlying strategy in lipidomics involves firstly isolation of the biological sample and the sub-fractions, and secondly, extraction of the complex lipids free from proteins and other non-lipid components (Wolf and Quinn, 2008). The extracted lipids are then fractionated, usually using a multi-step chromatography process. In the final step individual molecular species are identified and quantified. Identification of the lipid molecular species is performed using sophisticated mass spectrometry technology (Wolf and Quinn, 2008). Modern mass spectrometry methods, involving ionization by electrospray, fast atom bombardment, atmospheric pressure chemical ionization, atmospheric pressure photo-ionization, and matrix-assisted laser desorption techniques, are highly sensitive and can produce excellent quantitative data.
An important outcome of lipidomics has been the development of the comprehensive classification system for lipids that was discussed previously (Table 3.1). This new classification system will facilitate international communication about lipids and help to deal with the massive amounts of data that will be generated by lipidomilogists.
FAT DIGESTION, ABSORPTION AND TRANSPORT
The digestive process is very complex and requires coordinated lingual, gastric, intestinal, biliary and pancreatic functions. Initially, the dietary fatty acid is masticated and mixed with lingual lipase, followed by hydrolysis by gastric lipase in the stomach and then by pancreatic lipase in the small intestine. Hydrolysis of TG yields 2-monoacyl-sn-glycerols and free fatty acids as final products. The formation of 2-mono-sn-glycerols facilitates the absorption of PUFA at the sn-2 position and the retention of these fatty acids in the glycerol lipids that are subsequently generated and transferred to tissues. Hydrolysis of PL yields sn-1-lysophospholipids and free fatty acids. Dietary esters are hydrolyzed to cholesterol and free fatty acids.
The short and medium-chain fatty acids released are absorbed across the gut and travel through the portal vein to the liver, where they are rapidly oxidized (Gurr and Harwood, 1991). The other products of hydrolysis (e.g., long-chain fatty acids, 2-monoacylglycerol, lysophospholipids and cholesterol) are mixed with bile salts and lecithin to form micelles, which are absorbed through the wall of the intestine. The fatty acids are then converted to TG. Cholesterol and lysophospholipids are also converted to their fatty acid esters. The newly synthesized TG, PL and cholesterol esters are combined with de novo-synthesized apolipoproteins to form chylomicrons and are transported out of the enterocyte and into bloodstream via the lymph vessels. While in the bloodstream, the TG of the chylomicrons are hydrolyzed to free fatty acids and glycerol by lipoprotein lipase. The fatty acids and glycerol then pass through the capillary walls to be used by cells as energy or stored as fats in adipose tissue. Some of the free fatty acids released bind to albumin and are cleared by the liver.
The remnants of chylomicron material are cleared from circulation by the liver low-density lipoprotein (LDL) receptor and LDL receptor related proteins. Though both contribute to chylomicron remnant clearance, the LDL receptor normally predominates. The liver catabolizes cylomicron remnants, resynthesizes TG from fatty acids and forms very-low-density lipoprotein (VLDL), which consists primarily of TG and small amounts of cholesterol and phospholipids, and releases them into circulation. VLDL represent the main carrier of TG and also substrates for endothelial lipoprotein lipase and supply free fatty acids to adipose and muscle tissues. Through lipase hydrolysis they lose some of the TG and are transformed into intermediate-density lipoproteins (IDL) and finally into low-density LDL. LDL is taken by the LDL receptor of peripheral tissue and liver. LDL primarily transfers cholesterol esters in plasma to the peripheral tissues where they are hydrolyzed to free cholesterol and are then re-esterified. High-density lipoproteins (HDL) also play an important role in lipid transport. In humans, HDL carry 15–40% of plasma total cholesterol and are involved in the transport of cholesterol from peripheral tissues to the liver. The absorption (intake-excreted)/intake of most common dietary fatty acids is >95% in humans. However, the absorption of stearic from high stearic acid sources is low (65%), but in mixed diets the absorption is as high as 94% (Baer et al., 2003).
Food structure can influence the apparent bioavailability of lipids from foods. EPA and DHA from fish are more effectively incorporated into plasma lipids than when administered as capsules (Visioli et al., 2003). Pre-emulsification of an oil mixture prior to ingestion could also increase the absorption of EPA and DHA (Garaiova et al., 2007). The physical nature in which TG are found in dairy foods can affect the rate of their digestion. A diet containing 40 g dairy fat, eaten daily for 4 weeks as cheese, did not raise total and LDL cholesterol when compared with butter (Nestel et al., 2005). Another study found that the physical structure of fat-rich foods (milk, mozzarella cheese, butter) had no major effect on postprandial plasma TG concentrations (Clemente et al., 2003).
The composition of sn-2 of TG and PL is of great importance because, as discussed above, sn-2 facilitates the absorption of these fatty acids as 2-monoacyl-sn-glycerols that are utilized in the re-synthesis of TG and glycerol phospholipids that takes place after fat absorption (Lehner and Kuksis, 1996). In seed oils, PUFA are greatly enriched in the sn-2 position while SFA are concentrated in the sn-1 and sn-3 positions, and MUFA are relatively evenly distributed. In most dietary animal fats, the SFA are predominantly in the sn-1 position, although an appreciable amount of oleic acid is usually present also. The sn-2 position tends to contain mainly PUFA, especially LA. In cow milk, however, all the butyric acid (C4:0) and most of the hexaenoic acid (C6:0) are in the sn-3 position, whereas the long-chain SFA (C14:0, C16:0 and C18:0) are equally distributed at the sn-1 and sn-2 positions. In human milk, palmitic acid (C16:0) is predominantly in the sn-2 position, whereas stearic acid (C18:0) is in the sn-1 position. In marine lipids, SFA and MUFA are preferentially in the sn-1 and sn-3 positions, whereas PUFA are greatly concentrated in the position sn-2 with substantial amounts also being in position sn-3.
Phospholipids (PL) are constituents of cell membranes, which occur in foods and extracted oils in small quantities. A SFA is usually esterified at the sn-1 position and a PUFA at the sn-2 position. Thus, although a minor component of foods, PL can be important sources of PUFA.
Oxidation
Fat stored as TG is the body’s most concentrated source of energy because TG are both reduced and anhydrous. The energy yield from a gram of fat catabolism is approximately 9 Kcal (37.7 kj)/g, compared with 4 Kcal (16.8 kj)/g from protein or carbohydrates.
Fatty acids yield energy by ß-oxidation in the mitochondria. Overall the ß-oxidation process is not very efficient since it requires transport into the mitochondria by carnitine, which involves four steps. As a result, fatty acids are less efficiently used for energy production than carbohydrates, and are preferentially stored in the adipose tissue. In addition, oxidation of long-chain fatty acids initially takes place in peroxisomes and is also not very efficient. For individuals eating high-fat diets with excess caloric intake, much of the dietary fatty acids are readily stored in the adipose tissue.
The fatty acid structure affects the rate of oxidation. In general, long-chain fatty acids are oxidized more slowly and unsaturated fatty acids oxidized more rapidly than saturated fatty acids. Oxidation of saturated fatty acids decreases with increasing carbon chain length (laurate>myristate>palmitate>stearate) (Leyton et al., 1987). For unsaturated fatty acids, 24-h oxidation is in the order, ALA>OA>LA>AA.
De novo synthesis of fatty acids
The synthetic process involves the breakdown of excess dietary carbohydrates to acetate units and condensation of acetate, as acetyl coenzyme A (CoA), with bicarbonate to form malonyl CoA. Acetyl CoA then combines with a series of malonyl CoA molecules to form saturated fatty acids of different carbon lengths, of which the end product is palmitic acid (16:0). The fatty acid synthetic reactions up to this stage take place within the fatty acid synthetic complex. Once palmitic acid is released from the synthetic complex, it can be elongated to stearic acid and even higher saturated fatty acids by further additions of acetyl groups, through the action of fatty acid elongation systems.
In animal tissues the desaturation of de novo synthesized saturated fatty acids stops with the formation of the n-9 series MUFA. This conversion is performed by Δ9 desaturase, which is a very active desaturase enzyme in mammalian tissues, and introduces double bonds at the 9-10 position of the fatty acid chain. Oleic acid (18:1Δ9 or 18:1n-9) is the main product. The products of de novo synthesis are esterified with glycerol to form TG. In liver these TG are incorporated into VLDL and transported out into circulation. In adipose tissue they are stored as lipid droplets. If a low-fat, high-carbohydrate diet is eaten consistently, the adipose tissue consists mostly of 16:0, 18:0 and 18:1n-9, which are the main products of de novo synthesis (Vemuri and Kelly, 2008). Individuals eating large amounts of LA will deposit this fatty acid in adipose tissue (Thomas et al., 1987). In the absence of dietary LA and other PUFA, 18:1n-9 is further desaturated and this step is followed immediately by elongation to form the n-9 family of PUFA.
Dietary fatty acids have a significant influence on de novo synthesis and it is likely that all dietary fatty acids, except short-chain fatty acids, suppress it (Vemuri and Kelly, 2008). Free-living healthy humans have a significant capacity for de novo synthesis, which contributes on average approximately 20% of newly formed adipose TG (Strawford et al., 2004). Factors such as background diet, physical activity, genetics, hormones etc. can influence de novo synthesis. More research is required to determine how these factors, especially excess dietary fats, influence de novo synthesis.
Metabolism of LA and ALA to LCPUFA
Although mammals can readily introduce double bonds at the Δ9 position, they cannot introduce additional double bonds between Δ10 and the methyl terminal end. Thus, LA and ALA cannot be synthesized by mammals, but plants can synthesize both by introducing double bonds at Δ12 and Δ15. Because they are necessary precursors for the synthesis of LCPUFA and eicosanoids, LA and ALA are essential fatty acids and they must be obtained from plants in the diet.
Once LA and ALA are obtained from the diet, they can be converted to n-6 and n-3 families of C20 and C22 LCPUFA by a series of alternating desaturation and elongation reactions (Figure 3.1). The pathways need only Δ6- and Δ5-desaturases, an elongase of the microsomal system and a chain-shortening step involving β-oxidation in the peroxisomes (Moore et al., 1995; Sprecher, 2002). The first step involves insertion of a double bond at the Δ6 position of LA and ALA by the action of Δ6 desaturase, which is followed by chain elongation of two carbon units by elongase and insertion of another double bond at the Δ5 position by Δ5-desaturase to form arachidonic acid (20:4n-6 or AA) and eicosapentaenoic acid (20:5n-3 or EPA), respectively. In the next step, AA and EPA are elongated by two carbon units to 22:4n-6 and 22:5n-3 (n-3 DPA), respectively. Further elongation of 22:4n-6 and 22:5n-3 by two carbon units produces 24:4n-6 and 24:5n-3, respectively. These C24 PUFA are then desaturated by Δ6 desaturase to yield 24:5n-6 and 24:6n-3. This is the same desaturase enzyme that desaturates LA and ALA (D’Andrea et al., 2002). DHA is formed from 24:6n-3 through chain shortening by two carbon units during one cycle of the β-peroxisomal pathway. By the same chain shortening mechanism 22:5n-6 is produced from 24:5n-6.
The two pathways are independent of each other and there are no crossover reactions. However, since both pathways use the same enzymes, there is competition between the two series for the conversions. Since LA is the predominant PUFA in human diets and intakes of ALA are generally low, plasma and cell levels of n-6 LCPUFA derived from LA tend to be higher than the n-3 LCPUFA levels.
Efficiency of conversion
Although humans and animals have the capacity to convert ALA to EPA and DHA, the efficiency of conversion is low, in particular to DHA. Generally, ALA intake increases ALA, EPA and n-3 DPA, but there is very little increase in DHA in plasma fractions (platelets, white cells and red blood cells) or breast milk (Gerster, 1998; Li et al., 1999; Mantzioris et al. 1994; Brenna, 2002; Li et al., 2002; Francois et al., 2003; Burdge and Calder, 2005). Many studies also report a tendency for DHA to decline when ALA consumption is markedly increased (Burdge and Calder, 2005). Stable isotope tracer studies estimated that the efficiency of conversion of ALA to EPA is 0.2%, to n-3 DPA is 0.13% and to DHA is 0.05% (Pawlosky et al., 2001). There are several possible explanations for the poor conversion of ALA to DHA. A large proportion of ingested ALA is oxidized to acetyl CoA, which is recycled into de novo synthesis of cholesterol, saturated and monounsaturated fatty acids, or further metabolized to carbon dioxide (DeLany et al., 2000). It is also the most rapidly oxidized unsaturated fatty acid (Nettleton, 1991). Unlike LA, the rate of acylation of ALA to tissue lipids is low. The concentration of ALA in plasma and tissue phospholipids is usually less than 0.5% of total fatty acids (Burdge and Calder, 2005). It is most likely that this low content of ALA is not sufficient to compete with LA for the Δ6 desaturase.
There are some reports, however, showing that DHA status can be improved by long-term intakes of vegetable oils containing ALA and less LA (Ezaki et al., 1999; Ghafoorunissa et al., 2002). This observation is very important for vegetarians and for those who for various reasons do not include fish in their regular diets. Further research needs to be performed to confirm these findings. However, the increase in DHA may not be immediate and also may not be as effective as direct consumption of DHA from fish or fish oil supplements (Burdge and Calder, 2005).
Animal studies have shown that maximum incorporation of DHA into tissues can be achieved using diets with LA-ALA ratios between 4:1 and 2:1 (Woods et al., 1996; Bowen et al., 1999; Blank et al., 2002). A human feeding study, however, demonstrated that the absolute amount of ALA, more than the LA/ALA ratio, influences the conversion of ALA to its derivatives (Goyens et al., 2006). It appears that a reduction in dietary LA together with an increase in ALA intake would be the most appropriate way to enhance EPA and DHA synthesis. Limited data suggest that the conversion of ALA to EPA and DHA is substantially greater in young women than in men of similar age, possibly due to activation of the peroxisomal pathway by estrogens (Burdge and Wootton, 2002; Burdge et al., 2002).
In summary, the biosynthetic pathway in humans does not appear to provide sufficient levels of ALA for it to be a substitute for dietary EPA and DHA. High levels of EPA and DHA in blood or other cells are attained only when they are provided as such in the diet and this would occur mostly from the consumption of fish and fish oils, which are rich sources of these n-3 LCPUFA.
Influence of environmental factors on the conversion of LA and ALA to n-6 and n-3 LCPUFA
Some environmental factors affect the activity of Δ5- and Δ6-desaturases, and therefore the conversion of LA and ALA to their LCPUFA. Dietary cholesterol decreases the activity of the desaturases (Huang et al., 1985, 1990; Garg et al., 1986). High-fat diets also decrease the activity of desaturases (Garg et al., 1986). The activity of Δ5 desaturase appears to be low in diabetic humans (Jones et al., 1986; Bassi et al., 1996). Low insulin levels, deficiency of protein and minerals such as iron, zinc, copper and magnesium, which are often associated with malnutrition, decrease Δ6 desaturase activity and therefore the conversions of LA and ALA to LCPUFA. These observations may have significance for populations from developing countries whose diets are deficient in energy and several nutrients. An additional issue concerning PUFA metabolism that would need to be studied in detail, considering that the conversion of LA and ALA to their long chain products takes place mainly in the liver, is the efficiency of the conversion steps in relation to liver function and disease conditions. This topic has not been adequately studied, but it appears from the limited data available that levels of AA and EPA are low in cirrhotic patients.
Alcohol consumption (Horrobin, 1987; Pawlosky and Salem, 2004) and cigarette smoking (Santos et al., 1984; Simon et al., 1996; Leng et al., 1994; Marangoni et al., 2004b; Agostoni et al., 2008) also decrease tissue LCPUFA concentrations.
Another current concern is the extremely high level of LA in diets in many Western countries (Lands, 2008). Typical consumption of LA in Europe, Australia and North America ranges between 8.3 and 19.0 g per day in men and 6.8 and 13.2 g per day in women (Burdge and Calder, 2005). This is typically about 10-fold higher than the consumption of ALA. These levels of LA can greatly exceed those needed to prevent essential fatty acid deficiency. Drastic reduction in the intakes of LA is warranted in Western countries. This would result in greater conversion of ALA to EPA and DHA (Lands, 2008). However, caution needs to be exercised in this regard since a Nurses Health Study over many years showed that nurses with higher intakes of LA had lower risks of cardiovascular disease and related mortality (Hu et al., 1997). It is possible that the deficit in physiological levels of EPA and DHA may be more important than higher intakes of ALA. However, for those who do not consume n-3 LCPUFA as EPA/DHA, the competition for conversion to n-3 LCPUFA from ALA may be compromised. It should be noted that plant-based n-3 PUFA may reduce CHD risk, in particular when seafood-based n-3 PUFA intake is low. This has implications for populations that consume little fatty fish (Mozaffarian et al., 2005).
Eicosanoid and docosanoid formations
Formation of eicosanoids is an important biological function of the long-chain n-6 and n-3 C20 PUFA. The eicosanoids include prostaglandins (PG), prostacyclins (PGI), thromboxanes (TX), leukotrienes (LT), hydroperoxytetraenoic acids (HPETE), hydroxyeicosatetraenoic acids (HETE) and lipoxins (Lee and Hwang, 2008).
There are two primary pathways involving two microsomal enzymes. Cyclooxygenase (COX) converts the C20 fatty acids to prostanoids (PG, PGI and TX) whereas lipooxygenase (LOX) converts them to HPETE, which are quickly converted to LT, HETE and lipoxins (Smith et al., 1991; Samuelson, 1987). There are two types of COX: COX 1, which is constitutive, responsible for the physiological roles of eicosanoids, and COX 2, which is inducible, and is activated by processes such as inflammation. The three important fatty acids involved in eicosanoid production are DHGLA, AA and EPA. As they have different numbers of double bonds, they each give rise to a different series of eicosanoids. Prostanoids of 1-series and LT of 3-series are formed from DHGLA. Prostanoids of 2-series and LT of 4-series are formed from AA, while 3-series prostanoids and 5-series LT are produced from EPA. The eicosanoids from AA and EPA are biologically more active and more important than those derived from DHGLA. Figures 3.2 and 3.3 show the eicosanoid pathways for AA and EPA, respectively. These fatty acids are derived from cell membrane PL by the action phospholipase A2. AA and EPA compete for the same enzymes, and hence the relative levels of products formed depend on the cell membrane concentrations of AA and EPA. Cell membranes typically contain a high proportion of AA and low proportions of EPA and DHA, and therefore AA is the dominant substrate for eicosanoid synthesis. However, a high dietary intake of EPA/DHA can inhibit the production of eicosanoids derived from AA (Corey et al., 1983; Culp et al., 1979). In addition to the eicosanoids, in recent years a novel group of mediators formed from EPA by aspirin-modified COX-2, termed E-series resolvins has been identified (Serhan et al., 2000) (Figure 3.4). DHA is poor substrate for COX and therefore, DHA was not known to produce bioactive mediators until recently. However, DHA-derived bioactive docosanoids, termed D-series resolvins and protectins (neuroprotectins D1) by COX-2 and 5-LOX, have been identified (Serhan et al., 2002; Bazan, 2007; Lee and Hwang, 2008) (Figure 3.4).
Physiological functions of n-6 and n-3 PUFA and eicosanoids
The two essential fatty acids, LA and ALA and their long-chain products (AA, EPA and DHA) play prominent physiological roles in different organs. Upon incorporation into structural lipids, these fatty acids can modify membrane fluidity, membrane thickness, and alter specific interactions with membrane proteins (Carrillo-Tripp and Feller, 2005). Although the key anti-inflammatory effects of EPA and DHA are mediated via antagonizing AA metabolism, these n-3 fatty acids have a number of other anti-inflammatory effects, as described in detail in another section. The n-3 fatty acids affect cytokines and other factors. Cytokines are a family of proteins produced and released by cells involved in the inflammatory process and in the regulation of the immune system. Cell culture studies have shown that n-3 fatty acids can decrease the endothelial expression of a variety of cytokine-induced leukocyte adhesion molecules and of secretable protein products implicated in leukocyte recruitment and local amplification of inflammation. DHA, but not EPA, is effective in reducing endothelial expression of E-selectin, ICAM-1 (intercellular cell-adhesion molecule1) and VCAM-1 (vascular cell adhesion molecule 1), and impaired the ability of ligand bearing monocytes to adhere (De Caterina and Libby, 1996). The magnitude of this effect parallels that of incorporation of DHA into cellular phospholipids.
Another important biological role of n-3 and n-6 PUFA is the regulation of enzymes involved in lipid metabolism. PUFA activate the expression of genes of fatty acid transport and oxidation (acyl CoA synthetase, acyl CoA oxidase, liver fatty acid binding protein, carnitine palmityoyltransferase-1 and cytochrome P450A1) and suppress the expression of genes regulating de novo synthesis of lipids (stearoyl CoA desaturase, acetyl CoA carboxylase, and fatty acid synthase) (Jump, 2002; Jump, 2008; Sampath and Ntambi, 2005). PUFA exert these effects on gene expression by regulating three major transcriptional factors controlling multiple pathways involved in lipid metabolism. PUFA activate peroxisome proliferators activated receptor (PPARα) and suppress the nuclear abundance of carbohydrate regulatory element binding protein (ChREBP)/ Max-like factor X (MLX) and sterol regulatory element binding protein (SREBP-1). PUFA activation of PPARα enhances fatty acid oxidation, while PUFA suppression of SREBP-1 and ChREBP)/MLX results in inhibition of de novo synthesis of fatty acids. As such PUFA promote a shift in metabolism toward fatty acid oxidation and away from fatty acid synthesis and storage. The result of this two-fold action is a negative fat balance, thereby making PUFA a good candidate for the dietary management of hyperlipidemia. The transcription factors display a differential response to PUFA. EPA is potent activator of PPARα and DHA controls nuclear abundance of SREBP-1. Nuclear abundance of carbohydrate regulatory element binding protein (ChREBP)/MLX, appears equally responsive to a wide range of C18-C22 carbon n-3 and n-6 PUFA (Jump, 2008). More studies are required to evaluate the significance of these differences. Assessments of these differences may provide new insights into disorders of lipid metabolism associated with chronic metabolic diseases such as diabetes and obesity.
N-3 and n-6 PUFA inhibit fatty acid synthase in adipose tissue. PUFA also repress transcription of the leptin gene. Leptin is an adipose derived hormone that regulates appetite, body weight and adiposity. Increased plasma leptin levels have been correlated with increased adiposity, while weight loss results in decreased plasma leptin levels. Substitution of PUFA for saturated fatty acids in the diet causes a decrease in plasma leptin levels (Reseland et al., 2001; Duplus et al., 2000). The C20 and C22 n-6 and n-3 PUFA affect visual acuity and are required for optimal development of the brain.
The eicosanoids derived from AA and EPA and the docosanoids derived from DHA are involved in a variety of biological processes including modulating inflammation, platelet aggregation, immune response, cell growth and proliferation, and contraction and dilation of smooth muscle cells (Tables 3.6 and 3.7). The eicosanoids derived from EPA are generally less potent than those derived from AA. For example, prostaglandin PGE2 and thromboxane TXA2 derived from AA are produced in platelets and promote inflammation with potent chemo activity, serve as vasoconstrictors and stimulate platelet aggregation. Prostaglandins and thromboxanes from EPA act as vasodilators and anti-aggregators. Prostaglandin I2 (PGI2) derived from AA is also an inhibitor of platelet aggregation. An imbalance in the synthesis of eicosanoids in tissues can lead to development of certain pathological conditions, including thrombosis, kidney disease, inflammation, asthma, inflammatory bowel disease and several other inflammatory conditions (Calder, 2006). The role of n-6 and n-3 PUFA and the eicosanoids and docosanoids in inflammation, immune function and coronary heart disease are discussed in other chapters of this report.
The concentrations of eicosanoids and docosanoids synthesized in tissues are most likely related to dietary levels of n-6 and n-3 fatty acids. It may be possible that the risk of chronic diseases can be reduced by modulating eicosanoid formation through changes in the composition of dietary fatty acids. The competitive inhibition between n-3 and n-6 for desaturases and COX suggests that increasing n-3 PUFA, especially EPA and DHA, would reduce AA levels in tissue lipids and consequently, would decrease the formation of the potent inflammatory and pro-aggregatory eicosanoids derived from AA.
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Chapter 4: Choice of DRI, criteria and types of evidence
Different types of criteria (outcomes), evidence (study designs) and dietary reference intakes (DRI) have been used to set fatty acid dietary guidelines, without consistency either within or between guideline reports (Table 4.1). The types of criteria and types of evidence used to set specific guidelines could not always be clearly discerned from the reports.
This chapter reviews the potential types of criteria, study designs that are relevant in selecting the best approach in setting DRI in order to provide guidance for fatty acid intake, including the strengths and limitations of each, to provide best appropriate evidence for setting dietary guidelines. It provides examples from newer dietary guidelines for fats and fatty acids established by other national and international organizations since 1994, to illustrate how such evidence has been used by others in the past.
Reports from Australia and New Zealand (National Health and Medical Research Council, 2003), China (Chinese Nutrition Society, 2008), Europe (Eurodiet Project, 2000), Germany, Austria and Switzerland (DACH, 2000), India (Indian Council of Medical Research, 1998), the International Society for the Study of Fatty Acids and Lipids (ISSFAL 2004), The Netherlands (Health Council of the Netherlands, 2001), and the United States (IOM, 2005) have been included in this report.
Historically, nutrient reference values − more recently termed DRI − were developed to address acute or sub acute clinical deficiencies of vitamins, minerals, protein, and energy (calories). More recently, the use of DRI has been expanded to include other substances in foods, such as fats and fatty acids, and to address chronic diseases. Several different types of DRI exist (Table 4.2).
When applied to fatty acids, DRI have been used inconsistently among different countries and institutions. For example, in the US and Canadian guidelines, acceptable macronutrient distribution ranges (AMDR) refer to appropriate ranges of usual intakes of individuals, while in the 1993 expert consultation (FAO, 1994) an AMDR refers to a population mean intake goal (King et al., 2007). In this review, the inconsistent use of DRI is obvious from the data presented in the Table 4.2. For instance, the IOM (2005) reported an AMDR for total fat in adults, but adequate intakes (AI) for total fat intake among infants; Eurodiet (2000) used population goals to set DRI; and the 1993 expert consultation used only a tolerable upper intake level (UL) for total fat intake (FAO, 1994).
Similarly, for linoleic acid (LA), several reports used AI, based on prevention of deficiency, or even UL. Use of AI or UL for LA would prevent higher intakes that may decrease the risk of chronic disease. For LA, as well as total fat, AMDR might be more appropriate. Thus, whereas DRI were developed with a focus on preventing deficiencies, their application to many fatty acid recommendations must be considered in the context of reducing risk of chronic disease, which may not be adequately captured in DRI. As discussed in using criteria to establish nutrient intake values (NIV), it is also possible to have multiple average nutrient requirements corresponding to different criteria, and have public health policy planners determine which value is appropriate for the population of interest (Yates, 2007).
For some fatty acids, such as trans fatty acids, there is no known value of inadequacy and even small incremental intakes of these fatty acids are associated with risk of chronic disease. Therefore traditional DRIs such as estimated average requirements (EAR) and recommended dietary allowances (RDA) are not adequately relevant to the health effects of these fatty acids. As shown in Figure 4.1, the EAR and RDA are based on a U-shaped association between intake of the nutrient and adverse effects (either inadequacy or other adverse effects). Therefore, for fatty acids, for which there is no risk of inadequacy, neither EAR nor RDA are appropriate. UL may also be problematic. For example, in the IOM report on DRI: “A UL is not set for trans fatty acids because any incremental increase in trans fatty acid intake increases CHD risk” (IOM, 2005). The UL is defined by a level at which intake does not pose a risk, which is not the case for trans fatty acids.
OVERVIEW OF PRIOR CRITERIA AND TYPES OF EVIDENCE
The choice of the criterion or functional outcome (indicator of adequacy) that is used to determine the recommend intake for fat and fatty acids is crucial. Depending on the criterion, recommended levels of intake may differ. For example, the level of n-3 intake necessary for prevention of deficiencies is lower than the level of intake that minimizes the risk of CHD. Table 4.1 summarizes the stated criteria provided by the dietary guideline reports and includes the types of evidence (study designs) stated to be used to estimate associations between intake of the fat or fatty acid and the indicator of adequacy (criterion).
Potential general criteria to define dietary requirements include the following aims:
The most appropriate and practical criteria for setting most worldwide fatty acid recommendations should be to optimize health and reduce the development of common chronic diseases; such criteria would also in nearly all cases prevent clinical deficiencies. Specific chronic diseases of interest should be identified based on burdens of morbidity and early mortality in the population and on meaningful effects of dietary fatty acids on their development. In order to remain transparent about the development of dietary requirements, care should be taken to be explicit about the types of criteria used to set each dietary recommendation.
Examples of chronic disease outcomes used as criterion for dietary recommendations for fatty acids include CHD, obesity, diabetes, and specific types of cancers (Table 4.1). The primary strength of using disease outcome as an indicator of adequacy or optimal intake is that it represents the most direct method to assess effects on health. A drawback of using disease outcome is the absence of such data for many fatty acids, specific disease endpoints, and/or populations. However, given that many such studies are available, the more relevant drawback is often the failure to consider the different strengths and limitations of different study designs and specific studies when drawing inferences from the findings.
Examples of using disease outcome as criteria
Obesity. To assess the effects of total fat intake on obesity, reports have used evidence from animal, ecological, and cross-sectional studies, and short-term RCT on weight loss. As described in section “choosing the type of evidence”, the results of animal, ecological, and cross-sectional studies should be considered hypothesis-generating and are not considered reliable or sufficient evidence for setting dietary guidelines. Observational studies of diet and body weight also have particular limitations relating to underreporting of calories or recall bias. Reverse causation is also highly problematic: small changes in body weight (or perceived body shape) can readily change individuals’ diets and introduce bias in diet-weight associations. RCT are therefore superior for assessing diet-obesity effects. However, many RCT have been short-term and may not reflect long-term effects of the diet on weight.
Cardiovascular disease (CVD). To assess the effects of total fat intake on CVD, reports have used evidence from animal experiments and from retrospective case-control, ecological, and cross-sectional designs. As described previously, such designs are generally insufficient to set dietary guidelines. For example, in many rodent studies, a high-fat rat chow is compared to standard chow, but total energy is not controlled, biasing the association between total fat as percentage of energy and the outcomes. Additionally, to obtain CVD-susceptibility, animal experiments often use specific gene-knockout models, which (in addition to other species-specific differences) may greatly reduce relevance to humans.
Examples of physiological measures used as criterion to set dietary recommendations for dietary fatty acids are serum cholesterol levels, triglyceride levels, and neural integrity. The strength of using physiological measures as indicators of adequacy is that they are quantifiable measures that can estimate disease risk before the occurrence of clinical disease and can often be assessed directly in controlled trials. The major drawback is that physiological measures are indirect measures of actual disease outcome: They reflect only certain pathways of risk and may not be valid surrogates for total effects of the dietary intervention on health, which might also be mediated by multiple other pathways.
Because physiological measures can be assessed relatively easily in controlled trials, most of the physiological criteria are based on evidence from RCT (Table 4.1). Although RCT allow direct control of diet and minimize confounding, often participants are relatively healthy and evaluated over relatively short-term time periods, limiting potential generalizability (see ‘chronic disease outcomes’).
Examples of using physiological measures as criteria
Among the most commonly used physiological criteria for setting dietary fatty acid guidelines are the effects of saturated fat intake on LDL-C (Table 4.1). RCT in humans have consistently demonstrated that saturated fat consumption raises LDL-C, and higher levels of LDL-C are a well-established risk factor for CHD. This evidence provides an excellent illustration of the strengths and limitations of using a physiological criterion. The strength is that the quantitative effects of saturated fat on LDL-C can be definitively established. However, potential limitations of this criterion include: (a) the lack of confirmation in RCT that diet-induced changes in LDL-C alter CVD event rates; (b) the lack of consideration of effects of saturated fat on other pathways of risk, such as HDL-C, triglycerides, or other non-lipid risk factors; and (c) the possible qualitative or even quantitative differences in effects of saturated fat on some physiological risk factors (e.g. the total cholesterol:HDL-C ratio) in populations other than those tested in RCT, which have generally enrolled younger healthier men (rather than older adults or postmenopausal women who are at highest risk). For example, whereas saturated fat intake (compared with carbohydrate) raises LDL-C, it also raises HDL-C so the net effect on the total cholesterol:HDL-C ratio is neutral (or even unfavourable in postmenopausal women).
Deficiency symptoms and disease
Deficiency symptoms are most often studied in case series/reports, animal experiments, or short-term controlled feeding studies. A strength of using deficiency symptoms as a criterion is that deficiency symptoms for essential fatty acids can be clearly defined and studied in relatively small controlled trials. Drawbacks include strong ethical limitations of testing many deficiencies, which may have unacceptable long-term effects in humans. For this reason, there are few data for most nutrients concerning the level of intake at which symptoms occur. As discussed previously, an additional major drawback is the sometimes large difference between levels at which clinical deficiency occur versus levels that cause lowest risk of chronic diseases, such as cancer or CVD.
For instance, deficiency symptoms have been used as criteria for recommendations for essential polyunsaturated fatty acids such as LA and ALA. However, intakes that prevent deficiency symptoms or diseases do not appear to be optimal for preventing incidence of other chronic diseases. Specifically, levels of intakes that reduce chronic diseases (e.g. LA and ALA intakes to decrease risk of CVD) are much higher than those needed to prevent clinical deficiencies. Thus, using deficiency symptoms as the criterion will result in underestimates of recommended intake. In comparison, using disease outcome as the criterion to set dietary guidelines for essential fatty acids will inherently prevent clinical deficiency.
Average intakes in national survey studies
For some fatty acids and age groups, insufficient data are available to use disease or physiological criteria for setting dietary guidelines. In these cases, average national intakes have been used as a criterion when deficiencies are not present in the population. Guidelines can be set based on average intakes (e.g. median national intakes) or relative extremes of intake (e.g. the upper 10th percentile of national intake).
The strengths of this approach are that mean national intakes are relatively practical and easy to measure, and that recommendations based on average national intakes are unlikely to have large unexpected adverse consequences, given that much of the population is already at these levels. A major drawback is that such intakes may not be optimal for reducing disease risk, even though overt deficiencies are not present. For example, in populations without overt clinical deficiencies of n–3 fatty acids, higher intakes may nevertheless substantially reduce the risk of fatal CHD and sudden cardiac death. Such guidelines, based on average intakes in one population, may also be less appropriate for other populations or age groups.
Examples of using average national intake as criteria
The Health Council of the Netherlands (2001) used the upper 10th percentile of national intake of natural trans fatty acids (i.e. trans fatty acid intake from natural sources such as meats and dairy products) to determine the recommended upper intake level of total trans fat intake, which varies between 0.7% and 1.0% of total energy.
Because the intake of dairy products in the Netherlands is very high, this upper level of intake may be less appropriate for Asian countries, in which the intake of dairy products is much lower. Specifically, the goal of the Dutch guidelines was to limit intake of partially hydrogenated oils, but not natural trans fatty acids. If applied to an Asian country, this intake level could result in a much higher level of intake of trans fatty acids from partially hydrogenated vegetable oil than desirable.
Equilibrium maintenance describes the balance of nutrient intake and loss, as measured by factorial estimation. The factorial method involves estimating the factors that determine the requirement, such as increased requirements for growth, pregnancy, and lactation, or losses via urine or feces. Examples of equilibrium maintenance used as criterion to set dietary recommendations are estimations in tissue deposition and milk secretion of LA and ALA during pregnancy and lactation (factorial methods).
A strength of using equilibrium maintenance as an indicator of adequacy is that the factorial method measures the actual losses of a fatty acid and estimates the required intake when other data are not available. The drawback of using these measures is that individual losses of fatty acids may vary to a great extent and estimations may not apply to all individuals. The intake required to maintain equilibrium depends on the level at which equilibrium is maintained, and thus the existing level of an individual or population may not be optimal. Importantly, such criteria may also have little relevance to the incidence of disease, the main endpoint of interest.
In the international reports discussed, animal models of inadequacy were not used as primary criteria to set dietary recommendations for fats and fatty acids. However, animal experiments that evaluated disease outcome or physiological measures have been used as supporting evidence for recommendations. Animal studies are powerful for doing basic research and generating hypotheses, but the major limitations in generalizability to humans makes such evidence insufficient to set dietary recommendations.
Types of evidence generally used to establish dietary requirements have included the following:
Compared to information available about criteria and DRI, often discussion of the choice of evidence is missing in reports addressing dietary guidelines. Both the WHO/FAO and NHMRC have issued useful rankings of the criteria describing the strength of evidence (Tables 4.3 and 4.4). However, these rankings of evidence do not provide clear guidance for setting dietary recommendations, but rather discuss the general strength of evidence.
In this report, we propose a ranking system for evidence from studies that can be considered as a guideline to determine whether current data are sufficient to evaluate human requirements and set dietary recommendations (Figure 4.2), assuming of course that the study is well-conducted.
Optimally, evidence for setting dietary fatty acid requirements would be derived from concordant evidence from well-conducted RCT of incidence of disease outcomes, prospective cohort studies of incidence of disease outcomes (including nested case-control studies), and RCT of physiological measures, supported by findings from retrospective case-control studies, ecological studies, and animal experiments. For many fats and fatty acids, well-conducted RCT of disease outcomes with adequate power (sufficient number of subjects) are not available, especially for chronic diseases. When such evidence is not available, concordant evidence from well-conducted prospective cohort studies of disease outcomes and RCT of physiological measures are often sufficient to set dietary recommendations. Evidence from only RCT of physiological measures without additional concordant evidence from controlled trials or prospective cohort studies of disease outcomes, or from only retrospective case-control studies, ecological or cross-sectional studies, or animal experiments may be insufficient to set dietary recommendations, especially for chronic diseases. When evaluating studies as evidence for setting dietary recommendations, these strengths and limitations of each study design should be critically evaluated. The major strength of properly executed RCT is the minimization of confounding, but many other study design limitations can be present and limit the utility of the results.
Prospective cohort studies have many strengths, but the major potential limitation is the inability to definitively exclude residual confounding. A review of these strengths and limitations demonstrates the strong complementary nature of the strengths and limitations of RCT versus prospective cohorts. When RCT of disease outcomes are not available, RCT of physiological measures (intermediate endpoints or risk factors for disease) can provide concordant evidence for the effects on disease risk.
Retrospective case-control studies are efficient for evaluating rare diseases, but the limitations of recall bias, selection bias, and inability to include fatal cases render them suboptimal for studying other disease endpoints. Because dietary guidelines for the population should not be determined based on rare diseases, retrospective case-control studies are useful for generating hypotheses, but are usually insufficient for setting dietary guidelines.
Ecological, cross-sectional, or prevalence studies are very useful in providing an initial hypothesis that can be further tested in prospective cohort studies and clinical trials, but design limitations for assessing causality are too strong for such data to be sufficient for determining dietary recommendations.
Animal experiments are powerful study designs for evaluating mechanisms, assessing pathways, and providing concordant evidence to findings of human studies, but by themselves are insufficient to set dietary recommendations for fats and fatty acids in humans.
Case series or reports describe the manifestation, the course, or the prognosis of a condition. Due to lack of comparability, this type of evidence is generally insufficient for setting dietary recommendations, except perhaps for deficiency symptoms that are manifested in specific populations or during historical incidents.
This approach of ranking the validity of study designs based on the strengths and limitations of each study design allows for clear and explicit criteria, but does not take into account whether the data are available for each fatty acid and disease outcome. For some associations, availability of data or studies may be less than optimal, for example between nutrition and cancer. In such cases, dietary fatty acid requirements can be considered, but will require careful consideration of available data and, most importantly, transparency regarding the approach and the strength of evidence used to set the dietary requirements.
During the preparatory process for the Expert Consultation the participants agreed on the criteria that would be used to judge the levels and strength of evidence required to conclude that total fat and fatty acids affect major health and disease outcomes and to draw transparent conclusions from the scientific review of the totality of the evidence, including both RCT in humans and observational studies involving long-term follow-up of cohorts and experimental animal and laboratory studies when no other data were available. In doing so the participants recognized that ranking evidence does not provide clear guidance for setting dietary guidelines, but rather represents a gauge and ranking of the general strength of evidence.
It was decided to follow the criteria employed in the report Diet, Nutrition, and the Prevention of Chronic Diseases; Report of a Joint WHO/FAO Expert Consultation (WHO, 2003) and subsequent FAO and WHO scientific reviews and studies, which had based the criteria on a modified version of that used by the World Cancer Research Fund (Table 4.3). In doing so the experts acknowledged other equally valid criteria that exist, one being the NHMRC (Table 4.4).
Four levels of judgment were identified:
Given the limited number of randomized controlled trials on dietary fat and chronic disease or death it was agreed that only evidence of sufficient strength to be “convincing” or “probable” would allow a dietary recommendation to be formulated.
The framework for DRI development background paper by Taylor suggests that even in the face of limited data, scientific judgment can be important (IOM, 2008). It advocates that science-based judgment is more useful than no recommendation at all. In that light, it might be useful to look at data not meeting the suggested optimal criteria for setting dietary fatty acid requirements (described previously), e.g. when RCT and prospective cohort studies of incidence of disease outcomes are not possible or available. In some limited cases, scientific judgment may be necessary to offer a reference value when only limited data are available (e.g. only ecological and animal studies), but action is necessary and there is insufficient time to wait for more data. In these cases, a “portfolio” or “mosaic” approach - in which all available types of studies, the biological plausibility, and data consistency (taking weight of study design into account) are considered - may be a useful approach when the linear approach based solely on study design described previously is not suitable. On the other hand, it must be remembered that reliance on scientific judgment, in the absence of optimal data, can lead to subjective and erroneous conclusions that can result in unhelpful or even harmful health consequences.
In order to remain transparent about the development of dietary requirements, the type of evidence selected to base the recommendation should be specified and ranked, particularly if according to higher ranking evidence it may be considered suboptimal.
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Chapter 5: Fat and fatty acid requirements for adults
FAT AND FATTY ACID REQUIREMENTS FOR ADULTS
Fats enhance the taste and acceptability of foods; lipid components largely determine the texture, flavour and aroma of foods. In addition, fats slow gastric emptying and intestinal motility, thereby prolonging satiety. Dietary fats provide essential fatty acids (EFA) and facilitate the absorption of lipid-soluble vitamins. The Expert Consultation agreed that there was convincing evidence that energy balance and dietary patterns are critical to maintaining healthy body weight and ensuring optimal nutrient intakes, regardless of macronutrient distribution expressed in energy percentage (Elmadfa and Kornsteiner, 2009). The requirements for total fat and different fatty acid groups, as well as the evidence levels, are summarized in Table 5.1.
DIETARY RECOMMENDATIONS FOR TOTAL FAT INTAKE
The Expert Consultation considered that the acceptable macronutrient distribution range (AMDR) for total fat intake ranges between 20% and 35% of energy (E) (Elmadfa and Kornsteiner, 2009). Total fat intake should be greater than 15%E (lower value of acceptable macronutrient distribution range, L-AMDR) to ensure an adequate intake of essential fatty acids and energy and to facilitate the absorption of lipid soluble vitamins (Jequier, 1999). While for most individuals engaged in moderate physical activity 30%E is recommended, for those associated with a high physical activity level it can amount to 35%E. The upper value of acceptable macronutrient distribution range (U-AMDR 35%E) should consider energy balance and diet quality. However, high fat intakes are habitually accompanied by increased saturated fat, cholesterol and energy density (Eurodiet, 2008).
Moderate dietary fat intake, in addition to a diet rich in refined carbohydrates, can raise the risk of non-communicable diseases in a population with an habitually low fat ingestion (<20%E) (Bourne et al., 2002; Suh et al., 2001; Vorster et al., 2005). Therefore, an AMDR between 20% and 35% fat of total energy can only be considered under the condition that the energy balance is maintained and the anthropometrics are within the normal range, although more information is needed from populations in developing and transitional countries or in countries undergoing rapid food and nutrition transition. In severely malnourished populations, intake greater than 20% energy can help to increase the energy density and increase calories consumed, as well as maintain or improve the overall dietary pattern.
DIETARY RECOMMENDATIONS FOR SATURATED FATTY ACIDS (SFA)
Individual saturated fatty acids (SFA) have different effects on the concentration of plasma lipoprotein cholesterol fractions. For example, lauric (C12:0), myristic (C14:0) and palmitic (C16:0) acids increase LDL cholesterol whereas stearic (C18:0) has no effect.
There is convincing evidence that:
Based on coronary heart disease (CHD) morbidity and mortality data from epidemiological studies and controlled clinical trials (using CHD events and death), it was also agreed that:
Reducing SFA by itself (reducing the amount of SFA or the % energy from SFA) has no effect on CHD and stroke (Siri-Tarino et al., 2010). However, the methodology used by Siri-Tarino et al. in the pooling of these studies was questioned by Stamler (2010), who highlighted the important limitations of this pooled analysis. There is a possible positive relationship between SFA intake and increased risk of diabetes. There is insufficient evidence relating to the effect on the risk of CHD in replacing SFA with either MUFA or largely whole grain carbohydrates; however, based on indirect lines of evidence this could result in a reduced risk of CHD.
There is insufficient evidence that SFA affects the risk for alterations in indices related to the components of the metabolic syndrome. Based on cancer morbidity and mortality data, it was also agreed that there is insufficient evidence for establishing any relationship between SFA consumption and cancer. Therefore, it is recommended that SFA should be replaced with PUFA (n-3 and n-6) in the diet and the total intake of SFA should not exceed 10%E (Elmadfa and Kornsteiner, 2009).
CONCLUSIONS AND RECOMMENDED DIETARY REQUIREMENTS FOR MUFA
The determination of intake of MUFA is unique in that it is calculated by difference, i.e. MUFA=Total fat intake (%E) – SFA – PUFA – TFA . Therefore, the resulting MUFA intake may cover a wide range depending on the total fat intake and dietary fatty acid pattern (Elmadfa and Kornsteiner, 2009).
CONCLUSIONS AND RECOMMENDED DIETARY REQUIREMENTS FOR PUFA
The minimum intake levels for essential fatty acids to prevent deficiency symptoms are estimated at a convincing level to be 2.5%E LA plus 0.5%E ALA (DACH, 2000). Based on epidemiological studies and randomized controlled trials of CHD events, the minimum recommended level of total PUFA consumption for lowering LDL and total cholesterol concentrations, increasing HDL cholesterol concentrations and decreasing the risk of CHD events is 6%E. Based on experimental studies, risk of lipid peroxidation may increase with high (>11%E) PUFA consumption, particularly when tocopherol intake is low (Elmadfa and Schwalbe, 1989). This value is only slightly different from former recommendations (WHO, 2003). Therefore, the resulting acceptable range for total PUFA (n-6 and n-3 fatty acids) is between 6 and 11%E. The adequate intake to prevent deficiency is 2.5–3.5%E. Thus, the recommended range (AMDR) for PUFA is 6–11%E.
CONCLUSIONS AND RECOMMENDED DIETARY REQUIREMENTS FOR N-6 POLYUNSATURATED FATTY ACIDS
It is recognized that data for humans are sparse for establishing a precise quantitative estimate of the LA requirement to prevent deficiency; thus a range rather than an average LA requirement is recommended. Animal and human studies demonstrate that the prevention of deficiency signs (e.g. in rats reduced growth, scaliness of skin, necrotic tail) occurs when 1-2% of total energy is provided by LA (Anderson and Connor, 1989; Hansen et al., 1963; Holman, 1978, 1998; Mohrhauer and Holman, 1963; Strijbosch et al., 2008; Wollbeck et al., 1981). Therefore, an estimated average requirement (EAR) for LA of 2%E and an adequate intake (AI) of 2–3%E are proposed (DACH, 2000). In accepting that the U-AMDR values of total PUFA and total n-3 fatty acids are 11%E and 2%E respectively, the resulting AMDR for n-6 fatty acids (LA) intake is 2.5–9%E. The lower value or AI (2.5–3.5%E for LA and ALA) corresponds to the prevention of deficiency symptoms, whereas the higher value represents part of a healthy diet contributing to long-term health by lowering LDL and total cholesterol levels and therefore lowering the risk for CHD (Elmadfa and Kornsteiner, 2009). For infants 6–12 months of age, an AI range of 3.0-4.5%E is recommended with a U-AMDR of <10%E. There is insufficient evidence for establishing any relationship between n-6 PUFA consumption and cancer. AA is not essential for a healthy person who gets enough LA (> 2.5%E) from the habitual diet, which can be well demonstrated in vegans who have negligible amounts of long-chain n-6 fatty acids in their diet (Kornsteiner et al., 2008). AA is not essential for a healthy adult whose habitual diet provides LA > 2.5%E. For infants 0-6 months of age AA should be supplied in the diet within the range of 0.2-0.3%E based on human milk composition as a criterion.
CONCLUSIONS AND RECOMMENDED DIETARY REQUIREMENTS FOR N-3 POLYUNSATURATED FATTY ACID INTAKE
The available evidence indicates that 0.5–0.6%E ALA per day corresponds with prevention of deficiency symptoms (Bjerve et al., 1989; DACH, 2000; Holman et al., 1982). The total n-3 fatty acid intake (ALA, EPA and DHA) can range between 0.5–2%E, whereas the minimum dietary requirement for ALA (>0.5%E) prevents deficiency symptoms in adults. The higher value of 2%E includes the recommendation for ALA and n-3 LCPUFA (AMDR for EPA and DHA 0.250 g–2.0 g) can be part of a healthy diet. While ALA may have specific properties, there is evidence that the n-3 LCPUFA can contribute to the prevention of CHD and possibly other degenerative diseases associated with aging. For adult males and non-pregnant/non-lactating adult females 0.250 g/day of EPA plus DHA is recommended, with insufficient evidence to set a specific minimum intake of either EPA or DHA alone; both should be consumed. For adult pregnant and lactating females, the minimum intake for optimal adult health and foetal and infant development is 0.3 g/d EPA+DHA, of which at least 0.2 g/d should be DHA.
The U-AMDR for EPA + DHA consumption is set at 2 g/d due to experimental evidence indicating that high supplement intakes of n-3 LCPUFA may increase lipid peroxidation and reduce cytokine production (Meydani, 2000; Sanders, 2009; Vedin et al., 2008). However, this consultation also acknowledged that higher consumption levels, up to 3 g/d, reduce other cardiovascular risk factors and have not had adverse effects in short- and intermediate-term randomized trials, and that some individuals in populations with high seafood consumption consume higher levels with no apparent evidence of harm. In this regard, the experts noted that the Australian and New Zealand reference value for the upper value of intake of EPA + DPA + DHA has been set at 3 g/d (NHMRC, 2006) and in 1997 the US Food and Drug Administration set a ‘Generally Regarded as Safe’ level of 3000 mg/day for n-3 LCPUFA (IOM, 2005). Following careful consideration and extensive debate, and considering the issue of sustainability of the supply of fish, the experts agreed on the value of 2 g/d as the U-AMDR for EPA plus DHA acknowledging that future RCT and other research may justify raising this figure in the future. It was decided not to include DPA in the recommendations because it is currently a research issue with limited evidence from RCT studies.
CONCLUSIONS AND RECOMMENDED DIETARY REQUIREMENTS FOR N-6 TO N-3 RATIO
Based on the evidence and conceptual limitation, there is no rational for a specific recommendation for n-6 to n-3 ratio, or LA to ALA ratio, if intakes of n-6 and n-3 fatty acids lie within the recommendation established in this report.
CONCLUSIONS AND RECOMMENDED DIETARY REQUIREMENTS FOR TRANS-FATTY ACID INTAKE
The consultation devoted substantial time and discussion to the issue of trans-fatty acid (TFA) intake, but in doing so drew heavily from the conclusions of the recently concluded and published reports of the WHO Scientific Update on TFA (Nishida and Uauy, 2009). There is convincing evidence that TFA from commercial partially hydrogenated vegetable oils (PHVO) increase CHD risk factors and CHD events – more so than had been thought in the past. There also is probable evidence of an increased risk of fatal CHD and sudden cardiac death in addition to an increased risk of metabolic syndrome components and diabetes. In promoting the removal of TFA, which are predominantly a by-product of industrial processing (partial hydrogenation), usually in the form of PHVO, particular attention must be given to what would replace them; this is a challenge for the food industry. It was noted that among adults, the estimated average daily ruminant TFA intake in most societies is low. The experts acknowledged the current recommendation of a mean population intake of TFA of less than 1%E might need to be revised in light of the fact that it does not fully take into account the distribution of intakes and thus the need to protect substantial subgroups from having dangerously high intakes. This could well lead to the need to remove partially hydrogenated fats and oils from human food supply.
In adults, the estimated average daily ruminant TFA intake in the US is about 1.5 g for men and 0.9 g for women. Average intake for both men and women, is 1.2 g, which corresponds to 0.5%E (Federal Register, 2003). If similar average intake values from industrially hydrogenated fat could be anticipated, then the TFA intake from all sources should be no more than 1%E.
CONSIDERATIONS FOR FOOD-BASED DIETARY GUIDELINES
The experts agreed that in addition to dietary requirements for total fat and fatty acids, food-based dietary guidelines are essential for promoting health and preventing disease. However, the consultation did not conduct a review of this subject. A general recommendation is to follow a dietary pattern predominantly based on whole foods (i.e., fruits and vegetables, whole grains, nuts, seeds, legumes, other dietary fibre sources, LCPUFA-rich seafood) with a relatively lower intake of energy-dense processed and fried foods, and sugar-sweetened beverages; and to avoid consumption of large portions. Moderate consumption of dairy products and lean meats and poultry can also be an important part of recommended food-based dietary guidelines. Maintaining recommended dietary patterns, appropriate energy intake, and adequate physical activity levels are critical to prevent unhealthy weight levels (e.g. overweight and obese) and to ensure optimal health for those predisposed to insulin resistance.
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Chapter 6: Fat and fatty acid requirements and recommendations for infants of 0-2 years and children of 2-18 years
Fats have traditionally been considered a necessary part of the dietary energy supply. Until recently the main focus of research regarding infants and children was the total amount of fat that can be tolerated and digested, while the composition of dietary fat received relatively little attention. Interest in the quality of dietary lipid supply in early life as a major determinant of growth, infant development and long-term health is increasing, to the extent that selection of dietary fat and fatty acid sources during the first years of life is now considered to be of critical importance (Koletzko et al., 1997; Uauy et al., 2000a). Fats exhibit slow gastric emptying and intestinal motility, thereby prolonging satiety, which is particularly important for infants and children due to their small stomach size. Dietary fats provide essential fatty acids (EFA) and facilitate the absorption of lipid-soluble vitamins. Lipids are the main energy source in the infant diet and are therefore necessary for normal growth and physical activity. Fats normally provide around half of the energy in human milk (and in most artificial formulas). Fat also constitutes the major energy store in the body; the energy content of adipose tissue on a wet weight basis is 7 to 8-fold higher than that of tissue containing glycogen or protein.
BACKGROUND ON THE ROLE OF FATS AND FATTY ACIDS IN INFANT AND CHILD NUTRITION
Over recent decades interest in lipid nutrition has focused on the role of essential lipids in central nervous system development, and of specific fatty acids and cholesterol in lipoprotein metabolism. The impact of fats and fatty acids on the development of nutrition-related chronic diseases (NRCD) throughout the lifespan has also received considerable attention. Lipids are structural components of all tissues and are indispensable for the assembly of membranes of cells and cell organelles. The brain, retina and other neural tissues are particularly rich in LCPUFA. Some LCPUFA derived from the n-6 and n-3 EFA are precursors in eicosanoid and docosanoid production (prostaglandins, prostacyclins, thromboxanes, leukotrienes, resolvins and neuroprotectins). These autocrine and paracrine mediators are powerful regulators of physiological functions (such as thrombocyte aggregation, inflammatory responses, leukocyte migration, vasoconstriction and vasodilatation, blood pressure, bronchial constriction, uterine contractility, apoptosis and reperfusion oxidative damage).
Dietary lipids affect cholesterol metabolism at an early age, and can be associated with cardiovascular morbidity and mortality in later life. Lipid supply, particularly of EFA and LCPUFA, has also been shown to affect neural development and function (Uauy and Hoffman, 1991; Uauy et al., 2000c). Evidence indicates that specific fatty acids exert their effect by modifying the physical properties of membranes, including membrane-related transport systems, ion channels, enzymatic activity, receptor function and various signal transduction pathways. More recently, specific fatty acids were reported to play a role in determining levels of gene expression for key transcription factors, peroxisome proliferator-activated receptors (PPAR) and retinoic acid receptors, leading to increased interest in better defining the role of these critical nutrients in the regulation of lipid metabolism, energy partitioning, insulin sensitivity, adipocyte development and neural function throughout the lifespan (Innis, 1991; Lauritzen et al., 2001).
BACKGROUND ON ESSENTIAL FATTY ACID DEFICIENCY
George and Mildred Burr (Burr and Burr, 1929) introduced the concept that specific components of fat may be necessary for the proper growth and development of animals, possibly including humans. They proposed that three specific fatty acids be considered as essential: linoleic acid (LA C18:2 n-6), arachidonic acid (AA C20:4 n-6) and α-linolenic acid (ALA C18:3 n-3). Despite this important early work, EFA were considered of only marginal nutritional importance for humans until the 1960s, when signs of clinical deficiency were first recorded in infants fed a skimmed milk based formula (Hansen et al., 1963) and in neonates given fat-free parenteral nutrition (Caldwell et al., 1972; Paulsrud et al., 1972). These seminal observations firmly established that LA is essential for normal infant nutrition. Hansen observed dryness, desquamation and thickening of the skin and growth faltering as frequent clinical manifestations of LA deficiency in young infants. The study included 428 infants fed cow milk based formulations with different types of fat providing a daily LA intake ranging from 10 mg/kg, when fed a fully skimmed milk based preparation, to 800 mg/kg when fed a corn and coconut oil based preparation. More subtle symptoms appear in n-3 EFA deficiency, including skin changes unresponsive to LA supplementation, abnormal visual function and peripheral neuropathy was reported in subjects receiving high n-6, low n-3 fat sources as part of their intravenous nutrition supply (Holman et al., 1982; Holman, 1998).
Human neonates as young as 28 weeks and weighing 900 g are able to synthesize LCPUFA from their precursors (Salem et al., 1996; Carnielli et al., 1996; Uauy et al., 2000b). However, this conversion is quite limited (3-5% of a tracer dose of labelled precursors was converted to LCPUFA over a 96 hour period (Uauy et al., 2000b), and the overall evidence indicates that in early life C18:n-3 precursors are not sufficiently converted to DHA to allow for biochemical and functional normalcy (Salem et al., 1996; Uauy et al., 2000b). Moreover, recent studies of genetic polymorphisms in genes responsible for fatty acid desaturation suggest that variability in biochemical responses and functional central nervous system effects following changes in diet are partly explained by single nucleotide polymorphisms (SNP) affecting a large proportion of the population (Schaeffer et al., 2006).
The uniqueness of the biological effects of feeding human milk on EFA metabolism is based on the direct supply of preformed LCPUFA, bypassing the regulatory step of both the Δ-6 and Δ-5 desaturases (Salem et al., 1996; Llanos et al., 2005). Excess dietary LA associated with some vegetable oils, particularly safflower, sunflower and corn oil, may decrease the formation of DHA from ALA because the Δ-6 desaturase is inhibited by excess n-6 substrates. In addition, on a relative conversion basis, AA formation is lower when excess LA is provided. The inhibitory effect of EPA on Δ-5 desaturase activity has been considered responsible for the lower membrane and plasma AA content observed when marine oil is consumed. Excess LA, as seen in infants receiving corn oil or safflower oil as the predominant fatty acid supply, will inhibit the elongation and desaturation of the parent EFA and thus lower the LCPUFA supply available for membrane synthesis. Human milk and LCPUFA from dietary sources provide minimal preformed AA and substantial amounts of preformed n-3 LCPUFA such as DHA (Jensen, 1995; Jensen, 1996). LA and ALA should be considered indispensable since humans cannot synthesize them. While DHA and AA can be synthesized from ALA and LA respectively, they should be considered non-essential, although a dietary supply may be necessary for long-term health. However, given the limited and highly variable formation of DHA from ALA (1–5%), and because of their critical role in normal retinal and brain development in the human, they should be considered conditionally essential during early development. Similarly, they might be considered conditionally essential for life-long health considering intakes required for the prevention of cardiovascular disease (WHO, 2003).
BACKGROUND ON ENERGY SUPPLY FROM FAT AND EARLY GROWTH
The energy cost of growth is a major component of total energy requirements for the first 6 months of life (typically approximately 20–30% of total energy requirements), and this progressively drops in relative terms to <5% at 12 months of age (Uauy et al., 2000a). Weight gain is therefore a sensitive indicator of overall dietary energy adequacy for the first years of life (Torun et al., 1996; FAO, 2004). If the diet provides an adequate supply of energy and essential nutrients, there is no convincing evidence that a dietary fat intake of 30% of energy adversely affects the growth and development of healthy children living in a clean environment. A review of studies from Europe and North America also found little evidence of adverse effects of low dietary fat on growth of young children aged 6–36 months. Percentage of dietary fat was not correlated with energy intake, growth rate or energy density of the diet between ages 6 and 12 months, whereas energy density was positively associated with energy intake and weight gain (Fjeld et al., 1989; Butte, 1996; Torun et al., 1996; Muñoz et al., 1997; Nicklas et al., 1992; Shea et al., 1993). Dietary energy density, nutrient density and feeding frequency may be more important than dietary fat content in determining intake and growth of young children. No association between fat intake and growth was detected in infants aged 7–13 months or children aged 2–5 years or 3–5 years (Friedman et al., 1976; Lapinleimu et al., 1995; Michaelsen, 1997).
A number of studies have found that low-fat diets in the 25–30%E range result in lower energy intakes in children, with no measurable impact on growth performance provided overall energy intake is sufficient to support maintenance, normal activity and normal tissue accretion. If the diet records accurately reflect habitual intake, these findings raise the possibility of decreased physical activity in infants and young toddlers as a way to adjust to the low-fat diets. Some investigators reported lower vitamin and mineral intakes in association with low-fat diets (Reddy et al., 1980; Zlotkin, 1996). A cohort of 500 Canadian preschoolers was stratified according to: <30%, 30–40% or >40% of energy from fat between ages 3 and 6 years. Low-fat intake was associated with inadequate intake of fat-soluble vitamins. For children habitually on low-fat diets, the odds ratio for underweight 6 year olds was 2.3 (Gibson et al., 1993). There are clearly insufficient data to firmly establish a lower and an upper mean level for the population range for % energy intake from fat. These levels will clearly be context specific, depending on age, activity level, prevalence of diarrhoeal disease and other infectious morbidity.
The recommendations for total fat and fatty acids for infants (0-24 months) and children (2-18 years) are outlined in Table 6.1.
RECOMMENDATIONS FOR TOTAL FAT INTAKE OF INFANTS 0-24 MONTHS
There is convincing evidence that during the first 6 months of life, dietary total fat should contribute 40–60%E to cover the energy needed for growth and the fat required for tissue deposition. There is convincing evidence that from age 6–24 months fat intake should be reduced gradually, depending on the physical activity of the child, to ~35% of energy, which is in line with the U-AMDR for adults.
RECOMMENDATIONS FOR FATTY ACID INTAKE OF INFANTS 0-24 MONTHS
There is convincing evidence that LA and ALA be considered essential and indispensable since they cannot be synthesized by humans and that DHA plays a critical role in normal retinal and brain development. There is probable evidence that although DHA can be synthesized from ALA given its limited and highly variable formation (1-5%) it should be considered conditionally essential for the first 6 months of life.
0-6 months
Fatty acid requirements for normal growth and development of this age group can be expressed as %E and when done so are consistent with the expressions of the other age groups. However, since the primary food source for this age group is human milk, it is conventional to base the amount on human milk composition and thus express the value as %FA. Since it is assumed that half of the energy in human milk comes from fat, the value expressed as %FA is double the value for %E. Both expressions are presented here. There is convincing evidence that the AI for DHA is 0.1–0.18%E or 0.2–0.36%FA and for AA and ALA is 0.2–0.3%E or 0.4–0.6%FA. However, because the DHA content of human milk approaches the level of 1.5%FA (or 0.75%E) there is no UL up to 1.5%FA if it is used at the criterion for setting the AI.
6-12 months
There is convincing evidence that the AI for the EFA for optimal growth and development of this age group are 3–4.5%E for LA and 0.4-0.6 %E for ALA. The U-AMDR for LA is < 10%E and for ALA is < 3%E at a probable level of evidence. The AI for DHA is 10-12 mg/kg at a probable level of evidence.
12-24 months
Due to limited data concerning this age group the experts decided to use the same recommendations as given for the age group 6-12 months.
COMPARISON WITH THE 1994 RECOMMENDATIONS AND THE PROPOSED VALUES
The proposed recommendations differ from those of the 1993 expert consultation (0 - 6 months, 50-60%E; 6 months - 3 years, 30-40E%; children >3 years, 30-40E%). The justification for the slight decrease in lower and upper values of the acceptable range is based on the need to control energy intake more diligently in order to retard and even prevent the progression of the obesity epidemic. This, at first, appears to contradict the existing evidence summarized in previous sections that indicates that percentage fat in the diet in early life is not associated with increased prevalence of overweight and obesity at later ages. However, the physiological standards for energy intake (FAO, 2004) and the acceptable weight for children 0-5 years (WHO/MGRS, 2006) have recently been significantly redefined (Uauy et al., 2006). The new standards suggest that after completing the first 6 months of life, children should gain less weight and slightly more height than previously considered, since the new standard is derived from a prescriptive approach corresponding to predominantly breast-fed infants up to 6 months and non-smoking mothers, i.e. the new reference supports leaner and slightly taller children for the 0-5 yrs. The new energy recommendations based on measured energy expenditure rather than reported energy intakes indicate that children 0-24 months have energy needs that are 15-20% lower than previously recommended. For children 2-6 years there was also a significant overestimation. The new norms coupled with the epidemiological evidence of a significant progression of the obesity epidemic in young children support the need to restrict the percentage fat intake to facilitate the achievement of the energy balance without undue increase in body fat. Objective controlled studies of the impact of the percentage fat in the infant and child diet should be conducted in order to strengthen the evidence for these recommendations. However, the new normative standards limiting both the upper and lower ranges of the AMDR for fat are reasonable in light of the public health implications of the childhood obesity epidemic.
Health promotion efforts for the general population emphasize the importance of limiting the dietary intake of saturated and total fats to prevent NRCD. This has lead to a reduction in total lipid intakes in children of some populations, reaching average values as low as 28–30% energy after 6–12 months of age. Adverse effects of low-fat diets (<25% of energy) on weight gain and longitudinal growth in young children have been documented. Lowering saturated fat but not total fat intake may be considered exclusively in children from families with evidence of dyslipidemia due to high LDL cholesterol or elevated triglyceride levels.
The total diet should provide infants with at least 3–4.5%E from LA and 0.4-0.6%E from ALA to meet EFA requirements. Very high intakes of EFA confer no advantage and are associated with potential health risks. Intake of LA and other n-6 fatty acids should be limited to <10%E and intake of total polyunsaturated fatty acids should be limited to <15%E. After 2 years of age the composition of dietary fat should aim at reducing the risk of NRCD: saturated fatty acid intake should not exceed 8% total energy, trans fatty acids should be reduced to <1% of total fat, polyunsaturated fatty acids should contribute 6–10%E and the remaining fat energy should come from monounsaturated fatty acids.
The proposed values are more specific in terms of recommending maximum values for total PUFA intake and, this can be justified by the emerging information on the effect of excess n-6 PUFA on eicosanoid related functions and the implications for oxidative stress and chronic inflammation. The recommendation for slightly lower percentage energy from saturated fat is derived from the evidence of a beneficial effect of reduced saturated fat on LDL-C plasma levels in adults.
One practical approach to limiting saturated fat is to advise consumption of low-fat milk and dairy products. If this is done, appropriate sources of lipid soluble vitamins (A, E and D) should be provided. Processed foods rich in hydrogenated fats should be avoided to reduce trans fatty acid intake. Unless children are very active, total fat intake should be in the range of 30–35% of total energy.
There is some evidence of a requirement for preformed LCPUFA after weaning at age 6 months, even in infants fully breast-fed for the first 6 months of life and receive a variety of foods; the introduction of food sources of LCPUFA, such as eggs, liver and fish are currently being delayed due to concerns about allergies.
RECOMMENDATIONS FOR TOTAL FAT INTAKE FOR CHILDREN 2-18 YEARS
There is probable evidence that the AMDR should be 25–35%E. It is stressed that adverse effects of low-fat diets (<25% of energy) on weight gain and longitudinal growth in young children have been documented. Whereas children from families with evidence of familiar dyslipidemia (high LDL-C) should receive lower saturated fat, there should be no reduced total fat intake. Health promotion efforts for the general population emphasize the importance of healthy dietary patterns to prevent nutrition-related chronic diseases (NRCD).
RECOMMENDATIONS FOR FATTY ACID INTAKE FOR CHILDREN 2-18 YEARS
There is sufficient probable evidence to set the value of SFA intake at <8%E and the PUFA (n-6 plus n-3 intake) at 11%E. However, as in the case of adults, there is convincing evidence to limit (UL) TFA intake to <1%E. There is probable evidence to recommend an AI range of EPA + DHA intake targeted at preventing chronic disease (adjusted for age) of:
100-150 mg for 2-4 yrs
150-200 mg for 4-6 yrs
200-300 mg for 6-10 yrs
As is the case for adults, the amount of MUFA intake is based on the difference. The need to provide EFA to meet needs of children and maintain dietary fatty acid intake patterns that contribute to the prevention of chronic diseases is recognized at a possible level of evidence. Children aged 2-18 years form part of the household and could thus consume at least one to two meals of fatty fish per week as is recommended for the adult population. However, the currently available evidence does not permit defining an age-specific quantitative estimate of recommended dietary intake for EPA + DHA for children aged 2-18 years. Although there is a general concern that the dietary intakes of EPA and DHA among children in many Western and non-Western countries are lower than desirable there is currently insufficient evidence to link increased intake levels of DHA and/or EPA to improved physical or mental development or specific functional benefits in children 2-18 years of age.
HUMAN MILK AS A MODEL TO DEFINE ACCEPTABLE INTAKES (AI) FOR FATS AND FATTY ACIDS IN EARLY LIFE FOR NORMAL INFANTS (0 - 2 YEARS)
Human milk is the preferred infant food; the current recommendations are that term infants be exclusively breastfed for the first 6 months of life (FAO, 2004). The new WHO growth standards (WHO/MGRS, 2006) are also based on predominant breastfeeding for the first 6 months of life. Moreover, currently the evaluation of adequacy of artificial formula feeding is based on the capacity of formula to support growth, development and functional responses in a manner similar to that for human milk and thus the need to compare the biochemical, metabolic and functional responses of breast-fed infants with those given artificial nutrient formulations. The expert group addressing protein and amino acid requirements of children during the first 6 months of life recently used this same paradigm (WHO, 2008).
Mature human milk (after the first 2-3 weeks of life) provides a fat:energy ratio (FER) of 50%. Human milk provides mainly saturated (palmitic) and monounsaturated (oleic) fatty acids and a relatively high cholesterol intake of 100–150 mg/d (Jensen, 1996). Formula-fed infants receive a similar FER, but in contrast have a much lower cholesterol intake, 25–60 mg/d. A mix of vegetable oils (corn, soy, safflower, olive or sunflower) is added to most formulas (Uauy et al., 2000a), resulting in the oleic acid and LA content depending on the oil source. The use of vegetable oils in the infant diet is based on availability, nutritional properties and relative costs of oil sources. However, the need to include LA, ALA and LCPUFA (>18 carbon chain length) in formulas is now well established (FAO, 1994; Uauy et al., 1999).
Human milk is a source of LA, ALA, DHA, AA, and other LCPUFA. The level of AA is relatively constant on a worldwide basis while the level of DHA is more variable and depends on maternal diet and lifestyle (Yuhas et al., 2006; Marangoni et al., 2002; Smit et al., 2002; Agostoni et.al., 1998; Agostoni et al., 2003). Population means for AA in human milk range between 0.3-0.7 weight % of total fatty acids (Yuhas et al., 2006; Marangoni et al., 2002; Smit et al., 2002), while mean values for DHA range from 0.2–1.0% FA (Yuhas et al., 2006). Lactating women supplemented with DHA have increased milk DHA levels (Fidler et al., 2000; Jensen et al., 2005). Gibson et al. (1997) reported a dose-dependent response between maternal DHA consumption and DHA levels in human milk, although human milk DHA levels above 0.8 %FA did little to increase the plasma or red blood cell DHA content of the infants studied. The content of human milk EFA and LCPUFA can serve to define AI values, taking into consideration the factors of expected volume of intake, the fat content of human milk and the range of compositions measured in different regions of the world where children grow well and develop normally.
RECOMMENDATIONS FOR DIETARY INTAKES OF SPECIFIC ESSENTIAL FATTY ACIDS FOR INFANTS AND CHILDREN
The suggested approach is to define an AI based on observed intakes of healthy populations. There is general concern that n-3 LCPUFA intakes in children and adolescents tend to be low on a unit body weight basis and as %E (Meyer et al., 2003). However, reliable and comparable data on dietary intake of n-3 fatty acids and on biochemical markers of status in different populations of children are scarce (Lambert et al., 2004). The available data are insufficient to assume that increasing n-3 LCPUFA intakes will improve physical or mental development or yield specific functional benefits relevant to the health and wellbeing of this age group.
RECOMMENDATIONS FOR DIETARY INTAKES OF SPECIAL GROUPS OF INFANTS AND CHILDREN
This group of infants is particularly susceptible to EFA and LCPUFA deficiency since they have very limited fat stores and greater nutrient demand given their rapid growth rate. They are thus heavily dependent on dietary EFA and LCPUFA supply for tissue accretion (Uauy et al., 1990; Carlson et al., 1993; Dobbing, 1994). A recent Cochrane review indicates that LCPUFA supplementation appears safe in preterm infants when growth is used as the safety parameter. Four out of thirteen studies reported benefits of LCPUFA on growth of supplemented infants at different postnatal ages. Recent studies adding AA to the supplement have found no significant negative effect on growth. A variable of importance in studies on preterm infants is the medical complications and treatments associated with early delivery and thus most studies enrol only relatively healthy infants. The Cochrane review concludes that no clear long-term benefits for visual or intellectual development have been demonstrated in trials providing n-3 LCPUFA to pre-term infants. Gibson et al. (2008) recently completed the largest clinical trial on preterm infants ever conducted (>1000 Australian infants). The data support a beneficial effect of higher DHA provision on visual acuity (in this study 0.3% DHA [as % total fat] was compared to 1.0%). In addition, improved mental development was noted, as assessed using the Bayley infant development scale. However, the justification to date for adding LCPUFA to formula is based on the need to mimic the composition of human milk and not on evidence of important clinical benefits. Another approach would be to mimic the fetal accretion rate. If this approach is taken, the need for DHA would be ~3 times the mean DHA content of term human milk (Lapillonne and Jensen 2009). A supplement containing a balance of n-3 and n-6 LCPUFA is unlikely to impair the growth of preterm infants. A supplement containing a balance of n-3 and n-6 LCPUFA is unlikely to impair the growth of preterm infants.
Further work is clearly necessary to determine the extent of the benefit of supplemental LCPUFA on the neurodevelopment and health outcomes of infants born preterm. Any benefit to neurodevelopment may be important to this group of infants because the mean score of the preterm infants included in these studies was one standard deviation lower than standardized norms.
SAFETY ISSUES WHEN CONSIDERING FOOD SOURCES OF FATS INTENDED FOR USE BY CHILDREN
The selection of fat sources for infant complementary foods must consider the safety aspects and not only the level of fat absorption. This is especially relevant for developing countries where fats included in foods given to young children are low-cost oils or by-products of industrial processing. Since fats are structural components of tissues, especially neural tissues, n-3 and n-6 essential fatty acids must be provided in the diet.
The European Union set an upper limit of 4%FA for the trans fatty acid content of foods for infants and young children. This may need to be reconsidered in view of the current limit of 2%FA set from the standpoint of cardiovascular disease prevention. If rapeseed oil is used, it should be derived from genetically low erucic acid varieties. All children should be given foods that meet acute and long-term safety standards. While the low price of food ingredients is desirable they should not be eaten at the expense of compromising long-term safety of the product.
STORAGE, PACKAGING AND DISTRIBUTION
Safety problems may also arise from the way oils are stored, distributed and/or dispensed, particularly regarding infants and children. Large tins or plastic barrels used in developing countries to reduce costs of distribution may facilitate adulteration of products and promote peroxidation given the large volumes and the long times needed to sell the products. A study in marasmic children demonstrated altered antioxidant defence systems and increased lipid peroxidation, suggesting an increased risk of oxidative damage in malnourished infants (Mansur et al., 2000). Bottled oil ready for consumer purchase is undoubtedly safer, but is also more expensive. Soft plastic containers made with phthalic acid as the plasticizer can also create safety problems because this agent is fat-soluble and a known carcinogen. Rigid plastics or glass bottles are preferable (Korhonen et al., 1983). Tetrapak containers have been introduced in some countries to package oils, preventing rancidity by limiting exposure to light and oxygen.
RESEARCH NEEDS FOR CHILDREN 2-18 YEARS
Further systematic research is needed to provide a sound scientific basis for formulating specific intake values for n-3 LCPUFA in children 2-18 years of age. Relevant public health outcomes that are likely to be linked to life-long intakes of EPA and DHA include future risk of CVD and metabolic syndrome, optimal mental development and behaviour, and immune response. Dietary studies should be carefully conducted and analyzed, using a specific and standardized methodology, and taking account of the substantial challenges in assessing individual intakes of EPA and DHA in children. However, because assessment of dietary intake is always inaccurate, age-specific information on fatty acid status based on biological markers is required. Cross sectional analyses from prospective birth and childhood cohort studies may provide valuable insights that can contribute to designing intervention trials. Age specific effects of different fatty acid intakes and dosages on relevant endpoints should be assessed in controlled intervention studies. The data obtained should aim at establishing the effect of different doses of individual fatty acids, and of different combinations and ratios of PUFA, on well-defined and quantifiable outcomes of public health significance. Potential adverse effects of recommending increased dietary intakes of EPA and DHA or of fatty fish, such as risk of contamination with environmental pollutants or increased bleeding risks, should also be carefully assessed (Innis et al., 2006). Future research should consider short and long term effects of genetic variation in fatty acid desaturase activities and the respective effect of LCPUFA intake prior to and during pregnancy, lactation and infancy. Studies addressing subgroups with potential specific needs and benefits are needed, including women with restricted dietary intakes, multiple or at risk pregnancies, or short time intervals between pregnancies. Supplementation studies should aim to examine growth, body composition and bone mineralization, visual and cognitive development, as well as effects on immune outcomes such as allergy and inflammatory disorders, and cardiovascular function. Studies evaluating different amounts of LCPUFA, and the specific effects of AA supply, with sufficient duration of intake, adequate sample sizes, and standardized methodology for outcome measurements need careful consideration. Dose response studies for LCPUFA intake during the second six months of life should be undertaken. Simplified measures of dietary supply and of LCPUFA status that permit evaluation of large population groups, including young children, should be developed and evaluated.
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Chapter 7: Fat and fatty acid during pregnancy and lactation
DIETARY FAT INTAKE DURING PREGNANCY AND LACTATION
Fat is used for energy and as a critical building material for membranes. In this regard pregnancy and lactation impose special nutritional needs on the mother-foetus/infant. Most research since the last expert consultation regarding fat (FAO, 1994) on fat requirements has been on polyunsaturated fatty acids (PUFA) and of these, DHA and AA have received the most attention. Significant study has also been devoted to industrially produced unsaturated fatty acids in partially hydrogenated vegetable oil, collectively referred to as trans fatty acids or TFA.
The major functional outcomes that have been studied in the infant are visual and cognitive maturity, immune function and growth. For the mother, glucose tolerance, pre-eclampsia, and psychiatric health have been considered, and for the mother-offspring pair, maintenance of normal pregnancy to term has been of most interest with respect to fat and fatty acid intake.
Basic research has confirmed that long-chain PUFA (LCPUFA) are required components of the rapidly growing perinatal CNS. Since it is not known whether dietary LCPUFA (primarily DHA) is preferentially directed to the brain, its accumulation in organs other than the CNS should be taken into consideration when estimating requirements for preterm infants. Unlike some nutrients, such as folate, for which intake around the time of conception is crucial, it is likely that initiation of enhanced LCPUFA intake at any stage in pregnancy or lactation can at least partially make up for previously low intakes prior to conception and during the first weeks of gestation. Clinical studies have established widespread consensus that preterm infants require a supply of the LCPUFA DHA and AA to optimize visual and neural function, and numerous results suggest that there is a requirement for term infants.
Typical diets supplied by industrial production rely on seed oils that provide surfeit amounts of the AA precursor LA. Consumption of these diets is long-established in developed countries, and as developing societies accumulate wealth, they also favour these oils over other fat sources with a more balanced LA to ALA ratio (Ghafoorunissa, 1996; Ghafoorunissa, 1998; Ghafoorunissa, 2005). LA and ALA apparently compete for the same enzyme systems for biosynthesis to LCPUFA and, importantly, for incorporation into membranes. High LA reduces tissue n-3 LCPUFA by both these mechanisms, and thus research on perinatal fatty acid requirements has focused mainly on n-3 sufficiency for both mother and infant. The emphasis has been on DHA, with some work on EPA. Research on dietary AA functional effects has primarily been as an adjuvant to DHA.
DHA and AA are the major LCPUFA components of breast milk, with much lower amounts of EPA, DPA, and other n-6 LCPUFA. AA levels are more conserved than DHA, which responds sensitively and predictably to dietary DHA (Figure 7.1). Incremental increases in dietary ALA increase EPA and DPA n-3 status, but do not increase blood or breast milk DHA in adults, although ALA does increase blood DHA in infants. Changes in vegetable cooking oils that simultaneously increase ALA, while decreasing LA in the diet, increase blood DHA. These observations in humans are congruent with results from experiments with animals.
Perinatal health effects of LCPUFA have been most closely associated with (1) improvement of infant visual and cognitive function, (2) treatment and prevention of maternal depression, and (3) slight increases in gestational length to reduce the prevalence of prematurity. Long-term consequences of preformed DHA and AA intake for mothers and infants have also been found. In addition there is compelling evidence that shows that intake of DHA and EPA and of AA combined with DHA are not associated with toxicity for mothers, infants or children.
Many RCT and several meta-analyses have appeared on DHA and AA supplementation. Overwhelmingly, studies show either a neutral or positive effect on health outcome, with negative effects rare. Table 7.1 summarizes those studies related to LCPUFA supplementation and pregnancy outcome. Based on a 2006 meta-analysis (Freeman et al., 2006), a US professional medical organization, the American Psychiatric Association, concluded that there is sufficient evidence to recommend dietary preformed DHA for women, and the enhanced demand for DHA in pregnancy and lactation strongly implies a greater requirement. An independent meta-analysis of the same set of studies arrived at similar conclusions (Lin and Su, 2007). Other meta-analyses (Szajewska et al., 2006; Makrides et al., 2006; Olsen et al., 2007) concluded that gestational length is increased significantly by a few days, though reductions in the prevalence of preterm birth were observed only in high risk pregnancy (Horvath et al., 2007). Considering RCT and weighing the absence of toxicity and the potential for benefit, expert panels have recommended minima of 200–300 mg/d DHA for pregnant and lactating women.
Minimal incremental maternal DHA requirements in the first six months of lactation can be estimated with confidence from biochemical data and human breast milk DHA measurements. Breast milk DHA cannot be increased with the addition of ALA or other DHA precursors to the diet, and in line with this observation, the breast milk of strict vegans contains among the lowest DHA amounts reported (Sanders and Reddy, 1992). Based on the global mean from available studies, mothers of exclusively breastfed infants transfer 110 mg/d DHA to the infant on average (Brenna et al., 2007). Using this value, dose-response data can be used to estimate dietary DHA intake of at least 170 mg/d, and from that derive an AI value of 190–210 mg/d. This value ensures breast milk DHA at a level slightly above the global DHA levels, and provides benefit to the infant and maintenance of maternal DHA.
Maternal DHA requirements in pregnancy can be estimated using several methods but all converge on similar values. At term parturition, DHA lost from the mother to the conceptus is dominated by newborn DHA accretion. An average of 14 mg/d DHA is transferred to the foetus through 40 weeks of gestation, though most transfer is in the last 12 weeks during the brain growth spurt. Studies in humans and non-human primates convincingly demonstrate that the omega-3, PUFA, ALA and EPA do not serve as efficient precursors to DHA. However, tissue DHA increases in a saturable dose-response manner to dietary preformed DHA, and consumption of preformed DHA leads to tissue DHA not achieved by consumption of precursors.
RCT of DHA or DHA+EPA intake have shown positive effects on cognitive development in breastfed infants whose mothers had incremental intake increases as low as +100 mg/d (Colombo et al., 2004). Furthermore, DHA supplements of 200–400 mg/d prevented signs of DHA deficiency based on the development of visual acuity (Innis and Friesen, 2008). Finally, a major prospective, observational study demonstrated that greater maternal intake of seafood was associated with lower risk of suboptimum verbal IQ. The dose-response curve indicates that most of the benefit to the child is obtained at about 300 mg/d (0.1%E) LCPUFA derived from seafood; about half of this is DHA (Hibbeln et al., 2007) (Figure 7.2). Notably, further consideration of this study has led to an estimate that 445–830 mg/d EPA+DHA from seafood during pregnancy prevented risk of maternal depression and adverse neurodevelopmental outcomes for 98% of the population, consistent with recent results in a similarly sized study. A summary of the studies related to DHA supplementation not related to pregnancy outcome is provided in Table 7.3. Together these data support a DHA intake in pregnancy of average nutrient requirement (ANR) = 200 mg/d. There is no evidence for detrimental effects of high levels of dietary DHA, EPA, or AA in the diets. Studies are available to support U-AMDR (DHA) = 1.0 g/d, U-AMDR (EPA+DHA) = 2.7 g/d, and U-AMDR (AA) = 0.8 g/d.; all of these levels are NOAEL (no observable adverse effect level). A large methodologically strong randomized controlled trial of 800 mg DHA/100 mg EPA in pregnancy appeared as the consultancy report was going to press (Makrides et al., 2010). A 14% reduction in depression in the DHA group was not significant (p<0.09) evaluated by intent-to-treat analysis. Notably, the actual control group depression rate (11.2%) was 33% lower than used for study powering (16.9%). Preterm birth less than 34 weeks was significantly reduced in the DHA group (2.25% vs. 1.09%) and the rate of post-term medical/surgical delivery increased in the DHA group. Admissions to neonatal intensive care units were reduced (3.08% vs 1.75%, p<0.04), and neonatal deaths were non-significantly but suggestively reduced (1.00% vs 0.33%, p<0.06). The DHA group had fewer infants with delayed cognitive development, and girls, only, had a greater rate of delayed language, all assessed with Bayley scales once at 18 months.
As shown in Table 7.1, the L-AMDR lower limit for men and non-pregnant/non-lactating women is set at 250 mg/d EPA+DHA, based on benefit for prevention of cardiovascular disease. Although food sources of LCPUFA will, on average, provide similar amounts of EPA and DHA, strict interpretation of the L-AMDR allows for DHA to range between 0 and 250 mg/d. Women seeking to follow this guideline and allow an increment for additional energy demands of reproduction may consider an average increment of 300 kcal/d (1256 kJ/d) in pregnancy, and 500 kcal/d (2093 kJ/day) in lactation. Total energy requirements in pregnancy and lactation are then 2300 kcal/d (9630 kJ/d) and 2500 kcal/d (10467 kJ/day), respectively, which correspond to increments of 115% and 125% above the non-pregnant, non-lactating levels. These lead to total recommended EPA+DHA intakes of 288-313 mg/d. Rounding for ease of reference leads to the recommendation for an intake of at least 300 mg/d EPA+DHA, of which 200 mg/d are DHA. Refer to Table 7.2.
Trans fatty acids in partially hydrogenated vegetable oils (PHVO) are transmitted from mother to foetus during pregnancy and from mother to infant in breast milk (Koletzko and Muller 1990). They have been associated with several negative outcomes related to conception, foetal loss, and growth (Albuquerque et al., 2006; Morrison et al., 2008; Pisani et al., 2008a; Pisani et al., 2008b). The vulnerability of the mother-foetus/infant pair suggests that industrially-derived trans fatty acids should be as low as practical for pregnant and lactating women.
There is no evidence that the requirement for total fat, as a percentage of energy, is different in pregnancy or lactation. Similarly, there is no compelling evidence that requirements for saturated, monounsaturated, or total PUFA is different in pregnancy or lactation. Thus, no change in the AMDR for these nutrients is recommended.
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Chapter 8: Fat and fatty acid intake and inflammatory and immune response
The immune system represents the body’s defence against infectious organisms and other environmental disturbances. Its action is based on a complex series of steps (termed the immune response), which a) prevent entry of infectious organisms, b) identify infectious organisms if they do invade, c) eliminate invading infectious organisms, d) retain memory of the encounters. The immune system also ensures that the host is tolerant to its own macromolecules, cells and tissues and to benign environmental substances such as foods (i.e. it does not mount an active immune response against itself). It consists of cells that originate in the bone marrow and which are dispersed throughout the body, including in discrete lymphoid organs such as the thymus, spleen, lymph nodes and mucosal-associated lymphoid tissues. Cells of the immune system circulate in the bloodstream and in the lymph; those found in the bloodstream are collectively termed leukocytes or white blood cells. Each different cell type has a specific function, which contributes to the overall integrated response.
There are two types of immunity: innate and acquired, which are essentially functional divisions within the immune response.
This provides general protection based on the “non-specific” recognition of, and response to, pathogens by immune cells and constitutes the first line of defence. Recognition is not based on specific antigens, but on general structural features of the pathogens. Innate immunity has no memory and so is not influenced by prior exposure to a particular organism. Cells of the innate immune system include phagocytic cells (neutrophils, macrophages, monocytes), natural killer cells, mast cells, eosinophils, and basophils. These cells destroy pathogens by different processes, including phagocytosis and production of toxins (e.g. reactive oxygen species). The inflammatory response represents part of innate immunity. This acts to create a hostile environment for pathogens and to aid movement of leukocytes to sites of infection. For example, chemical mediators produced as part of the inflammatory response induce fever, increase local blood flow, and enhance vascular permeability to allow leukocytes and plasma proteins to move from the bloodstream to extravascular compartments. These actions account for the typical signs of inflammation: redness, swelling, heat and pain.
Acquired (or adaptive) immunity
This type of immunity develops throughout life, and is highly specific. Specificity is induced because of the unique recognition of structures termed antigens on pathogens by antigen-specific host immune cells. Acquired immunity allows for a strong and specific immune response and for immunological memory. The cells involved include antigen presenting cells (many cell types can present an antigen, but only some of them like dendritic cells are “professional” antigen presenting cells), T lymphocytes (peptide mediators termed cytokines produced by these cells regulate the activity of other immune cells; reactions involving T lymphocytes, or “T cells”, are considered to constitute cell-mediated immunity) and B lymphocytes (these are the cells that produce antibodies; reactions involving B lymphocytes, or “B cells”, are considered to constitute humoral immunity). A list of some cytokines and their activities is shown in Table 8.1. There are several subsets of T lymphocytes, including helper T cells, central to acquired immune responses, cytotoxic T cells that kill virally infected cells, and two more recently discovered types of regulatory T cells. T cells are also involved in inflammatory processes since they enhance the activity of inflammatory cells such as monocytes and macrophages.
Loss of tolerance can occur and appears to be due to loss of regulatory mechanisms. Loss of tolerance can result in autoimmune diseases, allergic reactions and conditions, or inflammatory bowel diseases. Despite the different stimuli and the different locations of the pathology, all conditions involving loss of tolerance have common elements, including the cells, mediators and signalling systems involved, and they are commonly referred to as “inflammatory conditions”. This is because they typically involve movement of cells of the innate immune response to the site of inflammatory activity and the production of the standard profile of inflammatory mediators including peptide mediators (cytokines, chemokines, matrix metalloproteinases), lipid mediators (eicosanoids, platelet activating factor), and reactive oxygen derivatives (superoxide). While these mediators exert local inflammatory responses and damage, some of them spill over into the bloodstream from where they act to elicit systemic inflammatory responses like hepatic acute phase protein synthesis and mobilisation of fuels from adipose tissue and skeletal muscle.
Studies on humans have largely focussed on the effects of LCPUFA on inflammation (Calder, 2006). This is mainly because lipid-derived mediators involved in the inflammatory response are produced from LCPUFA, mainly the n-6 PUFA AA and the n-3 PUFA EPA and DHA. It is now recognized that mediators produced from these fatty acids are involved in both the activation and the resolution of the inflammatory process.
Lipid mediators in inflammation
AA is quantitatively the most important fatty acid precursor of lipid mediators. Once released from the PL precursor, AA is converted into different members of the eicosanoid family (prostaglandins, thromboxanes, leukotrienes, lipoxins, hydroxy-and hydroperoxyeicosatetraenoic acids) by the sequential action of various enzymes, chief among which are the cyclooxygenases (COX) and lipoxygenases (LOX). These enzymes have different cellular distributions and are induced by different inflammatory stimuli. More recently, analogous mediators derived from EPA (eicosanoids, resolvins, docosanoids) and DHA (resolvins, protectins) have been identified. Increased consumption of EPA and DHA in the diet can decrease the levels of AA in cell membrane PL and can also inhibit AA metabolism. Thus, the relationships between the levels of substrate LCPUFA in inflammatory cell membranes and the production of the bioactive derivatives are quite complex and the production of mediators from LCPUFA depends on substrate PUFA level; the intensity, duration, and nature of the stimulus and the type of cell involved. Therefore, a mix of eicosanoids is usually generated and this mix will change with time after the initial stimulus. Sometimes the eicosanoids produced have opposing actions and so the overall physiological (or pathophysiological) outcome will depend on the timing of eicosanoid generation, the concentrations of the mediators present and the sensitivity of the target cells to the compounds. Most of the products of the AA cascade are pro-inflammatory in their effects (and their production is a recognized pharmacological target). However, it is now recognized that some (e.g. PGE2) have both pro-and anti-inflammatory effects, depending upon the timing of their production, while others (e.g. lipoxin A4) are clearly anti-inflammatory (Calder, 2009a).
The eicosanoid products generated from the n-3 PUFA EPA, are, generally speaking, less potent than those produced from AA. Recently a new family of mediators produced by complex metabolism on EPA or DHA, apparently involving both COX and LOX activity, has been described. These have been termed resolvins and protectins (Bazan, 2007; Serhan et al., 2008) (Figure 8.1). These compounds have been demonstrated in experimental systems to possess potent anti-inflammatory and inflammation resolving properties (King et al., 2006; Farooqui et al., 2007). These may explain many of the clinical effects of n-3 LCPUFA (see below). However, their role in human biology has not yet been demonstrated.
HUMAN STUDIES ON DIETARY FATS AND INFLAMMATION: N-3 PUFA
Because of the early recognition that eicosanoids produced from AA are involved in many inflammatory conditions and the observations that n-3 LCPUFA decrease the production of eicosanoids from AA, most clinical studies have focussed on the use of n-3 LCPUFA, usually in the form of fish oil, as a potential therapeutic agent. These clinical studies have been supported by cell and animal studies investigating efficacy and mechanisms involved. n-3 LCPUFA exert several anti-inflammatory effects, but these are dose-dependent and may require quite high intakes. n-3 LCPUFA supplementation studies have been conducted for a number of inflammatory diseases, but the evidence of beneficial effects appears to be greater for some of them, e.g. asthma (in children rather than in adults), inflammatory bowel disease (Crohn’s disease, ulcerative colitis) and rheumatoid arthritis (Calder, 2006).
Studies have reported anti-inflammatory effects (reduction of 4-series LT and of leukocyte chemotaxis) of fish oils in asthmatic patients and several uncontrolled trials in adults have shown clinical benefits (Calder, 2006). There have been about 9 randomized, placebo controlled, double blind studies (Calder, 2006 for details). These have used between 1.2 and 5.4 g n-3 LCPUFA/day and lasted 4–52 weeks. Most of these studies have included adults and do not provide evidence of a strong clinical benefit (Schachter et al., 2004). One study in children reported a significant benefit of n-3 LCPUFA on lung function and on disease severity (Nagakawa et al., 2000), but another similar study in children did not find benefits (Hodge et al., 1998).
The overall conclusion is a possible benefit (with adequate dose) in children but with no evidence of benefit in adults.
Inflammatory bowel disease (IBD)
There are two main forms of IBD: Crohn’s disease and ulcerative colitis. Beneficial effects n-3 LCPUFA have been demonstrated in animal models of IBD (Calder, 2009b). Dietary fish oils result in incorporation of n-3 LCPUFA into the intestinal mucosa of patients with IBD, and in anti-inflammatory effects, e.g. decreased inflammatory eicosanoid production (Calder, 2009b). There have been about 12 randomized, placebo controlled, double blind studies, which have used between 2.1 and 5.6 g (average about 3.3 g) n-3 LCPUFA/day and lasted 12–104 weeks. Some of these studies report a favourable effect on Crohn’s disease, including improved gut histology and better maintenance in remission. However, studies in ulcerative colitis do not indicate any benefit. The overall conclusion is a possible benefit (with adequate dose) in Crohn’s disease, but there is insufficient evidence of benefit in ulcerative colitis.
Pharmacological inhibition of the COX pathway (i.e. AA metabolism) is beneficial in treatment of RA symptoms. Beneficial effects n-3 LCPUFA have been shown in animal models of RA and in a number of randomized, placebo controlled, double blind studies (Calder, 2009c). About 20 of the latter studies have been conducted. These have used between 2.1 and 7 g (average about 3.3 g) n-3 LC PUFA/day and their duration was 12–52 weeks. Almost all of these studies report a favourable effect, many reporting several favourable effects (e.g. reduced number of swollen or tender joints, decreased duration of morning stiffness, reduced use of anti-inflammatory medication). Meta-analyses confirm the benefit on these outcomes (Calder, 2009c) and there is convincing evidence of a benefit with an adequate dose.
Role of dietary ALA in modulating inflammation
ALA can exert anti-inflammatory effects but is much less potent than the n-3 LC PUFA (Burdge and Calder, 2006). It is likely that the effects of ALA involve its conversion to EPA and beyond. Few studies examining efficacy of ALA in inflammatory disease have been performed, but where it has been used (e.g. in RA) it has not been effective and there is insufficient evidence of any benefit.
Human studies on dietary fats and inflammation: other fatty acids
Olive oil has frequently been used as a placebo in randomized clinical trials of fish oil in inflammatory conditions (e.g. in RA). There is insufficient evidence that MUFA affect inflammatory processes. Cell culture studies indicate that trans isomers of linoleic acid (trans-C18:2) and oleic acid (trans-C18:1) may have stronger pro-inflammatory effects than palmitoleic acid (trans-C16:1), but there is little information in the human context and further research is needed. Cell culture studies suggest that SFA directly provoke inflammatory processes. Consumption of SFA in humans impairs the anti-inflammatory properties of HDL and endothelial functions, but there is little information about SFA on inflammatory outcomes in humans. There is insufficient evidence of the involvement of other fatty acids.
Dietary fats play a role in modulating immune functions and inflammatory processes. Most of the impact is attributed to the LCPUFA, with some opposing effects at the cellular levels of the n-6 and n-3 LCPUFA. Of these two families of fatty acids the actions of n-3 LC PUFA are most clearly described. Mechanistic, animal model and human studies provide evidence of anti-inflammatory efficacy of n-3 LCPUFA that is dose-dependent and involves a variety of mechanisms that target key inflammatory processes. n-3 LCPUFA have been examined in many randomized controlled trials investigating clinical outcomes that have typically used quite high intakes of n-3 LCPUFA. Evidence of a benefit is strong in rheumatoid arthritis but weaker in other conditions. However, there are no studies of prevention of inflammatory disease by n-3 LCPUFA (only their potential therapeutic effect has been studied) and there is no information on n-3 LCPUFA requirements in individuals affected by inflammatory disease and how this might change during the life cycle. Other FA may contribute to modulate inflammatory processes and may thereby affect pathophysiological states (e.g. CVD, obesity and related conditions) in which inflammation is involved, but the impact of these other FA has been little studied. More extensive and carefully planned research is required to define fully the overall impact of the whole FA spectrum in the diet on inflammation.
Recommendations for optimal fat intakes for prevention, and, to some extent, treatment of inflammatory processes, are rather similar to those that are applied for the optimization and maintenance of other aspects of human health (control of body weight, cardiovascular function, prevention of cancers). Intakes of around 3 g n-3 LCPUFA/day are recommended for some chronic diseases, especially rheumatoid arthritis. Recommendations should be tailored to individuals on the basis of the assessment of their FA status and general situation.
Bazan, N.G. 2007. Omega-3 fatty acids, pro-inflammatory signaling and neuroprotection. Curr. Opin. Clin. Nutr. Metab. Care, 10: 136-141.
Burdge, G.C. & Calder, P.C. 2006. Dietary α-linolenic acid and health-related outcomes: a metabolic perspective. Nutr. Res. Rev., 19: 26-53.
Calder, P.C. 2006. N-3 polyunsaturated fatty acids, inflammation and inflammatory diseases. Am. J. Clin. Nutr., 83 (Suppl.): 1505S-1519S.
Calder, P.C. 2009a. Polyunsaturated fatty acids and inflammatory processes: new twists in an old tale. Biochimie, 91: 791-795.
Calder, P.C. 2009b. Fatty acids and immune function: relevance to inflammatory bowel diseases. Int. Rev. Immunol., 28: 506-534.
Calder, P.C. 2009c. Polyunsaturated fatty acids and inflammation: therapeutic potential in rheumatoid arthritis. Curr. Rheumatol. Rev., 5, 214-225.
Farooqui, A.A., Horrocks, L.A. & Farooqui, T. 2007. Modulation of inflammation in brain: a matter of fat. J. Neurochem., 1010: 577-599.
Hodge, L., Salome, C.M., Hughes, J.M. et al. 1998. Effects of dietary intake of omega-3 and omega-6 fatty acids on severity of asthma in children. Eur. Respir. J., 11: 361-365.
King, V.R., Huang, W.L., Dyall, W.L., Curran, O.E., Priestly, J.V. & Michael Titus, A.T. 2006. Omega 3 fatty acids improve recovery, whereas omega 6 fatty acids worsen outcome, after spinal cord injury in the adult rat. J. Neurosci., 26: 4672-4680.
Nagakura, T., Matsuda, S., Shichijyo, K., Sugimoto, H. & Hata, K. 2000. Dietary supplementation with fish oil rich in omega-3 polyunsaturated fatty acids in children with bronchial asthma. Eur. Respir. J., 16: 861-865.
Schachter, H., Reisman, J., Tran, K. et al. 2004. Health effects of omega 3 fatty acids on asthma. Evidence report/technical assessment n. 91. AHRQ publication n. 04-E013-2. Agency for Healthcare Research and Quality, Rockville, MD, USA.
Serhan, C.N., Chiang, N. & Van Dyke, T.E. 2008. Resolving inflammation: dual anti-inflammatory and pro-resolution lipid mediators. Nature Reviews/Immunology, 8: 349-361.
Chapter 9: Total fat, fatty acid intake and cancers
The relationship between fat intake and cancer has been investigated extensively for more than two decades. However, it is still debated despite substantial increases in scientific studies and improvements made in food composition tables, epidemiological methodologies and statistical methods. Assuming that the highly multi-factorial character of cancers contributes to the complexity, two issues are crucial to understanding why it is difficult to arrive at a firm conclusion on the relationship between fat intake and cancer.
Is there convincing evidence that obesity increases the risks for colorectal cancer (CRC), endometrial cancer and postmenopausal breast cancer? Does total fat contribute to obesity and if so in what way? The Expert Consultation affirmed that there is no direct relationship between total fat and obesity, and that it is energy imbalance, the nutrients contributing to it, and life styles that are responsible for obesity.
Do fatty acids play a specific role in cancer development beyond their contribution to providing energy? This question is particularly relevant to PUFA, especially n-3, and trans FA, not only because their contribution to energy intake is low, but because they are endowed with specific functional properties. However, foods that contribute mainly to the intake of these FA provide special characteristics in their own right. For example, the source of n-3 LCPUFA is essentially fish, and fish is also a source of vitamin D and selenium, both being credited with a possible protective effect against some cancers. Thus, if a reduction in risk associated with fish consumption is observed, it could be entirely or partly due to these other nutrients. Moreover, if fish substitutes for meat, which is recognized as a risk factor for colorectal cancer, any observed reduction in risk may be erroneously attributed to fish and its nutrients. Trans FA, which are often found in processed and energy-dense foods, being part of the Western diet pattern, are suspected to be a risk factor associated with several cancers (Chajes et al., 2008; Liu et al., 2007; Chavarro et al. 2008).
Thus observational epidemiology alone may be unable to provide sufficient evidence to conclude with certainty whether or not the quantity or type of fat in the diet has any effect on the risk of developing any type of cancer. Experimental studies and biological plausibility may contribute complementary lines of evidence and rationale and could help to reach a conclusion in some situations. Therefore, a portfolio (or mosaic) approach has been used to estimate the strength of the evidence, based on studies selected on methodological criteria, starting from previous expert reports (AFSSA, 2003; WCRF/AICR, 2007) and updated to September 2008.
One can also ask if is it yet possible to give figures on fatty acid intake aimed at reducing cancer risk following a thorough literature review of the evidence for association of fatty acid intake and risk of cancer incidence. Since it has been proposed to use disease outcome as an indicator of adequacy or optimal intake, recommendations will be proposed. These recommendations are quantitative whenever judged possible. This exercise is constrained by several limitations. Many of the studies do not quantify the FA associated with cancer risk; a food frequency questionnaire, which is the main tool for exposure assessment, is subject to measurement error (Bingham et al., 2003; Kipnis and Freedman, 2008) and hence the exposure values are supposed to classify the cases relatively to controls, and cannot be considered absolute. However, where several different studies result in comparable figures, one could tentatively suggest a range of values for recommendations.
TOTAL FAT AND ITS RELATIONSHIP WITH VARIOUS TYPES OF CANCER
Because there is a strong correlation between energy and total fat intakes in high-income countries, where most of the relevant studies have been conducted (Astorg et al., 2004), energy may confound any effect of total fat. This is shown in two case-control studies on colorectal cancer (Gerber, 2009) where adjustment of energy using the residual method negated the increased risk associated with total fat intake (Theodoratou et al., 2007), whereas the increased risk persisted when an adjustment was made for total energy (Hu et al., 2007). Taking into account this evidence, the consultation concluded that it is very likely that total fat confounds the effect of energy and that total fat per se does not contribute to CRC risk.
Not all study results are in agreement on the relationship between total fat intake and breast cancer (BC). A suggestive, but limited, relationship was reported by the WCRF/ AICR (2007). However, meta-analysis of 22 case-control studies presented in the support resource of the systematic literature review shows a modest but significant increased risk (OR=1.03; CI: 1.02-1.04, for an increment of 20 g/day of total fat) and that of seven case-control studies showed an overall OR of 1.11 (CI: 1.03-1.06). In addition, the Women’s Health Initiative study (Prentice et al., 2006) reported a risk reduction for BC following a low-fat diet, though of borderline significance. In addition, several lines of evidence tend to confirm this effect: 1) it was stronger in women with the highest baseline fat intake; 2) hormone concentrations decreased in the experimental group, but were not modified in the control group. This change in hormone concentration is observed in women treated with anti-aromatase, and adipose tissue aromatase is believed to be responsible for extragonadal hormone synthesis; 3) sex-hormone-binding-globuline (SHBG) decreased in the experimental group and was not modified in the control group. Decreased SHBG releases free testosterone, and to a lesser extent estradiol, which are risk factors for BC and 4) among the 17 baseline demographic, medical history, and health behaviour variables applied to an unweighted proportional hazards model stratified by age and randomization group, the test for interaction was statistically significant for elevated hypertension and leukocyte count (evoking possible inflammation), both of which occur in metabolic syndrome. In addition, one recent, large prospective study (Thiébaut et al., 2007) showed a moderate but significant increased risk of BC with high intake of total fat (Gerber, 2009).
Because of the contradictory results in prospective studies and because of the absence of a relationship between total fat and obesity, the Expert Consultation concluded that there was an absence of a specific effect of total fat on BC at the probable level.
Data from BC survivors suggest a favourable effect of a low total fat intake. Several studies (Borugian et al., 20041; McEligot et al., 20062) and one intervention assay (Cheblowski et al., 2006) showed better survival in BC patients with lower intake of total fat. Although the data are consistent, the consultation believed that the evidence was insufficient to conclude a definitive effect.
A meta-analysis of 9 case-control studies and 3 recent studies agree on an association of total fat intake with an increased risk, but 2 prospective studies did not show such an association (Gerber, 2009). The Expert Consultation concluded that although based on limited data, there is a probable relationship between total fat and endometrial cancer through constitution of body fatness.
There are very few studies and only an intervention assay revealed clear, significant results (Prentice et al., 2007). Thus the consultation concluded that the data are too limited to reach a conclusion.
Animal fat has been linked with colon-rectum, endometrial and ovarian cancers. For these three cancers, given that animal fat is most often a component of energy-dense food, its effect can be confounded by energy. In addition, for colorectal cancer it might be confounded by some characteristics of the meat (Theodoratou et al. 2008). Data are too scarce to reach a conclusion for ovarian and endometrial cancer, but the WCRF/AICR (2007) concluded that there is limited but suggestive evidence that foods containing animal fat, which are energy-dense, increase the risk of CRC.
There is no relationship between CRC and SFA. SFA, especially myristic and palmitic acids, have been reported to increase the risk of prostate cancer, PC (Kurahashi et al., 2008) and of PC progression (Strom et al., 2008). However, data are insufficient to definitively conclude that a relationship exists. Two recent prospective datasets concerning BC (Thiébaut et al., 2007; Sieri et al. 2008) report a modest but significantly increased risk for an intake higher than 11% of total energy intake (TEI), supporting the conclusion of a possible increased risk for breast cancer associated with a high saturated fat intake.
There are no data on the specific effect of MUFA on CRC risk. However, olive oil has been associated with risk reduction in ecological (Stoneham et al., 2000; Siari et al., 2002) and case-control studies (Rouillier et al., 2005; Galeone et al., 2007). MUFA either are not associated with BC or present a risk comparable with that of total fat (Gerber, 2009). However, this is not observed in Mediterranean countries, where olive oil is the main source of MUFA and is the largest contributor to MUFA consumption. The beneficial effect of olive oil might be conjointly or individually attributed to 3 variables:1) the presence of oleuropeine, a phenolic compound capable of modulation of phase I and II enzymes, in olive oil (Gerber, 1997); 2) an effect of substitution of animal fat by vegetable fat: Rasmussen et al. (1996) showed that a test meal with butter is followed by a higher peak of insulinemia than a test meal with olive oil, and similar observations are reported in “the relationship between dietary fat and fatty acid intake and body weight, diabetes and the metabolic syndrome”; 3) the context of the Mediterranean diet pattern might either contribute to or confound the effect. Again, similar observations are reported in “the relationship between dietary fat and fatty acid intake and body weight, diabetes and the metabolic syndrome”.
The data collected about MUFA underline the importance of taking into consideration the source of FA and the global dietary pattern when judging beneficial or deleterious effects of these FA on cancers (Gerber, 2001; Fung et al., 2006). Thus, olive oil provides a source of microconstituents that might offer specific nutritional benefit, in addition to being a source of fat, without deleterious effects on the level of LDL-cholesterol, thereby decreasing the risk of heart disease.
ESSENTIAL FATTY ACIDS: N-6 FA: LINOLEIC ACID AND N-3 FA: A-LINOLENIC ACID
Most epidemiological studies do not show any association of LA and n-6 FA with CRC, PC and BC. This contrasts with the results from animal studies and might be explained by a difference in the proportion of FA in the diet or by the part played by the diversification of foods in human diets. Contradictory results are reported for ALA with regard to prostate and breast cancers. There are no data providing evidence of a link between essential fatty acids and cancer risk, and thus no recommendation can be made.
The WCRF/AICR report (2007) noted that there is limited evidence that eating fish protects against CRC. Since that report, four case-control studies (Wakai, et al. 2006; Siezen, et al. 2006; Kimura et al. 2007; Hu et al. 2007) reported no association whereas one (Theodoratou et al., 2007) reported a risk reduction. In the same period, the results of six cohort studies were published (English et al., 2004, Norat, et al. 2005; Larsson, et al. 2005; Luchtenborg, et al. 2005; Engeset, et al. 2007; Hall et al., 2008). Only two reports (Norat, et al. 2005; Hall et al., 2008) indicated a significant risk reduction). A meta-analysis, including the data from 14 studies, but not those from Hall et al. (2008), showed a borderline significant risk reduction for CRC incidence: 0.88, 95% CI:0.78-1.00 (Geelen et al., 2007).
Recent studies on the relationship of n-3 LCPUFA and CRC have introduced new data (Gerber, 2009). One case-control study (Theodoratou et al., 2007) and two cohort studies reported on n-3 LCPUFA intake according to results of a questionnaire (Oba et al., 2006, Hall et al., 2008) with two identifying a significant risk-reduction (Theodoratou et al., 2007, Hall et al., 2008). This effect is reinforced in subjects carrying the APC 1822 gene variant (Theodoratou et al., 2008). In addition, two cohort studies (Kojima et al., 2005; Hall et al., 2007) using biomarkers of n-3 LCPUFA intake, showed a significant reduction in risk of CRC in the quantile with the highest percentage of n-3 LCPUFA in the blood (Kojima et al., 2005) and for subjects not taking aspirin (Hall et al., 2007).
It has invariably been observed in animal models, that an n-3 LCPUFA-rich diet inhibits colon tumorigenesis compared with LA (Reddy, 1984) or with a lipid-rich western type diet (Rao et al., 2001). Two hypotheses support the biological plausibility of the risk-reducing effect of n-3 LCPUFA. One is the anti-inflammatory effect with inhibition of the COX 2 enzyme, and the other is the apoptotic effect as shown in animal models (Chang et al., 1998).
As mentioned earlier, fish intake is not equivalent to n-3 LCPUFA consumption, given that fish contains other nutrients associated with protection against cancer, including vitamin D and selenium. However, there is a positive correlation between blood levels of n-3 LCPUFA and fish intake (Gerber et al., 2000; Hall et al., 2008). In addition, since meat is a very probable risk factor for CRC, replacing meat by fish might confound the risk reduction associated with high intakes of fish. Nevertheless, recent studies strengthen the probability of a causal relationship between fish intake and CRC indicated by experimental models and biological plausibility. Thus, fish intake probably decreases CRC risk, and the limited data suggest a possible causal relationship between n-3 LCPUFA intake and colorectal cancer risk reduction.
Few studies report on the effect of fish and/or n-3 LCPUFA on PC risk except one prospective study using blood markers (Gerber, 2009). Overall the evidence of a protective effect of n-3 LCPUFA on PC is limited. The observed heterogeneity of results might result from the possible wide range of contaminants in fish.
Previous reports were unable to reach a conclusion on this subject due to insufficient data. Since that time, two prospective (Stripp et al., 2003; Engeset et al., 2006) and three case-control studies (Hirose et al., 2003; Kuriki et al., 2007; Bessaoud et al., 2008) investigating the relationship between fish/seafood intake and BC have been published. In the Asia and southern France studies, fish consumption was associated with BC risk reduction, but only significantly in Hirose et al. (2003). In contrast, the two prospective studies conducted in northern Europe indicated increased risk associated with fatty fish consumption (Engeset et al., 2006) and total consumption in a Danish study (Stripp et al., 2003).
With regard to n-3 LCPUFA, there have been publications on three prospective studies (Gago-Dominguez et al., 2003; Wakai et al., 2005; Thiébaut et al., 2009), two case-control studies (Gerber et al., 2005; Kuriki et al., 2007) with questionnaires, two case-control studies and two prospective studies investigating the relationship between BC risk and EPA/DHA, either in sera or in erythrocytes membranes (Gerber et al., 2005, Kuriki et al., 2007; Wirfält et al., 2004, Shannon et al., 2007). They also reported a risk reduction in Asian countries and southern France (EPA), but no effect in Denmark, Sweden or France as a whole (Gerber, 2009).
In countries where the diet is recognized to be good, as in Asian and Mediterranean countries, the highest intake of fish or n-3 LCPUFA is associated with a possible reduction in risk of developing BC, whereas there is either no effect or increased risk in northern European countries. Thus, there is limited but suggestive evidence that high to moderate consumption of fish and n-3 LCPUFA as part of a good diet is associated with reduced BC risk. The increased risk recorded for some European countries might be related to a less favourable contextual food pattern and/or to possible endocrine disruptor pollutants known to be present in the seas around these countries (Hoyer et al., 1998).
Several studies report that a high n-6/n-3 FA ratio is associated with an increased risk of CRC, PC and BC. Since a risk associated with n-6 has not been demonstrated, it can be concluded that a low n-3 PUFA intake is responsible for the observation. Thus, it is an absolute amount of EPA and DHA intake that is recommended, rather than the ratio.
There is not a large body of evidence to suggest either a deleterious or a beneficial effect of trans FA and CLA on cancers (three studies on PC and two on BC showed a deleterious effect). The studies on PC are interesting in that they suggest a mechanistic hypothesis based on an contrary effect of trans FA compared with n-3 LCPUFA. On the one hand, there is interference with the RNAse L polymorphism (the enzyme involved in a pro-apoptose) (Liu et al. 2007) and on the other hand, a different effect on subjects taking or not taking aspirin (Chavarro et al., 2007). However, there are insufficient data to provide a recommendation with regard to cancers.
DISCUSSION OF NUTRITIONAL AND GENETIC ASPECTS
Several studies pointed out the importance of the quality of FA, FA food sources, and the foods contributing to their major intake in different populations: e.g. animal versus vegetable (Rasmussen et al., 1996; Gerber, 1997) and processed versus non-processed (Thiébault et al., 2007; Chajès et al., 2008; Wang et al., 2008). Any recommendations made may need to take into consideration the context of the food that contains the FA in determining its role in a disease outcome (Gerber, 2001; Fung et al., 2006). This may lead to the need for a decision as to whether the recommendations should be dietary-based reference values and/or population reference intakes of FA.
Genetic polymorphisms in relation to carcinogenesis have been mainly described for enzymes involved in detoxication (phase 1 and 2 enzymes) or DNA repair. There are fewer examples of nutrigenomic mechanisms for cancer than for heart disease. Subjects carrying the homozygous APC variant at codon 1822 (valine/valine) were at lower risk of cancer if they consumed a low-fat diet (OR, 0.2; 95% CI, 0.1-0.5) relative to those who were homozygous wild type and ate a high-fat diet. This finding was specific to a low-fat diet and was unrelated to other dietary variables (Slattery et al., 2001). Theodoratou et al. (2008) reported the enhanced effect of n-3 LCPUFA in subjects carrying the homozygous APC variant 1822. However, neither Menendez et al. (2004) nor Tranah et al. (2007) observed this. The RNASEL R462Q polymorphism (QQ/RQ genotype variant with deficient pro-apoptotic activity) is associated with higher risk of PC than the wild allele when exposed to trans 18:1, trans 18:2 intake.
In addition to the direct effect of FA on a gene resulting in the modulation of cancer risk, polymorphism of enzymes involved in metabolic pathways of FA potentially involved in adverse reactions, such as inflammation, might play a role. The association of PC with n-3 LCPUFA intake, indicating a reduction in risk, has been reported in subjects carrying a mutation of the COX 2 gene, this enzyme being more evident in prostate cancer tissue (Hedelin et al., 2007).
An area where further study might prove beneficial is in determining the relationship between the polymorphism of genes coding for proteins involved in the metabolism of the methyl group and obesity, since hypermethylation could influence obesity development via epigenetic control of gene expression (Junien and Natahannielz, 2005).
A summary of the strength of evidence for recommendations is provided in Tables 9.1 and 9.2.
Since total fat intake is not recognized as a factor in obesity as such, only contributing to an excess of energy intake, it is assumed that there is no convincing relationship between CRC and PC. Data are insufficient for drawing conclusions on ovarian cancers. A relationship is more convincing regarding BC, following publication of a new prospective study but the limited data available indicate that there is no increased risk for BC up to 30-33%E. There is possible evidence of an increased risk for endometrial cancer being causally related for total fat intake related to increased body fatness.
The limited data regarding BC suggest keeping SFA under 11%E.
Data are contradictory, suggesting the influence of the contributing food (see below dietary based recommendations).
Essential fatty acids, LA and ALA
There is no relationship between CRC, PC and BC and LA (convincing).
There are suggestive data that EPA+DHA decrease colorectal cancer risk (probable). The evidence is possible for BC. Limited data indicate that 500mg/day intake possibly decreases CRC and BC.
There is no convincing relationship regarding CRC. The data are insufficient for the other cancers except PC, where there is a possible increase associated with trans fat intake. The limited data indicate that there is no increased risk below 1.8%E.
FOOD AND DIETARY-BASE RECOMMENDATIONS
There is possible/probable evidence that 2–3 portions of fish per week decreases CRC. Data are insufficient regarding PC and BC.
Mediterranean/Asian
There is possible evidence for a protective effect of these diets regarding CRC and BC.
Prudent/low fat diet and low animal fat
There is possible evidence for a protective effect of these diets regarding CRC and ovarian cancers.
RECOMMENDATIONS FOR FUTURE RESEARCH
Trans fatty acid and saturated fatty acids should be investigated further with regard to PC. N-3 PUFA and fish should be investigated further with regard to CRC, PC and BC.
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Chapter 10: Fat and fatty acid intake and metabolic effects in the human body
Differences in plasma total cholesterol (TC) concentrations and blood pressure (BP) are powerful predictors of risk of cardiovascular disease (CVD) and contribute largely to the variation in CVD risk among different countries and populations. More recently other metabolic factors associated with CVD risk have been identified, including specific lipoproteins, the metabolic syndrome (insulin resistance syndrome), postprandial lipaemia, indices of inflammation and haemostasis, arterial stiffness and endothelial function. The effect of dietary fat and fatty acids on these CVD risk factors is reviewed and the evidence is summarized in Table 10.1.
FASTING PLASMA LIPIDS AND LIPOPROTEINS
TC concentration shows a continuous association with CVD risk, without a threshold but with the absolute risk increasing with age, smoking habit and raised BP (Lewington et al., 2007). Reductions in TC and low density lipoprotein (LDL) concentrations with statin therapy convincingly lower CVD risk, but the effects on CVD risk reductions using other agents (drug or diet) are less well-established. Elevated plasma lipoprotein Lp(a) is linked with increased CVD risk especially when it is associated with elevated plasma LDL concentrations (Seed et al., 1990). The relationship between fasting plasma triacylglycerol (TG) concentration and CVD risk is more complex because it can be transiently changed by diet, alcohol intake and physical activity. However, prolonged elevation of plasma TG, which is often associated with the insulin-resistance syndrome and increased very low density lipoprotein (VLDL) synthesis, generates small dense LDL particles (which are rich in apolipoprotein B relative to cholesterol) and causes a fall in high density lipoprotein (HDL; measured as apolipoprotein A1 or HDL-C). This atherogenic dyslipidaemia (high TG, small dense LDL and low HDL-C) confers a substantial increase in risk of CVD (NCEP-3 2001). The ratio of TC:HDL-C, which indicates the ratio of apolipoprotein B:apolipoprotein A, is twice as informative (Lewington et al., 2007) of individual CVD risk than TC or LDL-C, and differences in this ratio within and among populations are predominantly due to lifestyle factors (diet, physical activity, obesity, alcohol use). Thus, the ratio of TC:HDL-C is probably the most robust lipid metric to estimate lifestyle-factor-related CVD risk.
Variation across population groups in plasma lipids has traditionally been due to differences in TC and LDL cholesterol concentrations, although with the worldwide obesity pandemic, atherogenic dyslipidaemia is increasingly prevalent. The equations developed by Keys and Hegsted in the 1960s can be used to predict changes in total cholesterol between diets (Keys and Parlin, 1966):
Δserum cholesterol mg/dl =2.3(ΔS) – ΔP + 1.5 (√ΔC)
(ΔS is the difference in % energy from saturated fatty acids excluding stearic acid, ΔP is the difference in % energy from polyunsaturated fatty acid and ΔC is the difference in cholesterol content in mg /1000kcal; to convert to mmol/L divide by 38.5)
More recent studies have focused on changes within the different lipoprotein fractions. These provide convincing evidence that saturated fatty acids (C12-C16) elevate TC, LDL-C and HDL-C compared with carbohydrates. The replacement of myristic (14:0) and palmitic (16:0) acids with carbohydrates results in little net change in the TC:HDL-C ratio. Lauric acid (12:0) acid raises LDL and HDL and decreases the TC:HDL-C by -0.037 for each 1% energy when it replaces carbohydrates (Mensink et al., 2003). Stearic acid (18:0) does not have any significant effects on TC or LDL-C or the TC:HDL-C ratio compared with carbohydrates and its effects are not statistically significantly different from those of oleic acid (18:1n-9). There is possible evidence to suggest that the TC and LDL-C raising effects of palmitic acid are lower for vegetable than animal sources because it is present predominantly in the sn-1 and sn-3 position as opposed to sn-2 position as in animal fats such as lard (Ng et al.; 1992; Choudhury et al., 1995; Zhang et al., 1997). There is evidence that dietary cholesterol, which is found in animal fats, raises TC and LDL-C and the TC:HDL-C ratio by 0.02 for each 100 mg consumed (Weggemans et al., 2001). The evidence is convincing that plant sterols and stanols lower TC and LDL-C and the TC:HDL-C ratio independent of changes in fatty acid composition, but these effects are only significant following the consumption of food products fortified with plant sterols/stanols (Law, 2000).
Compared with carbohydrates, the major monounsaturated fatty acid, oleic acid (18:1n-9), has a neutral effect on plasma LDL-C and PUFA (mainly linoleic acid) have a slight lowering effect on total and LDL-C (Mensink et al., 2003; Mozaffarian and Clarke, 2009). Compared with oleic acid, saturated fatty acids increase HDL-C and intakes of linoleic acid above 12% energy lower HDL-C. There is convincing evidence that the replacement of saturated fatty acids with unhydrogenated vegetable oils rich in cis-unsaturated fatty acids results in a reduction in the TC:HDL-C ratio. The ratio is lowered by approximately 0.029 and by 0.035 for each 1% energy of saturated fatty acids replaced with oleic acid and linoleic acid, respectively.
Compared with carbohydrate, trans isomeric fatty acids (TFA) raise LDL-C but have a similar effect on HDL-C to carbohydrate. Replacing 1% energy TFA by carbohydrate, oleic acid or linoleic acid lowers the TC:HDL-C ratio by 0.022, 0.054 and 0.067 respectively (Mozaffarian and Clarke, 2009). There is evidence to indicate that TFA from natural sources have similar effects on the TC:HDL-C ratio to those from industrial sources (Chardigny et al., 2008; Motard-Belanger et al., 2008; Brouwer et al., 2010).
There is convincing evidence that replacement of saturated or C18 cis unsaturated fats with carbohydrate increases fasting TG, and that replacement of trans fats with carbohydrate has little effect on fasting TG (Mensink et al., 2003). Previous research indicated that trans fatty acids increased Lp(a) concentrations (Nestel et al., 1992; Almendingen et al., 1995). However, it now appears that plasma Lp(a) concentrations are increased by the consumption of fats with a higher proportion of C18 fatty acids (cis or trans) compared with those dominated by C16 fatty acids (Sanders et al., 1997; Sundram et al., 1997).
n-3 LCPUFA (mainly eicosapentaenoic acid 20:5n-3, EPA and docosahexaenoic acid 22:6n-3, DHA) as supplied in the diet by oily fish, on average have no effect on total cholesterol concentrations (Bays, 2006) but lower plasma TG, VLDL cholesterol and raise LDL cholesterol concentrations in amounts exceeding 0.7g/d (~0.3% energy) (Caslake et al., 2008; Theobald et al., 2004). Dietary supplements providing usually in excess of 3g n-3 LCPUFA/d lower plasma TG on average by 27%, but have variable effects on LDL-C and HDL-C depending on the dose, type of fatty acid and lipoprotein phenotype: on average they increase both LDL-C (6%) and HDL-C (1.4%) concentrations (Balk et al., 2008), but also LDL and HDL particle size (Minihane et al., 2000; Griffin et al., 2006; Kelley et al., 2007). DHA from algal sources in the range of 0.7–1.5 g/d raises total and LDL-C between 6-12%, but has little influence on the ratio of TC:HDL-C ratio (Geppert et al., 2006; Sanders et al., 2006a; Theobald et al., 2004). Linolenic acid does not share the effects shown by n-3 LCPUFA and does not influence plasma lipid concentrations within the range of intakes likely to be encountered in human diets (Balk et al., 2006).
There is convincing evidence that individuals who maintain a healthy weight are less likely to develop a raised TC:HDL-C ratio (Whitlock et al., 2009). Furthermore, weight loss in overweight or obese subjects results in improvements in circulating lipid concentrations, including raising HDL-C and lowering TG and TC and improving the TC:HDL-C ratio (Yu-Poth et al., 1999).
Despite the global increase in obesity, serum total and LDL-C concentrations have fallen in several economically developed countries (Carroll et al., 2005; Evans et al., 2001; Vartiainen et al., 2000) where the fat supply has changed from predominantly animal fats (dairy fats, lard, lamb and beef fat), rich in saturated fatty acids, to vegetable oils rich in cis-unsaturated fatty acids. In contrast, there is evidence to suggest that TC and LDL-C are increasing in some emerging economies such as China (Critchley et al., 2004) and that this is accompanied by an increase in total and saturated fat from both animal and vegetable sources.
Meals high in fat result in postprandial lipaemia. Elevated postprandial lipid concentrations are associated with progression of atherosclerosis and increased risk of thrombosis. Impaired postprandial lipaemia is associated with obesity, insulin-resistance and type 2 diabetes. Compared with meals low in fat and high in carbohydrate, meals high in long-chain fatty acids (C14-18) result in substantial lipaemia. Short and medium chain fatty acids (C2-C12) do not result in substantial lipaemia (Oakley et al., 1998; Sanders et al., 2000; Sanders et al., 2001). Stearic-rich fats result in variable effects on postprandial lipaemia according to the physical properties of the fat (Berry et al., 2007a; Sanders et al., 2000; Sanders et al., 2001; Sanders et al., 2003a; Tholstrup et al., 2001). Trans isomeric fatty acids have similar effects to cis-isomeric fatty acids (Sanders et al., 2000; Sanders et al., 2003c; Tholstrup et al., 2001). Intakes in excess of 1.5g n-3 LCPUFA result in a reduction in the elevation of postprandial lipaemia both acutely and chronically (Harris and Muzio, 1993; Zampelas et al., 1994; Finnegan et al., 2003; Griffin et al., 2006). There is consistent evidence that prolonged elevations of plasma TG concentrations result in an increased proportion of small dense LDL particles that are associated with increased progression of atherosclerosis and increased risk of coronary heart disease (Kwiterovich Jr., 2002). Diets containing a higher proportion of carbohydrate in place of fat result in an increase in plasma TG concentrations in the fasting state, but lower plasma TG concentration in the postprandial state (Mensink et al., 2003). While a decrease in adiposity is accompanied by a reduction in the proportion of small dense LDL (Siri-Tarino et al., 2009), there is no clear evidence to show replacement of energy in the diet derived from fat with that from carbohydrate has this effect.
There is convincing evidence that regular physical activity and weight loss in overweight or obese subjects improve insulin sensitivity (Costacou and Mayer-Davis, 2003; Roumen et al., 2008). Animal studies indicate that diets rich in saturated fatty acids impair insulin sensitivity and that n-3 LCPUFA improve insulin sensitivity. There is limited evidence that replacing SFA from animal sources with monounsaturated fatty acids from plant sources improves insulin sensitivity and glycaemic control in type 2 diabetes (Garg, 1998). However, randomized controlled trials have generally failed to provide any consistent effect of changing either the level of fat or type of fat on insulin sensitivity when changes in weight or physical activity are taken into account (Griffin et al., 2006; Tardy et al., 2009; Vessby et al., 2001; Jebb et al., 2010). Where a reduction in the dietary intake of fat is accompanied by a reduction of energy intake and weight loss, an improvement in insulin sensitivity is likely (Tuomilehto et al., 2001; Orchard et al., 2005; Roumen et al., 2008).
There is convincing mechanistic evidence to implicate lipoprotein oxidation in the pathogenesis of atherosclerosis (Griendling and FitzGerald, 2003), but the benefits in human studies of altering lipoprotein oxidation are not well-established. A number of biomarkers of oxidative damage are available but none are strongly predictive of risk of CVD and there is no convincing evidence to demonstrate that modifying the composition of dietary fat has a significant impact on the process of lipoprotein oxidation in vivo.
Chronic inflammation results in the elevation of acute phase proteins including fibrinogen and C-reactive protein and is believed to be mediated by elevated production of cytokines, particularly IL-6. Chronic inflammation increases CVD risk especially if the TC:HDL-C ratio is high (Ridker, 2001). Obesity may directly contribute to increased production of IL-6 from adipose tissue. Postprandial lipaemia may also modify the production of cytokines involved in regulating inflammation and vessel remodeling (Grainger et al., 2000; Erridge et al., 2007). High intakes of n-3 LCPUFA (>3 g/d) in the form of dietary supplement decrease cytokine production (Meydani, 2000; Vedin et al., 2008) and probably decrease inflammatory markers, but randomized controlled trials using lower intakes, as may habitually be consumed in usual diets, have failed to demonstrate any clear effects (Balk et al., 2006; Blok et al., 1997; Theobald et al., 2007). There is possible evidence that trans fatty acids increase systemic inflammation (Baer et al., 2004), but not all studies (Motard-Belanger et al., 2008) have consistently shown such effects.
PRO-COAGULANT AND FIBRINOLYTIC ACTIVITY
Elevated procoagulant FVII and fibrinogen and decreased indices of fibrinolytic activity (as assessed by measures of clot lysis time or elevated plasminogen activator inhibitor PAI-1 activity) are associated with increased risk of athero-thrombosis (Folsom et al., 2001; Heinrich et al., 1994; Meade et al., 1993). Hyperlipidaemia is associated with elevated FVII and fibrinogen and insulin resistance syndrome is associated with elevated PAI-1. Treatment of hyperlipidaemia by weight loss with a diet with reduced total fat and saturated intake results in falls in FVIIc and an improvement in fibrinolytic activity (Hamalainen et al., 2005). There is possible evidence that n-3 LCPUFA, provided as dietary supplements (Sanders et al., 2006a), increase FVIIc but not with oily fish consumption (Sanders et al., 2006b). There is convincing evidence that meals high in fat compared to meals high in carbohydrate acutely increase the concentration of FVIIa (Oakley et al., 1998; Sanders et al., 1999; Sanders et al., 2000; Sanders et al., 2001; Sanders et al., 2003b; Sanders et al., 2006b; Sanders and Berry, 2005; Tholstrup et al., 2003). There is probable evidence that the increase in FVIIa is greater following meals rich in the monounsaturated fatty acids (oleic acid) than for some sources of saturated fatty acids (Sanders et al., 2000; Tholstrup et al., 2003; Berry et al., 2007a; Berry et al., 2007b). There is insufficient evidence to demonstrate chronic effects of different types of fatty acids on fibrinogen or fibrinolytic activity (Miller, 2005; Sanders et al., 2006b).
BLOOD PRESSURE AND ARTERIAL STIFFNESS
Both systolic and diastolic BP increase with age in economically developed communities and show a continuous association with risk of CVD without a threshold (Lewington and Clarke, 2005). Elevated BP is a self-amplifying condition and is strongly associated with body mass index. There is also a strong association between the development of hypertension and hyperlipidaemia. There is convincing evidence that weight loss results in a fall in BP (Neter et al., 2003). There is convincing evidence for a BP lowering effect of combining replacement of saturated fatty acids with monounsaturated fatty acids as part of a healthy lifestyle diet (DASH/OMNIHEART) that includes an increased proportion of fruit and vegetables, whole-grains and reduced salt intake (Appel et al., 2003; Appel et al., 2005). There is insufficient evidence that replacement of saturated with monounsaturated fatty acid alone has a significant effect on BP (Shah et al., 2007). There is possible evidence that linoleic acid may contribute to the prevention of raised BP (Miura et al., 2008). High intakes (>2 g/d) of n-3 LCPUFA convincingly lower BP (Geleijnse et al., 2002), and there is possible evidence that habitual intakes at lower levels have the same effect (Ueshima et al., 2007). Over the age of sixty systolic BP increases more than diastolic BP and this is likely in part to be a consequence of arterial stiffening. Arterial stiffness is emerging as a strong predictor of CVD risk in the elderly (Terai et al., 2008; Anderson et al., 2009). There is possible evidence that n-3 LCPUFA may decrease arterial stiffening (Hamazaki et al., 1988; Yamada et al., 2000; Tomiyama et al., 2005).
Impaired endothelial function as measured by the flow mediated dilatation technique is associated with increased CVD risk (Yeboah et al., 2007). Hyperlipidaemia and hyperglycaemia are two factors known to impair endothelial function. Meals high in long-chain fatty acids that induce substantial lipaemia, compared with meals low in fat but high in carbohydrate, result in an impairment of endothelial function in the postprandial period in healthy subjects (Vogel et al., 1997; Ong et al., 1999; Vogel et al., 2000; Bae et al., 2001; Cortes et al., 2006). There is possible evidence that n-3 LCPUFA may improve (Engler et al., 2004; Goodfellow et al., 2000; Leeson et al., 2002) and trans fatty acids may impair (de Roos et al., 2001) endothelial function. There is insufficient evidence to conclude that there are any other differences between monounsaturated, polyunsaturated and SFA (Hall, 2009).
DIETARY INTERACTIONS WITH GENOTYPE
Several gene polymorphisms for lipid and haemostatic risk factors have been identified that may have interactions with dietary fat intake. Subjects who carry the ε4 allele for apolipoprotein have higher total and LDL-C concentrations compared with those carrying the common ε3 allele. These ε4 carriers appear to show greater absolute falls in total and LDL-C compared with ε3 carriers when they decrease their intakes of saturated fatty acids and cholesterol (Lefevre et al., 1997; Sarkkinen et al., 1998). Subjects who are homozygous for the ε2 allele do not show increase in serum cholesterol in response to dietary cholesterol, but this genotype is associated with an increased prevalence of WHO Type II hyperlipoproteinaemia, which responds to a low fat diet.
About 1:500 people carry mutations for the LDL receptor. These individuals have higher TC and LDL-C concentrations and a 25-fold increased risk of developing premature cardiovascular disease. Plasma total and LDL-C concentrations in individuals who carry this mutation are relatively unresponsive to changes in the level or type of dietary fat (Poustie and Rutherford, 2001).
The interactions between genes and environmental factors require further elucidation. However, the current state of knowledge provides convincing evidence that the major determinants of differences in metabolic risk factors within and across populations primarily are due to behavioral and lifestyle factors (diet, physical activity, obesity, smoking, alcohol use), rather than genetic differences (Wu et al., 2007; Ordovas, 2009).
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Chapter 11: Dietary fat and coronary heart disease
Ecological studies that compare differences in CHD rates with mean intakes of fatty acids in different populations are uniquely informative because such associations are virtually unaffected by regression dilution bias. The best known ecological study of diet and CHD is the Seven Countries Study, which consisted of 16 cohorts in 7 different countries involving a total of 12,763 middle-aged men that were examined between 1958 and 1964 (Keys, 1980). The results showed that a substantial proportion of the variation in CHD death rates between geographical regions was explained by differences in intake of SFA and MUFA (Keys et al., 1986). Moreover, the Seven Countries study also demonstrated strong associations between mean intakes of SFA and mean levels of total cholesterol (Keys, 1980). The Seven Countries study prompted the “Diet Heart” hypothesis that high intakes of SFA and cholesterol and low intakes of PUFA increase the level of total cholesterol and ultimately result in the development of CHD.
The results of dietary feeding trials (or “metabolic ward” studies) which measured blood lipids in healthy volunteers after administration of controlled diets with varying intakes of fats were concordant with the findings of the associations observed between intakes of different fatty acids and changes in blood cholesterol levels observed in the ecological studies. In particular, Keys et al. (1965) and Hegsted et al. (1965) demonstrated that average change in serum cholesterol concentrations could be predicted as equations for the changes in intake of SFA and PUFA and dietary cholesterol. The concordance of the results of the ecological and the metabolic ward studies probably relate to the limited amount of measurement error in both study designs. In view of these findings, some investigators have concluded that use of cholesterol as an intermediary factor is the most rational way of studying the associations between diet and CHD, with appropriate correction for measurement error in both study designs. Nevertheless, many investigators have examined the associations of differences in intake of fatty acids directly with CHD risk within populations. This review summarizes the evidence from the cohort studies and dietary intervention trials that examined the effects of differences in diet (or exchanges of particular fats by another or by carbohydrate) on risk of CHD.
Few within-population studies have been able to demonstrate consistent associations between CHD risk and any specific dietary lipids, with the exception of trans fats and n-3 fatty acids. The available evidence from cohort studies and randomized controlled trials on which to make judgement and substantiate the effects of dietary fat on risk of coronary heart disease is unsatisfactory and unreliable. The null results of the observational and interventional studies of dietary lipids and CHD do not negate the importance of the underlying associations, but reflect the combined effects of limitations of dietary assessment methods, inadequate number of participants studied, narrow range of fat intakes, and the prolonged follow-up of individuals without repeat dietary assessment. Furthermore, the evidence from cohort studies of dietary intake of fats and CHD is mostly unreliable (with a few exceptions) because most studies have ignored the effects of measurement error and regression dilution bias. Few studies attempted to measure the within-person variability or reproducibility of the categorizations of dietary fat when assessing these associations. Hence, the null results are very likely to result from regression dilution bias and confounding of one nutrient by another.
The body of evidence from prospective cohort studies of n-3 LCPUFA intake or fish consumption and risk of fatal CHD is comprehensive in a number of studies, duration of follow-up, number of participants and CHD events, geographic location of study populations, homogeneity of association between trials, and absence of evidence for publication bias. The observational evidence is convincing that an inverse association exists between n-3 LCPUFA or fish intake and risk of CHD. The evidence from randomized controlled trials is concordant, particularly when two trials with methodological concerns (Singh et al., 1997; Burr et al. 2003) are excluded from consideration. However, the clinical trial evidence for prevention of CHD death rests largely on the results from two trials GISSI (GISSI-Prevenzione Investigators, 1999) and DART I (Burr et al., 1989).
The observational evidence that TFA are independently associated with increased risk of CHD events is convincing, though based on a more limited body of evidence. The evidence of an association with fatal CHD is not as comprehensive. In view of the consistency and strength of the observational evidence, the absence of evidence from randomized controlled trials should not preclude a judgement of convincing.
There is probably no direct relation between total fat intake and risk of coronary heart disease. The strongest evidence in support of this judgement comes from the Women’s Health Initiative that showed that CHD risk was not reduced after 8 years of a low-fat diet (Howard et al., 2006). The observational evidence, summarized in the meta-analysis, showed no association between total fat intake and CHD risk, although there was heterogeneity between the study results. The observational evidence for an association between dietary PUFA or MUFA and CHD risk is limited, inconsistent and unreliable.
The body of evidence from clinical trials of fat modified diets is limited, excluding n-3 LCPUFA and fish interventions. The ten or so published trials are heterogeneous in the nature of the dietary intervention and many of the trials are based on a small number of CHD deaths or events; nevertheless, taken together, there were slightly more than 600 CHD deaths and 3,700 CHD events in the intervention trials. The heterogeneous nature of the interventions and lack of compliance may undermine the validity of the summary estimates of risk obtained through meta-analysis of the trial results, as does the small number of trials.
Clinical trials of fat-modified diets, in particular low-fat or high P/S diets, and coronary disease are rarely single factor interventions. Substitution of one type of fat for another or reducing total fat intake, invariably results in a range of food substitutions such that intake of other macro and micronutrients is altered. Many of the early fat intervention trials of CHD required participants to follow a diet lower in cholesterol but with a higher P/S ratio (PUFA/SFA) without a reduction in total fat intake. Furthermore, many trials of advice to modify dietary intake of fat have included one or more other elements of dietary and non-dietary advice, examples include advice to: increase fibre intake, reduce meat consumption, reduce body weight, stop smoking, reduce salt intake, increase fruit and vegetable consumption, increase physical activity, or reduce alcohol consumption. The multifactorial nature of the dietary interventions and accompanying changes in dietary patterns makes it difficult to disentangle the specific effects of dietary fat from other components of the diet. In effect, the dietary interventions are not homogeneous and the results of the meta-analysis should be interpreted with caution. The meta-analysis of clinical trials in which serum cholesterol concentrations in the high P/S diet group were significantly lower at follow-up than in the control group, revealed that a diet higher in PUFA and lower in SFA decreased the risk of fatal CHD.
A pooled analysis of eleven cohort studies of dietary fat and coronary disease was presented to the Expert Consultation and the manuscript was published shortly thereafter in May 2009 (Jakobsen et al., 2009). In the judgement of the Expert Consultation, the results of the “Pooling Project of Cohort Studies on Diet and Coronary Disease” were a significant advance in quality on the update, undertaken by the consultation, of the published meta-analyses of observational trials. The Pooling Project combined the results from 11 cohort studies – each meeting criteria for quality of dietary assessment, years of follow-up, and ascertainment of events – to examine the effect on CHD death and CHD events of replacing SFA with MUFA, PUFA or carbohydrate. The main finding was a significantly decreased risk of CHD death and CHD events when PUFA replace SFA. The multivariate-adjusted hazard ratio for CHD death per 5% total energy incremental substitution of PUFA for SFA was 0.87 (95%CI: 0.77–0.97); for CHD events, the hazard ratio for the same fat substitution was 0.74 (95%CI: 0.61–0.89). This result from the pooling of observational studies, along with supportive evidence from clinical trials of lower CHD risk in high P/S diets, and the effects of PUFA to lower LDL cholesterol and the total / HDL ratio, led the consultation to conclude there was convincing evidence of lower CHD risk when PUFA replace SFA. The comprehensive conclusions of the effect of dietary fat on both fatal CHD and CHD events are summarized in Table 11.1.
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Chapter 12: Fat intake and CNS functioning: Ageing and disease
Brain disorders and mental ill-health
The cost of brain disorders and mental ill-health has been rising sharply and now exceeds all other costs of ill health. In the 25 European Union member states it cost €386 billion in 2004 (Andlin-Sobocki et al., 2005). In the UK in 2007 the cost was £77 billion and was estimated to become one of the top three burdens of ill health worldwide by 2020.
Docosahexaenoic acid (DHA) has been the only n-3 fatty acid used as a major structural and functional constituent of the photoreceptor, neurons and their signaling synapses throughout the 600 million years of animal evolution. This is despite there being similar molecules, such as docosapentaenoic acid (DPA), differing by only one double bond. This is one of many compelling reasons for the absolute necessity of DHA for the human brain.
The question arises as to how the requirement for DHA in the brain can be met. DHA can be synthesized from α-linolenic acid (Brenna et al., 2009), but the process appears to be very inefficient. Data from primate and rodent/animal experiments demonstrate dietary DHA is used with an order of magnitude greater efficiency for brain growth compared with its endogenous synthesis from ALA (Crawford et al., 1976), which is likely to represent an advantage during growth and maintenance.
It is logical to assume that the priority in human development concerns the brain. Based on brain composition of some 30 mammalian species (Crawford et al., 1976), one can argue that the target balance of n-6 to n-3 PUFA in the diet should be between 2:1 and 1:1.
The neural system develops extensively during the prenatal period and the first years of life (Dobbing, 1972) and is influenced by multi-generational considerations. There is convincing evidence that neural developmental milestones determine long-term brain functional capacity. Once brain milestones are passed it may be too late to intervene with LCPUFA in neurological/neuropsychological disorders such as depression and bipolar disorder, mood and cognition, Alzheimer’s disease (AD), age-related macular degeneration, schizophrenia and Huntington’s disease. However, this does not mean PUFA do not help stabilize or even partially reverse such conditions (Freeman et al., 2006). There is a need for well designed trials with sufficient power, and supplements that are relevant to supporting the neurovascular systems. Factors that might influence the delivery of energy to the brain cells need to be researched in view of the extraordinarily high energy requirement and dependence of the brain. In addition, a potential role is acknowledged for EPA in these conditions due to its influence on improving vascular function and the resulting effect on the delivery of glucose to the brain.
The ability to conduct RCT on the role of AA and DHA in brain development in humans during the perinatal period is likely to be limited by ethical considerations. In adult brain disorders, any RCT will face the difficulty of addressing a system in which the origin of the disorder is likely to have a life history, possibly including the developmental period.
In view of the rising burden represented by brain disorders, there is a need to target food production to be in line with requirements of the brain and vascular system and for general good health. The future requirements of the increasing human population cannot be met by a diminishing fisheries catch. Furthermore, the requirement is unlikely to be met by terrestrial products because they do not have the full complement of essential nutrients found in seafood (iodine, n-3 FA, Se etc). It is recommended to expand both fresh water and marine aquaculture by applying the use of agricultural principles to expand productivity of the oceans.
In developing countries where children may be in energy deficit, and where it is planned to increase energy density of the diet with fats and oils, every encouragement should be given to development of indigenous oils that are more physiologically balanced in terms of linoleic and a-linolenic acids rather than importing linoleic acid rich oils which dominate the Western markets. Similarly, developing countries need to guard against importing food products that are rich in atherogenic and thrombogenic fats and do not provide a balance of essential fatty acids.
Limitations of current studies on brain research in humans:
There is evidence that single nutrients do not have the same effect as the integral food or even nutrient clusters (Elvevoll et al., 2006). Interactions between the different macro- and micro-nutrients should be recognized and encouraged as a specific research theme (Haider and Bhutta, 2006).
Daily requirement of adult brain for PUFA
Limited data from one human study reveal that there is a requirement (based on turnover of labelled fatty acids) of approximately 18 mg of AA per adult brain/ day and 5 mg DHA/brain/day, as free fatty acid (FFA) in the plasma compartment. More research is required to translate this figure into a daily dietary intake of AA and DHA, particularly as both AA and DHA are compartmentalized into different phosphoglycerides, triglycerides and cholesterol ester molecules and taken up by cell membrane phosphoglycerides in all organs.
No studies have been conducted on other plasma lipids or red blood cells, which are potentially rich sources of LCPUFA for the brain. There is some evidence (in rats) that plasma lysoPC-DHA could be a carrier of DHA to brain. The concentrations of arachidonic acid and DHA are high in the vascular endothelium and the brain, but the proportions in the free fatty acid fractions are very low, suggesting that factors other than FFA may be responsible for the biomagnifications. As with the placenta, it is plausible that phospholipids are used with selective sn-2 incorporation accounting for the biomagnifications across the cell membranes. More basic research is required on the turnover from sources other than the FFA fraction in plasma.
n-3 LCPUFA and depression and bipolar disorder
Encouraging data have been obtained from some epidemiological and intervention studies in this area. Doses used in intervention studies have ranged from 0.6–6 g/ day. Future directions in this area should involve studies with purified preparations of n-3 LCPUFA (alone and in combination), attention to mode of delivery, dose response studies, and studies on the duration required for greatest benefit. Studies are also needed to delineate the importance of n-3 LCPUFA as monotherapy or adjunct therapy, with identification of the mechanism(s) of action of the PUFA in depression and bipolar disorder. The evidence suggests that there are more consistent benefits with the use of EPA and/or fish oil at a level of 1-2 g/day. The strength of the evidence is regarded as probable for relief of depression. In the case of bipolar disorder, where there have been fewer studies, the strength of the evidence is possible.
There is limited evidence to support the relationship in adults between n-3 LCPUFA intake/status and altered cognition, although there is support from observational studies. Future directions should involve thorough intervention studies in appropriate subjects using sufficiently sensitive tests designed to measure effects in mood and cognition. The strength of the evidence is regarded as possible.
Aggression, hostility and antisocial behaviour
Epidemiological studies have suggested a link between poor EFA status and aggression, hostility and anti-social behaviour. The results of intervention studies with n-3 LCPUFA plus other ingredients have been equivocal. The study populations have been heterogeneous, sometimes with only a small number of subjects. Despite this, there are some encouraging data emerging. Studies in prisoners in the USA have provided some support regarding micronutrients. A recent RCT in the UK brought about a >30% reduction in violence amongst young violent offenders in prison. A 24 hour video surveillance, as employed for legal purposes in the prisons, was used as the outcome measure. The intervention was a combination of EFA and micronutrients on the grounds of their interdependence. The study is being replicated on a larger scale. This is clearly an area where more research is required, particularly in defined populations with larger numbers of subjects. The strength of the evidence is regarded as possible.
Epidemiological and observational data are strongly suggestive of a 30–40% reduction of risk for ARM among regular fish eaters. On this basis, several interventional studies are currently ongoing, examining the potential benefit of supplementation with n-3 LCPUFA for the prevention of late ARM, but none is published yet. There is also a lack of observational data with blood measurement of fatty acids, which could confirm the dietary data. The strength of the evidence is regarded as possible.
Epidemiological studies examining n-3 LCPUFA intake or blood levels support a role of DHA in the prevention of AD. Cell culture and animal models show promising mechanistic support for DHA in AD. Data from clinical trials are limited, but show some evidence that DHA may be of benefit to patients with milder forms of AD. Larger, randomized clinical trials in the prevention and treatment of AD are required. The strength of the evidence is regarded as insufficient to date.
Results from five clinical trials have produced inconsistent results with small effect sizes, which may be of little clinical significance. The strength of the evidence is regarded as insufficient to date.
Results from animal studies and several small-scale human studies report some beneficial effects in some of the studies with pure ethyl EPA. The strength of the evidence is regarded as insufficient to date.
CONCLUSIONS FOR ADULTS CENTRAL NERVOUS SYSTEM (CNS) FUNCTION
Probable
1.Supplementation with n-3 LCPUFA as treatment for depression. Dose, treatment time, preferred n-3 PUFA (EPA, DHA or both), adjunct or monotherapy yet to be defined.
Possible
2.Supplementation with n-3 LCPUFA as treatment for bipolar disorder. Dose, treatment time, preferred n-3 PUFA , adjunct or monotherapy yet to be defined.
3.Supplementation with n-3 LCPUFA in aggression, hostility and antisocial behaviour. Dose, preferred n-3 PUFA, adjunct or monotherapy yet to be defined.
4.Supplementation with n-3 LCPUFA in age-related macular degeneration. Dose and preferred n-3 PUFA is yet to be defined.
5.Supplementation with n-3 LCPUFA in improvements in cognitive decline. Dose and preferred n-3 PUFA is yet to be defined.
Insufficient evidence to date
6.Supplementation with n-3 LCPUFA as treatment for Alzheimer’s disease.
7.Supplementation with n-3 LCPUFA as treatment for schizophrenia.
8.Supplementation with n-3 LCPUFA as treatment for Huntington’s disease.
There can be little doubt about the essentiality of DHA and AA for the brain. The rise in brain disorders is the most disturbing feature of the changing panorama of disease and disorder. There is a need to address the potential role of the food system as the root cause of globalization of mental ill health. Based on the epidemiology and supported by basic science, there should be better use made of fresh water and marine food webs, and attention needs to be paid to the ways and means of restoring healthy rivers, estuaries, coastlines and all aspects of marine productivity. At the same time, the distortions of food and animal production that have amplified the non-essential, atherogenic and obesigenic fats at the expense of the fats essential to the vascular and immune systems and brain development, need to be corrected. The 1977 expert consultation on dietary fats and oils specifically commented, but the situation has worsened since then (FAO, 1978).
The Japanese have the lowest levels of depression, cardio-vascular disease, and breast and colon cancer of the industrialized nations. Any assessment for optimal intakes and balance of fatty acids required should take advantage of the amounts eaten in the traditional Japanese diets. However, the presence of competing fatty acids and the requirement for adequate anti-oxidants in the diet also need to be taken into account.
The conclusions outlined here emphasize the need for more research in:
1.Defining the requirement of the adult brain for a continuous supply of AA and DHA from the plasma for optimal neural functioning.
2.Defining the requirement in adults and children for the optimal development of the neuro-vascular system in the next generation, with the inclusion of epigenetic studies.
3.The role of PUFA in a variety of neural disorders including depressive illness, age-related macular degeneration, aggression, hostility and anti-social behaviour, Alzheimer’s disease, schizophrenia and Huntington’s disease.
4.Arachidonic acid and its companion LCPUFA.
5.Cost-benefit analysis to assess the potential contribution of an optimal intake of AA and DHA on health status and healthcare costs.
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Chapter 13: Global trends in production, intake and food composition
Vegetable oils and animal fats are the main sources of fat in the human diet. Other sources include nuts, cereals and legumes. Trends in the production of food sources of fat have a global impact on the availability of fat for human consumption. Global data on fat supply, as well as individual food intake data, contribute to an understanding of the relationship between fat intake patterns and health outcomes. In order to translate food intake data into fatty acids consumed, information from food composition databases is required. This information on the fatty acid composition of foods also contributes to monitoring trends in changes in the fatty acid composition of foods.
PRODUCTION OF VEGETABLE OILS AND ANIMAL SOURCE FOODS
The Food Balance Sheets (FBS) of the Food and Agriculture Organization of the United Nations (FAO), provide valuable information on the production (domestic supply) of food commodities (FAOSTAT/FBS, 2006). Production at the household level is not taken into account, but supply data at the national level are used and production figures could therefore underestimate the actual production of vegetable oils and animal fat sources.
The global production (domestic supply) of vegetable oils increased significantly between 1961-1963 and 2001-2003. Global trends in the production of specific vegetable oils between 1995-1997 and 2001-2003 are shown in Table 13.1. Soybean oil and palm oil were the main oils produced and production increased by 42.8% and 51.3%, respectively, during this period. At the same time the production of sunflower oil (5.4%) decreased.
Developing countries produced more vegetable oil than developed countries in 2001-2003, 68.8% and 31.2%, respectively. During this period Asia was the main producer of palm, rape and mustard, groundnut, coconut, cottonseed and palm kernel oils. South America was the main producer of soybean oil and Europe was the main producer of sunflower and olive oil.
Factors that influence the production of vegetable oils include population expansion and the per capita consumption of vegetable oils (Broeska, 2007). Globalisation can contribute to an increase in the availability and consumption of vegetable oil (Hawkes, 2006). New government policies in Brazil, in connection with the production and export of soybean oil, have contributed to an increase in the availability of soybean oil in countries such as China and India (Hawkes, 2006).
Vegetable oil prices are influenced by an increase in the demand for vegetable oils from countries such as China and India (Paton, 2008). The price of vegetable oil is also influenced by the demand for the production of biofuel and markets for vegetable oil move in tandem with crude oil prices (Thoenes, 2006; Business-standard.com, 2009).
PRODUCTION OF ANIMAL SOURCE FAT
Milk production (excluding butter) increased in both developed and developing countries between 1962-1964 and 2001-2003, but the increase was larger in developing countries. Cheese is an important commodity in developed countries and in 2001-2003, the production was about six times higher than in developing countries (FAOSTAT/FBS, 2006). Market forces that impact on the production of dairy products are government policies regarding the dairy industry, quota restrictions and subsidies (Mitchell, 2001), which influence the production and export of dairy products in countries where dairying is a main agricultural activity. Weather conditions impact on the production of milk. Drought in New Zealand and Australia has led to a decline in milk production during recent years (FAO, 2008a).
The global production of beef, pork, poultry, as well as mutton and goat, increased significantly between 1962-1964 and 2001-2003. The global production of pork has exceeded the production of beef since 1980-1982 and was 57.6% higher than that of beef in 2001-2003. The global production and consumption of meat will probably continue to increase and it is suggested that by 2020 it will be 300 million metric tonnes (MT) compared to 233 million MT in 2000 (Speedy, 2003). Meat consumption is influenced by wealth and in general increases with an increase in the gross domestic product (GDP) of a country (Speedy, 2003). There are, however, exceptions such as the Latin American countries where the consumption of meat is high in relation to the GDP (Speedy, 2003).
Poultry production was about 7.7 times higher in 2001-2003 than in 1962-1964 and in 2001-2003, the production was higher than that of beef or mutton and goat. Poultry production costs increased significantly between 2000 and 2008 as a result of an increase in the cost of the feed (FAO, 2008b). In 2001-2003 the production of eggs was more than twice as high in developing countries (about 41 million MT) as in developed countries (about 19 million MT) (FAOSTAT/FBS, 2006). Less land is required to produce poultry and eggs (7.3 m2 year kg-1 and 3.5 m2 year kg-1, respectively) than to produce other animal source foods such as beef (20.9 m2 year kg-1) (Gerbens-Leenes and Nonhebel, 2002).
PRODUCTION OF FISH OIL AND FISH
The total production of fish oils is about 1 million MT per year, and it seems to have stabilised at this level (FAO/Fisheries and Aquaculture Information and Statistics Service, 2007). In 2006, it was estimated that 87% of all fish oil was used by the aquaculture industry to produce feed, and salmon farming alone used approximately 33% of all fish oil produced. The remaining 13% was processed into products for human consumption, mainly as fish oil capsules.
There has been a steady increase in the production (capture and aquaculture) of fish since 1950, but a sharp decrease in production was recorded in 1998 (Figure 13.1). In 2003 the total world production of fish (capture and aquaculture combined) was 132.5 million MT (weight of fish and shellfish at capture or harvest - freshwater, brackish water and marine species of fish, crustaceans, molluscs and other aquatic organisms) and of this 104.2 million MT were available for human consumption, 24.4 million MT in developed countries and 79.8 million MT in developing countries (Food and Agriculture Statistics, 2005).
Energy and fat supply data from Food Balance Sheets
FBS do not provide information on actual consumption within communities or within households, but provide data on the per capita supply per day of energy (kilocalorie; kcal, one kilocalorie = 4.186 kilojoules; kj), protein (g) and total fat (g) (FAOSTAT/FBS, 2006).
Energy
Information from FAO FBS showed a global increase between 1995-1997 and 2001-2003 in the per capita supply per day of energy. In developed countries it was 663 kcal (2 774 kJ) higher than in developing countries, Africa having the lowest value (2 427 kcal/10 255 kJ). Large variations (1 521 - 3 346 kcal/6 364 - 14 000 kJ) were, however, recorded within Africa (FAOSTAT/FBS, 2006).
Percentage of energy from fat
FBS data showed that between 1995-1997 and 2001-2003 the percentage of energy from fat remained above 30%E in developed countries, while in developing countries it was below 23%E. Developed countries did not meet the recommendation to consume <30%E from fat (WHO, 2003). In Africa the mean percentage of energy from fat was about 20%E and in 12 of the 51 countries with FBS data, the per capita supply per day of fat was less than 15%E in 2001-2003 (FAOSTAT/FBS, 2006). In those countries the lower limit of fat intake recommended by the expert consultation in 2003, i.e. 15%E was not met (WHO, 2003). Guidelines on fat intake should therefore not only concentrate on the upper limit of fat intake, but should also address the inadequate intakes of fat in some groups and countries.
Per capita supply per day of total fat
Vegetable products made the biggest contribution to the per capita supply per day of total fat (g) globally and in developing countries in 2001-2003, but in developed countries it was animal products. Vegetable oils contributed to 39.2% of the per capita supply per day of fat in developed countries and to 38.8% in developing countries. Sharp increases in the per capita supply per day of fat from vegetable oils were observed in developed (112%) as well as developing (191%) countries between 1961-1963 and 2001-2003. At the same time the per capita supply per day of fat from animal fats decreased by 26% in developed countries and increased by 109% in developing countries. The per capita supply per day of fat from vegetable oils and animal fats was, however, respectively about 1.9 times and 3.4 times higher in developed than in developing countries.
Individual Dietary Surveys (IDS) showed high total fat intakes in Europe, the United States, South Africa, Kenya, China and India (Elmadfa et al., 2004; Wright et al., 2004; Labadarios et al., 2005; MacIntyre et al., 2002; Fu et al., 2006; Shetty, 2002). Differences in total fat intakes were, however, also observed within countries. In China mean total fat intakes increased from 18.1%E in 1982 to 22%E in 1992 and to 29.6%E in 2002 (Chen, 1986; Zhai et al., 1996; He et al., 2005; Deng et al., 2008). Large variations in total fat intakes were observed in India with high fat intakes in high income urban groups (33.1%E) and very low fat intakes among slum dwellers (16.7%E) (Shetty, 2002). High total fat intakes have been reported in urban upper middle-income men (32%E) and women (33%E) from South India (Ghafoorunissa et al., 2002). Urbanisation plays an important role in the increase of fat intake as shown by studies from South Africa, China and India (Labadarios et al., 2005; MacIntyre et al., 2002; Fu et al., 2006; Shetty, 2002).
There are indications that the increase in the prevalence of obesity is taking place at a much faster rate in developing countries than in high-income countries (Popkin and Gordon-Larsen, 2004). Although an increase in total fat intake is observed with urbanisation in developing countries, this is only one aspect of the nutrition transition. Other changes in diet and lifestyle, e.g. an increase in refined carbohydrate intake and a decrease in physical activity are also observed (Popkin and Gordon-Larsen, 2004). More research is warranted to understand the effect of an increase in the intake of total fat on the incidence of non-communicable diseases in developing countries (Popkin, 2002).
FATTY ACID COMPOSITION OF FOOD
Data on the nutrient composition of foods are available in various food composition databases and information on the nutrient composition of specific foods could differ as factors such as climate, soil, plant varieties and animal husbandry influence the nutrient composition of foods (Greenfield and Southgate, 2003).
The different vegetable oils available on the market for human consumption differ in fatty acid composition. Coconut oil and palm kernel oil are high in lauric (C12:0), about 45 g/100 g oil, and also contains a significant amount of myristic (C14:0) and palmitic acid (C16:0). Palm oil is high in saturated fatty acids (SFA), about 50%1, while soybean oil contains about 50% linoleic acid (LA). Sunflower oil is high in LA (about 66% LA), but a high oleic acid sunflower oil (about 83% oleic acid) is also available on the market. Olive oil is high in oleic acid. Canola refers to Brassica napus and B. campestris lines of rapeseed and contains small amounts of erucic acid (C22:1n-9), less than 2% of the total fatty acids (Food Standards Australia New Zealand, 2003).
The term margarine is only used when the product contains at least 80% fat. Bread spreads have a lower fat content than margarine and reduced fat spreads contain 60-70% fat, low-fat spreads 40% fat and very low fat spreads 3-25% fat (Henry, 2009). One of the main health concerns with the production of margarine and fat spreads is the use of partially hydrogenated vegetable oil as this increases the trans fatty acid content of the product (Tarrago-Trani et al., 2006). Health concerns about the effect of trans fatty acids led to changes in the methodology used by the food industry for the production of margarine (Lemaitre et al., 2006). As different methodologies are available for lowering the trans fatty acid content of fats used in the production of margarine, one could expect differences in the fatty acid composition of the margarines/spreads between manufacturers, and thus also between countries (Karabulut and Turan, 2006; Kandhro et al., 2008).
Nuts are high in energy and fat, but are also a good source of protein and fibre. In most nuts the predominant fatty acid is MUFA. Macadamia, pecan and hazelnuts contain more than 40 g of oleic acid per 100 g of nuts, but macadamia and Brazil nuts are also relatively high in SFA, 11.9 g/100 g and 15.1 g/100 g, respectively (USDA, 2008). Walnuts are high in PUFA (about 47 g/100 g) and have a P/S ratio of 7.7 and an LA/ ALA ratio of 4.2 and as a result of this PUFA profile get rancid very quickly (calculated from, USDA, 2007).
Whole milk is not only a source of fat, but also of other important nutrients such as protein, calcium, and folic acid. Human milk contains about 4.4 g fat per 100 g. The total fat content of sheep milk (7.0 g/100 g), Indian buffalo milk (6.9 g/100 g) and goat milk (4.1 g/100 g) are higher than that of cow milk (3.3 g/100 g) (USDA, 2008). The SFA that predominates in milk fat is palmitic acid and the short chain SFA butyric acid (C4:0) and caproic acid (C6:0) are also present (USDA, 2008). The total fat content of hard-type cheeses such as cheddar is high, about 36%, while low-fat cottage cheese, a soft type of cheese in tubs, has a total fat content of about 1% (USDA, 2008). Milk is the best source of CLA in the diet and cheese also contains CLA (Khanal and Olson, 2004).
Red meat
Changes in animal husbandry have been responsible for the changes in fat content of meat over the years. In the USA cattle were typically slaughtered before 1850 at 4-5 years, but as a result of the practice of fattening cattle in feedlots, it became possible to produce a steer for slaughter (545kg) with marbled fat in 24 months (Cordain et al., 2005). Feeding grain to animals in feedlots became common practice (Cordain et al., 2005). There are differences in the fatty acid composition of fat from feedlot cattle compared to pasture-fed cattle, and in the former the absolute amounts of SFA, MUFA and PUFA are higher, while the absolute amount of n-3 PUFA is lower (Cordain et al., 2002). Game meat has a lower absolute SFA content and a higher absolute n-3 PUFA content than either grain-fed or pasture-fed beef (Cordain et al., 2002). Health concerns about the impact of total fat intake and the composition of dietary fat have resulted in efforts by the food industry to change meat quality (Scollan et al., 2006).
The animal (genetics), nutrition (grain-fed or pasture-grazed), meat cut and fat trimming influence the total fat content of beef and mutton portions (Schönfeldt and Welgemoed, 1996; Droulez et al., 2006; Scollan et al., 2006; Van Heerden et al., 2007). In beef, the fat is present as membrane fat (phospholipids), intermuscular fat and as subcutaneous fat, while marbling refers to the adipose tissue between the bundles of muscle fibres (Scollan et al., 2006). Marbling is closely linked to the intermuscular fat (IMF) content of meat (Scollan et al., 2006). The amount of IMF determines the fat content of the meat and lean beef has a low IMF content, about 2-5% (Scollan et al., 2006). High fat meat cuts such as brisket can contain as much as 34% fat (Schönfeldt and Welgemoed, 1996).
Oleic acid is the predominant fatty acid in the muscle and adipose tissue of pigs, sheep and cattle, while palmitic acid is the main SFA (Droulez et al., 2006; Scollan et al., 2006; Wood et al., 2008). There are small amounts of EPA and DPA present in red meat (Droulez et al., 2006). In cattle the long-chain n-6 and n-3 PUFA are found in muscle phospholipids, but not in adipose tissue or muscle neutral lipids. In pigs and sheep the long-chain n-6 and n-3 PUFA are, in addition to their presence in phospholipids, also found in muscle neutral lipids and adipose tissue (Wood et al., 2008). Higher levels of EPA and DPA could be expected where pasture-grazing instead of grain-feeding is practiced as the ALA content of grass is about 60%, while grains have a high LA content (Droulez et al., 2006). Feeding fresh grazed grass rather than silage grass or concentrate resulted in higher proportions of ALA in the fatty acids of subcutaneous adipose tissue in steers (Wood et al., 2008). The P/S ratio of beef is typically about 0.1 (Scollan et al., 2006). The P/S ratio of beef decreases with an increase of fatness of the meat (Scollan et al., 2006).
Meat is a source of CLA (18:2cis-9, trans-11) and is formed in the adipose tissue of ruminants from 18:1 trans vaccenic acid, a biohydrogenation product of C18:2cis-6 (Wood et al., 2008). Small amounts of CLA are also formed in the rumen. The CLA are present in higher concentrations in the adipose tissue than in the muscle (Droulez et al., 2006; Wood et al., 2008).
Poultry
Since the middle of the twentieth century chickens have been selected either to lay a large number of eggs or to produce meat. The time it now takes before slaughter weight is reached, is about half the time it took fifty years ago (Hall and Sandilands, not dated). In the mid 1960s it took about 68 days for a broiler chicken to reach a slaughter weight of 2 kg, but by 1987 it took about 45 days (Jones, 1986). Carcass composition of broilers is determined by genetics and dietary manipulations (Jones, 1986). High-energy diets fed to broilers to reach slaughter weight earlier increase the fat content of the edible portion significantly (Jones, 1986).
Broiler meat produced under the free-range system is not necessarily of higher nutritional value than meat produced under the conventional fast-growing system (Ponte et al., 2008). A higher SFA and MUFA content and lower PUFA content were found in breast meat of free-range broilers (slaughter at 81 days) compared with broilers produced from the conventional system and slaughtered between 35 and 42 days (Ponte et al., 2008). Higher levels of PUFA, n-3 PUFA and a higher P/S ratio, but a lower DHA level, were observed in the conventional broilers compared to the meat from broilers produced under the free-range system (Ponte et al., 2008).
The skin of the chicken is high in fat, >40% fat, dark meat is about 10% fat and white meat about 4% fat (Sayed et al., 1999). Chicken fat contains 30% SFA, 45% MUFA and 21% PUFA (USDA, 2008).
Eggs are not high in total fat, but are an important source of cholesterol in the diet (about 210 mg per 50 g egg). Today designer eggs can be produced in which the n-3 PUFA content is increased by feeding fish oil (increase EPA and DHA) or flaxseed (increase ALA and DHA) to the chickens (Oh et al., 1991; Ferrier et al., 1995).
Oily marine fish are the most important source of the LCPUFA, EPA and DHA. In Table 13.3 the total fat, EPA and DHA content of some common fish species are shown. A daily intake of 500 mg EPA plus DHA per day is recommended for the primary prevention of coronary heart disease (ISSFAL, 2004). In order to meet this recommendation at least two portions (90 g each) of oily fish, such as salmon and herring, will have to be consumed per week. Two portions (90 g each) of cod per day, a low fat fish, will provide about 284 mg of EPA plus DHA per day.
As a result of the danger of mercury poisoning, the consumption of king mackerel (mercury concentration 0.730 ppm), shark (0.988 ppm), swordfish (0.976 ppm) and tile fish (1.450 ppm) is not recommended for young children, pregnant and lactating women (FDA/EPA, 2004; US FDA, 2006).
Fast food consumption contributes to an increase in energy and total fat intake and also has a negative effect on dietary quality (Paeratakul et al., 2003). In addition, fast foods are also a source of trans fatty acids in the diet. One of the critical issues in studying the association between trans fatty acids and adverse effects on health is a lack of detailed information on the trans fatty acid content of food in food composition databases. There are large variations in the trans fatty acid content of snack and convenience foods (Innis et al., 1999; Stender et al., 2006). Different fats and oils are sometimes mixed, e.g. partially hydrogenated and non-hydrogenated vegetable oils such as coconut oil and palm kernel oil for preparation purposes and this determines the trans fatty acid content of the product (Innis et al., 1999).
A global increase in total fat supply and total fat intake is evident. The significant increase in production and per capita supply per day of fat from vegetable oils, especially in developing countries, are probably contributing to the increase in total fat intake. Fat intakes remain high in developed countries, but the increase in total fat intake in developing countries is of concern as it may be a factor contributing to the increase in non-communicable diseases. Guidelines for fat intake should not only concentrate on high fat intakes, but also ensure that enough fat is provided in the diet to meet essential fatty acids and energy requirements. The type of fat consumed is of special importance. Expanding information in country-specific food composition databases on the fatty acid composition of food is essential for studying the relationship between fat, especially the type of fat, intake and health and disease, and to monitor changes over time in the fatty acid composition of food.
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Chapter 14: Processing, manufacturing, uses and labelling of fats in the food supply
Oils and fats occur naturally in a range of plant and animal sources. Whilst there are innumerable seeds and nuts that are sources of oils, globally only about 30 vegetable oils and animal fats have been commercially exploited. Of these, roughly a dozen oils are of worldwide importance. The four main large-scale commercially produced oils are soy, palm, rapeseed and sunflower, which represent about 80% of global production. Village level and small-scale processing of oil has a long history and shares common methodologies irrespective of the country of production. The generalised process can be summarised as consisting of five processes: raw material preparation, extraction, clarification, packaging and storage.
MANIPULATION OF PHYSIOCHEMICAL PROPERTIES OF OILS AND FATS
Three processes are used to manipulate the physico-chemical properties of food lipids: hydrogenation, interesterification and fractionation.
This is the addition of hydrogen to a fat in the presence of a catalyst in order to obtain different degrees of hardness. Hydrogenation is used to reduce the level of unsaturation in oils and thereby increase the solid fat content and stability. The formation of trans fatty acids during hydrogenation has compelled consumers, health authorities and manufacturers to reconsider the process as trans fatty acids are known to be a health risk.
Interesterification involves rearrangement or randomization of acyl residues in triacylglycerols with the fats and oils taking on new properties. ‘Tailored fats’ (fats with specific nutritional or textural properties) are easily obtained during this phase. The raw materials and processing conditions can be controlled or manipulated to produce a fat that has specific desired characteristics. The most widely used class of interesterification in the food industry is trans-esterification, where the ester bonds linking the fatty acids to the glycerol molecule are broken to release the fatty acids. The liberated fatty acids are then randomly shuffled in a fatty acid pool and re-esterified in new positions, either in the same or in a different glycerol molecule.
Fat fractionation involves the separation of fat into different fractions depending on the melting point, molecular structure, size and solubility in different solvents. The simplest method used for fractionation is controlled cooling. The melted fat is slowly cooled until the high melting triacylglycerols selectively crystallise. The separated crystals are then removed by filtration. In the processing step of “Winterisation” of rapeseed (Canola), cottonseed or sunflower oil, small amounts of higher melting triacylglycerols or waxes are removed that would otherwise cause turbidity during refrigeration.
There is currently a large variety of margarine products available that are milk-free and made using sophisticated flavours such as lactones. Margarine manufacture essentially consists of three continuous basic steps: the emulsification of water within the continuous oil phase, chilling and mechanical handling of the emulsion, and crystallization, preserving the type of water/oil emulsion by efficient removal of released heat of crystallization. There are five types of margarines and spreads - table margarine, industrial margarines for baking, reduced fat spreads, low fat spreads and very low fat spreads.
Structured lipids (SL) or structured triacylglycerols (ST) may be broadly defined as triacylglycerols that have been altered or restructured using natural oils and fats. The earliest example of ST is the development of medium chain triglycerides (MCT). Using coconut and palm kernel oil, caprylic acid C8:0 and capric C10:0 are liberated. MCT are produced by esterification of these fatty acids with glycerol. The most widely available MCT have a C8:0:C10:0 ratio of 10:30. MCT also have the trade name Captrin®. One of the earliest uses of SL was in enteral and parenteral nutrition, followed by its application in a range of clinical settings including prevention of thrombosis, improved nitrogen balance, and enhanced immune function.
Consumer demand for reduced-fat food products with the appearance, texture and flavour of full-fat counterparts has generated considerable interest in the development of fat replacers. Approaches to reduce the high-energy properties of fats in foods are based on one or more of the following principles:
Replace fats with combinations of water and surface-active lipids or non-lipid additives with smaller energy contributions such as proteins and/or polysaccharides, utilize compounds such as medium-chain triacylglycerols that contribute less energy per gram, and replace fats with compounds that significantly differ in structure to triacylglycerols.
These are macromolecules that physically and chemically resemble triacylglycerols, and can replace oils and fats on a gram-to-gram basis. Basic strategies for developing this group of fat replacers are essentially based on one of the following approaches:
Sucrose polyesters (SPE)
This is a mixture of hexa-, hepta-, and octaesters of sucrose with long-chain fatty acids isolated from edible fats and oils, and is now recognized as Olestra® or Olean®. The lipases in the human body are unable to metabolize SPE and hence it provides no calories (Gerstoff, 1995; Kinsella, 1988). The FDA has concluded the following with respect to Olestra i) it is not toxic, carcinogenic, genotoxic or teratogenic, ii) all safety issues have been addressed, and iii) there is reasonable certainty that no harm will result from the use of Olestra® in savoury snacks. However, Olestra may need to be used in small amounts as excessive consumption can lead to diarrhoea and the leaching of certain fat-soluble vitamins from the body.
Structured medium chain triacylglycerols
These are available under the brand name ‘Salatrim®’ developed by Nabisco Foods Group. ‘Caprenin® was developed by Proctor and Gamble. Salatrim® is an acronym for short- and long-chain acid triacylglycerol molecules. This is a structured triacylglycerol exhibiting the physical properties of fat, but providing only a fraction of its energy content (5 kcal [21 kg])/g). Unlike polyol esters, it can be included in low moisture foods. The principles behind the properties of Salatrim® are that stearic acid is only partially absorbed in the body and short-chain fatty acids provide relatively fewer calories. It is produced by replacing the long-chain fatty acids in hydrogenated oils with short chains (acetic, butyric, propionic) and redistributing fatty acids in the glycerol molecule. Caprenin® is made up of behenic, caprylic and capric acids. It is recommended for use as a cocoa butter substitute. Similarly to Salatrim®, the behenic acid in Caprenin® is only partially absorbed by the body while the medium-chain fatty acids are metabolized in a similar manner to carbohydrates. Salatrim® and Carpenin® cannot be used for frying due to the generation of intense off-flavours.
OTHER APPROACHES (MULTIPLE EMULSIONS)
These involve replacing some of the fat inside fat globules (in an oil/fat emulsion) with water droplets. As a result, the fat content and the subsequent energy density are reduced. The physico-chemical properties of a multiple emulsion are expected to be similar to those of a normal oil-in-water emulsion. However, maintaining the stability of multiple emulsions over long periods of time has proven difficult and therefore is not widely used.
Reduced trans fatty acids (TFA)
In 1993, Walter Willet produced a paper that drew critical attention to the negative nutritional effect of consuming TFA (Willet, 1993). In the intervening years, numerous fat-containing foods have been developed called “virtually trans free”, suggesting a level of TFA less than 1% in the lipid phase. Hydrogenated vegetable oils remain the most important source of TFA in our diet. Hydrogenated vegetable oils and fats from ruminant animals may contain up to 20 trans and cis positional isomers. TFA are mainly produced during hydrogenation of vegetable oils.
Manufacture of trans-free lipids
Many of the trans-free lipids are made into spreads, margarine, shortening and frying oils. There are numerous ways of producing these trans-free lipids, summarized in Table 14.1.
Oils from nuts and seeds represent a very concentrated form of energy, high in calories and very nutritious. Nuts and seeds also contain a substantial amount of protein. The nutritional value of an oil is directly related to its fatty acid content. High LA content decreases the shelf life of oils. From a nutritional viewpoint, high LA content is desirable due to it being an essential fatty acid. There is currently no evidence to demonstrate that the degree of roasting of the seeds has any effect on an oil’s nutritional value. However, the amount of heat applied when roasting has a substantial effect on the oil’s antioxidant content. Heat reduces the anti-oxidant content in the roasted seeds and nuts by up to 25%. While oils are usually not recognized as an important source of vitamins and minerals in the diet, the exceptions are that they are rich sources of tocopherol and carotene. Blending of vegetable oils to provide higher thermal stability has now been recognized. The concept is based on using naturally occurring antioxidants in oils to minimize fat oxidation.
In recent years the non-glyceride components of vegetable oils have received considerable attention as they contribute to shelf life and thermal stability at frying temperatures and they lower cholesterol and/or confer antioxidant effects.
The contribution of phytosterols from natural food fats and vegetable oils, sesamin (sesame seed and oil), and oryzanol (rice bran oil) in lowering serum cholesterol has been well documented. Sesame ligands, oryzanol, and phenolic compounds (olive oil) contribute to increasing the antioxidant potential of food or the diet (Hamalatha and Ghafoorunissa, 2007).
Since the quality of the oil used for frying has a large impact on fat absorption, it is recommended to use fresh oil as far as possible. Fresh frying oil is almost pure triglycerides, but its chemical structure alters with repeated usage. The physicochemical changes depend upon numerous factors including the type and volume of oil used, the food product being fried, the amount of food being produced, the temperature at which the fryer is being operated, the presence of trace elements and degree of exposure to air.
Some evidence suggests that highly oxidized and heated oils may have some carcinogenic properties. Most studies have concluded that deep-fried foods are not harmful unless foods are fried in extensively abused oils or if people consume excessive amount of fried foods. Nevertheless, it is recommended that the consumption of foods cooked in reused frying oil be kept to a minimum. As PUFA are lost during the frying process, this affects the nutritional value of a frying oil rich in PUFA.
FAT-CARBOHYDRATE INTERACTIONS IN FOOD SYSTEMS
It is well recognized that the amylopectin fraction of starch is largely involved in swelling and hydration, leading to the thickening properties of cooked starch. The presence of fats and oils inhibits hydration, leading to a reduced viscosity and improved mouth feel. Glycaemic index measures the effect of a carbohydrate-based food on blood sugar. A high glycaemic index food will raise blood sugar quickly and higher than a low glycaemic food. Moreover, the blood sugar value is likely to fall to or below the baseline value much faster in subjects consuming high-GI food. Complexes formed between amylose and long-chain saturated monoglycerides are generally more resistant to in vitro digestion than complexes with shorter chains or more unsaturated monoglycerides (Guraya et al., 1997).
Role of fats and oils in infant feeding
In many developing countries, weaning foods are starch based and are characterized by a low energy density and an unpalatable viscosity. Oils and fats can play a critical role in reducing the viscosity and improving the energy density of weaning foods. Human milk contains 40-55% of its energy in the form of fat. Energy density can be defined as the amount of energy stored in a specific food per unit volume or mass (usually in 100 g).
Energy density and viscosity of foods
One way to increase energy density without increasing viscosity is to add non-gelatinous carbohydrates such as simple sugars or fats to the diet. The addition of one tablespoon of vegetable oil to a typical weaning food (100 g) would increase the energy density from 0.30 to 0.70 kcal/g, but decrease the percentage as protein by 5% (Table 14.2). If this weaning food (pap) were consumed at sufficient levels to satisfy the children’s energy requirements, it would not meet the children’s protein requirements. Table 14.2 provides an example of how the energy density and protein density are altered by the simple addition of oil.
Oils and fats play a major role in meeting the energy requirement of infants, children and adults living in the developing world. Carbohydrate rich foods in many developing countries are difficult to consume in large quantities due to their bulkiness, thick viscous texture, poor palatability and low energy density. The addition of a small amount of oil or fat to carbohydrate rich foods not only improves palatability but also reduces its bulkiness and enhances its energy density.
Since the publication of the last expert consultation report on dietary fats (FAO, 1994), no significant changes in the recommendations on labelling have emerged except for the labelling of trans fatty acids. National legislation in the USA on trans fatty acids declarations varies considerably as shown in Table 14.3.
The FDA requires that the amount of trans fat in a serving is listed on a separate line under saturated fats on the nutritional facts panel. However, trans fats need not be listed if the total fat in the food is less than 0.5 g in one serving. In contrast, in Denmark from 2003 the content of trans fatty acids should not exceed 2 g-1 per 100 g-1 of oil or fat. In products that claim “free of trans fatty acids” the content of trans fatty acids should be less than 1 g-1 per 100 g-1 of the oil or fat.
Public concerns about obesity and cardiovascular disease have increased our interest in minimizing the consumption of saturated fats and trans fats. These concerns have been a driving force in the lipid industry to develop fats and fat-based ingredients with improved nutritional properties. New processing technologies, along with the creative use of newly discovered functional properties of triglycerides, have been the hallmark of innovation during the past decade. Using techniques such as interesterification, hydrogenation and fractionation, new and novel fat and sugar-based ingredients have been developed. These include zero calorie olestra®, low calorie salatrim® and diacylglycerols that have a lower net energy.
Future areas of research include the role that fats and fatty acids play in carbohydrate metabolism, notably glucose homeostasis. There is mounting evidence that the lipid-starch complex may play a significant role in reducing the glycaemic response of carbohydrate foods. The greatest global challenge is to find methods to reduce fat intake in peoples living in the Western hemisphere with the concomitant drive to increase fat consumption modestly in the developing world. Weaning foods consumed by children living in Asia, Africa and South America are of very low energy density. Moreover, carbohydrate-rich foods in these countries are a poor source of energy-rich foods. The addition of oils and fats to such foods will make these foods more palatable and enable the consumer to meet energy requirements more effectively. Finding innovative methods to increase the energy density of foods consumed in the developing world with the use of fats and oils remains a challenging area for research.
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